
effective, overal l  charac te r i s t i c s .  The tendency for  k0, F, and n to become independent of the heating rate on 
increasing the latter may be explained on the same general  basis.  
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An end-plane type p lasmot ron  permit t ing generation of h igh-pressure  h igh- tempera ture  hydro-  
gen flows with mean mass  tempera ture  f rom 2000 to 5000~ is considered.  

The development of a number  of projec ts  in the fields of p lasmochemis t ry  and metal lurgy requires  the 
use of low-tempera ture  hydrogen-p lasma genera tors  at a power level of 1-10 MW at operat ing times up to 100 
h, with high efficiency with respec t  to t ransformat ion  of e lect r ical  energy into flow thermal energy. The speci-  
fics of some technological p r o c e s s e s  demand important  additional requi rements  in the generator :  Mgh hydrogen 
purity (absence of electrode mater ia l  impuri t ies) ,  ability to vary  tempera ture ,  flow rate ,  and p re s su re  over 
wide ranges ,  reproducibi l i ty  of p a r a m e t e r s  f rom operat ion to operat ion,  and minimal p a r a m e t e r  pulsation dur-  
ing op eration. 

P lasmotrons  operat ing with air ,  nitrogen, and iner t  gases  have been studied thoroughly, and their power 
level has been increased to 50 MW [1]. However,  convers ion of such p lasmot rons  to operat ion with hydrogen 
produces significant difficulties connected with the increase  in energy liberation in the electrode regions [2] 
and decrease  in stability of the a re  discharge.  Of existing hydrogen p lasmot rons ,  those with power grea ter  
than 1 MW are  of pract ica l  in teres t  (Table 1). 

The gas turbulence p lasmot ron  of  [3] has high efficiency and is capable of continuous operation for  hun- 
dreds of hours .  However,  use of graphite electrode coatings leads to enr ichment  of the hydrogen p lasma by 
carbon. In the operation of the coaxial hydrogen p lasmotron  of [2] the significant erosion of the central  elec-  
trode limits operating time even with use of porous tungsten filling. Improvements  of this method led to c rea -  
tion of p lasmot rons  with electrode gas curtains at places of a r c  contact,  which allows generation of a flow of 
hydrogen-containing working p lasma at p r e s s u r e s  up to 50 atm. The end-plane type plasmotron allows com-  
bination of  the advantages of the gas turbulence sys tem (high efficiency) and the coaxial sys tem (high p ressure ) .  

The present  study will offer  resul ts  of an experimental  investigation of an end-plane type p lasmotron  with 
a power level of 2 MW. 

1. P l a s m o t r o n  O p e r a t i o n  

The p lasmotron  construct ion consis ts  of a thermocathode formed of lanthanum-coated tungsten (VL~ 10, 
d c - 7-10 ram, 1 c = 70-120 mm), soldered to a wate r -cooled  copper nozzle,  intermediate  e lec t r ica l  insulation, 
and an anode (da = 20, 40, and 74 mm) with a solenoid mounted on it [4]. Figure  1 presents  the v o l t - a m p e r e  
charac te r i s t i cs  and the mean mass  hydrogen tempera ture  of the plasmotron.  Thermal  efficiency is limited 
mainly by anode losses  which increase  l inearly with cur ren t  [5]. With an increase  in the are  chamber  d iameter  

Transla ted f rom Inzhenerno-Fiz icheski i  Zhurnal,  u  29, No. 6, pp. 1084-1090, December,  1975. Origi-  
nal ar t ic le  submitted December  25, 1974. 
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T A B L E  1. H y d r o g e n  P l a s m o t r o n  P a r a m e t e r s  

Reference 

[3] 
[21 

Present study 

Reference 

Anode di- Cathode di- 
ameter, da, ameter de, 

m m  
mm 

105 300--500 
170 180 
20 
40 7--10 
74 

Hydrogen IMean mass 
flow rate G, temperature 
g/see Tnam, 10 3 *K 

[31 - -  
[21 3--7 

Present study 1--5 UP to 4,5 
5--20 t 2 + 5 

t 10---40 

Ps 
' P, a t m  

1 

6 

1 - -25  
1 - -10  
1--8  

Arc current 
I, kA 

1,t5 
4--7 

0,1--1,2 
0,4--1,4 
0,4--1,4 

External 
magnetic 
fietd H, kG 

up to 6,0 

0,6--1,0 

Arc voltage 
U, kV 

7,0 
0,2---0,5 
0,2--0,7 
0,4--1,4 
0,8--2,0 

Thermal 
efficiency 

T1 

0,75 
0,3 

0,7--0,8 
0,7---0.85 
0,7--0,8 

Plasmotron 
power N, 
MW 

8,.2 
2,4 

0,04--0,4 
0,3--1,2 
0,5--2,0 

Operating 
time 
r. h 

2OO 

1--10 

f r o m  20 to 74 m m  the a r c  v o l t a g e  a t  I = 8 0 0  A i n c r e a s e s  f r o m  300 to 1400 V,  which  p r o d u c e s  an i n c r e a s e  in f low 
p o w e r  d e s p i t e  i n c r e a s e d  t h e r m a l  l o s s e s  [4]. P r e s s u r e  i n c r e a s e s  in the d i s c h a r g e  c h a m b e r  l e a d s  to i n c r e a s e d  
anode  l o s s e s  due to i n c r e a s e d  r a d i a t i o n  f r o m  the a r c  co lumn and convec t ive  l o s s e s  f r o m  the c l o s e d  g a s  flOWo 
As for  i n e r t  g a s e s  [6], the a r c  v o l t a g e  i s  p r o p o r t i o n a l  to p r e s s u r e  to the ~ 0.5 p o w e r .  Thus  with i n c r e a s e  in  
p r e s s u r e ,  e f f i c i ency  d e c r e a s e s ,  but  b e c a u s e  of  the s i g n i f i c a n t  i n c r e a s e  in  d i s c h a r g e  vo l t a ge  the hea t  i n j e c t e d  
into the g a s  i n c r e a s e s  and h y d r o g e n  t e m p e r a t u r e  i n c r e a s e s .  The  e f fec t  of gas  f low r a t e  on v o l t a g e ,  e f f i c i e n c y ,  
and anode t h e r m a l  l o s s e s ,  a c c o r d i n g  to [5], i s  i n s i g n i f i c a n t .  

I t  i s  i n t e r e s t i n g  to c o m p a r e  the c h a r a c t e r i s t i c s  of this  p l a s m o t r o n  o p e r a t i n g  with v a r i o u s  w ork ing  s u b -  
s t a n c e s .  F i g u r e  2 shows  p l a s m o t r o n  p a r a m e t e r s  (d a = 40 m m ,  P = 4 a t m ,  G = 10 g / s e c )  with u s e  o f  A r ,  He,  
and H2. A r c  v o l t a g e s  at  I = 800 A f o r  A t ,  He,  and  H 2 a r e  in  the r a t i o  1 : 4.3 : 13.7,  whi le  s p e c i f i c  en tha lpy  f o r  
A r  i s  0.9; He,  13.5; H 2, 75 k J / g .  T h e r m a l  l o s s e s  at  the ca thode  a r e  ne g l i g ib ly  s m a l l  fo r  He and H2, and c o m -  
p r i s e  5% of the anode  l o s s e s  fo r  A t .  I n c r e a s e  in  e x t e r n a l  m a g n e t i c  f i e l d  i n t e n s i t y  f o r  A r  l e a d s  to d e c r e a s e  in 
anode l o s s e s ,  and,  c o n s e q u e n t l y ,  to i n c r e a s e  in m e a n  m a s s  t e m p e r a t u r e  and e f f i c i e nc y  [7]. In the He and H 2 
a t m o s p h e r e s  i n c r e a s e  in  m a g n e t i c  f i e ld  i n t e n s i t y  i n c r e a s e s  the convec t ive  componen t  o f  anode  h e a t  l o s s ,  and 
e f f i c i ency  and m e a n  m a s s  g a s  t e m p e r a t u r e  a r e  d e c r e a s e d .  

A g e n e r a l i z a t i o n  o f  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 s  ove r :  the b a s i c  p a r a m e t e r  r a n g e  s t ud i e d  f o r  o p e r a t i o n  
with  A r ,  He, and  H 2 a l l owed  us  to ob t a in  the d i m e n s i o n l e s s  vo l t a ge  d rop  a s  a func t ion  o f  the  K u t a t e l a d z e  and 
E u l e r  c r i t e r i a ,  i n a s m u c h  a s  o t h e r  c r i t e r i a  have  an i n s i g n i f i c a n t  e f fec t  on 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 ;  

Uda ao/i = 0.069 (12/Gda %ho) -~ (p0Pd~/G2) ~ , 

w h e r e  U, V; da ,  cm; o-0, m h o / c m ;  I ,  A; G, g / s e c ;  h0, J / g ;  P0, g / cm3 .  

E x p e r i m e n t a l  po in t  s c a t t e r i n g  c o m p r i s e s  ~= 30%, r e d u c i n g  to ~= 10% for  each  ind iv idua l  g a s .  The  t h e r m o -  
p h y s i c a l  p a r a m e t e r s  w e r e  d e t e r m i n e d  with the m e t h o d  of [8]. 

A c c o r d i n g  to the above  f o r m u l a ,  by i n c r e a s i n g  anode  d i a m e t e r  to 200 m m ,  p r e s s u r e  to 20 a t m ,  and h y d r o -  
gen flow r a t e  to 100 g / s e c  a p o w e r  l e v e l  of  5 MW m a y  be a t t a ined  a t  a c u r r e n t  of  1000 A, wi th  7.5 MW at  2000 A. 

2. E l e c t r o d e  E r o s i o n  S t a b i l i t y  

It  i s  we l l  known tha t  p l a s m o t r o n  o p e r a t i n g  t ime  i s  l i m i t e d  by the t i m e  r e q u i r e d  f o r  e l e c t r o d e  f a i l u r e  [9]. 
T e s t s  have  r e v e a l e d  a s i g n i f i c a n t  dependence  of  t h e r m o c a t h o d e  e r o s i o n  on g e o m e t r y .  D e c r e a s e  in ca thode  
d i a m e t e r  f r o m  10 to 7 m m  i n c r e a s e s  e r o s i o n  r a t e  G by an  o r d e r  (Table  2).  M i n i m u m  G v a l u e s  in o p e r a t i o n  
with  h y d r o g e n  a r e  o b s e r v e d  in  the c u r r e n t  r a n g e  I = 200-750 A.  With  f u r t h e r  i n c r e a s e  in I e r o s i o n  i n c r e a s e s  
and m a y  a t t a in  a " c r i t i c a l "  va lue  c h a r a c t e r i z e d  by r e m o v a l  of d r o p l e t s  of e l e c t r o d e  m a t e r i a l .  

At a t m o s p h e r i c  p r e s s u r e  f o r  a t h e r m o c a t h o d e  with d c -- 10 m m  and l c  = 80-100 m m  the " c r i t i c a l "  r e g i m e  
s e t s  in  fo r  H 2 a t  I = 900 A, fo r  A r  at  I = 2200 A,  and fo r  He at  I = 3000 A.  P r e s s u r e  i n c r e a s e  f r o m  1 to 10 a t m  
p r o d u c e s  i n c r e a s e  in  e r o s i o n  fo r  He by an o r d e r ,  and fo r  H 2 by two o r d e r s .  
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Fig. 1. P lasmot ron  p a r a m e t e r s :  (solid lines, v o l t - a m p e r e  charac ter i s t ic ;  dashed 
lines, Tram): 1) d a = 2 0 , P  = 1 , G = 3 ; 2 )  40 ;4 ;  10; 3) 40; 6; 10; 4) 74; 3; 16; 5) 74; 
4; 20; 6) 74, 8, 40. U, V; I, A; Tmm,  ~ da, ram; P, atm; G, g / s e c .  

Fig. 2. P lasmot ron  p a r a m e t e r s  for var ious working gases :  (P = 4 atm, G = 10 g / sec ,  
da = 40 mm); a)sol id line, v o l t - a m p e r e  charac ter is t ic ;  dashed line; Qa; b) solid line, 
Tram; dashed line, ~?. 1) H 2, 2) He, 3) At;  U, V; I, A; Qa'  kW; Tram, ~ 

Comparison of cathode efficiency in operat ion with different substances indicates increased  erosion upon 
transition f rom He to Ar andH 2. Thus, for example, at I = 600 A, P = 1 arm, d c = 10 ram, l c  = 80-100 mm, 

= 2 .10  -8 g /C for  He, G = 6"10 -8 g/C for Ar,  and G = 10 -7 g /C for H2~ 

This fact ,  as is c o n f i r m e d b y a h i g h - s p e e d  moving-pic ture  and the state of the cathode surface after opera-  
tion, is e~plained by the cha rac te r  of the a rc  contact,  which in the case of He is diffuse, for  At,  diffuse with a 
clear ly defined central  core ,  and for H2, contracted.  Thus, in operation with H2, any mechanism causing motion 
of the arc  contact over  the "cold" cathode surface (nonuniform draft,  external magnetic field, electrode parame-  
ter  pulsation, etc.) will lead to significant cathode erosion.  

The state of the anode surface (d a = 40 and 74 mm) operating in the complex for  more  than 10 h indicates 
the absence of noticeable erosion.  Thus, for 12-min tests  in a hydrogen a tmosphere  (d a = 20 ram, I = 600 A, 
P = 1 arm) the eros ion was 1.5 �9 10 -8 g /C.  This indicates that operating time of an end-plane type hydrogen 
plasmotron is limited by cathode effectiveness.  

3o Estimate of Hydrogen-Plasmotron Operating Time. 

The study performed permits analysis of possibilities for increasing hydrogen-plasmotron operating 

time to, for example, I00 ho Experiments show that decrease in the thermoeathode length from I00 to 80-70 mm 

does not lead to change in the plasmotron output characteristics~ If it is assumed that tungsten thermocathode 

erosion is constant in lengthy operation, then the greatest erosion rate at which the thermocathode will be ex- 
pended by an admissible amount over a 100-h operating Lime will be G= 3 " 10 -7 g/C. 

An experimental study of thermocathode erosion stability as a function of current and pressure allowed 
determination of the permissible erosion region (below curve I, Fig. 3). Increase in pressure in the arc cham- 
ber while maintaining the admissible erosion rate requires reduction in the discharge current. However, for 

a fixed arc-chamber diameter there exists a region of operating conditions (curve 2, Fig. 3)0 limited below by 
the minimum current value required for stable arc burning, which is dependent on the external ballast resis- 

tance Rb (in our case Rb = 2~). Thus, I00 h of operation at d a = 74 mmmaybe realized in the current range 
500-700 A at pressures of 1-1.7 arm with maximum power of 700 kW. 

Increase in plasmotron power is possible by increase in anode diameter, since according to Fig. 3 the 
minimum current value of 700 A corresponds to d a = i00 ram. In this case, without leaving the admissible 

operation region the plasmotron power at atmospheric pressure may be 1 MW, which heats 20 g/sec of hydro- 
gen to Tram = 3000~ 
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TABLE 2. Effect of Various Parameters on Thermocathode 
Erosion 

<o .  

I000, 
1000 
I000 
1000 

220 
300 
510 
700 
950 

150 
1200 
2400 

610 
350 
350 
350 
350 

1000 
1000 

.o 

4,0 
4,0 
4,0 
4,0 

4,0 
4,0 
4,0 
4,0 
4,0 

1,0 
1,0 
1,0 

I 
4",0 
7,0 

13,0 

101,0 

10 

I0 
10 
10 

�9 10 
10 

I0 
10 
10 

�9 10 
10 
10 
I0 
10 

10 
10 

110 
110 
110 
ll0 

80 
80 
80 
80 
80 

80 
80 
80 

80 
80 
80 
80 
80 

10 
10 

74 
74 
74 
74 

20 
20 
20 
20 
20 

7 4  
74 
74 

20 
20 
20 
20 
20 

74 
74 

20 
20 
20 
20 

5 
5 
5 
5 

20 

5- 
_ 5 

5 
5 

He 20 
He 20 

2 
2 
2 
2 

5 4 
4 
4 
4 
4 

10 
10 
!0 

4 

10 
10 

I Cathode 

erosion ~ ,  
g/C 

2,7.10 -5 
1,0.10-~ 
1,7.10-t  
2,6.10-4 

4,2.10-6 
3,8.10-6 
I ,0.I0 -~ 
I,I.I0-5 
6,2.10 -4 

5.10-s 
3.10-s 
1.10-7 

1 , 0 . 1 0  - 7  

1,7.10 -~ 
3,8.10 -6 
1,9.10-~ 
4,05.10-5 

5,0.10 -s  
3,0.10 -~ 

Fur ther  inc rease  in power  by changes in cur rent ,  p r e s s u r e ,  and discharge chamber  dimensions will be 
accompanied by significant reduct ion in operat ing time. 

4. M e t h o d s  f o r  I n c r e a s i n g  P l a s m o t r o n  P o w e r  

Fur the r  inc rease  in p lasmot ron  power while p rese rv ing  the operat ing time may be achieved by increase  
of ei ther  cur ren t  o r  voltage.  The f i rs t  may be achieved by uniformly distr ibuting the total cur ren t  over  several  
cathodes (Fig. 4), or  by protec t ion of the cathode by iner t  gas.  

In the combined p lasmot ron  (Fig. 4a) the auxil iary p lasmotron  1 (power ~ 100 kW) ensures  heating of the 
main thermocathodes 2 and smooth ignition of the main discharge 3 between cathodes 2 and anode 4. The main 
and auxil iary anodes have solenoids for curving the a r c s .  Another  method of dividing current  is the mult iare  
p lasmotron (Fig. 4b). The arc  d ischarges  burn between cathodes 1, installed in a cooled body 2, and anodes 3. 
Discharge movement  over  the anode is accomplished by drive mechanism 5. Gas discharge 6, 7 is conducted 
before each d ischarge  zone. 

Studies pe r fo rmed  have shown that an iner t  gas (At, He) draft  into a cylindrical  slit gap at the cathode 
base can reduce the eros ion rate to 3 �9 10 -? g/C at I =1000-1100 A and P = 3-4 atm. However,  in some cases  this 
proves inapplicable f rom the economic standpoint. 

A second, more  promis ing  approach is inc rease  in the v o l t - a m p e r e  rat io by use of an increased  a rc  
length, i .e. ,  the higher  power is attained by a higher  voltage value with limited discharge cur ren t  value, ensur -  
ing long electrode lifetime. 

000 

2 4 P 

rig .  3 Fig. 4 

Fig. 3o Pe rmis s ib l e  operat ion region. I, A, P; atm; d a, cm. 

Fig. 4. Diagrams of plasmotrons with current division over several cathodes. 
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We note that in this case  it is expedient  to have a r i s ing  v o l t - a m p e r e  c h a r a c t e r i s t i c ,  allowing opera t ion  
in a r heos t a t l e s s  mode,  i.eo, with an e l ec t r i ca l  eff iciency close to unity. However ,  obtaining a r i s ing  v o l t - a m -  
pe re  c h a r a c t e r i s t i c  in the ca se  of  hydrogen is  difficult .  Calculations p e r f o r m e d  for  a f lowless a rc  column in a 
cyl indrical  channel show that because  of the l inear  dependence of e l ec t r i ca l  conductivity cr on the rma l  conduc- 

T 
tivi~y function S S ( S = j '  • in the t e m p e r a t u r e  range  up to 105 ~ it is  imposs ib le  to obtain a r is ing v o l t - a m -  

0 

p e t e  c h a r a c t e r i s t i c ,  in con t r a s t  to e the r  ga se s  (At,  He, N2). This  is because  in other  ga s se s  the poss ib i l i ty  
of ionizat ion with t e m p e r a t u r e  i n c r e a s e  r e t a r d s  the growth of ~ ,  the la t te r  explaining the r i s ing  v o l t - a m p e r e  
cha r ac t e r i s t i c .  The r e s u l t s  of  [10] show that even for  a s tabi l iz ing channel d i a m e t e r  of  d = 1.5 ram,  cu r r en t  
of  400 A, gas  t e m p e r a t u r e  on axis T o = 25 "103 ~ and e l ec t r i c  field intensi ty E = 100 V/cm,  the v o l t - a m p e r e  
cha rac t e r i s [ i c  does not move to the ascending branch~ 

Because  of the difficulty of achieving a r i s ing  v o l t - a m p e r e  c h a r a c t e r i s t i c  in hydrogen p l a smot rons ,  
spec ia l  e l ec t r i c a l  power  suppl ies  with a sha rp ly  fal l ing c h a r a c t e r i s t i c  a re  requ i red .  Fo r  sources  with good regula -  
tion s table  opera t ion  of end-plane hydrogen p l a s m o t r o n s  r equ i r e s  an act ive (ballast) r e s i s t a n c e  in which 30-40% 
of the requi red  power  is d iss ipa ted .  

Of the methods o f ' i n c r ea s i ng  power  cons idered  here ,  the mos t  p romis ing  appea r s  to be the one re la ted  
to d is t r ibut ion  of c u r r e n t  o v e r  s eve ra l  cathodes ,  each of which will then opera te  in the p e r m i s s i b l e  region.  In 
this case  power  i n c r e a s e  will be p rac t i ca l l y  propor t iona l  to the number  of  thermoca thodes ,  while opera t ing  
t ime will be p r e s e r v e d  at  the 100-h level .  

N O T A T I O N  

d, d iamete r ;  l ,  cathode length; I, a r c  cur ren t ;  U, a r c  voltage; G, gas  flow ra te ;  T,  t empera tu re ;  H, m a g -  
netic f ie ld intensi ty;  P,  p r e s s u r e ;  7, the rmal  efficiency; ~-, operat ing t ime; ~ e lec t rode  erosion ra te ;  AUa, cu r -  
rent  equivalent  of anode heat  l o s s e s ;  N, the rmal  power  of  jet; Q, t he rma l  losses ;  ~ ,  the rmal  conductivity; ~ ,  
e l ec t r i ca l  conductivity; p, density; h, enthalpy.  Indices:  a,  anode; c, cathode; ram, mean mass ;  o, arc  boundary~ 
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