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Electrical and thermal characteristics are presented for a plasma 
torch with a sectional insert between the electrodes; these are com- 
pared with the characteristics of a single-chamber source. The 
voltage-current curves have a minimum, the voltage on the rising 
branch being Mgher than that for a single-chamber torch. The voltage 
and brightness fIuctuations are much lower man those for a single- 
chamber torch. 
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Fig. 1. Section of the arc chamber; 
1) cathode, 2) anode, 3) insert, 4) arc; 
G I and G s are the airinlets, P is the 

power supply, R is the resistor. 

I. Some aspects of an ate in a segmented channel. The stabilized 
arc in a plasma torch interacts electrically and thermally with the 
flow of hot gas and with the channel wall. The hot  gas usually fills 
the tube completely in a laminar or cylindrical arc, the arc inter- 
acting directly with the wall and being stabilized by the latter. The 
length and potential difference of such an arc may be increased by 
inserting short sections insulated from the electrodes and from one 
another [1]. If the arc is to burn normally along the axis of the tube, 
the potential difference across one section should not exceed the sum 
of the cathode and anode potential differences characteristic of an 
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Fig. 2. U-I curves for d = 1 cm, p = 10 N/cmZ: 

1) G = 6 g A e c ,  n = 6 ,  Z = 1 7 . 7 c m ,  sections 
connected electxically to anode; 2) single- 
chamber source, G = 6, t = 30; 3) as previous, 
G = 8 ,  t = 3 0 ;  4) G = 6 ,  n = 6 ,  a = 1 2 c m ,  
l = 17.7; 5) G= 8, n = 6 ,  a=12 .6 ,  l = 17.7; 
6) G = 8 ,  n =  7, a =  14.7, l =19.8; 7) G= 8, 

n = 8 ,  a=16 .9 ,  l =22.  

arc discharge under these conditions. Vigorous wail cooling is essen- 
tial to long-term working, while the state of the surface greatly 

affects the electrical processes near the wall [2]. Such devices 
have been operated at low gas flow rates, have very low thermal 
efficiencies, and are used mainly for research purposes. 

The gas flow plays an increasing part in the interactions as 
the flow rate increases, and the flow allows the arc to be stabilized at 
the axis (vortex stabilization) while providing a substantial increase 
in length, voltage, power, and efficiency. However, there are [8-6] 
limits to the increase in length and power, on account of shunting of 
the arc to the wail. The arc characteristics may be adjusted in this 
case by the use of inserts [7, 8] ; one-section inserts have been used 
[5, 7-9], but a study of the mode of operation [9] shows that it is 
better to use several insert sections, with a supply of cold gas between 
them. 

Such a device differs essentially from the channel in a laminar 
or cylindrical arc in that arcs of FK and DN types (Fig. 1) may be 
formed between adjacent sections in accordance with the potential 
for arc breakdown between the arc column and the sections, and also 
with the potential for breakdown between sections. These potentials 
may be much greater than the sum of the cathode and anode poten- 
tial differences, so the individual sections may be much longer than 
in a laminar or cylindrical arc if the arc has its normal position at 
the axis of the channel. Gas supply to the gaps provides control of the 
breakdown potentials and prevents formation of short arcs on the gaps. 
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Fig. 3. U-I curves for a plasma jet 
with sections, d = 1 cm, p = 10 N/cm s, 
n%6,  a =  12.6, l~- 17.7 cm, G of: 

I) b, 2) 8. 

The main gas flow rate is heated as it moves along the channel, 
but the layer of cold gas at the wall maintains the difference in 
performance up to large currents and lengths. 

Tests [10] show that a section becomes charged to the potential 
of some point in the positive column by leakage between the arc 
column and the section; the maximum potential difference between 
the arc and a section becomes much less than that for an undivided 
insert of the same length. Current leakage from the sections may 
occur if these are water-cooled, as in high-power jets. There is little 
leakage between arc column and section if the layer of cold gas is 
thick [9], and so it is possible for the potential difference between 
the column and a section to become sufficient for breakdown. In that 
case the potentials may be equalized by connecting the section to an 
appropriate voltage source. 

It has been shown [10] that the gas flow rate has little effect on 
the field E in an arc with vortex stabilization, so we expect that a 
sectional insert and gas injection between sections wilt together pro- 
vide not only increase in length but also in arc burning voltage, in 
conjunction with high efficiency. Here we consider the characteristics 
of a simple plasma jet of this type. 

Interactions near the electrode wall play a large part in a two- 
chamber jet and in a jet with bilateral efflux, so it is possible that 
the results given here will assist in improving the characteristics 
of such devices. 
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2. Appara tus .  F igure  1 shows the  sys tem.  The  copper  c a t h o d e  1, 

a n o d e  2, and  insu la ted  sec t ions  3 a re  coo led  by wate r .  T h e  n u m b e r  

n of the  sec t ions  ( e a c h  2 e m  long) va r i ed  f rom f ive  to e i g h t ,  so the  

i n t e r e l e c t r o d e  d i s t a n c e  a va r i ed  co r respond ing ly  f rom 10.5 to 16.9 

c m ,  whi le  t he  l eng th  l of  the  a rc  c h a m b e r  (d i s t ance  f rom the  end 

f a c e  of the  c a t h o d e  to the  ex i t  end of  the  anode)  r anged  f rom 15.5 

to 22 c m .  Anode  2 had  a f ixed  l eng th  l~ = 5 c m .  

Air ( f low ra te  Gr) enters  the  3.5 m m  g a p  be tween  the c a t h o d e  

and  the  first  sec t ion  via  four t a n g e n t i a l  holes  8 m m  in d i a m e t e r  a t  a 

d i s t a n c e  of 2.5 c m  f rom the axis .  Fur ther  gas  ( f low r a t e  G a) enters  

the  spaces  be tween  sec t ions  v i a  t a n g e n t i a l  holes  and  is d is t r ibuted  v ia  

t he  1 m m  gaps  be tween  sec t ions  in t he  a rc  c h a m b e r ;  G = G l + G 2 

r anged  f rom 5 to 8 g / see .  The  a rc  was s t ruck by  the  m e t h o d  p r e v i -  

ously descr ibed  [9] ,  and  i t  then  took  up pos i t ion  AB. The  tests  were  

done  with g = G z / G  = 0 .58 for a sys tem with a n  i n t e r n a l  e l e c t r o d e  

d i a m e t e r  d = 1 e ra .  The  gas  was re leased  in to  the  a t m o s p h e r e  

(p = 10 N / c m  z).  T h e  t e m p e r a t u r e  of the  coo l ing  water  was r ead  by a 

m e r c u r y  t h e r m o m e t e r  with 0 . 5 ~  divisions;  the  water  and  a i r  f low 

ra tes  were  m o n i t o r e d  by  R8-5 and RS-7 r o t a m e t e r s .  The  p o t e n t i a l  

U and  cu r ren t  I were  r e c o r d e d  by  E59 and LM-1 ins t ruments ,  

r e s p e c t i v e l y ,  a c c u r a c y  c lass  0 .5 .  

8. V o l t a g e - c u r r e n t  cu rves .  Figures  2 and 8 show the  U-I  curves .  
The  m u k i p l e  sec t ions  and  supply of gas  a long  the  l eng th  subs tan t i a l ly  

i n c r e a s e  the  burn ing  vo l t age ;  the  cu rve  rises a b o v e  a c e r t a i n  I. For 

e x a m p l e ,  curves  3 and 7 of Fig .  2 show tha t  U is abou t  40% h ighe r  

t han  for a s t h g l e - c h a m b e r  j e t  (cont inuous  anode)  for I = 150 A, 

n = 8,  and G = 8 g / s ec .  

If s ec t ion  3 is c o n n e c t e d  e l e c t r i c a l l y  to the  a n o d e  2, the  two 

t o g e t h e r  a c t  as a s ec t i ona l  a n o d e  with d is t r ibuted  gas  supply.  C o m -  

par i son  of curves  1 and 2 (con t inuous  anode)  shows tha t  a s ec t i ona l  

a n o d e  with d is t r ibuted  supply g ives  lower  U for a g i v e n  G than  

a s i n g l e - c h a m b e r  je t  with a con t inuous  anode ,  e . g . ,  20~ less for 

I = 150 A and G = 6 g / s ec .  The  e f fec t  for l a rge  I occurs  b e c a u s e  the  

a rc  takes  up the  pos i t ion  A C  (Fig.  1) in the  s ec t i ona l  case ,  and pa r t  

of t he  gas  enters  downs t r eam f rom C, i . e . ,  t akes  no pa r t  in b lowing  

the  arc ;  however ,  the  a r c  a t  low I l ies in pos i t ion  AB, and  a l l  t he  

i n c o m i n g  gas  p a r t i c i p a t e s  in  b lowing  the  a r c ,  but  with U r e m a i n i n g  

less t han  for a s i n g l e - c h a m b e r  d e v i c e .  This  m e a n s  t ha t  t h e r e  mus t  be  

o ther  reasons  for the  r educ t i on  in U; One of these  m a y  be pe r tu rba t ions  

in  the  dis txibut ion of ve loc i t i e s  (and h e n c e  t empe ra tu r e s )  on a c c o u n t  

of the  slots in the e l e c t rode ,  which  i n f luence  the  i n t e r ac t i ons  nea r  the  

wal l ,  with the  c o n s e q u e n c e  of ea r l i e r  shunt ing and h e n c e  shorter  a rcs .  

This  e f f e c t  c a n  occu r  at  low I when the  sec t ions  are  insu la t ed  f rom 

the  anode;  but ,  in  t h a t  case ,  U is no t  so g r e a t l y  r educed ,  because  

shunt ing  to a pa r t  of the  inserts  is imposs ib le  (curves  2 and 4),  and 

h e n c e  the  sca le  of the  shunt ing is r e d u c e d .  This  r educ t i on  in U is 
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Fig.  4 .  Rela t ion  of r/ to I for G = 6 g / s e c ,  

d = 1 c m ,  and  p = 10 N / c m Z :  1) con t inuous  

anode ,  l = 30 c m  ( c a l c u l a t e d  curve);  

2) con t inuous  anode ,  l = 17.7;  3) n = 6, 

a = 12.6 ,  l = 17.7;  4) n = 7, a = 14.7 ,  

l = 1 9 . 8 ;  5) n = 8 ,  a =  16 .9 ,  l = 22. 

r ap id ly  lost  as I and a i nc rease .  The  a rc  l eng th  in the  present  d e v i c e  

a t  l a rge  I exceeds  the  l eng th  in a s i n g l e - c h a m b e r  d e v i c e  with a 

con t inuous  anode ,  so U is h ighe r  and the  U-I  curve  rises. The  

i n c r e a s e  in U i t se l f  inc reases  with the  l eng th ,  as curves  5 - 7  of 

Fig. 2 show. 

The  r ise in the  U-I  cu rve  for  t he  presen t  d e v i c e  does  not  h a v e  

the  s a m e  cause  as t ha t  r i se  for  a c y l i n d r i c a l  arc;  in  the  l a t t e r  case ,  

the  r ise c a n n o t  s ta r t  un t i l  t he  a r c  c o m p l e t e l y  f i l ls  the  c ro s s - s ec t i on  

[ l l J ,  a f te r  which  po in t  the  t o t a l  c o n d u c t i v i t y  c a n  inc rease  with I only 

as a resul t  of  i n c r e a s e  in  T,  which  is less rap id  t h a n  the  i n c r e a s e  in  I, 

so the  U - I  cu rve  rises. In t he  presen t  dev ice ,  the  rise in  the  U-I  

cu rve  begins  long before  t h e  a rc  f i l ls  t h e  channe l ;  he r e  t he re  is a 

subs tan t i a l  co ld  l a y e r  of vor tex  f low b e t w e e n  the  a rc  and  the  wal l ,  

and  the  U-I  c u r v e  rises b e c a u s e  the  E-I  curve  passes th rough  a m i n -  

i m u m  (E is f i e ld  s t rength)  for a c o l u m n  under  these  cond i t ions  [10] .  

Th i s  is a subs t an t i a l  d i f f e r e n c e  b e t w e e n  the  presen t  d e v i c e  and a 

s e c t i o n a l  c h a n n e l  in a c y l i n d r i c a l  or l a m i n a r  a rc .  It is to  be  e x p e c t e d  

t ha t  the  presen t  d e v i c e  wi l i  a lso  show ef fec t s  on the  U-I  c u r v e  f rom 

g e o m e t r i c a l  Limi ta t ion  of the  a rc  at  h igh  I. 
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Fig.  5.  Inc rease  in r e t a r d a t i o n  e n t h a l p y  

for  a i r  in a p l a s m a  je t ,  O = 6 g / s ec ,  

d =  l c m ,  p =  10 N / c m  2: 1) con t inuous  

a n o d e ,  l = 30; 2) con t inuous  anode ,  

l = 17.7; 3) n =  6, a =  12 .6 ,  l = 17.7;  

4) n =  7, a = 1 4 . 7 ,  Z = 19.8;  5) n = 8 ,  

a = 16.9 ,  l = 22.  

T h e  pos i t ive  s lope of the  U-I  c u r v e  is of c o n s i d e r a b l e  s i g n i f i c a n c e  

as r ega rds  i m p r o v i n g  the  o v e r - a l l  e f f i c i e n c y  by e l i m i n a t i n g  the  s t ab i -  

Lizing ba l l a s t  resis tor  in  t he  l ine  f rom a source  of low or very low 

i n t e r n a l  r e s i s t ance .  Moreover ,  i n c r e a s e  in U m e a n s  t ha t  lower  I are  

needed  for a g i v e n  power ,  which  provides  m o r e  reserve  in  the  d e v i c e .  

4 .  T h e r m a l  c h a r a c t e r i s t i c s .  The  good  a rc  l eng th  s tab i l i ty  in  t he  

presen t  dev i ce ,  t o g e t h e r  with the  sc reen ing  a c t i o n  of the  i n c o m i n g  

gas ,  causes  the  t h e r m a l  e f f i c i e n c y  ~ as a func t ion  of I to differ  

s o m e w h a t  f rom tha t  for  a s i n g l e - c h a m b e r  d e v i c e .  The  solid l ines in 

Fig .  4 show 77 as a f u n c t i o n  of I for t h ree  lengths ,  whi le  the  dashed  

l ines  show the  curves  for a s i n g l e - c h a m b e r  d e v i c e .  Curve  2 is f rom 

e x p e r i m e n t  for l = 18 c m ,  whi le  curve  1 has b e e n  c a l c u l a t e d  for 

l = 30 c m  f rom the  e q u a t i o n  of [12] 

2.52 12 
~1 = - -  1 -t- (pd)e.o~--~ - - 0 . t 7  lg  - ~ .  

The  m a x i m a l  arc  l eng th  / a rc  ( l e n g t h i n  the  a x i a l  d i r ec t i on )  in  a 

d e v i c e  wi thou t  sec t ions  is very  m u c h  d e p e n d e n t  on I, and  so the  

d e v i c e  of o p t i m a l  ~ mus t  have  an  ad ju s t ab l e  length;  if  l > / a rc ,  the  

pa r t  l, = l - / a r c  serves o n l y a s a s o u r c e o f l o s s .  Curves 1 and 2 a re  for 

cons t an t  l.  Par t  of the a rc  e m e r g e d  f rom the  a n o d e  a t  s m a l l  I in the  

e x p e r i m e n t s  with l = 18 c m ,  so c u r v e  2 for  low I g ives  v, in excess  

of the  m a x i m u m  possible  v a l u e  ~ m a x -  Curve  1 corresponds  to l > 

> / a rc  f o r a l l I ,  so 77 is e v e r y w h e r e  less t han  ~ m a x .  The  ~ m a x  = f ( I )  

cu rve  for  s m a l l  I should l ie  b e t w e e n  curves  1 and 2, a p p r o a c h i n g  

cu rve  1 as I i nc reases .  Curves  1 and 2 t oge the r  show tha t  the  Iosses 

in I1 a re  cons ide rab l e .  In t he  case  of the  present  dev i ce ,  the  a n o d e  

l eng th  / a r c  is excess ive  for l a r g e  I, so the re  is a loss pa r t  Ii, and 

curves  3 - 5  are  also not  o p t i m a l .  H e n c e  the  ~ m a x  = Sz(I) cuxve 

should l ie  s o m e w h a t  a b o v e  these  curves .  

T h e  curves  of Fig.  4 show tha t  ~ for  the  present  d e v i c e  exceeds  

t h a t  for  a o n e - c h a m b e r  d e v i c e  a t  h igh  I, on a c c o u n t  of the  sc reen ing  
a c t i o n  and  of the  d i f f e r e n c e  in  the  l 1. Moreover ,  the  p resen t  d e v i c e  

c a n  work wi thout  a ba l Ias t  resistor a t  these currents ,  so the  ove ra l l  

e f f i c i e n c y  is c o n s i d e r a b l y  h ighe r .  

The  A h - I  curves  of Fig .  5 r e v e a l  mos t  c l e a r l y  the  d i f f e r ence  

f r o m  a o n e - c h a m b e r  d e v i c e .  Curves  1 and 2 a re  for  a o n e - c h a m b e r  
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F i g .  6. Cu r r en t  and  e m i s s i o n  i n t e n s i t y  a t  I = 150 A, 

p = 10 N / e r a  2.  I n t ens i t y :  a) c o n t i n u o u s  a n o d e ,  O = 

= 6 .1  g / s e e ,  U = 386 V,  s w e e p  d u r a t i o n  r = 4 . 2  m s e c ;  

b) n = 7, a = 14 .7  c m ,  G = 6, U = 5 0 5 V ,  r = 

= 4 . 6  m s e c .  V o l t a g e :  c) c o n t i n u o u s  a n o d e ,  G = 6, 

U = 360 V,  r = 1 .3  m s e e ;  d) n = 7, a = 14 .7 ,  G = 5.9;  

U = 5 0 5 V ,  r = 1 . 3 m s e c ;  d) n =  7, a =  14 .7 ,  G = 5 . 9 ;  

U =  5 1 0 V ,  r : 2 6 ~ s e c ;  e)  n =  8, a = 16 .9 ,  G =  5.8 ,  

U = 5 8 5 V ,  r = 2 8 ~ s e c .  
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device; in this case, the increase in l 1 for a given l causes the curves 
to tend towards limiting values, the limit occurring when the increase 
in power input via the are equals the increase in power lost in l 1. The 
limit becomes lower as l increases. The present device shows no 
such limit for I up to 150 A, zxh increasing linearly with I (and also 
with l). For instance, Lxh for I = 150 A, G = 6 g/sec, and a = 16.9 cm 
exceeds by 45 and 100o/o, respectively, the values for a single-chamber 
device with l of 18 and 30 cm. 

The present device thus not only realizes the advantages of 
section 3 but aho provides access to higher T for a given ~. 

fi, Flueraatiors. Shunting causes fluctuations in U, T, and arc 
power; such fluctuations in jet parameters are undesixable in certain 
technical applications [la]. It is to be expected that the rising U-I 
curves for the present device will substantially reduce the scale of the 
fluctuations, while increasing the frequency, since shunting cannot 
occur within the sections, while T is increased near the anode. 

We recorded osciliograms of U and the emission intensity at 
8-9 mm from the far end of the anode in the present device and in 
a single-chamber device; an FEU-19 photomultiplier was used with 
ENO-1 and OK-17M oscilloscopeso Figure 6 shows the results, in 
which the upper lines correspond to zero signat (these lines are 
recorded as curves on photographing the curved screen of the ENO-1). 
Curves e and f represent the ac component of U recorded with the 

OK-IJM. 
The one-chamber device shows variations in U of up to 40% of 

the mean value (60% in the intensity), the frequency being several 

kHz. The present device showed about 8% variation in U and 
intensity, the frequency being about l0 s Hz. 

The present device can thus work without large variations in U 
and T on account of shunting. The variations become smoother 
(Fig. 6f) as I and l increase, i.e., as T in the shunting zone increases, 
and it is clear that the usual concept of large-scale shunting becomes 
inapplicable here. 
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