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SYNTHESIS OF METHANE I N  HOT GAS RECYCLE WCTOR--PILOT PUNT TESTS 

W.. P. Haynes, A. J. Forney, J. J. E l l i o t t ,  and H. W. Pennline 

U.S.  Bureau of Mines, 4800 Forbes Avenue, P i t t sbu rgh ,  Pa. 

INTRODUCTION 

Development of l a r g e - s c a l e  c a t a l y t i c  methanation r e a c t o r s  i s  necessary t o  com- 
p l e t e  t h e  commercialization of p l a n t s  f o r  conver t ing  coa l  t o  s u b s t i t u t e  n a t u r a l  gas. 
Major ob jec t ives  i n  developing a c a t a l y t i c  methanation system a r e  to  achieve e f f i -  
c i e n t  removal of the heat of r e a c t i o n  so  a s  to minimize thermal deac t iva t ion  of c a t a -  
l y s t  and t o  minimize c a t a l y s t  deac t iva t ion  by o t h e r  causes such as chemical poisoning 
and s t r u c t u r a l  changes. The hot  gas recyc le  r e a c t o r ,  where l a r g e  q u a n t i t i e s  o f  par -  
t i a l l y  cooled product gas a r e  c i r c u l a t e d  th ru  the c a t a l y s t  bed, a f f o r d s  one s a t i s f a c -  
t o ry  method of removing l a r g e  amounts of h e a t  from the  c a t a l y s t  su r f ace .  Ear ly  Bureau 
of Mines experiments with the hot  gas  r ecyc le  r e a c t o r ,  however, had s h o r t  c a t a l y s t  
l i v e s ,  on the  o rde r  of 200 hours.  (u The work descr ibed  i n  t h i s  r e p o r t  a t t e m p t s  
t o  extend the l i f e  of the c a t a l y s t  i n  t he  h o t  gas r ecyc le  r e a c t o r  system, to  d e t e r -  
mine the  e f f e c t s  of some of t he  process  v a r i a b l e s ,  and t o  compare the  performance of 
a bed of pe l l e t ed  
with Raney n i cke l .  

n icke l  c a t a l y s t  a g a i n s t  t h a t  of a bed of p a r a l l e l  p l a t e s  coated 

PILOT PIANT DESCRIPTION 

The r e a c t o r  i n  the  h o t  gas r ecyc le  p i l o t  p l a n t  was cons t ruc ted  of type 304 
s t a i n l e s s  s t e e l  3 inch  schedule 40 p ipe ,  10 f e e t  long ,  f langed a t  each end. I n  
th ree  experiments (HGR-10, 1 2 ,  and 1 4 ) ,  the c a t a l y s t  bed cons is ted  of gr id  assem- 
b l i e s  of p a r a l l e l ,  type 304 s t a i n l e s s  s t e e l  p l a t e s ,  t h a t  had been f l a m e  
spray  coated with Raney n i cke l .  The gr id  assembl ies ,  each 6 inches long ,  were 
s tacked  t o  t h e  des i r ed  bed he igh t  and conformed to the i n s i d e  diameter of the r eac to r .  
G r i d  p l a t e s  were a l igned  perpendicular  t o  the  p l a t e  alignment of ad jacent  g r i d s .  
P r i o r  t o  assembly, each p l a t e  was sand-b las ted  on both s i d e s ,  flame sprayed w i t h  
a bond c o a t ,  and f i n a l l y  flame sprayed wi th  the  Raney n icke l  c a t a l y s t .  
o f  t h e  Raney n i c k e l  coa t ing  was approximately 0.02 inches.  
the r e a c t o r  w a s  charged wi th  1 /4"  p e l l e t s  of a commercial grade p rec ip i t a t ed  n i c k e l  
c a t a l y s t  i n s t ead  of the p a r a l l e l  p l a t e s  coated wi th  Raney n icke l .  Phys ica l  proper- 
t i e s  of t h e  c a t a l y s t  beds a r e  shown i n  t ab le  1. 

Thickness 
In experiment HGR-13, 

The bas i c  ho t  gas r ecyc le  r e a c t o r  scheme i s  shown i n  the  s impl i f i ed  flowsheet of 
f i g u r e  1. The main r e a c t o r  con ta in ing  the p a r a l l e l  p l a t e  g r id  assemblies i s  t h e  one 
under s tudy  i n  t h i s  r e p o r t .  The second s t age  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 p r e c i p i t a t e d  n i cke l  c a t a l y s t ,  was operated at  i n t e r m i t t e n t  pe r iods ;  i ts  opera- 
t i o n  w i l l  be d iscussed  i n  a l a t e r  r e p o r t .  Addi t iona l  hea t  exchangers, no t  shown i n  
the f lowshee t ,  were used i n  the p i l o t  p l a n t  t o  compensate f o r  system hea t  l o s s e s ,  t o  
achieve  a measure of heat r ecupe ra t ion ,  and t o  con t ro l  t he  gas temperature i n t o  the 
hot  gas compressor and i n t o  the  main r eac to r .  Cooling of t he  main c a t a l y s t  bed i s  
achieved by d i r e c t  t r a n s f e r  of the r e a c t i o n  hea t  t o  the s l i g h t l y  cooler  gas s t ream 
flowing through the bed. 
t o  the r eac to r .  The hot r ecyc le  s t ream may be cooled e i t h e r  d i r e c t l y  without con- 
densa t ion  o r  by cool ing  a por t ion  o f  the recycled product gas s u f f i c i e n t l y  to  con- 
dense o u t  t h e  water vapor and then r e t u r n i n g  the r e s u l t i n g  cold r ecyc le  gas a long  
with the  hot  r ecyc le  gas. A f t e r  undergoing a f i n a l  h e a t  exchange, t he  mixture of 
t h e  cooled r ecyc le  gas and the f r e s h  feed gas comprise a feed t o  the ho t  gas r ecyc le  

Recycle s t r eam is appropr i a t e ly  cooled before r e tu rn ing  

- 1/ Underlined numbers in  p a r e n t h e s i s  r e f e r  to re ferences  a t  the end of t h i s  paper. 
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r e a c t o r  a t  a con t ro l l ed  temperature t h a t  may be  50 t o  150' C lower than  t h e  r e a c t o r  
o u t l e t  temperature,  depending upon the t o t a l  amount of gas r ecyc led  and the  amount 
of  h e a t  exchange. 

Charcoal abso rp t ion  towers (not shown i n  the  f lowshee t )  were used t o  keep the  
s u l f u r  conten t  i n  the  f r e s h  feed gas to  less than 0.1 ppm. i n  equ iva len t  volume of 
H2S. 

CATALYST PREPARATION 

The metal  p l a t e s  t o  be coated wi th  Raney n i q k e l  were type 304 s t a i n l e s s  s teel .  
The su r faces  of the  p l a t e s  were prepared by sand-b la s t ing  wi th  a n  i ron - f r ee  g r i t  
and then  flame sp ray ing  on a l i g h t  coa t  of bonding material, abou t  0.006 inches  t h i c k .  
A f t e r  t he  su r face  was bond coa ted ,  the  Raney n i c k e l  a l l o y  powder (80-100 mesh) w a s  
flame sprayed on t o  t h e  des i r ed  th ickness .  The p l a t e s  were assembled i n  p a r a l l e l ,  
i n s e r t e d  i n  the  r e a c t o r ,  and then ac t iva t ed .  Ac t iva t ion  of  t h e  Raney n i cke l  i n -  
volved pass ing  a 2 w t .  per c e n t  s o l u t i o n  o f  NaOH through t h e  c a t a l y s t  bed t o  d i s -  
so lve  away t h e  aluminum phase and leave  a spongy s u r f a c e  of  h igh ly  a c t i v e  f r e e  
n i cke l .  Ac t iva t ion  was stopped a f t e r  70 pe r  c e n t  o f  t h e  aluminum i n  t h e  Raney 
a l l o y  was reac ted .  
upon which the  a c t i v a t e d  n i c k e l  remains anchored. The e x t e n t  of  r eac t ion  was d e -  
termined by measuring the  hydrogen evolved accord ing  to the  fo l lowing  t h r e e  r e a c -  
t i o n s ,  a l l  of which evolve 3 moles of  H2 f o r  every  2 moles of A 1  reac ted :  

The remaining unreacted a l l o y  is  be l ieved  t o  provide a base 

2 A1  + 2 NaOH + 2 H20 

2 A 1  + NaOH + 4 H20 

2 A1  + 3 H20  -+ A1203  + 3 H2 

+ 2 Na A102 + 3 H2 

-t NaA102 + Al(OH)3 + 3 H2 

A f t e r  t he  aluminum was r eac t ed ,  the  c a t a l y s t  was washed wi th  water which had a pH 
of  about  6.8 u n t i l  the  pH of t he  e f f l u e n t  water reached about  7.2. A f t e r  the  ca t a -  
l y s t  was a c t i v a t e d  and washed, i t  was always kep t  under a hydrogen atmosphere u n t i l  
i t  was pu t  i n t o  methanation s e r v i c e  a t  t h e  des i r ed  o p e r a t i n g  p res su re  and temperature.  
Before cool ing  the  c a t a l y s t  t o  take  i t  o u t  of service, the  r e a c t o r  was purged with 
hydrogen. It was kep t  i n  a hydrogen atmosphere dur ing  coo l ing ,  dep res su r i z ing ,  and 
stand-by condition. 

I n  experiment HGR-13, t he  commercial grade p r e c i p i t a t e d  n i c k e l  c a t a l y s t  was i n  
a reduced and s t a b i l i z e d  cond i t ion  when i t  was charged i n t o  the  r eac to r .  No s p e c i a l  
a c t i v a t i o n  t rea tment  was needed. It was, however, kep t  under a hydrogen atmosphere 
a t  a l l  times u n t i l  t he  te.nperature and .pressure of the system was brought t o  s y n t h e s i s  
condi t ions  a t  which time t h e  syn thes i s  feed gas w a s  g radua l ly  fed  i n t o  the system t o  
s t a r t  the  run. 

u: 
A 
I,' 

tfi 

PROCEDURES AND RESULTS 

Genera 1 

Experiments HGR-10, 12 and 14  were conducted wi th  t h e  flame sprayed Raney n i c k e l  
c a t a l y s t .  Experiment HGR-13 used the  p e l l e t e d  p r e c i p i t a t e d  c a t a l y s t  t o  compare i t s  
performance wi th  t h a t  of c a t a l y s t  used i n  HGR-14. Reac tor  cond i t ions  as a func t ion  
of s t ream time f o r  experiments HGR-10, 12 ,  13, and 14  are  g r a p h i c a l l y  presented by 
computer p r in t -ou t  i n  f i g u r e s  2 ,  4 ,  6, and 8,  r e spec t ive ly .  Corresponding carbon 
monoxide concent ra t ions  and hea t ing  va lues  of the  product gases  and the  y i e l d s  of  
methane produced per  pound of  c a t a l y s t  used a r e  presented  g r a p h i c a l l y  as a func t ion  
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o f  s t ream time i n  f igures  3 ,  5,  7 ,  and 9. The t o t a l  recyc le  r a t i o  was c a l c u l a t e d  on 
t h e  b a s i s  of s t ream analyses ,  and f l u c t u a t e d  widely because of the  high s e n s i t i v i t y  
of  the  c a l c u l a t e d  values to smal l  changes i n  s t ream analyses .  All runs were made a t  
300 ps ig .  

The major process  parameters  a r e  presented i n  t a b l e s  2 ,  3 ,  4 ,  and 5 a t  s e l e c t e d  
per iods  i n  experiments  HGR-10, 1 2 ,  13, and 1 4 ,  respec t ive ly .  Carbon recover ies  shown 
f o r  these  per iods ranged from 63 p e r  c e n t  t o  9 1  per cent .  Most of the l o s s e s  occurred 
i n  connect ion w i t h  t h e  r e c y c l e  compressor system and correspondingly decreased the 
volume of product gas metered. Such l o s s e s ,  however, d i d  n o t  s i g n i f i c a n t l y  a f f e c t  
t h e  incoming gas t o  the  main r e a c t o r  or the  performance of t h e  r e a c t o r .  

Experiment HGR-10 

Experiment HGR-10 operated a t  300 p s i g  wi th  r e c y c l e  r a t i o s  being var ied  t o  give 
temperature  rises across  the c a t a l y s t  bed ranging from 50' t o  150' C. 
c o n t r o l  was exce l len t .  T o t a l  o p e r a t i n g  t i m e  was r e l a t i v e l y  s h o r t  a t  910 hours. The 
i n i t i a l  carbon monoxide c o n c e n t r a t i o n  i n  the product  gas a t  0.3 p e r  c e n t  was higher  
than  the  d e s i r e d  va lue  of  l e s s  than  0.1 per  cent .  Over the  e n t i r e  experiment, the  
average r a t e  of c a t a l y s t  d e a c t i v a t i o n ,  expressed a s  i n c r e a s e  i n  the  per  c e n t  carbon 
monoxide i n  the d r y  product  gas per  mscf methane produced p e r  pound of c a t a l y s t  
charged,  was 0.23 per  cent /mscf/ lb .  
wi th  the value of about 0.009 p e r  cent /mscf/ lb .  obtained wi th  Raney n i c k e l  c a t a l y s t  
i n  a tube-wall  methanator t e s t  (TWR-6). (3 Because the  experiment was of  s h o r t  
d u r a t i o n ,  the  r e s u l t i n g  product ion of  methane per  pound of c a t a l y s t  i n  HGR-10 was 
low a t  about  11.8 mscf/ lb .  a s  compared wi th  177 mscf/lb. i n  tube-wall r e a c t o r  t e s t  
TWR-6. 

Temperature 

T h i s  is a high r a t e  of d e a c t i v a t i o n  compared 

One probable reason f o r  the  r e l a t i v e l y  poor c a t a l y s t  performance i n  experiment 
HGR-10 was the excess ive ly  l a r g e  d e p o s i t s  of  i r o n  and carbon on the  c a t a l y s t  sur face .  
Table  6 shows i r o n  and carbon c o n c e n t r a t i o n s  of 22.0 and 13.4 weight per  c e n t ,  re- 
s p e c t i v e l y ,  on the  c a t a l y s t  near  t h e  gas  i n l e t ,  and 0.8 and 1.9 weight p e r  c e n t ,  
r e s p e c t i v e l y ,  on the c a t a l y s t  near  t h e  gas o u t l e t .  It i s  suspected t h a t  the  l a r g e  
d e p o s i t  of i r o n  r e s u l t e d  from t h e  decomposition of i r o n  carbonyl  c a r r i e d  i n  from 
o t h e r  p a r t s  of t h e  r e a c t o r  system, and the  depos i ted  i r o n  i n  t u r n  favored the  forma- 
t i o n  of f r e e  carbon from the  incoming carbon monoxide. 

Experiment HGR-12 

A s  shown i n  table 1, the c a t a l y s t  bed f o r  experiment HGR-12 was the  same a s  
t h a t  used i n  experiment HGR-10, except  t h a t  the  c o a t  of Raney n i c k e l  used i n  HGR-12 
was s l i g h t l y  th inner  than t h a t  used i n  HGR-10. The o b j e c t i v e  i n  HGR-12 was t o  i n -  
c r e a s e  c a t a l y s t  l i f e .  The methane produced p e r  pound of c a t a l y s t  was 39.5 mscf a f -  
ter  a t o t a l  opera t ing  time of about  1 4 0 0  hour (See f i g u r e  5). The o v e r a l l  average 
ra te  of c a t a l y s t  d e a c t i v a t i o n ,  0.091 p e r  c e n t  per  mscf per  l b . ,  was about  40 per c e n t  
of  t h a t  f o r  experiment HGR-10, b u t  s t i l l  10 times g r e a t e r  than t h a t  of experiment 
TWR-6. 
t h e  s t a r t  of the experiment ,  t o  3.7 p e r  c e n t  a t  the  end of t h e  experiment. 

The carbon monoxide c o n c e n t r a t i o n  i n  HGR-12 increased from 0.1 p e r  c e n t  a t  

I n  genera l ,  the  r a t e  of d e a c t i v a t i o n  was much lower a t  t h e  lower f r e s h  gas feed 
ra te  than a t  the  higher feed  r a t e s .  For example, dur ing  t h e  per iod between 600 
hours  and 800 hours  s t ream t i m e ,  a t  t h e  lower feed rate of  about  206 s c f h ,  the r a t e  
of d e a c t i v a t i o n  was 0.022 per  cent /mscf / lb .  a s  compared with a d e a c t i v a t i o n  r a t e  of 
0.143 per  cent /mscf / lb .  f o r  the per iod between 100 hours and 400 hours  where the 
f r e s h  feed r a t e  was about 386 scfh.  
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I 

The cold gas r e c y c l e  r a t i o  va lues  shown i n  f i g u r e  4 are metered values  and a r e  
more c o n s i s t e n t  than  the  hot  gas r e c y c l e  and t o t a l  gas r e c y c l e  r a t i o  va lues  which, 
as explained e a r l i e r ,  were c a l c u l a t e d  from gas ana lyses .  Although the  c a l c u l a t e d  
t o t a l  recyc le  gas flow r a t e  was errat ic ,  the c a t a l y s t  bed temperatures  were uniform 
and e a s i l y  c o n t r o l l e d  by vary ing  t h e  r e c y c l e  r a t e  and i t s  temperature  l e v e l .  The 
uni formi ty  of the  c a t a l y s t  bed temperature ,  as shown by f i g u r e  4 ,  i n d i c a t e s  t h a t  t h e  
a c t u a l  recyc le  rate was much more uniform than i n d i c a t e d  by the c a l c u l a t e d  values .  
The d a t a  p l o t t e d  i n  f i g u r e s  4 and 5, i n d i c a t e  t h a t  between the stream time of 260 
hours and 460 hours ,  r a i s i n g  t h e  maximum temperature  of the  c a t a l y s t  bed from 350° C 
t o  410' C d id  n o t  s i g n i f i c a n t l y  change the  t rend  of i n c r e a s i n g  carbon monoxide con- 
c e n t r a t i o n  i n  product  gas. However, t h i s  t rend i n  carbon monoxide concent ra t ion  vas 
reversed  dur ing  the subsequent per iod between 467 and 539 hours when t h e  carbon mono- 
x i d e  concent ra t ion  i n  the product gas decreased from 2.0 to  1.7 per  c e n t  (dry). This  
decrease  i n  carbon monoxide concent ra t ion  is a t t r i b u t e d  mainly t o  the  r a t i o  of t o t a l  
r e c y c l e  gas to a f r e s h  gas  be ing  decreased from about  2 O : l  to  about  8:l with an  a t t e n -  
dant  increase  i n  res idence  time. The decrease  i n  t o t a l  recyc le  r a t i o  was achieved by 
reducing the h o t  gas recyc le  r a t i o  t o  about  5:l while  l e a v i n g  the  cold gas r e c y c l e  
r a t i o  cons tan t  a t  3:l. The water  vapor c o n c e n t r a t i o n  i n  the mixed feed t o  t h e  r e a c t o r  
correspondingly was decreased s l i g h t l y  from 5.5 p e r  c e n t  t o  3.7 per  c e n t  and t h e  re- 
s u l t i n g  temperature spread a c r o s s  the c a t a l y s t  bed increased  from about  51' C t o  112'C.  
Table 3 shows t h e  w e t  ana lyses  of t h e  product  gas dur ing  opera t ion  with the lower r e -  
cyc le  r a t i o  of 8:l  a t  539 hours  s t ream time. 

A f t e r  experiment HGR-12 was ended, samples of  the  spent  c a t a l y s t  were taken from 
var ious  l o c a t i o n s  i n  t h e  bed, and s u r f a c e  a r e a s  (B.E.T.), pore volumes and d i s t r i b u -  
t i o n  of  pore r a d i i  were determined f o r  each sample. The r e s u l t s  a r e  shown i n  t a b l e  7 
as a func t ion  of d i s t a n c e  from the gas i n l e t  end of the  c a t a l y s t  bed. A d d i t i o n a l  
c a t a l y s t  information such as x-ray a n a l y s i s ,  chemical a n a l y s i s ,  and metal s u r f a c e  
area determined by chemisorbed hydrogen a r e  presented i n  t a b l e  8 f o r  spent  c a t a l y s t  
a t  t h e  gas i n l e t  and o u t l e t .  The B.E.T. s u r f a c e  areas are about  one-ha13 t h a t  of 
f r e s h l y  a c t i v a t e d  Raney n i c k e l  where the s u r f a c e  a r e a  is  a s  high a s  64 m /gm. 

S p e c i a l  c a t a l y s t  a c t i v i t i e s  expressed as per  c e n t  CO converted t o  methane were 
determined i n  a thermogravimetr ic  a n a l y z e r  f o r  samples of spent  c a t a l y s t  taken a t  0,  
6, and 60 inches from the gas i n l e t ;  corresponding CO conversions were 0.0, 0.9, and 
18 per  cent .  The c a t a l y s t  n e a r e s t  the gas outlet--when compared with c a t a l y s t  a t  the 
gas  inlet--was the  most active and had t h e  lowest  carbon content ,  the  l a r g e r  pore 
r a d i i  with 96 p e r  c e n t  of i ts  pore volume having r a d i i  g r e a t e r  than 60 A ,  the  lowest  
B.E.T. sur face  a r e a  (19.5 m2/gm) and t h e  l a r g e s t  f r e e  metal  s u r f a c e  (4.9 m 2 / p ) .  
These observa t ions  are a l l  c o n s i s t a n t  i f  one assumes t h a t  the combination of f i n e r  
pore s t r u c t u r e  and h igher  B.E.T. s u r f a c e  area found a t  t h e  gas i n l e t  s i d e  of the  bed 
i s  i n d i c a t i v e  of a higher  carbon concent ra t ion  and t h a t  t h e  n i c k e l  pore  r a d i i  a r e  
l a r g e r  than t h a t  of the amorphous carbop depos i t .  

Experiment HGR-13 

I n  experiment HGR-13, a two f o o t  bed of commercial c a t a l y s t  was tested a s  a 
packed bed of 1/4 inch  p e l l e t s .  (See t a b l e  1 f o r  bed p r o p e r t i e s ) .  This  test was 
made f o r  comparison with a s i m i l a r  t e s t  (HGR-14) u s i n g  a c a t a l y s t  bed of p a r a l l e l  
p l a t e s  sprayed with Raney n icke l .  The experiment a l s o  was t o  show the  e f f e c t  of 
vary ing  the f r e s h  feed r a t e  from a space v e l o c i t y  of  2000 t o  3000 hours  - I twhere 
space v e l o c i t y  i s  based on s c f h  of gas a t  1 a t m  and 32O F per  cubic  f o o t  of c a t a -  
l y s  t bed. 

Major process  condi t ions  f o r  experiment HGR-13 are p l o t t e d  a g a i n s t  s t ream time 
i n  f i g u r e  6. The total  r e c y c l e  r a t i o  was he ld  r e l a t i v e l y  cons tan t  a t  about  1 O : l  
r e s u l t i n g  i n  a cons tan t  tempera ture- r i se  of about  100' C a c r o s s  the  c a t a l y s t  bed 
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(300° C at t h e  i n l e t  and 4000 C maximum). 
r e c y c l e  r a t i o  w a s  var ied between the v a l u e  of 8:l and 1:l. 
a t  1368 hours. , 

Near t h e  end of the  experiment, the cold 
The experiment was ended 

As shown i n  f i g u r e  7 ,  the carbon monoxide concent ra t ion  i n  the dry  product  gas 
ranged from about0.02 p e r  c e n t  a t  the  start t o  1.2 per  c e n t  a t  840 hours, and de-  
c reased  toO.88 p e r  cent  a t  1368 hours ,  a t  the end of the run. The t o t a l  methane 
produced per  Ib .  of c a t a l y s t  was about  11.5 mscf/ lb .  
ranged from 885 t o  about 960 Btu/scf .  

Heat ing va lue  of the  product  

The o v e r a l l  d e a c t i v a t i o n  r a t e  expressed  as  per  c e n t  carbon monoxide i n c r e a s e  
per  mscf methane produced p e r  pound of  c a t a l y s t  was about  0.076. During t h e  course  
of  t h e  experiment ,  a s  the  f r e s h  gas ra te  was var ied  from about 210 s c f h  t o  320 s c f h  
and f i n a l l y  back t o  210 s c f h ,  d e a c t i v a t i o n  rates corresponding t o  those feed rates 
were 0.014, 0.222 and 0.079. Thus, the d e a c t i v a t i o n  r a t e  was increased i r r e v e r s i b l y  
by i n c r e a s i n g  t h e  f resh  gas rate. 

Typica l  opera t ing  d a t a  from s e l e c t e d  per iods  i n  experiment HGR-13 a r e  presented 
i n  t a b l e  4. Per iod 6 ,  168 hours  stream t ime,  i s  t y p i c a l  of condi t ions  a t  the i n i t i a l  
p a r t  of the  experiment while  per iod 54 is  r e p r e s e n t a t i v e  of condi t ions  a t  the end 
of  t h e  experiment. 
change i n  performance occurred over tha t  span of  336 hours  o f  o p e r a t i o n ;  f o r  example, 
the decrease  i n  conversion of (CO + H2) i n  the  f r e s h  feed gas  was very s l i g h t ,  d e -  
c r e a s i n g  from 98.0 per c e n t  t o  97.9 p e r  cent .  Comparison of  per iod 20 with per iod 22, 
shows t y p i c a l  e f f e c t s  of i n c r e a s i n g  t h e  f r e s h  feed r a t e  from a space v e l o c i t y  of  2110 
h r - 1  t o  3020 h r  -1. Conversion o f  H2 + CO i n  the f r e s h  feed ,  f o r  example, dropped 
from 97.9 per  c e n t  t o  97.1 per  cent .  
formance which may be a t t r i b u t e d  t o  cont inued opera t ion  a t  t h e  higher  f r e s h  feed r a t e  
of 320 s c f h  o r  space v e l o c i t y  o f  3120 hr-1.  

Comparison o f  per iod  20 wi th  per iod 6 i n d i c a t e s  t h a t  very  l i t t l e  

Data i n  per iod 34 shows a f u r t h e r  drop  i n  p e r -  

A f t e r  t h e  f r e s h  feed r a t e  was r e t u r n e d  t o  the lower r a t e  of 211 s c f h ,  a compari- 
son o f  carbon monoxide i n  the  product  gas i n  per iod 37 (0.4 per  c e n t )  wi th  t h a t  i n  
per iod  20 (0.1 p e r  cent)  shows t h a t  t h e  c a t a l y s t  had d e f i n i t e l y  l o s t  a c t i v i t y  w i t h  
time. However, t h i s  a c t i v i t y  loss  i s  n o t  e v i d e n t  i n  che r e s p e c t i v e  h e a t i n g  values  
of  933 and 926 Btu /scf ,  f o r  per iods  37 and 20 because the  product  gas i n  per iod 37 
was less d i l u t e d  with excess  hydrogen than  was the product gas i n  per iod 20. This  
i s  confirmed by the H2/CO i n  the  f r e s h  feed g a s ;  H2/CO=3.01 f o r  per iod 37 and 3.24 
f o r  per iod 20. 

X-ray d e f r a c t i o n  a n a l y s i s  of  the s p e n t  c a t a l y s t  presented i n  t a b l e  8 show the  
n i c k e l  t o  be p r e s e n t  only i n  t h e  m e t a l l i c  s t a t e .  Chemical ana lyses  a l s o  presented 
i n  t a b l e  8 i n d i c a t e  very l i t t l e  d i f f e r e n c e  i n  composition of c a t a l y s t  a t  the  gas i n -  
l e t  and a t  t h e  gas o u t l e t .  

Experiment HGR-14 

The r e a c t o r  was packed wi th  2 f e e t  of p a r a l l e l  p l a t e s  sprayed with Raney n i c k e l  
as descr ibed  i n  t a b l e  1. Spraying and a c t i v a t i o n  of the c a t a l y s t  was the same as d e -  
s c r i b e d  under ca ta lys t  prepara t ion .  Opera t ing  condi t ions  were maintained p r a c t i c a l l y  
the  same a s  they  were for experiment HGR-13, except  f o r  the p e r i o d i c  changes i n  the 
cold gas r e c y c l e  r a t i o .  Figure 8 shows r e a c t o r  condi t ions  i n  experiment HGR-14 a s  a 
f u n c t i o n  of t i m e  o n  stream and f i g u r e  9 p r e s e n t s  t h e  r e s u l t i n g  carbon monoxide con- 
c e n t r a t i o n ,  h e a t i n g  va lues ,  and methane produced per  pound o f  c a t a l y s t .  

A t  t h e  start of the experiment ,  t h e  carbon monoxide concent ra t ion  i n  the  product  

A t  the  end of the  e x p e r i -  
gas was very  low, l e s s  than 0.01 per  c e n t .  The unusual ly  high value (0.71 per  c e n t )  
shown a t  186 hours  s t ream time i s  due t o  a n a l y t i c a l  e r r o r .  
ment, a f t e r  2307 hours s t ream t i m e ,  carbon monoxide i n  t h e  product  gas had increased 
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t o  0.93 per cen t  (dry b a s i s )  and t o t a l  methane produced per pound of c a t a l y s t  was 
32 mscf/lb. 

The average c a t a l y s t  deac t iva t ion  r a t e  over the e n t i r e  experimedt was 0.0291 
per cent /mscf / lb .  
a f r e s h  feed space v e l o c i t y  of about  2090 hr ' l  (216 s c f h )  was very low a t  0.0017 per 
cen t /msc f / lb . ;  from about 500 hours to 841 hours a t  about  2990 h r - l  space v e l o c i t y ,  
t he  rate of deac t iva t ion  increased  t o  0.040 per  cent /mscf / lb .  C a t a l y s t  deac t iva t ion  
r a t e s  dur ing  HGR-14 are shown below f o r  var ious  ope ra t ing  per iods  and f r e sh  feed 
space v e l o c i t i e s :  

Nomina 1 
Fresh Feed Stream Period ,hrs  C a t a l y s t  Deac t iva t ion  
Space Velocitv.hrs-1 - From - To Rate ,  per cent /mscf / lb  

The r a t e  of deac t iva t ion  du r ing  t h e  i n i t i a l  462 hours ope ra t ion  a t  

2000 
3000 
2000 
2000 
2000 

0 
46 2 
841 

1058 
1760 

462 
841 

1058 
1760 
2180 

0.00166 
0.0396 
0.0027 
0.0187 
0.0821 

As noted previous ly  i n  experiment HGR-13, t he  deac t iva t ion  r a t e  increased s i g n i f i -  
c a n t l y  when the  f r e s h  feed space v e l o c i t y  was increased  from 2000 hr-'  t o  3000 hr ' l .  
During t h e  period 841 to  1058 h r s . ,  the  f r e s h  feed space v e l o c i t y  was re turned  t o  
2000 h r - l  and t h e  co ld  gas r ecyc le  r a t i o  was increased  from about  3: l  t o  about  9:l 
t o  g ive  a low deac t iva t ion  r a t e  of 0.0027 per  cent /mscf / lb .  When the  cold r ecyc le  
r a t i o  was re turned  t o  about 3 : l  i n  the period 1058 t o  1760 h r s . ,  the r a t e  of cata- 
l y s t  deac t iva t ion  was increased  t o  0.0187 per cent /mscf / lb .  A f t e r  1760 hours ,  t he  
u n i t  w a s  shut-down and put i n  standby cond i t ion  under a hydrogen atmosphere. 
t he  u n i t  w a s  r e s t a r t e d ,  the deac t iva t ion  rate had increased  g r e a t l y  to 0.0821 per  
cent/mscf/lb.  , i n d i c a t i n g  t h a t  t h e  inc rease  i n  deac t iva t ion  r a t e  w a s  a s soc ia t ed  
with t h i s  p a r t i c u l a r  shutdown. The f a c t  t h a t  t h i s  experiment previously had under- 
gone th ree  unscheduled shutdowns a t  215,  798, and 894 hours with no adverse e f f e c t  
on performance, i n d i c a t e s  t h a t  some unknown f a c t o r  unique t o  t h e  1760 hour shutdown 
was re spons ib l e  f o r  the subsequent rap id  dec l ine  i n  a c t i v i t y .  

A f t e r  

The ope ra t ing  da ta  shown i n  t a b l e  5 were s e l e c t e d  t o  provide  more d e t a i l e d  i n -  
formation on poin ts  of s p e c i a l  i n t e r e s t  i n  t h e  experiment as fo l lows:  

Period 4.. . . . , . . . . . r ep resen t s  performance a t  2000 h r - I  f r e s h  gas space ve loc i ty  
and 3 : l  cold recyc le  when the c a t a l y s t  i s  fresh.  

Period 15.. . . . . . . . . . r ep resen t s  performance a t  2000 h r - l  space v e l o c i t y  before 
changes t o  3000 h r - l .  

Periods 17 and 2 6 . .  . r ep resen t  the beginning and end of the 3000 h r - l  space 

Period 34.. . . . . . . . . . r ep resen t s  opera t ion  a t  2000 h r - I  space v e l o c i t y  and a 

v e l o c i t y  opera t i o n .  

high va lue  of the co ld  gas r ecyc le  r a t i o  (9 .59: l ) .  

Periods 37 and 62 ... represent  the beginning and end of an ope ra t ing  period l a t e r  
i n  the experiment wi th  2000 h r - I  space v e l o c i t y  and 3 : l  cold 
r ecyc le  r a t i o .  

Periods 62 and 64 . . . p  rov ide  f u r t h e r  comparison of the e f f e c t  of increas ing  the  
cold r ecyc le  r a t i o  from 3 : l  t o  1O:l. 

Period 76 .....,..... r ep resen t s  performance a f t e r  a long  period of opera t ion ,  2207 hours. 
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X-ray a n a l y s i s  of t h e  s p e n t  c a t a l y s t  ( t a b l e  8) showed m e t a l l i c  n i c k e l  and 
n i c k e l  ca rb ide ,  N i 3 C ,  i n  c a t a l y s t  near  the gas  i n l e t  and o n l y  m e t a l l i c  n i c k e l  i n  
c a t a l y s t  nea r  t h e  gas o u t l e t .  

DISCUSSION OF RESULTS 

Operab i l i t y  

A l l  f o u r  s e r i e s  of experiments have proven t h a t  t h e  ho t  gas  r ecyc le  methana- 
t i o n  system i s  a usable and operable  system. With a t o t a l  gas r ecyc le  r a t i o  of 
about  1O:l and wi th  CO concen t r a t ions  as h igh  as 4.3 per c e n t  ( w e t  b a s i s )  i n  the  
mixed feed  e n t e r i n g  the c a t a l y s t  bed, temperature con t ro l  was  e x c e l l e n t ;  no hot  
s p o t s  developed. It appears l i k e l y  t h a t  lower r ecyc le  r a t i o s ,  a l though i t  i s  n o t  
known how much lower, could be used success fu l ly  wi th  an  a t t e n d a n t  i n c r e a s e  i n  
i n l e t  CO concent ra t ion  and an  inc rease  i n  temperature r i s e  ac ross  the  bed. Fur ther  
t e s t i n g  i s  requi red  t o  determine t h e  l i m i t  i n  decreas ing  t h e  t o t a l  r ecyc le  r a t i o  
and the  e f f e c t  o f  such a dec rease  on the  c a t a l y s t  l i f e ,  

Flame Sprayed Raney Nickel P l a t e s  vs 
P e l l e t s  of Prec ipa ted  C a t a l y s t  i n  a Packed Bed 

Resu l t s  of experiment HGR-13 and HGR-14 have shown t h a t  t h e  performance of t he  
p l a t e s  sprayed wi th  Raney n i c k e l  c a t a l y s t  was s i g n i f i c a n t l y  b e t t e r  than t h a t  of t h e  
p r e c i p i t a t e d  n i c k e l  c a t a l y s t  p e l l e t s .  
yielded the  h igher  production of  methane per pound of c a t a l y s t ,  the  longer  c a t a l y s e  
l i f e  o r  lower r a t e  of  d e a c t i v a t i o n ,  the  lower carbon monoxide concen t r a t ion  i n  the  
product gas ,  and the  lower p re s su re  drop a c r o s s  the  c a t a l y s t  bed. 

The sprayed p l a t e s  were b e t t e r  in that  t h e  

One of the  reasons f o r  deve loping  the  p a r a l l e l  p l a t e  c a t a l y s t  was t o  reduce the 
p re s su re  drop  ac ross  the c a t a l y s t  bed and consequently reduce power c o s t s  f o r  c i r c u -  
l a t i n g  the  r ecyc le  gas. P re s su re  drop measurements across  the  2 f o o t  long  c a t a l y s t  
beds a r e  l i s ted  below: 

Nominal Space Veloc i ty ,  hr-' Exp. HGR-14 Exp. HGR-13 
Pressure  Drop Inches Water 

Fresh  Feed To ta l  Feed ( P a r a l l e l  p l a t e s )  (1 /4 "  p e l l e t s )  

2000 22,000 
3000 33,000 

2.0 
2.7 

28 
49 

The above da ta  show tha t  t he  p re s su re  drop ac ross  the  p a r a l l e l  p l a t e s  i s  i n  the  
o rde r  of 1/15th t h a t  across  the  bed of p e l l e t e d  c a t a l y s t .  

The bed of p a r a l l e l  p l a t e s  coated wi th  Raney n i c k e l  c a t a l y s t  was much more 
r e a c t i v e  than the  bed of prec ip i ta ted  n i c k e l . T h i s  was shown by the  gene ra l ly  lower 
carbon monoxide concent ra t ion  i n  t h e  product gas du r ing  opera t ion  with t h e  p a r a l l e l  
p l a t e  bed; f o r  example, a f t e r  about  450 hours stream time, carbon monoxide i n  the 
product was 0.01 per cent fo r  t he  bed of sprayed Raney n i cke l  (HGR 14) and 0.05 
per c e n t  f o r  t h e  bed of p r e c i p i t a t e d  n i cke l  c a t a l y s t  (HGR 13). 

The h igher  r e a c t i v i t y  of t he  p l a t e s  coated w i t h  Raney n i c k e l  is  f u r t h e r  i l l u s -  
t r a t e d  by the  p l o t s  of c a t a l y s t  temperature vs  bed l eng th  shown i n  f i g u r e  10. 
maximum bed temperature ( i n d i c a t i n g  near  completion of  methanation) i s  c o n s i s t e n t l y  
reached wi th in  a sho r t e r  d i s t a n c e  from the  gas  i n l e t  and the  s lope  of the  curves a r e  
correspondingly s t eepe r  f o r  t he  more r e a c t i v e  bed of p a r a l l e l  p l a t e s  coated with 
Raney n i c k e l  than  fo r  the  bed of p r e c i p i t a t e d  n icke l .  

The 
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The i n i t i a l  r e a c t i v i t i e s  of the  c a t a l y s t  beds i n  experiments HGR-13 and 14 are 
considered t o  be s a t i s f a c t o r i l y  h igh;  however, t he  o v e r a l l  rate of deac t iva t ion  of 
the  bed of Raney n i cke l  c a t a l y s t  (0.029 pe r  cent /mscf / lb)  was much lower than t h a t  
of t h e  p r e c i p i t a t e d  c a t a l y s t  (0.076 per cent /mscf / lb) .  Th i s ,  consequently,  has r e -  
s u l t e d  i n  a longer  c a t a l y s t  l i f e  (2307 vs 1368 hours) and a h ighe r  y i e l d  of methane 
per pound of c a t a l y s t  (32.0 vs 11.5 mscf/lb) f o r  t h e  Raney n i c k e l  c a t a l y s t  over t h a t  
f o r  t h e  p r e c i p i t a t e d  n i c k e l  c a t a l y s t .  

Other p r e c i p i t a t e d  n i cke l  c a t a l y s t s  have been developed r e c e n t l y  t h a t  r epu ted ly  
are s u p e r i o r  t o  t h a t  used i n  experiment HGR-13. These c a t a l y s t s  w i l l  be evaluated i n  
t h e  nea r  f u t u r e ,  as w e l l  as o the r  forms o f  Raney n icke l .  

E f f e c t s  of Cold Gas Recycle and Approach t o  Equi l ibr ium 

Product gases r e s u l t i n g  from var ious  cold r ecyc le  r a t i o s  a r e  shown i n  t a b l e  9. 
For t h e  experiments shown, a decrease i n  the  co ld  r ecyc le  r a t i o  r e su l t ed  c o n s i s t e n t l y  
i n  a n  inc rease  i n  concent ra t ion  i n  the  product gas of water vapor,  hydrogen, and car- 
bon d ioxide  and a decrease  i n  methane. 
as t h e  co ld  r ecyc le  r a t i o  decreased from 8.7:l  t o  1.2:1, i n  experiment HGR-13 as 
the  co ld  recyc le  r a t i o  increased  from 1 . O : l  t o  9.1:l,and i n  experiment HGR-14 as the  
cold gas recyc le  . r a t i o  decreased from 3.0:l t o  1 . O : l .  The above-mentioned t r ends  
i n d i c a t e  t h a t  t he  water gas s h i f t  r e a c t i o n  CO +H20 
some degree. Except f o r  t h e  462 hour period of experiment HGR-14, t he  apparent  mass 
a c t i o n  cons tan ts  f o r  the  water gas s h i f t  r e a c t i o n  based on the  product gas composi- 
t i ons  shown i n  t a b l e  9 remained f a i r l y  cons tan t  and ranged between 0.57 and 1.6. 
These va lues  are much lower than the  va lue  of  11.7 f o r  equ i l ib r ium conversion a t  
400' C. 
t he  s h i f t  r e a c t i o n  was 0.075, which r ep resen t s  a much g r e a t e r  depar ture  from e q u i l i -  
brium than t h a t  encountered i n  the  o t h e r  per iods  shown i n  t a b l e  9. 'Ihe apparent  mass 
a c t i o n  cons tan t  f o r  t he  methanation r eac t ion  3H2 + CO 
experiment HGR-14 was 2650 which was a much c l o s e r  approach t o  the  400' C equ i l ib r ium 
va lue  of  1.7 x lo4 than was achieved by the  o t h e r  test  pe r iods  shown i n  t a b l e  9. This  
g r e a t e r  dominance by the  methanation r e a c t i o n  while the c a t a l y s t  i s  s t i l l  r e l a t i v e l y  
f r e sh  probably caused the  g r e a t e r  depa r tu re  f r o m  equi l ibr ium observed i n  the  s h i f t  
r e a c t i o n  dur ing  t h e  e a r l y  p a r t  of t he  experiment, a t  t h e  462 hour period. 

These t r ends  may be noted i n  experiment HGR-12 

-+ C02 + H2 w a s  sus t a ined  t o  

A t  462 hours  i n  experiment HGR-14, t h e  apparent  mass a c t i o n  cons tan t  f o r  

-+ CH4 + H20 a t  462 hours i n  

C a t a l y s t  Deac t iva t ion  

I n  t h i s  s e r i e s  of ho t  gas r ecyc le  experiments,  the  s u l f u r  conten t  i n  t h e  feed  
gas w a s  he ld  very  low, gene ra l ly  less than 0 .1  ppm. C a t a l y s t  deac t iva t ion  caused by 
s u l f u r  poisoning i s ,  the re fo re ,  considered neg l ig ib l e .  On t h e  o t h e r  hand, the i r o n  
depos i ted  on the  c a t a l y s t  i n  experiments HGR-10 and t o  a lesser ex ten t  i n  experiments 
HGR-12 and 14, i s  suspected of promoting carbon formation and subsequent f o u l i n g  and 
deac t iva t ion  of t h e  c a t a l y s t .  
i n  t h e  recyc le  stream i n d i c a t i n g  the  presence of  i r o n  carbonyl.  I r o n  to n i cke l  r a t i o  
i n  t h e  f r e s h  Raney n i cke l  i s  about 2.4 Fe:lOOO N i ,  b u t  t h e  r a t i o s  are s i g n i f i c a n t l y  
h igher  f o r  t h e  spen t  Raney n i cke l  c a t a l y s t .  Based on ana lyses  shown i n  t a b l e  8 ,  
Fe:Ni r a t i o s  f o r  t he  spen t  Raney n i cke l  c a t a l y s t s  of  experiments HGR-12 and 14 ranged 
from 5.2 Fe:1000 N i  t o  14.8 Fe:1000 N i  with t h e  h ighe r  i r o n  concen t r a t ions  gene ra l ly  

I ron  concent ra t ions  of  5 mg/mscf have been determined 

r e s u l t i n g  i n  g r e a t e r  carbon depos i t ion .  The same t r end  was observed i n  experiment 
HGR-10. 

Nickel ca rb ide  was de tec ted  on the  c a t a l y s t  i n  experiment HGR-14 and i s  ano the r  
compound suspected of  deac t iva t ing  Raney n i cke l  c a t a l y s t .  However, inasmuch as t h e  
shutdown involved purging with hydrogen whi le  t h e  c a t a l y s t  was h o t ,  t he  presence of 
n i c k e l  carb ide  is  con t r a ry  t o  S t e f f g e n ' s  (3J f ind ings  on a TGA appara tus  t h a t  n i c k e l  
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c a r b i d e  i s  n o t  s tab le  under hydrogen at temperatures above 280° C. 
on n i c k e l  ca rb ide  formation i s  needed. 

The metal su r f ace  a rea  a t  the  i n l e t  end of t h e  c a t a l y s t  bed of experiment HGR-12 

More informat ion  

be ing  smaller than a t  the  o u t l e t  end ind ica t e s  t h a t  a decrease  i n  n i cke l  metal s i t e s  
is p a r t  of the deac t iva t ion  process .  S i n t e r i n g  of the n i cke l  is  one poss ib l e  mecha- 
nism, b u t  carbon and carb ide  formation a r e  suspected major causes ,  The loss of a c t i v e  
Raney n i c k e l  s i t e s  could a l s o  conceivably r e s u l t  from d i f fus ion  and subsequent a l l o y -  
i n g  of r e s i d u a l  f r e e  aluminum from unleached c a t a l y s t  with t h e  f r e e  n i cke l  t o  form an 
i n a c t i v e  ma te r i a l .  

A s  a l r eady  noted i n  the experimental  r e s u l t s  o f  experiments HGR-12, 13, and 14,  
t he  r a t i o  of c a t a l y s t  deac t iva t ion  increased  a s  t h e  f r e s h  gas feed r a t e  increased. 
It  is p o s s i b l e  t h a t  h igher  r a t e s  of carbon depos i t i on  and metal s i n t e r i n g  occur a t  
t h e  h ighe r  feed r a t e s  t o  r e s u l t  i n  h igher  deac t iva t ion  r a t e s .  

I n  comparing c a t a l y s t  performance i n  an  a d i a b a t i c  ho t  gas r ecyc le  r e a c t o r  vs an 
i so the rma l  tube-wall  r eac to r ,  the c a t a l y s t  i n  the tube-wall r e a c t o r  i n  experiment 
TWR-6 deac t iva t ed  much slower than d i d  t he  c a t a l y s t  i n  the b e s t  gas r ecyc le  t e s t ,  
HGR-14, (0.009 vs 0.0291 per cen t /msc f / lb )  and produced much more methane per  pound 
o f  c a t a l y s t  (177 mscf / lb  vs 32 mscf / lb) .  
a methanation c a t a l y s t  between 300 and 400' C i s  not  as e f f i c i e n t  as ope ra t ing  i s o -  
thermal ly  a t  a h ighe r  temperature l e v e l  of about 400° C. 

This i n d i c a t e s  t h a t  a d i a b a t i c  opera t ion  of 

Another f a c t o r  t h a t  may account f o r  the r e l a t i v e l y  h igher  r a t e  of deac t iva t ion  
f o r  t h e  ho t  gas r ecyc le  r e a c t o r  system is the entrainment of o i l  vapors from the hot  
r e c y c l e  gas compressor i n t o  the c a t a l y s t  bed. Evidence of t h i s  occurrence was shown 
by t r a c e s  of heavy oil co l l ec t ed  downstream of t h e  hot  gas recyc le  r eac to r .  
vapors would tend to  decompose thermal ly  and subsequently fou l  t h e  c a t a l y s t  s u r f a c e  
with carbon. I n  fu tu re  hot  gas r e c y c l e  t e s t s ,  e f f o r t s  w i l l  be made t o  e l imina te  t h e  
depos i t i on  of o i l  on the c a t a l y s t  bed. 

Such o i l  
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TABLE 6. IRON AND CARBON CONTENT OF RANFl NICKEL CATALYST GRIDS 

APTER EXPERIMENT HGR-10 

B 

C 

D 

E 

F 

G 

H 

I 

To& 

Weight Percent 
C - Fe - 

22.0 13.4 

17.2 9.1 

3.5 3.9 

2.7 3.3 

2.0 2.5 

2.1 2.0 

'.9 1.5 

.8 1.6 

.8 1.6 

.8 1.9 

lf GAS I N  
2f GAS OUT 
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TABLE 7 .  SURFACE AREAS, PORE VOUIMES, AND PaRE RADII 

OF SPENT RANEX NICKEL CATAIXST 

EXPERIbCWT IGR-12 

DISTANCE B. E.  T . AV. FORE 
FROM GAS SURFACE FORE VOL. m m  PORE VOLUME WITH THE 

INLET, =, RABIrnS, FOLUNING RADII 
INCHES m2/pm A - a n 3  4 s  30-4d 40-5091 p - 6 d  >601 

0 34.7 47.1 0.083 19.7 11.9 10.8 10.0 47.6 

18 31.7 90.6 .146 8.8 6.2 4.9 6.4 73.6 

P 34.4 58.6 -101 15.7 9.2 11.6 9.5 54.0 

36 32.9 82.0 .135 10.4 7.4 8.0 6.0 68.2 

118 24.2 139.0 .168 .5 3.7 I 7.5 4.7 83.6 

60 19-5 109.5 .lo7 0 0 0 4 96.0 

c 



m 
U 
In 
2. 4 

m U 

m 
0 

C 
.rl 
U 
m 
m c 
U 

2 
U 
C 

B ro 

w 
0 
v) 

a, 
.rl U 

$4 
a, 
0 

P4 

31 

m N O 0 4  

N 0 0  
v; I u;N.“.d 

0 
VI 

m 
3 

I 

p1 ro 

24 
I 

m 
w 
;;1 
d 

h 

In 

.rl 
V 
a 
$4 

a, 
E 
4 
0 

In 

m 
.A 
m 
h 4 

m 
m 

a, 
O n  m c  

r r a ,  $ 4 M  
3 0  
m N  

V 
r l h  
m c  U 

4 

N m 

a, 

0 a 

a, 
$4 

0 a 
d 
m a 

m 
u4 
$4 

VJ 

a, M 
m 
$4 a 
? 
4 

U 
C 

0 
a, 
P4 

h 

? 
x 



rn 
m 

U 
c) 
7 Q 
0 
e 

n 
C 

7 

a, rl 

0 

c) 

U 
Q 
rl 
0 

W 
0 

U 
c) 

W 
w 
W 

I 

a 
W 

a m m m  
o o r l o  
. . . .  

? ? ? ?  
m m m r l  

w m m a  
N W r l a  
. . . .  

rl 

? f ? N . ?  
r l v l r l m  

rl 

rlrl4-4 . . . . . . . , 
^ ? N O  . . .  
m m d m  

4 0  
00 
4 *  

? ?  
ar. 
4 

mr. r.Ln . .  

9’1 
r-m 

“9-f 

em. 

4Ln 

0 0  

00 

4 N  . .  
m m  
4 

9‘9 
2- 

w m  . .  
4 0  
4 

r l r l  

orl 
- 4 0 ,  

.. .. 
. .  

4 0  
N N  
N m  4 4  

m m  
rlrl 

&i x x  

32 



I 
'k 

Main 
reactor 

Hot Q 7  gas 
compressor 

I Condenser I Condenser 6 0 s  
meter High 

-Btu 
gas recycle 

Water 

Water stage 
reactor 

Figure I - Flowsheet of hot-gas recycle process 

L-I3 68 I 



34 

4- 
d 
a a a  tz 
w a r  JUU, 2- 
V O W  

0 

- 
I- L W  

> $ 2  

V 500. 
vi 
a 
3 450 L 

!3 a 
W a 
E 
W 
I- 
I- 
v) - 

Exp HGR-IO 
W 

350 1; 

300 - -  - 
s u 

Cold recycle rat io . 

3- 

Pressure = 300psii 
Fresh feed hr-' 

225 Fresh gas feed rate t ŵ  
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