
- .  4 

NASA Contractor Report 1.75184 

(NASA-CZ- 1781 &4) SPACE-BASEC L A $ E J - D H I V E N  wa7-1 i s 3 7  

lac.) 5 2  p C S C L  1oc 

MIJD G E N E F A T O R :  E E A S I B I L I T Y  SSULY F i 1 l a . l  
Report (Infcraraticn ard Ccntrc l  S y s t e m s ,  

U n c l a s  
G 3 / 2 0  44917  

SPACE-BASED LASER-DRIVEN MHD GENERATOR: 
F E A S I B I L I T Y  STUDY 

S. H. Choi 

INFORMATION & CONTROL SYSTEMS, I NC . 
Hampton, V i  r g i  n i  a 

P u r c h a s e  Order L-28161B 
O c t o b e r  1986 

National Aeronautics and 
Space Administration 

Langley Research Center 
Hampton,Virginia 23665 

https://ntrs.nasa.gov/search.jsp?R=19870002404 2020-03-20T13:44:50+00:00Z
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by NASA Technical Reports Server

https://core.ac.uk/display/42839294?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


SPACE-BASED LASER-DRIVEN MHD GENEMTOK: FEASIBILITY STUDY 

S. H. Choi 
Informat ion  & Control Systems, Inc .  

SUMMARY 

The f e a s i b i l i t y  of a l a s e r - d r i v e n  MHD g e n e r a t o r ,  as a c a n d i d a t e  r e c e i v e r  
f o r  a space-based laser power t r ansmiss ion  system, w a s  i n v e s t i g a t e d .  

An e x t e n s i v e  l i t e r a tu re  s e a r c h  of r e s e a r c h  on MHD g e n e r a t o r s  and laser- 
produced plasmas w a s  c a r r i e d  o u t .  The MHD g e n e r a t o r s  were t a b u l a t e d  accord- 
i n g  t o  c h a r a c t e r i s t i c s  such as t h e  energy source ,  working f l u i d ,  g e n e r a t o r  
type ,  f low rate, tempera ture ,  e l e c t r i c a l  c o n d u c t i v i t y ,  power d e n s i t y ,  gener- 
a t o r  dimension, e f f i c i e n c y ,  magnetic f i e l d  s t r e n g t h ,  seed  material, type  of 
c y c l e ,  and o p e r a t i n g  mode. Laser-produced plasma and laser plasma i n t e r -  
a c t i o n s  were t a b u l a t e d  w i t h  r e s p e c t  t o  plasma t empera ture ,  laser type  and 
energy, plasma c o n d u c t i v i t y ,  a b s o r p t i o n  of  laser r a d i a t i o n ,  f l ow v e l o c i t y ,  
carr ier  gas ,  and seed  material. 

On t h e  b a s i s  of r easonab le  parameters ob ta ined  i n  t h e  l i t e r a t u r e  s e a r c h ,  
a nodel  of tile l a s e r - d r i v e n  MHD gene ra to r  w a s  developed w i t h  t h e  assumptions 
of c1 s t e a d y ,  t u r b u l e n t ,  two-dimensional flow. The assumpt ions  used i n  t h i s  
stLdy were b a s e d  on t h e  cont inuous  and s t e a d y  g e n e r a t i o n  of p lasmas  by t h e  
exposure of t h e  cont inuous  wave laser beam t h u s  induc ing  a s t e a d y  back p r e s -  
s i re  t h a t  e n a b l e s  t h e  medium t o  flow s t e a d i l y .  The model cons ide red  h e r e  
took t h e  t u r b u l e n t  n a t u r e  of plasmas i n t o  account i n  t h e  two-dimensional 
geometry of t h e  g e n e r a t o r .  For t h e s e  c o n d i t i o n s  w i t h  t h e  plasma parameters  
d e f i n i n g  t h e  thermal  c o n d u c t i v i t y ,  v i s c o s i t y ,  e lec t r ica l  c o n d u c t i v i t y  f o r  
t h e  plasma flow, a g e n e r a t o r  e f f i c i e n c y  of  5 3 . 5  p e r c e n t  was c a l c u l a t e d .  I f  
t u r b u l e n t  e f f e c t s  and nonequilfbriurn i o n i z a t i o n  are taken  i n t o  accoun t ,  t h e  
e f f i c i e n c y  is 4 3 . 2  percen t .  

The s t u d y  shows t h a t  t h e  l a s e r - d r i v e n  MHD system h a s  p o t e n t i a l  as a 
l a s e r  power receiver f o r  space  a p p l i c a t i o n s  because of i t s  h igh  energy  
convers ion  e f f i c i e n c y ,  h igh  energy d e n s i t y  and r e l a t i v e l y  s imple  mechanism 
as  compared to  o t h e r  energy conversion c y c l e s .  
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INTRODUCTION 

The advantages  of  u s ing  a laser t o  t r ansmi t  power i n  space  is  based on 
t h r e e  f e a t u r e s  of t h e  l aser :  

1. The laser beam can be t r ansmi t t ed  over  l ong  d i s t a n c e s  
wi thout  a p p r e c i a b l e  a t t e n u a t i o n  o r  d ive rgence ,  

2 .  The laser p rov ides  a h igh  s o u r c e  i n t e n s i t y  a t  t h e  
r e c e i v e r ,  

3 .  The laser does no t  r e q u i r e  p h y s i r a l  c o n t a c t  between 
energy source  and power gene ra to r .  

While t h e  laser  appea r s  t o  b e  an advantageous means of t r a n s m i t t i n g  en- 
e r g y  i n  space, t h e  means of beam gene ra t ion  and beam convers ion  t o  a more use- 
f u l  form of energy ( i . e . ?  e lec t r ic i ty  o r  p ropu l s ion )  are n o t  w e l l  de f ined .  
Converter systems, i n  p a r t i c u l a r ,  must meet t h e  requi rements  of h igh  con- 
v e r s i o n  e f f i c i e n c y  a t  a h igh  energy d e n s i t y  wh i l e  remaining small, l i g h t  
weight and s imple .  One c o n v e r t e r  s y s t e m  which may meet t h e  r equ i r emen t s  
is  t h e  l a se r -d r iven  MHD g e n e r a t o r  which is  shown i n  F igure  1. The plasma 
i s  produced by focus ing  the l a s e r  beam i n t o  t h e  plasma product ion  chamber. 
A t  s u f f i c i e n t l y  high i n t e n s i t y ,  breakdown w i l l  occur  i n  t h e  gas medium 
producing a plasma. 
laser  r a d i a t i o n  which w i l l  h e a t  t h e  p l a s m a .  Although t h e  laser d r i v e n  MHD 
g e n e r a t o r  is  a n  e f f i c i e n t  c a n d i d a t e  energy convers ion  system f o r  space  ab- 
p l i c a t i o n ,  t h e  a b s o r p t i o n  of t r ansmi t t ed  beam energy by t h e  p a r t i c i p a t i n g  
aedium i n  t h e  plasma product ion  chamber becomes t h e  key f a c t o r  i n  d e t e r -  
mining t h e  g e n e r a t o r  e f f i c i e n c y .  With t h e  proper  plasma c o n d i t i o n s  such 
as laser peak power, gas  p r e s s u r e ,  gas s p e c i e s ,  f o c a l  volume d e n s i t y ,  
and plasma tempera ture ,  a b s o r p t i o n  of t h e  laser beam can  r each  80% w i t h  
Nd l o n g  p u l s e  laser l i g h t  of approxim t e l y  10l8 W/m2 and 65% w i t h  C02 
long p u l s e  laser l i g h t  of roughly  10’’ W/m2 (Ref. 1). F igure  2 shows 
~ L 1 . i  e s t ima ted  e f f i c i e n c i e s  of a l a s e r - d r i v e n  MHD g e n e r a t o r  subsystem. 

Once t h e  plasma is e s t a b l i s h e d ,  i t  w i l l  absorb  t h e  

T h i s  p re l imina ry  s tudy  of t h e  l a s e r  d r i v e n  MHD g e n e r a t o r  i n c l u d e s  a 
l i t e r a t u r e  survey  and a development of a s i m p l i f i e d  t h e o r e t i c a l  model f o r  
the s y s t e m .  The l i t e r a t u r e  survey  was conducted t o  e s t a b l i s h  r ea l i s t i c  para- 
~ ~ l r t e r s ,  such as tempera ture  and d c n s i t y ,  f o r  laser produced plasmas and also 
t o  de te rmine  those  des ign  parameters of MHD channe l s  which a re  a f f e c t e d  by 
t he  plasma c o n d i t i o n s  such as  plasma t empera ture  and d e n s i t y .  Both plasina 
and 3 i q u i d  metal MHD g e n e r a t o r s  were inc luded  i n  t h e  l i t e r a t u r e  survey. 

- .. 



The primary purpose of the s tudy  w a s  
of e x i s t i n g  MHD generator systems so t h a t  
i n  t h e  development o f  a p ro to type  des ign  
System c h a r n c t e r i s t  i c s  S U C J I  a s  t h e  eiic-rgy 
f l u i d ,  working f l u i d  flow, t empera ture ,  t *  

s i t y ,  g e n e r a t o r  d i m c ~ n s i o r i ,  magnetic f i t . I t l  
mode of ope ra t ion  w e r e  cons ide red -  

t o  i d e n t i f y  c e r t a i n  c h a r a c t e r i s t i c s  
t h e s e  c h a r a c t e r i s t i c s  could be used 
or a l a se r  d r i v e n  MHD g e n e r a t o r .  
sou rce ,  generat o r  ~ y p e ,  working 
e r t r i c a l  c o n d u c t i v i t y ,  power den- 
c y c l e  f e a t u r e s ,  seed material  and 

1. Plasma MHD 

The c h a r a c t e r i s t i c s  of  plasma MHD g e n e r a t o r  systems are  g iven  i n  Table  
I. The systems can be d iv ided  i n t o  f o u r  groups:  1 )  shock-driven, 2 )  a rc ,  
3)  combustion ( inc lud ing  c o a l  bu rn ing ) ,  and 4 )  explos ive-dr iven  ( i n c l u d i n g  
rocke t  and de tona t ion ) .  The primary d i f f e r e n c e  between t h e s e  systems and 
t h e  l a se r -d r iven  MHD g e n e r a t o r  is t h e  method of plasma product ion ,  a l though  
some d i f f e r e n c e s  i n  t h e  f low of  t h e  plasma through t h e  channel  occur s .  The 
shock o r  explos ive  d r i v e n  MHD g e n e r a t o r s , f o r  example, are c h a r a c t e r i z e d  by 
q u a s i - a d i a b a t i c  wave propagat ion  through t h e  channel  and a r a p i d  decay o f  
t h e  plasma a f t e r  t h e  wave has  passed.  I n  t h e  l a se r -d r iven  MHD g e n e r a t o r ,  on 
t h e  o t h e r  hand, t h e  plasma f low w i l l  be exposed t o  t h e  laser r a d i a t i o n  (so 
long  as t h e  c r i t i c a l  charge d e n s i t y  which produces o p t i c a l  r e f l e c t i o n  is  not. 
reached) ,  and hea t ing  of t h e  p l a s m a  throughout the channel  w i l l  o ccu r .  T h e  
flow i n  t h e  l a se r -d r iven  MHD channel  i s  expected t o  be a n  uns teady ,  tu rbu-  
l e n t  f low wi th  a h e a t  sou rce .  
on t h e  ave rage  channel v e l o c i t y ,  t h e  magnet ic  f i e l d  i n t e n s i t y ,  and t h e  elec- 
t r i c a l  conduc t iv i ty .  

The power d e n s i t y  i n  a MHD g e n e r a t o r  depends 

2.  Liquid Metal MHD 

The characterist ics of l i q u i d  metal MHD systems a re  g iven  i n  Table  11. 
The conceptua l  and exper imenta l  works done so f a r  a re  d i r e c t l y  a p p l i c a b l e  
t o  t h e  l a se r -d r iven  l i q u i d  metal MHD system, s i n c e  t h e  c o n f i g u r a t i o n  of t h e  
conven t iona l  l i q u i d  metal  MHD systems is the  same except  f o r  t h e  laser beam 
receiver. The laser energy i s  s u p p l i e d  through t h e  o p t i c a l  system i n  which 
t h e  beam energy is converted i n t o  the d r i v i n g  power of Lhcr l i q u i d  metal 
(two-phase f low).  

L iquid  metal  MHD s y s t e m s  u s u a l l y  d e a l  w i th  low tempera ture  energy s o u r c e s .  
Hence, they  do not  have t h e  hardware r e l a t e d  problems,such a s  meicing, i h i  
may t a k e  p l a c e  i n  t h e  plasma MHD gene ra to r .  
of gas  from l i q u i d  ( i n  t h e  case o f  two-phase f low) a r e  t h e  main problems t o  
be so lved .  

The c o r r o s i o n  and t h e  s e p a r a t i o n  

Table  111 g i v e s  t h e  a l k a l i  m e t a l  parameters  such as t h e  i o n i z a t i o n  

2 
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-- 3.  Laser Plasma I n t e r a c t i o n  

The plasma is  produced by a gas  breakdown a f t e r  t h r e s h o l d  i r r a d i a n c e  h a s  
been achieved .  T h i s  g a s  breakdown process  proceeds  i n  t h e  fo l lowing  s t e p s :  
(1) t h e  product ion  of t h e  i n i t i a l  i o n i z a t i o n ,  and (2)  t h e  subsequent cascade  
by which t h e  i o n i z t i o n  grows and t h e  shock wave propagates ,  and d i s s i p a t e s .  

A f t e r  t h e  i n i t i a l  i o n i z a t i o n  i s  produced, i t s  growth becomes t h e  domi- 
nan t  p rocess .  Following a sma l l  amount of i o n i z a t i o n ,  f r e e  e l e c t r o n s  abso rb  
photon energy by i n v e r s e  bremsstrahlung. When a n  e l e c t r o n  h a s  ga ined  enough 
energy ,  i t  can  i o n i z e  an  a d d i t i o n a l  atom i n  a c o l l i s i o n .  The e l e c t r o n  is  
then  r ep laced  by two e l e c t r o n s  wi th  lower energy i n  t h e  f r e e  e l e c t r o n  con- 
tinuum. Both e l e c t r o n s  then  abso rb  energy by i n v e r s e  bremss t rah lung ,  and 
cascad ing  of  t h e  i o n i z a t i o n  occur s .  This  cascade  p rocess ,  f ed  by t h e  ab- 
s o r p t i o n  of laser  l i g h t  i n  t h e  inve r se  bremss t rah lung  p rocess ,  is t h e  mech- 
anism which produces t h e  growth of t h e  i o n i z a t i o n .  

Breakdown t h r e s h o l d  of t h e  g a s ,  as  a f u n c t i o n  of i n t e n s i t y ,  depends on 
t h e  f o c a l  volume. A s  t h e  f o c a l  volume becomes smaller, l o s s e s ,  e i t h e r  by 
d i f f u s i o n  of t h e  e l e c t r o n s  o u t  of the f o c a l  r e g i o n  o r  by r a d i a t i o n ,  l i m i t  
t h e  b u i l d  up and i n c r e a s e  t h e  th re sho ld .  
r a p i d l y ,  f o r  a g iven  i r r a d i a n c e ,  w i t h  a l a r g e r  f o c a l  volume. To ma in ta in  
t h e  growth of t h e  cascade  f o r  a s table  plasma w i t h i n  t h e  f o c a l  volume, t h e  
fo l lowing  c r i te r ia  should b e  m e t :  

The cascade  p rocess  proceeds  more 

(1 )  l a r g e  f o c a l  volume 

18 ( 2 )  h igh  beam f l u x  d e n s i t y  (over 7 x 10 W/m2) 

( 3 )  cont inuous  wave beam f l u x  (CW l a se r . )  

( 4 )  h igh  gas  d e n s i t y  

(5 )  low boundary e f f e c t s .  

The power ou tpu t  requi rements  of t h e  laser as a n  energy s o u r c e  f o r  a 
l a s e r - d r i v e n  MHD g e n e r a t o r  can b e  chosen by t h e  f o c a l  volume of  t h e  plasma 
chamber, g a s  p r e s s u r e ,  g a s  s p e c i e s ,  MHD channel  geometry, etc.  

Breakdown c h a r a c t e r i s t i c s  are  shown i n  F igu res  2 ,  4 ,  5 and 6 .  The gas  
breakdown t h r e s h o l d  i s  a f u n c t i o n  of t h e  g a s  p r e s s u r e  and f o c a l  volume. The 
breakdown t h r e s h o l d  e x h i b i t s  a l i n e a r  r e l a t i o n s h i p  w i t h  t h e  peak i r r a d i a n c e ,  
b u t  t h i s  r e l a t i o n s h i p  a l s o  depends on t h e  s p e c i e s  and p r e s s u r e s  o f  t h e  gas .  
For a rgon  g a s  a t  p r e s s u r e s  of 1 a t m ,  2 a t m ,  and 38.2 a t m  ( l i nes  C, D ,  and 
E shoiv~i iii Fig .  5 ) ,  t h e  breakdown has a d i f f e r e n t  behavior  a t  1 atm than 
a t  3 a t m .  A t  c o n s t a n t  p r e s s u r e  of  a p a r t i c i p a t i n g  gas, t h e  a b s o r p t i o n  
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of laser beam energy depends on t h e  peak i n p u t  power. F igu re  6 shows t h e  as- 
p e c t  of beam t r ansmiss ion  through t h e  a i r  a t  a p r e s s u r e  of 746 t o r r  when a 
Ruby laser  pu l se  i s  focused through a 0.0206 m f o c a l  lengt t .  l e n s .  Breakdown 
i s  a l s o  a func t ion  of t h e  i n c i d e n t  r a d i a t i o n  wavelength and t h e  d e n s i t y  of 
t h e  medium ( s e e  Fig.  7 ) .  The a b s o r p t i o n  of t h e  laser beam o c c u r s  a t  h igh  
p r e s s u r e  ( o r  d e n s i t y ) ,  and t h e  t i m e  r e q u i r e d  f o r  breakdown t h r e s h o l d  m u s t  
be s h o r t  due t o  f a s t  energy accumula t ions .  A t  t h i s  s t a t e  a f t e r  breakdown, 
t h e  dominant energy t r a n s f e r  mechanism (on a microscopic  t h e  s c a l e )  i s  
i n v e r s e  bremsstrahlung r a t h e r  than  conduct ion  o r  d i f f u s i o n .  

” 

I n  Table I V ,  t h e  r e l e v a n t  laser-plasma i n t e r a c t i o n  parameters  o b t a i n e d  
from t h e  l i t e r a tu re  survey  are t a b u l a t e d  i n  o r d e r  of t h e  laser  s o u r c e s ,  tar-  
g e t  medium, breakdown laser power, plasma t empera tu re ,  plasma e l e c t r o n  den- 
s i t y ,  dimension of t h e  p lasma,  and p ropaga t ion  v e l o c i t y .  

The laser cons idered  i n  t h e  t a b u l a t i o n  of Table  I V  are  t h e  10.6 I-lm 
C02, Ruby p u l s e ,  and Nd-glass lasers. The media were a i r ,  a rgon ,  helium, 
n i t r o g e n ,  deuterium, and p l a s t i c  p e l l e t  a t  v a r i o u s  p r e s s u r e s .  
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The MHD system s e l e c t e d  h e r e  f o r  s tudy  is  a plasma MHD g e n e r a t o r .  
model of a s e l e c t e d  MIID gene ra to r  i s  se t -up  and s i m p l i f i e d  w i t h  t h e  assump- 
t i o n s  t h a t  t h e  system i s  under ope ra t ion .  

The 

1. MHD Channel Model 

The channel  schemat ic  s e l e c t e d  f o r  s tudy  is  d e p i c t e d  i n  F i g u r e s  1 and 8 
and c o n s i s t s  of  a hydrodynamically,thermally s t a b l e  t u r b u l e n t  f low of a n  elec- 
t r i c a l l y  conduct ing  and r a d i a t i n g  gas, between e l e c t r o d e  p l a t e s  w i th  a uniform, 
c o n s t a n t  magnetic f i e l d  a p p l i e d  i n  the  p o s i t i v e  x - d i r e c t i o n .  The channel s i d e  
w a l l s  and t h e  e l e c t r o d e  walls have eiLher  a c o n s t a n t  h e a t  f l u x  o r  a c o n s t a n t  
tempera ture .  The p h y s i c a l  p r o p e r t i e s  of tlie gas  are  c o n s t a n t  and t h e  gas  i s  
i n  l o c a l  thernodynamic equ i l ib r ium.  
and s c a t t e r i n g  e f f e c t s  are  n e g l i g i b l e .  

The  g:is has  a r e f r a c t i v e  index  of u n i t y ,  

.Fo r  t h e  c a l c u l a t i o n s ,  t h e  geometr ica l  dimensions and t h e  boundary con- 
d i t i o n s  f o r  t h e  channel  mus t  be cons idered .  Table  V shows t h e  parameters  
which are necessa ry  f o r  c a l c u l a t i n g  t h e  NHD g e n e r a t o r  performance. The i n i -  
t i a l  and boundary c o n d i t i o n s  f o r  t he  governing e q u a t i o n s  are determined from 
s o l u t i o n s  t o  t h e  equa t ions  f o r  t h e  laser-plasma i n t e r a c t i o n .  For s i m u l a t i o n  
purposes,  t h e  i n i t i a l  and boundary c o n d i t i o n s  can be  ob ta ined  from expe r i -  
m e n t a l  d a t a .  

2 .  Energy Balance 

The thermal energy equa t ion  i n  t h i s  s tudy  c o n s i d e r s  t h e  f u l l y  deve l -  
oped, t u r b u l e n t  f low of an  e l e c t r i c a l l y  conduct ing  and r a d i a t i n g  gas  i n  a 
r e c t a n g u l a r  d u c t ,  where v i s c o u s  d i s s i p a t i o n  and J o u l e  h e a t i n g  e f f e c t s  are 
cons ide red ;  bu t  a x i a l  components of conduct ion  and r a d i a t i o n  are neg lec t ed  
( s i n c e  t h e i r  c o n t r i b u t i o n s  t o  t h e  v e l o c i t y  and tempera ture  f i e l d s  are s m a l l  
compared t o  t h o s e  of t h e  o t h e r  terms i n  t h e  e q u a t i o n ) .  
equa t ion  may be  w r i t t e n  i n  t h e  fol lowing form: 

Thus t h e  energy 
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ORIGINAL PAGE IS 
OF POOR QUALflY 

The f i r s t  two terms on the r i g h t  hand s i d e  (RHS) ' represent  t h e  n e t  t h e r -  
m a l  energy t r a n s p o r t  due t o  molecular  f low and t u r b u l e n t  t r a n s p o r t  w i t h  at 
deno t ing  t h e  t u r b u l e n t  d i f f u s i v i t y  of h e a t .  The rest of t h e  terms on t h e  RHS 

own) : t h e  molecular  and t u r b u l e  v i s c o u s  d i s s i p a t i o n  wi th  
bulen t  v i s c o u s  d i s s i p a t i o n  of mo tum, Jou le  h e a t i n g  wi th  

oeff deno t ing  t h e  g a s  e l e c t r i c a l  c o n d u c t i v i t y ,  and d ive rgence  of t h e  r a d i a t i v e  
f l u x .  The t u r b u l e n t  t r a n s p o r t  q u a n t i t i e s  are assumed t o  v a r y  a c r o s s  t h e  chan- 
n e l .  
p o s s i b l e  c a s e s :  

The boundary c o n d i t i o n s  f o r  t h e  above e q u a t i o n s  are  d e s c r i b e d  by two 

1) Constant w a l l  t cmpera ture  

2 )  Constant h e a t  f l u x  

\ -  

(2b) 
I t  

aT '  W 4w2 aT'(x,O) = - (X' -) = - - 
ax ax' 2 k 

where 4" and 6'' are t h e  h e a t  f l u x e s  through t h e  boundary. 
1 w2 W 

The i n i t i a l  c o n d i t i o n s  depend on t h e  e n t r y  plasma c h a r a c t e r i s t i c s .  
These can be def ined  by. e x p e t h e n t a l  measurement.and t r e a t e d  a s  i n p u t  v a r i -  
a b l e s .  I n d t i a l l y  th,ese c o n d i t i w s ,  l i s t e d  i n  t h e  bottom of Table  11, were 
s e l e c t e d  from t h e  l i t e r a tu re  f o r  t h e  s tudy .  The boundary c o n d i t i o n s  i n  t h e  
z - d i r e c t i o n  t o t a l l y  depend on t h e  i n i t i a l  c o u d i t i o n s  and on t h e  t ime depen- 
dence of tempera ture  a t  every nodal  p o i n t .  

The fo l lowing  d imens ionless  q u a n t i t i e s  a re  in t roduced  

6 
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where P r  and Pr t  = molecular  and t u r b u l e n t  P r a n d t l  numbers, r e s p e c t i v e l y .  

H a  = t h e  Hartmann number based on t h e  half-channel  wid th  - , 
N = t h e  r a t i o  of molecular  thermal conduct ion t o  r a d i a t i o n  f o r  

H 
2 

a g a s  wi th  a n  a b s o r p t i o n  c o e f f i c i e n t  and o p t i c a l  t h i c k n e s s  
T .  
0 

Before nondimensional iz ing t h e  energy e q u a t i o n ,  i t  can  be s i m p l i f i e d  by 
Ug >> U& and U; ( s i n c e  t h e  v e l o c i t i e s  p e r p e n d i c u l a r  t o  t h e  ax ia l  d i r e c t i o n  
are much smaller i n  low P r a n d t l  number f l u i d s  as  compared to  t h e  ax ia l  f low,  
even i n  t h e  boundary). Therefore ,  t he  2nd and 3rd  terms on t h e  l e f t  hand 
s i d e  can  be neglec ted .  
energy e q u a t i o n  

Applying t h e  nondimensional v a r i a b l e s  we have t h e ,  

V V 
a 0  ae P r  t 30 - + v - =  

+ RetPr ax t RetPr 3y t a t  az 

V Ec  
+ -  (1 

Ret 

2 
TOX * 2 

+ H a  ~e t N-Rcrzrt  ay +- N.RetPr t 3x 
2 Ec  J2 + T O  -- W Y  (3)  

For s t e a d y  plasma f low between the two p a r a l l e l  e l e c t r o L 2  p l a t e s ,  y-, i r e c t i o n  
v a r i a t o n  on ly ,  no v i s c o u s  d i s s i p a t i o n ,  and t h e  plasma w i t h  a dominant con- 
ductive l o s s  i n  t h e  channel ,  the above e q u a t i o n  can be w r i t t e n  i n  t h e  s imple 
f 3rm 

The above equat ion ,  coupled w i i h  ihe f e l l o w i n g  e q u a t i o n s ,  is  n m e r i c a l l y  
solved by t h e  f i n i t e  d i f f e r e n c e  method. The purpose of  t h e  computat ion 
w a s  t o  show t h e  tempera ture  and the e l e c t r i c a l  c o n d u c t i v i t y  p r o f i l e s  be- 
tween two e l e c t r o d e s  a l o n g  t h e  MHD channel,  t o  g i v e  t h e  power o u t p u t  
assuming a l o a d  t o  be  a p p l i e d ,  and to de te rmine  t h e  g e n e r a t o r  e f f i c i e n c y .  
The  power o u t p u t  d e n s i t y ,  cons ider ing  t tic cbffcctive e l ec t r i ca l  c o n d u c t i v i t y  
is given b y :  
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where 

K = (.Jl+o2- 1 )  @-2 . 

The c u r r e n t  i n  the MHD channel ,  is  

J = J -  , 

and t h e  e f f i c i e n c y  i s  

Veloc i ty  

C 
- =  '(') (9)' [6.154 + 2.457 I n  ( R e t  q) + F 1 ( q  

'C 

A 

Kruger and Sonju (Ref. 2 ) ,  employing t h e  Karman-Pollhausen technique ,  
e s t i m a t e d  t h e  wal l  s h e a r  stress and boundary-layer t h i c k n e s s  corresponding 
t o  t h e  semi-empirical  v e l o c i t y  c o r r e l a t i o n s  proposed by Harris (Ref. 3 ) .  
The loca l  v e l o c i t y  normalized w i t h  t h e  c e n t e r l i n e  v a l u e  i s  e v a l u a t e d  from 

where q is  e q u i v a l e n t  t o  y. 

Graphica l  resul ts  f o r  t h e  asymptot ic  f r i c t i o n  c o e f f i c i e n t  presented  by 
Kruger and Sonju (Ref. 1 )  may be  approximated by 

cf - = b 0 . 5 3 6  + 0.929 I n  (E)  + 0.0222 l n 2  (E)] x 2 (9)  

2 2 .  
where = H a / R e  is t h e  i n t e r a c t i o n  parameter .  The t u r b u l e n t  Reynolds number 
is d e f i n e d  by 

The funct ion  F ( c )  is  presented  g r a p h i c a l l y  by H a r r i s  (Ref.  3)  and may 
be approximated by &he fo l lowing  e x p r e s s i o n  (Ref. 2 ) :  
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for  4 5 0 . 6  

F, (c )  = 2.502 + 21.9305 - (6.359 + 53.7475 + 649.535 5 ) 2 %  
I 

and 

f o r  5 > 0.6 

F1(5) =-2.07 - 2.457 I n  (5)  . 
where t h e  parameter 5 is e q u i v a l e n t  

Near t h e  w a l l ,  when n is small, v e l  

2 

t 

H a  
to  - n.  R e  

c i t i e s  ev 
n e g a t i v e  as a r e s u l t  o f  t h e  loga r i thmic  term. 

l u a t e d  from Equation (8) become 
There fo re ,  i n  a manner similar 

t o  t h a t  employed i n  o r d i n a r y  hydrodynamic (OHD) t u r b u l e n t  f lows  f o r  t h e  
laminar  s u b l a y e r ,  v e l o c i t i e s  are c a l c u l a t e d  u t i l i z i n g  t h e  product of R e t e n  up 
t o  t h e  p o s i t i o n  where t h i s  product equals  Equation (8). For t h e  s u b l a y e r  

U = L n d .  
P V  

The sear stress on t h e  w a l l  is def ined  by 
'I 

where rh i s  t h e  h y d r a u l i c  r a d i u s .  
t h e  channel ,  t h e  h y d r a u l i c  r a d i u s  is  

For t h e  r e c t a n g u l a r  c r o s s  s e c t i o n  area of  

LH 
h 4(L+H) r =  

There fo re ,  t h e  v e l o c i t y  i n  t h e  sublayer  i s  

L+H 314 .- -- 0.01757 (-1 R e t  
uC 1.i n .  

Turbulen t  V i s c o s i t y  

For t h e  v i s c o u s  boundary and w a l l  h e a t  l o s s ,  t h e  v i s c o s i t y  and thermal  
c o n d t c t i v i t y  must be cons idered .  In most practical  MHD a p p l i c a t i o n s ,  t h e  
flow is  t u r b u l e n t  so  t h a t  t h e  t r a n s p o r t  p rocesses  are  dominated by turbu-  
1cnt flw. 
e r a l l y  based on t h o s e  f o r  t u r b u l e n t  v i s c o s i t y  f o r  t h e  MHD f low w i t h  modi- 
f i c a t i o n s  t o  account f o r  such f a c t o r s  as  t h e  damping of  t h e  t u r b u l e n t  
v i s c o s i t y  as t h e  magnetic f i e l d  is increased .  

Expressicnc f e r  t h e  t u r b u l e n t  v i s c o s i t y  f o r  MHD f lows  are  gen- 
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The OHD t u r b u l e n t  v i s c o s i t y  model used by Van Driest (Ref. 4 )  is  modified 
by t h e  Mei and Squi re  channel  f a c t o r  (Ref. 5 ) ,  and is  u t i l i z e d  w i t h  a mul t i -  
p l i c a t i v e  magnetic damping f u n c t i o n  by Five land  (Ref. 6 ) .  Wi th  t h e s e  cor -  
r e c  t i o n s ,  

-2-2 _ -  v t - u  / [ 1 + 4 K Z  ( 1 - e  9 

1 + Grl  
V 

- 
and t h e  t u r b u l e n t  d i s t a n c e ,  Z ,  i s  d e f i n e d  by 

- 
Z = q R e  . 

t 

The magnetic damping f u n c t i o n  used by F ive land  (Ref. 6)  i s  

2 2  
-700 Ha /Ret D = e  

T h e r m a l  Conduct iv i ty  

In  a plasma, u n l i k e  t h e  c a s e  of v i s c o s i t y ,  t h e  i n t e r n a l  s t r u c t u r e  of t h e  
c o l l i d i n g  p a r t i c l e s  p lay  an  impor tan t  r o l e  i n  de te rmining  t h e  thermal  con- 
d u c t i b i t y .  Th i s  is due t o  t h e  f a c t  t h a t  energy may be s t o r e d  i n  i n t e r n a l  de- 
g r e e s  of  freedom such as r o t a t i o n ,  v i b r a t i o n ,  and e l e c t r o n i c  e x c i t a t i o n .  I n  
a mix tu re ,  which i s  i n  thermal  equ i l ib r ium,  p a r t i c l e s  recombine when they  
move a g a i n s t  a temperature g r a d i e n t  and then  release t h e  e n e r g i e s  of d i s -  
s o c i a t i o n  o r  i o n i z a t i o n .  However, t h e  k i n e t i c  t heo ry  p rov ides  t h e  s i m p l e s t  
methods f o r  e s t ima t ing  t h e  t r a n s f e r  c o e f f i c i e n t s  f o r  a s i n g l e  component, mono- 
atomic gas.  
t i c l e s  by m e ,  and t h e  e f f e c t i v e  c o l l i s i o n  c r o s s  s e c t i o n  f o r  a s o l i d  s p h e r e  
molecular  model Q ( T ) ,  t h e  c o e f f i c i e n t  of thermal c o n d u c t i v i t y  f o r  i on ized  gas  
i s  desc r ibed  by 

Denoting t h e  p a r t i c l e  c o n c e n t r a t i o n  by ne,  t h e  mass of t h e  par -  

25 
16 - k = -  

Q(T) me 

The equat ion  d e s c r i b e s  t h e  thermal  c o n d u c t i v i t y  which would be  v a l i d  i f  
t h e  COmFGsitiCn of d i s s c c i a t e d  gas  were f rozen .  That i s ,  t h e  p rocesses  a r e  
i d e a l l y  f a s t e r  than any chemical k i n e t i c  p rocess .  

- 
I n  Equation 19 ,  t h e  c o l l i s i o n  c r o s s 2 s e c t i o n s ,  Q(T), f o r  r i g i d  s p h e r i -  

c a l  molecules of d iameter  D is  equa l  t o  3 .,ID*. 
used t o  estimate Q(T) f o r  c o l l i s i o n s  between l i k e  molecules .  

Th i s  r e l a t i o n s h i p  can be 

10 



E l e c t r i c a l  Conduct iv i ty  

The c u r r e n t  d e n s i t y  i n  t h e  MHD channel i s  p r o p o r t i o n a l  t o  t h e  e l e c t r i c a l  
c o n d u c t i v i t y  of t h e  working medium. The fo rmula t ion  of c u r r e n t  d e n s i t y ,  j ,  
i n  t h e  channel  i s  g iven  

j = aUZ B(l - K) (20) 

where K is  t h e  g e n e r a t o r  c o e f f i c i e n t  and o i s  t h e  e l e c t r i c a l  c o n d u c t i v i t y .  
The e l ec t r i ca l  c o n d u c t i v i t y  is  r e l a t e d  t o  t h e  e l e c t r o n  d e n s i t y ,  ne, and t h e  
m o b i l i t y ,  p, of t h e  gas  by a gene ra l  form (Ref. 7 ) :  

For MHD g e n e r a t o r s  u s i n g  a lka l i  seeded noble  g a s e s  as working f l u i d s ,  non- 
e q u i l i b r i u m  i o n i z a t i o n  o c c u r s  when J o u l e  h e a t i n g  of t h e  gas  by t h e  c u r r e n t  
c a u s e s  t h e  e l e c t r o n  tempera ture ,  Te, t o  b e  h i g h e r  t han  t h e  g a s  tempera ture ,  

Tg. 
e q u i l i b r i u m  i o n i z a t i o n  i n  MHD g e n e r a t o r s ,  t h e  e f f e c t i v e  e lectr ical  con- 
d u c t i v i t y  r a t h e r  t han  t h e  scalar c o n d u c t i v i t y  h a s  t o  be used i n  t h e  b a s i c  
MHD equa t ions .  

To compute t h e  e lectr ical  c o n d u c t i v i t y , t a k i n g  i n t o  account  t h e  non- 

The e f f e c t i v e  c o n d u c t i v i t y  is g iven  by Zampaglione (Ref. 8) as 

where B is t h e  H a l l  parameter and i s  a plasma t u r b u l e n c e  f a c t o r  r ang ing  
from 0.5 KO 1.0. The Hall parameter is  

The e l e c t r o n  m o b i l i t y ,  u ,  i s  g iven  by 

e 

where v2 is t h e  c o l l i s i o n  frequency of e l e c t r o n s  and n e u t r a l s .  

To c a l c u l a t e  t h e  e l e c t r o n  d e n s i t y ,  ne, Saha ' s  e q u a t i o n  is  modified because  
Te > Tg and t h e  e f f e c t i v e  i o n i z a t i o n  p o t e n t i a l  of t h e  seed  is lowered by t h e  
Debye c loud .  The modi f ied  Saha ' s  equa t ion  f o r  ne (Refs.  9 ,  10  and 11) is 

11 



where 

- Fp c =  (1+F) K T  ' 
g 

2 Z: (2nme~Te) 
K = -  3 exp [-e (Vo - y ) / r T e ]  . 

h '  1 z; 

I n  t h e s e  equa t ions ,  F is  t h e  mole f r a c t i o n  of t h e  seed ,  p i s  t h e  t o t a l  p r e s -  
s u r e ,  2; is  t h e  e l e c t r o n i c  p a r t i t i o n  f u n c t i o n  of t h e  seed  i o n ,  Zg i s  t h e  
p a r t i t i o n  func t ion  of t h e  seed n e u t r a l s ,  h' i s  P l a n k ' s  c o n s t a n t ,  Vo is t h e  
i o n i z a t i o n  p o t e n t i a l ,  and y is  t h e  lower ing  of t h e  i o n i z a t i o n  p o t e n t i a l  by 
t h e  Debye cloud. The lower ing  f a c t o r  of t h e  i o n i z a t i o n  p o t e n t i a l  by che 
Debye c loud  is de f ined  by 

The Debye r a d i u s  i s  g iven  by 

2 e  ne 'd 

where z = 1 f o r  atoms, 2 f o r  + i o n s ,  and 3 f o r  fl- i o n s ,  and 
t i v i t y  of f r e e  space. 

i s  t h e  permi-  

The degree of i o n i z a t i o n  i s  g iven  by 

where nB i s  t h e  d e n s i t y  of H e  o r  A r .  
f u n c t i o n  of a ,  i s  then  de f ined  by  t h e  approximation ( R e f .  1 2 ) ,  

The c o l l i s i o n  frequency f o r  H e ,  a s  a 

v2  = k.10 + (8085 a - 0 . 2 2 6 4 ) O . ~ ~ ]  x 

i f  (8085 a - 0.2264) > 0. Equation (29) becomes 

n H e  ' 

1 2  



- 1 la 
u = 3.10 x 10 *-. nHe, if (8085 a - 0.22643 < 0. 2 

- For Ar 

v 2 = 10.53 + 0.641 x (10 4 a) 0.721 x 10-14 nAr , 

(30) 

(3  1) 
L 

3 where n and n are here in units of particle/cm . He Ar 

The initial electron temperature at the entrance of the MHD channel can 
be defined by solving a set of equations describing the laser-plasma inter- 
action. The electron temperature in the MHD channel can be replaced by the 
plasma gas temperature which is implicitly computed by a set of equations 
for the MHD channel. In this simplified model, the entrance electron temp- 
erature was set at 2500 K. 

1 3  
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RESULTS 

The breakdown th re sho ld  f o r  plasma p roduc t ion  by laser r a d i a t i o n  depends 
on t..e medium p res su re  (F ig .  3 ) ,  t h e  f o c a l  volume (F ig .  4 ) ,  t h e  peak ir- 
rad iance  ( F i g s .  5 and 61, and t h e  a b s o r p t i o n  band (F ig .  7 ) .  The growth of 
p lasma beyond the breakdown th re sho ld ,  however, depends e n t i r e l y  on a b s o r p t i o n  
which f a l l s  i n t o  two d i f f e r e n t  c a t a g o r i e s ,  namely, s h o r t  and long  p u l s e s  
(Ref. 1). I n  a s i n g l e  s h o r t  p u l s e  r e g i o n , i n v e r s e  bremss t rah lung  comprises  
about 40% absorp t ion .  On t h e  o t h e r  hand, i n  a long  p u l s e ,  a b s o r p t i o n  of ove r  
80% occur s  up t o  t h e  p o i n t  where t h e  t r a n s i t i o n  from c l a s s i c a l  t o  anomalous 
behavior  beg ins .  Beyond t h e  t r a n s i t i o n  p o i n t ,  t h e  a b s o r p t i o n  r a p i d l y  drops  
t o  about  50% due t o  t h e  ion-acous t ic  t u rbu lence ,  t h e  B r i l l o u i n  b a c k s c a t t e r ,  
t h e  s p e c u l a r  r e f l e c t i o n ,  and the  non- l inear  behavior  of t h e  plasma. The ab- 
s o r p t i o n  of high laser i r r a d i a n c e  i n  t h e  long p u l s e  mode by a n  expanding 
plasma b a l l  can  be improved by a wel l -designed i n t e r a c t i o n  chamber. The 
s p e c u l a r  r e f l e c t i o n  and t h e  s c a t t e r i n g  a t  t h e  c r i t i c a l  d e n s i t y  s u r f a c e  of t h e  
plasma comprise about 40% of t h e  t o t a l  i r r a d i a n c e  i n  t h e  long  pu l se  mode. 
Such l o s s e s  are s e n s i t i v e  t o  t h e  laser power level  and can  be  p a r t l y  re- 
t r i e v e d  by cons ide r ing  the  des ign  of t h e  o p t i c s  and geomet r i ca l  c o n f i g u r a t i o n ,  
magne t i ca l ly  c o n t r o l l e d  plasma boundary, and by f a b r i c a t i n g  t h e  plasma chamber 
wi th  h i g h l y  r e f l e c t i v e  s u r f a c e s .  That is ,  wel l -designed o p t i c s  and a geometry 
c o n f i g u r a t i o n  with h igh ly  r e f l e c t i v e  s u r f a c e s  can r e f o c u s  t h e  beam r e f l e c t e d  
from t h e  plasma s u r f a c e  back t o  t h e  plasma. 
chamber w a l l s  can also be a l l e v i a t e d  by magne t i ca l ly  c o n t r o l l i n g  t h e  plasma 
boundary. 
peak i r r a d i a n c e  of a long  pulsed laser. This  i s  t h e  opt imized v a l u e  of  t h e  
convers ion  e f f i c i e n c y  of t h e  laser i n c i d e n t  beam energy as shown i n  F igu re  

The damage to  t h e  r e f l e c t i v e  

I n  t h i s  c a se ,  t h e  t o t a l  a b s o r p t i o n  would be above 80% a t  t h e  

2 .  

The c h a r a c t e r i s t i c s  of t h i s  abso rp t ion  mechanism, as w e l l  a s  t h e  c r u c i a l  
e f f e c t  of t h e  cold boundary, have t o  be accounted f o r  i n  t h e  plasma expansion,  
s i n c e  t h e  p o s s i b i l i t y  e x i s t s  t h a t  t h e  plasma would decay b e f o r e  pas s ing  through 
t h e  MHD genera tor .  Applying a magnetic f i e l d  t o  pinch t h e  plasma r a d i a l l y  un- 
t il  t h e  plasma passes through’ t h e  gene ra to r  may s o l v e  t h e  c o l d  boundary prob- 
l e m ,  or, on t h e  o t h e r  hand, alleviates t h e  damage t o  t h e  w a l l  by t h e  h i g h l y  ex- 
panding plasma, 
from t h e  c o l d  wall .  S ince  t h e  c o l d  w a l l  i s  i n  c o n t a c t  w i t h  t h e  plasma, i t  i n -  
duces i n t a b i l i t i e s  which enhance thermal  conduct ion  l o s s e s  (Ref.  13). Table  
V I  d e s c r i b e s  the laser sources ,  t h e  medium, t h e  breakdown t h r e s h o l d ,  t h e  plasma 
tempera ture ,  the f o c a l  volume, and more. 
t h e  dynamics and c h a r a c t e r i s t i c s  of t h e  laser - induced  p lasma w i t h  r e s p e c t  t o  
t h e  i r r a d i a n t  power, t h e  time t o  breakdown, growth, decay, t h e  t o t a l  a b s o r p t i o n ,  
and t h e  medium p res su re .  
duce a plasma i n  a chamber of improved geomet r i ca l  f e a t u r e s  with s.;ecific 
r a d i a t i v e  p r o p e r t i e s  should a l s o  be  i n v e s t i g a t e d .  

The magnet ic  f i e l d  may be used t o  the rma l ly  i n s u l a t e  t h e  plasma 

More r e s e a r c h  i s  needed t o  e s t a b l i s h  

How e f f e c t i v e l y  t h e  laser energy can  b e  used t o  pro- 

The power d e n s i t y  and t h e  system e f f i c i e n c y  of t h e  MHD c y c l e  is much 
h ighe r  compared t o  t h o s e  of t h e  convent iona l  thermal  c y c l e s .  
main problems i n  t h e  development of MHD g e n e r a t o r s  are t h e  h igh  tempera tures  
r equ i r ed  and t h e  c o r r o s i v e  gas  medium which can  e a s i l y  damage t h e  e l e c t r o d e s  

However, t h e  



and w a l l  of t h e  gene ra to r .  

I 

Though well-known concepts  and well-developed a n a l y s i s  exis t ,  t h e  MHD 
g e n e r a t o r s  s t i l l  r e q u i r e  i n t e n s i v e  r e sea rch  f o r  u s e  i n  space.  
a n a l y s i s  r e l a t e d  t o  t h e  convent iona l  MHD g e n e r a t o r  may n o t  b e  s u f f i c i e n t  
f o r  t h e  d i r e c t  a p p l i c a t i o n  t o  t h e  l a se r -d r iven  plasma MHD system because 
t h e  energy s o u r c e  is i n  t h e  form of a l i g h t  beam. 
p e n e t r a t e s  t h e  plasma product ion  chamber, bu t  a l s o  ex tends  t h e  energy inpu t  
through t h e  g e n e r a t o r ,  and t h u s  may d e p o s i t  t h e  inpu t  energy unevenly 
throughout  t h e  plasma. 

The e x i s t i n g  

The l i g h t  beam not  on ly  

From a s i m p l i f i e d  model computation, t h e  tempera ture ,  v e l o c i t y ,  and 
e l e c t r i c a l  c o n d u c t i v i t y  d i s t r i b u t i o n  were ob ta ined .  
cu rves  from t h e  c e n t e r  of t h e  channel t o  t h e  e l e c t r o d e  a t  d i f f e r e n t - p o i n t s  
a long  t h e  a x i a l  d i r e c t i o n  are shown i n  t h e  F igu res  9 ,  10, 11, and 12 .  
The v a r i a b l e s  were non-dimensionalized so  t h a t  t h e  numbers i n  t h e  f i g u r e s  
are desc r ibed  w i t h  t h e  s c a l e d  va lues .  
w a s  ob ta ined  wi th  t h e  assumption of a t u r b u l e n t  channel  f low.  
proach is reasonable ,  since t h e  MHD f low u s u a l l y  h a s  a t u r b u l e n t  f low 
p r o f i l e .  Based upon t h e  v e l o c i t y  p r o f i l e ,  t h e  tempera ture  and electrical  
c o n d u c t i v i t y  f o r  t h e  medium w e r e  c a l c u l a t e d .  The tempera ture  p r o f i l e s  i n  
F igu re  10 are s c a l e d  by t h e  uniform w a l l  temperature .  By c o n s i d e r i n g  t h e  
e l e c t r o n  m o b i l i t y  and plasma tu rbu lences  w i t h  t h e  above v e l o c i t y  and temp- 
e r a t u r e  p r o f i l e s ,  t h e  e f f e c t i v e  e l e c t r i c a l  c o n d u c t i v i t y  w a s  computed and 
is shown i n  F igure  12. The e l e c t r i c a l  c o n d u c t i v i t y  is s i g n i f i c a n t l y  a f -  
f e c t e d  (as much as 55 pe rcen t )  by the e l e c t r o n  m o b i l i t y  and t h e  plasma t u r -  
bulence (which i s  a l s o  a f u n c t i o n  of t empera tu re ) .  From t h e  above computa- 
t i o n a l  results, t h e  average  v a l u e s  of v e l o c i t y ,  t empera ture ,  and e f f e c t i v e  
e lectr ical  c o n d u c t i v i t y  are obta ined .  These average  v a l u e s  can  be used t o  
c a l c u l a t e  t h e  Hall parameter  and the g e n e r a t o r  c o e f f i c i e n t  which are, i n  
t u r n ,  used t o  c a l c u l a t e  t h e  power output  d e n s i t y  and t h e  e f f i c i e n c y .  The 
power ou tpu t  d e n s i t y  and t h e  e f f i c i e n c y  cons ide r ing  t h e  e l e c t r o n  m o b i l i t y  
and plasma tu rbu lence  was 0.2254 W/cm3 and 43 percen t .  
improved by op t imiz ing  t h e  d e s i g n  of t h e  channel .  
p u t  d e n s i t y ,  an e f f i c i e n c y  of  54 percent  is c a l c u l a t e d  based on t h e  e l e c t r o n  
d e n s i t y  of 1 .315 x 1019/cm3, t h e  medium average  tempera ture ,  2500 K, and ig -  
no r ing  t u r b u l e n t  e f f e c t s  and non-equilibrium i o n i z a t i o n .  Table  V I 1  shows 
c:.c Faraaeters of a MHD g e n e r a t o r  used f o r  t h e  t w o  cases. 

T h e s e  d i s t r i b u t i o n  

The v e l o c i t y  p r o f i l e  i n  F igu re  9 
T h i s  ap- 

These v a l u e s  can  be  
For t h e  same power out -  
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CONCLUSIONS 

In conclus ion ,  t h e  l i t e r a t u r e  survey  and t h e  s i m p l i f i e d  model c a l c u l a t i o n s  
show t h a t  based on i t s  e f f i c i e n c y  and power d e n s i t y ,  t h e  l a s e r - d r i v e n  MHD sys-  
t e m  is  pract ical  and may have a p p l i c a t i o n s  f o r  f u t u r e  s p a c e c r a f t  energy system 
in space .  

From t h e  s i m p l i f i e d  model t h e  g e n e r a t o r  e f f i c i e n c y  is 53.5 p e r c e n t ,  i f  t u r -  
bulence and non-equilibrium i o n i z a t i o n  are ignored. 
i n t o  account ,  the e f f i c i e n c y  is  reduced t o  43 .2  p e r c e n t .  

I f  t h e s e  e f f e c t s  are t aken  

F u r t h e r  d e t a i l e d  t h e o r e t i c a l  and expe r imen ta l  a n a l y s i s  of t h e  laser- 
d r i v e n  MHD gene ra to r  are necessa ry  t o  r e a l i z e  a h igh  p o t e n t i a l  f o r  space  ap- 
p l i c a t i o n .  

16 
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FIGURE 4 .  BREAKDOWN THRESHOLD FOR A r  (PRESSURE 5.2 x 10' 
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FIGURE 7.  BREAKDOWN THRESHOLD A S  A FUNCTION O F  
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FIGURE 8. FMD CHANNEL 

J is  t h e  c u r r e n t  d e n s i t y  a long  t h e  y d i r e c t i o n  

B i s  t h e  magnetic f l u x  a l o n g  t h e  x d i r e c t i o n  

U i s  the  v e l o c i t y  a l o n g  the z d i r e c t i o n  

H is  t h e  h e i g h t  of t h e  g e n e r a t o r  between e l e c t r o d e s  

W i s  t h e  width of t h e  g e n e r a t o r  

L i s  t h e  l e n g t h  of  t h e  g e n e r a t o r  

. 
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FIGURE 9. CALCULATED VELOCITY PROFILE OF TURBULENT FLOW 
I N  THE MHD CHANNEL 

The v e l o c i t y  is  t h e  r a t i o  of a l o c a l  v e l o c i t y  
based on t h e  v e l o c i t y  Uc a t  t h e  ax ia l  c e n t e r  
of the generator 
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FIGURE 10. CALCULATED TEMPERATURE PROFILES AT T H E E  DIFFEKENT 
LOCATIONS FROM THE ENTRANCE OF THE MHD CHANNEL 

The  c o n s t a n t  w a l l  t e m p e r a t u r e  of 1 0 0 0  k w a s  used i n  
t h e  c a l c u l a t i o n  
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TABLE 111. ALKALI METAL PARAMETERS 

GAS 
RESONANCE RADIA- IONIZATION PERCENT LENGTH FOR 90% 
TION WAVELENGTHS POTENTIAL IONIZATION ABSORPTION 

(A) (ev) T=2500 K, P=760 torr T=2500 K ,  P=760 torr 

POTASSIUM 7665 
7669 4.45 3 .3  52 c m  

I 8521 
8944 3.87 12. 50 c m  

1 SODIUM 
I 

5890 
5896 5.12 0 . 7  50 em 
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TABLE ‘4. BADAYETEP,S ?!ECESSAP,Y FOR CALCULATING THE MHn GENERATnR 
PERFOWLAN C E 

NECESSARY FOR Tw 17 DUCT WALL TEMPERATURE 

1 NO. PARAMETERS SYMBOL CODE REMARKS I 
TYPE OF GAS 

TYPE OF SEED MATERIAL 

COMPOSITION RATIO, SEED/GAS 

AMOUNT OF SEED 

GAS DENSITY N 

SEED GAS DENSITY 

MOLE FRACTION OF SEED F 

INITIAL ELECTRON DENSITY N 

IONIZATION POTENTIAL v 

g 

Ncs 

0 

NECESSARY FOR 

CALCULATING THE 

STATE VARIABLES 

AND THE ELECTRICAL 

CONDUCTIVITY 

10 CHARGE OF THE ATOM Z 

11 TOTAL PRESSURE P 

0 
12 INITIAL ELECTRON TEMPERATURE T, 

13  DUCT LENGTH 

14 DUCT WIDTH 

z or R 

x or W 

GEOMETRY 

18 MAGNETIC FIELD INTENSITY B 

19 FLOW RATE til 

20 GENERATOR COEFFICIENT K 

CALCULATING THE 

MHD OUTPUT POWER 

i 1 21 LOAD CURRENT I 

22 INTERACTION COEE’FICENT 1 
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TABLE VI. LASER-PLASMA INTERACTION PARAMETERS USED 
FOR LASER-DRIVEN MHD 

LASER 

WORKING FLUID 

BREAKDOWN 
THRESHOLD 
LASER POWER 

LASER POWER 

AVERAGE MEDIUM 
TEMPERATURE IN 
THE GENERATOR 
VOLUME 

ELECTRON 
DENSITY 

PROPAGATING 
VELOCITY 

PLASMA LENGTH 

PLASMA RADIUS 

SEED MATERIAL 

10.6~ C02 PULSED 

AIR - 1 atm 

6 2 1.3 x 10 W/cm 

100 - 150 J, 200 ns 
10 Hz (EQIUV. CW MODE 50 - 75 MW) 

- > 1600 K 

lo6 - 10 7 cm/s 

15 cm 

1 cm 

CESIUM 

, 
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TABLE VII. COMPARISON OF EFFECTS OF TURBULENCE AND 
NON-EQUILIBRIUM IONIZATION 

- ~~ 

PARAMETERS 

geometry 

TURBULENCE AND 
NON-EQUILIBRIUM 
IONIZATION 
IGNORED 

~- 

rectangle cross 
section 

1.315~10 

2 500 

0.3360 

0.231 

3.17 

0.225364 

**0.420961 

19 

53.5 

TURBULENCE AND NON-EQUILIBRIUM 
IONIZATION TAKEN INTO ACCOUNT 

rectangle cross section 

19 1.315~10 

2500 (3100 *) 

0.3180 

0.2843 

2.31 

0.225364 

0.521918 

43.2 

* The temperature necessary to achieve the efficiency of 53.5% 
= (n KT )AU per unit volume where ‘in e e  ** Based on Te, n and U, e 

A is the cross section area 
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