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Abstract  

The performance of a noble gas PMD generator 
a t  s tagnat ion temperatures of 2000 K and lower 
has been inves t iga ted  experimentally i n  t h e  MEID 
shock tunnel  f a c i l i t y .  The e l e c t r i c a l  power be- 
comes equal  t o  zero a t  s tagnat ion temperatures 
around 1700 K. The decrease of t h e  power i s  ac-
companied by a s t rong  increase i n  t h e  i n l e t  re-
laxa t ion  length.  The r e s u l t s ,  including t h e  
minimum s tagna t ion  temperature of 1700 K ,  a re  
s t rongly  dependent on the  magnetic induction. A t  
an i n l e t  s tagnat ion temperature of 2000 K a maxi- 
mum enthalpy e x t r a c t i o n  of 11.5%. was achieved. It  
follows from f a s t  photography observat ions t h a t  
a t  low s tagna t ion  temperatures t h e  discharge i s  
s t rongly  inhomogeneous. The observed streamer 
ve loc i ty  agrees with the  ca lcu la ted  gas ve loc i ty  
i n  the  core flow. Close t o  t h e  e lec t rode  wall  
d i f f e r e n t  streamer v e l o c i t i e s  a r e  observed. The 
r e l a t i v e  f l u c t u a t i o n s  measured i n  t h e  electrode 
c u r r e n t s  and t h e  e l e c t r o n  number dens i ty  a re  
l a r g e r  a t  low stagnat ion temperatures than a t  
high s tagna t ion  temperatures. The r e l a t i v e  f luc-
t u a t i o n  l e v e l  i n  t h e  e lec t ron  temperature d id  no t  
change wi th  t h e  s tagnat ion temperature. Cross  
c o r r e l a t i o n  funct ions have been generated f o r  t h e  
f l u c t u a t i o n s  of cur ren ts  a t  d i f f e r e n t  e lectrodes.  
A t  low a s  well a s  a t  high s tagnat ion temperatures 
l a r g e  c o r r e l a t i o n  c o e f f i c i e n t s  a r e  found. Time 
s h i f t s  correspond t o  a ve loc i ty  which agrees with 
t h e  ca lcu la ted  gas veloci ty.  The measured charac- 
t e r i s t i c s  of t h e  f l u c t u a t i o n s  a r e  appl ied t o  d i f -  
f e r e n t  models of discharge s t r u c t u r e .  

I .  Introduct ion 

Nonequilibrium P-WD generators  w i l l  beoperated 
a t  an i n l e t  s tagna t ion  temperature of 2000 K. A s  
t h e  enthalpy e x t r a c t i o n  has t o  be above 208, suf-
f i c i e n t  e l e c t r i c a l  conduction should be rea l ized  
a t  s tagna t ion  temperatures below 1600 K near t h e  
e x i t .  For supersonic generators  t h i s  means t h a t  
by nonequilibrium ion iza t ion  an appreciable  elec-  
t r i c a l  conduct ivi ty  has t o  be achieved a t  gas 
temperatures below 1000 K. 

I n  o rder  t o  ob ta in  more information on t h e  
behaviour of noble gas PHD generators  a t  t h e  low 
temperature l i m i t ,  t h i s  s i t u a t i o n  has been s tu-
d i e d  experimentally i n  the  Eindhoven shock tunnel  
genera tor .  Because t h e  channel length (80 cm) i s  
small  and t h e  maximum magnetic induction (3.3 T) 
low, it i s  not  poss ib le  t o  achieve 20% enthalpy 
e x t r a c t i o n  a t  an i n l e t  s tagnat ion temperature of 
2000 K.  Therefore, t h e  i n l e t  s tagnat ion tempera- 
t u r e  has been var ied  from about 2200 down t o  
t h e  value where the  power production s tops .  

I t  has been observed e a r l i e r  t h a t  the  d i s -  
charge s t r u c t u r e  i n  a nonequilibrium generator is 
inhomogeneous lfl 2 .  Because t h i s  inhomogeneity be- 
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comes very pronounced a t  low temperatures, the  
discharge is  s tud ied  i n  more d e t a i l  with an 
image converter  s t r e a k  camera. The purpose of 
t h i s  p a r t  of the  work i s  t o  provide i n  a more ex-
tens ive  s e t  of  experimental d a t a  on discharge 
s t r u c t u r e s  a t  d i f f e r e n t  magnetic induct ions and 
d i f f e r e n t  s tagna t ion  temperatures. 

A s  descr ibed i n  Ref.3 f l u c t u a t i o n  a n a l y s i s  i n  
IMD generators  i s  a s u b s t a n t i a l  p a r t  of  our expe-
rimental program. The main t o p i c  now is  t o  pre- 
d i c t  the  e lec t rode  c u r r e n t s  and e l e c t r i c  power 
output using t h e  measured e l e c t r i c  f i e l d s  and 
measured values of e l e c t r o n  dens i ty  and e lec t ron  
temperature i n c l u d i n g t h e i r f l u c t u a t i o n s .  To do 
t h i s  two models f o r  t h e  plasma inhomogeneities 
have been employed a t  s tagna t ion  temperatures 
around 2000 K. The f i r s t  i s  t h e  layer  model in-
cluding a s t r e a m e r a n g l e  and t h e  second i s  based 
on a model with i s o t r o p i c  inhomogenities. 

11. Experimental arrangement 

The IWD shock tunne l  f a c i l i t y  has been descr i -  
bed e a r l i e r 4 .  For t h e  experiments described here 
a lexan channel was used with diverging insula-  
t o r  wal l s  and p a r a l l e l  e lec t rode  walls.  The 
length is 80 cm. The i n l e t  c ross  s e c t i o n  is  
3.8 x 12 cm2, t h e  e x i t  c ross  sec t ion  12 x 12 cm2. 
Cyl indr ica l  s t a i n l e s s  s t e e l  e lec t rodes  have been 
countersunk h a l f  way i n  t h e  walls .  Their  diameter 
i s  7 mm and t h e i r  mutual d i s tance  2.5 cm. The in-  
l e t  Plach number of t h e  channel is 1.6. A simple 
pre- ionizat ion system was used by applying an 
ex te rna l  vol tage from a b a t t e r y  of 290 V t o  t h e  
f i r s t  two e lec t rode  p a i r s .  

The working gas is  cesium seeded argon. Recom-
bina t ion  rad ia t ion ,  l i n e  r e v e r s a l  method, piezo- 
e l e c t r i c  pressure t ransducers  and e l e c t r i c  probes 
a r e  employed a s  d iagnos t ics .  The s tagna t ion  con-
d i t i o n s ,  t h e  measured pressures  and t h e  measured 
cur ren ts  a r e  used a s  an input  i n  a gasdynamical 
program i n  which t h e  one-dimensional s t a t i o n a r y  
gasdynamic equat ions a r e  solved t o  ob ta in  t h e  
gas tempera ture ,p ressure  and ve loc i ty  a s  a func-
t i o n  of t h e  d i s tance  i n  t h e  channel. 

For t h e  ana lys i s  of t h e  f l u c t u a t i o n s ,  s i g n a l s  
a r e  recorded on magnetic tape a t  high tape  speed 
(240n/s) and played back a t  low tape speed 
(15/16"/sl. The data  handling h a s  been described 
i n  Ref.3. 

111. Generator performance 

Current d i s t r ibu t ionsa long  t h e  generator  a t  
severa l  s tagnat ion temperatures a r e  given i n  
Fig.1. For a l l  t h e  runs presented t h e  magnetic 
induction was around 3 T. Lower s tagna t ion  tempe- 
r a t u r e s  have been t r i e d ,  b u t  no power production 
was observed. From t h e  gasdynamical program t h e  
s tagnat ion temperature i n t e r v a l  of each run has 
been ca lcu la ted .  The i n t e r v a l s  a r e  ind ica ted  i n  
Fig.1 and p l o t t e d  i n  Fig.2. It i s  assunied i n  
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these c a l c u l a t i o n s  t h a t  t h e  h e a t  d i ss ipa ted  i n  
the  e lec t rode  boundary l a y e r  remains i n t h e  gas. I£ 
p a r t  of t h a t  h e a t  is  considered a s  a l o s s ,  then 
the  e x i t  s tagna t ion  temperatures a r e  lower by an 
amount determined by t h e  t o t a l  c u r r e n t  and the 
voltage drop. Roughly t h e  maximum e f f e c t  is an 
increase of t h e  s tagna t ion  temperature i n t e r v a l  
by a f a c t o r  1.5 a t  a vo l tage  drop of  50 V. I t  
can be seen from Fig.2 t h a t  no s tagna t ion  tempe- 
r a t u r e s  below t h e  l e v e l  of  1700 K could be rea-
l i z e d  i n  a power producing working gas. The 
decrease of t h e  e l e c t r i c a l  power with t h e  i n l e t  
s tagnat ion temperature . i s  presented i n  Fig.3. I n  
order t o  take i n t o  account smal l  v a r i a t i o n s  i n  
the  magnetic induct ion the  power has  been taken 
r e l a t i v e  t o  t h e  square of t h e  magnetic induction. 
In  t h i s  f i g u r e  a l s o  those runs with an i n l e t  
s tagnat ion temperature around 1700 K a r e  included, 
where no power production has been measured. With 
a load r e s i s t a n c e  of  1.26 R a s  wel l  a s  2.26 Cl t h e  
power drops t o  zero between 1700 and 1800 K i n l e t  
s tagnat ion temperature. With an i n l e t  Mach number 
of 1.6 t h e  gastemperature i s  then between 915 and 
970 K. 

In  s p i t e  of t h e  pre- ionizat ion system a consi- 
derable  increase  of t h e  r e l a x a t i o n  leng th  with 
decreasing s tagna t ion  temperature h a s  been obser- 
ved, i n  agreement w i t h  the  r e s u l t s  of  Ref.5 which 
r e f e r  t o  experiments without pre- ionizat ion.  A t  
s tagnat ion temperatures around 2000 K t h e  i n l e t  
re laxa t ion  length could be reduced by pre-ioniza- 
t ion .  A t  s tagnat ion temperatures below 2000 K t h e  
pre- ionizer  discharge could n o t  be maintained by 
the plasma downstream. In  Fig.4 t h e  increase  of 
the  re laxa t ion  leng th  and t h e  decrease of the 
maximum c u r r e n t  with decreasing i n l e t  s tagnat ion 
temperature has been v i sua l ized .  The re laxa t ion  
length i s  represented by t h e  e l e c t r o d e  number a t  
which h a l f  t h e  maximum c u r r e n t  i s  achieved. A l -
though both e f f e c t s  a r e  s i g n i f i c a n t ,  it seems t h a t  
the growth of t h e  re laxa t ion  leng th  i s  a f a s t e r  
process than t h e  reduct ion of  t h e  maximum current ,  
when i n l e t  s tagna t ion  temperatures become smaller.  

A s tagna t ion  temperature.of  1700 K should no t  
be considered a s  an abso lu te  low performance 
l i m i t  of t h e  Nf3D conversion process .  I n  the  f i r s t  
place a low s tagna t ion  temperature a t  t h e  i n l e t  
is not completely analogeous t o  a low stagnat ion 
temperature a t  t h e  e x i t  of a generator .  Presuma-
b ly  of even more importance i n  t h e  inf luence of 
the magnetic induct ion on t h e  r e s u l t s .  Fig.5 
shows t h e  c u r r e n t  d i s t r i b u t i o n  along t h e  genera- 
t o r  a t  var ious values of  t h e  magnetic induction 
between 2.0 and 3.3 T. Q u a l i t a t i v e l y  t h e  e f f e c t  
of decreasing magnetic induct ion i s  t h e  same a s  
decreasing s tagna t ion  temperature: a decrease of 
the maximum c u r r e n t  accompanied by an increase of 
the i n l e t  re laxa t ion  length.  A s  a r e s u l t  of t h e  
var ia t ion  of t h e  re laxa t ion  l e n g t h  t h e  e l e c t r i c a l  
power of t h e  generator  i s  very s t r o n g l y  dependent 
on the  magnetic induct ion.  I t  i s  shown i n  Fig.6 
t h a t  t h i s  dependence is s t ronger  t h a n  quadrat ic .  
The analogy between t h e  in f luence  of t h e  magnetic 
induction and of t h e  s tagna t ion  temperature on 
the  cur ren t  behaviour suggests  t h a t  a t  higher  
magnetic induct ions power production may.be rea- 
l i z e d  a t  lower s tagna t ion  temperatures than 1700K. 

The maximum power obtained a t  an i n l e t  stagna- 
t i o n  temperature of 2000 K is 240 kW. In  t h a t  
case t h e  enthalpy extract ion i s  11.5% ( a  reduc- 
t i o n  of 10 kW because of t h e  power f o r  t h e  pre- 
ion izer  has  been taken i n t o  account).  The sca t te -  
r ing  i n  t h e  points  of Fig.6 i s  a t t r ibu ted  t o  
i r r e g u l a r i t i e s  i n  the  seed in jec t ion .  An enthalpy 
ex t rac t ion  of 11.5% is  considered as  a maximum 
value which can be achieved a t  t h e  given experi- 
mental conditions. 

The long relaxat ion region obtained a t  low 
stagnat ion temperatures o r  low magnetic induc- 
t i o n s  cannot be  described by one-dimensional cal-
cu la t ions ,  because those calculat ions p red ic t  a 
s teep  increase of t h e  current .  Two-dimensional 
analyses y i e l d  relaxat ion leng ths  about equal t o  
t h e  he igh t  of t h e  channel6, whereas the  experi- 
ments show a relaxat ion region which can be ex-
tended over severa l  times t h e  channel height ,  
depending on t h e  magnetic induction and the  i n l e t  
s tagnat ion temperature. Because i n  a l l  the expe- 
riments t h e  long relaxat ion lengths a r e  accompa- 
nied by s trong f luctuat ions measured i n  the  radi-  
a t ion  i n t e n s i t i e s  a s  well a s  i n  the  cur ren ts ,  it 
is  bel ieved t h a t  a proper descript ion of the re-
laxat ion region has t o  include the  character is-  
t i c s  of t h e  discharge s t ruc ture  and the  corres- 
ponding f luc tua t ions  of the quant i t i es  involved. 
Because of t h e i r  e s s e n t i a l  ro le ,  discharge s t ruc-  
tu re  and f luc tua t ion  charac te r i s t i cs  a re  s tudied 
i n  more d e t a i l .  

I V .  Discharge s t ruc ture  

The s t r u c t u r e  of the discharge has been inves- 
t i g a t e d  with an image converter camera. Streak 
p ic tures  of the  plasma i n  the core flow have been 
taken a t  d i f f e r e n t  stagnation temperatures, mag-
n e t i c  inductions and load resis tances.  The condi- 
t i o n s  of t h e  runs considered a re  l i s t e d  i n  Table 
I. A t y p i c a l  s t reak  picture i s  given i n  Fig.7. 

The t o t a l  s t reak  time is  140 ps and t h e  projec- 

t i o n  of t h e  length of the s l i t  on the plasma i s  

2.0 cm. The f igure shows an inhomogeneous dis-
charge: a "streamer s t ruc ture" ,  a s  observed i n  
~ e f s land 2. A l l  streamers apparently move with 
the same ve loc i ty ,  which i s  a l so  constant during 
t h e  s t reak  time. Also the dimension of the  
streamers does not change during the  time of ob-
servation. Fig.7 corresponds t o  a s tagnat ion tem- 
perature of 3500 K. A t  s tagnat ion temperatures of 
about 2000 K l e s s  streamers per s t r e a k  time a r e  
observed, but  they a l s o  have constant dimension 
and constant  veloci ty.  The streamer v e l o c i t i e s ,  
which immediately follow from the  angle appearing 
on t h e  s t r e a k  p ic ture ,  a re  compared with t h e  gas 
ve loc i ty  calculated from t h e  gasdynamical program 
(Table I ) .  I t  appears t h a t  the  calculated gas 
ve loc i ty  and t h e  observed streamer veloci ty agree 
within about 10%. This is  i n  agreement with t h e  
r e s u l t  of f luc tua t ion  analyses, where the  same 
conclusion follows from the cor re la t ion  between 
currents  of d i f f e r e n t  e lectrodes3.  The f a c t  t h a t ,  
even a t  high magnetic in te rac t ion  (Lorentz force 
l a r g e r  than pressure g r a d i e n t ) ,  t h e  streamers re-
main frozen i n  t h e  gas flow demonstrates t h a t  
there  i s  a s t rong  f r i c t i o n a l  in te rac t ion  between 
the  streamer and the gas flow. 
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Some s t r e a k  observations were performed of t h e  
plasma close t o  t h e  electrode wall a t  a d i s tance  
of 6 mm. The observed streamer ve loc i ty  i s  then no 
longer  constant  but has an i r regular .  character .  
This  behaviour can be explained by assuming t h a t  a 
streamer while moving with t h e  gas flow c h a n g e s i t s  
connection with t h e  electrodes by jumping from one 
e lec t rode  t o  t h e  next one (Compare Refs.7,8 and 9). 

V. Fluctuation analysis  

In  t h i s  sec t ion  a f luc tua t ion  ana lys i s  is  
appl ied t o  experiments a t  a s tagnat ion tempera- 
t u r e  i n t e r v a l  between 1840 and 2000 K.  The model 
of ~ o s a l @i s  used i n  which the  non-uniformities 
have the form of p a r a l l e l  l ayers  of high and low 
e l e c t r i c a l  conductivity. The model i s  shown i n  
Fig.8. In t h i s  f igure  t h e  gas flow u i s  i n  t h e  
x-direction and the  magnetic induction B i n  the 
z-direct ion.  A r e l a t i o n  between the  average of the  
c u r r e n t  dens i ty  and t h e  e l e c t r i c  f i e l d  can be 
derived1' f o r  t h i s  model with $ = 0: 

I n  eq.1 u is the  l o c a l  conduct ivi ty ,  B the l o c a l  

Hall-parameter, p = < -1 + R ~ > - ~  and 

< E " >  = <E - LIB>.The average < > is  equal t o  

Y Y 


ds. Further  we suppose the thickness  of the 

l a y e r s  with d i f f e r e n t  plasma proper t ies  small 
compared t o  S and t o  the height  of the  channel. 
Boundary e f f e c t s  a re  not taken i n t o  account. 
For $ $ 0 Ohm's law can a f t e r  a coordinate 
t ransformation be wr i t t en  a s :  

<J > = {pcos2$ + <a>sin2$- <f3>2psin2$] <Ex> 
X 

Eq.2 now can b_e writ_ten>n t h e  simple two-dimen- 
s i o n a l  form < J >= Ze <E2:>. The elements of 5, 
a r e  a funct ion of $ and they a r e  a l l  d i f f e r e n t .  
Only f o r  $ = 0 t h e  element oexy = - u = - <B>p.

eyx 

Electron temperature and e lec t ron  dens i ty  and 
i t s  f l u c t u a t i o n s  a r e  measured by t h e  recombination 
r a d i a t i o n  a t  two wavelengths (4102 and 4897 8) a s  
described i n  Ref.3. The o p t i c a l  system was loca-
t e d  a t  t h e  14th e lec t rode  p a i r .  Fig.9 shows t h e  
recombination rad ia t ion  a t  4102 8 f o r  severa l  
s tagnat ion temperatures. It follows from t h e  pic- 
t u r e s  t h a t  t h e  r e l a t i v e  f luc tua t ion  l e v e l  is  
growing with decreasing s tagnat ion temperature. 
The magnetic induction i s  near ly  t h e  same f o r  a l l  
these  runs. Run 1864 a t  1830 K s tagnat ion tempe- 
r a t u r e  and 2.85 T shows well pronounced regions 
of high and low i n t e n s i t i e s ,  which means high and 

low e lec t ron  d e n s i t i e s .  These regions pass  t h e  
o p t i c a l  system w i t h  a ve loc i ty  about equal  t o  t h e  
gas veloci ty.  Apparently these  regions a r e  frozen 
i n  t h e  gas flow. This conclusion is  supported by 
s trong c o r r e l a t i o n  between t h e  rad ia t ion  and 
neares t  e lec t rode  cur ren t .  This c o r r e l a t i o n  is  
i l l u s t r a t e d  i n  Fig.10. Because t h e  non-uniformi- 
t i e s  a r e  frozen i n  the  gas flow time averages and 
space averages i n  t h e  x-direction a r e  equal.  Given 
t h e  ve loc i ty  of t h e  gas (about l@OOm/s) t h e  thick-  
ness  of the  non-uniformities is  around 1 cm 
(Fig. 9 f )  . 

From the  r a d i a t i o n  measurements a p r o b a b i l i t y  
densi ty funct ion is found f o r  t h e  e l e c t r o n  densi- 
t y  ne. :sing the  l o c a l  expressions 

eLn 
o = - and 8=-eB 

mew mev (n,) 

t h e  tensor  elements of ze can be ca lcu la ted  f o r  
each run. The elements a r e  still a funct ion of $. 
I n  Eq.3 Coulomb c o l l i s i o n s  a r e  taken i n  account. 
Table I1 shows t h e  values f o r  < u > ,  < b > ,  uexx, 
uexy and ueyy f o r  $ = 0 f o r  a number o f  runs. 
Fur,zher it shows t h e  average f i e l d s  <Ex> and 
<Ei5 measured by probes i n  t h e  wall  of t h e  genera- 
t o r  channel. The values of uB a r e  taken from the  
gasdynamical program. The l a s t  four  colums con-
t a i n  t h e  ca lcu la ted  values <Jx>,< J > and

Y
<J> = d < J ~ > '  + <J >.y using Eq.2. Further  J14 ,  
t h e  measured curren% dens i ty  a t  t h e  14th e lec t ro-  
de p a i r ,  which i s  near the  o p t i c a l  system, i s  
given. I f  it is  assumed t h a t  the t o t a l  c u r r e n t  i n  
t h e  bulk of t h e  plasma flows i n t o  t h e  e lec t rodes ,  
it can be concluded from the  t a b l e  t h a t  t h e r e  is  
a good agreement between t h e  ca lcu la ted  <J> and 
t h e  measured J14. 

The next  s t e p  i n  our ana lys i s  is t o  i n v e s t i g a t e  
how the  ca lcu la ted  cur ren t  d e n s i t i e s  <Jx> and 
<Jy>depend on t h e  angle of t h e  streamers. 
Using t h e  rad ia t ion  measurements we c a l c u l a t e  
<Jx>,<Jy>and <J>from Eq.2 a s  a funct ion of  $. 
I t  follows t h a t  <J> and <Jx>j<Jy>a r e  only weak 
funct ions of $. Since t h e  d i r e c t i o n  of t h e  inho- 
mogenities is not  s t rongly  r e l a t e d  t o  t h e  cur ren t  
densi ty we may use the two-dimensionaltheory of 
1.l.Martinez-sanchezll. This theory is based on a 
c e r t a i n  c l a s s o f  unbounded plasmas with i s o t r o p i c  
inhomogenities. I n  t h i s  case t h e  two-dimensional 
e f f e c t i v e  Ohm's law reads a s  follows: 

with 

The same procedure as  described i n  Ref .3 i s  used 
t o  ca lcu la te  ue and Be. Then, <Jx> and <J > can

Y
be found using the  measured k ie lds  <Ex' and <&>

Yand Eq.4. The r e s u l t s  a r e  shown i n  Table 111. 
Again there  i s  a good agreement between t h e  
ca lcu la ted  cur ren t  dens i ty  <J>and the  measured 
one a t  e lec t rode  p a i r  14. 
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The energy equat ion f o r  e l e c t r o n s  i n  i t s  s i m -
p l e s t  form i s  a s  follows 

i n  which t h e  l e f t  hand s i d e  is  t h e  Ohmic hea t ing  
and t h e  r i g h t  hand s i d e  t h e  e l a s t i c  l o s s  term, vei  
is t h e  c o l l i s i o n s  frequency between e l e c t r o n s  and 
cesium ions ,  veh t h e  c o l l i s i o n  frequency between 
e l e c t r o n s  and argon atoms. me i s  t h e  e l e c t r o n  mass, 
ms t h e  mass of a cesium atom and mh of an argon 
atom. ?The r i g h t  hand s i d e  o f  Eq.6 can be ca lcu la -  
t e d  using themeasuredaverage valuesof ne and Te. 
The l e f t  hand s i d e  can be c a l c u l a t e d  f o r  t h r e e  
d i f f e r e n t  s i t u a t i o n s :  
a.  	using t h e  model with v e r t i c a l  s t reamers ($I = 0)  , 
b. 	 us ing  t h e  model with @ = a r c t a n  (-<Jx>/<Jy > ) 

which means t h a t  t h e  average 
c u r r e n t  dens i ty  has  t h e  same d i r e c t i o n  a s  t h e  
s t reamer,  and 

c .  	us ing  11. Martinez-Sanchez1 model f o r  i s o t r o p i c  
inhomogenities. The r e s u l t s  of  t h e  c a l c u l a t i o n s  
a r e  c o l l e c t e d  i n  Table I V .  The t a b l e  shows t h a t  
a t  t h e s e  low s tagna t ion  temperatures  agreement 
can be obtained f o r  two models: t h e  i s o t r o p i c  
model o r  t h e  model with a wel l  def ined  angle $I 
with  0 < $I < a r c t a n  (- < Jx>/<J > ) .

Y 

Conclusions 

The generator  performance has  been inves t iga ted  
f o r  i n l e t  s tagna t ion  temperatures equal  and below 
2000 K. No power production was measured a t  s tag-  
na t ion  temperatures  lower than 1700 K. The 
decrease  of  t h e  e l e c t r i c a l  power i s  caused by a 
s t rong  increase  of  t h e  i n l e t  r e l a x a t i o n  leng th  i n  
combination with a gradual  decrease  of  t h e  maxi- 
mum c u r r e n t .  The s tagna t ion  temperature of  1700 K 
should n o t  be  considered a s  an abso lu te  minimum, 
f o r  power product ion,  e s p e c i a l l y  because o f  t h e  
observed in f luence  of t h e  magnetic indcut ion.  I t  
is  expected t h a t  t h e  medium w i l l  s t i l l  be s u f f i -  
c i e n t l y  e l e c t r i c a l l y  conductive a t  s tagna t ion  
temperatures belowe 1700 K i f  magnetic induct ions 
l a r g e r  than 3 T a r e  appl ied.  A t  an i n l e t  stagna- 
t i o n  temperature o f  2000 K a maximum enthalpy 
e x t r a c t i o n  of 11.5% has  been achieved. 

I t  fol lows from f a s t  photography observat ions 
t h a t  t h e  discharge has an inhomogeneous s t r u c t u r e  
under a l l  experimental condi t ions  considered. The 
streamer s t r u c t u r e  is more pronounced a t  low stag-  
na t ion  temperatures. The s treamers move through 
the  genera tor  f rozen i n  t h e  bulk o f  t h e  gas, a l s o  
i n  c a s e s  when t h e  Lorentz f o r c e  is  l a r g e r  than t h e  
pressure  g r a d i e n t ,  which demonstrates a l a r g e  
f r i c t i o n a l  i n t e r a c t i o n  between t h e  s t reamers and 
the  gas  flow. Close t o  t h e  e l e c t r o d e  wal l  t h e  
s t reamer v e l o c i t y  i s  i r r e g u l a r  and no longer  equal  
t o  t h e  gas  v e l o c i t y ,  which may be explained by 
changes i n  t h e  connections between s treamers and 
e lec t rodes .  

Going down i n  s tagna t ion  temperature (from 3500 
t o  2000 K) t h e  r e l a t i v e  f l u c t u a t i o n  l e v e l  i n  e lec -  
t r o d e  c u r r e n t  as wel l  asinelectrondensitybecomes 
higher .  There is no s i g n i f i c a n t  change i n  e lec t ron  

temperature f luctuat ion leve l ,  it remains 10%. A 
s t rong cor re la t ion  is observed between electrode 
cur ren ts  and the radiat ion a t  the  same posi t ion 
i n  t h e  generator channel. The model with nonuni- 
formit ies  i n  the  form of p a r a l l e l  l ayers  p red ic t s  
cur ren t  dens i t i es  which a r e  close t o  the  measured 
ones. The t o t a l  current  densi ty and i t s  direct ion 
is  nearly independant of t h e  chosen streamer 
angle. The theory based on i so t rop ic  inhomogeni- 
t i e s  i n  t h e  plane perpendicular t o  the  magnetic 
f i e l d  p red ic t s  current  dens i t i es  which a r e  a l so  
i n  agreement with the  measured ones. 
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Table I. Runs f o r  discharge observations. 
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Table 11. Comparison between ca lcu la ted  and measured cur ren t  d e n s i t i e s  using the  layer  model. 

Table 111. Comparison between ca lcu la ted  and measured c u r r e n t  Table I V .  Electron energy balance check 
d e n s i t i e s  using model of i s o t r o p i c  inhomogenities. f o r  th ree  mentioned cases .  
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Figure 9a. Run 1859: B = 2.84 T, Ts = 3750 K, 
1 4 8 i z  16 20 i4 2'8 35 T = 2420 K,  114= 99.5 A. 

ELECTR. PAIR NUMBER g 

Figure 5. Current  a long t h e  genera tor  a t  var ious  
magnetic induct ions.  
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Figure 6. In f luence  of  t h e  n a p e t i c  induct ion on T = 1050 K ,  Ilg = 88.3 A. 
9

the e l e c t r i c a l  power. 

Figure 7 .  S t reak  p i c t u r e .  

F igure  9c. Run 1865: B = 2.85 T, Ts = 2090 K ,  
T = 1120 K ,  114= 79.4 A. 

9 

Figure 8. Model f o r  streamer nonuniformit ies  i n  an 
PWD g e n e r a t e .  The s treamers have a n , a r b i t r a r y  
angle r$ with y -d i rec t ion .  
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Figure  913.Run 1866: B = 2.74 T, Ts = 2000 K, Figure  10. C o r r e l a t i o n  between r a d i a t i o n  a t  
T = 300 K ,  114= 61 .3  A .  4102 8 (upper t r a c e )  and t h e  e l e c t r o d e  c u r r e n t  

9 (lower t r a c e )  . 

Figure  9e. Run 1875: B = 3.17 T, T, = 1900 K ,  
T = 880 K, II4 = 68.6 A. 

9 

Figure  9f. Run 1864: B = 2.85  T, Ts = 1840 K, 
T = 810 K,  114= 34.3  A. 

9 
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