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ABSTRACT 

This report represents a technical assessment of the following advanced 
coal gasification processes: 

o AVCO High Throughput Gasification (HTG) Process 
o Bell Single - Stage High Mass Flux (HMF) Process 
o Cities ~ervice/~ockwell (CS/R) Hydrogasification Process 
o Exxon Catalytic Coal Gasification (CCG) Process 

Each process is evaluated for its potential to produce SNG from a 
bituminous coal. In addition to identifying the new technology these processes 
represent, key similarities/differences, strengths/weaknesses, and potential 
improvements to each process are identified. The AVCO HTG and the Bell HMF 
gasifiers share similarities with respect to: short residence time (SRT), high 
throughput rate, slagging and syngas as the initial raw product gas. The CS/R 
Hydrogasifier is also SRT but is non-slagging and produces a raw gas high in 
methane content. The Exxon CCG gasifier is a long residence time, catalytic, 
fluidbed reactor producing all of the raw product methane in the gasifier, The 
report makes the followfng assessments: 

I )  while each process has significant potential as coal 
gasifiers, the CS/R and Exxon processes are better suited for SNG 
production ; 

2) the Exxon process is the closest to a commercial level for near-term 
SNG production; and 

3) the SRT processes require significant development tncluding scale-up 
and turndown demonstration, char processing and/or utilization 
demonstration, and reactor control and safety features development. 
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SECTION I 

OVERVIEW AND ASSESSMENTS 

1.0 INTRODUCTION 

1.1 Or ig in  

This  r e p o r t  was w r i t t e n  at the  J e t  Propulsion Laboratory under an 

Interagency Agreement wi th  NASA and t h e  Department of Energy. The p r o j e c t  had 

i t s  o r i g i n  a t  DOE Headquarters,  Of f i ce  of Coal Conversion and w a s  t r a n s f e r r e d  t o  

t h e  Morgantown Energy Technology Center f o r  implementation. 

1.2 Purpose of Assessment 

The product ion of SNG from c o a l  is  an a t t r a c t i v e  way of u t i l i z i n g  coa l  i n  

an  environmentally acceptab le  way t o  produce a product which i b  t o t a l l y  

in te rchangeable  i n  today 's  energy market. However, today t h e r e  a r e  no l a r g e  

coa l  g a s i f i c a t i o n  p l a n t s  producing SNG i n  t h e  United S t a t e s  a s  t h e  r e l a t i v e  

abundance and low p r i c e  of n a t u r a l  gas has made the  economic f e a s i b i l i t y  f o r  SNG 

p l a n t s  u n a t t r a c t i v e .  As t he  p r i c e  of n a t u r a l  gas i s  being deregula ted ,  and a s  

our  gas r e se rves  become deple ted  and gas becomes more expensive t o  recover ,  the  

product ion of SNG from c o a l  w i l l  become more a t t r a c t i v e .  Since the  c o a l  

g a s i f i c a t i o n  technology t h a t  is  commercially a v a i l a b l e  today has cons ide rab le  

p o t e n t i a l  f o r  improvement, research  and development of new g a s i f i c a t i o n  

processes  i s  underway t o  make c o a l  g a s i f i c a t i o n  more e f f i c i e n t ,  more economical, 

and more environmentally acceptab le  than the  o lde r  processes .  

The purpose of t h i s  s tudy i s  t o  provide a  t echn ica l  assessment of four  of 

these n e w  gasification processes. As  the research and development work on t h e s e  

processes  i s  proceeding, con t inua l  eva lua t ion  of t hese  emerging technologies  and 

t h e i r  p o t e n t i a l  f o r  commercial izat ion is requ i r ed .  This  s tudy should be  use- 

f u l  i n  planning and prepar ing  t h e  development programs i n  c o a l  g a s i f i c a t i o n .  

Two premises i nhe ren t  i n  t h i s  work a r e  pointed out  here  t o  a s s i s t  i n  t h e  

proper  a p p l i c a t i o n  of t h e  f ind ings :  



( a )  The assessment of t he  processes  does not  c o n s t i t u t e  a conlparison of 
t h e  processes  

An e f f o r t  was made t o  l i m i t  comparisons between processes  except where 

u s e f u l  t o  t h e  o v e r a l l  assessment and where comparisons could e a s i l y  be made. 

Each process  was assessed  s e p a r a t e l y  and is  r epor t ed  i n d i v i d u a l l y  i n  Sec t ions  

11, 111, I V  and V. Sec t ion  I, al though conta in ing  s e v e r a l  comparison t a b l e s ,  i s  

meant t o  s e rve  more a s  a summary o r  overview of t h e  processes  i n  a grouping 

r a t h e r  than a s  a comparison between processes .  

( b )  The assessment i s  a t e c h n i c a l  assessment 

Emphasis was placed on i d e n t i f y i n g  new technology and i t s  inhe ren t  

advantages and disadvantages.  Although the  most comprehensive barometer of a 

p roces s ' s  p o t e n t i a l  is  t h e  r equ i r ed  product  s e l l i n g  p r i c e  i n  d o l l a r s  per  MMBtu, 

t h e s e  numbers a r e  not repor ted  he re  s i n c e  economics have not  been developed on 

equa l  bases  between processes  and hence publ i sh ing  product p r i c e s  would i n v i t e  

u n f a i r  comparisons (however, economics were used t o  eva lua t e  p o t e n t i a l  

improvements t o  each process  on an incremental  b a s i s ) .  The assessment should be 

viewed a s  a t echn ica l  assessment of four  d i f f e r e n t  processes  a t  t h e i r  cu r r en t  

s t a g e  of development. 

1 . 3  Processes  Assessed 

Four processes  were chosen by DOE f o r  t echn ica l  assessment by JPL and a 

b r i e f  d e s c r i p t i o n  of t hese  processes  i s  given below: 

1.3.1 AVCO HTG (High Throughput Gasifier) Process:  

A two-stage en t r a ined  flow, s h o r t  res idence  time, s lagging  g a s i f i e r  

employing a r ap id  p y r o l y s i s  s t a g e  and a char  combustor s tage .  Coal, oxygen, and 

steam a r e  reac ted  t o  produce a syngas conta in ing  some methane. The process  i s  

being developed by AVCO Evere t t  Research Labora to r i e s ,  Inc. of E v e r e t t ,  

Massachussetts.  

1.3.2 B e l l  Single-Stage HMF (High Mass Flux)  Process: 

A s ing le-s tage ,  en t r a ined  flow, s h o r t  res idence  time, s l agg ing  

g a s i f i e r .  Coal, oxygen, and steam a r e  reac ted  t o  produce a syngas with very 



l i t t l e  methane. The process i s  being developed by the B e l l  Aerospace Textron 

Company of Buffalo, New York. 

1 . 3 . 3  CS/R ( C i t i e s  ~ervice /Rockwel l )  Hydrogasif icat ion Process: 

A s ingle-stage,  ent ra ined flow, s h o r t  res idence  time g a s i f i e r .  Coal 

and hydrogen a re  reacted t o  produce a raw product gas high in  methane. The 

process is being developed present ly  by t h e  Rockwell I n t e r n a t i o n a l  Corporation 

of Canoga Park, Cal i fornia  and C i t i e s  Service Corporation. 

1.3.4 Exxon CCG (Ca ta ly t i c  Coal ~ a s i f i c a t i o n )  Process: 

A s ingle-stage,  f lu id ized  bed, c a t a l y t i c  g a s i f i e r .  Coal impregnated 

with c a t a l y s t  and steam i n  the  presence of syngas a r e  reacted t o  produce methane 

and C02. The process i s  being developed by the  Exxon Corporation of Baytown, 

Texas. 

1.3.5 Stage of Development 

An a r b i t r a r y  c l a s s i f i c a t i o n  of three  s tages  of development can be 

made which c l a r i f i e s  why the four processes a r e  termed "advanced" o r  

"emerging" : 

Stage of 
Develo~ment 

Commercial 

Trans i t ion  

Years t o  Coal Gas i f i ca t ion  
Commercialization Processes 

Less than 5 

Advanced o r  Emerging More than 5 

Lurgi (d ry  bed) 
Koppers-Totzek 

Lurgi (s lagging)  
Shell-Koppers 
Texaco 

AVCO HTG 
Bel l  HMF 
CS/R Hydrogasificat ion 
Exxon CCG 

The term advanced i s  used t o  h igh l igh t  one or more of the  p o t e n t i a l  

advantageous fea tures  of the  new technology areas  t h a t  each process has compared 

t o  the  commercial o r  t r a n s i t i o n  processes as  follows: 



o Higher carbon conversion t o  methane during g a s i f i c a t i o n  

o  Higher o v e r a l l  thermal e f f i c i e n c y  

o  Shor te r  g a s i f i e r  res idence  time 

o Negl ig ib le  t a r s  or  undes i rab le  l i q u i d s  produced in  g a s i f i e r  

o  Improved coal  feeding and i n j e c t i o n  systems 

o E f f e c t i v e  c a t a l y t i c  g a s i f i c a t i o n  

o  Simpler o v e r a l l  processing scheme t o  produce SNG 

As the assessment progressed,  i t  became obvious t h a t  each process  

f u l f i l l e d  some of the  above f e a t u r e s  but  none f u l f i l l e d  a l l  of them. For 

example, t h e  AVCO HTG and B e l l  Single-Stage W processes  produce a  syngas wi th  

l i t t l e  methane ye t  they do g ive  higher  o v e r a l l  thermal e f f i c i e n c i e s ,  s h o r t e r  

res idence  t imes,  y i e l d  n e g l i g i b l e  t a r s ,  and include improved coal  feeding 

systems. I n  t he  case of the B e l l  Single-Stage HMF process ,  the  methane y i e l d  

from the  g a s i f i e r  and the  o v e r a l l  thermal e f f i c i e n c y  compared t o  the  o t h e r  

advanced processes  a r e  lower. By making such a  comparison, t he  B e l l  process  

could be discounted as  a  coa l  g a s i f i c a t i o n  process  (assuming c a o i t a l  c o s t s  f o r  

each a r e  s i m i l a r ) .  Again, t he  assessment l o s e s  much of i t s  value i f  comparisons 

a r e  seen a s  the  main t h r u s t  of t h i s  s tudy  r a t h e r  than the  t echn ica l  assessment 

a spec t .  I n  a s se s s ing  each ind iv idua l  process ,  r a t h e r  than comparing the  four  

processes ,  the  i nd iv idua l  m e r i t s  of t he  emerging technology with r e spec t  t o  

commercial o r  t r a n s i t i o n  coa l  g a s i f i e r s  can be h igh l igh ted .  It was recognized 

t h a t  t he  advanced processes  might have m e r i t s  t h a t  could be s y n e r g i s t i c a l l y  

combined or  t h a t  could be u t i l i z e d  i n  t he  commercial or  t r a n s i t i o n  processes  a s  

cos t - e f f ec t ive  improvements. 

1.3.6 SNG ve r sus  Syngas 

Although the assessment was i n i t i a t e d  by t a r g e t i n g  on g a s i f i c a t i o n  

processes  t o  produce SNG, it was recognized during the  course of the  s tudy t h a t  

a  d i s t i n c t i o n  should be made between good methane producers and good syngas 

producers .  However, t h e  f u r t h e r  development of good syngas gene ra to r s  should 

not  be overlooked s ince  it is expected t h a t  t he  syngas genera tors  w i l l  have a  

wider a p p l i c a t i o n  in  coa l  conversion than t h e  SNG gene ra to r s .  In  t h i s  r ega rd ,  

t h e  AVCO HTG and B e l l  Single-Stage HMF r e a c t o r s  a r e  c l a s s i f i e d  a s  good syngas 



generators and the CS/R Hydrogasification and Exxon CCG as good methane 

generators. 

1.4 Economic Incentives 

As mentioned above, this is a technical assessment and economic comparisons 

between the four processes are not made. However, it is worthwhile discussing 

the incentives for further developing these processes. These incentives are 

expressed as thermal efficiency and relative capital costs to the Lurgi 

(non-slagging) process as given below: 

Lurgi (dry bed) 

AVCO HTG 

CS/R Hydrogasification 
(No BTX yield) 

Coal to SNG (1) 

% Thermal Efficiency Relative Capital Cost 

55 1.0 

Coal to Med BTU Gas (2)  

% Thermal Efficiency Relative Capital Cost 

Lurgi (dry bed) 52% 1.0 

Bell Single-Stage HMF 76% 0.69 

The above numbers were taken from comparisons made in the literature; they 

do not represent a detailed engineering design and should be considered 

preliminary. They are used here only to show the potentially significant 

efficiency and capital cost improvements of the Bell, AVCO and CS/R processes 

over the Lurgi process (no such comparison for the Exxon CCG was available in 

the literature). 



2.0 STATEMENT OF WORK 

The objectives of this assessment are to review four advanced coal 

gasification processes (AVCO, Bell, Rockwell and Exxon) for the production of 

SNG and to: 

o Characterize and evaluate these new technologies 

o Identify key similarities/diEferences, strengths/ weaknesses, and 

potential improvements for each process. 

o Recommend activities for further development. 

This assessment is based on the following main elements included in the 

original scope of work: 

o Identify and characterize new technology items in each gasification 

process, 

o Evaluate new technologies in the framework of a conceptual system block 

flow diagram with material and heat balances projected to a commercial 

level producing SNG at a rate of 250 billion Btu/day. 

o Identify areas of potential improvements relative to the gasifier and 

the conceptual overall process 

o Identify key similarities and differences and essential strengths and 

weaknesses of each process. 

o Recommend activities for continued development. 

Included in this scope were visits, meetings and discussions with each 

developer to view facilities and to determine the current status of 

development. Investigating the status of development resulted in varying 

degrees of information on test results and the data upon which the developers' 

overall process concepts were based. In some cases a material balance and/or a 

complete process concept was not available. Much of the effort was involved in 

establishing these in conjunction with the developers before the analysis could 

proceed. 



3.0 SUMMARY 

3.1 General 

Four advanced coa l  g a s i f i c a t i o n  processes  were reviewed i n  t h i s  assessment.  

These included processes  based on t h e  AVCO HTG, the  B e l l  Single-Stage HMF 

G a s i f i e r ,  t h e  CS/R Hydrogas i f ica t ion  and t h e  Exxon CCG. The AVCO HTG and the  

B e l l  HMF g a s i f i e r s  sha re  s i m i l a r i t i e s  wi th  r e spec t  to:  s h o r t  res idence  t i m e  

(SRT), h igh  throughput r a t e ,  s lagging ,  and syngas as the  i n i t i a l  raw product 

gas. The CS/R Hydrogasif ier  is a l s o  sho r t  res idence  time but  i s  non-slagging, 

and produces raw gas  high i n  methane content .  The Exxon CCG g a s i f i e r  is  a long 

res idence  time c a t a l y t i c  f l u i d  bed r e a c t o r  producing a l l  of t h e  f i n a l  product 

methane i n  the  g a s i f i e r .  The Exxon CCG p roces s  is  the  only one of t h e  four  

which does not r e q u i r e  a s e p a r a t e  s h i f t  conver te r  o r  methanator. 

While both t h e  CS/R Hydrogas i f ica t ion  and the  Exxon CCG p roces ses  a r e  

considered t o  be methane producers,  they a r e  q u i t e  d i f f e r e n t  i n  g a s i f i e r  d e s i g n  

and subsequent processing s t eps .  The CS/R process  employs an SRT g a s i f i e r  i n  a 

hydrogen-rich environment t o  produce methane, while  t h e  Exxon CCG process  

g a s i f i e s  catalyst- impregnated c o a l  i n  a f l u i d  bed r e a c t o r  with steam i n  a syngas 

environment t o  produce methane. Due t o  t h e s e  d i f f e r e n c e s  i n  t h e  g a s i f i c a t i o n  

mechanism, t h e  CS/R process  needs a hydrogen p l a n t  and an  oxygen p l a n t  t o  

support  t h e  hydrogas i f i ca t ion  r e a c t i o n ,  whi le  t h e  Exxon CCG process  does not .  

Exxon CCG needs a c a t a l y s t  recovery p l a n t  t o  enhance the  economics of t he  

process.  

The above f e a t u r e s  a r e  h igh l igh ted  i n  Table 1-1 and compared t o  the  Lurg i  

and Texaco g a s i f i e r s .  The Exxon process  u t i l i z e s  K2C03 c a t a l y s t  e f f e c t i v e l y  

t o  g ive  the  h ighes t  carbon conversion t o  CH4 and subsequent ly t he  l e a s t  

complex gas processing scheme. However, t h e  s o l i d s  processing i s  probably t h e  

most complex of a l l  processes ,  inc luding  the  Lurgi  and Texaco processes ,  s i n c e  

c a t a l y s t  impregnation and recovery a r e  requi red .  The CS/R process  has a 

r e l a t i v e l y  high carbon conversion t o  CH4. However, i t s  o v e r a l l  thermal 

e f f i c i e n c y  while  higher  than t h e  Lurgi process ,  is  perhaps t h e  lowest  of t h e  

advanced g a s i f i c a t i o n  processes  which i s  r e f l e c t e d  by the  high complexity of i t s  

g a s / l i q u i d s  processing scheme. The CS/R a l s o  produces BTX l i q u i d s ,  a c lean  and 



va luab le  by-product ( i f  the  HHV of BTX i s  included,  the  thermal e f f i c i e n c y  

inc reases  t o  61%). The AVCO and Bell processes  a s  pointed out  above a r e  very  

s i m i l a r  ye t  the o v e r a l l  thermal e f f i c i e n c y  f o r  AVCO i s  s i g n i f i c a n t l y  higher  than 

any of t h e  processes.  

The AVCO and B e l l  processes  a r e  i n  an e a r l y  p i l o t  s t a g e  of g a s i f i e r  

t e s t i n g .  The CS/R process  is  i n  a p i l o t  and PDU s t age  and t h e  Exxon is  i n  a PDU 

stage.  The Exxon CCG i s  the  most advanced i n  development among the  four  

processes.  

More summary d e t a i l  r e l a t i v e  t o  the i n d i v i d u a l  processes  can be found i n  

t h e  Summary Sec t ion  of t he  r e spec t ive  process.  

The remainder of t h i s  Summary con ta ins  t he  fol lowing sub-sect ions:  

o A gene ra l  comparison of t h e  four  process  schemes. 

o A l i s t i n g  of key s i m i l a r i t i e s  and d i f f e r e n c e s  of the  four  processes .  

The next sub-section is t i t l e d  Assessments. This is comprised of 

recommendations and conclusions reached a s  a r e s u l t  of t h i s  i n v e s t i g a t i o n .  

3.2 Comparison of Overa l l  Process  Schemes 

The fol lowing b r i e f l y  desc r ibes  the  process  scheme of each of t he  fol lowing 

advanced coa l  g a s i f i c a t i o n  processes:  

o AVCO High Throughput G a s i f i c a t i o n  (HTG) Process  

o Be l l  Single-Stage High Mass Flux (HMF) Process 

o CS/R ( C i t i e s  ~ e r v i c e / ~ o c k w e l l )  Hydrogas i f ica t ion  Process  

o Exxon C a t a l y t i c  Coal G a s i f i c a t i o n  (CCG) Process 

The above processes  a r e  a l s o  depic ted  on Figure  1-1, f o r  comparing the 

d i f f e r e n c e s  of t he  four  processes  wi th  r e spec t  t o  the  major components i n  each 

process  p lan t .  Table 1-2 summarizes t he  major u n i t s  of each process.  



3.2.1 AVCO HTG Process  

Feed coa l  i s  pu lver ized  t o  70% through 200 mesh and d r i ed  t o  about 2  

w t .  % moisture.  The coal and steam a r e  i n j e c t e d  i n t o  the  pyrolyzer  which 

ope ra t e s  a t  550 psig.  Hot gases  from t h e  combustor e n t r a i n  the  feed  c o a l  and 

g a s i f y  about 48% of i t s  carbon, t o  produce H 2 ,  CO, C02 and CH4. The raw 

product gas  and t h e  cha r  e x i t  the pyrolyzer  i n t o  a cyclone where t h e  char  i s  

separa ted .  The char  i s  then  recyc led  t o  t he  upstream combustor where the  char  

i s  t o t a l l y  cornbusted wi th  oxygen. The r e s u l t a n t  hot  gases  then proceed t o  t h e  

pyrolyzer  supplying the  requi red  hea t  f o r  coa l  pyro lys is .  The c o a l  minera ls  

form a molten s l a g  i n  t he  combustor and cont inuously flow down onto t h e  inne r  

wa l l  su r f ace  a s  a  p r o t e c t i v e  r e f r a c t o r y .  The excess  s l a g  i s  t rapped out a t  the 

bottom of t he  combustor, water quenched and disposed o f f - s i t e .  

The gas from the  cyclone downstream of the  pyrolyzer  i s  routed t o  a  

hea t  recovery system where t h e  s e n s i b l e  h e a t  of the  gas i s  recovered t o  produce 

H.P. (1500 ps ig )  steam. Then the gas is  water scrubbed t o  remove the  remaining 

s o l i d  f i nes .  

The s o l i d - f r e e  gas flows through t h e  CO-shift, t he  a c i d  gas 

removal, and t h e  bulk methanation system. Approximately 8 volume percent  of 

t h e  t r e a t e d  gas i s  withdrawn downstream of t he  a c i d  gas removal u n i t  and 

consumed a s  the  p l an t  fue l .  The remaining gas is  routed t o  t h e  bulk 

methanation system f o r  producing p i p e l i n e  q u a l i t y  SNG. 

3 . 2 . 2  B e l l  Single-Stage HMF Process  

Coal, oxygen and steam are fed t o  t he  s ingle-s tage  s lagging  

r e a c t o r ,  ope ra t ing  a t  2530°F and 500 ps ia  where 90% of t he  c o a l  carbon i s  

g a s i f i e d .  The r e a c t o r  e f f l u e n t  i s  quenched t o  1900°F wi th  water. The 

s h a t t e r e d  s l a g  i s  then separa ted  from the  raw product gas  and sen t  t o  d i sposa l .  

The raw product gas ,  con ta in ing  unconverted char ,  proceeds t o  t he  hea t  recovery 

system which coo l s  t h e  gas stream from 1900°F t o  600°F by gene ra t ing  steam. 

The gas proceeds t o  a cyclone f o r  char  s epa ra t ion ,  and then t o  simultaneous 

cool ing  and water scrubbing f o r  f i n a l  removal of t h e  s o l i d  f i n e s .  The scrubbed 

gas  stream ( s a t u r a t e d  wi th  water)  i s  routed t o  the  s h i f t  system a t  345OF, where 

t h e  r e a c t i o n  is c o n t r o l l e d  t o  produce an e f f l u e n t  s t ream w i t h  a  H2 t o  CO r a t i o  



of 3. The gas stream then proceeds t o  a s e l e c t i v e  ac id  gas removal u n i t  where 

the  H2S r i c h  stream is routed t o  the s u l f u r  recovery u n i t ,  and the  C02 

stream t o  disposal .  The cleaned syngas then proceeds t o  the  bulk methanation 

u n i t  f o r  SNG production. The produced SNG i s  then compressed and dehydrated t o  

p ipe l ine  s p e c i f i c a t i o n  f o r  sa les .  

3 .2 .3  C S / R  Hydrogasif icat ion Process 

The CS/R hydrogas i f ica t ion  process inc ludes  a c o a l  hydrogasif i-  

c a t i o n  SRT r eac to r  followed by a char oxygas i f i e r  r e a c t o r  t o  produce B It 2 
uses a hot gas and s o l i d s  heat  recovery s t e p  t o  p a r t i a l l y  preheat  t h e  r ecyc le  

Hz. 
It a l s o  can produce BTX by-product along wi th  t h e  r a w  product gas.  Due 

t o  t h e  high carbon conversion t o  CH4 i n  t h e  hydrogas i f ier  (45% per  pass)  only 

t r im methanation is required  wi th  no s h i f t  conversion i n  t h e  product gas 

stream. An O2 p lan t  is requi red  mainly f o r  t h e  cha r l coa l  oxygas i f i e r  f o r  H2 

production but  a l s o  f o r  preheating of t h e  r ecyc le  H by p a r t i a l  combustion. 2 
No c a t a l y s t  is employed. 

3.2.4 Exxon CCG Process 

The coal  is  crushed, d r i ed ,  impregnated with potassium c a t a l y s t ,  d r i ed  

again,  and then fed t o  the  f l u i d i z e d  bed g a s i f i e r .  The g a s i f i e r  a l s o  rece ives  

steam and recycle syngas (H2 and CO) which i s  preheated t o  1550°F. The 

g a s i f i e r  opera tes  a t  1275OF and 500 psig. The CCG g a s i f i e r  involves the  

r eac t ions  of coal  g a s i f i c a t i o n ,  s h i f t  and methanation. The r e s u l t a n t  heat  of 

reac t ion  i s  e s s e n t i a l l y  thermo-neutral. The net  heat requirement f o r  the  

g a s i f i e r  is  provided by preheating the  recycle syngas stream. Approximately 

51% of the coal  carbon is converted t o  CH4 i n  the g a s i f i e r .  

The raw product gas from the  g a s i f i e r  proceeds through cooling (by 

genera t ing  H.P. steam) from 1257°F t o  540°F, water scrubbing f o r  f i n e  s o l i d s  

removal from 540°F t o  373°F and then low l e v e l  heat  recovery from 373OF t o  

313°F. The gas is cooled t o  120°F p r i o r  t o  enter ing  the s e l e c t i v e  ac id  gas 

removal u n i t  where t h e  H2S r i c h  stream is  fed  t o  t h e  sulfur recovery u n i t ,  and 

t h e  C02 stream is s e n t  t o  d i sposa l .  The t r e a t e d  process gas  stream is then 

routed t o  the  cryogenic separa t ion  u n i t  where methane i s  separated £ran t h e  



syngas stream (CO and H2). The latter is recycled t o  the  g a s i f i e r ,  and the 

methane f r a c t i o n  is  heat  exchanged and compressed t o  the  SNG p ipe l ine  pressure  

f o r  sa le s .  

Approximately 90 percent  of c a t a l y s t  i s  recovered from the  char/ash i n  the 

Cata lys t  Recovery Unit by a Ca(OH)2 d iges t ion  process. The recovered 

c a t a l y s t  is  recycled and added t o  c a t a l y s t  makeup t o  be reused i n  

impregnation. 

3.3 Comparison of Process G a s i f i e r s  

The fol lowing are b r i e f  desc r ip t ions  of t h e  advanced c o a l  

g a s i f i e r s :  

(The schematic drawing of each of the  g a s i f i e r s  is  depicted on Figure 1-2 

which shows the  e s s e n t i a l  elements of the  g a s i f i e r  such t h a t  an o v e r a l l  genera l  

comparison can be made. Table 1-3 summarizes the comparison of the  

g a s i f i e r s . )  

3.3.1 AVCO HTG G a s i f i e r  

The AVCO g a s i f i e r  c o n s i s t s  of two par ts .  The f i r s t  p a r t  is  a char 

combustor, and the  second a coa l  pyrolyzer. The flow d i r e c t i o n s  f o r  the  

combustor and the pyrolyzer a r e  down and hor izon ta l  flows, respect ive ly .  Both 

reac to r s  a r e  c lose  coupled and operated i n  an ent ra ined flow regime. The 

combustor opera tes  a t  600 ps ig  and 2400 t o  2900°F, and the  pyrolyzer a t  550 

psig and 1600°F measured a t  the  ex i t .  The gas residence t i m e  i n  the  pyrolyzer  

i s  i n  a range of 20 t o  40 mil l iseconds.  

The raw gases H2,  CO, C02 and CH4 a r e  produced by pyrolys is  followed 

by a s team-volat i les  s t a b i l i z a t i o n .  The remaining char is separated from t h e  

raw gas and recycled t o  the  combustor where the char is burned with oxygen. 

The r e s u l t a n t  hot gas f r m  the  combustor suppl ies  the  heat  requirement f o r  t h e  

downstream pyrolysis .  

The coal  minerals  i n  the  form of molten s l a g  a r e  trapped out a t  the  bottom 

of the  combustor by quenching i n  a water bath at tached there to .  The s h a t t e r e d  

s l a g  Is then disposed of o f f - s i t e .  



3.3.2 B e l l  Single-Stage HMF G a s i f i e r  

Coal i s  fed  t o  the  c e n t r a l  i n j e c t o r  nozz le  and is impinged by a 

co-axial  stream of oxygen followed by a steam i n j e c t i o n  immediately downstream. 

The exothermic r e a c t i o n  of c o a l  and oxygen produces enough hea t  t o  g a s i f y  the  

c o a l  a t  2530°F and 500 psia .  A t  t h e s e  cond i t i ons ,  the  c o a l  mine ra l s  form a 

molten s lag .  

The product gas  c o n s i s t s  mostly of CO and Hz (56% and 312, 

r e s p e c t i v e l y )  and l e s s e r  amounts of H20, C02, H2S, N2 and CH4 i n  t h a t  

order .  The o v e r a l l  r e a c t i o n  can be expressed a s  fo l lows:  

Coal f Steam -t- Oxygen- Raw Syngas 4- S l a g  -+ Char 

The e f f l u e n t s  a r e  quenched wi th  water  t o  1900°F. The s l a g  i s  

s o l i d i f i e d ,  and separa ted  f o r  d i sposa l .  The char  i s  sepa ra t ed  i n  a cyclone 

fo l lowing  t h e  hea t  recovery from the  raw syngas. 

3.3.3 CS/R Hydrogas i f i ca t ion  G a s i f i e r  

Recycle p lus  makeup H2 i s  hea ted  t o  r e a c t i o n  temperature by 

r e a c t i n g  w i t h  O 2  i n  a preburner  p r i o r  t o  mixing wi th  t h e  feed  c o a l  i n  t he  

Hydrogas i f ie r  which o p e r a t e s  a t  1000 ps i .  The e x i t  gas  temperature of t he  raw 

product  gas  i s  1746OF. Before quenching, t h i s  s t ream con ta in ing  char  s o l i d s  

exchanges hea t  wi th  t h e  r ecyc le  H 2  stream. The char  is separa ted  a f t e r  

quenching and fed t o  a cha r  oxygas i f i e r  wi th  some a d d i t i o n a l  c o a l  t o  produce 

t h e  r equ i r ed  makeup H2 f o r  t he  main h y d r o g a s i f i e r  r eac t ion .  

The n e t  o v e r a l l  r e a c t i o n  can be expressed by: 

Coal + H2 heat +CH4 + BTX + Char 

3.3.4 Exxon CCG G a s i f i e r  

The Exxon C a t a l y t i c  Coal G a s i f i e r  is a f l u i d i z e d  bed r e a c t o r ,  

i n t e g r a t i n g  g a s i f i c a t i o n ,  s h i f t  r e a c t i o n  and methanation i n  t he  s i n g l e  r e a c t o r .  

The steam g a s i f i c a t i o n  r e a c t i o n  is h ighly  endothermic, t h e  steam-gas s h i f t  

mi ld ly  exothermic, and the  methanation h ighly  exothermic. The composite of 



these three reactions is essentially thermo-neutral, and results in a 

significant net production of CH4 and C02. The net overall reaction can be 

expressed by : 

Coal + H20 (steam) CH4 + C02 
~+cataGs t 

The gasifier receives catalyst-impregnated feed coal, preheated by 

a slip stream of the recycle syngas. Catalyst is impregnated on the coal to 

catalyze the heterogeneous steam gasification and gas phase methanation 

reaction plus eliminate any agglomeration problems in the gasifier using caking 

coals. The coal bed is fluidized by the syngas-steam mixture, also preheated 

to compensate for the heat losses of the gasifier vessel. The gasifier is 

operated at 500 psig and 1275°F. 

All gas phase reactions in the gasifier essentially reach 

equilibrium. Once the recycle syngas stream is established, there is no 

significant net production of CO and H2. The net carbon conversion is 

approximately 90%, producing CH4, and C02. The unconverted char and ash 

are disposed off-site following recovery of the catalyst. 

3.4 Key Similarities and Differences 

Table 1-4 summarizes the key similarities and differences of the advanced 

coal gasification processes, including 

o AVCO HTG 

o Bell Single-Stage HMF 

o CS/R Hydrogasification 

o Exxon CCG 

The comparisons involve the gasifier characteristics as well as the key 

process units included in the overall gasification plants. 

3.5 Assessments 

As a result of this study, considering the characteristics of each 

gasification process, the process strengths, weaknesses, advantages and 



disadvantages,  p o t e n t i a l  improvements and development needs, the  fol lowing nine 

assessments a r e  submitted. These inc lude  recommendations f o r  f u r t h e r  

development. 

3.5.1 General Assessments 

1. The four  g a s i f i c a t i o n  processes  i n  t h i s  assessment were 

app l i ed  t o  t he  product ion of SNG. The ques t ion  may be asked whether t h i s  i s  

t h e  bes t  a p p l i c a t i o n  f o r  each g a s i f i e r .  The Exxon and Rockwell G a s i f i e r s  were 

designed t o  produce a high methane product gas. AVCO and Be l l  g a s i f i e r s  a r e  

b e t t e r  s u i t e d  t o  producing a lower Btu product gas  o r  some form of s y n t h e s i s  

gas  f o r  f u r t h e r  conversion t o  o t h e r  products  such a s  methanol,  gas  t u r b i n e  

f u e l ,  Fischer-Tropsch l i q u i d s ,  hydrogen, e t c .  

It is  recommended t h a t  t h i s  d i s t i n c t i o n  be made so t h a t  the 

most s u i t a b l e  a p p l i c a t i o n  of t h e s e  g a s i f i e r s  t o  t h e  r equ i r ed  end product be 

considered. 

2. Considering the  s t a g e s  of development, r e l a t i v e  e f f i c i e n c i e s  

and b a s i c  p r i n c i p l e s  (excluding economics), i f  one of t hese  g a s i f i e r s  had t o  be  

s e l e c t e d  today f o r  the product ion of SNG i t  would be Exxon's. The CS/R 

Hydrogasif ier  shows high p o t e n t i a l  but  i s  a t  an e a r l i e r  s t a g e  of development 

and r equ i r e s  s e l e c t i o n ,  demonstrat ion and design of s e v e r a l  companion processes  

and u n i t  opera t ions  f o r  an i n t e g r a t e d  SNG process.  The AVCO and B e l l  g a s i f i e r s  

r e q u i r e  much more development and a r e  i n  a very e a r l y  s t a g e  with respect t o  an 

SNG app l i ca t ion .  

3. The success  of t he  SRT g a s i f i e r s  w i l l  depend g r e a t l y  upon how 

wel l  they can be sca led  up and con t ro l l ed .  The compact s i z e  of t h e  r e a c t o r s  

may r e q u i r e  mu l t ip l e  u n i t s  o r  modules t o  reach the  commercial s ca l e .  Mul t ip le  

u n i t s  w i l l  r equ i r e  feed s p l i t t i n g  and o t h e r  measurement and c o n t r o l  devices  t o  

ope ra t e  with high prec is ion .  These devices  have y e t  t o  be developed o r  

demonstrated. In  t he  case  of Rockwell, it is  proposed t o  s p l i t  t he  t o t a l  c o a l  

feed  t o  a s  many a s  36 modules. This must be demonstrated and proven t o  be 

r e l i a b l e .  In  the  case  of A V C O ' s  s l agg ing  wa l l  concept ,  t he  s u c c e s s f u l  c o n t r o l  



of s l a g  flow, tapping  and containment w i l l  be in f luenced  by s c a l e  of opera t ion .  

This  a l s o  must be demonstrated. 

The t u r n  down c a p a b i l i t y  of a l l  of t he  SRT g a s i f i e r s  w i l l  be 

s t r o n g l y  in f luenced  by sca le .  The sma l l e r  t he  i n d i v i d u a l  module o r  t he  g r e a t e r  

t h e  number of modules, t he  g r e a t e r  t h e  t u r n  down c a p a b i l i t y  of t he  t o t a l  

g a s i f i c a t i o n  s ec t ion .  The s l a g  l a y e r  and i t s  l i m i t a t i o n s  may be c r i t i c a l  t o  

t h e  t u r n  down c a p a b i l i t y  and t h e r e f o r e  s c a l e  of t h e  g a s i f i e r  module. I n  

another  r e s p e c t ,  a s  t h e  CS/R Hydrogas i f ie r  i s  turned  down, t h e  r e s idence  t ime 

i n c r e a s e s  and t h e  product composition changes (e.g., reduced benzene y i e l d ) .  

4. I n  many of t h e  g a s i f i e r  p rocesses ,  char  i s  a common 

i n t e r m e d i a t e  product. Due t o  the  emphasis t o  develop the  primary c o a l  

g a s i f i c a t i o n  process ,  t h e r e  is  scan t  in format ion  developed concu r r en t ly  on t h e  

chars .  It is  recommended t h a t ,  t o  t h e  e x t e n t  f e a s i b l e ,  t h e  r e s u l t i n g  cha r s  be 

de f ined  and cha rac t e r i zed  inc luding  ana lyses ,  chemical and phys i ca l  p r o p e r t i e s ,  

handl ing c h a r a c t e r i s t i c s ,  r e a c t i v i t i e s  and s u i t a b i l i t y  t o  f u r t h e r  p roces s ing  

and use. This would e l i m i n a t e  a  g r e a t  d e a l  of doubt and u n c e r t a i n t y  i n  c l o s i n g  

m a t e r i a l  balances i n  many g a s i f i c a t i o n  processes .  I n  t h e  case  of Rockwell's 

p rocess ,  t h e  cha r  is a major i n t e rmed ia t e  f o r  t h e  product ion of hydrogen and 

cons ide rab l e  more da t a  a r e  needed beyond composition. 

5. A s  t h e  d a t a  base i nc reases  f o r  each process ,  t h e  modeling 

e f f o r t  should cont inue  t o  be updated t o  f i t  t h e  data .  Accurate k i n e t i c  models 

should be developed a s  they could be u t i l i z e d  a s  fo l lows:  

o  To opt imize t h e  r e a c t o r  des ign  

o To p r e d i c t  y i e l d s  of un t e s t ed  coa l s .  

o  To perform trade-off  process  des ign  s t u d i e s .  

o  For use i n  scale-up des ign  s tud i e s .  

o  For use a s  an o p e r a t i o n a l  and c o n t r o l  guide i n  p i l o t  

p l an t s .  

6. It is  recommended t h a t ,  a s  p a r t  of DOE funded g a s i f i c a t i o n  

development p r o j e c t s ,  each developer  compile and pub l i sh  a  summarized r e f e r e n c e  

book which should include:  



o Sources of information,  inc luding  bas i c  phys i ca l  and chemical 

data .  

o Extent  of t e s t i n g .  

o Process  flow diagram of test f a c i l i t i e s  i nc lud ing  equipment 

s i z e s ,  c o n t r o l  schemes, e t c .  

o Se lec ted  t e s t  r e s u l t s  inc luding  hea t  and m a t e r i a l  ba lances ,  

cond i t i ons ,  l eng ths  of runs,  feed  and product ana lyses  and 

cha rac t e r i za t ion .  

o Data c o r r e l a t i o n s .  

It i s  suggested t h a t  such a r e fe rence  book be updated and publ ished 

a t  least once per year. 

3.5.2 S p e c i f i c  Assessments 

7. AVCO HTG Process  

a )  Continue development of py ro lys i s  da t a  base: 

Much of t h e  py ro lys i s  d a t a  has been e x t r a c t e d  from smal l - sca le  

ba tch  equipment. V e r i f i c a t i o n  of da t a  us ing  l a r g e r  s c a l e ,  

continuous flow r e a c t o r s  needs t o  be done. 

b)  Components i n t e g r a t i o n :  

The combustor s t a g e  has ye t  t o  be operated us ing  coa l  char  a s  a 

fue l .  The cu r ren t  flow scheme f o r  planned c o a l  p y r o l y s i s  

experimentat ion inc ludes  the  burning of No. 2 f u e l  o i l  t o  

produce t h e  hot  gases  f o r  t h e  py ro lys i s  s tage.  It i s  

recommended t h a t  t he  combustor be run using char.  It i s  a l s o  

recommended t h a t  the  cha r  combustor and py ro lys i s  s t a g e s  be run  

s imultaneously as e a r l y  a s  possible .  It makes l i t t l e  sense t o  

cont inue f i n e  tun ing  1 / 2  of t he  system f o r  optimum pyro lys i s  

y i e l d s  without  address ing  o p e r a b i l i t y  and c h a r a c t e r i s t i c s  of 

t h e  o t h e r  1 /2  of t h e  system. Tes t ing  i n  t h e  near  f u t u r e  should 

inc lude  i n t e g r a t i o n  of the  combustor and pyrolyzer  so t h a t  

development of s p e c i a l  c o n t r o l  schemes, which undoubtedly w i l l  

be necessary,  can  proceed. Also, any unexpected e f f e c t s  of 

using char  f o r  the  gene ra t ion  of hot  gases  ve r sus  us ing  No. 2 



oil on pyrolysis yields, fines removal, slag layer coating, 

handling of hot recycle char, etc., would be detected. 

c) Combining MHD with coal gasification: 

The combination of coal plus char combustor, an MHD channel and 

the rapid-pyrolysis stage could be employed to produce syngas 

and power. Further analysis to determine the technical and 

economic feasibility of such a system should be carried out. 

8. Bell £U4F Process 

a) Continue development of data base for single-stage gasifier: 

(1) Single-stage carbon conversion: the projected carbon 

conversion at the given oxygen to coal ratio for 

bituminous coal should be demonstrated ; 

(2) Recovery of ungasified carbon: the form of the ungasified 

carbon should be identified; in addition, recovery of the 

carbon as char should be demonstrated; 

( 3 )  Demonstrate the slaglchar separation: the assumption that 

the slag captured in the slag pot will be essentially char 

free and that little carryover of the slag with the syngas 

should be demonstrated; 

(4) Char composition: at this time, no data on the char 

composition is available; 

(5) Reactivity of recycle char: once the upgraded (refer to 

Section 111 - Development Status Details, Figure 111-8) 
facility is working, char from cyclone separation should 

be tested for its reactivity and carbon conversion in the 

gasifier by itself and as a mix with fresh coal; 



(6) Char use as a boiler fuel: once the upgraded facility is 

working, a program to collect sufficient char for testing 

in a boiler should be developed. 

(7) Testing with other chars: it is recommended that chars 

produced from other coal conversion plants be tested as a 

potential application for syngas generation. 

(8) Validation of material balances: at this time, Bell has 

been unable to make a complete material balance. Material 

balances have been assumed by differences. Procedures 

should be developed in order to make an entire material 

balance. 

b) Develop secondary injection data base: (Refer to Section I11 - 
Potential Improvements) 

Operational problems with secondary-injection of coal are 

anticipated including agglomeration of coal particles. It is 

recommended that an operational, secondary-injection 

configuration be developed by Bell regardless of initial 

failures or difficulties to determine the degree of enhanced 

methane yield possible in a high temperature, short residence 

time reactor. Also, analysis procedures for detection of trace 

quantities of tar and soot formed by secondary-injection should 

be developed and utilized in this testing. 

c) Investigate hydropyrolysis with secondary- injection: 

Once the secondary-injection configuration is successfully 

tested, a stream of hot hydrogen should be added to the 

secondary-injection section at various rates to determine the 

hydrogasif ication to CH4. This is suggested to determine 

what the methane yield in a hydrogasifier would be at 

temperatures ( 2400°F) where equilibrium suggests negligible 

methane yields. The Bell test facility lends itself to testing 

various gasifier configurations rather easily. The gasifier is 



made of several removable parts ; hence, fabrication and testing 

of different configurations can be done easily and rapidly. 

d) Investigation of molten-slag bath concept: 

It is suggested that an investigation of the molten-slag bath 

concept as applied to the Bell HMF process be made. The 

potential offered by this concept is a higher single pass 

carbon conversion which could eliminate anticipated char 

utilization problems. Also, a concept using the molten-slag 

bath with a second-stage pyrolysis section is recommended for 

further investigation (see Section 111-Potential 

Improvements). 

e) Catalyst application testing: 

In a high temperature reactor, catalyst use is thought of as 

being marginally beneficial, since the reaction rates are so 

fast anyhow. However, some benefits could be attained 

including operation at lower temperatures for the same 

conversion, higher methane yields, reduced slagging 

accumulation problems, lower sulfur compounds in the syngas, 

and higher carbon conversions. It is recommended that 

performance testing be done with promising catalyst materials 

(see Section 111 - Potential Improvements). 

9. CS/R Hydrogasification Process 

a) It is recommended that the H2 to coal ratio in the 

hydrogasif ier be reduced to an optimum minimum. This will 

reduce the size of the process units which are gas flow 

limited downstream of the gasifier and in the H2 recycle 

loop. It may also reduce the H 2  production to the extent 

that the H2/coal ratio is reflected in H2 losses. It 

should also reduce the overall utility requirements. 

b) Since the production of the coproduct benzene appears 

to have a beneficial economic effect, it is recommended that 

benzene be increased to an optimum maximum. 



c) The overall efficiency and feasibility of the CS/R 

Hydrogasification process to produce SNG will depend heavily on 

the process selected or developed for converting char to 

hydrogen. This secondary gasification process is regarded to 

be as important as the primary hydrogasification process and an 

assessment of the hydrogasification alone is incomplete for the 

production of SNG. 

4.0 FLASH PYROLYSIS - A GENERAL COMMENTARY 
Flash pyrolysis may be defined as rapid heating of pulverized coal such 

that devolatilization occurs in the range of milliseconds to a second. It is 

also termed short residence time, or SRT, gasification here to highlight the 

fact that all of the reactants experience the gasification conditions from 

milliseconds to several seconds. 

For the advanced gasification processes assessed, the AVCO HTG, Bell 

Single-Stage HMF and the CS/R Hydrogasif ication are also termed flash pyrolysis 

reactors with the CS/R process more accurately termed flash hydropyrolysis. In 

addition to the development work being done on these processes, much research 

work is being done on flash pyrolysis and hydropyrolysis by others in order to 

better understand the complex chemistry and kinetics involved (see Sections I1 

and I11 for a more detailed discussion of flash pyrolysis hypotheses for the 

AVCO and Bell processes). It is appropriate, also, that the basic research 

continue in parallel with the process development of the three SRT processes so 

that insights gained relative to the kinetics and chemistry can ultimately 

effect a more optimized process and a speedier development to commercialization. 

For example, while a pilot unit is operating to demonstrate long term runs and 

stability, basic research could be doing parametric studies to determine optimum 

yield conditions. 

These three SRT processes all have similar aspects which make them 

attractive candidates for coal gasification as follows: 

1. Small Reactor Size 

The small reactor size is best typified by comparing calculated 

throughput in terms of pound per hour of coal per internal ft3 reactor volume 



for the SRT gasifiers and other gasifiers as follows: 

SRT -AVCO 14,000 

SRT-Bell 2,800 

SRT-Rockwell 50-2,000 

2nd Gen. Modern Koppers-Totzek (3) 3 4 

2nd Gen Texaco Montebello (3) 

Lurgi (dry bed) (2) 

Hence the installed cost of SRT reactors will be significantly cheaper 

than more developed gasifiers due to the following: 

a) Less metal and refractory required, 

b) Smaller reactors can be factory assembled and tested, and 

c) Spare reactors or duplication costs are minimized. 

2. Handling of Caking Coals Without Problems 

The coal is injected at relatively low temperatures and well dispersed 

in the reactor before temperatures are reached which could cause softening and 

agglomeration. The coal injectors, which are developed from rocket combustor 

technology for the CS/R Hydrogasification and Bell HMF Processes, efficiently 

mix the caking coal with reactant gas in such a way to avoid agglomeration. 

3. Selectivity of Devolatilization Products 

The SRT gasifiers combine high temperature and short residence time 

features that can affect selectivity to valuable products, such as BTX. 

The high temperatures ensure rapid and almost instantaneous devolatilization. 

Heavy tars and oils, which are undesirable devolatilization by-products, are 

essentially hydrocracked to extinction very quickly. By limiting the residence 

time, however, the BTX fraction formed from the pyrolysis or hydropyrolysis 

reaction may be recovered by quenching before it is reacted further to form 

other less valuable products. A calculation of equilibrium composition 

indicates that the BTX fraction, which is a valuable by-product of the CS/R 

Rockwell Hydrogasification process, would not exist. This same feature of 



non-equilibrium selectivity could also be utilized for higher methane yields. 

Methane formed in flash pyrolysis and hydropyrolysis, especialy for the Bell 

Single-Stage HMF and AVCO HTG processes, would tend to decompose at the high 

temperatures. By optimizing the temperature and residence time combination, 

methane decomposition could be minimized. 

While the SRT gasifiers offer the above noteworthy features, other 

aspects need to be addressed and resolved before the SRT can be commercialized. 

For example, where oxygen is used, sophisticated, quick-response control systems 

will have to be developed to prevent temperature excursions, equipment damage, 

and potential explosions. Also the scale-up of the SRT gasifier system could 

prove more difficult than for larger gasifiers. For example, scale-up of the 

Bell and CS/R gasifiers is expected to be done by clustering of many injector 

modules into the same gasifier vessel. This is similar to the clustering of 

propellant-oxidant injectors in rocket combustors. While the scale-up of the 

gasifier itself is not expected to be difficult, the feed splitting and flow 

control of coal solids in many different lines, plus the additional gasifier 

control problems associated with having a multitude of feed lines, could prove 

to be significant in delaying the development of the processes. 
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FIGURE 1-2.  Coal Gasification Reactors - Schematic Comparison. 

PR EHEATER 

COAL GASIFICATION 
REACTOR 

QUENCH 

HEAT RECOVERY AND 
SOL1 DS SEPARATION 

CHAR FEEDING 

NET 
REACTION 

GASIFICATION 
HEAT SOURCE 

GAS IFlER CARBON 
CONVERSION 

AVCO 
H IGH THROUGHPUT 

GASIFICATION 

O2 

CHAR 
i 

2400- 
2900°F . SLAG 

-oAL$!!-N 
-..c + STEAM ----- 

i 
TO SHIFT 

COAL + STEAM ~ S Y N G A S  

CHAR + 0 2  - HEAT 

99% TO GAS 

BELL 
HIGH M A S S  FLUX 

COAL 

7 

STEAM PLANT 

3 4 5 ' ~  

TO SHIFF 

COAL t STM + o2 HEAT 
SYNGAS 

COAL + O2 - HEAT 

9wo TO GAS 

CITIES SERVICE - ROCKWELL 
CSlR HYDROGASIFICATION 

O2 O2 

EXXON 
CATALYTIC COAL 
GASIFICATION 

RECYCLE 
CO + H2 

I STEAM 

COAL 
AND 

COAL ----- STEAM CATALYST 1 - 

CATALYST 

TO CRYOGENIC 
TO SHIFT SEPARATION 

COAL + Hz-CH4 

H2 + 0 2  - HEAT 

55% TO GAS 

CATALYST COAL t STEAM-CH4 

FIRED HEATER TO PREHEAT 
RECYCLE GAS AND STEAM 

9@0 TO GAS 



TABLE 1-1. Comparative Features of Gasifier Processes. 
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TABLE 1-2. Summary of Major Process  Uni ts  

Hydrogas i f i ca t i on  
AVCO BELL EXXON 
HTG HMF Hydrogas. Oxygas. CCG 

o Oxygen P l an t  X X X - 
o Steam/Power X X 

Generat ion 
X (s team only;  
power imported)  

o C a t a l y s t  Impregnation - - - - X 

o G a s i f i e r  X X X X X 

o Heat Recovery/ X X X X X 
S o l i d  Sepa ra t i on  

o BTX Recovery - - X - - 

o C a t a l y s t  Recovery - - - - X 

o S h i f t  X X - X - 
o Acid Gas Removal X X X X X 

o S u l f u r  Recovery X X - X X 

o Methanation X X X X 
(Bulk) (Bulk)  (Trim) (Trim) 

o Cryogenic Gas - - X 
Sepa ra t i on  



TABLE 1-3, Summary of G a s i f i e r s '  Comparison 
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25701500 Reac t ion  
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Slag Slag 
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To Steam 
Generat ion 

To Oxygas i f i e r  G a s i f i e r  Char 
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Yes Quench t o  
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React i o n  

Yes Yes 

Coal + Steam Coal + H2 Coal f Steam N e t  
G a s i f i c a t i o n  

Coal + 
Steam 

Syngas 

9 0 

N e t  Product Syngas 

Carbon 
Conversion 
t o  gas, % 

4 8 
(Pyro lys i s )  
99 
(Pyro lys i s  
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BELL, 
S I NGLE-STAGE 

HMF 
KEY S IMILARIT IES AND 

D l  FFERENCES 
CSIR HYDRO- 

GASIFICATION AVCO HTG EXXON CCG 

GASIFIER - 

CATALYST 
FLU I D  BED 
S RT 
ROCKET-ENG INE TYPE 
SYNGAS PRODUCER 
CHq PRODUCER 
SLAGG l NG 
COAL & STEAM, NET REACTANTS 
C + 02 HEAT SOURCE 
QUENCH TO CONTROL REACTION 
CARBON CONVERS ION, % 
CHAR USAGE 

NO 
NO 
YES 
NO 
YES 
NO 
YES 
YES 
YES 
YES 
48 
RECYCLED 

NO 
NO 
YES 
YES 
YES 
NO 
YES 
YES 
YES 
YES 
90 
STEAM 
GENE RAT l ON 

500 
2570 

NO 
NO 
YES 
YES 
NO 
YES 
NO 
NO (COAL + H21 
NO ( 0 2  + Hz) 
YES 
55 
H2 GENERAT I ON 

YES 
YES 
NO 
NO 
NO 
YES 
NO 
YES 
NO 
NO 
90 
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OF 
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YES YES YES 

YES YES YES YES 
(STEAM ONLY 

BTX RECOVERY 

CATALYST RECOVERY 

SHIFT 

METHANAT ION 

CRYOGENIC GAS SEPARATION 

YES 

YES 

YES YES YES (OXYGEN) 

YES YES YES (TRIM; 

YES YES 

TABLE I - 4 .  Key Similarities and Differences. 



SECTION II 
AVCO HTG PROCESS 



SECTION 11 

ASSESSMENT OF AVCO HTG PROCESS 

1.0 SUMMARY 

The AVCO HTG process a s  presented i n  t h i s  sec t ion  is the r e s u l t  of a 

conceptual app l i ca t ion  of labora tory  s c a l e  coal  pyrolys is  data  t o  a coxmnercial 

s i z e  p lant  t o  produce pipel ine  SNG. The conceptual process design of the coal  

t o  SNG plant  was ext rac ted  from a study performed by t h e  R.M. Parsons Co., f o r  

the  Gas Research I n s t i t u t e .  Other data  on the AVCO HTG process i n  t h i s  sec t ion  

a r e  the  r e s u l t s  of meetings and discussions with AVCO and l i t e r a t u r e  surveying. 

De ta i l s  of the conceptual reactor  design and configurat ion were discussed but 

a r e  not reported here s ince  they a r e  considered proprfe tary  a t  t h i s  t i m e .  

The AVCO HTG r e a c t o r  is a two-stage entrained flow g a s i f i e r  employing a 

rapid pyrolysis  s tage  and a char combustor stage. Pulverized coal  and steam 

a r e  fed to  the  pyrolys is  s tage ,  and char, oxygen and steam to  the combustor 

stage. 

The HTG reac to r  should be considered i n  an ea r ly  s tage  of development 

espec ia l ly  i n  regards t o  coupling the  pyrolys is  and combustor s tages  as  t h i s  

has never been done. 

The AVCO HTG has  the following noteworthy fea tures :  

ADVANTAGES 

o Extremely high pyrolysis-stage throughput r a t e s  (14,000 lb /h r  of coal  

per f t 3  reactor)  

o High overa l l  coal  to  SNG thermal e f f i c i ency  (68%) 

o Protec t ive  slagging wal l  i n  the  combustor s tage  

o Can handle caking coals  



DISADVANTAGES 

o Low coal-tomethane conversion (11%) 

o High steam requirement (1.62 lbs steam per lb MAF coal) 

o Moderately high oxygen requirement (0.64 lbs O2 per lb MAF 

coal) 

A comparison of the AVCO and the Bi-Gas two-stage coal gasifiers showed 

AVCO to be significantly lower in methane yield while higher in steam and 

oxygen consumption. Hence, a potential improvement in the AVCO process is 

suggested by adopting higher pressures and slightly longer gas residence times, 

approaching that in the Bi-Gas process. These measures should allow the same 

degree of conversion at lower oxygen and steam consumption. 

2.0 CURRENT STATUS OF DEVELOPMENT 

Work on the AVCO HTG Gasifier began in 1974 for ERDA in the Low Btu Gas 

Program. Initial testing for coal gasification was done in an entrained flow 

gasifier with coal feed rates of up to 120 lbs/hr. Pittsburgh Seam Coal was 

devolatilized by injecting it into a hot stream of combustion gases formed from 

the burning of No. 2 fuel oil with oxygen enriched air. Over 30 data points 

collected indicated thermal devolatilization in the range of 35 to 68% of the 

original DAF coal carbon into low Btu gas was possible with a typical residence 

time of 50 msecs. However, it was recognized that without adequate mixing with 

a background gas (e.g., steam and C02) during devolatilization, considerable 

soot was formed from the unstable volatiles. 

From 1975 thru 1979, AVCO continued investigating devolatilization yields 

in a Single-Pulse Gasifier apparatus under the sponsorship of AGA and GRI. The 

experimental apparatus was used to simulate the HTG conditions by flowing a 

pulse of coal into a preignited stream of H2 and 02. The important 

observations from these experiments are: 

I.. Carbon conversion increases as the temperature of the 

preignited mixture increases; 



2. increas ing the  turbulence during pyrolys is  has a dramatic e f f e c t  on 

the  carbon conversion with a more pronounced e f f e c t  a t  lower 

temperatures ; 

3. carbon conversion a t  a given temperature seems t o  be independent of 

whether pyrolys is  is i n  the presence of N2 o r  COZ. 

In  pyrolys is  PDU work sponsored by AVCO, a reac to r  which had been 

o r i g i n a l l y  developed f o r  research i n  coal  combustion f o r  an MHD program, was 

used as  a hor i zon ta l  flow, ent ra ined bed HTG. Hot gases a r e  produced by the  

combustion of No. 2 f u e l  o i l  with oxygen enriched a i r ;  coa l  i s  in jec ted  i n t o  

the  hot  gases a t  a r a t e  of 1 TPH. The reactor  i s  operated a t  4 atm and has a 

run dura t ion  l i m i t  of about 1 hour. Typical gas residence time is about 2 

msec. Early tests r e s u l t s  have shown v o l a t i l e  y ie lds  comparable t o  t h a t  

obtained with the Single-Pulse Gasi f ier .  

As of ye t ,  t h e  HTG has not operated with the  combustion gases being 

supplied by the  combustion of char. Hence, a c t u a l  operat ion of the  AVCO HTG, 

which i s  a two-stage process, has not been demonstrated. However, opera t ion  of 

the  combustor with coal  and oxygen has been demonstrated i n  previous (MHD) 

programs. Operation with char and oxygen is  assumed t o  be very s imi la r .  

MHD technology which AVCO has applied t o  the conceptual design of the HTG 

includes : 

o s l a g  u t i l i z a t i o n  to  form a p ro tec t ive  s l a g  layer on the reactor 

i n t e r n a l  wall  from MHD channel s lagging work. 

o char combustor from previous MHD c o a l  combustor work. 

De ta i l s  of a conceptual design of the  two-stage HTG reac to r  made by AVCO 

a r e  not presented i n  t h i s  report  a s  they a r e  considered propr ie tary  a t  t h i s  

time. 

Further d e t a i l s  of the  development s t a t u s  are a t  the end of t h i s  sect ion.  



3. O PROCESS DESCRIPTION 

The fol lowing desc r ibes  the  o v e r a l l  conceptual  process  p l a n t  of the  AVCO 

High Throughput G a s i f i e r  Process producing SNG from c o a l  by s e c t i o n s  i n  

accordance with the  Process  Block Flow Diagram, Fig. 11-1 and the Material 

Balance, Table 11-1. This pre l iminary  process  des ign  i s  e x t r a c t e d  f r a n  a n  

eva lua t ion  s tudy performed by t h e  R.M. Parsons Company under GRI Contract  No. 

5010-322-0048. 

3.1 Coal Prepara t ion  and Feeding 

The c o a l  used f o r  t he  m a t e r i a l  balance i s  a P i t t s b u r g h  Seam No. 8 c o a l  

wi th  t h e  fol lowing p r o p e r t i e s :  

Proximate Analys is ,  as-received,  W t .  X 

Moisture 6.0 

V o l a t i l e  Matter  31.9 

Fixed Carbon 51.5 

Ash 10.6 - 
100.0 

Ult imate Analysis  (dry)  

C 

H 

N 

0 

S 

Ash 

Heating Value of  Dry Coal 

B tu / lb  (HHV) 

w t .  % 

71.50 

5.02 

1.23 

6-53 

4.42 

11.30 

100.00 

Heating Value of Coal As-Received 

B tu / lb  (HHV) 12,400 



Raw c o a l  received from s t o c k p i l e  is crushed t o  70 percent  minus 200 mesh 

and d r i e d  t o  2 weight percent  moisture i n  t he  coa l  p repa ra t ion  sec t ion .  

The prepared coa l  is fed t o  a lockhopper system. A por t ion  of the  raw 

product gas  from t h e  Heat Recovery s e c t i o n  is  used i n  the  lockhopper r ecyc le  

system f o r  p re s su r i z ing  the lockhoppers and feeding the  coa l  t o  the pyrolyzer.  

3.2 G a s i f i c a t i o n  

3.2.1 Stage I - Char Combustor 

The recycled char ,  oxygen, and steam a r e  i n j e c t e d  i n t o  the  

combustor through nozzles  l oca t ed  near  the  top of t h e  v e r t i c a l  down f low 

combustor. The char-oxygen mixture is fed  through the  c e n t e r  po r t  of the 

i n j e c t o r ,  while  t h e  steam passes  through t h e  ou te r  annulus. 

Oxygen and steam a r e  regula ted  t o  the  combustor f o r  t o t a l  

combustion of the  r e s idue  carbon. The combustor e f f l u e n t  gas  having a 

temperature of 2400°F and pressure  of 600 p s i a  flows d i r e c t l y  i n t o  the 

pyrolyzer  a s  t h e  only hea t  source f o r  c o a l  g a s i f i c a t i o n  i n  t h e  pyrolyzer .  

The coa l  minera ls  form a molten s l a g  on the combustor i nne r  w a l l  

su r f ace  which i s  cont inuously replenished.  The s l a g  coa t ing  serves  a s  t h e  

p r o t e c t i v e  r e f r a c t o r y  f o r  the combustor. Excess s l a g  i s  t rapped out a t  the 

bottom of the  combustor and quenched i n  a water ba th  a t tached  a t  t h e  bottom of 

t h e  combustor. The s h a t t e r e d  s l a g  separa ted  from the quench water i s  de l ive red  

to battery limits f o r  disposal. 

3.2.2 Stage 11 - Coal Pyrolyzer  

Pulverized coa l  and steam a r e  i n j e c t e d  r a d i a l l y  i n t o  the  h o r i z o n t a l  

flow en t r a ined  bed pyrolyzer  which con ta ins  high temperature gas from t h e  

close-coupled char  combustor. Thermal d e v o l a t i l i z a t i o n  of coa l  and homogeneous 

gas phase r e a c t i o n  a r e  accomplished by e f f e c t i v e  mixing of t h e  feed coa l ,  the  

hot  gas ,  and the i n j e c t e d  steam. A t  550 p s i a  and a r e a c t o r  o u t l e t  temperature 

of about 1600°F, 48 weight percent  of t he  coa l  carbon is  g a s i f i e d .  



3.3 Char Separa t ion  

The pyrolyzer  e f f l u e n t  gas is routed t o  a dry cyclone sepa ra t ion  system 

where the  char  toge ther  with coal-ash is  separa ted  from the  gas. The cyclone 

o f f  gas i s  routed t o  a hea t  recovery system. The s o l i d s ,  con ta in ing  char and 

ash ,  a r e  recycled t o  the  combuster v i a  a char  feeding system. 

3.4 Char Feeding 

The char feeding system c o n s i s t s  of lockhoppers similar t o  the  coa l  feed 

hoppers. The hot  char  is  p re s su r i zed  t o  about 650 p s i a  i n  the  hoppers and f ed  

t o  the  combustor i n  a dense phase flow condit ion.  The c a r r i e r  gas i s  the  same 

gas used i n  t he  coa l  feed lockhoppers. 

3.5 Heat Recovery 

The gas from the  cyclone proceeds t o  a heat recovery system. The s e n s i b l e  

hea t  of t h e  gas is recovered i n  hea t  exchangers t o  gene ra t e  1500 ps ig  steam and 

t o  preheat  b o i l e r  feed water. The cooled gas is  then scrubbed wi th  the process  

condensate from downstream of the  s h i f t  conver te r  t o  remove the s o l i d  f i n e s  

which a r e  not removed by the  cyclones. These f i n e s  a r e  d r i ed  and then recycled 

t o  t h e  char  combustor, 

3.6 S h i f t  

The s o l i d  f r e e  gas is de l ive red  t o  the  s h i f t  conver te r  a f t e r  being 

reheated t o  about 600°F by back exchanging wi th  the  s h i f t  conver te r  e f f l u e n t  

gas. 

3.7 Acid Gas Removal 

The s h i f t e d  gas f s cooled t o  approximately 140 OF, condensate separa ted ,  

and the  gas fed t o  t h e  Acid Gas Removal s ec t ion .  Sulfur-containing gases  and 

C02 a r e  s e l e c t i v e l y  removed from the gas i n  a phys i ca l  so lvent  abso rp t ion  

system such a s  t h e  Se lexol  process.  

Approximately e igh t  percent  of t he  desu l fu r i zed  syngas is taken f o r  p l an t  

f u e l  and f o r  supplementing the  f u e l  requi red  f o r  superhea t ing  steam. The 

balance of the  syngas Is reheated t o  700°F and passed over coba l t  moly c a t a l y s t  



and z i n c  oxide t o  remove the  t r a c e  s u l f u r  compounds i n  the gas. The syngas is 

then routed t o  t h e  c a t a l y t i c  methanation sec t ion .  

3 .8  Methanation 

A high  temperature methanation system such as the  RM Process@ (1) is  

employed here  t o  recover  maximum quan t i t y  of hea t  r e l ea sed  i n  t h e  methanat ion 

system f o r  product ion of 1500 p s i g  steam. T h i r t y  percent  of t he  gas from the  

z i n c  oxide r e a c t o r  is fed  t o  t he  f i r s t  of t he  f i v e  bulk methanation r eac to r s .  

A smal l  q u a n t i t y  of steam is  added t o  moderate the temperature r i s e  ac ros s  t he  

c a t a l y s t  bed i n  t he  f i r s t  r eac to r .  The remaining seventy percent  of t h e  f r e s h  

feed  is  fed  t o  t he  second methanator. The e f f l u e n t  gas s t reams from the  f i r s t  

and the  second r e a c t o r s  a r e  combined and fed t o  t h e  remaining t h r e e  methanators  

connected i n  s e r i e s .  Through t h i s  bulk methanation system, the  process  gas 

temperature is  p rog res s ive ly  lowered by hea t  recovery i n  t he  exchangers placed 

between the reac tors .  Af t e r  the f i n a l  methanation, the  gas is  cooled t o  

condense the  steam. 

3.9 Drying and Compression 

The gas stream from the  bulk methanation system is  then compressed t o  the 

d e s i r e d  product p re s su re  and passed through the  t r i m  methanator f o r  product ion 

of s p e c i f i c a t i o n  SNG. The dehydrat ion of the  product SNG i s  e f f e c t e d  by a 

g lyco l  dehydrat ion un i t .  

3.10 Sour Water S t r i p p i n g  

The sour  condensate c o l l e c t e d  downstream of the  s h i f t  conver te r  is routed 

t o  a sour  water s t r i p p e r .  The s t r i p p e d  condensate supplemented wi th  condensate 

recovered i n  the methanation system is  routed t o  the p lan t  water system f o r  

t r e a t i n g  and reuse. 

3.11 S u l f u r  Recovery 

The su l fur -conta in ing  gases  from the  Acid Gas Removal s e c t i o n  and from the  

Sour Water S t r ipp ing  s e c t i o n  a r e  de l ive red  t o  t h e  Su l fu r  Recovery sec t ion .  The 

l a t t e r  inc ludes  a Claus s u l f u r  p lan t  and a t a i l  gas t r e a t i n g  p l an t  f o r  

producing elemental  s u l f u r  a s  a by-product. 



3.12 Water Trea t ing ,  Steam Superheat ing,  and Power Generat ion 

This u n i t  c o n s i s t s  of water  t r e a t i n g  f o r  BFW prepa ra t ion ,  steam 

superhea t ing ,  and power genera t ion  a s  requi red  f o r  t he  e n t i r e  p lan t .  

3.13 Oxygen P lan t  

The oxygen p l an t  c o n s i s t s  of commercially a v a i l a b l e  air  s e p a r a t i o n  u n i t s  

d e l i v e r i n g  oxygen a t  600 p s i a  t o  t he  cha r  combustor. 

4.0 STRENGTHS AND WEAKNESSES 

4.1 S t rengths  

o E f f e c t i v e  u t i l i z a t i o n  of oxygen. A n  advantage of the  AVCO HTG 

two-stage concept i s  t h a t  va luable  oxygen is used t o  combust and burn 

out  the more d i f f i c u l t  t o  r e a c t  char  i n  t he  STAGE I combustor. The 

high temperature combustion gas is  then used t o  supply the  hea t  

requi red  f o r  the thermal py ro lys i s  of c o a l  i n  the  STAGE I1 pyrolyzer .  

The steam i n j e c t e d  t o  t h e  STAGE I1 pyrolyzer  is used for  homogeneous 

gas phase s t a b i l i z a t i o n  r e a c t i o n s ;  no steam-coal/char heterogeneous 

r e a c t i o n  i s  claimed t o  occur i n  t h e  pyrolyzer .  

o  High throughput r a t e ;  s h o r t  r e s idence  time. AVCO e s t i m a t e s  t h a t  the 

py ro lys i s  r e a c t o r  can be opera ted  a t  a  c o a l  feed r a t e  of 14,000 

l b s / h r  per  f t 3  of r e a c t o r  volume a t  t he  prescr ibed  process  

condi t ions .  This corresponds t o  a res idence  time of 40 

mil l iseconds.  

o  Slagging wa l l  combustor. Since the temperature i n  t he  char  combustor 

can be i n  excess  of 3000°F, the  c o a l  ash  is  converted i n t o  molten 

slag. A cont inuous ly  r ep l en i shab le  s teady  s t a t e  s l a g  coa t ing  which 

i s  formed on the  wal l  s t r u c t u r e  serves  a s  a p r o t e c t i v e  r e f r a c t o r y  

ma te r i a l .  

o  High carbon u t i l i z a t i o n .  The coupled combustor-pyrolyzer g a s i f i e r  is 

p o t e n t i a l l y  capable  of ope ra t ing  a t  nea r ly  100% carbon u t i l i z a t i o n .  

Coal ash  i s  the  only s o l i d  e f f l u e n t  stream produced i n  the p l an t .  



o High thermal  e f f i c i e n c y .  68.4% of  the thermal energy input  i n  t he  

coa l  feed i s  converted t o  t h e  SNG product  (co ld  gas  e f f i c i e n c y ) .  

o Clean process .  Ammonia and t a r / o i l  l i q u i d  hydrocarbons may be 

produced only i n  a n e g l i g i b l e  quan t i t y .  No ex t ens ive  l i q u i d  e f f l u e n t  

t rea tment  i s  requi red  i n  the  process.  

o No u t i l i t y  c o a l  requirement.  S u f f i c i e n t  h igh  p re s su re  steam (1500 

ps ig )  can be genera ted  wi th  t he  process  hea t  recovered i n  the  hea t  

exchangers and by u t i l i z a t i o n  of a h igh  temperature  methanation u n i t .  

No coa l - f i r ed  steam b o i l e r  i s  r equ i r ed  t o  supplement the  p l an t  steam 

requirement.  

o S e l f - s u f f i c i e n t  p l a n t  f u e l  requirement.  A smal l  s l i p  s t ream of 

d e s u l f u r i z e d  product  syngas ( p r i o r  t o  methanat ion)  i s  used t o  

supply t he  p l an t  f u e l  gas  requirement.  No a d d i t i o n a l  f l u e  gas  

d e s u l f u r i z a r i o n  i s  requi red .  

o Dense phase feeding.  Both t he  process  c o a l  and the  r e s i d u a l  char  a r e  

fed a s  dry s o l i d s  i n  dense phase mode; hence, less volume of c a r r i e r  

gas  and smal le r  t r a n s f e r  l i n e s  a r e  expected. 

o F l e x i b l e  a p p l i c a t i o n .  The g a s i f i e r  produces H2, CO, C02 and a 

l e s s e r  q u a n t i t y  of CH4. With s e l e c t e d  downstream process ing ,  t he  

g a s i f i e r  can be used f o r  gene ra t i ng  low Btu g a s ,  medium Btu gas ,  

s y n t h e s i s  gas ,  o r  high Btu gas. Also, caking c o a l s  are acceptable  

f eeds  t o  t h e  HTG. 

4.2 Weaknesses 

o Low coal-to-methane conversion. Experiments i nd i ca t ed  a t y p i c a l  

pyrolyzer  e f f l u e n t  gas  con ta in s  about 6.5 volume percent  of methane 

on a dry b a s i s ,  r e p r e s e n t i n g  a carbon conversion t o  CH4 of only 

about 10-15%. In  t he  conceptual  process  shown i n  F igu re  11-1, on ly  

about 30% of the  t o t a l  SNG i s  produced i n  t he  HTG r e a c t o r .  



o Weak data  base. The conceptual process design is based on the 

information ext rac ted  from labora tory  experimental data. Most of t h e  

research work was performed on a batch process explosion chamber 

reactor .  No data  from a continuous steady-state run a r e  yet  

ava i l ab le  a t  t h i s  time. Further development work is mandatory t o  

subs tan t i a te  the  preliminary data  used fo r  the  conceptual design. 

o High mate r i a l  consumption. A comparison on the feeds per MM Btu of 

product SNG i s  tabulated below. The BCR Bi-Gas process is very 

s imi la r  funct ional ly  t o  the AVCO HTG; the  major d i f ference  i s  tha t  

the  AVCO HTG has much higher reactor  throughput. 

Lbs O2 62.98 43.04 

Lbs process steam 159.18 82.64 

Lbs DAF coa l  

Process 98.35 85.88 

U t i l i t y  

Tota l  320.51 224.58 

( lbs.  per MM Btu SNG) 

o C r i t i c a l  components need f u r t h e r  development work: The 

following areas need s i g n i f i c a n t l y  more development work : 

- hot char recyle  including char recovery, repressur iz ing,  

and dense phase flow to  the combustor 

- heat recovery from the high temperature syngas and 

entrained s o l i d s  t o  generate high pressure steam 

- control  scheme t o  keep c lose  con t ro l  on the flow of two 

s o l i d s  streams, coal  and hot char,  which i f  e i t h e r  were 

in te r rup ted ,  would shut the g a s i f i e r  down. 



5. O POTENTIAL IMPROVEMENTS 

The fol lowing i tems a r e  being suggested a s  p o t e n t i a l  s o l u t i o n s  t o  problem 

a r e a s  t h a t  appear t o  e x i s t  a s  t h e  process  is now proposed by the  developer.  

These a l s o  take  i n t o  account the  s t a g e  of development of the  o v e r a l l  process  

and t h e  conceptual  s t a t u s  of many of t he  companion ope ra t ions  t o  and around t h e  

proposed g a s i f i c a t i o n  s tep .  They are the r e s u l t  of reviewing i tems mentioned 

i n  o t h e r  s e c t i o n s  such a s  weaknesses, a l t e r n a t e s ,  disadvantages and s t a t u s  of 

development. It is  not suggested t h a t  t hese  a r e  t he  f i n a l  so lu t ions .  They a r e  

p o t e n t i a l s  only,  viewed from the  pe r spec t ive  of t h i s  assessment,  and w i l l  

r e q u i r e  more d e t a i l e d  i n v e s t i g a t i o n  and eva lua t ion  p r i o r  t o  t e s t i n g .  It is  f o r  

t h i s  reason t h a t  they a r e  c a l l e d  p o t e n t i a l  improvements. 

5.1 Oxygen/Steam U t i l i z a t i o n  

The two-stage HTG concept proposed by AVCO i s  t o  use the  va luab le  oxygen 

t o  combust and bum the  less r e a c t i v e  char  i n  t he  combustor s t age  and t o  use  

steam + C02  t o  s t a b i l i z e  and r e a c t  with the  more r e a c t i v e  v o l a t i l e s  evolved 

from c o a l  i n  the pyrolyzer  s tage.  This is  c o n t r a s t e d  wi th  a s ing le-s tage  

g a s i f i e r ,  e.g., t he  Texaco g a s i f i e r ,  where the  va luable  oxygen is  consumed by 

heterogeneously r e a c t i n g  wi th  the  char  and by r e a c t i o n  with the  v o l a t i l e s .  

However, a comparison of t h e  steam and oxygen consumption of t he  AVCO 

two-stage g a s i f i e r  t o  t h a t  of the  Bi-Gas two-stage g a s i f i e r ( 2 )  shows 46% 

higher  oxygen and 93% higher  steam usage per  MMBtu of SNG f i n a l  product.  Also, 

the c o a l  carbon converted t o  CH4 i n  t he  AVCO two-stage g a s i f i e r  is  much 

lower: 11% versus  24% f o r  Bi-Gas. 

It is  suggested t h a t  AVCO i n v e s t i g a t e  i n  t h e i r  PDU t h e  fol lowing:  

( a )  higher  p re s su re s ,  approaching 1000 p s i a  

(b)  h igher  py ro lys i s  res idence  times, i n  t he  order  

of s eve ra l  seconds 

( c )  lower pyrolyzer  o u t l e t  temperatures 



The purpose of suggesting the above is to maximize the CH4 yields in the 

gasifier by allowing the gas phase and heterogeneous reactions to produce more 

methane, The objective would be to reduce the oxygen and steam consumption to 

that of the Bi-Gas system while simultaneously increasing the CH4 yield. It 

is realized that the yields of the Bi-Gas reactor as given in the Braun report 

(reference 2) are probably optimistic. For example, the carbon conversion to 

CH4 in that report is calculated to be 24%. However, previous experimental 

data by Bituminous Coal Research, Inc., on a Pittsburgh Seam coal showed 

conversions from 12 to 20%;'~) with N. Dakota Lignite, conversions from 

11 to 17% were a~hieved'~). Conditions of the testing were similar to 

AVCO except the pressure was about 1000 psia and the residence times ranged 

from 2 to 16 sec. Hence, although a yield of coal carbon to methane of 24% 

seems optimistic, higher conversion than AVCO has realized are entirely 

possible by pressure and residence time adjustments. 

5.2 Synthesis Gas Production 

The AVCO HTG pyrolyzer produces a significant, but relatively small amount 

of methane: only 11 percent of the coal carbon is converted to CH4. When 

producing SNG, or a fuel gas to be used for combustion, the methane yield 

should be maximized. However, where a syngas is to be used for hydrogen 

production, Fischer-Tropsch synthesis, methanol synthesis, etc., the production 

of methane should be minimized so that costly separation of the C H 4 ,  e.g., by 

cryogenic separation, can be eliminated. It is suggested that AVCO investigate 

in their PDU the conditions required to give essentially no methane. Higher 

pyrolyzer temperatures and lower steam usage are methods which should reduce 

the methane yield. 

5.3 Combined Gas and Power Production 

To capitalize on AVCO's knowledge of coal pyrolysis and MHD power 

generation, it is suggested that they further investigate the integration of 

the combustor, channel, and pyrolyzer. This arrangement has the advantage of 

producing gas as well as power which could be used for plant requirements. The 

added complexity is seed injection and separation as required in an MHD power 

cycle. 



6.0 COMPONENTS REQUIRING DEVELOPMENT 

6.1 Dense Phase Feed System 

I n  t h e  proposed HTG g a s i f i c a t i o n  process ,  two dense phase feed systems a r e  

r equ i r ed ;  one f o r  c o a l  feed ing  and one f o r  cha r  feeding.  A t  t h e  p re sen t  s t a g e  

of development, t h e  a c t u a l  feed system has not  y e t  been s e l e c t e d  by the  

developer.  Pressur ized  lockhopper systems must be used. The developer  i s  

cons ide r ing  t o  use raw product gas  a s  t he  lock  gas. A g a s  recovery and r e c y c l e  

system would be necessary t o  minimize t h e  va luab le  gas  ven t ing  t o  atmosphere. 

AVCO h a s  exper ience  wi th  dense phase c o a l  t r a n s p o r t  and feed ing  up t o  2 

hours dura t ion .  A cont inuous feed ing  system f o r  a longer  time s c a l e  has y e t  t o  

be demonstrated. 

The c o a l l c h a r  is i n j e c t e d  a t  a po in t  of high Reynolds number and near  

s o n i c  v e l o c i t y  i n  t h e  main s t ream i n  a manner t h a t  encourages f a s t  t u r b u l e n t  

mixing of t he  s o l i d s  and main stream. The i n j e c t i o n  of a c o a l  s t ream i n t o  a 

main s t ream of near  son i c  v e l o c i t y ,  y e t  main ta in ing  optimum t u r b u l e n t  mixing, 

may p re sen t  d i f f i c u l t  f l u i d  mechanic problems. 

6.2 Char Combust o r  

The des ign  of a char  combustor t o  ope ra t e  i n  series wi th  t he  pyrolyzer  

would a l s o  be designed on the  concept of high temperature  r a p i d  g a s i f i c a t i o n .  

The s l agg ing  w a l l  combustor concept i s  based on r e l a t e d  work performed by AVCO 

i n  t h e i r  c o a l - f i r e d  MHD program. However, t h e  p r o p e r t i e s  of t h e  cha r  a r e  

undoubtedly different f r o m  the p r o p e r t i e s  of t h e  coa l ,  Mechanical f e a t u r e s ,  

combustion s to ich iomet ry ,  e f f e c t s  of a sh  composition and concen t r a t i on ,  and g a s  

molten-slag s e p a r a t i o n  r e q u i r e  s p e c i a l  a t t e n t i o n  i n  the  development of t he  char  

combustor. 

6.3 Reactor  Turn Down 

The r e a c t o r  t u r n  down c a p a b i l i t y  of t h e  proposed HTG system has not ye t  

been s tud ied .  The t u r n  down r a t i o  i s  an important  parameter t o  t h e  a p p l i c a t i o n  

of s l agg ing  r e a c t o r  wal l  s t r u c t u r e  technology and t o  the  process  engineer ing  of 

t h e  process .  



Es tab l i sh ing  and maintaining a continuous s teady  flowing l a y e r  of molten 

s l a g  on the  r e a c t o r  wa l l  i s  c o n t r o l l e d  by the  shear  and body f o r c e s  on the  s l a g  

and the  s l a g  v i s c o s i t y ,  which i s  dependent on temperature.  L imi ts  of these  

c o n t r o l l i n g  f a c t o r s  and t h e  e f f e c t  of changing t h e  gas  s o l i d s  stream flow 

p a t t e r n  may r e q u i r e  f u r t h e r  study. 

From a process  engineer ing  po in t  of view, a p i ece  of equipment which has 

l i m i t e d  t u r n  down r a t i o  can be t h e  bot t le-neck of t he  e n t i r e  process.  Cos t ly  

p l a n t  shut  down could be caused by not  a l lowing f o r  an adequate r e a c t o r  t u r n  

down r a t i o  i n  t he  process  design. 

6 . 4  Control  and Sa fe ty  Systems 

A t  the present  s t a g e  of development, the  con t ro l / i n s t rumen ta t ion  and 

s a f e t y  systems f o r  a two-stage HTG r e a c t o r  have not been developed on any 

sca le .  The fol lowing i t e m s  r ep re sen t  some major po in t s  which r e q u i r e  s p e c i a l  

a t t e n t i o n :  

o a r e l i a b l e ,  h i g h - s e n s i t i v i t y  flow c o n t r o l  system f o r  s o l i d s .  

o a s a f e t y  con t ro l  system which can prevent  t h e  p o s s i b i l i t y  of an  oxygen 

explos ion  caused by upse t  cond i t i ons  such a s  l o s s  of char  feed ,  l o s s  of 

c o a l  f eed ,  l o s s  of steam, e t c .  

o a s u i t a b l e  ins t rumenta t ion  system which can adequately control t h i s  

very sho r t  res idence  time g a s i f i e r .  

7.0 DEVELOPMENT STATUS DETAILS 

AVCO1s experience i n  MHD development e n t a i l e d  new s t u d i e s  of c o a l  and gas 

behavior a t  high temperature and r e l a t e d  technologies .  Basic and app l i ed  

r e sea rch  on c o a l  u t i l i z a t i o n  l e d  t o  a conceptual  two-stage g a s i f i e r  system: 

Stage I i s  a char  combustor and Stage 11 is a c o a l  pyrolyzer .  The proposed 

two-stage g a s i f i e r  has not ye t  been f u l l y  t e s t e d  i n  the laboratory.  D e t a i l s  of 

t h e  conceptual  design a r e  considered p r o p r i e t a r y  a t  t h i s  time. Most of t h e  

p y r o l y s i s  da t a  gathered a r e  from s ingle-pulse  g a s i f i e r  experiments. The 



technological information and development status of the related components 

which have been tested or are under testing are given as follows: 

(1) Pyrolysis Work 

o Entrained Flow Gasifier Experimentation 

o Single-Pulse Gasifier (batch) Experimentation 

o Pyrolysis PDU (high velocity) Experimentation 

(2) Slag Utilization 

(3) MHD Coal Combustor Work 

(4) Analytical Modeling Work 

(5 )  Future HTG Gasifier PDU Development 

7.1 Pyrolysis Work 

7.1.1 Entrained Flow Gasifier Experimentation 

o Funding Agency: ERDA - Low Btu Gas Program 

o Project Period: 1974-1975 

o Project Objectives: 

Exploration of the rate and extent of coal devolatili- 

zation using the MHD combustor overhead gas as the heat 

source. 

o Test Facility: 



The en t r a ined  bed g a s i f i e r  experiment set-up i s  shown i n  Pig. 

11-2. The system cons i s t ed  of a  v e r t i c a l  down-flow g a s i f i e r  wi th  

t o p  mounted o i l  burner and a u x i l i a r y  equipment wi th  c o a l  feed 

r a t e s  of up t o  120 lb /h r .  

o  Test  Condi t ions:  

Coal (70%-200 mesh) was fed through t h r e e  r ad i a l l y - a l i gned  

i n j e c t o r s  a t  a  r a t e  of 50 t o  120 l b s / h r .  The c o a l  p a r t i c l e s  were 

heated up r a p i d l y  and d e v o l a t i l i z e d  a s  they got  e n t r a i n e d  i n  the  

ho t  gases  produced by combustion of No. 2  f u e l  o i l  wi th  

oxygen-enriched a i r .  

The v o l a t i l e s  and char  were intermixed and r eac t ed  with the  hot  

gases  a s  t he  s t ream flows downwards. All t h e  r e a c t i o n s  were 

quenched by co ld  water j e t s  a t  the  bottom of t h e  g a s i f i e r .  Char 

p a r t i c l e s  were c o l l e c t e d  i n  t he  cha r  c o l l e c t o r  f o r  cha r  a n a l y s i s .  

Gas samples sucked through the  sampling probe were analyzed by 

on-l ine I R  d e t e c t o r  o r  by gas  chromatography. 

The g a s i f i e r  was operated a t  a tmospheric  pressure.  Gas 

temperature  (without  c o a l )  was measured i n  a  range of 2780' t o  

3590°F. Coal-gas mixture  res idence  time was s e t  i n  a  range of 7 

t o  70 mi l l i seconds .  

o  Test  Resu l t s :  

Over 30 d a t a  po in t s  i nd i ca t ed  thermal d e v o l a t i l i z a t i o n  i n  the  

range of 35 t o  68% of t h e  o r i g i n a l  DAF coa l  carbon i n t o  low Btu 

gas  with a t y p i c a l  res idence  t i m e  i n  the  o rde r  of 50 msecs. 

It was a l s o  acknowledged t h a t  inadequate  mixing of v o l a t i l e s  and 

background gas during d e v o l a t i l i z a t i o n  caused s i g n i f i c a n t  soo t  

format ion. 



7.1.2 Single-Pulse G a s i f i e r  Experimentation 

o Funding Agencies : AGA/GRI 

o P ro j ec t  Period: 1975-1979 

o P r o j e c t  Objec t ives :  

I n v e s t i g a t i o n  on v o l a t i l e  y i e l d s  of pu lver ized  c o a l  under extreme 

condi t ions  of i n i t i a l  coal-gas mixing, temperature and hea t ing  r a t e .  

o  Test  F a c i l i t y :  

The experimental  appara tus  is  shown i n  Fig. 11-3. The batch process  

explos ion  chamber i s  made of an aluminum c y l i n d e r  (25 cm I D  x 24  cm) 

wi th  s t e e l  end p l a t e s .  P i e z o e l e c t r i c  p re s su re  t r ansduce r s ,  one on each 

end f l ange ,  were used t o  measure t h e  very r ap id  p re s su re  change. 

A c o a l  holder  with pe r fo ra t ed  bottom p l a t e  was mounted i n  the  chamber 

bottom f lange.  A p re s su r i zed  gas r e s e r v o i r  was i s o l a t e d  from t h e  

explos ion  chamber by a quick a c t i n g  b a l l  valve. 

o Test  Conditions: 

Before each run, c o a l  was placed i n  the c o a l  ho lder  and the  chamber was 

evacuated. Depending on the  experiment,  02, O2 + C02, o r  O2 + 
N2 was then loaded i n  t he  chamber t o  about 1 atmosphere. Coal was 

blown i n t o  tu rbu len t  suspension by H2 gas from the  r e se rvo i r .  

Rapid gas phase combustion by spark i g n i t i o n  of s to i ch iome t r i c  

hydrogen-oxygen mixture r e s u l t e d  i n  a  superheated steam environment. 

The dombustion was followed by hea t ing  of t h e  c o a l  p a r t i c l e s  by t h e  

newly formed steam, d e v o l a t i l i z a t i o n ,  and the  r e a c t i o n  of v o l a t i l e s  

wi th  t h e  background gas. 



A t  t he  end of each run, t he  product was cooled by heat t r a n s f e r  t o  the 

wal l s  of t he  chamber. 

Eva lua t ion  of the experiment was based on examination of t he  gas  and 

cha r  which remained a t  t h e  end of the run. 

o Test  Resu l t s :  

The s t a b i l i z e d  gas composition v a r i e s  with experiment.  Typica l  gas 

y i e l d s  on a d ry  b a s i s  c o n s i s t s  of H z ,  45.1%, CO, 29.0%, C02, 19.4%, 

CH4, 6.5%. The experimental  r e s u l t s  were summarized i n  four  groups 

and a r e  g iven  a s  fol lows.  

(a)  Steam a s  background gas  

Parameter i n v e s t i g a t e d :  

c o a l  mass load ing  

Post  Explosion* 
T ,  O F  P ,  A t m  

EXPERIMENTAL RESULTS: 

Mass Loading Number 
lb .  DAF Coal/ of 
lb.  Steam Data 
Generated Po in t s  

Gas Yield 
% Carbon 
Convers. 



As i s  evident  from the  above data ,  the  % carbon conversion 

decreased a s  the  c o a l / s  team r a t i o  increased. 

(b)  CO, C02, and steam a s  background gas ( i n i t i a l  gas 

CH1. 84°2.12)' 
Parameter inves t iga ted :  

d i f f e r e n t  temperature a t  a cons tant  mass loading of 0.33 DAF 

c o a l / t o t a l  gas. 

Experimental Resul ts :  

Number of Gas Yield 
*Post Explosion Data % Carbon X c a r b o d  

T OF P, atm Po in t s  L Convers. Conversion 

From the  above da ta ,  two important observations can be made: 

(1) A s  the  temperature of the  steam produced i n  the  explosion 

chamber goes up, the  carbon conversion inc reases  

(2 )  Increas ing the turbulence has a dramatic e f f e c t  on the carbon 

conversion with a more pronounced e f f e c t  a t  lower 

temperatures 

( c )  C02 and steam a s  background gas: 

Parameter inves t iga ted:  

d i f f e r e n t  temperatures achieved by varying the C02 concentra t ion  

a t  a cons tant  mass loading of 0.8 lbs .  DAF coal / lb .  steam. 

*Post Exp. Temp = Calculated a d i a b a t i c  temperature f o r  H2 and oxygen 
r e a c t a n t s  only before coal  is  in jec ted ,  

6 Increased turbulent  mixing. 



Experimental Results: 

Number of 
T. OF  - Data Points 
5700 2 
5200 2 
4700 2 
4250 2 
3850 2 
3500 2 
3150 2 

Gae Yield 
X Carbon 

Aa shown by the above data, decreasing the temperature by the 

addition of C02 as a diluent decrease6 the X carbon conversion. 

(d) N2 and steam as background gas: 

Parameter investigated: 

different temperature levels achieved by varying the N2 
- 

concentration.. 

Experimental Results: 

lb. DM con. 

Number 
0 f 
Data 
Points - 

5 

2 
2 
2 
2 
2 
2 
4  

Cas Yield 
X Carbon 
Convere. 
m 5  
76, 80 
60,  70 
49, 50 
46, 46 
51, 53 
4 6 ,  46 
5 1 ,  5 1  
4 5 ,  46 

45 

*Pressure in a range of 10 to 20 atme. 



A s  shown by the above da ta ,  decreasing the  temperature decreases 

the  % carbon conversion s imi la r  t o  what was observed when C02 was 

used as  the  d i luent .  The i n t e r e s t i n g  observation here is  tha t  the  

C02 didn' t appear t o  help carbon conversion s ince  the  r e s u l t s  a t  

t o t a l  mass loading of 0.8 a r e  s imi la r  f o r  C02 and N2. Hence, 

heterogeneous reac t ion  of C02 and char were apparent ly  

negl ig ib le .  

7.1.3 Pyrolys is  PDU Experimentation 

o Funding Agency: AVCO i n t e r n a l  funds 

o Projec t  Period: Continuing 

o Projec t  Objectives: 

Demonstrate thermal pyrolys is  of coa l  i n  a high v e l o c i t y  

ent ra ined bed reac to r  producing comparable v o l a t i l e  y i e l d s  wi th  

the  y ie lds  obtained i n  the batch reac to r  experiments 

(Single-Pulse Gasi f ier ) .  

o Test F a c i l i t y :  

The reac to r ,  developed o r i g i n a l l y  f o r  research i n  coal  

combustion f o r  open cycle  MIID, has been operated a s  a h o r i z o n t a l  

flow, ent ra ined bed pyrolys is  PDU. The reac to r  has i n t e r n a l  

dimensions of 15 cm diameter and 180 cm long. Coal feed r a t e  i s  

about 1 TPH. 

o Test Conditions: 

Hot gas was produced by combustion of No. 2 f u e l  o i l  with 

oxygen enriched a i r .  Coal was in jec ted  i n t o  the  hot gas a t  a 

r a t e  of 1 ton per hour. The reac to r  was operated a t  4 

atmospheres. Tota l  run time i s  l imi ted  t o  about 1 hour which i s  

s e t  by the  coal  feed hopper capacity. Typical gas residence 

time i s  about 2 msec. 



o Test  Resul t s :  

Ea r ly  t e s t  r e s u l t s  have shown v o l a t i l e  y i e l d s  were comparable 

wi th  the  r e s u l t s  ob ta ined  f o r  t h e  Single-Pulse G a s i f i e r  

experiments.  Resu l t s  were repor t ed  a s  a composite of t e s t  d a t a  

poin ts .  

Mass Loading React ion Condit ions 
( l b s  DAF Coal/ Gas Yield 

l b  g a s )  L T O F  P, ATM N,/02 %CarbonConvers.  

Recent e f f o r t s  were d i r e c t e d  t o  t h e  areas which would more 

n e a r l y  r ep re sen t  the  elements of t he  proposed two s t a g e  

g a s i f i c a t i o n  concept. 

More experiments were performed i n  t he  d i r e c t i o n  of lowering the  

r e a c t i o n  temperature.  The n i t rogen  concen t r a t ion  i s  reduced by 

r ep lac ing  N2 with  waterlsteam. 

Pre l iminary  f ind ings  revea led  t h a t  t h e  s t a b i l i z a t i o n  of 

p y r o l y s i s  products  such as CO, H2, and CH4 i s  s e n s i t i v e  t o  

the  composition of t h e  background gas stream and t o  t h e  

placement of t he  c o a l  i n j e c t o r s .  The experiment r e s u l t s  a r e  

s t i l l  i n  the  process  of a n a l y s i s ;  d a t a  have not  been r e l e a s e d  

ye t .  

7.2 S lag  U t i l i z a t i o n  

o Funding Agency: 

o P r o j e c t  Period: 

EPRI 

1975 - 1977 



o P r o j e c t  Objec t ives :  

I n v e s t i g a t i o n  on t h e  requirements  f o r  development of a cont inuous,  

s t a b l e  l a y e r  of s l a g  f o r  s t r u c t u r a l  p r o t e c t i o n  i n  MHD systems. 

o Test  F a c i l i t y :  

The test duct  was about 80 cm long, wi th  a f i x e d  he igh t  of 6 cm, and 

a d j u s t a b l e  width,  en t r ance  and e x i t  geometry t o  c o n t r o l  Mach number 

d i s t r i b u t i o n .  The test s t r u c t u r e  exposed t o  t h e  two-phase product 

flow normally included two o r  t h r e e  d i f f e r e n t  ceramic f i l l e d  test  

w a l l  s t r u c t u r e s ,  b a r e  copper,  and n icke l -p la ted  copper. S t a i n l e s s  

s teel  304 was used a s  end blocks i n  t he  supersonic  con f igu ra t i on .  I n  

some cases ,  t he  convergent s e c t i o n  between t h e  combustor and MHD 

channel  was made of co ld  copper (non-slagging) wi th  about 10 c m  

c o n t r a c t i o n  l eng th ;  i n  o t h e r s  c o n t r o l l e d  contour  s l agg ing  c o n t r a c t i o n  

was used. 

o Test  Condi t ions:  

The experiments employed c o a l  s l a g  r e s u l t i n g  from i n j e c t i o n  of e i t h e r  

pu lver ized  coa l ,  f l y  ash ,  o r  f l y  ash  p lu s  o t h e r  minera l s ,  i n t o  a f u e l  

o i l  f i r e d  combustor. 

Typica l  test cond i t i ons  were summarized a s  fol lows : 

Combustor: AVCO MK V I  E PRI 

Primary Feed : 0 -N -CH 0 -N -CH 

Mach Number: 0.6 - 0.7 1.1 - 1.6 

Residence Time(msec): 15 9 

I n i t i a l  P re s su re  ( p s i a ) :  30 - 35 55 - 63 

I n i t i a l  Temperature: 2800 - 2900 2500 - 2600 

Replenishment feed:  Penn Ril ton  F l y  ash  

Seacoal  

( P i t t s b u r g h  Seam) 



o Test Results: 

Experiments under both subsonic and supersonic conditions indicated 

that a steady state continuous flow of a slag layer coating on the 

metal wall structure was achieved in a typical time of 30 minutes. 

The slag surface temperature was found to be about 2500' to 3000°F 

and the metal wall temperature as low as 300°F. 

The effects of combustion stoichiometry, ash composition, flow field, 

and wall structure on the slag coating transport process were 

studied. 

The technology has been demonstrated by hundreds of hours of long 

duration runs at AVCO's laboratory. 

7.3 MHD Coal Combustor Work 

o FundingAgency: DOE 

o Project Period: 1976 - Present 
o Project Objectives: 

Phase 1 - Investigated the burn out and combustion air preheating 
facility. 

Phase 2 - Designed and built a coal combustor for an MHD system. 

Phase 3 - Test the combustor. MHD channels will be coupled to the 

combust or. 

o Test Facility: 

A coal-fired combustor was designed for a 20 MW MHD system. The 

combustor is designed to operate with a slagging wall. 



o Test  Condi t ions:  

The combustor is operated a t  about 4800°F and 5 atm wi th  a  c o a l  feed 

r a t e  of 2 tons per hour. 

o  Test  Resul t s :  

Seve ra l  of 90 minute runs have demonstrated the  v i a b i l i t y  of t he  s l a g  

p ro t ec t ed  r e a c t o r  wa l l s  and good combustion performance. The r e a c t o r  

des ign  approach is v e r i f i e d .  

7.4 Ana ly t i ca l  Modeling Work 

o  Py ro lys i s  and Combustion 

Input  : Fuel ;  ox idan t ;  f low d e s c r i p t i o n  

Model : Mixing and flow dynamics 

Heat,  mass, momentum exchange 

Pyro lys i s  k i n e t i c s  

Heterogeneous r e a c t i o n  

Thermochemistry 

Capab i l i t y :  

o  S lag  Flow 

Input : 

Model: 

Capab i l i t y :  

Performance p r e d i c t i o n  

Optimizat ion c a l c u l a t i o n s  

Equipment s i z i n g  c a l c u l a t i o n s  

Gas Flow; w a l l  s t r u c t u r e  

Heat,  mass, momentum t r a n s p o r t  

V i scos i t y  dependence 

S t a b i l i t y  

Slag l a y e r  th ickness ,  temperature ,  

f low c a l c u l a t i o n s  

T rans i en t  flow c a l c u l a t i o n s  

Optinum wa l l  s t r u c t u r e  c a l c u l a t i o n s  

Optinum s l a g  tapping c a l c u l a t i o n s  



7.5 Future HTG G a s i f i e r  PDU Development 

Development of the  High Throughput G a s i f i c a t i o n  (HTG) PDU i s  v i s u a l i z e d  by 

AVCO i n  terms of t he  fol lowing mi les tones :  

o Py ro lys i s  s t a g e  coupled wi th  a l i q u i d  fue l ed  combustor with oxygen 

and steam a s  input .  Primary emphasis w i l l  be placed on exp lo r ing  

c o a l  i n j e c t i o n  and p a r t i c l e  s i z e  f o r  maximum pyro lys i s  y ie ld .  The 

tests w i l l  be done under cond i t i ons  app ropr i a t e  t o  cha r  r e c y c l e  

condit ion.  Fly ash  w i l l  be added t o  provide a s l a g  source. 

o Char combustor development w i l l  be done based on t h e  technology 

evolved from the  c o a l  combustor f o r  open cyc le  MHD program. 

o Development of high temperature cyclones t o  s e p a r a t e  char  from t h e  

py ro lys i s  product gas. AVCO expec t s  t o  c a p i t a l i z e  on the  experience 

obtained dur ing  t h e  o p e r a t i o n  of t h e  BCR B i - G a s  p l an t .  

o Development of an  i n t e g r a t e d  system c o n s i s t i n g  of char  combustor, 

coa l  pyro lyzer ,  cyclone sepa ra t ion ,  and char  recycle .  

8.0 FUNDAMENTALS OF SRT GASIFICATION AS APPLIED TO THE AVCO HTG GASIFIER 

The AVCO HTG Process c o n s i s t s  of two s t ages :  t he  py ro lys i s  s t a g e  and t h e  

cha r  combustor s tage.  Although each s t a g e  is dependent on the  o t h e r ,  t h e  

fol lowing d i scuss ion  w i l l  t r e a t  t he  s t a g e s  s epa ra t e ly .  

8.1 Pyro lys i s  Stage 

AVCO has given cons iderable  e f f o r t  t o  the  bas i c  understanding of r ap id  

py ro lys i s  i n  an entrained-f  low c o a l  g a s i f i e r .  By combf nf ng d a t a  e x t r a c t e d  from 

t h e  l i t e r a t u r e  and from t h e i r  own p y r o l y s i s  experiments,  AVCO has  pos tu l a t ed  a 

mechanism f o r  r ap id  c o a l  py ro lys i s  (5,6). 

Pulverized c o a l  (70% minus 200 mesh) i s  i n j e c t e d  i n t o  hot combustion gases  

from t h e  char  combustor. The hot gases ,  which a r e  a t  temperatures  around 

3000°F and c o n s i s t  mostly of CO, C02 H2 and H20, a r e  i n j e c t e d  i n t o  the  



pyrolyzer  s t a g e  a t  high v e l o c i t i e s  t o  e f f e c t  good mixing wi th  the  coa l  (note  

t h a t  the  p re s su re  drop of the  combustion gases  from the  combustor t o  t he  

pyro lyzer  e f f l u e n t  is 50 p s i ) .  By the  combination of high temperature 

combustion gases ,  small  coa l  p a r t i c l e s  and i n t e n s e  mixing, hea t ing  r a t e s  of up 

t o  2 0 0 , 0 0 0 ° ~ / s e c  a r e  a t t a ined .  This  means t h a t  t he  c o a l  p a r t i c l e s  a r e  heated 

t o  py ro lys i s  r eac t ion  temperatures  of around 2000°F i n  about 10 msec. 

As  the c o a l  i s  being heated up, py ro lys i s  r e a c t i o n s  occur with CO, C02 
and H,O being the  primary compounds dr iven  off  a t  temperatures  up t o  about 

800 'I?''). Subsequent hea t ing  produces heavier  hydrocarbon gases  such a s  

CH4, C2-C5 gases ,  and aromatics  such a s  benzene and polycycl ic  compounds. 

AVCO has pos tu l a t ed  the rap id  d e v o l a t i l k z a t i o n  r e a c t i o n s  by sugges t ing  two 

competing f i r s t - o r d e r  r eac t ions .  Each desc r ibes  t he  c o a l  decomposition 

(approximated by CHx, where 0 <X (1) t o  r e s i d u a l  cha r s  R1 and R 2  and 

v o l a t i l e s ,  V 1  and V2. The r eac t ions  then a r e  w r i t t e n  a s  fol lows:  

c o a l  

where K1 = Arrhenius r a t e  cons tan t  f o r  r e a c t i o n  1 

K2 = Arrhenius r a t e  cons tan t  f o r  r e a c t i o n  2 
a 

1 o r  2 = X/Xn 

X = Atomic (H/C) of c o a l  

Xn = Atomic (H/C) of v o l a t i l e s  V n ,  n=1,2. 

From curve f i t t i n g  of da t a  i n  the  l i t e r a t u r e ,  the f i r s t  r e a c t i o n  was found 

t o  dominate a t  temperatures t o  about 1800°F and the second r e a c t i o n  a t  higher  

temperatures .  Calculated a c t i v a t i o n  ene rg i e s  En f o r  t he  Arrhenius r a t e  

equat ion  (k, = ko exp[-En/RTj) were 17.6 and 60.0 kcal/mole r e spec t ive ly .  

For c a l c u l a t i o n a l  purposes,  t he  v o l a t i l e s  evolved by the  f i r s t  r e a c t i o n  a r e  

assumed t o  be e thylene  type aromatic  hydrocarbons while those evolved by the  

second r e a c t i o n  a r e  assumed t o  be benzene type aromatic  hydrocarbons. However, 

t h e  cond i t i ons  of t he  HTG g a s i f i e r  i n  the  m a t e r i a l  balance given i n  Table 11-1 



a r e  such t h a t  the  f i r s t  r e a c t i o n  predominates due t o  t he  r e l a t i v e l y  low 

temperatures.  Nevertheless ,  t he  v o l a t i l e s  y i e l d  a s  a percentage of DAF coa l  i s  

about 60 wt .%.  With t h i s  q u a n t i t y  of v o l a t i l e s  evolved, which i s  about 1-1/2 

t imes t h e  ASTM VM of t he  c o a l ,  t h e  gas-phase c racking  of uns t ab le  v o l a t i l e s  t o  

H2 and CO w i l l  occur. This  d e g a s i f i c a t i o n  of v o l a t i l e s  t o  soot  can occur 

b a s i c a l l y  i n  two reg ions :  w i th in  the  pores  of t he  c o a l  where the  v o l a t i l e s  a r e  

s t i l l  escaping o r  i n  t he  d ispersed  gas a f t e r  t he  v o l a t i l e s  a r e  f r e e  of the  c o a l  

surface.  It has been determined t h a t  about 80-90% of t h e  soot ing  t akes  p lace  

i n  t h e  gas phase and hence would be swept away from the  c o a l  p a r t i c l e  before  

having a chance t o  adhere t o  the  coal.  Since soot  is very f i n e  and d i f f i c u l t  

t o  recover ,  soo t ing  is extremely undes i rab le .  By provid ing  s u f f i c i e n t  r e a c t i v e  

gas  spec i e s  i n  t he  hot  combustion gases  (CO, C02 and HZO),  t he  uns t ab le  but 

r e a c t i v e  v o l a t i l e s  a r e  r eac t ed  i n  t he  gas phase thereby suppress ing  soot  

formation. This  is  termed the " s t a b i l i z i n g "  e f f e c t  of the  background gases.  

Gas composition is assumed t o  be c lose  t o  equ i l i b r ium with methane y i e l d s  

appa ren t ly  s l i g h t l y  above equi l ibr ium (an equi l ibr ium c a l c u l a t i o n  of the 

pyrolyzer  e f f l u e n t  gas from Table 11-1 showed s l i g h t l y  lower methane than  i s  

repor ted) .  

The t o t a l  res idence  time i n  the py ro lys i s  s t a g e  is less than 100 msec; 

t he re f  o re ,  slow heterogeneous r e a c t i o n s  between t h e  newly formed char  and gas  

a r e  assumed t o  be neg l ig ib l e .  

8.2 Char Combustor Stage 

In  t h i s  s t age ,  t h e  heterogeneous r e a c t i o n  of char  (from c o a l  p y r o l y s i s )  

w i t h  oxygen is  e s s e n t i a l l y  t he  only r e a c t i o n  t h a t  conver t s  the  char  t o  gas. 

Some steam is added to  the combustor s t a g e  a s  a means of temperature con t ro l .  

Any r e s i d u a l  v o l a t i l e s  from the  p y r o l y s i s  s t a g e  w i l l  d e v o l a t i l i z e  and combust 

w i th  the  oxygen also.  

Gases formed a t  t hese  high temperatures  ( 3000°F) a r e  assumed t o  be i n  

equi l ibr ium. 

Although t h i s  s t a g e  is t i t l e d  the "char combustor s tage" ,  i t  does not 

combust a l l  of the carbon i n  the char  t o  C02, nor is  it necessary  t o  do so. 



A s  i n d i c a t e d  i n  s t ream 6 of the  material balance i n  Table  11-1, cons ide rab l e  CO 

and H2 a r e  produced here. Hence, t h e  "char combustor" is  more l i k e  a  p a r t i a l  

o x i d i z e r  producing a  syngas con ta in ing  CO, H2, C02 and no methane. 

F igure  11-4 is  presen ted  he re  t o  f a c i l i t a t e  a q u a l i t a t i v e  d i s c u s s i o n  on 

t h e  hea t  load  r equ i r ed  by t h e  p y r o l y s i s  s t a g e  and the  hea t  supp l i ed  by the  

combustor s tage .  Curves presen ted  a r e  t h e  a u t h o r ' s  concept of t he  r e l a t i o n s h i p  

between the  two s t a g e s  i n  o rde r  t o  po in t  ou t  c e r t a i n  indigenous f e a t u r e s  of 

t h i s  r e l a t i o n s h i p .  

Curve @ r e p r e s e n t s  the  percent  of c o a l  t h a t  is a v a i l a b l e  t o  the  char  

combustor a s  r ecyc l e  c h a r  versus  t he  percent  MAF coa l  d e v o l a t i l i z e d  i n  t h e  

p y r o l y s i s  s tage.  The r e l a t i o n s h i p  t akes  i n t o  account t h a t  the  l e s s  

d e v o l a t i l i z a t i o n  i n  t h e  p y r o l y s i s  s t a g e ,  t h e  h ighe r  t h e  cha r  a v a i l a b i l i t y  t o  

t he  combustor s tage .  It a l s o  recognizes  an a b s o l u t e  maximum amount of 

d e v o l a t i l i z a t i o n  i n  p y r o l y s i s  shown by the  asymptote t o  t he  do t t ed  l i n e .  I t  

should be pointed out t h a t  i f  a l l  of t h e  char  HHV i s  t o  be u t i l i z e d  i n  the  char  

combustor, then a l l  of t h e  carbon i n  t he  gas  phase i s  converted t o  C02. 

Curve @ r e p r e s e n t s  t h e  percent  of t h e  c o a l  f eed  HHY r equ i r ed  f o r  p y r o l y s i s  

a s  a  func t ion  of t he  percent  MAF c o a l  d e v o l a t i l i z e d .  This curve shows the  

obvious r e l a t i o n s h i p  t h a t  t he  hea t  load t o  p y r o l y s i s  i nc reases  a s  the  v o l a t i l e s  

y i e l d  i nc reases .  The curve a l s o  sugges ts  t h a t  the  hea t  load f o r  the  i n i t i a l  

s t a g e s  of d e v o l a t i l i z a t i o n  is  a small  q u a n t i t y  of t he  feed c o a l  HHV, but  as t h e  

percent  d e v o l a t i l i z a t i o n  i n c r e a s e s ,  a sharp  i n c r e a s e  i n  the  hea t  requirement 

occurs.  The shaded s e c t i o n  l a b e l e d  "Area A" r e p r e s e n t s  t h e  d i f f e r e n c e  i n  h e a t  

a v a i l a b l e  t o  t he  char  combustor and the hea t  requi red  by the  c o a l  pyrolyzer .  

A s  long a s  t h i s  d i f f e r e n c e  i s  p o s i t i v e ,  then some syngas,  i.e., CO + W2, i s  

genera ted  i n  the  char  combustor a long  wi th  C02.  A s  t he  v o l a t i l e s  y i e l d  

i n c r e a s e s ,  t h i s  d i f f e r e n c e  decreases  u n t i l  it reaches a  balance po in t  l a b e l e d  

"char  balance po in t"  where only C02 is genera ted  i n  t h e  cha r  combustor. 

Beyond t h i s  po in t ,  t h e  cha r  combustor w i l l  have t o  be augmented by a  

supplemental  c o a l  feed t o  supply t h e  d i f f e r e n c e  i n  hea t  load r equ i r ed  by 

p y r o l y s i s  from t h a t  a v a i l a b l e  from t h e  cha r  combustor, shown g r a p h i c a l l y  i n  

Area 3. 



The reason for submitting this graph is to point out that maximizing of 

pyrolysis yields in the pyrolysis stage beyond the "char balance point" is not 

beneficial; also, the generation of CO and H2 in the char combustor is 

inevitable. 
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TABLE 11-1. Material Balance for AVCO HTG Coal-to-SNG Process. 
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SECTION 111 

ASSESSMENT OF BELL HMF GASIFICATION PROCESS 

1.0 SUMMARY 

The assessment of t he  B e l l  HMF G a s i f i c a t i o n  Process  f o r  making SNG was 

based on meetings and d i scuss ions  with the  developer  a s  we l l  as a v a i l a b l e  

l i t e r a t u r e .  Since g a s i f i e r  t e s t s  a s  of t h i s  wr i t i ng  have only been performed 

i n  a Single-Stage G a s i f i e r ,  p ro j ec t ed  y i e l d s  suppl ied  by Be l l  f o r  t h e  

Single-Stage were used t o  complete a m a t e r i a l  balance f o r  a 250 MMSCFD SNG 

p lan t  from coal .  Other concepts of t h e  B e l l  HMF r e a c t o r ,  inc luding  c h a r  

r ecyc le ,  secondary i n j e c t i o n ,  and secondary-inject ion with char  r ecyc le ,  were 

assessed  a s  p o t e n t i a l  improvements t o  t h e  Single-Stage process  when making SNG. 

However, d i scuss ion  of t hese  a l t e r n a t e s  i s  l imi t ed  a s  the  p ro j ec t ed  y i e l d s  a r e  

considered p r o p r i e t a r y  by Bell .  

The B e l l  HMF (h igh  mass f l u x )  g a s i f i e r  is  an en t r a ined  flow, s lagging  

g a s i f i e r  which r e a c t s  pu lver ized  c o a l ,  oxygen and steam t o  produce a s y n t h e s i s  

gas. The assessment t h a t  fol lows p e r t a i n s  t o  t he  Single-Stage concept where 

coa l ,  steam and oxygen a r e  r eac t ed  i n  t h e  same zone of t h e  g a s i f i e r .  The 

Single-Stage g a s i f i e r  has the  fol lowing noteworthy f e a t u r e s :  

o h igh  throughput r a t e s  (5000 l b / h r / f  t 3, 

o low steam consumption 

o wide a p p l i c a t i o n  (products  and feeds)  

WEAKNESSES 

o low CH4 g a s i f i e r  y i e l d s  

o high oxygen consumption 

The da ta  base f o r  the  Single-Stage g a s i f i e r  is  p re sen t ly  being developed 

a t  B e l l ' s  t e s t  f a c i l i t y  feeding bituminous c o a l  a t  112 TPH f o r  s h o r t  du ra t ion  

runs ,  up t o  1 hour i n  length.  



In  order  t o  i nc rease  the  methane y i e l d  and decrease the oxygen 

consumption, a program t o  i n v e s t i g a t e  secondary- in jec t ion  of c o a l  i s  underway. 

This  concept ,  and the  r ecyc l ing  of char ,  could s i g n i f i c a n t l y  improve the 

p o t e n t i a l  of applying t h e  B e l l  HMF G a s i f i e r  t o  make SNG. Other p o t e n t i a l  

improvements, such a s  a molten-slag bath and c a t a l y s t  a p p l i c a t i o n s ,  need 

f u r t h e r  i nves t iga t ion .  

Components r equ i r ing  development i nc lude  c o n t r o l  and s a f e t y  systems, 

s o l i d s  feeding ,  s l a g  pot ,  high temperature g a s / s o l i d s  hea t  recovery,  char  f i n e s  

s epa ra t ion ,  and scale-up a s p e c t s  t o  a commercial s i z e  design. 

2.0 CURRENT STATUS OF DEVELOPMENT 

'L'he B e l l  HMF G a s i f i e r  program was i n i t i a t e d  i n  1976 under c o n t r a c t  t o  ERDA 

t o  determine the  f e a s i b i l i t y  of using a rocket-type r e a c t o r  t o  economically 

produce a low Btu gas from a i r / c o a l  combinations and t o  eva lua t e  the r e a c t o r  

ope ra t ing  c h a r a c t e r i s t i c s .  From 1976 t o  1978, Bell t e s t e d  t h e i r  HMF air-blown 

g a s i f i e r  wi th  up t o  1/2-TPH c o a l  feed  r a t e s  and one hour t e s t  dura t ion .  Much 

of t he  e a r l y  t e s t i n g  involved developing a r e a c t o r  con f igu ra t ion  t o  minimize 

s l a g  accumulation e f f e c t s .  An impinging shee t  i n j e c t o r  was i d e n t i f i e d  a s  the  

bes t  i n j e c t o r  con f igu ra t ion  of 4 t e s t e d .  Coals t e s t e d  included North Dakota 

L i g n i t e ,  Montana Rosebud Sub-bituminous and a P i t t s b u r g h  Seam Coal. The most 

promising r e s u l t s  were wi th  t h e  l i g n i t e  and somewhat l e s s  promising r e s u l t s  

wi th  the  sub-bituminous coal.  Limited t e s t i n g  wi th  the P l t t s b u r g h  c o a l  

indicated its conversion t o  be s u b s t a n t i a l l y  l e s s  than t h e  o the r s .  In  a d d i t i o n  

t o  the  r e a c t o r  i n j e c t o r  and coa l  type v a r i a b l e s ,  t he  fol lowing v a r i a b l e s  were 

i d e n t i f i e d  with r e spec t  t o  t h e i r  e f f e c t s  on carbon conversion: 

o Coal and a i r  i n j e c t i o n  v e l o c i t i e s  

o A i r  t o  dry coa l  feed r a t i o s  

o Residence times 

o Mass f l u x  r a t e s  

I n  1978 and 1979, Be l l  continued development of t h e i r  HMF g a s i f i e r  under 

company funds and a c o n t r a c t  wi th  t h e  New York S t a t e  Energy and Research 

Development Authori ty .  Development w a s  aimed a t  producing a medium Btu gas as 



an in te rmedia te  product f o r  SNG product ion.  Severa l  shor t -dura t ion  ( l e s s  than 

10 min) oxygen-blown tests were performed with steam i n j e c t i o n  added t o  enhance 

t h e  y i e lds .  P i t t sbu rgh  seam coa l  was t e s t e d  and r e s u l t s  i nd ica t ed  d i f f i c u l t y  

i n  achiev ing  high carbon conversions. Var iab les  i d e n t i f i e d  wi th  r e spec t  t o  

carbon conversion were: 

o  Oxygen and steam i n j e c t i o n  v e l o c i t i e s  

o  Residence time 

o Oxygen/coal feed r a t i o s  

I n  l a t e  1979, B e l l  w a s  awarded a  one year c o n t r a c t  t o  cont inue the  

development of t h e  HMF G a s i f i e r  t o  produce SNG feedstock.  Included i n  t h i s  

c o n t r a c t  a r e :  

o  Upgrading of t h e  1/2-TPH f a c i l i t y  t o  permit more d e t a i l e d  

ana lyses  of gas and s o l i d  products.  

o Tes t ing  with bituminous c o a l  and eva lua t ion  of t he  

performance c h a r a c t e r i s t i c s  

o  Tes t ing  and eva lua t ion  of a secondary c o a l  i n j e c t i o n  system 

Tes t ing  i n  the upgraded f a c i l i t y  is expected t o  begin i n  mid-1980. 

Fu r the r  d e t a i l s  of t h e  development s t a t u s  a r e  a t  the end of t h i s  s ec t ion .  

3.0 PROCESS DESCRIPTION 

T h i s  i s  a d e s c r i p t i o n  of t he  o v e r a l l  conceptual  process  f o r  a SNG p l a n t  

u t i l i z i n g  t h e  B e l l  Single-Stage HMF c o a l  g a s i f i e r .  The o v e r a l l  p rocess  of c o a l  

t o  SNG i s  g raph ica l ly  represented  i n  F igure  111-1, and a  m a t e r i a l  balance i s  

given i n  Table 111-1. 

B e l l ' s  s ing le-s tage  HMF g a s i f i e r  has been chosen f o r  eva lua t ion  s i n c e  t e s t  

d a t a  are a v a i l a b l e  only with the  s ingle-s tage  conf igu ra t ion  a t  t h i s  t i m e .  

However, t h e r e  is another  two-stage conf igu ra t ion  being developed f o r  SNG 

pxoduction, under c o n t r a c t  wi th  DOE and GRI; it c o n s i s t s  of t h e  s ing le - s t age  

i n t o  which secondary c o a l  i s  i n j e c t e d  t o  produce a  methane enhanced gas. 



The fol lowing s e c t i o n s  and the  accompanying m a t e r i a l  balance a r e  

pre l iminary  and conceptual  i n  n a t u r e ;  they have been submit ted by B e l l  

Aerospace Textron as a  "s ing le -s tage  g a s i f i e r  subsystem" a s  fo l lows:  

o B e l l  Single-Stge HMF G a s i f i e r  

o  Heat Recovery 

o Char Sepa ra t i on  

o Gas Scrubbing 

o S h i f t  Conversion 

(The o the r  s e c t i o n s  r ep re sen t  t y p i c a l ,  a d d i t i o n a l  u n i t s  r equ i r ed  t o  

convert  c o a l  t o  SNG. The s e l e c t i o n  of t he se  s e c t i o n s  does  n o t  r e p r e s e n t  t h e  

optimum choice ;  t h e  s e l e c t i o n s  were made i n  o rde r  t o  assess t h e  B e l l  HMF 

Single-Stage G a s i f i e r  a s  it a p p l i e s  t o  SNG from coa l .  ) 

3.1 Coal P repa ra t i on  and Feeding 

The c o a l  used f o r  the m a t e r i a l  balance i s  a Western Kentucky Bituminous 

Coal wi th  t he  fol lowing p r o p e r t i e s :  

Proximate Analys i s ,  a s  rece ived  W t .  % 

Moisture 6.0 

V o l a t i l e  Matter  37.0 

Fixed Carbon 48.1 

Ash 8.9 

Ult imate  Analysis  (d ry ) ,  W t .  % 

C 70.5 

H 5 .1  

0 9.3 

N 1.4  

S 4.2 

Ash 9.5 

100.0 

Heating va lue  of dry c o a l ,  

B tu / lb  (HHV) 12,866 



The raw c o a l  feed (s t ream No 1 ) i s  crushed t o  70% minus 200 mesh and 0 
d r i e d  t o  2 w t .  percent  moisture i n  t h e  coa l  p repa ra t ion  sec t ion .  

Crushed and d r i ed  coa l  is fed  i n t o  lockhoppers which a r e  s e q u e n t i a l l y  

p re s su r i zed  with C02 p r e s s u r i z i n g  gas from the  Acid Gas Removal s e c t i o n  t o  

over  600 psia.  

The coa l  and a po r t ion  of t he  C02 p r e s s u r i z i n g  gas a r e  p re s su r i zed  i n t o  

a  t r a n s f e r  l i n e  where the  flow condi t ions  a r e  "dense phase". 

3 .2  G a s i f i c a t i o n  

The g a s i f i c a t i o n  s e c t i o n  c o n s i s t s  of 2 i d e n t i c a l  and p a r a l l e l  g a s i f i e r  

t r a i n s ;  each t r a i n  can process  a  maximum of 8200 TPD of coal .  Each g a s i f i e r  

c o n s i s t s  of s e v e r a l  i d e n t i c a l  coa l  and oxygen feed elements arranged 

symmetrically i n  t he  r e a c t o r  head. Process steam is  i n j e c t e d  i n t o  each r e a c t o r  

element t o  produce opera t ing  condi t ions  of nominally 500 p s i a  and about 2500°F. 

The r e a c t o r  syngases ( 11. ) c o n s i s t s  mostly of CO and H2 and l e s s e r  amounts 0 
of H 2 0 ,  C02, H2S, N2 and CH4, r e spec t ive ly .  The r e s u l t i n g  o v e r a l l  

r e a c t i o n  is  a s  fo l lows  : 

Coal + O 2  + H20 (steam)- Reactor Syngas + Slag  + 
ungas i f ied  carbon 

The r e a c t o r  syngas p lus  s o l i d s  e x i t  t he  g a s i f i e r  i n t o  a wider diameter 

slag-pot where water is sprayed t o  quench the  r e a c t a n t s  t o  1900°F and t o  f r e e z e  

t h e  s l ag ,  Most of the  s o l i d i f i e d  slag drops to the bottom of the slag pot; the 

remaining slag and ungas i f ied  carbon is  en t r a ined  with the  raw, hot  syngas 

( 0 ). 
3.3 Heat Recovery 

The r a w  hot syngas with en t r a ined  s o l i d s  i s  routed t o  the Heat Recovery 

s e c t i o n  where high p re s su re  (600 p s i )  steam is generated and superheated by 

cool ing  of the  syngas and s o l i d s  from 1900°F t o  600°F by i n d i r e c t  hea t  

exchange. 



3.4 Char Sepa ra t i on  

The raw, cooled syngas ( 14 ) wi th  e n t r a i n e d  s o l i d s  is  routed  t o  the  0 
Char Separa t ion  s e c t i o n  where most of t h e  s o l i d s  a r e  recovered by cyclone 

s e p a r a t i o n ;  t h e  recovered char  is  routed  t o  steam b o i l e r s  i n  t he  Steam 

Generat ion Section. 

3.5 Gas Scrubbing 

The syngas from the  cyclone ( 16 ) i s  routed  t o  a  Ventur i  scrubber  0 
system which s imultaneously removes t he  p a r t i c u l a t e s  from t h e  gas ,  humid i f i e s  

and coo l s  the  syngas t o  i t s  water dewpoint of 345OF. The p a r t i c u l a t e s  a r e  

removed a s  a  s l u r r y  which is subsequent ly  routed t o  t h e  S o l i d s  Disposa l  

s ec t i on .  

3.6 S h i f t  

Process steam (600 p s i a ,  530°F) i s  added t o  t he  dus t  f r e e  syngas i n  the  

S h i f t  s e c t i o n ,  where the  H2 t o  CO molar r a t i o  is ad jus t ed  t o  3 v i a  t he  

water-gas s h i f t  r e a c t i o n  a s  fo l lows:  

Sour S h i f t  
-C02 + H2 

'O + '2' Ca t a ly s t  

The s h i f t e d  syngas is cooled t o  100°F; t h e  water t h a t  condenses from the  

syngas i s  separa ted  i n  a  knock-out drum and con ta in s  H2S and t r a c e  amounts of 

NH3.  This  sour  water i s  then routed t o  t he  Sour Water S t r i p p e r .  

3.7 Acid G a s  Removal 

The S h i f t e d  syngas ( 21 ) i s  rou ted  t o  the  Acid Gas Removal s e c t i o n  0 
which c o n s i s t s  of an H2S abso rbe r ,  an H2S s t r i p p e r ,  a  C 0 2  absorber  and a  

C 0 2  s t r i p p e r .  The overhead s t ream from t h e  H2S s t r i p p e r  i s  rou ted  t o  the  

S u l f u r  Recovery sec t ion .  The C02 from the  C 0 2  s t r i p p e r  i s  s p l i t  i n t o  two 

s t reams:  p a r t  of t h e  gas i s  recyc led  back t o  t h e  Coal Feed s e c t i o n  where it i s  

used a s  "p re s su r i z ing  gas , "  t he  r e s t  of t he  C 0 2  is  vented t o  t h e  atmosphere. 

3.8 Methanation, Compression and Drying 

The c l ean  syngas 24 ) i s  rou ted  t o  the  methanation s e c t i o n  where it 0 
is  converted t o  a  f i n a l  product gas  in te rchangeable  wi th  n a t u r a l  gas .  The 

methanat ion r e a c t i o n  is a s  fol lows:  



The above r e a c t i o n  is  h igh ly  exothermic, and c o n t r o l  of t h e  r e a c t i o n  

temperature  i s  exe rc i s ed  by a combination of hea t  recovery and hot  product g a s  

recyc le .  The hot  r ecyc l e  a l lows t h e  recovery of e s s e n t i a l l y  a l l  of t he  

methanation hea t  of r e a c t i o n  a s  h igh  l e v e l  u s e f u l  energy. 

Af t e r  methanation, t he  gas is  cooled,  compressed, and dehydrated i n  a 

t r i e t h y l e n e  g lyco l  d r i e r .  The product gas  then l eaves  t he  p l an t .  

The fol lowing s e c t i o n s  a r e  considered suppor t ing  o r  u t i l i t y  u n i t s .  

3.9 Oxygen P l an t  

The Oxygen P l an t  c o n s i s t s  of commercially a v a i l a b l e  a f r - s epa ra t i on  p l a n t s  

where l i q u i d  oxygen is  produced and pumped t o  i ts  f i n a l  p r e s su re  (600 p s f a  +). 

The p re s su r i zed  l i q u i d  oxygen is  then vaporized by hea t ing  t o  77OF and routed 

t o  t h e  g a s i f i e r .  The oxygen p u r i t y  i s  99.6 volume percent .  

3.10 Sour Water S t r i p p e r  

The sour water  from the  S h i f t  s e c t i o n  ( 20 ) i s  s t r i p p e d  t o  produce a 0 
r eusab le  process  condensate us ing  low p re s su re  steam. The s t r i p p e r  overhead 

( 29 ) i s  routed t o  t he  S u l f u r  Recovery s ec t ion .  0 
3.11 S u l f u r  Recovery 

The S u l f u r  Recovery s e c t i o n  inc ludes  a Claus u n i t  and a t a i l  gas  t r e a t i n g  

u n i t .  The Claus u n i t  conver t s  over 90% o f  t h e  s u l f u r  i n  the  form of H2S t o  

e lementa l  s u l f u r  v i a  the fol lowing o v e r a l l  r eac t ion :  

Alumina - S + H20 
+ '2 C a t a l y s t  

The conversion takes  p lace  i n  a r e a c t i o n  furnace  and c a t a l y t i c  r e a c t o r s ;  

s i n c e  t h e  r e a c t i o n  i s  exothermic, steam is  generated i n  hea t  exchangers which 

a l s o  condenses t he  s u l f u r  vapors  formed. The t a i l  gas  from t h e  Claus u n i t  is  

passed t o  a Beavon-Stretford t a i l  gas p l an t .  Here, a l l  unconverted s u l f u r  

compounds a r e  c a t a l y t i c a l l y  converted t o  H2S; t h e  gas  i s  subsequent ly  



scrubbed wi th  a  s o l u t i o n  and oxidized t o  elemental  s u l f u r .  The p u r i f i e d  t a i l  

gas  i s  odor less  and conta ins  t y p i c a l l y  l e s s  than one PPMV of H2S and l e s s  

than  50 PPMV of t o t a l  s u l f u r  compounds. 

3.12 So l id s  Disposal  

The So l id s  Disposal  s e c t i o n  handles  a l l  the waste s o l i d s  of the  p lan t  

inc luding  the  b o i l e r  ash from t h e  steam b o i l e r s ,  t h e  Dry Slag ( 12 ) from t h e  

0 0 G a s i f i c a t i o n  s e c t i o n ,  and the  P a r t i c u l a t e s  S l u r r y  ( 18 ) from the Scrubbing 

sec t ion .  The Sol ids  t o  d i s p o s a l  i s  a  70 w t . %  s o l i d s  s l u r r y  sen t  back t o  t h e  

mine-site.  

3.13 Water Treatment, Steam and Power Generation 

This s e c t i o n  inc ludes  a l l  water ,  steam, and power genera t ion  a s  r equ i r ed  

f o r  the e n t i r e  p lan t .  

Steam i s  generated by burning the  unconverted carbon from cyclone 

s e p a r a t i o n  ( @ ). It is assumed t h a t  t h i s  char  is  e s s e n t i a l l y  s u l f u r  f r e e ;  

hence, flue-gas d e s u l f u r i z a t i o n  is not required.  

3.14 General 

The B e l l  HMF, s ing le - s t age  coal-to-SNG g a s i f i c a t i o n  process  is  

pre l iminary  and conceptual  a s  presented.  The bas i c  y i e l d s  from t he  B e l l  HMF 

G a s i f i e r  a r e  ye t  t o  be demonstrated, e s p e c i a l l y  a s  regards  the fol lowing:  

( a )  90% carbon conversion t o  gas  a t  t he  assumed oxygen/coal feed r a t i o ;  

(b )  the phys ica l  form and s i z e  of t he  10% ungas i f i ed  carbon;  

( c )  the composition of the  char  used f o r  b o i l e r  fue l .  

The o v e r a l l  process  descr ibed did not  inc lude  a  d e t a i l e d  engineer ing  - 
des ign ;  the purpose of the  m a t e r i a l  balance is t o  i d e n t i f y  s t r e n g t h s  and 

weaknesses of the process.  Also, a  pre l iminary  cos t  e s t ima te  was generated i n  

o rde r  ro f u r t h e r  i d e n t i f y  s t r e n g t h s  and weaknesses of the process  and hence be 

a b l e  t o  make c o s t - e f f e c t i v e  recommendations t o  improve the  process.  



The o v e r a l l  process  is  shown a s  a s e l f - s u f f i c i e n t  ope ra t ion  wi th  c o a l ,  a i r  

and raw water a s  t he  only feed requirements.  It has been assumed t h a t  no 

supplemental c o a l  is  requ i r ed  f o r  steam and power genera t ion ;  i.e., t h e  steam 

and power a r e  generated from e f f i c i e n t  p roces s  h e a t  u t i l i z a t i o n  and from t h e  

burning of the  unconverted char  i n  steam b o i l e r s  with subsequent power 

genera t ion .  It has a l s o  been assumed t h a t  the  unconverted char  is e s s e n t i a l l y  

s u l f u r - f r e e ;  hence, f l u e  gas d e s u l f u r i z a t i o n  is not requi red  on the  b o i l e r  f l u e  

gas. However, p a r t i c u l a t e  removal of the  f l u e  gas w i l l  be necessary.  

Because of the  pre l iminary  na tu re  of t he  process  design,  i t  is  suggested 

t h a t  any comparative conclusions with o the r  processes  be made wi th  cau t ion  

regard ing  o v e r a l l  process  e f f i c i e n c y  ( i . e . ,  c o a l  HHV t o  SNG HHV). 

An o v e r a l l  m a t e r i a l  balance of the  p l an t  i s  a s  fol lows:  

IN ( l b l h r )  - 

Coal (6% mois ture)  1,452,700 

A i r  t o  O 2  P lan t  4,202,752 

A i r  t o  Bo i l e r s  1,346,718 

A i r  t o  Su l fu r  P lan t  124,880 

Raw Water 4,520,440 

11,629,490 

OUT - 
C02 Vent 

SNG 

Su l fu r  

Clean Stack Gases 

So l id s  t o  Disposal 

Water Losses 

N2 from O2 Plant  



4.0 STRENGTHS AND WEAKNESSES 

The fol lowing s t r e n g t h s  and weaknesses r e f e r  t o  t he  s ingle-s tage  g a s i f i e r  

a s  presented  i n  t h e  Process  Descr ip t ion :  

4.1 S t r eng ths  

o High Throughput Rates  

The B e l l  HMF process  charges 5,000 l b / h r  of r e a c t a n t s  ( c o a l ,  steam and 

oxygen) per  f t 3  of i n t e r n a l  volume i n  t he  g a s i f i e r  r e a c t i o n  sec t ion .  

This is  over  70 times t h e  r a t e  f o r  a Lurgi g a s i f i e r  ope ra t ing  a t  s i m i l a r  

pressures .  

o  Small Reactor  S i z e  

The small  r e a c t o r  s i z e  when sca l ed  t o  a  commercial p l an t  s i z e  r e p r e s e n t s  

t he  fol lowing advantages: 

a )  Use of bes t  co r ros ion  r e s i s t a n c e  m a t e r i a l s  i n  c r i t i c a l  a r e a s  as an 

economical a l t e r n a t i v e  i n  design. 

b )  Use of water cool ing  of r e a c t o r  with f a i l s a f e  f e a t u r e s  i n  t he  event  

of overheat ing as an economical a l t e r n a t i v e  i n  design. 

c )  Small inventory  of r e a c t a n t s  a l lows f o r  r ap id  quenching 

and shutdown of r e a c t o r  i n  ca se  of overheat ing.  

d )  A b i l i t y  t o  move quick ly  from p i l o t  p l a n t  t o  demonstrat ion p l an t  

s c a l e  wi th  minimal hardware cos t .  

e )  A b i l i t y  t o  bu i ld  and t e s t  a commercial s i z e  r e a c t o r  a t  the  f a c t o r y  

p r i o r  t o  shipping t o  t h e  f i e l d .  

f )  Minimal cos t  f o r  g a s i f i e r  dup l i ca t ion  i f  s epa ra t e  t r a i n s  required.  

o  Low Steam Consumption 

The B e l l  HMF r e a c t o r  has a  low steam t o  dry c o a l  r a t i o ;  i t  is  about 10% 

of t h e  Lurgi g a s i f i e r .  



o P re s su re  Independent 

The syngas y i e l d  i s  e s s e n t i a l l y  p re s su re  independent (provided t h a t  t he  

super£  i c i a l  gas  res idence  times a r e  t h e  same). 

o High, Single-Pass Carbon Conversion 

85% carbon conversion w a s  measured dur ing  i n i t i a l  oxygen blown tests 

us ing  P i t t s b u r g h  seam coal .  It was a l s o  observed during t e s t i n g  t h a t  

wi th  des ign  mod i f i ca t i ons ,  90% conversion i s  f e a s i b l e  a t  lower oxygen 

t o  c o a l  r a t e s .  

o Wide A ~ v l i c a t i o n  

The CO + H2 r ep re sen t s  87 volume percent  of t he  r e a c t o r  syngas make; 

hence, t h e  B e l l  HMF g a s i f i e r  can be used t o  gene ra t e  syngas from c o a l  

t o  produce a v a r i e t y  of end products ,  such a s  SNG, hydrogen, methanol,  

M-gasoline, ammonia, medium-Btu f u e l  ga s ,  low Btu f u e l  g a s  (a i r -blown),  

power from combined cyc l e  p l a n t s ,  power from f u e l  ce l l  a p p l i c a t i o n s ,  

e t c .  

o S u l f u r  Free  Char 

I f  t h e  ungas i f i ed  char  is  su l fu r - f r ee ,  then  the  use of i t  a s  a b o i l e r  

f u e l  without  f l u e  gas  d e s u l f u r i z a t i o n  r e p r e s e n t s  a s i g n i f i c a n t  c o s t  

savings.  

o No Supplemental Coal Requirements 

The carbon i n  t he  ungas i f i ed  char  r e p r e s e n t s  about 10% of  t h e  carbon i n  

t h e  coa l .  By burning t h i s  char  i n  a steam b o i l e r  and u t i l i z i n g  t h e  

process  generated steam, t he  e n t i r e  p l a n t  is s e l f - s u f f i c i e n t ;  t h e r e f o r e  

supplemental c o a l  f i r i n g  i n  a steam b o i l e r  i s  not  required.  

o Neg l ig ib l e  Ta r s  o r  L iquids  Produced 

The g a s i f i e r  produces e s s e n t i a l l y  zero  hydrocarbon l i q u i d s  o r  t a r s .  

o Dense-Phase Feed Transfer  L ines  

The t r a n s f e r  l i n e s  from t h e  c o a l  lockhoppers t o  t h e  g a s i f i e r  are dense 

phase thereby  minimizing the  s i z e  of t h e  t r a n s f e r  l i n e s  and t h e  volume 



of gas c a r r i e d  wi th  the  c o a l  feed,  Use of d ry  dense-phase feed a s  

opposed t o  a s l u r r y  feed minimizes t he  s e n s i b l e  hea t  and t h e r e f o r e  t h e  

oxygen needed t o  reach r e a c t o r  ope ra t i ng  temperature.  

o O p e r a b i l i t y  With a Wide Range of Coals 

Coals t h a t  were s u c c e s s f u l l y  t e s t e d  i nc lude  Montana Rosebud, N, Dakota 

L i g n i t e  and P i t t s b u r g h  seam; hence, caking c o a l s  p r e sen t  no apparen t  

o p e r a t i o n a l  problems. 

4.2 Weaknesses 

o Low Ch,, Yield 

I n  t he  s ing l e - s t age  con f igu ra t i on ,  t h e  methane y i e l d  from the  r e a c t o r  

i s  only 0.1% of t h e  syngas make. (However, a secondary c o a l  i n j e c t i o n  

concept has been proposed t o  enhance t h e  methane concept.)  

o High Temperatures 

The g a s i f i e r  ope ra t e s  a t  about 2400-2500°F which r e q u i r e s  r e f r a c t o r y  

des ign  and poss ib ly  expensive metals .  Also, t h e  high temperatures  

produce a l i q u i d  s l a g  t h a t  can r e s o l i d i f y  and accumulate i n  t he  

g a s i f i e r  and o t h e r  downstream equipment causing a r educ t ion  i n  

throughput ,  f ou l ing ,  e t c .  

o S o l i d s  i n  Gas Heat Recovery 

Heat recovery of the  g a s i f i e r  e f f l u e n t  involves  d i f f i c u l t  s o l i d s  and 

gas  hea t  exchanger design. 

o High Oxygen Consumption 

The oxygen t o  dry c o a l  weight r a t i o  i s  0.71. 

o D i f f i c u l t  Coal Feed Cont ro l  

The commercial s ca l ed  des ign  inc ludes  mu l t i p l e  c o a l  and oxygen i n j e c t o r  

e lements ;  t h i s  means s o l i d s  d i s t r i b u t i o n  t o  each element must be 

c o n t r o l l e d  c a r e f u l l y .  



o Lockhopper System 

The cumbersome lockhopper system i s  requi red  t o  p re s su re  t he  c o a l  i n t o  

the  dense-phase t r a n s f e r  l i n e .  

o Data Base 

Severa l  key a r e a s  r equ i r e  f u r t h e r  development and 

demonstration: 

- 90% carbon conversion i n  a s i n g l e  pass  g a s i f i e r  using a 

bituminous coa l  a t  the  O 2  t o  carbon r a t i o  pro jec ted  

from observed t rends.  

- The form and composition of t h e  ungas i f i ed  carbon 

- The s u l f u r  d i s t r i b u t i o n  t o  H2S, COS and char  

- Heat recovery of s o l i d s  and gas streams inc lud ing  

poss ib l e  soot  i n  gas 

- S c a l a b i l i t y  t o  f u l l  s c a l e  r e a c t o r s  (commercial s i z e )  

inc luding  mul t ip l e  feed i n j e c t i o n  elements 

- HMF c o n t r o l  and s a f e t y  systems, inc luding  d i f f i c u l t  

s o l i d s  flow c o n t r o l  t o  mu l t ip l e  feed i n j e c t o r s  

5.0 POTENTIAL IMPROVEMENTS 

I n  t h i s  s e c t i o n ,  t he  p o t e n t i a l  improvement i tems a r e  being suggested as 

p o t e n t i a l  s o l u t i o n s  t o  problem a r e s  t h a t  appear  t o  e x i s t  a s  the  process  i s  now 

proposed. These a l s o  take i n t o  account t he  s t a g e  of development of the  o v e r a l l  

process  and the  conceptual  s t a t u s  of many of t h e  companion ope ra t ions  t o  and 

around the  proposed g a s i f i c a t i o n  s t ep .  They a r e  the  r e s u l t  of reviewing i t e m s  

mentioned i n  o the r  s e c t i o n s  such as weaknesses, a l t e r n a t e s ,  disadvantges and 

s t a t u s  of development. It i s  - not  suggested t h a t  t hese  a r e  t he  f i n a l  s o l u t i o n s  



but they are potentials only viewed from the perspective of this assessment and 

will require more detailed investigation and evaluation prior to testing. It is 

for this reason that they are called potential improvements. 

To assess the potential improvement items, it was decided to develop SNG 

gas costs since this is the most comprehensive way of accounting for the overall 

effect. Cost information from the literature was used to calculate SNG gas 

costs from the capital and operating costs of a 250 MMSCFD SNG plant; SNG gas 

costs for each potential improvement item are then compared to that for the Bell 

Single-Stage Coal-to-SNG process as described in previous sections. 

The following potential improvements were assessed as to their potential 

cost effectiveness compared to Bell's Single-Stage configuration described in 

the previous sections: 

Case 1: Single-Stage (as described in Process Description and herein 

referred to as the Base Case) 

Case 2: Single-Stage + Char Recycle 

Case 3 : Secondary Injection 

Case 4 :  Secondary Injection + Char Recycle 

Case 5: Use of Molten-Slag Bath with Single-Stage 

Case 6: Separation of Stages with Molten-Slag Bath 

Case 7: Catalyst Application 

Case 8: Use of Lower Grade Coals 

Cases 2, 3 and 4 are reactor configurations that have been suggested by 

Bell as alternatives to the Single-Stage Base Case configuration. However, only 



Case 1, the Single-Stage Base Case, has been t e s t e d  i n  the  112-TPH f a c i l i t y ;  

Cases 2, 3 and 4 a r e  t o  be t e s ted  i n  an upgraded f a c i l i t y  s t i l l  being 

constructed as  of May, 1980. Hence, y ie lds  from Cases 2, 3 and 4 a r e  e n t i r e l y  

hypothetical .  JPL e lec ted  to use t h e  Single-Stage conf igura t ion a s  the  Baee 

Case i n  the assessment s ince  t h i s  is the  only a l t e r n a t e  with any t e s t  data. 

(Although some test data  f o r  t h e  Single-Stage Base Case configurat ion e x i s t s ,  

the  Base Case y ie lds  a l s o  represent  hypothet ica l  ext rapola t ions  of d a t a ;  t h e  

e f f e c t s  of these  ext rapola t ions  w i l l  be presented l a t e r  i n  t h i s  sect ion.)  

Theoret ical  y i e l d s  f o r  Cases 2, 3 and 4 were supplied by Bel l  a t  the request  of 

JPL i n  order t o  assess  the  e f f e c t  they have on SNG gas cos t  compared t o  t h e  

Base Case gas cost. 

Cases 5, 6, 7 and 8 a r e  modificat ions proposed by JPL as p o t e n t i a l  

improvements. In suggesting these  modificat ions,  it  is rea l i zed  t h a t  y i e l d s  

would have to  be hypothesized where poss ib le  a s  was done by Bel l  f o r  Cases 2, 3 

and 4. It was a l s o  recognized t h a t  much of the  Base Case y i e l d s  represent  

hypothet ica l  ext rapola t ion of da ta ;  i f  i n  subsequent t e s t i n g  the projected 

y ie lds  f o r  the  Base Case and Cases 2,  3 and 4 are not r ea l i zed ,  Cases 5,6, 7 and 

8 a s  suggested by JPL represent  modificat ions which could improve the  yields.  

However, a s  was s t a ted  e a r l i e r ,  these improvements would require  more d e t a i l e d  

inves t iga t ion  and evaluation p r i o r  to  t e s t i n g  a s  they would involve considerable 

revamping t o  Bel l ' s  1/2-TPH f a c i l i t y .  

5.1 Assessment of Reactor Configurations t o  be Tested i n  3ell's 1/2-TPH 
F a c i l i t y  

5.1.1 Case 2: Single-Stage + Char Recycle 

This a l t e r n a t e  has the  same configurat ion a s  the  Base Case except 

t h a t  the ungasif ied carbon, recovered as char i n  the Char Separat ion s e c t i o n  

(cyclones) ,  is  recycled back t o  the  main coal  feed system. It is then fed wi th  

the coal  i n t o  the g a s i f i e r .  Bel l  has assumed t h a t  the char w i l l  a t t a i n  a high, 

s ingle-pass carbon conversion r a t e  a s  is  assumed f o r  the parent coal. In  t h i s  

way the  char is eventually recycled to  ext inct ion.  



The e f f e c t  of r ecyc l ing  the  char  compared t o  t h e  Base Case i s  l i s t e d  

i n  Table 111-2. The percent  carbon conversion i n  t h e  g a s i f i e r  is n e a r l y  100 

percent  but a s  shown by the  R e l a t i v e  Gas Costs  of 1.01 compared t o  t he  Base 

Case, t h e r e  is appa ren t ly  no s i g n i f i c a n t  advantage t o  r ecyc l ing  the  carbon t o  

t h e  g a s i f i e r .  I n  f a c t ,  t h e r e  is  a  s l i g h t  pena l ty  mainly due t o  the  inc rease  i n  

c a p i t a l  c o s t s  from the  a d d i t i o n  of a Flue Gas Desu l fu r i za t ion  (FGD) Unit i n  Case 

2. I n  t he  Base Case, it had been assumed t h a t  t he  ungas i f i ed  carbon could be 

recovered i n  t h e  Char Separa t ion  s e c t i o n  ( cyc lones )  a s  a  s u l f u r - f r e e  cha r  and 

used as a b o i l e r  f u e l  f o r  t he  p l a n t  u t i l i t y  needs. Other p red ic t ed  r e s u l t s  

could be i d e n t i f i e d  f o r  t h e i r  e f f e c t s ;  however, t h e  p red ic t ed  y i e l d s  f o r  t h e  

Recycle Case a r e  considered by B e l l  t o  be p r o p r i e t a r y  a t  t h i s  t ime thereby  

prec luding  any d e t a i l e d  explana t ion  of t h e  e f f e c t s .  Never the less ,  a  g e n e r a l  

a n a l y s i s  of t he  chemistry involved i n  r ecyc l ing  char  can be made. 

In  t h e  Base Case, t he  o v e r a l l  g a s i f i c a t i o n  r e a c t i o n  of c o a l  t o  

syngas can be descr ibed  as fol lows:  

c o a l  oxygen steam SYngas 

+ 0.1oc 

Ungasif ied Carbon 

A t  t h e  g a s i f i e r  temperature of over  2500°F, t h e r e  i s  very  l i t t l e  methane i n  t h e  

product a s  any produced is  e s s e n t i a l l y  reformed t o  CO and H2. It can be seen 

t h a t  most of t he  hydrogen produced comes from the  c o a l  ( .43  out  of .48)  wi th  

l i t t l e  steam decomposition (0.05 out  of 0.16). I n  Case 2, where the  ungas i f i ed  

carbon is  recycled t o  t h e  r e a c t o r  f o r  f u r t h e r  r e a c t i o n ,  i t  is  obvious t h a t  

e s s e n t i a l l y  a l l  of the hydrogen would be produced by the steam carbon r e a c t i o n  

as fol lows:  



However, t h i s  r eac t ion  i s  endothermic which would reduce the o v e r a l l  

g a s i f i c a t i o n  react ion temperature. Hence, an exothermic react ion Is needed t o  

balance the endothermic react ion above such tha t  the reac tan t s  a r e  kept around 

2500°F. By introducing add i t iona l  oxygen t o  react  the char t o  form CO (assuming 

l i t t l e  C02 e x i s t s  a t  t h i s  temperature),  the  o v e r a l l  r eac t ion  can be adjusted 

by the  r e l a t i v e  oxygen t o  steam r a t i o  t o  maintain the g a s i f i e r  a t  2500°F. This 

oxygen-to-steam r a t i o  i s  ca lcula ted  to  be 1.7 t o  2.0 depending on the 

temperature of the reactant  char, steam and oxygen. This oxygen to  steam r a t i o  

of 1.7 t o  2.0 t o  gas i fy  the  recycle char by i t s e l f  compares with an 

oxygen-to-steam r a t i o  of 2.4 (0.39/.16) f o r  the  Base Case. An o v e r a l l  r eac t ion  

t o  gas i fy  the add i t iona l  char can now be wr i t t en  with the minimum s toichiometr ic  

amount of oxygen and steam required t o  react  a l l  of the  recycle carbon as 

follows : 

- 
Recycle Char 

Since C02 w i l l  be formed t o  some extent  i n  the  above react ion of the  char,  

then the oxygen demand a p r i o r i  w i l l  be higher than the 0.39 moles O2 per mole 

of carbon f o r  the  recycle char. Hence it can be concluded tha t  the  moles of 

oxygen per mole of carbon fo r  the recycle char w i l l  be higher than that f o r  the 

parent coal  s ince  the  oxygen to  carbon f o r  the  Base Case is  0.39 a lso .  

The stoichiomerry above is  discussed t o  estimate a lower l i m i t  on 

the  oxygen demand t o  the  g a s i f i e r  i n  order t o  achieve e s s e n t i a l l y  100% carbon 

conversion. This minimum oxygen demand can be ca lcula ted  t o  be around 0.40 

moles of oxygen per mole of carbon or  about 0.75 pounds of oxygen per pound of  

dry coal.  

In  order f o r  the overa l l  carbon conversion t o  be nearly 100 percent ,  

the  percent recycle carbon g a s i f i e d  must approach 80-90 percent i n  order t o  keep 

the  recycle quant i ty  t o  an acceptable level .  However, the  mechanism by which 

the  char is  gas i f i ed ,  i .e . ,  by heterogeneous react ions  of the  char with the  



a v a i l a b l e  gaseous compounds, could seve re ly  l i m i t  the  conversion of the  r ecyc le  

cha r  i n  a s h o r t  res idence  time r eac to r .  Of t he  va r ious  heterogeneous r e a c t i o n s  

poss ib l e ,  t he  fol lowing a r e  considered t o  be the most probable: 

( 1 )  C ( cha r )  + 1/202-CO 

( 2 )  C ( cha r )  + H20- CO + H2 

( 3 )  C ( cha r )  + C02 - 2CO 

( 4 )  C ( cha r )  + 2H2- CH4 

React ion r a t e  cons t an t s  for  r e a c t i o n s  ( I ) ,  ( 2 )  and (3)  have been 

r epor t ed  i n  the l i t e r a t u r e " )  t o  be 1900 (set)-' (arm 02) - l ,  3.3 
-1 ( s ec  ) (arm H~o)- ' ,  and 1.9 ( sec- l )  (atm cop)-' 

r e s p e c t i v e l y  a t  3100°F. Another sou rce (2 )  has repor ted  the  i n i t i a l  

r e a c t i o n  r a t e s  f o r  r e a c t i o n s  ( I ) ,  ( 2 ) ,  (3)  and ( 4 )  t o  be 100 sec-l, 0.0001 

sec-', 0.001 sec-', and 0.00005 sec-' r e s p e c t i v e l y  a t  1 atm and 

2000°F. Hence i t  i s  advantageous when r ecyc l ing  cha r  t o  design the  r e a c t o r  s o  

t h a t  r e a c t i o n  ( I )  i s  favored. Since the  oxygen is  i n  g r e a t  demand i n  t he  

reducing atmosphere of the  g a s i f i e r ,  t h e  r ecyc le  char  w i l l  compete f o r  t h e  

oxygen with the o the r  r e a c t i v e  compounds. Since the  r e a c t i o n  r a t e s  of t he  coa l  

v o l a t i l e s  a r e  even f a s t e r  than the  oxygen-char r a t e s ,  r e a c t i o n  (1 )  could be 

enhanced i f  the  oxygen and char were fed i n  a sepa ra t e  i n j e c t o r  from the  coa l  

i n j e c t o r s  wi th in  the  same g a s i f i e r .  I n  t h i s  way, the  a c t i v a t i o n  energy of t h e  

char-oxygen r e a c t i o n  would be suppl ied  by r a d i a t i o n  i n  the g a s i f i e r  t o  r e a c t  a l l  

of t h e  char  t o  CO. Then, t h e  CO formed would r e a c t  with the  steam and pyrolyzed 

v o l a t i l e s  from neighboring i n j e c t o r  elements. 

5.1.2 Case 3 :  Secondary I n j e c t i o n  

This  a l t e r n a t e  has the same conf igu ra t ion  as the Base Case except a  

secondary stream of f r e s h  c o a l  i s  i n j e c t e d  i n t o  t h e  g a s i f i e r  where i t  r e a c t s  

wi th  the  hot  gases  produced from g a s i f i c a t i o n  of primary coal .  The e f f e c t  is t o  

produce a methane enhanced syngas. 

D e t a i l s  of t h i s  con f igu ra t ion  a r e  considered by Be l l  t o  be 

p r o p r i e t a r y  a t  t h i s  time. 



As mentioned above, t h i s  is a  hypo the t i ca l  case s ince  i t  has ye t  to 

be t e s t e d .  However, i f  the y i e l d s  given by Be l l  t o  J P L  can be r e a l i z e d ,  t h i s  

case  has s i g n i f i c a n t  advantages over the Single-Stage Base Case a s  shown on 

Table 111-2 by t h e  R e l a t i v e  Gas Cost of 0.92 t o  t he  Base Case. The sav ing  i s  

mainly due t o  a  s u b s t a n t i a l  reduct ion  i n  the oxygen requirement,  a  smal le r  

Methanation sec t ion ,  and a  smal le r  Acid Gas Removal s ec t ion .  

In  a d d i t i o n  t o  proving t h a t  the methane y i e l d s  a r e  s u b s t a n t i a l l y  

enhanced, Be l l  w i l l  have t o  demonstrate the r e a c t o r ' s  o p e r a b i l i t y  with secondary 

i n j e c t i o n .  Considerable ope ra t iona l  d i f f i c u l t i e s  were experienced by the Eyring 

Research I n s t i t u t e  i n  experiments wi th  a  secondary i n j e c t i o n  of coa l  i n t o  t h e i r  

h igh  mass f l u x ,  en t r a ined  g a s i f i e r  such t h a t  they abandoned the secondary 

i n j e c t i o n  approach. S p e c i f i c a l l y ,  Eyring 's  problem centered on coa l  

agglomeration and coa l  p a r t i c l e s  s t i c k i n g  t o  the wal l s  of t h e i r  py ro lys i s  

sec t ion .  

When cons ider ing  the methane enhancement of the  syngas from the Base 

Case, an a n a l y s i s  of t h e  mechanism f o r  methane product ion i s  b e n e f i c i a l .  

Methane may be viewed a s  forming i n  the  py ro lys i s  s e c t i o n  of a  g a s i f i e r  by the  

fol lowing r eac t ions :  

1) Coal + hea t  .--t char  + gas  ( inc lud ing  H2,  CH4, CO, C02 

and C 2  - C4) + l i q u i d s  (C5+) 

2 )  2C (cha r )  + 21i20 - CH4 + C 0 2  

3 )  C ( cha r )  + 2112 - CH4 

From stream 11 of Table 111-1 f o r  t he  Base Case, which is  

e s s e n t i a l l y  the  hot gases  t h a t  secondary coa l  could he i n j e c t e d  i n t o ,  t h e  

hydrogen p a r t i a l  p ressure  i s  ca l cu la t ed  t o  be 150 p s i .  This  i s  very low f o r  any 

s i g n i f i c a n t  hydrogenation r e a c t i o n s  a s  a r e  i nd ica t ed  by r e a c t i o n s  3 and 4. 

Since the p a r t i a l  p ressure  of H20 i s  low a l s o  (10 p s i ) ,  r e a c t i o n  2 i s  l imi t ed  



t o  a  low conversion t o  methane a l so .  Hence, t h e  main c o n t r i b u t o r  f o r  methane 

enhancement is  from r e a c t i o n  1. Methane enhancement from secondary i n j e c t i o n  i s  

a r e s u l t  of t h e  p y r o l y t i c  r e a c t i o n s  of t he  secondary coa l .  The c o a l  

d e v o l a t i l i z e s  to  c h a r ,  gas ,  and l i q u i d s .  A s  t h e  temperature  is  inc reased ,  t h e  

l i q u i d s  y i e l d  w i l l  decrease  and the  gas  y i e l d  i n c r e a s e  as shown i n  a  p l o t  of t a r  

and gas  y i e l d  vs. temperature  f o r  d e v o l a t i l i z a t i o n  of  P i t t s b u r g h  HvAb c o a l  i n  

t h e  l i t e ~ a t u r e ' ~ ) .  It should be noted t h a t  f o r  s h o r t  res idence  t i m e  

r e a c t o r s ,  chemical equ i l i b r ium has no t  been reached which exp la in s  t he  e x i s t e n c e  

of l i q u i d s  i n  t he  above mentioned p l o t  a t  temperatures  as h igh  a s  2100°F; i.e., 

a c a l c u l a t i o n  of equ i l i b r ium composition a t  2100°F would show no hydrocarbon 

l i q u i d s .  Such i s  t h e  case f o r  methane a l s o ,  a s  a  h igher  methane y f e l d  i s  

p o s s i b l e  i n  a  s h o r t  r e s idence  t i m e  r e a c t o r  than an equ i l i b r ium c a l c u l a t i o n  would 

p red i c t .  However, by c a l c u l a t i n g  t he  methane y i e l d s  f o r  d e v o l a t i l i z a t i o n  of a  

P i t t s b u r g h  seam c o a l  from d a t a  presen ted  by ~ e n t s e r ( ~ ) ,  t h e r e  appears  (o 

be a  maximum methane y i e l d  around 1800°F. The methane y i e l d  c a l c u l a t e d  is about  

3 pounds CH4 per  100 pounds of a v i t r a i n  element c u t  from the  P i t t s b u r g h  c o a l  

( V i t r a i n  was s e l e c t e d  s i n c e  it r e p r e s e n t s  t h e  most abundant maceral,  about  80-90 

volume percent  of t h e  pe t rog raph ic  components of P i t t s b u r g h  coa l ) .  For t h i s  

P i t t s b u r g h  coa l ,  t h e  percent  carbon i n  t h e  feed  c o a l  t h a t  i s  pyrolyzed t o  CH,, 

i s  e s t ima ted  t o  be l e s s  t han  5 percent  a t  t h e  optimum temperature  of 1800°F. 

5.1.3 Case 4: Secondary I n j e c t i o n  + Char Recycle  

This  a l t e r n a t e  is  a  combination of Cases 2 and 3 ;  t h e  u n g a s i f i e d  

carbon from t h e  g a s i f i e r ,  i nc lud ing  char  from primary and secondary c o a l ,  i s  

cap tured  i n  cyclones and recyc led  back t o  t h e  primary c o a l  feed system. The 

assumed carbon conversion of t h i s  r e c y c l e  char  i s  h igh  a s  is  assumed f o r  primary 

c o a l  carbon conversion. I n  t h i s  way, any ungas i f i ed  carbon i s  e v e n t u a l l y  

recyc led  t o  e x t i n c t i o n .  

Details of t h i s  con f igu ra t i on  a r e  cons idered  by Be l l  t o  be 

p r o p r i e t a r y  a t  t h i s  time. 

As previous ly  mentioned, t h i s  is a  h y p o t h e t i c a l  case s i n c e  i t  has  

ye t  t o  be t e s t ed .  However, i f  t h e  hypothesized y i e l d s  can be r e a l i z e d ,  t h i s  

case  a l s o  has s i g n i f i c a n t  advantages over t he  Single-Stage Base Case as shown on 



Table 111-2 by the  R e l a t i v e  Gas Cost of 0.91 t o  the  Base Case. As i s  t r u e  f o r  

Case 3, the  savings i s  mainly due t o  a  s u b s t a n t i a l  reduct ion  i n  t he  oxygen 

requirement ,  a smaller  Methanation Sec t ion ,  and a  smal le r  Acid Gas Removal 

Sect ion.  In  a d d i t i o n ,  t he  coa l  usage f o r  Case 4 i s  s i g n i f i c a n t l y  lower than t h e  

Base Case a s  i nd ica t ed  by the  value of t he  R e l a t i v e  Operat ing Cost of 0.93. 

This  case ,  s ince  i t  i s  a  combination of Cases 2 and 3, r ep re sen t s  t he  f u r t h e s t  

e x t r a p o l a t i o n  from a c t u a l  t e s t  data.  The d i scuss ion  on conversion of r ecyc le  

cha r  i n  Case 2 and the d i scuss ion  on methane enhancement by secondary coa l  

i n j e c t i o n  i n  Case 3 a p p l i e s  t o  t h i s  case a l so .  

5.2 Comments on B e l l ' s  C r i t i c a l  Assumptions Made i n  Case 1 

Although the Single-Stage g a s i f i e r  f o r  t h i s  case  has been operated i n  the 

1 / 2  TPH t e s t  f a c i l i t y ,  much of t h e  d a t a  base remains t o  be demonstrated. Of 

p a r t i c u l a r  importance a r e  the fol lowing assumptions. 

5.2.1 Assum~t ion  t h a t  90% carbon conversion i s  a t t a i n e d  a t  t h e  given ~ - - u 

oxygen r a t i o  of 0.71 f o r  a bituminous coa l :  

From the  performance da t a  f o r  t h e  Single-Stage HMF g a s i f i e r  r epo r t ed  

by Bel l ,  t he  g a s i f i c a t i o n  of P i t t s b u r g h  Seam coa l  t o  a  high carbon conversion 

could be a d i f f i c u l t  t ask  a t  the  oxygen t o  coa l  r a t i o s  suggested by Bel l .  This  

i s  ev ident  by comparing the "Bel l  Data" poin t  with the "Be l l  P ro j ec t ion"  po in t  

on Figure 111-2. Also shown i n  F igure  111-2 is  d a t a  f o r  t h e  Eyring c o a l  

g a s i f i e r ( 4 )  which i s  very s i m i l a r  t o  t he  Be l l  Single-Stage g a s i f i e r  using 

c o a l ,  steam and oxygen. The p l o t t e d  Eyring d a t a  a l s o  sugges ts  t h a t  t he  90% 

carbon conversion a t  0.71 steam t o  carbon r a t i o  could be d i f f i c u l t  t o  ob ta in  

from P i t t sbu rgh  Seam Coal (conversion of W. Kentucky and P i t t sbu rgh  Seam Coal 

is expected t o  be  very  s i m i l a r ) ;  i . e . ,  90% carbon conversion could require a 

s i g n i f i c a n t  increase  i n  t he  oxygen/coal r a t i o .  

To i l l u s t r a t e  the importance of oxygen consumption on the  o v e r a l l  

product ion cos t  of SNG from coa l ,  a  rough e s t ima te  of t he  gas cos t  was made 

us ing  the "Bel l  Pro jec t ion"  po in t  on Figure 111-2 and the "Bel l  Data" po in t  f o r  

t h e  Single-Stage conf igura t ion .  Increas ing  the 0 2 / c o a l  r a t i o  from 0.71 t o  

0.85 has t he  e f f e c t  of increas ing  the  product gas cos t  by about 1 6  percent  a s  

shown i n  Table 111-3. Hence, i t  i s  obvious t h a t  i f  the  Be l l  process  i s  t o  be 



economically f e a s i b l e ,  t h e  oxygen consumption w i l l  have t o  be reduced. Be l l  has 

recognized t h i s  and by opt imizing t h e  fol lowing v a r i a b l e s ,  they expect  t o  

s u b s t a n t i a l l y  decrease the  oxygen consumption: 

- Oxygen i n j e c t i o n  v e l o c i t y  

- Steam i n j e c t i o n  v e l o c i t y  

- Residence time 

- Coal i n j e c t o r  refinements.  

5.2.2 Assumption t h a t  t h e  ungas i f i ed  carbon can be recovered and used i n  
steam b o i l e r s  

I f  the  ungas i f i ed  carbon is  i n  the form of soo t  ( s o o t  is def ined  

he re  as being the product of t h e  gas-phase c racking  of an uns t ab le  mixture t o  

form carbon and o the r  products ) ,  then i t  is not l i k e l y  t h a t  cyclones w i l l  

recover  t he  soot .  However, i f  t h e  ungas i f i ed  carbon i s  i n  t he  form of a c h a r  

(char  i s  def ined  he re  as being t h a t  p a r t  of t he  c o a l  which is  not g a s i f i e d ) ,  

then cyclone recovery i s  a p r a c t i c a l  way t o  recover  t h e  hea t ing  va lue  of t he  

ungas i f i ed  carbon. 

To i l l u s t r a t e  the  e f f e c t  t h a t  t h i s  has on the  o v e r a l l  product ion cos t  of 

SNG from coal ,  a comparison w a s  made of t he  gas c o s t  f o r  t h e  Single-Stage (Base 

Case) and what the cos t  would be i f  t he  ungas i f i ed  carbon was not recovered. I n  

t h i s  ca se ,  a d d i t i o n a l  c o a l  i s  requi red  t o  gene ra t e  p l a n t  steam and power and t h e  

a d d i t i o n a l  cost  of a f l u e  gas d e s u l f u r i z a t i o n  u n i t  is  added. The o v e r a l l  

c a l c u l a t e d  e f f e c t  is  t h a t  t h e  gas c o s t  i s  inc reased  6 percent  over t he  Base Case 

as shown i n  Table 111-3. 

5.2.3 Assumption t h a t  t h e  unrecovered cha r  i s  e s s e n t i a l l y  s u l f u r  f r e e :  

I f  the  recovered char  is  s u l f u r  f r e e ,  then  f l u e  gas d e s u l f u r i z a t i o n  

would not be requi red  i n  the Base Case where the recovered char is  used t o  

gene ra t e  process  and u t i l i t y  steam. 

To i l l u s t r a t e  the e f f e c t  t h i s  assumption has on the  o v e r a l l  

product ion c o s t  of SNG from coa l ,  a comparison was made of t h e  gas c o s t  f o r  t h e  

Single-Stage (Base Case) and what the c o s t  would be i f  the  b o i l e r  f l u e  gas 



r equ i r ed  d e s u l f u r i z a t i o n .  The o v e r a l l  e f f e c t  c a l c u l a t e d  is t h a t  the  gas cos t  

i n c r e a s e s  2 percent  over t he  Base Case, a s  shown i n  Table 111-3. 

5.3 Pre l iminary  Assessment of P o t e n t i a l  Improvements Suggested by JPL 

5.3.1 Case 5: Use of Molten-Slag Bath wi th  Single-Stage 

I f  the s i n g l e  s t a g e  g a s i f i e r  were operated wi th  a molten-slag ba th ,  

p o t e n t i a l  carbon conversion could be f u r t h e r  increased  a t  the  same oxygen 

consumption (Refer  t o  F igure  111-3). The Saarberg/Otto (5 )  s y n t h e s i s  gas  

process  i s  a process  s i m i l a r  t o  t he  s l a g  ba th  concept f o r  producing medium o r  

low Btu gas from coa l ,  cha r ,  o r  l i q u i d  hydrocarbons. A 264 TPD demonst ra t ion  

p l a n t  is i n  ope ra t ion  now i n  Saarbergwerke AG, West Germany. A 99 percent  

carbon conversion has been repor ted  a t  0.82 pound oxygen per pound c o a l  and 0.72 

pound steam per pound coal .  Ce r t a in  c o n s t i t u e n t s  i n  t he  ash,  such as i r o n  

oxide ,  a r e  bel ieved t o  a c t  a s  an oxygen t r a n s f e r  medium v i a  the fol lowing 

r e a c t i o n s :  

Fe2 O 3  + C 2 FeO + CO 

2 FeO -k 1 / 2  O2 - Fe203 

I f  a molten-slag ba th  i s  maintained i n  the s l a g  po t ,  ungas i f i ed  char  

p a r t i c l e s  would be t h r u s t  onto the  s u r f a c e  of t he  s lag .  Hence, i t  is  p o s t u l a t e d  

t h a t  carbon conversion w i l l  tend t o  i nc rease  v i a  the  mechanism suggested above 

and by the  f a c t  t h a t  t he  char  p a r t i c l e s  w i l l  remain a t  the  high,  s l agg ing  

temperature for a longer  per iod of time. 

I f  the  s ingle-pass  carbon conversion were increased  t o  e s s e n t i a l l y  

100 pe rcen t ,  t he  ne t  e f f e c t  would be s i m i l a r  t o  t h a t  f o r  Case 2,  where t h e  

ungas i f i ed  carbon is recycled t o  e x t i n c t i o n .  The gas c o s t ,  r e l a t i v e  t o  the  Base 

Case, i s  1.01. Although t h i s  case  c a l c u l a t e s  t o  be more expensive than t h e  Base 

Case, t h i s  suggest ion i s  made with the  C r i t i c a l  Assumptions indigenous t o  the 

Base Case kept  i n  mind. Since demonstrat ion of a l l  t he  c r i t i c a l  assumptions 

seems improbable, sugges t ions  which add t o  t he  p r o b a b i l i t y  of success  a r e  

considered here  t o  be a p o t e n t i a l  improvement. For example, i f  t h e  Base Case 

used t h e  present  conversion da t a  from the  t e s t  f a c i l i t y ,  t he  r e l a t i v e  gas cos t  



would be 1.16 a s  shown i n  Table 111-3. Hence, t he  r e l a t i v e  gas cos t  f o r  t h i s  

ca se  would then be 0.87 (= 1.01/1.16). 

5.3.2 Case 6: Sepa ra t ion  of S t ages  wi th  Molten-Slag Bath 

The e f f e c t  of methane enhanced y i e l d s  on the  process  is  s i g n i f i c a n t  

a s  evidenced by the  r e l a t i v e  gas cos t  f o r  t he  Secondary-Inject ion Case i n  Table 

111-3 of 0.92. This i s  mainly due t o  the  reduct ion  i n  t he  oxygen requirement a s  

p rev ious ly  discussed.  To r e a l i z e  the  enhanced methane y i e l d  and the subsequent 

lower oxygen requirement,  a two-stage process  is  suggested using t h e  Molten-Slag 

Bath concept f o r  the  f i r s t  s t a g e  and an e f f i c i e n t  mixing, r eve r se  flow i n j e c t o r  

f o r  the  second s tage .  A schematic of t h e  g a s i f i e r  con f igu ra t ion  is shown on 

Figure 111-4. Inherent  b e n e f i c i a l  f e a t u r e s  t o  t h i s  con f igu ra t ion  a r e  a s  

fo l lows  : 

( a )  The two-stage process  y i e l d s  h igher  methane with a subsequent 

lower oxygen demand: methane formation from f l a s h  p y r o l y s i s  

can be enhanced i f  the temperature i s  lowered t o  around 

1700-190O0F. 

( b )  The high s ingle-pass  carbon conversion f o r  t h e  f i r s t  s t a g e  

minimizes t h e  char  recyc l ing  s i n c e  e s s e n t i a l l y  100 percent  of 

t he  carbon i n  t he  c o a l  and i n  the  r ecyc le  char  from the second 

s t a g e  i s  converted i n  t h e  Molten-Slag Bath, f i r s t  s tage .  

( c )  The molten-slag i s  kept  s e p a r a t e  from the  secondary c o a l  t o  

prevent agglomeration. The agglomeration problem is  what 

caused Eyring Research I n s t i t u t e  t o  abandon the  secondary 

i n j e c t i o n  concept. By keeping t h e  molten-slag i n  t he  f i r s t  

s t a g e ,  t h e  problem of agglomeration of secondary c o a l  i s  

minimized. 

( d )  The hot gases  from the  f i r s t  s t a g e  a r e  i n j e c t e d  i n t o  the  second 

s t age  u t i l i z i n g  an e f f i c i e n t  r eve r se  flow i n j e c t o r  t o  b e t t e r  

mix with the secondary coa l .  B e l l  has observed b e t t e r  y i e l d s  

with the  r eve r se  flow i n j e c t o r ;  however, i t  w a s  abandoned due 

t o  s l a g  accumulation problems. 
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( e )  I n t e r r u p t i o n  of char  flow doesn ' t  shut  the  system down- In 

o t h e r  two s t a g e  g a s i f i e r s  (e.g., AVCO and t h e  B i - G a s  

p roces ses ) ,  an i n t e r r u p t i o n  i n  char  flow would of n e c e s s i t y  

shut  t he  g a s i f i e r  down. In t h i s  case ,  a s  is  t r u e  f o r  Cases 3 

and 4 ,  t h e  i n t e r r u p t i o n  of char  flow wouldn't n e c e s s i t a t e  a 

system shutdown a s  c o a l  would cont inue  t o  flow t o  the  f i r s t  

s tage.  

It i s  expected t h a t  the methane enhancement w i l l  not be as h igh  a s  

Be l l  has assumed f o r  t h e  Secondary I n j e c t i o n  p lus  Char Recycle Case; however, 

t h e  methane w i l l  be increased  thereby g iv ing  i t  a l l  the  advantages of Case 4 

except  t o  a l e s s e r  degree-  Hence, t h e  r e l a t i v e  gas c o s t  t o  t he  Base Case i s  

expected t o  be between 0.91 t o  1.0. 

5 . 3 . 3  Case 7 :  Ca ta lys t  Appl ica t ion  

By applying a c a t a l y s t  t o  the  secondary c o a l ,  t h e  formation of 

methane could be enhanced by promoting the  fol lowing heterogeneous r e a c t i o n s :  

I n  a d d i t i o n  t o  poss ib l e  enhanced methane y i e l d s  i n  the 

secondary-inject ion sec t ion ,  t h e  c a t a l y s t  w i l l  a l s o  inc rease  the  r e a c t i v i t y  of 

t h e  r ecyc le  char  a s  it is recyc led  t o  t he  f i r s t  s tage.  

At t he  present  time, no d a t a  were found i n  t h e  l i t e r a t u r e  f o r  

c a t a l y t i c  high mass f l u x  en t r a ined  g a s i f i e r s .  However, e a r l y  en t r a ined  g a s i f i e r  

development i n  a s ing le - s t age  g a s i f i e r  a t  Morgantown ( 6 )  showed t h a t  when 

l ime was added t o  t he  coa l ,  the  fol lowing e f f e c t s  were not iced:  

( a )  Slagging accumulation problems were s i g n i f i c a n t l y  reduced 

apparent ly  due t o  a lowering of the  s l a g  v i s c o s i t y  by t h e  

l ime ; 

( b )  The H2S and COS con ten t s  were reduced by 7 1  percent  and 89 

percent ,  r e s p e c t i v e l y  , i n  the  syngas ; 



( c )  Carbon conversion nay have been increased.  

These observa t ions  with a s ing le-s tage  g a s i f i e r  f u r t h e r  suggest  t h a t  

p o t e n t i a l  improvements by the  a d d i t i o n  of another  m a t e r i a l  t o  t he  c o a l  could 

have advantages i n  a d d i t i o n  t o  t he  c a t a l y t i c  e f f e c t s  of producing more methane 

( i n  a two-stage o r  secondary i n j e c t i o n  r e a c t o r )  and y i e l d i n g  h igher  carbon 

conversions. Any improvements gained,  however, w i l l  have t o  be o f f s e t  by t h e  

a d d i t i o n a l  c o s t s  of the  c a t a l y s t ,  t h e  c a t a l y s t  a p p l i c a t i o n  technique,  and the  

c a t a l y s t  recovery technique. It is suggested t h a t  t h i s  p o t e n t i a l  improvement be 

f u r t h e r  i n v e s t i g a t e d  t o  b e t t e r  de f ine  the  o v e r a l l  e f f e c t s  of c a t a l y s t  

a p p l i c a t i o n  i n  t h e  B e 1 1  HMF Gas i f i e r .  

5.3.4 Case 8: Use of Lower Grade Coals 

Air-blown test wi th  N. Dakota L ign i t e  and Montana sub-bituminous 

c o a l s  i nd ica t ed  higher  carbon conversion i n  the s ing le - s t age ,  ~ / ~ - T P H  f a c i l i t y .  

A comparison of W. Kentucky bituminous coa l ,  Montana sub-bituminous c o a l  and N. 

Dakota L i g n i t e  is shown below: 

Ult imate Analysis  W. Kentucky Montana N. Dakota 

(dry  w t .  %) Bituminous Sub-bituminous L i g n i t e  

C 

H 

N 

S 

0 

Ash 

The most no tab le  d i f f e r e n c e s  i n  the  elemental  ana lyses  a r e  t h e  

s u l f u r  and oxygen contents  between the  bituminous and t h e  lower grade 

sub-b i tminous  and l i g n i t e  coa ls .  Since the  s u l f u r  is lower, s u l f u r  removal 

f a c i l i t i e s  w i l l  obviously be lower. The oxygen d i f f e r e n c e  has the d i r e c t  e f f e c t  

of lowering the  oxygen consumption f o r  t h e  Single-Stage Base Case when using a 

lower grade coal. This  is supported by e a r l y  da t aC6)  us ing  an en t r a ined  



flow c o a l  g a s i f i e r  a t  Morgantown t o  g a s i f y  a sub-bituminous and bituminous coal .  

The fol lowing r e s u l t s  were observed: 

( a )  For 90 percent  carbon conversion,  the  sub-bituminous c o a l  

requi red  about 70 percent  of t h e  oxygen t h a t  t he  bituminous 

c o a l  requi red  ; 

(b )  I f  t he  t o t a l  oxygen a v a i l a b l e  t o  the r e a c t i o n  were considered 

( t o t a l  oxygen=oxygen i n  gas f e e d  + oxygen i n  c o a l  f eed ) ,  then  

t h e  t o t a l  oxygen t o  carbon r a t i o  f o r  90 percent  carbon 

conversion was i d e n t i c a l .  

If the  r e l a t i o n s h i p  expressed i n  b) above holds t r u e  f o r  the B e l l  

G a s i f i e r  a t  90 percent  carbon conversion,  then t h e  oxygen t o  dry c o a l  r a t i o s  

can be p red ic t ed  as below: 

W. Ky. Coal Montana N. Dakota 

(Base Case) Sub-Bit. L i g n i t e  

Oxygen i n  coa l  per  carbon ( l b l l b )  0.13 0.21 0.29 

Oxygen i n  gas per  carbon ( l b / l b )  1.01 0.93 0.85 

T o t a l  Oxygen per  Carbon ( l b / l b )  1.14 1.14 1.14 

Oxygen P lan t  Requirement: 

(Tons O ~ / T O ~  Dry Coal) 0.71 0.63 0.55 

In  add i r ion  t o  r equ i r ing  less oxygen from the expensive oxygen 

p l a n t ,  t he  high conversion of the  lower rank c o a l s  is expected t o  be e a s i e r  due 

t o  h igher  r e a c t i v i t i e s  compared t o  o lde r  rank coa ls .  If a  N. Dakota l i g n i t e  i s  

used i n  p lace  of t he  W. Kentucky c o a l  i n  t he  Base Case Single-Stage g a s i f i e r ,  

the r e l a t i v e  gas c o s t  is found t o  be about 0.70 compared t o  t h e  Base Case wi th  

W. Kentucky c o a l .  The main f a c t o r s  c o n t r i b u t i n g  t o  t h e  r educ t ion  a r e  a s  

fo l lows  : 

( a )  S u b s t a n t i a l l y  l e s s  raw m a t e r i a l  cos t s :  W. Kentucky coa l  p r i c e  

used was $25/Ton, whereas, N. Dakota L i g n i t e  was pr iced  a t  

$5 /Ton. 

(b )  S u b s t a n t i a l l y  smal le r  oxygen plant .  

( c )  S u b s t a n t i a l l y  smal le r  s u l f u r  p lan t .  



6.0 COMPONENTS REQUIRING DEVELOPMENT 

The fol lowing components a r e  recommended f o r  f u r t h e r  development: 

1. Cont ro l  and Sa fe ty  Systems: 

The high throughput r a t e s  of t he  B e l l  HMF g a s i f i e r  a t  high 

temperatures  r e q u i r e  t h e  g a s i f i e r  t o  be c l o s e l y  con t ro l l ed .  I f  t h e  

r e a c t a n t  coa l  were t o  cease  flowing and the oxygen continued t o  flow i n t o  

t h e  hot  r e a c t o r ,  t h e  g a s i f i e r  and equipment downstream of t h e  g a s i f i e r  

could  be exposed t o  extreme temperatures  and p re s su res  i n  a s h o r t  per iod 

of time. Ins t rumenta t ion  t o  sense temperature excurs ions  quick ly  and 

quick-react ing c o n t r o l  systems need t o  be developed. 

I n  a d d i t i o n ,  s a f e t y  systems f o r  automatic  shutdowns need t o  be 

f u r t h e r  developed ( B e l l  has a shutdown system now t h a t  r e a c t s  t o  p re s su re  

i n s t a b i l i t y ) .  

2. S o l i d s  Feed System: 

The dense phase feed  and lockhopper system need t o  be in t eg ra t ed .  

Also the  feeding  of ho t  char  as a r ecyc le  needs t o  be developed. 

3. Slag  Pot:  

The recovery of the s l a g  i n  the s l a g  pot w i l l  have t o  be f u r t h e r  

developed inc luding  t h e  depressur ing  and quenching of t he  s lag .  The 

1/2-TPH c o a l  t e s t  f a c i l i t y  i n  p lace  now i s  a pot which is quenched wi th  an  

over abundant quanti ty of water and a t  atmospheric pressure.  

4 .  High Temperature Heat Exchangers t o  Cool Syngas and Char: 

The syngas and cha r  from the  g a s i f i e r  w i l l  r e q u i r e  cool ing from 

e i t h e r  1900°F t o  600°F (Single-Stage) o r  1000°F t o  600°F (Secondary 

I n j e c t i o n ) .  The char  and poss ib l e  soo t  and en t r a ined  s l a g  could tend t o  

f o u l  the  exchanger sur face .  Also, t he  c o r r o s i v e  gases  and s o l i d s  mixture 

a t  high temperature w i l l  r e q u i r e  s p e c i a l  metal lurgy.  

5. Char F ines  ( o r  s o o t )  Sepa ra t ion  from Syngas: 

Scrubbing t o  remove small  char  and soot  p a r t i c l e s  w i l l  need t o  be 

t e s t e d  t o  i n su re  e f f i c i e n t  removal. 



6. Scale-Up Aspects t o  Commercial S i z e  Design: 

The maximum s i z e  of t he  i n j e c t i o n  element needs t o  be i n v e s t i g a t e d  

inc lud ing  the  method of c l u s t e r i n g  s e v e r a l  elements i n t o  a scaled-up 

g a s i f i e r .  Also, t h e  method of s o l i d  feed s p l i t t i n g  and feed c o n t r o l  

systems i n  the sca l ed  des ign  need t o  be developed. 

7 . 0 DEVELOPMENT STATUS 

I n  order  t o  a s c e r t a i n  t he  c u r r e n t  s t a t u s  of the  B e l l  p rocess ,  t h e  

fol lowing areas of development a r e  discussed.  

(1)  Air-Blown G a s i f i e r  Development: 1976-1978 

( 2 )  Oxygen-Blown G a s i f i e r  Development: 1978 t o  August, 1979 

(3)  Planned Oxygen-Blown G a s i f i e r  Development 

(4 )  Data Base From Test  Runs 

7.1 Air-Blown G a s i f i e r  Development:1976-1978. 

Work was i n i t i a t e d  i n  1976 by Bel l  f o r  E.R.D.A. (now D.O.E.) under 

c o n t r a c t  no. EX-76-C-01-2204 f o r  $1,205,079; D.O.E. cont inued sponsoring the  

work through 1978. The scope of Be l l ' s  work was t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  

of us ing  an en t r a ined  flow g a s i f i e r ,  ope ra t ing  a t  very high mass throughput per  

u n i t  of r e a c t o r  volume t o  economically convert  c o a l  i n t o  gas. The fo l lowing  

p e r t a i n s  t o  work under t h i s  program. 

7.1.1 Reactor  Tes t  F a c i l i t y  (See F igure  111-5) 

a )  Size:  

- 1/2 TPH c o a l  feed  

- up t o  1 hour run d u r a t i o n  

b)  Performance Tes t ing :  

o 66 t e s t s  @ 112 TPH c o a l  flow r a t e  

- 13 runs @ 1 /2  t o  1 hour du ra t ion  

- 15 atmospheres p re s su re ,  a i r  blown, no steam 

o s lagging  accumulation e f f e c t s  and improved design 

(impinging shee t  i n j e c t o r )  i d e n t i f i e d  



o 3 c o a l s  t e s t e d  - North Dakota L i g n i t e  

- Montana Rosebud Subbituminous 

- Pi t t sbu rgh  Seam Bituminous 

o s t a b l e  continued ope ra t ion  observed on t e s t s  a s  evidenced 

by no r e a c t o r  upse t s  

o 80-90% observed carbon conversion f o r  l i g n i t e  and 

subbituminous c o a l  using impinging shee t  des ign ;  l i m i t e d  

t e s t i n g  showed bituminous coa l  carbon conversion t o  be 

approximately 65% 

o pressur ized  dry c o a l  feed system operated s u c c e s s f u l l y  

o g a s i f i e r  m a t e r i a l  balances made based on coa l  and a i r  f lows  

i n  and gas compositions o u t ;  ungas i f i ed  organics  and ash  

were not measured but  assumed by d i f f e r e n c e ;  only gases  

recorded i n  balances were CH4, H2,  02,  N2, CO and 

C02; H 2 0  w a s  assumed t o  be converted t o  H2S. 

7.1.2 The fo l lowing  r e a c t o r  v a r i a b l e s  were i d e n t i f i e d  and a s ses sed  a s  
fo l lows  : 

( a )  Coal Type: Reactor  performance as measured by percent  carbon 

conversion a s  s i m i l a r  i n  t e s t s  f o r  Montana Rosebud and North 

Dakota L i g n i t e  (about  90%);  l i m i t e d  d a t a  f o r  P i t t s b u r g h  Seam 

Coal i nd ica t ed  s u b s t a n t i a l l y  lower carbon conversion than  

obtained wi th  the  above two coa l s  (about  65%). 

( b )  I n j e c t o r  Configurat ion:  Severa l  i n j e c t o r  types were t e s t e d  

inc luding  a " s w i r l  a i r  i n j e c t o r , "  a " r eve r se  flow a i r  

i n j e c t o r , "  a "modified reverse  flow i n j e c t o r , "  and an 

"impinging shee t  i n j ec to r . "  The main e f f e c t  of t he  d i f f e r e n t  

i n j e c t o r s  was the  degree of s l a g  accumulation experienced 

dur ing  a t e s t  per iod i n  the r e a c t o r  head. 

I n  t h i s  regard,  the  magnitude of the  performance change 

fo l lowing  s l a g  accumulation was about 12% reduc t ion  i n  carbon 

conversion and 15 % reduct ion  i n  HHV. (Performance t e s t i n g  

wi th  N. Dakota l i g n i t e  using the  impinging shee t  i n j e c t o r  



i nd i ca t ed  minimal s l a g  accumulation and no performance decay 

over a one hour t e s t  period.).  

( c )  Coal and A i r  I n j e c t i o n  Ve loc i t i e s :  Comparison of t e s t  runs 

where the  c o a l  i n j e c t i o n  v e l o c i t y  was reduced by nominally 50% 

ind ica t ed  e s s e n t i a l l y  no d i f f e r ence  i n  carbon conversion using 

the  reverse  flow i n j e c t o r  conf igura t ion .  Comparison of 2 runs  

where the a i r  i n j e c t o r  was reduced ind ica t ed  an inc rease  i n  

performance l e v e l  using the  r eve r se  flow i n j e c t o r  

conf igura t ion .  

( d )  A i r  t o  Dry Coal R a t i o  ( l b / l b ) :  Using the  impinging shee t  

i n j e c t o r  and N. Dakota l i g n i t e ,  a s  t he  r a t i o  i s  increased  from 

3.0 t o  3.6, the  percent  carbon g a s i f i e d  increased  from 78  t o  

92% and t h e  HHV of t he  product gas  s tayed e s s e n t i a l l y  cons t an t  

a t  100 B~U/SCF (dry) .  

( e )  Residence Time: Air blown t e s t  measurements have shown t h a t  

a l l  of the  oxygen has r eac t ed  i n  l e s s  than  0.145 s e c  

s u p e r f i c i a l  res idence  t ime;  a t  t h i s  po in t ,  up t o  80% of 

l i g n i t e  carbon is converted t o  gas. Doubling the  r e s idence  

time t o  l e s s  than 0.100 s e c  conver t s  another  10% of the  

carbon. It is be l ieved  t h a t  t he  l i f e - t ime  of a c t i v e - s i t e s  i n  

t h e  ungas i f ied  char  may be up t o  0.200 sec. 

( E )  Steam/Dry Coal Ra t io  ( l b l l b ) :  The e f f e c t  of steam a d d i t i o n  

upon carbon conversion was not a s se s sed ;  however, it is 

bel ieved t h a t  steam i n j e c t i o n  would inc rease  the  carbon 

conversion by r e a c t i n g  wi th  the ungas i f ied  char  a t  the a c t i v e  

s i t e s  mentioned above. 

(g )  T o t a l  Mass Flux ( l b / h r  per  i t 3  Reactor  Volume: A decrease  i n  

mass f l u x  from 20,000 t o  10,000 showed an inc rease  of around 

10% carbon conversion. 



(h) Temperature: Reactor temperature varies proportionately to 

the air/dry coal ratio. The temperature was set in order that 

the slag formed will flow freely from the gasifier without 

accumulating. 

(i) Pressure: The effect of pressure has not been evaluated using 

the gasifier test facility. 

7.1.3 Theoretical Analyses 

- Thermodynamics analyses based on equilibrium 
calculations were performed. 

7.1.4 Process and Economic Analyses 

- Process and Economic Analyses were performed by Gilbert 
Associates under a Bell funded contract on an air-blown HMF 

gasifier application to a combined cycle power plant. 

7.2 Oxygen-Blown Gasifier Development: 1978 to present 

Bell continued development of the gasifier using oxygen plus steam rather 

than air to gasify the coal. The work was performed using company funds. A 

contract was awarded to Bell by the New York State Energy and Research 

Development Authority (NYSERDA) for $400,000 in 1979 to conduct dense phase 

flow and wall-slagging investigations in support of gasifier development. 

Alfred University has aesisted Bell in the area of slag characteristics and 

chemistry evaluation during this time frame. 

A schematic of the oxygen-blown test facility is shown on Figure 111-6; a 

typical gasifier configuration is shown on Figure 111-7. Development during 

this period is as follows: 

o Several 02-blown, short duration (less than 10 min.) gasifier tests 

completed. 

o Different basic injector configurations evaluated (see Figure 111-7) 

o Operation and control of facility and reactor satisfactory 

o Data analysis procedures developed 



o Reactor v a r i a b l e s  i d e n t i f i e d  and assessed  a s  t o  t h e i r  i n f luence  on 

carbon conversion. Var iab les  i d e n t i f i e d  are a s  fo l lows:  

- Oxygen I n j e c t i o n  Veloc i ty  

- Steam I n j e c t i o n  Veloc i ty  

- Residence Time 

- Oxygen/Coal Operating Ra t io s  

o Process and economic ana lys i s :  

( I )  Performed by G i l b e r t  Assoc ia tes  under a Bell-funded c o n t r a c t  to  

e s t ima te  the cos t  of a p l an t  t o  produce 50 b i l l i o n  Btu per day of 

medium Btu gas (298 Btu/dry SCF) and 18 MW of e l e c t r i c i t y  from 

North Dakota L ign i t e .  

( 2 )  Performed by DOE'S Morgantown Process  Evalua t ion  O f f i c e  a s  a 

s epa ra t e  process  eva lua t ion .  The r epor t  was e n t i t l e d  "An Economic 

Comparison of the  Be l l  HMF G a s i f i e r  with the  Texaco and Lurgi  

G a s i f i e r s  - 50 B i l l i o n  ~ t u / d a y  I n d u s t r i a l  Fuel  Plant ."  Coal feed  

was North Dakota L ign i t e .  

7.3 Planned Oxygen-Blown G a s i f i e r  Development 

In October 1979, DOE and G R I  awarded t o  B e l l  a one year con t r ac t  f o r  

$1,500,000 (Contract  No. DEc-ACO1-79ET-14674). The long range o b j e c t i v e  of t h e  

DOE/GRI  program is  t o  develop the  HMF g a s i f i e r  t o  produce SNG feeds tock  which: 

o Minimizes oxygen and steam consumption 

o Maximizes methane content  

o Minimizes t a r  and o the r  liquid by-products 

o El iminates  o r  minimizes char  recyc le  

o Is s c a l a b l e  t o  l a r g e  c a p a c i t y  (100-TPH coa l  f eed )  

Spec i f i c  t a sks  t o  be completed i n  t h i s  one year c o n t r a c t  a r e  a s  fol lows:  

1. I n v e s t i g a t e  the process  and determine i ts performance using an upgraded 

1/2-TPH f a c i l i t y  ( s e e  F igure  111-8); 



2. Test wi th  bituminous coa l ,  oxygen and steam a t  15 a t n  p re s su re ;  

3. Evaluate  the  primary performance c h a r a c t e r i s t i c s ,  and 

4. Evaluate  the  performance of a  secondary c o a l  i n j e c t i o n  system. 

The long range program p lan  is t o  test a t  increased  p re s su re s ,  h igh  

throughputs  and f o r  extended per iods  of operat ion.  Provis ions  f o r  t h i s  f u t u r e  

growth a r e  being made i n  test system mod i f i ca t i ons  being made under the c u r r e n t  

DOE/GRI  con t r ac t .  Continuous ope ra t i on  is planned f o r  t he  1981-82 time frame. 

7.4 Data Base From Test  Runs 

In Table 111-4, s e l e c t e d  da t a  from the  B e l l  g a s i f i e r  t e s t i n g  is  l i s t e d .  

Included i n  t he  t a b l e  a r e  s e l e c t e d  runs f r o n  t h e  a i r  blown g a s i f i e r  work and 

y i e l d s  expected i n  the  oxygen plus steam g a s i f i e r .  

The most no tab le  r e s u l t  shown i n  t h e  Air-Blown Tes t  Data i s  t h a t  a t  t h e  
3 high  mass f l u x  r a t e s  used (10,000 l b / h r  per f t  ), 90% carbon conversion f o r  

l i g n i t e  was obta ined  whereas f o r  Montana Rosebud, only 80% carbon conversion.  

Both runs used about the same a i r  t o  dry coa l  r a t i o s ,  3.5 and 3.6, 

r e spec t ive ly .  

During the  company sponsored oxygen blown t e s t  program, B e l l  conducted 

parametr ic  s e n s i t i v i t y  t e s t i n g .  It was observed t h a t  f o r  each 0.1 change i n  

the  oxygen t o  c o a l  r a t i o ,  the carbon conversion e f f i c i e n c y  increased  

approximately 10%. Other v a r i a b l e s ,  inc lud ing  oxygen and steam i n j e c t i o n  

v e l o c i t i e s ,  r e a c t o r  res idence  time and c o a l  i n j e c t o r  v a r i a b l e s  were eva lua ted  

f o r  t h e i r  performance s e n s i t i v i t y .  

Using P i t t s b u r g h  seam coa l  and ope ra t i ng  a t  an oxygen to  c o a l  r a t i o  of 

0.85:1, Be l l  obtained a carbon conversion e f f i c i e n c y  of 90%. Applying t h e  

performance s e n s i t i v i t y  f a c t o r s  and a l lowing  f o r  t he  lower carbon con ten t ,  a 

carbon conversion of 90% a t  an oxygen t o  c o a l  r a t i o  of 0.71:l f o r  Western 

Kentucky c o a l  is p ro j ec t ed  by Bell, a s  i nd i ca t ed  i n  Table  111-4. 



8.0 FUNDAMENTALS OF SRT GASIFICATION AS APPLIED TO THE BELL iIMF GASIFIER 

The B e l l  HMF G a s i f i e r  has  b a s i c a l l y  two c o n f i g u r a t i o n s  which cou ld  be 

u t i l i z e d  a c c o r d i n g  t o  t h e  end product  d e s i r e d :  

1. The Single-Stage RMF G a s i f i e r  c o n f i g u r a t i o n  where c o a l ,  oxygen and 

steam a r e  f e d  i n t o  t h e  g a s i f i e r  t o  r e a c t  b a s i c a l l y  t o  CO and H2. 

T h i s  c o n f i g u r a t i o n  can a p p l y  t o  any p r o c e s s  where syngas  can be u s e d  

a s  a  f u e l  o r  a s  an  i n t e r m e d i a t e  product .  

2. The Two-Stage HMF G a s i f i e r  c o n f i g u r a t i o n  where a secondary c o a l  s t r e a m  

i s  i n j e c t e d  i n t o  t h e  g a s i f i e r  t o  mix and i n t e r a c t  w i t h  t h e  syngas  

formed i n  t h e  f i r s t  s t a g e  t o  form CO, Hz, and some CH4. T h i s  

c o n f i g u r a t i o n  i s  a p p l i c a b l e  where an i n t e r m e d i a t e  Btu f u e l  g a s  i s  

d e s i r e d  o r  where SNG i s  t h e  f i n a l  p r o d u c t  a f t e r  a m e t h a n a t i o n  s t e p .  

The f o l l o w i n g  i s  a  d i s c u s s i o n  of t h e  fundamental  mechanisms of c o a l  

g a s i f i c a t i o n  a s  a p p l i e d  t o  both  c o n f i g u r a t i o n s :  

8.1 S ing le -S tage  G a s i f i e r  

A schemat ic  of B e l l ' s  S ing le -S tage ,  e n t r a i n e d  f low g a s i f i e r  is shown i n  

F i g u r e  111-9. The g a s i f i e r  i s  d i v i d e d  i n t o  3 zones which d e s c r i b e  t h e  b a s i c  

r e a c t i o n  mechanisms of t h e  g a s i f i e r  a s  fo l lows :  

8 . 1 .  Zone 1 A :  P y r o l y s i s  Zone 

I n  t h i s  zone,  t h e  v o l a t i l e s  from t h e  c o a l  a r e  pyrolyzed by t h e  h o t  g a s e s  

s u r r o u n d i n g  it a f t e r  i n j e c t i o n  i n t o  t h e  reactor. T h i s  r e g i o n  i s  e x t r e n e l y  

t u r b u l e n t  with t h e  combustion g a s e s  r e c i r c u l a t i n g  from zone I S  p l u s  r a d i a t i o n  

e f f e c t s  supp ly ing  t h e  h e a t  f o r  the endothermic  p y r o l y s i s  r e a c t  ions .  A g e n e r a l  

r e a c t i o n  can be w r i t t e n  a s  fo l lows :  

Coal  + h e a t  - c h a r  + v o l a t i l e s  

where v o l a t i l e s  i n c l u d e  CO,  H2 ,  COZ, 1 1 ~ 0 ,  C H ~ ,  H ~ S ,  N ~ ,  c2-c5 

hydrocarbons and c6+ hydrocarbons  c o n t a i n i n g  mos t ly  a r o m a t i c s ,  t a r s  and 

u n s t a b l e  heavy hydrocarbons .  



A k i n e t i c  equat ion expressing the r a t e  of py ro lys i s  a s  p ropor t iona l  to  

t he  amount of v o l a t i l e  conten t  remaining i n  the char  i s  w r i t t e n  as fo l lows:  

where K = KO ex*(-EIRT), sec-' (Arrhenius '  equa t ion )  

' in i t .  = t he  i n i t i a l  v o l a t i l e s  i n  the c o a l ,  lb/100 I b  

c o a l  

and V = v o l a t i l e s  evolved, lb /100  l h  coal .  

This r eac t ion  r a t e  i s  extremely f a s t  and desc r ibes  t he  r a t e  c o n t r o l l i n g  

s t e p  of d e v o l a t i l i z a t i o n  f o r  pu lver ized  c o a l  p a r t i c l e s .  I f  t he  p a r t i c l e s  were 

l a r g e r ,  then the  r a t e  of hea t  t r a n s f e r  t o  the  coa l  or  the  mass t r a n s f e r  of t h e  

v o l a t i l e s  from the  coa l  would be the l i m i t i n g  s t e p  t o  d e v o l a t i l i z a t i o n .  This 

is  one bas i c  d i f f e r e n c e  between en t r a ined ,  f l a s h  p y r o l y s i s  g a s i f i e r s  and 

tnoving, f i x e d  bed, o r  f l u i d i z e d  bed r eac to r s .  The en t r a ined  g a s i f i e r s  can be 

designed such t h a t  hea t ing  r a t e s  of 2,000°F/sec t o  700,000"F/sec a r e  a t t a i n e d  

by us ing  f i n e  p a r t i c l e s  t o  minimize hea t  and mass t r a n s f e r  r e s i s t a n c e s .  

Pyro lys is  of caking coa l s  p re sen t s  no problem t o  the  B e l l  HMF g a s i f i e r  

s i n c e  the  p a r t i c l e s  a r e  wel l  dispersed.  Also, s i n c e  the hea t ing  r a t e s  a r e  so 

high, the  compounds which " p l a s t i c i z e "  coa l  a r e  quickly pyrolyzed from the  coa l  

p a r t i c l e  before agglomeration can occur. 

8.1.2 Zone I B :  V o l a t i l e s  Combustion 

This zone is probably i n d i s t i n g u i s h a b l e  from Zone I A  as  t h e r e  is 

backmixing of hot combustion gases  which he lp  pyrolyze the coal .  If  p y r o l y s i s  

products  a r e  a v a i l a b l e  t o  the oxygen i n  Zone I A ,  then v o l a t i l e s  combustion 

occurs  i n  Zone I A  a s  we l l  a s  Zone I B  s i n c e  the  r eac t ion  r a t e  of oxygen wi th  

v o l a t i l e s  such a s  CO and H2 i s  f a s t  enough t o  be considered ins tan taneous .  
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The v o l a t i l e s  combustion r e a c t i o n s  can be w r i t t e n  a s  f o l l o w s :  

o t h e r  v o l a t i l e s  + O 2  - C02 + CO + H 2  + B20. 

The a d d i t i o n a l  v o l a t i l e s ,  i n c l u d i n g  CH4,  C2-C5, and 6+ 
hydrocarbons  will p a r t i a l l y  be o x i d i z e d  t o  C02, CO, and H z ,  depending on 

t h e  a v a i l a b i l i t y  of t h e  oxygen and t h e  t empera tu re  l e v e l .  S ince  t e s t s  i n  t h e  

112-TPH f a c i l i t y  have shown l i t t l e  o r  no evidence of t a r s  o r  heavy l i q u i d s  i n  

t h e  g a s i f i e r  p roduc t ,  i t  i s  p robab le  t h a t  t h e  t a r s  a r e  comple te ly  d e s t r o y e d  i n  

t h i s  zone. 

The t empera tu res  reached i n  t h i s  zone are around 3000°F and are 

d i r e c t l y  p r o p o r t i o n a l  to t h e  oxygen to  c o a l  r a t i o .  

8.1.3 Zone I C :  Char G a s i f i c a t i o n  

The p y r o l y s i s  r e a c t i o n s  i n  Zone I A  l e a v e  a c h a r  i n t e r m e d i a t e  

product  e n t e r i n g  Zone I B .  The c h a r  does r e c i r c u l a t e  w i t h  h o t ,  p y r o l y s i s  

p r o d u c t s  from Zone I B  back t o  Zone I A .  Th i s  is evidenced by t h e  accumula t ion  

of a t h i n ,  s l a g  r i m  which accumulates  around t h e  oxygen i n l e t  annu lus  a s  shown 

i n  F i g u r e  IIL-9. The u n r e a c t e d ,  bu t  now h i g h l y  r e a c t i v e  char  e n t e r s  Zone I C  

where steam i s  i n j e c t e d  t o  f u r t h e r  g a s i f y  t h e  char .  Air-blown t e s t i n g  by Be1 L 

showed t h a t  e s s e n t i a l l y  a l l  of t h e  oxygen was consumed i n  0.045 msec; h e n c e ,  

s i n c e  a l l  of t h e  oxygen has been r e a c t e d  b e f o r e  Zone I C ,  t h e  heterogeneous  

r e a c t i o n  of c h a r  with oxygen i s  n o t  l i k e l y .  The pr imary r e a c t i o n s  i n  t h i s  zone 

a r e  as f o l l o w s :  

C( Char) + C02 -----t 2CO 

The o v e r a l l  r e a c t i o n  r a t e  of t h e  c h a r  can be d e s c r i b e d  a s  fo l lows :  



where Cs = concen t r a t i on  of carbon i n  char  (moles/volurne) 

lid20'kC0 '% 
= Arrhenius  r a t e  cons t an t s  f o r  char H 2 0 ,  char-C02, 

2 2 and char-H2 r e a c t i o n s  (vo l /moles / sec)  

c ,c ' ~ ~ 0 '  M2 H2 = concen t r a t i on  of gaseous s p e c i e s  

(moles/volume) 

The i n i t i a l  r e a c t i o n  r a t e s  of the t h r e e  heterogeneous r e a c t  i ons  

above have been shown t o  be about the  same a t  p a r t i a l  p r e s su re s  of 35 

however, a t  1 atrp p a r t i a l  p r e s su re ,  t he  f a s t e s t  r e a c t i o n  is 

suggested t o  be the char-C02 r e a c t i o n ,  then the char-H20 r e a c t i o n  and 

f i n a l l y  t h e  char-H2 r eac t ion .  An a n a l y s i s  of the s t o i c h i o m e t r i c  q u a n t i t i e s  

of the  gases  e n t e r i n g  Zone I C  i n d i c a t e s  t h a t  W 2  has probably the  lowest 

p a r t i a l  p ressure  of the  r e a c t i n g  gaseous spec ies .  Hence, t he  most dominant 

heterogeneous r e a c t i o n s  i n  Zone I C  a r e  the  char-C02 and char-H20 

r e a c t  ions.  

A s  the  heterogeneous r e a c t i o n s  a r e  occu r r ing ,  t he  gas phase 

r e a c t i o n s  a r e  s inu l t aneous ly  r eac t ing  t o  approach equ i l i b r ium composition. For 

t h e  high temperatures  (2500-2600°F) of the  Bell Single-Stage Reac tor ,  t h e r e  i s  

h a r d l y  any CH4 e x i s t i n g  and CO and H2 make up c lo se  t o  90 v o l  % of the  

gaseous spec ies .  The equi l ib r ium gas composition of t h e  Single-Stage R a w  

Syngas i s  g iven  a s  fol lows:  

Vol.% 



A l l  t h e  heavy v o l a t i l e s  have d i s a p p e a r e d  th rough  g a s  phase 

r e a c t i o n s  o c c u r r i n g  in Zones IA, IB, and IC.  In  t h e  c r a c k i n g  r e a c t i o n s  which 

do o c c u r ,  p y r o l y t i c  s o o t  may be formed which c o u l d  r e p r e s e n t  a p e n a l t y  t o  t h e  

p r o c e s s  a s  s o o t  i s  so  f i n e  i t  i s  ha rd  t o  r ecover .  

8.2 Two-Stage G a s i f i e r  

B e l l ' s  Two-Stage, e n t r a i n e d  f low g a s i f i e r  i n c l u d e s  a l l  the  e lements  of t h e  

Single-Stage g a s i f i e r  w i t h  a  s e c o n d a r y - i n j e c t i o n  Zone I I A  ant1 secondary c h a r  

g a s i f i c a t i o n  Zone I I B  added a s  shown i n  F i g u r e  111-9. The c o a l  is 

i n j e c t e d  i n  Zone I I A  i n  o r d e r  t o  d e v o l a t i l i z e  t h e  c o a l  q u i c k l y  a s  o c c u r s  i n  

Zone I A  o f  t h e  Single-Stage.  However, h e a t  f o r  p y r o l y s i s  i s  s u p p l i e d  by t h e  

2500°F g a s e s  from Zone I C  r a t h e r  than  c o n ~ b u s t i o n  g a s e s  r e c i r c u l a t i n g  from Zone 

I B .  The d e v o l a t i l i z e d  c h a r  formed from t h e  secondary  c o a l  i s  v e r y  r e a c t i v e  a t  

t h i s  p o i n t  a s  i t  e n t e r s  Zone I I B .  The main r e a c t i o n s  a v a i l a b l e  a r e  t h e  

char-H20, char-C02, and t h e  char-R2 r e a c t i o n s  a s  d e s c r i b e d  above. 

Ilowever, i n  t h i s  s e c t i o n  t h e  r e a c t i o n  t h a t  w i l l  p r e v a i l  i n i t i a l l y  i s  t h e  

char-H2 r e a c t i o n  s i n c e  t h e  H 2  p a r t i a l  p r e s s u r e  is t h e  h i g h e s t .  Hence, 

methane y i e l d s  a r e  enhanced from p y r o l y s i s  and t h e  char-H2 r e a c t i o n s .  S i n c e  

t h e  t empera tu res  a r e  s t i l l  h i g h ,  t h e  gas-phase e q u i l i b r i u m  would show l i t t l e  

methane i n  t h e  g a s i f i e r  product  i E  e q u i l i b r i u m  were a t t a i n e d .  Sence ,  r a p i d  

q ~ i e n c h i n g  by wa te r  s p r a y s  i s  done immediate ly  f o l l o w i n g  Zone IIB t o  " f r e e z e "  

the methane b e f o r e  i t  decomposes. 
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FEEDS PRODUCTS 
COAL (M M O I S T )  17.432 STlSD SNG 261) MMSCFD 
OXYGEN 11.615 STISD SULFUR 688 STlSD 
WATER 9.005 GPM 

Fig .  111-1: Be l l  S i n g l e  Stage HMF Coal-to-SNG Block Flow Diagram 



DATA SOURCE: 

0 EYRING R.  I. GASIFIER AT STEAhCOAL = 0.3 ') 

A EYRING R. I. GASIFIER AT STEAM/COAL = 0.51 

17 BELL HMF SINGLE-STAGE TEST DATA 

BELL HMF SIN GLE-STAGE PROJECTED PERFORMANCE 
(W. KY. COAL) AT STEAM/COAL = 0.17 

BELL PROJECTION 
(USED FOR SINGLE-STAGE 
BASE CASE) 

BELL 
DATA 

Ib OXYGEN/lb DRY COAL 

Fig. 111-2: % Carbon Conversion vs. ~xygen/~oal Ratio 
fox Bituminous Coal 



WATER 

WATER - ASH SLURRY 

BENEFICIAL FEATURES 

UNGASIFIED CHAR FROM REACTION ZONE IMPINGES O N  SURFACE OF SLAG 
POOL WHICH COULD ACT AS A N  OXYGEN TRANSFER AGENT 
UNGASlFlED CHAR REACTION ZONE IS AT HIGH TEMPERATURE FOR A 
LONGER TIME 

QUENCHED 
SY N GAS 

Fig. 111-3: Molten-Slag Bath Concept for Bell's Single-Stage 
HMF Gasifier 



BENEFICIAL FEATURES 

TWO-STAGE PROCESS WlTH HIGHER METHANE YIELD AND LOWER O2 
CONSUMPTION 

HIGH SINGLE-PASS CARBON CONVERSION MINIMIZES CHAR RECYCLING 

MOLTEN SLAG KEPT SEPARATE FROM SECONDARY COAL TO PREVENT 
AGGLOMERATION 

a HOT GASES FROM 1ST STAGE INJECTED INTO 2ND STAGE UTILIZING 
EFFICIENT REVERSE FLOW INJECTOR TO MIX THOROUGHLY WlTH 
SECONDARY COAL 

INTERRUPTION OF CHAR FLOW DOESN'T SHUT SYSTEM DOWN 

Fig. 111-4: Molten-Slag Bath with Secondary In jec t ion  
f o r  Bell's HMF Gasifier 
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Fig. 111-5: Air-Blown Bell HMF Gasifier Test Facility Schematic 



SUPERHEATERS 

TO POND - 
SLAG 
POT 

Fig. 111-6: Oxygen-Blown Bell HMF Gasifier Tes t  Facility S c h e m a t i c  



OXYGEN - 
STEAM - 

AIR COOLANT OUT - 
CYLINDRICAL 
SECTION 

C O O  IANT 
JACKET 

SAMPLE 
PROBES 

AIR COOLAN 

?-\ TEST NOZZLE 
I SECTION 

Fig. 111-7: Typical Reactor Configuration Used in 
Bell HMF Oxygen-Blown Testing 



Fig. 111-8: Upgraded Be l l  HIE T e s t  F a c i l i t y  Schematic f o r  Oxygen-Blown 
Reactor Program 



PULVERIZED 
COAL FEED 

OXYGEN OXYGEN 

ZONE IA: PYROLYSIS REACTIONS 

COAL + HEAT -+CHAR + VOLATILES 
(VOLATILES = CO + C o p  + H2 + CH4 + H2S + N 2  + 
LIGHT HYDROCARBONS + TARS) 

ZONE IB: VOLATILES COMBUSTION 

ZONE 

- 

ZONE IIA 

ZONE IC: CHAR GASIFICATION 

...... ....... .... ;.:" . .> .... ..... :*:::!. SINGLE-STAGE 
:. ........ .......... ..xi.:. 

I- SECONDARY COAL INJECTION 

ZONE Ilk SECONDARY COAL PYROLYSIS 

COAL + HEAT -, CHAR + VOLATILES 

-------- 

ZONE 118: SECONDARY CHAR GASIFICATION 

ZONE llB C + H z - C H  4 
C + H 2 0 - C O + H 2  

WATER 
---------- 

QUENCH SPRAYS - - - - - - - - - - - ,, 1 

Figure 111-9. Schematic of Reaction Fundamentals of  ell' s Single-Stage 
and Secondary I n j e c t i o n  HMF Gas i f i e r  . 



Table 111-1: Material  Balance for Bell  Single-Stage HMF Coal-to-SNG Process 

STREAM N O .  

STREAM NAME 

COMPONENTS, I b - m l  hr 

C O  

c02 

H2 

Cn4 

'zH6 
C6H6(OR 8TX) 

H2S 
c o s  

OZ 

NH3 

N 2  

O2 

SUBTOTAL-DRY 

z0 

TOTAL GAS + LIQUIDS, Ib-molhr 
Ibr hr 

SOLIDS, Ibr h, 

MAF rCOAL, CHAR, SULFUR) 

ASH (MINERAL MATTER) 

TOTAL SOLIDS, ibilr 

TOTALIGAS,LlQ-SOL)Ibr/hr 

MMSCFD - GAS 

MOLE WEIGHT - G A S  

TEMPER47URE. 'F 

PRESSURE, psio 

105 

SOLIDS 
TO 

DISPOSAL 

3,083 

3,Om 

55,543 

- 
129,618 

129.618 

185,161 

I 

'OAL FROM 
MINE 

4,838 

4,838 

87,162 

1,235,920 

129,618 

1,365,538 

1,452,700 

77 

14 7 

6 

'2;; 

2,948 

2.948 
1,523 

4,471 

157,180 

1,235,920 

129,618 

1,365.538 

1.522.718 

7i 

6W 

7 

'2 

- 

147 

30,120 

30,267 
- 

30,267 

967.958 

- 

- 

- 

967.958 

275.67 

31.98 

77 

6 W  

9 

P:225 
TOGASIF 

- 
- 

- 

12.217 

13.217 

238,124 

228,124 

120.38 

18.02 

530 

600 

I I 

REACTOR 
SYNGAS 

70,047 

5 032 

38 631 

15 

1.789 

TR 

830 

110.344 
8,702 

125.M6 

2,502.586 

96,596 

I29.618 

226,214 

2.728.800 

1.133.92 

20.01 

2530 

500 

13 

RAW, HOT 
SYNGAS 

70.047 

5.032 

38.631 

15 

1 789 

TR 

830 

116,344 
28.208 

144,552 

2,854.W6 

96,596 

12.972 

1W,5W 

2,963,574 

1.316.58 

19.74 

1902 

498 

14 

Cg";iD 
SYNGAS 

70 047 

5,032 

38,631 

15 

1,789 

1 R 

830 

116.344 
28.208 

144,552 

2,854,006 

06,596 

12.972 

109,568 

2,963,574 

1.316.58 

19 74 

6 W  

494 

\ 5 

Crp 
BOILERS 

- 
- 

- 

- 

- 

- 

- 
- 

- 

- 

P6.596 

12.429 

1W.025 

109,025 

MX) 

4B8 

16 

CYCLONE 

70,047 

5,032 

38,631 

I 5  

1.789 

1 R 

830 

116.344 
28,208 

144,552 

2 , 8 5 4 . W  

. 
543 

543 

2,854,549 

1.316.58 

19.74 

6 W 

488 

19 

DUST-FREE 
SYNGAS 

70,047 

5,032 

38.631 

15 

1,789 

TR 

830 

116,344 
41,936 

158,280 

3,101,330 

- 
- 

3.101,33 

1.441.61 

19.59 

345 

4 70 

2 1 

SHIFTED 
SYNGAS 

27,167 

47,912 

81,511 

15 

1,787 

830 

159,222 
324 

159.546 

3,124,106 

3,124,106 

1.453.14 

19.58 

I W  

4W 

24 

CLEAN 
SYNGAS 

27,167 

570 

81.511 

15 

- 

830 

110,093 

5 

110.098 

973.944 

973.944 

l , M 2 . 7 7  

8.85 

IW 

430 

1 02 

'KG 
PtPELINE 

- 
570 

10 

27.182 

830 

28,592 
5 

28,597 

484,503 

484,503 

2t0.46 

16.94 

100 

1000 

103 

- 

- 

. 

- 

- 
- 

- 
- 

57,355 

57,355 

57.355 

280 

147 



TABLE 111-2: E f f e c t  of P o t e n t i a l  Improvements of t h e  B e l l  HMF G a s i f i e r  

t o  be Inves t i ga t ed  by Bel l .  

v 

Case No. 1 2 3 4 

Desc r ip t i on  Single-  Single-  Secondary Secondary 

Stage S tage  + I n j e c t  ion I n j e c t i o n  + 
(Base - Char Char Recycle 

Case) - Recycle 

X Carbon Conversion 90% 90 X Information i s  p r o p r i e t a r y  

a t  t h i s  t ime 

% Carbon U t i l i z a t i o n  100% 100% same a s  above 

O 2  t o  Dry Coal 0.71 P r o p r i e t a r y  same as above 

Weight Rat io  

Flue Gas Desulfur-  NO YES same as above 

i z a t i o n  Required 

R e l a t i v e  Gas Cost 1.0 1.01 0.92 0.91 

R e l a t i v e  Cap i t a l  1.0 1.03 0.87 0.89 

c o s t  

R e l a t i v e  Operat ing 1.0 1.0 0.95 0.93 

Cost 



TABLE 111-3: Base Case Gas Cost  S e n s i t i v i t y  t o  C r i t i c a l  Assumptions 

A l t e r n a t e  CRITICAL ASSUMPTIONS R e l a t i v e  
D e s c r i p t i o n  Gas 

% Carbon Convers t ion  @ U n g a s i f i e d  Carbon i s  Char i s  Cost  
02 /Coa l  R a t i o  Recovered as Char S u l f u r  

f o r  B o i l e r  F u e l  Free 

lo Base Case I 90% @ 0.71 

lo Base Case 80% @ 0.85 
' w i t h  p r e s e n t  

conv er s ion 
d a t a  i 

10 Base Case 90X @ 0.71 
w i t h  c h a r  
d i s c a r d e d  

i 
I 90% @ 0.71 

P ! 2:; Z i u r  
i n  c h a r  

YES 

YES 

YES 

YES 

YES 

YES 

NO 
( r e q u i r i n g  

FGD U n i t )  



Table  111-4:  Bell-HMF Gasifier Data 

INJECTOR CONFIGURATION: 

REACTOR PRESSURE brio):  

REACTOR TEMPERATURE (OF):  - 2400 -2600 

RUN DURATION (min): 

AIR/DRY COAL AVG (Ib/lb): 

PROJECTED 
YIELDS BASED 
O N  OBSERVED 

TRENDS 

W.  KENT. 
COAL: 

I OXYGEN/DRY COAL (Ib,/lb): I I 

SUPERFICIAL GAS RES. TlME (ms): 

AVG GASIFIER EFFLUENT GAS COMPOSITION 

(VOLUME PERCENT) NOTE (2) 

SELECTED TEST DATA 

cos 

I AVG CARBON CONVERSION: 
( % O F  CARBON I N  COAL I N  GAS PHASE) 1 PO 

O2 BLOWN 

PITTSBURGH 
SEAM 

AIR BLOWN DATA 

~ i b G A S E F F l C W C Y :  HHV OF CO, H2 t CH4 I N  EFFL )I:---T---- GAS 45 
100% x 

HHV OF COAL FEED . - 

A V G  GAS H H V  (BTU/DRY SCF): 88 

N. DAKOTA 
LIGNITE 

MONTANA 
ROSEBUD 

I % ASH IN  COAL RECOVERED IN CHAR: I NOT ANALYZED I NOT ANALYZED ( 

UNGASlFlED CARBON, ASH AND SLAG 

CHAR ANALYSES (WT %) 

ASH: 
CARBON: 

% UNGASlFlED CARBON TO CHAR: 

NOTE (1 )  

1 P/o  

NOT ANALYZED 

DATA I S  
PROPRIETARY 

AT THIS 
TIME 

205/, 

NOT ANALYZED 

IMPING SHEET k! 

NOTE (3) 

NOTES: 

( I )  Data not available on Pittsburgh seam tests 

(2) Gas cmpositiom averaged from several samples during test 
with CH4, Hz, N2, CO, and C 0 2  only gases analyzed 

(3) Includes 2.3140 GO2 as prerrurizing gas i n  coal feed 



SECTION IV 
CS/R HYDROGASIFICATION PROCESS 



SECTION I V  

ASSESSMENT OF CS/R HYDROGASIFICATION PROCESS 

1.0 SUMMARY 

The a s s e s s e d  p r o c e s s  i s  a c o n c e p t u a l  complex by Rockwell which i n t e g r a t e s  

t h e  Rockwell SRT H y d r o g a s i f i e r  w i t h  o t h e r  more c o n v e n t i o n a l  u n i t s  t o  produce an  

SNG p r o d u c t  a t  a r a t e  of 250 b i l l i o n  Btu/day and a co-product of benzene a t  448 

Meetings and d i s c u s s i o n s  wi th  t h e  deve loper  were conducted t o  g a t h e r  d a t a  

on t h e  s t a t u s  of development,  t e s t  r e s u l t s ,  c o n c e p t u a l  block f low diagram and 

m a t e r i a l  balances .  From t h e s e  s e v e r a l  p r o c e s s  s t r e n g t h s / w e a k n e s s e s ,  p o t e n t i a l  

improvements, r e q u i r e d  component development,  c r i t i c a l  q u e s t i o n s  and 

recommendations f o r  f u r t h e r  a c t i v i t y  were de r ived .  

The Rockwell m a t e r i a l  ba lance  i s  keyed t o  a r a t i o  of 0.2 l b s  H 2 / l b  P1.F. 

c o a l  f ed  t o  t h e  h y d r o g a s i f i e r ,  a carbon convers ion  of 5.3% t o  benzene,  45% t o  

methane and 45% unconver ted char.  Although t h e  ba lance  around t h e  

h y d r o g a s i f i e r  i s  based upon c o n s i d e r a b l e  t e s t s  r e s u l t s ,  t h e  o v e r a l l  p l a n t  

m a t e r i a l  ba lance  i s  s t r o n g l y  i n f l u e n c e d  by f a c t o r e d  e s t t m a t e s  f o r  o t h e r  u n i t s  

wi thou t  t h e  b e n e f i t  of a d e t a i l e d  des ign .  Th is  i s  e s p e c i a l l y  t r u e  i n  a r e a s  

such  a s  u t i l i t y  p l a n t s  and o x y g a s i f i c a t i o n  which a r e  wholly o r  p a r t i a l l y  f e d  by 

c o a l .  As a r e s u l t  t h e  o v e r a l l  c o l d  g a s  the rmal  e f f i c i e n c y  of 58% should be 

viewed a s  an e a r l y  e s t i m a t e ,  and t h i s  may i n c r e a s e  s i g n i f i c a n t l y  when t h e  

cor,~plex i s  opt imized.  

C r i t i c a l  a r e a s  i n  q u e s t i o n  a s  t h e  o v e r a l l  p rocess  is now conceived a r e  t h e  

X2/Coal feed  r a t i o ,  f i n a l  procc;s  s e l e c t e d  f o r  H2 p r o d u c t i o n ,  t h e  degree  of 

co-product benzene p roduc t ion  as i t  a f f e c t s  t h e  f i n a l  economics, a d d r e s s i n g  

scale-up d e s i g n s  f o r  commercial l e v e l ,  r e a l i s t i c  e x p e c t a t i o n s  of o p e r a t i n g  

f a c t o r s  and t u r n  down. 

The H2 p r o d u c t i o n  p rocess  i s  y e t  t o  be s e l e c t e d  rang ing  from c a n d i d a t e s  

such a s  Texaco 's  p a r t i a l  o x i d a t i o n  p r o c e s s  t o  a n  SRT d r y  f e d  c h a r  o x y g a s i f i e r  

y e t  t o  be developed. 



The s t r e n g t h s  of t h e  CS /R  p r o c e s s  as proposed appear  t o  be h i g h  carbon 

c o n v e r s i o n  t o  CH4 i n  t h e  g a s i f i e r ,  a c c e p t i n g  broad range of f e e d s ,  t h e  o p t i o n  

of a v a l u a b l e  co-product w i t h  no tars and h igh  throughput .  A l a r g e  H2  

r e c y c l e  sys tem and oxygen p l a n t  might be c o n s i d e r e d  as t h e  p r i n c i p a l  

weaknesses. 

Some p o t e n t i a l  improvements sugges ted  a s  a r e s u l t  of t h i s  assessment  a r e :  

op t imized  benzene coproduct  o p t i o n ;  a more economical  H2 s e p a r a t i o n  p r o c e s s ;  

u s e  of c a t a l y s t ,  and reduced H2/Coal r a t i o .  

S e v e r a l  components o r  e lements  which we e n v i s i o n  t o  be impor tan t  and 

r e q u i r e d  f o r  t h e  f i n a l  commercial development a r e  dense  phase lockhopper  feed  

sys tems ,  c o n t r o l / s a f e t y  sys tems ,  ho t  s o l i d s  f l o w  measurement and c o n t r o l ,  h o t  

s o l i d s - i n - g a s  h e a t  exchange,  d r y  h o t  c h a r  s e p a r a t i o n  and f e e d i n g  and 

i n t e g r a t i n g  g a s i f i e r  u n i t s .  

Fol lowing are f u r t h e r  d e s c r i p t i o n s  of t he  s u b j e c t s  summarized above.  

2.0 CURRENT STATUS OF DEVELOPMENT 

2.1 Program Background Chronology 

Rockwell  o r i g i n a l l y  made a p r o p o s a l  t o  t h e  O f f i c e  of Coal Research  (OCR) 

i n  1974 which r e s u l t e d  i n  a c o a l  l i q u e f a c t i o n  c o n t r a c t  s t a r t i n g  i n  1975. I n  

1976 t h e  dense phase c o a l  feed system was demonstra ted and a 1/4-TPH and  a 

1-TPB l i q u e f a c t i o n  r e a c t o r  t e s t i n g  was s t a r t e d .  In  1977 t h e  c o a l  g a s i f i c a t i o n  

program was s t a r t e d  a long  w i t h  a 1-TPH c o a l  l i q u e f a c t i o n  PDU. I n  1978 l o n g  

d u r a t i o n  g a s i f i c a t i o n  t e s t s  were s t a r t e d  and a 4-TPH g a s i f i c a t i o n  program 

i n i t i a t e d .  I n  1979 t h e  4-TPH g a s i f i c a t i o n  program was r e d i r e c t e d  by DOE 

r e p l a c i n g  t h e  4-TPB h y d r o g a s i f i e r  r e a c t o r  development f a c i l i t y  w i t h  a 3/4-TpH 

i n t e g r a t e d  p rocess  development u n i t  (IPDU). 

2.2 H y d r o l i q u e f a c t i o n  Program 

This  program was conducted under C o n t r a c t  No. EX-76-C-01-2044 (DOE) f o r  

$4,250,000. The p e r i o d  of performance was o r i g i n a l l y  49 months e x t e n d i n g  from 

August 1975 t o  Sep tenber  1979 b u t  was extended th rough  February 1980. G 

th ree -year  follow-on program i s  c u r r e n t l y  planned. The o b j e c t i v e s  a r e :  



- Demonstrate Dense Phase Feeding 

- Demonstrate Injector Mixing 

- 1-TPH Engineering Scale Tests 

- Construct/Operate a 1-TPH PDU to establish quantity and quality of 

liquid yields. 

2.3 High Btu Hydrogasification Programs 

The first contract, EX-77-C-01-2518 (DOE), for $1,500,000 from February 

1977 to August 1978 (17 months) had the objectives of: 

- Bench scale testing at Cities Service R & D Company 

- 1/4-TPH engineering scale tests 

- Preliminary process analysis 

The second on-going contract, EX-78-C-01-3125 (DOE) for $22,000,000 from 

September 1978 to June 1982 (42 months) has for an overall objective the 

further development of the Rockwell single-stage short-residence-time 

hydrogasifier to demonstration plant status. Special objectives are to: 

- Design, construct, and operate a 314-TPH coal feed rate integrated 

process development unit; demonstrate same in a 30-day test (continuous 

operation). 

- Develop process data and operating experience to support design, 

economic evaluation, and optimization of a viable commercial process. 

- Prepare a preliminary design of a practfcal commercial plant. 

The program scope of work involves an integrated combination of design, 

constrnction, and operation to demonstrate the feasibility of the Rockwell 

hydrogasifier reactor for commercial application. 

Testing is currently being performed at 3/4-TPH in a short- duration 

engineering-scale facility to improve and refine the process data base by 

generating essential information outside the scope of the previous contract. 



Process  c o n d i t i o n s  a r e  be ing  d i r e c t e d  towards optimum benzene p r o d u c t i o n  a s  a  

co-product w i t h  SNG. 

It was i n i t i a l l y  p lanned t h a t  a 4-TPH u n i t  be developed and used t o  make 

ex tended  r u n s  f o r  v a r i o u s  d u r a t i o n s  up t o  30 days.  However, i n  August 1979,  

DOE d e c i d e d  t o  r e d i r e c t  t h e  program, r e p l a c i n g  t h e  4-TPH h y d r o g a s i f i e r  r e a c t o r  

development f a c i l i t y  w i t h  a 3/4-TPH i n t e g r a t e d  p r o c e s s  development u n i t  (IPDU). 

~ e k ~ t h ~  t e s t s  w i l l  be performed t o  demons t ra te  sys tem o p e r a b i l i t y ,  component 

d u r a b i l i t y  and p roduc t  q u a l i t y ,  w h i l e  s h o r t e r  runs  w i l l  be conducted t o  

e v a l u a t e  p r o c e s s  f a c t o r s .  I t  w i l l  no l o n g e r  be p o s s i b l e  t o  i n v e s t i g a t e  

i n j e c t i o n  e lement  s c a l i n g ,  as was o r i g i n a l l y  p lanned ,  by s t u d y i n g  

s ing le -e lement  and c l u s t e r e d  mul t ip le -e lement  i n j e c t o r s .  

T e s t s  w i l l  be made w i t h  s t r o n g l y  cak ing  bi tuminous  c o a l  as w e l l  a s  w i t h  

subb i tuminous  c o a l ;  c h a r  from each w i l l  be c h a r a c t e r i z e d .  Problems with t h e  

p r o c e s s ,  m a t e r i a l s  and o p e r a t i o n  s h a l l  be d e f i n e d  and r e s o l v e d  t o  t h e  e x t e n t  

n e c e s s a r y  t o  w a r r a n t  low-r isk  go-ahead w i t h  a d e m o n s t r a t i o n  p l a n t  v e n t u r e  

f o l l o w i n g  comple t ion  of t h i s  p r o j e c t .  A p r e l i m i n a r y  d e s i g n  of a 

commercia l -scale  p l a n t  of such q u a l i t y  and d e t a i l  as t o  be d i r e c t l y  u s e f u l  t o  

a n  A r c h i t e c t / E n g i n e e r  f i r m  i n  t h e  f i n a l  d e s i g n  of an  a c t u a l  commercial  u n i t  i s  

t h e  u l t i m a t e  o u t p u t  of t h e  p r o j e c t .  

2.4 Data Base 

The d a t a  base  r e s u l t i n g  from t h e  above work c o v e r s  t h r e e  f a c i l i t i e s  and a 

broad p a r a m e t r i c  range.  The t h r e e  f a c i l i t i e s  and r e s u l t i n g  d a t a  p o i n t s  were:  

- C i t i e s  S e r v i c e  Bench S c a l e  - 5 8  d a t a  p o i n t s  

- Rockwell 1/4-TPH Hydrogasi f  i c a t i o n  - 49 d a t a  p o i n t s  

- Rockwell 1-TPH t l y d r o l i q u e f a c t i o n  -110 d a t a  p o i n t s  

The p a r a m e t r i c  r anges  were : 

- Rituminous,  subbiturninorls c o a l  and p e a t  

- Residence t imes  30-5000 msec 

- P r e s s u r e s  500-1500 p s i  



- Temperatures  

- H2/Coal r a t i o s  

- Coal th roughput  

Rockwell  has  judged t h e  d a t a  from t h e  d i f f e r e n t  f a c i l i t i e s  t o  be 

c o n s i s t e n t  a t  t h e  f u l l  range of c o a l  th roughput  (Refe rences  1 & 2).  

2.5 Commercial H y d r o g a s i f i c a t i o n  R e a c t o r  O p e r a t i n g  C o n d i t i o n s  

The range of h y d r o g a s i f i e r  o p e r a t i n g  c o n d i t i o n s  which a r e  a p p l i c a b l e  i n  

t h e  d e s i g n  of a commercial  SNG p l a n t  u s i n g  e i t h e r  b i tuminous  o r  subbi tuminous  

c o a l s ,  o r  p e a t ,  i n c l u d e :  

- Res idence  T i n e s  

- P r e s s u r e s  

- Temperatures  

- I12/Coal R a t i o s  

- Commercial Reac to r  Throughput 

1000-3000 msec 

500-1500 p s i a  

1700-1900 F 

0.20-0.45 

140-220 t o n / h r .  

3.0 PROCESS DESCRIPTION 

The f o l l o w i n g  d e s c r i b e s  t h e  d e v e l o p e r ' s  P r e l i m i n a r y  Commercial Concept 

Design of t h e  C i t i e s  Se rv ice /Rockwel l  ( C S / R )  Coal  H y d r o g a s i f i c a t i o n  P r o c e s s  t o  

p roduce  SNG from coal a t  a r a t e  of 250 b i l l i o n  Btu/day (HHV) and benzene,  a  

p r i n c i p a l  l i q u i d  co- p roduc t .  ( R e f e r  t o  P r o c e s s  Block Flow Diagram, Fig. 

I V - 1 ) .  

3.1 Summary 

The key f e a t u r e s  of t h i s  p r o c e s s  are: a n  e n t r a i n e d  f l o w  

s h o r t - r e s i d e n c e - t i m e  (SKT) c o a l  h y d r o g a s i f i e r  r e a c t i n g  coal  w i t h  h o t  hydrogen 

t o  a raw g a s  h igh  i n  methane c o n t e n t  a n d  t o  c h a r ;  an e n t r a i n e d  f low,  

char /coa l /oxygen / s team g a s i f i e r  Cor t h e  p r o d u c t i o n  of hydrogen make-up; and a  

c r y o g e n i c  hydrogen-methane s e p a r a t i o n  sys tem y i e l d i n g  a n  SNG p r o d u c t  and 

r e c y c l e  H2.  

Because of t h e  h i g h  i n i t i a l  carbon c o n v e r s i o n  t o  methane i n  t h e  

h y d r o g a s i f i e r  on ly  a t r i m  me thana t ion  subsequen t  s t e p  i s  r e q u i r e d .  



By c o n t r o l l i n g  the  temperature  and the  res idence  t i m e  of t he  r e a c t a n t s  i n  

t h e  c o a l  h y d r o g a s i f i e r ,  benzene i s  a l s o  produced a s  a va luab le  coproduct.  

Both the  coa l  and char  g a s i f i e r s  a r e  fed us ing  a dense-phase dry s o l i d s  

system us ing  H2 o r  o the r  r e a c t i n g  gas a s  t he  t r a n s p o r t  medium. 

The balance of the  process  u n i t s  i n  the  p l a n t  a r e  convent iona l  c o n s i s t i n g  

o f :  c o a l  p r epa ra t i on ,  oxygen p l a n t ,  g a s  quench, benzene recovery,  s h i f t  

conversion,  a c i d  gas  removal, t r i m  methanation, sour water s t r i p p i n g ,  ammonia 

recovery,  s u l f u r  recovery, s o l i d s / l i q u i d s  e f f l u e n t  recovery,  steam/power/water 

t rea tment  and o f f  s i t e s .  

Feed m a t e r i a l s  c o n s i s t  of coa l ,  raw water and a i r .  Products  a r e  High-Btu 

Gas (SNG) and Benzene. By-products a r e  s u l f u r  and ammonia. E f f l u e n t s  a r e  

C02, c l e a n  f l u e  gas ,  and s o l i d s  s ludge  (mainly ash)  and water  l o s se s .  

3.2 Coal P r e p a r a t i o d F e e d i n g  

The raw c o a l  is prepared convent iona l ly  by c rush ing  t o  70% minus 200 mesh 

and dried t o  about 2% moisture.  

The prepared c o a l  is fed  t o  t he  g a s i f i e r s  i n  dense phase us ing  H2 o r  

o t h e r  t r a n s p o r t  gas through a p re s su r i zed ,  two-stage, cyc l ing  lock  hopper. The 

c o a l  t o  t h e  steam power b o i l e r s  is fed by s tandard  d i l u t e  phase pneumatic 

means. 

The c o a l  a n a l y s i s  i n  the  proposed Rockwell p rocess  us ing  P i t t s b u r g h  Seam 

No. 8 is  a s  fol lows:  

W t .  % Dry 

C 71.50 

H 5.02 

N 1.23 

S 4.42 

Ash 11.30 

0 (by d i f f e r e n c e )  6.53 



3.3  Oxygen P lan t  

The oxygen p l an t  is comprised of commercially a v a i l a b l e  a i r  s epa ra t ion  

u n i t s  from which l i q u i d  O 2  i s  pumped t o  the r e a c t o r  at a  p re s su re  of 

approximately 1000 psig.  The O 2  i s  vaporized by hea t ing  t o  e i t h e r  200F f o r  

t he  h y d r o g r a s i f i e r  o r  300F f o r  t he  cha r  oxygas i f i e r .  

3 . 4  Coal Hydrogas i f ica t ion  

This  u n i t  c o n s i s t s  of t h r e e  r e a c t o r  t r a i n s ,  o r  modules, each employing an 

en t r a ined  flow r e a c t o r  u t i l i z i n g  a  rocket-engine-type i n j e c t o r  scheme. Rocket 

engine i n j e c t o r  design techniques a r e  used t o  achieve  r ap id  and thorough mixing 

of the pulver ized  coa l  and hot  H2. Each module i s  comprised of a preburner ,  

i n j e c t o r ,  r e a c t o r  and hea t  r ecupe ra to r ,  a l l  of which a r e  i n t e g r a t e d  wi th in  a 

p re s su r i zed  s h e l l .  

The preburner ' s  func t ion  is  t o  r a i s e  t he  recyc le  + make up gas (about  92 

vol.  % Hz) t o  t he  requi red  temperature from 1500F by r e a c t i n g  with 02. The 

gas then passes t o  t he  i n j e c t o r .  

In  t he  i n j e c t o r ,  c o a l  (2% mois ture ,  70% - 200 mesh)in dense phase is  fed 

using hydrogen a s  t r a n s p o r t  gas  (approx. 0.003 lb .  mols per lb.  of coa l ) .  The 

c o a l  r ap id ly  mixes with the heated W 2  gas from the preburner  a t  the r e a c t o r  

i n l e t  t o  achieve a t h e o r e t i c a l  mixed temperature of 1400F. The hydropyrolys is  

r e a c t i o n s  a r e  c a r r i e d  out i n  the r e a c t o r  s ec t ion .  The product gases  a r e  

subsequent ly cooled i n  t he  r ecupe ra to r  s e c t i o n  d i r e c t l y  beneath. 

In  the  r e a c t o r  the coa l  i s  both pyrolyzed and r eac t ed  with the hydrogen 

gas. The products  a r e  dependent upon the  res idence  time, i n i t i a l  t empera ture ,  

p re s su re  and r e a c t a n t  composition and can vary from a t o t a l l y  gaseous product 

t o  one i n  which s i g n i f i c a n t  amounts of high p u r i t y  benzene a r e  co-produced. I n  

t he  case  descr ibed the v a r i a b l e s  a r e  s e t  to  produce a  "moderate" l e v e l  of 

benzene (nominally 5 . 8 %  carbon conversion t o  benzene) as we l l  a s  about 26% 

CH4 i n  the  raw gas. The H2 r ecyc le  r a t e  is s e t  a t  0.20 l b s  H2/lb MF c o a l  

l eav ing  an excess  of H 2  c a r r i e d  wi th  the  raw product gas. Most of the  excess  

H i s  recovered i n  the cryogenic s e p a r a t i o n  u n i t  and recycled. 2 



The o v e r a l l  r e a c t i o n  can be broadly expressed as fol lows:  

Coal + H2 CH4 + C6H6 + C2H6 + C O  + CO2 + H2 

+ NH3 + H20 + Char 

The r e a c t o r  cond i t i ons  based upon Rockwell 112-TPH bituminous c o a l  t e s t  

No. 313-23 a r e :  

R 2  preburner  i n l e t  temp 1500F 

Coal/02 i n l e t  temp 200F 

O2 i n l e t  temp 200F 

Reactor o u t l e t  temp 1772F 

Recuperator exi t  temp 834F 

Reactor p r e s su re  1000 p s i g  

Residence t i m e  2470 msec 

The o v e r a l l  carbon conversion based on r e g r e s s i o n  a n a l y s i s  of a l l  Rockwell 

114-TPH h y d r o g a s i f i e r  bituminous c o a l  tests and feed ing  Eas te rn  Bituminous 

P i t t s b u r g h  Seam No. 8 c o a l  i s  taken a s  55.0%. The carbon d i s t r i b u t i o n  is  as 

fo l lows  : 

5.8% t o  C6H6, 45.4% to CH4, 3.25% t o  CO, 0.42% t o  CO2, 0.14% t o  

C2H6, and 45.0% r e s i d u a l  i n  char. 

The char st ream i s  then separa ted  from the raw product gas  v i a  s e v e r a l  

s t a g e s  of cyclones and is subsequent ly  fed t o  t h e  c h a r l c o a l  oxygas i f i e r  u n i t .  

3.5 Gas Treatment and H2 Recovery 

The raw product gas  which has been sepa ra t ed  from the  char  and quenched is 

then processed through the  fo l lowing  s t e p s :  

o  Benzene Solvent  Absorption 

o Dig lycol  Amine Acid Gas Removal 

o Trim Methanation 

o Gas Drying 

o Cryogenic Methane/H2 Separa t ion  



The SNG product gas exiting the cryogenic unit is compressed to 1000 psig 

and 120F and has a composition of approx. 94.5% CH4 and 4.8% Hz, with the 

balance consisting of N2, AR, ethane, CO and only traces (0.3 ppm) of H2S. 

3.6 Hydrogen (Make-up ) Product ion 

Hydrogen is produced by reacting the char from the hydrogasifier with 

steam and oxygen to produce a raw syngas mixture of H2, CO, C02, H2S,some 

methane and ammonia. The char is supplemented with coal to produce the required 

H2 quantity to balance the plant. 

The char coal gasifier is a pressurized, entrained flow, 

short-residence-time oxygasification reactor. The same dense phase solid 

transport feeding techniques used in the hydrogasifier will be employed in the 

oxygasifier to maximize reactor thermal efficiency. Several candidate 

configurations for this application include those under development by Texaco, 

Shell-Koppers and Mountain Fuel Resources. 

The overall reaction is broadly expressed as: 

Char + Coal + O2 + H20 = CO + Hz + C02 + H2S -t CH4 
+ NH3 + N2 + H20 (excess) 

Reactor conditions are targeted at: 

Reactor pressure = 950 psig 

Reactor exit temp = 2460F 

Char inlet temp = 834F 

Steam inlet temp = lOOOF 

O2 inlet temp = 300F 

Coal inlet temp = 200F 

Performance data were determined from kinetic and equilibrium calculations 

at the stated exit reactor conditions. 



The raw syngas i s  f u r t h e r  p rocessed  by c o n v e n t i o n a l  s t e p s  a s  fo l lows :  

o Gas Quench & S o l i d s  Removal 

o S h i f t  Convers ion 

o Acid Gas Removal 

o Trim Methanat ion 

The r e s u l t i n g  make up g a s  c o n s i s t s  of about  87.8% H 2 ,  4.6% CH4 and 

7.6% H20.  

3.7 Other  O p e r a t i o n s  

The o t h e r  o p e r a t i o n s  c o n s i s t  of c o n v e n t i o n a l  e f f l u e n t  t r e a t m e n t  and 

byproduct  recovery  s t e p s  such a s  s o l i d s  ( a s h )  recovery ,  s o u r  wa te r  s t r i p p i n g ,  

ammonia recovery ,  s u l f u r  recovery  and bio- o x i d a t i o n .  

The u t i l i t i e s  p l a n t  i n c l u d e s  wa te r  t r e a t m e n t ,  steam and power g e n e r a t i o n  

and o t h e r  f a c i l i t i e s .  S i n c e  t h i s  complex is  conceived t o  be s e l f - s u p p o r t i n g  

from a u t i l i t i e s  s t a n d p o i n t ,  t h e  o n l y  major impor t s  a r e  raw wate r  and coa l .  

3.8 Genera l  

The o v e r a l l  p r o c e s s  d e s c r i b e d  above is  c o n c e p t u a l  a t  t h i s  p o i n t .  The 

material b a l a n c e  i s  based upon Rockwell e x p e r i m e n t a l  d a t a  around t h e  

h y d r o g a s i f i e r  t o  a l a r g e  e x t e n t  and around t h e  o x y g a s i f i e r .  I n  a d d i t i o n ,  t h e  

p roduc t  g a s  t r e a t m e n t  from t h e  a c i d  g a s  removal through c r y o g e n i c  methane 

s e p a r a t i o n  i s  based upon a s c r e e n i n g  type  e v a l u a t i o n  s t u d y  performed by Air 

Produc t s  and Chemicals ,  Inc. ,  and r e p o r t e d  i n  May 1979. ( 3 )  

The ba lance  of t h e  p l a n t  u n i t s  do no t  have t h e  b e n e f i t  of an  e n g i n e e r i n g  

d e s i g n  from which a d e t a i l e d  c l o s e d  m a t e r i a l  ba lance  cou ld  be genera ted .  As a 

r e s u l t  much of t h e  t r e a t m e n t  u n i t s  and t h e  u t i l i t y  s e c t i o n s  have been f a c t o r e d  

i n t o  t h i s  p r e l i m i n a r y  balance.  Because of t h i s  it i s  sugges ted  t h a t  

comparat ive  c o n c l u s i o n s  no t  be drawn f o r  such i t ems  a s  o v e r a l l  p l a n t  t h e r m a l  

e f f i c i e n c y  e t . a l . ,  s i n c e  power g e n e r a t i o n  and h e a t  r ecovery  p l a y  s i g n i f i c a n t  

r o l e s  i n  such f a c t o r s .  However, t h e  p r o c e s s  the rmal  e f f i c i e n c y  may be viewed 

w i t h  much g r e a t e r  conf idence  s i n c e  t h i s  can be d e r i v e d  from the p r i n c i p a l  

p r o c e s s  s t ream m a t e r i a l  ba lance  which i s  based on broad e x p e r i m e n t a l  

background. 

IV-  10 



4.0 STRENGTHS AND WEAKNESSES 

The items listed and briefly described below are considered to be strong 

points and weak points characteristic of the CS/R Hydrogasification Process 

relative to current commercial or near commercial processes for producing high 

Btu SNG. 

4.1 Strengths 

o High Carbon to Methane Conversion 

A relatively high single pass carbon conversion (45%) to methane in 

the gasifier reduces the downstream conversion requirements using only 

trim methanation. 

o Versatile Fuel Application 

This type of gasifier has been found to be applicable to all types of 

coal and other solid fuels such as peat and lignite. 

o No Catalyst Required 

No catalyst addition or recovery systems required. 

o Dense Phase Feed 

Dry fed dense phase coal using reactant transport gas reduces heat 

requirement relatively to a slurry feed. 

o High Btu Gas with Liquid Option 

The end product may be adjusted from all gas to benzene coproduction 

providing an attractive potential flexibility. 

o High Throughput Rates (Short-Residence-Time) and Small Reactor Size 

Relative to reactor volume this type of reactor allows around 2000 
3 lb/hr/ft of coal feed. This is reflected in the short residence 

rime (seconds or less) and the small reactor size. 

The small reactor size results in many advantages which might be 

unavailable or impractical for larger conventional reactors. 



The h i g h e s t  q u a l i t y  of m a t e r i a l s  of c o n s t r u c t i o n  nay be used s i n c e  

t h e y  a r e  no t  such  a n  economic f a c t o r .  

Use of modular r e a c t o r  e l ements  a l l o w s  e a s e  of t r a n s i t i o n  from p i l o t  

t o  commercial s c a l e  i n c l u d i n g  t e s t i n g  a t  f u l l  element o r  c l u s t e r  

s i z e .  

Most of t h e  key r e a c t o r  components can be shop f a b r i c a t e d  and t e s t e d  

under high q u a l i t y  a s s u r a n c e  l e v e l s .  Maintenance and rep lacement  of 

e l e m e n t s  is s i m p l i f i e d  and downtime t h e o r e t i c a l l y  reduced.  

Small  r e a c t a n t  i n v e n t o r y  a l l o w s  r a p i d  shutdown o r  quench. 

o No T a r s  i n  Raw Produc t  Gas 

The absence  of l i q u i d  hydrocarbons  and t a r s  a l l o w s  a lmos t  complete  

vapor  phase  p roduc t  r ecovery  p r o c e s s i n g  s t e p s .  The benzene i s  

recovered  by l i q u i d  a b s o r p t i o n  and p u r i f i c a t i o n .  

4.2 Weaknesses 

o Large  H2 & Recycle  System 

An e x c e s s  of H2 i s  needed t o  s a t i s f y  t h e  CH4 s y n t h e s i s  and c o a l  

h e a t  up t o  r e a c t i o n  t empera tu re .  T h i s  H2 i s  c a r r i e d  t h r o u g h  t h e  raw 

SNG p r o c e s s i n g  s t e p s ,  c ryogen ic  s e p a r a t i o n  and r e c y c l e .  

0 P l a n t  Requ i red  
O -2 

The p r o d u c t i o n  of H2 f o r  make up r e q u i r e s  a l a r g e  O 2  p l a n t .  

o Lockhopper System 

Coal and c h a r  f e d  by dense  phase which i s  an advan tage  s t i l l  r e q u i r e s  

a h i g h  p r e s s u r e  ( 1000 p s i )  lockhopper  system. 

o Key S t e p s  Requ i re  Development 

S e v e r a l  a r e a s  r e q u i r e  f u r t h e r  development t o  v a l i d a t e  t h e  o v e r a l l  

p r o c e s s  concep t  a s  f o l l o w s :  



- Char oxygas i f i e r  

- Heat recovery of s o l i d s  + g a s  s t reams 

- Scale  up from modular t o  f u l l  s c a l e  r e a c t o r s  

- Feed s p l i t t i n g  t o  modular elements 

- SRT c o n t r o l / s a f e t y  systems 

5.0 POTENTIAL IMPROVEMENTS 

The fol lowing items a r e  suggested a s  p o t e n t i a l  s o l u t i o n s  t o  problem a r e a s  

t h a t  appear  t o  e x i s t  as the  processes  a r e  now proposed by t h e  developers .  

These a l s o  take  i n t o  account  t he  s t a g e  of development of t h e  o v e r a l l  p rocess  

and t h e  conceptual  s t a t u s  of many of t h e  companion o p e r a t i o n s  t o  and around t h e  

proposed g a s i f i c a t i o n  s tep .  These sugges t ions  a r e  t h e  r e s u l t  of reviewing 

i tems mentioned i n  o t h e r  s e c t i o n s  such a s  weaknesses, a l t e r n a t e s ,  d i sadvantages  

and s t a t u s  of development. It is  suggested t h a t  t he se  a r e  p o t e n t i a l s  only 

viewed from t h e  pe r spec t ive  of t h i s  assessment and w i l l  r e q u i r e  more d e t a i l e d  

i n v e s t i g a t i o n  and eva lua t ion  p r i o r  t o  t e s t i n g .  It is  f o r  t h i s  reason they a r e  

c a l l e d  p o t e n t i a l  improvements. 

Some p o t e n t i a l  improvements which appeared worthy of i n v e s t i g a t i o n  a r e  a s  

fo l lows  : 

1. Inc rease  BTX (Benzene) product ion  t o  a maximum. 

2. Reduce the   coal ( o r  carbon) r a t i o  t o  a p r a c t i c a l  minimum. 

3. Apply c a t a l y s t s  t o  t h e  g a s i f i c a t i o n  s t e p ( s ) .  

4. Apply a H2 s e p a r a t i o n  process  ( such  a s  Monsanto hollow f i b e r  

p rocess )  t o  recover  H 2  f o r  r ecyc l e  t o  reduce processes  downstream of 

g a s i f i c a t i o n  and a c i d  gas  removal. 

5. Process  a l l  t h e  c o a l  through the  hyd rogas i f i e r  producing a l a r g e r  

q u a n t i t y  of char.  Use char  only f o r  H2 product ion  and any 



balance f o r  u t i l i t y  s t e a d p o w e r  g e n e r a t i o n .  A l a r g e r  p o r t i o n  of t h e  

t o t a l  c o a l  v o l a t i l e s  would be c a p t u r e d  i n  t h e  raw produc t  g a s  and l e s s  

l o s t  t o  C02 i n  t h e  steam b o i l e r s  and t o  some e x t e n t  i n  t h e  char  

g a s i f i e r .  

6. Burn a stream of d e s u l f u r i z e d  raw produc t  gas  o r  a s t r e a m  of raw 

syngas  from t h e  c h a r  g a s i f i e r  f o r  steam/power g e n e r a t i o n  t o  r e d u c e  

need f o r  f l u e  gas  d e s u l f u r i z a t i o n .  

7. Produce hydrogen by re fo rming  a p o r t i o n  of t h e  product  methane r a t h e r  

than  oxygasi f  i c a t i o n  of c h a r  and coa l .  

5.1 I n c r e a s e  BTX (Benzene) Produc t ion  t o  a Maximum 

The base c a s e  c o n s i d e r s  benzene p r o d u c t i o n  at a moderate l e v e l  of 5.34% 

based on carbon conver ted  i n  t h e  h y d r o g a s i f i e r .  Under c o n d i t i o n s  t o  produce a 

maximum of t h i s  coproduct  t h e  y i e l d  can double.  

On t h e  b a s i s  of v a l u e  placed on p u r i f i e d  recovered  benzene by Rockwell ,  

t h i s  i n c r e a s e  would f u r t h e r  c r e d i t  o p e r a t i n g  c o s t s  by a n o t h e r  $62.2 m i l l i o n  

annua l ly .  This  would reduce t h e  gas  c o s t  by $0.76 per  m i l l i o n  Btu.  

5.2 Reduct ion of t h e  H2 t o  Coal  o r  Carbon R a t i o  t o  a Minimum 

The C S / R  c o a l  g a s i f i c a t i o n  p r o c e s s  a s  proposed by t h e  deve lopers  f o r  t h i s  

a s s e s s n e n t  has  f i x e d  t h e  H2/coal  r a t i o  i n  t h e  h y d r o g a s i f i e r  f eed  a t  0.2041 

l b s  H2/ lb  MF c o a l .  Exper imental  runs  were made a t  r a t i o s  from 0.25 t o  1.0. 

The s t o i c h i o m e t r i c  q u a n t i t y  of H2 conver ted  ( g a s i f i e r  + methana t ion)  i s  

0.0904 l b s  of H 2 / l b  MF c o a l  w i t h  0.128 l h s  H2 e x i t i n g  w i t h  t h e  raw produc t  

gas t o  be recovered and recyc led .  The optimum (minimum) l e v e l  of H2 t o  coal  

h a s  n o t  been e s t a b l i s h e d  bu t  is being approached g r a d u a l l y  by ongoing t e s t i n g .  

For purposes of a s s e s s i n g  t h e  magnitude of c o s t  r e d u c t i o n  due t o  a 

d e c r e a s e  i n  t h e   co coal r a t i o ,  i t  i s  assumed t h a t  t h e  same convers ion  cou ld  

be ach ieved  a t  a H2/coal  r a t i o  midway from t h e  s t o i c h i o m e t r i c  requirement  and 

t h e  l e v e l  proposed. This would be 0.147 l b s   coal and t h e  f o l l o w i n g  

r e d u c t i o n s  could  be expected:  



(a) Reduced gas flow through quench 

( b )  Reduced gas flow through benzene recovery 

( c )  Reduced gas flow through a c i d  gas removal 

( d )  Reduced gas flow through methanat ion 

( e )  Reduced gas flow through drying and cryogenics  

( f )  Reduced recovered hydrogen f low 

( g )  Reduced t o t a l  recyc le  flow. 

Rough e s t ima te s  of t h e  percentage c a p i t a l  c o s t  reduct ion  and the  cos t  

e f f e c t  on gas  cos t  f o r  t he  above a r e  as fol lows:  

To ta l  C a p i t a l  Cost 
6 % Reduction Reduction ($10 ) 

E f f e c t  on Gas Cost = $0.10/10~ Btu reduct ion  

5.3 Apply Cata lys t  t o  t h e  G a s i f i c a t i o n  Steps 

Work i n  a reas  o the r  than SRT ( s h o r t  res idence  time) c o a l  g a s i f i e r s  using 

low cos t  c a t a l y s t  a d d i t i v e s  t o  enhance the  conversion and r e a c t i v i t y  of c o a l  

sugges ts  t h a t  t h e r e  may be p o t e n t i a l  t o  apply c a t a l y s t s  t o  the  Rockwell CS/R 

Hydrogas i f ica t ion  Process a s  well .  Although experimental  d a t a  a r e  lack ing  f o r  

SRT a p p l i c a t i o n s  c e r t a i n  advantages drawn from o the r  processes  appear t o  mer i t  

i nves t iga t ion .  



Some advantages envis ioned a r e :  

o  Poss ib le  reduc t ion  of H2/C r a t i o  with p ropor t i ona t e  cos t  reduc t ions  

t o  a l l  ope ra t i ons  r e l a t e d  t o  H ~ / C  l e v e l .  

o  Lower g a s i f i c a t i o n  temperatures  f avo r ing  h igher  CH4 y i e l d s  a t  a  given 

H2/C r a t i o  i n  t he  hyd rogas i f i e r .  

o Reduced downstream process  s t e p s  a f t e r  g a s i f i c a t i o n  depending on the 

r educ t ion  of r ecyc l e  and excess  components i n  t h e  raw product gases .  

Some of the added s t e p s  which would have t o  be more than compensated by 

t h e  b e n e f i t s  would be: 

o  Ca ta ly s t  cos t  and consumption 

o  Ca ta ly s t  a d d i t i o n  o p e r a t i o n s  

o  Ca ta ly s t  recovery 

o  Spent c a t a l y s t  d i s p o s a l  

S ince  a measure of t h i s  p o t e n t i a l  i s  not  a v a i l a b l e  f o r  an SRT g a s i f i e r  a t  

t h i s  time, a  q u a n t i t a t i v e  e s t i m a t e  of the  b e n e f i t s  has not  been at tempted and 

t h i s  d i s cus s ion  is l i m i t e d  t o  q u a l i t a t i v e  items above. However, i t  is  judged 

t h a t  i f  c a t a l y s t  a d d i t i o n  proves t o  be j u s t i f i e d  t h e  o v e r a l l  r educ t ions  should 

be a t  l e a s t  equa l  t o  t h a t  of minimizing the  H ~ / C  r a t i o  desc r ibed  above. 

5.4 Apply an Improved H2 Separa t ion  Process  

A s i g n i f i c a n t  po r t i on  of t he  energy consumed i n  t h e  Rockwell CSIR 

Hydrogas i f ica t ion  Process  is  r e l a t e d  t o  the  s e p a r a t i o n ,  recovery and r ecyc l ing  

of a l a r g e  s t ream of H2 from the  raw product gas. The proposed process  

employs a cryogenic s e p a r a t i o n  and recovery system. 

The p o t e n t i a l  exis ts  f o r  cos t  r educ t ions  i f  a lower energy consuming and 

s impler  o p e r a t i o n  could be devised and a p p l i e d  t o  t h i s  process.  One cand ida t e  

process  might be t h e  Monsanto Prism@ hollow f i b e r  H2 s e p a r a t i o n  process .  



It a p p e a r s  t h a t  t h e  p r e s s u r e  l e v e l s ,  H2 p a r t i a l  p r e s s u r e  and o t h e r  

c o n d i t i o n s  of t h e  raw product  g a s  a f t e r  a c i d  g a s  removal p r e s e n t  a n  i d e a l  

a p p l i c a t i o n  f o r  t r i a l  of t h e  Monsanto p rocess .  The p r o c e s s  has been a p p l i e d  

s u c c e s s f u l l y  by t h e  d e v e l o p e r  on a commercial  s c a l e  f o r  a lmost  t h r e e  y e a r s  t o  

p r o c e s s e s  under s i m i l a r  c o n d i t i o n s .  

The most obvious  advan tages  a p p e a r  t o  be:  

o  E l i m i n a t i o n  o r  s i g n i f i c a n t  r e d u c t i o n  of t h e  c r y o g e n i c  o p e r a t i o n .  

o  Reduced g a s  f l o w  volume downstream of a c i d  g a s  removal w i t h  

c o r r e s p o n d i n g  r e d u c t i o n s  t o  methana t ion  and g a s  d r y i n g  u n i t s .  

Rough c a l c u l a t i o n s  a p p l y i n g  Monsanto p u b l i s h e d  d a t a  and e s t i m a t e d  

r e c o v e r i e s  of H2 i n d i c a t e  t h a t  by a p p l y i n g  t h i s  p r o c e s s ,  a f t e r  a c i d  gas 

removal,  t o  t h e  raw produc t  gas  t h e  H2 can be s e p a r a t e d  f o r  r e c y c l e ,  t h e  

c r y o g e n i c  s e c t i o n  c a n  be e l i m i n a t e d ,  t h e  g a s  volume th rough  methana t ion  and g a s  

d r y i n g  is  reduced t o  about  h a l f  and t h e  r e s i d u a l  p r e s s u r e  remaining i n  t h e  

p roduc t  g a s  approx imate ly  compensates f o r  t h e  recompress ion r e q u i r e d  f o r  t h e  

r e c y c l e  H2. A more r i g o r o u s  a n a l y s i s  i s  r e q u i r e d  b e f o r e  recommending t e s t i n g  

f o r  t h i s  a p p l i c a t i o n .  

An e s t i m a t e  of t h e  c o s t  e f f e c t  shows abou t  e q u a l  t o t a l  c a p i t a l  r e q u i r e d .  

Any g a i n  would be ach ieved  by reduced o p e r a t i n g  c o s t s  mainly  i n  energy s a v i n g s  

around t h e  c r y o g e n i c  u n i t  and g a s  compression.  T h i s  would be r e f l e c t e d  i n  c o a l  

consumption f o r  stearn/power g e n e r a t i o n .  No e s t i m a t e  was a t t e m p t e d  s i n c e  t h e  

Rockwell  c o n c e p t u a l  p r o c e s s  d i d  not  i n c l u d e  a u t i l i t y / p o w e r  breakdown by 

p r o c e s s  u n i t .  

5.5 P r o c e s s  T o t a l  Coal  Through H y d r o g a s i f i e r  

Ra the r  t h a n  t h r e e  s e p a r a t e  c o a l  f e e d s  t o  t h e  h y d r o g a s i f i e r ,  t h e  

o x y g a s i f i e r  and t h e  steam/power g e n e r a t o r ,  i t  was though t  t h a t  t h e r e  may be a n  

advan tage  i n  p r o c e s s i n g  a l l  of t h e  c o a l  f i r s t  th rough  t h e  h y d r o g a s i f i e r  and 

u s i n g  t h e  r e s u l t i n g  char  t o  f e e d  t h e  o x y g a s i f i e r  and steam/power g e n e r a t o r .  



Some p o t e n t i a l  advantages envis ioned were: 

o  The cap tu re  of a  l a r g e r  propor t ion  of v o l a t i l e s  which a r e  l o s t  t o  C02  

a s  t he  process  i s  now proposed where about 33% of t h e  t o t a l  c o a l  t o  t h e  

p l a n t  goes t o  t he  oxygas i f i e r  and steam/power genera tor .  

o  Recovering a  h igher  l e v e l  of BTX (benzene) i n  p ropor t i on  t o  t h e  SNG 

product s i n c e  a l l  of t he  c o a l  v o l a t i l e s  w i l l  e x i t  the  h y d r o g a s i f i e r  f o r  

recovery. 

o  L i t t l e  o r  no s u l f u r  i n  the  b o i l e r  f l u e  gas. Using char  f u e l  the  s u l f u r  

would be reduced t o  25% of coa l  f u e l .  Using a  s t ream of desu l fu r i zed  

raw product gas  the  s u l f u r  would have a l r eady  been removed as H2S i n  

t he  a c i d  gas  removal u n i t .  

It becomes obvious t h a t  hydrogasifying s u f f i c i e n t  c o a l  under the  same 

c o n d i t i o n s  and conversion parameters  to produce enough char  f o r  both H2 

product ion and b o i l e r  feed  would l ead  t o  an  excess  of SNG. Poss ib ly  t h e  way a  

balanced p l a n t  would be achieved would be t o  hydrogasify t h a t  q u a n t i t y  of c o a l  

t o  produce char  f o r  a l l  H2 r equ i r ed  and us ing  a  s l i p s t r e a m  of r a w  product gas  

a f t e r  d e s u l f u r i z a t i o n  a s  b o i l e r  f u e l  t o  balance t h e  p l an t .  

In a d d i t i o n ,  s i n c e  a g r e a t e r  r a t e  of c o a l  i s  seen by t h e  h y d r o g a s i f i e r  f o r  

a  given amount of SNG t h e  H2 q u a n t i t y  must be about t h e  same a s  t he  q u a n t i t y  

used i n  t h e  process  a s se s sed  i n  t h i s  study. 

Using a  thermodynamic equi l ib r ium c a l c u l a t i o n  program f o r  t he  

h y d r o g a s i f i e r  developed i n  Lewis Research Center by McBride and 

 ord don(^), t h e  c a l c u l a t i o n s  showed a  n e t  i nc rease  of about 13.0% t o t a l  

c o a l  consumption r e f l e c t i n g  an increased  gas  c o s t  of about $0.23 per m i l l i o n  

Btu. The i nc rease  i n  benzene product ion was only 8% wi th  an o f f -  s e t t i n g  

e f f e c t  on gas  cos t  of only $0.06/mil l ion Btu. 



5.6 Burn Raw Product Gas f o r  Power/Steam Generat ion 

This a l t e r n a t e  i s  aimed a t  e l imina t ing  t h e  need f o r  t he  c o s t l y  f l u e  gas  

d e s u l f u r i z a t i o n  s t e p  requi red  i f  t he  feed c o a l  a t  4.42% s u l f u r  were burned a s  

i n  t h e  base case.  

In  order  t o  achieve t h i s  a  s t ream of raw product gas  would be tapped a f t e r  

a c i d  gas  removal. To r ep l ace  t h i s  gas  q u a n t i t y  a d d i t i o n a l  c o a l  would be 

processed through the  hyd rogas i f i e r .  

Th i s  a l t e r n a t e  is  a c t u a l l y  s i m i l a r  i n  p a r t  t o  A l t e r n a t e  No. 5 where the  

t o t a l  c o a l  feed i s  processed through the  h y d r o g a s i f i e r  inc lud ing  t h a t  r e q u i r e d  

t o  supplement the  char  t o  the  oxygas i f i e r .  Taken a lone  and s t i l l  feeding coa l  

t o  t he  oxygas i fe r  about ha l f  of the  e f f e c t s  might be r ea l i zed .  Since A l t e r n a t e  

No. 5 proved t o  be a  cos t  i nc rease  t h i s  a l t e r n a t e  would a l s o  be more c o s t l y  and 

was abandoned. 

5.7 Two schemes were cons idered  t o  produce hydrogen by reforming part of t he  

product methane r a t h e r  than oxygas i f i ca t i on  of char  and coal .  One scheme used 

t h e  c h a r l c o a l  a s  f u e l  t o  the  methane reformer. A second scheme used a d d i t i o n a l  

methane a s  f u e l  t o  t h e  reformer.  

The second scheme was r e j e c t e d  on the  b a s i s  of s i g n f i c a n t l y  h igher  c a p i t a l  

cos t s .  The hydrogas i f i ca t i on  s t ream and the  hydrogen p l a n t  stream c a l l e d  f o r  

about twice the  c a p i t a l  cos t s .  Also, a l though t h e  ope ra t i ng  c o s t s  were not 

eva lua t ed ,  t h e r e  would be an excess  of char  which would add t o  ope ra t i ng  c o s t s  

and r e s u l t i n g  o v e r a l l  product gas cos t .  

The f i r s t  scheme was es t imated  to  be about equa l  i n  c a p i t a l  c o s t  t o  the  

base case. It was a l s o  r e j e c t e d  on the  b a s i s  of probable  h igher  ope ra t i ng  

c o s t s  s i n c e  the  hyd rogas i f i ca t i on  p l an t  was about double the  s i z e  of the  base 

c a s e  r equ i r ing  a  p ropor t i ona t e  i nc rease  i n  c o a l  feed. In  a d d i t i o n ,  i t  r e q u i r e d  

t he  use of a  cha r / coa l  f i r e d  reformer which has  not  been developed. 



6.0 COMPONENTS REQUIRING DEVELOPMENT 

I n  o rde r  t o  a s s e s s  t he  CS/R Hydrogas i f ica t ion  Process  from the  pe r spec t ive  

of a  f u l l y  developed commercial s c a l e  o p e r a t i o n  s e v e r a l  new o p e r a t i o n s  

a u x i l i a r y  t o  the  p r i n c i p a l  g a s i f i c a t i o n  s t e p s  must a l s o  be considered.  These 

may not be apparent  during t h e  p i l o t  s c a l e  development but when expanded t o  t h e  

r equ i r ed  commercial scale the  need f o r  development becomes more obvious. 

Some of theee  a u x i l i a r y  ope ra t i ons  which a r e  c r i t i c a l  t o  t h e  s u c c e s s f u l  

performance of t h e  conceptual  des ign  a s  proposed inc lude :  

(1 )  A f u l l  s c a l e  dense phase c o a l  o r  char  feed system. 

( 2 )  A f a i l - s a f e  c o n t r o l  system f o r  hydrogen prehea t ing  and feed ing  t o  

hyd rogas i f i ca t i on .  

(3)  A cha r  s epa ra t i on ,  handl ing and dense phase feed system f o r  

oxygas i f i ca t i on  wi th  steam. 

( 4 )  A ho t  char  feeder  c o n t r o l  system under high p re s su re  i n t o  an oxygen 

atmosphere reac tor .  

6.1 Dense Phase Coal Feed System (Commercial Sca le )  

A rough c a l c u l a t i o n  i n d i c a t e s  t h a t  pu lver ized  c o a l  a t  a  r e l a t i v e l y  low 

bulk d e n s i t y  r e q u i r e s  a  s i g n i f i c a n t  number of large high pressure vesse ls  and a 

s i z a b l e  recompression and letdown conserva t ion  system f o r  t r a n s p o r t  gas  t o  

accommodate t h e  proposed dense phase f eed  system. 

Assuming an hourly cyc l ing  of t h e  hopper feed v e s s e l s  feeding i n t o  a  1000 

p s i  r e a c t o r ,  l i m i t i n g  v e s s e l  s i z e s  t o  12 f e e t  diameter ,  us ing  r ecyc l e  H2 gas  

f o r  t r a n s p o r t  medium and al lowing some excess  p re s su re  r e s i d u a l  i n  t he  

evacuated feed v e s s e l s ,  approximately 25 v e s s e l s  would be requi red  designed f o r  

over 1200 p s i  i n  a  high hydroeen p a r t i a l  p r e s su re  vapor phase. 

Although the  t r a n s p o r t  gas is  used i n  t h e  r e a c t o r  and f i g u r e s  i n  the  

o v e r a l l  m a t e r i a l  balance,  about twice t h i s  q u a n t i t y  w i l l  remain hehind when t h e  



feed  v e s s e l  has exhausted i t s  coal .  This  gas  must be removed, purged, 

recompressed and t r a n s f e r r e d  t o  another  v e s s e l  f i l l e d  wi th  coa l  t o  repea t  t h e  

cyc le .  

The t o t a l  bulk volume of c o a l  amounts t o  about 25,000 cubic  f e e t  per hour. 

The void f r a c t i o n  con ta in ing  the  high p re s su re  gas amounts t o  more than ha l f  of 

t h i s  volume. Trans la ted  t o  s tandard  cubic  f e e t  per minute of c i r c u l a t i n g  Hz 

gas  t h i s  i s  about 20,000 SCFM. 

The poss ib l e  impacts,  response i n t e r v a l s ,  mechanical f a i l u r e s  and hazards  

of such a  system must be thoroughly i n v e s t i g a t e d  t o  i n su re  t h a t  t h e  r e l i a b i l i t y  

and s a f e t y  w i l l  be i n  accordance wi th  t he  90% ope ra t i ng  f a c t o r  s e t  f o r  the  

commercial f a c i l i t y .  

6.2 A Rel i ab l e  Sa fe  G a s i f i e r  Feed and H 2  Prehea t ing  System 

An SRT high mass throughput g a s i f i e r  system in t roduces  requirements  f o r  

advanced techniques of c o n t r o l  s a f e t y  and r e l i a b i l i t y  when app l i ed  t o  a  

cormnercial s c a l e  not y e t  a v a i l a b l e  from e x i s t i n g  technology. To a  p a r t i a l  

e x t e n t  rocket  feed and c o n t r o l  technology is  c e r t a i n l y  a p p r o p r i a t e  where 

a p p l i c a b l e .  In  a  coa l  h y d r o g a s i f i e r  however t h e  products  d i s cha rge  t o  a  ve ry  

l a r g e  d e l i c a t e l y  balanced c losed  system wi th  enormous i n e r t i a .  

Precedents  a l r eady  e x i s t  i n  c o a l  o x y g a s i f i e r s  being cons t ruc t ed  on a  l a r g e  

s c a l e  with f a i l u r e s  i n  ope ra t i on  due t o  unrecognized inadequac ies  i n  unproven 

feed  mechanism designs.  These g a s i f i e r s  were not s h o r t  r e s idence  time high 

mass throughput which tends  t o  compound the  p o t e n t i a l  c o n t r o l  problems. The 

t r a n s f e r  of components from convent iona l  systems to  new a p p l i c a t i o n s  should be  

viewed wi th  cau t ion  s i n c e  t h e i r  i n c o m p a t i b i l i t y  may e a s i l y  escape discovery.  

While SRT r e a c t o r s  o f f e r  many real p o t e n t i a l  advantages they a l s o  

i n t roduce  o the r  p o t e n t i a l  problems. The most r e a d i l y  recognized seem t o  c e n t e r  

on t h e  a r e a  of c o n t r o l ,  r e l i a b i l i t y ,  response time. Some of t h e s e  problems 

s u r f a c e  when viewed on a  commercial s c a l e  by a n t i c i p a t i n g  p o s s i b l e  upset  

cond i t i ons  and the  requirements  f o r  s a f e  and o r d e r l y  recovery. Some of t h e s e  

r e l a t i v e  t o  the g a s i f i e r  a r e :  



Upstream Upsets 
- Loss of Coal Feed - unreac ted  H2 t o  system, 

temperature  drop 

- Loss of H2 Feed - unreac ted  O2 t o  system 

- Coal Feed S p l i t t i n g  t o  Modules 

Downstream Upsets 

- Char Plugging - Immediate over p re s su re  and shutdown 

- Loss of Quench - Over temperature  and shutdown 

- Pressure  Buildup 

- Rel ie f  System F a i l u r e  

Reactor  Upsets 

- O ~ / H ~  Balance - O 2  t o  system o r  temperature  drop 

- Module Balancing 

- Average Condit ions vs. I nd iv idua l  Stream Sensing 

- Sound At tenua t ion  and Mechanical Sonic E f f e c t s  

Looking a t  t h i s  l i m i t e d  l i s t  of upse t s  t he  most obvious of the 

requirements  seems to  c e n t e r  around t h e  problem of t he  very s h o r t  time which 

w i l l  e x i s t  t o  sense ,  measure and e f f e c t i v e l y  r e a c t  before  a f a i l u r e  o r  unwanted 

cond i t i on  p reva i l s .  The fo l lowing  are some of t h e  requirements  which must be 

s a t i s f i e d  a f t e r  f i r s t  determining what and how f a s t  an upset  cond i t t on  may 

occur:  

- Ant i c ipa to ry  Sensing 

- Direc t  Measurement Sensing 

- Rssponse Rate 

- Recovery Rate 

- I s o l a t i o n  

- Rel i e f  

- Safe  Orderly Shutdown 

- Provide Surge Capaci ty  



The t i m e  i n t e r v a l s  and i n v e n t o r i e s  w i th in  and around the  g a s i f i e r s  a r e  so  

small  t h a t  the  sensing and c o n t r o l  func t ion  w i l l  probably no t  a l low supe rv i so ry  

conf i rmat ion  o r  response. This  means t h a t  almost t o t a l  c o n t r o l  loop func t ions  

must be i n t e g r a t e d  w i th in  an i n s t rumen ta t i on  system wi th  very h igh  r e l i a b i l i t y  

and poss ib ly  high redundancy. 

6 . 3  Hot Char Handling Sepa ra t i on  & Dense Phase Feed t o  G a s i f i e r  

One of t he  p o s s i b l e  a l t e r n a t e s  t o  t he  proposed process  i s  t h e  dense phase 

f eed ing  of ho t  d ry  char  t o  the  o x y g a s i f i e r  f o r  t he  product ion of t he  r equ i r ed  

hydrogen. Such a  system does not  e x i s t  and has  not  been r e s t e d  i n  combination 

wi th  t he  hydrogasif  ier. 

The i n t e g r a t i o n  of such a  system w i l l  r e q u i r e  the  development of the  

fo l lowing  components t o  ope ra t e  cont inuous ly  w i th  t he  r e s t  of t h e  process :  

o  An e f f i c i e n t  ho t  char  s e p a r a t i o n  and in t e rmed ia t e  surge capac i ty .  

o  Dense phase feed system poss ib ly  wi th  t h e  i n t r o d u c t i o n  of 

supplemental t r a n s p o r t  gas i f  the raw product gas  c a r r i e d  wi th  t he  

char  i s  not s u f f i c i e n t  o r  a t  h igh  enough pressure .  This w i l l  r e q u i r e  

an i s o l a t i o n  method t o  ope ra t e  the  dense phase char  feed ing  i n  a  

cyc l ing  lockhopper system s i m i l a r  t o  t h e  coa l  feed t o  t h e  

hyd rogas i f i e r .  

o A method of combining and balancing of a supplemental c o a l  feed wi th  

t h e  char  i f  t h i s  is  r equ i r ed  as  t h e  proposed process  i n d i c a t e s .  I f  

t h e  c o a l  and the  char  o x y g a s i f i e r s  a r e  s e p a r a t e  t r a i n s  t he  product 

gases  must be compatible a s  t o  t he  o v e r a l l  p rocess  so e i t h e r  t r a i n  

may be shutdown without s h u t t i n g  down the  whole process ,  o r  a  l a r g e  

over-capaci ty  from each t r a i n  may be r equ i r ed  t o  c a r r y  t he  load 

temporar i ly .  

o Poss ib ly  develop the  o x y g a s i f i e r  t o  ope ra t e  on e i t h e r  c o a l  o r  char  o r  

a  combination of c o a l  p lu s  char .  This  w i l l  r e q u i r e  a v a r i a b l e  

steam-oxygen feed f o r  optimum oxygas i f i ca t i on  and may in t roduce  o the r  

f eed ,  balancing and c o n t r o l  problems. 



6.4 Dense Phase Hot Char, Steam, Oxygen Feed Control System 

The dense phase feeding of hot char poses the same design problems as 

noted for the dense phase coal feed system on a commercial scale but the 

following present additional problems which must be confronted: 

o A safe system of control in all modes, i.e., start-up, shutdown, 

emergency and normal transient operations. This is particularly 

important when a large proportion of the reactant is high pressure 

oxygen. 

o The possiblity of catastrophic explosion with high concentration of 

O2 available to the oxygasifier due to several upset causes (loss 

of steam, loss of char feed, etc.). 

o A reliable solids flow measurement and control system with high 

sensitivity, response and recovery. 

o An injector mechanism functioning similar to the hydrogasifier 

injector but which will accommodate both O2 and steam safely and 

reliably coupled with its control system. 
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TABLE IV-1 .  CS/R I l y d r o g a s i f i c a t i o n  P r o c e s s  M a t e r i a l  Flow Balance 

-NAME TOTAL 

2 

HYDRO- 
GAS 

COAL 

1,020 

18,388 

901,383 

919,771 

200 

>1,000 

5 

HYDRO- 
GAS 

O2 

7 

1.459 

1.466 

46,980 

46.980 

200 

>l,W0 

COMPONENT 

LB MOL/HR 

CH4 

C2H6 

C6H6 

C 0 

C02 

NH3 

2 

AR 

OZ 

Hzo 

TOTAL LB MOC/HR 

TOTAL LBIHR 

SOLIDS. LB/HR 

COAL (MF) 

CHAR 

ASH 

SULFUR 

TOTAL OVERALL, LBIHR 

TEMP, OF 

PRESS.. PSIA 

17 

BENZENE 

478 

478 

37,313 

37,313 

COAL 
(2%MOISTI 

1,528 

27,535 

1,344,799 

1,377.334 

3 

OXY 
GAS 

COAL 

240 

4,327 

212,116 

216.443 

209 

>966 

18 

SN G 
PRODUCT 

26,865 

38 

655 

128 

79 

27,755 

439,943 

439,943 

105 

1.000 

4 

UTILITY 

COAL 

268 

4,820 

236,300 

241,120 

6 

OXY- 
GAS 

O2 

7 1 

14,253 

14,324 

458.947 

458,947 

300 

>965 

10 

RAW 
SYNGAS 

15 

19,211 

29.745 

6,302 

668 

1 

1 28 

72 

12.513 

68,656 

1,404,301 

1.404.301 

2.460 

<965 

7 8 11 

ASH 

126,220 

2,460 

<965 , 

15 

RAW 
WATER 

I 

1 

5,633,000 

I 

5,633,000 

9 16 

SULFUR 

68,920 

68.920 

CHAR 

405.622 

834 

<l.O00 

12 

HYDRO- 
GAS 

MAKE-UP 

1.389 

42,929 

128 

7 1 

1.38 1 

45,899 

140,326 

140,326 

>4W 

RECYCLE 
HYDRO- 

GAS 

4.743 

93.497 

202 

88 

1,381 

99.911 

299.001 

299,001 

70-15W 

>1,000 

RAW 
GAS 

28,971 

38 

478 

57.436 

1,738 

225 

1,127 

63 1 

202 

95 

6.627 

97,588 

855.791 

855,791 

834 

<l.OOO 

13 

RECOVERED 
HYDRO 

GAS 

3,354 

50,567 

73 

17 

54,012 

158,675 

158,675 

96 

388 

14 

NH3 

602 

602 

10,252 

10.252 
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SECTION V 

ASSESSMENT OF THE EMON CCG PROCESS 

1.0 SUMMARY 

The Exxon c a t a l y t i c  c o a l  g a s i f i c a t i o n  process  c o n s i s t s  e s s e n t i a l l y  of a 

s i n g l e  s t e p  g a s i f i e r  which gene ra t e s  methane. The r e a c t i o n s  i n  t he  g a s i f i e r  

i nvo lve  c o a l  g a s i f i c a t i o n ,  s team-shi f t ,  and methanation. Therefore ,  t h e r e  is  

no need f o r  a d d i t i o n a l  s t e p s  o u t s i d e  t he  g a s i f i e r  f o r  s h i f t  and methanation t o  

produce SNG. 

The c o a l  feed is  impregnated wi th  K2C03 c a t a l y s t  p r i o r  t o  e n t e r i n g  the  

g a s i f i e r .  Approximately 90 percent  of t h e  carbon i n  t h e  c o a l  i s  converted t o  

methane and carbon-dioxide i n  the  g a s i f i e r ;  10 pe rcen t  of t he  carbon is 

converted t o  char  and remains wi th  t he  a s h  and c a t a l y s t .  About 90 percent  of 

t h e  c a t a l y s t  i s  recovered f o r  reuse i n  the  process.  The r e s idue  

a s h / c h a r / c a t a l y s t  mixture  i s  then disposed of .  

From t h e  g a s i f i e r  raw gas  SNG i s  sepa ra t ed  from CO and H2 which a r e  then 

r ecyc l ed  t o  the g a s i f i e r .  In  the  g a s i f i e r ,  recyc led  CO and H2 a r e  methanated 

whi le  more CO and H2 a r e  produced from c o a l  g a s i f i c a t i o n .  When the  process  

ope ra t e s  a t  a s teady s t a t e ,  t he  r a t e  of CO/I12 r ecyc l ing  equa ls  t he  r a t e  of 

CO/H2 product ion r e s u l t i n g  i n  a ne t  product ion of CH4 and C02 i n  t he  

g a s i f i e r .  

2.0 CURRENT STATUS OF DEVELOPMENT 

Exxon Research and Engineer ing Company is  engaged i n  r e sea rch  and 

development on a c a t a l y t i c  c o a l  g a s i f i c a t i o n  (CCG) process  f o r  the product ion  

of s u b s t i t u t e  n a t u r a l  gas (SNG) from coal .  An o u t l i n e  of the  s t a g e s  of 

development i s  shown below: 

2.1 Previous Research Work 

Sponsor: Exxon 

Period : Pre-1979 

Objec t ives :  General CCG concept and c a t a l y s t  recovery 

using bench-scale u n i t s .  



2 . 2  Predevelopment Program 

Sponsor:  DOE, $2.4 MM, C o n t r a c t  No. E(49-18)-2369 

Per iod :  J u l y  1, 1976 th rough  December 31, 1977. 

O b j e c t i v e :  o Opera t ion  of 6" x 30'  f l u i d i z e d  bed g a s i f i e r  (FBG) w i t h  

I l l i n o i s  c o a l .  

- Operate  wi th  mixed K2C03/  Na2C03 c a t a l y s t  

- Operate  w i t h  r e c y c l e d  c a t a l y s t  

o Bench-scale s t u d i e s  on g a s i f i c a t i o n  k i n e t i c s  and c a t a l y s t  

recovery.  

- Broaden d a t a  base  t o  o t h e r  c o a l s  

- T e s t  r e a c t i v i t y  of recovered  c a t a l y s t  

- Study c r i t i c a l  f a c t o r s  i n  c a t a l y s t  r ecovery  

- Operate  t h e  smal l  f l u i d i z e d  bed Cont inuous  G a s i f i c a t i o n  

Uni t  (CGU) and fixed-bed u n i  ts t o  o b t a i n  a d d i t i o n a l  

k i n e t i c  d a t a .  

o Conceptual  d e s i g n  of a commercial CCG p l a n t .  

- Continue e n g i n e e r i n g  s c r e e n i n g  s t u d i e s  

- P r e p a r e  an updated commercial p l a n t  s t u d y  design.  

During t h e  Predevelopment Program s e v e r a l  t e c h n i c a l  q u e s t i o n s  were 

r e s o l v e d ,  and t h e  technology h a s  now moved i n t o  t h e  P r o c e s s  Development 

Program. 

2.3 Process  Development Program 

Sponsor: D O E I G R I ,  $16.8 MTI 

Exxon, $3 MM 

Per iod :  J u l y  1, 1978 th rough  June 30, 1981  

O b j e c t i v e s :  o Opera t ion  of 1-T/D Process  Development U n i t  (PDU). 



- start  up of g a s i f i c a t i o n ,  gas  s epa ra t ion ,  and c a t a l y s t  

recovery systems 

- Operate PDU as a t o t a l  p l an t  i n t e g r a t i n g  every process  

system i n  the  u n i t  

o Bench r e sea rch  and p i l o t  p l an t  support.  

o Engineering research  and development. 

- Study economics and guide r e sea rch  

- Define key f e a t u r e s  of the  process  f o r  suppor t ing  

engineering design and ope ra t ions  of a Large P i l o t  

P l an t  (LPP) . 
Exxon d i sc losed  i n  March, 1980, t h a t  t he  PDU c o n s t r u c t i o n  was almost 

completed. Ind iv idua l  u n i t s  had been t e s t e d  f o r  p repa ra t ion  of an i n t e g r a l  PDU 

operat ion.  During the t e s t ,  it was found t h a t  when the g a s i f i e r  was operated 

a t  500 p s i  l e v e l ,  t h e  bulk dens i ty  of the  f l u i d i z e d  bed was about 1 / 3  of t h e  

d e n s i t y  which would be expected a t  t he  100 p s i  p re s su re  leve l .  

Af te r  cons iderable  development e f f o r t s ,  Exxon was a b l e  t o  a d j u s t  t h e  

expected dens i ty  i n  the f l u i d i z e d  bed (e.g., by varying methods of c a t a l y s t  

impregnation and drying,  e t c . )  and ope ra t e  t h e  g a s i f i e r  a t  about 300 psig.  

I n  May 1980 Exxon announced p lans  t o  cons t ruc t  a 100 TPD LPP i n  Holland 

wi th  ope ra t ion  expected t o  begin by mid-1985. 

Fur ther  d e t a i l s  and d i scuss ion  of t he  development program a r e  contained a t  

t h e  end of t h i s  sec t ion .  

3.0 Process Desc r ip t ion  

The fol lowing desc r ibes  t he  process  flow of the o v e r a l l  conceptual  process  

p l a n t  of t h e  Exxon C a t a l y t i c  Coal G a s i f i c a t i o n  Process by s e c t i o n  a s  i nd ica t ed  

i n  the  block flow diagram, Figure V-1. The hea t  and m a t e r i a l  balance a r e  taken 
(1 )  from Exxon's Commercial P lan t  Study Design . 



3.1 Coal  P r e p a r a t i o n  and C a t a l y s t  A d d i t i o n  

The feed c o a l  i s  c rushed  t o  minus 8 mesh s i z e  i n  t h e  c o a l  h a n d l i n g  and 

s t o r a g e  s e c t i o n .  

The f e e d  c o a l  a s  r e c e i v e d  by t h e  p l a n t  i s  an I l l i n o i s  No. 6 b i tuminous  

c o a l ,  washed, o r  c l e a n e d ,  i n  a  b e n e f i c i a t i o n  p l a n t  a t  t h e  mine. The u l t i m a t e  

a n a l y s i s  is  as f o l l o w s :  

C 

H 

0 

N 

S 

C 1 

Ash 

W t . %  ( d r y )  

69.67 

5.05 

9.45 

HHV ( B t u / l b  d ry  c o a l )  12,730 

M o i s t u r e ,  W t .  % ( a s  r e c e i v e d )  16.5% 

The feed  c o a l  froin t h e  s t o r a g e  is  d r i e d  f rom 16.5 w t .  % t o  4 w t . %  m o i s t u r e  

i n  t h e  e n t r a i n e d  d r y e r  u s i n g  f l u e  gas g e n e r a t e d  i n  a c o a l - f i r e d  b u r n e r  a s  t h e  

d r y i n g  medium. The d r y e r  overhead s t r eam,  which c o n t a i n s  h o t  vapor  e n t r a i n e d  

wi th  t h e  d r i e d  c o a l  i s  s e p a r a t e d  i n  t h e  cyc lone  s e p a r a t o r .  The s e p a r a t e d  ho t  

g a s  is r e c y c l e d  t o  t h e  c o a l - f i r e d  b u r n e r  e x c e p t  t h a t  a s l i p  s t r e a m  i s  ven ted  t o  

t h e  f lue  g a s  d e s u l f u r i z a t i o n  u n i t  th rough  an e l e c t r o s t a t i c  p r e c i p i t a t o r  f o r  

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

t r a n s f e r r e d  v i a  a screw conveyer  t o  a zig-zag b l e n d e r  where t h e  c a t a l y s t  

s o l u t i o n  is  added and raixed w i t h  t h e  coa l .  The K2C03 c a t a l y s t - s o a k e d  c o a l  

is then  t r a n s f e r r e d  t o  a n o t h e r  e n t r a i n e d  d r y e r  where c o a l - f i r e d  b u r n e r  f l u e  g a s  

i s  a g a i n  employed a s  t h e  d r y i n g  medium t o  d r y  the c a t a l y s t  impregnated c o a l .  

The overhead s t r e a m  which c o n t a i n s  t h e  d r i e d  c o a l  impregnated w i t h  c a t a l y s t  and 

h o t  g a s  i s  r o u t e d  t o  a  c y c l o n e  s e p a r a t o r .  The s e p a r a t e d  h o t  g a s  from t h e  

cyc lone  is  r e c y c l e d  t o  t h e  c o a l - f i r e d  b u r n e r  excep t  t h a t  a s l i p  s t r e a m  i s  



ven ted  t o  t h e  f l u e  gas  d e s u l f u r i z a t i o n  u n i t  a f t e r  i t s  s o l i d  f i n e s  a r e  removed 

by an e l e c t r o s t a t i c  p r e c i p i t a t o r .  The s e p a r a t e d  c o a l  from t h e  cyc lone  i s  t h e n  

t r a n s f e r r e d  t o  a s t o r a g e  b i n  f a c i l i t y  ready f o r  f e e d i n g  t h e  g a s i f i e r .  

3.2  G a s i f i e r  System 

The ca ta lys t - impregna ted  c o a l  i s  t r a n s f e r r e d  by g r a v i t y  t o  the  lockhopper  

f e e d i n g  sys tem which c o n s i s t s  of t h e  low p r e s s u r e  hopper,  t h e  lockhopper  and 

t h e  h i g h  p r e s s u r e  feeder .  The r e c y c l e  syngas  c o n t a i n i n g  carbon monoxide and 

hydrogen i s  employed a s  t h e  p r e s s u r e  medium f o r  t h e  lockhopper  system. A f t e r  

t h e  c o a l  is t r a n s f e r r e d  from t h e  low p r e s s u r e  hopper t o  t h e  h igh  p r e s s u r e  

f e e d e r ,  i t  i s  pneumat ica l ly  c a r r i e d  i n t o  t h e  g a s i f i e r  i n  dense-phase f low by 

t h e  p r e h e a t e d  r e c y c l e  syngas.  The p r e h e a t e r  is provided f o r  s u p e r h e a t i n g  t h e  

s team-containing r e c y c l e  syngas  i n  t h e  r a d i a n t  s e c t i o n  and f o r  p r e h e a t i n g  a 

s l i p  s t ream of t h e  d r y  r e c y c l e  syngas i n  t h e  convec t ion  s e c t i o n .  The l a t t e r  i s  

used as t h e  c a r r i e r  gas  f o r  c o a l  f eed ing .  

I n  t h e  g a s i f i e r  t h e  c a t a l y s t - i m p r e g n a t e d  c o a l  is  f l u i d i z e d  by t h e  

s u p e r h e a t e d  s t ream of t h e  s team-containing r e c y c l e  syngas.  The steam r e a c t s  

w i t h  t h e  f l u i d i z e d  c a t a l y z e d  c o a l  c h a r ,  i n  p resence  of t h e  recyc led  syngas  

c o n t a i n i n g  carbon monoxide and hydrogen. Methane and carbon d i o x i d e  a s  w e l l  a s  

hydrogen s u l f i d e  and ammonia a r e  produced. 

The main r e a c t i o n s  t a k i n g  p l a c e  i n  t h e  g a s i f i e r  a r e  t h e  h i g h l y  endothermic  

steam g a s i f i c a t i o n  r e a c t i o n ,  t h e  m i l d l y  exothermic  steam-gas s h i f t  r e a c t i o n ,  

and t h e  h i g h l y  exothermic  methanat i o n  r e a c t i o n .  The steam-gas s h i f t  and 

methanat ion r e a c t i o n s  a r e  e s s e n t i a l l y  a t  e q u i l i b r i u m  over  t h e  c a t a l y z e d  c h a r  i n  

t h e  g a s i f i e r .  The composite of t h e  t h r e e  r e a c t i o n s  r e s u l t s  i n  no s i g n i f i c a n t  

n e t  p roduc t ion  of carbon monoxide and hydrogen. The r e s u l t i n g  o v e r a l l  r e a c t i o n  

can be r e p r e s e n t e d  a s  f o l l o w s :  

Coal  + H 2 0  = CH4 + C 0 2  + H2S + NH3 

The above r e a c t i o n  is e s s e n t i a l l y  thermo-neutra l .  T h e r e f o r e ,  on ly  a s m a l l  

amount of h e a t  i n p u t  t o  t h e  g a s i f i e r  i s  r e q u i r e d ,  p r i m a r i l y  t o  p r e h e a t  t h e  f e e d  

c o a l  and t o  p rov ide  f o r  h e a t  l o s s e s .  Th i s  h e a t  requirement  i s  s u p p l i e d  by t h e  



prehea te r  v i a  the  c o a l  feeding  syngas stream and by the  superheated steam- 

conta in ing  recyc le  syngas stream. The r e a c t i o n  temperature and p re s su re  i n  t h e  

g a s i f i e r  a r e  maintained a t  1275' and 500 p s i a ,  r e spec t ive ly .  

The char  and ash a r e  withdrawn from the  g a s i f i e r  bottom t o  the  char  quench 

drum and then t o  the  char  s l u r r y  drum f o r  c a t a l y s t  recovery. 

3.3 Heat Recovery and Gas Scrubbing 

The product gas from the g a s i f i e r  is  f i r s t  routed through two cyclone 

s e p a r a t o r s  connected i n  s e r i e s  and i n t e g r a t e d  wi th  t h e  g a s i f i e r ,  and then  

through a s e r i e s  of hea t  exchangers f o r  recovery of high temperature hea t  by 

genera t ing  and superhea t ing  high p re s su re  (600 p s i a )  steam requi red  f o r  t h e  

g a s i f i e r .  Af te r  recovery of the  high l e v e l  h e a t ,  t h e  process  gas stream i s  

s t i l l  wel l  above i t s  water dew point.  The bulk of s o l i d  f i n e s  contained i n  the 

process  gas  stream is then separa ted  i n  the t e r t i a r y  cyclone. The gas then 

proceeds t o  t he  process  gas  s a t u r a t o r  and t o  t h e  Venturi  sc rubber  where the  

f i n a l  c lean  up of s o l i d  f i n e s  is e f f ec t ed .  The c lean  process  gas is then 

routed through a s e r i e s  of hea t  exchangers f o r  f u r t h e r  hear  recovery by 

prehea t ing  b o i l e r  feed water and genera t ing  low p res su re  ( 6 5  p s i g )  steam. A t  

some poin t  of hea t  recovery when the process  gas i s  cooled t o  about 330°F, i t  

is passed through a f ixed-bed r e a c t o r  t o  c a t a l y t i c a l l y  hydrolyze carbonyl  

s u l f i d e  (COS) t o  H2S. The remaining hea t  i n  the process  gas  stream i s  then 

r e j e c t e d  by the  coolers .  A t  the end of hea t  recovery, the process  gas  e n t e r s  

t he  ammonia scrubber  a t  120°F, wherein ammonia is removed from the gas. 

3.4 Acid Gas Removal and S u l f u r  Recovery 

The overhead gas stream from the  ammonia scrubber  is routed t o  the Se l exo l  

a c i d  gas removal u n i t  which p r imar i ly  c o n s i s t s  of t h e  H2S abso rbe r ,  the  H2S 

s t r i p p e r ,  t he  C02 absorber  and the C02 s t r i p p e r .  The e f f l u e n t  stream from 

t h e  H2S s t r i p p e r  is  routed t o  the s u l f u r  recovery u n i t  and the overhead 

s tream from the C02 s t r i p p e r  is vented t o  the atmosphere. Low p res su re  steam 

i s  employed f o r  r e b o i l i n g  the H2S s t r i p p e r .  A i r  i s  used f o r  s t r i p p i n g  off 

C02 from the  Se lexo l  s o l u t i o n  i n  the  CQ2 s t r i p p e r .  



The s u l f u r  r ecovery  u n i t  c o n s i s t s  of t h e  Claus  p l a n t  and the  t a i l  gas 

t r e a t i n g  p l a n t .  S e l l a b l e  e l e m e n t a l  s u l f u r  i s  recovered  i n  t h i s  u n i t  a s  a  

byproduct .  

3.5 SNG S e p a r a t i o n  

The t r e a t e d  p r o c e s s  gas  from t h e  a c i d  g a s  removal u n i t  is then  passed 

t h r o u g h  t h e  Molecular  S i e v e  u n i t  f o r  d r y i n g  and t r a c e  C 0 2  removal. T h i s  

p r e p a r a t i o n  is  r e q u i r e d  f o r  f e e d i n g  t h e  downstream c r y o g e n i c  S N G  s e p a r a t i o n  

u n i t .  

The p r o c e s s  g a s  s t r e a m ,  now c o n t a i n i n g  o n l y  methane,  hydrogen and carbon 

monoxide is  h e a t  exchanged w i t h  v a r i o u s  c o l d  p roduc t  s t r eams  from t h e  c r y o g e n i c  

f r a c t i o n a t i o n  sys tem,  and is c h i l l e d  down t o  a c r y o g e n i c  t empera tu re .  A f l a s h  

s e p a r a t i o n  is  p rov ided  a t  a c r y o g e n i c  t e m p e r a t u r e  t o  v a p o r i z e  t h e  major  p o r t i o n  

of C 0 2  and H2 from t h e  l i q u i d  CH4. The l i q u i d  from t h i s  f l a s h  s e p a r a t i o n  

is t h e n  f e d  t o  t h e  c ryogen ic  f r a c t i o n a t i o n  column o p e r a t i n g  a t  a p p r o x i m a t e l y  40 

p s i ,  where t h e  f i n a l  s e p a r a t i o n  of methane from t h e  remaining syngas  is 

performed. The overhead g a s  s t r eam c o n t a i n i n g  p r i m a r i l y  t h e  syngas  is  h e a t  

exchanged w i t h  the  feed  s t r e a m  and then  r o u t e d  t o  combine w i t h  the  f l a s h e d  

syngas  s t r e a m  a t  t h e  feed.  The t o t a l  combined syngas  s t r eam i s  then  r e c y c l e d  

th rough  t h e  p r e h e a t e r  t o  t h e  g a s i f i e r  and t h e  lockhopper  system. The bottom 

produc t  from t h e  c ryogen ic  f r a c t i o n a t i o n  column is  a l s o  h e a t  exchanged w i t h  t h e  

f e e d  s t r e a m ,  v a p o r i z e d  and then  compressed t o  t h e  gas  p i p e l i n e  p r e s s u r e  f o r  

s a l e s .  

3.6 Sour Water S t r i p p i n g  and Ammonia Recovery 

T h i s  s e c t i o n  p r i m a r i l y  c o n s i s t s  of t h e  s o u r  s l u r r y  s t r i p p e r ,  t h e  

H 2 S / N H 3  s t r i p p e r  and t h e  ammonia recovery  system. 

The s o u r  s l u r r y  s t r e a m  c o n t a i n i n g  approx imate ly  10% of s o l i d  f i n e s  i s  

r o u t e d  from t h e  V e n t u r i  sc rubb ing  sys tem t o  t h e  s o u r  s l u r r y  s t r i p p e r .  The 

overhead vapor  s t r eam from t h e  s o u r  s l u r r y  s t r i p p e r  i s  f e d  t o  t h e  s u l f u r  

r e c o v e r y  u n i t  and t h e  bottoms i s  r o u t e d  t o  t h e  f i l t e r  b e l t  p r e s s .  The f i l t e r  

cakn is t r a n s f e r r e d  t o  d i s p o s a l  and t h e  f i l t r a t e  r o u t e d  t o  t h e  c a t a l y s t  

r ecovery  system. 



The sour condensate s t reams from var ious  K.O. drums i n  the  heat  recovery 

and gas scrubbing s e c t i o n  and the NH3 scrubber  bottoms a r e  routed t o  the  sour  

water  s t r i p p e r .  The H2S r i c h  stream is separa ted  by d i s t i l l a t i o n  from the  

NH3 stream and fed t o  the  s u l f u r  recovery. Ammonia is recovered as 20 weight  

percent  aqueous s o l u t i o n  a s  a byproduct. The s t r i p p e d  water i s  routed t o  waste  

water t r ea t ing .  

3.7 Ca ta lys t  Recovery 

This  s e c t i o n  c o n s i s t s  of t he  Ca(OH)2 d i g e s t e r  and fou r t een  

water-leaching s tages .  A l l  t h e  c a t a l y s t  conta in ing  s t reams throughout t h e  

p l a n t  a r e  f i r s t  routed t o  t he  Ca(OHI2 d i g e s t e r  and then t o  the water-leaching 

s t a g e s  f o r  recovery of t he  c a t a l y s t .  These streams include:  

o The char  from the  bottom of the g a s i f i e r ,  a f t e r  being s l u r r i e d  i n  the 

cha r  drum, 

o The s o l i d  f i n e s  from the  t e r t i a r y  cyclone s e p a r a t o r ,  a f t e r  being 

s l u r r i e d  i n  the  f i n e s  s l u r r y  drum, and 

o The f i l t r a t e  of t h e  sour  s l u r r y  s t r i p p e r  bottoms. 

Lime ( C s O )  and the  makeup c a t a l y s t  as 30 w t . %  KOH a r e  added t o  t h e  

Ca(OH)2 d i g e s t e r  f o r  recovery of c a t a l y s t  t i e d  up with the coa l  minerals .  

Fresh c a t a l y s t  makeup is  necessary s i n c e  a po r t ion  of t he  c a t a l y s t  is not 

recoverable  from the  c o a l  minerals.  

The CaO i s  hydrolyzed i n  t he  d i g e s t e r  t o  form Ca(OH)2. The r a t i o  of 

calcium i n  t h e  lime feed,  t o  potassium in t he  feed char  and f i n e s  s o l i d  is 0.7 

l b  Ca/ lb K. The char and f i n e s  s l u r r i e s  a r e  soaked i n  the d i g e s t e r  f o r  two 

hours by a g i t a t i o n  a t  70 ps i a  and 300'. Under t hese  cond i t i ons ,  approximately 

90% of the  potassium i n  the feed s o l i d s  is so lub i l i zed .  The remaining 

potassium leaves  wi th  s o l i d s  i n  water- insoluble  compounds. 

About 98.5% of t he  potassium s a l t s  s o l u b i l i z e d  i n  t he  Ca(OH)* d i g e s t i o n  

a r e  recovered i n  t he  downstream water-leaching s tages.  Overa l l ,  t h i s  s e c t i o n  



r e c o v e r s  87% of t h e  t o t a l  po tass ium c a t a l y s t  which e n t e r e d  t h e  g a s i f i e r  w i t h  

t h e  f e e d  c o a l .  The remain ing  13% i s  s u p p l i e d  by t h e  makeup KOH. 

A l l  t h e  recovered  p l u s  t h e  f r e s h  makeup c a t a l y s t ,  c o n t a i n i n g  37 w t . %  

K2C03 e q u i v a l e n t ,  a r e  t h e n  r e c y c l e d  t o  t h e  c a t a l y s t  a d d i t i o n  s e c t i o n  f o r  

impregna t ion  of t h e  f e e d  c o a l .  

3.8 The P l a n t  Arrangement 

The c o n c e p t u a l  commercial p r o c e s s  p l a n t  w i t h  a c a p a c i t y  of 250 MMSCFD 

p r o d u c t  SNG i s  env i saged  t o  c o n s i s t  of t h e  f o l l o w i n g  t r a i n s :  

o  Four t r a i n s  of Coal Drying and C a t a l y s t  A d d i t i o n  ( t h r e e  t r a i n s  normal ly  

i n  o p e r a t i o n ,  one t r a i n  s p a r e ) ;  

o  One t r a i n  of Coal S t o r a g e  B i n s ;  

o  Four t r a i n s  of R e a c t o r s ,  e x c e p t  two t r a i n s  of p r e s s u r i z a t i o n  g a s  

h a n d l i n g  and one common s p a r e  t r a i n  of f e e d  hopper sys tem and t h e  

lockhopper  r e c y c l e  g a s  compressor ;  

o Four t r a i n s  of Acid Gas Removal and S u l f u r  Recovery;  

o  Two t r a i n s  of  SNG S e p a r a t i o n  s y s t e m ;  

o  Two t r a i n s  of Sour Water S t r i p p i n g  and Ammonia Recovery;  

o Two t r a i n s  of C a t a l y s t  Recovery System. 

4.0 STRENGTHS AND WEAKNESSES 

The f o l l o w i n g  a r e  t h e  s t r e n g t h s  and t h e  weaknesses of t h e  Exxon C a t a l y t i c  

Coal G a s i f i c a t i o n  Process .  

4.1 S t r e n g t h s  

o Simple  P r o c e s s  Sequence 

The g a s i f i c a t i o n  s t e p  combines t h e  r e a c t i o n s  of c o a l  g a s i f i c a t i o n ,  

steam s h i f t  and methanat ion i n  one s i n g l e  g a s i f i e r  v e s s e l .  The n e t  



products of t he  g a s i f i e r  a r e  methane and carbon dioxide. It t h e r e f o r e  

e l imina te s  the  requirement of having a d d i t i o n a l  downstream processing 

s t e p s  of s h i f t  r e a c t i o n  and methanation f o r  producing SNG. 

o High Carbon Conversion 

The carbon conversion i n  the  g a s i f i e r  is es t imated  t o  be i n  the 

90-percent range, and the primary products  a r e  methane and carbon 

dioxide. 

o Heat In tegra t ionINo Oxygen P lan t  

A s  t he  r e a c t i o n  i n  the g a s i f i e r  is a combination of c o a l  g a s i f i c a t i o n ,  

steam s h i f t  and methanation, the  composite hea t  balances of t hese  

r e a c t i o n s  a r e  e s s e n t i a l l y  neu t r a l .  The n e t  chemistry of these  

r eac t ions  can be represented  a s  fol lows:  

Coal + H20 = CH4 + C02 AHeo 

A s  i nd i ca t ed  above, t h i s  r e a c t i o n  i s  almost thermally n e u t r a l  and i n  

f a c t  only a small  amount of hea t  i s  requi red  i n  t h e  g a s i f i e r  t o  prehea t  

t he  feed c o a l  and t o  provide f o r  hea t  losses .  Due t o  t h i s  s p e c i f i c  

f e a t u r e ,  an oxygen p l an t  i s  not requi red ,  and p o t e n t i a l  s l agg ing  

problems a s soc i a t ed  with oxygen use a r e  el iminated.  

o No Caking Problem 

No pretreatment  i s  requi red  f o r  caking coa ls .  The a c t i o n  of the 

c a t a l y s t  t o  the  pore s t r u c t u r e  of coa l  minimizes t he  caking problem 

as soc ia t ed  with metaplast  formation i n  the beginning of the  coal-gas 

reac t ions .  

o Easy t o  Control  

The g a s i f i c a t i o n  r e a c t i o n  i n  t he  g a s i f i e r  reaches equi l ibr ium. The 

res idence  time i s  not c r i t i c a l  t o  the product composi t ions;  t h e r e f o r e ,  

the  process  is  easy t o  cont ro l .  



o S i m ~ l e  G a s i f i e r  

The g a s i f i e r  i s  a f l u i d i z e d  bed. No complicated s p e c i a l  i n t e r n a l s  a r e  

required.  Even temperature d i s t r i b u t i o n  i n  the  g a s i f i e r  i s  expected 

due t o  the f l u i d i z a t i o n  mixing e f f e c t s  of the  bed. 

o  No Slagging/No Tar 

As the g a s i f i e r  r e a c t i o n  temperature is 1275OF, the  s lagging  problem is 

el iminated.  Due t o  the  g a s i f i c a t i o n  temperature,  e x o t i c  m a t e r i a l s  a r e  

not  requi red  f o r  the g a s i f i e r  cons t ruc t ion .  

o  Energy E f f i c i e n t  f o r  CH, Recovery 

The cryogenic system f o r  s epa ra t ion  of CH4 from syngas uses  p re s su re  

reduct ion  t o  achieve a u t o - r e f r i g e r a t i o n  requi red  i n  the system. 

Addi t iona l  hea t  exchange between the product s t reams and the feed 

stream t o  c h i l l  the  feed stream t o  cryogenic temperature is provided. 

Externa l  mechanical r e f r i g e r a t i o n  is not requi red  f o r  normal ope ra t ion  

of t h e  system. 

o Recovered Ca ta lys t  A c t i v i t y  Maintained 

The experiments have ind ica t ed  t h a t  t h e  recovered c a t a l y s t  ma in t a ins  

i t s  c a t a l y t i c  e f f e c t  over long r ecyc le  opera t ion ,  a s  t h e r e  were no 

i n d i c a t i o n s  of a c t i v i t y  reduct ion.  

o Data Base 

- During the Predevelopment Program, the  f l u i d  bed g a s i f i e r  has 

demonstrated the  fol lowing c h a r a c t e r i s t i c s :  

a. Good q u a l i t y  da t a  

b. High on-stream f a c t o r  

c. Recycle c a t a l y s t  a s  a c t i v e  a s  f r e s h  c a t a l y s t  

d. Fluid-bed opera t ion  s t a b l e  and easy t o  c o n t r o l  

e.  High carbon and steam conversions with a s imulated syngas 

recycle .  



- A computerized mathematical model was developed f o r  s imu la t i on  of 

t he  g a s i f i e r  ope ra t i on .  The s imulated r e s u l t s  agreed w e l l  wi th  t h e  

observed d a t a  ob ta ined  from the  100 p s i g  g a s i f i e r  ope ra t i on  t e s t s .  

- During t h e  Process  Development Program, t h e  Process  Demonstration 

Unit (PDU) g a s i f i e r  su s t a ined  165 hours  of s t a b l e  o p e r a t i o n  with 

I l l i n o i s  No. 6 c o a l  feed i n  August, 1979 wi th  t h e  fo l lowing  

condi t ions :  

a .  90 percent  carbon conversion. 

b. G a s i f i c a t i o n  a t  1250°F and 500 psig.  

c. The bed f l u i d i z e d  wi th  steam and N2 gas. 

d. Fines  r e tu rned  t o  bed by cyclone. 

e. The run terminated by f a i l u r e  of l i q u i d  n i t rogen  pump. 

The PDU work i s  c u r r e n t l y  i n  progress .  The major e f f o r t  of t h i s  work i s  

t o  demonstrate a  cont inuous s t a b l e  ope ra t i on  f o r  a  per iod of time of the  PDU ( 1  

T/D c a p a c i t y )  which c o n s i s t s  of a l l  t he  process  systems t o  be provided i n  a  

commercial p lan t .  Also, an i n v e s t i g a t i o n  w i l l  be made of t he  e f f e c t  of t r a c e  

components build-up i n  each system of t h e  o v e r a l l  p rocess  opera t ion .  

4.2 Weaknesses (Areas Needing Development) 

o Catalyst Recovery 

The c a t a l y s t  recovery system c u r r e n t l y  being contemplated w i l l  recover  

approximately 90 percent  of the  c a t a l y s t  o r i g i n a l l y  impregnated with 

t h e  coa l .  The long res idence  t ine needed i n  the  water-leaching 

c a t a l y s t  recovery process  i n d i c a t e s  high investment on equipment. The 

c a t a l y s t  t ends  t o  t ie-up with aluminum compounds i n  c o a l  forming 

water - inso luble  s a l t s .  Therefore ,  i f  t h e  feed coa l  con ta in s  a  l a r g e  

amount of aluminum compounds, high r a t e s  of c a t a l y s t  makeup w i l l  

r e s u l t  . 

o G a s i f i e r  

A s  t he  r e a c t i o n s  i n  the  g a s i f i e r  a r e  t o  reach equ i l i b r ium,  a h igh  

res idence  t i m e  i s  requi red  r e s u l t i n g  i n  a  b ig  r e a c t o r  ves se l .  Exxon i s  

i n v e s t i g a t i n g  ways f o r  improvement i n  t h i s  a r ea .  



o Diges t ion  

Ca(OH)2 d i g e s t i o n  is  requi red  t o  recover  the  water- insoluble  po r t ion  

of the  c a t a l y s t .  However, t h e  d i g e s t i o n  s t e p  produces a l o t  of s o l i d  

f i n e s  which c o n t r i b u t e  d i f f i c u l t i e s  i n  s o l i d / l i q u i d  sepa ra t ions  i n  the 

downstream water-leaching process.  

o High Steam Requirement 

The g a s i f i c a t i o n  needs a steam r a t e  of 1.585 pounds of steam per  pound 

of dry coal.  I n  order  t o  supplement t h e  requirement,  t h e  o f f - s i t e  

r e b o i l e r  needs approximately 16 percent  of the  t o t a l  p l a n t  coa l  feed  a s  

f u e l  f o r  genera t ing  the  requi red  process  steam. 

o 10% Char Loss 

The g a s i f i e r  conver t s  approximately 90 percent  of carbon i n  the  feed  

c o a l  t o  gases.  The remaining unconverted char  is t r a n s f e r r e d  wi th  

ashes  t o  the  c a t a l y s t  recovery system and even tua l ly  disposed 

of f -p lo t .  

5.0 POTENTIAL IMPROVEMENTS 

The fol lowing p o t e n t i a l  improvements f o r  t he  Exxon CCG process  a r e  
\ 

suggested from t h e  pe r spec t ive  of t h i s  assessment and w i l l  r e q u i r e  more 

d e t a i l e d  eva lua t ion  p r i o r  t o  t e s t i ng .  Some p o t e n t i a l s  which appear worthy of 

i n v e s t i g a t i o n  a re :  

1. Improved Flue Gas Desu l fu r i za t ion  

2. Improved Low Level  Heat Recovery 

3. Improved Cryogenic SNG Recovery 

4. Improved Ca ta lys t  Recovery 

5.1 Improved Flue  Gas Desu l fu r i za t ion  

Exxon's o r i g i n a l  process  des ign  showed two c o a l  dryers :  one f o r  crushed 

feed  c o a l ,  the  o the r  f o r  c a t a l y s t  impregnated coal.  Both d rye r s  use the  ho t  

f l u e  gases  generated from the  coal-feed burners  a s  t he  drying media. Since the 

f l u e  gases  a r e  from t h e  c o a l  burners ,  they con ta in  s u l f u r  compounds; t h e r e f o r e ,  

t h e  f l u e  gases  from both d rye r s  a r e  routed t o  a d e s u l f u r i z a t i o n  u n i t  f o r  making 

H2S04 a s  a by-product. 



A p o t e n t i a l  improvement might be t o  r ep l ace  the  c o a l  genera ted  f l u e  gases  

by t h e  f l u e  gas from the  r ecyc l e  gas p rehea t e r .  The p rehea t e r  i s  f u e l e d  by t h e  

c l ean  product SNG; t h e r e f o r e ,  i t s  f l u e  gas  is environmental ly  c lean .  I f  t h i s  

c l ean  f l u e  gas  i s  used a s  t h e  drying medium i n  each dryer ,  then  t h e  f l u e  g a s  

from t h e  dryer  can be vented to  the  atmosphere without being d e s u l f u r i z e d ,  and 

t h e  f l u e  gas  d e s u l f u r i z a t i o n  u n i t  can be e l imina ted .  

As  t o  the f l u e  gas  from t he  coal-burning of f s i t e  b o i l e r ,  i t  might be 

routed t o  t he  t a i l - g a s  t r e a t i n g  u n i t  of t h e  Claus s u l f u r  recovery p l an t .  A 

s e c t i o n  of the  t r e a t i n g  u n i t  could i nco rpo ra t e  a  hydro lyzer  and an absorber  f o r  

such t rea tment  . 
A pre l iminary  cos t  e s t ima te  i n d i c a t e s  t h a t  the  a d d i t i o n a l  equipment would 

c o s t  about 30% more than t h a t  saved, but t he  c o a l  feed saved by d e l e t i o n  of t h e  

c o a l  burners  would pay out i n  about four  years.  In  a d d i t i o n ,  t he  s e p a r a t e  

H2S04 s t o r a g e ,  handl ing and sh ipping  f a c i l i t i e s  could be de l e t ed  by 

e l imina t ion  of the  f l u e  gas  d e s u l f u r i z a t i o n  u n i t .  

5.2 Improved Low Level Heat Recovery 

Exxon's o r i g i n a l  process  des ign  showed t h a t  the  low l e v e l  hea t  below 313°F 

i n  t h e  process  gas  s t ream is  r e j e c t e d  t o  both a i r  and water  coolers .  The 

process  gas  i s  cooled t o  120°F p r i o r  t o  e n t e r i n g  an ammonia scrubbing column. 

The proposed improvement is t o  u t i l i z e  the  low l e v e l  hea t  c u r r e n t l y  

r e j e c t e d  t o  a i r  f o r  genera t ing  r e f r i g e r a t i o n  (2 ,  3 ) .  This i s  made 

p o s s i b l e  by providing an ammonia-absorption r e f r i g e r a t i o n  un i t .  This  u n i t  

would have a s i n g l e  s t a g e  absorber  and the  process  gas s t ream would be used f o r  

? rovid ing  desorp t ion  hea t  from 313°F t o  288OF. 

The r e f r i g e r a t i o n  load would be used p r imar i l y  i n  the a c i d  gas removal 

u n i t  (Se lexol  Process ) ,  and t h e  dry-bed u n i t .  The l a t t e r  i s  provided f o r  

dehydra t ing  the process  gas  s t ream p r i o r  t o  e n t e r i n g  the  cryogenic  S N G  

s e p a r a t i o n  u n i t  . 



As a p a r t  of t h e  low l e v e l  h e a t  is  recovered  f o r  g e n e r a t i n g  r e f r i g e r a t i o n  

l o a d ,  p a r t  of t h e  h e a t  r e j e c t e d  i s  reduced,  r e s u l t i n g  i n  s a v i n g s  on c o o l i n g  

s u r f  a c e s  a s  we l l .  

A p r e l i m i n a r y  c o s t  e s t i m a t e  i n d i c a t e s  t h a t  t h e  n e t  c a p i t a l  c o s t  f o r  

equipment added v e r s u s  d e l e t e d  i s  zero .  However, t h e r e  would be a u t i l i t y  

s a v i n g s  by reduced power requ i rements  of packaged r e f r i g e r a t i o n  u n i t s  and on 

a i r  c o o l e r s .  

5.3 Improved Cryogenic  SNG Recovery 

Exxonfs  o r i g i n a l  d e s i g n  was improved by a n  A i r  P r o d u c t s  scheme. The 

improvements i n c l u d e  e l i m i n a t i o n  of t h e  c a s c a d e  r e f r i g e r a t i o n  u n i t ,  and 

r e p l a c i n g  a f r a c t i o n a t i o n  column w i t h  a s t r i p p i n g  column, These improvements 

were made p o s s i b l e  by p r e s s u r e  le tdown of t h e  methane c o n t a i n i n g  gas .  The 

e f f e c t  of a u t o - r e f r i g e r a t i o n  p l u s  h e a t  exchange was s u f f i c i e n t  t o  condense t h e  

b u l k  of t h e  methane. F lash  s e p a r a t i o n  and s t r i p p i n g  a t  a lower  p r e s s u r e  t h a n  

t h e  o r i g i n a l  d e s i g n  e f f e c t  t h e  s e p a r a t i o n  of SNG (methane) f rom CO and H2  

gas .  

F u r t h e r  improvements o v e r  t h e  A i r  P r o d u c t ' s  scheme a r e  s u g g e s t e d  by JPL. 

These improvements i n c l u d e  r e p l a c i n g  t h e  le tdown v a l v e  upst ream of t h e  feed  

drum ( t o  t h e  s t r i p p e r )  w i t h  a turbo-expander.  The l a t t e r  w i l l  n o t  o n l y  e x t r a c t  

horsepower f o r  d r i v i n g  t h e  r e c y c l e  and g a s  compressor ,  bu t  a l s o  c o o l  t h e  

p r o c e s s  g a s  s t r e a m  f u r t h e r .  Th i s  w i l l  r e s u l t  i n  s a v i n g s  i n  o p e r a t i n g  

horsepower. The second improvement s u g g e s t e d  by J P L  is t o  use  a m u l t i - s t a g e  

LNG pump t o  d e l i v e r  t h e  p r e s s u r e  r e q u i r e d  f o r  SNG p r o d u c t ;  namely,  pump t h e  LNG 

up t o  t h e  1000 p s i  l e v e l  and v a p o r i z e  t h e  remaining l i q u i d  downstream a t  t h e  

b a t t e r y  l i m i t .  T h i s  w i l l  s a v e  SNG compressors  and horsepower a s  wel l .  

A p r e l i m i n a r y  c o s t  e s t i m a t e  i n d i c a t e s  t h a t  t h e  equipment c o s t  s a v i n g s  

would be about  $2,000,000 and u t i l i t y  power s a v i n g s  would be about  $4,000,000 

p e r  yea r ,  

5.4 Improved C a t a l y s t  Recovery 

The c a t a l y s t  i s  known t o  a s s o c i a t e  w i t h  m i n e r a l s  i n  t h e  c o a l  t o  form 

w a t e r - i n s o l u b l e  compounds. The improvement concept  i s  t o  remove some of t h e  



a s h  and m i n e r a l s  of t h e  c o a l  upstream of c a t a l y s t  impregna t ion  by 

h e n e f i c i a t i o n .  Should t h i s  b e n e f i c i a t i o n  prove f e a s i b l e ,  t h e  c a t a l y s t  t i e - u p  

w i t h  t h e  c o a l  m i n e r a l  would be reduced w i t h  t h e  p o t e n t i a l  of i n c r e a s e d  recovery  

of t h e  c a t a l y s t .  

6.0 DEVELOPMENT STATUS DETAILS 

6.1 Key R e s u l t s  From Prev ious  Research Work 

Prev ious  Exxon sponsored r e s e a r c h  on c a t a l y t i c  c o a l  g a s i f i c a t i o n  was 

performed i n  bench-scale u n i t s  which have t h e  c a p a b i l i t y  of o p e r a t i n g  a t  

p r e s s u r e s  up t o  1000 p s i g  as w e l l  a s  i n  a s m a l l  p i l o t - s c a l e  F l u i d  Bed G a s i f i e r  

(FBG) u n i t  w i t h  a  c o a l  f e e d  c a p a c i t y  of up t o  2.5 l b s / h r  and a  maximum o p e r a t i n g  

p r e s s u r e  of 100 p s i g .  Th is  p r e s s u r e  l i m i t a t i o n  is p r e s e n t  because t h e  FBG was 

o r i g i n a l l y  b u i l t  f o r  the rmal  g a s i f i c a t i o n  work. During 1975, t h e  FBG P i l o t  

P l a n t  was o p e r a t e d  w i t h  K2C03 c a t a l y z e d  I l l i n o i s  c o a l  f o r  con t inuous  

p e r i o d s  of up t o  two weeks. Good q u a l i t y  d a t a  were o b t a i n e d  f o r  y i e l d  p e r i o d s  

c o v e r i n g  a  wide range of o p e r a t i n g  c o n d i t i o n s .  For many y i e l d  p e r i o d s ,  t h e  FBG 

o p e r a t e d  w i t h  s y n t h e t i c  gas  makeup ( s i m u l a t e d  r e c y c l e )  such t h a t  i n l e t  and 

o u t l e t  s y n t h e s i s  g a s  r a t e s  were i n  approximate  balance.  

Close  approaches  t o  g a s  methanat ion e q u i l i b r i u m  were demons t ra ted  w i t h  

K2C03  c a t a l y s t  i n  both  bench-scale  u n i t s  and t h e  FBG p i l o t  p l a n t .  

Bench-scale r a t e  d a t a  were o b t a i n e d  f o r  I l l i n o i s  c o a l  w i t h  both  K2C03 and 

Na2C03/K2C03 c a t a l y s t s .  These d a t a  were combined w i t h  a n a l y t i c a l  

d e s c r i p t i o n s  of f l u i d  bed c o n t a c t i n g  t o  develop a  f i r s t - p a s s  computer model of 

a  f l u i d  bed c a t a l y t i c  g a s i f i c a t i o n  r e a c t o r .  

In  t h e  a r e a  of c a t a l y s t  r ecovery ,  t h e  e f f e c t i v e n e s s  of a  wa te r  wash f o r  

r e c o v e r i n g  about two- th i rds  of t h e  c a t a l y s t  was demonstra ted.  The forms of 

t h i s  recovered c a t a l y s t  were i d e n t i f i e d  and work was i n i t i a t e d  on t h e  r e c o v e r y  

of water-  i n s o l u b l e  c a t a l y s t .  Also d u r i n g  t h i s  phase ,  e n g i n e e r i n g  s c r e e n i n g  

s t u d i e s  were c a r r i e d  o u t  f o r  commercial p l a n t s  t o  e s t a b l i s h  p r e f e r r e d  

c o n f i g u r a t i o n s  f o r  p r o c e s s  f low and equipment sequencing,  and t o  de te rmine  

investment  and o p e r a t i n g  c o s t s .  



6.2 Key Resu l t s  from Predevelopment Program 

6.2.1 F lu id  Bed G a s i f i e r  (FBG) Operat ion 

The continuous ope ra t i on  of the  6" x 3 1 '  f l u i d  bed g a s i f i e r  (FBG) 

was t o  s imula te  a l l  commercial g a s i f i e r  parameters except p r e s su re ,  t he  e f f e c t  

of r ecyc l e  gas r a t e ,  and the  r e s u l t i n g  e f f e c t  on r e a c t i o n  k i n e t i c s .  These 

parameters  which were r e p r e s e n t a t i v e  of expected commercial cond i t i ons  i nc lude  

type  of coa l ,  c o a l  s i z e  d i s t r i b u t i o n ,  c a t a l y s t  load ing ,  r e a c t i o n  temperature ,  

steam conversion,  carbon conversion,  f l u i d i z i n g  v e l o c i t y ,  r e s idue  composi t ion,  

bed d e n s i t y ,  and f l u i d i z a t i o n  p r o p e r t i e s  of t he  g a s i f i e d  s o l i d s .  R e s u l t s  from 

t h e  FBG ope ra t i ons  a r e  summarized below: 

( a )  The u n i t  was used t o  develop f i f t y  m a t e r i a l  balanced per iods.  

Of t he se ,  e igh t een  were s e l e c t e d  t o  r ep re sen t  a  v a r i e t y  of 

p rocess  v a r i a b l e s  f o r  d e t a i l e d  workup. Unit ope ra t i ons  were 

of high q u a l i t y .  The s e r v i c e  f a c t o r  during t h e  l a s t  s i x  

months of ope ra t i on  averaged more than 80% of r e a l  t ime, wi th  

a  one-month maximum of 96%. 

( b )  FBG Operat ions confirmed the  i n e f f e c t i v e n e s s  of mixed sodium 

and potassium c a t a l y s t .  

( c )  Operat ions using recycled water s o l u b l e  c a t a l y s t  reached a  

recovery l e v e l  of 94% of water so lub l e  potassium (64% of t o t a l  

potassium). Af t e r  approximately t e n  cyc l e s  of ope ra t i on  with 

recovered c a t a l y s t ,  no l o s s  of a c t i v i t y  nor any s i g n i f i c a n t  

bui ldup of o the r  c o n s t i t u e n t s  was observed. P i l o t  s c a l e  

calcium d i g e s t i o n  experiments demonstrated recovery of more 

than 90% of  the t o t a l  potassium from FBG re s idue .  Recycle of 

c a t a l y s t  a t  t h i s  recovery l e v e l  w i l l  be a  p a r t  of t h e  

development phase. 

6.2.2 Bench-Scale S t u d i e s  

The bench-scale r e sea rch  a c t i v i t i e s  genera ted  s e v e r a l  s i g n i f i c a n t  

r e s u l t s  a s  fol lows:  



( a )  A computer model of t h e  r a t e  c o n t r o l l i n g  r e a c t i o n  k i n e t i c s  was 

developed. It d e s c r i b e s  g a s i f i c a t i o n  r a t e  as a  f u n c t i o n  o f  

t empera tu re ,  c a t a l y s t  l o a d i n g ,  and gas  composi t ion.  P r e s s u r e  

i s  impor tan t  on ly  because  i t  i n f l u e n c e s  g a s  composi t ion.  

(b )  E a r l y  t e s t i n g  of mixed sodium-potassium c a t a l y s t  i n d i c a t e d  

t h a t  t h i s  sys tem would be i n e f f e c t i v e  f o r  reduc ing  c a t a l y s t  

c o s t  . 
( c )  The e f f o r t  was r e d i r e c t e d  toward i n c r e a s i n g  t h e  recovery  l e v e l  

of t h e  w a t e r - i n s o l u b l e  potassium. The most promising approach  

i s  t h e  r e a c t i o n  of a s h / c h a r  r e s i d u e  w i t h  ca lc ium hydroxide t o  

produce s o l u b l e  potass ium s a l t s  and i n s o l u b l e  ca lc ium aluminum 

s i l i c a t e s .  Th i s  r e a c t i o n  i s  c a r r i e d  o u t  i n  an  aqueous 

d i g e s t i o n  system a t  r e l a t i v e l y  mi ld  c o n d i t i o n s .  It r e s u l t s  i n  

a n  i n c r e a s e  i n  c a t a l y s t  r ecovery  from about  70% w i t h  no 

ca lc ium hydrox ide  t o  abou t  90% w i t h  r a t i o s  of ca lc ium t o  

potass ium of t h e  o r d e r  of 0.7 moles/mole. 

( d )  Exposure of c h a r  t o  a i r  was found t o  o x i d i z e  s u l f i d e s  t o  

s u l f a t e s  and t o  i n h i b i t  t h e  e f f e c t i v e n e s s  of t h e  wa te r  wash. 

Calcium d i g e s t i o n  i n  t h e  p resence  of CO was observed t o  

convert  some of the potass ium s u l f a t e  t o  potass ium formate .  

( e )  Potassium s u l f i d e  w a s  found t o  be c a t a l y t i c a l l y  a c t i v e  b u t  

l e s s  e f f e c t i v e  t h a n  t h e  hydroxide and c a r b o n a t e  forms when t h e  

g a s i f y i n g  medium is pure  steam. The c a r b o n a t e  and hydroxide 

forms a r e  e q u a l  i n  e f f e c t i v e n e s s .  

( f )  Wyoming subbi tuminous c o a l  was found t o  be k i n e t i c a l l y  

e q u i v a l e n t  t o  I l l i n o i s  bituminous c o a l  i n  t h e  p resence  of 

potass ium c a t a l y s t .  

6.2.3 Engineer ing  S c r e e n i n g  S t u d i e s  

The e n g i n e e r i n g  s c r e e n i n g  s t u d i e s  l e d  t o  t h e  fo l lowing  major 

c o n c l u s i o n s :  



( a )  The p re fe r r ed  form of makeup c a t a l y s t  f o r  c a t a l y t i c  

g a s i f i c a t i o n  is potassium hydroxide (KOH) manufactured by 

e l e c t r o l y s i s  of potassium c h l o r i d e  (KC1). Reserves of K C 1  i n  

North America a r e  very l a r g e  r e l a t i v e  t o  t he  amounts needed. 

Because KOH f o r  c a t a l y t i c  g a s i f i c a t i o n  would be produced i n  

r e l a t i v e l y  l a r g e  q u a n t i t i e s  and low p u r i t i e s  over a  long term, 

t h e  c o s t  could be s i g n i f i c a n t l y  below the  c u r r e n t  market 

p r ice .  

( b )  With KOH a t  the  c u r r e n t  market p r i c e ,  calcium hydroxide 

d i g e s t i o n  t o  recover water i n s o l u b l e  c a t a l y s t  from spen t  

g a s i f i e r  s o l i d s  i s  j u s t i f i e d  i n  a d d i t i o n  t o  water washing t o  

recover  water s o l u b l e  c a t a l y s t .  

( c )  The a d d i t i o n  of a  secondary g a s i f i c a t i o n  s t e p  t o  raise carbon 

conversion t o  95% from t h e  base l e v e l  of 90% provides  only a  

marginal  economical incent ive .  

( d )  The s e l e c t i v e  Se lexol  scrubbing process  f o r  a c i d  gas  removal 

i s  somewhat lower i n  cos t  than scrubbing wi th  non-select ive 

hot  potassium carbonate  o r  s e l e c t i v e  r e f r i g e r a t e d  methanol. 

6.2.4 Commercial P l a n t  Study Design 

The engineer ing  r e sea rch  and development e f f o r t s  culminated wi th  

t h e  p repa ra t i on  of a new C a t a l y t i c  Coal G a s i f i c a t i o n  Commercial P l a n t  Study 

Design. The process  bases  for the  Study Design were s e t  based on the  r e s u l t s  

of t h e  l abo ra to ry  and engineer ing  s t u d i e s  c a r r i e d  ou t  dur ing  t h e  Predevelopment 

Program. The key f i n d i n g s  of the  Study Design a r e :  

( a )  The es t imated  t o t a l  investment f o r  a  pioneer  commercial p l a n t  

feeding I l l i n o i s  No. 6 c o a l  and producing 257 b i l l i o n  Btu per  

s t ream day of s u b s t i t u t e  n a t u r a l  g a s  (SNG) i s  $1,530 mi l l i on .  

This  i s  f o r  a  January,  1978 c o s t  l e v e l  a t  an E a s t e r n  I l l i n o i s  

l oca t ion .  A "process  development allowance" and a  "p ro j ec t  

contingency" a r e  included i n  t h i s  e s t ima te ,  c o n s i s t e n t  with 

s t anda rd  Exxon p r a c t i c e s .  



( b )  The e s t i m a t e d  c o s t  of SNG produced from t h i s  p i o n e e r  

g a s i f i c a t i o n  p l a n t  i s  $6.20 p e r  m i l l i o n  Btu ($/MMBtu). T h i s  

g a s  c o s t  i s  an  i n i t i a l  s e l l i n g  p r i c e  based on 100% e q u i t y  

f i n a n c i n g ,  a 15% DCF r e t u r n ,  and e s c a l a t i o n  

r a t e s  of 6% p e r  y e a r  f o r  SNG revenues  and 5 %  p e r  year  f o r  n e t  

o p e r a t i n g  c o s t s .  On an a l t e r n a t i v e  f i n a n c i n g  b a s i s  of 70% 

d e b t / 3 0 %  e q u i t y  w i t h  9% i n t e r e s t  on d e b t ,  t h e  comparable 

i n i t i a l  g a s  c o s t  i s  $4.70 p e r  MMBtu. 

( c )  S e v e r a l  f a c t o r s  could  reduce t h e  SNG c o s t  below t h e  S tudy  

Design range of $4.70-6.20/MMBtu. These i n c l u d e  l a r g e r  p l a n t  

c a p a c i t i e s ,  surface-mined c o a l s ,  i n c r e a s e d  government 

f i n a n c i a l  i n c e n t i v e s ,  and f u t u r e  s a v i n g s  based on t h e  l e a r n i n g  

e x p e r i e n c e  ga ined  from t h e  p i o n e e r  p l a n t  and from f u r t h e r  

r e s e a r c h  and development. 

The Study Design economics a r e  b e l i e v e d  t o  be a r e a l i s t i c  

p r e d i c t i o n  of t h e  c o s t s  ( i n  1978 d o l l a r s )  f o r  a p i o n e e r  commercial p l a n t .  

Cau t ion  must be used when comparing t h e s e  economics w i t h  p u b l i s h e d  e s t i m a t e s  

f o r  o t h e r  c o a l  g a s i f i c a t i o n  p rocesses .  Such e s t i m a t e s  can  v a r y  widely  

depending on t h e  p r o c e s s ,  o f f s i t e s ,  and economic b a s e s ,  t h e  inves tment  e s t i m a t e  

approach,  and t h e  m a t u r i t y  of t h e  technology. It i s  expec ted  t h a t  a c o n s i s t e n t  

comparison wi th  s t a t e - o f - t h e - a r t  g a s i f i c a t i o n  technology w i l l  show a 

s i g n i f i c a n t  i n c e n t i v e  f o r  f u r t h e r  development of t h e  C a t a l y t i c  Coal 

G a s i f i c a t i o n  Process .  

The d e t a i l s  on t h e  Predevelopment Program of t h e  CCG p r o c e s s  have 

been documented i n  t h e  F i n a l  P r o j e c t  Report  on  Predevelopment Program f o r  Exxon 

C a t a l y t i c  Coal G a s i f i c a t i o n  Process  d a t e d  December, 1978 prepared  by Exxon 

(1 Research and Engineer ing  Company, Baytown, Texas . 

6.3 Process  Development Program 

This program i s  c u r r e n t l y  i n  p r o g r e s s .  Work p l a n s  and t h e  c u r r e n t  s t a t u s  

a r e  summarized i n  t h e  f ollowine, s e c t i o n s .  



6.3.1 Ove ra l l  Miles tone Schedule 

The o v e r a l l  p r o j e c t  mi les tone  schedule  f o r  t h e  SNG Program is  

included a s  Figure V-2. It shows t h e  fo l lowing  four  major t a s k s  from 1978 

through 1981. 

a. PDU S t a r t u p  

b. I n t e g r a t e d  PDU Operat ion 

c. Bench Research and P i l o t  P l a n t  Support 

d. Engineering Research and Development 

6.3.2 S t a t u s  of Process  Development Unit  (PDU) 

As of October,  1979, t h e  PDU s t a t u s  is  r epo r t ed  as 

fol lows:  

( a )  Sus ta ined  165 hours  of s t a b l e  ope ra t i on  with I l l i n o i s  No. 6  

c o a l  feed  and steam i n  u n i t  from August 10 t o  1 7 ,  1979. 

- 80 t o  90% carbon conversion 

- 1250°F and 500 psig 

- Flu id i zed  wi th  steam and n i t rogen  

- Fines r e tu rned  t o  bed by cyclone 

- Run terminated by l o s s  of l i q u i d  N2 pump. 

(b) Manually removed char  a s  a water s l u r r y .  

- Act iva ted  automatic  system. 

( c )  H2 and CO supply  s y s t e m s  ready f o r  use i n  next run on a 

once-through bas i s .  

( d )  Gas cleanup and r ecyc l e  system nea r ly  ready. 

- MEA and molecular s i e v e  systems complete and i n  s t a r t u p  

ope r a t  ion. 

- Cryogenic f r a c t i o n a t o r  i n  f i n a l  assembly. 

( e )  Ca ta ly s t  recovery c o n s t r u c t i o n  underway. 



6.3.3. CCG Development Issues 

The following summarizes various CCG issues to be resolved in 

different stages of the development. 

Issues Bench PDU LPP - - -  
o Fluid Bed Gasification 

- Lockhopper Feed System X X X 

- Gasification Reaction Rate X X - 
- Fluid Solid Contacting - X X 

- Properties of Steady-state 
Char X X - 

- Fines Generation - X X 

o Gas Recycle Loop 

- Preheat Furnace X X - 
- Cryogenic Separation X - - 
- Trace Components Build-up - X - 

o Catalyst Addition and Recycle Loop 

- Trace Components Build-up X X - 
- Fines Generation X X - 
- Solid-Liquid Separation X X X 

- Solid Disposal X X X 

- Water Wash vs. Ca(OH)* X X - 
Digestion 

6.3.4 Research Studies Planned for 1979 

The following items are the research efforts planned for 1979. 

(a) Catalyst Loop Research 

- Costs of concentrating dilute catalyst solutions by 

evaporation. 

- Evaluation of alternative solid-liquid separation methods. 

- Evaluation of tradeoffs between number of stages, 

concentrations, and recovery. 

- Catalyst addition process configuration studies. 



(b) Gasif icat ion-Recycle  Gas Loop Research 

- I d e n t i f i c a t i o n  of p r e f e r r e d  g a s i f i e r  ope ra t i ng  cond i t i ons .  

- I d e n t i f i c a t i o n  of t e c h n i c a l  u n c e r t a i n t i e s  and da t a  needs 

a s s o c i a t e d  with t r a c e  impur i t i e s .  

- Evalua t ion  of improved gas s e p a r a t i o n  schemes. 

6.3.5 Engineer ing Technology S t u d i e s  

The fol lowing l i s t s  t h e  engineer ing  s tudy  e f f o r t s  planned f o r  t he  

CCG process.  

( a )  C a t a l y t i c  G a s i f i e r  S o l i d s  Balance Model 

- Modify p r o p r i e t a r y  computer model f o r  use with CCG. 

- Val ida t e  model with a v a i l a b l e  PDU da ta .  

(b )  Wet Scrubber Ope rab i l i t y  and Performance. 

- Evalua te  i n t e r f a c i a l  p r o p e r t i e s  of CCG s o l i d - l i q u i d  

streams. 

- Carry out l a b  s t u d i e s  on w e t  scrubber  performance. 

( c )  S lu r ry  Rheology and Solid-Liquid Separa t ions  f o r  C a t a l y s t  

Recovery, 

- I d e n t i f y  and eva lua t e  s o l i d - l i q u i d  s e p a r a t i o n  

a l t e r n a t i v e s .  

- Measure v i s c o s i t y  of cha r - ca t a ly s t  s l u r r i e s .  

( d )  Vapor-Liquid E q u i l i b r i a  i n  Sour Water lCata lys t  Systems. 

- Review d a t a  needs t o  e s t a b l i s h  d e f i c i e n c i e s  

- Undertake experimental  program a s  needed t o  improve d a t a  

base. 

( e )  Phys ica l  and Thermodynamic P r o p e r t i e s  of Ca ta ly s t  Recovery 

Solu t ions .  

- E s t a b l i s h  l i k e l y  d a t a  needs. 

- Col lec t  and eva lua t e  a v a i l a b l e  d a t a .  



(f) Dynamic Simulation of CCG Reactor System. 

- Develop dynamic process control 

- Determine response to changes in major variables. 

(g)  Environmental Control: Water and Solid Effluents. 

- Characterize and evaluate waste water streams from PDU. 

- Identify treatment alternatives. 

( h )  Environmental Control: Atmospheric Emissions. 

- Identify and quantify emissions through PDU testing. 

- Identify control alternatives. 

(i) Preheat Furnace Tube Selection, 

- Evaluate carbonization behavior of selected tube 

materials. 

- Screen and select projected commercial furnace tube 

materials. 

(j) Evaluation of Construction Materials for Catalytic 

Gasification. 

- Test and evaluate materials for CCG in PDU. 

6.3.6. PDU Flow Diagram 

Included as Figares V-3 through V-5 are the PDU flow diagram, P D U  

gas separation section, and cryogenic methane separation scheme in the P D U ,  

respectively. 

7.0 REFERENCES 

(1) Kalina, T. and Nahas, N. C., "Exxon Catalytic Coal Gasification Process - 
Predevelopment Program," Final Project Report, prepared by Exxon Research 
and Engineering Company for the U. S. W E  under Contract No. 
E(49-18)-2369, December 1978. 

(2) Carpenter, D. J. and Thomas, D. A., "Low-Grade Refinery Heat Recovery 
Merits Attention," O i l  and Gas Journal, January 28, 1980. 

(3) Holdorff, G., "Revisions U p  Absorption Refrigeration Efficiency," 
Hydrocarbon Processing, July 1979. 



1 1  I I !  

b 1 1 1  I I i: is '4; 
LLW PRESSURE PROCESS WATER co2 VENT 

TO ATH 

C M L  HANDLING 

18,040 S T B  

CATALYST SOLIDS 

0 0 2 .  KDH SOLW 

ELEMENTAL 

MOTE: 
(1) & C T l O l  1 97 dn*MAtTmlLIU~#S IN THE -T - SF- 

S T E I M  

RUE U S  WASTE SOLIDS OFFSITE n m  u s  t DESULFUR- IUNDLINC AND 
IZATlOll 

1 
STRIPPED WATER 
TO OFFSITE T m T r C  

1 ASH I 

I STREAM MAME 

SEE NOTE (1) 

I I I I I 
CDAL FEED 

P U N T  

STRUM N o. 1 

FUE;~OL I NEL C(YL I OAllnER IcwR PUNCH IPROCESS os 1 T ~ T ~ D  a s  
DRYERS P R m u c T  GAS EFFLUENT T::y"kkfs S E & ~ ~ ~ O N  

RECYCLE GAS 
TOCHAR 

MAKEUP 

I 1 8  19  I 2 0  I 2 1 
2 

RECYCLE Cb i 
T 0 

PREHEATER 
---.- 

9 ,205  
37 

33,094 
5,050 

STEAM AND 
RECYCLE GAS 
TO GASIFIER 

30,017 

3 

RECYCLE U S  RECYCLE GAS LIME FEED CATALYST 
TOFTED CGII/ g$pF[S I T O P U N T  1 YL IEUP 

c02 
"2 
'3"' 
CZH6 
"2 
COS 

4 5 

( TOTAL WS, Y - r l A w  
M s h r  I - I - I - I - I 2r978 I 65 1 2,033 1 1, 'r39 I 26 I 449 1 564 1 64 1 496 ) 2,004 1 7 0 1  2 2 1  - 1 -  1 -  I - I 

! SOLIDS, M l h h r  

6 

I JET PROPULSlOM 
CY'sl.vrrff-' -- 

m- DaEn n c r . x  

7 
- .. 

MAFICOAL, C M R  , &c) 

ASHIMINERAL MATTERS) 

TOTAL SOLIDS, M lbshr  

TOTAL (GAS L SCLIOS), Mlbslhr 
YMSCFD - GAS 
MOLE WIGHT - US 

TEMPERATURE, O F  

PRESSURE, psia 

PROCESS MXON lDex CmMYTKtOAL Rnr 

CASIFKIP#W COCOS 1 

8 

1,503 

1,503 

9 

1,207 

1,207 

10  11 12 

59 

59 

13 14  

237 

237 

17 15 

2,978 
1,448.45 

18.73 

1,275 
500 

16 

6 5 
52.39 
11.30 

600 
500 

2,003 
1.005.13 

18.42 

120 
4 50 

1.C39 
i -3.41 

11.93 

2 
4 $0 

2 6 

14.69 

16.06 

105 
4 5 

449 
254.78 

16.06 

120 
1,015 

564 
523.94 

9.81 

175 
600 

64 

42.88 
13.63 

175 
5 2  0 

49 6 
460.38 

9.81 

175 
600 -- 

2,004 

1.193.18 
15.30 

1,543 
520 

70 

65.02 
9.80 

800 
555 

2 2  
20.68 

9.78 

175 
555 

04 

84 

1 6  

16 30 3 0 19 



l PDU Startup 

- b;rsl f lcr t lon - 6rs k p r m t l o n  - Cr t r l ys t  Recovery 

l Integrated POU Wrrtlon 
- Brse Case - Procats Vrr l rb lo  Study - OLIonrtratlon Run 

r Bench Restarch and P l l o t  Plant 
S U P P ~ ~ ~  

I 
#tar181 b r l r n n  rrwnd !ndlvldrrrl rec t lom 

I I Catalyst recovery operation dcnonstrrted 

I w i t h  pood mproduclbl l l ty 
l.1 FIf te n y i e l d  periods 

I stel* ~ t ~ k  operat lm fo r  
gas seprratlon 1 

I . I 
I 

l I*rtne PDU catalyst m o n r y  
systcn 

o bcflne extent o f  gas nac -  
tlons t n  heat exchanger and 
furnace tlrbes 

l Deterrlw t e r s l b l l l t y  of  I 
cryogenic r c t d  gas recovery 

0 Upgrade k lnet lc  mdel base 
on POU and bench studles 

a Otterrim chemtstry md 
har t  effects o f  catalyst/ 
coal mactlons 

Ev r lw te  p r o c e s s ~ b l l ~ t y  o f  
t h r t t  addlt lonr l  b l  tu inous 
coals selected by OOL 

e Evalurte flner wmva l  
r b l l l t y  of Venturl scrclbbrr 

l Dcffm potentlal Inprove- 
r n t s  for  catalyst rtcovery 
w n t l o n  

FIGURE V-2. Proposed Revised Schedule for SNG Program 

I I - Econonl c studles/mserrch guidance I 
I 

1 - process dettnf t ion I 1 
Carpletr process dcftnlt lon 
of c~cep tua l i zed  CCG con- 

oUpgmdetCSstudy&signby 
better daf ln l t lon o f  o f f -  

operation u r c i a l  plant 
a Evaluate lncentlvcs of - D l f ln l t l on  o f  key features 

C ~ l p l e t e  enplneerlng studlet , FI, d~,~~~,,, process I q m v c l m t ~  to  l k n t l f r  p m e r m d  candi- , 1k.t wtrdrl brlrncc 
Including tlons for dmonstrr t lon run - Cryogenic r c l d  gas 

m o v a l  - Aalslng gas l f lc r t ton 
reactor feed polnts - Varlws ca t r l ys t  reutvcry 
sys tcra 

e k t p r e l l m l n r r y p r o c e s s  
brsls based on t n i t l a l  PW 

s i tes section 



4- 

SCRUBBER 
H2 
CO 

RECYCLE 
KOH 

SUPER HEATER 
COMPRESSOR GAS CLEANUP 

RECOVERY & RECOVERY 

FIGURE V-3 .  Exxon CCG PDU Flow Diagram. 
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