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This paper gives the results of an experimental investigation of the 
heat fluxes to the electrodes of a coaxial plasmatron (plasma gener- 
ator) when the directions of the gasdynamic and magnetic rotation 
of the arc are the same or opposite. 

The mos t  impor tan t  p rob lems  which have to be 
overcome before  powerful  i ndus t r i a l  p l a s m a  gene ra -  
tors  can be bui l t  is the max imiza t i on  of the s e rv i ce  life 
and eff ic iency of the p l a sma t ron .  These p rob l ems  mus t  

be r ega rded  as se r ious  obs tac les  to ex tens ive  appl i -  
ca t ion of p l a s m a  heat ing  in technologica l  p r o c e s s e s  
in the chemica l ,  m e t a l l u r g i c a l ,  mechan ica l  eng i ne e r -  
ing, and other  b r anches  of indus t ry .  

In view of this ,  it is of great  p rac t i ca l  i n t e re s t  to 
inves t iga te  the m e c h a n i s m  of heat t r a n s f e r  in a pIas~ 

m a t r o n  d i scharge  chamber  and to f ind methods of m i n i m -  
iz ing the heat  flux to the e lec t rodes  so that the s e r v i c e  
life and eff ic iency of the p l a s m a t r o n  can be inc reased .  

The methods commonly  used at p r e sen t  to protect  
p l a s m a t r o n  e l ec t rodes  f rom t h e r m a l  des t ruc t ion  en-  
ta i l  gasdynamic  or  e l ec t romagne t i c  d i sp lacement  of 
the a rc  ends over  the e lec t rode  su r face  so that the 
heat flux f rom the arc  spot is d i s t r ibu ted  over  a 
g r e a t e r  e lec t rode  su r face  and the t i m e  of local  hea t -  
ing of the e lec t rode  is reduced.  The l i t e r a t u r e  con- 
ta ins  ve ry  l i t t le  in fo rmat ion  on the combined use of 
these  two methods  of e lec t rode  pro tec t ion .  

Our expe r imen t s  on heat t r a n s f e r  in the e lec t rode  
reg ion  of a p l a s m a t r o n  d i scharge  c h a m b e r  in which 

3 

- -  - b  - -  + 
a b 

Fig.  1. D iag rams  of (a) coaxial  p l a s m a t r o n  and 
(b) expe r imen ta l  p l a s m a t r o n  with r ing  cathode: 
1) cooled cathode; 2) cooled anode; 3) m a g n e t i c -  

f ield coil ;  4) i n su l a to r s ;  5) r ing  cathode. 

both gasdynamic  and e l ec t romagne t i c  d i sp lacemen t  
of the a rc  ends was employed showed that this  method 
is a p r o m i s i n g  one. 

The expe r imen ta l  500 kW coaxial  p l a s m a t r o n  (Fig. 
la) had cooled copper  e l ec t rodes  and a cooled mag-  
ne t i c - f i e ld  coil  made  of copper  tubing.  When the mag-  
ne t i c - f i e ld  coil was connected in s e r i e s  in the a rc  c i r -  

cult  the magne t i c - f i e ld  s t reng th  in the combus t ion  
zone of the a rc  reached  635 �9 103 A / m  at the m a x i -  
mum c u r r e n t  of 2kA. The a i r  was in jec ted  into the 
c ha mbe r  through e i ther  tangent ia l  or  rad ia l  holes in 
the side wall  of the chamber ;  in this  way we could 
c rea te  a vor t ica l  a i r  flow in the c ha mbe r  or de l ive r  
gas to the arc reg ion  without ro ta t ion .  
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Fig. 2. Heat fluxes Q (kW) to cathode (left) 
and anode (right) as a funct ion of c u r r e n t  I 
(A) in the case  of (1) cocu r r en t ,  (2) m a g -  
net ic ,  and ( 3 ) c o u n t e r c u r r e n t  ro ta t ion  of a rc .  

The d i rec t ion  of e l ec t romagne t i c  ro ta t ion  of the 
a rc  was a l te red  by r e v e r s i n g  the po la r i ty  of the field 
coil;  it was then e i ther  the s ame  as that of the a i r  
vor tex  ("cocur ren t  rotat ion")  or  the opposite ("coun- 
t e r c u r r e n t  ro ta t ion") .  All the expe r imen t s  were  

c a r r i e d  out at a tmospher ic  p r e s s u r e  in the cham-  

be r .  
We found by exper iment  that the heat f luxes to the 

e lec t rodes  depended on the mutual  d i r ec t ions  of mag-  
net ic  and gasdynamic  ro ta t ion  of the a re .  In the vast  
m a j o r i t y  of cases ,  c o u n t e r c u r r e n t  ro ta t ion  caused  
a reduc t ion  in the heat fluxes to the e lec t rodes  in c o m -  
pa r i son  with c oe u r r e n t  ro ta t ion .  We also c a r r i e d  out 
expe r imen t s  in which a un i fo rm s t r e a m  of nonro ta t ing  
a i r  was blown into the c h a m b e r  and the a rc  was ro -  
ta ted only by the magnet ic  field. In th is  case  the m e a -  
su red  heat fluxes to the oute~ e lec t rode  were  10 and 
5% higher  on the average ,  and to the i nne r  e lec t rode  
5 and 12% lower,  than in the ( ase of c oc u r r en t  and 
c o u n t e r c u r r e n t  ro ta t ion ,  resp:, ,etively (see Fig.  2). 

The p r e s e n c e  of a vor tex  it. the c h a m b e r  a l t e r s  
the c r o s s - s e c t i o n a l  dis t r ibut io:r  of the gas flow rate  and 
dens i ty  in the chamber .  The gas dens i ty  and flow ra te  
a r e  i n c r e a s e d  at the outer  e lec t rode  and reduced at the 
inne r  one, which leads to a reduc t ion  in the t e m p e r -  
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ature  of the gas flowing over  t hewa l l  of the ou te r  e lec-  
t rode and an i n c r e a s e  in the t e m p e r a t u r e  of the gas 
in contact with the wal l  of the inne r  e lec t rode .  This  
leads to a co r r e spond ing  r ed i s t r i bu t ion  of the heat 
f luxes.  
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Fig.  3. Heat - f lux dens i ty  q 
(w/m 2) to r ing  cathode as a 
funct ion of a i r  flow ra te  G 
(g/sec) for (a) c o u n t e r c u r r e n t  
and (b) c o c u r r e n t  ro ta t ion  of 
the arc :  ] and 2) a rc  c u r r e n t  
= 740 A, H ~ 240 �9 103 A/m; 
and 4) a rc  c u r r e n t  = 930 A, 
H ~ 295 �9 103 A/m; A and B) 
heat  f luxes f rom cathode spot 
at c u r r e n t s  of 930 and 740 A, 
r e spec t ive ly ,  ca lcula ted  f rom 
publ ished data; C and D) the 
s ame  aceo rd ing to  e x p e r i m e n -  

tal  data of authors .  

The reduc t ion  in the heat  f luxes to the e lec t rodes  
with c o u n t e r c u r r e n t  ro ta t ion  as compared  with co-  
c u r r e n t  ro ta t ion  is of g rea t e s t  i n t e r e s t .  The gas den-  
s i ty  and flow ra te  d i s t r ibu t ions  over  the c ro s s  sec t ion  
of the c h a m b e r  can be r ega rded  as v i r tua l ly  ident ica l  
in both cases .  This r a i s e s  the ques t ion  of whether  this  
reduc t ion  in heat  f luxes is due to a reduced de l ive ry  of 
energy  to the e lec t rode  walls  f rom the a rc  spots ,  o r  
whether  it is  of some other  na tu re .  

In the usual  coaxial  p l a s m a t r o n  shown in Fig.  l a ,  
the d i f fe rence  be tween the heat fluxes to the e lec t rodes  
with c o u n t e r c u r r e n t  and cocu r r en t  ro ta t ion  reached  
]4~a It should be bo rne  in mind  that the m e a s u r e d  
heat f luxes to the e lec t rodes  in this  p l a s m a t r o n  are  
the sum of the heat f luxes f rom the arc  spots,  the con-  
vect ive and rad ia t ive  heat fluxes f rom the a rc  column,  
and the convect ive  and rad ia t ive  heat f luxes f r o m  the 
p l a s m a  s t r e a m  flowing over  the e lec t rode  wall .  Under 
these  condit ions it is difficult  to d e t e r m i n e  whether  
this  change in the tota l  heat  f luxes is due to a change 
in the hea t f luxes  in the a r c - c o m b u s t i o n  zone, or  ff it  i s  
m e r e l y  due to change in the total  heat  r emova l  to the e lec -  
t rodes  outs ide the a r c - c o m b u s t i o n  zone. The total  
heat flux to the e lec t rode  depends,  of course ,  on the 
posi t ion of the combus t ion  zone along the e lec t rode ,  

s ince  this  d e t e r m i n e s  the a r e a  of e lec t rode  sur face  
over  which the p l a s m a  s t r e a m  flows. Hence,  we 
made  m e a s u r e m e n t s  of the pos i t ion  of the a r c - c o m -  
bus t ion  zone on the cathode with c o u n t e r c u r r e n t  and 
c oc u r r e n t  ro ta t ion  f rom the t r a c k s  left by the a rc  on 
the cathode. We found that i n the  case  of eocu r r en t  ro -  
ta t ion the arc  bu rned  c lo se r  to the exit par t  of the 
cathode thanwi th  c o u n t e r c u r r e n t  ro ta t ion  and, hence ,  

the d i f ference  in heat  f luxes cannot  be a t t r ibu ted  e n t i r e l y  
to the change in heat flux due to a change in the a r c - c o m -  
bus t ion  zone. It is difficult ,  however ,  to conclude 
f rom the obtained data  whether  this  change in heat 
f luxes is due to a change in the flux at the a rc  spots ,  
s ince  the indicated d i f fe rence  in heat  fluxes was ob- 
ta ined  under  condi t ions  i n w h i c h t h e  voltage with coun-  
t e r c u r r e n t  ro ta t ion  was lower  than with cocu r r en t  
ro ta t ion .  The indicated d i f fe rence  in t e m p e r a t u r e s  
might be due to the  d i f fe rence  in heat  fluxes f rom 
the p l a s m a  s t r e a m  i tsel f .  This  is indica ted  by the 
fact  that although the heat flux to the e lec t rodes  
with c o u n t e r c u r r e n t  ro ta t ion  was l e s s  than with co-  
c u r r e n t  ro ta t ion ,  the r e l a t ive  loss  ( r e f e r r e d  to the 
power of the s t r eam)  for  c o u n t e r c u r r e n t  ro ta t ion  was 
g r e a t e r  in s e v e r a l  r e g i m e s  than for cocu r r en t  ro t a -  
t ion.  

F o r  a m o r e  accu ra t e  a s s e s s m e n t  of the effect of 
c o u n t e r c u r r e n t  gasdynamic  and magnet ic  ro ta t ion  of 
the a rc  on the heat  f luxes to the e l ec t rodes ,  we had 
to get r id  of the heat  brought  to the e lec t rode  by the 
p l a s m a  s t r e a m  i tsel f .  To do this  we a l t e red  the de-  
s ign of the cathode, which was cons t ruc ted  in the 
fo rm of a cooled copper  r ing ,  10 m m  wide and with an 
ins ide  d i a m e t e r  of 36 m m ,  e l e c t r i c a l l y  insu la ted  f rom 
the other  pa r t s  of the c h a m b e r  (Fig. lb) .  The e lec-  
t r i c  insu la t ion  also acted as heat i n su la t ion  and p r e -  
vented leakage of heat f rom the cathode. The o ther  
components  of the appara tus ,  inc luding the anode and 

"[0 

0 / oa--a 

eA--b 
o&--c 

6 
it~ 220 280 H40 

Fig.  4. Heat - f lux  dens i ty  q 
(W/m 2) to cathode at an arc 
c u r r e n t  of 740 A as a funct ion 
of magnet ic - f ie ld  s t rength  H 
(A/m) for  c oc u r r e n t  (c i rc les )  
and c o u n t e r c u r r e n t  ( t r iangles)  
ro ta t ion:  a) G = 16; b) 20; c) 24 

g / s ec .  

the field coil ,  we re  the s a m e  as before .  The exper i -  
ments  were  c a r r i e d  out with an anode 28 m m  in di-  
ame te r .  The dura t ion  of each s epa ra t e  exper iment  
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was l imi ted  by the t h e r m a l  s t reng th  of the cathode 
insu la t ion  and was a m a x i m u m  of 60 sec,  af ter  which 
the insu la t ion  had to be repIaced.  

The expe r imen t s  on the modif ied appara tus  showed 
that the d i f fe rence  in heat f luxes to the cathode with 
c o u n t e r c u r r e n t  and c o c u r r e n t  ro ta t ion  reached  45~/o 
in some r e g i m e s .  All  o ther  condi t ions  be ing  equal ,  
this  d i f fe rence  i nc r ea sed  apprec iab ly  with i n c r e a s e  
in the gas flow ra te  (Fig. 3) and dec r ea sed  with in -  
c r e a s e  in the magne t ic - f i e ld  s t rength .  An i n c r e a s e  
in the magne t ic - f i e ld  s t rength  also caused  a genera l  
i n c r e a s e  in the level  of heat f luxes to the cathode 
(Fig. 4). 

It is of i n t e r e s t  to compare  the m e a s u r e d h e a t  f luxes 
to the cathode with the heat  f luxes at the cathode spots ,  
and these  can be ca lcula ted  f r o m  ava i lab le  publ i shed  
data [1-3] .  We a s s u m e  that the heat flux in the cathode 

spot is  g iven by the e x p r e s s i o n  

Q - ~ (a u~ -- ~). (1) 

Accord ing  to s e v e r a l  au thors ,  for copper  AU c = 
= 15-16  V and the e l ec t ron  work funct ion for  an  
oxidized copper  cathode is 5.2 V. The specif ic  heat 
f luxes to the  cathode ca lcu la ted  f rom these  data  a re  
shown by a dashed l ine  in Fig .  3 (A U e was taken as 
16 V). An examina t ion  of Fig .  3 shows that the total  
heat f luxes were  n e v e r  l e s s  than  the heat f luxes ca l -  
culated f rom the cathode spot.  Hence,  the change in 
heat flux in the a rc  zone with c o u n t e r c u r r e n t  and co-  
cu r r en t  ro ta t ion  can be a t t r ibu ted  e i the r  to a change 
in the convect ive  and rad ia t ive  components  of the 
heat flux in the a rc  zone or  to a change in the heat  
flux f rom the cathode spot. 

It should be bo rne  in mind,  however ,  that t h e r e  
a re  no r e l i ab l e  publ i shed  data on voltage drops n e a r  
the e l ec t rodes  for  blown a rcs  moving  at high speed 
in magne t ic  f ie lds .  The ava i lab le  publ ished data  r e -  
late to f r ee ly  b u r n i n g  a r c s .  Hence,  we c a r r i e d  out 
spec ia l  expe r imen t s  to d e t e r m i n e  the value of (AU c - 
- q)) in e x p r e s s i o n  (1). 

F o r  th i s  purpose  we m e a s u r e d  the heat  f luxes to 
cathodes in the fo rm of w a t e r - c o o l e d  copper  r ings  
of d i f ferent  widths (11.5 and 4 .5  mm) .  The amount  
of heat a r r i v i n g  at the cathode f rom the arc  spot does 
not depend on the width of the cathode r ing ,  whe reas  
the to ta l  convec t ive  and rad ia t ive  heat  flux f rom the 
a rc  co lumn is d i r e c t l y  p ropor t iona l  to the heated (in- 
side) su r f ace  of the r ing .  F r o m  the d i f fe rence  in heat 
f luxes in r ings  of width 11.5 and 4 .5  m m w e m e a s u r e  
the dens i ty  of the total  convect ive  and rad ia t ive  flux 
f rom the a rc  co lumn 
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F r o m  these  data  we can d e t e r m i n e  the tota l  con-  
vec t ive  and r ad ia t ive  heat flux to the r i n g  cathode 

Ocr = qer S .  

Then the heat  flux e n t e r i n g  the r i n g  cathode f r o m  
the cathode a rc  spot is 

Knowing the value of Qs '  we can d e t e r m i n e  the 
value of(AU c - ~) by us ing  e x p r e s s i o n  (1). The ex- 
p e r i m e n t a l l y  de t e rmined  value of (AU c -q0 ) was 7.4 
V. This  value de t e rmined  at a c u r r e n t  s t reng th  I = 

= 600 A and a magnet ic  f ield H ~ 190 ~ 10 ~ A / m  at a t -  
mosphe r i c  p r e s s u r e  with a i r  as the working fluid.  

Fig.  5. Scheme of i n t e r ac t i on  of a rc  
with magnet ic  f ield and vor t i ca l  gas 
flow in the case  of (a) c o c u r r e n t  and 

(b) e o u n t e r e u r r e n t  ro ta t ion .  

Thus,  expe r imen t s  show that the tota l  convect ive  
and rad ia t ive  heat flux in the a rc  zone may  exceed 
the heat flux f rom the a rc  spots (Fig. 3). 

It should be noted,  however ,  that  the ci ted vMue 
of (AU c --  qo) at 7.4 V does not take into account  the 
energy  spent  on me l t i ng  and evapora t ing  the ca th-  
ode m a t e r i a l ,  s ince  we did not m e a s u r e  the r a t e  of 
r e m o v a l  of cathode m a t e r i a l  in the expe r imen t .  We 
can m e r e l y  s ta te  that ,  accord ing  to v i sua l  e s t i m a t e s ,  

the des t ruc t ion  of the cathode dur ing  the en t i r e  per iod  
of the e x p e r i m e n t s  was ve ry  s l ight .  

In addition, expe r imen t s  with r ings  of different  
widths showed tha t the  value of (AU c --  q0) was the s ame  
with c oc u r r e n t  and c o u n t e r e u r r e n t  ro ta t ion .  This  con-  
f i r ms  the hypothesis  that the change in the heat flux 
to the e l ec t rodes  with c o u n t e r c u r r e n t  and cocu r r en t  
ro ta t ion  is  due en t i r e ly  to the convect ive  and r a d i -  
ative components  of the flux f rom the a rc  column.  

It should be noted that with cocu r r en t  ro ta t ion  the 
tota l  heat flux in the a r c - c o m b u s t i o n  zone i n c r e a s e s  
with i n c r e a s e  in the gas flow ra te ,  w h e r e a s w i t h c o u n -  
t e r c u r r e n t  ro ta t ion  a s i m i l a r  i n c r e a s e  in gas flow 
ra te  leads  to a reduc t ion  of the heat flux. This  can 
be explained in the following way. In a coaxial  p in s -  
m a t r o n  the a rc  co lumn has a he l i ca l  fo rm owing to 
the ac t ion  of e l ec t romagne t i c  fo rces .  The fo rward  end 
of the hel ix in the d i rec t ion  Of hel ix  is mot ion  at the 
i nne r  e l ec t rode  ( s e e  Fig .  5) .  

In the annu la r  gap be tween the e l ec t rodes  the gas 
veloci ty  d i s t r ibu t ion  is subject  to the law of c o n s e r -  
vat ion of m o m e n t u m ,  if f r i c t ion  is neg lec ted ,  i . e . ,  

V t R = const. 

This  me a ns  that the t angen t i a l  gas ve loc i ty  at the in -  
n e r  e l ec t rode  (anode) is g r e a t e r  than that at the ou te r  
e lec t rode .  Hence,  in the case  of e oc u r r e n t  ro ta t ion  
the gasdynamic  fo rces  tend i n c r e a s i n g l y  to n draw out w 
the a rc  hel ix ,  whereas  in the ease  of e o u n t e r c u r r e n t  
ro ta t ion  the a r c  is ' r c o m p r e s s e d "  and becomes  n e a r l y  
rad ia l  in  f o r m .  

An i n c r e a s e  in gas flow r a t e  in the  f i r s t  case  leads  
to e longat ion of the a re  hel ix  and, hence ,  to an in -  
c r e a s e  in the convect ive  and r ad ia t ive  heat  flux f rom 
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the a r c  co lumn,  whi le  in the  second  c a s e  it l e a d s  to 
a r educ t ion  in the  length of the  a r c  and i t s  a p p r o x i -  
m a t i o n  of r a d i a l  f o r m ,  which l e a d s  to a c o r r e s p o n d -  
ing r educ t ion  in the  r a d i a t i v e  and convec t ive  hea t  f lux 
in the  a r c - c o m b u s t i o n  zone.  An i n c r e a s e  in the  m a g -  

ne t ic  f ie ld  r e d u c e s  the  effect  of g a s d y n a m i c  f o r c e s  
in c o m p a r i s o n  with that  of e l e c t r o m a g n e t i c  f o r c e s  
and t h e r e  is  a c o r r e s p o n d i n g  r educ t ion  in the  d i f f e r -  
ence be tween  the hea t  f luxes  in the  c a s e  of c o u n t e r -  
c u r r e n t  and c o c u r r e n t  ro ta t ion .  

Thus ,  a change in the mutua l  d i r e c t i o n  of the  ~ l e c -  
t r o m a g n e t i c  and g a s d y n a m i c  f o r c e s  a c t i n g o n t h e  e l e c -  
t r i c  a r c  in a p l a s m a t r o n  can have a s ign i f i can t  effect  
on the  hea t  f luxes  in the  ho t tes t  r eg ion  of the  e l e c -  
t r o d e  in the  a r c - c o m b u s t i o n  zone.  Depending  on the  
r e l a t i v e  d i r e c t i o n  and magni tude  of the  e l e c t r o m a g -  
ne t ic  and g a s d y n a m i c  f o r c e s ,  the h e a t f l u x  in the a r c -  
combus t ion  zone on the ca thode at cons tant  c u r r e n t  
s t r eng th  m a y  v a r y  by  a f ac to r  of 2, which ind ica t e s  
a s ign i f ican t  effect  on the  e l e c t r o d e  o p e r a t i n g  con-  
d i t ions .  The ob ta ined  r e s u l t ,  b e s i d e s  o t h e r  th ings ,  
i nd ica t e s  a high l e v e l  of convec t ive  and r a d i a t i v e  heat  
f luxes  in the  a r c - c o m b u s t i o n  zone,  which in to to  m a y  
even exceed  the hea t  f lux f rom the moving  a r c  spot .  
Th is  mus t  be t aken  into account in ca l cu l a t i on  of the  
cool ing  of the  e l e c t r o d e s .  

NOTATION 

I is  the  c u r r e n t ;  A Uc is the ca thode  vo l t age  drop ;  
is  the e l e c t r o n  work  funct ion of the ca thode  m a t e r i a l ;  

qc r  is  the dens i ty  of combined  convec t ive  and r a d i a t i v e  
hea t  f lux to the ca thode;  Qm is the m e a s u r e d  heat  f lux 
to the ca thode;  S is  the  a r e a  of the  in s ide  s u r f a c e  of 
the r ing  cathode;  Qcr is  the combined  convec t ive  and 
r a d i a n t  hea t  f lux to the cathode;  Qs is  the hea t  f lux 
e n t e r i n g  the cathode f r o m  the a r c  spot;  V t is  the t an-  
gen t ia l  gas ve loc i ty ;  R is the r a d iu s ;  j is  the c u r r e n t  
dens i ty ;  H is the m a g n e t i c  f ie ld  s t r eng th .  
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