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MATERIAL CONTROL AND ACCOUNTABILITY ASPECTS OF SAFEGUARDS 
FOR THE USA 2 3 3 ~ / ~ ~  FUEL RECYCLE PLANT 

J. A. Carpenter, Jr., S. R. McNeany, and P. Angelini 

N. D. ~older* and L.   bra ham* 

ABSTRACT 

The material control and accountability aspects of 
reprocessing and refabrication in a large-scale High- 
Temperature Gas-Cooled Reactor (HTGR) fuel recycle plant are 
discussed. Two fuel cycles are considered. The highly ' 

enriched uranium (HEU) cycle uses uranium enriched 93% in 
2 3 5 ~  as the initial fuel. The medium enriched uranium (MEU) 
cycle uses uranium with a 2 3 5 ~  enrichment less than 20% as 
its initial fuel. In both, 2 3 3 ~  is bred from thorium. The 
HEU 2 3 5 ~  and the 2 3 3 ~  of both cycles are recycled. The 
MEU 2 3 5 ~  is retired to waste after one reactor cycle. 
Typical heavy metal contents of spent fuel elements from both 
cycles are presented. 

The main functional areas.of the recycle plant are 
Shipping, Receiving, and Storage; Reprocessing; Refabrication; 
and Waste Treatment. A real-time materials accountability 
system will manage the data provided by measurements from all 
four areas. Simulations of material flow used in the HTGR 
development program are forerunners of such a system. 

The material control and accountability aspects of 
Reprocessing and Refabrication only are discussed. The pro- 
posed accountability areas are identified and the measurement 
techniques appropriate to various streams crossing the boun- 
daries of the areas are identified. Special emphasis is 
placed on novel nondestructive methods developed for assaying 
solid materials containing 233~-~h. The material form, 
total uranium and plutonium, and activity of selected repr9- 
cessing streams are listed. The isotopics and activity of the 
uranium input into Refabrication are also presented. 

*General Atomic - Company, San Diego, California. 



INTRODUCTION 

The U.S. HTGR Recycle Nat ional  Program 

The o b j e c t i v e  of t h e  U.S. High-Temperature Gas-Cooled Reactor 

(HTGR) 2 3 3 ~ - ~ h  f u e l  r e c y c l e  program is  the  des ign  and l i c e n s i n g  of a. 

l a r g e - s c a l e  demonstrat ion r ecyc l e  p l a n t  t o  be b u i l t  and operated i n  t h e  

t i m e  frame of 19952000.  Here tofore ,  emphasis of t he  program1 

I was on t h e  development of t h e  r ecyc l e  technology, much of it  done i n  

coope ra t i on  wi th  t h e  United Kingdom and t h e  Federa l  Republic n f  Germany. 

The development e f f o r t  has  now progressed t o  t he  s t a g e  i n  which almost 

' a l l  t h e  process  s t e p s  of  reprocess ing  and r e f a b r i c a t i o n  have been 

demonstrated i n  p r o t o t y p i c  equipment wi th  n a t u r a l  o r  dep le ted  uranium. 

While t h i s  development w'ork progressed,  conceptual  des ign  s t u d i e s  of 

such a r ecyc l e  p l a n t  were conducted and included m a t e r i a l s  c o n t r o l  and 

a c c o u n t a b i l i t y .  

The Fuel Cycle 

The g e n e r a l  f low of  m a t e r i a l s  f o r  t h e  HTGR 2 3 3 ~ - ~ h  f u e l  cyc l e  is 

i n d i c a t e d  i n  Fig. 1. Enriched uranium and thorium a r e  f a b r i c a t e d  i n t o  

elem~nts i n  a f r e s h  l u e l  p l a n t  and sen t  t o  the  r eac to r .  The spent  f u e l  

i s  s e n t  t o  t h e  r ecyc l e  p l a n t ,  where i t  i s  reprocessed t o  recover  t he  

f i s s i le  2 3 3 ~  produced from t h e  thorium and,  i n  some c a s e s ,  t h e  resi- 

d u a l  2 3 5 ~ .  These f i s s i l e  m a t e r i a l s  a r e  combined wi th  f r e s h  thorium 

' and r e f a b r i c a t e d  i n t o  r e c y c l e  e lements ,  which a r e  shipped back t o  t he  

r e a c t o r .  The unrecovered f i s s i l e  m a t e r i a l  and o t h e r  wastes  a r e  pro- 

ce s sed  i n  waste  t rea tment  and s e n t  t o  a r epos i to ry .  The spen t  thorium 

i s  s t o r e d  f o r  l a t e r  use. 

T h i s  paper examines t h e  two nuc lear  f u e l  cyc l e s  of primary i n t e r e s t  

f o r  implementation wi th  t h e  HTGR. The f i r s t  i s  c a l l e d  t h e  h igh ly  

en r i ched  uranium (HEU) cyc l e .  It has  t h e  b e s t  economic performance and 

r e sou rce  u t i l i z a t i o n  and t r a d i t i o n a l l y  has  been the  prime candida te  f o r  

HTGR use.  However, i n  response t o  p r o l i f e r a t i o n  concerns', a number of 

a l t e r n a t e  c y c l e s  have been examined. A f u e l  cyc l e  t h a t  may provide more 
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Fig. 1. Fuel Cycle 

p r o l i f e r a t i o n  r e s i s t a n c e  i s  t h e  medium enr iched  uranium (MEU) cyc l e ;  

however, i t s  economic performance i s  not  a s  good a s  t h a t  of t h e  HEU cyc le .  

A low enr iched  uranium (LEU) cyc l e  has  a l s o  been considered.  A s  t he re  

would be no r ecyc l e  of t h e  f u e l  a t  a l l ,  t h i s  cyc le  i s  not  considered i n  

t h i s  paper. 

Scope 

Shipping, Receiving, and S torage ;  Reprocessing; Re fab r i ca t i on ;  and 

Waste Treatment a r e  the  main func t ions  of t h e  r ecyc l e  p l a n t .  The 

m a j o r i t y  of t h e  m a t e r i a l s  c o n t r o l  and a c c o u n t a b i l i t y  problems a r e  i n  

r ep roces s ing  and r e f a b r i c a t i o n  and i t  is  t h e r e  t h a t  most of our e f f o r t s  

have been placed;  t h e r e f o r e ,  only Reprocessing and R e f a b r i c a t i o n . a r e  

d i scussed .  Item c o n t r o l  w i l l  be used i n  Shipping, Receiving and Storage.  ' 
The m a t e r i a l s  c o n t r o l  and a c c o u n t a b i l i t y  a s p e c t s  of Waste Treatment a r e  

being def ined.  Phys ica l  s e c u r i t y  a s p e c t s  a r e  not addressed ,  a l though they 

have been and a r e  being considered i n  our s t u d i e s .  



The Fuel  and t h e  Fuel Cycle 

The HTGRs and HTGR f u e l  r ecyc l e  have been reviewed i n  d e t a i l  

e l ~ e w h e r e ~ - ~ .  The U.S. de s ign  of t h e  General Atomic Company uses  

a hexagonal g r a p h i t e  b lock  0.79 m h igh  and 0.36 m ac ros s  t h e  f l a t s  a s  

i t s  f u e l  element.  The f u e l  and the  f u e l  element a r e  depic ted  i n  Fig. 2. 

The f u e l  i s  conta ined  i n  microspheres l e s s  than In00 ym i n  diameter .  

The f i s s i l e  p a r t i c l e  con ta in ing  the  i n i t i a l  f u e l ,  2 3 5 ~  o r  2 3 3 ~ ,  is 

coa t ed  w i th  t h r e e  l a y e r s  of  p y r o l y t i c  carbon and a s i n g l e  l a y e r  of sili- 

con  carb ide .  The f e r t i l e  p a r t i - c l e ,  conta in ing  thorium, from which addi- 

t i o n a l  2 3 3 ~  i s  produced, i s  coated wi th  two carbon l a y e r s  only. The 

two types  of  p a r t i c l e s  a r e  bonded by a g r a p h i t i c  mat r ix  t o  form a f u e l  

r o d  about  51  t o  65  mm long and 13  t o  16 mm i n  diameter.  These f u e l  rods  

a r e  s tacked  end-to-end i n t o  h o l e s  d r i l l e d  l o n g i t u d i n a l l y  through t h e  

b lock  p a r a l l e l  t o  t h e  coo lan t  ho les .  

S e l e c t e d  heavy meta l  compositions and c h a r a c t e r i s t i c s  of spent  f u e l  

e lements  a r e  presen ted  i n  Table 1 f o r  both t h e  HEU and MEU f u e l  cyc l e s .  

The spent  f u e l  composi t ions a r e  f o r  burnups of about 70,000 MWd per  

tonne  heavy meta l  (U + Th) f o r  t h e  HEU f u e l  cyc l e  and 85,000 MWd per  

tonne  heavy metal  f o r  t h e  MEU f u e l  c y c l e ,  both cooled 180 days from 

r e a c t o r  d i scharge .  

The HEU f u e l  c y c l e  u se s  t h r e e  types  of elements.  One i s  t h e  i n i -  

t i a l  o r  makeup element ,  produced by the  f r e s h  f u e l  p l a n t .  This  con ta in s  

uranium h i g h l y  en r i ched  i n  2 3 5 ~  (-93%) a s  i ts  i n i t i a l  f u e l .  The o t h e r  

two t ypes  of e lements  a r e  products  of t h e  r ecyc l e  p l a n t .  One type con- 

t a i n s  uranium h i g h l y  enr iched  i n  2 3 3 ~  (%70%) produced from the  thorium 

i n  prev ious  r e a c t o r  cyc l e s .  The t h i r d  type uses  uranium con ta in ing  

abou t  30% 2 3 5 ~ ,  which i s  t h e  r e s i d u a l  of t h e  uranium from previous 

i r r a d i a t i o n  of  t h e  i n i t i a l  o r  makeup elements.  These t h r e e  types  of 

e lements  a r e  des igna ted  I M .  23R, o r  25R elements t o  denote elements 

charged t o  t h e  r e a c t o r  o r  IMS, 23RS, o r  25RS t o  denote  spent  e lements ,  

r e s p e c t i v e l y .  The uranium i n  t h e  f i s s i l e  p a r t i c l e s  of t he  IMS and 23RS 
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Table 1. Quantities of Selected Heavy Metals in Typical High-Temperature Gas-Cooled Reactor 
Spent Fuel Elements Cooled 180 Days From Reactor Discharge 

- - -- - - - - - 

HigUy Enriched Vranicn (W) Fuel Cycle & d i m  Enriched Uranium (MEU) Fuel Cycle 

I n i t i a l  o r  Makeup 238 Recycle 25R Recycle I n i t i a l  o r  Makeup 238 Recycle 
Fuel El-t Fuel l p e n t  Fuel Element Fuel Element h e 1  El-t 

F i sa i l e  F e r t i l e  P i s s i l e  F e r t i l e  F i s s i l e  F e r t i l e  F i s s t l e  F e r t i l e  F i s s i l e  P e r t i l e  
P a r t i c l e  P a r t i c l e  P a r t i c l e  P a r t i c l e  Par t i c le  P a r t i c l e  Part-cle P a r t i c l e  P a r t i c l e  Par t i c le  

Thorium, Total vt /Fuel ,  Element (8) 

-228, w t X  of Total  TI 

-229, u t X  of Total  Ti 

-230, w t %  af Total T i  

-231, w t X  of Total 3 

-232, w t X  of Total  3 

-234, w t X  af  Total  '3 

Protact Lniuiu, Total  vt,'Puel ~ l - o t  (g) 

-231, w t X  of Total  fi 

-233, w t X  of Total Fa 

Uranium. Total wtlFuel Element (gl 

-232, w t X  of Total  II 

-233, w t X  of- Total -1 

-234, u t X  of Total II 

-235, w t X  of Total 3 

-236, w t X  of Total 3 

-23s. w t X  of Total 2 

Neptunium, Total  wt/RLel Element {g) 

-237, w t X  of Total 6p 

Plutonium, Total w t / F = l  E:ement (g) 

-238, w t %  of Total  Fu 

-239, w t X  of Total Eu 

-24C. v t X  of Total Eu 

-241, w t X  of Total h 

-242, w t X  of Total Pu 

Total Weight of Fuel Element (g) 

Total  Rct ivi ty  of Fuel Element (Ci) 



elements  and i n  t h e  f e r t i l e  p a r t i c l e s  from a l l  t h r e e  types of elements 

i s  recovered i n  t h e  r ecyc l e  p l a n t .  The f i s s i l e  p a r t i c l e s  from t h e  25RS 

e lements ,  conta in ing  uranium t h a t  i s  about 8% 2 3 5 ~  but  about 70% 

2 3 6 ~ ,  a r e  r e t i r e d  t o  waste. 

The MEU c y c l e  u se s  on ly  two types  of e lements ,  t he  I M  element and 

t h e  23R element conta in ing  2 3 3 ~  (70%).* The I M  element con ta in s  ura- 

nium wi th  an  enrichment l e s s  than 20% 2 3 5 ~ .  This  burns down t o  4% 

2 3 5 ~  i n  t h e  spent  f u e l  element,  so t he  f i s s i l e  p a r t i c l e s  of t h e  IMS 

elements  a r e  d i scarded  and not  recycled.  The uranium i n  t h e  23RS e le -  

ments and t h a t  i n  t h e  f e r t i l e  p a r t i c l e s  of t h e  IMS elements a r e  

recycled.  

The Fuel  Recycle P l a n t  

The o v e r a l l  f low of m a t e r i a l  w i th in  t h e  r ecyc l e  p l an t  is ind i ca t ed  

i n  Fig. 3. The spent  f u e l  elements e n t e r  t h e  p l a n t  i n  Shipping, 

Receiving,  and Storage and a r e  s t o r e d  before  d e l i v e r y  t o  Reprocessing. 

From Reprocessing recovered f i s s i l e  m a t e r i a l  is  de l ive red  t o  
- 

Refab r i ca t i on .  R e t i r e d  f i s s i l e  m a t e r i a l  and a l l  wastes  a r e  s e n t  t o  

Waste Treatment. The spent  thorium i s  s o l i d i f i e d  and placed i n  s t o r a g e  

f o r  20 t o  30 y e a r s  t o  a l low i t s  r a d i o a c t i v i t y  t o  decay before  recyc l ing .  

I n  Re fab r i ca t i on  t h e  recovered f i s s i l e  m a t e r i a l  i s  joined by f r e s h  

thorium i n  t h e  form of coated p a r t i c l e s ,  and these  a r e  f a b r i c a t e d  i n t o  

r ecyc l e  e lements ,  which a r e  s t o r e d  and e v e n t u a l l y  s en t  t o  t h e  r e a c t o r .  

R e f a h r i c a t i o n  wastes  a r e  a l s o  s e n t  t o  Waste Treatment. 

I n  Waste Treatment a l l  s o l i d  and l i q u i d  and some gaseous wastes  

a r e  processed t o  a  reposi tory-ready s o l i d  waste form. The remaining 

gaseous e f f l u e n t s  a r e  t r e a t e d  and vented t o  t h e  atmosphere. Liquid 

e f f l u e n t s  from t h e  p l a n t  con ta in  no nuc l ides  from t h e  f u e l  elements.  

The s o l i d  wastes  a r e  s t o r e d  and u l t i m a t e l y  de l ive red  t o  a  waste 

reposi.t.nry. 

*Another MEU c y c l e ,  i n  which t h e  r ecyc l e  23R uranium i s  denatured 
t o  l e s s  than 12% 23% has a l s o  been cons idered  but  is  not  t h e  cu r r en t  
r e f e r ence .  



Because of t h e  i n h e r e n t  r a d i o a c t i v i t y  a s soc i a t ed  with most of t he se  

s t r e a m s ,  v i r t u a l l y  a l l  p rocess  ope ra t i ons  i n  a l l  f ou r  main a r e a s  of t h e  

p l a n t  w i l l  be done remotely.  
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Fig .  3. HTGR Fuel Recycle Flowsheet. 

General  P l a n t  Ma te r i a l  Control  and Accountab i l i ty  

The HTGR Fuel Recycle P l a n t  w i l l  i nco rpo ra t e  t h e  l a t e s t  s ta te-of-  

t h e - a r t  t echniques  t o  implement a  h i g h l y  e f f e c t i v e  sa feguards  program. 

Sa fegua rds  are maintained by t h e  i nhe ren t  r a d i o a c t i v i t y  of t he  f u e l ,  t he  

p h y s i c a l  b a r r i e r  of  t h e  r equ i r ed  heavy s h i e l d i n g ,  an i n t e g r a t e d  system 

o f  measurement i nc lud ing  d e s t r u c t i v e  a n a l y s i s  of samples and nondestruc- 

t i v e  a s say ,  and phys i ca l  s e c u r i t y .  The d a t a  c o l l e c t e d  w i l l  be managed 



by a  rea l -  time account ing sys  t e m  s i m i l a r  t o  the  DYMAC program6 9 

developed a t  Los Alamos S c i e n t i f i c  Laboratory (LASL). A schematic of 

t h e  proposed system i s  shown.in Fig. 4. A c e n t r a l  computer c o l l e c t s  and 

ana lyzes  instrument  d a t a  and operator-suppl ied information t o  con- 

t i n u o u s l y  update t h e  recorded s t a t u s  of m a t e r i a l  l o c a t i o n s  throughout 

t h e  p l an t .  Simultaneous computer s imula t ions  of p l an t  ope ra t i ons  con- 

t i n u o u s l y  c a l c u l a t e  expected amounts of m a t e r i a l  i n  va r ious  p a r t s  of the  

p l a n t .  The two va lues  a r e  cont inuous ly  compared. 

I n  support  of t h e  development of real- t ime account ing c a p a b i l i t y ,  

s e v e r a l  m a t e r i a l  f low models8, have been developed t o  s imula te  

expected mass f l o w  p a t t e r n s  throughout t h e  r ecyc l e  p l a n t .  One of t he se ,  

which c a l c u l a t e s  average f i s s i l e  mass movements, has been used . to deter-  

mine accuracy requirements of measurement dev ices l0  t o  meet U.S. 
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' C  - 

MEASURED MATRIX ACCOUNTABILITY i 
I 
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-i PROCESS OPERATION 
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------, L - - -  J 

PROCESS OPERATIONAL I CONTROL I 
Fig.  4.  . Real-Time M a t e r i a l s  Accountab i l i ty  Concept by I n t e g r a t i o n  

nf Process  Simulat ion and Monitoring. 



government m a t e r i a l  a c c o u n t a b i l i t y  s tandards .  Other s t u d i e s  have 

y i e l d e d  t h e  time-dependent v a r i a t i o n s  of t he se  flows. Simulat ions of 

r e p r o c e s s i n g  o p e r a t i o n s  a r e  under way a t  General Atomic Company using 

t h e  GASP I V  s imu la t i on  language,  and s i m i l a r  s imu la t i ons  of t he  r e f ab r i -  

c a t i o n . o p e r a t i o n s  a r e  scheduled f o r  t h e  near  f u t u r e  a t  t h e  Oak Ridge 

Na t iona l  Laboratory (ORNL). T o t a l  nuc l ide  flows and t h e  a s s o c i a t e d  . 

r a d i o a c t i v i t y  through t h e  r ecyc l e  p l a n t  have been c a l c u l a t e d  a t  ORNL 

w i t h  i so tope-deple t ion  codes O R I G E N ~  l and ORIGEN2. * 

DETAILED MATERIAL CONTROL AND ACCOUNTABILITY ASPECTS OF REPROCESSTNG 

The gene ra l  f lowshee t  f o r  the a p e t a t i n n s  Involved i n  r c p r a i e s s i u g  

o f  tipent HTGR f u e l  is shown i n  Fig. 5. The proposed a c c o u n t a b i l i t y  

a r e a s  a r e  i n d i c a t e d  by t h e  dashed l i n e s .  Ma te r i a l  form, t o t a l  uranium 

and plutonium, and a c t i v i t y  f o r  s e l e c t e d  s t reams a r e  presented i n  Table 

2. The r e l a t i v e  a t t r a c t i v e n e s s  ( o r  u n a t t r a c t i v e n e s s )  depends more on 

dose - r a t e  than  s imply  on a c t i v i t y ,  but a s  t h e  former depends upon 

geometry,  t h e  s p e c i f i c  e n e r g i e s  of t he  emi t ted  r a d i a t i o n ,  and ma t r ix ,  

o n l y  a c t i v i t y  is repor ted .  

Reprocessing i s  d iv ided  i n t o  w e t  and d r y  head-end and so lven t  

e x t r a c t i o n .  The e n t i r e  head-end c o n s t i t u t e s  one l a r g e  a c c o u n t a b i l i t y  

a r e a .  Dry head-end c o n s i s t s  of  Primary Crushing, where t he  f u e l  e le -  

ments  a r e  reduced t o  5-mm-diam granules ;  Primary Burning, where t he  

g r a p h i t e  f u e l  b lock  and exposed f u e l  p a r t i c l e . c a r b o n  c o a t i n g s  a r e  burned 

away i n  a  C02-02 atmosphere; P a r t i c l e  C l a s s i f i c a t i o n ,  where t he  

s i l i con-carb ide-coa ted  f i s s i l e  p a r t i c l e s  a r e  s epa ra t ed  from the  burned- 

back f e r t i l e  ke rne l s ;  and,  f o r  t h e  2 3 5 ~  p a r t i c l e s  of t he  HEU IMS ele- 

ments and 2 3 3 ~  r e c y c l e  f i s s i l e  p a r t i c l e s  of  t he  23RS elements ,  

Secondary Crushing and Burning t o  c r ack  t h e  s i l i c o n  ca rb ide  c.na.t.ings and 

burn  away t h e  remaining carbon. The f i s s i l e  p a r t i c l e s  of t h e  HEU 25RS 

and t h e  MEU IMS elements  a r e  r e t i r e d  t o  waste a f t e r  P a r t i c l e  

C l a s s i f i c a t i o n .  A major sa feguard  advantage i n  t h e  MEU f lowsheet  i s  

t h a t  t h e  r e s i d u a l  2 3 5 ~  and t h e  plutonium bred from t h e  2 3 8 ~  remain 

i n  containment wi th  f i s s i o n  products  i n  i n t a c t  f i s s i l e  p a r t i c l e s .  
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Table 2 .  Characteristics of Main Nuclide Streams i n  
Reprocessing of HTGR, HEU and MEU Fuels Cooled 

180 Days from Reactor Discharge 

Stream 
Type of 
Element 

Spent fuel elements 

Retired fissile particles 

Fissile dissolution 
Product solution 

Insolubles 

Fertile dissolution 
Prodatrr snlutinn 

Insolubles 

Solvent extraction-Thorex 
1A column aqueous wastes 

3~ Product 

Thorium product 

Solvent extraction-Purex 
5A column aqueous vastes 
50 column aqueous wastes 
5F column aqueous wastes 
2 3 5 ~  Product 

Whole graphite 
blocks 

Burned-back 
fissile particles 

Liquid. 24 kg/m3 

SIC hulls 

Liquid, 240 kg/m3 

Noble metals. 
carbon, few 
fissile particles 

Liquid, 4.3 kg/mJ 

Liquid, 233 kg/m3 

Liquid. 464 ku/m3 

Liquid. 12.5 kg/m3 
Liquid, 0.57 kg/m3 
~iquid, 0.007 kg/m3 
Liquid, 470 kg/m3 

HEU-IMS 
-25RS 
-23RS 

mu-IMS 
-23RS 

HEU-25RS 
mu-IMS 

HEU-IMS 
-23RS 

I.PU-23RS 

4EU-IMS 
-23RS 

MEU-23RS 

IIEU-INS 
-25RS 
-23RS 

mu-IMS 
-23RS 

HEU-IMS 
-25RS 
-23RS 

mu-IMS 
-23RS 

HEU-IMS 
-25RS 
-23RS 

mu-IMS 
-23RS 

HEU-IMS 
-25RS 
-23RS 

mu-IMS 
-23RS 

HEU-IMS 
-25RS. 
-23RS 

MEU-IMS 
- 2 3 ~ s  

HEU-IPLS 
HEU-IMS 
HEU-IPIS 
HEU-IMS 

Uranium Content of 
Stream, wt. X ,  Based on 

Plutonium Content of 
Stream, vt. X .  Based on 

Fuel-Element- 
Derived 
Material 

Uranium 
Input 

to Plant 

100 
100 
100 
100 
100 

72.4 
92.9 

43.1 
40.1 
bU. 1 

0.045 
0.042 
0.063 

55.5 
26.3 
59.1 
5.47 

38.8 

0.76 
1.31 
0.75 
1.70 
1.08 

0.056 
0.026 
0.099 
0.0055 
0.099 

54.7 
25.6 
97.4 
5.42 
97.8 

0.15 
0.060 
0.2b7 
0.147 
0.265 

0.043 
0.214 
0.013 

42.24 

Fuel-Element- Plutonium 
Derived Input 
Material to Plant 

Specific 
Activity 

of 
Nuclides 

in 
Stream 
(CitL7) 

4.7 E-1 
5.0 E-1 
4.4 C 1  
7.5 E-1 
2.7 6 1  

3.68 
6.33 

1.51 E+l 
l,?9 6+1 
2.02 E+l 

5.4 E-1 
5.4 E-1 
3.3 E-1 

2.59 
2.59 
2.59 
7.36 
6.32 

6.08 
4.04 
6.08 
6.73 
5.03 

1.73 E+l 
1.73 E+l 
1.89 E+l 
3.72 E+l 
2.24 E+l 

4.6 E-3 
6.6 b 3  
4.6 E-3 
1.7 E-2 
1.7 E-2 

1.3 E-5 
1.3 0 4 
1.3 E-4 
8.2 E+ 
6.2 E-4 

1.80 E+l 
1.13 
3.61 
2.3 E-3 

Specific 
Neutron 
Emission 

Rate 
(nls-8) 

'~i~uids are nitrate solutiona. Concentrations are of material originating from fuel element 

b ~ c o a  than 1 n 10-I w L .  2. - 
1 

Input into the dry head-end consis ts  of whole fue l  elements, and 

output consis ts  o f  fue l  part ic les  and CO2-hearing off-gaa from the 

burners. Item count ident i ty  i s  l o s t  a t  the £uel element crushing. 

s tage .  By well-planned administrative controls ,  material can be batched 

and t o t a l  mass accountabil ity maintained by weighing before and a f ter  

each process step.  The burning step w i l l  a l so  require do2 measure- 

ments and calculations of the quantit ies  of carbon removed i n  the 



burning process  t o  combine w i th  weight da t a  f o r  t o t a l  mass accoun- 

t a b i l i t y .  Gross gamma a c t i v i t y  measurements may be used t o  monitor 

v a r i o u s  a r e a s ;  however, background a c t i v i t y  i n  t he  process  c e l l s  may 

make such measurements of l i t t l e  value.  From time t o  t i m e ,  m a t e r i a l  

w i l l  be removed from the  process  i n  f a i l e d  equipment. There i s  a l s o  a  

s t e a d y  f low of process  c o n t r o l  samples t o  sample a n a l y s i s  areas. For 

proper  a d m i n i s t r a t i v e  c o n t r o l ,  both t h e  decontamination and maintenance 

a r e a s  and hot  l a b o r a t o r i e s  must be included i n  t h e  head-end m a t e r i a l  

balance a r e a .  D i f f e r i n g  requirements  f o r  Reprocessing and Re fab r i ca t i on  

imply s e p a r a t e  maintenance and l a b o r a t o r y  f a c i l i t i e s ,  so  t h a t  s epa ra t e  

m a t e r i a l  balance a r e a s  should pose no r e a l  problem. 

The w e t  head-end c o n s i s t s  of f e r t i l e  and f i s s i l e  d i s s o l u t i o n ,  where 

t h e  burned-back f u e l  k e r n e l s  a r e  d i sso lved  and i n s o l u b l e  m a t e r i a l s  such 

a s  t he  S i c  h u l l s  a r e  s epa ra t ed  from t h e  product n i t r a t e  s o l u t i o n s .  A t  

t h i s  p o i n t ,  t he  m a t e r i a l  is  i n  a  form where uranium i s o t o p i c  conten t  can 

be  measured. Seve ra l  chemical methods e x i s t ;  however, most a r e  not  wel l  

s u i t e d  f o r  a  h igh  throughput opera t ion .  I n  p a r t i c u l a r ,  plutonium and 

o t h e r  f i s s i o n  products  may i n t e r f e r e  wi th  uranium i s o t o p i c  r e s o l u t i o n ,  

n e c e s s i t a t i n g  chemical s epa ra t i on  before  t h e  uranium can be measured. 

Development work on 2 3 3 ~  measurements without chemical s e p a r a t i o n  is  

neces sa ry  f o r  h igh  throughput.  

The uranium conten t  measured a t  t h e  d i s s o l v i n g  s t a g e  f o r  an e n t i r e  

customer l o t  must be balanced a g a i n s t  t h e  f r e s h  f u e l  uranium and thorium 

load ings  and r e a c t o r  burnup c a l c u l a t i o n s  f o r  a  s p e c i a l  nuc l ea r  m a t e r i a l  

balance.  This  balance must inc lude  t h e  uranium con ten t  of any f i s s i l e  

p a r t i c l e s  and i n s o l u b l e  m a t e r i a l s  removed f o r  waste d i sposa l .  Again, 

s i n c e  t h e  purpose of p a r t i c l e  d i s p o s a l  i s  containment of s p e c i a l  nuc lear  

m a t e r i a l  and f i s s i o n  products  i n  t h e  r epos i to ry ,  t h e  development of non- 

d e s t r u c t i v e  a s s a y  methods on i r r a d i a t e d  p a r t i c l e s  is  p r e f e r a b l e  t o  chem- 

i c a l  d i s s o l u L i u ~ ~  and separation f o r  aoooy. 

The s o l u t i o n s  from the  d i s s o l u t i o n  of t he  f e r t i l e  p a r t i c l e s  a r e  

combined wi th  t he  s o l u t i o n s  from t h e  d i s s o l u t i o n  of t he  23RS f i s s i l e  

p a r t i c l e s  and s e n t  through t h e  Thorex l i n e ,  where t h e  uranium and 

thorium a r e  separa ted  from t h e  f i s s i o n  products  and each o the r .  The 

products  of t he  d i s s o l u t i o n  of t h e  f i s s i l e  p a r t i c l e s  from t h e  HEU IMS 

elements  a r e  s e n t  through a  s tandard  Purex l i n e .  



When t h e  measurement of  2 3 3 ~  i n  t h e  presence of plutonium and 

f i s s i o n  p r o d u c t s ' i s  so lved ,  t h e  m a t e r i a l  balance i n i t i a l  inventory  f o r  

t h e  s o l v e n t  e x t r a c t i o n  a r e a  w i l l  be s t r a igh t fo rward .  A good i s o t o p i c  

i n v e n t o r y  can be provided a t  so lven t  e x t r a c t i o n  product s t o r age .  This  

i n v e n t o r y  then becomes t h e  balance t r a n s f e r  t o  Refabr ica t ion .  Some 

minimal amount o f  nuc l ea r  m a t e r i a l  w i l l  be l o s t  t o  so lvent  e x t r a c t i o n  

was t e  s t r eams ,  and t h e  development of a s s a y  techniques w i l l  inc lude  ura- 

nium measurements a t  v e r y  low concent ra t ions .  Assay of plutonium i n  t h e  

was te  s t reams should be p o s s i b l e  wi th  techniques being developed f o r  LWR 

rep roces s ing .  

DETAILED MATERIAL CONTROL AND ACCOUNTABILITY ASPECTS OF REFABRICATION 

The gene ra l  f lowshee t  f o r  t h e  ope ra t i ons  involved i n  HTGR r e f a b r i -  

c a t i o n  i s  shown i n  Fig.  6 .  The i s o t o p i c  con ten t  and t h e  a c t i v i t y  a s soc i a t ed  

w i t h  t h e  uranium f o r  each  of  t h e  input  s t reams i n  t h e  two f u e l  cyc l e s  

a r e  p re sen t ed  i n  Table  3. The two types  of s t reams ( 2 3 5 ~  and 

2 3 3 ~ )  a r e  never mixed. The products  of  Re fab r i ca t i on  a r e  s epa ra t e  

f u e l  e lements  con ta in ing  e i t h e r  t he  2 3 5 ~  stream o r  t he  2 3 3 ~  stream. 

The h i g h  a c t i v i t i e s  i n  t h e  2 3 3 ~  stream due t o  t h e  bui ldup of decay 

p roduc t s  o f  t he  i n h e r e n t  2 3 2 ~  con ten t  r e q u i r e s  t h a t  a l l  t h e  s t e p s  i n  

t h e  r e f a b r i c a t i o n  of  t h e  2 3 3 ~  stream must be done remotely. Because 

of  c ros sove r  of some 2 3 3 ~  i n  reprocess ing ,  t h e  r e f a b r i c a t i o n  of t he  

2 3 5 ~  s t ream of t h e  HEU c y c l e  must a l s o  be done remotely. Refabrica- 

t i o n  has  many more measurements and a c c o u n t a b i l i t y  a r e a s  than has 

Reprocessing.  ' ~ h o u g h  d i c t a t e d  mainly by process  and prndiict q u a l i t y  

c o n t r o l  concerns,  t h e  g r e a t  number of measurements s e rves  a c c o u n t a b i l i t y  

purposes  a s  wel l .  The sampling techniques .and  philosophy have been 

d i s c u s s e d  i n  d e t a i l  e lsewhere.  l3 

Uranium, a s  l i q u i d  n i t r a t e ,  e n t e r s  the  r e f a b r i c a t i o n  l i n e  from 

Reprocessing and from Scrap Recovery. The f i r s t  system i s  Uranium Feed, 

where t h e  l i q u i d  i s  s t o r e d ,  i s o t o p i c a l l y  blended, and chemical ly  

a d j u s t e d .  The l i q u i d  goes t o  Resin Kernel P repa ra t i on ,  where t he  ura- 

nium i s  loaded on to  r e s i n  microspheres .  These then go t o  Resin 
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Table  3 .  C h a r a c t e r i s t i c s  of Input  Streams 
HTGR Refab r i ca t i on  

Fuel Uranium Isotope Content, % 
Specific 

Specific Neutron 
Element Activity Emission 
Type 2 3 2  2 3 3  2 3 4  2 3 5  2 3 6  2 3 8  (mCi/g) Rate 

(n/s0g> 

'~ssumes 30 d since solvent extraction cleanup. 

Carboniza t ion ,  where t h e  r e s i n  i s  decomposed (carbonized)  t o  produce a 

k e r n e l  c o n s i s t i n g  o f  uranium dioxide  i n  a carbon matr ix .  The ke rne l  

goes  t o  Conversion and Coat ing,  where, i n  conversion,  t h e  U02 i s  

caused t o  r e a c t  w i th  t h e  carbon mat r ix  t o  produce a mixture  of t h e  U02 

and UC2 and where, i n  c o a t i n g ,  t h r e e  l a y e r s  of pyrocarbons and one S i c  

c o a t i n g  a r e  a p p l i e d  t o  produce t h e  coa ted  f i s s i l e  p a r t i c l e .  These 

coa t ed  f i s s i l e  p a r t i c l e s  then go t o  Fuel Rod Fab r i ca t i on ,  where they a r e  

blended t o  homogenize any  s l i g h t  d i f f e f e n c e s  i n  coa t ing  ba tches  and 

mixed wi th  carbon-coated Tho2 p a r t i c l e s  from a f r e sh - fue l  p l an t .  The 

mix ture  is  molded t o  form t h e  "green" f u e l  rod he ld  t oge the r  by a pi tch-  

base  b inder .  The green  f u e l  rods  go t o  Fuel Element Assembly, where 

t h e y  a r e  i n s e r t e d  i n t o  t h e  g r a p h i t e  f u e l  blocks.  The assembled f u e l  

e lements  a r e  hea t ed  t o  carbonize  t h e  p i t c h  b inder  of  the  rods.  F i n a l l y ,  

t h e  f u e l  e lements  a r e  c leaned ,  i n spec t ed ,  and s e n t  t o  Shipping, 

Rece iv ing ,  and Storage.  Scrap f u e l  e lements  a r e  temporar i ly  s t o r e d ,  ' 

t h e n  campaigned t o  Reprocessing f o r  recovery. 

Sample In spec t ion  and Scrap Recovery a r e  major systems i n  

R e f a b r i c a t i o n .  They r e c e i v e  s t reams from a l l  t h e  systems mentioned pre- 

v i o u s l y  and each  o t h e r .  The m a t e r i a l  e x i t i n g  Sample In spec t ion  is 

r o u t e d  t o  Scrap Recovery o r  t o  Waste Treatment. The m a t e r i a l  e n t e r i n g  

Sc rap  Recovery e x i t s  p r i n c i p a l l y  a s  recovered uranyl  n i t r a t e  s o l u t i o n  

r e t u r n e d  t o  Uranium Feed o r  a s  va r ious  forms s e n t  t o  Waste Treatment. 

Uranium Feed i s  t h e  f i r s t  a c c o u n t a b i l i t y  . a r ea  i n  Refabr ica t ion .  

Uranyl n i t r a t e  s o l u t i o n s  a r e  rece ived  from Reprocessing o r  Scrap 



Recovery. Once i n  Re fab r i ca t i on  t h e r e  i s  no t r a n s f e r  of m a t e r i a l  back 

t o  Reprocessing wi th  t h e  except ion  of t he  whole r e j e c t  blocks.  Liquid 

samples a r e  t r a n s f e r r e d  t o  Sample Inspec t ion  t o  a s s e s s  t h e  impur i ty  

l e v e l s  of t he  f eed  and t o  v e r i f y  t h e  r e s u l t s  of  t he  i s o t o p i c  blending 

and chemical adjustments .  Unacceptable l i q u i d  feed i s  t r a n s f e r r e d  t o  

Scrap  Recovery and t h e  product is  de l ive red  t o  Resin Kernel Prepara t ion .  

Accoun tab i l i t y  f o r  t he se  i npu t  and output  s t reams is  by volume measure- 

ment and uranium as says  of t h e  samples. 

Res in  Kernel P repa ra t i on ,  Resin Carbonizat ion,  and Conversion and 

Coat ing a r e  a l s o  s e p a r a t e  a c c o u n t a b i l i t y  a r e a s .  Accoun tab i l i t y  f o r  t h e  

l i q u i d  s t ream rece ived  by t h e  Resin Kernel P repa ra t i on  i s  by volume 

measurement and uranium de te rmina t ion  of a  l i q u i d  sample. Account- 

a b i l i t y  f o r  t h e  product of Resin Kernel P repa ra t i on  and t h e  i n p u t s  and 

o u t p u t s  of Resin Carbonizat ion and Conversion and Coating i s  by means 

of  automatic  remote weighing devices  and d e s t r u c t i v e  and nondes t ruc t ive  

ana lyses  of  samples. Spec i a l  pa s s ive  samplers s u i t a b l e  f o r  remote 

handl ing have been developed.14 So l id  p a r t i c l e s  a r e  conveyed pne&aa- 
. - 

t i c a l l y  between and wi th in  systems. Besides t6e. main product s t reams,  

s o l i d s  o r  l i q u i d s  a r e  t r a n s f e r r e d  t o  Scrap Recovery o r  Waste Treatment. 

Fue l  Rod Fab r i ca t i on  and Fuel Element Assembly toge the r  c o n s t i t u t e  

ano the r  a c c o u n t a b i l i t y  a r ea .  The b a s i c  a c c o u n t a b i l i t y  approach i s  t o  i ,- 

. . "* 
nondes t ruc t ive ly  a s s a y  100% of t h e  accep tab l e  f u e l  r o d s  produced i n  ~ u e l  .. . 

$3 

Rod Fabr ica t ion .  Accoun tab i l i t y  i n  Fuel Element Assembly depends on 

knowledge of  t h e  l o c a t i o n  and weight of assayed f u e l  rods  and upon t h e  

weight of a f u e l  b1.ock before  and a f t e r  loading.  

The as-coated f i s s i l e  p a r t i c l e s  a r e  pneumatical ly  t r a n s f e r r e d  from 

Conversion and Coating t o  a  p r e c i s i o n  weigher and then  t o  a  ba tch  

b lender ,  which b lends  up t o  24 coa t ing  ba t ches ,  each conta in ing  about 

3 kg U. The blended p a r t i c l e s  a r e  passed through a  sampler,  and the  

sample i s  nondes t ruc t ive ly  and d e s t r u c t i v e l y  chemica l ly  analyzed i n  

Sample 1nspect j .m t o  determine t h e  uranium as say ,  i s o t o p i c  con ten t s ,  and 

t h e  mass of  t h e  p a r t i c l e s .  The f e r t i l e  p a r t i c l e s  a r e  blended, sampled, 

and analyzed s i m i l a r l y  t o  t h e  f i s s i l e  p a r t i c l e s  before  being t r a n s f e r r e d  

i n t o  t h e  ho t  c e l l s .  The mass of t he  incoming f e r t i l e  m a t e r i a l  is de te r -  

mined. The p a r t i c l e s  a r e  then  molded i n t o  f u e l  rods.  A t  t h i s  po in t  i n  



t h e  p roces s ,  t h e  s c r a p  i s  i n  t h e  form of  p a r t i c l e s ,  f u e l  rods ,  and 

p i e c e s  o f  rods.  The s c r a p  i s  assayed by nondes t ruc t ive  methods o r  by 

t o t a l  m a s s  measurements i n  those  ca se s  where . accura te  uranium weight 

f a c t o r s  a r e  known, be fo re  being t r a n s f e r r e d  t o  Scrap Recovery. 

The accepted  r o d s  t hen  undergo f u e l  homogeneity i n spec t ions .  A l l  

t h e  r o d s  are analyzed i n  a gamma scan system. The o v e r a l l  mass d i s t r i -  

b u t i o n  i s  determined and t h e  f i s s i l e  and f e r t i l e  con ten t  v e r i f i e d  semi- 

q u a n t i t a t i v e l y .  A second system samples approximately 10% of the  f u e l  

r o d s  and determines t h e  t o t a l  heavy meta l ,  thorium, and uranium d i s t r i -  

b u t i o n s  i n  t h e  rods .  Such a system, which ope ra t e s  on the  p r i n c i p l e  of 

mult i -energy r a d i a t i o n  a t t e n u a t i o n  wi th  s e l e c t i v e  K-edge abso rp t ion ,  has  

'been  developed a t  ORNL i n  t h e  HTGR program. l5 It uses  t h e  radioiso-  

t o p e s  1 6 9 ~ b  and 1 7 7 m ~ u ,  which e m i t  gamma r ays  of ene rg i e s  between 

t h e  r e s p e c t i v e  thorium and uranium K-absorption edges.  Such gamma rays  

permi t  s e p a r a t i o n  of  t h e  thorium and uranium c o n t r i b u t i o n  because t he  

a t t e n u a t i o n  c o e f f i c i e n t s  of  t h e  thorium and uranium a r e  ve ry  d i f f e r e n t  

i n  t h a t  energy  range.  

The n e x t  i n s p e c t i o n  is  f u e l  rod assay.  Two nondes t ruc t ive  a s s a y  

d e v i c e s  a r e  used f o r  t h i s  purpose. One is  an on-line device  capable  of 

a s say ing  100% of t h e  f u e l  r o d s  produced from two machines. The iden- 

. t i t y ,  l o c a t i o n ,  and d i s p o s i t i o n  of  rods  a r e  monitored by t h e  computer i n  

subsequent  s t o r a g e  and f u e l  element loading.  A second device accep t s  a 

sample from t h e  main product  l i n e  and nondes t ruc t ive ly  a s s a y s  t he  f u e l  

r o d  i n  a l abo ra to ry .  I n  a d d i t i o n ,  a l i m i t e d  number of rods  i s  a l s o  

chemica l ly  assayed.  The two nondes t ruc t ive  a s s a y  dev ices  a r e  used f o r .  

p roduct  v e r i f i c a t i o n  and f o r  determining t h e  2 3 3 ~ ,  2 3 5 ~  f i s s i l e  con- 

t e n t s  of  t h e  f u e l  rods .  Both devices  use  a c t i v e  neutron i n t e r r o g a t i o n  

w i t h  a 2 5 2 ~ f  neut ron  source  i n  each  i r r a d i a t o r  assembly. The on-line 

a s s a y  device  d e t e c t s  t h e  prompt f i s s i o n  neut rons  from t h e  i t r a . d i a t e d  

sample. A dev ice  of  t h i s  type  has  a l s o  been developed a t  ORNL i n  t h e  

HTGR program. l6 . 

Sample In spec t ion  is  a s e p a r a t e  a c c o u n t a b i l i t y  a r ea .  This  system 

comprises  t h e  a n a l y t i c a l  l abora tor i ' e s  and equipment necessary  t o  perform 

a n a l y s e s  on samples t r a n s f e r r e d  from the  o t h e r  systems of Re fab r i ca t i on .  



Samples a r e  analyzed t o  c h a r a c t e r i z e  t he  main batches of m a t e r i a l  pre- 

s e n t  i n  t h e  o t h e r  systems. The mass of each  sample e n t e r i n g  and 

l eav ing  t h e  system i s  determined. Both chemical and nondes t ruc t ive  

methods a r e  used f o r  t he  ana lyses .  Uranium, thorium, and the  i s o t o p i c  

c o n t e n t s  of  samples a r e  determined by po ten t iome t r i c ,  vo lumet r ic ,  and 

o t h e r  techniques.  The nondes t ruc t ive  ana lyses  a r e  performed by gamma- 

and alpha-ray count ing and by neutron i n t e r r o g a t i o n .  A nondes t ruc t ive  

device  t h a t  assays  p a r t i c l e s  and f u e l  rod samples has  been developed and 

i s  being t e s t e d  a t  ORNL. l7 The device uses  a 2 5 2 ~ f  neutron source 

i n  t h e  i r r a d i a t o r  assembly and d e t e c t s  t h e  delayed f i s s i o n  neut rons  
' 

emi t t ed  from t h e  i r r a d i a t e d  sample. The device y i e l d s  accu ra t e  a s s a y  

informat ion  and complements o t h e r  a s s a y  devices  and methods. 

Scrap  Recovery r ece ives  m a t e r i a l  i n  a v a r i e t y  of  forms from a l l  t h e  

o t h e r  systems. This  system i s  i n  e f f e c t  a mini-reprocessing ope ra t i on  

l a r g e l y  provided t o  avoid t h e  i nhe ren t  a c c o u n t a b i l i t y  problems asso- 

c i a t e d  wi th  t r a n s f e r s  of  m a t e r i a l  back t o  Reprocessing. Incoming 

a c c o u n t a b i l i t y  i s  v i a  techniques app rop r i a t e  t o  the  m a t e r i a l  form. The 

major e x i t i n g  s t ream i s  t h e  recovered uranium n ' i t ra te  product ,  which. is 

d i r e c t e d  back t o  t h e  f r o n t  end of  t h e  r e f a b r i c a t i o n  l i n e .  Account- 

a b i l i t y  f o r  t h i s  s t ream i s  by volume measurement and sample ana lyses  

i nc lud ing  i s o t o p i c  ana lyses .  The o t h e r  ex i t iGg s t reams a r e  va r ious  

aqueous wastes  f o r  which t h e  a c c o u n t a b i l i t y  i s  by volume measurement and 

sample ana lyses .  A f i n a l  s t ream c o n s i s t s  of i n s o l u b l e s  , mainly coated 

p a r t i c l e s .  Accountab i l i ty  f o r  t h i s  s t ream is  by means of weighing and 

sample ana lyses .  

SUMMARY 

The m a t e r i a l s  c o n t r o l  and a c c o u n t a b i l i t y  a s p e c t s  of t h e  

Reprocessing and Refabr ica t ion  of  a conceptual  l a rge-sca le  HTGR f u e l  

r e c y c l e  p l a n t  have been d iscussed .  Two f u e l  cyc l e s  were considered.  

The t r a d i t i o n a l  h i g h l y  enr iched  uranium cyc l e  uses  an i n i t i a l  o r  

makeup f u e l  element wi th  a f i s s i l e  enrichment of 93% 235~. The more 



r e c e n t  medium en r i ched  uranium cyc l e  uses  i n i t i a l  o r  makeup f u e l  

e lements  wi th  a f i s s i l e  enrichment less than 20% 2 3 5 ~ .  In  both c a s e s ,  

2 3 3 ~  bred from t h e  f e r t i l e  thorium i s  recycled.  

M a t e r i a l s  c o n t r o l  and a c c o u n t a b i l i t y  i n  t h e  p l a n t  w i l l  be by means 

of  a rea l - t ime  a c c o u n t a b i l i t y  method. Accountab i l i ty  d a t a  w i l l  be 

d e r i v e d  from monitor ing of t o t a l  m a t e r i a l  mass through t h e  processes  and 

a system of numerous a s s a y s ,  both d e s t r u c t i v e  and nondes t ruc t ive .  
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