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Abstract  

I n  some steady-fiow plasma devices it  
has been found empir ical ly  t h a t  the  appl ied 
vol tage inc reases  propor t ionate  t o  the  
inc rease  of magnetic f i e l d ,  the  constant  of 
p ropor t iona l i ty  being a c h a r a c t e r i t t i c  
dimension of t i e  device times t h e  ioniza-
t i o n  ve loc i ty ,  i .e . ,  the  v e l o c i t y  a t  which 
a gas atom possesses a k i n e t i c  energy equal 
t o  i t s  i o n i z a t i o n  p o t e n t i a l .  The s l g n i f i -  
cance of t i s  observation,  f i r s t  made by 
~ a h l e s o n ( 1  wasP i n  a ho o o l a r  experiment, 
d iscussed by Alfven T27 who i n t e r p r e t e d  t h e  
observat ion i n  terms of the  r e l a t i v e  motion 
of a n e u t r a l  gas through a plasma. Subse-
uent  expe i e n t s  on magnetoplasmadynamic 

P m D )  arcsS3'Y have shown a s i m i l a r  r e l a t i o n -  
s h i p  between vol tage and magnetic f i e l d  
i n t e n s i t y ,  and i t  i s  sometimes supposed 
t h a t  t h e r e  a r e  simi1ar phys ica l  processes 
i n  these  var ious  experiments which cause 
t h e  s e e f f e c t .  Indeed, t h e  theory of 
in(481: which t r e a t s  the homopolar ~TQWas 

a quasi-steady r a r e f i e d  gas f low with  s l i p  
between t h e  plasma and n e u t r a l  components, 
expla ins  q u a n t i t a t i v e l y  t h e  voltage-magnetic 
f i e l d  r e l a t i o n s h i p  of Bahlesonls experi-  
ments, a t  l e a s t  f o r  low cur ren t s .  No 
equivalent  theory e x i s t s  f o r  t h e  MPD arc .  

We have developed an a l t e r n a t i v e  explana- 
t i o n  of t h e  voltage-current c h a r a c t e r i s t i c s  
measured by Fahleson, based on t h e  proper- 
t i e s  of a Hartrnann boundary l a y e r  i n  a 
continuum-type plasma. We assume t h a t  t h e  
bulk of the  gas r o t a t e s  f r e e l y ,  the  cur ren t  
flowing only  i n  t h i n  Hartmann l a y e r s  near  
t h e  end wal ls  where i t  balances the  viscous 
drag. Assuming a n e g l i g i b l e  vol tage drop 
a t  t h e  e lect rodes ,  we c a l c u l a t e  the  vol tage 
d i f fe rence  between the  e lec t rodes  a s  a 
funct ion of magnetic f i e l d ,  i n i t i a l  
pressure,  appl ied cur ren t  and atomic 
weight, and ind agreement wi th  t h e  
measurementsf 1 ~ 5 )within  a f a c t o r  of two 
under a l l  condit ions.  (We be l i eve  our 
c a l c u l a t i o n s  a r e  more appropr ia te  t o  t h e  
experiments than a r e  LinIs ,  s ince  a l l  mean 
f r e e  paths  a r e  much l e s s  than t h e  s i z e  of 
Fahlesonl s apparatus. ) According t o  t h i s  
po in t  of view, the  homopolar voltage-cur- 
r e n t  c h a r a c t e r i s t i c s  a re  determined e n t i r e l y  
by t h e  r e l a t i o n s h i p  between t h e  cur ren t  per  
u n i t  l eng th  and e l e c t r i c  f i e l d  i n  a Hartmann 
l a y e r  on t h e  end sur faces  of t h e  device. 

The physkcal model of t h e  Hartmann l a y e r  
we propose i s  a s  f o l ~ o w s :  Because of t h e  
very high H a l l  paxameter of t h e  e lec t rons ,  
the  cur ren t  i s  c a r r i e d  mainly by t h e  ions.  
The consequent Joule  heat ing of the  ions  i s  
*Research supported through NASA Grant 


NGR-22-009 -052. 


conducted I n  p a r t  t o  t h e  cold wa l l  and 
p a r t l y  toward the  core  of t h e  r o t a t i n g  
plasma, i n  which t h i s  l a t t e r  por t ion  of 
t h e  e l e c t r i c a l  energy inpu t  i s  given up 
t o  the  e l e c t r o n s  by e l a s t i c  c o l l i s i o n s .  
The e l e c t r o n s ,  which a r e  thermally 
i n s u l a t e d  from t h e  w a l l  by a sheath ,  l o s e  
an equal  amount of energy by i o n i z i n g  
c o l l i s i o n s  wi th  atoms t o  produce 
e lect ron- ion p a i r s  which subsequently 
d i f f u s e  t o  t h e  w a l l .  

Assuming cons tan t  (average) t r a n s p o r t  
p r o p e r t i e s ,  it i s  poss ib le  t o  i n t e g r a t e  
t h e  equat ions  of motion and energy f o r  
t h e  heavy p a r t i c l e s  as wel l  as t h e  
ambipolar diff 'usion equat ion f o r  t h e  
charged p a r t i c l e s ,  By assuming t h a t  t h e  
heavy p a r t i c l e  and e l e c t r o n  temperatures 
a r e  n e a r l y  equal  i n  t h e  core  of t h e  gas,  
these  i n t e g r a l  equat ions  r e l a t e  t h e  t o t a l  
c u r r e n t  t o  t h e  e l e c t r i c  f i e l d ,  t h e  e l e c t r o n  
temperature and degree of i o n i z a t i o n  
appearing as parameters. The r e s u l t i n g  
r e l a t i o n s h i p  has approximately t h e  form: 

inbwhich E is  t h e  e l e c t r i c  f i e l d ,  B i s  t h e  
magnetic f i e l d ,  I i s  t h e  cur ren t  p e r  u n i t  
width of Hartmann l a y e r ,  cl  i s  a cons tan t  
about equal  t o  one h a l f  of t h e  i o n i z a t i o n  
v e l o c i t y  and c2 i s  a cons tan t  independent 
of d e n s i t  . Thus f o r  v e r y  small c u r r e n t s  
(<< 	cl/c27> t h e  vo l tage  i s  independent of 
cur ren t ,  a s  found by Fahleson( 1)  . For 
l a r g e  enough c u r r e n t  so  t h a t  c21  = cl, 
t h a t  i s ,  s u f f i c i e n t l y  l a r g e  t o  about double 

t h e  low c u r r e n t  vol tage,  the  c a l c u l a t e d  

temperature about equa l s  the  i o n i z a t i o n  

energy divided by Boltzmannls constant .  
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