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INTRODUCTION 

The development of e f f i c i e n t  c a t a l y t i c  methanation r e a c t o r s  is e s s e n t i a l  t o  t h e  
commercial izat ion of p l a n t s  f o r  conver t ing  c o a l  t o  s u b s t i t u t e  n a t u r a l  gas. One 
of t h e  most important  problems f a c i n g  r e s e a r c h e r s  i n  t h i s  area i s  t h a t  of e f f e c t i v e  
removal of t h e  heat  of r e a c t i o n  from t h e  c a t a l y s t  bed. The Energy Research and 
Development Adminis t ra t ion,  P i t t s b u r g h  Energy Research Center ,  is conduct ing 
bench-scale and p i l o t - p l a n t  s c a l e  s t u d i e s  of a v a r i e t y  of types  of c a t a l y t i c  
methanation r e a c t o r s .  Some of t h e  e a r l i e r  i n v e s t i g a t i o n s  (1, 2) included f ixed-  
bed and f luidized-bed experiments  us ing  a n  assortment  of supported c a t a l y s t s  and 
promoters. L a t e r  s t u d i e s  (3, 5, 1, 5) concent ra ted  on Raney n i c k e l  c a t a l y s t  
thermally deposi ted onto  s t a i n l e s s  steel  s u b s t r a t e s  and operated i n  r e a c t o r s  of 
varying geometr ical  c o n f i g u r a t i o n s  and d i f f e r i n g  modes of opera t ion .  

Two d i s t i n c t l y  d i f f e r e n t  types  of methanat ion r e a c t o r s  u t i l i z i n g  thermal ly  sprayed 
Raney n i c k e l  c a t a l y s t  had h e r e t o f o r e  been i n v e s t i g a t e d ;  one,  a n  i so thermal  r e a c t o r  
i n  which the  Raney n i c k e l  w a s  thermal ly  sprayed onto  e i t h e r  t h e  i n t e r n a l  o r  
e x t e r n a l  s u r f a c e  of a tube  wi th  t h e  h e a t  of r e a c t i o n  be ing  removed by c i r c u l a t i n g  
Dowtherm, t h e  o t h e r ,  a n  a d i a b a t i c  r e a c t o r  wi th  t h e  c a t a l y s t  bed c o n s i s t i n g  of 
p a r a l l e l  p l a t e  g r i d  assemblies .  The p l a t e s  were cons t ruc ted  of s t a i n l e s s  steel 
and coated on both  s i d e s  with Raney n i c k e l .  
a d i a b a t i c  r e a c t o r  is c o n t r o l l e d  by d i l u t i n g  t h e  r e a c t a n t s  i n  t h e  f e e d  s t r e a m  t o  
t h e  r e a c t o r  w i t h  recyc led  product  gas. 
bo th  r e a c t o r  schemes and t h e  p r e s e n t  work is a n  e f f o r t  t o  encorpora te  d e s i r a b l e  
f e a t u r e s  of each methanation scheme i n t o  a more e f f i c i e n t  r e a c t o r  system. 

The hybrid r e a c t o r ,  as we have c h r i s t e n e d  i t ,  employs a Dowtherm j a c k e t  t o  remove 
a n  apprec iab le  amount of  t h e  h e a t  of r e a c t i o n ,  whi le  a t  t h e  same time, some 
product  gas i s  recyc led  through t h e  r e a c t o r  t o  c o n t r o l  t h e  r e a c t i o n  r a t e .  
c a t a l y s t  bed i s  i n  t h e  form of an x-shaped s t a i n l e s s  s tee l  i n s e r t ,  thermally 
sprayed with Raney n i c k e l .  
becomes deac t iva ted .  

The c a t a l y s t  temperature  i n  t h e  

There are advantages and d isadvantages  t o  

The 

This  i n s e r t  may be e a s i l y  rep laced  when t h e  c a t a l y s t  

REACTOR DESCRIPTION 

The hybrid r e a c t o r  experiments, HYB-17, 1 8 ,  1 9  and 20,  were performed i n  a p i l o t  
p l a n t  s c a l e  r e a c t o r  cons t ruc ted  of t y p e  304 s t a i n l e s s  s tee l  2 inch  schedule  40 
pipe.  
conta in ing  b o i l i n g  Dowtherm i n  t h e  annular  space t o  remove a p o r t i o n  of t h e  h e a t  
of r e a c t i o n .  
of t h e  coolan t  i s  regula ted  by c o n t r o l l i n g  t h e  p r e s s u r e  i n  t h e  c o o l i n g  system. 
Nucleate  b o i l i n g  i s  assumed t o  take  p l a c e  on t h e  o u t e r  s u r f a c e  of t h e  reactor 
tube thereby providing a n a t u r a l  convec t ive  c i r c u l a t i o n  of t h e  Dowtherm. Dowtherm 
vapor i s  condensed v i a  cool ing  water  and r e t u r n e d  t o  t h e  r e s e r v o i r .  

The c a t a l y s t  bed cons is ted  of a n  x-shaped i n s e r t  coa ted  wi th  Raney n i c k e l  c a t a l y s t .  
The c r o s s  member i n s e r t  was two s t a i n l e s s  steel 1 x 1 x 1/8 inch  a n g l e s  welded 
t o g e t h e r ,  14 f t  long. The c a t a l y t i c  s u r f a c e  of t h e  i n s e r t  was prepared by sand- 
b l a s t i n g  the  s t a i n l e s s  steel s u r f a c e  wi th  an i ron- f ree  g r i t  and then  depos i t ing  a 

2 

Surrounding t h e  two inch  r e a c t o r  tube  was a f o u r  inch  d iameter  p ipe  j a c k e t  

The Dowtherm cool ing  system is d e p i c t e d  i n  f i g u r e  1. The temperature  
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Figure 1. - Hybrid methanation reactor with Dowtherm cool ing  system. 
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l i g h t  c o a t  of bonding m a t e r i a l  c o n s i s t i n g  of 80% N i  and 20% A 1  t o  a th ickness  of 
about  .007 inches.  Subsequent t o  t h e  bond c o a t ,  Raney n i c k e l  a l l o y  powder (80- 
200 mesh) was thermal ly  depos i ted  onto  t h e  bond s u r f a c e  u n t i l  t h e  d e s i r e d  th ickness  
w a s  achieved (.023 inches) .  Two d i f f e r e n t  methods were employed f o r  t h e  thermal 
d e p o s i t i o n  of Raney n i c k e l  on to  t h e  s u b s t r a t e .  In runs  1 7  and 18 t h e  c a t a l y s t  
w a s  f lame sprayed onto  t h e  s u r f a c e  with an oxy-hydrogen flame. A plasma arc w i t h  
n i t r o g e n  as t h e  carrier gas  w a s  used t o  d e p o s i t  t h e  c a t a l y s t  f o r  r u n s  1 9  and 2 0 .  
P r i o r  bench-scale s t u d i e s  i n d i c a t e d  t h a t  plasma sprayed c a t a l y s t  exhib i ted  longer  
s t a b i l i t y ,  hence, t h e  method of c a t a l y s t  d e p o s i t i o n  w a s  one of t h e  more important  
parameters  s t u d i e d  i n  t h i s  sequence of runs .  

The c a t a l y s t  i n s e r t  w a s  placed i n  t h e  r e a c t o r  and then  a c t i v a t e d  by pass ing  a 2 
w t .  percent  s o l u t i o n  of NaOH through t h e  r e a c t o r  u n t i l  approximately 70 percent  
of t h e  aluminum i n  t h e  Raney a l l o y  was r e a c t e d .  The ex ten t  of r e a c t i o n  w a s  determined 
by measuring t h e  q u a n t i t y  of hydrogen which evolves  according t o  3 moles of H 
f o r  every  2 moles of A 1  reac ted .  A f t e r  a c t i v a t i o n ,  t h e  c a t a l y s t  w a s  washed with 
d i s t i l l e d  water u n t i l  t h e  pH of t h e  e f f l u e n t  w a t e r  w a s  w i t h i n  one o r  two t e n t h s  
t h a t  of  t h e  d i s t i l l e d  water .  
temperature  and p r e s s u r e  of t h e  system was  brought  t o  s y n t h e s i s  c o n d i t i o n s .  
Synthes is  feed gas  was then in t roduced  g r a d u a l l y  t o  t h e  system t o  i n i t i a t e  t h e  
run. 

F igure  2 i l l u s t r a t e s  a s i m p l i f i e d  f lowsheet  of t h e  hybrid methanat ion p i l o t  
p l a n t .  Synthes is  gas  c o n s i s t i n g  of approximately 3 p a r t s  hydrogen and one p a r t  
carbon monoxide i s  blended wi th  recyc led  product  gas .  Product w a t e r  vapor is 
condensed from t h e  r e c y c l e  stream b e f o r e  t h e  r e c y c l e  i s  mixed wi th  t h e  f r e s h  feed  
gas .  
exposure v e l o c i t y ,  f o r  a f r e s h  c a t a l y s t  bed. The r e c y c l e  r a t i o  requi red  t o  
main ta in  some prese lec ted  maximum c a t a l y s t  temperature  then tended t o  i n c r e a s e  a s  
t h e  c a t a l y s t  a c t i v i t y  dec l ined  wi th  age. 
t h e  d e s i r e d  temperature  before  be ing  in t roduced  t o  t h e  r e a c t o r .  T h i s  temperature  
w a s  genera l ly  t h e  same temperature  a s  t h a t  of t h e  Dowtherm coolant .  

A second s t a g e  clean-up methanator ,  n o t  shown i n  f i g u r e  2 ,  w a s  used only dur ing  
t h e  l a t te r  per iods  of t h e  runs  when convers ion  i n  t h e  primary r e a c t o r  was d e c l i n i n g .  
The clean-up r e a c t o r ,  an a d i a b a t i c  r e a c t o r  charged wi th  a supported commercial 
n i c k e l  c a t a l y s t ,  w a s  u t i l i z e d  t o  upgrade t h e  q u a l i t y  of t h e  product  gas  from t h e  
primary r e a c t o r .  

2 

The r e a c t o r  was maintained under hydrogen u n t i l  t h e  

The r a t i o  of recyc led  gas  t o  f r e s h  gas  was from 5 t o  8,  depending upon t h e  

The mixed gas  stream w a s  preheated t o  

OPERATING PROCEDURES AND RESULTS 

The system p r e s s u r e  f o r  a l l  f o u r  hybr id  r e a c t o r  runs  w a s  300 ps ig .  The Dowtherm 
temperature  i n  t h e  cool ing  j a c k e t  as w e l l  as t h e  i n l e t  gas temperature  w a s  maintained 
a t  300" C throughout a l l  of t h e  runs  except  f o r  t h e  las t  few hundred hours  of Run 
20,  when these  temperatures  were r a i s e d  t o  325" C. 
temperature  w a s  held a t  400" C by a d j u s t i n g  t h e  r a t e  of recyc led  product  gas .  
The maximum c a t a l y s t  temperature  w a s  allowed t o  i n c r e a s e  t o  425' C dur ing  t h e  
l a t te r  por t ion  of Run 20. 

C a t a l y s t  temperature  and gas  temperature  were measured a t  3 inch  i n t e r v a l s  throughout 
t h e  r e a c t o r  on a d a i l y  b a s i s .  
thermocouples in thermowells pos i t ioned  as shown i n  f i g u r e  3 .  The thermocouple 
measuring the  gas  stream temperature  was pos i t ioned  i n  t h e  geometr ica l  c e n t e r  of 
one of t h e  quandrants  def ined by t h e  x-shaped i n s e r t  and he ld  i n  p l a c e  by ceramic 
spacers .  The thermowell designed t o  measure t h e  c a t a l y s t  temperature  w a s  f i r s t  
f a s t e n e d  i n t o  t h e  "vee" formed by two f i n s .  
then sprayed over  t h e  thermowell a t  t h e  same t i m e  t h a t  t h e  f i n s  were coated.  A 
conf igura t ion  of t h i s  type,  wi th  t h e  c a t a l y s t  e s s e n t i a l l y  surrounding the  thermowell, 

S i m i l a r l y ,  t h e  maximum c a t a l y s t  

This  w a s  accomplished through t h e  u s e  of movable 

The bond and c a t a l y s t  c o a t i n g s  were 
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should y i e l d  a n  e x c e l l e n t  measurement of maximum tempera ture  t h a t  t h e  c a t a l y s t  
experiences.  The g a s  stream composi t ion w a s  also measured a s  a f u n c t i o n  of d i s t a n z e  
through t h e  c a t a l y s t  bed. Gas samples  were taken every one-eighth of t h e  r e a c t o r  
l e n g t h  with a movable probe which was guided by a s l i t  tube.  The gas  composi t ion 
p r o f i l e  was measured only when o p e r a t i n g  c o n d i t i o n s  were changed r a t h e r  than on a 
d a i l y  bas i s .  

Run HYB-17: Seven two f t .  i n s e r t s  coated w i t h  f lame sprayed Raney n i c k e l  were 
used i n  Run HYg-17.  
and 40 s c f h l f t  . Exposure v e l o c i t y  is c a l c u l a t e d  a s  the  r a t i o  of s c f h  of s y n t h e s i s  
gas (3  p a r t s  H2 t o  1 p a r t  CO) t? t h e  s u p e r f i c i a l  c a t a l y s t  s u r f a c e  area. 
exposure v e l o c i t y  of  3 0  s c f h / f t  cor responds  t o  a space  v e l o c i t y  of 806 h r  . 
Once again ,  t h e  space  v e l o c i t y  i s  based on a 25 percent  CO f r e s h  feed  g a s  f low 
rate. This  f i r s t  hybrid r e a c t o r  experiment  l a s t e d  only  671 hours .  The run was 
terminated when CO convers ion  decreased t o  96.6 and t h e  c o n c e n t r a t i o n  of CO i n  
t h e  product  gas  reached 3 percent .  O v e r a l l  performance of t h i s  c a t a l y s t  bed w a s  
n o t  ou ts tanding  w i t h  a product ion of on ly  15.0 mscf of CH per  pound of c a t a l y s t  
( b e f o r e  leaching) .  Opera t ing  parameters  and product  gas c h a r a c t e r i s t i c s  a r e  
presented  i n  f i g u r e  4 .  C a t a l y s t  bed d a t a  f o r  Run HYB-17 as w e l l  as t h e  t h r e e  
s u c c e s s j v e  runs are l i s t e d  i n  Table  1. 

The r e a c t o r  w a s  opera ted  a t  exposure v e l o c i t i e s  of 20, 3 0 ,  

h1 

4 

Table 1. - Catalyst Bed Data 

Catalyst Type 

U t  Pet Nlckel 

Pc t Ac t iva  red 

Reactor Dlameter X Length, in .  

Reactor Volume. f t 3  

Weight of Unactlvated Catalyst, l b  

Superficial  rea of Catalyst. f t 2  

Pin Thickness, in .  

Avg. Bond Coat Thickness. in. 

Avg. Catalyst Thicknnesa, i n .  

IIYR-17 INB-18 

Flame-Sprayed Raney 

62%' 42%' 

11. $1 70.6- 

2 x 168 2 x 168 

0.326 0.326 

2.78 2.24 

8.15 8.75 

0.124 0.122 

0.008 0.007 

0.03 0.023 

b l  

tNU-19 1IY 11-20 

Plasma Sprayed Raney 

42=' 42%' 

7 0 . 8  70. &' 
2 x 168 2 x 168 

0.326 0.326 

2.43 1.70 

7.58 8.46 

0.125 0.129 

0.007 0.006 

0.023 0.013 

IIYU-:: 

Cast hiney 

42d  

1 o o . d  

2 x :70 

0.333 

1O.G 

1 l . X  

0.15J 

- 
0.05J 

E'before leaching 

k'theorecical (based on H2 evolution) 

Z'lOOZ theoretical leaching of 0.05 inchea 

Run HYB-18: Flame sprayed Raney n i c k e l  w a s  a g a i n  used i n  Run HYB-18. Opera t ing  
c o n d i t i o n s  were comparable t o  those  of HYB-17 w i  h t h e  except 'on  t h a t  t h e  ca ta lys :  
was exposed t o  a h igher  space v e l o c i t y  ( 1 3 4 4  hr-i, 50 s c f h / f t  ) dur ing  a l a r g e  
p o r t i o n  of t h e  run. This  experiment l a s t e d  almost  3 t i m e s  longer  than  t h e  prev iocs  
run. The run  was v o l u n t a r i l y  te rmina ted  a f t e r  2073 hours  on s t ream when t h e  CO 
conversion reached 95.6 percent  and t h e  CO c o n c e n t r a t i o n  i n  t h e  product  gas was 
n e a r l y  4 percent .  
temperature  from 300" C t o  275' C a t  about  1950 hours  on s t ream w a s  r e s p o n s i b l e  
f o r  a l a r g e  decrease  i n  conversion.  

9 

It should be  noted i n  f i g u r e  5 t h a t  decreas ing  t h e  Dowtherm 

CO convers ion  j u s t  p r i o r  t o  t h i s  time was 
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s t i l l  r a t h e r  a c c e p t a b l e  a t  98 percent .  
product ion was much h igher  f o r  Run HYB-18 w i t h  a t o t a l  of  75.2 mscf per  pound of 
c a t a l y s t .  Data p e r t i n e n t  t o  Run HYB-18 are i l l u s t r a t e d  i n  f i g u r e  5. 

Typica l  s t ream f l o w r a t e s  and composi t ions are l i s t e d  i n  t a b l e  2 f o r  experiment 
HYB-18. 
opera t ing  c o n d i t i  ns dur ing  each of t h e  exposure v e l o c i t i e s  i n v e s t i g a t e d  (20, 30 ,  
40 and 50 s c f h / f t  ). 
Dowtherm temperature  of 275' C. It should be noted t h a t ,  a t  t h i s  temperature ,  CO 
conversion decreased s i g n i f i c a n t l y ,  and as a d i r e c t  r e s u l t ,  t h e  hea t ing  va lue  of 
t h e  product gas  decreased t o  898.1 Btu /scf .  

Run WB-19: 
us ing  plasma sprayed Raney n i c k e l  c a t a l y s t  i n d i c a t e d  t h a t  c a t a l y s t  coa t ings  
prepared i n  t h i s  manner demonstrated a longer  l i f e .  In a n  e f f o r t  t o  t e s t  these  
f i n d i n g s  i n  a l a r g e r  s c a l e  r e a c t o r ,  a n  x-shaped s u b s t r a t e ,  i d e n t i c a l  t o  t h a t  used 
i n  runs  HYB-17 and HYB-18 was plasma sprayed wi th  c a t a l y s t  and opera ted  under 
condi t ions  s i m i l a r  t o  t h o s e  used i n  t h e  prev ious  two runs .  
c a t a l y s t  w a s  r a t h e r  r a p i d ,  wi th  t h e  experiment l a s t i n g  only  1100 hours .  
conversion dec l ined  t o  97.3 percent  wi th  2.35 percent  CO i n  t h e  product  gas .  
Methane product ion f o r  t h i s  r u n  was 36.6  mscf p e r  pound of c a t a l y s t .  Operating 
condi t ions  f o r  t h i s  r u n  are shown i n  f i g u r e  6. 
r e l a t i v e l y  poor performance of t h e  c a t a l y s t  i n  t h i s  experiment might l i e  i n  t h e  
leaching  procedure. The a c t i v a t i o n  t i m e  r e q u i r e d  f o r  70% aluminum leaching  w a s  
much s h o r t e r ,  4.6  hours  compared t o  18 hours  i n  Run HYB-18. 
t h a t  t h e  NaOH s o l u t i o n  w a s  inadequate ly  mixed r e s u l t i n g  i n  a n  i n i t i a l  c a u s t i c  
concent ra t ion  h igher  than  t h e  u s u a l  2 percent .  

Run HYB-20: This  experiment w a s ,  e s s e n t i a l l y ,  a d u p l i c a t i o n  of Run HYB-19. 
Operating parameters  and product  gas  c h a r a c t e r i s t i c s  are given i n  f i g u r e  7. 
Methane product ion  f o r  t h i s  plasma sprayed c a t a l y s t  w a s  s i g n i f i c a n t l y  b e t t e r  
than  HYB-19 wi th  a t o t a l  of 7 5  mscf per  pound of c a t a l y s t .  
s tood  a t  97 percent  wi th  2.55 percent  CO i n  t h e  product  gas. The r e a c t o r  was on 
s t ream f o r  a t o t a l  of 2081 hours .  A s  i n d i c a t e d  i n  f i g u r e  7 ,  t h e  Dowtherm temperature 
w a s  increased t o  325' C dur ing  t h e  las t  p o r t i o n  of t h i s  run.  Correspondingly,  
t h e  maximum c a t a l y s t  temperature  w a s  allowed t o  i n c r e a s e  t o  425O C .  The i n c r e a s e  
i n  c a t a l y s t  temperature  w a s  accompanied by a decrease  i n  t h e  q u a n t i t y  of recyc led  
product  gas  requi red .  Contrary t o  what might be expected,  however, a n  i n c r e a s e  
i n  c a t a l y s t  temperature  d i d  n o t  s i g n i f i c a n t l y  improve CO conversion.  
remained about  t h e  same, at 97.7 percent .  

HYB-21: A f i f t h  hybr id  test has  j u s t  been i n i t i a t e d .  
t h i s  run  are g iven  i n  f i g u r e  8. 
previous f o u r  in t h a t  c a s t  Raney n i c k e l  i n s e r t s  w e r e  used r a t h e r  than  a thermally 
spray  coated s t a i n l e s s  steel i n s e r t .  The c a s t i n g s  w e r e  made of 42-58 percent  N i -  
fl a l l o y ;  each being s ix  inches  long and having 8 f i n s .  The c a s t i n g s  were formed 
w i t h  a hole  a long t h e  a x i s  t o  accomodate a thermocouple w e l l  t o  measure c a t a l y s t  
temperature. 
operated under condi t ions  similar t o  those  f o r  Run HYB-20. The d a t a  shown i n  
f i g u r e  8 f o r  t h e  f i r s t  384 hours  on stream i n d i c a t e  g r e a t e r  i n i t i a l  CO conversion 
and no d e t e c t a b l e  c a t a l y s t  d e a c t i v a t i o n .  

A t  t h e  te rmina t ion  of each run ,  samples of spent  Raney n i c k e l  c a t a l y s t  were 
removed from t h e  c a t a l y s t  i n s e r t  and subjec ted  t o  w e t  chemical  a n a l y s i s ,  x-ray 
d i f f r a c t i o n ,  BET s u r f a c e  and pore  s i z e  d i s t r i b u t i o n  a n a l y s i s .  Two c a t a l y s t s ,  one 
f lame sprayed Raney n i c k e l  and one plasma sprayed Raney n i c k e l ,  w e r e  measured f o r  
n i c k e l  s u r f a c e  a r e a .  
x-ray d i f f r a c t i o n  of t h e  samples taken  from t h e  f o u r  runs .  An a p p r e c i a b l e  carbon 

Due t o  g r e a t e r  c a t a l y s t  s t a b i l i t y ,  methane 

These are d a t a  averaged over a 24 hour per iod  and r e p r e s e n t a t i v e  of t h e  

!! The l a s t  per iod r e p r e s e n t s  t h e  r e a c t o r  o p e r a t i o n  wi th  a 

Recent experiments  performed on bench-scale methanat ion r e a c t o r s  

Deac t iva t ion  of t h e  
F i n a l  CO 

One p l a u s i b l e  explana t ion  f o r  t h e  

It was discovered 

F i n a l  CO conversion 

The conversion 

Pre l iminary  r e s u l t s  of 
The c a t a l y s t  bed i n  t h i s  r u n  d i f f e r s  from t h e  

The c a t a l y s t  s u r f a c e  w a s  a c t i v a t e d  t o  a depth  of .05 inches  and 

Table 3 summarizes t h e  r e s u l t s  from chemical a n a l y s i s  and 
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Table 2. - Experiment HYB-18, Se lec ted  Test Data 

T i m e  on Stream.... . . . . . . . . . .hr 335 

Tempera t u r e s  
Dowtherm .................. O C  300 
Gas Inlet................."C 300. 
Maximum C a t a l y s t  .......... O C  400. 

P r e s s u r e  .................... p s i g  300. 

Feed G a s  
R a t e . . .  ................... s c f h  
H ........................ v o l  p c t .  
c6.. ........................ 

cit-:: ....................... 
F2 ......................... 
H2fi..  2 

..................... 

....................... 
Exposure Veloci ty  ....... s c f h i f t  
Space Veloci ty  ........... h r  

175. 
75.5 
23.8 

. 3  

. 2  

. 2  

.o 
20. 

673. 

Mixed Feed Gas 
R a t e  ..................... s c f h  1112.2 
H ....................... vol p c t  17.9 
c6 ....................... 1' 
COZ" ...................... 
cit ........................ N ......................... 
H2b ........................ 
I n l e t  Veloci ty  ........... f t f s e c  

2 I n l e t  Reynold's No.. . . . . .  
Exposure Veloc i ty  ...... s c f h / f t  
Space Veloc i ty  ........... hr  

Volume RecyclefVolume Fresh  Gas 

Product  Gas 

.. 

Rate.... ............... s c f h  
H ..................... v o l  p c t  
c6 ....................... 

cit ...................... 
n fi.. .................. 1' 

i o  ...................... ..................... 
2 

Conversion .................... co. PC t 
H 2 . . . . . . . . . . . . . . . . . . . . .  PCt 

Heat ing Value ............ Btu/scf  
Carbon Recovery PCt 
Hydrogen Recovery ........ PCt 

.......... 
Oxygen Recovery .......... p c t  

3.9 
0.2 
0.7 

77.2 
.1 

1.4 

127 .1  
3357. 

4278. 

5 .4  

40.9 
6.8 

.2 

.1 

.8 
87.9 

4.2 

99.7 
97.7 

953.7 
91.6 
92.2 
98.9 

10 

527 695 1640 2000 

300. 300. 300. 275. 
300. 300. 300. 276. 
400. 400. 400. 401. 

300. 300. 300. 300. 

269.5 354.1 
76.1 74.6 
3.0 23.6 

.3  .1 

.4  1 .5  

.2  .2 

.o .o 
30.8 40.5 
1036.5 1361.9 

1912.4 2748.4 
16.0 16.1 

3.7 3 . 7  
.2 .2 
.8 . 7  

79.2 79.2 
.1 .1 

2.5 3.6 

218.6 314.1 
5885. 8465. 

7355. 10571. 

433.6 
75.9 
23.7 

.2 

.1 

.1 

.o 
49.6 

1667.7 

433.7 
75.9 
23.4 

. 2  

.4  

.1 

.o 
49.6 

1668.1  

3870.1 3779.1 
14.5 19.4 
4.0 5 . 1  

. 7  .5 
1 .2  .3  

79.5 74.0 
.1 .1 

5.0 4.7 

442.3 431.9 
12042. 11548. 

14885. 14535. 

6 . 1  6.8 7.9 7.7 

64.4 88.4 105.9 112.1 
6.0 7.2 6.6 11.6 

. 5  r7 1 .5  3.3 

.2 .2 .7 .6 

.9 .6 1 .2  . 3  
89.2 87.9 87.1 81.3 

3.2 3.4 2.9 2.9 

99.5 99.2 98.4 96.2 
98.0 97.4 97.8 95.9 

955.6 948.4 935.1 898.1 
98 .3  98.8 93.5 95.6 
89 .1  97.2 90.0 90.7 
89 .1  103.3 99.1 100.4 

. . . . . 
R .' . . . 
m 

m . 
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Table 3. - Annlyais of Spent Catelyeta 

A I  C S Fe Ni 

HYE-17 

Inlet 68.1 
Center 74.6 
Outlet 72.3 

EYE-18 

Inlet 64.1 
Center 68.0 
Outlec 69.0 

EYE-19 

Inlet 75.7 
Center 77.1 
Outlet 75.7 

EYE-20 

Inlet 76.5 
Center 80.3 
Outlet 79.4 

8.6 4.68 - 0.27 
8.8 1.71 - 0.24 
9.0 0.20 - 0.25 

10.4 2.0 0.3 0.5 
11.7 0.7 0.2 0.4 
11.6 0.5 0.3 0.7 

8.6 3.0 0.2 0.5 
7.3 1.6 0.3 0.5 
6.6 1.1 0.2 0.4 

8.8 3.4 0.1 0.3 
8.3 1.0 0.4 0.4 
8.4 0.3 2.2 0.4 

Na 

0.08 
0.08 
0.08 

4.5 
4.9 
6.5 

0.08 
0.03 
0.03 

<o . 01 
eo.01 
so. 01 

Species 

N i .  C 
N i . 2 ,  N i  
Ni 

Ni3C 

A i  

Ni. NijC 
N i  
N i  

N i  C 
Ni3 
Ni 

p r o f i l e  a long  w i t h  n i c k e l  c a r b i d e  i s  found i n  every  case .  
s u c h  a s  S,  Fe, and Na a r e  not  p r e s e n t  i n  amounts s i g n i f i c a n t l y  g r e a t e r  than  t h o s e  
found i n  unac t iva ted  c a t a l y s t  except  f o r  h i g h  sodium c o n c e n t r a t i o n s  on Run HYB-18 
c a t a l y s t .  This probably is i n d i c a t i v e  of i n s u f f i c i e n t  r i n s i n g  of t h e  c a t a l y s t  
subsequent  to t h e  a c t i v a t i o n  s t e p .  The h i g h  s u l f u r  c o n c e n t r a t i o n  measured a t  t h e  
e x i t  of HYB-20 i s  unexplained.  P o s s i b l y  sampling and/or  a n a l y s i s  e r r o r s  a r e  
involved.  Analysis  of t h i s  sample i s  be ing  repea ted .  Iron contaminat ion had been 
a problem i n  experiments  p r i o r  to t h e  h y b r i d  r e a c t o r  tests. I r o n  carbonyl  can 
form by r e a c t i o n  of CO a t  h igh  p r e s s u r e  and low tempera ture  (100" - 200' C) w i t h  
carbon s t e e l  p ip ing .  The carbonyl  is c a r r i e d  i n t o  t h e  h o t  r e a c t o r  where i t  
thermal ly  decomposes accord ing  t o  t h e  r e a c t i o n :  

Other  contaminants  

2Fe (CO)5 + 5C + 2Fe + 5C02 

and d e p o s i t s  on t h e  n i c k e l  c a t a l y s t  c r e a t i n g  an  i r o n  c a t a l y s t .  A t  methanat ion 
tempera tures ,  carbon d e p o s i t i o n  occurs  on t h e  i r o n  and f u r t h e r  f o u l s  t h e  c a t a l y s t .  
I r o n  concent ra t ions  as  h igh  a s  22 p e r c e n t  i n  t h e  c a t a l y s t  at t h e  r e a c t o r  i n l e t  
had been d e t e c t e d  i n  prev ious  runs .  
Before i n i t i a t i n g  t h e  hybr id  r e a c t o r  exper iments ,  a l l  carbon s t e e l  p i p i n g  i n  t h e  
p i l o t  p l a n t  was rep laced  w i t h  s t a i n l e s s  s t e e l .  
found on t h e  spent  c a t a l y s t  samples from t h e  hybr id  r u n s  i n  t a b l e  3 i n d i c a t e s  
t h a t  t h i s  was s u c c e s s f u l  i n  a l l e v i a t i n g  t h e  i r o n  contaminat ion problem. The BET 
s u r f a c e  a r e a s ,  pore volumes and p o r e  r a d i i  a r e  shown i n  t a b l e  4 .  Measured BET 
s u r f a c e  a r e a  f o r  HYB-17 and HYB-20 appear  t o  be  somewhat smaller than t h o s e  f o r  
t h e  o t h e r  runs. 
t a b l e  4 a r e  t h e  n i c k e l  meta l  s u r f a c e  a r e a  measurements a s  determined by hydrogen 
chemisorpt ion.  
c a t a l y s t ,  Run HYB-18, and a plasma sprayed  c a t a l y s t ,  Run HYB-20. I n  both  i n s t a n c e s ,  
m e t a l  s u r f a c e  a r e a  is lower  a t  t h e  r e a c t o r  e x i t  than  a t  t h e  i n l e t  whi le  i n  g e n e r a l ,  
be ing  lower f o r  HYB-20 than  f o r  HYB-18. 
t h e s e  t r e n d s  i n  t h e  da ta .  Nic5el  m e t a l  s u r f a c e  a r e a  f o r  f r e s h l y  a c t i v a t e d  c a t a l y s t  
i s  in t h e  neighborhood of 12 m /gm. The t e n t a t i v e  conclus ion  regard ing  t h e  cause  
f o r  c a t a l y s t  d e a c t i v a t i o n  f o r  t h i s  s e r i e s  of experiments ,  i n  view of t h e  l i m i t e d  
amount of d a t a  a v a i l a b l e ,  i s  t h e  format ion  of n i c k e l  c a r b i d e  and p o s s i b l y  a d d i t i o n a l  
carbon formation on t h e  c a t a l y s t  s u r f a c e .  
f r e e  carbon from c a r b i d i c  carbon. 

This  was accompanied by h i g h  carbon c o n t e n t .  

Examination of t h e  i r o n  concent ra t ions  

No o t h e r  t r e n d s  i n  t h e  d a t a  were c l e a r l y  e v i d e n t .  Also shown on 

Metal s u r f a c e  a r e a  meisurements were performed on a flame-sprayed 

There i s  no immediate explana t ion  f o r  

T t  was not  p o s s i b l e  t o  d i s t i n g u i s h  
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Table 4. - Surface Areas Of Spent Catalyets 

HYB-11 

Inlet  
Outlet 

HYB-18 

Inlet  
Outlet 

WB-19 

Inlet  
Outlet 

BYE!-20 

Inlet  
Outlet 

S u r f y e  Area Pore Volume Avg. Pore Radius Nlckel Surface Area 
m /am cm3/gm h m2/Bm 

30.5 
23.1 

.076 . 055 
50.07 
46.01 

53.4 .OS3 
50.2 .060 

45.05 
53.51 

44.3 .095 
32.8 . 11 

62.8 
66.7 

32.17 .067 
23.73 .0?8 

I 

60.6 
65.1 

6.0 
4.5 

2.5 
a . 0  

MATHEMATICAL MODELING 

Severa l  recent  p u b l i c a t i o n s  (2, 8, 2, g, 11) have d i s c u s s e d  a one-dimensional 
mathematical model a long  w i t h  s e v e r a l  a p p l i c a t i o n s  of t h e  model t o  tube-wall and 
p a r a l l e l - p l a t e ,  a d i a b a t i c  (hot-gas-recycle) methanat ion r e a c t o r s .  Incorpora ted  
In t h e  model was a p o s t u l a t e d  poisoning mechanism which obeyed a n  i r r e v e r s i b l e  
Langmuir-Hinschelwood t y p e  of r a t e  equat ion .  
a p p r o p r i a t e l y  modified t o  d e s c r i b e  t h e  c h e n i c a l  and p h y s i c a l  p rocesses  o c c u r r i n g  
In t h e  hybrid methanat ion r e a c t o r .  

The k i n e t i c  rate express ion  for t h e  convers ion  of carbon monoxide t o  methane 
according t o  t h e  r e a c t i o n  

This  one-dimensional model has  been 

CO + 3H2 + CH4 + H20, 

I s  t aken  t o  be t h a t  proposed by A. L. Lee (12. IJ) which provides  a reasonable  
fit t o  d a t a  repor ted  by IGT. 
supported commercial n i c k e l  c a t a l y s t s  i s  of t h e  form, 

Lee's rate express ion ,  developed from d a t a  f o r  

S i n c e  t h e  c a t a l y s t  is depos i ted  i n  a very  t h i n  l a y e r ,  t h e  c a t a l y s t  t h i c k n e s s  is 
neglec ted  i n  t h e  model and is considered t o  be  only  a n  a c t i v e  s u p e r f i c i a l  s u r f a c e .  
The k i n e t i c  r a t e  i s  expressed a s  t h e  number of moles of CO convertEd p e r  u n i t  
t i m e  per  u n i t  s u p e r f i c i a l  s u r f a c e  a r e a  of c a t a l y s t .  
t h e s e  a r e  concent ra t ions  a t  t h e  s u r f a c e  of t h e  c a t a l y s t  as opposed t o  concent ra t ions  
In t h e  bulk stream. It should be noted t h a t  t h e  c o n c e n t r a t i o n  of methane a t  t h e  
c a t a l y s t  s u r f a c e  i s  assumed t o  be t h e  same a s  t h e  b u l k  methane c o n c e n t r a t i o n .  
Due t o  the  r e l a t i v e l y  l a r g e  q u a n t i t y  of product  gas t h a t  i s  recyc led  through t h e  
c a t a l y s t  bed, methane i s  t h e  major c o n s t i t u e n t  i n  t h e  gas  a t  every p o i n t  i n  The 
r e a c t o r .  The assumption i s  made t h a t  n e g l i g i b l e  e r r o r  i s  in t roduced  by ignor ing  
t h e  methane c o n c e n t r a t i o n  g r a d i e n t  between t h e  b u l k  gas  and t h e  c a t a l y s t  s u r f a c e .  

The symbols, C ,  s i g n i f y  t h a t  
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The cons t ruc t  envis ioned  f o r  t h e  d e s c r i p t i o n  of t he  processes  occur r ing  i n  t h e  
hybr id  r e a c t o r  is  the  fol lowing.  The r e a c t i n g  gas ,  f lowing through a condui t  i n  
t u r b u l e n t  flow, is  considered t o  be thoroughly  mixed i n  t h e  r a d i a l  d i r e c t i o n ,  
i . e . ,  t h e r e  a r e  no thermal o r  concen t r a t ion  g r a d i e n t s  ac ross  t h e  tu rbu len t  co re  
( s e e  f i g u r e  9 ) .  The r e a c t a n t s  (CO and H ) are t r anspor t ed  a c r o s s  t h e  laminar 
sub laye r ,  adsorbed, r e a c t  t o  form methane and wa te r ,  and t h e  products  d i f f u s e  
back  i n t o  the  t u r b u l e n t  core .  
a c r o s s  t h e  laminar f i lm ,  t h e  magnitudes of which depend upon t h e  e x t e n t  of d i f f u s i o n  
c o n t r o l .  
by convec t ive  h e a t  t r a n s f e r  t o  the c o o l e r  bu lk  gas  and thence  t o  t h e  coo l ing  
j a c k e t  and by r a d i a t i o n  from t h e  c a t a l y s t  t o  t h e  cool ing  j a c k e t .  
t h e  h e a t  of r eac t ion  i s  a l s o  removed as s e n s i b l e  hea t  t o  t h e  gas .  

A t  s t e a d y  s t a t e  cond i t ions  t h e r e  i s  no n e t  change i n  r e a c t a n t  concen t r a t ions  a t  
t h e  c a t a l y s t  su r f ace ,  t hus ,  t h e  rate of r e a c t i o n  must equa l  t h e  r a t e  a t  which CO 
and H d i f f u s e  t o  the su r face .  The mass t r a n s f e r  rates are g iven  by, 

2 

There w i l l  b e  thermal and concen t r a t ion  g rad ien t s  

Energy r e l eased  i n  t h e  methanation r e a c t i o n  is removed from t h e  c a t a l y s t  

A por t ion  of 

2 

2-a) 

-r = -3rC0 = k l  (C, - 2 ) = j 2-b) 
,2 2 "2 ,2 

where k 
The mass t r a n s f e r  c o e f f i c i e n t s  are  c a l c u l a t e d ,  f o r  a g iven  Reynold's number, from 
t h e  s tandard  j - f ac to r  c o r r e l a t i o n  (3, 15). 
The fo l lowing  equat ions  are taken  t o  d e s c r i b e  t h e  h e a t  t r a n s f e r  i n  t h e  system. 

and k' are t h e  f i l m  mass t r a n s f e r  c o e f f i c i e n t s  f o r  CO and H2 r e s p e c t i v e l y .  C 

q = rCOK rate of h e a t  genera ted  by r e a c t i o n  

q l =  h(T 

3-a) 

- TG) hea t  f l u x  between c a t a l y s t  and C 
t u rbu len t  co re  3-b) 

4 q2 = k s  (TC4 - Tw ) r a d i a t i o n  h e a t  f l u x  between 

c a t a l y s t  and cool ing  j a c k e t  3-C) 

q3 = h' (T 

q4 = h (TG - Tw) 

- Tw) hea t  f l u x  by conduct ion  through C 
d i r e c t  con tac t  of i n s e r t  w i th  cool ing  w a l l  3-d) 

heat  f l u x  between t u r b u l e n t  co re  

and cool ing  w a l l  3-e) 

aTG 
aa 

6a = q 6a - q 6a '  rate change of CpM __ 1 4 

s e n s i b l e  h e a t  of t h e  gas  3-f)  

In a d d i t i o n ,  w e  have t h e  equat ion  f o r  t h e  conserva t ion  of energy, 

9 = q1 + q2 + q3. 3%) 
In orde r  t o  c a l c u l a t e  t h e  g loba l  r a t e  of r e a c t i o n  a t  any po in t  i n  t h e  r e a c t o r ,  
equa t ions  l), 2 ) ,  and 3) must be so lved  s imul taneous ly .  The method of f i n i t e  
d i f f e r e n c e s  is u t i l i z e d  t o  c a l c u l a t e  l o c a l  bu lk  concen t r a t ions  and tempera tures  
throughout the l eng th  of t h e  r e a c t o r .  The model used t o  d e s c r i b e  c a t a l y s t  deac t iva t ion  
i n  prev ious  experiments has  been r epor t ed  elsewhere (1, c) and w i l l  not be  r e i t e r a t e d .  
Th i s  d e a c t i v a t i o n  mechanism w a s  found t o  inadequate ly  p r e d i c t  d e a c t i v a t i o n  r a t e s  
f o r  t h e  hybrid methanation r e a c t o r .  It i s  p o s s i b l e  t h a t ,  due t o  system plumbing 
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Figure 9. - C r o s s - ~ ~ c t i m  view OF a quadrant of the reactor. 
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Figure lo. - Carbon monoxide mole fraction prof i l e9  for Run WE-21. 
solld l i n e s  indicate model predictions. 

17 



modif ica t ions ,  i . e .  t h e  s u b s t i t u t i o n  of  carbon steel w i t h  s t a i n l e s s  s t e e l  p i p e s ,  
c a t a l y s t  a c t i v a t i o n  procedures ,  o r  t h e  i n t r i n s i c  d i f f e r e n c e  i n  mode of  r e a c t o r  
opera t ion ,  t h e  p r i n c i p a l  agent  r e s p o n s i b l e  f o r  c a t a l y s t  d e a c t i v a t i o n  d i f f e r s  
between t h e  hybrid r e a c t o r  and r e a c t o r s  p r e v i o u s l y  opera ted .  Nevertheless ,  t h e  
model i s  capable  of s a t i s f a c t o r i l y  p r e d i c t i n g  i n i t i a l  r e a c t o r  performance. 
example, f i g u r e s  10 and 11 i l l u s t r a t e  t h e  f i t  of t h e  model t o  experimental  composition 
and temperature  p r o f i l e  d a t a  from Run HYB-21. Figure  10 is a p l o t  of  CO mole 
f r a c t i o n  a s  a func t ion  of d i s t a n c e  through t h e  r e a c t o r .  Gas stream composi t ions 
were measured a t  2 1  inch  i n t e r v a l s  through t h e  r e a c t o r .  Tpe d a t a  r e p r e s e n t e  
o p e r a t i o n  at  exposure v e l o c i t i e s  of 10, 20 and 40 s c f h / f t  c a t a l y s t  and wer 
taken e a r l y  in the  run  before  any d e a c t i v a t i o n  of t h e  c a t a l y s t  w a s  e v i d e n t .  The 
p o i n t s  i n d i c a t e  exper imenta l ly  measured v a l u e s  whereas t h e  s o l i d  l i n e s  r e p r e s e n t  
t h e  p r o f i l e s  c a l c u l a t e d  from t h e  model. Agreement between model and experiment 
i s  s e e n  t o  be q u i t e  good. 

2 Temperature p r o f i l e s  f o r  bo th  c a t a l y s t  and gas  phase are i l l u s t r a t e d  i n  F igure  
11. The t h r e e  p l o t s ,  once aga in ,  r e p r e s e n t  o p e r a t i o n  a t  10, 20 and 40 s c f h / f t  
c a t a l y s t .  The open c i r c l e s  a r e  measured c a t a l y s t  temperature  whi le  t h e  A ' s  are 
gas  phase temperatures. The tempera tures  p r e d i c t e d  by t h e  model ( s o l i d  l i n e s )  
a r e  i n  good agreement w i t h  measured v a l u e s .  A t  t h e  h igher  exposure v e l o c i t i e s ,  
t h e  d i f f e r e n c e s  between model and measured v a l u e s  are, a t  most, 10-15' C. The 
percentages  of the  t o t a l  h e a t  l i b e r a t e d  by t h e  r e a c t i o n  which is t r a n s f e r r e d  t o  
t h e  Dowthey coolant  are 86 ,  73 and 61% f o r  t h e  exposure v e l o c i t i e s  10 ,  20, and 
40 s c f h / f t  c a t a l y s t ,  r e s p e c t i v e l y .  

As  a n  

SUMMARY 

Four experiments were completed using t h e  hybrid methanat ion r e a c t o r .  
experiment u t i l i z i n g  cast Raney n i c k e l  i n s e r t s  has  been i n i t i a t e d  and pre l iminary  
r e s u l t s  a r e  encouraging. Each of t h e  f i r s t  f o u r  r u n s  w a s  terminated v o l u n t a r i l y  
w i t h  f i n a l  CO conversions no less t h a n  95-97 pqrcent .  
opera ted  a t  a n  exposure v e l o c i t y  of 50 s c f h / f t  , comparable t o  those  a t t a i n a b l e  
i n  t h e  tube-wall r e a c t o r ,  y e t ,  as a r e s u l t  of t h e  bed des ign ,  t h e  c a t a l y s t  can  be  
e a s i l y  replaced.  The r e c y c l e  ra t io  in a hot-gas-recycle  methanator r e q u i r e d  t o  
m a i n t a i n  a 100" C gas  temperature  d i f f e r e n c e  a c r o s s  t h e  c a t a l y s t  bed i s  about  
10/1. 
c a t a l y s t  temperature  below 400" C i n  t h e  h y b r i d  r e a c t o r  is as l i t t l e  a s , 5 / 1  - 
6/1. 

Although t h e  hybrid reactor had a h igher  average  p r o d u c t i v i t y  of methane p e r  
pound of  c a t a l y s t  than  previous  TWR and HGR experiments ,  it i s  p o s s i b l e  t h a t  t h i s  
is t h e  r e s u l t  of decreas ing  t h e  amount of i r o n  carbonyl  i n  t h e  system r a t h e r  than 
t h e  n a t u r e  of t h e  r e a c t o r .  Data, r e s u l t i n g  from t h e  f o u r  completed r u n s ,  do not  
i n d i c a t e  t h a t  plasma sprayed Raney n i c k e l  c a t a l y s t  demonstrates  a g r e a t e r  l i f e  a t  
t h e  p i l o t  p l a n t  s c a l e  than  flame sprayed Raney n i c k e l .  Data from t h e  test  us ing  
cast Raney n i c k e l  i n s e r t s  are, of course,  incomplete  a t  t h e  p r e s e n t  t i m e .  C a t a l y s t  
s t a b i l i t y  cont inues t o  be of prime concern i n  t h e  r e s e a r c h  e f f o r t s  a t  P i t t s b u r g h  
Energy Research Center. 

A f i f t h  

TPe r e a c t o r  w a s  s a t i s f a c t o r i l y  

A t  comparable exposure v e l o c i t i e s ,  t h e  r e c y c l e  r a t i o  requi red  t o  hold  t h e  
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Figure 11. - C a t a l y s t  (0) and Gas (A) temperature p r o f i l e s  f o r  
Run HYB-21. S o l i d  l i n e s  i n d i c a t e  model p r e d i c t i o n s .  
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NOMENCLATURE 

A= preexponent ia l  f a c t o r  

C= concent ra t ion  i n  bulk gas ( l b  mol / f t  ) 

C= concent ra t ion  at  c a t a l y s t  s u r f a c e  ( l b  mol . / f t  ) 

C = s p e c i f i c  hea t  of gas  (Btu/lb.mol. - OF) 

E= a c t i v a t i o n  energy (Btu / lb  mol) 

3 

3 

P 

R= heat  of r e a c t i o n  (Btu/lb m o l )  

h= h e a t  of t r a n s f e r  c o e f f i c i e n t  (Btu /hr - f tZ  - O F )  

j= mass f l u x  ( lb .  mol . /hr - f tL)  

k= cons tan t  (Btu /hr - f t  - "R ) 

k = mass t r a n s f e r  c o e f f i c i e n t  ( lb .mol . /hr - f t  -concent ra t ion  d i f f e r e n c e )  

k ,k = equi l ibr ium c o n s t a n t ' s  

M= gas  molar f l o w r a t e  ( lb .mol . /hr)  

q= rate of h e a t  genera ted  (Btu /hr - f t  ) 

q = heat  f l u x  from c a t a l y s t  t o  gas  (Btu /hr - f t  ) 

q = r a d i a t i o n  h e a t  f l u x  between c a t a l y s t  and cool ing  j a c k e t  (Btu/hr-f t  ) 

2 4  

2 
C 

1 2  

2 

2 
1 

2 
2 

q , =  h e a t  f l u x  y conduct ion through d i r e c t  c o n t a c t  of i n s e r t  wi th  cool ing  w a l l  9 ' (Btu/hr-f t  ) 

4 
2 q = heat  f l u x  from gas  t o  c o o l i n g  w a l l  (Btu /hr - f t  ) 

R= gas  cons tan t  (Btu/lb.mol. - O R )  

2 r= r a t e  of r e a c t a n t  conversion ( lb .mol . /hr - f t  c a t a l y s t )  

T= temperature  (OR) 

E= emiss iv i ty  (dimensionless)  

2 6a= incremental  c a t a l y s t  s u r f a c e  a r e a  ( f t  ) 

&a'=  incremental  cool ing  w a l l  s u r f a c e  a r e a  ( f t  ) 
2 
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