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A model of an electric arc moving through a magnetic field is analyzed. Numerical esti- 
mates and universal characteristics indicate that the basic mechanism of heat removal from 
the arc column is the transmission of energy by the gas stream flowing inside the arc. 

A gaseous discharge moves through a magnetic field due to the p r i m a r y  action of this field on moving 
e lec t r ic  charges .  For  this reason,  scientis ts  have constructed the model of an arc  in a magnetic field ap- 
proximately as shown in Fig. 1. Charged par t ic les  are  acce lera ted  by the magnetic field, collide with neu- 
tral par t ic les ,  an~] impart  to the lat ter  a par t  of their  energy.  As a result ,  the ionized gas begins to flow 

in the direction liB]. At the a rc  boundary the hot gas s t r eam encounters  much denser  cold gas, splits into 
two s t r eams ,  and re turns  along the outer  column boundary while it loses its energy by cor~vective heat 
t ransfer  to the ambient gas around the arc  [1]. Fu r the rmore ,  some par t  of the Joule heat generated in the 
a rc  is lost by conductive and radiative heat removal .  It is still not c lear  which of these heat t ransfer  
mechanisms play the major  role in determining the a rc  charac te r i s t i cs .  Inasmuch as e lect rons  have a 
higher mobility than ions, they break  away f rom the lat ter  during their  motion and accumulate in the front 
region, where they form a negative space charge.  The e lec t r ic  field intensity between this negative space 
charge and the positive column decelera tes  the e lect rons  and acce le ra tes  the ions so as to equalize, under 
s teady-s ta te  conditions, the velocit ies of both kinds of charges .  

The intensity ef the thus generated e lectr ic  field can, in the case of singly charged ions of one 
polari ty,  be expressed  as 

EHall ~ weB. (I) 

This intensity can be of the same order of magnitude as the intensity of the external electric field. 
At T = 12,000~ for example, EHall/E = crB/en e = 0.48 B and at T = 9000~ (at the periphery of the 
column) EHall/E = 2.65 B. The magnetic field in actual devices is usually B =: 0.2-0.5 T. 

v 

Fig. 1. Flow of gas inside the 
column of an e lec t r ic  a rc  moving 
through a magnetic field. 

The Hall intensity of the e lec t r ic  field can cause the are  
column to slant [1]. 

An important  rote in establishing the arc  velocity relative to 
the ambient medium plays the shape of the column c ros s  section. It 
has been shown in [2, 3] that an a rc  column "flattens" under the 
action of opposing e lect romagnet ic  and gasodynamic forces .  The 
a rc  dimension paral le l  to the external  magnetic field (column width) 
is l a rger  than the dimension paral le l  to the direct ion of gas flow 
(column thickness). For  a simple evaluation of the amount of energy 
removed f rom an a rc  by a gas s t ream,  we approximate the column 
section by a rectangle (Fig. 2). 

The tempera ture  inside an a rc  column is of the o rder  of 104 
~ In [4], for example, the tempera ture  in an a rc  moved through 
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Simplified geometry  of an a rc  column blasted t ransverse ly .  

Group pah (kW/cm 2) as a function of the a i r  tempera ture  T 
(~ under a tmospher ic  p re s su re .  

a i r  by a magnetic field between paral le l  e lect rodes  was T = (11.9-12.9) �9 l0 s ~ The density of p lasma in 
the a rc  column was 1.32- 10 -2 kg /m 3 at T = 12 �9 10 ~ ~ and under a tmospher ic  p r e s su re  [5], while the den- 
sity of the ambient a tmosphere  was 1.18 kg /m 3 at P = 1 arm and T = 300~ The difference in densities is 
here  almost  two o rders  of magnitude. For  this reason,  only a negligibly small  par t  of the blowing gas can 
pass  through the column and all the remaining s t ream must  flow around the arc  as if the la t ter  were a solid 
body. 

2 
In this case an aerodynamic p re s su re  head PxVx/2 acts  on the arc ,  balanced by the p re s su re  of the 

hot gas s t r eam inside and par t ly  by the e lectromagnet ic  force [JB]; the braking effect of the e lec t romag • 
uetic force is negligible, to the f i rs t  approximation, because the thickness of the are  column (across  which 
the inner s t r eam is accelerated)  is l a rge r  than the dimension of the boundary region along which the 
s t reams  collide and the tempera ture  is higher inside the column. In coordinates r e fe r r ed  to the arc  column 
we then have 

pxV 2 pov  
2 ~ 2 " (2) 

An analogous resul t  has been obtained in [1]. 

It follows f rom here that the maximum velocity at the front boundary of the hot s t ream V G should be 
higher by one o rder  of magnitude than the velocity of the external  blas t  Vx. It appears ,  moreover ,  that 
the Mach number is approximately the same for both the cold and the hot s t ream,  inasmuch as the velocity 
of sound is approximately inversely proport ional  to the square root  of the gas density: 

V 
�9 ' p  

a ~ ? - - .  (3) 
P 

If we d i s regard  the weak variat ion in T with r is ing temperature ,  and consider  that PG ~ Px, then we 
have from (2) and (3) 

M o ~  Mx. (4) 

The gas velocity inside the column is ra ther  high, even at moderate  a rc  velocit ies,  so that most  of 
the power re leased in the arc  can be removed by the gas s t ream.  This makes the "through-blast"  model 
of an a rc  acceptable.  For  such a simplified model we then have the balance of forces  

c p~V~ l = IB (5) 
2 

and the balance of power 

I s 
PGaGhGM l - -  (6) 

~ b[ 

Equation (5) yields the width of the a rc  column, i . e . ,  its dimension perpendicular  to the direct ion of 
gas flow 

21B l = (7) 
CPxa~x M ~ �9 
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Fig .  4. R e l a t i o n  b e t w e e n  d i m e n s i o n l e s s  n u m b e r s  
= UL~0 / I  and II 1 = P0~ fo r  an  a r c  mov ing  
th rough  an e x t e r n a l  m a g n e t i c  f i e ld  b e t w e e n  p a r a l l e l  
c o p p e r  e l e c t r o d e s  in a i r .  L = 0.0127 m: 1) B = 0.012 
T; 2) 0.025 T; 3) 0.0535 T; 4) 0.108 T.  L = 0.0191 m: 
5) B = 0.0125 T; 6) 0.0265 T; 7) 0.0535 T; 8) 0.108 T. 
L = 0.0245 m:  9) B = 0.0125 T;  10) 0.027 T; 11) 0.054 
T;  12) 0.108 T.  

The  t h i c k n e s s  b can be  d e t e r m i n e d  f r o m  (5) and (6): 

b - -  c ~  a4xM~ 
4B2~G PG aGI{G (8) 

At a given pressure and for a given kind of the ambient gas, the group aGPGaGhG is a function of the arc 
temperature only: 

f ( T )  = (r G PG aG hG" (9) 

A c c o r d i n g  to (8), d i m e n s i o n  b d o e s  not  depend  on the a r c  c u r r e n t  bu t  i s  s t r o n g l y  r e l a t e d  to the b l a s t  
v e l o c i t y ,  the m a g n e t i c  induc t ion ,  and the a r c  t e m p e r a t u r e .  With  the b l a s t  v e l o c i t y ,  the m a g n e t i c  i n d u c -  
t ion,  and  the a r c  c u r r e n t  g iven ,  h o w e v e r ,  one equa t ion  i s  not su f f i c i en t  fo r  d e t e r m i n i n g  b and T. One m a y  
then  app ly  the m i n i m u m  p r i n c i p l e :  

3E 
- - =  O. (10) 
aT 

Ohm's law J = aE yields for our model 

w h e r e  

2B 
E = CPx a~/v~ :I (T), (11) 

fl (T) : PG aG hG (12) 

represents the thermal flux density due to the gas stream inside the are column at Ma = i.  

If function fl(T) has a minimum, then in our simplified model the arc temperature depends on the 
kind of blasting gas and on its pressure. The blast velocity, the arc current, and the magnetic field should 
not affect the arc temperature. This conclusion has been confirmed by experimental evidence. A current 
change from 500 A to 1800 A in [4], for instance, did not affect the (12.4 • 0.5) �9 103 ~ temperature of the 
air-discharge under atmospheric pressure. 

Function fl (T) for air under atmospheric pressure is shown in Fig. 3. According to the diagram, 
thecurveof thermal flux density has no minimum. Within the (9-11) �9 103 ~ temperature range, on the other 
hand, the curve is almost horizontal. If our model of a blasted arc is valid, then the temperature should 
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s t a b i l i z e  i m m e d i a t e l y  a f t e r  the p l a t e a u  r a n g e  of  the c u r v e ,  i n a s m u c h  as  p o w e r  r e m o v a l  f r o m  the a r c  by  
m e a n s  of  a g a s  s t r e a m  u n d e r  f u r t h e r  r i s i n g  t e m p e r a t u r e  would  r e q u i r e  a d e c r e a s e  in the  Maeh n u m b e r .  
Thus ,  c a l c u l a t i o n s  and m e a s u r e m e n t s  s e e m  to a g r e e .  

L e t  u s  d e t e r m i n e  the d i m e n s i o n s  of the a r c  co lumn  of r e c t a n g u l a r  c r o s s  s e c t i o n  u n d e r  the t e s t  c o n -  
d i t ions  in [4], f o r  e x a m p l e :  I = 1 0 0 0 A ,  B = 0 . 0 8 6 T ,  M a = 0 . 3 1 6 ,  P = l a t m ,  P x = l . 1 8 k g / m  3. We a s s u m e  
a t e m p e r a t u r e  T = 1.2 �9 104 ~ and C = 1. Then  f(T) = 1 . 6 . 1 0  -3 A2 /m 3. F r o m  (8) we ob ta in  b = 1.3 m m ,  and 
l a c c o r d i n g  to (7) i s  10.9 m m .  The  r a t i o  l / b  = 8.4. 

Th i s  c a l c u l a t i o n  a g r e e s  q u a l i t a t i v e l y  wi th  the da ta  in  [2, 3], but  not with the a r c  m e a s u r e m e n t s  in [4]. 
The  r e l a t i o n  b e t w e e n  the d i m e n s i o n s  t h e r e  was  r e v e r s e :  the c o l u m n  t h i c k n e s s  b was  m u c h  l a r g e r  than  the 
co lumn  width  l .  With  the t w o - d i m e n s i o n a l i t y  of  the gas  f low and with o t h e r  m o d e s  of hea t  t r a n s f e r  than  
" b l a s t i n g "  the co lumn taken  into account ,  a s m a l l e r  ~ m e a n / ~ m a x  r a t i o  wi l l  c e r t a i n l y  y i e l d  a s m a l l e r  l / b  
r a t i o  than c a l c u l a t e d  e a r l i e r .  With  the gas  s t r e a m  p l a y i n g  the m a j o r  r o l e  in r e m o v i n g  hea t  f r o m  the a r c  
co lumn ,  h o w e v e r ,  i t  i s  d i f f i cu l t  to e x p e c t  the r a t i o  l / b  to b e  s m a l l e r  than un i ty .  The i n d i r e c t  m e a s u r e m e n t  
of the a r c  t h i c k n e s s  on the b a s i s  of s p e c t r o g r a p h i c  da t a  in  [4] did ,  ev iden t ly ,  inc lude  the l eng th  of the e l e c -  
t r i c a l l y  a l m o s t  nonconduc t ing  h i g h - t e m p e r a t u r e  gas  " t a i l . "  

The  v e l o c i t y  of the g a s  s t r e a m  i n s i d e  the  a r c  c o l u m n  i s  r a t h e r  h igh.  In the e a r l i e r  e x a m p l e ,  fo r  i n -  
s t ance ,  VG = 1180 m / s e c  and aG = 3739 m / s e c  at  Ma = 0.316 and T :-- 12,000~ The  t h e r m a l  f lux d e n s i t y  
t h e r e  was  pVh = 76 k W / c m  2. 

T h e s e  e s t i m a t e s  i nd i ca t e  that ,  even  a v e r y  rough ly  a p p r o x i m a t e  m o d e l  b a s e d  on a gas  s t r e a m  as  the 
m a j o r  m e a n s  of r e m o v i n g  h e a t  f r o m  the a r c  co lumn  y i e l d s  r e s u l t s  which  a g r e e  f a i r l y  w e l l  with e x p e r i m e n t s .  
In o r d e r  to g e n e r a l i z e  the v o l t - a m p e r e  c h a r a c t e r i s t i c  of an a r c ,  t h e r e f o r e ,  i t  i s  n e c e s s a r y  to i n t r o d u c e  a 
c r i t e r i a l  "b l a s t "  n u m b e r  a s  a b a s i c  p a r a m e t e r :  

Poh2~ a~BL~ (13) 
YI 1 = 13 

fo r  the c a s e  of an a r c  mov ing  th rough  an e x t e r n a l  m a g n e t i c  f i e ld  B [6]. 

F o r  an a r c  mov ing  th rough  i t s  i n t r i n s i c  m a g n e t i c  f i e ld  we have  i n s t e a d  of 1I 1 [6]: 

Po~~176 a~ (14) 
F[~ --  i~ 

In F i g .  4 i s  shown the u n i v e r s a l  v o l t - a m p e r e  c h a r a c t e r i s t i c  of an a r c  m o v i n g  th rough  an e x t e r n a l  
m a g n e t i c  f i e ld  B = 0 .012-0 .108  T b e t w e e n  p a r a l l e l  c o p p e r  e l e c t r o d e s  L = 0 .0127-0 .038 m long [7]. The  
a m b i e n t  m e d i u m  h e r e  i s  a i r  a t  P = 1 a t m  and the a r c  c u r r e n t  (I) v a r i e s  f r o m  120 A to 1000 A.  A c c o r d i n g  
to the g r aph ,  the u s e  of one c r i t e r i a l  n u m b e r  1I 1 y i e l d s  a ~ a t i s f a c t o r y  g e n e r a l i z a t i o n .  

We have  a l so  t r i e d  to g e n e r a l i z e  on the b a s i s  of o t h e r  d i m e n s i o n l e s s  g r o u p s  c h a r a c t e r i z i n g  v a r i o u s  
m o d e s  of h e a t  r e m o v a l  f r o m  the a r c  co lumn .  The  fo l lowing  p o w e r - l a w  a p p r o x i m a t i o n  was  u s e d  as  r e f e r -  
ence :  

lgA=a+[~lgB. . (15) 

The  v a l u e s  of  oz,/3, and  the s t a n d a r d  d e v i a t i o n  A fo r  v a r i o u s  h y p o t h e t i c a l  m o d e s  of  hea t  t r a n s f e r  a r e  l i s t e d  
in T a b l e  1. 

A c c o r d i n g  to T a b l e  1, the s c a t t e r  of t e s t  po in t s  about  the u n i v e r s a l  v o l t - a m p e r e  c h a r a c t e r i s t i c  is  
l e a s t  wi th  the II 1 n u m b e r  (row 2) a s  the c r i t e r i a l  p a r a m e t e r .  The  gas  a c c e l e r a t i o n  (row 4) has  a l m o s t  no 
e f fec t  on the a r c  c h a r a c t e r i s t i c ,  and a t t e m p t s  to g e n e r a l i z e  on the b a s i s  of th i s  c r i t e r i a t  p r o c e s s  a lone  
have  r e s u l t e d  in a l a r g e r  s t a n d a r d  d e v i a t i o n  than  the s t a n d a r d  d e v i a t i o n  f r o m  the u n g e n e r a l i z e d  c h a r a c -  
t e r i s t i c .  Next  to the g e n e r a l i z a t i o n  b a s e d  on " b l a s t "  r e m o v a l  of  hea t  f r o m  the a r e  co lumn,  the g e n e r a l i -  
z a t i on  b a s e d  on conduc t ive  hea t  r e m o v a l  (row 3) y i e l d s  l e s s  s c a t t e r  of t e s t  p o i n t s  than  the u n g e n e r a l i z e d  
c h a r a c t e r i s t i c .  The  e n e r g y  c h a r a c t e r i s t i c s  of  the a r c  co lumn  a r e  a l m o s t  una f f e c t e d  by  convec t ive  h e a t  
t r a n s f e r  a t  i t s  s u r f a c e  (row 6) and the g e n e r a l i z a t i o n  b a s e d  on th i s  mode  of h e a t  r e m o v a l  y i e l d s  m o r e  
s c a t t e r  of t e s t  p o i n t s .  

Of s p e c i a l  i n t e r e s t  i s  row 5 r e p r e s e n t i n g  the g e n e r a l i z a t i o n  of the v o l t - a m p e r e  c h a r a c t e r i s t i c  b a s e d  
on  the c r i t e r i a l  b l a s t  n u m b e r  112, the 11~ n u m b e r  r e f l e c t i n g  the e f f ec t  of the i n t r i n s i c  m a g n e t i c  f i e ld  of  the  
a r e  r a t h e r  than the e f fec t  of the e x t e r n a l  m a g n e t i c  f i e l d  r e f l e c t e d  in  the II 1 n u m b e r .  The  m a g n i t u d e  of  the 
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TABLE 1. Values of Coefficient  c~, Exponent/3, and S t anda rdDev ia -  
tion A for  Genera l i z ing  the V o l t - A m p e r e  and the Velocity C h a r a c -  
t e r i s t i c s  of an A r c  Blas ted  T r a n s v e r s e l y  in Var ious  Modes 

No. A a B B 

8 

9 

10 

ll 

12 

u 

UL% 
I 

ULoo 
I 

ULao 
I 

UL~o 
I 

UL% 

I 

.poV2L 
IB 

poV2L 
IB 

ooV2L 
IB 

poV2L 
1B 

poV2L 
IB 

poV2L 

IB 

142,8 

1,39 

50 

0,5 

415,83 

I 

O~poh~LSB 
[3  

Oo~oTo L~ 
12 

pohoL 
IB 

doPo@oL' 
12 

poh~IBL 
2 2 ~oT~ 

,+ABL~ 
13 

%ZoToL ~ 
12 

pohoL 
tB 

--0,096 

0,32 

0,63 

0,43 

0,45 

0,012 8,64 

0,08 

5 
0,024 

0,16 

0,169 

12 . 

poh2olBL 
2 2 ~oTo 

0,07 

0,16 

0,024 

0,102 

0,008 

0,270 

0,154 

0,210 

0,752 

0,190' 

0,881 

0,332 

0,210 

0,176 

0,240 

0,200 

0,270 

s t anda rd  deviat ion ind ica tes  that the influence of the in t r in s i c  magnet ic  f ield can be r a t h e r  subs tant ia l ,  de -  
spi te  the spec i a l  m e a s u r e s  taken to e l imina te  i ts  effect  dur ing the expe r imen t  (the c u r r e n t  leads  were  con- 
nected on opposi te  s ides  of each e lec t rode) .  Def lec t ions  of the a r c  column may poss ib ly  produce  suff i -  
c ient ly  s t rong fo rces  - comparab l e  in magnitude with the fo rce  between the a r c  c u r r e n t  and the ex te rna l  
magnet ic  f ield.  

The method of gene ra l i za t i on  is ce r t a in ly  not a suff icient  b a s i s  for  drawing final conclus ions ,  i n a s -  
much as  any c r i t e r i a l  p a r a m e t e r  can to some degree  inadver ten t ly  account for  the effects  of most  d ive r se  
f ac to r s .  The effect  of any one p r o c e s s  can be accounted for  r e l i ab ly  only if a l l  i t s  d i f ferent  mani fes ta t ions  
concur .  Neve r the l e s s ,  the s igni f icance  of the c r i t e r i a l  b l a s t  number  based  on the motion of the a r c  column 
through i ts  i n t r i n s i c  magnet ic  f ield mus t  not be d is regarded~ 

The c r i t e r i a [  b l a s t  p a r a m e t e r s  a r e  s ign i f i can t  a l so  in the un ive r sa l  ve loc i ty  c h a r a c t e r i s t i c s  of an a rc .  
Of a l l  heat  t r a n s f e r  p r o c e s s e s ,  heat  r emova l  by conduction is  mos t  s ignif icant  he re .  It s e e m s  that the 
width of the a r c  column depends s t rong ly  on it ,  because  the gas s t r e a m  does not r emove  any heat  in the 
d i r ec t ion  p e r p e n d i c u l a r  to the flow. 

Here  again an anomaly is noted in the effect  of the e r i t e r i a l  b l a s t  p a r a m e t e r  which r e f l ec t s  the in-  
fluence of the i n t r i n s i c  magnet ic  f ield.  The gene ra l i za t ion  of the v o l t - a m p e r e  c h a r a c t e r i s t i c  ind ica tes  that, 
in t e r m s  of energy,  motion through the i n t r i n s i c  magnet ic  f ield is  l e s s  s ignif icant  than "blas t"  due to the 
ex te rna l  magnet ic  f ield.  But mot ion through the in t r ins ic  magnet ic  f ie ld has a g r e a t  effect on the a r c  
veloci ty .  This  anomaly  can be explained by pe r iod i c  def lec t ions  of the a r c  column p e r p e n d i c u l a r l y  to the 
d i r ec t ion  of motion.  

At this  t ime it is  s t i l l  diff icult  to make a defini te  a s s e s s m e n t  as  to the ro le  which the ins tab i l i ty  of 
the a r c  shape p lays  in de te rmin ing  i ts  ene rgy  and ve loc i ty  c h a r a c t e r i s t i c s .  If this  ins tab i l i ty  is  s ignif icant ,  
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however ,  then the theore t ica l  methods of designing t r a n s v e r s e l y  b las ted  a r c s  will become  much m o r e  com-  
plex.  

Table I shows that l eas t  significant of all  energy  p r o c e s s e s  here  is  convective heat  t r an s f e r  at the 
sur face  of the a rc  column (rows 6 and 12). The cor responding  Pec le t  number  as the c r i t e r i a l  p a r a m e t e r  
makes  a genera l iza t ion  of the v o l t - a m p e r e  cha rac t e r i s t i c  l ess  accura te  and contr ibutes  ve ry  litt le to a 
genera l iza t ion of the veloci ty  cha rac t e r i s t i c .  I t  mus t  be a s sumed  that the Pec le t  number  degenera tes  as a 
resu l t  of turbulence in the s t r e a m  at the pe r iphe ry  of the a rc  column. 

N O T A T I O N  

B is  the magnet ic  induction; 
C is the aerodynamic  drag  coefficient;  
E is the e lec t r i c  field intensity; 
I is the a rc  current ;  
L is  the cha rac t e r i s t i c  dimension;  
Ma is the Mach number;  
P is the p r e s s u r e ;  
T is the t empera tu re ;  
V is the velocity;  
w is the e lec t ron  drif t  veloci ty;  
a is the veloci ty  of sound; 
b is  the a r c  thickness (dimension along the d i rec t ion of a rc  motion); 
l is the a rc  width (dimension perpendicu la r  to the di rect ion of motion); 
J is the cu r ren t  density; 
~/ is the ra t io  of specif ic  heats ;  
k is the the rma l  conductivity; 

is the magnet ic  pe rmeab i l i ty  of the vacuum; 
p is the density; 

is the e lec t r i ca l  conductivity.  

S u b s c r i p t s  

G denotes hot (gas); 
e denotes e lect ron;  
o denotes governing; 
x denotes cold. 
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