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. 
SIMPLIFIED MODEL OF SEGMENTED ELECTRODE 

LOSSES I N  NONEQUILIBRIUM MHD GENERATORS 

Myron A .  HoffmarP 

Abstract 

L inea r ,  segmented e l e c t r o d e  MHD g e n e r a t o r s  designed t o  

u t i l i z e  non-equi l ibr ium I o n i z a t i o n  have n o t  yet produced t h e  

expec ted  performance.-  Kerrebrock ( l J 2 )  proposed tha t  t h i s  

could  be due t o  s h o r t i n g  of t he  H a l l  c u r r e n t  a long  the 

e l e c t r o d e  w a l l .  A s i m p l i f i e d  two-layer model o f  these 

impor tan t  g e n e r a t o r  non-uni formi t ies  i s  proposed i n  t h i s  

paper .  S o l u t i o n s  of t h e  r e s u l t i n g  set of a l g e b r a i c  equa- 

t i o n s  e x h i b i t  the  same e s s e n t i a l  behavior  as Kerrebrock ' s  

more complete t h e o r e t i c a l  fo rmula t ion (* ) .  I n  p a r t i c u l a r ,  

t h e  equa t ions  y i e ld  the "normal" and t h e  " shor t ed"  modes 

found by Kerrebrock and permi t  the c a l c u l a t i o n  of the  s t a b i -  

l i t y  boundary between these, modes. 

(1) Xerrebrock, J .L . ,  "Segmented E l e c t r o d e  Losses i n  MHD 
Genera tors  w i t h  N o n e q u i l i b r i m  I m i z a t i o n  - I" 
Avco RR 178, Apr i l  1964. 

( 2 )  Kerrebrock, J .L . ,  "Segmented E l e c t r o d e  Losses i n  NHD 
Genera tors  w i t h  Nonequilibrium I o n i z a t i o n  - 11" 
Avco RR 201, January 1965. 

* Assoc ia t e  P r o f e s s o r  of  Aeronaut ics  and Astron.aut ics ,  
Massachuset ts  I n s t i t u t e  sf T e z h ~ 3 l o g y ,  ~Ca??bz?ldge, Mass. 
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1. Simplified Model 

In order to s o l v e  f o r  the steady state behavior of an 

MHD generator with segmented electrodes, we will start with 

the following steady flow MfED equations without viscosity 

or heat conduction and with steady electric and magnetic 

fields: 

Continuity: 

Momentum: 

Energy: 

Eq. of State: 

Maxwell's Eqs: 

( 3 )  

( 4 )  P = PRT 
(5) 

VRE = 0 ( 7 )  

Current Conservation: ( 8 '  ) 
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Conduct ivi ty:  

where an e f f e c t i v e  energy l o s s  parameter ,  6 J t h e  average  

heavy species mass,IL : and t h e  t o t a l  e l e c t r o n  c o l l i s i o n  

frequency should b e  used f o r  a mixture  o f  gases .  
a 

I n  o r d e r  t o  s o l v e  t h i s  formidable  a r r a y  of  equa t ions ,  

w e  make t h e  fo l lowing  s i m p l i f y i n g  assumptions ( f o l l o w i n g  

Ker re b roc k (192)). Fqrst . ;  we ?a~?-zye C , k ; ~ t  the 5 . r i ~ e ~ i i c ~ ~ u 1 1  

l e n g t h ,  L*, i s  la rge  compared t o  t h e  e l e c t r o d e  spac ing ,  2 L .  

F o r  slowly vary ing  duc t  a r e a ,  t h e  free-stream f l u i d  v e l o c i t y  

and thermodynamic p r o p e r t i e s  can then  b e  assumed t o  b e  con- 

s t a n t  over  a few e l e c t r o d e  spac ings .  Second, w e  i g n o r e  

v iscous  e f f e c t s  i n  the e l e c t r o d e  w a l l  l a y e r .  These assump- 

t i o n s  e s s e n t i a l l y  decouple  the f l u i d  mechanics from the 

e l e c t r i c a l  e f f e c t s .  That i s ,  Eqs. (5-12)  can now be so lved  

independent ly  of  Eqs .  (1 -4 ) ,  u s i n g  ave rage  f l u i d  p r o p e r t i e s .  

The plasma approximation, which was a l r e a d y  i m p l i c i t  i n  

Eqs. ( 2 )  and ( 8 ) ,  decouples  Eq. ( 5 )  from the remaining equa- 

t i o n s .  S i m i l a r l y ,  t h e  assumption o f  small magnetic Reynolds 

number decouples Eq. ( 8 ) ,  and f o r  a uniform magnetic f i e l d  

i n  t h e  z d i r e c t i o n ,  Eq.  ( 6 )  y i e l d s  no new in fo rma t ion .  

These assumptions l e a v e  us w i t h  t h e  t a s k  of s o l v i n g  

E q s .  (7-12) w i t h  a p p r o p r i a t e  boundary c o n d i t i o n s  and w i t h  some 

model o f  the e l e c t r o d e  wa l l  l a y e r .  I n  the s i m p l i f i e d  model 

of t h i s  paper, the assumption i s  made t h a t  w e  can use ave rage  
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va lues  o f  the  e l e c t r o n  and gas temperatures, d e s i g n a t e d  Tew 

and Tw, t o  c h a r a c t e r i z e  t h e  e l e c t r o d e  wall l a y e r  (Em). I n  

a d d i t i o n ,  average  va lues  f o r  a l l  o t h e r  impor tan t  v a r i a b l e s  

i n  each of the two r e g i o n s  a r e  employed. T h i s  approach is  

n o t  u n l i k e  t h a t  taken  by Rosa ( 3 )  t o  e v a l u a t e  the e f f e c t  o f  

v a r i o u s  g e n e r a l i z e d  non-uni formi t ies  on TJMD g e n e r a t o r  p e r f o r -  

mance. 

It should  be noted  t h a t  t he  above simplified model 

assumes complete un i fo rmi ty  i n  the B f i e l d  d i r e c t i o n .  As a 

resul t  a l l  e f f e c t s  due t o  the insu la tor  wall boundary layers 

have been ignored.  

These  assumptions reduce t h e  o r i g i n a l  two d i f f e r e n t i a l  

and f o u r  a l g e b r a i c  equa t ions  t o  t he  fo l lowing  set of f o u r t e e n  

a l g e b r a i c  equa t ions  fo r  the two r e g i o n s  d e f i n e d  i n  F ig .  1: 

= -2 (€y1 t€y H) (13) 

E& = CE E*m (14)  
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The parameter ,  CE, is a measure of t h e  way i n  which 

Exw i n c r e a s e s  above t h e  i n s u l a t o r  segment i n  t h e  EWL. As a 

f i rs t  approximation, s i m p l e  

S i m i l a r l y ,  C measures 
X 

geomet r i ca l  arguments l e a d  t o :  

L 
L-1 
the  c o n c e n t r a t i o n  of  t h e  Hal l  

c u r r e n t  i n  t h e  EWL. Once a g a i n  s imple  geomet r i ca l  arguments 

l e a d  t o  the  conclusion t h a t  cA * H/R . 
approximation, h can be  taken  t o  be  o f  o r d e r  L. 

A s  a rough f i r s t  

The parameter,  is a measure o f  the way i n  which 

concen t r a t e s  o r  i n c r e a s e s  as t h e  c u r r e n t  flows from the j Y  
f rees t ream through t h e  e l e c t r o d e  w a l l  layer. It is related 
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, 

toL/l  b u t  it w i l l  v e r y  l i k e l y  vary  s i g n i f i c a n t l y  f o r  d i f -  

ferent o p e r a t i n g  c o n d i t i o n s .  It should  b e  no ted  t h a t  t h e  

s i m p l i f i e d  model of t h i s  paper i n t r o d u c e s  t h i s  a d d i t i o n a l  

e m p i r i c a l  parameter  which i s  not  required i n  Rer reb rock ' s  

model. 

The boundary cond i t ions  are, i n  e f f e c t ,  a l r e a d y  b u i l t  

i n t o  these equa t ions .  I n  p a r t i c u l a r ,  the  boundary c o n d i t i o n s  

used by Kerrebrock ( * )  t h a t  j 

and j = c o n s t a n t  on the e l e c t r o d e  segments a r e  both con ta ined  

i m p l i c i t l y  i n  C and Cx. 

p r e s e n t  model does no t  e x p l i c i t l y  account  f o r  t h e  v a r i a t i o n s  

= 0 on the  i n s u l a t o r  segments 
Y 

Y 
T h i s  must b e  t h e  c a s e  s i n c e  t h e  

Y 

i n  t h e  x d i r e c t i o n  due t o  t h e  e l e c t r o d e  and i n s u l a t o r  segments. 

The equa t ions  can b e  put i n t o  a convenient  non-dimen- 

s i o n a l  form f o r  t h e  case  of a segmented Faraday g e n e r a t o r  by 

i n t r o d u c i n g  the fo l lowing  r e f e r e n c e  c u r r e n t  d e n s i t y ,  refer- 

ence  e l e c t r o n  tempera ture  rise, and r e f e r e n c e  vo l t ages :  

where $e = t h e  i d e a l  e l n s t i z  enery; .  loss parameter .  

(23) 



-6- 

Tt-ie ?e?eerence v d t a g e  of Eq. ( 3 0 )  I s  t h a t  t r a n s v e r s e  v o l t a g e  

d r o p  a c r o s s  t h e  E'VJL which would ex i s t  i f  t h e  t r a n s v e r s e  

e l e c t r j c  f i e l d  were completely uniform a c r o s s  t h e  channel .  

The f i n a l  se t  of non-dimensionzl equa t ions  can b e  

wrj t t e n  a s  f o l l o w s :  
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4 

I n  these equat ions  we have in t roduced  t h e  following 

a d d i t i o n a l  non-dinens? ona l  7,rariables: 

irw ue - 
In t h e  above equa t ions  t he  H a l l  parameter  r a t i o  and 

c o l l i s i o n  f requency  r a t i o  have been  approximated by: 
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The e l e c t r i c a l  c o n d u c t i v i t y  approximation used i s  f o r  a 

s l i g h t l y  ion ized  gas  where e l e c t r o n - n e u t r a l  atom c o l l i s i o n s  

dominate: 

(G4) 

These zpproximations a s s m e  t h a t  4-i i s  c l o s e  t o  u n i t y  

and t h a t  coulomb c o l l i s i o n s  can he neglecte4. Ti-, a d d i t i o n ,  

an  approximate form o f  t h e  Saha Eq. has been used t o  r e l a t e  

t h e  e l e c t r o n  d e n s i t y  t o  t h e  e l e c t r o n  temperature:  

Furthermore, t h e  fo l lowing  s o r t  o f  ave rages  a r e  i m p l i c i t  !n 

t h i s  model: 

These a r e  c l e a r l y  ve ry  rough approximat ions .  

A s  can b e  s een  from t h e  above e q u a t i o n s ,  t h e  u s e  of  t h e  

a c t u a l  f ree-s t ream C& , ne, and 7/em i n  d e f i n i n g  t h e  

r e fe rence  cond i t ions  lesds  t o  ve ry  s imple  non-dimensional 

r e s u l t s .  However, i t  should  be  p o i n t e d  out  t h a t  t h i s  re fe r -  

ence  c a s e  does n o t  correspond t o  a n  i d e a l ,  i n f i n i t e l y -  
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segmented Faraday g e n e r a t o r .  ?or  a given set of s p e c i f i e d  

va lues  f o r  b, 6.0, and 6;c t h e  i d e a l  va lues  o f  r ,  
ne and 7/t corresponding t o  an i n f i n i t e l y  segmented 

g e n e r a t o r  would a l l  be higher than the  , end +grn 

used above. However, t h e  f ree-s t ream J o u l e  d i s s i p a t i o n  

would be t h e  same f o r  both the r e f e r e n c e  c o n d i t i o n s  a n d  a n  

ideal,  inf ini te l : - -segnented g e n e r a t o r .  % a t  is: 

1 -  
i 
I ~. 

A s  a r e s u l t ,  i t  can e a s i l y  be  shown t h a t  the d i f f e r e n c e s  

between our  s e l e c t e d  r e f e r e n c e  conCi t ions  and thqsse a? 

i d e e l ,  i n f i n i t e l y - s e g n e n t e d  g e n e r a t o r  do not  a f f e c t  t h e  

c a l c u l a t e d  r e s u l t s  f o r  ra . That i s ,  t h e  r m f s  obtained. 

non-d imens iona l iz ing  w i t h  e i ther  of  the above cases  are  

i d e n t i c a l .  This  makes the i n t e r p r e t a t i o n  of  t h e  e l e c t r o n  

t empera tu re  results q u i t e  s t r a i g h t f o r w a r d .  

T h i s  set o f  n i n e  a l g e b r a i c  equa t ions  can b e  so lved  f o r  

the complete performance of the g e n e r a t o r  i f  we  s p e c i f y  

I n  p r a c t i c e ,  it is more convenient  t o  s p e c i f y  N and s o l v e  f o r  

- I  . I f  w e  s p e c i f y  a given g e n e r a t o r  geometry, (2 )rb+ 
working f l u i d  and set  of  o p e r a t i n g  c o n d i t i o n s ,  w e  can ca l cu -  

l a t e  the first f i v e  parameters  d i r e c t l y .  I n  a d d i t i o n ,  sa 
and sur can be  es t imated  assuming the  major i n e l a s t i c  l o s s  
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i s  r a d i a t i o n  us ing  t h e  approach taken  by Kerrebrock i n  

R e f .  4 .  T h i s  l e a d s  t o  t h e  fo l lowing  r e l a t i o n  f o r  &, : 
m 

Assuming t h a t  the i o n i z a b l e  s p e c i e s  i s  an a l k a l i  metal, we 

would sum over  t h e  two resonance l i n e s  ( j  r- 1,2). 

i s  t h e  d e n s i t y  o f  a l k a l i  atoms i n  t h e  ground s t a t e ,  +o i s  

t h e  average frequency o f  t h e  doub le t  f o r  t he  a l k a l i  m e t a l s ,  

Then no 

8 nj a n d  xpj a r e  t h e  n a t u r a l  and p r e s s u r e  broadened 

l i n e  widths, go and s j  a r e  t h e  degene rac i e s  o f  the  ground 
r 

s t . a t e  a n d  each f i r s t  e x c i t e d  s t a t e ,  f j - 0  i s  t h e  o s c i l -  

l a t o r  s t r e n r t h  f o r  each resonance l i n e ,  and D i s  t h e  e f f e c t i v e  

t h i c k n e s s  o f  t h e  f ree-s t ream plasma f o r  r a d i a t i o n  l o s s  ca lcu-  

l a t i o n s .  We approximate t h e  r a t i o  of  t h e  r a d i a t i o n  l o s s  from 

t h e  EWL t o  t h e - r a d i a t i o n  l o s s  from t h e  f r ee - s t r eam by: 
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and where d is the effective thickness of the EWL for radia- 

tion loss calculations. As a first approximation we can 

assume that (f) 
direction is not too much less than the channel height, 

This Eq. (50) permits us to evaluate 

from Eq. (36) yielding: 

@) if' the channel width in the B field 

& and eliminate It 

In practice it is simpler to specify a series of 

representative values f o r  in solving Eqs.  (31) to 
( 3 3 )  and (51). Then Eq. (48) can be used to substantiate 

that the p,. is consistent with the Tw 'S in the 

region of interest. 

P 

It may also be necessary to refine the above estimate 

of 6- to include the electronic heat conduction l o s s  to 

the walls (see e.g. Lutz, Ref. 5). 

This leaves CE, Cx and C as semi-empirical parameters 
Y 

which can be adjusted to give agreement with experimental 

results. We can use the previous geometrical arguments to 

obtain a first approximation for these parameters. 
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A 
L .  :Jature  o f  R e s u l t s  

This simplified model of Kerrebrock's theory yields 

results with the same general features and characteristics 

as described in Ref. 2. In particular, the two-mode 

behavior sketched in Fig. 2 is obtained, the "normal" mode 

corresponding to values of N > 1  and the  l l ~ h ~ r t e G "  rriude 

to values of N ( 1 .  

An examination of the equations reveals a great deal 

about the general nature of the phenomena involved. For 

example, Eq. (31) indicates the possibility of a sign 

change for . It should be j X m  at a value of hl= C€? - 
R 
L-R near "I* noted that from geometrical arguments % - 5 5  N- 

c't 
This ratio will be of order unity for equal electrode and 

, 

insulator segments. 
r 

For %- < I , the electrode wall layer (EWL) is c, 
more highly conducting than the free-stream resulting in 

large current flows above the Insulator segments In the 

upstream direction. In the poorly conducting free stream, 

the current tries to flow along the lowest resistance path; 

i.e., at the Hall angle, (Fig. 3a). 
For N 2 > I , the situation is probably reversed. 

That is, since the EWL is now of lower electrical conduct- 

ivity, the current near the wall must try to flow at the 

Hall angle, (Fig. 3b). 
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The two-layer  model r e p r e s e n t a t i o n s  of  the x components 

of c u r r e n t  f o r  these two s i t u a t i o n s  are shown i n  F igs .  3c 

and 3d. It can b e  seen that t h i s  simple i n t e r p r e t a t i o n  of 

the  c u r r e n t  p a t t e r n s  can exp la in  the x c u r r e n t  r e v e r s a l s .  

A similar examinat ion of Eq. (39) r e v e a l s  t h a t  v fW ’ 
t h e  vo l t age  drop a c r o s s  the EWL, a l s o  exper iences  a s i g n  

r e v e r s a l .  The exac t  value of N where t h i s  s i g n  r e v e r s a l  

t a k e s  p l a c e  is a rather complicated func t ion  of many para-  

I 

meters. However, i t  is  e a s i l y  seen from Eq. (39) t ha t  t h e  

s i g n  is nega t ive  f o r  N>> 1 and p o s i t i v e  f o r  N<< 1. T h i s  is  

p h y s i c a l l y  reasonable  s i n c e  we would expect  t he  vo l t age  drop 

i n  the  EWL t o  decrease  as t he  EWL e l e c t r i c a l  c o n d u c t i v i t y  

i n c r e a s e s  (i.e. as N dec reases ) .  As a further check, it can 

b e  shown t h a t  Eq. (39) p r e d i c t s  that  E becomes completely 

uniform f o r  N- 1. 
Y 

The l i m i t i n g  case  of a uniform, cont inuous e l e c t r o d e  

g e n e r a t o r  can be obta ined  by caus ing  t h e  EWL t o  vanish.  This 

requires s e t t i n g  Cx = - 1  = + I ,  ce = + l ,  
9 5 

A nmd N = G = U = I *  
It 

Then 

It should  b e  no ted  t h a t  f o r  t h i s  limiting case  Cx i s  no 
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' as i t  is f o r  the segmented R: longer  simply related t o  

e l e c t  rode geometry . 
For the segmented e l ec t rode  genera tor  i n  the shor ted  

mode, t h e  s impl i f i ed  two-layer model (Eqs. 31 and 32) pre- 

d i c t a  t h a t  w i l l  vary approximately as follows (N<< 1) : JYrn 

. 
T h i s  i l l u s t r a t e s  t h a t  f o r  non-zero CxN/~, ,6  the  seg- 

mented generator  is  not  as seve re ly  shor ted  as a continuous 

e l ec t rode  generator .  

For the segmented e l ec t rode  genera tor  I n  the normal 

mode, t he  s i m p l i f i e d  two-layer model p r e d i c t s  that  jxpl/J.)& 
will b e  much less than u n i t y  f o r  N no t  t o o  much greater than 

u n i t y  and 

following approximate expressions v a l i d  f o r  N near  uni ty :  

cX%EG> (30' . For t h i s  case we obta in  the 
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These results are essentially the aaymptotlc behavior or 

the upper linrit t o  the perfomance we can expect In the 

normal mode as N+l. It remains to  determine where the 

s tab i l i ty  boundary comes in to  limit the performance 

attainable in the normal mode. 
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3. S t a b i l i t y  Boundary 

The t y p i c a l  performance behavior  of  t h i s  theo ry ,  shown 

i n  F ig .  2, posses ses  the “normal” mode and ” s h o r t e d ”  mode 

c h a r a c t e r i s t i c s  d i scove red  b y  Ker reb rock(2 ) .  It i s  a n t i c i -  

pa t ed  t h a t  the g e n e r a t o r  w i l l  o p e r a t e  i n  t h e  mode of lowes t  

t o t a l  d i s s i p a t i o n .  Thus, t h e  gsr.erz:tsr shuuici maKe the 

t r a n s i t i o n  t o  the lower curve  ( i . e .  t o  the s h o r t e d  mode) 

shown by the dashed l i n e  a s  t h e  r e f e r e n c e  e l e c t r o n  tempera- 

t u r e  i s  inc reased  ( i . e .  a s  K i s  decreased  f o r  a g iven  M, 
and pa 1. 

The “nose”  o f  the s h o r t e d  mode c h a r a c t e r i s t i c  can b e  

s e e n  t o  d e f i n e  the probable  s t a b i l i t y  boundary. It is 
p o s s i b l e  t o  c a l c u l a t e  t h e  l o c a t i o n  of t h i s  s t a b i l i t y  boundary 

from Eq.  (37)  b y  s e t t i n g  

T h i s  l e a d s  t o  t h e  fo l lowing  s t a b i l i t y  requirement  f o r  

o p e r a t i o n  i n  the normal mode: 

where * represents t h e  c o n d i t i o n s  a t  the nose  o f  t h e  s h o r t e d  

mode curve.  

from Eq. ( 2 8 )  w e  o b t a i n :  (” -I) ref 
S u b s t i t u t i n g  f o r  

Tm 



Assuming tha t  (sw/L)* and * do n o t  vary  appre-  

c i a b l y  f o r  d i f f e r e n t  va lues  of  MS and we can 

draw some important  conclusions from Eq. (53). 

S ince  the maximum non-equi l ibr ium e l e c t r o n  temperature  
3 t  

e l e v a t i o n  is a t  the  t r a n s i t i o n  va lue  of (%-I)& it is  

p r o p o r t i o n a l  t o  Mz2 pg2 . Therefore ,  it is highly 

d e s i r a b l e  t o  o p e r a t e  a t  supersonic  Mach numbers i n  o rde r  

P4 t o  o b t a i n  a high xa a t  a low 

Furthermore,  it caT: be seen from Eq. (53) t h a t  the  

s t a b i l i t y  boundary is  very  s e n s i t i v e  t o  the  wal l  temperature 

through ( IoG/Gz)  , I n  f a c t ,  t h i s  two-layer  model pre- 

d i c t s  t h a t  no e l e c t r o n  temperature  e l e v a t i o n  i s  p o s s i b l e  

u n l e s s  the wal l  is  cooled below the s t a t i c  free s t ream gas  

temperature .  T h i s  i s  probably no t  c o r r e c t  q u a n t i t a t i v e l y ,  

but does i n d i c a t e  the  importance of a low e l e c t r o d e  wall 

tempera ture  i n  suppress ing  the EWL s h o r t i n g .  ( C l e a r l y  the  

e l e c t r o d e  thermionic  emission requirements  a r e  i n  c o n f l i c t  

w i t h  the  c o l d  w a l l  requirement . )  

By i g n o r i n g  small terms i n  c e r t a i n  of the equat ions ,  

anapprox ima te  s o l u t i o n  f o r  the  cond i t ions  a t  the nose of 

the shorted-mode curve i s  p o s s i b l e .  T h i s  l e a d s  t o  the 

fo l lowing  results: 

I 
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Putting this approximation into Eq. ( 5 2 ) ,  we obtain an 

the maximum value of $a occurs at this value of [E-l>ref 
we can estimate the maximum value of the free-stream elec- 

* . Assuming that estimate of the value of (3 -Or& * 

tron temperature rise in the normal mode. 

In this approximation it has been assumed that rm in the 
normal mode at the stability boundary is of the order of 

While numerical results using Eqs. (54) to (56) are 

not expected to be very accurate, the functional dependencies 

on the key parameters should be much more nearly correct. 

In particular, we can now examine the effect of generator 

size, electrode segmentation fineness, electrode wall tempe- 

rature and Hal l  parameter on the maximum attainable electron 

temperature rise. 

The parameter which is most closely related to the 

generator size is s, , since the radiation loss accounted 
-A- 

for by this parameter is proportional to H ' . All other 

. things being equal, we see from Eq. (56) that T h [ m A % )  
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should Increase rather s lowly  with generator size. Further- 

almost independent of a, 
These observations are in qualitative agreement with Kerre- 

brock’s Fig. 13 in Ref. 2. 

and hence of generator size. 

The segmentation fineness ratio is measured by (H/L) . 
If the EWL thickness, h, is assumed to be of order L, and 

further if we assume 

. 
then from Eq. (55) we can see that the maximum coo 
to decrease as the segmentation fineness increases. This 

same trend was obtained by Kerrebrock(2) up to fairly high 

tends 

fineness ratios. Therefore, rather coarse segmentation 

ratios appear to be best, but the exact value to be used 

can not be specified from tnis model. 

As the electrode wall temperature is decreased, the 

maximum attainable electron temperature rise increases very 

rapidly at first and then more slowly due primarily to the 

term fi-’)/G= . 
r, -1 .go to .45, increases in 

twenty are predicted. This is in agreement with Kerrebrock’s 

For example, for a decrease in G from 

of over a factor of C, >w 
results in Fig. 7 (2) . 

The dependence of the attainable electron temperature rise 
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on the free-stream Hall parameter, , is somewhat more 
c ompl i c 3 t ed : 

For the cases where F is much less than unity, namely f o r  

fine segmentation where Cx is large, the electron tempera- 

ture rise is roughly proportional to p i ’  . This trend 

is, a l s o ,  in agreement with Kerrebrock’s Fig. 7 ( 2 )  . 
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4. Concluaions 

The simplified two-layer model of Kerrebrock's seg- 

mented electrode loss theory appears to exhibit the essen- 

tial behavior of the more complete theoretical formulation 

of Ref. 2. While the simple model does introduce one addi- 

tional empirical parameter, it results in a set of simple, 

algebraic equations which can be easily interpreted and 

can be readily solved numerically once the empirical 

parameters are specified. In addition, It yields the 

important stability boundary between the normal and shorted 

modes. 



-22- 

REFERENCES 

1. Kerrebrock, J.L., "Segmented Electrode Losses in MHD 
Generators with Nonequilibrium Ionization - I" 
Avco RR 178, April 1964. 

2. Kerrebrock, J.L., "Segmented Electrode Losses in MHD 
Generators with Nonequilibrium Ionization - 11" 
Avco RR 201, January 1965. 

3. Rosa, R. J. , "The Hall and Ion Slip Effects in a Non- 
uniform Gas" Avco RR 121, December 1961. 

4. Kerrebrock, J.L., "Magnetohydrodynamic Generators with 
Nonequilibrium Ionization,'' AIAA Journal, Vol. 39 
No. 4, April 1965. 

5. Lutz, M.A., "Radiation and Its Effect on the Nonequili- 
brim Properties of a Seeded Plasma," Ph.D. Thesis, 
M.I.T. Dept. of Aeronautics and Astronautics, September 
1965. 



b i 

c i 

, 

Fig. 1. Sketch of "two-layer" model of generator including 
definitions of regions, coordinate system and 
sign conventions used. 
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Fig. 2. 
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Typical results for the electron temperature rise 
for a specified geometry showing the probably 
transition between modes at the nose of the shorted 
mode Characteristic. 
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Pig .  3 .  Sketch of a poss ib l e  set of cu r ren t  p a t t e r n s  f o r  
t h e  two modes i n  ( a )  and ( b ) .  The corresponding 
x components of cu r ren t  i n  ( c )  and ( d ) ,  and the 
t r a n s v e r s e  vol tage d i s t r i b u t i o n s  i n  ( e )  and ( f )  
a r e  those  pred ic ted  b y  s i m p l i f i e d  two-layer model. 


