
3 

f f653  July65 

I 

I 
I 

1 
I 
I 

I 

t 

I 
, 

\ 

L i  

NASA CR- 54742 
MRB 5009Q2 

Quarter ly  R e p o r t  N o .  2 

STUDY O F  F U E L  C E L L S  U S I N G  STORABLE 
ROCKET PROPELLANTS 

18 May t o  17 A u g u s t  1965 
1- 

- 
0 .. 

(NASA CR OR TMX O R  AD N U M B E R )  iCATEGORY1 

R .  F .  D r a k e ,  L. I?. Athearn, H. E .  C h u t e ,  
J .  C .  Orth, and J . 0. Smith 

p rkpa red  f o r  

NATIONAL AERONAUTICS AND S P A C E  ADMINISTRATION 

CONTRACT N A S 3 - 6 4 7 6  

MONSANTO RESEARCH CORPORATION 
BOSTON LABORATORY 

E v e r e t t ,  Massachusetts 02149 
Te l :  617-389-0480 

https://ntrs.nasa.gov/search.jsp?R=19650026224 2020-03-16T22:07:56+00:00Z



I 

NOTICES 

T h i s  r e p o r t  was p r e p a r e d  as a n  a c c o u n t  of Government-sponsored 
work. Neither t h e  Uni ted  S t a t e s  n o r  t h e  N a t i o n a l  A e r o n a u t i c s  and  
Space  A d m i n i s t r a t i o n  (NASA), n o r  any p e r s o n  a c t i n g  on behalf  o f  
NASA : 

A )  Makes any  w a r r a n t y  o r  r e p r e s e n t a t i o n ,  e x p r e s s e d  
o r  i m p l i e d ,  w i t h  r e s p e c t  t o  t h e  a c c u r a c y ,  com- 
p l e t e n e s s ,  o r  u s e f u l n e s s  of the  i n f o r m a t i o n  con- 
t a i n e d  i n  t h i s  r e p o r t ,  or t h a t  t h e  u s e  of a n y  
i n f o r m a t i o n ,  a p p a r a t u s ,  method, o r  p r o c e s s  d i s -  
c l o s e d  i n  t h i s  r e p o r t  may n o t  i n f r i n g e  p r i v a t e l y  
owned r i g h t s ;  or 

Assumes any  l i a b i l i t i e s  w i t h  r e s p e c t  to t he  u s e  
o f ,  o r  f o r  damages r e s u l t i n g  f rom t h e  u s e  of a n y  
i n f o r m a t i o n ,  a p p a r a t u s ,  method or p r o c e s s  d i s -  
c l o s e d  i n  t h i s  r e p o r t .  

B )  

A s  u s e d  above ,  "person  a c t i n g  on b e h a l f  o f  NASA" i n c l u d e s  any  
employee o r  c o n t r a c t o r  of  NASA, or employee of s u c h  c o n t r a c t o r ,  
t o  the  e x t e n t  t h a t  s u c h  employee or c o n t r a c t o r  o f  NASA, o r  e m -  
p l o y e e  of s u c h  c o n t r a c t o r  p r e p a r e s ,  d i s s e m i n a t e s ,  o r  p r o v i d e s  
a c c e s s  t o ,  any i n f o r m a t i o n  p u r s u a n t  t o  t h i s  employment w i t h  s u c h  
c o n t r a c t o r .  

D i s semina t ion  o u t s i d e  t he  c o n t r a c t i n g  government agency  or t o  
r e c i p i e n t s  o t h e r  t h a n  Government d e f e n s e  c o n t r a c t o r s  n o t  
a u t h o r i z e d .  

Reques t  c o p i e s  of t h i s  r e p o r t  s h o u l d  be  r e f e r r e d  t o :  

N a t i o n a l  A e r o n a u t i c s  and  Space A d m i n i s t r a t i o n  
O f f i c e  of S c i e n t i f i c  and  T e c h n i c a l  I n f o r m a t i o n  
Washington,  D.  C . ,  20025 
A t t e n t i o n  : AFSS-A 

0 MONSANTO RESEARCH CORPORATION 0 
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SUMMARY 

T h i s  q u a r t e r  t he  c a t a l y s t  s c r e e n i n g  programs f o r  Aeroz ine-50  
r e f o r m i n g  and  N204 decomposi t ion  have c o n t i n u e d .  Four sys t ems  
are p r e s e n t l y  con templa t ed  for Aerozine  r e fo rming .  These sys tems 
and  the p r e s e n t  hydrogen y i e l d  e f f i c i e n c i e s  f o r  e a c h  are  : 

(1) Low t e m p e r a t u r e  decomposi t ion  = 17.6%. 

( 2 )  

( 3  ) 

(4) 

Medium t e m p e r a t u r e  decomposi t ion  = 1.4%. 

High t e m p e r a t u r e  steam ref o rming- s ing le  ca t a lys t  = 29.2%. 

High t e m p e r a t u r e  s team r e f o r m i n g  f o l l o w e d  by N H 3  
decomposi t ion  and G O  s h i f t  r e a c t i o n  = 55.6 ( e s t ima ted ) .  

jFour more c a t a l y s t s  a c t i v e  for the  decomposi t ion  of N204 have 
been  uncovered .  However, none showed much a c t i v i t y  below 7 O O 0 C . _ I  
An a c c e l e r a t e d  s c r e e n i n g  program i s  o u t l i n e d  for t h i s  task.  

,Several c a t a l y s t s  a c t i v e  f o r  t he  e l e c t r o - o x i d a t i o n  o f  UDMH 
have been  tes ted.  However, R h  i s  s t i l l  the best o v e r a l l  c a t a l y s t .  
T e s t i n g  o f  t h i s  c a t a l y s t  i n  a 3 x 3 i n .  c e l l  d e f i n i t e l y  i n d i c a t e d  
t h a t  a d i f f u s i o n  bar r ie r  w i l l  be r e q u i r e d  t o  p r e v e n t  e x c e s s i v e  
decomposi t ion  of the  f u e l  on t h e  e l e c t r o d e .  

!An MRC carbon e l e c t r o d e  w i t h  a h igher  t h a n  normal c a r b o n  
mat r ix  d e n s i t y  was tes ted  wi th  N204. The d i f f u s i o n  r a t e  th rough  
t h i s  e l e c t r o d e  was n o t  s u b s t a n t i a l l y  r educed  by t h i s  method. 

ii 
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I .  INTRODUCTION 

A .  . BACKGROUND 

T h i s  i s  t h e  second q u a r t e r l y  r e p o r t  i n  t h e  t h i r d  s t a g e  of  a n  

on storab_&e,--ca&et p r o p e l l a n t s  as  p r imar  or secondary  r e a c t a n t s .  
Work on t h e  p r e v i o u s  c o n t r a c t  (NAS3-4175 3 l a r g e l y  concerned t h e  
i n v e s t i g a t i o n  of  a number of p o s s i b l e  sys tems and c e l l  con f igu ra -  
t i o n s  and cu lmina ted  i n  t h e  c o n s t r u c t i o n  and long- te rm t e s t i n g  
of  two c e l l  t y p e s .  One c o n f i g u r a t i o n  used N2H4 d i s s o l v e d  i n  KOH 
e l e c t r o l y t e  a s  t h e  f u e l  and gaseous O2 a s  t h e  o x i d i z e r .  The 
o t h e r  sys tem used N2H4 d i s s o l v e d  i n  H3P04 e l e c t r o l y t e  a s  t h e  
f u e l  and gaseous  N 2 0 4  as t h e  o x i d i z e r .  Both sys tems were 
deve loped  to  t h e  p o i n t  where System Designs were submi t ted  t o  
NASA s p e c i f i c a t i o n s  ( r e f .  1 ) .  

i n v e s t i g a t i o n  whose o b j e c t i v e  i s  t o  deve lop  a f w  -4==Lratng 

The p r e s e n t  c o n t r a c t  c a l l s  f o r  t h e  i n v e s t i g a t i o n  and 
develop-ment o f  c e l l s  o p e r a t i n g  on gaseous  N 2 0 4  and Aerozine-50 as 
f i r e c t  r e a c t a n t s ,  and f o r  a re forming  c a p a b i l i t y  t o  use t h e s e  
x!eu-LaatsL~. .pro .duce  Os- and H2-rich feedstreams f o r  f u e l  c e l l s .  
The c o n s t r u c t i o n  and o p e r a t i o n  of working r e fo rmers  and c e l l s  
a r e  t h e  o b j e c t i v e s  of t h i s  work. 

B .  PROGRAM O R G A N I Z A T I O N  

The p r o j e c t  c o n s i s t s  of t h r e e  phases ,  t o  be performed 
r o u g h l y  i n  s e r i e s .  The o v e r a l l  work p l a n  shown i n  F i g u r e  1 
i l l u s t r a t e s  t h e  major t a s k s  t o  be  per f3rmed.  D e t a i l e d  working 
p l a n s  f o r  Phase I have been developed and a r e  i l l u s t r a t e d  i n  
F i g u r e  2 .  There a r e  t h r e e  m a j o r  t a s k s  i n  t h i s  phase :  r e fo rming  
of Aerozine-50,  c a t a l y t i c  decomposi t ion  of  N 2 0 4 ,  and e l e c t r o d e  
development f o r  d i r e c t  r e a c t a n t  u s e .  Each task has  been f u r t h e r  
b roken  down i n t o  sub ta sks  which r e p r e s e n t  t h e  a c t u a l  work b e i n g  
done t o  complete  tk task s u c c e s s f u l l y .  

1 
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C .  SCOPE OF THIS REPORT 

This repor t  covers work done on t h e  subtasks  l i s t e d  
below. 

Subtask 
Number 

1.1 

1.2 

2.1 

2 .2  

3.1 

3 * 2  

3 * 3  

3 -4 

3 - 5  

3 -6 

Descr ip t ion  

Assemble Aerozine-50 Reformer 

Run I n i t i a l  Screening Tes t s  

Assemble N204 C a t a l y t i c  Reactor 

Run I n i t i a l  Screening Tes ts  

Cathode Optimization 

Develop Aerozine-50 Anode 

Design l/3-ft2 Electrodes 

1/3 f t 2  Elec t rode  Tes t s  

Analy t ica l  Procedures (N204) 

Analy t ica l  Procedures (. Aeroz ine-50)  

Work S t a t u s  

complete 

60s complete 

comp l e t  e 

40% complete 

50% complete 

50% complete 

90% complete 

not s t a r t e d  

75% complete 

5 ~ $  complete 

4 , 



11. TASK I. AEROZINE-50 REFORMING STUDIES 

. 
A .  BACKGROUND 

The o b j e c t i v e  of the Aerozine-50 r e f o r m i n g  s t u d i e s  i s  t o  
produce a hydrogen- r i ch  f e e d  s t ream s u i t a b l e  f o r  u se  i n  a f u e l  
c e l l .  The maximum amount of hydrogen w i l l  be produced from steam 

d e r i v e d  from 100 grams of  f u e l  p l u s  60 grams of  steam. I n  p r a c -  
t i c e  s i d e  r e a c t i o n s  and  incomplete  r eac t an t  u s e  r e d u c e  y i e l d s  by 
v a r i o u s  amounts depending  on t h e  c a t a l y s t  and c o n d i t i o n s .  

r r e f o r m i n g  t h e  Aerozine-50.  T h e o r e t i c a l l y ,  9.8 moles  of H 2  c a n  be 

The f o u r  sys tems l i s t e d  below are under  c o n s i d e r a t i o n  a t  
t h i s  t i m e .  Each has  c e r t a i n  advan tages  w i t h  r e s p e c t  t o  h e a t  i n -  
p u t s  r e q u i r e d ,  hydrogen y i e l d s  and e f f i c i e n c y ,  complex i ty  and  
r e l i a b i l i t y .  

Sxstem 1: Low t e m p e r a t u r e  decomposi t ion  of t h e  f u e l  a t  30 
t o  100 C i n  t h e  l i q u i d  phase .  Only t h e  hydraz ine  component can  
be decomposed, and the  maximum HZ e f f i c i e n c y  i s  3 8 .  

System 2 :  Medium t empera tu re  decomposi t ion  a t  100 t o  250°C 
i n  t h e  vapor  s t a t e  where the r e a c t i o n  might  p roceed  f a s t e r .  The 
maximum e f f i c i e n c y  i s  a g a i n  32s. 

System 3: High t empera tu re  steam r e f o r m i n g  from 300 t o  500°C, 
u s i n g  a s i n g l e  c a t a l y s t  and  r e a c t o r .  Depending on s i d e  r e a c t i o n s ,  
the  p o s s i b l e  e f f i c i e n c y  i s  106. 

S stem 4 :  High t e m p e r a t u r e  steam r e f o r m i n g  f o l l o w e d  by r e a c -  
t i o n  *r s e p a r a t e  r e a c t o r s )  t o  decompose N H 3  and  t o  c o n v e r t  
a d d i t i o n a l  CO t o  maximize t h e  HZ y i e l d .  The maximum e f f i c i e n c y  
is loo$. 

The c h o i c e  of sys tem w i l l  depend n o t  o n l y  on the  a c t u a l  H 2  
e f f i c i e n c i e s  r e a l i z e d  i n  t h e  e x p e r i m e n t a l  work, b u t  a l s o  on fac-  
t o r s  s u c h  as we igh t ,  volume, complexi ty ,  ene rgy  r e q u i r e m e n t s ,  and  
t h e  end  u s e  r e q u i r e m e n t s .  A s  a s t a r t  on a c q u i r i n g  some of t h i s  
i n f o r m a t i o n ,  h e a t  b a l a n c e s  have been worked o u t  for e a c h  sys t em 
a n d  are  i n c l u d e d  i n  Appendix I. The e x p e r i m e n t a l  work i n  s u p p o r t  
o f  e a c h  sys tem i s  d e s c r i b e d  i n  t h e  f o l l o w i n g  p a r a g r a p h s .  

B. LOW TEMPERRT'UXE jjEC O~vlPOSITIC?J 

The work done t o  d a t e  ( a n d  t h e  p e r t i n e n t  l i t e r a t u r e )  b e a r s  
(--ut t i ; o  f z c t s :  

(1) 

( 2 )  

Only t h e  N 2 H 4  f r a c t i o n  i s  decomposable i n  t h e  t e m p e r a t u r e  
r a n g e  c o n s i d e r e d .  

N 2 H 4  can decompose e i t h e r  t o  H2 and  N E  o r  t o  N H 3  and  N2.  

5 



The ex ten t  of each r e a c t i o n  depends on t h e  c a t a l y s t  used .  
NH3 format ion  can s e r i o u s l y  l i m i t  t h e  H 2  y i e l d s .  

. The r e a c t o r  system used t o  e v a l u a t e  c a t a l y s t s  i n  t h i s  work 
has  been desc r ibed  i n  t h e  F i r s t  Q u a r t e r l y  Report  ( r e f .  2 )  . 
B r i e f l y ,  i t  c o n s i s t s  o f  a r e a c t i o n  f l a s k  and a g a s  a n a l y s i s  t r a i n .  
The f u e l  i s  added  ba tchwise  t o  t h e  c a t a l y s t  i n  t h e  f l a s k  and gas 
volumes a r e  measured and ana lyzed  by VPC a f t e r  s c r u b b i n g  o u t  "3. 

A l l  da t a  on c a t a l y s t s  t e s t e d  t o  d a t e  a r e  inc luded  i n  Table 1. 
Two c a t a l y s t s  showed s u f f i c i e n t  promise t o  war ran t  c o n s i d e r a t i o n :  
(1) a promoted Raney Ni-water s l u r r y ,  and ( 2 )  R h  on v a r i o u s  
s u p p o r t s .  Although t h e  N i  c a t a l y s t  gave t h e  h i g h e s t  conve r s ion  
t o  H2 (88% compared t o  55% f o r  a t y p i c a l  R h  c a t a l y s t )  t h e  s l u r r y  
form would b e  n e a r l y  imposs ib l e  t o  u s e  i n  a flow r e a c t o r  sys tem.  
The b e s t  choice,  then ,  i s  t h e  R h  c a t a l y s t  suppor t ed  on alumina,  
w i t h  which the H2 e f f i c i e n c y  o b t a i n e d  i s  17.6% based on t h e  t o t a l  
H 2  c o n t e n t  of Aerozine-50, or 55% based on t h e  decomposi t ion  o f  
t h e  N 2 H 4  component a l o n e .  
C .  MEDIUM TEMPERATURE DECOMPOSITION 

The o b j e c t i v e  of t h i s  work i s  t o  improve t h e  N 2 H 4  decomp- 
o s i t i o n  r a t e  and e f f i c i e n c y  by o p e r a t i n g  a t  h i g h e r  t empera tu res  
where t h e  r e a c t a n t s  a r e  i n  t h e  vapor  phase .  The t u b u l a r  f low 
r e a c t o r  desc r ibed  i n  t h e  F i r s t  Q u a r t e r l y  Report  ( f o r  steam 
reforming)  has been u s e d  t o  e v a l u a t e  P t ,  Pd,  Rh ,  and N i  c a t a l y s t s  
a t  10 p s i g  from 100°C t o  250°C on p u r e  Aerozine-50 f e e d .  The 
r e s u l t s  a r e  p r e s e n t e d  i n  Table  2 .  No s i g n i f i c a n t  H2 f o r m a t i o n  
was found with any c a t a l y s t  above 140°C where o n l y  t h e  vapor  
phase  e x i s t s  i n  t h e  r e a c t o r .  A t  1 O O " C ,  where Aerozine-50 i s  o n l y  
p a r t i a l l y  vapor ized ,  some H2 p r o d u c t i o n  was r e a l i z e d  w i t h  a Pd 
c a t a l y s t .  T h e s e  r e s u l t s  seem t o  i n d i c a t e  t h a t  t h e  vapor  phase  
r e a c t i o n  proceeds mainly t o  NH3 on t h e  c a t a l y s t s  t e s t e d .  The H2 
convers ion  e f f i c i e n c y  w i t h  t h e  Pd c a t a l y s t  was o n l y  1 . 4 % .  Great 
improvement i s  n e c e s s a r y  f o r  t h i s  system t:, be  u s e f u l .  

D.  H I G H  TEMPERATURE STEAM REFORMING OF UDNH 

Steam reforming o f  UDMH was t h e  s u b j e c t  o f  t h e  main i n v e s t -  
i g a t i o n  under t h i s  t ask  d u r i n g  t h e  l a s t  q u a r t e r .  T h i s  p r o c e s s  
has t h e  p o t e n t i a l  f o r  t h e  h i g h e s t  H 2  y i e l d s .  However, i n  t h e  
t empera tu re  range cons ide red  (300"  t o  5 O O 0 C ) ,  t h e  thermodynamic 
e q u i l i b r i u m  p r e d i c t s  mainly CH4 and N 2  as r e a c t i o n  p r o d u c t s .  
Thus, t h e  r e a c t i o n  k i n e t i c s  m u s t  be a d j u s t e c ?  by  t h e  use  of  
s e l e c t i v e  c a t a l y s t s  and proper. c o n d i t i o n s  t o  promote t h e  h i g h  
Ha-yielding r e a c t i o n s .  

There a r e  a l a r g e  number of p o s s i b l e  r e a c t i o n s  w i t h  t h i s  
sys tem.  The most impor t an t  now appea r  t o  be :  

1. (CH3)2NNH2-2CH4 + N 2  

2 .  ( CH3)2NNH2---> 2C + 2NH3 + H2 
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5. (CH3)2NNH2 + 2H20 --+ 2CO + 2NH3 + 3H2 
6 .  (CH3)2NNH2 + 4H2O * 2C02 + 2NH3 + 5H2 
7. ( CH3)2NNH2 + 4H20 + 2C02 + N2 + 8H2 

max 
t h e  

E f f i c i e n c i e s  i n  t h i s  s e c t i o n  a re  r e p o r t e d  as p e r  c e n t  of 
imum H2 a v a i l a b l e  by r e a c t i o n  7 .  S i n c e  o n l y  UDMH was f e d  t o  
r e a c t o r  i n  t h e s e  t e s t s ,  t h e  H2 y i e l d  from N2H4 decomposi t ion 

must b e  added t o  these r e s u l t s  to e x t r a p o l a t e  t o  Aerozine-50 
y i e l d s .  Ac tua l  re forming  r u n s  on Aerozine-50 a r e  r e p o r t e d  i n  
a l a t e r  s e c t i o n .  

The t u b u l a r  f low r e a c t o r ,  a s s o c i a t e d  equipment,  and o p e r a t i n g  
p rocedure  used i n  t h i s  t e s t i n g  were d e s c r i b e d  i n  t h e  F i r s t  
Q u a r t e r l y  Repor t .  Data s h e e t s  on a l l  r u n s  made to d a t e  a r e  
i n c l u d e d  i n  Appendix 11. D e t a i l s  on o p e r a t i n g  pa rame te r s ,  
c a t a l y s t s ,  a n a l y t i c a l  r e s u l t s ,  and c a l c u l a t e d  e f f i c i e n c i e s  and 
material  b a l a n c e s  a r e  i n c l u d e d  for each  r u n .  

The f o l l o w i n g  p r o d u c t s  a r e  l i s t e d  i n  t h e  r e a c t o r  o u t p u t :  
UDMH, H20, NH3, d ime thy l  amine (DMA), H2, Nz, CH4, CO, C02, and 
e t h a n e .  Where carbon d e p o s i t i o n  i s  p r e s e n t  t h e  amounts a r e  
i n d i c a t e d .  

A l l  components excep t  H2@, NH3, DIU, and carbon were d e t e r -  
mined by d i r e c t  a n a l y s i s  o f  t h e  o u t p u t ,  u s i n g  gas chromatography. 
The water o u t p u t  was c a l c u l a t e d  from t h e  d i f f e r e n c e  between t h e  
i n p u t  H20 and the  amount used t o  form C3, and C02. The NH3, DMA, 
and carbon were determined by c a l c u l a t i n g  mass b a l a n c e s  ,>where 
p o s s i b l e )  of each  i n d i v i d u a l  element e n t e r i n g  t h e  r e a c t o r .  An 
example of  t he  c a l c u l a t i o n s  f o r  one of t h e  r u n s  i s  g iven  i n  T a b l e  3 .  

The major c r i t e r i a  for de te rmin ing  t h e  b e s t  c a t a l y s t  and 
c o n d i t i o n s  a re  d e s c r i b e d  below. 

z 
Using t h i s  method, complete mass b a l a n c e s  have been o b t a i n e d .  

Hydrogen o u t p u t  can  be  a maximum of 13.33 moles p e r  1C(? grams 
of  UDMH i n p u t .  T h i s  assumes t h a t  a l l  t h e  UDMH r e a c t s  t o  H2, N2, 
and C02. 'Lhe bevL y i e l d  wULaLlrbu - ~ - + - : n n A  +hi14 vA.__ f3.r i s  3.89 moles of H2 
p e r  100 grams of  UDMH, w i t h  G - 5 6 ~  c a t a l y s t  a t  500°C and 50 p s i g ,  
or 29.2% of maximum hydrogen o u t p u t .  
s h o u l d  n o t  be determined by t o t a l  hydrogen i n p u t  s i n c e  t h e  wa te r  
i s  p r e s e n t  i n  e x c e s s  (50%).  The water - to-carbon r a t i o  w i l l  b e  
v a r i e d  i n  l a t e r  t e s t s .  

The hydrogen e f f i c i e n c y  

11 



T a b l e  3 

MATERLAL BALANCE EXAMPLE FOR UDMH STEAM REFORMING 

Example : 

G - 5 6 ~  Nickel Base Reforming Catalyst  a t  4 O O 0 C ,  50 p s i g  

Input  Conditions : 0.105 mole/hr UDMH, 0.823 mole/hr H20 

Output Gas Composition (mole-$> a f t e r  1-1/2 h r :  H 2 ,  50.8; 

Output Gas (mole/hr): 0.319 

N 2 ,  2.5; C H 4 ,  18.6; CO,  0.3; C02, 27.6; e thane ,  0.2. 

$ UDMH Reacted: 98.2 

E l e m e n t a l  Balances  : 

1. Carbon Input = 0.210 g atoms 

+ 0.004 from UDMH 
= 0.154 g atoms 

Carbon Output = 0.150 from C H 4 ,  C02, CO,  and ethane 

w i t h  0.056 g atoms unaccounted f o r  

2. Nitrogen Input = 0.210 g atoms 
Nitrogen Output = 0.016 from N2 + 0.004 from UDMH 

= 0.020 g atoms 
with 0.190 g atoms unaccounted f o r  

3. Hydrogen Input = 0.840 g atoms from UDMH 
+ 0.354 g atoms from H20 t o  form C O  and C02 

Hydrogen Output  = 0.324 g atoms from HE 
+ 0.237 g atoms from CHI 
+ 0.004 g atoms from C 2 H e  + 0.016 g atoms from UDMH 
= 0.581 g atoms 

with 0.613 g atoms unaccounted f o r  

By t r i a l  a n d  e r r o r ,  if 0.010 mole DMA and 0.180 mole N H 3  are 
formed: 

Hydrogen Output  = 1.191 g atoms o r  99.7$ of input  

Nitrogen Output  = 0.210 g atoms o r  100$ of input  

Carbon Output = 0.174 g a toms,  l eav ing  0.036 g atoms f o r  
carbon depos i t ion  on c a t a l y s t .  

12 



I (  

. 2 .  Amount o f  CO Formed 
~ 

I 

T h i s  f a c t o r  i s  impor t an t  s i n c e  CO can be s h i f t e d  t o  COz 
e a s i l y  a t  low tempera tures ,  producing more H a .  

3. Amount of  NH3 Formed 

under t h e  p r o p e r  c o n d i t i o n s .  
This  i s  impor tan t  s i n c e  NHs can be decomposed t o  N2 and H 2  

I 4 .  Carbon Depos i t i on  ~ 

T h i s  p r o c e s s  produces H2 b u t  i s  u n d e s i r a b l e  because  t h e  
c a t a l y s t  w i l l  e v e n t u a l l y  l o s e  i t s  a c t i v i t y .  T h i s  can be reduced 
by h igher  water - to-carbon r a t i o s  and higher  p r e s s u r e s .  

We b e l i e v e  i t  w i l l  be p o s s i b l e  t o  conve r t  a l l  m a t e r i a l s  
except  CH4, e thane ,  and p o s s i b l y  dimethylamine t o  H2 us ing  two 
or th ree  c a t a l y s t  systems,  t h u s  g r e a t l y  i n c r e a s i n g  t h e  H2 
e f f i c i e n c y  (System 4 ) .  However, t h i s  would a d d  weight  to t h e  
sys tem and r e q u i r e  d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s  ( e s p e c i a l l y  f c r  
NHS decompos i t ion ) .  For t k s e  reasons  o u r  p r e f e r r e d  g o a l  i s  t h e  
maximum H2 o u t p u t  on a s i n g l e  pas s  through a s i n g l e  r e a c t o r  
(System 3 ) .  Table 4 l i s t s  t h e  t o t a l  H2 e f f i c i e n c y  f o r  each t e s t  
performed.  Three va lues  a re  shown cor responding  t o :  

1. Ac tua l  exper imenta l  values  of H2 e f f i c i e n c y .  

2 .  H2 e f f i c i e n c y  i f  CC i s  s h i f t e d  to C 0 2 .  

3. K2 e f f i c i e n c y  i f  CO i s  s h i f t e d  t o  CI-',~ and i f  NH3 i s  
decomposed. 

The bes t  a c t u a l  e f f i c i e n c i e s  (26 t o  39%' have been ob ta ined  
a t  5 O O " C ,  50 p s i g ,  w i t h  a Ni-base c a t a l y s t  G i r d l e r  G56B), a N i  
o x i d e  c a t a l y s t  ( G i r d l e r  T-1144), and a Z n 3  on alumina c a t a l y s t  

I (Harshaw ZnO7Ol) . The bes t  e x t r a p o l a t e d  e f f i c i e n c i e s  45-55$: 
f o r  t h e  sys tem combining steam reforming w i t h  NH3 decamposi t ion  
and CO conve r s ion  occur  a t  400°C w i t h  t h e  fo l lowing  c a t a l y s t s :  i -  (1) G i r d l e r  T-310, 10% n i c k e l  ox ide  on a c t i v a t e d  alumina 

Table 5 shows t h e  f r a c t i o n  o f  UDMH consumed by each of  t h e  
seven  p o s s i b l e  r e a c t i o n  paths ( equa t ions  1 through 7) for each  
c a t a l y s t ,  as c a l c u l a t e d  from t h e  observed p r o d u c t s .  The f o l l o w i n g  

. g e n e r a l  conc lus ions  can b e  drawn from t h e s e  d a t a :  
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E. 

A l l  t h e  c a t a l y s t s  cause  NH3 f o r m a t i o n  a t  300 and 400°C.  
The amount produced d e c r e a s e s  as t h e  t e m p e r a t u r e  
i n c r e a s e s ;  i n  some c a s e s  none i s  formed a t  500°C wi th  
t h e  p r e s s u r e s  used i n  t h i s  s t u d y .  

Methane p r o d u c t i o n  i n c r e a s e s  w i t h  t empera tu re  and 
pressure f o r  most o f  t h e  c a t a l y s t s .  The maximum found 
was 60 t o  70% o f  t h e  UDMH r e a c t i n g  by t h i s  p a t h .  

Carbon d e p o s i t i o n  o c c u r s  w i t h  many o f  t h e  c a t a l y s t s  a1 
300 and 400°C. This  r e a c t i o n  produces  H a ,  b u t  i s  
u n d e s i r a b l e  because  of e v e n t u a l  c a t a l y s t  f o u l i n g .  

I n  some c a s e s  t h e  d i r e c t  f o r m a t i o n  o f  NH3 f rom t h e  
elements  a p p e a r s  t o  have occur red  t o  some e x t e n t .  

STEAM REFORMING OF AEROZINE-50 AT H I G H  TEMPERATURE 

The two b e s t  UDMH steam re fo rming  c a t a l y s t s ,  G i r d l e r  ~ 5 6 ~  
and T-1144, were t e s t e d  on  Aerozine-50.  The da ta  shee ts  f o r  
t h e s e  t e s t s  are i nc luded  i n  Appendix I1 and t h e  r e s u l t s  a r e  
summarized i n  T a b l e  6 .  Comparison o f  t h e s e  r e s u l t s  w i t h  t h e  d a t a  
a c q u i r e d  wi th  UDMH a l o n e  i n d i c a t e s  t h a t  t h e  f r a c t i o n  of  UDMH 
undergoing steam re fo rming  i s  reduced ( a t  5 O O " C ) ,  and t h e  amount 
of  CH4 formed and carbon d e p o s i t e d  a t  43~'"C has  a l s o  i n c r e a s e d  
s l i g h t l y .  The n e t  e f f e c t  i s  a s l i g h t l y  reduced H2 e f f i c i e n c y  
from t h e  steam re fo rming  r e a c t i o n .  However, a s i g n i f i c a n t  
i n c r e a s e  i n  NH3 decomposi t ion  was found ,24$  f o r  G i r d l e r  ~ 5 6 ~  
and 56% f o r  T-1144) ,  which tended t o  i n c r e a s e  H2 y i e l d .  The 
o v e r a l l  H2 e f f i c i e n c y  ( i n c l u d i n g  t h e  N2H4 cdmponent o f  t h e  f u e l :  
was 27.0% f o r  T-1144 a t  53ooc, 50 p s i g .  

We f e e l  t h e  o v e r a l l  e f f i c i e n c y  o f  t h e  sys t em can  be  imyrsved 
by  o p t i m i z a t i o n  of t h e  o p e r a t i n g  v a r i a b l e s  t eaFe ra tu re ,  ~ r e s e ~ r e ,  
i n p u t  ra tes ,  and water excess  amount used : .  A mixed c a t a l y s t  
system f o r  bo th  steam reforming  and NH3 d i s s o c i a t i o n  wculd f u r t h e r  
improve H2 p r o d u c t i o n .  However, a doub le  zone r e a c t o r  may be 
n e c e s s a r y  i f  d i f f e r e n t  t empera tu re  or p r e s s u r e  c o n d i t i 3 n s  a r c  
r e q u i r e d  f o r  t h e s e  two p r o c e s s e s ,  

F .  WORK PLANS 

(1) F i n i s h  t h e  s c r e e n i n g  r u n s .  

( a )  Test  mo lecu la r  s i e v e  (Nor ton -Zec l i t e !  w i t h  1% N i  + 1% 

( b )  Test  Harshaw Zn 0701 1: 19% ZnO 3n  a lumina )  f a r  Aerozinc-5. '  

Rh f o r  UDMH steam re fo rming .  

s t earn r e fo rming  . 
( e )  Test  5-155 Pd on  a lumina  and s i l i c a  g e l  for low 

t empera tu re  decomposi t ion .  

18 
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( 2 )  Optimize the low tempera ture  system, and t e s t  t he  b e s t  

Flow ra te  v a r i e d  by 3 g/hr from 7 t o  16.  

Temperature v a r i e d  by 15°C from t h e  b e s t  t empera ture  
of s c r e e n i n g .  

c a t a l y s t  under t h e  fo l lowing  c o n d i t i o n s :  

( a )  

( b )  

( c )  P res su re  v a r i e d  by 10 p s i g  upward u n t i l  performance 
d e t e r i o r a t e s .  

Conduct a f ive-day ,  long-term t e s t  of  t h e  b e s t  sys tem.  

(3)  Optimize Aerozine-50 s team reforming .  T e s t  t h e  bes t  c a t a l y s t  
under the  fo l lowing  c o n d i t i o n s :  

( a )  

( b )  H20/C r a t i o  v a r i e d  from 2/1 t o  6/1, or from 

Flow r a t e  v a r i e d  by 5 g /hr  from 10 t o  30. 

s t o i c h i o m e t r i c  t o  200% e x c e s s .  

( c )  Temperature v a r i e d  by 15°C f r o m  t h e  b e s t  s c r e e n i n g  
r e s u l t .  

( d )  P re s su re  v a r i e d  by 10 p s i g  from t h e  b e s t  s c r e e n i n g  
r e s u l t .  

Conduct a f ive -day  t e s t  of opt imized c o n d i t i o n s .  

( 4 )  I n v e s t i g a t e  NH3 decomposi t ion sys t ems .  

( a )  S e l e c t  t h ree  or four NH3 decomposi t ion c a t a l y s t s  a n d  
t r y  them '[l) as i n t i m a t e  mixtures  w i t h  r e f s rming  
c a t a l y s t  and ( 2 )  as a s e p a r a t e  z3ne )same tempera ture  
and p r e s s u r e ) .  

(b) I f  resu l t s  no t  good i n  : a ) ,  s e t  up  s e p a r a t e  r e a c t o r  
and de termine  c o n d i t i o n s  r e q u i r e d  for decomLjositisn, 
and c a l c u l a t e  e f f i c i e n c i e s .  

( 5 )  Run any  f u r t h e r  t e s t s  r e q u i r e d  t:, s u p p l y  i n f o r m a t i o n  needed 
i n  choosing f i n a l  system ( P r o j e c t  Moni tor ; .  

( 6 )  S t a r t  breadboard r e a c t o r  d e s i g n .  



111. TASK 11. DECOMPOSITION OF N 2 0 4  

A BACKGROUND 

The o b j e c t i v e  of t h i s  t ask  i s  t o  decompose n i t r o g e n  t e t r o x i d e  
t o  N 2  and O2 by thermal and c a t a l y t i c  means t o  p rov ide  a n  oxygen- 
r i c h  stream f o r  a f u e l  c e l l .  The r e a c t i o n s  f o r  t h i s  decomposi t ion 
and t h e  p r e s e n t  s t a t e - o f - t h e - a r t  were d i s c u s s e d  i n  t h e  F i r s t  
Q u a r t e r l y  Repor t .  The r e a c t o r  system has been des igned  w i t h  t h i s  
i n f o r m a t i o n  i n  mind, and tes ts  made t o  date i n d i c a t e  t h a t  t he  
system performs s a t i s f a c t o r i l y  f o r  s c r e e n i n g  c a t a l y s t s .  

t o  t h e  dep th  of 12 i n .  The r ema inde r  of t he  t u b e  i s  t h e n  f i l l e d  
w i t h  p o r c e l a i n  c h i p s  t o  p rov ide  p r e h e a t i n g  of  t h e  gas s t r eam and 
s u p p o r t  f o r  t h e  c a t a l y s t  bed.  The test  c o n s i s t s  o f  i n s t a l l i n g  
t h i s  packed tube  i n  t h e  sys t em a s  shown i n  F igu re  3 ,  and  h e a t i n g  
t o  f o u r  t empera tu res  (200, 400, 600, and 800°C) w h i l e  p a s s i n g  
N 2 0 4 .  The t ime-delay t u b e  o p e r a t e s  a t  room tempera ture  and per- 
m i t s  t h e  slow recombina t ion  r e a c t i o n  of  undecomposed NO w i t h  
oxygen t o  go t o  comple t ion .  The r e s u l t i n g  NO2 i s  f r o z e n  i n  t h e  
c o l d  t r a p  u s i n g  Dry I c e  and T r i c l e n e .  Only oxygen n i t r o g e n  
and ( i n  t he  case of  some e a s i l y  ox id ized  c a t a l y s t s )  n i t r i c  ox ide  
p a s s  through the co ld  t r a p  t o  b e  measured and  ana lyzed  by gas 
chromatography. 

Each c a t a l y s t  i s  packed i n  a 3/4 i n .  I D  s t a i n l e s s  s t e e l  tube  

The c a t a l y s t s  are  h e l d  a t  each temperature f o r  one hour w h i l e  
t h e  gas e v o l u t i o n  r a t e  i s  determined.  I f ,  a t  t h e  end o f  t h i s  
p e r i o d ,  t h e  e v o l u t i o n  r a t e  i s  h i g h  enough t o  sweep o u t  t h e  
sampling manifold of t he  gas  chromatograph, three o r  more samples 
a re  a n a l y z e d .  The tes ts  on each c a t a l y s t  u s u a l l y  r equ i r e  s i x  t o  
seven hours  t o  complete .  

B. RESULTS AND D I S C U S S I O N  

Twenty-two c a t a l y s t s  have been screened  s i n c e  t h e  l a s t  
Q u a r t e r l y  Repor t .  Table  7 shows none of them h a s  e x h i b i t e d  
s u f f i c i e n t  a c t i v i t y  t o  be u s e f u l  a t  temperatures below 750-800cc.  
Detailed d a t a  on a l l  c a t a l y s t s  t e s t e d  t h i s  q u a r t e r  are  inc luded  
i n  Appendix 111. 

The s c r e e n i n g  tes t s  have been performed us ing  20 grams p e r  

The h i g h e s t  g a s  e v o l u t i o n  r a t e  

hour  of N 2 O 4  feed.  A t  this feed ra te ,  IO@ d e e ~ m p o s i t i o n  of 
t he  N 2 0 4  would y i e l d  0.511 cu f t / h r  of gas of the  composi t ion  
66.6 mole % 02, 3 3 . 3  mole % N 2 .  
~ G t s i n z d  t o  date  is Q-32  c.11 f t / h r  o f  a gas t h a t  approximstes  t h e  
2 : 1 - 0 2 : N 2  mole r a t i o  (see T e s t  77457-1, Tab le  7 ) y h i c h  r e p r e s e n c s  
a conve r s ion  e f f i c i e n c y  o f  b2.6%. 
p la t inum c a t a l y s t  a t  800"c .  Extending t e s t i n g  of t h i s  c a t a l y s t  
has n o t  been performed s i n c e  the  o p e r a t i n g  tempera ture  was q u i t e  
h igh .  With o t h e r  c a t a l y s t s  having some a c t i v i t y  a t  8oo0c,  t he  
gas e v o l u t i o n  ra te  i s  reduced by a t  l eas t  5C% when the tempera ture  
i s  lowered t o  700°C. 

T h i s  was o b t a i n e d  u s i n g  a (3.5% 
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I n  many c a s e s  the  gas e v o l u t i o n  ra tes  cannot  be d i r e c t l y  i n -  
t e r p r e t e d  s i n c e  t h e  gas composi t ion s h i f t s  d u r i n g  t h e  t e s t .  More 
extended tests w i l l  be performed on t h e  most promis ing  c a t a l y s t s  
a f t e r  the s c r e e n i n g  program has been completeq.  

The nob le  metals have shown a c t i v i t y  f o r  decomposing N204. 
The e x t e n t  o f  t h i s  a c t i v i t y  appea r s  t o  be r e l a t ed  t o  t h e  s u p p o r t  
used o r  t h e  method o f  a p p l i c a t i o n  t o  t h e  s u p p o r t .  Tests  77433 
and 77455 i l l u s t r a t e  t h i s  behav io r .  I n  bo th  t e s t s ,  t h e  a c t i v e  
mater ia l  i s  p la t inum and  t h e  suppor t  i s  a lumina .  The c a t a l y s t s  were 
p r e p a r e d  by d i f f e r e n t  s u p p l i e r s  and t h e  performance d i f f e r e n c e  a t  
800°C i s  obv ious .  

The pa l l ad ium c a t a l y s t  t e s t e d  shows t h e  same o r d e r  of a c t i v i t y  
a t  800°C as t h e  best  p l a t inum c a t a l y s t .  
gas e v o l u t i o n  r a t e  change as  t h e  t empera tu re  i s  lowered.  T h i s  
ca t a lys t  is a c t i v e  i n  the  750-800"C range,  and i s  on ly  m i l d l y  
a c t i v e  a t  700°C. No a c t i v i t y  is a p p a r e n t  a t  650°C. 

T e s t  77441 i n d i c a t e s  t h e  

A t e s t  of t h e  rhodium c a t a l y s t  showed only  m i l d  a c t i v i t y  a t  
800"~ (see T e s t  77444). 

The metals, n i c k e l ,  copper ,  i r o n  and s i l v e r ,  were t e s t ed .  
Where the  reduced metal was t h e  a c t i v e  mater ia l  on t h e  s u p p o r t ,  
t h e  metal was o x i d i z e d  a t  200 and 400°C by t h e  N204 (see Tes ts  
77429, 77437 and 77453). The gas evolved d u r i n g  t h i s  p o r t i o n  of 
t h e  tes ts  was most ly  n i t r o g e n .  The composi t ion  s h i f t e d  g r a d u a l l y  
t o  n i t r i c  ox ide  j u s t  b e f o r e  t h e  flow s topped ,  i n d i c a t i n g  t h e  ox i -  
d a t i o n  of t h e  c a t a l y s t  was complete .  Only t r a c e  amounts of oxygen 
were found.  A t  h ighe r  temperatures these  c a t a l y s t s  e x h i b i t e d  
no  a c t i v i t y  f o r  decomposing N204. 

One of t h e  c a t a l y s t s , c o n t a i n i n g  copper  ox ide  on suppor ted  
alumina,  was a c t i v e  f o r  N204 decomposition 'see T e s t  77461). 
T h i s  ca t a lys t ,  a l t h o u g h  n o t  a s  a c t i v e  a s  p l a t inum o r  pa l l ad ium 
c a t a l y s t s ,  does n o t  a p p e a r  t o  have t h e  g r e a t  a b s o r p t i o n  f o r  
oxygen t h a t  caused t h e  de l ay  i n  o p e r a t i o n  observed  w i t h  t h e  P t  a n d  
Pd c a t a l y s t s .  The c a t a l y s t  does d i s p l a y  t h e  t y p i c a l  d e c r e a s e  of 
a c t i v i t y  a s  t h e  t e m  e r a tu re  is  reduced  from 800°C (see Tes t s  
77462-2 and 77462-3 P . 

The a c i d  z e o l i t e  and base-type mater ia ls  e x h i b i i e d  I I O  a c -  
t i v i t y  ( s e e  Tests 77426 and 77443). Some f u r t h e r  work w i l l  be 
done by i n c o r p o r a t i n g  metal c a t i o n s  w i t h  t h e  z e o l i t e  t y p e  m a t e r i a l s .  



S p e c i a l  c a t a l y s t s  have been prepared and  tes ted i n  a n  e f f o r t  
t o  determine t h e  n a t u r e  of the  decomposi t ion r e a c t i o n .  I n  s e v e r a l  
cases o x i d a t i o n  of t h e  c a t a l y s t  was expe r i enced  d u r i n g  the  tests 
and  i t  was f e l t  t h a t  if' t hese  iiietai o x i d e s  c o u i u  be decomposed 
t o  l i be ra t e  oxygen and t h e  o x i d e s  reformed from t h e  N204 stream, 
a n  oxygen exchange s y s t e m  could  be deve loped .  With t h i s  i n  mind 
s i l v e r  c a t a l y s t s  were prepared  a l o n g  w i t h  amalgams of  s i l v e r ,  
pa l lad ium,  and p l a t i n u m .  It was hoped t h a t  t h e  amalgams would 
r educe  t h e  decomposition t e m p e r a t u r e  of  t h e  o x i d e s  o f  p l a t inum 
and pa l l ad ium.  These s p e c i a l  c a t a l y s t s  e x h i b i t e d  o n l y  l i m i t e d  
a c t i v i t y  f o r  t h e  decomposi t ion of N204 ( see  Tes t s  77441, 77445, 
77447 and 77437) 

S e v e r a l  t es t s  have been made u s i n g  small a d d i t i o n s  o f  water 
t o  t he  feed stream t o  de te rmine  t h e  e f f e c t  on t h e  a c t i v i t y  o f  t h e  
c a t a l y s t .  The method chosen t c  i n t r o d u c e  t h e  water has b e e n  t o  
s a t u r a t e  a stream o f  i n e r t  gas, a r g o n  and  hel ium, w i t h  w a t e r  and 
i n j e c t  t h i s  stream a t  t h e  base o f  t h e  r e a c t o r  t u b e .  S e v e r a l  d i f f i -  
c u l t i e s  were encountered  because of t h e  h i g h  s o l u b i l i t y  of  N204 
i n  water. After these  were c o r r e c t e d ,  r u n s  77457-1 through 
77457-4 were made. The r e a c t o r  was o p e r a t e d  w i t h  a c a t a l y s t  t h a t  
had measured a c t i v i t y  ( i n  t h i s  c a s e  c a t a l y s t  11-077 was u s e d )  u n t i l  
a s t e a d y  s t a t e  gas e v o l u t i o n  r a t e  was o b t a i n e d .  A t  t h i s  time 
the  stream of water -sa tura ted  a rgon  o r  hel ium was s t a r t e d  a t  a 
r a t e  c a l c u l a t e d  t o  add  0.1 t o  0.5% water t o  t he  N204 i n p u t .  I n  
b o t h  tests 77457-2 and  77457-4, t h e  c o r r e c t e d  g a s  e v o l u t i o n  r a t e  
was lower than the  measured r a t e  t aken  j u s t  b e f o r e  t h e  water was 
added. These r e s u l t s  do n o t  appea r  c o n c l u s i v e  s i n c e  the  r e s i d e n c e  
time f o r  t h e  system was changed c o n s i d e r a b l y  by adding  t h e  i n e r t  
gases. 

be i n s t a l l e d  i n  t h e  s y s t e m ,  which w i l l  d e l i v e r  0 . 2  m l  p e r  hour  
o f  water t o  the i n p u t  stream wi thou t  add ing  % h e  l a rge  volume of 
c a r r i e r  gas u s e d  i n  p r e v i o u s  e x p e r i m e n t s .  

To check t h i s  t e c h n i q u e  more tho rough ly ,  a mic rosy r inge  w i l l  

C. FUTURE PLANS 

S i n c e  none of the  c a t a l y s t s  t e s t e d  t o  da te  have e x h i b i t e d  
s u f f i c i e n t  a c t i v i t y  t o  be u s e f u l  a t  lower  t e m p e r a t u r e s ,  i t  was 
f e l t  t h a t  a large number of new c a t a l y s t s  shou ld  be s c r e e n e d  i n  
t h e  n e a r  f u t u r e .  A new f o u r - r e a c t o r  system has been  des igned  
( see  F i g u r e  4) and parts have been o r d e r e d  t o  b u i l d  i t .  When 
complete ,  t h e  system w i l l  be o p e r a t e d  on  a 24-hour/day s c h e d u l e  
u s i n g  a tempera ture  program from 200 t o  800"c w i t h  a u t o m a t i c  
equipment t o  r e c o r d  t h e  d a t a .  It  i s  p lanned  t h a t  f o u r  c a t a l y s t s  
w i l l  be t e s t e d  p e r  day  w i t h  enough t i m e  l e f t  d u r i n g  working h o u r s  
t o  check the  Performance of  t h e  o n e s  t h a t  e x h i b i t  t h e  h i g h e s t  
a c t i v i t y .  T h r e e  weeks w i l l  be r e q u i r e d  t o  i n s t a l l  t h i s  new 
s y s t e m  and check i t s  o p e r a t i o n .  
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S e v e r a l  new c a t a l y s t s  have been p repa red  t h a t  have higher  
c o n c e n t r a t i o n s  of t h e  a c t i v e  materials found most s a t i s f a c t o r y  
i n  t h e  sc reen ing  tests.  S i n c e  0.5% p a l l a d i u m - o n - ~ i ~ n i n a  ha=: 
shown a c t i v i t y ,  two new c a t a l y s t s  have been brepared t h a t  have 
5.0% pal ladium on both  alumina and on s i l i c a .  These were made 
by soak ing  t h e  s u p p o r t  materials i n  pa l lad ium c h l o r i d e  s o l u t i o n  
of known concen t r a t ion ,  d r y i n g  them, and t h e n  r e d u c i n g  them w i t h  
hydrogen a t  e l e v a t e d  t empera tu re  f o r  s e v e r a l  h o u r s .  A c a t a l y s t  
c o n t a i n i n g  15% palladium-on-alumina i s  now be ing  p r e p a r e d  i n  t h i s  
manner. 
w i t h i n  the  next  week. 

C a t a l y s t s  w i t h  5 and 15% pla t inum w i l l  a l s o  be made 

Catalysts  w i l l  a l s o  be made u p  u s i n g  Fe203, B i203 ,  Mn02, C u O ,  
C a C 0 3 ,  and a c t i v a t e d  carbon i n  v a r i o u s  r a t i o s  as suggested by 
J .  Zawadzki ( r e f .  3 ) .  These  a r e  ammonia o x i d a t i o n  c a t a l y s t s  
t h a t  may a l s o  have a c t i v i t y  f o r  decomposing o x i d e s  of n i t r o g e n  a t  
lower  t empera tu res .  

S e v e r a l  new c a t a l y s t s  w i l l  be made u s i n g  p r e c i p i t a t e d  s i l i c a  
ge l  t o  suppor t  reduced copper ,  c o p p e r - s i l v e r ,  and copper-gold 
a l l o y s .  These mater ia ls  w i l l  a l s o  be d e p o s i t e d  on a l u m i n a - s i l i c a t e  
c r a c k i n g  c a t a l y s t  s u p p o r t .  

Another approach  t o  t e s t i n g  basic type  c a t a l y s t s  ( C a O  and 
M g O )  w i l l  be made by h e a t i n g  t h e  r e a c t o r  t o  above t h e  decomposi t ion 
t empera tu re  o f  t h e  n i t r a t e s  of Ca and Mg. The t empera tu re  w i l l  
t hen  be reduced a f t e r  t h e  N 2 0 4  feed i s  s t a r t e d .  



I V .  TASK 111. DIRECT REACTANT USE 

A .  , SUBTASK 3 .l. CATHODE OPTIMIZATION 

1. Background 

The r equ i r emen t s  f o r  a good N 2 0 4  ca thode  a r e  a s  f o l l o w s :  

( a )  High e l e c t r o c h e m i c a l  a c t i v i t y  a t  as  high a p o t e n t i a l  
as p o s s i b l e .  

(b) Good coulombic e f f i c i e n c i e s  on a s i n g l e  p a s s  of reac- 

( c )  Reproducible  and p r e d i c t a b l e  d i f f u s i o n  ra tes  of N 2 0 4  

t a n t  through t h e  e l e c t r o d e  chamber. 

th rough t h e  e l e c t r o d e  p l u s  a method of c o n t r o l l i n g  
d i f f u s i o n  ra tes .  

( d )  A water back-d i f fus ion  ra te  l e s s  than  o r  e q u a l  t o  
s t o i c h i o m e t r i c  w a t e r  p roduc t ion .  

Work on the  p rev ious  c o n t r a c t  (NAS3-4571) s u f f i c i e n t l y  
covered  t h e  f irst  r equ i r emen t :  t he  MRD carbon e l e c t r o d e  has 
adequa te  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  f o r  t h i s  a p p l i c a t i o n .  
on the  c u r r e n t  c o n t r a c t  has shown tha t  coulombic e f f i c i e n c i e s  
can  be improved by p rope r  manifold des ign  aimed a t  r e d u c i n g  flow 
r a t e s .  T h i s  work i s  d e s c r i b e d  i n  t h e  F i r s t  Q u a r t e r l y  Repor t .  
There is  a n o t h e r  area i n  which coulombic e f f i c i e n c i e s  can  be 
improved. A t  p r e s e n t ,  t h e  r e a c t i o n  product  of  t h e  ca thode  r e a c -  
t i o n  i s  NO: 

Work 

If: t h e  r e a c t i o n  can be made t o  proceed as:  

N 2 0 4  + 8H+ + 8e- = N2 + 4 H 2 0  

t w i c e  a s  many amp-hours/g of N 2 0 4  are  t h e o r e t i c a l l y  p o s s i b l e .  
Thds c a l l s  f o r  a c a t a l y s t  s c reen ing  program w i t h  t h e  o b j e c t i v e  
o f  promoting t h e  second r e a c t i o n .  

because  any excess  N 2 O 4  above the e l e c t r o c h e m i c a l  r e q u i r e m e n t s  
can  d i s s o l v e  i n  t h e  e l e c t r o l y t e  w i t h  d e l e t e r i o u s  e f f e c t s  on 
e f f i c i e n c y ,  'Pwn approaches a r e  p o s s i b l e .  One method i s  to 
c o n t r o l  t he  amount d i f f u s i n g  t o  t h a t  r e q u i r e d  t o  m a i n t a i n  t h e  
e l e c t r o c h e m i c a l  r e a c t i o n .  This  w i l l  r equ i r e  knowledge of t h e  
f a c t o r s  a f f e c t i n g  d i f f u s i o n  through t h e  e l e c t r o d e  and a program 
has begun t o  a c q u i r e  t h i s  knowledge. Both t empera tu re  a n d  

d i f f u s i o n  r a t e .  There a r e  also t h e  l l i n t e r n a l "  parameters of 

The N 2 O 4  d i f f u s i o n  r a t e  tilrough t h e  e l e c t r o d e  is important 

p r e s s u r e  a re  I t  e x t e r n a l "  parameters  t h a t  can i n f l u e n c e  t h e  



e l e c t r o d e  p o r o s i t y  and composi t ion .  The o b j e c t i v e  of t h i s  work 
is  t o  l i m i t  t he  d i f f u s i o n  of N 2 O 4  t h rough  t h e  e l e c t r o d e  so  tha t  
e l e c t r o l y t e  contaminat ion on open c i r c u i t  i s  minim-tzed ani t . ~  
match d i f f u s i o n  t o  c e l l  c u r r e n t  demand by me te r ing  t h e  flow and 
c o n t r o l l i n g  t h e  N 2 O 4  p r e s s u r e .  The e q u i p e n t  necessa ry  t o  a c h i e v e  
t h i s  w i l l  have t o  be temperature compensated, s i n c e  d i f f u s i o n  
w i l l  be tempera ture  dependent .  F i n a l l y ,  s i n c e  m u l t i c e l l  modules 
w i l l  even tua l ly  be involved ,  and c o n t r o l  of t o t a l  N 2 O 4  p r e s s u r e  
t o  t h e  module i s  c e r t a i n l y  p r e f e r r e d  ove r  c o n t r o l  of t h e  supply  
t o  i n d i v i d u a l  c e l l s ,  the d i f f u s i o n  r a t e  through i n d i v i d u a l  
e l e c t r o d e s  must be reasonably  r e p r o d u c i b l e  from e l e c t r o d e  t o  
. e l e c t r o d e .  A l l  these f a c t o r s  m u s t  be i n c l u d e d  i n  t h e  program. 

The second method of  a t t a c k  i n v o l v e s  deve loping  a hydrogen 
anode tha t  can  t o l e r a t e  s u b s t a n t i a l  q u a n t i t i e s  of n i t r i c - n i t r o u s  
a c i d  i n  t h e  e l e c t r o l y t e .  A N 2 H 4  anode would be less e f f i c i e n t  
because of t h e  fo rma t ion  o f  h y d r a z i n e - n i t r a t e  s a l t s .  The H 2  would 
be produced f r o m  Aerozine-50 by steam re fo rming  o r  low t empera tu re  
decomposi t ion ,  The ca thode  can o p e r a t e  e i t h e r  a s  a f low- through 
s o l u t i o n  e l e c t r o d e  w i t h  the  N 2 0 4  d i s s o l v e d  i n  t h e  e l e c t r o l y t e  
( a  f r ee  e l e c t r o l y t e  c e l l )  o r  as a gas e l e c t r o d e  o p e r a t i n g  on N 2 0 4  
i n  a c o n t a i n e d  e l e c t r o l y t e  c e l l .  I n  e i t h e r  case ,  d i f f u s i o n  c o n t r o l  
i s  not  n e c e s s a r y .  T h i s  sys tem i s  a l s o  a t t r a c t i v e  because con- 
t a m i n a t i o n  of e l e c t r o l y t e  a t  t h e  anode by UDMH o r  i t s  r e a c t i o n  
p r o d u c t s  i s  e l i m i n a t e d .  

The back d i f f u s i o n  of  H 2 0  vapor  through the ca thode  i s  i m -  
p o r t a n t  i n  ma in ta in ing  water ba l ance  i n  a n  o p e r a t i n g  module. I n  
con ta ined  e l e c t r o l y t e  c e l l s  o p e r a t i n g  on gaseous  r e a c t a n t s ,  
t h i s  i s  the  only method t h a t  can be  u s e d ,  I n  o t h e r  c e l l  t y p e s ,  i f  
a l l  t h e  water produced can be e l i m i n a t e d  by t h i s  r o u t e ,  no 
a u x i l i a r i e s  ( i n c l u d i n g  phase s e p a r a t i o n  d e v i c e s )  a r e  r e q u i r e d .  Thus ,  
the  water t r a n s p o r t  p r o p e r t l e s  of t h e  e l e c t r o d e  must be de te rmined .  

2 .  R e s u l t s  

Work dur ing  t h e  l a s t  qua r t e r  c e n t e r e d  on  two a s p e c t s :  (1) 
the  a n a l y t i c a l  method used t o  de te rmine  n i t r i t e s  and n i t r a t e s  i n  
the e l e c t r o l y t e ,  and ( 2 )  t h e  e f f e c t  of ca rbon  d e n s i t y  and s c r e e n  
mesh s i z e  on e l e c t r o d e  per formance .  A new a n a l y t i c a l  method 
has been developed f o r  t h i s  work and t h e  d e t a i l s  a re  p r e s e n t e d  
i n  Appendix IV. A ser ies  of ca thodes  w i t h  t h i c k n e s s e s  v a r y i n g  
from' 0.025 i n .  t o  0.030 i n .  and carbon m a t r i x  d e n s i t i e s  from 
0.59 t o  0.70 /cc were made u s i n g  s t a i n l e s s  s t ee l  s c r e e n s  o f  

r o l l e d  i n  t h e  uncured (wet) s t a t e .  A d d i t i o n a l  d e n s i f i c a t i o n  
w i l l  be r e a l i z e d  by c o l d  p r e s s i n g  a f t e r  c u r i n g .  A l l  e l e c t r o d e s  
w i l l  be screened  i n  t h e  d i f f u s i o n  c e l l  d e s c r i b e d  i n  t h e  F i r s t  
Q u a r t e r l y  Report, and e l e c t r o c h e m i c a l  performance w i l l  be deter-  
mined i n  t h e  Hz/N204 3 x 3 i n .  c e l l  a l s o  d e s c r i b e d  i n  t h e  
r e f e r e n c e d  r e p o r t .  One e l e c t r o d e  has been so t e s t e d  and t h e  r e -  
s u l t s  a re  p resen ted  i n  F i g u r e  5 and  T a b l e  8 .  T h i s  e l e c t r o d e  

30, 20, and 1 z mesh. The h i g h e r  d e n s i t y  ca thodes  were c o l d  
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Tab le  8 

N204 DIFFUSION THROUGH ELECTRODE 72493 

E l e c t r o l y t e  : 5M H3P04 
N204 Flow Rate Through Cell: 1.6-2.0 g/min 

Temp, N 2 O 4  P r e s s u r e ,  D i f f u s i o n  Rats, 
"C i n .  H20  gauge g N2O~/hr/cm 

26 5.4 
26 0 

60 5.4 
60 0 

90 5.4 
90 0 

S t o i c h i o m e t r i c  Requirement  : 

100 ma/cm2: 0.089 g N204/hr/cm2 

200 ma/cm2: 0.178 g N204/hr/cm2 

0.256 

0.123 

0.341 

0.287 

0.276 

0.207 
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had t h e  highest  ca rbon  dens i ty ,  b u t  even  so,  t h e  d i f f u s i o n  r a t e  
was 2-3 times t h e  s t o i c h i o m e t r i c  r e q u i r e m e n t  f o r  100 ma/sq cm 
o v e r  t h e  t e m p e r a t u r e  r a n g e  of 30-90"C. The p o l a r i z a t i o n  c h a r a c -  
t e r i s t i c s  are deemed a d e q u a t e  f o r  t h i s  s e r v i c e .  

3. Work P l a n s  

(1) F a b r i c a t e  t e s t  e l e c t r o d e s :  

( a )  V a r i o u s  d e n s i t i e s  and s c r e e n  s i z e s  ( c o m p l e t e d ) .  

Higher and lower  carbon/Tef l o n  r a t i o s .  

( c )  D i f f u s i o n  barriers: s p r a y e d  T e f l o n ,  p r e c i p i t e d  
MnP04 * H 2 0 ,  Kel-F o i l .  

( d )  F o u r  d i f f e r e n t  carbon t y p e s .  

( 2 )  Determine  N 2 0 4  d i f f u s i o n  r a t e s  on above  e l e c t r o d e s  a s  a 
f u n c t i o n  o f  p r e s s u r e  and t e m p e r a t u r e .  Check o u t  and  
s t a n d a r d i z e  u l t r a v i o l e t  a b s o r p t i o n  a n a l y t i c a l  method. 

( 3 )  Determine  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of above  e l e c t r o d e s  
i n  a 3 x 3 c e l l  q u i c k  t e s t i n g .  

( 4 )  Set  up and t e s t  H2/N204  c o n t a i n e d  e l e c t r o l y t e  c e l l  and 
H 2 / " 0 ~ - H N 0 2  ( d i s s o l v e d ,  N 2 0 4 )  f r e e  e l e c t r o l y t e  c e l l  u s i n g  
d o u b l e  MRD-Pt e l e c t r o d e  f o r  anode .  Determine i f  H2  anode  
w i l l  r u n  f o r  l o n g  p e r i o d s  w i t h o u t  d e g r a d a t i o n ,  s teady  s t a t e  
coulombic e f f i c i e n c i e s .  

(5 )  F a b r i c a t e  e l e c t r o d e s  w i t h  d i f f e r e n t  c a t a l y s t s :  Rh, Au, Ag, 
Ir, Ru, Pd, b o r i d e s ,  s i l i c i d e s ,  N H 3  o x i d a t i o n  c a t a l y s t s ,  

( 6 )  Se t  up test  a p p a r a t u s  t o  d e t e r m i n e  N 2 0 4  r e d u c t i o n  p r o d u c t s  
f rom 3 x 3 c e l l .  Check o u t  and  debug.  Determine p r e s e n c e  
o f  N2 and/or  N 2 0 .  

Ag20-AgS04. 

( 7 )  Run e l e c t r o d e s  made i n  ( 5 )  i n  a p p a r a t u s  ( 6 ) .  Check f o r  re- 
d u c t i o n  below NO by d e t e c t i n g  N 2  o r  N 2 0  i n  p r o d u c t  stream. 
I n c l u d e  e v a l u a t i o n  o f  t h e  e f f e c t  o f  FeS04 i n  e l e c t r o l y t e  
(compiex KO and i-iold F G ~  reazticn) . 

(8)  Run H 2 0  v a p o r  back d i f f u s i o n  d e t e r m i n a t i o n s  on one o r  two 
n f  the m o s t  p romis ing  c a t h o d e s  from above .  S e t  up  3 x 3 
c e l l  w i t h  wet a n d  d r y  bulb  thermometers  i n  o u t l e t  stream, 
r u n  dry N2 a t  a c o n s t a n t  f low h i g h  enough t o  i n s u r e  non- 
s a t u r a t i o n .  
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B. SUBTASK 3 .2 .  AEROZINE-50 ANODE DEVELOPMENT 

1. Background 

w i l l  o p e r a t e  on Aerozine-50 as  a d i r e c t  e l e c t r o c h e m i c a l  f u e l  w i t h :  
The o b j e c t i v e s  of t h i s  task are  t o  deve lop  a n  e l e c t r o d e  t h a t  

( a )  High e l e c t r o c h e m i c a l  a c t i v i t y  and l i t t l e  p o l a r i z a t i o n .  

( b )  High coulombic e f f i c i e n c i e s  w i t h  a s i n g l e  p a s s  of 

( c )  L i t t l e  o r  no  c o n t a m i n a t i o n  of  t h e  e l e c t r o l y t e  from 

r e a c t a n t  t h rough  t h e  e l e c t r o d e  chamber. 

u n r e a c t e d  f u e l  o r  from p r o d u c t s  of  t h e  r e a c t i o n .  

The first requ i r emen t  d i c t a t e d  a c a t a l y s t  s e l e c t i v e  f o r  t h e  
r e a c t i o n s  invo lved  i n  t h e  e l e c t r o - o x i d a t i o n  of the  components 
of  t h e  f u e l .  A c a t a l y s t  s c r e e n i n g  program has been i n  p r o g r e s s  
t o  d e t e r m i n e  the  a c t i v i t y  of b o t h  UDMH and Aerozine-50 on a v a r i e t y  
of  p r o s p e c t i v e  c a t a l y s t s .  

The achievement  of t h e  second o b j e c t i v e  h i n g e s  on two f a c t o r s ;  

( a )  Minimiza t ion  o f  t h e  c a t a l y t i c  decomposi t ion  of N 2 H 4  
on t h e  e l e c t r o d e  which c a u s e s  a l o s s  of f u e l  e f f i c i e n c y .  

( b )  Maximization o f  t h e  ampere-hours  o u t p u t  p e r  gram of  f u e l .  

The c a t a l y t i c  decomposi t ion  problem i s  s u s c e p t i b l e  t o  s o l u t i o n  
by e l e c t r o d e  des ign;  t h a t  i s ,  by p r e v e n t i n g  d i r e c t  c o n t a c t  of  t h e  
c a t a l y t i c  s u r f a c e  o f  t h e  e l e c t r o d e  w i t h  large volumes o f  f u e l .  
The coulombic c a p a c i t y  of t h e  f u e l  can  be g r e a t l y  i n c r e a s e d  i f  
some p o r t i o n  of t h e  UDMH f r a c t i o n  c a n  be  u t i l i z e d :  

1.67 amp-hr/g o f  Aerozine-50 i f  on ly  N2H4 i s  u t i l i z e d  

2.12 amp-hr/g of Aerozine-50 i f  N 2 H 4  i s  u t i l i z e d  and  UDMH i s  
u t i l i z e d  i n  a 2e-  o x i d a t i o n  

3.00 amp-hr/g of Aerozine-50 i f  N2H4 i s  u t i l i z e d  and  
UDMH is  u t i l i z e d  i n  a 6e-  o x i d a t i o n  

However, t h e  d e s i r a b i l i t y  o f  promoting t h e  e l e c t r o - o x i d a t i o n  of 
UDMH depends on w h e t h e r  t h e  r e a c t i o n  p r o d u c t s  a re  d e l e t e r i o u s  
o r  d i f f i c u l t  t o  accommodate i n  o p e r a t i n g  c e l l s .  T h u s ,  t h e  
c a t a l y s t  s c r e e n i n g  program has d u a l  o b j e c t i v e s :  

( a )  To f i n d  a c a t a l y s t  tha t  w i l l  e l e c t r o - o x i d i z e  b o t h  
UDMH and N2H4 a t  a r e a s o n a b l y  good mixed p o t e n t i a l .  

( b )  To f i n d  a c a t a l y s t  t h a t  w i l l  e l e c t r o - o x i d i z e  N 2 H 4  
e f f i c i e n t l y  b u t  t h a t  i s  i n e r t  w i t h  r e s p e c t  t o  UDMH. 



Promis ing  c a t a l y s t s  uncovered i n  t h e  s c r e e n i n g  program must 
be f u r t h e r  c h a r a c t e r i z e d  i n  l a r g e r  c e l l s  i n  o r d e r  t o  de t e rmine  
f u e l  coulombic e f f i c i e n c i e s ,  long- te rm e l e c t r o d e  performance,  
and  the  n a t u r e  o f  t h e  r e a c t i o n  p r o d u c t s .  I n  t h i s  t e s t i n g  
v a r i o u s  methods o f  r e d u c i n g  self decomposi t ion  o f  t h e  f u e l  w i l l  
be e v a l u a t e d .  F i n a l  d e f i n i t i v e  t e s t i n g  of  thC most p romis ing  
e l e c t r o d e s  deve loped  w i l l  be accomplished i n  l/3 sq f t  c e l l s  
i n  which f u e l  d i s t r i b u t i o n  and  product  removal systems, e l e c t r o d e  
s u p p o r t ,  and  c e l l  c o n f i g u r a t i o n  parameters w i l l  be i n v e s t i g a t e d .  

2 .  Catalyst S c r e e n i n g  Program 

a .  Exper imen ta l  

The 1.3 sq cm c e l l  and a s s o c i a t e d  equipment u s e d  i n  t h i s  
t e s t i n g  has  been d e s c r i b e d  i n  d e t a i l  i n  o u r  F i r s t  Q u a r t e r l y  Repor t  
( r e f .  2 ) .  B r i e f l y ,  t h e  f u e l  i s  d i s s o l v e d  i n  t h e  e l e c t r o l y t e ,  
which i s  pumped a c r o s s  t h e  f a c e  o f  the e l e c t r o d e .  T h i s  a r rangement  
' p r e v e n t s  t he  c o l l e c t i o n  of gas b u b b l e s  on the  e l e c t r o d e  s u r f a c e  
and r e d u c e s  c o n c e n t r a t i o n  p o l a r i z a t i o n .  I R - f r e e  p o t e n t i a l s  a r e  
de te rmined  w i t h  a Kordesch-Marko br idge .  T h i s  method a l l o w s  t h e  
t r u e  a c t i v i t y  of t h e  e l e c t r o d e  t o  be de t e rmined  f ree  from 
d i f f u s i o n a l  e f f e c t s  and o t h e r  p h y s i c a l  l i m i t a t i o n s .  

The c a t a l y s t  powders a r e  e i ther  commercial ly  a v a i l a b l e  or 
are made in -house  by borohydr ide  r e d u c t i o n  of m e t a l  s a l t s  i n  
s o l u t i o n .  The l a t t e r  p r o c e s s  produces  powders w i t h  ve ry  small 
p a r t i c l e  s i z e  and  h igh  s u r f a c e  a r e a s ;  they  g e n e r a l l y  p o s s e s s  
high c a t a l y t i c  a c t i v i t y .  T e s t  e l e c t r o d e s  a r e  made by i n c o r p o r a t i n g  
t h e  c a t a l y s t  powders i n t o  MRD-type e l e c t r o d e s  s u p p o r t e d  on P t  
s c r e e n .  

b .  R e s u l t s  and  D i s c u s s i o n  

T h i r t e e n  c a t a l y s t s  were r e p o r t e d  i n  t h e  F i r s t  Q u a r t e r l y  Repor t .  
The two tha t  showed t h e  best a c t i v i t y  on UDMH f u e l  were Rh powder 
( E n g e l h a r d )  and a p r o p r i e t a r y  MRC q u a t e r n a r y  nob le  m e t a l  a l l o y  
c a t a l y s t  ( b o t h  gave 0 .56  v v s .  SHE a t  100 ma/sq cm and 6 0 " ~ ) .  
The bes t  c a t a l y s t  i n  s h o r t - t e r m  t e s t i n g  on Aerozine-50 f u e l  was 
t h e  same R h  powder (0.13 v v s .  SHE, 100 ma/sq cm, 60"~). 

T h i s  quarter ,  17 new c a t a l y s t s  have been e v a l u a t e d  and s e v e r a l  
u f  t h e  original 13 have heen r e t e s t e d  on Aerozine-50.  The r e s u l t s  
of  these tests are  p r e s e n t e d  in  T a b l e  9. Two new c a t a l y s t s  t h a t  
performed a s  w e l l  as  Rh on UDMH f u e l  were Ru-Rh a l l o y s  (50-50 
and  75-25s compos i t ion  by w e i g h t ) ;  t h e y  y i e l d e d  0.54 v v s .  SHE 
a t  100 ma/sq cm, 6 0 " ~ .  ' r nese  c a i a i y s t s  a l s e  ::ex zctivcl nn 
Aerozine-50  (0.06 v v s .  SHE, 100 ma/sq cm, 60"~). Ru, Ir, Ni2B, 
Ru-Rh (25 -75) ,  and a p r o p r i e t a r y  f ive-component  a l l o y  ( e l e c t r o d e  
77628) a l l  showed r e l a t i v e l y  poor a c t i v i t y  on UDMH, and  f a i r  
t o  good a c t i v i t y  on Aerozine-50, making them c a n d i d a t e s  f o r  t h e  
second o b j e c t i v e  of t h e  s c r e e n i n g  program d i s c u s s e d  above .  The 
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Table 9 
AEROZINE-50 ELECTRODE CATALYST TEST RESUL9S 

E lec  t rode 
Code 

Temperature : 60°c 
Electrolyte  : 5M H s P O 4  
Fue l  : 3M i n  a l l  cases, dissolved i n  e l ec t ro ly t e  
Electrodes: Catalyst/Teflon mixtures  cured on P t  

Screen, MRC laboratory made ca t a lys t s  
made by borohydride reduction of salts 

Catalyst  Description 

Electrode Potent ia l  (vo l t s  
v s  SHE at  Indicated 

C u r r e n t  Density ma/cm2 - Fuel -0- 50 ~'~ 200 
50-67226 Rh (Engelhard) - Standard Catalyst  UDMH 0.34 0.51 0.55 0.59 0.63 

A-50 0.00 0.04 0.08 0.09 0.12 

71221-1 Ru (MRC laboratory made) UDMH 0.39 0.59 0.69 0.7'7 O. '?>  
A-50 0.05 0.08 0.11 0.13 c.1. 

71221 -3 Rh (MRC laboratory made) UDMH 0.46 0.52 0.59 0.62 0.65 
A-50 0.09 0.12 0.15 0.16 0.16 

71221-6 Ru-Rh (25-75, Alloy Catalyst  (MRC made) UDMH 0.51 0.57 0.64 0.72 0.77 
A-50 0.09 0.11 0.12 0.13 0.14 

71221-7 Ru-Rh (50-50) Alloy Catalyst  (MRC made) UDMH 0.35 0.b7 0.54 0.5'7 0.61 
A-50 0.04 0.05 0.06 0.07 0.08 

71221-2 Ir (MRC lvbcratcry made) UDMH 0.39 0.74 0.84 0.95 1.00 
A-50 0.08 0.14 0.20 0.26 0 . 3 0  

71221-4 Os (MRC ltlbcratory made) UDMI! 0 .  '12 No Act ivi ty  
A-50 0.04 No Act ivi ty  

'7 1 22 1 - 5 Mc [MRC laboratnry made) UDMH 0.41 No Act ivi ty  
A-50 0.11 No Act ivi ty  

-r 1221 - 3 Au (MRC laboratory made) UDMH 0.19 No Act ivi ty  
A-50 0.11 No Act ivi ty  
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Table 9 (Continued) 

Ehctrode Potential ( v o l t s  ) 
v s  SHE a t  Indicated 

Elect rode Current Density, ma/crn' 

56838 MRC Chelate Catalyst on Carbon Substrate UDMH No Activity 

Code Catalyst Description F u e l -  O~lx)~ 

A-50 0.33 0.57 0.65 - - 
687 2 9 - 3 Raney Nickel on Carbon on SS Screen UDMH 0.35 No A c t i v i t y  

A-50 0.13 No A c t i v i t y  

73233-29 . Ni2B Catalyst UDMH No Activity 
A-50 -0.02 0.25 0.29 0.30 0.30 

73233-la CopB Catalyst UDMH 0.36 0.58 0.87 - - 
A-50 -0.05 0.46 0.50 0.58 0.66 

7.7628 5-Componen t Precious Me t a l  A l l o y  UDMH 0.53 0.69 0.78 - j -  

Proprietary Catalyst on Carbon A-50 0.09 0.17 0.20 0.21 0.23 

77605 P t - 1 5  Mo A l l o y  Catalyst  (MFX made) UDMH 0.53 0.75 G.64 
A-50 0.25 0.33 0 .40  0.44 9.43 

7 0449 - 52 Pt -Rh  (90-10) Alloy (MRC made) UDMH 0.55 0.69 0.75 
A-50 0.21 0.38 0.50 r,.5<. 0 . 6 G  

73354 -9 5-Component Precious Metal A l l o y  UDMH 0.47 0.55 0.61 0.65 0.66 
and -10' Proprietary C a t a l y s t  UDMH 043  0.61 0.64 C.65 0.64 

73354 -6 4 -Component Precious Me t a l  A 1  l o y  UDMH 0.45 0.63 0.64 0.65 15.34 
and -7 Proprietary catalyst  UDMH 0.41 0.62 0.63 0.62 0.63 
a n d  -8 UDMH 0.41 0.52 0.67 <?.<,g C . 7 1  

73354-4 P t  -RU (30-7cj A l l o y  (MRC made UDMH 0.36 0.57 O.t,<$ C..':-: ,>.a1 

77604-1 5-Component Precious Metal A l l o y  UDMH 0 . 4 1  0.58 C.; l  * ,  - .  c.  55 
a n d  -2 Proprietary Catalysts UDMH 0.45 0.61 0.62  10.~3 c'.t14 
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best  o f  t h e s e  a t  t h i s  time a p p e a r s  t o  be Ru (0.69 v w i t h  UDMH, 
0.11 v on Aerozine-50, b o t h  v s .  SHE a t  100 ma/sq cm, 6 0 " ~ ) .  A l l  
f i v e  c a t a l y s t s  are  wor th  f o l l o w i n g  up f o r  t h i s  a p p l i c a t i o n .  

3 .  C h a r a c t e r i z a t i o n  o f  Rh E l e c t r o d e s  

a .  Exper imen ta l  

I n  o r d e r  t o  c h a r a c t e r i z e  p romis ing  e l e c t r o d e s  by d e t e r m i n i n g  
f u e l  coulombic e f f i c i e n c i e s  and  long- t e rm e l e c t r o d e  pe r fo rmance ,  
a t es t  s t a n d  and  3 x 3 i n .  c e l l  c o n f i g u r a t i o n  were d e s i g n e d ,  con- 
s t r u c t e d ,  and tes ted  t h i s  q u a r t e r .  The o b j e c t  o f  these d e s i g n s  
was t o  t r a p  and measure o f f - g a s e s  from the  e l e c t r o d e  r e a c t i o n s .  
A n a l y s i s  of these g a s e s  i s  a p r e f e r r e d  method of d e t e r m i n i n g  f u e l  
e f f i c i e n c y .  The r e a c t i o n s  t h a t  can occur  w i t h  t h e  h y d r a z i n e  com- 
ponent  are:  

C a t a l y t i c  decomposi t ion :  N 2 H 4  N 2  + 2H2 (8  

E l e c  t ro -ox ida  t i o n :  N 2 H 4 - N 2  + 4H+ + 4e- (9 1 
The on ly  l i k e l y  r e a c t i o n  t h a t  might u p s e t  t h i s  a n a l y s i s  i s  t h e  
decomposi t ion  t o  ammonia: 

3 N 2 H 4  4 4NH3 + N 2  (10 

The e x t e n t  of t h i s  r e a c t i o n  can be de te rmined  by check ing  H 2 / N 2  
r a t i o s  i n  t h e  o f f - g a s e s  from open c i r c u i t  t e s t i n g ;  s u b s t a n t i a l  
e x c u r s i o n s  f r o m  a 2:l r a t i o  w i l l  i n d i c a t e  t ha t  r e a c t i o n  10 i s  
a s i g n i f i c a n t  f a c t o r .  

The r e a c t i o n s  o f  UDMH a re  more complex, w i t h  many more 
p r o d u c t s  i nvo lved  ( r e f .  4 ) .  However, N 2  i s  t h e  only gaseous  
p roduc t  l i k e l y  t o  be formed.  I n  a d d i t i o n ,  ou r  work on low- 
t empera tu re  decomposi t ion  of Aeroz ine-50  shows UDMH s e l f -  
decompos i t ion  i s  n o n e x i s t e n t  a t  t e m p e r a t u r e s  of  i n t e r e s t  i n  
t h i s  work. Thus ,  t h e  p a r t i c i p a t i o n  of UDMH i n  t h e  anod ic  r e a c -  
t i o n  w i l l  be i n d i c a t e d  by t h e  volume of N2 produced p e r  ampere-hour  
of  c e l l  e l e c t r i c a l  o u t p u t .  

C a l c u l a t i o n  d e t a i l s  on the  e f f e c t  o f  UDMH on the  volume of  N 2  
produced p e r  Ampere-hour a r e  i n c l u d e d  i n  Appendix V .  
t h i s  f a c t o r  w i l l  be a maximum a t  7 .4  x f t 3  of  Nz/Ampere-hour. 
T h i s  w i l l  occur  o n l y  when N z H ~  i s  t h e  s o l e  r e a c t a n t  a t  t h e  e l e c t r o d e  
(UDMH a n  i n e r t  d i l u e n t ) ,  o x i d i z i n g  as i n d i c a t e d  by r e a c t i o n  9 .  The 
p a r t i c i p a t i o n  o f  UDMH i n  t h e  e l e c t r o o x i d a t i o n  i n  any mode w i l l  de- 
c r e a s e  t h i s  f a c t o r .  Thus v a l u e s  s u b s t a n t i a l l y  below 7.4 x 
s t r o n g  i n d i c a t i o n  o f  UDMH r e a c t i o n .  I n  p r a c t i c e  i t  i s  n e c e s s a r y  t o  
accoun t  f o r  N 2  p roduced  by c a t a l y t i c  decompos i t ion  of  N 2 H 4  i n  c a l c u -  
l a t i n g  t h e  f a c t o r .  T h i s  can b e  accompl i shed  by a n a l y z i n g  t h e  o f f  
g a s e s  f o r  H e  and back  c a l c u l a t i n g  and  s u b t r a c t i n g  t h e  co r re spond ing  
amount o f  Nz us ing  e q u a t i o n  ( 8 ) .  

I n  g e n e r a l  

are  a 
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The Aerozine-50/02 ac id  e l e c t r o l y t e  c e l l  d e s i g n  u s e d  t o  con- 
d u c t  t h e s e  tests i s  shown i n  F i g u r e  6. T h i s  i s  a f r ee  e l e c t r o l y t e  
c e l l  w i t h  t h e  e l e c t r o l y t e  pumped a c r o s s  t h e  anode s u r f a c e .  An 
i o n  exchange membrane ( I o n i c s  I n c .  c a t i o n  exchange membrane 
61AZL-183) i s  used  t o  p r e v e n t  02 from t h e  c a t h o d e  e n t e r i n g  t h e  
e l e c t r o l y t e ,  and t o  p r e v e n t  e x i t  o f  anode g a s e s  t h r o u g h  t h e  c a t h o d e .  

The t e s t  s t a n d  used  w i t h  t h i s  c e l l  i s  shown i n  Figure 7 .  P ro -  
v i s i o n  is  made f o r  t r a p p i n g  anode o f f - g a s e s  whether from the  f u e l  
s ide o f  t h e  e l e c t r o d e  o r  from t h e  e l e c t r o l y t e  i t s e l f .  The gas volume 
can  be measured a c c u r a t e l y  w i t h  a Wet T e s t  m e t e r  and  a n a l y t i c a l  
s amples  t a k e n  f o r  VPC a n a l y s i s .  A c o n t r o l l e d  power supply  and 
a s s o c i a t e d  equipment i s  u s e d  t o  d e t e r m i n e  e l e c t r o d e  per formance  
and  ampere-hour o u t p u t .  

b .  R e s u l t s  and  D i s c u s s i o n  

Two e l e c t r o d e s  c o n t a i n i n g  Rh c a t a l y s t s  ( E n g e l h a r d )  have been 
t e s t ed  t o  date.  The f i r s t  was a s t a n d a r d  MRD Rh/Teflon e l e c t r o d e  
s u p p o r t e d  on a P t  s c r e e n .  C a t a l y s t  l o a d i n g  was 0.3 g o f  Rh/ in .2 ,  
and no p r o v i s i o n  was made t o  l i m i t  t h e  c o n t a c t  of f u e l  w i t h  t h e  
c a t a l y t i c  s u r f a c e .  Pu re  Aerozine-50 was pumped t o  the  anode 
chamber a t  a r a t e  of 19 g/min. The s e l f - d e c o m p o s i t i o n  r a t e  o f  t h i s  
e l e c t r o d e  (measured on open c i r c u i t )  was ex t r eme ly  high; a t  4 0 ° C  
t h e  gas e v o l u t i o n  ra te  was 2 .5  f t s / h o u r .  
and  enough h e a t  was g e n e r a t e d  i n  t h i s  t e s t  t o  r a i se  t h e  c e l l  t e m -  
p e r a t u r e  s h a r p l y .  The e l e c t r o d e  was a p p a r e n t l y  damaged by t h e  
h igh  t empera tu re  and  s u b s e q u e n t l y  l e a k e d  e l e c t r o l y t e  b a d l y .  Thus ,  
t h e  e l e c t r o c h e m i c a l  performance c o u l d  n o t  be de t e rmined  on p u r e  
Aeroz ine-50 .  The c a t a l y t i c  a c t i v i t y  of  t h e  e l e c t r o d e  was reduced 
a s  shown by t h e  r e s u l t s  w i t h  t h e  f u e l  d i s s o l v e d  i n  t he  e l e c t r o l y t e  
(0.43 v v s .  SHE a t  100 ma/sq cm, 60"~). T h i s  t e s t  d e c i s i v e l y  
demons t r a t ed  t h e  n e c e s s i t y  of  l i m i t i n g  t h e  gross  c o n t a c t  of t h e  
f u e l  w i t h  t he  c a t a l y t i c  s u r f a c e  by i n c o r p o r a t i o n  of s u i t a b l e  d i f -  
f u s i o n  b a r r i e r s .  

The r e a c t i o n  i s  exo the rmic ,  

The second anode tested c o n s i s t e d  of a n  MRD R h  e l e c t r o d e ,  w i t h  
the same c a t a l y s t  l o a d i n g  a s  t h e  e l e c t r o d e  p r e v i o u s l y  d e s c r i b e d ,  
i n  c o n j u n c t i o n  w i t h  a MRD carbon e l e c t r o d e ,  0.020 i n .  t h i c k ,  w i t h  
t he  c a r b o n  s ide  toward t h e  f u e l  and t h e  c a t a l y t i c  s i d e  toward t h e  
e l e c t r o l y t e .  The MRD ca rbon  e l e c t r o d e s  have been shown t o  be 
c a p i l l a r y  membranes ( p a s s i n g  vapors  o n l y )  . Thus ,  t h i s  e l e c t r o d e  
s e r v e d  a s  a vapor  d i f f u s i o n  membrane i n  t h i s  t e s t .  The se l f -  
decompos i t ion  r a t e  of Aerozine-50 oil this zlectrede w a s  de t e rmined  
a s  f u n c t i o n  of temQera ture  as shown i n  F i g u r e  8 .  A t  40"C, t h e  g a s  
e v o l u t i o n  ra te  on open c i r c u i t  measured 4 . 4  x f t 3 / h o u r ,  n e a r l y  
two u ~ - . d ~ i ~ a - ~ f - ~ ~ g n i t u d e  helnw t h e  r a t e  found w i t h  t h e  u n p r o t e c t e d  
e l e c t r o d e .  D u p l i c a t e  VPC a n a l y s i s  on gas samples ( t a k e n  d u r i n g  
the  55°C t e s t )  showed a H2/N2 r a t i o  of 1.8/1, c l o s e  enough t o  t h e  
t h e o r e t i c a l  2 .0  t o  i n d i c a t e  l i t f l e  NH3 f o r m a t i o n .  
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P o l a r i z a t i o n  c h a r a c t e r i s t i c s  were determined as  a f u n c t i o n  
o f  t e m p e r a t u r e  a s  shown i n  F i g u r e  9 .  
i n d i c a t i v e  of d i f f u s i o n  l i m i t a t i o n s .  Tests  a t  55°C i n d i c a t e d  the  
l i m i t i n g  c u r r e n t  d e n s i t y  w i t h  t h i s  e l e c t r o d e  i s  10 t o  15 ma/sq cm. 
The r e s u l t s  o f  a two-hour r u n  a t  5 5 " C ,  50 ma/sq c m ,  a r e  g i v e n  
i n  Table 10, S e v e r a l  conc lus ions  can  be drawn from these  t e s t  
r e s u l t s :  

The r e s u l t s  are g e n e r a l l y  

(1) The f u e l  d i f f u s i o n  ra te  through t h e  carbon e l e c t r o d e  
is  no t  s u f f i c i e n t  t o  suppor t  50 ma/sq cm. F u t u r e  
e l e c t r o d e s  must p r o v i d e  more d i f f u s i o n ,  b u t  t h i s  w i l l  
p robab ly  cause  some i n c r e a s e  i n  t h e  se l f -decompos i t ion  
ra te .  

( 2 )  The se l f -decompos i t ion  r a t e  was g r e a t l y  reduced  d u r i n g  
t h i s  t e s t .  T h i s  is  most likely due t o  t h e  low concen- 
t r a t i o n  of  N2H4 a t  t h e  e l e c t r o d e  s u r f a c e  because  of 
l i m i t e d  d i f f u s i o n  and t h e  competing e l e c t r o c h e m i c a l  
r e a c t i o n .  

( 3 )  The change i n  N2 volume p e r  ampere-hour f a c t o r  from 
t h e  f i r s t  hour  of  t e s t  t o  the  second hour  i n d i c a t e s  
a change i n  t h e  dominant r e a c t i o n  a t  t he  e l e c t r o d e .  
T h i s  conc lus ion  i s  suppor t ed  by t h e  change a l s o  observed  
i n  the e l e c t r o d e  p o t e n t i a l .  However, t h e  p o s s i b l e  
d e l e t e r i o u s  e f f e c t s  of  r e a c t i o n  p r o d u c t s  has n o t  been 
e s t ab l i shed  i n  t h i s  test  because o f  t h e  poor  d i f f u s i o n  
c h a r a c t e r i s t i c s .  

4 .  F u t u r e  P l a n s  

(1) T e s t  d i f f e r e n t  d i f f u s i o n  barriers w i t h  R h  e l e c t r o d e s :  
more porous  carbon,  s t a i n l e s s  s t e e l  p l aque ,  s i l i c a - g e l /  
T e f l o n  membranes. 

( 2 )  Run long-term t e s t  on Rh: de te rmine  i f  UDMH a c t i v e  
and i f  p r o d u c t s  can be t o l e r a t e d .  

(3 )  F a b r i c a t e  and t e s t  e l e c t r o d e s  made w i t h  ca t a lys t s  
n o t  a c t i v e  on UDMH b u t  which worked well w i t h  Aerozine-50.  

( 4 )  E v a l u a t e  r e s u l t s  a f t e r  above t e s t s  complete:  i f  n o t  
s a t i s f a c t o r y ,  s t a r t  c a t a l y s t  s c r e e n i n g  program a g a i n  
t o  d i s c o v e r  new c a t a i y s t s  wor thy  of t e s t ,  r e t e s t  same i n  
3 x 3 c e l l .  

S z l s z t  best 1 o r  2 e l e c t r o d e s ,  f a b r i c a t e  7 x 7" e lec-  ( 2 )  
t r o d e s  and r u n  tes ts  i n  l/3 f t 2  c e l l s .  Check ef ' f ' lc iency 
and performance,  determine p rope r  f u e l  man i fo ld  geometry,  
t e s t  b o t h  c o n t a i n e d  and f ree  e l e c t r o l y t e  c e l l  c o n f i g u r a t i o n .  

II f r \  
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Table  10 

TWO-HOUR RUN OF Rh/C ANODE 

F u e l  : Aerozine-50  pumped t o  
e l e c t r o d e  a t  19 g/min  

E l e c t r o l y t e  : 5M H3P048 pumped t h r o u g h  c e l l  
C u r r e n t  D r a i n :  50 ma/cm 
Tempera ture  : 55 "c 

Curnu l a  t i v e  
T ime ,  P o t e n t i a l  v s  SHE, Gas Vo&ume, 
hours v o l t  f t  

0 -0.02 0 

0.25  0.37 0.0072 

0.5 

1.0 

1.5 

0.35 

0.37 

0.47 

0.0118 

0.0185 

0.0258 

2 . 0  0.53 0.0280 

Gas Sample VPC A n a l y s i s :  Ha, 3.776 
N2 Y 96 0 3% 

C a l c u l a t e d  N2 Volume F a c t o r :  

F i r s t  hour of t es t ,  5.9 x ft3/amp-hour 
Second hour  of t e s t ,  3 . 2  x ft3/amp-hour 

47 



c .  SUBTASK 3 . 2  DESIGN AND TEST 1 / 3 - ~ ~ ~  ELECTRODES 

1. Background 

The c o n t r a c t  work s t a t e m e n t  r g q u i r e s  d e f i n i t i v e  e l e c t r o d e  
testing t o  be performed i n  1/3-ft 
tes t ing o f  a l l  r e a c t a n t s  o f  i n t e r e s t  ( i n c l u d i n g  r e fo rmer  p r o d u c t s )  
i n  t h i s  s i z e  c e l l .  I n i t i a l  s c r e e n i n g  programs a re  be ing  c a r r i e d  
o u t  i n  s m a l l e r  c e l l  s i z e s ,  b u t  f i n a l  t e s t i n g  o f  a l l  promis ing  
developments w i l l  be performed i n  the  larger  c e l l s .  The c e l l  
frames and holders  have been des igned  and f o u r  sets o r d e r e d .  
The mani fo ld  geometry has been approved by t h e  P r o j e c t  Monitor  
‘and three  f l o w  p l a t e  t h i c k n e s s e s  have been o r d e r e d .  The f i r s t  
work w i t h  t h e s e  c e l l s  w i l l  be t o  de t e rmine  the  e f f ec t  of  flow 
p l a t e  geometry and t h i c k n e s s  on t h e  coulombic e f f i c i e n c y  of  t h e  
N204 e l e c t r o d e .  P rev ious  work has shown t h e  importance of gas 
Reynolds number on performance of these  e l e c t r o d e s .  
s t u d i e s  w i l l  be c a r r i e d  o u t  w i t h  Aerozine-50. F i n a l l y ,  ha l f  
c e l l s  o p e r a t i n g  on a l l  r e a c t a n t s  o f  i n t e r e s t  w i l l  be demonst ra ted  
i n  t h i s  c onf i g u r a  t ion  . 

hal f  c e l l s ,  w i t h  u l t i m a t e  

S i m i l a r  

2 .  Work P l a n  

( a )  Design and  c o n s t r u c t  t e s t  s t a n d s  i n c l u d i n g  c o n t r o l  and 

( b )  F a b r i c a t e  N 2 0 4  e l e c t r o d e s  t o  be tes ted  ( 2  o r  3 most 

a n a l y t i c a l  equipment .  

promising from i n i t i a l  program) and  de te rmine  optimum 
o p e r a t i n g  pa rame te r s :  

Reac tan t  f low r a t e  
Temperature (40-100°C) 
Reac tan t  p r e s s u r e s  
Three mani fo ld  p l a t e s  

Measure : 
Coulombic e f f i c i e n c i e s  a t  100 ma/cm2 
P o l a r i z a t i o n  c h a r a c t e r i s t i c  50-200 ma/cm2 
E l e c t r o l y t e  con tamina t ion  

I n  a d d i t i o n ,  measure H20 back d i f f u s i o n  a t  t empera tu res  
40-100°C w i t h  N R e  e q u i v a l e n t  t o  f low ra tes  used .  

promising)  ; de te rmine  optimum o p e r a t i n g  p a r a m e t e r s  
( f low rates, t empera tu re ,  p r e s s u r e ,  man i fo ld  p l a t e s ) .  

( c )  F a b r i c a t e  Aerozine-50 anodes t o  be tested ( 2  o r  3 most 
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( d )  F a b r i c a t e  e l e c t r o d e s  and run  i n i t i a l  t e s t s  f o r  f o l -  
lowing r e a c t a n t s :  

(1) O2 + N2 i n  2 :  1 mole p a t i o  ( s i m u l a t e d  N204 r e fo rmer  
s t r eam)  on P t  MRD laminar  e l e c t r o d e .  

( 2 )  H2 + C 0 2  + CO i n  r a t i o s  as  de termined  from steam 
re fo rming  d a t a ,  on b e s t  c a t a l y s t  found i n  
d i r t y  hydrogen work on a n o t h e r  c o n t r a c t  ( r e f .  5). 

2 : l  mole r a t i o  + UDMH a t  p a r t i a l  p r e s s u r e  = vapor  
p r e s s u r e  of  UDMH a t  decomposi t ion  t e m p e r a t u r e ) ,  
on P t  MRD e l e c t r o d e .  

( 3 )  H2 from decomposi t ion of  Aerozine-50 (H2 + N 2  i n  

( e )  Depending on r e s u l t s  i n  3 x 3 c e l l  t e s t i n g :  c o n s t r u c t  
one f u l l  c e l l  ( e i t h e r  conta ined  o r  f r e e  e l e c t r o l y t e )  
o p e r a t i n g  on HZ and N204 ( g a s  o r  d i s s o l v e d  i n  e l e c t r o l y t e ) .  
Determine coulombic e f f i c i e n c y  over  long-term r u n .  Deter- 
mine optimum o p e r a t i n g  pa rame te r s .  
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APPENDIX I 

HEAT BALANCES FOR AEROZINE-50 REFORMING SYSTEMS 

I n  the f o l l o w i n g  d i s c u s s i o n  and  t a b l e s  heats o f  r e a c t i o n  and  
h e a t s  f o r  r a i s i n g  and  l o w e r i n g  the t empera tu re  of  r e a c t a n t s  and  
p r o d u c t s  a re  g i v e n  i n  k i l o c a l o r i e s  ( K c a l ) .  A p o s i t i v e  s i g n  i n d i -  
cates t h a t  e x t e r n a l  h e a t  i s  needed t o  m a i n t a i n  the  t empera tu re  of  
t h e  sys t em,  and  a n e g a t i v e  s ign  i n d i c a t e s  t h e  sys t em must r e j e c t  
waste hea t .  

SYSTEM 1 

Only N 2 H 4  decomposes t o  H2, N 2  and  "3. Tab le  1 shows the  
t o t a l  heat  b a l a n c e  a t  25°C f o r  N2H4 decomposing i n  v a r i o u s  r a t i o s  
o f  N H 3  and  H 2  f o r m a t i o n  f o r  1 0 0  g Aerozine-50 i n p u t .  

Table  A-1  

HEAT BALANCE FOR SYSTEM 1 AT 25OC, 
BASIS 100 G AEROZINE-50 

% N 2 H 4  % N2H4 T o t a l  System 

t o  N H 3  t o  H 2  Kcal  
Decomposing Decomposing Heat Ba lance ,  

70 30 -35.71 

40 60 -28.48 

10 90 -21.33 

T h i s  i n d i c a t e s  t h a t  e f f e c t i v e  c o o l i n g  i s  needed t o  m a i n t a i n  
Higher t e m p e r a t u r e s  s u c h  as  60°C may be preferab le  t e m p e r a t u r e .  

s i n c e  t h e  f u e l  c e l l  would p robab ly  o p e r a t e  a t  t h i s  t empera tu re  
and  the UDMH p o r t i o n  of t h e  f u e l  c o u l d  be used  as a heat a b s o r b e r .  



SYSTEM 2 

A t  temperatures  of 100°C t o  250°C, s i g n i f i c a n t  decomposition 
of  ??DYE t c  CH4 arid N2 takes p lace .  This adds  more exothermic 
hea t ,  which must  be r e j e c t e d .  The r e a c t i o n s  a r e :  

Table A-2 shows the  o v e r a l l  

AH 
a t  100°C 

as Liquid ,  
Kcal 

-12.79 

-28.63 

-48.53 

A H  AH 
a t  175°C a t  250°C 
a s  Vapor, as Vapor, 

Kca 1 Kcal 

-21.79 -21.31 

-37 92 -37 67 

-54.91 -54.16 

hea t  balance for t h i s  system, 
assuming r e a c t a n t s  a r e  heated t o  ope ra t ing  temperature and  prod- 
u c t s  a r e  cooled t o  100°C. The basis i s  100 g of Aerozine-50. 

Table A-2 

HEAT BALANCE FOR SYSTEM 2 AT 100°C, 175"C, AND 250°C 
FOR 100 G AEROZINE-50 INPUT 

To ta l  Heat 
Temp 9 $ N Z H 4  t o  96 N 2 H 4  t o  % UDMH t o  Balance,  
"C 4/3  NH3 + 1/3 N 2  2 H 2  + N 2  2 C H 4  + N E  Kcal 

100 70 
4 0  
10 

30 
60 
90 

5 -33 95 
5 -26.53 

-19.11 5 

175 70 
40 
10 

30 20 -39.02 

90 20 -24 .41  
60 20 -31.70 

250 70 
40 
10 

-50.29 
-43. og 

30 50 
60 50 
90 50 - 3 5 3 5  



SYSTEMS 3 AND 4 

Systems 3 and  4 i n c l u d e  a v a r i e t y  of r e a c t i o n s .  Those eas ies t  
t o  work f rom and hav ing  a b a s i s  i n  e x p e r i m e n t a l  f a c t  a r e :  

AH AH 
a t  400"C, a t  500°C, 

Kcal  Kcal 

a. UDMH(g) 4 2CH4 + N E  -52.40 -50.82 

b .  UDMH(g)* ( C H 3 ) 2 N H  + 1/3 N2 + 1/3 N H 3  -29.66 -29.12 
I 3. UDMH(g)  + 2H20+ 2C0 + 2NH3 + 3 H 2  24.56 26.06 

d .  UDMH(g) + 4 H 2 O -  2C02 + 2 N H 3  + 5 H 2  9.88 13 52 

e .  N2H4(g)+ 4/3 N H 3  + 1/3 N2 -36.87 -36.36 

f .  C O  + H20- C O 2  + H2 - 7.34 - 6.27  

I g .  "3- 3/2 H 2  + 1/2 N 2  1 2  46 12.47 

Tab le  A-3  g i v e s  the h e a t  b a l a n c e s  unde r  d i f f e r e n t  c o n d i t i o n s  
f o r  Systems 3 and  4 .  
t e m  1 t o  HE and  N E .  

A l l  r e a c t a n t s  are h e a t e d  from 25°C t o  o p e r a t i n g  t e m p e r a t u r e ,  
and p r o d u c t s  are c o o l e d  t o  100°C, i n c l u d i n g  t h e  h e a t  o f  condensa-  
t i o n  of u n r e a c t e d  H20. 

System 4 c o n v e r t s  a l l  C O  and  N H 3  from Sys-  

Table A - 3  

HEAT BALANCES FOR SYSTEMS 3 AND 4 AT 400°C and  500°C ASSUMING 
100 G AEROZINE-50 AND 5% H20 EXCESS 

Heat Heat 
Balance  Balance  

400 100 0 5 50 5 40 0 -22.68 10 .48  

500  100 50  60  0 2 2 0  18 -31.13 - 4 . 4 1  

500 50  50  60  o 2 2 0  18 -18.16 - 4 . 4 1  

53 



Thus, u n d e r  r e a c t i o n  c o n d i t i o n s  assumed for System 3 a t  400°C 
and  5 0 0 ° C ,  s i g n i f i c a n t  e x c e s s  h e a t  i s  p r e s e n t  when N2H4 p roduces  
NH2 o n l y .  Ahoilt. 5@ less  h e z t  IS Fi-eSeiit when >WF of NzH4 i s  p r o -  
duc ing  H2. T h i s  h e a t  would p robab ly  be  needed t o  m a i n t a i n  temper-  
a t u r e  f rom hea t  r a d i a t i o n  l o s s e s .  

r 

- - A  

System 4 will need e x t e r n a l  h e a t i n g  a t  4 0 0 " C ,  b u t  w i l l  be 
c l o s e  t o  a ba lance  a t  5 0 0 ° C .  Thus, a much h i g h e r  H2 e f f i c i e n c y  
must be r e a l i z e d  from t h i s  sys tem t o  s u p p l a n t  needed e x t e r n a l  
power. 
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A P P E N D I X  IIA 

UDMH STEAM REFORMING DATA 
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UDMH STEAM REFORMING DATA SHEET 

C a t a l y s t  Norton Z e o l i t e  ( c a t i o n  
type I Pressure,  psig 50 Gas Volume Rate, l / h r  

Temperature, "C 300 

Moles G a s  Produced/Hr ' $  UDMH Used 39.4 

Feed Composition, mole-$ 11.4 88.6 100 

Feed Composition, g/hr  6.465 15.08 21.55 

' - UDMH w Tot a1 

Feed Composition, mole/hr 0.1078 0.838 0.946 

Tota l  Output Composition, mole-$: UDMH H 2 0  

N 2 H 4  "3 Dimethylamine H2 

NE C H 4  co C O 2  

Ethane Other 

Output Gas Composition: 
(no t  inc luding  UDMH, H20, N2H4,  NH3 o r  Amines) 

Ethane 51a E 2  CH4 - c02 co - 
45 minutes: 

1- 1/2 hour: 

$ H 2 0  Used: $ Reforming t o  COa:  $ t o  co: 

c a l c u l a t e d  
t o  complete 
mass b a1 anc e 1 Moles NH3 Formed/hr: 

Moles Dime t hylamine Formed/hr : 

g atom C arbon Depo s 1 t ion/hr : 

Moles Ha p e r  100 g UDMH input :  

Moles H 2  p e r  100 g t o t a l  input :  

Hydrogen e f f i c i e n c y  = 

Note: Not enough gas produced f o r  a n a l y s i s .  
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UDMH STEAM REFORMING DATA SHEET 

Ca ta lys t  Norton Zeo l i t e  Temperature, O C  400 

Pressure,  p s i g  50 Gas Volume Rate, l / h r  2e20 

Moles Gas Produced/Hr 0.089 $ UDMH Used 87.0 

UDMH H20 Tot a1 

Feed Composition, mole-$ 11 .4  88.6 10 0 

Feed Composition, g/hr 6.243 14.57 20.81 

Feed Composition, mole/hr 0.104 0.809 0.913 

Tota l  Output Composition, mole-$: UDMH 1 . 4  H20 77.1 

N2H4 "3 7.3 Dimethylamine 5 - 6  H 2  0.1 

N 2  2.5 C H 4  3-3 co 1-8 c02 0.5 

Ethane 0.4 Other 

Output Gas Composition: 
( n o t  inc luding  UDMH, H20,  N2H4,  NH3 o r  Amines) 

co - C O 2  Ethane 32 !k CH+ - 
45 minutes: 

1-1/2 hour: 3.0 28.3 37.4 20.8 5.8 4 .8  

$ H20 Used: 3.6 $ Reforming t o  CO2: 2.5 $ t o  CO: 8.9 

Moles NH3 Formed/hr: 0.074 

Moles Dimethylamine Formed/hr: 0.057 

g atom Zarboi-1 Depcsiticn/hrt 0.001 

Moles H 2  pe r  100 g UDMH input :  0.02 

Moles H 2  p e r  100 g t o t a l  input: U . W W  

Hydrogen e f f i c i e n c y  = 0.2% 

Note: Ou tpu t  l i q u i d  h ighly  colored i n d i c a t i n g  o the r  compounds bes ides  

ca l cu la t ed  
t o  complete 
mass b a1 anc e 1 

J 

r\ nnL 

amines present  
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UDMH STEAM REFORMING DATA SHEET 

C a t a l y s t  Norton Zeo l i t e  Temperature, O C  500 

Pressure,  p s ig  50 Gas Volume Rate, l / h r  6.460 

Moles Gas Produced/Hr 0.263 $ UDMH Used 99.5 

Feed Composition, mole-$ 11.4 88.6 100 

Feed Composition, g/hr 5.923 13.83 19.75 

UDMH Tot a1 - 

Feed Composition, mole/hr 0.0987 0.768 0.867 

Tota l  Output Composition, mole-$: UDMH 0.05 H 2 0  70.5 

N 2 H 4  "3 3.3 Dimethylamine l . 3  H2 2.2 

N 2  6.9 CH4 1 3 e 4  co 1 . 3  C O 2  0.6 

Ethane O e 4  Other 

Output Gas Composition: 
( n o t  inc luding  UDMH, H20, N2H4,  NH3 o r  Amines) 

E 2  E2 CH4 - co COe Ethane 

45 minutes: 

1-1/2 hour: 9.0 27.9 53.9 5.2 2.3 1.6 

$ H 2 0  Used: 3.4 $ Reforming t o  CO2:  3.0 $ t o  co: 6.9 

c a l c u l a t e d  
t o  complete 
mass balance 

Moles NH3 Formed/hr: 0.037 

Moles Dimethylamine Formed/hr: 0 0 0 1 ~  

g atom Carbon Deposition/hr: O = O o 4  

Moles H2  per  100 g UDMH input :  

Moles H2  p e r  100 g t o t a l  i n p u t : O ~ ~ ~  

Hydrogen e f f i c i e n c y  = 3aok 



UDMH STEAM REFORMING DATA SHEET 

C a t a l y s t  Zn0701 Temperature, O C  300 

Pressure,  p s i g  50 Gas Volume Rate, l / h r  0.14 

Moles Gas Produced/Hr 0.006 $ UDMH Used 6.1 

UDMH - Tot a1  

Feed Composition, mole-$ 11 .4  88.6 100 

Feed Composition, g/hr 6.402 14.94 21.34 

Feed Composition, mole/hr 0.1065 0.830 0.937 

Tota l  Output Composition, mole-$: UDMH H 2 0  

N2H4 "3 Dime t hylamine H 2  

N 2  CH4 co c02 

Ethane Other 

Output Gas Composition: 
( n o t  inc luding  UDMH, H20, N2H4, NH3 or Amines) 

_. H2 !LZ CH4 - co 2 co Ethane 

45 minutes: 

1- 1/2 hour: 

$ H 2 0  Used: $ Reforming. t o  C 0 2 :  $ t o  co: 
c a l c u l a t e d  - 
t o  complete 

. mass. balance 1 Moles NH3 Formed/hr: 

Moles Dimethylamine Formed/hr: 

g atom Carbon Depoaition/hr: 

Moles H2 p e r  100 g UDMH input :  - 
1 

Moles H 2  p e r  100 g t o t a l  input:  

Hydrogen e f f i c i e n c y  = 

Note: N o t  enough gas produced f o r  ana lys i s .  

59 



UDMH STEAM REFORMING DATA SHEET 

C a t a l y s t  Zn0701 Temperature, "C 400 

Pressure,  p s i g  50 G a s  Volume Rate, l / h r  5.438 

Moles Gas Produced/Hr 0.221 $ UDMH Used 96.1 

T o t  a1 H20 - UDMH 
Feed Composition, mole-$ 11.4 88.6 100 

Feed Composition, g/hr 6.402 14.94 21.34 

Feed Composition, mole/hr 0.1065 0.830 0.937 

H20  61.8 Total  Output Composition, mole-$: UDMH O o 4  

"3 13.4 D i m e t h y l  amine 4.6 H2 12.8 
N 2 H 4  

0 .2  c02 6.3 N 2  O e 2  CH4 0.4 co 
Ethane 0 Other 

Output Gas Composition: 
( n o t  including UDMH, H20 ,  N 2 H 4 ,  NH3 or Amines) 

Ethane co 2 co 
7 !k CH4 

45 minutes:  57.6 1.1 1.7 1 . 0 3 8 . 7 n O n e  

1-1/2 hour: 64.3 1 . 2  1.8 1.1 - 5 l L  n- 

% H 2 0  Used: 17.1 $ Reforming t o  CO2:  32.8 $ t o  CO: 1.1 
T 

ca lcu la t ed  
t o  complete 

Moles Dimethylamine Formed/hr: 0.051 mass balance 

Moles NH3 Formed/hr: 0.149 

g atom Carbon Deposition/hr: 

Moles H2 pe r  100 g UDMH inpu t :  2.22 

Moles H 2  per  100 g t o t a l  i npu t :  0.67 

0.027 ,) 

Hydrogen e f f i c i ency  = 16.7 
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UDMH STEAM REFORMING DATA SHEET 

Cata lys t  Zn0701 Temperature, O C  500 

Pressure,  p s i g  50 Gas Volume Rate, l / h r  11.79 

Moles Gas Produced/Hr 0.479 $ UDMH Used 100 

UDMH HaO Tot a1 - 
Feed Composition, mole-$ 11.4 88.6 100 

Feed Composition, g/hr 6.402 14.94 21.34 

Feed Composition, mole/hr 0.1065 0.830 0.937 

To ta l  Output Composition, mole-$: UDMH 0 H20 53e6 

NPH4 "3 6.6 Dimethylamine 0.6 H2 18.1 

N 2  5.1 CH4 8.5 co 0.4 C02 6.9 

Ethane 0.2 Other 

Output Gas Composition: 
( n o t  including UDMH, H20, N 2 H 4 ,  NH3 o r  Amines) 

Ethane CH4 - co - co2 Ha 
45 minutes: 43.3 11.8 20.2 1.0 23.4 0.5  

1-1/2 hour: 46.T 13.0 21.6 1.1 17.6 0.5 

$ H20 Used: 21.0 $ Reforming t o  C02: 39.6 $ t o  CO: 2.5% 
Y 

Moles NH3 Formed/hr: 0.081 c a l c u l a t e d  1 t o  complete 
Moles Dimethylamine Formed/hr: 0.0075 mass b a l  anc e 

J g atom Carbon Deposition/hr: 0 

ivioies ::2 F e r  ~ n n  e: UDMH input :  3-47 

Moles H2 p e r  100 g t o t a l  input:  l o o 4  

Hydrogen e f f i c i e n c y  = z 6 e o  
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UDMH STEAM REFORMING DATA SKEET 

p m t . . i - - - ~  vauaLyPb rn L - ~ ~ f  71- C u  oxide on Temperature, "C 300 

Pressure, p s ig  50 
Alumina 

Gas Volume Rate, l / h r  4.431 
Moles Gas Produced/Hr 0.180 $ UDMH Used 99.2 

UDMH lid2 Tot a1 

11 .4  88.6 100 Feed Composition, mole-$ 

Feed Composition, g/hr 6.264 14.62 20.88 

Feed Composition, mole/hr 0.1045 0.8122 0.9167 

67.4 T o t a l  Output Composition, mole-$: UDMH O a l  H 2 0  

N 2 H 4  NH3 12.5 Dimethylamine 3.2 H2 11.3 

N 2  1.5 CH4 1.0 co 0.1 C O 2  2.8 

Ethane 0 Other  

Output Gas Composition: 
(not  including UDMH, H20 ,  N 2 H 4 ,  NH3 o r  Amines) 

Ethane k E2 CH4 - co co2 
45 minutes: 

1-1/2 hour: 66.8 9.0 6.4 0.5 17.3 none 

H 2 0  Used: 7.8 $ Reforming t o  CO2: 14.9 $ t o  CO: 0 .4  

c a l c u l  a t  ed 
t o  complete 
mas s b a1 anc e 

Moles NH3 Formed/hr: 0.139 

Moles Dimethylamine Formed/hr: 0.036 
g atom Carbon Deposition/hr: 0.091 

Moles H2 pe r  100 g UDMH input :  

Moles H 2  pe r  100 g t o t a l  input :  

Hydrogen e f f i c i ency  = 15.1% 
Note: 

2.0 

0.60 

Gas rate slowing down w i t h  t i m e .  
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UDMH STEAM REFORMING DATA SHEET 

C a t a l y s t  T-317 - Temperature, O C  400 

Pressure ,  p s i g  50 Gas Volume Rate, l / h r  3.016 

Moles Gas Produced/Hr 0.123 $ UDMH Used 100 

W 

UDMH w Tot a1 ._ 

Feed Composition, mole-$ 11 .4  88.6 100 

Feed Composition, g/hr 6.264 14 ,62  20.88 

Feed Composition, mole/h+ 0.1045 0.812 0.917 

To ta l  Output Compositisn, mole-$: UDMH H20  

N 2 H 4  "3 Dimethyl amine H 2  

N 2  CH4 co (302 

Ethane Other 

Output Gas Composition: 
( n o t  inc luding  UDMH, H 2 0 ,  N2H4, N H 3  o r  Amines) 

Ethane H2 E2 CH4 - co - c02 

7 .1  8.4 24.0 22.7 none 

none 

45 minutes: 37.8 
1-1/2 hour: 45.5 9.1 10.1 31.0 4.3 

$ Ha0 CRkd: $ Reforming t o  C O 2 :  $ t o  co: 
c a l c u l a t e d  
t o  complete 
.,,as s b a1 anc e 1 Moles NH3 Formed/hr: 

Mol e s Dime thylamine Formed/hr : 

g atom Carbon Deposit ion/hr:  

K ~ l z ; ;  & pr Inn  e IJDMH input :  

Moles H2 p e r  100 g t o t a l  input :  

i 
Hydrogen e f f i c i e n c y  = 

Note: T e s t  i n v a l i d  due t o  l a r g e  carbon depos i t i on  a t  300°C which a f f e c t e d  
t h i s  t e s t .  



UDMH STEAM REFORMING DATA SHEET 

A .  catalyst T-317 Temperature, -c 500 

Pressure, psig 50 Gas Volume Rate, l / h r  9.740 

Moles Gas Produced/Hr 0.396 $ UDMH Used 100 

T o t  a1 - UDMH E& 
Feed Composition, mole-$ 11 .4  88.6 100 

Feed Composition, g/hr 6.264 14.62 20.88 

Feed Composition, mole/hr 0.1045 0.812 0.917 

0 H20  58.6 Total  Output Composition, mole-$: UDMH 

N 2 H 4  "3 7 - 2  Dimethylamine o o 8  H2 12.6 
4.9 CH4 8 .9  co 3 - 5  C O 2  3 .4  N 2  

Ethane 0.3 Other 

Output  Gas Composition: 
( n o t  including UDMH, H20,  N 2 H 4 ,  NH3 o r  Amines) 

C O 2  Ethane - co - k E 2  CH4 
45 minutes:  

1-1/2 hour: 37.6 14.5 26.5 10.3 10.2 0.8 

$ H 2 0  Used: 15.0 $ Reforming t o  CO2:  19.3 $ to CO: 19.5 
4 

Moles NH3 Formed/hr: 0.085 ca l cu la t ed  I t o  complete 
Moles Dimethylamine Formed/hr: .009 mass balance 

0 g atom Carbon Deposition/hr: 

Moles H 2  p e r  100 g UDMH input:  2.37 

Moles H2 p e r  100 g t o t a l  i npu t :  0.71 

Hydrogen e f f i c i e n c y  = 17.8 
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UDMH STEAM REFORMING DATA SHEET 

C a t a l y s t  Girdler T-1144 Temperature, O C  300 
Pressure,  p s i g  50 Gas Volume Rate, l / h r  1.148 

Moles Gas Produced/Hr 0.047 $ UDMH Used 77.9 

Tot a1 H20 - UDMH 
Feed Composition, mole-$ 11.4 88.6 100 

Feed Composition, g/hr 6.234 14.55 20.78 

Feed Composition, mole/hr 0.104 0.808 0.912 

T o t a l  Output Composition, mole-$: UDMH 2.3 H20 79.6 
N2H4 "3 7.6 Dimethylamine 5.8 H 2  1.4 

NE 1.5 CH4 0.9 co 0 c02 0.9 

Ethane 0 Other 

Output G a s  Composition: 
( n o t  inc luding  UDMH, H20, N2H4,  NH3 or Amines) 

H2 E2 CH4 - co - c02 Ethane 

45 minutes: 

none 19.4 none 1-1/2 hour: 28.6 ' 32.4 19.5 

% H20 Used: 2.2 $ Reforming t o  C O a :  4.3 $ t o  co: 0 

- 
Moles NH3 Formed/hr: 0.076 c a l c u l a t e d  I t o  complete Moles Dimethylamine Forrned/hr: 0.056 mass balance 

g atom Carbon D e p o s i t i o d h r :  

w A c a  E2 ~ P I ?  100 g UDMH input :  0.22 

Moles H2 p e r  100 g t o t a l  input:  0.06 

Hydrogen e f f i c i e n c y  = 1.6 

m m .  7 -- 



UDMH STEAM REFORMING DATA SHEET 

c a t  ai y-a t G i r d i e r  T-1144 Temperature, O C  400 

Tota l  Output Composition, mole-$: UDMH 0 .1  H 2 0  55.2 

N 2 H 4  NH3 14.1 Dimethylamine 2.0 H2 16.4 

N 2  0.9 CH4 3 . 2  co 0.9 _. C O 2  7.2 
I 

I 

Ethane 0.1 Other 

Pressure,  ps ig  50 Gas Volume Rate, l / h r  7.660 

Moles Gas Produced/Hr 0.311 $ UDMH Used 98.9 

- UDMH Tot a1 

Feed Composition, mole-$ 11 .4  88.6 100 

Feed Composition, g/hr 5.916 13.80 19.72 

Feed Composition, mole/hr 0.0985 0.767 0.866 

Output Gas Composition: 
(no t  inc luding  UDMH, H20,  N2H4,  NH3 or Amines) 

co co2 Ethane 

45 minutes: 59.1 3.5 6.8 5.1 25.5 none 

k CH4 _. 

1-1/2 hour: 54.9 2.9 15.2 1 .0  25.6 0.3 

one 57.3 3.2 11.1 3.1 25.1 0.2 

$ H20 Used: 21.6 $ Reforming t o  C O 2 :  39-6  $ t o  CO: 4-51 - 
Moles NH3 Formed/hr: 0.153 c a l c u l a t e d  I t o  complete 
Moles Dimethylamine Formed/hr: 0.022 mass balance 

g atom Carbon Deposit ion/hr:  0.028 

Moles Ha pe r  100 g UDMH input :  3.02 

Moles H2 pe r  100 g t o t a l  input :  0.90 

Hydrogen e f f i c i ency  = 22.6% 
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UDMH STEAM REFORMING DATA SHEET 

C a t a l y s t  .Girdler  T-1144 Temperature, O C  500 

Pressure,  p s i g  50 Gas Volume Rate, l / h r  11.77 

Moles Gas Produced/Hr 0.4784 $ UDMH Used 100 

UDMH T o t  a1 - 
Feed Composition, mole-$ 11.4 88.6 100 

Feed Composition, g/hr 5.820 13-58 19.40 

Feed Composition, mole/hr 0.097 0.754 0.851 

T o t a l  Output Composition, mole-$: UDMH 0 H 2 0  55.0 

N 2 H 4  NHa 2*3 Dimethylamine 0.7 H2 19.3 

N 2  7 . O  CH4 9.9 co 0.2 C O 2  5 .5  

Ethane none Other 

Output Gas Composition: 
(no t  including UDMH, H20, N2H4, NH3 o r  Amines) 

k k CH+ - co COa Ethane 

28.5 none 

1-1/2 hour: 45.9 16.7 23.7 0.5 13.2 none 

45 minutes: 38.4 13.5 18 .5  1.1 

5 H 2 0  Used: 17.1 $ Reforming t o  CO2: 32.5 $ t o  CO: 1 .2  

Moles NH3 Formed/hr: 0.026 

Moles Dimethylamine Formed/hr: 0.008 

g atom Carbon Deposition/hr: none 

I . I U I ~ = ~  & g z r  100 g UDMH input :  3-77 

Moles HZ p e r  100 g t o t a l  input:  1-13 

Hydrogen e f f i c i e n c y  = 28*3 

ca lcu la t ed  
t o  complete 
mass balance 7 

I. le- 



UDMH STEAM REFORMING DATA SHEET 

Catlllys+, znozm Temperature, "C: 300 

Pressure,  p s i g  50 Gas Volume Rate, l / h r  3.417 

Moles Gas Produced/Hr 0.139 $ UDMH Used 87.5 

- UDMH E& T o t  a1 
Feed Composition, mole-$ 11.4 88.6 100 

Feed Composition, g/hr 6.354 14.83 21.18 

Feed Composition, mole/hr 0.106 0.821; 0.930 

Tota l  Output Composition, mole-$: UDMH 1m 3 H 2 0  70.5 

N2H4 "3 9.2 Dimethylamine 5 a 8  H2  6.9 

N 2  l .3  CH4 1.1 co 0 c02 3.9 

Other 0 Ethane 

Output G a s  Composition: 
(no t  inc luding  UDMH, H20,  N2H4,  NH3 o r  Amines) 

- co - c02 Ethane Ez E2 E4 
45 minutes: 
1-1/2 hour: 52.6 9.8 8.0 none 29.6 none 

$ H 2 0  Used: 10.0 $ Reforming t o  C 0 2 :  19.4 $ t o  CO: 0 

Moles NH3 Formed/hr: 0.097 

Moles Dimethylamine Formed/hr: 0.061 

c a l c u l a t e d  
t o  complete 
mass balance 1 g atom Carbon Deposition/hr: 0.011 

Moles H2 p e r  100 g UDMH input:  1.15 

Moles H2 p e r  100 g t o t a l  i npu t :  0.34 
Hydrogen e f f i c i ency  = 8.6 

Note: Zinc chromite c a t a l y s t  w a s  a t t acked  and prevented f u r t h e r  t e s t i n g  
a t  higher temperatures. 
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UDMH STEAM REFORMING DATA SHEET 

C a t a l y s t  Cu25Ol Temperature, O C  300 

Pressure,  p s i g  50 Gas Volume Rate,  l / h r  

Moles Gas Produced/Hr $ UDMH Used 57.3 

UDMH H20 Tot a1 - 
Feed Composition, mole-$ 

Feed Composition, g/hr  

Feed Composition, mole/hr 

11.4 88.6 100 

6.402 14.94 21.34 

0.1065 0.830 0.937 

To ta l  Output Composition, mole-$: UDMH H20 

"3 Dimethylamine H2  NPH4 

N 2  CH4 co c02 

Ethane Other  

Output Gas Composition: 
( n o t  inc luding  UDMH, H20, N2H4, NH3 o r  Amines) 

Ha CH4 co - C O 2  Ethane - 
45 minutes:  

1- 1/2 hour: 

$ H20 Used: $ Reforming t o  CO2:  $ t o  co: 

Moles NH3 Formed/hr: 

Mol e B D i m e  t h y 1  amine Fo rmed/hr : 

g atom Carbon Deposi t ion/hr :  

Moles H2 pe r  100 g u u m n  L I , ~ ~ ~ :  

1 mass balance 

- -n*a?r  a --,, 

Moles H2 p e r  100 g t o t a l  input: 

Hydrogen e f f i c i e n c y  = 

Note: Not enough gas product ion f o r  measurement. Ca ta lys t  a t t acked  
a t  h ighe r  temperatures.  



UDMH STEAM REFORMING DATA SHEET 

C a t a l y s i  T-310 NiO Temperature, O C  300 

Pressure,  ps ig  50 Gas Volume Rate,  l / h r  1.32 

Moles Gas Produced/Hr 0.054 $ UDMH Used 81.3 

Tot a1 - UDMH E& - 
11.4 88.6 100 Feed Composition, mole-$ 

Feed Composition, g/hr  5-73 13 37 19 . 10 

Feed Composition, mole/hr 0.09% 0.743 0 839 

Tota l  Output Composition, mole-$: UDMH 3.0 H20 7 7 - 4  

N2H4 - NHa 8.0 D I  methylamine 6.6 H2 2.0 

N 2  1.2 CH4 0.6 co 0.L. c02 3.1 

Ethane none Other  

Output Gas Composition: 
( n o t  inc luding  UDMH, H20, N 2 H 4 ,  NH3 o r  An;inc>::) 

E 2  k CH4 - co C0;r E t  ha:. :, 

45 minutes: 

1-1/2 hour: 33.0 20.7 9,6 1.035.7 none 

$ H20 Used: 5.3 $ Reforming t o  CO2: 10.1 $ t o  CO:10.3 

Moles NH3 Formed/hr: 0.073 

Moles Dimethylamine Formed/hr: 0.060 

g atom Carbon Deposl t ion/hr :  0.010 

Moles HP p e r  100 g UDMH input :  0.31 

Moles H2 p e r  100 g to ta l  input :0 .09 

Hydrogen e f f i c i e n c y  = 2.B 

c a l c u l a t e d  
t o  complete 
mass balance I 



UDMH STEAM REFORMING DATA SHEET 

C a t a l y s t  T-310 N i O  Temperature, O C  400 

Pressure,  p s i g  50 Gas Volume Rate, l /h r  6.31 

Moles Gas Produced/Hr 0.257 $ UDMH Used 98.5 

- UDMH E& Tot a1 
c 

Feed Composition, mole-$ 11.4 88.6 100 

Feed Composition, g/hr  5.73 13 37 19.10 

Feed Composition, mole/hr 0.0955 0.743 0 839 

To ta l  Output Composition, mole-$: UDMH 0.1 H20 56.9 

N 2 H 4  - NH3 12.7 Dimethylamine 4.8 H2  56.9 

N 2  0.6 CH4 0.5 co 0.3 . C 0 2  8.3 

' Ethane 0 Other  

Output Gas Composition: 
I ( n o t  inc luding  UDMH, H20,  N2H4, NH3 o r  Amines) 

% CH4 - co COa Ethane E 2  
45 minutes: 

1-1/2 hour: 61.8 2.3 2.0 1.3 32.6 ,none 

$ H20 Used: 23.0 $ Reforming t o  COa:  44.0 $ t o  CO: 1.7 

Moles NH3 Formed/hr: 0.128 

Moles Dimethylamine Forrned/hr: 0.048 

g atom Carbon Deposit ion/hr:  

~ ~ i e s  I:= SCF X?O g VDMH Input: 2.79 

1 mass balance 

.. 
Moles HE p e r  100 g t o t a l  i npu t : , 1~83-  

Hydrogen e f f i c i e n c y  = 20.98 
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UDMH STEAM REFORMING DATA SHEET 

C a t a l y s t  T-310 N i O  - __ Temperature, O C  500 

Pressure,  p s i g  50 Gas Volume Rate, l /hr  9.55 

Moles Gas Produced/Hr 0.388 $ UDMH Used 100 

Feed Composition, mole-$ 

Tot a1 - UDMH - 
11.4 88.6 100 

Feed Composition, g/hr 5 073 13 37 19.10 

Feed Composition, mole/hr 0.0955 0.743 0 . 839 

To ta l  Output Composition, mole-$: UDMH 0 H 2 0  57.4 

N2H4 - NH3 6.2 Dimethylamine 0.3 H 2  13.2 

Ethane 0.3 Other  

Output Gas Composition: 
( n o t  inc luding  UDMH, H20,  N2H4, NH3 o r  Amines) 

- co C0;r Ethane % E2 CH4 
45 minutes: 33.9 13.4 26.9 1.3 24.1 0.6 

1-1/2 hour: 36.6 15.6 30.3 1.1 15.6 0.7 

- co C0;r Ethane % E2 CH4 
45 minutes: 33.9 13.4 26.9 1.3 24.1 0.6 

1-1/2 hour: 36.6 15.6 30.3 1.1 15.6 0.7 

c a l c u l a t e d  
t o  complete 

Moles NH3 Formed/hr: 0.067 

Moles Dimethylamine Formed/hr: 0.003 mass balance 

g atom Carbon Deposit lon/hr:  

Moles H2 per 100 g UDMH input :  2.49 

Moles H2 per 100 g t o t a l  Input:  0.74 

Hydrogen e f f i c i e n c y  = 18.5% 



UDMH STEAM REFORMING DATA SHEET 

C a t a l y s t  T-310 Temperature, O C  300 

Pressure,  p s i g  150 Gas Volume Rate,  l / h r  1.83 

Moles Gas Produced/Hr 0.074 $ UDMH Used 97.6 

UDMH w Tot a1 - 
Feed Composition, mole-$ 11.4 88.6 100 

Feed Composition, g/hr 6.11 14.26 20.37 

Feed Composition, mole/hr 0 . 102 0.792 0.894 

r r z w  I ' e /  

N2H4 - NH3 12.1 Dimethylamine 6.2 H2 3.; 

N 2  0.8 CH4 0.7 co 0.6 C O 2  2.1 

Ethane 0 Other 

Output G a s  Composition: 
( n o t  including UDMH, 920, N2H4, NH3 or Amines) 

Ethane 

45 minutes: 43.2 11.0 9.4 8.6 27.8 none 

1-1/2 hour: 

E 2  E2 CH4 - co COa 

$ H 2 0  Used: 6.1 $ Reforming t o  CO2:  10.3 $ to CO: 2.9 
4 

c a l c u l a t e d  
t o  complete 
mass b a1 anc e 

Moles NH3 Formed/hr: 0.121 

I-1~12:s Dimethylzcine Formed/hr: 0.062 

g atom Carbon Deposit ion/hr:  

Moles HB pe r  100 g UDMH i n p u t :  

Moles H2 pe r  100 g t o t a l  i n p u t :  

Hydrogen eff ic i .ency = 3.9% 

0.048 ) 
6 - 3 2  

0.16 

73 
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UDMH STEAM REFORMING DATA SHEET 

Ca ta lys t  T - j i O  Temperature, O C  400 

Pressure,  psig 150 Gas Volume Rate, l / h r  9.19 

Moles Gas Produced/Hr 0.374 $ UDMH Used 98.4 

Tot a1 - UDMH !w - 
Feed Composition, mole-$ 11.4 88.6 100 

Feed Composition, g/hr 6.11 14.26 20.37 

Feed Composition, mole/hr 0.102 0 792 0.894 

Total  Output Composition, mole-$: UDMH 0-3 H20 49-5 

N2H4 -- "3. 15. 6 Dimethylamine 0.4 H2 15.0 
N 2  0.9 CH4 6.5 CO 0.4 COP 10.1 

Ethane 0.2 Other 

Output Gas Composition: 
(not  including UDMH, H20,  N2H4,  NH3 o r  Amines) 

co COa Ethane E2 %L CHI - 
45 minutes: 48.7 2.5 19.1 1.5 27.6 0.5 

1-1/2 hour: 45.4 2.6 19.8 1.0 30.6 0 .5  

$ H20 Used: 29.3 $ Reforming t o  CO2: 55.9 $ t o  CO: 2.0 

Moles NH3 Formed/hr: 0.177 ca l cu la t ed  
t o  complete 

Moles Dimethylamine Formed/hr: 0.005 mass balance 

g atom Carbon Depositlon/hr: 

Moles H2 per  100 g UDMH input:  2.79 

Moles H2 per  100 g t o t a l  input:  0.83 

Hydrogen e f f i c i e n c y  = 20.8% 



UDMH STEAM REFORMING DATA SHEET 

Feed Composition, mole-$ 11 .4  88.6 100 

Tota l  Output Composition, mole-$: UDMH 0 H20 54.0 

N2H4 - N H ~  6.0 Dimethyl amine 0 HZ 16.2 

CO 0 . 3  0 2  6.6 N 2  5.7 CH4 11.2 

Ethane 0 Other I 

Output Gas Composition: 
(no t  including UDMH, H20, N2H4,  NH3 or Amines) 

% E2 CHlr - co coo Ethane 

45 minutes: 37.7 13.9 28.2 1.0 19.2 none 

1-1/2 

$ H20 

Moles 

Moles 

0.8 16.4 no ne hour: 40.5 14.3 28.0 

Used: 19.9 $ Reforming t o  CO2:  37.7 $ t o  CO: 2.0 

NH3 Formed/hr : 0,070 c a l c u l a t e d  
t o  complete 
mass balance D i m e  t hylamine Pormd/hr:  0 

g atom Carbon Deposit ion/hr:  

Moles H2 per  100 g UDMH input: 3.11 

Moles H2 per  100 g t o t a l  Input: 0.93 

Hydrogen e f f i c i e n c y  = 2 3 . s  

- 
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UDMH STEAM REFORMING DATA SHEET 

Ca ta lys t  G-56B Temperature, O C  500 

Pressure,  ps ig  25 Gas Volume Rate, l / h r  8.02 

Moles Gas Produced/Hr 0.326 $ UDMH Used 100 

UDMH E& Tot a1 - 
1 1 . 4  88.6 100 Feed Composition, mole-$ 

Feed Composition, g/hr 6.36 14.84 21.20 

Feed Composition, mole/hr 0.106 0.824 0 930 

Total  Output Composition, mole-$: UDMH n H 2 0  62.1 

N2H4 - NHa 10.1 Dimethylamine 0.5 H 2  14.5 

N 2  3.6 CH4 5.6 CO 0.2 CO2 3.4 

Ethane 0 Othe r  

Output Gas Composition: 
(not  including UDMH, H20, N2H4, NH3 o r  Amines) 

k ik CH4 _. co COa Ethane 

45 minutes: 

1-1/2 hour: 53.2 13.3 20.5 0.6 12,6- 

$ H20 Used: 10.2 $ Reforming t o  C o 2 :  19.3 $ t o  C O : L L L ,  

Moles NH3 Formed/hr: 9.120 

Moles Dimethylamine Formed/hr: 0.006 

g atom Carbon Deposition/hr: 0.090 

Moles H2 pe r  100 g UDMH input :  2.70 

Moles He p e r  100 g t o t a l  input :  0.82 

c a l c u l a t e d  
t o  complete 
mass b a l  anc e 

Hydrogen e f f i c i ency  = 20.4 

. 



UDMH STEAM REFORMING DATA SHEET 

C a t a l y s t  G-56B N i  base re- Temperature, O C  300 

Pressure, p s i g  50 Gas Volume Rate, l / h r  0.73 
forming c a t a l y s t  

Moles Gas Produced/Hr 0.030 $ UDMH Used 33.3 

- UDMH E& Tot a1 

Feed Composition, mole-$ 11 .4  88.6 100 

Feed Composition, g/hr 6.31 14.61 21.02 

Feed Composition, mole/hr 0 105 0 823 0.928 

Tota l  Output Composition, mole-$: UDMH 7.3 H20 84.7 

N 2 H 4  NH3 1.8 Dimethylamine 2.9 H2 0 .3  

N 2  1.4 CH4 0.9 co none co2 0.6 

Ethane none Other 

Output Gas Composition: 
( n o t  including UDMH, H20, N 2 H 4 ,  NH3 o r  Amines) 

!iz % CH4 ._ co COa Ethane 

45 minutes: 9.0 43.3 78.6 30-0 

1- 1/2 hour: 

$ H20 Used: 1.5 5 Reforming t o  CO2:  2.9 5 t o  C O : n  
1 

Moles NH3 Formed/hr: 0.017 ca l cu la t ed  
/' t o  complete 

Moles Dimethylamine Formed/hr: 0.0 28 1 mass balance 

g atom Carbon Deposition/hr: 

M ~ l e s  H r  pe r  100 g UDMH input: 0.05 

Moles H2 pe r  100 g t o t a l  input:0.014 

Hydrogen e f f i c i e n c y  = 0.4% 
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UDMH STEAM REFORMING DATA SHEET 

Ca ta lys t  G-5613 Temperature, O C  400 

Pressure,  ps ig  50 Gas Volume Rate, l / h r  7-84 

Moles Gas Produced/Hr 0.319 $ UDMH Used 98.2 

UDMH w Tot a1 - 
Feed Composition, mole-$ 1 1 . 4  88.6 100 

Feed Composition, g/hr 6.31 14.61 21.02 

Feed Composition, mole/hr 0.105 0.823 0.928 

Tota l  Output Composition, mole-$: UDMH 0.2 H 2 0  55.8 

- NHa 15.6 Dimethylamine 0.9 H2 14.0 N2H4 

N2 0.7 CHI 5.1 co 0.1 0 2  7.6 

Ethane 0.1 Other 

Output Gas Composition: 
(not  inc luding  UDMH, H20, N2H4, NH3 o r  Amines) 

Ethane 

45 minutes: 52.0 2.2 17.4 0.6 27.7 none 

E2 H4 _I co COa 

1-1/2 hour: 50.8 2.5 18.6 0.3 27.6 0.2 

Moles NH3 Formed/hr: 0.180 c a l c u l a t e d  1 t o  complete 
Moles Dimethylamine Formed/hr: 0.010 mass b a l  anc e 

g atom Carbon Deposition/hr: 0.036 

Moles Ha pe r  100 g UDMH input :  2.57 

Moles H 2  pe r  100 g t o t a l  input :0 .77 

Hydrogen e f f i c i ency  = 1 9 . s  



UDMH STEAM REFORMING DATA SHEET 

Cata lys t  G-56B N i  base steam Temperature, O C  500 

Pressure,  p s i g  50 Gas Volume Rate, l / h r  11.93 

Moles Gas Produced/Hr 0.485 $ UDMK Used \ 100 

reforming c a t a l y s t  

UDMH - Tot a1 

Feed Composition, mole-$ 11 .4  88.6 

Peed Composition, mole/hr 0.0953 0.7416 0.8369 

Feed Composition, g/hr 5.72 13.35 19.07 

T o t a l  Output Composition, mole-$: UDMH 0 Hz0 51.3 

N 2 H 4  - "3 4.7 Dimethy l  amine 0 H 2  20.1 

N 2  6.4 CH4 20-1 co 0 - 4  con 7 - 7  

Ethane 0 Other 

Output Gas Composition: 
( n o t  including UDMH, H 2 0 ,  N2H4,  NH3 or Amines) 

Ethane 52 52 CH4 - co CQZ 

*-: 
&dd&kum 40.35 15.78 25.13 1.00 17.75 none 

it-hr average 45.77 14.35 22.85 0.9 16.14 no ne 

$ H 2 0  Used: 21.7 4% Reforming t o  COZ:  40-8 $ t o  C0:y-l 

Moles NH3 Formed/hr: mcj? 

Moles Dimethylamine Formed/hr: none 

g atom Carbon Deposi t ionjhr :  _ _  

Moles Ha p e r  100 g UDMH input:  2.89 

Moles H2 p e r  100 g t o t a l  input:1.16 

Hydrogen e f f i c i e n c y  = 29.1 

ca l cu la t ed  
t o  complete 
mass balance 1 

J 

NOTE: Repeat of previous t e s t  over a 6-hour per iod.  
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UDMH STEAM REFORMING DATA SHEET 

C a t a l y s t  0 - 5 6 ~  Temperature, 'C 500 

Pressure, psig 50 Gas Volume Rate, l / h r  13.30 

Moles Gas Produced/Hr 0.541 $ UDMH Used A00 

- UDMH iw Tot a1 

Feed Composition, mole-$ 11.4 80.6 

Feed Composition, mole/hr 0.105 0.823 0 . 928 

. Feed Composition, g/hr 6.31 14.61 21.02 

Total Output Composition, mole-$: UDMH 0 H20 51.3 
N2H4 - NH3 4.7 Dimethylamine 0 H2 20.1 

N 2  6.4 CH4 10.1 CO 0.4 C O 2  7. 1 

Ethane 0 Other 

Output Gas Composition: 
( n o t  inc luding  UDMH, H20, N2H4, NH3 or Amines) 

co c02 Ethane EZ k CH4 - 
45 minutes: 48.2 12.5 17.7 0..9 2a.6 none 
1-1/2 hour: 49.5 14.2 21.5 0.7. I 4 e 2  none 

$ H 2 0  Used: 19.2 $ Reforming t o  COa: 36.7 $I t o  co: 1.9 

c a l c u l a t e d  
t o  complete 
mass b a l  anc e 

Moles NH3 Formed/hr: 0.056 

Moles Dimethylamine Formed/hr: 0 

g atom Carbon Deposit ion/hr:  0.013 

Moles Ha per 100 g UDMH input :  4.25 

Moles Ha per 100 g t o t a l  input :  1.28 

Hydrogen e f f i c i e n c y  = 31.9% 
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UDMH STEAM REFORMING DATA SHEET 

Cata lys t  G-56B Temperature, O C  300 

Moles Gas Produced/Hr 0.155 $ UDMH Used 99.4 

Pressure,  p s i g  150 Gas Volume Rate, l / h r  3.81 

- UDMH w Tot a1 

Feed Composition, mole-$ 11.4 88.6 100 

Feed Compos it ion, g/hr 6.465 15.085 21.55 

Feed Composition, mole/hr 0.108 0.839 0.947 

Tota l  Output Composition, mole-$: UDMH 0.1 H20 68.3 

N 2 H 4  - NHa 13.5 Dimethylamine 4.2 HE 6.9 

N 2  0.8 CH4 2.1 CO 1.0 c02 3 - 3  

Ethane 0 Other 

Output Gas Composition: 
( n o t  including UDMH, H20,  N2H4,  N H s  o r  Amines) 

Ethane 5.2 E4 - co 2 co 

45 minutes: 49.4 7.1 14.5 8 . 6 2 U L n O n e  

1-1/2 hour: 49.0 6.0 14.7 7.2- ", 
- 

$ H 2 0  Used: 9.7 5 Reforming t o  CO2: 16.2 $ t o  co:  5.L 
1 

Moles NHa Formed/hr: 0.150 

mass bklanc e I Moles Dimethylamine Formed/hr: 0.046 

" Q atom Carbon Deposition/hr: 0,053 

Moles H2 pe r  100 g UDMH input :  1.17 
J 

M o l e s  H2 per 166 ivtal .--..e. A ZLC 

Hydrogen e f f i c i e n c y  = 8.8s 

L r l y u b .  u. / J  
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UDMH STEAM REFORMING DATA SHEET 

Ca ta lys t  G-65B Ni base reform- Temperature, O C  400 

2 Pressure,  ps ig  150 Gas Volume Rate, l / h r  7.7 

Moles Gas Produced/Hr 0.3 1 4  $ UDMH Used 100 

ing c a t a l y s t  

To t  a1 - UDMH m 
Feed Composition, mole-$ 11.4 88.6 100 

Feed Composition, g/hr 5.41 12.63 18.04 

Feed Composition, mole/hr 0.0902 0.702 0.792 

Total Output Composition, mole-$: UDMH 0 H 2 0  51.6 

N2H4 - NH3 15.6 Dimethylamine 1.1 H2 14.0 

N~ 0.8 CH4 7.0 co 0 C O ~  9.8 

Ethane 0.1 Other 

Output Gas Composition: 
(no t  including UDMH, H20,  N2H4, NH3 o r  Amines) 

Ethane coo co - k EZ CH4 
45 minutes: 49.6 2.5 34-13 30-4  0-5 

0 .4 1-1/2 hour: 43.91 2.5 22.1 none 30.9 

$ H 2 0  Used: 27.6 $ Reforming t o  Cog: 53.9 $ t o  CO: 0 

Moles NH3 Formed/hr: 0.153 

Moles Dimethylamine Formed/hr: 0.011 

g atom Carbon Deposltlon/hr: 

Moles H 2  pe r  100 g UDMH input :  

Moles H2 pe r  100 g t o t a l  lnput:0.77 

Hydrogen e f f i c i ency  = 19.1% 

c a l c u l a t e d  
t o  complete 
mass b a1 anc e 

2.c, 1 
6 
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UDMH STEAM REFORMING DATA SHEET 

500 C a t a l y s t  G-5613 Temperature, O C  

Pressure,  p s i g  150 Gas Volume Rate, l / h r  11.03 

Moles Gas Produced/Hr 0.448 $ UDMH Used 100 

- UDMH ML Tot a1 

Feed Composition, mole-$ 11.4 88.6 100 

Feed Composition, g/hr 5.70 13.31 19.01 

Feed Composition, mole/hr 0.0950 0.739 0.834 

To ta l  Output Composition, mole-$: UDMH 0 H20 54.2 

N 2 H 4  -- NH3 5.4 Dimethylamine 0 H2 17.4 

N 2  5.9 CH4 10.9 0 co2 6.2 co w 

Ethane 0 Other 

Output Gas Composition: 
(no t  including UDMH, H20,  N2H4, NH3 or Amines) 

E2 !k CH4 - co COa Ethane 

45 minutes: 38.0 13.0 26.3 none 22.6 none 

1-1/2 hour: 43.0 14.5 27.1 none 15.4 none 
average 

$ H20 Used: 18.7 $ Reforming t o  C O ~ :  36.3 $ t o  CO: 0 

Moles NH3 Formed/hr: 0.060 

Moles Dimethylamine Formed/hr: none 

g atom Carbon Deposit ion/hr:  

Moles H2 pe r  100 g UDMH input: 3.39 

Moles Ha per  100 g t o t a l  i n p u t :  1.02 

ca l cu la t ed  
t o  complete 
mass b a1 anc e 

Hydrogen e f f i c i e n c y  = 25.4% 



UDMH STEAM REFORMING DATA SHEET 

Ca ta lys t  ti-43 Temperature, O C  300 

Pressure,  psig 50 Gas Volume Rate, l / h r  0.495 

Moles Gas Produced/Hr 0.020 $ UDMH Used 83.3  

- UDMH 322 Tot a1 

Feed Composition, mole-$ 11.4 88.6 100 

Feed Composition, g/hr 5.97 13 92 19 89 

Feed Composition, mole/hr 0 0995 0.773 0.873 

Tota l  Output Composition, mole-$: UDMH 1.8 H 2 0  80.2 

N 2 H 4  - "3 11.1 Dimethylamine 4.8 H 2  0.8 

N2 0.7 CH4 0.3 CO 0.3 C 0 2  0 

Ethane 0 Other 

Output Gas Composition: 
( n o t  inc luding  UDMH, H20, N2H4, NH3 o r  Amines) 

CH4 co _. 
COa Ethane 

45 minutes: 

none 1-1/2 hour: - 3 7 . 2  31.8 16.4 14.5 none 

$ H20 Used: 0.4 $ Reforming t o  CO2: 0 $ t o  CO: 1 .5  

Moles NH3 Formed/hr: 0.107 

Moles Dimethylamine Formed/hr: 0.046 

g atom Carbon Deposition/hr: 0.068 

Moles H2 per 100 g UDMH input :  0.13 

c a l c u l a t e d  
t o  complete 
mass balance 

Moles H2 per 100 g t o t a l  input :  0.04 

Hydrogen e f f i c i e n c y  = o-gk 
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UDMH STEAM REFORMING DATA SHEET 

. Temperature, O C  400 i 

Cata lys t  G-43 

Pressure,  psig 50 Gas Volwne Rate, l / h r  1.48 

Moles Gas Produced/Hr 0.060 $ UDMH Used 197.7 

- UDMH E.& Tot a1 

Feed Composition, mole-$ 11.4 88.6 100 

. Feed Composition, g/hr 6.05 14.13 20.18 

Feed Composition, mole/hr 0.101 0.785 0 . 886 

Total  Output Composition, mole-$: UDMH 0.2 H 2 0  74.7 

NH3 13.8 Dimethylamine 6.3 Ha  2.4 - N2H4 

N 2  0.5 CH4 0.5 co 1.0 CO2 1.7 

Ethane 0 Other 

Output Gas Composition: 
(no t  including UDMH, H20,  N 2 H 4 ,  NH3 o r  Amines) 

co c02 Ethane - E2 b CH4 - 
45 minutes: 42.6 9.9 9.2 17.0 20.60.7 
1-1/2 b u r :  39.7 7.5 7.6 16.5 28.7 

$ H 2 0  Used: 5.6 $ Reforming t o  CO2: 8 .4  $ t o  CO: 5.0 

Moles NH3 Formed/hr: 0.126 

Moles Dimethylamine Formed/hr: 0.062 

g atom Carbon Deposit ionjnr:  0.041 

Moles H2 per  100 g UDMH input:  0.40 

Moles H2 per  100 g t o t a l  input:0.12 

Hydrogen e f f i c i ency  = 3.M 

ca lcu la ted  
t o  complete 
mas s b a1 anc e i 



UDMH STEAM REFORMING DATA SHEET 

Ca ta lys t  G-43 Temperature, O C  500 

Pressure,  psig 50 Gas Volume Rate, l / h r  6.35 

Moles Gas Produced/Hr 0.258 $ UDMH Used 100 

Feed Composition, mole-$ 

Feed Composition, g/hr 

Feed Composition, mole/hr 

- UDMH Tot a1 

11.4 88.6 100 

5.91 13.79 19.70 

0.0985 0.766 0.865 

Total  Output Composition, mole-$: UDMH 0 H20 64.7 

N 2 H 4  - N H ~  8.3 Dimethylamine 2.6 H 2  8 .2  

N 2  3.9 CH4 7 - 4  co 1-5 CO2 3 - 2  

Ethane 0-2 Other 

Output Gas Composition: 
(no t  including UDMH, H20, N 2 H 4 ,  N H 3  o r  Amines) 

k Ez CH4 - co co;? Ethane 

17.4 26.1 6.1 16.6 - 45 minutes: 33.7 

1-1/2 hour: 33.8 15.9 30.5 6 . 1  13.0 0.7 

$ t o  CO: 8.1 $$ H20 Used: 10.8 $ Reforming t o  C02: 17.0 

c a l c u l  a t  ed 
t o  complete 
mass balance Moles Dimethylamine Formed/hr: 0.02'7 

Moles N H 3  Formed/hr: 0.083 

g atom Carbon Deposit ion/hr:  0.011 

Moles H 2  per 100 y UDMH i n p u t :  1.47' 

Moles H 2  per 100 t C t C i l  i n p u t :  0.44 
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UDMH STEAM REFORMING DATA SHEET 

C a t a l y s t  G-43 Temperature, O C  300 

Moles Gas Produced/Hr $ UDMH Used 63.0 

Pressure,  p s i g  150 Gas Volume Rate, l / h r  0.57 

UDMH M Tot a1 - 
Feed Composition, mole-$ 11.4 88.6 100 

Feed Composition, g/hr 5.T9 13 03 18.62 

Feed Composition, mole/hr 0 093 0.724 0.817 

Tota l  Output Composition, mole-$: UDMH H20 

NPH4 "3 Dimethylamine H2 

N 2  CH4 co cos 
Ethane Other 

Output Gas Composition: 
(no t  including UDMH, H 2 0 ,  N2H4,  NH3 o r  Amines) 

E2 k CHlr - co COa Ethane 

45 minutes: 

1- 1/2 

k H20 

Moles 

Moles 

hour: 

k Reforming t o  CO2: k t o  co: Used: - 
NH3 Formed/hr: ca l cu la t ed  

t o  complete 
Dime thy1 amine Formed/hr : ) mass balance 

g atom Carbon Deposit ion/hr:  

Moles Hz pe r  100 g UDMH input:  

Moles H2 pe r  100 g t o t a l  input :  

Hydrogen e f f i c i e n c y  = 

Not enough gas produced f o r  v a l i d  gas analys is .  
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UDMH STEW4 REFORMING DATA'SHEET 

Ca ta lys t  G-43 Temperature, O C  400 

Pressure,  psig 150 Gas Volume Rate, l / h r  3.02 

Moles Gas Producedm 0.123 $ UDMH Usea 98.0 

Feed Composition, mole-$ 11.488.6 100 

Tot a1 - UDMH iw - 
Feed Composition, g/hr 5.63 13.12 18.75 
Feed Compositlon, mole/hr 0.094 0.729 0.823 

Tota l  Output Composition, mole-$: UDMH 0.2 H 2 0  69.2 

N2H4 - mS 10.8 Dime thylamine 6 . 7 H2 5.6 

N 2  1.2 CHI 1.3 co 1.1 CO2 4.0 

Ethane 0 Other 

Output Gas Composition: 
(no t  including UDMH, H 2 0 ,  N2H4,  NH3 o r  Amines) 

li;: E2 E4 - co COa Ethane 

45 minutes: 

1-1/2 hour: 42.2 8.8 10.0 8.5 ,-, 0 

$ H 2 0  Used: 11.7 $ Reforming t o  CO2: 19.7 $ t o  CO: 5.3 

c a l c u l a t e d  
t o  complete 
mass b a l  anc e I Moles NH3 Formed/hr: 0.100 

Moles Dimethylamine Formed/hr: 0.062 

g atom Carbon Deposit ion/hr:  

Moles H2 per 100 g UDMH input :  0.93 

Moles H2 per 100 g t o t a l  input:  0.28 

Hydrogen e f f i c i ency  = 6.9 

. I  
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UDMH STEAM REFORMING DATA SHEET .- 

C a t a l y s t  G - 4 3  P t  Temperature, O C  500 

Pressure,  p s i g  150 Gas Volume Rate, l / h r  9.02 

Moles Gas Produced/Hr 0.367 $ UDMH Used LOO 

- UDMH E& Tot a1 

Feed Composition, mole-$ 11.4 88.6100 
Feed Composition, g/hr 5.91 13 9 79 19-70 

Feed Composition, mole/hr 0.0985 0.766 0.865 

Total  Output Composition, mole-$: UDMH 0 H20 60.1 

N2H4 - NHa 5.1 Dime thylamine 0.6 H 2  11.6 

c02 4.3 N 2  6 .1  CH4 11.2 CO 0.8 

Ethane 0.2 Other 

Output Gas Composition: 
(no t  including UDMH, H20, N2H4, NH3 o r  Amines) 

co Ethane E 2  E2 CHI - co 2 

45 minutes: 

1-1/2 hour: 32.2 18.3 33.9 2.4 1 2  .'7 0.6  

j% H20 Used: 13.3 $ Reforming t o  CO2:  23.9 $ t o  C 0 : -  Q..! ____ 

Moles Dimethylamine Formed/hr: 0.007 mass balance 

Moles NHs  Formed/hr: 0.056 

g atom Carbon Deposit ion/hr:  

c a l c u l  a t  ed 
to complete I I  

na- -I - -  
IquIca pelt 106 "S.",E in~ut: 2.17 

Moles H2 per  100 g t o t a l  input :0 .65 

Hydrogen e f f i c i e n c y  = 16 2s 



UDMH STBAM FEFORMING DATA SHEET 

400 
0 Cata lys t  I t  oxide i n  a l u m s  

4 1  
Pressure,  psig 50 Gas Volume Rate, l / h r  1. 

Moles Gas Produced/Hr 0.057 $ UDMH Used 96.9 

Temperature, 

UDMH iw - Total 

Feed Composition, mole-$ 11.4 88.6 

Feed Composition, mole/hr 0.098 o .762 0.860 

Feed Composition, g/hr  5.88 13 071 19 59 

Tota l  Output Composition, mole-$: UDMH 0.3 H20 75.1 

2.2 NH3 12.9 Dimethylamine 5.7 H2 - - N2H4 

N 2  9 - 4  CH4 0.2 CO 3.1  C O 2  0 

Ethane 0 Other 

Output Gas Composition: 
(no t  including UDMH, H20, N2H4, NH3 o r  Amines) 
E2 K 2  - co COa Ethane 

none 

52.6 none none 

45 minutes: 36.0 7.2 3.9 52.9 none 

1-1/2 hour: 36.1 7.2 4 . 1  

Reforming t o  CO2: 0 $ t o  co: 15.3 - $ H20 Used: 3.9 $ 

Moles NH3 Formed/hr: -196 ca lcu la t ed  
t o  complete 

Moles Dimethylamine Formed/hr: ,056 
mass balance 

g atom Carbon Deposition/hr: 0.046 

Moles H2 per  100 g UDMH input:  0.37 

Moles H2 per 100 g t o t a l  input9.11 

Hydrogen e f f i c i ency  = 2.870 



UDMH STEAM REFORMING DATA SHEET 

Cata lys t  pt oxide i n  alumina Temperature, O C  500 

Pressure,  ps ig  50 Gas Volume Rate, l / h r  3.66 

Moles Gas Produced/Hr 0.149 $ UDMH Used 100 

- UDMH Tot a1 

Feed Composition, mole-$ 11.488.6 100 

Feed Composition, g/hr 6.0114.03 20.04 

Feed Composition, mole/hr 0,100 0 0779 0.879 

Total  Output Cornposition, mole-$: UDMH 0 H20 70.11 

N2H4 - NH3 14.6 Dimethylamine 1 . 4  Hz 7.8  

Output Gas Composition: 
(no t  including UDMH, H20, N2H4,  NH3 o r  Amines) 

Ir, k CHI - co COa Ethane 

45 minutes: 49.6 7.9 14.6 26 .o 1.6 0.2 

1-1/2 hour: 56.1 9.3 17.4 17.1 none 0.2 

$ H 2 0  Used: 3.3 $ Reforming t o  Cog: 0 $ t o  co: 12.5 

ca lcu la ted  
t o  complete 

Yoles Pimethylamine Formed/hr: *015 1 mass b a1 anc e 

Moles NH3 Formed/hr: 0.157 

g atom Carbon Deposition/hr: a 
Moles H e  per  io0 g bXK6 ifigii$; 1 .k  

Moles H2 per  100 g to ta l  input: 0.42 

Hydrogen e f f i c i ency  = 10.5 



UDMH STEAM REFORMING DATA SHEET 

C a t a l y s t  P t  Oxide Temperature, O C  400 

Pressure,  psig 150 Gas Volume Rate, l / h r  1.52 

Moles Gas Produced/Hr 0.062 $ UDMH Used 97.9 

- UDMH w Tot a1 

Feed Composition, mole-$ 11: 4 88.6 100 

Feed Composition, g/hr 5.82 13.58 19 . 40 

Feed Composition, mole/hr 0 097 0.754 0 . 851 

Total  Output Composition, mole-$: UDMH 0.2 H 2 0  74.4 

N2H4 -- NH3 11.9 Dimethylamine 6.9 H2 1.6 

N 2  0.5 CH4 0.4 co 3.4 co2 0.6 

Ethane 0 Other 

Output Gas Composition: 
( n o t  including UDMH, H 2 0 ,  N2H4, NH3 o r  Amines) 

!Liz CH4 - co COa Ethane 

45 minutes: 22.8 6.3 7.2 54.1 9 . c j o  

8.3 6.1 52.1 9.3 0 1-1/2 hour: 24.3 

$ H 2 0  Used: 5.8 $ Reforming t o  CO2:  3 . 0  $ t o  CO: 17.0 - 
Moles NH3 Formed/hr: 0.114 I t o  complete 
Moles Dimethylamine Formed/hr: 0.066 mass balance 

g atom Carbon Deposition/hr: 0.016 

Moles H2 p e r  100 g UDMH input:  0.26 

Moles H2 pe r  100 g t o t a l  input:  0.08 

Hydrogen e f f i c i ency  = 1.9s 



UDMH STEAM REFORMING DATA SHEET 

Ca ta lys t  Pt oxide on alumina 

Pressure,  p s i g  150 Gas Volume Rate, l / h r  8.07 

Moles Gas Produced/Hr 0 3 2 8  $ UDMH Used 100 

Temperature, O C  500 

UDMH !Mi Tot a1 - 
Feed Composition, mole-$ 1 1 . 4 . - & a L -  

Feed Composition, g/hr 5.58 13.02 18.60 
0.093 0.723 0.816 Feed Composition, mole/hr 

Total  Output Composition, mole-$: UDMH 0 Ha0 60.0 

N2H4 - NH3 7 . 8  Dimethylmine 0 .9  H 2  60.0 
N 2  4.6 CH4 8.8 co 3.6 co2 2.8 

Ethane 0 .4  Other 

Output Gas Composition: 
( n o t  including UDMH, H20, N2H4,  NH3 o r  Amines) 

Ethane E2 CH4 - co COa 
45 minutes: 34.0 17.6 30.0 10.8 7 .6  

1-1/2 hour: 35.5 14.7 ?8 . i  11.6 8.8 1 . 4  

$ H20 Used: 13.3 $ Reforming t o  CO2:  15.6 to CO: 20 .4  

Moles Dimethylmine Formed/hr: 

ca l cu la t ed  
t o  complete 

Moles NH3 Formed/hr: -081 

g atom Carbon Deposit ion/hr:  
- - -  - . - A  i h i e s  E2 per iuu g VIXvEi i n p u i :  7 .UI 

Moles H2 p e r  100 g t o t a l  input:  0.62 

Hydrogen e f f i c i e n c y  = 15.6% 
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UDMH STEAM REFORMING DATA SHEET 

m n -  I Cn_tn_lys  t rn-7-n L JAK Lemperature, G y n  

Pressure,  psig 50 Gas Volume Rate, l / h r  2.34 

Moles Gas Produced/Hr 0.095 $ UDMH Used 92.9 

Tot a1 - UDMH E& - 
Feed Composition, mole-$ 11.4 88.6 100 

Feed Composition, g/hr 5.91 3 19.70 

Feed Composition, mole/hr 0.0985 0.766 3.865 

Tota l  Output Composition, mole-$: UDMH n-7 H20 7 9 - 4  

N2H4 - "3 10.3 Dimethylamine 6.8 H 2  4 - 1  

N 2  1.0 CH4 0.5 CO 0.5 C O 2  3.7 

Ethane 0 Other 

Output Gas Composition: 
(no t  including UDMH, H20, N2H4, NH3 o r  Amines) 

Ethane 1Ti: lk CH4 - co E2 
45 minutes: 48.3 10.1 5.8 6 95 29 -3  no ne 

36.8 none 

$ H20 Used: 9.8 $ Reforming t o  CO2:  17.8 $ t o  CO: 2 - 5  

Moles NH3 Formed/hr: 0.09 8 

Moles Dimethylamine Formed/hr: 0.065 mass balance 

g atom Carbon Deposit ion/hr:  .- 

1-1/2 hour: 41.4 10.6 5.7 5.6 

c a l c u l a t e d  
t o  complete 

Moles H2 per 100 g UDMH input:  

Moles H2 per 100 g t o t a l  i n p u t : L g n  

Hydrogen e f f i c i ency  = 4.9 

0.66 
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UDMH S T ”  REFORMING DATA SHEET 

C a t a l y s t  T3 12 Temperature, O C  400 

Pressure,  ps ig  50 Gas Volume Rate, l / h r  6.27 

Moles Gas Produced/Hr 0.255 $ UDMH Used 99.3 

Tot a1 E2Q - UDMH 
Feed Composition, mole-$ 11 .4  88.6 100 

Feed Composition, g/hr 5.91 13.79 19.70 

Feed Composition, mole/hr o .0985 o .766 o .865 

58.5 Tota l  Output Composition, mole-$: UDMH 0.1 H 2 0  

N2H4 - “3 13-3 Dimethylamine 4 -8  H2 ALL 

rjJ2 0.8 CH4 1.1 CO 1.7 C O 2  6 - 5  

Ethane 0 Other 

Output G a s  Composit ion: 
(not  including UDMH, H 2 0 ,  N2H4, NH3 o r  Amines) 

Ethane co2 co k CHI - 
6.6 33.4 none 45 minutes: 53.2 2 .9  3.8 

1-1/2 hour: 58.4 3.4 4.4  7.1 26.6 none 

$ H 2 0  Used: 20 .1  $ Reforming t o  CO2: 34.5 - $ t o  co: 9 . 1  

ca lcu la ted  
t o  complete 
mass b a1 anc e I Moles NH3 Formed/hr: 0.129 

Moles Dimetnyiamine Formed/hr: 0.050 I 
g atom Carbon Deposition/hr: - 
Moles H2 per  100 g UDMH input :  3.53 

Moles HP per  100 g t o t a l  input:  0.76 

Hydrogen e f f ic iency  = 18.9 
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UDMH STEAM REFORMING DATA SHEET 

Catalyst T3 13 Temperature, "C 500 

Pressure, p s i g  50 Gas Volume Rate, l/hr 9.73 

Moles Gas Produced/Hr 0.396 $ UDMH Used 100 

Tot a1 E& - UDMH - 
Feed ComposL,icn, mole-$ 11.488.6100 
Feed Composition, g/hr 5.91 13.79 19a 
Feed Composition, mole/hr 4 8 5  0 . 7 6 6  0.865 

Total Output Composition, mole-$: UDMH 0 H20 55 .8 

N2H4 - NHa 7.7 Dimethylamine 0.7 H2 14.9 

N2 4.9 CH4 8.9 co 0.8 Co2 6 .1  

Ethane 0.2 Other 

Output Gas Cornposition: 
(not including UDMH, H20, N2H4, NH3 or Amines) 

Ethane E2 E2 3 - co COa 
45 minutes: 39.5 11.7 22.6 2 .o 24.3 0 -7 

1-1/2 hour: 42.0 13 .O 25 .O 2.3 17.2 0.6 

$ H20 Used: 18.9 $ Reforming to CO2: 34.5 $ to CO: 4.6 

Moles NH3 Formed/hr: .086 

Moles Dimethylamine Formed/hr: 0.008 

g atom Carbon Deposition/hr: 

Moles H2 per 100 g UDMH input: 2.81 

Moles H2 per 100 g total input: 0.84 

Hydrogen efficiency = 21.1 

calculated 
to complete 
mass b a1 anc e 



UDMH STEAM REFORMING DATA SHEET 

C a t a l y s t  T-312 

Pressure,  p s ig  150 Gas Volume Rate, l / h r  1.37 

Moles Gas Produced/Hr 0.05 6 $ UDMH Used 1 96.5 

W+&Oxides onTemperature, O C  300 
f+LU 

Tot a1 E22 - UDMH - 
Feed Composition, mole-$ 11.4 88.6 

Feed Composition, g/hr  ~s 13.17 18.82 

Feed Composition, mole/hr 0.0942 0.732 o .826 

Total  Output  Composition, mole-$: UDMH 0 .3  H20 76.6 

N2H4 - NH3 8.3 Dimethylamine 8 . 4  H 2  0 . 9  
I 

N 2  1.8 CH4 1.1 co 0 . 1  cog 2 . 4  

- Ethane - Other 

Output Gas Composition: 
(no t  including UDMH, H20, N2H4, NH3 o r  Amines) 

1Iz. k % - co COn Ethane 

- I 
45 minutes: 1 4 . 1  28.3 18.2 1.3 38 .o 

1-1/2 hour: 

$ H 2 0  Used: $ Reforming t o  CO2: $ t o  co: 
ca l cu la t ed  
t o  complete 
mass balance 1 Moles NH3 Formed/hr: 

Moles Dimethylamine Formed/hr: 

g atom Carbon Deposit ionjhr:  

Moles H2 per  100 g UDMH input:  

Moles Ha pe r  100 g t o t a l  input: 

Hydrogen e f f i c i e n c y  = 
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UDMH STEAM REFORMING DATA SHEET 

I 
Cata lys t  T312 N i  + Cu Oxides Temperature, "C 400 

Pressure,  psig 1~;n Gas Volume Rate, l / h r  6.29 

Moles Gas Produced/Hr n.pi=,h $ UDMH Used - 99.0 

Feed Cornposition, mole-$ -88.6 100 

Feed Composition, g/hr 5.6513.1718.82 

- UDMH E& Tot a1 

Feed Composition, mole/hr 0 . 0 9 4  0 . ,732  o .826 

Tota l  Output Composition, mole-$: UDMH 0 .1  H20  57.7 

N2H4 - NH3 12.3 Dimethylamine 4.2 H 2  1 4 . 3  

N 2  1.1 CH4 1.7 CO 1.6 C O 2  7.2 

Ethane 0 Other 

Output Gas Composit ion: 
(no t  including UDMH, H 2 0 ,  N2H4,  NH3 o r  Amines) 

% Y.2 EL4 _. co co2 Ethane 

45 minutes: 3 - 9  3 - 6  6.2 4 . 9  -ne 

1-1/2 hour: 4 - 4  &E; 6 - 2  27-7 nn- 

$ H20 Used: 22.6 $ Reforming t o  C 0 2 :  37.8 $ t o  CO: 8.5 

Moles NH3 Formed/hr: o . 1 ~  c a l c u l  a t  ed 
t o  complete 

Moles Dimethylamine Formed/hr: mass balance 

g atom Carbon Deposition/hr: 

Moles H2 per 100 g UDMH input:  3-51 

Moles H2 per 100 g total 1 n p u t : a j G -  

Hydrogen ef f ic iency  = 18.9 

~ 
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UDMH STEAM REFORMING DATA SHEET 

l -  
CatalystD12 N i  + Cu Oxides 'on Temperature, "C 500 

Alumina 
Pressure, p s ig  150 Gas Volume Rate, l / h r  8.46 

Moles Gas Produced/& 0.344 $ UDMH Used 100 

- UDMH E& Tot a1 

Feed Composition, mole-$ 11,488.6- 
Feed Composition, g/hr -13 .17 -  

Feed Composition, mole/hr o,n94 2 2  0.826 

I 
I 
I 

I 

Total Output  Composition, mole-$: UDMH o H20 60.1 

N2H4 - NH3 6.3 Dimethylamine 0.7 H2 11.0 

N 2  5.6 CH4 11.0 co 0.2 C O 2  5.0 

Ethane 0.3 Other other 

Output  Gas Composition: 
(not  including UDMH, H20,  N 2 H 4 y  NH3 o r  Amines) 

I 11z. E2 CH4 _. co COa Ethane 

45 minutes: 31.6 16.3 28.3 0 05 22 .4  0.9 

I 1-1/2 hour: 33.2 16.9 33.1 0 07 15.2 0.8 
t 
I 

$ H 2 0  Used: 14.6 $ Reforming t o  CO2:  27 -7 $ to co: 1.17 

calculated 
t o  complete 
mass b a1 anc e 

Moles NH3 Formed/hr: 

Moles Dimethylamine Formed/hr: -007 

g atom Carbon Deposition/hr: 

Mcles fi2 per lQQ g TJTJMH inpi i t :  ? - n  

I 
I 

Moles HP per 100 g t o t a l  input :  n-61 

Hydrogen ef f ic iency  = 15.1 
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UDMH STEAM REFORMING DATA SHEET 

Cata lys t  G47 Temperature, "C 300 

Pressure, pslg 50 Gas Volume Rate, l / h r  1.135 

Moles Gas Produced/& 0.046 $ UDMH Used 75.1 
UDMH - Tot a1 

11 .4  88.6 100 

6.02 14.06 20.08 

Feed Composition, mole-$ 

Feed Composition, g/hr 

Feed Composlt ion, mole/hr 0.100 o .781 0.881 

82 .o H 2 0  Total  Output Composition, mole-$: UDMH 2 -5  

N2H4 - NH3 4.9 D I  methylamine c j  .7 H2 0 . 1  

N 2  ? - 6  C H I  3.1 co 0 CO2 0 

Ethane o Other 

Output Gas Composition: 
(no t  including UDMH, H20, N2H4,  NH3 o r  Amines) 

Ethane co COa & E2 - 
45 minutes: 3.5 54.0 42.5 - - - 

1-1/2 hour: 2.9 53.7 43.4  - - - 

$ H20 Used: 0 $ Reforming t o  C 0 2 :  0 $ t o  co: 0 

Moles NH3 Formed/hr: -047 1 ca lcu la t ed  

Moles Dimethylamine Formed/hr: .054 mass balance I to 
g atom Carbon Deposltion/hr: .022 ) 
Moles H2 per 100 g UDMH input: 0 - 0 3  

Moles H 2  per 100 g t o t a l  i n p u t : O * O l  

Hydrogen ef f ic iency  = 0.2 
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UDMH STEAM REFORMING DATA SHEET 

Iron Ox1 de Temperature, OC 400 Catalyst G-47 

Pressure, psig 50 Gas Volume Rate, l/hr 3.10 

Moles Gas Produced/Hr 0 . ~ 6  $ UDMH Used , 87.6 
Tot a1 

100 
E2Q - UDMH - 
88.6 Feed Composition, mole-$ 71.4 

Feed Composition, g/hr 5.96 13.90 19.86 

Feed Composition, mole/hr 0 .ogg 0.772 0.871 

Total Output Composition, mole-$: UDMH 1.2 H20 76.1 

N2H4 - "3 6.1 Dimethyl amine 3 .8 H2 1.5 
N2 3.8 CH4 6.3 CO 0.2 

Ethane n - i  Other 

C02 0.8 

Output Gas Composition: 
(not including UDMH, H20, N2H4, NH3 or Amines) 

co COa Ethane & !k CHI - 
2.1 4.6 1 .o 45 minutes: 13.4 31.4 47.5 

1-1/2 hour: 11.9 29.8 48.9 6.5 1.0 1.9 

$ H20 Used: 2.5 $ Reforming to CO2: 4.1 $ to co: 1.2 
calculated 
to complete 
mass balance 2 60 Moles NH3 Formed/hr: 0.0 

Moles Dimethylamine Formed/hr: 0.038 

g atom Carbon Deposition/hr: 

Moles HP Der 100 g UDMH input: 

Moles H2 per 100 g total input:- 

Hydrogen efficiency = 1.9 

0.022 ) 
0.25 
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UDMH STEAM REFORMING DATA SHEET 

Cata lys t  G-T7 I ron  Oxide Temperature, O C  500 

Pressure, psig 50 Gas Volume Rate, l / h r  8.37 

Moles Gas Produced/Hr 0.340 $ UDMH Used 99.5 

Tot a1 - UDMH E22 - 
Feed Composition, mole-$ 11.4 88.6 100 

14.13 20.18 Feed Composition, g/hr 6.05 

Feed Composition, mole/hr 0.1010.78tj 0.886 

Total  Output Composition, mole-$: UDMH 0 H20 62.8 
N2H4 - NH3 4 .4  Dimethylamine 1.7 H 2  9.5 

N 2  6 .1  CHI 10.5 CO -0.5 CO2 4 .0  

Ethane 0.4 Other 

Output Gas Composition: 
(no t  including UDMH, H20, N2H4,  NH3 o r  Amines) 
k !!!2 El4 - co cos Ethane 

1 . 2  45 minutes: 33.9 19a 33.9 1 . 4  11.7 

1-1/2 hour: 110.9 19.6 34.0  1 . 4  23.9 1.2 

$ H20 Used: 11.7 $ Reforming t o  Cog: 21.8 $ t o  CO: 2 . 5  

Moles NH3 Formed/hr: 0.049 c a l c u l  at  ed 
t o  complete 
mass balance Moles Dimethylmine Formed/hr: 9.019 

g atom Carbon Deposition/hr: 

Moles H2 per 100 g UDMH input:  1.74 

Moles H2 per 100 g t o t a l  input:0.52 

Hydrogen ef f ic iency  = 13.0$ 
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UDMH STEAM REFORMING DATA SHEET 

Catalyst  (3-47 Temperature, O C  300 

Pressure, ps ig  150 Gas Volume Rate, l / h r  0.26 

Moles Gas Produced/Hr 0.011 $ UDMH Used 0.551: 

UDMH E.& T o t  a1 

Feed Composition, mole-$ 1 1 . 4  88.6 100 

Feed Composition, g/hr 5.91 13.79 19.70 

Feed Composition, mole/hr 0.0985 0.766 0.865 

Total  Output Composition, mole-$: UDMH H20 

N2H4 "3 Dimethylamine H 2  

N 2  CH4 co co 2 

Ethane Other 

Output Gas Composition: 
(no t  including UDMH, H20 ,  N 2 H 4 ,  NHs o r  Amines) 

co - c02 Ethane H2 k CH4 - 
45 minutes: 

1-1/2 hour: 

$ H 2 0  Used: $ Reforming t o  C O 2 :  $ t o  co: 
ca lcu la ted  
t o  complete 
mass b a1 anc e 1 Moles NH3 Formed/hr: 

Moles Dimethylamine Formed/hr: 

g atom Carbon Deposition/hr: 

Moles H 2  per  100 g UDMH input: 
J 

Moles H 2  per  100 g t o t a l  input: 

Hydrogen ef f ic iency  = 

Not enough gas produced  t o  analyze 
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UDMH STEAM REFORMING. DATA SHEET 

Catalyst G-47 I ron  oxide Temperature, O C  400 

Pressure,  psig Gas Volume Rate, l / h r  3.30 

Moles Gas Produced/Hr 0.134 $ UDMH Used 77.7 

Tot a1 - UDMH E& - 
Feed Composition, mole-$ 11.488.6- 
Feed Composition, g/hr 

Feed Composition, mole/hr 0.094 0.729 0.823 

Total  Output Composition, mole-$: UDMH 2.2 H20 77 .O 

N2H4 - NH3 3.5  Dimethylamine 2.7 H 2  (4.9 

N 2  4.7 CH4 8.1 co 0.2 CO2 0.4 

Ethane 0.2 Other _I 

Output Gas Composition: 
(no t  including UDMH, H20, N2H4,  NH3 o r  Amines) 

E2hane 

1 .3 
k !!k CHI - co cqa -- 

45 minutes: 6.6 31 -3  55.9 1.5 3 *4 --L 

1-1/2 hour: 6.5 32.8 56.2 1.3 2.5, _ I ,  

.l .' --- 

$ H20 Used: 1 . 4  $ Reforming t o  CO2:  2 1 5 t o  cc;: 1 . 1  

Moles Dimethylamine Formed/hr: n -np6 mass balance 

g atom Carbon Deposition/hr: 0.006 

ca lcu la ted  
t o  complete 

Moles NH3 Formed/hr: m:3 

Moles H 2  per 100 g UDMH input:  0.15 

Moles H 2  per 100 g t o t a l  input:  0.05 

Hydrogen ef f ic iency  = 1.15 
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UDMH STEAM REF'ORMING DATA SHEET 

Catalyst G-47 Temperature, OC 500 

Pressure, psig 150 Gas Volume Rate, l/hr 7-71 

Moles Gas Produced/Hr 0.313 $ UDMH Used an.  - -  CI 

Feed Composition, mole-$ A 8 8 . h L  

Feed Composition, g/hr --- 
Feed Composition, mole/hr -5 4 6  4 

- UDMH & Tot a1 

Total Output Composition, mole-$: UDMH 0.1 H20 64.6 

N 2 H 4  - & 5.5 Dimethylamine 0.7 Ha 8.0 

N2 5 . k  CH4 11.6 CO 0.4 con 3.0 
Ethane n-3 Other 

Output Gas Composition: 
(not including UDMH, H20, NH3 or Amines) 

1 4 2  

k H20 
Moles 

Moles 

hour: 37 - 4  70.4 39-8  1.2 10.4 0.8  

Used: 9.0 $ Reforming to CO2: 16.5 $ t o  CO: 1.9 
T 

NHa Formed/hr: 

I balance 
Dimethylamine Formed/hr: o .008 

g atom Carbon Deposition/hr: 

Moles H2 per 100 g UDMH input: 1.46 

Moles H2 per 100 g total input: 0.44 
Hydrogen efficiency = 10.9 
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AEROZINE STEAM REFORMING DATA SHEET 

C a t a l y s t  G-56B Temperature, O C  300 
Pressure,  p s i g  25 Gas Volume Rate, l / h r  2.677 

Moles Gas Produced/Hr 0 109 $ UDMH Used 94 - 9  
$ N2H4 Used 
UDMH E& N2H4 Total 

Feed Composition, mole-$ 9.4 73.0 100 

Feed Composition, g/hr a 11.06 .a. 20.56 
Feed Composition, mole/hr o . o m  0.6144 Q. 1484 0.8420 

Tota l  Output Composition, mole-$: UDMH 0.4 H20 57. 8 

HZ 3_9 N 2 H 4  0 NH3 3 6 - 5  Dimethylamine 4 - 7  

o .6 N g  6 .1  CH4 0.4 co 0.6 C O 2  -- 
Elthane Trace Other  

Output Gas Composition: 
( n o t  inc luding  UDMH, H20, N2H4,  NH3 o r  Amines) 

H2 E 2  CH4 - co 2 co Ethane 

45 minutes: 30.7 52.4 3.8 5.6 7 -4 0.1 

1-1/2 hour: 23.5 63.1 4.1 5 03 4 .O 0.1 

- one 27.1 57.8 3.9 5 95 5 *7 0.1 
$ H20 Used: 3 - n  $ Reforming t o  C O 2 :  3.9 $ t o  CO: 3.8 

Moles NH3 Formed/hr: 0 -2751 

Moles Dimethylamine Formed/hr: 0.0480 

Q atom Carbcn Depesition/hr: 0.0376 
J 

Moles H2 p e r  100 g aeroz ine  input :  0.31 

Moles H2 pe r  100 g t o t a l  input:G.i* 

c a l c u l a t e d  
t o  complete 
mass b a1 anc e 'i 

Hydrogen e f f i c i e n c y  = 3.2 



AEROZEWE STEAM REFORMING DATA SHEET 

400 0 -  m C d t & - j Y 5 t  +-& I.empeei-.aiur.e, \I 

Pressure,  p s i g  25 G a s  Volume Rate, l / h r  7 . 2 2 1  

Moles Gas Produced/Hr 0.294 $ UDMH Used 99.7 
$ N2H4 Used 100 
UDMH - !i& -NpH4 - T o t a l  

17.6 100 Feed Composition, mole-$ 9.4 73.0 

20.56 4.75 Feed Composition, g/hr 4.75 11.06 
Feed Composition, mole/hr 0.0792 0 5 1 4 4  0.1484 0.8420 

Tota l  Output Composition, mole-$: UDMH o H20 45.2 

N 2 H 4  0 NH3 28.1 Dimethylamine 0.7 H2 11.7 

N 2  5.7 CH4 3.8 co 0 C O 2  4.8 

Ethane 0 Other 

Output Gas Composition: 
( n o t  including UDMH, H20,  N2H4, NH3 o r  Amines) 

co co2 Ethane Liz CHr - 
45 minutes: 44.6 22.0 13.8 none 19.6 none 

none +i+ none 
1- 1/2 hour: 
one 

$ H 2 0  Used: 16.9 $ Reforming t o  C O 2 :  34.3 $ t o  CO: 0 

Moles Dimethylamine Formed/hr: .0075 mass balance 

Moles NH3 Formed/hr: 0.3178 

g atom Carbon Deposition/hr: 0.0456 

Moles H2 pe r  100 g aerozine input :  

Moles H2 pe r  100 g t o t a l  input :  0.64 

Hydrogen e f f i c i e n c y  = 14.2 

none 
none 

22 .o +E- 22.0 

c a l c u l a t e d  
t o  complete I 

1.39 

~~ 



AEROZINE STEAM REFORMING DATA SHEET 

Ca ta lys t  ~ - 5 6 B  Temperature, O C s  

P ressure ,  p s ig  50 Gas Volume Rate, l / h r  1-85;? 

'Moles Gas Produced/Hr 0.074 $ UDMH Used 64.1 
$ N2H4 Used 97.3  
- UDMH !@ - N 2 H 4  

Feed Composition, mole-$ 9 04 73 -0  17.6 

;Feed Composition, g/hr 4.69 10.92 4.69 

Feed Composition, mole/hr 0.0781 o .607 0.1464 

Tota l  Output Composition, mole-%: UDMH 2.7 H20 58-8 

N2H4 0.4 NH3 30.9 Dimethylamine 0 H2 0.3 

N 2  6.1 CH4 0.8 co 0 C O 2  0 

Ethane 0 Other 

Output Gas Composition: 
( n o t  including UDMH, H 2 0 ,  N 2 H 4 y  NHs o r  Amines) 

Ethane k 52  CH4 - co COa 
45 minutes: 5.3 84.7 10.0 none none none 

1-1/2 hour: 4.0 84.8 10.9 0.3 none none 

$ t o  C0:O.l $ H 2 0  Used: 0 . 1  5 Reforming t o  CO2: 0 -- 

'Moles Dimethylamine Formed/hr: 0 

c a l c u l a t e d  
t o  complete 
mass b a1 anc e 'i ' Moles NH3 Formed/hr: 0.319 

-1 
g atnm Carbon Deposition/hr: 

Moles H2 p e r  100 g aeroz ine  input: 0.032 

To ta l  

100 

20.30 

0.831 
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AEROZIItE STEAM REFORMING DATA SHEET 

rn- c at a: j- s t G56E ieiiipei;atul;e, O C  I 400 

Pressure,  p s i g  50 Gas Volume Rate, l / h r  6.8% 

Moles Gas Produced/Hr n.37~ $ UDMH Used 
$ N2H4 Used 

T o t a l  
-dF---- 

- UDMH 5s "A_ 

Feed Composition, mole-$ L . 2 3 . L -  100 

10.72 a 19.92 Feed Compos i t  ion, g/hr 4.60 

Feed Composition, mole/hr 0.07 67 o.ciw? Q-~ 0.8160 

Tota l  Output Composition, mole-$: UDMH o .1 H20 43.5 

N2H4 0 "3 30.4 Dimethylamine 0.5 H 2  2 2 2 -  

N 2  4.7 C H I  ?.6 co L 0 2  "13 

Ethane me Other 

Output Gas Composition: 
(no t  including UDMH, H20, N2H4,  NH3 or Amines) 

!!2 E 2  CH4 - co COa Ethane 

45 minutes: 49.6 23.6 8.8 1.6 16.5 none 

1-1/2 hour: 49.0 18.2 10.2 1.620.90.1 

$ t o  co: 3 .9  $ H20 Used: 20.3 $ Reforming t o  CO2: 38.0 
4 

Moles NH3 Formed/hr: 0 7 8  c a l c u l a t e d  
t o  complete 
mas s b a1 anc e 

g atom Carbon Deposition/hr: 0.0- 

Mol e s Dime t hylamine Formed/hr : 

Moles H2 p e r  100 g ae roz ine  input :  

Moles H2 pe r  100 g t o t a l  input:0.69 

Hydrogen e f f i c i ency  =15.2 

"""i 
1.49 
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AEROZINE STEAM REFORMING DATA SHEET 
? 

Cata lys t  G - 5 6 ~  Temperature, O C  500 

Pressure,  p s ig  50 Gas Volume Rate, l / h r  12.02 

Moles Gas Produced/Hr 0.489 $ UDMH Used 100 
% N2H4 Used 100 
UDMH H20 LH4- To ta l  

100 - Feed Composition, mole-$ 9.4 73,o 17.6 

Feed Composition, g/hr 4.60 10.72 4.60 19.92 

Feed Composition, mole/hr 0.07 67 Q.cjq55 0.1438 o .8160 

To ta l  Output Composition, mole-$: UDMH 0 H 2 0  42.4 

N 2 H 4  0 NHs 15.7 Dimethylamine 0 H 2  17.6 

N 2  11.0 CH4 8.9 co 0 .1  C O 2  4 . 3  

'Ethane 0 Other 0 

Output Gas Composition: 
(no t  inc luding  UDMH, H 2 0 ,  N 2 H 4 ,  NH3 or Amines) 

E 2  XZ CH4 - co - c02 Ethane 

45 minutes: 40.8 25.0 2 0 . 3  none 13.9 none 

1-1/2 hour: 43.2 27.6 22.3 0 . 3  6 .6  none 
One 42 .O 26.3  2 1 . 3  0.2 10.2 none 

$ H 2 0  Used: 16.9 $ Reforming t o  C 0 2 :  32 .5  $ t o  CO: 0.7 

Moles N H 3  Formed/hr: 0.184 

Moles Dimethylamine Formed/hr: 0 

ca l cu la t ed  
t o  complete 
mass b a1 anc e i g atom Carbon Deposi t ioi- i /h~;  z - -J 

Moles HP p e r  100 g aeroz ine  input :  2.23 

Moles H2 p e r  100 g t o t a l  input :  1.03 

Hydrogen e f f i c i ency  = 22.8% 
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AEROZINE STEAM REFORMING DATA SHEET 

C a t a l y s t  G i rd l e r  T-1144 Temperature, O C  400 

Pressure,  p s ig  50 Gas Volume Rate, l/hr 6,923 

Moles Gas Produced/Hr 0.2814 $ UDMH Used 94.6 
$ NzH4 Used 100 - UDMH E29 N2 HAL T o t a l  

100 Feed Composition, mole-$ 9.473.0 17.6 - 
Feed Composition, g/hr 4.576 io .  658 4.576 19.81 

Feed Composition, mole/hr o ,0763 0.59?1 0.1430 0.8114 

Tota l  Output Composition, mole-$: UDMH 0.4 H20 45.6 

N 2 H 4  o "3 35.4 D i  methylamine 2.4 H 2  13.7 

CH4 1 .4  co 0.6 C O 2  4 . 3  N 2  6.0 
Ethane Other 

Output Gas Composition: 
(no t  including UDMH, H20, N2H4, NH3 o r  Amines) 

!!.2 Ei2 CH4 - co co;? Ethane 

45 minutes: - - 
16.6 0 avg - 2 h r :  52.4 23.1 5.5 2 .4  

$ H 2 0  Used: 16.9 $ Reforming t o  C 0 2 :  30.6 $ t o  CO: 4 .4  

Moles NH3 Formed/hr: 0.27 40 

Moles Dimethylamine Forrned/hr: 0.0264 

g atom Carbon Deposition/hr: 0.0227 

Moles H2 p e r  100 g ae roz ine  input :  

Moles H 2  p e r  100 g t o t a l  input :  0.74 

c a l c u l a t e d  
t o  complete 
mas s b a1 anc e 1 

1.61 

Hydrogen e f f i c i ency  = 16.28 
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AEROZINE STEAM REFORMING DATA SHEET - 
Cata lys t  G i rd l e r  T-1144 Temperature, O C  500 

Pressure,  p s i g  50 Gas Volume Rate, l / h r  13.175 

Feed Composition, 

Feed Composition, 

Feed Composition, 

To ta l  Output Comp 

N 2 H 4  0 "3 

mole-$ 

g/hr 

mole/hr 

UDMH - 
9.4 
4.576 

o .0763 

Moles Gas Produced/Hr 0.5356 $ UDMH Used 98.8 
% N2H4 Used 100 

"A_ - T o t a l  - H 2 0  

73.017.6 100 

m a  19.81 

0.5921 0.1430 0.8114 

s i t i o n ,  mol -$: UDMH H 2 0  45.9 

HZ 2r).9 8 -1 Dimethylamine 1 .c) 

N 2  13.7 CH4 8 . 5  co A c02 1.7 

Ethane 0 Other 0 

Output Gas Composition: 
( n o t  inc luding  UDMH, H 2 0 ,  N 2 H 4 ,  NH3 o r  Amines) 

Ha N2 CH4 - co - c02 Ethane 

45 minutes: 

avg - 2 hr: 46.1 30.6 19.0 0 .4  3 .9  0 

$ H20 Used: 7.4 $ Reforming t o  C 0 2 :  13 .4  % t o  CO: 1 . 4  

Moles NH3 Formed/hr: 0.0968 

Moles Dimethylamine Formed/hr: 0.0121- 

ca l cu la t ed  
t o  complete 
mass balance 7 

Moles H2 p e r  100 g se roz ine  input:  2.70 

Moles H 2  p e r  100 g t o t a l  input:1.25 

Hydrogen e f f i c i e n c y  = 27.1% 



A P P E N D I X  I11 

N 2 0 4  CATALYST DATA 
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APPENDIX I11 

CATALYST DATA 

Type Number: G-43  Manufacturer:  G i r d l e r  

C l a s s i f i c a t i o n :  Reduct ion of  Nitrogen Oxides 

Temperature Range: Not s p e c i f i e d  

Ac t ive  Material: Plat inum Promoted 

S u b s t r a t e  o r  Support :  

S i z e :  1/4"x 1/4" Shape: T a b l e t s  

A d d i t i o n a l  Informat ion:  Highly a c t i v e ,  p h y s i c a l l y  rugged. P r e s e n t l y  

i n  commercial u s e  i n  pe t rochemica l  i n d u s t r y .  

Type Number: T-1144 Manufacturer:  G i r d l e r  

C l a s s i f i c a t i o n :  Experimental  

Temperature Range: 

Ac t ive  .Ma te r i a l :  

S u b s t r a t e  o r  Support :  R e f r a c t o r y  Oxide 

S i z e :  3/16I1x 1/8" Shape: T a b l e t s  

A d d i t i o n a l  In fo rma t ion :  

Nicke l  Oxide 5@ Nickel  

, 



APPENDIX I11 (Cont Id) 

Type Number: T-310 Manufacturer: Girdler 

Class i f ica t ion :  Experimental 

Temperature Range: Not spec i f ied  

Active Material: 

Subs t ra te  o r  Support: Activated Alumina 

Size: 3/16" x 1/8" Shape: Tablets 

Nickel Oxide 1 0 - 1 3  n icke l  

Additional Information: 

Type Number: T-366 Manufacturer: Girdler 

Classif ication: Experimental 

Temperature Range: Not Specified 

Active Material: Copper 5% 

Subs t ra te  o r  Support: Kieselguhr 

Size: Powder Shape: 

Additional Information: S t ab i l i zed  t o  be non-Pyrophoric. 

116 

, 



APPENDIX 111 (Cont Id)  1 

Type Number: T-317 Manufacturer:  G i r d l e r  

C l a s s i f i c a t i o n :  Experimental  

Temperature Range: Not Spec i f i ed  

Ac t ive  Material: Copper Oxide 10-12s 

S u b s t r a t e  o r  Support :  Act iva ted  Alumina 

S i z e :  3/16" x 1/8" Shape: T a b l e t s  

A d d i t i o n a l  Informat ion:  

Type Number: T-315 Manufacturer:  G i r d l e r  

C l a s s i f i c a t i o n :  Exper imenta l  

Temperature Range: Not S p e c i f i e d  

Ac t ive  Material: Copper Oxide (3 t o  48) 
S u b s t r a t e  o r  Support :  Act iva ted  Alumina 

S i z e :  3/16'' x 1/8" Shape: T a b l e t s  

A d d i t i o n a l  Informat ion:  

o u t e r  l a y e r .  

Act ive material c o n c e n t r a t e d  i n  t h i n  



APPENDIX III( Cont'd) 

Type Number: T-313 Manufacturer: Girdler 

I Classif icat ion:  Experimental 

Temperature Range: Not Specified 

Active Material: 

Subs t ra te  o r  Support: Activated A l u m i n a  

Size: 3/16" x 1/811 Shape: Tablets 

Nickel 3-4$, Copper 0.2s 

Additional Information: Active materials concentrated i n  t h i n  

outer layer 

Type Number: G-31 Manufacturer: Girdler 

Class i f ica t ion :  Steam Reforming 

Temperature Range: 95Oo-115O0C 

Active Material:  Nickel 

Subs t ra te  o r  Support: Alumina 

Size: 5/8" t o  1-1/2 Shape: Lump 

Additional Information: High a c t i v i t y  may have t o  be crushed f o r  tr ials.  
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APPENDIX III( Cont I d)  

Type Number: ICI-35-4 Manufacturer: Gi rd le r  

C las s i f i ca t ion :  Ammonia Synthesis 

Temperature Range: Not Spec i f ied  

Active Material: Tr ip le  Promoted I ron  Oxide 

Subs t ra te  o r  Support: 

Size:  2-8 mm Shape: Granules 

Addit ional  Information: Long l i f e  - High o r  low temperature opera t ion  - 
Poisoned by s u l f u r  o r  oxygen compounds. 

Type Number: G-56 Manufacturer: Gi rd le r  

C las s i f i ca t ion :  Ammonia Dissociat ion and Steam Reforming 

Temperature Range: Not Specif ied 

Active Mater ia l :  Nickel 

Subs t ra te  o r  Support: 

Size: 5/8 x 3/8 

Addit ional  Information: 

Shape: Raschig Rings 
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APPENDIX 111 (Cont Id) 

Type Number: Mmuf ac, tr_?rer: E ~ g ~ l b ~ r d  1~d::s ' ;~ i~  s 

C l a s s i f i c a t i o n :  Ammonia D i s s o c i a t i o n  Type 

Temperature Range: N/S 

Act ive  Material: 

S u b s t r a t e  o r  Support:  Wire 

L i z e :  

Add'i t i o n a l  Information:  

Plat inum g@, Rhodium l@ 

Shape: 80 mesh gauze 

Type Number: H-BPS-55 Manufacturer:  .Norton Company 

C l a s s i f i c a t i o n :  Acid 

Temperature Range: 100-650"~ 

Ac t ive  Material: S y n t h e t i c  Z e o l i t e s  

S u b s t r a t e  o r  Support:  

S i z e :  1/16 

A d d i t i o n a l  Information:  

Shape: Pellets 
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APPENDIX I11 (cont  Id) 

Type Number: G-49A Manufacturer: Girdler 

Class i f ica t ion :  IIydrogenatlon 

Temperature Range: N/S 

Active Material:  Reduced Nickel 

Substrate  o r  Support: Kieselguhr 

Size: 3/16 x 1/8 Shape: Tablets 

Additional Informat ion: 

Type Number: 

Class i f ica t ion :  

Temperature Range: 

Active Material:  

Subs t ra te  o r  Support: 

Size:  

Additional Information: 

Manufacturer: . 

Shape: 
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APPENDIX I11 ( con t  Id) 

Type Number: 73578-B Manufacturer: 

C la s s i f i ca t ion :  P ropr i e t a ry  

Temperature Range: 

Active Material:  Same as 77604-1 
Subs t r a t e  o r  Support: On special s u b s t r a t e  

Size:  Powder Shape: 

Addltional Information: 

MRC 

Type Number: T-325 Mmuf ac tu re r :  . Girdler  

C las s i f i ca t ion :  Experimental 

Temperature Range: 

Active Material:  

Subs t r a t e  o r  Support: No support  

Size:  1/8 Shape: Tablets 

Addit ional  Information: 

Like G-49B only i n  tablet  form. 
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- Type Number: 

APPENDIX I11 ( c o n t  ' d )  

MRC Manufacturer: 

C la s s i f i ca t ion :  

Temperature Range: 

Active Material: Titanium 

Subs t r a t e  o r  Support: 

Size:  Powder Shape: 

Additional Information: 

Heat treated i n  a i r  f o r  2 minutes  a t  700°C. 

Type Number: 735784 Manufacturer: -MRC 

Class i f i ca t ion :  P r  opr ie tary 
Temperature Range: 

Active Material:  Same as 77604-1 

Subs t r a t e  o r  Support: Skwinigan black 

Size: powder Shape: 

Addit ional  Information: 



APPENDIX I11 ( c o n t  Id) 

Type Number: 77604-2 Manufacturer: MRC 

C l a s s i f i c a t i o n :  P ropr i e t a ry  
Temperature Range: 

Act ive Mater ia l :  

S u b s t r a t e  o r  Support: 

Size:  Powder 

Addi t iona l  Information: 

Shape: 

Type Number: 

C l a s s i f i c a t i o n :  

- Manufacturer: . MRC 

Temperature Range: 

Active Material: Thorium 

S u b s t r a t e  o r  Support: 

S ize :  Powder Shape: 

Addi t iona l  Information: 

Heat treated i n  argon for 2 hours a t  700°C. 
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APPENDIX 111 ( con t  Id)  

Type Number: 77604-5 Manufacturer: MRC 

C l a s s i f i c a t i o n :  Proprietary 

Temperature Range: 

Act ive Material: 

Subs t r a t e  o r  Support: 

Size:  Powder Shape: 
I Addit ional  Information: 

Type Number: 77604-1 Manufacturer: . MRC 

C l a s s i f i c a t i o n :  Proprietary 

Temperature Range: 

Act ive Mater ia l :  

S u b s t r a t e  or Support: 

Size:  Powder Shape: 

Addi t iona l  Information: 

12 'j 



Type Number: 

APPENDIX I11 ( c o n t ' d )  

Manufacturer: Engelhard 

C l a s s i f i c a t i o n :  

Temperature Range: 

Active Material: Rhodim metal 

S u b s t r a t e  o r  Support: none 

Size:  Powder Shape: 

Add l t  i o n a l  Informat ion: 

Type Number: 77604-4 Manufacturer: .MRC 

C l a s s i f i c a t i o n :  P ropr i e t a ry  

Temperature Range: 

Active Material: 

S u b s t r a t e  o r  Support: 

S ize :  Powder Shape : 

Addit ional  Information: 

_ -  
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APPENDIX I11 ( c o n t  Id)  

Type Number: Ni-4=jo5E Manufacturer: Harshaw 

Classif icat ion:  Acidic Hydrogenation and Desulfurization 

Temperature Range: 

Active Material: Nickel-Tungsten 

Substrate or Support: Alumina 

Size:  1/8" Shape: 

Additional Information: 

Type Number: ~ g - 0 1 0 1 ~  Manufacturer: Harshaw 

Classif icat ion:  Oxidation of methanol 

Temperature Range: N/S 

Active Material: 3.5$-4,0$ S i l v e r  

Substrate or Support: Alumina 

Size:  1/81! Shape: 

Additional Information: 



APPENDIX I11 ( c o n t  Id )  

Type Number: @.I-0462~ Mm-~fgc turer: EIs??ah~% 

Class i f  i c  at ion: Hydrogenation 

Temperature Range: N/S 

Active Material: Copper Chromite 

Substrate or Support: Alumina 

Size:  1/81’ Shape: Tablets 

Additional Informat ion: 

Type Number: Cu-2501G Manufacturer: IIarshaw 

Classif icat ion:  Dehydrogenation 

Temperature Range: N/S 

Active Material: Copper Carbonate 

Substrate or Support: S i l i c a  

Size:  1/811 Shape: 

Additional Information: 



APPENDIX I11 ( c o n t  Id )  

Type Number: Cu-0307T Manufacturer: Harshaw 

Classif icat ion:  Oxygen or Hydrogen Removal 

Temperature Range: N/S 

Active Material: cUo gg$ 

Substrate or  Support: None 

Size:  1/811 Shape: Tablets 

Additional Information: 

Type Number: ~ ~ - 0 9 0 5 ~  Manufacturer: Hapshaw 

Classif icat lon:  Chlorination 

Temperature R a n g e :  N/S 

Active Material: cUcl3 

Substrate o r  Support: Alumina 

Size:  1/81! Shape: P e l l e t s  

Add i t lonal Information: 



APPENDIX I11 (cont'd) 

Manufacturer: Monsanto m.-- .T-.--. 
a y y c  numoer: MRG-Ag 

Classif icat ion:  proprietary 

Temperature Range: 3o0°-4000c 

Active Material: 0.2-0.4$ S i l v e r  

Substrate or Support: Alumina 

Size:  1/81' Shape: Chips 

Additional Informat ion: Borohydride Reduced 

Type Number: MRC-Ag-HG Manufacturer: Monsanto 

Classif icat ion:  Proprietary 

Temperature Range: 300"-400"C 

Active Material: S i l v e r  and Mercury 0.2-0.4s 

Substrate o r  Support: Alumina 

Size:  1/81t  Shape: Chips 

Additional Information: Borohydride Reduced 

, 



APPENDIX I11 ( c o n t  Id)  

Type Number: T-309 Manufacturer: Girdler 

Class i f ica t ion :  Experimental 

Temperature Range: N/S 

Active Material: Platinum Oxide 

Subs t ra te  o r  Support: Alumina 

Size: 3/16 x i/8 Shape: Tablets 

Additional Information: Platinum Oxide Concentrated i n  t h i n  
outer  layers 

Type Number: T-366 Manufacturer: Gi rd le r  

Classif icat ion:  Experimental 

Temperature Range: N/S 

Active Material: Copper 55% 

Substrate  o r  Support: Kieselghur 

Size: Powder Shape: 

f 

Add1 t iona l  Information: S tab i l ized  
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APPENDIX I11 ( con t  I d )  

Type Number: G - 4 9 ~  Manufacturer: Gi rd le r  

C las s if  i c  at  ion: Hydrogenation 

Temperature Range: N/S 

Active Material: Reduced Nickel 

Substrate  or Support: Kieselguhr 

Size: 3/16 x 1/8 Shape: Tab le t s  

Addi t  lonal Informat ion: 

Type Number: G-43 Manufacturer: G i rd l e r  

Classif icat ion:  Reduction of Nitrogen Oxides 

Temperature Range: N/S 

Active Material:  Platinum Promoted 

Substrate o r  Support: 

Size:  1/4 x 1/4 Shape: Tab le t s  

Add i t iona l  Information: Highly Active 



APPENDIX I11 ( con t  Id) 

. Type Number: a-47 Manufacturer: Girdler 

c las 8 i f i c  at ion: 

Temperature Range: 850-980"~ 

Active Material: I r o n  Oxide 

Substrate or Support: 

Size:  1/41' Shape: Spheres 

Ammonia Dissociation 

' Additional Information: High Space Ve loc i t i e s  

Type Number: Manufacturer: Engelhard 

Classif icat ion:  

Temperature R a n g e :  N/S 

Active Material: 0.5s Palladium 

Substrate o r  Support: Activated Alumina 

Size: 1/8 x 1/16 Shape: Cylinders 

Addit ional Informat ion: 



APPENDIX 111 ( c o n t  Id)  

Type Number: Manufacturer: Fisher S c i e n t i f i c  

Classification: 

Temperature Range: N/S 

Active Material: c a  
Substrate or Support: 

Size: 1/4" 

Add1 t ional Inf onnat ion: 

Shape: lump 

Type Number: Manufacturer: Engelhard 

Class i f  i c  a t  ion: 

Temperature R a n g e :  N/S 

Active Material: O.5$ Rhodium 

Substrate or Support: Alumina 
Size: 1/811 Shape: P e l l e t s  

Additional Information: 



APPENDIX I11 ( c o n t  Id) 

Type Number: MRC-Pt-Hg Manufacturer: Monsanto 

C l a s s i f i c a t i o n :  P r o p r i e t a r y  

Temperature Range: 200 - 800"c 

Act ive  Material: 0 .2  - 0.4$ Pt-Hg 

S u b s t r a t e  o r  Support :  Alumina 

S i z e :  1/8 i n .  Shape: Chips 

. A d d i t i o n a l  Informat ion:  Borohydride Reduced 

Type Number: Ag-0101E Manufacturer: Harshaw 

C l a s s i f i c a t i o n :  Methanol Oxida t ion  

Temperature Range: 200 - 800"c 

Act ive  Material: S i l v e r  

S u b s t r a t e  o r  Support :  Alumina 

S i z e :  1/8 in. Shape: Ext ruded  p e l l e t s  

A d d i t i o n a l  Informat ion:  

13 5 



APPENDIX 111 ( con t  Id) 

Type Number: C ~ C ~ G ~ T  Eianuf ac t u r e r :  Harshaw 
Class if i c  a t  ion: Hydrogenation 

Temperature Range: 200 - 800"c 

Active Material:  Copper Chromite CuO-358 
Cr203-38k 

Size:  1/8 i n .  Shape: Tablets 

Additional Information: BaO s t a b i l i z e d  

Subs t r a t e  o r  Support: B a O - l O $  

Type Number: Ni-4305E Manufacturer: Harshaw 

c 1  aSS if i C  at ion: Hydrogenation 

Temperature Range: 200 - 800"c 

Active Material:  Nickel Tungsten S u l f i d e s  4.58N. 9.5$W 

Subs t ra te  o r  Support: Alumina 

Size: 1/8 i n .  Shape: Extruded p e l l e t s  

Additional Information: 

, 



APPENDIX I11 ( con t  Id)  

Type Number: 11-077 Manufacturer: Engelhard 

C las s i f i ca t ion :  

Temperature Range: 200 - 8 0 0 " ~  

Active Material: 0.55 P t  

Subs t r a t e  o r  Support: Alumina 

Size: 1/8 i n .  Shape: Extruded p e l l e t s  

Additional Information: 

Type Number: Cu2501G Manufacturer: Harshaw 

c 1 as S f i C at ion : 

Temperature Range: 200-800 O c  

Active Material:  Copper Carbonate 6% 

Subs t r a t e  o r  Support: S i l i c a  

Size: 4-10 mesh Shape: chip 

Addit ional  Information: 

Deh yd r o g  ena t i o n  

137 



APPENDIX I11 ( con t  Id)  

Type Number: CU-0803 Mz,?.?dacturer: Xarshaw 

Clas s i f i ca t ion :  Oxygen Removal 

Temperature Range:  200 - 800"c 

Active Material: Copper Oxide 

Subs t r a t e  o r  Support: Alumina 

Size:  1/8 Shape: Table ts  

Additional Informat ion: 

Type Number: 

C las s i f i ca t ion :  

Temperature Range: 

Active Material:  

Subs t r a t e  o r  Support: 

Size:  

Addit ional  Information: 

Manufacturer: 

Shape : 

, 
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APPENDIX IV 

a 

. 

ULTRAVIOLET SPECTROPHOTOMETRIC DETERMINATION 
OF NITRITE-NITRATE 

This method of quantitative determination of Nitrite- 
Nitrate in acid solution makes use of the distinct absorption 
bands in the W region for these materials. 

Absorbance maxima are at 357 for nitrite and at 301 mp 
for nitrate. Nitrate does not absorb at 357 my; therefore, no 
correction for absorption is necessary. However, nitrite does 
absorb at 3Ol w, and correction is necessary for nitrate 
analysis. 

A Cary Recording Spectrophotometer, Model 14M with matched 
1.00-cm quartz cells was used. The solvent used was 2.5M H3P04 
diluted from 85% J. T. Baker Reagent-grade phosphoric acid. 

Absorption data for NO2- and N03-ions were obtained. 
Beer's law was followed and was used to obtain the following 
equations : 

Since cell length is 1.00 cm, no correction is necessary and 
absorption constants are molar absorptivities. 

Utilizing the following formula for solution of N2O4, the 
quantity of N204 is easily calculated: 

N2O4 + H20 --+HN02 + "03 
In the presence of air, some or all of the nitrous acid will 
oxidize to nitric acid 

2HN02 + 02- 2HN03 

Therefore, the nitrite-nitrate concentrations w i l l  fiat be 
equimolar but may be easily corrected as follows to determine 
N204 concentration: 



APPENDIX V 

CALCULATIONS OF VOLUME N2/A .H. FACTOR FOR AEROZIKE’-58 
ELEC TRO OX1 DATION 

The test conditions used (described in section IV, By 3) 
correspond to excess fuel conditions: any component of the fuel 
may be used in any proportion with the unreacted components dis- 
carded. There are four reactions which can take place: 

H-1 N2H4 oxidizes by a 4 electron process to yield 1 mole Of 
N2 per mole of N2H4 reacted 

U-1 UDMH oxidizes by a 6 electron process to yield 1 mole Of 
N2 per mole of UDMH reacted 

U-2 UDMH oxidizes by a 2 electron process yielding no N2 

U-3 UDMH oxidizes by a 4 electron process yielding no N2 

The justification for the UDMH reactions is found in ref. 4. 
No apriori assumptions can be made, any o r  all of these reactions 
can take place, any or all may contribute to the Ampere-Hour cap- 
acity of the cell. Calculation of capacity and volume factors 
leads t o  the following: 

Species Reaction A. H/gm f t3N2/gm 
reacting Code Reacting reacting 

.c 

N2H4 H-1 3.35 24.7 x I 

UDMH 

UDMH 

u- 1 
u-2 

2.68 13.1 x i ob3  
0.89 0 

8 .  

UDMH u-3 1.78 0 

Let: w = g UDMH reacting by reaction U-1 
u = g UDMH reacting by reaction U-2 
y = g UDMH reacting by reaction U-3 
z = g N2H4 reacting by reaction H-1 
v = number of l/10008ft3 of N2 produced per A.H. 

hours produced by any or all of the possible anodic 
processes is given by: 

The Ampere- 

r 

A.H. = 2.68 w + 3.35 z + 0.89 u + 1.78 y 
The volume of N2 produced at the same time is: 

ft3 Ng = 13.1 x W + 24.7 X z 
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. There a re  three  p o s s i b l e  c o n d i t i o n s  t o  be ana lyzed :  

1. N 2 H 4  t he  on ly  r e a c t i v e  component 
2 .  Both UDMH and N 2 H 4  a c t i v e  
3. UDMH t h e  on ly  r e a c t i v e  component 

Case 1 N 2 H 4  t h e  on ly  r e a c t i v e  cornponefit. 

I n  t h i s  c a s e  w=u=y=O arid A . H .  = 3.35 z and  f t ”  N 2  =‘ 24.7  x z 
f o r 1  A . H . :  

z ’ =  1/3.35 = 0.30 g 

S u b s t i t u t i n g  t h i s  v a l u e  i n t o  t he  volixr~e e q u a t i o n :  

f t 3  N 2  = 24.7  x loe3  (0.30) = 7.4 x loe3 

Now the  o b j e c t i v e  of the  remaining a n a l y s e s  i s  t o  show tha t  

Case 2 Both N 2 H 4  and UDNH a c t i v e  

, v = 7.4 

t h i s  v a l u e  of V = 7.4 cannot  be o b t a i n e d  wi th  any c o n d i t i o n s .  

For V t o  e q u a l  7.k, t h e  volume of N 2  produced i n  1 A . H .  z u s t  

Thus f o r  1 A . H .  

’ , e q u a l  7 .4  x 10-3 f t 3  
. I  

7 .4  x iom3 = 13.1 x ioe3  w + 24.7  x IO-? 

r e a r r a n g i n g  and combining terms: 

z = 0.30-0.53 w 

s u b s t i t u t i n g  t h i s  e x p r e s s i o n  i n t o  t h e  A . H .  e q u a t i o n :  

A . H .  = 2.68  w + 3.35 (0.30-0.53 W )  + c.89 u + 1.78 y 

r e a r r a n g i n g  and combining ternis: 

A.H.  = 1.0 + 0.90 w + 0.89 u + 1.78 y 

Now t h e  assumpt ion  behind t h i s  equa t ion  was that 1 A.11.  pro- 
duced 7.4 x ft3 Qf N 2 .  T‘ne only case ir. xh ieh  this i s  sa t -  
S s f i e d  i s  f o r  w=u=y=O, i . e . ,  the UDMH does n o t  p a r t i c i p a t e  i n  t h e  
r e a c t i o n  i n  any manner a t  a l l .  Thus i f  N 2 H 4  i s  a c t i v e  a t  a l l ,  
tne maxirrlulil Y is 7.4 226. t.hFs occur s  when N 2 H 4  i s  the  on ly  a c t i v e  
s p e c i e s .  The p a r t i c i p a t i o n  of UDWII i n  t h e  r e a c t i o n  i n  a n y  i1iGdE 
w i l l  d e c r e a s e  V.  

Case 3 UDMH t h e  on ly  r e a c t i v e  component 

I n  t h i s  c a s e  N2H4 does n o t  p a r t i c i p a t e  i n  t h e  r e a c t i o n  a t  a l l  

1 4 1  



and t h e  two g e n e r a l  e q u a t i o n s  a r e :  

A.H. = 2.68 w + 0.89 u + 1.78 y 

f t 3  N2 = 13.1 x w 

~ 

7.4 = 13.1 io-' w 

w = 0.565 g 

s u b s t i t u t i n g  i n t o  t h e  ampere-hour e x p r e s s i o n :  

A . H .  = 2.68 (0.565) + 0.89 u + 1 . 7 8  y 

or A . H .  = 1.51 + 0.89 u + 1 . 7 8  y 

The assumpt ion  a g a i n  was t h a t  1 amp-hour produced 7 . 4  x 
f t 3  of g a s .  However, t h i s  cannot  occur  f o r  any a c t u a l  v a l u e s  of 
u and y .  The maximum V which can o c c u r  i f  N 2 H 4  i s  i n a c t i v e  i s  
a t  u=y=o where V = 4.9. 

p a r t i c i p a t i o n  of  UDMH i n  t h e  e l e c t r o d e  r e a c t i o n ,  w h i l e  V = 7.4  
( w i t h i n  expe r imen ta l  e r r o r )  i n d i c a t e s  N 2 H 4  i s  t h e  on ly  p a r t i c i p a n t .  

1 These a n a l y s e s  have  i n d i c a t e d  t h a t  V v a l u e s  below 7.4 i n d i c a t e  

- 

Again for V t o  ggua l  7.4,  t h e  volume of N2 produced i n  1 A.H. 
must equa l  7 . 4  x 10 f t 3 .  Thus for 1 A . H . :  I 
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