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ABSTRACT 

We have eva lua ted  t h e  gel-sphere-pac f u e l  f a b r i c a t i o n  op t ion  and 

i t s  p o s s i b l e  a p p l i c a t i o n  t o  commercial scale f u e l  f a b r i c a t i o n  f o r  19 

f u e l  element des igns  t h a t  use  oxide f u e l  i n  metal c l a d  rods.  

The gel-sphere-pac process  uses  high-densi ty  spheres  of t h e  r equ i r ed  

f u e l  composition. The d ry  g e l  spheres  are prepared a t  t h e  r ep rocess ing  

p l a n t  as a n  a l t e r n a t i v e  product  conversion s t e p .  I n  t h e  f a b r i c a t i o n  

p l a n t s  desc r ibed  i n  t h i s  r e p o r t  t h e s e  dry g e l  spheres  are c a l c i n e d ,  

s i n t e r e d ,  i n spec ted ,  and are then  loaded i n t o  f u e l  rods and packed by 

low-energy v i b r a t i o n .  The r e s u l t i n g  f u e l  bed, made of two or  t h r e e  sizes 

of  sphe res ,  w i l l  a ch ieve  a f u e l  smear d e n s i t y  of 83 t o  88% of t h e o r e t i c a l .  

We have de f ined  and eva lua ted  a l l  f u e l  f a b r i c a t i o n  process  s t e p s  

f rom f u e l  r e c e i v i n g  t o  f i n i s h e d  f u e l  element shipping.  Our e v a l u a t i o n  

a l s o  covers  t h e  f e a s i b i l i t y  of t h e  p rocess ,  t h e  c u r r e n t  s t a t u s  of tech- 

nology,  estimates of t h e  r equ i r ed  t i m e  and c o s t  t o  develop t h e  technology 

t o  commercial s t a t u s ,  and t h e  s a f e t y  and l i c e n s a b i l i t y  of commercial 

scale p l a n t s .  

The primary e v a l u a t i o n  w a s  f o r  a Light-Water Reactor  f u e l  element 

c o n t a i n i n g  (U,Pu)Oz f u e l .  

Water Reac tors ,  1 f o r  a Heavy-Water Reac tor ,  1 f o r  a Gas-Cooled F a s t  

Reac tor ,  7 f o r  Liquid-Metal-Cooled F a s t  Breeder Reac to r s ,  and 3 p a i r s  f o r  

Light-Water Prebreeder  and Breeder Reac tors  - were eva lua ted  by comparing 

them wi th  t h e  Light-Water Reactor.  

The o the r  18 f u e l  element types  - 3 f o r  Light -  

The gel-sphere-pac op t ion  w a s  found a p p l i c a b l e  t o  1 7  of t h e  19 element  

t y p e s ;  t h e  c h a r a c t e r i s t i c s  of a commercial scale p l a n t  were de f ined  f o r  

t hese .  These c h a r a c t e r i s t i c s  were then  used as a b a s i s  f o r  making c o s t  

estimates f o r  such  p l a n t s .  These c o s t  estimates inc lude  both c a p i t a l  

c o s t s  and o p e r a t i n g  c o s t s .  When sub jec t ed  t o  a f i n a n c i a l  a n a l y s i s ,  t h e s e  

c o s t  estimates provide  e s t ima ted  p r i c e s  f o r  t h e  commercial f a b r i c a t i o n  

of  such  f u e l  elements.  These es t imated  p r i c e s  are then  s u i t a b l e  f o r  

comparison wi th  similar estimates made p rev ious ly  f o r  f a b r i c a t i o n  us ing  

t h e  convent iona l  p e l l e t  p rocess .  
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x i v  

Our e v a l u a t i o n  c l e a r l y  shows t h e  gel-sphere-pac process  t o  be a 

v i a b l e  f u e l  f a b r i c a t i o n  opt ion .  For t he  con tac t  opera ted  and con tac t  

main ta ined  f a c i l i t i e s  and t h e  remotely opera ted  and c o n t a c t  maintained 

f a c i l i t i e s ,  t h e  estimates sugges t  only minor c o s t  advantages f o r  t h e  gel-  

sphere-pac process  ( i n  one i n s t a n c e  a minor c o s t  advantage i s  i n d i c a t e d  

f o r  t h e  p e l l e t  p rocess) .  Based on our confidence i n  t h e  estimates, we 

f e e l  t h a t  no s i g n i f i c a n t  d i f f e r e n c e s  in c o s t s  e x i s t  f o r  t h e s e  cases. 

However, t h e  estimates i n d i c a t e  a s i g n i f i c a n t  p o t e n t i a l  f a b r i c a t i o n  

c o s t  advantage f o r  t h e  gel-sphere-pac process  i f  a remotely opera ted  and 

remote ly  maintained f u e l  f a b r i c a t i o n  p l a n t  i s  requi red .  



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

This  r e p o r t  addres ses  t h e  f u e l  f a b r i c a t i o n  op t ion  of u s i n g  t h e  gel-  

sphere-pac process  f o r  f a b r i c a t i n g  meta l  c l a d  oxide  f u e l s  f o r  a v a r i e t y  of 

r e a c t o r - f u e l  cyc le s .  To provide a complete p l a n t  c h a r a c t e r i z a t i o n  i n  t h e  

g e n e r i c  d e s c r i p t i o n ,  i t  was necessa ry  t o  select  a s p e c i f i c  cyc le  t h a t  

would be r e p r e s e n t a t i v e  and would a l l o w  t h e  d e f i n i t i o n  of mass flows 

throughout  t h e  p l a n t .  For t h e  r e p r e s e n t a t i v e  c y c l e  we chose r e f a b r i c a t i o n *  

of  pressur ized-water  r e a c t o r  (PWR) f u e l  e lements  wi th  s imultaneous produc- 

t i o n  of f u e l  u s ing  t h r e e  d i f f e r e n t  enr ichments ,  a l l  with a s p i k e  t o  

maximize p r o l i f e r a t i o n  r e s i s t a n c e .  This  r e q u i r e s  a p l a n t  t h a t  is remotely 

ope ra t ed  and maintained.  Modif ica t ions  t o  t h e  p l a n t  t o  adapt  i t  t o  o t h e r  

r e a c t o r  type f u e l  e lements  and o t h e r  f u e l s  are addressed  s e p a r a t e l y  i n  

Sec t .  9. 

The gel-sphere-pac process  uses  h igh-dens i ty  spheres  of t he  r equ i r ed  

f u e l ,  which are loaded i n t o  t h e  f u e l  c l add ing  and packed by low-energy 

v i b r a t i o n  t o  g i v e  a h igh  smear d e n s i t y  [about  83 t o  88% T.D. ( t h e o r e t i c a l  

d e n s i t y ) ]  f u e l  rod. 

p l a n t  du r ing  t h e  product  convers ion  s t e p  f o r  t h e  f i s s i l e  material. This  

p rocess  - sphere  convers ion  - i s  desc r ibed  b r i e f l y  i n  t h e  Appendix. Dry 

g e l  f i s s i l e  sphe res  are rece ived  a t .  t h e  f u e l  f a b r i c a t i o n  p l a n t  where t h e y  

are c a l c i n e d ,  s i n t e r e d  t o  h igh  d e n s i t y  ( g r e a t e r  than 98% T.D.), and loaded 

i n t o  f u e l  rods  a long  wi th  f e r t i l e  f i n e  spheres .  The s i n t e r e d  f e r t i l e  f i n e  

sphe res  are purchased from co ld  f a b r i c a t i o n  p l a n t s  ready f o r  u se ;  t h i s  

f a b r i c a t i o n  process  i s  ve ry  s i m i l a r  t o  t h a t  desc r ibed  i n  t h e  Appendix 

f o r  l a r g e r  spheres .  

Dry g e l  spheres  are prepared a t  t h e  r ep rocess ing  

The sphere-pac process  r e q u i r e s  t h r e e  s i z e  f r a c t i o n s  t o  produce high- 

d e n s i t y  f u e l  rods.  The f i s s i l e  spheres  are prepared i n  coa r se  (nominal 

1200-pm-diam) and medium (nominal 200-pm-diam) s i z e s .  The f e r t i l e  f i n e  

sphe res  are prepared with a nominal diameter  of 40 pm and provide about 

20% of t h e  t o t a l  heavy metal (HM). 

*In t h i s  r e p o r t ,  r e f a b r i c a t i o n  r e f e r s  t o  t h e  f a b r i c a t i o n  of bred f u e l  
materials. 
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This report also addresses the an: pated research, development, 

and demonstration (RD&D) required to bring the sphere-pac process to a 

level suitable for commercial application. Since the basic process is 

essentially independent of the type of fuel being loaded, the RD&D 
requirements are defined first for the generic process, and modifications 
only are provided in the specific cases. 



2. DEFINITION OF THE GEL-SPHERE-PAC LWR PLUTONIUM 
RECYCLE FUEL FABRICATION PLANT 

2.1 MAJOR ACTIVITIES 

The p l a n t  des ign  concept  i n  t h e  gene r i c  p o r t i o n  of t h i s  r e p o r t  

a d d r e s s e s  only those  p rocesses  d i r e c t e d  toward the  r e f a b r i c a t i o n  of f u e l  

a s sembl i e s  t h a t  con ta in  (U,Pu)O2 and t h a t  are designed f o r  use i n  a 

l i gh t -wa te r  r e a c t o r .  The p rocesses  are l i m i t e d  t o  the  product ion  of 

s i n t e r e d  (U,Pu)O2 s p h e r e s ,  loading  of f u e l  rods ,  assembly of t hese  rods  

i n t o  a f i n i s h e d  assembly, and t h e  suppor t ing  a c t i v i t i e s  necessa ry  t o  

perform these  s t e p s  i n  a s a f e  l i c e n s a b l e  commercial f a c i l i t y .  

S ince  t h i s  r e f a b r i c a t i o n  p l a n t  i s  an i n t e g r a l  p a r t  of t h e  o v e r a l l  

f u e l  c y c l e ,  i t  must i n t e r f a c e  wi th  o the r  a c t i v i t i e s  w i th in  t h e  cyc le  and 

i s  suppor ted  by e x t e r n a l  sou rces  of s u p p l i e s  and materials. F igure  2.1 

shows both t h e  primary e x t e r n a l  process  i n t e r f a c e s  and some of t he  

suppor t ing  ac t iv i t i e s  w i t h i n  t h e  p l a n t .  

The sphere-pac process  depends on t h e  r ep rocess ing  p l a n t  convers ion  

product  f o r  i t s  primary f u e l  component i npu t  ( a s  does t h e  p e l l e t  p rocess ) .  

However, t h i s  feed  material d i f f e r s  i n  form from the  p e l l e t  process .  The 

p e l l e t  p rocess  uses  dry  powders of U02 and Pu02, which are subsequent ly  

blended and condi t ioned  f o r  process  feed  w i t h i n  t h e  f a b r i c a t i o n  p l a n t .  

The sphere-pac p rocess  f eed  i s  f ree- f lowing ,  s p h e r i c a l ,  homogeneous 

(U,Pu)O2 p a r t i c l e s ,  which are formed i n  t h e  product  conversion process  

s t e p  of t h e  r ep rocess ing  p l a n t  and which need only s i n t e r i n g  t o  h igh  

d e n s i t y  t o  be s u i t a b l e  f o r  f u e l  rod loading.  The (U,Pu)O2 sphe res  are 

ob ta ined  i n  two s izes ,  coa r se  (nominal 1200 u m  i n  diameter)  and medium 

(nominal 200 pm i n  d iameter ) .  I n  a d d i t i o n ,  n a t u r a l  (or  dep le t ed )  U02 

i n  t h e  form of very  s m a l l  (nominal 40-pm-diam) dense spheres  are used i n  

t h e  process .  The$e " f e r t i l e  f i n e s "  can be produced wi th  an a u x i l i a r y  

p rocess  suppor t  a c t i v i t y  i n  t h e  r e f a b r i c a t i o n  p l a n t  o r  purchased from a 

s u p p l i e r ,  as shown i n  Fig.  2.1. Hardware components, such as f u e l  rod 

c l add ing  and material f o r  t h e  assembly s k e l e t o n s ,  are a l s o  purchased 

from o u t s i d e  s u p p l i e r s .  
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I n  the primary p rocess ing  ope ra t ion  m a t e r i a l  i s  r e j e c t e d  by the  

q u a l i t y  c o n t r o l  i n s p e c t i o n  func t ions .  For the  sphere-pac process  r e j e c t e d  

material i s  from two main sources :  sphere  i n s p e c t i o n  and f u e l  rod loading.  

The material r e j e c t e d  dur ing  f u e l  rod loading  is  i n t e r n a l l y  r e c y c l a b l e  wi th  

a minimum amount of rework ( i . e . ,  on ly  s i z e  c l a s s i f i c a t i o n ) .  

r e j e c t e d  dur ing  sphere  i n s p e c t i o n  i s  c o l l e c t e d ,  weighed, assayed ,  and 

r e t u r n e d  t o  the  r ep rocess ing  p l a n t  f o r  r ecyc le .  I n  a d d i t i o n  t o  t h i s  c l ean  

s c r a p  t h e r e  are contaminated materials, bo th  s o l i d  and l i q u i d ,  which must 

be t r e a t e d  f o r  u l t i m a t e  d i sposa l .  Such t rea tment  i nc ludes  p rocess ing  t o  

recover  plutonium (where p o s s i b l e ) ,  volume r e d u c t i o n ,  and convers ion  of 

t h e  remaining waste t o  a form s u i t a b l e  f o r  u l t i m a t e  d i sposa l .  

The material 

2.2 PLANT DESIGN CHARACTERISTICS 

To q u a n t i t a t i v e l y  e v a l u a t e  t h e  r e f a b r i c a t i o n  p l a n t  desc r ibed  i n  

t h i s  r e p o r t  we must d e f i n e  c e r t a i n  des ign  c h a r a c t e r i s t i c s  as fo l lows  : 

1. The f u e l  element des ign  i s  comparable t o  a c u r r e n t  Combustion 

Engineer ing (CE) System 80 pressur ized-water  r e a c t o r  e lement .  

2.  The p l a n t  product ion  c a p a c i t y  i s  480 t HM/year wi th  t h e  'capa- 

b i l i t y  of s imul taneous ly  producing t h r e e  enrichments .  

3. The p l a n t  f a c t o r  i s  240 e f f e c t i v e  fu l l -p roduc t ion  days per year .  

4. P l a n t  des ign  capac i ty :  

Overall 730 t HM/year 

about  5 f u e l  assembl ies /d  

Each l i n e  of t h r e e  243 t HM/year 

0.67 t HM/d 

369 f u e l  rods /d  

1.6 f u e l  assembl ies /d  

5. Process  des ign  c a p a c i t i e s  are based on the  l i n e  des ign  c a p a c i t i e s ,  

equipment a v a i l a b i l i t y ,  and the  s c r a p  and sample lo s ses .  

6. The f a c i l i t i e s  are designed t o  d i scha rge  no l i q u i d  waste o the r  

t han  t r e a t e d  s a n i t a r y  sewage. 

7. A l l  p rocess  b u i l d i n g s  and c r i t i ca l  a u x i l i a r y  suppor t  are 

des igned  and c o n s t r u c t e d  i n  accordance wi th  t h e  c u r r e n t  U . S .  Nuclear 
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Regula tory  Commission l i c e n s i n g  requirements .  Sh ie ld ing  is provided t o  

l i m i t  dose ra tes  t o  ope ra t ing  and maintenance personnnel  t o  0.25 mi l l i r em/h .  

I n  a d d i t i o n  t o  t h e s e  b a s i c  assumptions we assumed t h a t  product ion  

from each f u e l  rod l i n e  is campaigned t o  provide  a f u l l  r e l o a d  segment f o r  

a s i n g l e  1270-MWe ( n e t )  PWR be fo re  changing enrichments.  Thus, t he  t o t a l  

HM output  f o r  a given campaign i s  34.3 t ,  and each campaign r e q u i r e s  about 

51 e f f e c t i v e  fu l l -p roduc t ion  days ( 7 8  ca l enda r  days) .  The t o t a l  f a c i l i t y  

can suppor t  about 14 r e a c t o r s  by us ing  only (U,Pu)O2 f u e l .  

2.3 OPERATING PHILOSOPHY 

For t h e  remotely opera ted  and remotely maintained f a c i l i t y  (RO/RM) 

w e  assumed t h a t  t h e  sp ike  w a s  in t roduced  i n t o  the  (U,Pu)O2 f e e d  material 

a t  t h e  r ep rocess ing  p l a n t .  We a l s o  assumed t h a t  the  sp ike  material and 

q u a n t i t y  would not  a f f e c t  subsequent process  v a r i a b l e s .  

The p l a n t  i s  ope ra t ed  as a commercial f a c i l i t y  wi th  t h r e e  s h i f t s  

. p e r  day, seven days per week. Both o p e r a t i n g  and maintenance personnel  

are a v a i l a b l e  on a l l  fou r  s h i f t s ,  a l though t h e r e  are some i n c r e a s e s  i n  the  

day-sh i f t  complement f i v e  days per week. Admin i s t r a t ive  and eng inee r ing  

personnel  are involved  only  f o r  day-sh i f t  o p e r a t i o n  f i v e  days per week. 

A l l  p rocess  o p e r a t i o n s  i n  the  f a c i l i t i e s  are t o  be mechanized f o r  

remote c o n t r o l  by the  ope ra to r s .  I n t e r n a l l y  r ecyc led  s c r a p  materials are 

reworked w i t h i n  a des igna ted  process  area f o r  each f u e l  rod l i n e  t o  

prevent  p o s s i b l e  mixing of enrixhments.  A l l  f u e l  materials recovered  i n  

t h e  waste t r ea tmen t  process  are recovered as a mixed uranium-plutonium 

product  and conver ted  t o  a s o l i d  oxide before  r e t u r n  t o  t h e  r ep rocess ing  

p l a n t .  

Personnel  access t o  t h e  feed  materials s t o r a g e  area and t h e  f i n i s h e d  

f u e l  element s t o r a g e  area is p h y s i c a l l y  d i f f i c u l t ,  and material access 

p o r t s  are p r o t e c t e d  by m u l t i p l e  permission c o n t r o l s  f o r  s a fegua rds  cons idera-  

t i o n s .  Only q u a l i f i e d  p l a n t  personnnel  may perform ope ra t ions  w i t h i n  the  

e n t i r e  c o n t r o l l e d  area, inc lud ing  t h e  o p e r a t i o n  of t r a n s p o r t a t i o n  equipment 

f o r  sh ipp ing  and r ece iv ing .  
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2.4 IN-PROCESS INVENTORY REQUIREMENTS 

We performed a t o t a l  in-process  inven to ry  assessment  of t he  

r e f a b r i c a t i o n  p l a n t  on the  assumption t h a t  a l l  t h r e e  f u e l  rod load ing  

l i n e s  were i n  f u l l  product ion.  This  i s  p resen ted  i n  Table  2.1. 
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Tab le  2.1. Surge S t o r a g e  Requirements and Normal Inven to ry  
Based on CE System 80 F u e l  Element Design 

P r o c e s s  S t e p  

S t o r a g e  
I n t e r v a l ,  Normal I n v e n t o r y ,  

kg HM Material d 
" 

Normal Max U02 F i n e s  

A.  

B. 

C.  

D. 

E .  

F. 

G. 

H .  

I. 

J. 

K. 

Feed S t o r a g e  

I n t e r i m  S t o r a g e  

Furnace  

P o s t  Fu rnace  

I n t e r i m  S t o r a g e  

Main S t o r a g e  

Loading,  I n s p e c t i o n ,  
Welding 

r o d s  
Loaded, n o t  i n s p e c t e d  

Rework - s c r a p  

Completed f u e l  r o d s  

Assembly 

Dr ied  s p h e r e s  
S i n t e r e d  s p h e r e s  

Dr i ed  s p h e r e s  
S i n t e r e d  s p h e r e s  

Dr i ed  t o  s i n t e r e d  
s p h e r e s  

S i n t e r e d  s p h e r e s  

S i n t e r e d  s p h e r e s  

S i n t e r e d  s p h e r e s  
S i n t e r e d  s p h e r e s  

S i n t e r e d  s p h e r e s  

S i n t e r e d  s p h e r e s  

S i n t e r e d  s p h e r e s  
i n  r o d s  

Rods i n  completed 
a s s e m b l i e s  

30 60 
30 60 

1 2 
1 2 

1 . 2  2 .4  

0 .5  1 

0.36 0.72 

1 . 2  2 .4  
1 . 5  2.9 

0.12 0 . 2 4  

5 5 

0 .12  0 . 2 4  

5 5 

1 5  30 

56,000 

1 , 6 6 0  

2 ,000  

: 30 

600 

2,100 

2 10 

8,300 

4 10 

8,000 

24,000 

13,000 

4 4 0 ,  

660 

50 

2,070 

75 

2,000 

6,000 

a 5.6% nominal  f i s s i l e  p lu ton ium c o n t e n t . '  



3 .  FABRICATION PROCESSES 

This  s e c t i o n  w i l l  de sc r ibe  each main f u e l  f a b r i c a t i o n  s t e p .  Process  

f lowshee ts  are included i n  the  d i scuss ion ,  wi th  a d e s c r i p t i o n  of product 

c o n t r o l  and s c r a p  and waste process ing  and d i sposa l .  

3 . 1  PRODUCT MANUFACTURE 

3.1.1 Flowsheet and Process  Desc r ip t ions  

A gel-sphere-pac gene r i c  f u n c t i o n a l  f low diagram i s  shown i n  Fig. 3.1. 

The main func t ions  unique t o  t h e  gel-sphere-pac process  are f u e l  product ion 

( 2 . 0 )  and f u e l  rod f a b r i c a t i o n  ( 3 . 0 ) .  Brief  process  d e s c r i p t i o n s  of t he  

v a r i o u s  f u n c t i o n a l  s t e p s  are given below. 

3.1.1.1 Receiving and Storage  

A s  shown i n  Fig. 3 . 2  t h e  c o n t a i n e r s  of d i d g e l  Ph res (two s i z e s  of 

each of t h r e e  a s say  l e v e l s )  of (U,Pu)O, are r ece ived  from the  r ep rocess ing  

p l a n t ,  weighed, and s to red .  These con ta ine r  weights  and t h e i r  r e s p e c t i v e  

accompanying samples are t h e  bases  of inventory  c o n t r o l  of material e n t e r i n g  

t h e  p l an t .  S i m i l a r l y ,  t h e  s i n t e r e d  spheres  of n a t u r a l  (o r  dep le t ed )  U02 

f e r t i l e  f i n e s  are rece ived ,  weighed, and s to red .  A s  r equ i r ed  by the  process  

a con ta ine r  is sampled and held i n  in t e r im  s t o r a g e  (pneumatic t r a n s f e r  

hopper) u n t i l  it is  v e r i f i e d  t o  be acceptab le .  It is  then pneumatical ly  

t r a n s f e r r e d  t o  f u e l  rod f a b r i c a t i o n .  

3 .1 .1 .2  Fuel Product ion 

The purpose of t he  f u e l  product ion  s t e p  i s  t o  convert  t h e  dry g e l  

sphe res  t o  t h e  high-densi ty  s i n t e r e d  spheres  r equ i r ed  f o r  sphere-pac 

loading .  

Fig.  3.3 .  

This  is accomplished by c a l c i n a t i o n  and s i n t e r i n g ,  as shown i n  

A s  material is r e q u i r e d  f o r  f u e l  product ion  i n d i v i d u a l  c o n t a i n e r s  

are removed from s t o r a g e  and passed s u c c e s s i v e l y  through a sample r  and a 

9 
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U-PU FISSILE LINE U02 "COLD" LINE 

I r--------- 
REPROCESSING I 

I PLANT 1 

1 
1.2 WEIGHING 1.1 SAMPLING 1.4 WEIGHING 

I f  
r 
1.5 SAMPLING 1.7 ANALYSES 1.3 INTERIM 

STORAGE 

1.6 STORAGE 2.0 FUEL 
PRODUCTION 

I 

3.0 FUEL ROD 

1 
FABRICATION 

. 
5.0 SCRAP 6.0 WASTE 

HANDL I PIG PROCESSING 

Fig. 3.2. Gel-Sphere-Pac Generic Functional Flowsheet - 1.0, 
Receiving and Storage. 
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s p l i t t e r .  The s p l i t t e r  subdiv ides  the  batch and loads  i t  i n t o  the  

fu rnace  boats: After the  material i s  v e r i f i e d  t o  be accep tab le ,  the  

boa t s  a r e  loaded i n t o  one of the  c a l c i n a t i o n - s i n t e r i n g  furnaces .  There 

are t h r e e  main product ion l i n e s  (one f o r  each assay l e v e l ) ,  each con- 

t a i n i n g  t h r e e  furnaces .  

The c a l c i n a t i o n  p o r t i o n  of the  cyc le  h e a t s  t he  par t ic les  t o  about 

5OOOC i n  a reducing atmosphere t o  remove the  v o l a t i l e s  and t o  reduce the  

uranium t o  U02. 

s i n t e r e d  t o  h igh  d e n s i t y  by cont inuing  t o  hea t  them i n  a reducing 

atmosphere t o  a maximum temperature  i n  the  range of 1450 t o  1650OC. The 

a s - s in t e red  par t ic les  [now (U,Pu)O2 wi th  the  oxygen-to-metal r a t i o  

a d j u s t e d ]  are cooled ,  unloaded, and t r a n s f e r r e d  t o  sphere in spec t ion .  

I n  t h i s  s t e p  the  p a r t i c l e s  are s i z e  and shape c l a s s i f i e d ,  sampled, and 

h e l d  i n  i n t e r i m  s t o r a g e  (pneumatic t r a n s f e r  hoppers)  u n t i l  q u a l i t y  

c o n t r o l  ana lyses  are complete. Upon v e r i f i c a t i o n  of the  a c c e p t a b i l i t y  

of t h e  material the  p a r t i c l e s  are pneumatical ly  t r a n s f e r r e d  t o  f u e l  

Following c a l c i n a t i o n  the  particles are reduced and 

. rod  f a b r i c a t i o n .  Reject material from s i z e  and shape c l a s s i f i c a t i o n  

and material t h a t  does not  meet s p e c i f i c a t i o n s  are s e n t  t o  scrap handl ing.  

Waste from l a b o r a t o r y  analysis is routed  t o  waste process ing .  

3.1.1.3 Fuel  Rod F a b r i c a t i o n  

The main purpose of the  f u e l  rod f a b r i c a t i o n  s t e p  i s  t o  load  t h e  

h igh-dens i ty  spheres  i n t o  high-densi ty  rods  by us ing  low-energy v i b r a t i o n .  

The va r ious  s t e p s  of f u e l  rod f a b r i c a t i o n  are shown i n  Fig. 3.4. The 

main s t o r a g e  hoppers r e c e i v e  and s t o r e  accep tab le  s i n t e r e d  spheres  u n t i l  

needed f o r  rod loading.  There are t h r e e  f u e l  rod loading  l i n e s ,  one f o r  

each of t h e  a s say  l e v e l s .  Each f u e l  rod loading  l i n e  has t h r e e  s t o r a g e  

hoppers  f o r  t he  coa r se  sphe res ,  medium spheres ,  and f i n e s ,  r e s p e c t i v e l y .  

Each hopper provides  s t o r a g e  f o r  two days of opera t ion .  

The amount of each type of sphere needed f o r  a f u e l  rod i s  volu- 

m e t r i c a l l y  dispensed from each of the  t h r e e  hoppers ,  weighed, and t r ans -  

f e r r e d  t o  t h e  corresponding t h r e e  hoppers of t h e  loading  line. The 

material from a l l  t h r e e  loading  hoppers is s imul taneous ly  d ispensed ,  

blended,  and loaded i n t o  the  c ladding  tube. Each loading  l i n e  has a 
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s i n g l e  b lender - feeder ,  which a l t e r n a t e l y  f e e d s  each of t h r e e  loading  

s t a t i o n s  of the  l i n e  by use of a r o t a r y  d i v e r t e r  valve.  A f t e r  being 

f i l l e d  t h e  f u e l  rods  are v i b r a t e d  t o  achieve  t h e  proper  f u e l  column 

l e n g t h  and dens i ty .  

The loaded rods  are moved t o  one of t he  two dens i tometer  s t a t i o n s  

where both t h e  f u e l  column l e n g t h  and the  f u e l  d e n s i t y  a long  t h e  l e n g t h  

are determined. Rods t h a t  do no t  m e e t  s p e c i f i c a t i o n s  are t r a n s f e r r e d  

t o  t h e  d e n s i t y  reject  s t a t i o n  before  being s e n t  t o  t h e  rework area. 

Fuel  rods  t h a t  meet s p e c i f i c a t i o n s  are advanced t o  t h e  subsequent  

s t a t i o n s  where t h e  weld area i s  c leaned;  t h e  remaining top  components 

( d i s k ,  s p r i n g ,  e t c . )  are added; and t h e  rod i s  evacuated,  p r e s s u r i z e d ,  

and welded. 

The rods  are r o t a t e d  t o  a h o r i z o n t a l  p o s i t i o n  and loaded on r acks  

f o r  c l o s u r e  weld x-ray examination. Af t e r  pas s ing  t h e  subsequent  hel ium 

l e a k  check, a l l  rods  are decontaminated and passed from the  f u e l  rod 

f a b r i c a t i o n  area t o  the  f i n a l  rod i n s p e c t i o n  and f u e l  assembly area of 

t h e  p l a n t .  Surge s t o r a g e  i s  provided a t  t h i s  p o i n t  t o  permit  campaigning 

of common a s s a y  rods  through t h e  nondes t ruc t ive  a s s a y  and f u e l  rod 

dimensional  i n s p e c t i o n  s t ages .  Rods t h a t  m e e t  s p e c i f i c a t i o n s  are s e n t  

t o  f u e l  assembly f a b r i c a t i o n ,  whi le  r o d s  t h a t  do no t  meet s p e c i f i c a t i o n s  

are t r a n s f e r r e d  t o  t h e  rework area. ' From t h e  rework area rods  are e i t h e r  

r e t u r n e d  f o r  r e i n s p e c t i o n  o r  unloaded and t h e  p a r t i c l e s  r e t u r n e d  t o  t h e  

d i spens ing  and loading  area ( fo l lowing  s i z e  c l a s s i f i c a t i o n ) .  The hardware 

i s  r ecyc led  o r  s e n t  t o  sc rap  handl ing ,  depending on i t s  cond i t ion .  

3.1.1.4 Fuel  Assembly F a b r i c a t i o n  

Acceptable  f u e l  rods  are s t o r e d  i n  v a u l t s  w i t h i n  t h e  f u e l  assembly 

area. A s i n g l e  f u e l  assembly l i n e  meets t h e  product ion  requi rements  and 

hand les  t h e  output  from a l l  t h r e e  f u e l  f a b r i c a t i o n  l i n e s ,  as shown i n  

Fig.  3.5. I d e n t i f i e d  rods  of a given a s say  are withdrawn from s t o r a g e  

and loaded i n t o  a magazine. The magazine is then  mated wi th  a p r e f a b r i -  

c a t e d  f u e l  assembly s k e l e t o n  and t h e  r o d s  drawn i n t o  t h e  assembly. Each 

assembly i s  then  upended and sub jec t ed  t o  a series of i n s p e c t i o n  and 
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cleaning operations before being placed in a protective package. Packaged 

assemblies are stored in a vault and then shipped to various reactors as 

required . 
3.1.2 Product Control Processes 

To ensure the production of a high-quality product, sampling and 

testing are performed throughout the various process steps. This 

includes analyzing the as-received dried spheres (coarse and medium) 

for accountability (heavy metal content) and quality control (impurities). 

After sintering particles of all three sizes receive more complete analysis 

since the process is complete and the particles are ready for loading. 

Analyses of sintered particles include total fissile content, uranium-to- 

plutonium ratio, oxygen-to-metal ratio, impurities, gas content, moisture 

content, particle size distribution, and nitrogen content. After the 

fuel rod is loaded the total heavy metal and fissile element content and 

distribution along the fuel column length are determined. The various 

samples and tests are divided into three types of controls: 

1. "In-line" controls are nondestructive controls on 100% of the 

product. Essentially all of the testing is of this type once the 

sintered particles are loaded into the fuel cladding. The contents of 

out-of-specification rods are recycled to the system just ahead of the 

rod loading step. 

2. "On-line" controls are statistical examinations, such as 

extracting part of the particles for particle size distribution. In 

addition on-line controls include processing equipment atmosphere analyses 

and maintenance. 

3. "Off-line" controls are statistical nondestructive and destruc- 

tive controls on part of the product. The bulk of such controls are tests 

on control and analytical samples that have been transported (normally by 

pneumatic means) to the laboratory. Examples include analyses of impuri- 

ties and heavy metal content (of particle samples and reject material), 

moisture content, particle density, plutonium-to-uranium ratio, and 

oxygen-to-metal ratio, and isotopic assay. 
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3 . 2  SCRAP AND WASTE PROCESSING AND DISPOSAL 

3.2.1 Scrap Handling 

As shown i n  Fig. 2.1 t h r e e  types  of s c r a p  m a t e r i a l  are genera ted  

c l e a n  i n  a sphere-pac mixed oxide f u e l  f a b r i c a t i o n  p l a n t .  These are: 

( i n t e r n a l l y  r e c y c l e d ) ,  r e j e c t e d  ( e x t e r n a l l y  r e c y c l e d ) ,  and r ecove rab le  

plutonium from s o l i d  and l i q u i d  wastes. 

rod i s  r e j e c t e d  f o r  f a i l u r e  t o  meet mechanical (e.g., poor weld) ,  d e n s i t y ,  

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

o u t ,  s i z e d ,  and r e t u r n e d  t o  t h e  a p p r o p r i a t e  s t o r a g e  con ta ine r .  Any 

degraded sphe res  are t r a n s f e r r e d  t o  t h e  second ca t egory  of scrap material 

( r e j e c t e d ) .  

Clean s c r a p  o c c u r s  when a f u e l  

When t h i s  occurs  t h e  sphe res  are poured 

Rejec ted  material c o n s i s t s  of s i n t e r e d  sphe res  t h a t  f a i l  t o  meet 

t h e  sphe re  s p e c i f i c a t i o n s .  Rejec ted  material i s  c o l l e c t e d ,  assayed ,  and 

sh ipped  back t o  t h e  r ep rocess ing  p l a n t  f o r  d i s s o l u t i o n  and convers ion  t o  

g e l  sphe res  (see Fig. 3.6  f o r  a f lowshee t  d e s c r i p t i o n ) .  

The t h i r d  t y p e  of scrap, r ecove rab le  plutonium from s o l i d  and l i q u i d  

wastes, i s  s e p a r a t e d  from t h e  s o l i d  and l i q u i d  wastes, conver ted  t o  a 

s o l i d  oxide ,  and t r a n s f e r r e d  t o  t h e  r e j e c t e d  (U,Pu)O2 material. 

Table  3.1  prov ides  a q u a n t i t a t i v e  e v a l u a t i o n  of expected mass flow, 

y i e l d ,  and s c r a p  gene ra t ion  f o r  t h e  sphere-pac r e f a b r i c a t i o n  p l a n t s .  As 
i n d i c a t e d  t h e  q u a n t i t y  of c l e a n  ( i n t e r n a l l y  r ecyc led )  s c r a p  a n t i c i p a t e d  

i s  about  8%. The amount of r e j e c t e d  ( e x t e r n a l l y  r ecyc led  t o  t h e  reproces-  

s i n g  p l a n t )  s c r a p  i s  about 4%.  The o v e r a l l  product  y i e l d  i s  about  99%. 

3 . 2 . 2  Waste Process ing  and Disposa l  

Waste hand l ing  and d i s p o s a l  are shown i n  Fig. 3 .7 .  As desc r ibed  i n  

Sec t .  3 .2 .1  r ecove rab le  uranium-plutonium is sepa ra t ed  from waste as p a r t  

of s c r a p  recovery,  However, some mixed oxide i s  not  r ecove rab le  and is  l o s t  

as waste t o  permanent d i sposa l .  

0.25% of t h e  t o t a l  amount of plutonium t r e a t e d .  

This  q u a n t i t y  is expected t o  be less than  

, 
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Table 3.1. Estimated Daily Scrap Production for a 480-t HM/year LWR 
Plutonium Recycle Fuel Plant 

Mass Flow, kg HM/d 

a b P r o c e s s i n g  S tep  Da i ly  Throughput Clean Scrap R e j e c t  Sc rap  

c c (U,Pu)O2 U02 F ines  (U,Pu)O2 U02 F ines  (U,Pu)02' U02 F i n e s  

d Rece iv ing  and S to rage  1662.3 437.8 

Sampling and Batch Loading 1660.6 1 . 7  

Weighing and Sampling 437.4 0 .4  

C a l c i n i n g  and S i n t e r i n g  1659.8 0 . 8  

Sphere Upgrading 1753. le 49.8 

Sphere Sampling 1749.6 3.5 

Sphere S to rage  1749.6 437.4 

Fue l  Rod Loading 1749.6 437.4 

Fue l  Rod Scanning 1662.1 415.5 84.0 21.0 3 . 5  0.9 

Top Component I n s e r t i o n  1658.4 414.6 3 . 3  0 . 8  0 . 3  0 . 1  

Rod Welding and X Ray 1658.4 414.6 f f f f 
Leak Detect ion  1658.4 414.6 f f f f 

F i n a l  Rod I n s p e c t i o n  1608.4 402.1 1 6 . 3  4.1 0 .7  0 . 2  

Assembly I n s p e c t i o n  1600 8 . 0  2.0 0 . 3  0 .1  

T o t a l  2000 143.1 35.8 62.3 2 . 1  

a 

bCol l ec t ed ,  assayed,  and e x t e r n a l l y  r ecyc led  t o  r e p r o c e s s i n g  p l a n t .  

%ncludes 35.8 kg of r ecyc led  c l e a n  s c r a p .  
e 

*Rework i n  t h e s e  s t e p s  i s  o n l y  of t h e  weld and does n o t  a f f e c t  s c r a p .  

Rod Assay 1625.3 406.3 31.5 7.9 1 . 7  0 .4  

__ ~ - 4 
I n t e r n a l l y  r ecyc led .  

c 3.1% nominal f i s s i l e  plutonium. 

I n c l u d e s  143.1 kg of r e c y c l e d  c l e a n  s c r a p .  
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Following t h e  plutonium recove ry  s t e p  aqueous wastes are concen t r a t ed  

and s o l i d i f i e d  while  s o l i d  wastes are compacted; both are assayed and 

sh ipped  f o r  permanent d i s p o s a l .  

Y 



4. PLANT GENERAL LAYOUT AND DESCRIPTION 

4.1 GENERAL LAYOUT 

A t y p i c a l  s i t e  p lan  f o r  a r e f a b r i c a t i o n  p l a n t  producing 480 t HM/year 

as PWR f u e l  e lements  i s  given i n  Fig. 4.1. This  p lan  was developed t o  

show t h e  p r i n c i p a l  components and is not  an a c t u a l  concept.  To provide 

f o r  p h y s i c a l  s a fegua rds  t h e r e  are a p p r o p r i a t e  boundary areas wi th  i n c r e a s i n g  

c o n t r o l  of access. The e n t i r e  s i t e  i s  surrounded by a fence  wi th  monitor ing 

and access  c o n t r o l .  Within t h i s  per imeter  is a c o n t r o l l e d  area wi th  

a p p r o p r i a t e  f enc ing  and i n t r u s i o n  monitoring. A t h i r d  l e v e l  of access 

c o n t r o l  i s  then a p p l i e d  t o  process  bu i ld ings ,  which are f u r t h e r  subdivided 

f o r  l i m i t a t i o n  of personnel  access. 

Only a p p r o p r i a t e l y  c l e a r e d  personnel  are allowed i n  the  va r ious  areas; 

t h i s  i nc ludes  o p e r a t o r s  of heavy t r u c k s  and t r a i n s  w i t h i n  t h e  si te perimeter 

on t h e  road and r a i l  accesses shown i n  t h e  s i t e  plan.  

4.1.1 S i t e  Per imeter  

S i t e  access through t h e  per imeter  fence  i s  c o n t r o l l e d  through t h e  main 

e n t r a n c e  and guard shacks a t  t h e  veh icu la r  en t r ances .  The a d m i n i s t r a t i o n  

and eng inee r ing  b u i l d i n g  though w i t h i n  t h e  per imeter  area is  o u t s i d e  t h e  

c o n t r o l l e d  area t o  permit  i n t e rchanges  wi th  customers and vendors and t o  

reduce  t h e  number of personnel  w i th in  t h e  c o n t r o l l e d  area. 

4.1.2 Con t ro l l ed  Area 

A l l  personnel  access t o  t h e  c o n t r o l l e d  area i s  through t h e  p o r t a l  

e n t r a n c e  c o n t r o l l e d  by guards.  Within t h e  c o n t r o l l e d  area are l o c a t e d  the  

manufactur ing process  b u i l d i n g  and c r i t i ca l  a u x i l i a r y  f u n c t i o n s  as w e l l  as 

a n  a p p r o p r i a t e l y  p r o t e c t e d  guard c e n t e r  and communications c e n t e r  t h a t  

remote ly  moni tors  a l l  p h y s i c a l  p r o t e c t i o n  a c t i v i t i e s .  

f u n c t i o n  areas a c c e s s i b l e  from t h e  c o n t r o l l e d  area p o r t a l  are: 

The a u x i l i a r y  

23 
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1. t h e  f a c i l i t y  suppor t  bu i ld ing ,  which inc ludes  a p p r o p r i a t e  process  

m a t e r i a l  warehousing and gene ra l  shops;  

2. t h e  exhuast  v e n t i l a t i o n  c o n t r o l  b u i l d i n g  and i t s  a s s o c i a t e d  s t a c k ;  

3. t h e  emergency e l e c t r i c a l  power gene ra t ion  bu i ld ing ;  

4 .  t h e  coo l ing  towers;  

5. va r ious  yard f a c i l i t i e s ,  i nc lud ing  waste s t o r a g e  areas; and 

t h e  r e c e i v i n g  and sh ipp ing  areas a s s o c i a t e d  with 6. l i m i t e d  p o r t i o n s  of 

t h e  process  areas. 

4.1.3 Process  Areas 

Access t o  t h e  actu 1 process i  g b u i l d i n g s  i s  through a s e p a r a t e  

b u i l d i n g ,  which inc ludes  f a c i l i t i e s  f o r  l ocke r  rooms and some o p e r a t i o n a l  

management o f f i c e s .  All personnel  e n t e r i n g  o r  l eav ing  t h e  t h r e e  i n t e r -  

connected process  b u i l d i n g s  must pass  through a p p r o p r i a t e  guards and 

moni tor ing  devices .  The t h r e e  process  b u i l d i n g s  provide space f o r :  

1. t h e  a c t u a l  f u e l  element product ion ,  

2. t h e  f u e l  element hardware 'manufacture  and i n s p e c t i o n  t o g e t h e r  with 

o t h e r  process  suppor t  a c t i v i t i e s ,  and 

3.  t h e  t rea tment  of a l l  process  waste. I 

4.2 GENERAL DESCRIPTION 

The f u e l  element manufactur ing processes  were desc r ibed  i n  Sec t .  3. 

I n  t h i s  s e c t i o n  a t t e n t i o n  is focused on a d e s c r i p t i o n  of t h e  main process  

bu i ld ings .  

4.2.1 Opera t iona l  Support  Bui ld ing  

Most of t h e  s t r u c t u r a l  materials components i n  a f i n i s h e d  f u e l  assembly, 

w i t h  t h e  excep t ion  of t h e  c ladding ,  are manufactured w i t h i n  t h e  p l an t .  

Consequently,  t h e  o p e r a t i o n a l  support  b u i l d i n g  houses such a c t i v i t i e s  as 

f u e l  c l add ing  s t o r a g e ,  i n s p e c t i o n ,  c l ean ing ,  bottom end-plug i n s e r t i o n  

and welding, and load ing  of a p p r o p r i a t e  magazines t o  d e l i v e r  t hese  t o  t h e  
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f u e l  f a b r i c a t i o n  area. Element components a r e  manufactured and assembled 

i n t o  f i n i s h e d  and in spec ted  element s k e l e t o n s  i n  a separate area. Addi- 

t i o n a l  equipment and space i s  provided t o  tes t  and modify, as necessa ry ,  

a l l  new f i x t u r e s  and replacement equipment t o  ensure  t h e i r  f u n c t i o n a l  

performance and i n t e r f a c e  c o m p a t i b i l i t y  w i th  manufactur ing process  a r e a  

s u p p o r t s ,  u t i l i t y  connec t ions ,  and a d j a c e n t  equipment. 

4.2.2 Process  Bui ld ing  

The process  bu i ld ing  houses a l l  t h e  a c t u a l  f u e l  element manufactur ing 

p rocesses  and the  a p p r o p r i a t e  q u a l i t y  c o n t r o l  and maintenance a c t i v i t i e s .  

Although a c t u a l l y  subdivided i n t o  s e v e r a l  smaller areas, t h e s e  can be 

grouped by a c t i v i t i e s .  The process ing  areas are p h y s i c a l l y  sepa ra t ed  by 

a p p r o p r i a t e  s h i e l d i n g  w a l l s  but  are remotely in t e rconnec ted  t o  provide  

f o r  material movement. A pre l imina ry  l ayou t  f o r  t h e  p rocess ing  areas is  

g iven  i n  Fig. 4.2. Only t h e  p r i n c i p a l  process ing  areas are shown. Remote 

maintenance cel ls  are l o c a t e d  above t h e  process ing  cel ls  t o g e t h e r  w i th  the  

q u a l i t y  c o n t r o l  l a b o r a t o r i e s .  Add i t iona l  b u i l d i n g  space houses a u x i l i a r y  

. s e r v i c e s  and in s t rumen ta t ion .  

4.2.2.1 Mixed Oxide Receiving and Supply S torage  

The (U,Pu)O2 g e l  sphe res  are rece ived  and s t o r e d  i n  one area. Each 

shipment may c o n t a i n  s e v e r a l  s e a l e d  con ta ine r s .  The i d e n t i f i c a t i o n  and 

weight of each  c o n t a i n e r  are checked. The c o n t a i n e r s  are i n d i v i d u a l l y  

t r a n s f e r r e d  through a lock  t o  t h e  v a u l t  s t o r a g e  area and are p laced  i n  

predetermined and monitored s t o r a g e  w e l l s  by remotely opera ted  equipment. 

Sepa ra t e  locks  are provided f o r  t h e  t r a n s f e r  of c o n t a i n e r s  t o  t h e  f u e l  

p rocess ing  and rod f a b r i c a t i o n  areas and f o r  t he  removal of empty con- 

t a i n e r s  t o  t h e  r ep rocess ing  p l a n t  f o r  reuse .  All a c t i v i t i e s  i n  t h e  v a u l t  

area r e q u i r e  m u l t i p l e  approval  and are monitored by a c c o u n t a b i l i t y  and 

sa fegua rds  personnel .  
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4.2.2.2 Sphere P rocess ing  Area 

The second g e n e r a l  area inc ludes  a l l  e q u i p m e n t  t o  sample ba tches  

of d r i e d  sphe res  from the  s t o r a g e  area, t o  s i n t e r  t he  sphe res  t o  h igh  

d e n s i t y ,  and t o  subsequent ly  upgrade and sample t h e  s i n t e r e d  product .  

Q u a l i f i e d  product  is accumulated i n  s t o r a g e  as feed  t o  t h e  f u e l  rod 

f a b r i c a t i o n  process .  From t h e  t i m e  t h e  s i n t e r i n g  boa ts  e n t e r  t h e  

s i n t e r i n g  fu rnace ,  a l l  process ing  and t r a n s f e r s  are conducted wi th in  

confinement.  S i n t e r e d  spheres  are t r a n s f e r r e d  pneumat ica l ly  between 

p rocess ing  s t a t i o n s .  

4.2.2.3 Fuel  Rod F a b r i c a t i o n  

The t h i r d  area inc ludes  a l l  equipment necessary  t o  d ispense  sphe res ,  

l oad  t h e  f u e l  r o d s ,  and perform i n s p e c t i o n s  t o  a s s u r e  f u e l  rod i n t e g r i t y .  

The i n t e r f a c e  between sphere  p rocess ing  and f u e l  rod f a b r i c a t i o n  is 

t h e  s t o r a g e  area. Three s i z e s  of sphe res  are t r a n s f e r r e d  from s t o r a g e  t o  

t h e  volumetr ic  d i spens ing  s t a t i o n .  M a t e r i a l  s u i t a b l e  f o r  one f u e l  rod is 

t r a n s f e r r e d  t o  the  sphere-pac loading  l i n e ,  as shown i n  Fig. 4.3. Two 

such  l i n e s  are proposed f o r  each of t h e  t h r e e  a s say  areas t o  provide 

redundant  capac i ty .  Curren t  estimates i n d i c a t e  t h a t  each sphere-pac l i n e  

w i l l  f a b r i c a t e  f u e l  rods at  t h e  r e q u i r e d  rate. 

Fue l  rods  are f a b r i c a t e d  v e r t i c a l l y  but  are l a i d  down a t  t h e  x-ray 

r a c k  loading  s t a t i o n .  Subsequent handl ing  i s  h o r i z o n t a l  wi th  suppor t  

a long  t h e  l e n g t h  of t h e  rod t o  prevent  mechanical deformation. Following 

c l o s u r e  weld x-ray i n s p e c t i o n  and helium l e a k  t e s t i n g  p rov i s ions  have 

been made t o  decontaminate any rods  wi th  e x t e r n a l  s u r f a c e  contaminat ion 

b e f o r e  t r a n s f e r r i n g  them t o  t h e  f i n a l  i n s p e c t i o n  and element assembly area. 

4.2.2.4 Rework areas 

An area f o r  rework and i n t e r n a l  r e c y c l e  of f u e l  and f u e l  rods  i s  

provided f o r  each f u e l  rod f a b r i c a t i o n  l i n e  t o  prevent  mixing of d i f f e r e n t  

assay materials. This  area ' is  i s o l a t e d  from t h e  f u e l  rod f a b r i c a t i o n  area 

by a t h i n  removable b a r r i e r .  Funct ions  inc lude  removal of end p lugs  from 
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d e f e c t i v e  welds,  t o t a l  disassembly qf f u e l  r o d s ,  r ecove ry  of f u e l  wi th  

subsequent s c reen ing  and s o r t i n g  I U ~  r e c y c l e ,  and accumulation of r e j e c t  

materials t o  be r e t u r n e d  t o  t h e  r e p r o c e s s i n g  p l a n t  f o r  t o t a l  recycle. 

4.2.2.5 F i n a l  Fuel  Rod I n s p e c t i o n  and Element Assembly 

S ince  on ly  f i v e  f u e l  e lements  p e r  day are produced a t  f u l l  c a p a c i t y ,  

a s i n g l e  manufac tur ing  l i n e  can accommodate the output  from a l l  t h r e e  f u e l  

rod  f a b r i c a t i o n  l i n e s .  Again, t h i s  area is  p h y s i c a l l y  s e p a r a t e d  from the  

f u e l  rod f a b r i c a t i o n  areas but remote ly  in t e rconnec ted .  This  s e p a r a t i o n  

p rov ides  a d d i t i o n a l  p r o t e c t i o n  a g a i n s t  a c c i d e n t a l  contaminat ion  of t h e  

e x t e r i o r  s u r f a c e s  of the  f i n i s h e d  assembly. The area i n c l u d e s  surge 

s t o r a g e  f o r  t h e  f u e l  r o d s  as rece ived  and a f t e r  f i n a l  i n s p e c t i o n  as w e l l  

as equipment f o r  t h e  f i n a l  i n s p e c t i o n  and n o n d e s t r u c t i v e  assay.  Equip- 

ment t h a t  l o a d s  t h e  f u e l  rods  i n t o  t h e  assembly s k e l e t o n ,  i n s p e c t s  t h e  

assembly, and places it  i n  a shipment suppor t  package completes t h e  

c o n t e n t s  of t h i s  area. 

4.2.2.6 Assembly S to rage  and Shipping  

The f i n a l  area i n  the  d i r e c t  manufacturing process  l i n e  i s  t h e  

s t o r a g e  v a u l t  and sh ipp ing  l o c a t i o n  f o r  completed assembl ies .  Th i s  v a u l t  

i s  similar t o  but smaller than the  f u e l  r e c e i v i n g  s t o r a g e  v a u l t .  Space 

and equipment f o r  l oad ing  the sh ipp ing  c o n t a i n e r s  and p l a c i n g  t h e s e  on 

t h e  a p p r o p r i a t e  o f f - s i t e  carrier is  provided near the  v a u l t .  

4.2.3 F a b r i c a t i o n  P rocess  Support  Areas 

Although no t  shown on t h e  p re l imina ry  l ayou t  drawing (Fig.  4.21 ,  t h e  

f a b r i c a t i o n  p rocess  b u i l d i n g  i n c l u d e s  s e v e r a l  o t h e r  f u n c t i o n a l  areas. 

Around, above, below, and a d j a c e n t  t o  the  d i r e c t  manufacturing 

p rocess  areas are s i tes  f o r  p rocess  c o n t r o l .  These i n c l u d e  such o f f - l i n e  

a c t i v i t i e s  as p rocess  c o n t r o l  o p e r a t i n g  areas and a n a l y t i c a l  l a b o r a t o r i e s  

f o r  sample a n a l y s e s  f o r  process  c o n t r o l ,  p roduct  q u a l i t y  a s su rance ,  and 
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conf i rmat ion  of p l an t  e f f l u e n t  c o n t r o l  monitoring. S i g n i f i c a n t  space is  

r e q u i r e d  f o r  process  equipment maintenance, and these  areas provide 

s h i e l d i n g ,  decontaminat ion,  and confinement of contaminat ion.  Space i s  

a l s o  provided f o r  process  s e r v i c e s  inc lud ing  u t i l i t i e s ,  f o r  material 

movements with l i m i t e d  l o c a l  s t o r a g e ,  and f o r  special  v e n t i l a t i o n  equip- 

ment and c o n t r o l s .  Also loca ted  wi th in  t h i s  main process  bu i ld ing  i s  an 

area f o r  sa feguards  and a c c o u n t a b i l i t y  monitor ing and c o n t r o l  with t h e  

a p p r o p r i a t e  computer c a p a b i l i t i e s  and l i m i t e d  o f f i c e  space f o r  process  

management personnel .  

4.2.4 Waste Treatment Bui ld ing  

The waste t rea tment  bu i ld ing  con ta ins  both sh i e lded  and unshie lded  

areas as requ i r ed  t o  p r o t e c t  ope ra t ing  personnel .  The primary waste 

t rea tment  processes  i n  a f u e l  manufacturing p l a n t  involve  t rea tment  of 

s o l i d  wastes, both combustible and noncombustible,  t o  reduce the  volume 

and packaging the  remaining materials i n t o  c o n t a i n e r s  f o r  o f f - s i t e  ship-  

ment and d isposa l .  However, a l l  l i q u i d  waste from a c t i v i t i e s  w i th in  

t h e  c o n t r o l l e d  area are c o l l e c t e d  and monitored f o r  plutonium and uranium 

con ten t .  Only the  l i q u i d  from t r e a t e d  sewage is  discharged from the  

p l a n t .  Other low contaminat ion l e v e l  l i q u i d s  are t r e a t e d  f o r  recovery  

and recyc le .  Excess water i s  discharged as a vapor i n  the  v e n t i l a t i o n  

exhaust .  L iquids  wi th  s i g n i f i c a n t  q u a n t i t i e s  of heavy metal are 

chemica l ly  processed t o  recover  the  uranium and plutonium and t o  con- 

c e n t r a t e  o the r  conta ined  s o l i d s  and salts. These l i q u i d s  inc lude  the  

a n a l y t i c a l  l a b o r a t o r y  wastes, decontaminat ion s o l u t i o n s ,  and s o l u t i o n s  

from l each ing  of h igh ly  contaminated wastes, such as the  f i l t e r s  as w e l l  

as t h e  concent ra ted  low-level wastes. The r e s u l t i n g  alpha-contaminated 

concen t r a t e s  are immobilized i n  concre te  or  g l a s s .  All s o l i d  waste is  

p laced  i n  a p p r o p r i a t e  sh ipping  and d i s p o s a l  c o n t a i n e r s ,  assayed,  and sent 

t o  t r e a t e d  waste s t o r a g e  be fo re  o f f - s i t e  shipment. A l l  process  equipment 

i n  t h e  waste t rea tment  area is conta ined  wi th in  c o n t r o l l e d  areas t o  con- 

f i n e  and test a l i  gaseous e f f l u e n t s  before  release t o  the  p l a n t  exhaust  

system and t h e  s t ack .  





5. PLUTONIUM CONFINEMENT AND VENTILATION SYSTEMS 

5.1 CONFINEMENT SYSTEMS 

Various p l an t  enc losu res  and t h e i r  hea t ing ,  v e n t i l a t i n g ,  and air- 

cond i t ion ing  (HVAC) systems s e r v e  t o  minimize and restrict  the  release 

of plutonium-bearing materials t o  as low a l e v e l  as p r a c t i c a b l e .  Such 

enc losu res  inc lude  f u e l  f a b r i c a t i o n  areas; h o t  r e p a i r  cells; decontami- 

n a t i o n  areas; sphere  t r a n s f e r r i n g  equipment; s t o r a g e  areas; sh ipp ing  

c o n t a i n e r s ;  and the  w a l l s ,  f l o o r s ,  and c e i l i n g s  of bu i ld ings  and rooms. 

The combination of a l l  t he  va r ious  enc losu res  and in t e rconnec ted  HVAC 

systems of a bu i ld ing  or of one or  more rooms i n  a bu i ld ing  c o n s t i t u t e s  

t h e  "confinement system" f o r  t h a t  bu i ld ing ,  room, or  set of rooms. 

The three phys ica l  zones i n  the  f u e l  f a b r i c a t i o n  bu i ld ing  are: 

1. r e s t r i c t e d  access - houses  equipment con ta in ing  s p e c i a l  nuc lear  

materials (SNM) , 
2. l i m i t e d  access - p r o v i d e s  sampling and maintenance access t o  the  

r e s t r i c t e d  access zone, and 

3. normal access - houses o p e r a t i o n a l  c o n t r o l s  and c o n t r o l s  normal 

personnel  flow. 

The b a r r i e r s  of an enc losed  zone are des igna ted  by c l a s s i f i c a t i o n ;  

t h a t  i s ,  r e s t r i c t e d  access zones are def ined  by r e s t r i c t e d  access 

b a r r i e r s ,  l i m i t e d  access zones by l i m i t e d  access b a r r i e r s ,  and normal 

access zones by normal access b a r r i e r s .  The HVAC system creates and 

main ta ins  d i f f e r e n t  p re s su res  i n  t h e  va r ious  zones. The lowest p re s su re  

i s  i n  the  r e s t r i c t e d  access zone so t h a t  leakage ,  if any, i s  always 

toward an area of h igher  contaminat ion p o t e n t i a l .  

5.2 VENTILATION SYSTEMS 

The p r i n c i p a l  r i s k s  of plutonium f u e l  f a b r i c a t i o n  p l a n t s  are release 

and d i s p e r s a l  of plutonium materials. The p l a n t  v e n t i l a t i o n  systems 

ensure  the  confinement of plutonium materials dur ing  normal and abnormal 

cond i t ions .  These systems c o n s i s t  of f r e s h  air supply,  p rocess  v e n t i l a t i o n  
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and exhaust  a i r ,  a s s o c i a t e d  a i r  h e a t i n g  uri: ts ,  f i l t e r s ,  f a n s ,  dampers, 

d u c t s ,  f i r e - f i g h t i n g  dev icec ,  c o n t r o l  i n s t rumen ta t ion ,  and r e g u l a t i o n  

devices .  The air  supply system draws i n  and c o n d i t i o n s  f r e s h  air  and 

d i s t r i b u t e s  i t  throughout  t h e  p l a n t .  A p o r t i o n  of supply a i r  e n t e r s  

t h e  process  v e n t i l a t i o n  system through process  enc losu res  and o the r  

components and i s  removed toge the r  wi th  o the r  p l a n t  a i r  through the  

exhaus t  v e n t i l a t i o n  system. The exhausted air i s  f i l t e r e d  through 

f i r e - r e s i s t a n t  High E f f i c i e n c y  P a r t i c u l a t e  Absolute  (HEPA) f i l t e r s  and 

d i scha rged  through a s t a c k ,  which r l l o w s  prompt, adequate  d i s p e r s i o n  

i n  t h e  event  of an acc iden t .  

The v e n t i l a t i o n  systems s e r v e  as p r i n c i p a l  confinement b a r r i e r s  i n  
t h e  m u l t i p l e  confinement b a r r i e r  system. These systems main ta in  p re s su re  

d i f f e r e n t i a l s  between bu i ld ing  confinement zones and a l s o  between the  

b u i l d i n g  confinement zones and the  o u t s i d e  atmosphere;  hence,  a i r f l o w  

i s  from zones of lesser p o t e n t i a l  f o r  contaminat ion t o  zones of g r e a t e r  

p o t e n t i a l  f o r  contaminat ion  ( s e e  Fig. 5.1). 
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6. SAFETY AVD PROTECTION MEASURES 

6.1 PROTECTION AGAINST CRITICALITY 

S a f e t y  r e l a t i n g  t o  c r i t i c a l i t y  depends on p reven t ion ,  d e t e c t i o n ,  

and personnel  evacuat ion.  Each is  d i scussed  below. 

6.1.1 Prevent ion 

The p reven t ion  of c r i t i c a l i t y  a c c i d e n t s  is  based on c r i t i c a l l y  s a f e  

equipment and/or  c r i t i c a l l y  s a f e  s to rage .  C r i t i c a l l y  s a f e  equipment i s  

designed with dimensions or materials t o  completely e l i m i n a t e  c r i t i c a l -  

i t y  a c c i d e n t s .  C r i t i c a l l y  s a f e  s t o r a g e  i s  an area i n  which t h e  quan- 

t i t i e s  of f i s s i l e  materials are l i m i t e d  t o  w e l l  de f ined  s a f e  amounts. 

The dimensions of c r i t i c a l l y  s a f e  equipment as well as t h e  

a u t h o r i z e d  amounts of f i s s i l e  materials i n  c r i t i c a l l y  s a f e  s t o r a g e  

r e s u l t  from s a f e t y  c o e f f i c i e n t s  and from c r i t i c a l i t y  c a l c u l a t i o n s  based 

on c r i t e r i a  and o p e r a t i n g  c o n d i t i o n s  t h a t  have been accepted by the  

n u c l e a r  i ndus t ry .  

6.1.2 De tec t ion  and A l a r m  

De tec t ion  and alarm systems are provided wherever t h e r e  is  a r i s k  

o f  a c c i d e n t a l  c r i t i c a l i t y .  

uncover a c r i t i c a l i t y  a c c i d e n t  w i th in  a very short t i m e .  Gamma-ray 

d e t e c t i o n  can be used uniformly throughout t h e  system. To avoid fa l se  

alarms t h e  d e t e c t i o n  and alarm s y s t e m  provides  r e l i a b l e  s i n g l e  d e t e c t o r  

channe l s  andfo r  concur ren t  response of two d e t e c t o r s .  

The c r i t i c a l i t y  d e t e c t o r s  are designed t o  

6.1.3 Evacuation 

I f  a c r i t i c a l i t y  a c c i d e n t  occurs  a l l  employees i n s i d e  t h e  p l a n t  

have t o  be evacuated. Alarm u n i t s  are i n s t a l l e d  i n  any area where an  

i n d i v i d u a l  may be p r e s e n t  whose immediate evacua t ion  i s  e s s e n t i a l .  The 
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plutonium process  b u i l d i n g s  are designed so t h a t  any i n d i v i d u a l  can 

l e a v e  t h e  s i t e  of an a c c i d e n t  w i t h i n  a w e l l  de f ined  t i m e .  The t h i c k  

w a l l s  s e p a r a t i n g  t h e  process  areas reduce r a d i a t i o n  doses  r ece ived  by 

t h e  o p e r a t i n g  personnel .  

6.2 DOSIMETRY 

The gel-sphere-pac PWR plutonium f u e l  r e f a b r i c a t i o n  p l a n t  i s  

des igned .  c o n s t r u c t e d ,  t e s t e d ,  and opera ted  under r i g i d  q u a l i t y  

assuranc t  :)rograms t o  ensure  t h a t  ope ra t ing  people are not  exposed t o  

i n t e r n a l  d e x t e r n a l  r a d i a t i o n  l e v e l s  t h a t  exceed c u r r e n t  U.S. r egu la -  

t i o n s .  The r a d i a t i o n  l e v e l s  i n  a l l  a c c e s s i b l e  areas are c o n t r o l l e d  t o  

m e e t  such  c r i te r ia .  P l a n t  des ign  and p l a n t  monitor ing methods are used 

t o  ensu re  t h a t  t h e s e  c r i t e r i a  are m e t .  These methods are d i scussed  

below. 

6.2.1 P l a n t  Design 

To avo id  any sp read  of a c t i v i t y  ( e i t h e r  a lpha  f o r  plutonium o r  

gamma f o r  sp iked  f u e l )  t h e  plutonium handl ing  o p e r a t i o n s  are performed 

i n s i d e  equipment t h a t  i s  l o c a t e d  w i t h i n  process  e n c l o s u r e s  and maintained 

a t  a n e g a t i v e  p r e s s u r e  r e l a t i v e  t o  t h e  a d j a c e n t  a r e a s  of t h e  p rocess  

bu i ld ing .  Furthermore,  any s u s p e c t  o r  s l i g h t l y  contaminated materials 

a re  t r e a t e d  o r  c o n t r o l l e d  i n  v e n t i l a t e d  hoods. Outs ide  t h e  p rocess  

e n c l o s u r e s  t h e  plutonium-bearing materials are s t o r e d  and/or  t r a n , . e r r e d  

a c c o r d i n g  t o  wel l -def ined procedures  i n  l e a k t i g h t  devices .  The i n d i v i d u a l  

p r o t e c t i o n  of t h e  o p e r a t i n g  pe r sonne l  i n  t h e  process  areas mainly c o n s i s t s  

of s p e c i a l  c l o t h e s ,  overshoes ,  and masks, where requi red .  

The exposure  of t h e  o p e r a t i n g  personnel  t o  gamma and neut ron  irra- 

d i a t i o n  i s  l i m i t e d  by t h e  use of b i o l o g i c a l  s h i e l d i n g s  and remote 

o p e r a t i n g  d e s i g n  f o r  t h e  f u e l  f a b r i c a t i o n  p l an t .  
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6.2.2 P l a n t  Monitor ing 

Alpha contaminat ion.  The s u r f a c e  contaminat ion  monitor ing c o n s i s t s  

of r o u t i n e  o r  s p e c i a l  checks i n  t h e  event  of an i n c i d e n t .  These checks 

are  made by us ing  a p p r o p r i a t e  d e t e c t o r s  and by measuring e i t h e r  t he  sur -  

f a c e s  or  smears wi th  a p p r o p r i a t e  equipment. 

I n  zones e i t h e r  occupied or  t o  be occupied by workers t h e  

atmospheric  contaminat ion  i s  cont inuous ly  monitored and compared wi th  

t h e  a p p l i c a b l e  c o n t r o l  l e v e l  t o  ensure  t h a t  workers are not  exposed t o  

concen t r a t ions  exceeding those  cons idered  sa fe .  

6 . 3  SAFETY AND LICENSABILITY 

Fac i l i t i e s  f o r  t he  r e f a b r i c a t i o n  of plutonium LWR r e c y c l e  f u e l  must 

meet r e g u l a t o r y  requi rements  f o r  t he  p r o t e c t i o n  of ope ra t ing  personnel  

and t h e  gene ra l  publ ic .  Curren t  U.S. r e g u l a t i o n s  governing f u e l  pro- 

c e s s i n g  and f a b r i c a t i o n  f a c i l i t i e s  r e q u i r e  t h a t  t h e  r a d i a t i o n  dose a t  

t h e  s i t e  boundary from releases from t h e  f a c i l i t y  be e f f e c t i v e l y  less 

than  the  dose from background r a d i a t i o n .  

A l l  s t r u c t u r e s ,  systems,  and compqnents whose f a i l u r e  might r e s u l t  

i n  doses t h a t  exceed t h e  s p e c i f i e d  l i m i t s  a t  t h e  p l a n t  boundary must be 

des igna ted  " important  t o  s a f e t y "  and analyzed f o r  p o s s i b l e  f a i l u r e  modes 

and e f f e c t s .  A l l  s t r u c t u r e s ,  systems,  and impor tan t - to-safe ty  s t r u c -  

t u r e s ,  systems,  and components c o n s t i t u t e  t he  primary containment of 

r a d i o a c t i v e  materials. Secondary containment inc ludes  l i m i t e d  o r  no- 

access areas and c o n t r o l l e d - v e n t i l a t i o n  areas. Access is r e s t r i c t e d  by 

a combination of p h y s i c a l  b a r r i e r s  and s e c u r i t y  measures. 

t u r e s ,  systems,  and components important  t o  s a f e t y  are designed t o  

wi ths t and  t h e  e f f e c t s  of n a t u r a l  phenomena l i k e l y  t o  occur a t  t h e  spec i -  

f i c  f a c i l i t y  s i te .  

main ta in  un in te r rup ted  o p e r a t i o n  of a l l  systems r e l a t e d  t o  containment 

of r a d i o a c t i v e  materials. Geometry, concen t r a t ion ,  or  a d m i n i s t r a t i v e  

c o n t r o l s  are used t o  prevent  c r i t i c a l i t y .  

A l l  s t r u c -  

Redundant and/or  d i v e r s e  emergency backup systems 

Combustible o r  exp los ive  
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materials are handled t o  prevent  i n c i d e n t s  t h a t  might r e s u l t  i n  rad ioac-  

t i v e  release. V o l a t i l e  or  l eachab le  waste materials r e c e i v e  special  

t r ea tmen t  and f i x a t i o n .  

The p r i n c i p a l  d i f f e r e n c e  between a p l a n t  f a b r i c a t i n g  sp iked  versus  

nonspiked (U,Pu)O2 f u e l  i s  t h a t  t he  s h i e l d i n g  i n  the  former f a c i l i t y  

must be inc reased  f o r  f u e l  process  and s t o r a g e  t o  p r o t e c t  o p e r a t i n g  per- 

sonnel .  Also, t h e  p l a n t  i s  designed f o r  remote r a t h e r  than  c o n t a c t  

maintenance. 

6 . 4  ENVIRONMENTAL ASSESSMENT 

To be l i c e n s e d  f a b r i c a t i o n  f a c i l i t i e s  f o r  plutonium r e c y c l e  f u e l  

. must meet r e g u l a t o r y  requirements  t o  ensure  t h a t  t he  environment w i l l  be 

p ro tec t ed .  

The des ign  of t h e  f u e l  f a b r i c a t i o n  f a c i l i t y  must adhere t o  the  con- 

cep t  of no releases of r a d i o a c t i v e  l i q u i d s  t o  the  environment. Aqueous 

s o l u t i o n s  con ta in ing  plutonium are t r e a t e d  f o r  plutonium recovery ,  con- 

c e n t r a t e d ,  and s o l i d i f i e d .  Noncondensables are f i l t e r e d  and r e l e a s e d  es 

gases .  

Plutonium-containing s o l i d s  are t r e a t e d  f o r  plutonium recovery ,  

conver ted  t o  a nonleachable  form, t r a n s f e r r r e d  t o  s teel  c o n t a i n e r s ,  and 

s t o r e d  i n  a s t a b l e  g e o l o g i c a l  formation.  S o l i d s  t h a t  con ta in  small 

amounts of b e t a  and gamma a c t i v i t y  are bur ied  a t  l i c e n s e d  sites. Gases 

c o n t a i n i n g  r a d i o a c t i v e  and noxious materials are thoroughly c leaned  be fo re  

release. 

I n  summary, a gel-sphere-pac LWR r e c y c l e  plutonium f u e l  f a b r i c a t i o n  

p l a n t  c o n t a i n s  much less a c t i v i t y  and gene ra t e s  much less l i q u i d  waste 

t h a n  a Purex LWR f u e l  r ep rocess ing  p l a n t .  It should produce less s o l i d  

and l i q u i d  waste than a pe l l e t -p rocess  LWR r e c y c l e  plutonium f u e l  

f a b r i c a t i o n  p l an t .  It poses no new o r  unknown a c t i v i t y  o r  s o l i d  or  

l i q u i d  waste problems. Therefore ,  it should not  pose any new environ-  

mental  problems. 
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6.5 B U I L D I N G  SAFETY 

In plutonium f u e l  f a b r i c a t i o n  p l a n t s  t h e  main r i s k  t o  h e a l t h  and 

s a f e t y  i s  t h e  release and d i s p e r s a l  of plutonium materials caused by 

f i r e s  or exp los ions .  In  t h e  r e f e r e n c e  p l a n t  t he  f i r e  p r o t e c t i o n  s y s t e m  

i s  designed t o  p r e v e n t ,  d e t e c t ,  e x t i n g u i s h ,  l i m i t ,  and c o n t r o l  f i res  and 

e x p l o s i o n s  and t h e i r  concomitant hazards  and damaging e f f e c t s .  

6.5.1 Prevent ion 

P l a n t  area. The p l a n t  area i s  s u f f i c i e n t l y  i s o l a t e d  from the  

surroundings t o  l i m i t  any damage r e s u l t i n g  from a f i r e  o r i g i n a t i n g  out- 

s i d e  t h e  area. On t h e  p l a n t  s i t e  s u f f i c i e n t l y  l a r g e  p h y s i c a l  b a r r i e r s  

su r round ing  t h e  b u i l d i n g s  are b u i l t  t o  avoid any t r a n s n i s s i o n  of a f i r e  

o c c u r r i n g  i n  t h e  environs.  

Bu i ld ing  c o n s t r u c t i o n .  In  g e n e r a l ,  h e a t - r e s i s t a n t  and noncom- 

b u s t i b l e  materials are used p r a c t i c a l l y  throughout t h e  r e f e r e n c e  p l a n t .  

They are p a r t i c u l a r l y  used i n  the  plutonium process  a r e a s  and i n  p l a c e s  

e s s e n t i a l  f o r  t h e  f u n c t i o n i n g  of confinement b a r r i e r s  and systems, f o r  

c o n t r o l l i n g  r a d i o a c t i v e  materials,  and f o r  maintaining s a f e t y  c o n t r o l  

f u n c t i o n s .  

The s t r u c t u r a l  s h e l l s ,  t h e i r  suppor t ing  members, and t h e  penetra-  

t i o n s  i n  t h e s e  s h e l l s  surrounding any area where plutonium is  handled 

and where i t  could be a c c i d e n t a l l y  d i s p e r s e d  are designed so  t h a t  they 

w i l l  remain s t a n d i n g  and con t inue  t o  a c t  as confinement s t r u c t u r e s  

d u r i n g  a well-defined t i m e  de l ay  i n  case of f a i l u r e  of t h e  f i r e  

suppres s ion  system. 

Bu i ld ings  are s e p a r a t e d  from each o t h e r  by open areas. When 

s e p a r a t e  b u i l d i n g s  have t o  be in t e rconnec ted ,  long c o r r i d o r s  equipped 

w i t h  f i r e - r e s i s t a n t  doors  on each end are b u i l t .  

I s o l a t i o n  of p rocess  enc losu res .  The plutonium materials are pro 

ces sed  through in t e rconnec ted  e n c l o s u r e s ,  which are l o c a t e d  i n  s e v e r a l  

plutonium areas,  as desc r ibed  ear l ie r  i n  Sec t .  4.  To avoid f i r e  

t r a n s m i s s i o n  t o  a d j a c e n t  process  areas, t h e  process  enc losu res  are 

equipped wi th  f i r e p r o o f  l o c k s ,  which are opened t o  a l low material 
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t r a n s f e r s .  S p e c i a l  p rocess  enc losu res  t h a t  p re sen t  h igh  contaminat ion  

and/or  f i r e  r i s k s  are opera ted  under i n e r t  a tmospheric  c o n d i t i o n s .  

Gas-handling equipment and flammable materials. Flammable materials 

a r e  not in t roduced  i n  b u i l d i n g s  where plutonium is processed ,  except  

when s p e c i f i c a l l y  r e q u i r e d  f o r  process  reasons .  The hydrogen r equ i r ed  

i n  the  process  i s  s t o r e d  i n  tanks  l o c a t e d  o u t s i d e  the  bu i ld ings .  The 

hydrogen is  d i l u t e d  t o  a nonexplosive percentage  with i n e r t  gas  before  

being in t roduced  i n  t h e  process  bui ld ing .  

Except f o r  t h e  small q u a n t i t i e s  i n  use s o l v e n t s  and o the r  flammable 

l i q u i d s  are s t o r e d  i n  a s e p a r a t e  b u i l d i n g  ct i n  an unexposed s t o r a g e  

area. S p e c i a l  c o n t r o l  is e x e r c i s e d  over t h e  handl ing  of flammable, 

t o x i c ,  and exp los ive  gases ,  chemica ls ,  and materials admi t ted  t o  t h e  

plutonium-handling areas and process  enc losu res .  

Exhaust f i l t e r  p r o t e c t i o n .  The medium-efficiency room exhaust  

f i l t e r s  are p r o t e c t e d  by a spa rk -a r r e s to r  flame t r a p  and a f i r e - r e s i s t i n g  

p r e f i l t e r .  The medium-efficiency f i l t e r s  and the  HEPA f i l t e r s  i n s t a l l e d  

i n  t h e  plutonium process  b u i l d i n g  and process  enc losu re  v e n t i l a t i o n  

systems wi ths t and  h igh  tempera tures  dur ing  wel l -def ined t i m e  de l ays  

wi thout  any l o s s  of e f f i c i e n c y .  

6.5.2 F i r e  De tec t ion  and A l a r m  Svstems 

P rov i s ions  f o r  f i r e  d e t e c t i o n  and alarm systems c o n s i s t  of f i r e  

d e t e c t o r s ,  s i g n a l i n g  dev ices ,  and a u d i b l e  and v i s u a l  i n d i c a t o r s  i n  a 

c o n s t a n t l y  a t t ended  l o c a t i o n  as w e l l  as i n  o ther  a p p r o p r i a t e  p l a n t  

l o c a t i o n s .  

The types  of f i r e  d e t e c t o r s  are chosen accord ing  t o  the  p o s s i b l e  

types  of f i r e s .  The f i r e  d e t e c t o r s  are connected t o  p l an t -wide  f i r e  

d e t e c t i o n ,  s i g n a l ,  and alarm systems t h a t  can d e t e c t  and c l e a r l y  l o c a t e  

t h e  f i r e  w i t h i n  one minute. 

Manual f i r e  alarm s t a t i o n s  connected t o  the  plant-wide d e t e c t i o n  

systems are i n s t a l l e d  throughout t h e  p l a n t  a t  immediately a c c e s s i b l e  

places. 
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6.5.3 F i r e  Suppression Agents and Techniques 

D i f f e r e n t  f i r e - f i g h t i n g  t echn iques ,  p roduc t s ,  and equipment a r e  

used i n  plutonium f u e l  f a b r i c a t i o n  p l a n t s ,  depending on t h e  type ,  s i z e ,  

and t h e  hazard of t h e  p o t e n t i a l  f i r e .  

F i r e  hydrants  o r  connect ion p o i n t s  f o r  hydrants  are s t r a t e g i c a l l y  

l o c a t e d  around a water d i s t r i b u t i o n  loop  e n c i r c l i n g  t h e  bu i ld ings  s i t e ;  

hence,  i t  i s  p o s s i b l e  t o  sp ray  a l l  p o i n t s  of t h e  p l a n t  area. Wets-pipe 

conven t iona l  au tomat ic  s p r i n k l e r s  a r e  used i n  nonprocess areas of t h e  

f a c i l i t y .  

For p rocess  areas i f  au tomat ic  water s p r i n k l e r  coverage i s  used t h e  

s p r i n k l e r  system s e l e c t e d  minimizes t h e  q u a n t i t y  of water used,  t h e  

sp read  of contaminat ion by water, and t h e  p o s s i b i l i t y  of c r i t i c a l i t y .  

Process  areas n o t  p ro tec t ed  by au tomat ic  water s p r i n k l e r s  are p ro tec t ed  

by o t h e r  f i r e  suppress ion  agen t s  such as carbon d iox ide ,  high-expansion 

foam, etc. 

An automat ic  f i r e - e x t i n g u i s h i n g  system i s  l o c a t e d  i n  t h e  process  

e n c l o s u r e s  where work e n t a i l i n g  s e r i o u s  r i s k  of f i r e  i s  performed. 

Depending on t h e  plutonium-bearing materials o r  l i q u i d s  being t r e a t e d  

i n s i d e  t h e  p rocess  e n c l o s u r e s ,  f i r e , s u p p r e s s i o n  agen t s  such as high- 

expansion foam o r  halogenated organic  components are used. 

A s  a supplementary cau t ion  p o r t a b l e  f i r e  e x t i n g u i s h e r s  f i l l e d  wi th  

v a r i o u s  f i r e  suppress ion  a g e n t s  are d i s t r i b u t e d  throughout t h e  plutonium 

p l a n t .  

6.6 SAFEGUARDS 

Safeguards i s  a r a p i d l y  changing area i n  t h e  U.S. Therefore  t h e  

sa fegua rds  d e s c r i p t i o n s  f o r  t h e s e  p l a n t s  are based on f u t u r e  proposed 

systems. In  t h i s  way t h e  most up-to-date i d e a s  are used i n  t h e  des ign  

of t h e  p l a n t s  desc r ibed  i n  t h i s  r epor t .  
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1. 

2. 

3 .  

4 .  

Sa-eguard-  ?rograms have t h e  fo l lowing  goa l s :  

t o  a s s u r e  t h a t  s p e c i a l  n u c l e a r  m a t e r i a l s  (SNM) are  be ing  adequa te ly  

p r o t e c t e d ,  

t o  d e t e r  d i v e r s i o n  

t o  d e t e c t  d i v e r s i o n ,  and 

t o  q u a n t i f y  d ive r s ion .  

T r a d i t i o n a l l y  t h e  f i r s t  goa l  has been t h e  f u n c t i o n  of s e c u r i t y  

o r g a n i z a t i o n s  t h a t  use  p h y s i c a l  p r o t e c t i o n  systems (PPS)  of s e c u r i t y  

gua rds ,  b a r r i e r s ,  and access c o n t r o l s .  The second has u s u a l l y  been t h e  

r e s p o n s i b i l i t y  of SNM management and i t s  materials measurement and 

accoun t ing  systems (MMAS), p a r t i c u l a r l y  f o r  cove r t  d ive r s ion .  The t h i r d  

and f o u r t h  have been t h e  r e s p o n s i b i l i t y  of bo th  o r g a n i z a t i o n s .  

De tec t ion  and q u a n t i f i c a t i o n  of d i v e r s i o n  form t h e  b a s i s  f o r  t h e  

MMAS. The enhanced d e t e c t i o n  c a p a b i l i t y  of t h e  MbIAS, r e l a t i v e  t o  

h i s t o r i c  p h y s i c a l  p r o t e c t i o n  sys tems,  would a l low sa fegua rds  systems t o  

be a c t i v a t e d  more qu ick ly  a t  lower l e v e l s  of d ive r s ion .  This  would be 

most e v i d e n t  i n  t h e  case of c o v e r t  m u l t i p l e  d i v e r s i o n  of small quan- 

t i t i e s  of s p e c i a l  n u c l e a r  materials, which might n o t  be d e t e c t e d  a t  a l l  

by less s p e c i f i c  PPS monitor ing.  

6.6.1 P h y s i c a l  P r o t e c t i o n  System 

The PPS c o n t r o l s  personnel  e n t r y  and e x i t  €o r  t he  f a c i l i t y  and f o r  

r e s t r i c t e d  i n t e r i o r  areas. The sys  t e m  i nc ludes  

1. 

2. 

3. 

4 .  

automated pe r sonne l  i d e n t i f i c a t i o n  t o  a s s u r e  t h a t  on ly  a u t h o r i z e d  

peop le  are i n  r e s t r i c t e d  areas, 

e n t r a n c e  and e x i t  SNM moni tors  and metals  and e x p l o s i v e  monitors  t o  

a s s u r e  t h a t  s e n s i t i v e  materials do n o t  move a c r o s s  b a r r i e r s  t h a t  

are  expec ted  t o  restrict  t h e i r  passage ,  

p resence  moni tors  and c l o s e d - c i r c u i t  t e l e v i s i o n  t o  remotely monitor 

s e n s i t i v e  areas, 

p a s s i v e  and a c t i v e  d e l a y  systems t o  s low down an  o v e r t  e x t e r n a l  

a t t e m p t  t o  e n t e r  a r e s t r i c t e d  area, 
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5. doorway monitors  and alarms t o  d e t e c t  movement of people  i n t o  sen- 

s i t i v e  areas, and 

6. s u f f i c i e n t  personnel  t o  respond t o  an e x t e r n a l l y  genera ted  ove r t  

act  of a s p e c i f i e d  s i z e .  

The key t o  the  e f f e c t i v e n e s s  of t h e  sys t em i s  the  a b i l i t y  of the  

SNM monitors  t o  d e t e c t  small q u a n t i t i e s  of material. All commercial SNM 

monitors  do t h i s  by measuring gamma r a y s  emi t ted  i n  t h e  monitored 

space. Regardless  of t he  t r u e  source of t h e  gamma r a y s ,  i t  is assumed 

they  come from SNM. Although t h i s  assumption might create c e r t a i n  

o p e r a t i o n a l  problems, i t  r e s u l t s  i n  h ighly  s e n s i t i v e  monitors.  

For unspiked f u e l  t he  n a t u r a l  gamma rays  monitored are p r i m a r i l y  

low-energy r a d i a t i o n s .  Consequently,  i t  would not  be d i f f i c u l t  t o  move 

l a r g e r  q u a n t i t i e s  of s p e c i a l  nuc lear  material through the  monitored 

space  i f  t he  materials were s u f f i c i e n t l y  sh ie lded .  Because of t h i s  

unguarded monitors  r e q u i r e  inco rpora t ion  of metal d e t e c t o r s .  Ava i l ab le  

moni tors ,  t h a t  i s  types  used i n  major a i r p o r t s ,  have adequate  sen- 

s i t  i v i t  ies . 
The automation of t hese  d e t e c t i o n  c a p a b i l i t i e s  a l lows the  PPS t o  

expand t h e  convent iona l  s e c u r i t y  f u n c t i o n s ,  such as personnel  c o n t r o l ,  

t o  inc lude  c o n t r o l  of s e l e c t e d  batch-type SNM handl ing ope ra t ions .  1, * 
This  arrangement provides  more e f f e c t i v e  p r o t e c t i o n  through remote moni- 

t o r i n g  and account ing of d i s c r e t e  material i t e m s  i n  handl ing and 

s to rage .  The concept i s  app l i ed  t o  those  p o r t i o n s  of t he  p l a n t s ,  such 

as t h e  sh ipping  and r e c e i v i n g  areas, where only i t e m  a c c o u n t a b i l i t y  i s  

needed. They are o u t s i d e  t h e  continuous flow process ing  l i n e s  where 

material flow is  c r i t i ca l  t o  smooth process  ope ra t ions .  Monitored data 

would be au tomat i ca l ly  t r a n s f e r r e d  t o  a computerized safeguards  coor- 

d i n a t i o n  area, b r ing ing  t h e  PPS func t ion  under t h e  automatic  c o n t r o l  of 

t h e  safeguards  system. 

6.6.2 Materials Measurement and Accoun tab i l i t y  System (MMAS) 

To achieve  near-real- t ime ( n e a r l y  cont inuous)  materials c o n t r o l  and 

a c c o u n t a b i l i t y  t h e  p l a n t s  are subdivided i n t o  phys ica l  areas, which have 

i n d i v i d u a l  SNM account ing.  These phys ica l  areas are chosen so t h a t  a l l  
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nuc lea r  material c r o s s i n g  t h e  uni t -process  boundary can undergo non- 

d e s t r u c t i v e  a s say  and a computation of material balance.  The phys ica l  

areas are chosen t o  l o c a l i z e  t h e  material wi th in  a given u n i t  p rocess ,  

bo th  i n  space and i n  t i m e .  On-line computers are used t o  cope wi th  the  

l a r g e  q u a n t i t i e s  of d a t a  c o l l e c t e d  over a s h o r t  t i m e .  Materials account- 

i n g  s ta t is t ics  are c a l c u l a t e d  and monitored f o r  each u n i t  process .  I f  the  

va lue  of such a s t a t i s t i c  ( o r  set  of s ta t is t ics)  exceeds a s p e c i f i e d  alarm 

l e v e l ,  t h e  materials c o n t r o l  system aler ts  the  a p p r o p r i a t e  a u t h o r i t i e s ,  

and i n v e s t i g a t i v e  a c t i o n  is taken. 

The key t o  the  e f f e c t i v e  development of t h e  MMAS i s  t h e  recent 

a v a i l a b i l i t y  of advanced nondes t ruc t ive  a s say  (NDA) i n s t rumen ta t ion .  

These measurements use t h e  n a t u r a l  r a d i a t i o n ,  neutron-induced f i s s i o n ,  

o r  r a d i a t i o n  a b s o r p t i o n  p r o p e r t i e s  of materials i n  the  process  stream t o  

determine t h e  i d e n t i t y  of t he  materials and measure t h e i r  abundance. 

Of n e a r l y  equa l  importance are d i r e c t  automated t r a n s f e r  of data 

from these  NDA i n s t rumen t s  t o  a c e n t r a l  computer and s o p h i s t i c a t e d  com- 

p u t e r  p r o g r a m i n g  t h a t  does real-time account ing  and makes quick  d ive r -  

s i o n  assessments  from v a s t  q u a n t i t i e s  of NDA and o the r  process  da t a .  

Such systems are used i n  t h e s e  p l a n t s .  

6 . 6 . 3  System Structure 

The f low of i n fo rma t ion ,  a u t h o r i z a t i o n ,  and c o n t r o l  d a t a  through 

and between t h e  sa fegua rds  s t r u c t u r e  and the  p l a n t  process  system is 

g iven  i n  Fig.  6.1. 

mented a t  t h e  Los Alamos S c i e n t i f i c  Laboratory.  

It is  based on the  DYMAC3 sa fegua rds  system imple- 

Safeguards  coord ina t ion ,  materials measurements and account ing ,  and 

p rocess  c o n t r o l  coord ina t ion  are mainly computer-control led automated 

f u n c t i o n s .  The primary t e c h n i c a l  s o p h i s t i c a t i o n  of t h e  sa fegua rds  

system i s  i n  the automated coupl ing  of t h e s e  func t ions .  

The b a s i c  d a t a  f low i s  from u n i t  p rocess  NDA and a s s o c i a t e d  moni- 

t o r i n g  s e n s o r s  i n  t h e  process  l i n e  t o  t h e  MMAS. R e s u l t s  of real-time 

s ta t i s t ica l  assessments  of t h e  data t o  determine p o t e n t i a l  d i v e r s i o n  
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F i g .  6.1. General Structure of Safeguards System. 



48 

are  t r a n s m i t t e d  t o  t h e  sa fegua rds  coord ina t ion  a r e a  and a t  times t o  t h e  

p r o c e s s  c o n t r o l  coord ina t ion  area,  depending on t h e  presence  of and 

amount of u s e f u l  p rocess  in fo rma t ion  i n  t h e  assessment .  

Some head-end and t a i l - end  o p e r a t i o n s  a r e  handled by t h e  p h y s i c a l  

p r o t e c t i o n  system because items i n  t h e s e  o p e r a t i o n s  can be i n d i v i d u a l l y  

i d e n t i f i e d .  Nondes t ruc t ive  a s s a y  (NDA) i s  n o t  done, but  i t e m s  are 

accounted  f o r  by automated d a t a  t r ansmiss ion  t o  t h e  sa fegua rds  coor- 

d i n a t i o n  area. 

The components of t h e  sa fegua rds  system desc r ibed  above are essen-  

t i a l l y  developed. Systems i n t e g r a t i o n ,  p rocess ing ,  and l o g i c  are now 

be ing  l a b o r a t o r y  t e s t e d .  

6.7 REFERENCES 

1. L. D. Chapman e t  a l . ,  Development of an Engineering Safeguards 
System Concept f o r  a Mixed oxide Fuel Fabrication Faci l i ty ,  SAND 76- 

0180 (1976). 

2. J. M. d e  Montmollin and R. B. Walton, "The Design of I n t e g r a t e d  

Safeguards  f o r  Nuclear F a c i l i t i e s , "  Nucl. Mater. Manage. 5 ( 3 ) :  

317-32 (1976). 

3. E. A. Hakkila  e t  a l . ,  Coordinated Safeguards of Materials Mznagement 
in a Fuel ReprOCesSing Plant, Vol. I, LA-6881 (September 1977). 



7. OPERATIONAL PERSONNEL AND ORGANIZATION OF THE PLANT 

Opera t ion  of t h e  sphere-pac f u e l  f a b r i c a t i o n  p l a n t  is performed by 

personnel  f u l l y  q u a l i f i e d  f o r  t h e i r  r e s p e c t i v e  jobs.  All p r o f e s s i o n a l  

personnel  have educa t ion ,  t r a i n i n g ,  and exper ience  commensurate wi th  

t h e i r  r e s p o n s i b i l i t i e s .  T ra in ing  programs are used t o  a g r e a t e r  o r  

lesser e x t e n t  f o r  a l l  personnel  i n  t h e  f a c i l i t y ,  wi th  s p e c i a l  emphasis 

on those  involved i n  s p e c i a l  p rocess  a c t i v i t i e s  and c o n t r o l  of t h e  

s p e c i a l  nuc lea r  material. 

We analyzed t h e  personnel  requirements  f o r  a sphere-pac PWR f u e l  

p l a n t  having a product ion  c a p a c i t y  of 480 tHM/year. W e  e s t ima ted  t h a t  

about 1,100 people  a r e  r equ i r ed  f o r  t h e  o p e r a t i o n  of t h e  (U,Pu)Oz p l a n t  

i n  which a s p i k e  has  been added t o  the  f u e l .  

The d i s t r i b u t i o n  of personnel  i n  the  va r ious  departments  w i t h i n  t h e  

p l a n t  was based on an assessment  of t he  l e v e l  of a c t i v i t y  and r e q u i s i t e  

s k i l l s  of t h e  personnel .  We es t ima ted  personnel  c o s t s ,  which are pre- 

s en ted  i n  Table  7.1. The f u n c t i o n s  of t he  va r ious  departments i n d i c a t e d  

i n  Table  7.1 are g e n e r a l l y  se l f - ev iden t ,  except  f o r  p l a n t  ope ra t ions .  

The p l a n t  o p e r a t i o n s  department i nc ludes  t h e  fo l lowing  f u n c t i o n a l  areas: 

1. manufactur ing eng inee r ing ,  

2. h e a l t h  phys i c s ,  

3. s e c u r i t y  and sa fegua rds ,  

4. d a t a  process ing ,  

5. chemical o p e r a t i o n s ,  

6. mechanical opera t  i o n s ,  

7. maintenance o p e r a t i o n s ,  

8. waste management, and 

9. sh ipp ing  and handling. 

49 
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Table  7.1. Annual Personnel  Costs  f o r  Sphere-Pac P lan t"  

RO / RMb 

Fixed Va r i a  b l e  
De par  tmen t 

Genera 1 Management 

Design Engineer ing  

P r o j e c t s  

Finance 

Purchas ing  and Personnel  

Medical 

P l a n t  Opera t ions  

Q u a l i t y  Assurance 

TOTALS 

$ 80 

180 

60 

60 

60 

60 

1500 

J 3 

$2300 

$ 640 

130 

280 

510 

1 so 
16,190 

2,700 

$20,630 

aInc ludes  employer c o s t  such as FICA,  taxes,  and 

bRemote ope ra t ion  and remote maintenance f o r  a 
i n s u r a n c e  i n  thousands of d o l l a r s .  

sp iked - fue l  p l a n t .  



8. GENERAL STATUS OF TECHNOLOGY 

The development of sphere  forming and sphere-pac technology is  behind 

p e l l e t  technology. The sphere  forming and sphere-pac concepts  o r i g i n a t e d  

i n  t h e  U.S. a lmost  20 y e a r s  ago ( a s  " so l -ge l " ) ,  and a c t i v e  development w a s  

pursued i n  t h i s  count ry  u n t i l  1972. Gel-sphere-pac technology a t  t h a t  

t i m e  was thoroughly documented. l'. 

i n c l u d i n g  t h e  Nether lands ,  t h e  United Kingdom, Germany, and Swi tze r l and ,  

have cont inued t h e i r  sphere  f u e l  development and have made s i g n i f i c a n t  

c o n t r i b u t i o n s .  5-8 
June 1977. 

However, s e v e r a l  f o r e i g n  c o u n t r i e s ,  

The U.S. gel-sphere-pac work was r e i n i t i a t e d  i n  

The s t a t u s  of development f o r  t h e  two major gel-sphere-pac areas 

(gel-sphere p r e p a r a t i o n  and sphere-pac load ing)  i s  roughly t h e  same. 

Gel-sphere p r e p a r a t i o n  has  r ece ived  more a t t e n t i o n  f o r  a longer  per iod  

than  sphere-pac loading ,  but  i t  is  s i g n i f i c a n t l y  more complex. 

The re fo re ,  t h e i r  remaining o v e r a l l  development needs are e s t ima ted  t o  be 

about  equal .  

A d i s c u s s i o n  of development s t a t u s  and needs i s  convenient ly  orga- 

n i zed  a long  two s t anda rds :  t h e  scale of ope ra t ion  and the  va r ious  func- 

t i o n a l  systems involved.  For processes  aimed e v e n t u a l l y  a.t t h e  des ign ,  

c o n s t r u c t i o n ,  and s u c c e s s f u l  o p e r a t i o n  of a commercial f a c i l i t y  t he  

fo l lowing  sequence i s  both rea l i s t ic  and r e p r e s e n t a t i v e  of t h e  a c t u a l  

number of development s t a g e s  needed: 

1. co ld  l a b  - t o  demonstrate  process  f e a s i b i l i t y  wi th  low-ac t iv i ty  

s u b s t i t u t e s  ; 

2. ho t  l a b  - t o  v e r i f y  process  f e a s i b i l i t y  w i th  h igh ly  gamma-active 

materials; 

3. cold  engineer ing  - t o  demonstrate  equipment concepts  under nonra- 

d i o a c t i v e  cond i t ions ;  

4.  ho t  engineer ing  - t o  v e r i f y  equipment concepts  under remote, h igh ly  

gamma-active c o n d i t i o n s ;  and 

5 .  co ld  pro to type  - t o  demonstrate  f u l l - s c a l e  components, i nc lud ing  

i n t e g r a t e d  and/or  remote ope ra t ion  f o r  t he  more complex s t e p s .  

51  
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I n  g e n e r a l ,  

co ld-engineer ing  

co ld- lab  work provides  the  b a s i s  f o r  both hot - lab  and 

work. The las t  two toge the r  provide the  b a s i s  f o r  both 

hot -engineer ing  and cold-prototype work, which i n  t u r n  provide  a s o l i d  

b a s i s  f o r  a commercial-scale f a c i l i t y .  Fuel  samples  f o r  i r r a d i a t i o n  

t e s t i n g  would normally be produced dur ing  a l l  s t a g e s  of development. In  

t h e  U.S. and Europe some i r r a d i a t i o n  t e s t i n g  has been done wi th  t e s t  

r o d s  of var ious  l e n g t h s  and wi th  g e n e r a l l y  f avorab le  r e s u l t s ;  a d d i t i o n a l  

tests are under way i n  Europe and are i n  p r e p a r a t i o n  i n  t h e  U.S. 

nepending on t h e  f u e l  cycle t h e s e  b a s i c  r e s e a r c h  and development 

s t a g e s  might w e l l  be augmented by ope ra t i c - !  of a p i l o t  p l a n t  f a c i l i t y  i n  

which a c t u a l  f u e l  e lements  are produced. Such a f a c i l i t y  would have a 

product ion  c a p a c i t y  of approximately 10% of t h e  commercial f a c i l i t y  

d i scussed  i n  t h i s  r e p o r t .  The c o s t s  of c o n s t r u c t i o n  and o p e r a t i o n  of 

t h e  p i l o t  p l a n t  would be cons idered  p a r t  of t h e  r e s e a r c h  and development 

r equ i r ed .  

A demonst ra t ion  p l a n t  (assumed t o  have approximately 30% of the  

commercial scale p l a n t  desc r ibed  he re )  is t y p i c a l l y  t h e  next  s t e p  before  

t h e  des ign  and c o n s t r u c t i o n  of a f u l l - s c a l e  commercial p l a n t .  While t h e  

des ign  s t u d i e s  through conceptua l  des ign  are l o g i c a l l y  p a r t  of t h e  

r e s e a r c h  and development a c t i v i t i e s ,  t h e  c o s t  of d e t a i l e d  des ign ,  

c o n s t r u c t i o n ,  and o p e r a t i o n  are cons idered  demonstrat ion c o s t s ;  most of 

t h e s e  w i l l  be recovered  by the  sale of products .  Thus, we have chosen 

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

Fo r  t h i s  g e n e r i c  p l a n t  we e s t ima ted  t h e  schedule  f o r  t h e  indepen- 

dent  development of t h e  sphere-pac process ,  as shown i n  Fig. 8.1. The 

i n i t i a l  program p lan  i n  t h i s  schedule  i s  assumed t o  s t a r t  any t i m e  a f t e r  

FY 1979. 

While t h e  above breakdown of a c t i v i t i e s  provides  a r easonab le  sche- 

d u l e ,  t h e  technology s t a t u s ,  development requi rements ,  and c o s t s  can 

b e s t  be addressed  by t h e  primary process  f u n c t i o n a l  areas, as def ined  i n  
Fig.  3.1.  S e c t i o n s  8.1 and 8 . 2  d i s c u s s  t h e s e  f o r  t he  g e n e r i c  p l an t .  

Mod i f i ca t ions  r e q u i r e d  f o r  s p e c i f i c  r e a c t o r  f u e l  c y c l e s  are covered i n  

Sec t .  9. Table  8 . 1  q u a l i t a t i v e l y  summarizes t h e  c u r r e n t  s t a t u s  of 

technology. 
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Fig. 8.1. Summary Schedule for Research and Development of Gel-Sphere-Pac Fuel Fabrication. 



Table 8.1. Status of Technology Summary for Sphere-Pac Fabrication of LWR (U,Pu)O2 Spiked Fuela 

Demonstratioil Commercia1 
Functions, Processes, or Equipment New Cold Hot Cold Hot Cold 

from Functional Flow Sheet Concept Lab Lab Eng. Eng. Prototype Scale 

1.0 Receiving and Storage 

1.1 Canister Design 
1.2 Weighing 
1.3 Sampling 
1.4 Remote Handling 

2 . 0  Fuel Production 

2.1 Sampling 
2 . 2  Calcination 
2 . 3  Sintering 
2 . 4  Microsphere Inspection 
2 . 5  Interim Storage 
2.6 Pneumatic Transport 

3.0 Fuel Rod Fabrication 

N N N 
P N N 

C P N N 
N N 

C P N N 
P P N N N 
P P N N N 
C P P N N 
C C N N 
C P N N 

N 

N 
N 

3 * 1 )  Interim Storage C C N N N 
3 . 2  
3 . 3 ’  Sphere Dispensing 
3 . 4  Sphere Loading 

Density Inspection 
Plenum Hardware Loading 3 . 5  { 

3.6 Closure Weld 
3.7 Rod Assay 
3 . 8  Inspection 
3 . 9  Rod Reworking 

4.0 Fuel Element Assembly 

4.1 Rod Storage 
4 . 2  Assembly 

Inspect ion 
Packaging 4 . 3  1 

5.0 Scrap Handling 

6.0 Waste Treatment 

N 

P P 
P P 
P N P 
P N 

P 
N P 

N 
N 

N 
N 
N 
N 

N N N 

N N .  N 

N N 
N N 
N N 
N N 
N N 
N N 
N N 

N 

N 
N 
N 
N 
N 

N 
N 

N 

a Key to qualitative status identification: C - complete, P - in progress, N - needed. 
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8.1 TECHNOLOGY STATUS AND DEVELOPMENT REQUIKEMENTS BY PROCESS FUNCTIONS 

Only t h e  technology s t a t u s  of t he  sphere-pac process  and i t s  deve- 

lopment requirements  are s p e c i f i c a l l y  addressed i n  t h i s  r e p o r t .  

However, because of t he  c l o s e  r e l a t i o n s h i p  t o  the  conversion process  a t  

a r ep rocess ing  p l a n t ,  which provides  the  b a s i c  s p h e r i c a l  s t a r t i n g  

material ,  a d i s c u s s i o n  of t h i s  process  and i t s  s t a t u s  has  been included 

i n  t h e  Appendix. The i n t i m a t e  i n t e r a c t i o n  of t h e  conversion process  and 

t h e  f u e l  product ion f u n c t i o n s  i s  recognized i n  t h e  fo l lowing  a n a l y s i s .  

Two r e c e n t  r e p o r t s  have a s s e s s e d  the  gel-sphere-pac f u e l  f o r  Fas t  Breeder 

Reac to r s  ,9, lo and much of t h e  fo l lowing  in fo rma t ion  has been e x t r a c t e d  

from those  r e p o r t s .  

I n  t h e  fo l lowing  s e c t i o n s  w e  d i s c u s s  the  f u n c t i o n a l  areas, as shown 

i n  Fig. 3 . 1 .  A f u r t h e r  s u b d i v i s i o n  could be by an area of sphere-pac 

p rocess  f u n c t i o n s  through the  completion of f u e l  rod f a b r i c a t i o n  and by 

a g e n e r i c  area invo lv ing  the  rod i n s p e c t i o n  and f u e l  element assembly 

f u n c t i o n s ,  which are a p p l i c a b l e  t o  a l l  metal c l a d  oxide f u e l  r e g a r d l e s s  

of t h e  f u e l  material form. 

8.1.1 Receiving and S to rage  

8.1.1.1. Func t iona l  D e f i n i t i o n  

C r i t i c a l l y  s a f e  v e s s e l s  w i th  two s i z e s  of d r i e d  f i s s i l e  c o n t a i n i n g  

g e l  sphe res  are r ece ived  as feed f o r  t he  r e f a b r i c a t i o n  f a c i l i t y .  To pro- 

v i d e  proper q u a l i t y  a s su rance  and material a c c o u n t a b i l i t y  t h e s e  con- 

t a i n e r s  must be weighed and t h e i r  accompanying sample must be r e t r i e v e d .  

These sh ipp ing  v e s s e l s ,  which a l s o  s e r v e  as in -p lan t  feed s t o r a g e  

v e s s e l s ,  must be designed t o  f a c i l i t a t e  convenient  movement and s to rage .  

F i t t i n g s  must be provided t h a t  a l low r a p i d  connect ion and d i scha rge  of 

p a r t i c l e s  i n  t h e  f a c i l i t y  t r a n s f e r  system. 
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8.1.1.2 Technology Status 

Criticality data are available for guidance in the design of safe 

storage vessels. Concepts for handling and emptying storage hoppers 

have been developed in unreported HTGR fuel particle handling develop- 

ment work at ORNL. Computer techniques are available to handle the 

real-time inventory of storage containers. 

8.1.1.3 Required Developmen: 

The major development task is the identification of a remote 

weighing system for full and empty shipping vessels. Development of a 

computer-assisted canister retrieval system is also required. 

8.1.2 Fuel Production 

8.1.2.1 Functional Definition 

This task converts dried fissile-containing spheres into near 

theoretically dense spherical feed for the rod loading process. The 

main concerns of the task are the heat treatment of the particles and 
the post treatment characterization. Heat treatment involves: 

(1) calcination, to eliminate excess volatiles; (2 )  sintering, to den- 

sify the material; and ( 3 )  reduction, to produce the desired oxygen-to- 

metal ratio. Since sintering and reduction ordinarily occur 

simultaneously, these two steps will be considered one operation. 

It is assumed that the fertile fines will be received as sintered 
spheres, which will not require further processing in this work task. 

8.1.2.2 Technology Status 

Spheres of Tho2 are easily sintered to densities in excess of 99% 
of theoretical at temperatures below 1450°C. 

spheres of various compositions have been routinely sintered to densities 

Urania and urania-plutonia 
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g r e a t e r  than  95% a t  1550°C o r  below. Recent ly  broth-der ived u r a n i a  

sphe res  have been r o u t i n e l y  s i n t e r e d  t o  over 99% T.D. However, sphere  

s i n t e r i n g  has  not  been demonstrated f o r  a l l  f u e l  composi t ions being con- 

s i d e r e d .  Most exper ience  i s  wi th  ba tch  ope ra t ions .  P l u t o n i a  exper ience  

i s  l i m i t e d  t o  ba tch  s i z e s  of s e v e r a l  hundred grams, except  f o r  r e c e n t  

unrepor ted  B r i t i s h  work t h a t  has  used somewhat l a r g e r  ba tches .  

I n  gene ra l ,  most of t h e  proposed “ r e c i p e s “  f o r  producing a dense 

sphe re  of given composi t ion vary  widely among t h e  d i f f e r e n t  p r e p a r a t i o n  

schemes. Indeed, even wi th in  a g iven  process  (e.g., t he  KEMA* i n t e r n a l  

g e l a t i o n  process)  t h e  times, tempera tures ,  ra tes ,  and atmospheres repor-  

t e d l y  used f o r  s i n t e r i n g  vary  from one r e p o r t  t o  another .  This  l a r g e l y  

r e s u l t s  from t h e  l a c k  of b a s i c  knowledge of t h e  complex s i n t e r i n g  pro- 

cesses occur r ing  w i t h i n  t h e  sphe res ;  t h a t  i s ,  whenever another  sphere  

forming, washing, o r  dry ing  process  v a r i a t i o n  occur s ,  u n a n t i c i p a t e d  

changes may be r equ i r ed  i n  t h e  c a l c i n a t i o n  and s i n t e r i n g  s t e p s .  

Hence, i n  a t tempt , ing t o  dev i se  d e n s i f i c a t i o n  r o u t i n e s  one must con- 

s i d e r  t h e  phenomenology of t h e  process  and t r y  t o  c o n t r o l  i t  t o  one ’ s  

advantage.  To t h i s  end i t  i s  necessary  t o  ana lyze  the  observable  i n t e r -  

n a l  p rocesses  occur r ing  i n  t h e  spheres  dur ing  hea t  t rea tment .  These are: 

e l i m i n a t i o n  of v o l a t i l e s  (H20, NH3, ,NOj-, o rgan ic  compounds), 

c r y s t a l l i t e  rearrangement ,  

c r y s t a l  growth, 

phase changes (e.g. , U03 -+ U308 + U02) , 
i n i t i a l  s t a g e  s i n t e r i n g ,  and 

f i n a l  s t a g e  s i n t e r i n g .  

Unfo r tuna te ly ,  t h e s e  phenomena are not  s epa rab le  during the  pro- 

c e s s i n g ,  as s e v e r a l  may be occur r ing  s imultaneously.  However, e l imina-  

t i o n  of v o l a t i l e s  and phase changes are e a s i l y  fol lowed through use of 

d i f f e r e n t i a l  thermal  a n a l y s i s ,  thermogravimetr ic  a n a l y s i s ,  off-gas  ana- 

l y s i s ,  and x-ray d i f f r a c t i o n .  Normally, careful h e a t i n g  i n  a c o n t r o l l e d  

atmosphere w i l l  e l i m i n a t e  most of t h e  v o l a t i l e  c o n s t i t u e n t s  a t  t e m -  

p e r a t u r e s  below 6OOOC. 

*Keuring van E lec t ro t echn i sche  Mater ia len  a t  Arnhem, Nether lands.  
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The i n i t i a l  s t a g e  of s i n t e r i n g  of Tho2 has  been s t u d i e d  by 

B a n n i s t e r l l  and of U02 by Suzuki e t  a1.,12,13 Landspersky e t  

a1. ,14s15 and Breschi  e t  a1.16 

duced by the  ORNL wa te r - ex t r ac t ion  technique ,  t h e  f i r s t  4% of l i n e a r  

sh r inkage  w a s  s o l e l y  from e l i m i n a t i o n  of v o l a t i l e s .  Af t e r  t h i s  t he  

remainder of t h e  shr inkage  w a s  c o n t r o l l e d  by g r a i n  boundary d i f f u s i o n  of 

thorium. Par t ic le  shape d i d  not  change on s i n t e r i n g  t o  900°C ( i n  a i r ) ,  

but  e x t e n s i v e  c r y s t a l  growth occurred ;  f o r  example, 6.0 nm as rece ived  

grew t o  30 nm at 900°C. 

t h a t  t he  i n i t i a l  s t a g e  of s i n t e r i n g  U02 s o l - g e l  material proceeded i n  

two s t e p s :  up t o  675°C ( i n  H2) t h e  shr inkage  w a s  p r o p o r t i o n a l  t o  t i m e ,  

implying a g r a i n  rearrangement  through boundary s l i d i n g  ( p l a s t i c  f low) ,  

and from about 750 t o  800°C volume d i f f u s i o n  c o n t r o l l e d  t h e  rate. Above 

800°C g r a i n  growth occurred  normally t o  about 1080°C where g r a i n  s i z e  

increased  ab rup t ly .  The shape of t he  g r a i n s  changed from s p h e r i c a l  t o  

po lyhedra l  a t  t h i s  temperature .  Above 1080°C normal g r a i n  growth con- 

t i n u e d  and s i n t e r i n g  proceeded. 

Bannis te r  found t h a t  f o r  Tho2 g e l  pro- 

On t h e  o the r  hand, Suzuki e t  a1.12,13 found 

Landspersky 's15 p r e l i m i n a r y  i n v e s t i g a t i o n s  covered U02 produced by 

t h e  KEMA process  and KFAkJulich's H-Process. Ca lc in ing  i n  a i r  l e d  t o  

removal of t h e  m a j o r i t y  of v o l a t i l e s  i n  the  range 200 t o  250"C, which 

was cons idered  t o  be t h e  c r i t i c a l  range f o r  c r ack  formation.  I f  c r acks  

w e r e  not formed in t h i s  range ,  t h e r e  w a s  no c racking  on s i n t e r i n g .  

Spheres  produced by t h e s e  two p rocesses  c o n s i s t e d  of U03 a f t e r  h e a t i n g  

t o  360 t o  450°C i n  a i r .  However, i f  t h e  h e a t i n g  rate w a s  t oo  r a p i d  and 

t h e  material pore s t r u c t u r e  p r o h i b i t e d  r a p i d  release of t h e  v o l a t i l e s ,  

some r e d u c t i o n  occurred.  I n  a i r  UO3 w a s  s t a b l e  t o  510 t o  570°C. 

Landspersky 's  s i n t e r i n g  s tudy17 on t h e  same materials i n  A r 4 %  H2 

With part ic tes  that  had been a i r  d r i e d  e l u c i d a t e d  an important  p o i n t :  

t o  22OoC, then sintered i n  A H %  H2, U ( V I 1  was reduced t o  U ( I V / )  a t  tem- 
peratures as  low as 28OOC. I f  c a l c i n a t i o n  i n  a i r  o r  i n e r t  atmosphere t o  

U3O8 w a s  a l lowed be fo re  r e d u c t i o n  a d i f f e r e n t  m i c r o s t r u c t u r e  w a s  formed, 

r e s u l t i n g  i n  d i f f e r e n t  s i n t e r i n g  rates f o r  t h e  materials. Apparent ly  

*Kernforschungsanlage 
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above about  600°C s i n t e r i n g  begins  i n  e i t h e r  t h e  UO o r  U 0 whichever 

i s  p r e s e n t .  I n  UO t h i s  occu r s  wi th  pore  e l i m i n a t i o n  and sh r inkage .  

The o r i g i n a l l y  formed pore shape remains unchanged, and o d y  t h e  pore 

volume decreases .  

bu ted ,  wi th  pore s i z e  s h i f t i n g  t o  l a r g e r  diameter  as f i n e  p o r o s i t y  i s  

e l imina ted .  Once formed t h e  l a r g e r  pores  are r e t a i n e d .  Seve ra l  

groups l tb20 have used t h i s  technique  t o  prepare  s i n t e r e d  sphe res  of 

c o n t r o l l e d  p o r o s i t y ,  mainly by va ry ing  t h e  maximum c a l c i n a t i o n  t e m -  

p e r a t u r e  t o  vary  t h e  amount o r  s t r u c t u r e  of U 3 O 8  formed. 

2 3 8’ 

2 

On t h e  o the r  hand, i n  U 3 O 8  t h e  p o r o s i t y  i s  r e d i s t r i -  

F ina l - s t age  s i n t e r i n g  invo lves  t h e  e l i m i n a t i o n  of c losed  p o r o s i t y  

c o i n c i d e n t  w i th  normal g r a i n  growth. All t h e  materials being cons idered  

w i l l  s i n t e r  by t h e  same type of p rocess ,  which i s  c o n t r o l l e d  by mass 

t r a n s f e r  - u s u a l l y  d i f f u s i o n  of t h e  c a t i o n  a long  g r a i n  boundaries .  The 

p r i n c i p a l  determinant  of f i n a l  d e n s i t y  w i l l  t hen  be t h e  m i c r o s t r u c t u r e  

produced by t h e  preceding  s t e p s .  That is ,  g iven  t h e  a p p r o p r i a t e  t e m -  

p e r a t u r e  and t i m e  materials con ta in ing  f i n e  p o r o s i t y  and small g r a i n  

s i z e  w i l l  s i n t e r  t o  h igh  dens i ty .  However, i f  l a r g e  pores  and/or  l a r g e  

g r a i n s  have been l e f t  i n  t h e  s t r u c t u r e ,  t h e  d e n s i f i c a t i o n  w i l l  be 

impeded, as noted  i n  t h e  work on material wi th  c o n t r o l l e d  po ros i ty .  

Cons iderable  exper ience  i s  a v a i l a b l e  concerning t h e  s i n t e r i n g  and 

s t o i c h i o m e t r y  c o n t r o l  of (U,Pu)02* sol-gel-der ived spheres .  

Genera l ly  (U,Pu)O2 s i n t e r e d  t o  d e n s i t i e s  g r e a t e r  than  95% T.D., w i th  the  

remaining pores  being r a t h e r  l a r g e  and presumably in t roduced  dur ing  

sphe re  forming r a t h e r  than  r e s u l t i n g  from pore agglomerat ion dur ing  s in-  

t e r i n g .  With improved s o l  o r  b ro th  and b e t t e r  sphere  forming h igher  

d e n s i t i e s  are poss ib l e .  

Subs to ich iometry  w a s  c o n t r o l l e d  i n  (U ,Pu)024  ba tches  of several 

hundred grams. The rate of r e d u c t i o n  of t h e  mixed oxides  by hydrogen i n  

a rgon  w a s  found21 t o  be c o n t r o l l e d  by t h e  removal of water vapor from 

t h e  fu rnace  by the  gas  stream; t h e  mois ture  con ten t  of t h e  fu rnace  

atmosphere i s  o f t e n  c o n t r o l l e d  by t h e  prev ious  h i s t o r y  of t h e  fu rnace  

and no t  by t h e  incoming gas.  

Most of t h e  work desc r ibed  i n  t h e  l i t e r a t u r e  was performed on small 

amounts of material i n  ba t ch  ope ra t ions .  However, s c a l i n g  of t h e  
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s i n t e r i n g  p rocesses  t o  l a r g e r  ba tches  and c: iuous ope ra t ion  has been 

done wi th  only minor problems occurr ing .  TwL groblems a r e :  (1) d i f -  

f i c u l t y  i n  c o n t r o l l i n g  hea t  r e l e a s e d  i n  exothermic r e a c t i o n s  on ca l c ina -  

t i o n  and ( 2 )  d i f f i c u l t y  i n  o b t a i n i n g  uniform tempera tures  and gas 

atmosphere c i r c u l a t i o n  through the  mass of spheres .  These problems have 

been a t t a c k e d  through use of f lu id ized-bed  techniques  o r  use  of t h i n  beds. 

A l a r g e  ba t ch  dryer  and c a l c i n e r  a l lowing  semicontinuous ope ra t ion  

was developed and a p p l i e d  a t  ORNL f o r  remote use.22 

put  o p e r a t i o n  a cont inuous v e r t i c a l - t u b e  moving-bed c a l c i n e r  w a s  deve- 

loped by ORNL.23 

w a s  c o n t r o l l e d  so  t h a t  t h e  moving charge underwent t he  c o r r e c t  

temperature- t ime program. The coun te rcu r ren t  f low of gas up the  tube 

provided e x c e l l e n t  use of t h e  atmosphere. A f u r t h e r  advantage w a s  t h a t  

i n t e r p a r t i c l e  s t i c k i n g ,  a p o t e n t i a l  problem p a r t i c u l a r l y  with f i n e s ,  

could  be avoided. A similar device  w a s  used i n  a SNAM* process  p i l o t  

p l a n t .  24 9 25 

For l a r g e r  through- 

I n  t h i s  device  t h e  tempera ture  p r o f i l e  a long the  tube 

The KEMA process  has  been s c a l e d  up t o  p i l o t - p l a n t  opera t ion .26  

C a l c i n a t i o n  w a s  performed i n  sha l low beds i n  a l a r g e  forced-convect ion 

furnace .  The p a r t i c l e s  were then t ransp0rte .d  i n  boa t s  though a fu rnace ,  

which provided atmosphere c o n t r o l  and t h e  r equ i r ed  t ime-temperature pro- 

f i l e .  The same s o r t  of appa ra tus  w a s  employed f o r  (U,Th)O2 by Hobeg and 

KFA27 i n  t h e i r  p roduct ion  p l a n t ,  t u r n i n g  out  4 kg HM/h. 

I 

The SNAM24925 8-kg/d p i l o t  p l a n t  used a moving-bed c a l c i n e r  ( a s  

no ted  above) fo l lowed by a continuous-throughput h o r i z o n t a l  fu rnace  

(pusher- type) .  Apparent ly  par t ic le  s t i c k i n g  w a s  no t  a problem dur ing  

s i n t e r i n g .  Thus, l a r g e  ba tches  of U 0 2 ,  Th02, o r  (Th,U)O2 can appa ren t ly  

be r e a d i l y  produced on a semicontinuous o r  cont inuous b a s i s  wi th  no real 

problems by use of a v a i l a b l e  technology. P repa ra t ion  of 

s u b s t o i c h i o m e t r i c  (U ,Pu)024  r e q u i r e s  extremely good sphe re - s in t e r ing  

atmosphere c o n t a c t  t o  main ta in  a s u i t a b l y  high r educ t ion  p o t e n t i a l  t o  

promote r e d u c t i o n ,  and thus  scale-up f o r  (U,Pu)O2= might r e q u i r e  

f l u i d i z e d  beds o r  o t h e r  means f o r  provid ing  good gas-so l id  con tac t .  

*SNAM P r o g e t t i  S.p.A., I t a l y  



6 1  

Analysis  of t h e  s i n t e r e d  p a r t i c l e s  is necessary  t o  conf i rm t h a t  

t hey  w i l l  y i e l d  a c c e p t a b l e  f u e l  rod dens i ty .  Contact  o r  glove-box 

l abora to ry - sca l e  techniques have been used i n  t h e  p a s t  t o  thoroughly 

c h a r a c t e r i z e  sphe res  of numerous composi t ions,  i n c l u d i n g  (U,Pu)Oz,. 

With only  a few except ions  t h i s  equipment was not  remotely operable  and 

n o t  s u i t a b l e  f o r  on-l ine in spec t ion .  Except f o r  t h e  f i n e s  sphe re  s i z e  

d i s t r i b u t i o n  can c u r r e n t l y  be measured au tomat i ca l ly  by an ana lyze r  

developed f o r  remote ope ra t ion .  

The fo l lowing  a t t r i b u t e s  of s i n t e r e d  p a r t i c l e s  must be determined. 

Densi ty  

S ince  any p o r o s i t y  i n  t h e  s i n t e r e d  spheres  lowers  t h e  f u e l  rod 

smear d e n s i t y ,  t h e  sphe res  need t o  be as dense as p r a c t i c a l .  The per- 

t i n e n t  d e n s i t y  va lue  i s  t h e  geometr ic  dens i ty .  This  i s  r e a d i l y  d e t e r -  

mined on sphe res  l a r g e r  than  about SO pm i n  d iameter  by immersion i n  

mercury a t  about  500 kPa (75  p s i ) .  For f i n e r  spheres  t h e  void spaces  

between p a r t i c l e s  are very  small s o  t h a t  h ighe r  p r e s s u r e s  are requ i r ed  

t o  p e n e t r a t e  them wi th  t h e  mercury. The key i s  t o  completely surround 

t h e  p a r t i c l e  w i th  mercury but  no t  p e n e t r a t e  any sphere  po ros i ty .  The 

procedure i s  p r e s e n t l y  done i n  only a manual mode. 

Other  techniques  inc lude  immersion i n  water or  o the r  l i q u i d s .  

However, care must be exe rc i sed  i n  t h e  use of t h e  d a t a  since pores  of 

nanometer s i z e  w i l l  be pene t r a t ed  and f a l s e l y  h igh  d e n s i t y  va lues  

obta ined .  

Another technique  i s  s i z e  measurement ( e i t h e r  by o p t i c a l  o r  

e l e c t r o n i c  means) of a given ba tch  a long  wi th  weighing. This  process  i s  

i d e a l l y  s u i t e d  f o r  automation t o  t h e  product ion  l i n e  s i n c e  p a r t i c l e s  can 

be cont inuous ly  removed, measured, and r e tu rned  to the  l i n e ,  y i e l d i n g  
d e n s i t y  and s i z e  d a t a  s imul taneous ly .  28 

S i z e  and Shape 

P a r t i c l e  s i z e  may be measured i n  numerous ways: s ed imen ta t ion ,  

l i g h t  blockage,  microscopy, rad iography,  etc. However, shape i s  only 
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measured o p t i c a l l y  by comparing d iameters  i n  d i f f e r e n t  o r i e n t a t i o n s  from 

a photograph. Should t h e r e  be any nonsphe r i ca l  p a r t i c l e s ,  they  may be 

s e p a r a t e d  out  by use of a t i l t e d  v i b r a t i n g  p l a t e .  This  technique  i s  not  

u s e f u l  f o r  f i n e s  smaller than  about 100 pm, and no shape s e p a r a t i o n  

t echn ique  i s  a v a i l a b l e  f o r  t hese .  

Chemist r v  

S tandard  techniques  f o r  chemical  a n a l y s i s  of nuc lea r  f u e l  materials 

have been developed,  e s p e c i a l l y  f o r  p e l l e t  f u e l .  These can be a p p l i e d  

t o  so l -ge l  sphe re  f u e l  s i n c e  i t  i s  a l s o  a s i n t e r e d  s o l i d  material. 

However, a d d i t i o n a l  s p e c i f i c a t i o n s  w i l l  be  r e q u i r e d  f o r  (U,Pu)O f u e l s  

f o r  b reede r  a p p l i c a t i o n s .  
2 

S t r e n g t h  

Loading sphere-pac f u e l  i n t o  f u l l - l e n g t h  rods  w i l l  impose con- 

s i d e r a b l e  stress upon t h e  sphe res  so t h a t  a h igh  s t r e n g t h  w i l l  be 

r equ i r ed .  S t r e n g t h  i s  commonly determined by load ing  a sphere  i n  

compression between two f l a t  s tee l  p l a t e s .  

i n v o l v e s  use of a steel  ho lde r  p l a t e  d r i l l e d  wi th  64 f l a t -bo t tom h o l e s  

i n t o  which t h e  p a r t i c l e s  are placed.  A p i n  wi th  f l a t  ends i s  then  put  

i n t o  t h e  h o l e  and t h e  load  app l i ed .  Crushing s t r e n g t h  ( a c t u a l l y  l o a d )  

i s  r ead  from a s t r i p - c h a r t  r eco rde r .  An automated remote ly  operable  

dev ice  f o r  measuring c rush ing  s t r e n g t h  of sphe res  i s  c u r r e n t l y  being 

developed f o r  HTGR f u e l s .  

An ORNL m o d i f i ~ a t i o n ~ ~  

M i c r o s t r u c t u r e  

P a r t i c l e  m i c r o s t r u c t u r e  i s  determined mic roscop ica l ly  by s t a n d a r d  

mounting and p o l i s h i n g  techniques  coupled wi th  o p t i c a l  o r  microprobe 

examinat ion o r  by f r a c t u r i n g  and e l e c t r o n  microscopic  examinat ion.  

S e v e r a l  papers12,  1 6 ,  30, 31 have been publ i shed  i l l u s t r a t i n g  t h e  use of 

t h e s e  t echn iques  w i t h  so l -ge l  spheres .  

Parameters  of i n t e r e s t  i n  m i c r o s t r u c t u r a l  e v a l u a t i o n  i n c l u d e  g r a i n  

shape ,  s i z e ,  and d i s t r i b u t i o n ;  p o r o s i t y  shape,  s i z e ,  l o c a t i o n ,  and 

d i s t r i b u t i o n ;  and t h e  presence  of d e f e c t s  such as vo ids  and cracks .  



63 

8.1.2.3 Required Development 

The s i n t e r i n g  of spheres  of t he  r equ i r ed  composi t ion(s )  must be 

developed f o r  t h e  s p e c i f i c  g e l  p r o c e s s ( e s )  s e l e c t e d .  Var i ab le s  t h a t  

must be cons idered  are h e a t i n g  rate,  s i n t e r i n g  tempera ture  and t i m e ,  and 

c a l c i n i n g  and s i n t e r i n g  atmosphere. Development of a s i n t e r i n g  process  

r e q u i r i n g  tempera tures  no g r e a t e r  than about 1450°C would be of con- 

s i d e r a b l e  b e n e f i t  i n  t h a t  s impler  more r e l i a b l e  h e a t i n g  elements  could 

be used. While s i n t e r i n g  fu rnace  development can draw from previous  

p e l l e t  work, t h e r e  may be s p e c i a l  requi rements  f o r  provid ing  improved 

gas-sphere c o n t a c t ;  f o r  example, a f l u i d i z e d  bed might be advantageous.  

A s u i t a b l e  cont inuous o r  ba tch  remote furnace  wi th  high material 

throughput  remains t o  be developed. 

It has  been shown3 w i t h  ( U , P U ) O ~ ~  so l -ge l  spheres  t h a t  

s to i ch iomet ry ,  mo i s tu re ,  and gas  con ten t  can be c o n t r o l l e d  t o  c u r r e n t l y  

s p e c i f i e d  l i m i t s  f o r  p e l l e t  f u e l s .  However, i n  t h i s  ear l ier  work t h e  

product  w a s  always handled i n  iner t -a tmosphere g love  boxes fo l lowing  

s i n t e r i n g .  Numerous equipment items can be s impler  and more r e l i a b l e  i f  

t h e y  can t o l e r a t e  some exposure t o  a i r  and moisture .  Therefore ,  i t  is  

impor tan t  t o  determine t h e  exact degree of p recau t ion  necessa ry  i n  t h e  

subsequent  handl ing  of s i n t e r e d  spheres .  

S u i t a b l e  remotely ope rab le  fu rnaces  f o r  c a l c i n a t i o n  and s i n t e r i n g  

do not  e x i s t .  S i m i l a r  fu rnaces ,  such as t h e  one planned f o r  c o a t i n g  of 

HTGR f u e l  p a r t i c l e s ,  are a t  a n  advanced s t a g e  of development. In addi- 

t i o n  t o  us ing  minimum f l o o r  space t h e  r e q u i r e d  furnace  must have 

atmosphere c o n t r o l ,  e i t h e r  ox id i z ing  o r  reducing  f o r  t he  c a l c i n i n g  fu r -  

nace and reducing  f o r  t h e  s i n t e r i n g  furnace.  Automated p a r t i c l e  

hand l ing  must be an  i n t e g r a l  p a r t  of such furnace  systems. P a r t i c l e  

hand l ing  schemes must be developed t o  e f f i c i e n t l y  charge t h e  fu rnaces  

and t o  unload t h e  p a r t i c l e s  a f t e r  s i n t e r i n g .  Samples must be automati-  

c a l l y  e x t r a c t e d  dur ing  t h e s e  o p e r a t i o n s  t o  perform ana lyses  on each 

ba tch .  A f a s t e r  technique  is, needed f o r  s i z e  and shape ana lyses  of 

f i n e s .  F a s t e r  techniques  are needed f o r  r e s i d u a l  gas and mois ture  



6 4  

de te rmina t ions .  Improved techniques  are needed f o r  de t e rmina t ion  of 

d e n s i t :  .nd oxygen-to-metal r a t i o .  Improved s p e c i f i c a t i o n s  f o r  sphere  

shape  and m i c r o s t r u c t u r e  are  r equ i r ed .  

8.1.3 Fuel  Rod F a b r i c a t i o n  

8.1.3.1 Func t iona l  D e f i n i t i o n  

This  f u n c t i o n a l  area r e c e i v e s  h igh -qua l i ty  s i n t e r e d  sphe res  of e 

t h r e e  s i z e s  as w e l l  as t h e  hardware r equ i r ed  f o r  f u e l  rod manufacture.  

Spheres  and i n t e r n a l s  are loaded i n t o  the  c l add ing  tubes ,  and t h e  tubes  

are  welded c losed .  P rov i s ions  are inc luded  f o r  t h e  rework of f u e l  rods  

t h a t  f a i l  t o  pass  t h e  s t r i n g e n t  d e n s i t y ,  a s say ,  and p h y s i c a l  inspec-  

t i o n s ,  which are a l s o  inc luded  i n  t h e  f a b r i c a t i o n  task .  

8.1.3.2 Technology S t a t u s  

Th i s  t a s k  must develop t h e  equipment technology needed t o  remotely 

o p e r a t e  complex equipment i n c l u d i n g  p a r t i c l e  d i s p e n s e r s ,  p a r t i c l e  blen- 

d e r s ,  f u e l  rod v i b r a t o r s ,  d e n s i t y  scanne r s ,  end-plug welders ,  a s s a y  de- 

v i c e s ,  and p h y s c i a l  i n s p e c t i o n  s t a t i o n s .  

We are now e v a l u a t i n g  s u i t a b l e  d i s p e n s e r s ,  b l ende r s ,  and v i b r a t i o n  

tLchniques.  S p e c i a l i z e d  equipment must be designed and t e s t e d  f o r  t h e  

d i s p e n s i n g  and b lending  o p e r a t i o n s  because of t h e  s p e c i a l  charac-  

ter is t ics  of t h e  spheres .  Commercially a v a i l a b l e  dev ices  do n o t  y i e l d  

op t ima l  r e s u l t s .  Seve ra l  b lending  techniques  have been r e p o r t e d  i n  

sphere-pac and vi-pac l i t e r a t u r e .  

powder b lending  techniques  t o  p repa re  vi-pac material. He t hen  trans- 

f e r r e d  a weighed amount of f u e l  t o  a small conveyor b e l t ,  which was d r i -  

ven by a var iab le-speed  motor. This permi t ted  t h e  rod load ing  rate t o  

be  c l o s e l y  c o n t r o l l e d .  Hauth i n d i c a t e d  t h a t  w i th  a s u i t a b l y  modif ied 

f e e d e r  more t h a n  20 rods  could be compacted s imul taneous ly .  In ano the r  

r e p o r t  H a ~ t h ~ ~  s t a t e d  t h a t  both v i b r a t o r y  f e e d e r s  and s m a l l  conveyors 

had been used f o r  rod f i l l i n g ,  bu t  t h a t  t h e  l a t te r  device  o f f e r e d  a 

H a ~ t h ~ ~  a p p a r e n t l y  used conven t iona l  

* 
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p o s s i b l e  advantage by a l lowing  b e t t e r  c o n t r o l  of p a r t i c l e - s i z e  d i s t r i b u -  

t i o n  of material j u s t  before  it  en te red  t h e  rod. 

Evans and M i l l ~ n a n ~ ~  a l s o  used a conveyor b e l t  t o  prevent  segrega-  

They loaded each of t he  s i z e  f r a c t i o n s  of t i o n  i n  t h e i r  vi-pac s tudy.  

powder i n t o  separate long  r e c t a n g u l a r  boxes of uniform l eng th  and width. 

The boxes were then  emptied onto  a s t a t i o n a r y  conveyor b e l t  so  t h a t  t h e  

v a r i o u s  s i z e s  were uni formly  d i s t r i b u t e d  a long  t h e  conveyor. Movement 

of t h e  conveyor caused s imultaneous load ing  of t h e  d i f f e r e n t  s i z e  f r a c -  

t i o n s .  

Cur ren t ly ,  Oak Ridge Na t iona l  Labora tory  i s  c a r r y i n g  out  t h e  

l a r g e s t  U.S. development e f f o r t  on t h e  f a b r i c a t i o n  of f u e l  rods  by t h e  

sphere-pac process.35 

f u e l  geometr ies .  

over  a working range of from 20 t o  1400 Um. 

p a r t i c l e  s i z e s  i s  accomplished with newly developed b lending  techniques .  

Publ i shed  exper imenta l  r e s u l t s  show t h a t  85% smear d e n s i t y  is a t t a i n a b l e  

f o r  5.1-mm-ID (0.200-in.) c l add ing  (FFTF des ign )  by us ing  p a r t i c l e  s i z e s  

of 1200, 300, and 30 pm i n  a blend of 58, 20, and 22%, r e s p e c t i v e l y .  

Higher smear d e n s i t i e s  s u i t a b l e  f o r  LWR des igns  have been achieved with 

proper  c l add ing  s i z e  and p a r t i c l e  s e l e c t i o n .  

Before be ing  loaded i n t o  t h e  rod,  spheres  w i l l  have t o  be conveyed 

This  program i s  d i r e c t e d  toward both LWR and FBR 

Loading has  been s t u d i e d  by us ing  c l o s e l y  s i z e d  spheres  

Simultaneous load ing  of t h r e e  

from t h e  s i n t e r i n g  area t o  t h e  f u e l  rod load ing  s t a t i o n .  For such 

t r a n s f e r s  a pneumatic conveying system appea r s  t o  be i d e a l .  This type 

of conveying provides  t h e  g r e a t e s t  f l e x i b i l i t y  i n  t h e  r o u t i n g  of 

t r a n s f e r  l i n e s  and t h e  r e s u l t i n g  e a s i n g  of r e s t r i c t i o n s  on t h e  placement 

of process  equipment. The system i t s e l f  i s  amenable t o  scale-up; 

k i lograms pe r  minute can be pneumat ica l ly  t r a n s f e r r e d .  Flow i n d i c a t o r s ,  

p r e s s u r e  moni tors ,  and hopper l e v e l  i n d i c a t o r s  provide  adequate  feedback 

f o r  r e l i a b l e  and e f f i c i e n t  opera t ion .  Opera t ing  parameters  can be 

r e a d i l y  determined. Conveying i n  t h e  d i l u t e  phase -where  a l l  t h e  

material i s  e n t r a i n e d  i n  t h e  gas stream, wi th  no s e t t l i n g  out - can  be 

accomplished wi th  low p res su re  [ l e s s  t han  0.1 MPa (15 p s i ) ]  and moderate 

f low [ l e s s  t han  5 l i ters /s  (10  scfm)] .  Also,  t h e  t r a n s f e r  hoppers  and 

l i n e s  c o n s t i t u t e  a c losed  system. Thus, use of argon as t h e  motive gas 

v i r t u a l l y  e l i m i n a t e s  ox ida t ion  and moisture  pickup. 
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Ex tens ive  development and o p e r a t i n g  exper ience  have been acqu i red  

under  t h e  HTGR F u e l  Recycle Development Program a t  ORNL on  pneumatic 

conveying of n u c l e a r  f u e l  spheres .36 

development of a u x i l i a r y  sphere  hand l ing  equipment,  such as samplers ,  

we ighe r s ,  and level senso r s .  The equipment has  been developed wi th  

t h e  u l t i m a t e  g o a l  of t o t a l l y  remote ope ra t ion .  

This  program has also involved t h e  
37 

A f t e r  t h e  f u e l  i s  loaded i n t o  t h e  c l add ing  tube and compacted, t h e  

remainder  of t h e  f a b r i c a t i o n  process  should  be very  similar t o  p e l l e t  

f u e l  f a b r i c a t i o n  processes .  The remaining s t e p s  inc lude :  (1)  f u e l  rod 

o u t g a s s i n g ,  ( 2 )  placement of plenum s p r i n g ,  and ( - 3 )  end-plug welding. 

Fue l  rod ou tgass ing  removes mois ture  and o t h e r  sorbed  gas con- 

taminants  from t h e  f u e l .  

d i a t e l y  b e f o r e  load ing  by hold ing  them i n  a vacuum a t  250°C f o r  2 h.  

Olsen e t  al.38 outgassed  t h e  f u e l  rod a f t e r  t h e  f u e l  had been compacted. 

T h i s  w a s  done by evacua t ing  t h e  rod while  h e a t i n g  a t  llO°C f o r  30 min. 

Most sphere-pac i r r a d i a t i o n  t e s t  rods  are c u r r e n t l y  loaded whi le  i n s i d e  

a helium-f i l l e d  g love  box. 

f o r  measuring mois ture  and sorbed  gas con ten t  of sphere-pac f u e l .  

Mois ture  c o n t e n t  i n  t h e  f u e l  of less than 10 ppm w a s  s u c c e s s f u l l y  

measured wi th  t h i s  technique.  

H a ~ t h ~ ~  chose t o  outgas  f u e l  p a r t i c l e s  iinme- 

P e ~ h i n ~ ~  has  desc r ibed  a n a l y t i c a l  methods 

Both p e l l e t s  and p a r t i c u l a t e  f u e l s  can be he ld  in p l a c e  through t h e  

u s e  of plenum s p r i n g s .  To r e s t r a i n  a sphere-pac bed a space r  d i s k  made 

of alumina o r  t h o r i a  i s  p laced  on t o p  of t h e  f u e l  column t o  t r a n s m i t  t h e  

s p r i n g  pressure .  For t h e  f a b r i c a t i o n  of i r r a d i a t i o n  tes t  rods  ORNL 

r e s e a r c h e r s  used t h o r i a  s p a c e r s  and small p i eces  of ou tgassed  ceramic 
f i b e r  ( F i b e r f r a x )  t o  prevent  f u e l  movement du r ing  handl ing  and sh ipping .  40 

The procedure used f o r  welding t h e  top  end plug should be i d e n t i c a l  

f o r  bo th  p e l l e t  and sphere-pac f u e l .  Welding technology i s  w e l l  

advanced. Of cour se ,  atmosphere c o n t r o l  i s  impor tan t  du r ing  welding t o  

p reven t  contaminat ion  and p o s s i b l e  c o r r o s i o n  du r ing  i r r a d i a t i o n .  

With t h e  complet ion of t h e  end-plug welding s t e p ,  t h e  f a b r i c a t i o n  

p r o c e s s  i s  complete ,  and t h e  assembled f u e l  rod i s  moved t o  an  i n s p e c t i o n  

s t a t i o n .  Some i n s p e c t i o n s ,  such  as gamma scan  and heavy metal a s s a y ,  

are  amenable t o  remote o e p r a t i 0 1 - 1 ; ~ ~  most are n o t  and would r e q u i r e  
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s i g n i f i c a n t  development t o  enable  the  i n s p e c t i o n  t o  be performed econo- 

m i c a l l y  with a c c e p t a b l e  p r e c i s i o n ,  accuracy ,  and speed. 

Contact  methods are a v a i l a b l e  f o r  i n s p e c t i n g  rod l e n g t h ,  d i ame te r ,  

w a l l  t h i c k n e s s ,  o v a l i t y ,  and camber both before  and a f t e r  loading .  

Loading methods ( p a r t i c l e s  ve r sus  p e l l e t s )  w i l l  have l i t t l e  i n f l u e n c e  

over  t hese  in spec t ions .  While most of t hese  i n s p e c t i o n s  are performed 

on t h e  empty tub ing ,  pos t load ing  dimensional  i n s p e c t i o n s  such as end-cap 

c o n c e n t r i c i t y  and f i n a l  v i s u a l  i n s p e c t i o n  r e q u i r e  development of remote 

techniques .  

Gamma ray  a t t e n u a t i o n  has  been used42 t o  determine the  d e n s i t y  pro- 

f i l e  a long sphere-pac-loaded f u e l  r o d s  a t  ORNL. I n  those  runs  a 6oCo 

r a d i o i s o t o p e  source  and NaI(T1) d e t e c t o r  were used. Fue l  rods  loaded 

w i t h  a number of d i f f e r e n t  thorium and uranium oxide f u e l s  were scanned. 

Fue l  rods  loaded wi th  233U oxide  f u e l  were in spec ted  i n  a h o t - c e l l  

environment f o r  t h e  (Th, 233U)02 Kilorod p r o j e c t  a t  ORNL. 43 

A gamma scanning device  is under development a t  ORNL. The device  

w i l l  f u n c t i o n  as an a c c u r a t e  leve l -sens ing  device  and can be used t o  

determine t h e  o v e r a l l  l e n g t h  of t he  packed bed. A weighing f i x t u r e  w i l l  

be  r e q u i r e d  t o  o b t a i n  an a c c u r a t e  weight of t h e  packed f u e l  bed. 

A l t e r n a t i v e  methods invo lv ing  weighing t h e  f u e l  before  d i spens ing  need 

t o  be eva lua ted  t o  determine t h e  smear d e n s i t y  measuring method most 

compat ib le  wi th  t h e  loading  technique  and wi th  a c o u n t a b i l i t y  r equ i r e -  

ments. I f  f u e l  weight de t e rmina t ion  a f t e r  loading  is  a c c e p t a b l e ,  t h e  

procedures  may b e  s i m p l i f i e d .  I n  any case, t h e  development needed re- 

la tes  more t o  remote o p e r a t i o n a l  requi rements  t han  t o  p e c u l i a r i t i e s  of 

p a r t i c l e  f u e l s .  

I 

Contact  equipment e x i s t s  f o r  measuring f i s s i l e  d i ~ t r i b u t i o n . ~ 6 4 6  

However, t h e s e  methods would be inf luenced  by h igh  r a d i a t i o n  l e v e l s .  

For example, i f  one is concerned wi th  r e f a b r i c a t e d  f u e l  of h igh  gamma 

a c t i v i t y  o r  wi th  sp iked  f u e l s ,  t hen  a delayed f i s s i o n  gamma ray  method 

f o r  d e t e c t i n g  t h e  d i s t r i b u t i o n  of t he  f i s s i l e  material along a f u e l  rod 

may not  be app l i cab le .  I n  such cases, t h e  d e t e c t i o n  of prompt f i s s i o n  
neu t rons  from t h e  i r r a d i a t e d  sample may be used. 47 
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8.1.3.3 Required Development 

Equipment items t h a t  are now being developed on an eng inee r ing  

scale must be t e s t e d  a t  p r o t o t y p i c  s i z e  and eva lua ted  f o r  s e r v i c e  i n  

r a d i o a c t i v e  and remote environments.  To t h i s  e x t e n t  equipment used o r  

a s s o c i a t e d  wi th  loaded rods ,  such as end-plug welders ,  d e n s i t y  scanne r s ,  

and assay dev ices ,  i s  more advanced because of p a r a l l e l  development i n  

pe l l e t -based  f u e l  r e f a b r i c a t i o n  programs. Extens ive  development w i l l  be 

r e q u i r e d  f o r  t h e  d i s p e n s e r s ,  weighers ,  b l e n d e r s ,  and v i b r a t o r s ,  which 

are unique t o  the  sphere-pac concept.  

I n  a d d i t i c n  t o  equipment development, p rocess  development i s  

r e q u i r e d  t o  determine t h e  optimum part ic le  s i z e s ,  blend composi t ions,  

and i n p u t  v i b r a t i o n  t o  achieve  h igh  loading  d e n s i t y  and s h o r t  loading  

times . 
8.1.4 Fue l  Element Assembly 

8.1.4.1 Func t iona l  D e f i n i t i o n  

The f u e l  element assembly t a s k  begins  wi th  t h e  acceptance  of 

i n s p e c t e d  f u e l  rods.  These rods  are s t o r e d  i n  a r e t r i e v a b l e  surge  

s t o r a g e  l o c a t i o n  u n t i l  they  are r e q u i r e d  f o r  element assembly. Good 

r eco rd  keeping and i d e n t i f i c a t i o n  methods are r e q u i r e d  dur ing  s t o r a g e  as 

r o d s  of s e v e r a l  enr ichments  may be s t o r e d  i n  t h e  s a m e  area. These rods  

are then  f i t  i n t o  an assembly, which is he ld  toge the r  by t h e  upper and 

lower end f i t t i n g s ,  spacer  g r i d s ,  and guide tubes .  F i n a l  assembly welds 

are a u t o m a t i c a l l y  made wi th  microprocessor  c o n t r o l .  I n s p e c t i o n  of t h e  

f i n i s h e d  assembly r e q u i r e s  dimensional  checks and a p r e s s u r e  drop test 

through t h e  f low channel.  Rework of d e f e c t i v e  assembl ies  i s  a l s o  

provided.  
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8.1.4.2 Technology S t a t u s  

The work performed i n  t h i s  t a s k  is i d e n t i c a l  t o  the  p rocess ing  

s t e p s  r e q u i r e d  f o r  conven t iona l  pe l l e t -based  f u e l  element assembly. 

Commercial f a c i l i t i e s  e x i s t  where t h e s e  o p e r a t i o n s  are executed i n  a 

c o n t a c t  ope ra t ion .  Various e f f o r t s  have been and con t inue  t o  be spon- 

s o r e d  t o  develop remote rod handl ing and rod and element assembly 
c a p a b i l i t y .  48-69 

8.1.4.3 Required Development 

Cooperation between f u e l  element des igne r s  and f a b r i c a t o r s  i s  

needed t o  develop f u l l y  remote assembly procedures.  The s i z e  and weight 

of f i n i s h e d  a s sembl i e s  n e c e s s i t a t e  t h a t  handl ing be done wi th  i n - c e l l  

c r anes .  F a b r i c a t i o n  s p e c i f i c a t i o n s  r e q u i r e  unusua l ly  c l o s e  t o l e r a n c e s  

f o r  t h i s  l a r g e  f i n i s h e d  element. Remotely ope rab le  i n s p e c t i o n  dev ices  

must a l s o  be developed. 

8.1.5 Scrap Handling 

8.1.5.1 Func t iona l  D e f i n i t i o n  

Three types  of s c r a p  are handled by t h i s  system. The f i r s t  is 

gene ra t ed  by sphe res  t h a t  f a i l  t o  s i n t e r  p rope r ly ,  are of t h e  wrong 

s i z e ,  are broken during p rocess ing ,  or are unacceptable  for any reason.  

These p a r t i c l e s  are c o l l e c t e d ,  assayed,  and shipped t o  the r ep rocess ing  

p l a n t .  A l l  equipment needed f o r  in-plant  p a r t i c l e  t r a n s f e r ,  a s s a y ,  and 

o f f - s i t e  sh ipp ing  are supp l i ed  by t h i s  task .  

The second source of scrap g e n e r a t i o n  i s  f u e l  rods t h a t  f a i l  t o  

pas s  product  t o l e r a n c e s  on column h e i g h t ,  f u e l  d e n s i t y ,  o r  axial  d e n s i t y  

un i fo rmi ty .  Such o f f - s p e c i f i c a t i o n  f u e l  rods  are r ece ived  by t h e  s c r a p  

hand l ing  system and opened t o  remove f u e l  p a r t i c l e s .  Equipment t o  open 

t h e  rods  and t o  s i z e  c l a s s i f y  f u e l  p a r t i c l e s  and r e t u r n  them t o  feed 

s t o r a g e  hoppers of t he  proper enrichment is r equ i r ed .  
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The l a s t  c l a s s i f i c a t i o n  of s c r a p  i s  comprised of r ecove rab le  p lu to-  

nium conta ined  i n  both l i q u i d  and s o l i d  wastes. 

s y s t e m  t h e  plutonium i s  sepa ra t ed  from the  remaining waste and r e tu rned  

t o  t h e  r ep rocess ing  f a c i l i t y .  

waste process ing .  

In  the  scrap handl ing  

This  remaining material i s  t r a n s f e r r e d  t o  

8.1.5.2 Technology S t a t u s  

While no work has  been done t o  addres s  the  f i r s t  two c a t e g o r i e s  of 

,z 9 material, no major t e c h n o l o g i c a l  breakthroughs are requ i r ed .  

Aurduate sys t ems  can be developed wi th  technology borrowed from o the r  

areas of t h e  r e f a b r i c a t i o n  process .  

The t h i r d  class of s c rap  handl ing  i s  not  unique t o  sphere  pac. 

Equipment and process  development f o r  plutonium recovery  i s  i n  i t s  

i n f a n c y  f o r  a l l  f u e l  forms except  HTGR-related eng inee r ing  ana lyses .  

l a r g e  q u a n t i t y  of thorium-uranium scrap has been processed a t  ORNL t o  

recover  t h e  233U. 

c a l l y  f o r  s c r a p ,  f l u o r i d e  i n  n i t r i c  a c i d  d i s s o l u t i o n ,  and cleanup by 

s o l v e n t  e x t r a c t i o n  and/or  i o n  exchange. This  o p e r a t i o n  w a s  performed 

remote ly  but  d i r e c t l y  maintained a f t e r  f a c i l i t y  c l eanou t .  

A 

The recovery  used a ba tch  d i s s o l v e r  designed s p e c i f i -  

8 . 1 . 5 . 3  Required Development 

Opera t ing  systems must be demonstrated f o r  each ca t egory  of s c r a p  

handl ing.  

8.1.6 Waste Process ing  and Di sposa l  

8.1 .6 .1  Func t iona l  D e f i n i t i o n  

I n  t h i s  system waste from t h e  scrap recovery  process  s t i l l  con- 

t a i n i n g  a small amount of unrecoverable  mixed oxide w i l l  be processed f o r  

permanent d i s p o s a l .  Aqueous wastes w i l l  be concen t r a t ed  and s o l i d i f i e d ,  

s o l i d s  w i l l  be compacted, and both types  w i l l  be assayed be fo re  shipping.  
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8.1.6.2 Technology S t a t u s  

Waste from f u e l  f a b r i c a t i o n  ope ra t ions  i s  c u r r e n t l y  being handled i n  

commercial p l a n t s  by compaction and packaging of s o l i d s  and evapora t ion  

of l i q u i d s .  The i n t r o d u c t i o n  of t he  s p i k e  w i l l  impose added res t r ic-  

t i o n s  on these  types  of a c t i v i t i e s .  Combustible r ep rocess ing  waste 

material i n  plutonium handl ing  f a c i l i t i e s  i s  c u r r e n t l y  being burned. 

The a sh  i s  assayed and t r e a t e d  f o r  f i s s i o n a b l e  material recovery  o r  

d i sposed  of wi th  o the r  noncombustible s o l i d s .  L iquids  are t r e a t e d  , f o r  

a c i d  recovery  and concen t r a t ion .  The d i s p o s i t i o n  of t he  s ludge  from 

l i q u i d  waste w i l l  depend on government requi rements  and r e g u l a t i o n s  now 

be ing  developed. 

8.1.6.3 Required Development 

Large ly ,  c u r r e n t  ongoing waste t rea tment  development must be adapted 

t o  t h e  p rocess ing  of t he  r e l a t i v e l y  s m a l l  q u a n t i t i e s  of waste genera ted  

i n  t h i s  p l a n t .  I n i t i a l  development w i l l  c e n t e r  on t h e  monitor ing of 

ongoing development a c t i v i t i e s  f o r  waste t rea tment  and the  iden- 

t i f  i c a t i o n  of waste forms genera ted  toge the r  wi th  p red ic t ed  q u a n t i t i e s  

gene ra t ed  i n  each category.  Subsequent development w i l l  involve  adap- 

t a t i o n  of p rocesses  developed f o r  t hese  c a t e g o r i e s  t o  the  sphere-pac 

p l a n t  requirements .  

8.2 RESEARCH, DEVELOPMENT, AND DEMONSTRATION RESOURCE 
REQUIREMENTS ESTIMATES 

Having e s t a b l i s h e d  t h e  c u r r e n t  technology s t a t u s  and development 

requi rements ,  w e  p r e l i m i n a r i l y  e s t ima ted  t h e  r e source  requirements  

needed t o  b r ing  t h e  p rocesses  and equipment des igns  t o  a l e v e l  s u i t a b l e  

f o r  commercial p l a n t  des ign  and cons t ruc t ion .  

The e s t i m a t i o n  process  involved the  development of a summary work 

schedu le  i n  which t h e  i n d i v i d u a l  f u n c t i o n a l  areas were addressed.  An 

estimate w a s  made on a year  by year  b a s i s  of t h e  manpower, equipment,  
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and f a c i l i t y  requirements  f o r  each func t ior ,  area. The r e s u l t i n g  

requi rements  were then reviewed, minor ad jus tments  made t o  smooth out 

year- to-year  f l u c t u a t i o n s ,  and the  r e s u l t i n g  requirements  summarized. 

Table  8.2 p r e s e n t s  t he  resource  requirements  based upon a f u n c t i o n a l  

area d i s t r i b u t i o n .  All o p e r a t i o n a l  c o s t s  i nc lud ing  process  equipment,  

maintenance requi rements ,  development of c o n t r o l s ,  a c c o u n t a b i l i t y  

f e a t u r e s ,  e t c . ,  have been d i s t r i b u t e d  t o  the  f u n c t i o n a l  areas. S ince  

t h e  f a c i l i t y  requi rements  f o r  t he  ho t  eng inee r ing  tests and t h e  co ld  

p ro to type  tests w i l l  cover a l l  f u n c t i o n a l  areas, they  are l i s t e d  separa- 

t e l y .  With r e f e r e n c e  t o  t h e s e  f a c i l i t y  c o s t s ,  t h e  fo l lowing  con- 

s i d e r a t i o n s  apply.  The hot  eng inee r ing  estimate is  based on 

mod i f i ca t ion  of the  e x i s t i n g  Thorium-Uranium Recycle F a c i l i t y  (TURF) a t  

ORNL. The co ld  p ro to type  i s  based on t h e  assumed c o n s t r u c t i o n  of a new 

f a c i l i t y  and inc ludes  i n  i t s  e s t i m a t e  equipment, such as c ranes  and 

e l ec t romechan ica l  manipula tors ,  t h a t  would be r equ i r ed  t o  ope ra t e  and 

ma in ta in  t h e  process  equipment. Process  ec.ulpment c o s t s  f o r  t he  hot  

eng inee r ing  test are inc luded  under the  s p e c i a l  equipment estimates , 
whi le  similar equipment f o r  t he  co ld  pro to type  tes t  i s  shown i n  the  

major p r o j e c t  funds column. 

The a c t i v i t i e s  inc luded  under program management and des ign  s t u d i e s  

i n c l u d e  r e f e r e n c e  process  f lowsheet  development, f e a s i b i l i t y  s t u d i e s  f o r  

t h e  o v e r a l l  p rocess ,  conceptua l  des ign  c o s t s ,  o v e r a l l  program manage- 

ment, and f u e l  q u a l i f i c a t i o n  monitor ing.  

The r e source  estimates f o r  f u e l  q u a l i f i c a t i o n  inc lude  test des ign ,  

moni tor ing ,  p o s t i r r a d i a t i o n  examinat ion c o s t s ,  and hardware materials 

c o s t s .  They exc lude  a c t u a l  test  f u e l  rod f a b r i c a t i o n  (which i s  incor-  

po ra t ed  i n  t h e  s p e c i f i c  func t i c  11 a r e a s ) ,  f i s s i o n a b l e  materials 

s u p p l i e s  (which are inc luded  i n  the  conversion process  R&D c o s t s  shown 

i n  t h e  Appendix), and any c o s t s  t h a t  might be charged f o r  i r r a d i a t i o n  

space. 

Table  8 . 3  shows t h e  e s t ima ted  funding requirements  and manpower 

needs  as a f u n c t i o n  of p r o j e c t  yea r ,  exc luding  the  f u e l  q u a l i f i c a t i o n  

c o s t s .  The a c t u a l  r e s e a r c h  and development a c t i v i t i e s  are e s s e n t i a l l y  

complete wi th  t h e  start  of t h e  T i t l e  I1 des ign  f o r  t he  p l a n t  i n  year  



Table 8.2. Research and Development Resource Requirements Estimates' by Functional Areas 

1.0 

2.0 

3.0 
4.0 

5.0 

6.0 

7.0 

9.0 

Receiving and Storage 

Fuel Production 

Fuel Rod Fabrication 

Element Assembiy 

Scrap Recovery 

Waste Treatment 

Program Management and Design Studies 

Fuel Qualification 

1-5 

143 

1 4  
1-10 

1-5 

1-10 

1-1 0 

1-1 6 

30 

190 

350 

240 

30 

40 

350 

3.0 

20.0 

35.0 

24.0 

3.0 

4.0 

35.0 

20.0 

0.5 

3.0 7.0 

4.5 15.0 

1.0 10.0 

(1.4 2.5 

0.5 3.0 

3.5 

70.0 

54.5 

35.0 

5.9 

7.5 

35.0 

20.0 

Functional Area 

Total Operating Funds 

Normal Funds Estimates 

Program Manpower Major Total 

Involved 

Total 

Years Project cost Required Special 
(FTE)~ Equipment 

U 
w 

Special Facilities 

A. Hot Tests 

B. Cold Prototype 

1-5 

5 4  

TOTALS 1230 144.0 

10.0 

25.0 
~ ~ 

9.9 72.5 

10.0 

25.0 

226.4 

a 

b~~~ = full-time equivalent in person years. 

All cost estimates in millions of dollars (constant 1978). 



Table 8.3. Research and Development Resource Requirements 
Estimatesa by Program Year 

Operating Funds Major Project Funds Total 

Total Program Manpower 

Facilities Required Special Normal Equipment Equipment 
Years 

(FTE)~ 

1 
2 

3 

4 
5 
6 

7 
8 

9 

10 
11 

12 

13 

14 

15 

16' 

58 

70 

81 

82 

83 
89 

110 

105 

91 

85 

80 

70 

59 

56 

55 

55 

5.8 

7.0 

8.4 

8.5 

8.4 
9.2 

11.2 

10.6 

9.3 

8.3 

7.9 

7.0 

5.5 

5.4 

5.8 

5.7 

0.1 
1.2 

0.2 

1.7 

0.7 
0.9 

1.2 

1.0 

0.7 

0.5 

0.8 

0.3 

0.3 

0.1 

0.1 

0.1 

TOTALS 1,230 124.0 9.9 

4.6 

6.8 

9.1 

11.4 

5.6 

1.2 

1.8 

2.4 

3.0 

4.5 

4.6 

6.1 

7.5 

3.9 

- - 
37.5 35.0 

7.1 

10.0 

11.0 

13.2 

18.2 

21.5 

27.6 

33.5 

19.5 

8.8 

8.7 

7.3 

5.8 

5.5 

5.9 

5.8 

206. qd 

All cost estimates in millions of dollars (constant 1978). a 

bFTE = full-time equivalent in person years. 

'Year in which demonstration plant begins hot operation. 

dThis estimate does not include costs for fuel qualification tests (approximately 
$20 million) or the capital costs of a pilot plant estimated at $190 million. 
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ten .  However, t h e  completion of i r r a d i a t i o n  q u a l i f i c a t i o n  t e s t i n g ,  

r e p o r t  w r i t i n g ,  and support  of e a r l y  demonstrat ion p l a n t  o p e r a t i o n  has 

been included through program year  16 t o  ensu re  a smooth t r a n s i t i o n .  

Table  8.4 shows a n t i c i p a t e d  c o s t s  a s s o c i a t e d  with t h e  des ign ,  

c o n s t r u c t i o n  and f i r s t  f o u r  y e a r s  of o p e r a t i o n  of t h e  demonstrat ion 

p l a n t .  The estimates have been made t o  addres s  two cases. The primary 

case is  a co loca ted  r ep rocess ing  and f a b r i c a t i o n  demonstrat ion p l a n t  

t h a t  u s e s  sha red  v e n t i l a t i o n  and waste t r ea tmen t  f a c i l i t i e s .  The second 

case i s  a s e p a r a t e  r e f a b r i c a t i o n  p l a n t .  Such a p l a n t  would probably 

r e q u i r e  i n c l u s i o n  of t h e  sphere forming p rocesses  t o  provide i t s  own f e e d  

materials. These process  a d d i t i o n s  have been added t o  t h i s  estimate. 

Table 8.4 .  Estimated Costs' for a Demonstration Plant with Sphere-Pac 
Fabrication of LWR (U,Pu)02 Spiked Fuel 

Separate Combined Reprocessing 
and Refabrication Plant Fabrication Plant Program Event Year Design and 

Construction Operating Design and 
Construction Operating 

9 Start of 12.5 
Detailed Design 

I 5.5 1 

10 

11 
12 
.13 

14 

32.5 2 14.3 1 

91.0 5 40.1 2 
221.0 11 97.2 3 
135.5 17 59.6 4 
7.5 22 3.3 5 

15 22 6 
16 Start of 

Hot Operation 
17 

18 
19 

55 14 

55 
55 
55 

14 
14 
14 

TOTALS 500.0 300 220.0 7a 

'All cost estimates in millions of dollars (constant 1978). 
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9. COMMERCIAL AND TECHNICAL FEASIBILITY 
OF VARIOUS REACTOR FUEL CYCLES 

The previous s e c t i o n s  examined t h e  g e n e r i c  t e c h n i c a l  f e a s i b i l i t y  of 

t h e  gel-sphere-pac process  f o r  f a b r i c a t i n g  metal-clad f u e l  elements and 

i t s  s p e c i f i c  a p p l i c a t i o n  t o  one type of r e a c t o r  f u e l .  During the  pas t  

two y e a r s  a number of r e a c t o r - f u e l  combinations have been e v a l u a t e d  i n  

t h e  United S t a t e s .  The s p e c i f i c  r e a c t o r - f u e l  combinations and t h e i r  

a s s o c i a t e d  c y c l e s  w e  chose t o  assess have been an  outgrowth of t h e  ongoing 

NASAP work t o  i d e n t i f y  c y c l e s  with a h igh  degree of p r o l i f e r a t i o n  

r e s i s t a n c e .  Adequate in fo rma t ion  was a v a i l a b l e  on f u e l  element des igns  

and f u e l  c y c l e  d e s c r i p t i o n s  f o r  f i v e  Light-Water Reactor (LWR) cases, one 

Heavy-Water Reactor  (HWR) case, one Gas-Cooled F a s t  Reactor (GCFR) case 

and seven Liquid-Metal F a s t  Breeder (LMFBK) r e a c t o r  cases. Although some 

in fo rma t ion  w a s  a v a i l a b l e  f o r  a number of Light-Water Breeder Reactor 

(LWBR) cases, t h e  f u e l  element des ign  d a t a  were not  adequate f o r  an 

e q u i v a l e n t  commercial f u e l  f a b r i c a t i o n  a p p l i c a t i o n s  a n a l y s i s  but we 

r e t a i n e d  them t o  show p o t e n t i a l  a p p l i c a t i o n  of t h e  gel-sphere-pac 

f a b r i c a t i o n  opt ion.  

I n  t h e  fo l lowing  s u b s e c t i o n s  w e  have a s s e s s e d  the  p o t e n t i a l  commercial 

a p p l i c a b i l i t y  of t h e  gel-sphere-pac f a b r i c a t i o n  process  t o  s p e c i f i c  cases. 

Each case assessment  c o n t a i n s  t h e  fol lowing:  

1. d e s c r i p t i o n  of t h e  f u e l  c y c l e ;  

2. a n  assessment of t h e  a p p l i c a b i l i t y  of t h e  gel-sphere-pac process  t o  

t h e  f a b r i c a t i o n  of t h e  f u e l ;  

3. d e f i n i t i o n  of commercial-scale p l a n t  product ion requirements  and 

d e s i g n  c a p a c i t y ;  

4.  an a n a l y s i s  of f u n c t i o n a l  technology s t a t u s ,  research and development 

r equ i r emen t s ,  c o s t  and schedule;  and 

5. a c o s t  estimate f o r  c o n s t r u c t i o n  and o p e r a t i o n  of such a commercial- 

scale f a c i l i t y .  

83 
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In  provid ing  t h e  commercial-scale c o s t  e s t i m a t e s  f o r  each case  we 

have fol lowed t o  t h e  e x t e n t  p o s s i b l e  the  e s t i m a t i o n  procedures  t h a t  were 

developed f o r  f a b r i c a t i o n  p l a n t s  f o r  t he  AFCEP agd NASAP p r ~ g r a m s . l - ~  

These procedures  and the  r e s u l t i n g  c o s t  estimates have been sub jec t ed  t o  

pee r  review. The procedures  provide a c o n s i s t e n t  set  of estimates wherein 

t h e  r e l a t i v e  c o s t s  from c y c l e  t o  cyc le  are probably more a c c u r a t e  than 

t h e  a b s o l u t e  va lues  of t h e  c o s t s  f o r  each cycle. In  gene ra l  t he  c o s t  

estimates are ,  however, cons idered  t o  be wi th in  225% of the  a c t u a l  c o s t s  

f o r  des ign ,  c o n s t r u c t i o n ,  and opera t ion .  An t i c ipa t ed  f a b r i c a t i o n  c o s t s  t o  

t h e  r e a c t o r  o p e r a t o r  are given f o r  t h r e e  d i f f e r e n t  sets of economic f a c t o r  

assumptions.  

S;nce t h e  gel-spt 2-pac p rocess ing  equipment i s  a t  a somewhat 

ea r l i e r  s t a g e  of devei,pment than  comparable p e l l e t  p rocess ing  equipment,  

w e  have inc luded  an  a d d i t i o n a l  cont ingency i n  these  estimates. The 

average  cont ingency  f o r  the  gel-sphere-pac estimates is  approximate ly  45%,  

wi th  a range  from 40 t o  60%, while  comparable p e l l e t  estimates have a 30% 

cont ingency  . 
The r e s e a r c h  and development c o s t  breakdown has been modified i n  

t h e s e  abbrev ia t ed  assessments  from t h a t  presented  i n  Sect .  8. 

I n  t h e  fo l lowing  s u b s e c t i o n s  the  reader  w i l l  no te  a h i g h  degree of 

r e p e t i t i o n  i n  t h e  n a r r a t i v e .  This  i s  i n t e n t i o n a l  f o r  two reasons .  F i r s t ,  

w e  i n t e n d  t o  make each case assessment  an independent s e c t i o n ,  which does 

n o t  r e q u i r e  c o n s t a n t  r e fe rence  t o  o t h e r  cases i n  the  r e p o r t .  Second, t h e  

r e p e t i t i o n  pe rmi t s  a ready comparison of cases  and i d e n t i f i c a t i o n  of the  

d i f f e r e n c e s .  Fue l  f a b r i c a t i o n  c o s t  estimates are of n e c e s s i t y  s p e c i f i c  

f o r  a p a r t i c u l a r  f u e l  element des ign  and cyc le  d e f i n i t i o n .  What appear  t o  

be minor mod i f i ca t ions  i n  such t h i n g s  as f u e l  column l e n g t h ,  c l add ing  

dimensions,  o r  element assembly d e t a i l s  can have a s i g n i f i c a n t  and not  

always obvious i n f l u e n c e  on t h e  c o s t  estimates. The informat ion  presented  

h e r e  should  be e x t r a p o l a t e d  t o  o t h e r  cases only with a d e t a i l e d  a n a l y s i s  

of a l l  f e a t u r e s .  
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I n  a s s e s s i n g  t h e  a p p l i c a b i l i t y  of t he  sphere-pac process  t o  the  

s p e c i f i c  cases i n  the  fo l lowing  s e c t i o n s ,  t he  fo l lowing  gene ra l  cons idera-  

t i o n s  were used. 

The sphere-pac process  i s  g e n e r a l l y  a p p l i c a b l e  t o  any f u e l  construc-  

t i o n  f o r  which convent iona l  p e l l e t  forms are s u i t a b l e .  Requirements t o  be 

cons idered  i n  t h e  s e l e c t i o n  of spheres  f o r  a s p e c i f i c  a p p l i c a t i o n  inc lude  

f u e l  smear d e n s i t y  and c l add ing  dimensions. Fuel  smear d e n s i t y  can be 

a d j u s t e d  and c o n t r o l l e d  by proper  s e l e c t i o n  of sphere  d iameters  and blend 

composition. The diameter  of t h e  l a r g e s t  sphe res ,  t he  coa r se  p a r t i c l e s ,  

i s  governed by product ion  l i m i t a t i o n s  f o r  sphere forming and a l s o  by t h e  

i n s i d e  diameter  ( ID) of t h e  cladding.  The r a t i o  of c l add ing  I D  t o  coa r se  

sphere  d iameter  should be g r e a t e r  than 10 f o r  h igher  d e n s i t i e s  but must be 

a t  l eas t  4 f o r  p r a c t i c a l  loading  d e n s i t i e s .  A s  i n d i c a t e d  p rev ious ly ,  t h e  

c u r r e n t  gel-sphere forming processes  have a p r a c t i c a l  coa r se  s i z e  d iameter  

l i m i t  of between 1200 and 1400 pm. I n  a d d i t i o n ,  t he  smallest p a r t i c l e s ,  

t h e  f i n e s ,  should be no less than  20um f o r  forming process  p r a c t i c a l i t y  

and t o  prevent  agglomerat ion and dus t ing  i n  handl ing  and loading.  

Previous  exper imenta l  work4 us ing  t h e  bed i n f i l t r a t i o n  technique  

showed t h a t  maximum bed packing f r a c t i o n  can be achieved when the  r a t i o s  

between c l add ing  I D  and t h e  success ive  s i z e s  are l a r g e ,  a f a c t o r  of 20 o r  

more. Bed packing f r a c t i o n  i s  t h e  .por t ion  of a v a i l a b l e  volume wi th in  the  

c l add ing  occupied by t h e  spheres .  T h e o r e t i c a l l y ,  t h i s  could provide smear 

d e n s i t i e s ,  wi th  100%-dense p a r t i c l e s ,  approaching 95% of  t h e o r e t i c a l  

dens i ty .  However, because sphere  forming l i m i t s  d iameters  t o  t h e  range 

20 t o  1400 pm, t h e  maximum p a r t i c l e - t o - p a r t i c l e  diameter  r a t i o s  f o r  a 

t h r e e - p a r t i c l e  system i s  r e s t r i c t e d  t o  approximately 8. I f  t he  c l add ing  

I D  i s  u n r e s t r i c t e d ,  t h e  peak bed packing f r a c t i o n  f o r  a r a t i o  of 8 would 

be approximately 0.91. 

I n t r o d u c t i o n  of t h e  c l add ing  I D  r e s t r i c t i o n  a s s o c i a t e d  with t y p i c a l  

f u e l  e lements  p l a c e s  f u r t h e r  r e s t r i c t i o n s  on t h e  bed packing f r a c t i o n  by 

f u r t h e r  r e s t r a i n t  of t h e  p a r t i c l e - t o - p a r t i c l e  diameter  r a t i o s .  Thus f o r  
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t h e  range of c l add ing  i n n e r  d i ame te r s  cons idered  h e r e ,  12 ,270  p m  (HWR) t o  

6760 pm (LMFBR), t h e  mximum bed packing f r a c t i o n  i s  r e s t r i c t e d  t o  

approximate ly  0.89. This  bed packing combined with the  p r a c t i c a l  sphere  

d e n s i t i e s  of 99% of t h e o r e t i c a l  y i e l d s  a p r a c t i c a l  smear d e n s i t y  approxi-  

mate ly  88% of t h e o r e t i c a l .  

The c u r r e n t  work on s imul taneous  load ing  of a l l  t h r e e  s i z e  f r a c t i o n s  

i s  de termining  t h e  p r a c t i c a l  l i m i t s  f o r  va r ious  s i z e s  of c ladding .  To 

d a t e  d e n s i t i e s  of 83 t o  88% have been achieved ,  depending on c l a d d i n g  I D .  
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9.1 NASAP CASE 1.2 - PwR-( 2 3 5 U , U ) 0 2  EXTENDED BURNUP 
[PWR LEU(5) - MOD OT] 

9.1.1 Fuel Cycle Description 

This reactor fuel cycle combination is a PWR using 4.3%-enriched 

uranium oxide pellet fuel, modified to achieve 50 MWd/kg average burnup 
and other means to decrease uranium requirements, operating on a once- 

through cycle. Spent fuel will be stored at the reactor site or at 

another storage facility. Ultimately, the spent fuel will be sent to a 

geologic spent fuel repository. 

In this fuel cycle only fresh fuel is fabricated in a contact- 

operated and contact-maintained (CO/CM) plant. Existing industrial plants 

could logically fabricate these fuel elements by the pelletizing process. 

The applicability of the gel-sphere-pac process was assessed because the 

fuel it produces shows a potential performance advantage in the reactor. 

A small body of experimental data indicates that fuel-cladding mechanical 

and chemical interactions are less for sphere-pac fuel than for pelletized 

fuel with the same smear density within the rod.495 

9.1.2 Applicability to Current Fuel Element Design 

There are a number of existing pressurized-water reactor fuel element 

designs, and all of them are similar in their requirements for fuel rod 

loading. For this analysis, the representative design chosen for case 1.2 

is presented in Table 9.1. 

The key considerations for sphere-pac applicability are the cladding 

inside diameter measurements and the required fuel smear density. The 
cladding ID of 8433 pm in the reference design is suitable for the sphere- 

pac process. 

essentially that achieved with experimental blended (three particle size) 

sphere-pac beds, the process is applicable. 

In addition, since the design smear density of 88% is 
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Table 9.1. Summary of C-E System 80 PWR 16 X 16 Fuel Assembly Parameters 
[NASAP Case 1.2 - PWR-(235U,U)02 Extended Burnup] 

Reactor Characteristics 

Reactor power 1300 MWe (net) 
Fuel assemblies/core 241 
Reload cycle Annual (%1/3 per reload) 

Number per 
Component Characteristics Materials Fuel Assembly 

Cladding 
End plugs 

TOP 
Bottom 

Plenum springs 
Guide tubes 

Instrument 
Control element 

Spacer grids 
TOP 
Middle 
Bot tom 

End fittings 
TOP 

Bottom 
Insulator pellets 

Zircaloy-4 

Zircaloy-4 
Zircaloy-4 
302 SS 

Zircaloy-4 
Zircaloy-4 

Zircaloy-4 
Zircaloy-4 
Alloy 625 

304 SS with alloy 
X-750 hold-dom 
springs 

CF-8 SS 
A12O3 

Fuel Rod Characteristics 

Cladding outside diameter 9.70 mm (0.382 in.) 
Cladding inside diameter 8.43 mm (0.332 in.) 
Fuel rod length 4.11 m (162 in.) 
Fuel column height 3.81 m (150 in.) 
Fuel smear density 88% T.D. 
Pellet diameter 8.26 mm (0.325 in.) 
Pellet length 9.91 mm (0.390 in.) 

Fuel Assembly Characteristics 

Array 16 X 16 square 
Dimens ions 

Width 203 m (7.98 in.) 
Length 4.49 m (177 in.) 

Mass of structural 169.73 kg 

Heavy metal content 427 kg 
components 

236 

236 
236 
236 

1 
4 

1 
10 
1 

1 

1 
472 

Mass per Fuel 
Assembly, kg 

113.47 

0.80 
1.04 
7.33 

2.10 
8.85 

0.82 
8.62 
1.00 

18.60 

5.63 
1.18 * 
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9.1.3 D e f i n i t i o n  of P l a n t  Product ion  Reauirements and 
Design Capaci ty  

For the  PWR (235U,U)02 f u e l  cyc le ,  t he  p l a n t  des ign  assumptions are 

as fo l lows .  

1. The f u e l  des ign  i s  t h e  Combustion Engineer ing  S y s t e m  80 16 x 16 

rod  array f u e l  assembly. 

2 .  The p l a n t  product ion  c a p a c i t y  i s  520 t HM/year with the  capa- 

b i l i t y  f o r  s imultaneous product ion  of t h r e e  enrichments .  

3. The p l a n t  f a c t o r  i s  260 e f f e c t i v e  fu l l -p roduc t ion  days per year .  

4. P l an t  des ign  c a p a c i t y :  

O v e r a l l  730 t HM/year 

about 5 f u e l  assembl ies /d  

Each l i n e  of t h r e e  243 t HM/year 

0.67 t HM/d 

369 f u e l  rods /d  

1.6 f u e l  assembl ies /d  

5 .  Process  des ign  c a p a c i t i e s  are based on t h e  l i n e  des ign  cap , ac i t i e s  

and t h e  sc rap  and sample  l o s s e s  def ined  i n  Sect. 9.1.4. 

6. The f a c i l i t i e s  are designed t o  d i scha rge  no l i q u i d  waste o ther  

t han  t r e a t e d  s a n i t a r y  sewage. 

7. A l l  p rocess  b u i l d i n g s  and c r i t i c a l  a u x i l i a r y  suppor t  are designed 

and cons t ruc t ed  i n  accordance with c u r r e n t  United States  Nuclear Regula tory  

Commission l i c e n s i n g  requirements .  Sh ie ld ing  is provided t o  l i m i t  dose 

rates t o  ope ra t ing  and maintenance personnel  t o  0.25 m i l l i r e m / h .  

9.1.4 Estimates of Surge S to rage  Requirements,  Scrap  Product ion  
Rates, and P rocess ing  Rates f o r  Func t iona l  S t eps  

Given the  p l a n t  des ign  assumptions def ined  i n  Sec t .  9.1.3, f u r t h e r  

commercial p l a n t  c h a r a c t e r i s t i c s  were der ived .  

To achieve  t h e  annual  product ion  ra tes ,  an a n a l y s i s  of t h e  p l a n t  

s u r g e  s t o r a g e  requirements  and normal inven to ry  w a s  made, and t h e  r e s u l t s  

of t h i s  a n a l y s i s  are given i n  Table  9.2. 

Based on c u r r e n t  technology and assuming reasonable  e x t r a p o l a t i o n s  

f o r  commercial-scale developments,  a p re l imina ry  estimate w a s  made of t h e  



T a b l e  9 .2 .  Sphere-Pac  F a b r i c a t i o n  P l a n t  S u r g e  S t o r a g e  R e q u i r e m e n t s  and  Normal  I n v e n t o r y  
[NASAP Case 1 . 2  PWR LEU(5) - M O D  OTI 

P r o c e s s  S t e p  

S t o r a g e  Normal  I n v e n t o r y ,  k g  HM . .  I n t e r v a l .  d 

~ 

Feed s t o r a g e  D r i e d  s p h e r e s  30 60 5 0 , 0 0 0  
S i n t e r e d  s p h e r e s  30 60 1 3 , 0 0 0  

I n t e r i m  s t o r a g e  D r i e d  s p h e r e s  1 2 
S i n t e r e d  s p h e r e s  1 2 

1 , 6 6 0  
440 

F u r n a c e  D r i e d  t o  s i n t e r e d  1 . 2  2.4 2 ,000  
s p h e r e s  

P o s t  f u r n a c e  S i n t e r e d  s p h e r e s  0 .5  1 830 

I n t e r i m  s t o r a g e  S i n t e r e d  s p h e r e s  0.36 0 .72  600 

Main s t o r a g e  S i n t e r e d  s p h e r e s  1 . 2  2 .4  2 ,100 
S i n t e r e d  s p h e r e s  1 . 5  2 . 9  

L o a d i n g ,  i n s p e c t i o n  S i n t e r e d  s p h e r e s  0.12 0.24  210 
w e l d i n g  

r o d s  i n  r o d s  
Loaded ,  n o t  i n s p e c t e d  S i n t e r e d  s p h e r e s  5 5 8 300 

Rework a n d  s c r a p  S i n t e r e d  s p h e r e s  2 5 4 1 0  7 5  

Comple ted  f u e l  r o d s  S i n t e r e d  s p h e r e s  5 5 
i n  r o d s  

8,000 2,000 

Assembly  Rods i n  c o m p l e t e d  15 30 24,000 6 000 
a s s embl i e  s 

4 .3% n o m i n a l  e n r i c h m e n t  ( 2  3 5 ~ ) .  

- 

a 

660 

50 

2 ,070  
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d a i l y  mass flows of heavy metal through the  f a b r i c a t i o n  p l a n t  and the  

average  product ion r a t e  of heavy metal scrap materials from the  va r ious  

f u n c t i o n a l  a c t i v i t i e s .  These are presented  i n  Table  9.3. 

Given the  above informat ion ,  a pre l iminary  e v a l u a t i o n  of t he  pro- 

c e s s i n g  r a t e s  f o r  each f u n c t i o n a l  s t e p  wi th in  the  main f u e l  f a b r i c a t i o n  

p rocesses  w a s  made. The r e s u l t s  of t h i s  a n a l y s i s  are summarized i n  

Table  9.4. 

9.1.5 Analvs is  of Func t iona l  Technoloav S t a t u s .  Research and 
Development Requirements,  Cost ,  and Schedule 

The c u r r e n t  f u n c t i o n a l  technology s t a t u s  f o r  t h i s  f u e l  system i s  

e s s e n t i a l l y  i d e n t i c a l  t o  the  r e fe rence  case d i scussed  i n  Sec t .  8 of t h i s  

r e p o r t .  However, t h e  r e s e a r c h  and development requirements  f o r  a CO/CM 

p l a n t ,  whi le  similar i n  k ind ,  would be cons ide rab ly  reduced,  as shown i n  

Table 9.5, which summarizes the  technology s t a t u s  and t h e  c u r r e n t  c o s t  

estimates. 

The major d i f f e r e n c e  i n  t h e  needed development i s  t h e  f a c t  t h a t  t h i s  

f u e l  can be manufactured i n  a con tac t  p l a n t .  Consequently,  no hot  engi- 

n e e r i n g  tests o r  demonstrat ion p l a n t  would be needed. Automation of t he  

process  would be r equ i r ed  f o r  good commercial a p p l i c a t i o n  so t h a t  t h e  co ld  

pro to type  tests would be r equ i r ed  up through f u e l  rod in spec t ion .  No 

development i s  needed fo r .  f u e l  element assembly s i n c e  c u r r e n t  commercial 

practice should be app l i cab le .  

p r i a t e  scrap recovery  p rocesses ,  bu t  waste t rea tment  would be s i m i l a r  t o  

c u r r e n t  commercial p r a c t i c e .  

It w i l l  be necessary  t o  develop appro- 

The o v e r a l l  schedule  f o r  t h i s  development would be c o n t r o l l e d  by two 

f a c t o r s :  f i r s t ,  t h e  rate a t  which t h e  processes  f o r  sphere product ion  

could  be develdped, and second, t h e  t i m e  needed t o  b u i l d  tes t  elements  and 

provide  t h e  necessa ry  q u a l i f i c a t i o n  f o r  l i c e n s i n g  such f u e l  f o r  commercial 

r e a c t o r s .  A pre l imina ry  estimate i n d i c a t e s  t h a t  t h e s e  f e a t u r e s  could be 

achieved  i n  8 t o  12 yea r s .  



T a b l e  9 . 3 .  Heavy Meta l  Mass Flows and Average Scrap  P r o d u c t i o n  f o r  a Sphere-Pac F u e l  F a b r i c a t i o n  P l a n t  
[NASAP Case 1.2 PWR LEU(5) - MOD OT] 

Mass Flow, k g  HM/d 

P r o c e s s i n g  S t e p  D a i l y  Throughput Clean  Scrapb  R e j e c t  Scrap' 

(235U,U)02a ( 2 3 5 ~ , ~ ) ~ 2  Finesa  ( 2 3 5 ~ , ~ ) ~ 2 a  ( 2 3 5 ~ , ~ ) ~ 2  Finesa  (235U,U)02a (235U,U)0, Fines' 

R e c e i v i n g  and s t o r a g e  

Sampling and b a t c h  l o a d i n g  

Weighing and s a m p l i n g  

C a l c i n i n g  and s i n t e r i n g  

Sphere  u p g r a d i n g  

Sphere  sampl ing  

Sphere  s t o r a g e  

F u e l  rod  l o a d i n g  

F u e l  rod  s c a n n i n g  

Top component i n s e r t i o n  

Rod weld ing  and x r a y  

Leak d e t e c t i o n  

Rod a s s a y  

F i n a l  r o d  i n s p e c t i o n  

Assembly i n s p e c t i o n  

T o t a l  

1662.3 

1660.6 

1659.8 

1753. le 

1749.6 

1749.6 

1749.6 

1662.1  

1658.4 

1658.4 

1658.4 

1625.3 

1608.4 

1600 

437.8d 

437.4 

437.4 

437.4 

415.5 

414.6 

4 1 4 . 6 ,  

414.6 

406.3 

4 0 2 . 1  

400 

84.0 21.0 

3 .3  0.8 

f 

f 

f 
+- 

J 

31.5 7 . 9  

1 6 . 3  4 . 1  

8 . 0  2.0 
~ 

1 . 7  

0 . 8  

49 .8  

3.5 

3.5 

0 . 3  

f 
f 

1 . 7  

0 . 7  

0 . 3  

0 .4  

0 . 9  

0 . 1  
c 

I' 
0.4  

0 . 2  

0 . 1  - 

1 4 3 . 1  35.8 6 2 . 3  2 . 1  
- 

2000 

a 

b I n t e r n a l l y  r e c y c l e d .  

' C o l l e c t e d ,  a s s a y e d ,  and  e x t e r n a l l y  r e c y c l e d  t o  r e p r o c e s s i n g  p l a n t .  

d I n c l u d e s  35 .8  kg of r e c y c l e d  c l e a n  s c r a p .  
e 

4.3% nominal  enr ichment  (23511). 

I n c l u d e s  1 4 3 . 1  k g  of r e c y c l e d  c l e a n  s c r a p .  
c 
'Rework i n  t h e s e  s t e p s  i s  o n l y  of t h e  weld and d o e s  n o t  a f f e c t  scrap.  



Table 9.4. Equipment Requirements f o r  Functional Areas 
[NASAP Case 1.2 PWR LEU(5) -MOD OT] 

Functional Area 

Plant Design Required Recommended‘ 
Number 

(Nominal) Units Unitsb 
Requirement Number of of 

Unit Production 

1.0 Receiving 
(235~,~)02 (10 containers/carrier) 1600 kg/d 1660 kg/d 2 2 
(235U,U)02 fines Unlimited 440 kg/d 1 1 

1.2 Weighing 48 containersld 21 containers/d 1 2 

1.4 Weighing 48 containers/d 3 containers/d 1 1 
1.5 UOz fines sampling 4800 kg/d 440 kg/d 1 1 

2.1 Sampling 3840 kg/d 1660 kg/d 1 1, 3 
2.2 Calcining and sintering 240 kg/d 1660 kg/d 8 3, 9 
2.3 Microsphere inspection 20 kg/h 75 kg/h 6 2 ,  6 
2.4 Interim storage 250 kg 1750 kg 8 3, 9 

1.1 Sampling NAc; done at reprocessing 
plant 

1.3 Storage (80 kg HM/container) NA 60 d supply 1247 1300 

1.6 Storage (200 kg HM/container) NA 60 d supply 131 140 

2.0 Fuel production (sphere processing)d 

3.0 Fuel rod fabrication 
3.1 Sintered sphere storage NA 2 d supply 18 8, 24 
3.2 Sintered fertile storage NA 2 d supply 4 2, b 

3.4 Sphere-pac loading 4 rods/h 51 rods/h 14 6, 18 

3.6 Axial blanket (pellet) loading NA NA NA NA 

3.3 Sphere dispensing 35 kg/h 92 kg/h 3 1, 3 

3.5 Density inspection 6 rods/h 51 rods/h 10 4, 12 

3.7 Cleaning 24 rods/h 2 2, 6 
3.8 Plenum hardware and top end 12 rods/h 48 rods/h 4 2, 6 

3.9 Closure welds 12 rods/h 48 rodslh 5 2, 6 
3.10 Rod assay 70 rods/h 48 rods/h 1 1 
3.11 Rod inspection 40 rods/h 47 rodslh 2 2 
3.12 Rod rework 36 rods/d 58 rods/d 3 1, 3 

48 rods/h 

plugsing 

4.0 Fuel assembly fabrication 
4.1 Fuel rod storage NA 5 d production 5556 rods 6000 rods  
4.2 Fuel assembly fabrication 3 assemblies/d 5 assemblies/d 2 2 
4.3 Inspection 6 assemblies/d 5 assemblies/d 1 1 

Packaged fuel assembly storage NA 30 d production 141 150 

4.4 Rework 1 assembly/d 0.02 assembly/d NRE NR 

‘Recommended units include consideration of spare capacity for operational reliability. 

bNumber of units i s  for the facility if a single number; otherwise, units per line, total units in facility. 

CNA: not applicable. 

dDoes not include sphere-forming equipment (see Appendix). 

eNR: not required. Use assembly equipment as available. 

UJ 
w 



94 

Table 9.5. Research and Development Cost Estimates for Sphere-Pac Fabrication 
[NASAP Case 1 . 2  PWR LEU(5) -MOD OT] 

R&D Categories 
Years to 
Comple t'e 

R&D Cost Estimates 

1 9 7 8  $1 
Current Status a (Millions of 

1.0 Prorr-?m management Not applicable 5 5 
2.0 De: studies P - cold prototype 5 5 

3.0 RecLlving and storage P - cold engineering 0 
4.0 Fuel production P - cold engineering 19 6 

5.0 Fuel rod fabrication P - cold engineering 28 6 

6 . 0  Fuel element assembly C - commercial 

7 . 0  Scrap recovery C - commercial 

8.0 Waste treatment b 
9.0 Plant control systems N -cold prototype 

10.0 Maintenance N - cold prototype 1 

11.0 Safeguards and account- P - cold engineering 4 
ability adaptation' 

Subtotal 67 

Special Facilities 

Hot tests Not required 

Cold prototype 

Total 
10 

77d 

Range 70-90 

astatus stage with qualitative modifiers; C = complete, P = in progress, and 

bTo be supplied by others. 

N = needed. 

c Assumes basic technology as developed under OSS estimate presented is for 

dThe estimate does not include costs for fuel qualification tests (about $5 
applications testing, systems integraton, and testing. 

million). 
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9.1.6 Preliminary Cost Estimate for Construction and Operation 
of a Commercial-Scale Plant 

The cost components that were estimated include capital costs for the 

facility and equipment, fuel assembly hardware costs, material and supply 

costs, and operating ~0sts.l’~ 

sphere-forming operations. These operations require an addition to the 

plant beyond that shown in the reference case to receive UFg and process 

it to dried spheres. This has been included in the cost estimate. 

These cost estimates include the U02 

Facility capital cost estimates were based on an analysis of the 

functional flow diagram for the process to indicate space requirements for 

each functional area and for each support area. Equipment requirements 

were identified, and costs associated with the equipment were estimated. 

Fuel assembly hardware requirements were based on the reference fuel 

assembly design parameters identified in Table 9.1. Estimates of the 

costs of the hardware items were obtained. Material and supply require- 

ments were identified from the sphere-pac process description, and esti- 

mates of the costs of materials and supplies were obtained. Operating 

cost estimates included consideration of personnel, overhead, general and 

administrative expenses, and costs of utilities. 

The facility was assumed to operate as a toll processing facility. 

That is, the operator fabricates customer-supplied fuel feed materials 

into finished fuel assemblies, and thus costs of uranium were not included 

in the cost estimates. 
Unit costs for fabrication of fuel assemblies are determined by an 

economic analysis of the basic capital, hardware and material, and 

operating cost estimates. Basically, the economic analysis provides for 

the owner of the fuel fabrication facility to recover all capital, oper- 

ating, and finance charges plus a return on investment, if appropriate, 

over the life of the plant. 

In order to provide a range of prices (i.e., costs to a customer), 

economic analyses were based on government financing, financing appro- 

priate for a conventional-risk (typical.) industry, and financing 

appropriate for a high-risk industry.2 

derived from the economic analysis, and the unit costs based on the three 

The estimated costs, costs 
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different financing methods are summarized in Table 9.6. A s  may be 

observed from the table, the price for fabrication of (235U,U)02 fuel is 

expected to be in the range from $100 to $150/kg depending on the 

financing technique that is employed. The recommended cost for comparison 

with other fuel cycles and methods of fabrication is the typical industry 

cost of $130/kg. 



Table 9.6. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility 
[NASAP Case 1.2 PWR-(235U,U)02 Extended Burnupl 

Estimated Costs, $ million Derived Costs, $ million 

Annual 
Payment t o  

Unit 
cost 
(S/kg) 

Annua 1 Owner ' s Charge on Annual 
Economic Hardware Annual cost Direct Capital Equipment 

During During Replacement Decommissioning Seta Facility Equipment Plus Operating 
Materia 1 s Construction Construction cost Fund 

~~ 

A 31 35 25 14 21 21 1.7 0.7 100 

31 35 25 15 21 30 1.7 0.7 130 

31 35 25 15 22 31 1.7 0.7 150 

B 

C 
~~ ~ 

'A = Government financing; B = Typical industrial financing; C = High-risk industrial financing. 
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9.2 NASAP CASE 1.3 - PWR SPIKED (U,Pu)02 REFABRICATLON 
[ PWR LEU(5)-Pu SPIKED RECYCLE ] 

9.2.1 Fue l  Cycle  Desc r ip t ion  

This  r e a c t o r - f u e l  c y c l e  combinat ion i s  a PWR us ing  3Z-enriched 

uranium oxide  p e l l e t  f u e l  and se l f -gene ra t ed  recycle f u e l  of p a r t i a l l y  

p a r t i t i o n e d  uranium and plutonium, which i s  spiked wi th  6oCo. 

makeup f u e l  i s  LEU(5). Excess uranium from rep rocess ing  is r ecyc led  t o  

enr ichment .  

Fresh 

In  t h i s  assessment  only t h e  r e f a b r i c a t i o n  p rocesses  are addressed .  

The r e p r o c e s s i n g  p l a n t  provides  t h e  c o a r s e  and medium p a r t i c l e s  as a mixed 

uranium-plutonium product  c o n t a i n i n g  t h e  c o b a l t  sp ike .  Consequently t h i s  

r e q u i r e s  t h e  r e f a b r i c a t i o n  p l a n t  t o  be remotely ope ra t ed  and remotely 

main ta ined  (RO/RM). This case i s  e s s e n t i a l l y  t h a t  used i n  deve loping  t h e  

g e n e r i c  assessment .  

9.2.2 A p p l i c a b i l i t y  t o  Curren t  Fue l  Element Design 

There are a number of e x i s t i n g  pressur ized-water  r e a c t o r  f u e l  element 

d e s i g n s ,  and a l l  of them are s imilar  i n  t h e i r  requi rements  f o r  f u e l  rod 

loading .  For t h i s  a n a l y s i s ,  t h e  r e p r e s e n t a t i v e  des ign  chosen f o r  t h i s  

case i s  p resen ted  i n  Table  9.7. 

The key c o n s i d e r a t i o n s  f o r  sphere-pac a p p l i c a b i l i t y  are t h e  c l add ing  

i n s i d e  d iameter  measurements and t h e  r equ i r ed  f u e l  smear d e n s i t y .  The 

c l a d d i n g  I D  o f  8433 pm i n  t h e  r e f e r e n c e  des ign  is s u i t a b l e  f o r  t h e  sphere-  

pac process .  I n  a d d i t i o n ,  s i n c e  t h e  des ign  smear d e n s i t y  of 88% i s  

e s s e n t i a l l y  t h a t  ach ieved  wi th  exper imenta l  blended ( t h r e e  p a r t i c l e  s i z e )  

sphere-pac beds ,  t h e  p rocess  i s  a p p l i c a b l e .  

9.2.3 D e f i n i t i o n  of P l a n t  Product ion  Requirements and 
Design Capac i ty  

For t h e  FVR (U,Pu)O2 f u e l ' c y c l e ,  t h e  p l a n t  des ign  assumptions are 

as  fo l lows .  
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Table 9.7. Summary of C-E System 80 PWR 16 x 16 Fuel Assembly Parameters 
[NASAP Case 1.3 - PWR LEU(5)-Pu Spiked Recycle] 

Reactor Characteristics 
Reactor power 1300 MWe (net) 
Fuel assemblies/core 241 
Reload cycle Annual (%1/3 per reload) 

Component Characteristics 

Cladding 
End plugs 

TOP 
Bottom 

Plenum springs 
Guide tubes 

Instrument 
Control element 

TOP 
Spacer grids 

Middle 
Bot tom 

End fittings 
TOP 

Bot tom 
Insulator pellets 

Materials 

Zircaloy-4 

Zircaloy-4 
Zircaloy-4 
302 SS 

Zircaloy-4 
Zircaloy-4 

Zircaloy-4 
Zircaloy-4 
Alloy 625 

304 SS with alloy 
X-750 hold-down 
springs 

CF-8 SS 
A120 3 

Number per 
Fuel Assembly 

236 

Fuel Rod Characteristics 

Cladding outside diameter 9.70 mm (0.382 in.) 
Cladding inside diameter 8.43 mm (0.332 in.) 
Fuel rod length 4.11 m (162 in.) 
Fuel column height 3.81 m (150 in.) 
Fuel smear density 88% T.D. 
Pellet diameter 8.26 mm (0.325 in.) 
Pellet length 9.91 mm (0 .390 in.) 

Fuel Assembly Characteristics 
Array 1 6  x 16 square 
Dimensions 

Width 203 mm (7.98 in.) 
Length 4.49 m (177 in.) 

Mass of structural 169.73 kg 

Heavy metal content 427 kg 
components 

236 
236 
236 

1 
4 

1 
10 
1 

1 

1 
472 

Mass per Fuel 
Assembly, kg 

113.47 

0.80 
1.04 
7.33 

2.10 
8.85 

0.82 
8.62 
1.00 

18.60 

5.63 
1.18 
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1. The f u e l  des ign  i s  the  Combustion Engin6 ?g System 80 16 x 16 

rod  a r r a y  f u e l  assembly. 

2 .  The p l a n t  product ion  c a p a c i t y  i s  480 t HP1,year with t h e  capa- 

b i l i t y  f o r  s imultaneous product ion  of t h r e e  enrichments .  

3. The p l a n t  f a c t o r  i s  240 e f f e c t i v e  fu l l -p roduc t ion  days per  year .  

4 .  P l a n t  des ign  capac i ty :  

O v e r a l l  730 t HMIyear 

about  5 f u e l  a s sembl i e s ld  

Each l i n e  of t h r e e  243 t HMIyear 

0.67 t HM/d 

369 f u e l  rods /d  

1.6 f u e l  a s sembl i e s ld  

5 .  Process  des ign  c a p a c i t i e s  are based on the  l i n e  des ign  c a p a c i t i e s  

and t h e  s c r a p  and sample l o s s e s  de f ined  i n  Sec t .  9.2.4. 

6 .  The f a c i l i t i e s  are designed t o  d i scha rge  no l i q u i d  waste o the r  

than  t r e a t e d  s a n i t a r y  sewage. 

7. All process  b u i l d i n g s  and c r i t i c a l  a u x i l i a r y  suppor t  are designed 

and cons t ruc t ed  i n  accordance wi th  c u r r e n t  United S t a t e s  Nuclear Regula tory  

Commission l i c e n s i n g  requirements .  S h i e l d i n g  i s  provided t o  l i m i t  dose 

rates t o  o p e r a t i n g  and maintenance personnel  t o  0.25 mi l l i r emlh .  

9 . 2 . 4  Estimates of Surge S torage  Requirements,  S c r a p  Product ion  
Rates,  and P rocess ing  R a t e s  f o r  Func t iona l  S t eps  

Given t h e  p l a n t  des ign  assumptions def ined  i n  Sect. 9 . 2 . 3 ,  f u r t h e r  

commercial p l a n t  c h a r a c t e r i s t i c s  w e r e  der ived .  

To achieve  t h e  annual  product ion  rates, an a n a l y s i s  of t he  p l a n t  

su rge  s t o r a g e  requi rements  and normal inven to ry  w a s  made, and the  r e s u l t s  

of t h i s  a n a l y s i s  are given i n  Table  9.8. 

Based on c u r r e n t  technology and assuming reasonable  e x t r a p o l a t i o n s  

f o r  commercial-scale developments,  a p re l imina ry  estimate w a s  made of t he  

d a i l y  mass f lows of heavy metal through t h e  f a b r i c a t i o n  p l a n t  and the  

average  product ion  ra te  of heavy metal sc rap  materials from the  va r ious  

f u n c t i o n a l  a c t i v i t i e s .  These are presented  i n  Table  9.9. 



Table 9.8. Sphere-Pac F a b r i c a t i o n  P l a n t  Surge Storage Requirements and Normal Inventory 
[NASAP Case 1.3 PWR LEU(5)  - Pu Spiked Recycle] 

Storage 
I n t e r v a l ,  d 

Normal Maximum 

Normal Inventory,  kg HM 

(PU , U> UO2 F ines  
Mat e r i a l  Process  Step 

Dried spheres  
S i n t e r e d  spheres  

Dried spheres  
S i n t e r e d  spheres  

Dried t o  s i n t e r e d  
spheres  

S i n t e r e d  spheres  

S in te red  spheres  

S in te red  spheres  
S in te red  spheres  

S in te red  spheres  

30 
30 

1 
1 

1 . 2  

60 
60 

50,000 Feed s t o r a g e  
13,000 

4 40 
1 ,660  I n t e r i m  s t o r a g e  2 

2 

Furnace 2.4 2 ,000  

0.5 

0.36 

1 . 2  
1 .5  

0.12 

1 

0.72 

2.4 
2 .9  

830 

600 

2,100 

Pos t  furnace 

I n t e r i m  s t o r a g e  

Main s t o r a g e  
660 

50 Loading, inspec t ion  

Loaded, not  inspected 

Rework and scrap  

Completed f u e l  rods  

welding 

rods  

0.24 210 

Sintered  spheres  

S in te red  spheres  

S in te red  spheres  

Rods i n  completed 

i n  rods 

i n  rods  

a s sembl i e s 

5 5 8,300 2,070 

2 

5 

5 

5 

4 10 

8,000 

75 

2 ,000  

Assembly 15 30 24,000 6,000 

~ ~~ - ~~ 

a 3.1% nominal f i s s i l e  plutonium content .  



Tab le  9.9. Heavy Metal Mass Flows and Average Scrap P roduc t ion  f o r  a Sphere-Pac Fue l  F a b r i c a t i o n  P l a n t  
[NASAP Case 1.3 PWR LEU(5) - Pu Spiked Recycle] 

Mass Flow, kg HM/d 

P r o c e s s i n g  S tep  Da i ly  Throughput Clean Scrapb Reject ScrapC 

( P U , U ) O ~ ~  U02 Fines  ( P U , U ) O ~ ~  UO2 F ines  (Pu,U)Oza UOp F ines  

Receiving and s t o r a g e  

Sampling and b a t c h  load ing  

Weighing and sampling 

C a l c i n i n g  and s i n t e r i n g  

Sphere upgrading 

Sphere sampling 

Sphere s t o r a g e  

Fue l  rod l o a d i n g  

Fue l  rod scann ing  

Top component i n s e r t i o n  

Rod welding and x r a y  

Leak d e t e c t i o n  

Rod a s s a y  

F i n a l  rod i n s p e c t i o n  

Assembly i n s p e c t i o n  

T o t a l  

1662.3 437. 8d 

1660.6 

437.4 

1659.8 

1753 .le 

1749.6 

1749.6 437.4 

1749.6 437.4 

1662.1 415.5 

1658.4 414.6 

1658.4 .414.6 

1658.4 414.6 

1625.3 406.3 

1608.4 402.1 

1600 400 

2000 
- 

84.0 

3.3 

f 
f 

31.5 

16.3 

8.0 

143 .1  

1.7 

0.4 

0.8 

49.8 

3.5 

P 
0 
N 

21.0 3.5 

@.8 0 . 3  

f f 
f f 
7.9 1 . 7  

4 .1  0.7 

2.0 0 .3  ___ - 

35.8 62.3 

0.9 

0.1  

f 
f 

0.4 

0.2 

0 .1  
~ 

2.1 

U 3.1% nominal  f i s s i l e  plutonium c o n t e n t .  

b I n t e r n a l l y  r ecyc led .  

d Inc ludes  35.8 kg of r ecyc led  c l e a n  s c r a p .  
e 

fRework i n  t h e s e  s t e p s  i s  on ly  o f  t h e  weld and does  n o t  a f f e c t  s c r a p .  

C C o l l e c t e d ,  assayed,  and e x t e r n a l l y  r ecyc led  t o  r e p r o c e s s i n g  p l a n t .  

I n c l u d e s  143.1 kg of r ecyc led  c l e a n  s c r a p .  
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Given the above information, a preliminary evaluation of the pro- 

cessing rates for each functional step within the main fuel fabrication 

processes was made. The results of this analysis are summarized in 

Table 9.10. 

9.2.5 Analysis of Functional Technology Status, Research and 
Development Requirements, Cost, and Schedule 

Reference case - see Sect. 8 of this report. The current status is 

summarized in Table 9.11 with the cost estimate. 

9.2.6 Preliminary Cost Estimate for Construction and Operation 
of a Commercial-Scale Plant 

The cost components that were estimated include capital costs for the 

facility and equipment, fuel assembly hardware costs, material and supply 

costs, and operating ~0sts.l'~ 

sphere-forming operations. 

plant beyond that shown in the reference case to receive UF6 and .process 

it to dried spheres. This has been included in the cost estimate. 

Facility capital cost estimates were based on an analysis of the 

These cost estimates include the U02 

These operations require an addition to the 

functional flow diagram for the process to indicate space requirements for 

each functional area and for each support area. Equipment requirements 

were identified, and costs associated with the equipment were estimated. 

Fuel assembly hardware requirements were based on the reference fuel 
assembly design parameters identified in Table 9.7. Estimates of the 

costs of the hardware items were obtained. Material and supply require- 

ments were identified from the sphere-pac process description, and esti- 

mates of the costs of materials and supplies were obtained. Operating 

cost estimates included consideration of personnel, overhead, general and 

administrative expenses, and costs of utilities. 

The facility was assumed to operate as a toll processing facility. 

That is, the operator fabricates customer-supplied fuel feed materials 

into finished fuel assemblies, and thus costs of plutonium and uranium 
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Table 9.10. Equipment Requirements f o r  Functional Areas 
[NASAP Case 1.3 PWR L E U ( 5 )  ~ P u  Spiked Recycle] 

Functional Area 

Plant Design Required RecommendedU 

of  
Number 
of 

Units Units’ 

Requirement Number Unit Production 
(Nominal) 

1.0 

2.0 

3 :o 

4.0 

Receiving 
(Pu,U)02 (10 containerslcarrier) 
( z ’ 5 ~ , ~ ) ~ ,  fines 
1.1 Sampling 

1.2 Weighing 
1.3 Storage (80  kg HMIcontainer) 
1.4 Weighing 
1.5 UO? fines sampling 
1.6 Storage (200 kg HMIcontainer) 

Fuel production (sphere processing) 
2.1 Sampling 
2.2 Calcining and sintering 
2.3 Microsphere inspection 
2.4 Interim storage 

Fuel rod fabrication 
3.1 Sintered sphere storage 
3.2 Sintered fertile storage 
3.3 Sphere dispensing 
3.4 Sphere-pac loading 
3.5 Density inspection 
3.6 Axial blanket (pellet) loading 
3.7 Cleaning 
3.8 Plenum hardware and top end 

3.9 Closure welds 
3.10 Rod assay 
3.11 Rod inspection 
3.12 Rod rework 

Fuel assembly fabrication 
4.1 Fuel rod storage 
4.2 Fuel assembly fabrication 
4.3 Inspect ion 
4.4 Rework 

Packaged fuel assembly storage 

plugging 

1600 kgld 
Unlimited 
NAC; done at reprocessing 
plant 

48 containersld 
NA 
48 containersld 
4800 kgld 
NA 

3840 kgld 
240 kgld 
20 kglh 
250 kg 

NA 
NA 
35 kglh 
4 rodslh 
6 rodslh 
NA 
24 rods/h 
12 rods/h 

12 rodslh 
70 rodslh 
40 rodslh 
36 rodsld 

NA 
3 assembliesld 
6 assembliesld 
1 assemblyld 

NA 

1660 kgld 
440 kgld 

21 containersld 
60 d supply 
3 containersld 
440 kgld 
60 d supply 

1660 kgld 
1660 kgld 
15 kglh 
1750 kg 

2 d supply 
2 d supply 
92 kglh 
51 rods/h 
51 rods/h 
NA 
48 rodslh 
48 rods/h 

48 rods/h 
48 rodslh 
47 rodslh 
58 rodsld 

5 d production 
5 assembliesld 
5 assembliesld 
0.02 assemblyld 

30 d production 

2 
1 

1 
1241 
1 
1 
131 

1 
8 
6 
8 

18 
4 
3 
14 
10 
NA 
2 
4 

5 
1 
2 
3 

5556 rods 
2 
1 ,  
N R ~  
141 

2 
1 

2 
1300 
1 
1 
140 

1, 3 
3, 9 
2 ,  6 
3. 9 

8, 24 
2, 6 
1, 3 
6. 18 
4 ,  12 
NA 
2 ,  6 
2 ,  6 

2 ,  6 
1 
2 
1, 3 

6000 rods 
2 
1 
NR 

150 

aRecommended units include consideration of spare capacity for operational reliability. 

’Number of units is for the facility if a single number; otherwise, units per line, total units in facility. 
‘NA: not applicable. 

dNR: not required. Use assembly equipment as available. 
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Table 9.11. Research and Development Cost Estimates for Sphere-Pac Fabrication 
[NASAP Case 1.3 PWR LEU(5) - MOD OT] 

R&D Cost Estimates Years to 

Complete (Millions of a R&D Categories Current Status 
1978 $1 

1.0 
2.0 

3.0 

4.0 

5.0 

6.0 

7.0 
8.0 

9.0 

10.0 

11.0 

Program management 

Design studies 

Receiving and storage 

Fuel production 

Fuel rod fabrication 

Fuel element assembly 

Scrap recovery 

Waste treatment 

Plant control systems 

Maintenance 

Safeguards and account- 
ability adaptat ion' 

Subtotal 

Special Facilities 

Hot tests 

Cold prototype 

Total 

Range 

Not applicable 

P - cold engineering 
P - cold engineering 
P - cold engineering 

P - cold engineering 

N - cold engineering 
N - cold engineering 

b 

N - cold prototype 

N - cold engineering 
P - cold engineering 

10 

25 

3 

30 

50 

30 

6 
b 

5 

10 

6 

175 

10 
25 

210 

200-250 

d 

10 

10 

5 
8 

8 

10 

5 

b 

8 
10 
6 

astatus stage with qualitative modifiers; C = complete, P = in progress, and 

bTo be supplied by others. 

N = needed. 

e 

'This estimate does not include costs for fuel qualification tests (about $20 

Assumes basic technology as developed under OSS estimate presented is for 
applications testing, systems integraton, and testing. 

million) o r  the capital costs of a pilot plant estimated at $190 million. 
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w e r e  no t  inc luded  i n  t h e  c o s t  estimates. . hardware and material c o s t s  

do i n c l u d e  t h e  c o s t s  a s s o c i a t e d  wih t h e  pr : t ion  of t h e  d e p l e t e d  or  

n a t u r a l  U02 sphe res .  

Uni t  c o s t s  f o r  f a b r i c a t i o n  of f u e l  assembl ies  are determined by an 

economic a n a l y s i s  of t h e  b a s i c  c a p i t a l ,  hardware and material ,  and 

o p e r a t i n g  c o s t  estimates. B a s i c a l l y ,  t he  economic a n a l y s i s  provides  f o r  

t h e  owner of t h e  f u e l  f a b r i c a t i o n  f a c i l i t y  t o  recover  a l l  c a p i t a l ,  oper- 

a t i n g ,  and f i n a n c e  charges  p lus  a r e t u r n  on inves tment ,  i f  a p p r o p r i a t e ,  

over  t h e  l i f e  of t h e  p l a n t .  

In orde r  t o  provide  a range of p r i c e s  ( i . e . ,  c o s t s  t o  a cus tomer) ,  

economic a n a l y s e s  were based on government f i n a n c i n g ,  f i n a n c i n g  appro- 

p r i a t e  f o r  a conven t iona l - r i sk  ( t y p i c a l )  i n d u s t r y ,  and f i n a n c i n g  

a p p r o p r i a t e  f o r  a h igh - r i sk  indus t ry .  The e s t ima ted  c o s t s ,  c o s t s  

de r ived  from t h e  economic a n a l y s i s ,  and the  u n i t  c o s t s  based on t h e  t h r e e  

d i f f e r e n t  f i n a n c i n g  methods are summarized i n  Table  9.12. A s  may be 

observed from t h e  t a b l e ,  t h e  p r i c e  f o r  f a b r i c a t i o n  of sp iked  (Pu,U)O2 f u e l  

i s  expec ted  t o  be i n  t h e  range from $330 t o  $740/kg depending on t h e  

f i n a n c i n g  technique  t h a t  i s  employed. The recommended c o s t  f o r  comparison 

wi th  o t h e r  f u e l  c y c l e s  and methods of f a b r i c a t i o n  is t h e  t y p i c a l  i n d u s t r y  

p r i c e  of $570/kg. 



: Table 9.12. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility 
[NASAP Case 1.3 PWR Spiked (Pu,U)O2 Refabrication] 

Estimated Costs, $ million Derived Costs, $ million 

Unit 
cost 

Annua 1 Owner's Charge on Annual Annual 
Economic Hardware Annual cost Direct Capital Equipment Payment to 

(S/kg) 
Facility Equipment Operating During During Replacement Decommissioning Seta 

Materials Construction Construction cost Fund 

26 38 160 13 1.2 330 A 360 260 30 

27 39 240 13 1.2 570 B 360 260 30 

39 240 13 1.2 740 C 360 260 30 27 

aA = Government financing; B = Typical industrial financing; C = High-risk industrial financing. 



108 

9.3 NASAP CASE 1.4 - PWR (233U,U,Th)02 FABRICATION AND 
REFABRICATION [PWR DU(3)-Th RECYCLE DU(3)] 

9.3.1 Fue l  Cycle D e s c r i p t i o n  

Th i s  r e a c t o r - f u e l  c y c l e  combinat ion i s  a PWR us ing  233U dena tured  

w i t h  238U and mixed wi th  thorium oxide  t o  f a b r i c a t e  p e l l e t  r e c y c l e  f u e l .  

The spen t  f u e l  i s  r ep rocessed  t o  recover  t h e  233U-238U, which i s  blended 

w i t h  a d d i t i o n a l  233U from a secu re  s t o r a g e  cen te r .  

sp iked  and s o l d  t o  a secu re  s t o r a g e  c e n t e r .  

Recovered plutonium is  

S i n c e  both i n i t i a l  f u e l  and r e c y c l e  f u e l  c o n t a i n  233U w i t h  some 

u n i d e n t i f i e d  q u a n t i t y  of 232U, we can assume t h a t  t h e  f u e l  w i l l  be h i g h l y  

r a d i o a c t i v e .  Consequently t h e  f a b r i c a t i o n  and r e f a b r i c a t i o n  p l a n t s  are 

t h e  same. Both r e q u i r e  a remotely ope ra t ed  and remotely main ta ined  

(RO/RM) p rocess .  

I n  t h e  c y c l e  as de f ined  only  f r e s h  thorium is used i n  t h e  f a b r i c a t i o n  

p rocesses .  

b e f o r e  t h e  sphere-f orming process  t o  provide  t h e  a p p r o p r i a t e  uranium-to- 

thor ium r a t i o  f o r  t h e  coa r se  and medium p a r t i c l e s  f o r  t h e  gel-sphere-pac 

p rocess .  This  w i l l  be done a t  t h e  r ep rocess ing  p l a n t  dur ing  sphe re  

forming and conver s i  on. 

This w i l l  have t o  be added t o  t h e  dena tured  233U s o l u t i o n s  

9.3.2 A p p l i c a b i l i t y  t o  Cur ren t  Fue l  Element Design 

There are a number of e x i s t i n g  pressur ized-water  r e a c t o r  f u e l  element 

d e s i g n s ,  and a l l  of them are similar i n  t h e i r  requi rements  f o r  f u e l  rod 

loading .  For t h i s  a n a l y s i s ,  t h e  r e p r e s e n t a t i v e  des ign  chosen f o r  t h i s  

case is  p resen ted  i n  Table  9.13. 

The key c o n s i d e r a t i o n s  f o r  sphere-pac a p p l i c a b i l i t y  are t h e  c l add ing  

i n s i d e  d iameter  measurements and t h e  r e q u i r e d  f u e l  smear dens i ty .  The 

c l a d d i n g  I D  of  8433 pm i n  t h e  r e f e r e n c e  des ign  is  s u i t a b l e  f o r  t h e  sphere- 

pac process .  I n  a d d i t i o n ,  s i n c e  the  des ign  smear d e n s i t y  of 88% i s  

e s s e n t i a l l y  t h a t  ach ieved  wi th  expe r imen ta l  blended ( t h r e e  p a r t i c l e  s i z e )  

sphere-pac beds,  t h e  process  i s  a p p l i c a b l e .  
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Table 9.13. Summary of C-E System 80 PWR 16 X 16 Fuel Assembly Parameters 
[NASAP Case 1.4 PWR DU(3)-Th Recycle DU(3)] 

Reactor Characteristics 

Reactor power 1300 MWe (net) 
Fuel assemblies/core 241 
Reload cycle Annual (%1/3 per reload) 

Component Characteristics 

Cladding 
End plugs 

TOP 
Bot tom 

Plenum springs 
Guide tubes 

Instrument 
Control element 

Spacer grids 
TOP 
Middle 
Bottom 

End fittings 
TOP 

Bot tom 
Insulator pellets 

Fuel Rod Characteristics 

Materials 

Zircaloy-4 

Zircaloy-4 
Zircaloy-4 
302 SS 

Zircaloy-4 
Zircaloy-4 

Zircaloy-4 
Zircaloy-4 
Alloy 625 

304 SS with alloy 
X- 7 50 hold-dow 
springs 

CF-8 SS 
A1203 

Number per 
Fuel Assembly 

236 

Cladding outside diameter 9.70 mm (0.382 in.) 
Cladding inside diameter 8.43 mm (0.332 in.) 
Fuel rod length 4.11 m (162 in.) 
Fuel column height 3.81 m (150 in.) 
Fuel smear density 88% T.D. 
Pellet diameter 8.26 mm (0.325 in.) 
Pellet length 9.91 mm (0.390 in.) 

Fuel Assembly Characteristics 

Array 16 X 16 square 
Dimensions 

Width 203 mm (7.98 in.) 
Length 4.49 m (177 in.) 

Mass of structural 169.73 kg 

Heavy metal content (mean) 388 kg 
components 

236 
236 
236 

1 
4 

1 
10 
1 

1 

1 
472 

Mass per Fuel 
Assembly, kg 

113.47 

0.80 
1.04 
7.33 

2.10 
8.85 

0.82 
8.62 
1.00 

18.60 

5.63 
1.18 
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9.3.3 D e f i n i t i o n  of P l a n t  Product ion  Require:. r . ts and 
Design Capaci ty  

For the  PWR (233U,Th)02 f u e l  c y c l e ,  t he  p l a n t  des ign  assumptions a r e  

as fo l lows .  

1. The f u e l  des ign  i s  t h e  Combustion Engineer ing System 80 16 x 16 

rod  a r r a y  f u e l  assembly. 

2. The p l a n t  product ion  c a p a c i t y  i s  480 t HM/year wi th  t h e  capa- 

b i l i t y  f o r  s imultaneous product ion  of t h r e e  enrichments .  

3.  The p l a n t  f a c t o r  i s  240 e f f e c t i v e  fu l l -p roduc t ion  days per year .  

4. P l a n t  des ign  capac i ty :  

O v e r a l l  730 t HM/year 

about  5 f u e l  assembl ies /d  

Each l i n e  of t h r e e  243 t HM/year 

0.67 t HM/d 

406 f u e l  rods /d  

1 .7  f u e l  assembl ies /d  

5. Process  des ign  capacities are based on the  l i n e  des ign  c a p a c i t i e s  

and t h e  scrap and sample l o s s e s  def ined  i n  Sec t .  9.3.4. 

6. The f a c i l i t i e s  are designed t o  d i scha rge  no l i q u i d  waste o ther  

than  t r e a t e d  s a n i t a r y  sewage. 

7. All process  b u i l d i n g s  and c r i t i c a l  a u x i l i a r y  suppor t  are designed 

and cons t ruc t ed  i n  accordance wi th  c u r r e n t  United S t a t e s  Nuclear Regula tory  

Commission l i c e n s i n g  requirements .  Sh ie ld ing  is  provided t o  l i m i t  dose 

ra tes  t o  o p e r a t i n g  and maintenance personnel  t o  0.25 mi l l i r em/h .  

9.3.4 E s t i m a t e s  of Surge S to rage  Requirements,  S c r a p  Product ion  
Rates, and P rocess ing  Rates f o r  Func t iona l  S t eps  

Given t h e  p l a n t  des ign  assumptions def ined  i n  Sec t .  9.3.3, f u r t h e r  

commercial p l a n t  c h a r a c t e r i s t i c s  were der ived .  

To ach ieve  t h e  annual  product ion  rates, an a n a l y s i s  of t h e  p l a n t  

su rge  s t o r a g e  requi rements  and normal inven to ry  was made, and the  r e s u l t s  

of t h i s  a n a l y s i s  are given i n  Table  9.14. 



Table 9.14. Sphere-Pac Fabr i ca t ion  P lan t  Surge Storage Requirements and Normal Inventory 
[NASAP Case 1.4 PWR DU(3) - Th Recycle DU(3)] 

Process  Step Material 

Storage 
I n t e r v a l ,  d 

- - -  
Normal Maximum 

Normal Inventory ,  kg HM 

( j j u  ,U) 0 2  Tho;! Fines  

Feed s t o r a g e  

In te r im s t o r a g e  

Furnace 

Dried spheres  30 60 
Sin te red  spheres  30 60 

Dried spheres  1 2 
Sintered  spheres  1 2 

50,000 
13,000 

1,660 
440 

Dried t o  s i n t e r e d  1.2 2.4 2,000 
spheres  

Pos t  furnace  S in te red  spheres  0.5 1 830 

In t e r im  s t o r a g e  S in te red  spheres  0.36 0.72 600 

Main s t o r a g e  S in te red  spheres  1 .2  2.4  2,100 
Sintered  spheres  1.5 2 .9  660 

Loading, i n spec t ion  S in te red  spheres  0.12 0 . 2 4  210 50 
welding 

Loaded, no t  inspected S in te red  spheres  5 5 
rods  i n  rods 

8 , 300 2,070 

Rework and sc rap  S in te red  spheres  2 5 410 75 

Completed f u e l  rods S in te red  spheres  5 5 8,000 2,000 
i n  rods 

Assembly Rods i n  completed 15 30 24,000 6,000 
assemblies  

12% nominal enrichment (2 3U) . a 



1 1 2  

Based on c u r r e n t  technology and assuming r easonab le  e x t r a p o l a t i o n s  

f o r  commercial-scale developments,  a p re l imina ry  e s t i m a t e  w a s  made of t h e  

d a i l y  mass f lows  of heavy metal through t h e  f a b r i c a t i o n  p l a n t  and t h e  

ave rage  product ion  ra te  of heavy metal s c r a p  materials from t h e  va r ious  

f u n c t i o n a l  a c t i v i t i e s .  These a r e  p re sen ted  i n  Table  9.15. 

Given t h e  above in fo rma t ion ,  a p re l imina ry  e v a l u a t i o n  of t h e  pro- 

c e s s i n g  rates f o r  each f u n c t i o n a l  s t e p  wi th in  t h e  main f u e l  f a b r i c a t i o n  

p rocesses  w a s  made. The r e s u l t s  of t h i s  a n a l y s i s  a r e  summarized i n  

Table  9.16. 

9.3.5 Ana lys i s  of Func t iona l  Technology S t a t u s ,  Research and 
Development Requirements,  Cos t ,  and Schedule  

The technology s t a t u s  of t h i s  system i s  q u i t e  s imi la r  t o  t h a t  of t he  

r e f e r e n c e  case d i scussed  i n  Sect .  8. The c u r r e n t  s t a t u s  and r e s e a r c h  and 

development needs  are summarized i n  Table  9.17. The pr imary d i f f e r e n c e  

between t h i s  dena tured  233U-Th f u e l  and the  U-Pu f u e l  i s  t h e  l e v e l  of 

c u r r e n t  development e f f o r t  on sphere  forming, c a l c i n a t i o n ,  and s i n t e r i n g .  

C u r r e n t l y  (U,Pu)O2 i s  under i n v e s t i g a t i o n  i n  t h e  United S t a t e s ,  and t h e  

U-Th system would need t o  be i n i t i a t e d  a t  t h e  U / T h  r aL io  r e q u i r e d  f o r  t h i s  

f u e l .  However, t h e  process  development s t u d i e s  could be accomplished wi th  

g r e a t e r  ease i f  n a t u r a l  o r  dep le t ed  uranium were used. Thus, t h e  o v e r a l l  

s chedu le  would be essent ia1 l .y  unchanged. Only a s l i g h t  dec rease  i n  t o t a l  

r e s e a r c h  and development costs  would be p o s s i b l e ,  i n  t h e  range from 3 t o  

5 % ,  because t h e  h o t  engineer ing-sca le  tests would s t i l l  be r equ i r ed .  

9.3.6 P re l imina rv  Cost E s t i m a t e  f o r  Cons t ruc t ion  and ODeration 
of a Commercial-Scale P l a n t  

The c o s t  components t h a t  were e s t ima ted  inc lude  c a p i t a l  c o s t s  f o r  t he  

f a c i l i t y  and equipment,  f u e l  assembly hardware c o s t s ,  material and supply 

c o s t s  , and o p e r a t i n g  c o s t s .  1-3 

F a c i l i t y  c a p i t a l  c o s t  estimates were based on an  a n a l y s i s  of t h e  

f u n c t i o n a l  f low diagram f o r  t h e ‘ p r o c e s s  t o  i n d i c a t e  space requi rements  f o r  

each  f u n c t i o n a l  area and f b r  each  suppor t  area. Equipment requi rements  

were i d e n t i f i e d ,  and c o s t s  a s s o c i a t e d  wi th  t h e  equipment were es t imated .  



T a b l e  9.15. Heavy Metal Mass Flows and  Average  S c r a p  P r o d u c t i o n  f o r  a Sphere-Pac F u e l  F a b r i c a t i o n  P l a n t  
[NASAP Case 1 . 4  PWR DU(3) - Th R e c y c l e  DU(3)] 

Mass Flow, kg HM/d 

P r o c e s s i n g  S t e p  D a i l y  Throughput  Clean  S c r a p b  R e j e c t  Scrap“  

(233U,U,Th)02a UOg F i n e s  (233U,U,Th)0,a UO2 F i n e s  (233U,U,Th)02a UO2 F i n e s  

R e c e i v i n g  and s t o r a g e  1662.3 437.  gd 

Sampl ing  and  b a t c h  l o a d i n g  1660.6 

Weighing and  s a m p l i n g  437.4 

C a l c i n i n g  a n d  s i n t e r i n g  1659.8 

S p h e r e  u p g r a d i n g  1753.  le 

S p h e r e  s a m p l i n g  1749.6 

S p h e r e  s t o r a g e  1749.6 437.4 

F u e l  r o d  l o a d i n g  1749.6  437.4 

F u e l  r o d  s c a n n i n g  1662.1  ,415.5 84 .0  21.0  

Rod w e l d i n g  and  x r a y  1658.4 414.6 f 3” 
Leak d e t e c t i o n  1658.4 414.6 . f s 
Rod a s s a y  1625.3 406.3 31 .5  7 .9  

Assembly i n s p e c t i o n  1600 400 8.0 2.0 

Top component i n s e r t i o n  1658.4 414.6 3 .3  0 . 8  

F i n a l  r o d  i n s p e c t i o n  1608.4 4 0 2 . 1  1 6 . 3  4 . 1  

T o t a l  2000 1 4 3 . 1  35 .8  

a 

b I n t e r n a l l y  r e c y c l e d .  

d I n c l u d e s  35.8 kg of r e c y c l e d  c l e a n  s c r a p .  

e I n c l u d e s  1 4 3 . 1  kg of r e c y c l e d  c l e a n  s c r a p .  

*Rework i n  these s t e p s  i s  o n l y  of  t h e  weld and d o e s  n o t  a f f e c t  s c r a p .  

- 
1 2 %  n o m i n a l  enr ichment  ( 2 3 3 ~ ) .  

c C o l l e c t e d ,  a s s a y e d ,  and e x t e r n a l l y  r e c y c l e d  t o  r e p r o c e s s i n g  p l a n t .  

1 . 7  

0 . 8  

49.8  

3 .5  

3 . 5  

0 .3  

f 
f J 

1 . 7  

0 . 7  

0 .3  

6 2 . 3  

0 . 4  

0 .9  

0 . 1  

1’ 
f’ 

0 .4  

0.2  

0 . 1  
~ 

2 . 1  
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Table 9.16 .  Equipment Requirements for Functional Areas 
[NASAP Case 1.4 PUR DU(3) - Til Rccycle DU(3)l 

Functional Area 

Plant Design Required Recommendeda 

Of 
Number 

of 
Units Units’ 

Requirement Number Unit Production 
(Nominal) 

1.0 Receiving 
(233U,U,Th)O; (10 containerslcarrier) 
Thoi fines 
1.1 Sampling 

1.2 Weighing 
1.3 Storage (80 kg HMlcontainer) 
1.4 Weighing 
1.5 UO? fines sampling 
1.6 Storage ( 2 0 0  kg HMIcontainer) 

2 . 1  Sampling 
2.2 Calcining and sintering 
2.3 Microsphere inspection 
2 . 4  Inr-1 ‘.I storage 

3.0 Fuel rod tabrication 
3.1 Sintered sphere storage 
3 . 2  Sintered fertile storage 
3 . 3  Sphere dispensing 
3.4 Sphere-pac loading 
3.5 Density inspection 
3.6 Axial blanket (pellet) loading 
3.7 Cleaning 
3 .8  Plenum hardware and top end 

3.9 Closure welds 
3.10 Rod assay 
3.11 Rod inspection 
3.12 Rod rework 

4.0 Fuel assembly fabrication 
4 . 1  Fuel rod storage 
4.2 Fuel assembly fabrication 
4 . 3  Inspection 
4 . 4  Rework 

Packaged fuel assembly storage 

2.0 Fuel production (sphere processing) 

plugging 

1600 kgld 1660 kgld 
Vnl imi t ed 
N A ” ;  done at reprocessing 
plant 

48 containersld 2 1  containersld 
NA 
48 containersld 3 containersld 
4800 kgld 440 kgld 
NA 

440 kgld 

60 d supply 

60 d supply 

3840 kgld 
240 kgld 
20 kglh 
250 kg 

NA 
NA 
35 kglh 
4 rodslh 
b rodslh 
NA 
24 rodslh 
12 rodslh 

1 2  rodslh 
70 rodslh 
40 rodslh 
36 rodsld 

1660 kgld 
1660 kgld 
75 kglh 
1750 kg 

2 d supply 
2 d supply 
92 kglh 
56 rodslh 
56 rodslh 
NA 
53 rodslh 
53 rodslh 

5 3  rodslh 
5 3  rodslh 
5 2  rodslh 
6 3  rodsld 

NA 5 d production 
3 assembliesld 5 assembliesld 
6 assembliesld 5 assembliesld 
1 assemblyld 0 . 0 3  assemblyld 
NA 30 d production 

2 
1 

1 
1247 
1 
1 
131 

1 
8 
6 
8 

18 
4 
3 
14 
10 
NA 
3 
5 

5 
1 
2 
2 

6115 rods  
2 
1 
NUe 

155 

2 
1 

2 
1300 
1 
1 
140 

1. 3 
3 ,  9 
2 ,  6 
3 ,  9 

6, 18 
2 .  6 
1. 3 
6, 18 
4, 1 2  
NA 
1, 3 
2 .  6 

2 ,  6 
1 
2 
1, 3 

7000 rods 
2 
1 
NR 

160 

aReconrmended units include consideration of spare capacity for operational reliability. 
’Number of units is for the facility if a single number; otherwise, units per line, total units in facility. 

‘NA: not applicable. 

dDoes not include sphere-forming equipment for Tho? fines. 

eNR: not required. Use assembly equipment as available. 
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Table 9.17. Research and Development Cost Estimates for Sphere-Pac Fabrication 
[NASAP Case 1.4 PWR DU(3)-Th Recycle] 

R&D Categories 
R&D Cost Estimates Years to 

(Millions of Complete 
a Current Status 

1978 $) 

1.0 
2.0 
3.0 

4.0 

5.0 
6.0 
7.0 
8.0 

9.0 
10.0 
11.0 

Program management 

Design studies 

Receiving and storage 

Fuel production 

Fuel rod fabrication 

Fuel element assembly 

Scrap recovery 

Waste treatment 

Plant control systems 

Maintenance 

Safeguards and account- 
ability adaptationC 

Sub to tal 

Special Facilities 

Hot tests 

Cold prototype 

Total 

Range 

Not applicable 

P - cold engineering 

P - cold engineering 

P -hot laboratory 

P - cold engineering 

N - cold engineering 
N - hot laboratory 

b 

N - cold prototype 
N - cold engineering 
P - cold engineering 

10 

25 
3 

30 

50 

30 

7 
b 

5 

10 

6 

176 

10 

25 

211d 

200-250 

10 

10 
5 

8 
8 
10 

5 

b 

8 

10 

6 

a 

N = needed. 

bTo be supplied by others. 

Status stage with qualitative modifiers; C = complete, P = in progress, and 

c Assumes basic technology as developed under OSS estimate presented is for 

dThe estimate does not include costs for fuel qualification tests (about $20 

applications testlng, systems integraton, and testing. 

million) or the capital costs of a pilot plant estimated at $190 million. 
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Fuel  assembly hardware requi rements  were based on t h e  r e f e r e n c e  f u e l  

a s s e m b - j  des ign  parameters  i d e n t i f i e d  i n  Table  9.13. Estimates of the  

c o s t s  of t he  hardware i t e m s  were obta ined .  Material and supply  r equ i r e -  

ments were i d e n t i f i e d  from t h e  sphere-pac process  d e s c r i p t i o n ,  and es t i -  

mates of t h e  c o s t s  of materials and s u p p l i e s  were obta ined .  Opera t ing  

c o s t  estimates inc luded  c o n s i d e r a t i o n  of pe r sonne l ,  overhead,  g e n e r a l  and 

a d m i n i s t r a t i v e  expenses ,  and c o s t s  of u t i l i t i e s .  

The f a c i l i t y  w a s  assumed t o  o p e r a t e  as a t o l l  p rocess ing  f a c i l i t y .  

That  i s ,  t h e  o p e r a t o r  f a b r i c a t e s  customer-supplied f u e l  feed  materials 

i n t o  f i n i s h e d  f u e l  assemblies, and thus  c o s t s  of uranium were not  inc luded  

i n  t h e  c o s t  estimates. The hardware and material c o s t s  do i n c l u d e  t h e  

c o s t s  a s s o c i a t e d  with t h e  product ion  of t h e  f r e s h  Tho2 f i n e  s i z e  spheres .  

Unit  c o s t s  f o r  f a b r i c a t i o n  of f u e l  assembl ies  are determined by an  

economic a n a l y s i s  of t h e  b a s i c  c a p i t a l ,  hardware and material, and 

o p e r a t i n g  c o s t  estimates. B a s i c a l l y ,  t h e  economic a n a l y s i s  p rov ides  f o r  

t h e  owner of t h e  f u e l  f a b r i c a t i o n  f a c i l i t y  t o  recover  a l l  c a p i t a l ,  oper- 

a t i n g ,  and f i n a n c e  charges  p l u s  a r e t u r n  on inves tment ,  i f  a p p r o p r i a t e ,  

over  t h e  l i f e  of t h e  p l a n t .  

I n  o rde r  t o  provide  a range of p r i c e s  ( i . e . ,  c o s t s  t o  a cus tomer) ,  

economic a n a l y s e s  were based on government f i n a n c i n g ,  f i n a n c i n g  appro- 

p r i a t e  f o r  a conven t iona l - r i sk  ( t y p i c a l )  i n d u s t r y ,  and f i n a n c i n g  

a p p r o p r i a t e  f o r  a h igh - r i sk  i n d u s t r y .  The e s t ima ted  c o s t s ,  c o s t s  

d e r i v e d  from t h e  economic a n a l y s i s ,  and t h e  u n i t  c o s t s  based on t h e  t h r e e  

d i f f e r e n t  f i n a n c i n g  methods are summarized i n  Table  9.18. A s  may be 

( bserved from t h e  t a b l e ,  t h e  p r i c e  f o r  f a b r i c a t i o n  of (233U,U,-Th)02 f u e l  

i s  expec ted  t o  be i n  t h e  range  from $340 t o  $75O/kg depending on t h e  

f i n a n c i n g  technique  t h a t  i s  employed. The recommended c o s t  f o r  comparison 

w i t h  o t h e r  f u e l  c y c l e s  and methods of f a b r i c a t i o n  i s  t h e  t y p i c a l  i n d u s t r y  

c o s t  of $580/kg. 



Tab le  9.18. Summary o f  C o s t s  f o r  F a b r i c a t i o n  o f  Sphere-Pac  PlJR F u e l  i n  a 2-t  €W/d F a c i l i t y  
[NASAP Case 1 . 4  PWR DU(3)-Th R e c y c l e  DU(3)] 

E s t i m a t e d  C o s t s ,  $ m i l l i o n  Der ived  C o s t s ,  $ m i l l i o n  

Annual Owner ' s Charge  on Annual Annual 
L'n i t 
cost 

Economic Hardware Annual c o s t  D i r e c t  C a p i t a l  Equipment Payment t o  
P l u s  O p e r a t i n g  Dur ing  Dur ing  Replacement  Decommissioning F a c i l i t y  Equipment 

(S/k:) 
S e t a  

Mat e r i a  1 s C o n s t r u c t i o n  C o n s t r u c t i o n  c o s t  Fund 

A 360 260 3 3  27 39 

B 360 260 33 27 40 

C 360 260 3 3  28 40  

160  

240 

240 

1 3  

1 3  

1 3  

1 . 2  

1 . 3  

P 
P 
-4 34 0 

580 

1 . 3  750 

a A = Government f i n a n c i n g ;  B = T y p i c a l  i n d u s t r i a l  f i n a n c i n g ;  C = H i g h - r i s k  i n d u s t r i a l  f i n a n c i n g .  
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9.4 NASAP CASE 1 .5  - PWK ( P u , U ) O ~  KEFABRICATIOU [PWR-U-Pu] 

9.4.1 Fue l  Cycle D e s c r i p t i o n  

T h i s  example i s  a PWR u s i n g  3%-enriched uranium oxide f u e l  and s e l f -  

gene ra t ed  r e c y c l e  f u e l  of p a r t i t i o n e d  uranium and plutonium ox ide ;  GESMO 

f u e l  cyc le .  

Only t h e  r e f a b r i c a t i o n  p rocesses  f o r  (Pu,U)O2 f u e l s  have been a s s e s s e d  

f o r  t h i s  cyc le .  The c y c l e  s p e c i f i e s  t h e  complete s e p a r a t i o n  of uranium 

and plutonium i n  t h e  r e p r o c e s s i n g  p l a n t .  For the  gel-sphere-pac o p t i o n  we  

have assumed t h a t  d e p l e t e d  o r  n a t u r a l  uranium s o l u t i o n  i s  blended with the  

plutonium s o l u t i o n  a t  t h e  r e p r o c e s s i n g  p l a n t  be fo re  the  conve r s ion  s t e p .  

T h i s  w i l l  p rov ide  t h e  a p p r o p r i a t e  plutonium-to-uranium r a t i o  f o r  t h e  

c o a r s e  and medium sphe re  s i z e s .  

No s p i k e  i s  added t o  t h e  f u e l  i n  t h i s  c y c l e ,  but t h e  plutonium has 

s i g n i f i c a n t  rs L o a c t i v i t y ,  so a remotely ope ra t ed  and contact-maintained 

. (RO/CM) f a c i l i t y  i s  r equ i r ed .  

9.4.2 A p p l i c a b i l i t y  t o  Cur ren t  Fue l  Element Design 

There are a number of e x i s t i n g  pressurized-water  r e a c t o r  f u e l  element 

d e s i g n s ,  and a l l  of them are similar i n  t h e i r  requirements  f o r  f u e l  rod 

load ing .  For t h i s  a n a l y s i s ,  t h e  r e p r e s e n t a t i v e  d e s i g n  chosen f o r  t h i s  

case i s  p r e s e n t e d  i n  Table  9.19. 

The key c o n s i d e r a t i o n s  f o r  sphere-pac a p p l i c a b i l i t y  are t h e  c l a d d i n g  

i n s i d e  d i ame te r  measurements and t h e  r e q u i r e d  f u e l  smear d e n s i t y .  The 

c l a d d i n g  I D  o f  8433 pm i n  t h e  r e f e r e n c e  d e s i g n  i s  s u i t a b l e  f o r  t h e  sphere- 

pac  p rocess .  In a d d i t i o n ,  since the des ign  smear d e n s i t y  of 88% i s  

e s s e n t i a l l y  tha t  achieved wi th  expe r imen ta l  blended ( t h r e e  p a r t i c l e  s i z e )  

sphere-pac beds,  t h e  p rocess  i s  a p p l i c a b l e .  

9.4.3 D e f i n i t i o n  of P l a n t  P roduc t ion  Reauirements and 
Design CaDacitv 

For t h e  PWR (U,Pu)O2 f u e l  c y c l e ,  t h e  p l a n t  des ign  assumptions are 

as fo l lows .  
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Table 9.19. Summary of C-E System 80 PWR 16 x 16 Fuel Assembly Parameters 
[NASAP Case 1.5 - PWR-U-Pu] 

Reactor Characteristics 

Reactor power 1300 MWe (net) 
Fuel assemblies/core 241 
Reload cycle Annual (%1/3 per reload) 

Component Characteristics 

Cladding 
End plugs 

TOP 
Bot tom 

Plenum springs 
Guide tubes 

Instrument 
Control element 

TOP 
Spacer grids 

Middle 
Bottom 

End fittings 
TOP 

Bottom 
Insulator pellets 

Materials 

Zircaloy-4 

Zircaloy-4 
Zircaloy-4 
302 SS 

Zircaloy-4 
Zircaloy-4 

Zircaloy-4 
Zircaloy-4 
Alloy 625 

304 SS with alloy 
X-750 hold-dow 
springs 

CF-8 SS 
A1203 

Number per 
Fuel Assembly 

236 

Fuel Rod Characteristics 

Cladding outside diameter 9.70 mm (0.382 in.) 
Cladding inside diameter 8.43 mm (0.332 in.) 
Fuel rod length 4.11 m (162 in.) 
Fuel column height 3.81 m (150 in.) 
F u e l  s m e a r  d e n s i t y  88% T.D. 
Pellet diameter 8.26 mm (0.325 in.) 
Pellet length 9.91 mm (0.390 in.) 

Fuel Assemblv Characteristics 
Array 16 x 16 square 
Dimensions 

Width 203 nun (7.98 in.) 
Length 4.49 m (177 in.) 

Mass of structural 169.73 kg 

Heavy metal content 427 kg 
components 

236 
236 
236 

1 
4 

1 
10 
1 

1 

1 
472 

Mass per Fuel 
Assembly , kg 

113.47 

0.80 
1.04 
7.33 

2.10 
8.85 

0.82 
8.62 
1.00 

18.60 

5.63 
1.18 
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1.  The fuel desipr! is the Combustion Engineering System 80 16 x 1 6  

rod array fuel assembly. 

2.  The plant production capacity is 480 t HM/year with the capa- 

bility for simultaneous production of three enrichments. 

3 .  The plant factor is 240 effective full-production days per year. 

4. Plant design capacity: 
Overall 730 t HM/year 

about 5 fuel assemblies/d 

Each line of three 243 t HM/year 

0.67 t HM/d 

369 fuel rods/d 

1.6 fuel assemblies/d 

5. Process design capacities are based on the line design capacities 

and tk acrap and sample losses defined in Sect. 9.4.4. 

6 .  The facilities are designed to discharge no liquid waste other 

than treated sanitary sewage. 

7. All process buildings and critical auxiliary support are designed 

and constructed in accordance with current United States Nuclear Regulatory 

Commission licensing requirements. Shielding is provided to limit dose 

rates to operating and maintenance personnel to 0.25 millirem/h. 

9.4.4 Estimates of Surge Storage Requirements, Scrap Production 
Rates, and Processing Rates for Functional Steps 

Given the plant design assumptions defined in Sect. 9.4.3, further 

commercial plant characteristics were derived. 

To achieve the annual production rates, an analysis of the plant 
surge storage requirements and normal inventory was made, and the results 

of this analysis are given in Table 9.20. 

Based on current technology and assuming reasonable extrapolations 

for commercial-scale developments, a preliminary estimate was made of the 

daily mass flows of heavy metal through the fabrication plant and the 

average production rate of heavy metal scrap materials from the various 

functional activities. These are presented in Table 9.21. 



Table 9 .20 .  Sphere-Pac Fabr i ca t ion  P l a n t  Surge Storage Requirements and Normal Inventory 
[NASAP Case 1 .5 ,  PWR-U-Pu] 

Process  Step 
Normal Inventory,  kg HM 

Maximum (Pu,U)02a U 0 2  Fines  

S torage  
I n t e r v a l ,  d Ma te r i a l  

Normal 

Feed s t o r a g e  Dried spheres  30 60 50,000 
Sin te red  spheres  30 60 13,000 

In t e r im  s to rage  Dried spheres  1 2 
S in te red  spheres  1 2 

Furnace 

1,660 
440 

Dried t o  s i n t e r e d  1.2 2 . 4  2,000 
spheres  

Post  furnace  S in te red  spheres  0.5 1 830 

In t e r im  s to rage  S in te red  spheres  0.36 0.72 600 

Main s t o r a g e  S in te red  spheres  1 . 2  2 . 4  2,100 
Sin te red  spheres  1.5 2.9 660 

Loading, i n spec t ion  S in te red  spheres  0.12 0.24 
w e  Id i n g  

210 50 

Loaded, no t  inspec ted  S in te red  spheres  5 5 8,300 2 ,070  
rods  i n  rods  

Rework and scrap  S in te red  spheres  2 5 410 75 

Completed f u e l  rods  S in te red  spheres  5 5 8,000 2,000 
i n  rods 

6,000 Assembly Rods i n  completed 15 30 24  , 000 
assemblies  

a 3.1% nominal f i s s i l e  plutonium con ten t .  



Table 9.21. Heavy Metal Mass Flows and Average Scrap P roduc t ion  f o r  a Sphere-Pac Fuel  F a b r i c a t i o n  P l a n t  
[NASAP Case 1 . 5  PWR U - Pu] 

Mass F l o w ,  kg HM/d 

Reject Scrap' b P r o c e s s i n g  S t e p  Dai ly  Throughput Clean Scrap 

(Pu,U)OZa UOz F ines  (Pu,U)Oza UO2 F ines  (Pu,U)Oza U02 F ines  

Receiving and s t o r a g e  

Sampling and b a t c h  load ing  

Weighing and sampling 

C a l c i n i n g  and s i n t e r i n g  

Sphere upgrading 

Sphere sampling 

Sphere s t o r a g e  

F u e l  rod  l o a d i n g  

Fue l  r o d  scann ing  

Top component i n s e r t i o n  

Rod welding and x r a y  

Leak d e t e c t i o n  

Rod a s s a y  

F i n a l  rod i n s p e c t i o n  

Assembly i n s p e c t i o n  

T o t a l  

1662.3 437. gd 

1660.6 

437.4 

1659.8 

1753. le 

1749.6 

1749.6 437.4 

1749.6 437.4 

1662.1 415.5 

1658.4 414.6 

1658.4 414.6 

1658.4 414.6 

1625.3 406.3 

1608.4 402.1 

16 00 400 u 
2000 

84.0 

3.3 

f 
f 

31.5 

16.3 

8.0 

143 .1  

21.0 

0.8 

f 
f 
7.9 

4 .1  

2.0 - 

35.8 

1 . 7  

0 .8  

49.8 

3 .5  

3 .5  

0 .3  

f 
P 

1 . 7  

0.7 

0 .3  

62.3 

0.4 

0 . 9  

0 . 1  

f 
P 

0 .4  

0.2 

0.1 - 

2 . 1  

a 

b I n t e r n a l l y  r ecyc led .  

C o l l e c t e d ,  a s sayed ,  and e x t e r n a l l y  r e c y c l e d  t o  r e p r o c e s s i n g  p l a n t .  

d Inc ludes  35.8 kg of r ecyc led  c l e a n  s c r a p .  
e 

fRework i n  t h e s e  s t e p s  i s  on ly  c f  t h e  weld and does  n o t  a f f e c t  s c r a p .  

3.1% nominal f i s s i l e  plutonium c o n t e n t .  

C 

I n c l u d e s  143.1 kg of r ecyc led  c l e a n  s c r a p .  
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Given the above information, a preliminary evaluation of the pro- 

cessing rates for each functional step within the main fuel fabrication 

processes was made. The results of this analysis are summarized in 

Table 9.22. 

9.4.5 Analysis of Functional Technology Status, Research and 
DeveloDment Reauirements. Cost. and Schedule 

The status and requirements are the same as those for the reference 

case given in Sect. 8 of this report and summarized in Table 9.23. A cost 

savings of approximately 5% may be possible because of the lack of spike 

radioactivity and its effects on maintenance details for the equipment, 

but no reduction in schedule is anticipated. 

9.4.6 Preliminary Cost Estimate for Construction and Operation 
of a Commercial-Scale Plant 

The cost components that were estimated include capital costs for the 

facility and equipment, fuel assembly hardware costs, material and supply 

costs, and operating c0sts.l-3 

Facility capital cost estimates were based on an analysis of the 

functional flow diagram for the process to indicate space requirements for 

each functional area and for each support area. Equipment requirements 

were identified, and costs associated with the equipment were estimated. 

Fuel assembly hardware requirements were based on the reference fuel 
assembly design parameters identified in Table 9.1. Estimates of the 

costs of the hardware items were obtained. Material and supply require- 
ments were identified from the sphere-pac process description, and esti- 

mates of the costs of materials and supplies were obtained. Operating 

cost estimates included consideration of personnel, overhead, general and 

administrative expenses, and costs of utilities. 

I 

The facility was assumed to operate as a toll processing facility. 

That is, the operator fabricates customer-supplied fuel feed materials 

into finished fuel assemblies, and thus costs of plutonium and uranium 



Table 9 . 2 2 .  Equipment Requirements f o r  Functional Areas 
INASAP Case 1.5 PWR U-Pul 

Functional Area 

Plant Design Required Recommendeda 

of 
Number 
of 

Units Unit& 

Requirement Number Unit Production 
(Nominal) 

1.0 

2.0 

3.0 

4 .0  

Receiving 
(Pu,U)O, (10 containerslcarrier) 
U0: fines 
1.1 Sampling 

1 . 2  Weighing 
1 . 3  Storage (80 kg HMIcontainer) 
1.4 Weighing 
1 . 5  UO2 fines sampling 
1.6 Storage (200 kg HMIcontainer) 

Fuel production (sphere processing) 
2 . 1  Sampling 
2.2 Calcining and sintering 
2 . 3  Microsphere inspection 
2.4 Interim storage 

Fuel rod fabrication 
3.1 Sintered sphere storage 
3.2 Sintered fertile storage 
3 . 3  Sphere dispensing 
3.4 Sphere-pac loading 
3 . 5  Density inspection 
3.6 Axial blanket (pellet) loading 
3 . 7  Cleaning 
3.8 Plenum hardware and top end 

3 . 9  Closure welds 
3 .10  Rod assay 
3.11 Rod inspection 
3 . 1 2  Rod rework 

Fuel assembly fabrication 
4 .1  Fuel rod storage 
4.2 Fuel assembly fabrication 
4.3 Inspection 
4 .4  Rework 

Packaged fuel assembly storage 

plugging 

1600 kgld 
Unlimited 
NAC; done at reprocessing 
plant 

48 containersld 
NA 
48 containersld 
4800 kgld 
NA 

3840 kgld 
240 kg/d 
20 kglh 
250 kg 

NA 
NA 
35 kglh 
4 rods/h 
6 rods/h 
NA 
24 rodslh 
12 rodslh 

12 rodslh 
70 rods/h 
40  rodslh 
36 rodsld 

NA 
3 assembliesld 
6 assemblies/d 
1 assemblyld 
NA 

1660 kgld 
440 kgld 

'1 containersld 
I d supply 
containersld 

440 kgld 
60 d suppl? 

1660 kg/d 
1660 kg/d 
75 kglh 
1750 kg 

2 d supply 
2 d supply 
92 kglh 
51 rodslh 
51 rodslh 
NAE 
48 rodslh 
4R rodslh 

48 rodslh 
48 rodslh 
47 rodslh 
58 rodsld 

5 d production 
5 assembliesld 
5 assemblies/d 
0.02 assemblyld 

30 d production 

2 
1 

1 
1247 
1 
1 
131 

1 
8 
6 
8 

18 
4 
3 
14 
10 
NA 
2 
4 

5 
1 
2 
3 

5556 rods 
2 
1 
N R ~  
141 

2 
1 

2 
1300 
1 
1 
140 

1, 3 
3 ,  9 
2 ,  6 
3, 9 

8 ,  24 
2 ,  6 
1, 3 
6 ,  18 
4 ,  12 
NA 
2 ,  6 
2 ,  6 

2 ,  6 
1 
2 
1, 3 

6000 rods 
2 
1 
NR 

150 

aRecommended units include consideration of spare capacity f o r  operational reliability. 

bNumber of units is for the facility if a single number; otherwise, units per line, total units in facility. 
'NA: not applicable. 

'NR: not required. Use assembly equipment as available. 



125  

Table 9.23. Research and Development Cost Estimates for Sphere-Pac Fabrication 
(NASAP Case PWR U-Pu) 

R&D Categories 
R&D Cost Estimates Years to 

Complete a (Millions of Current Status 
1978 $1 

1.0 Program management Not applicable 8 8 

2.0 Design studies P - cold engineering 25 8 

3.0 Receiving and storage P - cold engineering 3 5 

5.0 Fuel rod fabrication N - cold engineering 46 7 

6.0 Fuel element assembly N - cold engineering 15 7 

7.0 Scrap recovery N - cold engineering 2 5 

4.0 Fuel production P - cold engineering 25 8 

8.0 Waste treatment b b b 

9.0 Plant control systems N - cold prototype 5 

10.0 Maintenance N - cold engineering 5 
11.0 Safeguards and account- P - cold engineering 6 

Subtotal 140 

ability adaptat ionC 

Special Facilities 

Hot tests 10 

Cold prototype 25 

Total 175 
Range 165-210 

a 
N = needed. 

bTo be supplied by others. 

Status stage with qualitative modifiers; C = complete, P = in progress, and 

c Assumes basic technology as developed under O S S  estimate presented is for 
applications testing, systems integraton, and testing. 

million) or the capital costs of a pilot plant estimated at $140 million. 
dThe estimate does not inclgde costs for fuel qualification tests (about $20 
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were no t  i nc luded  i n  t h e  c o s t  estimates,  The hardware and material c o s t s  

do i n c l u d e  t h e  c o s t s  a s s o c i a t e d  with t ,n-oduction of t h e  d e p l e t e d  or 

n a t u r a l  U02 sphe res .  

Unit  c o s t s  f o r  f a b r i c a t i o n  of f u e l  a s sembl i e s  are determined by an  

economic a n a l y s i s  of t h e  b a s i c  c a p i t a l ,  hardware and material, and 

o p e r a t i n g  c o s t  estimates. B a s i c a l l y ,  t h e  economic a n a l y s i s  p rov ides  f o r  

t h e  owner of t h e  f u e l  f a b r i c a t i o n  f a c i l i t y  t o  recover  a l l  c a p i t a l ,  oper- 

a t i n g ,  and f i n a n c e  cha rges  p l u s  a r e t u r n  on inves tmen t ,  i f  a p p r o p r i a t e ,  

ove r  the l i f e  of the p l a n t .  

I n  o rde r  t o  p rov ide  a range of p r i c e s  ( i . e . ,  c o s t s  t o  a cus tomer ) ,  

economic a n a l y s e s  were based on government f i n a n c i n g ,  f i n a n c i n g  appro- 

p r i a t e  f o r  a conven t iona l - r i sk  ( t y p i c a l )  i n d u s t r y ,  and f i n a n c i n g  

a p p r o p r i a t e  f o r  a h igh - r i sk  i n d u s t r y .  * 
d e r i v e d  from the economic a n a l y s i s ,  and t h e  u n i t  c o s t s  based on t h e  t h r e e  

d i f f e r e n t  f i n a n c i n g  methods are summarized i n  Table 9.24. A s  may be 

observed from t h e  t a b l e ,  the p r i c e  f o r  f a b r i c a t i o n  of unspiked 

(Pu,U)Oz f u e l  i s  expected t o  be i n  t h e  range from $280 t o  $680/kg 

depending on t h e  f i n a n c i n g  technique that  is employed. The recommended 

c o s t  f o r  comparison with o t h e r  f u e l  c y c l e s  and methods of f a b r i c a t i o n  i s  

the t y p i c a l  i n d u s t r y  c o s t  of $460/kg. 

The e s t ima ted  c o s t s  , c o s t s  



Table 9.24 .  Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility 
(NASAP Case 1.5  PMR U-Pu) 

Estimated Costs, $ million Derived Costs, $ million 

Unit 
cost 
( S / W  

Annual Owner's Charge on Annual Annual 
Payment to Economic Hardware Annual cost Direct Capital Equipment 

Plus Operating During DUK ing Replacement Decommissioning Facility Equipment Seta 
Materials Construction Construction cost Fund 

~~ ~ 

A 250 200 30 25 36 120 10 1.2 280 

B 250 200 30 26 37 180 10 1.2 460 

C 250 200 30 26 38 180 10 1.2 680 

'A = Government financing; B = Typical industrial financing; C = High-risk industrial financing. 
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9.5 NASAP CASE 2 .1  - HWR ( 2 3 5 ~ , ~ ) 0 2  FABRICATION [HLJR LEU(5)-OT] 

9.5.1 Fue l  Cycle D e s c r i p t i o n  

T h i s  r e a c t o r - f u e l  cyc ombination i s  a CANDU-type HWK u s i n g  

1,2%-enriched uranium oxide  p e l l e t  f u e l  opt imized f o r  a once-through 

cyc le .  Spent f u e l  w i l l  be s t o r e d  a t  t h e  r e a c t o r  s i t e  o r  e lsewhere.  

U l t ima te ly ,  t h e  spen t  f u e l  will be s e n t  t o  a geologic  spen t  f u e l  

r e p o s i t o r y  . 
Since  t h i s  c y c l e  i s  de f ined  as a once-through c y c l e ,  on ly  f u e l  f a b r i -  

c a t i o n  p rocesses  were assessed .  It i s  apparent  t h a t  c u r r e n t  p e l l e t  pro- 

c e s s i n g  could be adapted  t o  t h i s  c y c l e  wi th  p l a n t  and f u e l  p e l l e t  des ign  

mod i f i ca t ions .  The process  r e q u i r e s  a contac t -opera ted  and con tac t -  

main ta ined  (CO/CM) p l a n t .  

The sphere-pac process  w a s  a s s e s s e d  f o r  t h i s  case f o r  two reasons .  

F i r s t ,  i t  a d d r e s s e s  t h e  a p p l i c a b i l i t y  of t h e  process  t o  heavy water reac- 

t o r  f u e l  e lement  types .  Second, t h e  c y c l e  r e q u i r e s  much h ighe r  burnup 

than  t h a t  exper ienced  i n  c u r r e n t  CANDU r e a c t o r s  t h a t  u se  n a t u r a l  uranium 

a s  f u e l .  As i n d i c a t e d  f o r  t h e  extended-burnup f u e l s  i n  a l i gh t -wa te r  

r e a c t o r  (Case 1.2, Sec t .  9.1) t h e  sphere-pac process  may be p r e f e r r e d  t o  

reduce  fue l - c l add ing  mechanical i n t e r a c t i o n .  

9.5.2 A p p l i c a b i l i t y  t o  Curren t  Fue l  Element Design 

There are a number of e x i s t i n g  heavy water r e a c t o r  f u e l  e lement  

des igns .  For t h i s  a n a l y s i s ,  t h e  r e p r e s e n t a t i v e  des ign  chosen f o r  t h i s  

case i s  p resen ted  i n  Table  9.25. 

The key c o n s i d e r a t i o n s  f o r  sphere-pac a p p l i c a b i l i t y  are t h e  c l add ing  

i n s i d e  d iameter  measurements and t h e  r equ i r ed  f u e l  smear d e n s i t y .  The 

c l a d d i n g  I D  of 12,270 pm i n  t h e  r e f e r e n c e  des ign  i s  s u i t a b l e  f o r  t h e  

sphere-pac process .  

ach ieved  wi th  exper imenta l  blended ( t h r e e  p a r t i c l e  s i z e )  sphere-pac beds,  

t h e  p rocess  i s  marg ina l ly  a p p l i c a b l e .  However a lower smear d e n s i t y  may 

be r e q u i r e d  t o  ach ieve  the  h ighe r  burnup s p e c i f i e d  f o r  t h i s  case. 

S ince  t h e  des ign  smear d e n s i t y  of 914  exceeds  t h a t  
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Table 9.25. Summary of CANDU 37-Pin Fuel Bundle Parameters 
[NASAP Case 2.1 - HWR LEU(5)-OT] 

Reactor Characteristics 

Reactor power 1000 W e  (net) 
Fuel assemblies/core 7204 
Reload cycle Continuous on-power refueling (about 40%/year) 

Component Characteristics 

Fuel cladding 
End plugs 

Bot tom 
Bearing pads 
Interelement spacers 
End support plates 

TOP 

Number per Mass (kg) per 
Material Fuel Assembly Fuel Assembly 

Zircaloy-4 37 1.954 

Zircaloy-4 37 0.104 
Zircaloy-4 37 0.104 

0.108 
Zircaloy-4 
Zircaloy-4 
Zircaloy-4 

Fuel Rod Characteristics 

Fuel cladding outside diameter 13.1 mm (0.515 in.) 
Fuel cladding inside diameter 12.3 mm (0.483 in.) 
Fuel rod length 483 mm (19.0 in.) 
Fuel column height 480 mm (18.9 in.) 
Fuel smear density @1% T.D. 
Pellet diameter 12.1 mm (0.478 in.) 
Pellet length 16.0 mm (0.630 in.) 

Fuel Assembly characteristics- 

Dimensions 
Length 495 mm (1.62 ft) 
Diameter 100 mm (3.94 in.) 

Mass of structural components 2.27 kg 
Heavy metal content (mean) - 18.7 kg 
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9.5.3 D e f i n i t i o n  of P l a n t  Product ion  Requirements and 
Design Capac i ty  

For t h i s  f u e l  cyc le ,  t h e  p l a n t  assumptions are as fo l lows .  

1 .  The f u e l  des ign  i s  t h e  c u r r e n t  heavy water r e a c t o r  bundle 

(37 p i n )  of t h e  CANDU des ign .  

2. The p l a n t  product ion  c a p a c i t y  i s  520 t HM/year wi th  t h e  capa- 

b i l i t y  f o r  s imultaneous product ion  of t h r e e  enrichments .  

3. 

4. P l a n t  des ign  capac i ty :  

The p l a n t  f a c t o r  i s  260 e f f e c t i v e  fu l l -p roduc t ion  days per year.  

O v e r a l l  730 t HM/year 

about  107 f u e l  assernbl ies /d  

Each l i n e  of t h r e e  243 t HM/year 

0.67 t HM/d 

1319 f u e l  rods /d  

35.7 f u e l  assembl ies /d  

5. Process  des ign  c a p a c i t i e s  are based on the  l i n e  des ign  capacit ies 

and t h e  s c r a p  and sample l o s s e s  def ined  i n  Sec t .  9.5.4. 

6. The f a c i l i t i e s  are designed t o  d i scha rge  no l i q u i d  waste o the r  

than  t r e a t e d  s a n i t a r y  sewage. 

7. All process  b u i l d i n g s  and c r i t i c a l  a u x i l i a r y  suppor t  are designed 

and cons t ruc t ed  i n  accordance wi th  c u r r e n t  United S t a t e s  Nuclear Regula tory  

Commission l i c e n s i n g  requi rements .  Sh ie ld ing  is  provided t o  l i m i t  dose 

rates t o  o p e r a t i n g  and maintenance personnel  t o  0.25 mi l l i r em/h .  

9.5.4 E s t i m a t e s  of Surge S to rage  Requirements,  Scrap Product ion  
R a t e s ,  and P rocess ing  Rates f o r  Func t iona l  S t eps  

Given t h e  p l a n t  des ign  assumptions def ined  i n  Sect. 9.5.2, f u r t h e r  

commercial p l a n t  c h a r a c t e r i s t i c s  were der ived.  

To ach ieve  t h e  annual  product ion  rates, an a n a l y s i s  of the  p l an t  

su rge  s t o r a g e  requi rements  and normal inven to ry  was made, and the  resu l t s  

of t h i s  a n a l y s i s  are given ;I Table 9.26. 

Based on c u r r e n t  technology and assuming reasonable  e x t r a p o l a t i o n s  

f o r  commercial-scale developments, a p re l imina ry  estimate was made of t he  



Table 9.26.  Sphere-Pac F a b r i c a t i o n  P l a n t  Surge Storage Requirements and Normal Inventory 
[NASAP Case 2 . 1  HWR LEU(5)  - OT] 

Inventory,  kg HM 
Process  S tep  

Feed s t o r a g e  

I n t e r i m  s t o r a g e  

Furnace 

P o s t  furnace 

Inter i in  s t o r a g e  

Main s t o r a g e  

Loading, i n s p e c t i o n  

Loaded, not  inspec ted  

Rework and s c r a p  

Completed f u e l  rods 

welding 

r o d s  

Assembly 

Dried spheres  
Sintered spheres  

Dried spheres  
S in te red  spheres  

Dried to s i n t e r e d  
spheres  

Sintered spheres  

S in te red  spheres  

S in te red  spheres  
S in te red  spheres  

S in te red  spheres  

S in te red  spheres  

S in te red  spheres  

S in te red  spheres  

Rods i n  completed 

i n  rods  

i n  rods  

ass em b 1 i e s 

30 
30 

1 
1 

1 . 2  

0.5 

0.36 

1 . 2  
1 .5  

0.12 

5 

2 

5 

15 

6 0  
60 

2 
2 

2 . 4  

1 

0 . 7 2  

2 .4  
2 .9  

0 .24  

5 

5 

5 

30 

50,000 

1 , 6 6 0  

2,000 

830 

600  

2,100 

2 10 

8,300 

4 10 

8,000 

24,000 

13,000 

440 

6 6 0  

50 

2 , 0 7 0  

75 

2 ,000  

6 ,000  

1.2% nominal enrichment ( 2 3  5 ~ ) .  
a 
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d a i l y  mass flows of heavy meta l  through the  f a b r i c a t i o n  p l a n t  and the 

average  p roduc t ion  r a t e  of heavy metal scrap m a t e r i a l s  from the  va r ious  

f u n c t i o n a l  a c t i v i t i e s .  These are p resen ted  i n  Table  9.27. 

Given t h e  above in fo rma t ion ,  a p re l imina ry  e v a l u a t i o n  of the  pro- 

c e s s i n g  rates f o r  each f u n c t i o n a l  s t e p  w i t h i n  t h e  main f u e l  f a b r i c a t i o n  

p rocesses  was made. The r e s u l t s  of t h i s  a n a l y s i s  are summarized i n  

Table 9.28. 

9.5.5 Ana lys i s  of F u n c t i o n a l  Technology S t a t u s ,  Research and 
Development Requirements,  Cos t ,  and Schedule 

The technology s t a t u s  of t h i s  sys t em is  q u i t e  similar t o  t h a t  of the  

r e f e r e n c e  case d i scussed  i n  Sec t .  8. The c u r r e n t  s t a t u s  and r e s e a r c h  and 

development needs are summarized i n  Table 9.29. Some s i g n i f i c a n t  d i f f e r -  

ences  i n  the  p rocess  are worthy of note.  Fuel rod f a b r i c a t i o n  i s  q u i t e  

similar except  f o r  the  r e l a t i v e l y  s h o r t  l e n g t h  and t h e r e f o r e  the s i g n i f i -  

c a n t  i n c r e a s e  i n  t h e  number of rods t h a t  must be made t o  ach ieve  an annual 

throughput of 520 t HM. 

Fue l  element assembly is s i g n i f i c a n t l y  d i f f e r e n t .  The f u e l  rod 

spac ing  is  de f ined  by s p a c e r s  p laced  on the  o u t s i d e  of t h e  c ladding .  The 

two end plates  need t o  be welded t o  each f u e l  rod i n  an assembly. We have 

assumed an exchange of i n fo rma t ion  wi th  c u r r e n t  Canadian manufac turers  t o  

reduce  t h e  development needs and costs i n  t h i s  area. 

The CO/CM type p l a n t  w i l l  minimize the r e s e a r c h  and development 

requi rements  f o r  s p e c i a l  f e a t u r e s  a s s o c i a t e d  wi th  maintenance. However 

t h e  value of t h e  en r i ched  uranium and United S t a t e s  l i c e n s i n g  requi rements  

w i l l  probably r e q u i r e  m o d i f i c a t i o n s  t o  c u r r e n t  commercial p r a c t i c e ,  and an 

a l lowance  has been made f o r  t h i s  i n  the  c o s t  estimate. 

9.5.6 P r e l i m i n a r y  Cost E s t i m a t e  f o r  Cons t ruc t ion  and Opera t ion  
of a Commercial-Scale P l a n t  

The c o s t  components t h a t  were es t ima ted  i n c l u d e  capi ta l  c o s t s  f o r  t h e  

f a c i l i t y  and equipment, f u e l  assembly hardware c o s t s ,  material and supply 



Table 9.27. Heavy Metal Mass Flows and Average Scrap Production f o r  a Sphere-Pac Fuel Fabr ica t ion  P lan t  
[NASAP Case 2 . 1  HWR L E U ( 5 )  - OT] 

Mass Flow, kg HM/d 
__ 

Processing Step Dai ly  Throughput Clean Scrapb Reject ScrapC 

(235u,u)02a (235u,U)o2 Finesa ( 2 3 5 ~ , ~ ) 0 , a  (235U,U)02 Fines' (235U,U)02a ( 2 3 5 U , U ) 0 2  Fines' 
___._.__ 

Receiving and s t o r a g e -  

Sampling and batch loading 
Weighing and sampling 

Calcining and s i n t e r i n g  

Sphere upgrading 

Sphere sampling 

Sphere s t o r a g e  
Fuel rod loading 

Fuel rod scanning 

Top component i n s e r t i o n  
Rod welding and x ray 

Leak de tec t ion  

Rod assay 

F i n a l  rod inspec t ion  

Assembly inspec t ion  

Tota l  

1662.3 437 .ad 

1660.6 

437.4 

1659.8 

1753 .  le 

1749.6 

1749.6 437.4 

1749.6 437.4 

1662 .1  415.5 

1658.4 414.6 

1658 .4  414.6 

1658.4 414.6 

1625.3 406.3 

1608.4 402 .1  

1600 400 - 
2000 

84 .O 

3.3 

f 
f 

31.5 

16.3 

8.0 

1 4 3 . 1  

21.0 

0 .8  

Î  
f 
7 . 9  

4 . 1  

2.0 

35.8 

1 . 7  

0 . 8  

4 9 . 8  

3 .5  

3.5 

0 . 3  

Jf- 

f 
1 . 7  

0.7 

0 . 3  __ 

6 2 . 3  

0.4 

0 . 9  

0 .1  
i. 

J 

i' 

0 . 4  

0 . 2  

0.1 __  

2 . 1  

1.2% nominal enrichment ( 2 3 5 U ) .  a 

bIn te rna l ly  recycled. 

dIncludes 35.8 kg of recycled clean scrap.  
e 

fRework i n  these  s t e p s  i s  only of the  weld and does not  a f f e c t  sc rap  

c Collected,  assayed, and ex terna l ly  recycled t o  reprocessing p l a n t .  

Inc ludes  143 .1  kg of recycled c lean  scrap.  

P 
w 
w 
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Table 9.28. Equipment Requirements for  Functional Areas 
[NASAP Case 2.1 HWR LEU(5) - OT] 

Plant Design Required Reconrmended'! 

of 
Number 
of 

Units Unitsb 

Requirement Number Functional Area Unit Production 
(Nominal) 

1.0 Receiving 
(' 5U,U)0z (10 containerslcarrier) 
( 'U , u) 07 f ines 
1.1 

1.2 
1.3 
1.4 
1.5 
1.6 

2.0 Fuel 
2.1 
2.2 
2.3 
2.4 

3.0 Fuel 
3.1 
3.2 
3.3 
3.4 
3.5 
3.6 
3.7 
3.8 

3.9 
3.10 
3.11 
3.12 

4.0 Fuel 
4.1 
4.2 
4.3 
4.4 

Samp i ing 
Weighing 
Storage (80 kg HMIcontainer) 
Weighing 
UO2 fines sampling 
Storage (200 kg HM/container) 

production (sphere processing)c 
Sampling 
Calcining and sintering 
Microsphere inspection 
Interim storage 

rod fabrication 
Sintered sphere storage 
Sintered fertile storage 
Sphere dispensing 
Sphere-pac loading 
Density inspection 
Axial blanket (pellet) loading 
Cleaning 
Plenum hardware and top end 

Closure welds 
plugging 

Rod assay 
Rod inspection 
Rod rework 

assembly fabrication 
Fuel rod storage 
Fuel assembly fabrication 
Inspection 
Rework 

Packaged fuel assembly storage 

1600 kgld 1660 kgld 
Unlimited 440 kgld 
NAC; done at reprocessing 

48 containersld 21 containersld 
NA 60 d supply 
48 containersld 3 containers/d 
4800 kg/d 440 kgld 
NA 60 d supply 

plant 

140 kgld 
J kgld 

. kg/h 
250 kg 

NA 
NA 
35 kg/h 
6 rods/h 
20 rodslh 
NA 
24 rods/h 
12 rodslh 

12 rods/h 
520 rods/h 
100 rodslh 
36 rods/d 

1660 kgld 
1660 kgld 
75 kg/h 
1750 kg 

2 d supply 
2 d supply 
92 kg/h 
181 rods/h 
181 rods/h 
NA 
171 rodslh 
171 rodslh 

171 rodslh 
171 rodslh 
168 rodslh 
206 rods/d 

NA 5 d production 
24 assembliesld 108 assemblies/d 
24 assembliesld 108 assembliesld 
1 assembly/d 0.56 assemblyld 

NA 30 d production 

2 2 
1 1 

1 2 
1247 1300 
1 1 
1 1 
131 140 

1 1, 3 
8 3, 9 
6 2. 6 
8 3. 9 

18 8, 24 
4 2 ,  6 
3 1. 3 
30 10, 30 
9 3 ,  9 
NA NA 
8 3, 9 
15 5, 15 

15 5, 15 
1 1 
2 2 
6 2 ,  6 

19,786 rods 20,000 rods 
5 5 
5 5 
NRe NR 

3209 3300 

'Recommended units include consideration of spare capacity f o r  operational reliability. 
bNumber of units is for the facility if a single number; otherwise, units per line, total units in facility. 

CNA: not applicable. 

dDoes not include sphere-f orming equipment (see Appendix). 

eNR: not required. Use assembly equipment as available. 
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Table 9.29. Research and Development Cost Estimates for Sphere-Pac Fabrication 
[NASAP Case 2.1 HWR LEU(5)I 

R&D Categories 
R&D Cos t  Estimates Years to 

Comp let e (Millions of a Current Status 
1978 $1 

1.0 

2.0 

3 . 0  

4.0 

5.0 

6.0 

7.0 

8.0 

9.0 

1 0 4  

11 .@ 

Program management 

Design studies 

Receiving and storage 

Fuel production 

Fuel rod fabrication 
Fuel element assembly 

Scrap recovery 
Waste treatment 

Plant control systems 

Ma in tenanc e 
Safeguards and account- 
ability adaptation' 

Subtotal 

Special Facilities 

Hot tests 

Cold prototype 

Total 
Range 

Not applicable 

N - cold prototype 

P - cold engineering 

P - cold engineering 
P - cold engineering 
C - commercial (Canada) 

C - commercial 

. b  
N - cold prototype 
N - cold prototype 
P - cold engineering 

5 
5 

0 

19 

20 

0 

0 

b 

5 

1 

4 

59 

Not required 

10 
6gd 

65-85 

'Status stage with qualitative modifiers; C = complete, P = in progress, and 

bTo be supplied by others. 

N = needed. 

c Assumes basic technology as developed under OSS estimate presented is for 
applications testing, systems integraton, and testing. 

sphere forming (see Appendix) or fuel qualification tests (about $5 million). 
dThe estimate does not include the research and development costs for gel 
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c o s t s ,  and o p e r a t i n g  cos ts .L-3  In  making these  e s t i m a t e s  we u t i l i z e d  

in fo rma t ion  from the  g e n e r i c  case presented  ear l ier  f o r  process  s t eps  

through f u e l  rod load ing  and i n s p e c t i o n .  The f u e l  e lement  assembly 

o p e r a t i o n s  and ba lance  of p l a n t  requi rements  were de r ived  from a previous  

s tudy  based on t h e  p e l l e t  process .2  

U02 sphere-forming ope ra t ions .  These o p e r a t i o n s  r e q u i r e  an a d d i t i o n  t o  

t h e  p l a n t  beyond t h a t  shown i n  t h e  r e f e r e n c e  case  t o  r e c e i v e  UF6 and 

p r o c e s s  i t  t o  d r i e d  spheres .  These o p e r a t i o n s  were inc luded  i n  t h e  c o s t  

estimate. 

These c o s t  estimates inc lude  the  

F a c i l i t y  c a p i t a l  c o s t  estimates were based on an  a n a l y s i s  of t h e  

f u n c t i o n a l  f low diagram f o r  t h e  p rocess  t o  i n d i c a t e  space requi rements  f o r  

each  f u n c t i o n a l  a r e a  and f o r  each suppor t  area. Equipment requi rements  

were i d e n t i f i e d ,  and c o s t s  a s s o c i a t e d  wi th  the  equipment were es t imated .  

Fue l  assembly hardware requirements  were based on t h e  r e f e r e n c e  f u e l  

assembly d e s i g n  parameters  i d e n t i f i e d  i n  Table  9.25. Estimates of t h e  

c o s t s  of t h e  hardware items were obta ined .  Material and supply r equ i r e -  

ments were i d e n t i f i e d  from t h e  sphere-pac process  d e s c r i p t i o n ,  and esti- 

mates of t h e  c o s t s  of materials and s u p p l i e s  were obta ined .  

. cos t  estimates inc luded  c o n s i d e r a t i o n  of personnel ,  overhead,  g e n e r a l  and 

a d m i n i s t r a t i v e  expenses ,  and c o s t s  of u t i l i t i e s .  

Opera t ing  

The f a c i l i t y  w a s  assumed t o  o p e r a t e  as a t o l l  p rocess ing  f a c i l i t y .  

That i s ,  t h e  o p e r a t o r  f a b r i c a t e s  customer-supplied f u e l  feed  materials 

i n t o  f i n i s h e d  f u e l  a s sembl i e s ,  and thus  c o s t s  of uranium were no t  inc luded  

i n  t h e  c o s t  estimates. 

Unit  c o s t s  f o r  f a b r i c a t i o n  of f u e l  a s sembl i e s  are determined by an  

economic a n a l y s i s  of t h e  b a s i c  c a p i t a l ,  hardware and m a t e r i a l ,  and 

o p e r a t i n g  c o s t  estimates. B a s i c a l l y ,  t h e  economic a n a l y s i s  p rov ides  f o r  

t h e  owner of t h e  f u e l  f a b r i c a t i o n  f a c i l i t y  t o  recover  a l l  c a p i t a l ,  oper- 

a t i n g ,  and f i n a n c e  cha rges  p l u s  a r e t u r n  on inves tment ,  i f  a p p r o p r i a t e ,  

over  t h e  l i f e  of t h e  p l a n t .  

I n  o rde r  t o  provide  a range of p r i c e s  ( i . e . ,  c o s t s  t o  a cus tomer) ,  

economic a n a l y s e s  were based on government f i n a n c i n g ,  f i n a n c i n g  appro- 

p r i a t e  f o r  a conven t iona l - r i sk  ( t y p i c a l )  i n d u s t r y ,  and f i n a n c i n g  

a p p r o p r i a t e  f o r  a h igh - r i sk  indus t ry .2  

d e r i v e d  from t h e  economic a n a l y s i s ,  and the  u n i t  c o s t s  based on t h e  t h r e e  

The e s t ima ted  c o s t s ,  c o s t s  



137 

d i f f e r e n t  f i n a n c i n g  methods are summarized i n  Table  9.30. A s  may be 

observed from t h e  t a b l e ,  t h e  p r i c e  f o r  f a b r i c a t i o n  of (235~,~)~2 f u e l  i s  

expec ted  t o  be i n  t h e  range from $65 t o  $110/kg depending on t h e  

f i n a n c i n g  technique  t h a t  i s  employed. The recommended c o s t  f o r  comparison 

w i t h  o t h e r  f u e l  c y c l e s  and methods of f a b r i c a t i o n  i s  t h e  t y p i c a l  i n d u s t r y  

c o s t  of $90/kg. 



Table 9.30. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility 
[NASAP Case 2.1 HWR ( 2 3 5 ~ , ~ ) ~ 2  Fabrication] 

Estimated Costs, $ million Derived Cost%, 9 liillion 

Unit Payment to 'r cost 
Annual m e r ' s  Charge on Annual Annual 
Hardware Annual cost Direct Capital Equipment 

(S/kg) 
Facility Equipment Plus Operating During During Replacement Decommissioning 

Economic 
Seta 

Materials Construction Construction $ 9  Fund 
- 

20 34 12 11 16 17 1.7 0.5 65  A 

B 20 34 12 12 17 25 1.7 0.5 90 

12 12 17 25 1.7 0.5 110 C 20 34 

'A = Government financing; B = Typical industrial financing; C = High-risk industrial financing. 
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9.6 NASAP CASE 3.1.1 - LWBR MEU( 5)-Th RECYCLE, 
PWR BACKFIT PREBREEDER 

9.6.1 Fuel  Cycle Desc r ip t ion  

The prebreeder  would use duplex f u e l  of 15.6%-enriched 235U [U(5)] 

and t h o r i a .  The spent  duplex f u e l  would f i r s t  be reprocessed  t o  recover  

t h e  bred 233U from the  t h o r i a .  

enr ichment ,  t h e  plutonium and bred 233U would be s e n t  t o  a secu re  s t o r a g e  

c e n t e r ,  and t h e  thorium would be s e n t  t o  10-year i n t e r i m  s to rage .  

The recovered 235U would be recyc led  t o  

I n  t h i s  f u e l  cyc le  only f r e s h  f u e l  i s  f a b r i c a t e d  i n  a con tac t -  

opera ted  and contact-maintained (CO/CM) f a c i l i t y .  

9 . 6 . 2  A p p l i c a b i l i t y  t o  Curren t  Fue l  Element Design 

Ava i l ab le  informat ion  on the  des ign  f o r  the  f u e l  e lements  f o r  t h i s  

reactor are given i n  Table  9.31. The sphere-pac process  i s  not  a p p l i c a b l e  

t o  t h i s  des ign  because of t h e  requirement  f o r  duplex loading  of Tho2 and 

U02. 

i n s i d e  surrounded by U02, would not be p r a c t i c a l  f o r  sphere-pac loading.  

The annular  arrangement of the  two f u e l  components, Tho2 on t h e  
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Table 9.31. Summary of DOE Division of Naval Reactors 

[NASAP Case 3.1.1- LWBR MFXJ(5)-Th, U(5) Recycle, PWR Backfit Prebreeder] 

Reactor Characteristics 

LWBR Fuel Vodule Parameters 

Reactor power 1295 MWe (net) 
Fuel assemblies/core 205 
Average enrichment 
Reload cycle 113 of fuel assemblieslyear 

Number per Mass (kg) per 
Component Characteristics Material Fuel Assembly Fuel Assembly 

Cladding 
End plugs 

TOP 
Bottom 

Plenum springs 
TOP 

Bottom 

Grids 
Guide tubes 
End fittings 

To P 

Bottom 

Insulator pellets 

Fuel Rod Characteristics 

Zircaloy-2 

Zircaloy-2 
Zircaloy-2 

302 stainless 
steel 

Grade 660 (A-286 
alloy) 

Alloy 718 
Zircaloy-2 

CF3M stainless 

CF3M stainless 

Zircaloy tubing, 

steel 

steel 

grade RA-2 

264 

264 
264 

264 

264 

8 
25 

1 

1 

Cladding outside diameter 9.63 mm (0.379 in.) 
Cladding thickness 0.60 mm (0.0235 in.) 
Cladding length 
Stack height 

Core 3.63 m (143 in.) 
Axial blanket Not applicable 

Pellet density 
Smear density 
Pellet diameter 

Annular OD 
Annular ID 
Tho2 core 
Tho2 

Pellet length 
Duplex 
Standard 

Fuel Assembly Characteristics 

Array 17 X 17 square 
Length 4.49 m (177 in.) 
Width 217 mm (8.54 ir..) 
Weight of structural components 
Heavy ni@tal content 

Duplex 
Standard 
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9.7 NASAP CASE 3.1.2 - LWBR HEU(3)-Th, RECYCLED U(3), 
ADVANCED BREEDER 

9.7.1 Fuel  Cycle D e s c r i p t i o n  

The advanced breeder  would use a l a r g e  e x t r a p o l a t e d  PWR-type v e s s e l  

modif ied f o r  a t i g h t  l a t t i ce ,  hexagonal f u e l  bundle ,  and t h o r i a  c o n t r o l  

rods .  

e n r i c h e d  u ran ia  and t h o r i a  i n  t h e  form of p e l l e t s .  

be  r ep rocessed  t o  recover  t h e  233U and thorium, which would be r ecyc led  t o  

remote f u e l  f a b r i c a t i o n .  

The f u e l  would c o n s i s t  of a b ina ry  s o l i d  s o l u t i o n  of h i g h l y  

The spen t  f u e l  would 

I n  t h i s  f u e l  cyc le  a l l  f u e l  would c o n t a i n  232U and t h e  h igh  level of 

r a d i o a c t i v i t y  a s s o c i a t e d  wi th  i t s  decay products .  

ope ra t ed  and remote ly  maintained (RO/RM) f a c i l i t y  would be r equ i r ed .  

Consequently a remote ly  

9.7.2 A p p l i c a b i l i t y  t o  Curren t  Fue l  Element Design 

Ava i l ab le  in fo rma t ion  on t h e  proposed f u e l  element des ign  f o t  t h i s  

r e a c t o r  c y c l e  i s  given i n  Table  9.32. 

t h a t  t h e  i n d i v i d u a l  rods  w i t h i n  t h e  seed and b l anke t  segments of t h e  

assembly would have va ry ing  l e n g t h s  of (U,Th)O2 and Th02. 

i s  i n s u f f i c i e n t  des ign  d e t a i l  t o  permit  a complete a p p l i c a b i l i t y  a n a l y s i s ,  

i t  appears  as though t h e  gel-sphere-pac process  would be a p p l i c a b l e .  

key c o n s i d e r a t i o n s  f o r  sphere-pac a p p l i c a b i l i t y  are t h e  c l add ing  i n s i d e  

d iameter  measurements and t h e  r e q u i r e d  f u e l  smear dens i ty .  The c l add ing  

I D  of 13,080 pm i n  t h e  r e f e r e n c e  des ign  is  s u i t a b l e  f o r  t h e  sphere-pac 

process .  I f  t h e  r e q u i r e d  smear d e n s i t y  f o r  t h e  f u e l  does n o t  exceed t h e  

87% of t h e o r e t i c a l  d e n s i t y  t h a t  i s  p r a c t i c a l  w i th  t h e  t h r e e - p a r t i c l e  

sphere-pac process ,  then  t h e  process  i s  a p p l i c a b l e .  

Add i t iona l  i n fo rma t ion  sugges t s  

Although t h e r e  

The 

9.7.3 D e f i n i t i o n  of P l a n t  Product ion  Requirements and 
Design Capac i ty  

P l a n t  product ion  requi rements  cannot  be de f ined  u n t i l  a d d i t i o n a l  f u e l  

e lement  des ign  d a t a  are a v a i l a b l e .  
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Table 9.32. Summary of DOE Division of Naval Reactors 

[NASAP Case 3.1.2 - LWBR HEU(3)-Th, Recycled U(3), Advanced Breeder] 
LWBR Fuel Module Parameters, Seed Assembly Portion 

Reactor Characteristics 
Reactor power 1035 MWe (net) 
Fuel assemblies 151 seedlblanket modules 

Average enrichment 
Reload cycle 

12 seedlblanket half modules 

- Component Characteristics 
Cladding 
End plugs 

Bottom 
TOP 

Plenum springs 
Grids 
Guide tubes 
End fittings 

Bottom 
TOP 

Number per Mass (kg) per 
Material Fuel Assembly Fuel Assembly 

Zircaloy-4 288 

Zircaloy-4 288 
Zircaloy-4 288 

288 
Zircaloy-4 
Zircaloy-4 100 

1 
1 

Fuel Rod Characteristics 
Cladding outside diameter 
Cladding thickness 
Cladding length 
Stack height 

1450 mm (0.571 in.) 
0.71 mm (0.028 in.) 

Core 3.66 m (144 in.) 
Axial blanket 

Pellet density 
Smear density 
Pellet diameter 

Annular OD 
Annular ID 
Tho2 core 
Tho2 

Pellet length 
Duplex 
Standard 

Fuel Assembly Characteristics 
Array Hexagonal 
Length 4.97 m (196 in.) 
Weight of structural components 
Heavy metal content 

Duplex 
Standard 

Assembly cross section 
(flat to flat) 324 mm (12.8 in.) 
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9.7.4 Estimates of Surge Storage Requirements, Scrap Production 
Rates, and Processing Rates for Functional Steps 

Estimates cannot be determined until the plant has been defined. 

9 . 7 . 5  Analysis of Functional Technology Status, Research and 
Development Requirements, Cost, and Schedule 

The current technology status in terms of the fuel rod loading 

process should be essentially that for the reference case discussed in 

Sect. 8 of this report. Fuel element assembly processes would be similar 

to those for the reference case but would be complicated by the two- 

segment (seed and blanket) arrangement and the indicated variations in 

fuel rod contents with position in the assembly. 

A detailed analysis of the technology status and research and devel- 

opment requirements cannot be made until fuel element design details are 

available. However, preliminary estimates of the status, research and 

development costs, and time requirements were made from the available 

information. These are given in Table 9 .33 .  

9 . 7 . 6  Preliminary Cost Estimate for Construction and Operation 
of a Commercial-Scale Plant 

Estimate cannot be made pending plant definition (Sect. 9 . 7 . 3 ) .  
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Table 9.33. Research and Development Cost Estimates for Sphere-Pac Fabrication 
[NASAP Case 3.1.2 LWBR HEU(3)-Th, Recycled U(3), Advanced Breeder] 

R&D Categories 
R&D Cost Estimates Years to 

Complete (Millions of a Current Status 
1978 $1 

1.0 
2.0 

3.0 

4.0 

5.0 

6.0 

7 .O 

8.0 
9.0 

10.0 
11.0 

Program management Not applicable 

Design studies 

Receiving and storage 
Fuel production P - hot laboratory 
Fuel rod fabrication P - cold laboratory 
Fuel element assembly N - new concept 

Scrap recovery 

P - cold engineering 
P - cold engineering 

P - hot engineering 
Waste treatment b 

Plant control systems 

Maintenance P - cold engineering 
Safeguards and account- P - cold engineering 
ability adaptation' 

N - cold prototype 

Subtotal 

10 

30 

4 

30 

55 

35 

10 

b 
6 

10 

8 

19 8 

10 

10 
5 
8 

10 
10 

8 

b 

8 

10 

6 

Special Facilities 

Hot tests 15 

Cold prototype 25 

Total 23Bd 

Range 

astatus stage with qualitative modifiers; C = complete, P = in progress, and 

bTo be supplied by others. 

225-310 

N = needed. 

c Assumes basic technology as developed under OSS estimate presented is for 
applications testing, systems Integration, and testing. 

million) or the cost of a pilot plant for which no estimate is yet available. 
'The estimate does not include costs for fuel qualification tests (about $30 
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9.8 NASAP CASE 3.2.1, LWBR MEU(5)-Th, PREBREEDER CONCEPT 
BASED ON TYPE I MODULES 

9.8.1 Fue l  Cycle  Descr iDt ion  

The prebreeder  would use less-than-20%-enriched 235U f u e l  i n  t h e  form 

of U02-Zr02-CaO ( t e r n a r y )  duplex p e l l e t s  a l t e r n a t i n g  wi th  Tho2 p e l l e t s  i n  

t h e  f u e l  rods.  The duplex p e l l e t  would c o n s i s t  of a t e r n a r y  annulus  

around a c y l i n d r i c a l  t h o r i a  cen te r .  The spent  f u e l  would be reprocessed  

i n  two s t a g e s  t o  recover  U ,  Pu, and Th, The f i r s t  s t a g e  would recover  the  

Pu and 235U remaining i n  t h e  U02-Zr02-CaO annulus .  The second s t a g e  would 

recover  t h e  bred 233U from t h e  t h o r i a .  

enrichment.  

t h e  Th would be s e n t  t o  ten-year i n t e r i m  s to rage .  

The 235U would be r ecyc led  t o  

The Pu and the  bred 233U would be s e n t  t o  secure s t o r a g e  and 

I n  t h i s  f u e l  c y c l e ,  on ly  f r e s h  f u e l  i s  f a b r i c a t e d  i n  a con tac t -  

ope ra t ed  and contact-maintained (CO/CM) f a c i l i t y .  

9.8.2 A p p l i c a b i l i t y  t o  Curren t  Fue l  Element Design 

Ava i l ab le  in fo rma t ion  on t h e  f u e l  element des ign  f o r  this r e a c t o r  

c y c l e  i s  given i n  Table  9.34. The des ign  is  similar t o  t h a t  f o r  case 3.1.1 

(Sec t .  9.6) i n  t h a t  a duplex loading  of Tho2 and U02-Zr02-CaO i s  requ i r ed .  

The annular  arrangement of t h e  two f u e l  components, Tho2 on t h e  i n s i d e  and 

(U,Zr,Ca)02 on t h e  o u t s i d e ,  would not  be p r a c t i c a l  f o r  sphere-pac loading ,  
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Table 9.34. Summary of DOE Division of Naval Reactors 
LWBR Fuel Module Parameters, Seed Assembly Portion 

[NASAP Case 3.2.1 - LWBR MEU(5)-Th, Prebreeder Concept 
Based on Type I Modules] 

Reactor Characteristics 
Reactor power 1295 MWe (net) 
Fuel assemblies 109 seedlblanket modules 

Average enrichment 5% net (fresh U is 20% enriched) 
Reload cycle 

12 seed/blanket half modules 

113 of assemblies replacedlyear 

Component Characteristics 
Cladding 
End plugs 

TOP 
Bottom 

Plenum springs 
Grids 
Guide tubes 
End fittings 

Bottom 
TOP 

Fuel Rod Characteristics 
Cladding outside diameter 
Cladding thickness 
Cladding length 
Stack height 

Core 
Axial blanket 

Pellet density 
Smear density 
Pellet diameter 

Annular OD 
Annular ID 
Tho2 core 
Tho2 

Pellet length 
Duplex 
Standard 

Fuel Assembly Characteristics 
Array 
Length 

Number per Mass (kg) per 
Material Fuel Assembly Fuel Assembly 
Zircaloy-4 510 

Zircaloy-4 510 
Zircaloy-4 510 

510 
Zircaloy-4 
Zircaloy-4 109 

10.46 m (0.412 ine) 
0.520 mm (0.0205 in.) 

3.43 m (135 in.) 
Not applic, le 

Hexagonal 
4.49 m (177 in.) 

Weight of structural components 
Heavy metal content 1048.43 kglassembly 

Duplex 
Standard 

Assembly cross section 329 mm (12.96 in.) 
(flat to flat) 
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9.9 NASAP CASE 3.2.2, LWBR HEU(3)-Th BREEDER CONCEPT BASED 
ON LWBR TYPE I MODULES 

The breeder  would be f u e l e d  with a b ina ry  s o l i d  s o l u t i o n  of h igh ly  

e n r i c h e d  u ran ia  and t h o r i a  i n  the  form of p e l l e t s .  The spen t  f u e l  would 

be reprocessed  t o  recover  t h e  233U, which would be r ecyc led  t o  remote f u e l  

f a b r i c a t i o n .  The thorium would be sepa ra t ed  and a l s o  r ecyc led  t o  remote 

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

The prebreeder  ( case  3.2.1) and breeder  concepts  would be based on an 

a r r a y  of hexagonal f u e l  modules, each of which would be geomet r i ca l ly  

i d e n t i c a l  wi th  t h e  Type I modules of t he  Shippingpor t  LWBR c o r e ,  except  

t h a t  t h e  seed l a t t i c e  of t h e  breeder  module would be a l t e r e d  t o  reduce t h e  

Z i r c a l o y  conten t .  The co re  modules would be surrounded by r e f l e c t i n g  

b l anke t  modules. R e a c t i v i t y  would be c o n t r o l l e d  by l i f t i n g  o r  lowering 

movable f u e l  assembl ies .  The prebreeder  and breeder  phases would have the  

same phys ica l  arrangement except  f o r  t he  movable f u e l  assembly. 

I n  t h i s  f u e l  c y c l e  a l l  f u e l  would be h igh ly  enr iched  233U w i th  t h e  

a t t e n d a n t  232U i so tope .  

t h e  232U decay products  would r e q u i r e  a '  remotely opera ted  and remotely 

main ta ined  (RO/EW) f a b r i c a t i o n  p l a n t  f o r  both i n i t i a l  and r e c y c l e  f u e l .  

The h igh  l e v e l  of r a d i o a c t i v i t y  a s s o c i a t e d  wi th  
I 

9.9.2 A p p l i c a b i l i t y  t o  Curren t  Fue l  Element Design 

Ava i l ab le  informat ion  on the  proposed f u e l  element des ign  f o r  t h i s  

r e a c t o r  cyc le  are given i n  Tables  9.35 and 9.36 f o r  both t h e  seed and 

b l a n k e t  po r t ions .  

t h a t  t h e  seed p o r t i o n  would have f u e l  rods  wi th  d i f f e r i n g  uranium and 

thorium con ten t s  i n  t h e  f u e l e d  r eg ions  and wi th  vary ing  l e n g t h s  of f u e l  

and b lanket  material assembly l o c a t i o n s .  

Reference t o  t h e  Shippingpor t  des ign  da ta6  i n d i c a t e s  

Although t h e  des ign  d e t a i l  a v a i l a b l e  i s  i n s u f f i c i e n t  t o  p e r m i t  a com- 

p l e t e  a p p l i c a b i l i t y  a n a l y s i s ,  t h e  gel-sphere-pac process  appears  t o  

be app l i cab le .  



148 

Table 9.35. Summary of DOE Division of Naval Reactors 
LWBR Fuel Module Parameters, Seed Assembly Portion 
[NASAP Case 3.2.2 - LWBR HEU(3)-Th, Breeder Concept 

Based on Type I Modules] 

Reactor Characteristics 
Reactor power 1295 MWe (net) 
Fuel assemblies 109 seedlbianket modules 

Average enrichment 
Reload cycle 

12 seedlblanket half modules 

113 of assemblies replacediyear 

Component Characteristics Material 

Cladding 
End plugs 

TOP 
Bot tom 

Plenum springs 
Grids 
Guide tubes 
End fittings 

B o t  t o m  
TOP 

Zircaloy-4 

Zir caloy-4 
Zircaloy-4 

Zircaloy-4 
Zircaloy-4 

Fuel Rod Characteristics. 
Cladding outside diameter 10.46 mm 
Cladding thickness 0.520 mm 
Cladding length 
Stack height 

Number per Mass (kg) per 
Fuel Assembly Fuel Assembly 

510 

5 10 
510 
510 

109 

(0.412 in.) 
(0.0205 in.) 

Core 
Axial blanket 

Pellet density 
Smear density 
Pellet diameter 

Annular OD 
Annular ID 
ThOz core 
ThOZ 

Pellet length 
Duplex 
Standard 

3.43 m (135 in.) 

Fuel Assembly Characteristics 
Array Hexagonal 
Length 4.49 m (177 in.) 
Weight of structural components 
Heavy metal content 

Duplex 
Standard 

Assembly cross section 329 mm (12 '1  in.) 
(flat to flat) 
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Table 9.36 .  Summary of DOE Division of Naval Reactors 
LWBR Fuel Module Parameters, Blanket Assembly Portion 
[NASAF' Case 3 . 2 . 2  - LWBR HEU(3)-Th Breeder Concept 

Based on Type I Modules] 

Reactor Characteristics 
Reactor power 1295 MWe (net) 
Fuel assemblies 109 seedfblanket modules 

12 seedlblanket half modules 
Average enrichment None - Tho2 
Reload cycle 

Component Characteristis 
Cladding 
End plugs 

TOP 
Bottom 

Plaiiurri springs 
Grids 
Guide tubes 
End fittings 

Bot tom 
TOP 

Material 
Zircaloy-4 

Zircaloy-4 
Zircaloy-4 

Not applicable 
Not applicable 

Number per 
Fuel Assembly 

108 

108 
108 
108 

Not applicable 
Not applicable 

1 
Not applicable 

Mass (kg) per 
Fue 1 Assembly 

Not applicable 
Not applicable 

Fuel Rod Characteristics 
Cladding outside diameter 
Cladding thickness 
Cladding length 
Stack height 

10.92 mm (0.430 in.) 
0.550 mm (0.0215 in.) 

Core 
Axial blanket 

Pellet density 
Smear density 
Pellet diameter 

Annular OD 
Annular ID 
Tho2 core 
Tho2 

Pellet length 
Duplex 
Standard 

Fuel Assembly Characteristics 
Array 
Length 
Weight of structural components 
Heavy metal content 

Duplex 
Standard 

Assembly cross section Not applicable 
(flat to flat) 
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The key considerations f o r  sphex -pac applicability are the cladding 

inside diameter measurements and the .equired fuel smear density. The 

cladding IDS of 9420 pm f o r  the seed and 9820 pm f o r  the blanket in the 

reference designs are suitable for the sphere-pac process. 

If required smear densities f o r  the heavy metal in the seed and 

blanket portions do not exceed the 87% of theoretical density that is 

practical with the sphere-pac process, then the process is applicable to 

both portions. 

9.9.3 Definition of Plant Production Requirements and 
Design CaDacitv 

Plant production requirements cannot be defined until additional 

design details are available for both the seed and blanket portions. In 

addition, cycle details will be needed to show the numbers of seed and 

blanket portions required at equilibrium for each reload. 

9.9.4 Estimates of Surge Storage Requirements, Scrap Production 
Rates, and Processing Rates for Functional Steps 

Estimates cannot be determined until plant has been defined. 

9.9.5 Analysis of Functional. Technology Status, Research and 
Development Requirements, Cost, and Schedule 

The current technology status in terms of the fuel rod loading and 

inspection processes should be essentially that for the reference case 

discussed in Sect. 8 of this report as modified for case 1.4 (Sect. 9 . 1 ) .  

Fuel element assembly and inspection processes would be similar to those 

defined for the reference case. However, the multiple enrichments and 

varying rod loadings per element assembly location combined with possibly 

tighter assembly tolerances could significantly influence the remotely 

operated equipment requirements for both assercbly and inspection. 

A detailed analysis of the rechnology status and research and 

development requirements, costs, and schedules cannot be made without 
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Table 9.37. Research and Development Cost Estimates for Sphere-Pac Fabrication 
[NASAP Case 3.2.2 LWBR HEU(3)-Th High Gain Converter, Spiked Recycle U(3)] 

R&D Categories 
R&D Cost Estimates Years to 

(Millions of Complete 
a Current Status 

1978 $1 

1.0 

2.0 

3.0 

4.0 

5.0 
6.0 

7.0 

8.0 
9.0 
10.0 

11.0 

Program management Not applicable 

Design studies P - cold engineering 
Receiving and storage P - cold engineering 

Fuel production P - hot laboratory 
Fuel rod fabrication P - cold laboratory 

Fuel element assembly N - new concept 
Scrap recovery P - hot engineering 
Waste treatment b 

Plant control systems N - cold prototype 
Maintenance P - cold engineering 
Safeguards and account- P - cold engineering 
ability adaptation' 

Sub to tal 

Special Facilities 

Hot tests 

Cold prototype 

Total 

Range 

10 

30 

4 

30 

55 

35 

10 

b 

6 

10 

8 

198 

15 
25 

23ad 

225-310 

10 

10 

5 

8 

10 

10 

8 

b 
8 

10 

6 

a 

N = needed. 
Status stage with qualitative modifiers; C = complete, P = in progress, and 

bTo be supplied by others. 
e Assumes basic technology as developed under OSS estimate presented is f o r  

dThe estimate does not include costs for fuel qualification tests (about $30 

applications testing, systems integration, and testing. 

million) or the cost of a pilot plant for which no estimate is yet available. 
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additional fuel element design details. However, a prelimi,?ary estimate 

is given in Table 9.37. This estimate should cover both the seed and 

blanket assembly portions. 

9.9.6 Preliminary Cost Estimate for Construction and Operation 
of a Commercial-Scale Plant 

Estimate cannot be made until plant requirements and definition are 

available. 
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9.10 NASAP CASE 3.3.1, LWBR HEU(5) , Th BACKFIT PREBREEDER 

9.10.1 Fue l  Cycle D e s c r i p t i o n  

The b a c k f i t  prebreeder  would use 93%-enriched 235U f u e l  i n  t h e  form 

of b ina ry  s o l i d  s o l u t i o n  U02-Th02 p e l l e t s .  The spen t  f u e l  would be repro- 

c e s s e d  t o  recover  a l l  uranium i s o t o p e s  and would be s t o r e d  f o r  f a b r i c a t i o n  

i n t o  f u e l  f o r  t h e  i n i t i a l  f u e l  requirements  f o r  t h e  seed blanket  breeder .  

The recovered thorium i s  s e n t  t o  ten-year i n t e r i m  s to rage .  

The prebreeder  would c o n s i s t  of a PWR type co re  b a c k f i t  i n t o  a PWR 

CE-80 v e s s e l .  The f u e l  would c o n s i s t  of a b ina ry  s o l i d  s o l u t i o n  of u r a n i a  

and t h o r i a .  R e a c t i v i t y  c o n t r o l  would be achieved by poison c o n t r o l  rods  

and d i s s o l v e d  b o r i c  a c i d  i n  t h e  coo lan t .  Spent f u e l  would be r ep rocessed  

t o  recover  t h e  uranium, which would be r e f a b r i c a t e d  f o r  t h e  i n i t i a l  f u e l  

l o a d i n g s  I n  t h e  seed-blanket breeder .  

I n  t h i s  f u e l  c y c l e ,  on ly  f r e s h  f u e l  i s  f a b r i c a t e d ,  so a con tac t -  

ope ra t ed  and contact-maintained (CO/CM) f a c i l i t y  i s  r equ i r ed .  

9.10.2 A p p l i c a b i l i t y  t o  Cur ren t  Fue l  Element Design 

Ava i l ab le  in fo rma t ion  on t h e  proposed f u e l  element des ign  f o r  t h i s  

r e a c t o r  c y c l e  i s  given i n  Table 9.38. The element i s  e s s e n t i a l l y  t h a t  

u sed  f o r  t h e  r e f e r e n c e  case and case 1.4 (Sect .  9.3). There i s  some 

u n c e r t a i n t y  i n  t h e  f u e l  c o n t e n t ,  which could be a s s o c i a t e d  with a smear 

d e n s i t y  change or o t h e r  f a c t o r s .  

W e  have assumed t h e  element l oad ings  are t h e  same as Case 1.4 f o r  

t h i s  a p p l i c a b i l i t y  a n a l y s i s .  

The key c o n s i d e r a t i o n s  f o r  sphere-pac a p p l i c a b i l i t y  are the  c l add ing  

i n s i d e  diameter measurements and t h e  r e q u i r e d  f u e l  smear dens i ty .  The 

c l a d d i n g  I D  of 8433 pm i n  t h e  r e f e r e n c e  des ign  i s  s u i t a b l e  f o r  t h e  sphere- 

pac process .  I n  a d d i t i o n ,  s i n c e  t h e  des ign  smear d e n s i t y  of 88% i s  

e s s e n t i a l l y  t h a t  achieved with experimental  blended ( t h r e e  p a r t i c l e  s i z e )  

sphere-pac beds,  t h e  p rocess  i s  a p p l i c a b l e .  
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Table 9.38. Summary of DOE Division of Naval Reactors 
LWBR Prebreeder Fuel Assembly Parameters 

[NASAP Case 3.3.1 - LWBR HEU(5) ,  Th Backfit Prebreeder] 

Reactor Characteristics 

Reference reactor C-E System 80 
Reactor power 1300 MWe (net) 
Fuel assemblies/core 241 
Fuel enrichment 
Reload cycle 

93% 235U in U02-Th02 (net fissile - 4.3%) 
%l/ 3 of ass emb 1 ies /year 

Component Characteristics 

Cladding 
End plugs 

TOP 
Bot tom 

Plenum springs 
Guide tubes 

Instrument 
Control element 

Spacer grids 
TOP 
Middle 
Bottom 

End fittings 
TOP 

Bottom 
Insulator pellets 

Materials 

Zircaloy-4 

Zircaloy-4 
Zircaloy-4 
302 SS 

Zircaloy-4 
Zircaloy-4 

Zircaloy-4 
Zircaloy-4 
Alloy 625 

304 SS with alloy 
X-750 hold-dom 
springs 

CF-8 SS 
A1203 

Fuel Rod Characteristics 

Cladding outside diameter 9.70 nnn (0.382 in.) 
Cladding inside diameter 8.43 nun (0.332 in.) 
Fuel rod length 4.11 m (162 in.) 
Fuel column height 3.81 m (150 in.) 
Fuel smear density 
Pellet diameter 8.26 mm (0.325 in.) 
Pellet length 9.91 nnn (0.390 in.) 

Fuel Assembly Characteristics 

Array 16 X 16 square 
Dimensions 

Width 203 mm (7.98 in.) 
Length 4.49 m ('77 in.) 

Mass of structural 169.73 

Heavy metal content %388 kg 
components 

Number per 
Fuel Assembly 

236 

236 
236 
236 

1 
4 

1 
10 
1 

1 

1 
472 

Mass per Fuel 
Assembly, kg 

113.47 

0.80 
1.04 
7.33 

2.10 
8.85 

0.82 
8.62 
1.00 

18.60 

5.63 
1.18 

I 
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9.10.3 Definition of Plant Production Requirements and 
Design Capacity 

For the PWR (235U,Th)02 fuel cycle, the plant design assumptions are 

as follows. 

1.  The fuel design is the Combustion Engineering System 80 16 x 1 6  

rod array fuel assembly. 

2.  The plant production capacity is 520 t HMIyear with the capa- 

bility for simultaneous production of three enrichments. 

3. The plant factor is 260 effective full-production days per year. 

4. Plant design capacity: 

Overall 730 t HM/year 

about 5 fuel assembliesld 
Each line of three 243 t HM/year 

0.67 t HMId 

406 fuel rods/d 

1.7 fuel assemblies/d 
5. Process design capacities are based on the line design capacities 

and the scrap and sample losses defined in Sect. 9.10.4. 

6 .  The facilities are designed to discharge no liquid waste other 

than treated sanitary sewage. 

7. All process buildings and critical auxiliary support are designed 
and constructed in accordance with current United States Nuclear Regulatory 

Commission licensing requirements. Shielding is provided to limit dose 

rates to operating and maintenance personnel to 0.25 millirem/h. 

9.10.4 Estimates of Surge Storage Requirements, Scrap Production 
Rates, and Processing Rates for Functional Steps 

Given the plant design assumptions defined in Sect. 9.10.3, further 

commercial plant characteristics were derived. 

To achieve the annual production rates, an analysis of the plant 
surge storage requirements and normal inventory was made, and the results 

of this analysis are given in Table 9.39. 

Based on current technology and assuming reasonable extrapolations 

for commercial-scale developments, a preliminary estimate was made of the 



Table 9 . 3 9 .  Sphere-Pac Fabr ica t ion  P l a n t  Surge S to rage  Requirements and Normal Inventory 
[NASAP Case 3 . 1  LWBR HEU(5) - Th Backf i t  Prebreeder ]  

Storage 
I n t e r v a l ,  d 

Normal Maximum 

Normal Inventory,  kg HM 

(U , Th) 0 2a 
Mate r i a l  

Tho2 Fines  
Process  S tep  

t . t  ,d s t o r a g e  Dried spheres  
S in te red  spheres  

Dried spheres  
S in te red  spheres  

Dried t o  s i n t e r e d  
spheres 

S in te red  spheres  

S in te red  spheres  

S in te red  spheres  
S in te red  spheres  

S in te red  spheres  

30 
30 

1 
1 

1.2 

60 
60 

2 
2 

2 .4  

50,000 
13,000 

440 
In t e r im  s t o r a g e  1 ,660  

2,000 Furnace 

Pos t  furnace  

In t e r im  s t o r a g e  

Main s t o r a g e  

0.5 1 830 

600 

2,100 

0.36 

1 . 2  
1.5  

0 .72  

2 . 4  
2.9 660 

50 Loading, i n s p e c t i o n  

Loaded, no t  inspec ted  

Rework and s c r a p  

Completed f u e l  rods  

welding 

rods  

0.12 0.24 2 10 

5 8,300 Sin te red  spheres  

S in te red  spheres  

S in te red  spheres  

Rods i n  completed 

i n  rods 

i n  rods 

assemblies  

5 2,070 

2 

5 

5 

5 

410 

8,000 

7 5  

2,000 

Assembly 15 30 24,000 6,000 

93% nominal enrichment ( 2 3 5 ~ ) .  
a 
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d a i l y  mass flows of heavy metal through the  f a b r i c a t i o n  p l a n t  and the  

average  product ion r a t e  of heavy metal  s c rap  m a t e r i a l s  from the  var ious  

f u n c t i o n a l  a c t i v i t i e s .  These a r e  presented  i n  Table  9.40. 

Given t h e  above informat ion ,  a p re l imina ry  e v a l u a t i o n  of the  pro- 

c e s s i n g  rates f o r  each f u n c t i o n a l  s t e p  wi th in  the  main f u e l  f a b r i c a t i o n  

p rocesses  was made. The r e s u l t s  of t h i s  a n a l y s i s  are summarized i n  

Table  9.41. 

9.10.5 Analys is  of Func t iona l  Technology S t a t u s ,  Research and 
Development Requirements,  Cost ,  and Schedule 

The technology s t a t u s  of t h i s  sys t em i s  q u i t e  similar t o  t h a t  of t he  

r e f e r e n c e  case d iscussed  i n  Sect .  8. The c u r r e n t  s t a t u s  and r e s e a r c h  and 

development needs are summarized i n  Table  9.42. The primary d i f f e r e n c e  

between t h i s  denatured 235U-Th f u e l  and the  U-Pu f u e l  i s  the  l e v e l  of 

c u r r e n t  development e f f o r t  on sphere forming, c a l c i n a t i o n ,  and s i n t e r i n g .  

Cur ren t ly  (U,Pu)O2 i s  under i n v e s t i g a t i o n  i n  the  United S t a t e s ,  and the  U- 

U-Th system would need t o  be i n i t i a t e d  a t  t h e  U/Th r a t i o  r e q u i r e d  f o r  t h i s  

f u e l .  However, s i n c e  the  Th/U r a t i o  i s  so high ( 1 9 ) ,  t h i s  composition 

w i l l  behave e s s e n t i a l l y  l i k e  thorium, which has  been e x t e n s i v e l y  i n v e s t i -  

ga ted  i n  t h e  p a s t .  

I n  the  f a b r i c a t i o n  process  development, t h e  f a c t  t h a t  t h i s  f u e l  can 

be processed i n  a CO/CM f a c i l i t y  has  a major impact on the  r e s e a r c h  and 

development requirements .  There would be no need f o r  any hot  engineer ing  

tests o r  a demonstrat ion p l an t .  Automation of the process  would be 

r e q u i r e d  f o r  good commercial a p p l i c a t i o n ,  so t h a t  co ld  pro to type  tests 

would be r equ i r ed  f o r  equipment through f u e l  rod in spec t ion .  No develop- 

ment i s  needed f o r  f u e l  element assembly s i n c e  c u r r e n t  commercial practice 

should be app l i cab le .  It w i l l  be necessary  t o  develop a p p r o p r i a t e  scrap 

recovery  processes  and t o  modify c u r r e n t  commercial waste t rea tment  

practices t o  accommodate the  inc reased  n i t r a t e  wastes and reduced quant i -  

t ies  of f l u o r i d e  wastes i n  t h i s  cyc le .  



T a b l e  9.40.  Heavy Metal Mass Flows a n d  Average  S c r a p  P r o d u c t i o n  f o r  a Sphere-Pac F u e l  F a b r i c a t i o n  P l a n t  
[NASAP Case 3 . 1 . 1  LWBR HEU(5) - Th B a c k f i t  P r e b r e e d e r ]  

Mass Flow, k g  HM/d 

P r o c e s s i n g  S t e p  D a i l y  Throughput  Clean  Scrap' R e j e c t  S c r a p C  

(' 'U,Th)02' Tho2 F i n e s  (235U,Th)02u Tho2 F i n e s  (235U,Th)02a Tho2 F i n e s  

R e c e i v i n g  and  s t o r a g e  1662.3 437. 8d 

Sampling and b a t c h  l o a d i n g  1660.6 1 . 7  

Weighing and  s a m p l i n g  437.4 0 .4  

C a l c i n i n g  and  s i n t e r i n g  1659.8 

Sphere  u p g r a d i n g  1753.1e 

S p h e r e  s a m p l i n g  

S p h e r e  s t o r a g e  

F u e l  rod i d i n g  

F u e l  rcjd s c a n n i n g  

1749.6 

1749.6 437.4 

0 .8  

49 .8  

3 .5  

1749.6 437.4 

1662.1  415.5 8 4 . 0  2 1 . 0  3 .5  0 .9  

Top component i n s e r t i o n  1658.4 414.6 

Rod w e l d i n g  and x r a y  1658.4 414.6 

3 . 3  0.8 0 . 3  0.1 

f f f !% 

Leak d e t e c t i o n  

Rod a s s a y  

1658.4 414.6 f f J" 1' 
1625.3 406 .3  31 .5  7 . 9  1 . 7  0.4 

Fi  n s p e c  t i o n  1608.4 402 .1  1 6 . 3  4 . 1  0.7 0.2 

A s s e m b l ,  i n s p e c t i o n  

Tc -1 

1600 400 8.0 2 . 0  0 . 3  0.1 

1 4 3 . 1  35 .8  6 2 . 3  2 . 1  

__ ~ ~ u 
2000 

93% nominal  e n r i c h m e n t  (235U). 

I n t e r n a l l y  r e c y c l e d .  

U 

5 

' C o l l e c t e d ,  a s s a y e d ,  and e x t e r n a l l y  r e c y c l e d  t o  r e p r o c e s s i n g  p l a n t .  

d I n c l u d e s  35.8 kg of  r e c y c l e d  c l e a n  s c r a p .  

e I n c l u d e s  1 4 3 . 1  k g  of r e c y c l e d  c l e a n  s c r a p .  

fRework i n  t h e s e  s t e p s  is o n l y  of t h e  weld and d o e s  n o t  a f f e c t  s c r a p .  
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Table 9.41. Equipment Requirements for Functional Areas 
[NASAP Case 3.3.1 LWBR HEU(5), Th Backfit Prebreeder] 

Functional Area 
Plant Required Recommendeda 

of 
Number 
of 

Units Units’ 
Unit Production Requirement Number 

(Nominal) 

1.0 

2.0 

3.0 

4.0 

Packaged 

Receiving 
UFg Receiving and Conversion 
Th(N03)Q Receiving and Conversion 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 

Fuel 
2.1 
2.2 
2.3 
2.4 

Fuel 
3.1 
3.2 
3.3 
3.4 
3.5 
3.6 
3 . 7  
3.8 

3.9 

Sampling 
Weighing 
Storage (80 kg HMIcontainer) 
Weighing 
ThOj fines sampling 
Storage (200 kg HM/container) 

production (sphere processing) 
Sampling 
Calcining and sintering 
Microsphere inspection 
Interim storage 

rod fabrication 
Sintered sphere storage 
Sintered fertile storage 
Sphere dispensing 
Sphere-pac loading 
Density inspection 
Axial blanket (pellet) loading 
Cleaning 
Plenum hardware and top end 

Closure welds 
plugging 

3.10 Rod assay 
3.11 Rod inspection 
3.12 Rod rework 

Fuel assembly fabrication 
4.1 Fuel rod storage 
4.2 Fuel assembly fabrication 
4 . 3  Inspection 
4.4 Rework 
fuel assembly storage 

1300 kg/d 
Unlimited 
3880 kgld 
48 containersld 
NA 
48 containers/d 
4800 kgld 
NA 

3840 kgld 
240 kgld 
20 kg/h 
250 kg 

NA 
NA 
35 kglh 
4 rodslh 
6 rodslh 
NA 
24 rods/h 
12 rodslh 

12 rods/h 
70 rodslh 
40 rodslh 
36 rods/d 

NA 
3 assembliesld 
6 assembliesld 
1 assembly/d 

NA 

100 kg/d 
2000 kgld 
1660 kgld 
21 containers/d 
60 d supply 
3 containers/d 
440 kgld 
60 d supply 

1660 kgld 
1660 kgld 
7 5  kg/h 
1750 kg 

2 d supply 
2 d supply 
92 kg/h 
56 rodslh 
56 rods/h 
NA 
53 rodslh 
53 rodslh 

5 3  rodslh 
53 rodslh 
52 rodslh 
63 rodsld 

5 d production 
5 assemblies/d 
5 assembliesld 
0.03 assemblyld 
30 d production 

1 
1 
1 
1 
1 2 4 7  
1 
1 
131 

1 
8 
6 
8 

18 
5 
3 
14 
10 

3 
5 

5 
1 
2 
2 

NA . 

6115 rods 
2 
1 
NR= 

155 

1 
1 
1 
2 
1300 
1 
1 
140 

1, 3 
3, 9 
2. 6 
3, 9 

8, 24 
2 .  6 
1, 3 
6. 18 
4. 12 
NA 
1, 3 
2, 6 

2, 6 

1, 3 

1 
2 

7000 rods 
2 
1 
NR 

160 

‘Recommended unit8 include consideration of spare capacity for operational reliability. 

bNumber of units is for the facility if a single number; otherwise, units per line, total units in facility. 
CNR: not required. Use assembly equipment as available. 
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Table 9.42. Research and Development Cost Estimates for Sphere-Pac Fabrication 
[NASAP Case 3.3.1 LWBR HEU(5), Th Backfit Prebreeder] 

R&D Categories 
R&D Cost Estimates Years to 

Complete 
a Current Status (Millions of 

1978 $>  

1.0 Program management 

2.0 Design studies 

3.0 Receiving and storage 

4.0 Fuel production 

5.0 Fuel rod fabrication 

6.0 Fuel element assembly 

7.0 Scrap recovery 

8.0 Waste treatment 

9.0 Plant control systems 

10.0 Maintenance 

11.0 Safeguards and account- 

Subtotal 

ability adaptation' 

Special Facilities 

Hot tests 

Cold prototype 

Total 

Range 

Not applicable 

N.- cold engineering 

P - cold engineering 

P - cold engineering 

P - cold engineering 

C - commercial 
N - cold engineering ' 

b 

N - cold prototype 

N - cold prototype 

P - cold engineering 

5 

5 

0 

19 

28 

0 

3 

b 

5 

1 
4 

70 

NR 
10 

80d 

75-95 

5 
5 

0 

5 

5 
3 
2 

h 
5 

2 

2 

a 

N = needed. 
Status stage with qualitative modifiers; C = complete, P = in progress, and 

bTo be supplied by others. 
c Assumes basic technology as developed under OSS estimate presented is for 

dThe estimate does not include costs for fuel qualification tests (about $5 

applications testing, systems integration, and testing. 

million). 
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9.10.6 P re l imina ry  Cost Es t imate  f o r  Cons t ruc t ion  and Opera t ion  
of a Commercial-Scale P l a n t  

The c o s t  components t h a t  were e s t ima ted  inc lude  c a p i t a l  c o s t s  f o r  t h e  

f a c i l i t y  and equipment,  f u e l  assembly hardware c o s t s ,  material and supply 

c o s t s ,  and ope ra t ing  cos t s .  1-3 This  estimate does inc lude  t h e  product ion  

of (U,Th)O2 and Tho2 sphe res  as w e l l  as t h e i r  subsequent  process ing .  

F a c i l i t y  c a p i t a l  c o s t  estimates were based on an a n a l y s i s  of t he  

f u n c t i o n a l  f low diagram f o r  t h e  process  t o  i n d i c a t e  space requi rements  f o r  

each f u n c t i o n a l  area and f o r  each suppor t  area. Equipment requirements  

were i d e n t i f i e d ,  and c o s t s  a s s o c i a t e d  wi th  t h e  equipment were es t imated .  

Fue l  assembly hardware requi rements  were based on t h e  r e f e r e n c e  f u e l  

assembly des ign  parameters  i d e n t i f i e d  i n  Table  9.38. E s t i m a t e s  of t h e  

c o s t s  of t h e  hardware i t e m s  were obtained.  Material and supply r equ i r e -  

ments were i d e n t i f i e d  from t h e  sphere-pac process  d e s c r i p t i o n ,  and es t i -  

mates of t h e  c o s t s  of materials and s u p p l i e s  were obtained.  Opera t ing  

c o s t  estimates inc luded  c o n s i d e r a t i o n  of personnel ,  overhead, g e n e r a l  and 

a d m i n i s t r a t i v e  expenses ,  and c o s t s  of u t i l i t i e s .  

The f a c i l i t y  w a s  assumed t o  ope ra t e  as a t o l l  p rocess ing  f a c i l i t y .  

That i s ,  t h e  ope ra to r  f a b r i c a t e s  customer-supplied f u e l  feed  materials 

i n t o  f i n i s h e d  f u e l  a s sembl i e s ,  and thus  c o s t s  of thorium and uranium were 

n o t  inc luded  i n  t h e  cost estimates. 

I 

Unit  c o s t s  f o r  f a b r i c a t i o n  of f u e l  assembl ies  are determined by an 

economic a n a l y s i s  of t h e  b a s i c  c a p i t a l ,  hardware and material, and 

o p e r a t i n g  c o s t  estimates. B a s i c a l l y ,  t h e  economic a n a l y s i s  provides  f o r  

t h e  owner of t h e  f u e l  f a b t i c a t i o n  f a c i l i t y  t o  recover  a l l  c a p i t a l ,  oper- 

a t i n g ,  and f inance  charges  p lus  a r e t u r n  on inves tment ,  i f  a p p r o p r i a t e ,  

over  t h e  l i f e  of t h e  p l a n t .  

I n  order  t o  provide a range of p r i c e s  (i.e., c o s t s  t o  a customer) ,  

economic ana lyses  were based on government f i n a n c i n g ,  f i nanc ing  appro- 

p r i a t e  f o r  a conven t iona l - r i sk  ( t y p i c a l )  i n d u s t r y ,  and f inanc ing  

a p p r o p r i a t e  f o r  a h igh- r i sk  indus t ry .  The e s t ima ted  c o s t s ,  c o s t s  

d e r i v e d  from t h e  economic a n a l y s i s ,  and t h e  un i t  c o s t s  based on t h e  t h r e e  

d i f f e r e n t  f i n a n c i n g  methods are summarized i n  Table  9.43. A s  may be 

observed from t h e  t a b l e ,  t h e  p r i c e  f o r  f a b r i c a t i o n  of (235U,Th)02 f u e l  i s  



Table 9 . 4 3 .  Summary of Costs for Fabrication of  Sphere-Pac PWR Fuel in a 2-t HM/d Facility 
[NASAP Case 3 . 3 . 1  LWBR HEU(5), Th Backfit Prebreeder] 

Estimated Costs, $ million Derived Costs, $ million 

Unit 
cost 
(S/kg) 

Annual Owner's Charge on Annual Annual 
Payment to Hardware Annual cost Direct Capital Equipment 

Materials Construction Construction cost Fund 
Facility Equipment Plus Operating During During Reolacement Decommissioning 

Economic 
Seta 

A 34 39 28 15 22 23 1.9 0.7 110 

B 34 39 28 15 22 33  1.9 0.7 140 

C 34 39 28 16 2 3  33  1.9 0 . 7  170 

'A = Government financing; B = Typical industrial financing; C = High-risk industrial financing. 



1 6  3 

expected t o  be i n  the  range from $110 t o  $170/kg depending on the  

f i n a n c i n g  technique t h a t  i s  employed. The recommended c o s t  f o r  comparison 

w i t h  o t h e r  f u e l  c y c l e s  and methods of f a b r i c a t i o n  is the  t y p i c a l  i n d u s t r y  

p r i c e  of $140!kg. 
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9.11 NASAP CASE 3 . 3 . 2 ,  LWBR H E U c  )-Th/Th SEED BLANKET BREEDER 

9.11.1 Fue l  Cvcle Descr iDtion 

The seed-blanket  breeder  would use a PWR type  v e s s e l  somewhat l a r g e r  

than  p r e s e n t  commercial PWRs. The f u e l  module would c o n s i s t  of seed and 

b l anke t  reg ions .  R e a c t i v i t y  c o n t r o l  would be achieved  by movable t h o r i a  

r o d s  i n  t h e  seed  reg ion .  The seed rods  would c o n s i s t  of s o l i d  s o l u t i o n s  

of U02 and Tho2 i n  p e l l e t  form. The b lanket  would c o n s i s t  of t h o r i a  

p e l l e t s .  

and thorium, which would be r ecyc led  and mixed with makeup h i g h l y  en r i ched  

23% from s to rage .  

The co re  and b lanket  would be reprocessed  t o  recover  the  233U 

I n i t i a l l y ,  t h e  breeder  would be loaded with f u e l  r ecyc led  from the  

prebreeder  (mixed u ran ium-f i s s i l e  f u e l :  

A t  equ i l ib r ium,  t h e  breeder  would be fue l ed  from recyc led  uranium ( a l l  

i s o t o p e s )  d i scharged  from t h e  breeder  p lus  t h e  mixed uranium i s o t o p e  f u e l  

d i scha rged  and s t o r e d  from t h e  prebreeder .  The prebreeder  f u e l  would be 

used t o  f u e l  t h e  i n i t i a l  cyc le  of t h e  breeder  p lus  supply a l l  makeup f u e l  

needed. 

bred 233U and nonf i s s ioned  235U). 

For t h i s  c y c l e ,  on ly  f u e l  c o n t a i n i n g  233U would be f a b r i c a t e d .  The 

decay p roduc t s  of t he  232U i s o t o p e  a s s o c i a t e d  wi th  the  233U provide  a h igh  

l e v e l  of r a d i o a c t i v i t y .  Consequently,  a remotely opera ted  and remote ly  

main ta ined  (RO/RM) f a c i l i t y  would be r equ i r ed .  This  would be r e q u i r e d  

whether or  no t  t h e  thorium i s  recyc led  wi th  the  uranium. 

9.11.2 A p p l i c a b i l i t y  t o  Curren t  Fue l  Element Design 

A v a i l a b l e  des ign  informat ion  on t h e  f u e l  element p o r t i o n s  i s  given i n  

Tab les  9.44 and 9.45 f o r  t h e  seed and b l anke t  p o r t i o n s ,  r e s p e c t i v e l y .  

Although t h e r e  i s  i n s u f f i c i e n t  i n fo rma t ion  t o  permit  a complete a p p l i -  

c a b i l i t y  a n a l y s i s ,  the a v a i l a b l e  informat ion  sugges t s  t he  gel-sphere-pac 

p rocess  w i l l  be a p p l i c a b l e .  

The key c o n s i d e r a t i o n s  f o r  sphere-pac a p p l i c a b i l i t y  are t h e  c ladding  

i n s i d e  diameter  measurements and t h e  r e q u i r e d  f u e l  smear dens i ty .  The 

c l add ing  I D  of 9780 pm i n  t h e  seed  assembly r e f e r e n c e  des ign  is s u i t a b l e  
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Table 9.44. Summary of DOE Division of Naval Reactors 
LWBR Seed Blanket Module Parameters, Seed Assembly Portion 
[NASAP Case 3.3.2 - LWBR HEU(3)-Th/Th Seed Blanket Breeder] 

Reactor Characteristics 
Reactor power 1000 W e  (net) 
Number of assemblies/core 169 
Fuel enrichment 
Enrichment zones 
Reload cycle 

Component Characteristics 

Cladding 
End plugs 

TOP 
Bottom 

Plenum springs 
Support shells 
Base plates 

TOP 
Bottom 

Cover plate assemblies 
TOP 
Bottom 

Support grids 

1 

Fuel Rod Characteristics 

Cladding outside diameter 
Cladding inside diameter 
Rod length 
Cladding length 
Fuel smear density 
Pellet diameter 
Pellet length 
Fuel height 

Core 
Axial blanket 

Number per Mass (kg) per 
Material Fuel Assembly Fuel 'Assembly 

Zircaloy-4 

Zircaloy-4 
Zircaloy-4 

1 

1 
1 

Zircaloy-4 

Fuel Assembly Characteristics 

11.18 mm (0.440 in.) 
9.78 mm (0.385 in.) 

3.66 m (144 in.) 

Array 
Dimensions 

Length 
Distance across flats 

Weight of structural components 
Heavy metal content 

Hexagonal 

5.13 m (202 in.) 
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Table 9.45. Summary of  DOE Division of Naval Reactors 
LLJBR Seed Blanket Module Parameters, Blanket Assembly Portion 
[NASAF Case 3 . 3 . 2  - LWBR HEU(3)-Th/Th Seed Blanket Breeder] 

Reactor Characteristics 

Reactor power 1000 MWe (net) 
Number of assemblies/core 169 
Enrichment None (ThOZ) 
Reload cycle 

Number per Mass (kg) per 
Component Characteristics Material Fuel Assembly Fuel Assembly 

Cladding Zircaloy-4 
End plugs 

TOP Zircaloy-4 
Bottom Zircaloy-4 

Plenum springs 
Plenum sleeves 
Grids Zircaloy-4 
Guide tube 
Base plate assemblies 

TOP 
Bottom 

Blanket Rod Characteristics 

Cladding outside diameter 
Cladding inside diameter 
Cladding length 
Rod length 
Fuel smear density 
Pellet diameter 
Pellet length 
Fuel column height 

Blanket Assembly Characteristics 

1 

1 
1 

Array Hexagonal 
Dimensions 

Distance across outside flats 
Distance across inside flats 
Length 

Weight of structural components 
Heavy metal content 
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for the sphere-pac process. We have no information on the required 

cladding dimensions for the blanket portion of the assembly but have 

assumed it will be similar to the seed portion. 

The other unknown is the proposed smear density for the fuel 

materials in either portion. However, if an acceptable smear density for 

both portions will not exceed 87% of theoretical density, the density 

achievable with the three-particle-size gel-sphere-pac process, the 

sphere-pac process would appear to be applicable to both portions of this 

assembly. 

9.11.3 Definition of Plant Production Requirements and 
Design Capacity 

Definition of the plant production requirements cannot be done until 

additional fuel element design information and the fuel cycle flows for 

both portions of the element are known. 

9.11.4 Estimates of Surge Storage Requirements, Scrap Production 
Rates, and Processing Rates for Functional Steps 

Estimates cannot be determined until the plant requirements (Sect. 

9.11.3) have been defined. 

9.11.5 Analysis of Functional Technology Status, Research and 
Development Requirements, Cost, and Schedule 

The current technology status through the areas of fuel rod fabrica- 

tion should be essentially that for the reference case discussed in 

Sect. 8 of this report. Fuel element assembly processes would be similar 

to those for the )reference case but, assuming this seed blanket array is 

like the Shippingport design, would be complicated by the two-portion 

(seed and blanket) requirement and indicated variations in fuel rod 

contents with position in the assembly. 

A detailed analysis of the technology status and research and devel- 

opment requirements cannot be made until fuel element design details are 
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available. However a preliminary estimate of the status, research and 

development costs, and time requirements was made on the available infor- 

mation. This is given in Table 9.46. 

9.11.6 Preliminary Cost Estimate for Construction and Operation 
of a Commercial-Scale Plant 

An estimate cannot be made until the plant requirements (Sect. 

9.11.3) are defined. 
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Tab le  9.46. Research  and Development Cost E s t i m a t e s  f o r  Sphere-Pac F a b r i c a t i o n  
[NASAP Case 3 .3 .2  LWBR HEU(3), Th/Th Seed B lanke t  Breede r ]  

R&D Cost Estimates Years t o  

Complete ( M i l l i o n s  of a R&D C a t e g o r i e s  Cur ren t  S t a t u s  
1978 $) 

1 . 0  Program management 

2.0 Des ign  s t u d i e s  

3.0 Rece 

4.0 F u e l  

5.0 F u e l  

6.0 F u e l  

7.0 S c r a  

v i n g  and s t o r a g e  

p r o d u c t i o n  

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

e lement  assembly 

r ecove ry  

8.0 Waste t r e a t m e n t  

9.0 P l a n t  c o n t r o l  sys tems 

10 .0  Maintenance 

11 .0  Sa fegua rds  and account -  

S u b t o t a l  

a b i l i t y  adap ta t ion '  

S p e c i a l  F a c i l i t i e s  

Hot tests 

Cold p r o t o t y p e  

T o t a l  

Range 

Not a p p l i c a b l e  

P - c o l d  e n g i n e e r i n g  

P - c o l d  e n g i n e e r i n g  

P - ho t  l a b o r a t o r y  

P - c o l d  l a b o r a t o r y  

N - new concept  

P - h o t  e n g i n e e r i n g  

b 

N - c o l d  p r o t o t y p e  

P - c o l d  e n g i n e e r i n g  

P - c o l d  e n g i n e e r i n g  

10 

30 

4 

30 

55 

37 

10 

b 
6 

10 

8 

200 

15 

25 

240d 

230-310 

10 

10 

5 

8 

10 

10 

8 

b 

8 

10 

6 

a 

N = needed. 
S t a t u s  s t a g e  w i t h  q u a l i t a t i v e  m o d i f i e r s ;  C = comple te ,  P = i n  p r o g r e s s ,  and 

bTo b e  s u p p l i e d  by o t h e r s .  
c Assumes b a s i c  t echno logy  as developed under OSS estimate p r e s e n t e d  i s  f o r  

dThe estimate does  n o t  i n c l u d e  c o s t s  f o r  f u e l  q u a l i f i c a t i o n  t e s t s  ( abou t  $30 

a p p l i c a t i o n s  t e s t i n g ,  sys tems i n t e g r a t i o n ,  and t e s t i n g .  

m i l l i o n )  o r  t h e  c o s t  of a p i l o t  p l a n t  f o r  which no estimate is  y e t  a v a i l a b l e .  
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9.12 NAS ;ASE 5 GCFR U(5)-Pu/Th RECYCLE 

c r  i p  t i o n  9.12.1 Fue l  Cyclt  . -  

T h i s  r e a c t o r - f u e l  combinat ion i s  a gas-cooled f a s t  r e a c t o r  us ing  a 

uranium-plutonium mixed-oxide homogeneous co re  and thorium oxide b l anke t s .  

The co re  i s  coprocessed t o  recover  plutonium mixed wi th  uranium, which i s  

blended wi th  makeup Pu-U, 20% f i s s i l e ,  from a s a f e  s e c u r e  s t o r a g e  f a c i l i t y  

and wi th  d e p l e t e d  uranium t o  a t t a i n  t h e  d e s i r e d  14.0% f i s s i l e  a s say  and 

q u a n t i t y  f o r  f eed  t o  t h e  f u e l  f a b r i c a t i o n  ope ra t ions .  The co re  assembl ies  

are p r e i r r a d i a t e d  f o r  s p i k i n g  be fo re  shipment t o  t h e  r e a c t o r .  Depleted 

uranium is  mixed wi th  t h e  recovered  233U from b lanke t  r e p r o c e s s i n g  t o  

produce 12%-f i s s i l e - a s s a y  denatured  233U f o r  s t o r a g e  o r  sale. 

r ecove red  from b lanke t  r e p r o c e s s i n g  i s  s e n t  t o  s t o r a g e  f o r  a decay pe r iod  

of a t  least  t e n  years .  New o r  decayed thorium i s  f a b r i c a t e d  i n t o  b l anke t  

e lements  . 
. I n  t h i s  c y c l e  on ly  r ecyc led  co re  f u e l  e lement  f a b r i c a t i o n  i s  con- 

s i d e r e d .  The r e p r o c e s s i n g  p l a n t  provides  t h e  aarse and medium s i z e s  of 

s p h e r i c a l  p a r t i c l e s  c o n t a i n i n g  an a p p r o p r i a t e  amount of plutonium and 

uranium, as w e l l  as t h e  U02 f i n e  p a r t i c l e s .  

be  s i n t e r e d  and ready  f o r  use i n  t h e  f u e l  rod load ing  s t e p .  A l t e r n a t i v e l y ,  

t h e s e  U02 f i n e s  could  be produced i n  a process  suppor t  area of t h i s  re fab-  

r i c a t i o n  p l a n t  from d e p l e t e d  o r  n a t u r a l  uranium feed  wi thout  s i g n i f i c a n t l y  

a f f e c t i n g  f a c i l i t y  and equipment requi rements  s i n c e  they  r e p r e s e n t  on ly  

about  10% of the t o t a l  heavy metal i n  an  element and could  be manufactured 

i n  con tac t -ope ra t ed  and contac t -main ta ined  (CO/CM) equipment. The 

Tho2 p e l l e t s  i n  t h e  axial  b l anke t  r e g i o n s  of each f u e l  rod are assumed t o  

be a v a i l a b l e  from an  a d j a c e n t  CO/CM p l a n t  producing t h e  r a d i a l  b l a n k e t  

f u e l  a s sembl i e s  f o r  t h i s  r e a c t o r .  The extended burnup on r e c y c l e  of t h e  

c o r e  plutonium and t h e  presence  of t h e  thorium w i l l  cause  t h i s  material t o  

have s i g n i f i c a n t  r a d i o a c t i v i t y ,  s o  a remote ly  ope ra t ed  and con tac t -  

main ta ined  (RO/CM) f a c i l i t y  i s  r equ i r ed .  - 

The thorium 

The U02 f i n e s  are assumed t o  

9.12.2 A p p l i c a b i l i t y  t o  Cur ren t  Fue l  Element Design 

The f u e l  element des ign  chosen €or  t h i s  case is g iven  i n  Table  9.47. 
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Table 9.47. Summary of General Atomic Company GCFR Fuel Assembly Parameters 
[NASAF Case 5.1, GCFR U(5)-Pu/Th Recycle] 

Reactor Parameters 
Reactor power 1200 MWe (net) 
Fuel assemblies 222 
Control assemblies 31 
Radial blanket assemblies 198 
Reload cycle %1/3 of assemblies/year 
Average enrichment %13.2% 

Component Characteristics 

Fuel rod components 
Cladding 
End plugs 

TOP 
Bottom 

Hold-down spring 
Trap bed retaining spring 

Fissioq product rod trap 

Inlet nozzle 
Grid manifold 
Exit nozzle 
Flow duct 
Annular trap 
Annular shield assembly 
Shielding material 
Hanger rods 
Spacer grids 
Retainer grid 
Orifice plate 
Thermocouple tubefassembly 

Number per Mass (kg) per 
Material Fuel Assembly Fuel Assembly 

316 SS 

316 SS 
316 SS 

Charcoal 
(1 Mg/m2) 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
316 SS 
BkC(1.6 Mg/rn3) 
316 SS 

324 

324 
324 
324 
324 
324 

1 
1 
1 
1 
1 
1 

6 
14 
1 
1 
1 

Rod Characteristics 

Cladding outside diameter 8.00 mm (0.315 in.) 
Cladding inside diameter .7.14 mm (0.281 in.) 
Cladding length 2.70 m (106 in.) 
Plenum length 175 mm (6.89 in.) 
Core fuel height 1.27 m (50.0 in.) 
Axial blanket height 

Upper 600 mm (23.6 in.) 
Lower 600 mm (23.6 in.) 

Pellet density 
Smear density 
Pellet diameter 
Pellet length 

85.84% TD (core) 90.0% TD (AB) 
7.00 mm (0.276 in.) 

Fuel Assembly Characteristics 

Array Hexagonal 
Assembly length 4.36 m (171 in.) 
Duct outside flat-to-flat 214 mm (8 .45 in.) 
Duct wall thickness 
Weight of structural components 
Heavy metal content as metal 

3.49 mm (0.138 in.) 
285.8 kg 

(not including oxygen as oxide’) 
Core 137.7 kg 
Axial blanket 123.0 kg 

100.440 

1.200 

42.530 
1.620 
31.130 
55.964 
4.723 
22.690 
12.744 
5.718 
3.640 
0.753 
2.012 
0.600 
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The key c o n s i d e r a t i o n s  f o r  sphere-pac a p p l i c a b i l i t y  are t h e  c l add ing  

i n s i d e  diameter  measuI-inents and t h e  r e q u i r e d  f u e l  smear dens i ty .  The 

c l a d d i n g  I D  of 7140 Pm i n  t h e  r e f e r e n c e  des ign  is  s u i t a b l e  f o r  t h e  sphere-  

pac process .  The t h r e e - p a r t i c l e  sphere-pac maximum load ing  d e n s i t y  of 

approximate ly  87% i s  w e l l  above t h e  des ign  smear d e n s i t y  of 85.4%. Thus, 

t h e  gel-sphere-pac op t ion  i s  judged t o  be a p p l i c a b l e  t o  t h i s  case. 

9.12.3 D e f i n i t i o n  of P l a n t  P roduc t i cn  Requirements and 
Design Capac i ty  

For t h i s  GCFR f u e l  c y c l e  of (U,i.u)02 c o r e  material wi th  Tho2 a x i a l  

b l a n k e t s ,  t h e  p l a n t  des ign  assumptions are as fo l lows .  

1. The f u e l  des ign  i s  t h e  General  Atomic lnpany 1200-MWe GCFR 

des ign .  

2. The p l a n t  product ion  c a p a c i t y  i s  480 t HM/year wi th  t h e  capa- 

b i l i t y  f o r  s imul taneous  product ion  of t h r e e  enrichments .  

3. The p l a n t  f a c t o r  is 240 e f f e c t i v e  fu l l -p roduc t ion  days per year .  

4. P l a n t  des ign  c a p a c i t y :  

O v e r a l l  730 t HM/year 

about  8 f u e l  a s sembl i e s /d  

Each l i n e  of t h r e e  243 t HM/year 

0.67 t HMId 

829 f u e l  r o d s l d  

f u e l  a s sembl i e s ld  

5. Process  d e s i g n  c a p a c i t i e s  are based on the  l i n e  des ign  c a p a c i t i e s  

and t h e  s c r a p  and sample l o s s e s  de f ined  i n  Sec t .  9.12.4. 

6. The f a c i l i t i e s  are des igned  t o  d i scha rge  no l i q u i d  waste o t h e r  

t h a n  t r e a t e d  s a n i t a r y  sewage. 

7. All process  b u i l d i n g s  and c r i t i ca l  a u x i l i a r y  suppor t  are des igned  

and c o n s t r u c t e d  i n  accordance wi th  c u r r e n t  United States Nuclear Regula tory  

Commission l i c e n s i n g  requi rements .  S h i e l d i n g  is  provided t o  l i m i t  dose 

rates t o  o p e r a t i n g  and maintenance personnel  t o  0.25 m i l l i r e m l h .  

I n  a d d i t i o n  t o  t h e s e  b a s i c  assumpt ions ,  w e  assumed t h a t  product ion  

from each f u e l  rod  l i n e  i s  campaigned t o  provide  a f u l l  r e l o a d  segment f o r  

a s i n g l e  1200-MWe ( n e t )  GCFR. Thus, t h e  t o t a l  heavy metal output  f o r  a 
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given campaign is 19.3 t, and each campaign requires approximately 29 

effective full-production days ( 4 4  calendar days). The total facility can 

support approximately 25 such reactors. 

9.12.4 Estimates of Surge Storage Reauirements. ScraD Production 
Rates, and Processing Rates for Functional Steps 

Given the plant design assumptions defined in Sect. 9.12.3,  further 

commercial plant characteristics were derived. 

To achieve the annual production rates, an analysis of the plant 

surge storage requirements and normal inventory was made, and the results 

of this analysis are given in Table 9.48. 

Based on current technology and assuming reasonable extrapolations 

for commercial-scale developments, a preliminary estimate was made of the 

daily mass flows of heavy metal through the fabrication plant and the 

average production rate of heavy metal scrap materials from the various 

functional activities. These are presented in Table 9.49. 

Given the above information, a preliminary evaluation of the pro- 

cessing rates for each functional step within the main fuel fabrication 
processes was made. The results of this analysis are summarized in 

Table 9.50. 

9.12.5 Analysis of Functional Technology Status, Research and 
Development Requirements, Cost, and Schedule 

The technology status of this system is quite similar to that of the 

reference case. The current status and research and development needs are 

summarized in Table 9.51. 

While the general fabrication process descriptions are the same as 
those given for the reference gel-sphere-pac fuel fabrication, the design 

of the GCFR fuel assembly is considerably different. These differences in 

design result in modifications to the details for accomplishing the 

various functional activities and to the facility design details. These 

differences are discussed here as they apply specifically to case 5 . 1 .  



Table 9.48. Sphere-Pac Fabricat ion Plant  Surge Storage Requirements and Normal Inventory 
[NASAP Case 5.1, GCFR U(S)-Pu/Th Recycle] 

Process s t e p  
Storage Normal Inventory,  kg HM 

I n t e r v a l ,  d 

Normal Maximum 

Mater ia l  
(Pu,U)O2 U02 Fines Tho2 Pel le t s  

Feed s torage  Dried spheres 30 60 26,000 
Sintered spheres 30 60 6900 
Sintered p e l l e t s  30 60 12,900 

In te r im s torage  Dried spheres 1 2 
Sintered spheres 1 2 
Sintered p e l l e t s  1 2 

Furnace Dried t o  s i n t e r e d  1 . 2  2.4 1,050 
spheres 

880 
230 

430 

Post furnace Sintered spheres 0.5 1 440 

In te r im s torage  Sintered spheres 0.36 0.72 320 

Main s torage  Sintered spheres 1 . 2  2.4 1,110 
Sintered spheres 1 .5  2.9 350 
Sintered p e l l e t s  1 .5  2.9 740 

Loading, inspect ion,  Sintered spheres 0.12 0.24 110 30 60 
welding and p e l l e t s  

Loaded, not  inspected Sintered spheres 5 5 4,620 1160 2,580 
rods i n  rods 

Rework and scrap  Sintered spheres 2 5 220 40 130 
and p e l l e t s  

Completed f u e l  rods Sintered spheres 5 5 4,250 1060 4,740 
and p e l l e t s  
i n  rods 

Assembly Rods i n  completed 15 30 12,700 3170 14,200 
assemblies 



Table  9.49. Heavy Metal Mass Flows and Average Scrap Product ion  f o r  a Sphere-Pac Fuel F a b r i c a t i o n  P lan t  
[NASAP Case 5.1, U(5) - Pu/Th Recycle]  

Mass Flow, kg HM/d 

Dai ly  Throughput Clean Scrap’ Re jec t  Scrap”  
~ _ _ _ _ _ _ _ _ _  -. - 

Process ing  S t e p  

UOp Axial Blanket  U02 Axia l  Blanket U02 Axia l  Blanket 
(Pu’U)02a Fines  T h O p  P e l l e t s  ( p u ~ u ) o z a  F ines  ThOp P e l l e t s  (pu ’u )02  F i n e s  ThO? P e l l e t s  

Rece iv ing  and s t o r a g e  

Sampling and ba tch  load ing  

Weighing and sampling 

Ca lc in ing  and s i n t e r i n g  

Sphere upgrading 

Sphere sampling 

I n t e r i m  s t o r a g e  

Fue l  rod  load ing  

Fuel  rod  scanning  

Top component i n s e r t i o n  

Rod weld ing  and x r a y  

Leak d e t e c t i o n  

Rod a s say  

F i n a l  rod  i n s p e c t i o n  

Assembly i n s p e c t i o n  

T o t a l  

877.7 

876.8 

876.4 

925.7f 

923.8 

923.8 

923.8 

877.7 

875.8 

875.8 

875.8 

858.2 

849.3 

844.9 

231. Zd 

231.0 

231.0 

231.0 

219.4 

218.9 

218.9 

218.9 

214.6 

212.3 

947.6 

946. 7e 

516.1 

516 .1  

980. 5g 

978.4 

978.4 

978.4 

958.8 

948.0 

0 .9  

0.4 

26.3 

1 . 9  

44.3 11.1 24.8 1 . 8  

1 . 8  0.4 2.0 0 .2  

h h h il 

h h h 11 

16.6 4.2 18 .6  0 .9  

8.6 2 .1  9 .6  0 . 3  

211.2 943.9 ___ 4.2 1.1 __ 4 . 7  __ 0.2  

75.6 18.9 59.1 32.9 
- 

2000 

11.38, 12 .37 ,  15.01, and 17.17% fissile plutonium c o n t e n t  f o r  Zones 1, 2 ,  3 ,  and 4 ,  r e s p e c t i v e l y .  U 

b I n t e r n a l l y  r ecyc led .  

‘Collected,  assayed ,  and e x t e r n a l l y  r ecyc led  t o  r e p r o c e s s i n g  p l a n t .  

d Inc ludes  18.9 kg of r ecyc led  c l e a n  s c r a p .  

e430.6 kg r e se rved  f o r  upper ax i a l  b l anke t  l oad ing  ( a f t e r  f u e l  rod  scann ing) .  

f I n c l u d e s  75.6 kg  of r ecyc led  c l e a n  s c r a p .  

g Inc ludes  59.7 kg of r ecyc led  c l e a n  s c r a p  p l u s  430.6 kg of f r e s h  material f o r  upper a x i a l  b l anke t  l oad ing .  

%ework i n  t h e s e  s t e p s  i s  on ly  of t h e  weld and does  no t  a f f e c t  s c r a p .  

0 .2  

0.5 

0.04 

il 

11 

0.2 

0 .1  

0 .1  

1.1 

.- 

__._ . 

0 . 9  

1 .0 

0.2 
,1 

1 .0  

0 . 4 
0 . 2 
3 . 7  

~- 
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Table 9.50. Equipment Requirements for Functional Areas 
[NASAP Case 5.1, GCFR U(5)-Pu/Th Recycle] 

Functional Area 

Required Recommendedu 
Number 

(Nominal) Units Unitsb 

Plant Design Number 
of of Unit Production Requirement 

1.0 Receiving 
(PU,U)O~ (10 containers/carrier) 
UOz fines 
ThoZ Axial blanket pellets 
1.1 Sampling 

1.2 Weighing 
1.3 Storage (80 kg HM/container) 
1.4 Weighing 
1.5 UOp fines sampling 
1.6 Storage (200 kg HM/container) 
1.7 Thoz Axial blanket pellet 

1.8 Storage (20 kg HMlcontainer) 

2.1 Sampling 
2.2 Calcining and sintering 
2.3 Microsphere inspection 
2.4 Interim storage 

3.0 Fuel rod fabrication 
3.1 Sintered sphere storage 
3.2 Sintered fertile storage 
3.3 Sintered pellet storage 
3 . 4  Sphere dispensing 
3.5 Sphere-pac loading 
3.6 Density inspection 
3.7 Axial blanket (pellet) loading 
3.8 Cleaning 
3 . 9  Plenum hardware and top end 

3.10 Closure welds 
3.11 Rod assay 
3.12 Rod inspection 
3.13 Rod rework 

4.0 Fuel assembly fabrication 
4.1 Fuel rod storage 
4.2 Fuel assembly fabrication 
4.3 Inspection 
4.4 Rework 

Packaged fuel assembly storage 

sampling 

2.0 Fuel production (sphere processing) 

Plugging 

1600 kg/d 
Unlimited 
Unlimited 
N A ~ ;  done at reprocessing 

plant 
48 containersld 
NA 
48 containersld 
4800 kg/d 
NA 
4800 kg/d 

NA 

3840 kg/d 
240 kg/d 
20 kg/h 
250 kg 

NA 
NA 
NA 
35 kg/h 
4 rods/h 
10 rods/h 
12 rods/h 
24 rodslh 
12 rods/h 

12 rods/h 
100 rods/h 
40 rods/h 
36 rods/d 

NA 
1.5 assemblie?/d 
3 assemblies/d 
1 assemblyld 

NA 

930 kg/d 
230  kg/d 
950 kg/d 

11 containers/d 
60 d supply 
2 containers/d 
230 kgld 
60 d supply 
520 kg/d 

60 d supply 

880 kg/d 
880 kg/d 
39 kg/h 
925 kg 

2 d supply 
2 d supply 
2 d supply 
48 kg/h 
113 rods/h 
113 rods/h 
107 rodslti 
107 rods/h 
107 rods/h 

107 rods/h 
107 rodslh 
104 rods/h 
130 rods/d 

5 d production 
8 assembliesld 
8 assembliesld 
0.02 assembly/d 

30 d Droduction 

1 
1 
1 

1 
693 
1 
1 
69 
1 

387 

2 3  
3 
39 
2 
29 
12 
9 
5 
9 

9 
2 
3 
4 

12,490 rods 
6 
3 
N R ~  
2 30 

1 

J 

2 
700 
1 
1 
70 
1 

390 

8,' 2 4  
1, 3 
13, 29 
1, 3 
10, 30 
4, 12 
3 ,  9 
2 ,  6 
3, 9 

3, 9 
2 
3 
2 ,  6 

13,000 rods 
6 
3 
NR 

230 
~ 

'Recommended units include consideration of spare capacity for operational reliability. 

bNumber of units is for the facility if a single number; otherwise, units per line, total units in facility. 
CNA: not applicable. 

%R: not required. Use assembly equipment as available. 
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Table 9.51. Research and Development Cost Estimates for Sphere-Pac Fabrication 
[NASAP Case 5.1, GCFR U(5)-Pu/Th Recycle] 

R&D Categories 
R&D Cost Estimates Years to 

Comp 1 e t e (Millions of a Current Status 
1978 $) 

1.0 Program management Not applicable 10 10 
2.0 Design studies N - cold engineering 25 10 
3 .0  Receiving and storage P - cold engineering 4 5 
4.0 Fuel production P -hot engineering 30 8 

6.0 Fuel element assembly N - cold engineering 50 10 

7.0 Scrap recovery N - hot laboratory 7 5 

5.0 Fuel rod fabrication P - cold laboratory 50 8 

8.0 Waste treatment b b b 
9.0 Plant control systems N - cold prototype 5 8 

10.0 Maintenance P - cold engineering 10 10 
. 11.0 Safeguards and account- N -hot laboratory 6 6 

Sub total 1 9  7 
ability adaptationC 

Special Facilities 

Hot tests 

Cold prototype 

Total 

Range 

10 
25 

232d 

220-300 

%tatus stage with qualitative modifiers; C = complete, P = in progress, and 

bTo be supplied by others. 

N = needed. 

c Assumes basic technology as developed under OSS estimate presented is for 

dThe estirrate does not include costs f o r  fuel qualification tests (about $20 

applications testing, systems integration, and testing. 

million) or the capital costs of a pilot plant estimated at $160 million. 



178 

A gel-sphere-pac gene r i c  f u n c t i o n a l  flow diagram is  shown i n  F ig .  3.1 

,f  Sect. 3.1.1 of t h i s  r e p o r t .  The main f u n c t i o n s  unique :o t he  gel-  

sphere-pac process  are f u e l  product ion  (2.0) and f u e l  rod f a b r i c a t i o n  

(3.0). Br ie f  process  d e s c r i p t i o n s  of t he  va r ious  f u n c t i o n a l  s t e p s  are 

g iven  b e l  ow. 

Rece iv ing  and Storage .  This  f u n c t i o n a l  area is  similar t o  the 

r e f e r e n c e  case wi th  t h e  fo l lowing  except ion .  Thoria  axial  b lanket  pellets 

must be r ece ived  from an ad jacen t  b lanket  assembly f a b r i c a t i o n  f a c i l i t y  

and in spec ted  be fo re  acceptance.  The material may be handled i n  a con tac t  

area but must be s t o r e d  i n  a s h i e l d e d  v a u l t  because of t he  r a d i o a c t i v i t y  

a s s o c i a t e d  wi th  the  thorium. 

Fuel  Product ion.  The f u e l  product ion  processes  are e s s e n t i a l l y  t h e  

same as those  desc r ibed  f o r  t he  r e f e r e n c e  case inc lud ing  c a l c i n a t i o n ,  s in -  

t e r i n g ,  and in spec t ion .  However, s i n c e  the  axial  b lanket  material (Tho2 

p e l l e t s )  makes up approximately 47% of t h e  t o t a l  heavy metal con ten t  i n  a 

c o r e  f u e l  assembly, t h e  q u a n t i t y  of material processed i s  s i g n i f i c a n t l y  

less. The Tho2 b lanke t  p e l l e t s  are manufactured i n  an ad jacen t  con tac t -  

ope ra t ed  and contact-maintained (CO/CM) f a c i l i t y .  

Fue l  Rod F a b r i c a t i o n .  While most of t h e  f u e l  rod f a b r i c a t i o n  pro- 

cesses are similar t o  t h e  r e f e r e n c e  case a d d i t i o n a l  s t e p s  are r e q u i r e d  t o  

i n c o r p o r a t e  the  a x i a l  b lanket  material and the  i n t e r n a l  gas t r a p s .  The 

lower axial  b lanket  s e c t i o n  i s  loaded i n t o  the  f u e l  c ladding  be fo re  i t  is  

in t roduced  i n t o  t h e  cell .  A f t e r  t h e  (Pu,U)Oz sphere-pac co re  r eg ion  is 

loaded i n t o  each rod and in spec ted  f o r  d e n s i t y  the  upper a x i a l  b lanket  

s e c t i o n  i s  loaded. Although not  s i g n i f i c a n t l y  d i f f e r e n t  i n  process  func- 

t i o n s ,  t h e  need t o  i n s t a l l  t he  i n t e r n a l  f i s s i o n  product  rod t r a p ,  con- 

t a i n i n g  c h a r c o a l ,  somewhat compl ica tes  t h e  plenum component i n s e r t i o n  s t e p  

i n  the f u e l  rod loading.  Af t e r  t he  top  end plug is welded i n  p l a c e ,  t h e  

i n s p e c t i o n  p rocesses  are reduced because t h e  vented rod des ign  prec ludes  

t h e  need f o r  a hel ium l e a k  check of the rods.  Decontamination of t he  

e x t e r n a l  s u r f a c e s  of t he  rods ,  i f  r e q u i r e d ,  w i l l  n e c e s s i t a t e  a modif ied 

p rocess  t o  prevent  decontaminat ing s o l u t i o n s  from e n t e r i n g  the  f u e l  rods  

through t h e  vent  ho le  i n  t h e  top ’end  cap. 

Fue l  Assembly Operat ions.  The f u e l  element assembly ope ra t ions  f o r  

t h i s  GCFR are unique. I n  many ways t h e  assembly s imula t e s  a p r e s s u r i z e d  
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water r e a c t o r  des ign  i n  t h a t  t h e  rods are supported and spaced by spacer  

g r i d s .  However, assembly i s  complicated by the  inc reased  number of these 

g r i d s  and the  need t o  secu re  the  threaded top  end cap of each f u e l  rod 

i n t o  the  g r i d  manifold. A f t e r  assembly and i n s p e c t i o n  of t h e  rod-grid 

a r r a y ,  a flow duct  must be i n s t a l l e d  around t h e  package. These assembly 

o p e r a t i o n s  w i l l  r e q u i r e  development of s p e c i a l  procedures  and mechanical 

equipment t o  permit t h e  remote mechanized assembly of t h e s e  elements.  The 

r o d  g r i d  a r r a y  i n s p e c t i o n  procedures  should be similar t o  those  r equ i r ed  

f o r  p r e s s u r i z e d  water r e a c t o r s .  

Product Con t ro l  P rocesses .  These are the  same as the  r e f e r e n c e  case 

( s e e  Sec t .  4.1.2). 

Sc rap  and Waste P rocess ing  and Disposal .  The s c r a p  hand l ing  p rocesses  

a re  similar t o  t h e  r e f e r e n c e  case (Sect .  4.1.2) w i t h  t h e  added f e a t u r e  t h a t  

a l l  axial  b l anke t  p e l l e t s  t h a t  are unloaded from an u n s a t i s f a c t o r y  rod are 

i n s p e c t e d ,  and a c c e p t a b l e  pe l le t s  are r e c y c l e d  w i t h i n  t h e  remotely ope ra t ed  

f a c i l i t i e s  t o  form upper ax ia l  b l anke t s .  

9.12.6 P re l imina ry  Cost E s t i m a t e  f o r  Cons t ruc t ion  and Opera t ion  
of a Commercial-Scale P l a n t  

The c o s t  components t h a t  were e s t ima ted  i n c l u d e  c a p i t a l  c o s t s  f o r  t h e  

f a c i l i t y  and equipment, f u e l  assembly hardware c o s t s ,  material  and supply 

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

F a c i l i t y  c a p i t a l  c o s t  estimates were based on an a n a l y s i s  of t h e  

f u n c t i o n a l  f low diagram f o r  t h e  process  t o  i n d i c a t e  space requirements  f o r  

each f u n c t i o n a l  area and f o r  each support  area. Equipment requirements  

were i d e n t i f i e d ,  and c o s t s  a s s o c i a t e d  w i t h  t h e  equipment were e s t ima ted .  

Fue l  assembly hardware requirements  were based on the r e f e r e n c e  f u e l  

assembly des ign  parameters  i d e n t i f i e d  i n  Tab le  9.47. The c o s t s  of t h e  

hardware items were es t ima ted .  Material and supply requirements  were 

i d e n t i f i e d  from the sphere-pac process  d e s c r i p t i o n ,  and estimates of t h e  

c o s t s  of materials and s u p p l i e s  were obtained.  Operat ing c o s t  estimates 

inc luded  c o n s i d e r a t i o n  o€ personnel ,  overhead, general and a d m i n i s t r a t i v e  

expenses ,  and c o s t s  of u t i l i t i e s .  
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The f a c i l i t y  w a s  assumed t o  o p e r a t e  as a t o l l  p rocess ing  f a c i l i t y .  

That i s ,  t h e  o p e r a t o r  f a b r i c a t e s  customer-suppl ied f u e l  feed  materials 

i n t o  f i n i s h e d  f u e l  a s sembl i e s ,  and thus  c o s t s  of plutonium, uranium, and 

thorium were not  inc luded  i n  t h e  c o s t  estimates. The hardware and 

material  c o s t s  i nc lude  t h e  c o s t s  a s s o c i a t e d  wih t h e  product ion  of t he  

Tho2 p e l l e t s  f o r  t h e  a x i a l  b lanket .  

Uni t  c o s t s  f o r  f a b r i c a t i o n  of f u e l  assembl ies  are determined by an  

economic a n a l y s i s  of t h e  b a s i c  c a p i t a l ,  hardware and material, and 

o p e r a t i n g  c o s t  estimates. B a s i c a l l y ,  t h e  economic a n a l y s i s  provides  f o r  

t h e  owner of t h e  f u e l  f a b r i c a t i o n  f a c i l i t y  t o  recover  a l l  c a p i t a l ,  oper- 

a t i n g ,  and f i n a n c e  charges  p lus  a r e t u r n  on inves tment ,  i f  a p p r o p r i a t e ,  

over  t h e  l i f e  of t h e  p l a n t .  

I n  o rde r  t o  provide  a range of p r i c e s  ( i . e . ,  c o s t s  t o  a cus tomer) ,  

economic a n a l y s e s  were based on government f i n a n c i n g ,  f i n a n c i n g  appro- 

p r i a t e  f o r  a conven t iona l - r i sk  ( t y p i c a l )  i n d u s t r y ,  and f i n a n c i n g  

a p p r o p r i a t e  f o r  a h igh - r i sk  indus t ry .  The e s t ima ted  c o s t s  , c o s t s  

de r ived  from t h e  economic a n a l y s i s ,  and t h e  u n i t  c o s t s  based on t h e  t h r e e  

d i f f e r e n t  f i n a n c i n g  methods are summarized i n  Table  9.52. A s  may be 

observed from t h e  t a b l e ,  t h e  p r i c e  f o r  f a b r i c a t i o n  i s  expec ted  t o  be i n  

t h e  range from $370 t o  $720/kg depending 1 t h e  f i n a n c i n g  technique  t h a t  

i s  employed. The recommended c o s t  f o r  comparison wi th  o t h e r  f u e l  c y c l e s  

and methods of f a b r i c a t i o n  i s  t h e  t y p i c a l  i n d u s t r y  c o s t  of $580/kg of 

heavy metal. A s  wi th  a l l  t h e  c o s t  estimates i n  t h i s  r e p o r t ,  t h e  p r i c e s  

are based on t h e  mass of a l l  heavy metal i n  t h e  f i n i s h e d  assembly. For 

t h i s  case, t h i s  i n c l u d e s  t h e  thorium i n  t h e  axial  b l anke t s .  
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Table 9.52. Summary of Costs for Fabrication o f  Sphere-Pac PWR Fuel in d 2-t tlM/d Facility 
[NASAP Case 5.1, GCFR U(5)-Pu/Th Recycle] 

Estimated Costs, $ million Derived Costs, $ million 

b 
1Tn it 
C o s t  

( $ / k s )  

Charge on A n n u a l  Annual  Owner ' s Annual 
Economic Hardware Annual cost Direct Capital Equipment Payment to 

Plus Operating During During Replacement Decommissioning Facility Equipment Se tu 
)la t er ia 1 s Construction Construction cost Fund 

A 250 265 64 27 39 135 

B 250 265 64 28 40 200 

13 1.2 370 

13 1.3 580 

29 41 200 13 1.3 720 C 250 265 64 

aA = Government financing; B = Typical industrial financing; C = High-risk industrial financing. 

bThese unit costs apply only t o  the core fuel elements. The associated radial blanket costs are $85, $110, and $125 for 
economic sets A, B, and C, respectively. 
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9.13 NASAP CASE 6.1, LMFBR U-Pu/U/U RECYCLE (GENEKAL 
ELECTRIC REFERENCE ) 

9.13.1 Fuel  Cycle Desc r ip t ion  

This  r e a c t o r - f u e l  cyc le  combination i s  an LMFBR us ing  r ecyc led  copro- 

cessed  U-Pu mixed oxide i n  a homogeneous core  and r ecyc led  uranium mixed 

wi th  makeup dep le t ed  uranium i n  the  axial  and r a d i a l  b l anke t  assembl ies .  

The co re  f u e l  i s  reprocessed  separa te ly  from t h e  b lanket  assembl ies .  A l l  

t h e  coprocessed,  recovered Pu-U from t h e  co re  i s  mixed wi th  makeup uranium 

and some of t h e  U-Pu recovered from blanket  r ep rocess ing  i s  used f o r  feed  

material t o  co re  f a b r i c a t i o n .  The excess coprocessed U-Pu from blanket  

r e p r o c e s s i n g  i s  : t o  s ecu re  s t o r a g e  f o r  l a t e r  use i n  LWRs or  LMFBRs. 

A l l  o the r  recovei  -J uranium from b lanke t  r ep rocess ing  i s  r ecyc led  t o  

b l anke t  f a b r i c a t i o n  a f t e r  being mixed wi th  makeup dep le t ed  uranium. 

I n  t h i s  cyc le  a n a l y s i s  only f a b r i c a t i o n  of t he  co re  a s sembl i e s  is 

cons idered .  The products  of t h e  ?p rocess ing  p l a n t  a r e  h i g h l y  decon- 

taminated and inc lude  t h e  coa r se  and medium s i z e s  of s p h e r i c a l  p a r t i c l e s  

w i t h  t h e  a p p r o p r i a t e  uranium-to-plutonium r a t i o  and the  r ecyc led  U02 f i n e s .  

The assumption w a s  t h a t  excess  uranium from. the  r ep rocess ing  p l a n t  and/or  

makeup dep le t ed  uranium w i l l  be f a b r i c a t e d  by t h e  p e l l e t  p rocess  i n t o  

r a d i a l  b lanket  assembl ies  i n  an ad jacen t  contac t -opera ted  and con tac t -  

main ta ined  (CO/CM) f a c i l i t y .  Urania p e l l e t s  from t h a t  a d j a c e n t  f a c i l i t y  

w i l l  be used i n  t h e  co re  f a b r i c a t i o n  f a c i l i t y  f o r  t h e  axial b l a n k e t s  i n  

t h e  co re  assembl ies .  

The extended burnup of t h e  r e c y c l e  plutonium w i l l  cause t h i s  material 

t o  have s i g n i f i c a n t  r a d i o a c t i v i t y ;  consequent ly ,  a remotely opera ted  and 

contac t -main ta ined  (RO/CM) f a c i l i t y  i s  r e q u i r e d  f o r  t h e  co re  assembl ies  

f o r  t h i s  cyc le .  

9.13.2 A p p l i c a b i l i t y  t o  Cur ren t  Fue l  Element Design 

The co re  f u e l  element des ign  chosen f o r  t h i s  cyc le  i s  given i n  

Table  9.53. 

The key c o n s i d e r a t i o n s  f o r  sphere-pac a p p l i c a b i l i t y  are the  c ladding  

i n s i d e  diameter  measurements and t h e  r e q u i r e d  f u e l  smear dens i ty .  The 
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Table 9.53. Summary of General Electric Reference 
LELFBR Fuel Assembly Parameters 

(NASAP Case 6 . 1 ,  LMFBR U-Pu/U/U Recycle) 

Reactor Characteristics 

Reactor power 
Fuel assemblies 
Inner blanket assemblies 
Radial blanket assemblies 
Control assemblies 
Removable shield assemblies 
Fissile enrichment, % 

Component Characteristics 

Fuel cladding 
End plugs 

TOP 
Bottom 

Reflector rods 
Plenum springs 
Spacers 
Wire wrap 
Attachment rails 
Locking pins 
Shield and inlet assemblies 
Duct and upper handling 
socket 

Fuel Rod Characteristics 

1000 m e  (net) 
252 (150 Z O R ~  1; 102 Zone 2)  
Not applicable 
198 
19  
240 
Zone 1 - 10.24,  zone 2 ,  - 14.36 

Mater ia 1 

Improved 316 SS 

Improved 316 SS 
Improved 316 SS 

316 SS 

Fuel cladding outside diameter 
Fuel cladding inside diameter 
Fuel rod length 
Plenum length 

Upper 
Lower 

Core fuel height 
Axial blanket height 

upper 
Lower 

Pellet density 
Fuel smear density 
Pellet diameter 
Pellet length 
Wire wrap diameter 
Bonding 

Improved 316 SS 
Improved 316 SS 

Fuel Assembly Characteristics 

Array 
Fuel assembly length 
Duct outside flat-to-flat 
Duct wall thickness 
Mass of structural components 
Heavy metal content 

Core 
Axial blanket 

Number per 
Fuel Assembly 

271 

271 
271 

271 

7.37 mm (0.290 in.) 
6.76 mm (0.266 in.) 
2.85 m (112 in.) 

914.4 mm (36.0 in.) 
Not applicable 
1219 mm (48.0 in.) 

356 mm (14.0 in.) 
356 mm (14.0 in.) 

90% T.D. 
6 .62 mm (0.2605 in.) 

1 .44  ttun (0.0567 in.) 
He 

Hexagonal 

154.5 mm (6.083 in.) 
3.18 mm (0.125 in.) 

1 
1 

Mass (kg) per 
Fuel Assembly 

103.74 kg 
63.48 kg 
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c l add ing  I D  of 6760 urn i n  t h e  r e f e r e n c e  d e s i g r  I s  s u i t a b l e  f o r  t h e  sphere-  

pac process .  Although t h e  s p e c i f i e d  smear del: - c y  of 90% of  t h e o r e t i c a l  

i s  above t h a t  c u r r e n t l y  achieved wi th  exper imenta l  blended ( t h r e e  p a r t i c l e  

s i z e )  sphere-pac beds,  w e  have assumed t h a t  t h e  process  is a p p l i c a b l e  

through a s l i g h t  lowering of t h i s  des ign  requirement .  

9.13.3 D e f i n i t i o n  of P l a n t  Product ion  Requirements and 
Design CaDac i tv  

For t h i s  LMFBR (IJ,Pu)O2-U02 f u e l  c y c l e ,  t h e  p l a n t  des ign  assumptions 

a re  l i s t e d  below. The heavy meta l  throughput  f o r  t h i s  p l a n t  and a l l  

cases invo lv ing  a x i a l  b l anke t  f u e l  i s  based on t h e  t o t a l  heavy metal i n  

t h e  f i n i s h e d  f u e l  assembly, i n  both co re  and a x i a l  b lanket  heavy metal. 

1. The f u e l  des ign  i s  t h e  General  Electric Company Advanced Reac tor  

Systems Department homogeneous r e a c t o r  r e f e r e n c e  f u e l  design.  

2. The p l a n t  product ion  c a p a c i t y  is 480 t HM/year wi th  t h e  capa- 

b i l i t y  f o r  s imul taneous  product ion  of t h r e e  enrichments .  

3. The p l a n t  f a c t o r  i s  240 e f f e c t i v e  fu l l -p roduc t ion  days per  year .  

4. P l a n t  d e s i g n  c a p a c i t y :  

O v e r a l l  730 t HM/year 

about  12 f u e l  a s sembl i e s /d  

Each l i n e  of t h r e e  243 t HM/year 

0.67 t HM/d 

1080 f u e l  rods /d  

4.0 f u e l  a s sembl i e s /d  

5. Process  des ign  c a p a c i t i e s  are based on t h e  l i n e  des ign  c a p a c i t i e s  

and t h e  s c r a p  and sample l o s s e s  def ined  i n  Sec t .  9.13.4. 

6 .  The f a c i l i t i e s  are designed t o  d i s c h a r g e  no l i q u i d  waste o t h e r  

t h a n  t r e a t e d  s a n i t a r y  sewage. 

7. All process  b u i l d i n g s  and c r i t i c a l  a u x i l i a r y  suppor t  are designed 

and c o n s t r u c t e d  i n  accordance w i t h  c u r r e n t  United S t a t e s  Nuclear  Regula tory  

Commission l i c e n s i n g  requirements .  S h i e l d i n g  is  provided t o  l i m i t  dose 

rates t o  o p e r a t i n g  and maintenance personnel  t o  0.25 mi l l i r em/h .  

In  a d d i t i o n ,  w e  assumed t h a t  product ion  from each f u e l  rod l i n e  i s  

campaigned t o  p rov ide  a f u l l  r e l o a d  segment f o r  a s i n g l e  1000-MWe LMFBR. 
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Thus, the total heavy metal output for a given campaign is 21.1 t, and 

each campaign requires 31.6 effective full-production days ( 4 8  calendar 

days). The total facility, with an adjacent radial blanket assembly 

plant, can support approximately 28 such reactors. 

9.13.4 Estimates of Surge Storage Requirements, Scrap Production 
Rates, and Processing Rates for Functional Steps 

Given the plant design assumptions defined in Sect. 9.13.3, further 

commercial plant characteristics were derived. 

To achieve the annual production rates, an analysis of the plant 

surge storage requirements and normal inventory was made, and the results 

of this analysis are given in Table 9.54. 

Based on current technology and assuming reasonable extrapolations 
for commercial-scale developments, a preliminary estimate was made of the 

daily mass flows of heavy metal through the fabrication plant and the 

average production rate of heavy metal scrap materials from the various 

functional activities. These are presented in Table 9.55. 

Given the above information, a preliminary evaluation of the pro- 

cessing rate for each functional step within the main fuel fabrication 

processes was made. The results of this analysis are summarized in 

Table 9.56. 

9.13.5 Analysis of Functional Technology Status, Research and 
Development Requirements, Cost, and Schedule 

The technology status of this system is quite similar to that of the 

reference case discussed in Sect. 8. The current status and research and 

development needs are summarized in Table 9.57. The primary difference 

between this U-Pu fuel and the reference U-Pu fuel is the much higher con- 

centration of plutonium. Development is under way in the United States 

on sphere forming, calcination, and sintering of (U,Pu)O2 with Pu/U ratios 

adequate for both the reference case and the fast reactor fuels. 

While the functional fabrication processes are the same as those 

given for the reference gel-sphere-pac fabrication case, the design of the 



Table 9.54. Sphere-Pac Fabricat ion Plant  Surge Storage Requirements and Normal Inventory 
(NASAP Case 6.1, LMFBR U-Pu/U/U Recycle) 

Normal Inventory,  kg HM 

(Pu,U)O* U 0 2  Fines U 0 2  P e l l e t s  

Storage 
I n t e r v a l ,  d 

Normal Maximum 

Process s t e p  Material 

Feed s torage  

In te r im s torage  

Furnace 

Post furnace 

Inter im s torage  

Main s torage  

Loading, inspect ion,  

Loaded, no t  inspected 

Rework and scrap  

welding 

rods 

Completed f u e l  rods 

A s  s emb 1 y 

Dried spheres 
Sintered spheres 
Sintered p e l l e t s  

Dried spheres 
Sintered spheres 
Sintered p e l l e t s  

Dried t o  s in t e red  
spheres 

Sintered spheres 

Sintered spheres 

Sintered spheres 
Sintered spheres 
Sintered p e l l e t s  

Sintered spheres 
and p e l l e t s  

Sintered spheres 
i n  rods 

Sintered spheres 
and p e l l e t s  

Sintered spheres 
and p e l l e t s  
i n  rods 

Rods i n  completed 
ass emb 1 ies 

30 
30 
30 

1 
1 
1 

1.2 

0.5 

0.36 

1.2 
1.5 
1.5 

0.12 

5 

15 

60 
60 
60 

2 
2 
2 

2.4 

1 

0.72 

2.4 
2.9 
2.9 

0.24 

5 

5 

5 

30 

31,000 

1,030 

1,240 

5 15 

370 

1,300 

130 

5,100 

250 

4,990 

15,000 

8,200 

270 

410 

35 

1,290 

45 

1,250 

3,740 

10,400 

350 

11,400 

590 

50 

3,940 

100 

3,820 
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Table 9.55. Heavy Metal Mass Flows and Average Scrap Production f o r  a Sphere-Pac Fuel Fabrication Plant 
(NASAF Case 6.1. MFBR U - Pu/u/U Recycle) 

Mass Flov. ke KM/d 

Daily Throughput Clean scrapb Reject  Scrap' 

(pu*u)02u Fines UOz Pellets (Pu*u)02n  FK:s UO2 P e l l e t s  (pu'u)02 F Y k  % ~ l F ~ ~ ~ ~ ~ ~ t  

P rocess ing  Step 

U 0 2  Axial Blanket Axial  Blanket 

Receiving and Storage 1031.2 271.6d 762.2 

Sampling and ba tch  load ing  1030.2 1.0 
Weighing and sampling 271.3 761.Se 0.2 0.8 

Ca lc in ing  and s i n t e r i n g  1029.7 

Sphere upgrading 1087.6' 

Sphere sampling 1085.4 

In t e r im  s t o r a g e  1085.4 271.3 415.1 

Fuel  rod load ing  1085.4 271.3 415.1 

0.5 

30.9 

2.2 

Fuel rod scanning 1031.1 257.8 788.7-0 52.1 13.0 19.9 2.2 0.5 0.8 

Top cwponen t  i n s e r r i o n  1028.9 257.2 787.0 2 .1  0.5 1.6 0.2 0.1 0.2 

Rad ve ld ing  and x r ay  1028.9 257.2 787.0 h h h h h h 
Leak d e t e c t i o n  1028.9 257.2 787.0 h h h h h h 

Rad as say  1008.3 252.1 771.2 19.5 4.9 15.0 1 .0  0 .3  0.8 

Final rad i n s p e c t i o n  997.8 249.4 763.2 10.1 2.5 7.7 0.4 0 . 1  0.3 
Assembly i n s p e c t i o n  

To ta l  

0.2 

3 .1  

- 0.2 0.05 - -  3.8 

2000 88.8 22.1 48.0 

- 992.6 248.2 759.2 5.0 1 .2  - -  - 
38.6 1.3 

"10.24 and 14.36% average f i s s i l e  p l u t o n i m  con ten t  i n  Zones 1 and 2. r e s p e c t i v e l y  

b I n t e r n a l l y  r ecyc led .  

'Col lected.  assayed.  and e x t e r n a l l y  r ecyc led  +o r ep rocess ing  p l a n t .  

dIncludes 22.1 kg of r ecyc led  c l ean  sc rap .  

e346.4 kg r e se rved  f o r  upper  a x i a l  b l anke t  l oad ing  ( a f t e r  f u e l  rod scann ing) .  

f Inc ludes  88.8 kg of r ecyc led  c l ean  sc rap .  

'Includes 48.0 kg of r ecyc led  c l e a n  sc rap  and 346.4 kg of f r e s h  m a t e r i a l .  

hRevork i n  t hese  s t e p e  i s  on ly  of  ve ld  and does  no t  a f f e c t  s c r a p .  
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Table 9.56. t~quipmrni K?qulrements for Functional Areas  
(NASAP Case 6.1 LMFER r-Pu/C/G Recycle) 

- 

Functional Area U n i t  Production 

1.0 

2.0 

3 .0  

4.0 

Receiving 
(Pu,U)Oj (10 containerstcarrier) 
U02 fines 
UO2 Axial b'inket pellets 
1.1 

1.2 
1.3 
1.4 
1.5 
1.6 
1.7 

1.8 

Fuel 
2.1 
2 . 2  
2.3 
2.4 
Fuel 
3.1 
3.2 
3 . 3  
3.4 
3.5 
3 . 6  
3 . 1  
3.8 
3 . 9  

Sampl 

Weighing 
Storage ( 8 0  kg HMIcontainer) 
Weighing 
UO? fines sampling 
Storage (200 kg HM/container) 
U02 Axial blanket pellet 

Storage (20 kg HMlcontainer) 

production (sphere processing) 
Sampling 
Calcining and sintering 
Microsphere inspection 
Interim storage 

rod fabrication 
Sintered sphere storage 
SinLered fertile storage 
Sintered pellet storage 
Sphere dispensing 
Sphere-pac loading 
Density inspection 
Axial blanket (pellet) loading 
Cleaning 
Plenum hardware and top end 

sampling 

plugging 
3.10 Closure welds 
3.11 Rod assay 
3.12 Rod inspection 
3.13 Rod rework 

Fuel assembly fabrication 
4.1 Fuel rod storage 
4.2 Fuel assembly fabrication 
4 .3  Inspection 
4.4 Rework 
Packaged fuel assembly storage 

1600 kgld 
Unlimited 
Unlimited 
NA'; done dt reprocessing 

plant 
48 containersid 
NA 
48 container-Id 
4800 kg/d 
NA 
4800 kgld 

NA 

3840 kg/d 
' 2 3  kgld 

kgllr 
L>0 kg 

NA 
NA 
NA 
35 k g / h  
4 rodslh 
10 rodslh 
12 rodslh 
24 rodslh 
12 rodslh 

1 2  rods/!> 
100 rodsll i  
40 rodslh 
36 rodhld 

NA 
3 assernbliesld 
6 assembliesld 
1 assembly/d 
NA 

Plant Design 
Requirement 
(Nominal) 

I030 kg/d 
270 kgld 
760 kgld 

13 containersid 
60 d supply 
2 containersld 
270 kg/d 
60 d supply 
760 kgid 

6 0  d supply 

1 0 3 0  kg/d 
1030 kgld 
4 3  kglh 
1 0 9 0  kg 

2 d supply 
2 d supply 
2 d supply 
57 kgllr 
1&8 rodsth 
148 rods/h 
141 rodslh 
141 rodslh 
141 rodslh 

141 r o d s l h  
141 rodslh 
137 rods/lr 
168 rodsld 

5 d production 
12 assembliesld 
12 assembliesld 
0.06 assembly/d 

30 d production 

Required necomendrdJ 
Number Number 

of of 
Units Units' 

1 1 
1 1 
1 1 

1 
814 820 
1 1 

2280  2300 

2 8  10. 3 0  
3 1,  3 
35 1 2 ,  36 
2 
37 
15 

1, 3 
13. 39 
5, 15 

12 4 ,  12 

12 4, 1 2  

12 4. 1 2  
2 2 
4 4 
5 2, 6 

6 2, 6 

16,291 rods  17,000 rods 
4 4 
2 2 
NR.2 NR 

359 360 __ ~ ~ 

aKecommended units include consideration of  spare capacity for operational reliability. 

bNumber of units is for t h e  facility if a single number; otherwise, units per line, total units in facility. 

'NA: not applicable. 

'NR: not required. Use assembly equipment as available. 
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Table 9.57. Research and Development Cost Estimates f o r  Sphere-Pac Fabrication 
[NASAF' Case 6.1, LMFBR U-Pu/U Recycle (GE Reference)] 

R&D Categories 
R&D Cost Estimates Years to 

(Millions of Complete 
a Current Status 

1978 $> 

1.0 Program management Not applicable 10 10 
2.0 Design studies N - cold engineering 25 10 
3.0 Receiving and storage P - cold engineering 4 5 

4.0 

5.0 

6.0 

7.0 

8.0 

9.0 
10.0 

11.0 

Fuel production P - hot engineering 
Fuel rod fabrication P - cold laboratory 
Fuel element assembly 

Scrap recovery 

Waste treatment b 

Plant control systems N - cold prototype 
Maintenance N - cold prototype 
Safeguards and account- 
ability adapt at ionC 

N - cold engineering 
N - cold engineering 

P - cold engineering 

Subtotal 

25 

50 

27 

3 

b 
5 

5 

6 

160 

Special Facilities 

Hot tests 10 

Cold prototype 

Total 

Range 

25 

195d 

185-235 

6 

8 

8 

5 

b 
8 

10 

6 

astatus stage with qualitative modifiers; C = complete, P = in progress, and 

%o be supplied by others. 

N = needed. 

Assumes basic technology as developed under OSS estimate presented is for 

dThe estimate does not include costs for fuel qualification tests (about $20 

c 

applications testing, systems integration, and testing. 

million) or the capital costs of a pilot plant estimated at $160 million. 



190 

LMFBR f u e l  e lements  i s  cons ide rab ly  d i f f e r e n t .  These d i f f e r e n c e s  i n  

des ign  r e s u l t  i n  mod i f i ca t ions  t o  t he  d e t a i l s  f o r  accomplishing the  

v a r i o u s  f u n c t i o n a l  a c t i v i t i e s  and mod i f i ca t ions  t o  the  f a c i l i t y  des ign  

d e t a i l s .  I n  t h e  subsequent  paragraphs ,  each of t h e  f u n c t i o n a l  a c t i v i t i e s  

i s  d i scussed  as it a p p l i e s  t o  t h i s  case. 

A g e n e r i c  gel-sphere-pac f u n c t i o n a l  f low diagram i s  g iven  i n  Fig.  3.1 

of Sec t .  3.1.1 of t h i s  r e p o r t .  The major f u n c t i o n a l  areas apply  t o  t h i s  

case, and t h e  two main f u n c t i o n s  unique t o  t h e  gel-sphere-pac process  are 

f u e l  product ion  (2.0) and f u e l  rod f a b r i c a t i o n  (3.0). All t h e  f u n c t i o n a l  

s t e p s  are b r i e f l y  d i scussed  here .  

Rece iv ing  and Storage .  This  f u n c t i o n a l  area i s  q u i t e  similar t o  t h e  

r e f e r e n c e  case. However, i n  a d d i t i o n  t o  the  sphe res ,  t h e  UO2 p e l l e t s  from 

t h e  a d j a c e n t  r a d i a l  b l anke t  assembly p l a n t  must be r ece ived ,  i n s p e c t e d ,  

and s to red .  

Fue l  Product ion.  The f u e l  product ion  p rocesses  f o r  t h e  sphe res  are 

e s s e n t i a l l y  t h e  same as those  desc r ibed  f o r  t h e  r e f e r e n c e  case inc lud ing  

c a l c i n a t i o n ,  s i n t e r i n g ,  and i n s p e c t i o n  of t h e  coa r se  and medium s i z e s ,  

which c o n t a i n  plutonium. No p rocess ing  i s  planned f o r  t h e  UO2 f i n e s  

because they  are t o  be s i n t e r e d  a t  t h e  r e p r o c e s s i n g  convers ion  s t e p .  

However, because t h e  U02 a x i a l  b l anke t  p e l l e t s  make up approximate ly  38% 

of t h e  t o t a l  heavy metal con ten t  i n  a co re  f u e l  assembly, t h e  q u a n t i t y  rJf 

c o a r s e  and medium sphe res  processed i s  s i g n i f i c a n t l y  less than  i n  t h e  

r e fe r6  case. 

Fuel Rod F a b r i c a t i o n .  While most of t h e  f u e l  rod f a b r i c a t i o n  pro- 

cesses are similar t o  t h e  r e f e r e n c e  case, a d d i t i o n a l  s t e p s  are r e q u i r e d  t o  

i n c o r p o r a t e  t h e  axial  b l anke t  material. The lower a x i a l  b l anke t  s e c t i o n  

i s  loaded i n t o  t h e  f u e l  rod c l add ing  be fo re  the  c l add ing  is  in t roduced  

i n t o  t h e  cel l .  

p rocess  i n t o  each  rod and in spec ted  f o r  d e n s i t y  t h e  upper a x i a l  b l anke t  

s e c t i o n  w i l l  be loaded by equipment similar t o  t h a t  used f o r  i n s e r t i n g  

plenum hardware. The a c t u a l  plenum hardware i n s e r t i o n  and end cap welding 

o p e r a t i o n s  are e s s e n t i a l l y  t h e  same as those  desc r ibed  f o r  t h e  r e f e r e n c e  

case. 

After t h e  (U,Pu)O2 c o r e  r eg ion  is  loaded by t h e  sphere-pac 

Fue l  Assembly Opera t ions .  The f u e l  assembly des ign  f o r  t h i s  LMFBR 

case 6 . 1  i s  i d e n t i c a l  t o  t h a t  f o r  t h e  p e l l e t  f a b r i c a t i o n  opt ion .  
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Following fuel rod inspection each rod will be remotely wrapped with a 
wire. This special wire wrap will space the fuel rods in the assembly. 

Groups of these rods are assembled onto T-bars of varying length. The 

T-bar strip layers are assembled and fastened to the lower end box of the 

fuel assembly. The duct tube is installed and the finished assembly is 

inspected. 

Product Control Processes. These are the same as the reference case 

(see Sect. 4 .1 .2 ) .  

Scrap and Waste Processing and Disposal. The scrap handling pro- 

cesses are similar to the reference case (see Sect. 4 .1 .2 )  with the added 

feature that all axial blanket pellets that are unloaded from an unsatis- 

factory rod are inspected, and acceptable pellets are recycled within the 

remotely operated part of the facilities to form upper axial blankets. 

9.13.6 Preliminary Cost Estimate for Construction and Operation 
of a Commercial-Scale Plant 

The cost components that were estimated include capital costs for the 

facility and equipment, fuel assembly hardware costs, material and supply 

costs, and operating costs. 
, ' 

Facility capital cost estimates were based on an analysis of the 

functional flow diagram for the process to indicate space requirements for 

each functional area and for each support area. Equipment requirements 

were identified, and costs associated with the equipment were estimated. 

Fuel assembly hardware requirements were based on the reference fuel 

assembly design parameters identified in Table 9.53 .  Estimates of the 

costs of the hardware items were obtained. Material and supply require- 

ments were identified from the sphere-pac process description, and esti- 

mates of the costs of materials and supplies were obtained. Operating 

cost estimates included consideration of personnel, overhead, general and 

administrative expenses, and costs of utilities. 

The facility was assumed to operate as a toll processing facility. 

That is, the operator fabricates customer-supplied fuel feed materials 

into finished fuel assemblies, and thus costs of plutonium and uranium 
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were no t  inc luded  i n  t h e  c o s t  e s t i m a t e s .  The hardware and m a t e r i a l  c o s t s  

do inc lude  t h e  c o s t s  a s s o c i a t e d  wi th  t h e  product ion  of t he  UO2 p e l l e t s  f o r  

t h e  a x i a l  b l anke t .  

Unit  c o s t s  f o r  f a b r i c a t i o n  of f u e l  assembl ies  are determined by an 

economic a n a l y s i s  of t h e  b a s i c  c a p i t a l ,  hardware and material, and 

o p e r a t i n g  c o s t  estimates. B a s i c a l l y ,  t h e  economic a n a l y s i s  provides  f o r  

t h e  owner of t h e  f u e l  f a b r i c a t i o n  f a c i l i t y  t o  recover  a l l  c a p i t a l ,  oper- 

a t i n g ,  and f i n a n c e  charges  p lus  a r e t u r n  on inves tment ,  i f  a p p r o p r i a t e ,  

ove r  t h e  l i f e  of t h e  p l a n t .  

I n  o r d e r  t o  provide  a range of p r i c e s  ( i . e . ,  c o s t s  t o  a cus tomer) ,  

economic a n a l y s e s  were based on government f i n a n c i n g ,  f i n a n c i n g  appro- 

p r i a t e  f o r  a conven t iona l - r i sk  ( t y p i c a l )  i n d u s t r y ,  and f i n a n c i n g  

a p p r o p r i a t e  f o r  a h igh - r i sk  indus t ry .  The e s t ima ted  c o s t s ,  c o s t s  

d e r i v e d  from t h e  economic a n a l y s i s ,  and t h e  u n i t  c o s t s  based on t h e  t h r e e  

d i f f e r e n t  f i n a n c i n g  methods are summarized i n  Table  9.58. A s  may be 

observed from t h e  t a b l e ,  t h e  p r i c e  f o r  f a b r i c a t i o n  of (UyPu)02-UO2 f u e l  

i s  expec ted  t o  be i n  t h e  range from $380 t o  $73O/kg depending on t h e  

f i n a n c i n g  technique  t h a t  i s  employed. The recommended c o s t  f o r  comparison 

w i t h  o t h e r  f u e l  c y c l e s  and methods of f a b r i c a t i o n  i s  t h e  t y p i c a l  i n d u s t r y  

c o s t  of $580/kg of heavy metal. As w i th  a l l  t h e  c o s t  estimates i n  t h i s  

r e p o r t ,  t h e  p r i c e s  are based on t h e  mass of a l l  heavy metal i n  t h e  

f i n i s h e d  assembly. For t h i s  case, t h i s  i n c l u d e s  the  uranium i n  t h e  a x i a l  

b l anke t s .  



Table 9.58. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility 
(NASAP Case 6.1 LMFBR U-Pu/U/U Recycle) 

~~~~ 

Estimated Costs, $ million Derived Costs, $ million 

Owner's Charge on Annual Annual Unit Annual 
Costh Economic Hardw'are Annual cost Direct Capital Equipment Payment to 

( $ / k g )  
Plus Operating During During Replacement Decommissioning Seta Facility Equipment 

Materia 1 s Construction Construction cost Fund 

A 260 255 66 27 39 

B 260 255 66 28 41 

C 260 255 66 29 42 

140 13 

200 13 

200 13 

1.2 380 

1.3 580 

1.3 730 

a 

bThese unit costs apply only to the core fuel elements. 
A = Government financing; B = Typical industrial financing; C = High-risk industrial financing. 

The associated radial blanket costs are $110, $140, and $150 f o r  
economic sets A,  B, and C, respectively. 
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9.14 NASAP CASE 6.2.1, LMFBR U-' - 'U SPIKED RECYCLE (WESTINGHOUSE 
REFERENCE) - HETEROGENEOUS IRE DESIGN 

9.14.1 Fuel  Cycle Desc r ip t ion  

Th i s  r e a c t o r - f u e l  cycle combination i s  an LMFBR us ing  14.3% f i s s i l e  

assay mixed U-Pu recycle f u e l  i n  the  co re  and dep le t ed  uranium i n  the  

b l anke t  assembl ies .  The core  and b l anke t  assembl ies  are reprocessed  

s e p a r a t e l y .  The core  is coprocessed,  and a l l  the  recovered U-Pu i s  mixed 

wi th  a p o r t i o n  of t h e  U-Pu recovered  dur ing  b l anke t  r ep rocess ing  t o  pro- 

v i d e  feed  material t o  co re  f a b r i c a t i o n .  The excess U-Pu recovered  dur ing  

b l anke t  r ep rocess ing  i s  s e n t  t o  secu re  s t o r a g e ;  i t  w i l l  be p r e i r r a d i a t e d  

be fo re  shipment or  sale. The balance of t he  uranium recovered dur ing  

r e p r o c e s s i n g  i s  mixed wi th  makeup uranium t o  provide feed  material f o r  

b l anke t  f a b r i c a t i o n .  

I n  t h i s  c y c l e  a n a l y s i s  only f a b r i c a t i o n  of the  co re  assembl ies  i s  

cons idered .  The products  of t he  r ep rocess ing  p l a n t  are h igh ly  decon- 

tamina ted  and i n c l u d e  the  coa r se  and medium s i z e s  of s p h e r i c a l  p a r t i c l e s  

w i t h  t h e  a p p r o p r i a t e  uranium-plutonium r a t i o  and the  r ecyc led  U02 f i n e s .  

Spik ing  is provided a f t e r  f a b r i c a t i o n  by i r r a d i a t i o n .  The assumption w a s  

t h a t  excess uranium from the  r ep rocess ing  p l a n t  and/ or makeup dep le t ed  

uranium w i l l  be f a b r i c a t e d  by t h e  p e l l e t  p rocess  i n t o  r a d i a l  b l anke t  

a s sembl i e s  i n  an ad jacen t  contac t -opera ted  and contact-maintained (CO/CM) 

f a c i l i t y .  Urania  p e l l e t s  from t h a t  ad jacen t  f a c i l i t y  w i l l  be used i n  the  

c o r e  f a b r i c a t i o n  f a c i l i t y  f o r  t h e  axial  b l anke t s  i n  the  co re  assembl ies .  

The extended burnup of t he  r e c y c l e  plutonium w i l l  cause t h i s  material 

t o  have s i g n i f i c a n t  r a d i o a c t i v i t y ;  consequent ly ,  a remotely opera ted  and 

contac t -main ta ined  (RO/CM) f a c i l i t y  is r e q u i r e d  f o r  t h e  core  assembl ies  

f o r  t h i s  cyc le .  

9.14.2 A p p l i c a b i l i t y ' t o  Curren t  Fue l  Element Design 

The co re  f u e l  element des ign  chosen f o r  t h i s  cyc le  i s  given i n  

Table  9.59. 

The key c o n s i d e r a t i o n s  f o r  sphere-pac a p p l i c a b i l i t y  are the  c ladding  

i n s i d e  diameter  measurements and the  r e q u i r e d  f u e l  smear dens i ty .  The 
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Table 9.59. Summary of Westinghouse Large P i n  Reference 
LMFBR Fuel Assembly Parameters 

(NASAP Case 6.2.1, LMFBR U-Pu/U Spiked Recycle) 

Reactor Characteristics 

Reactor power 
Fuel assemblies 
Inner blanket assemblies 
Radial blanket assemblies 
Control assemblies 
Removable shield assemblies 
Fissile enrichment, % 

Component Characteristics 

Fuel cladding 
End plugs 

Bottom 
TOP 

Reflector rods 
Plenum springs 
Spacers 
Wire wrap 
Attachment rails 
Locking pins 
Shield and inlet assemblies 
Duct and upper handling 
socket 

Fuel Rod Characteristics 

Fuel cladding outside diamecer 
Fuel cladding inside diameter 
Fuel rod length 
Plenum length 

Upper 
Lower 

Core fuel height 
Axial blanket height 

Upper 
Lower 

Pellet density 
Fuel smear density 
Pellet diameter 
Pellet length 
Wire wrap diameter 
Bonding 

1000 MWe (net) 
270 
121 
138 
30 

18.9% 

Material 

Improved 316 SS 

Improved 316 SS 
Improved 316 SS 

316 SS 

Improved 316 SS 
Improved 316 SS 

Fuel Assembly Characteristics 

Array 
Fuel assembly length 
Duct outside flat-to-flat 
Duct wall thickness 
Mass of structural components 
Heavy metal content 

Core 
Axial blanket 

7.87 mm (0.310 
7.21 mm (0.284 

, .  

Number per 
Fuel Assembly 

271 

in.) 
in.) 

1219 nun (48.0 in.) 

356 mm (14.0 in.) 
356 mm (14.0 in.) 

91% T.D. 
7.06 mm (0.278 in.) 

10.45 Mg/m3 

1.18 mm (0.0465 in.) 
He 

Hexagonal 
4.65 m (183 in.) 
0.1598 m (6.295 in.) 
3.81 mm (0.150 in.) 

118.9 kg 
69.1 kg 

271 
271 

271 

1 
1 

Mass (kg) per 
Fuel Assembly 
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c ladd ing  I D  of 7210 u m  i n  the  r e fe rence  d e s i  is s u i t a b l e  f o r  t h e  sphere- 

pac process .  . though the  s p e c i f i e d  smear ai . i t y  of 91% of t h e o r e t i c a l  

i s  above t h a t  c u r r e n t l y  achieved with exper imenta l  blended ( t h r e e  par t ic le  

s i z e )  sphere-pac beds,  w e  have assumed t h a t  the  process  i s  a p p l i c a b l e  

through a s l i g h t  lowering of t h i s  des ign  requirement .  

9.14.3 D e f i n i t i o n  of P l a n t  Product ion  Requirements and 
Design Capac i ty  

For t h i s  LMFBR ( U ,  Pu)02-U02 f u e l  c y c l e ,  t he  p l a n t  des ign  assumptions 

a re  l i s t e d  below. The heavy metal through-p *-or t h i s  p l a n t  and a l l  

cases i i ivolving a x i a l  b lanket  f u e l  i s  based OL the  t o t a l  heavy metal i n  

t h e  f i n i s h e d  f u e l  assembly, i n  both co re  and axial b lanket  heavy metal. 

1. The f u e l  des ign  is t h e  Westinghouse Electr ic  Corpora t ion  Advanced 

Reac to r s  D i v i s i o n  heterogeneous core r e a c t o r  r e f e r e n c e  l a r g e  rod f u e l  

design.  

2. The p l a n t  product i  c a p a c i t y  i s  480 t HM/year wi th  the  capa- 

b i l i t y  f o r  s imultaneous prouuct ion  of t h r e e  enrichments .  

3. The p l a n t  f a c t o r  is 240 e f f e c t i v e  fu l l -p roduc t ion  days per year .  

4 .  P l a n t  des ign  capac i ty :  

O v e r a l l  730 t HM/year 

about  11 f u e l  assembl ies /d  

Each l i n e  of three 243 t HM/year 

0.67 t HM/d 

961 f u e l  rods /d  

3.5 f i s  assembl ies /d  

5. Process  des ign  c a p a c i t i e s  are base on the  l i n e  des ign  capacities 

and t h e  s c r a p  and sample l o s s e s  def ined  i n  Sec t .  9.14.4. 

6 .  The f a c i l i t i e s  are designed t o  d i scha rge  no l i q u i d  waste o the r  

t h a n  t r e a t e d  s a n i t a r y  sewage. 

7. All process  b u i l d i n g s  and cr i t ical  a u x i l i a r y  s u p p o r t  are designed 

and c o n s t r u c t e d  i n  accordance wi th  c u r r e n t  United S t a t e s  Nuclear Regula tory  

Commission l i c e n s i n g  requirements .  Sh ie ld ing  is provided t o  l i m i t  dose 

rates t o  o p e r a t i n g  and maintenance personnel  t o  0.25 mi l l i rem/h .  

I n  a d d i t i o n ,  we assumed t h a t  product ion  from each f u e l  rod l ine  is  

campaigned t o  provide  a f u l l  r e l o a d  segment f o r  a s i n g l e  1000-MWe LMFBR. 
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Thus, t he  t o t a l  heavy meta l  output  f o r  a given campaign is  1 7  t ,  and 

each  campaign r e q u i r e s  25.4 e f f e c t i v e  fu l l -p roduc t ion  days (39 ca lendar  

days) .  The t o t a l  f a c i l i t y ,  with an ad jacen t  r a d i a l  b lanket  assembly 

p l a n t ,  can suppor t  approximately 28 such r e a c t o r s .  

9.14.4 Estimates of Surge S to rage  Requirements,  Scrap  Product ion  
Rates. and P rocess ing  Rates f o r  Func t iona l  S t e m  

Given the  p l a n t  des ign  assumptions def ined  i n  Sec t .  9.14.3, f u r t h e r  

commercial p l a n t  c h a r a c t e r i s t i c s  were der ived .  

To achieve  the  annual  product ion  ra tes ,  an a n a l y s i s  of t h e  p l a n t  

su rge  s t o r a g e  requirements  and normal inven to ry  was made, and t h e  r e s u l t s  

of t h i s  a n a l y s i s  are given i n  Table  9.60. 

Based on c u r r e n t  technology and assuming reasonable  e x t r a p o l a t i o n s  

f o r  commercial-scale developments, p re l imina ry  estimates were made of t he  

d a i l y  mass flows of heavy metal through t h e  f a b r i c a t i o n  p l a n t  and the  

average  product ion  ra te  of heavy metal sc rap  materials from t h e  va r ious  

f u n c t i o n a l  a c t i v i t i e s .  These are presented  i n  Table  9.61. 

Given the  above informat ion ,  a p re l imina ry  e v a l u a t i o n  of t h e  pro- 

c e s s i n g  rate f o r  each f u n c t i o n a l  s t e p  w i t h i n  t h e  main f u e l  f a b r i c a t i o n  

p rocesses  was made. The r e s u l t s  of t h i s  a n a l y s i s  are summarized i n  

Table  9.62. 

9.14.5 Analys is  of Func t iona l  Technology S t a t u s ,  Research and 
Development Requirements,  Cos t ,  and Schedule 

The technology s t a t u s  of t h i s  system is  q u i t e  similar t o  t h a t  of t he  

r e f e r e n c e  case d i scussed  i n  Sec t .  8. The c u r r e n t  s t a t u s  and r e s e a r c h  and 

development needs are summarized i n  Table  9.63. 

between t h i s  U-Pu f u e l  and t h e  r e f e r e n c e  U-Pu f u e l  i s  t h e  much h igher  con- 

c e n t r a t i o n  of plutonium. Development i s  under way i n  the  United States 

on sphere  forming, c a l c i n a t i o n ,  and s i n t e r i n g  of (U,Pu)O2 w i t h  Pu/U r a t i o s  

adequate  f o r  both t h e  r e f e r e n c e  case and t h e  f a s t  r e a c t o r  f u e l s .  

The primary d i f f e r e n c e  

While t h e  f u n c t i o n a l  f a b r i c a t i o n  processes  are the  same as those  

g iven  f o r  t h e  r e f e r e n c e  gel-sphere-pac f a b r i c a t i o n  case , t h e  des ign  of t h e  



Table 9.60. Sphere-Pac Fabrication P lan t  Surge 'Storage Requirements and Normal Inventory 
(NASAP Case 6.2.1, LMFBR U-Pu/U Spiked Recycle, Westinghouse Reference) 

Process s t e p  

Storage 
I n t e r v a l ,  d Normal Inventory, kg HM 

Material 
(Pu,U)Oz U02 Fines U02  P e l l e t s  Normal Maximum 

Feed s to rage  Dried spheres 30 60 32,000 
S i n t e r e ?  spheres 30 60 8,300 
Sintered pe l le t s  30 60 10,100 

Inter im s to rage  Dried spheres 1 2 1,100 
Sintered spheres 1 2 280 
Sintered pe l l e t s  1 2 340 

Furnace Dried . to  s in t e red  1 . 2  2.4 1,260 
spheres 

Post furnace Sintered spheres 0.5 1 1,530 

Interim s to rage  Sintered spheres 0.36 0.72 380 
Main s torage Sintered spheres 1.2 2 .4  1,300 

Sintered spheres 1.5 2.9 410 
Sintered p e l l e t s  1.5 2.9 5 70 

0.12 0.24 130 35 45 Loading, inspect ion,  Sintered spheres 
welding and p e l l e t s  

5 5 5,200 1,310 3,810 Loaded, not  inspected Sintered spheres 
rods i n  rods 

2 5 260 50 100 Rework and scrap Sintered spheres 
and p e l l e t s  

Sintered spheres 5 5 5,100 1 , 2 7 0  3,690 Completed f u e l  rods 
and p e l l e t s  
i n  rods 

Assembly Rods i n  completed 15 30 15,000 3,810 11,100 
assemblies 



199 

Table 9.01. Heavy M e t a l  Mass Flows and Average Scrap Production for a Sphere-Pa< Fuel Fabrication Plant 
[NASAP Case 6.2.1.  LMFBR ti - PulC Spiked Recyc le  (Westinghouse Reference) ~ Heterogeneous Core Design] 

Mass Flaw, kg HM/d 

Daily Throughput Clean scrapL 
- Processing Step 

(pu,u)o,u UOz Axial  Blanket (pu,u)o:z ,p%, Axial Blanket 
Fines UO: Pellets  uo: Pellets 

Receiving and storage 1051.3 276.9< 737.9 

Sampling and batch loading 1050.2 

Weighing and sampling 276.6 737.2' 

Calcining and Sintering 1049.7 

Sphere upgrading 1108.7' 

Sphere sampling 1106.5 

Interim storage 1106.5 276.6 401.9 

Fuel rod loading 1106.5 276.6 401.9 

Fuel rod scanning 1051.2 262.8 763.6: 53 .1  13.3 19.3 

TOP component insertion 1048.9 262.2 762.0 2 . 1  0.5 1 .5  

Rod welding and x ray 1048.9 262.2 762.0 

Leak detection 1048.9 262.2 762.0 i: i- 

Rod assay 1027.9 257.0 746.7 , 19.9 5.0 14 .5  

F i n a l  rod inspection 1017.2 254.3 738.9 10.3 2.6 7.5 

Assembly inspection 1011.9 253.0 735.1 5 . 1  1 . 3  3 .1  

Total 90.5 22.7 46.5 

- -  

1.1 

0.5 

31.5 

2.2 

2.2 

0.2 

1 .0  

0.4 

0.2 

39.3 

Reject Scrap' 
~ 

uo 2 
Fines 

0 . 3  

0.6 

0 .1  

I: 

0 .3  

0 .1  

0 .1  

1 . 3  

- 

4xial Blanket 
uo: Pellets 

0.7 

0 .8  

0 . 2  

0.8 

0 .3  

- 0.1 

2.9 

"18.9% average fissile plutonium content. 

'Collected. assayed, and externally recycled to reprocessing plant. 

dInc ludes  22. 7 kg of r ecyc led  clean scrap. 

e333.3 kg reserved for upper  axial blanket l oad ing  (after fuel rod scanning). 

flncludes 22.7 kg of recycled clean scrap. 

'Includes 48.0 kg of recycled clean scrap and 346.4 kg of  fresh material f o r  upper a x i a l  blanket 1 
hRework in these steps is only of veld and does  not affect scrap. 

brnterMlly recycled. 

oading. 
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Table 9.62. Equipment Requirements for Functional Areas 
[NASAP Case 6.2.1, LMFBR U-Pu/U Spiked Recycle 

(Westinghouse Reference) ~ Heterogeneous Core Design] 

Functional Area 
Plant Design Required Recommended: 

of 
Number 
of 

Units Units’ 

Requirement Number Unit Production 
(Nominal ) 

1.0 Receiving 
(Pu,U)Oz (10 containerslcarrier) 
UOp fines 
UOp Axial blanket pellets 
1.1 Sampling 

1.2 Weighing 
1.3 Storage (80 kg HMIcontainer) 
1.4 Weighing 
1.5 UOp fines sampling 
1.6 Storage (200 kg HMIcontainer) 
1.7 UO2 Axial blanket pellet 

1.8 Storage (20 kg HMIcontainer) 

2 1 Sampling 
2 . 2  Calcining and sintering 
2.3 Microsphere inspection 
2.4 Interim storage 

3.0 Fuel rod fabrication 

sampling 

2.0 %el production (sphere processing) 

3.1 Sintered sphere storage 
3.2 Sintered fertile storage 
3.3 Sintered pellet storage 
3.4 Sphere dispensing 
3.5 Sphere-pac lqading 
3.6 Density inspection 
3.7 Axial blanket (pellet) loading 
3.8 Cleaning 
3.9 Plenum hardware and top end 

3.10 Closure welds 
3.11 Rod assay 
3.12 Rod inspection 
3.13 Rod rework 

plugging 

4.0 Fuel assembly fabrication 
4.1 Fuel rod storage 
4.2 Fuel assembly fabrication 
4.3 Inspection 
4.4 Rework 

Packaged fuel assembly storage 

1600 kg/d 
Unlimited 
Unlimited 
NAC; done at reprocess17 
plant 

48 containersld 
NA 
48 containersld 
4800 kg/d 
NA 
4800 kgld 

NA 

3840 kgld 
240 kgld 
20 kglh 
250 kg 

NA 
NA 
NA 
35 kglh 
4 rodslh 
10 rodslh 
12 rodslh 
24 rodslh 
12 rodslh 

12 rodslh 
100 rods/h 
40 rodslh 
36 rodsld 

NA 
3 assembliesld 
6 assembliesld 
1 assemblyld 

NA 

1050 kgld 1 

740 kgld 1 
280 kgld 1 

14 containersld 1 

2 containersld 1 
280 kg/d 1 
60 d supply 84 

60 d supply 789 

60 d supply 2220 

1050 kg/d 1 
1050 kgld 5 
46 kg/h 3 
1110 kg 5 

2 d supply 
2 d supply 
2 d supply 
58 kg/h 
132 rodslh 
132 rods/h 
125 rods/h 
125 rodslh 
125 rods/h 

125 rodslh 
125 rods/h 
122 rodslh 
150 rods/d 

5 d production 
11 assemblies/d 
11 assemblies/d 
0.05 assemblyld 

30 d production 

28 
3 
39 
2 
33 
14 
11 
6 
11 

11 
2 
4 
5 

14,490 rods 
4 
2 
N R ~  
320 

1 
1 
1 

2 
800 
1 
1 
85 

2250 

10,  30 
1, 3 
13, 39 
1. 3 
11, 33 
5, 15 
4, 12 
2. 6 
4, 12 

4, 12 
2 
4 
2, 6 

15,000 rods 
4 
2 
NR 

320 
~~ 

aRecommended units include consideration of spare capacity for operational reliability. 

bNumber of units is for the facility if a single number; otherwise, units per line, total units in facility. 

‘NA: not applicable. 

dNR: not required. Use assembly equipment as available. 
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Table 9.63. Research and Development Cost Estimates for Sphere-Pac Fabrication 
[NASAP Case 6.2.1, LMFBR U-Pu/U Spiked Recycle (Westinghouse Reference) - 

Heterogeneous Core Design] 

R&D Categories 
R&D Cost Estimates Years to 

(Millions of Complete 
a Current Status 

1978 $1 

1.0 Program management Not applicable 10 10 

2.0 Design studies N - cold engineering 25 10 
3.0 Receiving and storage P - cold engineering 4 5 

4.0 Fuel production P -hot engineering 25 6 

5.0 Fuel rod fabrication P - cold laboratory 50 8 
6.0 Fuel element assembly N - cold engineering 27 8 
7.0 Scrap recovery N - cold engineering 3 

8.0 Waste treatment b b 

9.0 Plant control systems N - cold prototype 5 

10.0 Maintenance N - cold prototype 5 
11.0 Safeguards and account- P - cold engineering 6 

Sub total 160 
ability adaptationC 

5 

b 

8 

10 

6 

Special Facilities 

Hot tests 10 
Cold prototype 25 

Total 195d 

Range 185-235 

a 
N = needed. 

bTo be supplied by others. 

Status stage with qualitative modifiers; C = complete, P = in progress, and 

c Assumes basic technology as developed under OSS estimate presented is for 
applications testing, systems integration, and testing. 

million) or the capital costs of a pilot plant estimated at $160 million. 
dThe estimate does not include costs for fuel qualification tests (about $20 



202 

LMFBR f u e l  e lements  i s  cons ide rab ly  d i f f e r e n t .  These d i f f e r e n c e s  i n  

des ign  r e s u l t  i n  mod i f i ca t ions  t o  t h e  d e t a i l s  f o r  accomplishing the  

v a r i o u s  f u n c t i o n a l  a c t i v i t i e s  and mod i f i ca t ions  t o  t h e  f a c i l i t y  des ign  

d e t a i l s .  I n  t h e  subsequent  paragraphs ,  each of t h e  f u n c t i o n a l  a c t i v i t i e s  

i s  d i scussed  as i t  a p p l i e s  t o  t h i s  case. 

A g e n e r i c  gel-sphere-pac f u n c t i o n a l  f low diagram is g iven  i n  Fig.  3.1 

of Sect. 3.1.1 of t h i s  r e p o r t .  The major f u n c t i o n a l  areas app ly  t o  t h i s  

case, and t h e  two main f u n c t i o n s  unique t o  t h e  gel-sphere-pac process  are 

f u e l  p roduc t ion  (2.0)  and f u e l  rod  f a b r i c a t i o n  (3.0). All t h e  f u n c t i o n a l  

s t e p s  are b r i e f l y  d i scussed  here .  

Rece iv ing  and Storage .  This  f u n c t i o n a l  area i s  q u i t e  similar t o  t h e  

r e f e r e n c e  case. However, i n  a d d i t i o n  t o  t h e  sphe res ,  t h e  U02 p e l l e t s  from 

t h e  a d j a c e n t  r a d i a l  b l anke t  assembly p l a n t  must be r ece ived ,  i n s p e c t e d ,  

and s to red .  

Fue l  Product ion.  The f u e l  p roduc t ion  p rocesses  f o r  t h e  sphe res  are 

e s s e n t i a l l y  t h e  same as those  d e s c r i b e d  f o r  t h e  r e f e r e n c e  case i n c l u d i n g  

c a l c i n a t i o n ,  s i n t e r i n g ,  and i n s p e c t i o n  of t h e  coa r se  and medium s i z e s ,  

which c o n t a i n  plutonium. No p rocess ing  i s  planned f o r  t h e  U02 f i n e s  

because they  are t o  be s i n t e r e d  a t  t h e  r e p r o c e s s i n g  convers ion  s t e p .  

However, because t h e  U02 axial  b l anke t  p e l l e t s  make up approximate ly  37% 

of  t h e  t o t a l  heavy metal con ten t  i n  a co re  f u e l  assembly, t h e  q u a n t i t y  of 

c o a r s e  and medium sphe res  processed  is  s i g n i f i c a n t l y  less than  i n  t h e  

r e f e r e n c e  case. 

Fue l  Rod F a b r i c a t i o n .  While most of t h e  f u e l  rod f a b r i c a t i o n  pro- 

cesses are s imilar  t o  t h e  r e f e r e n c e  case, a d d i t i o n a l  s t e p s  are r e q u i r e d  t 

i n c o r p o r a t e  t h e  axial  b l a n k e t  material. The lower axial b l anke t  s e c t i o n  

is loaded i n t o  t h e  f u e l  rod c l add ing  b e f o r e  t h e  c l add ing  is in t roduced  

i n t c  t h e  cell.  

p r o c e s s  i n t o  each rod and i n s p e c t e d  f o r  d e n s i t y  t h e  upper axial b l anke t  

s e c t i o n  w i l l  be loaded by equipment similar t o  t h a t  used f o r  i n s e r t i n g  

plenum hardware. The a c t u a l  plenum hardware i n s e r t i o n  and end cap welding 

o p e r a t i o n s  are e s s e n t i a l l y  t h e  same as those  desc r ibed  f o r  t h e  r e f e r e n c e  

case. 

After t h e  (U,Pu)O2 c o r e  r e g i o n  i s  loaded by t h e  sphere-pac 

F u e l  Assembly Opera t ions .  The f u e l  assembly des ign  f o r  t h i s  LMFBR 

case 6 . 2 . 1  i s  i d e n t i c a l  t o  t h a t  f o r  t h e  p e l l e t  f a b r i c a t i o n  opt ion .  
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Fol lowing f u e l  rod i n s p e c t i o n  each rod w i l l  be remotely wrapped wi th  a 

w i r e .  This  s p e c i a l  w i r e  wrap w i l l  space t h e  f u e l  rods  i n  t h e  assembly. 

Groups of t h e s e  rods  are assembled onto  T-bars of vary ing  l eng th .  The 

T-bar s t r i p  l a y e r s  are assembled and f a s t e n e d  t o  the  lower end box of t he  

f u e l  assembly. The duct  tube  is i n s t a l l e d  and t h e  f i n i s h e d  assembly i s  

in spec ted .  

Product  Con t ro l  Processes .  These are t h e  same as t h e  r e f e r e n c e  case 

( s e e  Sec t .  4.1.2). 

Scrap  and Waste P rocess ing  and Disposal .  The s c r a p  handl ing  pro- 

cesses are similar t o  t h e  r e f e r e n c e  case ( s e e  Sect. 4.1.2) w i t h  t h e  added 

f e a t u r e  t h a t  a l l  a x i a l  b lanket  p e l l e t s  t h a t  are unloaded from an  u n s a t i s -  

f a c t o r y  rod are inspec ted ,  and accep tab le  p e l l e t s  are recyc led  w i t h i n  t h e  

remote ly  opera ted  p a r t  of t h e  f a c i l i t i e s  t o  form upper axial b l anke t s .  

9.14.6 Pre l imina ry  Cost E s t i m a t e  f o r  Cons t ruc t ion  and Opera t ion  
of a Commercial-Scale P l a n t  

The c o s t  components t h a t  were es t ima ted  inc lude  c a p i t a l  c o s t s  f o r  t h e  

f a c i l i t y  and equipment,  f u e l  assembly hardware c o s t s ,  material and supply  

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

F a c i l i t y  c a p i t a l  c o s t  estimates were based on an a n a l y s i s  of t h e  

f u n c t i o n a l  f low diagram f o r  t h e  process  t o  i n d i c a t e  space requi rements  f o r  

each f u n c t i o n a l  area and f o r  each suppor t  area. Equipment requi rements  

were i d e n t i f i e d ,  and c o s t s  a s s o c i a t e d  wi th  t h e  equipment were es t imated .  

Fue l  assembly hardware requi rements  were based on t h e  r e f e r e n c e  f u e l  

assembly des ign  parameters  i d e n t i f i e d  i n  Table  9.59. E s t i m a t e s  of t h e  

c o s t s  of t h e  hardware i t e m s  were obta ined .  Material and supply  r equ i r e -  

ments w e r e  i d e n t i f i e d  from t h e  sphere-pac process  d e s c r i p t i o n ,  and esti- 

mates of t h e  c o s t s  of materials and s u p p l i e s  were obtained.  Opera t ing  

c o s t  estimates inc luded  c o n s i d e r a t i o n  of personnel ,  overhead, g e n e r a l  and 

a d m i n i s t r a t i v e  expenses ,  and c o s t s  of u t i l i t i e s .  

The f a c i l i t y  w a s  assumed t o  ope ra t e  as a t o l l  p rocess ing  f a c i l i t y .  

That i s ,  t h e  ope ra to r  f a b r i c a t e s  customer-supplied f u e l  feed  materials 

i n t o  f i n i s h e d  f u e l  assembl ies ,  and thus  c o s t s  of plutonium and uranium 
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were not  inc luded  i n  the  c o s t  estimates. The hardware and material c o s t s  

do inc lude  t h e  c o s t s  a s s o c i a t e d  wi th  the  product ion  of t he  U02 p e l l e t s  f o r  

t h e  axial  b lanket .  

Unit  c o s t s  f o r  f a b r i c a t i o n  of f u e l  assembl ies  are determined by an 

economic a n a l y s i s  of t h e  b a s i c  cap i t a l ,  hardware and material, and 

o p e r a t i n g  c o s t  estimates. B a s i c a l l y ,  t he  economic a n a l y s i s  provides  f o r  

t h e  owner of t he  f u e l  f a b r i c a t i o n  f a c i l i t y  t o  recover  a l l  cap i t a l ,  oper- 

a t i n g ,  and f inance  charges  p lus  a r e t u r n  on inves tment ,  i f  a p p r o p r i a t e ,  

over  t h e  l i f e  of t he  p l a n t .  

In order  t o  provide  a range of p r i c e s  ( i . e . ,  c o s t s  t o  a customer) ,  

economic a n a l y s e s  were based on government f inanc ing ,  f i n a n c i n g  appro- 

p r i a t e  f o r  a conven t iona l - r i sk  ( t y p i c a l )  i n d u s t r y ,  and f inanc ing  

. a p p r o p r i a t e  f o r  a h igh- r i sk  indus t ry .2  The e s t ima ted  c o s t s ,  c o s t s  

de r ived  from t h e  economic a n a l y s i s ,  and the  u n i t  c o s t s  based on the  t h r e e  

d i f f e r e n t  f i n a n c i n g  methods are summarized i n  Table  9.64. A s  may be 

observed from t h e  t a b l e ,  t h e  p r i c e  f o r  f a b r i c a t i o n  of (U7Pu)02-UO2 f u e l  

i s  expected t o  be i n  t h e  range from $370 t o  $71O/kg depending on the 

f i n a n c i n g  technique  t h a t  i s  employed. The recommended c o s t  f o r  comparison 

w i t h  o the r  f u e l  c y c l e s  and methods of f a b r i c a t i o n  i s  t h e  t y p i c a l  i n d u s t r y  

c o s t  of $57O/kg of heavy metal. A s  wi th  a l l  the  c o s t  estimates i n  t h i s  

r e p o r t ,  t h e  p r i c e s  are based on the  mass of a l l  heavy metal i n  t h e  

f i n i s h e d  assembly. For t h i s  case, t h i s  i nc ludes  t h e  uranium i n  t h e  axial  

b l anke t s .  



Table  9.64. Sumnary o f  C o s t s  f o r  F a b r i c a t i o n  of Sphere-Pac PWR Fuel  in a 2- t  HM/d F a c i l i t y  
[NASAP Case 6 .2 .1  LMFBR U-Pu/U Spiked Recycle  (Westinghouse Reference)  - 

Heterogeneous Core Design]  

Est imated Cos ts ,  $ m i l l i o n  Derived C o s t s ,  $ m i l l i o n  

Unit  
Annual Owner's Charge on Annual Annual 

Costb 
Economic Hardware Annual c o s t  D i r e c t  C a p i t a l  Equipment Payment t o  

(S/kg)  
P l u s  Opera t ing  During During Replacement Decommissioning F a c i l i t y  Equipment Seta 

M a t e r i a l s  C o n s t r u c t i o n  C o n s t r u c t i o n  c o s t  Fund 

27 39 140 1 3  1 . 2  370 A 260 255 60 

20 . 41 200 1 3  1 . 3  570  B 260 255 60  

4 2  200 1 3  1 .3  710 C 260 255 60 29 

h) 
0 
wl 

'A = Government f i n a n c i n g ;  B = T y p i c a l  i n d u s t r i a l  f i n a n c i n g ;  C = High-r i sk  i n d u s t r i a l  f i n a n c i n g .  

bThese u n i t  c o s t s  apply  o n l y  t o  t h e  c o r e  f u e l  e lements .  The a s s o c i a t e d  r a d i a l  b l a n k e t  c o s t s  a r e  $100, $130, and $140 f o r  
economic sets A, B,  and C ,  r e s p e c t i v e l y .  
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9.15 NASAP CASE 6.2.2, W B R  U-Pu/U SPIKED RECYCLE (GENERAL 
ELECTRIC REFERENCE) HOMOGENEOUS CORE DESIGN 

9.15.1 Fue l  Cycle D e s c r i p t i o n  

This  r e a c t o r - f u e l  cyc le  combination and mass flows are i d e n t i c a l  t o  

t h a t  d i scussed  i n  case 6.1 (Sec t .  9.13) excep t  t h a t  t h e  co re  f u e l  

a s sembl i e s  are p r e i r r a d i a t e d  be fo re  shipment.  This  r e a c t o r - f u e l  c y c l e  

combinat ion i s  an LMFBR us ing  r ecyc led  coprocessed U-Pu mixed oxide i n  a 

homogeneous co re  and r ecyc led  uranium mixed with makeup dep le t ed  uranium i n  

t h e  axial and r a d i a l  b lanket  assembl ies .  The core f u e l  i s  reprocessed  

s e p a r a t e l y  from t h e  b lanket  assembl ies .  A l l  t h e  coprocessed,  recovered  

U-Pu from t h e  co re  is mixed wi th  makeup uranium and some of t he  U-Pu 

r e  v e r e d  from b lanke t  r ep rocess ing  i s  used f o r  f eed  material t o  core  

f acL ica t ion .  The excess coprocessed U-Pu from blanket  r ep rocess ing  i s  

s e n t  t o  secu re  s t o r a g e  f o r  la ter  use i n  LWRs or LMFBRs. A l l  o the r  

recovered  uranium from blanket  r ep rocess ing  is recyc led  t o  b lanket  f a b r i -  

c a t i o n  a f t e r  being mixed wi th  makeup dep le t ed  uranium. 

I n  t h i s  c y c l e  a n a l y s i s  only f a b r i c a t i o n  of t he  co re  assembl ies  i s  

cons idered .  The products  of t h e  r ep rocess ing  p l a n t  are h igh ly  decon- 

tamina ted  and i n c l u d e  t h e  coa r se  and medium s i z e s  of s p h e r i c a l  p a r t i c l e s  

w i t h  t h e  a p p r o p r i a t e  uranium-to-plutonium r a t i o  and the  r ecyc led  U02 f i n e s .  

The assumption w a s  t h a t  excess .uranium from t h e  r ep rocess ing  p l a n t  and/or  

makeup dep le t ed  uranium w i l l  be f a b r i c a t e d  by t h e  p e l l e t  p rocess  i n t o  

r a d i a l  b l anke t  assembl ies  i n  an ad jacen t  contac t -opera ted  and con tac t -  

main ta ined  (CO/CM) f a c i l i t y .  Urania p e l l e t s  from t h a t  a d j a c e n t  f a c i l i t y  

w i l l  be used i n  t h e  co re  f a b r i c a t i o n  f a c i l i t y  f o r  t h e  axial  b l a n k e t s  i n  

t h e  co re  assembl ies .  

The extended burnup of t h e  r e c y c l e  plutonium w i l l  cause t h i s  material 

t o  have s i g n i f i c a n t  r a d i o a c t i v i t y ;  consequent ly ,  a remotely opera ted  and 

c o n t a c t - m a i n t a i n e d  (RO/CM) f a c i l i t y  i s  r e q u i r e d  f o r  t he  co re  assembl ies  

f o r  t h i s  cyc le .  
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9.15.2 A p p l i c a b i l i t y  t o  Curren t  Fue l  Element Design 

The core  f u e l  element des ign  chosen f o r  t h i s  cycle i s  given i n  

Table  9.65. 

The key c o n s i d e r a t i o n s  f o r  sphere-pac a p p l i c a b i l i t y  are the  c ladding  

i n s i d e  diameter  measurements and the  r equ i r ed  f u e l  smear dens i ty .  The 

c l add ing  I D  of 6760 pm i n  the  r e fe rence  des ign  i s  s u i t a b l e  f o r  t h e  sphere- 

pac process .  Although t h e  s p e c i f i e d  smear d e n s i t y  of 90% of t h e o r e t i c a l  

i s  above t h a t  c u r r e n t l y  achieved with exper imenta l  blended ( t h r e e  p a r t i c l e  

s i z e )  sphere-pac beds,  we have assumed t h a t  t he  process  i s  a p p l i c a b l e  

through a s l i g h t  lowering of t h i s  des ign  requirement .  

9.15.3 D e f i n i t i o n  of P l a n t  Product ion  Reauirements and 
Design Capac i ty  

For t h i s  LMFBR (U,Pu)02-U02 f u e l  cyc le ,  t h e  p l a n t  des ign  assumptions 

are l i s t e d  below. The heavy metal through-put f o r  t h i s  p l a n t  and a l l  

cases invo lv ing  axial  b lanket  f u e l  i s  based on t h e  t o t a l  heavy metal i n  

t h e  f i n i s h e d  f u e l  assembly, i n  both core  and axial b lanket  heavy metal. 

1. The f u e l  des ign  i s  the  General  Electr ic  Company Advanced Reactor  

Systems Department homogeneous r e a c t o r  r e f e r e n c e  f u e l  design.  

2. The p l a n t  product ion  capac i ty  i s  480 t HM/year wi th  the  capa- 

b i l i t y  f o r  s imultaneous product ion  of t h r e e  enrichments. 

3. The p l a n t  f a c t o r  is 240 e f f e c t i v e  fu l l -p roduc t ion  days per year.  

4. P l a n t  des ign  capac i ty :  

Overa l l  730 t HM/year 

about  5 f u e l  a s sembl i e s ld  

Each l i n e  of t h r e e  243 t HM/year 

0.67 t HM/d 

1080 f u e l  rods /d  

4.0 f u e l  assembl ies /d  

5. Process  des ign  c a p a c i t i e s  are based on the  l i n e  design c a p a c i t i e s  

and t h e  s c r a p  and sample l o s s e s  def ined  i n  Sec t .  9.15.4. 

6 .  The f a c i l i t i e s  are designed t o  d i scha rge  no l i q u i d  waste o t h e r  

t han  t r e a t e d  s a n i t a r y  sewage. 
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Table 9.65. Summary of General Electric Reference 
LMFBR Fuel Assembly Parameter 

(Nr Case 6.2.2, L' i i  U-Pu/U Spike- 8ecycle) 

Reactor Characteristics 

Reactor power 
Fuel assemblies 
Inner blanket assemblies 
Radial blanket assemblies 
Control assemblies 
Removable shield assemblies 
Fis:: ile enrichment, % 

Ccmponent Characteristics -- 

Fuel cladding 
End plugs 

Bottom 
TOP 

Reflector rods 
Plenum springs 
Spacers 
Wire wrap 
Attachment rails 
Locking pins 
Shield and inlet assemblies 
Duct and upper handling 
socket 

Fuel Rod Characteristics 

1000 Ffwe (net) 
252 (150 zone 1; 102 zone 2) 
Not applicable 
198 
19 
240 
Zone 1 - 10.24, zone 2, - 14 36 

Number per Mass (kg) per 
Material Fuel Assembly Fuel Assembly 

Improved 316 SS 271 

Improved 316 SS 271 
Improved 316 SS 271 

316 SS 271 

Improved 316 SS 1 
Improved 316 SS 1 

Fuel cladding outside diameter 7.37 nun (0.290 in.) 
Fuel cladding inside diameter 6.76 mm (0.266 in.) 
Fuel rod length 2.85 m (112 in.) 
Plenum length 

Upper 914.4 mm (36.0 in.) 
Lower 

Core fuel heiAht 
Axial blanket height 

Upper 
Lower 

Pellet density 
Fuel smear density 
Pellet diameter 
Pellet length 
Wire wrap diameter 
Bonding 

Not applicable 
1219 nun (48.0 in.) 

356 mm (14.0 in.) 
356 mm (14.0 in.) 

90% T.D. 
6.62 nun (0.2605 in.) 

1.44 mm (0.0567 in.) 
He 

Fuel Assembly Characteristics 

Array Hexagonal 
Fuel assembly length 
Duct outside flat-to-flat 
Duct wall thickness 3.18 mm (0.125 in.) 
Mass of structural components 
Heavy metal content 

154.5 mm (6.083 in.) 

Core 103.74 kg 
Axial blanket 63.48 kg 
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7. All process buildings and critical auxiliary support are designed 
and constructed in accordance with current United States Nuclear Regulatory 

Commission licensing requirements. Shielding is provided to limit dose 

rates to operating and maintenance personnel to 0.25 millirem/h. 

In addition, we assumed that production from each fuel rod line is 

campaigned to provide a full reload segment for a single 1000-14We LMFBR. 

Thus, the total heavy metal output for a given campaign is 21.1 t, and 

each campaign requires 31.6 effective full-production days ( 4 8  calendar 

days). The total facility, with an adjacent radial blanket assembly 

plant, can support approximately 28 such reactors. 

9.15.4 Estimates of Surge Storage Requirements, Scrap Production 
Rates,, and Processing Rates for Functional Steps 

Given the plant design assumptions defined in Sect. 9.15.3, further 

commercial plant characteristics were derived. 

To achieve the annual production rates, an analysis of the plant 

surge storage requirements and normal inventory was made, and the results 

of this analysis are given in Table 9.66. 

Based on current technology and assuming reasonable extrapolations 

for commercial-scale developments, a preliminary estimate was made of the 

daily mass flows of heavy metal through the fabrication plant and the 

average production rate of heavy metal scrap materials from the various 
functional activities. These are presented in Table 9.67. 

Given the above information, a preliminary evaluation of the pro- 

cessing rate for each functional step within the main fuel fabrication 

processes was made. The results of this analysis are summarized in 

Table 9.68. 

9.15.5 Analysis of Functional Technology Status, Research and 
Development Requirements, Cost ,  and Schedule 

The technology status of this system is quite similar to that of the 

reference case discussed in Sect. 8. The current status and research and 

development needs are summarized in Table 9.69. The primary difference 



Table 9.66. Sphere-Pac Fabricat ion P lan t  Surge Storage Requirements and Normal Inventory 
[NASAP Case 6.2.2, LMFBR U-Pu/U Spiked Recycle (GE Reference) - 

Homogeneous Core Design1 
~~ 

Process s t e p  Material 

Storage 
I n t e r v a l ,  d Normal Inventory,  kg HM 

Normal Maximum (Pu, U) 0 2  U02 Fines UO2 P e l l e t s  

Feed s torage  

Inter im s torage  

Furnace 

Post furnace 

Inter im s torage  

Main s torage  

Loading, inspect ion,  

Loaded, not  inspected 

Rework and scrap  

welding 

rods 

Completed f u e l  rods 

A s s  emh l y  

Dried spheres 
Sintered spheres 
Sintered p e l l e t s  

Dried spheres 
Sintered spheres 
Sintered p e l l e t s  

Dried t o  s in t e red  
spheres 

Sintered spheres 

Sintered spheres 

Sintered spheres 
Sintered spheres 
Sintered p e l l e t s  

Sintered spheres 
and p e l l e t s  

Sintered spheres 
i n  rods 

Sintered spheres 
and p e l l e t s  

Sintered spheres 
and pe l l e t s  
i n  rods 

Rods i n  completed 
assemblies 

30 
30 
30 

1 
1 
1 

1.2 

0.5 

0.36 

1 . 2  
1.5 
1.5 

0.12 

5 

2 

5 

15 

60 
60 
60 

2 
2 
2 

2.4 

1 

0.72 

2 :4 
2.9 
2.9 

0.24 

5 

5 

5 

30 

31,000 

1,030 

1,240 

515 

370 

1,300 

130 

5,100 

250 

4,990 

15,000 

8,200 
10,400 

270 
350 

410 

35 

590 

50 

1,290 3,940 

45 100 

1,250 3,820 

3.740 11,400 
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Table 9.67. Heavy Metal Mass Flovs and Average Scrap Product ion for Sphere-Pac Fuel Fabr i ca t ion  P lan t  
INASAP Case 6.2.2, LHFBR U - Pu/U Spiked Recycle (GE Reference)  Homogeneous Core Design] 

Mass Flov ,  kg lM/d 

Reject  scrap' Dai ly  Throughput Clean scrap: p rocess ing  s t e p  

UO- Axial  Blanket (PU.U)O2Q F;o& ~ ; ; l p ~ ; ; ~ ; ~ t  (P",LI)O?.: "oi Pellets (P",U)O> ,;;,, uo2 P e l l e t s  

Receiving and s t o r a g e  1031.2 271.6d 762.2 
Sampling and ba tch  load ing  1030.2 1.0  

Ca lc in ing  and s i n t e r i n g  1029.7 0.5 
Sphere upgrading 1087.6: 30.9 
Sphere sampling 1085.4 2.2 

In t e r im  s t o r a g e  1085.4 271.3 415.1 

Fuel rod scanning 1031.1 257.8 788.7': 52.1 13.0 19.9 2.2 0.5 0.8 
Top component i n s e r t i o n  1028.9 257.2 787.0 2.1 0.5 1.6 ' 0 . 2  0.1 0.2 

Weighing and sampling 271.3 761.51 0.2 0.8 

Fuel  rod loading 1085.4 271.3 415.1 

Rod ve ld ing  and x r a y  1028.9 257.2 787 .O i: n h 

Leak d e r e c t i o n  1028.9 257.2 787.0 k i; t F. 
Rod as say  1008.3 252.1 771.2 19.5 4.9 15.0 1.0  0.3 0.8 

Fina l  rod inspect ion 997.8 249.4 763.2 10.1  2.5 7.7 0 . 3  0.4 0.1 
Assembly in specc lan  992.6 248.2 759.2 5.0 1.2 0.2 0.05 0.2 - -  3.8 

Tota l  2000 88.8 22.1 48.0 

- - -  - 

3.1 38.6 1.3 
- 

'10.24 and 14.36% average fissile plutonium con ten t  i n  Zones 1 and 2, r e s p e c t i v e l y  

' I n t e rna l ly  r ecyc led .  

'Col lected.  assayed.  and e x t e r n a l l y  recycled t o  r ep rocess ing  p l a n t .  

dIncludes 22.1 kg of r ecyc led  clean sc rap .  

e346.4 kg r e se rved  for  upper a x i a l  b l anke t  l oad ing  ( a f t e r  fuel rod scann ing) .  

f Inc ludes  88.8 kg of r ecyc led  clean sc rap .  

gIncludes 48.0 kg of r ecyc led  c l ean  scrap and 346.4 kg of f r e s h  m a t e r i a l .  

hRevork in t hese  s t e p s  i s  on ly  of veld and does not  affect scrap. 
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Table 9.68. Equipment Requirements f o r  Functional Areas 
[NASAP Case 6.2.2 LMFBR L-PuIC Suiked Recvcle 

(CE Reference) Homogeneous Core Design] 

Plant Design Required Recommendeda 

of 
Number 
of 

Units Unit& 

Requirement Number Functional Area Unit Production 
(Nominal) 

1.0 Receiving 
(Pu,U)O2 (10 cor,tainers/carrier) 1600 kgld 1 1 
UOz fines Unlimited 270 kgld 1 1 
UO2 Axial blanket pellets Unlimited 760 kg/d 1 1 

1.2 Weighing 48 containers/d 13 containersld 1 2 
1.3 Storage (80 kg HM/container) NA 60 d supply 814 820 
1.4 Weighing 48 containersld 2 containersld 1 1 
1.5 UO2 fines sampling 4800 kgld 270 kg/d 1 1 
1.6 Storage (200 kg KWcontainer) NA 60 d supply 82 85 
1.7 UO2 Axial blanket pellet 4800 kg/d 760 kg/d 1 1 

1030 kg/d 

1.1 Sampling NA'; done at reprocessing 
plant 

sampling 
1.8 Storage (20 kg HM/container) NA 60 d supply 2280 2300 

2.1 Sampling 

2.3 Hicrosphere inspection 
2.4 Interim storage 

3.0 Fuel rod fabrication 
3.1 Sintered sphere storage NA 2 d supply 28 10, 30 
3.2 Sintered fertile storage 
3.3 Sintered pellet storage NA 2 d supply 35 12. 36 
3.4 Sphere dispensing 

4 rodslh 148 rods/h 37 13. 39 3.5 Sphere-pac loading 
3.6 Density inspection 10 rods/h 148 rodslh 15 5, 15 

3.8 Cleaning 

2.0 Fuel production (sphere processing) 
3840 kg/d 1030 kgld 1 1, 3 
240 kgld 1030 kg/d 2, 6 
20 kglh 43 kglh 1, 3 
250 kg 1090 kg 5 2. 6 

5 
3 

. 2.2 Calcining and sintering 

NA 2 d supply 3 1, 3 

35 kg/h 57 kglh 2 1, 3 

3.7 Axial blanket (pellet) loading 12 rodslh 141 rods/h 12 4, 12 

3.9 Plenum hardware and top end 12 rodslh 141 rodslh 12 4 ,  12 

3.10 Closure velds 1 2  rods/h 141 rodslh 12 4, 12 
3.11 Rod assay 100 rodslh 141 rodslh 2 2 
3.12 Rod inspection 40 rodslh. 137 rods/h 4 4 

24 rodslh 141 rodslh 6 2, 6 

plugging 

36 rodsld 168 rodsld 5 2 ,  6 3.13 Rod rework 

4.0 Fuel assembly fabrication 
4.1 Fuel rod storage NA 5 d production 16,291 rods 17,000 rods 
4.2 Fuel assembly fabrication 3 assemblies/d 12 assembliesld 4 4 
4.3 Inspection 6 assemblies/d 12 assembliesld 2 2 
4.4 Rework 1 assembly/d 0.06 assemblyld NRd NR 
Packaged fuel assembly storage NA 30 d production 359 360 

'Recommended units include consideration of spare capacity for operational reliability. 

bNumber of units is for the facility if a single number; otherwise, units per line, total units in facility. 

'NA: not applicable. 

%R: not required. Use assembly equipment as available. 
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Table 9.69. Research and Development Cost Estimates for Sphere-Pac Fabrication 
[NASAP Case 6.2.2, LMFBR U-Pu/U Spiked Recycle (GE Reference) - 

Homogeneous Core Design] 

R&D Categories 
R&D Cost Estimates Years to 

Complete (Millions of a Current Status 
1978 $1 

1.0 
2.0 

3.0 

4.0 

5.0 

6.0 

7.0 
8.0 

9.0 

10.0 
11.0 

~~ ~~ 

Program management Not applicable 

Design studies N - cold engineering 
Receiving and storage P - cold engineering 

Fuel production P - hot engineering 
Fuel rod fabrication P - cold engineering 
Fuel element assembly N - cold engineering 
Scrap recovery N - cold engineering 
Waste treatment b 

Plant control systems N - cold prototype 
Maintenance N - cold prototype 

Safeguards and account- P - cold engineering 
ability adap ta t ionC 

Subtotal 

1 0  

25 

4 

25 

50 

27 

3 

b 

5 

5 

6 

10 

10 

5 

6 

8 

8 

5 

b 

8 

10 

6 

160 

Special Facilities 

Hot tests 

Cold prototype 

Total 

Range 

10 
25 

195d 

185-235 

a 

N = needed. 

bTo be supplied by others. 

Status stage with qualitative modifiers; C = complete, P = in progress, and 

c Assumes basic technology as developed under OSS estimate presented is for 

dThe estimate does not include costs for fuel qualification tests (about $20 

applications testing, systems integration, and testing. 

million) or the capital costs of a pilot plant estimated at $160 million. 
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between t h i s  U-Pu f u e l  and the  r e f e r e n c e  U-Pu f u e l  is the  much higher  con- 

c e n t r a t i o n  of plutonium. Development i s  under way i n  the  United S t a t e s  

on sphere  forming, c a l c i n a t i o n ,  and s i n t e r i n g  of (U,Pu)O2 w i t h  Pu/U r a t i o s  

adequa te  f o r  both t h e  r e f e r e n c e  case and the  f a s t  r e a c t o r  f u e l s .  

While t h e  f u n c t i o n a l  f a b r i c a t i o n  processes  are the  same as those  

g iven  f o r  t he  r e f e r e n c e  gel-sphere-pac f a b r i c a t i o n  case, the  des ign  of the 

LMFBR f u e l  e lements  i s  cons ide rab ly  d i f f e r e n t .  These d i f f e r e n c e s  i n  

des ign  r e s u l t  i n  mod i f i ca t ions  t o  the  d e t a i l s  f o r  accomplishing the  

v a r i o u s  f u n c t i o n a l  a c t i v i t i e s  and mod i f i ca t ions  t o  the  f a c i l i t y  des ign  

d e t a i l s .  I n  t h e  subsequent paragraphs ,  each of t he  f u n c t i o n a l  a c t i v i t i e s  

i s  d i scussed  as i t  a p p l i e s  t o  t h i s  case. 

A g e n e r i c  gel-sphere-pac f u n c t i o n a l  f low diagram is  given i n  Fig. 3 . 1  

of Sect .  3.1.1 of t h i s  r e p o r t .  The major f u n c t i o n a l  areas apply  t o  t h i s  

case, and t h e  two main f u n c t i o n s  unique t o  the  gel-sphere-pac process  are 

f u e l  product ion  (2.0) and f u e l  rod f a b r i c a t i o n  (3.0). All t he  f u n c t i o n a l  

s t e p s  are b r i e f l y  d i scussed  here .  

Rece iv ing  and Storage .  This f u n c t i o n a l  area is  q u i t e  similar t o  the  

r e f e r e n c e  case. However, i n  a d d i t i o n  t o  the  sphe res ,  t he  U02 p e l l e t s  from 

t h e  ad jacen t  r a d i a l  b lanket  assembly p l a n t  must .be r ece ived ,  i n s p e c t e d ,  

and s to red .  

Fue l  Product ion .  The f u e l  product lon  processes  f o r  t h e  sphe res  are 

e s s e n t i a l l y  t h e  same as those  desc r ibed  f o r  t he  r e f e r e n c e  case inc lud ing  

c a l c i n a t i o n ,  s i n t e r i n g ,  and i n s p e c t i o n  of t he  coa r se  and medium s i z e s ,  

which c o n t a i n  plutonium. No p r d e s s i n g  is planned f o r  the  U02 f i n e s  

because they  are t o  be s i n t e r e d  a t  t h e  r ep rocess ing  convers ion  s t ep .  

However, because the  U02 axial  b lanket  pellets make up approximate ly  38% 

of t h e  t o t a l  heavy metal con ten t  i n  a co re  f u e l  assembly, t h e  q u a n t i t y  of 

c o a r s e  and medium sphe res  processed i s  s i g n i f i c a n t l y  less than i n  the  

r e f e r e n c e  case. 

F u e l  Rod F a b r i c a t i o n .  While most of t h e  f u e l  rod f a b r i c a t i o n  pro- 

cesses are similar t o  t h e  r e f e r e n c e  case, a d d i t i o n a l  s t e p s  are r e q u i r e d  t o  

i n c o r p o r a t e  t h e  a x i a l  b lanket  material. The lower axial b lanket  s e c t i o n  

a i s  loaded i n t o  t h e  f u e l  rod c ladding  be fo re  the c ladding  i s  in t roduced  

i n t o  t h e  cell.  

p rocess  i n t o  each rod and in spec ted  f o r  d e n s i t y  the  upper axial  b lanket  

A f t e r  t h e  (U,Pu)O2 co re  r eg ion  is  loaded by t h e  sphere-pac 
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s e c t i o n  w i l l  be loaded by equipment s i m i l a r  t o  t h a t  used f o r  i n s e r t i n g  

plenum hardware. The a c t u a l  plenum hardware i n s e r t i o n  and end cap welding 

o p e r a t i o n s  are e s s e n t i a l l y  t h e  same as those  desc r ibed  f o r  t he  r e f e r e n c e  

case. 

Fue l  Assembly Opera t ions .  The f u e l  assembly des ign  f o r  t h i s  LMFBR 

case 6.2.2 i s  i d e n t i c a l  t o  t h a t  f o r  t h e  p e l l e t  f a b r i c a t i o n  opt ion .  

Fol lowing f u e l  rod i n s p e c t i o n  each rod w i l l  be remotely wrapped wi th  a 

w i r e .  This  s p e c i a l  wire wrap w i l l  space t h e  f u e l  rods  i n  t h e  assembly. 

Groups of t h e s e  rods  are assembled onto T-bars of vary ing  l eng th .  The 

T-bar s t r i p  l a y e r s  are assembled and f a s t e n e d  t o  the  lower end box of t h e  

f u e l  assembly. The duct  tube i s  i n s t a l l e d  and the  f i n i s h e d  assembly i s  

inspec ted .  

Product  Con t ro l  Processes .  These are t h e  same as t h e  r e f e r e n c e  case 

( s e e  Sec t .  4.1.2). 

Scrap  and Waste P rocess ing  and Disposal .  The sc rap  handl ing  pro- 

cesses are similar t o  t h e  r e f e r e n c e  case (see Sect. 4.1.2) w i t h  t h e  added 

f e a t u r e  t h a t  a l l  a x i a l  b lanket  p e l l e t s  t h a t  are unloaded from an u n s a t i s -  

f a c t o r y  rod are inspec ted ,  and accep tab le  p e l l e t s  are recyc led  w i t h i n  t h e  

remote ly  opera ted  p a r t  of t he  f a c i l i t i e s  t o  form upper a x i a l  b lankets .  

9.15.6 P re l imina ry  Cost Estimate f o r  Cons t ruc t ion  and Opera t ion  
of a Commercial-Scale P l a n t  

The c o s t  components t h a t  were e s t ima ted  inc lude  c a p i t a l  c o s t s  f o r  t h e  

f a c i l i t y  and equipment, f u e l  assembly hardware c o s t s ,  material and supply 

c o s t s ,  and ope ra t ing  cos t s .  

F a c i l i t y  c a p i t a l  c o s t  estimates were based on an a n a l y s i s  of t h e  

f u n c t i o n a l  f low diagram f o r  t h e  process  t o  i n d i c a t e  space requirements  f o r  

each  f u n c t i o n a l  area and f o r  each suppor t  area. Equipment requirements  

were i d e n t i f i e d ,  and c o s t s  a s s o c i a t e d  wi th  t h e  equipment were es t imated .  

Fue l  assembly hardware requi rements  were based on t h e  r e f e r e n c e  f u e l  

assembly des ign  parameters  i d e n t i f i e d  i n  Table  9.65. Estimates of t h e  

c o s t s  of t h e  hardware items were obtained.  Material and supply r equ i r e -  

ments were i d e n t i f i e d  from t h e  sphere-pac process  d e s c r i p t i o n ,  and 
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estimates of t h e  c o s t s  of materials and s u p p l i e s  were obta ined .  Opera t ing  

c o s t  estimates inc luded  c o n s i d e r a t i o n  of personnel ,  overhead,  gene ra l  and 

a d m i n i s t r a t i v e  expenses ,  and c o s t s  of u t i l i t i e s .  

The f a c i l i t y  was assumed t o  o p e r a t e  as a t o l l  p rocess ing  f a c i l i t y .  

That  i s ,  t h e  o p e r a t o r  f a b r i c a t e s  customer-supplied f u e l  feed  materials 

i n t o  f i n i s h e d  f u e l  a s sembl i e s ,  and thus  c o s t s  of plutonium and uranium 

were no t  i nc luded  i n  t h e  c o s t  estimates. The hardware and material c o s t s  

do i n c l u d e  t h e  c o s t s  a s s o c i a t e d  with t h e  product ion  of t he  U02 p e l l e t s  f o r  

t h e  ax ia l  b l anke t .  

Unit  c o s t s  f o r  f a b r i c a t i o n  of f u e l  assembl ies  are determined by an  

economic a n a l y s i s  of t h e  b a s i c  c a p i t a l ,  hardware and material, and 

o p e r a t i n g  c o s t  estimates. B a s i c a l l y ,  t h e  economic a n a l y s i s  p rov ides  f o r  

t h e  owner of t h e  f u e l  f a b r i c a t i o n  f a c i l i t y  t o  recover  a l l  c a p i t a l ,  oper- 

a t i n g ,  and f i n a n c e  charges  p l u s  a r e t u r n  on inves tment ,  i f  a p p r o p r i a t e ,  

over  t h e  l i f e  of t h e  p l a n t .  

I n  o r d e r  t o  provide  a range of p r i c e s  ( i . e . ,  c o s t s  t o  a cus tomer) ,  

economic a n a l y s e s  were based on government f i n a n c i n g ,  f i n a n c i n g  appro- 

p r i a t e  f o r  a conven t iona l - r i sk  ( t y p i c a l )  i n d u s t r y ,  and f i n a n c i n g  

a p p r o p r i a t e  f o r  a h igh - r i sk  indus t ry .2  

d e r i v e d  from t h e  economic a n a l y s i s ,  and t h e  u n i t  c o s t s  based on t h e  t h r e e  

d i f f e r e n t  f i nanc iwr  methods are summarized i n  Table  9.70. A s  may be 

observed from t h c  ,ab le ,  t h e  p r i c e  f o r  f a b r i c a t i o n  of (UyPu)02-UO2 f u e l  

i s  expected t o  be i n  t h e  range from $380 t o  $730/kg depending on t h e  

f i n a n c i n g  t echn ique  t h a t  i s  employed. The recommended cost f o r  comparison 

w i t h  o t h e r  f u e l  c y c l e s  and methods of f a b r i c a t i o n  is t h e  t y p i c a l  i n d u s t r y  

c o s t  of $580/kg of heavy metal. As wi th  a l l  t h e  c o s t  estimates i n  t h i s  

r e p o r t ,  t h e  p r i c e s  are based on t h e  mass of a l l  heavy metal i n  t h e  

f i n i s h e d  assembly. For t h i s  case, t h i s  i nc ludes  t h e  uranium i n  t h e  axial  

b l a r  ets. 

The e s t i m a t e d  c o s t s ,  c o s t s  



' Table 9.70. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility 
[NASAP Case 6.2.2, LMFBR U-Pu/U Spiked Recycle (GE Reference) - 

Homogeneous Core Design] 

Estimated Costs, $ million Derived Costs, $ million 

Unit 
cost 
(S/kg) 

Annual &KICK'S Charge on Annual Annual 
Payment to Hardware Annual cost Direct Capital Equipment 

Materials Construction Construction cost Fund 
Facility Equipment plus Operating During During Replacement Decommissioning 

Economic 
Seta 

N 
P 
-4 A 260 255 66 27 39 140 13 1.2 380 

B 260 255 66 28 41 200 13 1.3 580 

C 260 255 66 29 42 200 13 1.3 7 30 

aA = Government financing; B = Typical industrial financing; C = High-risk industrial financing. 
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9.16 NASAP CASE 6.3.1, LMFBR U-Pu/Th SPIKED RECYCLE, WESTINGHOUSE 
TRANSMUTER; HETEROGENEOUS CORE DESIGN 

9.16.1 Fue l  Cycle D e s c r i p t i o n  

This  r e a c t o r - f u e l  cyc..2 combinat ion i s  an LHFBK us ing  16% f i s s i l e  

U-Pu co re  and an a x i a l  b l anke t  of dep le t ed  uranium. I n  a d d i t i o n  t h i s  

r e a c t o r  has  i n t e r n a l  and r a d i a l  b l anke t  assembl ies  of thorium oxide.  Core 

f u e l  a s sembl i e s  are p r e i r r a d i a t e d  f o r  s p i k i n g  before  shipment.  Core and 

a x i a l  b l anke t  a s sembl i e s  are coprocessed ,  and t h e  recovered  U-Pu i s  mixed 

w i t h  makeup U-Pu as feed  t o  c o r e  f a b r i c a t i o n .  Excess dep le t ed  uranium 

from core  r e p r o c e s s i n g  i s  used as d i l u e n t  t o  the  233U r ecove red  from the  

i n t e r n a l  and r a d i a l  b l anke t  r ep rocess ing  and as feed  t o  axial b l anke t  

. f a b r i c a t i o n .  Makeup dep le t ed  uranium i s  r e q u i r e d  t o  complete axial  

b l anke t  f eed  material requirements .  

s t o r e d  i n  an  i n t e r i m  s t o r a g e  f a c i l i t y .  New thorium is used f o r  i n t e r n a l  

and r a d i a l  b l anke t  f a b r i c a t i o n .  

The denatured  ( i n  p rocess )  233U i s  

I n  t h i s  c y c l e  a n a l y s i s  on ly  f a b r i c a t i o n  of t h e  co re  a s sembl i e s  i s  

cons idered .  The p roduc t s  of t h e  r e p r o c e s s i n g  p l a n t  are h igh ly  decon- 

tamina ted  and i n c l u d e  t h e  c o a r s e  and medium sizes of s p h e r i c a l  p a r t i c l e s  

w i t h  t h e  a p p r o p r i a t e  uranium-plutonium r a t i o  and t h e  r e c y c l e d  U02 f i n e s .  

Sp ik ing  i s  provided a f t e r  f a b r i c a t i o n  by i r r a d i a t i o n .  We have assumed 

t h a t  excess  uranium f r o m  t h e  r e p r o c e s s i n g  p l a n t  and/or  makeup dep le t ed  

uranium w i l l  be processed  i n  an a d j a c e n t  contac t -opera ted  and con tac t -  

main ta ined  (CO/CM) f a c i l i t y .  

a s sembl i e s  are f a b r i c a t e d  by t h e  p e l l e t  p rocess .  Urania p e l l e t s  from t h e  

s p e c i a l  p e l l e t  p rocess ing  l i n e  i n  t h e  a d j a c e n t  f a c i l i t y  w i l l  be used i n  

t h e  co re  f a b r i c a t i o n  f a c i l i t y  f o r  t h e  axial b l a n k e t s  i n  t h e  co re  

a s sembl i e s .  

In t h e  s a m e  f a c i l i t y  t h e  Tho2 r a d i a l  b l anke t  

The extended burnup of t h e  r e c y c l e  plutonium w i l l  cause  t h i s  material 

t o  have s i g n i f i c a n t  r a d i o a c t i v i t y ;  consequent ly ,  a remote ly  ope ra t ed  and 

contac t -main ta ined  (RO/CM) f i l i t y  i s  r e q u i r e d  f o r  t h e  co re  assembl ies  

f o r  t h i s  cyc le .  
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9.16.2 A p p l i c a b i l i t y  t o  Curren t  Fue l  Element Design 

The core f u e l  element des ign  chosen f o r  t h i s  cyc le  i s  given i n  

Table  9.71. These co re  elements  are i d e n t i c a l  wi th  those  def ined  f o r  

Case 6.2.1, Sect. 9.14. 

The key c o n s i d e r a t i o n s  f o r  sphere-pac a p p l i c a b i l i t y  are the  c ladding  

i n s i d e  diameter  measurements and the  r e q u i r e d  f u e l  smear dens i ty .  The 

c l add ing  I D  of 7210 U m  i n  the  r e f e r e n c e  des ign  i s  s u i t a b l e  f o r  t h e  sphere- 

p a c  process .  Although t h e  s p e c i f i e d  smear d e n s i t y  of 91% of t h e o r e t i c a l  

i s  above t h a t  c u r r e n t l y  achieved with exper imenta l  blended ( t h r e e  p a r t i c l e  

s i z e )  sphere-pac beds,  w e  have assumed t h a t  t he  process  i s  a p p l i c a b l e  

through a s l i g h t  lowering of t h i s  des ign  requirement .  

9.16.3 D e f i n i t i o n  of P l a n t  P roduc t ion  Requirements and 
Design Capac i ty  

For t h i s  LMFBR (U,Pu)02-U02 f u e l  c y c l e ,  t h e  p l a n t  des ign  assumptions 

are l i s t e d  below. The heavy metal through-put f o r  t h i s  p l a n t  and a l l  

cases invo lv ing  a x i a l  b lanket  f u e l  is based on t h e  t o t a l  heavy metal i n  

t h e  f i n i s h e d  f u e l  assembly, i n  both co re  and axial b lanket .  
I 

1 .  The f u e l  des ign  i s  t h e  Westinghouse Electric Corpora t ion  Advanced 

Reac to r s  D iv i s ion  heterogeneous co re  r e a c t o r  r e f e r e n c e  l a r g e  rod f u e l  

des ign .  

2. The p l a n t  product ion  c a p a c i t y  i s  480 t HM/year wi th  t h e  capa- 

b i l i t y  f o r  s imultaneous product ion  of t h r e e  enrichments .  

3. The p l a n t  f a c t o r  i s  240 e f f e c t i v e  fu l l -p roduc t ion  days per year.  

4. P l a n t  des ign  capac i ty :  

O v e r a l l  730 t HM/year 

about  11 f u e l  assembl ies /d  

Each l i n e  of t h r e e  243 t HM/year 

0.67 t HM/d 

961 f u e l  rods /d  

3.5 f u e l  assembl ies /d  

5. Process  des ign  c a p a c i t i e s  are based on t h e  l i n e  des ign  c a p a c i t i e s  

and t h e  s c r a p  and sample l o s s e s  de f ined  i n  Sec t .  9.16.4. 
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Table 9.71. Summary of Westinghouse Large Pin Transmuter 
LMFBR Fuel Assembly Parameters 

(NASAP Case 6.3.1, LMFBR U-Pu/Th Spiked Recycle, Heterogeneous Core Design) 

Reactor Characteristics 

Reactor power 
Fuel assemblies 
Inner blanket assemblies 
Radial blanket assemblies 
Control assemblies 
Removable shield assemblies 
Fissile enrichment, % 

Component Characteristics 

Fuel cladding 
End plugs 

TOP 
Bottom 

Reflector rods 
Plenum springs 
Spacers 
Wire wrap 
Attachment rails 
Locking pins 
Shield and inlet assemblies 
Duct and upper handling 
socket 

Fuel Rod Characteristics 

Fuel cladding outside diameter 
Fuel clwdding inside diameter 
Fuel roci length 
Plenum length 

Upper 
Lower 

Core fuel height 
Axial blanket height 

Upper 
Lower 

Pellet density 
Fuel smear density 
Pellet diameter 
Pellet length 
Wire wrap diameter 
Bonding 

Fuel Assembly Characteristics 

Array 
Fuel assembly length 
Duct outside flat-to-flat 
Duct wall thickness 
Mass of structural components 
Heavy metal content 

Core 
Axial blanket 

1000 m e  (net) 
270 (222 zone 1; 48 zone 2 )  
121 
138 
30 

Zone 1 - 20.5; zone 2 - 19.4 

Number per Mass (kg) per 
Material Fuel Assembly Fuel Assembly 

Improved 316 SS 271 

Improved 316 SS 271 
Improved 316 SS 271 

316 SS 271 

Improved 316 SS 1 
Improved 316 SS 

7.87 mm (0.310 in.) 
7.21 mm (0.284 in.) 

' 1219 mm (48.0 in.) 

356 mm (14.0 in.) 
356 mm (14.0 in.) 
10.45 Mg/m3 
91% T.D. 
7.06 mm (0.278 in.) 

1.18 mm (0.0465 in.) 
He 

Hexagonal 
4.65 m (183 in.) 
0.1593 m (6.210 in.) 
3.68 mm (0.145 in.) 

118. '9 kg 
69.1 kg 
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6. The f a c i l i t i e s  are designed t o  d i scha rge  no l i q u i d  waste o ther  

t han  t r e a t e d  s a n i t a r y  sewage. 

7. All process  b u i l d i n g s  and c r i t i c a l  a u x i l i a r y  suppor t  are designed 

and cons t ruc t ed  i n  accordance wi th  c u r r e n t  United S t a t e s  Nuclear Regula tory  

Commission l i c e n s i n g  requirements .  Sh ie ld ing  i s  provided t o  l i m i t  dose 

r a t e s  t o  ope ra t ing  and maintenance personnel  t o  0.25 mil l i r em/h .  

I n  a d d i t i o n ,  we assumed t h a t  product ion  from each f u e l  rod l i n e  is 

campaigned t o  provide a f u l l  r e l o a d  segment f o r  a s i n g l e  1000-MWe LMFBR. 

Thus, t h e  t o t a l  heavy metal output  f o r  a given campaign i s  17 t ,  and 

each  campaign r e q u i r e s  25.4 e f f e c t i v e  fu l l -p roduc t ion  days (39  ca l enda r  

days) .  The t o t a l  f a c i l i t y ,  w i th  an ad jacen t  r a d i a l  b lanket  assembly 

p l a n t ,  can suppor t  approximately 28 such r e a c t o r s .  

9.16.4 Estimates of Surge S to rage  Requirements,  Scrap  Product ion  
Rates, and P rocess ing  Rates f o r  Func t iona l  S t eps  

Given t h e  p l a n t  des ign  assumptions def ined  i n  Sect. 9.16.3, f u r t h e r  

commercial p l a n t  c h a r a c t e r i s t i c s  were der ived.  

To achieve  t h e  annual  product ion  rates, an  a n a l y s i s  of t h e  p l a n t  

s u r g e  s t o r a g e  requi rements  and normal inven to ry  was made, and the  r e s u l t s  

of t h i s  a n a l y s i s  are given i n  Table  9.72. 

Based on c u r r e n t  technology and assuming r easonab le  e x t r a p o l a t i o n s  

f o r  commercial-scale developments,  p re l imina ry  estimafes were made of t h e  

d a i l y  mass f lows of heavy metal through t h e  f a b r i c a t i o n  p l a n t  and t h e  

average  product ion  rate of heavy metal sc rap  materials from the  v a r i o u s  

f u n c t i o n a l  a c t i v i t i e s .  These are presented  i n  Table  9.73. 

Given the  above informat ion ,  a p re l imina ry  e v a l u a t i o n  of t h e  pro- 

c e s s i n g  rate f o r  each f u n c t i o n a l  s t e p  w i t h i n  t h e  na in  f u e l  f a b r i c a t i o n  

p rocesses  w a s  made. 

Table  9.74. 

The r e s u l t s  of t h i s  a n a l y s i s  are summarized i n  

9.16.5 Ana lys i s  of Func t iona l  Technology S t a t u s ,  Research and 
Development Requirements,  Cos t ,  and Schedule  

The technology s t a t u s  of t h i s  system is q u i t e  similar t o  t h a t  of t h e  

r e f e r e n c e  case d i scussed  i n  Sec t .  8. The c u r r e n t  s t a t u s  and r e s e a r c h  and 



Table 9.72. Sphere-Pac Fabricat ion Plant  Surge Storage Requirements and Normal Inventory 
(NASAP Case 6.3.1, LMFBR U-Pu/Th Spiked Recycle, Westingbcjuse Transmuter - 

Heterogeneous Core Design) 

Process s t e p  

Storage Normal Inventory, kg HM 
In t e rva l ,  d 

Normal Maximum 

Mater ia l  
(Pu,U)O2 U 0 2  Fines U02 P e l l e t s  

~ ~~ 

Feed s torage  

Inter im s torage  

Furnace 

Post furnace 

Inter im s torage  

Main s to rage  

Loading, inspect ion,  

Loaded, no t  inspected 

Rework and sc rap  

welding 

rods 

Completed f u e l  rods 

Assembly 

Dried spheres 
Sintered spheres 
Sintered p e l l e t s  

Dried spheres 
Sintered spheres 
Sintered p e l l e t s  

Dried t o  s in t e red  
spheres 

Sintered spheres 

Sintered spheres 

Sintered spheres 
Sintered spheres 
Sintered p e l l e t s  

Sintered spheres 
and p e l l e t s  

Sintered spheres 
i n  rods 

Sintered spheres 
and p e l l e t s  

Sintered spheres 
and p e l l e t s  
i n  rods 

Rods i n  completed 
assemblies 

30 
30 
30 

1 
1 
1 

1 . 2  

0.5 

0.36 

1.2 
1.5 
1.5 

0.12 

5 

2 

5 

15 

60 
60 
60 

2 
2 
2 

2.4 

1 

0.72 

2.4 
2.9 
2.9 

0.24 

5 

5 

5 

30 

32,000 

1,100 

8,300 

280 

10,100 

340 

1,260 

1,530 

380 

1,300 

130 

5,200 

260 

5,100 

15,000 

410 

35 

1,310 

50 

1,270 

3,810 

N 
N 
N 

570 

45 

3,810 

100 

3,690 

11,100 
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Table 9.73. Heavy Metal Mass Flows and Average Scrap Production for a Sphere-Pac Fuel Fabrication Plant 
INASAP Case 6.3.1, LMFBR U - PuiU Spiked Recycle (Westinghouse Reference) -Heterogeneous Core Design] 

Mass Flow, kg HM/d 

Daily Throughput Clean scrap0 Reject Scrap' Processing Step 

UO? Axial Blanket UO Axial Blanket UO2 Axial Blanket 
(pu,u)02a Fines Uo2 Pellets (PU*U)02' Fin:s UO? Pellets (pu'u)02 Fines UOz Pellets 

Receiving and storage 

Sampling and batch loading 

Weighing and sampling 

Calcining and sintering 

Sphere upgrading 

Sphere sampling 

Interim storage 

Fuel rod loading 

Fuel rod scanning 

Top component insertion 

Rod welding and x ray 

Leak detection 

Rod assay 

Final rod inspection 

Assembly inspection 

Total 

1051.3 276.9d 737.9 

1050.2 

276.6 737.2" 

1049.7 

1108.7' 

1106.5 

1106.5 276.6 401.9 

1106.5 276.6 401.9 

1051.2 262.8 763.6' 

1048.9 262.2 762.0 

1048.9 262.2 762.0 

1048.9 262.2 762.0 

1027.9 257.0 746.7 

1017.2 254.3 738.9 

1011.9 253.0 735.1 

1000 

r 

- 
53.1 

2.1 
h 

h 

19.9 
10.3 

5.1 

90.5 

- 

13.3 

0.5 
h 

h '  

5.0 
2.6 

1.3 

22.1 

19.3 

1.5 

h 

h 

14.5 

7.5 

3.7 

46.5 

- 

1.1 

0.3 

0.5 

31.5 

1.2 

2.2 0.6 

0.2 0.1 

h h 

h h 

1.0 0 .3  

0.4 0.1 

0.2 0.1 

39.3 1.3 

- -  

0.7 

0.8 

0.2 

h 

h 

0.8 

0.3 
0.1 

2.9 

- 

'11.82 and 17.672 average fissile plutonium contents in Zones 1 and 2, respectively. 

bInternally recycled. 

'Collected. assayed. and externally recycled to reprocessing plant. 

dIncludes 12.7 kg of recycled clean scrap. 
e 3 3 5 . 3  kg reserved for upper axial blanket loading (after fuel rod scanning). 

'Includes 90.5 kg of recycled clean scrap. 
gIncludes 46.5 kg of recycled clean scrap and 335.3 kg of fresh material f o r  upper axial blanket loading 

hRework in these steps is only of weld and does nOL affect ecrap. 
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Table 9.74. Equipment Requirements f o r  Functional Areas 
(NASAP Case 6.3.1 LMFBR U-PUITII Spiked Recycle, 

Westinghouse Transmuter; Heterogeneous Core Design) 

Plant Desigr Required RecommendedU 

of 
Number 
of 

Units Units’ 

Requirement Number Functional A r e a  Unit Production 
(Nominal) 

1.0 Receiving 
(Pu,U)Oz (10 containersicarrier) 1600 kgid 1050 kgld 1 1 

UOz Axial blanket pellets Unlimited 740 kgld 1 1 

1 . 2  Weighing 48 containersid 14 containersid 1 2 
1.3 Storage (80 kg HMicontainer) NA 60 d supply 789 BOO 
1.4 Weighing 48 containersid 2 containersid 1 1 
1.5 UOp fines sampling 4800 kgid 1 1 
1.6 Storage (200 kg HMIcontainer) NA 60 d supply 84 85 

Unlimited 280 kgld UOz fines 1 1 

1.1 Sampling NAr; done at reprocessing 
plant 

280 kgld 

1.7 UOi Axial blanket pellet 4800 kgld 

1.8 Storage ( 2 0  kg HMicontainer) NA 60 d supply 2220 2250 
sampling 

2.0 Fuel production (sphere processing) 
2.1 Sampling 3840 kgld 1050 kgid 1 1, 3 

2 . 3  Microsphere inspection 20 kglh 46 kglh 3 1, 3 
2.2 Calcining and sintering 240 kgid 1050 kg/d 5 2. 6 

2.4 Interim storage 250 kg 1110 kg 5 2 .  6 

3.1 Sintered sphere storage NA 2 d supply 28 10. 30 
3.2 Sintered fertile storage 
3.3 Sintered pellet storage NA . 2 d supply 39 13, 39 

3.0 Fuel rod fabrication 

NA 2 d supply 3 1, 3 

3.4 Sphere dispensing 35 kglh 58 kg/h 2 1, 3 
3.5 Sphere-pac loading 4 rodslh 132 rodslh 33 11, 33 
3.6 Density inspection 10 rods/h 132 rodslh 14 5. 15 
3 . 7  Axial blanket (pellet) loading 12 rodslh 125 rods/h 11 4 ,  12 
3.8 Cleaning 24 rodsih 125 rodslh 6 2 ,  6 
3.9 Plenum hardware and top end 12 rodslh 125 rodslh 11 4, 12 

3.10 Closure welds 12 rodslh 125 rods/h 11 4. 12 
3.11 Rod assay 100 rods/h 125 rods/h 2 2 
3.12 Rod inspection 40 rodslh 122 rodslh 4 4 

plugging 

36 rodsld 150 rodsld 5 2, 6 3.13 Rod rework 

4.0 Fuel assembly fabrication 
4.1 Fuel rod storage NA 5 d production 14,490 rods 15,000 rods 
4.2 Fuel assembly fabrication 3 assemblies/d 11 assemblies/d 4 4 
4.3 Inspection 6 assembliesld 11 assembliesld 2 2 
4.4 Rework 1 assemblyld 0.05 assembly/d NRd NR 
Packaged fuel assembly storage NA 30 d production 320 320 

aRecommended units include consideration of spare capacity for operational reliability. 

bNumber of units is for the facility if a single number; otherwise, units per line, total units in facility. 

‘NA: not applicable. 

dNR: not required. Use assembly equipment as available. 
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development needs a r e  summarized i n  Table  9.75. The primary d i f f e r e n c e  

between t h i s  U-Pu f u e l  and the  r e fe rence  U-Pu f u e l  i s  the  much h igher  con- 

c e n t r a t i o n  of plutonium. Development i s  under way i n  the  United S t a t e s  

on sphere  forming, c a l c i n a t i o n ,  and s i n t e r i n g  of (U,Pu)O2 w i t h  Pu/U r a t i o s  

adequate  f o r  both the  r e fe rence  case and t h e  f a s t  r e a c t o r  f u e l s .  

While t h e  f u n c t i o n a l  f a b r i c a t i o n  p rocesses  are the  same as those  

g iven  f o r  t he  r e f e r e n c e  gel-sphere-pac f a b r i c a t i o n  case , t h e  des ign  of t he  

LMFBR f u e l  e lements  i s  cons ide rab ly  d i f f e r e n t .  These d i f f e r e n c e s  i n  

d e s i g n  r e s u l t  i n  mod i f i ca t ions  t o  the  d e t a i l s  f o r  accomplishing t h e  

v a r i o u s  f u n c t i o n a l  a c t i v i t i e s  and mod i f i ca t ions  t o  the  f a c i l i t y  des ign  

d e t a i l s .  I n  t h e  subsequent  paragraphs,  each of t he  f u n c t i o n a l  a c t i v i t i e s  

i s  d iscussed  as i t  a p p l i e s  t o  t h i s  case. 

A gel-sphere-pac f u n c t i o n a l  f low diagram is  g iven  i n  Fig.  3 . 1  of 

The major f u n c t i o n a l  areas apply  t o  t h i s  Sec t .  3 . 1 . 1  of t h i s  r e p o r t .  

case, and t h e  two main f u n c t i o n s  unique t o  t h e  gel-sphere-pac process  are 

f u e l  product ion  (2.0)  and f u e l  rod f a b r i c a t i o n  ( 3 . 0 ) .  All t he  f u n c t i o n a l  

s t e p s  are b r i e f l y  d i scussed  here .  

Receiving and Storage .  This  f u n c t i o n a l  area is  q u i t e  similar t o  t h e  

r e f e r e n c e  case. However, i n  a d d i t i o n  t o  t h e  sphe res ,  t he  U02 a x i a l  

b l anke t  p e l l e t s  must be r ece ived ,  i n spec ted ,  and s to red .  

Fue l  Product ion.  The f u e l  product ion  processes  f o r  t h e  sphe res  are 

e s s e n t i a l l y  t h e  same as those  desc r ibed  f o r  t h e  r e f e r e n c e  case inc lud ing  

c a l c i n a t i o n ,  s i n t e r i n g ,  and i n s p e c t i o n  of t h e  coa r se  and medium s i z e s ,  

which con ta in  plutonium. No p rocess ing  i s  planned f o r  t h e  U02 f i n e s  

because they  are t o  be s i n t e r e d  a t  the r ep rocess ing  convers ion  s t e p .  

However, because t h e  U02 axial  b l anke t  pellets make up approximately 37% 

of the  t o t a l  heavy metal conten t  i n  a core  f u e l  assembly, t h e  q u a n t i t y  of 

c o a r s e  and medium spheres  processed i s  s i g n i f i c a n t l y  less than i n  t h e  

r e f e r e n c e  case. 

Fue l  Rod Fabr i ca t ion .  While most of t h e  f u e l  rod f a b r i c a t i o n  pro- 

cesses are similar t o  t h e  r e f e r e n c e  case, a d d i t i o n a l  s t e p s  are r e q u i r e d  t o  

i n c o r p o r a t e  t h e  axial  b l anke t  material. The lower axial b lanket  s e c t i o n  

i s  loaded i n t o  t h e  f u e l  rod c ladding  before  t h e  c ladding  is  in t roduced  

i n t o  t h e  cell .  

p rocess  i n t o  each rod and in spec ted  f o r  d e n s i t y  t h e  upper axial b l anke t  

s e c t i o n  w i l l  be loaded by equipment similar t o  t h a t  used f o r  i n s e r t i n g  

After t h e  (U,Pu)O2 co re  r eg ion  is loaded by t h e  sphere-pac 
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Table 9.75. Research and Development Cost Estimates for Sphere-Pac Fabrication 
[NASAP Case 6.3.1, LMFBR U-PufTh Spiked Recycle, Westinghouse Transmuter; 

HeterJgeneous Core Design] 

R&D Categories 
R&D Cost Estimates Years to 

Complete (Millions of a Current Status 
1978 $1 

1.0 Program management Not applicable 10 10 
2.0 Design studies N - cold engineering 25 10 

4 5 3.0 Receiving and storage P - cold engineering 
4.0 Fuel production P - hot engineering 25 6 

5.0 Fuel rod fabrication P - cold engineering 50 8 

6.0 Fuel element assembly N - cold engineering 27 8 

7.0 Scrap recovery N - cold engineering 3 

9.0 Plant control systems N - cold prototype 5 

10.0 Maintenance N - cold prototype 5 

8.0 Waste treatment b b 

11.0 Safeguards and account- P - cold engineering 6 
ability adaptat ion' 

5 

b 

8 

10 
6 

Subtotal 160 

Special Facilities 

Hot tests 

Cold prototype 

Total 

Range 

10 

25 

195d 

185-235 

a 
N = needed. 

b'S.o be supplied by others. 

Status stage with qualitative modifiers; C = complete, P = in progress, and 

Assumes basic technology as developed under O S S  estimate presented is for e 

'The estimate does not include costs for fuel qualification tests (about $20 
applications testing, systems integraton, and testing. 

million) or the capital costs of a pilot plant estimated at $160 million. 
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plenum hardware. The a c t u a l  plenum hardware i n s e r t i o n  and end cap welding 

o p e r a t i o n s  are e s s e n t i a l l y  the  same as those desc r ibed  f o r  t he  r e f e r e n c e  

case. 

F u e l  Assembly Operat ions.  The f u e l  assembly des ign  f o r  t h i s  LMFBR 

case 6 . 3 . 1  i s  i d e n t i c a l  t o  t h a t  f o r  the  pellet  f a b r i c a t i o n  op t ion .  

Following f u e l  rod i n s p e c t i o n  each rod w i l l  be remotely wrapped with a 

w i r e .  This s p e c i a l  wire wrap w i l l  space the  f u e l  rods  i n  the  assembly. 

Groups of t h e s e  rods  are assembled onto T-bars of va ry ing  l eng th .  The 

T-bar s t r i p  l a y e r s  are assembled and f a s t e n e d  t o  t h e  lower end box of t he  

f u e l  assembly. The duct  tube is  i n s t a l l e d  and t h e  f i n i s h e d  assembly i s  

inspec ted .  

Product Con t ro l  Processes .  These are t h e  same as the  r e f e r e n c e  case 

( s e e  Sect .  4.1.2). 

Scrap and Waste P rocess ing  and Disposal .  The s c r a p  handl ing pro- 

cesses are similar t o  the  r e f e r e n c e  case ( s e e  Sect .  4.1.2)  w i t h  the  added 

f e a t u r e  t h a t  a l l  ax ia l  b l anke t  p e l l e t s  t h a t  are unloaded from an unsatis- 

f a c t o r y  rod are i n s p e c t e d ,  and a c c e p t a b l e  p e l l e t s  are r ecyc led  w i t h i n  t h e  

remotely ope ra t ed  p a r t  of t h e  f a c i l i t i e s  t o  form upper axial b l anke t s .  

9.16.6 P r e l i m i n a r y  Cost  E s t i m a t e  f o r  C o n s t r u c t i o n  and Opera t ion  
of a Commercial-Scale P l a n t  

The c o s t  components t h a t  were e s t i m a t e d  i n c l u d e  c a p i t a l  c o s t s  f o r  t h e  

f a c i l i t y  and equipment, f u e l  assembly hardware c o s t s ,  material and supply 

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

F a c i l i t y  c a p i t a l  c o s t  estimates were based on an a n a l y s i s  of t h e  

f u n c t i o n a l  f low diagram f o r  t h e  process  t o  i n d i c a t e  space requirements  f o r  

each  f u n c t i o n a l  area and f o r  each suppor t  area. Equipment requirements  

were i d e n t i f i e d ,  and c o s t s  a s s o c i a t e d  wi th  the  equipment were e s t ima ted .  

Fue l  assembly hardware requirements  were based on the  r e f e r e n c e  f u e l  

assembly des ign  parameters  i d e n t i f i e d  i n  Tab le  9.71, Estimates of t h e  

c o s t s  of t he  hardware items were obtained.  Material and supply r e q u i r e -  

ments were i d e n t i f i e d  from the  sphere-pac p rocess  d e s c r i p t i o n ,  and esti- 

mates of t h e  c o s t s  of materials and s u p p l i e s  were obtained.  Operat ing 

c o s t  estimates included c o n s i d e r a t i o n  of pe r sonne l ,  overhead, g e n e r a l  and 

a d m i n i s t r a t i v e  expenses ,  and c o s t s  of u t i l i t i e s .  
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The f a c i l i t y  was assumed t o  ope ra t e  as a t o l l  p rocess ing  f a c i l i t y .  

That i s ,  the  ope ra to r  f a b r i c a t e s  customer-supplied f u e l  feed  m a t e r i a l s  

i n t o  f i n i s h e d  f u e l  a s sembl i e s ,  and thus c o s t s  of plutonium, uranium, and 

thorium were not  inc luded  i n  the  c o s t  e s t i m a t e s .  The hardware and 

material c o s t s  do inc lude  the  c o s t s  a s s o c i a t e d  wi th  the  product ion  of the  

U02 p e l l e t s  f o r  t he  axial  b lanket .  

Un . c o s t s  f o r  f a b r i c a t i o n  of f u e l  assembl ies  are determined by an 

economic a n a l y s i s  of the  b a s i c  c a p i t a l ,  hardware and material, and 

o p e r a t i n g  c o s t  estimates. B a s i c a l l y ,  t h e  economic a n a l y s i s  provides  f o r  

t h e  ownt. of t h e  f u e l  f a b r i c a t i o n  f a c i l i t y  t o  recover  a l l  cap i t a l ,  oper- 

a t i n g ,  and f inance  charges  p lus  a r e t u r n  on inves tment ,  i f  a p p r o p r i a t e ,  

over  t h e  l i f e  of t h e  p l an t .  

I n  order  t o  provide a range of prices ( i . e . ,  c o s t s  t o  a cus tomer) ,  

economic ana lyses  were based on government f inanc ing ,  f i n a n c i n g  appro- 

p r i a t e  f o r  a conven t iona l - r i sk  ( t y p i c a l )  i n d u s t r y ,  and f inanc ing  

a p p r o p r i a t e  f o r  a h igh- r i sk  indus t ry .2  

de r ived  from the economic . a n a l y s i s ,  and the  u n i t  c o s t s  based on the  t h r e e  

d i f f e r e n t  f i n a n c i n g  methods are summarized i n  Table  9.76. A s  may be 

observed from the  t a b l e ,  t h e  p r i c e  f o r  f a b r i c a t i o n  of (U,Pu)02-U02 f u e l  

i s  expected t o  be i n  t h e  range from $370 t o  $710/kg depending on the  

f i n a n c i n g  technique  t h a t  i s  employed. The recommended c o s t  f o r  comparison 

wi th  o the r  f u e l  c y c l e s  and methods of f a b r i c a t i o n  is t h e  t y p i c a l  i n d u s t r y  

cost of $570/kg of heavy m e t a l .  A s  with  a l l  t h e  c o s t  estimates i n  t h i s  

r e p o r t ,  t h e  p r i c e s  are based on t h e  mass of all  heavy m e t a l  i n  t h e  

f i n i s h e d  assembly. For t h i s  case, t h i s  i nc ludes  the  uranium i n  t h e  axial  

b l anke t s .  

The e s t ima ted  c o s t s ,  c o s t s  



Table 9.76. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility 
[NASAP Case 6.3.1 LMFBR U-Pu/Th Spiked Recycle, (Westinghouse Transmuter) - 

Heterogeneous Core Design] 

Estimated Costs, $ million Derived Costs, $ million 

Unit Annual Owner's Charge on Annual Annual 

Payment t o  C o s t b  Ec6nomic Hardware Annual cost Direct Capital Equipment 

($/kg) 
Plus Operating During During Replacement Decommissioning Seta Facility Equipment 

Materials Construction Construction cost Fund 

A 260 255 60 27 39 140 13 1.2 370 

B 260 255 60 28 40 200 13 1.3 570 

C 260 255 60 29 41 200 13 1.3 710 

a 

bThese unit costs apply only to the core fuel elements. 

A = Government financing; B = Typical industrial financing; C = High-risk industrial financing. 
The associated radial blanket costs are $110, $130, and $150 for 

economic sets A, B,  and C, respectively. 
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9.17 NASAP CASE 6.3.2, LMFBF TJ-Pu/Th, SPIKED RECYCLE, GENERAL 
ELECTRIC TRANSMUTER, Hc JGENEOUS CORE DESIGN 

9.17.1 Fue l  Cycle D e s c r i p t i o n  

- ? i s  r e a c t o r - f u e l  cyc le  combination i s  an LMFBR us ing  a homogeneous 

c o r e  of U-Pu and a x i a l  and r a d i a l  b l anke t s  of thorium oxide.  Core 

a s sembl i e s  are p r e i r r a d i a t e d  f o r  s p i k i n g  before  shipment. Core assembl ies  

are coprocessed,  and a l l  t h e  recovered uranium and plutonium are recyc led  

t o  f a b r i c a t i o n .  Makeup plutonium from secure  s t o r a g e  and dep le t ed  uranium 

are mixed with t h e  r ecyc led  U-Pu as feed  t o  core  f a b r i c a t i o n .  Blanket  

Llssemblies are f a b r i c a t e d  from new thorium. The 233U recovered  dur ing  

b l anke t  r ep rocess ing  i s  denatured with t h e  a d d i t i o n  of dep le t ed  uranium i n  

p rocess  and s e n t  t o  s a f e  s to rage .  The recovered thorium is  s t o r e d  f o r  t e n  

years . 
I n  t h i s  c y c l e  a n a l y s i s  only f a b r i c a t i o n  of t he  co re  assembl ies  i s  

cons idered .  The r e q u i r e d  makeup plutonium and dep le t ed  uranium are 

assumed t o  be mixed wi th  t h e  h i g h l y  decontaminated coprocessed (U,Pu)O2 i n  

t h e  r e p r o c e s s i n g  p l a n t  be fo re  conversion.  The r ep rocess ing  p l a n t  w i l l  

t h u s  supply t h e  coa r se  and medium s i z e s  of s p h e r i c a l  p a r t i c l e s  wi th  t h e  

a p p r o p r i a t e  U/Pu r a t i o  i n  the  as -dr ied  c o n d i t i o n  and the  U02 f i n e  par- 

t ic les  as f u l l y  s i n t e r e d  spheres .  The Tho2 p e l l e t s  f o r  t h e  axial b lanket  

r e g i o n s  i n  t h e s e  assembl ies  w i l l  be supp l i ed  from an ad jacen t  con tac t -  

ope ra t ed  and contac t -main ta ined  (CO/CM) f a c i l i t y  here the  r a d i a l  b lanket  

a s sembl i e s  are f a b r i c a t e d .  

The extended burnup of t h e  recycle plutonium w i l l  cause s i g n i f i c a n t  

r a d i o a c t i v i t y  i n  t h e  (U,Pu)O2 co re  materials. Consequently,  a remote ly  

o p e r a t e d  and contact-maintained (RO/CM) f a c i l i t y  has  been addressed  i n  

t h i s  a n a l y s i s .  However, i t  i s  f u l l y  recognized t h a t  any c rossove r  of t h e  

233U b red  i n  t h e  axial b l a n k e t s  i n t o  t h e  core  (U,Pu) stream would s i g n i f i -  

c a n t l y  i n c r e a s e  t h e  r a d i o a c t i v i t y  of t h e  (U,Pu)O2 materials. Such a 

s i t u a t i o n  would probably r e q u i r e  a remotely opera ted  and remotely main- 

t a i n e d  (RO/RM) f a c i l i t y .  This would s i g n i f i c a n t l y  i n c r e a s e  t h e  f a c i l i t y  

cap i t a l  and o p e r a t i n g  c o s t s  but  would not  al ter the  b a s i c  f a b r i c a t i o n  

p rocess  requi rements .  
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9.17.2 A p p l i c a b i l i t y  t o  Curren t  Fue l  Element Design 

The co re  f u e l  element des ign  chosen f o r  t h i s  cyc le  i s  given i n  

Table  9.77. 

The key c o n s i d e r a t i o n s  f o r  sphere-pac a p p l i c a b i l i t y  are the  c l add ing  

i n s i d e  diameter  measurements and t h e  r e q u i r e d  f u e l  smear dens i ty .  The 

c l add ing  I D  o f  6760 U m  i n  the  r e f e r e n c e  des ign  i s  s u i t a b l e  f o r  t h e  sphere- 

pac process .  Although t h e  s p e c i f i e d  smear d e n s i t y  of 90% of t h e o r e t i c a l  

i s  above t h a t  c u r r e n t l y  achieved wi th  exper imenta l  blended ( t h r e e  p a r t i c l e  

s i z e )  sphere-pac beds,  we have assumed t h a t  t h e  process  i s  a p p l i c a b l e  

through a s l i g h t  lowering of t h i s  des ign  requirement .  

9.17.3 D e f i n i t i o n  of P l a n t  Product ion  Requirements and 
Design CaDacitv 

For t h i s  LMFBR (U,Pu)02-Th02 f u e l  c y c l e ,  t h e  p l a n t  des ign  assumptions 

are l i s t e d  below. The heavy metal through-put f o r  t h i s  p l a n t  and a l l  

cases invo lv ing  a x i a l  b l anke t  f u e l  i s  based on t h e  t o t a l  heavy metal i n  

t h e  f i n i s h e d  f u e l  assembly, i n  both co re  and a x i a l  b lanket .  

1. The f u e l  des ign  is t h e  General  E lec t r ic  Company Advanced Reac tor  

Systems Department homogeneous r e a c t o r  f u e l  design.  

2. The p l a n t  product ion  c a p a c i t y  i s  480 t HM/year with the  capa- 

b i l i t y  f o r  s imultaneous product ion  of t h r e e  enrichments.  

3. The p l a n t  f a c t o r  i s  240 e f f e c t i v e  fu l l -p roduc t ion  days per year .  

4. P l a n t  des ign  capac i ty :  

O v e r a l l  730 t HM/year 

about  13 f u e l  assembl ies /d  

Each l i n e  of t h r e e  243 t HM/year 

0.67 t HM/d 

1119 f u e l  rods /d  

4.1 f u e l  assembl ies /d  

5. Process  des ign  c a p a c i t i e s  are based on t h e  l i n e  des ign  c a p a c i t i e s  

and t h e  s c r a p  and sample losses def ined  i n  Sec t .  9.17.4. 

6. The f a c i l i t i e s  are designed t o  d i scha rge  no l i q u i d  waste o the r  

t han  t r e a t e d  s a n i t a r y  sewage. 
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Table 9.77. Summary of General Electric Transmuter UIFBR Fuel Assembly Parameters 
(NASAP Case 6.3.2, LNFBR C-Pu/Th, Spiked Recycle, 

Homogeneous Core Design) 

Reactcr Characteristi& 

Reactor power 
Fuel assemblies 
Inner blanket assemblies 
Radial blanket assemblies 
Control assemblies 
Remobable shield assemblies 
Fissile enrichment, % 

Component Characteristics 

Fuel cladding 
End plugs 

TOP 
Bottom 

Reflector rods 
Plenum springs 
Spacers 
Wire wrap 
Attachment rails 
Locking pins 
Shield and inlet assemblies 
Duct and upper handling 
socket 

Fuel Rod Characteristics 

Fuel cladding outside diameter 
Fuel cladding inside diameter 
Fuel rod length 
Plenum length 

Upper 
Lower 

Core fuel height 
Axial blanket height 

Upper 
Lower 

Pellet density 
Fuel smear density 
Pellet diameter 
Pellet length 
Wire wrap diameter 
Bonding 

1000 MWe (net) 
252 (150 zone 1; 102 zone 2) 
Not applicable 
198 
19 
240 
Zone 1 -  10.24; Zone 2, - 14 36 

Number per Mass (kg) per 
Mat e r ia 1 Fuel Assembly Fuel Assembly 

Improved 316 SS 271 

Improved 316 SS 271 
Improved 316 SS 271 

316 SS 271 

Improved 316 SS 1 
Improved 316 SS 1 

7.37 mm (0.290 in.) 
6.76 mm (0.266 in.) 
2.85 cm (112 in.) 

914.4 mm (36.0 in.) 
Not applicable 
1219 mm (48 .0  in.) 

356 mm (14.0 in.) 
356 mm (14.0 in.) 

90% T.D. 
6.62 nun (0.2605 in.) 

1.44 mm (0.0567 in.) 
He 

Fuel Assembly Characteristics 

Array Hexagonal 
Fuel assembly length 
Duct outside flat-to-flat 154.5 nun (6.083 in.) 
Duct wall thickness 3.18 mm (0.125 in.) 
Mass of structural components 
Heavy metal content 

Core 103.74 kg 
Axial blanket 57.75 kg 
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7. All process buildings and critical auxiliary support are designed 
and constructed in accordance with current United States Nuclear Regulatory 

Commission licensing requirements. Shielding is provided to limit dose 

rates to operating and maintenance personnel to 0.25 millirem/h. 

In addition, we assumed that production from each fuel rod line is 

campaigned to provide a full reload segment for a single 1000-MWe LMFBR. 

Thus, the total heavy metal output for a given campaign is 20.3 t, and 

each campaign requires 30.5 effective full-production days (46 calendar 

days). The total facility, with an adjacent radial blanket assembly 

plant, can support approximately 29 such reactors. 

9.17.4 Estimates of Surge Storage Requirements, Scrap Production 
Rates, and Processing Rates for Functional Steps 

Given the plant design assumptions defined in Sect. 9.17.3, further 

commercial plant characteristics were derived. 

To achieve the annual production rates, an analysis of the plant 

surge storage requirements and normal inventory was made, and the results 

of this analysis are given in Table 9.78. 

Based on current technology and assuming reasonable extrapolations 

for commercial-scale developments, a preliminary estimate was made of the 

daily mass flows of heavy metal through the fabrication plant and the 

average production rate of heavy metal scrap materials from the various 

functional activities. These are presented in Table 9.79. 

Given the above information, a preliminary evaluation of the pro- 

cessing rate for each functional step within the main fuel fabrication 

processes was made. The results of this analysis are summarized in 

Table 9.80. 

9.17.5 Analysis of Functional Technolonv Status. Research and 
Development Requirements, Cost, and Schedule 

The technology status of this system is quite similar to that of the 

reference case discussed in Sect. 8. The current status and research and 

development needs are summarized in Table 9.81. The primary difference 



Table 9.78. Sphere-Pac Fabrication Plant Surge Storage Requirements and Normal Inventory 
[NASAP Case 6.3.2, LNFBR U-Pu/Th Spiked Recycle (GE Transmuter) - 

Homogeneous Core Design] 

Process step Material 
Normal Inventory, kg HM Storage 

Interval, d 

Normal Maximum (Pu,U)O2 U02 Fines Tho2 Pellets 

Feed storage 

Interim storage 

Furnace 

Post furnace 
Interim storage 
Main storage 

Loading, inspection, 

Loaded, not inspected 

Rework and scrap 

welding 

rods 

Completed fuel rods 

As s emb ly 

Dried spheres 
Sintered spheres 
Sintered pellets 
Dried spheres 
Sintered spheres 
Sintered pellets 
Dried to sintered 
spheres 

Sintered spheres 
Sintered spheres 
Sintered spheres 
Sintered spheres 
Sintered pellets 
Sintered spheres 
and pellets 

Sintered spheres 
in rods 

Sintered spheres 
and pellets 

Sintered spheres 
and pellets 
in rods 

Rods in completed 
assemblies 

30 
30 
30 
1 
1 
1 

1.2 

0.5 
0.36 
1.2 
1.5 
1.5 
0.12 

5 

2 

5 

15 

60 
60 
60 
2 
2 
2 

2.4 

1 
0.72 
2.4 
2.9 
2.9 
0.24 

5 

5 

5 

30 

32,000 

1,130 

1,360 

570 

410 

1,360 

2 30 

5,330 

200 

5,170 

15,420 

8,440 

280 

420 

30 

1,330 

50 

1,290 

3,860 

21,540 

390 

590 
45 

3,710 

90 

3,600 

10,730 

N 
w 
CI 



T a b l e  9.79. Heavy Metal Mass Flows and Average Sc rap  P r o d u c t i o n  f o r  a Sphere-Pac Fue l  F a b r i c a t i o n  P l a n t  
(NASAP Case 6.3.2, LMFBR U-Pu/Th, Spiked Recycle ,  GE Transmuter ,  Homogeneous Core Design)  

Mass Flow, kg HM/d 
- 

Dai ly  Throughput Clean Sc rapb  R e j e c t  Scrap" P r o c e s s i n g  S t e p  

UO2 Axial Blanket  UOz Axia l  Blanket  (Pu ,U)02a  UO:, Axia l  B lanke t  
(Pu'U)02' F i n e s  Tho2 P e l l e t s  (Pu9U)02a F i n e s  Tho2 P e l l e t s  F i n e s  Tho2 P e l l e t s  

Rece iv ing  and s t o r a g e  

Sampling and b a t c h  l o a d i n g  

Weighing and sampling 

C a l c i n i n g  and s i n t e r i n g  

Sphere upgrading 

Sphere sampling 

I n t e r i m  s t o r a g e  

Fuel  rod  l o a d i n g  

Fuel  rod scann ing  

Top component i n s e r t i o n  

Rod welding and x r a y  

Leak d e t e c t i o n  

Rod a s s a y  

F i n a l  rod  i n s p e c t i o n  

Assembly i n s p e c t i o n  

T o t a l  

1068.0 

1066.9 

1066.4 

1126. Zf 

1123.9 

1123.9 

1123.9 

1067.7 

1065.4 

1065.4 

1065.4 

1044.1 

1033.2 

1027.8 

281. 3d 

281.0 

281.0 

281.0 

266.9 

266.3 

266.3 

266.3 

261.0 

258.3 

717.9 

7 1 7 .  Z e  

391.0 

391.0 

743.09 

741.3 

741.3 

741.3 

726.5 

719.0 

1.1 

0 . 3  

0 .5  

32.0 

2 .3  

53.9 1 3 . 5  18.8 2 . 2  0 .6  

2.1 0 . 5  1 . 5  0 .2  0 .1  

h h k k h 

h h h h 11 

20.2 5 . 1  1 4 . 1  1.1 0 . 3  

10.4 2.6 7 . 7  0.4 0 . 1  

0 .7 

0.8 

0 . 1  

1: 

11 

0 . 7  

0 . 3  

257.0 715.2 __ 5.2 ___ 1 . 3  ~ 3.6 0 .2  0 .1  - 0.1  

91 .6  23.3 45.3 40.0 1 . 3  2 . 7  
\ 

2000 

'10.24 and 14.36% ave rage  f i s s i l e  plutonium c o n t e n t s  i n  Zones 1 and 2 ,  r e s p e c t i v e l y .  

* I n t e r n a l l y  r e c y c l e d .  

C C o l l e c t e d ,  a s s a y e d ,  and e x t e r n a l l y  r e c y c l e d  t o  r e p r o c e s s i n g  p l a n t .  

d I n c l u d e s  2 3 . 0  kg of  r e c y c l e d  c l e a n  s c r a p .  

e326.2 kg r e s e r v e d  f o r  upper a x i a l  b l a n k e t  l o a d i n g  ( a f t e r  f u e l  rod s c a n n i n g ) .  

' Includes 91.8 kg of r e c y c l e d  c l e a n  s c r a p .  

g I n c l u d e s  45.3 kg of r e c y c l e d  c l ean  s c r a p  and 326.2 kg of  f r e s h  m a t e r i a l .  

hRework i n  t h e s e  s t e p s  is  on ly  of weld and d o e s  n o t  a f f e c t  s c r a p .  

N 
W cn 
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Table 9.80. Equipment Requirements for Functional Areas 

GE Transmuter, Homogeneous Core Design) 
(NASAP Case 6.3.2 LMFBR U-Pu/Th, Spiked Recycle, 

Required Recommendr 
Number 

(Nominal) Units Unit& 

Plant Design Number 
Requirement of of Unit Production Functional Area 

-~ 
1.0 Receiving 

(pu,u)02 (10 containerslcarrier) 
UO2 fines 
Tho2 Axial blanket pellets 
1.1 Sampling 

1.2 Weighing 
1.3 Storage (80 kg HM/container) 
1.4 Weighing 
1.5 U02 fines sampling 
1.6 Storage (200 kg HM/container) 
1.7 Thop h i a l  blanket pellet 

1.8 Storage (20 kg HM/container) 

2.1 Sampling 
2.2 Calcining and sintering 
2.3 Microsphere inspection 
2.4 Interim storage 

3.0 Fuel rod fabrication 
3.1 Sintered sphere storage 
3.2 Sintered fertile storage 
3.3 Sintered pellet storage 
3.4 Sphere dispensing 
3.5 Sphere-pac loading 
3.6 Density inspection 
3.7 Axial blanket (pellet) loading 
3.8 Cleaning 
3.9 Plenum hardware and t o p  end 

3.10 Closure welds 
3.11 Rod assay 
3.12 Rod inspection 
3.13 Rod rework 

samp 1 ing 

2.0 Fuel production (sphere processing) 

plugging 

1030 kgld 
280 kg/d 
720 kg/d 

1 
1 
1 

1 
1 
1 

1600 kgld 
Unlimited 
Unlimited 
NAc: done at reprocessing 

plant 
48 containersld 
NA 
48 containersld 
4800 kgld 
NA 
4800 kg/d 

14 containersld 
60 d supply 
2 containersld 
280 kgld 
60 d supply 
720 kgld 

1 
801 
1 

2 
810 
1 
1 
85 
1 

1 
85 
1 

2200 NA 60 d supply 2160 

3840 kgld 
240 kgld 
20 kglh 
250 kg 

1070 kg/d 
1070 kgld 
47 kg/h 
1120 kgld 

NA 
NA 
NA 
35 kglh 
4 rodslh 
10 rodslh 
12 rodslh 
24 rodslh 
12 rodslh 

2 d supply 
2 d supply 
2 d supply 
59 kglh 
153 rodslh 
153 rodslh 
146 rods/h 
146 rodslh 
146 rods/h 

28 
3 
38 

10. 30 
1. 3 
13, 39 
1, 3 
13, 39 
6 ,  24 
5. 15 

2 
39 
16 
13 
7 
13 

3. 9 
5, 15 

12 rodslh 
100 rodslh 
40 rodslh 
36 rodsld 

146 rodslh 13 5, 1s 
146 rodslh 2 2 
146 rodslh 4 4 
174 rodsld 5 2, 6 

4.0 Fuel assembly fabricatlon 
4.1 Fuel rod storage NA 
4.2 Fuel assembly fabrication 3 assembliesld 
4.3 Inspection 6 assembliesld 
4.4 Rework 1 assemblyld 

5 d production 16,870 rods 17,000 rods 
13 assembliesld 5 5 
13 assembliesld 3 3 
0.07 assemblyld NRd NR 

Packaged fuel assembly etorage NA 30 d production 372 380 

‘Recommended u n i t s  include consideration of spare capacity for operational reliability. 

’Number of units is  for the facility if a single number; otherwise, units per line, total unlts in facility. 

‘NA: not applicable. 

%R: not required. Use assembly equipment as available. 
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Table 9.81. Research and Development Cost Estimates for Sphere-Pac Fabrication 
[NASAP Case 6.3.2, LMFBR U-Pu/Th, Spiked Recycle, GE Transmuter; 

Homogeneous Core Design] 

R&D Categories 
R&D Cost Estimates Years to 

Complete Current Status a (Millions of 
1978 $1 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 
8.0 
9.0 

10.0 

11.0 

Program management 

Design studies 

Receiving and storage 

Fuel production 

Fuel rod fabrication 

Fuel element assembly 

Scrap recovery 

Waste treatment 

Plant control systems 

Maintenance 

Safeguards and account- 
ability adaptation' 

Subtotal 

Special Facilities 

Hot tests 

Cold prototype 

Total 

Range 

Not applicable 

N - cold engineering 

P - cold engineering 
P - hot engineering 
P - cold engineering 

N - cold engineering 
N - cold engineering 

b 
N - cold prototype 
N - cold prototype 
P - cold engineering 

10 
25 

4 

25 

50 

27 

4 

b 
5 

5 

6 

161 

10 
25 

196d 

185-235 

10 
10 
5 

6 

8 

8 
5 

b 
8 

10 

6 

a 
N = needed. 

bTo be supplied by others. 
e 

dThe estimate does not include costs for fuel qualification tests (about $20 

Status stage with qualitative modifiers; C = complete, P = in progress, and 

Assumes basic technology as developed under OSS estimate presented is for 
applications testing, systems integraton, and testing. 

million) or the capital costs of a pilot plant estimated at $170 million. 
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between t h i s  U-Pu f u e l  and the  r e f e r e n c e  U-Pu f u e l  i s  the much h ighe r  con- 

c e n t r a t i o n  of plutonium. Development i s  under way i n  the  United States 

on sphere forming, c a l c i n a t i o n ,  and s i n t e r i n g  of (U,Pu)Oz w i t h  Pu/U r a t i o s  

adequa te  f o r  both the  r e f e r e n c e  case and the  f a s t  r e a c t o r  f u e l s .  

While t h e  f u n c t i o n a l  f a b r i c a t i o n  p rocesses  are the  same as those  

g iven  f o r  t h e  r e f e r e n c e  gel-sphere-pac f a b r i c a t i o n  case, t h e  des ign  of the  

LMFBR f u e l  elements is cons ide rab ly  d i f f e r e n t .  These d i f f e r e n c e s  i n  

d e s i g n  r e s u l t  i n  m o d i f i c a t i o n s  t o  the  d e t a i l s  f o r  accomplishing the  

v a r i o u s  f u n c t i o n a l  a c t i v i t i e s  and m o d i f i c a t i o n s  t o  the  f a c i l i t y  des ign  

d e t a i l s .  I n  t h e  subsequent pa rag raphs ,  each of the  f u n c t i o n a l  a c t i v i t i e s  

i s  d i scussed  as i t  a p p l i e s  t o  t h i s  case. 

A gel-sphere-pac f u n c t i o n a l  f low diagram is  g iven  i n  Fig. 3.1 of 

Sect. 3.1.1 of t h i s  r e p o r t .  The major f u n c t i o n a l  areas apply  t o  t h i s  

case, and t h e  two main f u n c t i o n s  unique t o  the  gel-sphere-pac process  are 

f u e l  p roduc t ion  (2.0)  and f u e l  rod f a b r i c a t i o n  (3.0). A l l  the  f u n c t i o n a l  

s t e p s  a r e  b r i e f l y  d i scussed  here .  

Rece iv ing  and Storage.  This  f u n c t i o n a l  area is q u i t e  similar t o  the  

r e f e r e n c e  case. However, i n  a d d i t i o n  t o  the  s p h e r e s ,  t h e  Tho2 p e l l e t s  

from the  a d j a c e n t  r a d i a l  b l anke t  assembly p l a n t  must be r e c e i v e d ,  

i n s p e c t e d ,  and s t o r e d .  

F u e l  Product ion .  The f u e l  p roduc t ion  p rocesses  f o r  the  sphe res  are 

e s s e n t i a l l y  t h e  same as those  desc r ibed  f o r  the  r e f e r e n c e  case i n c l u d i n g  

c a l c i n a t i o n ,  s i n t e r i n g ,  and i n s p e c t i o n  of the  coa r se  and medium s i z e s ,  

, which c o n t a i n  plutonium. No p rocess ing  is planned f o r  the U02 f i n e s  

because t h e y  are t o  be s i n t e r e d  a t  t h e  r e p r o c e s s i n g  convers ion  s t e p .  

However, because t h e  Tho2 axial  b l anke t  p e l l e t s  make up approximate ly  36% 

of t h e  t o t a l  heavy metal con ten t  i n  a co re  f u e l  assembly, t h e  q u a n t i t y  of 

c o a r s e  and medium sphe res  processed  is  s i g n i f i c a n t l y  less than i n  the  

r e f e r e n c e  case. 

F u e l  Rod F a b r i c a t i o n .  While most of t h e  f u e l  rod f a b r i c a t i o n  pro- 

cesses are similar t o  t h e  r e f e r e n c e  case, a d d i t i o n a l  s t e p s  are r e q u i r e d  t o  

i n c o r p o r a t e  t h e  axial  b l anke t  material. The lower axial b l anke t  s e c t i o n  

i s  loaded i n t o  t h e  f u e l  rod c l add ing  be fo re  t h e  c l add ing  is in t roduced  

i n t o  t h e  cell. 

p r o c e s s  i n t o  each  rod and i n s p e c t e d  f o r  d e n s i t y  t h e  upper a x i a l  b l anke t  

A f t e r  t h e  (U,Pu)O2 c o r e  r e g i o n  is loaded by t h e  sphere-pac 
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s e c t i o n  w i l l  be loaded by equipment s i m i l a r  t o  t h a t  used f o r  i n s e r t i n g  

plenum hardware. The a c t u a l  plenum hardware i n s e r t i o n  and end cap welding 

o p e r a t i o n s  are e s s e n t i a l l y  t h e  same as those  descr ibed  f o r  the  r e fe rence  

case. 

Fuel  Assembly Operat ions.  The f u e l  assembly des ign  f o r  t h i s  LMFBR 

case  6 . 3 . 2  i s  i d e n t i c a l  t o  t h a t  f o r  the  p e l l e t  f a b r i c a t i o n  opt ion.  

Following f u e l  rod i n s p e c t i o n  each rod w i l l  be remotely wrapped wi th  a 

wire. This  special  wire wrap w i l l  space the  f u e l  rods  i n  the  assembly. 

Groups of t hese  rods  are assembled onto T-bars of vary ing  length .  The 

T-bar s t r i p  l a y e r s  a r e  assembled and f a s t ened  t o  the  lower end box of t he  

f u e l  assembly. The duct  tube i s  i n s t a l l e d  and the  f i n i s h e d  assembly i s  

inspec ted .  

Product Con t ro l  Processes .  These are the  same as the  r e f e r e n c e  case 

(see Sect. 4.1.2). 

Scrap and Waste P rocess ing  and Disposal .  The scrap handl ing  pro- 

cesses are similar t o  the  r e f e r e n c e  case ( s e e  Sect .  4.1.2) w i t h  the  added 

f e a t u r e  t h a t  a l l  axial  b lanket  pel le ts  t h a t  are unloaded from an u n s a t i s -  

f a c t o r y  rod are inspec ted ,  and accep tab le  pellets are recyc led  wi th in  the  

remotely opera ted  p a r t  of t h e  f a c i l i t i e s  t o  form upper axial b lankets .  

9.17.6 Pre l imina ry  Cost E s t i m a t e  for Cons t ruc t ion  and Opera t ion  
of a Commercial-Scale P l a n t  

The c o s t  components t h a t  were es t ima ted  inc lude  c a p i t a l  c o s t s  f o r  t he  

f a c i l i t y  and equipment, f u e l  assembly hardware c o s t s ,  material and supply 

c o s t s ,  and ope ra t ing  c o s t s .  

F a c i l i t y  cap i ta l  c o s t  estimates were based on an a n a l y s i s  of t h e  

f u n c t i o n a l  f low diagram f o r  t he  process  t o  i n d i c a t e  space requirements  f o r  

each  f u n c t i o n a l  area and f o r  each suppor t  area. Equipment requirements  

were i d e n t i f i e d ,  and c o s t s  a s s o c i a t e d  with the  equipment were es t imated .  

Fue l  assembly hardware requirements  were based on the  r e fe rence  f u e l  

assembly des ign  parameters  i d e n t i f i e d  i n  Table  9.77. 

c o s t s  of t h e  hardware items were obtained.  Material and supply r equ i r e -  

ments were i d e n t i f i e d  from the  sphere-pac process  d e s c r i p t i o n ,  and 

E s t i m a t e s  of t h e  
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estimates of t h e  c o s t s  of materials and s u p p l i e s  were obta ined .  Opera t ing  

c o s t  estimates inc luded  c o n s i d e r a t i o n  of personnel ,  overhead,  g e n e r a l  and 

a d m i n i s t r a t i v e  expenses ,  and c o s t s  of u t i l i t i e s .  

The f a c i l i t y  was assumed t o  ope ra t e  as a t o l l  p rocess ing  f a c i l i t y .  

That i s ,  t h e  ope ra to r  f a b r i c a t e s  customer-suppl ied f u e l  feed  materials 

i n t o  f i n i s h e d  f u e l  a s sembl i e s ,  and thus  c o s t s  of plutonium and uranium 

were not  inc luded  i n  the  c o s t  e s t i m a t e s .  The hardware and material c o s t s  

do i n c l u d e  the  c o s t s  a s s o c i a t e d  wi th  t h e  product ion  of t he  Tho2 p e l l e t s  f o r  

t h e  axial  b lanket .  

Unit  c o s t s  f o r  f a b r i c a t i o n  of f u e l  assembl ies  are determined by an 

economic a n a l y s i s  of the b a s i c  cap i t a l ,  hardware and material, and 

o p e r a t i n g  c o s t  estimates. B a s i c a l l y ,  t he  economic a n a l y s i s  provides  f o r  

t h e  owner of t h e  f u e l  f a b r i c a t i o n  f a c i l i t y  t o  recover  a l l  c a p i t a l ,  oper- 

a t i n g ,  and f i n a n c e  charges  p lus  a r e t u r n  on investment ,  i f  a p p r o p r i a t e ,  

over  t h e  l i f e  of t h e  p l a n t .  

I n  order  t o  provide  a range of p r i c e s  ( i . e . ,  c o s t s  t o  a customer) ,  

economic a n a l y s e s  were based on government f inanc ing ,  f i n a n c i n g  appro- 

p r i a t e  f o r  a conven t iona l - r i sk  ( t y p i c a l )  i n d u s t r y ,  and f i n a n c i n g  

a p p r o p r i a t e  f o r  a h igh- r i sk  indus t ry .  The e s t ima ted  c o s t s ,  c o s t s  

de r ived  from t h e  economic a n a l y s i s ,  and the  u n i t  c o s t s  based on the  t h r e e  

d i f f e r e n t  f i n a n c i n g  methods are summarized i n  Table  9.82. A s  may be 

observed from t h e  t a b l e ,  t h e  p r i c e  f o r  f a b r i c a t i o n  of (U,Pu)02-Th02 f u e l  

i s  expected t o  be i n  t h e  range from $390 t o  $760/kg depending on the  

f i n a n c i n g  technique  t h a t  i s  employed. The recommended c o s t  f o r  comparison 

w i t h  o t h e r  f u e l  c y c l e s  and methods of f a b r i c a t i o n  i s  the  t y p i c a l  i n d u s t r y  

c o s t  of $610/kg of heavy metal. A s  wi th  a l l  t h e  c o s t  estimates i n  t h i s  

r e p o r t ,  t h e  p r i c e s  are based on the  mass of a l l  heavy metal i n  the  

f i n i s h e d  assembly. For t h i s  case, t h i s  i nc ludes  the  thorium i n  t h e  axial  

b l anke t s .  

These c o s t  estimates and p r i c e s  are based on the  assumed RO/CM f a c i l -  

I f  t h e r e  i s  s i g n i f i c a n t  c rossover  of t h e  bred 233U t o  t h e  (U,Pu)O2 i t ies .  

c o r e  material dur ing  i r r a d i a t i o n ,  t h e  c o s t  estimates and p r i c e s  would 

increase and a d d i t i o n a l  r e s e a r c h  and development would be needed to 

develop  t h e  remote ly  ma in ta inab le  equipment. 



Table 9.82. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility 
[NASAP Case 6 . 3 . 2 ,  LMFBR U-Pu/Th Spiked Recycle, (GE Transmuter) - 

Homogeneous Core Design] 
~~ 

Estimated Costs, $ million Derived Costs, $ million 

Annual Owner’s Charge on Annual Annual 
Unit 
cost b 

($ /W 

Economic Hardware Annual cost Direct Capital Equipment Payment to 
Plus Operating During During Replacement Decommissioning Facility Equipment Seta 

Materials Construction Construction cost Fund 

A 280 270 68 27 39 

B 280 270 68 28 4 1  

C 280 270 68 29 42 

140 14 1 . 3  390 

210 1 4  1.3 610 

210 1 4  1 . 3  760 

N 
c 
P 

‘A = Government financing; B = Typical industrial financing; C = High-risk industrial financing. 
bThese unit costs apply only to the core fuel elements. The associated radial blanket costs are $110, $140, and $160 for 

economic sets A,  B, and C, respectively. 
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9.18 NASAP CASE, 6.4 LMFBR Th-Pu/Th, SPIKED RECYCLE, GENERAL ELECTRIC 

[LMFBR (Pu,Th)02 WITH Tho2 BLANKETS] TRANSMUTER 

9.18.1 Fuel  Cycle Desc r ip t ion  

This  r e a c t o r - f u e l  cyc le  combination i s  an LMFBR us ing  14.2% plutonium- 

thorium mixed oxide homogeneous co re  and thorium oxide b l anke t s .  The core  

and b lanket  a r e  reprocessed  s e p a r a t e l y .  A l l  t he  plutonium and p a r t  of t he  

thorium recovered  dur ing  r ep rocess ing  are recyc led  t o  co re  f a b r i c a t i o n  

a f t e r  being mixed wi th  Pu-Th makeup m a t e r i a l  from secure  s to rage .  The 

remaining thorium recovered  dur ing  core  r ep rocess ing  i s  combined wi th  the  

thorium recovered dur ing  b lanket  r ep rocess ing  and s e n t  t o  i n t e r i m  thorium 

s t o r a g e  f o r  10 y e a r s  decay. 

i s  mixed wi th  dep le t ed  uranium and t h e  233U recovered  dur ing  b lanket  

r e p r o c e s s i n g  t o  produce a 12% f i s s i l e  denatured product ,  which i s  s e n t  t o  

secu re  s to rage .  Blanket  assembl ies  are f a b r i c a t e d  from new thorium. 

The 233U recovered  dur ing  core  r e p r o c e s s i n g  

I n  t h i s  f u e l  c y c l e  a n a l y s i s  only t h e  co re  f u e l  element f a b r i c a t i o n  

has  been a s ses sed .  The f i s s i l e  components are a mixture  of r ecyc led  

plutonium and thorium from t h e  r ep rocess ing  p l a n t .  This  material w i l l  be 

ve ry  r a d i o a c t i v e .  Most of t h e  gamma r a d i a t i o n  w i l l  be from t h e  2.6-MeV 

gamma emiss ion  of 208T1. The 208T1 i s  a daughter i n  t h e  decay cha in  of 

232U,  which i s  one of t h e  i s o t o p e s  of uranium der ived  from thorium i r ra-  

d i a t i o n .  S ince  229Th i s  a p recu r so r  i n  t h i s  decay cha in  i t  is  s e p a r a t e d  

wi th  t h e  ba lance  of t h e  thorium dur ing  reprocess ing .  During subsequent  

decay 228Th ( i t s  h a l f - l i f e  i s  1.91 y e a r s )  provides  the  source  of t h e  

208T1. 

f u e l  p rocess ing ,  f u e l  rod f a b r i c a t i o n ,  and f u e l  element assembly f o r  t h i s  

case be conducted i n  a remotely opera ted  and remotely main ta ined  f a c i l i t y .  

However, t h e  extended burnup on r e c y c l e  w i l l  a l s o  cause t h e  plutonium 

component t o  be very  r a d i o a c t i v e ,  as i s o t o p e s  o ther  than  239Pu b u i l d  up i n  

t h e  material. 

This h igh- leve l  gamma a c t i v i t y  a lone  w i l l  r e q u i r e  t h a t  a l l  f i s s i l e  

The co re  assembl ies  a l s o  inc lude  Tho2 p e l l e t s  as a x i a l  b lanket  

' material above and below t h e  f i s s i l e  po r t ion .  S ince  t h e  r a d i a l  b lanket  

assembl ies  are assumed t o  be f a b r i c a t e d  i n  an ad jacen t  contac t -opera ted  

and contact-maintained f a c i l i t y  and are loaded only wi th  p e l l e t i z e d  Th02, 

w e  assume t h a t  ax ia l  b lanket  p e l l e t s  w i l l  be supp l i ed  from t h i s  f a c i l i t y .  
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9.18.2 A p p l i c a b i l i t y  t o  Curren t  Fue l  Element Design 

The f u e l  element des ign  chosen f o r  t h i s  case is g iven  i n  Table  9.83. 

The key c o n s i d e r a t i o n s  f o r  sphere-pac a p p l i c a b i l i t y  are the  c ladding  

i n s i d e  diameter  measurements and t h e  r equ i r ed  f u e l  smear dens i ty .  The 

c l add ing  of I D  of  7210 pm i n  t h e  r e f e r e n c e  des ign  is  s u i t a b l e  f o r  t he  

sphere-pac process .  Although t h e  s p e c i f i e d  smear d e n s i t y  of 90% of 

t h e o r e t i c a l  i s  above t h a t  c u r r e n t l y  achieved with exper imenta l  blended 

( t h r e e  p a r t i c l e  s i z e )  sphere-pac beds,  w e  have assumed t h a t  t h e  process  i s  

a p p l i c a b l e  through a s l i g h t  lowering of t h i s  des ign  requirement .  

9.18.3 D e f i n i t i o n  of P l a n t  Product ion  Requirements and 
Design Capac i ty  

For t h e  LMFBR (Pu,Th)02 w i t h  Tho2 axial  b lanket  f u e l  c y c l e ,  t h e  p l a n t  

d e s i g n  assumptions are l i s t e d  below. 

1. The f u e l  des ign  is t h e  General  E lec t r ic  Company Advanced Reac tor  

Systems Department homogeneous t ransmuter  r e a c t o r  f u e l  design.  

2. The p l a n t  product ion  c a p a c i t y  i s  480 t HM/year with t h e  capa- 

b i l i t y  f o r  s imultaneous product ion  of t h r e e  enrichments .  

3.  The p l a n t  f a c t o r  i s  240 e f f e c t i v e  fu l l -p roduc t ion  days per year .  

4. P l a n t  des ign  c a p a c i t y :  

O v e r a l l  730 t HM/year 

about  12 f u e l  assembl ies /d  

Each l i n e  of t h r e e  243 t HM/year 

0.67 t HM/d 

1032 f u e l  r o d s l d  

3.8 f u e l  assembl ies /d  

5. Procees  des ign  c a p a c i t i e s  are based on the  l i n e  des ign  c a p a c i t i e s  

and t h e  s c r a p  and sample l o s s e s  def ined  i n  Sect. 9.18.4. 

6 .  The f a c i l i t i e s  are designed t o  d i scha rge  no l i q u i d  waste o t h e r  

t h a n  t r e a t e d  s a n i t a r y  sewage. 

7. A l l  p rocess  b u i l d i n g s  and c r i t i ca l  a u x i l i a r y  suppor t  are designed 

and c o n s t r u c t e d  i n  accordance wi th  c u r r e n t  United S t a t e s  Nuclear Regula tory  

Commission l i c e n s i n g  requirements .  S h i e l d i n g  is provided t o  l i m i t  dose 

ra tes  t o  ope ra t ing  and maintenance personnel  t o  0.25 mi l l i r emlh .  
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Table 9.83. Summary of General Electric Transmuter LMFBR Fuel Assembly Parameters 
[NASAP Case 6.4, LMFBR (Pu,Th)02 with Tho2 Blankets] 

Reactor Characteristics 

Reactor power 
Fuel assemblies 
Inner blanket assemblies 
Radial blanket assemblies 
Con t r o 3 ass emb 1 i e s 
Removable shield assemblies 
Fissile enrichment, % 

Component Characteristics 

Fuel cladding 
End plugs 

Bottom 
TOP 

Reflector rods 
Plenum springs 
Spacers 
Wire wrap 
Attachment rails 
Locking pins 
Shield and inlet assemblies 
Duct and upper handling 
socket 

Fuel Rod Characteristics 

Fuel cladding outside diameter 
Fuel cladding inside diameter 
Fuel rod length 
Plenum length 

Upper 
Lower 

Core fuel height 
Axial blanket height 

Upper 
Lower 

Pellet density 
Fuel smear density 
Pellet diameter 
Pellet length 
Wire wrap diameter 
Bonding 

1000 m e  (net) 
252 (150 zone 1; 102 zone 2 )  
Not applicable 
198 
19 

Zone 1 - 11.82; zone 2 - 17.67 

Material 

Improved 316 SS 

Improved 316 SS 
Improved 316 SS 

316 SS 

Improved 316 SS 
Improved 316 SS 

Number per Mass (kg) per 
Fuel Assembly Fuel Assembly 

271 

7.87 mm (0.310 in.) 
7.21 mm (0.284 in.) 
2.84 m (112 in.) 

914 mm (36.0 in.) 
Not applicable 
1.22 m (48.0 in.) 

356 mm (14.0 in.) 
356 mm (14.0 in.) 

90% T.D. 
7.07 mm (0.278 in.) 

1.30 mm (0.0512 in.) 
He 

Fuel Assembly Characteristics 

Array Hexagonal 
Fuel assembly length 
Duct outside flat-to-flat 161.1 mm (6.33 in.) 
Duct wall thickness 3.30 mm (0.130 in.) 
Mass of structural components 
Heavy metal content 

Core 109.18 kg 
Axial blanket 65.85 kg 

271 
271 

271 

1 
L 
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In addition, we assumed that production from each fuel rod line is 

campaigned to provide a full reload segment for a single 1000-MWe (net) 

LMFBR. Thus, the total heavy metal output for a given campaign is 22.1 t, 

and each campaign requires about 33 effective full-production days 

(50 calendar days). The total facility can support approximately 27 such 

reactors. 

9.18.4 Estimates of Surge Storage Requirements, Scrap Production 
Rates, and Processing Rates for Functional Steps 

Given the plant design assumptions defined in Sect. 9.18.3,  further 

commercial plant characteristics were derived. 

To achieve the annual production rates, an analysis of the plant 

surge storage requirements and normal inventory was made, and the results 

of this analysis are given in Table 9.84. 

Based on current technology and assuming reasonable extrapolations 

for commercial-scale developments, a preliminary estimate was made of the 

daily mass flows of heavy metal through the fabrication plant and the 

average production rate of heavy metal scrap materials from the various 

functional activities. These are presented in Table 9.85. 

Given the above information, a preliminary evaluation of the pro- 

cessing rate for each functional step within the main fuel fabrication 

processes was made. The results of this analysis are summarized in 

Table 9.86. 

9.18.5 Analysis of Functional Technology Status, Research and 
Development Requirements, Cost, and Schedule 

The technology status of this system is quite similar to that of the 

reference case discussed in Sect. 8. The current status and research and 

development needs are summarized in Table 9.87. 

between this (Pu,Th)02 fuel and the (U,Pu)O2 fuel is the level of current 

development effort on sphere forming, calcination, and sintering. 

Currently (U,Pu)O2 is under investigation in the United States, and the 

(Pu,Th)02 system would need to be initiated at the Pu/Th ratio required 

for this fuel. 

The primary difference 



Table 9.84. Sphere-Pac Fabrication P lan t  Surge Storage Requirements and Normal Inventory 
(NASAP Case 6.4, LMFBR Th-Pu/Th Spiked Recycle, GE Transmuter) 

Process s t e p  
Storage Normal Invc ory,  kg HM I n t e r v a l ,  d 

Normal Maximum 

Materia 1 
(Pu,Th)02 Tho2 Fines Tho2 P e l l e t s  

Feed s torage  

Inter im s torage  

Furnace 

Post furnace 

Inter im s torage  

Main s torage  

Loading, inspect ion,  

Loaded, not  inspected 

Rework and sc rap  

welding 

rods 

Completed f u e l  rods 

Assembly 

Dried spheres 
Sintered spheres 
Sintered p e l l e t s  

Dried spheres 
Sintered spheres 
Sintered p e l l e t s  

Dried t o  s in t e red  
spheres 

Sintered spheres 

Sintered spheres 

Sintered spheres 
Sintered spheres 
Sintered p e l l e t s  

Sintered spheres 
and pe l le t s  

Sintered spheres 
i n  rods 

Sintered spheres 
and p e l l e t s  

Sintered spheres 
and p e l l e t s  
i n  rods 

Rods i n  completed 
assemblies 

30 
30 
30 

1 
1 
1 

1 . 2  

0.5 

0.36 

1 . 2  
1.5 
1.5 

0.12 

5 

2 

5 

15  

60 
60 
60 

2 
2 
2 

2.4 

1 

0.72 

2.4 
2.9 
2.9 

0.24 

5 

5 

5 

30 

31,000 

1,040 

1,240 

1,520 

370 

1,310 

120 

5,200 

260 

5,000 

15,000 

8,200 

270 

410 

30 

1,290 

50 

1,250 

3,740 

10,300 

340 

590 

45 

3,900 

100 

3,780 

11,300 



T a b l e  9.85. Heavy Metal Mass Flows and Average Scrap Product ion  for a Sphere-Pac Fuel F a b r i c a t i o n  P l a n t  
(NASAP Case 6.4,  LMFBR Th-Pu/Th, Spiked Recycle ,  GE Transmuter) 

Mass Flow, kg HM/d 
______ _- __ - - - - . 

Daily Throughput Clean Scrap’ Rcjec t  Scrap‘’ 
~ _- ._ Process ing  S t e p  __ -I__ 

Tho2 Axia l  Blanket n TI102 Axia l  Blanket (Pu,,rl,)02a TI101 Axia l  Blanket 
(Pu’Th)02‘’ F ines  Tho: P e l l e t s  (Pu’Th)07 Fines  Tho? P e l l e t s  F ines  Tt10 ,  P e l  l c t s  

Receiving and s t o r a g e  

Sampling and b a t c h  loading  

Weighing and sampling 

Calc in ing  and s i n t e r i n g  

Sphere upgrading 

Sphere sampling 

I n t e r i m  s t o r a g e  

Fuel  rod loading  

Fuel  rod scanning 

Top component i n s e r t i o n  

Rod welding and x r ay  

Leak d e t e c t i o n  

Rod a s s a y  

F i n a l  rod i n s p e c t i o n  

Assembly i n s p e c t i o n  

T o t a l  

1036.8 

1035.8 

1035.3 

1093. gf 

1091.3 

1091.3 

1091.3 

1036.8 

1034.5 

1034.5 

1034.5 

1013.8 

1003.3 

998.1 

273. 1‘’ 

272.8 

272.8 

272.8 

259.2 

258.6 

258.6 

258.6 

253.5 

250.8 

755.5 

754.7e 

411.4 

411.4 

781.6’ 

779.9 

779.9. 

779.9 

764.3 

756.4 

1.0 

0 .  3 0 . 8  

0 . 5  

31 .1  

2 .2  

52.4 1 3 . 1  L9.7 2.2 

2 . 1  0 . 5  1 . 6  0 .2  

h il h ,? 

h h h il 

19.7 4 .9  14.8 1 .0  

10 .1  2 . 5  7.6 0 .4  

0 . 5  0 . H  

0. 1 0.2 

// / /  

i: 1: 

0 . 3  O . 8  

0. 1 0 . 3  

(1 .2 

89.3  22.3 47.5 38 .8  1 . 4  3 . 1  

__ 0.4 0.2 .~ 3.8 
-I 

1 . 3  __ 249.5 752.4 5.0 - 
2uoo 

‘11.82 and 17.67X average f i s s i l e  plutonium c o n t e n t s  i n  Zones 1 and 2 ,  r e s p e c t i v e l y .  

b I n t e r n a l l y  recyc led .  

‘Col lected,  assayed,  and e x t e r n a l l y  recyc led  t o  reprocess ing  p l a n t .  
11 

‘343.3 kg reserved  f o r  upper a x i a l  b lanket  loading  ( a f t e r  f u e l  rod scanning) .  
f 
’ I n c l u d e s  89 .3  kg of recycled c l e a n  s c r a p .  

(’Includes 47.5 kg of recyc led  c l e a n  s c r a p  p l u s  343.3 kg of f r e s h  m a t e r i a l  f o r  upper a x i a l  h lanket  loading .  

‘Rework i n  t h e s e  s t e p s  i s  only of weld and does n o t  a f f e c t  s c r a p .  

Inc ludes  22 .3  kg of  recycled c l e a n  s c r a p .  

N c 
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Table 9 . 8 6 .  Eauipment Kcquirrments f o r  Funcr ional Areas 
(NASAP Case 6.4 LElFBR TIt-PuITh, Spiked Xecvcle, 

GE Transmutrr) 

Functional Area 
Required Recommended' 
Number Number 

of of 
Units Unit& 

Plant Design 
Cnit Product ion Requ i rcment 

(Nominal) 

1.0 

2 . 0  

3.0 

4.0 

. ,  
ThOZ 
Tho; 
1.1 

1.2 
1.3 
1.4 
1.5 
1 . 6  
1.7 

1.8 

Fuel 
2.1 
2:2 
2.3 
2.4 

Fuel 
3 .1  
3 . 2  
3.3 
3.4 
3.5 
3.6 
3.7 

3 . 9  

3.10 
3.11 
3.12 
3.13 

Fuel 
4 . 1  
4.2 
4.3 
4.4 

3 .8  

Receiving 
(Pu.Thj0; ( 1 0  containerslcarrier) 

fines ( 1 0  containerslcarrier) 

Packaged fuel assembly storage 

Axial blanket pellets 
Sampling 

Weighing 
Storage ( 8 0  kg HMIcontainer) 
Weighing 
Tho; fines sampling 
Storage (200 kg HMIcontainer) 
Tho2 Axial blanket pellet 

Storage ( L O  kg HMIcontainerj 
sampling 

production (sphere processing) 
Sampling 
Calcining and sintering 
Microsphere inspection 
Interim storage 

rod fabrication 
Sintered sphere storage 
Sintered fertlle storage 
Sintered pellet storage 
Sphere dispensing 
Sphere-pac loading 
Density inspection 
Axial blanket (pellet) loading 
Cleaning 
Plenum hardware and top end 

plugging 
Closure welds 
Rod assay 
Rod inspection 
Rod rework 

assembly fabrication 
Fuel rod storage 
Fuel assembly fabrication 
Inspect ion 
Rework 

1600 kgjd 
Unlimited 
Unlimited 
N A ? ;  done at reproirs5ing 
plant 

48 container5ld 
NA 
48 container>/d 
4800 kgld 
NA 
4800 kgld 

NA 

3840 kg/d 
240 kgld 
20 kglh 
250 kg 

NA 
NA 
NA 
35 kg/h 
4 rodslh 
10 rodslh 
12 rodslh 
24 rodslh 
12 rodslh 

1 2  rodslh 
100 rodslh 
40 rodslh 
36 rodsld 

NA 
3 assembliesld 
6 assembliesld 
1 assemblyld 
NA 

1 3  containersld 1 L 
60 d hupply 810 820 
2 -  containersld 1 1 
2 7 0  kgld 1 1 
60 d supply 82 85 
760 kg,d 1 1 

60 d supplv 2280 2 300 

1 1040 kgld 
1040 kgld 5 
44 k g l h  3 
1100 kgld 5 

2 d supply 
2 d +upply 
2 d supply 
57 kglh 
141 rodslh 
141 rodslh 
134 rodslh 
134 rodslh 
134 'rodslh 

28 
3 
39 

36 
15 
12 
6 
12 

1 0 ,  30 
1, 3 
1 3 ,  39 
1, 3 
1 2 ,  36 
5 ,  15 
4, 12 
2 ,  6 
4 ,  12 

134 rodslh 1 2  4 .  1 2  

161 rodsld 5 2 ,  6 

1 3 4  rodslh 2 2 
134 rodslh 4 4 

5 d production 15.600 rods 16.000 rods 
12 assembliesld 4 4 
12 assembliesld 2 2 
0 .06  assemblvld NRd NR 

30 d production 343 350 
- 

aRecommended units include consideration of spare capacity f o r  operational reliability. 
D 

'NA: not applicable. 

dNR: not required. Use assembly equipment as available. 

Number of units is for the facility if a single number; otherwise, units p e r  line, total units in facility. 
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Table 9.87. Research and Development Cost Estimates for Sphere-Pac Fabrication 
[NASAF' Case 6 . 4  LMFBR Th-Pu/Th, Spiked Recycle, GE Transmuter] 

R&D Categories 
R&D Cost Estimates Years to 

Comp le t e a (Millions of Current Status 
1978 $1 

1.0 Program management Not applicable 10 10 
2 . 0  Design studies N - cold engineering 25 10 

3.0 Receiving and storage P - cold engineering 4 5 
4.0 Fuel production P - hot laboratory 30 8 

5.0 Fuel rod fabrication P - cold engineering 55 8 

6.0 Fuel element assembly N - cold engineering 32 8 

7.0 Scrap recovery N - hot laboratory 7 

8.0 Waste treatment b b 

9.0 Plant control systems N - cold prototype 5 

10.0 Maintenance N - cold prototype 10 
11.0 Safeguards and account- P - cold engineering 6 

Subtotal 184 
ability adaptationC 

Special Facilities 

Hot tests 

Cold prototype 

Total 

Range 

10 

25 

219d 

210- 26 5 

6 

b 
8 

10 

6 

a 
N = needed. 

bTo be supplied by others. 

Status stage with qualitative modifiers; C = complete, P = in progress, and 

c Assumes basic technology as developed under OSS estimate presented is for 
applications testing, systems integraton, and testing. 

million) or the capital costs of a pilot plant estimated at $ 2 4 0  million. 
dThe estimate does not include costs for fuel qualification tests (about $20 
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While t h e  g e n e r a l  f a b r i c a t i o n  process  d e s c r i p t i o n s  are the  same as 

those  given f o r  t h e  r e f e r e n c e  gel-sphe. -pac f u e l  f a b r i c a t i o n ,  t h e  des ign  

of t he  LMFBR f u e l  assembly i s  cons ide rab ly  d i f f e r e n t .  These d i f f e r e n c e s  

i n  des ign  r e s u l t  i n  mod i f i ca t ions  t o  t h e  d e t a i l s  f o r  accomplishing t h e  

v a r i o u s  f u n c t i o n a l  a c t i v i t i e s  and t o  the  f a c i l i t y  des ign  d e t a i l s .  These 

d i f f e r e n c e s  are d i scussed  h e r e  as they  apply  s p e c i f i c a l l y  t o  case 6.4. 

A gel-sphere-pac g e n e r i c  f u n c t i o n a l  f l o w  diagram is  g iven  i n  Fig.  3.1 

of Sect.  3.1.1. The main f u n c t i o n s  unique t o  the  gel-sphere-pac process  

are fl p roduct ion  (2.0) and f u e l  rod  f a b r i c a t i o n  (3.0). Br ie f  process  

d e s c r i p t i o n s  of t h e  v a r i o u s  f u n c t i o n a l  s t e p s  are g iven  below. 

Rece iv ing  and Storage.  This  f u n c t i o n a l  area i s  q u i t e  similar t o  t h e  

r e f e r e n c e  case wi th  t h e  fo l lowing  except ion .  S ince  t h e  mass f low d a t a  

r e q u i r e  r e c y c l e  thorium f o r  t h e  f i s s i l e  p o r t i o n  of t h e  f u e l  l oad ing ,  t h e  

f e r t i l e  f i n e s  s p h e r e s  are a l s o  gene ra t ed  i n  t h e  convers ion  process  of t h e  

r e p r o c e s s i n g  p l a n t  and must be r ece ivdd  and s t o r e d  i n  t h e  s h i e l d e d  s t o r a g e  

area. 

Fue l  Product ion .  The f u e l  p roduc t ion  p rocesses  are e s s e n t i a l l y  t h e  

same as those  desc r ibed  f o r  t h e  r e f e r e n c e  case i n c l u d i n g  c a l c i n a t i o n ,  

s i n t e r i n g ,  and in spec t ion .  However, s i n c e  t h e  axial b l anke t  material 

(Tho2 p e l l e t s )  makes up approximate ly  38% of t h e  t o t a l  heavy metal con ten t  

i n  a co re  f u e l  assembly, t h e  q u a n t i t y  of material processed  i s  s i g n i f i -  

c a n t l y  less. 

con tac t -ope ra t ed  and contac t -main ta ined  f a c i l i t y .  

The Tho2 b lanke t  p e l l e t s  are manufactured i n  an  a d j a c e n t  

Fue l  Rod F a b r i c a t i o n .  While most of t h e  f u e l  rod  f a b r i c a t i o n  

p rocesses  are s i m i l a r ,  a d d i t i o n a l  s t e p s  are r e q u i r e d  t o  i n c o r p o r a t e  t h e  

ax ia l  b l anke t  material. The lower axial b l anke t  s e c t i o n  i s  loaded i n t o  

t h e  f u e l  c l a d d i n g  b e f o r e  t h e  c l add ing  is  in t roduced  i n t o  t h e  cel l .  A f t e r  

t h e  (Pu,Th)02 sphere-pac co re  r e g i o n  i s  loaded i n t o  each rod  and i n s p e c t e d  

f o r  d e n s i t y  t h e  upper axial  b l anke t  s e c t i o n  w i l l  be loaded. The remainder 

of t h e  f u e l  rod  f a b r i c a t i o n  s t e p s  are t h e  same as f o r  t h e  r e f e r e n c e  case. 

F u e l  Assembly Opera t ions .  The f u e l  assembly des ign  f o r  t h i s  LMFBR 

case 6.4 i s  i d e n t i c a l  t o  t h a t  f o r  t h e  p e l l e t  f a b r i c a t i o n  opt ion.  

Fol lowing f u e l  rod i n s p e c t i o n  each r o d  w i l l  be remote ly  wrapped wi th  a 

w i r e .  Th i s  s p e c i a l  wire wrap w i l l  space  t h e  f u e l  rods  i n  t h e  assembly. 

Groups of t h e s e  r o d s  are assembled onto  T-bars of vary ing  l eng th .  The 
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T-bar s t r i p  l a y e r s  are assembled and f a s t e n e d  t o  the  lower end box of t he  

f u e l  assembly. The duct  tube i s  i n s t a l l e d  and t h e  f i n i s h e d  assembly i s  

inspec ted .  

Product  Con t ro l  Processes .  These are the  same as t h e  r e f e r e n c e  case 

( s e e  Sect. 4.1.2). 

Scrap  and Waste Process ing  and Disposal .  The sc rap  handl ing  pro- 

cesses are similar t o  the  r e f e r e n c e  case ( s e e  Sec t .  4.1.2) w i t h  t h e  added 

f e a t u r e  t h a t  a l l  axial  b l anke t  pe l le t s  t h a t  are unloaded from an  u n s a t i s -  

f a c t o r y  rod are inspec ted ,  and accep tab le  p e l l e t s  are r ecyc led  w i t h i n  the  

remote ly  opera ted  p a r t  of t h e  f a c i l i t i e s  t o  form upper a x i a l  b l anke t s .  

9.18.6 P re l imina ry  Cost Estimate f o r  Cons t ruc t ion  and Opera t ion  
of a Commercial-Scale P l a n t  

The c o s t  components t h a t  were es t ima ted  inc lude  c a p i t a l  c o s t s  f o r  t h e  

f a c i l i t y  and equipment,  f u e l  assembly hardware c o s t s ,  material and supply  

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

Because of t h e  uniqueness  of t h i s  cyc le  i n  which a p o r t i o n  of t h e  

thorium is  recyc led  wi th  t h e  plutonium, a d d i t i o n a l  s h i e l d e d  space i s  

r e q u i r e d  f o r  t h e  product ion  of t h o r i a  f i n e  spheres .  This  i s  shown i n  Fig. 

9.1. This  same f i g u r e  shows modif ic ,a t ions i n  t h e  o t h e r  p o r t i o n s  of t h e  

s h i e l d e d  process  area r e q u i r e d  t o  f a b r i c a t e  t h e  LMFBR f u e l  rods  and 

assembl ies .  The components f o r  each f u e l  rod f a b r i c a t i o n  l i n e  are shown 

i n  Fig.  9.2. 

F a c i l i t y  c a p i t a l  c o s t  estimates w e r e  based on an a n a l y s i s  of the 

f u n c t i o n a l  f low diagram f o r  t h e  process  t o  i n d i c a t e  space requi rements  f o r  

each  f u n c t i o n a l  area and f o r  each suppor t  area. Equipment requi rements  

were i d e n t i f i e d ,  and c o s t s  a s s o c i a t e d  wi th  t h e  equipment were es t imated .  

Fue l  assembly hardware requi rements  were based on t h e  r e f e r e n c e  f u e l  

assembly des ign  parameters  i d e n t i f i e d  i n  Table  9.83. Estimates of t h e  

c o s t s  of t h e  hardware i t e m s  were obtained.  Material and supply r equ i r e -  

ments were i d e n t i f i e d  from t h e  sphere-pac process  d e s c r i p t i o n ,  and 

estimates of t h e  c o s t s  of materials and s u p p l i e s  were obtained.  Opera t ing  

c o s t  estimates inc luded  c o n s i d e r a t i o n  of personnel ,  overhead, g e n e r a l  and 

a d m i n i s t r a t i v e  expenses ,  and c o s t s  of u t i l i t i e s .  
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The f a c i l i t y  was assumed t o  o p e r a t e  a-7 a t o l l  p rocess ing  f a c i l i t y .  

That i s ,  t h e  ope ra to r  f a b r i c a t e s  customer-suppl ied f u e l  feed  materials 

i n t o  f i n i s h e d  f u e l  a s sembl i e s ,  and thus  c o s t s  of plutonium and thorium 

were not  inc luded  i n  t h e  c o s t  e s t i m a t e s .  The hardware and material c o s t s  

do i n c l u d e  t h e  c o s t s  a s s o c i a t e d  wi th  t h e  product ion  of t h e  f r e s h  Tho2 

p e l l e t s  f o r  t h e  axial  b l anke t .  

Uni t  c o s t s  f o r  f a b r i c a t i o n  of f u e l  assembl ies  are determined by an  

economic a n a l y s i s  of t h e  b a s i c  c a p i t a l ,  hardware and material, and 

o p e r a t i n g  c o s t  estimates. B a s i c a l l y ,  t h e  economic a n a l y s i s  p rov ides  f o r  

t h e  owner of t h e  f u e l  f a b r i c a t i o n  f a c i l i t y  t o  recover  a l l  c a p i t a l ,  

o p e r a t i n g ,  and f i n a n c e  charges  p lus  a r e t u r n  on inves tment ,  i f  appro- 

p r i a t e ,  over  t h e  l i f e  of t he  p l a n t .  

I n  o rde r  t o  provide  a range of p r i c e s  ( i . e . ,  c o s t s  t o  a cus tomer) ,  

economic a n a l y s e s  were based on government f i n a n c i n g ,  f i n a n c i n g  appro- 

p r i a t e  f o r  a conven t iona l - r i sk  ( t y p i c a l )  i n d u s t r y ,  and f i n a n c i n g  

a p p r o p r i a t e  f o r  a h igh- r i sk  indus t ry .  The e s t ima ted  c o s t s ,  c o s t s  

d e r i v e d  from t h e  economic a n a l y s i s ,  and t h e  u n i t  c o s t s  based on t h e  t h r e e  

d i f f e r e n t  f i n a n c i n g  methods are summarized i n  Table  9.88. A s  may be 

observed from t h e  t a b l e ,  t h e  p r i c e  f o r  f a b r i c a t i o n  of (Pu,Th)02 f u e l  i s  

expec ted  t o  be i n  t h e  range from $470 t o  $lOOO/kg depending on t h e  

f i n a n c i n g  t echn ique  t h a t  i s  employed. The recommended c o s t  f o r  comparison 

w i t h  o t h e r  f u e l  c y c l e s  and methods of f a b r i c a t i o n  i s  t h e  t y p i c a l  i n d u s t r y  

c o s t  of $780/kg of heavy m e t a l .  A s  wi th  a l l  t h e  c o s t  estimates i n  t h i s  

r e p o r t ,  t h e  p r i c e s  are based on Lhe mass of a l l  heavy metal i n  t h e  

f i n i s h e d  assembly. For t h i s  case, t h i s  i n c l u d e s  t h e  thorium i n  t h e  axial  

b l anke t s .  



Table 9.88. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility 
(NASAP Case 6.4 ,  LMFBR Th-Pu/Th. Spiked Recycle, GE Transmuter) 

Estimated Costs, $ million Derived Costs, $ million 

Annual Owner’s Charge on Annual Annual Unit 
Cos& 
(S/kg) 

Economic Hardware Annual cost Direct Capital Equipment Payment to Facility Equipment plus Seta Operating During During Replacement Decommissioning 
Materials Construction Construction cost Fund 

A 454 354 64 29 42 210 18 1.3 470 

B 454 354 64 30 43 309 18 1 . 4  780 

C 454 354 64 31 44 309 18 1 . 4  1000 

A = Government financing; B = Typical industrial financing; C = High-risk industrial financing. a 

bThese unit costs apply only to the core fuel elements. The associated radial blanket costs are $110, $130, and $150 for 
economic sets A,  B, and C, respectively. 
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9.19 NASAP CASE 6.5, LMFBR DU(3)/Th RECYCLE 

9.19.1 Fue l  C y c l e  Desc r ip t ion  

Th i s  r e a c t o r - f u e l  cyc le  combination i s  an LMFBR us ing  a 10.1% f i s s i l e  

The co re  r e c y c l e  233U oxide  homogeneous core  and a thorium oxide b l anke t .  

and b lanket  are reprocessed  s e p a r a t e l y .  

du r ing  core  r ep rocess ing  i s  mixed with the  und i lu t ed  233U from the  b lanket  

r e p r o c e s s i n g  and makeup denatured 233U t o  provide  t h e  feed  f o r  f a b r i c a -  

t i o n .  The plutonium recovered dur ing  co re  r ep rocess ing  i s  p laced  i n  

s e c u r e  s to rage .  Thorium recovered dur ing  b lanket  r ep rocess ing  i s  p laced  

i n  i n t e r i m  s t o r a g e  f o r  t e n  years .  Blanket assembl ies  are f a b r i c a t e d  from 

new or  decayed thorium. 

The denatured 233U recovered  

I n  t h i s  f u e l  cyc le  a n a l y s i s ,  on ly  f a b r i c a t i o n  of t he  co re  assembl ies  

i s  considered.  The blending of h igh ly  en r i ched  uranium from the  b lanket  

w i th  any r e q u i r e d  makeup uranium is assumed t o  be done at t h e  r ep rocess ing  

p l a n t  be fo re  the  convers ion  process .  Thus, t he  r ep rocess ing  p l a n t  w i l l  

supply  t h e  coa r se  and medium s i z e s  of spheres  wi th  the  a p p r o p r i a t e  

q u a n t i t y  of f i s s i l e  uranium i n  the  as-dr ied condi t ion .  The U02 f i n e s  

p a r t i c l e s  are supp l i ed  i n  the  f u l l y  s i n t e r e d  cond i t ion  e i t h e r  from a 

contac t -opera ted  and contact-maintained (CO/CM) l i n e  a t  the  r ep rocess ing  

p l a n t  or  i n  an a d j u n c t  f a c i l i t y  t o  t h i s  p l a n t .  S ince  they  c o n t a i n  only  

d e p l e t e d  or  n a t u r a l  uranium and r e p r e s e n t  only about 15% of t h e  t o t a l  

heavy metal i n  t h e  f i n i s h e d  assembl ies ,  t h e  r e q u i r e d  c o n s t r u c t i o n  and 

o p e r a t i n g  c o s t s  w i l l  no t  s i g n i f i c a n t l y  a f f e c t  e i t h e r  t he  r ep rocess ing  or 

r e f a b r i c a t i o n  c o s t  estimates. The p e l l e t s  f o r  t he  axial  b lanket  r eg ions  

i n  these  assembl ies  w i l l  be supp l i ed  from an ad jacen t  CO/CM f a c i l i t y  

where t h e  r a d i a l  b lanket  assembl ies  are f a b r i c a t e d .  

The h igh  l e v e l s  of r a d i o a c t i v i t y  from the  232U decay products  asso- 

c i a t e d  wi th  t h e  233U w i l l  r e q u i r e  a remotely opera ted  and remotely main- 

t a i n e d  (RO/RM) f a c i l i t y .  

I 9.19.2 A p p l i c a b i l i t y  t o  Curren t  ! 1 Element Design 

The core  f u e l  element des ign  chosen f o r  t h i s  c y c l e  i s  given i n  

Table  9.89. 
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Table 9 .89 .  Summary of General Electric Denatured 
LMFBR Fuel Assembly Parameters 

[NASM Case 6.5 - DU(3)/Th Recycle] 

Reactor Characteristics 

Reactor power 
Fuel assemblies 
Inner blanket assemblies 
Radial blanket assemblies 
Control assemblies 
Removable shield assemblies 
Fissile enrichment, % 

Component Characteristics 

Fuel cladding 
End plugs 

To P 
Bottom 

Reflector rods 
Plenum springs 
Spacers 
Wire wrap 
Attachment rails 
Locking pins 
Shield and inlet assemblies 
Duct and upper handling 
socket 

Fuel Rod Characteristics 

Fuel cladding outside diameter 
Fuel cladding inside diameter 
Fuel rod length 
Plenum length 

Upper 
Lower 

Core fuel height 
Axial blanket height 

Upper 
Lower 

Pellet density 
Fuel smear density 
Pellet diameter 
Pellet length 
Wire wrap diameter 
Bonding 

1000 m e  (net) 
252 (150 zone 1; 102 zone 2) 
Not applicable 
198 
25 

Zone 1 -  8.11; zone 2 - 11.77 

Number per Mass (kg) per 
- Material Fuel Assembly Fuel Assembly 

Improved 316 SS 271 

Improved 316 SS 271 
Improved 316 SS 271 

316 SS 271 

Improved 316 S S  1 
Improved 316 SS 1 

8.64 mm (0.340 in.) 
7.87 min (0.310 in.) 
2.84 m (112 in.) 

914 mm (36.0 in.) 
Not applicable 
1.22 m (48.0 in.) 

356 mm (14.0 in.) 
356 nrm (14.0 in.) 

90% T.D. 
7.73 mm (0.304 in.) 

1.26 aun (0.0496 in.) 
He 

Fuel Assembly Characteristics 

Array Hexagonal 
Fuel assembly length 
Duct outside flat-to-flat 172.9 mm (6.81 in.) 
Duct wail thickness 3.43 mm (0.135 in.) 
Mass of structural components 
Heavy metal content 

Core , 140.16 kg 
Axial blanket 78.44 kg 
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The key c o n s i d e r a t i o n s  f o r  sphere-pac a p p l i c a b i l i t y  are the  c l add ing  

i n s i d e  diameter  measurements and the  r e q u i r e d  f u e l  smear d e n s i t y .  The 

c l a d d i n g  I D  o f  7870 u m  i n  t h e  r e f e r e n c e  des ign  i s  s u i t a b l e  f o r  t h e  sphere-  

pac process .  

i s  above t h a t  c u r r e n t l y  achieved  wi th  exper imenta l  blended ( t h r e e  p a r t i c l e  

s i z e )  sphere-pac beds , w e  have assumed the  process  i s  a p p l i c a b l e  through a 

s l i g h t  lowering of t h i s  des ign  requirement .  

Although t h e  s p e c i f i e d  smear d e n s i t y  of 90% of t h e o r e t i c a l  

9.19.3 D e f i n i t i o n  of P l a n t  P roduc t ion  Requirements and 
Design Capac i ty  

For t h i s  LMFBR U02-Th02 f u e l c y c l e ,  t h e  p l a n t  des ign  assumptions are 

l i s t e d  below. The heavy metal through-put f o r  t h i s  p l a n t  and a l l  cases 

i n v o l v i n g  axial  b l anke t  f u e l  i s  based on t h e  t o t a l  heavy metal i n  t h e  

f i n i s h e d  f u e l  assembly, i n  both co re  and b lanket .  

1. The f u e l  des ign  i s  t h e  Genera l  Electric Company Advanced Reac tor  

Systems Department homogeneous r e a c t o r  dena tured  f u e l  design.  

2. The p l a n t  product ion  c a p a c i t y  i s  480 t HM/year wi th  the  capa- 

b i l i t y  f o r  s imul taneous  product ion  of t h r e e  enrichments .  

3. The p l a n t  f a c t o r  i s  240 e f f e c t i v e  fu l l -p roduc t ion  days per  year .  

4 .  P l a n t  des ign  c a p a c i t y :  

O v e r a l l  73G t HM/year 

about  9 f u e l  a s sembl i e s /d  

Each l i n e  of three 243  t HM/year 

0.67 t HM/d 

826 f u e l  rods /d  

3 . 0  f u e l  a s sembl i e s /d  

5. P rocess  des ign  c a p a c i t i e s  are based on the  l i n e  des ign  c a p a c i t i e s  

and t h e  s c r a p  and sample l o s s e s  de f ined  i n  Sec t .  9.19.4. 

6 .  The f a c i l i t i e s  are designed t o  d i scha rge  no l i q u i d  waste o the r  

t h a n  t r e a t e d  s a n i t a r y  sewage. 

7. All process  b u i l d i n g s  and c r i t i c a l  a u x i l i a r y  suppor t  are designed 

and c o n s t r u c t e d  i n  accordance wi th  c u r r e n t  United S t a t e s  Nuclear Regula tory  

Commission l i c e n s i n g  requi rements .  S h i e l d i n g  is  provided t o  l i m i t  dose 

rates t o  o p e r a t i n g  and maintenance personnel  t o  0.25 mi l l i r em/h .  
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In addition, we assumed that production from each fuel rod line is 

campaigned to provide a full reload segment for a single lOOO->IWe LMFBR. 

Thus, the total heavy metal output for a given campaign is 27.5 t, and 

each campaign requires 41.3 effective full-production days (63 calendar 

days). The total facility, with an adjacent radial blanket assembly 

plant, can support approximately 26 such reactors. 

9.19.4 Estimates of Surge Storage Requirements, Scrap Production 
Rates, and Processing Rates for Functional Steps 

Given the plant design assumptions defined in Sect. 9.19.3, further 

commercial plant characteristics were derived. 

To achieve the annual production rates, an analysis of the plant 

surge storage requirements and normal inventory was made, and the results 

of this analysis are given in Table 9.90. 
Based on current technology and assuming reasonable extrapolations 

for commercial-scale developments, a preliminary estimate was made of the 

daily mass flows of heavy metal through the fabrication plant and the 

average production rate of heavy metal scrap materials from the various 

functional activities. These are presented in Table 9.91. 
Given the aSove information, a preliminary evaluation of the pro- 

cessing rate for each functional step within the main fuel fabrication 

processes was made. The results of this analysis are summarized in 

Table 9.92. 

9.19.5 Analysis of Functional Technology Status, Research and 
Development Requirements, Cost, and Schedule 

The technology status of this system is quite similar to that of the 

reference case discussed in Sect. 8. The current status and research and 

development needs are summarized in Table 9.93. 
between this U02 fuel and the reference (U,Pu)O2 fuel. 

under way in the United States on sphere forming, calcination, and sin- 

tering. 

The primary difference is 

Development is 

While the functional fabrication processes are the same as those 

given for the reference gel-sphere-pac fabrication case, the design of the 



Table 9.90. Sphere-Pac Fabrication Plant  Surge Storage Requirements and Normal Inventory 
[NASAP Case 6.5, LMFBR DU(3)/Th Recycle] 

Process s t e p  Ma t er ia 1 
Normal Inventory, kg HM Storage 

In te rva l ,  d 

Normal Maximum ( 2 3 3 U , U ) 0 2  U 0 2  Fines Tho2 P e l l e t s  

Dried spheres 30 60 32,000 
Sintered spheres 30 60 8,400 
Sintered pel le ts  30 60 9,800 

Sintered spheres 1 2 2 80 
Sintered pe l le t s  1 2 330 

Feed s torage  

Inter im s torage  Dried spheres 1 2 1,070 

Furnace Dried t o  s in t e red  1.2 2.4 1,280 
spheres 

Post furnace Sintered spheres 0.5 1 5 30 

Inter im s torage  Sintered spheres 0.36 0.72 380 

Main s torage  Sintered spheres 1 . 2  2.4 1,350 
Sintered spheres 1.5 2.9 420 
Sintered pe l le t s  1.5 2.9 560 

Loading, inspect ion,  Sintered spheres 0.12 0.24 130 35 4 5  
welding and p e l l e t s  

rods i n  rods 
Loaded, not  inspected Sintered spheres 5 5 5,300 1,330 3,720 

Rework and scrap  Sintered spheres 2 5 260 50 95 
and p e l l e t s  

and p e l l e t s  
i n  rods 

Completed f u e l  rods Sintered spheres 5 5 5,200 1,290 3,610 

10,800 Assembly Rods i n  completed 15 30 15,400 3,850 
assemblies 

. 
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Table 9.92. Equipment Requirements for Functional Areas 
[NASAP Case 6.5 LMFBR DU(3)ITh Recycle] 

Functional Area 
Plant Design R;;q;z;d Recommended' 

Number 

Units Unit& 
of of Unit Product ion Requirement 

(Nominal) 

1.0 Receiving 
(Uz33,~)02 (10 containerslcarrier) 
UO2 fines 
Tho2 
1.1 

1.2 
1.3 
1.4 
1.5 
1.6 
1.7 

1.8 
2.0 Fuel 

2.1 
2.2 
2.3 
2.4 

3.0 Fuel 
3.1 
3.2 
3.3 
3.4 
3.5 
3.6 
3.7 
3.8 
3.9 

3.10 
3.11 
3.12 
3.13 

4.0 Fuel 
4.1 
4.2 
4.3 
4.4 

Axial blanket pellets 
Sampling 

Weighing 
Storage (80 kg Hnlcontainer) 
Weighing 
UOp fines sampling 
Storage (200 kg HMIcontainer) 
Tho2 Axial blanket pellet 

Storage (20  kg HMlcontainer) 

production (sphere processing) 
Sampling 
Calcining and sintering 
Microsphere inspection 
Interim storage 

rod fabrication 
Sintered sphere storage 
Sintered fertile storage 
Sintered pellet storage 
Sphere dispensing 
Sphere-pac loading 
Density Inspection 
Axial blanket (pellet) loading 
Cleaning 
Plenum hardware and top end 

sampling 

plugging 
Closure welds 
Rod assay 
Rod inspection 
Rod rework 
assembly fabrication 
Fuel rod storage 
Fuel assembly fabrication 
Inspect ion 
Rework 

Packaged fuel assembly storage 

1600 kgld 
Unlimited 
Unlimited 
NAC; done at reprocessing 

plant 
48 containersld 
NA 
48 containersld 
4800 kgld 
NA 
4800 kgld 

1070 kgld 
280 kgld 
720 kg/d 

14 containers/d 
60 d supply 
2 containersld 
280 kg/d 
60 d supply 
720 kgld 

NA 60 d supply 

3840 kgld 
240 kgld 
20 kglh 
250 kg 

NA 
NA 
NA 
35 kg/h 
4 rodslh 
10 rods/h 
12 rodslh 
24 rodslh 
12 rodslh 

12 rodslh 
100 .rods/h 
40 rodslh 
36 rods/d 

NA 
3 assembliesld 
6 assembliesld 
1 assemblyld 

1070 kgld 
1070 kgld 
47 kglh 
1120 kg/d 

2 d supply 
2 d supply 
2 d supply 
58 kglh 
113 rodslh 
113 rodslh 
108 rodslh 
108 rodslh 
108 rods/h 

108 rodslh 
108 rodslh 
105 rodslh 
129 rodsld 

5 d production 
10 assembliesld 
10 assemblies/d 
0.05 assembly/d 

NA 30 d production 

1 
1 
1 

1 
800 
1 
1 
85 
1 

2160 

1 
5 
3 
5 

28 
3 
38 
2 
29 
14 
9 
5 
9 

9 
2 
3 
4 

12,462 rods 
4 
2 
N R ~  

275 

1 
1 
1 

2 
800 
1 
1 
85 
1 

2200 

1, 3 
2, 6 
1, 3 
2, 6 

10, 30 
1. 3 
13. 39 
1, 3 
10, 30 
5 ,  15 
3, 9 
2, 6 
3, 9 

3,  9 
2 
3 
2 ,  6 

13,000 rods 
4 
2 
NR 

280 

'Recommended units include consideration of spare capacity for operational reliability. 

bNumber of units is for the facility if a single number; otherwise, units per line, total units in facility. 

'NA: not applicable. 

dNR: not required. Use assembly equipment as available. 
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Table 9.93. Research and Development Cost Estimates for Sphere-Pac Fabrication 
[NASAP Case 6.5 LMFBR DU(3)/Th Recycle] 

R&D Categories 
R&D Cost Estimates Years to 

Complete (Millions of a Current Status 
1978 $) 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 
8.0 

9.0 

10.0 
11.0 

~~ 

Program management Not applicable 

Design studies N - cold engineering 
Receiving and storage P - cold engineering 

Fuel production P - cold engineering 

Fuel rod fabrication P - cold engineering 

Fuel element assembly N - cold engineering 
Scrap recovery N - hot laboratory 

Waste treatment b 

Plant control systems N - cold prototype 

Maintenance N - cold prototype 

Safeguards and account- P - cold engineering 
ability adaptationC 

Subtotal 

Special Facilities 

Hot tests 

Cold prototype 

Total 

Range 

10 

25 

4 

30 

55 

32 

7 
b 

5 
10 

6 

184 

10 

25 
21gd 

210-265 

10 

10 

5 
8 
8 

8 

6 
b 

8 

10 

6 

a 
N = needed. 

bTo be supplied by others. 

Status stage with qualitative modifiers; C = complete, P = in progress, and 

c Assumes basic technology as developed under OSS estimate presented is for 
applications testing, systems integraton, and testing. 

million) or the capital costs of a pilot plant estimated at $220 million. 
‘The estimate does not include costs for fuel qualification tests (about $20 
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LMFBR f u e l  e lements  i s  cons ide rab ly  d i f f e r e n t .  These d i f f e r e n c e s  i n  

des ign  r e s u l t  i n  mod i f i ca t ions  t o  the  d e t a i l s  f o r  accomplishing the  

v a r i o u s  f u n c t i o n a l  a c t i v i t i e s  and mod i f i ca t ions  t o  the  f a c i l i t y  des ign  

d e t a i l s .  I n  the  subsequent paragraphs ,  each of t he  f u n c t i o n a l  a c t i v i t i e s  

i s  d i scussed  as i t  a p p l i e s  t o  t h i s  case. 

A gel-sphere-pac f u n c t i o n a l  f low diagram is  given i n  Fig. 3.1 of 

Sec t .  3.1.1 of t h i s  r e p o r t .  The major f u n c t i o n a l  areas apply  t o  t h i s  

case, and the  two main f u n c t i o n s  unique t o  t h e  gel-sphere-pac process  are 

f u e l  product ion  (2.0) and f u e l  rod f a b r i c a t i o n  (3.0).  All t h e  f u n c t i o n a l  

s t e p s  a r e  b r i e f l y  d i scussed  here .  

Receiving and Storage .  This  f u n c t i o n a l  area is  q u i t e  similar t o  the  

r e f e r e n c e  case. However, i n  a d d i t i o n  t o  the  sphe res ,  t h e  Tho2 p e l l e t s  

from t h e  a d j a c e n t  r a d i a l  b lanket  assembly p l a n t  must be r ece ived ,  

i n s p e c t e d ,  and s to red .  

Fue l  Product ion.  The f u e l  product ion  processes  f o r  t h e  sphe res  are 

e s s e n t i a l l y  t h e  same as those  desc r ibed  f o r  t h e  r e f e r e n c e  case inc lud ing  

c a l c i n a t i o n ,  s i n t e r i n g ,  and i n s p e c t i o n  of t he  two coa r se  s i z e s  which con- 

t a i n  233U. 

be s i n t e r e d  a t  t h e  r ep rocess ing  convers ion  s t e p .  However, because the  

Tho2 a x i a l  b lanket  p e l l e t s  make up approximately 36% of t h e  t o t a l  heavy 

metal con ten t  i n  a co re  f u e l  assembly, t h e  q u a n t i t y  of coa r se  and medium 

s p h e r e s  processed i s  s i g n i f i c a n t l y  less than  i n  t h e  r e f e r e n c e  case. 

No p rocess ing  i s  planned f o r  t he  U02 f i n e s  because they  are t o  

Fue l  Rod F a b r i c a t i o n .  While most of t h e  f u e l  rod f a b r i c a t i o n  pro- 

cesses are s i m i l a r  t o  t he  r e f e r e n c e  case, a d d i t i o n a l  s t e p s  are r e q u i r e d  t o  

i n c o r p o r a t e  t h e  axial  b lanket  material. The lower axial b lanket  s e c t i o n  

i s  loaded i n t o  t h e  f u e l  rod c ladding  before  t h e  c l add ing  i s  in t roduced  

i n t o  t h e  cell.  

pac process  i n t o  each rod and in spec ted  f o r  d e n s i t y ,  t h e  upper axial  

b l anke t  s e c t i o n  w i l l  be loaded by equipment similar t o  t h a t  used f o r  

i n s e r t i n g  plenum hardware. The a c t u a l  plenum hardware i n s e r t i o n  and end 

c a p  welding o p e r a t i o n s  are e s s e n t i a l l y  t h e  same as those  desc r ibed  f o r  t h e  

r e f e r e n c e  case. 

After the  (233U,U)02 co re  r eg ion  is  loaded by t h e  sphere- 

Fue l  Assembly Operat ions.  The f u e l  assembly des ign  f o r  t h i s  LMFBR 

case 6.5 is  i d e n t i c a l  t o  t h a t  f o r  t h e  p e l l e t  f a b r i c a t i o n  opt ion.  

Fol.lowing f u e l  rod i n s p e c t i o n  each rod will be remotely wrapped wi th  a 
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w i r e .  This  s p e c i a l  w i r e  wrap w i l l  space the  f u e l  rods  i n  the  assembly. 

Groups of t hese  rods  are assembled onto  T-bars of vary ing  l eng th .  The 

T-bar s t r i p  l a y e r s  are assembled and f a s t e n e d  t o  the  lower end box of the 

f u e l  assembly. The duct  tube i s  i n s t a l l e d  and t h e  f i n i s h e d  assembly i s  

inspec ted .  

Product  Con t ro l  Processes .  These are t h e  same a s  the  r e f e r e n c e  case 

( s e e  Sect. 4 .1 .2 ) .  . 
Scrap and Waste P rocess ing  and Disposa l .  The s c r a p  handl ing  pro- 

cesses are similar t o  t h e  r e f e r e n c e  case ( s e e  Sec t .  4.1.2) w i t h  t h e  added 

f e a t u r e  t h a t  a l l  a x i a l  b l anke t  p e l l e t s  t h a t  are unloaded from an u n s a t i s -  

f a c t o r y  rod are inspec ted ,  and accep tab le  pellets are r ecyc led  w i t h i n  t h e  

remote ly  opera ted  par t  of t he  f a c i l i t i e s  to form upper a x i a l  b l anke t s .  

9.19.6 P re l imina ry  Cost  Estimate f o r  Cons t ruc t ion  and Opera t ion  
of a Commercial-Scale P l a n t  

The c o s t  components t h a t  were e s t ima ted  inc lude  c a p i t a l  c o s t s  f o r  t h e  

f a c i l i t y  and equipment,  f u e l  assembly hardware c o s t s ,  material and supply 

c o s t s ,  and ope ra t ing  c o s t s .  

F a c i l i t y  c a p i t a l  c o s t  estimates were based on an a n a l y s i s  of t h e  

f u n c t i o n a l  f low diagram f o r  t h e  process  t o  i n d i c a t e  space requi rements  f o r  

each  f u n c t i o n a l  area and f o r  each suppor t  area. Equipment requi rements  

were i d e n t i f i e d ,  and c o s t s  a s s o c i a t e d  wi th  t h e  equipment were es t imated .  

Fue l  assembly hardware requi rements  were based on t h e  r e f e r e n c e  f u e l  

assembly des ign  parameters  i d e n t i f i e d  i n  Table  9.89. Estimates of t h e  

c o s t s  of t h e  hardware i t e m s  were obtained.  Material and supply  r equ i r e -  

ments were i d e n t i f i e d  from the  sphere-pac process  d e s c r i p t i o n ,  and 

estimates of t h e  c o s t s  of materials and s u p p l i e s  were obtained.  Opera t ing  

c o s t  estimates inc luded  c o n s i d e r a t i o n  of personnel ,  overhead, g e n e r a l  and 

a d m i n i s t r a t i v e  expenses ,  and c o s t s  of u t i l i t i e s .  

The f a c i l i t y  was assumed t o  ope ra t e  as a t o l l  p rocess ing  f a c i l i t y .  

That i s ,  t h e  o p e r a t o r  f a b r i c a t e s  customer-supplied f u e l  feed  materials 

i n t o  f i n i s h e d  f u e l  assembl ies ,  and thus  c o s t s  of uranium were not  inc luded  

i n  t h e  c o s t  estimates. The hardware and material c o s t s  do inc lude  t h e  

c o s t s  a s s o c i a t e d  wi th  t h e  product ion  of t h e  Tho2 p e l l e t s  f o r  t he  a x i a l  

b l a n k e t s .  
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Unit  c o s t s  f o r  f a b r i c a t i o n  of f u e l  assembl ies  are determined by an 

economic a n a l y s i s  of t he  b a s i c  c a p i t a l ,  hardware and m a t e r i a l ,  and 

o p e r a t i n g  c o s t  estimates. B a s i c a l l y ,  t h e  economic a n a l y s i s  provides  f o r  

t h e  owner of t he  f u e l  f a b r i c a t i o n  f a c i l i t y  t o  recover  a l l  c a p i t a l ,  oper- 

a t i n g ,  and f inance  charges  p lus  a r e t u r n  on inves tment ,  i f  a p p r o p r i a t e ,  

over  t h e  l i f e  of t h e  p l a n t .  

I n  order  t o  provide  a range of p r i c e s  ( i . e . ,  c o s t s  t o  a cus tomer) ,  

economic a n a l y s e s  were based on government f i n a n c i n g ,  f i n a n c i n g  appro- 

p r i a t e  f o r  a conven t iona l - r i sk  ( t y p i c a l )  i n d u s t r y ,  and f i n a n c i n g  

a p p r o p r i a t e  f o r  a h igh - r i sk  indus t ry .2  

d e r i v e d  from the economic a n a l y s i s ,  and t h e  u n i t  c o s t s  based on t h e  t h r e e  

d i f f e r e n t  f i n a n c i n g  methods are summarized i n  Table  9.94. A s  may be 

observed from t h e  t a b l e ,  t h e  p r i c e  f o r  f a b r i c a t i o n  of UO2-Th02 f u e l  i s  

expec ted  t o  be i n  t h e  range from $420 t o  $890/kg depending on t h e  

f i n a n c i n g  t echn ique  t h a t  i s  employed. The recommended c o s t  f o r  comparison 

w i t h  o t h e r  f u e l  c y c l e s  and methods of f a b r i c a t i o n  is t h e  t y p i c a l  i n d u s t r y  

c o s t  of $700/kg of heavy metal. A s  wi th  a l l  t h e  c o s t  estimates i n  t h i s  

r e p o r t ,  t h e  p r i c e s  are based on t h e  mass of a l l  heavy metal i n  t h e  

f i n i s h e d  assembly. For t h i s  case, t h i s  i n c l u d e s  t h e  thorium i n  the  axial  

b l a n k e t s  . 

The e s t ima ted  c o s t s ,  c o s t s  



Table 9.94. Summary of Costs for Fabrication of Sphere-Pac PWR Fuel in a 2-t HM/d Facility 
[NASAP Case 6.5, LMFBR DU(3)/Th Recycle] 

Estimated Costs, $ million Derived Costs, $ million 
- 

Annual Owner ' s Charge on Annual Annual  Unit 
Cos& 

( S l k g )  

Economic Hardware Annual cost Direct Capital Equipment Payment to Seta Facility Equipment Plus Operating During During Replacement Decommissioning 
Materials Construction Construction cost Fund 

A 395 325 54 28 4 1  190 16  1.3 420 

B 395 325 54 29 42 280 16 1.3 700 

C 395 325 54 30 43 280 16 1.4 890 

'A = Government financing; B = Typical industrial financing; C = High-risk industrial financing. 

bThese unit costs apply only to the core fuel elements. The associated radial blanket costs are $95, $120, and $140 for 
economic sets A ,  B, and C, respectively. 
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10. SUMMARY AND CONCLUSIONS 

Although all current commercial metal-clad fuel fabrication in the 

United States is by the pellet process, various fabrication process 

options are under development. Gel-sphere-pac fuel is receiving extensive 

consideration because of possible improved in-reactor performance 

characteristics, particularly reduced fuel-cladding mechanical interac- 

tion, and advantages associated with fuel processing since the spheres 

can be transported pneumatically in enclosed equipment from one process 

step to the other. There is also a potential economic advantage for 

fabrication of fuels that contain Pu, 233U, or spikes, which will require 

that the process be remotely operated and, in most instances, that the 

processing equipment be remotely maintained. 

The gel-sphere-pac fuel fabrication option was evaluated along with 

its possible application to 19 fuel element designs that use oxide fuel 

in metal-clad rods. The primary evaluation was for a light-water-reactor 

fuel element containing (U,Pu)O2 fuel. The other 18 fuel element types - 
3 for light-water reactors, 1 for a heavy-water reactor, 1 for a gas- 
cooled fast reactor, 7 for liquid-metal-cooled fast breeder reactors, and 

3 pairs for light-water prebreeder and breeder reactors -were evaluated 

by comparison with the light-water reactor. 

We have defined and evaluated all fuel fabrication process steps from 

fuel receiving to finished fuel element shipping. Our evaluation also 

covers the feasibility of the process, the current status of technology, 
estimates of the required time and cost to develop the technology to 

commercial status, and the safety and licensability of commercial-scale 

plants. 

The plant design concept addresses only those processes directed 

toward the fabrication or refabrication of fuel assemblies. Processes are 

limited to the production of sintered spheres, loading of fuel rods, 

assembly of these rods into finished assemblies, and the supporting 

activities necessary to perform these steps in a safe licensable commer- 

cial facility. 
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The sphere-pac process  depends on t h e  r ep rocess ing  p l a n t  convers ion  

product  f o r  i t s  primary f u e l  feed  component ( a s  does t h e  p e l l e t  p rocess ) .  

However, t h i s  feed  material d i f f e r s  i n  form from t h e  p e l l e t  p rocess .  The 

p e l l e t  p rocess  uses  dry oxide powders, which are subsequent ly  blended and 

cond i t ioned  f o r  process  feed  w i t h i n  t h e  f a b r i c a t i o n  p l a n t .  The sphere-pac 

p rocess  f eed  c o n s i s t s  of f ree- f lowing ,  s p h e r i c a l ,  homogeneous p a r t i c l e s ,  

which are formed i n  t h e  product  conversion process  s t e p  of t h e  repro-  

c e s s i n g  p l a n t  and which need only  s i n t e r i n g  t o  h igh  d e n s i t y  t o  be s u i t a b l e  

f o r  f u e l  rod loading .  The f i s s i l e  sphe res  are ob ta ined  i n  two s i z e s ,  , 

c o a r s e  (nominal ly  1200 pm i n  d i ame te r )  and medium (nominal ly  200 pm i n  

d i ame te r ) .  I n  a d d i t i o n ,  f e r t i l e  material i n  t h e  form of very  small 

(nominal ly  40-um-diam) sphe res  i s  used i n  t h e  process .  These " f e r t i l e  

f i n e s "  can be produced wi th  an  a u x i l i a r y  process  suppor t  a c t i v i t y  i n  t h e  

r e f a b r i c a t i o n  p l a n t  o r  purchased from a s u p p l i e r .  I n  t h e  contac t -opera ted  

cases, which do n o t  i nvo lve  reprocessed  f u e l ,  t h e  g e l  forming and dry ing  

o p e r a t i o n s  are inc luded  as p a r t  of t h e  f a b r i c a t i o n  p l a n t s .  Hardware 

components, such as f u e l  rod c l add ing  and material f o r  t h e  assembly 

s k e l e t o n s ,  are purchased from o u t s i d e  s u p p l i e r s .  

The gel-sphere-pac process  uses  h igh-dens i ty  . spheres  of t h e  r equ i r ed  

f u e l  composi t ion.  I n  t h e  f a b r i c a t i o n  p l a n t s  desc r ibed  i n  t h i s  r e p o r t  

t h e s e  dry  g e l  sphe res  are c a l c i n e d ,  s i n t e r e d ,  i n s p e c t e d ,  and then  loaded 

i n t o  f u e l  rods  and packed by low-energy v i b r a t i o n .  The r e s u l t i n g  f u e l  bed 

w i l l  a ch ieve  a f u e l  smear d e n s i t y  of 83 t o  88% of t h e o r e t i c a l .  

10.1 PROCESS DESCRIPTION 

The d r i e d  sphe res  of t h e  r e q u i r e d  f u e l  composi t ion are rece ived  from 

t h e  r e p r o c e s s i n g  p l a n t  o r  a u x i l i a r y  sphere  forming o p e r a t i o n  i n  combined 

s h i p p i n g  and s t o r a g e  c a n n i s t e r s .  A f t e r  a p p r o p r i a t e  sampling and a n a l y s i s  

a l l  f eed  material i s  s t o r e d  i n  a safeguarded  v a u l t .  C a n n i s t e r s  are 

w'thdrawn from s t o r a g e  as r equ i r ed  and e n t e r e d  i n t o  t h e  p rocess ing  

ope ra t ion .  
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M a t e r i a l  from a s i n g l e  c a n n i s t e r  i s  poured through a mechanical 

s p l i t t e r - l o a d e r ,  which subdiv ides  the  con ten t s  and d i s t r i b u t e s  the  

m a t e r i a l  i n t o  molybdenum boats  f o r  c a l c i n i n g  and s i n t e r i n g .  Calc in ing  and 

s i n t e r i n g ,  t oge the r  with t h e  adjustment  of t he  oxygen-to-metal r a t i o ,  are 

done i n  a cont inuous furnace .  From t h e  t i m e  t h e  d r i e d  spheres  e n t e r  the 

fu rnace  u n t i l  they are loaded i n t o  t h e  f u e l  rods t h e  f u e l  material i s  con- 

t a i n e d  w i t h i n  t h e  process  equipment i n  a c o n t r o l l e d  atmosphere.  

A t  t h e  e x i t  of t he  cool ing  zone fo l lowing  t h e  fu rnace ,  t h e  boa ts  are 

mechanical ly  unloaded i n t o  a hopper,  which f eeds  a sphere  upgrading 

sys t em.  There t h e  spheres  are screened and shape-separated t o  remove 

o v e r s i z e ,  unde r s i ze ,  and broken material. The good m a t e r i a l  i s  passed 

through a s p l i t t e r  s a m p l e r  and t h e  batch i s  c o l l e c t e d  i n  a t r a n s f e r  hopper 

pending q u a l i t y  c o n t r o l  approval .  Acceptable  material i s  pneumatical ly  

t r a n s f e r r e d  t o  s t o r a g e  hoppers ,  which provide  product ion  surge  capac i ty  

between t h e  sphere  s i n t e r i n g  and f u e l  rod load ing  areas of t h e  process .  

The t h r e e  s i z e s  of spheres  are t r a n s f e r r e d  pneumatical ly  from t h e  

a p p r o p r i a t e  s t o r a g e  hoppers t o  a volumetr ic  d i spens ing  s t a t i o n .  Material 

s u i t a b l e  f o r  a s i n g l e  f u e l  rod loading  is  dispensed t o  v i b r a t o r y  f e e d e r s ,  

which c o n t r o l  t h e  rate of flow of each sphere  s i z e  i n t o  t h e  f u e l  rod. The 

f u e l  rod c ladding ,  w i th  a bottom end cap welded i n  p l ace ,  i s  clamped t o  a 

low-energy v i b r a t o r  a t  t h e  loading  s t a t i o n .  The rod is  v i b r a t e d  dur ing  

and a f t e r  t h e  loading  t o  pack t h e  bed t o  t h e  r equ i r ed  dens i ty .  The loaded 

f u e l  rods are then  scanned wi th  a gamma dens i tometer  before  f i n a l  i n t e r n a l  

component loading  and welding of t h e  top end cap. 

Fue l  rods are f a b r i c a t e d  v e r t i c a l l y  but  a r e  r o t a t e d  t o  a h o r i z o n t a l  

p o s i t i o n  a t  t h e  x-ray rack loading  s t a t i o n .  Subsequent handl ing  i s  i n  a 

h o r i z o n t a l  o r i e n t a t i o n  wi th  suppor t  a long t h e  rod t o  prevent  mechanical 

deformation. Following t h e  c l o s u r e ,  x-ray i n s p e c t i o n ,  and helium l e a k  

t e s t i n g ,  any rods wi th  e x t e r n a l  s u r f a c e  contaminat ion are decontaminated 

be fo re  they are t r a n s f e r r e d  t o  t h e  f i n a l  i n s p e c t i o n  and element assembly 

area. 

An i s o l a t e d  area f o r  rework and i n t e r n a l  r e c y c l e  of f u e l  and f u e l  

rods  i s  provided f o r  each f u e l  rod f a b r i c a t i o n  l i n e  t o  prevent  mixing of 

d i f f e r e n t - a s s a y  materials. Funct ions inc lude  removal of end p lugs  from 
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defective welds, total disassembly of fuel rods, recovery of fuel with 

subsequent screening and sorting for recycle, and accumulation of reject 

materials to be returned to the reprocessing plant for total recycle. 

Since only a limited number of elements per day are produced at full 

capacity, a common manufacturing area can accommodate the output from all 

three fuel rod fabrication lines. This area is separated from the fuel 

rod fabrication areas, and this separation provides additional protection 

against accidental contamination of the exterior surfaces of the finished 

assembly. The area includes surge storage for the fuel rods as well as 

equipment for their final inspection and nondestructive assay. Equipment 

that loads the fuel rods into the assembly skeleton, inspects the finished 

assembly, and places it in a shipment support package completes the con- 

tents of this area. 

The final area in the direct manufacturing process line is the 

storage vault and shipping location for completed assemblies. The vault 

is similar to but smaller than the fuel receiving storage vault. Space 

and equipment for loading the shipping containers and placing these on the 

appropriate off-site carrier are provided near the vault. 

All liquid waste from activities within the controlled plant area are 

collected and monitored for plutonium and uranium contents. Only the 

liquid from treated sewage is discharged from the plant. Other low- 

contamination-level liquids are treated for recovery and recycle. Excess 
water is discharged as a vapor in the ventilation exhaust. Liquids with 

significant quantities of heavy metal are chemically processed to recover 
the uranium and plutonium and to concentrate other contained solids and 

salts. These liquids include the analytical laboratory wastes, decon- 

tamination solutions, and solutions from leaching of highly contaminated 

wastes such as the filters, as well as the concentrated low-level wastes. 

The resulting alpha-contaminated concentrates are immobilized in concrete 

or glass. All solid waste is placed in appropriate shipping and disposal 

containers, assayed, and sent to treated waste storage before off-site 

shipment. All process equipment in the waste treatment area is  contained 

within controlled areas to confine and test all gaseous effluents before 

release to the plant exhaust system and the stack. 
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10.2 TECHNOLOGY STATUS 

The sphere formation and sphere-pac concepts were originated in the 

United States about 20 years ago, and the technology was vigorously 

pursued until mid-1972. Subsequently, the concepts have been studied and 

refined (predominantly in Europe). The High Temperature Gas-Cooled 

Reactor development efforts in the U.S. have provided continuing effort on 

sphere forming and material handling. This development includes sphere 

sizing, shape separation, handling, transport, dispensing, sampling, and 

inspection. During the past year significant progress has been made on 

simultaneous loading processes, which eliminate the older, time-consuming 

infiltration of the fine spheres into the bed of coarse and medium 

spheres. 

This evaluation has firmly established technical feasibility for each 

process step. In most instances the process steps are well-defined, and 

equipment and processes are being refined. Additional development is 

required to establish and proof test the design of commercial-scale equip- 

ment. The costs of this development for each case if done separately are 

presented in Table 10.1. The estimates range from $77 million for sphere- 
pac fabrication of light-water reactor fuel elements containing low- 

enriched U02, with no fuel element assembly development required, t o  

approximately $250 million for light-water breeder reactor fuel elements 
with significant fuel element assembly development and a requirement for 

remotely operated and remotely maintained equipment throughout the fabri- 

cation plant. The estimated time required for development is from six to 

ten years. 

Our preliminary assessment of the processes and the facilities 

indicates that no unusual environmental, safety, or materials safeguarding 

measures are needed. Commercial-scale plants can be designed and 

constructed to meet current U.S. licensing requirements. 
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Table 10.1. Summary of Research and Development Cost Estimates 
for the Gel-Sphere-Pac Fuel Fabrication Process 

RhD Est imates  E s  t ima t e d  
NASAP P i l o t  P l a n t a  
Cas e c o s t  Years t o  C a p i t a l  Need 

R e a c t o r  and  
F u e l  Type 

($106)  Complete ( $ 1 0 6 )  

PWR 

( 235U, U)O2 

( U ,  Pu )02 S p i k e d  

( 233U ,U )O2 

- 

(U , pu )02 

HWR - 
( 235U,  U)O2 

LWBR 

MEU(5)-Th P r e b r e e d e r  

HEU(3)-Th Advanced 

MEU(5)-Th P r e b r e e d e r  

HEU(3)-Th B r e e d e r  

HEU(5)-Th P r e p r e e d e r  

HEU(3)-Th/Th B r e e d e r  

- 

B r e e d e r  

1.2 

1 . 3  

1.4 

1.5 

2.1 

3.1.1 

3.1.2 

3.2.1 

3.2.2 

3.3.1 

3.3.2 

5.1 

6 .1  

6 . 2 . 1  

6.2.2 

6.3.1 

6.3.2 

6.4 

6.5 

77 6 

210 1u 

211 10 

175 8 

69 5 

Not a p p l i c a b l e  

238 10 

Not a p p l i c a b l e  

238 10 

80  5 

240 1u 

232 10 

195 10 

195 10 

195 10 

195 10 

156 10 

219 10 

219 10 

b 

190 

1 Y O  

140  

b 

c 

c 

b 
c 

160 

160 

160 

160 

160 

170 

240 

220 

aAssumed l i f e t i m e  of 1 0  y e a r s ,  f u l l - s c a l e  equ ipmen t  t es t ,  a p p r o x i -  
m a t e l y  10% of  m a t u r e  p l a n t  c a p a c i t y .  O p e r a t i n g  c o s t s  w i l l  be 
compensa ted  f o r  w i t h  f u e l  v a l u e .  F u e l  w i l l  be  u s e d  i n  p i l o t  and  
d e m o n s t r a t i o n  r e a c t o r s .  

bNot r e q u i r e d .  

C I n s u € f i c i e n t  i n f o r m a t i o n  was a v a i l a b l e  t o  f u l l y  d e f i n e  t h e  
r e q u i r e m e n t s  f o r  f a b r i c a t i o n  of t h e s e  f u e l  e l e m e n t s .  
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10.3 COST ESTIMATES FOR COMMERCIAL FACILITIES  

I n  a s s e s s i n g  t h e  a p p l i c a b i l i t y  of t h i s  process  t o  the  given f u e l  

element des igns  f o r  t h e  19 cases addressed  i n  t h i s  a n a l y s i s ,  t h e  ge l -  

sphere-pac process  w a s  s u i t a b l e  f o r  a l l  but  2 cases. The two LWBK cases 

f o r  which t h e  process  was not  s u i t a b l e  conta ined  duplex f u e l  i n  which a 

Tho2 co re  w a s  surrounded by a U02 annulus .  I n  s e v e r a l  o t h e r  cases  des ign  

f u e l  smear d e n s i t i e s  exceeded t h e  c u r r e n t l y  ach ievab le  gel-sphere-pac 

maximum d e n s i t y  ( 8 3  t o  8 8 % )  by 2 t o  3%. However, we f e l t  t h a t  changes i n  

d e s i g n  t o  accomodate t h i s  l i m i t a t i o n  were p o s s i b l e  and t h a t  t h e  gel-  

sphere-pac process  might s t i l l  be s u i t a b l e  i n  t h e s e  cases. 

To q u a n t i t a t i v e l y  e v a l u a t e  t h e  r e f a b r i c a t i o n  p l a n t s  desc r ibed  i n  t h i s  

r e p o r t ,  c e r t a i n  des ign  c h a r a c t e r i s t i c s  were de f ined :  

1. The p l a n t  product ion  c a p a c i t i e s  are 480 t HM/year and 520 t 

HM/year f o r  remotely opera ted  and contac t -opera ted  p l a n t s ,  r e s p e c t i v e l y .  

Each p l a n t  has  t h e  c a p a b i l i t y  of s imul taneous ly  producing f u e l s  of t h r e e  

d i f f e r e n t  a s say  l e v e l s .  

2 .  The p l a n t  f a c t o r s  are 240 and 260 e f f e c t i v e  fu l l -p roduc t ion  days 

p e r  yea r  f o r  remotely opera ted  and contac t -opera ted  p l a n t s ,  r e s p e c t i v e l y .  

3.  P l a n t  des ign  c a p a c i t y :  

Overa l l  730 t HM/year 

2 t HM/d 

Each l i n e  of t h r e e  243 t HM/year 

0.67 t HM/d 

4 .  Process  des ign  capaci t ies  are based on the l i n e  des ign  capac i -  

t i e s ,  equipment a v a i l a b i l i t y ,  and s c r a p  and sample lo s ses .  

5 .  The f a c i l i t i e s  are designed t o  d i scha rge  no l i q u i d  waste o t h e r  

t h a n  t r e a t e d  s a n i t a r y  sewage. 

6 .  All process  bu i ld ings  and c r i t i c a l  a u x i l i a r y  suppor t  are designed 

and cons t ruc t ed  i n  accordance wi th  t h e  c u r r e n t  U.S. Nuclear Regula tory  

Commission requirements .  

The p l a n t s  are opera ted  as commercial f a c i l i t i e s  w i th  t h r e e  s h i f t s  

p e r  day, seven days per  week. Both o p e r a t i n g  and maintenance personnel  

are a v a i l a b l e  on a l l  f o u r  s h i f t s ,  a l though t h e r e  are some i n c r e a s e s  i n  t h e  

day - sh i f t  complement f i v e  days per  week. 
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All process operations in the facilities are to be mechanized. 
Internally recycled scrap materials are reworked within a designated 

process area for each fuel rod line to provide enrichment control. A l l  

fuel materials recovered in the waste treatment process are converted to 

solid oxides before return to the reprocessing plant for recycle. 

Around, above, below, and adjacent to the direct manufacturing 

process areas are sites for process control. These include such off-line 

activities as process control operating areas and analytical laboratories 

for sample analyses for process control, product quality assurance, and 

confirmation of plant effluent control monitoring. Significant space is 

provided for process equipment maintenance, decontamination, and confine- 

ment of contamination. Space is also provided for process services, for 

material movements with limited local storage, and for special ventilation 

equipment and controls. Also located within this main process building is 

an area for safeguards and accountability monitoring and control. 

Appropriate computer and limited office space for process management 

personnel is provided. 

Each plant estimate included the cost of land acquisition, site 

preparation, perimeter fencing, road and railroad access, an administra- 

tion and engineering building, and the usual warehouses and maintenance 

facilities. 

The gel-sphere-pac option was found to be directly applicable to 17 
of the 19 fuel element types.. The characteristics of a commercial-scale 

plant were defined for each specific design. These characteristics were 

then used as a basis for making cost estimates for the plants. These cost 

estimates, which include both capital and operating costs, are summarized 

in Table 10.2. When these costs estimates are subjected to a financial 

analysis, estimated prices for the commercial fabrication of such fuel 

elements are obtained. These estimated prices are then suitable for 

comparison with similar estimates made for fabrication using the conven- 
tional pellet process. 1 
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Table 1 0 . 2 .  Summary of Mature Industry Gel-Sphere-Pac 
Fuel Fabrication Plant Cost Estimates 

Estimated Costs, $ Million NASAP Approximate 

Case Annual Annual 
?laterials Operating 

Reactor Fuel Rea c t o  r 
Support' Facility Equipment 

PUR 

(235U ,U)O2 
- 

(Pu,U)O2 (Spiked) 
( 233U ,Th)02 

(PU,U)O2 

HW R 

( '3511, U)02 

LWBR 

MEU(5)-Th Prebreeder 

HEU(3)-Th Advanced 

- 

- 

Breeder 

MEU(5)-Th Prebreeder 
HEU(3)-Th Breeder 

HEU(5)-Th Prebreeder 

HEU(3)-Th/Th Breeder 

GCFR 

(Pu,U)02/Th02 

LMFBR 

- 

- 
(Pu, u )02/U02 
(Pu ,u )02/U02 

(Pu ,U)O2/U02 

(Pu , u )02/U02 
(Pu ,U )02/Th02 
(Pu ,Th)02/Th02 
( 233U, U)02/Th02 

1.2 

1.3 
1.4 

1.5 

2.1 

3.1.1 

3.1.2 

3.2.1 

3.2.2 

3.3.1 

3.3.2 

5.1 

6.1 

6.2.1 
6.2.2 
6.3.1 

6.3.2 

6.4 
6.5 

20 31 35 25 13 

18 360 260 30 25 

20 360 260 33 26 

18 250 200 3u 24 

10 20 34 12 11 

b b b b 

b b b b 

b b b b 

b b b b 
22 34 39 28 14 

b b b b 

30 250 265 64 25 

28 260 255 66 25 

28 260 255 60 25 

28 260 255 66 25 

28 260 255 60 25 

29 280 270 68 25 

. 2 7  454 354 64 27 
26 395 325 54 26 

'Net gigawatt-electric (Cue) - based on core descriptions; reactor fuel mass-flow data 

'Insufficient information provided to fully define plants. 
were not available. 
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10.4 CONCLUSIONS 

This evaluation clearly shows the gel-sphere-pac process to be a 

viable fuel fabrication option. For the contact-operated and contact- 

maintained facilities and the remotely operated and contact-maintained 

facilities, the estimates suggest only minor cost advantages for the 

gel-sphere-pac process (in one instance a minor cost advantage is 

indicated for the pellet process). Based on our confidence in the 

estimates, we feel that no significant differences in costs exist for 

these cases. However, the estimates indicate a significant fabrication 

cost advantage for the gel-sphere-pac process if a remotely operated and 

remotely maintained fuel fabrication plant is required. For remotely 

operated and remotely maintained plants the estimates indicate that the 

gel-sphere-pac fabrication process could be 12 to 25% less expensive than 

the pellet process for the same design fuel elements. Although this 

differential is within the accuracy of the cost estimates (+25%), the 

consistency of the estimates is such that the relative cost (or cost 

differentials) are considered to be significantly more valid than the 

absolute values of the estimates. 
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APPENDIX: DESCRIPTION OF THE SP3ERE-CONVERSION PROCESS 

An a l t e r n a t i v e  t o  conven t iona l  conversion p rocesses  is  sphere-  

conve r s ion ,  which uses  a gel-sphere process  t o  p repa re  a free-f lowing 

s t a r t i n g  material made of g e l  spheres .  These sphe res  are s u i t a b l e  f o r  

s i n t e r i n g  t o  h igh  d e n s i t y  and d i r e c t  l oad ing  i n t o  f u e l  p i n s  and packing 

by u s i n g  low-energy v i b r a t i o n .  Loading sphe res  d i r e c t l y  i n t o  f u e l  p i n s  

and packing by us ing  low-energy v i b r a t i o n  i s  c a l l e d  t h e  gel-sphere-pac 

process .  

A . l .  FLOWSHEET AND PROCESS DESCRIPTION 

Sphere conversion is  based on t h r e e  major s t e p s :  (1) p r e p a r a t i o n  

of a s p e c i a l  s o l u t i o n  ( " b r o t h " ) ,  ( 2 )  g e l a t i o n  of broth d r o p l e t s  t o  g i v e  

s e m i r i g i d  s p h e r e s ,  and ( 3 )  washing and d r y i n g  t o  g i v e  a d r y  gel-sphere 

p roduc t  s u i t a b l e  f o r  sh ipp ing  t o  a f u e l  r e f a b r i c a t i o n  p l a n t .  Ge la t ion  

i s  accomplished chemical ly  by t h e  use of ammonia, which i s  formed wi th in  

t h e  b r o t h  d r o p l e t  by hexamethylenetetramine decomposition. This  method 

i s  c a l l e d  i n t e r n a l  g e l a t i o n .  Ge la t ion  may a l s o  be accomplished exter- 

n a l l y  by u s i n g  ammonia gas and ammonium hydroxide. This method i s  

c a l l e d  e x t e r n a l  g e l a t i o n .  I n t e r n a l  g e l a t i o n  i s  t h e  process  t h a t  has 

been s e l e c t e d  f o r  d i s c u s s i o n  i n  t h i s  r e p o r t  and is widely known 

throughout  Europe as t h e  KEMA process .  This  process  is  c u r r e n t l y  being 

developed i n  t h e  U.S. under the  sponsor sh ip  of the  DOE Fuel 

R e f a b r i c a t i o n  and Development program a t  the  Oak Ridge Na t iona l  

Laboratory.  2-4 

A g e n e r i c  f u n c t i o n a l  f l ow diagram f o r  sphe re  conversion is shown i n  

Fig.  A . l .  Note t h a t  v a r i o u s  mixtures  of uranium and plutonium can be 

prepared by a d j u s t i n g  the heavy metal feed material. S i m i l a r l y ,  by 

u s i n g  sp iked  f e e d s  h igh ly  r a d i o a c t i v e  f u e l  c y c l e  op t ions  can be accom- 

modated. The re fo re ,  t h e  f lowshee t  i n  Fig. A . l  r e p r e s e n t s  t h e  p r e p a r a t i o n  

of mixed (U,Pu)O2 f u e l  f o r  f a b r i c a t i o n  p l a n t s  i n  t h i s  s tudy.  

t h e  f lowshee t s  and d i s c u s s i o n s  are intended t o  d e s c r i b e  the  p r e p a r a t i o n  

of l a r g e r  g e l  s p h e r e s ,  they apply a l s o  t o  t h e  p r e p a r a t i o n  of f e r t i l e  

f i n e s ,  which are made i n  a c o n t a c t  f a c i l i t y .  

Although 
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A. 1.1. Receiving and S to rage  

This  process  s t e p  p rov ides  t h e  c a p a c i t y  f o r  r e c e i v i n g  and s t o r i n g  

t h e  l i q u i d  product  of t h e  r ep rocess ing  p l a n t .  In  a d d i t i o n ,  t h e  a b i l i t y  

t o  mix heavy metal n i t r a t e  s o l u t i o n s  t o  t h e  r equ i r ed  composition must be 

provided. The involved o p e r a t i o n s  i n c l u d e  f l u i d  t r a n s f e r ,  s t o r a g e ,  

mixing, and a n a l y s i s .  Many of t h e  requirements  f o r  t h i s  s t e p  are simi- 

l a r  t o  those  r e q u i r e d  ea r l i e r  i n  t h e  r ep rocess ing  cycle .  Examples of 

t h e s e  requirements  are:  (1)  ensu r ing  c r i t i c a l i t y  s a f e t y  i n  a l l  opera- 

t i o n s ,  ( 2 )  v e r i f y i n g  c o r r e c t n e s s  of t r a n s f e r  c o n t e n t s ,  ( 3 )  use  of on- 

l i n e  a n a l y s i s  o r  s p e c i a l  f a c i l i t y  des ign  t o  safeguard t r a n s f e r s  and 

i n s t r u m e n t a t i o n  of t h e  system s o  t h a t  any changes are i n s t a n t l y  and 

a c c u r a t e l y  recorded and announced. 

A.1.2 Vacuum Evaporat ion and Acid Adjustment 

Th i s  process  s t e p  a d j u s t  t h e  heavy metal feed s o l u t i o n  t o  a usab le  

c o n c e n t r a t i o n  and a c i d i t y  ( f r e e  n i t r a t e ) .  A vacuum evapora to r  is used 

t o  minimize t h e  temperature  du r ing  concen t r a t ion .  Ac id i ty  adjustment  

( u s i n g  NH40H)  i s  made t o  p a r t i a l l y  n e u t r a l i z e  t h e  heavy metal n i t r a t e  

s o l u t i o n  s o  t h a t  g e l a t i o n  d u r i n g  sphere formation w i l l  occur i n  t h e  

r e q u i r e d  t i  m e  span. 

A. 1.3 Mixing (Broth P r e p a r a t i o n )  

The n e x t  major process  s t e p  i s  b r o t h  p repa ra t ion .  This  s t e p  

r e q u i r e s  t h e  mod i f i ca t ion  of a heavy metal n i t r a t e  s o l u t i o n  t o  a form 

t h a t  i s  s u i t a b l e  f o r  forming gel-spheres;  a "broth" i s  formed by adding 

o r g a n i c s  such  a5 u r e a  and hexamethylenetetramine t o  t h e  heavy metal 

n i t r a t e  s o l u t i o n .  Urea i s  added t o  complex t h e  heavy metal i o n s ,  and 

t h e  amine p rov ides  an i n t e r n a l  source of ammonia necessa ry  f o r  caus ing  

g e l a t i o n  of t h e  b r o t h  d r o p l e t s  i n  a heated organic .  The mixing of organ- 

i c s  wi th  heavy metal n i t r a t e s  must be accomplished a t  about 0 ° C  t o  pre- 

v e n t  premature g e l a t i o n .  The re fo re ,  t h i s  s t e p  r e q u i r e s  a r e f r i g e r a t e d  

loop.  
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A.1.4 Forming and Washing of Spheres  

This  o p e r a t i o n  requires forming s p h e r i c a l  d r o p l e t s  of b r o t h ,  ge l a -  

tion t o  form g e l  s p h e r e s ,  and washing t o  remove u rea ,  n i t r a t e s ,  and 

amine before  dry ing .  Drople t  format ion  is  accomplished by a d r o p l e t  

gene ra to r .  The process  s t e p  must y i e l d  very high percentages  of sphe r i -  

c a l  product  i n  a narroN s i z e  range;  t h e r e f o r e ,  a pulsed nozz le  is  

g e n e r a l l y  used. The wash procedure must remove a ma jo r i ty  of t h e  

o r g a n i c s  and n i t r a t e s  and g i v e  a product  t h a t  is capable  of s i n t e r i n g  t o  

h igh  d e n s i t y  and provide  g e l  sphe res  t h a t  can be handled du r ing  d ry ing  and 

pneumatic t r a n s f e r .  

Drop le t s  of b ro th  are formed i n  a hea ted  o rgan ic ,  which causes  both 

s p h e r e  format ion  and g e l a t i o n .  Ge la t ion  occurs  as a r e s u l t  of t he  

hea ted  o rgan ic ,  t h u s  caus ing  amine decomposi t ion t o  ammonia, which 

d i r e c t l y  causes  b r o t h  g e l a t i o n .  Washing of t he  g e l  sphe res  is 

accomplished by t h e  use of d i l u t e  ammonium hydroxide.  

A.1.5 Drying of Spheres  

Th i s  s t e p  r e q u i r e s  d ry ing  w e t  g e l  sphe res  while  ma in ta in ing  them 

i n t a c t .  The d r y  product  must be s t r o n g  enough f o r  pneumatic t r a n s f e r  and 

must be capab le  of s i n t e r i n g  t o  h igh  d e n s i t y  (wh i l e  remaining i n t a c t )  f o r  

sphere-pac a p p l i c a t i o n s .  

A . 1 . 6  Sphere I n s p e c t i o n  

This  p rocess  s t e p  is r e q u i r e d  t o  ensure  t h a t  t h e  r equ i r ed  q u a l i t y  

s p e c i f i c a t i o n s  f o r  t h e  d r y  gel-sphere product  are m e t  be fo re  shipment t o  

t h e  f u e l  f a b r i c a t i o n  p l a n t .  Reject material i s  r ecyc led  through t h e  

r e p r o c e s s i n g  p l a n t  s c r a p  recovery  system. Scrap  recovery  a t  t h i s  p o i n t  

i n  t h e  sys tem should  be r e l a t i v e l y  easy  s ince  only  d r i e d  (and n o t  

s i n t e r e d )  material i s  be ing  r e j e c t e d .  

The sphe res  would be i n s p e c t e d  f o r  t h e  fo l lowing:  impur ies ,  

s p h e r i c i t y ,  s i z e  d i s t r i b u t i o n ,  and composi t ion ( f i s s i l e  conte lLc) .  

Development needs i n c l u d e  f a s t e r  techniques  f o r  s i z e ,  s i z e  d i s t r i b u t i o n ,  
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and s p h e r i c i t y  de te rmina t ion  ( p a r t i c u l a r l y  with r e spec t  t o  f i n e  f e r t i l e  

sphe res  made i n  con tac t  f a c i l i t i e s ) .  

A.2 STATUS OF TECHNOLOGY AND RESEARCH AND DEVELOPMENT REQUIREMENTS 

A.2.1 .  Scope 

The uranium, thorium n i t r a t e ,  and i n  some cases the  plutonium 

n i t r a t e  products  of t h e  so lven t  e x t r a c t i o n  s t e p  are converted t o  oxides.  

The metal  oxides  are of reac tor -grade  q u a l i t y ;  t h e y  are f a b r i c a t e d  i n t o  

f u e l  e lements  i n  an ad jacen t  f a c i l i t y  or are shipped t o  a f a b r i c a t i o n  

p l a n t  a t  a remote s i te .  The i n t e r n a l  g e l a t i o n  method f o r  making spheres  

has  been used as the  b a s i s  f o r  t h i s  s tudy.  

A.2 .2  S t a t u s  

The g e l a t i o n  techniques  f o r  prepar ing  spheres  f o r  r e a c t o r  f u e l s  is 

based on the  many man yea r s  of s tudy  of t h e  so l -ge l  program, which s t a r t e d  

20 y e a r s  ago and cont inued t o  1971. Methods f o r  prepar ing  s t a b l e  sols and 

f o r  conver t ing  them t o  g e l s  and the  c h a r a c t e r i s t i c s  of t hese  systems were 

de f ined  i n  t h a t  program. S t u d i e s  i n  t h i s  count ry  and i n  Europe have 

developed a d d i t i o n a l  methods f o r  prepar ing  s o l s  and g e l s  and methods of 

p repa r ing ,  s t a b i l i z i n g ,  d ry ing ,  and c l a s s i f y i n g  g e l  spheres  prepared  from 

t h e  s o l s .  Small-scale nonin tegra ted  engineer ing  equipment (0.5 t o  1 kg/h)  

i s  being used t o  prepare  u ran ia  spheres  f o r  e v a l u a t i o n  and t o  d e f i n e  the 

e f f e c t s  of o p e r a t i o n a l  v a r i a b l e s .  This  equipment has  been used t o  

demonstrate  t he  p r e p a r a t i o n  of t h o r i a  and u ran ia - tho r i a  spheres .  G r a m  

q u a n t i t i e s  of p l u t o n i a  spheres  have been made i n  glove-box experiments.  

A. 2 . 3 .  Development Required 

To produce high-densi ty  sphere-pac f u e l  e lements ,  spheres  of t h r e e  

uniform s i z e s  and of e s s e n t i a l l y  t h e o r e t i c a l  d e n s i t y  are requi red .  
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Spheres of very  h igh  d e n s i t y  and very  good p h y s i c a l  c h a r a c t e r i s t i c s  have 

been prepared  from a l l  d e s i r e d  combinat ions of t h o r i a ,  u r a n i a ,  and p l u -  

t o n i a  i n  l a b o r a t o r y  experiments  ( w i t h  t h e  excep t ion  of thorium- 

plutonium, which has  no t  y e t  been i n v e s t i g a t e d ) .  Ex tens ive  r e s e a r c h  and 

development i s  r e q u i r e d  t o  d e f i n e  process  c o n d i t i o n s  and provide  

eng inee r ing - sca l e  equipment. Condi t ions  f o r  each  s i z e  f r a c t i o n  and f o r  

e a c h  metal composi t ion - U, Thy Pu, U-Pu, U-Th, and Th-Pu - may be d i f -  

f e r e n t .  Each o p e r a t i n g  s t e p  w i l l  need t o  be developed and then  t h e  

s t e p s  i n t e g r a t e d  i n t o  a system. S t u d i e s  have shown t h a t  t h e  c o n d i t i o n s  

f o r  each  s t e p  i n f l u e n c e  t h e  c o n d i t i o n s  r e q u i r e d  f o r  each  fo l lowing  s t e p .  

Condi t ions  a l s o  va ry  wi th  t h e  s i z e  of t h e  sphere  r equ i r ed .  Obta in ing  

ve ry  s m a l l  s p h e r e s  of uniform s i z e  i s  e s p e c i a l l y  d i f f i c u l t .  All pro- 

c e s s i n g  equipment must be capab le  of remote o p e r a t i o n ,  and much of t he  

equipment must be remotely ma in ta inab le  as w e l l .  

Only l i m i t e d  development has been completed i n  c o n t r o l  i n s t rumen t s .  

Add i t iona l  s t u d i e s  are a l s o  r equ i r ed  i n  t h e  washing, d r y i n g ,  c a l c i n i n g ,  

and waste recovery  ope ra t ions .  

To m e e t  s a f e g u a r d s  requirements  methods must be developed s o  t h a t  

t h e  amount of material i n  a l l  p a r t s  of t h e  o p e r a t i n g  equipment can be 

a c c u r a t e l y  known. 

A.2.4 Research and Development C o s t  Estimate 

Tab le  A1 was e x t r a c t e d  from t h e  s t u d i e s  on convers ion  processes  f o r  

t h e  r e p r o c e s s i n g  p l a n t .  It provides  a y e a r l y  c o s t  e s t i m a t i o n  f o r  t h e  

development of the sphere-formation p rocess  f o r  (U,Pu)O2 f u e l s .  S i m i l a r  

r e s e a r c h  and development i s  r equ i r ed  f o r  U02, (U,Th)02, and (Pu,Th)02 

f u e l s .  The p rocess  f o r  Tho2 sphe re  product ion  i n  a c o n t a c t  p l a n t  i s  

w e l l  developed and we a n t i c i p a t e  no a d d i t i o n a l  r e s e a r c h  and development 

c o s t s .  
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a 
Table A l .  Gel-Sphere Conversion Research and Development Estimate by Year 

Major P r o j e c t s  Operating Funds T o t a l  Operating 
Year Manpower C a p i t a l  T o t a l s  

Equipment Equipment F a c i l i t y  For Others Requir%d Normal 
( FTE 1 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2  

13 

1 4  

15 

16 

18.8 

30.2 

27.7 

25.4 

36.3 

26.9 

25.6 

25.0 

27.1 

32.9 

26.7 

29.2 

10.4 

10.8 

10.8 

11.7 

1800 

3225 

2925 

2650 

4050 

3025 

2825 

2800 

3000 

3500 

3000 

3000 

1000 

1000 

1000 

1000 

450 

40 0 

400 

400 

30 0 

200 

250 

200 

250 

450 

200 

500 

250 

300 

300 

400 

1200 300 

850 600 

1200 

1100 

800 

100 1000 

100 1200 

1000 

600 

3750 

5075 

4525 

600 47 50 

900 6150 

1200 5525 

1500 5875 

700 4700 

3850 

3950 

3200 

3500 

1250 

1200 

1300 

1400 

h) 
m 
wl 

aEst imate  i n  thousands of 1978 d o l l a r s .  

b FTE = ful l - t ime equiva len t  i n  person years .  
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