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AN EVALUATION OF HTm PRIMARY BURNING 

J. W. Snider 

. D. C.  Watkin 

ABSTRACT 

An economic and t e c h n i c a l  comparative study 
was made of t he  r e fe rence  method, f lu id ized-bed  
burning, and an a l t e r n a t i v e  method, whole-block 
burning, f o r  performing the  primary burning s t e p  
i n  HTGR f u e l  reprocessing.  For each method, con- 
s i d e r a t i o n s  were made of the a n c i l l a r y  equipment 
f o r  hea t  removal and t h e  f u e l  and ash handling; 
crushing was a l s o  included i n  t h e  case of f l u i d i z e d -  
bed burning. The sca le  of primary burning was t h a t  
of a reprocess ing  p l a n t  handling t h e  spent f u e l  from 
-50, OOO-MW( e )  HTGR generat ing capac i ty ,  Preliminary 
designs were prepared f o r  t he  major equipment com- 
ponents and/or modules i n  canyons equipped wi th  t h e  
necessary remote maintenance f ea tu res .  Cost e s t i -  
mates were prepared f o r  the equipment i tems using 
a f r a c t i o n a l  cos t  f a c t o r  f o r  mul t ip l e  modules. The 
c o s t  of t h e  b u i l d i n g  a s soc ia t ed  h t h  the  primary 
burning s t ep  was es t imated  using the  volume o f  con- 
c r e t e  i n  the  heavi ly  sh i e lded  canyons and t h e  a r e a  
of the  operat ing c o r r i d o r s  adjacent  t o  or above the  
canyons. 
mated t o  be about $100 mi l l ion ,  w i t h  no s i g n i f i c a n t  
d i f f e r e n c e  between f lu id ized-bed  and whole-block 
burning. The layout  of the va r ious  canyons sug- 
g e s t s  t ha t  a modular head-end p l a n t  with add-on 
c a p a b i l i t y  i s  more e a s i l y  obtainable  with the  whole- 
block burner t han  wi th  the  f luidized-bed burner. 
The development o f  a f lu id i zed -bed  burner w i th  a 
low length/diameter r a t i o  should be a developmental 

The c o s t  of primary burning i s  guess t i -  

goal. 

A r e p o r t  of s t u d i e s  made by D r .  H. Barnert-  
Wiemer wi th  a one-sixth whole-block burner i s  
included as an appendix. 
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1. INTRODUCTION AND SUMMARY 

The High Temperature Gas-Cooled Reactors  (HTGRs) c u r r e n t l y  being 

marketed by t h e  General Atomic Company u t i l i z e  t h e  thorium f u e l  cyc le .  

Economic a s  wel l  a s  resource conservat ion incen t ives  e x i s t  t o  u t i l i z e  

t h e  233U produced from t h e  r e l a t i v e l y  inexpensive 232Th. 

233U i n  one HTGR reduces the  235U f u e l  requirements from about  140 MT 

SWU/lOOO M ( e )  for no 233U recyc le  t o  about 80 MT SWU/lOOO M(e )  wi th  

233U recyc le .  A f u e l  recyc le  development program’ (AEC-supported) i s  

cu r ren t ly  under way a t  the  General Atomic Compan? (GAC), a t  the  A l l i e d  

Chemical Company“ (ACC) ,  and a t  t h e  Oak Ridge National Laboratory (ORNL) 

t o  demonstrate t h e  recovery and r ecyc le  of 233U i n  t h e  HTGR f u e l  cycle .  

The use of 

The HTGR u t i l i z e s  graphi te  as a moderator and i s  helium cooled. The 

uranium and thorium f u e l s  a r e  i n  the  form of sphe r i ca l  carb ide  and oxide 

compounds p resen t  i n  l a r g e  g raph i t e  f u e l  blocks conta in ing  ho le s  through 

which t h e  coolan t  helium f lows.  Fuel r ecyc le  c o n s i s t s ,  i n  p a r t ,  o f  re- 

covering the  f u e l  from the  b locks  and re-forming it  i n t o  spheres  which 

a r e  coated wi th  p y r o l y t i c a l l y  deposi ted carbon and Sic .  

f lowsheet i s  a burn-leach process .*  

process  i s  the  combustion of t h e  i r r a d i a t e d  g raph i t e  f u e l  blocks t o  form 

carbon dioxide,  which i s  subsequently decontaminated and discharged t o  

t h e  atmosphere. The combustion process  i s  accomplished i n  t h r e e  s t eps :  

(1) primary burning, ( 2 )  primary burner product separa t ion  and t reatment ,  

and (3 )  secondary burning. 

The recovery 

The f i r s t  s t e p  i n  t h e  burn-leach 

The HTGB f u e l  reprocessing p l a n t  must reprocess  about one spent  

f u e l  element annual ly  f o r  each megawatt of HTGR i n s t a l l e d  e l e c t r i c a l  gen- 

e r a t i n g  capac i ty .  Thus, about 50,000 spent  HTGR f u e l  elements w i l l  be 

processed annual ly  from a 50,000-MW(e) HTGR econow. Approximately 50 
l a r g e  WGR r e a c t o r s  w i l l  supply f u e l  t o  such a HTGR f u e l  reprocess ing  

p l an t .  Fur ther ,  each r e a c t o r  may have as many as t h r e e  types  of f i s s i l e  

f u e l s ,  each of which r e q u i r e s  a sepa ra t e  reprocess ing  f lowsheet ,  For t h e  

. 

x 
“San Diego, C a l i f ,  

3<+ 
Idaho F a l l s ,  Idaho, 
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. 

purpose of t h i s  study, it has been assumed t h a t  no f u e l  element w i l l  con- 

t a i n  more than two of the t h r e e  f i s s i l e  f u e l s  a t  reprocessing t ime, and 

t h a t  each spent HTGR f u e l  element w i l l  con ta in  a s i n g l e  f e r t i l e  mater ia l ,  

thorium. 

of r e a c t o r  cyc le  number and 233U enrichment o r  232U contamination, a r e  

considered equ iva len t  f o r  purposes of reprocess ing  and r e f a b r i c a t i o n .  

I m p l i c i t  i n  t h i s  i s  the  f a c t  t h a t  a l l  233U streams, i r r e s p e c t i v e  

The minimum amount of s epa ra t ion  r equ i r ed  f o r  the  f i s s i l e  m a t e r i a l s  

i s  achieved by designing a r ep rocess ing - re fab r i ca t ion  system t h a t  i s  inde- 

pendent of spec i f i c  r e a c t o r s .  

an economic viewpoint, it may be i n c o n s i s t e n t  w i th  a c c o u n t a b i l i t y  and safe-  

guards requirements. The maximum amount of s epa ra t ion  r equ i r ed  f o r  t h e  

f i s s i l e  m a t e r i a l s  i s  achieved by designing a r ep rocess ing - re fab r i ca t ion  

system t h a t  no t  only separa tes  by type of f i s s i l e  p a r t i c l e  bu t  a l s o  main- 

t a i n s  r e a c t o r  i d e n t i t y ,  a t  l e a s t  through d i s s o l u t i o n ,  This l a t t e r  case  

i s  the  one considered here .  

While t h i s  method may be a t t r a c t i v e  from 

A t  I-iTGR f u e l  cycle  equilibrium, approximately 575 r125R11, 31 r125W1f, 

and 394 lr23Rl1 f u e l  elements a r e  rece ived  annually a t  the HTGR reprocess-  

i n g  p l a n t  from one r e a c t o r  ( see  Appendix C f o r  a d e s c r i p t i o n  of t he  f u e l  

elements).  Thus, if one could r ece ive  and hold f o r  reprocess ing  the en- 

t i r e  annual r e a c t o r  discharge,  only t h r e e  primary burn batches would be 

handled per r e a c t o r .  Considering the  probable e a r l i e s t  s t a r t u p  d a t e  of 

an HTGR reprocess ing  p l a n t  and a reasonable HTGR growth r a t e ,  it i s  

conceivable t h a t  an amount of spent-fuel  s torage space s u f f i c i e n t  f o r  

s i x  months of p l a n t  operat ion,  ( i . e . ,  space f o r  -24,000 elements) w i l l  

e x i s t  by the  time the  r ep rocess ing  p l a n t  i s  opera t iona l .  

This  study c o n s i s t s  of an eva lua t ion  of two systems f o r  accomplishing 

whole-block burning (WBB), and f luidized-bed burning the  primary burning: 

(FBB). The l a t t e r  i s  p resen t ly  the  r e fe rence  process f o r  the  HTGR Repro- 

ces s ing  Prototype F a c i l i t y .  The systems, one of which has  undergone only 

pre l iminary  s tud ie s  (WBB) and one of which has  undergone considerable  

developmental s t u d i e s  (FBB), a r e  examined. Thus, the  amount of t e c h n i c a l  

in format ion  on which the  eva lua t ion  i s  based i s  unequal f o r  the two systems, 

a f a c t  which must be recognized a t  each s t e p  i n  the evaluat ion,  



From t h i s  study it i s  concluded: t h a t  t h e  est imated c o s t  ( b u i l d i n g  

and equipment) f o r  primary burning i s  about $100 m i l l i o n  (no s i g n i f i c a n t  

d i f f e r e n c e  between t h e  WBB and t h e  FBB); t h a t  ease of ope ra t ion  and r e -  

l i a b i l i t y  should be used as t h e  bases  f o r  choosing between the WBB and 

the  FBB; t h a t  t he  crusher  and handl ing system r e q u i r e d  f o r  t h e  FBB system 

r e p r e s e n t s  about 30% of t h e  module FBB equipment c o s t ;  t h a t  a FBB with a 

low length/diameter r a t i o  i s  l e s s  c o s t l y  than  a FBB wi th  a high l eng th /  

diameter r a t i o ;  t h a t  a r e l i a b l e  pneumatic t r a n s p o r t  System should be de- 

veloped; and t h a t ,  i n  comparing a l t e r n a t i v e  processing, one must consider  

bo th  t h e  equipment and t h e  f a c i l i t y  requirements,  

The experimental  WBB s t u d i e s ,  which were made by Dr. H. Barnert-  

Wiemer, a r e  descr ibed i n  d e t a i l  i n  Appendix A. 

FBB t e c h n i c a l  cons ide ra t ions  as r e l a t e d  t o  scale-up i s  included i n  

Appendix B. 

A summary of WBB and 

2. DESCRIPTION OF THE PRIMARY BURNER MODULES 

A l a r g e - s c a l e  HTGR f u e l  r ep rocess ing  p l a n t  w i l l  r e q u i r e  the s imulta-  

neous ope ra t ion  of s e v e r a l  primary burners .  

burners  w i l l  be i n s t a l l e d  and operated as modular systems. Fu r the r ,  it 
i s  assumed t h a t  t h e  modules w i l l  be l o c a t e d  wi th in  a canyon which in t e r -  

f a c e s  with a f u e l  element i d e n t i f i c a t i o n  and s o r t i n g  canyon (I & S canyon) 

and a secondary burning and d i s s o l u t i o n  canyon (SB 8~ D CmYon). An as- 

sumed requirement f o r  remote ope ra t ion  i s  t h a t  each canyon be connected 

t o  a decontamination and maintenance c e l l .  Figure 1, which i s  a p l a n  

view of t h e  WBB canyon as r e l a t e d  t o  t h e  I & S canyon and t h e  SB & D 
canyon, and Fig.  2 ,  which i s  t h e  coun te rpa r t  f o r  t h e  FBB canyon, a r e  

shown f o r  t h e  purpose of modular o r i e n t a t i o n ,  The canyon s t r u c t u r e s  

a r e  descr ibed i n  Sect.  3. The equipment comprising s ingu la r  modules 

i s  discussed i n  this sec t ion .  

It i s  envisioned t h a t  t h e s e  

Primary burner modules f o r  one WBB and two FBB systems [ one system 

i n  which t h e  f eed  m a t e r i a l  and t h e  r ecyc led  s o o t  are burned i n  a s i n g l e  

burner (1-FBB), and one system i n  which the f e e d  material and t h e  r ecyc led  

soot  a r e  burned i n  sepa ra t e  bu rne r s  (2-FBB)] a r e  considered, 

auxiliary, remote handling, and maintenance equipment i s  discussed,  
The necessary 

. 



5 

ORNL DWG 73-11904R2 

I 

FUEL BLOCK 
TRANSFER 
CONVEYOR 

PERSONNEL CORRIDOR 

Fig. 1. Orientation of the WBB canyon as related to the I & S 
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PERSONNEL CORRIDOR 

1 PERSONNEL CORRIDOR 

, 

I I 
Fig .  2.  Or i en ta t ion  of t h e  FBB canyon as r e l a t e d  t o  t h e  I & S and 

hopper canyons. 
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2 . 1  Whole-Block Burner Module 

e 

The whole-block burning of spent  HTGR f u e l  elements r e f e r s  t o  t he  

burning of t h e  elements i n  t h e  as-received condi t ion  (Fig. 3 ) .  
r e p o r t ,  f u e l  element and f u e l  block are considered t o  be synonymous, The 

WBB module descr ibed i n  t h i s  s ec t ion  i s  designed t o  accomplish t h e  burn- 

i n g  of 16 spent  HTGR f u e l  elements per  day, 

I n  t h i s  

2 . 1 . 1  Feed handling esuiDment 

Af te r  being sor ted ,  t he  spent  f u e l  blocks w i l l  be t r a n s f e r r e d  from 

the  s torage ,  so r t ing ,  and i d e n t i f i c a t i o n  area through gas  locks ,  v i a  spe- 

c i a l  f u e l  block t r a n s f e r  conveyors ( see  Fig,  b ) ,  i n t o  a p a r t i c u l a r  burner 

cubic le  l o c a t e d  wi th in  the  WBB canyon. The spent  f u e l  block i s  removed 

from the  transfer conveyor by a s p e c i a l  manipulator and loaded i n t o  t h e  

WBB v i a  a r o t a t a b l e  f u e l  block c r a d l e  loca t ed  so a s  t o  a l i g n  the  block 

with the  f l o o r  of t he  purgeable gas  lock.  

t o  t u r n  t h e  f u e l  element from a v e r t i c a l  t o  a ho r i zon ta l  p o s i t i o n  f o r  

charging i n t o  t h e  purgeable gas lock  (F ig ,  5 ) .  
The f u e l  block charging chamber, which i s  l o c a t e d  a t  the  opposite 

This  f u e l  block c rad le  i s  used 

end from the  combustion zone, c o n s i s t s  b a s i c a l l y  o f  a gas lock  wi th  inner 

and ou te r  c losu res  and a ser ies  of rams f o r  conveying t h e  f u e l  block i n t o  

t h e  burner.  

t h e  pos i t i on ing  c rad le  by a spec ia l  f u e l  block handl ing t o o l .  The pos i t i on -  

i n g  c rad le  i s  t h e n  r o t a t e d  90°,  t hus  a l i g n i n g  the  f u e l  block ( a x i s  now hor i -  

z o n t a l )  wi th  the  gas lock ou te r  c losure .  

through the  o u t e r  c losure ,  which has  been opened, and i n t o  t h e  gas  lock. 

After t h e  ram has  been withdrawn, t he  outer  c losure  has  been shut ,  and 

t h e  a i r  l ock  purged, the inne r  c losure  i s  opened and the  f u e l  b lock  i s  

shoved i n t o  p o s i t i o n  f o r  feeding  t h e  burner by another  ram. 

t h e  inner  closure i s  shut,  and t h e  gas  lock  i s  again purged. 

block i s  now i n  pos i t i on  t o  be slowly pushed i n t o  t h e  combustion zone by 

t h e  f eed  ram t h a t  au tomat ica l ly  advances the  f u e l  blocks,  keeping t h e  

burning f ace  always wi th in  t h e  prescr ibed  burning zone of t h e  burner.  

This i s  accomplished v i a  a thermocouple c o n t r o l  c i r c u i t  which signals t h e  

motor opera t ing  t h e  f eed  ram, 

every 1.5 hr during burner operat ion.  

To charge t h e  burner ,  one f u e l  block a t  a time i s  placed i n  

A ram pushes t h e  f u e l  block 

Subsequently, 

The f u e l  

The loading procedure i s  repea ted  about 
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Fig.  3. Photograph of an unfueled HTGR element - F o r t  S t .  Vrain type.  
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2.1.2 Whole-bloc k burner  

The WBB, shown i n  Figs.  6 and 7 ,  c o n s i s t s  b a s i c a l l y  o f  a ho r i zon ta l  

chamber constructed of a c y l i n d r i c a l  tube (high-temperature, corrosion-  

r e s i s t a n t  a l l o y ) ,  p l u s  a rec tangular  chamber f o r  charging o r  loading  the  

f u e l  elements,  The c y l i n d r i c a l  tube conta ins  a c l o s e - f i t t i n g  ceramic 

l i n e r  ( i , e . ,  i t s  cross -sec t ion  c a v i t y  matches t h a t  of t he  hexagonal shape 

and s i z e  o f  the f u e l  blocks)  and i s  surrounded by a cool ing  jacke t ,  which 

i s  shown i n  Fig. 8. The e n t i r e  burner i s  thermally i n s u l a t e d  t o  minimize 

hea t  l o s s  t o  the  canyon, 

A mixture of oxygen and carbon dioxide i s  i n j e c t e d  a t  t he  combustion 

end of t h e  burner,  and t h e  f u e l  blocks a re  charged a t  the o the r  end ( see  

Fig. 6 ) .  
tu re ,  i s  p r imar i ly  generated by the  oxida t ion  of the  graphi te  f u e l  block 

and i s  r e c i r c u l a t e d  through t h e  burner a s  a d i l u e n t  gas f o r  bo th  h e a t  r e -  

moval and temperature c o n t r o l  a t  t he  burning f ace  of the  f u e l  blocks 

( r e f e r r e d  t o  a s  t h e  ad iaba t i c  mode). This  combustion gas mixture i s  

forced  t o  flow through t h e  f u e l  block coolant  ho les  because of t h e  c lose -  

f i t t i n g  ceramic l i n e r .  The fo rced  f l o w  w i l l  t end  t o  cause the f u e l  block 

t o  burn evenly ac ross  the  f ace  normal t o  i t s  ax is .  A s  the  g raph i t e  block 

and carbon matrix a r e  burned away, t h e  f u e l  p a r t i c l e s  a r e  r e l eased  and 

a re  swept by t h e  gases i n t o  a cyclone separa tor  ( see  Figs.  6 and 7 ) ,  along 

wi th  any unburned carbon p a r t i c l e s  t h a t  a r e  small  enough t o  be f l u i d i z e d .  

Carbon dioxide,  which makes up the  l a r g e s t  f r a c t i o n  of t h e  mix- 

The s o l i d  product from t h e  cyclone separa tor  i s  t r a n s f e r r e d  pneumati- 

The off-gas from t h e  cyclone i s  routed  through c a l l y  t o  a product hopper. 

a carbon monoxide oxid izer  and a hea t  exchanger. A blower, l o c a t e d  i n  an 

ad jacent  c e l l ,  r e c i r c u l a t e s  t h i s  of f -gas  stream back t o  t he  i n l e t  end of 

the  WBB o r  through roughing and HEPA f i l t e r s  t o  t h e  of f -gas  decontamina- 

t i o n  system. A second blower r e c i r c u l a t e s  a gas stream through t h e  cool- 

i n g  j acke t  surrounding both t h e  c y l i n d r i c a l  burning and the  rec tangular  

charging po r t ions  of t he  WBB. 

b ~ r n i n g . ~  Af te r  each f u e l  block has  been burned and t h e  feed  ram has ad- 

vanced approximately 32 i n . ,  t he  feed ram i s  r e t r a c t e d  and t h e  next  block 

i s  charged i n t o  t h e  burner i n  t h e  manner previously descr ibed.  

The burning chamber w i l l  normally conta in  th ree  o r  fou r  blocks during 

Subsequent 



ORNL DWG 73-11883R2 

- 18' - 0" * 
COMBUSTION 

CLOSURE 

SEPARATOR 

FUEL ELEMENT 
POSITIONING CRADLE 

Fig. 6. Conceptual plan view of t h e  WBB. 



13 

ORNL DWG 73-11884R2 

ELEMENT\ 
, --. . . -  

/ 
FUEL ELEMENT 
POSITIONING CRADLE 

TRANSFER\ 
PN E U M AT IC 

Fig. 7. Conceptual elevation view of the  NBB. 



14 

ORNL D W G  74-1314 

7 INSULATION 

F U E L  BLOCK 
: . . .  \/- : .  . .  

CERAMIC L 

INNER COOL 
J A C K E T  

GAS COOL1 
A N N U L U S  

OUTER 
J A C K E  

. 

Fig. 8. Sec t iona l  view o f  t h e  conceptual WBB. 



f u e l  blocks a r e  charged, f ed ,  and burned s i m i l a r l y  u n t i l  an e n t i r e  batch 

has  been charged. 

t h e  burning chamber. 

burned without  t h e  use of o f f - s p e c i f i c a t i o n  unfueled b locks  i s  unce r t a in  

and w i l l  r e q u i r e  developmental s t u d i e s .  

s p e c i f i c a t i o n  unfueled blocks would ensure t h a t  a l l  of t h e  spent  f u e l  

blocks were burned. 

A t  t h i s  po in t ,  t h r e e  ,unburned feed blocks remain i n  

Whether t h e s e  t h r e e  blocks can be s a t i s f a c t o r i l y  

The f eed ing  of t h r e e  o f f -  

Af t e r  t h e  burning of a ba t ch  of b locks  i s  complete, t h e  WBB can be 

shut  down f o r  i n spec t ion ,  c leanout ,  o r  maintenance. A t  t h i s  t i m e ,  t h e  

burner ,  cyclone sepa ra to r ,  and hopper zones can be scanned wi th  a po r t -  

a b l e  d e t e c t o r  t o  determine i f  t h e r e  i s  any f u e l  holdup, Also, a v i s u a l  

i n spec t ion  of t h e  burning zone of t h e  burner can be made by opening t h e  

hinged head through which t h e  oxygen and d i l u e n t  gas nozzles  a r e  mounted. 

Maintenance of t h e  WBB i s  accomplished by, f i r s t ,  r e l e a s i n g  t h e  

clamps securing t h e  manifold t o  which a l l  process  l i nes ,  coo l ing  l i n e s ,  

and e l e c t r i c a l  l e a d s  a r e  connected. 

t h e  o the r  equipment i n  t h e  ad jacen t  modules and t r anspor t ed  h o r i z o n t a l l y  

t o  a p o s i t i o n  beyond t h e  burner c e l l s  where it can subsequently be con- 

veyed i n t o  a decontamination and maintenance c e l l .  An ad jacen t  c o n t a c t  

maintenance c e l l  with glove p o r t s  can a l s o  be u t i l i z e d  f o r  maintenance 

fol lowing decontamination, o r  for t r a n s f e r r i n g  equipment i n  and ou t  of 

t h e  burner canyon. 

Then, t h e  burner  i s  l i f t e d  above a l l  

2 . 1 . 3  Whole-block product burner 

To ensure complete burning of t h e  spent  f u e l  block and t h e  ou te r  c a r -  

bon coa t ings  on the  f u e l  p a r t i c l e s ,  t h e  product from the  WBB i s  pneumati- 

c a l l y  conveyed i n t o  a small f luidized-bed o r  s t a t i c - b e d  endothermic burner.  

This u n i t  w i l l  be e l e c t r i c a l l y  heated by r e s i s t a n c e  h e a t e r s  t o  approxi- 

mately 800°C. A l l  connections w i l l  be terminated a t  t h e  top  and mated t o  

corresponding connections i n  a f i x e d  mounting f l a n g e  t o  f a c i l i t a t e  remote 

replacement. 

2,1.4 C l a s s i f i e r s  

After  a l l  t h e  carbon has  been burned away from a given ba tch  of f u e l  

p a r t i c l e s ,  t h e  2SR or  25W type f u e l  i s  separated pneumatically from t h e  
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thorium p a r t i c l e s  by two separa tor  columns or  c l a s s i f i e r s  arranged i n  

s e r i e s .  

bypassed. 

f l ange  connections similar t o  those f o r  t h e  product burner and o the r  

equipment wi th in  t h e  c e l l  r equ i r ing  maintenance o r  replacement. 

If a ba tch  conta ins  only 23R and thorium, t h e  c l a s s i f i e r s  are 

These c l a s s i f i e r s  a r e  mounted a s  a s ing le  u n i t  wi th  mating 

2.1.5 P a r t i c l e  c rusher  

The 2SR p a r t i c l e s  have a s i l i c o n  carbide coa t ing  ( f o r  containment o f  

f i s s i o n  gases)  which must be cracked or crushed before  the  inne r  ( b u f f e r )  

carbon coa t ing  can be burned. The e x i t  stream f rom t h e  c l a s s i f i e r  i s  f e d  

through a double- ro l l  crusher t o  ob ta in  product  which i s  pneumatically 

t r a n s f e r r e d  through t h e  c e l l  wa l l  and i n t o  the  d i s so lve r  canyon, where it 
i s  weighed, burned i n  a secondary f lu id ized-bed  crushed p a r t i c l e  burner ,  

reweighed, and f i n a l l y  sen t  t o  t h e  d i s so lve r .  

conveyed d i r e c t l y  i n t o  weigh hoppers and t o  a canning s t a t i o n  without  

being crushed o r  burned. 

f i rs t ,  t o  the  weigh hoppers i n  t h e  d i s so lve r  c e l l ,  and then  i n t o  t h e  

d i s so lve r .  

The 2sW p a r t i c l e s  may be 

The 23R and thorium streams w i l l  be t r a n s f e r r e d ,  

2.1.6 Auxi l ia ry  process  equipment - 
Heat exchangers and CO oxid izer .  Two hea t  exchangers a r e  l o c a t e d  i n  

each WBB cub ic l e .  The o f f -gas  from t h e  burner i s  cooled by the  f irst  h e a t  

exchanger (gas-to-gas,  approximately 27,000 Btu/min). The exchange f l u i d  

(probably C 0 2  or N ) i s  pumped i n  a c losed  c i r c u i t  t o  a l a r g e  common h e a t  

exchanger (gas-to-water) l oca t ed  outs ide  the  bu i ld ing  ( r e c i r c u l a t i n g  cool-  

i n g  gas stream of Fig.  9 ) .  The major po r t ion  of t h e  burner f l u e  gas i s  

recyc led  t o  t h e  burner where it i s  used as a d i l u e n t  gas, while t h e  remain- 

der  i s  f i l t e r e d  and routed  t o  t h e  of f -gas  decontamination system. A CO 

oxid izer  l o c a t e d  immediately ahead of t h e  o f f  -gas h e a t  exchanger w i l l  burn 

t h e  CO i n  the  off-gas .  Oxygen i n j e c t i o n  w i l l  be ad jus t ed  t o  give t h e  des i r ed  

burning r a t e ,  

manifold f o r  ease  i n  remote removal, replacement,  and/or maintenance. The 

second hea t  exchanger (gas-to-gas,  approximately 5000 Btu/min) coo l s  t h e  

gas f r o m  t h e  burner cool ing j acke t ,  

2 

This  h e a t  exchanger and t h e  CO oxid izer  a r e  a t t ached  t o  a 

4 
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Blowers. Two blowers a r e  requi red  f o r  each WBB: one f o r  t he  normal 

off-gas c i r c u i t ,  and one f o r  t he  cool ing  j acke t  gas  c i r c u i t  ( see  Fig.  9). 
These blowers a r e  loca t ed  i n  an ad jacent  c e l l  o r  co r r ido r  and a r e  thus  

i s o l a t e d  from t h e  burner c e l l .  The co r r ido r ,  conta in ing  30 blowers, i s  

served by a separa te  br idge  crane and electromechanical manipulator,  

arrangement a f fo rds  des i r ab le  sh i e ld ing  and e a s i e r  maintenance for t h e  

r a t h e r  l a r g e  r o t a t i n g  machinery (100 hp and 15 hp, r e s p e c t i v e l y ) .  

This 

F i l t e r s .  Two 8 x 8 i n ,  roughing f i l t e r s  and two 8 x 8 i n .  absolu te  

f i l t e r s  a r e  l o c a t e d  i n  each burner c e l l  module. 

absolu te  f i l t e r s  i n  s e r i e s  provides  f i l t e r i n g  f o r  t he  burner cool ing  gas 

c i r c u i t  i n  t he  event  t h a t  a rup tu re  or  l e a k  should occur between t h e  burner 

wall and i t s  cool ing j acke t .  This  f i l t e r  w i l l ,  of course,  r e q u i r e  chang- 

i n g  i f  a l e a k  occurs ,  The o the r  p a i r  of f i l t e r s  i s  f o r  normal of f -gas  o r  

f l u e  gas f i l t e r i n g .  

pu la to r .  

One p a i r  of roughing and 

These f i l t e r s  can be r o u t i n e l y  changed by t h e  mani- 

2 . 1 . 7  Remote handl ing and maintenance equipment 

Spec ia l ly  designed remote t o o l s ,  as we l l  as  a s tandard general-purpose 

br idge  crane and electromechanical manipulator, w i l l  be  requi red  t o  opera te  

and maintain t h e  burner  and a u x i l i a r y  equipment wi th in  each WBB cub ic l e .  

Transfer  of t he  f u e l  blocks f r o m  t h e  f u e l  block conveyor gas lock  t o  t h e  

burner charging s t a t i o n  r equ i r e s  a s p e c i a l  t o o l  cons i s t ing  o f  an e l e c t r o -  

mechanical arm and hand t o  engage the  centerhole  of t he  f u e l  block. This  

u n i t  i s  mounted on a br idge  which spans t h e  burner  cub ic l e  and t r a v e l s  on 

r a i l s  i n s t a l l e d  along t h e  top  o f  t h e  p a r t i t i o n  wa l l s  s epa ra t ing  the  burner  

modules. 

An electromechanical  manipulator w i l l  be requi red  i n  t h e  se rv ic ing  

of t he  c l a s s i f i e r s  and roll crusher ,  as wel l  as i n  t h e  in spec t ion  and 

cleanout  of t h e  burner.  

handled by t h i s  manipulator,  

mechanical manipulator system t r a v e l i n g  the  e n t i r e  l eng th  of t h e  burner 

Heat exchanger and f i l t e r  changeout can a l s o  be 

A br idge  crane and general-purpose e l e c t r o -  

canyon serves  a l l  equipment wi th in  t h e  canyon wi th  regard t o  maintenance 

and replacement. This system i s  used t o  convey equ ipmen t in to  the  decon- 

taminat ion and maintenance c e l l  l o c a t e d  a t  t he  end of the  canyon. The 

. 

4 
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blower canyon has  a similar system f o r  maintenance and replacement of 

equipment. 

2 . 2  Fluidized-Bed Burner Module 

Fluidized-bed burning o f  spent  HTGR f u e l  elements r e f e r s  t o  t h e  

burning of crushed m a t e r i a l s  i n  an FBB; Each of t h e  f lu id i zed -bed  burner 

modules (1-FBB and 2-FBB) descr ibed i n  t h i s  s e c t i o n  i s  designed t o  accom- 

p l i s h  t h e  burning of 24 spent  HTGR f u e l  elements p e r  day. 

2.2.1 Feed p repa ra t ion  

Crushing system. A crushing system i s  r equ i r ed  t o  reduce t h e  f u e l  

elements t o  p i e c e s  small enough (< 1/16 i n , )  f o r  f l u i d i z a t i o n  i n  t h e  

burners.  A s  shown by t h e  schematic diagram i n  Fig.  10 ,  t he  system i s  

b a s i c a l l y  a charging chamber c o n s i s t i n g  of a gas-lock type of device w i t h  

an i n n e r  and ou te r  c losu re  p l u s  an i n j e c t i o n  ram. 

i s  considered e s s e n t i a l  f o r  containing f i n e  p a r t i c l e s  produced by t h e  

c rushe r s  and f o r  maintaining an oxygen-free atmosphere w i t h i n  t h e  c rushe r  

t r a in .  The f u e l  blocks a r e  t r a n s f e r r e d  from t h e  i d e n t i f i c a t i o n  and s o r t -  

i n g  a r e a  t o  t h e  crushing a r e a .  One f u e l  element (block) a t  a time i s  

charged; subsequent charges a r e  n o t  made u n t i l  t h e  weight monitor on t h e  

product hopper being f i l l e d  i n d i c a t e s  t h a t  a l l  of t h e  f u e l  block has 

reached t h e  hopper. 

fou r ,  s t ages .  These s t ages  ( i . e . ,  c rushe r s )  would be t i e d  toge the r  i n  
cascade f a s h i o n  with a one-fuel-block holdup volume between each. The 

f i r s t  two c rushe r s  would be of t h e  jaw type, while t h e  t h i r d  would be a 

so -ca l l ed  c e n t e r o l l  crusher  considered t o  be very promising by GAC. 

Th i s  gas-lock f e a t u r e  

Crushing w i l l  be accomplished i n  t h r e e ,  o r  poss ib ly  

The c e n t e r o l l  crusher  c o n s i s t s  p r imar i ly  of an 8-in.  -diam r o l l e r  

mounted on an e c c e n t r i c  s h a f t .  Although t h e  s h a f t  i s  motor-driven, t h e  

r o l l e r  i s  f r e e  t o  r o t a t e  independently of i t s  sha f t .  The c rushe r  hous- 

i n g  has  f i x e d  p l a t e s  contoured on e i t h e r  s ide  of t h e  r o l l e r  t o  r e c e i v e  

l a r g e r  p a r t i c l e s  a t  t h e  t o p  and discharge t h e  f i n e r  product a t  t h e  bottom. 

The a c t i o n  o f  t h i s  c rushe r  b e a r s  no resemblance t o  t h a t  o f  a jaw crusher .  

Also.  i t  i s  un l ike  a conventional doub le - ro l l  crusher  i n  t h a t  t h e  r o l l e r  
does n o t  n e c e s s a r i l y  r o t a t e  w i t h  r e s p e c t  t o  i t s  housing during a c t u a l  
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crushing. 

bu t  wi th  the  s i m p l i c i t y  i n  design o f  t he  roll crusher .  

the c e n t e r o l l  crusher  may be requi red ,  although the  manufacturer adver- 

t i s e s  a 1 2 : l  reduct ion  r a t i o .  

The a c t i o n  most  c l o s e l y  resembles t h a t  of a gyratory crusher ,  

Two s t a g e s  o f  

4 
Following the  l a s t  crusher  i s  a pneumatic separa tor  which r ecyc le s  

p a r t i c l e s  l a r g e r  than 3/16 i n .  through the  f i n a l  crushing s tage .  

duc t  i s  conveyed v i a  a gas j e t  t o  t h e  burner f e e d  hoppers a f t e r  f i r s t  being 

routed through a cyclone separa tor .  

t e r e d  before  being passed on t o  t h e  off-gas  decontamination system. 

gas used t o  maintain purges (as  we l l  as t h e  i n e r t  purge) i s  envisioned 

t o  be C 0 2 .  

JTJXM/day p l a n t ;  however, two crushing systems a r e  included,  

br idge  crane and an electromechanical manipulator a r e  u t i l i z e d  f o r  main- 

tenance and opera te  above the  c rushers ,  Each crushing system, which i s  

mounted i n  a common frame, can be disconnected and moved t o  t h e  mainte- 

nance a rea  f o r  r e p a i r s .  

The pro- 

The e x i t  gas  f rom the  cyclone i s  f i l -  

A l l  

One crushing system would have s u f f i c i e n t  capac i ty  t o  opera te  a 1.5- 
A l a r g e  

Burner f eed  hoppers. After  t he  spent  f u e l  blocks have been crushed 
t 

t o  the  appropr ia te  s i z e  f o r  burning i n  a FBB, the  crushed mater ia l  must 

be t r a n s f e r r e d  i n t o  t h e  appropr ia te  burners .  Portable  hoppers were chosen 

f o r  t h i s  operat ion,  pr imar i ly  because of f u e l  accoun tab i l i t y  requirements 

but  a l s o  because of t h e  s impl i c i ty  of t h e i r  design and opera t ion .  There 

a r e  fou r  16-in.-diam, 16 - f t - t a l l  hoppers a t  the  crushing s t a t i o n  holding 

up t o  s ix  crushed elements each. 

ously monitored a s  it i s  f i l l e d .  

t h e  number o f  elements f ed  through the  crusher system a t  any given time, 

a warning l i g h t  and/or buzzer i s  ac t iva t ed ,  i nd ica t ing  a poss ib l e  m a l -  

func t ion  i n  t h e  crushing system. 

disengaged from t h e  f i l l i n g  s t a t i o n  and t r a n s f e r r e d  through t h e  hopper 

t r a n s f e r  cor r idor  v i a  a conveyor i n t o  the  hopper canyon where they  can 

be routed  e i t h e r  t o  a p a r t i c u l a r  burner f eed  s t a t i o n  o r  t o  a temporary 

holding zone, 

crushing area a f t e r  being emptied a t  a burner f eed  s t a t i o n .  

The weight of each hopper i s  cont inu-  

If the  weight does no t  correspond t o  

After being f i l l e d ,  t hese  hoppers a r e  

The hoppers a r e  re turned  t o  a f i l l i n g  s t a t i o n  i n  t h e  

If pneumatic t r a n s p o r t  of the  crusher  product t o  the burner  f eed  

hoppers i s  u t i l i z e d ,  t h e  equipment and canyon designs a r e  changed very 
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s l i g h t l y .  I n  t h i s  case ,  t he re  a re  four  burner f eed  hoppers a t  the burner  

feed  s t a t i o n  f o r  each FBB module ( see  F ig ,  11). Each burner f eed  s t a t i o n  

has  a t o p  f l ange  i n t o  which a l l  connections a r e  routed.  Such connections 

a r e :  a f i l l i n g  po r t ,  a discharge p o r t  (ou t s ide  the  hopper s h e l l )  which 

i s  connected t o  the  bottom of the  hopper by a t u b e - a n d - j e t - l i f t  device,  

a l i n e  f o r  supplying gas t o  t he  j e t  l i f t ,  and a connection f o r  blowback 

i n  the  event t h a t  b r idging  o f  p a r t i c l e s  should hinder  t h e  discharge opera- 

t i o n .  

t i o n s  and a t  t h e  burner feed  s t a t i o n s ,  

have alignment p i n s  and load  c e l l s  (weighing devices)  combined wi th  v e r t i -  

c a l  l i f t i n g  and holding devices .  

feed  hoppers i s  an in te rmedia te  hopper (one f o r  each burner module), which 

enables  the  burner t o  be f e d  from any one of t h e  fou r  primary burner  f e e d  

hoppers v i a  only one f e e d  l i n e  in to  t h e  burner.  Maintenance t o ,  o r  re- 

placement o f ,  t h e s e  hoppers and a s soc ia t ed  equipment i s  accomplished i n  

a s p e c i a l  remote maintenance c e l l  l o c a t e d  a t  t h e  opposi te  end o f  t h e  

hopper canyon f r o m  t h e  crushing a rea .  

This  f lange  w i l l  mate t o  corresponding f l anges  a t  t h e  f i l l i n g  s t a -  

The f i x e d  s t a t i o n  f l anges  w i l l  

Located above each s e t  of f o u r  primary 

2 . 2 . 2  Fluidized-bed burner 

Two f lu id ized-bed  burning systems w i l l  be considered. The f i r s t  of 

t hese  i s  t h e  1-FBB. 

Fluidized-bed burning without  soot  burning. This  burner c o n s i s t s  

b a s i c a l l y  of a 24-in.-diam c y l i n d r i c a l  tube expanding t o  a 36-in.-diam 

disengaging sec t ion  a t  t h e  top  ( see  Figs .  1 2  and 13) .  
end accommodates a nozzle  f o r  f l u i d i z a t i o n  and a dump valve t o  a gas  j e t  

f o r  unloading t h e  burner.  

s ion  for blowback i s  l o c a t e d  a t  t h e  top  o f  t h e  36-in. end, 

moved by a cool ing  j acke t  surrounding the  ou t s ide  s h e l l  and, possibly,  

by some i n t e r n a l  hea t  exchange su r faces  wi th in  the  36-in. po r t ion ,  

A con ica l  bottom 

A bank of s i n t e r e d  metal  f i l t e r s  wi th  provi -  

Heat i s  re-  

Fuel i s  conveyed by pneumatic means from t h e  primary burner f eed  

hoppers success ive ly  t o  a f i x e d  in te rmedia te  hopper and t o  t h e  burner  

a t  a po in t  some d i s t ance  above the  a c t u a l  burning zone (Fig,  14). A 

given ba tch  of f u e l  may be f e d  i n  l a r g e  o r  small increments,  as d iscussed  

e a r l i e r .  The f i l t e r s  a r e  p e r i o d i c a l l y  blown back t o  c l e a r  away any bui ldup 

of soo t  o r  f i n e  p a r t i c l e s .  Af te r  most  of the  carbon i n  t h e  ba t ch  has  been 

a 
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consumed (conten ts  of one primary burner hopper, o r  s ix  spent  f u e l  b locks) ,  

t he  oxygen concent ra t ion  i n  t h e  off-gas  w i l l  i nc rease  and t h e  temperature 

w i l l  decrease,  The r e s i s t a n c e  hea te r s  can then  be turned  on t o  hold the  

FBB temperature t o  > - 8oocc. 
carbon i s  oxidized t o  C02. A t  t he  completion of t h e  endothermic burning 

s t ep ,  t h e  p a r t i c l e s  a r e  pneumatically conveyed from t h e  burner t o  one of 

four  product hoppers loca t ed  adjacent  t o  the  primary burner f eed  hoppers 

i n  the  hopper canyon (see F igs ,  14 and 11). 

I n  t h i s  endothermic burning mode, t h e  r e s i d u a l  

Another primary burner f eed  hopper i s  used f o r  recharging t h e  FBB. 

The r e s i s t a n c e  h e a t e r s  a r e  l e f t  on (poss ib ly  a s s i s t e d  by a CO to rch ) ;  

and, when t h e  temperature f o r  i g n i t i o n  i s  reached, t h e  oxygen flow r a t e  

i s  increased .  The CO to rch  and t h e  r e s i s t a n c e  h e a t e r s  are phased out  

a s  combustion commences. 

This  procedure of shutdown and r e i g n i t i o n  of t he  FBB must be repeated 

fou r  t imes d a i l y ,  

and t h e  next  ba tch  i s  f e d  i n t o  the  FBB, the  FBB can be checked wi th  t h e  

te lescoping  counters  f o r  holdup. 

te lescoping  counter  t ruck  t o  t h e  FBB s t a t i o n ,  advancing t h e  ho r i zon ta l  

ram t o  a l i g n  t h e  counter segment r i n g  wi th  t h e  cen te r  l i n e  of t h e  FBB, 

and moving t h e  counter  r i n g  upward around t h e  FBB housing. 

no s i g n i f i c a n t  quan t i ty  of product should be l o c a t e d  wi th in  t h e  cubic le .  

The sh ie ld ing  walls prevent  d i r e c t  l i n e  of s i g h t  f rom t h e  FBB t o  any 

o ther  FBB cub ic l e  o r  f e e d  and product hopper s t a t i o n s  (Fig,  13 ) .  

After a given ba tch  o f  f u e l  has  been completely burned 

This  i s  accomplished by moving the  

A t  t h i s  time, 

- Fluidized-bed burner wi th  soot  burner. This  system (2-FBB) c o n s i s t s  

b a s i c a l l y  of an 18-in.-diam f lu id ized-bed  primary burner ,  a cyclone separa- 

t o r  wi th  s i n t e r e d  metal  blowback f i l t e r s  on t h e  off-gas  s ide ,  and a 24-in.- 

diam f lu id ized-bed  soot  burner ( see  Figs.  1s and 16) .  Since a h igh  per -  

centage of f i n e s  o r  soot  i s  produced i n  t h e  f luidized-bed burning of 

graphi te  p ieces ,  t h i s  system, which con ta ins  a separa te  burner w i th  

appropr ia te  f l u i d i z i n g  vo loc i ty  f o r  t he  f i n e  mater ia l ,  should be more 

e f f i c i e n t  than  t h e  1-FBB System. 

The avoidance of a soot  burner has  been predica ted  on t h e  b e l i e f  t h a t  

t he  a d d i t i o n a l  c o s t  a s soc ia t ed  with it would be p roh ib i t i ve .  

c o s t s  f o r  such equipment l o c a t e d  wi th in  remotely operated ho t  c e l l s  a re  

genera l ly  only a small p a r t  of the  t o t a l  c o s t  (< 25%), whereas t h e  

I n  r e a l i t y ,  
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Fig.  1 6 .  Plan view of  an FBB 
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bu i ld ing  c o s t  (or  space requi red)  r ep resen t s  a s i g n i f i c a n t  p a r t .  

v a l i d i t y  o f  t he  reasons for no t  inc luding  separa te  s o o t  burning, which 

would e l imina te  severa l  opera t ing  d i f f i c u l t i e s  i f  soot  can be burned 

without a hea t  t r ans fe rmed ium, i s  support ive only if the  assumption o f  

separa te  soot  burners  i nc reas ing  the  ho t  c e l l  a r ea  i s  c o r r e c t .  

The 

The l eng th  of t he  primary burning module was determined by t h e  

l e n g t h s  requi red  f o r  t h e  primary burner hoppers and primary product 

hoppers,  Since the  l eng th  o f  t h e  primary burner module i s  determined 

by the  space requi red  for hopper supports  (four feed  and fou r  product 

hoppers p e r  module), inc luding  the  e x t r a  burner would r equ i r e  no (o r  

l i m i t e d )  a d d i t i o n a l  bu i ld ing  expendi tures .  The b e n e f i t s  o f  s epa ra t e  

s o o t  burning would probably j u s t i f y  t h e  a d d i t i o n a l  equipment expense 

incu r red  by inc luding  t h e  s o o t  burner ,  

The opera t ing  procedure f o r  t he  2-FBB system i s  similar t o  tha t  

f o r  t h e  1-FBB, One important d i f fe rence ,  however, i s  the  p o t e n t i a l  

c a p a b i l i t y  of t h e  2-FBB f o r  opera t ing  wi th  only one dump-and-reignite 

cyc le  per day (or ,  perhaps, one cyc le  per  annual r e a c t o r  d i scharge) .  

It has  been determined by GAC t h a t  a soot  burner r equ i r e s  no extrane-  

ous h e a t  t r a n s f e r  media. Thus, no s p e c i a l  problems a r e  involved i n  
handling A 1  0 o r  s i m i l a r  ma te r i a l s  f o r  th i s  purpose. 2 3  

The a u x i l i a r y  equipment requi red  f o r  t h e  2-FBB system i s  very  

s imilar  t o  t h a t  requi red  f o r  t h e  1-FBB; however, t he  p ip ing  w i l l  be 
s l i g h t l y  more complex t o  se rv ice  two burner s h e l l s .  

2.2.3 Primary-burner product hoppers 

These hoppers a r e  mounted t o  a f ixed  f l ange  similar t o  t h a t  on which 

Ahead the  primary burner f eed  hoppers a r e  mounted ( see  Figs.  11 and 1 4 ) .  
o f  t hese  hoppers, however, a r e  t h r e e  in te rmedia te  hoppers with two-way 

d i v e r t e r  valves  f o r  channeling the  flow t o  a p a r t i c u l a r  product hopper. 

After  being f i l l e d ,  a product hopper i s  disconnected and conveyed down 

the  hopper canyon t o  a corresponding d i s so lve r  loading s t a t i o n .  A s  a t  

the  burner  modules, each d i s so lve r  module has  fou r  loading  s t a t i o n s  

from which the  product i s  pneumatically conveyed t o  an in te rmedia te  hop- 

per t h a t  f eeds  two pneumatic s epa ra to r s  o r  c l a s s i f i e r s  i n  s e r i e s .  One 
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stream i s  routed  through a doub le - ro l l  crusher  where the  burned-TRISO" 

p a r t i c l e s  a r e  crushed; t he  o the r  stream feeds  i n t o  a weigh hopper and 

f i n a l l y  i n t o  a d i s s o l v e r .  The product  from the  roll crusher  (approxi-  

mately 6-in.-diam r o l l e r s )  i s  weighed i n  a hopper and f e d  i n t o  a small 

FBB (approximately 4 i n .  i n  diameter)  where t h e  i n n e r  ( b u f f e r )  coa t ing  

of carbon i s  burned. After  a given ba tch  has beell completely burned, 

it i s  pneumatically t r a n s f e r r e d  t o  a weigh hopper before  being dumped 

i n t o  a d i s s o l v e r .  

success ive ly  through the  roll crusher  and t h e  c rushed-par t ic le  burner ,  

and then  conveyed t o  a canning s t a t i o n ;  a l t e r n a t i v e l y ,  they can be s e n t  

d i r e c t l y  f rom the  c l a s s i f i e r  t o  a canning s t a t i o n .  It should be noted 

t h a t  t he  WBB and FBB primaqy burning modules conta in  d i f f e r e n t  amounts 

of equipment. 

ments f o r  secondary burning and d i s s o l u t i o n .  

The 25W p a r t i c l e s  from the  c l a s s i f i e r  can be f e d  

However, t h i s  i s  n o t  accounted f o r  i n  the  space r e q u i r e -  

2.2.4 Auxi l ia ry  process  equipment - 
Heat exchangers, Two h e a t  exchangers loca t ed  wi th in  each f l u i d i z e d -  - 

bed module a r e  r equ i r ed  t o  remove the  h e a t  ( s ee  Figs .  17 and 1 8 ) .  
gas-to-gas h e a t  exchanger of approximately 8000-Btu/min capac i ty  w i l l  

cool t he  of f -gas  before  it i s  f i l t e r e d  and sen t  t o  t h e  of f -gas  decon- 

taminat ion f a c i l i t y .  Another gas-to-gas hea t  exchanger with a capac i ty  

o f  approximately SO,OOO-Btu/min handles  the  gas from the  cool ing  j a c k e t  

surrounding t h e  burner .  Each o f  t h e  u n i t s  i s  cons t ruc ted  so t h a t  a l l  

connect ions te rmina te  i n  a top  f l ange  which mates wi th  a f ixed  manifold. 

A s p e c i a l  p o s i t i o n i n g  and clamping device makes f o r  easy remote removal 

and replacement. 

A 

These two hea t  exchangers s e rv i ce  only one burner f o r  t he  1-FBB 

system, whereas they  se rv ice  two burners  f o r  t he  2-FBB system. The 

l a t t e r  case  w i l l  r e q u i r e  more p ipe  connections i n  the  ho t  c e l l .  

CO ox id ize r .  The burner of f -gas  normally conta ins  an excess  of CO, 
which i s  undes i rab le  i n  t h e  KALC o r  of f -gas  decontamination f a c i l i t y ,  

1c 
"Burned-TRISO p a r t i c l e s  have a Sic ou te r  l a y e r ,  a t h i n  s e a l e r  l a y e r  o f  

carbon, and a porous carbon bu f fe r  l a y e r  surrounding t h e  f u e l  kerne l .  



I 
X

 

-.PI 

Lz 
W

 

N
 

n
 

-
 

X
 

0
 

0
 

V
 

cr t 
N
 

0
 

I 
V

 

4
 



. 

r 

ORNL DWG. 73-1 1872R2 
8"x8"ABSOLUTE FILTER 

8"x8'' ROUGHING 
FILTER 

t- 

If 

1c02MAKE I up 

c 
\ 

I o o , + c o *  I 
I I 

8" x 8" 
ABSOLUTE 
FILTER 

\8" x 8 ' R OU G H IN G 
FILTER 

HX HEAT EXCHANGER 

fi LOCATED IN FBB CUBICLE 

*fi LOCATED IN BLOWER CANYON 
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Thus, a CO ox id i ze r  ( t o  be developed) i s  r equ i r ed  t o  burn t h i s  excess  

CO and t o  maintain approximately 1/27?, excess of oxygen. 

purposes,  t h i s  u n i t  i s  mounted i n  a manner s imi l a r  t o  t h a t  of t h e  hea t  

exchangers. 

For maintenance 

F i l t e r s .  Sintered-metal  blowback f i l t e r s  a r e  mounted a t  t h e  t o p  of 

t h e  burner ,  and 8 x 8 i n .  roughing and abso lu te  f i l t e r s  a r e  included i n  

t h e  of f -gas  l i n e  between the  h e a t  exchanger and the  of f -gas  decontamina- 

t i o n  process ,  A second p a i r  of t hese  f i l t e r s  i s  i n s t a l l e d  i n  a l e g  of 

t he  burner  r e c i r c u l a t i n g  cool ing  gas  which i s  connected t o  t h e  of f -gas  

l i n e .  

c u i t  i n  t h e  event t h a t  a rup tu re  should occur i n  t h e  burner  wa l l .  

of t hese  f i l t e r s  a r e  cons t ruc ted  and pos i t i oned  so a s  t o  f a c i l i t a t e  

rou t ine  remote changeout. 

This  p a i r  o f  f i l t e r s  provides  f i l t e r i n g  and ven t ing  of t h i s  c i r -  

A l l  

Blowers. A separa te  canyon ad jacen t  and running p a r a l l e l  t o  t h e  

burner canyon houses a motor-blower combination for each burner  module. 

Each blower (-200 hp) r e c i r c u l a t e s  t h e  cool ing  gas  through t h e  burner 

cool ing  j a c k e t  and the  h e a t  exchanger. 

2.2.5 Remote handl ing and maintenance equipment 
7 

Equipment a s soc ia t ed  wi th  t h e  f lu id ized-bed  burning process  i s  

l o c a t e d  p r imar i ly  i n  four  canyons p l u s  a f u e l  block crushing  area .  

of t hese  f i v e  zones has an electromechanical  manipulator and crane  sys- 

tem overhead f o r  e i t h e r  i n - c e l l  maintenance o r  removal and t r a n s f e r  of 

t h e  equipment t o  a s p e c i f i c  decontamination and maintenance c e l l .  

Each 

3. SPACE REQUIREMENTS FOR PRIMARY BURNING 

If one cons iders  an opera t ing  time of 292 days pe r  year  (0.8 l o a d  

f a c t o r )  and a 1 2 - h r  turnaround time between batches,  t h e n  t e n  WBBs o r  

seven FBBs w i l l  be r equ i r ed  f o r  t he  reprocess ing  p l a n t ,  assuming t h a t  

t h e  spent - fue l  element ba tch  s i z e s  a r e  maximized (1000 spent  e lements  

per  ba t ch ) ,  

from 1000 t o  250, one a d d i t i o n a l  primary burner  i s  r equ i r ed  (for a l l  

cases ,  it i s  assumed t h a t  a l l  t h e  spent  25W elements a r e  accumulated 

If t h e  number of spent  f u e l  elements p e r  ba tch  i s  reduced 

. 
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b 

. 

f r o m  each r e a c t o r  

on primary burner 

before burn ing) ,  

requirements i s  shown i n  Fig,  19. The lower l i m i t  

The e f f e c t  o f  smaller  ba tch  s i z e s  

of 48 elements per  batch corresponds t o  the  minimum number of spent  

f u e l  elements per  r a i l  shipment. 

It  was agreed (with GAC) t h a t  we would consider  15 WBBs and 10 FBBs 

f o r  t h i s  s tudy.  Therefore,  t h e  number of burners  included would allow 

any ba tch  s i z e  t o  be considered. The time requi red  f o r  turnaround may 

be l e s s  than  1 2  hr; however, f o r  t h e  number of burners  considered, t he re  

i s  no incent ive  f o r  consider ing s h o r t e r  turnaround times. 

3 . 1  Whole-Block Burning 

The use of mul t ip le  WBBs, each wi th  a considerable  amount o f  mechani- 

c a l  equipment, suggests  a canyon-type s t r u c t u r e  wi th  simple maintenance 

equipment provided l o c a l l y  and major o r  complex maintenance equipment 

loca t ed  a t  t he  canyon end i n  a separa te  maintenance a rea  (Fig,  20). A 

canyon s u i t a b l e  f o r  conta in ing  t h e  15 WBBs i s  envisioned a s  containing 

151 cubic les ,  each of which i s  30 f t  wide by 1s f t  long  ( inc luding  a 2 - f t -  

t h i c k  i n t e r i o r  w a l l )  by 18 f t  high, wi th  a 30-ft-wide by 30-f t -high 

manipulator-and-crane a rea  t r a v e r s i n g  above the  WBB cubic les  (Figs .  2 1  

and 2 2 ) .  

elements and one s e t  of spare  modular equipment. 

Two a d d i t i o n a l  cub ic l e s  a re  included t o  handle broken f u e l  

Ind iv idua l  r e c t i l i n e a r  manipulators wi th  spec ia l ized  f e a t u r e s  a re  

supported by the  2- f t - th ick  cub ic l e  separa t ion  wa l l s  and se rv ice  each 

WBB cubic le  for rou t ine  opera t ion  and maintenance. 

r e c t i l i n e a r  manipulators and t h e  WBBs (o r  any major component) can be 

disconnected and l i f t e d  by t h e  crane, a s s i s t e d  by the  r e c t i l i n e a r  manipu- 

l a t o r ,  and moved through a s h i e l d  door i n t o  t h e  decontamination c e l l  

l o c a t e d  a t  one end of the  canyon (Fig.  20) .  

The 1s spec ia l i zed  

Vent i la t ion  of t he  WBB canyon i s  accomplished by downflow of a i r  

from c e i l i n g  d i f f u s e r s  i n t o  floor-mounted exhaust por t s .  

l i b e r a t e d  from burning (minus l o s s e s )  i s  removed by two gas-to-gas h e a t  

exchangers loca t ed  wi th in  each WBB cubic le ,  One of the gas-to-gas hea t  

exchangers removes t h e  hea t  from t h e  burner of f -gas  stream, while t he  

The hea t  
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Fig .  19. Number o f  primary burners r equ i r ed  f o r  var ious ba t ch  s i z e s .  
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decontamination and maintenance a r e a ,  and t h e  damaged f u e l  block burner  

c e l l .  
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o t h e r  removes t h e  h e a t  t h a t  i s  l o s t  through the  WBB w a l l s  

exchangers a r e  discussed i n  Sect.  2.1.6. ) 

(These h e a t  

The blowers a r e  loca t ed  i n  a p a r a l l e l  canyon ( r e f e r r e d  t o  as t h e  

blower canyon) which i s  16  f t  wide by 25 f t  high (F ig ,  23) .  
c e l l  i s  l o c a t e d  a t  one end of t h e  blower canyon f o r  convenience. 

blower canyon i s  equipped with a crane and r e c t i l i n e a r  manipulator system 

t o  ass is t  i n  equipment removal and r e p a i r .  

each WBB a r e  dr iven by two motors: 

The r easons  f o r  u s ing  t h e  gas-to-gas h e a t  exchangers a r e :  

r a d i o a c t i v e  m a t e r i a l  from l e a v i n g  the  b u i l d i n g  v i a  t h e  main coolant  gas  

stream i n  t h e  event of a furnace burnthrough, and ( 2 )  t o  exclude water 

from t h e  primary bu rne r s  except i n  t h e  event of two s e q u e n t i a l  h e a t  ex- 

changer f a i l u r e s ,  Thus, t he  c r i t i c a l i t y  problem a s s o c i a t e d  with t h e  WBBs 

can be reduced t o  t h a t  of a d r y  system. The use of two closed r e c i r c u -  

l a t i n g - g a s  loops  between t h e  WBBs and t h e  coo l ing  towers a f f o r d s  double 

containment, 

of t h e s e  closed gas loops  might reduce t h e  c a p i t a l  equipment c o s t s  b u t  

would have a n e g l i g i b l e  e f f e c t  on t h e  bu i ld ing  c o s t s .  

A maintenance 

The 

The two blowers r e q u i r e d  f o r  

one 100-hp unit, and one 15-hp u n i t .  

(1) t o  prevent 

S u b s t i t u t i o n  of a c losed - l iqu id  r e c i r c u l a t i n g  loop f o r  one 

The l a r g e r  blower and t h e  l a r g e r  gas-to-gas h e a t  exchanger w i l l  be 

highly contaminated i n  t h i s  proposed scheme. 

t o  maintain a ( r e l a t i v e l y )  c l ean  blower-heat exchanger system, t h e i r  

maintenance and upkeep w i l l  add t o  t h e  complexity of ope ra t ions  t o  be 

performed and w i l l  a l s o  inc rease  t h e  space requirements.  

If HEPA f i l t e r s  a r e  used 

An e l eva t ion  view o f  t h e  WBB canyon and blower canyon i s  shown i n  

Fig.  23. The WBB canyon i s  l o c a t e d  between t h e  I & S and t h e  SB & D 

canyons. A common personnel c o r r i d o r  i s  shared between t h e  WBB and t h e  

I & S canyons, while a common c e l l  w a l l  i s  shared between t h e  WBB and 

the  SB & D canyons. It has been assumed t h a t  t h e  th i ckness  of t h e  

sh i e ld ing  walls between t h e  process  canyon and t h e  personnel c o r r i d o r s  

w i l l  average 6 f t .  

Figure 20 shows a p l an  view of t h e s e  canyons and t h e i r  common decon- 

taminat ion and equipment r e p a i r  c e l l s .  

cub ic l e )  and one s p e c i a l  cub ic l e  f o r  handl ing broken spent  f u e l  block 

m a t e r i a l  r e q u i r e  a t o t a l  l e n g t h  of 265 ft .  
crane parking. 

The 16  WBB cub ic l e s  (one spare  

This i nc ludes  10  f t  f o r  

4 
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The spent  f u e l  elements move from t h e  I & S canyon, v i a  an element 

conveyor loca t ed  i n  a t r a n s f e r  tunnel  below the f l o o r  of the  personnel 

co r r ido r ,  t o  a WBB cubic le  ( see  Fig.  2 3 ) .  
The product f rom a WBB may be composed of two streams r e q u i r i n g  

the  25R or  25W stream (only one e x i s t s  w i th in  any given separa t ion :  

spent  f u e l  element),  and t h e  23R stream. 

t i c l e s  i n  the  25R and 25W streams have TRISO coat ings.  

f o r  c l a s s i f y i n g  and crushing the  S ic  p r i o r  t o  secondary burning i s  

loca ted  wi th in  t h e  WBB cubic le  f o r  convenience of the  d i s so lve r  cubic le  

equipment l ayou t .  

The re ference  HTGR f u e l  par-  

The equipment 

Pneumatic t r a n s f e r  of t h e  roll crusher  product and t h e  23R stream 

i s  u t i l i z e d  between a WBB cub ic l e  and a d i s so lve r  cubic le .  The l eng th  

of t h e  d i s so lve r  cub ic l e s  can be matched with t h a t  of t h e  WBB cub ic l e s  

so t h a t  bo th  t h e  WBB canyon and t h e  SB & D canyon a re  equa l ly  long. 

I n  t h i s  l i n e a r  process  flow scheme, assurance t h a t  t he  spent  f u e l  e l e -  

ments t r a n s f e r r e d  t o  a WBB w i l l  a r r i v e ,  eventua l ly ,  i n  e i t h e r  t h e  pro- 

per  &rex product o r  t h e  proper Thorex product t anks  i s  l i m i t e d  only 

wi th  r e s p e c t  t o  the unce r t a in ty  of  system holdup, 

d i s so lve r  cub ic l e s  a r e  connected on a one-to-one b a s i s ,  ba t ch  mix-ups 

from cubic le  t o  cubic le  a r e  n o t  poss ib le .  

equipment items and t h e i r  l o c a t i o n  i n  e i t h e r  the  WBB canyon, t h e  SB & D 

canyon, or  t h e  blower canyon. 

Since the  burner  and 

Figure 24 shows t h e  major 

It appears  f e a s i b l e  t o  l o c a t e  t h e  secondary burning and d i s s o l u t i o n  

equipment i n  a 30-ft-wide by 15- f t - long  cub ic l e .  
sh i e ld ing  wa l l s  and t h e  4 - f t - th i ck  wa l l  between t h e  WBB canyon and t h e  

SB & D canyon are each about 75 f t  high. These massive wa l l s  w i l l  re- 

qu i r e  approximately 12,000 yd of concrete .  It  has  been assumed t h a t  

each WBB cub ic l e  and each secondary burner and d i s so lve r  cubic le  w i l l  
r e q u i r e  a t  l e a s t  one viewing window. 

a r e  included i n  t h e s e  walls. 

The two 6 - f t - th i ck  

3 

Thus, a t  l e a s t  32 viewing windows 

From Figs .  20 and 23, it i s  est imated t h a t  t h e  sh ie lded  WBB canyon 
3 w i l l  r equ i r e  approximately 382,000 f t  of volume (30 x 48 x 265 f t )  and 

about 16,000 f t L  of f l o o r  space (30 x 265 f t ) .  

an a d d i t i o n a l  114,000 f t  

f t  . 

The blower canyon r e q u i r e s  
3 of canyon volume and occupies an a r e a  of 4,560 

2 
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Fig. 24. Flowsheet showing the location of whole-block burning equipment. 
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3.2 Fluidized-Bed Burning 

The use of mul t ip l e  FBBs, each w i t h  a considerable  amount of mechani- 

c a l  equipment, suggests  a canyon-type s t r u c t u r e  wi th  maintenance equipment 

provided a t  t h e  canyon e n d ( s )  i n  a sepa ra t e  maintenance a r e a  (F ig .  25). 

In  a d d i t i o n ,  a canyon-type s t r u c t u r e  f o r  handling t h e  primary burner hop- 

p e r s  and t h e  FBB product hoppers (hopper canyon) i s  needed. 

two crushing systems (discussed i n  Sect.  2 . 2 . 1 )  r e q u i r e  s i g n i f i c a n t  c e l l  

space,  

Also, t h e  

A canyon s u i t a b l e  f o r  containing t h e  t e n  FBBs i s  envisioned a s  t e n  

open cub ic l e s ,  each of which i s  30 f t  long  by 8 f t  wide by 48 f t  high 

( see  Fig.  1 2 ) .  

t h e  FBBs and t h e  o the r  equipment t o  and from t h e  maintenance a rea  (F ig .  

13). A t e l e scop ing  d e t e c t o r  f o r  checking t h e  FBBs between ba tches  w i l l  

be mounted on t r a c k s  l o c a t e d  a t  t he  f l o o r  of t h i s  8-ft-wide c o r r i d o r .  

A 16-ft-wide by 1 4 - f t - h i g h  manipulator and crane a rea  t r a v e r s e s  above 

the  FBBs and t h e  8 - f t - c o r r i d o r .  The crane,  a s s i s t e d  by t h e  manipulator,  

can remove any FBB o r  component through a s h i e l d  door i n t o  a decontamina- 

t i o n  c e l l  l o c a t e d  a t  t h e  end of the FBB canyon (F ig ,  2 5 ) .  

A c o r r i d o r  8 f t  wide by h8 f t  high i s  r e q u i r e d  t o  move 

A s epa ra t e  canyon f o r  t r a n s f e r r i n g ,  weighing, s t o r i n g ,  and handl ing 

t h e  primary burner hoppers and t h e  product hoppers i s  l o c a t e d  p a r a l l e l  

t o  t he  FBB canyon. A 

crane and manipulator system se rves  i n  t h i s  canyon i n  a manner similar 

t o  t h a t  descr ibed f o r  t h e  o t h e r  canyons. 

This  hopper canyon i s  1 2  f t  wide by 45 f t  high, 

There a r e  40 primary burner hoppers, p l u s  a similar number of product  

hoppers, t o  be handled each ope ra t ing  day. 

disconnected, weighed empty/full,  and moved twice during each handl ing 

cycle .  

hopper ope ra t ions  d a i l y ;  each ope ra t ion  r e q u i r e s  an average of 3 min. Thus, 

the n e c e s s i t y  f o r  using automatic equipment or  mu l t ip l e  handl ing equipment 

becomes apparent.  Further ,  t h e  equipment must be h igh ly  r e l i a b l e  t o  avoid 

p l a n t  stoppage. If pneumatic t r a n s p o r t  of t h e  crushed product i s  found t o  

be acceptable ,  t h e  envisioned hopper canyon w i l l  be necessary due t o  

maintenance requirements,  

Each of t h e s e  must be connected/ 

Six ope ra t ions  a r e  c a r r i e d  out  by each hopper, f o r  a t o t a l  of 480 
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An a r e a  f o r  t he  two crushing t r a i n s  i s  a l s o  r equ i r ed .  The b e s t  

l o c a t i o n  f o r  t h e s e  t r a i n s  appears t o  be a t  t he  end of t h e  I & S canyon, 

w i th  a smaller  canyon (crushing a r e a )  connecting the  I & S canyon and 

t h e  hopper canyon f o r  t r a n s f e r r i n g  the  primary burner f e e d  from t h e  

t e r t i a r y  crusher  t o  the  hopper canyon. 

view of one of t h e  crushing t r a ins .  
Figure 26 i s  an e l e v a t i o n  

Ven t i l a t ion  of the FBB canyon, the hopper canyon, and t h e  c rush ing  

a r e a  w i l l  be accomplished i n  a downflow manner as desc r ibed  f o r  t h e  WBB. 

The h e a t  l i b e r a t e d  from burning (minus l o s s e s )  i s  removed by two gas- to-  

gas h e a t  exchangers loca t ed  w i t h i n  each FBB cubucle (Fig.  1 7 ) .  
t hese  removes t h e  h e a t  from the  FBB off-gas  stream; t h e  o t h e r  removes 

t h e  h e a t  t h a t  i s  l o s t  through t h e  FBB walls, 

One of 

The FBB blowers a r e  l o c a t e d  i n  a blower canyon, 1 2  f t  wide by 20 f t  

high, which i s  l o c a t e d  below t h e  hopper canyon (Fig. 2 7 ) .  A maintenance 

c e l l  i s  l o c a t e d  a t  one end of t h e  blower canyon f o r  maintenance (F ig ,  25). 
The blower canyon i s  a l s o  equipped with a crane and manipulator.  The 

blower f o r  each FBB i s  dr iven by a 200-hp motor. 

yon con ta ins  t e n  e l e c t r i c  motor-blower systems of 200 hp each.)  The 

blower canyon se rves  the  same f u n c t i o n  for t he  FBB as it d id  f o r  t he  

WBB ( s e e  Sec t ,  3 .1) .  

(Thus, t h e  blower can- 

An e l e v a t i o n  view of t h e  FBB canyon, t h e  hopper canyon, and t h e  

blower canyon i s  shown i n  F igs .  27  and 28. 

between the  I & S and t h e  FBB canyons. 

shared between t h e  hopper and t h e  I & S canyons, while a common wa l l  i s  

shared between t h e  FBB and t h e  hopper canyons. 

The hopper canyon i s  l o c a t e d  

A common personnel c o r r i d o r  i s  

It has been assumed t h a t  each hopper s t a t i o n  l o c a t e d  i n  t h e  hopper 

canyon and each FBB cub ic l e  w i l l  r e q u i r e  a viewing window. 

be  necessary t o  have a personnel c o r r i d o r  ad jacen t  t o  t h e  FBB c o r r i d o r .  

It i s  a l s o  assumed t h a t  each crushing t r a i n  r e q u i r e s  a viewing window, 

Hence, 25 viewing windows a r e  r equ i r ed  f o r  t h i s  p a r t  of the FBB system. 

Thus, it w i l l  

The comparison between the FBB and WBB must i nc lude  t h e  SB & D 

canyon f o r  completeness. 

Fig. 25.  

l eng th ;  t h i s  i nc ludes  10 ft f o r  crane parking. 

r e q u i r e s  230 f t  of l e n g t h ,  

The arrangement of t h i s  canyon i s  shown i n  

The 11 FBB c u b i c l e s  (one spare c u b i c l e )  r e q u i r e  340 f t  of 

The SB & D canyon 
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Fig. 26. Elevation view of a crushing train located within the cells. 
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I & S canyon, t h e  blower canyon, and personnel c o r r i d o r s .  
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The spent  f u e l  elements move from t h e  I & S canyon i n t o  a queuing 

a r e a  ( l o c a t e d  a t  one end of t h e  canyon) f o r  crushing. A "crushing batch",  

which has been assumed t o  be one d a y ' s  f eed  f o r  a FBB ( 2 4  e lements) ,  i s  

handled i n  groups of s i x  elements. 

primary burner hopper.) 

group of elements has been crushed, and a f i n a l  inventory i s  made t o  

ensure t h a t  t he  crusher  t r a i n  i s  empty a f t e r  each e n t i r e  batch o f  e l e -  

ments has  been crushed. 

(The s i x  crushed elements f i l l  one 

A running inventory check i s  made a f t e r  each 

The four  primary hoppers a r e  moved, i nven to r i ed  (weighed), t r a n s -  

f e r r e d  t o  the  appropriate  hopper s t a t i o n ,  and connected f o r  burning. 

The primary burner burns t h e  con ten t s  of one primary burner hopper, and 

t h e  burned product i s  emptied i n t o  a primary burner product hopper, 

primary burner product hopper i s  disconnected, weighed, moved down t h e  

hopper c o r r i d o r  t o  the appropr i a t e  secondary burner and d i s s o l v e r  s ta-  

t i o n ,  and connected f o r  emptying. 

The 

The equipment f o r  c l a s s i f i c a t i o n  and crushing i s  l o c a t e d  i n  t h e  

SB & D cub ic l e s .  

number of product hoppers t o  be handled i s  doubled. 

If t h i s  equipment i s  l o c a t e d  a t  t h e  FBB cub ic l e s ,  t h e  

Pneumatic t r a n s f e r  of t he  con ten t s  of t h e  primary burner hoppers 

and the  primary burner product hoppers was assumed f o r  t h i s  study. 

matic t r a n s f e r  of t h e  crusher  product i n t o  t h e  primary burner hoppers 

was also assumed. 

Fneu- 

I n  order  t o  maintain operat ing f l e x i b i l i t y  and sepa ra t ion  of each 

r e a c t o r ' s  product,  t h e  number of secondary bu rne r s  and d i s s o l v e r s  i s  

equal t o  t h e  number of primary burners.  

i s  230 f t ,  assuming a 30-ft-wide canyon. 

This n e c e s s i t a t e s  t h a t  t h e  hopper canyon be extended an a d d i t i m a l  250 

ft  beyond the  FBB canyon i n  order  t o  s e r v i c e  the secondary burner and 

d i s s o l v e r  cub ic l e  s , 

The l eng th  of t h e  SB & D canyon 

Each cub ic l e  i s  20 f t  long. 

This  arrangement provides  assurance t h a t  t h e  s o r t e d  elements on a 
d o l l y  l o c a t e d  i n  t h e  queuing a r e a  w i l l  be t r a n s f e r r e d  i n t o  t h e  fou r  

desired primary burner hoppers. 

duc t  i n  a primary burner  hopper w i l l  be t r a n s f e r r e d  i n t o  t h e  d e s i r e d  

primary burner product hopper, and t h a t  t h e  product i n  a primary burner 

product hopper w i l l  be even tua l ly  t r a n s f e r r e d  i n t o  t h e  proper Purex 

It a l s o  gives assurance t h a t  t h e  pro- 



. 
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product or Thorex product t anks .  Such assurances a r e  l i m i t e d  by t h e  

u n c e r t a i n t y  of systems holdups; however, whenever t h e  primary bu rne r  

hoppers or  t h e  primary burner product hoppers a r e  moved from a load ing  

t o  an unloading s t a t i o n ,  t h e r e  i s  no inhe ren t  assurance t h a t  t h e  proper 

t r a n s f e r  w i l l  be made un le s s  each s e t  of fou r  hoppers can only be con- 

nected t o  a p a r t i c u l a r  s t a t i o n .  This compromises ope ra t ing  f l e x i b i l i t y  

t o o  severely,  and admin i s t r a t ive  c o n t r o l  i s  p re fe rab le .  Figure 29  shows 

t h e  major equipment i tems and t h e i r  l o c a t i o n  between the s e v e r a l  canyons. 

The arrangement of t h e  v a r i o u s  canyons precludes t h e  use of a com- 

mon decontamination c e l l  by all canyons. Thus, one common maintenance 

and decontamination c e l l  s e rves  t h e  I & S canyon ( inc lud ing  t h e  crushing 

equipment), t he  FBB canyon, and t h e  blower canyon, while a second c e l l  

serves  t h e  hopper canyon and t h e  SB & D canyon. 

func t ions  of an HTGR r ep rocess ing - re fab r i ca t ion  f a c i l i t y  would probably 

show t h a t  t h i s  l a t t e r  decontamination and maintenance c e l l  could be shared 

with some other  p rocess  s t ep .  

Study of t h e  a d d i t i o n a l  

The 6 - f t - t h i c k  s h i e l d i n g  w a l l s  enclosing the  FBB canyon and t h e  match- 

i n g  l eng th  of t h e  hopper canyon a r e  about 75 f t  high,  as i s  t h e  common 

4 - f t - t h i c k  w a l l  s epa ra t ing  t h e s e  two canyons, 

i n g  walls enclosing t h e  SB & D canyon and t h e  matching l e n g t h  of t h e  

hopper canyon a r e  about 60 f t  high; t he  common b - f t - t h i c k  wall s epa ra t ing  

t h e s e  two canyons i s  a l s o  60 f t  high. The 75-ft-high s e c t i o n  extends 

340 f t , a n d  t h e  60-f t -high s e c t i o n  extends 230 f t .  

The two 6 - f t - t h i c k  s h i e l d -  

These t h r e e  massive 
3 walls w i l l  r e q u i r e  approximately 16,400 yd of concrete .  

I f  t h e  same cons ide ra t ions  with r ega rd  t o  viewing a r e  included f o r  

t h e  secondary burner and d i s s o l v e r  c u b i c l e s  ( p l u s  t h a t  matching p o r t i o n  

o f  t h e  hopper c o r r i d o r )  as were made f o r  t h e  WBB, then 22 windows must 

be a s s o c i a t e d  w i t h  t h e s e  ope ra t ions .  These, added t o  t h e  25 a l r eady  con- 

sidered, make a t o t a l  of 47 viewing windows a s soc ia t ed  with FBB burning 

and d i s s o l u t i o n ,  Since t h e  viewing windows a s soc ia t ed  with the hopper 

canyon can be smaller ,  it i s  assumed t h a t  t hey  a r e  equivalent  t o  seven 

normal viewing windows, Thus, 32 viewing windows ( o r  equ iva len t )  a r e  

r equ i r ed  f o r  t h e  FBB system (same number as r equ i r ed  f o r  the WBB 

system). 
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Fig. 29. Flowsheet showing t h e  l o c a t i o n  of FBB equipment. 
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. 

From Figs .  25, 2 7 ,  and 28, t he  sh i e lded  canyon volume requ i r ed  f o r  

t h e  FBBs, hoppers,  and c rushe r s  i s  est imated t o  be approximately 720,000 

ft’. The blower 
2 canyon r e q u i r e s  sn a d d i t i o n a l  8 6 , O C C  f t 3  of volume and occupies 4320 f t  

of a r ea .  

2 The amount of canyon f l o o r  space i s  about l k , O O O  f t  . 

4. COST ESTIMATES 

Preliminary c o s t  e s t ima tes ,  based on 1975 c o s t s ,  have been made for 
the  i n s t a l l e d  modular equipment, i nc lud ing  instrumentat ion,  h e a t  removal 

system, and bu i ld ing  c o s t s  a s s o c i a t e d  with the  WBB and t h e  2-FBB systems. 

Fac to r s  a r e  app l i ed  t o  the  sum of t h e s e  c o s t s  t o  es t imate  o the r  d i r e c t  

cons t ruc t ion  c o s t s ,  i n d i r e c t  cons t ruc t ion  c o s t s ,  and owner’s c o s t s .  

The f a b r i c a t i o n  o f  mu l t ip l e  modular equipment i tems reduces t h e  u n i t  

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

p r o r a t i n g  the  c o s t s  of j i g s  and f i x t u r e s  among seve ra l  i tems,  reduced 

labor  c o s t  due t o  f a m i l i a r i z a t i o n  of t h e  t a sks ,  e t c .  A s i m i l a r  savings 

i n  c e r t a i n  i n d i r e c t  cons t ruc t ion  c o s t s ,  e s p e c i a l l y  engineering, i s  a l s o  

r ec o gni zed . 

This  i s  brought about by savings i n  procurement, 

The method used i n  making c o s t  e s t ima tes  c o n s i s t s  of determining 

t h e  c o s t  of a s i n g l e  module of equipment on an i n s t a l l e d  b a s i s .  Each 

time t h e  number of i t ems  f a b r i c a t e d  i s  doubled, a f r a c t i o n a l  c o s t  f a c -  

t o r  (FCF) which reduces t h e  cos t  by 15% i s  m u l t i p l i e d  by t h e  c o s t  o f  a 

s i n g l e  module t o  ob ta in  t h e  c o s t  of a d d i t i o n a l  modules, 

The fol lowing equation, which i s  continuous through t h e s e  p o i n t s ,  

i s  u s e f u l  i n  c a l c u l a t i n g  t h e  f r a c t i o n a l  c o s t  f a c t o r  f o r  a given number 

of units: 

I n  x - 

where 

x = number of u n i t s  f a b r i c a t e d .  

Figure 30 i s  a p l o t  of t h e  FCF as a func t ion  of x. A s  shown, t h e  

value of t he  FCF i s  0.63 f o r  15’ u n i t s  and 0.69 f o r  10 u n i t s .  Thus, t h e  
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" l ea rn ing  f a c t o r "  reduces t h e  c o s t  of 15 u n i t s  by 27% (1 - 0.6?) of t h a t  

c a l c u l a t e d  using the  s t r a i g h t - l i n e  method. 

4 . 1  Equipment Costs 

3.1.1 Whole-block burning -- 
The est imated i n s t a l l e d  equipment c o s t  f o r  a WBB module i s  shom i n  

Table 1. 

blower canyon a s s o c i a t e d  wi th  one WBB i s  included,  

equipment c o s t  f o r  15 WBB modules i s  found a s  fol lows:  

The c o s t  3f t h e  equipment l o c a t e d  wi th in  t h e  WBB canyon and the  

The i n s t a l l e d  modular 

WBB modular equipment c o s t  = $ 1,665,000 x FCF x 15 
= $ 1,665,000 x 0.63 x 15 

= $ 15,734,250 

4.1.2 Fluidized-bed burning 

The i n s t a l l e d  equipment c o s t  f o r  a 2-FBB module i s  shown i n  Table 2 .  

The c o s t  of t h e  equipment loca t ed  w i t h i n  t h e  FBB canyon, t h e  h q m e r  can- 

yon, and t h e  blower canyon a s soc ia t ed  with one FBB i s  included. 

i n s t a l l e d  modular equipment c o s t  f o r  t e n  FBB modules i s  found as  fol lows:  

The 

FBB modular equipment c o s t  = $ 1,705,000 X FCF X 10 
= $1,705,000 x 0.69 x 10 
= $ 11,7hb,000 

However, t h e  c o s t  of t h e  crushing and weighing s t a t i o n  equipment 

(Table 3)  must be added. 

FBB modules i s :  

Thus, the installed equipment c o s t  f o r  t e n  

$ 11,76b,000 +. $ 1,305,000 = $ 13,060,000 

4 . 2  Cost of Heat Removal System 

The h e a t  removal system i s  t h e  system t h a t  t r a n s p o r t s  t h e  h e a t  from 

t h e  burner h e a t  exchangers t o  a h e a t  exchanger l o c a t e d  ou t s ide  t h e  bu i ld -  

ing.  

i s  U-shaped (Fig.  3l), with t h e  h e a t - t r a n s f e r  equipment l o c a t e d  wi th in  

t h e  f r U f f ,  

t r a n s f e r  f a c i l i t i e s  f o r  t h e  burning and c o a t i n g  ope ra t ions  with minimum 

runs of duct ing.  

It i s  envisioned t h a t  t h e  HTGR reproce ss ing-ref  a b r i c a t i  on complex 

Th i s  arrangement a f f o r d s  the  opportuni ty  of shar ing common hea t -  



Table 1. Estimated i n s t a l l e d  equipment c o s t  for a WBB module 
- 

Item c o s t  ($1 

WBB 500, 000 

CO ox id ize r  60,000 

Two blowers 25,000 

Piping 250,000 

Manipulator 200,000 

F i l t e r s  150, 00c 

Two h e a t  exchangers 75,000 

Transfer  t unne l  30,000 
Instrumentat ion 300,000 

Special  connectors 

To ta l  
75,000 

1,665,000 

. 
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Table 2 .  Estimated i n s t a l l e d  equipment c o s t  for a 2-FBB module 

Item c o s t  
:$: - 

Burner Fqui pme n t 

2-FBB 

CO ox id izer  

B l w e r  

400,000 

Lo, 000 

20,000 

Twis hea t  exchangers 125,000 

Piping 250,000 

Instrumentat ion 

F i l t e r s  

l50,OOO 
150,000 

Spec ia l  connectors 60.000 
Sub t o t a l  

Hopper Equipment 

Four primary burner  hoppers 

Four product hoppers 

Dive r t e r s  and f e e d e r s  

Piping 

Instrument a t i  on 

F i l t e r s  

Special  connectors  

Subto ta l  

1,195,000 

100,000 

60,000 

20,000 

120,000 

100,000 

50,000 

h0,ooo 

510,000 

Tota l  1,705,000 



Table 3. Estimated i n s t a l l e d  equipment c o s t  for 

crushing and hopper weighing 

Item Cost 
($1 

Crushers 

Piping 

Instrumentat ion 

F i l t e r s  

Spec ia l  connectors 

Hopper weighing s t a t i o n s  

To ta l  

500, 000 

75,000 
100, 000 

50, GOO 
80,000 

I;00.000 

1,305,000 



59 

ORNL DWG 74-3702Rl . 

L 

PARTICLE 
COAT I N G STICK 

ELEMENT 

SHIPPING 4 i 
KERNEL 

I I <SOLVENT 

Fig. 31. A generalized HTGR reprocessing-refabrication plant layout. 
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The temperature of t he  gas l e a v i n g  t h e  hea t  exchangers i n  t h e  blower 

canyon w - i l l  be too  high f o r  concrete  duct-type cons t ruc t ion .  

an i n s u l a t e d  metal duct  system i s  envisioned. 

hea t  removal system i s  shown i n  Table 4, 
e i t h e r  t he  WBB or t h e  2-FBB system. 

Therefore,  

The est imated c o s t  of t h e  

This e s t ima te  i s  app l i cab le  t o  

Table 4, Estimated i n s t a l l e d  equipment c o s t  f o r  

t h e  h e a t  removal system 

Item c o s t  
($; 

Ducting 

I n s u l a t i o n  

Cooling tower and hea t  
exchanger system 

To ta l  

4 .3  Building Cost 

'750,000 

1,000,000 

1,750,000 
3,~00,000 

The c o s t  of t h e  p o r t i o n  of t h e  reprocessing p l a n t  d i r e c t l y  a s s o c i a t e d  

with burning was est imated by assuming t h a t  personnel c o r r i d o r  c o s t s  a r e  

shared with o t h e r  process  s t e p s  ( i d e n t i f i c a t i o n  and s o r t i n g ,  secondary 

burning, and d i s so lv ing ,  e t c .  >. 
t i o n  and - maintenance a r e a s  i s  n3 t  included i n  t h e  e s t ima te ,  The p o r t i o n  

of t h e  f a c i l i t y  included i n  the  bu i ld ing  c o s t s  f o r  t h e  WBB i s  shown i n  

Figs .  32 and 33; t h e  p o r t i o n  included i n  the  b u i l d i n g  c o s t s  for t h e  FBB i s  
shown i n  F igs .  34-36. 

-7 The c o s t  a s s o c i a t e d  with t h e  decontamina- 

The b u i l d i n g  c o s t s  were est imated using t h e  fol lowing f a c t o r s :  

(1) Concrete f o r  c e l l  s t r u c t u r e s  $ 300/yd3 

(3 )  Crane bay ( a top  c e l l  s t r u c t u r e )  $ 100/f t2  
(4) Viewing windows $ 30,000 each 

( 2 )  Personnel c o r r i d o r s  $ l0O/f t2  
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Fig. 3 h .  Plan view of the portion of the facility utilized 
estimating the cost of the 2-FBB system. 
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O R N L  D W G  74-1364 

Fig. 36. Portion of the facility utilized in estimating the cost of 
the 2-FBB system - elevation through the hopper canyon. 
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4.3.1 Whole-block burning 

The es t imated  volume of concre te  a s soc ia t ed  wi th  the  WBB sh ie ld ing  
3 wa l l s ,  r o o f s ,  and f l o o r s  i s  17,000 yd . 

canyon each con ta in  a crane and r e c t i l i n e a r  manipulator,  which i s  i n -  

cluded i n  t h e  bu i ld ing  cos t s .  

marized i n  Table 5. 

The WBB canyon and t h e  blower 

The est imated WBB bu i ld ing  c o s t  i s  sum- 

3 

Table 5. Estimated b u i l d i n g  c o s t  for whole-block burning 

Item c o s t  
($> 

5 , 100,000 

Crane and manipulators 600,000 

Service pene t r a t ions  1,~00,000 

-7 

Concrete (17,000 yd3) 

Windows (15) b50, 000 

600,000 2 Personnel c o r r i d o r s  (6000 f t  ) 
2 Crane bay (12,720 f t  ) 

Tota l  

1,272,000 

9,522,000 

4.3.2 Fluidized-bed burning - 
The es t imated  volume of concre te  a s soc ia t ed  w i t h  t h e  2-FBB sh ie ld ing  

3 wal ls ,  roofs ,  and floors i s  29,000 yd , The FBB canyon, t h e  hopper canyon, 

and t h e  blower canyon each con ta in  a c rane  and r e c t i l i n e a r  manipulator.  

The FBB bu i ld ing  c o s t s  a r e  summarized i n  Table 6. 

Table 6. Estimated bu i ld ing  c o s t  f o r  f lu id ized-bed  burning 

I tem c o s t  
($1 

Concrete (29,000 yd3) 8,700,000 

Windows (15) 4%,000 
Cranes and manipulators  900,000 

Service pene t r a t ions  1,000,000 

2,860,000 

1,700,000 
2 Personnel c o r r i d o r s  (17,000 f t  ) 

Crane bay (28,600 f t  ) 2 

Tota l  16,410,000 



4.4  Other D i rec t  Construction Costs 

T h e c o s t s  f o r  s i t e  improvement and ou t s ide  u t i l i t i e s  (excluding t h e  

k a t  removal system) were est imated as 1% and 10% of t h e  est imated d i r e c t  

cons t ruc t ion  c o s t ,  r e s p e c t i v e l y .  Using t h e  e s t ima tes  of d i r e c t  construc- 

t i o n  c o s t s  as shown i n  Table 7 and t h e  f a c t o r s  given above y i e l d s  o the r  

construct ion c o s t s  of $3,190,000 f o r  t h e  WBB and $3,630,000 for t he  2-FBB, 

Table 7. Summary of d i r e c t  cons t ruc t ion  c o s t s  

c o s t  ($1 
WBB FBB 

Process equipment 15 1734,250 13,069,500 

Heat removal system 3,500,000 3,500,000 

Building 

Total  

16.l110.000 

32,979,000 

Assume 29,000,000 33,000,000 

4.5 Tota l  Direct  Construction Cost 

The t o t a l  es t imated d i r e c t  cons t ruc t ion  c o s t  a s soc ia t ed  w i t h  t h e  

WBB i s  $32,190,000; t h a t  a s soc ia t ed  with the  FBB i s  $36,630,000. 

4 .6  Estimates of I n d i r e c t  Construct ion Costs 

I n d i r e c t  cons t ruc t ion  c o s t s  are est imated as a f r a c t i o n  o f  t h e  d i r e c t  

cons t ruc t ion  c o s t .  The f a c t o r s  used a r e  those c u r r e n t l y  being u t i l i z e d  i n  

t h e  ORNL HTGR Program c o s t  e s t ima tes  of a commercial f a c i l i t y .  The sum of 

t h e s e  f a c t o r s  i s  0.647 ( see  Table 8). 

4 .7  Owner's Cost Estimates 

Owner's c o s t s  a r e  a l s o  est imated as a f r a c t i o n  of t h e  d i r e c t  construc-  

t i o n  cost.. 

HTGR Program c o s t  e s t ima tes  of a commercial f a c i l i t y .  

f a c t o r s  i s  0.47 ( s e e  Table 9 ) .  

The f a c t o r s  used a r e  those c u r r e n t l y  being u t i l i z e d  i n  t h e  ORNL 
The sum of t h e s e  
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Table 8. I n d i r e c t  cons t ruc t ion  c o s t  f a c t o r s  t o  be appl ied 

t o  t h e  t o t a l  d i r e c t  cons t ruc t ion  c o s t  

-- 
Item Factor 

General and admin i s t r a t ive  0. 10  

Engineering 0.20 

Miscellaneous cons t ruc t ion  0.05 

Contingency 0.20 

Spare p a r t s  0.007 

Noninstal led spare equipment 0.03 

Q u a l i t y  a s su r  anc e 

To ta l  

0.06 

0.647 

Table 9. Owner's c o s t  f a c t o r s  t o  be app l i ed  t o  t h e  t o t a l  

d i r e c t  cons t ruc t ion  c o s t  

- 
Item Factor  -- 

Land 0.  01 

P r o j e c t  management 0 .02  

Licensing 0.04 

Taxes, insurance,  and i n t e r e s t  0.20 

Preoperat ional  t e s t i n g  and s t a r t u p  

To ta l  
0.20 

0.47 

L 

. 
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4.8 Tota l  Estimated C o s t  

. 
The t o t a l  es t imated  c o s t s  of primary burning a r e  $68,000,000 f o r  

t he  WBB and $78,000,300 for t he  2-FBB, r e s p e c t i v e l y  ( s e e  Table 10). The 

t o t a l  es t imated c o s t  o f  primary burning using t h e  WBB i s  about 15% l e s s  

than t h a t  of t he  2-FBB. 

Table 10. Tota l  es t imated  c o s t s  of primary burning 

Type of c o s t  WBB FBB 
~ 

Direct  cons t ruc t ion  32,190,000 36,630,000 

I n d i r e c t  cons t ruc t ion  20,827,000 23,700,000 

Owner s 

To t a l  

15,129,000 17,216,000 

68,146,000 77,546,000 
A s  sume 68,000,000 78,000,000 

The HTGR reprocess ing  p l a n t  w i l l  handle about 1330 kg of heavy 

metal  per  day. 

t he  u n i t  c o s t s  o f  primary burning a r e  $11.67/kg f o r  the  WBB and $13.39 
kg f o r  t h e  FBB. 

Assuming a 15-yr  p l a n t  l i f e  and a l o a d  f a c t o r  of 0.8, 

4.9 C o s t  S e n s i t i v i t i e s  

The c o s t  e s t ima tes  presented  i n  t h i s  s ec t ion  can more proper ly  be 

r e f e r r e d  t o  a s  c o s t  guesst imates  s ince  they a r e  simply guesses and n o t  

c o s t s  der ived  by ob ta in ing  f a b r i c a t i o n  quota t ions .  Therefore, it i s  of 

b e n e f i t  t o  consider  t he  e f f e c t  of i naccura t e  guesses on the  t o t a l  

e s t ima t  ed c o s t  s , 

4.9.1 S e n s i t i v i t y  t o  module c o s t s  - - 
A s  was s t a t e d  i n  the  in t roduc t ion ,  " the  amount of t e c h n i c a l  informa- 

t i o n  on which t h e  eva lua t ion  i s  based i s  unequal f o r  t h e  two systems." 

Therefore,  one would expect t h i s  f a c t  t o  be r e f l e c t e d  i n  the  c o s t  e s t i -  

mates f o r  t h e  equipment. 

e r r o r  i n  t h e  WBB equipment c o s t  would make t h e  two systems equal i n  t o t a l  

Using the  f lu id ized-bed  system a s  a base ,  what 
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c o s t ?  

inc reased  by 30%, then the  t o t a l c o s t s o f  t h e  WBB and t h e  FBB a r e  equal  
6 a t  about $78 x 10 , 

Another approach i s  t o  assume t h a t  t h e  modular equipment e s t i m a t e s  

If t h e  c o s t  e s t ima te  f o r  t h e  whole-block burning equipment i s  

a r e  equal  f o r  t h e  two c a s e s  and t o  consider  t he  e f f e c t  o f  underest imat ions 

on t h e  t o t a l  c o s t s ,  

from 0 t o  loo%,  t h e  r a t i o  of t o t a l  c o s t s  f o r  t h e  FBB t o  t h e  WBB decreases  

from 1.15 t o  1 .04 ( see  Fig.  3 7 ) .  
mated modular equipment c o s t ,  t he  two systems a r e  equal i n  es t imated t o t a l  

c o s t ,  

crease on t h e  t o t a l  es t imated c o s t  i n  abso lu t e  values .  

A s  one i n c r e a s e s  the  modular equipment c o s t s  ( e q u a l l y )  

A t  an inc rease  o f  about 200% i n  t h e  e s t i -  

Figure 38 i s  a p l o t  of t h e  e f f e c t s  o f  modular equipment c o s t  i n -  

4 . 9 . 2  S e n s i t i v i t y  t o  b u i l d i n g  c o s t  

The e s t ima te  on cons t ruc t ion  c o s t  f o r  sh i e lded  f a c i l i t i e s  has  been 

made by p r o r a t i n g  t h e  c o s t  between t h e  sh i e lded  c e l l  s t r u c t u r e  (cubic 

ya rds  of conc re t e )  and t h e  unshielded space around t h e  c e l l s  ( a r e a  of 

f l o o r  space ) .  

c r e t e  and $100 p e r  square f o o t  of f l o o r  space were used, 

a p l o t  of t h e  t o t a l  c o s t  v s  concrete  c o s t  ($100 t o  $500 p e r  cubic  ya rd )  

and a r e a  c o s t s  of $100 and $200 pe r  square foo t .  

s e n s i t i v e  t o  v a r i a t i o n s  i n  t h e s e  f a c t o r s  than i s  t h e  FBB system, which 

i s  a r e s u l t  of t h e  l a r g e r  bu i ld ing  r equ i r ed  for t h e  FBB. 

I n  t h e  base case ,  va lues  of $300 pe r  cubic ya rd  of con- 

Figure 39 i s  

The WBB system i s  l e s s  

5. CONCLUSIONS AND RECOMMENDATIONS 

Two methods have been s tud ied  f o r  accomplishing t h e  primary burning 

of HTGR f u e l s  f o r  a p l a n t  which w i l l  handle about 50,000 MW(e). 
methods a r e  t h e  r e fe rence  process,  f l u id i zed -bed  burning, and an undevel- 
oped backup process ,  whole-block burning, 

These 

Within t h e  accuracy of t h i s  study, one may draw t h e  conclusion t h a t ,  

i n  eva lua t ing  a process  s t ep ,  t h e  t o t a l  p l a n t  must be considered. 

of t h e  two systems evaluated f o r  primary burning may appear t h e  l e a s t  

c o s t l y ,  depending on t h e  amount of cons ide ra t ion  given t o  t h e  r e l a t e d  

process  s t e p s .  

i n  making such f u t u r e  comparisons of process  a l t e r n a t i v e s .  

Each 

Thus, it i s  recommended t h a t  t h e  t o t a l  p l a n t  be considered 
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cos t  on t h e  t o t a l  cos t .  
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Fig .  39. E f f e c t s  of  concre te  and bu i ld ing  a r e a  c o s t s  on t h e  t o t a l  c o s t  

o f  t h e  WBB and FBB systems. 
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Resul t s  o f  the  study show t h a t  t h e  canyon-type s t r u c t u r e  has  t h e  

remote maintenance f l e x i b i l i t y  requi red  t o  p r o t e c t  t he  c a p i t a l  i nves t -  

ment o f  a primary burner  system; f a i l e d  equipment can be removed, r e -  

placed, and/or modified a s  requi red .  

one can draw t h e  fol lowing conclusions:  

Within t h e  accuracy of t h e  es t imate ,  

1. The est imated c o s t  of the process  equipment a s soc ia t ed  

wi th  whole-block burning i s  higher t han  t h a t  a s soc ia t ed  

wi th  f lu id ized-bed  burning. 

2 ,  The c o s t  of t h e  hoppers f o r  handling t h e  c rusher  product 

and the  primary burner product amounts t o  about 30% of 

the  modular c o s t  of a FBB. 

3. If t h e  est imated equipment c o s t  a s soc ia t ed  with whole- 

block burning i s  increased  by about 30% r e l a t i v e  t o  

f lu id ized-bed  burning, t he  d i f f e rence  between the  t o t a l  

c o s t s  for t h e  two methods i s  neg l ig ib l e .  

4. If the  est imated equipment c o s t  f o r  each burning method 

i s  increased  by about 200%,the c o s t  d i f f e rence  between 

t h e  t o t a l  c o s t s  of t h e  two methods i s  neg l ig ib l e .  

The est imated c o s t  of the  bu i ld ing  and hot  c e l l ( s )  

a s soc ia t ed  wi th  f lu id ized-bed  burning i s  higher than  

t h a t  a s soc ia t ed  wi th  whole-block burning. This  con- 

c lus ion  r e s u l t s  from some s t a r t i n g  assumptions about 

t h e  i n t e r r e l a t i o n s h i p  wi th  equipment and canyons. The 

primary f lu id ized-bed  burner i s  t o o  long  t o  be handled 

above o ther  burner modular equipment, This necess i -  

t a t e s  t h a t  an unobstructed a i s l e  be r e t a i n e d  f o r  moving 

t h e s e  long burners  t o  and f r o m  t h e  maintenance a rea .  

I n  e f f e c t ,  t h e  same assumption was appl ied  t o  the feed  

hoppers more f o r  t h e  sake of convenience than  from the  

s tandpoint  o f  a firm requirement,  

6. If t h e  c o s t  f a c t o r s  f o r  es t imat ing  t h e  c o s t  of t h e  c e l l  

s t r u c t u r e s  and unshielded a r e a ( s )  around them a r e  h igher  
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b 

. 

3 2 t han  the  base case va lues  ($300/yd and $100/ft ),  t he  

t o t a l  c o s t  f o r  t he  FBB system w i l l  e s c a l a t e  f a s t e r  than  

t h a t  f o r  t h e  WBB system, This  i s  simply an e f f e c t  

of the  l a r g e r  bu i ld ing  space requi red  f o r  t h e  FBB 

sy s tem . 
7. The b e s t  guess as t o  t h e  c o s t  of primary burning f o r  

a 50,000 MW(e) economy i s  $100 mi l l ion .  

es t imate  i s  based on 1975 funding and does n o t  

include any e s c a l a t i o n  f a c t o r s .  It i s  the  b e s t  

guess f o r  both WBB and FBB, 

This  c o s t  

From a d i f f e r e n t  po in t  o f  view, this  s tudy evaluated a sho r t  and a 

long primary burner ,  A s h o r t  burner which can be removed above o ther  

modular burner equipment has a d e f i n i t e  economic advantage a s  r e l a t e d  

t o  bu i ld ing  cos t .  

t i v e  t o  reduce the  length/diameter r a t i o .  

Thus, t h e  development program should have an objec- 

From an opera t iona l  p o i n t  of view it i s  recommended t h a t  a r e l i a b l e  

pneumatic t r a n s p o r t  system be developed. Very l i t t l e  a t t e n t i o n  has  been 

devoted t o  this wi th in  t h e  present  FBB development program, 

The choice between t h e  WBB and t h e  FBB system could perhaps be made 

by consider ing d i f f e rences  i n  t h e  ease o f  operat ion and r e l i a b i l i t y  of 

t h e  two systems, However, a d d i t i o n a l  developmental s t u d i e s  w i l l  be r e -  

qu i red  on t h e  WBB before  such a choice can be made. 

A very important parameter no t  e x p l i c i t l y  considered i n  t h i s  study 

i s  the  i n t e r r e l a t i o n s h i p  of t he  spent  HTGR f u e l  s torage  a rea  and a l l  head- 

end opera t ions  through d i s so lu t ion .  

design the  process  s t e p s  i n  a modular manner t o  allow f o r  f u t u r e  expan- 

s ions,  

e i t h e r  overs iz ing  o r  undersizing of t h e  HTGR reprocess ing  p l a n t  can be 

minimized by bui ld ing  t h e  i n i t i a l  p l a n t  small and then  adding-on capac i ty  

as near-term p ro jec t ions  a re  made l a t e r ,  

One a t t r a c t i v e  approach would be t o  

If t h i s  approach i s  p r a c t i c a l ,  t he  huge p e n a l t i e s  assoc ia ted  wi th  

The type o f  s t r u c t u r e  considered f o r  t h e  WBB canyon, which has  pro- 

v i s i o n s  f o r  maintenance loca ted  a t  one end, can, i f  properly designed, be 

extended incremental ly  i n  l eng th  a t  t h e  opposi te  end; on t h e  o the r  hand, 

t h e  arrangement considered f o r  t h e  FBB canyon and i t s  assoc ia ted  hopper 
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canyon cannot e a s i l y  be extended incrementa l ly  i n  l e n g t h  due t o  main- 

tenance requirements a t  both  ends. From an i n v e s t o r ' s  viewpoint,  t h i s  

i s  perhaps t h e  most important cons ide ra t ion  t o  be  made i n  choosing 

between t h e  WBB and t h e  FBB systems. 
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APPENDIX A: PRELIMINARY EXPERIMENTAL STUDIES OF A 
ONE- SIXTH- SCALE WHOLE-BLOCK BURNER 

H. Barner t - W i  emersi 

A.l In t roduc t ion  

Recovery of bred 233U and unburned 23STJ from spent  high-temperature 

gas-cooled r e a c t o r  (HTGR) f u e l  elements r e q u i r e s  s epa ra t ion  of t h e  f i s s i l e  

and f e r t i l e  p a r t i c l e s  from t h e  much l a r g e r  amount of graphi te .  I n  the  

r e fe rence  r ep rocess ing  f lowsheet ,  this i s  accomplished by crushing t h e  

f u e l  element and then burning t h e  crushed m a t e r i a l  i n  a f l u i d i z e d  bed of 

alumina. Since t h e  crushing and burning s t e p s  r e l e a s e  f i s s i o n  products  

i n  both gaseous and p a r t i c u l a t e  form, complete containment and decon- 

taminat ion of t h e  cover gas of t h e  c rushe r s  and of t he  burner off-gas  

a r e  necessary,  Further ,  crushing and f luidized-bed burning a r e  d i f f i c u l t  

operat ions t o  c a r r y  out i n  h o t  c e l l s .  For t hese  reasons,  we have con- 

t i n u e d  a small development e f f o r t  r e l a t i v e  t o  burning t h e  whole f u e l  block 

as a backup t o  block crushing and f lu id i zed -bed  burning. 

of t h i s  e f f o r t  has been t o  show t h a t  p r a c t i c a l  burning r a t e s  a r e  a t t a i n -  

ab le  i n  a whole-block burner,  Secondary o b j e c t i v e s  a re  t o  develop pre-  

l imina ry  concepts f o r  f u l l - s c a l e  whole-block bu rne r s  and t o  p inpo in t  t h e  

a r e a s  i n  which f u r t h e r  development e f f o r t  i s  needed. 

The primary aim 

The proposed reprocessing p i l o t  p l a n t  a t  ACC, which w i l l  have a capac- 

i t y  of 1 2  F o r t  St. Vrain (FSV) r e a c t o r  f u e l  elements per  day, w i l l  r e q u i r e  

an average burning r a t e  o f  0.83 kg o f  g raph i t e  per  minute. 

r ep rocess ing  p l a n t  handling t h e  f u e l  from a SS,OOO-Mw(e) econoq? will re- 

q u i r e  a burning r a t e  about t h i r t e e n  t imes as g rea t .  

w i l l  use mul t ip l e  burners;  t h e  minimum graph i t e  burning capac i ty  of a 

s i n g l e  u n i t  should be a t  l e a s t  t he  0.83 kg/min t h a t  i s  r equ i r ed  f o r  the 

p i l o t  p l a n t  a t  ACC. 

A f u l l - s c a l e  

A f u l l - s c a l e  p l a n t  

We have demonstrated a carbon burning r a t e  of1136 g/min n a one- 
L -_-_ +!---- 

s i x t h - s c a l e  block burner .  

corresponding burning r a t e  f o r  a f u l l - s c a l e  whole-block burner,  va lues  

ranging from 800 tollOOg/min may be c a l c u l a t e d  from t h e  demonstrated 

Depending on t h e  method used t o  c a l c u l a t e  t h e  
- 

Present address:  KFA, J ~ l i c h ,  West Germany, 
The experiments r e p o r t e d  he re  were completed over a pe r iod  during which 
t h e  author was a gues t  s c i e n t i s t  a t  t h e  Oak Ridge National Laboratory. 



80 

r a t e ,  

f o o t  for a 17-in.-diam burne r . )  

burner i s  30 kg of carbon per  hour pe r  square f o o t .  Thus, a s i n g l e  WBB 
could handle t h e  throughput r e q u i r e d  f o r  t h e  ACC p i l o t  p l a n t  o r  for a 

hOoO-MW(e) econoqy, 

(This i s  equivalent  t o  30 t o  40 kg of carbon pe r  hour per square 

The expected r a t e  for t h e  f lu id i zed -bed  

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

and r e p o r t e d  f o r  burning of e a r l y  graphite-uranium f u e l s .  5 Numerical solu-  

t i o n s  for a mathematical model showed reasonable  agreement w i t h  experimental  

r e s u l t s ,  and p o t e n t i a l  ope ra t iona l  probelms were revealed.  An a d i a b a t i c  

flow r e a c t o r  concept, w i th  r ecyc le  of cooled gas t o  provide temperature con- 

t r o l  and hea t  removal, has now been proposed.' 

made f o r  t h i s  c o n t r o l  concept using a s i m p l i f i e d  model t o  c a l c u l a t e  gas com- 

Mathematical ana lyses  were 

p o s i t i o n s  and temperatures throughout a whole-block burner f o r  HTGR f u e l ,  3 

A . 2  L i t e r a t u r e  Survey 

The l i t e r a t u r e  con ta ins  voluminous r e f e r e n c e s  t o  graphite-oxygen 

r eac t ions .  However, t h e r e  i s  l i t t l e  agreement between t h e  f i n d i n g s  of 

many i n v e s t i g a t o r s  because-J-he r a t e s ,  and perhaps even t h e  mechanisms, 

of t h e  r e a c t i o n s  depend s t rong ly  on t h e  - nature  - ._ _ _ _ _ _  of - -  t h e  - - carbon, i m p u r i t i e s  

present ,  degree of g r a p h i t i z a t i o n ,  L a r t i c l e  s i z e ,  and o the r  f a c t o r s .  

These vary widely from one grade of g raph i t e  t o  another,  

- 

- - - - - - - - - - - -~_ I - -- 

- -  _ _  - 

_c-------- \--- __-__I -- 

Four r e a c t i o n s  a r e  important i n  t h e  carbon-oxygen system ( A H ' S  a r e  

a t  18°C) : 

2 C + O2 + 2 CO , 
C + O 2  --f C02 , 

AH = -53.24 kcal  (1) 

( 2 )  AH = -94,03 k c a l  

(3 1 

( 4 )  

2 CO + O2 -+ 2 C02 , AH = -134.82 kca l  
1 

j C + C02 -+ 2 CO , AH = 40.79 kcal  
i 

The h e a t s  of r e a c t i o n  as a f u n c t i o n  of temperature' show l i t t l e  change 

up t o  t h e  1 8 0 0 " ~  of concern i n  a burner ,  

(1) a a - l 2 h e  bo th  primary r e a c t i o n  products.  

The CO and CO, from r e a c t i o n s  = , 

It i s  assumed' t h a t  bo th  
/- I_ 

GO and CO, molecules a r e  formed when surface oxides  decompose. 

of production of CO and CO, a r e  e i t h e r  p ropor t iona l  - t o  each other  (Vco = 

The r a t e s  

) or  r e l a t e d  on a l i n e a r  b a s i s  (V - + b ) .  The composition 

... _--__--- 
- 

I co - "OVCO2 
7 

4 
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and s t r u c t u r e  o f  t h e  sur face  oxides a re  no t  known. The r a t i o  of CO t o  

C02 i nc reases  approximately exponent ia l ly  wi th  t e m p e r a z e .  
--_1- 

- - 
Whether t h e  CO/CO, r a t i o  depends on the  g raph i t e  type has  not y e t  - 

been e s t ab l i shed .  Ca ta ly t i c  impur i t i e s  such a s  sodium, i ron ,  and vana- 

d i m  i n  concentrat ions as low a s  t e n s  of ppm can markedly inf luence  t h e  

r a t e  of ox ida t ion  and t h e  propor t ions  of __ CO "_ ---- and C 0 2  formed.'- - -Ocher e f f ec -  

t i v e  c a t a l y s t s  which inc rease  t h e  r e a c t i o n  r a t e  a r e  cobal t ,  manganese, 

n i cke l ,  and copper. 

_---- - . - -- -- 

--- --_I_ - - -  - _- - 

___ -- 

I n  many g raph i t e s  t h e  impuri ty  atoms a r e  found i n  l o c a l  depos i t s  s o  

t h a t  d i s c r e t e  p i t s  a r e  produced during oxida t ion  of t h e  graphi te .  Water 

i s  a l s o  known t o  a c t  as a c a t a l y s t  i n  oxida t ion  r eac t ions ,  bu t  only when 

other  c a t a l y s t s  a r e  a l ready  present .  

water  concent ra t ion  i n  the  gas up t o  approximately 100 ppm. 

Below - 800"C, t he  

The c a t a l y t i c  e f f e c t  i nc reases  with 

The oxida t ion  of g raph i t e  shows -.I- - t h r e e  regimcs.9 

sur face  r e a c t i o n  i s  of zero  order wi th  an a c t i v a t i o n  energy of 80 kcal/  

mole. On samples th i cke r  than  0 . 1  mm, t h e  d i f f u s i o n  of oxygen i n t o  t h e  

pores  of t h e  graphi te  r e s u l t s  i n  an observed ha l f -order  r e a c t i o n  wi th  an 

a c t i v a t i o n  energy of 42 kcal/mole. 

i s  s o  f a s t  t h a t  t he  r a t e  i s  determined by boundary l a y e r  d i f fus ion .  

a c t i v a t i o n  energy i s  t h a t  o f  gas d i f f u s i o n  and thus  very low, t h e  order  

of r e a c t i o n  being genera l ly  found t o  be uni ty .  A continuous t r a n s i t i o n  

region,  o r  in te rmedia te  regime, e x i s t s  between 800 and 1200°1;, 

Above 1200°C the  chemical r e a c t i o n  - 
The - _- __- -- -----___-- 

-.-____ 
l_l_l_-- - -- -- - - - __ ___ --- --- 

-__- - _- -- -- ------- 

-- -T --- 
I n  the  high-temperature region,  t h e  chemical r a t e  undergoes another I 

50 1 changes )  The a c t i v a t i o n  energy decreases  and becomes negat ive a t  a tern- 

pera ture  of about 15'00°C s o  t h a t ,  even i n  t h e  absence o f  gas t r a n s p o r t  

cont ro l ,  t h e r e  w i l l  be a maximum i n  the  r a t e  a t  t h i s  temperature. Such 

a phenomenon i s  ascr ibed  t o  se l f -hea t ing  of a c t i v e  s i t e s  on t h e  g raph i t e  

surface.  A t  a s t i l l  higher temperature, t h e  a c t i v a t i o n  energy i s  again ; 

- 

I pos i t i ve .  ---I 

The secondary r e a c t i o n  of CO wi th  O2 t o  f o r m  C 0 7  i s  s i g n i f i c a n t  f o r  - _._____- -- --- _I-I- Y 

temperatures above about 750°C. Carbon monoxide I i s  r e a d i l y  _ _ _  oxidized - a t  

t h e  s u r f a c e o f  s u i t a b l e  - c a t a G s t s  __ ---_------------__I-- such a s  the  oxides  ---. of t r a n s i t i o n  metals.  

Lewis and von Elbe l l  have shown the  importance o f  water as a c a t a l y s t .  

I n  a near ly  dry gas t h e  oxida t ion  r a t e  i s  s u b s t a n t i a l l y  independent of 

- 
_.-- 

7 
- - - -----l_l__ _ _ _ ~ _ _ _  - - _. -I ___- __ - _- 

. 

. 

. 
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t h e  oxygen pressure  but  i s  d i r e c t l y  propor t iona l  t o  t h e  p a r t i a l  p ressure  

of the  water vapor. I n  a wet gas t h e  r a t e  becomes p ropor t iona l  t o  t h e  

oxygen pressure  and has  an a c t i v a t i o n  energy of 24 kcal/mole. 

Reaction ( k ) ,  (C02 + C -+ 2 CO), becomes important o n l y a t h i g h  tem- 
pera tures .  The " threshold oxida t ion  temperature" (which i s  def ined  as 

t h a t  a t  which a sample l o s e s  1% of i t s  weight i n  24 h r )  f o r  g raph i t e  i n  

CO, i s  900"C, as compared wi th  400°C i n  a i r .  9 
L 

The r e a c t i o n  of p y b o n  and 0;y-n t h e  presence o f - e x ~ ~ s s - c - a r b o n  
cc_--- -- - -__- 

has been s tudied  ex tens ive ly  by t h e  French chemist 0. L. Boudouard, and 

the  CO/CO - -2-___, 
with surp lus  carbon i s  usua l ly  c a l l e d  t h e  Boudouard equi l ibr ium i n  Euro- 

pean l i t e r a t u r e .  

40C°C, and 1% CO and 99% CO a t  1000°C. 
found the  CO/CO, r a t i o  t o  be independent of the Boudouard equi l ibr ium 

when oxid iz ing  tubes,  made f r o m  nuclear  graphi te ,  i n  a dry oxygen stream. 

He found t h a t  t he  CO/CO 

u - -  -. _---- - _  

r a t i o  as a func t ion  of temperature and pressure  i n  a system 

His d a t a  a t  1-atm pres su re  show 1% CO and 99$-C02 a t  - __-__ ~ 

Rossberg,12 on t h e  other  hand, - --&_I_-- -- 

I 

r a t i o  followed t h e  equat ion 
-- _- 

_c_ -- c---- 
111 
f '  ' 

3.86 - 7  
CO/CO, = 10 exp (-18,70C/RT) / - i- _cL_- 7<-. ' < 0 2  

between 520 and 1420°C. A t  gas v e l o c i t i e s  g r e a t e r  than50 m/sec, t h e  

CO/C02 r a t i o  was found t o  be independent of the gas  v e l o c i t y  and t h e  

owgen concent ra t ion  i n  the  gas. A t  lower gas  v e l o c i t i e s ,  the CO was 
n o t  removed r a p i d l y  enough and oxidized i n  t h e  gas  phase. 13 

_-- _--__. 

An explosion i s  poss ib le  if the  off-gas conta ins  both  CO and 02. 

It i s  assumed t h a t  the  p re s su res  and temperatures a t  which a CO-O mix- 
t u r e  explodes occupy a peninsula-shaped r eg ion  i n  a pressure- temperature  

diagram,14 Along t h e  lower bound of this r eg ion  ( the f i r s t  explosion 

limit) the  pressure  decreases  wi th  inc reas ing  temperature,  whereas a long 

the  upper bound ( the  second explosion l i m i t )  t h e  pressure  inc reases  wi th  

increas ing  temperature.  

as evidence of a branched-chain r e a c t i o n  which i s  competing wi th  two 

chain-breaking r eac t ions ,  one predominating a t  l o w  pressure  and t h e  

other  a t  h igh  pressure .  

2 

The ex is tence  of such peninsulas  may be taken 

This assumption i s  v a l i d  f o r  H-containing mixtures.  It has  n o t  yet  
been v e r i f i e d  f o r  a CO-O2 mixture t h a t  i s  absolu te ly  f r e e  of H-containing 

L 

. 

impurities (e .g , ,  H2, H20, CHh, e t c . ) .  A s e l e c t i o n  of explosion limits 



f o r  t h e  t e rna ry  system CO-02-C02 i s  given i n  Table A . l .  Is; The va lues  

f o r  G (lower l i m i t )  and G (upper l i m i t )  a r e  given i n  mole % CO. 1 2 

G1 O2 c02 
(mole %) (mole % CO) (mole %) 

L 
c02 G2 O2 

(mole %) (mole % C O )  (mole %) 

0 16.7 83.3 
20. b 1 9 . 4  60.2 

38.8 22.2 39.0 
55.5 25.0 2 0 . 0  

Table A . l .  B p l o s i o n  l imi t s  f o r  t he  t e r n a r y  system CO-02-C02 

55.1 37.8 7.1 
39.9 5 2 . 2  7.9 
20.0 73.0 7.0 

0 P3.9 6.1 

A.3 Descr ipt ion o f  the  Equipment 

The experimental  whole-block burner (experimental  WB) f o r  t h i s  study 

was, i n  rea l i ty ,  s i zed  t o  hold one-sixth of a whole block and had been 

b u i l t  t o  use po r t ions  of an e x i s t i n g  f a c i l i t y  f o r  t e s t i n g  f lu id ized-bed  

burners .  

ana lyzers ,  and t h e  r eco rde r s  for temperatures and pressures  were already 

i n s t a l l e d .  

f o r  t h e  experimental  WBB. 

Thus the  gas  supply system, t h e  of f -gas  system w i t h  the  gas  

The s i z e  of t he  of f -gas  system l i m i t e d  t h e  gas flow r a t e s  

The burner and the  of f -gas  system were loca ted  i n  a concrete  c e l l  

which was 16 f t  long, 6 f t  wide, and 30 f t  high. This c e l l  was v e n t i l a t e d  

wi th  6000 cfm of  a i r ,  which en tered  a t  the  bottom through a louver  and was 

exhausted near  t h e  top  by two fans .  

room where t h e  gas ana lyzers  and a l l  recording and con t ro l l i ng  instruments  

were i n s t a l l e d .  

tem. 

The burner  was operated from a c o n t r o l  

Figure A . l  shows a schematic flowsheet f o r  the burner sys- 

The t o r c h  gases  CO and O,, t he  feed  gases O2 and C 0 2 ,  t he  purge gas 

and t h e  gases  f o r  c a l i b r a t i n g  the  gas ana lyzers  were suppl ied from N2 , 
cyl inders .  

o ra tory  supply. 

t h e  burner a t  t h e  t o p  and l e f t  it a t  the  bottom. 

the  f i l t e r s ,  a l i n e  branched off t o  t h e  gas analyzer .  

stream entered  t h e  combined cyc lone - - f i l t e r  ves se l .  

f i l t e r s  could be blown back with N2. 

The pressur ized  a i r  f o r  t h e  cool ing  came f r o m  t h e  c e n t r a l  l ab-  

The gases  en tered  A l l  f lows were measured by rotameters .  

Between t h e  burner and 

The main of f -gas  

The two porous metal  

Col lected dus t  was removed through 
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Fig. A . l .  Schematic of the experimental one-sixth-scale whole-block 
burner. 

. . 



. 

a b a l l  valve a t  t h e  bottom of  t h e  cyclone. 

t e r s ,  a f i l t e r  f i l l e d  wi th  g l a s s  wool ex t r ac t ed  the  remainder of t h e  

graphi te  dus t  from t h e  off-gas .  

After  t h e  porous metal f i l -  

The two p a r a l l e l  off-gas  c o n t r o l  va lves  maintained the  pressure  i n  

t h e  system a t  a s e t  valve.  

o f f  -gas l i n e .  

The of f -gas  was then  r e l eased  t o  the  bu i ld ing  

A . 3 . 1  The HTGR f u e l  block 

The f u e l  element used i n  t h e  For t  St. Vrain r e a c t o r  (Fig.  A . 2 )  i s  a 

hexagonal graphi te  block, about 14 i n ,  ac ross  t h e  f l a t s  and 31 i n .  high. 

It conta ins  two hundred t e n  O.S-in.-diam f u e l  ho les ,  one hundred two 

0 . 6 2 5 4 ~  -diam coolant  ho les ,  and s ix  0.5-in.  -diam coolant  holes .  

The proposed HTGR 3000/2000-Mhl reference f u e l  block i s  of s i m i l a r  

s i z e  but  conta ins  s i x t y - s i x  0.826-in.-diam coolant  holes ,  s i x  0.717-in.-  

diam coolant  holes ,  and one hundred th i r ty- two 0.62h-in.-diam f u e l  ho le s  

(Figs ,  A . 3  and A . 4 ) .  Compared wi th  t h e  For t  St. Vrain block, t h e  c ross -  

s e c t i o n a l  a r e a  of all coolant  ho les  i s  16% grea t e r ,  the volume of t h e  

f u e l  s t i c k s  i s  2% g rea t e r ,  and t h e  volume of t h e  graphi te  i s  4% smaller .  

The HTGR f u e l  element can  be c u t  a x i a l l y  i n t o  s ix  p i eces  without  

pene t r a t ing  t h e  f u e l  s t i c k s .  

one-sixth of a For t  St. Vrain block [F ig .  A.S(a)]. 
normally have 18 coolant  ho les ;  however, s ince  we c u t  through two rows 

of ho le s  t o  obta in  one-sixth of a block, only 13 coolant  ho le s  a re  i n t a c t  

i n  t h e  segment. 

The experimental  WBB was s i zed  t o  hold 

Such a segment would 

Table A . 2  l i s t s  t h e  p r o p e r t i e s  o f  H-327 graphi te ,  t h e  p r i n c i p a l  core  

Tables A . 3  and A . k  give t h e  con- graphi te  of t h e  For t  St .  Vrain r e a c t o r .  

c e n t r a t i o n s  of t h e  i m p u r i t i e s  i n  t h i s  mater ia l .  16 

Graphite blocks without  f u e l  were used f o r  t h e  most o f  t h e  runs.  

Three one-sixth blocks contained extruded f u e l  rods,  which were made by 

t h e  ORNL Metals and Ceramics Divis ion by using r e j e c t e d  TRISO-coated ThC2 

p a r t i c l e s  suppl ied by t h e  General Atomic Company. 

segments were f i l l e d  with f u e l  s t i c k s ,  which were a l s o  f a b r i c a t e d  by the  

ORNL Metals and Ceramics Divis ion and contained d i f f e r e n t  types  of  coated 

Five one-sixth-block 
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Fig. A . 2 .  Schematic of t h e  Fort S t .  Vrain HTGR r e a c t o r  f u e l  elements. 
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F i g .  A . 3 .  Typical 1160-r\m(e) modified f u e l  element. 
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Fig .  A.4. Typical 1 1 6 0 - ~ ~ ( e )  modified f u e l  element wi th  control rod  

passage. 
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Fig .  A.5.  
a f t e r  burning. 

One-sixth of  a Fort St. Vrain f u e l  block be fo re  and 
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Table A.2 .  P rope r t i e s  of H-327 Graphite 16 
- 

Manufacturer 

Descr ip t ion  of mater ia l  

Standard l o g  s i z e  

Shape 

Graphi t i  z a t i  on temperature , O C 

Crystal parameters 

Average dens i ty ,  g/cm 3 

Mean c o e f f i c i e n t  of thermal 
expansion from 2 2  t o  1000"C, 
10-6/Oc 

Thermal conduct iv i ty  a t  800°c, 
B t U / k r  -f t - O F  

Measured t e n s i l e  s t r eng th  
( f u e l  block grade) ,  p s i  

Chord modulus, p s i  x 10 6 between 
250 and 500 p s i  s t r e s s  

S t r a i n  a t  f r a c t u r e ,  % 

Measured compressive s t r e n g t h  
( f u e l  block grade) ,  p s i  

Ef fec t ive  number of pores  per  
cm2 

Average e f f e c t i v e  pore r ad ius ,  
cm 

Helium permeabi l i ty  a t  1 atm, 
cm2/sec 

Great Lakes Carbon Corporation 
299 Park Avenue 
New York, New York 10017 

An extruded petrochemical needle  coke 
ma te r i a l  having a maximum f i l l e r  s i z e  
of 0.60 m i l ,  bonded with a c o a l  t a r  
p i t c h  (carbonaceous b inder )  

18 i n .  i n  diameter,  311 i n .  long  

Cy l ind r i ca l  

2 700 

L,, 7 7 ~  t o  1150 1; i n t e r l a y e r  spacing, 
3.362 A 

1 .70 t o  1 . 8  

WG,a 1.58 
A G , ~  3.35 

WG,; 4 2  
AG, 32 

WG,: 1150-2650 

WG,, a 1.0-2.5 

WG, a a 0.14-0.26 

AG, 750-1400 

AG, 0.5-0.8 

AG, 0.13-0.31 

10-3 to 2 . 4  10-4 

0.28 t o  3.6 

. 

. 

%G = wi th  gra in ;  AG = a g a i n s t  grain.  
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Table A . 3 .  Spectrochemical a n a l y s i s  of impuri ty  l e v e l s  i n  twelve logs  

of Fo r t  S t .  Vrain grade H-327 g r a p h i t e  

Aver age 
a d e n s i t y  Concentrat ion (ppm) 

o f  l o g  

S i  T i  V Ashb ( g/cm3 1 A 1  B cu  Fe Mg Log No. Log P o s i t i o n  

1.78 
1.77 
1.78 

1.75 
1.77 
1.80 
1.78 
1.77 
1.77 
1.78 

21 
38 
55 

55 
472 
317 
72 
77 
6S 
62 
47 

694 Ehd edge 1.0 NDo.5c 2.0 d O . 0  4.0 NDo.5c 
705 Ehd edge 1.0 1 .0  2.0 40.0 8.0 

1.0 2.0 2.0 10.0 10.0 

4.0 1.0 1.0 2.0 4.0 20.0 10.0 
95s End edge - 1.0 2.0 1.0 20.0 20.0 

1959 End edge 6.0 1.0  10.0 10.0 80.0 10.0 

Ehd edge 2.0 1 . 0  2.0 6.0 20.0 10.0 

42/196 Ehd edge 20.0 10.0 4.0 2.0 2.0 40.0 6.0 

12-1 Mid-length 4. 0 4.0 1.0 4.0 20.0 8.0 

739 End edge 

744 End edge 

769 End edge 1.0 1.0 1.0 1.0 4.0 20.0 lC.O 
956 End edge 

1058 End edge 

4.0 2.0 2.0 6.0 25.0 Q n  -_  1.78 i i  u. u 

20.0 10.0 

1.0 6.0 20.c 10.0 

1.0 1.0 4.0 

2479 End edge 4.0 1.0 1.0 
2482 

2.0 1.0 2.0 40.0 6.0 1.77 
40/997 h d  c e n t e r  

edge 

Mid-length 1.0 
c e n t e r  

1.0 4.0 10.0 

----- a 

bVendorr s r e p o r t e d  chemical ana lys i s .  

Accuracy, 50%. 

C Not d e t e c t a b l e  below 0.5%. 



Table A.L .  Typical r a r e - e a r t h  and a lka l i -me ta l  con ten t s  
a,b o f  Fort  St, Vrain H-327 f u e l  element graphi te  

- 
Ce 0 .1  

pr 0.2 

Tb 0.2 

Nd 0.2 

Ho ~ 0 .  04 
Lu 0.04 

Ex 0.02 
Yb <@* 02 

sc 0.02 

w 

Sm <o. 02 

Gd 0.02 

DY 0.2 

L a  c.02 

Tm e. 02 
Na 4.0 

Rb N2.0' 

L i  N1.0' 

K 4.0 
~ 

a 

b 
A 25-g sample was analyzed. 

Method, spectrographic ana lys i s ;  accuracy, f. 30%. 

N = not  de t ec t ed  a t  a s e n s i t i v i t y  of 2 o r  1 ppm. C 

p a r t i c l e s  ( see  Table A . 5 ) .  
t a i n e d  from the  General Atomic Company, The ex ten t ,  o r  f r a c t i o n ,  o f  breakage 

was not known. 

Division and coated by the  Metals and Ceramics Division a t  ORNL. 

these  kerne ls  were not  r e j e c t  p a r t i c l e s ,  t hey  were not  h igh ly  charac te r -  

ized.  

was concerned c h i e f l y  about developing the  methods for coa t ing  p a r t i c l e s  

and f a b r i c a t i n g  f u e l  s t i c k s .  

breakage were ava i lab le  t o  c h a r a c t e r i z e  t h e s e  W2 p a r t i c l e s .  

All thorium p a r t i c l e s  were r e j e c t  p a r t i c l e s  ob- 

The uranium ke rne l s  were made by the  Chemical Technology 

Although 

A t  t he  time the  f u e l  was prepared, the  Metals and Ceramics Div is ion  

No good techniques f o r  determining p a r t i c l e  

Table A.5.  Types of coated p a r t i c l e s  used i n  whole-block burner t e s t s  

RU NO. (WBB-) Coated p a r t i c l e s  

12 
2 1  

31 
32 
33 

TRISO U02, BISO ThC2 

BISO (3Th/U)02 

TRISO U02, TRISO Tho2 

TRISO ID2, TRISO Tho2 

TRISO U02, BISO ThC2 

. 



' 

A . j . 2  Burner and off-gas  system - 
TheWBB, s i z e d  t o  hold one-sixth of an HTGR f u e l  element, was f a b r i -  

c a t e d  from a 4 - f t  l e n g t h  of lO-in,  sched 40 pipe (3117 s t a i n l e s s  s t e e l )  

(F igs ,  A.6 and A . 7 ) .  
s u re  of 30 p s i g  a t  a wall temperature of ?SO"C, was f langed a t  bo th  ends. 

Cooling a i r  was passed through t h e  annulus between the  l i n e r  and t h e  

j acke t .  Provis ion was a l s o  made t o  coo l  t h e  v e s s e l  heads. The outer  

su r f ace  between t h e  f l anges  was i n s u l a t e d  i n  most of t h e  runs.  Three 

rows of thermocouples a r e  l o c a t e d  on t h e  inner wal l  of t h e  bu rne r ,  

t h e  l a s t  s i x  runs,  two a d d i t i o n a l  rows of thermocouples were welded t o  

t h e  ou te r  j acke t .  The temperature of each f lange was measured by thermo- 

couples  (Fig. A . 7 ) .  I n t e r n a l  temperatures were measured by thermocouples 

i n  t h e  cool ing h o l e s  of t h e  block; one thermocouple was loca ted  i n  t h e  

gas stream behind t h e  block, while another  was on t h e  outs ide of t he  

support  pan (Fig.  A . 7 ) .  

The vesse l ,  which was designed for a maximum pres -  

For 

The following p res su res  were measured and recorded: 

t he  t o p  and t h e  bottom of t h e  burner ,  p re s su re  through t h e  burner,  pres-  

s u r e s  downstream of the s i n t e r e d  metal  f i l t e r s  and downstream of t h e  

absolute  f i l t e r ,  and system off-gas  pressure.  The system off-gas  p re s -  

sure  was h e l d  a t  a p r e s e t  value by t h e  r eco rde r -con t ro l l e r  instrument  

which c o n t r o l l e d  t h e  opening of t h e  two p a r a l l e l  off-gas  valves.  

p r e s s u r e s  a t  

Throughout t h e  f i rs t  15 r u n s  t h e  block sa t  on a s t a i n l e s s  s t e e l  p l a t e  

which had an opening t h a t  was smaller  t han  t h e  block, so t h a t  t h e  block 

r e s t e d  on a 1/4-in.-wide r i m .  

burning occurred were open. The s t e e l  p l a t e ,  i n  t u r n ,  r e s t e d  on a s t a i n -  

l e s s  s t e e l  pan (Fig.  A . 8 ) ,  which contained ho le s  f o r  i n s e r t i n g  t h e  i n t e r n a l  

thermocouples, 

pan which allowed t h e  coated p a r t i c l e s  t o  be swept out  w i t h  t h e  off-gas .  

The block sat  on a ceramic p l a t e ,  placed on t o p  of t h e  pan, which had ho le s  

corresponding t o  t h e  coolant  ho le s  i n  t h e  block. 

by b a f f l e s  (only one i n i t i a l l y ,  b u t  l a t e r  f o u r  more were added), which 

forced t h e  gas through t h e  coolant  holes .  

Thus a l l  t he  cool ing ho le s  i n  which t h e  

I n  t h e  remaining runs t h i s  pan was r ep laced  by a cone-shaped 

The block was surrounded 

The block was heated up t o  burning temperature by a CO-02 torch.  The 

two gases i n  s tochiometr ic  r a t i o  were premixed be fo re  they en te red  t h e  
- 
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Fig .  A.6. A s e c t i o n a l  view o f  t h e  experimental  whole-block burner .  
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F i g .  A . 7 .  Thermocouple l o c a t i o n s  o f  t h e  experimental  bu rne r .  
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Fig. A.8.  Fuel  block supports  for t h e  experimental  burner .  



burner,  where they  were i g n i t e d  by an e l e c t r i c a l  a r c .  

flame temperature i s  2468°C; t h e  hea t ing  value,  3033 kcal/m ; and t h e  

flame v e l o c i t y ,  1.1 m/sec. 

Loss of the  a r c  would immediately shut  o f f  t h e  CO flow. 

a t  t h e  t i p  of t h e  t o r c h  measured t h e  temperature of t he  flame. 

flame was l o s t  and the  t o r c h - t i p  temperature dropped below a c e r t a i n  

p r e s e t  temperature,  the CO flow was automatical ly  c u t  o f f ,  Another 

s a f e t y  device was a rup tu re  d i sk ,  which would break i f  t h e  p re s su re  i n  

the  v e s s e l  exceeded 24 p s i .  

The t h e o r e t i c a l  
3 

The a r c  was on as long as t h e  t o r c h  was on. 

A thermocouple - 
If t h e  

After  t h e  block had been heated up, t h e  t o r c h  gas was turned o f f  and 

t h e  combustion gas, pure oxyger, o r  an 0 -GO o r  0 -N mixture,  was i n t r o -  

- duced. 

sweeping t h e  coated p a r t i c l e s  and g raph i t e  d u s t  out  of t h e  burner.  

off-gas  system cons i s t ed  of a cyclone, s i n t e r e d  metal  f i l t e r s  with 20-wm 

pore s i z e ,  and an abso lu te  f i l t e r .  The p res su re  i n  t h e  system was main- 

t a i n e d  by two p a r a l l e l  c o n t r o l  v a l v e s  i n  the off-gas  l i n e  behind t h e  

f i l t e r  system, From t h e  o f f -gas  pipe,  a sample l i n e  branched o f f  t o  

the gas analyzers  f o r  CO, GO2, and 02, 

F -- __ -- - - -- - 

J--- -2 -2 ._ - - - _I-- 

-- - _.__ ___l_ll-_l_- --l̂ 

The gas e n t e r e d  a t  t h e  t o p  s o  t h a t  t h e  flow of gas was downward, 

The 

A.3.3 Instrumentat ion 

A l l  e x t e r n a l  thermocouples were Chromel-Alumel with s t a i n l e s s  s t e e l  

sheathing, 

most o f  t h e  runs;  for s e v e r a l  runs,  however, Inconel-sheathed platinum/ 

rhodium thermocouples were used t o  measure t h e  temperature of  t h e  block. 

The accuracy o f  each thermocouple was 22% when new. Thermocouples t h a t  

had been used f o r  extended pe r iods  i n  t h e  oxidizing atmosphere of the 

bu rne r  were probably l e s s  exact ,  due t o  ox ida t ion  of t h e  wires .  However, 

no measurements were made t o  confirm t h i s  s ince  t h e  burner would have had 

t o  be disassembled i n  order  t o  r e a c h  t h e  thermocouples. The temperatures  

were recorded by two 16-point  r eco rde r s ,  three 12-point r eco rde r s ,  and 

one continuous r eco rde r  f o r  t h e  t o r c h - t i p  temperature. Each r e c o r d e r  

was manufactured by t h e  Brown Instrument Divis ion of Minneapolis-Honeywell. 

This type was a l s o  used for t h e  i n t e r n a l  thermocouples i n  

A l l  of t h e  r e c o r d e r s  except  one were c a l i b r a t e d  for temperatures  up 

t o  1 2 O O O C ;  t h e  r eco rde r  f o r  t h e  p l a t i n u d r h o d i u m  thermocouples was C a l i -  

b r a t e d  f o r  temperatures  up t o  1600Oc. 



The composition of t he  off-gas  was measured by two i n f r a r e d  ana lyze r s  

(Lira, Model 300, Mine Safety Applicances Co.) f o r  CO and G O 2 ,  and by one 

paramagnetic 02-analyzer (Model 265, The Hays Corp.) .  The ana lyze r s  were 

c a l i b r a t e d  w i t h  gas mixtures of known composition and proved t o  be very 

accu ra t e  (c 1% e r r o r ) .  The d a t a  a r e  recorded by s ing le -po in t  r e c o r d e r s  

(Minneapolis-Honeywell, Brown Instrument Divis ion) .  

A l l  f lows were c o n t r o l l e d  by rotameters  which had been c a l i b r a t e d  

wi th  air a t  1 4 . 7  p s ig .  

and p res su res ,  

These data were converted t o  t h e  respec5ive gases  

The c a l i b r a t i o n  i s  c o r r e c t  by - +3%. 
A l l  ins t ruments  for measuring, t r ansmi t t i ng ,  recording, and con t ro l -  

l i n g  of p r e s s u r e s  and d i f f e r e n t i a l  p re s su res  were manufactured by Foxboro. 

A. 4 Ekperimental Procedures and Resu l t s  

Ind iv idua l  procedures and r e s u l t s  a r e  descr ibed i n  this s e c t i o n .  

The o v e r a l l  recommendations a r e  discussed i n  Sect.  A , & .  

A . 4 . l  Procedure of a t y p i c a l  r u n  

All loading and product removal operat ions were c a r r i e d  o u t  by d i s -  

assembling t h e  burner  a t  room temperature,  

had been burned ou t  i n  t h e  previous run, t h e  bottom f l a n g e  was removed 

i n  order t o  r ep lace  t h e  thermocouples. 

burned, t h e  bottom f l a n g e  was a l s o  removed because a € r a c t i o n  o f  t he  

p a r t i c l e s  was n o t  swept out w i t h  t h e  off-gas  b u t  remained i n  t h e  burner.  

After  t h e  thermocouples had been r ep laced  o r  t h e  bottonl had been cleaned,  

t he  f l a n g e  was replaced,  

from t h e  t o p  i n t o  t h e  burner.  

check was made of t h e  burner and o f f -gas  system. 

o f f -gas  analyzers  were c a l i b r a t e d  wi th  gas samples of known composition. 

If i n t e r n a l  thermocouples 

If a block w i t h  f u e l  had been 

The t e s t  block, a f t e r  weighing, was lowered 

The burner was then  sealed and a l e a k  

Before t h e  run, t h e  

A t  t h i s  po in t ,  t h e  GO-0 t o r c h  was i g n i t e d  and kept burning u n t i l  2 
t h e  temperature i n  the middle region of t he  block was about 8OO"C, 
t h e  t o r c h  flow was gradual ly  decreased while t h e  f e e d  gas flow was in-  
creased,  This procedure was usua l ly  completed i n  10 min, The a c t u a l  

burning was always s t a r t e d  w i t h  pure oxygen. With the  t o r c h  s t i l l  on 

and pure o q g e n  as t h e  f e e d  gas, t h e  temperature i n  t h e  block inc reased  

Then 

. 



’ 
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r a p i d l y  w i t h  only a s l i g h t  O2 peak i n  t h e  off-gas .  

be introduced t o  c o n t r o l  t he  temperature of the block i f  t h i s  could no t  

be accomplished by the  coo l ing  a i r  a lone,  The CO was chosen as a d i l u e n t  

of t h e  f e e d  gas  because the  proposed t reatment  f o r  burner off-gases  cannot 

handle g r e a t e r  amounts o f  i n e r t  gases ,  

Afterward, C02 could 

2 

17 

About two-thirds  of t h e  block could be burned before  the oxygen i n  

t h e  off-gas  s t a r t e d  inc reas ing .  

(1) t h e  surface of the block became too small t o  use up a l l  t h e  oxygen, 

and ( 2 )  p a r t  of t h e  gas passed around t h e  block unused. Since some burn- 

i n g  always t a k e s  p l ace  on t h e  ou t s ide  of t h e  block, t he  block sh r inks ,  

l eav ing  a gap between the  block and t h e  b a f f l e s  and exposing some of t he  

ho le s  i n  t h e  ceramic p l a t e .  

This was the  r e s u l t  of two e f f e c t s :  

When t h e  temperature o f  t h e  block s tar ts  dropping, t h e  coo l ing  a i r  

flow i s  reduced and, w i th  pure oxygen as f eed  gas  and a moderate flow 

r a t e ,  it i s  poss ib l e  t o  burn the  block completely. If the f eed  gas flow 

i s  t o o  high ( e . g . ,  due t o  d i l u t i o n )  t h e  remainder of  the block i s  cooled 

down too  f a s t  and t h e  block i s  no t  burned completely. 

When t h e  block i s  burned completely or t h e  r u n  i s  terminated f o r  

o t h e r  reasons,  t h e  f eed  gas i s  turned o f f  and the burner i s  swept w i th  

n i t r o g e n  u n t i l  t h e  temperatures a r e  c l o s e  t o  ambient. Meanwhile, t he  

gas ana lyze r s  a r e  checked with pure CO, C 0 2 ,  and 0 

d r i f t  i n  ze ro  o r  range s e t t i n g  occurred during t h e  run,  

t o  see whether any 2 

Table A.6 l i s t s  a l l  t he  experimental  WBB runs  (except t hose  t h a t  

had  t o  be shut  down prematurely due t o  equipment f a i l u r e ) ,  along wi th  

t h e  type of f u e l  contained i n  t h e  blocks and the o b j e c t i v e s  of t h e  runs ,  

A . 4 . 2  -- Burning r a t e  and burning behavior 

I n  our experiments, t h e  gas was forced through the  coolant  ho le s  o f  

t h e  block by b a f f l e s  around t h e  block,  

su r f aces  of t h e  coolant  holes .  The coolant  h o l e s  assumed a t ape red  

shape i n  t h e  burning zone, u sua l ly  6 t o  10 i n .  long. The l e n g t h  of t h e  

burning zone was probably dependent on temperature p r o f i l e ,  flow r a t e ,  

and d i l u t i o n  of t he  combustion gas. 

block before  burning ( l e f t )  and two blocks,  each o f  which l o s t  65% of 

The burning took p l ace  a t  t h e  

Figure A . 5  shows one-sixth of a 



Table A.6. Summary of experimental  WBB r u n s  

Run 
(WBB- 1 Fuel  Goal of run  - 
4- 
/-+ 
9+ 
10 
11 
1 2  
13 
14 
15 
16 
17 
18 
19 
20 
21 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

7 2 Extruded rods ,  TRISO-coated ThC 
Extruded rods, TRISO-coated ThC2 
Extruded rods,  TRISO-coated ThC2 
Graphite only 
Graphite only 
TRISO-coated U02, BISO-coated ThC2 
Graphite only 
Graphite only 
Graphi te  only 
Graphite only 
Graphite only 
Graphite only 
Graphite only 
Graphite only 
BIOS-coated (3Th/U) 0 
Graphite only 
Graphite only 
Graphite only 
Graphite only 
Graphite only 
Graphite only 
Graphite only 
Graphite only 

2 
TRISO-coated U02,TRISO-coated Tho 
TRISO-coated U02, TRISO-coated Tho2 
TRISO-coated ID2, BISO-coated ThC, 

2 

/ 

I g n i t e  block 
Burn block completely 
Burn block completely 
Find out  which shape t h e  block assumes during burning 
Find out which shape t h e  block assumes during burning 
Study behavior of f u e l  s t i c k s  and p a r t i c l e s  
Improved O2 consumption by p u t t i n g  f i v e  b a f f l e s  around block 
Decrease 02 w i t h  decreasing block su r face  
Study in f luence  of p re s su re  and f e e d  gas d i l u t i o n  
Study changes due t o  new cone-shaped pan 
Study changes due t o  new cone-shaped pan 
Study off-gas  composition a t  va r ious  gas flows 
Study off-gas  composition a t  va r ious  gas f lows 
Improve s t a r t - u p  procedure 
Study behavior of p a r t i c l e s  
Heat t r a n s f e r  c a l c u l a t i o n s  
High d i l u t i o n  of f e e d  gas 
High burning r a t e  
Minimum 02/C02 r a t i o  i n  f e e d  gas 
Temperature c h a n g e s d u e t o  coun te rcu r ren t  coo l ing  a i r  flow 
Burning r a t e  i n  burner without  i n s u l a t i o n  
Keeps f lows cons t an t  f o r  h e a t  t r a n s f e r  c a l c u l a t i o n s  
Heat t r a n s f e r  c a l c u l a t i o n s  f o r  d i f f e r e n t  d i l u t i o n s  of f e e d g a s  
Determine p a r t i c l e  breakage 
Determine p a r t i c l e  breakage 
Determine p a r t i c l e  breakage 

t- 
0 
CJ 

. 
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t h e i r  weight during burning. 

where t h e  b a f f l e s  were loca t ed .  

w a l l  and t h e  p l a t e  on which t h e  block was s e t ,  a small amount of gas a l -  

ways flowed around t h e  block, burning it from the  outs ide even i f  t h e  gap 

was sea l ed  with a sbes tos  ( see  t h e  block on t h e  r i g h t  i n  Fig. A . 5 ) .  The 

block i n  t h e  middle shows more burning on t h e  outs ide.  The su r face  i s  

rougher, and t h e  block has assumed an amorphous shape. 

n o t  sealed i n  this  case ,  allowing a d d i t i o n a l  gas t o  flow along t h e  o u t s i a e  

of t h e  block. The more t h e  block burned from t h e  ou t s ide ,  t h e  l a r g e r  t h e  

gap between t h e  b a f f l e s  and the  block became. 

t h e  ceramic p l a t e  were exposed, t h e  amount of unused oxygen i n  t h e  o f f -gas  

inc r e  a sed r a p i d l y  . 

Both blocks e x h i b i t  den t s  on t h e  ou t s ide  

Since t h e r e  was a gap between the burner 

The small gap was 

When some of t h e  h o l e s  i n  

As a block i s  burned down, t h e  surface a r e a  becomes small so t h a t  

t he  oxygen i s  no t  completely used. 

i n c r e a s e s  when more than  two-thirds  of the block i s  burned. 

of t h e  f e e d  oxygen was found i n  t h e  o f f -gas  when t h e  l a s t  few pe rcen t  

of a block was burned, Decreasing t h e  oxygen flow as the  su r face  a r e a  

decreased was n o t  e f f e c t i v e .  Because of t h e  lower flow v e l o c i t y ,  t h e  

d i f f u s i o n  of  t h e  oxygen t o  the  su r face  of t h e  block slowed down; thus,  

nothing was gained. 

When t h e  su r face  a r e a  had decreased t o  t h e  p o i n t  t h a t  u t i l i z a t i o n  of 

The oxygen content  of t h e  o f f -gas  

Nearly 100% 

- -L---. 

oxygen was no t  complete, t h e  h e a t  production decreased due t o  diminished 

combustion. 

turned o f f .  

the  combustion gas than  was produced by the  burning process .  

_____._- - 
Then t h e  cool ing a i r  flow could be reduced and eventual ly  

The b lock  slowly cooled down when more h e a t  w a s  removed by 

I n  o rde r  t o  

burn a block completely, t h e  gas  flow must be s u f f i c i e n t l y  high t o  ensure 

f a s t  d i f f u s i o n  of t h e  oxygen t o  the  g raph i t e  surface;  however, it must 
_ _ _ ~  ’ 

__ 

~ n o t  be so high t h a t  t h e  block i s  cooled excess ive ly  by t h e  gas. 

We burned one of t h e  one-sixth block segments completely w i t h  pure 

oxygen (WBB-9). 
min, which i s  equ iva len t  t o  a gas  v e l o c i t y  (a t  s tandard cond i t ions )  of 

The 0, flow r a t e  i n  t h i s  experiment was 61.5 s t d  l i t e r s /  

0.02 m/sec i n  t h e  empty burner .  

a gas mixture of 113 s t d  l i t e r s h i n  O2 and 80 s t d  l i t e r s / m i n  C 0 2 ,  which 

i s  equ iva len t  t o  a gas v e l o c i t y  ( f o r  s t anda rd  cond i t ions )  of  0.06 m/sec 

I n  a second run, a block was burned wi th  



i n  t he  empty burner. Although higher  temperatures (r 1 2 G C I " C )  were 

reached during t h i s  run,  as compared wi th  a maximum of 105C°C i n  t he  

previous run,  t h e  higher gas throughput caused the block t o  cool  f a s t e r  

and >.L% of t h e  o r i g i n a l  block remained unburned, 

_cI 

Three runs  were made wi th  blocks f i l l e d  with extruded f u e l  rods  

Five runs were made which contained TRISO-coated f e r t i l e  p a r t i c l e s .  

with blocks f i l l e d  with 2- in . - long f u e l  s t i c k s  containing d i f f e r e n t  

kinds of coated p a r t i c l e s  ( f o r  p a r t i c l e  breakage r e s u l t s ,  see Sect .  

A.b. 4). Neither t he  rods nor t h e  s t i c k s  c rea t ed  any problems during 

t h e  burn. Their g raph i t e  matrix burned a t  p r a c t i c d l y  the  same r a t e  

as t h e  block g raph i t e .  A few of t he  s t i c k s  dropped out  of t h e  block 

during t h e  runs.  Some f e l l  on the  bottom f l ange  while o t h e r s  dropped 

i n  t h e  off-gas  l i n e ,  bu t  none caused a plug i n  t h e  system, Neverthe- 

l e s s ,  f u t u r e  designs should have arrangements t o  handle unburned o r  

p a r t i a l l y  burned f u e l  s t i c k s .  

The h ighes t  temperature i n d i c a t e d  f o r  t h e  g raph i t e  i n  t h e  burning __ ___ -- _ -  

zone was between 1050 and 1350°C i n  most runs .  

kept below 1400"C, which i s  t h e  m a x i m u m  t h e  f u e l  blocks a r e  expected t? 
experience during HTGR operat ion.  We d i d  n o t  want t o d u t  an a d d i t i o n a l  

thermal s t r e s s  on t h e  f u e l  du r ing  burning because t h e  blocks may c o n t a i n  

T R I  SO - coat  e d pax.tixles_, which mu st_Le-k-cgL . iniac t . 

The temperatures  were --- -\_ II - 

-----. _- ------- 

- -- ----------I- - --------_ - - - c--- --- 

_--- 
In the  temperature range 10~0-13~0"C __ Y t h e  chemical ---- __ r e a c t i o n  r a t e  i s  

s o  f a s t  t h a t  t h e  burning i s  d i f fus ion -con t ro l l ed .  The d i f f u s i o n  c o e f f i -  

c i e n t  i n c r e a s e s  wi th  temperature,  b u t  t h e  main in f luence  i s  the  flow 

r a t e .  Provided t h a t  t h e  flow r a t e  i s  s u f f i c i e n t l y  high t o  ensure a f a s t  

d i f f u s i o n  of t h e  oxygen ( s e e  Sect. A . 4 . 5 ) ,  a l l  oxygen introduced was 

used. Since a f u t u r e  whole-block burner would have t o  be  designed f o r  

a high throughput,  

temperature i n  t h e  burning zone was between 1250 and 1350°C i n  most 

cases .  

s tudied,  

for t h e  range 0 t o  20 ps ig .  

---------__ __ _ _ _  _- 

_ - - -  __ - c____.___- - -__ 

we normally aimed for a high-burning r a t e  and t h e  
_--_^_--_-I__ __ _- 

- - 

Therefore, a temperature dependence of t h e  burning r a t e  was n o t  

A dependence of t h e  burning r a t e  on p res su re  was n o t  observed 
____ ____-- 2_--- _- ---- 

- -  - ._-_ _I-.----- 
c--- 

For most of t h e  runs, t h e  burner  was i n s u l a t e d  with a f i b e r g l a s s  

blanket .  The h ighes t  carbon burning r a t e  achieved w i t h  t h i s  i n s u l a t i o n  



1C' 

was 1-2 g/min f o r  one-s ix th  o f  a block ( run  WBB-2s). 
gas cons i s t ed  of 70% O2 and >($ C02. 

435°C with maximum cool ing a i r  flow. 

The combustion 

The maximum wal l  temperature was 

For s e v e r a l  runs  the  burner  was without i n s u l a t i o n ,  s o  t h a t  more 

of t h e  hea t  was removed by r a d i a t i o n  of t h e  burner wa l l s .  

carbon burning r a t e  achieved i n  t h i s  case  was 136 g/min ( run  wBB-)i). 
The h ighes t  

The combustion gas cons i s t ed  o f  undi lu ted  02, 

t u r e  was 9SC"C a t  t he  maximurr, cool ing a i r  flow. 

The maximum wal l  tempera- 

I n  each run  t h e  combustion gas flow and the cool ing a i r  flow were 

the  maximum throughputs poss ib l e  f o r  t he  o f f -gas  and cool ing a i r  systems. 

The l i m i t a t i o n  f o r  t h e  burning r a t e  i s  the  capac i ty  t o  remove t h e  r eac -  

t i o n  hea t - -not  t he  chemical r e a c t i o n  r a t e ,  which i s  an order  of magnitude 

higher  than  the  r a t e  we have reached. 

f o r  i nc reas ing  t h e  burning r a t e s :  

Thus, these  a re  the  p o s s i b i l i t i e s  

(1) Increase  the  C02/0,, r a t i o  of t h e  feed  gas,  s o  t h a t  

more h e a t  i s  removed from the  system by t h e  of f -gas  

without  a f u r t h e r  load on the  cool ing a i r  system. 

( 2 )  Enlarge the  cool ing a i r  system. The cool ing medium 

must be a gas  s ince  water i s  p roh ib i t ed  because of 

c r i t i c a l i t y  l i m i t a t i o n s ,  

f e a s i b l e  t o  l eave  the  burner  un insula ted  i n  a ho t  c e l l ,  

a s  t h i s  would add t o o  much h e a t  t o  t h e  c e l l  atmosphere. 

It w i l l  probably no t  be 

( 2 )  A l l o w  CO r a t h e r  t han  CO:, t o  form i n  the  combustion of 

t h e  graphi te .  The r e a c t i o n  h e a t  f o r  t h e  formation of 

CO i s  27  kcal/mole, whereas t h a t  f o r  t he  formation o f  

GO2 i s  94 kcal/mole. 

According t o  theory ,  only CO should be produced by the  b u r n i n g g r c -  - - ____I__--___LI-- - 

- cess - -_ i n  t he  temperature range /- where the  b u m L n g t a k e s  p lace ;  however, s ince  

the  CO i s  probably oxidized i n  t h e  gas phase, t he  of f -gas  c o n s i s t s  -- mainly * 

of - C02. I f  t h e  combustion gas flow i s  increased  due t o  a higher d i l u t i o n  

wi th  CO,, a g rea t e r  gas v e l o c i t y  i n  t h e  coolan t  ho les  w i l l  r e s u l t ,  remov- 

- _____ ------_-_. 

i n g  more of t he  CO before  it .  i s  oxidized.  
i 

The CO could be oxidized t o  - 
CO, i n  c a t a l y t i c  beds behind -_ t he  burner ,  s o  t h a t  t h e  bulk of t h e  r e a c t i o n  

_I-__-.- .- L 
h e a t  i s  r e l e a s e d  outs ide  t h e  burner ,  
/-- -- - -- --_____L___- 



Theburning r a t e  of a whole block, based on t h e  carbon burning r a t e s  

of 1 2 2  g/min and 136 g/min, r e s p e c t i v e l y ,  f o r  a one-sixth segment may be 

est imated i n  two ways: 

(1) Assume t h a t  t he  burning r a t e  f o r  a whole block w i l l  be 

s ix  times t h a t  f o r  a one-sixth segment, Th i s  g ives  

carbon burning r a t e s  of 732 g/min and 816 g/min, r e -  

spec t ive ly ,  for a whole block. The r a t e s  per square 

f o o t  of burner c r o s s  s e c t i o n  (assuming a burner diame- 

t e r  of 1 7  i n . )  pe r  hour would be 27.9 kg C and 31.1 

kg C .  

Since t h e  method of d iv id ing  a whole f u e l  block i n t o  

s i x  p i e c e s  involves  c u t t i n g  through t h r e e  rows of 

coolant  ho le s ,  a one-sixth segment has  only 13 i n -  

t a c t  ho le s ,  Assuming t h a t  a l l  t h e  burning t a k e s  

p l ace  i n  t h e  coolant  ho le s ,  e x t r a p o l a t i o n  from a 

one-sixth segment t o  a whole block would y i e l d  

carbon burning r a t e s  of 38.6 kg / f t  . hr and 43 kg/ 

f t  . hr f o r  a 17-in.  -diam burner.  

2 
2 

The a c t u a l  r a t e  w i l l  probably l i e  somewhere between t h e s e  va lues  and w i l l  

be determined, as  mentioned before ,  by t h e  c a p a b i l i t y  f o r  removing t h e  

r e a c t i o n  heat .  

Figure A . 9  shows t h e  g raph i t e  a f t e r  s e v e r a l  hours of burning, The 

rough t e x t u r e  i s  t h e  r e s u l t  of t h e  g raph i t e  f a b r i c a t i o n  method; f i n e  and 

coarse p a r t i c l e s  are mixed, bonded with c o a l  t a r  p i t c h ,  and g raph i t i zed .  

During burning, t h e  binder i s  oxidized f a s t e r  than the p a r t i c l e s ,  

l eaves  t h e  p a r t i c l e s  exposed, thereby giving t h e  surface a rough and 

p i t t e d  look .  

Th i s  

A.4.3 Heat removal and temperature c o n t r o l  

The whole-block burner used f o r  t h e s e  experiments has shortcomings 

which l irrft  bo th  t h e  c o r r e l a t i o n  o f  experimental  data and t h e  analyses  

by t h e o r e t i c a l  approaches. Also,  t h e  asymmetry of t h e  one-sixth segment 

c r e a t e s  problems and u n c e r t a i n t i e s  f o r  h e a t - t r a n s f e r  c a l c u l a t i o n s ,  I n  



Fig.  A.9. Graphite su r face  a f te r  4 hr o f  burning. Magnif icat ion,  1OX. 



add i t ion ,  t h e  temperatures of g r e a t e s t  importance were inadequately 

measured; t h i s  i s  p a r t i c u l a r l y  t r u e  f o r  g r a p h i t e  temperatures,  s i n c e  

a l l  measured values  would be lower than  t h e  t r u e  maximum graph i t e  tem- 

pe ra tu re  and t h e  magnitude of t he  difference i s  unce r t a in ,  

l i n g  mechanism of h e a t  t r a n s f e r  i s  r a d i a t i o n ;  t h e r e f o r e ,  it i s  c o n t r o l l e d  

by t h e  conf igu ra t ion  o f  t h e  system ( r a d i a t i o n  geometry) and t h e  ho t  body 

(g raph i t e )  temperature,  w i th  t h e  coolant  flow r a t e s  and temperatures  i n  

t h e  r e a c t o r  w a l l s  c o n t r i b u t i n g  only small e f f e c t s .  

The c o n t r o l -  

Resu l t s  from two experimental  runs.  The most d e t a i l e d  analyses  - 
of experimental  r e s u l t s  f o r  h e a t  t r a n s f e r  and mass balances were those 

l8 The desc r ip -  f o r  a s e r i e s  of r u n s  made as a MIT P r a c t i c e  School study. 

t i o n  and d i scuss ion  of t he  r e s u l t s  obtained i n  t h i s  study a r e  r epor t ed  

he re ,  with some changes. 

t a l l y  c h a r a c t e r i z e  t h e  burning r a t e  and h e a t  t r a n s f e r .  

100 s t d  l i t e r s  p e r  minute (SLM) of pure 0 was f e d  t o  t h e  burner t o  

support  combustion. 

burner,  w i t h  var ious amounts (30 t o  60%) of GO being added t o  t h e  f eed  

as a d i l u e n t  t o  reduce combustion temperature,  During each run, -1200 

SLM of coo l ing  a i r  was f lowing i n  t h e  cool ing annulus. 

f i l e s  and off-gas  composition,which a r e  t h e  only measurable q u a n t i t i e s ,  

a r e  presented.  

Two runs were made i n  an at tempt  t o  experimen- 

I n  t h e  f i r s t  r u n ,  

2 
I n  t h e  second run, 110 SLM of O2 was f e d  t o  t h e  

2 

Temperature pro- 

The sample temperature p r o f i l e  presented i n  Fig. A . 1 0  shows t h e  

temperature d i s t r i b u t i o n  i n  t h e  g raph i t e  block, w a l l s ,  and ou t s ide  t h e  

in su la t ion .  A t  t h e  time t h e s e  readings were made, t h e  temperature of 

t h e  ou te r  wall was higher t han  t h a t  of t h e  inne r  wall. This was caused 

by t h e  g ross  asymmetry of t h e  burning zone which, i n  f a c t ,  r e s u l t s  from 

the  o r i g i n a l  shape of t he  block and t h e  subsequent unequal burning ( see  

Fig. A.5). A s  a r e s u l t ,  a t  some f i x e d  axial p o s i t i o n ,  it i s  p o s s i b l e  

f o r  h e a t  t o  be removed from t h e  burner i n  one d i r e c t i o n  by t h e  s p i r a l  

a i r  flow and then  r e tu rned  i n t o  t h e  burner on another  s ide.  This 

hypothesis  could n o t  be t e s t e d  because only one s i d e  of the burner has  

thermocouples on bo th  the  i n t e r n a l  and e x t e r n a l w a l l s .  Since t h e  thermo- 

couples touching t h e  inne r  wal l  a r e  being cooled by t h e  annular a i r  

stream, t h e  i n n e r  wal l  temperatures  were measured i n c o r r e c t l y .  

. 
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The e x i s t i n g  theo ry  on g raph i t e  combustion ( see  Sect.  A . 2 )  p r e d i c t s  

t h a t ,  a t  a burning temperature of l l C O c C ,  t he  major o f f -gas  product would 

be GO. 

85%. 
number of about 500. 

graphi te  t o  CO i s  O2 mass-t ransfer-control led through t h e  boundary l a y e r  

and slow as compared wi th  t h e  I gas-phsse .-I o x i d a t i o n  of CO. 

Figure A.ll shows t h a t  t h e  CO, concen t r a t ion  d i d  no t  f a l l  below - 
The flow r a t e  i n  t h e  combustion tube i s  laminar, w i t h  a Reynolds 

A poss ib l e  explanat ion i s  t h a t  t h e  o x i d a t i o n  of 

- - - - - - - -_  .__ I 

I n  these  experiments, t he  tube-shape na tu re  of t h e  ho le s  slowly g ives  

way t o  an amorphous s t r u c t u r e  ( see  Fig. A.8:. 
i n c r e a s e  i n  su r face  area,  t h e  surface r e a c t i o n  t o  produce CO i s  enhanced 

and an inc rease  i n  CO concen t r a t ion  i s  observed toward t h e  end of t h e  run. 
Also, by t h i s  time, t h e  burning zone i s  c l o s e r  t o  t h e  burner  bottom where 

off-gas  temperatures a r e  quickly lowered by h e a t  t r a n s f e r  through f l anges ,  

t hus  quenching t h e  ox ida t ion  of CO.  Therefore,  t h e  inc rease  i n  t h e  CO and 

O2 contents  of t h e  off-gas  during a 2- t o  3.5-hr run  i s  due t o  a n  inc reased  

surface a r e a  and i s  f u r t h e r  enhanced during t h e  l a s t  hour o r  so by r a p i d  

thermal quenching of t h e  off-gases  a s  t hey  leave t h e  burner.  Channeling 

of t h e  gas stream would also a f f e c t  t h e  off-gas  composition. 

With t h e  r e s u l t i n g  l a r g e  

These r e s u l t s  i n d i c a t e  t h a t  t h e  e x i s t i n g  block geometry i s  inadequate 

f o r  determining t h e  na tu re  of t h e  burning zone, and consequently t h e  a c t u a l  

off-gas compositions f o r  a uniform burning zone, Ca lcu la t ion  of t h e  carbon 

burning r a t e  based on off-gas composition showed va lues  of 50 g/min f o r  

Run 1 and 59  g/min f o r  R u n  2 .  

as g r e a t  as t h i s  were achieved, b u t  no at tempt  was made t o  a t t a i n  maximum 

r a t e s .  ) 

( I n  other  runs,  burning r a t e s  t h r e e  t imes  

Table A.7 shows a carbon mass balance f o r  each r u n  a t  v a r i o u s  t imes 

based on equat ing t h e  mass l o s t  from t h e  block during burning wi th  t h e  

n e t  carbon i n  t h e  off-gas stream. I n i t i a l  poor r e s u l t s  l e d  t o  a n  i n v e s t i -  

ga t ion  of t h e  flow-meter c a l i b r a t i o n s ;  t h e  t a b l e  shows r e s u l t s  f o r  improved 

c a l i b r a t i o n s .  It i s  be l i eved  t h a t ,  wi th  a c c u r a t e l y  c a l i b r a t e d  flowmeters, 

t he  mass balance c l o s e s  t o  w i t h i n  an acceptable  e r r o r  l i m i t .  

The o v e r a l l  h e a t  balance on t h e  burner i s  presented i n  Table A.8. 
The coo l ing  a i r  i s  r e spons ib l e  f o r  removing approximately 70% of the  h e a t  

generated i n  t h e  burner.  I n  add i t ion ,  r a d i a t i o n  i s  r e spons ib l e  f o r  

. 
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Table A. 7 .  Mass Balance on Carbon 

Conditions : 
Run 1: Pure O2 f eed  a t  100 SLE. 

Cooling a i r  a t  1200 SLM. 
0 2  (65/50$) f e e d  a t  110 SLM flow r a t e ;  kept cons tan t .  
C O 2  (35/50%> feed  a t  appropr ia te  flow r a t e .  
Cooling a i r  a t  1200 SLM, 
C02/02 f eed  composition was v a r i e d  a t  p re spec i f i ed  t imes.  

Run 2 :  

Time 
(minj 

Quan t i ty  of Carbon (g )  
Run 1 Run 2 

120 I n  5,346 2 3 6,780 -k 18c 
o u t  .!l,820 - + 41r0 6,298 - + 575 

195 I n  13,433 c -k 345 
o u t  12,420 - + 1130 

255 I n  

o u t  

300 I n  13,367 2 
11,535 + 1060 o u t  - 

16,243 + 345 
14,902 + 1370 

- 
- 

. 
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Table A . 3 .  Overa l l  Heat Balance f o r  t he  Ekperimental WBB 
Prototype Fixed-Bed Combustion 

is, * 9, i - 9, = s L, + q5 + q( + q-1 

Heat Balance (kca l /  Heat Balance (kca l /  
min' i n  Run 1" A f t e r  min; i n  Run 2 After  
Burning Time o f :  Burning Time o f :  

Descr ip t ion  s h r  5 h r  i hrb .25 hrc 

Ehthalpy i n l e t  gas  [q,' 'U -0 -0 - c  

I n t e r n a l  dep le t ion  (-q ) d  1 .@ u42.c)e 14 3.0 /,'.(le 

q1 q, - - q 2  3!2 .3  312. L 385. L 247.2 

Heat i n t e r n a l l y  generated 2 90 2~9.4 342.2 sot. 2 
v i a  chemical r e a c t i o n  (q,, 

1 

Heat 

He a t  

He a t  

gli  + 

Heat t r a n s f e r r e d  t o  cool ing  275.9 281.9 290. 288. i 
a i r  CqL) 

t r a n s f e r r e d  t o  of f -gas  (qc) 1 7 . 0  1 5 . 6  36.4 52.7 

Conduction through ,4.0 31.7 ? S . O  29.11 

Convection and r a d i a t i o n  (66.1) (31.1) ( j c .  b )  (25.8) 
from su r face  

t r a n s f e r r e d  through f l anges :  

t r a n s f e r r e d  t o  i n s u l a t i o n :  

i n s u l a t i o n  \qA) f 

(qz + qFl j g  

Convection (9;) C. 9 c. 6 1. c 0.4' 

Radia t ion  (q") 7.C 5. a 8.9 9.2 

g5 t 7 i 

7 
+ g' 4 q '  + q; ;x. 8 333.8 374.6 380.4 

a 

bFeed, js% C02/6s% 02. 

Feed, 50% C02/i;'O% 02. 

Feed, pure 02. 

C 

dSensible  h e a t  of g raph i t e .  

e 

fHeat t r a n s f e r r e d  t o  i n s u l a t i o n  approximated by conduction through 

gHeat t r a n s f e r r e d  t o  i n s u l a t i o n  approximated by convec t ion/ rad ia t ion  f r o m  

Approximated f r o m  va lues  a t  2 hr. 

i n s u l a t i o n ,  q '  , only. 6 

ou t s ide  su r face ,  
t r a n s f e r r e d ,  6 0  

q" + q"' , n o t  used i n  t h e  c a l c u l a t i o n  f o r  t o t a l  h e a t  
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t r a n s f e r r i n g  h e a t  from t h e  burner t o  the  atmosphere and surroundings. 

By varying t h e  G O 2  concentrat ion of t h e  f eed  gas of Run 2 from 35% t o  

SO%, t h e r e  was a subsequent i nc rease  i n  h e a t  removal by off-gas  by about 

/J>%, 

an e f f e c t i v e  way t o  c o n t r o l  t h e  surface burning temperature,  

This implies  t h a t  adding a d i l u e n t  t o  t h e  f e e d  stream would be 

Summary of h e a t  t r a n s f e r  r e s u l t s  and mass t r a n s f e r  c a l c u l a t i o n s ,  

p a r t  of t h e  MIT P r a c t i c e  School study, 16 simultaneous equat ions were sug- 

gested from models f o r  r e a c t i o n  r a t e s  and h e a t  t r a n s f e r ,  Even t h i s  

approach r e q u i r e d  a number of s implifying assumptions, i nc lud ing  a c y l i n -  

d r i c a l  g raph i t e  s h e l l ,  n e g l i g i b l e  e f f e c t s  from pore d i f f u s i o n ,  no r a d i a l  

temperature p r o f i l e ,  and r e a c t i o n  r a t e  cons t an t s  which a r e  known and a r e  

independent of c a t a l y s i s  or other  uncorrelated v a r i a t i o n s .  The c onclu- 

s i o n  was t h a t  a computer program could be prepared t o  make c a l c u l a t i o n s  

b u t  t h a t  t h e  models would have t o  be confirmed by comparing r e s u l t s  with 

experimental  data .  

As - 

18 

Calcu la t ions  were made t o  give va lues  of h e a t  t r a n s f e r  c o e f f i c i e n t s  

f o r  comparison w i t h  t h e  h e a t  f l u x e s  and temperatures  observed experimen- 

ta l ly .19 

run: 

The fol lowing were cond i t ions  and h e a t  balances f o r  a s e l e c t e d  

Feed gas: 

Heat removal: 

140 SLM of O2 and 80 SLM of C02 

60% t o  coo l ing  a i r ;  1 7 %  i n  burner e x i t  gases; 

23% l o s s e s  t o  surroundings 

The c a l c u l a t e d  r e s u l t s  included: 

(1) Burner gas  Reynolds number, 639 
( 2 )  Cooling a i r  Reynolds number, 16,400 

(3) Burner gas h e a t - t r a n s f e r  c c e f f i c i e n t s ,  0 .4  t o  1 . 2  Btu/hr-f t  - O F  

(4) Cooling a i r  h e a t - t r a n s f e r  c o e f f i c i e n t s ,  70 Btu/hr-f t  -OF 

(5) Reactor-wall-to-surroundings h e a t  t r a n s f e r  c o e f f i c i e n t ;  

2 

2 

1 . 8  Btu/hr-ft2-"F 

( 6 )  T o t a l  r e a c t i o n  hea t ,  141,000 Btu/hr. 

These r e s u l t s  show t h a t  t h e  p r i n c i p a l  mechanism f o r  removal of h e a t  from 

t h e  block must be r a d i a t i o n .  

mass t r a n s f e r  configurat ion,  t h e  u n c e r t a i n t i e s  i n  t h e  c a l c u l a t i o n s  of 

A s  a r e s u l t  of t h e  complex r a d i a t i o n  and 

. 



. 

r a d i a t i o n  a r e  l a r g e r  than  t h e  con t r ibu t ions  of convection and conduction 

(for hea t  t r a n s f e r  from t h e  block t o  the  burner  w a l l ) .  

i n i t i a l l y  planned c a l c u l a t i o n s  were not  completed, 

Therefore ,  t he  

Calcu la t ions  were a l so  made f o r  a h ighly  s impl i f i ed  model i n  which 

t h e  h e a t  i s  e i t h e r  r2d ia t ed  from t h e  g raph i t e  t o  t he  burner  w a l l s  or i s  

removed as  sens ib l e  hea t  i n  the  burner gas. These c a l c u l a t i o n s  a r e  

descr ibed b r i e f l y  i n  Sect. A.6. The r e s u l t s  a re :  

(1) Mass t r a n s f e r  c a l c u l a t i o n s  for pure O2 i n d i c a t e  carbon 

burning r a t e s  o f  40 g/min, which i s  i n  reasonable  agree- 

m2nt wi th  the  experimental ly  observed r a t e s  for t h e  one- 

s i x t h - s c a l e  block burner .  

(2) The c a l c u l a t e d  g raph i t e  temperature f o r  t h e  maximum 

experimental  burning r a t e s  i s  2210"K, or 1940°C. There- 

f o r e ,  high g raph i t e  temperatures  appear almost c e r t a i n  

i f  an e n t i r e  block i s  burned wi th  pure O2 a t  t he  r a t e  

of 1 kg of carbon per  minute. 

(3) The s t eady- s t a t e  g raph i t e  temperature decreases  a s  t h e  

0, i s  d i l u t e d  wi th  C02 and becomes 'too low (< l l O O * C )  

t o  allow continued burning for some 0 concent ra t ion  

between 33 and 25%. 

- 

2 

The s e l e c t i o n  of assumptions f o r  t h e s e  c a l c u l a t i o n s  was inf luenced  by the  

experimental  r e s u l t s ;  hence the  c a l c u l a t i o n s  a re  p a r t l y  empir ica l .  The 

sur face  a rea  f o r  burning was f o r  coolan t  channels tapered  over a 6- t o  

10- in .  l eng th ,  

A.L.  4 P a r t i c l e  breakage -- 
Fuel  blocks conta in ing  f u e l  s t i c k s  made by ex t ruding  a mixture of 

g raph i t e  b inder  and TRISO-coated ThC2 p a r t i c l e s  were used i n  t h r e e  runs. 

The temperatures  i n  these  runs  ranged between 1000°C and 1200°C. 

burning r e l eased  t h e  p a r t i c l e s  from the  f u e l  s t i c k  mat r ix  and destroyed 

most  of t he  outer  carbon coa t ing .  

ings was determined by leaching  t e s t s ;  o v e r a l l  p a r t i c l e  breakage was s%." 

The 

The e x t e n t  of breakage of t he  Sic coat -  
.. 

_ _  
"These p a r t i c l e s  were r e j e c t  p a r t i c l e s  obtained from GAC. The p a r t i c l e s  
had been leached before  f a b r i c a t i o n ,  b u t  t h e  f r a c t i o n  of breakage during 
f a b r i c a t i o n  was n o t  known, 



Five runs  were made with blocks f i l l e d  w i t h  t h r e e  types  of f u e l  

p a r t i c l e s ,  I n  t h e  two l a s t  runs,  WBB-Z2 and -33 ( see  Table A . 9 ) ,  t h e  

goal was t o  r each  temperatures higher than lb00OC t o  s ee  whether tem- 

p e r a t u r e s  i n  t h i s  range inc rease  p a r t i c l e  breakage, It was formerly 

thought necessary t o  keep the  burning temperature f o r  TRISO-coated 

p a r t i c l e s  below t h e  maximum p a r t i c l e  temperature i n  t h e  r e a c t o r .  How- 

ever,  e a r l i e r  s t u d i e s  with u n i r r a d i a t e d  p a r t i c l e s "  and r e c e n t  experi-  

ments w i th  i r r a d i a t e d  particles ' '  i n d i c a t e  t h a t  "poppingrr does n o t  

occur below 200C"C. Temperatures i n  t h i s  burner a r e  l i m i t e d  s ince  t h e  

burner w a l l s  have t o  be kept below 950°C and a r e  no t  p r o t e c t e d  by a 

t empera tu re - r e s i s t an t  l i n e r  (such as  ceramic). 

For r u n  WBB-2', one W-Re thermocouple i n  an A1 0 thermowell was 

Because t h e r e  was no 
2 3  

int roduced i n t o  t h e  burner from t h e  t o p  f l a n g e ,  

space t o  i n s t a l l  s e v e r a l  thermocouples of t h i s  type,  no temperature pro- 

f i l e  of t he  block during t h e  burn could be recorded. 

couple extended 6 i n ,  i n t o  t h e  block and read 1462°C as t h e  h i g h e s t  

temperature while  t h e  burning zone was passing it. 
t u r e  f o r  r u n  WBB-32 can only be est imated because seve ra l  thermocouples 

f a i l e d .  

comparable t o  t h a t  i n  r u n  WBB-33. 
r u n s  WBB-31 and WBB-21 was 1300°C; i n  r u n  WBB-12 it was 1200°C. 

This W-Re thermo- 

The i n t e r n a l  tempera- 

It i s  be l i eved  t h a t  t h e  g raph i t e  temperature i n  t h i s  r u n  w a s  

The maximum temperature i n d i c a t e d  i n  

A f t e r  each r u n  t h e  p a r t i c l e s  were removed from t h e  burner and cyclone 

v e s s e l  and, except i n  one case (WBB-33), were combined. A sample of about 

100 g was then  taken,  and a screen a n a l y s i s  was made. The +20 mesh f r a c -  

t i o n ,  which con ta ins  no f u e l  b u t  c o n s i s t s  of p i eces  of g raph i t e  and i r o n  

oxide f l a k e s  from t h e  b a f f l e s  and t h e  pan, was discarded;  t h e  -20 mesh 

f r a c t i o n  was burned f o r  7 hr or more i n  a furnace i n  an oqgen-conta in ing  

atmosphere t o  remove g raph i t e  dus t  and t h e  remainder of t h e  ou te r  c o a t i n g  

of t h e  TRISO p a r t i c l e s  and t h e  two carbon coa t ings  of t h e  BISO p a r t i c l e s .  

After  t h e  burning s t e p  t h e  sample was leached for 4 hr i n  b o i l i n g  

2 - M HN03. 

sequent ly  i n  b o i l i n g  a c i d  Thorex d i s s o l v e r  s o l u t i o n  f o r  7 hr. The mixed 

oxide and t h e  Tho2 ( t h e  ThC2 i s  converted t o  Tho2 during t h e  burn) d i s -  

solved very slowly and were leached up t o  2 1  hr. 

Samples con ta in ing  only TRISO p a r t i c l e s  were a l s o  leached sub- 
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Afte r  each leach,  t he  i n s o l u b l e  r e s i d u e  was r i n s e d  wi th  d i s t i l l e d  

water ,  d r i ed ,  and weighed. The wash and l e a c h  s o l u t i o n s  were combined, 

and a sample of each s o l u t i o n  was then analyzed f o r  thorium and uranium. 

Since the  i r o n  (from i r o n  oxide f l a k e s  from the  b a f f l e s  and the  pan) i n  

s e v e r a l  samples d i s tu rbed  the  a n a l y t i c a l  procedure, it was sepa ra t ed  and 

t h e  amount determined ( s e e  Table A. 9). 
Leaching r e s u l t s  f o r  run WBB-12 a r e  no t  d i r e c t l y  comparable t o  those 

for t he  o the r  runs,  The sample was leached only 1 hr i n  €€NO_ and 2 hr i n  
a c i d  Thorex s o l u t i o n ,  Later  s t u d i e s  showed t h a t  only about 90 t o  95% of 

t h e  leachable  heavy metals  w i l l  d i s so lve  i n  such a s h o r t  time. 

3 

Table A . 9  contains  the  l each ing  r e s u l t s  obtained from t h e  f i v e  r u n s  

w i t h  f u e l e d  blocks,  

s o l u t i o n  and the  f r a c t i o n  of t h i s  loss t h a t  was recovered. The l a s t  two 

columns show t h e  thorium and uranium l o s s e s  a s  r e l a t e d  t o  t h e  thorium and 

uranium i n  t h e  o r i g i n a l  sample (not  t h e  weight l o s s  of t h e  sample during 

leaching)  . 

It  g ives  t h e  weight loss of each sample t o  t h e  l e a c h  

The p a r t i c l e s  c o l l e c t e d  from t h e  burner  and t h e  cyclone i n  r u n  WBB-33 
were kept  s epa ra t e  i n s t e a d  of being combined as i n  t h e  o the r  runs.  The 

l each ing  data show n e a r l y  twice a s  much p a r t i c l e  breakage for the  sample 

from the  burner as f o r  t h a t  from t h e  cyclone. The reason f o r  t h i s  d i f -  

ference i s  supposedly t h a t  t he  p a r t i c l e s  i n  t h e  burner were confined i n  

a hot  zone (-8OC-1000°C) for s e v e r a l  hours during which t h e  thorium 

r e a c t e d  w i t h  t h e  s i l i c o n  of t he  TRISO p a r t i c l e s  t o  form a low-melting 

compound. 

b i e n t  temperature where no such r e a c t i o n  could take place.  

The p a r t i c l e s  i n  t h e  cyclone, on t h e  o the r  hand, were a t  am- 

Table A . 1 0  shows t h a t  t h e  r e c o v e r i e s  of thorium, uranium, and i r o n  

f o r  t he  HNO 
reason f o r  t h i s  i s  twofold: 

l eaches  a r e  lower than those f o r  t h e  Thorex leaches.  The 3 

(1) The concen t r a t ion  of heavy metals  i n  t h e  n i t r i c  a c i d  

l e a c h a t e s  i s  low as compared w i t h  t h e  Thorex l eacha te s .  

The a n a l y t i c a l  methods a re  l e s s  e x a c t  a t  t h e  low concen- 

t r a t i o n s .  

L 

(2) The n i t r i c  a c i d  l e a c h  precedes t h e  Thorex leach;  t h e r e f o r e ,  

t h e  i m p u r i t i e s  a re  d i s so lved  i n  t h e  n i t r i c  acid.  Analyses 



b . . 

Table A.10. Percent r e c o v e r i e s  of  thorium, uranium, and i r o n  from HNO and 
a c i d  Thorex s o l u t i o n s  a s  a f u n c t i o n  of concen t r a t ion  

Average recovery for HNO-:  61.567:: 
Average recovery f o r  Thorex: 

3 
Jj. 811% 

Run No. 
Weight Concentration i n  s o l u t i o n  

Leach l o s s  - ( m g / m l )  Percent 
U Fe recovery s o l u t i o n  (g) Th 

12 
21 
31 
32 
33 (cyclone) 
33 (bu rne r )  

12 
21 
31 
32 
33 (bu rne r )  
33 (cyclone)  

Thorex 
Thorex 
Thor ex 
Thorex 
Thorex 
Th or ex 

1.0239 
0.49CY 
0.4040 
0.3962 
0.6372 
1.0046 

72.9587 
02.2151 
1.0793 
1.2432 
65.0722 
57.6856 

0. 75, 
0.59 
0.061 
0.022 
0.125 
0.106 

115.6 
106.3 
2.05 
1.72 
5s. 28 
56.19 

0.064 
0. LC: 
0.75 
0.63 
0.79 
1.43 

0. c65 

0.045 
0.C87 
0.1) 
c. 046 

37.0 

a 
e .  01; 
0.228 
c.023 
c .  C9l 
0.13 

a 
0.023 
c * 427 
C . L O . 5  
1. l l i  
0.126 

a Not determine d . 
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were made f o r  only thorium, uranium, and i ron ;  t hus  

o ther  c o n s t i t u e n t s  may have d i s so lved  a l so ,  b u t  a r e  

not  accounted f o r .  

A. 4.5 Off -gas composition 

The of f -gas  from t h e  burner c o n s i s t s  of GO, C O 2 >  and 02. The oxygen 

consumption was Y9$ during s t eady- s t a t e  burning. When t h e  block had been 

burned from t h e  ou t s ide  so t h a t  t he  gap between the  b a f f l e s  and the  block 

had increased ,  t h e  oxygen conten t  i n  t h e  of f -gas  s t a r t e d  i n c r e a s i n g ,  u sua l ly  

a f t e r  two- th i rds  of t h e  block had been burned. 

than  1 m/sec i n  t h e  coolan t  ho le s ,  t h e  burning r a t e  was low,  t he  oxygen was 

n o t  consumed, and t h e  of f -gas  contained cons iderable  0 (up t o  20%). The 

burning r a t e  a t  h igh  temperatures  depends on t h e  0, d i f f u s i o n  r a t e ,  and 

t h e  low flow r a t e s  r e s u l t  i n  a t h i c k  f i l m  and a low O2 d i f f u s i o n  r a t e .  

The gas flow i n  a coolan t  hole  i s  laminar without  r a d i a l  mixing from con- 

vec ti on. 

A t  gas v e l o c i t i e s  of l e s s  

2 
- 

We assume t h a t  bo th  the main stream and the  boundary l a y e r s  a r e  lami- 

nar  a t  very low f low r a t e s .  

t h e  boundary l a y e r  becomes t u r b u l e n t  even though the  main stream i s  s t i l l  

laminar .  

a l s o  becomes tu rbu len t .  

system, t u r b u l e n t  f l o w  of t h e  main stream could not  be a t t a ined .  

If the  gas v e l o c i t y  i s  higher  than 1 m/sec, 

One would expect an even higher  burning r a t e  when t h e  main stream 

Due t o  t he  l i m i t e d  f l o w  c a p a c i t i e s  of our burner 

Both CO and C 0 2  a r e  formed i n  t h e  combustion of carbon--the former 

i n  t h e  presence o f  excess  carbon, t h e  l a t t e r  i n  an excess o f  oxygen. 

Since the  experimental  burner ope ra t e s  w i th  an excess  of g raph i t e ,  t he  

of f -gas  should con ta in  p r a c t i c a l l y  no C 0 2 .  

t h e r e  i s  no C O  i n  the  off-gas  u n t i l  t he  i n d i c a t e d  temperatures  r each  

1200°C. 

Experimentally,  we f i n d  t h a t  

The r e s u l t s  a r e  i n  reasonable  agreement wi th  those  r epor t ed  f o r  
burning of e a r l y  graphite-uranium f u e l s ,  5 For temperatures  between 1300 

and l4OO0C, t h e  CO concent ra t ion  ranges f rom 15 t o  25%. 
a t  t h e  low flow r a t e s  used f o r  t h e  experiments, t he  CO i s  p a r t i a l l y  

oxidized i n  t h e  gas phase before  l eav ing  t h e  burner ,  

has no t  been v e r i f i e d  because t h e  gas  f low capac i ty  of t h e  burner  used 

i n  our s t u d i e s  i s  l imi t ed .  

We assume t h a t ,  

This assumption 

The flow was laminar i n  each r u n  wi th  a 
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Reynolds number below 15X. When we removed t h e  f i r s t  block support  pan 

[ s e e  Fig.  A,S(b)] and i n s t a l l e d  the cone-shaped pan i n  the bottom of t h e  

burner ,  0, and GO were sometimes present  i n  t h e  of f -gas  a t  t h e  sane t ime 

i n  considerable  amounts (up t o  1~3% CO and 21% 0,). 
c 

It i s  assumed t h a t  

t h e  l a y e r s  of unused oxygen and t h e  CO from t h e  r e a c t i o n  a r e  no t  mixed 

s ince  t h e  cone-shaped pan i s  favorable  f o r  laminar flow. The f i r s t  pan 

had no ho le s  except  those through which t h e  thermocouples (l/S i n .  diam) 

extended i n t o  t h e  block,  Therefore ,  t h e  gas was thoroughly mixed while 

passing through t h e s e  ho le s  and t h e  CO and O2 reac ted ,  l eav ing  only CO; 
and t h e  excess  0, o r  CO i n  t h e  e x i t  stream t o  t h e  ana lyzers ,  

A.b.6 Formation of graphi te  f i n e s  

The amount of graphi te  dus t  t h a t  i s  c a r r i e d  wi th  t h e  off-gas  stream 

t o  t h e  f i l t e r s  genera l ly  inc reases  wi th  increased  combustion feed  gas f l o w  

(Table A . 1 1 ) .  Var ia t ions  wi th  t h e  GO, content  of t h e  f e e d  were small  and 

incons i s t en t .  The h ighes t  value o f  1.7% d u s t  was f o r  run WBB-26, where 

d i l u t i o n  of t h e  0, wi th  C@2was high and t h e  block cooled slowly so  t h a t  

no s t eady- s t a t e  burning occurred. Consequently, t h e  off-gas  temperature 

was seve ra l  hundred degrees :lower than normal and t h e  dus t ,  which was 

usua l ly  burned i n  t h e  ho t  gas stream before leav ing  t h e  burner ,  reached 

t h e  f i l t e r  i n  t h i s  run. 

i 

- 

Table A . l l .  thburned graphi te  d u s t  
- 

Feed Gas 
Average gas CO, conten t  Dust i n  cyclone 

Run Time flow r a t e  i n  gas (% of weight 
(WBB- ) (min) ( SLM) (%> l o s s  of block)  - 
23 268 170 19 0.23 

3-50 

2 c  180 211 

27 207 176 

43 

65 
28 

0.li2 

1.71 
0.26 

28 112 193 0 0.5 

29 2 94 100 0 0.18 
30 240 155 22 0. '35 



Table A . 1 2  shows the  s i z e  d i s t r i b u t i o n  of t h e  d u s t  f o r  s eve ra l  r u n s  

i n  which g raph i t e  blocks without  f u e l  were burned. A dependence of t h e  

s i z e  d i s t r i b u t i o n  on temperature or flow r a t e  could no t  be e s t a b l i s h e d ,  

P r a c t i c a l l y  a l l  of t h e  g raph i t e  dus t  was found i n  t h e  f i l t e r - c y c l o n e  ves- 

s e l ,  The packed f i b e r g l a s s  f i l t e r  contained only n e g l i g i b l e  amounts of 

g raph i t e  a t  t h e  p o i n t  where t h e  i n l e t  gas impinged d i r e c t l y  onto t h e  

f i b e r g l a s s  bed, 

A . 5  Whole-Block Burner Ca lcu la t ions  

Some d e t a i l e d  c a l c u l a t i o n s  o f  s i g n i f i c a n c e  t o  d i scuss ions  i n  t h e  body 

of  t h e  r e p o r t  a r e  b r i e f l y  presented here.  

A . 5 . 1  Burning r a t e s  and temperatures f o r  r a d i a t i o n - c o n t r o l l e d  h e a t  

transfer-" 
- 

The one-sixth-scale  burner experiments were made wi th  high 0 concen- 2 
t r a t i o n s  i n  t h e  f e e d  gas and wi th  well-cooled metal  burner walls. For 

t h e s e  condi t ions,  t h e  burning r a t e  i s  c o n t r o l l e d  by mass t r a n s f e r  of 0 

through t h e  gas boundary l a y e r .  

by t h e  r a d i a t i o n  of h e a t  t o  t h e  cooled metal  walls; however, t he  h e a t  

capac i ty  of t h e  burner gas i s  a l s o  s i g n i f i c a n t .  The maximum burning r a t e  

o c c w s  f o r  t h e  m a x i m u m  ( t h a t  i s ,  i n l e t )  O2 concentrat ion,  although t h e  

g raph i t e  temperatures  may be higher i n s i d e  t h e  block where the  coo lan t  

channel w a l l s  have a small view f a c t o r  f o r  r a d i a t i o n .  

2 
The g raph i t e  temperature i s  c o n t r o l l e d  

I n  t h e s e  experiments w i th  high f eed  0 concentrat ions,  t he  coo lan t  2 
ho les  developed a t ape red  shape which commonly i n d i c a t e d  h igh  r a t e s  of 

burning over 6- t o  10-in.  l eng ths .  The t o t a l  su r f ace  a rea ,  A, involved 

i n  burning i s  then  on t h e  order of 2000 em . The h e a t  t o  be t r a n s f e r r e d  

t o  t h e  burner  walls, Q, can be est imated from: 

2 

.. 

"Unpublished c a l c u l a t i o n s  by P. A. Haas, ORNL, 1973. 

. 

. 
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where 

D i s  a d i f f u s i o n  c o e f f i c i e n t  for 0 -GO 
AC i s  a concent ra t ion  gradien t  f o r  02, 

Ax i s  an equiva len t  t h i ckness  o f  boundary l a y e r s ,  

Cp i s  hea t  capac i ty ,  

A t  i s  temperature change. 

5 2’ 

The (Cp A t )  term a l l o w s  for t h e  removal of h e a t  a s  s ens ib l e  h e a t  o f  

t h e  burner  gas, and Cp i s  approximately 13 cal/g-mole for CO,. 

Schmidt number of C .  94 f o r  O2 -COP’ 

For a 
- 

where 

1-1 i s  gas v i s c o s i t y ,  

V i s  molal volume, 

M i s  molecular weight. 

{A. 5 - 2 )  

An average value of AC f o r  a f eed  mole f r a c t i o n  O2 of  yo might be y0/2V. 

For pure 0 

g/min, which i s  a reasonable  check of t he  experimental ly  observed burning 

r a t e s ,  The increased  turbulence a t  t h e  entrance end from n a t u r a l  convec- 

t i o n  probably g ives  t h i n n e r  boundary l a y e r s  and higher  r a t e s  t han  those  

ca l cu la t ed .  
a t  temperatures  above 1200°C and can make important  c o n t r i b u t i o n s  t o  the  

burning. The maximum carbon burning r a t e s  t h a t  have been experimental ly  

AD AC/AX then  g ives  a ca l cu la t ed  carbon burning r a t e  of 40 2’ 

Also ,  t he  reaction of GO2 w i t h  g r aph i t e  becomes important  

observed, 1 2 0  t o  140 g/min, would be equiva len t  t o  0.06 or 0.07 g/min.cm 2 . 
The value of &/A f r o m  these  maximum burning r a t e s  would be 28,000 c a l /  

em .hr f o r  pure O2 feed .  
2 

Transfer of hea t  t o  t h e  burner walls by r a d i a t i o n  can be used t o  c a l -  

c u l a t e  a g raph i t e  temperature from 

Q = Fo (Tc 4 - Tw a l l  4)A, 

where 

T i s  t h e  g raph i t e  temperature,  

0 i s  t h e  Stefan-Boltzmann cons tan t .  
C 

(A. 5-3) 

. 



. 

The view f a c t o r ,  F, would average l e s s  than  the  value o f  G . 5  for a hemi- 

sphere; hence a value o f  0.25' w i l l  be used f o r  c a l c u l a t i o n s .  

l ead ing  edges of t h e  g raph i t e  w i l l  have a higher  F, they  a r e  a l so  exposed 

t o  t h e  h ighes t  O2 concent ra t ion  and r ece ive  r a d i a t i o n  from h o t t e r  graphi te  

along the  coolan t  channel. 

e f f e c t  s ince  the  term Twall ' i s  small compared wi th  Tc4; t h e r e f o r e ,  a 

value of 723°C or 1000°K w i l l  be assumed. The c a l c u l a t e d  value of T i s  

then 2310'K, or 19hO"C. 
t h e  r a t e  c a l c u l a t e d  from Q. (A.5-111, t he  c a l c u l a t e d  va lues  of Tc a r e  

s t i l l  167SCK, o r  1400°C. 
channels toward t h e  i n t e r i o r  of t h e  block, and h igher  temperatures  a r e  

l i k e l y .  From these  c a l c u l a t i o n s ,  excessive graphi te  temperatures  appear 

almost c e r t a i n  f o r  pure O 2  a t  t he  des i r ed  burning r a t e s .  

using t h e  thermal conduct iv i ty  o f  g raph i t e  show t h a t  a x i a l  conduction i n  

t he  g raph i t e  c o n t r i b u t e s  l i t t l e  t o  hea t  removal. 

While the  

The exac t  wa l l  temperature,  Twall, has l i t t l e  

C 

A t  one- th i rd  t h i s  maximum r a t e  of burning [ o r  

The view f a c t o r  becomes small down t h e  coolan t  

Calcu la t ions  

The same type of hea t  balance can be used t o  es t imate  t h e  allowable 

d i l u t i o n  of t he  f eed  O2 withCO,. 
L 2 

burning r a t e ,  t h e  add i t ion  of C 0 2  t o  the  f eed  gas provides  a d d i t i o n a l  

cool ing [ t h e  Cp A t  term i n  EQ. (A.  S-l)] and changes both 

va lues  f o r  mass t r a n s f e r  of 0,. The minimum graphi te  temperatures  f o r  

p r a c t i c a l  s t eady- s t a t e  burning r a t e s  a r e  higher  t han  llOO°C, o r  about 

1400°K. 
Subs t i t u t ion  i n  EQ, ( A . 5 - 1 )  i n d i c a t e s  t h a t  11'3 02-2/3 GO2 would give t h e  

requi red  value of &/A ( t h a t  i s ,  Tc > 1100°C and s t eady- s t a t e  burning would 

cont inue) ,  while  1/4 02-3/4 C 0 2  would give T 

cool  down and s top  burn ing) .  This  conclusion i s  dependent on t h e  assump- 

t i o n s  made, b u t  t h e  assumptions a r e  cons i s t en t  w i th  the  observed tempera- 

t u r e  f o r  h ighe r  0 concent ra t ions .  

For a s p e c i f i e d  0 flow r a t e  and carbon 

t h e  AC and Ax 

L 

Using these  va lues  i n  EQ. ( A . 5 - 3 )  g ives  a Q/A of 3500 cal/cm2-hr. 

< 1100°C (and t h e  block would 
C 

2 

A. 6 Recommendations 

The whole-block burner  t h a t  was used f o r  t he  experiments descr ibed 

i n  t h i s  r e p o r t  has  seve ra l  shortcomings which prevented us  from i n v e s t i -  

ga t ing  some of t h e  problems: 



(1) The off-gas  system i s  t o o  small t o  a t t a i n  t u r b u l e n t  

flow i n  t h e  coolant  ho le s  of t h e  block. E i the r  a 

l a r g e r  gas system or fewer coo lan t  ho le s  would e l imi -  

n a t e  t h i s  l i m i t a t i o n .  

(2) The asymmetry of t h e  t e s t  block c r e a t e s  problems and 

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

(3)  The method f o r  measuring t h e  g raph i t e  and gas tempera- 

t u r e s  needs t o  be improved. A l a r g e r  qua r t z  window 

f o r  an o p t i c a l  pyrometer should be i n s t a l l e d  i n  t h e  

t o p  f l ange  so t h a t  t h e  su r face  temperature of t h e  

g raph i t e  i n  t h e  burning zone can be measured. Thermo- 

couples should be i n s e r t e d  h o r i z o n t a l l y  i n t o  t h e  

g raph i t e  block t o  measure t h e  temperature d i s t r i b u t i o n  

i n  the  block. I n  t h e  p re sen t  conf igu ra t ion ,  a l l  i n t e r -  

n a l  thermocouples a r e  l o c a t e d  i n  t h e  coolant  ho le s  

where they may or may n o t  be touching t h e  block. 

There a r e  an i n s u f f i c i e n t  number of thermocouples on 

t h e  burner walls. Thermocouples should be placed on 

bo th  t h e  inne r  and outer  wal ls  i n  each quadrant and 

should n o t  be spaced more than  5 i n .  a p a r t .  

(Id) Heat removal appears t o  be t h e  c o n t r o l l i n g  f a c t o r  f o r  

ope ra t ing  t h e  burner a t  high burning r a t e s .  It w i l l  be 

more important when a whole block i n s t e a d  of one-sixth 

segment i s  burned, because t h e  segment has a much higher 

su r face  area/volume r a t i o  and t h u s  more h e a t  can be 

t r a n s f e r r e d  from i t s  su r faces .  

There a r e  f o u r  means of i n c r e a s i n g  t h e  h e a t  removal: 

( a )  i n c r e a s i n g  the  coo l ing  a i r  flow, ( b )  s a t u r a t i n g  

t h e  coo l ing  a i r  with water,  ( e )  i n c r e a s i n g  t h e  d i l u -  

t i o n  of t h e  combustion f eed  gas, and ( d )  prevent ing 

t h e  secondary r e a c t i o n  of t h e  CO with O2 t o  form C02 
and oxiciizing t h e  CO t o  GO;, c u t s i d e  t h e  burner i n  a 

c a t a l y s t  bed. A t  h igh flow r a t e s  it may be p o s s i b l e  

8 



t o  remove t h e  CO from t h e  hot  zone before  it has time 

t o  r e a c t .  A higher burning r a t e  would be p o s s i b l e  i f  

t h e  prohlem of  h e a t  removal were solved. The r e a c t i o n  

r a t e s  given i n  t h e  l i t e r a t u r e  a r e  a t  l e a s t  an order  of 

magnitude higher  for a given temperature than  those we 

achieved. An a d i a b a t i c  flow r e a c t o r  concept has now 

been proposed which inc ludes  r e c y c l e  of cooled gas  t o  
i 

provide temperature c o n t r o l  and h e a t  removal.’ 

(5) It i s  necessary t o  f i n d  out where ( i n  o r  behind t h e  

block) and a t  what r a t e s  t h e  fol lowing fou r  r e a c t i o n s  

occur : 

2 c + o2 + 2 co, (1) 

2 co 4- o2 --f 2 C 0 2 )  

and 

co2 + c -z 2 co. 

According t o  equ i l ib r ium cons ide ra t ions ,  only CO should 

be p r e s e n t  i n  t h e  o f f -gas  i n  t h e  temperature range i n  

which t h e  burner i s  operated.  It appears t h a t  t h e  CO 

i s  oxidized i n  a secondary r e a c t i o n  away from t h e  su r -  

f a c e  of t h e  block. 

g raph i t e  beneath t h e  burning zone i s  a l s o  f e a s i b l e ,  

Checking on t h e s e  r e a c t i o n s  would r e q u i r e  an i n t e r n a l  

probe, p re fe rab ly  i n  a block w i t h  only one hole.  

A r e a c t i o n  of t h e  C02 wi th  t h e  

(6) The off-gas  l i n e  must be s i z e d  and arranged so t h a t  

p i e c e s  of g raph i t e  and p a r t i a l l y  burned f u e l  s t i c k s  

cannot block t h e  o u t l e t .  Also, t h e r e  i s  some ind ica -  

t i o n  of b r idge  b u i l d i n g  by t h e  g raph i t e ;  however, it 
has n o t  been poss ib l e  t o  e s t a b l i s h  t o  what e x t e n t  it 
occurs  because t h e s e  b r idges  always c o l l a p s e  by t h e  

time t h e  bottom f l a n g e  i s  removed. 
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If a C O - 0  t o r c h  i s  used as a hea t  source,  t h e  design 

of t h e  system must be improved. The arc  rods  burn away, 

t h e  ceramic i n s u l a t o r s  break, and it i s  impossible t o  

r e l i g h t  t he  t o r c h  while t he  furnace i s  w a r m .  

I n  the  event t h a t  t h e  experimental  burner i s  used t o  

ob ta in  a d d i t i o n a l  prel iminary d a t a ,  a t  l e a s t  t h r e e  

t h i n g s  should be done: 

of g raph i t e  should be used a s  t e s t  blocks,  (b)  two 

more v e r t i c a l  rows of thermocouples should be welded 

t o  the  ou te r  burner wal l ,  and ( e )  s ince  the  coo l ing  

c o i l s  on t h e  t o p  f l ange  a r e  never used, a bigger  

qua r t z  window should be mounted i n  t h e  t o p  f l ange  

and a continuously reading pyrometer should be 

i n s t a l l e d .  

2 

( a )  round or hexagonal p i e c e s  

Many of t h e  problems could be i n v e s t i g a t e d  i n  a proposed small burner 

(miniburner),  where a round p i e c e  of g raph i t e  with one cen te r  ho le  would 

be burned. This burner would have a movable probe f o r  gas sampling along 

t h e  l eng th  of t h e  block. 

block surface.  

pe ra tu re ,  or t h e  bottom and top  halves  of t h e  block could be hea ted  

sepa ra t e ly .  

A pyrometer would r e a d  t h e  temperature of t he  

The block could be heated by induc t ion  t o  a uniform tem- 

The main p o i n t s  t o  i n v e s t i g a t e  wi th  the  miniburner would be: 

(1) occurrence of t h e  four oxidat ion r e a c t i o n s ,  depending on flow char- 

a c t e r i s t i c s ,  f eed  gas d i l u t i o n ,  temperature,  and c a t a l y s t s  (H20); ( 2 )  

d i s t r i b u t i o n  of t he  r e a c t i o n  hea t ,  conduction i n  t h e  block, t r a n s f e r  

through t h e  walls, removal with the  off-gas ,  and hea t ing  of the lower 

p a r t  of t h e  block by t h e  off-gas;  (3 )  determinat ion of t h e  l e n g t h  of 

the burning zone, depending on flow r a t e ,  feed gas composition, and 

temperature;  (4) optimizat ion of t h e  s t a r t - u p  procedure; (5) determina- 

t i o n  of t h e  amount of unburned g raph i t e  dus t  c a r r i e d  out w i t h  t h e  off- 

gas,  depending on flow r a t e  and feed gas composition; ( 6 )  h e a t  removal 

s t u d i e s ,  which could be performed i n i t i a l l y  w i t h  a ceramic tube around 

the  block i n  t h e  miniburner ( s ince  a commercial burner would probably 

con ta in  a ceramic l i n e r  t o  p r o t e c t  t h e  s t e e l  w a l l ) ;  and ( 7 )  maximum 

burning r a t e s  a t  high gas v e l o c i t i e s .  

c 



The d a t a  from the  miniburner and the  modeling program w i l l  allow 

the  concept o f  a whole-block burner t o  be d e t a i l e d  and r e v i s e d ,  i f  

necessary.  

concept. 

A f u l l - s c a l e  burner should then be b u i l t  t o  evaluate  t h i s  

One proposed concept for a whole-block burner c a l l s  f o r  a burner 

i n  which s e v e r a l  blocks a re  placed behind each other  and which con ta ins  

a ceramic l i n e r  t o  p r o t e c t  t h e  kurner w a l l .  A burner should be capable 

of burning a whole block under condi t ions similar t o  t h e  proposed con- 

c e p t  and t h u s  permit t he  d a t a  from the  miniburner and t h e  modeling pro- 

gram t o  be checked. 
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APPENDIX B: A SuMpIlflRY OF TECHNICAL CONSIDERATIONS FOR 

THE WHOLE-BLOCK AND FLUIDIZED-BED BURNERS 

I n  order  t q  determine h o t - c e l l  space requirements and r e l a t i v e  equin- 

ment complexity, it i s  necessary t o  descr ibe  each of t h e  two primary burner 

concepts e x p l i c i t l y ,  The cqncepts a r e  spec i f i ed  i n  terms of six major con- 

s i d e r a t i o n  a s  fol lows:  

(1) Burner f eed  prepara t ion  

(2) Feeding the  burners  

( ) )  Burning the g raph i t e  

(I,) Heat removal 

(5) Burner product withdrawal 

( [ I )  O f f  -gas handling 

B . 1  Burner Feed Prepara t ion  

This i s  a cons idera t ion  for f lu id ized-bed  burning only; whole-block 

The f e e d  requi red  f o r  f lu id ized-bed  burning burning has  no counterpar t .  

i s  p resen t ly  spec i f i ed  t o  c o n s i s t  o f  p a r t i c l e s  tha t  a r e  l e s s  than 3/16 i n .  

Thus, t h e  spent  HTGR f u e l  e lexent  must be reduced from a s o l i d  wi th  a 

bulk volume o f  about 5 f t '  t o  p a r t i c l e s  o f  l e s s  than 2 x 1C 
-( 

ft ' .  

The system p resen t ly  being used t o  accomplish t h i s  s i z e  reduct ion  

c o n s i s t s  of t h r e e  c rushers ,  r e f e r r e d  t o  as  the  primary, secondary, and 

t e r t i a r y  c rushers .  Jaw 

crushers  t h a t  have an included angle o f  about 10" a r e  being evaluated a t  

GAC for use a s  t h e  primary and secondary c rushers .  These u n i t s  a r e  han- 

d l ing  un i r r ad ia t ed  f u e l  elements s a t i s f a c t o r i l y ,  A t  l e a s t  one manufacturer 

of jaw c r u s h e r s ,  Gruendler , has recommended an included angle  of about 

10". A t  p resent ,  i t  i s  no t  known whether i r r a d i a t i o n  a l t e r s  t h e  phys ica l  

p rope r t i e s  of t he  g raph i t e  s u f f i c i e n t l y  t o  r e q u i r e  an included angle  l e s s  

than 20". 

t h a t  t he  20" included angle  i s  s a t i s f a c t o r y .  

Figure 10 i s  a schematic n f  t h e  crusher  system, 

.;t 

However, f o r  t h e  purposes of t h i s  eva lua t ion ,  it i s  assumed 
If  a smaller value o f  t h e  

- ~~ ~ 

_. 

"Gruendler Crusher & Pulver izer  C o , ,  S t .  Louis, Mo. 



angle  i s  r equ i r ed ,  i t  w i l l  i nc rease  the  he igh t  of t h e  primary crusher  

system a s  p r e s e n t l y  conceived 

The t h e 9 r e t i c a l  throughput of t h e  r r imary  c rushe r  i s  ab?ut  two o rde r s  

of magnitude g r e a t e r  than t h a t  r equ i r ed  for a 1.5-MTHi"day" f u e l  reprocess-  

i ng  p l a n t .  Whether t h e  jaw c rushe r s  a r e  allowed t o  run cont inuously and 

a r e  f e d  a t  s h o r t  time i n t e r v a l s  o r  whether they a r e  stopped and s t a r t e d  

seve ra l  t imes per  day has  n o t  been considered f o r  t h i s  s tudy ,  A l s o ,  t h e  

bear ings.  l u b r i c a t i o n ,  gas sea l ing ,  dust-handling, inventory,  and holdup 

a r e  considered only i n  t h a t  es t imated h o t - c e l l  space i s  a l l o t t e d  for t h e s e  

requirements.  Some of t hese  are expected t o  r e q u i r e  s i g n i f i c a n t  develop- 

mental t e s t i n g ,  

The t e r t i a r y  crusher  shorm i n  Fig.  10 i s  a c e n t e r o l l  type.  Double- 

r o l l  c rushe r s  a r e  being evaluated a t  GAC fqr s u i t a b i l i t y  as t h e  t e r t i a r y  

crusher .  However, t he  c e n t e r o l l  crusher  was used f?r l ayou t  purposes i n  

t h i s  study a t  t h e  suggestion of  GAC. The arrangement shown impl i e s  t h a t  

no f e e d e r s  or hoppers a r e  l o c a t e d  between the  t h r e e  c rushe r s .  Since t h e  

throughputs of t h e  c rushe r s  a r e  i n  the  order  primary 2 secondary 2 t e r -  

t i a r y ,  b r idg ing  i s  a d i s t i n c t  p o s s i b i l i t y .  Thus, p rov i s ions  f o r  removing 

the c rushe r  system must be allowed. I n  a d d i t i o n ,  o t h e r  maintenance r e -  

quirements d i c t a t e  t h a t  the design include p rov i s ions  f o r  removing the 

crushing system, 

For t h e  purposes o f  t h i s  s tudy,  it i s  assumed t h a t  both maintenance 

and br idge breaking (ve ry  s t a b l e  b r idg ing )  would be accomplished by r e -  

moving the crusher  system from t h e  crushing c e l l  i n t o  a decqntamination 

and maintenance a r e a .  If f eede r s  and/or hoppers a r e  r equ i r ed  between t h e  

va r ious  c rushe r s ,  t h e  c e l l  volume r e q u i r e d  t o  con ta in  the crushing equip- 

ment w i l l  be l a r g e r  t han  t h a t  considered here .  

The l a s t  p i e c e  of equipment r equ i r ed  for t h e  f e e d  p repa ra t ion  i s  

some type of c l a s s i f i e r  t o  r e t u r n  the  ove r s i ze ,  > 3/16-in, ,  p a r t i c l e s  

t o  t h e  t e r t ia ry  c rushe r ,  

s tudy (see Fig. 10). 

A pneumatic s epa ra to r  was chosen for t h i s  

A mechanical screen would be expected t o  r e q u i r e  

>L 

"A r ep rocess ing  p l a n t  s i zed  for about 50,000 MW(e) of i n s t a l l e d  HTm 

e l e c t r i c a l  capac i ty ,  



f r equen t  ( r e l a t i v e )  maintenance and i s  t h u s  n o t  shown; a l s o ,  it would 

probably occupy more c e l l  a r e a  than  a pneumatic s epa ra to r .  

Another a spec t  of f e e d  p repa ra t ion  involves  t r a n s f e r  of the cc 3/1/>- 
i n ,  ma te r i a l  t o  t h e  FBBs. The method s e l e c t e d  c o n s i s t s  of pneumatic t r a n s -  

f e r  t o  a primary hopper loading s t a t i o n  where t h e  b a t c h  o f  crushed blocks 

i s  loaded i n t o  t h e  appropr i a t e  number o f  primary hoppers. An inventory 

i s  made by weighing each of t he  loaded primary hoppers.  The loaded and 

t a r e d  primary hoppers a r e  moved mechanically t o  t h e  proper burner l oca -  

t i o n  and pos i t i nned  f o r  f eed ing  i n t o  the FBB. A f t e r  being emntied. t hese  

primary hoppers a r e  weighed and e i t h e r  s en t  t o  a s tq rage  a rea  r)r re tu rned  

t o  t h e  primary hopper loading s t a t i o n .  Two crushing t r a i n s  and two primary 

hopoer loading s t a t i o n s  a r e  assumed (recommended by GAC) f w  a 1 S-MTHM/day 

HTGR reprocessing p l a n t ,  

r e l i a b i l i t y ,  no t  on throughput. 

The need f o r  t w q  crushing t r a i n s  i s  based on 

An a l t e r n a t i v e  method f o r  t r a n s f e r r i n g  t h e  < 3/16-in, ma te r i a l  t o  

This method c o n s i s t -  t h e  primary hoppers was considered b u t  n o t  u t i l i z e d .  

ed of pneumatically t r a n s f e r r i n g  t h e  crushed material t o  t h e  appropr i a t e  

primary hopper which was i n  a f i x e d  l o c a t i o n ,  

i ng  a s p e c t s  o f  t h i s  method l e d  t o  i t s  d i sca rd :  

Cmsidera t ion  o f  t h e  follow- 

The p i p i n g  and va lv ing  of such a system i n  a manner s u i t a b l e  

t o  ensure t h a t  t h e  m a t e r i a l  was being t r a n s f e r r e d  from t h e  

crushing system t o  t h e  s e l e c t e d  primary hopper was complex, 

u sua l ly  r e q u i r i n g  double valving and a t e s t i n g  procedure 

t o  guarantee t h a t  t h e  valves were pos i t i oned  properly.  

(Note: t he  number of primary hoppers i s  assumed t o  be -40 

i n  a reprocessing p l a n t  o f  t h i s  s i z e . )  

Accountabi l i ty  i n  such a system appeared t o  be d i f f i c u l t ;  

t h e  s imples t  method c o n s i s t e d  o f  weighing t h e  loaded p r i -  

mary hoppers. 

a b i l i t y  i n  t h e  method chosen.) 

The s imples t  arrangement of t h e  primary hoppers was a c i r c u -  

l a r  p l an  c o n s i s t i n g  of a t  l e a s t  two primary hopper i s l a n d s ,  

However, t h i s  appeared t o  l e a d  t o  an i n e f f i c i e n t  usage o f  

c e l l  space when considered i n  conjunction with t h e  arrangement 

(This i s  t h e  method adopted f o r  account- 



of t h e  o the r  i t ems  ( e . g . ,  bu rne r s ,  c rushe r s ,  d i s s o l v e r s ,  

e t c . ) .  A l i n e a r  arrangement of t h e  primary hoppers, a l -  

though allowing more e f f i c i e n t  usage of t h e  c e l l  a r e a s  

when considered i n  conjunction with the  arrangement Qf 

o the r  i tems,  r equ i r ed  a m?re comrdex p ip ing  and va lv ing  

system. P a r t  of t h i s  complexity i s  due t o  the r e q u i r e -  

ment t h a t  both crusher  systems be ab le  t o  supnly each 

primary hopper. 

The method s e l e c t e d  f o r  ope ra t ing  t h e  f e e d  p repa ra t ion  equipment i s  

envisioned as  fo l lows  ( see  Fig.  B.l for a schematic r e p r e s e n t a t i o n ) .  4 
s i n g l e  f u e l  element a t  a time i s  f e d  i n t o  t h e  primary crusher through a 

gas lock ( see  Fig.  B . 2 ) ,  and i s  allowed t o  nass through the secondary 

and t e r t i a r y  c rushe r s  and t h e  pneumatic s epa ra to r  befqre  another f u e l  

element i s  f e d  i n t o  the  primary crusher .  3/16 
i n . ,  i s  pneumatically conveyed continuously t o  t h e  primary burner hop- 

pe r s .  This procedure i s  r epea ted  u n t i l  t h e  e n t i r e  d a i l y  ba t ch  of f u e l  

elements t o  be crushed i s  completed. 

The crushed product, 

The primary burner hoppers a r e  weighed and moved t o  the appropr i a t e  

If a discrepancy between t h e  burner and pos i t i oned  for f eed ing  t h e  FBB. 

weight of t h e  ba t ch  f e d  i n t o  t h e  primary c rushe r  and t h e  weight c o l l e c t e d  

i n  t h e  primary burner hoppers i s  de t ec t ed ,  an inventory of t h e  c rush ing  

system mus t  be made, Such an inventory could e n t a i l  t a s k s  ranging f r o m  

simply checking t h e  equipment, by in spec t ion  through p o r t s ,  t o  removing 

the crushing system t o  another c e l l  and dismantl ing f o r  i n spec t ion .  

The average ba tch  f o r  crushing i s  considered t o  be 24 f u e l  elements-- 

one d a y ' s  f e e d  f o r  a FBB. 
per  batch could vary from two t o  s i x .  

s i x  crushed f u e l  elements per  hopper, a r e  assumed f o r  t h i s  s tudy,  

The number of pr imam burner hoppers r equ i r ed  

Four primary burner hoppers, with 

Each of t h e  two crushing systems r e q u i r e d  f o r  a 1 . s - M " d a y  HTGR 

f u e l  reprocessing p l a n t  would occupy a c e l l  volume 8 x 24 x 40 f t  high.  

The t o t a l  c e l l  volume requ i r ed  f o r  t h e  f eed  p repa ra t ion  system i s  found 

by adding the  volume needed for t h e s e  two crushing systems t o  t h a t  asso- 

c i a t e d  wi th  t h e  primary burner  hoppers and t h e i r  s to rage  and moving c e l l  

volumes . 
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The use of one crushing 

n a t i v e  t o  t h e  primary hopper 

it would be t o o  expensive. 

B. 2 

system pe r  FBB was considered a s  an a l t e r -  

moving system b u t  was abandoned because 

Feeding the Burners 

Whole-block burner feeding.  One spent  f u e l  element a t  a time i s  - 
loaded i n t o  the WBB by being passed through a gas lock c o n s i s t i n g  of two  

c losu res .  The i n n e r  c l o s u r e ,  which i s  normally open, i s  closed during 

f u e l  element loading, while t h e  ou te r  c l o s u r e ,  which i s  normally closed,  

i s  opened during t h i s  operat ion.  Th i s  technique i s  commonly used f o r  

continuously operated r educ t ion  furnaces.  A schematic r e p r e s e n t a t i o n  

of t h e  charging system i s  shown on Fig. 5. 
mechanism i s  considered i n  Sect .  B . 4 .  

The e f f e c t  o f  hea t  on t h i s  

During normal operat ion,  t he  column of f u e l  elements i s  advanced a t  

t h e  r a t e  of about 1/3 in./min e i t h e r  mechanically o r  by g r a v i t y ,  depending 

3n t h e  o r i e n t a t i o n  of t h e  burner .  HTGR f u e l  elements have n q t  been f e d  

continuously i n  any WBB t e s t s  made t o  d a t e ,  I n  one t e s t  o f  whole-b lxk  

burning a t  ORNL, a f u e l  element was p a r t i a l l y  burned using g rav i ty  f eed  

( see  Sect.  B,?). Several HTGR f u e l  element segments ( i ' e . ,  one-s ixth o f  

a f u e l  element) have been burned i n  a s t a t i o n a r y  configurat ion.  

accomplished by p l ac ing  t h e  f u e l  element on a support p l a t e  and burning 

downward as  discussed i n  Appendix A. Determination of t h e  optimum feed  

d i r e c t i o n - - v e r t i c a l ,  ho r i zon ta l ,  o r  somewhere between--for a WBB must 

await f u r t h e r  developmental s t u d i e s .  I n  this study, h o r i z o n t a l  f eed ing  

was s e l e c t e d  t o  maximize t h e  c e l l  a r e a  r equ i r ed  f o r  the WBB. This r e p r e -  

s e n t s  t he  l e a s t  favorable  case f o r  whole-block burning as  r e l a t e d  t o  

c e l l  a r e a ,  

This was 

Fluidized-bed burner feeding.  Crushed f u e l ,  < 3/16 i n . ,  i s  f e d  from - 
the primary burner hoppers i n t o  the FBB a t  the  average r a t e  of one spent  

element p e r  hour. 

feeding,  have been s tud ied  f o r  th i s  purpose ( see  F igs ,  B . 3  and B , b ) ,  

t i nuous  feeding of t he  FBB and bottom feed ing  of t h e  FBB have been judged 

t o  be imprac t i ca l  by GAC personnel ,  who recommended t h a t  a batch feeding 

procedure (i.e., f eed ing  a batch i n t o  t h e  FBB, burning, dumping, and 

Both pneumatic t r a n s f e r  and augering, with top  o r  b2ttom 

Con- 
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r e feed ing)  be considered f o r  t h i s  study. 

incremental  feeding has  a l s o  been considered. 

An a l t e r n a t i v e  method u t i l i z i n g  

Pneumatic t op  feeding has been s e l e c t e d  as the  r e fe rence  f eed ing  

method for FBB because i t  reduces t h e  amount of c e l l  a r ea  r equ i r ed .  

auger would occupy a d d i t i o n a l  space.)  

a FBB i s  as fol lows:  

f eed  hopper (approximately one f u e l  element) i s  t r a n s f e r r e d  from t h e  p r i -  

mary burner hopper i n t o  an intermediate  f eed  hopper which f e e d s  t h e  FBB. 

The crushed f u e l  i s  incremental ly  t r a n s f e r r e d  by pneumatic means from t h e  

intermediate  f eed  hopper i n t o  the  FBB. The number of f eed  increments r e -  

qu i r ed  t o  empty t h e  intermediate  f eed  hopper may vary from 1 t o  about 20, 

depending on t h e  mode i n  which the  FBB i s  operated.  

repeated u n t i l  t h e  primary burner hopper i s  empty. a t  which time t h e  empty 

primary hopper i s  moved t o  t h e  weighing s t a t i o n  and another primary hopper 

i s  valved i n t o  se rv ice .  

(An 
The procedure envisioned t o  f eed  

S u f f i c i e n t  crushed f u e l  t o  f i l l  an intermediate  

This procedure i s  

A procedure f o r  following t h e  l e v e l  o r  weight of the bed o f  crushed 

f u e l  i n  the  in t e rmed ia t e  hopper needs t o  be incorporated i n t o  t h e  design. 

A mechanical f o o t  which fol lows t h e  bed e l e v a t i o n  was assumed f o r  t h i s  

study. 

flow of ma te r i a l  i n t o  the  FBB. On completion of a batch,  t h e  interme- 

d i a t e  hopper i s  inven to r i ed  t o  ensure t h a t  it i s  empty. 

22 
Such a p rov i s ion  i s  r equ i r ed  t o  allow t h e  operator  t o  fol low t h e  

B.3 Burning t h e  Graphite 

GraDhite burning i n  t h e  whole-block burner.  The WBB burns t h e  f u e l  

elements over one f a c e  of a column of f u e l  elements, with t h e  combustion 

products  passing,  f o r  t h e  most p a r t ,  through t h e  coolant  h o l e s  of t h e  

elements. The column of f u e l  elements w i l l  probably have a l e n g t h  equiva- 

l e n t  t o  a t  l e a s t  t h r e e  f u e l   element^.^ 
w i l l  be i n  con tac t  w i th  excess g raph i t e ,  not  un l ike  t h e  FBB. Consequently, 

t he  composition of t h e  off-gas  with r ega rd  t o  02, C02, and CO should vary 

according t o  t h e  temperature of t h e  f u e l  element column. I n  ORNL expe r i -  

ments using one-sixth of an HTGR f u e l  element, no C O w a s  d e t e c t e d  i n  t h e  

off-gas  whenever t h e  temperature of t h e  f u e l  element segment ( i n  this case,  

one f u e l  element long) was below 1200°C. A s  t he  temperature of t h e  f u e l  

element was increased above 1200°C, however, CO appeared i n  t h e  off- gas ,  

Thus, t h e  combustion products  



It i s  a n t i c i p a t e d  t h a t  t h e  r a t e  of burning i n  t h e  WBB will be con- 

t r o l l e d  by f eed  gas composition and flow r a t e ,  combined wi th  t h e  removal 

of combustion hea t  i n  t h e  gas l eav ing  the burner.  T h i s  h e a t  w i l l  then be 

removed i n  a sepa ra t e  h e a t  exchanger. 

The off-gas  from the  WBB i s  cooled, p a r t i a l l y  recycled,  and mixed 

wi th  0 t o  form the  burning atmosphere, For a given 0 feed r a t e ,  t h e  

q u a n t i t y  of off-gas  recycled i s  ad jus t ed  t o  c o n t r o l  t h e  temperature of 

t he  burning zone, 

off-gas  and 0, i s  c o n t r o l l e d  t o  absorb t h e  h e a t  l i b e r a t e d  from t h e  oxida- 

t i o n  of t he  g r a p h i t e ,  t ak ing  i n t o  account h e a t  l o s s e s  from t h e  WBB. Cal- 

c u l a t i o n s  i n d i c a t e  t h a t  t h e  volume of recycled o f f -gas  r equ i r ed  may be 

as much as seven t imes t h e  volume of 0 This  t o t a l  flow for a burn- 

i n g  r a t e  of 16 spent  f u e l  elements pe r  day would y i e l d  a Reynolds number 

of about 30,000 (gas a t  STP) through t h e  coolant  holes .  

of t h e  gas through t h e  coolant  ho le s  would c a r r y  any f r e e  f u e l  p a r t i c l e s  

along wi th  t h e  off-gas  stream. Thus, t h e  f u e l  p a r t i c l e s  would e x i t  a t  

t h e  f u e l  element charging end of t h e  WBB. 

Sect.  B , S ,  For t h e  purpose of this study, it i s  assumed t h a t  t h e  burning 

r a t e  per  u n i t  c r o s s  s e c t i o n  f o r  t h e  WBB i s  comparable t o  t h a t  of the FBB, 

namely, jC t o  40 kg h r - l  f t - 2 ,  

2 2 

In  this manner, t h e  h e a t  capac i ty  of t h e  r ecyc led  

L 

- ' 
2' 

The high v e l o c i t y  

This problem i s  considered i n  

I g n i t i o n  of t h e  WBB i s  achieved with a C O - 0 2  t o r c h  which impinges 

on t h e  f a c e  of t h e  f u e l  column t o  be burned. The f u e l  column i s  heated 

t o  t h e  d e s i r e d  temperature,  a t  which time the  CO flow i s  reduced and t h e  

0 flow i s  increased i n  order  t o  achieve i g n i t i o n .  The exac t  procedure 

t o  be used f o r  i nc reas ing  the  r ecyc led  gas flow must await developmental 

experiments. 

2 

I n  two experiments a t  ORNL, a whole block was burned i n  a i r  i n  an 

upward d i r e c t i o n  while r e s t i n g  on a g r a t e ;  COP was used as  t h e  d i l u e n t  

gas. 
23 

A schematic drawing of t h e  burning system i s  shown i n  Fig. B.5. 
The flow of  a i r  and C02 was n o t  r e s t r i c t e d  t o  t h e  coolant  ho le s  by 

t h e  use o f  b a f f l e s  around the  f u e l  block. 

bypassed t h e  block t o  a l a r g e  e x t e n t  i n  t h e s e  two experiments. 

block burned a t  a reasonably uniform r a t e  across  i t s  e n t i r e  face.  The 

block, which had been c u t  i n t o  ha lves  p r i o r  t o  burning, i s  shown on 

Thus, t h e  burning gas mixture 

The f u e l  
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completion of burning i n  Fig. B.6.  
of t h e  f u e l  block i s  shown more e f f e c t i v e l y  i n  Fig. B.7. 

Uniformity of t h e  burning on t h e  f a c e  

Graphite burning i n  t h e  f luidized-bed burner.  The FBB burns the  -- 
crushed f u e l  (< 3/6 i n . )  i n  a f l u i d i z e d  bed where combustion occurs  p r i -  

marily w i t h i n  a small v e r t i c a l  height  of t h e  bed. The v e l o c i t y  of t h e  

gas r equ i r ed  t o  maintain f l u i d i z a t i o n  i s  on t h e  order of 1 t o  2 f p s .  

There i s  a n a t u r a l  tendency f o r  t h e  f l u i d i z e d  bed t o  segregate  according 

t o  p a r t i c l e  s i z e  and dens i ty .  Thus, t h e  f u e l  p a r t i c l e s  tend t o  l o c a t e  

themselves near  t h e  lower p o r t i o n  of t h e  f luidized bed, while t h e  smaller 

p a r t i c l e s ,  p a r t i c u l a r l y  soot ,  tend t o  l o c a t e  themselves high i n  the  upper 

p o r t i o n  of t h e  f l u i d i z e d  bed, Operation of t he  bed i n  a f u l l y  f l u i d i z e d  

cond i t ion  produces considerable  mixing wi th in  t h e  bed; even so,  segrega- 

t i o n  i s  prone t o  occur. 

of a f luidized-bed system. 

t h e  e f f e c t s  of segregat ion and d i s c u s s  t h e i r  consequences. 

Such behavior must be recognized i n  t h e  design 

The fol lowing paragraphs enumerate some of 

1. Large g raph i t e  p a r t i c l e s  concentrate  near  t h e  bottom of 

concentrat ion i s  h ighes t .  t he  f l u i d i z e d  bed where t h e  0 2 
I n  t h e  event t h a t  t h e s e  l a r g e  f u e l  p a r t i c l e s  do no t  

f l u i d i z e  i n t o  an a r e a  of low O2 concentrat ion,  they 

oxidize r a p i d l y  and become very hot .  

p a r t i c l e s  ( o r  groups of p a r t i c l e s )  have burned h o l e s  i n  

t h e  burner walls s o  r a p i d l y  t h a t  a thermocouple loca t ed  

nearby (< 1 / 2  i n . )  d i d  n o t  have time t o  respond. 

c r i t e r i o n  t h a t  a l l  fuel.  p a r t i c l e s  be l e s s  than 3/16 i n .  

a rose  from a cons ide ra t ion  of t h i s  problem. 

I n  some ins t ances ,  

The 

2 i i  

2. Large f i s s i l e  and f e r t i l e  p a r t i c l e s  g r a v i t a t e  toward t h e  

bottom of the  f l u i d i z e d  bed. The v i o l e n t  motion expe r i -  

enced wi th in  a f l u i d i z e d  bed l e a d s  t o  numerous c o l l i s i o n s  

between t h e  l a r g e ,  h o t  g raph i t e  p a r t i c l e s  and the  f i s s i l e  

and f e r t i l e  p a r t i c l e s .  Small q u a n t i t i e s  of sodium a r e  

known t o  promote s i n t e r i n g  of uranium and thorium oxides .  

Al so ,  s i l i c o n  and t h o r i a  s i n t e r  a t  temperatures below t h a t  

a t  which t h o r i a  s i n t e r s .  On va r ious  occasions,  workers a t  

GAG have experienced s i n t e r i n g  i n  t h e  lower p o r t i o n s  of t h e  



Fig.  B.6. Photograph of t o p  and bottom por t ions  ( i n v e r t e d )  o f  t h e  
element used i n  t h e  t e s t .  
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Fig. B.7 .  Photograph of the bottom (supporting) face of the fuel 

column (consisting of one block). 



FBB. The consequences have var ied  from t h e  formation 

of small nodules t o  t h e  growth of s t a l agmi te s  s e v e r a l  

inches  high on t h e  lower d i s t r i b u t i o n  p l a t e .  

t r i b u t i o n  p l a t e  i s  a requirement of l a r g e  f l u i d i z e d  

beds . )  

s ta lagmi tes ,  once i n i t i a t e d ,  appears t o  be se l f -  

propagating. These s ta lagmi tes  usua l ly  have formed 

whenever t h e  CO to rch ,  used f o r  s t a r t - u p ,  was opera t -  

ing .  However, t h e r e  i s  evidence t h a t  on a t  l e a s t  two 

occasions t h e  s ta lagmi te  formation was i n i t i a t e d  a f t e r  

t h e  f l u i d i z e d  bed had been opera t ing  f o r  some per iod 

of time. 

(The d i s -  

GAC has  repor ted  t h a t  t he  formation of t h e s e  

3. The small graphi te  p a r t i c l e s ,  or those wi th  t h e  l a r g e s t  

sur face  a r e a  per  u n i t  weight,  a r e  found near  t h e  t o p  of 

t h e  f l u i d i z e d  bed where t h e  concent ra t ion  of 0 i s  very 

low. 

of crushed ma te r i a l  f ed  t o  t h e  FBB appears  a s  soot .  

2 
GAC has  repor ted  t h a t  about 55 t o  60% of t h e  weight 

The 
bulk  dens i ty  of t h i s  soot  ranges  from 0 .1  t o  0.25 g/cc. 25 

In  t h e  f lu id ized-bed  burning work performed a t  KFA, a 

f e e d  of one p a r t i c l e  s i z e  was used and l e s s  than  10% 
of t h e  f eed  appeared a s  soot .  It i s  no t  a n t i c i p a t e d  

t h a t  a monoparticle diameter  can be obtained from a 

crushed HTGR f u e l  element. However, r e s u l t s  of s t u d i e s  

on t h e  oxida t ion  of graphite'-'' have provided ev i -  

dence t h a t  soo t  formation i s  a very s t rong  func t ion  of 

0 concent ra t ion  and temperature.  It i s  suspected t h a t  

t h e  low r a t e  of soot  product ion a t  KFA was more a func-  

t i o n  of burning r a t e  t han  of p a r t i c l e  s i ze .  

2 

The re ference  procedure f o r  ope ra t ing  t h e  FBB i s  t o  charge the  con- 

t e n t s  of a hopper i n t o  t h e  FBB p r i o r  t o  withdrawing any product ,  

t h e r e  i s  a l i m i t a t i o n  on t h e  q u a n t i t y  of soot  a FBB can conta in  and s t i l l  

remain operable.  

Thus, 

I n  s e v e r a l  i n s t ances ,  a t  both ACC and GAC, soot  t h a t  had accumulated 

on su r faces  i n  t h e  top  p o s i t i o n  o f  t h e  FBB f e l l  i n t o  it and, i n  tu rn ,  

ext inguished it, 



B.4  Heat Removal 

6 About S x 10 Btu of h e a t  i s  l i b e r a t e d  f o r  each f u e l  element burned 

t o  form C02. 

temperature s above 2GOO"C. E a r l i e r ,  it was s t a t e d  t h a t  a t  tempera- 

t u r e s  above 1200°C the  concent ra t ion  o f  carbon monoxide increased  i n  the  

of f -gas  from t h e  one-s ix th-sca le  WBB a t  ORNL. 

about 8 0 0 ~  t h e  burning r a t e  i s  i n t o l e r a b l y  low.  

t h a t  800 t o  12CO"C i s  the  optimum temperature range for a burner .  

It has  been est imated t h a t  t h e  TRISO coa t ings  w i l l  break a t  
2", il 

A t  temperatures  below 

Thus, it would appear 

Heat removal i n  t h e  whole-block burner. For a given burning r a t e ,  

t h e  f r a c t i o n  of hea t  removed by t h e  of f -gas  stream i n  a WBB can be va r i ed  

by varying t h e  r a t i o  of d i l u e n t  gas t o  oxygen. 

most  o f  t he  hea t  must be removed v i a  the  WBB wa l l s ;  a s  t he  r a t i o  i s  i n -  

creased, a p ropor t iona l ly  l a r g e  f r a c t i o n  of t h e  hea t  i s  removed by t h e  

off-gas  stream u n t i l ,  f i n a l l y ,  a l l  of it i s  removed by t h i s  means. The 

l a t t e r  removal mode w i l l  be r e f e r r e d  t o  as t h e  ad iaba t i c  mode of h e a t  

removal. ' 

When t h i s  r a t i o  i s  zero, 

2 

Heat balances made wi th  the  one-s ix th-sca le  WBB ind ica t ed  t h a t ,  a t  

a cons tan t  burning r a t e ,  t h e  f r a c t i o n  of h e a t  removed by t h e  of f -gas  

stream increased  f rom 10% t o  ILL% a s  the  d i l u e n t  gas/oxygen r a t i o  was 

increased  f rom O,$ t o  1.0. The design of t h e  of f -gas  system of  t h e  

one-s ix th-sca le  WBB l i m i t e d  t e s t s  t o  r a t i o s  of l e s s  than about 1. Cal- 

c u l a t i o n s  i n d i c a t e  t h a t  t he  d i l u e n t  gas/oxygen r a t i o  w i l l  be about 7 for 
These c a l c u l a t i o n s  a l s o  i n d i c a t e  t h a t  t he  of f  - ad iaba t i c  mode burning. 3 

gas temperature f o r  a three-fuel-element  column w i l l  be between 1000 and 

1100°C for a l l  r a t i o s  from 0 t o  about 7 .  
and e q u i l i b r i a  among 0 CO, and CO a d j u s t  t h e  e x i t  temperature t o  t h i s  

value. 

The k i n e t i c s ,  h e a t s  of r e a c t i o n ,  

2' 2 

For a WBB consuming 1 6  f u e l  elements per  day, a CO flow r a t e  of 2 
about 600 scfm w i l l  remove the  hea t  wi th  a gas temperature r i s e  of 900°C. 

The burner off-gas  stream can be used a s  t h e  d i l u e n t  gas, However, s ince  

t h i s  gas stream w i l l  be contaminated, one must bear  a pena l ty  e i t h e r  f o r  

f i l t r a t i o n  o r  f o r  r e c i r c u l a t i n g  a contaminated gas stream. 

assumed t h a t  f i l t r a t i o n  of t h e  r e c i r c u l a t e d  d i l u e n t  gas i s  more c o s t l y  

than r e c i r c u l a t i o n  of t he  contaminated o f f -gas  stream, 

It has  been 



The proposed method ( ad iaba t i c )  f o r  l i m i t i n g  t h e  temperature wi th in  

the  WBB i s  shown i n  Fig. 9. 
WBB ex te rna l  surface cooling. 

c u i t  w i l l  be small  along the  burner  length ,  y e t  qu i t e  l a r g e  a t  t he  f u e l  

element charging end where the  metal  sur faces  a r e  i n  d i r e c t  contac t  wi th  

the  burner of f -gas  stream (1000-1100°C). The ram t h a t  advances t h e  f u e l  

elements about 1/3 in./min w i l l  r e q u i r e  cool ing  s ince it i s  i n  con tac t  

with the  f u e l  element and burner off-gas.  

i s  not  considered i n  t h i s  study, t h e  ram i s  an important i tem f o r  des ign  

of a ho r i zon ta l ly  mounted WBB. 

design, t e s t ,  and opera t ing  procedure f o r  t h i s  ram would be accomplished 

during developmental research .  I n  t h i s  comparative FBB-WBB study, suf - 
f i c i e n t  h o t - c e l l  space i s  allowed t o  accommodate the  r equ i r ed  ram system. 

A separa te  gas recyc le  system i s  shown f o r t h e  

The quan t i ty  of hea t  removed by t h i s  c i r -  

Although i t s  d e t a i l e d  design 

It has  been assumed t h a t  a successfu l  

Vola t i le  elements w i l l  tend t o  p l a t e  ou t  on the cooled metal  sur- 

f a c e s  a t  the f u e l  element charging end of t h e  WBB, 

suggested t h a t  one might expect Ce, Ru, Cs, Zr, Se, and Nb t o  c o l l e c t  on 
t h e  ram as we l l  a s  on the  metal  su r f aces  a t  t he  charging end of the  WBB. 

Thus, any maintenance performed on these  qechanisms must t ake  i n t o  account 

high r a d i a t i o n  l e v e l s  due t o  t h e  presence of t hese  elements, 

Hot-cel l  t e s t s  have 

Heat removal i n  the  f lu id ized-bed  burner .  The hea t  of combustion i s  

removed f rom the  FBB by hea t  t r a n s f e r  through the  wa l l s  of the  burner ,  by 
the  hea t  capac i ty  of t he  off-gas,  and by the  use of a h e a t  exchanger 

loca t ed  wi th in  t h e  upper po r t ion  of t h e  FBB. 

judged t o  be impract icable  by GAC and thus  w i l l  no t  be considered fur- 

the r .  Hence, t h e  hea t  must e i t h e r  be removed through the  FBB walls o r  

by t h e  burner off-gas  stream, The quan t i ty  of off-gas  must be s u f f i c i e n t  

t o  produce f l u i d i z a t i o n  of t he  FBB bu t  no t  high enough t o  car ry  excessive 

ma te r i a l  f r o m  t h e  burner.  Consequently, one has  l i m i t e d  c o n t r o l  over t h e  

amount of hea t  removed v i a  t h e  off-gas  stream. I n  p r a c t i c e ,  GAC h a s  found 

t h a t  about 1% of the  hea t  i s  removed v i a  t h e  off-gas  stream; t h e  remaining 

hea t  i s  l o s t  through t h e  burner wa l l s ,  

A s  was ind ica t ed  previously,  t he  major po r t ion  of t h e  hea t  i s  l i b e r -  

This  l a t t e r  means has  been 

a t e d  near t he  bottom o f  t h e  f l u i d i z e d  bed, Thus, a ful ly  f lu id ized-bed  

condi t ion  wi th  hea t  t r a n s f e r  p a r t i c l e s  i s  r equ i r ed  t o  t r a n s f e r  t h e  hea t  
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t o  t h e  FBB w a l l s  and t o  prevent  excessive temperatures.  Experimentally 

it has been found by GAC t h a t  t h e  burned-TRISO f i s s i l e  p a r t i c l e s  or t h e  

burned-BISO'" (oxide only)  f e r t i l e  p a r t i c l e s  s u f f i c e  a s  hea t  t r a n s f e r  

media. If t h e  bed contained both f i s s i l e  and f e r t i l e  p a r t i c l e s  c o n s i s t -  

i ng  of carbide ke rne l s  with BISO coat ings,  an i n e r t  hea t  t r a n s f e r  medium 

would be r equ i r ed .  

coated ca rb ide  kernels  and t h e  r e fe rence  f u e l  f o r  t h e  l a r g e  HTGRs i s  com- 

p r i s e d  of TRISO-coated uranium ca rb ide  ke rne l s  ( f o r  a l l  * j 5 U  streams) and 

BISO-coated thorium oxide ke rne l s ,  t h e  use of an i n e r t  h e a t  t r a n s f e r  medium 

i s  n o t  considered a s  a primary requirement i n  t h i s  study. 

However, s ince  t h e  F o r t  S t .  Vrain Reactor'"' has  TRISO- 

GAC recommended t h a t  t h e  FBBs t o  be considered i n  this  study have a 

diameter of 2 4  i n .  According t o  t h e i r  evaluat ion,  a FBB of t h i s  s i z e  w i l l  

n o t  r e q u i r e  a d d i t i o n a l  i n t e r n a l  h e a t  t r a n s f e r  surfaces .  It i s  f e l t  t h a t  a 

2-FBB system c o n s i s t i n g  of a primary FBB and a sepa ra t e  soot burner m e r i t s  

a t t e n t i o n .  Therefore,  such a system i s  a l s o  evaluated i n  t h i s  study. 

The recommendation by GAC t h a t  a burning r a t e  of 2 4  f u e l  elements 

p e r  day be considered f o r  a s i n g l e  24-in.-diam FBB was adhered t o  i n  t h i s  

study. In the  2-FBB system, an 18-in.-diam FBB was used f o r  t h e  crushed 

f u e l  burner and a 24-in.-diam FBB was used f o r  t h e  soot  burner.  Further ,  

it was assumed t h a t  about 40% of t h e  g raph i t e  i s  burned i n  t h e  crushed 

f u e l  burner and about 60% i s  burned i n  t h e  soot  burner.  

Figure 1 7  i s  a schematic diagram of t h e  24-in.-diam FBB system show- 

i n g  f i l t e r s ,  h e a t  exchangers, and blowers. The l a r g e s t  gas f l o w  r a t e  

r equ i r ed  for this case i s  t h a t  a s s o c i a t e d  with e x t e r n a l  coo l ing  of t h e  

burner.  While t h i s  flow r a t e  i s  l a r g e ,  8000 t o  16,000 cfm, t h e  gas  does 

n o t  r e q u i r e  f i l t r a t i o n .  

i s  a similar schematic of t h e  2-FBB system. 

f e rence  between t h e s e  two systems i s  t h e  e x t r a  FBB, which i s  r equ i r ed  

f o r  t h e  2-FBB system. ) 

pumps could be shared between t h e  crushed f u e l  and t h e  soot  burners;  

however, ope ra t ing  f l e x i b i l i t y  may d i c t a t e  s epa ra t e  components. 

Figure 18, which i s  included f o r  completeness, 

(The only s i g n i f i c a n t  d i f -  

O f f  -gas f i l t e r s ,  hea t  exchangers, blowers, and 

+:-Burned-BISO p a r t i c l e s  c o n s i s t  of b a r e  oxide ke rne l s .  
>\Lx 
I\ ,\ P l a t t e v i l l e ,  Colorado. 
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The formation o f  ho t  s p o t s  on metal  w a l l s  i n  a ho t  carbon system 

may l e a d  t o  a type of i n t e r g r a n u l a r  a c t i o n  i n  which the  carbon a t t a c k s  

the  su r face  g ra ins  of i ron-base a l loys .  

i s  simply s p a l l e d  of f  t h e  meta l  sur face  and removed by t h e  f a s t  f lowing 

gas. During c e r t a i n  maloperations with FBBs, ho le s  have appeared i n  t h e  

burner wa l l  wi th  no evidence of mel t ing.  Some 3f t h e s e  burnthroughs may 

have been due t o  metal  "dust ing" i n  a manner s i m i l a r  t o  t h a t  descr ibed  

above. 

I n  such in s t ances ,  t h e  g r a i n  

GAC has  success fu l ly  operated FBBs f o r  long per iods  o f  time without  

any evidence of such a t t a c k .  Avoidance of th is  and o ther  problems l i e s  

i n  understanding the  important parameters of burning and, i n  t u r n ,  p re-  

vent ion of burner maloperation, 

A s  i n  t he  case wi th  WBB, some of t h e  problems a s soc ia t ed  wi th  burn- 

Two important  a r e a s  i n g  i n  the  FBB r e q u i r e  a d d i t i o n a l  development work. 

involve t h e  development of (1) a s a t i s f a c t o r y  i g n i t i o n  process ,  and ( 2 )  

a s a t i s f a c t o r y  d i s t r i b u t o r  p l a t e  t o  give an adequately uniform v e l o c i t y  

d i s t r i b u t i o n  i n  the  f l u i d i z e d  bed. While t h e s e  i tems  r e q u i r e  f u r t h e r  

study, it i s  assumed t h a t  s a t i s f a c t o r y  s o l u t i o n s  w i l l  be found. 

B . 5  Burner Product Withdrawal 

Product withdrawal i n  t h e  - whole-block burner .  V i r tua l ly  nothing i s  

During known about product withdrawal problems a s soc ia t ed  wi th  the  WBB. 

one run  i n  t h e  one-s ix th-sca le  WBB using a f u e l  block t h a t  contained BISO- 

coated f e r t i l e  and TRISO-coated f i s s i l e  p a r t i c l e s ,  a d i f f e r e n c e  i n  p a r t i -  

c l e  breakage of about a f a c t o r  of 2 was noted between p a r t i c l e s  r e t a i n e d  

i n  t h e  burner  promptly upon r e l e a s e  from the  g raph i t e  block. It was 

speculated t h a t ,  i n  t h e  case of t he  r e t a i n e d  p a r t i c l e s ,  t he  t h o r i a  (pre-  

s e n t  as ThC2 p r i o r  t o  burn ing)  r e a c t e d  wi th  the  Sic coa t ings  t o  form a 

low-melting t h o r i a - s i l i c a  compound which f a i l e d .  

Behavior of t he  f u e l  p a r t i c l e s  i n  a WBB w i l l  depend on s e v e r a l  f a c -  

t o r s  (e .g . ,  o f f -gas  v e l o c i t y  through the  coolan t  ho le s  of t h e  f u e l  element 

column and o r i e n t a t i o n  of t he  WBB). 

t h e  coolan t  ho le s  might vary by a f a c t o r  of 10, depending on whether pure 

0 o r  an 0 -CO mixture i s  used i n  burning. I n  the  l a t t e r  case ( t h e  

The v e l o c i t y  of t h e  of f -gas  through 

2 2 
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ad iaba t i c  mode), t he  f u e l  p a r t i c l e s  would tend t o  be en t ra ined  i r r e spec -  

t i v e  o f  WBB o r i en ta t ion ,  whereas i n  the  former case t h e  p a r t i c l e s  would 

not  move i f  t h e  block were burned ho r i zon ta l ly .  

f r o m  about 4 t o  40 f p s  (STP) f o r  these  two cases .  

i s  assumed t h a t  f u e l  p a r t i c l e s  w i l l  be both  discharged from t h e  WBB by 

g rav i ty  a t  the burning end and en t r a ined  i n  t h e  off-gas  stream (hor i -  

zon ta l ly  mounted WBB). 

The v e l o c i t y  v a r i e s  

For t h i s  study, i t  

Product withdrawal i n  the f luidized-bed burner.  Several  methods of 

removing f u e l  p a r t i c l e s  from the  FBB have been s tudied  a t  GAC. 

G A C ' s  recommendation t h a t  t h e  procedure considered fo r  th is  s tudy con- 

s i s t  o f  accumulating a s  l a r g e  a ba t ch  of f u e l  p a r t i c l e s  i n  t h e  FBB a s  

permissible ,  stopping t h e  feeding, burning of f  a s  much carbon as poss i -  

b l e ,  dumping t h e  FBB, recharging, and i g n i t i n g .  If the  next process  

s tep should r e q u i r e  continuous feed,  an in te rmedia te  hopper and feeder  

system would be needed. 

It i s  

I n  t h e  2-FBB system i t  may be poss ib le  t o  continuously f eed  a l l  t h e  

elements o f  a c e r t a i n  type (from one HTGR) t o  t h e  burner p r i o r  t o  dis-  

charging t h e  product heel .  

development of a r e l i a b l e  continuous product withdrawal procedure. 

minimizing of thermal cyc les  on t h e  burner  i s  a des i r ab le  goal  f o r  the  

development program. 

This method of burning w i l l  r equ i r e  t h e  

The 

B. 6 Off-Gas Handling 

Off-gas handling as def ined  f o r  t h e  purposes o f  t h i s  study c o n s i s t s  

of cool ing  and removing p a r t i c u l a t e  mat te r  from gaseous streams. 

sense, t h i s  i s  a pretreatment  s t e p  f o r  the removal of 3H, 12, Rn, and 

85Kr. 

gas stream and t h e  burner coolan t  gas stream. The former stream w i l l  

always be highly contaminated, while  t h e  l a t t e r  may not  be contaminated 

a t  a l l .  

nated because of t h e  p o s s i b i l i t y  t h a t  a hole w i l l  burn through t h e  inne r  

burner wal l .  

I n  a 

It has been assumed t h a t  th i s  s t ep  a p p l i e s  t o  both  the  burner o f f -  

I n  any event ,  it must be assumed t h a t  t h e  coolant  gas i s  contami- 

It has been assumed t h a t  an HTGR spent  f u e l  reprocessing p l a n t  w i l l  

be designed and operated i n  such a manner t h a t  an o v e r a l l  p l a n t  confinement 



f a c t o r  ( r a d i o a c t i v e  m a t e r i a l  introduced/radioact ive m a t e r i a l  r e l eased ;  

of > lo1' w i l l  be obtained f o r  p a r t i c u l a t e  mat ter .  

s t a g e s o f  HEPA f i l t r a t i o n  w i l l  be r equ i r ed  i n  order  t o  achieve t h i s  l a r g e  

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

be met by t h e  use of t h r e e  s t a g e s  of HEPA f i l t r a t i o n  or two s t a g e s  of 

HEPA f i l t r a t i o n  p l u s  one s t age  of sand f i l t r a t i o n .  Considerat ions of 

the e f f e c t  o f  a tornado causes one t o  f avor  us ing  two HEPA f i l t e r s  and 

a sand f i l t e r .  

Three equivalent  

This c r i t e r i o n  can 

If t h e  soo t  con ta ins  long-l ived alpha contaminants, a 1, S-MTHM/day 

HTGR f u e l  r ep rocess ing  p l a n t  would be allowed t o  r e l e a s e  only about 2 mg 

of soo t  pe r  day t o  the atmosphere. 

f a c t o r  of 10  

requirement,  it i s  one t h a t  may be f e a s i b l e  t o  meet i n  p r a c t i c e .  

r e c e n t  h o t - c e l l  burning experiment a t  O m ,  a confinement f a c t o r  of 

> 10  was observed. The f i l t r a t i o n  system i n  t h i s  experiment was com- 

p r i s e d  of two 20-p s i n t e r e d  metal  f i l t e r s  (a t  50OoC), two 0.2-p s i l v e r  

f i l t e r s  (one a t  SOG'C and one a t  ambient temperature) ,  and one f i b e r g l a s s  

f i l t e r  (HEPA equivalent)  a t  ambient temperature.  

an off-gas decontamination system f o r  3H, 12, Rn, and 8 5 K r .  

i s  compatible with t h e  KALC" p rocess ,27  it has  been assumed t o  be t h e  

coolant  gas f o r  t h e  burners  and t h e  sweep gas f o r  t he  FBB crushing equip- 

ment. 

moval, a c losed  r e c i r c u l a t i n g  loop of CO has been considered. 

be expected t o  t a k e  p l ace  i n  t h e  3H, I*, Rn, and O K r  decontamination pro- 

c e s s ( e s ) .  The off-gas decontamination development program c u r r e n t l y  under 

way a t  ORNL and a t  ACC w i l l  determine t h e s e  DFs. 

(This assumes a burner confinement 
10 

, )  While t h i s  may a t  f i rs t  appear t o  be a very s t r i n g e n t  

I n  a 
26 

10 

It has  been assumed t h a t  an HTGR f u e l  r ep rocess ing  p l a n t  w i l l  have 

Since C02 

Therefore, wherever l a r g e  flows of C02 a r e  r equ i r ed  f o r  h e a t  r e -  

2 
Current ly ,  i t  i s  n o t  known how much p a r t i c u l a t e  decontamination can 

Two t y p e s  of off-gas h e a t  exchangers have been considered: gas-to- 

gas, and gas - to - l iqu id .  The l a t t e r  type i s  most economical; however, 

c r i t i c a l i t y  cons ide ra t ions  of bu rne r s  preclude them from c e r t a i n  app l i -  

c a t i o n s  i n  which a f a i l u r e  of t h e  h e a t  exchanger could t r a n s f e r  water 

JL 

''Krypton Absorption i n  Liquid CO process.  - - 2  - - 



i n t o  an equipment i tem conta in ing  f i s s i l e  mater ia l s ,  thereby leading t o  

a c r i t i c a l l y  unsafe s i t u a t i o n .  

Various other  assumptions which have been made f o r  t h i s  study a re  

a s  fo l lows:  

(1) The temperature of t h e  off-gas a t  t he  HEPA f i l t e r  i s  

l e s s  than  2 O O 0 C ,  

( 2 )  The c ross - sec t iona l  a r eas  o f  t h e  HEPA f i l t e r s  a r e  s i zed  

such t h a t  t h e  m a x i m u m  ve loc i ty ,  normal t o  t h e  f i l t e r  f a c e ,  

does no t  exceed 4 . 2  f p s .  
28 

(3)  The f i l t e r  housings a re  designed f o r  a s ing le-s tage  HEPA 

f i l t e r  system e f f i c i e n c y  o f  99.97% f o r  0.3-p, p a r t i c l e s .  

Two p o t e n t i a l l y  hazardous condi t ions  a re  assoc ia ted  with burner o f f -  

gas handling. i n  the  burner of f -gas  

and t h e  r e a c t i o n  of O2 and dus t  i n  the  crushing operat ions.  Carbon mon- 

oxide explosions can be prevented by p roh ib i t i ng  explosive mixtures from 

accumulating. 

system CO-02-C02 are shown i n  Fig. B.8 ,  
should l i m i t  t h e  CO concent ra t ion  t o  l e s s  than  15 mole $, 

hazardous condi t ion  could also r e s u l t  from improper opera t ion  of t h e  CO 

to rch  used for i g n i t i o n .  However, CO burns e a s i l y ,  and t h e  technology 

f o r  i t s  burning has been developed. While o ther  methods have been con- 

s idered  f o r  i g n i t i o n ,  t h e  CO-02 t o r c h  has been assumed f o r  t h i s  s tudy,  

It i s  n o t  t o  be implied t h a t  a CO explosion i s  a more severe problem wi th  

the  FBB than with the  WBB; i n  f a c t ,  s ince t h e  off-gas  temperature of the  

WBB i s  higher  than  t h a t  f o r  t h e  FBB, the  r e v e r s e  i s  probably t r u e ,  

These a r e  the  r e a c t i o n  of CO and 0 2 

The upper and lower explosive l i m i t s  of CO i n  the  t e r t i a r y  

Thus, procedures f o r  burning 

A p o t e n t i a l l y  

Although explosions w i t h  carbon dus t  have been repor ted ,  t h e  Bureau 
29 

of  Mines has been unsuccessful  i n  producing graphi te  dus t  explosions.  

A s  a s a f e t y  precaut ion,  a l l  equipment containing graphi te  dus t ,  soot ,  

e t c . ,  should be maintained under an oxygen-free atmosphere. For t h e  

purpose of t h i s  study, it i s  assumed t h a t  C02 i s  used a s  t h e  b lanket  

gas. (Thus, a l l  off-gas  streams a re  compatible wi th  the  KALC process . )  
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APPENDIX C :  HTGR FUEL ELEMENT ANE FUEL PARTICLE NOMENCLATURE 

AT THE REPROCESSING PLANT 

The fol lowing d i scuss ion  i s  presented i n  an attempt t o  avoid confu- 

s i o n  concerning t h e  i d e n t i f i c a t i o n  of HTGR f u e l  elements and HTGR f u e l  

p a r t i c l e s  a t  reprocessing t ime, 

The t h r e e  types  of f u e l  elements e n t e r i n g  t h e  HTGR a r e :  (1) t h e  
I M  f u e l  elements, which con ta in  v i r g i n  uranium (-93% enriched i n  2-:5u) 

p l u s  thorium; ( 3 )  t h e  25R f u e l  elements which con ta in  r ecyc le  uranium 
2 '. c' 

(-20% enriched i n  "U) p l u s  thorium; and (3) t h e  23R f u e l  elements, 
i:- which con ta in  'U p l u s  thorium. These f u e l  elements con ta in  t h r e e  f i s -  

s i l e  m a t e r i a l s ,  which must be handled sepa ra t e ly  i n  t h e  HTGR f u e l  r ep ro -  

ces s ing  p l a n t ,  and a s i n g l e  f e r t i l e  ma te r i a l .  

t h e  elements which en te red  t h e  r e a c t o r  enr iched t o  about 93% i n  

discharged a t  an enrichment of about 30% i n  

which en te red  t h e  r e a c t o r  enr iched t o  about 3G% i n  "5U a r e  discharged 

a t  an enrichment of about 10% i n  *j5LJ. Addit ional ly ,  a p o r t i o n  of t h e  

thorium e n t e r i n g  t h e  r e a c t o r  i s  discharged as 

r - ,  

The f i s s i l e  p a r t i c l e s  i n  
2 35 U a r e  

2:< 
>"U; those i n  t h e  elements 

0 -  

233 U. 
The I M ,  2SR, and 23R nomenclature i s  d e s i r a b l e  f o r  f u e l  element 

i d e n t i f i c a t i o n  a t  t h e  r e a c t o r  because it helps  i d e n t i f y  t h e  va r ious  

f i s s i l e  f u e l s  e n t e r i n g  t h e  r e a c t o r .  However, a t  t he  r ep rocess ing  p l a n t  

(it  i s  assumed t h a t  t h e  r e f a b r i c a t i o n  p l a n t  w i l l  be l oca t ed  w i t h i n  t h e  

same p l a n t  complex), such terminology c r e a t e s  confusion s i n c e  t h e  spent 

f u e l  elements e n t e r i n g  t h i s  p l a n t  need t o  be i d e n t i f i e d  by a system 

which does n o t  change wi th in  t h e  reprocessing and r e f a b r i c a t i o n  complex 

and which suggests  r euse  or d i s p o s a l  of t h e  f i s s i l e  m a t e r i a l s ,  

The I M  f u e l  elements a r e  assumed t o  be f a b r i c a t e d  a t  t h e  f r e s h  f u e l  

f a b r i c a t i o n  p l a n t ;  thus,  t h i s  terminology se rves  no u s e f u l  purpose i n  

r ep rocess ing - re fab r i ca t ion .  (Note t h a t  f a b r i c a t i o n  and r e f a b r i c a t i o n  

have sepa ra t e  and d i s t i n c t  connotat ions.)  The f u e l  elements t h a t  en te red  

t h e  r e a c t o r  as I M  elements should be r e f e r r e d  t o  as 25R f u e l  elements a t  

t h e  r ep rocess ing - re fab r i ca t ion  p l a n t  s i n c e  t h e i r  unique f e a t u r e  i s  t h e  

f i s s i l e  uranium which i s  enriched t o  about 30% i n  235U and which w i l l  be 

r e f a b r i c a t e d  i n t o  25R f u e l  elements. 



The f u e l  elements t h a t  en te red  t h e  r e a c t o r  as 25R elements should 

a l s o  undergo a name change upon e n t e r i n g  t h e  reprocessing p l a n t .  A t  t h e  

r ep rocess ing - re fab r i ca t ion  p l a n t ,  t hey  should be r e f e r r e d  t o  as 23W f u e l  

elements sinTe t h e i r  unique f e a t u r e  i s  t h e  f i s s i l e  uranium which i s  en- 

r i c h e d  t o  about IC% i n  

waste stream. 

r - -  2 9: U and which w i l l  leave t h e  HTGR cycle  as a 

The elements t h a t  en te red  t h e  r e a c t o r  as 23R f u e l  elements should 

r e t a i n  t h e i r  nomenclature a t  t h e  reprocessing p l a n t  s i n c e  t h e  uranium 

i s  recycled i n  23R f u e l  elements. 

t h e  r e f a b r i c a t i o n  p l a n t  i s  a composite of t h e  uranium recovered from t h e  

thorium of t h e  23R, 2SR, and 2sW f u e l  elements which i s  enriched t o  about 

YC$ i n  

i n  "U. 
The spen t  HTGR f u e l  elements l o s e  t h e i r  i d e n t i t y  during t h e  burning 

The 2SR f i s s i l e  p a r t i c l e s ( s )  l e a v i n g  

233 
U, p l u s  t h e  23R f i s s i l e  uranium which i s  enriched t o  about 6Gg 

^ ? -  

L ' i  

(or crushing and burning) s t e p ,  However, t h i s  burning must be done i n  

such a manner t h a t  it does n o t  jeopardize t h e  p o s s i b i l i t y  of s epa ra t ing  

t h e  25R and 2sW streams from t h e  thorium (and i t s  b red  233U); nor does 

it t r a n s f e r  an i n t o l e r a b l e  q u a n t i t y  of 233U i n t o  t h e  2sW or 25R streams. 

Since each of t h e  f u e l  streams w i l l  be processed by a d i f f e r e n t  flow- 

shee t  fol lowing burning, i t  w i l l  be d e s i r a b l e  t o  have a method of f u e l  

stream i d e n t i f i c a t i o n .  The magnitude of t h i s  i d e n t i f i c a t i o n  problem may 

be r e a l i z e d  i f  one r e f l e c t s  upon t h e  f a c t  tha t  t h e  spent fuel may a r r i v e  

as oxide or carbide (both may be p resen t  w i th in  a given r e a c t o r  discharge)  

and a s  BISO- or TRISO-coated f u e l  p a r t i c l e s .  The TRISO p a r t i c l e s  may 

r e q u i r e  a secondary burning s t e p  following sepa ra t ion  and crushing.  Thus, 

whether a given f u e l  stream c o n s i s t s  of burned BISO (BB) p a r t i c l e s  or, 

more important ly ,  burned TRISO (BT)  p a r t i c l e s  i s  of s i g n i f i c a n c e  i n  f u e l  

stream i d e n t i f i c a t i o n ;  t h a t  i s  a f t e r  s epa ra t ion  from t h e  25W BB p a r t i c l e s ,  

t h e  25W BT p a r t i c l e  ( t h e  f i s s i l e  p a r t i c l e  from t h e  25'W f u e l  elements) may 
be disposed of without  f u r t h e r  processing o r  may be crushed-burned and 

f u r t h e r  processed. 

( i . e . ,  c a rb ide  or oxide) could determine whether f u r t h e r  processing i s  

r equ i r ed  or not .  

oxide kernels  could be disposed of without  subsequent t reatment  b u t  t h a t  

The composition of t he  ke rne l  of t h e  25W BT p a r t i c l e s  

It i s  conceivable t h a t  25W BT p a r t i c l e s  con ta in ing  
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ca rb ide  ke rne l s  of 2sW BT p a r t i c l e s  would r e q u i r e  f u r t h e r  r ep rocess ing ,  

I n  other words, oxide f u e l  ke rne l s  may be acceptable  for long-term waste 

disposal ,  whereas ca rb ide  ke rne l s  may no t ,  

e i t h e r  one w i l l  be acceptable .  

There i s  no assurance t h a t  

The i n t e n t  of t h e  above d i scuss ion  was t o  emphasize t h e  importance 

of having a f u e l  element i d e n t i f i c a t i o n  system f o r  t h e  f a b r i c a t i o n  and 

r e f a b r i c a t i o n  p l a n t s  which ensures  no dup l i ca t ion  of numbers, one t h a t  

i s  amenable t o  automatic and v i s u a l  v e r i f i c a t i o n ,  and one t h a t  con ta ins  

c e r t a i n  d e s i r a b l e  information for t h e  reprocessing p l a n t  a s  w e l l  as t h e  

r e a c t o r .  This f u e l  element i d e n t i f i c a t i o n  system may be used by a cen- 

t r a l i z e d  computer t o  a c t u a t e  c e r t a i n  l!go--no-go" s t a t i o n s  beyond which 

t h e  p a r t i c u l a r  f u e l  e l e m e n t i s n o n r e t r i e v a b l y  committed. 

l i n g  a t  t he  r ep rocess ing  p l a n t  i s  s u f f i c i e n t l y  complex under t h e  b e s t  

of circumstances t h a t  any system o r  procedure which w i l l  s imp l i fy  

handl ing war ran t s  c a r e f u l  considerat ion.  

Material hand- 

I 
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