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ABSTRACT 

The conceptua l  des ign  of t h e  f i s s i l e  material assay  and 
a c c o u n t a b i l i t y  system f o r  t h e  HTGR r e f a b r i c a t i o n  p i l o t  p l a n t  
has  been e s t a b l i s h e d .  The primary f e a t u r e  a f f e c t i n g  t h e  des ign  
is  t h e  h igh ,  t i m e  vary ing ,  gamma a c t i v i t y  of t h e  process  mate- 
r i a l  due t o  t h e  unavoidable presence of  uranium-232. This  
imposes s t r i n g e n t  requirements  f o r  remote ope ra t ion  and remote 
m a i n t a i n a b i l i t y  of system components. A t  t h e  same t i m e ,  t h e  
remote ope ra t ion  l ends  i t s e l f  t o  implementation of an automated 
d a t a  c o l l e c t i o n  and process ing  system f o r  real-time accounta- 
b i l i t y .  The high t ime-varying gamma a c t i v i t y  of t h e  material 
a l s o  prec ludes  a p p l i c a t i o n  of a number of techniques p r e s e n t l y  
employed f o r  l i gh t -wa te r  r e a c t o r  f u e l  assay .  The techniques 
s e l e c t e d  f o r  a p p l i c a t i o n  i n  t h e  r e f a b r i c a t i o n  f a c i l i t y  are 
(1) a c t i v e  thermal  neut ron  i n t e r r o g a t i o n  wi th  f a s t - f i s s i o n  o r  
delayed-neutron count ing f o r  fuel-rod and small-sample a s say ,  
(2) ca lo r ime t ry  f o r  h igh- leve l  w a s t e  a s say ,  and (3) pas s ive  
gamma scanning f o r  low-level waste a s say ,  and r a p i d  on- l ine  
re la t ive rod-loading measurements. The p r i n c i p a l  nondestruc- 
t i ve  assay subsystems are i d e n t i f i e d  as (1) on-l ine devices  
f o r  100% product  f u e l  rod assay  and q u a l i t y  c o n t r o l ,  (2) a 
mult ipurpose device  i n  t h e  sample i n s p e c t i o n  l abora to ry  f o r  
small-sample assay  and secondary s t anda rds  c a l i b r a t i o n ,  and 
( 3 )  equipment f o r  assay  of  high- and low-uranium content  
s c r a p  and waste materials. A d a t a  process ing  system, which 
coord ina tes  d a t a  from t h e s e  subsystems wi th  informat ion  from 
o t h e r  process  c o n t r o l  s e n s o r s ,  i s  inc luded  t o  provide real- 
t i m e  material ba l ance  informat ion .  

xi 





1. INTRODUCTION 

1.1 HTGR REFABRICATION PILOT PLANT ACCOUNTABILITY AND SAFEGUARDS 
OBJECTIVES 

The o b j e c t i v e  behind t h e  design and ope ra t ion  of  t h e  HTGR Refabri-  
c a t i o n  Pro to type  P l a n t  i s  t h e  development of  r e f a b r i c a t i o n  p rocesses ,  
equipment, p r a c t i c e s ,  and procedures  r equ i r ed  t o  a l low t h e  es tab l i shment  
of  a commercial HTGR f u e l  r ecyc le  opera t ion .  A s  p a r t  of t h i s  program 
a c c o u n t a b i l i t y  and safeguards  equipment and procedures  w i l l  b e  r equ i r ed  
t o  demonstrate t h a t  t h e  information necessary  t o  ensure  t h e  amount of 
material unaccounted f o r  (MUF) dur ing  t h e  re f a b r i c a t i o n  ope ra t ion  and t h e  
a s soc ia t ed  l i m i t s  of e r r o r  (LEMUF) can b e  def ined  a t  l e v e l s  s u i t a b l e  f o r  
comnercial  p l a n t  ope ra t ion .  I n  a d d i t i o n ,  nondes t ruc t ive  assay  equipment 
w i l l  b e  r equ i r ed  t o  provide q u a l i t y  c o n t r o l  and q u a l i t y  assurance i n f o r -  
mation on in-process  and f inal-product  niaterial t o  provide process  con- 
t r o l  d a t a  and t o  provide information f o r  c r i t i c a l i t y  s a f e t y .  Actual  
ope ra t ion  of t h e  p i l o t  p l a n t  w i l l  b e  i n  accordance wi th  ORNL s t anda rds  
f o r  material a c c o u n t a b i l i t y  and w i l l  be governed by t h e  requirements 
s p e c i f i e d  i n  ORNL-2800. 

It must be  emphasized t h a t  t h e  o b j e c t i v e s  of  t h e  a c c o u n t a b i l i t y  and 
safeguards  program f o r  t h e  pro to type  p l a n t s  are developmental i n  n a t u r e .  
Resasonable and achievable  va lues  f o r  MUF and LEMUF f o r  t h e  232Th-233U 
f u e l ,  w i th  i t s  a t t e n d a n t  problems of  h igh  232U daughter  a c t i v i t y  and t h e  
requirement f o r  remote ope ra t ion ,  are c u r r e n t l y  poorly def ined.  One 
o b j e c t i v e  of  t h e  pro to type  p l a n t  ope ra t ion  w i l l  b e  t o  e s t a b l i s h  these  
va lues  and develop and demonstrate t h e  equipment and techniques  f o r  
implementing t h e  material c o n t r o l  program. Operat ion of  t h e  pro to type  
p l a n t  w i l l  s e rve  t o  check t h e  methods and equipment and t h e  adequacy of  
t h e  material  c o n t r o l  program. Where necessary  , equipment o r  procedures  
w i l l  b e  modified dur ing  p l a n t  ope ra t ion  t o  improve a c c o u n t a b i l i t y  tech- 
n iques  and m e e t  design o b j e c t i v e s .  

1 . 2  CONTENTS AND MOTIVATION FOR THIS DOCUMENT 

The purposes of t h i s  document are f i v e f o l d .  F i r s t ,  i t  i s  in tended  
t o  p re sen t  a u n i f i e d  p i c t u r e  of  t h e  f i s s i l e  material assay  and account- 
a b i l i t y  system as c u r r e n t l y  conceptua l ized  f o r  t h e  HTGR r e f a b r i c a t i o n  
p i l o t  p l a n t  t o  b e  cons t ruc t ed  i n  t h e  TURF f a c i l i t y .  Seve ra l  components 
of  t h e  assay  system are descr ibed  i n  a number of t h e  System Design 
Descr ip t ions  (SDDS) ,~  which are a p o r t i o n  of  t h e  conceptual  design 
package of t h e  p i l o t  p l a n t .  However, no sys t ema t i c  d e s c r i p t i o n  of t h e  
o v e r a l l  assay  system previous ly  e x i s t e d  t o  desc r ibe  t h e  proposed i n t e -  
g ra t ed  func t ion ing  of t h e s e  devices  i n  conjunct ion  wi th  a c e n t r a l i z e d  
p l a n t  d a t a  process ing  system. This  document i s  designed t o  f u l f i l l  t h a t  
func t ion .  

1 
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Second, t h i s  document p r e s e n t s  (under one cover) a d e s c r i p t i o n  
crf those nuc lea r  and p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  product and waste 
materials p e c u l i a r  t o  t h e  HTGR 233U-232Th f u e l  which s t r o n g l y  i n f l u e n c e  
t.he s e l e c t i o n  and design of nondes t ruc t ive  a s say  techniques and devices .  

Th i rd ,  t h e  document i d e n t i f i e s  t h e  p r i n c i p a l  assay p o i n t s  f o r  t h e  
p l a n t  and d e s c r i b e s  t h e  c u r r e n t  conceptual  design s o l u t i o n s  t o  ach ieve  
f i s s i l e  material a s say  a t  those l o c a t i o n s  and t h e  r a t i o n a l e  behind t h e i r  
s e l e c t i o n .  The physics  and mechanical c o n s t r a i n t s  and d e s i r e d  performance 
c h a r a c t e r i s t i c s  of each proposed dev ice  is  d i scussed  i n  as much d e t a i l  
as i s  p r e s e n t l y  a v a i l a b l e ,  and, i n  some cases, a l t e r n a t i v e  s o l u t i o n s  are 
presented.  

Fourth,  i t  i s  intended t o  s e r v e  a programmatic f u n c t i o n  by d e f i n i n g  
areas of a d d i t i o n a l  a n a l y t i c a l  and experimental  work t h a t  are r equ i r ed  
b e f o r e  a f i n a l  design s o l u t i o n  t o  t h e  p i l o t  p l a n t  assay problem can be 
developed. 

F i f t h  and f i n a l l y ,  t h e  document i s  intended t o  serve as a b a s i s  f o r  
a t e c h n i c a l  review by nonproject  personnel  of t h e  o v e r a l l  conceptual  
design of t h e  p i l o t  p l a n t  assay and a c c o u n t a b i l i t y  system. 

REFERENCES FOR SECTION 1 

.L. Source and Special Nuclear Materials Procedures M a n u a l ,  OWL-2800 
(May 15, 1963). 

2 .  HPGiS Fuel Refabrication P i lo t  P Z m t  - Conmptual Design Report, 
GCR: 74-30, v o l s  1 through 4 ,  (Nov. 1, 1974). 
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2. O V E W L  SYSTEM DESCRIPTION 

2 .1  PLANT DESCRIPTION AND SYSTEM FUNCTIONS 

The purpose of t h e  HTGR r e f a b r i c a t i o n  p i l o t  p l a n t  i s  t o  develop 
and demonstrate  t h e  p rocesses ,  equipment, and procedures  necessary  t o  
a l low es tab l i shment  of  a commercial-sized HTGR f u e l  r e c y c l e  f a c i l i t y .  
I n  keeping wi th  t h i s  o b j e c t i v e ,  t h e  p l a n t  i s  envis ioned  as a f u l l y  i n t e -  
g r a t e d  f a c i l i t y  i n  which a l l  a spec t s  of ope ra t ion  inc lud ing  material 
handl ing ,  waste handl ing ,  system i n t e r f a c i n g ,  and p l a n t  c o n t r o l  can b e  
demonstrated on p ro to typ ic  o r  s c a l a b l e  equipment. 
of t h e  p i l o t  p l a n t  i s  t h e  product ion  of approximately two and one-half 
reactor-grade f u e l  elements p e r  day. This  ou tpu t  corresponds t o  t h e  
s u c c e s s f u l  process ing  of %25 kg of heavy m e t a l  pe r  day, of  which about 
2.5 kg i s  2 3 3 U .  By comparison, a commercial f a c i l i t y  designed t o  suppor t  
a 20,000 MW(e) HTGR economy would, a t  equi l ibr ium,  b e  r equ i r ed  t o  process  
Q400 kg of heavy m e t a l  o r  40 kg of 233U per  day, assuming a 60% p l a n t  
a v a i l a b i l i t y  f a c t o r .  A s  a matter of i n t e r e s t ,  t h i s  q u a n t i t y  of  material 
t r a n s l a t e s  t o  $1.6 x l o 5  f u e l  rods ( o r  ~1 ,600 ,000 ,000  coa ted  p a r t i c l e s )  
pe r  day. 

The des ign  o b j e c t i v e  

Despi te  t h e s e  d i s p a r i t i e s  i n  t o t a l  c a p a c i t y ,  t h e  requirement  f o r  a 
demonstrat ion of p ro to typ ic  equipment can be  achieved i n  t h e  p i l o t  p l a n t ,  
s i n c e  much of t h e  equipment i s  l i m i t e d  i n  s i z e  e i t h e r  by c r i t i c a l i t y  con- 
s i d e r a t i o n s  o r  f o r  process  reasons .  

The p l a n t  i s  d iv ided  i n t o  t e n  systems. These are  enumerated i n  
Table 2.1. Six of t h e  systems encompass s p e c i f i c  p i e c e s  of equipment 
which perform t h e  ope ra t ions  necessary  t o  t ransmute t h e  product  from 
one w e l l  def ined  form t o  another  as i t  progresses  through t h e  p l a n t .  
The q u a l i t y  c o n t r o l  and q u a l i t y  assurance  func t ions  are performed i n  
a sample i n s p e c t i o n  l abora to ry  des igna ted  system 7 ,  and t h e  i n t e g r a t e d  
p l a n t  d a t a  management system t h a t  i n t e r f a c e s  wi th  a l l  seven ope ra t ing  
systems is  des igna ted  system 8. The assay  equipment does no t  ex is t  as 
a s e p a r a t e  system ( i n  t h e  ve rnacu la r  of t h e  p i l o t  p l a n t  conceptua l  design 
documentation) b u t  i s  inco rpora t ed  as subcomponents i n  several systems 
throughout  t h e  p l a n t .  

De ta i l ed  d e s c r i p t i o n s  of t h e  func t ion ing  and conceptua l  des ign  of 
t h e  s p e c i f i c  p i l o t  p l a n t  systems are a v a i l a b l e  from a number of 
Only s u f f i c i e n t  d e t a i l  i s  inc luded  h e r e  t o  f a m i l i a r i z e  t h e  r eade r  w i t h  
t h e  gene ra l  func t ion ing  of t h e  p l a n t  and t o  provide  a framework f o r  
understanding t h e  f i s s i l e  material  flow d e s c r i p t i o n  and flow diagrams 
which fo l low i n  Sect .  2 .2 .  

The f i s s i l e  material w i l l  e n t e r  t h e  Thorium-Uranium Fuel  Cycle 
Development F a c i l i t y  i n  t h e  form of c l ean  uranyl  n i t r a t e  solution 
(125 g / l i t e r )  s t r i p p e d  of f i s s i o n  products  and uranium daughter  product  
a c t i v i t y .  P repa ra t ion  of t h e  feed  s o l u t i o n  by s o l v e n t  e x t r a c t i o n  and 
i o n  exchange w i l l  have been done i n  system 1, Uranium Feed P repa ra t ion ,  
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Table 2.1.  Desc r ip t ion  of p i l o t  p l a n t  systems 

System number System name 

1 

2 

Uranium feed p r e p a r a t i o n  

R e s  i n  l oad ing  

3 Resin ca rbon iza t ion  

4 

5 

Microsphere c o a t i n g  

Fuel rod f a b r i c a t i o n  

6 Fuel element assembly 

7 

8 

9 

Sample i n s p e c t i o n  

Process  c o n t r o l  and d a t a  hand l ing  

Waste hand l ing  

10 Materials hand l ing  

which is l o c a t e d  a t  OWL b u t  o u t s i d e  t h e  TURF f a c i l i t y .  The f r e s h  f eed  
s o l u t i o n  w i l l  b e  prepared i n  t h r e e  b a t c h e s  t o  produce a l o t  con ta in ing  
a t o t a l  of ' ~ 4 5  kg of uranium, s u f f i c i e n t  f o r  approximately t e n  days 
s u s t a i n e d  o p e r a t i o n  of t h e  p i l o t  p l a n t ,  and shipped t o  TURF i n  t h r e e  
15-kg shipments .  

I n  system 2 ,  Resin Loading, t h e  uranium w i l l  b e  loaded onto w e a k -  
a c i d  r e s i n  k e r n e l s  by c o n t a c t i n g  t h e  r e s i n  wi th  t h e  uranium-containing 
s o l u t i o n .  Four ba t ches  con ta in ing  ' ~ 1  kg of uranium w i l l  b e  prepared 
d a i l y .  The loaded r e s i n  w i l l  be  d r i e d  and passed t o  system 3, Resin 
Carbonizat ion , where t h e  e n t i r e  day ' s  supply w i l l  b e  carbonized by 
h e a t i n g  t o  8 O O 0 C  t o  decompose t h e  c o n s t i t u e n t  hydrocarbons and d r i v e  
o:Ef t h e  hydrogen component. 

The carbonized r e s i n  i s  then  passed t o  system 4 ,  Microsphere Coating, 
where, i n  s e q u e n t i a l  o p e r a t i o n s  i n  t h e  same c o a t i n g  fu rnace ,  t h e  material 
i s  converted t o  UC2 + U 0 2  and f o u r  l a y e r s  of c o a t i n g  are depos i t ed  on t h e  
i n d i v i d u a l  f u e l  k e r n e l s .  

The coa t ings  , from i n s i d e  out  , are: (1) a low-density b u f f e r  l a y e r  
of p y r o l y t i c  carbon ' ~ 5 0  pm t h i c k ,  ( 2 )  a high-density i s o t r o p i c  l a y e r  of 
p:yrolyt ic  carbon ' ~ 3 5  pm t h i c k ,  ( 3 )  a s i l i c o n  c a r b i d e  l a y e r  ?30 pm t h i c k ,  
and ( 4 )  a second high-densi ty  i s o t o p i c  p y r o l y t i c  carbon l a y e r .  

Following c o a t i n g  , t h e  p a r t i c l e s  pass  t o  system 5 , Fuel  Rod Fabrica- 
t i o n ,  where they are blended wi th  t h e  f e r t i l e  Th02-coated p a r t i c l e s  and 
i n e r t  g r a p h i t e  shim and dispensed i n t o  molds. These are then  i n j e c t e d  
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wi th  a ma t r ix  of hea ted  p i t c h  and g r a p h i t e  f i l l e r  t h a t  p e r c o l a t e s  through 
t h e  i n t e r s t i c e s  between p a r t i c l e s  t o  form a s o l i d  "green" f u e l  rod. 
on-l ine assay machine (see S e c t .  5.3.1) i s  included as p a r t  of t h e  system 
5 equipment. A 100% assay of t h e  green rods w i l l  be  performed as they 
emerge from the  rod f a b r i c a t i o n  equipment and are passed t o  system 6 ,  
Element Assembly. 

An 

I n  system 6 t h e  rods are loaded i n t o  f u e l  b locks  and carbonized 
i n  p l a c e  by passing t h e  b locks  through a whole-block ca rbon iza t ion  and 
anneal ing furnace.  F i n a l  processes  performed i n  system 6 i nc lude  clean- 
ing ,  t h e  i n s e r t i o n  of indexing dowels, and canning of t h e  element f o r  
shipment. 

The e n t i r e  p rocess ,  from system 2 through system 6 ,  w i l l  be housed 
i n  t h r e e  contiguous h o t  cells  i n  t h e  TURF and w i l l  b e  operated remotely. 
Figure 2 .1  is  a p l an  view of t h e  f a c i l i t y .  F igu re  2.2 a l ayou t  of c e l l  
D which houses systems 3 through 5 ,  i n d i c a t e s  t h e  mechanical complexity 
of t h e  process  equipment. 

Throughout t h e  p rocess ,  samples w i l l  be  e x t r a c t e d  from t h e  process  
l i n e  and d i v e r t e d  t o  system 7 ,  Sample Inspec t ion ,  f o r  q u a l i t y  c o n t r o l  
and q u a l i t y  assurance purposes.  I n  a d d i t i o n ,  s u b s t a n t i a l  q u a n t i t i e s  of 
r e j e c t  material are a n t i c i p a t e d  from a number of t he  process s t e p s .  This 
material, plus  samples r e tu rned  from t h e  sample i n s p e c t i o n  s t a t i o n  and 
o t h e r  contaminated wastes, w i l l  be  rou ted  t o  system 9 ,  Waste Handling, 
f o r  a p p r o p r i a t e  s eg rega t ion ,  canning, a s say ,  and d i s p o s a l .  

A d e t a i l e d  material flow a n a l y s i s  and process  flow c h a r t s  d e p i c t i n g  
t h e  material flow through each of t he  s e p a r a t e  systems are given i n  t h e  
fol lowing s e c t i o n .  

2 .2  MATERIAL FLOW DESCRIPTION 

The design of an e f f i c i e n t  assay system r e q u i r e s  a c c u r a t e  estimates 
of t h e  q u a n t i t i e s  of f i s s i o n a b l e  material t h a t  will be pass ing  through 
t h e  assay machines. 
has been developed. The code r e q u i r e s  t h a t  flow s h e e t s  of t h e  r e f a b r i c a -  
t i o n  process  s t e p s  be prepared according t o  a c e r t a i n  gene ra l i zed  format. 
Data d e s c r i b i n g  t h e s e  flow s h e e t s  must b e  supp l i ed  as i n p u t  f o r  t h e  code. 

To gene ra t e  t h i s  d a t a ,  a computer program, NOMUF,b 

The flow s h e e t s  f o r  t h e  c u r r e n t l y  proposed f a c i l i t y  appear i n  Figs .  
2 . 3  through 2.8. Each f i g u r e  d e s c r i b e s  i n  d e t a i l  t h e  material flow 
through one subsystem of t h e  t o t a l  process .  The f i r s t  f i g u r e ,  e n t i t l e d  
Material Receiving (TURF), is  supp l i ed  merely as a s t a r t i n g  p o i n t  f o r  
f lows i n t o  t h e  p l a n t .  Examination of t h e  flow s h e e t s  reveals t h a t  each 
process  box is a j u n c t i o n  p o i n t  f o r  e i t h e r  two o r  t h r e e  flows. These 
are a main inpu t  flow, a main ou tpu t  flow, and, i n  some cases, a second- 
a ry  ou tpu t  removal flow. The removal flow con ta ins  samples, rejects, 
o r  waste. E s t i m a t e s  have been made f o r  t h e  expected average removal 
percentages a t  each p o i n t  i nvo lv ing  samples, rejects, o r  w a s t e .  The 
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c u r r e n t  l i m i t i n g  f a c t o r  on t h e  maximum flows through t h e  p l a n t  occurs  
i n  t h e  conversion and c o a t i n g  system. Here, t h e  c o a t i n g  fu rnace  i s  
b e i n g  designed t o  handle  3.0 kg of uranium p e r  day. 

A l l  of t h e  above in fo rma t ion  a long  wi th  a t y p i c a l  thorium-to-uranium 
r a t i o  i n  t h e  product  elements f o r  t h e  F o r t  S t .  Vrain r e a c t o r  i s  i n p u t  t o  
t h e  code, which i n  t u r n  c a l c u l a t e s  t h e  expected average flow rates o f  
uranium and thorium through each s t e p  i n  t h e  p rocess .  The r e s u l t s  o f  
thle c a l c u l a t i o n s  are ou tpu t  i n  t a b u l a r  form. Tables  2.2 through 2.8 
gi.ve t h e  r e s u l t s  o f  a c a l c u l a t i o n  corresponding t o  t h e  maximum uranium 
flow rate through t h e  c o a t i n g  fu rnace .  The s t e p  numbers i n  t h e  t a b l e s  
r e f e r  t o  b locks  on t h e  flow s h e e t s .  

The c a l c u l a t e d  material flows are u s e f u l  i n  making a de te rmina t ion  
of t h e  approximate assay p r e c i s i o n  needed on t h e  p l a n t  i n p u t  and ou tpu t  
streams t o  m e e t  LEMUF requirements .  As  an example, Fig.  2.9 shows what 
t h e  relative flows would b e  through t h e  major assay p o i n t s  i n  t h e  HTGR- 
FRSP, based on t h e  previous c a l c u l a t i o n s .  I d e a l l y ,  a l l  i n p u t  and output  
streams should b e  assayed a t  t h e  p l an t  boundar i e s ;  however, t h e  p l a n t  
product  is  more amenable t o  assay j u s t  b e f o r e  f i n a l  assembly, which i s  
why t h e  f i g u r e  shows product assay b e f o r e  t h e  end of t h e  r e f a b r i c a t i o n  
p rocess .  Two known samples are taken a f t e r  t h e  product  a s s a y ,  and they 
e v e n t u a l l y  end up as w a s t e ,  c o n t r i b u t i n g  t o  redundancy i n  a s say .  A load- 
i n g  v e r i f i c a t i o n  i s  made a f t e r  t h e  f i n a l  assembly, and t h e  f i s s i l e  con ten t  
of t h e  removed samples i s  accounted f o r  i n  t h e  uranium con ten t  o f  t h e  
f i n i s h e d  element;  hence,  t h e  a b s o l u t e  e r r o r  i n  t h e  uranium content  of t h e  
product  element should b e  no g r e a t e r  t han  t h e  a b s o l u t e  e r r o r  i n  t h e  assay 
o f  t h e  rods f i l l i n g  i t .  

Assuming t h a t  t h e  beginning inven to ry  and f i n a l  i nven to ry  are zero 
a t  account ing t i m e s ,  t h e  t o t a l  LEMlJF i n  t h i s  example w i l l  b e  determined 
by t h e  a s say  p r e c i s i o n  a t  t h e  i n d i c a t e d  p o i n t s .  Using an LEMUF of &0.5% 
and a p l a n t  i n p u t  of 100 u n i t s ,  one w r i t e s  t h e  fol lowing i n e q u a l i t y .  

E 1  = a b s o l u t e  e r r o r  ( i n  a 95% confidence i n t e r v a l )  on t h e  i n p u t  
s tream, 

E2  = a b s o l u t e  e r r o r  (95% confidence i n t e r v a l )  on t h e  product  
stream, 

E 3  = a b s o l u t e  e r r o r  (95% confidence i n t e r v a l )  on t h e  high uranium 
content  waste stream, 

E4  = a b s o l u t e  e r r o r  (95% confidence i n t e r v a l )  on t h e  low uranium 
con ten t  w a s t e  stream. 
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OWL DWG 74-10168 

Material Receiving (TURF) 

FROM BLDG. 301 9 

. 

Fig. 2 . 3 .  Pilot plant material flowsheet number 1. 



STEP YO. 

1 

Table 2.2. Calculated material f l o w  rates corresponding to  flow sheet nuder  1 
MAT ER IA L R ECEIV 1 NG 

I N P U T  PZOW R F N O V A L  FLOW ( I F  NON-ZERO)  
(KG. AEAVT R*TAL PPR DAY) (KC. HEAVY R E T A L  P E R  D A Y )  

U R A N I D R  THOR I U  fl U R  ANTON T ROR T Un 

3 . 4 8 0  0.0 

P E R C P N T  R E N O V E D  

U R A N I U M  I N P U T  = 3.480 K G B R / D A T  

THORITIR T N P O T  = 0 . 0  KGHR/DAT 

PRCCESS S U N V A R Y  

O R A N I U M  O U T P I l T  = 3.4Ro KGHR/DAY T O T A L  O R A N T O T  R F f l O V E D  = 0.0 KGHY/DAT 

T H C R I U M  O U T P U T  = 9.0 KGHN/DAY T O T A L  THORIWN P X f l O V E U  = 0.0 KGHR/DAY 

I 
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ORN L-DWG 74-1 04 69 
ADUN Preparation and Resin Loading 

FROM 
MATERIAL RECEIVING 

STORE 

i- 

1 PREP '+WASTE 

DIVERT REJECT RECLAIM SYSTEM 

4 
RESIN 
LOAD 

RESIN * 
DRY 

SAMPLE 
9 

STORE 

I + 
TO CARBONIZATION 

Fig. 2 . 4 .  Pilot plant material flowsheet number 2. 



STFP YO. 

Table 2 . 3 .  Calculated material flow rates corresponding to flow sheet nuder 2 
ACIIN P R E P .  R E S I N  L O A D I N G  

LNPUT PLOW 
( K G .  HEAVY METAL PER D A Y )  

IJBANIOR TAORTUM 

3.480 0. 0 

3.4 e0 0.0 

3.480 0.0 

3.479 0.0 

3.476 0.0 

3.415 0.0 

3. 440 0.0 

3.440 0.0 

R E V O V A L  PLOW ( I F  N O N - Z E B O )  
(KG. Y E A V Y  N E T A L  PER DkY) 

T A O R T U R  U R A N I U H  

0.0001 0.0 

0.0010 0 .o 

0.0024 0.0 

0.0014 0.0 

0.0147 0.0 

3.44’) 0.0 0.0010 

PRCCFSS SURWART 

U S A N I U r l  TNFIJT = 3 . 4 8 0  KGHR/DAY O R A N I U M  O O T P U T  = 3.439 K C H ? l / D A Y  

T H O R I U R  T N F O T  = 0.0 KGAR/DAY T A C R I O N  O U T P U T  = 0 . 0  KCHR/DAY 

0.0 

P F R C S N T  RFWOVEr) 

0.002 

0.030 

0.068 

0.040 

1.000 

0 . 0 3 9  

T O T A L  U!?ANIUM R E Y O V E D  = O . O U 1  KGHR/nAT 

T O T A L  T H O R T U N  R S R O V E D  = 0 . 0  KG€IN/DAY 

. 
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ORNL-DWG 74-io170 

Carbonization 

. 

FROM RESIN LOADING 

-4 COLLECT’31 

i CLASS1 FY 

TO IEM SAMPLE 

STORE I 
EL 

DIVERT -3 
TRANSFER 0 

t 
EFFLUENT 

ASSAY 
46 

CARBONIZE 

I * I 
+7 

WEIGH WASTE 

I 

COLLECT 0 
AND 

COATING 

TO DIVERT 
8’ 

DIVERT HOPPER 
(System 9) 

Fig. 2.5. Pilot plant material flowsheet number 3. 
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ORNL-DWG 74-i Oi 7 i  

FROM 
CARBONIZATION 

COLLECT * 
WEIGH 

1 
DIVERT Q 

4 DlL3T , L T O  SYSTEM 7 
1416 2 28,M 

I WASTE I 

Conversion and Coating 

COLLECT 

SIZE 38 
CLASSIFY 

ACCUMULATE 

DIVERT 
TO 

REJECT 
HOPPER 

SAM R E  

SYSTEM 

WEIGH 

TRANSFER 0 
TO FUEL 
STICK 

FABRICATION 

Fig. 2.6. Pilot plant material flowsheet number 4 .  
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COLLECT 

ORNL-DWG 7440172 

3 
D I SPENSE 

Fuel Rod Fobrication 

FISSILE 
PARTICLES 

(from Conversion 
and Coatings) 

I 

BLEND LOT rl? 
COLLECT FERTILE 

PARTICLES 
I 

L 

LOAD MOLD 

MOLD RODS 

0 INSPECT 

SEPARATE 

TRANSFER 

INSPECT '' 
INTEGRITY 

HOMOGENEITY 

I 

(System 9) 

6 ASSAY 

[+b 
SYSTEM 

AND STORE 

I 
TO FUEL 

ELEMENT ASSEMBLY 

F i g .  2.7 .  Pilot plant material flowsheet number 5. 

. 
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S T E P  Y O .  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

12 

1 3  

Table 2 .6 .  Calculated material f l o w  rates  corresponding to flow sheet number 5 
F ~ E L  rmo P A E R I C A T I O N  

INPUT P I O Y  3 E l O V A L  PLOW ( I F  NON-ZERO)  
(KG. HEAVY M E T A L  PES DhY) (KG. H E A V Y  I E T A L  PEQ D A Y )  
O R A N I U O  

2. u59 

2.459 

2.459 

2.459 

2.459 

2.456 

2.456 

2.449 

2.049 

2.049 

2.447 

2.447 

2.446 

U R A N I U H  I N P U T  = 2.459 RGAH/DAT 

T R O R I O B  I l P D T  = 29.506 KGRH/DAY 

0 . 0 0 2 5  

0.0074 

0 . 0 2 9 5  

0.0884 

T A OR ID M U R A N I U M  THOQIII~I 

0 . 0  

0.0 

0.0 

29.50 6 

29.506 

29.477 

29. 477 

29.388 

29. 3 A R  

29.388 0.0024 

29.359 

29. 359 0.0007 

29. 350 

PPCCLSS SflMMARY 

U R A N I U R  OOTPOT = 2.4u6 KGH!’I/CAY 

T H O R I U M  O U T P U T  = 2 9 . 3 5 0  KGHM/nAY 

0.0294 

0.0088 

P F R C F N T  R”VOVF9 

0 .100  

0.300 

0.100 

0.030 

T O T 4 L  U R A N I U N  PCl lOVED = 0 . 9 1 3  K G H M / D A Y  

TOTAL T A O R I l I M  9 C N O V P D  = F . 1 5 6  KGH!’I/DAY 
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FROM FUEL ROD 
FABRICATION 

STORE 

COLUMN 

STACK 
LENGTH 

VERI FY 

ELEMENT v 
FURNACE 

CARBONIZE 

Fuel Element Assembly 

UNLOAD 
FURNACE 

1 1 1 . 
CLEAN 

ELEMENT 

CHECK 

WEIGH 
ELEMENT 

INSERT 

CEMENT 

VERIFY PLUG 
AND DOWEL 

RECHECK 47 
ELEMENT 

INTEGRITY 

+ 
REMOVE 
SAMPLE 
HOLDER 

DISASSEMBLE 
SAMPLE 
HOLDER 

TO SYSTEM 7, 
SAM PLE 
INSPECTION 

REJECT TO 
+ SYSTEM 9 

ORNL-DWG 74-10173 

INSPECT FOR18 
SURFACE 

CONTAMINATION 

PACKAGE '9 
FUEL 

ELEMENT 
I 

, 

1 

II TRANSFER 

TO FACILITY 
STO RAG E 

F i g .  2.8. Pilot plant material flowsheet number 6. 

. 



S T E P  10. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

11 

1 2  

1 3  

1 4  

1 5  

1 6  

17 

1 8  

19 

20  

2 1  

2 2  

. 

Table 2.7.  Calculated material flow rates corresponding to flow sh, it n d e r  6 
FUEL E L E l f N T  A S S I R B 1 . V  

INPUT m o w  REWOVAL FLOW ( I F  MOA-ZERO) 
(KG. HEAVT R E T A L  P E R  O A T )  [KG. R E A V T  METAL PER OAT) 

U R A I I I U U  

2.446 

2. 446 

2.446 

2.446 

2.446 

2.446 

2.446 

2.446 

2.446 

2.435 

2.435 

2.429 

2.429 

2.429 

2.429 

2.429 

2.429 

2.423 

2.423 

2. 423 

2.423 

2.423 

W7AMInM I N P U T  = 2.446 KGHU/DAY 

THORTUM I I I F O T  f 29.350 I (GAM/DAY 

T RCR XU 0 O R A  II I UPI THORIWM 

29.350 

29.350 

29.350 

29. 350 

29.350 

29.350 

29.350 

29.350 

29.350 

29.221 

29.22 1 

29.148 

29. 148 

29.148 

29. 1 4 8  

29. 148 

29.148 

29.075 

29.075 

29.075 

29.075 

29.075 

PROCESS SUHnhRT 

D R A W I O M  OWTPWT = 2. 423 KGHR/OAT 

T A O R I U M  O U T P U T  = 29.075 K G R R / O A T  

0.0108 

0 .0061  

0.1291 

0.0731 

0.0061 0.0729 

P F F C E Y T  RFPIOVBD 

0.440 

0.250 

0.250 

T O T 3 L  U R A N T U P I  REMOVE0 = 0.023 KGAPI/DAY 

T O T A L  T R O R I U M  RFl lOVEO = 0 .275  KGHM/DAT 

N 
P 



Table 2 .8 .  Summary of material flow rate calculations 

P R O C E S S  NANE I N P U T  
(KG HM/D AY) 

T A C R I U V  UR 9 N I  OM 

1 M A T E R I A L  R E C E I V T N G  3 . 4 8 0  0 . 0  

2 A D U N  PREP.  R E S I N  L O A D I N G  3 . 4 8 0  0.0 

3 C A P B O N I Z k T I O N  3 . 4 3 9  0 . 0  

4 C 0 1 V 7 R S I O N  AND C O A T I N G  3 . 0 0 0  0.0 

5 P U P L  R O D  F A B R I C A T I O N  2 . U 5 9  2 9 . 5 0 6  

6 P D E L  ELEMENT A S S E M E L I  2. 4 4 6  2 9 . 3 5 0  

T O T A L  b N O U N T  OF TJRANIUN R E R O V F D  P R O R  A L L  P R O C E q S S S  = 

T O T A L  AM@ONT OF THORIUM R F R O V E D  PROM A L L  P R O C E S S E S  = 

O U T P U T  
( K C A M / D A I )  

U R A N I U r l  T B O R I U f l  

3 . 4 8 0  0.0 

1 . 4 3 9  0.0 

3 .000  0.0 

2 . 4 5 9  c. 0 

2 9 . 3 5 0  2.4U6 

2 . 4 2 3  2 9 . 0 7 5  

1 . 0 5 7  KGHM/DAY 

C.Cr31 KGHM/DAT 

T O T A L  BEY9VED 
(KGRY /D A Y) 

U R A V I U V  THORIUY 

0.0 0.0 

o . c u 1  n.0 

0 . 4 4 0  0.0 

0 . 5 4 1  0.0 

0.C13 0 . 1 5 6  

0 . 0 2 3  0 . 7 7 5  

N 
N 

. . e . 
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ORNL-DWG 75-373 

I 

PLANT INPUT 

io0 

CHEMICAL ASSAY 

1 
RE FABR I CATION PROCESS 

LINE 

RECEIVING, RESIN LOADING, 
CAR BO N I Z AT I 0 N , COAT I N G , 
ROD FABRICATION (steps i 
through 40) 

. 0.665 I 
28.3 1.4 0.03 , " 

REFABRICATION PROCESS 
I LINE 

PRODUCT 
ELEMENTS 

I I  I BLY, STORE 
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r L 
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WASTE 
ASSAY 

TO IDAHO FOR 
REPROCESSING 
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WASTE 

WASTE 
ASSAY 

TO W A S ~ E  STORAGE 

Fig. 2 . 9 .  Material flows through major assay po in t s  i n  the HTGR-FRPP. 
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In terms of material flows and r e l a t i v e  e r r o r s  i n  assay measurements, 
ithe a b s o l u t e  e r r o r s  can be w r i t t e n  as fol lows:  

where 

PI = re la t ive e r r o r  (95% confidence i n t e r v a l )  on t h e  i n p u t  stream, 

P2 = r e l a t i v e  e r r o r  (95% confidence i n t e r v a l )  on t h e  product  stream, 

P3 = relative e r r o r  (95% confidence i n t e r v a l )  on t h e  high uranium 
con ten t  waste stream, 

PI+ = r e l a t i v e  e r r o r  (95% confidence i n t e r v a l )  on t h e  low uranium 
con ten t  waste stream. 

S u b s t i t u t i o n  of t h e  above i n t o  i n e q u a l i t y  (1) y i e l d s  , 

10,000 P: + 4942 P; + 8 4 1  P?j + 2.04 PE G 0.25. ( 2 )  

I n e q u a l i t y  (2) g ives  t h e  r e l a t i o n s h i p  between t h e  r e q u i r e d  a s say  
p r e c i s i o n  a t  each p o i n t  i n d i c a t e d  on Fig. 2.9. Table 2.9 g ives  a number 
o f  s o l u t i o n  sets t h a t  s a t i s f y  i n e q u a l i t y  (2) .  The f i r s t  f o u r  sets g i v e  
the maximum al lowable  e r r o r  a t  each a s say  p o i n t ,  provided t h e  o t h e r s  
have no e r r o r .  

2 ,, 3 SPECIAL FEATURES AFFECTING SAFEGUARDS 

The s p e c i a l  f a c i l i t i e s  and r a d i a t i o n  s h i e l d i n g  and containment re- 
qu i r ed  f o r  t h e  s a f e  handl ing and p rocess ing  of HTGR r ecyc led  f u e l  o f f e r  
s e v e r a l  advantages f o r  s a fegua rds  

The obvious s p e c i a l  f e a t u r e  of t h i s  process  i s  t h e  axmost t o t a l  re- 
mote hand l ing  of t h e  233U-bearing f u e l .  
l i m i t s  personnel  access t o  t h e  f i s s i l e  marerial. Access t o  t h e  material 
i s  no t  impossible ,  however, f o r  two reasons.  F i r s t ,  f o r  material and 
equipment t r a n s f e r ,  t h e  p rocess ing  ce l l s  are l i n k e d  t o  o t h e r  cel ls  o r  
t o  out-of-cel l  mechanisms. Second, some p o r t i o n s  of t h e  p rocess ing  
equipment may be maintained by having pe r sonne l  e n t e r  t h e  cel ls  a f t e r  
a p p r o p r i a t e  sou rce  s h i e l d i n g  o r  s o u r c e  removal. Thus some ce l l s  w i l l  
be  designed f o r  personnel  access .  Although t h e r e  i s  p o s s i b l e  a c c e s s ,  

The remote n a t u r e  of t h e  process  

. 



Table 2.9. Maximum pe rcen t  e r r o r  of assay measurements on 
input  and output  streams t o  remain wi th in  20.5% LEMUF s tandard  

PI p2 p3 p4 
So lu t ion  

set ( Input  stream) (Pro duc t  s t r e am) (High uranium content  (Low uranium content  
waste s t ream) waste s t ream) 

1 0.500 0.0 0.0 0.0 

2 0.0 0.711 0.0 0.0 

3 0.0 0.0 1.72 0.0 

4 0.0 0.0 0.0 35.0 

5 0.100 0.500 1.13 7.00 

6 0.100 0.300 1 . 4 9  7 .OO 
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a l l  of t h e  access p o i n t s  are c o n t r o l l e d  because of t h e  requirement f o r  
a l p h a - a c t i v i t y  Containment. Heal th  physics  r a d i a t i o n  monitors would 
provide an i n d i c a t i o n  o f  breech of containment and o f  p o s s i b l e  d i v e r s i o n .  
Because t h e  i n g r e s s  p o i n t s  from t h e  c e l l  are l i m i t e d ,  p o r t a l  monitors 
m,ay a l s o  p rov ide  a d d i t i o n a l  s a fegua rds  assurance.  

It shou ld  b e  noted t h a t  a l though kilogram q u a n t i t i e s  of material  
r e p r e s e n t  h igh - rad ia t ion  l e v e l s  from t h e  s t andpo in t  of occupa t iona l  
exposures , t h e  l e v e l s  of r e c e n t l y  p u r i f i e d  u rany l  n i t r a t e  are low enough 
t h a t  d i r e c t  hand l ing  of t h e  material  f o r  s e v e r a l  days would no t  r e s u l t  
i i n  n o t i c e a b l e  h e a l t h  e f f e c t s  . 
i t s  n o t  au tomat i ca l ly  precluded. 

Thus , d i v e r s i o n  of unshielded material 

The remote n a t u r e  of t h e  refab r i c a t i o n  p rocess  r e q u i r e s  h i g h l y  
automated machinery f o r  most of t h e  f a b r i c a t i o n .  The e l a b o r a t e  c o n t r o l  
and monitor ing in s t rumen ta t ion  r equ i r ed  f o r  automatic  o p e r a t i o n  and 
p rocess  c o n t r o l  can provide a d d i t i o n a l  d a t a  f o r  material a c c o u n t a b i l i t y  
and material ba l ance  cons i s t ency  checks.  

The planned computer-based management and monitor ing program f o r  
t h e  i n d i v i d u a l  p rocess  systems p rov ides  real-time d a t a  s u i t a b l e  f o r  
aldaption t o  a p a r a l l e l  real-time a c c o u n t a b i l i t y  system. 

The remote n a t u r e  of t h e  process  has  t h e  p o t e n t i a l  of s u b s t a n t i a l l y  
improving t h e  sa fegua rd ing  of t h e  r e c y c l e  f u e l  du r ing  r e f a b r i c a t i o n .  The 
e x t e n t  of t h i s  improvement w i l l  depend on t h e  s p e c i f i c  f a c i l i t y  design 
and on t h e  degree t o  which t h e  a d d i t i o n a l  real-time p rocess  information 
can enhance t h e  sa fegua rds  system. 

. 
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3. DESCRIPTION OF MATERIAL - NUCLEAR CHARACTERISTICS 
AFFECTING FISSILE MATERIAL ASSAY 

3.1 INTRODUCTION 

. 

Cer ta in  n u c l e a r  p r o p e r t i e s  of t h e  f issi le and f e r t i l e  materials i n  
t h e  HTGR Fuel cyc le  are i n h e r e n t  through a l l  phases of t h e  process  and 
exert a c o n t r o l l i n g  i n f l u e n c e  on t h e  s e l e c t i o n  and implementation of 
nondes t ruc t ive  assay techniques.  Foremost among t h e s e  i s  t h e  high-gamma- 
r a d i a t i o n  l e v e l  a s s o c i a t e d  wi th  t h e  2 3 3 U  due t o  t h e  unavoidable i n c l u s i o n  
of trace amounts o f  2 3 2 U .  
problem of performing a l l  ope ra t ions  wi th  t h e  material, i n c l u d i n g  non- 
d e s t r u c t i v e  a s say .  For example, a l l  ope ra t ions  must b e  performed remotely. 
This  requirement imposes t h e  p h y s i c a l  complexi t ies  a s s o c i a t e d  with auto- 
mated ope ra t ion  and remote maintenance on t h e  equipment design and 
i n c r e a s e s  by an o r d e r  of magnitude t h e  problems a s s o c i a t e d  wi th  construc- 
t i o n ,  hand l ing ,  and use  of c a l i b r a t i o n  s t a n d a r d s .  I n  a d d i t i o n ,  t h e  high- 
gamma background excludes t h e  a p p l i c a t i o n  of c e r t a i n  proven techniques 
t h a t  have been developed f o r  2 3 5 U  o r  c lean 2 3 3 U  systems and makes t h e  
implementation of o t h e r s  much more d i f f i c u l t .  

This  s i n g l e  f a c t o r  v a s t l y  complicates t h e  

Other n u c l e a r  c h a r a c t e r i s t i c s  t h a t  i n f l u e n c e  assay equipment s e l e c -  
t i o n  and design inc lude  neutron response c h a r a c t e r i s t i c s  , delayed neutron 
y i e l d s ,  and (a,n) neutron product ion ra tes .  A l l  of t h e s e  are d i scussed  
i n  d e t a i l  below. 

3.2 THORIUM-URANIUM LOADING RANGE AND URANIUM ISOTOPIC VARIATION 

HTGR r ecyc le  f u e l  w i l l  con ta in  f i s s i l e  and f e r t i l e  f u e l  p a r t i c l e s .  
The f i s s i l e  p a r t i c l e s  w i l l  b e  %670 v i n  diameter and t h e  f e r t i l e  p a r t i c l e s  
w i l l  b e  %820 p i n  diameter.  Uranium-233 i n  t h e  form of UC2 w i l l  be  the  
prime heavy-metal c o n s t i t u e n t  of t h e  f i s s i l e  p a r t i c l e ,  al though o t h e r  
uranium i s o t o p e s  w i l l  a l s o  b e  p re sen t .  The f e r t i l e  p a r t i c l e  w i l l  con ta in  
thorium as Tho,. These two types of p a r t i c l e s  are blended t o g e t h e r  i n  
s u i t a b l e  p ropor t ions  wi th  a g r a p h i t e  "shim" material and are f a b r i c a t e d  
i n t o  f u e l  rods us ing  a petroleum-based p i t c h  mixed wi th  g r a p h i t e  as a 
b i n d e r .  The f u e l  rods t o  b e  f a b r i c a t e d  i n  t h e  p i l o t  p l a n t  are o f  t h e  
Fort  S t .  Vrain v a r i e t y  and are 1.94 i n .  long and 0.49 i n .  i n  diameter .  
These are loaded i n t o  h o l e s  i n  a hexagonal g r a p h i t e  b lock .  Approximately 
3130 rods are needed t o  f i l l  a ' s t a n d a r d  f u e l  element b lock .  Fuel rods 
f o r  commercial [1160 MW(e)] r e a c t o r s  t h a t  w i l l  b e  f a b r i c a t e d  by a commer- 
c ia l  f a c i l i t y  w i l l  b e  s i m i l a r  i n  s t r u c t u r e  b u t  longer  and 5/8 i n .  i n  
diameter .  

The q u a n t i t i e s  of thorium and uranium t h a t  w i l l  b e  loaded i n t o  an 
element w i l l  vary cons ide rab ly .  This is  due t o  t h e  v a r i e t y  of func t ion ing  
cond i t ions  t h a t  w i l l  ex i s t  i n  t h e  o p e r a t i n g  r e a c t o r s .  Spat ia l -zoning 
f a c t o r s  and recycle-zoning f a c t o r s  w i l l  b e  changing from year-to-year 
du r ing  a t r a n s i t i o n  pe r iod  when t h e  f i r s t  q u a n t i t i e s  of r e c y c l e  233U are 
introduced.  Data on maximum and minimum loadings t h a t  are expected t o  b e  
encountered have been supp l i ed  by General Atomic Company.' Table 3 .1  
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g ives  t h e  range of 2 3 3 U  and thorium load ings  t h a t  w i l l  occur  du r ing  
equ i l ib r ium.  The va lues  given are f o r  t h e  commercial HTGR, and t h e  u n i t s  
aire kilograms o f  heavy metal p e r  f u e l  element b lock .  

Table 3.1. Recycle f u e l  b lock  load ing  ranges 
f o r  t h e  commercial HTGR 

(Kilograms heavy metal p e r  block)  
- ~~~ 

Period 23313. Thorium ~ h / ~ 3 3 ~  r a t i o  

T r ans i t  ion  
Maximum 0.72 1 2 . 1  16.8 
Minimum 0 .31  6 .O 19.4 

Equi l ibr ium 
Maximum 0.72 11.6 1 6 . 1  
Minimum 0.32 7.9 24.7 

Table 3.2 g ives  t h e  c a l c u l a t e d  uranium i s o t o p i c  r a t i o s  f o r  t h e  
beginning of r e c y c l e  and a t  equ i l ib r ium recyc le  f o r  t h e  l a r g e  commercial 
r e a c t o r s .  

From t h i s  i n fo rma t ion  i t  i s  ev iden t  t h a t  nondes t ruc t ive  assay tech- 
niques developed f o r  t h e  HTGR f u e l  c y c l e  must b e  a b l e  t o  accomodate a 
wide range of f i s s i le  load ings  and uranium-to-thorium r a t i o s .  Condi t ions 
e:ncountered i n  t h e  p i l o t  p l a n t  i n  p rocess ing  Fort  S t .  Vrain f u e l  w i l l  t o  
a l a r g e  e x t e n t  cover  t h e  parameter ranges a n t i c i p a t e d  f o r  a commercial 
f a c i l i t y .  

3 .3  Uranium-232 and Uranium-233 Daughters : Concentrat ions and E f f e c t s  

A l l  f u e l  m a t e r i a l  t h a t  c o n t a i n s  2 3 3 U  a l s o  unavoidably c o n t a i n s  s m a l l  
q u a n t i t i e s  of 2 3 2 U .  This  2 3 2 U  i s  formed through (n,2n) r e a c t i o n s  i n  2 3 3 U  
and (n,2n) r e a c t i o n s  i n  232Th,  followed by an (n,y)  r e a c t i o n  i n  231Pa.  
Most of t h e  232U t h a t  is formed i n  thorium-bearing f u e l s  r e s u l t s  from t h e  
2,32Th(n ,2n) r e a c t i o n .  
q u a n t i t i e s  of 2 3 0 T h ,  s i g n i f i c a n t  amounts o f  2 3 2 U  may be formed from two 
s e q u e n t i a l  (n,y) r e a c t i o n s  on t h a t  i s o t o p e  and i t s  daugh te r ,  231Pa.  
r e a c t i o n s  , a long  wi th  t h e  n a t u r a l  r a d i o a c t i v e  decay cha ins  of 232U and 
2:32Th, are shown i n  Fig. 3.1. 

I n  a d d i t i o n ,  f o r  thorium o r e s  con ta in ing  a p p r e c i a b l e  

These 
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Fig. 3.1. Decay chains of 232Th and 232U. 
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Table 3.2. Uranium i s o t o p i c  composition f o r  
commercial HTGR r e c y c l e  f u e l  

D e s  c r i p  t i on 

Percent  of t o t a l  
(atom d e n s i t y  

I s o t o p e  b a s i s )  

Beginning of r e c y c l e  2 3 3 ~  92.1 
2 3 4 u  7.35 

(Most r e a c t i v e  f u e l )  2 3 5 u  0.568 
2 3 6 ~  0.0245 
2 32u 0.0126 

Equi l ibr ium r e c y c l e  2 3 3 ~  61.4 
2 3 4 ~  24.3 
2 3 5 u  8.02 
2 3 6 ~  6.30 
2 3 2 ~  0.0362 

There i s  b e l i e f  t h a t  t h e  uranium which w i l l  b e  encountered i n  a 
r e f a b r i c a t i o n  f a c i l i t y  can c o n t a i n  anywhere from 1500 ppm t o  less than 
100 ppm 232U. 
l a r g e  range i n  2 3 2 ~  con ten t .  

Hence, t h e  design of an a s say  system must account f o r  t h i s  

Some of t h e  daughter  products  i n  t h e  n a t u r a l  decay cha in  of 2 3 2 U  
have high-energy gamma r a y s .  This  i s  p a r t i c u l a r l y  t r u e  of 208T1 which 
b e t a  decays t o  208Pb and i n  s o  doing causes  t h e  emission of a 2.61-MeV 
g a m a  ray du r ing  e s s e n t i a l l y  100% of t h e  decays.  Since t h e  gamma a c t i v i t y  
of! 232U-bearing material i n c r e a s e s  wi th  t i m e  , i t  becomes more d i f f i c u l t  
t o  handle  from a radiat ion-exposure s t andpo in t  as i t  ages .  I n  l i g h t  of 
t h i s ,  when uranium i s  rece ived  a t  t h e  r e f a b r i c a t i o n  f a c i l i t y  most of i t s  
daughter  products  w i l l  have been removed. A f t e r  t h e  s e p a r a t i o n  p rocess  i s  
complete,  t h e  daughters  s t a r t  t o  b u i l d  back towards equ i l ib r ium wi th  2 3 2 U .  
Assuming complete removal of a l l  daughters  , t h e i r  r a d i o a c t i v i t y  w i l l  
i n c r e a s e ,  as shown i n  Fig.  3.2. 

The f i g u r e  i s  based on t h e  p remise  t h a t  at  zero t i m e  1.0 g o f  232U i s  
t h e  only material  p r e s e n t .  The 2 3 2 U  a c t i v i t y  i s  o f f  s c a l e  on t h i s  f i g u r e ,  
b u t  has  a cons t an t  va lue  of 2 1 . 4  C i  ove r  t h e  90-day t i m e  scale.  About t e n  
y e a r s  would b e  r e q u i r e d  f o r  a l l  t h e  daughters t o  come i n t o  a t r a n s i e n t  
e q u i l i b r i u m  wi th  2 3 2 U  due t o  t h e  1.9-year h a l f - l i f e  of 228Th. A t  equi- 
l i b r i u m ,  t h e  208T1 a c t i v i t y  w i l l  be  36% of t h e  2 3 2 U  a c t i v i t y ,  and t h e  212Po 
a c t i v i t y  w i l l  b e  64% of t h e  232U a c t i v i t y  because of t h e  branching t h a t  
occurs  a t  2 1 2 B i .  

Not a l l  s e p a r a t i o n  techniques w i l l  completely remove a l l  t h e  232U 
daughter  p roduc t s .  For i n s t a n c e ,  an ion  exchange system w i l l  remove 
t h e  228Th b u t  l e a v e  some o f  t h e  2 2 4 R a ,  220Rn, and 212Pb. 
t i o n  removes only p a r t  of t h e  228Th b u t  removes most of t h e  o t h e r  
daugh te r s .  
methods i s  shown i n  Fig.  3.3.2 

Solvent ex t r ac -  

The e f f e c t  on t h e  2 0 8 T l  a c t i v i t y  of t h e s e  two s e p a r a t i o n  
For pe r iods  less than 16 days af ter  

. 
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Fig.  3 . 2 .  Uranium-232 daughters  r a d i o a c t i v i t y  vs rime f o r  i n i t i a l l y  
pure 2 3 2 ~ .  
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TIME SINCE SEPARATION (days) 

F i g .  3 . 3 .  E f f e c t  of pos t sepa ra t ion  t i m e  and type  of s e p a r a t i o n  on 
t - h e  r a d i o a c t i v i t y  of 208T1 p e r  u n i t  i n i t i a l  r a d i o a c t i v i t y  of  232U. 

. 
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. 

s e p a r a t i o n ,  t h e  2 o  8 T 1  a c t i v i t y  i s  dependent on t h e  s e p a r a t i o n  technique  
used. 
less than  16 days a f t e r  s e p a r a t i o n  r e q u i r e s  d e t a i l e d  informat ion  on how 
t h e  s e p a r a t i o n  w a s  made. 

Thus, a de te rmina t ion  of 232U q u a n t i t i e s  us ing  2 0 8 T 1  a c t i v i t y  

During HTGR f u e l  r e f a b r i c a t i o n ,  t h e  concen t r a t ions  ( o r  r a d i o a c t i v i t i e s )  
of  t h e  2 3 2 U  daughter  products  are n o t  on ly  a func t ion  o f  t h e  t i m e  a f t e r  
' c leanup '  of  t h e  decay p roduc t s ,  b u t  a l s o  t h e  concen t r a t ions  are a func t ion  
o f  t h e  r e f a b r i c a t i o n  p rocess .  
s i t u a t i o n .  

To i l l u s t r a t e  t h i s ,  cons ide r  t h e  fol lowing 

A t  one po in t  dur ing  r e f a b r i c a t i o n ,  HTGR f u e l  p a r t i c l e s  are i n  t h e  
form of uncoated carbonized resins beads .  
a carbon ma t r ix ,  having  a d e n s i t y  of  3.3g/cm3 and a composition of 71% 
(by weight) uranium, 19% carbon,  and 10% oxygen. A t  t h i s  p o i n t  i n  t h e  
process  t h e  beads are hea ted  up t o  1800°C i n  a f luidized-bed furnace  and 
h e l d  a t  t h a t  temperature  f o r  an ,  as y e t ,  undetermined l eng th  of  t i m e .  
During t h i s  process  t h e  concen t r a t ions  of  232U daughters  w i l l  b e  a l t e r e d  
i n  t h e  f u e l  p a r t i c l e . 3  For i n s t a n c e ,  220Rn which i s  a g a s ,  d i f f u s e s  ou t  
of  t h e  p a r t i c l e s .  
(descr ibed  above) w i l l  be  a f f e c t e d .  Two example cases of  p o s s i b l e  s i t u a -  
t i o n s  w e r e  s t u d i e d ,  and t h e i r  e f f e c t s  on 2 3 2 U  daughter  concen t r a t ions  are 
p resen ted  i n  F i g s .  3.4 and 3.5. 

These beads c o n s i s t  o f  U02 i n  

I n  such cases, t h e  approach t o  t r a n s i e n t  equ i l ib r ium 

Figure 3.4 shows t h e  e f f e c t  on t h e  212Pb number dens i ty  of  cont in-  
uously removing va r ious  q u a n t i t i e s  o f  2 2 0 F b  from an equ i l ib r ium concentra- 
t i o n  of  daughter  products .  F igure  3.5 shows t h i s  same e f f e c t  on t h e  '08T1 
a c t i v i t y .  One w i l l  no t e  t h a t  as soon as t h e  radon removal h a s  ceased ,  t h e  
212Pb concen t r a t ion  begins  t o  i n c r e a s e .  
very s h o r t  h a l f - l i f e  compared t o  t h e  t i m e  scale used i n  Fig.  2 . 4  and 
r e t u r n s  t o  i t s  e u i l i b r i u m  concen t r a t ion  very qu ick ly .  Alon wi th  t h i s  
r a p i d  r e t u r n  o f  j20Rn t o  equ i l ib r ium,  t h e  formation rate of  '12Pb 
increases, which i n  t u r n  i n c r e a s e s  t h e  212Pb number d e n s i t y .  A similar 
phenomena occurs  wi th  r e spec t  t o  t h e  2 o  8 T 1  concen t r a t ion .  However, t h e r e  
i s  a t i m e  l a g  between t h e  end of  t h e  radon removal and t h e  beginning  of  
2 o  8T1 number d e n s i t y  i n c r e a s e ,  because t h e  10.6-hr h a l f - l i f e  o f  212Pb i s  
n o t  s h o r t  compared t o  t h e  t i m e  scale p resen ted .  

This  i s  because t h e  220Rn has  a 

Thus, t h e  232U daughter  product  concen t r a t ions  are n a t u r a l l y  a func- 
t i o n  of  t i m e  and can b e  a f f e c t e d  by t h e  p rocess  s t e p s  t h a t  occur  i n  a 
r e f a b r i c a t i o n  f a c i l i t y .  Any a s say  techniques  tha t  r e l y  on t h e s e  daughter  
ac t iv i t i e s  as i n d i c a t o r s  must cons ide r  t h e  p o s s i b l e  v a r i a t i o n s  i n  t h e  
material's h i s t o r y  t h a t  could  r e s u l t  i n  changes i n  t h e i r  concen t r a t ions .  

3 . 4  GAMMA SOURCES AND INTENSITIES 

Th i s  s e c t i o n  d i s c u s s e s  t h e  gamma rays  t h a t  are emi t t ed  from t h e  
material  that  w i l l  b e  handled  i n  t h e  r e f a b r i c a t i o n  f a c i l i t y .  The primary 
gamma e m i t t i n g  n u c l i d e s  t h a t  w i l l  b e  p re sen t  are 232Th, 232U, 2 3 3 U ,  and 
t h e i r  a s s o c i a t e d  daughter  n u c l i d e s .  Included i n  t h i s  s e c t i o n  are a table  
of emi t t ed  gamma rays  as compiled from r e p o r t s  on n u c l e a r  da ta4y5 and a 
gamma-ray energy spectrum of  some 233U-loaded r e s i n  beads .  
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The 232Th and 2 3 2 U  decay cha ins  are given i n  Fig.  3.1. Both of t h e s e  
ch.ains t e rmina te  a t  t h e  s t a b l e  n u c l i d e  208Pb and, i n  fact ,  are i d e n t i c a l  
from t h e  j o i n i n g  p o i n t  a t  228Th through 208Pb. 
aware of t h i s  f a c t  when a t t empt ing  t o  assay f o r  232U i n  t h e  presence o f  
232Th.  
fol lowing two examples. 

It i s  important  t o  b e  

To see t h e  i n f l u e n c e  of t h e  presence of 232Th,  cons ide r  t h e  

F i r s t ,  assume t h a t  a sample con ta ins  90% thorium and 10% uranium 
arid t h a t  t h e  thorium w a s  i n i t i a l l y  pu re  232Th and t h a t  i t  i s  t e n  yea r s  o l d .  
Fu r the r  assume t h a t  t h e  uranium w a s  i n i t i a l l y  p u r e ,  t h a t  i t  contained only 
2'13U w i t h  10 ppm 232U,  and t h a t  i t  i s  c u r r e n t l y  t e n  days o l d .  
case, 32% of t h e  2 0 8 T 1  gamma rays  would r e s u l t  from 232Th decay and 68% 
from 232U decay. 

I n  t h i s  

Now, assume t h e  fol lowing cond i t ions  : sample composition, 90% 
thorium and 10% uranium; thorium i n i t i a l l y  pure 232Th and t h r e e  y e a r s  o l d ;  
uranium i n i t i a l l y  pure 2 3 3 U  w i th  100-ppm 232U and 90 days o l d .  
example, only 0.062% of t h e  2 0 8 T 1  gamma rays  would r e s u l t  from 232Th 
decay wh i l e  t h e  rest would r e s u l t  from 2 3 2 U  decay. 
t h e  i n f l u e n c e  of 232Th on t h e  a c t i v i t y  of t h e  daughter  products  can cover  
a wide range.  I n  some c a s e s ,  t h e  presence o f  232Th w i l l  make only a very 
small a d d i t i o n  t o  t h e  2 0 8 T 1  a c t i v i t y ,  wh i l e  i n  o t h e r  cases  232Th may b e  
a prime source  of t h e  2 0 8 T 1  p r e s e n t .  

I n  t h i s  

Hence, i t  i s  s e e n  t h a t  

S e v e r a l  high-energy gamma r a y s  are emi t t ed  from t h e  daughters  of 
2,32Th and 2 3 2 U .  P a r t i c u l a r l y ,  a 2.61-MeV gamma ray i s  emi t t ed  100% of 
t h e  t i m e  when 2 0 8 T 1  b e t a  decays t o  208Pb. 
232Th and 232U and t h e  decay cha in  daughters  i s  included i n  Table 3.3. 

A l is t  of gamma rays  from 

Column 1 of  t h e  t a b l e  g ives  t h e  p a r e n t  n u c l i d e  whose decay i n i t i a t e s  
t h e  gamma-ray emission.  Column 2 g ives  t h e  gamma-ray energy,  and column 
3 gives  t h e  average number of gammas t h a t  are emi t t ed  by t h e  daughter p e r  
100 decays o f  232Th o r  232U at e q u i l i b r i u m  c o n d i t i o n s .  
t h e  average,  35.93 gamma r a y s  wi th  2.61 MeV of energy each are emi t t ed  p e r  
100 decays of 232U o r  232Th i n  e q u i l i b r i u m  w i t h  t h e i r  daugh te r s .  
are u n c e r t a i n t i e s  i n  t h e  numbers given i n  t h e  t a b l e  t h a t  have no t  been in-  
c luded.  These can be found i n  t h e  r e fe renced  r e p o r t s .  

For example, on 

There 

Figure 3.6 g ives  t h e  decay cha in  of 233U. 
r a y s  are e m i t t e d  as a r e s u l t  of 2 3 3 U  decay i t s e l f .  
gamma rays  emi t t ed  due t o  decay of 233U. 

Many low- in t ens i ty  gamma 
Table 3.3 a l s o  g ives  

A gamma-ray spectrum of some 233U-loaded r e s i n  p a r t i c l e s  w a s  measured 
wi th  a 9% G e ( l i )  d e t e c t o r .  The d e t e c t o r  i s  t r u e  c o a x i a l ,  w i th  a t o t a l  
volume of 54 cm3 and a measured r e s o l u t i o n  o f  2 .3  keV a t  1332 keV. The 
uranium contained about 250-ppm 2 3 2 U  and w a s  about t e n  y e a r s  o ld .  The 
spectrum f o r  t h i s  material is  shown i n  Fig. 3.7. The l a b e l s  n e a r  t h e  peaks 
i n d i c a t e  t h e  p a r e n t  n u c l i d e  and t h e  gamma-ray energy.  A l l  t h e  major peaks 
i n  t h i s  spectrum are from gammas emi t t ed  d u r i n  
and t h e r e  is no s i g n i f i c a n t  i n d i c a t i o n  of any 533U gamma l i n e s .  
c a t e s  t h a t  t h e  above d e t e c t o r  would n o t  be s u i t a b l e  t o  determine t h e  2 3 3 U  

t h e  decay of 2 3 2 U  d a u g h t e r s ,  
This i n d i -  
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Fig. 3.6. Uranium-233 decay chain. 



. 

5 -  

9 . 

__ 212Pb and 224Ra 
0.239 1 0.244 

5 

208Tl 2.61 
2 

td 

a 

2 

10‘ 

5 

2 

2440 2483 2520 2560 2W3 
10’ 

920 960 loa, 4040 I c e 0  f 

CHANNEL NUMBER 

Fig. 3.7. Gamma-ray spectrum 233U wi th  high-ppm 2 3 2 U  content .  



42 

co:ntent of t h i s  sample by d i r e c t  d e t e c t i o n  of a 2 3 3 U  gamma l i n e .  
o l d  250-ppm 232U material i s  equ iva len t  t o  90-day-old 2500-ppm 232U 
material i n  terms of a c t i v i t y ,  and 90-day-old 1500-ppm 232U material i s  
expected t o  b e  encountered i n  a r e f a b r i c a t i o n  f a c i l i t y .  Hence, more 
s e n s i t i v e  gamma assay equipment w i l l  b e  r equ i r ed  t o  count 233U d i r e c t l y  
i n  t h e  presence of t h e  expected 232U background. 
way t o  measure t h i s  same material wi th  a much smaller d e t e c t o r  than t h e  
one desc r ibed  above. U s e  of a s m a l l  d e t e c t o r  should e l i m i n a t e  some of 
t h e  low-energy Compton s c a t t e r i n g  background and may allow r e s o l u t i o n  of 
t h e  low-energy 233U peaks.  

Ten-year- 

An experiment i s  under 

To o b t a i n  t h e  r e l a t i v e  i n t e n s i t i e s  of gamma rays  i n  material whose 
cha ins  are n o t  i n  e q u i l i b r i u m  ( s i m i l a r  t o  t h a t  which w i l l  b e  handled i n  
t h e  r e f a b r i c a t i o n  f a c i l i t y ) ,  t h e  i n t e n s i t i e s  i n  column 3 of Table 3 .3  
must be m u l t i p l i e d  by t h e  r a t i o  of t h e  a c t i v i t i e s  of t h e  p a r e n t  n u c l i d e s  
t o  a s e l e c t e d  n u c l i d e  i n  t h e  decay cha in .  This  information must b e  
ob ta ined  from a s e p a r a t e  c a l c u l a t i o n .  For example, i f  a sample c o n t a i n s  
23:3U wi th  100-ppm 232U and i s  20 days o l d ,  t h e  228Th a c t i v i t y  i s  1.34 t i m e s  
g r e a t e r  than t h e  2 2 4 R a  a c t i v i t y ,  t h e  232U a c t i v i t y  i s  68.1 t i m e s  g r e a t e r  
t h a n  the 224Ra a c t i v i t y ,  and t h e  233U a c t i v i t y  i s  302 t i m e s  g r e a t e r  t han  
the 224Ra a c t i v i t y .  The re fo re ,  t o  g e t  t h e  relative i n t e n s i t i e s  of t h e  
22'3Th, 232U, and 2 3 3 U ,  and 224Ra gamma r a y s ,  t h e  i n t e n s i t y  i n  column 3 
f o r  228Th should be m u l t i p l i e d  by 1.34,  t h e  i n t e n s i t y  f o r  232U should b e  
m u l t i p l i e d  by 58.1, t h e  i n t e n s i t y  f o r  233U should b e  m u l t i p l i e d  by 302, 
and t h e  i n t e n s i t y  f o r  2 2 4 R a  should be m u l t i p l i e d  by 1 . 0 .  

It should b e  po in ted  out  t h a t  when c a l c u l a t i n g  r e l a t i v e  i n t e n s i t i e s  of 
t h e  2 0 8 T 1  gamma r a y s ,  t h e  numbers given i n  Table 3.3 inc lude  a 35.93% 
branching r a t i o  a t  '12Bi. 

A s  mentioned i n  S e c t .  3.2,  daughter  product  c o n c e n t r a t i o n s  are 
dependent on some of t h e  r e f a b r i c a t i o n  p rocess  s t e p s .  Hence, t h e  ac t iv i t i e s  
of  t h e s e  daughters  are a l s o  process-history-dependent.  This must b e  kep t  
i n  mind when a determinat ion i s  made of re la t ive gamma i n t e n s i t i e s  i n  a 
h y p o t h e t i c a l  sample. I n  a process-history-dependent c a s e ,  t o  f i n d  t h e  
r e l a t i v e  gamma ray i n t e n s i t i e s ,  i t  i s  necessary t o  f i n d  t h e  r e l a t i v e  con- 
c e n t r a t i o n s  of t h e  daughter  p roduc t s .  Usually t h i s  i s  very d i f f i c u l t  i f  
not: impossible  t o  accomplish. One a l t e r n a t i v e  i s  t o  w a i t  u n t i l  any 
process-history-dependent t r a n s i e n t s  have d i ed  away from t h e  normal-time 
dependence of t h e  daughter  p roduc t s .  This  w a s  i l l u s t r a t e d  i n  Fig.  3 .3 ,  
i n  which t h e  sepa ra t ion -concen t r a t ion  dependence of two samples d i ed  away 
a f t e r  16 days.  

Nichols e t  a l .  have measured t h e  p rocess  dependence of 2 a 8 T 1  a c t i v i t y  
a s s o c i a t e d  wi th  t h e  ope ra t ion  of t h e  ORNL Kilorod F a c i l i t y  f o r  t h e  f a b r i -  
cat.ion of 233U02-Th02 f u e l . 6  
ope ra t ion  are d i f f e r e n t  from those  t h a t  w i l l  be  used i n  t h e  HTGR-FRPP, 
t h e r e  are enough similarities t h a t  t h e  r e s u l t s  can g ive  an i d e a  of how t h e  
2 0 E ' T l  a c t i v i t y  may vary i n  t h e  HTGR-FRPP. 
i s  given below. 

Although t h e  p rocess  s t e p s  i n  t h e  Kilorod 

A d e s c r i p t i o n  o f  t h e i r  p rocess  
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. 

"This f a c i l i t y  w a s  used t o  p repa re  900 Zircaloy-clad r o d s ,  
5/8- in .  (1.6-cm) diam by 42-in. (106.7-cm) l o n g ,  and 200 similar 
rods 19-in.  (48.3-cm) long ,  con ta in ing  3% 233U02-97% Th02. The 
so l -ge l  process  and t h e  v i b r a t o r y  compaction technique w e r e  used. 
The so l -ge l  process  w a s  c a r r i e d  out  i n  fou r  s t e p s :  d e n i t r a t i o n  of 
hydrated thorium n i t r a t e  and d r y i n  t o  o b t a i n  a r e a c t i v e  Th02; 
d i s p e r s i o n  of t h i s  Tho2 i n  d i l u t e  '33U02 (NO31 2-HNO3 s o l u t i o n  i n  a 
b l end  tank t o  o b t a i n  a hydroso l ;  g e l a t i o n  by evaporat ion a t  900°C 
i n  a shallow t r a y ;  and c a l c i n a t i o n  a t  1150°C i n  an alundum c r u c i b l e  
w i t h i n  a remotely operated furnace t o  o b t a i n  p a r t i c l e s  of mixed 
oxide.  The powder w a s  then graded using a jaw-crusher,  a b a l l  m i l l  
and s c r e e n  c l a s s i f i e r s ,  a l l  remotely ope ra t ed .  The oxide w a s  com- 
pacted t o  a d e n s i t y  of 8.8 t o  9.0 g/cm3 i n  t h e  Zircaloy tubes  us ing  
a pneumatic v i b r a t o r y  compactor. The f i l l e d  tubes  w e r e  t hen  gamma 
scanned f o r  dens i ty  v a r i a t i o n ,  s e a l e d  by welding,  c leaned,  and in-  
spec ted .  
p a r t s  / l o 6  of 2 3 2 U ,  which w a s  approximately i n  t r a n s i e n t  equ i lb i r ium 
wi th  i t s  daugh te r s .  P r i o r  t o  so l -ge l  p rocess ing  t h e  uranium w a s  
p u r i f i e d  by one c y c l e  of s o l v e n t  e x t r a c t i o n  wi th  di-sec-butyl- 
phenyl-phosphonate. This  removed more than 99% of t h e  longer- l ived 
daughters of 232U, with t h e  except ion of about 0.3% of t h e  212Pb." 

The 233U feed i n  t h e  Kilorod F a c i l i t y  contained 35-40 

The i r  measured 2 0 8 T 1  a c t i v i t y  i s  compared t o  t h e  2 0 8 T 1  a c t i v i t y  
c a l c u l a t e d  f o r  an i n i t i a l l y  pure 232U sample and p resen ted  i n  F ig .  3.8. 

The r ap id  decrease i n  t h e  a c t i v i t y  between ze ro  and 70 h r  i s  due t o  
t h e  s e p a r a t i o n  technique as desc r ibed  i n  Sect. 3.3. During t h e  c a l c i n a t i o n  
s t e p  i t  w a s  r epor t ed  t h a t  most of t h e  220Rn  and about 50% of t h e  224Ra  
were v o l a t i l i z e d ,  t hus  t h e  c h a r a c t e r i s t i c  d i p  i n  t h e  2 0 8 T 1  appeared. The 
i n c r e a s e  t h a t  occurred during t h e  g e l  p r e p a r a t i o n  w a s  due t o  t h e  a d d i t i o n  
of 232Th which contained some 208T1.  

I f  enough d e t a i l e d  information w a s  a v a i l a b l e  on t h e  h i s t o r y  and age 
of a sample t h a t  had been passed through a p rocess  similar t o  t h e  one 
above, i t  could b e  p o s s i b l e  t o  make approximate c a l c u l a t i o n s  on t h e  
content  from 208T1. 
of a sample by us ing  2 0 8 T 1  a c t i v i t y ,  i t  might b e  necessary t o  w a i t  u n t i l  
any process-dependent transients have d i ed  away, assuming a l s o  t h a t  self-  
s h i e l d i n g  e f f e c t s  can be c o r r e c t e d  f o r .  

2 3gjven  

However, t o  g e t  an a c c u r a t e  f i g u r e  on t h e  232U content  

I n  a d d i t i o n  t o  complicat ing t h e  a p p l i c a t i o n  o f  e x i s t i n g  assay tech- 
niques t o  t h e  2 3 3 U - 2 3 2 T h  material, t h e  presence of 2 3 2 U  and i t s  daughters  
a l s o  complicates  t h e  assay problem because of problems introduced due t o  
personnel  exposure c o n s i d e r a t i o n s .  Personnel s h i e l d i n g  requirements are 
d i c t a t e d  by t h e  presence of t h e  h igh ly  p e n e t r a t i n g  2.6-MeV g a m a  ray from 
20'111 decay. 

Tables 3.4 and 3.5 l i s t  c a l c u l a t e d  dose rates from 1 g of 233U con- 
t a i n i n g  500-ppm 232U a t  va r ious  t i m e s  a f t e r  p u r i f i c a t i o n .  
i t  i s  ev iden t  t h a t  even s m a l l  samples of t h i s  material w i l l  r e q u i r e  sub- 
s tant ia l  s h i e l d i n g .  

From t h i s  d a t a  

Any assay equipment l o c a t e d  e x t e r i o r  t o  t h e  main 
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process ing  c e l l  must b e  designed f o r  remote o r  semiremote ope ra t ion .  
Table 3.6 shows t h e  v a r i a t i o n  i n  232U content  f o r  a f i x e d  sample s i z e  
allowed under t h e  s t a t e d  s h i e l d  and exposure assumptions f o r  material of  
varying age.  This information i n d i c a t e s  t h a t  s h i e l d i n g  requirements can 
b e  reduced i f  material can be  processed through t h e  p l a n t  w i t h i n  a f i x e d  
t i m e  a f t e r  cleanup. Current  assumptions f o r  p i l o t  p l a n t  ope ra t ion  c a l l  
f o r  a maximum 90 days aging f o r  a given ba tch  of material .  

Table  3.4.  Dose rates i n  m i l l i r e m  p e r  hour  f o r  a 1-g source  
of 233U w i th  500-ppm 232U (without s h i e l d i n g )  

Distance from 
source  p o i n t  
t o  dose po in t  Decay pe r iod  (days) 

( cm) 30 60 90 180 

1 2,203 4,444 7,407 14,605 
2 551 1 , 112 1,854 3,655 
5 88.3 178 29 7 5 85 

10 22.1 44.5 74.2 146 
20 5.52 11.1 18.6 26.6 
35 1.80 3.64 6.06 12 .o 
50 0.88 1 .78  2.97 5.86 

100 0.22 0.45 0.74 1 .47  

Table  3.5. Dose rates i n  mi l l i r em p e r  hour  f o r  a 1-g source  
of 233U w i t h  500-ppm 232U (with 5-cm l e a d  s h i e l d )  

Distance from 
source  p o i n t  
t o  dose p o i n t  Decay pe r iod  (days) 

(cm) 30 60 90 180 

5.2 7 . 4 1  14.9 24.9 49.1 
10 .o 2 .oo 4.04 6.73 13 .3  
20 .o 0.50 1 . 0 1  1.68 3.32 
35 .o 0.164 0.33 0.55 1.08 
50 .o 0.080 0.162 0 . 2 7  0.53 
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Table 3 . 6 .  T i m e  windows f o r  hand l ing  233U-232u f u e l s  
i n  a sample i n s p e c t i o n  l a b o r a t o r y  

Criteria:  Sample s i z e ,  0.5 g uranium 
S h i e l d  t h i c k n e s s ,  2 i n .  l e a d  
Gamma dose rate a t  o p e r a t o r  

l o c a t i o n ,  0.25 mR/hr 

T i m e  window Maximum 2 3 2 ~  concen t r a t ions  
(Days a f t e r  s e p a r a t i o n  of samples 
of daughter  n u c l i d e s )  (ppm 2 3 2 ~  i n  uranium) 

20 
30 
40 
60 
90 

120  
150 
180 
36 5 
10 y e a r  ( equ i l ib r ium)  

2750 
16 50 
1200 

760 
500 
375 
30 0 
250 
130 

45 

3.!5 NEUTRON SOURCES AND INTENSITIES 

The HTGR r e c y c l e  f u e l  i s  a source of spontaneous-f iss ion neutrons 
and ( a ,n>  r e a c t i o n  neu t rons  t h a t  have p o t e n t i a l  e f f e c t s  on t h e  methods 
s e l e c t e d  f o r  nondes t ruc t ive  a s s a y .  This  s e c t i o n  d e s c r i b e s  t h e  neutron 
s o u r c e  i n t e n s i t i e s  expected from each of t h e s e  r e a c t i o n s .  

3 .5 .1  Spontaneous f i s s i o n  

The s p e c i f i c  spontaneous f i s s i o n  ac t iv i t i e s  and neutron-emission 
rat:es of t h e  n u c l i d e s  of i n t e r e s t  i n  t h e  HTGR r e c y c l e  f u e l  are l i s t e d  i n  
Tahle 3.7. The neutron emission rates are r e l a t i v e l y  l o w  f o r  a l l  n u c l i d e s  
except  2 3 2 U ;  hcwever, t h e  232U concen t r a t ion  i n  r ecyc le  233U i s  expected 
t o  b e  i n  t h e  range of  100 t o  1500 ppm s o  t h a t  t h e  spontaneous-f iss ion 
neutron y i e l d  of equ i l ib r ium recyc le  f u e l  (61.4 a t .  % 2 3 3 U ,  24.3 a t .  % 2 3 4 U ,  
8 a t .  % 235U, 6 a t .  % 2 3 6 U ,  and 0.12 a t .  % 2 3 2 U  i s  only 4 neu t rons  sec- l  
kg-'l. 
f i s , s i o n  neutrons as a f i s s i o n a b l e  material s i g n a t u r e .  

This  low neutron-emission rate excludes t h e  use of spontaneous- 

I n  a d d i t i o n ,  t h e  low neutron y i e l d  from spontaneous f i s s i o n  should 
n o t  i n t e r f e r e  w i t h  o t h e r  nondes t ruc t ive  assay (NDA) methods employing 
neu t rons  as t h e  i n t e r r o g a t i n g  o r  s i g n a t u r e  r a d i a t i o n .  
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Table 3.7 .  S p e c i f i c  a c t i v i t i e s  and neutron- 
emission rates f o r  spontaneous f i s s i o n 8  

. 

S p e c i f i c  a c t i v i t y  
Spontaneous f i s s i o n  f o r  spontaneous Neutron emission 

h a l f  -1if  e f i s  s ion  (vsp = 2 )  
Nuclide (years 1 ( d i s  sec- l  g-l) (neutrons sec- l  8-l 

230% 
2 32m 
232u 
2 3 3 u  
2 34u 
235u 
2 3 6 u  
238u 

>1.5 x lo2 '  <3.8 
>1021 <5.7 x 

1.25 1 . 0 ~ ~  4.55 
2 x 1016 2.8  
1.9 1 0 1 ~  3.0 io-'+ 
2 x 1 0 1 6  2.8  
7.19 1 0 1 ~  7.73  10-3 

8 x 1013 7 . 1  x 10-1 

<7.6 
1.1 

9 .I 10-4 
5.6 10-3 

5.6 

1.4 

6.0 x 

1.5 x 

3.5.2 ( a ,n>  neutrons 

Neutron product ion by a lpha  bombardment of l i g h t  elements i s  a 
second source  of neutrons from HTGR r ecyc le  f u e l s .  The a lpha  a c t i v i t i e s  
of 2 3 3 U ,  2 3 2 U ,  and t h e  decay daughters of 232U provide t h e  time-dependent 
a lpha source.  The p r i n c i p a l  l i g h t  n u c l i d e s  of i n t e r e s t  are 1 3 C  and l 8 O .  

The " th i ck  t a r g e t "  neutron y i e l d s  f o r  t h e  elements carbon and oxygen 
are 0 .ll neutrons/106 alphas and 0.07 neutrons/106 a l p h a s ,  r e s p e c t i v e l y ,  
f o r  an alpha p a r t i c l e  energy of 5.305 MeV.7 
t h e  neutron y i e l d  and t h e  a l p h a - p a r t i c l e  energy has  been determined from 
t h e  c a l c u l a t i o n s  of Van Tuyl. The energy-dependent t h i c k  t a r g e t  y i e l d s  
of carbon and oxygen can be w r i t t e n  as 

The r e l a t i o n s h i p  between 

Neutron y i e l d  from carbon = 4.89 x 10-l' E 4 ' 6 5  n / a  ( 3 . 1 )  a 

n/a ( 3 . 2 )  4.84 
Ea Neutron y i e l d  from oxygen = 2.18 x 

where Ea i s  t h e  a l p h a - p a r t i c l e  energy. 

For compounds con ta in ing  oxygen, carbon, and heavy elements ,  t h e  
t o t a l  neutron y i e l d  i s  determined by t h e  expres s ion  of Matlack and Metz." 

( 3 . 3 )  
Em. S .  Y Y =  i i i ,  

Em. Si 
1 

where Y i s  t h e  t o t a l  neutron y i e l d ,  m i  i s  t h e  mole f r a c t i o n  of t h e  i t h  
e lement ,  Si i s  t h e  s topp ing  power of t h e  i t h  element,  and Yi i s  t e t h i c k  
t a r g e t  y i e l d .  
Z i s  t h e  atomic number.1° 

1 7 2  The s topp ing  power S i s  p r o p o r t i o n a l  t o  Z ( Z  + 7)' , where 
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The c a l c u l a t i o n a l  method based i n  E q .  ( 3 . 3 )  provides  only an 
approximation of t h e  neutron y i e l d .  For a more p r e c i s e  c a l c u l a t i o n  
of t h e  ( a , n )  y i e l d  on oxygen, t h e  methods o f  Taherzadeh’l and Taherzadeh 
and Gingo12 should b e  u t i l i z e d .  T o  t h e  a u t h o r s ’  knowledge t h e r e  have 
been no r e p o r t e d  measurements of t h e  (a,n) y i e l d  of  233U-232U c a r b i d e  
o r  ox ide .  
p a r t i c u l a r l y  i n  t h e  case  of c a r b i d e  f u e l .  

Such measurements are needed t o  v e r i f y  t h e  c a l c u l a t e d  y i e l d s ,  

The (a+) r e a c t i o n  y i e l d s  c a l c u l a t e d  w i t h  Eqs. (3.1 through 3 . 3 )  are 
l i s t e d  i n  Table 3.8 f o r  t h e  t h r e e  s o l i d  f u e l  compounds t h a t  occur  i n  t h e  
f u e l  r e f a b r i c a t i o n  p rocess .  Table 3.8 p r e s e n t s  t h e  ( a ,n )  y i e l d s  of  each 
compound f o r  1 kg of beginning-recycle uranium and 1 kg of equi l ibr ium- 
r e c y c l e  uranium a t  two aging t i m e s .  The uranium ages of 10 days and 90 
days ,  r e s p e c t i v e l y ,  r e p r e s e n t  p r a c t i c a l  minimum and maximum aging t i m e s  
f o r  t h e  r e f a b r i c a t i o n  of HTGR f u e l .  

Table 3.8 .  Calculated y i e l d s  of ( a ,n )  neutrons from 
HTGR r e c y c l e  f u e l  

Uicanium Fuel compounds i n  r e f a b r i c a t i o n  

(days) Uranium type Carbonized Fue 1 
age 

Loaded r e s i n  r e s i n  k e r n e l  
(uc 1505H15) a ( U 2 C ~ j 0 4 ) ~  (U,C 7 0 )  a 

~ ~ ~~ 

x l o 4  neutrons sec-l kg-I o f  uranium 

4.5 3.5 2.7 
Equiblbirum recyc  e 4.2 3 .3  2.5 

7.6 5 . 8  4.5 
Equil ibr ium r e c y c l e  7.5 5 . 8  4 .4  

b LO Beginning r e c y c l e  

90 Beginning r e c y c l e  B e  
e 

- 
%hemica1 formula i n d i c a t e s  element r a t i o s  o n l y ,  does n o t  imply chemical 

form. 

Atom pe rcen t  o f  beginning-recycle uranium (232U, 0 . 0 5 % ;  2 3 3 U ,  92.1%; 
2 3 4 U ,  7 .35%;  2 3 5 U ,  0 . 5 7 ;  2 3 6 U ,  0 . 0 2 5 % ) .  

b 

e Atom pe rcen t  of equi l ibr ium-recycle  uranium ( 2 3 2 U ,  0.05%, 2 3 3 U ,  6 1 . 4 % ;  
2 3 4 U ,  2 4 . 3 % ;  2 3 5 U ,  8 .02%;  2 3 6 U ,  6.30%). 

The neutron y i e l d s  of t h e  HTGR r e c y c l e  f u e l  are comparable t o  t h e  
(a ,n)  y i e l d s  of 239Pu02 ( r e f .  1 3 ) .  I n  a d d i t i o n ,  t h e  neutron y i e l d  i s  
time dependent and p o s s i b l y  process-history-dependent because s e l e c t e d  
daughter  n u c l i d e s  (radium and radon) may evolve from t h e  f u e l  du r ing  t h e  
r e f a b r i c a t i o n  p rocess .  The (a ,n)  y i e l d s  from t h e  f u e l  compounds can be 
used as a q u a l i t a t i v e  i n d i c a t i o n  of f i s s i l e  materils  con ten t  ; however, 
t h e  dependence of t h e  neutron y i e l d  on age and p rocess  v a r i a b l e s  as w e l l  
as t h e  p o s s i b i l i t y  of l i m i t e d  (a ,n)  product ion from f u e l  i m p u r i t i e s  

. 
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render  any ( a  ,n) -based methods i m p r a c t i c a l  f o r  a c c u r a t e  q u a n t i t a t i v e  
nondes t ruc t ive  assay.  The (a ,n)  y i e l d  may a f f e c t  o t h e r  assay methods 
t h a t  r e l y  on neutron d e t e c t i o n  methods. These e f f e c t s  w i l l  be  documented 
i n  la ter  s e c t i o n s  d e s c r i b i n g  s p e c i f i c  nondestruct ive-assay techniques.  

3.6 T H E W  EMISSIONS 

Spontaneous a lpha  decay of f i s s i l e  2 3 3 U  and i t s  companion 232U and 
t h e  accompanying release of  thermal energy are of i n t e r e s t  as a p o t e n t i a l  
sou rce  of information f o r  nondes t ruc t ive  assay by c a l o r i m e t r i c  techniques.  
While t h e  spontaneous decay h e a t  from 2 3 3 U  i s  s m a l l  r e l a t i v e  t o  t h e  
plutonium i s o t o p e s  (270 uW/g of 2 3 3 U  vs 1929 pW/g f o r  239Pu),  i t  i s  
s u f f i c i e n t  t o  allow assay of concentrated samples by pass ive  ca lo r ime t ry .  
The presence o f  t h e  232U contaminant i n t roduces  problems , however, both 
by v i r t u e  of i t s  own spontaneous decay and by t h e  a d d i t i o n a l  t i m e -  
dependent h e a t  product ion of i t s  daughter p roduc t s .  On a gram f o r  gram 
b a s i s  232U produces approximately 2500 t i m e s  as much h e a t  as does 2 3 3 U . 1 4  
Hence, i n  233U con ta in ing  400 ppm c lean  232U, h a l f  of t h e  decay h e a t  i s  
a t t r i b u t a b l e  t o  t h e  contaminant. A t  t h e  end of t e n  yea r s  , t h e  same 
material w i l l  be  producing an a d d i t i o n a l  amount o f  hea t  equa l  t o  5.8 t i m e s  
t h a t  a t t r i b u t a b l e  t o  2 3 3 U ,  due t o  t h e  b u i l d  i n  of 232U daughter p roduc t s .  

The c o n t r o l l i n g  t i m e  cons t an t  i n  t h e  232U daughter  cha in  i s  t h e  decay 
Approximately t e n  days a f t e r  uranium cons tan t  of i t s  f i r s t  member, 228Th. 

cleanup t h e  remaining daughters have reached dynamic equ i l ib r ium wi th  t h e  
228Th, and from t h a t  po in t  on ( b a r r i n g  phys ica l  removal of any of i t s  
members) t h e  e n t i r e  chain follows t h e  growth curve of t h e  1.9-year h a l f -  
l i f e  of 228Th. Over t h e  f i r s t  100 days,  t h e  pe r iod  of i n t e r e s t  f o r  HTGR 
f u e l  r e f a b r i c a t i o n ,  t h e  i n c r e a s e  i s  almost l i n e a r  and,  a t  t h e  end of  t h a t  
p e r i o d  , t h e  daughter a c t i v i t i e s  have reached approximately one-tenth of 
t h e i r  f i n a l  equ i l ib r ium va lues  . 

The f i s s i le  2 3 3 U  a l s o  has  an ex tens ive  family of a lpha-act ive 
daughters .  
of t h a t  c h a i n ,  acts as an e f f e c t i v e  t h r o t t l i n g  va lve  on the growth of the 
fol lowing members. 
c o n t r i b u t e  less than 0.02% of t h e  h e a t  generated by t h e  pa ren t  nuc l ide  
and can, f o r  most purposes ,  b e  ignored.  

However, t h e  7340-year h a l f - l i f e  of 229Th, t h e  f i r s t  member 

A t  100 days a f t e r  uranium cleanup t h e  233U daughters 

The decay chain f o r  232U is  shown i n  Fig. 3 .1 .  Table 3.9 g ives  t h e  
Q va lues  f o r  each r e a c t i o n  and t h e  average energy i n  each decay, which 
is  a t t r i b u t a b l e  t o  gamma-ray emission and r e c o i l  p l u s  p a r t i c l e  emission .14 
The r a t i o n a l e  f o r  t h i s  breakdown i s  t h a t  wh i l e  a l l  of t h e  r e c o i l  and 
p a r t i c l e  energy from r a d i o a c t i v e  decay w i l l  remain w i t h i n  a c a l o r i m e t e r ,  
t h e  gamma energy may b e  only p a r t i a l l y  absorbed. 
w i l l  depend on t h e  sample and c a l o r i m e t e r  s i z e  and composition. It i s  
eGident from Table 3.9 t h a t  t h e  h e a t  gene ra t ion  components o f  2 3 3 U  and 
232U are only s l i g h t l y  s e n s i t i v e  t o  t h i s  e f f e c t .  
t h e  232U daugh te r s ,  however, i s  4.4% gamma. 
ment where 232U daughter a c t i v i t y  i s  a s i g n i f i c a n t  c o n t r i b u t o r  t o  t o t a l  
h e a t  ou tpu t ,  account w i l l  have t o  be taken of t h e  p a r t i a l  escape of t h e  
emi t t ed  gamma energy. 

The f r a c t i o n  absorbed 

The energy r e l e a s e d  by 
I n  any c a l o r i m e t r i c  measure- 



Tzhle 3.9. E n e r g  relzase of lT U - L J J ,  TT-c)qo u L X ,  and "-232 daughters  from r a d i o a c t i v e  decay 

Component o f 
decay h e a t  

Recoi l  p lus  p a r t i c l e  
Reaction Q energy p e r  decay, Gamma energy p e r  

Reaction va lue  (MeV) MeV (av) decay, MeV (av) 

0.0081 U-233 decay U-233 a ,Th-229 4.909 4.901 
U-233 daughters  Th-229 a +Ra-225 Negl ig ib le  

(see text ) 

a 
U-232 decay M-232 -Th-228 5.414 

5.521 
Ra-224 a ,Rn-220 5.787 
Rn-220 L P o - 2 1 6  6.405 

6.906 PO-216 .Pb-212 a 
Pb-212 Bi-212 0.580 

b' Po-212 2.246 

U-232 daughters  Th-228 -Ra-224 a 

T1-208 6.206 
Po-212 a >Pb-208 8.954 
T1-208 -Pb-208 4.994 

U-232 daughter  cha in  - t o t a l  a t  chain equi l ibr ium 

5.395 0.019 

Recoi l  p lus  p a r t i c l e  
energy p e r  Th-228 decay 
a t  chain equ i l ib r ium,  

MeV (av) 

5.496 
5.774 
6.405 
6.906 
0.366 
1.330 

2.220 
5.731 
0.568 

Gamma energy pe r  
Th-228 decay a t  cha in  
equi l ibr ium,  MeV (av) 

0.0251 
0.0134 
0.0004 
0.00002 
0.214 
0 . lo7  

0.0143 
0 .o 
1.229 

34.796 1.603 

cn 
0 

. w 
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Figure 3.9 shows t h e  magnitudes of t h e  h e a t  gene ra t ion  components 
i n  1 g of 233U con ta in ing  400 ,  800, and 1200 ppm 2 3 2 U  as a func t ion  of 
t i m e  a f t e r  uranium cleanup. From t h e  f i g u r e  i t  i s  ev iden t  t h a t  measure- 
ment o f  t h e  233U content  i n  a sample r e q u i r e s  a c c u r a t e  knowledge of both 
t h e  232U contamination r a t i o  and t h e  material 's age.  
assurance must b e  ob ta ined  t h a t  t h e  daughters of 2 3 2 U  are i n  dynamic 
equ i l ib r ium w i t h  228Th. 
p laces  correspondingly i n c r e a s i n g  accuracy requirements on t h e  o v e r a l l  
h e a t  gene ra t ion  measurement needed t o  maintain a f i x e d  accuracy i n  t h e  

I n  a d d i t i o n ,  some 

It can b e  seen  a l s o  t h a t  i n c r e a s i n g  2321J content  

U content  determinat ion.  

3.7 NEUTRON RESPONSE CZARACTERISTICS 

An important n u c l e a r  c h a r a c t e r i s t i c  of t h e  HTGR r ecyc le  f u e l  i s  i t s  
response t o  neutron i n t e r r o g a t i o n .  This  s e c t i o n  enumerates t h e  f i s s i o n  
c ros s  s e c t i o n s  and t h e  y i e l d s  of prompt and delayed neutrons from f i s s i o n .  
The use of prompt and delayed g a m a  rays from neutron-induced f i s s i o n  are 
a l s o  discussed as a p o t e n t i a l  nondestructive-assay technique f o r  HTGR 
f u e l .  
eva lua ted .  

Response c h a r a c t e r i s t i c s  of neutron r a d i a t i v e  cap tu re  have no t  been 

3.7.1 Neutron c ross  s e c t i o n s  and f i s s i o n  th re sho lds  

The f i s s i o n  c r o s s  s e c t i o n s  of t h e  f i s s i l e  n u c l i d e s  233U and 2 3 5 U  are 
shown i n  Fig. 3.10. The thermal-neutron c r o s s  s e c t i o n s  and resonance 
i n t e g r a l s  of t h e  f i s s i l e  and f e r t i l e  n u c l i d e s  of i n t e r e s t  are l i s t e d  i n  
Table 3.10. The f i s s i o n  c r o s s  s e c t i o n s  o f  t h e  f e r t i l e  n u c l i d e s l S  are 
shown i n  Fig.  3.11. Two important f e a t u r e s  t h a t  a f f e c t  t h e  nondes t ruc t ive  
assay o f  t h i s  f u e l  are t h e  low magnitude of t h e  232Th f i s s i o n  c ros s  sec- 
t i o n  and t h e  r e l a t i v e l y  high c r o s s  s e c t i o n  and low th re sho ld  f o r  t h e  
f i s s i o n  of 2 3 4 U ,  which w i l l  comprise 25% of t h e  equi l ibr ium-recycle  uranium. 

3 . 7 . 1 . 1  Prompt neutron y i e l d s  

The prompt f i s s i o n  neutron y i e l d s  a t  thermal e n e r g i e s  are l i s t e d  
i n  Table 3.11. 
of each of t h e s e  i s o t o p e s  are a l s o  similar f o r  thermal f i s s i o n .  

The 2 3 3 U  and 235U y i e l d s  are s imilar ,  and the  vu values  f 

3.7.1.2 Delayed neutron y i e l d s  

The a b s o l u t e  delayed-neutron y i e l d s  are enumerated i n  Table 3.12 
f o r  f i s s i o n  induced by thermal,  3.1-MeV, and 14.9-MeV neu t rons .  It should 
be noted t h a t  t h e  r a t i o  of t h e  delayed-neutron y i e l d s  of  2 3 5 U  t o  2 3 3 U  i s  
2 . 4 .  This  d i f f e r e n c e  could b e  used as t h e  b a s i s  of an i s o t o p e  d i sc r imi -  
n a t i o n  technique.  
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Fig.  3.10. F i s s i o n  c r o s s  s e c t i o n s  of the  f i s s i l e  n u c l i d e s  233U and 235U. 
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Table  3.10. Thermal c r o s s  sect ions (barns) and resonance i n t e g r a l s  
f o r  the uranium and thorium nucl ides15  

Th-232 U-238 U-234 U-235 U-236 U-232 U-233 

(5 73.1 47.7 100.2 98.6 5.2 2.70 7.40 Y 
75.2 531.1 < O .  65 582.2 f (5 4 x 10’10 

(5 148.3 578.8 100 680.8 2.70 7.4 a 
- 

14.7 8.2 12 13.8 8.90 12.67 (5 
S 

(5 163.0 587 .O 112 694.6 t 
11.60 20.07 

320 764 If 275 

I 280 140 63 0 14  4 3 65 2.75 85 Y 

Table 3.11. Prompt f i s s i o n  neut ron  y i e l d s  
f o r  thermal  f i s s i o n 1 6  9 l 7  

F i s s i o n  n u c l i d e  V 
P 

U-23 2 
U-233 
U-235 

3.13 
2.485 
2.402 
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Table 3.12. Delayed neutron y i e l d s  f o r  thermal 
and f a s t  f i s s i o n  

F i s s i o n  
n u c l i d e  Neutron energy inducing f i s s i o n  

me rmal1 3 . 1  MeV18 14.9 MeV18 

Th-2 32 0.060 ? 0.006 0.031 ? 0.003 
U-233 0.0066 t 0.003 0.0077 * 0.0008 0.0043 * 0.0004 
U-2 34 ? ? 
U-235 0.0158 2 0.0005 0.018 t 0.002 0.0095 L 0.0008 
U-236 ? ? 
U-238 0.049 * 0.005 0.0286 5 0.0025 
- 

31.7.2 Gama y i e l d  

The prompt and delayed gamma y i e l d s  have no t  been i n v e s t i g a t e d  i n  
d e t a i l  because i t  can b e  demonstrated t h a t  t h e  gamma s i g n a l  rates from 
t h e  prompt and delayed gammas are s u b s t a n t i a l l y  lower than t h e  background 
rate from t h e  232U daughter  n u c l i d e s  i n  t h e  r e c y c l e  f u e l .  Menlove has 
r e p o r t e d  r e s u l t s  of h i s  p i n  and p e l l e t  assay system (PAPAS) on PWR-type 
f u e l  p ins .19  
s i g n a l  t o  background would be 0.15 f o r  t h e  assay of HTGR r e c y c l e  f u e l  rods 
con ta in ing  2331J, w i t h  100 ppm 2321J and 20 days aging. 
signal-to-background r a t i o  ob ta ined  wi th  400 pg of 252Cf i n  PAPAS could b e  
improved by i n c r e a s i n g  t h e  252Cf source  from 1 t o  2 mg; however, t h e  design 
b a s i s  of t h e  p l a n t  r e q u i r e s  t h a t  t h e  assay system handle  uranium wi th  1200 
ppm 232U a t  a 90-day age.  
50 t i m e s  h i g h e r  t han  t h e  r a d i a t i o n  from 100 ppm 2 3 2 U ,  20-day uranium. 

Using h i s  d a t a ,  w e  have e s t ima ted  t h a t  t h e  r a t i o  o f  n e t  

The very-low n e t  

The background a c t i v i t y  of t h i s  f u e l  i s  about 

On t h i s  b a s i s  and as a r e s u l t  of communications wi th  D r .  Howard 
Mknlove of Los  Alamos S c i e n t i f i c  Labora to ry ' s  Nuclear Analysis  Research 
Glroup A-1, i t  i s  concluded t h a t  neutron-induced gamma-ray s i g n a l s  cannot b e  
u t i l i z e d  i n  nondestruct ive-assay (NDA) techniques f o r  HTGR r e c y c l e  f u e l .  

Th i s  conclusion has  a s t r o n g  impact on t h e  r e sea rch  and development 
program a s s o c i a t e d  w i t h  NDA f o r  r e c y c l e  HTGR f u e l  because assay methods 
u s i n g  neutron-induced gamma-ray s i g n a l s  have been t h e  most widely used 
and accepted a c t i v e  NDA techniques f o r  l i gh t -wa te r  r e a c t o r  f u e l s .  
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4. PHYSICAL CHARACTERISTICS OF MATERIALS THAT 
AFFECT HEAVY-METAL ASSAY 

* 

. 

4 . 1  INTRODUCTION 

The chemical composition and p h y s i c a l  form of t h e  s p e c i a l  nuc lea r  
material changes d r a s t i c a l l y  wh i l e  pas s ing  through t h e  r e f a b r i c a t i o n  
p l a n t ,  from l i q u i d  u r a n y l  n i t r a t e  s o l u t i o n  on en t r ance  t o  f i n i s h e d  HTGR 
f u e l  blocks on e x i t .  A t  i n t e rmed ia t e  s t a g e s  i n  t h e  p rocess ,  t he  product 
material can b e  found i n  t h e  form of loaded r e s i n  p a r t i c l e s ,  coated 
p a r t i c l e s ,  o r  green and carbonized rods .  I n  a d d i t i o n ,  heavy m e t a l  w i l l  
appear i n  v a r i o u s  w a s t e  streams i n  both homogeneous samplable forms, i n  
h i g h l y  heterogeneous mix tu res ,  and as contamination on o t h e r  material 
and equipment t h a t  w i l l  have t o  b e  removed from t h e  h o t  ce l l .  

The requirement f o r  a c c o u n t a b i l i t y  of in-process material and t h e  
demand f o r  an a c c u r a t e  a s say  of t h e  e f f l u e n t  w a s t e  streams t o  achieve an 
o v e r a l l  p l a n t  material balance n e c e s s i t a t e s  t he  development and imple- 
mentation of techniques and equipment capable  of determining t h e  f i s s i l e  
con ten t  of each of t h e s e  v a r i e d  materials. This s e c t i o n  d e s c r i b e s  those 
p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  materials t h a t  i n f l u e n c e  t h e  s e l e c t i o n  of 
s p e c i f i c  a s say  techniques and the  des ign  of  t he  a s s a y  equipment. Physi- 
c a l  c h a r a c t e r i s t i c s  of i n t e r e s t  i nc lude ,  f o r  example, whether t he  material 
i s  i n  a form from which r e p r e s e n t a t i v e  samples can b e  drawn, t h e  hydrogen 
content  of t h e  material  and i t s  v a r i a b i l i t y ,  t h e  s i z e  and f i s s i l e  load- 
ing of a u n i t  element of t h e  material ,  and t h e  f i s s i l e  element d e n s i t y  
i n  t h e  material  and i t s  blackness  t o  thermal-neutron i n t e r r o g a t i o n .  

4.2 SOLUTIONS 

F i s s i l e  material  w i l l  e n t e r  t h e  f u e l  r e f a b r i c a t i o n  f a c i l i t y  i n  t h e  
form of c l e a n  u r a n y l  n i t r a t e  s o l u t i o n  con ta in ing  ~ 1 2 5  g / l i t e r  of uranium. 
I n  t h i s  form t h e  f i s s i l e  material i s  amenable t o  sampling and assay 
by s t anda rd  chemical techniques.  N o  nondestruct ive-assay techniques 
are contemplated f o r  the uranium feed s o l u t i o n s .  

S m a l l  amounts of uranium con ta in ing  l i q u i d s  w i l l  b e  produced during 
the  f u e l  f a b r i c a t i o n  process .  The c u r r e n t  o p e r a t i n g  philosophy i s  t o  
s o l i d i f y  these  l i q u i d s  by abso rp t ion  on ve rmicu la t e  o r  by d i s t i l l a t i o n  
and then t r a n s f e r  t he  s o l i d  components t o  the  s o l i d  waste d i s p o s a l  f a c i l i -  
ties (see Sect. 4 . 7 ) ,  o r  t o  accumulate t h e  s o l u t i o n s  i n  a common l i q u i d  
waste tank f o r  chemical recovery o r  o t h e r  d i s p o s i t i o n .  Low-uranium- 
content  aqueous w a s t e s  from decontamination washdowns, e t c . , .  w i l l  be 
s e n t  t o  the  ORNL low-level l i q u i d  w a s t e  s t o r a g e  f a c i l i t y .  I n  these  
l a t t e r  cases ,  assay w i l l  be by sampling and chemlcal a n a l y s i s .  
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4.3  LOADED RESIN 

Recycle f u e l  p a r t i c l e s  f o r  t h e  HTGR f i r s t  s t a r t  t o  t ake  form when 
the  u rany l  i on  i n  t h e  u r a n y l  n i t r a t e  s o l u t i o n  i s  loaded onto weak a c i d  
r e s i n .  Before load ing ,  t h e  r e s i n  is  i n  t h e  form of t i n y  beads about 
700 1-1 i n  diameter.  A f t e r  loading and d ry ing ,  t h e  diameter of t h e  beads 
decreases  t o  about 550 1-1. The loading of t he  r e s i n  is accomplished 
through an ion  exchange process  t h a t  t akes  p l a c e  when t h e  r e s i n  and t h e  
u r a n y l  n i t r a t e  s o l u t i o n  are con tac t ed  i n  a load ing  column. When loaded,  
t h e  r e s i n  par t ic les  c o n s i s t  of u r a n y l  i o n s  i n  a C602H6 ma t r ix .  A t  t h i s  
p o i n t ,  uranium makes up about 47% of t h e  p a r t i c l e  by weight .  

F igu re  4 . 1  i s  a composite photograph showing t h e  par t ic les  i n  t h e i r  
e a r l y  s t a g e s  of r e f a b r i c a t i o n  ( t h e  carbonized p a r t i c l e s  are d i scussed  
i n  S e c t .  4 . 4 ) .  Examination of the f i g u r e  r e v e a l s  t h a t  a high degree 
of uniformity exists among t h e  p a r t i c l e s .  Hence, a r e p r e s e n t a t i v e  
sample  can b e  taken by running t h e  mater ia l  through a s p l i t t e r .  Occa- 
s i o n a l l y ,  a ba t ch  of loaded r e s i n  may appear w i th  many d e f e c t s  i n  t h e  
p a r t i c l e s .  One such p a r t i c l e  d e f e c t  i s  s e e n  i n  t h e  f i g u r e  nea r  t h e  
bottom of t h e  c e n t e r  photograph. Here two s m a l l  "satellites" are 
a t t a c h e d  t o  a l a r g e r  p a r t i c l e .  Another d e f e c t  may be a l a r g e  range of 
p a r t i c l e  s i z e s  i n  a loaded ba tch .  The e f f e c t  of d e f e c t s  on sample 
s e l e c t i o n  by a s p l i t t e r  i s  c u r r e n t l y  be ing  eva lua ted .  

The nominal d e n s i t y  of d r i e d  loaded r e s i n  beads i s  1 . 7  g/cm3 w i t h  
a uranium con ten t  of 47% by we igh t ,  w i t h  expected v a r i a t i o n s  from t h e s e  
average va lues  of 1 . 6  t o  1 . 8  i n  d e n s i t y  and 43 t o  49% i n  uranium con ten t .  
This range i n  composition corresponds t o  a range i n  the  hydrogen-to- 
uranium atom r a t i o  of 11 t o  15. 

Table 4 . 1  l ists  some of t h e  p r o p e r t i e s  of t h e  loaded r e s i n  beads,  
wh i l e  Table 4 . 2  g ives  t h e  atom number d e n s i t i e s  and element d e n s i t y  f o r  
each c o n s t i t u e n t  i n  a loaded bead. 

4.4 BARE AND COATED PARTICLES 

A f t e r  r e s i n  beads are loaded and d r i e d ,  they are carbonized by 
p l a c i n g  them i n  a f luidized-bed fu rnace  and s lowly i n c r e a s i n g  t h e i r  
temperature  t o  800°C. This t r ea tmen t  decomposes t h e  r e s i n  l e a v i n g  a 
product mixture  of U02 and carbon. F igu re  4 . 1  con ta ins  a photograph 
of some carbonized beads.  

The carbonized beads are hea ted  t o  1700°C t o  form "converted 
k e r n e l s , "  which form t h e  co re  of a coated HTGR f u e l  p a r t i c l e .  
duct  of t h i s  high-temperature process  i s  a mixture  of UC2,  UO,, and 
carbon. Four c o a t i n g s  are a p p l i e d  t o  t h e  k e r n e l s  i n  f luidized-bed 
furnaces .  The f i r s t  i s  a low-density carbon l a y e r  c a l l e d  a b u f f e r  
coa t ing .  Next , a high-densi ty  i s o t r o p i c  carbon c o a t i n g  is  a p p l i e d .  
This i s  followed by an  S i c  coa t ing  and ano the r  high-densi ty  i s o t r o p i c  
carbon coa t ing .  Since t h e  p a r t i c l e s  are  coated wi th  t h r e e  d i f f e r e n t  

The pro- 
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Table 4.1.  Dry loaded r e s i n  beads 
(average p h y s i c a l  parameter v a l u e s )  

D i a m e t e r ,  um 550 

P a r t i c l e  d e n s i t y ,  g/cm3 1 . 7  

Uranium con ten t ,  w t .  % 47 

Uranium m a s s ,  ug/bead 70 

Table 4 . 2 .  Calculated average composition of dry 
loaded r e s i n  beads 

Element Pe rcen t  Density 
(g/cm3 

Number d e n s i t y  
(a tom/b-cm) 

Uranium 47 0.799 2.065 x 

Carbon 34.6 0.589 2.598 x 

Oxygen 15 .5  0 .263  1.279 x 

Hydrogen 2 . 9 1  0.0494 2.598 x 



6 3  

materials, namely, low-density carbon, high-densi ty  carbon, and S i c ,  
they are c a l l e d  TRISO p a r t i c l e s .  

F igure  4.2 is  a photomicrograph of a sec t ioned  TRISO p a r t i c l e .  The 
k e r n e l  of t h i s  p a r t i c u l a r  p a r t i c l e  i s  composed of Tho2 (formed by a 
so l -ge l  process)  r a t h e r  than  t h e  uranium k e r n e l  descr ibed  above; however, 
t h e  coa t ings  are the same as those  prev ious ly  descr ibed .  Tables 4 . 3  
through 4.6 l i s t  some average va lues  of p a r t i c l e  parameters .  
number d e n s i t i e s  i n  Table  4.5 i n d i c a t e  t h a t  the p r o b a b i l i t y  of absorp- 
t i o n  of a thermal  neut ron  e n t e r i n g  a T'RISO p a r t i c l e  i s  about 9%. 

The 

A s  i n  t h e  case  of t h e  loaded r e s i n  beads ,  r e p r e s e n t a t i v e  samples 
can b e  s e l e c t e d  from a l a r g e  ba t ch  of p a r t i c l e s  by running t h e  ba tch  
through a s p l i t t e r .  
t h e  sample  s e l e c t i o n  process  are be ing  s t u d i e d .  

Here aga in  t h e  e f f e c t s  of d e f e c t i v e  p a r t i c l e s  on 

4.5 GREEN AND CARBONIZED RODS 

4 .5 .1  Desc r ip t ion  of green  and carbonized f u e l  rods  

The coated f i s s i l e  and f e r t i l e  f u e l  p a r t i c l e s  are blended wi th  
g r a p h i t e  shim p a r t i c l e s  and dispensed i n t o  a rod mold. The i n t e r s t i t i a l  
volume of t h e  rod i s  s a t u r a t e d  wi th  a hea ted  matrix material which 
c o n s i s t s  of coa l - t a r  p i t c h  and g r a p h i t e  f l a k e .  The matrix s o l i d i f i e s  
around t h e  p a r t i c l e s  and t h e  green f u e l  rod is e j e c t e d  from the  mold. 
The rod is r e f e r r e d  t o  as a green f u e l  rod because i t  is uncarbonized, 
t h a t  i s ,  t h e  p a r t i c l e s  are bound toge the r  by a hydrocarbon f i l l e r  r a t h e r  
than by a carbon l a t t i c e .  The green f u e l  rods  f o r  t h e  f u e l  elements of 
t h e  F o r t  S t .  Vrain Reactor (FSVR) have a diameter  of 1.245 cm and a 
l eng th  of 4.93 cm. T h e  f u e l  rods  f o r  the commercial HTGRs have a diam- 
eter of 1.576 cm and a l eng th  of 6.19 cm. The green rods are 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  b locks  and carbonized i n  p l ace ;  t h e r e f o r e ,  t h e  
green rod is  t h e  primary f u e l  rod type  i n  t h e  process .  For q u a l i t y  
c o n t r o l  and q u a l i t y  assurance  purposes ,  a s m a l l  number of rods w i l l  b e  
carbonized and then  examined i n  t h e  Sample Inspec t ion  Laboratory.  

4.5.2 Phys ica l  a s p e c t s  a f f e c t i n g  assay  

4.5.2.1 Elemental  and i s o t o p i c  composition of green  f u e l  rods 

The e lementa l  and i s o t o p i c  composition of t h e  green  f u e l  rod is  
dependent on t h e  uranium and thorium loadings ,  t h e  p a r t i c l e  s i z e s ,  t he  
packing f r a c t i o n ,  and t h e  matrix composition. Table 4.7 l ists  t h e  
elemental composition and Table  4.8 l i s ts  the nuc lea r  number d e n s i t i e s  
f o r  two uranium and thorium loadings  and f o r  two i s o t o p i c  compositions 
of uranium. The uranium and thorium loadings  correspond t o  t h e  m a x i m u m  
and m i n i m u m  loadings  contemplated f o r  commercial HTGR recyc led  f u e l  
(Table 3 . 1 ) .  There are l a r g e  v a r i a t i o n s  i n  t h e  uranium content  of t h e  
f u e l  rods .  For nondes t ruc t ive  assay  t h i s  means t h a t  t h e  technique must 
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Table 4.3. Carbonized resin beads 
(average phys ica l  parameter  va lues )  

Diameter, um 385 

P a r t i c l e  d e n s i t y ,  g/cm3 3.3 

Uranium con ten t ,  w t  % 71.4 

Carbon con ten t ,  w t  % 18.8 

Oxygen con ten t ,  w t  % 9.8 

Table  4 . 4 .  Calcu la t ed  average  composition 
of carbonized r e s i n  beads 

Densi ty  
(g/cm3 1 E l  emen t Number d e n s i t y  

(a t om / b - cm ) 

Uranium 2.3.56 6.089 x 

Carbon 0.620 3.114 x 

Oxygen 0.323 1.217 x lo-* 

Hydrogen 0 0 
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Table 4.5. TRISO-coated particles (average 
physical parameter values) 

Kernel diameter, pm 

Kernel density, g/cm3 

Kernel composition, wt % 

Ur an i um 

Carbon 

Oxygen 

a 
Buffer coating thickness, pm 

ILTI coating thickness, pm 

Sic coating thickness, pm 

OLTI coating thickness, pm 

Buffer coating density, g/cm3 

ILTI coating density, g/cm3 

Sic coating density, g/cm3 

OLTI coating density, g/cm3 

b 

a 

b 

370 

3.2 

82.0 

15.2 

2.8 

50 

35 

30 

35 

1.1 

1.95 

3.2 

1 .95  

aILTI is the abbreviation for Inner Low Temperature 
Isotropic and is used when referring t o  the  inner 
high-density isotropic carbon coating. 

bOLTI is the abbreviation for Outer Low Temperature 
Isotropic and is used when referring to the outer 
high-density isotropic carbon coating. 
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Table 4.6. Calculated average atom densities of 
TRISO-coated particles 

Average particle Coating No. Particle No. 
Element Weight % Density density density 

(g/cm3> (at om/ b- cm) (atom/b-cm) 

Uranium 82 
Carbon 15.2 
Oxygen 2.8 

Uranium 60.3 
Oxygen 2.0 
Carbon 37.7 

Uranium 40.9 
Oxygen 1.4 
Carbon 57.7 

Uranium 25.9 
Oxygen 0.886 
Carbon 47.6 
Silicon 25.6 

Uranium 19.6 
Oxygen 0.67 
Silicon 19.3 
Carbon 60.4 

Converted kernel 

2.62 0 
0.486 0 
0.0896 0 

Buffer coating 

1.28 0 
0.0437 0 
0.801 5.521 x 

a Inner LTI coating 

0.844 0 
0.0288 0 
1.19 9.787 x 

Silicon carbide coating 

0.615 0 
0.0210 0 
1.13 4.821 x 
0.607 4.821 x 

Outer LTI coating 

0.442 0 
0.0151 0 
0.436 0 
1.36 9.787 x 

6.781 x 
2.441 x 
3.373 10-3 

3.308 x 
1.645 x lov3 
4.018 x 

2.181 x 
1.085 x 
5.983 x 

1.590 x 
7.909 x 
5.668 x lo-' 
1.306 x 

1.142 x 
5.680 10-~ 
9.382 10-~ 
6.829 x 

a Low temperature isotropic. 
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Table  4.7. Elemental  composition of green  f u e l  rods ,  w t  % 
- 

Beginning of Equi l ibr ium 
U-233 r e c y c l e  U-233 r e c y c l e  

Element 
Minimum Maximum Minimum M a x i m u m  

U+Th U+Th U+Th U+Th 
- 
Hydrogen 0.95 0.80 0.90 0.80 

Carbon 79.20 65.16 74.11 64.58 

Oxygen 2.28 3.81 2.81 3.70 

S i l i c o n  0.86 1.67 1.24 2.51 

Thorium 15.81 26.83 19.65 25.81 

Uranium 0.90 1 .73  1.29 2.60 

Table  4.8. Nuclear  number d e n s i t i e s  of green  f u e l  rods ,  atom/b-cm 

Beginning of Equi l ibr ium 
U-233 r e c y c l e  U-233 r e c y c l e  

Minimum Maximum Minimum Maximum 
U+Th U+Th U+Th U+Th 

Nucl ide 

L 

Hydro g en 

Carbon 

Oxygen 

S i l i c o n  

Th-232 

U-233 

U-234 

U-235 

U-236 
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b 

be capable  of o p e r a t i n g  over  a wide range of rod load ings ,  w i t h  p a r t i c u -  
lar  emphasis on those  rod  load ings  t h a t  would l e a d  t o  poor s ignal- to-  
background c h a r a c t e r i s t i c s .  
content  i n  a l l  cases. This d a t a  i s  somewhat misleading i n  t h a t  a 
c o n s t a n t - p a r t i c l e  packing f r a c t i o n  ( 0 . 6 2 )  w a s  assumed. The d i f f e r e n t  
s i z e s  of fe r t i l e ,  f i s s i le ,  and shim p a r t i c l e s  would cause some v a r i a t i o n  
i n  t h e  hydrogen con ten t  of t h e  rod. The hydrogen con ten t  of t h e  rod 
and the  hydrogen v a r i a b i l i t y  are important  f a c t o r s  i n  t h e  s e l e c t i o n  of 
a nondestruct ive-assay technique f o r  green f u e l  rods .  

Table 4.8 i n d i c a t e s  a cons t an t  hydrogen 

4.5.2.2 Dimensional s t a b i l i t y  of green rods 

The green f u e l  rods are formed i n  a molding ope ra t ion ,  and con- 
sequent ly  t h e  r a d i a l  dimensions of i n d i v i d u a l  f u e l  rods are extremely 
p r e c i s e .  Diameters are uniform t o  +0.001 cm,  and t h e  l eng ths  of i n d i v i -  
d u a l  rods  are w i t h i n  k0.02 cm. The s m a l l  v a r i a t i o n s  i n  t h e  diameter 
e l i m i n a t e  one source  of u n c e r t a i n t y ,  dimensional v z r i a t i o n s ,  common t o  
most nondes t ruc t ive  a s say  methods. The only dimensional u n c e r t a i n t y  
is due t o  s m a l l  v a r i a t i o n s  around t h e  bottom edges of t h e  rod where t h e  
removal of matrix f l a s h i n g  may have caused small ( ~ 0 . 0 5  cm) p i t t i n g .  

4.5.2.3 Material uniformity and p a r t i c u l a t e  s t r u c t u r e  of green rods 

The d i s t r i b u t i o n  of uranium w i t h i n  t h e  f u e l  rod is  not  only an 
important f a c t o r  i n  determining t h e  f u e l  performance b u t  may a l s o  b e  a 
c r i t i c a l  f a c t o r  i n  t h e  a b i l i t y  t o  achieve p r e c i s e  uranium assay .  The 
development of nondestruct ive-assay techniques f o r  LWR f u e l  has  produced 
methods f o r  hand l ing  v a r i a t i o n s  i n  t o t a l  f u e l  rod load ings  i n s o f a r  as t h e  
uranium is  uniformly d i spe r sed  w i t h i n  each rod. For HTGR f u e l  rods ,  
t he  p a r t i c u l a t e  n a t u r e  of t h e  f u e l  rod components and t h e  f a c t  t h a t  t h e  
f i s s i l e  p a r t i c l e s  are only a f r a c t i o n  of t h e  t o t a l  number of p a r t i c l e s  
p e r  rod can cause t h e  uranium t o  b e  nonuniformly d i spe r sed  i n  t h e  rod. 
Because t h e  f u e l  s p e c i f i c a t i o n s  impose uniformity requirements ,  t h e  
assumption is  t h a t  t h e  a s say  of green f u e l  rods can be based upon t h e  
a s say  of rods wi th  uniformly d i spe r sed  f i s s i le  p a r t i c l e s .  Methods 
s e l e c t e d  f o r  nondes t ruc t ive  a s s a y  should,  however, b e  i n s e n s i t i v e  t o  
s m a l l  nonun i fo rmi t i e s  i n  f i s s i l e  l oad ings .  

Even wi th  f u e l  rods  t h a t  are uniform on a macroscopic scale, t h e  
rods are s t i l l  q u i t e  heterogeneous on t h e  s c a l e  of a p a r t i c l e  diameter.  
The f i s s i l e  material i s  concentrated i n  t h e  p a r t i c l e  k e r n e l s  r a t h e r  than 
being d i spe r sed  uniformly throughout t h e  medium. This he t e rogene i ty  can 
pose s i g n i f i c a n t  problems f o r  some nondes t ruc t ive  a s say  methods because 
an i n d i v i d u a l  p a r t i c l e  can e x h i b i t  s i g n i f i c a n t  neutron s e l f - s h i e l d i n g  a t  
low neutron e n e r g i e s .  

I n  support  of t h e  neutron physics  design of t h e  HTGR, methods have 
been developed t o  compute t h e  energy-dependent neutron s e l f - s h i e l d i n g  
f a c t o r  f o r  f u e l  p a r t i c l e s ,  which is  de f ined  as t h e  r a t i o  of t h e  s p a t i a l l y  
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averaged neu t ron  f l u x  i n  t h e  k e r n e l  t o  t h e  average neutron f l u x  i n  t h e  
moderator (matr ix  p l u s  c o a t i n g s ) .  
t.o c a l c u l a t e  t h e  k e r n e l  s e l f - s h i e l d i n g  f a c t o r s  a t  a neutron energy of 
0.025 e V  f o r  f i s s i l e  k e r n e l s  of va ry ing  diameter  and d e n s i t y .  The 
s e n s i t i v i t y  of t h e  s e l f - s h i e l d i n g  f a c t o r  t o  233U l oad ing  of a f u e l  rod 
i.s i l l u s t r a t e d  i n  F ig .  4.3. The s e l f - s h i e l d i n g  f a c t o r  f o r  each i n d i v i -  
d u a l  p a r t i c l e  i s  dependent upon t h e  number of f i s s i l e  p a r t i c l e s  w i t h i n  
t.he r o d ,  because t h e  shadowing e f f e c t  of each p a r t i c l e  tends t o  dec rease  
t.he p a r t i c l e  s e l f - s h i e l d i n g .  Figure 4.4 i l lustrates t h e  s e n s i t i v i t y  
of t h e  s e l f - s h i e l d i n g  f a c t o r  t o  k e r n e l  diameter f o r  t h r e e  d e n s i t y  v a l u e s  , 
and Fig.  4.5 i n d i c a t e s  t h e  r e l a t i o n s h i p  between d e n s i t y  and s e l f -  
s h i e l d i n g  f o r  f o u r  k e r n e l  diameters .  Other c a l c u l a t i o n s  of t h e  W a l t i  
s e l f - s h i e l d i n g  f a c t o r s  i n d i c a t e d  no dependence on t h e  v a r i a t i o n s  i n  
thorium load ing  of t h e  f u e l  rod.  The relative i n s e n s i t i v i t y  of t h e  
p a r t i c l e  s e l f - s h i e l d i n g  f a c t o r  t o  changes i n  uranium and thorium load ings  
of t h e  rod impl i e s  t h a t  e f f e c t s  due t o  p a r t i c l e - t o - p a r t i c l e  s e l f -  
s h i e l d i n g  can b e  e f f e c t i v e l y  s e p a r a t e d  from e f f e c t s  due t o  i n t r a p a r t i c l e  
s e l f - s h i e l d i n g .  The a p p l i c a t i o n  of a s say  methods wi th  high-energy i n t e r -  
r o g a t i n g  neu t rons  would l e s s e n  the  i n t r a p a r t i c l e  s e l f - s h i e l d i n g ,  b u t  t h e  
hydrogen con ten t  of t h e  m a t r i x  would l e a d  t o  t h e r m a l i z a t i o n  w i t h i n  t h e  
rod. Thus, v a r i a t i o n s  i n  hydrogen con ten t  might cause more s e r i o u s  
e f f e c t s  on a s s a y  p r e c i s i o n  and accuracy than t h e  i n t r a p a r t i c l e  s e l f -  
s h i e l d i n g  e f f e c t s  f o r  r e s in -de r ived  k e r n e l s .  

The technique of W a l t i l  has  been used 

4..6 LOADED FUEL BLOCKS 

4.6.1 I n t r o d u c t i o n  

A s  desc r ibed  i n  Sec t .  4.5, t h e  green f u e l  rods are loaded i n t o  
g r a p h i t e  f u e l  blocks and t h e  rods  are carbonized i n  p l ace .  The s t a n d a r d  
f u e l  elements f o r  t h e  F o r t  S t .  Vrain Reactor  (FSVR) and t h e  commercial 
s i z e  HTGR are shown i n  F igs .  4.6 and 4.7 .  The primary d i f f e r e n c e  between 
t h e  two elements' i s  t h e  diameter of t h e  f u e l  rod and t h e  number of f u e l  
rod and coo lan t  channels p e r  element.  

4.6.2 P h y s i c a l  c h a r a c t e r i s t i c s  a f f e c t i n g  a s say  

The loaded f u e l  blocks c o n t a i n  i n  t h e  range of 0 . 3  t o  0.9 kg of 
233U + 235U, 6 t o  1 2  kg o f  thorium, and 110 kg of carbon, w i th  small 
q u a n t i t i e s  of s i l i c o n  c a r b i d e  (from t h e  S i c  coa t ing )  and oxygen (from 
t h e  Tho2 f r a c t i o n  of t h e  k e r n e l ) .  The p h y s i c a l  s i z e  of t h e  f u e l  element 
and t h e  d i spe r sed  n a t u r e  of t h e  f i s s i l e  con ten t  make n o n d e s t r u c t i v e  
a s s a y  of t h e s e  elements d i f f i c u l t .  
r e p o r t e d  r e c e n t l y  on t h e  whole-block a s say  of f r e s h  (235U loaded) HTGR 
f u e l  blocks.2-4 The LASL r e s e a r c h  u t i l i z e d  a 14-MeV neutron gene ra to r  
t o  induce f i s s i o n s  i n  t h e  f i s s i l e  and f e r t i l e  material i n  t h e  f u e l  ele- 
ment. Delayed neu t rons  w e r e  then d e t e c t e d  t o  measure t h e  amount o f  
235U and thorium w i t h i n  t h e  element.  
and thorium w a s  accomplished by modifying t h e  energy of t h e  i n t e r r o g a t i n g  

Development work a t  LASL has  been 

Discr iminat ion between t h e  235U 

b 

, 
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Fig. 4 . 3 .  Neutron s e l f - s h i e l d i n g  f a c t o r s  f o r  weak-acid res in-der ived  
233U k e r n e l s  as a func t ion  of 2 3 3 U  f u e l  rod loading  f o r  f o u r  diameters .  
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neu t rons .  The results of t h e  i n i t i a l  tests i n d i c a t e d  t h a t  t h e  method 
w a s  promising; however, a c c u r a c i e s  of 5 t o  7% w e r e  quoted f o r  t h e  235U 
con ten t .  The accuracy r e q u i r e d  f o r  s a fegua rds  purposes is  a t  least  a 
f a c t o r  of 10 b e t t e r  t han  t h e  c u r r e n t  performance. 

For t h e  f u e l  r e f a b r i c a t i o n  p i l o t  p l a n t  (FRPP) we  have t e n t a t i v e l y  
decided n o t  t o  i n c o r p o r a t e  whole-element a s say  i n  the  f a c i l i t y  nor  t o  
develop a method f o r  t h i s  purpose.  The LASL technique,  if developed 
t o  ach ieve  t h e  r e q u i s i t e  accuracy, should b e  a p p l i c a b l e  t o  r ecyc led  
elements because t h e  method uses  neu t ron  d e t e c t i o n  methods which can 
be made i n s e n s i t i v e  t o  t h e  gamma r a d i a t i o n s  of 232U and i t s  daughters .  
One p o s s i b l e  problem f o r  t h e  ex tens ion  o f  t h i s  method t o  r ecyc led  f u e l  
i s  t h e  l a r g e  d i f f e r e n c e  i n  t h e  delayed neu t ron  y i e l d s  of 2 3 3 U  and 235U. 
Because both 233U and 235U are p r e s e n t  i n  t h e  r ecyc led  uranium, t h e  233U 
t o  235U i s o t o p i c  r a t i o  f o r  each f u e l  block must be known t o  achieve 
a c c u r a t e  a s s a y  r e s u l t s .  The p r e p a r a t i o n  of f u e l  element s t a n d a r d s  f o r  
any 233U whole-block a s say  system would a l s o  be a d i f f i c u l t ,  t i m e  con- 
suming, and expensive o p e r a t i o n .  

4 

The a s say  approach f o r  t h e  f u e l  product  adopted f o r  t h e  p i l o t  
p l a n t  i s  a method t h a t  can be t r a n s f e r r e d  t o  a commercial o p e r a t i o n .  
The b a s i c  a c c o u n t a b i l i t y  system f o r  t h e  f u e l  product  c o n s i s t s  of 100% 
assay  of QC-accepted green f u e l  rods  i n  combination w i t h  a r i g i d  material 
c o n t r o l  program t o  r eco rd  t h e  233U and 235U c o n t e n t s  of i n d i v i d u a l  f u e l  
blocks du r ing  t h e  block-loading o p e r a t i o n .  I n  t h e  FRPP t h e  f u e l  rod 
a s s a y  machine w i l l  f eed  a rod s t o r a g e  system which serves as su rge  
s t o r a g e  between t h e  f u e l  rod forming machine and t h e  element l o a d e r .  
One o p t i o n  f o r  t h e  commercial f a c i l i t y  would b e  t o  i n c o r p o r a t e  a rod 
a s s a y  system i n  t h e  element l oad ing  o p e r a t i o n .  This  c o n f i g u r a t i o n  would 
prevent  d i v e r s i o n  o r  s u b s t i t u t i o n  between f u e l  rod a s s a y  and block 
load ing  i n  a d d i t i o n  t o  y i e l d i n g  a p r e c i s e  f i s s i l e  con ten t  f o r  each 
element.  Such a method would b e  a l o g i c a l  ex tens ion  of t h e  FRPP f u e l  
rod assay concept (desc r ibed  i n  S e c t .  5 .3 .1) .  The key t o  us ing  f u e l  
rod a s s a y  as a f i n a l  product a s s a y  is  t h e  a b i l i t y  t o  design a system 
t h a t  e l i m i n a t e s  t h e  p o s s i b i l i t y  of rod s u b s t i t u t i o n  o r  d i v e r s i o n  between 
thle a s s a y  p o i n t  and t h e  p o i n t  i n  t h e  p rocess  a t  which t h e  elements are 
packaged f o r  shipment. 

The gamma a c t i v i t y  of t h e  f u e l  element cannot be employed f o r  
a c c u r a t e  n o n d e s t r u c t i v e  a s say  because of t h e  t i m e  dependence o f  t h e  
gamma r a d i a t i o n .  It should b e  p o s s i b l e ,  however, t o  u t i l i z e  t h e  r a d i a -  
t i o n  c h a r a c t e r i s t i c  of t h e  f u e l  as a s e m i q u a n t i t a t i v e  v e r i f i c a t i o n  of 
uranium con ten t .  A gamma scan of t h e  element u s ing  min ia tu re  d e t e c t o r s  
t h a t  could b e  t r a n s l a t e d  through t h e  coo lan t  h o l e s  would y i e l d  an inde- 
pendent check on uranium con ten t .  The va lue  of such a s e m i q u a n t i t a t i v e  
check would depend on t h e  goa l s  and cri teria of t h e  o v e r a l l  s a fegua rds  
and a c c o u n t a b i l i t y  program. . 
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4.7 WASTE STREAMS 

During o p e r a t i o n  of t h e  HTGR r e f a b r i c a t i o n  p i l o t  p l a n t ,  s u b s t a n t i a l  
q u a n t i t i e s  of s o l i d  r a d i o a c t i v e  waste products  w i l l  be generated.  The 
bu lk  of t h e  material (from t h e  s t andpo in t  of  grams of 233U) w i l l  be 
i n  t h e  form of reject product material. I n  a d d i t i o n ,  a lpha  a c t i v e  
f i s s i l e  material w i l l  be  p r e s e n t  i n  process  w a s t e  streams and w i l l  
appear  as contamination on combustible and noncombustible material 
removed from t h e  ce l l .  

Our c u r r e n t  t h ink ing  i s  t h a t  t he  alpha-contaminated waste from 
TURF can be seg rega ted  i n t o  two c a t e g o r i e s :  high-uranium-content 
material c o n s i s t i n g  p r i m a r i l y  of reject product and q u a l i t y  c o n t r o l  
samples and low-level w a s t e  material whose t o t a l  gamma a c t i v i t y  pe r  
cubic  f o o t  is  less than t h a t  of 10 g of 2 3 3 U  con ta in ing  500 ppm 2 3 2 U  
90 days o l d .  

Table 4.9 l i s ts  t h e  average d a i l y  q u a n t i t i e s  of high-uranium- 
concen t r a t ion  reject  material a n t i c i p a t e d  from t h e  TURF product l i n e  
based on ou r  most r ecen t  c a l c u l a t i o n s . 5  
amenable t o  sampling, and i t  i s  a n t i c i p a t e d  t h a t  t h i s  technique can be 
used f o r  i n -p l an t  inventory c o n t r o l .  
resin, o r  rods w i l l  d i f f e r  only s l i g h t l y  from a c c e p t a b l e  product 
material and, from a nondes t ruc t ive  a s say  p o i n t  of v i e w ,  w i l l  conform 
t o  t h e  d e s c r i p t i o n s  given i n  Sec t s .  4.2 and 4 .5 .  Hence, i t  is  a n t i c i -  
pated t h a t  i n d i v i d u a l  batches of reject material can be sampled and 
assayed by the  same techniques used t o  determine product material 
f i s s i l e  con ten t .  

The bu lk  of t h i s  material is  

Any given b a t c h  of reject p a r t i c l e s ,  

However, a f t e r  sampling and p o s s i b l e  p rocess ing  t o  render  t h e  
reject  material compatible wi th  the  head-end p rocess ing  equipment f o r  
reclamation purposes,  t h e  high-uranium-content material w i l l  be  loaded, 
w i th  no a t t empt  f o r  s eg rega t ion  i n t o  waste cans,  f o r  shipment t o  t h e  
A l l i e d  Chemical Corporation f a c i l i t i e s  i n  Idaho. These cans,  a concep- 
t u a l  design of which is  shown i n  Fig.  4 .8 ,  must be reassayed t o  confirm 
t h e  t o t a l  f i s s i l e  content  be fo re  shipment from t h e  f a c i l i t y .  

Since no seg rega t ion  of  material is a n t i c i p a t e d  p r i o r  t o  shipment, 
t h e  cans w i l l  con ta in  a po lygene t i c  mixture of microspheres i n  va r ious  
s t a g e s  of p rocess ing ,  reject f u e l  rods (carbonized t o  make them compatible 
w i t h  t h e  head-end p rocess ing  f a c i l i t i e s ) ,  and, perhaps,  c o a t i n g  furnace 
l i n e r  s c rap ings  con ta in ing  a h igh  p ropor t ion  of g r a p h i t e .  I t  is a n t i c i -  
pa t ed  t h a t  each 3-in.-diam by 9-in.-long can w i l l  con ta in  from 5 0  t o  
1000 g of f i s s i l e  material, and, f o r  t hose  cans con ta in ing  re ject  rods ,  
an apprec i ab le  amount of 232Th. 

The more heav i ly  loaded cans w i l l  b e  opaque t o  thermal neu t rons .  
I n  a d d i t i o n ,  t h e r e  w i l l  be  s u b s t a n t i a l  s e l f - abso rp t ion  of i n t e r n a l l y  
produced gammas. Ca lcu la t ions  i n d i c a t e  t h a t  f o r  a homo eneously loaded 
can con ta in ing  150 g of 2 3 3 U  and no 232Th, 35% of the  8 8 T 1  gamma rays  
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Table 4 . 9 .  Estimated average daily production of high- 
uranium-content solid-waste material 

- 

Material form Source 

Loaded and dried resin 247 

161  
a 

Carbonized resin 

1 2  
a 

Converted resin 

Coated particles 530 

Green rods 13 

Carbonized rods 11 

Resin loading reject 
and samples 

Resin carbonization 
reject and samples 

Resin conversion reject 
and samples 

Particle coating reject 
and samples 

Reject rods, samples, and 
assay calibration 
standards 

Quality assurance samples 

Reject blocksa 12 Reject blocks 

Coated particles and 
,carbon 

i a  Coating chamber scrapings 
and fritts 

Epoxy impregnated rods 0.15 Metallographic mounts 

u3(38 ash 3 Sample inspection station 
a Routine production of this type of waste is not anticipated. Numbers 
represent daily average, but, in fact, an occasional infrequent large 
batch will have to be handled. 

. 
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Fig. 4 .8 .  
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HTGR-FRPP system 9 reject  f i s s i l e  and f e r t i l e  material 
s t o r a g e  can conceptua l  des ign .  



80 

generated are absorbed o r  degraded i n  energy w i t h i n  t h e  can. The s e l f -  
abso rp t ion  has a l s o  been shown t o  be extremely s e n s i t i v e  t o  arrangement 
of t h e  f i s s i l e  material w i t h i n  t h e  can. Thorium, p r e s e n t  i n  t h e  w a s t e  
material, w i l l  a l s o  c o n t r i b u t e  t o  abso rp t ion  of i n t e r n a l l y  generated 
gammas. 

The high-uranium-content waste cans w i l l  a l s o  produce s i g n i f i c a n t  
nilmbers of ( a ,n )  neu t rons .  This sou rce  w i l l  b e  a f u n c t i o n  of both t h e  
age of t h e  material t h a t  determines t h e  concen t r a t ion  of a lpha-emit t ing 
232U daughters  p r e s e n t  and the  type of material t h a t  determines t h e  
concen t r a t ion  of l i g h t  t a r g e t  atoms f o r  t h e  ( a ,n )  sou rce .  

It is  a n t i c i p a t e d  t h a t  t h e  remainder of t h e  contaminated s o l i d  
w a s t e  w i l l  c o n s i s t  of material con ta in ing  s u f f i c i e n t l y  low concentra- 
t i o n s  of uranium and o t h e r  a lpha -ac t ive  i s o t o p e s  t o  a l low i t  a l l  t o  be 
limped i n  a s i n g l e  low-level w a s t e  category.  This material w i l l  be  
f u r t h e r  s eg rega ted  i n t o  combustible and noncombustible c a t e g o r i e s  
b e f o r e  canning i n  30-gal drums f o r  d i s p o s i t i o n  i n  r e t r i e v a b l e  s t o r a g e .  

The low-level combustible wastes inc lude  material generated du r ing  
normal h o t  cel l  o p e r a t i o n  (e.g. ,  manipulator boo t s ,  c l o t h  wipes,  e t c . )  
and p rocess - r e l a t ed  material p e c u l i a r  t o  t h e  f u e l  f a b r i c a t i o n  p rocess .  
This lat ter material w i l l  c o n s i s t  of low-level carbon-uranium mixtures  
t h a t  w i l l  be  generated as a r e s u l t  of t h e  replacement of g r a p h i t e  
fu rnace  i n t e r n a l s  and t h e  c l ean  o u t  and s o l i d i f i c a t i o n  of t h e  fu rnace  
off-gas scrubber  s o l v e n t  recovery system. No a t t empt  w i l l  b e  made t o  
s e g r e g a t e  t h e s e  va r ious  types of combustible low-level w a s t e s  i n  t h e  
TlJRF f a c i l i t y .  It i s  noted,  however, t h a t  i n  a commercial i n t e g r a t e d  
r ep rocess ing  and r e f a b r i c a t i o n  p l a n t  , t h e  low-level combustible w a s t e  
would most probably b e  processed i n  a common low-level waste i n c i n e r a t o r .  

Add i t iona l  development d a t a  are necessary b e f o r e  a l l  q u a n t i t i e s  and 
forms of t h e  low-level w a s t e  can be completely s p e c i f i e d .  For example, 
t h e  amount of material l o s t  due t o  furnace blowover du r ing  t h e  carboniza- 
t i o n  p rocess  is  unknown, as i s  the  even tua l  form t h a t  t h i s  mterial  
assumes af ter  c o n t a c t  w i t h  t h e  sc rubbe r  s o l u t i o n .  Thus, c o n s t r u c t i o n  
and o p e r a t i o n  of p ro to type  development equipment is  necessa ry  b e f o r e  t h e  
f i s s i l e  con ten t  of t h e  s o l i d i f i e d  w a s t e  from t h e  off-gas sc rubbe r  t r a p s  
can b e  q u a n t i f i e d .  Also,  a d d i t i o n a l  i n fo rma t ion  i s  needed on t h e  
q u a n t i t i e s  of material adhe r ing  t o  coating-furnace f r i t t s  and l i n e r s .  

Table 4.10 i n d i c a t e s  t h e  c u r r e n t l y  e s t i m a t e d  q u a n t i t i e s  of t h e  v a r i o u s  
t:ypes of low-level waste materials t h a t  w i l l  b e  generated d a i l y  du r ing  
TURF o p e r a t i o n .  N e i t h e r  ORNL nor ACC has  f a c i l i t i e s  f o r  t h e  recovery of 
f i s s i l e  material from combustible low-level waste i n  t h e  q u a n t i t i e s  
a n t i c i p a t e d .  Accordingly,  p l a n s  are t o  c o n t a i n  bo th  t h i s  and t h e  non- 
combustible material a p p r o p r i a t e l y  f o r  d i s p o s i t i o n  i n  a r e t r i e v a b l e  
s t o r a g e  f a c i l i t y .  

This  material must be assayed f o r  f i s s i l e  content  p r i o r  t o  s t o r a g e .  
The h igh  degree of h e t e r o g e n e i t y  of t h e  material and i t s  low f i s s i l e  
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content  makes neutron i n t e r r o g a t i o n  techniques i n a p p l i c a b l e .  Gamma 
scanning i s  a p o s s i b l e  s o l u t i o n  (see Sec t .  5 .3 .4 )  i f  t h e  uranium con- 
t e n t  can be maintained a t  a low enough level t o  avoid t h e  need f o r  
high-accuracy measurements. 

Some small amounts of uranium w i l l  b e  p r e s e n t  i n  va r ious  l i q u i d  
waste streams w i t h i n  t h e  f a c i l i t y .  These amounts should b e  small 
and a s sayab le  by sampling and chemical a n a l y s i s  techniques.  

Table 4.10. Estimated d a i l y  product ion of 
combustible and noncombustible low-level waste 

M a t e r i a l  form Q u a n t i t y  
( f  t 3 /day )  

Manipulator boots  

Miscellaneous combustible 

Soot from so lven t  
reclamation 

Broken equipment, t o o l s ,  e t c .  
(noncombustible) 

1.0 

9.0  

0.6 

1.0 
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5. ASSAY SYSTEM DESCRIPTION 

5.1 ASSAY PHILOSOPHY 

. 

. 

. 

The conceptual  design of t h e  a s say  and a c c o u n t a b i l i t y  system f o r  
t h e  HTGR r e f a b r i c a t i o n  p i l o t  p l a n t  i s  d i r e c t e d  toward t h e  o b j e c t i v e s  
of providing a system t o  gene ra t e  material balance and a c c o u n t a b i l i t y  
information on a real-time b a s i s .  This  system (which i n c l u d e s  both 
hardware and so f tware  f o r  i n t e r p r e t a t i o n  of process  d a t a ) ,  must b e  
a p p l i c a b l e  and t r a n s f e r a b l e  t o  a l a r g e r  commercial f u e l  r e f a b r i c a t i o n  
f a c i l i t y .  The requirement of commercial a p p l i c a b i l i t y  i s  one which 
n e c e s s i t a t e s  f r e q u e n t  r e i t e r a t i o n  i n  o rde r  t o  avoid t h e  p i t f a l l  of 
adopt ing too  myopic a view and s o l v i n g  only t h e  smaller scale problems 
p e c u l i a r  t o  p i l o t  p l a n t  ope ra t ion .  

The system is  p red ica t ed  on t h e  a b i l i t y  t o  determine f i s s i l e  con ten t  
of batches of material i n  process  throughout t h e  p l a n t  by t h e  measurement 
of s m a l l  r e p r e s e n t a t i v e  samples coupled wi th  t h e  a b i l i t y  t o  maintain con- 
t i nuous  s u r v e i l l a n c e  of t h e  mass of material i n  each b a t c h  and i ts  prog- 
ress from one processing s t a t i o n  t o  ano the r .  This information w i l l  be 
a v a i l a b l e  through t h e  use  of continuous readout  scales and a dispatch- 
receive s i g n a l  system t h a t  i s  cont inuously monitored and updated by a 
c e n t r a l  p l a n t  d a t a  management system. (See Sect. 6 of t h i s  r e p o r t  f o r  
a d e s c r i p t i o n  of d a t a  flow and d a t a  handl ing.)  

Two q u a l i f i c a t i o n s  are necessary.  The system i s  no t  ''real t i m e ' '  
i n  t h e  sense  t h a t  continuous v e r i f i c a t i o n  of t h e  e n t i r e  f i s s i l e  inventory 
w i l l  no t  be a v a i l a b l e .  Because one major i n p u t  t o  t h e  system comes from 
i n - l i n e  weighers,  t h e  assumption must be accepted t h a t  s u b s t i t u t i o n  of 
i n e r t  material  has not  been made i n  t h e  i n t e r v a l s  between sampling and 
assaying p o i n t s .  However, i n  view of t h e  f a c t  t h a t  a l l  of t h e  material 
wi th  t h e  except ion of q u a l i t y  assurance,  q u a l i t y  c o n t r o l ,  and assay 
samples w i l l  be  contained w i t h i n  t h e  h o t  c e l l s ,  t h e  f a c t  t h a t  samples 
are e x t r a c t e d  f o r  f i s s i l e  con ten t  v e r i f i c a t i o n  a t  almost every process  
s t e p  and hence a t  f r equen t  i n t e r v a l s ,  and t h e  f a c t  t h a t  t h e  high s p e c i f i c  
a c t i v i t y  of t h e  material w i l l  render  i t  extremely v i s i b l e  t o  area rad ia -  
t i o n  monitors and p o r t a l  monitors,  t h i s  assumption becomes p l a u s i b l e .  

I n  a d d i t i o n ,  continuous v e r i f i c a t i o n  of t h e  f i s s i l e  content  of 
c e r t a i n  of t h e  waste streams w i l l  no t  be p o s s i b l e .  P a r t i c u l a r  problem 
areas arise i n  monitoring l o s s e s  due t o  p a r t i c l e  and f i n e s  blowover from 
t h e  ca rbon iza t ion  and coa t ing  furnaces  and t h e  l o s s  of mater ia l  due t o  
i t s  adherence t o  t h e  w a l l s  of furnaces  and gas d i s t r i b u t o r s .  It i s  
a n t i c i p a t e d  t h a t  reasonable  l i m i t s  can be set  f o r  l o s s e s  through t h e s e  
channels and, by monitor ing t h e  d i f f e r e n c e  between inpu t  and ou tpu t  of 
t h e s e  p rocesses ,  a continuous waste stream inventory can be maintained 
by d i f f e r e n c e .  Routine cleanout  of t h e  off-gas  scrubber  s o l v e n t  recovery 
system and d i r e c t  measurement of i t s  f i s s i l e  c o n t e n t ,  t o g e t h e r  w i t h  t h e  
assay of spen t  fu rnace  l i n e r s  and t h e  sc rap ings  from t h e i r  w a l l s ,  w i l l  
provide a p e r i o d i c  v e r i f i c a t i o n  of t h i s  running t o t a l .  A t  any po in t  i n  
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t h e  p rocess ,  i f  l o s s e s  exceed some p r e s e t  limits, t h i s  would s i g n a l  t h e  
need f o r  a nonrou t ine  shutdown f o r  i nven to ry  v e r i f i c a t i o n .  Such a shut-  
down would a l s o  b e  r equ i r ed  f o r  process  c o n t r o l  and c r i t i c a l i t y  s a f e t y  
c o n s i d e r a t i o n s .  

A t  one p o i n t  i n  t h e  p rocess ,  a 100% product  s t r e a m  inven to ry  i s  
included.  This 100% assay  t akes  p l a c e  downstream of t h e  green rod f a b r i c a -  
t i o n  s t e p  and i s  included f o r  q u a l i t y  a s su rance  as w e l l  as a c c o u n t a b i l i t y  
purposes.  While t h e  g reen  rods  are amenable t o  inven to ry  by sampling, 
hand l ing  problems a s s o c i a t e d  wi th  e x t r a c t i n g  a r e l a t i v e l y  l a r g e  number 
of samples, coupled wi th  t h e  pe r sonne l  exposure problems such a sample 
load would p l a c e  on sample i n s p e c t i o n  s t a t i o n  o p e r a t i o n s ,  w e r e  expected 
t o  b e  e q u i v a l e n t  t o  des ign ing  an  i n - c e l l  on-l ine a s say  dev ice .  The de- 
c i d i n g  f a c t o r ,  t h e r e f o r e ,  i s  t h e  r eas su rance  provided by a complete 
account ing of t h e  material a t  t h e  f i n a l  a c c e s s i b l e  p o i n t  i n  t h e  f a b r i -  
c a t i o n  p rocess .  This  concept i s  n o t  d i r e c t l y  t r a n s f e r a b l e  t o  a l a r g e r  
commercial f a c i l i t y  and 100% assay  of t h e  product  stream i n  a commercial 
f a c i l i t y  a t  t h i s  p o i n t  may n o t  b e  economically f e a s i b l e  because of t h e  
much l a r g e r  throughput and t h e  t i m e  r e q u i r e d  t o  accumulate s i g n i f i c a n t  
s t a t i s t i c a l  i n fo rma t ion  (see Sect. 5 .3 .1) .  I n  such a f a c i l i t y ,  t h e  on- 
l i n e  machine could b e  r e l e g a t e d  t o  t h e  r o l e  of a s i d e  stream sample a s say  
dev ice ,  and t h e  t a s k  of 100% sc reen ing  of t h e  green rods could b e  assumed 
by m u l t i p l e  gamma-scanning u n i t s  s i m i l a r  t o  those  desc r ibed  i n  Sect.  
5.3.2. 

. 
5.2 ASSAY SYSTEM DESCRIPTION 

The conceptual  des ign  of t h e  a s s a y  and a c c o u n t a b i l i t y  system f o r  
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 nc ludes  d e s t r u c t i v e  chemical a n a l y s i s  
c a p a b i l i t i e s  bo th  on and o f f  s i t e ,  t h r e e  major nondes t ruc t ive  a s say  
components, a s s o r t e d  process  c o n t r o l  i n s t rumen t s  i nc lud ing  on-l ine 
scales, h o p p e r - f i l l  measuring dev ices  and material t r a n s f e r  i n d i c a t o r s ,  
and a d a t a  management system f o r  t h e  i n t e g r a t i o n  of d a t a  from a l l  of 
t h e s e  sou rces  t o  p rov ide  meaningful and c u r r e n t  material a c c o u n t a b i l i t y  
in fo rma t ion .  

This  s e c t i o n  d e s c r i b e s  i n  d e t a i l  t h e  n o n d e s t r u c t i v e  a s say  compo- 
nen t s  of t h e  system which c o n s i s t s  of t h e  sample i n s p e c t i o n  a s say  
equipment , t h e  on-l ine a s say  dev ices  , and t h e  w a s t e  a s say  dev ices .  

The presence of t h e  remaining equipment and t h e  d e s t r u c t i v e  chem- 
i ca l  a n a l y s i s  c a p a b i l i t i e s  are, however, an  i n t e g r a l  p a r t  of t h e  o v e r a l l  
a c c o u n t a b i l i t y  system. I n  a d d i t i o n ,  t h e  presence of an on-l ine d a t a  
management system w i t h  automatic  communication l i n k s  t o  t h e  v a r i o u s  
system s e n s o r s  is  v i t a l  t o  t h e  e f f e c t i v e  f u n c t i o n i n g  of t h e  system. 
D a t a  f low and p rocess ing  by t h i s  d a t a  management system i s  desc r ibed  
i n  Sec t .  6. 
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Figure 5 . 1  i s  a schematic of t h e  o v e r a l l  p l a n t  showing p r i n c i p a l  
material flows and t h e  l o c a t i o n  of t h e  nondes t ruc t ive  assay devices  i n  
t h e s e  flow paths .  For material a c c o u n t a b i l i t y  purposes t h e  main f a b r i -  
c a t i o n  f a c i l i t i e s  l o c a t e d  i n  t h e  c e l l s  i s  considered a c losed  ba lance  
area, and t h e  sample i n s p e c t i o n  s t a t i o n  i s  a s e p a r a t e  ba l ance  area. 
This s e p a r a t i o n  is i n d i c a t e d  schemat i ca l ly  i n  t h e  f i g u r e .  Note t h a t  
a l l  material flowing i n t o  and out  of t h e  p l a n t  must pass  through one 
of t h e  s e v e r a l  assay devices  f o r  inventory v e r i f i c a t i o n .  

5 .3  SPECIFIC CONCEPTUAL DESIGN SOLUTIONS 

5.3.1 On-line assay machine 

5.3.1.1 Function and o p e r a t i n g  requirements 

The on-line assay machine measures t h e  f i s s i l e  material con ten t  of 
100% of t h e  green f u e l  rods produced by t h e  p i l o t  p l a n t .  This device 
provides real-time v e r i f i c a t i o n  of t h e  2 3 3 U  p lus  235U flow and, w i th  
a p p r o p r i a t e  material management of t h e  f u e l  rods ,  can provide a d i r e c t  
measurement of t h e  f i s s i l e  con ten t  f o r  each f u e l  assembly. The assay 
device must provide t h e  t o t a l  2 3 3 U  p l u s  235U con ten t  of green f u e l  rods 
i n  groups of 1000 t o  10,000 rods.  The p r e c i s i o n  of t h e  assay on 1000 
rods must be b e t t e r  than 0.3% a t  t h e  95% confidence i n t e r v a l .  The 
machine must assay a t  t h e  rate of 10 rods p e r  minute. This throughput 
r e p r e s e n t s  approximately 5 t o  10% of t h e  t o t a l  f u e l  rod ou tpu t  of a 
commercial f a c i l i t y .  The on-1,ine assay machine is  l o c a t e d  between t h e  
f u e l  rod molding machine and t h e  f u e l  rod magazine s t o r a g e  subsystem. 
The f u e l  rods w i l l  have been gamma scanned p r i o r  t o  be ing  assayed,  and 
rods wi th  uranium load ings  d i f f e r i n g  by more than  10% from t h e  mean 
load ing  w i l l  have been r e j e c t e d  from t h e  l i n e  and, hence,  w i l l  not  be 
assayed by t h i s  machine. (The gamma scanner  i s  desc r ibed  i n  Sec t .  
5.3.2.) 

5.3.1.2 Assay technique and r a t i o n a l e  f o r  s e l e c t i o n  

The assay technique s e l e c t e d  f o r  t h e  on-l ine green f u e l  rod assay 
machine employs a c t i v e  thermal-neutron i n t e r r o g a t i o n  with prompt-fission 
neutron counting. This technique has  been developed by LASL f o r  t h e  
a s say  of LWR f u e l  rods.  y 2  

I n  t h e  review of nondes t ruc t ive  assay methods surveyed f o r  t h i s  
a p p l i c a t i o n ,  f i r s t  p r i o r i t y  w a s  given t o  methods being developed o r  i n  
use f o r  HTGR f r e s h  f u e l .  These methods are delayed neutron a c t i v a t i o n  
a n a l y s i s  , t h e  f i s s i o n  m u l t i p l i c i t y  method of t h e  i s o t o p i c  source assay 
system (ISAS) ,4 t h e  random d r i v e r Y 5  t h e  Sb-Be a c t i v e  assay sys t emY6 and 
t h e  two-energy gamma-ray t r ansmiss ion  method. Of t h e s e  methods only 
t h e  delayed neutron and Sb-Be assay systems could b e  app l i ed  t o  t h e  
determinat ion of 233U and 235U i n  green f u e l  rods.  
d r i v e r  w i l l  n o t  func t ion  i n  t h e  high gamma f i e l d  a s s o c i a t e d  wi th  r e c y c l e  

ISAS and t h e  random 
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f u e l .  The two-energy gamma-ray t ransmission method determines only the  
t o t a l  heavy m e t a l  con ten t .  The delayed neutron method desc r ibed  i n  Ref. 
3 used a TRIGA r e a c t o r  as t h e  i n t e r r o g a t i n g  source ,  and, consequent ly ,  
is  a method f o r  a s say ing  samples only.  A delayed neutron method based 
on a 252Cf neutron source is a p o t e n t i a l  method f o r  a high-throughput 
green f u e l  rod a s s a y  machine. The Sb-Be system could a l s o  be app l i ed  
t o  green f u e l  rods ;  however, t o  achieve r equ i r ed  throughput rates, an 
antimony source t h a t  is  10 t o  100 t i m e s  more i n t e n s e  than p r e s e n t  
Sb-Be systems would be necessary.  W e  have e l imina ted  t h e  Sb-Be system 
f o r  t h i s  a p p l i c a t i o n  because of t h e  d i f f i c u l t y  i n  handl ing t h e  100- t o  
1000-Ci antimony sources  on a t r imon th ly  o r  semiannual b a s i s .  

Other techniques considered t h a t  have no t  p rev ious ly  been app l i ed  
t o  green f u e l  rods are neutron-generator-based a c t i v e  a s s a y  techniques 
and thermal neutron i r r a d i a t i o n  methods wi th  prompt o r  delayed neutron 
counting. Techniques using thermal o r  ep i the rma l  i r r a d i a t i o n  and de- 
layed gamma ray  counting are no t  a p p l i c a b l e  t o  HTGR r e c y c l e  f u e l  because 
of t h e  high gamma r a d i a t i o n  levels (see Sec t .  3 .7 .3) .  

Several  c h a r a c t e r i s t i c s  of t h e  f u e l  material and t h e  r e f a b r i c a t i o n  
process  determine t h e  nondes t ruc t ive  a s s a y  method s e l e c t e d .  The f i r s t  
c h a r a c t e r i s t i c  is  t h e  hydrogen content  of t h e  green f u e l  rods.  This  
c h a r a c t e r i s t i c  makes f a s t  i r r a d i a t i o n  techniques d i f f i c u l t  f o r  t h e  
assay of s i n g l e  rods o r  a s i n g l e  column of rods and almost unworkable 
f o r  bulk samples of rods.  The hydrogen moderates t h e  i n t e r r o g a t i n g  
neu t rons ,  and t h e  f a s t  i r r a d i a t i o n  becomes a p a r t i a l l y  thermal i r r a d i a -  
t i o n  technique.  Second, t h e  f i s s i l e  content  p e r  u n i t  volume is  rela- 
t i v e l y  l o w  i n  HTGR rods.  A s i n g l e  Fort  S t .  Vrain f u e l  rod (2 i n .  x 0.5 
i n .  i n  diameter)  c o n t a i n s  from 0.1 t o  0.3 g of f i s s i l e  material. This  
f i s s i l e  concen t r a t ion  i s  a f a c t o r  of 5 below average f i s s i l e  concentra- 
t i o n  i n  LWR f u e l .  Third,  t he  process  produces rods  a t  high rates, and 
u n l e s s  a sampling method is  used, t h e  a s say  machine must o p e r a t e  a t  a 
comparable throughput.  The throughput ra te  of an a s s a y  machine i s  de- 
termined by t h e  p r e c i s i o n  r equ i r ed ,  t h e  source s t r e n g t h ,  t h e  d e t e c t o r  
e f f i c i e n c y ,  t h e  f i s s i o n  p r o b a b i l i t y  p e r  source neu t ron ,  and the  number 
of r o d s  assayed s imultaneously.  Fourth,  t h e  a s s a y  machine must be 
operated and maintained remotely.  T h i s  las t  cond i t ion  impl i e s  high 
r e l i a b i l i t y ,  and neutron gene ra to r  techniques have no t  been considered 
i n  d e t a i l  f o r  t h i s  reason.  There are s t i l l  cons ide rab le  ques t ions  i n  
t h e  i n d u s t r y  about  t he  r e l i a b i l i t y  of neutron g e n e r a t o r s ,  s ea l ed  tube 
o r  otherwise.  For reasons of c o s t  and complexity,  photofission-based 
techniques have no t  been s t u d i e d .  

With t h e s e  c h a r a c t e r i s t i c s  as t h e  b a s i s ,  the 252Cf thermal neutron 
i r r a d i a t i o n ,  prompt neutron count ing method w a s  s e l e c t e d  as t h e  method 
with t h e  h i g h e s t  p r o b a b i l i t y  of meeting t h e  performance requirements .  
LASL experience wi th  t h i s  technique w a s  an a d d i t i o n a l  reason f o r  i t s  
s e l e c t i o n .  
t i o n  w a s  a l s o  i n v e s t i g a t e d ,  but  t h e  a n a l y s i s  i n d i c a t e d  lower o v e r a l l  
e f f i c i e n c y  f o r  t h i s  method compared t o  t h e  prompt f i s s i o n  neutron detec- 
t i o n  system. 

Delayed neutron counting a f t e r  thermal  o r  epi thermal  i r r a d i a -  



The thermal i r r a d i a t i o n  system has  a h igh  f i s s i o n  p r o b a b i l i t y  p e r  

The thermal  
sou rce  neutron,  r easonab le  gamma d i s c r i m i n a t i o n ,  and t h e  a b i l i t y  t o  
a s say  a number of rods  o r  columns of rods  s imultaneously.  
i r r a d i a t i o n  method h a s  one p o t e n t i a l  disadvantage f o r  HTGR f u e l .  The 
p a r t i c u l a t e  n a t u r e  of t h e  f u e l  r e s u l t s  i n  a double s e l f - s h i e l d i n g  e f f e c t  
w i t h i n  t h e  material. 
and p a r t i c l e - t o - p a r t i c l e  s e l f - s h i e l d i n g  i s  a l s o  p o s s i b l e .  
s e l f - s h i e l d i n g  i s  thought t o  b e  t h e  more s e r i o u s  problem because t h e  ex- 
t e n t  of t h e  s e l f - s h i e l d i n g  i s  a f u n c t i o n  of t h e  k e r n e l  diameter  and d e n s i t y .  
These two v a r i a b l e s ,  k e r n e l  diameter  and d e n s i t y ,  may a f f e c t  t h e  a s say  re- 
s u l t s  independent of t h e  f i s s i l e  con ten t .  The e x t e n t  of t h i s  problem f o r  
t h e  r e c y c l e  f u e l  is  n o t  p r e c i s e l y  known a t  t h i s  t i m e ,  and c o n s u l t a t i o n s  
wi th  LASL are under way t o  determine t h e  e f f e c t s  of t h e s e  v a r i a b l e s  on 
a s say  p r e c i s i o n .  The approximate magnitude of t h e  p a r t i c l e  s e l f - s h i e l d i n g  
e f f e c t  is  i n  t h e  range of 5 t o  15%.839 The r e f e r e n c e  f i s s i l e  p a r t i c l e  
e x h i b i t s  an  approximate 5% s e l f - s h i e l d i n g  e f f e c t ,  as d i scussed  i n  S e c t .  
4 . 4 .  

I n d i v i d u a l  f u e l  k e r n e l s  e x h i b i t  some s e l f - s h i e l d i n g ,  
The f u e l  k e r n e l  

A series of c a l c u l a t i o n s  have been completed t o  s i z e  t h e  moderator 
assembly f o r  t h e  252Cf i r r a d i a t o r .  
232Th count rates and count r a t e  r a t i o s  as a f u n c t i o n  of p o s i t i o n  f o r  
a D 2 0  tank 60 c m  i n  diameter .  
po lye thy lene  j u s t  o u t s i d e  t h e  D 2 0  r eg ion .  

F igu re  5 . 2  p r e s e n t s  t h e  2331J and 

The f u e l  rod would b e  l o c a t e d  i n  t h e  

5..3.1.3 System d e s c r i p t i o n  and performance c h a r a c t e r i s t i c s  

The concep tua l  des ign  of t h e  on-l ine f u e l  rod a s say  machine i s  
desc r ibed  i n  t h i s  s e c t i o n .  The dev ice  can b e  ope ra t ed  i n  two modes. 
The f i rs t  mode enab le s  a s s a y  of i n d i v i d u a l  f u e l  rods  a t  t h e  rate of 
10 rods p e r  minute,  and t h e  second method a s says  f o r  f i s s i l e  uranium 
i n  a l a r g e  number of rods (> loo )  wi thou t  providing information on i n d i -  
v i d u a l  rods .  Both techniques u t i l i z e  a c i r c u l a r  f u e l  rod c a r r i a g e  t o  
move green rods  through a thermal neu t ron  i n t e r r o g a t i o n ,  prompt-f iss ion 
neutron d e t e c t i o n  a s say  system. An e a r l y  design of t h i s  system i s  
i l l u s t r a t e d  i n  Fig.  5 . 3 .  

The HTGR f u e l  rod a s say  system i s  p a t t e r n e d  af ter  t h e  LASL LWR f u e l  
The neu t ron  source  i s  1 mg of 252Cf; neutron moderation rod  scanner.'^^ 

is  provided by t h e  D20-f i l led t ank  t h a t  surrounds the  sou rce .  The 
tungs t en  sleeve around t h e  ca l i fo rn ium reduces t h e  gamma-ray background 
a t  t h e  d e t e c t o r  p o s i t i o n  and enhances neutron moderation through i n e l a s t i c  
s c a t t e r i n g  i n  t h e  tungsten.  The neutron d e t e c t o r s  shown i n  F ig .  5.3 are 
ZnS-lucite s c i n t i l l a t o r s .  These w e r e  i n i t i a l l y  s e l e c t e d  because of t h e i r  
neutron e f f i c i e n c y ,  compared t o  t h e  4 H e  d e t e c t o r s  used i n  t h e  U S L  dev ice .  
The gamma-ray d i s c r i m i n a t i o n  a b i l i t y  of t h e  ZnS compared t o  4 H e  and t h e  
b e t t e r  geometr ic  coupl ing p o s s i b l e  wi th  4 H e  may make 4 H e  d e t e c t o r s  more 
s u i t a b l e  f o r  t h i s  a p p l i c a t i o n .  

Two s i g n i f i c a n t  d i f f e r e n c e s  between t h e  LASL design and t h e  ORNL 
deisign are t h e  inc reased  s i z e  of t h e  D 2 0  r eg ion  and t h e  unique rod-handling 
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mechanism. The th i ckness  of t h e  D20 r eg ion  between t h e  sou rce  and sample 
w a s  i nc reased  from 20 t o  25 cm t o  i n c r e a s e  t h e  signal-to-background r a t i o .  
This s i z e  i n c r e a s e  w a s  necessary because the  HTGR rods have lower f i s s i l e  
loadings p e r  u n i t  l e n g t h  than  LWR rods.  

The rod-handling system w a s  designed p r i m a r i l y  t o  l i m i t  t he  space 
requirements of t h e  a s say  machine. Rather t han  moving i n d i v i d u a l  rods 
o r  columns of rods through t h e  i r r a d i a t i o n  p o s i t i o n ,  as w a s  done i n  t h e  
LWR as says ,  t h e  rods are loaded i n d i v i d u a l l y  on a c i r c u l a r  c a r r i a g e  t h a t  
revolves  i n  a s t epwise  manner around t h e  circumference of t h e  D20 t ank .  
The la tes t  design has  t e n  f u e l  rod p o s i t i o n s  equa l ly  spaced around t h e  
c a r r i a g e .  Eight  of t h e s e  p o s i t i o n s  have d e t e c t o r s ;  one p o s i t i o n  i s  t h e  
loading p o s i t i o n  and one p o s i t i o n  i s  t h e  unloading p o s i t i o n .  A rod i s  
loaded and ano the r  unloaded from the  c a r r i a g e  w h i l e  assay counts  are 
taken on t h e  o t h e r  e i g h t  rods i n  t h e  c a r r i a g e .  A f t e r  t h e  count ,  t h e  
c a r r i a g e  i s  indexed t o  t h e  nex t  p o s i t i o n  and t h e  procedure i s  r epea ted .  
The cyc le  t i m e  i s  6 sec; thus  each rod i s  counted one t i m e  by each of 
t h e  d e t e c t o r s  as t h e  rod t r a v e l s  i n  t h e  c a r r i a g e .  Each rod i s ,  the re -  
f o r e ,  counted f o r  a t o t a l  of about 30 sec .  By keeping a r eco rd  of t h e  
i n d i v i d u a l  d e t e c t o r  counts ,  a t o t a l  count can b e  a s s igned  t o  each f u e l  
rod. Ca lcu la t ions  based on t h e  count ra te  information i n  Fig.  5 . 2 ,  and 
a f u e l  rod con ta in ing  0.25 g of 233U, i n d i c a t e  t h a t  a 30-sec count would 
y i e l d  a n e t  count of 60,000 counts / rod.  This technique has  s e v e r a l  advan- 
t ages .  F i r s t ,  each rod passes  through t h e  same i r r a d i a t i o n  p o s i t i o n s  and 
p a s t  t h e  same d e t e c t o r s ;  t h e r e f o r e ,  t h e r e  can b e  no channel-to-channel 
v a r i a t i o n s  as i n  t h e  case where s ix  channels are operated independent ly .  
Second, c a l i b r a t i o n  of t h e  dev ice  r e q u i r e s  fewer s t anda rds  because t h e  
rods are moved i n d i v i d u a l l y  through t h e  machine. Third,  t h e  load ing  
and unloading ope ra t ions  occur s imultaneously wi th  t h e  assay and do 
n o t  r e q u i r e  any a d d i t i o n a l  space a t  t h e  ends of t h e  dev ice  f o r  rod 
f e e d e r s  o r  t r a y s .  Fourth,  t h e  a s say  machine provides rod-to-rod m e a -  
surements of f i s s i l e  con ten t .  The prime disadvantage of t h i s  method 
compared t o  t h e  LASL des ign  i s  t h a t  t h e  neutron d e t e c t o r ,  which must 
b e  longer  than  t h e  sample t o  reduce any spa t i a l  s e n s i t i v i t y ,  is  used 
i n e f f i c i e n t l y  and consequently l e a d s  t o  a lower signal-to-background 
rat io .  

The above d e s c r i p t i o n  of t h e  rod a s say  machine has  concentrated on 
t h e  f irst  mode of o p e r a t i o n  i n  which i n d i v i d u a l  rods are assayed. By 
i n c r e a s i n g  t h e  number of c a r r i a g e  p o s i t i o n s  and d e t e c t o r s ,  f o r  example, 
t o  22 c a r r i a g e  p o s i t i o n s  and 20 d e t e c t o r s ,  t h e  throughput rate of t h e  
machine may b e  inc reased .  I n  t h i s  mode, however, t h e  proximity of samples 
and d e t e c t o r s  w i l l  cause s u b s t a n t i a l  c r o s s  t a l k . 2  Thus, t h e  d e t e c t o r s  are 
not  operated independently i n  t h i s  mode and t h e  count d a t a  from a l l  detec-  
t o r s  is  accumulated t o  y i e l d  a t o t a l  count f o r  t h e  t o t a l  l o t  of f u e l  rods 
assayed. Because bo th  modes of o p e r a t i o n  use  t h e  same i r r a d i a t o r  and 
similar rod hand l ing  mechanisms, a demonstrat ion of t h e  f i r s t  mode of 
ope ra t ion  i n  t h e  p i l o t  p l a n t  would al low t h i s  a s say  concept t o  b e  s c a l e d  
up i n  a commercial p l a n t  by using t h e  second mode w i t h  i ts  h ighe r  through- 
pu t  rate. 
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!5.3.1.4 Development program 

The development program c o n s i s t s  of t h r e e  major s t e p s :  (1) des ign ,  
c o n s t r u c t i o n ,  and t e s t i n g  wi th  235U samples of a l a b o r a t o r y  model of t h e  
2!52Cf i r r a d i a t o r ;  (2) des ign ,  c o n s t r u c t i o n ,  and t e s t i n g  of an opt imized,  
p r o t o t y p i c  252Cf i r r a d i a t o r  w i t h  rod handl ing equipment; and (3) evalua- 
t:ion of t h e  p r o t o t y p i c a l  machine w i t h  233U-235U loaded rods under simu- 
l a t e d  o p e r a t i n g  cond i t ions .  The f i r s t  s t e p  of t h i s  development i s  i n  
p rogres s .  

5.3.2 On-line gamma-scan machine 

5.3.2.1 Function and o p e r a t i n g  requirements 

The on-line gamma-scan machine performs a t o t a l  o r  segmented gamma 
count on each of t h e  green f u e l  rods produced i n  t h e  E " P  t o  u t i l i z e  t h e  
gamma a c t i v i t y  of t h e  f u e l  rods as a measure of t h e i r  r e l a t i v e  uranium 
load ings  and t h e  a x i a l  homogeneity of uranium load ings .  This dev ice  i s  
p r i m a r i l y  intended as a q u a l i t y  c o n t r o l  dev ice ,  b u t  i t  s imultaneously 
provides  in fo rma t ion  f o r  a c c o u n t a b i l i t y  and v e r i f i c a t i o n  of s p e c i a l  
n u c l e a r  material f l o w .  The gamma-scan machine must have a throughput 
r . a te  of a t  least 10 s t i c k s / m i n  and have uncomplicated c o n s t r u c t i o n  and 
r e l a t i v e l y  low c o s t  s o  t h a t  m u l t i p l e  u n i t s  could b e  u t i l i z e d  i n  a commer- 
c i a l  f a c i l i t y .  

The p r e c i s i o n  and accuracy requirements f o r  t h e  gamma scanne r  depend 
upon t h e  f u e l  s p e c i f i c a t i o n s  and t h e  e x t e n t  t o  which t h e  gamma a c t i v i t y  
i s  used f o r  s a fegua rds  purposes. The a c t u a l  design l i m i t s  f o r  accuracy 
remain t o  b e  determined. 

5. ,3.2.2 Assay technique and rationale f o r  selection 

The on-l ine gamma-scan machine can provide a t es t  bed f o r  a r a t h e r  
s imple p a s s i v e  technique t h a t  can provide v e r i f i c a t i o n  of f i s s i l e  material  
flows a t  s e v e r a l  process  s t e p s  i n  a commercial r e f a b r i c a t i o n  f a c i l i t y .  
The method h inges  on being a b l e  t o  re la te  t h e  gamma a c t i v i t y  of t h e  green 
f u e l  rod t o  t h e  f i s s i l e  con ten t  of t h e  rod. 

The gamma a c t i v i t y  can be r e l a t e d  t o  t h e  f i s s i l e  con ten t  by ana lyz ing  
samples of a rod ba tch  f o r  f i s s i l e  uranium con ten t  a f t e r  t h e s e  rods have 
been gamma scanned. 
f o r  t h e  rod samples can then  b e  a p p l i e d  t o  t h e  e n t i r e  b a t c h  of rods .  

The r a t i o  of t h e  gamma a c t i v i t y  t o  uranium con ten t  

This method is a f f e c t e d  by s e v e r a l  f a c t o r s  t h a t  determine t h e  gamma 
a c t i v i t y  of t h e  rods .  

The g a m a  a c t i v i t y  of t h e  f u e l  rods is  a f u n c t i o n  of (1)  2 3 2 U  and 
232Th con ten t  of t h e  f u e l  rod ,  (2) t h e  span of t i m e  s i n c e  t h e  p u r i f i c a t i o n  
of t h e  232U and thorium, (3) t h e  degree of p u r i f i c a t i o n ,  ( 4 )  t h e  p rocess  
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h i s t o r y  t h a t  may a f f e c t  daughter  nuc l ide  concen t r a t ions ,  and (5) t h e  
r e s i d u a l  f i s s ion-product  a c t i v i t y .  For r h e  232U levels expected i n  
recyc led  f u e l ,  t h e  c o n t r i b u t i o n  t o  t h e  gamma a c t i v i t y  from thorium 
is  n e g l i g i b l e  compared w i t h  t h e  gamma a c t i v i t y  a s s o c i a t e d  wi th  232U 
and i t s  daughters .  The level  of r e s i d u a l  f i s s ion-product  a c t i v i t y  
w i l l  a l s o  be  s m a l l  compared w i t h  t h e  232U-related a c t i v i t y .  
primary v a r i a b l e s  a f f e c t i n g  t h e  gamma a c t i v i t y  are t h e  232U con ten t ,  
t h e  t i m e  s i n c e  s e p a r a t i o n  of t h e  uranium from i t s  daughters ,  and t h e  
degree of s e p a r a t i o n  achieved.  A s  demonstrated i n  S e c t .  2 . 4 ,  t h e  de- 
g ree  of daughter-nucl ide s e p a r a t i o n  i s  important  on ly  f o r  ag ing  t i m e s  
of less than  t e n  days.  

The 

It is  important  t o  n o t e  t h a t  t h e  gamma a c t i v i t y  i s  n o t  dependent 
( i n  a s i g n i f i c a n t  way) on t h e  233U o r  235U content  of t h e  f u e l  rod .  
To u t i l i z e  t h e  gamma a c t i v i t y  as a s i g n a t u r e  f o r  f i s s i l e  uranium, a 
method of r e l a t i n g  t h e  gamma a c t i v i t y  and f i s s i l e  conten t  i s  requi red .  
The v a r i a t i o n  i n  age,  t h e  u n c e r t a i n t y  i n  t h e  exac t  age of a g iven  ba tch  
of  uranium, and t h e  dependency of t h e  gamma a c t i v i t y  on process  v a r i a b l e s  
i n d i c a t e  t h a t  a p r e c i s e  gene ra l  r e l a t i o n s h i p  between gamma a c t i v i t y  and 
233U-235U con ten t  is n o t  p o s s i b l e .  
mode of t h e  FRPP and t h e  commercial p l a n t  may s t i l l  enable  t h e  gamma 
a c t i v i t y  t o  b e  used as an  i n d i c a t i o n  of  f i s s i l e  con ten t .  The uranium 
movement through t h e  process  w i l l  be  on a b a t c h  b a s i s .  By measuring 
t h e  r a t i o  of gamma a c t i v i t y  t o  t h e  f i s s i l e  uranium content  o f  samples 
of f u e l  rods  from a b a t c h  and by knowing t h e  approximate age of t h e  
uranium, t h e  gamma a c t i v i t y  can become a s i g n a t u r e  of  t h e  f i s s i l e  con- 
t e n t  f o r  t h a t  ba tch  of  material .  The gamma a c t i v i t y ,  c o r r e c t e d  f o r  
age-dependent changes,  can t h e n  be  used a t  la ter  process  s t e p s  t o  
v e r i f y  t h a t  t h e  c o r r e c t  f u e l  rods  are loaded i n t o  a n  element and/or  
t o  v e r i f y  t h a t  an element con ta ins  i t s  book v a l u e  of  uranium. The 
above concept has  no t  been t e s t e d ;  however, t h e  success  of  t h i s  tech-  
n ique  could l e a d  t o  a s t r a i g h t f o r w a r d  nondestruct ive-assay method of 
v e r i f y i n g  f iss i le  material flow i n  a commercial r e f a b r i c a t i o n  f a c i l i t y .  

Despi te  t h i s ,  t h i s  ba t ch  ope ra t ing  

5 .3 .2 .3  System d e s c r i p t i o n  and performance characteristics 

The on- l ine  gamma-scan system i s  conceived as a p a i r  of  s h i e l d e d  
N a I  d e t e c t o r s  w i t h  c o l l i m a t o r s  designed t o  v i e w  t h e  e n t i r e  rod o r  pos- 
s i b l y  segments of  t h e  rod. Each f u e l  rod w i l l  be  counted i n d i v i d u a l l y ,  
w i t h  t h e  rod h e l d  i n  a f i x e d  p o s i t i o n  dur ing  t h e  count .  Two methods of 
ana lyz ing  t h e  d e t e c t o r  s i g n a l s  are be ing  cons idered .  The f i r s t  technique 
is  a s t anda rd  pulse-shaping and pulse-ana lys i s  system. This  technique 
permi ts  energy d i s c r i m i n a t i o n  which can be  used t o  reduce se l f - abso rp t ion  
e f f e c t s .  S t a b i l i z a t i o n  of  t h e  e l e c t r o n i c  c i r c u i t r y  can a l s o  be  accom- 
p l i s h e d  w i t h  t h i s  technique .  The second method w i l l  employ a c u r r e n t  
i n t e g r a t o r  t o  d i g i t i z e  t h e  anode s i g n a l  from t h e  photo-mul t ip l ie r  tube.  
This  method h a s  advantages f o r  h igh  count ing rates, b u t  no gamma-energy 
d i s c r i m i n a t i o n  is poss ib l e .  Se l ec t ed  absorbers  between t h e  sample and 
t h e  d e t e c t o r  may enable  l i m i t e d  energy d i sc r imina t ion .  
i n t e r e s t i n g  des ign  problems f o r  t h i s  device  is  that i t  w i l l  be  opera ted  

One of t h e  
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i n  a h o t  c e l l  environment i n  a f l u c t u a t i n g  r a d i a t i o n  background of 1 t o  
20 R/hr. The s h i e l d i n g  r e q u i r e d  t o  i s o l a t e  t h e  d e t e c t o r s  from t h i s  
r a d i a t i o n  environment w i l l  b e  p a r t  of t h e  machine design.  

5.3.2.4 Development program 

The development program c e n t e r s  about  t h e  c o n s t r u c t i o n  of a proto-  
t y p i c  gamma scanner  t h a t  w i l l  b e  t e s t e d  i n  t h e  TURF f a c i l i t y .  Early 
t e s t i n g  w i l l  b e  w i t h  thorium-loaded rods  t o  s i m u l a t e  t h e  gamma spectrum 
from 232U and i t s  daughters .  The primary development f u n c t i o n s  w i l l  b e  
t o  select  and test  t h e  optimum method of s i g n a l  a n a l y s i s  from t h e  N a I  
d e t e c t o r .  

5.3.3 High-uranium-content w a s t e  a s say  system 

5 . 3 . 3 . 1  Funct ion and o p e r a t i n g  requirements  

S u b s t a n t i a l  q u a n t i t i e s  of high-uranium-content r a d i o a c t i v e  w a s t e  
material w i l l  b e  generated du r ing  t h e  o p e r a t i o n  of t h e  HTGR f u e l  r e f a b r i -  
c a t i o n  p i l o t  p l a n t .  A d e s c r i p t i o n  of t h e  w a s t e  material, a long w i t h  
a n t i c i p a t e d  product ion rates, w a s  given i n  S e c t .  2 .2  and 4.7.  According 
t o  p l a n s  se t  down by t h e  Na t iona l  HTGR Fuel  Recycle Development Program,lO 
s i g n i f i c a n t  q u a n t i t i e s  of w a s t e  are t o  b e  r ecyc led  f o r  r ec l ama t ion  of 
u sab le  q u a n t i t i e s  of f i s s i l e  material. The c u r r e n t  des ign  f o r  t h e  re- 
f a b r i c a t i o n  f a c i l i t y  does n o t  i n c l u d e  equipment t o  e f f e c t  r e c y c l e  of 
w a s t e  material. However, i t  i s  proposed1' t h a t  t h e  r e c y c l e  w a s t e  b e  
placed i n  s m a l l  waste cans (3 i n .  i n  diameter ,  9 i n .  h igh )  and shipped 
t o  t h e  head-end r ep rocess ing  p l a n t  i n  Idaho. Before shipment,  t h e  w a s t e  
cans w i l l  b e  assayed f o r  233U con ten t .  

The problem of a s say ing  a number of h i g h - f i s s i l e - c o n t e n t  w a s t e  cans 
i.s n o t  n e c e s s a r i l y  p e c u l i a r  t o  t h e  p i l o t  p l a n t .  I n  an  i n t e g r a t e d  HTGR 
r ep rocess ing  and r e f a b r i c a t i o n  f a c i l i t y ,  t h e  b u l k  of t h e  reject material 
(off-spec p a r t i c l e  b a t c h e s ,  e tc . )  would b e  amenable t o  sampling and would 
probably b e  r ecyc led  d i r e c t l y  t o  t h e  head end w i t h i n  t h e  f a c i l i t y  w i thou t  
canning. However, some nonsamplable and nonrout ine high-concentrat ion 
wastes w i l l  b e  generated.  To maintain t h e  material ba l ance  f o r  such a 
f a c i l i t y  and f o r  t h e  p i l o t  p l a n t  o p e r a t i o n ,  a high-uranium-content w a s t e  
a s say  is  r e q u i r e d .  

The q u a n t i t i e s  of w a s t e  t h a t  are be ing  considered r e p r e s e n t  a rela- 
t i v e l y  l a r g e  p o r t i o n  of t h e  p l a n t  throughput.  It has  been e s t ima ted  t h a t  
t h e  high-uranium-content waste a s say  system w i l l  b e  handl ing up t o  40% 
of a l l  material t h a t  pas ses  through t h e  p l a n t .  This h igh  percentage re- 
q u i r e s  t h a t  t h e  a s s a y  system must have an  accuracy of about 21.0% f o r  t h e  
t o t a l  a c c o u n t a b i l i t y  system t o  m e e t  t h e  f e d e r a l  r e g u l a t i o n s  on l i m i t s  of 
e r r o r  f o r  material  unaccounted f o r  (LEMUF) . I 2  
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5.3.3.2 Assay technique and r a t i o n a l e  f o r  s e l e c t i o n  

Two concepts are being considered f o r  t h e  a s s a y  of high-uranium- 
content  w a s t e .  
"shuf f ler .  The technique employs a f as t -neutron i r r a d i a t i o n  of a 
sample followed by removal of t h e  neutron source and d e t e c t i o n  of de- 
layed neutrons emanating from t h e  sample. A number of i r r a d i a t i o n s  
of t h e  sample are r equ i r ed  t o  o b t a i n  good count ing s ta t i s t ics .  

One is a dev ice  developed by LASL c a l l e d  a 252Cf 

The o t h e r  technique being considered employs a high-precis ion 
ca lo r ime te r  t o  measure t h e  h e a t  gene ra t ion  of t h e  sample followed by 
a gamma-ray scan of t h e  sample. The h e a t  gene ra t ion  i n  t h e  sample 
depends no t  only on t h e  233U content  b u t  a l s o  on t h e  presence of 232U 
and i ts  a s s o c i a t e d  daughter products .  The gamma-ray scan determines 
the  re la t ive q u a n t i t i e s  of 232U daughter products  t h a t  are p resen t .  
Information from t h e  gamma scan and a n  earlier c a l o r i m e t r i c  measure- 
ment on f r e s h ,  zero-age f e e d  material  ( t o  determine 232U con ten t )  w i l l  
b e  used t o  determine t h e  233U h e a t . g e n e r a t i o n  i n  t h e  sample. The 233U 
content  of t h e  can w i l l  b e  d i r e c t l y  i n f e r r e d  from i t s  h e a t  gene ra t ion .  

A d e c i s i o n  on which technique t o  use awaits f u r t h e r  e v a l u a t i o n  of 
t h e  two concepts.  

5.3.3.3 System d e s c r i p t i o n  and performance c h a r a c t e r i s t i c s  

A diagram of t h e  252Cf s h u f f l e r  dev ice  is  given i n  Fig.  5.4.13 
The 252Cf source  is  r e p e t i t i v e l y  moved from an i n t e r r o g a t i o n  p o s i t i o n  
near t h e  sample t o  a s h i e l d e d  p o s i t i o n .  When t h e  sou rce  i s  i n  t h e  
s h i e l d e d  p o s i t i o n  3He d e t e c t o r s  count induced delayed neutrons.  
source is  moved by a motor-driven c a b l e  t h a t  r e q u i r e s  about 0.6 sec 
t o  move t h e  sou rce  over t h e  1.32-m t r a n s f e r  d i s t a n c e .  The f i s s i l e  
material con ten t  of a sample is determined by comparison of t h e  number 
of delayed neutron counts  from t h e  sample wi th  the  number of counts 
from an i d e n t i c a l  i r r a d i a t i o n  of a known s t anda rd .  

The 

Prel iminary measurements on 235U i n d i c a t e d  t h a t  a s e n s i t i v i t y  of 
a f e w  mil l igrams is  p o s s i b l e  using thermal-neutron i n t e r r o g a t i o n .  The 
p resen t  a p p l i c a t i o n  of t h e  dev ice  w i l l  r e q u i r e  a f a s t -neu t ron  i r r a d i a -  
t i o n  t o  overcome s e l f - s h i e l d i n g  e f f e c t s  t h a t  would occur during a thermal 
i r r a d i a t i o n  of t h e  3-in.-diam w a s t e  cans. I n  t h i s  f a s t -neu t ron  i n t e r r o -  
g a t i o n  mode, count rates of 10 cps/g have been ob ta ined  wi th  235U.14 
The lower delayed-neutron y i e l d  of 233U and t h e  requirement f o r  addi- 
t i o n a l  gamma-ray s h i e l d i n g  w i l l  reduce t h e  count rates f o r  233U from 
3 t o  5 cps/g.  Since i t  is  a n t i c i p a t e d  t h a t  t h e  reject  material waste 
cans w i l l  c o n t a i n  from 100 t o  1000 g of 233U, t h e s e  count rates are 
s u f f i c i e n t  t o  achieve r easonab le  s ta t i s t ics  i n  t h e  absence of any s i g -  
n i f i c a n t  background. (Two o r  t h r e e  of t h e s e  cans would b e  produced pe r  
day i n  t h e  p i l o t  p l a n t . )  However, (a ,n)  r e a c t i o n s  i n  t h e  waste material 
w i l l  produce a s i g n i f i c a n t  neutron background of as much as f i v e  t i m e s  
t h e  induced s i g n a l  ( s e e  Sect. 2.7).  This background may b e  s u f f i c i e n t  
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t o  r e q u i r e  count ing t i m e s  beyond p r a c t i c a l  l i m i t s .  Add i t iona l  development 
work t o  determine t h e  magnitude of t h e  (a ,n)  sources  i n  t y p i c a l  high- 
concen t r a t ion  waste materials w i l l  be  needed b e f o r e  t h i s  technique  can 
b e  f u l l y  eva lua ted .  

An a l t e r n a t i v e  technique  t o  t h e  252Cf  shuf f l e r  i n t e r r o g a t i o n  device  
i s  t h e  u t i l i z a t i o n  of  a ca lo r ime te r  coupled w i t h  a gamma-activity de t e r -  
minat ion t o  c o r r e c t  f o r  t h e  h e a t  product ion  of n o n f i s s i l e  i s o t o p e s .  The 
use  of ca lo r ime te r s  f o r  heavy-metal a c c o u n t a b i l i t y  purposes i s  w e l l  e s tab-  
l i shed ,15 ,16  and t h e  h e a t  gene ra t ion  rates of 2 3 3 U  make i t  amenable t o  
measurement by t h i s  method ( s e e  Sect .  3 .6) .  Twin-bridge ca lo r ime te r s  
of t h e  s i z e  r equ i r ed  t o  assay  a 3-in.-diam by 9-in.-long w a s t e  can have 
been cons t ruc ted  and are opera ted  r o u t i n e l y  a t  t h e  Mound Laboratory.  
Devices of  t h i s  s i z e  are  capable  of  s e n s i t i v i t i e s  of  approximately 
100 pW, which corresponds t o  approximately one- t h i r d  gram of 3U. 
S ince  t h e  high-uranium-concentration waste cans are  expected t o  con ta in  
from 100 t o  1000 g of  f i s s i l e  material ,  such s e n s i t i v i t i e s  would b e  
adequate  t o  m e e t  t h e  a c c o u n t a b i l i t y  requirements ,  provided t h e  o t h e r  
h e a t  sources  i n  t h e  material can b e  q u a n t i f i e d  w i t h  s u f f i c i e n t  accuracy.  
The presence o f  s u b s t a n t i a l  q u a n t i t i e s  of 2 3 5 U  i n  t h e  r e f a b r i c a t e d  f u e l  
i n t roduces  complicat ions i n  t h e  method, s i n c e  t h a t  i s o t o p e  gene ra t e s  
r e l a t i v e l y  low q u a n t i t i e s  of h e a t  and would n o t  b e  v i s i b l e  t o  a pas s ive  
ca lo r ime te r .  

The gamma-scan device  i s  s t i l l  i n  t h e  e a r l y  s t a g e s  of  des ign .  
Curren t ly ,  i t  i s  proposed t h a t  t h e  device  w i l l  c o n s i s t  of one o r  more 
Ge(Li) d e t e c t o r s  t o  count gammas be ing  emi t ted  by 2 3 2 U  daughter  products .  
The device  w i l l  b e  used t o  determine concen t r a t ions  of  2 3 2 U  daughter  
products  re la t ive  t o  t h e  concen t r a t ion  of  232U t h a t  i s  p resen t .  

S ince  t h e  waste material w i l l  b e  contained i n  3-in.-diam cans ,  
s e l f - s h i e l d i n g  f a c t o r s  w i l l  i n f l u e n c e  t h e  observed g a m  f l u x  o u t s i d e  
t h e  can. These must b e  s t u d i e d  and t h e i r  e f f e c t s  must b e  considered 
i n  t h e  des ign  of t h e  system. The degree of  s e l f - s h i e l d i n g  w i l l  b e  de- 
pendent on t h e  amount of bu lk  material  i n  t h e  can, i t s  abso rp t ion  
p r o p e r t i e s ,  and i t s  d i s t r i b u t i o n  i n  t h e  can. I n  l i g h t  of t h e s e  s e l f -  
s h i e l d i n g  f a c t o r s ,  c o r r e c t i o n s  must b e  app l i ed  t o  t h e  observed f l u x  
o u t s i d e  the can i n  o r d e r  t o  make a c c u r a t e  de te rmina t ions  of daughter- 
product  concen t r a t ions  i n  t h e  can. The success  o f  t h e  method h inges  
on t h e  a b i l i t y  t o  gene ra t e  t h e s e  gamma a t t e n u a t i o n  c o r r e c t i o n  f a c t o r s  
t o  s u f f i c i e n t  accuracy.  

5 . 3 . 3 . 4  Development program 

Much development remains t o  b e  accomplished on t h e  high-uranium- 
conten t  waste assay  system. Ca lcu la t ions  are be ing  performed t o  de t e r -  
mine t h e  optimum performance of t h e  combination calorimeter-gamma-scan 
device.  Upon completion of these c a l c u l a t i o n s ,  an  e v a l u a t i o n  of t h e  
p r e c i s i o n  of  t h e  " shuf f l e r "  a g a i n s t  t h e  p r e c i s i o n  o f  calorimeter-gamma- 
scan  dev ice  w i l l  b e  made, and one w i l l  b e  s e l e c t e d  as b e s t .  Experimental  
mockups of t h i s  system w i l l  b e  b u i l t  t o  p e r f e c t  and test t h e  technique  
i n  an ope ra t ing  environment. 
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5.3.4 Low-level w a s t e  assay system 

5.3.4.1 Function and o p e r a t i n g  requirements 

I n  a d d i t i o n  t o  t h e  high-uranium-content waste d i scussed  i n  S e c t .  
51.3.3, o t h e r  contaminated material w i l l  b e  generated i n  t h e  r e f a b r i c a t i o n  
f a c i l i t y .  The e s t ima ted  q u a n t i t i e s  of t h e s e  types  of material which w i l l  
be  generated d a i l y  during p l a n t  o p e r a t i o n  have been p resen ted  i n  Table 
4..9. This  material w i l l  be placed i n  30-gal drums and assayed f o r  233U 
con ten t .  The d e s c r i p t i o n  of  t h e  w a s t e  m a t e r i a l  i n d i c a t e s  t h a t  t h e  low- 
l e v e l  w a s t e  assay system w i l l  b e  measuring s m a l l  q u a n t i t i e s  of uranium 
sp read  ove r  a r e l a t i v e l y  l a r g e  volume. Since t h i s  system w i l l  be  
hand l ing  much s m a l l e r  q u a n t i t i e s  of uranium than  o t h e r  systems, i t  
w i l l  not  b e  necessary f o r  t h i s  a s say  t o  be as h i g h l y  a c c u r a t e  as o t h e r s  
f o r  t h e  t o t a l  s a fegua rds  system t o  m e e t  t h e  requirements of t h e  l i m i t  
olf e r r o r  f o r  material unaccounted f o r  ( L W F ) .  

51.3.4.2 Assay technique and r a t i o n a l e  f o r  s e l e c t i o n  

The assay t echn ique  s e l e c t e d  is  one t h a t  i s  c u r r e n t l y  i n  use  a t  ORNL. 
The technique is  t o  determine 2 3 3 U  con ten t  by comparison of t h e  a c t i v i t y  
of t h e  2.61-MeV gamma ray between a s t anda rd  of known 2 3 3 U  con ten t  and 
t h e  w a s t e  drum. A s t anda rd  which i s  r e p r e s e n t a t i v e  of t h e  material i n  
t h e  can must be used f o r  t h i s  procedure.  I n  o r d e r  f o r  t h e  technique t o  
be a c c u r a t e ,  t h e  s t anda rd  should be made from t h e  same ba tch  of uranium 
as  t h e  material i n  t h e  waste. Cor rec t ions  must be made f o r  s e l f - s h i e l d i n g  
e f f e c t s ,  and s u f f i c i e n t  t i m e  must pass  t o  allow any process-dependent 
t r a n s i e n t s  i n  t h e  2 0 8 T 1  a c t i v i t y  t o  d i e  o u t .  
of t h e  dev ice  is  given i n  Sect. 5.3.4.3.  

A more complete d e s c r i p t i o n  

The r a t i o n a l e  behind t h e  s e l e c t i o n  of this dev ice  is t h r e e f o l d .  
F i r s t ,  i t  is  a t r i e d  and proven technique.  Second, i t s  accuracy i s  
about t h e  same as t h a t  needed i n  our  a p p l i c a t i o n ;  however, a few modifi- 
c a t i o n s  t o  t h e  p re sen t  technique and d a t a  a n a l y s i s  w i l l  b e  made t o  i m -  
prove i t s  accuracy.  F i n a l l y ,  i t  has  been developed a t  ORNL and i s  
c u r r e n t l y  i n  o p e r a t i o n  h e r e ,  making i t  q u i t e  a c c e s s i b l e  f o r  t e s t i n g  and 
a l s o  as a source  of experience.  

5 .3 .4 .3  System d e s c r i p t i o n  and performance c h a r a c t e r i s t i c s  

The fol lowing d e s c r i p t i o n  con ta ins  a summary of t h e  r e p o r t  by V. A.  
DeCar1017 on t h e  design of t h e  p re sen t  a s say  system i n  o p e r a t i o n  a t  OWL. 
Two N a I  s c i n t i l l a t i o n  d e t e c t o r s  are pos i t i oned  such that. one 'sees '  t h e  
t o p  h a l f  of t h e  w a s t e  drum and t h e  o t h e r  'sees'  t h e  bottom of t h e  drum. 
T h e  drum i s  placed on t h e  c e n t e r  of a t a b l e  t h a t  r o t a t e s  a t  1 rpm. The 
d e t e c t o r s  are mounted i n  a housing t h a t  can be moved towards o r  away 
from t h e  c e n t e r  of t h e  can. Counts by t h e  d e t e c t o r s  are s t o r e d  i n  a 
mult ichannel  ana lyze r  equipped wi th  an i n t e g r a t o r .  
i - n  making a measurement are as fo l lows :  

The s t e p s  r e q u i r e d  
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1. A waste drum i s  placed on t h e  r o t a t i n g  t a b l e  and a count ing 
ra te  f o r  t h e  2.61-MeV g a m a  ray i s  determined. The drum is  
r o t a t e d  t o  average o u t  t h e  e f f e c t  of d i s t a n c e  between t h e  
material and t h e  d e t e c t o r s .  
s u f f i c i e n t  t i m e  must pas s  t o  allow process-dependent t r a n s -  
i e n t s  i n  t h e  counting ra te  t o  d i e  o u t .  

Before t h e  count i s  made, 

2. Another drum f i l l e d  wi th  g l a s s  foam wi th  b l i n d  h o l e s  a t  i t s  
c e n t e r  and a t  o t h e r  r a d i a l  p o s i t i o n s  i s  placed on t h e  r o t a t -  
i ng  t a b l e .  The f u n c t i o n  of t h e  g l a s s  foam i s  t o  s i m u l a t e  
t h e  absorbing c h a r a c t e r i s t i c s  of t h e  waste drum. A s t anda rd  
of known 233U con ten t  i s  placed a t  a c e r t a i n  depth i n  one of 
t h e  b l i n d  h o l e s .  The r e s u l t s  are b e s t  i f  t h e  s t anda rd  i s  
placed i n  a l o c a t i o n  t h a t  corresponds t o  t h e  c e n t e r  of mass 
of t h e  uranium i n  t h e  waste drum. Also,  t h e  s t anda rd  m u s t  
be  composed of material of t h e  same age as t h e  material  i n  
t h e  waste drum. The drum is  r o t a t e d  and t h e  counting ra te  
i s  determined. 

3 .  I n  o r d e r  t o  account f o r  d i f f e r e n c e s  i n  t h e  abso rp t ion  of 
t h e  two drums, a t r ansmiss ion  experiment i s  performed on 
each drum. A f i x e d  source ,  e m i t t i n g  2.6-MeV gamma r a y s ,  
i s  placed behind and i n  f r o n t  of each drum. A background- 
c o r r e c t e d  count ing r a t e  i s  determined f o r  t h e  source a t  
each l o c a t i o n .  A comparison i s  made between t h e  a t t enua -  
t i o n  of t h e  source f o r  each drum and a c o r r e c t i o n  f a c t o r  
i s  ob ta ined  t o  account f o r  any d i f f e r e n c e  i n  t h e  absorbing 
p r o p e r t i e s  of t h e  drums. 

4 .  The 233U content  of t h e  waste drum i s  then  determined by a 
d i r e c t  r a t i o  of t h e  count ing rates of t h e  s t anda rd  and t h e  
sample wi th  a knowledge of t h e  233U con ten t  of t h e  s t anda rd .  
The s e l f - s h i e l d i n g  c o r r e c t i o n  f a c t o r  measured i n  s t e p  3 
above i s  included i n  t h i s  c a l c u l a t i o n .  

Resu l t s  obtained f o r  a c t u a l  w a s t e  drum ana lyses  i n d i c a t e  t h a t  t h e  
desc r ibed  technique i s  a c c u r a t e  t o  w i t h i n  7% f o r  a 95% confidence 
i n t e r v a l  . 

5.3 .4 .4  Development program 

The development program f o r  t h i s  dev ice  revolves  around e f f o r t s  t o  
improve t h e  accuracy of t h e  technique.  S p e c i f i c  areas of i n t e r e s t  are 
an  improved technique of c o r r e c t i n g  f o r  s e l f - s h i e l d i n g  and t h e  p o s s i b i l i t y  
of d e t e c t i n g  h e t e r o g e n e i t i e s  i n  t h e  waste can by counting d i f f e r e n t  energy 
gamma rays emi t t ed  by 208T1.  

. 
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5.3.5 Sample i n s p e c t i o n  s t a t i o n  r ad ioassay  u n i t  

5.3.5.1 Funct ion and o p e r a t i n g  requirements 

The n o n d e s t r u c t i v e  a s say  dev ice  t o  b e  i n s t a l l e d  i n  t h e  sample inspec- 
t i o n  s t a t i o n  w i l l  b e  r e q u i r e d  t o  f u l f i l l  several f u n c t i o n s .  
t h e  sample i n s p e c t i o n  s t a t i o n  i s  t o  b e  maintained as a s e p a r a t e  material 
ba lance  area. The a s say  dev ice ,  t o g e t h e r  w i th  chemical a n a l y s e s ,  w i l l  
t h e r e f o r e  serve as t h e  primary means f o r  determining material flows i n t o  
and o u t  of the sample i n s p e c t i o n  s t a t i o n  and w i l l  p rov ide  t h e  material 
ba l ance  in fo rma t ion  f o r  t h a t  f a c i l i t y .  I n  a d d i t i o n ,  t h e  dev ice  w i l l  
f u n c t i o n  as one of t h e  q u a l i t y  c o n t r o l  i n s t rumen t s  and w i l l ,  i n  conjunc- 
t i o n  w i t h  o t h e r  a n a l y t i c a l  equipment, provide in fo rma t ion  on product  
ac . cep tab i l i t y  and assist i n  process  c o n t r o l .  F i n a l l y ,  t h e  dev ice  w i l l  
serve as a s t a n d a r d s  c a l i b r a t i o n  f a c i l i t y  and w i l l  provide a means f o r  
supplying c a l i b r a t e d  green rods  t o  t h e  i n - c e l l  on-l ine a s say  machine. 

I n i t i a l l y ,  

Table  5.1 l is ts  t h e  a n t i c i p a t e d  d a i l y  sample load t o  t h e  sample 
i n s p e c t i o n  s t a t i o n  r ad ioassay  un i t . 18  
a secondary s t anda rd  c a l i b r a t i o n  dev ice ,  ba t ches  of perhaps 20 g reen  
rods e x t r a c t e d  from t h e  product  l i n e  w i l l  have t o  be assayed t o  frac- 
t i o n a l  p e r c e n t  accuracy and r e t u r n e d  t o  t h e  c e l l  t o  serve as secondary 
c a l i b r a t i o n  s t anda rds  f o r  t h e  i n - c e l l  a s s a y  dev ice  ( see  S e c t .  5.3.1). 
The frequency wi th  which t h i s  c a l i b r a t i o n  f u n c t i o n  w i l l  have t o  b e  per- 
formed h a s  n o t  y e t  been determined, b u t  c e r t a i n l y  new secondary s t a n d a r d s  
w i l l  b e  c a l i b r a t e d  whenever t h e  rod f i s s i l e  loading is  changed o r  when 
a f r e s h  l o t  of material  f o r  a new campaign i s  introduced i n t o  t h e  system. 
This l a t te r  requirement is  t o  ensu re  t h a t  t h e  i n - c e l l  c a l i b r a t i o n  rods  
are c o n s t r u c t e d  of t h e  same age material  as t h e  product  rods  i n  o r d e r  t o  
b i a s  o u t  any e f f e c t s  t h a t  t h e  r o d ' s  gamma a c t i v i t y  might have on t h e  in-  
c e l l  a s say  machine's d e t e c t o r s .  S ince  t h e  maximum campaign l o t  s i z e  
c o n s i s t s  of 50 kg of 2 3 3 U ,  t h i s  sets a lower l i m i t  on t h e  c a l i b r a t i o n  
sample load  t o  t h e  sample i n s p e c t i o n  s t a t i o n  r ad ioassay  u n i t  of one 
ba tch  a t  t h e  s ta r t  of each campaign. It i s  a n t i c i p a t e d ,  however, t h a t  
w e a r  and tear on t h e  c a l i b r a t i o n  samples due t o  r epea ted  cyc l ing  through 
t h e  i n - c e l l  a s say  dev ice  w i l l  r e q u i r e  more f r equen t  replacement of t h e s e  
s t a n d a r d s ,  perhaps as o f t e n  as once a day. 

I n  a d d i t i o n ,  i n  i t s  f u n c t i o n  as 

One a d d i t i o n a l  l o a d  on t h e  r ad ioassay  u n i t  i s  t h e  need f o r  cont inuing 
c . a l i b r a t i o n  of t h e  dev ice  using a f i x e d  s e t  of c a l i b r a t i o n  samples. 
E s t i m a t e s  are  t h a t  t e n  c a l i b r a t i o n  r ead ings  p e r  day w i l l  b e  r e q u i r e d .  

Summing up t h e  samples from Table 5.1 and making t h e  c o n s e r v a t i v e  
assumption t h a t  an  a d d i t i o n a l  30 r ead ings  w i l l  b e  needed f o r  s t anda rds  
c a l i b r a t i o n  and machine c a l i b r a t i o n ,  t h e  probable  maximum load on the  
r ad ioassay  dev ice  is seen  t o  b e  approximately 90 r ead ings  p e r  day o r  
cine every 13-1/3 min i n  a 20-hr duty cyc le .  

Table 5.1 a l s o  shows t h a t  t h e  dev ice  w i l l  b e  r e q u i r e d  t o  accommodate 
a v a r i e t y  of material forms from every phase of t h e  f a b r i c a t i o n  p rocess ,  
i n c l u d i n g  hydrogenous d r i e d  r e s i n  p a r t i c l e s ,  green rods,  nonhydrogenous 
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Table 5.1. Estimated daily nondestructive assay sample load during pilot plant operation 

L . 

Inmection 

3 fO. 3% TB@ ~0.5 g uranium per sample to Radioassay Loaded. dried resin System 3, resin System 7. sub- 3Iday 1 g  Fissile u ~ a -  TBD' 
microspheres from carbonization system 4, nium content waste as loaded dried micro- 
loading batch particle size spheres 

t0.3% TBV System 7 ,  subsystem 2, parti- Loaded, dried resin System 3, resin System 7. sub- llday 1 g  Fissile ura- TBD 
cle sample subdivision microspheres from carbonization system 4 ,  n i m  content 

loading lot particle sire 

Converted micro- System 4 ,  micro- System 7. sub- 6Iday 1.2 Fissile ura- TBD 
spheres from coat- sphere coating system 4 ,  nium content 
ing batch particle size 

OLTI coated micro- System 4 ,  micro- System 7 .  sub- llday l g  Fissile ura- TBD 
spheres from coat- sphere coating system 4 ,  nium content 
ing lot particle size 

t0.3X TBV System 7. subsystem 2, parti- 
cle sample subdivision 

f0.3% TBV System 7 .  subsystem 7, sur- 
face contamination 

Unfired fired rads System 5. fuel Cell D, fuel rod 3lday 1 rod Fissile ura- 0.16-0.41 g f0.32. TBV System 7. subsystem 8, matrix 

Fired fuel rads system 6, fuel Cell D. fuel rod 44lday 1 rod Fissile ura- 0.16-0.41 g tO.3X TBV System 7 .  subsystem 15, 

rod fabrication assay subsystem nim content TBV filler dispersion 

element assably assay subsystem nium content TBV dimensional 

aTo be determined. 

bTo be verified. 
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coated microspheres ,  and carbonized rods .  Sample s i z e s  w i l l  range from 
approximately 0.5 g of 233U ( i n  t h e  uncoated carbonized p a r t i c l e  samples) 
t o  a minimum of approximately 0.13 g of 233U i n  t h e  green and carbonized 
rods .  

Accuracy and p r e c i s i o n  demands on t h e  dev ice  w i l l  be  high.  With an  
o v e r a l l  des ign  o b j e c t i v e  t o  maintain t h e  LEMUF f o r  t h e  p i l o t  p l a n t  below 
0.5%, l2 t h e  sample i n s p e c t i o n  s t a t i o n  r ad ioassay  dev ice ,  i n  i t s  f u n c t i o n  
of  c a l i b r a t i n g  secondary s t a n d a r d s ,  should be capable  of accuracy i n  t h e  
210.3% range f o r  a s i n g l e  measurement. 

5.3.5.2 Assay technique and r a t i o n a l e  f o r  i t s  s e l e c t i o n  

The conceptual  design s o l u t i o n  f o r  t h e  sample  i n s p e c t i o n  s t a t i o n  
r ad ioassay  u n i t  env i s ions  a californium-source-driven, a c t i v e  thermal- 
neutron i n t e r r o g a t i o n  device.  Two o p t i o n s  are c u r r e n t l y  under consid- 
e r a t i o n .  The f i r s t  is  a cal i fornium-source D20-moderated dev ice  which 
would f u n c t i o n  by count ing prompt-f iss ion neutrons generated i n  t h e  
sample during i r r a d i a t i o n .  Its physics  design is  e s s e n t i a l l y  similar 
t o  t h e  on - l ine  assay dev ice  desc r ibed  i n  S e c t .  5.3.1.  This dev ice  
would o p e r a t e  i n  t h e  same f a s h i o n  b u t  would n o t  r e q u i r e  t h e  r o t a t i n g  
sample-holder r i n g ,  automatic  f eed  mechanisms, and m u l t i p l e  d e t e c t o r s  
i nco rpora t ed  i n  t h e  on-l ine device.  The second o p t i o n  env i s ions  a 
californium-source-driven f l u x  m u l t i p l i e r  dev ice  which would f u n c t i o n  
by i r r a d i a t i n g  t h e  sample i n  a thermal  f l u x  t r a p  r eg ion  and subsequent ly  
removing t h e  sample t o  a d e t e c t o r  f a c i l i t y  f o r  delayed neutron count ing.  
I n c l u s i o n  of an  active f i s s i o n - h e a t  twin-bridge c a l o r i m e t e r  f o r  very 
p r e c i s e  sample a s say  i s  under c o n s i d e r a t i o n  f o r  both dev ices .  The 
d e t a i l e d  c h a r a c t e r i s t i c s  of t h e s e  devices  are d i scussed  i n  S e c t .  
51.3.5.3. 

A l t e r n a t i v e s  t h a t  w e r e  considered f o r  t h e  sample  i n s p e c t i o n  s t a t i o n  
r ad ioassay  u n i t  du r ing  t h e  i n i t i a l  planning s t a g e s  included a neutron- 
generator-dr iven dev ice  and a photoneutron ( 124Sb-Be) in t e rmed ia t e -  
neutron-energy i n t e r r o g a t i o n  dev ice .  Passive techniques w e r e  no t  a 
s e r i o u s  contender because of t h e  problems introduced by t h e  s t r o n g  
i n h e r e n t  g a m a  background of t h e  mater ia l  ( s e e  Sect. 3 .4 ) .  

The neu t ron  gene ra to r  w a s  r u l e d  o u t  f o r  t h i s  system f o r  e s s e n t i a l l y  
tihe s a m e  reasons as desc r ibed  i n  Sec t .  5 .3 .1 .2 .  While a c c e s s i b i l i t y  and 
maintenance problems would not be as s e v e r e  f o r  t h i s  system as  f o r  t h e  
on-l ine a s say  dev ice ,  t h e  a d d i t i o n a l  complexity in t roduced  by t h e  i n c l u -  
s i o n  of a complicated e l e c t r o n i c  neutron source  d i d  n o t  s e e m  warranted.  

A 124Sb-Be photoneutron dev ice  s i m i l a r  t o  t h a t  desc r ibed  i n  Ref. 6 
:is a t t r a c t i v e  i n  t h a t  t h e  k i l o v o l t  i n t e r r o g a t i n g  neutrons a r e  n o t  s u b j e c t  
110 s t r o n g  a t t e n u a t i o n  through t h e  s m a l l  HTGR samples. Thus t h e  need f o r  
s e l f - s h i e l d i n g  c o r r e c t i o n s ,  necessary i n  t h e  thermal  i n t e r r o g a t i o n  system, 
i s  reduced. The system i s ,  however, s e n s i t i v e  t o  t h e  hydrogen con ten t  of 
t h e  sample, and v a r i a t i o n s  i n  hydrogen content  between green rods o r  
ba t ches  of d r i e d  r e s i n  p a r t i c l e s  could i n t r o d u c e  e r r o r s .  

. 
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t 

P r i n c i p a l  reasons f o r  r e l e g a t i n g  t h i s  concept t o  secondary s t a t u s  
are, f i r s t ,  t h e  low count rates generated from t h e  sample  w i th  a 
reasonable-sized antimony source  precludes achieving t h e  d e s i r e d  through- 
put and s t a t i s t i c a l  p r e c i s i o n ,  and second, t h e  s h o r t  h a l f - l i f e  (60.2 days) 
of t h e  124Sb in t roduces  t h e  complicat ion of c o n t i n u a l  sou rce  r egene ra t ion  
by r e a c t o r  i r r a d i a t i o n  and t h e  a t t e n d a n t  problems a s s o c i a t e d  with r o u t i n e  
sou rce  replacement.  
sou rce  s t r e n g t h  over  t h a t  used i n  t h e  LASL machine6 would be necessary 
t o  overcome t h e  first o b s t a c l e .  
make t h e  second problem of handl ing and source a c t i v a t i o n  more d i f f i c u l t .  
Cur ren t ly ,  t h e  Sb-Be device is  considered a backup i n  t h e  event  t h a t  un- 
a n t i c i p a t e d  problems ar ise  i n  t h e  a p p l i c a t i o n  of t h e  thermal-neutron 
i n t e r r o g a t o r s .  

A t  l eas t  an o r d e r  of magnitude i n c r e a s e  i n  124Sb 

This  i n c r e a s e  i n  sou rce  s t r e n g t h  would 

5.3.5.3 System d e s c r i p t i o n  and performance c h a r a c t e r i s t i c s  

A schematic of t h e  f i r s t  op t ion ,  t h e  californium-source device,  i s  
shown i n  Fig.  5.5. I ts  physics  design,  ope ra t ion ,  and performance char- 
acteristics are e s s e n t i a l l y  i d e n t i c a l  t o  t hose  of t h e  i n - c e l l  assay de- 
vice descr ibed i n  Sect. 5.3.1. P r i n c i p a l  d i f f e r e n c e s  are t h a t  s a m p l e s  
are t r a n s f e r r e d  t o  and from t h e  dev ice  i n  r a b b i t s  v i a  pneumatic l i n e s  
which connect t o  a sample  p r e p a r a t i o n  and load ing  glove box; an addi- 
t i o n a l  p e n e t r a t i o n  is  included t o  accommodate an a c t i v e  ca lo r ime te r  
f o r  performing a very precise assay of t h e  i n d i v i d u a l  f u e l  rods ,  and 
a p rov i s ion  f o r  sou rce  withdrawal ( t o  t u r n  t h e  ca lo r ime te r  on and o f f )  
is  provided. 
5.5,  b u t  several could be provided i f  necessary t o  i n c r e a s e  capac i ty  
and i r r a d i a t i o n  t i m e  and t o  improve s t a t i s t i c s .  

Only one sample i r r a d i a t i o n  p o s i t i o n  i s  i n d i c a t e d  i n  Fig.  

Our c a l c u l a t i o n s  i n d i c a t e  t h a t  count rates of ~ 2 0 0 0  cps/g of 233U 
can be expected from t h i s  dev ice  with a 1-mg ca l i fo rn ium source.  
Alamos has  cons t ruc t ed  similar dev ices ,  and t h e i r  experience i n d i c a t e s  
t h a t  t h e s e  r e s u l t s  are reasonable .2  
cons ide ra t ion  and 10-min a s say  t i m e s ,  adequate counts (of t h e  o r d e r  of 
l o 5 )  should be a v a i l a b l e .  
s t a t i s t i c a l  p r e c i s i o n .  

L o s  

Thus, f o r  t h e  sample s i z e s  under 

This i s  s u f f i c i e n t  t o  achieve t h e  r equ i r ed  

The second op t ion ,  t h e  ca l i fo rn ium m u l t i p l i e r ,  is  sketched i n  Fig.  
5.6. This  is  a commercially a v a i l a b l e  device.  Performance c h a r a c t e r i s t i c s  
supp l i ed  by t h e  vendor are given i n  Table 5.2. The device c o n s i s t s  of a 
ca l i fo rn ium source b u r i e d  i n  a s u b c r i t i c a l  assembly. 
mu l t ip ly ing  medium ampl i f i e s  t h e  thermal f l u x  l e v e l  over t h a t  o b t a i n a b l e  
from t h e  b a r e  ca l i fo rn ium source  by a f a c t o r  of approximately 30. 

The surrounding 

HTGR f u e l  rods  and f u e l  p a r t i c l e s  would be assayed i n  t h i s  device 
by in-core i r r a d i a t i o n  and removal of t h e  sample f o r  delayed neu t ron  
counting. Counting is  done by t r a n s f e r r i n g  t h e  sample t o  a chamber 
con ta in ing  moderating material (polyethelene)  and BF3 d e t e c t o r s .  Oper- 
a t i n g  i n  t h i s  mode and assuming a 10% o v e r a l l  d e t e c t o r  e f f i c i e n c y ,  
accumulation of .\.lo6 counts from a s i n g l e  HTGR f u e l  rod i n  a 2-min 
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Fig. 5.5. Sample i n s p e c t i o n  s t a t i o n  rad ioassay  u n i t  op t ion  1 - 
cal i fornium-source device.  
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Fig. 5.6. Sample inspection station radioassay unit option 2 - 
californium-source multiplier device. 
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Table  5.2. Performance and des ign  c h a r a c t e r i s t i c s  of 
2 5 2 ~ f  m u l t i p l i e r  (CFX) 19 

- 
2 5 2 ~ f  sou rce  1 mg 

235U loading  965 g 

Uranium enrichment 93.4% 

Fuel  form Clad m e t a l  p l a t e s  

Moderator Po l y e  thy l e n e  

0.990 

0.004 
e f f  M.a x imum k 

bkeff i n c r e a s e  f o r  20-g 235U sample 

Cont ro l  po ison  Cadmium, steel  c l ad  

Thermal f l u x  

Epas t f l u x  

4 x 1 0 8  neut rons  cm-2 sec- l  

6 x l o 8  neut rons  cm-2 sec-’ 

Thermal f l u x  m u l t i p l i c a t i o n  33 

Equivalent  252~f source  33 mg 

Radiography co l l ima to r  r a t i o  (L/D) 20 o r  g r e a t e r  

Thermal f l u x  a t  f i l m  p lane  1 x 105 f o r  L /D = 20 

llose ra te  a t  s h i e l d  s u r f a c e  L e s s  than 10 mR/hr 

F i s s i o n  power l e v e l  3.8 W 
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i r r a d i a t i o n ,  2-sec t r a n s i t ,  and 2-min count cyc le  appears  p o s s i b l e .  
These high count rates a l s o  make i t  f e a s i b l e  t o  assay i n d i v i d u a l  f u e l  
microspheres t o  approximately ?l% p r e c i s i o n ,  i n  f i v e  r e p e t i t i v e  2 min 
i n  - 2 min ou t  cyc le s ,  a c a p a b i l i t y  t h a t  could be used t o  e v a l u a t e  
uniformity of t h e  r e s in - load ing  process .  

The m u l t i p l i e r  system s u f f e r s  from t h e  s a m e  d e f i c i e n c y  as a l l  o t h e r  
thermal-neutron i n t e r r o g a t i o n  dev ices ,  t h a t  i s ,  t h e  requirement f o r  
thermal-neutron s e l f - s h i e l d i n g  c o r r e c t i o n s  t o  t h e  assay d a t a .  I n  addi- 
t i o n ,  i n t r o d u c t i o n  of a f i s s i l e  sample p e r t u r b s  t h e  system m u l t i p l i c a t i o n  
and hence t h e  e f f e c t i v e  i n t e r r o g a t i n g  source  s t r e n g t h .  W e  have not  been 
a b l e  t o  o b t a i n  q u a n t i t a t i v e  information from t h e  vendor on t h e  magnitude 
of t h i s  e f f e c t .  However, from statements20 t h a t  i t  would r e q u i r e  $100 g 
of 2 3 5 U  a t  t h e  sample  l o c a t i o n  t o  d r i v e  t h e  system c r i t i c a l ,  we  estimate 
t h a t  a 0.5-g sample  would pe r tu rb  t h e  thermal f l u x  l e v e l  by approximately 
0.5%. A t h i r d  (and p o s s i b l y  t h e  most s e r i o u s )  de f i c i ency  of t h e  mult i -  
p l i e r  i s  i ts  r e l i a n c e  on delayed neutrons as t h e  f i s s i l e  content  i n d i -  
c a t o r .  The l a r g e  d i f f e r e n c e  i n  delayed-neutron y i e l d s  between 3U and 
2 3 5 U  ( s ee  S e c t .  3 . 7 )  and t h e  f a c t  t h a t  t h e  r e c y c l e  f u e l  w i l l  con ta in  
apprec i ab le  q u a n t i t i e s  of t h e  l a t t e r  (see Tables 2 . 3  and 2.4) make i t s  
a p p l i c a t i o n  h igh ly  dependent on t h e  a v a i l a b i l i t y  of a c c u r a t e  information 
on t h e  i s o t o p i c  content  of t h e  f u e l .  

Both t h e  californium-source device and t h e  m u l t i p l i e r  dev ice  could 
s e r v e  as d r i v e r s  f o r  an a c t i v e  assay c a l o r i m e t e r  f o r  i n d i v i d u a l  f u e l  
rods o r  p a r t i c l e  samples. Both Figs .  5.5 and 5.6 inc lude  a c a l o r i m e t e r  
as p a r t  of t h e  a s say  system. A ske tch  of t h e  proposed ca lo r ime te r  i s  
shown i n  Fig.  5.7. 

The c a l o r i m e t e r  is  c u r r e n t l y  envis ioned as an i so the rma l  twin-bridge 

I n  our system bo th  t h e  a c t i v e  sample and t h e  r e fe rence  sample 
type s imilar  t o  those  designed,  b u i l t ,  and ope ra t ed  by t h e  Mound Labora- 
t o r y . 1 5 ~ 1 6  
(nonheat gene ra t ing  sample) are enclosed i n  a s i n g l e  tube surrounded by 
an  i so the rma l  water j a c k e t  and a vacuum i n s u l a t o r .  Constant-temperature 
water is  c i r c u l a t e d  through t h e  system from an  e x t e r n a l  i so the rma l  reser- 
v o i r .  H e a t  gene ra t ion  i n  t h e  a c t i v e  sample is  measured by d e t e c t i n g  t h e  
change i n  r e s i s t a n c e  i n  t h e  n i c k e l  windings surrounding t h e  a c t i v e  sample 
r e l a t i v e  t o  t h a t  of t h e  r e f e r e n c e ,  t h e  two sets of windings being connected 
as a Wheatstone b r idge .  Heater c o i l s  are provided around both t h e  sample 
and r e f e r e n c e  h o l d e r s  t o  a l low s e v e r a l  d i f f e r e n t  types of measurements t o  
b e  performed. 

To make a measurement, a sample is i n s e r t e d  and t h e  ca lo r ime te r  is  
s e a l e d .  The ca lo r ime te r  i s  allowed t o  e q u i l i b r a t e ,  and t h e  source i s  
then  r a i s e d  t o  induce f i s s i o n s  i n  t h e  sample. The incremental  f i s s i o n  
h e a t i n g  can be determined by (a) measuring t h e  r e s i s t a n c e  change i n  t h e  
sample arms of t h e  b r i d g e  c i r c u i t ,  (b) f eed ing  a measured amount of power 
t o  t h e  r e f e r e n c e  s i d e  h e a t e r  t o  balance t h e  b r i d g e  c i r c u i t ,  o r  (c)  remov- 
i n g  t h e  sou rce  and feeding a measured amount of power t o  t h e  sample s i d e  
h e a t e r  t o  reproduce t h e  p rev ious ly  measured r e s i s t a n c e  change. A l l  t h r e e  
measurement techniques can be implemented without  unsea l ing  o r  otherwise 
p e r t u r b i n g  t h e  ca lo r ime te r .  
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Fig. 5 .7 .  Twin-bridge ca lo r ime te r  f o r  a c t i v e  HTGR f u e l  rod assay.  
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Conversations wi th  Mound Laboratory personnel  i n d i c a t e  t h a t  a dev ice  
of t h e  s i z e  envis ioned should b e  s e n s i t i v e  t o  power v a r i a t i o n s  of approx- 
imately 1 VW under r o u t i n e  ope ra t ion .21  S e n s i t i v i t i e s  g r e a t e r  than 1 VW 
should b e  ach ievab le  b u t  only wi th  cons ide rab le  a t t e n t i o n  t o  d e t a i l .  The 
problem of thermal-neutron s e l f - s h i e l d i n g  i s  aga in  a n  unavoidable sou rce  
of e r r o r  i n  t h i s  technique (as i n  pa r t i c l e -coun t ing  techniques)  and must 
be c o r r e c t e d  f o r .  D i f f e rences  between gamma h e a t  d e p o s i t i o n  by gammas 
from the  262Cf  source i n  t h e  sample and dummy may a l s o  i n t r o d u c e  e r r o r s ,  
b u t  t h e s e  are a n t i c i p a t e d  t o  b e  <0.1%. 

The cal i fornium-source dev ice  appears  marginal  as a d r i v e r  f o r  t h e  
active f u e l  rod ca lo r ime te r .  A 1-mg ca l i fo rn ium source  produces a the r -  
m a l  f l u x  of QZ x l o 7  i n  t h e  r eg ion  a d j a c e n t  t o  the  source.  
w i l l  r e s u l t  i n  a f i s s i o n  h e a t  product ion of from ~ 2 0 0  pW i n  an HTGR 
f u e l  rod t o  ~ 4 0 0  pW i n  a 1-g sample of loaded d r i e d  r e s i n  p a r t i c l e s .  
However, i n c l u s i o n  of t h e  c a l o r i m e t e r  i n  t h e  dev ice  f o r  development 
purposes i s  contemplated because s u f f i c i e n t  power i s  a v a i l a b l e  t o  de- 
velop and test  t h e  technique even though t h e  r e s u l t s  may no t  b e  s i g n i f -  
i c a n t l y  b e t t e r  than those  obtained from t h e  f iss ion-neutron-count ing 
technique. 

This f l u x  

I f  t h e  m u l t i p l i e r  is s e l e c t e d  as t h e  sample i n s p e c t i o n  s t a t i o n  radio-  
assay u n i t ,  t h e  active c a l o r i m e t e r  immediately assumes a preeminent s t a t u s .  
The inc reased  f l u x  levels r e s u l t  i n  f i s s i o n  h e a t i n g  of from 6 t o  12 mW, 
and, if 1-uW s e n s i t i v i t y  i s  achieved, t h e  c a l o r i m e t e r  could serve a p r i -  
mary s t anda rd  c a l i b r a t i o n  f u n c t i o n .  Here a g a i n ,  however, c o r r e c t i o n s  
f o r  s e l f - s h i e l d i n g  and f l u x - l e v e l  v a r i a t i o n s  wi th  sample s i z e  would b e  
r equ i r ed  and would probably b e  t h e  l i m i t i n g  f a c t o r s  on ach ievab le  
accuracy. 

Some thought h a s  been given t o  minimizing t h e  thermal-neutron self- 
s h i e l d i n g  problem i n  bo th  devices .  
would have t o  r e l y  on c a l c u l a t i o n s  supported by measurements on s t anda rds  
cons t ruc t ed  from c l o s e l y  s i z e d  p a r t i c l e  ba t ches .  For b a r e  p a r t i c l e  samples, 
t h e  double he t e rogene i ty  problem ( p a r t i c l e s  i n  a sample i n  a moderating 
medium) can b e  reduced t o  a more a n a l y t i c a l l y  t r a c t a b l e  form by c o n s t r u c t i n g  
s p e c i a l  r a b b i t s  which r e t a i n  t h e  p a r t i c l e s  i n  a r e g u l a r  and c a l c u l a b l e  
a r r a y .  For example, Q O . 1  g of 233U could b e  contained i n  t e n  2-in.-long 
s i n g l e - p a r t i c l e  s t a c k s  i n  h o l e s  d r i l l e d  i n  a po lye the lene  r a b b i t .  Such 
a c o n f i g u r a t i o n  ( s e e  Fig. 5.8) i s  r e a d i l y  c a l c u l a b l e  by convent ional  
Monte Carlo techniques.  

For g reen  and carbonized r o d s ,  one 

5.3.5.4 Development progran 

Scoping c a l c u l a t i o n s  on t h e  californium-source device have been 
completed, and p l ans  have been made t o  c o n s t r u c t  and o p e r a t e  such a 
device f o r  development purposes.  De ta i l ed  design c a l c u l a t i o n s  are 
under way t o  determine optimum deuterium t ank  s i z e ,  s h i e l d i n g  r equ i r e -  
ments, etc. I n  a d d i t i o n ,  experiments are under way i n  t h e  TURF f a c i l i t y  
t o  determine t h e  s e n s i t i v i t i e s  of several types of cand ida te  d e t e c t o r s  
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Fig.  5.8. Rabbit f o r  assay  of  loose  p a r t i c l e s .  
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t o  f a s t  neut rons  i n  t h e  a n t i c i p a t e d  thermal-neutron and gamma environ- 
ment. We in t end  t o  des ign  t h e  development device  w i t h  s u f f i c i e n t  
f l e x i b i l i t y  t o  a l low cont inued t e s t i n g  of t h e  v a r i o u s  d e t e c t o r s  i n  t h e  
device  proper  and a l s o  t o  a l low t e s t i n g  of t h e  techniques  more s u i t e d  
f o r  t h e  h ighe r  f l u x  l e v e l s  of t h e  m u l t i p l i e r .  Informat ion  genera ted  
i n  t h i s  experimental  program w i l l  form t h e  b a s i s  f o r  an i n t e l l i g e n t  
dec i s ion  on which of t h e  two op t ions  t o  choose f o r  t h e  sample inspec-  
t i o n  s t a t i o n  rad ioassay  u n i t  and provide  des ign  informat ion  f o r  t h e  
on- l ine  assay  device .  The p o s s i b i l i t y  exists of  conver t ing  t h e  develop- 
mental  cal i fornium-source dev ice  f o r  use i n  t h e  sample i n s p e c t i o n  s t a t i o n  
i f  r e s u l t s  from t h e  experimental  program i n d i c a t e  t h i s  device  can f u l f i l l  
t h a t  func t ion  s a t i s f a c t o r i l y .  

5 . 4  STANDARDS 

All of t h e  nondes t ruc t ive  techniques  and equipment d iscussed  i n  
Sec t .  5.3 w i l l  r e l y  u l t i m a t e l y  on t h e  use  of  c a l i b r a t i o n  s t anda rds  t o  
achieve t h e i r  des ign  accu rac i e s .  The c o n s t r u c t i o n  and v e r i f i c a t i o n  of 
s t anda rds  is  t h e r e f o r e  a major component of t h e  nondes t ruc t ive  assay  
program, and t h e  u l t i m a t e  accuracy achievable  by t h e  equipment is  
l i m i t e d  by t h e  a b i l i t y  t o  c h a r a c t e r i z e  t h e  material used f o r  c a l i b r a t i o n .  

Current  d e s t r u c t i v e  chemical assay  techniques  appear  capable  of 
f r a c t i o n a l  pe rcen t  p r e c i s i o n  and approximately 1% accurac ie s  when 
app l i ed  t o  HTGR f u e l  materials.22 A development e f f o r t  i s  under way 
t o  u t i l i z e  a c t i v a t i o n  techniques  t o  determine t h e  f i s s i l e  conten t  of 
i n d i v i d u a l  f u e l  microspheres ,  w i th  t h e  hope t h a t  p r e c i s i o n s  of  0.25% 
r e l a t i v e  t o  a known uranium metal f o i l  s t anda rd  o r  NBS oxide material 
can be  achieved. 

Equipment has  been developed which w i l l  a l l ow exact d i spens ing  of  
a f i x e d  number of  b a r e  o r  coa ted  microspheres  t o  f a b r i c a t e  loose-  
p a r t i c l e  and fue l - rod  s t anda rds .  
and even tua l ly  2 3 3 U  s t anda rds  as p a r t  of t h e  assay  development program 
s o  t h a t  t h e  r e q u i s i t e  techniques  and c a p a b i l i t y  are a v a i l a b l e  when t h e  
p i l o t  p l a n t  i s  put  i n t o  ope ra t ion .  

Current  p l a n s  are t o  c o n s t r u c t  235U 
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6 .  DATA FLOW AND DATA HANDLING 

6.1. HARDWARE DESCRIPTION 

The complexity and remoteness of t h e  HTGR f u e l  r e f a b r i c a t i o n  pro- 
cesses d i c t a t e s  t h a t  most of the equipment b e  h i g h l y  automated through 
con.tro1 systems which are l o c a t e d  o u t s i d e  of t h e  cel ls .  The HTGR-FRPP 
con.ceptua1 design1 ca l l s  f o r  each of t h e  p l a n t  o p e r a t i n g  systems t o  b e  
supported independent ly  by a l o c a l  i n s t rumen t s  and c o n t r o l  subsystem 
(LICS) which, depending on t h e  complexity of t h e  s p e c i f i c  process  system, 
may i n c l u d e  any o r  a l l  of t h e  fol lowing:  analog in s t rumen ta t ion ,  a 
programmable l o g i c  c o n t r o l l e r ( s ) ,  and a minicomputer. I n  a d d i t i o n  t o  
LIClS f u n c t i o n s ,  o v e r a l l  p l a n t  management and d a t a  handl ing f u n c t i o n s  w i l l  
be performed by system 8,  p l a n t  management system (PMS). The PMS, which 
a l s o  u t i l i z e s  a minicomputer, communicates w i t h  a l l  p l a n t  p rocess  systems 
through t h e i r  r e s p e c t i v e  LICS and s e r v e s  as a c e n t r a l  p o i n t  f o r  d a t a  
accumulation and r educ t ion .  It i s  appa ren t  t h a t  t h e  HTGR-FRPP instrumen- 
t a t i o n  and c o n t r o l  philosophy l ends  i t s e l f  d i r e c t l y  t o  t h e  implementation 
of a real-time material a c c o u n t a b i l i t y  system. Accordingly,  t h e  a s s a y  
and a c c o u n t a b i l i t y  system h a s  been designed t o  t a k e  advantage of t h e  
ava. i lable  d a t a  p rocess ing  c a p a b i l i t i e s .  The PMS w i l l  c o l l e c t  d a t a  from 
va r ious  nondestruct ive-assay machines , s t o r e  such d a t a  i n  reduced format , 
and! ma in ta in  p l a n t  f i s s i l e  i nven to ry  r eco rds .  A l l  d a t a  t r a n s m i t t e d  from 
any given LICS t o  t h e  PMS w i l l  b e  made a v a i l a b l e  by each LICS t o  process- 
o p e r a t i n g  personnel .  Consequently, p l a n t  o p e r a t i o n  w i l l  no t  b e  dependent 
on t h e  a v a i l a b i l i t y  of t h e  PMS. Each LICS w i l l  have t h e  c a p a b i l i t y  t o  
o p e r a t e  i t s  system i n d i v i d u a l l y  w i t h  PMS-related d a t a  f u n c t i o n s  be ing  
accomodated through automatic  d a t a  a c q u i s i t i o n  (via l o c a l  minicomputers) 
o r  manual d a t a  r eco rd ing  from l o c a l  d i s p l a y s .  

The p rocess  requirements  f o r  LICS-1 through LICS-4 and LICS-9 can 
b e  handled by programmable l o g i c  c o n t r o l l e r s  and analog i n s t r u m e n t a t i o n  
wit:h no l o c a l  d a t a  r e d u c t i o n  c a p a b i l i t i e s .  LICS-5 and LICS-6, because 
of t h e  complexity of t h e  f u e l  rod  f a b r i c a t i o n  and f u e l  element assembly 
prclcesses, w i l l  r e q u i r e  more s o p h i s t i c a t e d  c o n f i g u r a t i o n s  and w i l l  s h a r e  
a common minicomputer. Data from t h e  on-l ine a s say  machine and t h e  gamma 
scanner ,  b o t h  i n  system 5, w i l l  b e  p rocessab le  a t  t h e  LICS-5 level  and only 
reduced d a t a  w i l l  b e  t r a n s m i t t e d  t o  t h e  PMS. LICS-7, which suppor t s  t h e  
sample i n s p e c t i o n  system, w i l l  u t i l i z e  a ded ica t ed  minicomputer and 
several programmable l o g i c  c o n t r o l l e r s .  System 7 w i l l  process  and 
c o r r e l a t e  d a t a  from QA and QC a n a l y t i c a l  equipment and w i l l  a l s o  ma in ta in  
t h e  material b a l a n c e  r e c o r d s  f o r  t h e  sample i n s p e c t i o n  system. Only 
reduced System 7 d a t a  w i l l  b e  t r a n s m i t t e d  t o  t h e  PMS. 

6.2 Software D e s c r i p t i o n  and Data Flow 

A schematic  of t h e  proposed p l a n t  a c c o u n t a b i l i t y  d a t a  handl ing system 
and. t h e  types of d a t a  a v a i l a b l e  from each s t a t i o n  is  shown i n  F ig .  6.1. 
F igu re  6.2 shows, s chemat i ca l ly ,  t h e  types of p rocess ing  and so f tware  
requirements necessary f o r  t h e  on-l ine a s s a y  machine and provides  an 
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Fig.  6 .1 .  Schematic of  t h e  proposed p l a n t  a c c o u n t a b i l i t y  d a t a  handl ing  
system and t h e  types  of d a t a  a v a i l a b l e  from each s t a t i o n .  
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i n d i c a t i o n  o f  t h e  leve l  o f  complexity r equ i r ed  i n  LICS-5 t o  main ta in  
real-time a c c o u n t a b i l i t y  in format ion .  Table 6 . 1  i s  an example of  a 
proposed material  ba lance  s h e e t  t h a t  would be  a v a i l a b l e  a t  any t i m e  dur ing  
p l a n t  ope ra t ion  a t  t h e  punch of  a bu t ton .  Note t h a t  a number of items i n  
t h e  t a b l e  must be  obta ined  by d i f f e r e n c i n g  t h e  amounts of  material flowing 
i n t o  and o u t  o f  a p a r t i c u l a r  process  s t e p .  These q u a n t i t i e s  would be  
v e r i f i e d  a t  r e g u l a r l y  scheduled p l a n t  inventory  pe r iods  a t  t h e  end of  
each campaign, a t  which t i m e  a l l  wastes would be  conso l ida t ed ,  canned, 
and assayed.  Table 6 . 2  i s  a l i s t i n g  of  t h e  types  of d a t a  t h a t  w i l l  be  
needed from t h e  in-p lan t  s enso r s  and t h e  use  t o  which t h a t  d a t a  w i l l  be  
put  i n  computing t h e  items i n  Table 6.1.  

6 . 3  REAL-TIME DYNAMIC SYSTEM MODEL 

Future  p lans  ca l l  f o r  t h e  development o f  a computer program t h a t  w i l l  
model t h e  dynamic behavior  of  material flows through t h e  r e f a b r i c a t i o n  
f a c i l i t y .  There w i l l  be  several uses  f o r  such a model. During p l a n t  
ope ra t ion  t h e  program w i l l  r e s i d e  i n  t h e  p l a n t  management system computer 
and w i l l  make estimates o f  flow rates a t  va r ious  p o i n t s  i n  t h e  p rocess .  
I f  a c t u a l  measurepents d i f f e r  s i g n i f i c a n t l y  from t h e s e  estimates, then  
t h i s  might i n d i c a t e  a d i v e r s i o n  of material from t h e  process  l i n e .  Another 
use w i l l  b e  t o  estimate q u a n t i t i e s  o f  materials l o c a t e d  i n  nonmeasurement 
areas and w a s t e  streams. A t h i r d  use o f  t h e  model w i l l  be  dur ing  system 
development t o  s tudy  t h e  s e n s i t i v i t y  o f  c a l c u l a t e d  LEMUF on t h e  p r e c i s i o n  
and l o c a t i o n  of  va r ious  measurement devices  i n  t h e  process  l i n e .  This  
a p p l i c a t i o n  w i l l  a l s o  be  u s e f u l  t o  opt imize  t h e  assay system. Here, 
op t imiza t ion  w i l l  b e  w i t h  r e spec t  t o  assay l o c a t i o n s ,  a long w i t h  t h e  
p r e c i s i o n  of  t h e  proposed assay dev ices .  

I n  l i g h t  o f  the above a p p l i c a t i o n s ,  i t  i s  ev iden t  t h a t  a s imula t ion  
model w i l l  b e  u s e f u l  as a development t o o l  i n  t h e  op t imiza t ion  o f  a 
system and a l s o  as a watchdog f o r  material d i v i s i o n ,  human e r r o r s  i n  
t r a n s f e r  o f  material, and as an e s t i m a t o r  on unmeasured material flows 
i n  an o p e r a t i n g  p l a n t .  

c 
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Table 6.1. Proposed material accountability 
summary data sheet 

Material balance as of (time, date) 

Amount 
( g  233u) Material 

1. Feed batch JJ xxx t xx 

11. Closed totals 

1. Loaded in block I xxx f xx 

I + 1  xxx If: xx 

2. Sealed waste can J xxx t xx 

J + 1  xxx rt: xx 

3 .  Sealed waste drum K xxx f xx 

K + 1  xxx TL xx 

4 .  Logged out sample N xxx t xx 

N + 1  xxx f xx 

5. Liquid wastes to storage xxx t xx 

Total xxx f xx 

Total in process (1-11) x x x + x x  

Total in process from control instrumentation (running sums) 

1. Feed batch JJ in xxx f xx 

2. Loaded resin in storage xxx f xx 

3 .  Reject resin to waste xxx 2 xx 

4 .  Carbonization furnace xxx f xx 

5. Carbonized resin storage hoppers xxx f xx 

a 

111. 
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Table  6 .1  (cont inued)  

J 

Amount 
(g 233u) 

6. 

7 .  

8. 

9. 

10. 

11. 

12. 

13. 

1 4 .  

15. 

16. 

17. 

18. 

19.  

20. 

21. 

22 .  

a 
Reject carbonized r e s i n  t o  waste 

Coating furnace  A 

Coating fu rnace  B 

Reject coa t ing  run  t o  waste 

Coated p a r t i c l e  s t o r a g e  hoppers 

Rod f a b r i c a t i o n  machine feed hoppers 

I n  process  i n  rod f a b r i c a t i o n  machine 

Gamma-scan re jec ts  t o  waste 

Holdup feed  t o  a s say  machine 

Rod s t o r a g e  r ack  

Loaded i n  b lock  

Blocks i n  ca rbon iza t ion  furnace  

Samples i n  sample i n s p e c t i o n  s t a t i o n  

Samples r e tu rned  t o  waste 

E s t i m a t e  of fu rnaces '  blowover l o s s e s  t o  waste 

E s t i m a t e  of  o t h e r  losses t o  w a s t e  

Archive samples 

a 

a 

b 

a 

a 

a 

xxx 2 xx 

xxx i xx 

xxx k xx 

xxx 2 xx 

xxx ? xx 

xxx 5 xx 

xxx 4 xx 

xxx 2 xx 

xxx If: xx 

xxx f. xx 

xxx ? xx 

xxx +_ xx 

xxx f xx 

xxx f xx 

xxx ? xx 

xxx f xx 

xxx k xx 

T o t a l  i n  process  xxx f xx 

The amounts of material d e s t i n e d  f o r  t h e  high- and low-level waste 
cans  are maintained as running sums f o r  each can. A f t e r  a can is 
f i l l e d  and s e a l e d  i t  i s  assayed f o r  t o t a l  conten t .  A discrepency 
would be  cause  f o r  alarm. 

a 

A s e p a r a t e  subbalance s h e e t  similar t o  above w i l l  be  maintained f o r  
t h e  sample i n s p e c t i o n  s t a t i o n .  

b 
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Table 6.2. Information type and application in 
calculating accountability data 

~ 

Information type Application (numbers 
refer to Table 6.1 items) 

~~ 

Mass spectrometer analysis of 
liquid feed solution 

Liquid level in storage waste 
and process tanks 

Storage and process hopper weights 

Rod counts 

In-cell gamma-scan count rates 

In-cell assay machine count rates 

Sample inspection station assay 
machine count rates 

S a.mp 1 e weights 

Particle size analyzer data 

Sample count 

Block count 

Waste can gamma-scan count rates 

Waste can calorimeter 

Waste drum gamma scanner (out 
of cell) 

A l l  items 

11-5, 111-1 

111-2,3,4,5,6,7,8,9,10,11,20,21 

11-1,4; III-12,13,14,15,16,17,19 

111-13 

11-1,4; III-15,16 

A l l  items 

11-4, III-18,19,22 

A l l  items 

11-4; III-18,19 

11-1 

11-2 

11-2 

11- 3 
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