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HTGR FUEL REPROCESSING: A WHOLE-BLOCK BURNER WITH RFCYCLE 
OF COOLED GAS FOR TEMPERATURE CONTROL 

Paul  A. Haas 

ABSTRACT 

Burning of whole f u e l  blocks (hexagonal prisms about 1 4  
i n .  across  t h e  f l a t s  and 31 i n .  l ong)  i s  be ing  i n v e s t i g a t e d  
as one head-end t rea tment  f o r  reprocess ing  t h e  General Atomic 
Company type  o f  HTGR f u e l .  
s ixth-block burner  have shown p r a c t i c a l  burning r a t e s  and good 
u t i l i z a t i o n  o f  02. 
yses  f o r  a whole-block burner  wi th  r ecyc le  of cooled gas t o  
provide temperature  c o n t r o l  and hea t  removal. A s impl i f i ed  
model w a s  s e l e c t e d  and computer programs were w r i t t e n  t o  ca l -  
c u l a t e  gas compositions and temperatures  throughout t h e  
burner .  Complete u t i l i z a t i o n  of  02 o r  low concent ra t ions  of 
O2 i n  t h e  e x i t  gas depend on g raph i t e  temperatures  t h a t  a r e  
s u f f i c i e n t l y  high t o  produce C O ,  which r e a c t s  with 02 i n  t h e  
bulk gas .  It does not  appear p r a c t i c a l  t o  opera te  under con- 
d i t i o n s  t h a t  promote both high u t i l i z a t i o n  of  O2 and low CO 
concent ra t ion  i n  t h e  e x i t  gas .  I n s t e a d ,  t h e  burner  condi t ions  
should be chosen t o  c l e a r l y  favor  moderate concent ra t ions  of 
e i t h e r  O2 o r  CO i n  t h e  e x i t  gas .  Moderate concent ra t ions  of 
O2 i n  t h e  e x i t  gas would allow lower g raph i t e  temperatures  
and would probably g ive  t h e  des i r ed  burning r a t e s  f o r  t h r e e  
a x i a l l y  a l igned  b locks .  Moderate concent ra t ions  of CO i n  t h e  
e x i t  gas would ensure high burner  c a p a c i t i e s  bu t  would r e s u l t  
i n  h igher  temperatures  and more complex burner  c o n t r o l  
behavior .  An experimental  burner  i s  recommended t o  v e r i f y  
t h e  ca l cu la t ed  r e s u l t s .  The gene ra l  conclusions apply t o  
both f lu id i zed -  and fixed-bed burners .  

Experimental  resu l t s  wi th  a one- 

This r epor t  descr ibes  and p resen t s  anal-  

1. I N T R O D U C T I O N  

High Temperature Gas-Cooled Reactor (HTGR)  f u e l  elements commonly con- 

t a i n  uranium and thorium carb ide  and oxide compounds i n  t h e  form of  s m a l l  

f i s s i l e  and f e r t i l e  spheres coated wi th  p y r o l y t i c  carbon, and a r e  f a b r i -  

ca ted  w i t h  high C/Th atom r a t i o s  ( % 2 5 0 ) .  One type  of HTGR f u e l  elements 

i s  a hexagonal g raph i t e  prism approximately 1 4  i n .  across  t h e  f l a t s  and 

31 i n .  long ( see  F ig .  1). An e s s e n t i a l  head-end s t e p  i n  HTGR f u e l  reproc- 

e s s ing  involves  burning t h e  element t o  convert  t h e  g raph i t e  and carbon t o  
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. 

C02, l eav ing  t h e  thorium and uranium as p a r t i c l e s  o r  powder, which can 

subsequent ly  be t r e a t e d  as requi red .  The p r i n c i p a l  method of p u r i f i c a -  

t i o n  dur ing  reprocess ing  i s  based on convent ional  so lvent  e x t r a c t i o n  of 

Th(N0 ) and U02(N03)2 s o l u t i o n s .  

t h e  233U from t h e  236U. 

232Th. 

should be  r e t i r e d  from t h e  f u e l  cyc le .  This  s epa ra t ion  depends on t h e  

i n t e g r i t y  of a s i l i c o n  carb ide  coa t ing  on "makeupt' p a r t i c l e s  conta in ing  

235U. If t h e  S i c  coa t ing  remains i n t a c t ,  t h e  makeup p a r t i c l e s  conta in ing  

235U (and 236LJ) can be chemically o r  mechanically sepa ra t ed  from t h e  f e r -  

t i l e  p a r t i c l e s  , which conta in  thorium and 233U. 

t h e  TRISO -coated p a r t i c l e s  a r e  subjec ted  must be l i m i t e d  t o  avoid f a i l u r e s  

as a r e s u l t  of t h e  high pressures  generated by f i s s i o n  product gases .  

3 4  

One reprocess ing  requirement unique t o  HTGR f u e l  i s  sepa ra t ion  of 

The 233U i s  bred  by capture  of  excess  neutrons i n  

The 236U i s  produced by nonf i s s ion  capture  of neutrons i n  235U and 

The temperatures  t o  which 
* 

This  r epor t  i s  concerned with t h e  use of a whole-block burner  (WBB) 

as one head-end t rea tment  f o r  HTGR f u e l s .  I n  t h i s  approach, i n t a c t  f u e l  

blocks (F ig .  1) a r e  loaded i n t o  a high-temperature r e a c t o r  and burned wi th  

0 ( t h e  0 may be d i l u t e d  by o the r  g a s e s ) .  The WBB i s  a l s o  a backup 

approach for t h e  r e fe rence  f l u i d i  zed-bed burners  (FBB)  under development 

by t h e  General Atomic Company f o r  t h e  HTGR reprocess ing  p i l o t  p l a n t .  

ope ra t iona l  problems must be solved f o r  both t h e  FBB and t h e  WBB; t he re -  

f o r e ,  f i n a l  s e l e c t i o n  of  t h e  most e f f e c t i v e  system must await t h e  r e s u l t s  

of development programs. 

2 2 

Major 

The purpose of  t h i s  r e p o r t  i s  t o  present  a WBB concept which e i t h e r  

reso lves  or circumvents t h e  most troublesome r e a c t i o n  rate and hea t  t r a n s -  

f e r  d i f f i c u l t i e s  involved.  The burner  requirements a r e  d iscussed  f i r s t .  

Next, t h e  proposed concept i s  descr ibed .  

proposed system i s  examined us ing  computer c a l c u l a t i o n s  wi th  a s i m p l i f i e d  

model t o  p r e d i c t  some results.  The mechanical problems of feeding blocks 

or removing p a r t i c l e s  o r  p a r t i c u l a t e s  a r e  q u i t e  s imi l a r  f o r  (and somewhat 

independent o f )  d i f f e r e n t  WBB burner  concepts and a r e  thus  not  considered 

h e r e .  

F i n a l l y ,  t h e  behavior  of  t h e  

* 
TRISO-coated p a r t i c l e s  have a s i l i c o n  carb ide  l a y e r  between p y r o l y t i c  
carbon coa t ings  while  BISO coat ings  are p y r o l y t i c  carbon only.  
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1.1 Experimental Resul t s  at  ORNL 

The r e a c t i o n  k i n e t i c s  and mechanisms of h e a t  transfer were considered 

and r epor t ed  f o r  t h e  burning of e a r l y  graphite-uranium fuels . '  

s o l u t i o n s  f o r  a mathematical  model showed reasonable  agreement wi th  exper i -  

mental  results, and p o t e n t i a l  ope ra t ion  problems were revea led .  The 

d e s c r i p t i o n s  and d iscuss ions  i n  t h i s  r e p o r t  are based on some conclusions 

from experimental  s t u d i e s  made with a Unit  Operations one-sixth-block 

burner .2  One i s  t h a t  0 

rates f o r  some temperatures  i n  t h e  range 800 t o  1600Oc. A second i s  t h a t  

t h e  0 

t h i s  range i f  t h e  gas  flow i s  channeled through t h e  coolan t  h o l e s  of  

a x i a l l y  a l igned  b locks .  A t h i r d  i s  t h a t  t h e  r e a c t i o n  o f  t h e  f u e l  b locks  

f o r  s p e c i f i e d  burner  condi t ions  i s  reproducib le  without  f l u c t u a t i o n s  

pas s iva t ion  of  t h e  g r a p h i t e  s u r f a c e ,  o r  o t h e r  unpredic tab le  v a r i a t i o n s .  

Together,  t h e s e  r e s u l t s  i n d i c a t e  t h a t  we can obta in  a p r a c t i c a l ,  repro-  

duc ib le  g raph i t e  burning r a t e  and a low 0 concent ra t ion  i n  t h e  e x i t  gas 

f o r  some 0 

allow us  t o  p r e d i c t  what temperature i s  r equ i r ed  o r  what t h e  e x i t  CO con- 

t e n t  w i l l  be .  

Numerical ' 

can be r e a c t e d  wi th  an HTGR fue l  b lock  at p r a c t i c a l  2 

concent ra t ion  of t h e  e x i t  gas w i l l  be low over  a t  least  p a r t  o f  2 

2 
CO mixture a t  temperatures  below 16oo0c, bu t  t hey  do no t  2- 2 

The above experiments were c a r r i e d  out  us ing  one-sixth b locks  pre-  

pared  by making t h r e e  axial cu t s  across  corners  of t h e  hexagonal HTGR 

f u e l  b locks .2  The p r i n c i p a l  mechanism of  hea t  removal w a s  r a d i a t i o n  from 
t h e  g raph i t e  t o  t h e  a i r -cooled  metal  burner  w a l l s .  The one-sixth b lock  / <' 

i s  not  symmetrical ,  and c a l c u l a t i o n s  f o r  e i t h e r  c o r r e l a t i o n  of experimental  

d a t a  o r  t h e o r e t i c a l  approaches a r e  d i f f i c u l t .  

flcw rates w a s  l i m i t e d  by t h e  capac i ty  of t h e  off-gas system. Burning 

could not  be maintained a t  low 0 concent ra t ions  due t o  excess ive  hea t  

l o s s e s  f o r  cool ing both by r a d i a t i o n  t o  t h e  w a l l s  and by t h e  h e a t  capac i ty  

of t h e  d i l u e n t  gas .  The t r u e  temperatures  of t h e  burning g r a p h i t e  are not  

c e r t a i n ,  as a l l  indica, ted temperatures  would t end  t o  be  low. 

The range of a l lowable gas 

2 



2. BURNER REQUIFBMENTS FOR HTGR FUEL REPROCESSING 

. A WBB i s  a chemical r e a c t o r  f o r  r e a c t i n g  0 wi th  a l a r g e  excess  o f  

carbon ( g r a p h i t e )  t o  d ischarge  hea t  and C02-CO. I t s  design capac i ty  de t e r -  

mines t h e  0 feed  r a t e .  The r e a c t i o n s  of 0 wi th  carbon a r e  exothermic and 

a r e  thermodynamically favorable  up t o  very high (>20OO0C) and unacceptable  

temperatures;  however, t h e  r a t e s  of r e a c t i o n  a r e  very low a t  temperatures  

below 7 O O 0 C  as g raph i t e  has an a u t o i g n i t i o n  temperature  

i n  a i r .  

by t h e  endothermic r e a c t i o n  of CO 

hand, t h i s  r e a c t i o n  i s  so much slower than  t h e  r e a c t i o n s  of  0 wi th  e i t h e r  

carbon or CO t h a t  w e  cannot depend on t h e  formation of CO t o  l i m i t  t h e  

temperatures .  The burner  temperatures  must be con t ro l l ed  by making provi-  

s ions  t o  ensure t h a t  t h e  hea t  removed equals  t h a t  produced by burning.  

These requirements w i l l  be  developed i n  more d e t a i l  i n  t h e  s e c t i o n s  t h a t  

fol low.  

of remote ope ra t ion ,  i s  presented  elsewhere.  

2 

2 2 

of  about 7 2 5 O C  

Thermodynamically, t h e  equi l ibr ium temperatures  would be l i m i t e d  

wi th  carbon t o  produce CO. On t h e  o t h e r  2 

2 

A more complete review of  burner  requirements ,  inc luding  a spec t s  
- 3 / 

2 . 1  Burner Capacity 

The WBB should have t h e  capac i ty  f o r  burning a t  least  1 kg of  carbon 

p e r  minute so  t h a t  only a reasonable  number of m u l t i p l e  units would be  

r equ i r ed  f o r  a f u l l - s c a l e  p l a n t .  This capac i ty  i s  equiva len t  t o  83 g-moles 
~ 

2' of carbon p e r  minute or 7.8 x lo6 cal/min f o r  r e a c t i o n  with 0 t o  g ive  CO 2 
For t h e  usua l  ceramic c o n d u c t i v i t i e s  and t h i c k n e s s e s ,  t h e  hea t  conducted 

through a ceramic burner  l i n e r  would c o n s t i t u t e  a s m a l l  f r a c t i o n  of hea t  

r e l eased  a t  t h e  proposed burning r a t e .  Thus, a ceramic-lined burner  w i l l  

be approximately a d i a b a t i c  ( s e e  Sec t .  4 . 2 ) .  

For C/Th r a t i o s  of 250 atoms/atom o r  1 3  g /g ,  a carbon burning r a t e  of  

1 kg/min i s  equiva len t  t o  about 0 . 1  met r ic  t o n  of  thorium p e r  day, which 

i s  t h e  reprocess ing  r a t e  t h a t  would be r equ i r ed  f o r  four  1100-MW(e) HTGR 

r e a c t o r s .  

reprocess ing  p l a n t  o r  f o r  55,000 MW( e ) .  

F i f t e e n  burners  would be  r equ i r ed  f o r  a 1.5-metric ton/day 

The two most l i k e l y  conf igura t ions  have 72 and 108 coolant  ho les  p e r  

block.  Thus, t h e  r equ i r ed  0 feed  r a t e  i s  about 1 g-mole p e r  minute pe r  

coolant  ho le .  
2 
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2.2 Burner Temperature Limi ta t ions  

The h igh  burn ing  rates needed r e q u i r e  g r a p h i t e  tempera tures  above 

those  pe rmis s ib l e  f o r  p r a c t i c a l  metals ; however t h e  temperatures  must 

not  exceed those  al lowable f o r  TRISO coat ings  on t h e  f u e l  p a r t i c l e s .  The 

extreme limits a r e  about 800Oc minimum t o  give u s e f u l  r e a c t i o n  r a t e s  of 

g raph i t e  wi th  0 and 1 . 6 0 0 ~ ~  m a x i m u m  t o  avoid breakage of  TRISO coat ings .  2 
The p r a c t i c a l  range of  ope ra t ing  temperatures  f o r  a WBB i s  more r e s t r i c t e d .  

The r e a c t i o n  of g raph i t e  wi th  0 produces s o  much hea t  and t h e  rate i s  so  

dependent on temperature  at  800Oc t h a t  it i s  extremely d i f f i c u l t  t o  dev i se  

a c o n t r o l  scheme which w i l l  match t h e  hea t  removal wi th  t h e  hea t  of reac-  

t i o n  throughout a whole block a t  about 800Oc. U s e  of a low 0 concentra- 

t i o n  i n  conjunct ion wi th  a l a r g e  flow of  d i l u e n t  gas f o r  h e a t  removal 

lowers t h e  r a t e  of r e a c t i o n  and r equ i r e s  g raph i t e  temperatures  h ighe r  than  

800Oc t o  give p r a c t i c a l  r a t e s .  

1 5 O O 0 C  a r e  probably not  s a t i s f a c t o r y  design va lues  f o r  s e v e r a l  reasons : 

2 

2 

Contro l led  g raph i t e  temperatures  above 

They al low l i t t l e  margin f o r  avoiding f a i l u r e s  OB TRISO 
coa t ings .  

They are far above t h e  allowable temperatures  f o r  metals 
of  cons t ruc t ion ,  and design o r  ope ra t ing  misca lcu la t ions  
could r e s u l t  i n  r a p i d  f a i l u r e s .  

Any p red ic t ed  temperatures  above 1500°C would be  uncer- 
t a i n  s i n c e  t h e  k i n e t i c s  of  t h e  endothermic r e a c t i o n  of 
g raph i t e  with C02 a r e  poorly known. 

The l i m i t  o f  t h e  temperature of TRISO coat ings  limits 
t h e  al lowable temperature g rad ien t s ;  t h a t  i s  burning 
procedures which allow high l o c a l i z e d  temperatures  a r e  
not  acceptab le  even though they  do not  permit t h e  
burner  w a l l s  t o  becorr,e overheated. 

2 .3  Spec i f i c  Problems o r  Quest ions 

The eva lua t ion  of burner  concepts demands t h a t  c e r t a i n  assumptions 

be made concerning t h e  r e l a t i v e  importance of c o n f l i c t i n g  requirements .  

The l i m i t a t i o n s  of var ious  concepts o r  t h e  d i f f e rences  between concepts 

can be recognized by consider ing some s p e c i f i c  problems. Any proposed 

burner  concept (whole block o r  any o the r  t y p e )  must provide answers t o  

t h e  fol lowing problems or ques t ions :  
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Burner temperatures  must be c o n t r o l l e d  wi th in  an accept- 
ab le  range--high enough t o  g ive  p r a c t i c a l  rates of  
r e a c t i o n  but  low enough t o  avoid damage t o  materials of 
cons t ruc t ion  o r  t h e  TRISO coat ings  on f i e1  p a r t i c l e s .  

The composition and temperature  of  t h e  e x i t  gas must b e  
t o l e r a b l e .  

The h e a t  removal mechanism must b e  we l l  understood and 
c o n t r o l l e d  t o  allow scale-up and opera t ion  wi th  confi-  
dence. 

Accessory procedures such as burner  s t a r t u p  , burner  
f eed ,  and burnout of  r e s i d u a l  carbon must be  dependable 
and should not  r e q u i r e  an excess ive  complexity o r  amount 
of equipment. 

The burner  c o n t r o l  procedure must be p r a c t i c a l  and 
dependable f o r  remote opera t ion .  

3. EQUILIBRIUM AND FtATES FOR BURNER REACTIONS 

The o v e r a l l  r e a c t i o n  of carbon wi th  O2 t o  g ive  C02 and hea t  r e s u l t s  

from a complicated and d i f  f i c u l t - t o - c o r r e l a t e  set of r e a c t i o n s .  Reactions 

of a s o l i d  wi th  a gas t o  g ive  a s i n g l e  product a r e  o f t en  complex. There 

a r e  t h r e e  s i g n i f i c a n t  sol id-gas  r eac t ions  ( A H  values  are f o r  1 8 " ~ ) :  

C + 0 2 ( g )  -+ C02(g) AH = -94.03 k c a l ,  (1) 

C + C02(g) -+ 2CO(g) AH = 40.79 k c a l ,  

A fou r th  r e a c t i o n  o f  importance occurs between gases :  

Each product can r e s u l t  from a combination of  reactions--CO from e i t h e r  

( 3 )  o r  from (1) + ( 2 ) ,  and c02 from (1) or from (2) + ( 4 ) .  
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The normal burner  opera t ing  condi t ions  (gas  concent ra t ions  and t e m -  
p e r a t u r e s )  are far from thermodynamic equ i l ib r ium f o r  t h e  t h r e e  r e a c t i o n s  \ 
of  gases  wi th  g raph i t e .  

favored f o r  a l l  temperatures  up t o  t h e  m a x i m u m  al lowable i n  a HTGR fuel  

burner .  Reaction ( 2 )  becomes more favorable  as t h e  temperature  inc reases  

and i s  h igh ly  favorable  at  a l l  temperatures  ( > 8 O O 0 C )  which g ive  p r a c t i c a l  

rates of burning.  Reaction ( 4 )  i s  a l s o  h igh ly  favorable  at a l l  p r a c t i c a l  

burner  temperatures .  Therefore ,  t h e  burner  r e a c t i o n s  a r e  determined by 

rate e f f e c t s  i n s t e a d  of  by t h e  thermodynamic e q u i l i b r i a .  The a u t o i g n i t i o n  

A s  w r i t t e n ,  r e a c t i o n s  (1) and (3)  are h igh ly  

temperature  o f  CO i n  a i r  i s  6 4 0 O C .  Thus, any gas mixture  conta in ing  both  1 
CO and O2 a t  temperatures  above 800Oc should r e a c t  very r a p i d l y  u n t i l  

e s s e n t i a l l y  a l l  o f  one of t h e  r e a c t a n t s  i s  consumed. 

The g raph i t e  has in te rconnec ted ,  open p o r o s i t y  so t h a t  r e a c t i o n  may 

occur over  a f i n i t e  depth.  Hence pore d i f f u s i o n  of t h e  r e a c t a n t s  and 

products  can b e  s i g n i f i c a n t  e f f e c t s .  The ra te  of r e a c t i o n  of  0 wi th  

g raph i t e  i s  much faster (by a f a c t o r  of l o 5  a t  8OO0C, 0 . 1  a t m )  

r a t e  of r e a c t i o n  of CO 

produce both CO and C02, wi th  t h e  CO/CO 

t u r e  inc reases .4  Data on t h e  experimental ly  observed CO/CO r a t i o s  are 

va r i ab le  and of unce r t a in  s i g n i f i c a n c e  as a r e s u l t  of ox ida t ion  o f  CO by 

02. The r e a c t i o n  of  CO with 0 i s  su r face  ca ta lyzed .  When 0 i s  p resen t  

at  high gas tempera tures ,  the  CO produced by r e a c t i o n  ( 3 )  r a p i d l y  r e a c t s  

wi th  0 so  t h a t  t h e  n e t  e f f e c t  i s  an inc reased  r a t e  of  CO formation. 

42 t han  t h e  

It i s  gene ra l ly  accepted t h a t  t h e  0 r e a c t s  t o  2' 2 
r a t i o  inc reas ing  as t h e  tempera- 2 

2 

2 2 

2 2 

The r a t e  o f  r e a c t i o n  of 0 o r  CO wi th  g r a p h i t e  vs  g raph i t e  tempera- 2 2 
t u r e  shows t h r e e  c o n t r o l l i n g  e f f e c t s ,  wi th  t r a n s i t i o n  reg ions  between them 

(Fig .  2 ) .  

low, t h e  composition o f  t h e  gas i n  t h e  g raph i t e  pores  i s  approximately t h a t  

o f  t h e  bulk gas .  The r a t e  of chemical r e a c t i o n  a t  a c t i v e  s i t e s  on t h e  

s o l i d  su r face  ( inc lud ing  i n t e r i o r  s u r f a c e )  i s  c o n t r o l l i n g .  The c a t a l y t i c  

e f f e c t s  of i m p u r i t i e s  i n  t h e  g raph i t e  a r e  impor tan t .  For an in te rmedia te  

temperature (Zone I I ) ,  t h e  gas composition i n  t h e  pores  decreases  from 

t h a t  of  t h e  bulk gas at t h e  e x t e r i o r  s u r f a c e  t o  a low va lue  i n  t h e  i n t e r i o r  

of t h e  sample; t h e  d i f f u s i o n  of gas i n  t h e  pores  i s  c o n t r o l l i n g .  A t  a h igh  

A t  low temperatures  (Zone 1 I I ) w h e r e  t h e  chemical r e a c t i v i t y  i s  
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temperature  

t h e  e x t e r i o r  su r face ;  i n  t h i s  ca se ,  t h e  mass t r a n s p o r t  i n  t h e  s u r f a c e  film 

i s  t h e  r a t e -con t ro l l i ng  s t e p .  

(Zone I ) ,  t h e  concent ra t ion  o f  t h e  r e a c t i n g  gas  i s  low at 

The t h r e e  zones occur a t  d i f f e r e n t  temperatures  f o r  0 and C02. The 2 
d a t a  f o r  CO graph i t e  are more cons i s t en t  and e a s i e r  t o  c o r r e l a t e  t han  

those  f o r  02-graphi te .  

va t ion  energy,  E ,  of about 93 kcal/mole p r e v a i l  up t o  about 120O0K. 

I1 condi t ions  wi th  an a c t i v a t i o n  energy of about 48 kca lbecome c o n t r o l l i n g  

at about 1500'K. The temperatures  where Zone I condi t ions  are c o n t r o l l i n g  

a r e  h ighe r  t han  t h o s e  t h a t  a r e  p r a c t i c a l  f o r  HTGR f u e l  burning.  

2- 
For CO -graphi te ,  Zone 111 condi t ions  w i t h  an a c t i -  

2 
Zone 

The 

r eac t ion  of  g raph i t e  rods wi th  h igh  flow rates of CO a t  900 t o  1300°C has 

c l e a r l y  shown t h e  e f f e c t s  of pore Bulk d e n s i t y  p r o f i l e s  i n  ,' ' 

2 

t h e  0.50-in.-diam rods show uniform r e a c t i o n  through t h e  rod  at 904"C, and 

r eac t ion  over  about 0.2-cm th i cknesses  a t  1300OC. 

s e l e c t e d  from t h e s e  and o t h e r  data i s :  

The ra te  equat ion  

-24,000 
T 

Y ( 5 )  R = 0.30 x lo6 e 

where 

R = q u a n t i t y  o f  C or CO 

T = t empera ture ,  OK. 

r eac t ed ,  g-moles/cm'*hr, 2 

For a WBB, t h i s  r a t e  of r e a c t i o n  i s  not  s i g n i f i c a n t  below 115OoC and does 

not  give t h e  rates of carbon burn ing  reqGired f o r  temperatures  l e s s  than  

1250'C. The e f f e c t s  of mass t r a n s f e r  through a boundary l a y e r  must a l s o  

be considered at e l eva ted  temperatures  where t h i s  equat ion would g ive  h igh  

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

/(-I:;/  
There a r e  no s a t i s f a c t o r y  equat ions f o r  desc r ib ing  t h e  chemical 

4 k i n e t i c s  o f  t h e  0 g r a p h i t e  r e a c t i o n .  The chemical r e a c t i o n  i s  approxi- 

mately f i r s t  o rde r  wi th  an  a c t i v a t i o n  energy of about 38 kcal/mole.  Zone 

I11 condi t ions  (below 8 0 0 ~ ~ )  give  low carbon burning rates that are of no 

p r a c t i c a l  importance f o r  an HTGR f i e 1  burner .  Zone I condi t ions  wi th  

mass t r a n s p o r t  i n  t h e  sur face  f i l m  as t h e  c o n t r o l l i n g  e f f e c t  probably 

p r e v a i l  i n  t h e  WBB f o r  g r a p h i t e  temperatures  above 1200'K. When mass 

2- 
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t r a n s p o r t  i s  c o n t r o l l i n g ,  t h e  ra te  of r e a c t i o n  shows l i t t l e  dependence 

on t h e  g raph i t e  p r o p e r t i e s  o r  temperature .  For Zone I1 condi t ions  and 

t h e  two adjacent  t r a n s i t i o n  reg ions  (800 t o  1200°K), t h e  i n t e r a c t i o n s  of 

chemical r e a c t i v i t y  , graph i t e  p o r o s i t y  , mass t r a n s f e r ,  and h e a t  t r a n s f e r  

are so  complex t h a t  each system must be  eva lua ted  s e p a r a t e l y .  

The h e a t  t r a n s f e r  e f f e c t s  are q u i t e  d i f f e r e n t  f o r  t h e  two gaseous 

The r e a c t i o n  of  CO wi th  carbon i s  endothermic r e a c t a n t s ,  O2 and CO 

s o  t h a t  t h e  g raph i t e  i s  cooled by t h e  r e a c t i o n ,  and i s  s e l f - l i m i t i n g  s i n c e  

t h e  r a t e  of r e a c t i o n  decreases  as t h e  g r a p h i t e  i s  cooled. The r e a c t i o n s  

with O2 a r e  exothermic so  t h a t  t h e  g raph i t e  i s  hea ted .  The rates of t h e s e  

r e a c t i o n s  i n c r e a s e  wi th  temperature ,  and excess ive  temperatures  w i l l  occur  

if t h e  r a t e  of h e a t  t r a n s f e r  i s  not  c o n t r o l l e d  s o  as t o  equal  t h e  r a t e  of 

hea t  genera t ion .  

2' 2 

4. PROPOSED WHOLE-BLOCK BURNER FLOWSHEETS 

Figure 3 i s  t h e  recommended flowsheet for an a d i a b a t i c  WBB; only t h e  

The burning r a t e  i s  s e t  by s e l e c t i n g  an O2 e s s e n t i a l  f e a t u r e s  a r e  shown. 

feed r a t e .  The burner  temperatures  are l i m i t e d  t o  a p r a c t i c a l  range by 

c o n t r o l l i n g  t h e  r ecyc le  gas flow r a t e  and hence t h e  r ecyc le  gas/O2 flow 

r a t i o .  The 0 f i r s t  r e a c t s  with any CO i n  t h e  recyc le  gas ;  then  any 

remaining 0 r e a c t s  wi th  g raph i t e  i n  t h e  burner .  

burner  i s  cooled t o  a temperature  compatible with opera t ion  of  a r ecyc le  

blower. 

p a r t l y  cancels  out wi th  r e spec t  t o  t h e  burner  h e a t  ba lance .  

t o  be  presented  l a t e r  w i l l  show t h a t  t h e  exact  temperature  and composi- 

t i o n  of  t h e  e x i t  gas a re  not  necessary f o r  designing t h e  burner .  A l s o ,  

t h e  hea t  conducted through a ceramic burner  l i n e r  w i l l  be  a s m a l l  f r a c t i o n  

o f  t h e  hea t  produced i n  t h e  burner  system; t h e r e f o r e ,  t h e  burner  w i l l  be  

an a d i a b a t i c  flow r e a c t o r .  I n  t h e  remaining c a l c u l a t i o n s  and d i scuss ions ,  

"ad iaba t ic"  w i l l  be  used t o  mean removal of  hea t  by t h e  gas without  t r a n s -  

f e r  o f  hea t  through t h e  burner  wal ls .  

2 
The gas leav ing  t h e  2 

A key po in t  i s  t h a t  t h e  CO o r  O2 content  of t h i s  r ecyc le  gas 

Calcu la t ions  

A flowsheet showing a d d i t i o n a l  d e t a i l s  t o  so lve  accessory ope ra t ing  

problems i s  shown i n  Fig.  4. In  gene ra l ,  t h e  d e t a i l s  shown a r e  one of  
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s e v e r a l  a l t e r n a t i v e s  and are not  necessary t o  primary concepts shown i n  

Fig.  3. 

4 . 1  Ant ic ipa ted  Control  Behavior 

The purpose of  t h e  burner  c o n t r o l  system i s  t o  o b t a i n  s t eady- s t a t e  

burning wi th  approximately a d i a b a t i c  opera t ion .  The 0 feed  rate i s  

determined by t h e  in tended  burning ra te .  The r ecyc le  gas  r a t e  i s  regu- 

l a t e d  i n  o rde r  t o  c o n t r o l  a ' ' r epresenta t ive ' '  g r aph i t e  temperature .  I n  

p r a c t i c e ,  t h e  g raph i t e  temperature  v a r i e s  wi th  p o s i t i o n ;  consequent ly ,  

it may be  more convenient t o  measure some o t h e r  temperature .  I n  t h e  d i s -  

cussion i n  t h i s  s e c t i o n  t h e  t e r m  "temperature" refers t o  t h e  burner 

temperature  t h a t  i s  r e p r e s e n t a t i v e  of t h e  r e a c t i v i t y  of t h e  g r a p h i t e .  

The r ecyc le  r a t i o  i s  t h e  r a t i o  ( i n  moles/mole) of cooled e x i t  gas  r ecyc led  

2 

t o  t h e  O2 feed.  

a d i a b a t i c  burner  can be d iscussed  i n  q u a l i t a t i v e  terms. 

With t h e s e  d e f i n i t i o n s ,  t h e  c o n t r o l  behavior  of an 

There i s  a minimum temperature  (and a corresponding maximum i n  t h e  

recyc le  r a t i o )  f o r  which s t eady- s t a t e  burning i s  p o s s i b l e .  Below t h i s  

temperature ,  t h e  g raph i t e  a t  t h e  i n l e t  loses h e a t  f a s t e r  than h e a t  i s  

produced by burning , t h e  temperature  cont inues t o  decrease , and t h e  burner  

"goes o u t . "  

s i n c e  t h e  average 0 

r equ i r ed  d r i v i n g  force  f o r  t h e  r a t e -con t ro l l i ng  mechanism. A t  any h ighe r  

r ecyc le  r a t i o s ,  t h e  only s teady  s t a t e  i s  t h a t  ob ta ined  under condi t ions  

where burning i s  n e g l i g i b l e  and t h e  g raph i t e  temperature  i s  equal  t o  t h e  

i n l e t  gas temperature .  

A t  t h i s  minimum temperature ,  t h e  e x i t  gas w i l l  con ta in  O2 

concent ra t ion  must be  h igh  enough t o  provide t h e  2 

For graph i t e  temperatures  above t h e  minimum f o r  sus t a ined  burning , 
s t eady- s t a t e  burning i s  poss ib l e .  The s t eady- s t a t e  r ecyc le  gas/0 flow 

r a t i o  and t h e  0 concent ra t ion  i n  t h e  e x i t  gas  decrease as t h e  g r a p h i t e  

temperature  inc reases .  Since t h e r e  i s  l e s s  gas t o  remove t h e  hea t  i n  t h i s  

case ,  t h e  e x i t  gas temperature  inc reases  as t h e  r ecyc le  gas10 flow r a t i o  

decreases .  

lower e x i t  0 concent ra t ions  because of h igher  i n l e t  0 concent ra t ions  

( l e s s  recyc le  gas )  and h ighe r  gas temperatures .  

2 

2 

2 
It i s  p o s s i b l e  t o  achieve t h e  r equ i r ed  r a t e  of  burning wi th  

2 2 
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If t h e  g raph i t e  temperatures  a r e  t o o  low f o r  an apprec iab le  r a t e  of  

r e a c t i o n  of  CO w i t h  g r a p h i t e ,  u t i l i z a t i o n  of 0 must be incomplete.  The 

t r a n s f e r  of  O2 t o  t h e  g raph i t e  su r face  depends on an O2 concent ra t ion  

gradien t  and becomes slow as t h e  bulk  O 2  concent ra t ion  becomes s m a l l .  

Therefore ,  0 concent ra t ions  i n  t h e  e x i t  gas can approach zero only when 

g raph i t e  temperatures  a r e  s u f f i c i e n t l y  high t o  produce C O ,  which r e a c t s  

wi th  O2 i n  t h e  bulk gas .  

g raph i t e  temperatures  inc rease  u n t i l  t h e  r e a c t i o n  of  CO wi th  g raph i t e  

produces enough CO t o  r e a c t  wi th  a l l  t h e  0 I n  t h i s  r eg ion ,  c o n t r o l  of 

t h e  burner  i s  somewhat unce r t a in  s i n c e  the  same recyc le  gas/O 

wi th  only s l i g h t l y  d i f f e r e n t  g raph i t e  temperatures  can g ive  0 o r  CO i n  

t h e  e x i t  gas .  In  f a c t ,  minor v a r i a t i o n s  between coolan t  channels i n  t h e  

same g raph i t e  blocks could g ive  0 i n  t h e  e x i t  gas from one channel and 

10% CO i n  t h e  e x i t  gas from another .  

2 2 

2 

A s  t h e  r ecyc le  gas /0  r a t i o  i s  reduced, t h e  2 

2 

2' 
feed  r a t i o  2 

2 

2 

The CO burner  temperature i s  low when t h e  e x i t  gas conta ins  0 (but  2 
no C O ) .  

c en t r a t ion  i n  t h e  e x i t  gas and t h e  CO burner  temperatures  inc rease  r a p i d l y .  

A s  long as t h e  recyc le  C O / 0 2  feed  r a t i o  i s  l e s s  than  2 ,  some 0 

WBB and t h e  maximum system temperature i s  i n  t h e  WBB. Afte r  t h e  r ecyc le  

CO/02 feed  r a t i o  exceeds 2 ,  t h e  CO burner  temperature  i s  t h e  h ighes t  sys- 

tem temperature .  

g raph i t e  proceeds by t h e  endothermic r eac t ion  of CO wi th  carbon, When 

t h e  e x i t  gas conta ins  C O ,  t h e  WBB e x i t  temperatures  w i l l  show l i t t l e  

v a r i a t i o n  w i t h  t h e  r ecyc le  gas/0 feed ratio. A co ld  gas (low CO concen- 

t r a t i o n  i n  t h e  e x i t  g a s )  h e a t s  up t o  about t h e  same temperature  t o  which 

a hot  gas (high CCI concent ra t ion  i n  the  e x i t  g a s )  i s  cooled by t h e  endo- 

thermic r eac t ion  o f  CO w i t h  carbon. 

A s  t h e  recyc le  gas/02 feed  r a t i o  i s  reduced f u r t h e r ,  t h e  CO con- 

e n t e r s  t h e  2 

The gas e n t e r i n g  t h e  WBB i s  C02-CO, and burning of t h e  

2 

2 

2 

The recommended c o n t r o l  procedure i s  t o  f i x  t he  O2 flow r a t e  and vary 

t h e  r ecyc le  gas flow r a t e  (and,  t h e r e f o r e ,  t h e  r ecyc le  gas/O flow r a t i o )  

t o  c o n t r o l  t h e  CO burner  temperature when t h a t  temperature  i s  h igh ,  o r  

t h e  WBB gas e x i t  temperatures  when t h e  CO burner  temperature  i s  low. Other 

va r i ab le s  a r e  l e s s  des i r ab le .  The composition of t h e  r ecyc le  g a s ,  which 

i s  a secondary v a r i a b l e ,  i s  more d i f f i c u l t  t o  measure than  tempera ture .  

2 
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The temperature  t o  which t h e  r ecyc le  gas  i s  cooled could b e  t h e  c o n t r o l  

v a r i a b l e ,  a l though it appears less s u i t a b l e  than  t h e  r e c y c l e  gas  flow 

rate .  The temperature  of g r e a t e s t  concern i s  t h e  maximum temperature  

of t h e  burning g r a p h i t e ,  bu t  measuring t h i s  temperature  would be d i f f i -  

c u l t  and would g ive  u n r e l i a b l e  results. 

E i t h e r  t h e  CO burner  temperature  or t h e  e x i t  gas temperature  w i l l  

fo l low t h e  m a x i m u m  g raph i t e  temperature .  When l i t t l e  CO i s  formed, t h e  

CO burner  i s  co ld  and t h e  maximum gas temperature  of an a d i a b a t i c  bu rne r  

at  s teady  s ta te  i s  approximately t h e  same as t h e  m a x i m u m  g r a p h i t e  

temperature .  In o t h e r  words, t h e  gas  i s  not  cooled by t h e  endothermic 

r e a c t i o n  of  CO wi th  g raph i t e  and t h e r e  i s  no CO t o  burn i n  t h e  CO burner .  

When t h e  temperatures  are s u f f i c i e n t l y  h igh  t o  cause formation of a 

s i g n i f i c a n t  amount of C O ,  t h e  CO burner  i s  h o t .  When t h e  r ecyc le  gas  

conta ins  more than  two moles of CO p e r  mole of 0 a l l  t h e  0 combines 

wi th  CO and t h e  CO burner  temperature  i s  t h e  maximum temperature  i n  t h e  

system. The optimum range for each temperature w i l l  have t o  be  i d e n t i f i e d  

by experimental  tes ts  or by c a r e f u l  c a l c u l a t i o n s .  

2 

2’ 2 

The r e c y c l e  gas flow rate could be  increased  t o  decrease  t h e  c o n t r o l  

tempera ture ,  or decreased t o  inc rease  t h e  c o n t r o l  temperature .  The e f f e c t  

would be t o  provide more cool ing  gas e i t h e r  t o  coo l  t h e  CO burner  or t o  

cool  t h e  WBB, depending on t h e  temperature  c o n t r o l  po in t  i n  use.  However, 

t h e  con t ro l  ac t ions  would have t o  be  slow t o  match t h e  slow system r e a c t i o n  

t imes .  Gas composition and t h e  high- and low-temperature measurements 

would be needed t o  a l low shutdown f o r  s a f e t y  reasons ,  i f  necessary .  

4 .2  Scale-up f o r  Heat Removal 

The proposed WBB flowsheets assume t h a t  an a d i a b a t i c  burner  i s  used. 

All t h e  hea t  i s  c a r r i e d  by t h e  gas and i s  t r a n s f e r r e d  t o  a coolant  f l u i d  

i n  an e x t e r n a l  hea t  exchanger. 

extremely simple.  

r ecyc le  gas/0 

design burning ra te .  While t h e  geometry of t h e  burner  (number o f  b l o c k s ,  

e t c . )  a f f e c t s  t h e  e x i t  gas temperature  and composition, it i s  not  important  

T h i s  makes scale-up for heat  removal 

The gas r ecyc le  system i s  designed for t h e  r equ i r ed  

r a t i o  ( 5  t o  8 )  and t h e  O2 rate necessary t o  achieve t h e  2 



t o  t h e  design of t h e  e x t e r n a l  hea t  t r a n s f e r  system. The design of  t h e  

burner  can al low for t h e  e x i t  temperature  of  t h e  g a s ,  as a l l  hea t  i s  waste 

hea t  a t  t h i s  po in t  and e f f e c t i v e  means of cool ing  such as t h e  use  of  

l i q u i d  water  can be  used t o  p r o t e c t  t h e  metal  w a l l s  from overheat ing.  

The assumption of an a d i a b a t i c  burner  i s  r equ i r ed  by t h e  l a r g e  

amounts of  hea t  involved and t h e  r e l a t i v e l y  low thermal  c o n d u c t i v i t i e s  

o f  ceramics. The burning of 1 kg of  carbon p e r  minute t o  form CO 

r e l e a s e s  470 x 1 0  c a l / h r .  The su r face  area, A ,  o f  t h e  burner  i s  about 

30,000 cm . 
and AT = 1000°C, t h e  hea t  t r a n s f e r r e d  by conduction, q, i s :  

2 6 
2 For a 10-cmthickness  (Ax) of ceramic,  k = 10(ca l /h r*cm*°C) ,  

kA AT - ( l0 ) (30 ,000) (1 ,000)  
q = y -  10  3 

6 q = 30 x 10  c a l / h r .  

This  c a l c u l a t i o n  shows t h a t  about 6% of  t h e  hea t  i s  t r a n s f e r r e d  f o r  

a AT o f  1000°C and a r e l a t i v e l y  high thermal  conduct iv i ty  f o r  a ceramic.  

For a p r a c t i c a l  burner  des ign ,  hea t  l o s s e s  can b e  lower and an a d i a b a t i c  

burner  can be approximated very e a s i l y ,  whereas temperature  c o n t r o l  by 

removal of  hea t  through a ceramic l i n e r  i s  not  p r a c t i c a l .  

The ob jec t ives  of  t h i s  r e p o r t  do not  inc lude  a review of the problems 

of o the r  burner  concepts .  However , crude c a l c u l a t i o n s  f o r  t r a n s f e r  of  

hea t  show t h a t  excessive g raph i t e  temperatures  a r e  almost c e r t a i n  i f  t h e  

hea t  i s  t o  be t r a n s f e r r e d  by conduction o r  by r a d i a t i o n  from t h e  block 

su r face .  I f  t h e  burning occurs over a 4-in. l eng th  of b lock ,  t h e  AT t o  

conduct hea t  t o  t h e  su r face  i s  excessive.  I f  t h e  r e a c t i o n  occurs on t h e  

end su r face  of  t h e  block with hea t  t r a n s f e r  by r a d i a t i o n  from t h e  end, 

t h e  c a l c u l a t e d  temperatures  a r e  w e l l  over 2 0 O O 0 C .  Therefore ,  it appears 

t o  be  impossible t o  burn an e n t i r e  f u e l  b lock .wi th  pure 0 a t  a carbon 

burning r a t e  of  1 kg/min without  exceeding t h e  al lowable g raph i t e  tempera- 

t u r e s .  Both conduction through t h e  g r a p h i t e  and r a d i a t i o n  from t h e  

2 
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graph i t e  s u r f a c e  are inadequate  t o  provide t h e  necessary  hea t  transfer. 

The only p o s s i b i l i t y  would be  t h a t  t h e  r a t e  of r e a c t i o n  of C02 w i t h  carbon 

would be s u f f i c i e n t l y  h igh  t o  remove t h e  h e a t  o f  r e a c t i o n ;  however, t h i s  

appears u n l i k e l y  at t o l e r a b l e  temperatures .  For experimental  s t u d i e s ,  t h e  

t r u e  temperatures  of  burning g raph i t e  a r e  very d i f f i c u l t  t o  measure and 

a r e  gene ra l ly  unknown. 

4.3 Other Flowsheet Advantages 

Even a f te r  t h e  tempera tures ,  hea t  removal, and burning rates f o r  

s t eady- s t a t e  opera t ion  of t h e  primary burner  have been s p e c i f i e d ,  some of 

t h e  accessory and non-steady-state opera t ions  s t i l l  p re sen t  troublesome 

problems. These have been t h e  g r e a t e s t  sources  of d i f f i c u l t i e s  and 

f a i l u r e s  f o r  t h e  experimental  s t u d i e s  of  both WBBs and FBBs.  The WBB 

concept recommended he re  has some important advantages i n  t h e s e  areas. 

The r ecyc le  concept us ing  an i n s u l a t i n g  ceramic l i n e r  and a CO bu rne r  

allows s e v e r a l  convenient procedures f o r  hea t ing  t h e  cold burner  t o  t h e  

ope ra t ing  temperature .  For example, t h e  recyc led  CO might be  d i v e r t e d  

through a h e a t e r  t o  c a r r y  hea t  i n t o  t h e  bu rne r ,  CO from an e x t e r n a l  supply 

might be burned i n  t h e  CO bu rne r ,  o r  t h e  carbon burnout bed might be 

charged wi th  coke and used t o  add hea t  t o  t h e  system. 

r a t e  at which hea t  i s  t r a n s f e r r e d  through t h e  burner  w a l l s  al lows a slower 

and b e t t e r - c o n t r o l l e d  heatup than  i s  p r a c t i c a l  f o r  burners  designed f o r  a 

high rate of hea t  t r a n s f e r  through t h e  w a l l s .  

of  t h e  g raph i t e  i s  above t h e  i g n i t i o n  tempera ture ,  t h e  0 

gas flows can be  inc reased  i n  a programmed manner t o  provide a smooth 

approach t o  s t eady- s t a t e  temperatures .  

2 

The r e l a t i v e l y  low 

Af te r  t h e  l ead ing  s u r f a c e  

feed  and r ecyc le  2 

The use of secondary (and perhaps t e r t i a r y )  burners  t o  complete t h e  

burning of carbon i n  s o l i d s  discharged from t h e  primary burner  o f t e n  

r e s u l t s  i n  as many problems as a r e  encountered wi th  t h e  primary burner .  

A carbon burnout bed could be i n t e g r a t e d  wi th  t h e  burner  concept recom- 

mended here  t o  r e so lve  some of  t h e s e  problems. 

p a r t i c l e  c o l l e c t i o n ,  s t o r a g e ,  and feeding between burners  would be e l i m i -  

na t ed .  A l s o ,  poor u t i l i z a t i o n  of 0 would not  be as troublesome s i n c e  2 

With t h i s  burnout bed ,  



any remaining 0 would be u t i l i z e d  i n  t h e  main burner .  I n  a d d i t i o n ,  t h e  

carbon burnout bed temperature  could b e  c o n t r o l l e d  by us ing  a r ecyc le  

gas/02 r a t i o  similar t o  t h a t  f o r  t h e  WBB. 
burned i n  t h e  main bu rne r ,  t h e  carbon burnout bed may not  make up i t s  

h e a t  l o s s e s  and thus  may r e q u i r e  prehea t ing  of t h e  0 o r  e x t e r n a l  hea t ing .  

2 

If most of t h e  carbon i s  

2 

The high temperatures  (es t imated  t o  be above g O O ° C )  of t h e  gases  

l eav ing  t h e  f i e 1  b locks  r e s u l t  i n  burner  design problems. A favorable  

f a c t o r  i s  t h a t  a l l  t h e  hea t  i s  waste hea t  at  t h i s  po in t  and overcool ing 

can be  used t o  p r o t e c t  t h e  burner  walls and t h e  charging mechanism. It 

may be convenient t o  use  one o r  two f u e l  blocks between t h e  charging 

mechanism and t h e  gas e x i t  as a thermal  b a f f l e ;  however, i n  t h i s  ca se ,  

a procedure f o r  s epa ra t ing  t h e  b locks  a t  t h e  gas e x i t  would be  r equ i r ed .  

Since m y  HTGR fue l  burners  w i l l  use 0 and may produce C O ,  t h e  design 
2 

of any burner  must prevent  damaging CO-0 explosions.  According t o  t h e  

concept recommended i n  t h i s  r e p o r t ,  t h e  0 concent ra t ion  i n  t h e  burner  

e x i t  gas would always be low and t h e  0 content  would be  monitored t o  pro- 

vide s a f e t y  shutdowns. The CO burner  would b e  equipped wi th  a p i l o t  flame 

or an i g n i t i o n  device.  Sa fe ty  shu to f f s  from t h e  i g n i t i o n  device and from 

low or high WBB temperatures  would t e rmina te  t h e  flow of O2 (similar t o  

t h e  f u e l  gas shutof f  f o r  u sua l  gas b u r n e r s ) .  The normal WBB temperatures  

w i l l  be far  above t h e  a u t o i g n i t i o n  temperature  of  CO.  The CO burner  w i l l  

have a s m a l l  volume and a r e l a t i v e l y  open passageway t o  t h e  WBB, thereby  

minimizing t h e  e f f e c t s  o f  any backf i r e s .  

2 

2 

2 

One of t h e  s imples t  burner  s t a r t u p  procedures would be t o  fu rn i sh  CO 

2 ( C O / 0 2  r a t i o  of  ' ~ 2 )  from an e x t e r n a l  supply us ing  a s e l e c t e d  0 

The c o n t r o l  system would provide a gas recyc le  t o  l i m i t  t h e  CO burner  

temperature.  

(perhaps 8oo0c), t h e  CO r a t e  would be gradual ly  reduced and thus  allow 

t h e  burning of  g raph i t e  t o  proceed. 

f eed  r a t e .  

When t h e  WBB e x i t  temperature  reached an acceptab le  value 

The p r e f e r r e d  e x i t  gas would be  composed of CO w i th  low CO and/or O2 2 
contents .  Appreciable 0 concent ra t ions  would not  be  t o l e r a b l e  because 

they  would upse t  t h e  c o n t r o l  procedure;  t h a t  i s ,  i nc reas ing  t h e  recyc le  

gas flow might not  cool  t h e  burners .  High CO conten ts  would be i n d i c a t i v e  

2 
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o f  high temperatures  i n  t h e  burners  and would a l s o  r e q u i r e  oxida t ion  t o  

CO i n  an e x i t  gas  be ing  routed  t o  a decontamination process  such as 

KALC. The maximum acceptab le  gas r ecyc le  ra te  f o r  a s e l e c t e d  0 feed  

r a t e  (and, i n  t u r n ,  t h e  minimum p r a c t i c a l  burner  tempera tures)  would be 

t h a t  which r e s u l t e d  i n  t h e  al lowable 0 concent ra t ion  i n  t h e  r ecyc le  gas .  2 
( A  h ighe r  ra te  would r e s u l t  i n  excess ive  0 

be poss ib l e  t o  determine experimental  limits f o r  acceptab le  ope ra t ion  

vs 0 feed  rate o r  carbon burning ra te  as a parameter.  

r a t e  o r  carbon burning ra te  inc reased ,  t h e  minimum p r a c t i c a l  g r a p h i t e  

temperatures  would a l s o  inc rease .  The maximum carbon burning ra te  would 

be t h a t  po in t  a t  which t h e  g raph i t e  temperatures  reached t h e  al lowable 

maximum and t h e  gas r ecyc le  r a t e  could not  b e  increased  f u r t h e r  e i t h e r  

because of 0 i n  t h e  e x i t  gas o r  because of  unacceptable p re s su re  drops 

o r  o t h e r  e f f e c t s  o f  high flow rates.  Experimental  r e s u l t s  ob ta ined  wi th  

t h e  Unit Operations one-sixth-block burner  l e a d  us t o  b e l i e v e  t h a t  t h i s  

maximum r a t e  would be f a r  i n  excess of 1 kg/min. 

could be made t o  determine e i t h e r  t h e  lowest acceptab le  burner  tempera- 

t u r e s  wi th  t h e  0 o r  CO conten ts  a t  t h e  design r a t e ,  o r  t h e  h ighes t  

burning r a t e  f o r  a design temperature  and CO conten t .  

2 8  
2 

i n  t h e  e x i t  g a s . )  It should 2 

A s  t h e  O2 feed  2 

2 

Experimental  t es t s  

2 

5.  CALCULATIONS FOR AN ADIABATIC WHOLE-BLOCK BURNER 

A s i m p l i f i e d  model w a s  s e l e c t e d  and computer programs were w r i t t e n  

t o  c a l c u l a t e  gas compositions and temperatures  throughout t h e  WBB. The 

purpose of t h e s e  c a l c u l a t i o n s  w a s  t o  ident i f 'y  t h e  most u s e f u l  ranges of  

temperatures  and r ecyc le  gas compositions.  They a l s o  provided an ind ica-  

t i o n  o f  t h e  al lowable range o f  r e a c t i o n  rates and a l i m i t e d  v e r i f i c a t i o n  

o f  t h e  proposed burner  c o n t r o l  concepts.  

For s t e a d y - s t a t e ,  a d i a b a t i c  opera t ion  of a WBB, t h e  r a d i a l  h e a t  

t r a n s f e r  between coolant  ho le s  i s  zero;  t h e r e f o r e ,  c a l c u l a t i o n s  can be 

made f o r  a s i n g l e  ho le  with no r a d i a l  hea t  t r a n s f e r  i n  t h e  g r a p h i t e .  

Since axial temperature  g rad ien t s  w i l l  be  uniform and moderate,  t h e  

e f f e c t s  of  a x i a l  hea t  t r a n s f e r  i n  t h e  g raph i t e  w i l l  a l s o  be  neglec ted .  

This  makes i t  poss ib l e  f o r  c a l c u l a t i o n s  t o  be performed f o r  incremental  
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elements from t h e  burner  i n l e t  t o  t h e  e x i t  by us ing  a computer program. 

The s i m p l i f i e d  model involves  s e v e r a l  l i m i t a t i o n s  from t h e  fol lowing 

assumptions: 

The r e a c t i o n  of O2 with  g raph i t e  i s  c o n t r o l l e d  by mass 
t r a n s p o r t  o f  0 
only f o r  high 7>120O0K) graph i t e  tempera tures .  
c a l c u l a t e d  burning rates a r e  t o o  high f o r  g raph i t e  
temperatures  below 1200'K ( o r  9 2 5 O C ) . ]  

through a su r face  f i lm;  t h i s  i s  v a l i d  
[The 

The r e a c t i o n  of C02 wi th  g raph i t e  i s  c o n t r o l l e d  e i t h e r  
by pore diff 'us ion wi th  an a c t i v a t i o n  energy of  48 k c a l  
o r  by m a s s  t r a n s p o r t  of CO and C02 i n  a su r face  f i lm .  
This  assumption g ives  high r e a c t i o n  rates f o r  an i n t e r -  
mediate temperature  where both e f f e c t s  con t r ibu te .  

The f i l m  t h i ckness  f o r  mass t r a n s f e r  i s  c a l c u l a t e d  from 
a c o r r e l a t i o n  f o r  equiva len t  f i l m  t h i ckness  for hea t  
t r a n s f e r .  Any e r r o r s  are somewhat s e l f - c o r r e c t i n g  wi th  
r e spec t  t o  temperatures  s i n c e  t h e  same f i l m  t h i ckness  
i s  used f o r  mass t r a n s f e r  and hea t  t r a n s f e r .  

The model does not  allow f o r  enlargement o f  t h e  coolant  
channels as burning proceeds.  

5 .1  Some General Resul t s  

The c a l c u l a t i o n s  were made s p e c i f i c a l l y  f o r  the  concept of a d i a b a t i c  

burning wi th  a f i x e d  O2 feed rate and r ecyc le  of cooled gas t o  provide 

temperature  c o n t r o l  and hea t  removal. 

(1) ca lcu la t ed  numerical  values  f o r  a s e l e c t e d  s e t  of cond i t ions ,  and ( 2 )  

gene ra l  conclus ions ,  many of which would a l s o  apply t o  o the r  burners  such 

as FBBs and fixed-bed "chunk" burners .  The genera l  conclusions are d i s -  

cussed i n  t h i s  s e c t i o n .  

Two types  of r e s u l t s  were obtained:  

It does not appear p r a c t i c a l  t o  opera te  under condi t ions  where both 

t h e  u t i l i z a t i o n  of 0 i s  high and t h e  concent ra t ion  of CO i n  t h e  e x i t  gas 

i s  low. The t r a n s f e r  o f  O2 t o  t h e  g raph i t e  s u r f a c e  depends on an O2 con- 

c e n t r a t i o n  g rad ien t  and becomes slow as t h e  bulk O2 concent ra t ion  decreases .  

Therefore ,  complete u t i l i z a t i o n  of  0 

e x i t  gas depend on g raph i t e  temperatures  t h a t  a r e  s u f f i c i e n t l y  high t o  

produce CO, which r e a c t s  wi th  O2 i n  the  bulk  gas .  

2 

o r  low concent ra t ions  of 0 2 i n  t h e  2 

I n  theo ry ,  t h e  burner  

condi t ions  could be s e l e c t e d  t o  produce j u s t  enough CO t o  consume t h e  0 2; 
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however, t h e  r e a c t i o n  between CO and carbon i s  s o  s e n s i t i v e  t o  s m a l l  

temperature  v a r i a t i o n s  from w a l l  hea t  l o s s e s ,  s u r f a c e  area o r  flow va r i a -  

t i o n s ,  e t c . ,  t h a t  t h i s  type  of  c o n t r o l  does not  appear t o  b e  p r a c t i c a l .  

Even i f  t h e  r equ i r ed  condi t ions  could be  exper imenta l ly  determined f o r  a 

s i n g l e  known flow channel ,  v a r i a t i o n s  as burn ing  proceeds o r  between 

channels would not  allow t h e  r equ i r ed  c o n t r o l  f o r  burn ing  of a whole 

b lock .  

2 

The burner  condi t ions  should b e  s e l e c t e d  t o  c l e a r l y  favor  a moderately 

low concent ra t ion  o f  e i t h e r  0 or CO i n  t h e  burner  e x i t  gases .  The remain- 

der  o f  t h e  burner  system and t h e  off-gas system can then  b e  designed t o  

accommodate t h i s  composition. The burner  c o n t r o l  procedure,  as w e l l  as 

t h e  remainder of t h e  system, i s  s impler  and more dependable when a low con- 

cen t r a t ion  of one component i s  s e l e c t e d  than  when t h e  design al lows f o r  

both O2 and CO i n  t h e  off-gas .  

r e s u l t s  w i l l  be  p re sen ted  according t o  t h e  a l t e r n a t i v e s  of  CO -0 

C0 i n  t h e  burner  e x i t  gas .  

2 

The d i scuss ion  of s p e c i f i c  numerical  

o r  C02- 2 2  

Steady-s ta te  burning wi th  good temperature  c o n t r o l  and r e l a t i v e l y  

uniform temperatures  are p o s s i b l e  i n  an approximately a d i a b a t i c  bu rne r  

i n  which hea t  i s  removed by d i l u t i n g  t h e  feed  0 wi th  cooled r ecyc le  gas .  

If t h e  r e a c t o r  i s  far from a d i a b a t i c  ( t h a t  i s ,  a major f r a c t i o n  of  t h e  

hea t  i s  removed by r a d i a t i o n  o r  conduction through t h e  w a l l ) ,  t h i s  i s  not  

poss ib l e  s i n c e  t h e  h o t t e s t  g raph i t e  w i l l  be  much h o t t e r  than  t h e  bes t -  

cooled g r a p h i t e .  The best-cooled g raph i t e  might be t o o  cool  t o  cont inue 

burning before  t h e  0 

p e r a t u r e s ;  i n  such cases  , t h e  burner  would "go out".  

2 

i s  d i l u t e d  s u f f i c i e n t l y  t o  l i m i t  t h e  maximum t e m -  2 

The c a l c u l a t i o n s  i n d i c a t e  t h a t  a d i a b a t i c  burners  would g ive  p r a c t i c a l  

burning r a t e s  without  exceeding 5% 0 

values  are 1 2  t o  20% 0 2 
t o  120OoC. 

because t h e  d e s i r e d  carbon burning r a t e  of 1 kg/min cannot be  obta ined  

f o r  a s i n g l e  block without  exceeding t h e  l i m i t s  given above. 

i n  t h e  e x i t  gas .  The c a l c u l a t e d  2 
i n  t h e  i n l e t  gas and g r a p h i t e  temperatures  o f  900 

For WBBs , m u l t i p l e ,  a x i a l l y  a l igned  b locks  would be r equ i r ed  

The c a l c u l a t i o n s ,  using t h e  b e s t  l i t e r a t u r e  d a t a  on r e a c t i o n  rates, 

i n d i c a t e  t h a t  burner  condi t ions  which g ive  CO i n  t h e  e x i t  gas must r e s u l t  



from high g r a p h i t e  temperatures  wi th  1250°C as t h e  minimum. 

a d i a b a t i c  bu rne r ,  s m a l l  v a r i a t i o n s  i n  g raph i t e  temperature  o r  a c t i v i t y ,  

with otherwise i d e n t i c a l  cond i t ions ,  r e s u l t  i n  changing t h e  e x i t  gas 

composition from 0.5% 0 t o  >lo% CO i n  t h i s  (%1250°C) temperature  reg ion .  2 

The condi t ions  t h a t  g ive  CO i n  t h e  e x i t  gas produce t h e  h ighes t  l o c a l  

wi th  carbon a t  t h e  h igher  g r a p h i t e  

2 

For t h e  

burning rates s i n c e  t h e  r e a c t i o n  of CO 

temperatures  adds to t h e  burning from mass t r a n s f e r  of 0 

su r face .  If t h e  h ighe r  g raph i t e  temperatures  a r e  acceptab le ,  an a d i a b a t i c  

burner  w i l l  a l low h ighe r  burning rates f o r  CO t han  f o r  0 i n  t h e  e x i t  gas .  

The e x i t  gas i s  a l s o  h o t t e r ,  t hus  r equ i r ing  less  r ecyc le  gas f o r  hea t  

removal. 

2 
t o  t h e  g r a p h i t e  

2 

I f  g raph i t e  temperatures  a r e  h igh ,  t h e  p r i n c i p a l  r e a c t i o n  of  t h e  

g raph i t e  can be  po re -d i fhs ion -con t ro l l ed  r e a c t i o n  wi th  CO and ox ida t ion  

of t h e  CO af ' ter  it diff 'uses out  of  t h e  g raph i t e .  This  r e a c t i o n  can 

decrease t h e  dens i ty  of t h e  g raph i t e  over  a f i n i t e  depth and may r e s u l t  

i n  a r e l e a s e  of g r a p h i t e  powder from t h e  weakened, low-density su r face .  

A l s o ,  t h e  burning o f  t h e  g r a p h i t e  i s  concentrated i n  t h e  reg ion  of h ighes t  

temperature ,  and any powder i s  l e s s  l i k e l y  t o  be burned up while  it i s  

being c a r r i e d  through t h e  remainder of t h e  burner .  

g raph i t e  temperatures  may be  a s i g n i f i c a n t  cause of problems a s soc ia t ed  

with g r a p h i t e  powder. 

it i s  c o n t r o l l e d  by mass t r a n s f e r  through t h e  boundary l a y e r  at p r a c t i c a l  

burner  temperatures  and does not  g ive  t h e  in-pore r e a c t i o n  t h a t  CO does. 

Also,  condi t ions  t h a t  cause 0 t o  be present  i n  t h e  e x i t  gas a l s o  provide 

a more uniform d i s t r i b u t i o n  of burning throughout t h e  burner  and are more 

favorable  t o  completing t h e  burnup of  p a r t i c l e s  be fo re  they  a r e  blown out 

of  t h e  burner .  

2 

4- 6 

Thus, h igh  l o c a l  

The r e a c t i o n  of 0 wi th  carbon i s  so r a p i d  t h a t  2 

2 

2 

5 . 2  Resul t s  f o r  Recycle of C02-02 t o  an Adiabat ic  Burner 

Operation t o  allow some 0 i n  t h e  e x i t  gas has  important advantages 2 
over condi t ions  r equ i r ing  r ecyc le  of CO -CO. The maximum burner  tempera- 

t u r e s  i n  t h i s  type  of opera t ion  a r e  lower s i n c e  t h e  a d i a b a t i c  burner  w i l l  

g ive apprec iab le  CO concent ra t ions  only when t h e  g r a p h i t e  temperatures  are 

2 
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h igh ,  as r equ i r ed  f o r  r e a c t i o n  of carbon wi th  CO The O2 i s  not  explo- 

s i v e  or t o x i c  i n  a i r .  The most l i k e l y  r e s u l t  o f  non-steady-state opera- 

t i o n  o r  o f  ope ra t ing  d i f f i c u l t i e s  f o r  e i t h e r  o f  t h e  a l t e r n a t i v e s  i s  d i s -  

charge of unused 0 This  i s  less troublesome when t h e  r ecyc le  system 

i s  designed f o r  CO -0 than  when a system i s  designed f o r  CO -CO. The 

r eac t ion  of  0 which i s  concent ra ted  a t  t h e  e x t e r i o r  s u r f a c e  of t h e  

g raph i t e ,  i s  less l i k e l y  t o  produce f ines  than  i s  t h e  higher-temperature 

r eac t ion  of CO i n  t h e  g r a p h i t e  pores .  

2' 

2' 

2 2  2 

2' 

2 

The lower temperatures  necessary t o  a l low 0 i n  t h e  e x i t  gas  r e s u l t  2 
i n  two l i m i t a t i o n s :  

t h e  h e a t ,  thereby  inc reas ing  t h e  s i z e  of r e c y c l e  system components; and 

( 2 )  t h e  maximum capac i ty  of t h e  WBB may be  lower i f  t h e  g r a p h i t e  tempera- 

t u r e s  are l i m i t e d  i n  o rde r  t o  l i m i t  t h e  product ion of CO.  A cons ide ra t ion  

o f  unce r t a in  importance i s  t h a t  r e a c t i o n  oqcurs throughout t h e  burner when 

0 i s  present  i n  t h e  e x i t  gas ,  whereas r e a c t i o n  wi th  CO i s  concent ra ted  

i n  t h e  areas of  h ighes t  g raph i t e  temperatures .  

(1) up t o  30% more r ecyc le  gas i s  necessary  t o  remove 

2 2 

Calcula ted  s t eady- s t a t e  r e s u l t s  a r e  shown i n  s e v e r a l  forms f o r  t h r e e  

a l igned  blocks ( l e n g t h ,  243 cm). Figure 5 shows t h e  i n l e t  and exi t  t e m -  

pe ra tu re s  and 0 concent ra t ions  vs t h e  r ecyc le  gas ra te  f o r  an 0 f eed  

r a t e  o f  1 g-mole/min. 

carbon burning rate vs p o s i t i o n  are shown f o r  two r ecyc le  gas  rates 

( F i g s .  6 and 7 ) .  
g raph i t e  temperatures  and e x i t  0 concent ra t ions  are shown vs t h e  0 f eed  

r a t e  (F ig .  8 ) .  A s  p rev ious ly  mentioned, t h e  c a l c u l a t e d  r e a c t i o n  rates 

a r e  t o o  high f o r  g raph i t e  temperatures  below 1200'K ( o r  925OC). 

2 2 
Typica l  sets of tempera tures ,  0 flow r a t e s ,  and 2 

For a s e l e c t e d  e x i t  gas temperature  of 1000°C, t h e  

2 2 

The e x i t  gas temperature appears t o  be t h e  most reasonable  c o n t r o l  

The g r a p h i t e  w i l l  have v a r i a b l e  f o r  opera t ion  with 0 i n  t h e  e x i t  gas .  

t o  be preheated t o  above 8oo0c, probably by us ing  a prehea ted  CO r ecyc le .  

Then 0 feed  would be s t a r t e d  with a CO /O feed r a t i o  nea r  t h e  a l lowable  

minimum. This  minimum w a s  ca l cu la t ed  t o  be  6 for a d i a b a t i c  ope ra t ion  

(Fig. 5 )  bu t  would be somewhat lower for a real burner  wi th  h e a t  l o s s e s .  

The e x i t  gas temperature  would inc rease  as t h e  g r a p h i t e  temperatures  

inc reased ,  and t h e  r a t i o  of r ecyc le  gas would be  monitored t o  c o n t r o l  

2 

2 

2 2 2  
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t h i s  e x i t  gas temperature .  For an e x i t  gas temperature  of  1000°C (1273'K) 

and an 0 feed  ra te  of 1 g-mole/min, t h e  c a l c u l a t e d  r a t i o  i s  8 .1  (Fig.  5 ) ;  
t h e  e x i t  gas  would conta in  about 1 .3  vo l  % 0 The c a l c u l a t e d  resu l t s  VS 

p o s i t i o n  a r e  shown f o r  approximately t h i s  r a t i o  (F ig .  6 ) .  The 0 feed  

r a t e  or carbon-burning rate can be v a r i e d  over  a wide range wi th  accept-  

ab le  v a r i a t i o n s  i n  g r a p h i t e  temperatures  and e x i t  O2 concent ra t ions  (F ig .  

8 ) .  I n  a p r a c t i c a l  WBB, t h e  s e l e c t e d  c o n t r o l  temperature  (gas  e x i t )  must 

be s u f f i c i e n t l y  high t o  keep a l l  t h e  g raph i t e  hot  enough t o  burn.  

h e a t  l o s s e s  w i l l  r esu l t  i n  lower temperatures  than  those  from t h e  a d i a b a t i c  

c a l c u l a t i o n s .  The h e a t  capac i ty  of  t h e  g r a p h i t e  i s  a s t a b i l i z i n g  e f f e c t .  

If a maximum value i s  s p e c i f i e d  f o r  t h e  i n l e t  0 

overheat ing of t h e  g raph i t e  i s  impossible .  

2 

2' 

2 

Any 

concent ra t ion  (~16%), 2 

The e f f e c t  of burner  l eng th  i s  shown by comparing r e s u l t s  f o r  t h r e e  

blocks (F ig .  6 )  wi th  those  f o r  one block (F ig .  9). The 0 concent ra t ions  

are much h ighe r  throughout t o  g ive  t h e  same t o t a l  carbon burning r a t e  i n  

one-third t h e  l e n g t h ,  and t h e  e x i t  0 concent ra t ion  i s  8.1% for one block 2 
as compared with 1.58 f o r  t h r e e  b locks .  

200 t o  25O'C h ighe r  f o r  one block than  f o r  t h r e e  b locks .  

concent ra t ion  f o r  one block i s  high enough t o  permit temperatures t o  

become excess ive  i f  l o c a l i z e d  condi t ions  allow complete u t i l i z a t i o n  of  

02; t h a t  i s ,  t h e  gas does not  have s u f f i c i e n t  h e a t  capac i ty  t o  l i m i t  t h e  

temperature i f  a l l  t h e  0 r e a c t s  t o  form CO Overall, t h e  c a l c u l a t i o n s  2 2' 
i n d i c a t e  t h a t  t h e  carbon burning r a t e  of 1 kg/min f o r  a s i n g l e  block 

r equ i r e s  condi t ions  near  t h e  allowable l i m i t s  f o r  temperatures  and would 

make v e r i f i c a t i o n  by c a r e f u l  experiment at  ion  mandatory . 

2 

The g raph i t e  temperatures  a r e  

The i n l e t  O2 

5.3 Resul t s  f o r  Recycle of C02-C0 t o  an 
Adiabat ic  Whole- Block Burner 

When t h e  g raph i t e  temperatures  i n  t h e  a d i a b a t i c  WBB a r e  allowed t o  

i n c r e a s e ,  t h e  r e a c t i o n  of CO wi th  carbon becomes of i nc reas ing  importance 

u n t i l  it i s  f i n a l l y  t h e  c o n t r o l l i n g  r e a c t i o n .  This  occurs  because t h e  

concent ra t ion  o f  0 i s  much lower than  t h a t  of CO If mass t r a n s f e r  i s  
2 2 '  

c o n t r o l l i n g ,  t h e  CO has a much l a r g e r  concent ra t ion  d i f f e r e n c e  and thus  

a h igher  r a t e  of mass t r a n s f e r ;  t h e r e f o r e ,  t h e  p r a c t i c a l  rates of carbon 

2 

2 
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A X I A L  POSITION, CM 

Fig .  9. Calcu la ted  Resul t s  f o r  an Adiaba t ic  WBB wi th  Recycle of  
CO -0 (S ingle  Block, Recycle Rat io  = 8) .  

2 2  
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burning m q  be  much h igher  if high e x i t  CO concent ra t ions  a r e  allow- 

ab le .  

S teady-s ta te  condi t ions  imply t h a t  t h e  flow of  burner  e x i t  gas be  

d iv ided  i n  o rde r  t o  supply both t h e  r ecyc le  s t ream t o  t h e  burner  i n l e t  

and an e x i t  flow i n  which t h e  amount o f  0 

0 ) must equal  t h e  O2 feed  r a t e .  

e i t h e r  through p r e f e r e n t i a l  removal of CO 

0 

e x i t  gas .  For condi t ions  of  i n t e r e s t  wi th  0 i n  t h e  e x i t  s t ream, t h e  

low 0 concent ra t ions  (12%) r e s u l t  i n  t h e  same q u a l i t a t i v e  conclusions 

f o r  e i t h e r  case .  

conta in ing  1.60% o 
of  1.78% 02. 
t h e  choice of r ecyc le  assumption has  more e f f e c t  f o r  t h e s e  compositions.  

The r e s u l t s  presented  assume a p r e f e r e n t i a l  removal of  CO A KALC 
type  of off-gas t rea tment  could p r e f e r e n t i a l l y  remove CO as a condensed 

l i q u i d  wi th  recyc le  of  CO o r  0 t o  t h e  burner .  

discharged (as C 0 2 ,  C O ,  o r  2 
This  removal o f  0 can be  accomplished 2 2 

(one mole of CO p e r  mole of  2 2 
f eed )  o r  by removal of  a stream of t h e  same composition as t h e  burner  2 

2 

2 
For example, f o r  a flow of 1 0  g-moles/min of  e x i t  gas 

2’ 2 removal o f  1 g-mole of  CO g ives  a r ecyc le  stream 

Since t h e  r ecyc le  of CO -CO may involve high CO con ten t s ,  2 

8 
2’ 

2 

2 

Calcula ted  s t eady- s t a t e  r e s u l t s  a r e  shown f o r  t h r e e  a l igned  blocks o r  

a 243-cm l eng th  of coolant  channel.  

i n c r e a s e s ,  t h e  CO burner  temperature  and t h e  maximum graph i t e  temperature  

a l s o  i n c r e a s e ,  as would b e  expected (Fig.  1 0 ) .  Since t h e  CO has a sma l l e r  

hea t  capac i ty  than  C 0 2  and t h e  e x i t  gas temperature  decreases  as t h e  CO 

content  i nc reases  ( t h e  product ion of CO i s  endothermic) ,  t h e  r ecyc le  gas /  

0 feed r a t i o  a l s o  inc reases  as t h e  CO content  i nc reases .  Two s e t s  of 

values  vs burner  p o s i t i o n  f o r  1 0 %  CO (F ig .  11) and 30% CO (F ig .  1 2 )  f u r t h e r  

i l l u s t r a t e  t h e s e  e f f e c t s .  For 30% C O ,  t h e  s t eady- s t a t e  r ecyc le  gas  r a t i o  

i s  7.0 and t h e  maximum temperatures  a r e  i n  t h e  CO burner  o r  burner  i n l e t .  

For 10% C O ,  t h e  s t eady- s t a t e  r ecyc le  gas r a t i o  i s  6 .2  and t h e  maximum 

temperatures  are a t  t h e  middle of t h e  burner .  The carbon burning r a t e  

decreases  by l e s s  than  a f a c t o r  of  4 over t h e  l eng th  of t h e  burner  f o r  

10% CO r ecyc le .  For a CO content  of - >30%,  t h e  carbon burning i s  a l l  by 

r eac t ion  wi th  CO and t h e  carbon burning r a t e  i s  over t e n  t imes h igher  

a t  t h e  i n l e t  than  t h e  e x i t .  The g raph i t e  temperatures  f o r  t h e  r ecyc le  

of CO -CO depend on t h e  r a t e  cons tan t  f o r  t h e  r e a c t i o n  of  CO wi th  carbon 

A s  t h e  r ecyc le  CO concent ra t ion  

2 

2’ 

2 2 
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35 

[Eq .  ( 5 ) ] .  
s h i f t  i n  t h e  temperature  s c a l e  of t h e  curves;  t h e  s lope  of t h e  curves  and 

t h e  q u a l i t a t i v e  conclusions are unchanged. 

However, t h e  e f f e c t  on t h e  c a l c u l a t e d  r e s u l t s  i s  simply a 

The CO burner  temperature  appears t o  be t h e  most reasonable  c o n t r o l  

v a r i a b l e .  The c o n t r o l  i s  a c t u a l l y  a second-order e f f e c t  which i s  not  

c l e a r  from an in spec t ion  of F ig .  1 0 .  Consider a burner  system at  s teady  

s t a t e ,  f o r  example, t h e  condi t ions  corresponding t o  a 1250°K CO bu rne r  

temperature  i n  Fig.  1 0 .  Assume t h a t  w e  decrease t h e  CO burner  set  p o i n t  

t o  1200'K. Then t h e  1250'K burner  temperature i s  t o o  h igh ,  and t h e  con- 

t r o l l e r  should inc rease  t h e  r ecyc le  gas r a t e  t o  cool  t h e  burner  system. 

The f i r s t - o r d e r  e f f e c t  i s  a s m a l l ,  bu t  i n s i g n i f i c a n t ,  i nc rease  i n  CO 

burner  temperature s i n c e  t h e  CO content  of t h e  recyc le  gas i s  s t i l l  10%. 

However, t h e  0 content  of t h e  gas e n t e r i n g  t h e  burner  i s  decreased 

because t h e r e  i s  more d i luen t  gas and more CO t o  r e a c t  wi th  0 (The 

a d d i t i o n a l  recyc le  gas i s  almost enough t o  soak up t h e  a d d i t i o n a l  h e a t ,  

thereby  g iv ing  t h e  i n s i g n i f i c a n t  temperature  inc rease  mentioned above.)  

The lower 0 content  at t h e  same CO burner  temperature  produces less h e a t  

i n  t h e  burner  and a lower CO content  i n  t h e  e x i t  gas .  When t h i s  r ecyc le  

gas of low CO content  reaches t h e  CO bu rne r ,  t h e  r ecyc le  gas r a t i o  w i l l  

have t o  be  decreased below t h e  o r i g i n a l  va lue  i n  o rde r  t o  maintain t h e  

CO burner  temperature .  When t h e  g raph i t e  i n  t h e  burner  has cooled ,  t h e  

new s t eady- s t a t e  va lues  w i l l  b e  those  shown i n  Fig.  10 .  The c o n t r o l  

cons tan ts  w i l l  have t o  be s e t  t o  prevent a s t a b l e  o s c i l l a t i o n .  This  

should not  be  d i f f i c u l t  s ince  t h e  l a r g e  h e a t  capac i ty  of t h e  g raph i t e  

blocks w i l l  r e s u l t  i n  a long t ime constant  for t h e  c o n t r o l  behavior .  

2 

2' 

2 

The change i n  CO burner  temperature w i t h  recyc le  r a t i o  can be ca l -  

cu la t ed  for t h e  a d i a b a t i c  burner .  If t h e  recyc le  r a t i o . i s  increased  

2% f o r  10% CO r e c y c l e ,  t h e  a d i a b a t i c  e x i t  CO concentrat ion would be 8.7% 
and t h e  CO burner  temperature would decrease by about 6 0 O c .  This change 

would not  occur i n  one cycle  of gas s ince  t h e  g raph i t e  would have t o  cool  

down t o  t h e  new s teady-s ta te  temperatures .  This hea t  from t h e  g raph i t e  

would slow down t h e  change i n  CO concent ra t ion  of t h e  e x i t  gas .  
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The e f f e c t  o f  burner  l eng th  i s  shown f o r  30% CO i n  t h e  r ecyc le  gas  

by comparing t h e  r e s u l t s  f o r  t h r e e  blocks (F ig .  1 2 )  w i t h  t h o s e  f o r  one 

block (F ig .  13).  The very high gas and g raph i t e  temperatures  r e q u i r e d  

t o  achieve a carbon burning ra te  of 1 kg/min f o r  one block are probably 

not  p r a c t i c a l  ope ra t ing  condi t ions .  

6 .  RECOMMENDED EXPERIMENTAL STUDIES 

The concept of  an a d i a b a t i c  burner  wi th  r ecyc le  of cooled gas  should 

be v e r i f i e d  by opera t ion  of an experimental  un i t .  Since a d i a b a t i c  opera- 

t i o n  impl ies  no hea t  t r a n s f e r  through t h e  w a l l ,  v a l i d  r e s u l t s  would be  

poss ib l e  wi th  e i t h e r  a full block o r  a s i n g l e  coolant  channel .  For a f u l l  

b lock ,  t h e  a d i a b a t i c  opera t ion  i s  e a s i l y  approximated by us ing  a ceramic 

l i n e r  i n s i d e  cooled metal w a l l s ;  t h e  t r a n s f e r  o f  hea t  through t h e  ceramic 

would be a small percentage of t h e  hea t  produced by burning and t h e  burner  

would b e  approximately a d i a b a t i c .  For a s i n g l e  coolant  channel ,  t h e  

ceramic l i n e r  would have t o  be s e l e c t e d  t o  minimize h e a t  l o s s e s  or a hot  

metal  w a l l  would be necessary .  A f u l l - s c a l e  burner  designed f o r  whole 

blocks could a l s o  provide information on mechanical problems bu t  would 

r equ i r e  l a r g e  equipment (about 500 scf’a of gas r e c y c l e )  and a c o s t l y  supply 

o f  HTGR blocks.  Most of  t h e  blocks could be g raph i t e  w i th  coolant  ho le s  

only--no f u e l .  

The experimental  a d i a b a t i c  burner  should be provided wi th  temperature  

and composition measurements as r equ i r ed  t o  v e r i f y  t h e  c a l c u l a t e d  r e s u l t s .  

A computer program should be w r i t t e n  t o  inc lude  t h e  change i n  coolant  

channel diameter as t h e  carbon i s  burned. Comparison of t h e  coolant  

channel dimensions a f t e r  p a r t i a l  burning wi th  c a l c u l a t e d  va lues  would 

provide a somewhat independent check on t h e  methods o f  c a l c u l a t i o n .  

The flowsheet f o r  an experimental  system would b e  t h a t  shown as Fig.  

3 with s e l e c t e d  accessory concepts from Fig .  4. No at tempt  w i l l  b e  made 

t o  s p e c i q  equipment components i n  t h i s  r epor t  s i n c e  any s e l e c t i o n  might 

a l s o  cons ider  t h e i r  t e s t i n g  f o r  use  wi th  a remotely opera ted  burner .  

General burner  requirements , as eva lua ted  elsewhere ,3 would a l s o  be con- 

s ide red .  
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8. APPENDIX 

D e t a i l s  o f  t h e  methods of  c a l c u l a t i o n  used i n  t h i s  s tudy  are pre-  

s en ted  h e r e .  Some r e s u l t s  a r e  a l s o  included.  

8.1 Calcula ted  Resul t s  Using Radiant Heat T rans fe r  

Some c a l c u l a t i o n s  were made i n  which terms were inc luded  f o r  t r a n s f e r  

of  r a d i a n t  hea t  t o  co ld  burner  w a l l s .  These were intended t o  r ep resen t  

t h e  t e s t s  made wi th  t h e  Unit Operations experimental  one-sixth-block 

burner .2  

use  f o r  t h i s  complex hea t  t r a n s f e r  problem; however, two conclusions d i d  

appear t o  be  j u s t i f i e d .  

The r e s u l t s  i nd ica t ed  t h a t  a s i m p l i f i e d  model w a s  o f  l i m i t e d  

The f i r s t  conclusion i s  t h a t  t h e  combination of  a coo l  CO -0 i n l e t  

gas and r a d i a n t  h e a t  t r a n s f e r  can e a s i l y  cool  t h e  i n l e t  end of t h e  block 

below t h e  temperatures  r equ i r ed  f o r  high r a t e s  of  r e a c t i o n ;  t h a t  i s ,  t h e  

burner  w i l l  "go out . "  High gas flow r a t e s  supply more 0 without  a f f e c t i n g  

t h e  r ad ian t  hea t  t r a n s f e r  c a l c u l a t i o n s  and thus  favor  burning.  

0 mixtures conta in ing  25 o r  33% 0 may be  t o o  low t o  permit burning t o  

be  continued wi th  r a d i a n t  cool ing.  (This  d i f f i c u l t y  i s  not  encountered 

with an a d i a b a t i c  r e a c t o r .  ) 

2 2  

2 
The C02- 

2 2 

The second conclusion i s  t h a t  h igh  burning rates with feeds  of high 

0 concent ra t ions  (more than  one-third 0 ) a r e  almost c e r t a i n  t o  r e s u l t  

i n  excess ive  b lock  temperatures .  If t h e  0 i s  consumed at t h e  i n l e t  end 

of t h e  b lock ,  t h e  r a d i a n t  hea t  f l uxes  would r e q u i r e  temperatures  g r e a t e r  

than  2000'K. The s i m p l i f i e d  model i n d i c a t e s  t h a t  r e a c t i o n  cont inues down 

t h e  coolant  h o l e s .  Near t h e  middle of t h e  b lock ,  t h e  geometry becomes 

poor f o r  r ad ian t  hea t  t r a n s f e r  and conduction would r equ i r e  very l a r g e  

temperature  d i f f e rences  . 

2 2 

2 

These two conclusions i n  combination i n d i c a t e  t h a t  a l lowable burning 

r a t e s  a re  lower f o r  a nonadiabat ic  burner  than  f o r  an a d i a b a t i c  burner .  

The temperature  d i f f e rences  r equ i r ed  f o r  hea t  t r a n s f e r  become so  l a r g e  

f o r  high burning r a t e s  t h a t  p a r t  of t h e  g r a p h i t e  i s  e i t h e r  unacceptably 

hot o r  t o o  cool  t o  permit burning t o  be  continued a t  p r a c t i c a l  r a t e s .  



8.2 Computer Program 

Computer programs were w r i t t e n  s o  t h a t  s p e c i f i e d  condi t ions  a t  t h e  

burner  i n l e t  could b e  used as t h e  b a s i s  f o r  c a l c u l a t i n g  va lues  f o r  i nc re -  

mental  l eng ths  t o  t h e  burner  o u t l e t .  The programs were w r i t t e n  i n  BASIC 
f o r  t h e  ORNL PDP-10 t ime-sharing system. 

genera l  approach w a s  as fol lows:  

A ho le  d iameter ,  g raph i t e  l e n g t h ,  and incrementa l  l eng th  
a r e  s p e c i f i e d .  

The i n l e t  gas temperature  and flows (0 ,COY CO ) are 
des i g n a t  e d . 
The 02 and CO r e a c t  t o  l eave  only one of t h e s e  gases  i n  
excess .  A new temperature  and r e v i s e d  flow r a t e s  are 
ca l cu la t ed .  

The mass t r a n s f e r  o f  02 t o  t h e  g raph i t e  su r face  i s  ca l -  
c u l a t e d  us ing  a zero s u r f a c e  concent ra t ion  and i s  s e t  
equal  t o  t h e  rate of  C02 formation. 

A r a t e  of r e a c t i o n  o f  C02 with  carbon i s  c a l c u l a t e d  
using a g raph i t e  temperature  equal  t o  t h e  gas tempera- 
ture .  

A g raph i t e  temperature  i s  Calcula ted  t o  g ive  a r a t e  of 
hea t  t r a n s f e r  t o  t h e  gas equal  t o  t h e  sum o f  t h e  two 
hea t s  of r e a c t i o n .  

Steps ( 5 )  and ( 6 )  a r e  repea ted  us ing  t h e  c a l c u l a t e d  
g raph i t e  temperature  i n  ( 5 )  until t h e  c a l c u l a t i o n  con- 
verges .  

A new gas temperature  i s  c a l c u l a t e d  from t h e  hea t s  of  
r e a c t i o n  and t h e  gas hea t  capac i ty .  

Steps ( 3 )  through ( 8 )  a r e  repea ted  u n t i l  t h e  coolant  
channel e x i t  i s  reached. Resul t s  a r e  p r i n t e d  a t  
s e l e c t e d  i n t e r v a l s .  

2 2 

A t y p i c a l  program i s  shown i n  Table 1. The simple loop f o r  ca l cu la -  

t i o n  of g raph i t e  temperatures  ( s t e p s  310 t o  350) d id  not  converge f o r  some 

high g raph i t e  tempera tures ;  consequently,  a more complex loop w a s  used i n  

t h e s e  cases .  It should be poss ib l e  t o  use t h e  burning r a t e s  t o  c a l c u l a t e  

coolant  hole  diameters vs t ime and p o s i t i o n .  This modi f ica t ion  w i l l  be  

added i f  development of whole-block burners  i s  cont inued;  however, it has 

not y e t  been attempted. 
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Table 1. A Computer Program fo r  an Adiabatic Whole-Block Burner: 
OWL Time-sharing System i n  PDP-10 Basic Language 

10 P t < I N T  "~JHOLE R L O C Y  9 l J e N E Y  C 9 L C  F O R  0 2 - C O 2 - C U "  
21) H E A D  I ) r L p I ) 1  

39 P t ? I N r  "GO,  GI, G ~ J  AYU T O  A R E " :  
40 T V P ~ J T  Gn,Gi , G P , T O  
5n L E T  T ~ = T O  
60 L E r  r 3 = r 9 = i m 0  . 
70 LET V = 0  
80 P R I ' V T  " G O 2  F L O W " j  "CO FLOW",  "02 F L O k " ,  " G A S  T". "BLOCK T" 
90 P H T N T  G 2 r G I  J G O J T ~ ~ T ~ J  
1 0 0  I F  G I ) > = 0 .  b * G  1 T H E Y  1 3 0  
110 LET R 3 = G I )  
120 G(? T O  140 
130 R 3 = G 1 / 2  
140 L E T  G q = G 0 - t 3 3  
150 L E T  Gl=Gl - ? * R 3  
169 L E T  G 2 = G 2 + 2 * R 3  
1 7 0  F O R  X = l  T O  3 

190 T 9 = T 2 + 1 3 4 5 2 9 * H 3 / < G O * < 7 . 6 + . 4 E - 3 r T n ) + G 1 * ( 7 . ? + . ~ ~ - 3 * r x ) + ~ ~ * ( t ~ . l + l . ~ E - 3  
t so  L E T  r ~ = ( r q + r 2 ) / 2  



'. 
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