
V O L T A G E - C U R R E N T  C H A R A C T E R I S T I C S  O F  AN A R C  

IN AN A N N U L U S  M O V I N G  U N D E R  A M A G N E T I C  F I E L D  

A.  S. S h a b o l t a s  a n d  O. I .  Y a s ' k o  UDC 533.9.07 

V o l t a g e - c u r r e n t  relat ionships are  presented in dimensionless te rms  for the h igh-cur ren t  
a rc  rotating in an annular gap under the influence of a magnetic field; a i r  passes through 
the gap. It is found that one can neglect the effects of the air  flow if the speed of the air  
is small. 

There are  severa l  papers [1-3, 5] on the v o l t a g e - c u r r e n t  charac te r i s t i cs  of h igh-current  a r c s  moving 
in response to magnetic fields; the basic quantity employed is an energy one, which takes into account the 
heat lost f rom the a rc  due to the gas flow. The differences between the approaches lie only in the way of 
choosing the a rc  blowing speed; in [1, 3, 5] the velocity used is that of the a rc  in response to the magnetic 
field, while in [4] the speed is t ha to f  the external gas flow perpendicular to the direction of rotation of the 
are.  

The a rc  speed is usually grea te r  than the axial speed of the gas, and it is the main factor  de te r -  
mining the heat t ransfer ,  so it would be preferable to use it as the definitive quantity if it were a known 
one; but this speed itself is dependent on the burning conditions, and any dimensionless quantity containing 
it cannot serve as an argument  in an equation in t e rms  of dimensionless quantities, so a survey in t e rms  
of the a rc  rotat ion speed mere ly  represents  a corre la t ion  between functions. 

In [7, 8] there is a c r i te r ion  for such an a rc  in which the rotational speed is expressed via other 
known paramete rs ;  if there is no gas flow, this takes the fo rm 

H 1 = p0h~ e;~6~B/I a. 

The experimental  resul ts  of [2] have been surveyed [6, 8] to show that this single quantity alone is often 
sufficient to descr ibe  the v o l t a g e - c u r r e n t  charac te r i s t i cs  of h igh-current  a r c s  moving in response to e lec-  
t romagnetic  fields between parallel  electrodes in the absence of gas flow. This is par t icular ly so for a 
rotating arc ,  because the gas surrounding the arc  is heated and the difference between the gas densities 
in the arc  and in the surrounding space is less. The a rc  voltage has a cer tain spread,  due mainly to the 
randomness  in the a rc  motion, so the effects of the small  additional a i r  speed may lie within this spread. 
In that case,  the air  flow may be neglected entirely, and one can use formulas  obtained for zero  flow speed. 
This ra i ses  the question of the importance of the external flow, and how small  the speed must be before 
its effect can be neglected. Also, it is desirable to elucidate the effects of curvature  in the annular gap 
on the voltage - c u r r e n t  charac ter is t ics .  

We have examined the voltage - c u r r e n t  charac te r i s t i cs  of h igh-cur ren t  a r c s  rotating in response to 
a magnetic field in an annular gap with an air  flow (Fig. 1); the current  varied f rom 125 to 900 A, while the 
induction of the magnetic field varied f rom 0.085 to 0.290 T1, and the gas flow rate (air) varied f rom 0 to 
14 g / s e c ,  while the distance between the electrodes was 3 or 6 mm with a constant diameter  D = 40 mm 
for the outer electrode.  The a rc  voltage varied f rom 50 to 255 V, while the gas speed in the gap was 0-33 
m / s e c ,  and the a rc  speed was 66-450 m / s e c .  The maximum distance traveled by the cold gas during one 
turn of the a rc  was 58.5 ram. The a rc  then moves in cold gas, whereas at zero flow rate it moves in a hot 
medium; consequently, the experiments  covered a wide range of a rc  conditions. 

Institute of Heat and Mass Transfer ,  Academy of Sciences of the Belorussian SSR, Minsk. T rans -  
lated f rom Inzhenerno-Fizicheski i  Zhurnal, Vol. 20, No. 4, pp. 683-689, April,  1971. Original ar t ic le  
submitted Februa ry  23, 1970. 

�9 1973 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, 
N. Y. 10011. All rights reserved. This article cannot be reproduced [or any purpose whatsoever without 
permission o[ the publisher. A copy of this article is available [rom the publisher for $15.00. 

492 



X ./F )< 
_0 $ 

F ig .  1 

\ 

,o \. x -  

/oo 300 500 700 

Fig. 2 

Fig .  1. S c h e m e  of e x p e r i m e n t a l  i n s t a l l a t i o n :  1, 2) e l e c t r o d e s ;  3) 
s o l e n o i d s ;  4) i n s u l a t o r ;  5) a r c .  

F ig .  2. V o l t a g e - c u r r e n t c h a r a c t e r i s t i c s  of a r c  (D = 40 ram,  5 = 6 
ram,  G = 5.5 g / s e c ) :  1) B = 0.29; 2) 0.12; 3) 0.085 TI. 

Th i s  a p p a r a t u s  d i f f e r e d  f r o m  one fo r  hea t ing  gas  in  that  the  width  of the  r i n g  was  s m a l l  (not m o r e  
than  7 mm) ,  which  r e s t r i c t e d  the o s c i l l a t i o n  of the a r c  a long  the d i r e c t i o n  of the  o u t e r  e l e c t r o d e  [9]. 

F i g u r e  2 g i v e s  v o l t a g e - c u r r e n t  c h a r a c t e r i s t i c s ;  i n i t i a l l y ,  the  vo l t a ge  f a l l s  s h a r p l y  a s  the c u r r e n t  i n -  
c r e a s e s ,  but  t h e r e a f t e r  t h e r e  i s  l i t t l e  change.  

The  f i g u r e  a l s o  shows  tha t  the a r c  vo l t a ge  i s  dependen t  on the m a g n e t i c  f i e ld ;  the v o l t a g e  a t  f i r s t  
i n c r e a s e s  r a p i d l y  wi th  the f i e ld ,  but  then  the  i n c r e a s e  b e c o m e s  s l o w e r ,  which  m a y  be due to g r a d u a l  s t a b i l -  
i z a t i o n  of the  s p e e d  and a r c  s i ze .  On the o t h e r  hand,  m e a s u r e m e n t  of the r o t a t i o n a l  v e l o c i t y  (not r e p o r t e d  
h e r e )  showed tha t  the  s p e e d  a t  f i r s t  d e c r e a s e d  r a p i d l y  a s  the  gas  f low r a t e  i n c r e a s e d ,  t h e r e a f t e r  t ending  
to a c e r t a i n  c o n s t a n t  l i m i t .  The gas  f low r a t e  t h e r e f o r e  i n f l ue nc e s  the a r c  not  only  d i r e c t l y  but  a l s o  v ia  
the r o t a t i o n  r a t e .  

The  a i r  f low p r o d u c e s  coo l ing  a d d i t i o n a l  to tha t  due to the  r o t a t i o n  of the  a r c  co lumn,  and I11 i s  the  
b a s i c  c r i t e r i o n  fo r  the  f l o w - f r e e  condi t ion .  If the  change  in  the g e n e r a l i z e d  func t ion  1] 2 = U6cr0/I  in r e s p o n s e  
to the  f low of cold gas  is  i m p o r t a n t ,  the s t a n d a r d  d e v i a t i o n  S on i n t r o d u c i n g  the a d d i t i o n a l  n u m b e r  fo r  the a i r  
f low should  be r e d u c e d ;  but  i f  the change  i s  only  m i n o r ,  then S should i n c r e a s e ,  s i n c e  then  the s u m  of the  
s q u a r e s  of the d e v i a t i o n s  is  p r a c t i c a l l y  u n a l t e r e d ,  whi le  the  n u m b e r  of i ndependen t  p a r a m e t e r s  i n c r e a s e s  
by  1. 

To ob ta in  i n c r e a s e d  a c c u r a c y ,  the  r e s u l t s  w e r e  s u r v e y e d  s e p a r a t e l y  fo r  the  p a r t s  of d e c r e a s i n g  a r c  
s p e e d  and c o n s t a n t  a r c  speed ,  on the  a s s u m p t i o n  that  the  gas  speed  i n f l u e n c e s  m a i n l y  the convec t ed  hea t  
t r a n s f e r  b e t w e e n  the a r c  co lumn  and the s u r r o u n d i n g  m e d i u m .  The fo l lowing c r i t e r i o n  t a k e s  in to  accoun t  
the  convec t i ve  hea t  t r a n s f e r  when t h e r e  i s  a f low of co ld  gas :  

H a -- pohooo63W/F. * 

The e x p e r i m e n t a l  v a l u e s  show tha t  we can  t ake  173 = 3 �9 10 -3 a s  the  b o u n d a r y  be tween  the r e g i o n s  of 
a p p r e c i a b l e  and s l i g h t  i n f luence  f r o m  the gas  speed ;  F ig ,  3 shows  the r e s u l t s .  F o r  I] 3 < 3 �9 10 -3, the e x -  
p e r i m e n t a l  v a l u e s  a r e  r e p r e s e n t e d  by the fo l lowing  f o r m u l a  wi th  a s t a n d a r d  d e v i a t i o n  of 12.6%: 

U6% 1 0.677 ( p~ %265B )0.367 (~)0,533 
-- 13 - -  exp (--3.79PohoOo63W/I2); (1) 

and fo r  173 > 3 - 10 -3 the  c o r r e s p o n d i n g  f o r m u l a  is  

U6% Poho %6 B Poho%53W o.o8~ 
I 2,14 - 13 I I '2 . (2) 

The  coe f f i c i en t  of v a r i a t i o n  in  th i s  c a s e  i s  9 .6% T h e s e  f o r m u l a s  show tha t  the a r e  vo l t a ge  f a l l s  
s l i g h t l y  a s  the  g a s  f low i n c r e a s e s  a t  f i r s t ,  but r i s e s  a g a i n  s l i g h t l y  a f t e r  p a s s i n g  th rough  a m i n i m u m .  

H o w e v e r ,  the  n u m e r i c a l  v a l u e s  of the  c o e f f i c i e n t  to 113 in  (1) and the c o r r e s p o n d i n g  power  in  (2) show 
tha t  the  a x i a l  f low speed  has  only  a m i n o r  e f fec t ,  and th is  can  be n e g l e c t e d  fo r  rough  p u r p o s e s ,  so  a s ing le  
f o r m u l a  can  then  be used  fo r  the  a p p r o x i m a t i o n ,  which  does  not  con ta in  the gas  f low r a t e .  F i g u r e  4 shows 

�9 The v a l u e s  of ~r 0 and h 0 w e r e  t a k e n  f r o m  [10], whi le  P0 was  c a l c u l a t e d  f r o m  h 0 a t  a t m o s p h e r i c  p r e s s u r e .  
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F ig .  3. G e n e r a l i z e d  v o l t a g e - c u r r e n t  c h a r a c t e r i s t i c s  fo r  s m a l l  and l a r g e  a i r  s p e e d s :  a) nl~W~o_,oaoS.. < 3 �9 10 "3 ; 

2 '2, . 
poh0 ~ 0 8 ~ B  b) P~176 >3.10"3, A = U6ia~ /(-~8 D )--~ ~ USa~ /(6 ~-0-t6~poh0%63W 

6 = 3 ram;  G = 0: 1) B = 0,085 T1; 2) 0.12; 3) 0,23; 4) 0,29; G = 5.5 g / s e e :  5) B = 0.29 TI; 6) 0.12; 7) 0.23; 
8) 0.085; G = 9.2 g / s e e :  9) ]3 = 0,085 T1; 10) 0.12; 11) 0.23; 12) 0,29; G = 14 g / s e c :  13) B = 0,085 TI; 14) 
0.12; 15) 0.023; 16) 0.29; 6 = 6 mna; G = 0: 17) B = 0.085 T1; 18) 0,12; 19) 0.23; 20) 0.29; G = 5.5 g / s e c :  
21) B = 0.29 TI; 22) 0.12; 23) 0,23; 24) 0.085; G = 9.2 g / s e c :  25) B = 0,085 T1; 26) 0.12; 27) 0.29; 28) 0,29; 
G = 1 4  g / s e c :  29) B = 0.085 T1; 30) 0.12; 31) 0.23; 32) 0.29. 

F ig .  4. G e n e r a l i z a t i o n  of v o l t a g e - c u r r e n t  c h a r a c t e r i s t i c s  fo r  the  v e l o c i t y  r ange .  Nota t ion  i s  the s a m e  a s  

in  F ig .  3: A = lg \ I ] ~- 0.3741g , , D = Ig i8 

the  e v i d e n c e  p r e s e n t e d  in  th i s  w a y  wi thout  a l l o w a n c e  fo r  the  f low r a t e  i a  the  f o r m  

p,h 0 r B 
U6~176 =0:965 i~ (3t 

I 

The coe f f i c i en t  of v a r i a t i o n  fo r  the  l a t t e r  f o r m u l a  i s  11.4%, which  i s  l e s s  than  fo r  (1) but  s o m e w h a t  
l a r g e r  than  fo r  (2). Th i s  shows  tha t  the  conve c t i ve  hea t  t r a n s f e r  i s  l a r g e l y  unaf fec ted  by  the a x i a l  gas  f low 
when the speed  of th i s  i s  c l o s e  to z e r o ;  t h e r e  i s  s o m e  e f fec t  a t  h i g h e r  gas  s p e e d s  but  th i s  i s  s t i l l  qu i t e  
s m a l l .  

It  i s  of i n t e r e s t  to c o m p a r e  (3) wi th  the  speed  of the  a r c  ove r  p a r a l l e l  e l e c t r o d e s  in  the a b s e n c e  of 
gas  f low; fo r  i n s t a n c e ,  the  da ta  of [2 Z can  be r e p r e s e n t e d  v i a  I11 in  the f o r m  

U6a0 ( Poh~o~65 B )o.32~ 
- - 1 - -  = 1.385 p . (4) 

The  c o e f f i c i e n t  of v a r i a t i o n  h e r e  i s  14.6%; the power  fo r  II 1 and the  s t a n d a r d  e r r o r  in  (3) a r e  s i m i l a r  
to  those  fo r  (4), so  low gas  s p e e d s  a l low one to ob ta in  s i m p l e  g e n e r a l  f o r m u l a s ,  which  i n c o r p o r a t e  only 
convec t i ve  hea t  t r a n s f e r  due to the m o t i o n  of the a r c  in  r e s p o n s e  to the m a g n e t i c  f ie ld .  

Of c o u r s e ,  we have  to c o n s i d e r w h a t v e l o c i t y  i s  s m a l l  enough fo r  the e f f ec t s  to be ne g l e c t e d ;  fo r  th i s  
p u r p o s e  we c o m p a r e  the  a x i a l  ga s  s p e e d  with  the  t a nge n t i a l  v e l o c i t y  of the  a r e ,  wh ich  was  a l s o  m e a s u r e d  
in  t h e s e  e x p e r i m e n t s .  
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The axial speed in these tests  was 33 m / s e c  at the highest, which was 46.4% of the a rc  speed mea-  
sured in the same run; this speed is cer ta inly not small ,  and these are  the conditions found in most  a rc  
heaters  using concentr ic  electrodes.  Consequently, the simplified formulas  that do not contain the flow 
rate may be used at least  when the rat io of the a rc  speed to the cold gas speed in the gap is grea ter  than 2. 

There is a marked difference between the powers used with 114 = 6 /D  in formulas  (1) and (2); (2) r e -  
lates to higher cold gas speeds in the gap, so this means that there is a relat ion between the curvature  and 
the flow speed: the effects of electrode curvature  become less as the gas flow rate increases .  The curva-  
ture affects the periodic a rc  shunting, and consequently the mean a rc  length; as the gas flow rate increases ,  
the a rc  is drawn out in the azimuthal  direct ion (because ions are  car r ied  along), and also along the e lec-  
t rodes.  In that case the a rc  length is determined more  by the gas flow rate than by the curvature.  

It is also desirable to examine the effects of some numbers other than 113 and 114; results  for our a r c s  
enable one to determine which of these are  the most  important.  The a rc  charac te r i s t i cs  for the case of 
parallel  electrodes indicate that there is a cer tain influence f rom the magne t i c -p ressu re  number 115 = B2 

/t~0P; when this is introduced, we get instead of (4) that 

u6 o Vo.o   
I -  =0,866 ( I ~ ] ( ~t~--] ' (5, 

The coefficient of variat ion is here  reduced to 7% (by more  than a factor  2). 

However, the effect f rom introducing II5 is less for a blown a rc  in an annular gap; even if the ap-  
proximations a re  performed separately,  we get the following formulas instead of (1) and (2): 

(6) 

U6a o poho %5 B 
i - -  t 3 \ ~ - ~ - !  \ D - !  \ r ' 

(7) 

which have a coefficient of var ia t ion of 9.1%. 

Higher accuracy  (3.5%) is attained for small  113, whereas for 1] 3 > 3 �9 10 -3 the gain in accuracy  is only 
0.5%, which indicates that the effects of 1] 5 become less as the gas flow speed increases ,  which is con- 
f i rmed also by the reduced power to I]5, which so far  is difficult to explain. Perhaps there is a change 
in the effects of the a r c ' s  magnetic field as the oscillations of the a rc  along the axis increase.  

Note also the power to 113; in (2) and (7) it is positive, which indicates increase  in heat loss and 
corresponding increase  in a rc  power as the gas flow rate  increases ,  which agrees  well with physical 
concepts of the mechanism. However, there is a minor sign to W in (1) and (6), which c lear ly  conflicts 
with this mechanism,  and that is to be understood, since the fall in the voltage occurs  not via the direct  
influence f rom W on the convective heat t ransfer  but via a reduction in the rotational speed of the arc ,  which 
causes the a rc  column to extend in response to the cooling gas flow. The a rc  becomes inclined as it is 
drawn out in the axial direction, and the force  acting on unit length of the a rc  column is reduced; c o r r e -  
spondingly, elongation in the azimuthal  direct ion causes rotation in the velocity vector  such as to reduce 
the azimuthal  component, so one has to bear in mind processes  that control the a rc  elongation in order  to 
account for the effects of the cooling gas at low flow rates ,  i.e., one has to incorporate  the aerodynamic  
fac tor  and the breakdown in the gas layer near the electrode.  

The type of e lect r ic  breakdown is unaltered at constant pressure ,  constant gas composition, and 
constant d i scha rge -chamber  geometry;  the last is reflected by the number 6 / D ,  while the gas composition 
and p ressu re  remained unchanged in the experiments.  The aerodynamic  factor  may be incorporated via 
the quantity 1] 6 = P0W2/P or the equivalent one I] 7 = W2/h0; the following is the empir ical  formula applicable 
for  the entire range of gas flow speeds when 117 is used: 

(- exp 3.42 W/I/Ko). 

This becomes (3) for W = 0, which shows that the last t e rm has very  little effect, and causes pract ical ly  
no change in the numerica l  coefficient and the powers; numerical  es t imates  confirm this. In fact, at the 
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maximal speed W = 33 m / s e c ,  the factor  exp (-3.42/~-h0) differs  f rom unity by only 1.5%, whereas  the 
coefficient of var ia t ion  in (8) is 11.4~c, which is g rea te r  than for the s imple formula (3). There fore ,  it is 
best  to use (3) for  small  gas flow speeds; for  Il 3 > 3" 10 -3, one gets bet ter  accu racy  f rom (2). 

It is useful to check the effects of other quantities; in par t icular ,  it would be desi rable  to take into ac -  
count conductive heat t r ans fe r  within the a rc  column and convective t r ans fe r  at its surface.  This aspect  
is being studied, and the resu l t s  will be published. 

N O T A T I O N  

B is the magnetic induction; 
I is the current ;  
W = G/  pFxgap is the veloci ty of a rc  in the direct ion of e lec t rode axis;  
U is the voltage; 
D is the d iameter  of external  e lect rode;  
5 is the gap between e lec t rodes ;  
~0 is the e lec t r ic  conductivity; 
P0 is the density; 
h 0 is the enthalpy; 
p~ is the magnetic permeabil i ty;  
P is the pressure ;  
F = (~r/4)[D 2 - (D - 26) 2] is the a rea  of gap between e lect rodes;  
G is the gas flow rate .  

S u b s c r i p t s  

0 denotes the charac te r i s t i c  value; 
x denotes the cold gas at  constant t empera ture .  
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