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I N T R O D U C T I O N  

t lonsanto  Resea rch  C o r p o r a t i o n  h a s  c o n s t r u c t e d  p o r t a b l e  h y d r a z i n e -  

\ T H E  H Y D R A Z I N E - A I R  C O U P L E  

The s i n g l e  c e l l  t h a t  w e  have chosen  o p e r a t e s  on 5M KOH i n  which 0 . 5  
t o  1.5 i4 N 2 H 4  i s  d i s s o l v e d  a s  t h e  f u e l .  The anode  i s  a Pd-ca ta lyzed  

i s  a t h i n ,  w a t e r p r o o f ,  p o r o u s  membrane. 

i 

\ 
i n i c k e l  p l a q u e .  The s e p a r a t o r  i s  a s b e s t o s ,  and t h e  p r o p r i e t a r y  c a t h o d e  

The i n i t i a l  pe r fo rmance  o f  a t y p i c a l  c e l l  and  i t s  pe r fo rmance  a f t e r  

i The i n i t i a l  pe r fo rmance  c u r v e  i s  f a i r l y  f l a t  d r o n p i n g  a b o u t  0 . 1  
\ v o l t  between 1 0  and 1 0 0  ASF. With a g i n g ,  t h e  v o l t a g e  d r o p - o f f  becones  
' g r e a t e r ,  amount ing  t o  a p p r o x i m a t e l y  0 . 1 5  v o l t  between 1 0  and 100  ASF 

a t  1000 h o u r s .  The d e s i g n  o p e r a t i n g  p o i n t  f o r  t h e  60-wat t  u n i t  i s  
\, 0 .78  v o l t  a t  60 ASF. 

h a s  been  i n c l u d e d  i n  t h e  d e s i g n  pe r fo rmance .  The coulombic  e f f i c i e n c y  
a t  t h e  d e s i g n  p o i n t  i s  b e t t e r  t h a n  90%.  

1 
1000  h o u r s  of  o p e r a t i o n  a re  shown i n  F i g u r e  1. 

I t  may be  n o t e d  t h a t  a c o n s i d e r a b l e  s a f e t y  f a c t o r  

The d a t a  shown a re  f o r  o p e r a t i o n  w i t h  f o u r  times t h e  s t o i c h i o m e t r i c  
i amount of a i r .  However, no a d v e r s e  a f f e c t s  have  been  n o t e d  on  o p e r a t i n g  

between two times and s i x t e e n  t i n e s  t h e  s t o i c h i o m e t r i c  amount o f  a i r .  ' The c e l l s  have been  o p e r a t e d  on p u r e  a i r  c o n t a i n i n g  no C O P  and on un- 
a s c r u b b e d  l a b o r a t o r y  a i r .  T h e r e  a p p e a r s  t o  b e  no d i f f e r e n c e  i n  p e r f o r r -  

a n c e  o r  l i f e .  The a i r  i s  e s s e n t i a l l y  a t  a t m o s p h e r i c  p r e s s u r e .  

j 



Hydraz ine  c o n c e n t r a t i o n  is  no t  c r i t i c a l .  Good per formance  i s  ob- 
t a i n e d  between 0.5 and 1.5M. 

I n c r e a s i n g  t h e  o p e r a t i n g  t e m p e r a t u r e  t o  194OF g i v e s  o n l y  s l i g h t  
improvement i n  pe r fo rmance  and s h o r t e n s  t h e  c e l l  l i f e  t o  approx ima te ly  
200  h o u r s .  
drop-off  i n  per formance  w i t h  n o  a p p r e c i a b l e  i n c r e a s e  i n  c e l l  l i f e .  

Dec reas ing  t h e  c e l l  t e m p e r a t u r e  below 140°F leads t o  some 

O V E R A L L  D E S I G N  O F  THE U N I T  

A f t e r  a s a t i s f a c t o r y  h y d r a z i n e  a i r  c o u p l e  had been o b t a i n e d ,  t h e  
second m a j o r  t a s k  was t o  i n c o r p o r a t e  it i n  a f u n c t i o n a l  hardware 
sys t em.  The sys t em had t o  (1) m a i n t a i n  h e a t  and mass b a l a n c e  and 
( 2 )  f u r n i s h  a r e g u l a t e d  v o l t a g e  o u t p u t .  The s c h e m a t i c  o f  t h e  sys tem 
i s  shown i n  F i g u r e  2 .  

The e l e c t r o l y t e ,  which ,  a s  s ta ted  ea r l i e r ,  i s  5 M  KOH c o n t a i n i n g  
from 0.5 t o  1 . 5  M N 2 H 4  i s  pumped i n t o  t h e  f u e l  c e l l  module where t h e  
N ~ H I ,  r e a c t s  w i t h  h y d r o x y l  i o n s  t o  g i v e  n i t r o g e n ,  water, and e l e c t r o n s .  
The m i x t u r e  t h e n  g o e s  t o  t h e  s e p a r a t o r  where t h e  n i t r o g e n  i s  removed 
and  e v e n t u a l l y  v e n t e d .  Al though t h e  N2H4 c o n c e n t r a t i o n  i s  n o t  c r i t i c a l  
i t  i s  m a i n t a i n e d  a p p r o x i m a t e l y  c o n s t a n t  by  a h y d r a z i n e  c o n c e n t r a t i o n  
s e n s o r  which a c t u a t e s  a s o l e n o i d  v a l v e  a l l o w i n g  h y d r a z i n e  t o  f low 
from i t s  t a n k  i n t o  t h e  e l e c t r o l y t e .  

The chemica l  a i r ,  which is  t h e  a i r  u s e d  t o  o x i d i z e  t h e  h y d r a z i n e ,  
i s  f u r n i s h e d  by a f a n .  S i n c e  t h e  a i r  e l e c t r o d e  o p e r a t e s  a t  a tmosphe r i c  
p r e s s u r e ,  on ly  s u f f i c i e n t  p r e s s u r e  ( s e v e r a l  t e n t h s  o f  a n  i n c h  of  w a t e r )  
i s  needed t o  f o r c e  t h e  a i r  t h r o u g h  t h e  module and  m a i n t a i n  approx ima te ly  
e v e n  f l o w  d i s t r i b u t i o n  E.mong t h e  v a r i o u s  c e l l s .  

M A S S  B A L A N C E  C O N T R O L  

Optimum l i f e  and  Derformance c h a r a c t e r i s t i c s  o f  XRC h y d r a z i n e  f u e l  
C e l l s  a r e  r e a l i z e d  when t h e y  a r e  o p e r a t e d  w i t h  po ta s s ium hydrox ide  
e l e c t r o l y t e  m a i n t a i n e d  a t  3 t o  5 m o l a r  c o n c e n t r a t i o n .  A mass ba lance  
c o n t r o l  s y s t e n  a c h i e v i n g  t h i s  degree of  c o n t r o l  c o n s i s t s  o f  an  e l e c t r a n i c  
l e v e l  d e t e c t o r  g e o m e t r i c a l l y  l o c a t e d  i n  t h e  e l e c t r o l y t e  t a n k  s o  as  t o  
b e  i n s e n s i t i v e  t o  t h e  a t t i t u d e  o f  t h e  t a n k ,  a s p e e d - c o n t r o l l e d  chemica l  
a i r  b lower ;  and a n  e l e c t r o n i c  c i r c u i t .  t o  d r i v e  t h e  b lower  Drov id ing  . 
s t o i c h i o m e t r i c  a i r  f low r a t i o s  of  a p p r o x i m a t e l y  2 . 5  a t  no l o a d  p a r a s i t i c  
c o n d i t i o n s ,  t o  3 .5  a t  r a t e d  l o a d  o u t p u t .  I n  a l l  modes o f  o p e r a t i o n  and 
env i ronmen t ,  c o n t r o l  o f  t h e  s t o i c h i o m e t r i c  a i r  f low r a t i o  i s  such  a s  t o  
p roduce  a n  a n o l y t e  d i l u t i o n  c o n d i t i o n .  A s  t h e  a n o l y t e  d i l u t i o n  l e v e l  
i n c r e a s e s  i n  t h e  r e s e r v o i r  t a n k ,  t h e  l e v e l  d e t e c t o r  c a u s e s  a s i g n a l  t o  
b e  produced .  T h i s  s i g n a l  i s  t r a n s m i t t e d  t h r o u g h  a c o n t r o l  c i r c u i t  t o  
t h e  chemica l  a i r  b lower ,  c a u s i n g  i n c r e a s e d  b lower  speed  and d e l i v e r y  
r a t e ,  r e g a r d l e s s  o f  l o a d  l e v e l ,  t h u s  a f f o r d i n g  i n c r e a s e d  e v a p o r a t i v e  
c a p d c i t y  and c a u s i n g  a mass removal  c o n d i t i o n  t o  p r e v a i l .  The maximum 
a i r  b lower  c a p a c i t y  n e c e s s a r y  t o  p r o v i d e  d r y i n g  c o n d i t i o n s  a t  a l l  
s p e c i f i e d  env i ronmen ta l  a i r  c o n d i t i o n s  i s  a b o u t  1 0  times s t o i c h i o m e t r i c .  
T h i s  b lower  r a t e  w i l l  p r e v a i l  when t h e  l e v e l  d e t e c t o r  i s  comple t e ly  
c o v e r e d .  A s  t h e  l i q u i d  l e v e l  i n  t h e  a n o l y t e  r e s e r v o i r  d e c r e a s e s ,  t h e  
l e v e l  d e t e c t o r  w i l l  b e  uncove red  and  t h e  o v e r r i d e  s i g n a l  w i l l  be re- 
moved, c a u s i n g  t h e  c h e m i c a l  a i r  b lower  t o  r e v e r t  t o  a normal  mode of 
d e l i v e r y ,  i . e . ,  be tween 2.5 and  3.5 times s t o i c h i o m e t r i c  from "no load" 
t o  r a t e d  o u t p u t .  

I n  a c t u a l  o p e r a t i o n  i t  h a s  been  found t h a t  such a sys t em w i l l  h u n t ,  
c a u s i n g  a n o l y t e  l e v e l  r e g u l a t i o n  and t h u s  c o n c e n t r a t i o n  c o n t r o l  t o  e x i s t  
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w i t h i n  a t i g h t  band of a p p r o x i m a t e l y  2 0.25 m o l a r .  Mass b a l a n c e  con- 
t r o l  s y s t e m s  employing t h e  above-mentioned t e c h n i q u e s  have  been q u i t e  
s u c c e s s f u l l y  o p e r a t e d .  T y p i c a l l y ,  a 300-watt u n i t  was o p e r a t e d  under  
v a r i o u s  l o a d s  r a n g i n g  from z e r o  l o a d  t o  400 watts f o r  a p e r i o d  of  
a p p r o x i m a t e l y  75 h o u r s  w i t h  a n  e l e c t r o l y t e  m o l a r i t y  v a r i a t i o n  O f  on ly  
+ 0 .3  mola r .  It i s  a n t i c i p a t e d  t h a t  t h e  i n c o r p o r a t i o n  o f  t h i s  t y p e  o f  
riiass b a l a n c e  c o n t r o l  i n  c o n j u n c t i o n  w i t h  Monsanto Resea rch  C o r p o r a t i o n  
e l e c t r o d e s  w i l l  p e r m i t  o p e r a t i o n  f o r  250 t o  300 h o u r s  on a s i n g l e  c h a r g e  
o f  e l e c t r o l y t e .  

H E A T  CONTROL ' - 
Heat i s  removed from t h e  h y d r a z i n e  f u e l  c e l l  sys t em ma in ly  t h r 8 0 u ~ ~ ~  

(1) t h e  a i r - c o o l e d  h e a t  e x c h a n g e r ,  ( 2 )  e v a p o r a t i o n  o f  water i n  t h e  st,ar 
a t  t h e  a i r  c a t h o d e ,  ( 3 )  e v a p o r a t i o n  o f  water by t h e  n i t r o g e n  produceo 
by o x i d a t i o n  o f  N~HL,, and  ( 4 )  warming o f  r e a c t i o n  a i r  i n  p a s s i n g  througt l  
t h e  s t a c k .  The i n c o r p o r a t i o n  o f  a mass b a l a n c e  sys t em d e p e n d e n t  on 
c o n t r o l  r e a c t i o n  a i r  f low ra tes  p e r m i t s  t h e  u t i l i z a t i o n  o f  a b a s i c a l l y  
Sir?ple s i n g l e - t e m p e r a t u r e  heat removal  sys t em.  Such a s y s t e m  h a v i n g  
a d e a u a t e  h e a t  removal  c a p a c i t y  c o n s i s t s  o f  a n  a i r - t o - a n o l y t e  heat  ex-  
c h a n g e r  w i t h  s u i t a b l e  b lower  and t h e r m o s t a t  c o n t r o l s .  P o s i t i v e  c o n t r o l  
o f  e l e c t r o l y t e  t e m p e r a t u r e  and t h u s  of  c e l l  and s t a c k  o p e r a t i n g  tern- 
peratdres  a r e  m a i n t a i n e d  a t  approximat ,e ly  135OF r e g a r d l e s s  of  mass 
b a l a n c e  c o n s i d e r a t i o n s .  For  o p e r a t i o n  a t  low ambien t  t e m p e r a t u r e s  a 
t h e r m o s t a t i c a l l y  c o n t r o l l e d  immers ion  h e a t e r  i s  i n c o r p o r a t e d  w i t h i n  t h e  
e l e c t r o l y t e  t a n k  t o  p e r m i t  f a s t  s t a r t  up.  

F U E L  C O N T R O L  

S i n c e  h y d r a z i n e  i s  consumed no t  o n l y  t o  p roduce  power bu t  a l s o  by 
a number o f  p a r a s i t i c  p r o c e s s e s ,  i t  i s  d e s i r a b l e  t o  have  a means o f  
d i r e c t l y  s e n s i n g  and  c o n t r o l l i n g  h y d r a z i n e  c o n c e n t r a t i o n .  I n  o u r  c a s e  
t h i s  h a s  been accompl i shed  by u s e  of  a d i f f u s i o n  c o n t r o l l e d  s e n s o r .  

depends  upon t h e  d i f f e r e n c e  i n  v o l t a g e  l e v e l s  r e q u i r e d  f o r  t h e  e l e c -  
t r o l y s i s  o f  N 2 H 9  and H 2 0 .  I t  i s  we l l  known t h a t  t h e  e l e c t r o - c h e m i c a l  
d i s s o c i a t i o n  o f  h y d r a z i n e  5 n t o  hydrogen  and  n i t r o g e n  o c c u r s ,  even  a t  
h i g h  c u r r e n t  d e n s i t i e s ,  a t  w e l l  below 1 v o l t ,  w h i l e  d i s s o c i a t i o n  cf 
w a t e r  o c c u r s  a t  c o n s i d e r a b l e  above 1 . 2 3  v o l t s .  T h i s  v o l t a g e  d i f f e r e n c e  
i s  pu t  t o  u s e  i n  t h e  o p e r a t i o n  o f  a f u e l  feed c o n t r o l  and d e t e c t i o n  
sys t em.  I t  has been  found t h a t  t h e  s h i f t  f rom h y d r a z i n e  e l e c t r o l y s i s  
(hydrogen  and n i t r o g e n  p r o d u c t i o n )  t o  water e l e c t r o l y s i s  (hydrogen  and 
oxygen p r o d u c t i o n )  o c c u r s  v i r t u a l l y  i n s t a n t a n e o u s l y  a t  a c u r r e n t  
d e n s i t y  c o r r e s p o n d i n g  t o  t h e  c o n c e n t r a t i o n  o f  h y d r a z i n e  i n  s o l u t i o n ,  
A t y p i c a l  c u r v e  i l l u s t r a t i n g  t h i s  f a c t  i s  shown i n  F i g u r e  3. T h i s  
t h e n  p e r m i t s  a c u r r e n t  d e n s i t y  t o  b e  s e l e c t e d  t h a t  c o r r e s p o n d s  t o  a 
s p e c i f i c  h y d r a z i n e  c o n c e n t r a t i o n .  When t h e  c o n c e n t r a t i o n  f a l l s  below 
t h i s  v a l u e ,  t h e  v o l t a g e  w i l l  s h i f t  upward t o  s u p p o r t  t h e  water e l e c -  
t r o l y s i s ;  as t h e  s o l u t i o n  becomes e n r i c h e d  due t o  f u e l  a d d i t i o n ,  t h e  
v o l t a g e  f a l l s  s h a r p l y .  T h e r e  i s ,  i n  e f f e c t ,  a " f o r b i d d e n "  v o l t a g e  
r e g i o n  t h a t  i s  n e v e r  r e a c h e d .  Thus ,  a c o n v e n i e n t  s i g n a l  i s  deve loped  
a t  e a c h  c u r r e n t  d e n s i t y  t o  t r i g g e r  t h e  f u e l  f e e d i n g  mechanisms.  
Mechan iza t ion  o f  t h i s  sys t em i s  s t r a i g h t f o r w a r d ,  It  c o n s i s t s  o f  a 
d e t e c t o r  e lement  i n s e r t e d  a t  t h e  d i s c h a r g e  s i d e  o f  t h e  a n o l y t e  pump; 
a c o n t r o l l e r  c o n s i s t i n g  of  a c o n s t a n t  c u r r e n t  power s u p p l y ,  d e t e c t o r  
s i g n a l  a m p l i f i c a t i o n ,  o u t p u t  s i g n a l  g a t e  c o n t r o l ;  and  a s o l e n o i d  v a l v e  
employed t o  c o n t r o l  on -o f f  i n t r o d u c t i o n  o f  f u e l .  Ga in  c o n t r o l  of  t h i s  
sys t em i s  c o n v e n i e n t l y  p r o v i d e d  by "On" t i m e  c o n t r o l  o f  t h e  s o l e n o i d ,  
p u l s e  r e p e t i t i o n  f r e q u e n c y  imposed on  t h e  c o n c e n t r a t i o n  d e t e c t o r ,  and 

C o n c e n t r a t i o n  d e t e r m i n a t i o n  by h y d r a z i n e  d i f f u s i o n  l i m i t a t i o n  

n 
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s i g n a l  l e v e l  imposed on  t h e  c o n c e n t r a t i o n  d e t e c t o r .  E x c e l l e n t  f u e l  
u t i l i z a t i o n  e f f i c i e n c i e s  have been  o b t a i n e d ,  employing t h i s  sys tem.  
A s  an example,  a 60-watt  f u e l  c e l l  o p e r a t e d  a t  85  ASF y i e l d e d  311 
w a t t - h o u r s  p e r  pound o f  f u e l  w h i l e  p roduc ing  60-watts  of u s e f u l  ou t -  
p u t  when a l o a d - s e n s i n g  f u e l  f e e d  c o n t r o l  was employed. The i d e n t i c a l  
u n i t  o p e r a t e d  w i t h  a c o n c e n t r a t i o n  d e t e c t i o n  f u e l  f e e d  s y s t e m  a t  
approx ima te ly  0 .7  m o l a r  h y d r a z i n e  f o r  t h e  same l o a d  y i e l d e d  410 wat t -  
h o u r s  p e r  pound of  f u e l .  F i g u r e  4 d e p i c t s  t h e  c o n t r o l  of  hydraz ine  
c o n c e n t r a t i o n '  a c t u a l l y  a c h i e v e d  on  a 300-watt s y s t e r r , .  

V O L T A G E  CONTROL 

Four t y p e s  o f  v o l t a g e  r e g u l a t o r s  were c o n s i d e r e d :  (1) t h e  c e l l  
t a p p i n g  r e l a y ,  ( 2 )  t h e  s h u n t  t y p e ,  ( 3 )  t h e  dc-ac-dc t y p e ,  and t h e  s e r i e s  
c y p e .  A t  t h e  p r e s e n t  s t a t e  o f  t h e  a r t ,  t h e  optimum c h o i c e  appeared  t o  
be  t h e  s e r i e s  t y p e .  

A f u n c t i o n a l  d i ag ram of  t h e  r e g u l a t o r  i s  shown i n  F i g u r e  5 .  

The o u t p u t  v o l t a g e  o f  t h e  s e r i e s  t r a n s i s t o r  s w i t c h e s  a r e  monitored 
w i t h  t h e  v o l t a g e  d e t e c t o r .  When t h i s  v o l t a g e  exceeds  a p r e - s e t  l i m i t ,  
t h e  d e t e c t o r ,  t h r o u g h  a c o n v e r t e r  c i r c u i t ,  w i l l  i n  e f f e c t  c a u s e  t h e  
se r ies  t r a n s i s t o r  t o  o p e r a t e  a t  a h i g h e r  r e s i s t a n c e .  

P H Y S I C A L  A N D  O P E R A T I N G  C H A R A C T E R I S T I C S  

A p i c t u r e  o f  t h e  p r e s e n t  60-watt  u n i t  i s  shown i n  F i g u r e  6 .  I t s  
s p e c i f i c a t i o n s  are g i v e n  i n  T a b l e  I .  

C O N C L U S I O N S  

U t i l i z i n g  t h e  h y d r a z i n e - a i r  e l e c t r o c h e m i c a l  c o u p l e  and employing 
sys t em d e s i g n  t e c h n i q u e s  as enumera ted  above ,  rugged ,  r e l i a b l e ,  h igh  
wat t -hour-per-pound f u e l  c e l l  power s u p p l i e s  can  b e  produced f o r  
m i l i t a r y  a p p l i c a t i o n s .  
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L a b o r a t o r i e s ,  F o r t  B e l v o i r ,  V i r g i n i a .  TI 
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Tab1 e 

CHARACTERISTICS 
E XPLORATOR 

W e i g h t  ( + f u e l  + e l e c t r o l y t e  

Volume 

Power  O u t p u t  

O p e r a t i n g  L i f e  

V o l t a g e  R e g u l a t i o n  

W a t t - h r / F u e l  C h a r g e  

F u e l  C h a r g e  

Low T e m p .  S t a r t  

H i g h  Temp. Run 

I 

O F  6 0  WATT 
MODEL 

28V,  14V,  

1 4 . 5  l b s .  

0 . 3 5  f t 3  

60 w a t t s  

4 5 0  h r s .  

+ 1 0 %  

390 

1 . 1 5  l b s  

7 V )  - 

t 1 4 " F  

+ 115OF 
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1 2  

u) 10 
0, 

a 
3 

c - 

0 8  
c3 

CURVE A-ACHIEVED PERFORMANCE AT0 HR. LIFE TEST p 0 6  B- I I  I1 AT 1000 HR. LIFE TEST ' 
C - ASSUMED DESIGN CURVE FOR 60 WATT BATTERY 

-I 

u 
w 

04. I 

~. TEST CONDITIONS 3 0.2 z TEMPERATURE - I40  F 
v) LOAD- 100 ASF, CONSTANT 0 

IO 20 30 40 50 60 70 80 90 100 
CURRENT DENSITY, ASF 

P E R F O R M A N C E  C U R V E S  F O R  H Y D R A Z I N E - A I R  F U E L  C E L L  
F I G U R E  1 

FUEL FEED ( GRAVITY HEAD 1 

1 

T Y P I C A L  H Y D R A Z I N E - A I R  F U E L  C E L L  P O W E R ' S U P P L Y  
F I G U R E  2 



r )  

6 

5 

4 

3 
V O L T S  

2 

1 

I I I 

1 0 2  103 1 O b  105  1 0 6  

CURRENT D E N S I T Y  M A / C M 7  

P R I N C I P L E  OF O P E R A T I O N  FOR I O N I C  S T R E N G T H  D E T E C T I O N  M E T H O D  

F I G U R E  3 

L O A D  
CURREN 

AMPS 

N 2 H 4  

!I 

T 
t h  d a y  

. v  
r 

1 .nL 

0 5 1 0  1 5  20 

HOURS 

PERFORMANCE OF 3 0 0 - W A T T  H Y D R A Z I N E / A I R  F U E L  C E L L  
W I T H  

F I G U R E  4 
D I F F U S I O N - C O N T R O L L E D  F U E L  F E E D  
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SERIES 

REG. 
28v. 

I 4 V .  

'7 
VOLT. 
REF. 

I 

"*r SEkI-T VOLT. 

VOLT. 

COMPARATOR I $ 

- 
6 0  W U N I T  O U T P U T  R E G U L A T I O N  S Y S T E M  

F I G U R E  5 

r 
\ 

r 

P H O T O G R A P H  O F  T H E  6 0 - W A T T  U N I T  

F I G U R E  6 


