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AN OVERVIEW OF HTGR FUEL RECYCLE 

K. J, Notz 

ABSTRACT 

" 

An overview of HTGR f u e l  r ecyc le  i s  presented ,  wi th  
emphasis placed on reprocess ing  and f u e l  ke rne l  r e fab r i ca -  
t i o n .  Overall r e c y c l e  ope ra t ions  inc lude  (1) shipment and 
s to rage ,  ( 2 )  reprocess ing ,  ( 3 )  r e f a b r i c a t i o n ,  ( 4 )  waste 
handl ing,  and (5) a c c o u n t a b i l i t y  and safeguards ,  

1. INTRODUCTION 

This  r e p o r t  p r e s e n t s  a n  overview of High Temperature Gas-Cooled 

Reactor (HTGR) f u e l  r ecyc le ,  wi th  emphasis placed on reprocess ing  and 

on s e l e c t e d  a s p e c t s  of r e f a b r i c a t i o n .  The t e r m  " fue l  recyc le"  incor-  

p o r a t e s  those  ope ra t ions  r equ i r ed  t o  recover  u s e f u l  f u e l  va lues  from 

i r r a d i a t e d  o r  "burned-up'' nuc lea r  f u e l  and t o  r e t u r n  t h i s  recovered 

f u e l  t o  a r e a c t o r  f o r  f u r t h e r  f i s s i o n i n g .  The r ecyc le  opera t ions  are 

convenient ly  c l a s s i f i e d  as (1) shipment and s t o r a g e ,  (2 )  reprocess ing ,  

and (3)  r e f a b r i c a t i o n .  An inhe ren t  p a r t  of reprocess ing  and r e fab r i ca -  

t i o n  i s  ( 4 )  w a s t e  handl ing and ( 5 )  a c c o u n t a b i l i t y  f o r  f i s s i o n a b l e  

material. The ove r r id ing  f a c t o r  i n  a l l  phases of r ecyc le  i s  t h e  

r e l a t i v e l y  h igh  r a d i o a c t i v i t y  of t h e  materials involved,  The relevance 

of f u e l  r e c y c l e  t o  t h e  nue lea r  i ndus t ry  i s  becoming inc reas ing ly  apparent ,  

and i t  is  of p a r t i c u l a r  s i g n i f i c a n c e  t o  HTGRs a t  t h i s  t i m e ,  The monetary 

va lue  of recovered f u e l  has  always been recognized and, i n  f a c t ,  f i g u r e s  

s i g n i f i c a n t l y  i n  n e t  c o s t s  f o r  power from nue lea r  r e a c t o r s .  

I n  r e c e n t  yea r s ,  t h e  r i s i n g  prominence of environmental  impact 

cons ide ra t ions  has  focused i n t e r n a t i o n a l  a t t e n t i o n  on t h e  need f o r  spent  
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f u e l  reprocess ing  i n  o rde r  t o  convert  t h e  r a d i o a c t i v e  conten t  t o  a form 

s u i t a b l e  f o r  d i s p o s a l  i n  an accep tab le  manner. 

f u e l  -- i n  t o t o  i s  n o t  adequate,  and t h e r e  are a t  p re sen t  no commercial 

reprocess ing  f a c i l i t i e s  i n  ope ra t ion  i n  t h i s  country.  

West Val ley,  New York, is  s h u t  down f o r  ex tens ive  remodeling, t h e  GE 

midwest p l a n t  a t  Morr is ,  I l l i no i s , "canno t  be  made t o  o p e r a t e  e f f e c t i v e l y  

and has  been mothballed pending f u r t h e r  s t u d i e s  , I f 1  and t h e  Allied-Gulf 

Nuclear Serv ices  (AGNS) p l a n t  a t  Barnwell ,  South Caro l ina , i s  no t  y e t  i n  

opera t ion .  I f  HTGRs are t o  t ake  t h e i r  p l a c e  i n  t h e  f i ss ion-energy  power- 

supply scena r io ,  f u e l  r ecyc le  must be a v a i l a b l e .  

t h a t  commercial HTGR r e c y c l e  c a p a b i l i t y  should be a v a i l a b l e  i n  1988, b u t  

t h i s  could probably be extended by several years .  I n  any even t ,  t h e r e  i s  

b a r e l y  enough t i m e  t o  complete t h e  necessary  r e sea rch  and development, 

inc luding  p i l o t  scale f a c i l i t i e s ,  t o  permit  des ign  and cons t ruc t ion  of a 

commercial HTGR f u e l  r e c y c l e  p l a n t  w i t h i n  t h i s  t i m e  frame. k r e c e n t  

energy eva lua t ion  panel  ranked t h i s  p r o j e c t  as t h e  most important  

of a group of 10  p r o j e c t s  be ing  eva lua ted  f o r  government suppor t .  

Simply s t o r i n g  t h e  spent  

The NFS p l a n t  i n  

It has  been es t imated  

The prime o b j e c t i v e  of t he  ERDA-funded Thorium U t i l i z a t i o n  Program 

i s  t o  c a r r y  ou t  t h e  development and demonstrat ion of  an  HTGR f u e l  r ecyc le  

technology t h a t  is  capable  of s c a l i n g  up t o  an economically f e a s i b l e  and 

environmental ly  accep tab le  commercial p l a n t .  This  e f f o r t  is  a p a r t  of 

t h e  "National HTGR Fuel  Recycle Development Program Plan,"* and i t  i s  being 

c a r r i e d  ou t  under ERDA-supported programs a t  Oak Ridge Nat iona l  Laboratory,  

Idaho Chemical Process ing  P l a n t ,  and General Atomic Company. The work t h a t  

has  been performed t o  d a t e  i n d i c a t e s  t h a t  t h e r e  are no major breakthroughs 

requi red ,  a l though a g r e a t  d e a l  of development work s t i l l   remain^.^-^ 
6 f u e l  reprocess ing  is  a l s o  under development a t  KFA, JGl ich ,  Germany. 

HTGR 

Various p r o j e c t i o n s  can be  made of t h e  number and kind of nuc lea r  

power p l a n t s  t h a t  w i l l  ex is t  i n  t h i s  country a t  f u t u r e  d a t e s .  In  one 

of t h e s e  p r o j e c t i o n s , 7  i t  is  es t imated  t h a t  t h e r e  w i l l  be  l o 6  W ( e )  of 

t o t a l  nuc lea r  capac i ty  i n  t h e  year  2000, of which up t o  44% w i l l  be  from 

HTGRs; t h i s  corresponds t o  400 HTGRs of 1100 MW(e) capac i ty .  General 

Atomic Company c u r r e n t l y  has  o rde r s  f o r  fou r  l a r g e  r e a c t o r s ,  wi th  ope ra t ion  

L 
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scheduled t o  begin  i n  t h e  per iod  1981 t o  1986 ( see  Table 1). A s  i nd ica t ed  

i n  Table 1, t h e r e  have been several c a n c e l l a t i o n s  of ordered r e a c t o r s  

s i n c e  l a s t  December. 

t h e  nuc lea r  power i n d u s t r y  i n  gene ra l ,  p lus  t h e  s t a r t -up  de lays  on the  

For t  S t .  Vrain r e a c t o r  (see Table 2 ) .  I n  s p i t e  of t h e s e  cu r ren t  problems, 

i t  is  not  unreasonable t o  t h i n k  i n  terms of a commercial r ecyc le  f a c i l i t y  

s e rv ing  50 r e a c t o r s ,  which c a l l s  f o r  a p l a n t  capac i ty  of about one ton  of 

heavy metal (uranium p l u s  thorium) pe r  day. 

s i z e  and is t h e  nominal p l a n t  s i z e  used today as a b a s i s  f o r  pre l iminary  

conceptual  des igns  and gene r i c  environmental  impact s ta tements .  

This  r e s u l t e d  from t h e  genera l  slow-down a f f e c t i n g  

This  is  a commercially v i a b l e  

8 

Table 1. Large HTGRs ordered from General Atomic Company* 

U t i l i t y  N e t  MJ(e) Scheduled ope ra t ion  

Ph i l ade lph ia  Electr ic  Co. 

Ful ton  1 ( 
Fulton 2 f 

Delmarva Power 

Summit Summit 2 1 

Note : cance l l ed  1160 
September 1975 1160 

and Light  Co. 

Note: cance l l ed  770 
October 1975 770 

1984 
1986 

1981 
1984 

* 
As of August 1975. Previous o rde r s  f o r  four  o t h e r  r e a c t o r s  (two 
each by Southern C a l i f o r n i a  Edison of 770 MJ and Louis iana Power 
and Light  of 1160 MW) were cance l led  and an op t ion  by Ohio Edison 
f o r  two 1160 MW u n i t s  w a s  allowed t o  exp i r e .  

P re sen t ly ,  t h e r e  are f o u r  e x i s t i n g  HTGRs world-wide, two i n  t h e  U . S . A . ,  

and one each i n  England &nd West Germany. Each has  a d i s t i n c t i v e  f u e l  

element,  bu t  a l l  four  u t i l i z e  coated microspheres.  The coa t ings  may be 

BISO (porous pyrocarbon and dense pyrocarbon) OK TRISO (porous carbon, 

dense carbon, and s i l i c o n  ca rb ide ) .  

descr ibed  i n  Tables 2 and 3 .  I n  a d d i t i o n  t o  t h e s e  r e a c t o r s ,  t h e  Federal  

Republic of Germany, a long  wi th  several p r i v a t e l y  owned German companies, 

is  b u i l d i n g  a 300 MJ(e) pebble-bed r e a c t o r  of t h e  AVR type,  t h e  Thorium 

High Temperature Reactor (THTR). This r e a c t o r  w i l l  b e  a t  Schmehausen, and 

These r e a c t o r s  and t h e f r  f u e l s  are 
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al though i t  was o r i g i n a l l y  scheduled f o r  ope ra t ion  i n  1977, s t a r t u p  w i l l  

b e  postponed because t h e  cons t ruc t ion  start w a s  delayed. 

Table 2.  American HTGRs 

Peach Bottom 

Location: 63 m i l e s  southwest of Ph i l ade lph ia ,  Penna. 

F i r s t  went c r i t i ca l :  March 3, 1966 

F i n a l  shutdown: October 31, 1974 

Power: 115 MW(th); 40 MW(e) 

Number of elements:  804 

Fuel  d e s c r i p t i o n :  The f u e l  elements are e s s e n t i a l l y  c y l i n d e r s  144-in. 
long and 3.5-in. diam. They are made up of a g raph i t e  s l e e v e ,  annular  
f u e l  co~:~pacis  h a t  con ta in  pyrocarbon-coated thorium-uranium ca rb ide  
ke rne l s  i n  a g r a p h i t e  mat r ix ,  a c e n t r a l  g raph i t e  sp ine ,  and upper and 
lower g r a p h i t e  r e f l e c t o r s .  
and about 2100 g of thorium. 

Each element con ta ins  about 275 g of uranium 

For t  S t .  Vrain 

Location: P l a t t e v i l l e ,  30 m i l e s  n o r t h  of Denver, Colo. 

F i r s t  went c r i t i c a l :  January 1974 

Maximum power t o  d a t e :  2% of f u l l  power 

Power: 842 MW(th); 330 MW(e) 

Number of elements:  1482 

a 

Fuel  d e s c r i p t i o n :  The s tandard  f u e l  elements are r i g h t  pa ra l l e lop ipeds  
of hexagonal c r o s s  s e c t i o n ,  They are 31.2 i n .  h igh  and 14.2 i n .  from 
one s i d e  of t h e  hexagon t o  t h e  opposing one. There are 212 f u e l  h o l e s ,  
6 "poison" ho le s ,  and 6 coolan t  ho le s  a l l  of 0.5-in.diam, and 102 
coolan t  ho le s  0.625-in. diam, a l l  of which run p a r a l l e l  t o  t h e  long 
dimension of t h e  elements.  The f u e l  ho le s  con ta in  f u e l  k e r n e l s  of 
s e p a r a t e  f i s s i l e  and f e r t i l e  (U and Th) p a r t i c l e s  as t h e  ca rb ides  and 
wi th  TRISO coa t ings .  
mat r ix .  
uranium. 

The coated k e r n e l s  are bonded toge the r  i n  a carbon 
Each element con ta ins  about 1 3  kg of thorium and 600 g of 

I 

. 

a 
Various non-nuclear d i f f i c u l t i e s  have prevented going t o  
h igher  power levels.  Delays have been caused by water 
leakage i n t o  t h e  co re ,  c racks  i n  a p e l t o n  wheel, improper 
c o n t r o l  rod d r i v e  seals, and r e r o u t i n g  of emergency 
c o n t r o l  cab le s .  
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Table 3 .  Foreign HTGRs 

. 

Location: Near Bournemouth, England 

First went critical: Summer 1964 

Power: 20 MW(th) 

Number of elements: 37 

Fuel description: 
almost solid graphite end pieces and a graphite tube in the core region. 
Annular fuel compacts are stacked around a central spine inside the 
graphite tube. The graphite tubes are hexagonal in outer section, held 
apart by ribs down the middle of each flat surface. The entire 7-rod 
cluster assembly is 100 in. long; individual fuel rods are just under 
90 in. long. The annular fuel compacts contain carbides of thorium 
and uranium in the form of about 400-p kernels with TRISO coatings. 
The coated spheres are held in a carbon matrix. On the average, each 
rod contains about 54 g of uranium and 162 g of thorium, although the 
thorium was concentrated in a small number of rods (about 70) for 
experimental purposes. 

Each fuel element consists of seven rods comprising 

Arbeitgemeinschaftversuchsreaktor (AVR) 

Location: Near Julich, West Germany 

First went critical: 1967 

Power: 50 MW(th); 15.6 MW(e) 

Number of elements: Approximately 100,000 

Fuel description: The AVR is what is called a "pebble-bed" reactor. 
The "pebbles" are the fuel elements. 
cm diam which contain pyrocarbon-coated particles of the carbides of 
thorium and uranium. 
ratio of about 1 to 5, with the total weight of metal in each sphere 
being somewhere between 5 and 12 g. 

They are graphite spheres of 6- 

Each pebble contains uranium and thorium in the 
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2. GENERAL ASPECTS OF FUEL RECYCLE 

The gene ra l  f low of nuc lea r  materials i n  HTGR f u e l  r ecyc le  is  shown 

i n  Fig. 1. 

thorium f o r  conversion t o  233U via  neut ron  cap tu re  by t h e  r e a c t i o n s :  

A new r e a c t o r  i s  s t a r t e d  up on 235U " I n i t i a l  Fuel" w i th  added 

232'J3 + no -+ 233Th B + 233Pa m d  B 233U ( h a l f - l i f e  = 
22.1 min 

1.59 x l o 5  y e a r s ) .  

The r a t i o  of thorium t o  235U i s  about  10,  and t h e  235U is contained i n  t h e  

" f i s s i l e "  p a r t i c l e s ,  whi le  t h e  thorium i s  p resen t  i n  t h e  ' ' f e r t i l e ' '  p a r t i c l e s .  

The f u e l  is  used u n t i l  about 90% of t h e  235U i s  burned up. 

( 4  t o  6 yea r s ,  depending on t h e  r e a c t o r ) ,  f o r  each 100 u n i t s  of 

i n i t i a l l y  loaded i n ,  approximately 70 u n i t s  of 233U have been generated 

from t h e  232Th and about  h a l f  of t h i s  233U has  a l r eady  f i s s i o n e d  i n  s i t u .  

The remaining 233U (equiva len t  t o  about 30% of t h e  235U i n i t i a l l y  charged) 

i s  recovered i n  t h e  reprocess ing  p l a n t  and r e f a b r i c a t e d  i n t o  "23 Recycle 

Fuel."" 

recovery,  o r  reprocessed and r e f a b r i c a t e d  i n t o  "25 Recycle Fuel ,"  depending 

on t h e  f u t u r e  economics of t h e s e  a l t e r n a t i v e s .  

r ecyc le  i s  planned f o r  t h e  235U, t o  u t i l i z e  t h e  remaining 10%. 

A t  t h i s  t i m e  
235u 

The r e s i d u a l  235U may be disposed of as waste, s t o r e d  f o r  f u t u r e  

A t  p r e s e n t ,  one round of 

I n  r e load ing  t h e  r e a c t o r ,  t h e  23 Recycle Fuel  must be supplemented 

wi th  "Makeup Fuel" t h a t  may be  i d e n t i c a l  t o  I n i t i a l  Fuel.  

could a l s o  be  233U recovered from another  r e a c t o r ,  o r  poss ib ly  even 239Pu 

recovered from a l i g h t  water r e a c t o r  o r  from an LMFBR. While t h e  use  of 

plutonium would complicate  f u e l  reprocess ing  and r e f a b r i c a t i o n ,  i t  has  

been shown t h a t  r e c y c l e  i n  HTGRs may w e l l  be  t h e  most optimum use f o r  

plutonium. 

The Makeup Fuel  

9 

The thorium recovered i n  reprocess ing  i s  r a d i o a c t i v e  because of t h e  

presence of 228Th, which is  formed by t h e  a lpha  decay of 232U (see nex t  

'Called "23" from element No. 92 and mass No. 233. - - 
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Fig .  1. HTGR fuel recycle. 
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paragraph f o r  t h e  o r i g i n  of 232U). 

1 . 9  y e a r s ,  s t o r a g e  f o r  an extended per iod  of t i m e  w i l l .  p e r m i t  t h i s  a c t i v i t y  

t o  decay o u t ,  so  t h a t  t h e  recovered thorium can then be  reused i n  a "cold" 

o r  "contact" f a c i l i t y .  

f o r  t h e  s t o r a g e  t i m e ,  g iv ing  a decrease  i n  a c t i v i t y  by a f a c t o r  of l o 3 ,  t o  

a l low con tac t  r e f a b r i c a t i o n .  

Since the  h a l f - l i f e  of 2"Th is 

It i s  es t imated  t h a t  ten h a l f - l i v e s  w i l l  be  r equ i r ed  

Note t h a t  t h e  prime d i s t i n c t i o n  between " fab r i ca t ion"  of f r e s h  f u e l  

and " re fab r i ca t ion"  of recovered f u e l  i s  t h a t  the l a t t e r  i s  done wi th  

r a d i o a c t i v e  (o r  ''hot") materials and must, t h e r e f o r e ,  be  performed 
233 remotely'' i n  a ho t  c e l l .  The a c t i v i t y  of t h e  U d e r i v e s  mainly from 11 

contained 232U from which i t  i s  n o t ,  of course ,  chemically sepa rab le .  

The 232U i s  generated by two r e a c t i o n s ,  one s t a r t i n g  wi th  232Th and t h e  

o t h e r  wi th  230Th. 

i n  excess  of 6.34 MeV ( f o r  HTGRs ,  t h e  c r o s s  s e c t i o n  of t h e  f i r s t  r e a c t i o n  

is about 4 mb): 

The 232Th r o u t e  occurs wi th  neut rons  having an energy 

B (n ,v)  ; B 2 3 2 u  . 
2 3 2 p a  1 . 3  d r  231Pa  212 b 

(ny  2n) 
2 3 2 T h  - 2.5 b + 231Th 25 ,6  h >  

The 230Th content  of n a t u r a l  thorium i s  v a r i a b l e  ( i n  t h e  5 t o  60 ppm 

range) ,  depending on t h e  o r i g i n  of t h e  ore .  The r e a c t i o n s  which l ead  t o  

2 3 2 ~  are: 

230Th + no (23 b )  -+ 231Th -f same as above. 

Thus, t h e  amount of 232U presen t  i n  t h e  2 3 3 U  v a r i e s  w i th  t h e  i n i t i a l  

230Th con ten t ,  burnup, and neut ron  spectrum, but  i s  expected t o  be 250 t o  

400 ppm i n  f u e l  from t h e  For t  S t .  Vrain r e a c t o r .  With c e r t a i n  thorium 

o res  i t  might approach 1000 ppm. 

74 yea r s ,  decays through 228Th and a series of sho r t - l i ved  in t e rmed ia t e s  

t o  s t a b l e  208Pb:  

The 232U, which has  a h a l f - l i f e  of 

2 3 z U  a 2 2 e T h  a ). 2 2 4 ~ ~  -+ a 220Rn - a 2 1 6 P 0  1__3 0.16 a s 212pb 
3.64 d 54.5 s 74 Y 1 . 9  y 

64% f3(+y) 

'"Pb . 
3 . 1  m 

6 ~ 212Bi 
212Pb 10.6 h 
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The most s i g n i f i c a n t  of t h e s e  in te rmedia tes  are 220Rn which, being a gas ,  

can be t ranspor ted  through f i l t e r s ,  and 2 0 e T 1  and 2 1 2 B i ,  which emit 

e n e r g e t i c  gammas. It i s  t h e s e  gammas t h a t  are t h e  major source of radio-  

a c t i v i t y  i n  233U. 

t i m e  by breaking t h e  decay cha in  by use of an ion  exchange cleanup t h a t  

removes thorium and radium." 

days (g iv ing  a minimum a c t i v i t y ) ,  whi le  t h e  228Th grows back i n .  

a c t i v i t y  is  cons iderably  decreased dur ing  t h e  f i r s t  1 t o  3 months. 

equi l ibr ium is  attajined i n  about t e n  yea r s .  

This a c t i v i t y  can be g r e a t l y  reduced f o r  a reasonable  

The o the r  daughters  decay out  w i th in  t h r e e  

The 

Secular  

Although f i s s i o n  (582 b)  is t h e  major r e a c t i o n  t h a t  235U undergoes, 

i t  a l s o  reacts t o  y i e l d  236U, which i n  t u r n  l eads  t o  f u r t h e r  neutron cap tu re  

( the  c r o s s  s e c t i o n s  are f o r  t h e  HTGR neutron 

23su n ,  Y, 2 3 6 ~  n,  Y 2 ~ 7 ~  B 
58 b 7-20 b 6.75 d ' 

spectrum) : 

o the r  237Np - . react ions  

While t h e  capture  c r o s s  s e c t i o n  of 236U is r e l a t i v e l y  small, i t  becomes 

s i g n i f i c a n t  a t  h igh  burnups of t h e  235U i n  t h e  f i s s i l e  p a r t i c l e s .  

several cyc le s  of a given i n i t i a l  charge of 235U through t h e  r e a c t o r ,  t h e  

Af te r  

36U content  r e s u l t s  i n  an economically unacceptable p a r a s i t i c  l o s s  of 

neut rons ;  t he re fo re ,  t h e  uranium from p a r t i c l e s  conta in ing  'U should 

b e  recycled no more than  twice. This i s  no t  t r u e ,  however, of uranium 

from p a r t i c l e s  conta in ing  

incu r r ing  a s i g n i f i c a n t  cos t  pena l ty  from p a r a s i t i c  l o s s  of neutrons.  

3U, which may be recyc led  repea ted ly  wi thout  

Considerat ion of t he  above po in t s  makes i t  c l e a r  why t h e  sepa ra t ion  

of 2 3 s ~  from 2 3 3 ~  p a r t i c l e s  i s  an  important  s t e p  i n  HTGR f u e l  reprocess ing .  

I f  t h e  p a r t i c l e s  are permi t ted  t o  mix s o  t h a t  t h e  uranium i so topes  are 

mixed, t h e r e  is no economical way t o  sepa ra t e  them again.  

would become "contaminated" wi th  

pena l ty .  

p a r t i c l e  s epa ra t ion  problem is t o  f a b r i c a t e  two kinds of f u e l  e lements ,  

The f i r s t  kind conta ins  only f u e l  p a r t i c l e s  of 235U and thorium, wh i l e  

t h e  second kind con ta ins  only f u e l  p a r t i c l e s  of 233U and thorium. 

approach, t he  s e p a r a t i o n  problem only e x i s t s  f o r  f u e l  elements of t h e  f i r s t  

Thus, t h e  233U 

6U, and incur  t h e  concomitant c o s t  

One method used t o  reduce t h e  magnitude of t h e  imposed f u e l  

I n  t h i s  
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kind. 

must be maintained s e p a r a t e l y  from t h e  burned-up 235U p a r t i c l e  only i n  

t h e  f i r s t  kind of element. 

The 233U produced by neutron cap tu res  i n  p a r t i c l e s  of thorium 

The two major purposes of r e a c t o r  f u e l  reprocess ing  are t o  recover  

and p u r i f y  f u e l  va lues ,  and t o  convert  t h e  wastes t o  a form s u i t a b l e  f o r  

d i sposa l .  I n  commercial power producing r e a c t o r s ,  t h e  f u e l  has  gene ra l ly  

been i n  t h e  r e a c t o r  long enough f o r  f i s s i o n  products  and neut ron  cap tu re  

products  t o  have accumulated enough t o  s i g n i f i c a n t l y  a f f e c t  t h e  economic 

opt imiza t ion  of f u e l  r ecyc le .  Thus, t h e  high c o s t  of f u e l  r e f a b r i c a t i o n  

makes it  imperat ive t h a t  f u e l  be l e f t  i n  t he  r e a c t o r  as long as p r a c t i c a l .  

In  a d d i t i o n  t o  neutron physics  cons ide ra t ions ,  t h e  state of t h e  a r t  i n  

f u e l  f a b r i c a t i o n  l i m i t s  f u e l  l i f e  t o  a maximum of 4 t o  6 y e a r s ,  I f  f u e l  

is  l e f t  i n  a r e a c t o r  u n t i l  a s i g n i f i c a n t  number of f u e l  elements f a i l ,  

t h e  o v e r a l l  c o s t s  of t h e  f a i l u r e s  may e a s i l y  become a c o n t r o l l i n g  economic 

f a c t o r .  

t o  s t i c k i n g  i n  t h e  co re ,  t o  o u t r i g h t  l o s s  of f u e l  i n t e g r i t y .  This  would 

l ead  t o  f i s s i o n  product release t o  t h e  coolan t  c i r c u i t ,  wi th  concomitant 

c o s t l y  maintenance procedures  o r  a c t u a l  r e a c t o r  shutdown, and t h e  n e c e s s i t y  

f o r  c o s t l y  decontamination. 

F a i l u r e s  may range from such th ings  as element warpage leading  

An important  economic penal ty  i s  t h a t  a s soc ia t ed  wi th  t h e  r e a c t o r  

down-time r equ i r ed  f o r  r e f u e l i n g ,  o r  f o r  moving f u e l  around i n  the  core  t o  

produce a more uniform burnup among t h e  i n d i v i d u a l  elements.  Even when a 

r e a c t o r  i s  n o t  ope ra t ing ,  t h e r e  i s  a cont inuing  c o s t  a s soc ia t ed  with f u e l  

inventory and p l a n t  deprec ia t ion .  For t h i s  reason ,  p a r t  of t h e  f u e l  i n  a 

core  may be  i r r a d i a t e d  beyond the  po in t  of optimum burnup wi th  regard t o  

bui ldup of f i s s i o n  products  and neutron capture  products ,  and r e s u l t s  i n  

a decrease i n  t h e  number of times the  r e a c t o r  i s  shu t  down. This mode of 

opera t ion  l e a d s  t o  o v e r a l l  op t imiza t ion  of f u e l  cyc le  economics. It is  

these  h igh ly  exposed f u e l  elements t h a t  are most l i k e l y  t o  c o n t r o l  f u e l  

reprocess ing  ope ra t ions ,  s i n c e  they have the  h ighes t  r a d i a t i o n  levels, 

t h e  most f i s s i o n  products ,  and t h e  h ighes t  inc idence  of f a i l u r e  i n  ways 

imyortant i n  reprocess ing ,  such as f i s s i o n  product leakage and f u e l  

element d i s t o r t i o n .  Current p lans  are t o  p a r t i a l l y  r e f u e l  HTGRs once a 

yea r ,  r ep lac ing  one-fourth o r  one-sixth of t h e  co re  each t i m e  f o r  l a r g e  

commercial (- 1000 MW) HTGRs o r  f o r  t h e  For t  S t .  Vrain r e a c t o r ,  r e spec t ive ly .  
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. 

I n  genera l ,  reprocess ing  of s o l i d  f u e l s  c o n s i s t s  o f :  shipping 

i r r a d i a t e d  f u e l  elements from t h e  r e a c t o r  t o  a reprocess ing  p l a n t ;  

s t o r i n g  f o r  a t o t a l  cool ing  t i m e  of about s i x  months; removing as much 

extraneous material from t h e  f u e l  as p o s s i b l e  by a v a r i e t y  of means and 

d i s s o l v i n g  t h e  f u e l  i n  n i t r i c  a c i d ;  s e p a r a t i n g  and pu r i fy ing  the  uranium 

and thorium by so lven t  e x t r a c t i o n ;  d i spos ing  of t h e  r a d i o a c t i v e  wastes; 

and decontaminating t h e  gaseous e f f l u e n t s  from t h e  reprocess ing  s t e p s .  

Decontamination and d i s p o s a l  of r a d i o a c t i v e  e f f l u e n t s  are important 

problems t h a t  occur dur ing  each of t h e  chemical process ing  s t e p s .  

There has  been cons iderable  d i scuss ion  and s tudy of t h e  importance 

of l o c a t i o n s  of t h e  r e a c t o r s  and of t h e  reprocess ing  p l a n t s .  These 

important  cons ide ra t ions  c e n t e r  about t h e  i n t e r r e l a t i o n s  of t h e  fol lowing:  

power t ransmiss ion  c o s t s ;  i r r a d i a t e d  f u e l  sh ipping  c o s t s  and t h e  p r o b a b i l i t y  

Of sh ipping  acc iden t s ;  and r a d i o a c t i v e  emissions,  both from t h e  r e a c t o r s  

and from t h e  reprocess ing  p l a n t s .  The hazard from r a d i o a c t i v e  emissions 

is dependent on t h e  re la t ive l o c a t i o n s  of t h e  popula t ion  and t h e  sources  

and types  of t h e  emissions.  

r e c e n t l y  adopted changes t o  T i t l e  10 ,  Chapter 1, Code of Federa l  Regulat ions,  

P a r t  50, which is  t h e  Federa l  l a w  governing emissions from l i g h t  water 

r e a c t o r s  and which, by impl i ca t ion ,  may a l s o  apply t o  reprocess ing  p l a n t s .  

Recognition of t h i s  f a c t  is  contained i n  t h e  

3 .  SAFETY AND ENVIRONMENTAL ASPECTS 

A s  i nd ica t ed  earlier,  t h e  d i sposa l  of r a d i o a c t i v e  wastes from spent  

nuc lea r  f u e l  may w e l l  be  t h e  c o n t r o l l i n g  f a c t o r  i n  f u e l  recyc le .  

mental  impact'' encompasses many f a c t o r s ,  inc luding  not  only t h e  p o t e n t i a l  

hazard from nuc lea r  r a d i a t i o n ,  b u t  a l s o  h e a t  p o l l u t i o n ,  chemical p o l l u t i o n ,  

a e s t h e t i c  i n s u l t ,  and land  use.  

s u b j e c t  i n  i t s e l f ,  no e f f o r t  w i l l  be  made he re  t o  do more than  draw a t t e n t i o n  

t o  t h e s e  problems. 

"Environ- 

Since t h i s  i s  a very  l a r g e  and important  

I f  w e  restrict  our d i scuss ion  t o  f u e l  r ecyc le ,  t h e  hea t  r e j e c t e d  dur ing  

power genera t ion  a t  t h e  r e a c t o r  i t s e l f  can be excluded a r b i t r a r i l y  from t h e  
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d iscuss ion .  This is  by f a r  t h e  major source  of "thermal p o l l u t i o n s , "  

s i n c e  60% o r  more of t h e  energy of f i s s i o n  i n  a nuc lea r  power r e a c t o r  

i s  unclaimable as e lec t r ica l  energy and i s  l o s t  as hea t  because of 

f r i c t i o n ,  equipment i n e f f i c i e n c i e s ,  and the  i n e x o r a b i l i t y  of t h e  second 

l a w  of thermodynamics. Although t h e r e  i s  some waste h e a t  from f u e l  

t r a n s p o r t ,  f u e l  reprocess ing ,  f u e l  f a b r i c a t i o n ,  and waste d i s p o s a l  

ope ra t ions ,  t h e s e  f a c t o r s  are n o t  more o r  less s i g n i f i c a n t  as sources  

of l o c a l i z e d  thermal p o l l u t i o n  than are thousands of o t h e r  i n d u s t r i a l  

opera t ions .  The same s o r t  of t h ing  may be s a i d  of chemical p o l l u t a n t s .  

While it  is  t r u e  t h a t  t o x i c  chemicals such as n i t r i c  a c i d ,  hydro f luo r i c  

a c i d ,  carbon monoxide, and a v a r i e t y  of organic  compounds are used i n  

va r ious  p a r t s  of t h e  f u e l  cyc le ,  t h e i r  amounts are r e l a t i v e l y  small, 

and t h e  care taken i n  t h e i r  u se  and d i s p o s a l  i s  a t  least  as good as t h a t  

taken wi th  such materials i n  indus t ry  as a whole. In  f a c t ,  i t  is  probably 

b e t t e r ,  s i n c e  t h e  l i k e l i h o o d  of t h e i r  contamination wi th  r a d i o a c t i v i t y  

imposes s t r i n g e n t  c o n t r o l s  on t h e i r  handl ing  and d i s p o s a l ,  

Thus, as regards  f u e l  r ecyc le ,  t h e  key environmental  problem is  t h e  

handl ing  and d i s p o s a l  of r a d i o a c t i v e  wastes. F igure  2 o u t l i n e s  t h e  major 

ope ra t ions  t h a t  l e a d  t o  t h e  formation of wastes; i t  a l s o  i n d i c a t e s  t h a t ,  

i n  a d d i t i o n  t o  t h e  decontamination of p l a n t  e f f l u e n t s ,  an accep tab le  means 

f o r  u l t ima te  d i s p o s a l  of t h e  r a d i o a c t i v e  wastes t h a t  have been removed 

from product  and e f f l u e n t s  and concent ra ted  i n  va r ious  forms must b e  

a v a i l a b l e .  The b a s i c  o b j e c t i v e s  underlying c u r r e n t  a t tempts  t o  so lve  

t h e  problem of r a d i o a c t i v e  wastes are t o  keep them completely contained 

and c o n t r o l l e d  dur ing  t h e i r  handl ing,  and t o  d ispose  of them i n  a manner 

prec luding  a l l  p o s s i b i l i t y  of t h e i r  escape from a s a f e ,  c e n t r a l  s t o r a g e  

site. 

4 .  SHIPPING AND STORAGE 

In gene ra l ,  HTGR f u e l s  w i l l  be  s t o r e d  ("cooled") f o r  up t o  5 r,xztP:;; a t  

t h e  r e a c t o r  be fo re  sh ipping  them t o  t h e  reprocess ing  p l a n t .  Figure 3 

shows what t h e  sh ipping  cask  may look l i k e .  

t i m e s ,  t h e  f u e l s  pose no severe problems of f i s s i o n  product  decay h e a t  

Because of t h e i r  long coo l ing  . 
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removal dur ing  shipment ( i n  sharp c o n t r a s t  t o  f a s t  r e a c t o r  f u e l s ,  where 

f i s s i o n  product  decay h e a t  removal is a major problem i n  shipping) .  

4 shows how t o t a l  h e a t  genera t ion  and r a d i o a c t i v i t y  from some of t h e  

f i s s i o n  products  which are important  i n  f u e l  reprocess ing  change wi th  

t i m e .  It has  been c a l c u l a t e d  t h a t  t h e  sh ipping  cask  o u t e r  s u r f a c e  

temperature  w i l l  no t  exceed about 65°C f o r  100-day cooled,  f u l l y -  

i r r a d i a t e d  For t  S t .  Vrain Reactor f u e l .  

Table 

Storage of spent  f u e l  elements w i l l  be  necessary a t  t h e  reprocess ing  

s i t e  f o r  a number of reasons ,  A holdup capac i ty  must be  a v a i l a b l e  s i n c e  

elements w i l l  a r r i v e  i n  groups from i n d i v i d u a l  r e a c t o r s ,  b u t  a reprocess-  

i n g  p l a n t  must be a b l e  t o  ope ra t e  on a more-or-less continuous b a s i s .  

Furthermore, sh ipping  con ta ine r s  are expensive and f o r  economical reasons 

must be  unloaded promptly t o  g ive  a s h o r t  turnaround t i m e .  Up t o  t h i s  

p o i n t ,  t h e  s i t u a t i o n  i s  comparable t o  t h e  r e c e i p t  of ca r loads  of c o a l  

a t  a steam-generating power s t a t i o n ,  b u t  he re  t h e  analogy ends,  The 

spent  f u e l  must be s t o r e d  i n  a sh ie lded  f a c i l i t y  t h a t  can handle the  

low-level (bu t  n o t  inconsequent ia l )  h e a t  load ,  has t h e  c a p a b i l i t y  of 

r e t a i n i n g  t h e  i d e n t i t y  of i n d i v i d u a l  f u e l  e lements ,  and has  t h e  capac i ty  

t o  s t o r e  c e r t a i n  types of elements (e.g., 25 Recycle blocks)  u n t i l  a 

campaign can be run. The i d e n t i f i c a t i o n  of elements i s  important i n  

t e r m s  of f u e l  type  ( I n i t i a l  Fuel ,  23 Recycle, e t e . )  and i n  terms of 

ownership, s i n c e ,  i n  t h e  commercial case, s e v e r a l  u t i l i t i e s  w i l l  be  

sh ipping  f u e l  t o  a given reprocess ing  p l a n t .  

F igures  4 and 5 show a p lan  view and s e c t i o n ,  r e spec t ive ly ,  of a 

proposed r ece iv ing  and s t o r a g e  f a c i l i t y .  A "small" f a c i l i t y  of t h i s  

type  has  been b u i l t  a t  t h e  Idaho Chemical Processing P l a n t ,  It w i l l  

handle  f u e l  from t h e  For t  S t .  Vrain r e a c t o r  t h a t  i s  intended f o r  t h e  

planned reprocess ing  demonstration p i l o t  p l a n t  a t  Idaho F a l l s .  

s t o r a g e  v a u l t  has  a capac i ty  of about 2500 f u e l  e lements ,  

scale f a c i l i t y  might need a capac i ty  of 20,000 elements ,  eover an area 

of one t o  two acres, and provide a h e a t  dump capable  of absorbing 

4000 kW. 

The 

A commercial- 



Table 4 .  V o l a t i l e  f i s s i o n  product con ten t  and t o t a l  decay hea t  of spen t  HTGR fue l s . a  

Decay T ime  Noble Gases Iod ine  Cesium T o t a l  Decay Heat 
(days) (Ci / ton) ( c i / t o n >  (Ci/ ton) (kW/ ton) 

30 109,400 71  000 1,143,000 65.7 

90 63,740 785 1,064,000 37.6 

150 63,000 1 8  1 ,021  $000 28.2 

365 60,600 -- 889,000 16.4 

3,652 34,000 -- 278,000 3.4 

Ci of t r i t f u m / t o n :  

Ci of 14-Carbon/ton: 

1,247 (could b e  quadrupled by 1 ppm L i  impur i ty)  

2.6 (could be  t r i p l e d  by 2:j pprn N2 impur i ty)  

a These va lues  are c a l c u l a t e d  f o r  For t  S t .  Vrain Nuclear Generating S t a t i o n  f u e l  
i r r a d i a t e d  f o r  6 y e a r s ,  
b e f o r e  reprocess ing .  The pe r  ton  b a s i s  i s  p e r  ton  of heavy metal; t h e  ppm b a s i s  
is  t o t a l  g r a p h i t e  ( t o  conver t  t o  heavy metal b a s i s ,  m u l t i p l y  t h e  given ppm by - 1 0 ) -  

A decay t i m e  of about s i x  months t o  a y e a r  is  expected 

’ . 
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5. REPROCESSING 

5.1. General Descr ip t ion  

The f e a t u r e  t h a t  sets HTGR f u e l  a p a r t  from a l l  o t h e r  r e a c t o r  f u e l s  

is  t h e  very  l a r g e  amount of carbon t h a t  i s  d i r e c t l y  a s soc ia t ed  with t h e  

f e r t i l e  and f i s s i l e  materials. Thus, t h e  weight r a t i o  of carbon-to- 

thorium is  about 225 i n  a f u e l  element of t h e  F o r t  S t .  Vrain Nuclear 

Generating S t a t i o n  type.  The b a s i c  problem i n  HTGR f u e l  reprocess ing  

is  removal of t h e  carbon from t h e  a c t u a l  f u e l  material ( i o e e ,  uranium 

and thorium). Burning is  t h e  method used t o  remove t h i s  l a r g e  amount 

of carbon from t h e  r e l a t i v e l y  s m a l l  amount of f u e l  material. 

It i s  apparent  from Tables  2 and 3 t h a t  HTGR f u e l s  come in an 

ex t r ao rd ina ry  v a r i e t y  of forms and s i z e s .  For our  purposes,  t h e  

d i scuss ion  w i l l  be  l i m i t e d  t o  t h e  type of f u e l  i n  t h e  For t  S t .  Vrain 

Reactor.  

HTGRs t o  be  b u i l t  by t h e  General Atomic Company (GAC) i n  t h e  U.S., and 

i s  t h e  type be ing  used i n  t h e  USERDA and GAC HTGR f u e l  r ecyc le  develop- 

men t pro gram. 

It is  very similar t o  t h e  f u e l  t h a t  w i l l  be  used i n  t h e  l a r g e  

2 

A f u e l  element i s  shown i n  Fig.  6.  In  a d d i t i o n  t o  t h i s  type of 

element,  some of t h e  elements con ta in  t h r e e  l a r g e  l o n g i t u d i n a l  ho le s  

f o r  t h e  i n s e r t i o n  of c o n t r o l  rods .  A s  i nd ica t ed  i n  Table 2 ,  t h e  For t  

S t .  Vrain Reactor f u e l  elements have f u e l  ho le s  t h a t  conta in  coated 

p a r t i c l e s  of f i s s i l e  and f e r t i l e  materials. These are t h e  type 1 and 

type  2 p a r t i c l e s  shown i n  Fig.  7 .  The type  3 r ecyc le  p a r t i c l e ,  shown 

i n  Fig. 7 ,  is  no longer  r e p r e s e n t a t i v e  of t h e  planned r e f a b r i c a t i o n  

p a r t i c l e .  The new "reference" r ecyc le  f i s s i l e  p a r t i c l e  (descr ibed i n  

more d e t a i l  i n  Table 6 )  con ta ins  no thorium, c o n s i s t s  of low dens i ty  

233U oxide-carbide,  and is  TRISO coated. 

t ype  1 p a r t i c l e ,  except  t h a t  t h e  ke rne l  i s  l a r g e r  and of lower dens i ty .  

The r ecyc le  f e r t i l e  p a r t i c l e  i s  i d e n t i c a l  t o  t h e  type 2 p a r t i c l e .  

It is  thus  similar t o  t h e  

The d i f f e r e n c e s  between f e r t i l e  and f i s s i l e  p a r t i c l e s ,  i n  terms 

of coa t ing ,  s i z e ,  and d e n s i t y ,  provide t h e  b a s i s  by which they are 
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F ISSILE PARTICLE F E R T I L E  PARTICLE RECYCLE PARTICLE 
(TYPE I 1  (TYPE 2) (TYPE 3 )  

COMPOSITION 235uc2  
T h : U  RATIO 
K E R N E L  DIAM. p m  200 
COATING THICKNESS, p m  

BUFFER 85 
INNER DENSE COATING 25 
SILICON CARBIDE 2 5  
OUTER DENSE COATING 35 

TOTAL PARTICLE DIAM. p m  5 4 0  

Tho2 

500  

85 

7 5  
8 2 0  
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4.2 5 
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90 

80 
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Fig. 7. Diagrammatic r e p r e s e n t a t i o n  of f i s s i l e ,  f e r t i l e ,  and r e c y c l e  p a r t i c l e s  
for 1150 MW(e) HTGRS. 
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separated from each other during processing. 

on the fissile fuel particles serves two important functions: it prevents 
excessive fission product release from these highly burned up fuel particles 

during irradiation in the reactor, and it preserves the integrity of fuel 

particles during burning. It is, of course, important that the coatings 
not be broken prematurely, to avoid "crossover" in either direction. 

Crossover of 235U (and its 236U content) to 233U devaluates the 233U 
because of the added neutron poison. 
stream (which is discarded after one recycle) represents loss of 

To keep economic penalties acceptable, it has been estimated that no more 
than 15% crossover of the first kind, nor 5% of the second kind, is 
permissible. 
as it is discharged from the reactor, but these are expected to be very 

small in number, representing only 0.01 to 0.001% of the total particles. 

The silicon-carbide coating 

Crossover of 233U to the 235U 
233u 

Obviously, some broken coatings will be present in the fuel 

The Thorium Utilization Program is designed to give information as 

early as possible for the design and construction of commercial facilities 

to accomplish the recycle of Th-233U . 
redefined by ERDA, but it will contain three development elements: 

flowsheet (process) development, equipment development, and pilot-scale 

(hot) demonstration. In addition, a limited commercial recycle capability 
will also be provided by ERDA, capable of serving 5 to 20 large reactors. 
The recycle development program is being conducted at three sites: Allied 

Chemical Corporation (ACC) near Idaho Falls, Oak Ridge National Laboratory 
(ORNL), and General Atomic Company (GAC) in San Diego. The current overall 
division of work is as follows: 

At this time the program is being 

Primary Supporting 

Reprocessing Development GAC ORNL, ACC 

Refabrication Development ORNL GAC 
Refabrication Pilot Plant ORNL GAC 

Evaluation and Studies ORNL GAC 

Reprocessing Pilot Plant ACC ORNL 

Irradiation Testing ORNL GAC 

Commercial Plant Design GAC ORNL 

At this time, neither the site nor the prime contractor for the commercial 

capability have been selected. 
which the pilot plants and commercial plant will be combined. 

Also under consideration is an option in 

The 
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fol lowing d e s c r i p t i o n s  are i n  terms of what has  been done t o  d a t e  and 

what w a s  planned pe r  t h e  above t a b u l a t i o n ,  

ments have been prepared f o r  t h e  two p i l o t  p l a n t s  as o r i g i n a l l y  planned, 

w i th  t h e  reprocess ing  p i l o t  p l a n t  i n  Idaho" and t h e  r e f a b r i c a t i o n  p i l o t  

p l a n t  i n  Oak Ridge. 

Environmental impact state- 

12  

The f u e l  reprocess ing  opera t ions  envis ioned i n  t h e  p i l o t - s c a l e  

f a c i l i t i e s  are a three-s tage  c rush ing  system f o r  s i z e  reduct ion  of t h e  

f u l l - s i z e  f u e l  elements,  f luidized-bed burners  f o r  burning t h e  g raph i t e  

I, and p y r o l y t i c  carbon, off-gas  t reatment  t o  remove r a d i o a c t i v e  8 5 K r ,  1 2 9  

220Rn, and 3H and, f i n a l l y ,  so lven t  e x t r a c t i o n  by a modified Thorex 

f lowsheet .  

f e r t i l e  p a r t i c l e s  and process  these  two streams s e p a r a t e l y ,  f o r  reasons 

explained earlier.  

It i s  a l s o  necessary  t o  s e p a r a t e  t h e  f i s s i l e  p a r t i c l e s  from 

The p resen t  s t a t u s  of t he  development i s  t h a t  a number of u n i t  

In  ope ra t ions  from reprocess ing  have been conducted "cold" a t  GAC. 

gene ra l ,  t h i s  work has  shown t h e  f e a s i b i l i t y  of block-crushing, of primary 

f luidized-bed burning of g raph i t e  and o u t e r  coa t ings ,  and of secondary 

burning a f t e r  breaking of TRISO s i l i c o n  ca rb ide  coa t ings .  Work a t  ORNL 

i n  small-scale ho t  c e l l  f a c i l i t i e s  on i r r a d i a t e d  f u e l s  i n d i c a t e s  t h e  

gene ra l  f e a s i b i l i t y  of t h e  envis ioned f lowsheet .  Other work wi th  t h e  

Krypton Absorption i n  Liquid CO2 process  (KALC) i n d i c a t e s  t h a t  i t  is  

f e a s i b l e  t o  remove "Kr from t h e  off-gas.  

has  been conceptua l ly  designed by ACC, which i d e n t i f i e d  many open ques t ions  

and development needs,  and work i s  progress ing  on answering the  remaining 

ques t ions  t o  s a t i s f y  t h e  need f o r  design information.  The reprocess ing  

p i l o t  p l a n t  s t i l l  r e q u i r e s  t h e  completion of des ign ,  cons t ruc t ion ,  and 

opera t ion .  Analogous development is  requi red  f o r  t h e  r e f a b r i c a t i o n  

technology. Data and information w i l l  be  obtained on t h e  fol lowing 

a s p e c t s  of r ecyc le  technology i n  t h e  program: 

processes  and equipment used;  (2) maintenance experience f o r  t h e  remote 

equipment; (3 )  r a d i a t i o n  exposure t o  personnel ;  ( 4 )  nuc lea r  materials 

safeguards  and inventory  techniques wi th  2 3 3 U ;  ( 5 )  c a p a b i l i t y  of t h e  

systems f o r  handl ing t h e  p l a n t  e f f l u e n t s ;  and (6) confirmation of t h e  

i r r a d i a t i o n  performance of t h e  

The reprocess ing  p i l o t  p l a n t  

(1) r e l i a b i l i t y  of t he  

3U-containing product  a 
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Reprocessing c o n s i s t s  of four  major systems: head-end, so lven t  

e x t r a c t i o n ,  off-gas  c leanup,  and waste handl ing.  Head-end ope ra t ions  

inc lude  c rushing ,  burning,  p a r t i c l e  s e p a r a t i o n ,  and d i s s o l u t i o n .  Af t e r  

p a r t i c l e  s epa ra t ion ,  t h e  f e r t i l e  f r a c t i o n  i s  processed t o  recover  t h e  

. These systems are descr ibed  i n  more d e t a i l  below. 233u 

5.2. Crushing 

Crushing w i l l  be  done i n  t h r e e  s t a g e s ,  t o  reduce the  f u e l  blocks t o  

p i eces  less than  3/16 i n .  i n  s ize .  A schematic view of t h i s  equipment is 

shown i n  Fig.  8. The s i z e  of t h e  f u e l  b locks  (30 i n .  by 14 i n . )  r e q u i r e s  

a r a t h e r  massive p i e c e  of equipment f o r  t h i s  opera t ion .  Reca l l ing  t h a t  

i n i t i a l  and 'U makeup f u e l s  p re sen t  t h e  oppor tuni ty  f o r  undes i rab le  

c rossover ,  i t  i s  important  t h a t  coa t ing  breakage dur ing  c rushing  (and 

a l s o  dur ing  primary burning)  be  kept  t o  a minimum. Tests t o  d a t e  i n d i c a t e  

t h a t  only a few pe rcen t  of t h e  p a r t i c l e  coa t ings  are broken dur ing  c rushing ,  

which i s  acceptab le .  Af t e r  burning and s e p a r a t i o n ,  TRISO p a r t i c l e s  are 
crushed ( t o  break  t h e  s i l i con -ca rb ide  s h e l l )  i n  a small r o l l  c rusher .  

5.3. Burning 

Primary burning (so-cal led "exothermic") w i l l  be done i n  a f l u i d i z e d  

bed, shown schemat ica l ly  i n  Fig.  9 ,  and i n  conceptual  commercial scale i n  

Fig.  10. The burner  diameter  w i l l  be 16 t o  24 i n . ,  and i t s  development 

i s  one of t h e  major engineer ing  t a s k s  i n  t h e  program. Some of t h e  problems 

t h a t  have been encountered inc lude  c o n t r o l  dur ing  s t a r t u p ,  formation of 

l o c a l i z e d  h o t  s p o t s  (which l e a d  t o  burn-through of t h e  furnace  w a l l ) ,  

r e c y c l e  of t h e  carbon f i n e s  which are generated dur ing  combustion, and 

t h e  formation of c l i n k e r s .  

875°C and wi th  a f l u i d i z i n g  v e l o c i t y  of about 2.5 f p s .  

I t . i s  planned t o  o p e r a t e  t h e  burner  a t  

An a l t e r n a t i v e  burner  concept is  under cons ide ra t ion .  This  i s  a 

whole-block burner ,  13'14 which prec ludes  c rush ing  and thus  bypasses t h i s  

bulky equipment and dus ty  opera t ion .  A conceptual  p l an  view i s  shown i n  

Fig.  11. I n  a burner  of t h i s  type ,  t h e  two major problems appear  t o  b e  

t h e  a t ta inment  of h igh  burning rates wi thout  excessive temperatures  (which 
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Fig. 8. Schematic diagram of major items of crushing system equipment. 
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could c rack  s i l i c o n  ca rb ide  c o a t i n g s ) ,  and phys ica l  handl ing  of t h e  

par t ic les  and r e s i d u a l  g raph i t e  near  t h e  o u t l e t  end of t h e  burner .  

conceptual  approach t o  t h e  f i r s t  problem i s  so-ca l led  "ad iaba t ic"  

burning,  i n  which generated h e a t  is  c a r r i e d  ou t  by hot  gases ,  and burner 

temperature i s  c o n t r o l l e d  by carbon d ioxide  r e c y c l e  and t h e  endothermic 

C + CO;? 3 2CO r eac t ion .  A p o s s i b l e  v a r i a t i o n  of t h e  whole-block burner  

is  t h e  chunk burner ,  i n  which only one s t a g e  of c rush ing  is requ i r ed ,  

and t h e  burner  has  a s t a t i c  bed of l a r g e  chunks. 

A 

5.4.  P a r t i c l e  Separa t ion  and Disso lu t ion  

Primary burning removes t h e  block g raph i t e ,  t h e  ou te r  carbon coa t ings  

from t h e  TRISO coated f i s s i l e  p a r t i c l e s ,  and a l l  of t h e  carbon coa t ings  

from t h e  BISO coated f e r t i l e  p a r t i c l e s .  

p a r t i c l e s  w i l l  be  done v i a  t h e i r  d e n s i t y  d i f f e r e n c e s .  

which should surv ive  primary burning i n t a c t ,  have a dens i ty  of about 10, 

wh i l e  t h e  f i s s i l e  p a r t i c l e s ,  wi th  t h e i r  porous carbon and s i l i c o n  ca rb ide  

overcoa t ings ,  have a d e n s i t y  of about 3 .  Gas e l u t r i a t i o n  has been shown 

t o  be very e f f e c t i v e  f o r  s epa ra t ion  of t hese  p a r t i c l e s .  A z igzag column 

g ives  the  g r e a t e s t  e f f i c i e n c y ,  and can be operated wi th  c rossovers  of only 

1% t o  f e r t i l e  p a r t i c l e s  and 5% t o  f i s s i l e  p a r t i c l e s .  In  For t  S t .  Vrain 

f u e l ,  t h e  f e r t i l e  p a r t i c l e s  are a l s o  TRISO coated,  bu t  t h e  same type of 

s epa ra t ion  is  expected t o  be e f f e c t i v e .  Af t e r  s epa ra t ion ,  t h e  f e r t i l e  

p a r t i c l e s  are processed t o  recover  233U (from a mixture with Th and f i s s i o n  

products ) ,  whi le  t h e  f i s s i l e  p a r t i c l e s  may be s t o r e d  o r  may be processed 

t o  recover  r e s i d u a l  235U (from a mixture  wi th  f i s s i o n  products  and some Pu 

t h a t  i s  generated dur ing  i r r a d i a t i o n ) .  

Separa t ion  of t hese  two types of 

The t h o r i a  ke rne l s ,  

For BISO coated f e r t i l e  f u e l ,  t h e  separa ted  p a r t i c l e s  are d isso lved  

d i r e c t l y  i n  "Thorex reagent"  (concentrated n i t r i c  a c i d  p lus  small amounts 

of f l u o r i d e  and aluminum i o n ) .  High d e n s i t y  t h o r i a  resists d i s s o l u t i o n  

un le s s  ca ta lyzed  by f l u o r i d e  ion.  In  t h e  case  of TRISO coated f e r t i l e  

f u e l ,  t h e  p a r t i c l e s  are s e n t  through a small r o l l  c rusher  (o r  j e t  g r inde r )  

t o  break t h e  s i l i c o n  ca rb ide  coa t ing ,  then  burned i n  a secondary (so-cal led 

"endothermic") f l u i d  bed burner  t o  remove the  i n n e r  carbon coa t ings ,  and 

f i n a l l y  d isso lved  as above. The d i s s o l v e r  s o l u t i o n ,  which conta ins  uranium, 
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thorium, f i s s i o n  products ,  and some h ighe r  a c t i n i d e s ,  is  ready f o r  separa- 

t i o n  and p u r i f i c a t i o n  by so lven t  e x t r a c t i o n  a f t e r  c e n t r i f u g a t i o n  t o  remove 

i n s o l u b l e  s o l i d s  t h a t  are s e n t  t o  solids waste d i s p o s a l ,  

I f  t h e  f i s s i l e  p a r t i c l e s  are to be  processed,  t h e  TRISO coa t ings  

are broken and a secondary burn is made, as descr ibed  above. 

then d isso lved  i n  n i t r i c  a c i d  (a  c a t a l y s t  i s  n o t  expected t o  be r e q u i r e d ) ,  

t he  i n s o l u b l e  s o l i d s  are removed, and t h e  l i q u o r  i s  then ready f o r  

so lven t  e x t r a c t i o n ,  

The ash  i s  

5.5, Solvent Ex t rac t ion  

Two d i f f e r e n t  so lven t  e x t r a c t i o n  f lowsheets  are r equ i r ed :  t h e  Purex 

process  f o r  t h e  f i s s i l e - d e r i v e d  l i q u o r ,  and a modified acid-Thorex process  

f o r  t h e  f e r t i l e - d e r i v e d  l i q u o r ,  In  terms of recoverable  f i s s i o n a b l e  

i s o t o p e s ,  t h e  Thorex f lowsheet ,  which y i e l d s  233U, i s  of t h e  g r e a t e s t  

i n t e r e s t .  

p a r t i c l e s .  

The Purex f lowsheet  w i l l  be requi red  f o r  t h e  r ecyc le  of 235U 

I n  t h e  modified a c i d  Thorex process ,  t h e  h igh ly  a c i d i c  s o l u t i o n  from 

t h e  d i s s o l u t i o n  s t e p  i s  given an "acid adjustment ,"  whereby most of t h e  

excess  ac id  i s  dr iven  o f f  by simple hea t ing  o r  steam s t r i p p i n g .  l5 

ad jus t ed  and d i l u t e d  feed is then taken through a series of l i q u i d - l i q u i d  

e x t r a c t i o n s  i n  pulsed columns, u t i l i z i n g  water-immiscible s o l u t i o n s  of 

t r i b u t y l  phosphate (TBP) in 2-dodecane (NDD). The process  descr ibed  w a s  

developed f o r  thorium c y c l e  f u e l s  to accomplish t h e  mutual s e p a r a t i o n  of 

thorium, uranium, o t h e r  a c t i n f d e s ,  and f i s s i o n  products .  The o r i g i n a l  

7T1ot-e~ process  w a s  fmproved by s u b s t i t u t i o n  of n i t r i c  a c i d  f o r  aluminum 

n i t r a t e  as t h e  s a l t i n g  agent  (which mfnimfzes t h e  amount of w a s t e  s o l u t i o n ) ,  

and t h e  e x t r a c t i o n  cyc le s  were modified t o  handle  t h e  Parge q u a n t i t i e s  

of f i s s i o n  products  r e s u l t i n g  from high burnup l6 

t h e  Thorex process  was used wi th  f u e l s  w i t h  r e l a t i v e l y  low burnup (10,000 

t o  30,000 MWd/ton). The HTGR f e r t i l e  p a r t i c l e s  w i l l  have a h igher  burnup 

(about 50,000 MWd/ton), bu t  i t  i s  expected t h a t  t h i s  h igher  burnup w i l l  

mot c r e a t e  any major problems f a r  so lven t  e x t r a c t i o n .  

The 

When f i r s t  developed, 

Flowsheets f o r  t h e  modified Thorex process  are shown i n  F igs .  12-14; 

t h e  c i r c l e d  numbers i n d i c a t e  t h e  r e l a t i v e  volumes i n  each stream. I n  t h e  
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Fig. 1 2 .  F i r s t  c y c l e  Thorex (acid f e e d ) .  

, 
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Fig. 13. Second c y c l e  Thorex ( ac id  d e f i c i e n t  f eed ) .  

. 



. 

33 

O R N L  D W G  73-7693 
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3.6M 
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H N O j  3.0 N 

Th 2.2 g / I  

I 1 

STRIP 

HNO3 0.01 M 

30 g / l  
H N 0 3  

Fig. 14. Recovery cyc le  of 233u 



f i r s t  cyc le ,  Th, U,  and a c t i n i d e s  are separa ted  from f i s s i o n  products  (FP) 

us ing  a c i d  feed  and 30% TBP, 

separa ted  from each o t h e r  us ing  a c i d  d e f i c i e n t  ( A , D . )  feed  and 30% TBP. 

F i n a l l y ,  i n  a t h i r d  cyc le ,  t h e  sepa ra t ion  of Th and U from each o t h e r  i s  

completed by us ing  a c i d i c  feed and 5% TBP. This product ,  u ranyl  n i t r a t e  

s o l u t i o n ,  about 0 ,13  - M i n  U and wi th  a small amount of f r e e  a c i d ,  is  

concentrated t o  about 1 %  f o r  use  i n  r e f a b r i c a t i o n .  

f i n a l  t rea tment  wi th  ion  exchange t o  lower t h e  a c t i v i t y  from 

daughter products .  Ten ta t ive  s p e c i f i c a t i o n s  on t h e  product ,  u ranyl  

n i t r a t e ,  are given i n  Table 5 .  

I n  t h e  second cyc le ,  Th and U are p a r t i a l l y  

It may be given a 
2 32u 

The Purex process  has  been used ex tens ive ly  f o r  reprocess ing  of 

l i g h t  water r e a c t o r  f u e l s ,  which have a burnup of  about 30,000 MWd/ton. 

I n  t h i s  process  U and Pu are separa ted  from each o t h e r  a f t e r  f i r s t  being 

separa ted  from f i s s i o n  products .  

and U(V1) are coext rac ted  t o  achieve  s e p a r a t i o n  from f i s s i o n  products ,  

a f t e r  which Pu(1V) i s  reduced t o  Pu(I I1)  wi th  f e r r o u s  su l famate  f o r  

s epa ra t ion  from U(V1). 

of about 700,000 MWd/ton. 

reprocess ing  of f u e l s  a t  t h i s  burnup, process  performance under these  

condi t ions  i s  unknown a t  t h i s  t i m e .  

TBP is  used as t h e  s o l v e n t ,  Pu(1V) 

The HTGR f i s s i l e  p a r t i c l e s  w i l l  have a burnup 

Since t h e r e  has  been no exper ience  wi th  

5 . 6 .  Off-Gas Decontamfnation 

The p resen t  t rend  toward decreas ing  t h e  permit ted release of rad io-  

a c t i v i t y  i n t o  t h e  environment, c u r r e n t l y  d i r e c t e d  a t  power-generating p l a n t s ,  

is  having an impact on nuc lea r  r e a c t o r  f u e l  reprocess ing  s t u d i e s ,  even 

though no new r e s t r i c t i o n s  have as y e t  a c t u a l l y  been imposed on reprocess-  

i n g  p l a n t s .  

w i th  i t s  a s s o c i a t e d  r e l a t i v e l y  very small volumes of r a d i o a c t i v e  gases ,  

creates a cha l lenging  problem f o r  f u e l  reprocess ing  development. 

less of which processes  are chosen t o  decontaminate t h e  burner  off-gas ,  

they should n o t  only meet t h e  p re sen t  gaseous e f f l u e n t  cleanup requi re -  

ments, b u t  should a l s o  have t h e  inhe ren t  c a p a b i l i t y  of meeting f u t u r e ,  

more s t r i n g e n t  e f f l u e n t  cleanup requirements  of t h e  type proposed f o r  

power r e a c t o r s .  

The very  l a r g e  volume of carbon d ioxide  from t h e  burner ,  

Regard- 
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Table 5. Tentative uranium product specificationsa 

Product SDecification 

1.0 f 0.05 M U02(N03)2 
< 30 ppm 
< 50 ppm 
< 1500 ppm 
< 200 ppm 

< 400 ppm 
< 200 ppm 
< 30 ppm 
< 200 ppm 

2 3 3 ~  - 
- Pu 

Th - 
2 32u - 

- P 

Si 
Fe plus Cr 

S 

C 
Total metallic impurities: 

N03/U (mole ratio): between 2.0 and 2.5 

Residual f3-y activity: 

Boron equivalent: 

- 
- 
- 
- 

- < 2000 ppm 

6 Ci/R excluding 233Pa activity 

20 ppm (fissile metal basis) 

2 ppm (total HM basis) 

aImpurities given in ppm are on a U-basis. 
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The major source  of off-gas  is t h e  primary burner ,  b u t  o t h e r  sources  

a l s o  con t r ibu te .  Examples are t h e  c rushe r s ,  p a r t i c l e  s e p a r a t o r s ,  d i s s o l v e r ,  

and instrument  purges.  The l a r g e  CO2 conten t  (up t o  90%) and t h e  l a r g e  

volume (about 2000 scfm f o r  a commercial p l a n t )  d i s t i n g u i s h  HTGR f u e l  

reprocess ing  p l a n t  off-gas from t h a t  of o t h e r  p l a n t s .  The C 0 2  i n t e r f e r e s  

w i t h  t h e  processes  normally used t o  concen t r a t e  "Kr ou t  of an  a i r  stream, 

and a new process  had t o  be  developed. Off-gas cleanup a l s o  inc ludes  

and 3H removal, and holdup of 220Rn long enough t o  permit  e s s e n t i a l l y  

complete decay t o  s o l i d  products  (about 10 minutes i s  long enough f o r  

t h e  holdup, s i n c e  t h e  h a l f - l i f e  of 220Rn is  only 55 sec). 

1 2 g I  

A genera l  f lowsheet  f o r  off-gas cleanup i s  shown i n  Fig.  15 ,  whi le  

Fig.  16 g ives  more d e t a i l .  The q u a n t i t i e s  shown i n  Fig.  16 are f o r  t h e  

ACC p i l o t  p l a n t ,  and are s i z e d  t o  handle  t h e  off-gas  from 24  f u e l  elements 

p e r  day. 

Iod ine  w i l l  b e  removed by l e a d  and s i l v e r  z e o l i t e s ,  radon w i l l  b e  he ld  

up on molecular sieve type 5A, t r i t i a t e d  water w i l l  be  taken ou t  w i t h  type  

3A molecular s i e v e ,  and krypton w i l l  be  removed v i a  t h e  KALC process .  The 

iodine17 and water removal development are be ing  done by ACC. 

i s  be ing  developed by ACC f o r  reprocess ing  and by ORNL f o r  r e f a b r i c a t i o n .  

Radon holdup 
18  

Severa l  p rocesses  f o r  removing ppm q u a n t i t i e s  of 0 5 K r  and o t h e r  noble  

gases  from va r ious  gas  streams are a v a i l a b l e  i n  c u r r e n t  technology. However, 

t h e s e  processes  are no t  a p p l i c a b l e  t o  an of€-gas stream which i s  p r i m a r i l y  

C 0 2  because of t h e  many similarities between K r  and C 0 2  i n  those  phys ica l  

p r o p e r t i e s  (such as adso rp t ion  and s o l u b i l i t y )  t h a t  provide t h e  b a s i s  f o r  

prev ious ly  developed s e p a r a t i o n  schemes. l9 

s i m i l a r i t y ,  t h e  r e l a t i v e l y  h igh  s o l u b i l i t y  of K r  i n  COz 
b a s i s  f o r  s e p a r a t i n g  K r  from t h e  l i g h t  gases  ( 0 2 ,  N 2 ,  CO) p resen t  i n  t h e  

HTGR C 0 2  off-gas ,  whi le  a subsequent f r a c t i o n a t i o n  s t e p  s e p a r a t e s  t h e  K r  

from t h e  l i q u i d  CO2 so lven t .  This  process ,  known as KALC (from Krypton 

Absorption by Liquid Carbon Dioxide) 21 has  t h e  added advantage t h a t  

t h e  absorbent  i s  one of t h e  spec ie s  a l r eady  p resen t  i n  t h e  gas mixture ,  

t hus  avoiding t h e  i n t r o d u c t i o n  of a new component. Furthermore,  t h e  KALC 

process  may a l s o  provide  a means t o  o b t a i n  a d d i t i o n a l  decontamination f o r  

By c a p i t a l i z i n g  on t h i s  
20 

provides  t h e  



37 

KRYPTON * 
DISPOSAL 

O R N L  DWG 74-8019 

KRYPTON 
REMOVAL 

FILTER AND 
CONDENSER 

SYSTEM 

CONTAMINATED 
C 0 2  OFF-GAS 

TRITIUM AND 
CO OXIDATION 

I IODINE 
DISPOSAL 'oD'NE REMOVAL 

RADON 
HOLD-UP 

I TRITIATED WATER 
DISPOSAL 

CLEAN C02 
RELEASE VIA STACK- 

F i g .  15. General flowsheet for off-gas cleanup. 
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Fig. 16.  Schematic flow diagram of  off-gas  system f o r  HTGR pro to type  f u e l  
process ing  f a c i l i t y  and approximate material ba lance  (TBV). 
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t r i t i a t e d  water, 1 2 ,  and p a r t i c u l a t e  matter dur ing  t h e  var ious  scrubbing 

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

The KALC process  (Fig.  17) opera t e s  as fol lows:  (1) incoming C 0 2 ,  

K r ,  and l i g h t  gases  are c h i l l e d  and scrubbed f r e e  of K r  w i th  l i q u i d  CO2,  

wh i l e  most of t h e  l i g h t  gases  (a long wi th  some C02) are discharged;  

(2) t h e  l i q u i d  C 0 2 ,  which now con ta ins  a l l  t h e  K r  and t h e  ba lance  of t h e  

l i g h t  gases ,  is  f r a c t i o n a t e d  t o  remove these  remaining l i g h t  gases ,  which 

are then recyc led  t o  t h e  scrubber  because they con ta in  some K r ;  (3) t h e  

Kr-rich COP i s  f u r t h e r  f r a c t i o n a t e d  t o  b o i l  o f f  t h e  K r ,  which is  s e n t  t o  

s t o r a g e  f o r  u l t ima te  d i s p o s a l ;  (4) t h e  remaining l i q u i d  C o n ,  now f r e e  

of both l i g h t  gases  and K r ,  p rovides  t h e  scrubber  l i q u i d  f o r  t h e  f i r s t  

s t e p ,  p l u s  an excess  (corresponding t o  s t eady- s t a t e  i npu t  of HTGR o f f -  

gas t o  t h e  system) which is discharged.  Xenon, which i s  a l s o  p re sen t  

i n  t h e  burner  off-gas  i n  ppm amounts, w i l l  tend t o  c a r r y  along wi th  

t h e  K r  up t o  t h e  f i n a l  s t r i p p i n g  s t e p ;  however, i t  i s  of r e l a t i v e l y  

l i t t l e  s i g n i f i c a n c e  s i n c e  i t s  a c t i v i t y ,  which i s  shor t - l i ved ,  w i l l  have 

decayed out  p r i o r  t o  reprocess ing .  P i l o t  s t u d i e s  have demonstrated 

t h e  f e a s i b i l i t y  of t h e  KALC opera t ions .  

of t h e  var ious  s t e p s  shows t h a t  i t  should be p r a c t i c a l  t o  release no 

more than about  1% of t h e  krypton and 30% of t h e  xenon from t h e  system 

w i t h  t h e  decontaminated gaseous carbon d ioxide  waste; another  0,01% of 

t h e  krypton and 67% of t h e  xenon leave wi th  a decontaminated l i q u i d  

carbon d ioxide  waste. The remaining -. 99% of t h e  krypton w i l l  probably 

be compressed i n t o  a con ta ine r ,  a long  wi th  a comparable volume of GO2 

and o t h e r  gases ,  and s t o r e d .  The decontaminated gaseous carbon d ioxide  

waste stream con ta ins  about one - f i f th  of t h e  C o n ;  about  f o u r - f i f t h s  i s  

i n  t h e  decontaminated l i q u i d  waste stream. 

be vaporized,  and r e l eased  t o  t h e  environment, a long  wi th  t h e  gaseous 

waste stream. 

22 An e a r l y  t h e o r e t i c a l  a n a l y s i s  

The l i q u i d  waste stream can 

Very r e c e n t l y ,  improved c a l c u l a t i o n a l  methods 23 ’ 24 and experimental  

r e s u l t s 2 5  have v e r i f i e d  t h e  KALC concept.  
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6.  REFABRICATION 

6.1. General Descr ip t ion  

The p r i n c i p a l  r e f a b r i c a t i o n  s t e p s  f o r  t h e  development p i l o t  p l a n t  

These s t a r t  wi th  p u r i f i e d  2 3 3 U  n i t r a t e  solu-  are ou t l ined  i n  Fig.  18. 

t i o n  from t h e  reprocess ing  p i l o t  p l a n t ,  which i s  then cleaned up by ion  

exchange t o  remove 32U daughters .  In  a commercial i n s t a l l a t i o n ,  

reprocess ing  and r e f a b r i c a t i o n  would be  next  door t o  each o t h e r ,  and 

f i n a l  cleanup would be handled by t h e  reprocess ing  sec t ion .  In  a d d i t i o n  

t o  t h e  major systems shown i n  Fig.  18, o t h e r  systems r e l a t e d  t o  Qual i ty  

Assurance (QA), a c c o u n t a b i l i t y ,  and t h e  handl ing of materials (which 

can become a c o n t r o l l i n g  f a c t o r  i n  ho t  c e l l  ope ra t ions )  are a l s o  requi red .  

These systems are shown i n  Fig.  19 ,  which a l s o  i n d i c a t e s  t h e  dua l  

development programs of l abora to ry  development and p i l o t  p l a n t  design,  

cons t ruc t ion ,  and ope ra t ion ,  In  a d d i t i o n ,  an ongoing program of 

i r r a d i a t i o n  t e s t i n g  of f u e l  materials w i l l  p rovide  guidance i n  f i n e  tun ing  

and, i f  necessary ,  modifying t h e  r e fe rence  f u e l  composition and s t r u c t u r e .  

The r e f a b r i c a t i o n  f lowsheet  i s  based on k e r n e l s  obtained by loading  

3U onto s p h e r i c a l  Weak-Acid ion  exchange Resin (WAR) ,  which w i l l  be  

descr ibed  i n  more d e t a i l  la ter .  Af t e r  loading  t h e  r e s i n ,  i t  i s  carbonized 

by hea t ing  i n  a f l u i d i z e d  bed t o  about 1000°C i n  an  i n e r t  atmosphere; 

t h i s  e s s e n t i a l l y  accomplishes a d e s t r u c t i v e  d i s t i l l a t i o n  of t h e  organic  

r e s i n ,  l eav ing  a r e s i d u e  of carbon, and reduces t h e  U ( V I )  t o  UOn. The 

o v e r a l l  composition a t  t h i s  p o i n t  is  about U 0 2  + 5C. Heating above 

1500'C causes  d e n s i f i c a t i o n  and conversion ( e i t h e r  complete o r  p a r t i a l ) "  

of t h e  oxide t o  carb ide :  

UO2 + 4c -f uc2 * 2co . 
I n  p r a c t i c e ,  t o  achieve  t h e  most favorable  i r r a d i a t i o n  p r o p e r t i e s ,  i t  may 

be  p r e f e r a b l e  t o  l eave  a mixture  of UO2 and UC2,  p l u s  r e s i d u a l  carbon. 

Following conversion,  t h e  var ious  coa t ings  are appl ied  ( a l s o  i n  

f l u i d i z e d  beds) by p y r o l y s i s  of hydrocarbon gases  ( f o r  C coa t ings)  o r  of 

c h l o r o s i l a n e s  p l u s  H2 ( f o r  S I C  coa t ings ) .  The coated f i s s i l e  ke rne l s  are 
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44 

then mixed wi th  coated t h o r i a  ke rne l s  (from a f r e s h  f u e l  p l a n t )  and a 

ma t r ix  material t o  form %he f u e l  rods ,  Af t e r  i n s p e c t i o n ,  t h e  f u e l  rods  are 

loaded i n t o  t h e  g raph i t e  fuel blocks ,  and are carbonized and annealed to 

1800°C i n  s i t u .  A t  p r e s e n t ,  engineer ing-scale  equipment f o r  the r e fab r i ca -  

t i o n  p i l o t  p l a n t  i s  being developed, 

6.2,  Fab r i ca t ion  of F i s s i l e  Kernels  

There are t h r e e  genera l  methods of producing HTGR ke rne l s  on a l a r g e  

scale: (1) powder agglomeration, followed by s i n t e r i n g  o r  fus ion ;  (2) 

so l -ge l  procedures ,  which come i n  numerous v a r i a t i o n s ;  and (3 )  resin-based 

methods. Sol-gel processes  are used t o  make t h e  Tho2 f e r t i l e  ke rne l ;  t h i s  

i s  a co ld ,  o r  con tac t  opera t ion .  A summary of so l -ge l  development a t  O W L  
has been publ ished.26 

n i t r a t e , "  and g e l a t i o n  is  accomplished by one of t h r e e  genera l  methods : 

water e x t r a c t i o n ,  developed a t  e x t e r n a l  ammonia g e l a t i o n ,  t o  be 

used a t  t h e  GAC f r e s h  f u e l  p l a n t  planned f o r  Youngsvi l le ,  N . C . ;  and 

i n t e r n a l  chemical ge l a t ion .  A l l  t h r e e  methods y i e l d  Tho;! microspheres 

which can be  s i n t e r e d  t o  n e a r l y  t h e o r e t i c a l  d e n s i t y  a t  r e l a t i v e l y  low 

temperatures  L) 

Thoria s o l s  are prepared by steam d e n i t r a t f o n  of t h e  

The r e fe rence  process  f o r  r ecyc le  f u e l  i s  t h e  r e s i n  method. The 

inhe ren t  advantage of t h e  r e s i n  process  f o r  f a b r i c a t i o n  of f i s s i l e  ke rne l s  

is t h a t  t h e  r e s i n  i s  suppl ied  i n  t h e  form of mhrosphe res  and, t h e r e f o r e ,  

a sphere-forming ope ra t ion  is no t  requi red  i n - c e l l  (nor ,  f o r  that matter, 

ou t -of -ce l l ) .  

( W M >  t h a t  has  a h igh  volume capac i ty  and con ta ins  only C ,  H ,  and 0 ,  The 

loading  r e a c t i o n  i s  a s imple exchange: 

The r e s i n  of choice  fs a weak-acid carboxyla te  type r e s i n  

2WaR(H) -!- U022 2 WARa(UO2) 9 2H* 

However, t h e  equ i l ib r ium favor s  t h e  a c i d  form of t h e  r e s i n  and t h e  r e a c t i o n  

must be d r iven  by n e u t r a l i z i n g  t h e  H-!- product .  

supplying t h e  uranium as UO3 (p lus  some n i t r a t e  to provide an i o n i c  

r e a c t a n t ) ,  28 o r  by s t a r t i n g  wi th  "ac id-def ic ien t"  u rany l  n i t r a t e  a 

d r i v i n g  r e a c t i o n  i n  t h e  UQ3 method is:  

This  can be done by e i t h e r  

The 

2H* -!- uo3 -f UOa'+ 9 H2.0 , 
g iv ing  a ne t '  r e a c t i o n :  
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t WAR2(U02) + H20 . aqueous 
nitrate 2WAR(H) + uo3 

The second method is based on the fact that uranyl nitrate can be 

made up to 25% acid deficient in solution by removing HNO3: 

The nitric acid can be removed either by extended steam stripping at about 

17OoC, or by controlled extraction with amines. The amine extraction 

method has been selected as the reference process; a flowsheet based on 

this method is shown in Fig. 20. Loading by the acid-deficient method 
requires recycle of liquor to the amine contactor after the loading step, 
since only - 25% of the contained uranium loads per pass. 

Also shown in Fig. 20 is a batch-type loading procedure, wherein a 

batch of resin is loaded with uranium by contact in a fluidized column. 
Continuous loading has also been demonstrated by using a modified 
Higgins-type column. 29 
Fig. 21. The loaded resin is washed and dried prior to carbonization. 

A summary of the properties of both fissile and fertile kernels is given 
in Table 6. 

A schematic view of such a column is shown in 

7. WASTE HANDLING 

The overall management of wastes requires not only that they be 

adequately removed from plant effluents, but that an environmentally 

acceptable means of disposal and/or storage be available. 
this is an open question at present, but ERDA is actively seeking answers. 
Diverse approaches, including burial in geologic salt formations or deep 
ocean trenches, transmutations in nuclear reactors, and storage in man- 
made vaults are being considered. The ultimate goal is to contain wastes 

long enough so that when the residue is finally returned to the environ- 

ment 
With regard to waste handling, the recycle development program must 

resolve the processing and isolation of HTGR wastes. Final disposition 

of these wastes falls within the scope of another program, but HTGR recycle 

development must provide for the treatment of its own wastes at least to 
the point where they are concentrated in a form suitable for interim storage. 

In many ways 

it will have a residual activity no higher than natural background. 
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Table 6, Typical recycle €ueP particle dimensions, 

Fissile Fertile 
particle particle 

Kernel forming process 

Compositiona 

Resin dfam, - dry, U-loaded (urn) 
Kernel diam. (urn) 

Uranium content (pglkernel) 
Kernel density ( g / cm ) 

Coating type 

Buffer carbon (urn> 
Inner dense carbon (urn) 
Silicon carbide (um) 

Outer carbon (urn) 

Total particle diameter (urn) 

Resin 

uc 0 
X Y  

550 

400 

a4,4 

3.2 

TRI S 0 

50 

30 

25 

30 

670 

Sol-Gel 

Tho 2 

500 

10.0 

BISO 

85 

75 

820 

aThe fissEle par t ic le  w i l l  probably be a p a r t i a l l y  converted oxide, 
ice,, a mixture of U02 and UC2, plus some residual carbon, This 

: n ~ x . a , ~ ~  gives  he $ e e ~  inadlation behavCcr, The molar r a t i o  of 

cxfde to carbide is nominally about 50/50,  but it can range from 
about 25;75 to 75/25, 
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Some HTGR r e c y c l e  wastes are n o t  s i g n i f i c a n t l y  d i f f e r e n t  from LWR 

r e c y c l e  wastes and can be processed and s t o r e d  i n  a similar manner. 

i nc ludes ,  f o r  example, t r i t i u m  and iod ine  removal wastes, and f a c i l i t y  

wastes such as rags ,  t o o l s ,  e tc .  On t h e  o t h e r  hand, many HTGR r ecyc le  

wastes are unique t o  t h i s  r e a c t o r  type,  f o r  example, s i l i c o n  carb ide  

h u l l s ,  condensed v o l a t i l e s  , and second-cycle 5U f i s s i l e  p a r t i c l e s .  

Also, many HTGR r e c y c l e  wastes have s p e c i a l  p r o p e r t i e s  t h a t  r e q u i r e  

s p e c i a l  t rea tment ,  f o r  example, so lvent  e x t r a c t i o n  wastes ( t h a t  con ta in  

f l u o r i d e )  and 1 4 C  ( t h a t  is  g r e a t l y  d i l u t e d  by l a r g e  q u a n t i t i e s  of CO2). 

These va r ious  waste streams have been i d e n t i f i e d  and cha rac t e r i zed  i n  a 

r e c e n t  study.30 

This  

A summary from t h i s  work i s  shown i n  Fig.  22. 

Wastes from HTGR f u e l  r ecyc le  inc lude  t h e  "Kr, I 2 ' I ,  and 3H, whose 

= 10.7 removal from t h e  off-gas  has  been d iscussed .  

yea r s )  and 3 H *  (t 

decay f o r  subsequent release. Storage of I ( t +  = 1 . 7  x lo7 yea r s )  

would be requi red  fo r  e s s e n t i a l l y  p e r p e t u i t y .  Other wastes inc lude  t h e  

f i s s i o n  products  and long-lived a c t i n i d e s .  The former,  which are b e t a  

and gamma emitters, w i l l  be  concent ra ted ,  d r i e d  and f i r e d ,  and converted 

t o  a s t o r a b l e  form (e .g . ,  by encapsula t ion  i n  a g l a s s  ma t r ix ) .  

whose primary hazard i s  t h a t  they inc lude  a lpha  emitters, are p r e s e n t l y  

given t h e  same t rea tment  as are the  f i s s i o n  products ,  bu t  cons ide ra t ion  

i s  being given t o  s e p a r a t i n g  out  t h e  a c t i n i d e s  and g iv ing  them s p e c i a l  

treatment. 

S torage  of  8 5 K r  (t  % 
= 12.4 yea r s )  f o r  about 100 yea r s  would p e r m i t  adequate  

1 2 9  
% 

The l a t t e r ,  

F i n a l l y ,  t h e  head-end flowsheet p re sen t ly  be ing  followed releases 

Whether o r  n o t  t h i s  c o n s t i t u t e s  a rea l  problem 1 4 C  t o  t h e  atmosphere. 

has  not  y e t  been d e f i n i t e l y  answered. 

t i o n a l  t rea tment  w i l l  be requi red .  For example, t h e  CO2 r e l eased  by 

burning could be converted t o  s t a b l e  C a C 0 3  by r e a c t i o n  wi th  l i m e ,  and 

then s to red  as a low-level waste. 

I n  t h e  event  t h a t  i t  does,  addi-  
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Formerly, 

8. ACCOUNTABILITY AND SAFEGUARDS 

o u n t a b i l i t y  w a s  an economic func t ion ,  s i n c e  uclear 

materials are va luab le .  Today, t h e  e f f o r t  and expense exer ted  t o  

completely c o n t r o l  f i s s i o n a b l e  materials f a r  exceeds t h e  monetary va lue  

of t h e  small s ides t reams involved,  o r  t h e  minor adjustments  t o  t h e  t o t a l  

inventory.  The i n c e n t i v e ,  of course ,  i s  t h a t  d i v e r t e d  nuc lea r  materials 

are p o t e n t i a l l y  dangerous, even i n  small q u a n t i t i e s ,  as witnessed by 

I n d i a ' s  r ecen t  bomb explosion.  

type  men ta l i t y  and/or  conscience are a l s o  a matter f o r  s e r i o u s  concern. 

T rans l a t ing  t h i s  concern t o  HTGR f u e l  r ecyc le  means t h a t  very 

Pos tu l a t ed  i n c i d e n t s  involv ing  h i j acke r -  

s t r i n g e n t  requirements re la t ive t o  inventory c o n t r o l  and phys ica l  c o n t r o l  

w i l l  have t o  be  m e t .  

and a n a l y t i c a l  l oads  imposed by Qual i ty  Assurance Control .  These are 

major problems f o r  remote ope ra t ion ,  and t h e i r  r e s o l u t i o n  w i l l  r e q u i r e  

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

t o  be assured ,  b u t  i n  t h i s  r e spec t  t h e  inhe ren t  r a d i o a c t i v i t y  of r ecyc le  

material provides  a measure of b u i l t - i n  p r o t e c t i o n .  

These requirements  are i n  a d d i t i o n  t o  t h e  sampling 

Phys ica l  safeguarding w i l l  a l s o  have 

The b a s i c  c o n t r o l  philosophy is  based on t h e  "closed material balance' '  

and %aterial unaccounted f o r "  (MUF) ,31 which combines a s p e c t s  of f i n a n c i a l  

account ing and engineer ing  material balance.  In  t h e  closed material 

ba lance  streams are analyzed, and t h e  d i f f e r e n c e  between input  and 

output  i s  MUF. 

ment u n c e r t a i n t i e s ,  unrecognized processes  l o s s e s ,  and poss ib l e  t h e f t s  o r  

d ive r s ions .  For nuc lea r  material safeguards ,  i t  i s  common t o  conclude t h a t  

no t h e f t  occurred i f  t h e  MUF can be explained by independently c a l c u l a t e d  

measurement u n c e r t a i n t i e s .  From an economic s t andpo in t ,  however, t h e  MUF 

should no t  j u s t  be expla ined;  i t  should be examined u n t i l  i t  i s  thoroughly 

understood. Only then can i t  serve i ts  intended purpose. 

Any given MUF i s  p o t e n t i a l l y  a complex mixture of measure- 



52 

REFERENCES 

1. Nuclear Fuel Cycle, ERDA-33, p. 23 (March 1975). 
2. National HTGR Fuel Recycle Development Program Plan, ORNL-4702, 

Rev. 2, in preparation. Rev. 1 was issued August 19731; the 
first edition was issued August 1971. 

3. C. L. Fitzgerald, V. C. A. Vaughen, K. J. Notz, and R. S. Lowrie, 
Head-End Reprocessing Studies with Irradiated HTGR-Type Fuels 
Studies with RTE-7: TRISO UC2-TRISO ThC2, ORNL-TM-4653 (in 

preparation) 

4. L. He Brooks, A. L. Lotts, and R. Go Wymer, "Progress in the 
Thorium-Uranium 233 Reprocessing-Refabrication Technology," 
in Proceedings of the ANS Topical Meeting, May 7-10, 1974, 
Gatlinburg, TN., CONF-740501 (May 1974), 

5. C. A. Heath and M. E. Spaeth, "Reprocessing Development for HTGR 

Fuels," Proceedings ANS/CNA Joint Topical Meeting, April 28-30, 
1975, Toronto, CNS ISSN 0068-8517, 75-CNA/ANS-100 (April 1975). 

6. E. R. Merz, G. Kaiser, and E. Zimmer, "Progress in the Th-233U 

Recycle Technology,'' in Proceedings of the ANS Topical Meeting, 
May 7-10, 1974, Gatlinburg, TN., CONF-740501 (May 1974). 

7 .  Potential Nuclear Power Growth Patterns, WASH-1098 (December 1970). 

8. Environmental Survey of the High Temperature Gas-Cooled Reactor 
(HTGR) Fuel Cycle, (in preparation; to be issued as a WASH report). 

9. P. R. Kasten, L. L. Bennett, and W. E. Thomas, An Evaluation of 
Plutonium Use in High-Temperature Gas-Cooled Reactors, ORNL-TM-3525 
(October 1971) 

10. R. H. Rainey, Laboratory Development of a Pressurized Cation Exchange 

Process for Removing the Daughters of 232U from 233U, ORNL-4731 
(December 1972). 

11. Environmental Statement: HTGR Fuels Reprocessing Facilities, WASH-1534 

(August 1974). 



53 

12. Environmental Statement: HTGR Fuel Refabrication Pilot Plant, 
WASH-1533 (April 1974). 

13. J. W. Snider and D. C. Watkin, A n  Evaluation of HTGR Primary 

Burning, ORNL-TM-4520 (November 1974). 

14. P. A. Haas, HTGR Fuel Reprocessing: A Whole-Block Burner with 
Recycle of Cooled Gas for Temperature Control, ORNL-TM-4519 

(August 1974). 

15. R. H. Rainey and J. G. Moore, "Laboratory Development of the Acid 
Thorex Process for Recovery of Thorium Reactor Fuel," Nucl. Sci. 

Eng. =(4), 367 (August 1961). 

L. Kuchler, L. Schafer, B. Wojtech, "The Thorex Two Stage Process 
for Reprocessing Thorium Reactor Fuel with High Burnup," Kerntechnik 
13, No. 718 (1971). 

16. 

- 
17. D. T. Pence, F. A. Duce, and W. J. Maeck, "Developments in the 

Removal of Airborne Iodine Species with Metal-Substituted Zeolites," 

in Proceedings of the Twelfth AEC Air Cleaning Conference, CONF-720823, 

Vol. I {January 1973) e 

18. R. D. Ackley, Removal of Radon-220 from HTGR Fuel Reprocessing and 
Refabrication Off-Gas Streams by Adsorption (Based on a Literature 

Survey), ORNL-TM-4883 (April 1975) 

19. R. W. Glass et al., HTGR Head-End Processing: A Preliminary Evaluation 
of Processes for Decontaminating Burner Off-Gas, ORNL-TM-3527 (July 
1972). 

20. K. J. Notz, A. B. Meservey, and R. D. Ackley, "The Solubility of 
Krypton and Xenon in Liquid COn," ANS 1973 Winter Meeting; published 
in Transactions ANS - 17, 318-19 (November 1973). 

21. D. E. Ferguson, P. A. Haas, and R. E. Leuze, "Quantitative Recovery 
of Krypton from Gas Mixtures Mainly Comprising Carbon Dioxide," 
U.S. Patent 3,742,720 (July 3, 1973). 

22. M. E. Whatley, Calculations on the Performance of the KALC Process 

ORNL-4859 (April 1973) a 



54 

23 e 

24. 

25 

26. 

27 

28 

29. 

30 

31. 

R. W. Glass, T. M. Gilliam, and V. L. Fowler, An Empirical Model 

for Calculating Vapor-Liquid Equilibrium and Associated Phase 

Enthalpy for the CO2-On-Kr-Xe System for Application to the KALC 
Process, ORNL-TM-4947 (in reproduction). 

J. C.  Mullins, An Equilibrium Stage Model of the KALC Process, ORNL- 

TM-5099 (in preparation). 

R. W. Glass, H. W. R. Beaujean, V. L. Fowler, T. M. Gilliam, D. J. 
Inman, and D. M. Levins, Krypton Absorption in Liquid CO2 (KALC): 
Campaign I1 in the Experimental Engineering Section Off-Gas 
Decontamination Facility, ORNL-TM-5095, (in reproduction). 

R. G o  Wymer, "Sol-Gel Processes at Oak Ridge National Laboratory: 
Development, Demonstration and Irradiation Tests," presented 
at the Panel on Sol-Gel Processes for Fuel Fabrication, held in 
Vienna, Austria, May 21-24, 1973, by the International Atomic Energy 
Agency; published in the Proceedings. 

P. A. Haas, Process Requirements for Preparing Tho2 Spheres by the 

ORNL Sol-Gel Process, ORNL-TM-3978 (December 1972). 

P. A. Haas, HTGR Fuel Development: Use of U03 to Load Cation Exchange 
Resin for Microsphere Preparation, ORNL-TM-3817 (September 1972). 

Chemical Technology Division Annual Progress Report for Period Ending 
March 31, 1972, ORNL-4794 (August 1972), p p .  47-49 ,  

K. H. Lin, Characteristics of Radioactive Waste Streams Generated In 
HTGR Fuel Repro-, ORNL-TM-5096 (in reproduction). 

J. E. Lovett, Nuclear Materials: Accountability, Management, Safeguards, 
American Nuclear Society, Hinsdale, Ill. (1974). 



55 

1. R. D. Ackley 
2. M. Bender 
3. R. E. Blanco 
4. J. 0. Blomeke 
5 .  A. L. Boch 
6. R. A. Bradley 
7. R. E. Brooksbank 
8. K. B. Brown 
9. W. D. Burch 

10. R. M. Canon 
11. W. L. Carter 
12.  J. M. Chandler 
13. J. H. Coobs 
14. A. G. Croff  
15. F. L. C u l l e r  
16. F. C. Davis 
17. W. Davis, Jr. 
18. F. E. Dearing 
19.  J. P. Drago 
20. D. E. Ferguson 
21. B. C. Finney 
22. C. L. F i t z g e r a l d  
23. C. W. Forsberg  
24. T. M. G i l l i a m  
25. R. W. Glass 
26. W. S .  Groenier  
27. P. A. Haas 
28. F. E. H a r r i n g t o n  
29. C. C. Haws 
30. J. W. H i l l  
31. F. J. Homan 
32. S .  V. Kaye 

ORNL-TM-4747 
UC-77 - Gas-Cooled Reac tor  Technology 

INTERNAL DISTRIBUTION 

33-36. 
37. 
38. 
39. 
40. 
41. 
42. 
43. 
44 * 
45. 
46. 

47-62 
63  e 

64. 
65. 
66. 
67. 
68. 
69. 
70. 
71. 
72. 
73. 
74. 
75. 
76. 

77-81. 
82-83. 

85-87. 
84. 

88 e 

89 

P. R. Kasten 
C. W. K e e  
R. K. Kibbe, GAC/ORNL 
W. J. Lackey 
K. H. L i n  
T. B. Lindemer 
E. L. Long, Jr. 
A. L. L o t t s  
R. S .  Lowrie 
A .  P. Malinauskas 
E. E. McCombs 
K. J. Notz 
A. R. Olsen 
W. H. Pechin  
H. Postma 
R. H. Rainey 
J. W. Roddy 
A. D. Ryon 
C. D. S c o t t  
J. D. Sease  
J. H. S h a f f e r  
J. W. S n i d e r  
D. B. Trauger  
V. C.  A. Vaughen 
J. E. Van Cleve 
D. C. Watkin 
R. G. Wymer 
C e n t r a l  Research L i b r a r y  
Document Reference  S e c t i o n  
Labor a t  o r y  Records 
Labora tory  Records (RC) 
ORNL P a t e n t  S e c t i o n  



56 

CONSULTANTS 

90, W. KO Davis 
91, J. C. Frye 
92, C .  He Ice 
93. J, J. Katz 
94, R. Bo Richards 

EXTERNAL DISTRIBUTION 

95, Research and Technical  Support Div is ion ,  ERDA, OR0 
96. D i rec to r ,  Reactor Div is ion ,  ERDA, OR0 

97-98,, D i rec to r ,  Reactor Research and Development, ERDA, 
Washington, D.C.  20545 

Washington, D O C .  20545 

Technology ca tegory  

99-100. D i rec to r ,  Div is ion  of Nuclear Fuel  Cycle and Product ion,  ERDA, 

101-262. Given d i s t r i b u t i o n  as shown i n  TID-4500 under Gas-Cooled Reactor 

263-300 U.S./German HTR Research Exchange Agreement (TIC t o  d i s t r i b u t e )  


