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A magne top lasmadynamic  source  of output up to 400 kW is desc r ibed ,  and m e a s u r e m e n t s  on 
the m a j o r  e l ec t r i ca l  and t he rm a l  c h a r a c t e r i s t i c s  a r e  repor ted .  

I t  is poss ib le  to produce high enthalpy in the flowing gas with compara t ive ly  smal l  loss  in the cooled 
components of the d ischarge  chamber  in a s y s t e m  employing a r ing a r c  in a magnet ic  field; this has r a i sed  
considerable  in te res t  in such devices .  It  is usual  to employ devices  of compara t ive ly  low power  (10-100 kW) 
with working flow ra t e s  not m o r e  than 0.5 g/sec  [1-5]. The working gas is f r ee  f rom oxygen. 

Devices  of this type have recent ly  been used in examining heat  and m a s s  t r a n s f e r  for  hot gas flows [6-8]; 
this r equ i r e s  the use  of higher  power inputs and higher  gas flow ra tes  (G in excess  of 2 g/sec) ,  together  with 
reasonab ly  high enthalpy and stagnation p r e s s u r e .  

The magnet ic  field in the d i scharge  zone in such a device has a ma rked  effect  on the energy  input to the 
gas and a lso  on the a t ta inable  values  for  the enthalpy and stagnation p r e s s u r e ,  and it  is the re fo re  n e c e s s a r y  to 
build solenoids that can produce s t rong f ie lds  in the s teady state.  This  is a m a j o r  difficulty in the design of a 
p l a sma  a c c e l e r a t o r  of this type. 

F igure  1 shows our design of sou rce ,  which consis ts  of the anode nozzle 1 and cathode 2, which a re  co-  
axial ,  together  with the solenoid 3, which is placed with axial  s y m m e t r y  on the body of anode 4. The anode is 
made of copper  and has  an in terna l  d i a m e t e r  of 24 m m  and wall  thickness  5 mm.  This  anode also acts  as a 
supersonic  nozzle ,  whose l a rge  angle (90 ~ fac i l i ta tes  the a t ta inment  of high the rma l  eff ic iency and a lso  allows 
one to use highly d ivergen t  magnet ic  f ie lds ,  which avoids leakage of the field into the space  between the cathode 
and anode,  while fo rc ing  the cu r ren t  to flow to the anode a c r o s s  the field l ines ,  as is e s sen t i a l  for  this type 
of device [2]. 

A cooling sec t ion  of appropr ia te  shape is fo rmed  between the anode nozzle 1 and the body 4, and this c a r -  
r i e s  cooling w a t e r  at  25 arm. The cathode 2 is made of l an thanum- impregna ted  tungsten and has  a length of 50 
m m  and a d i a m e t e r  of 8 m m .  The tungsten cathode is mounted in the copper  tube 5, which cools the cathode. 
This  tube is insulated f r o m  the anode by the s leeve  6 made of polymethyl  me thac ry la t e .  The working gas 
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Fig. 1. Design of the magne top lasmadynamic  

source .  
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Fig,  2. V o l t - a m p e r e  c h a r a c t e r i s -  
t ics  for  the magne top la smadynamic  
source .  

en te r s  the d i s cha rge  chamber  via the gap between the s leeve 6 and the anode. The tungsten cathode is insu-  
l a ted  by the f u s e d - q u a r t z  j a cke t  7. The re  is  an annular  s lot  between the j a c k e t  7 and the cathode that p rov ides  
a means  of p ro t ec t ing  the tungsten f rom oxidation by impur i t i e s  in the i ne r t  gas.  The des ign  of the cathode 
al lows the l a t t e r  to be moved along the axis  of the a c c e l e r a t o r .  

The solenoid  is  wound with a s q u a r e - s e c t i o n  copper  tube having a side of 5 mm and a wal l  th ickness  of 1 
mm.  The solenoid cons i s t s  of 34 s e p a r a t e  sec t ions  which a r e  connected in s e r i e s  as r e g a r d s  c u r r e n t  but in 
p a r a l l e l  as  r e g a r d s  wa te r  cooling. The individual  turns and sec t ions  a r e  insula ted  with s t r i p s  of g lass  cloth 
impregna ted  with h e a t - r e s i s t a n t  l acquer .  The lengths of the sec t ions ,  the d imens ions  of the winding,  and the 
th ickness  of the insula t ion we re  chosen to provide  the max imum induction at  the axis  of the solenoid  [9]. The 
d imens ions  we re  as  follows: length 130 mm;  inside and outside d i a m e t e r s  of the windings 60 and 230 ram. 

The solenoid p rov ides  an induction of 3.5 T on the axis  at  the cen te r  for  an input of 500 kW; the max imum 
p e r m i s s i b l e  c u r r e n t  for  a coo l ing -wa te r  p r e s s u r e  of 20 atm is 1700 A. 

The power  supply to the a c c e l e r a t o r  was  f rom two m e r c u r y  r e c t i f i e r s  of total  output 2.5 MW; the m a x i -  
mum cu r r en t  was 3000 A at  825 V. Two w a t e r - c o o l e d  rheos t a t s  were  used  to adjus t  the a r c  and solenoid c u r -  
r en t s .  

These  c u r r e n t s  were  m e a s u r e d  with a 2000-A shunt; the c u r r e n t  and vol tage we re  moni to red  continuously 
with N-340 char t  r e c o r d e r s .  

The hea t  l o s s e s  in the anode and cathode we re  m e a s u r e d  with d i f fe ren t ia l  t he rmocoup les ,  which worked 
into an I~PP-09 pen r e c o r d e r .  

The j e t  flowed into an evacuated  chamber  of volume about 3.5 m3; this  chamber  was  evacuated  by four 
VN-6G pumps.  

The working  gas was a i r ,  while n i t rogen was used to p r o t e c t  the cathode f rom oxidation.  The flow r a t e s  
of the two gases  were  cont ro l led  and mon i to red  with reduct ion  va lves  and th ro t t l e s  giving c r i t i c a l  p r e s s u r e  d i f -  
f e r ences .  

The p r e s s u r e  in the evacuated  chamber  was in the range 2-11 mm Hg and was app rox ima te ly  p ropor t iona l  

to the m a s s  flow ra te  for  G~ = 0.8-6.5 g / sec .  

The max imum d i s c h a r g e  input was 400 kW, which was r e s t r i c t e d  by the e ros ion  r e s i s t a n c e  of the tungsten 
cathode. 

The r e s u l t s  r e s e m b l e d  those of [4] in indica t ing  that  the working  voltage was subs tan t ia l ly  dependent  on 
the d i spos i t ion  of the cathode;  if the cathode was d i sp laced  downs t ream f rom the ze ro  pos i t ion  (x c = 0), the re  
was a fal l  in the vo l tage ,  but the a c c e l e r a t o r  worked unstably for  x c--- + 10 mm.  The d i s cha rge  was then no longer  
ax ia l ly  s y m m e t r i c a l .  The voltage i n c r e a s e d  as  the cathode was moved inside the anode nozzle.  The a c c e l e r a -  
tor  worked  s tably  up to a pos i t ion  where  the tip of the cathode was at  x c - - 2 0 r a m ;  any fu r the r  d i sp l acemen t  of 
the cathode within the anode r e s u l t e d  in uns table  opera t ion .  
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Fig. 3. M a s s - m e a n  enthalpy (MJ/kg) as  a function of d i scharge  
input kW: 1) B = 2.2 T;  2) 0.95. 

Fig. 4. T h e r m a l  eff iciency (~) as a function of d i scharge  power  
(kW): 1) B = 2.2 T;  G~ = 6.5 g/sec;  2) 0.95 and 6.5; 3) 2.2 and 4; 
4) 0.95 and 4; 5) 2.2 and 0.8; 6) 0.95 and 0 , 8 .  

We found that the opt imum posi t ion of the cathode for  the var ious  working conditions was  Xc = - 2 0  m m ;  
this evaluation is based not only on the vol tage ,  but also on the stabil i ty and reproducibi l i ty  of the t he rma l  
cha r ac t e r i s t i c s .  

All c h a r a c t e r i s t i c s  a r e  subsequent ly  given for  this posi t ion of the cathode. 

F igure  2 shows 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  for  three  gas flow r a t e s  and three  values  for  the m a g -  
netic field at  the tip of the cathode; the flow r a t e s  for  the a i r  and ni t rogen were  as follows: 1) G~ = G a + G n = 
5 + 1.5 = 6.5 g/sec;  2) GE = 2.5 + 1.5 = 4 g/sec;  3) GE = 0.5 + 0.3 = 0.8 g/sec.  

The shape 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 s  is re la ted  to the following fea tu res  of the cu r ren t  in the 
d ischarge  in a s t rong  magnet ic  field; the cu r ren t  flow in the p l a sma  can be desc r ibed  approx imate ly  via a 
genera l iza t ion  of Ohm's  law [10]: 

[ +  (to~,) I f  -~-] -- ~o (E + I~ BI). 
(i) 

The s t rong  axial ly  s y m m e t r i c a l  magne t ic  field is such that ~eTe > 1, and the rad ia l  conductivity of the 
p l a sma  was much l e s s  than ~0, so the field inc reased  the r e s i s t ance .  The conductivity along the field r e -  
mained ~0. 

The nonuniformity in the field caused some t r a n s f e r  of the cu r r en t  to the region of lower  B. 

The acce l e ra t ing  force  act ing on unit volume of p l a sma  is due to in te rsec t ion  between the cu r r en t  and the 
field l ines and is [jB]. 

An induction ef fec t  a r i s e s  when the field l ines i n t e r sec t  the p l a s m a ,  which co r responds  to the [~B] in (1). 

The p l a s m a  conductivity is of t ensor  c h a r a c t e r ,  so there  a r e  cu r ren t s  in the rad ia l ,  az imutha l ,  and axial  
d i rec t ions;  the in te rac t ion  between the magnet ic  field and these  cu r ren t s  se ts  up fo rces  in the cor responding  
d i rec t ions .  The rad ia l  component  of the force  is d i rec ted  along the axis .  

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  a r e  of fal l ing type at  low cu r ren t s  on account  of the rapid  i nc r ea se  in 
the conductivity as  the p l a sma  t e m p e r a t u r e  r i s e s ,  which r e su l t s  f r o m  a rapid inc rease  in the f r e e - e l e c t r o n  
concentrat ion.  The e lec t ron  mobi l i ty  tends to fall  at  high t e m p e r a t u r e s  or  when the ion concentrat ion r eaches  
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a certain level on account of the increase  in the frequency of collisions between the ions and e lect rons ,  which 
re ta rds  the increase  in the conductivity, in spite of the increase  in the e lectron concentration. Consequently, 
the v o l t a g e - a m p e r e  charac te r i s t i c  becomes of r i s ing type. 

The values for the Hall factor  C0eT e may be extremely large at low degrees  of ionization; this resul ts  in 
very  considerable displacement  of the current .  However,  this quantity falls rapidly as the temperature  r i ses  
on account of the increase  in the collisional frequency,  and this reduces the current  displacement.  When the 
region of complete ionization is approached,  the fall in We~ e tends to become ra ther  less ,  and ult imately r 
begins to r i se ,  which is due to the reduction in the collisional c ross  sections at high tempera tures .  

The shape of the v o l t - a m p e r e  charac te r i s t i cs  is only slightly affected by the inherent field set  up by the 
a rc  cur rent  in the range of a rc  currents  and gas flow ra tes  used. 

The COe~ e pa rame te r  increases  with the field strength,  which causes the voltage to r ise .  

The radial  conductivity var ies  roughly in inverse proport ion to the square of COeTe; however,  the increase  
in the cur rent  displacement  accompanies  increases  in the p res su re  and temperature  in the discharge zone to 
cause the voltage to increase  l inearly.  A s imi lar  resu l t  has been repor ted  previously [2, 4, 7]. 

The slopes of the two branches in the v o l t - a m p e r e  charac te r i s t i c  increase  with the field strength for a 
given flow rate because the enthalpy is more  dependent on the cur rent  at high fields (high voltages). The mini-  
mum on the v o l t - a m p e r e  charac te r i s t i c  shifts to the left as the field strength increases .  The voltage minima 
correspond to enthalpies of about 100 and 50 MJ/kg for working flow rates  of 0.8 and 6.5 g/sec,  respectively.  

The voltage increases  and the slope of the v o l t - a m p e r e  charac te r i s t i c  decreases  as the working-gas  
flow rate is raised.  

Figure 3 shows the enthalpy as a function of d ischarge power for var ious field strengths and flow ra tes ;  
the enthalpy increases  considerably as the flow rate is reduced or the power input is increased.  Fields in the 
range 0.95-2.2 T have virtually no effect  on the enthalpy at high flow rates  (GE = 4 and 6.5 g/sec),  which is due 
to the very  slight dependence of the efficiency on the induction in that range for a given input power. There is 
a slight increase  in the enthalpy with the field for Gy = 0.8 g/sec,  which is due to an appreciable increase in 
the efficiency as the field increase  f rom 0.95 to 2.2 T. 

Figure 4 shows the thermal  efficiency as a function of input power for two field strengths and three flow 
rates ;  there is an appreciable increase  in the efficiency with flow rate.  

The loss in the anode was approximately proport ional  to the a rc  current  and was a lmost  independent of 
the flow rate and magnetic  field; this indicates that the loss is largely  due to the potential drop in the region 
near the anode [2]. 

The behavior of the thermal  efficiency is in accordance with 

~l = 1 h v a  , 

U (6 z, B, I) 

where &va is a coefficient of proport ional i ty ,  which itself is re lated to the thermal  loss associated with the 
arc  current .  

The resul t  f rom process ing  the experimental  data was/Xv a = 40 V. 

Major pa r ame te r s  related to the aerodynamic heating are  the heat flux and the stagnation p res su re ;  these 
were  est imated for var ious  working conditions and various distances from the end of the anode nozzle. 

The heat flux was measured  with t ransducers  of ca lor imet r ic  type; we used stat ionary devices (water 
cooled) and nonstat ionary ones (regular mode). The diameter  of the flat end of a detector  was 20 mm. 

The stagnation p re s su re  was measured  with a to ta l -p ressure  device; stagnation p r e s su re s  up to 0.05 atm 
were obtained with our working conditions, which corresponded to plasma jets represent ing heat fluxes at the 
cold wall of the ca lor imeter  in the range 0.05-4 kW/cm 2. 

We found that an e ros ion - r e s i s t an t  cathode capable of working at currents  above 2000 A allowed us to in- 
crease  the input power at the maximum attainable magnetic  field strength in the discharge zone. This made 
it possible to produce a i r -p lasma  jets having a m a s s - m e a n  enthalpy H > 300 MJ/kg. 
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NOTATION 

is the cur ren t ;  
Is the vol tage;  
Is  the d i scharge  power;  
is the induction; 
is the enthalpy; 
is  the t h e r m a l  eff iciency;  
is  the dis tance between the cathode and end of anode cone; 
is  the cu r ren t  densi ty;  
is the e l e c t r i c  field; 
is  the p l a sma  speed; 
is  the e lec t ron  charge;  
~s the e lec t ron  m a s s ;  
is the mean  t ime between e lec t ron  coll is ions;  

is  the cyclot ron frequency;  
is the Hall  p a r a m e t e r ;  
is the p lasma  conductivity in absence  of magnet ic  field. 
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