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Abst rac t  

A  knowledge o f  t he  e l e c t r i c a l  and aero- 
dynamic response of an FlHD generator t o  l oad  
changes i s  impor tant  f o r  t he  design o f  the  
duct ing ,  con t ro l  system, and i n v e r t e r  of an 
MHD power pla,,::. I t  i s  a l so  o f  i n t e r e s t  t o  
know how the  e f f i c i e n c y  o f  a  p l a n t  w l l l  vary  
w i t h  load ing.  This paper explores t he  char- 
a c t e r i s t i c s  t h a t  a r e  t o  be expected i n  a  
subsonic Faraday generator designed f o r  base- 
l oad  serv ice .  I t i s  shown t h a t  a  Faraday 
hookup w i l l  tend t o  a c t  as a  constant c u r r e n t  
source under some important cond i t i ons .  The 
performance o f  a  subsonic channel i n  terms of  
percent entha l  py e x t r a c t i o n  drops r e l a t i v e l y  
s l ow ly  as load i s  reduced. A t e n  t o  f i f t e e n  
percent drop i s  p red i c ted  a t  a  mass f l o w  r a t e  
one-ha l f  o f  t h e  design p o i n t  value. 

I. Boundary Condi t ions 

For t h e  purpose o f  p r e d i c t i n g  t h e  ou tpu t  
vo l tage-cur rent  (V- I )  c h a r a c t e r i s t i c s  o f  an 
MHD generator, f ou r  d i f f e r e n t  poss ib le  1  i m i t i n g  
boundary cond i t ions  are  o f  i n t e r e s t .  These 
are:  

1. Constant v e l o c i t y  
2. Constant i n l e t  s tagnat ion  pressure. 
3. Constant mass f l ow  r a t e  
4. Constant load ing parameter, 

E~ K =  - uB. 

I n  general, t he  t ime sca le  o f  i n t e r e s t  de te r -  
mines which i s  the  most appropr ia te  c o n d i t i o n  
t o  apply.  

The f i r s t  cond i t ion ,  constant v e l o c i t y  i s  
the  boundary c o n d i t i o n  appropr ia te  when 
s tudy ing response t o  a  r a p i d  l oad  change 
which occurs i n  a  t ime so shor t ,  t h a t  t he  
i n e r t i a  o f  t he  gas i n h i b i t s  any apprec iab le  
change i n  v e l o c i t y .  T y p i c a l l y  t h i s  means a  
t ime l e s s  than about one m i l  1  isecond. 

The second cond i t ion ,  constant i n 1  e t  
s tagnat ion  pressure, i s  expected t o  apply f o r  
t ime  scales on the order  o f  seconds. The 
l e n g t h  o f  t ime du r i ng  which e s s e n t i a l l y  
constant  s tagna t i on  pressure p r e v a i l s  depends 
upon t h e  c h a r a c t e r i s t i c s ,  i n  p a r t i c u l a r  t he  
volume o f  t he  equipment upstream o f  t he  genera- 
t o r .  T y p i c a l l y ,  i n  a  base-load p l a n t  t h e  volume 
i n  t he  conibustion chamber, duc t ing ,  and a i r  
preheaters,  i s  s u f f i c i e n t l y  l a r g e  so t h a t  even 
f o r  q u i t e  d r a s t i c  changes i n  mass f l o w  r a t e  
through t h e  generator,  i t  w i l l  be several  
seconds before t h e  s tagnat ion  pressure a t  t he  
i n l e t  t o  t he  generator changes s i g n i f i c a n t l y .  

I n  a l l  cases i t  w i l l  be assumed t h a t  t he  
res i s tance  t o  f l o w  i n  t he  exhaust duc t i ng  i s  
s u f f i c i e n t l y  low and the  losses i n  t he  d i f f u s e r  
s u f f i c i e n t l y  i n v a r i a n t  o r  small o r  both so 
t h a t  t he  s tagnat ion  pressure a t  t he  e x i t  o f  

t he  gene ra to r  channel i s  always a  constant ,  
i . e .  about  one atmosphere. Th i s  s i m p l i f i c a t i o n  
i s  a l l o w a b l e  f o r  t h e  purpose o f  making q u a l i t a -  
t i v e  statements about channel behav io r  as 
l ong  as t h e  f l o w  i s  subsonic.  

Cond i t i on  th ree,  cons tan t  mass f l o w  r a t e ,  
i s  app rox ima te l y  t h e  c o n d i t i o n  t h a t  a  compressor 
w i l l  a t t emp t  t o  impose. Therefore,  an i nc rease  
i n  l o a d  c u r r e n t ,  which f i r s t  causes t h e  mass 
f l o w  r a t e  th rough t h e  genera tor  t o  f a l l  w i l l ,  
a f t e r  a  few seconds d u r i n g  which t h e  upstream 
equipment f i l l s ,  r e s u l t  i n  a  r i s e  i n  s t a g n a t i o n  
pressure  t o  a  new e q u i l i b r i u m  va lue  and t h e  
r e s t o r a t i o n  o f  t h e  mass f l o w  r a t e  t h rough  t h e  
genera tor  t o  i t s  or ig ina.1 va lue.  T h i s  assumes 
t h a t  t h e  compressor does n o t  s t a l l  o r  t h a t  
n o t h i n g  has been done i n  t h e  meantime t o  
reduce xhe compressor rpm o r  t o  b leed  o f f  
excess a i r .  A b l eed  system capab le  o f  r e a c t i n g  
on a  t i m e  sca le  o f  about one second p robab l y  
should be a  f e a t u r e  o f  any power P l a n t  i f  t h e  
compressor and i t s  d r i v e  system a r e  n o t  
capab le  o f  r e a c t i n g  t h i s  f a s t ,  hence t h e  
c o n d i t i o n  o f  constant  mass f l o w  r a t e  d u r i n g  a  
r i s e  i n  l o a d  c u r r e n t  may n o t  be encountered i n  
p r a c t i c e .  However, i t  i s  s t i l l  o f  i n t e r e s t  t o  
see what t h e  V - I  c h a r a c t e r i s t i c  would be under 
t h i s  c o n d i t i o n .  

Cond i t i on  f o u r ,  cons tan t  l o a d i n g  para-  
meter, i s  approx imate ly  t h e  c o n d i t i o n  t h a t  one 
would expect  t o  impose d u r i n g  d e l i b e r a t e  l o a d  
changes o f  extended d u r a t i o n ,  i . e .  o p e r a t i o n  
a t  p a r t  l o a d  f o r  severa l  minutes, hours, o r  
longer ;  t h a t  i s  t o  say, t imes l o n g  enough so 
t h a t  one would seek t o  m a i n t a i n  t h e  h i g h e s t  
p o s s i b l e  p l a n t  e f f i c i e n c y .  Whi le i t  may t u r n  
o u t  t h a t  bes t  p a r t - l o a d  performance o f  t h e  
p l a n t  as a  whole i s  ob ta ined  a t  a  l o a d i n g  
parameter somewhat d i f f e r e n t  f rom t h a t  used a t  
f u l l  l oad ,  i t  i s  n o t  l i k e l y  t h a t  i t  would 
d i f f e r  g r e a t l y ,  and so t h e  assumption o f  
cons tan t  K should be s u f f i c i e n t  t o  r e v e a l  t h e  
general  t r e n d  of t h e  vo l t age ,  c u r r e n t ,  and 
genera tor  performance changes t h a t  w i l l  occu r  
a t  p a r t  load. '  

There i s  y e t  a  f i f t h  c o n d i t i o n  d u r i n g  
which e v e r y t h i n g  i s  cons tan t  b u t  a  l o c a l i z e d  
f a u l t  occu rs  i n  t h e  c i r c u i t r y  connected t o  a  
s i n g l e  e l e c t r o d e  p a i r  o f  a  mu1 t i e l e c t r o d e  
Faraday channel .  It i s ,  o f  course, a  c o n d i t i o n  
o f  cons ide rab le  importance f o r  i n v e r t e r  des ign  
and one expects t h a t  a  ve ry  f l a t  V - I  charac- 
t e r i s t i c ,  i . e .  l a r g e  change i n  c u r r e n t  w i t h  a  
smal l  change i n  vo l tage,  w i l l  r e s u l t .  However, 
i t  does n o t  i n v o l v e  changes i n  t h e  o v e r a l l  
aerodynamics of t h e  f l o w  through t h e  gene ra to r ,  
and i s  n o t  cons idered i n  t h i s  paper.  Poss ib l y ,  
however, some o f  t h e  o v e r a l l  response cha rac te r -  
i s t i c s  t o  be descr ibed below cou ld  be u t i l i z e d  
f o r  t h e  purpose of m in im iz ing  t h e  c u r r e n t  
surge due t o  a  l o c a l i z e d  f a u l t .  T h i s  w i l l  be 
discussed a  b i t  more l a t e r .  

Another  ma t te r  o f  i n t e r e s t  i s  o f  course 
the d e t a i l s  of t h e  i n t e r n a l  behav ior  o f  t h e  
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f l o w  th rough  t h e  gene ra to r  w h i l e  i t  passes f rom 
one t o  t h e  o t h e r  o f  t h e  quas i - s teady  c o n d i t i o n s  
descr ibed above, i n  p a r t i c u l a r  f r om c o n d i t i o n  
one t o  c o n d i t i o n  two, which occurs  on a  t ime  
sca le  on t h e  o r d e r  o f  t h e  t i m e  i t  takes  a  
p a r t i c l e  o r  a  sound wave t o  t r a v e l  t h e  l e n g t h  
o f  t h e  channc'. T h i s  a l s o  i s  n o t  c o n s i d  r e d  
here,  b u t  has been cons ide red  by O l i v e r .  'i 

I I. Procedure 

I n  o r d e r  t o  f i n d  t h e  response o f  a  subsonic 
genera tor  t o  v a r i o u s  l oads  under t h e  seve ra l  
c o n d i t i o n s  o r  c o n s t r a i n t s  l i s t e d  above, i t  i s  
necessary t o  make a  l a r g e  number o f  f l o w  ca l cu -  
l a t i o n s ,  t h e  number be ing  increased by t h e  
d i f f i c u l t y  o f  ma tch ing  t h e  one'atmosphere e x i t  
c o n d i t i o n  by any o t h e r  method than  i t e r a t i o n .  
However, s i n c e  t h e  o b j e c t i v e  o f  t h i s  s tudy  was 
t o  o b t a i n  o n l y  a  q u a l i t a t i v e  d e s c r i p t i o n ,  a  
very  s imple  method o f  c a l c u l a t i o n  was employed 
i n  which t h e  boundary l a y e r s  a r e  neg lec ted  and 
s imple  equa t i ons  a r e  employed t o  d e s c r i b e  t h e  
geometry o f  t h e  channel  and t h e  dependence o f  
c o n d u c t i v i t y  upon p ressu re  and temperature .  
Thus a  l a r g e  number o f  i t e r a t i o n s  c o u l d  be 
performed e a s i l y .  It i s  b e l i e v e d  t h a t  t h e  
r e s u l t s  neve r - t he - l ess  r e p r e s e n t  reasonab ly  
w e l l  t h e  c h a r a c t e r  o f  t h e  response t h a t  w i l l  be 
ob ta ined  f rom a  subson ic  channel .  A  smal l  
number o f  d e t a i l e d  c a l c u l a t i o n s ,  u s i n g  a  l a r g e  
genera tor  o f f - d e s i g n  program, ~ e r e ~ p e r f o r m e d  
some t i m e  ago by Lowenste in  a t  AVCO , and t h e  
r e s u l t s  ob ta ined  here  a r e  qua1 i t a t i v e l y  cons i s -  
t e n t  w i t h  t h e  e a r l i e r  r e s u l t s .  An i m p o r t a n t  
l i m i t a t i o n  here  i s ,  however, t h a t  c o n d i t i o n s  
t h a t  would cause a  t r a n s i t i o n  t o  superson ic  
f l o w  a r e  exc luded.  

The c a l c u l a t i o n s  a r e  based upon des ign-  
p o i n t  c o n d i t i o n s  which app rox ima te l y  cor respond 
t o  those used i n  Base C  s  I o f  t h e  GE-AVCO 
p a r t  o f  t h e  ECAS s tudy .gyq  The p e r t i n e n t  
c o n d i t i o n s  a r e :  c o a l  f i r i n g ,  an a i r  p rehea t  
temperature  o f  2500°F (1640 K), an i n l e t  
s t a g n a t i o n  p ressu re  o f  9 atmospheres, a  l o a d i n g  
parameter o f  app rox ima te l y  0.75 and an i n l e t  
Mach number o f  app rox ima te l y  0.8. The channel 
c o n f i g u r a t i o n  i s  such as t o  maintain,  when 
o p e r a t i n g  a t  t h e  des ign  p o i n t ,  app rox ima te l y  
cons tan t  Mach number t h roughou t  t h e  l e n g t h  o f  
t h e  channe l .  

111. Resu l t s  

The r e s u l t s  o f  t hese  c a l c u l a t i o n s  a r e  
summarized i n  F i g u r e  1 which shows V - I  charac-  
t e r i s t i c s  f o r  t h e  f o u r  s t a t e d  boundary c o n d i t i o n s  
and t h r e e  a x i a l  p o s i t i o n s  and i n  F i g u r e  2 
which shows t h e  r e l a t i v e  a x i a l  Mach number 
d i s t r i b u t i o n s .  I n  t h e  l a t t e r ,  i t  i s  o f  i n t e r e s t  
t o  n o t e  t h e  tendency f o r  t h e  Mach number t o  
remain r e l a t i v e l y  c o n s t a n t  th roughout  t h e  
l e n g t h  o f  t h e  channel  excep t  i n  t h e  case o f  
cons tan t  mass f l o w  r a t e .  Even i n  t h i s  case 
t h e  d i s t r i b u t i o n  i s  q u i t e  f l a t  except  near t h e  
channel e x i t  . 

The most i n t e r e s t i n g  f e a t u r e  o f  t h e  V - I  
c h a r a c t e r i s t i c s  i s  t h e  tendency under cond i t i ons  
2 and 4, which a r e  p o s s i b l y  t h e  most impor tant  
ones, f o r  a  v e r y  s teep s lope.  I n  o the r  words, 
t h e  Faraday gene ra to r  i s  a c t i n g  much l i k e  a  
c o n s t a n t  c u r r e n t  source, t h e  behav ior  t h a t  i s  
commonly b u t  p robab l y  e r roneous l y  a t t r i b u t e d  t o  
a  H a l l  o r  d i agona l  gene ra to r  a t  h i gh  Ha l l  
parameter.  A l though t h i s  s t u d y  i s  l i m i t e d  t o  
subson ic  cond i t i ons ,  i t  i s  e v i d e n t  t h a t  a 
t r a n s i t i o n  t o  superson ic  f l o w  caused by any th ing  
t h a t  r e s u l t s  i n  a  decrease i n  Faraday cu r ren t ,  
w i l l  t e n d  t o  c o n t i n u e  o r  even accentuate t he  
s teep s lope.  Once superson ic  f l o w  i s  e s t a b l i s h -  
ed, t h e  s lope w i l l  t hen  become more gradual. 

A p o s s i b i l i t y  i n t roduced  by t h e  steep 
s lope  i s  t o  use i t  t o  i n h i b i t  a  h igh l o c a l  
c u r r e n t  due t o  a  l o c a l i z e d  f a u l t ,  say a  f a i l u r e  
o f  an i n v e r t e r  t o  commutate. It cou ld  perhaps 
be prevented f r o m  do ing  so b y  momentar i ly  
caus ing t h e  l o a d i n g  parameter t o  drop on a l l  
c i r c u i t s  on t h e  t h e o r y  t h a t  i f  a l l  c i r c u i t s  t r y  
t o  draw a  l a r g e  c u r r e n t  then none can. 

C a l c u l a t e d  p a r t - 1  oad performance, obta ined 
by v a r y i n g  t h e  mass f l o w  r a t e  w h i l e  keeping t h e  
l o a d i n g  parameter cons tan t ,  i s  as f o l l ows :  

Tab le  1.--Part-Load Performance 

where m = mass f l o w  r a t e  
Po = i n l e t  s t a g n a t i o n  pressure  

ah = p e r c e n t  en tha lpy  e x t r a c t i o n  per  
u n i t  mass 

and t h e  s u b s c r i p t  D denotes a  des ign-po in t  value. 1 
The change i n  percent  en tha lpy  e x t r a c t i o n  

depends m a i n l y  upon t h e  change i n  t h e  product  
(uu/p) as mass f l o w  r a t e  and Mach number a re  
changed (here :  a = c o n d u c t i v i t y ,  u = v e l o c i t y ,  
and p = d e n s i t y ) .  T h i s  p roduc t ,  over a  moderate 
range o f  Mach numbers, does n o t  change r a p i d l y ,  
hence t h e  moderate ly  s low d r o p - o f f  i n  p e r f o r -  
mance as f l o w  r a t e  i s  reduced. 

I n  o r d e r  t o  m a i n t a i n  t h e  des ign -po in t  
e n t h a l p y  e x t r a c t i o n  a t  h a l f - l o a d - a n  increase i n  
c o n d u c t i v i t y  by a  f a c t o r  o f  about  1.4 t u r n s  ou t  
t o  be r e q u i r e d .  S ince t h e  des ign -po in t  seeding 
r a t e  i s  1%, which i s  near t h e  optimum, an 
i nc reased  seeding r a t e  i s  n o t  l i k e l y  t o  g i v e  a  
f a c t o r  t h i s  l a r g e .  However, i t  cou ld  be obta ined 
w i t h  a  150 t o  200 K i nc rease  i n  a i r  preheat 
temperature  i f  t h i s  was i n  o t h e r  respects  
f e a s i b l e .  
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IV. Summary 

I t  has been shown t h a t  a subsonic segmented 
Faraday MHD generator  wil l  e x h i b i t  a var ie ty  of 
vol tage-current  c h a r a c t e r i s t i c s  depending upon 
condit ions.  I t  wi l l  tend t o  operate  a s  o r  nearly 
a s  a constant  cur ren t  source under two condit ions 
of i n t e r e s t .  Par t  load performance, a t  l e a s t  
down t o  half- load wil l  drop only moderately, and 
under most condit ions the  ax ia l  Mach number d i s -  
t r i b u t i o n  wil l  remain r e l a t i v e l y  f l a t .  These 
conclusions a r e  based upon r e l a t i v e l y  rough 
ca lcu la t ions ,  however, and more d e t a i l e d  calcula-  
t i o n s ,  including boundary layer  e f f e c t s ,  and 
var iab le  d i f f u s e r  performance, and extending i n t o  
the  supersonic range a r e  d e s i r a b l e .  Also des i ra -  
ble  f o r  coupling t h e  generator t o  an inver te r  a r e  
f u r t h e r  s t u d i e s  such a s  t h a t  of Ref. 1 on t rans-  
i e n t  e f f e c t s  and a study of t h e  vol tage-current  
c h a r a c t e r i s t i c  of a local  f a u l t .  
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Figure 2 Mach No. Dis t r ibu t ion  
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Figure 1 Voltage-Current Charac te r i s t i cs  of a Subsonic, Faraday, Base-Load Channel. Approx. 
ECAS Case No. 1 Conditions (1 640% Preheat ,  1 wt%K) 

SEAM #16 (1977), Session: MHD Systems

https://edx.netl.doe.gov/dataset/seam-16

