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The gas-dynamic stability limits of electric-arc heaters have been 
experimentally investigated and the effect of the principal electrical, 
gas-dynamic and geometrical factors on arc stabilization is established. 
A design equation for calculating anode diameter is obtained such that 
steady vortex stabilization is ensured within the operating range of the 
heater. 

In the  l a s t  few y e a r s  e l e c t r i c - a r c  p l a s m a  g e n e r a -  
t o r s  of v a r i o u s  types  have been  e x t e n s i v e l y  deve loped .  
E l e c t r i c - a r e  dev i ce s  with v o r t e x  gas  s t ab i l i z a t i on  of 
the a r c  [ 1 - 5 ]  have been  s tud ied  in g r e a t e s t  de ta i l .  An 
a t t empt  has  been  made  to g e n e r a l i z e  the  e l e c t r i c a l  
c h a r a c t e r i s t i c s  of such g e n e r a t o r s  on the b a s i s  of the 
d i f f e r en t i a l  equat ion fo r  the  power  ba lance  of an a r c  
swept  by a h i g h - s p e e d  gas  flow. F r o m  this  equat ion 
a g e n e r a l  f o r m  of the  c r i t e r i a l  equat ion has  been  ob-  
t a ined  with the  a id  of s i m i l a r i t y  t h e o r y  methods ,  and 
fo r  the s a m e  gas  at  the  s a m e  p r e s s u r e  in the a p p a r a -  
tus  the  fol lowing r e l a t i onsh ip  be tween the  d i m e n s i o n a l  
c o m p l e x e s  has  been  p roposed :  

Ud/I = f (I~/Gd). (1) 

This  r e l a t i o n s h i p  has  been  c o n f i r m e d  by  the r e s u l t s  
of e x p e r i m e n t s  with a g e n e r a t o r  o p e r a t e d  at  high c u r -  
r en t  dens i ty  in n i t r o g e n  and a i r .  It  can  be a s s u m e d  
with f a i r  a p p r o x i m a t i o n  tha t  in an a p p a r a t u s  of  t h i s  
type  a co lumn of  hot gas  at  a t e m p e r a t u r e  a p p r o x i m a t -  
ing that  of  the  a r c  occup ie s  v i r t u a l l y  the  e n t i r e  c r o s s  
s ec t ion  of the  anode .  

F o r  a h igh -vo l t age  g e n e r a t o r  whose  work ing  c u r -  
ren t  does  not exceed  s e v e r a l  hundreds  of a m p e r e s  
Eq. (1) i s  i nadequa te  fo r  s 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  
of the  e x p e r i m e n t a l  da t a  when the g e n e r a t o r  o p e r a t e s  
on hydrogen  o r  hyd rogen  m i x t u r e s .  F o r  th i s  c a s e  we 
p r o p o s e  in  a p a p e r  to be pub l i shed  l a t e r  an i m p r o v e d  
c r i t e r i a l  equat ion  a l lowing  fo r  the  r e l a t i o n  be tween  
the g e o m e t r i c a l  d i m e n s i o n s  of the  h i g h - t e m p e r a t u r e  
and l o w - t e m p e r a t u r e  zones  in the  anode,  

Ud/I  : f (I2/Gd; l'-',JUd). (2) 

The e x p e r i m e n t a l  da t a  ob ta ined  with hyd rogen  [4] can  
be s a t i s f a c t o r i l y  a p p r o x i m a t e d  by the  fo l lowing equa-  

t ions :  

Ud/I  -: 3900 (I2/Gd) -~ (I~:;/d) -~" ,  (3) 

Ud/l  4500 (12/Gd) -~ (l*:~ /d) -1 .o (4) 

In exp l i c i t  f o r m  Eqs .  (3) and (4) a r e  in good a g r e e -  
men t  with the  f o r m  of t r e a t m e n t  of e x p e r i m e n t a l  da t a  
b a s e d  on d i m e n s i o n a l  a n a l y s i s .  

Solving Eqs .  (3) and (4) fo r  U we have 

U -- 3900 (I/Gd) -~ (5) 

U = 4500 (I/Gd) -~ (6) 

Equat ions  (3) and (5) apply  to de v i c e s  with a stub 
cathode,  (4) and (6) to dev ices  with a t ubu l a r  ca thode .  
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Fig .  1. L i m i t s  of  s t a b i l i z a t i o n  
of the a r c  with r e s p e c t  to c u r -  
r en t  I l i  m (a) and gas  flow r a t e  
G (g / sec )  a t  e l e c t r o d e  d i a m e -  
t e r s  d: 1) 10 ram;  2) 1 5 r a m ;  

3) 20 ram;  4) 30 r am.  

The p r o p o r t i o n a l i t y  f a c t o r s  in the  equat ions  depend 
a p p r o x i m a t e l y  l i n e a r l y  on the d i s t a n c e  be tween  e l e c -  
t r o d e s .  In the  p a p e r  to be pub l i shed  we show tha t  in 
c a s e s  of p r a c t i c a l  i m p o r t a n c e  a d i s t a n c e  0.20 L a -  
0 .3  La be tween  e l e c t r o d e s  i s  s e l e c t e d  fo r  the  d e v i c e s  
c o n s i d e r e d .  Within  t h e s e  n a r r o w  l i m i t s  the  vo l tage  
c o r r e c t i o n  fo r  the  d i s t a n c e  be tween  e l e c t r o d e s  i s  not 
g r e a t e r  than 5% and can be  neg lec t ed  in the  c a l c u l a -  
t i o n s .  Equa t ions  (3), (4), (5), and (6) r e p r e s e n t  only 
the  power  a s p e c t  of the  p r o c e s s .  They  a r e  inadequa te  
fo r  des ign ing  an e l e c t r i c - a r c  gas  h e a t e r  s ince  they  do 
not a l low for  the  ef fec t  of  g a s - d y n a m i c  f a c t o r s  on the 
a r c - s t a b i l i z a t i o n  condi t ions .  

In c e r t a i n  c i r c u m s t a n c e s  e l e c t r i c - a r c  g e n e r a t o r s  
wi th  v o r t e x  gas  s t a b i l i z a t i o n  a r e  c h a r a c t e r i z e d  by un-  
s t ab le  o p e r a t i o n  cond i t ions  when the a r c  d i s c h a r g e  i s  
not s t a b i l i z e d  by the v o r t e x  gas  flow on the ax i s  of 
s y m m e t r y  of  the  a p p a r a t u s .  In such c a s e s  the gas  i s  
v i r t u a l l y  unable  to d r a w  the a r c  co lumn into the  anode 
channe l .  O p e r a t i o n  of the  h e a t e r  t inder  t h e s e  cond i -  
t ions  is  ine f f i c i en t .  Uns tab le  o p e r a t i o n  cond i t ions  
w e r e  o b s e r v e d  [2, 3, 4] in t e s t i n g  a n u m b e r  of a c tua l  
g e o m e t r i c a l  m o d e l s  of e l e c t r i c - a r c  gas  g e n e r a t o r s .  
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With the g e o m e t r i c a l  d imens ions  of  the  h e a t e r  fixed, 
a c e r t a i n  m i n i m u m  gas  flow, below which v o r t e x  s t a -  
b i l i z a t i on  of the  a r c  i s  d i s tu rbed  and s t ab le  ope ra t i on  
b e c o m e s  i m p o s s i b l e ,  c o r r e s p o n d s  to each  given va lue  
of the e l e c t r i c  c u r r e n t .  
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Fig .  2. Tangen t i a l  v e l o c i t y  
d i s t r i bu t i on  c u r v e s ;  A) in the  
v o r t e x  c h a m b e r  at d = 20 ram, 
F i n - - 1 4 0 m m  2, n r = l [ 1 )  at  
D G -- 300 mm,  G = 9 g / s e e ,  ~.) 
150 m m  and 2 .0 ;  4 .2 ;  6 .5 ;  
9 .0  g / s e e ] ;  B) in the anode 
channel  at  d - 20 ram, D c - 
= 150 m m ,  G ; 9.0 g / s e e  [a) a t  
a t  F in  = 140 m m  2 and n T = 1; 
b) 140 m m  2 and 2; c) 280 and 

1; d) 280 and 2]. 

The s t a b i l i z a t i o n  condi t ions  depend not only  on the 
gas  flow and e l e c t r i c  c u r r e n t  but  a l so  on the  d i m e n -  
s ions  of  the a p p a r a t u s .  T h e r e f o r e  in des ign ing  and 
mode l ing  e l e c t r i c - a r c  h e a t e r s  i t  i s  n e c e s s a r y  to have  
at  o n e ' s  d i s p o s a l  a quant i t a t ive  r e l a t i o n s h i p  def in ing 
the r eg ion  of  s t ab le  o p e r a t i n g  cond i t ions .  The p r e s e n t  
p a p e r  i s  devoted to an i nves t i ga t i on  of  the  g a s - d y n a m -  
ie r e g i m e  of  the de e l e c t r i c - a r c  h e a t e r  with a v iew to 
ob ta in ing  such quan t i t a t ive  r e l a t i o n s h i p s .  

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  w e r e  c a r r i e d  out on hy -  
d rogen  and on a i r ,  u s ing  a p p a r a t u s  whose  c o n s t r u c t i o n  
and e l e c t r i c a l  and t h e r m a l  c h a r a c t e r i s g c s  a r e  d e -  
s c r i b e d  in [4, 5]. In the  e x p e r i m e n t s  on hyd rogen  the 
l i m i t s  of  t r a n s i t i o n  f r o m  s t ab le  to uns t ab le  o p e r a t i o n  
at  d i f f e r en t  va lues  of  the  c u r r e n t ,  gas  flow ra t e ,  and 
g e o m e t r i c a l  d i m e n s i o n s  we re  d e t e r m i n e d .  The s t a b i l -  
i ty  l i m i t s  r e g i s t e r e d  by a r e c o r d i n g  v o l t m e t e r  f r o m  
the  s t e e p  i n c r e a s e  in the  a m p l i t u d e  of  the a r c  vo l t age  
f luc tua t ions ,  The m a x i m u m  point  on the  c u r v e s  of  the  
funct ion T a v . m  = f(G) was used  as  a second  i n d i c a t o r .  

The g a s - d y n a m i c  c h a r a c t e r i s t i c s  of the  v o r t e x  flow in 
the  c h a m b e r  and in the  anode channel  w e r e  de t e rmined  
by blowing cold  a i r  through s e v e r a l  mode l s  of a p p a r a -  
t u s  of  the s a m e  type .  The tangent ia l  and ax ia l  ve loc i ty  
d i s t r i bu t i ons  w e r e  inves t iga t ed  by m e a n s  of spec i a l  
to t a l  and s t a t i c  p r e s s u r e  m e a s u r i n g  tubes  with 0 . 8 - r a m  
outs ide  d i a m e t e r .  The p r e s s u r e  was m e a s u r e d  in  the  
d i a m e t r a l  d i r e c t i o n  at  s e v e r a l  sec t ions  ove r  the c h a m -  
b e r  and e l e c t r o d e  he igh t s .  

The inves t iga t ion  was conducted o v e r  the  fol lowing 
i n t e r v a l s  of va lues  of the  ma in  g e o m e t r i c a l  d imens ions  
and gas  flow r a t e s :  a) v o r t e x  c h a m b e r  d i a m e t e r :  150 
and 300 m m  (hydrogen),  150, 300, and 400 m m  (air):  
b) anode d i a m e t e r .  10, 15, 20, 30, and 40 m m  (hy- 
drogen) ,  10, 20, 30, and 38 m m  (air) ;  c) number  of  
t angen t i a l  in le t  nozz l e s .  1 and 2; d) c r o s s  s ec t ion  
a r e a s  of each in le t  nozz le :  140 and 280 m m  2 (hydro-  
gen), 140, 280, 750, and 1350 m m  2 (air) ;  e) gas  flow 
ra te ,  0 . 3 - 1 . 4  g / s e e  (hydrogen),  4 - 5 4  g / s e e  (a i r ) .  

The r e s u l t s  (see tab le )  show that  i f  the anode d i -  
a m e t e r  and the d i s t ance  be tween e l e c t r o d e s  a r e  in -  
c r e a s e d  i t  i s  n e c e s s a r y  to i n c r e a s e  gas  flow r a t e  in 
o r d e r  to e n s u r e  s t a b i l i z a t i on  of  the  a r e  at  a given c u r -  
r en t .  Thus,  i n c r e a s i n g  the  e l e c t r o d e  d i a m e t e r  f rom 
10 to 30 m m  r e s u l t s  in an i n c r e a s e  in hydrogen  flow 
r a t e  by 50-80%, whi le  i f  the  d i s t ance  be tween  e l e c -  
t r o d e s  i s  i n c r e a s e d  f r o m  40 to 60 m m  the m i n i m u m  
n e c e s s a r y  gas  flow r a t e  i n c r e a s e s  by  15-30%. Sub- 
s t i tu t ion  of two in le t  noz z l e s  fo r  one has  no a p p r e c i -  
ab le  ef fec t  on the  s t a b i l i z a t i o n  condi t ions ,  al though 
the gas  in le t  ve loc i t y  i s  ha lved .  A d e c r e a s e  in c h a m -  
b e r  d i a m e t e r  f r o m  300 to 150 m m  s c a r c e l y  af fec ted  
the  a r c  s t a b i l i z a t i o n  condi t ions  e i t h e r .  Thus,  the  an -  
ode d i a m e t e r  i s  the  m o s t  c h a r a c t e r i s t i c  of a l l  the geo-  
m e t r i c a l  d i m e n s i o n s  fo r  s t ab i l i z a t i on .  The d i s t ance  
be tween e l e c t r o d e s  can be v a r i e d  only within n a r r o w  
l i m i t s ,  t h e r e f o r e  i t s  inf luence  i s  not i m p o r t a n t .  

The l i m i t s  of s t ab le  o p e r a t i o n  in F ig .  1 w e r e  ob -  
t a ined  f r o m  the  t e m p e r a t u r e  m a x i m u m  on the c u r v e s  
Tav.  m = f (G)  [4]. The r e s u l t s  obta ined  by both m e t h -  
ods  a r e  in s a t i s f a c t o r y  a g r e e m e n t .  Ove r  the  r ange  of 
c u r r e n t s  i nve s t i ga t e d  the  dependence  (Il im) d = f (G)  is  
l i n e a r  in c h a r a c t e r .  

The r e s u l t s  of the  e x p e r i m e n t  fo r  m e a s u r i n g  the 
t angen t i a l  v e l o c i t y  d i s t r i b u t i o n  in the  v o r t e x  c h a m b e r  
(see  c u r v e s  1 and 2 in F ig .  2, A) c o n f i r m e d  the s e l f -  
s i m i l a r i t y  of  the  v o r t e x  f low for  a p p a r a t u s  of the  c y -  
c lone  type  and showed tha t  the  d i m e n s i o n s  of  the  v o r -  
t ex  c h a m b e r  do not a p p r e c i a b l y  af fec t  the m a x i m u m  
va lue  of  the  v e l o c i t y  W T. 

M e a s u r e m e n t s  of  v e l o c i t y  d i s t r i b u t i o n  at  d i f f e ren t  
s e c t i o n s  o v e r  the  e l e c t r o d e  he ight  showed tha t  the  v o r -  
t ex  mot ion  r e m a i n s  m o r e  o r  l e s s  unchanged to a con-  
s i d e r a b l e  depth .  Th is  made  i t  p o s s i b l e  to t ake  the  ma in  
m e a s u r e m e n t s  of  the  g a s - d y n a m i c  p a r a m e t e r s  a t  a l l  
e l e c t r o d e  d i a m e t e r s  i n v e s t i g a t e d  at  two sec t ions ,  
n a m e l y ,  at  d i s t a n c e s  of  100 and 200 m m  f rom the gas  
in le t  into the  e l e c t r o d e  channel ,  which c o r r e s p o n d s  to 
the  length of the  a r c  d i s c h a r g e  in e l e c t r o d e s  10 and 
20 m m  in d i a m e t e r  [5]. 
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Minimum Values of Hydrogen Flow Rate Ensuring Stabilization 
of the Arc 

Hyd-rogen flow rate G (g~ec) at current I(a) 
5 i 7 I Io ] i~ 
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Figure 2, B (curves a, b, c, d) shows the tangen- 
tim velocity distribution over the cross  section of an 
electrode 20 mm in diameter at different flow areas  
of the inlet nozzles and constant a i r f low rate G = 9.0 
g / sec .  In a chamber 150 mm in diameter a four-fold 
increase in the area of the inlet nozzles (decrease in 
inlet velocity) resulted in a decrease of the absolute 
tangential velocity WTmax by 40%, while the relative 
velocity W~-max/Win increased at the same time from 
1.5 to 4.6.  Thus, variation in the a rea  of the inlet 
nozzles has a considerable effect on the flow friction 
of the chamber and the coefficient e = WTrm/WinRin 
and little effect on the value of the tangential velocity. 
In our tests  the coefficient e varied from 0.15 to 0.65~ 

The influence of other georaetrical dimensions on 
the value of maximum tangential velocity in the elec- 
trode is shown in Fig. 3. The absolute value of the ve-  
locity mainly depends on the diameter of the anode. 
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Fig. 3. Dependence of maximum value of tangential 
velocity WT (m/sec) in the anode on air  flow rate 
G (g/sec) and geometrical  dimensions: 1, 2, 3) at 
De =150 tara, d = 1 0 ,  20, 30 ram, Fin = 1 4 0 r a m  2, 
n v = 2 ;  1', 2', 3 ' ) D  c = 3 0 0  ram, d = 1 0 ,  20, 30tara,  
F in=  140 mm 2, n T- -2 ;  4) at D c = 4 0 0  ram, d =  
=20  ram, F i n = 7 5 0  mm 2, n , = l ;  5) 400, 20, 1350, 
1, respectively;  6)400, 20, t350, 2; 7)400, 30, 
1350, 1; 8)400, 30, 1350, 2; 9)400, 38, 1350, 1; 

10) 400, 38, 750, 2. 

Tangential velocity and maximum current  Ill m in- 
crease  linearly with increase in gas flow rate.  The 
data (1-3 and 1 ' - 3 '  in Fig. 3) obtained for the devices 
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Fig. 4. Dependence of maximum value of anode di- 
ameter  d (cm) on gas flow rate G (g/sec) and current  
at the limit of stabilization: 1) at I l im = 5 A; 2) 10; 

3) 15; 4) 20; 5) 40. 

tested ear l ie r  using hydrogen show that doubling the 
chamber diameter  decreases  the tangential velocity 
by only 5-20%. Variation in the area  and number of 
the inlet nozzles (4~10 in Fig. 3) also leads to a var i -  
ation in tangential velocity by not more  than 20%. 
These results  are  in good agreement  with the data on 
determination of the limits of stable operation. 

Comparisons of the plots in Figs.  1 and 3 show a 
c lear  analogy between the dependences of the stabili- 
zation limit and tangential velocity on the variation in 
gas flow rate for apparatus of the same dimensions. 
At G = const the limiting current  and tangential ve- 
locity as functions of the electrode diameter  are ex- 
pressed  by the same law. These experiments confirm 
the assumption that stabilization of the arc column is 
ensured when a certain cr i t ical  value of the tangential 
velocity is reached in the anode channel. Thus, it ca~ 
be assumed that there  is a quantitative relationship 
between the limiting cur ren t  and the tangential veloc- 
ity in the anode channel. Direct determination of the 
cr i t ical  tangential velocity during operation (when the 
arc  is burning) involves great  technical difficulties. 
ttowever, the indirect  experimental  data given above 
(instead of tangential velocity use was made of the gas 
flow rate at the limit of stability) make it possible to 
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define quantitatively the region of stable operat ion.  At 
the boundary of the region of s tabi l izat ion of the arc  
the re la t ionship between gas flow rate,  e lec t rode  di-  
ameter ,  and cur ren t  is  expressed  in logar i thmic coor -  
dinates (Fig. 4) by a set of pa ra l l e l  s t ra ight  l ines us -  
ing these exper imenta l  data with extrapolat ion to a 
wider region of values  of the main p a r a m e t e r s .  

In analytic form this  re la t ionship  is  approximated 
by the equation 

d -- 61 (G/0 I.~. (7) 

The constant coefficient  and the exponent in Eq. (7) 
were  determined for  a hydrogen hea te r  with a stub 
cathode at a chamber  d i ame te r  of 300 mm, inlet  gas 
veloci ty  of 30-60 m / s e c  and a distance between e lec -  
t rodes  of 60 mm (0.25 L a - 0 . 3 5  La). 

It was shown e a r l i e r  [4] that an i nc rea se  in e l ec -  
t rode  d iamete r  at fixed values of cur ren t  and gas flow 
ra te  leads to an i nc rea se  in a rc  voltage and power.  
However, as follows f rom the exper imenta l  resu l t s ,  
an a r b i t r a r y  choice of e lec t rode  d iamete r  may lead 
to ins tabi l i ty  owing to insufficient tangential  veloci ty  
in the e lec t rode  channel.  Therefore  in designing the 
, ~ - a r a t u s  the d i ame te r  of the anode must be de t e r -  
n~ined f rom formula (7), which c h a r a c t e r i z e s  the con- 
ditions of gas -dynamic  s tabi l izat ion.  

Thus, the approximate  p rocedure  for  the design of 
an e l e c t r i c - a r c  gas hea te r  with vor tex  s tabi l izat ion 
can be supplemented by a second bas ic  equation. The 
th i rd  equation n e c e s s a r y  for  the calculat ion follows 
f rom the given heating power because gas flow ra te  
and t e m p e r a t u r e  a r e  usual ly  governed by the techni-  
cal  requi rements ,  and the the rmal  efficiency for  ap-  
para tus  of this  type va r i e s  within nar row l imi t s  ( 0 . 7 -  
0.9).  As a resul t ,  values of U, I, d, which ensure  

stable operat ion of the hea te r  at a specified heating 
power, a re  found by simultaneous solution of the s e r -  
ies  of equations (6), (7), and 

N = U I  = A HG/0 .239~1 .  (8) 

As experience shows, it  is  des i rab le  to vary  the 
other  basic  geometr ica l  dimensions of the apparatus  
(diameter  of vortex chamber  and cathode, number and 
size of inlet  nozzles,  length of e lec t rodes)  within com- 
para t ive ly  narrow l imi t s .  In this  connection they are  
chosen mainly f rom construct ional  considerat ions ,  
and, when necessa ry ,  the i r  effect is  allowed for  by 
introducing constant coefficients into the basic  equa- 
t ion.  
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