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ABSTRACT 

This r epo r t  r e p r e s e n t s  a t e c h n i c a l  a s sessment  of  the  fo l lowing  advanced 
c o a l ' g a s i f l c a t i o n  p r o c e s s e s :  

J 

o AVCO El lghThroughput  G a s l f l c a t l o u  (nTG) P roces s  
o Be l l  S ing le  -. S tage  High Mass Flux (HMF) Process  
o C i t i e s  Se rv i~a /Eockwe l l  (CS/R) H y d r o g a s i f i c a t i o n  Process  
o E~-xon C a t a l y t i c  Coal G a s i f i c a t i o n  (CCG) Process  

Each process  i s  e v a l u a t e d  fo r  i t s  p o t e n t i a l  t o  produce SNG from a 
b i tuminous  coa l ,  In a d d i t i o n  to  i d e n t i f y i n g  the  new techno logy  these  p r o c e s s e s  
r e p r e s e n t ,  key s i m l l a r l t i e s / d i f f e r e n c e s ~  s t r e n g t h s / w e a k n e s s e s ,  and p o t e n t i a l  
improvements to each p r o c e s s  a re  i d e n t i f i e d °  The AVC0 HTG and the  B e l l  HMF 
g a s i g t e r s  share  s i m i l a r i t i e s  wi th  r e s p e c t  to :  s h o r t  r e s i d e n c e  time (SRT), h igh  
th roughpu t  r a t e ,  s l a ~ i n g  and syngas as the i n i t i a l  raw product  gas .  The CS/R 
H y d r o g a s i f t e r  i s  a l so  SRT but  i s  non- s l agg ing  and produces a raw gas h igh  in  
methane c o n t e n t .  The Exxon CCC g e s i f t e r  i s  a long r e s i d e n c e  t ime,  c a t a l y t i c ,  
f l u t d b e d  r e a c t o r  producing  a l l  of  the raw p roduc t  methane in the g a s l f i e r .  The 
r e p o r t  makes the f o l l o w i n g  a s s e s s m e n t s :  

1) whi le  each p roces s  has s i g n i g i c a n t  p o t e n t i a l  as coa l  
g a s i f i e r s ,  t he  CS/R and Exxon p rocesses  a r e  b e t t e r  s u i t e d  f o r  SNC 
product ion~ 

2).  ' the Exxon p roces s  i s  the  c l o s e s t  to a commercial  l e v e l  fo r  n e a r - t e r m  
SNG product ion; ,  and 

3) tha SRT p r o c e s s e s  r e q u i r e  s i g n i f i c a n t  development  i n c l u d i n g  s c a l e - u p  
and turndown d e m o n s t r a t i o n ,  char  p r o c e s s i n g  a n d / o r  u t i l i z a t i o n  
demons t r a t ion j  and r e a c t o r  c o n t r o l  and s a f e t y  f e a t u r e s  development .  
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SECTION l 

OVERVI~ AND ASSESSMENTS 

1.0 INTRODUCTZ~ 

1.1  O r i g i n  

T h i s  r e p o r t  was w r i C t e n  a t  t h e  J e t  P r o p u l s i o n  L a b o r a t o r y  u n d e r  an 

I n t e r a g e n c y  ABreemenc w i t h  NASA and t h e  DeparCment  o f  E n e r g y .  The p r o j e c t  had 

its orisin at DOE Readquartersj Office of Coal Conversion and was transferred to 

the Norgantown Energy Technology Center for Implementation. 

1 . 2  P u r p o s e  o f  A s s e s s m e n t  

The p r o d u c t i o n  o f  SNG f r o m  c o a l  i s  an a t t r a c t i v e  way o f  u t i l i z i n g  c o a l  in 

an environmentally acceptable way to  produce a product which Ik totally 

interchangeable in today's energy market. However, today there are no large 

coal Easiflcation plants producing SNG in the United States as the relative 

abundance and low price of natural gas has made the economic feasibility for SNG 

plants unattractlve. As the price of natural gas is being deregulated, and as 

our gas reserves become depleted and gas becomes more expensive to recover, the 

production of SNG from coal will become more attractive. Since the coal 

gasiflcation technology that is commerclally available today has considerable 

potential for improvement, research and development of new gasification 

processes is underway to make coal gaslflcatlon more efficient, more economical, 

and more environmentally acceptable than the older processes. 

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

t h e s e  new g a s i f i c a t i o n  p r o c e s s e s .  As t h e  r e s e a r c h  and d e v e l o p m e n t  work on t h e s e  

p r o c e s s e s  i s  p r o c e e d i n g ,  c o n t i n u a l  e v a l u a t i o n  o f  t h e s e  e m e r g i n g  t e c h n o l o g i e s  and 

their potential for co-..ercialization is required. This study should be use- 

ful in planning and preparing the development programs in coal gasification. 

Two p r e m i s e s  i n h e r e n t  i u  t h i s  work a r e  p o i n t e d  ou t  h e r e  to  a s s i s t  i n  t h e  

p r o p e r  a p p l i c a t i o n  o f  t he  f i n d i n g s :  
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Springfield, Vilg[nia 22161 

(a )  The assessment  of  the  p r o c e s s e s  does not  c o n s t i t u t e  a co~pa r l son  of  
the p r o c e s s e s  

An effort was made to llmlc comparisons between processes except where 

useful to the overall assessment and where comparlsons could easily be made. 

Each proc, ss was assessed separately and is reported individually in Sec~ioqs 

II, IIl, IV and V. Sectlon I, although containing several comparison tables, is 

meant to serve more as a summary or overview of the processes in a grouping 

rather than as a comparison between processes. 
! 

(b) The assessment is a technical assessment 

Emphasis was placed on identlfyln E new technology and its Inheren~ 

advantages and disadvantages. Al~hough the most comprehensive barometer of a 

processes potential is nhe required produc~ selling price in dollars per MMBtu, 

these numbers are not reported here since economics have no~ been developed on 

equal bases between processes and hence publishing product prices would invite 

unfair comparisons (however, economics were used to evaluate potential 

improvements  to each p roces s  on an i n c r e m e n t a l  b a s i s ) .  The assessment  shou ld  be 

viewed as a technical assessmen~ of four different processes at their current 

s t age  of developmen=. 

1 .3 P roces se s  Assessed 

Four p roces se s  were chosen by DOE f o r  t e c h n i c a l  a s sessmen t  by JPL and a 

b r i e f  d e s c r i p t i o n  of  t h e s e  p r o c e s s e s  i s  g iven  below:  

1 .3 .1  AVCO HTG (High T h r o u g h p u t G a s i f i e r  ) P r o c e s s :  

h two- s t age  entrained flow, short r e s i d e n c e  time, slagging gasifier 

employing  a rap id  p y r o l y s i s  s t a g e  and a char  combuscor s t a g e .  Coal ,  oxygen ,  and 

steam are reacted to produce a syngas eontalnlnE some methane. The process is 

being  deve loped  by AVCO E v e r e t t  Research  L a b o r a t o r i e s ,  Inc .  o f  E v e r e t t ,  

H a s s a c h u s s e t t s .  

1.3.2 

~,asifier. 

Bel l  Stngle-Sta~e H ~  (High Mass F l u x )  Process: 

A s ing le-s tage,  entrained f low, shor t  residence time, s lagging 

Coal, oxygen, and steam are reacted to produce a syngas wi th very 
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l i t t l e  m e t h a n e .  The p r o c e s s  i s  b e i n g  d e v e l o p e d  b y  the  B e l l  A e r o s p a c e  T e x t r o n  

Company o f  B u f f a L o ,  New York .  

1 . 3 . 3  CS/R ( C i t i e s  S e r v i c e / R o c k w e l l )  R y d r o g a s i f i c a t i o n  P r o c e s s !  

A single-stage, m~cralned flow, short residence ~Ime gaslfier. Coal 

and hydrogen are reacted to produce a raw product gas hiEh in ~ethane. The 

process is being developed presently by the Rockwell International Corporatloi: 

of Canoga Park, Callfornia and Cities Service CorDoratlon. 

1 . 3 . 4  Exxon  CCG ( C a t a l y t i c  Coa l  G a s i f i c a t i o n )  P r o c e s s :  

A s i n g l e - s t a K e ,  ~ l u i d ~ z e d  bed ,  c a t a l y t i c  ~ a s t f t e r .  Coal  impreRnaced 

w i t h  c a t a l y s t  and steam i n  t he  p resence  o f  syngas a re  r e a c t e d  t o  p roduce me thane  

and C0 2.  The p rocess  i s  b e i n g  d e v e l o p e d  by the  Exxon  C o r p o r a t i o n  o f  B a y t o w n ,  

Texas .  

1.3.5 Stage of Development 

Au arbitrary classlfication of three stares of development can 

made which clarifies why the four processes are termed "advanced" or 

" e m e r g  i n g "  : 

S t a g e  o f  
DeveLopment  

Years  to  
C o m m e r c i a l i z a t i o n  

Commerc ia l  0 

Coal  G s s t E l c a t  t o n  
Processes  

Lurg£ (dry bed) 
Koppers-TotgRk 

Transition L e s s  than 5 Lurgi (slagging) 
Shell-Koppers 
Texaco 

Advanced or Emergln~ More t h a n  5 AVCO HTG 
B e l l  RMF 
CS/R H y d r o g a s i f i c a t t o n  
Exxon CCG 

The term advanced is used to highlight one or more of the potential 

advantageous features of the new technology areas that each process has compared 

to the com~erclal or transition processes as follows: 
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O 

O 

0 

0 

0 

O 

0 

Higher  ca rbon  c o n v e r s i o n  to  methane d u r i n g  g a s i f i c a t i o n  

Higher  o v e r a l l  t h e r m a l  e f f i c i e n c y  

S h o r t e r  g a s i g i e r  r e s i d e n c e  t ime 

N e g l i g i b l e  t a r e  or  u n d e s i r a b l e  l i q u i d s  p r o d u c e d  in g a s i f i e r  

Improved coa l  f e e d i n g  and i n j e c t i o n  s y s t e m s  

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  

S imple r  o v e r a l l  p r o c e s s i n g  scheme to  p roduce  SNG 

As t he  a s s e s s m e n t  p r o g r e s s e d ,  i t  became o b v i o u s  t h a t  each v r o c e s s  

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

example ,  t h e  AVCO HTG and B e l l  S i n g l e - S t a g e  HHF p r o c e s s e s  p r o d u c e  a syngas  wi th  

l i t t l e  m~thane y e t  t h e y  do g ive  h l g h e r  o v e r a l l  t he rma l  e f £ i c i e n c i e s ,  s h o r t e r  

r e s i d e n c e  t i m e s ,  y i e l d  n e g l i g i b l e  t a r s ~  and i n c l u d e  improved c o a l  f e e d i n g  

s y s t e m s .  In  t he  ca se  o f  the  B e l l  S i n g l e - S t a g e  H/TF p roces s~  t he  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  t h e r m a l  e f f i c i e n c y  compared t o  the  o t h e r  

advanced  p r o c e s s e s  a r e  l o w e r .  By mak ing  such a compar i son ,  the  B e l l  p r o c e s s  

c o u l d  be d i s c o u n t e d  as a coa l  g a s i f i c a t i o n  p r o c e s s  (assumin~ c a p i t a l  c o s t s  f o r  

e a c h  a re  s i m i l a r ) .  Aga in ,  the  a s s e s s m e n t  l o s e s  much o f  i t s  v a l u e  i f  compar i sons  

a re  seen  as the  main t h r u s t  o f  t h i s  s t u d y  r a t h e r  than the  t e c h n i c a l  a s s e s s m e n t  

a s p e c t .  I n  a s s e s s i n g  each i n d i v i d u a l  p r o c e s s ,  r a t h e r  than  c o m p a r i n g  the  four  

p r o c e s s e s ,  t he  i n d i v i d u a l  m e r i t s  o£ t h e  emerg ing  t e c h n o l o g y  w i t h  r e s p e c t  to  

cormuercial  o r  t r a n s i t i o n  c o a l  g a s t ~ e r s  can be h i g h l i R h t e d .  I t  was r e c o g n i z e d  

t h a t  the  a d v a n c e d  p r o c e s s e s  might  have  m e r i t s  t h a t  cou ld  be s y n e r g l s t i c a l l y  

combined o r  t h a t  c o u l d  be u t i l i z e d  in t he  commerc ia l  or  t r a n s i t i o n  p r o c e s s e s  as 

c o s t - e f f e c t i v e  improvemen t s .  

1 . 3 . 6  SNG versus  Syngas 

A l t h o u g h  the assessment was i n t t i a ~ e d  by t a r g e t ~ n ~  on g a s i f i c a t i o n  

processes to  p roduce SNG, i t  was r e c o g n i z e d  du r i ng  the course o f  the s tudy  tha t  

a d i s t i n c t i o n  s h o u l d  be made be tween  good methane p r o d u c e r s  and good synEas 

p r o d u c e r s .  However ,  the  f u r t h e r  d e v e l o p m e n t  o f  good syngas  g e n e r a t o r s  s h o u l d  

no t  be o v e r l o o k e d  s i n c e  i t  ks e x p e c t e d  t h a t  t he  syngas  g e n e r a t o r s  v i l 1  have a 

w i d e r  a p p l l c a t l o n  in c o a l  c o n v e r s i o n  t h a n  the  SNG g e n e r a t o r s .  I n  t h i s  r e g a r d ,  

t h e  AVCO HTG and  B e l l  S ~ n g l e - S t a g e  HHF r e a c t o r s  are  c l a s s i f i e d  as good syngas  
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generators and the C5/R Hydrogaslflcation and Exxon CCC as good methane 

geue ra to r s~  

1.4 Economic ~ncentIves 

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 developlng these processes, These incentives are 

expressed as thermal efficiency and relative capital costs to the Lurgi 

(non-slagglng) process as given below: 

Coal to SNG (1) 

Z Thermal Efficiency 

Luzgt  (dry  bed)  55 

AVCO HTG 68 

CS/R Hydrogaslficatlon 58 
(No BTX yleld) 

Relative Capital Cost 

I.O 

0.75  

0.89 

Lurg i  (dry bed) 

B e l l  S i n g l e - S t a g e  HHF 

Coal to Med BTU Gas (2) 

% Thermal Effici_ency Relative Capital Cost 

52Z 1.0 

76Z 0 . 6 9  

The above numbers were taken frc~a 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 

e£flclency and capital cost improvements of the Bell, AVCO and CS/R processes 

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

the l i t e r a t u r e ) ,  
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2.0 STATEH~NT OF NSRK 

The objectives of thls 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 technolosies 

o Identify key slmllaritles/differences~ strengths/ weaknesses, and 

potential improvements for each process, 

o Recommend activities for further development, 

This assessment Is based on the followlnE maln elements included in the 

orIEinal scope of work: 

o Identify and characterize new technology items in each gasification 

process. 

o Evaluate new ~echnologies In the framework of a conceptual system block 

flow diagram with materlal and heat balances projected to a comercial 

leve l  producing SNG at  a rate of 250 b i l l i o n  Btu/day. 

o Identify areas of potential improvements relative to the gaslfier and 

the conceptual overall process 

o ~dentlfy key similarities and dlf~erences and essential strengths and 

weaknesses of each process. 

o Recommend activities for continued development. 

Included in th is  scope were v f s i t s ,  meetings and discussions with each 

developer to view f a c i l i t i e s  and to determine the current  status of 

development. Inves t iga t ing  the status of development resul ted  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 concepn was not available. Much of the effort was involved in 

establlshlnE these in conjunction with the developers before the analysis could 

proceed. 
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3.0 SUMMARY 

t 

3,  1 General  

Four advanced coal Easlfloatlon processes were reviewed £n this assessment. 

These included processes based on the AVCO HTGp the Bell Single-Stage HMF 

G a s i f i e r ,  the CS/R H y d r o g a s i f i c a t i o n  and the Exxon CCG. The AVCO HTG and the 

Bel l  HMF g a s i f i e r s  share s i ~ i l a r i t i e s  with respec t  to :  shor t  res idence time 

(SRT), high throughput r a t e ,  slagging, and syugas as the  initial raw product 

gas.  The CS/R Hydrogas i f ie r  i s  a l so  shor t  res idence time but  i s  non-s lagging,  

and produces raw gas high in methane conten t .  The Exxon CCG g a s i f i e r  i s  a long 

residence time catalytic fluid bed reactor producing all of the flnal product 

methane in the gaslf£or. The Exxon CCG process is the only one of the four 

which does n o t  require a separate s h i f t  converter or methanator. 

While both the CS/R H y d r o g a s i f i c a t i o n  and the Exxon CCG processes  are 

cons idered  Co be methane p roducers ,  they are qu i te  d i f f e r e n t  in  g a s i f i e r  des ign  

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

hydrogen- r ich  environment to produce methane, v h l l e  the  Exxon CCG process  

g a s i f i e s  ca t a lys t - impregna ted  coa l  in a f l u i d  bed r e a c t o r  with steam in a syngas 

environment to produce methane. Due to theee d i f £ e r e n c e s  in the g a s i f i c a t i o n  

mechan ism)  t h e  CS/R p r o c e s s  needs a h y d r o g e n  p l a n t  and an  o x y g e n  p l a n t  co 

support the hydrogaslf£cation reactlbn, ~¢hile the Exxon CCG process does nor. 

Exxon CCG needs a catalyst recovery plant to enhance the economics of the 

process. 

The above f ea tu re s  are  h i g h l i g h t e d  in Table I-1 and compared to the Lurgi 

and Texaco g a s i f i e r s .  The Exxon p rocess  u t i l i z e s  ~C0  3 c a t a l y s t  e f f e c t i v e l y  

to  give the h ighes t  carbon convers ion  to CR 4 and subsequen t ly  the l ea s t  

complex gas process ing scheme. However, the s o i t d s  p r o c e s s i n g  i s  probably the 

most complex of  a l l  processes~ i nc lud ing  the Lurgi and Texaco processes  j s ince  
c a t a l y s t  lmpregnatio~, and recovery  are  requi red .  The ca/If p rocess  has a 

r e l a t i v e l y  high carbon convers ion  to CH4o However, i t s  o v e r a l l  thermal 

e f f i c i e n c y  whi le  higher than the  Lurgi  process ,  i s  perhaps the lowest  of the  

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  process ing  scheme. The CS/R a l so  p~oduces BTX l i q u i d s ,  a clean and 



v a l u a b l e  b y - p r o d u c t  ( i f  the  HHV o f  BTX i s  i n c l u d e d ,  the  t h e r m a l  e f f i c i e n c y  

i n c r e a s e s  t o  6 I X ) .  The AVCO and B e l l  p r o c e s s e s  as  p o i n t e d  o u t  a b o v e  a r e  v e r y  

similar yet the overall thermal efficiency for AVCO is sIEnlflcantly hIEher than 

any of the processes. 

The &VCO a n d  B e l l  p r o c e s s e s  a r e  in  an e a r l y  p i l o t  s t s g e  o f  g a s i f i e r  

t e s t i n g .  The CS/R p r o c e s s  i s  i n  a p i l o t  and  PDU s t a g e  and t h e  Exxon i s  i n  a PDU 

s t a g e .  The Exxon CCC i s  the  mos t  a d v a n c e d  i n  d e v e l o p m e n t  among t h e  f o u r  

processes, 

More summary d e t a i l  r e l a t i v e  to  t h e  i n d f v i d u a l  p r o c e s s e s  c a n  be found in  

t h e  Summary S e c t i o n  o f  t h e  r e s p e c t i v e  p r o c e s s .  

The r e m a i n d e r  o f  t h i s  Summary c o n t a i n s  t h e  f o l l o w l n  S s u b - s e c t i o n s :  

o A seneral comparison of the four process schemes. 

o A llstluE of key similarities and differences of  the four p r o c e s s e s .  

The next sub-sectlon is titled Assessments. This is comprised of 

recommendations and conclusions reached as a result of tb.~s investisatlon. 

3.2  C o m p a r i s o n  o f  O v e r a l l  P r o c e s s  Schemes 

The f o l l o ~ i n E  b r i e f l y  d e s c r i b e s  t h e  p r o c e s s  scheme o f  e a c h  o f  t h e  f o l l o w i n g  

advanced  c o a l  E a s i f i c a c i o n  p r o c e s s e s :  

o AVCO High Throughput Gastffcatton (HTG) Process 

o Bell Sfngle-Stage Hlgh Mass Flux (HMF) Process 

o CS/R ( C i t i e s  S e r v i c e / R o c k w e l l )  H y d r o g a s i f i c a t t o n  P r o c e s s  

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) P r o c e s s  

The a b o v e  p r o c e s s e s  a r e  a l s o  d e p i c t e d  on F i E u r e  I - l ,  f o r  c o m p a r i n  S the  

d i f f e r e n c e s  o f  t h e  f o u r  p r o c e s s e s  w i t h  r e s p e c t  t o  the  m a j o r  c o m p o n e n t s  i n  e a c h  

p r o c e s s  p l a n t .  T a b l e  I - 2  s u m m a r i z e s  t h e  m a j o r  uL lc s  o f  e a c h  p r o c e s s .  
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3.2.1 AVCO HTG Process 

Feed coal is pulverized to 70Z throuEh 200 mesh and dried to about .2 

wt.Z moisture. The coal and steam are injected into the pyrolyzer which 

operates at 550 palE. Hot gases fTom the comhustor entrain the feed coal and 

Easlfy about 48Z of its carbon, to produce ~2' O0, CO 2 and CH 4. The raw 

product gas and the char exit the pyrolyzer into a cyclone where the char is 

separated, The char is then recycled to the upstream combustor ~here the char 

is totally combusted with oxygen. The resultant hot gases then proceed to the 

pyrolyzer supplyin S the required heat for coal pyrolysls. The coal minerals 

form a molten slag ~n the oombustor and continuously flow down onto the inner 

wall surface as a protective refractory. The excess slaE is trapped out ac the 

bottom of the combuscor, water quenched and disposed off-slte. 

The gas from the cyclone downstream of the pyrolyzer is routed to a 

heat recovery system where the sensible heat of the gas is recovered to produce 

H.P. (1500 psig) steam. Then the Eas is water scrubbed to remove the remaining 

solid fines, 

The solld-free gas flows through the CO-shlft, the acid gas 

removal, and the bulk methanatlon system. Approxlmately 8 volume percent of 

the treated gas is withdrawn downstream of the acid gas removal unit and 

consumed as the plant fuel. The remalnln g gas is routed to the bulk 

methauatlon system for producing pipeline quality SNG, 

3,2.2 Bell Sin~le-Sta~e HMF Process 

Coal, oxyEeu and steam are fed to the slnEle-staEe slagglng 

reactor, uperatln E at 2530°F and 500 psla where 90~ of the coal carbon is 

@asifled. The reactor effluent is quenched to 1900°F ~Ith water. The 

shattered sla 8 Is then separated from the raw produ=t gas and sent to disposal. 

The raw. product 8asp contalnlr~ unconverted char, proceeds to the heat recovery 

system which cools the gas stream from 1900"F to 600°F by Eeneretlng steam. 

The gas proceeds to a cyclone for char separation, and then to 81multaneous 

cooling and water scrubbin 8 for flue1 removal of the solld fines. The scrubbed 

gas stream (saturated with water) is routed to the shift system at 345°F, where 

the reaction is controlled to produce an effluent stream with a H 2 to CO ratio 
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of 3, The gas stream then proceeds to a selective acid Eas removal unit where 

the H2S rich stream is routed to the sulfur recovery unit, and the CO 2 

stream to disposal. The cleaned syngas then proceeds ~o the bulk methanatlon 

unit Eor 3NG production. The produced SNG is then compressed and dehydrated to 

p i p e l i n e  s p e c i f i c a t i o n  f o r  s a l e s .  

3.2.3 CS/R Hydro~aslficaCion Process 

The CS/R hydrosaslficatlon process includes a coal hydrogaslfl- 

cation SEZ reactor followed by a char o~Tgaslfler reactor to produce H 2. Xt  

uses a hot Kas and solids heat recovery step to parnlally preheat the recycle 

H2. Zt also can produce BTXby-product alons with the raw product Eas. Due 

to Uhe hieh carbon conversion to CH 4 in the hydroEaslfler (45Z per pass) only 

trim methanatlon is required with no shift conversion in the product gas 

stream. An 02 plant is required mainly for the char/coal oxygaslfler for H 2 

production but also for preheating of the recycle H 2 by partial combustion. 

No catalyst is employed. 

3.2.4 Exxon CCG Process 

The coal Is crushed, dried, Impresuated with potassium catalyst, dried 

aealn , and then fed to the fluldized bed gasifler. The gasifler also receives 

steam and recycle synEas (H 2 and CO) which is preheated to 1550°F. The 

8aslfler operates at 12750F and 500 psi 8. The CCG gasifler involves the 

reactions of coal gasification s shift and methanation. The resultant heat of 

reaction is essentially themo-neutral. The net heat requirement for the 

gasifier is provided by preheating the recycle synEas stream. Approximately 

51% of the coal carbon is converted to CH 4 in the gasifier. 

The raw product  Eas from the  E a s i f i e r  proceeds through cooi£u8 (by 

seneratin8 H.P. steam) from 1257°F to 540°F, water scrubbing for fine solids 

removal from 540°F to 373°F and then low level heat recovery from 373°F to 

313°F. The 8as is cooled to 120°F prior co enterln 8 the selective acid Ea~ 

removal unit where the H2S rich stream is fed to the sulfur recovery unit, and 

the C02 stream is sent to disposal. The treated process Eas stream is then 

routed to the cryogenic separation unit where methane is separated from the 
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syngas stream (CO and H2). The l a t t e r  i s  r e c y c l e d  to the g a s i f i e r ,  and the 

methane fraction is heat exchanged and compressed to the SNG pipeline pressure 

for sales. 

Approxlmately 90 percent of catalyst is recovered Erom ~he char/ash in the 

Catalyst Recovery Unit by a Ca(OH) 2 digestion process. The recovered 

catalyst is recycled and added to catalys~ makeup to be reused in 

impregnation. 

3.3 Comparison of Process Gaslfiers 

The following are brief descriptions of the advanced coal 

ga~iflers: 

(The schematic drawing of each of the gaslflers is depicted on Figure 1-2 

which shows the essential elements of the gaslfler such that an overall general 

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

gasifiers,) 

3,3.1 AVC0 HIG Gasifler 

The AVCO gasifier consists of two parts. The ~irst part is a char 

combustor, and the second a coal pyrolyzer. The flow directions for the 

combusuor and the pyrolyzer at. down and horizontal flows, respect[vely. Both 

reactors are close coupled and operated in an entrained flow regime. The 

combustor operates at 600 p=ig and 2400 to 2900°F~ and the pyrolyzer at 550 

psig and 1600"F measured at the exit, The gas residence tim= in the pyrolyze: 

is in a range of 20 to 40 milliseconds. 

The raw Eases H 2, CO, CO 2 and CH 4 are produced by pyrolysis followed 

by a steam-volatiles stabilization. The remaining char is separated from the  

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

The resultant hot gas from the combustor supplies the heat requirement for the 

downstrea~ pyrolysis. 

The coal minerals in the form of molten sl~g are trapped out at the bottom 

of the combustor by quenching in a water bath attached thereto. The shattered 

slag is then disposed of off-site. 

I-II 



• . .-:. 

/... 

3.3.2 Bell  Stn~le-Stase HHF Gastfte E 
Coal i s  fed  to the c e n t r a l  I n j e c t o r  n o z z l e  and i s  impinged by a 

. :~  
co--axlal stream of oxygen followe8 by a steam InJectlon immedla~ely downstream. 

~se exothetmlc reactlon of  coal and o~jzen produces enous h heat to gasify the 

coal at 2530"F and 500 pela. At these eondltluns, the coal minerals rum a 

molten slag. 

The p r o d u c t  gas c o n s i s t s  mos t l y  of CO and H 2 (56% and 31%, 

respectively) and lesser amounts of H20 , CO 2, H2S, N 2 and CH 4 in that 

order. The overall reactlon can be expressed as follows: 

Coal + Steam + Oxygan--------~-Raw Syngas + Slag.+ Char 

The' effluents are quenched with water to 1900"F. The SlaE is 

solidified, and separated for disposal. The char is separated in a cyclone 

following the heat recovery from the raw syngas. 

3.3.3 CS/R H y d r o ~ a s l f l c a t l o n  G a s l f i e r  

Recyc le  p lus  makeup H 2 i s  h e a t e d  to  r e a = t l o n  t e m p e r a t u r e  by 

r e a c t i n g  wi th  02 in  a p r e b u r n e r  p r i o r  to  mixing wi th  the  f e e d  coa l  i n  the  

Hydrogas i£1e r  whlch o p e r a t e s  a t  I000 p s i .  The e x i t  gas t e m p e r a t u r e  of  the  raw 

produce  gas i s  1746°F. Before  quenching~ t h l s  s t ream c o n t a l n l n g  char  s o l i d s  

exchanges  hea t  wl th  the  r e c y c l e  ~2 s t r eam.  The char  i s  s e p a r a t e d  a f t e r  

quenching  and fed  to  a cha r  o x y g a s i f i e r  wi th  some a d d i t i o n a l  co~1 to  produce  

the  r e q u i r e d  makeup H 2 f o r  the main h y d r o g a s i f i e r  r e a c t i o n ,  

The ne t  o v e r a l l  r e a c t i o n  can be e x p r e s s e d  by: 

Coal + H 2 hea t  _. CH 4 + BTX + Char 

3 . 3 . 4  Exxon CCG G a s l f i e r  

The Exxon C a t a l y t i c  Coal  G a s l f l e r  i s  a f l u l d l 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 m e t h a n a t i o n  in  the  s i n g l e  r e a c t o r .  

The s team g a s i f i c a t i o n  r e a c t i o n  i s  h i g h l y  e n d o t h e r m i c ,  the  s team-gas  s h i f t  

m i l d l y  e x o t h e ~ n i c ,  and the  m e t h a n a t ! o n  h i g h l y  e x o t h e r m l c .  The compos i t e  o f  
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these three reactions is essentially thermo-neutral, and results in a 

signlflcant net production of CH 4 and CO2'o The net overall reautlon can be 

expressed by= 

Coal + H20 (steam)K+ -'-CH 4 + C02 
c a t a l y s t  

The ~ a s i f l e r  r ece ives  c a t a l y s t - i m p r e g n a t e d  feed coa l ,  p r ehea ted  by 

a s l i p  stream of the  r e c y c l e  syngas.  Ca t a ly s t  i s  ~mpregnated on the  coa l  to 

ca t a lyze  the  he te rogeneous  steam g a s i f i c a t i o n  and gas phase methana t ion  

reaction plus eliminate any agglomeration problems in ~m gaslfieruslng caking 

coals. The coal bed is fluidlzed by the syn~as-steam mixture, also preheated 

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

operated at 500 pslg and 1275°F. 

All  gas phase r e a c t i o n s  in  the  g a s i f i e r  e s s e n t i a l l y  reach  

e q u i l i b r i u m .  Once the  r ecyc l e  syngas stream Ls e s t a b l i s h e d :  t he re  i s  no 

s i g n i f i c a n t  ne t  p roduc t ion  of CO and H2. The ne t  carbon convers ion  i s  

approximate ly  90Z, producing CH4, and C02. The unconver ted  char and ash 
are disposed off-slte followlnE recovery of the eatalyst. 

3.4 Key Similarities and Differences 

Table I-4 summarizes the key slmilaritles and differences of the advanced 

coal gasificatio n processes, including 

o AVC0 HTG 

o Bell Single-Stage HMF 

o CS/R Hydrogaslflcatlon 

o Exxon CCG 

The comparisons invo lve  the g a s i f i e r  c h a r a c t e r i s t i c s  as wal l  as  the  key 

process  u n i t s  inc luded  in  the  o v e r a l l  g a s i f i c a t i o n  p l a u t s .  

3.5 Assessments  

As a r e s u l t  of t h i s  s tudy ,  c o n s i d e r i n g  the  c h a r a c t e r i s t i c s  of  each 

g a s i f i c a t i o n  processD the  process  s t r e n g t h s ,  weaknesses ,  advantages  and 
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disadvantages, potential improvements and development needs, the following nine 

assessments are submitted. These include recommendations f o r  further 

development. 

3.5.1 General Assessments 

i. The four gasification processes in this assessment were 

applied to the production of SNG. The question may be asked whether this is 

the best appllcatlon for each gaslfler. The Exxon and Rockwell Gaslflers were 

designed to produce a high methane product gas. AVCO and Bell gasifiers aze 

better suited t o  produclnE a lower Btu product gas or some form of synthesis 

gas for further conversion to other products such as methanol, gas turbine 

£uel~ Fischer-Tropsch liquids~ hydrogen, etc. 

It is recommended that this distinction be mado so that the 

most sui table  application of these gas i f t e r s  to the required end product be 

considered. 

2. Considering the stages of development, r e l a t ive  e f f i e i enc ies  
and basic principles (excludlng economlcs), if one of these gas£f£ers had Co be 

selected today for the production of SNG it would be Exxon's. The CS/R 

Hydrogasifler shows high potenn£al b u t  is at an earlier sCage of developmenn 

and requires seleetlon, demonstration and deslgu of several companion processes 

and unit operations for an integrated SNG process. The AVC0 and Bell 8asiflers 

require much more development and are in a very early stage with respect to an 

SNG application. 

3. The success of the SRT gasifiers will depend greatly upon how 

well they can be scaled up and controlled. The compact size oE the reactors 

may require multiple units or modules to reach the commercial scale. Multiple 

unite will require £eed splitting and ohher measurement and control devices to 

operate with high precision. These devices have yet to he developed or 

demonstrated. ~n the case of Rockwell, it is proposed co spilt the total coal 

feed to as many as 36 modules. This must be demonstrated and proven to be 

reliable, In the case of AVC0's slagglng wall concept, ~he successful control 

"l-q-4 



of slag flow, tapping and containment will be influenced by scale of operation. 

This also must be demonstrated. 

The turn down capability of all of the 5RT gaslflers will be 

strongly influenced by scale. The smaller the individual module or the greater 

the number of modules, the greater the turn down capability of the fetal 

gasification section. The slag layer and its limitations may be critical to. 

the turn down capability and therefore scale of the gaslfier module. In 

a n o t h e r  r e s p e c t ,  as t he  CS/R H y d r o g a s l f l e r  i s  t u rned  down, the  r e s i d e n c e  t ime 

increases and the product composition changes (e.g., reduced benzene yield). 

4. In many o f  the  E a s l f l e r  p r o c e s s e s ,  char  i s  a common : 

i n t e r m e d i a t e  p r o d u c t .  Due to the emphasis to  deve lop  the pr imary  c o a l  

g a s i f i c a t i o n  p r o c e s s ,  t h e r e  i s  s c a n t  i n f o r m a t i o n  deve loped  c o n c u r r e n t l y  on the  

c h a r s .  I t  i s  recommended t h a t ,  to the e x t e n t  f e a s i b l e ,  the  r e s u l t i n g  chars  be 

d e f i n e d  and c h a r a c t e r i z e d  i n c l u d i n g  a n a l y s e s ,  chemica l  and p h y s i c a l  p r o p e r t i e s ,  

h a n d l i n g  c h a r a c t e r i s t i c s ,  r e a c t l v i t l e s  and s u i t a b i l i t y  to  f u r t h e r  p r o c e s s i n g  

and use. This would ellmlnate a great deal of doubt and uncertaluty in closing 

m a t e r i a l  ba l ances  in many g a s i f i c a t i o n  p r o c e s s e s .  In the  case  o f  R o c k w e l l ' s  

p r o c e s s ,  t he  cha r  i s  a major  i n t e r m e d i a t e  f o r  the  p r o d u c t i o n  o f  hydrogen  and 

c o n s i d e r a b l e  more da ta  a r e  needed beyond c o m p o s i t i o n .  

5. As the  da t a  base  i n c r e a s e s  f o r  each  p r o c e s s ,  t he  model ing  

e f f o r t  should  c o n t i n u e  to  be updated  to f i t  t he  d a t a .  Accura te  k i n e t i c  models 

should  be deve loped  as they  ¢~uld be u t i l i z e d  as f o l l o w s :  

o To o p t i m i z e  the r e a c t o r  de s ign  

o To p r e d i c t  y l e l d s  of  u n t e s t e d  c o a l s .  

o To per fo rm t r a d e - o f f  p r o c e s s  des ign  s t u d l e s .  

o For use in  s c a l e - u p  d e s i g n  s t u d i e s .  

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

p l a n t s .  

6. I t  i s  recommended t h a t ,  as  p a r t  o f  DOE funded g a s i f i c a t i o n  

development  p r o j e c t s j  each d e v e l o p e r  compile  and p u b l i s h  a summarized r e f e r e n c e  

book which should  i n c l u d e :  
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o Sources  of i n f o r m a t i o n ,  i n c l u d i n g  ba s i c  p h y s l c a l  and chemica l  

d a t a .  

o Exten~ of testing. 

o Process flow diagram of test facilities including equipment 

sizes, control schemes, e t c .  

o Selected test results including heat and material balances, 

conditions, lengths of runs, feed and product analyses and 

characterization° 

o Data correlations. 

It is sugges t ed  t h a t  such a r e f e r e n c e  book be updated  and p u b l i s h e d  

a t  least once per year. 

3.5.2 Specific Assessments 

7. AVCO HTG Process 

a) Continue development of pyrolysis data base: 

Much of the pyrolysis data has been extracted from small-scale 

batch equipment. Verification of data using larger scale, 

continuous flow reactors needs to 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  to be o p e r a t e d  us ing  coa l  char  as a 

f u e l .  The c u r r e n t  f low scheme f o r  p lanned  c o a l  p y r o l y s i s  

e x p e r i m e n t a t i o n  i n c l u d e s  the bu rn ing  of No. 2 f u e l  o i l  to  

produce  the  ho t  gases  fo r  the  p y r o l y s i s  s t a g e .  I t  i s  

recommended tl~at the  combustor  be run us ing  cha r .  I t  i s  a l s o  

recommended t h a t  the  char  combustoc and p y r o l y s i s  s t age s  be run  

s i m u l t a n e o u s l y  as e a r l y  as p o s s i b l e .  I t  makes l i t t l e  sense  to  

c o n t i n u e  f i n e  t u n i n g  1/2 o f  the  sys tem f o r  optimum p y r o l y s i s  

y i e l d s  w i t h o u t  a d d r e s s i n g  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  

the  o t h e r  I / 2  of  the  sys tem.  T e s t i n g  in  t he  near  f u t u r e  shou ld  

i n c l u d e  i n t e g r a t i o n  of  the combustor  and p y r o l y z e r  so t h a t  

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

be necessa ry~  can p roceed .  Also~ any unexpec t ed  e f f e c t s  of  

us ing  c h a r  f o r  the  g e n e r a t i o n  o f  ho t  gases  ve r sus  us ing  No. 2 
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o i l  on p y r o l y s i s  y i e l d s ,  f i n e s  removal ,  s l a g  l a y e r  c o a t i n g ,  

handling of hot recycle char, e t c . ,  would be detected. 

c) Combining MHD w i t h  c o a l  g a s i f i c a t i o n :  

The combina t ion  of  coa l  p lus  char  combustor ,  an MHD channel  and 

the r a p i d - p y r o l y s i s  s t a g e  could be employed to produce syngas 

and power. F u r t h e r  a n a l y s i s  to determ%ne the technical and 

economic f e a s i b i l i t y  of  such a system should  be c a r r i e d  ou t .  

8. Be l l  HMF Process  

a)  Continue development of  da ta  base fo r  s i n g l e - s t a g e  g a s i f i e r :  

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

conve r s ion  a t  the g iven  oxygen to c o a l  r a t i o  fo r  

b l tm~inous  coa l  should be d e m o n s t r a t e d ;  

(2) Recovery of ungaslfled carbon: the form of the ungasifled 

carbon should be identified; in addition, recovery of the 

carbon as char should be demonstrated; 

(3) Demonstrate  the s l a g / c h a r  s e p a r a t i o n :  the  assumpt ion t h a t  

the s lag  c a p t u r e d  in the s l a  8 pot w i l l  be e s s e n t i a l l y  char  

free and that little carryover of the slag with the syngas 

should be demonstrated; 

(4) Char compos i t ion :  a t  t h i s  t ime ,  no d a t a  on the char  

composi t ion  i s  a v a i l a b l e ;  

(5) R e a c t i v i t y  o f  r e c y c l e  char :  once the upgraded ( r e f e r  to 

Sec t i on  Z Z Z  - Development S t a t u s  D e t a i l s ,  F igure  I I 1 - 8 )  

facility is working, char from cyclone separation should 

be t e s t e d  for its reactivity and carbon conversion in the 

gaslfler by itself and as a mix with fresh coal| 
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(6)  Char use as  a b o i l e r  f u e l :  once the  upgraded f a e i l l t y  i s  

work ing ,  a program to c o l l e c t  s u f E i c £ e n t  cha r  f o r  t e s t i n g  

in  a b o i l e r  shou ld  be deve loped .  

(7)  T e s t i n g  wi th  o t h e r  c h a r s :  i t  i s  recommended t h a t  c h a r s  

produced from o t h e r  c o a l  c o n v e r s i o n  p l a n t s  be t e s t e d  as  a 

p o t e n t i a l  a p p l i c a t i o n  f o r  syngas  g e n e r a t i o n ,  

(8) V a l i d a t i o n  of m a t e r i a l  b a l a n c e s :  a t  t h i s  t ime ,  Bel l  has 

been unable to make a complete material balance. Material 

balances have been assumed by differences. Procedures 

should  be d e v e l o p e d  in  o r d e r  c o  make an e n t i r e  m a t e r i a l  

balance. 

b) Develop s e c o n d a r y  i n j e c t i o n  d a t a  base :  ( R e f e r  to S e c t i o n  I I I  - 

P o t e n t i a l  Improvemen t s )  

O p e r a t i o n a l  p rob lems  wi th  s e c o n d a r y - i n j e c t i o n  of  c o a l  a r e  

a n t i c i p a t e d  i n c l u d i n g  a g g l o m e r a t i o n  o f  c o a l  p a r t i c l e s .  I t  i s  

recommended t h a t  an o p e r a t i o n a l ,  s e c o n d a r y - i n j e c t i o n  

c o n f i g u r a t i o n  be d e v e l o p e d  by Bel l  r e g a r d l e s s  of  i n i t i a l  

f a i l u r e s  or  d i f f i c u l t i e s  to  de t e rmine  the  d e g r e e  of  enhanced 

methane yield possible in ~ h~r'~ temperature, short residence 

Cime reactor. Also, analysis procedures for detection of trace 

quantities of tar and soot formed by secondary-lnjectlon should 

be deve loped  and u t i l i z e d  in t h i s  t e s t i n g .  

C) Investlgate hydropyrolysis wJth secondary- injection: 

Once the s e c o n d a r y - l n j e c t l o n  c o n f i g u r a t i o n  i s  s u c c e s s f u l l y  

t e s t e d ,  a s t r e a m  of  hot  hydrogen should  be added to the  

s e c o n d a r y - i n j e c t i o n  s e c t i o n  a t  v a r i o u s  r a t e s  to de t e rmine  the  

h y d r o g a s i f i c a t i o n  to  CH&. Th i s  i s  s u g g e s t e d  to d e t e r m i n e  

what the  methane y i e l d  in  a h y d r o g a s i f i e r  would be a t  

t e m p e r a t u r e s  ( 2 4 0 0 ° F )  where e q u i l i b r i u m  s u g g e s t s  n e g l i g i b l e  

methane yields. The Bell test facility lends itself to testing 

various gasifler configurations rather easily. The gaslfler is 
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made of several removable parts; hence, fabrication and testing 

of different configurations can ~ done easily and rapidly. 

d) Investigation of molten-slag hath concept: 

~c is suggested that an investigation of the laolten-slag bath 

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

potentlal offered by this concept is a higher slngle pass 

carbon conversion which could ellmlnateantlcipated char 

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

bath with a second-stage pyrolysis section is recommended for 

further investigation (see Section III-Potentlal 

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 III - Potential Improvements). 

. 

a) 

CSIR Hydrosasificatlon Process 

It is recommended that the H 2 to coal ratio in the 

hydrogasifler 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 H 2 recycle 

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

that the H2/coal ratio is reflected in H 2 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 

b e n z e n e  be i n c r e a s e d  to an  op t imum maximum. 
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c) The o v e r a l l  e f f i c i e n c y  and f e a s i b i l i t y  o f  the  CS/R 

Hydr0gasSflcat.lon process to  produce SNGwill depend heavily on 

the process selected or developed for converting char to 

hydrogen. This secondary gas£f£catlou process is regarded to 

be as important as the "primary hydrogaslflcatlon process and an 

assessment of the hydrogaslflcatlon alone is incomplete for the 

production of SNG. 

4 , 0  FLASH PYROLYSIS - A GENERAL COMMENTARY 

F lash  p y r o l y s i s  may be d e f i n e d  as rap id  h e a t i n g  of p u l v e r i z e d  c o a l  such 

t h a t  d e v o l a t i l i z a t i o n  o c c u r s  i n  the  range o f  m i l l i s e c o n d s  t o . a  second.  I t  i s  

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

fact that all of the reactants experlence the gasification conditions fr~ 

milliseconds to several seconds. 

For the  advanced g a s i f i c a t i o n  p rocesses  a s s e s s e d ,  the  AVCO HTG, B e l l  

S i n g l e - S t a g e  HMF and t h e  CS/R H y d r o g a s i f i c a t ~ o n  a r e  a l s o  termed f l a s h  p y r o l y s i s  

r e a c t o r s  wi th  the CS/R p r o c e s s  more a c c u r a t e l y  t e rmed  f l a s h  h y d r o p y r o l y s i s ,  In 

a d d i t i o n  to  the  development  work being done on t h e s e  p r o c e s s e s ,  much r e s e a r c h  

work i s  baiug done ou f l a s h  p y r o l y s i s  and h y d r o p y r o ! y s i s  by o the r s  in  o r d e r  to  

b a t t e n  under s t and  the complex c h e m i s t r y  and k i n e t i c s  i n v o l v e d  (see  S e c t i o n s  I I  

and I I I  f o r  a more d e t a i l e d  d i s c u s s i o n  of  f l a s h  p y r o l y s i s  hypo theses  f o r  the  

AVCO and BeLl p r o c e s s e s ) .  ~t i s  L p p r o p r l a t e ,  a l s o ,  t h a t  t he  bas i c  r e s e a r c h  

c o n t i n u e  i n  p a r a l l e l  w i t h  the  p r o c e s s  development  o£ the  t h r e e  SRT p r o c e s s e s  so 

t h a t  i n s i g h t s  gained r e l a t i v e  to  the  k i n e t i c s  and c h e m i s t r y  can u l t i m a t e l y  

e f f e c t  a more op t imized  p r o c e s s  and a s p e e d i e r  deve lopment  to  c o a m e r c l a l i z a t l o n .  

For  example ,  while  a p i l o t  u n i t  i s  o p e r a t i n g  to  d e m o n s t r a t e  long term runs  and 

s t a b i l i t y ,  b a s i c  r e s e a r c h  cou ld  be doing p a r a m e t r i c  s t u d i e s  to  de te rmine  optimum 

y i e l d  c o n d i t i o n s .  

These t h r e e  SRT p r o c e s s e s  a l l  have s i m i l a r  a s p e c t s  which make them 

a t t r a c t i v e  c a n d i d a t e s  f o r  c o a l  g a s i f i c a t i o n  as f o l l o w s :  

1 .  Small Reac to r  S i z e  

The small  r e a c t o r  s i z e  i s  bes t  t y p i f i e d  by  comparing c a l c u l a t e d  

t h r o u g h p u t  in  terms of  pound pe r  h o u r o f  coa l  pe r  i n t e r n a l  f t  3 r e a c t o r  volume 
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f o r  the SRT g a s i f i e r s  and o t h e r  g a s i f i e r s  as fo l lows :  

SRT-AVCO 

SRT-Bell 

SRT-Rockwell 

2nd Gen. Modern Koppers-Totzek (3) 

2nd Gen Texaco Montebe l lo  (3) 

Lurgi  (d ry  bed) (2) 

l b  c o a l / h r / f t  3 

14,000 

2,800 

50-2,000 

34 

300 

3O 

Hence the i n s t a l l e d  c o s t  o f  SRT r e a c t o r s  w i l l  be s i g n i f i c a n t l y  cheape r  

than  more developed g a s i f i e r s  due to  the  fo l lowing :  

a) 

b) 

c) 

Less metal  and r e f r a c t o r y  r equ i r ed ,  

Smaller  r e a c t o r s  can be f a c t o r y  assembled and t e s t e d ,  and 

Spare r e a c t o r s  o r  d u p l i c a t i o n  cos t s  are  min imized .  

2. .Handling of  Caking Coals  Without  Problems 

The coa l  i s  i n j e c t e d  a t  r e l a t i v e l y  low t~mpera tu r e s  and wel l  d i s p e r s e d  

i n  the r e a c t o r  before  t empera tu re s  a r e  reached which c o u l d  c--use s o f t e n i n g  and 

a g g l o m e r a t i o n .  The coal  i n j e c t o r s ,  which are  developed £ro~ rocke t  combuscor 

technology for the CS/K Hydrogasiflcatlon and Bell ~R4F Processes, efficiently 

mix the caking coal with reactant 8as in such a way to avoid aEglomeratlon. 

3. Se lec t iv i t . ,y  of  D e v o l a t l l i z a t i o n  Products  

The SRT g a s i f i e r s  combine h igh  tempera ture  and s h o r t  r e s idence  t ime 

f e a t u r e s  t h a t  can a f f e c t  s e l e c t i v i t y  co va luab le  p r o d u c t s ,  such as BTX. 

The h igh  t empera tu res  ensure  r a p i d  and almost  i n s t a n t a n e o u s  d e v o l a t i l i z a t i o n .  

Heavy t a r s  and o i l s ,  which a re  u n d e s i r a b l e  d e v o l a c i l i z a t i o u  b y - p r o d u c t s ,  a re  

e s s e n t i a l l y  hydrocracked to e x t i n c t i o n  very  q u i c k l y .  By l imiting the r e s i d e n c e  

t ime,  however,  the BTX f r a c t i o n  formed from the p y r o l y s i s  or  h y d r o p y r o l y s i s  

r e a c t i o n  may be recovered by quenching  be fore  i t  i s  r e a c t e d  f u r t h e r  to form 

ocher  l e s s  v a l u a b l e  products°  A c ~ l c u l a t i o n  of e q u i l i b r i u m  compos i t ion  

i n d i c a t e s  t h a t  the  BTX f r a c t i o n ,  which i s  a va luab le  b y - p r o d u c t  of  the  CS/R 

Rockwell  H y d r o g a s i f i c a t i o n  p r o c e s s ,  would not  e x i s t .  Th i s  same f e a t u r e  of 
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non-equillbrlum selectivity could also be utilized for higher methane yields. 

Methane fomed in flash pyrolysis ar~ hydropyrolysis, especialy for the Bell 

Single-Stage HMF and AVCO HTG processes, would ~end to decompose at the hlgh 

temperatures. By optimizing the temperature and residence time combinationl 

methane decomposition could be minimized. 

While the SRT gaslfiers offer the above noteworthy features, other 

aspects need to be addressed and resolved Before the SET can be co~nerclalized. 

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

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

and potential explosions. Also the scale-up of the SET gasifler system could 

prove more dlfglcult than for larger gaslflers. For example, scale-up of the 

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

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

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

gaslfler itself is not expected to be dlfEieult, the feed splitting and flow 

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

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

to be significant In delaying the development of the processes. 

5,0 REFERENCES 

(i) Pate1, N. K., Roszkowski, R. T. and White, G. A., "A Screening Evaluation 
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SECTION I I  

ASSESSHENT OF AVCO HTG PROCESS 

1.0 SUI~IARY 

The AVCO RTG process as presented i n  t h i s  s e c t i o n  i s  the r e s u l t  o£ a 

concep tua l  a p p l i c a t i o n  of  l a b o r a t o r y  s c a l e  coa l  p y r o l y s i s  da t a  'to a c o m e r c t a l  

s i ze  p lan t  to produce p i p e l i n e  SNG. The concep tua l  process des i sn  of  the coa l  

t o  SNG p l a n t  was e x t r a c t e d  from a s tudy  performed by the  R.H. Parsons  Co.,  f o r  

t he  Gas Research I n s t i t u t e .  Other da t a  on the AVCO HTC process  in  t h i s  s e c t i o n  

a re  the r e s u l t s  og meet ings  and d i s c u s s i o n s  wi th  AVCO and l i t e r a t u r e  s u r v e y i n g .  

D e t a i l s  of  tha  c o n c e p t u a l  r e a c t o r  des ign  and c o n f l g u r u t i o n  were d i s c u s s e d  but 

a re  nnt  r epo r t ed  here  s i n c e  they  are  cons ide r ed  p r o p r i e t a r y  a t  t h i s  t ime.  

The AVCO HTG r e a c t o r  i s  a t~ao-stage e n t r a i n e d  f low 8 a s i f t e r  employing a 

r ap id  p y r o l y s i s  a ta~e  and a char  eombustor s t a g e .  Pu lve r i zed  c o a l  and steam 

a re  fed  to the p y r o l y s i s  s t a g e :  and cha r ,  oxygen and steam to the  ccmabustor 

s t a g e .  

The HTG r e a c t o ~  should  be cons ide red  in  an e a r l y  s t age  of  development 

e s p e c i a l l y  in  r ega rds  to coup l ing  the  p y r o l y s i s  and combustor s t a g e s  as t h i s  

has never  been done.' 

The AVCO RTG has  the  fol lo~r lng uotevor~hy f e a t u r e s :  

ADVANTAG]~ 

o Extremely h igh  p y r o l y s i s - s t a g e  th roughput  r a t e s  (14,000 l b / h r  of  coa l  

per  £t  3 r e a c t o r )  

o ~Lgh o v e r a l l  coal  to SNG thermal  e f f i c i e n c y  (68X) 

o P r o t e c t i v e  s l a ~ t n g w a l l  i n  the combustor ~ta~e 

o Can handle cak ing coa ls  

I I - I  



DISADVANTAGES 

o Low c o a l - t o - m e t h a n e  c o n v e r s i o n  (11%) 

o High steam r e q u i r e m e n t  (1 .52  lbs steam pe r  lb  MAF c o a l )  

o Modera te ly  h igh  oxygen r equ i r emen t  ( 0 . 6 4  l b s  02 per  lb  MAF 

coal) 

A comparison of the AVCO and the Bi-Cas two-stage coal gasiflers showed 

AVCO to be slgnlflcantly lower in methane yleld 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 timesp 

approachlng 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 Gaslfler began in 1974 for ERDA in the Low Btu Gas 

Program. Inltial testing for coal gaslflcatlon was done in an entrained flow 

gaslfler with coal ~eed rates of up to 120 ibs/hr. Pittsburgh Seam Coal ~ms 

devolatillzed by injectlr~ it lu~o a hot stream of combustion gases formed from 

the burnlng of No. 2 fuel oll with oxygen enriched air. Over 30 data points 

collected indlce~ed thermal devolatillzatlon 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, llowever, It was recognized that without adequate mlxln E with 

background gas (e.g., steam and CO 2) during devolatillzation, considerable 

soot was formed from the unstable volatiles. 

From 1975 thru 1979, AVCO continued investigating devolatlllzatlon yields 

in a Single-Pulse Gaslfier ap?~atus 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 prelgnlted stream of 82 and 02. The important 

observations fro~ these experiments are: 

1. Carbon c o n v e r s i o n  i n c r e a s e s  as the  t e m p e r a t u r e  o f  the  

prelgnlted mixture increases; 

II-2 
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. i n c r e a s i n g  the  t u r b u l e n c e  during p y r o l y s i s  has a d r ama t i c  e f f e c t  on 

t h e  carbon  c o n v e r s i o n  w i th  a more pronounced e f f e c t  a t  lower 

temperatures; 

3. carbon conversion at a given temperature seems to be independent of 

whether pyrolysis is in the presence of N 2 or CO 2. 

Iu p y ~ o l y s i s  PDU work sponso red  by AVC0, s r e a c t o r  which had been 

o r i g i n a l l y  deve loped  f o r  r e s e a r c h  in  c o a l  combust ion f o r  an MHD program,  was 

used as a h o r i z o n t a l  f low,  e n t r a i n e d  bed HTG. Hot gases  a r e  produced by t he  

combus t ion  o f  No. 2 f u e l  o i l  w i th  oxygen e n r i c h e d  a i r ;  c o a l  i s  i n j e c t e d  i n t o  

t h e  h o t  ga se s  a t  a r a t e  o f  1 TPH. The r e a c t o r  i s  o p e r a t e d  a t  4 atln and has a 

run  d u r a t i o n  l i m i t  of  about  1 hour .  T y p i c a l  gas r e s i d e n c e  t ime i s  about  2 

msee. Early tests results have shown volatile yields comparable to that 

obtained with the Single-Pulse Gaslfler. 

As of yet, the HTG has not operated with the combustion gases being 

supplied by the combustion of char. Hence, actual operation of the AVCO HTG, 

which is a two-stage process, has not been demonstrated. However, operation of 

t he  combus tor  with coa l  and oxygen has been demons t r a t ed  in  p r ev ious  (MHD) 

programs .  Opera t ion  wi th  char  and oxygen i s  assumed to  be v e r y  s i m i l a r .  

MHD technology which AVCO has applied to 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 r o t e c t i v e  s l a g  l a y e r  on the  r e a c t o r  

i n t e r n a l  wa l l  from MHD c h a n n e l  s l a g g i n g  work. 

o c h a r  combustor from p r e v i o u s  MH3 c o a l  combustor  work.  

Details of a conceptual design of t he  two-stage HTG reactor made by AVC0 

are not presented in this report as they are considered proprietary a t  this 

time° 

Further details of the development status are a t  the end of this section. 
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1-18 

P 

3,0 PROCESS DESCRIPTION 

The fo l lowing  desc r ibes  the o v e r a l l  conceptual  p rocess  plane of  the AVCO 

HlSh Throughput C a s t f t e r  Process producing SNG from coal  by s e c t i o n s  in 

accordance with the Process Block Flow D£asram, F18. ~I-I and the Maeerial 

Balance, Table ~I-I. This prelim£nary process design ls extracted f~om an 

evaluation study performed by the R.M. Parsons Company under GRI Contract No. 

5010-322-0048. 

3.1 Coal P repara t ion  and Feedtn B 

The coa l  used fo r  the ma te r i a l  balance i s  a P i t t sbu rgh  Seam No. 8 coal  

with the fo l lowing  p r o p e r t i e s :  

Proximate Ana lys i s ,  a s - r e c e i v e d ,  WC. Z 

Moisture  6.0 

Volatile Hatter 31,9 

Fixed Carbon 51,5 

Ash 10.6 

100.0 

Ultimate Analysls (dry) Wt. Z 

C 71.50 

H 5.02 

N 1.23 

O 6.53 

S 4.42 

Ash Ii.30 

100.00 

Heating Value of Dry Coal 

Bcu/ lb  (HHV) 13,190 

HeatinE Value of  Coal As-Received 

Bcu/lb (n~v) 12,~00 

I I -4  
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Raw c o a l  r e c e i v e d  from s t o c k p i l e  i s  c r u s h e d  to 70 p e r c e n t  minus 200 mesh 

and d r i e d  t o  2 we igh t  p e r c e n t  m o i s t u r e  in  t he  c o a l  p r e p a r a t i o n  s e c t i o n .  

The p repa red  c o a l  i s  fed to  a l o c k h o p p e r  sys tem.  A p o r t i o n  of  the  raw 

produc t  gas from the  Heat  Recovery s e c t i o n  i s  used in  the  l o c k h o p p e r  r e c y c l e  

sys tem f o r  p r e s s u r i z i n g  the  lockhoppers  and f e e d i n g  the coa l  to  t he  p y r o l y z e r .  

3.2 Gasification 

3o2ol S ta~e  I - Cha rCombus to r  

The r e c y c l e d  char ,  oxygen,  and steam are  i n j e c t e d  i n t o  the  

combustor  t h rough  n o z z l e s  l o c a t e d  nea r  the  top o f  the  v e r t i c a l  down f l o w  

comhustor .  The c h a r - o x y g e n  mix tu re  i s  f ed  th rough  the c e n t e r  p o r t  o f  the  

injector, while the steam passes through the outer annulus. 

Oxygen and steam a r e  r e g u l a t e d  ~e the  combustor  f o r  t o t a l  

combustion o f  the  r e s i d u e  ca rbon .  The comhus to r  e f f l u e n t  gas h e r i n  E s 

t empe ra tu r e  o f  2400°F and p r e s s u r e  of  600 p s i a  f lows d i r e c t l y  i n t o  the  

p y r o l y z e r  as  the  o n l y  hea t  source  f o r  c o a l  g a s i f i c a t i o n  in  the  p y r o l y z e r .  

The coal minerals form a molten slag on the combustor inner wall 

surface which is continuously replenished. The slag coatln E serves as the 

protective refractory for the combustor. Excess slag is trapped out at the 

bottom of the combustor and quenched in a water bath attached at the bottom of 

the combustor. The shattered slag separated from the quench water is delivered 

to battery limits for disposal. 

3 .2 .2  S tage  II - Coal P y r o l y z e r  

I h l l v e r i z e d  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  t he  h o r i z o n t a l  

f low e n t r a i n e d  bed p y r o l y z e r  which c o n t a i n s  h igh  t empe ra tu r e  gas  f rom the  

c l o s e - c o u p l e d  char  combus tor .  Thermal d e v o l a t i l i z a t i o n  of  c o a l  and homogeneous 

gas  phase r e a c t i o n  a r e  accompl i shed  by e f f e c t i v e  mixin  E of  the  f e e d  c o a l ,  the  

ho t  gas ,  and the i n j e c t e d  steam. At 550 p s i a  and a r e a c t o r  o u t l e t  t e m p e r a t u r e  

of about 1600"F, 48 weight percent of the coal carbon is gasified. 
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3.3  Char S e p a r a t i o n  

The p y r o l y z e r  e f f l u e n t  Eas i s  rou ted  to a d r y  c y c l o n e  s e p a r a t i o n  sys tem 

where the char together with coal-ash is separated from the gas. The cyclone 

off gas is r~ited to a heat recovery system. The solids, eontalnlnE char and 

ash, are recycled to the combuster via a char feeding system. 

3 .4  Char Feeding 

The char  feed ing  sys tem c o n s i s t s  of  l o c k h o p p e r s  s i m i l a r  to the c o a l  f eed  

h o p p e r s .  The hot  cha r  i s  p r e s s u r i z e d  to  about  650 p s i a  in  the hoppers and fed  

to  the combustor  in a dense  phase f low c o n d i t i o n .  The c a r r i e r  gas i s  the  same 

gas used in the coal feed lockhoppers. 

3.5 Heat Recovery 

The gas from the cyclone proceeds to a heat recovery system. The senslble 

heat of the gas is recovered in heat exchangers to generate 1500 pslg steam and 

to preheat boiler feed water. The cooled gas Is than scrubbed with the process 

condensate from downstream of the shift converter to remove tbe solid fines 

which are not removed by the cyclones, These fines are dried and then recycled 

to the char combustor. 

3 .6  S h i f t  

The s o l i d  f r e e  gas i s  d e l i v e r e d  to the s h i f t  c o n v e r t e r  a f t e r  be ing  

r u h e a t e d  to about  600°F by back exchanging wi th  t h e  s h i f t  c o n v e r t e r  e f f l u e n t  

8as- 

3 .7  Acid Gas Removal 

The s h i f t e d  gas i s  coo l ed  to  a p p r o x i m a t e l y  140=F, condensa te  s e p a r a t e d ,  

and the  gas fed to the  Acid Cas Removal s e c t i o n .  S u l f u r - c o n t a i n i n g  ga se s  and 

CO 2 a r e  s e l e c t i v e l y  removed from the gas in  a p h y s i c a l  s o l v e n t  a b s o r p t i o n  

sy s t em such as the S e l e x o l  p r o c e s s .  

Approximate ly  e i g h t  p e r c e n t  of  the d e s u l f u r i z e d  syngas i s  taken f o r  p l a n t  

f u e l  and f o r  supp lement ing  the  f u e l  r e q u i r e d  f o r  s u p e r h e a t i r ~  steam. The 

b a l a n c e  o£ the  syngas i s  r e h e a t e d  to  700°F and passed  over  coba l t  moly c a t a l y s t  
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and z i u c  o x i d e  to  remove t h e  t r a c e  s u l f u r  compounds i n  t h e  g a s .  The s y n g a s  i s  

t h e n  r o u t e d  to  t h e  c a t a l y t i c  m e t h a n a t l o n  s e c t i o n .  

3 . 8  H e t h a n a t i o n  

A h i g h  t e m p e r a t u r e  m e t h a n a t i o n  s y s t e m  such  a s  t h e  RM P r o c e s s @  (1)  i s  

e m p l o y e d  h e r e  to  r e c o v e r  maximum q u a u t i t y  o f  h e a t  r e l e a s e d  i n  t h e  m e t h a n a t i o n  

s y s t e m  £ o r  p r o d u c t i o n  of  1500 p s ~ g  s t e a m .  T h i r t y  p e r c e n t  o f  t h e  gas  f rom t h e  

z i n c  o x i d e  r e a c t o r  i s  f ed  t o  t h e  f i r s t  o f  t he  f i v e  b u l k  m e t h a u a t i o n  r e a c t o r s °  

A s m a l l  q u a n t i t y  of  s t e am i s  a d d e d  to  m o d e r a t e  t he  t e m p e r a t u r e  r i s e  a c r o s s  t h e  

c a t a l y s t  bed  in  t he  f i r s t  r e a c t o r °  The r e m a i n i n g  s e v e n t y  p e r c e n t  o f  t h e  f r e s h  

f e e d  i s  f e d  to  t he  s econd  m e t h a n a t o r o  The e f f l u e n t  g a s  s t r e a m s  f rom t h e  f i r s t  

and ~he s e c o n d  r e a c t o r s  a r e  c o m b i n e d  and f ed  to  t h e  r e m a i n i n g  t h r e e  m e t h a n a t o r s  

c o n n e c t e d  i n  s e r i e s .  Through  t h i s  b u l k  m e t h a n a t i o u  s y s t e m ,  t h e  p r o c e s s  g a s  

t e m p e r a t u r e  i s  p r o g r e s s i v e l y  l o w e r e d  by h e a t  r e c o v e r y  i n  t h e  e x c h a n g e r s  p l a c e d  

b e t w e e n  t h e  r e a c t o r s ,  A f t e r  t h e  £ £ n a l  m e t h a n a t i o n ,  t h e  g a s  i s  c o o l e d  to  

c o n d e n s e  t h e  s t e a m ,  

3 , 9  D r y i n g  and C o m p r e s s i o n  

The g a s  s t r e a m  f rom t h e  b u l k  m e t h a n a t i o n  s y s t e m  i s  t h e n  c o m p r e s s e d  to  t h e  

d e s i r e d  p r o d u c t  p r e s s u r e  and p a s s e d  t h r o u g h  the  t r i m  m e t h a n a t o r  f o r  p r o d u c t i o n  

o f  s p e c i f i c a t i o n  SNG. The d e h y d r a t i o n  o£ the  p r o d u c t  SNG i s  e f £ e c t e d  by a 

g l y c o l  d e h y d r a t i o n  u n i t ,  

3 . 10  S o u r  W a t e r  S t r i p p i n g  

The s o u r  c o n d e n s a t e  c o l l e c t e d  d o w u s t r e a m  of  t he  s h i f t  c o n v e r t e r  i s  r o u t e d  

to  a s o u r  w a t e r  s t r i p p e r .  The s t r i p p e d  c o n d e n s a t e  s u p p l e m e n t e d  w i t h  c o n d e n s a t e  

r e c o v e r e d  i n  the  m e t h a u a t i o n  s y s t e m  i s  r o u t e d  to  the  p l a n t  w a t e r  s y s t e m  f o r  

t r e a t i n g  and r e u s e ,  

3 ,11  S u l f u r  R e c o v e r y  

The s u l £ u r - e o n t a i n i n g  g a s e s  f r o m  t h e  Acid Gas Remova l  s e c t i o n  and f rom t h e  

Sour  W a t e r  S t r i p p i n  E s e c t i o n  a r e  d e l i v e r e d  to  t h e  S u l £ u r  R e c o v e r y  s e c t i o n .  The 

l a t t e r  i n c l u d e s  a C laus  s u l f u r  p l a n t  and a t a i l  g a s  t r e a t i n g  p l a n t  f o r  

p r o d u c i n g  e l e m e n t a l  s u l f u r  as  a b y - p r o d u e t ~  
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3.12 Water T r e a t i n g ,  Steam Superhea t ing ,  and Power Generat ion 

This unit consists of water treating for Blq/ preparation, steam 

s u p e r h e a t i n g ,  and power gene ra t i on  as r e q u i r e d  f o r  the e n t i r e  p l a n t .  

3.13 Oxygen P l a n t  

The oxygen p l a n t  c o n s i s t s  of commerc i a l l y  a v a i l a b l e  a i r  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  oxYEen a t  600 ps ia  to the  cha r  combustor .  

4.0 STRENGTHS AND WEAKNESSES 

4.1 Streugths 

o Effective utilization of oxygen. An advantage of the AVCO HTG 

t w o - s t a g e  concept  i s  t h a t  v a l u a b l e  oxygen i s  used to combust and burn 

out  the  more d i f f i c u l t  to r e a c t  char  i n  the STAGE I combus to r .  The 

h igh  t empera tu r e  combustion gas i s  then  used to supply  the  h e a t  

r e q u i r e d  f o r  the thermal p y r o l y s i s  of  coa l  in the STAGE I I  p y r o l y z e r .  

The steam i n j e c t e d  to the  STAGE I I  p y r o l y z e r  i s  used f o r  homogeneous 

gas phase stabillzation reactions; no steam-coal/char heterogeneous 

rea~tlon is claimed to occur in the pyrolyzer. 

O n lgh  t h r o u g h p u t  r a t e ;  s h o r t  r e s i d e n c e  t ime .  AVCO e s t i m a t e s  t h a t  the 

pyrolysis reactor can be operated at a coal feed rate of 14,000 

I b s / h r  per f t  3 of r e a c t o r  volume a t  the p resc r ibed  p rocess  

c o n d i t i o n s .  This corresponds  to  a r e s idence  t ime o f  40 

milliseconds. 

Sla~ing wall combustor. Since the temperatare in the char combustor 

can be in excess of 3000OF, the coal ash is converted into molten 

slag. A continuously replenishable steady state slag coating which 

is formed on the wall structure serves as a protective refractory 

material. 

High carbon u t i l i z a t i o n .  The coupled  ccmbus to r -py ro lyze r  g a s i f l e r  i s  

p o t e n t i a l l y  capable  of o p e r a t i n g  a t  n e a r l y  100Z 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  s t ream produced in  the  p l a n t .  
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H i _ ~ h e r m a l  e f f i c i e n c T .  68.4Z o f  the  thermal  enerEy i n p u t  in  the  

coal  feed i s  conve r t ed  to the  SNG p r o d u c t  ( co ld  Eas e f f i c i e n c y ) .  

Clean p r o c e s s .  Ammonia and t a r / o i l  l i q u i d  hydrocarbons may be 

produced on ly  i n  a n e E l i E i b l e  q u a n t i t y .  No e x t e n s i v e  l i q u i d  e f f l u e n t  

t r ea tmen t  i s  r e q u i r e d  in the p roces s .  

N_o utlllty,cosl requirement. Sufficient high pressure steam (1500 

Psis) can be Eeuerated with the process heat recovered in the heat 

exchanEers and by utilization of a hIEh temperature methanatlon unit. 

No coal-flred steam boiler is required to supplement the plant steam 

requirement. 

Self-sufflclent plant fuel requirement. A small sllp stream of 

desulfurized product syngas (prior to methanatlon) is used to 

supply the plant fuel gas requirement. No additional flue Eas 

desulfurlzatlon is required. 

Dense phase f e e d i n g .  Both the p r o c e s s  c o a l  and the r e s i d u a l  char  a re  

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

Eas and smaller transfer lines are expected. 

F l e x i b l e  a p p l i c a t i o n .  The E a s i f i e r  produces H2, CO, CO 2 and a 

l e s s e r  q u a n t i t y  of  CH 6. With s e l e c t e d  downstream p roces s inE ,  the  

gaslfler can be used for 8eneratlnE low Btu Eas, medium Btu 8as, 

synthesis gas, or hIEh Btu Eas. Also, cak/n g coals are acceptable 

feeds to the HTG. 

4.2 Weaknesses 

o Low coal-to-n~thane conversion. Experiments indicated a typical 

pyrolyzer effluent Eas contains about 6.5 volume percent of methane 

on a dry basis, representlug a carbon conversion to CH 4 of only 

about IO-15Z. In the conceptual process shown in FIEure II-l, only 

about 30X of the total SNG is produced in the HTG reactor. 
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Weak da ta  base ,  The c o n c e p t u a l  p roce s s  design i s  based on the  

i n f o r m a t i o n  e x t r a c t e d  f rom l a b o r a t o r y  e x p a r ~ n e n t a l  d a t a .  Most of  t h e  

r e e e a r c h w o r k w a s  pe r fo rmed  on a ba t ch  p r o c e s s  e x p l o s i o n  chamber 

r e a c t o r .  No da t a  from a con t i nuous  s t e a d y - s t a t e  run a re  y e t  

a v a i l a b l e  a t  t h i s  t ime .  F u r t h e r  development  work i s  mandatory to  

s u b s t a n t i a t e  the  p r e l i m i n a r y  da ta  used f o r  the  c o n c e p t u a l  d e s i g n .  

High m a t e r l a l  consumpt ion .  A ccmpar l scn  on the  f e e d s  per  NM Btu of  

p r o d u c t  SNG i s  t a b u l a t e d  below.  The BCR Bi-Gas p r o c e s s  i s  v e r y  

similar functionally to the AVCO HTG; the major difference is that 

the AVCOHTG has much h i g h e r  reactor throughput. 

AVCO RTG BCE BI-CAS (2) 

Lbs 02 62.98 43.04 

Lbs process steam 159.18 82.64 

Lbs DAF coal 

Process 98.35 85.88 

Utility - 13.02 

o 

Total 320.51 

(lbs. per ~ Btu SNC) 

224.58 

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

f o l l o w i n g  a r e a s  need s i g n i f i c a n t l y  more development  work: 

ho t  char  r e c y l e  i n c l u d i n g  char  r e c o v e r y ,  r e p r e s s u r i z i n g ,  

and dense phase f low tc  the  cembustor  

hea t  r e c o v e r y  from the  h igh  t e m p e r a t u r e  syngas and 

e n t r a i n e d  s o l i d s  to g e n e r a t e  h igh p r e s s u r e  steam 

c o n t r o l  scheme t o  keep c l o s e  c o n t r o l  on the  f l o ~  of  two 

s o l i d s  s t r e a m s ,  c o a l  and hot  c h a r ,  which i f  e i t h e r  were 

interrupted, would shut  the gaslfier down. 
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5,0 POTENTIAL IMPROVEMENTS 

The following items are being suggested as potential solutions to problem 

areas that appear t o  exist as the process is now proposed by the developer. 

These also take into account t he  stage of development of  the overall process 

and the conceptual status of many of the companion operations to and around the 

proposed  g a s i f i c a t i o n  s t e p .  They a r e  the  r e s u l t  of  r ev i ewing  i tems  ment ioned 

In  o t h e r  s e c t i o n s  such as weaknesses~ a l t e r n a t e s ,  d i s a d v a n t a g e s  and s t a t u s  of  

deve lopment .  I t  i s  not  s u g g e s t e d  t h a t  t h e s e  a re  the  f i n a l  s o l u t i o n s .  They a r e  

p o t e n t i a l s  o n l y ,  viewed f r c a  the p e r s p e c t i v e  of  t h i s  a s s e s s m e n t ,  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 e v a l u a t i o n  p r i o r  to t e s t i n g .  I t  i s  f o r  

this reason t h a t  they are called potential improvements. 

5 .1  Oxygen/Steam U t i l i z a t i o n  

The t w o - s t a g e  HTG concep t  p roposed  by AVCO i s  to  use  the v a l u a b l e  oxygen 

to  combust and burn the  l e e s  r e a c t i v e  char  in  the  eombuator s t a g e  and to use  

s team + CO 2 t o  s t a b i l i z e  and r e a c t  w i th  the  more r e a c t i v e  v o l a t i l e s  evo lved  

from c o a l  in  the  p y r o l y z e r  s t a g e .  This i s  c o n t r a s t e d  w i th  a s i n g l e - s t a g e  

gaslfler, e.g., the Texaco ~elfler, where the valuable oxygen is consumed by 

heterogeneously reacting with the char and by reaction with the volatiles. 

However, a compar ison of the  steam and oxygen consumption of  the  AVCO 

two-stage gaslfler t o  that of the Bi-Gas two-stage gasifler (2~-- shows 46Z 

higher oxygen and 93Z higher steam usage per MMBtu of SNG final product. Also, 

the coal carbon converted t o  CH 4 in the AVCO two-stage gaslfler is much 

lower: 11% versus 24% for BI-Gas. 

I t  i s  s u g g e s t e d  t h a t  ArC0 i n v e s t i g a t e  in  t h e i r  PDU t h e  f o l l o w i n g :  

(a)  h ighe r  p r e s s u r e s ,  approach£ng 1000 p s i a  

(b) h i g h e r  p y r o l y s i s  r e s i d e n c e  t i m e s ,  in  the  o rde r  

of  s e v e r a l  seconds  

( c )  lower  p y r o l y z e r  o u t l e t  t e m p e r a t u r e s  
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The purpose  of s u g g e s t i n g  the  above i s  to maximize the  CH 4 y i e l d s  i n  the  

g a s i f i e r  by a l lowing  the  gas phase and h e t e r o g e n e o u s  r e a c t i o n s  to produce  more 

methane.  The o b j e c t i v e  would be to r educe  the  oxygen and steam consumpt ion to  

that of the BI-Gas system while simultaneously increasing the CH 4 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 

CH 4 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 20Z; (3) with N. Dakota Lignite, conversions from 

11 to 17% were achieved (4). Condltlons of the testing were similar to 

AVC0 except the pressure was about I000 psia and the residence times ranged 

from 2 to 16 sec. Hence) although a yleld of coal carbon to methane of 24Z 

seems optimistic, higher conversion than AVCO has realized are entirely 

posslble by pressure and residence time adjustments. 

5.2  S y n t h e s i s  Gas P r o d u c t i o n  

The AVCO HTG p y r o l y z e r  p roduces  a s i g n i f i c a n t  , but  r e l a t i v e l y  smal l  amount 

o f  methane:  on ly  11 p e r c e n t  of  the  c o a l  carbon i s  c o n v e r t e d  to  CH 4. When 

produc ing  SNG, or  a f u e l  gas to  be used f o r  combust ion ,  the  methane y i e l d  

should  be maximized, However~ where a syngas i s  to  be used f o r  hydrogen 

p r o d u c t i o n ,  F i s c h e r - T r o p s c h  s y n t h e s i s ,  methauol  s y n t h e s i s ,  e t c , ,  t he  p r o d u c t i o n  

of  methane should  be minimized so t h a t  c o s t l y  s e p a r a t i o n  of  the CH4, e . g . ,  by 

c r y o g e n i c  s e p a r a t i o n ,  can be e l i m i n a t e d .  I t  i s  sugges t ed  t h a t  AVCO i n v e s t i g a t e  

in  t h e i r  PDU the  c o n d i t i o n s  r e q u i r e d  to  g ive  e s s e n t i a l l y  no methane.  Uigher  

p y r o l y z e r  t e m p e r a t u r e s  and lower steam usage a r e  methods which should  reduce  

the  methane y i e l d .  

5 .3  Combined Gas and Power P r o d u c t i o n  

To c a p i t a l i z e  on AVC0's knowledge of  coa l  p y r o l y s i s  and MHD power 

g e n e r a t i o n ,  i t  i s  sugges t ed  t h a t  they  f u r t h e r  i n v e s t i g a t e  the  i n t e g r a t i o n  of 

the  combus to r ,  c h a n n e l ,  and p y r o l y z e r .  This  a r rangement  has the  advan tage  o f  

p roduc ing  gas as we l l  as power which could  be used f o r  p l a n t  r e q u i r e m e n t s .  The 

added c o m p l e x i t y  i s  seed i n j e c t i o n  and s e p a r a t i o n  as r e q u i r e d  in  an MHD power 

cycle.  
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6.0 COHPONENTS ~QUIRING DEIrgLOPME~r 

6.1 Dense Phase Feed System 

In  the proposed HTG g a s i f i c a t i o n  p r o c e s s ,  two dense phase feed sys tems  a r e  

r e q u i r e d ;  one f o r  c o a l  f e ed ing  and one f o r  cha r  f e e d i n g .  At the  p r e s e n t  s t a g e  

o f  developmeutp the a c t u a l  feed  system has no t  y e t  been s e l e c t e d  by the  

deve lope r .  P r e s s u r i z e d  lockhopper  systems must be used,  The deve lope r  i s  

c o n s i d e r i n g  to use raw product  gas as  the  lock  gas .  A gas  r ecove ry  and r e c y c l e  

sys tem would be n e c e s s a r y  to  minimize {he v a l u a b l e  gas v e n t i n g  to a tmosphere .  

&VCO has  expe r i ence  wi th  dense phase c o a l  t r a n s p o r t  and f eed ing  up to 2 

hours  d u r a t i o n .  A con t inuous  f eed ing  system f o r  a !onger  t ime s c a l e  ~has y e t  to  

be demons t ra ted .  

The c o a l / c h a r  I s  i n j e c t e d  a t  a p o i n t  of  l~t@h Reynolds number and near  

son ic  v e l o c i t y  in the  main s tream in  a manner t h a t  encournges f a s t  t u r b u l e n t  

mixing of  the  s o l i d s  and m i n  s t ream.  The i n j e c t i o n  of  a coa l  s t ream i n t o  a 

main s t ream of near  s o n i c  v e l o c i t y ,  y e t  m a i n t a i n i n g  optimum t u r b u l e n t  mix ing ,  

may p r e s e n t  d i f f i c u l t  f l u i d  mechanic problems.  

6.2 Char Combustor 

l~e  des ign  of  a char  combustor to ope ra t e  i n  s e r i e s  wi th  the p y r o l y z e r  

would a l s o  be des igned  on the  concept  of  h igh  t empera tu re  r a p i d  g a s i f i c a t i o n .  

The s l a g g i n g  wa l l  combustor concept  i s  based on r e l a t e d  work performed by AVCO 

in  t h e i r  c o a l - f i r e d  HHD program. However, t he  p r o p e r t i e s  o£ the  char  a r e  

undoubted ly  d i f f e r e n t  from the  p r o p e r t i e s  of  t h e  c o a l .  Mechanical  f e a t u r e s ,  

combustion s to i ch iomec~y ,  e f f e c t s  o f  ash c o ,  p o s i t i o n  and c o n c e n t r a t i o n ,  and gas 

m o l t e u - s l a g  s e p a r a t i o n  requi~e  speeSal  a t t e n t i o n  i n  the  development of  the  char  

combustor. 

6.3  Reac to r  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  the  proposed HTG sys tem has not  y e t  

been s t u d i e d .  The t u r n  down r a t i o  i s  an impor t an t  parameter  to  the  a p p l i c a t i o n  

of  s l a g s i n g  r e a c t o r  w a l l  s t r u c t u r e  t echno logy  an~ to  the  p rocess  e n g i n e e r i n g  of  

the  process. 

TI--13 



E s t a b l i s h i n g  and m a i n t a i n i n g  a con t inuous  s t e a d y  f lowing  l a y e r  o f  mol ten  

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  shea r  and body f o r c e s  on the  s l a g  

and the s l ag  v i s c o s i t y ,  which i s  dependent  on t e m p e r a t u r e .  L i m i t s  o f  the~z 

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

p a t t e r n  ,my r e q u i r e  f u r t h e r  seudy .  

From a process englneerln8 point of view, a piece og equlpmentwhlch has 

limited turn down ratio can be the bottle-neck of the entire process. Costly 

plant shut down could be caused ~ not allowing for an adequate reactor turn 

down ratio in the process design. 

6.4  C o n t r o l  and S a f e t y  Systems 

At the  p r e s e n t  s t a g e  o f  ~eve lopment ,  t he  c o n t r o l / i n s t r u m e n t a t i o n  and 

s a f e t y  sys tems f o r  a t w o - s t a g e  HTG r e a c t o r  have not  been deve loped  on any 

scale, The following items represent some major points which require special 

attention: 

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  f low c o n t r o l  sys tem f o r  s o l i d s .  

o a s a f e t y  c o n t r o l  sys tem which can p r e v e n t  the  p o s s i b i l i t y  of  an oxygen 

e x p l o s i o n  caused by u p s e t  c o n d i t i o n s  such as l o s s  of  cha r  f eed ,  l o s s  of 

coa l  f e e d ,  l o s s  o f  s team,  e t c .  

o a s u i t a b l e  i n s t r u m e n t a t i o n  sys tem which can a d e q u a t e l y  c o u t r o l  tM.s 

v e r y  s h o r t  r e s i d e n c e  t ime g a s i f i e r .  

7 .0  DEVELOPMENT STATUS DETAILS 

AVCO's e x p e r i e n c e  in  MHD development  e n t a i l e d  new s t u d i e s  of  coa l  and gas 

b e h a v i o r  a t  h igh  t e m p e r a t u r e  and r e l a t e d  t e c h n o l o g i e s .  Bas ic  and a p p l i e d  

r e s e a r c h  on c o a l  u t i l i z a t i o n  l ed  to  a c o n c e p t u a l  t w o - s t a g e  g a s i f i e r  sys tem:  

Stage I i s  a cha r  combustor  and S tage  I I  i s  a coa l  p y r o I y z e r .  The proposed 

t w o - s t a g e  g a s i f i e r  has not  y e t  been f u l l y  tes~.ed in  the  l a b o r a t o r y .  D e t a i l s  of  

the  c o n c e p t u a l  des ign  a re  c o n s i d e r e d  p r o p r i e t a r y  a t  t h i s  t ime .  Most of the  

p y r o l y s i s  da t a  ga the r ed  ar~ ~rom s i n g l e - p u l s e  g a s i f i e r  e ~ p e r i m e n t s .  The 
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t e c h n o l o g i c a l  i n f o r m a t i o n  and d~velopment s t a t u s  of the  r e l a t e d  components 

which have been t e s t e d  o r  a re  under t e s t i n g  a r e  g iven  as f o l l o w s :  

(L) P y r o l y s l s  Work 

o Entrained Flow Gasi£1er Experimentation 

o Sinsle-Pulse Gasifier (batch) Experimentation 

o Pyrolysis PDU (high velocity) Experimentation 

(2) Slag Utilization 

(5) MRD Coal  Combustor Work 

(6) A n a l y t l c a l M o d e l i n g  Work 

(5) F u t u r e  HTG C a s i f i e r  PDU Development 

7. I P y r o l y s i s  Work 

7.1.1 Entrained Flow Gaslfler Experimentation 

o Funding Ageucy: ERDA - Low Btu Gas Program 

o P r o j e c t  P e r i o d :  1~74-1975 

o P r o j e c t  O b j e c t i v e s :  

E x p l o r a t i o n  o f  t h e  r a t e  and e x t e n t  o f  c o a l  d e v o l a t i l £ -  

z a t i o n  u s ing  t h e  MltDcombustor ove rhead  gas as  t h e  h e a t  

s o u r c e .  

o Test F-~cillty: 
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The e n t r a i n e d  bed g a s i f i e r  expe r imen t  s e t - u p  i s  shown in F ig .  

I I - 2 .  The sys tem c o n s i s t e d  of  a v e r t i c a l  down-flow g a s i f l e r  w i th  

top  mounted o l l  burner  and a u x i l i a r y  equipment  with c o a l  feed  

r a t e s  o f  up to  120 1b /h r .  

o Test Conditions: 

Coal (70%-200 mesh) was fed t h rough  t h r e e  radlally-allgned 

injectors at a rate of 50 to 120 Ibs/hr. ~u coal particles were 

heated up rapidly and devolatillzed as they got entrained in the 

hot gases produced by combu3tlon of No. 2 fuel oil with 

oxygen-enrlched alr. 

The volatiles and char were intermixed and reacted ~rlth the hot 

gases as the stream flows downwards, All the reactlous were 

quenched by cold water  j e t s  a t  t he  bot tom of the gaslfler. Char 

particles were collected in the char collector for char analysis. 

Gas samples sucked through the sampllng probe were analyzed by 

o n - l i n e  £k d e t e c t o r  or  by gas ch roma tog raphy .  

The gaslfler was ope ra t ed  a t  atmospheric pressure. Gas 

temperature (without coal) was measured In a range of 2780 ° to 

3590°F. Coal-gas mixture residence time ~as set in a range of 7 

t o  70 m i l l i s e c o n d s .  

o Tes t  R e s u l t s :  

Over 30 da t a  p o i n t s  i n d i c a t e d  the rmal  d e v o l a t t l i z a t i o n  £n the  

range of 35 to 68% of the origlnal DAF coal carbon into low Btu 

gas with a typical residence time in the order of 50 msecs. 

I t  was a l s o  acknowledged t h a t  I n a d e q u a t e  mix i r~  of v o l a t i l e s  and 

background gas du r ing  d e v o l a L l l i z a t i o n  caused s i g n i f i c a n t  soo t  

f o r m a t i o n ,  
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7.1.2 Single-Pulse Oas~Eier Experi.aentatlon 

o Funding Agencies :  AGA/GRI 

o P r o j e c t  P e r i o d :  1975-1979 

o P r o j e c t  ObJec t tves~  

I n v e s t i E a t i o n  on v o l a t i l e  yields of p u l v e r i z e d  coal under  ex t reme 

~ondltlens of initial coal-sas mixing, temperature and heating rate. 

o Test Facility: 

The experimental apparatus is shown in FiE, ~I-3.  The lmtch process 

explosion chamber is made of an aluminum cylinder (25 cm ID x 24 cm) 

with steel end plates. Piezoelectric pressure transducers, one on each 

end flange, were used to measure the very rapid pressure change. 

A c o a l  h o l d e r  with p e r f o r a t e d  bot tom p l a t e  was mounted in  the chamber 

bottom £1a~e. A pressurized gas reservoir was isolated from the 

explosion chamber by a quick acting ball valve. 

o T e s t  C o n d i t i o n s :  

B e f o r e  each run ,  c o a l  was p l a c e d  In the  c o a l  h o l d e r  and the chamber ~ms 

evacuated. Depending on the experiment, 02, 02 + CO2, or 02+ 

N 2 was then loaded in the chamber to about 1 atmosphere. Coal was 

blown into turbulent suspension by H 2 gas from the reservoir. 

Rapid gas phase combust ion  by spa rk  i g n i t i o n  of  s t o i c h l o m e t r l c  

h y d r o g e n - o x y g e n  m i x t u r e  r e s u l t e d  in  a s u p e r h e a t e d  s team env i ronmen t .  

The dombustion was f o l l o w e d  by h e a t i n g  of  the  c o a l  p a r t i c l e s  by the  

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

w i t h  the background ga s ,  
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AC the  end of  each  run, the  produce  uas coo led  by heaC ~ a n s f e r  to Che 

wal ls o f  the  chamber° 

E v a l u a t i o n  of  the  expe r imen t  ~ s  based on examtnaClon o f  the gas and 

c h a r  which remained a t  t he  end o f  the  run .  

o Tes t  Results= 

The s c a b t l t z e d  gas compos i t i on  v a r i e s  wlch e x p e r i m e n t .  TypXcal gas 

y l a l d s  on a d ry  b a s t s  c o n s i s t s  o f  H 2,  &5.1Z, CO, 29 .0Z ,  0 )  2,  19.4Z,  

CH 4, 6.5X. The e x p e r i m e n t a l  r e s u l t s  were s m m a r t z e d  i n  fou r  groups 

and a r e  g iven  as f o l l o w s .  

( a )  Steam as background gas 

ParameCer Invest igated:  

coal mass loading 

Pos t  ExpIpslon* 

5800 HIA 

EXPERIMENTAL P~SULTS: 

Mass Loading Number 
l b .  DAF Coa l /  of  ~ s  Y ie ld  
l b .  Steam D a ~  Z Carbon 
Gene ra t ed  P o i n t s  Convera .  

0.3 1 80 
0.6 2 70,85 
0 .8  3 60,61,65 
1.2 1 50 
1.6 1 42 
2.0 1 38 
2.1 1 35 
2.5 I 32 
5.5 l 18 
9 .2  1 10 
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As i s  e v f d e n t  from the  above d a t a ,  the  Z carbon c o n v e r s i o n  

d e c r e a s e d  as the c o a l / s t e a m  r a t i o  i n c r e a s e d .  

(b) CO, CO 2, and steam as background san ( i n i t i a l  s a s  

CH1.8402.12):  
Paramete r  £ n v e s t i s a t e d :  

d £ £ £ e r e n t  t empera tu re  a t  a c o n s t a n t  mass load2ns o£ O. 33 DAF 

c o a l / t o t a l  gas .  

E x p e r i m e n t a l  R e s u l t s :  

l~mber o£ 
• P o s t  E x p l o s i o n  Data 

~ eoints 

Gas Yie ld  
Z Cnrbon Z Carbon6 
Convers .  Convers ion  

4330 13.8 6 20, 21, 41, 47 
25, 30 

4800 15.3  4 35,  46 69, 76 

5350 17.3 4 55, 60 64, 74 

From t h e  above d a b ,  two i m p o r t a n t  o b s e r v a t i o n s  can  be made: 

(1)  As t h e  t empera ture  of  the  s team produced in  the  e x p l o s i o n  

c~amber goes up, the  ca rbon  c o n v e r s i o n  i n c r e a s e s  

(2) Z n c r e a e l u  S the  t u r b u l e n c e  has  a d rama t i c  e f f e c t  on the  carbon 

c o n v e r s i o n  wi th  a more pronounced e f f e c t  a t  lower  

temperaCures  

(c )  CO 2 and s team as background g a s :  

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

d i f f e r e n t  t empera tu res  a c h i e v e d  by v a r y i n g  the CO 2 c o n c e n t r a t i o n  

a t  a c o n s t a n t  mass l o a d i n g  of  0 . 8  l b s .  DAF c o a l / l b ,  s t eam.  

; 

• P o s t  Exp. Temp = C a l c u l a t e d  a d i a b a t i c  t e m p e r a t u r e  f o r  H 2 and oxygen 
r e a c t a n t s  on ly  b e f o r e  c o a l  i s  i n j e c t e d .  

6 I n c r e a s e d  t u r b u l e n t  m2x£ns. 
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KxperJ~eutal  R e s u l t s :  

Gee Yt.aZd 
Number of Z Carbon 

T. *F Data Fe in t s  Convers ion 
- -  _ • , ,  , 

5700 2 62, 66 
0. S 5200 2 57. 65 
hO 4700 2 49o 49 
1,5 4250 2 49, 52 
2,2 3850 2 45. 49 
3.0 3500 2 40, 41 
3.5 3.1.50 2 40, 41 

As shone by the  above d a t a .  deereami18 the  tempera ture  by the  

add i t i on  of CO 2 as  a di2uent  d e c r e a s e s  the  Z carbon convore£on. 

(d) N 2 n d  e t : e a  u bockground p c :  

Parms.c~er I n v e s t / a n t e d :  

d i f f e r e n t  t empera tu re  l e v e l s  ach~Levud by vary/.u8 the N 2 

c o n c e n t r a t i o n . .  

E x p e r i m n t a l  Reau l t8 :  

Hass 

lb .  DAF con. 
Lb. 8teem 

0.8 

1 5300 
2 4750 
3 4300 
3.5 4100 
4 3900 
5 3450 
6 3100 

7 2850 

8 2600 
9 2400 

* P r e e e u r e  In a ranae of  10 co 20 atria.  

Uuaber 
o f  Cae Yie ld  
Data Z Carbon 
P o / n t s  Convers. 

62,66,75 
76, 80 

2 60. 70 
2 49. 50 
2 46, 46 
2 51~ 53 
2 46, 46 
2 51, 51 
4 45. 46 

46. 47 
4 44p 45 

46. 50 
2 441 45 
3 ~.5, 45, 

45 
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As shown by the above  d a t a ,  decreasing the t e m p e r a t u r e  decreases 

the % carbon converalou similar to what was Observed when CO 2 was 

used as the diluent. The interesting observation here is that the 

CO 2 dldntt appear to help carbon conversion since the results at 

total mass loading of 0.8 are slmilar for CO 2 and N 2. Hencep 

heterogeneous reaction of CO 2 and char were apparently 

negligible, 

7.1.3 Pyrolysls PDU Experimentation 

o Funding Agency: AVCO internal funds 

o Project Period: Contlnulug 

o Project Objectives: 

Demonstrate thermal pyrolysis of coal in a high velocity 

e n t r a i n e d  bed r e a c t o r  p roduc ing  comparab le  v o l a t i l e  y i e l d s  w i t h  

the  y l e l d s  o b t a i n e d  in  the  ba tch  r e a c t o r  e x p e r i m e n t s  

(Single-Pulse Gasifler). 

o Test Facility: 

The r e a c t o r ,  developed origlnally f o r  research in c o a l  

combust ion f o r  open c y c l e  MHD, has been o p e r a t e d  as  a h o r i z o n t a l  

flow, entrained bed pyrolysis PDU. The reactor has internal 

dimensions of 15 ca diameter and 180 cm long. Coal feed rate is 

about 1TPH. 

o Test Conditions: 

Hot gas was p roduced  by combus t ion  of No. 2 f u e l  o i l  with 

oxygen enriched air. Coal was injected i n t o  the hot gas at a 

rate of l ton per hour. The reactor was operated at 4 

atmospheres. Total run time is limited to about I hour which is 

set by the coal feed hopper capacity. Typical gas residence 

time is about 2 msec. 
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o Tes t  R e s u l t s :  

E a r l y  test 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 

with the results obtained for the S£nEle-Pulse Gaslfier 

experiments° Results were reported as a composite of test data 

points, 

Mass Loading 
(ibs DAF C~al/ 

ib ~as) 

0.4 

0.8 

Reaction Conditions 
Gas Yie ld  

P.z__~_A~ ~ / . ~  %Car~n Convers. 

4300 4 N/A 65 

4300 4 N/A 50 

Recent efforts were directed to the areas which would more 

nearly represent the e1~mente of the proposed two stage 

8aslfieatloneoncept, 

More experiments were performed in the direction of lowering the 

reaction temperature. The nitrogen concentration is reduced by 

replacing N 2 with ~rater/steam. 

Preliminary findings revealed that the stabilization of 

pyrolysis products such as CO, H2, and CR 4 is sensitive to 

the composition of the background gas stream and to the 

placement of the coal injectors. The experiment results are 

still in the process of analysis; data have not been released 

yet, 

7.2 Slag Utilization 

o 

o 

Funding Agency: 

Project Period: 

EPRI 

1975 - 1977 
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O P r o j e c t  O b j e c t i v e s :  

Investigation on the requirements for development of a continuous, 

stable layer of slag for structural protection In MHD systems. 

Tes t  F a c i l i t y :  

The test  duct ~as about 80 cm long, wi th  a fixed height of 6 cm, and 

ad justab le  w id th ,  entrance and e x i t  geometry to con t ro l  Hath number 

d i s t r i b u t i o n .  The tes t  s t ruc tu re  exposed to the two-phase product 

flow normally included two oc three different ceramic filled test 

wall structures, bare copper~ and nlckel-plated copper. Stainless 

steel 304 was used as end blocks in the supersonic configuration. In 

some cases, the convergent section between the combustor and HHD 

channel was made of cold copper (non-slagging) wlth about I0 cm 

contraction length; in others controlled contour slagging contraction 

was used. 

Test Conditions: 

The experiments employed c o a l  slag resulting from injection of either 

pulverized coal, fly ash~ or fly ash plus other minerals, into a fuel 

oil fired combustoro 

Typical test conditions were summarized as follows: 

Combuscor: AVCO ME VZ 

Primary Feed: O -N -CH 

Hath Number: 0°6 - 0.7 

Residence Time(msec): 15 

Initial Pressure (psia): 30 - 35 

Initial Temperature: 2800 - 2900 

Replenishment f e e d :  Penn Rilton 

Seacoal 

(Pittsburgh Seam) 

EPRI 

O -N -CH 

1.1 - 1.6 

9 

55 - 63 

2500 - 2600 

Fly ash 
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o Test R e s u l t s :  

E x p e r l m e u c s  u n d e r  b o t h  s u b s o n i c  and s u p e r s o n i c  c o n d i t i o n s  i n d i c a t e d  

t h a t  a s t e a d y  s t a t e  c o n t i n u o u s  f l o w  o f  a s l a g  l a y e r  c o a t i n g  on t h e  

metal wall structure was aehleved in a typical t i m e  of 30 minutes. 

The slag surface temperature was found to be about 2500" to 3000OF 

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 h a s  been demonstrated by hundreds of hours of long 

d u r a t i o n  r u n s  a t  AVCO's laboratory. 

7.3 MHD Coal Combustor Work 

Funding Ageucy~ 

Project Period: 

Project Objectives: 

DOE 

1976 - P r e s e n t  

~ m s e  i - I n v e s t i g a t e d  t h e  bu rn  ou t  and c o m b u s t i o n  a i r  p r e h e a t i n g  

facility. 

P h a s e  2 - D e s i g n e d  and b u i l t  a c o a l  c o m b u s t o r  f o r  an  F~D s y s t e m .  

P h a s e  3 - T e s t  t h e  c o m b u s t o r ,  bmD c h a n n e l s  w i l l  be c o u p l e d  to  t h e  

c o m b u s t o r .  

o T e s t  F a c i l i t y :  

A c o a l - f i r e d  c o m b u s t o r  was d e s i g n e d  f o r  a 20 MN ~ D  s y s t e m .  The 

c o m b u s t o r  i s  d e s i g n e d  t o  o p e r a t e  w i t h  a s l a g g i n g  w a l l .  
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o Tes t  C o n d i t i o n s :  

The combustor i s  o p e r a t e d  a t  abou t  4800°F and 5 arm w i t h  a c o a l  f e e d  

r a t e  o f  2 tons  per  hour .  

o Tes t  Results: 

Several of 90 minute rues lmve demonstrated the viability of the slag 

protected reactor walls and good combustion performance. The reactor 

d e s i g n  app roach  i s  v e r i f i e d .  

7.4 A n a l y t i c a l  Modeling Work 

Pyrolysis and Combustion 

Input: Fuel; oxidant; glow description 

Model: Mixing and Elow dynamics 

Heat~ mas~ momentum exchange 

Pyrolysis kinetics 

Heterogeneous reaction 

Thermochemlstry 

C a p a b i l i t y :  

Sla 8 Flow 

Inputs. 

Performance prediction 

Optimization calculations 

Equlpmen~ sizing calculations 

Gas Flow; wall structure 

Model: ||eat, mass, momentum transport 

Viscosity dependence 

Stability 

C a p a b i l l t y :  Slag layer thickness, temperature, 

flow calculations 

Transient glow calculations 

Optimum wall structure cal'culations 

Optimum slag tapping calculations 
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7.5 Future HTG Casifler PDU Development 

Development of the RighThroughput Gasification (HTG) PDU is visualized by 

AVCO in terms of the following milestones: 

Pyrolysis stage coupled ~rlth a liquid fueled combustor wlth oxygen 

and steam as i n p u t .  Pr imary  emphasis w i l l  be p laced  on e x p l o r i n g  

coal injection and partlcle size for maximum pyrolysis yield. The 

tests ~Iii be done under conditions appEoprlate to char recycle 

c o n d i t i o n .  F ly  ash w~.ll be added to p rov ide  a s l a g  source .  

O C h a r  combustor development will be d o n e  based on the technology 

evolved from the coal combustor for open cycle l~Dprogram. 

0 Development of high temperature cyclones to separate char from the 

pyrolysls product gas. AVC0 expects to capitalize on the experience 

obta ined  dur ing  the o p e r a t i o u  of  the  BCR Bi-Gas p l a n t .  

o Development of an Integrated system consisting of char combustor, 

coal pyroly~er, cyclone separation, and char recycle. 

8.0 FUNDAMENTALS OF SRT GASIFICATION AS APPLIED TO THE AVCO HTG GASIFIER 

The AVCO HTG Process consists of two stages: the pyrolysis stage and the 

char combustor stage. Although each stage is dependent on the other, the 

followlng discussion will treat the stages separately. 

8.1 Pyrolysis Stage 

AVCO has given considerable effort to the basic understanding of rapid 

p y r o l y s i s  in  an e n t r a i n e d - f l o w  c o a l  g a s i f i e r .  By combining d a t a  e x t r a c t e d  from 

the  l i t e r a t u r e  aud from t h e i r  own p y r o l y s i s  experimentsD AVCO has p o s t u l a t e d  a 

mechanism for rapid coal pyrolysls(5'6). 

Pulverlzed coal (70% minus 200 mesh) is injected into hot combustion gases 

from the char combustor. The hot gases, which are at temperatures around 

3000°F and consist mostly of CO, CO 2 R 2 and H20 , are injected Into the 
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pyrolyzer stage at hiEh velocities to effect good mixing with the coal (note 

that the pressure drop of the combustion Eases from the combustor to the 

pyrolyzer effluent is 50 psi). By the combination of high temperature 

combustion Eases, small c,)al particles and intense nixinE, heati..~ rates of up 

to 200,000°F/sec are attained. This means that the coal particles are heated 

to pyrolysis reaction temperatures of around2000°F in about 10 msec. 

As the coal is being h e a t e d  up, pyrolysis reactions occur w i t h  CO, CO2 

and H~O bein 8 the primary compounds driven off at temperatures up to about 

800°F ~7). Subsequent heating produces heavier hydrocarbon gases such as 

CH 4, C2-C 5 Eases, and aromatics such as benzene and polycyclic compounds. 

AVC0 has postulated the rapid devolatilization reactions by su88estin 8 two 

competlnE first-order reactions. Each describes the coal decomposition 

(approximated by CHx, where 0 <X <i) to residual chars R I and R 2 and 

volatiles, V I and V2o The reactions then are ~ritten as follows: 

coal: ~ (1"~i) El + I VI 

(1"n2) R2 + 2 V2 

w h e r e  K 1 = Arrheaius rate constant for reaction I 

K 2 ~ Arrhenius rate constant for reaction 2 

al  o r  2 = X/X n 

X ~ AComlc (HIC) of coal 

X n = Atomic (H/C) of volatiles Vn, n=Ip2. 

From curve fitting of data in the literature, the first reaction was found 

to dominate at temperatures to about 1800"F and the second reaction at higher 

temperatures. Calculated actlvatlon enerEies E n for the Arrhenlus rate 

equation (k n = k o exp[-En/RT]) were 17.6 and 60.0 kcal/mole respectively. 

For calculational purposes~ the volatiles evolved by the first reaction are 

assumed to be ethylene type aromatic hydrocarbons while those evolved by the 

second reaction are assumed to be benzene type aromatic hydrocarbons. However, 

the conditions of the HTG gasi~ier in the material balance Eiven in Table II-I 

I I - 2 7  



a r e  s u c h  t h a t  t h e  f i r s t  r e a c t i o n  p r e d o m i n a t e s  due to  t he  r e l a t i v e l y  low 

t ~ m p e r a t u r e s . ,  N e v e r t h e l e s s ,  t h e  v o l a t t l e s  y i e l d  a s  a p e r c e n t a g e  o f  DAF c o a l  i s  

a b o u t  60 w t . X ,  With  t h i s  q u a n t i t y  o f  v o l a t £ 1 e s  e v o l v e d s  wh ich  i s  a b o u t  I - I / 2  

t i m e s  t h e  ASTM VN o f  t h e  c o a l ,  t h e  g a s - p h a s e  c r a c k i n g  o f  u n s t a b l e  v o l a t i l e s  t o  

H 2 and CO w i l l  o c c u r .  T h i s  d e g a s l f l c a t l o n  o£ v o l a t i l e s  to  s o o t  can  o c c u r  

b a s i c a l l y  in  two r e g i o n s :  w i t h i n  t h e  p o r e s  o f  t h e  c o a l  where  t h e  v o l a t i l e s  a r e  

s t i l l  e s c a p i n g  o r  i n  t he  d i s p e r s e d  g a s  a f t e r  t h e  v o l a t i l e s  a r e  f r e e  of  the  c o a l  

s u r f a c e ,  I t  h a s  b e e n  d e t e r m i n e d  t h a t  a b o u t  80-90% o f  t h e  s o o t i n g  t a k e s  p l a c e  

i n  t h e  g a s  p h a s e  and  hence  would be swept  away f rom t h e  c o a l  p a r t i c l e  b e f o r e  

having a chance to adhere to the coal. Since soot is very fine and difficult 

t o  r e c o v e r ,  s o o t i n g  i s  e x t r e m e l y  u n d e s i r a b l e .  By p r o v i d i n g  s u f f i c i e n t  r e a c t i v e  

gas species in the hot combustion gases (CO, (]0 2 and H 2 0 ) ,  the unstable but 

reactive volatiles are reacted in the gas phase thereby suppresslng soot 

formation. This J,~ termed the "stahillzlng" effect of the background gases, 

Gas compos~tlon is assumed to be clo~e to equilibrium with methane yields 

apparently slightly above equilibrium (an equilibrium calculation of the 

pyrolyzer effluent gas from Table II-I showed slightly lower methane than is 

reported), 

The t o t a l  r e s i d e n c e  t ime  i n  t h e  p y r o l y s i s  s t a g e  i s  l e s s  t h a n  100 m s a c ;  

t h e r e f o r e ,  s l o w  h e t e r o g e n e o u s  r e a c t i o n s  b e t w e e n  t h e  newly  fo rmed  c h a r  and g a s  

are assumed to be negligible. 

8 .2  Char  C o m b u s t o r  S t a g e  

I n  t h i s  s t a g e ,  t h e  h e t e r o g e n e o u s  r e a c t i o n  o f  c h a r  ( f r o m  c o a l  p y r o l y s i s )  

w i t h  oxygen i s  e s s e n t i a l l y  t he  o n l y  r e a c t i o n  t h a t  c o n v e r t s  t h e  c h a r  t o  g a s ,  

Some s t e a m  i s  added  to t he  c o m b u s t o r  s t a g e  a s  a means o f  t e m p e r a t u r e  c o n t r o l .  

Any r e s i d u a l  v o l a t i l e s  f rom t h e  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 l i l z e  and combus t  

w i t h  t he  oxygen  a l s o .  

Gases  formed a t  t h e s e  h i g h  t e m p e r a t u r e s  (3000°F)  a r e  assumed to  be  i n  

e q u i l l b r l u m .  

A l t h o u g h  t h i s  s t a g e  i s  t i t l e d  t he  " c h a r  c o m b u s t o r  s t a g e " ,  i t  d o e s  no t  

c o m b u s t  a l l  o f  t h e  e a r b o o  i n  t he  c h a r  t o  C02,  n o r  i s  i t  n e c e s s a r y  to  do s o .  
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AS i n d i c a t e d  i n  stream 6 o f  the m a t e r i a l  balance in  Table 11-1,  cons ide rab le  CO 

and  H 2 a r e  p r o d u c e d  h e r e .  Hence ,  t he  " c h a r  c o m b u s t o r "  I s  more l l k e  a p a r t i a l  

n x l d l z e r  p r o d u c i n g  a s y n g a s  c o n t a i n i n g  CO, H2, 002 and no m e t h a n e .  

F i g u r e  I I - 4  i s  p r e s e n t e d  h e r e  to  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  h e a t  l o a d  r e q u i r e d  by the  p y r o l y s i s  s t a g e  and  the  I~ , t t  s u p p l i e d  by the  

c o m b u s t o r  s t a g e .  Cu rves  p r e s e n t e d  a r e  t h e  a u t h o r ' s  c ~ n c e p t  o f  t he  r e l a t i o n s h i p  

b e t w e e n  the  two s t a g e s  i n  o r d e r  to  p o i n t  ou t  c e r t a i n  i n d i g e n o u s  f e a t u r e s  of  

this rel~tlonshlp. 

Curve ~ r e p r e s e n t s  t he  p e r c e n t  o f  c o a l  t h a t  i s  a v a i l a b l e  to the  c h a r  

c o m b u s t o r  a s  r e c y c l e  c h a r  v e r s u s  t he  p e r c e n t  MAF c o a l  d e v o l a t i l l z e d  £n t h e  

p y r o l y s l s  s t a g e .  The r e l a t i o n s h i p  t a k e s  I n t o  a c c o u n t  cha t  the l e s s  

d e v o l a t i l l z a t l o n  in  t h e  p y r o l y s i s  s t a g e ,  Lhe h i g h e r  the  c h a r  a v a i l a b i l i t y  to  

t h e  c o m b u s t o r  s t a g e .  I t  a l s o  r e c o g n l z e ~  an a b s o l u t e  maximum amount  o f  

d e v o l a t i ) I z a t l o n  in  p y r o l y s i s  shown by t h e  a s y m p t o t e  to  t he  d o t t e d  l l n e .  I t  

should be pointed out that If all of the char ~[HV is to be utilized in the char 

combustor,~ then all of the carbon In t|~ gas phase is converted to CO 2. 

Curve ~ r e p r e s e n t s  t h e  p e r c e n t  o f  t h e  c o a l  f e e d  HHV r e q u i r e d  f o r  p y r o l y s i s  

a s  a f u n c t i o n  o f  the  p e r c e n t  MAF c o a l  d e v o l a t l l i z e d .  T h i s  c u r v e  shows the  

o b v i o u s  r e l a t i o n s h i p  t h a t  t he  h e a t  l o a d  to  p y r o l y s i s  i n c r e a s e s  a s  t h e  v o l a t i l e s  

y i e l d  i n c r e a s e s .  The c u r v e  a l s o  s u g g e s t s  t h a t  t he  l ~ a t  l o a d  f o r  t he  I n l t l a l  

s t a g e s  o f  d e v o l a t i l l z a t i o n  i s  a s m a l l  q u a n t i t y  o f  the  feed  c o a l  HHV, buC as  t h e  

p e r c e n t  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 s h a r p  i n c r e a s e  in  the  h e a t  r e q u i r e m e n t  

o c c u r s .  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  the  d i f f e r e n c e  in  h e a t  

a v a i l a b l e  t o  t h e  c h a r  c o m b u s t o r  and the  h e a t  r e q u i r e d  by the  c o a l  p y r o l y z e r .  

AS ions as this difference is positive, then some syngas, i.e., CO + H2, is 

generated in the char combustor along with CO 2. As the volaciles yield 

i nc reases ,  t h i s  d i f f e r e n c e  decreases u n t i l  i t  reaches a balance po in t  l abe led  

"char  balance p o i n t "  where on ly  CO 2 i s  generated in  the char combusCor. 

Beyond t h i s  p o i n t ,  the char  combustor w i l l  have to be attgmented by a 

supplementa l  coa l  ~eed to supp ly  the d i f f e r e n c e  in  heat load requ i red  by 

pyrolysis from that available from the char combustor, shown graphicall:y in 

Area B, 
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The reason for submitting this 8raph is to point out that maxlmlzlnE of 

pyrolysis yields in the pyrolysis stage beyond the "char balance point" is not 

beneficial| alsos the &eneratlon of CO and H 2 in the char combustor is 

inevitable. 

9.0 

1. 

. 

. 

. 

. 

. 

. 

REFERENCES 

Pate1, N. K., Roszkowskl, R. T. and White, G. A., "A Screening Evaluation 
of Rapid Devolatilizatlon Processes," performed by the Ralph M. Parsons 
Company under CRI Contract No. 5010-322-0048, August 1978. 

"Factored  Es t i~a tes  f o r  Eas te rn  Coal Commercial Concepts ,"  Inter im Report  
prepared by C. F. Braun and Company under Contract No. EX-76-C-01-2240 for 
DOE/GRI, September 1978o 

Glenn, K. A., Donathm E. E. and Crace, R. J., "Gasification of Coal Under 
Conditions Simulating Stage 2 of the BCR Super-Pressure Gaslfiers" in 
"Fuel Gasification," Washington, D.C., Amer. Chem. Sot., pp° 81-103 
(t967). 

Grace, R. J . ,  Glenn, R. A. and Zahradnik, R~ L. ,  " G a s i f i c a t i o n  of L ign i t e  
by BCR Two-Stage Super-Pressure Process," Ind. Eng. Chem. Process Des. 
Develop. ,  Vol. 11, No. 1, pp. 95-102. 

Ubhayakar, S. K., Sticker, D. B. and Gannon, R. E., "Hodelllng of 
Entralned-Bed Pulverized Coal Gaslfiers," Fuel, 56, pp. 281-291 (1977). 

Uhhayakar, S. K., Stickler, D. B., VonRosenberE, C. W. and Cannon, R. E., 
"Rapid Devolatillzatlon of Pulverized Coal In Hot Combustion Gases," 
Sixteenth Symposium (InCernatlonal) on Combustion, M.I.T., Cambrld~, 
Mass., August 16-20 (1976). 

Suubar&, E. M., P e t e r s ,  W. A. and Howard, R. B.,  "Product  Composition and 
Kinetics of Lignite Pyrolysis," 173rd National ~[eetlngs Amer. Chem. Soc. 
Div., Fuel Chem., New Orleans, Louisiana, March 20-25 (1977). 

II-30 



- I-~- 17 

< 

1 9  

c 

] !° 

= 0 

! 

m 
w 

o 

M 

I I -31  



II-18 

STRAIN 
WEIGH B[NGH 

j _ I r l~L  Olt. IN. 
i : FUEl. a l .  OUT 

COMBUSTION 
CHAMBER 

P.C. 

PC INJECTION 
MANIFOLD 

WATER COOLED 
GAS PROBE 

MONO- 

G2S TO Im 

P.M. 
EXHAUST 

WATER 

TUNG&TEN RIBS~ lAMP 

POWER 
SUPlq.Y 

SCOPE 
TO GAS 
ANAI.YS£RS 

CHAR 
COLLECTOR 

SUMP 

9 . . . o,4cwwLcw 

m 

WATER 

FIGURE IZ-2. AVC0 Entrained Bed Gaslfler Used in Low Btu Gas Program. 

II-32 



11-19 

13 

EXPLOSION CHAMBER 

SPARK 

TO GAS 
MANIFOLD 

(:HECK 
VALVE 

HIGH PRESSURE 
RESERVOIR 

24 

l !  
° 

FAST ACTING 
BALL VALVE 

PRESSURE 
TRANSDUCERS 

FUEL INJECTOR 

PERFORATEO PLATE 

'PLENUM 

• 12 LITRE VOLUME 
• PULVERIZED COAL 
• Oz,Hz,CO GASES, P*..I ATId 
• IMPULSIVE BLOWING COAL DISPERSION 
• SPARK IGNITION 

FIGURE I 1 - 3 .  AVCO Bxplos tou  Chamber fo~ S i n g l e - P u l s e  Coal  P y r o l y s i s  
Bxper~Jnents • 

IX-33 



IZ-20 

U 100 ' 100 

Q .  

(CO + H 2 GENERATED ~ 
IN CHAR CO.~STOR 

U~ 

0 
"" CHAR- AREA B u 

B LANCEi 

O 
U 
u. 0 
O o 

(SUPPLEMENTAL " 
COAL TO CHAP, O 

COMBUSTOR) 

50 
% OF MAF COAL DEVOLATILiZF.D IN P~ItOLYSIS STAGE 

100 

CURVE 

CURVE 

1 : HEAT AVAILABILITY TO COMBUSTOR VS 
% DEVOLATILIZATION IN P~ROL~SI$ STAGE. 

2 : HEAT REQUIRED FOR PYROLYSIS VS 
% OEVOLATIUZATION IN PYROLYSIS STAGE. 

FIGURE 11-4. Pyrolys~slChar-Combustor Heat Load Relationshlps. 

II-34 



Z Z - 2 ) .  

I I I I i 

I m I I I 

' '  I I I I  I 

_:"I1 

~ o  

a o  

i £ 

= ~ 

I 

o,,~ 

~ 0  

1 

8 e~ 
0~- 

O 0  

8 
I 

z 8 

I I I 

I I I 

I I II I 

o 

~,#, ~,~ ~ - 

I 

!! ! l ~  ~ _.,3 
,.,.* _ - -  ,.,,." -, 

, ,0 ~ l i ' l  m m 

i,,t 

I 
i 

" i 
8 " 

~O 

0 

I 
0 ~ J  

I 

8 

I.I 
0 

,LI 

.4 

I - - I  

T~r -35  



SECTION III 
BELL HMF PROCESS 



11-:23 

SECTION I I I  

ASSESSMENT OF BELL H~F GASIFICATION PROCESS 

1.0 SUMMARY 

The assessment of the Bell RMF GasIEicatlou Process for making SNG was 

based on meetings and discussions with the developer as well as available 

literature. Since gasifler tests as of this writing have only been performed 

in a Single-Stage Gaslfler, projected ylelds supplied by Bell for the 

Single-Stage were used to complete a material balance for a 250 MMSCFD SNG 

plant from coal. Other concepts of the Bell HMF reactor, includlnE char 

recycle, secondary injection, and secondary-in~ection with char recycle, were 

assessed as potential improvements to the Single-Stage process when making SNG. 

However, discussion of these alternates is limited as the projected yields are 

considered proprietary by Bell, 

The. Bell RMF (high mass flux) gasifier is an entrained flow, slagging 

g a s i f l e r  wbich r e a c t s  p u l v e r i z e d  c o a l ,  oxygen and steam to produce a s y n t h e s i s  

. : . - - ,=~as.  ,The ¢~'~essment t h a t  fo l lows  p e r t a i n s  to the S i n g l e - S t a g e  concept  where 

... -D~l, steam and oxygen are reacted in the s~me zone of the gaslfier, The 
..-i'" -"~ "" ." "'-': 

,. .... Single-St,.~ge gaslfier has the following noteworthy features: 
~.. 

AD ]~TAGES 
--y. ..y- 

o high throughput rates (5000 lb/hr/ft 3) 

o low steam consumption 

o wide application (products and feeds) 

WEAKNESSES 

o low CH 4 gasifler y i e l d s  

o hlgh oxygen consumption 

Tho data  base f o r  the S ing le~g tage  g a s i f i e r  i s  p r e s e n t l y  being developed  

at Bell's test facility feedln E bituminous coal at 1/2 TPH for short duration 

r u n s ,  up to 1 hour i n  l e n g t h .  

III-I 



In  o r d e r  to  i n c r e a s e  t h e  m e t h a n e  y i e l d  and d e c r e a s e  t h e  oxygen  

consumption, a program to Investigate secondary-lnjectlon of coal is underway. 

This concept, and the recycling of char, could significantly improve the 

potential of applying the Bell HMF Gaslfler to make SNG. Other potential 

improvements, such as a molten-slag bath and 'catalyst applications, need 

further investigation. 

Components requlrlng development include control and safety systems, 

solids feeding, slag pot, high temperature gas/sollds heat recovery, char fines 

separation, and scale-up aspects to a commercial size design. 

2.0 CURRENT STATUS OF DEVELOPMENT 

The Ball HMF Gasifler program was initiated in 1976 under contract to ERDA 

to determine the feasibility of using a rocket-type reactor to economically 

produce a low Btu gas from air/coal combinations and to evaluate the reactor 

operating characteristics. From 1976 to 1978D Bell tested their HMF alr-blown 

gaslfler with up to I/2-TPH coal feed rates and one hour test duration. Much 

of the early testing involved developing a reactor configuration to minimize 

slag accumulation effects. An impinging sheet injector was identified as the 

best injector configuration of 4 tested. Coals tested included North Dakota 

Lignite, ~bntana Rosebud Sub-bltumlnous and a Pittsburgh Seam Coal. The most 

promising results were with the lignite and somewhat less promlslnE results 

with the sub-bltuminous coal. Limited testing with the P i t t s b u r g h  coal 

indicated its conversion to be substantially less than the others. In addition 

to the reactor injector and coal type variables, the following variables ~re 

identified with respect to their effects on carbon conversion: 

o Coal and air injection velocities 

o Air to dry coal feed ratios 

o Residence times 

o Mass flux rates 

I n  1978 and 1979,  B e l l  c o n t i n u e d  d e v e l o p m e n t  of  t h e i r  RHF g a s l f l e r  unde r  

company f u n d s  and a c o n t r a c t  w i t h  t h e  New York S t a t e  Ene rgy  and  R e s e a r c h  

D e v e l o p m e n t  A u t h o r i t y .  D e v e l o p m e n t  was a imed  a t  p r o d u c i n g  a medium Btu  gas  a s  
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an intermediate product for SNG production. Several shore-duratlon (less than 

I0 mln) oxygen-blown tests were performed with steam injection added to enhance 

the yields. Pittsburgh seam coal was tested and results indicated dlfflculty 

in  ~Ichlevlng high carbon  c o n v e r s i o n s .  V a r i a b l e s  i d e n t i f i e d  wi th  r e s p e c t  to 

ca rbon  c o n v e r s i o n  were:  

o Oxygen and steam injection velocities 

o Residence time 

o Oxygen/coa l  f eed  r a t i o s  

In late 1979, Bell was awarded a one year contract to continue the 

development of the HMF Gaslfler to produce SNG feedstock. Included in this 

contract are: 

o Upgrading of the I/2-TPH facility to permlt more detailed 

analyses of gas and solid products. 

o Testing with bituminous coal and evaluation of the 

performance characterlstlcs 

o Testing and evaluation of a secondary coal injection system 

Testi~lJ~'in the upgraded facility is expected to begin in mld-1980. 

Further details of the development status are at the end of this section. 

3.0 PROCESS DESCRIPTION 

This is a description of  the overall conceptual process for a SNG plant 

utilizlnE the Bell Single-Stage HMF coal Easlfler. The overall process of coal 

to SNG is graphically represented in Figure III-1, and a material balance Is 

given in Table IIl-l. 

Bell's slngle-stage HM~ gaslfler has been chosen for evaluatlo~ sluce test 

data are available only with the slngle-stage configuration at thls time. 

However, there is another ~wo-stage configuration being developed for SNG 

production, under contract with DOE and CRI; it consists of the slngle-staEe 

into which secondary coal is injected to produce a methane enhanced gas. 

TTT--~ 
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The following sections and the accompanying ma~erlal balance are 

preliminary and conceptual in nature; they have been submitted by Bell 

Aerospace Textron as a "slngle-stage gaslfler subsystem" as follows: 

o Bell Single-Stge HMF Gaslfler 

o H e a t  Recovery 

o Char Separation 

o Gas S c r u b b i n g  

o S h i f t  C o n v e r s i o n  

(The other sections represent typical, additional units required to 

convert coal to SNG. The selection of these sections does not represent the 

optimum choice; the selectlous were made in order to assess the Bell HMF 

Single-Stage Gaslfler as it applies to SNG from coal.) 

3.1 Coal Preparation and Feeding 

The coal used for the material balance is a Western Kentucky Bi=umlnous 

Coal with the following properties: 

Proximate Analysis, as received Wt. % 

Moisture 6.0 

Volatile Matter 37.0 

Fixed C a r b o n  48,1 

Ash 8, 9 

Ultimate Analysis (dry), Wt. Z 

c 70.5 

!! 5.1 

0 9.3 

N 1.4 

S 4. 2 

Ash 9.5 

I00.0 

Heating value of dry coal3 

Utullb (HHV) 12,866 
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A 
The raw coal feed (stream No~l~) i s  crushed to 70% minus 200 mesh and 

dried to 2 wt, percent moisture in the coal preparation section. 

Crushed and d r i e d  coa l  i s  fed i n t o  l oekhoppe r s  which a r e  . s e q u e n t i a l l y  

pressurized with CO 2 pressurizing gas from the Acid Gas Removal section to 

over 600 psia. 

The coa l  and a p o r t i o n  of the  CO 2 p r e s s u r l z i n g ' g a s  a r e  p r e s s u r i z e d  i n t o  

a transfer line where the flow conditions are "dense phase". 

3.2 Gasification 

The gasification section consists of 2 identical and parallel gaslfier 

trains; each train can process a maximum of 8200 TPD of coal. Each gaslfier 

consists of several identical coal and oxygen feed elements arranged 

syennetrically in the reactor head. Process steam is injected into each reactor 

element to produce operating~ conditions of nominally 500 psia and about 2500=F. 

The reactor syngases ( I~ ~ consists mostly of CO and H 2 and lesser amounts 

of H2o , C02~ H2S , N 2 and Ch4~ respectively. The resulting overall 

reaction is as follows: 

Coal + 02 + H20 (steam)~Reactor Syngas + Slag + 

ungasified carbon 

The reactor syngas plus solids exit the 8asifler i n to  a wider diameter 

slag-pot where water is sprayed to quench the reactants to 1900°F and to freeze 

the slag. Host of the solidified slag drops to the bottom of the slag pot; the 

remaining slag and ungasified carbon is entrained with the raw, hot syngas (@). 
3.3  Heat Recovery  

The raw hot  syngas wi th  e n t r a i n e d  s o l i d s  i s  r o u t e d  to  the  Heat  Recovery  

section where high pressure (600 psi) steam is generated and superheated by 

cooling of the syngas and solids from 1900°F to 600"F by indirect heat 

exchange. 
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3. q Char Saparatlon 
A 

The raw~ cooled syngas ( ~4~ ) with entrained solids is routed to the 

Char Separation section where most of the solids are recovered by cyclone 

s~paration; the  recovered char is routed to steam boilers in the  Steam 

Genera t ion  Section. 

3.5 Gas Scrubbing 

The syngas from the cyc lone  ( ~ 6 ~  ) i s  routed  to a Ventur t  scrubber  

system which simultaneously removes the particulates from the gas, humidifies 

and cools the syngas to its water dewpoinu of 345"F. The partLculatas are 

removed as a slurry which is subsequently routed to the Solids Disposal 

section. 

3.6 S h i f t  

Process steam (600 p s i a ,  530"F) i s  added to the dust  f r e e  syngas in the 

Shift section, where the H 2 to CO molar ratio is adjusted to 3 via the 

water-gas shift reaction as ~ollows: 

Sour Shift 
CO + H20 Catalyst ~ CO2 + H2 

The shifted syngas Is cooled to IOOOF; the water that condenses from the 

syngas Is separated in a knock-out drum and contains H2S and trace amounts of 

NH 3. This sour water is then routed to the Sour Water Stripper. 

3.7 Acid Gas Removal 

1~e Shifted syngas ( ~ ) is routed to the Acid Gas Removal section 

which consists of an H2S absorber~ an H2S strlpper~ a CO 2 absorber and a 

CO 2 stripper, The overhead stream from the H2S stripper is routed to the 

Sulfur Recovery section. The CO 2 from the CO 2 stripper is split into two 

streams: part of the gas 18 recycled back to the Coal Feed section where it is 

used as "pressurizing gas~ °' the rest of the CO 2 is vented to the atmosphere. 

3;8 Methanatlon~ Compression and Drying 

The clean syngas ( ~ ) is routed to the methanatlon section where it 

is converted to a final product gas interchangeable with natural gas. The 

methanatlon reaction is as follows: 
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31.12 + CO CatalysC~ CH 4 + I'120 

The above reaction is highly exothermlc, and control of the reaction 

t empera ture  i s  e x e r c i s e d  by a combinat ion  of  hea t  recovery  and hot  product  gas 

recycle. The hot recycle allows the recovery of essentially all o~ ~he 

methanatlon heat of reaction as hlgh level useful energy. 

Afte r  me thana t i on ,  the  gas i s  coo led ,  compressed,  and dehydra t ed  in  a 

t r i e t h y l e n e  g l y c o l  d r i e r .  The product  gas then  l eaves  the p l a n t .  

The following seetlons are consldered supporting or utility unlcs, 

3.9 Oxygen Plant 

The Oxygen Plant consists of commerclally available air-separatlon plants 

where llquld oxygen is produced and pumped to its flnal pressure (600 psla +). 

The pressurized llquld oxygen is then vaporized by heating to 77"F and routed 

to the gasifler. The oxygen purity is 99.6 volume percent. 

3.10 Sour Water Strlppor 

( ~ O ~  ) i s  s t r i p p e d  to produce a The s o u r  'wa te r  from the Shift q~ctlon 

reu~;':~eA process condensate uslnE low pressure steam. The stripper overhead 

(<29>) is routed to the Sulfur Recovery section. 
v 

3.11 S u l f u r  Recovery 

The S u l f u r  Recovery s e c t i o n  i n c l u d e s  r 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  conve r t s  over 90% o f  the  s u l f u r  in  the form of  H2S to  

e l emen ta l  s u l f u r  v i a  the f o l l o w i n g  o v e r a l l  r e a c t i o n :  

Alumina 
H2S + 1/2 02 Catalyst S + I'I20 

The conve r s ion  ~akes p lace  in  a r e a c t i o n  ~un~a~e and c a t a l y t i c  r e a c t o r s ;  

s i n c e  the  r e a c t i o n  i s  exo~hermic,  steam i s  gene ra t ed  in  hea t  exchangers  which 

a l s o  condenses the  s u l f u r  vapors  formed. The t a i l  gas from the  Claus t m i t  i s  

passed to a B e a v o n - S t r e t f o r d  t a i l  gas p l a n t .  Here,  a l l  unconver t ed  s u l f u r  

compounds a re  c a t a l y t i c a l l y  conver ted  to H2S~ ~he gas i s  s u b s e q u e n t l y  
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scrubbed with a solution and oxidized to elemental sulfur. The purified tall 

gas is odorless and contains typleally less than one PPMV of H2S and less 

than 50 P~|V of total sulfur compounds, 

3.12 Sol ids Disposal 

The Solids Disposal sect ion handles a l l  the waste so l ids oE the plant  

including the boiler ash from the steam boilers, the Dry Slag ( ) from the 

Gasification sec=ion, and the Particulates Slurry ( ~8~ ) from the Scrubbing 

section. The Solids to disposal is a 70 wt.Z solids slurry sent back to the 

mlne-slte. 

3.13 Water Treatment, Steam ~ d  Power Generation 

This section includes al~ water, steam, and power generatlon as required 

for the entlre plant. 

Steam is~generated by burning the unconverted carbon from cyclone 

~5> ). It %S assumed that this char is essentially sulfur free; separation ( 
V 

hence, flue-gas desulfurizatlon is not requi~ed. 

3.14 General 

The Bell HMF, single-stage coe!.-to-SNG gasifldation process is 

preliminary and conceptual as presented. The basic yields from the Bell HMF 

Gaslfier are yet to be demonstrated, especially as regards the following: 

(a) 90% carbon conversion to gas at the asstm, ed oxygen/coal feed ratio; 

(b) the physical form and size of the lO% ungasifled carbon; 

(c) the composition of the char used for boiler fuel. 

The overall process described did not include a detailed engineering 

design; the purpose of the materlal balance is to identify strengths and 

weaknesses of the process. Also, a preliminary cost estimate was generated in 

order to further identify strengths and weaknesses of the process and hence be 

able to make cost-effectlve recommendations to improve the process. 
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The overall process is shown as a self-sufflclent operation ~rlth coal, air 

and raw water as the only feed requirements. It has been assumed that no 

supplemental coal is required for steam and power generation; i.e., the 3team 

and power are generated from efficient process heat utilization and from the 

burning of the unconverted char in s~eam boilers wlth subsequent power 

generation. It has also been assumed that the unconver[ed char is essentlally 

sulfur-free; hence, flue gas desulfurlzatlon is not required on the boller flue 

gas. However, particulate removal of the Glue gas will be necessary. 

Because of the p:~llmlnary nature of the process design, it is suggested 
that any comparative conclusions with other processes be made with caution 

regarding overall process efficiency (i.e., coal HHV to SNG HHV). 

An overall material balance of She plant is as follows: 

IN 
m 

Coal (6X moisture) 

Air to 0 2 Plant 

Air to Bollers 

Air to Sulfur Plant 

Raw Water 

( l b / h r )  

1 ,452,700 

4,202,752 

1,346,718 
124,880 

4,520~440 

11,629,490 

OUT 

CO 2 Vent 

SNG 

Sulfur 

Clean Stack Gases 

Solids to Disposal 

Water Losses 

N 2 from 0 2 Plant 

1,672,644 
484,503 
57,355 

1,859,116 
185,161 

4,200,000 

3p170,711 

11,629,490 
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4.0 STRENGTHS AND WEAKNESSES 

The following strengths and weaknesses refer to the single-stage gaslfler 

as presented in the Process Description: 

4or Strengths 

o High Throughput Rates 

The Bell lIMF process charges 5,000 Ib/hr of reactants (coal, steam and 

oxygen) per ft 3 oE internal volume in the gasifier reaction section. 

This is over 70 times the rate for a Lurgl gaslfler operatlr~ at similar 

pressures. 

:~ Small Reactor Size 

The small reactor size when scaled to a commercial plant size represents 

the followin 8 advantages: 

a) Use of best corrosion resistance materials in critical areas as an 

economical alternative in design. 

b) Use Jf water cooling of reactor wlth failsafe features in the event 

of overheatln8 as an economical alternative in design. 

c) Small inventory O f reactants allows for rapid quenching 

and shutdown of reactor in case of overheating. 

d) Ability to move quickly from pilot plant to demonstration plant 

scale with minimal hardware cost. 

e) Ability to build and test a commercial size reactor at the factory 

prior to shlppln 8 to the field, 

f) Minimal cost got EasiEler duplication if separate trains required. 

o Low Steam Consumption 

The Bell HMF reactor has a low steam to dry coal ratio; it Js about I0% 

of the LurEi gasifler. 
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o P re s su re  Independent  

The syngas y i e l d  Is  e s s e n t i a l l y  p r e s s u r e  independent  ( p r o v i d e d  t h a t  the 

s u p e r f i c i a l  gas r e s idence  t imes are the  same). 

o High, Single-Pass Carbon Conversion 

85% carbon conversion was measured during inltlal oxygen blown tests 

using Pittsburgh seam coal. It was also observed during testing that 

with design modifications, 90% conversion is feasible at lower oxygen 

to coal rates. 

o Wide Application 

The CO + H 2 represents 87 volume percen~ of the reactor synEas make; 

hence, the Bell HMF gsslfler can be used to generate syngas from coal 

to produce a variety of end products, such as SNG, hydrogen, methanol, 

M-gasollne, a,~nonia, medlum-Btu fuel gas, low Btu fuel gas (air-blowu), 

power from combined cycle plants, power from fuel cell applicatlons, 

etc. 

o Sulfur Free Char 

If the ungaslfied char is sulfur-free, then the use of it as a boiler 

fuel without flue gas desulfurlzatlon represents a significant cost 

savings. 

o No SuRBlemental Coal Requirements 

The carbon in  the  u n g a s t f i e d  char  r e p r e s e n t s  about 10% o f  the  carbon in 

the coal. By burning this char .n a steam boiler and utilizlr~ the 

process generated steam, the entire plant is s~if-sufflclent; therefore 

supplemE, ntal coal firing in a steam boiler is not required. 

o N e g l i g i b l e  Tars  or  L iqu ids  Produced 

The g a s l f i e r  produces  e s s e n t i a l l y  ze ro  hydrocarbon l i q u i d s  or  t a r s .  

o Dense-Phase Feed Transfer LiAes 

The transfer lines from the coal lockhoppers to the g~sifler are dense 

phase thereby minimizing the size of the transfer llnes and the volume 
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of gas carried with the coal feed. Use of dry dense-phase feed as 

opposed to a slurry feed minimizes the sensible heat and therefore the 

oxygen needed to reach reactor operat ing temperature. 

o Operabillty With a Wide Range of Coals 

Coals that were successfully tested include Montana Rosebud, N. Dakota 

Lignite and Pittsburgh seam; hence, caking coals present no apparent 

operat ional  problems. 

4.2 Weaknesses 

o Low Ch~ Yield 

In the single-stage configuration, the methane yield from the reactor 

is only O.IZ of the syngas make. (Howevor, a secondar F coal injection 

concept l~s be(n proposed to enhance the methane concept.) 

o High Temperatures 

The g a s i f i e r  operates at about 2400-2500°F which requires re f rac to ry  

design and poss ib ly  expensive metals. Also, the high temperatures 

produce ~t liquid slag that can resolldlfy and accumulate in the 

gaslfier and other downstream equipment causing a reduction in 

throughput~ fouling, etc. 

o Solids in Gas Heat RecoverF 

Heat recovery of the gasifier effluent involves dlffLcult solids and 

gas heat exchanger design. 

o tli~h Oxygen Consumption 

The oxygen to dry coal weight ratio is 0.71. 

Difficult Coal Feed Control 

The commercial scaled design includes multiple coal and oxygen injector 

elements; this means solids distribution to each element must be 

controlled carefully. 
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o L o c k h o p p e r  Sys tem 

The cumbersome l o c k h o p p e r  s y s t e m  i s  r e q u i r e d  t o  p r e s s u r e  the  c o a l  i n t o  

the dense-phase transfer llne. 

D a t a  Base  

S e v e r a l  key  a r e a s  r e q u i r e  f u r t h e r  d e v e l o p m e n t  and 

demonsCratlon: 

- 90% carbon conversion in a single pass gaslfier using a 

b i t u m i n o u s  c o a l  a t  t h e  0 2 t o  c a r b o n  r a t i o  p r o j e c t e d  

~rom o b s e r v e d  t r e n d s .  

- The form and c o m p o s i t i o n  o f  t h e  u n g a s i f i e d  c a r b o n  

- The s u l f u r  d i s t r i b u t i o n  to  H2S , COS and c h a r  

- Heat recovery of solids and gas screams including 

p o s s i b l e  s o o t  in g a s  

- S c a l a b i l l t y  to  f u l l  s c a l e  r e a c t o r s  ( c o m m e r c i a l  s i z e )  

including multiple feed InJectlon elements 

- HMF c o n t r o l  and s a f e t y  s y s t e m s ,  i n c l u d i n g  d i f f i c u l t  

s o l i d s  f l o w  c o n t r o l  t o  m u l t l p l e  f e e d  i n j e c t o r s  

5 . 0  POTENTIAL IMPROVEHENTS 

I n  t h i s  s e c t i o n ,  t h e  p o t e n t i a l  improvemen t  i t e m s  a r e  b e i n g  s u g g e s t e d  a s  

p o t e n t i a l  s o l u t i o n s  to p r o b l e m  a r e s  t h a t  a p p e a r  t o  e x i s t  a s  t h e  p r o c e s s  i s  now 

p r o p o s e d .  These  a l s o  t a k e  i n t o  a c c o u n t  the  s t a g e  o f  d e v e l o p m e n t  o f  t he  o v e r a l l  

p r o c e s s  and  t h e  c o n c e p t u a l  s t a t u s  o f  many o f  t h e  c o m p a n l o n  o p e r a t i o n s  to  and  

a r o u n d  t h e  p r o p o s e d  g a s i f i c a t i o n  s t e p .  They a r e  t h e  r e s u l t  o f  r e v i e w i n g  i t e m s  

m e n t i o n e d  i n  o t h e r  s e c t i o n s  s u c h  a s  w e a k n e s s e s ,  a l t e r n a t e s ,  d l s a d v a n t g e s  and 

s t a t u s  o f  d e v e l o p m e n t .  I t  i s  n o t  s u g g e s t e d  t h a t  t h e s e  a r e  t h e  f i n a l  s o l u t l o n s  
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but they  a re  p o t e n t i a l s  on ly  viewed from the  p e r s p e c t i v e  of t h i s  a s s e s smen t  and 

will require laore detailed investigation and evaluation prior to testing. It is 

for this reason that they are called potential improvements. 

To a s svs s  the  p o t e n t i a l  improvement i t e m s ,  i t  was dec ided  to  d e v e l o p  SNG 

gas cos t s  s i n c e  t h i s  i s  the most comprehens ive  way of  a c c o u n t i n g  f o r  the  o v e r a l l  

e f f e c t .  Cost i n f o r m a t i o n  from the  l i t e r a t u r e  was used to  c a l c u l a t e  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. 

Thefollowln E potential improvements were assessed as to their potential 

cost effectiveness compared to Bell's Single-Stage configuration described in 

the previous sections: 

Case I :  Single-Stage (as described in  Process Descript ion and herein 

re fer red to as the Base Case) 

Case 2: Single-Stage + Char Recycle 

Case 3: Secondary ~nJectlon 

Case 4: Seconda ry  I n j e c t i o n  + Char R e c y c l e  

CaseS: Use of Molten-Slag Bath winh 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 a r e  r e a c t o r  c o n f i g u r a t i o n s  t h a t  have been s u g g e s t e d  by 

Bell as alternatives to the SittEle-Stage Base Case configuration, However, only 
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Case I, the Single-Stage Base Case, has been tested in the I/2-TPH facility; 

Cases 2, 3 and 4 are to be tested in an upgraded facility still being 

constructed as of May~ 1980. Hence, yields from Cases 2, 3 and 4 are entirely 

hypothetical. JPL elected to use the Single-8~age configuration as the Base 

Case in the assessment since thls ~s the only alternate with any test data. 

(Although some test data for the Single-Stage Base Case configuration exists, 

the Base Case yields also represent hypothetical extrapolations f data; the 

effects of these extrapolations will be presented later In this section.) 

Theoretlcal yields for Cases 2~ 3 and 4 were supplied by Bell at the request of 

JPL in order to assess the effect they have on SNG gas cost compared to the 

Base Case gas cost. 

Cases 5, 6, 7 and 8 a r e  modi f ica t ions  proposed by JPL as p o t e n t i a l  

improvements. In sugges t ing  theoe modif icat ions~ i t  i s  r ea l i zed  t h a t y i e l d s  

would have to be hypothesized where possible as was done by Bell for Cases 2, 3 

and 4. It was also recognized that much of the Base Case yields represent 

hypothetical extrapolation of data; if in subsequent testin 8 the projected 

yields for the Base Case and Cases 2j 3 and 4 are not reallzed~ Cases 5,6, 7 and 

8 as suggested by JPL represent modifications which could improve the yields. 

However, as was stated earlier, these improvements would require more detailed 

investigation and evaluation prior to testing as they would Involve considerable 

revamping to Bell's I/2-TPH facIllty. 

5.1 Assessment of Reactor Configurations to be Tested in Bell's I/2-TPH 
Facility 

5.1, I Case 2: Single-Stage + Char Recycle 

This alternate has the same configuration as the Base Case except 

that the ungasiEied carbon~ recovered as char in the Char Separation section 

(cyclones)~ is recycled back to the main coal feed system. It is then fed with 

the coal into the gaslfier. Bell has assumed that the char will attain a high, 

slngle-pass carbon conversion rate as is assumed for the parent coal. In this 

way che char is eventually recycled to extinction. 
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The effect of recyclln E the char compared to the Base Case is listed 

in Table III-2. The percent carbon conversion in the gaslfler is nearly I00 " 

percent but as shown by the Relative Gas Costs of I.01 compared to the Base 

Case, there is apparently no significant advantage to recycling the carbon to 

the gasifier. In fact, there is a sllght penalty mainly due to the increase in 

capltal costs from the addition of a Flue Gas Desulfurlzation (FGD) Unit in Case 

2. In the Ease Case, it had been assumed that the ungasifled carbon could be 

recovered in the Char Separation section (cyclones) as a sulfur-free char and 

used as a boiler fuel for the plant utility needs. Other predicted results 

could be identified for their effects; however, the predicted yields for the 

Recycle Case are considered by Bell to be proprietary at this time thereby 

precluding any detailed explanation of the effects. Nevertheless, a general 

analysis of the chsmlstry i nvo lved  in recycling char  can be made. 

In the Base Case, the overall gasification reaction of coal to 

syngas can be described as follows: 

CH0.8500.I0 + 0.39 0 2 +'0.16 H20-----~0.87CO + 0.03 C02+ 0.48H2+ 0.11 H20 

coal oxygen steam syngas 

+ 0.10C 

Ungaslfled Carbon 

At the Easifler temperature of over 2500oF, there is very little methane in the 

product rs any produced is essentially reformed to CO and H 2. It can be seen 

that most of the hydrogen produced comes from the coal (.43 out of .48) wlnh 

little steam decomposition (0.05 out of 0.16). In Case 2, where the ungaslfied 

carbon is recycled to the reactor Eor further reaction, it is obvious that 

esse~tially all of the hydrogen would be produced by the steam carbon reaction 

as follows: 

C + H 2 0 ~ R  2 + CO 
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However, this re~ctlon is endothermic which would reduce the overall 

gaslflcatlonreactlon temperature. Hence, an exothermlc reaction is needed to 

balance the endothermlc reaction above such that the reactants are kept around 

2500°F. By introducing additional oxygen to react the char to form CO (assuming 

little CO 2 exists at this temperature)~ the overall reaction can be adjusted 

by the relative oxygen to steam ratio to maintain the gaslfler at 2500°F. This 

oxygen-to-steam ratio is calculated to be 1.7 to 2.0 depending on the 

temperature o~ the reactant char, steam and oxygen. This oxygen to steam ratlo 

of 1.7 to 2~O to gasify the recycle char by itself compares wlth an 

oxygen-to-steam ratio of 2.4 (0.39/.16) for the Base Case. An overall reaction 

to gasify the additional char can now be written with the minimum stoichiometric 

amount of oxygen and steam required to react all of the recycle carbon as 

follows: 

C + 0.39 0 2 + 0.22 H20~CO + 0.22 R 2 

Recycle Char 

Since CO 2 will be formed to some extent in the above reaction of the char, 

then the oxygen demand a priori will be higher than the 0.39 moles 02 per mole 

of carbon for the recycle char. Hence it can be concluded that the moles of 

oxygen per mole of carbon for the recycle char will be higher than that for the 

parent coal since the oxygen to carbon for the Base Case is 0.39 also. 

The stoichlometry above is discussed to estimate a lower limit on 

the oxygen demand to the gaslfier in order to achieve essentlally 100% carbon 

conversion. This minimum oxygen demand can be calculated to be around 0.40 

moles of oxygen per mole of carbon or about 0.75 pounds of oxygen per pound of 

dry c o a l .  

Iu  o r d e r  f o r  the  o v e r a l l  c a rbon  c o u v e r s i o n  to  be n e a r l y  I00 p e r c e n t ,  

the percent recycle carbon gasified must approach 80-90 percent in order to keep 

the recycle quantity to an acceptable level. However~ the mechanism by which 

the char is gasified, i.e., by heterogeneous reactions of the char with the 
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available gaseous compounds• could severely limit the conversion of the recycle 

char in a short residence time reactor° Of the various heterogeneous reactions 

possible, the followlng are considered to be the most probable: 

(I) C (char) + 1/202~C0 

(2) C (char) + H20-----~-CO + H 2 

(3) C (char) + C02~2C0 

(4) C (char) + 2H2~CH 4 

Reaction rate constants for reactions (i), (2) and (3) have been 

in the to be 1900 (arm 02)-1• 313 llterature (I) (sec) -z r e o o r t e d  

(sec -1) (arm H20)-I , and 1.9 (see -I) (arm C02 )-I 

respectively at 3100oF. Another source (2) has reported the initial 

reaction rates for reactions (i), (2), (3) and (4) to be I00 sac -I, 0,0001 

sec -I 0.001 sec -I, and 0.00005 sec -I respectively at 1 arm and. 

2000OF. Hence it is advantageous when recycling char to design the reactor so 

that reaction (I) is favored. Since the oxygen is in great demand in the 

reducing atmosphere of the gaslfler, the recycle char will compete for the 

oxygen with the other reactive compounds. Since the reaction rates of the coal 

volatiles are even faster than the oxygen-char rates, reaction (i) could be 

enhanced if the oxygen and char were fed in a separate injector from the coal 

injectors within the sane gaslflero In this way, the activation energy of the 

char-oxygen r e a c t '  would be supplied by radiation in the gaslfler to react all 

of the char to CO. Thins the CO formed would react with the steam and pyrolyzed 

volatiles from neighboring injector elements. 

5.1.2 Case 3: Secondar 7 In~ection 

This alternate has the same configuration as the Base Case except a 

secondary stream of fresh coal is injected into the gasifier where it ueacts 

with the hot gases produced from gasification of primary coal. The effect is to 

produce a methane enhanced synEas. 

Details of this configuration are considered by Bell to be 

proprietary a t  this time. 
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As mentioned above, this is a hypothetical case since it has yet to 

be tested. However, if the yield~ given by Bell to JPL can be realized, this 

case has significant advantages over the Slngle-Stage Base Case as shown on 

Table !II-2 by the Relatlve Gas Cost of 0,92 to the Base Case. The saving is 

malnly due to a substantial reduction in the oxygen requirement, a smaller 

Methanation section, and a smaller Acid Gas Removal section. 

In addition to proving that:, the me~hane yields are substantially 

enhanced~ Bell will have to demonstrate the reactor's operability with secondary 

injection. Considerable operational difflculttes were experienced by the Eyring 

Research Institute in experiments with a secondary injection of coal into their 

high mass flux, entrained gasi£1er such that they abandoned the secondary 

in~ectlon approach. Speclfically, Eyring's problem centered on coal 

agglomeration and coal particles sticking to the walls of their pyrolysis 

section. ~ 

Whenconslderlng the methane enhancement of the syngas from the Base 

Case, an analysl s of the mechanism for methane production is beneficial. 

Methane may be viewed as fo~ming in the pyrolysis section of a gaslfier by the 

following reactions: 

t) Coal + heater hat + gas (including H2, CH4, CO, CO 2 

and C 2 - C 4) + liquids (C5+) ..... 

2) 2C (char) + 21]20~CH 4 +.CO 2 

3) C (char) + 2 H 2 ~  CH 4 

4) CO + 3112~CH 4 + C0 

From stream Ii of Table IIl-I for the Base Case, which is 

essentially the hot Eases that secondary coal could be in~ected into, the 

hydroE@'tt pa~tlal pressure is calculated to be 150 psl. Thi~ is'very low for any 

slgnlflcant hydrogenati~ reactions as are indicated by reactions 3 and 4. 

Since the partial presskre of H20 is low also (i0 psi), reaction 2 is limited 
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to a low conversion to methane also. Hence, the main contributor for methane 

enhancement Is from reaction i. Methane enhancement from secondary injection is 

a result of the pyrolytic reactions of the secondary coal. The coal 

devolatilizes to char, gas, and liquids. As the temperature is increased, the 

liquids yield will decrease and the gas yield increase as shown in a plot of tar 

and gas yleld vs. temperature for devolatillzatlon of Pittsburgh HvA5 coal in 

the literature(3), It should be noted that for short residence time 

reactors, chemical equillhrlum has not been reached which explains the existence 

of liquids in the above mentioned plot at temperatures as high as 2100°F; i.e., 

a caloulatlon of equilibrium composition at 2100OF would show no hydrocarbon 

liqulds. Such As the case for methane also, as a higher methane yield is 

posslble in a short residence time reactor than an equilibrium calculation would 

predict. However~ by calculating the methane yields for devolatilization of  a 

Pittsburgh seam coal from data presented by Mentser ~3),'" there appears to 

be a maximum methane yield around 1800°F. The methane yield calculated is about 

3 pounds CH 4 per 100 pounds of a vitrain element cut from the Pittsburgh coal 

(Vitrain was selected since it represents the mos~ abundant maceral, about 80-90 

volume percent of the petrographic components of Pittsburgh coal). For this 

Pittsburgh coal, the percent carbon in the feed coal that is pyrolyzed to CH 4 

is estimated to be less than 5 percent at the optimum temperature of 1800°F. 

5.1.3 Case 4: Secondar~.In~ection + Char Recycle 

This alternate is a combination of Cases 2 and 3; the un&asified 

carbon from the gasifier, including char from primary and secondary coal, is 

captured in cyclones and recycled back to the primary coal feed system. The 

assumed carbon conversion of this recycle char is high as is assumed for primary 

coal carbon conversion. In this way, any ungaslficd carbon is eventually 

r e c y c l e d  to e x t i n c t ~ o n .  

Details of this configuration are considered by Bell to be 

proprietary at this time. 

As previously mentioned, this is a hypothetical case since it has 

yet to be tested. However, if the hypothesized yields can be reallzed, this 

case also has significant advantages over ~e Single-Stage Base Case as shown on 

I I I - 2 0  
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Table ~ZI-2 by the Relative Gas Cost of 0.91 to the Base Case. As is true for 

Case 3, the savlnzg is mainly due to a substantlal reduction in the oxygen 

requirement, a smaller Methanatlon Section, and a smaller Acid Gas Removal 

Section. In addition, tl~ coal usage for Case 4 is significantly lower than the 

Base Case as indicated by the value of the Relatlve Operating Cost of 0,93, 

This case, since It is a combination of Cases 2 and 3, represents the furthest 

extrapolation from actual test data. The discussion on conversion of recycle 

char in Case 2 and the discussion on methane enhancement by secondary coal 

injection in Case 3 applies to this case also. 

5.2 Comments on Bell's Critical Assumptions Made In Case I 

Although the Single-Stage gaslfier for this case has been operated in the 

i/2 TPH test facility, much of the data base remains to be demonstrated. Of 

partlcular importance are the following assumptions. 

5 . 2 . 1  Assumption that 90% carbon conversion is attained at the ~iven 
oxygen r a t i o  o f  0 .71  f o r  a b i t u m i n o u s  coal= 

From the  p e r f o r m a n c e  da t a  f o r  t he  S i n g l e - S t a g e  HMF g a s i f J ~ r  r e p o r t e d  

by B e l l j  tile g a s i f i c a t i o n  of  P i t t s b u r g h  Seam c o a l  co a h igh  carbon c o n v e r s i o n  

cou ld  be a d i f f i c u l t  t a s k  a t  t he  oxygen to c o a l  r a t i o s  s u g g e s t e d  by B e l l ,  Th i s  

i s  e v i d e n t  by compar ing  the  " B e l l  Data" p o i n t  wi th  the  " B e l l  P r o j e c t i o n "  p o i n t  

on Figure 111-2. Also shown in Figure III-2 is data for the  Eyring coal 

gaslfler (4) which is very similar to the Bell Single-Stage gaslfier using 

c o a l ,  s team and oxygen.  The p l o t t e d  Eyr lng  d a t a  a l s o  s u g g e s t s  t h a t  the  90% 

ca rbon  c o n v e r s i o n  a t  0 ,71  s team to  carbon r a t i o  cou ld  be d i f f i c . l t  to o b t a i n  

from P i t t s b u r g h  Seam Coal ( c o n v e r s i o n  of  W. Kentucky and P i t t s b u r g h  Seam Coal  

is expected to be very similar); i.e., 90% carbon conversion could require a 

significant increase Ln the oxygen/coal ratio. 

To illustrate the importance of oxyge~ consumption on the overall 

production cost of SNG from coal, a rough estlaate of the gas cost was made 

using the "Bell Projection" point on Figure III-2 and the "Bell Data" point for 

the Single-Stage configuration. Increasing the O2/coal ratio from 0.71 to 

0.85 has the  e f f e c t  o f  i n c r e a s i n g  the p r o d u c t  gas  c o s t  by about  16 p e r c e n t  a s  

shown in Table II[-3. Hence, it is obvious that if the Bell process is to be 
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e c o n o m i c a l l y  f e a s i b l e ,  t he  o x y g e n  c o n s u m p t i o n  w i l l  have  t o  be  r e d u c e d .  B e l l  ha s  

recognized this and by optimizing the following variables, they expect to 

substantially decrease the oxygen consumption: 

Oxygen i n j e c t i o n  ~elocity 

Steam injection velocity 

Residence tlme 

Coal injector refinements. 

5 . 2 . 2  A s s u m p t i o n  t h a t  t h e  u n ~ a s l f i e d  c a r b o n  can  be r e c o v e r e d  and used  i n  
steam boilers 

If the ungaslfied carbon is in the form of soot (soot fs defined 

here as being the product of the gas-phase cracking of an unstable mixture to 

form carbon and other products), then It is not likely that cyclones will 

recover the soot. However, if the ungasi~led carbon is in the tom of a char 

(char Is defined here as being that part oE the coal which is not gasified), 

then cyclone recovery is a practical way to recover the heatlnE value of the 

ungasifled 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  p r o d u c t i o n  c o s t  o f  

SNG f rom c o a l ,  a c o m p a r i s o n  was made o f  the  gas  c o s t  f o r  t h e  S i n g l e - S t a g e  ( B a s e  

C a s e )  and  what  the  c o s t  would be i f  t h e  u n g a s i f l e d  c a r b o n  was n o t  r e c o v e r e d .  I n  

t h i s  c a s e ,  a d d i t i o n a l  c o a l  i s  r e q u i r e d  t o  g e n e r a t e  p l a n t  s t e a m  and power and t h e  

a d d i t i o n a l  c o s t  o f  a f l u e  g a s  d e s u l f u r l z a t l o n  u n i t  i s  a d d e d .  The o v e r a l l  

c a l c u l a t e d  e f f e c t  i s  t h a t  t h e  g a s  c o s t  i s  i n c r e a s e d  6 p e r c e n t  o v e r  the  Base Case  

as shown in  T a b l e  I ~ 1 - 3 .  

5 . 2 . 3  A s s u m p t i o n  t h a t  t h e  u n r e c o v e r e d  c h a r  i s  e s s e n t i a l l y  s u i f u r  f r e e :  

I f  t he  r e c o v e r e d  c h a r  i s  s u l f u r  f r e e ,  t h e n  f l u e  g a s  d e s u l f u r i z a t t o n  

would  no t  be  r e q u i r e d  in t he  Base  Case  where  the r e c o v e r e d  c h a r  i s  used  to  

generate process and utility steam. 

To illustrate the effect this assumption has on the overall 

p r o d u c t i o n  c o s t  o f  SNO from c o a l ,  a c o m p a r i s o n  was made o f  t h e  g a s  c o s t  f o r  t h e  

S i n g l e - S t a g e  ( B a s e  Case)  and wha t  t h e  c o s t  would be i f  t h e  b o i l e r  f l u e  gas  

III- 22 



r e q u i r e d  d e s u l f u r i z a t l 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  i s  t h a t  the  gas cos t  

increases 2 percent over the Base Case, as shown in Table III-3. 

5.3  P r e l i m i n a r y  Assessment of  P o t e n t i a l  Improvements Sugges t ed  by JPL 

5.3.1 Case 5: Use_of Molten-Slag Bath with Single-Stage 

If the single stage gasifler were operated wi th  a molten-slag bath, 

potential carbon conversion could be further increased at the same oxygen 

consumption (Refer to Figure III-3). The Saarberg/Otto (5) synthesis gas 

process is a process similar to the slag bath concept for producing medium or 

low Btu gas from cos1, char, or liquid hydrocarbons. A'264 TPD demonstratlon 

plant is in operation now in Saarbergwerke AC, West Germany. A 99 percent 

carbon conversion has been reported at 0.82 pound oxygen per pound coal and 0.72 

pound steam per pound coal. Certain constituents in the ash, such as iron 

oxlde, are believed to act as an oxygen transfer medium via the following 

r e a c t i o n s :  

Fe 2 03 + C''"~2 FeO + CO 

2 FeO + i/2 O2--.----~-Fe203 

I f  a m o l t e n - s l a g  ba th  i s  m a i n t a i n e d  in the s l ag  p o t ,  u n g a s i f i e d  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  o f  the  s l ag .  Hence,  i t  i s  p o s t u l a t e d  

t ha t  carbon c o n v e r s i o n  w i l l  tend to  i n c r e a s e  v i a  the mechanism sugges t ed  above 

and by the  f a c t  t h a t  the  char  p a r t i c l e s  w i l l  remain a t  the h i g h ,  s l a g g i n g  

t empe ra tu r e  f o r  a l o n g e r  per iod  of  t ime .  

If the slngle-pass carbon conversion ~re increased to essentlally 

i00 percent, the net effect ~uld be similar to that for Case 2, where =he 

ungasifled carbon is recycled to extlnctlcn. The gas ~ost, relative to the Base 

Case, is 1.01. Although this case calculates to be more expensive than the Base 

Case, this suggestion is made with the Critical Assumptions Indlgenous to the 

Base Case kept in mind. Since demonstration of all the critical assumptions 

seems i m p r o b a b l e ,  s u g g e s t i o n s  which add to  the  p r o b a b i l i t y  o f  s u c c e s s  a re  

cons ide red  h e r e  t o  be a p o t e n t i a l  improvement .  For example,  i f  the  Base Case 

used the p r e s e n t  c o n v e r s i o n  da ta  from ~he t e s t  f a c i l i t y ,  the  r e l a t i v e  gas cos t  
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would be 1.16 as shown in Table III-3. Hence, the relative gas cost for this 

case would then be 0.87 (= 1,01/1.16). 

5 . 3 . 2  Case 6: S e p a r a t i o n  9 f  Sta~es  w i t h  Mol t en -S l a~  Bath 

The e f f e c t  o f  methane enhanced y i e l d s  on the p rocess  i s  s i g n i f i c a n t  

as  ev idenced  by the  r e l a t i v e  gas cos t  f o r  the  S e c o n d a r y - l n j e c t l o n  Case i n  Tab le  

I I I - 3  o f  0 .92 .  This  i s  main ly  due to the r e d u c t i o n  in the  oxygen r e q u i r e m e n t  as 

p r e v i o u s l y  d i s c u s s e d .  To r e a l i z e  the  enhanced methane y l e l d  and the subsequen t  

lower oxygen requirement, a two-stage process is suEEested usir~ the Molten-Slag 

Bath concept for the first stage and an efficient mixing, reverse flow injector 

for the second stage, A schematic of the gaslfler configuration is shown on 

Figure I I I - 4 .  Inherent beneficial features to this configuration are as 

follows: 

(a) The t w o - s t a g e  p roces s  y i e l d s  h i g h e r  methane wi th  a subsequen t  

lower oxygen demand: methane f o r m a t i o n  from f l a s h  p y r o l y s i s  

can be enhanced i f  the t e m p e r a t u r e  i s  lowered to around 

1700-1900°F. 

(b) The h igh  s l n g l e - p a s s  carbon c o n v e r s i o n  fo r  the f i r s t  s t a g e  

min imizes  the  char  r e c y c l i n g  s i n c e  e s s e n t i a l l y  I00 p e r c e n t  o f  

the  ca rbon  in  the coa l  and in  the  r e c y c l e  char  from the  second 

s t a g e  i s  c o n v e r t e d  in the M o l t e n - S l a g  Bath3 f i r s t  s t a g e .  

(c) The m o l t e n - s l a g  i s  kept  s e p a r a t e  from the secondary  c o a l  to 

p r e v e n t  a g g l o m e r a t i o n .  The a g g l o m e r a t i o n  problem i s  what 

caused  E y r l n g  Research  I n s t i t u t e  to  abandon the s e c o n d a r y  

i n j e c t i o n  c o n c e p t .  By k e e p l n  8 t he  m o l t e n - s l a g  in the f i r s t  

s t a g e ,  t he  problem of a g g l o m e r a t i o n  of secondary  c o a l  i s  

min imized .  

(d) The ho t  gases  from the f i r s t  s t a g e  a re  i n j e c t e d  i n t o  the  second 

s~age u t i l i z i n g  an e f f i c i e n t  r e v e r s e  flow i n j e c t o r  to  b e t t e r  

mix w i th  the secoudary  c o a l .  B e l l  has observed b e t t e r  y i e l d s  

wi th  the  r e v e r s e  f low i n j e c t o r ;  however,  i t  was abandoned due 

to  s l a g  a c c u m u l a t i o r  problems.  
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(e) Interruptlon of char flow doesn't shut the system down. In 

other two stage gaslflers (e.g., AVCO and the Bi-Gas 

processes), an interruption in char flow would of necessity 

shut the  gasifler down. In this case, as is true for Cases 3 

and 4, the Interr~ptlon of char flow wouldn't necessitate a 

system shutdown as coal would continue to flow to the first 

stage, 

It is expected  that the methane enhancement will not he as high as 

Bell has assumed for the Secondary Injection plus Chat Recycle Case; however, 

the methane will he increased thereby giving it all the advantages of Case 4 

except to a lesser degree. Hence, the relative gas cost to the Base Case is 

expec ted  to be between 0 .91  to 1 .0 .  

5.3.3 Case 7: C a t a l y s t  Appllcatlon 

By applying a catalyst to the secondary coal~ the formation of 

methane could he enhanced by promoting the following heterogeneous reactions: 

C + 2H20 ~ C O  2 + CH 4 

C + 2H 2 --- CH 4 

In a d d i t i o n  to p o s s i b l e  enhanced methane y i e l d s  in  the 

s e c o n d a l T - l ~ j e e t i o n  s e c t i o n ,  the  c a t a l y s t  w i l l  a l s o  i n c r e a s e  the r e a c t i v i t y  o f  

the  r e c y c l e  char as i t  i s  r e c y c l e d  to the f i r s t  s t a g e .  

At the present time, no data were found in the literature for 

catalytic high mass flux entrained gaslflers. However, early entrained gaslfler 

development in a single-stage gasIEier at Morgantown (6) showed that when 

llme was added to the coal, the follow~ng effects were noticed: 

(a) Slagging a c c u m u l a t i o n  problems were significantly reduced 

a p p a r e n t l y  due to  a lowering of  the  s l a g  v i s c o s i t y  by the  

llme; 

(b) The H2S and COS c o n t e n t s  were reduced by 71 percent  and 89 

pe rcen t ,  r e s p e c t i v e l y ,  in  the s y n g a s ;  
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(c)  Carbon convers ion  may have been i n c r e a s e d .  

These obse rva t ions  w i t h  a s i n g l e - s t a g e  g a s i f i e r  f u r t h e r  sugges t  thaC 

p o t e n t i a l  improvements by the a d d i t i o n  of  ano the r  m a t e r i a l  co the  coa l  could 

have advan tages  in  a d d i t i o n  to t he  c a t a l y t i c  e f f e c t s  of  p roduc ing  more methane 

( in  s t w o - s t a g e  or 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 i g h e r  carbon 

~.onversions.  Any improvemen~s g a i n e d ,  however, w i l l  have to  be o E f s e t  by the  

a d d i t i o n a l  c o s t s  o~ the c a t a l y s t ,  the  c a t a l y s t  a p p l i c a t i o n  t e c h n i q u e ,  and the 

catalyst recovery technique. It is suggested that this potential improvement be 

further investigated to b e t t e r  define the overall effects of catalyst 

application in the Bell HMF Gasifler, 

5.3.4 Case 8: Use of Lower Grade Coals 

Air-blown test with N. DakoCa Lignite and Montana sub-bltuminous 

coals indicated higher carbon converslon in the slugle-sCage, I/2-TPH facility. 

A comparison of  N. Kentucky b i tuminous  c o a l ,  Montana sub-b i tumlnous  coal  and N, 

Dakota Lignite is shown below: 

Ul t ima te  Ana lys i s  

(d ry  wt,X) 

W. Kentucky Montana 

Bituminous Sub-bltumlnous 

N.  Dakota 

L i g n i t e  

C 70.5 68.0 64.34 

H 5.1 4.4 4.27 

N i. 4 1.0 0.87 

S 4.2 1.0 1.53 

0 9 .3  14 .3  18 .76  

Ash 9.5 Ii. 3 i0.23 

1 0 0 . 0  "' 100.0 lO0.O 

The most no tab le  d i E f e r e n c e s  In the e l ementa l  a n a l y s e s  a re  the  

s u l f u r  and oxygen con t en t s  between the bi tuminous  and tile lower grade 

sub-b i tuminous  and l i g n i t e  c o a l s .  Since the s u l f u r  i s  lower ,  s u l f u r  removal 

f a c i l i t i e s  w i l l  obv ious ly  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  lower ing  the  oxygen consumption fo r  the  S ing le -S tage  Base Case when us ing  a 

lower grade  c o a l .  This i s  suppor ted  by e a r l y  data (6) u s i n g  an e n t r a i n e d  
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flow coal gaslfler at Morgantown to gasify a sub-bituminous and bituminous coal. 

The fo l lowinE r e s u l t s  were observed:  

(a) For 90 p e r c e n t  carbon c o n v e r s i o n ,  the sub-b i tuminous  coa l  

r e q u i r e d  about  70 pe rcen t  o f  the  oxygen t h a t  the  b i t uminous  

c o a l  r e q u i r e d ;  

(b) If the total oxygen available to the reaction were considered 

(total oxygenfoxygen in gas feed + oxygen in coal feed), then 

the  total oxygen to carbon ratio for 90 percent carbon 

conve r s ion  was i d e n t i c a l .  

I f  the  r e l a t i o n s h i p  expressed  in  b) above holds  t r u e  fo r  the Bel l  

HMF G a s i f i e r  a t  90 p e r c e n t  carbon c o n v e r s i o n ,  then  the oxygen to dry c o a l  r a t i o s  

can be predicted as below: 

Oxygen in coal per carbon (lbllb) 

Oxygen in gas per carbon (lb/lb) 

Total Oxygen per Carbon (Ib/Ib) 

Oxygen Plant Requirement :  

(Tons 02/Ton Dry Coal) 

W. Ky, Coal Montana N. Dakota 

(Base Case) Sub-Bit. Li~nlte 

0.13 0.21 0,29 

1.01 0.93 0.85 

1.14 1.14 1.14 

0.71 0.63 0.55 

In addition to requiring less oxygen from the expensive oxygen 

plant, the high conversion of the lower rank coals is expected to be easier due 

to higher reactlvltles compared to older rank coals. If a N. Dakota lignite is 

used in place of the W. Kentucky coal in the Base Case Slngle-Stage gaslfler, 

the relative gas cost is found to be about 0.70 compared to the Base Case with 

W. Kentucky coal. The ma~ax factors contributing to the reduction are as 

follows: 

(a) 

(b) 

(c) 

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  c o s t s :  W. Kentucky c o a l  p r i c e  

used was $25/Ton, whereas,  N. Dakota L i g n i t e  was p r i c e d  a t  

$51Ton. 
S u b s t a n t i a l l y  sma l l e r  oxygen p l a n t .  

S u b s t a n t i a l l y  sma l l e r  s u l f u r  p l a n t .  
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6.0 COMPONENTS REQUIRING DEVELOPMENT 

The fo l l owing  components a r e  recommended f o r  f u r t h e r  deve lopment :  

1. Con t ro l  and. S a f e t y  Systems:  

The high th roughpu t  r a t e s  of  the B e l l  HMF g a s i f i e r  a t  h igh 

temperatures require the gaslfier to be closely controlled. If the 

reacL~nt coal ware to cease flowing and th~gwygen continued to flow into 

the hot reactor, the gasifier and equi~ent d~n:stream of the Easi£1er 

could be exposed to extreme temperatures and pressures in a short period 

of time. Instrumentation to sense t~mperature excursions quickly and 

quick-reactlng control sys~e~ need to be developed, 

In a d d i t i o n ,  s a f e t y  sys tems  f o r  a u t o m a t i c  shutdowns need to be 

f u r t h e r  deve loped  ( B e l l  has a shutdown sys tem now t h a t  r e a c t s  to  p r e s s u r e  

instability). 

2. S o l i d s  Feed System: 

The dense phase feed and lockhopper  sys tem need to  be i n t e g r a t e d .  

Also the f eed ing  o f  hot  cha r  as a r e c y c l e  needs to be deve loped .  

3~ Slag Pot :  

The r e c o v e r y  o f  the s l a g  in the  s l a g  po t  w i l l  have to  be f u r t h e r  

deve loped  i n c l u d i n g  the  d e p r e s s u r i n g  and quenching of  the  s l a g .  The 

1/2-TPH c o a l  t e s t  f a c i l i t y  in  p lace  now i s  a pot  which i s  quenched wi th  an 

ove r  abundant q u a n t i t y  of  wa t e r  and a t  a tmosphe r i c  p r e s s u r e .  

4. .High Tempera tu re  Heat  Exchangers  t o  Cool STn~as and Char:  

The syngas and char  from the  g a s l f i e r  w i l l  r e q u i r e  c o o l i n g  from 

e i t h e r  1900"F to  600°F ( S i n g l e - S t a g e )  or  1000°F to  600°F (Secondary  

I n j e c t i o n ) .  The c h a r  and p o s s i b l e  soo t  and e n t r a i n e d  s l ag  could  tend to  

f o u l  the exchanger  s u r f a c e .  Also,  the  c o r r o s i v e  gases  and s o l i d s  m i x t u r e  

at high temperature will r e q u i r e  s p e c i a l  metallurgy. 

5. Char F ines  ( o r  ~ o t )  S e p a r a t i o n  from Syngas:  

Scrubbing  to  remove smal l  char  and s o o t  p a r t i c l e s  w i l l  need to be 

t e s t e d  to  i n s u r e  e f f i c i e n t  removal .  
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6. Scale-Up Aspec t s  co Commercial  S i z e  Design:  

The maximum.size of  t he  i n j e c t i o n  e lement  needs co be i n v e s t i g a t e d  

i n c l u d i n g  the method of c l u s t e r i n g  s e v e r a l  e l ements  i n t o  a s c a l e d - u p  

g a s i f i e r .  Also ,  the  method o f  s o l i d  feed s p l i C t i n g  and feed c o n t r o l  

sys t ems  in  the s c a l e d  d e s i g n  need to  be deve loped .  

7.0 DEVELOPMENT STATUS 

In order to ascertain the current status of the Bell process~ the 

f o l l o w i n g  a r e a s  of  d e v e l o ~ u e n t  a r e  d i s c u s s e d .  

(I) Air-Blown Gaslfler Development: 1976-1978 

(2) Oxygen-Blown Gaslf£er Development: 1978 to August, 1979 

(3) Planned Oxygen-Blown Gasifier Development 

(4) Data Base From Test Runs 

7.1 Air-Blown Caslfier Development:1976-1978. 

Work was initiated in 1976 by Be~l for E.R.D.A. (now DoO.E.) under 

contract no. EX-76-C-OI-220A for $1,205j079; D.O.E. conClnued sponsoring the 

work through 1978. The scope of Bell's work was to investigate the feasib~llty 

of using an entralned flow gaslfler, operating ac very high mass throughput per 

unit of reactor volume co economically convert coal Inco gas. The following 

p e r t a i n s  to  work under  t h i s  program. 

7.1.1 Reactor Test F a c i l i t y  (See Flexure I I I - 5 )  

a) Size; 

- 1/2 TPI4 coal feed 

- up to 1 hour run d u r a c l o n  

b) FerEormance Tes t i ng=  

o 66 t e s t s  @ 1/2  TPH c o a l  f low r a t e  

- 13 runs @ l / 2  co 1 hour  d u r a t i o n  

- 1.5 a tmospheres  p r e s s u r e ,  a i r  blown, no s team 

o s l a g g i n g  a c c u m u l a t i o n  e ~ f e c t s  and improved de s ign  

( imping ing  s h e e t  i n j e c t o r )  i d e n t i f i e d  
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7 . ! . 2  

o 3 coals tested - North Dakota Lignite 

- Montana Rosebud Subbitumlnous 

- ~Ittsburgh Seam Bicumlnous 

o stable continued operation observed on tests as evidenced 

by no r e a c t o r  u p s e t s  

o 80-90% o b s e r v e d  ca rbon  c o n v e r s i o n  f o r  l l g n l t e  and 

s u b b l t u m l n o u s  c o a l  u s ing  imp lng ln  E s h e e t  d e s i g n ;  l i m i t e d  

t e s t i n g  showed b l t u m l n o u s  c o a l  ca rbon  c o n v e r s i o n  to be 

a p p r o x i m a t e l y  65% 

o p r e s s u r i z e d  dry  c o a l  feed  sys t em o p e r a t e d  s u c c e s s f u l l y  

o g a s l f l e r  m a t e r ~ a l  b a l a n c e s  made based oh c o a l  and a i r  f l ows  

in  and gas  c o m p o s £ t l o n s  o u t ;  u n g a s l f i e d  o r g a n i c s  and ash 

were not measured but assumed by difference; only gases 

recorded in balances were CH4, H2, 02, N2, CO and 

C02; H20 was assumed to be converted to H2S. 

The f o l l o w i n ~  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 s e s s e d  as  
follows: 

( a )  Coal  Type:  R e a c t o r  p e r f o r m a n c e  as  measured  by p e r c e n t  ca rbon  

c o n v e r s i o n  as  s i m i l a r  In t e s t s  f o r  Montana Rosebud and Nor th  

Dakota L i g n l t e  ( a b o u t  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 n d i c a t e d  s u b s t a n ~ l a l l y  lower  ca rbon  c o n v e r s i o n  than  

o b t a i n e d  wi th  the  above two c o a l s  ( a b o u t  65Z).  

(b )  I n j e c t o r  C o n f i ~ u r a t l o n :  S e v e r a l  i n j e c t o r  t y p e s  were t e s t e d  

including a "swirl air injector," a "reverse flow air 

injector," a "'modified reverse flow injector," and an 

"impinging sheet injector." The main effec~ of  the dlfferen~ 

injectors was the degree of slag accumulatlon experienced 

during a test period in the reactor head. 

I4 this r e g a r d ,  t he  m a g n i t u d e  of the  p e r f o r m a n c e  change 

following slag accumulation was about 12% reduction in carbon 

conversion and 15% reducclon in HHV. (Performance testing 

with N. Dakota lignite using the impinging sheet injector 
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i n d i c a t e d  mlnimal s l ag  accumula t ion  and no pe r fo rmance  decay 

over  a one hour t e s t  p e r i o d . ) .  

(c) Coal and Air Injection Velocities: Comparison of test runs 

where ~he coal injection velocity was reduced by nominally 50X 

Indicated essentlally no difference in carbon conversion using 

the reverse flow injector configuration. Comparison of 2 runs 

where the air injector was reduced indicated an increase in 

performance level using the reverse flow injector 

configuration. 

(d) Air to Dry Coal Ratio (Ib/lb): Using the impinging sheet 

injector and N. Dakota lignite, as the ratio is increased from 

3.0  to 3 ,6 .  the percent carbon  gasified increased from 78 t o  

92% and the HHV of the product gas stayed essentially constant 

at i00 Btu/SCF ( d r y ) .  

Ce) Residence Time: Air blown test measurements have shown that 

all of the oxygen has reacted in less than 0.145 sac 

superficial residence time; at this point, up to 80% of 

lignite carbon is converted to gas. Doubling the residence 

time to less than 0.i00 sec converts another I0% of the 

carbon. It is believed that the llfe-tlme of actlve-sltes in 

the ungaslfled char may be up to 0.200 sac. 

(f) Steam/Dry Coal Ratio ( l b / l b ) :  The e f f e c t  of  steam a d d i t i o n  

upon carbon c o n v e r s i o n  was not  a s s e s s e d ;  however ,  i t  i s  

belleved that steam injection would increase the carbon 

conversion by reacting with the ungaslfied char at the active 

sites mentioned above. 

(g) T o t a l  Mass Flux ( l b / h r _ p e r  f t  3 Reac to r  Volume: A d e c r e a s e  in  

mass f l u x  from 20,000 to 10,000 showed an i n c r e a s e  of  around 

10% ca rbon  c o n v e r s i o n ,  
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(h) Temperature: Reac tor  temperature v a r i e s  p r o p o r t i o n a t e l y  t o  

the a i r / d r y  coa l  r a t i o .  The temperature  was se t  in order t h a t  

the s lag formed ~rlll  flow f r e e l y  from the g a s i f i e r  without 

accumulating. 

( i )  Pressure~ The e f f e c t  oE p ressure  has not been evaluated using 

the gaslfier t e s t  facility. 

7 .1 .3  Theo re t i ca l  AnalTses 

- TheT.~odynam~es ana lyses  based on equ i l ib r ium 

c a l c u l a t i o n s  were performed. 

7 . 1 . 4  Process  and Economic Analyses 

- Process and Economic Analyses were performed by Gi lbe r t  

Associates under a Bell funded coutrac~ on an air-blownHMF 

gasifler applicstlon to a eomhln~d cycle power plant. 

7.2 Oxygen-Blo~a Gasi£ier  Development: 1978 to  p resen t  

Ball  continued development of  the g a s i f i e r  using oxygen plus steam r a t h e r  

than a i r  to Eas i ly  Lhe coa l .  The work was performed using company funds.  A 

con t r ac t  was awarded to Bel l  by the  New York S ta t e  Energy and Research 

Development Author i ty  (NYSEKDA) f o r  $400,000 in  1979 to  c o ~ u c t  dense phase 

f low and wa l l - s l agg ing  i n v e s t i g a t i o n s  in support of  E a s i f i e r  development. 

Alf red  U n i v e r s i t y  has a s s i s t e d  Bel l  in the area of s l ag  c h a r a c t e r i s t i c s  and 

chemis t ry  eva lua t ion  during t h i s  time frame. 

A schematic of the oxygen-blown t e s t  f a c i l i t y  i s  shown on Figure I I I - 6 ;  a 

t y p i c a l  g a s i f i e r  conf igura t ion  i s  shown on Figure IX~-7. Development durin~ 

t h i s  per iod i s  as fo l lows:  

o Severa l  02-blown, shor t  dura t ion  ( l e s s  than :10 min.)  s a s i f i e r  t e s t s  

compIated. 

o D i f f e r e n t  bas ic  i n j e c t o r  con f igu ra t i ons  eva lua ted  ( see  Figure I I I - 7 )  

o Operat ion and con t ro l  of  f a c i l i t F  and r e a c t o r  s a t i s f a c t o r y  

o Data a n a l y s i s  procedures  developed 
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o R e a c t o r  v a r i a b l e s  i d e n t i f i e d  and a s s e s s e d  as to  t h e i r  i n f l u e n c e  on 

carbon conversion. Variables identified are as follows: 

- Oxygen Injection Velocity 

- Steam Injection Velocity 

- Residence Time 

- Oxygen/Coal Opera¢ing Ratios 

o P r o c e s s  and economic analysis: 

(I) Performed by Gilber~ Associates under a Bell-funded contract to 

estlmate the cost of a plant to produce 50 billion Btu per day of 

medium Btu gas (298 Btu/dry SCF) and 18 NW of electricity from 

Nor th  Dakota Lignite. 

(2) Performed by DOE's Morgantown Process Evaluation Office as a 

separate process evaluation. The report was entitled "An Economic 

Comparison of the Bell HNF Caslfler wlth the Texaco and Lurgi 

Gaslflers - 50 Billion Btu/day Industrial Fuel Plant." Coal feed 

was North Dakota Lignite. 

7.3 Planned Oxygen-Blown Gas£fler Development 

In October 1979, DOE and GRl awarded =o Bell a one year contract for 

$1,500,000 (Contract No. DEc-AC01-79ET-1467~). The long range objective of the 

DOE/GRI program is to develop the RMF gaslfler to produce SNG feedstock which: 

o Minimizes  oxygen and s team consumpt ion  

o ~ x i m i z e s  methane c o n t e n t  

o ~Ltnimizes t a r  and oche r  l i q u i d  b y - p r o d u c t s  

o Eliminates or minimizes char recycle 

o Is scalable to large capacity (IO0-TPH coal feed) 

Specific tasks to be completed in this one year contract are as follows: 

1. I n v e s t i g a t e  the  p r o c e s s  and d e t e r m i n e  i t s  pe r fo rmance  u s i n g  an upgraded 

1/2-EPR f a c i l i t y  ( s e e  F i g u r e  I I 1 - 8 ) ;  
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2. Test with  b i tuminous  c o a l ,  oxygen and steam at  15 arm p r e s s u r e ;  

3. Eva lua t e  the pr imary  performance c h a r a c t e r i s t i c s ,  and 

4. Eva lua te  the per formance  o£ a s econda ry  coa l  i n j e c t i o n  sys tem.  

The long range program plan i s  to tes~  a t  i n c r e a s e d  p r e s s u r e s ,  h igh  

th roughpu t s  and f o r  ex tended  p e r i o d s  of o p e r a t i o n .  P r o v i s i o n s  f o r  t h i s  f u t u r e  

growth a re  being made in  tes~ system m o d i f i c a t i o n s  being made under  the c u r r e n t  

DOE/0RI c o n t r a c t .  Cont inuous  o p e r a t i o n  i s  p lanned ~or the  1981-82 t ime frame.  

7.4 Data Base From Test Kuns 

In Table III-4, selected data from the Bell gaslfier testing is listed. 

Inc luded  in the  t a b l e  a re  s e l e c t e d  runs from the a i r  blown g a s i f i e r  work and 

y i e l d s  expec ted  in the  oxygen plus steam g a s l f l e r .  

The most n o t a b l e  r e s u l t  shown in the  ASr-Blown Tes t  Data i s  t h a t  a t  the  

h igh mass f l u x  r a t e s  used (10,000 l b / h r  per  f t 3 ) ,  90% carbon  c o n v e r s i o u  ~ov 

l i g n i t e  was o b t a i n e d  whereas f o r  Montana Rosebud, only B0% carbon c o n v e r s i o n .  

Both runs used about  the same a l r  to  dry c o a l  r a t i o s ,  3.~ and 3.6, 

r e s p e c t i v e l y .  

During the company sponsored oxygen blown t e s t  program, Be l l  conducted  

p a r a m e t r i c  s e n s t t i v l t y  t e s t l u g .  I t  was observed  t h a t  f o r  each 0 . I  change in 

the  oxygen to coa l  r a t i o ,  the carbon c o n v e r s i o n  e £ f i c i e n c y  i n c r e a s e d  

a p p r o x i m a t e l y  10~. Other  v a r i a b l e s ,  I n c l u d i n g  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  r e s i d e n c e  time and coa l  i n j e c t o r  v a r i a b l e s  were e v a l u a t e d  

fo r  t h e i r  per formance  s e n s i t ~ v l t y .  

Using ~ I t t s b u r g h  seam coa l  and o p e r a t i n g  a t  an oxygen to coa l  r a t i o  of 

0 . 8 5 : l ,  Bell ob ta ined  a carbon c o n v e r s i o n  e f f i c i e n c y  o f  90%. A p p l y l ~  the  

9e r fo rmance  s e n s i t i v i t y  f a c t o r s  and a l l owing  fo r  the lower carbon c o n t e n t ,  a 

carbon  c o n v e r s i o n  o f  90% a t  an oxygen to coa l  r a t i o  of  0 .71 :1  f o r  Western  

Kentucky c o a l  i s  p r o j e c t e d  by Be l l ,  as i n d i c a t e d  in  Table  I I 1 - 4 .  
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8,0 FUNDAHENTALS OF SRT GASIFICATION AS APPLIED TO THE BELL IIHF GASIFIER 

The Bell ]IMF Gastfter has basically two configuratlons uhtch could be 

utilized accordLng to the end product desired: 

t .  The S i n g l e - S t a g e  IIMF G a s i f l e r  c o n f i g u r a t i o n  where c o a l ,  oxygen  and 

s team a re  fed  i n t o  the g a s i f t e r  to  r e a c t  b a s i c a l l y  ¢o CO and g2o 

This  c o n f i g u r a t i o n  can a p p l y  to any p r o c e s s  where synRas can be used  

as  a f u e l  or  as  an I n t e r m e d i a t e  p r o d u c t .  

t )  
b l  The Two-Stage  it,'.[F' G a s [ f i e r  c o n f i g u r a t i o n  where a s e c o n d a r y  cr, a l  s t r e a m  

i s  i n j e c t e d  into the g a s i f i e r  t o  mix and i n t e r a c t  with the s y n g a s  

formed tn the f i r s t  stage to form CO, H2, and some Ctt 4. Th is  

conElguratLon i s  app l t cab le  where an t n t e c n t e d l a t e  gtu fue l  gas 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 followin~ i s  a d i s c u s s i o n  of the fundamental  mechanLsms of coa l  

: t a s l f L c a t i o n  as app l ied  to both c o n f i g u r a t i o n s :  

8. l S i n g l e - S t a g e  G a s t f L e r  

A s c h e m a t i c  o f  B e l l ' s  S i n g l e - S t a g e ,  e n t r a i n e d  f low g a s i f t e r  Ls shown in  

Figure [ I I - 9 .  The g a s i f i e r  i s  d i v i ded  i n t o  3 zones which descr ibe the bas ic  

r e a c t i o n  mechanisms of  the g a s l f i e r  as f o l l o w s :  

8 .  I .  1 Zone  [A: P y r o l y s i s  Zone 

In t h i s  zone ,  the  v o l a t L l e s  from the c o a l  a r e  p' .~rolyzed by the  ho t  g a s e s  

s u r r o u n d i n g  t t  a E t e r  [ n j e c t L o n  i n t o  tile r e a c t o r .  Th~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  w i th  the combust ion gases r e c t r c u l a t t n g  from zone I,~ p lus rad ia tLon  

e f f e c t s  supp ly ing  the heat fo r  the endoth0r~tc p y r o l y s i s  r eac t i ons .  A gene ra l  

r e a c t i o n  can be ~ r t t t e n  as ~o l lows:  

Coal + heat ~ char  + v o l a t i l e s  

where v o l a t L l e s  inc lude  CO, !!2, CO2, 1120 , CH&~ H2S , N2, C2-C5 

hydrocarbons and C6 ~ hydrocarbons c o n t a i n i n g  most ly  a romat ics ,  ta rs  and 

uns tab le  heavy hydrocarbons.  
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A k i n e t £ c  e q u a t £ o n  e x p r e s s i n g  t h e  r e ~ e  of p y r o l y s i s  a s  p r o p o r t i o n a l  eo 

the amoun~ of volatile aontent remalnlng in the char is written as follows: 

d..V.V - g (Vinlt ° - V) 
dt 

w h e r e  K = K o exp(-Z/RT), sac -I (Arrhenius' equation) 

V l n l t "  = the  I n i t i a l  v o l a t i l e s  in  the  c o a l .  l b / 1 0 0  I b  

coal 

and U - volatiles e v o l v e d ,  l b / l O 0  l b  c o a l .  

This reaction rate is extremely fast and describes the rate controlling 

step of devolatilizztioufor pulverized coal particles. If the particles were 

l a r g e r ,  t h e n  t h e  Kate  o f  h e a t  t r a n s f e r  t o  t he  c o a l  o r  t h e  mass  t r a n s f e r  of  t h e  

v o l a t l l e s  f rom t h e  c o a l  woutd  be  t h e  l i m i t i n g  s e e p  t o  d e v o l a t i l £ z a t i o n .  T h i s  

i s  one  b a s i c  d i f f e r e n c e  b e t w e e n  e n c r a f n e d ~  f l a s h  p y r o l y e l e  g a s i f l e r e  and 

mov£ng,  f i x e d  b e d t  o r  f l u l d i z e d  bed  r e a c t o r s .  The e n e r a £ n e d  8 a s £ f £ e ~ s  can  be 

des&gned s u c h  t h e e  h e a ~ i u g  r a t e s  o f  2 , 0 0 0 " F / s e e  to  7 0 0 , 0 0 0 " F / s a c  a r e  a t t a i n e d  

by u s i n g  f i n e  p a r t £ c l e s  to  m l n l m l z e  h e a t  and mass t r a n s f e r  r e s i s t a n c e s .  

P y r o l y s i s  o f  c a k i n g  c o a l s  p r e s e n t s  no problem to  t he  B e l l  HMF g a s i f i e r  

s i n c e  t h e  p a r t i c l e s  a r e  w e l l  d i s p e r s e d ,  A l s o ,  s i n c e  the  h e a t i n g  r a t e s  a r e  so 

high, the compounds which "plasticize" coal are quickly pyrolyzed from the coal 

particle before agglomeration e~n occur. 

8 . 1 . 2  Zone IB:  V o l a C i l e s  C o m b u s t i o n  

T h i s  zone t s  p r o b a b l y  i n d ~ s t i n g u i s h a b l e  f rom Zone  IA as  t h e r e  i s  

b a c k m i x i n  8 o f  h o t  c o m b u s t i o n  g a s e s  ~ h i c h  h e l p  p y r o l y z e  t h e  c o a l .  I f  p y r o l y s i s  

p r o d u c t s  a r e  a v a i l a b l e  to  the  o x y g e n  i n  Zone IA,  t h e n  v o l a t i l e s  c o m b u s t i o n  

o c c u r s  i n  Zone  IA a s  w e l l  as  Zone IB s i n c e  the  r e a c t i o n  r a t e  o f  oxygen w i t h  

v o ! a t t l e s  s u c h  a s  CO and H 2 i s  f a s t  enough  to  be c o n s i d e r e d  i n s t a n t a n e o u s .  
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The v o l a t ~ l e s  c o m b u s t l o n  r e a c t £ o n e  can  be w r i t t e n  a s  foZlows~ 

H 2 + 1/2 O2~I120 

CO + I/2 02~C02 

other volatiles + 02 ~ CO 2 + C0 + H 2 + H20. 

The addltional volatiles, including CH4 , C2-C5, and Cf~ 

h y d r o c a r b o n s  ~ r l l l  p a r t i a l l y  he o x £ d l z e d  t o  CO2, CO, and  H2,  d e p e n d l n g  on 

t h e  a v a i l a b i l l t y  o f  t h e  oxygen  and  t h e  ~ e m p e r a t u r e  l e v e l .  R i n e e  ~ e s t s  In  t h e  

I / 2 - T P H  f a c i l i t y  h a v e  shown l l t t l e  o r  no e v l d e n c e  of t a r s  o r  h e a v y  l i q u i d s  i n  

t h e  g a s l E i e r  p r o d u c t ,  i t  i s  p r o b a b l e  t h a t  t h e  t a r s  a r e  c o m p l e t e l y  d e s t r o y e d  i n  

this zone. 

The temperatures reached in this zone are around 3000°F and are 

directly proportional to the oxygen to coal ratlo. 

8 . 1 . 3  Z o n e  IC :  Char  G a s i f i c a t i o n  

The  p y r o l y s l s  r e a c t i o n s  ¢n Zone  IA l e a v e  a c h a r  i n t e r m e d i a t e  

p r o d u c t  e n t e r i n g  Zone  iB ,  The c h a r  d , - s  r e c l r c u l a t e  w t t h  h o t ,  p y r o l y s i s  

products ~rom Zone  ZB back to Zone ZA. This is evidenced by the accumulatlon 

of a thin~ slag rlm which accumulates around the oxygen Inlet anmllus as shown 

in Figure 111-9. The unreacted, but now highly reactive char enters Zone IC 

where steam is injected to further gasify the char. Air-blown testing by Bell 

showed ti1~t essentLalty all of the oxygen was consumed in 0.045 msec; hence, 

since all of the oxygen has been reac~ed beEore Zone IC, the heterogeneous 

reaction of char wlth oxygen is noc llkeZy. The primary reactions In ~h~s zone 

are as f o l l o w s :  

C[Char) + U20 ~ CO + H 2 

C(Char)  + C02 ~ 2C0 

C(Char) + l{ 2 :- ell 4 

The o v e r a l l  r e a c t i o n  r a t e  o f  t h e  c h a r  c an  be  d e s c r i b e d  a s  f o l l o w s :  
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dC 
+ + ) "-% o C%o %% %% N2 c% 

where C s 

CH20 ' CC02 ' CH2 

= c o n c e n t r a t i o n  of  c a rbon  In char  (moles /vo lume)  

" Arrhenlus rate constants for char H20 , char-CO2, 

and char-H 2 r e a c t i o n s  (voZ/moles/sec) 
- concentrat ion of gaseous species 

(moles/volume) 

The tnltial reaction rates of Ehe three heterogeneous reacCions 

above have been shown to be about the same at partial pressures of 35 

arm(2); ho~ever~ at i atm partial p~essure~ the fastest reacCion is 

suggested to be the char-CO 2 reaction, then the char-H20 reaction and 

£1nally the char-H 2 reactLou. An analysis of the stolchlometrlc quantities 

of the gases entering Zone IC Indica~es that H 2 has probably the lowest 

partial pressure oE the reacting gaseous species. Hence, the most domlnant 

|leterogeneous reactions in Zone IC are the char-C02 and char-H20 

reactions. 

As the heterogeneous reactions are occurr£n8, the gas phase 

reacCions are simultaneously reactin 8 to approach equilibrium composition. For 

the hlgh temperatures (2500-2600"F) of the Bell Single-Stage Reactor, there is 

hardly any CH 4 existing and CO and H 2 make up close to 90 vol Z of the 

gaseous species. The equ i l ib r ium gas composit ion of Che Single-Stage Raw 

Syngas is given as Eollows: 

Vol.Z 

CO 55.9 

H 2 31.0 
I!20 7°0 

CO 2 4.0 

H2S 1.4 

N 2 0.7 

CH 4 0.01 



Al l  the heavy v o l a t l l e s  have disappeared throuRh gas phase 

reactions occurring in Zones IA, IB, and IC. In the cracking reactions which 

do occur, pyrolytic soot may be formed which could represent a penalty to the 

process as soot is so fine it is hard to recover. 

8.2 Two-Stage Gaslfier 

Bell's Two-Stage, entrained flow gesifier includes all the elements of the 

Single-Stage gas l f te r  wi th a secondary- In jec t ion Zone I IA  a~l secondary char 

gasification Zone lIB added as shown in Figure lII-9. The coal is 

injected in Zone IIA in order to devolatillze the coal quickly as occt, rs in 

Zone [A of the Slngle-Stage. However. heat for pyrolysis is supplied by the 

25000F ~ases from Zone IC rather than combustion gases reelrculating from Zone 

IB. The devolatillzed char formed from the secondary coal is very reactive at 

this point as it enters Zone liB. The main reactions available are the 

char-R20, char-C02, and the char-H 2 reactions as described above. 

However, in this section the reaction that will prevail initially is the 

char-H 2 reaction since the H 2 partial pressure is the highest. Hence, 

methane yields are enhanced from pyrolysis and the char-H 2 reactions. Since 

the temperatures are still high, the gas-phase equilibrium would show l~ttle 

methane ~o the 8aslfler product IE eql, illbr%um were attained° l~nce, rapid 

quenchln S by water sprays is done immediately following Zone lib to "freeze" 

the methane before it decomposes. 
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P 

COAL ." 

OXYGEN 

STEAM 

STEAM : 

3000°F 
B m m m l .  

2500°F 

S L A G  

; :" ~..'. ::'. : : .' : :'-~. : ':. ": : ::::::!:~: : :~?':i:::': -~:: 

i 
QUENCH 
WATER 

I QUENCHED 
I 1900OF "~ SYNGAS 

WATER 

WATER 

ASH SLURRY 

BENEFICIAL FEATURES 

• UNGASIFIED CHAR FROM REACTION ZONE IMPINGES ON SURFACE OF SLAG 
POOL WHICH COULD ACT AS AN OXYGEN TRANSFER AGENT 

• UNGA$1FIED CHAR REACTION ZONE 15 AT HIGH TEMPERATURE FOR A 
LONGER TIME 

F i g ,  I T I - - 3 :  - M o l t e n = S l a g - B a t h  C o n c e p t  f o r  B e l l '  s S ~ n 8 1 e - S t a g e  
HMP gaslfie~ 
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RECYCLE CHAR 
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PRIMARY COAL + 
RECYCLE CHAR 

STEAM ~ ' 

-1 r 

H20 

ASH 
SLURP Y 

IST STAGE 

QUENCH 
WATER 

r 

SECONDARY 
COAL 

2ND STAGE 

1700- 
REVERSE FLOW ,di ~ STEA 

~ 

RECYCLE CHAR 

AM 

RAW 
SYNGAS 

BENE FIC IAL ,FEA'[ URES 
• TWO-STAGE PROCESS WITH HIGHER METHANE YIELD AND LOWER 0 2 

CONSU/V~TION 
• HIGH SINGLE-PASS CARBON CONVERSION MINIMIZES CHAR RECYCLING 
• MOLTEN SLAG KEPT SEPARATE FROM SECONDARY COAL TO PREVENT 

AGGLOMERATION 

• HOT GASES FROM 1'.[ STAGE INJECTED INTO 2ND STAGE UTILIZING 
EFFICIENT REVERSE FLOW INJECTOR TO MIX THOROUGHLY WITH 
SECONDARY COAL 

• INTERRUPTION OF CHAR FLOW DOESN'T SHUT SYSTEM DOWN 

Fi E. IIZ-4: ~olten-Sla8 Bath with Secondary InJectlon 
for Bellts HMF Gaslfler 
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ZONEIA 

ZONE lB. 

STEAM 

ZONE IC 

PULVERIZED 
COAL FEED 

OXYGEN T OXYGEN 

SLAG ~ 

/ N 

~ 2500~F 

SIN GLE-STAGE ! 
RAW SYNGAS - 

ZONE I~  PYROLYSIS REACTIONS 

COAL + HEAT --~ CHAR + VOLATILES 
(VOLATILES = CO ~CO 2 + H 2 + CH 4 + H2S ~ N 2 ÷ 
LIGHT HYDROCARBONS + TARS) 

ZONE IB: VOLATILES COMBUSTION 

H 2 ÷ I /2  0 2 --~ H20 
CO + 1/2 O2"~" CO2 

STEAM 

ZONE IC: CHAR GASIFICATION 

C ÷ H 2 0 - ~ C O + H  2 
C + CO 2 " ~  2CO 

__,,,• SINGLE-STAGE 

"IWO-STAGE 

ZONEIIA 

Z O N E I I B  

WATER 
QUENCH SPRAYS 

TWO-STAGE ~ ]  
SYNG  I 

-~ SECONDARY COAL INJECTION 

ZONE I1~ SECONDARY COAL PYROLYSIS 

COAL + HEAT - ~  CHAR + VOLATILES 

ZONE II~ SECONDARY CHAR GASIFICATION 
C "," H 2 ~ CH 4 
C + H20 -.e,. CO + H 2 

Figure 11I-9. Schematic o£ Reaction Fundamentals o£ Bell's Single-Stage 
and Secondary Injection LR4F Casigter. 
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TABLE III-2: Effect of Potential Improvements of the Bell HMF Gaslfler 

to be Investigated by Bell. 

Case No. 1 2 3 4 

Description Single- Single- 

Stage Stage + 

(Base Char 

Case) Recycle 

% Carbon Conversion 90% 

% Carbon Utilization 100% 

90% 

100% 

Secondary Secondary 

I n j e c t i o n  I n j e c t i o n  ~" 

Char Recycle 

Information is proprietary 

at this time 

same as above 

02 to Dry Coal 

Weight Ratio 

Flue Gas Desulfur- 

izatlon Required 

NO 

Relative Gas Cost 1.0 

0.71 

Relative Capital 

Cost 

1.0 

Propr ie ta ry  

YES 

1.01 

1.03 

0.92 

0.87 

same as above 

same as above 

0.91 

0.89 

R e l a t i v e  Operating 

Cost 

1.0 1,0 0.95 0.93 
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Table IIX-4: BelI-HMF Gaslfler Data 

COAb 

INJECTOR CONFIGURATION: 

RUN No.: 

REACTOR PRE"SURE (pdn): 

REACTOE TEMPERATURE (°F): 

RUN DUXATIOIq (mln)l 

AIR/DRY COAL AVG |Ib/Ib): I 

SELECTED TEST DATA PROJECTED 
YIELDS ~SEO 
ON OBSERVED 

TRENDS AIR BLOWN DATA 0 2 BLOWN 

N. DA~,OIA MONTANA PITTSBURGH W. KENT, 
LIGN ITE ROSEBUD SEAM 

I I 

IMPING SHEET IMPING SHEET IMPING SHEET 

3106 

218 

-2400 

30 

31 I0 

186 

-2600 

60 

3.6 3.5 

OXYGEN/DRY COAL (Ib/Ib): 

STEAM/DRY COAL (Ib/Ib)= 
| i 

AVG REACTOR MA~S FLUX (Ib/l~/fl3): lO. 400 10,300 

i SUPERFICIAL GAS RES, TIME (msJ: 80 80 

o . !  

AVG GAStFIER EFFLUENT GAS COMPOSITION 
(VOLUME PERCENT) NOTE (2) 

0-14 

% UNGASIFIED CARBON TO CHAR~ 

0.2 

H 2 8.1 6.8 
J 

I 61.4 , 64.0 N 2 

CO 22.0 20.G 

CO 2 B,6 8.9 
i 

H20 NOT ANALYZED NOt ANALYZED 

H2S NOT ANALYZED NO1 ANALYZED 
, i i 

COS NOT ANALYZED NOT ANALYZED 
l ,, 

NH 3 TR TR 

AVG CAR~N CONW.RStON: 
I.% OF CARBON IN COAL IN GAS PHASE) 90 80 

AVG COLD GAS EFFICIENCY: 
{HHV OF CO. " 2 '  CH4 iN EFFL GAS~ 55 45 

AVG GAS HHV (El"U/DRY SCF): 98 88 

UNGASlFIED CARBON, ASH AND SLAG 
i i 

- 1 

% ASH IN COAL RECOVERED IN SLAG TANK: NOT ANALYZED NOT ANALYZED 
i 

% ASH IN COAL RECOVERED IN CHAR: NOT ANALYZED NO1 ANALYZED 
i ! 

CHAR ANALYSES (WT %) 

NOT ANALYZED NOT ANALYZED 

2O% 

NO~E (!1 

D A I A  I S  

P R O P R I E T A R Y  

~ l r  T H I S  

l I M E  

ASH: 
CARBONs 

5C0 
s. 

2500 
i i 

! ! 

NONE 
i 

0.71 

0,20 
a 

=5,000 

350 

0,01 

30.90 

0.66 

56.02 

4.92 

6.96 

1.43 

9O 

78 

301 

t 

10~ 
a 

90~ 
i 

10% 
i , , ,  

89% 

NOTES: 
(1| DoIo not avoiloble on Pittsburgh seam trois 
(2) Gm c~poslt|om averaged ~ several s~pl~ dur|ng test 

wlth CH 4, H 2, N 2, CO, and CO 2 cmty gases anQlyze6 
(3) Incl~les 2.31% CO 2 as pres~izMg.gm.ln.r.md fe~l 

NOIE ~3; 
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