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ABSTRACT 

m 

Various " a l t e r n a t i v e "  f u e l  cyc le s  have been proposed t o  a l l e v i a t e  

concerns about r e a c t o r  f u e l  being d i v e r t e d  f o r  t h e  manufacture of n u c l e a r  

weapons. This r e p o r t  addres ses  t h e  impact of such f u e l  cyc le s  on t h e  

performance of t h e  c l a s s i c a l  (homogeneous) oxide-fueled Liquid Metal F a s t  

Breeder Reactor.  The primary f u e l  cyc le  analyzed i s  t h e  

f u e l  cyc le  i n  which t h e  f i s s i l e  component 233U i s  "denatured" wi th  238U 
i n  o rde r  t o  r e s t r i c t  t h e  use of r e a c t o r  f u e l  as a source of weapons-usable 

material. The denatured r e a c t o r  performance as a func t ion  of t h e  f i s s i l e  

enrichment (% 2 3 3 U  i n  U) i s  evaluated.  

concept i n  which d i spe r sed  denatured r e a c t o r s  are coupled t o  2 3 3 U  

product ion r e a c t o r s  ope ra t ing  i n  such secu re  energy c e n t e r s  is  desc r ibed .  

The symbiotic system of dispersed/energy c e n t e r  r e a c t o r s  i s  analyzed 

both from t h e  s t andpo in t  of energy growth supported and d i spe r sed /  

c e n t r a l i z e d  power product ion.  L a s t l y ,  t h e  e f f e c t s  of proposed changes 

i n  t h e  nuc lea r  d a t a  on both the  r e a c t o r  performance and symbiotic system 

c h a r a c t e r i s t i c s  are addressed. 

2 3 3 u/ 2 3 8 u/ 2 3 2 ~h 

The a s s o c i a t e d  energy c e n t e r  

V 





I. INTRODUCTION 

The primary r a t i o n a l e  f o r  cons ider ing  t h e  p o t e n t i a l i t i e s  and l i m i t a t i o n s  

of a l t e r n a t e  nuc lea r  f u e l  c y c l e s  r e f l e c t s  a c lass ic  dilemma: a world-wide 

need f o r  energy and t h e  perceived economic/resource b e n e f i t s  of nuclear-based 

gene ra t ing  capac i ty  v e r s u s  a long-standing and growing i n t e r n a t i o n a l  concern 

over  nuc lea r  weapons p r o l i f e r a t i o n  [l]. Although commercial nuc lea r  r e a c t o r  

f u e l  may n o t  be  t h e  most d e s i r a b l e  source  f o r  n u c l e a r  weapons material ,  

prudence demands t h a t  t h e  p o s s i b i l i t y  of reducing even t h i s  p r o l i f e r a t i o n  

r i s k  be  examined. Moreover, t h e  nuc lea r  f u e l  c y c l e  r e p r e s e n t s  one of t h e  

few avenues f o r  nuc lea r  weapons p r o l i f e r a t i o n  over  which i n t e r n a t i o n a l  agencies  

are l i k e l y  t o  have some c o n t r o l ,  u n l i k e  o t h e r  avenues (such as uranium en- 

r ichment)  which can be  implemented on a s o l e l y  n a t i o n a l  b a s i s ,  

a l though a d e t a i l e d  s tudy  of t h e  p r o l i f e r a t i o n  r i s k s  of commercial nuc lea r  

power must address  t h e  c o s t / b e n e f i t  imp l i ca t ions  on a l l  t h e  nuc lea r  f u e l  

c y c l e  components ( i . e . ,  enrichment,  f a b r i c a t i o n ,  reprocess ing ,  e t c . ) ,  t h i s  

r e p o r t  i s  d i r e c t e d  on ly  a t  examining t h e  impact of a l t e r n a t e  f u e l  c y c l e s  

on t h e  most numerous components of t h e  f u e l  cyc le ,  t h e  r e a c t o r s  themselves.  

Moreover, it i s  aimed s o l e l y  a t  eva lua t ing  t h e  impact on a p a r t i c u l a r  type  

of r e a c t o r ,  t h e  l i q u i d  metal f a s t  b reeder  r e a c t o r  (LEIFBR). 

Add i t iona l ly ,  

The once-through low-enriched uranium c y c l e  c u r r e n t l y  employed i n  l i g h t -  

water r e a c t o r s  (LWRs) d i s p l a y s  c e r t a i n  p r o l i f e r a t i o n - r e s i s t a n t  c h a r a c t e r i s t i c s  

which are  u s e f u l  i n  eva lua t ing  a l t e r n a t e  f u e l  c y c l e  scena r ios .  

f u e l  c o n s i s t s  of a mixture  of two uranium i so topes ,  f i s s i l e  2 3 5 ~  i n  a f e r t i l e  

238U ma t r ix ,  a t  a n  enrichment low enough t o  p rec lude  d i r e c t  use  of t h e  f u e l  

The f r e s h  

material i n  weapons manufacture.  Moreover, s i n c e  t h e  f i s s i l e  component of 

t h e  f u e l  i s  no t  chemical ly  sepa rab le  from t h e  f e r t i l e  component, p roduct ion  
of weapons-grade material would r e q u i r e  s o p h i s t i c a t e d  i s o t o p e  separa-  

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

a s t r a t e g i c  d e c i s i o n  due t o  t h e  t i m e  and c o s t s  involved,  a l s o ,  of course ,  

permi ts  t h e  u t i l i z a t i o n  of rzatural  uranium as a feed  material. Fu r the r ,  

a l though t h e  spen t  f u e l  does con ta in  a chemical ly  sepa rab le  f i s s i l e  sp2c ie s ,  

239Pu (bred from t h e  238U m a t r i x ) ,  e x t r a c t i o n  would r e q u i r e  a sh i e lded  

r ep rocess ing  f a c i l i t y  due t o  t h e  presence  of h i g h l y  r a d i o a c t i v e  f i s s i o n  

The development of such a c a p a b i l i t y ,  which i t s e l f  presumes 
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products .  Development of t h i s  c a p a b i l i t y ,  l i k e  t h a t  of t h e  i s o t o p e  s e p a r a t i o n  

c a p a b i l i t y  above, would a l s o  r e q u i r e  d e c i s i o n s  w e l l  i n  advance of any weapons 

f a b r i c a t i o n .  Fu r the r ,  as a p r a c t i c a l  matter, t h e  once-through low-enriched 

urani-um c y c l e  i s  c u r r e n t l y  being u t i l i z e d  worldwide. 

Although nuclear-based energy product ion i s  t h e  on ly  r e g e n e r a t i v e  

energy source  w i t h  a l a rge - sca l e  gene ra t ing  p o t e n t i a l  a v a i l a b l e  a t  t h i s  t i m e ,  

t h e  once-through low-enriched uranium c y c l e  ignores  t h i s  r e g e n e r a t i v e  capac i ty ,  

and hence i s  l i m i t e d  by r e source  cons ide ra t ions .  Therefore ,  a l though shor t -  

term i n c r e a s e s  i n  n u c l e a r  e l e c t r i c  gene ra t ing  c a p a c i t y  can b e  achieved by 

i n c r e a s i n g  t h e  consumptionrate  of t h e  r e source  base ,  long-term v i a b i l i t y  

and growth of n u c l e a r  c a p a c i t y  must u l t i m a t e l y  rest w i t h  r e c y c l e  of f i s s i l e  

material and even tua l  implementation of b reede r  r e a c t o r  technology, 

v e s t i g a t i o n  of techniques 

have t h e  p o s s i b i l i t y  of minimizing t h e  a t t r a c t i v e n e s s  p f  r e c y c l e  f u e l  as a 

source of nuc lea r  weapons material, is  t h e r e f o r e  essent ia l  t o  e f f o r t s  aimed 

a t  l i m i t i n g  t h e  long-term p r o l i f e r a t i o n  p o t e n t i a l  of n u c l e a r  power. 

In- 

(such as t h e  u s e  of alteraate f u e l  c y c l e s ) ,  which 

Many techniques f o r  reducing t h e  p r o l i f e r a t i o n  r i s k  a s s o c i a t e d  w i t h  

breeder  r e a c t o r s  have been suggested,  i nc lud ing  (1) c o n t r o l l e d  plutonium 

r e c y c l e ,  (2) f u e l  "spiking," (3 )  p r e - i r r a d i q t i o n ,  ( 4 )  r a d i o l o g i c a l  dena tu r ing ,  

and (5) i s o t o p i c  denatur ing.  These techniques are addressed a t  l i m i t i n g  t h e  

a v a i l a b i l i t y  of s e n s i t i v e  nucLear material through i n t e r n a t i o n a l  i n s t i t u t i o n a l  

arrangements and/or  reducing t h e  a t t r a c t i v e n e s s  of r e a c t o r  f u e l  as a weapons 

material sou rce  through t e c h n i c a l  rrieans. 

would r e l y  on i n t e r n a t i o n a l  c o n t r o l s  as t h e  means f o r  l i m i t i n g  t h e  a v a i l -  
a b i l i t y  of s e n s i t i v e  nuc lea r  materials. 

of h igh ly  r a d i o a c t i v e  contaminents 8s a d e t e r r e n t ) ,  as w e l l  as p r e - i r r a d i a t i o n  

Control led plutonium r e c y c l e  s c e n a r i o s  

Fuel  "spiking" ( t h e  a d d i t i o n  o r  nonremoval 

(producing t h e  contaminant in h d u  a f t e r  f a b r i c a t i o n )  would a l s o  r e q u i r e  

i n s t i t u t i o n a l  arrangements t o  ensu re  t h e  presence of t h e  contaminant. The 

concept of r a d i o l o g i c a l  dena tu r ing  i s  analogous t o  that: of "spiking" except 

t h a t  t h e  contaminant i s  not  chemical ly  s e p a r a b l e  from t h e  f i s s i l e  material. 

It a p p l i e s  p r i n c i p a l l y  t o  232U contamination of t h o r i m - d e r i v e d  f u e l s .  The 

concept of i s o t o p i c  dena tu r ing  (e.g., 233U denatured w i t h  238U) a t t e m p t s  t o  

extend some of t h e  p r o l i f e r a t i o n - r e s i s t a n t  a s p e c t s  of t h e  low-enriched once- 

through c y c l e  t o  t h e  r ecyc le /b reede r - r eac to r  s c e n a r i o  [1 ,2 ] .  

d 
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I n  t h e  i s o t o p i c a l l y  denatured cyc le  t h e  f r e s h  f u e l  would, l i k e  t h e  low- 

enriched-uranium cyc le ,  c o n s i s t  of f i s s i l e  material (233U) d i l u t e d  wi th  an 

i s o t o p e  of t h e  same element (238U). 

denatured f u e l  would a l s o  c o n t a i n  232Th. 

dena tu ran t  i n  t h e  denatured f u e l ,  plutonium would be produced and discharged 

bu t  presumably i n  lesser amounts than i n  t h e  LEU cyc le .  

emphasized t h a t  t h e  r a t i o n a l e  f o r  i n v e s t i g a t i n g  t h e  denatured cyc le  i s  based 

p r i m a r i l y  on p o s s i b l e  r e source  c o n s t r a i n t s ,  and on t h e  subsequent need f o r  

t h e  employment of r e c y c l e  f u e l .  In  t h i s  con tex t ,  t h e  p r o l i f e r a t i o n  p o t e n t i a l  

of t h e  denatured f u e l  cyc le  i s  t o  be compared wi th  t h a t  of t h e  r e f e r e n c e  

mixed-oxide ( P u / ~ ~ ~ U )  cyc le .  

r e p r e s e n t s  a s i g n i f i c a n t  r educ t ion  i n  t h e  p r o l i f e r a t i o n  r i s k  a s s o c i a t e d  wi th  

Unlike t h e  LEU cyc le ,  however, t h e  

Due t o  t h e  presence of t h e  238U 

It should be 

It i s  n o t  apparent  t h a t  t he  denatured cyc le  

I &- 

commercial n u c l e a r  power when compared wi th  t h e  c u r r e n t  LEU once-through 

cycle .  [ In  f a c t ,  t h e  inc reased  mass d i f f e r e n c e  inhe ren t  i n  t h e  denatured 

cyc le  (233U-238U) r e l a t i v e  t o  enr iched n a t u r a l  uranium (235U-238U) may reduce 

the  d i f f i c u l t y  of i s o t o p i c a l l y  s e p a r a t i n g  f i s s i l e  m a t e r i a l . ]  The denatured 

cyc le  does,  however, appear t o  have p o t e n t i a l  i n  minimizing t h e  p o s s i b l e  

i n c r e a s e  i n  p r o l i f e r a t i o n  r i s k s  a s s o c i a t e d  wi th  t h e  i n t r o d u c t i o n  of r e c y c l e  

s c e n a r i o s .  It should be noted,  however, t h a t  such a conclusion must, of 

n e c e s s i t y ,  be reached through a d e t a i l e d  a n a l y s i s  of t h e  v a r i o u s  f a c t o r s  

involved i n  u t i l i z i n g  r e a c t o r  f u e l  as a source of weapons material such 

as c o s t ,  t i m e ,  etc.  For example, how much more d i f f i c u l t  i s  i t  t o  

i s o t o p i c a l l y  e n r i c h  f r e s h  denatured f u e l  than t o  chemically remove 

plutonium from f r e s h  mixed oxide f u e l ?  

The answers t o  such ques t ions  are beyond t h e  scope of t h i s  r e p o r t .  

This r e p o r t  is  p red ica t ed  on t h e  assumption t h a t  t h e  denatured f u e l  cyc le  

i n h e r e n t l y  r e s u l t s  i n  a reduced p r o l i f e r a t i o n  r i s k  compared t o  t h e  r e f -  

erence mixed-oxide cyc le ,  and addres ses  t h e  impact of t h e  denatured c y c l e  

on LMFBR performance. This r e p o r t  summarizes and extends t h e  r e s u l t s  of 

p rev ious ly  r epor t ed  s t u d i e s  on LMFBRs [ 3 , 4 ] .  

P 
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11. IMPACT OF ALTERNATE FUELS ON UfFBR 
PERFORMANCE PARAMETERS 

For t h e  purposes of t h i s  scoping e v a l u a t i o n ,  a r e p r e s e n t a t i v e  LMFBR 

model w a s  adopted as t h e  r e f e r e n c e  case. The model u t i l i z e d  w a s  based on t h e  

design promulgated by t h e  Large Core Code Evaluat ion Working Group (LCCEWG) 

as a c a l c u l a t i o n a l  benchmark [5]. 

t h e  commercial des ign  of any s p e c i f i c  o r g a n i z a t i o n ,  it w a s  f e l t  t h a t  t h e  

gene ra l  performance parameters were t y p i c a l  of p o s s i b l e  f u t u r e  commercial 

LMFBRs. A s  t h e  c a l c u l a t i o n a l  benchmark r ep resen ted  only t h e  c o r e  midplane, 

t h e  b a s i c  des ign  was modified t o  account f o r  t h e  presence of a x i a l  b l anke t  

regions.  

same volume f r a c t i o n s  as t h e  corresponding c o r e  r eg ions .  

t h e  p r i n c i p a l  f e a t u r e s  of t h e  r e s u l t i n g  model. F i p r e  1 d e p i c t s  t h e  geo- 

metrical c o n f i g u r a t i o n  of t h e  c a l c u l a t i o n a l  model u t i l i z e d  i n  t h i s  s t u d y -  

ind ica t ed  i n  Fig.  1, t h e  model r e p r e s e n t s  a "classical" o r  homogeneous 

c o n f i g u r a t i o n  comprised of two co re  zones (of d i f f e r e n t  f i s s i l e  enrichments) 

surrounded by b l anke t  material. 

( i . e . ,  i n t e r s p e r s e d  f i s s i l e  and b l anke t  assemblies)  w a s  no t  addressed i n  t h e  

c a l c u l a t i o n s  done f o r  t h i s  study. C e r t a i n  o t h e r  mod i f i ca t ions  were a l s o  

While such an LMFBR does no t  r e p r e s e n t  

The a x i a l  b l anke t  r e g i o n s  were added t o  t h e  model by assuming t h e  

Table  1 g ives  some of 

As 

The u s e  of a heterogeneous c o r e  des ign  

incorporated i n t o  t h e  model f o r  t h e  sake of later comparisons. The composite 

c ladding and s t r u c t u r a l  material s p e c i f i e d  i n  t h e  benchmark w a s  r ep laced  

by SS316. F u r t h e r ,  t h e  i s o t o p i c  plutonium composition s p e c i f i e d  by t h e  

Large Heterogepeous Reference Fuel  Design Study (LHRFDS) [ 6 ] ,  given i n  
Table 2 ,  w a s  u t i l i z e d  as t h e  f eed  material i n  t h e  r e f e r e n c e  case. The 

dep le t ed  uranium used f o r  f e r t i l e  material w a s  assumed t o  c o n t a i n  0.20% 

235u.  

The p r i n c i p a l  n e u t r o n i c s  a n a l y s i s  t o o l  u t i l i z e d  i n  t h i s  s tudy  w a s  t h e  

CITATION computer code [ 7 ] .  A th ree - s t ep  c a l c u l a t i o n a l  procedure was employed 

f o r  t h e  r e f e r e n c e  f u e l  burnup c a l c u l a t i o n .  An i n i t i a l  d e p l e t i o n  c a l c u l a t i o n  

w a s  performed t o  determine t h e  r e load  enrichment necessa ry  t o  ach ieve  an 

e f f e c t i v e  m u l t i p l i c a t i o n  f a c t o r  of u n i t y  a t  t h e  end of t h e  equ i l ib r ium 

c y c l e  ( i . e . ,  c y c l e  f o r  which t h e  d i scha rge  i s o t o p i c s  are i d e n t i c a l  w i t h  t h e  

preceding cyc le ) .  A f u e l  management scheme i n  which 1 /3  of each co re  zone 

(and corresponding a x i a l  b l anke t  ex tens ions )  and 1 / 6  of t h e  r a d i a l  b l anke t  
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Table 1. Parameters of Basic  Homogeneous Core LMFBR Design 
Used i n  This Study 

Power (We)  

Power (MWth) 

Fuel  Density (% TD) 

Core Height ( i n .  ) 

Axial Blanket Height ( i n . )  

Rods /Assemb l y  

Spacers 

Channel P i t c h  ( i n . )  

Rod Pitch/Diameter (P/D) 

Rod OD ( i n . )  

Cladding Thickness ( i n . )  

Fuel  Gap ( i n . )  

Channel Wall Thickness ( i n . )  

Fuel Volume F r a c t i o n  ( W ) 
S t r u c t u r e  Volume Frac t ion  (%) 

Sodium Volume F r a c t i o n  (%) 

C y l i n d r i c a l  Model 

Inner  Core Max. Radius ( i n . )  

Outer Core Max. Radius ( i n . )  

Radial  Blanket Thickness ( i n . )  

1200 

3085 

92 

42 

1 3  

2 7 1  

w i r e  

5 .47  

1.20 

0.260 

0.012 

0.0055 

0.080 

43.3 

17.4 

39.3 

40.3 

56.4 

15.3 

assemblies  were rep laced  annua l ly  w a s  u t i l i z e d .  

was assumed. 

a d d i t i o n a l  computations w e r e  performed t o  determine t h e  minimum f i r s t - c y c l e  

f i s s i l e  loading c o n s i s t e n t  w i th  c r i t i c a l i t y  requirements over t h e  i n i t i a l  

cyc le s .  

i n  t h e  above two s t e p s ,  a f i n a l  d e p l e t i o n  c a l c u l a t i o n  was done i n  which t h e  

c o n t r o l  material w a s  a d j u s t e d  so as t o  ma in ta in  a j u s t - c r i t i c a l  c o n f i g u r a t i o n  

a t  each t i m e  during t h e  cyc le s .  

A c a p a c i t y  f a c t o r  of 0.75 

Using a program w r i t t e n  t o  be compatible wi th  CITATION, 

F i n a l l y ,  u s ing  t h e  i n i t i a l  c o r e  and r e load  s p e c i f i c a t i o n s  determined 
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Cycle Study. 

Geometric Model U t i l i z e d  i n  t h e  A l t e r n a t e  F a s t  Breeder Fuel 

Various proposed a l t e r n a t i v e  f i s s i l e / f e r t i l e  f u e l  combinations were 
a l s o  analyzed us ing  t h e  above procedure. 

volume f r a c t i o n s  given i n  t h e  r e f e r e n c e  case were maintained f o r  each of t h e  

combinations analyzed. 

d i f f e r e n c e s  i n  t h e  v a r i o u s  oxides  involved 

a t t e m p t  w a s  made, however, t o  account f o r  d i f f e r e n c e s  i n  t h e  thermophysical 

p r o p e r t i e s  (e.g.mdlting p o i n t ,  thermal c o n d u c t i v i t y ,  e t c . )  of t h e  a l t e r n a t e  

materials re la t ive t o  t h e  r e f e r e n c e  system. 

The f i s s i l e  and f e r t i l e  assembly 

Atomic number d e n s i t i e s  were a d j u s t e d  t o  r e f l e c t  

[e .g . ,  (Pu/U)o2, U02, ThO2, etc.] .  No 

Nine-group c ross - sec t ion  sets were generated f o r  v a r i o u s  r e a c t o r  r e g i o n s  

based on ENDF/B-IV d a t a  and us ing  t h e  MINX/SPHINX/AlPX [8-101 code system. 

The adequacy of t h e  n u c l e a r  d a t a  used, however,--particularly f o r  t h e  s i g n i f -  

i c a n t  i s o t o p e s  involved i n  t h e  a l t e r n a t i v e  f u e l  cyc le s - - i s  open t o  some ques- 

t i o n .  

primary a l t e r n a t e  f e r t i l e  material, i n d i c a t e  s i g n i f i c a n t  d i s c r e p a n c i e s  

between t h e  measured and t a b u l a t e d  ENDF/B-IV c r o s s  s e c t i o n s  f o r  t h e  energy 

Recent measurements of t h e  c a p t u r e  c ros s - sec t ion  of 232Th [ll], t h e  



~- 
I -  

1 -  
l -  

7 

Table 2.  I s o t o p i c  Plutonium Composition 

I so tope  w t  % 

2 3 8pu* 

2 3  9Pu 

24 OPU 

24 1 P U  

242Pu 

0.00997 

0.67272 

0.19209 

0.10127 

0.02395 

*Not considered i n  t h i s  s tudy.  

range of i n t e r e s t .  Add i t iona l ly ,  t h e  adequacy of t h e  nuc lea r  d a t a  f o r  

2 3 3 U  i n  t h e  LMPBR spectral  range has a l s o  been quest ioned [12 ] .  

t h e  p o s s i b l e  u n c e r t a i n t i e s  i n  t h e  b a s i c  nuc lea r  d a t a  and t h e  l a c k  of d e t a i l e d  

des ign  op t imiza t ion  f o r  t h e  r e a c t o r s  o p e r a t i n g  on t h e  a l t e r n a t i v e  f u e l s ,  i t  

i s  t h u s  pruder,t t o  regard t h e  r e s u l t s  r epor t ed  below as p re l imina ry  evalu- 

a t i o n s ,  s u b j e c t  t o  r e v i s i o n  as more p r e c i s e  d a t a  become a v a i l a b l e .  

I n  l i g h t  of 

Table 3 p r e s e n t s  a summary of some o v e r a l l  performance c h a r a c t e r i s t i c s  

of LMFBRs o p e r a t i n g  on c e r t a i n  a l t e r n a t i v e  f u e l s .  

f o r  each c a s e  l i s t e d  i n  Table 3 are given i n  t h e  Appendix. The breeding 

r a t i o s  given i n  Table 3 were c a l c u l a t e d  u t i l i z i n g  t h e  fol lowing d e f i n i t i o n :  

The d e t a i l e d  mass f lows 

f e r t i l e  c a p t u r e  rate 
f i s s i l e  abso rp t ion  r a t e  RR = 

It should be noted,  however, t h a t  Eq. (1) does i n  f a c t  r e p r e s e n t  an  approxi- 

mation i n  t h a t  i't assumes t h a t  t h e  f i s s i l e  product ion r a t e  i s  equal  t o  t h e  

f e r t i l e  c a p t u r e  rate. 

between t h e  two rates i s  i n s i g n i f i c a n t  due t o  t h e  low i n t e r a c t i o n  r a t e  of 

t h e  in t e rmed ia t e  nuc l ide ,  239Np, r e s u l t i n g  from i t s  s h o r t  h a l f - l i f e  ( l a r g e  

decay c o n s t a n t ) .  For t h e  a l t e r n a t i v e  f u e l s  involving 232Th, however, t h e  

use  of Eq. (1) does r e p r e s e n t  a s l i g h t  approximation due t o  t h e  much longer  

h a l f - l i f e  of 233Pa ( r e l a t i v e  t o  239Np). 

p r a c t i c e  of a s s i g n i n g  "equivalence f a c t o r s "  [13]  t o  t h e  v a r i o u s  f i s s i l e  and 

f e r t i l e  i s o t o p e s  based on t h e i r  re la t ive worth w i t h  r e s p e c t  t o  k has  not  

been followed. 

For t h e  r e f e r e n c e  Pu/238U system, t h e  d i f f e r e n c e  

Add i t iona l ly ,  t h e  common European 

e f f  
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Table 3.  A l t e r n a t e  Oxide-Fueled Homogeneous LMFBR Performance 
Parameters (1 year  ex-reactor  i nven to ry ,  75% c a p a c i t y ,  

r = 0.98, f = 1.00) 

Uranium Axial Radial  Breeding CFDT Cor e 

(Yr) R a t  i o  
(ME@ Case F i s s i l e  F e r t i l e  Enrichment Blanket Blanket 

Pu 

Pu 

Pu 

23313. 

233u 

233u 

23313- 

2 3 3 ~  

- 
- 

%12% 

%12% 

20% 

40% 

100% 

238u 

238u 

232Th 

2 3 8 ~  

232Th 

32Th 

32Th 

232Th 

1 .272  

1.272 

1.144 

1.127 

1 . 1 2 1  

1.086 

1.048 

1.020 

12.7 

13.0 

36.2 

24.3 

26.6 

43.2 

116.4 

-696.4 

Middle of equ i l ib r ium cycle .  a r 

Since some of t h e  f i s s i l e  i s o t o p e s  produced i n  many of t h e  a l t e r n a t e  

f u e l s  do not  correspond t o  t h e  f i s s i l e  materials i n  t h e  f r e s h  f u e l  i t s e l f ,  

a "compound f i s s i l e  doubling t i m e "  (CFDT) f o r  t h e  v a r i o u s  systems is  given 

i n  Table 3 .  Although t h e  f i s s i l e  doubl ing t i m e  i s  de f ined  i n  a manner 

similar t o  t h a t  of a "reactor"  o r  "system" doubling t i m e ,  i .e . ,  

1 
1 

I n i t i a l  c o r e  + MReload 

eq. c y c l e  

(In21 f(M 
d i scha rge  Mcharge CFDT = - 

(r M eq. c y c l e  

t h e  modified terminology i s  employed t o  emphasize t h e  d i f f e r e n c e  i n  t h e  

charge and bred material i s o t o p i c s .  It should a l s o  be noted t h a t  Eq. ( Z ) ,  

when coupled w i t h  t h e  assumption of annual  r e f u e l i n g ,  presumes a one-year 

out-of-reactor reprocessing/refabrication delay.  The parameter r used i n  

Eq.  ( 2 )  r e p r e s e n t s  t h e  r ep rocess ing  recovery f a c t o r  assumed, and f i s  t h e  

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

A s  i n d i c a t e d  i n  Table 3, t h e  o v e r a l l  breeding performance of t h e  

a l t e r n a t i v e  f u e l s  i s  reduced r e l a t i v e  t o  t h e  r e f e r e n c e  f u e l  ( case  1). 
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The replacement of plutonium by 233U as t h e  f i s s i l e  material (compare cases 

2 and 4 ,  3 and 8) r e s u l t s  i n  a s i g n i f i c a n t  dec rease  i n  t h e  breeding r a t i o  

and i n c r e a s e  i n  t h e  f i s s i l e  doubling t i m e .  S i m i l a r l y ,  t h e  replacement 

of 238U by 232Th as t h e  co re  f e r t i l e  material a l s o  r e s u l t s  i n  a s i g n i f i c a n t  

breeding r a t i o  pena l ty  ( cases  1 and 3 ,  5 and 8). It i s  a l s o  evident  from 

Table 3 t h a t  t h e  cho ice  of t h e  r a d i a l  b l anke t  f e r t i l e  material does not  a f -  

f e c t  t h e  o v e r a l l  breeding performance s i g n i f i c a n t l y .  

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

i t  is  u s e f u l  t o  d i s t i n g u i s h  between t h e  two f u n c t i o n s  of t h e  f i s s i l e  material 

i n  a f a s t  breeder  r e a c t o r :  

A s  i n d i c a t e d  by Fig.  2 ,  t h e  f i s s i o n  c r o s s  s e c t i o n  of 233U i s  s i g n i f i c a n t l y  

h ighe r  than t h a t  of 239Pu over t h e  energy range of i n t e r e s t .  Moreover, as 

shown i n  Fig.  3 ,  t h e  cap tu re - to - f i s s ion  r a t i o  of 233U is  s i g n i f i c a n t l y  

lower than t h a t  of 239Pu. 

lease pe r  f i s s i o n  of t he  two i s o t o p e s  i s  ignored,  233U i s  c l e a r l y  t h e  

s u p e r i o r  i s o t o p e  i n  t e r m s  of energy product ion p e r  atom destroyed.  However, 

r ega rd ing  t h e  second f u n c t i o n  of t h e  f i s s i l e  mater ia l - - the product ion of t h e  

excess  neutrons r equ i r ed  f o r  breeding--239Pu has  a clear advantage. 

i n d i c a t e s  t h e  s u p e r i o r  breeding p o t e n t i a l  ( r ep resen ted  by TI, t h e  number of 

neutrons produced pe r  f i s s i l e  abso rp t ion )  of 239Pu relat ive t o  233U, especi-  

a l l y  a t  t h e  h ighe r  neutron ene rg ie s .  This e f f e c t  i s  due t o  t h e  h ighe r  v 

va lue  (neutrons produced p e r  f i s s i o n )  of 239Pu; an e f f e c t  which outweighs 

t h e  s m a l l e r  c ap tu re - to - f i s s ion  r a t i o  of 233U. It should be noted t h a t  t h i s  

f i s s i l e  replacement e f f e c t  i s  b l u r r e d  somewhat f o r  some of t h e  f u e l s  examined, 

s i n c e  f i s s i l e  i s o t o p e s  (o the r  t han  t h e  f u e l  i s o t o p e )  are both produced and 

consumed over t h e  cyc le .  

energy product ion and excess  neutron product ion.  

Thus, i f  t he  minor d i f f e r e n c e s  i n  t h e  energy re- 

Figure 4 

The reduced breeding p o t e n t i a l  of t h e  a l t e r n a t e  f u e l s  i s  f u r t h e r  ac- 

centuated by t h e  f i s s i o n  c r o s s  s e c t i o n  d i f f e r e n c e s  between 238U and 232Th. 

4s i l l u s t r a t e d  by Fig.  5, t h e  f i s s i o n  c r e s s  s e c t i o n  of 232Th i s  s i g n i f i -  

c a n t l y  lower (by approximately a f a c t o r  of 4 )  t han  t h a t  of 238U. 
f i s s i o n s ,  i n  a d d i t i o n  t o  c o n t r i b u t i n g  t o  t h e  o v e r a l l  energy product ion,  a l s o  

r e s u l t  i n  neutron product ion which i s  n o t  a t  t h e  expense of a f i s s i l e  nucleus.  

I n  a f u e l  u t i l i z i n g  238U as t h e  f e r t i l e  material, 15-20;; of t h e  f i s s i o n s  

F e r t i l e  
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occur i n  t h e  f e r t i l e  material  v e r s u s  4-5% i n  a 232Th system. 

denatured f u e l s ,  however, t h i s  e f f e c t  is  mi t iga t ed  somewhat s i n c e  t h e  f u e l  

material t y p i c a l l y  c o n t a i n s  both f e r t i l e  nuc l ides .  

I n  t h e  

The denatured r e a c t o r s  ( cases  4 - 7 ) ,  of course,  r e f l e c t  t h e  breeding 

r a t i o  p e n a l t y  inhe ren t  i n  r e p l a c i n g  239Pu by 233U as t h e  primary f i s s i l e  

material, and, i n  some of t h e  systems addressed,  p a r t i a l  replacement of 238U 

by 232Th as t h e  c o r e  f e r t i l e  material. 

o v e r a l l  breeding r a t i o  of t h e  denatured systems, however, i s  t h e  f r a c t i o n  

of t h e  breeding r a t i o  which i s  a t t r i b u t a b l e  t o  233U product ion s i n c e  i t  i s  

t h i s  component which determines t h e  degree of s e l f - s u f f i c i e n c y  of t h e  denatured 

systems. Both 233U and 239Pu are produced i n  t h e  denatured f u e l s ,  b u t ,  as 

mentioned above, t h e  bred 239Pu cannot be r ecyc led  back i n t o  t h e  denatured 

systems. 

Poss ib ly  more s i g n i f i c a n t  t han  t h e  

F igu re  6 schemat i ca l ly  i l l u s t r a t e s  t h e  two components of t h e  breeding 

r a t i o  (mid-equilibrium c y c l e )  f o r  some of t h e  denatured r e a c t o r s .  ( I t  

should be noted t h a t  t h e  233U/232Th system given on Fig.  6 i s  not  denatured. 

It i s  included only s i n c e  it r e p r e s e n t s  an upper bound on t h e  233U/1J enrich-  

ment.) 

i n c r e a s e s  as t h e  a l lowab le  degree of dena tu r ing  i s  inc reased ,  t he reby  

p e r n i t t i n g  more 232Th i n  t h e  f u e l  material. 

magnitude of t h e  233U component of t h e  breeding r a t i o  is  ve ry  s e n s i t i v e  

t o  t h e  al lowable degree of denatur ing a t  t h e  lower enrichments (i.e., 
between 1 2 %  and 20%). 

as t h e  a l lowab le  enrichment i s  r a i s e d ,  t h e  dec rease  i n  t h e  r equ i r ed  233U 

makeup is  even more d r a s t i c  and p r e s e n t s  a s t r o n g  i n c e n t i v e  from a performance 

s t andpo in t  t o  set  t h e  a l lowab le  enrichment as high as p r a c t i c a b l e .  

should a l s o  b e  noted t h a t  t h e  1 2 %  v a l u e  f o r  t h e  233U/U enrichment r e p r e s e n t s  

t h e  minimum average enrichment r e q u i r e d  f o r  t h e  r e a c t o r  model u t i l i z e d .  

The f u e l  cons i s t ed  s o l e l y  of U02 (no Th02), and hence t h e  system r e q u i r e s  

cons ide rab le  233U as makeup material. Moreover, t h e  1 2 %  va lue  r e p r e s e n t s  

an average between t h e  i n n e r  co re  r eg ion  (10%) and t h e  o u t e r  c o r e  r eg ion  

( 1 4 % )  

A s  dep ic t ed  i n  Fig.  6 ,  t h e  233U component of t h e  breeding r a t i o  - 

More important ly ,  however, t h e  

Thus, even though t h e  o v e r a l l  breeding r a t i o  dec reases  

It 
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Fig. 6 .  A l t e r n a t e  F a s t  Breeder Fuel  Cycle Breeding Ra t io  Compownts. 

Since a l l  of t h e  denatured systems r e q u i r e  an i n i t i a l  i nven to ry  of 

233U, as w e l l  as varying amounts of 233U as makeup material, a second c l a s s  

of r e a c t o r s ,  whose purpose is  t o  produce t h e  r e q u i s i t e  2 3 3 U ,  must be con- 

s ide red  i n  e v a l u a t i n g  t h e  denatured f u e l  cycle .  Three p o s s i b l e  LMFBR can- 

d i d a t e s  f o r  t h i s  r o l e  are l i s t e d  i n  Table 3 :  a r e a c t o r  w i t h  

a Tho2 r a d i a l  b l a n k e t ;  a Pu/Th LPPRR; and a 233U/232Th breeder .  

i l l u s t r a t e s  t h e  i s o t o p i c  f i s s i l e  product ion ( d e s t r u c t i o n )  p r o p e r t i e s  of t h e  

t h r e e  systems. C l e a r l y ,  each system has i t s  own unique f e a t u r e s .  From t h e  

s t andpo in t  of 233U product ion c a p a b i l i t y ,  t h e  hybrid Pu/Th LMFBR i s  c l e a r l y  

supe r io r .  

as makeup material s i n c e  i t  e s s e n t i a l l y  "transmutes" plutonium i n t o  2 3  3U. 

The ( P u / ~ ~ * U ) O ~  + Tho2 r a d i a l  b l anke t  LMFBR gene ra t e s  s i g n i f i c a n t l y  less 2 3 3 U  than 

t h e  Pu/Th r e a c t o r ,  bu t  a l s o  markedly reduces t h e  r e q u i r e d  plutonium feed.  

I n  f a c t ,  f o r  t h e  c a s e  i l l u s t r a t e d ,  t h i s  system a c t u a l l y  produces a s l i g h t  

excess  of plutonium. The t h i r d  p o s s i b l e  LME'BR system considered i s  t h e  

F igu re  7 

However, i t  does r e q u i r e  a s i g n i f i c a n t  q u a n t i t y  of f i s s i l e  plutonium 
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Fig. 7. Equi l ibr ium Cycle Net F i s s i l e  Production f o r  A l t e r n a t e  
Oxide-Fueled 233U Production Reactors.  

233U/232Th b reede r ,  which i s  c h a r a c t e r i z e d  by a very small excess  233U 
production. Fu r the r ,  i t  does n o t  provide a means f o r  u t i l i z i n g  t h e  

plutonium which w i l l  be  bred i n  t h e  denatured system. 

It should a l s o  be noted t h a t  a l l  t h r e e  of t h e s e  233U "production" 

r e a c t o r s ,  s i n c e  they  are  no t  denatured,  must be s u b j e c t  t o  r igo rous  sa fe -  

guards;  t h a t  i s ,  ope ra t ed  only i n  nuc lea r  weapons states o r  i n  i n t e r -  

n a t i o n a l l y  c o n t r o l l e d  energy c e n t e r s .  The energy c e n t e r  concept is  dep ic t ed  

i n  Fig.  8. The p r i n c i p a l  f e a t u r e  of such a s c e n a r i o  i s  t h a t  no plutonium- 

bear ing f r e s h  f u e l  is  ever  r equ i r ed  t o  leave t h e  energy c e n t e r  complex, 

f u e l  shipped from t h e  c e n t e r  i s  denatured,  and t h e  plutonium-bearing spen t  

f u e l  shipped back from t h e  denatured systems i s  h igh ly  r a d i o a c t i v e .  A s  

shown i n  Fig. 8 such an energy c e n t e r  would con ta in ,  i n  a d d i t i o n  t o  t h e  

t ransmuters ,"  o t h e r  s e n s i t i v e  nuc lea r  f u e l  c y c l e  a c t i v i t i e s  such as 

A l l  

I 1  

reprocessing.  

one i n  which t h e  "transmuters" consume t h e  plutonium generated i n  t h e  

denatured systems and produce 233U. 

t h e  233U and produce plutonium. 

The mature system as dep ic t ed  by Fig. 8 i s  a t r u e  symbiotic 

The denatured r e a c t o r s  i n  t u r n  consume 
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Fig.  8. Schematic Fuel  Flow f o r  Denatured Dispersed/Energy Center  
Concept. 

111. SYMBIOTIC BREEDER REACTOR SYSTEMS 

For symbiot ic  systems invo lv ing  two types  of r e a c t o r s  such as t h a t  de- 

p i c t e d  by F ig .  8, two characterist ic parameters  are of i n t e r e s t :  the growth 

p o t e n t i a l  and t h e  suppor t  (or  power) r a t io - - the  number of d i spe r sed  r e a c t o r s  

supported pe r  t ransmuter .  To develop a p p r o p r i a t e  measures f o r  t h e s e  param- 

e te rs ,  t h e  mass f low of each type  of f i s s i l e  material w i t h i n  t h e  system must 

be  cons idered ,  

of eaeh f i s s i l e  component is  g iven  by 

The t i m e  r a t e  of change ( ind ica t ed  us ing  "prime" n o t a t i o n )  

where I . ( t )  i s  t h e  inventory  of t h e  i t h  f i s s i l e  material, R . ( t )  i s  t h e  number 

of r e a c t o r s  of t y p e  j ope ra t ing ,  and p i s  t h e  n e t  product ion  ra te  (per  i j  
year )  of t h e  i t h  f i s s i l e  material i n  r e a c t o r  t ype  j. 

J - 1 

Genera l ly ,  pij  is  a - 
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time-dependent q u a n t i t y  t o  a l low f o r  changes i n  t h e  product ion r a t e  due t o  

t h e  approach t o  equ i l ib r ium cyc le ,  v a r i a b l e  c a p a c i t y  f a c t o r ,  e tc ,  For a 

cons t an t  c a p a c i t y  f a c t o r ,  however, t h e  equ i l ib r ium c y c l e  p roduc t ion  rates 

are r e p r e s e n t a t i v e  of t h e  long-term h i s t o r y  of t h e  r e a c t o r .  Hence, 

de f ined  as 

i s  'ij 

d i scha rge  charge 
pij = (ribfij  - f i M i j  3 - N  9 ( 4 )  

d i scha rge  where Mi j  

i s  t h e  mass of t h e  i t h  material charged/cycle ,  r r e a c t o r  t ype  j ,  M i j  

i s  t h e  r ep rocess ing  recovery f a c t o r  f o r  material i, f i s  t h e  f a b r i c a t i o n  

i s  t h e  m a s s  of i t h  - f i s s i l e  component d i scha rged jcyc le  f o r  
charge - 

f a c t o r ,  and N i s  t h e  number of cyc le s /yea r .  Defining c as t h e  q u a n t i t y  

of f i s s i l e  material i a s s o c i a t e d  wi th  a type  j r e a c t o r ,  a r e l a t i o n s h i p  

between t h e  number of r e a c t o r s  o p e r a t i n g  and t h e  f i s s i l e  i n v e n t o r i e s  can be 

i j  

e s t a b l i s h e d ,  i .e.,  

S u b s t i t u t i n g  Eq. (5) i n t o  Eq. (3 )  and s p e c i a l i z i n g  t o  a 2 x 2 system of 

r e a c t o r s / f i s s i l e  materials y i e l d s  

where 

Equations (6a-6b) r e p r e s e n t  a coupled set  of f i r s t - o r d e r  d i f f e r e n t i a l  equa- 

t i o n s ,  t h e  s o l u t i o n  of which i s  given by 

A2t R l ( t )  = A1 eXlt + A2 e 9 
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where 

and 

R l ( 0 )  and R2(0) are t h e  i n i t i a l  number of r e a c t o r s  of each type.  

b e  noted t h a t  t h e  assumption t h a t  A 1  # A2 has  a l s o  been made. 

(8a-8b),  

i s  given by 

It should 

Using E q s .  

t h e  r a t i o  of t ype  1 r e a c t o r s  t o  t h e  number of t ype  2 r e a c t o r s ,  P ( t ) ,  

Assoc ia t ing  t h e  p o s i t i v e  s i g n  of Eq. (10) wi th  A I ,  t h e  asymptot ic  v a l u e  of 

Eq. (11) i s  j u s t  

As i n d i c a t e d  by Eq. (12) ,  t h e  asymptot ic  v a l u e  i s  independent of t h e  i n i t i a l  

cond i t ions ,  and t h u s  can be viewed as a " c h a r a c t e r i s t i c "  r a t i o  f o r  t h e  given 

system -- approached r e g a r d l e s s  of t h e  i n i t i a l  con f igu ra t ion .  

While POL, r e p r e s e n t s  t h e  n a t u r a l  o r  c h a r a c t e r i s t i c  support  r a t i o ,  two 

a d d i t i o n a l  r a t i o s  are  u s e f u l  i n  e v a l u a t i n g  t h e  system. 

t h e  o p e r a t i n g  l i m i t s  of t h e  t r u e  (i.e., s e l f - s u f f i c i e n t )  symbiotic system. 

For a s e l f - s u f f i c i e n t  system, t h e  rate of change of each component must be 

g r e a t e r  (or  equal  t o )  zero.  Thus, from Eqs .  (6a-6b) 

These r a t i o s  d e f i n e  
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2nd 

For t h e  purposes of i l l u s t r a t i o n ,  i t  i s  u s e f u l  t o  consider  a system con- 

s i s t i n g  of Pu/Th t ransmuters  and d i spe r sed  20% denatured r e a c t o r s .  F igu re  9 

i l l u s t r a t e s  t h e  time-dependent support  r a t i o s  us ing  each of t h e  l i m i t s  g iven 

by Eqs. (13a-13b) as t h e  i n i t i a l  cond i t ion .  A s  i n d i c a t e d  by F ig .  9 ,  t h e  

asymptotic r a t i o  i s  approached i n  e i t h e r  case .  It should be emphasized, how- 

ever, t h a t  a l though t h e  support  r a t i o  WylnptOteS t o  a cons t an t  v a l u e ,  t h e  t o t a l  

system power con t inues  t o  i n c r e a s e .  F igu re  10 d e p i c t s  t h e  power product ion 

of each symbiotic component as w e l l  as t h e  t o t a l  system power f o r  t h e  case  

where P(0) = P I .  The power from each component as w e l l  as t h e  o v e r a l l  system 

power i n c r e a s e s  w i t h  t i m e  f o r  t h i s  system. The analogous case  f o r  P(0) = P2 

is  given by F ig .  11. 

Both of t h e s e  i n i t i a l  cond i t ions  [ i . e . ,  Eqs. (13a-l3b)],  however, r e f l e c t  

an i m p l i c i t  assumption t h a t  enough 2 3 3 U  w i l l  b e  a v a i l a b l e  t o  f u e l  t h e  i n i t i a l  

d i spe r sed  r e a c t o r s .  More r e a l i s t i c a l l y ,  wh i l e  plutonium (from reprocessed 

LWR f u e l ,  f o r  example) may be a v a i l a b l e ,  i t  i s  u n l i k e l y  t h a t  s i g n i f i c a n t  s tock-  

p i l e s  of 233U w i l l  e x i s t  when such a system i s  introduced.  

implementation s c e n a r i o  f o r  t h e  denatured f u e l  c y c l e  would contemplate the 

c o n s t r u c t i o n  of an  i n i t i a l  t ransmuter  followed by c o n s t r u c t i o n  of d i spe r sed  

denatured r e a c t o r s  only as t h e  r equ i r ed  233U became a v a i l a b l e .  

t ransmuter ,  of course,  would r e q u i r e  an exogeneous source of plutonium u n t i l  

t h e  minimum s u s t a i n a b l e  symbiotic r a t i o  is  a t t a i n e d .  To address  t h i s  s c e n a r i o ,  

t h e  number of t ransmuters ,  R2( t ) ,  i n  Eq. (6a ) ,  i s  taken as cons t an t  (=1 f o r  

A more rea l i s t ic  

The 

convenience). Therefore ,  t h e  number of d i spe r sed  r e a c t o r s  (and t h e  support  

r a t i o )  is  given by 

a1 l t  
R l ( t )  = P ( t )  = P1[1 - e 1 

The t i m e  r equ i r ed  t o  a t t a i n  t h e  minimum support  r a t i o  i s  given by 
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Fig.  9 .  Power Ra t io  Behavior f o r  a Symbiotic System of Pu/Th 
Transmuters and 20% Denatured Reac tors ,  I n i t i a t e d  Within t h e  Symbiotic 
Window. 

.o 

Thus, f o r  0 < t < tmin, t h e  suppor t  r a t i o  i s  given by Eq.  ( 1 4 ) .  
t > tmin, E q .  (11) w i t h  t h e  i n i t i a l  cond i t ion  t h a t  P(tmin) = P2 i s  t h e  per- 

t i n e n t  s o l u t i o n .  F igure  1 2  i n d i c a t e s  t h i s  combined s o l u t i o n .  A s  i l l u s t r a t e d ,  

tmin - 
t h e  power of each  symbiot ic  component as w e l l  as t h e  o v e r a l l  power f o r  t h i s  

s cena r io .  

does n o t  l i e  w i t h i n  t h e  Symbiotic "window" de f ined  by PI and P2, t h e  amount of 

feed r equ i r ed  from t h e  exogeneous source  i s  a l s o  of concern.  

t h e  plutonium feed  r equ i r ed  f o r  t h e  s c e n a r i o  j u s t  d i scussed  [ i . e . ,  P(0)  = 01. 

For 

% 22 y e a r s  f o r  t h i s  p a r t i c u l a r  combination of r e a c t o r s .  F igure  1 3  g ives  

For such an  implementation s t r a t e g y  i n  which t h e  i n i t i a l  cond i t ion  

F igu re  14 d e p i c t s  

I n  a d d i t i o n  t o  t h e  c h a r a c t e r i s t i c  suppor t  r a t i o s  of v a r i o u s  symbiot ic  

systems, t h e  growth p o t e n t i a l  of breeder-based systems must be  addressed.  

c h a r a c t e r i z e  t h e  growth p o t e n t i a l  of t h e  symbiot ic  system, t h e  asymptot ic  

suppor t  r a t i o  r e p r e s e n t s  t h e  l o g i c a l  r e f e r e n c e  p o i n t .  For a system ope ra t ing  

a t  t h e  asymptot ic  va lue  of t h e  suppor t  r a t i o ,  bo th  components grow i n  propor- 

t i o n  t o  t h e  number ope ra t ing ,  i .e . ,  

To 
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Fig. 10. Power Characteristics for Pu/Th-20% Denatured Symbiotic 
System; P(0) = P1. 
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Fig. 11. Power Characteristics of Pu/Th-20% Denatured Symbiotic 

System; P(0) = P2. 
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Fig. 12. Power Ratio Behavior of Symbiotic System o f  Pu/Th 
Transmuters and 20% Denatured Reactors Assuming an Exogenous Source of Pu. 
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Fig. 13. Power Characteristics of Pu/Th-20% Denatured Symbiotic 
System Assuming an Exogenous Source of Pu. 
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Fig. 14. Fissile Pu Fuel Requirements for Pu/Th-20% Denatured 
Symbiotic System Initiated with P(0) = 0.0. 

At the asymptotic value of support ratio, the corresponding "asymptotic 

compound system doubling time" is given by 

Considering reactor charged with a single fissile material (i*e., c 

i # j), taking 

= 0 i f  ij 

initial core reload 
c ii = fi [Mii + mMii 1 9  
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and assuming annual r e f u e l i n g ,  t h e  doubling t i m e  is given by 

- 
d i scha rge  d i scha rge  charge 

r (?I1 + pm M 1 1  - f pm M11 
t D  - 

I C  Reload 
(En2) f(M22 + mY22 ) 

- - 
d i scha rge  d i scha rge  'charge 

r ( P W  1121 + M22 - f M22 

where M denotes  t h e  mass of i s o t o p e  i a s s o c i a t e d  wi th  r e a c t o r  j, and m i s  

t h e  l a g  ( i n  y e a r s )  assumed f o r  r ep rocess ing  and r e f a b r i c a t i o n .  
ij 

Table 4 lists t h e  symbiot ic  parameters d i scussed  above f o r  v a r i o u s  combina- 

t i o n s  of denatured/ t ransmuter  LMFBRs. A d d i t i o n a l l y ,  t h e  corresponding parameters 

f o r  t h e  r e f e r e n c e  case For t h e  r e f e r e n c e  

case ,  i t  has been assumed t h a t  no r e s t r i c t i o n s  on r e a c t o r  l o c a t i o n  are ap- 

p r o p r i a t e ,  y i e l d i n g  an i n f i n i t e  support  r a t i o .  

Table 4 ,  an obvious t r adeof f  e x i s t s  between support  r a t i o  and doubl ing t i m e .  

Location of n u c l e a r  gene ra t ing  s t a t i o n s  nea r  l oad  c e n t e r s  i n  o r d e r  t o  minimize 

t r ansmiss ion  l o s s e s  i s  an obvious i n c e n t i v e  t o  maximize t h e  power generated 

i n  t h e  dispersed systems. Bioreover, t h e  r e a c t o r  t ypes  proposed f o r  u s e  i n  

t h e  energy c e n t e r s  r e p r e s e n t  a higher  p r o l i f e r a t i o n  r i s k  than  do t h e  d i s -  

persed r e a c t o r s .  

on t h e  energy c e n t e r  i t s e l f ,  t h e  number of such c e n t e r s  which must b e  monitored 

i s  c l e a r l y  a concern. However, as i n d i c a t e d  by Table 4 ,  maximizing t h e  support  

r a t i o  a l s o  imp l i e s  l a r g e  i n c r e a s e s  i n  t h e  system doubling t i m e s .  Such a 

t r a d e o f f  e x i s t s  due t o  t h e  dominance of d i f f e r e n t  t ypes  of r e a c t o r s  i n  t h e  

va r ious  symbiot ic  systems. A t  low support  r a t i o s ,  t h e  dominant r e a c t o r s  are 

t h e  t ransmuters  which are i n h e r e n t l y  h ighe r  breeding performance machines. 

t h e  doubling t i m e  r e f l e c t s  t h i s  i n f l u e n c e .  

support  r a t i o s  t h e  lower performance denatured systems become t h e  dominant 

i n f luence ,  markedly i n c r e a s i n g  t h e  system doubl ing t i m e .  

emphasized t h a t  t h e  d a t a  presented i n  Table 4 i s  f o r  non-optimized, 

oxide-fueled, homogeneous LMFBRs. Improvement i n  both t h e  suppor t  r a t i o  and 

t h e  doubling t i m e  c h a r a c t e r i s t i c s  should b e  a t t a i n a b l e .  

f u e l  are l i s t e d  f o r  comparison. 

A s  i n d i c a t e d  by t h e  d a t a  i n  

Although t h i s  r i s k  can be minimized by adequate  c o n t r o l s  

Hence 

On t h e  o t h e r  hand, a t  t h e  h ighe r  

It should be 
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Table  4. Equilibrium-Cycle Symbiotic Parameters f o r  Oxide Fueled 
Homogeneous LMFBRS (1 yea r  out-of-reactor  t i m e ,  75% capac i ty ,  

r = 0.98, f = 1 .00 )  

Energy Center  
Reactor  LMFBR 

Energy 
Growth 

R a t e  
Support Rat io  Supported 

Min. A s p .  Max. C S D T ~  ( X >  

(Pu/U)O2 + Tho2 RB Q12% denatured 0.00 0.30 0.42 14.5 4.8 

4.0 (Pu/U)O2 + Tho2 RB 20% denatured  0.00 0.55 1.00 17.3 

2.9 (Pu/U)O2 + Tho2 RB 40% denatured 0.00 1.00 2.63 23.7 

Pu/Th Q12% denatured 1.13 1.32 1.57 29.0 2.4 

Pu/Th 20% denatured 2.52 2.83 3.79 40.9 1 . 7  

The parameters  given i n  Table  4 were c a l c u l a t e d  by spec i fy ing  a s i n g l e  

r e a c t o r  t ype  f o r  each  component of  t h e  symbiosis .  

t i o n  of t h e  t r adeof f  of growth rate v e r s u s  d i s p e r s i o n  r a t i o  can be  de r ived  

by cons ider ing  combinations of t h e  v a r i o u s  t ransmuter  op t ions .  

(Pu/U)O2 + Tho2 r a d i a l  b l a n k e t s ,  and (Pu/Th)02 t ransmuters  ( i . e . ,  cases 1, 

2,  and 3 i n  Table 3 ) ,  t h e  asymptot ic  "ope ra t iona l  envelope" f o r  t h e  symbiot ic  

system (growth p o t e n t i a l  ve r sus  d i s p e r s i o n  r a t i o )  can be  genera ted  once 

a p a r t i c u l a r  d i spe r sed  system i s  s e l e c t e d .  F igu re  15 i n d i c a t e s  such an 

envelope f o r  a r b i t r a r y  combinations of t h e  t h r e e  t ransmuter  op t ions  coupled 

w i t h  12% denatured LMFBRs. The p o i n t s  l a b e l e d  A ,  B ,  and C correspond t o  

s p e c i f i c a t i o n  of a s i n g l e  t ransmuter  as t h e  o p t i o n  ( cases  1, 2 ,  and 3 

r e s p e c t i v e l y ) ;  t h e  curves  connect ing t h e s e  t h r e e  p o i n t s  c o n s i s t  of combi- 

n a t i o n s  of t h e  two op t ions  def ined  by t h e  end p o i n t s .  P o i n t s  w i t h i n  t h e  

envelope correspond t o  combinations of a l l  t h r e e  types  i n  d i f f e r e n t  pro- 

p o r t  i ons .  

A more dramat ic  i l l u s t r a -  

Using (Pu/U)O2, 

F igures  16  and 1 7  i n d i c a t e  t h e  analogous o p e r a t i o n a l  envelopes f o r  

20% and 40% denatured LMFBRs r e s p e c t i v e l y .  Comparison of F igs .  15-17 

permi ts  t h e  e f f e c t s  of t h e  dena tur ing  c r i t e r i o n  on t h e  symbiosis t o  be  
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Fig. 16. Operational Envelope for "Mixed" Transmuter Options 
Coupled with 20% Denatured Fast Breeder Reactors. 
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Fig. 1 7 .  Opera t iona l  Envelope f o r  "Mixed" Transmuter Options 
Coupled w i t h  40% Denatured Fas t  Breeder Reactors .  

addressed.  C l e a r l y ,  i n c r e a s i n g  t h e  a l lowable  enrichment i n c r e a s e s  t h e  

range of p o s s i b l e  d i s p e r s i o n  r a t i o s  f o r  t h e  system. 

a b l e  enrichment,  however, dec reases  t h e  growth r a t e  a t t a i n a b l e  f o r  a 

s p e c i f i e d  d i s p e r s i o n  r a t i o .  F i n a l l y ,  i n c r e a s i n g  t h e  a l lowable  enr ich-  

ment tends  t o  dec rease  t h e  growth f l e x i b i l i t y  of t h e  symbiosis  by narrow- 

i n g  t h e  pe rmis s ib l e  range of growth rates f o r  a d e s i r e d  d i s p e r s i o n  r a t i o .  

Inc reas ing  t h e  allow- 

I V .  NUCLEAR DATA UNCERTAINTIES 

A s  i n d i c a t e d  i n  Sec t ion  11, r e c e n t  measurements of t h e  cap tu re  c r o s s  

s e c t i o n  of 23 2Th [ 1 2 ]  have i n d i c a t e d  s i g n i f i c a n t  d i sc repanc ie s  between m e a -  

sured  and t a b u l a t e d  ENDF/B-IV c r o s s  s e c t i o n s .  I n  an e f f o r t  t o  a s c e r t a i n  t h e  

p ro jec t ed  impact of such a c ros s - sec t ion  change on t h e  LMFBR performance 

parameters ,  t h e  o r i g i n a l  nine-group 232Th c a p t u r e  c r o s s  s e c t i o n s  were modif ied 

t o  approximate t h e  r e v i s e d  eva lua t ion  g iven  i n  Fig.  18. A s  i n d i c a t e d  by 

Fig.  11, t h e  r ev i sed  e v a l u a t i o n  i s  s i g n i f i c a n t l y  lower i n  t h e  energy range  

of i n t e r e s t .  
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The r e s u l t s  of c a l c u l a t i o n s  f o r  two of t h e  a l t e r n a t i v e  fue l ed  LMFBRs, 

t h e  20% denatured case and t h e  Pu/Th t ransmuter ,  are presented i n  Table 5. 

( I t  should be noted t h a t  due t o  d i f f e r e n c e s  i n  t h e  c o n t r o l  p a t t e r n  employed, 

minor d i s c r e p a n c i e s  between Tables 3 and 5 e x i s t  f o r  corresponding systems.) 

The r e v i s e d  232Th c a p t u r e  d a t a  r e s u l t s  i n  somewhat Smaller f i s s i l e  l oad ing  

requirements by both systems. Much more s i g n i f i c a n t ,  however, i s  t h e  sha rp  

r educ t ion  i n  breeding g a i n  (breeding r a t i o  minus 1) i n  both r e a c t o r s  of 

approximately 50%. Due t o  t h e  s imi la r  percentage change i n  t h e  breeding 

g a i n  of both systems, i t  is  no t  s u r p r i s i n g  t h a t  t h e  support  r a t i o  f o r  a 

symbiotic system c o n s i s t i n g  of t h e s e  r e a c t o r  t ypes  changes only s l i g h t l y .  

The marked dec rease  i n  t h e  breeding ga in ,  however, sha rp ly  i n c r e a s e s  t h e  

doubling t i m e  f o r  t h e  system by approximately a f a c t o r  of 3 .  

It should be emphasized t h a t  Table 5 r e p r e s e n t s  t h e  e f f e c t s  of one 

p a r t i c u l a r  c ros s - sec t ion  change. 

c y c l e  have no t  r ece ived  s c r u t i n y  comparable t o  those  involved i n  t h e  

Pu/238U cyc le ,  o t h e r  d a t a  adjustments  may have compensating e f f e c t s .  

wh i l e  t h e  impact of c e r t a i n  nuc lea r  d a t a  on t h e  a l t e r n a t i v e  f u e l  c y c l e s  may 

be unfavorable ,  i t  i s  a l s o  important t o  n o t e  t h a t  many changes can be 

accommodated by design modifications.  I n  any case ,  however, i t  is  apparent  

t h a t  determinat ion of more a c c u r a t e  nuc lea r  d a t a  f o r  t h e  232Th-based f u e l s  

is  of prime importance. 

Since t h e  i s o t o p e s  involved i n  t h e  233TJ/232Th 

Noreover, 

Table 5. Changes i n  Nuclear D a t a  Can S i g n i f i c a n t l y  
Af fec t  t h e  Denatured/Symbiotic Fuel  Cycle 

Revised 
ENDFIB IV Th Capture 

20% denatured 
I n i t i a l  i nven to ry  (kg/GWe) 2192 2050 
E q u i 1 i b  r ium re 1 o ad (kg / GWe 
Breeding r a t i o  1.096 1.050 

813 796 

Pu /Th 'I t r ansmut erll 

I n i t i a l  inventory (kg/GWe) 2517 2280 
Equi l ibr ium re load  (kg/GWe) 894 865 
Breeding r a t i o  1.158 1.078 

Symbiotic power r a t i o  2.83 2.59 

Compound system doubling t i m e  ( y r s )  33.8 89.7 
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V. SUNMARY AND CONCLUSIONS 

Although t h e  r e s u l t s  given i n  t h i s  s tudy must be regarded as p re l imina ry  

e v a l u a t i o n s ,  c e r t a i n  gene r i c  e f f e c t s  and t r e n d s  concerning t h e  a l t e r n a t i v e  

f u e l  c y c l e s  are  i n d i c a t e d ,  

(a)  The use  of 2 3 3 U  as t h e  f i s s i l e  material  and/or  t h e  u s e  of 232Th as 

t h e  f e r t i l e  material i n  oxide-fueled LMFBRs i n c u r s  a s i g n i f i c a n t  breeding 

r a t i o  pena l ty  r e l a t i v e  t o  P u / ~ ~ ~ U .  

d i f f e r e n c e s  i n  t h e  n e u t r o n i c  behavior of t h e  v a r i o u s  i so topes .  Hence, 

a l though design improvements can p o t e n t i a l l y  improve t h e  a l t e r n a t i v e  

f u e l  performance, i t  i s  u n l i k e l y  t h a t  t h e  breeding performance can 

exceed t h a t  of an  analogous Pu/238U system. 

This  pena l ty  can b e  t r a c e d  t o  b a s i c  

(b)  For t h e  denatured f u e l s  (233U/238U/232Th) considered,  both t h e  o v e r a l l  

breeding r a t i o  and t h e  i s o t o p i c  composition are r e l a t e d  t o  t h e  degree of 

dena tu r ing  (% 233U i n  U )  , I n  p a r t i c u l a r ,  t h e  233U component of t h e  

denatured LMFBR breeding r a t i o  i s  ve ry  s e n s i t i v e  t o  t h i s  parameter,  

i n c r e a s i n g  r a p i d l y  between 1 2 %  and 20% denatur ing.  

component of t h e  breeding r a t i o  i s  of primary importance i n  determining 

t h e  r e q u i r e d  amount of makeup (and hence t h e  support  r a t i o ) ,  t h e r e  i s  

an obvious i n c e n t i v e  from a performance viewpoint t o  set t h e  al lowable 

enrichment as h igh  as p o s s i b l e .  

Since t h e  233U 

(c)  An enrichment of %12% corresponds t o  a minimum enrichment r e q u i r e d  by 

c r i t i c a l i t y  f o r  t h e  LMFBR conf igu ra t ion  considered i n  t h i s  s tudy .  

(d) I n  cons ide r ing  symbiotic systems of d i spe r sed  denatured r e a c t o r s  and 

energy c e n t e r  "transmuters," a t rade-off  between support  r a t i o  and energy 

growth rate was found t o  e x i s t .  Although t h e r e  are i n c e n t i v e s  f o r  both 

a high growth ra te  and a l a r g e  support  r a t i o ,  t h e  r e s u l t s  i n d i c a t e  t h a t  

t h e s e  goa l s  are somewhat mutually exc lus ive  f o r  t h e  r e a c t o r  types 

analyzed.  

(e)  The e f f e c t o f  proposed nuc lea r  d a t a  changes w a s  found t o  s i g n i f i c a n t l y  

impact t h e  v i a b i l i t y  of t h e  denatured f u e l  c y c l e .  

of t h e  nuc lea r  d a t a  f o r  232Th and 2 3 3 U  r e q u i r e s  improvement. 

C l e a r l y  t h e  accuracy 
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A s  a f i n a l  n o t e ,  i t  should be emphasized t h a t  only one p a r t i c u l a r  

model of a r e a c t o r  w a s  u t i l i z e d  i n  t h i s  s tudy.  I n  o r d e r  t o  f u l l y  addres s  

the  denatured f u e l  cyc le ,  o t h e r  p o s s i b l e  r e a c t o r  designs and r e a c t o r  

types need t o  be addressed. For example, p re l imina ry  c a l c u l a t i o n s  f o r  

heterogeneous ( i . e . ,  i n t e r s p e r s e d  co re  and b l anke t  assemblies)  i n d i c a t e  

t h a t  s i g n i f i c a n t  improvements i n  both t h e  support  r a t i o  and t h e  system 

doubling t i m e  are poss ib l e .  
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APPENDIX 



Table A-1. I n i t i a l  Core Loadings f o r  LMFBRs U t i l i z i n g  A l t e r n a t e  Oxide Fuels  (kg) 
F i s s i l e  T o t a l  

239Pu 24OPu 241Pu 242Pu Pu HM Case Region 232Th 2 3 3 ~  2 3 5 ~  2 3 8 ~  

1 Core 
Axial 
R a d i a l  
T o t a l  

23120.5 39.8 19558.3 2364.4 678.2 359.0 120.8 2723.4 
28.7 14274.6 14303.3 
75.7 37683.6 37759.2 

144 .1  71516.5 2364.4 678.2 359.0 120.8 2723.4 75182.9 

23122.6 
Axial 28.7 14274.6 14303.3 
R a d i a l  35102.7 35102.7 
T o t a l  35102.7 68.4 33801.7 2387.0 684.5 362.4 121.9 2749.5 72528.4 

2 Core 39.7 19527.0 2387.0 684.5 362.4 121.9 2749.5 

3 Core 17880.0 
_Axial 13594.5 
R a d i a l  35891 .O 
T o t a l  67365.5 

4 Core 
A x i a l  
X a d i a l  
T o t a l  

5 Core 
Axial 
R a d i a l  
T o t a l  

6 Core 
k i a l  
R a d i a l  
T o t a l  

2446.0 41.8 20560.3 
28.7 14274.6 

35891.0 
35891.0 2446.0 70.5 34835.0 

2466.8 41.8 20537.5 
13594.5 
35891.0 
49485.5 2466.8 41.8 20537.5 

9092.3 2649.0 22.0 10805.0 
13594.5 
35891.0 
58577.8 2649.0 22.0 10805.0 

7 Core 15181.1  2786.6 8.7 4263.8 
Axial 13594.5 
R a d i a l  35891'. 0 
T o t a l  64666.6 2786.6 8.7 4263.8 

2828.8 807.7 425.7 143.3 3254.5 22085.5 
13594.5 
35891.0 

2828.8 807.7 425.7 143 .3  3254.5 71570.9 

23048.2 
14303.3 

w 
25891.0 h, 
73242.4 

23046.1 
13594.5 
35891.0 
72531.6 

22568.2 
13594.5 
35891.0 
72053.7 

22240.2 
13594.5 
35891 .O 
71725.6 

21966.3 
Axial 13594.5 13594.5 
R a d i a l  35891.0 35891 .O 
T o t a l  68548.9 2902.8 71451.8 

8 Cor e 19063.5 2902.8 



Table A-2. Equilibrium Cycle Reloadings for LMFBRs Utilizing Alternate Oxide Fuels (kg) 

C a s e  R e g i o n  

1 C o r e  
A x i a l  
R a d i a l  
T o t a l  

C o r e  
A x i a l  
R a d i a l  
T o t a l  

C o r e  
A x i a l  
R a d i a l  
T o t a l  

4 C o r e  
A x i a l  
R a d i a l  
T o t a l  

5 C o r e  
Axial 
R a d i a l  
T o t a l  

6 C o r e  
Axial 
R a d i a l  
T o t a l  

7 C o r e  
A x i a l  
R a d i a l  
T o t a l  

8 Core 
A x i a l  
R a d i a l  
T o t a l  

F i s s i l e  T o t a l  
2 3 2 T h  2 3 3 ~  235u 2 3 8 ~  2 3 9 P u  240Pu 2 4 1 P u  2 4 2 P u  P u  KM 

5850.5 
5850.5 

5936.0 
4531.5 
5981.8 

16449.4 

5981.8 
5981.8 

4531.5 
5981.8 

10513.3 

2441.5 
4531.5 
5981.8 

12954.8 

4757.7 
4531.5 
5981.8 

15271.1 

6230.0 
4531.5 
5981.8 
16743.4 

1 3 . 1  
9.6 

12.6 
35.3 

1 3 . 1  
9.6 

22.6 

953.5 13.7 
9.6 

953.5 23.2 

961.6 13.6 

961.6 13.6 

1001.4 7 .8  

1001.5 7 . 8  

1050.5 3 .3  

1050.5 3.3 

1092.6 

1092.6 

6446.7 
4758.2 
6280.6 

17485.5 

6416.7 
4758.2 

11174.9 

6712.3 
4758.2 

11470.5 

6703.8 

6703.8 

4084.3 

4084.3 

1607.3 

1607.3 

837.8 240.3 127.2 42.8 964.9 7707.7 
4767.8 
6293.2 

837.8 240.3 127.2 42.8 964.9 18768.7 

834.1 245 : 9 130.2 43.7 964.3 7683.6.  
4767.8 
5850.5 

834.1 245.9 130.2 43.7 964.3 18301.8 

960.0 274.1 144.4 48.6 1104.4 7363.1 
4531.5 
5981.8 

960.0 274.1 144.4 48.6 1104.4 17876.5 

7679.5 W 

4767.8 
5981.8 

18429.1 

W 

7679.1 
4531.5 
5981.8 

18192.4 

7535.0 
4531.5 
5981.8 

18048.4 

7418.8 
4531.5 
5981.8 

17932.2 

7322.6 
4531.5 
5981.8 

17836 .O 
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Table A-3.  Discharge Rata f o r  1200-MWe Pu-U/U LMFBR 
wi th  Pu/UO2 Core, U02 Axial and Radial  Blankets 

Discharge Data (kg) 

Reactor Core 

(RZ Model, Two Core Zones) 

C A P A C I T Y  
Y E A R  F A C T O P  TU232 U233 U235 

0.7500 0 .O 0.0 9.6 
0.7500 0 .O 0.0 6 . R  

F I S S I L E  
U23R PU239 P U 2 4 0  PU241 3U242 P J  

6334.4 746.6 230.6 53.6 39.3 €730.2 
5911.9 Y l l . 0  289.1 79.5 44.7 990.4 
5886.8 ’RS.1 301.6 57.I  43.2 852.7 
5667.9 793.5 307.1 69.7 44.4 963.3 
5671.5 793.8 306.8 5 9 . R  44.4 863.6 
5675.9 793.C 306.3 49.9 44.4 963.7 
5677.3 793.9 306.2 69.9 44.4 363.8 
5677.8 793.9 306.1 59.0 44 .4  863.9 
5677.4 793.9 306.1 59.9 44.4 863.8 
5870.0 753.9 306.1 69.0 44.4 863.9 
5678.1 793.9 306.1 69.9 0 4 . 4  863.9 
5678.1 793.9 306.1 5 9 . 9  44.4 863.9 

TOTAL 

7443.0 
7141.9 
6889.3 
6887.7 
6891.4 
5895.4 
6896.7 
6897.3 
6897.4 
6897.5 
6897.5 
6897.5 

1 
2 
3 
4 
5 
5 
7 
9 
9 

10 
1 1  
12 

3 0  

..- _ .  - 
0.7500 0 .o  0.0 5.0 
0.7500 0.0 0.0 5.0 
0.7500 0.0 0.0 5.1 
0.7500 0.0 0.0 5. I 
0.7500 0 .o 0.0 5.1 
0.7500 0.0 0.0 5.1 
0.7500 0.0 0.0 4 . 1  .__ - -  ... 
0.7500 0.0 0.0 5.1 
0.7500 0.0 0.0 5.1 
0.7500 0.0 0.0 5.1 

Y E A R S  13 T U R U  29 S A M E  4 5  A R 3 V E  

0.7500 0 .0 0.0 21.6 17730.6 2439.6 359.0 248.9 133.9 2687.5 21492.6 

Axial Blanket 
C A P A C I T Y  

Y E A R  F A C T O R  TH232 UZ33 U235 U2.38 PU239 PUZ40 PU241 
1 0.7500 0.0 0.0 3 . 6  4701.5 5 1 . 6  0. R 0.0 

F I S S P L E  TOTAL 
PJZ42 PU HM 

0.0 5 1 . 5  4762.4 
0.0 97.5 4753.6 
0.0 133.1 4741.3 
0.0 L39.0 4741.3 
0.0 133.9 4741.3 
0.0 133.0 4741.5 
0.0 138.1 4741.5 
0.0 139.0 4741.6 
0.0 13R.O 4741.6 
0.0 138.0 4741.6 
0.0 133.0 4741.6 
0.0 138.0 4741.6 

2 0.7500 0.0 0.0 7.7 4645.5 0 7 . 5  3.0 3.1 
3 0.7500 0 .O 0 .O 6.9 4599.4 136.9 5.3 0.2 
4 0.7500 0.0 0.0 6.9 4589.2 13a.9 5.3 0.2 
5 0.7500 0.0 0.0 6.9 4589.2 139.7 6.3 0.2 
5 0.7500 0.0 0 .O 6.9 4590.0 130.2 6.2 0.2 

3 0.7500 0.0 0.0 6.9 4590.5 137.9 6.2 0.2 
7 0.7500 0.0 0.0 6.9 4590.3 139.0 6.2 a.2 

._ 
2 0.7500 0.0 0.0 6.9 4590.5 13:.Y 6 . 5  0.2 

1 0  0.7500 0 .O 0.0 6.0 4590.5 13 e 8  6.2 3.2 
1 1  0.7500 o .a 0.0 6.9 4590.5 137.5 6.2 0.2 
1 2  0.7500 0.0 0.0 6.9 4590.5 137.4 5.2 0.2 

Y E A R S  1J T H O U  29 S A M F  A S  A A N C  

30 0.7500 0.0 0.0 23.2 13937.9 28=.9 9. R 0.2 0.0 285.0 14256.9 

Radial Blanket 

UZ35 U238 PU23c PU240 DU241 
11.9 6242.h 35.4 0.3 0.0 
1 1 . 2  6205.6 48.1 1.1 0.0 
l 0 . f  6168.7 98.C 2.4 3.0 
10.0 6131.1 129.P 0 .  I 
9.5 5093.3 157.2 6.2 

F I S S I L E  

0.0 35.4 
pU202 PU 

TOTAL 
HM 

6290.2 6286.0 

6274.1 
6266.4 
6257.7 
6257.1 
6256. S 
6255.9 
6255.7 
6255.6 
6255.5 

6280.7 

T H 2 3 Z  
0 .o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

U233  
0.0 
0.0 
0.0 
0 .O 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 

U233 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 

i 
4 
5 
5 
7 
9 
9 

10 
1 1  
I 2  

3 0  

0.0 68.1 
0.0 99.0 
0.0 129.8 
0.0 157.4 

J .  1 
0.2 
0.3 
0.2 
0.3 
0.3 
0.3 
0.3 
0.3 

0.5 

0.7500 
0.7500 
0.7500 
0.-500 
0.7500 
0.7500 
0.7500 

0.7500 

8.4 6055.5 
8.9 6054.6 
8.9 6052.e 
8.9 6051.1 
3.9 0050.4 
3.5 6550.1 
9.9 6050.0 

YEAG?S 13 TU 

62.1 36872.1 

184.2 
1RI.6 
185.7 
LY6.7 

137.3 
187.4 

29 SAME 

6S7.8 

187.2 

a. 9 
8.9 
e. e 
9.9 
9.0 
‘9. 0 
9.0 

A S  A H n V E  

23.5 

.. 
0.0 18..5 
0.0 184.9 
0.0 185.9 
0.0 187.0 
0.0 187.4 
0.0 187.6 
0.0 187.6 

0.0 

TH232 
0 .O 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0 .a 

0.0 638.3 37645.9 

E n t i r e  Reactor 
C A P A C I T Y  

Y E A P  F A C T O R  
F I S S I L E  

39.3 917.1 
P U 2 4 2  PU 

TOTAL 

10495.6 
18181.5 
17911.7 
17903.2 
17999.1 
17894.6 
17895.5 
17095.4 
17894.9 
17894.8 
17894.7 
1789a.7 

HM UL35 
30.1 
25.7 
22.5 
Li2.0 
21  . a  
20.9 
21.0 
21.0 
20.9 

PU240 
231.7 
292.1 

6444.0 1022.9 310.3 
6388.2 1061.1 
5354.0 IO@9.r! 
6321.4 1116.3 
6322.2 1116.5 321.1 
6321.1 1117.5 321.2 
6319.6 1119.5 

20.9 16318.9 
20 .9  16318.7 
20.9 16313.6 

U23H 
727R.5 
6753.0 

PU2 39 
‘33.6 
575.5 

W 2 4 1  
83.6 
79.5 
67.9 
70.0 
70.1 
70.3 
70.3 

70.3 

70.3 
70.3 

70.3 

70.3 

1 0.7500 
2 0.7500 
3 0.7500 
4 0.7500 

04.7 1055.0 
43.2 1090.9 
44.4 1131.1 
44.4 1159.9 
44.4 1186.5 
4 4 . 4  1186.8 
44.4 1187.7 
4 4 . 4  1199.9 
44.4 1193.2 
14.4 1183.4 
41.4 1183.4 

317.4 
319.3 
321.3 

5 0.7500 
5 0.7500 
7 0.7500 
3 0.7500 
0 0e7500 

1 )  0.7500 
321.2 

111P.Q 321.3 
1119.1 321.3 
1119.1 321.3 

11 0.7500 
I 2  0.7500 

3 J  0.7500 

Y F A R S  13 THJU 29 S A V E  A S  AROVF. 

106.9 695’30.6 3412.1 942.2 249.7 133.9 3661.8 73385.3 
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Table A - 4 .  Discharge Data f o r  1200-E.1We Pu-U/U-Th LMFBR wi th  Pu/UO2 Core, 
U02 Axial Blankets ,  and Tho2 Radial  Blanket 

(RZ Model, Two Core Zones) 

Discharge Data (kg) 

Reactor Core 
C P P A C I T Y  FISSILE T O T A L  

YEAR FACTOR TH232 U233 U235 U238 PU239 PU240 PU24 l  PU242 PW H Y  
1 0.7500 0.0 0 .o 9.6 6307.8 759.3 235.9 85.6 39.2 844.9 7437.4 
2 0.7500 0.0 0 .o 6.8 5926.6 804.8 284.0 78.1 43.9 882.9 7144.1 
3 0.7500 0.0 0 .o 4.9 5656.3 791.0 307.5 69.1 44.1 860.1 6873.0 
6 
5 
6 
7 
8 
9 

0.7500 0.0 0 .o 5.0 5634-5  791.3 310.8 71.0 45.3 862.2 6857.8 
0.7500 0.0 0 .o 5.0 5639.0 791.4 310.5 71.0 45.3 8 6 2 - 4  6862.2 
0.7500 0.0 0 -0 5.0 5643.1 791.3 310.1 71.1 45.3 862.3 6865.9 
0.7500 0.0 0 .o 5.0 5645.0 791.4 310.0 71.1 45.3 862.5 6867.8 
0.7500 0.0 0 .o 5.0 5645.9 796.4 309.9 71.1 45.3 862.5 6868.6 
0.7500 0.0 0 .o 5.0 S646.l 791.4 309.9 71.1 45.3 862.5 6868.9 

1 0  0 . 7 5 0 0  0 . 0  0 .o 5.0 5646.3 791.4 309.9 71.1 45.3 862.5 6869.1 
11 0 . 7 5 0 0  0.0 0 -0 5.0 5646.4 791.4 309.9 71.1 45.3 862.5 6869.1 
12 0.7500 0.0 0 -0 5.0 5646.4 791.4 309.9 71.1 45.3 862.5 6869.2 

YEARS 13 THRU 29 SAME A S  A B O V E  

30 0.7500 0.0 0.0 21.4 17687.1 2430.6 871.8 254.0 136.7 2684.6 21401.6 

CAPACITY 
YFPQ FACTOP 

1 0.7500 
2 0.7500 
3 0.7500 
4 0.7500 
5 0.7500 
0 0.7500 
7 0.7500 
8 0.?500 
9 0.7500 

L O  0.7500 
1 1  0.7500 
12 0.7500 

TH232 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

U233 
0 .o 
0 .o 
3 .o 
0 .o 
0 .O 
0 .o 
0.0 
0 .o 
0 .o 
0 -0 
0 .o 
0 .o 

U235 
8.6 
7.7 
c.9 
6.9 
6.9 
6.5 
6. Q 
6.9 
6.9 
6.9 
6.0 
6.5, 

Axial Blanket 

U238 
4701.2 
4644.6 
4588.4 
4588.2 
11508.4 
4589.3 
4589.7 
4589.9 
4590.0 
4590.0 
4590.0 
4590.0 

PU239 
51.8 
98.0 

139.6 
139.4 
139.2 
138.7 
138.4 
138.2 
138.2 
138.1 
135.1 
138.1 

PU240 
0.8 
3.0 
6 -  4 
6.4 
6.3 
6.3 
6.2 
6.2 
6.2 
6 -  2 
6.2 
6.2 

PU241 
0 - 0  
0.1 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

PU242 
0 . 0  
0 . 0  
0.0 
0 . 0  
0 .0  
0 . 0  
0.0 
0.0 
0 . 0  
0 . 0  
0 .0  
0.0 

FK SSILE 
PU 
51.8 
98.1 

139.7 
139.6 
139.4 
138.8 
138.5 
138.4 
138.3 
138.3 
138.3 
138.3 

TO T A L  
HM 

4762.3 
4753.4 
4741 .4 
4741 I 
4741 1 
4741 -3 
4741.4 
4741.4 
4741 .4 
4741.5 
4741.5 
4741 - 5  

YEAPS 13 THRU 29 SAME A S  A B O V E  

30 0 . 7 5 0 0  0.0 0.0 23.2 13936.9 286.4 9.9 0.2 0.0 286.7 14256.7 

Radial  Blanket 
CAPACITY 

YEAR F A C T O W  
1 0.7500 
2 0.7500 
3 0.7500 
4 0.7500 
5 0.7500 
h 0 . 7 5 0 0  
7 0 . 7 5 5 0  

9 0.7500 
1 0  0.7500 
I 1  0 . 7 5 0 0  
12 0.7500 

8 0 . 7 5 0 0  

5766.2 
5710.0 
5673.7 
5637.3 
5634 - 5 
5631 - 7  
5629.6 
5 0 2 8 . 8  
5628.4 
5628.3 

U233 
33.5 
6 5 - 1  
95.4 

124.8 
152.7 
179.0 
le0.9 
182.8 
184 -2 
184 -8 
185.0 
185.1 

v235 
0.0 
0. J 
0.0 .. ~ 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

U238 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

PU239 
0.0 
0.0 
0 . 0  
0.0 
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

DU240 
0.0 
0.0 
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

PI J24 I 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0.0 
0.0 

PI J242 
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 - 0  
0 . 0  
0 - 0  
0.0 
0.0 
0 . 0  
J.0 
0 . 0  

FISSlLE 

0.0 
0.0 
0.0 
0.0 
0 .0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
O I O  

PU 
TOTAL 

n* 
5849.3 
5846 - 4  
5841 - 6  
5834.9 
5026.4 
5816.3 
5815.4 
5614.5 
5813.8 
5813.6 
5013.4 
5815.4 

YEARS 13 THRU 29 SAME AS A B O V E  

30 0.7500 34320.7 684.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 35004.7 

r a o a r r  TV 

E n t i r e  Reactor 
FISSILE TOTAL -- --- I .  

YEAR FACT3Q TH232 U233 U235 U238 PU239 PU240 PU241 PU242 PU tw 
1 0.7500 5615.8 33.5 18.1 11009.0 811.1 236.7 85.6 39.2 896.7 18049.0 
7 0.7500 5781.3 65.1 14.5 1057l .2 902.9 287.0 78.2 43.9 981.0 17743.9 
3 0 ; 7 5 0 0  -746.2 94.4 11 .8  10244.6 930.6 313.9 69.3 44.1 999.9 17456.0 
4 0.7500 5710.0 124.A 11.0 10222.7 930.7 317.2 71.1 45.3 1001.8 17433.7 
5 0.7500 5673.7 152.7 11.9 10227.4 930.6 316.8 71.2 45.3 1OOP.7 17429.6 
6 0.7500 5637.3 179.0 11.9 10232.4 930.0 316.4 71.2 45.3 1001.2 17423.5 
7 0.7500 5634.5 180.9 12.0 10234.7 929.7 316.2 71.3 45.3 1001.0 17424.6 
8 0.7500 5631.7 182.8 12.0 10235.8 929.6 316.1 71.3 45.3 1000.9 17424.6 
a n - 7 6 n n  cf .79-6 I R ~ - 7  17.0 10236.1 929.6 316.1 71.3 45.3 1000.9 17424.2 . - -  - - -  _ _  _- 

1 0  0.7500 k656;; 164.6 i2;O i023C.3 929.6 316.1 71-3  45.3 1000.8 17429.1 
I 1  0.7500 5628.4 185.0 12.0 10236.4 929.5 316.1 71.3 45.3 1000.8 17424.0 
12 0.7500 5028.3 185.1 12.0 1023f.O 929.5 316.1 7 1 - 3  45.3 1000.8 17424.0 

YEARS 13 TnPu 29 SAME AS ABOVE 

30 0 . 7 5 0 3  34320.7 684.0 44.6 31624.0 2717.1 881.7 254.2 136.7 2971.3 70662.9 
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Table A-5.  Discharge Data f o r  1200-MWe Pu-Th/Th LMFBR with 
Pu/ThU02 Core, Tho2 Axial and Radial  Blankets 

(RZ Model, Two Core Zones) 

Discharge Data (kg) 

Reactor Core 
CAPACITY F1 SS I L E  

I 0.7500 ‘7741.6 19R.7 0.0 0.0 694.7 281.5 107.4 48.4 802.1 
2 0.’500 5471.6 319.0 0.0 0.0 548.5 295.4 90.4 50.2 639.0 
3 0.7500 5256.3 395.1 0.0 0.0 420.5 290.8 76.4 49.4 496.9 
4 0.7500 525R.6 390.R 0.0 0.0 431.0 293.1 77.6 49.8 508.5 
5 0.7500 5262.7 389.7 0.0 0.0 433.1 293.3 77.8 49.9 510.8 
6 0.7500 5265.8 389.0 0.0 0.0 434.3 293.4 77.8 49.9 512.1 
7 0.7500 5267.1 3 R R . 7  0.0 0.0 434.8 293.4 77.9 49.9 512.7 
R 0.7500 5267.6 380.6 0.0 0.0 435.0 293.4 77.9 49.9 512.9 
9 0.7500 5267.7 388.6 0.0 0.0 435.0 293.4 77.9 49.9 512.9 

I O  0.7500 5267.8 398.5 0.0 0.0 435.1 293.4 77.9 49.9 513.0 
1 1  0.7500 5267.8 3863.5 0.0 0.0 435.1 293.4 77.9 49.9 513.0 
12  0.7500 5267.9 388.5 0.0 0.0 435.1 293.4 77.9 4Y.9 5 1 3 0 0  

Y F A R  FACTOR TH232 U233 U235 U238 PU239 PUL40 PU241 PU242 PU 
TOTAL 

MY 
7072.4 
6775.3 
6488.6 
6500.9 
6506.4 
6 5 1 0 0 1  
6511.7 
6512.4 
6512.6 6512.5 

6512.6 
6512.7 

YEARS 13 THPU 2 9  SAME AS ABOVE 

30 0.7500 16453.4 RR6.7 0.0 0.0 1736.0 882.4 283.2 150.8 2019.2 20392.4 

Axial Blanket 
CAPACITY 

YFAU FACTOR 
1 0.7500 
2 0.7500 ~. 
3 0.7500 
4 0.7500 
5 0.7500 
6 0.7500 
7 0.7500 
R 0.7500 
9 0.7500 .. ~ . .  

10 0.7500 
11 0.7500 
1 2  0.7530 

TH232 
4477.2 
4423.4 
4370.0 
4369.9 
4370. I 
4370.7 
4371.0 
4371.1 
4371.2 
4371.2 
6371.2 
4371.2 

U233 
so .9 
95.7 

135.2 
135 -2  
135 -0 
134.6 
134.4 
134.3 
134.3 
134.3 
134 -3  
134.3 

U235 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

U238 PU239 PU240 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 9.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0 . 0  
0.0 0. 0 0. 0 
0.0 0.0 0.0 
0.0 0.0 0.0 

PU241 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

PU242 
0.0 
0.0 
J.0 
0.0 
0.0 
0.0 
0.0 
0.0 
3.0 
0.0 
0.0 
0.0 

F I S S I L E  

0.0 
0.0 
0.0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

PU 

0.0 
0.0 
0.0 

TOTAL 
MM 

4528.1 
4519.1 
450502 
4505.0 
4505.1 
4505.3 
4505.4 
4505.4 
4505.5 
4505.5 
4505.5 
4505.5 

YEAPS 13 THRU 2 9  SAME AS ABOVE 

3 0  0.7500 13272.6 280.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 13552.6 

Y F  
CAPACI T Y  

&4R FACTOR 

2 0.7500 
3 0.7500 
4 0.7500 

6 0.7500 
7 0.7500 
13 0.7500 
9 0.7500 
0 0.7500 

2 0.7500 

1 0 . 7 ~ 0 0  

5 0 . 7 5 0 0  

I 0.7500 

Tl i232 
5946.2 
5912.7 
5979.3 
5R45.3 
5 R l l . l  
5776.0 
5777.1 
5775.6 
5774. I 
5773.4 
5773.1 
5773.1 

u23 3 
34.4 
65 .o 
94 -0 

121.9 
148.6 
173 - 7  
173.5 
174.5 
175.5 
176 -0 

176.3 
176.2 

u235 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

Radial Blanket 

U238 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

PU239 
0.0 
0.0 .. . 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

=U240 
0.0 
0.0 
0.0 
0.0 
0.0 
0. 3 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

PU24 I 
0.0 
0.0 ~~~ 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

F I S S I L E  

0.0 0.0 
0.0 0.0 

PU242 PU 

5.0 0.0 
0.0 0.0 
5.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

TOTAL 

5980.6 
5977.8 
5973.3 
5967.3 
5959.6 
5950.6 
5950.6 
5950.1 
5949.7 
5949.4 
5949.4 
5949.3 

nn 

Y E A R S  1 3  T n R u  2 9  SAME A S  ABOVE 

3 0  0.7500 351SL.5 648.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 35805 .0  

E n t i r e  Reactor 
CAPACITY F I S S I L E  TOTAL 

Y E A R  F A C T O R  ~ ~ 2 3 2  11233 u235 U238 ~ ~ 2 3 9  PU240 ~ ~ 2 4 1  ~ ~ 2 4 2  PU HM 
1 3.7500 16165.1 2RA.0 0.0 0.0 694.7 201.5 107.4 48.4 802.1 17581.2 
2 0.7500 15807.8 A79.R 0.0 0.0 540.5 295.4 90.4 50.2 639.0 17272.2 
3 0.7500 1 5 5 0 5 . C  624.4 0.0 0.0 420.5 290.8 76.4 49.4 496.9 1 6 4 6 7 0 1  
4 0.7500 15473.7 648.0 0.0 0.0 431.0 293.1 77.6 49.8 508.5 16973.2 

0.7500 15443.8 673.3 0.0 0.0 433.1 293.3 77.8 49.9 510.8 16971.1 
6 0.7500 15413.3 697.4 0.0 0.0 434.3 293.4 7 7 - 8  4 9 - 9  512.1 16966.0 
7 0.7500 15415.2 696.6 0.0 0.0 434.8 293.4 77.9 49.9 512.7 16967.7 
A 0.7500 15414.3 697.4 0.0 0.0 435.0 243.4 77.9 49.9 512.9 16967.9 
9 0.7500 15413.0 69R.4 0.0 0.0 4 3 5 - 0  293.4 77.9 4 9 - 9  512.9 16967.6 

10 0.7500 15412.4 698.9 0.0 0.0 435.1 293.4 77.9 49.9 513.0 16967.5 
I 1  0.7500 15412.1 699.0 0.0 0.0 435.1 293.4 77.9 49.9 513.0 1b967.4 
I 7  3.7500 15412 .1  €9‘3.1 0.0 0.0 435.1 293.4 77.9 49.9 513.0 16967.5 

Y F C R S  13 THRU 2 9  SAME A S  ABOVE 

30 0.7500 h4RA2.5 1815.3 0.0 0.0 1736.0 882.4 283.2 153.8 2019.2 69749.9 
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Table A-6. Discharge Data f o r  1200-MWe U/U-Th Minimum Denatured LMFBR 
U02 Core, U 0 2  Axial  and Radial  Blankets 

(RZ Model, Two Core Zones) 

Discharge Data (kg) 

Reactor Core 
FISSILE 

PU242 PU 
3.0 201.6 ' 

5.0 331.4 
0 . 1  424.9 
5 . 1  420.8 
5 .1  420.1 
3 . 1  418 .8  
3 . 1  418.1 

T O T A L  
HM 

7437.0 
7105.4 
6815.1 
ba17.2 
6819.5 
6822.6 
6824.5 
b825.3 
68L3.5 
6825.6 
6az3.7 
tt323.7 

t A D 4 C 1  T'f 
0 F 4 C T f I F  

3 . 7 5 3 0  
0.7500 
0 .7500  
3.7510 

0.7550 
0.7500 
01'500 

0.7500 
0.7530 
0.7"3c? 

3.7500 

0.7530 

- A  1 H 2 ? Z  
3 . 3  
0.0 
0.0 

..o 
3.3 
3 . 0  
7.0 
3.3 
7 .0  
Q.0 
2.0 

?.O 

1 
.5 

.2 

.4 

.b 

.e 

.r. . G 

.O 

. I  
* I  
. I  

..2 

U22' 
15.7 

7.6 

ur"3r PU.?~.= P W ~ O  
h7 f3 .Q 231.5 t, . 4 
6 3 C f . S  330.7 20.3 
c c c e . 0  422.L 5 7 . 0  
q = q f i .  I 

PU24 1 
0.1 
0.7 
2 .O 
1.9 
1.9 
1.9 
1.9 
1 .a 
1 .e 
1 .a 
1 .8 
I .a 

1 
7 
3 
a 
5 

7 
P 
9 

1 0  
I 1  
1 2  

c 

30 

c. 5 
r .  <. 
5 .  c 
6.0 
f . o  
f . 3  
5. C 
c . 0 
e. 0 
f . S  

6000.3 
'003.0 
b O O C . 6  
6 0 0 6 . 6  
6 0 C t . 7  
F O O C  . a  
f - O C f  .8 
t > O C f  . L. 

6 l n . 3  37.L 
413.3 37.1 
415.3 37.3 
4 1 5 . 3  37.0 
41'5.8 37.0 

. ~ . .  
5.i 417.8 
0.1 417.7 
5.1 417.7 
5.1 417.7 
0.1 417.7 415.4 37.0 

Axial Blanket 
C 4 P A C I  T Y  FISSILE 

I 0 . 7 = 0 0  0.0 3.7 b;.T L707.2 6 6 . 4  0.6 0.0 J.0 40.5 
2 3.7530 0.0 3 .O 7.9 4fF.C.7 88.4 2.4 0.0 3.0 88.5 
7 7 . 7 5 7 0  Q . 0  > . : I  ' . I  L f D f  . I  126.7 5.2 0.1 0.0 126.9 

Y C A D  F A C T n F  T H T 7  u p 3 3  11235 U 2 3 3  P(J23C. PUL4C PU241 PU444 PU 
T O T A L  

HH 
4763.0 
4752.4 
4743.2 
4744.9 
4744.8 
4745.0 
4745.9 
4745. I 
4745.1 
4745.1 
4745.1 
4745.1 

._ - _ _  .. . .. ~ 

i iiTq55 5.3 3.3 7.1 4eor,.f1 i2a.s 5.1 0.1 0.0 126.9 
5; 0.7597 3.0 0 .3  7.1 46OE.f 1ZF.U 5.1 J. I 3.0 126.9 
e 0.7500 7.0 3.3 7.1 4 C O b . 3  1 2 f > . 3  5. I 0.1 0.0 126.5 
7 0 .7530  3.0 C . J  7. i  4C06.t 126.1 5.1 0.1 0.3 126.2 
R 0.7500 0.0 0 .o 7 . 2  4EOf.7 126.5 5.1 J.l 3.0 126.1 
9 0.7=00 3.0  0 .a ?.2 4t0e.R 125.0 5.1 0.1 0.0 126.1 

1 3  3 . 7 = 3 0  5.3 D .cI 7.2 4 t O f . H  12n.0 5. I 0.1 0.0 126.1 
1 1  0 .7530  3.5 0 . 7  7.2 6eoc .a  1 2 6 . ~  5.1 0.1 3 . 0  126.1 
1 2  3.7550 3 . 3  3 . 3  T . ,  4 6 O f . n  1 in .J  5. I 0.1 3.9 126.1 

Y-AP: 13 T H R U  2 0  SAMr A S  A B f l V 5  

30 q . 7 5 3 p  3.0 3.0 2 2 . 7  13c.70.7 ~03.2 8 . 3  0.2 U.0 260.4 14262.8 

Radial  Blanket 
FISSILE 

5.0 0.0 
3.0 0.3 
0.0 0.0 
5.0 0.0 
0.0 0.0 
0.0 0.0 
9.0 0.0 
3 . 0  3 .0  
3.5 0.0 
3.0 5.3 
3 . 0  0.0 
3 . 0  5 . 3  

P11242 PU 
T O T A L  

HM 
C A P P C I  T Y  

Y C A E )  F 4 C T l F  
I 9.7500 
2 0.7530 
3 0.7509 

u23 3 
30.1 
5 L i  .E. 
P7.7 

1 14 .F. 
I40.P 
1 f ~ C . b  
1C7.3 
I F F  .e 
1 t, '.. . 5 
I f  3 . C ;  

1-0.2 
179.1 

c24.7 

u 2 2  3 
490.7 
i t ( - "  .Fl 
634 .C 
4 C G  .2 
b 4 +  .2 
5 2 2  .z 
5 2 4  .C 
52': . C  

527 ." 
=.?'I .o 

211.2 
52L.3 

Z I f L . 1  

U?JC U 2 3 R  PV2JI; =L IZ40  PU261 
3.0 C.0 J .  3 0.3 3.0 
3.0 0.0 3.  > U. 0 3.0 
0.0 0.0 0.0 0.3 0.0 

5980.9 
5973.5 
5974.5 

4 0.7=')0 

6. 3."30 
7 0.7=03 

9 0.7530 

I 1  o.'=l ') 
1 2  0 . 7 5 3 0  

c, q . 7 ~ 0 0  

s 0 . 7 5 0 0  

i n  0 . 7 ~ 0 ~  

S .  L 0.0 J. 3 3.0 5.0 
0. 0 0.0 5.3 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
3.0 C.3 5.3 0.0 0.0 
3.0 0.3 J. 3 0.3 3.0 
a. 0 0.0 J. I 3.0 0.3 
5.0 0.0 J.O 3.0 3.0 
3.0 0.0 3. 5 0.3 3 . 0  
0. P 0.0 J. 3 J. 0 5.0 

5969.1 
5962.2 
5952.9 
5953.1 
5952.6 
5954.2 
595L.O 
5951.9 
5Y51.9 

Y F P F S  13 THFU 2 9  S A M c  A S  AUOVE 

0.0 0. 0 J.0 0.0 0.0 

PU24 1 
0.1 
J.8 
2.1 
2.0 
2.0 
2 .o 
2.0 
2.0 
2.0 
2.0 
L . 0  
2.0 

0.0 0.0 .30 7.7co0 5 5 8 1  1.4 

E n t i r e  Reactor 
FISSILE 

3 . 0  246.1 
0.0 419.9 
3.1 551.6 
0.1 547.7 
0.1 547.0 
3.1 543.2 
3.1 544.4 
3.1 546.0 
0.1 543.8 

J . l  543.7 
0.1 543.7 

Pc1262 f'U 

J.I 5 4 ~ . a  

T O T A L  
HM 

181 80 .Y 
1783Y. 3 
17534.8 
17531 - 5  
17526.5 
17521 - 7  
11522.7 
17522. F 
17522.B 
1752L.7 
17522 7 
17522.7 

c 
Y'AE, 

I 
2 
-3 
4 
5 
6 
7 

9 
1 0  
1 1  
12 

n 

9 ~ 4 c  I T Y  

0.7530 
0.7513 
0 . 7 ~ 3 0  
0.7'00 
3.755 0 
3.7530 
0.7-03 
0.7cCl0 
0.7500 
1.7530 
3.7590 
3 . 7 = 3 0  

C A C T I C  u 2 3 9  
;<-.a 
1q.7  
13.0 
12.0  
13.1 
1 3 . 1  
13.1 
13.1 
12.1 
13.1 
13. I 
1.3.1 

u 2 3 5  
11671.0 
13sr j. 1 

D1113C 
248.5 
4 l Q . l  
51 3." 
545.7 
,+ >. 0 
943.2 
547.4 

1 3 t  13.1 541.5 
10<1:.4 541.5 
l o r  13.e L41.Y 
I O C I - . F I  541.8 
101 13.7 441.8 

r l  c 

2U240 
7. 3 

22.7 
64.2 1 O t  04.1 

i of 01.8 
1 o c c = . 9  
10E10.1 
1 O F l L . 7  

43. I 
42.9 
42.4 
44. L 
42. I 
42.1 
42.1 
42. I 
6 2 .  I " 7 ~ 1 . 9  

Y F F F S  13 T h F U  24 SAM-. A S  AROVE 

2 .8 47.0 JZF7C.0 1170.2 69.2 0 . 1  1182.0 71329.3 
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Table A-7.  Discharge Data for 1200-MWe U/Th Minimum Denatured LMFBR 
with U 0 2  Core, Tho2 Axial and Radial Blankets 

(RZ Model, Two Core Zones) 

Discharge Data (kg) 

Reactor Core 

Y F  
CAPACI TY 

‘AP FACTOP TH232 
0.7500 0.0 
0.750 0 0-0 

U23 3 
457 .a 
443.3 
353 - 6  
358.1 
359.3 
360 - 8  
361 -5 
301 e 8  
361 -9 
362 e 0  
3€2 -0 
362 -0 

U235 
10.7 

5.9 
5.9 
5.9 
6.0 
6.0 
6.0 
h. 0 
6.0 
6.0 
6.0 

7.8 

U238 
6758.6 
6299.3 
5990. h 
5992. I 
5994.6 
5490.2 
5999.9 
6000.7 
0000.9 
6001.0 
6001.1 
6001 .1  

PU239 
201.1 

=U240 
6.3 

20.2 
38.7 
37.6 
37.3 
37.0 
36.8 
36.7 
36.7 
36.7 
36.6 
36.6 

PU24 1 
0.1 
0.7 
2.0 
1.9 
1.9 
1.8 
1 .8 
1.8 
1 .8 
1 .8 
1 .8 
I .e 

PU242 
0 . 0  
0.0 
0.1 
0.1 
0. I 
0.1 
0.1 
0.1 
0. I 
0.1 
0.1 
0. I 

FISSILE 
PU 

201.3 
330.5 
423.5 
419.2 
418.4 
417.1 
416.4 
416.1 
416.0 
416.0 
416.0 
416.0 

T O T A L  

7434.8 
7101.2 
6809.3 
6813.0 
6815.6 
6019.0 6820.7 

6821 - 4  
6821 - 6  

nn 
I 
2 
3 
4 
5 
6 
9 
FI 
9 

1 0  
I 1  
1 2  

30 

329.6 
421.5 
417.3 
416.5 

_ _  _ _ _  _ _ _  
0.7500 0.0 
0.7500 0.0 
0.7500 0.0 
0.7500 0.0 
0.7500 0.0 
0.7500 0.0 
0.7500 0.0 
0.7500 0.0 
0.7500 0.0 
0.7500 0.0 

415.2 
414.6 
414.3 
414.2 
414.2 
414.2 
414.2 

6 8 2 1  - 7  
6 8 2 1  08  
6 8 2 1  e 8  

YFAPS 13 THRU 2 9  SAME A S  ABOVE 

0.7500 0.0 1554.A 20.2 1868e.4 915.0 60.6 2.6 0.1 917.6 21245-7  

Axial Blanket 
CAPACITY 

J235 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
9.0 
0.0 
0.0 
0.0 
0.0 
0.0 

U238 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

P1 J239 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

PI J240 
0. 
5 .  
0. 
0. 
0. 
0. 
0. 
0 .  
0. 
0 .  
0. 
0. 

PU241 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

PU242 
0.0 
0.0 
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

FI SSILE 
PU 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

T O T A L  

4528.7 
4521.3 
4509.7 
4509.5 
4509.5 
4509.7 
4509.7 
4509.8 
4509.8 
4509.8 
4509.8 
4509.8 

nu YEAR-FACTOR TH232 U233 \ 
1 0.7500 4482.4 46.3 
2 0.7500 4433.8 87.6 
3 0.7500 4384.9 124.8 
4 0.7500 4384.4 125.1 ._- _ _  
5 0.7500 4384;Z 125.3 
6 0.7500 4384.8 124.8 
7 0.7500 o3R5.1 124.6 
R 0.7500 4385.3 124.5 
9 0.7500 4385.3 124.5 

10 0.7500 4385.3 124.5 
11 0.7500 4385.3 124.5 
12 3.7530 4395.3 124.5 

30 0.7500 13301.1 258.6 

0 
0 
0 

YEAPS 13 THPO 2 9  SAME A S  ABOVE 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 13559-7  

Radial Blanket 
CAPACI TY 

Y F A P  F A C T O R  
1 0.7500 
2 0.7500 

TU232 
5050.8 
5919.0 

FISSILE 

0.0 0 .0  
0.0 0.0 
0.0 0.0 
0.0 0 . 0  
0.0 0.0 

PU242 PU 
T O V A L  

ut4 
5985.9 
5978.5 

U2J3 
30.1 
5 9  - 4  
99.6 

1 lA.7 
140 -6 
165.2 
167.0 
168 - 3  
169.2 
169.6 
169.9 
16q09 

623 - 5  

U233 
534 - 3  
590 - 3  
563 -0 
59R.O 
625 . I  
650 -8  
653.1 
654 -6 
655 -6 
656 .l 
656.3 
656.4 

2436.4 

U235 U23A PU239 SU240 PU241 
0.0 0.0 0.3 0.0 0.0 
0.0 0.0 0.0 0. 0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
5 . 0  0.0 0.0 0.0 0.0 
0. 0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 

YEARS 1 3  THRU 29 S A M E  A S  ABOVE 

3 0.7500 5886.9 
4 0.7500 5954.4 
5 0.7500 5821.6 
6 0.7500 5788.8 
7 0.7500 5786.2 
8 0.7500 5704.4 
9 0.7500 5-83.1 

1 1  0.7500 S782.2 
12 0.7500 5782.1 

i o  0.7500 5782.5 

5974.5 
5969.1 
5962.2 
5994.0 
5953.2 
5952.7 
5952.3 
5952.1 
5952.0 
5952.0 

... ... 
,o.o 0.0 
0.0 0.0  
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

0.0 

U235 
10.7 

7.8 
5.4 
5. P 
5.9 
6.0 
6.0 
6.0 
6.0 
6.0 
F. 0 
6.0 

0.0 0.0 0.0 0.0 30 0.7500 35188.7 

CAPACITY 
Y F A D  FACTflR TH237 

0.0 0.0 35812.2 

Entire Reactor 
FlSStLE T O T A L  

17944.4 
17601.0 
17293.6 
17291 - 6  
17287 03 
17282.6 
17283 -6 
17283-9  
17283.7 
17283-  7 
17283 6 
17283.7 

nn 
..- -~ 

U238 PU239 PU240 PU241 PU242 PU 
6758.6 201.1 6.3 0.1 0.0 201.3 
6299.3 329.8 20.2 0.7 0.0 330.5 
5990.6 421.5 38.7 2.0 

- 1  0 .+500  104?3;2 
2 0.7500 10352.8 
3 0.7500 10271.9 
4 0.7500 1023A.e 
5 0.7500 10205.8 

.. _._ 10173.6 
0 - 7 5 0 0  10171.3 
0.7500 10169.7 
0.7500 1016a.4 
0.7500 10167.8 
0.7500 

0.1 423.5 
0.1 419.2 
0 .1  418.4 
0.1 417.1 
0 .1  416.4 
0.1 416.1 
0.1 416.0 
0.1 416.0 
0.1 416.0 
0 .1  416.0 

5992.1 4 1 7 - 3  37.6 1.9 
5994.8 4 1 6 - 5  37.3 1.9 

6 0.7500 
7 

9 

10 
11 
12 

0 

599e.2 415.2 37.0 1.8 
5999.9 414.6 36.8 1 .e 
5000.7 414.3 36.7 I .8 
6000.9 414.2 36.7 1.8 
6001.0 414.2 36.7 1.8 
6001.1 414.2 36.6 1 .8 
€001.1 414.2 36.6 1.8 

10169.6 
1 0167.5 0.7500 

YEARS 13 THPU 2 9  SAME A S  ABOVE 

24.2 10688.4 ,915.0 60.6 2.6 30 0.7500 48489.8 0.1 917.6 70617.4 
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Table A-8. Discharge Data for 1200-MWe U-Th/Th 20% Denatured LMFBR 
with U/Th02 Core, Tho2 Axial and Radial Blankets 

(RZ Model, Two Core Zones) 

Discharge Data (kg) 

Reactor Core 
U235 U238 PU239 DU240 PU241 

4.9 3008.8 86.5 2.5 0.0 
4.4 34E2.4 173.0 10.0 0.3 

CAP4CI TY 
YFAP F A C T f l P  

F I S S I L E  
PU242 PU 

0.0 86.5 
0.0 173.3 

TOTAL 

7236.3 
6937.8 
6663.9 
6652.6 
6657.9 
6662.9 
6664 7 
6665.4 
6665.7 
6665.8 
6665.9 
6665.9 

nM TH232 
3404.8 
2577.2 
2365.3 
2174.6 
2176.9 
2179.1 
2 1  79.R 

U233 
668.8 
620 
532 -3 
538.5 
540.1 
54 1.5 
542.1 
542 -4  
542 -4 
542 -5  
542 - 5  
542 - 5  

1 3.7500 
2 0.7500 
3 3.7500 
4 0.7500 
5 0.7500 

3.5 3504.2 237.0 20.5 1.0 
3.5 3 ~ ~ 3 . 5  245.7 20.9 1 .o 
3.5 3671.3 244.6 20.6 1.0 

0.0 238.0 
3.0 246.7 
0.0 245.6 
0.0 244.6 
0.0 244.3 
0.0 244.1 
0.0 244.0 
0.0 244.0 
0.0 244.0 
0 . 0  244.0 

0.0 535.7 

$ 0.7500 
1.7500 

3.5 3673.8 243.7 20.3 1 .o 
3.5 3674.7 243.3 2 0 . 2  0.9 
3.5 3675.1 243.1 20.2 0.9 
3 - 5  3675.3 243.1 20.2 0.9 
3.5 3675.3 243.1 20.1 0.9 

.. - _ _  
9 0 . 7 ~ 0 0  2 i R o ; i  
9 0.7500 2180.2 

10 0.7500 2180.3 
11 0.7’500 2180.3 
12 0.7500 

3.5 3675.4 243.1 25.1 0.9 
3.‘ 3f75.4 243.0 20.1 0.9 

Y E A G S  13 THPU 2 9  SANE AS ABOVE 

21R0.3 

3 0  0.7500 h795.4 1997.2 14.1 11425.3 534.4 33.2 1.3 20801 .o 

Axial Blanket 
CAPACITY 

Y c A R  FACTOP 
1 0.7500 
2 0.7500 
3 0.7500 
4 0.7500 
5 0.7500 
6 0.7500 
7 0.7500 
e 0.7500 
4 3.7500 

F I S S I L E  

0.0 0.0 
3.0 0.0 

PU242 PU 
TOTAL 

nn 
4528.7 
4521 -3  
4509.7 
4509.5 
4509 6 
4509.9 
4510.0 
4510.0 
4510.0 
4510.0 
4510.0 
4510.0 

TH232 
4482.6 
4433.7 
43A4.4 
4384.5 
6384.8 
4385.6 
4386.0 
4386.1 
4386.2 
43A6.1 
4386.2 
4386.2 

U23 3 
46.2 
8 7  -6  

124 -8 
12E.O 
124-R 
124 -2  
124.0 
123.9 
123 -9 
123.9 
123 -9  
123.9 

U235 U238 PU239 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 

PU240 PU241 
0 . 0  0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

0.0 0.0 
0.0 0.0 
0 . 0  0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0 . 0  0.0 
0.0 0.0 

I O  0;7500 

1 2  0.7500 
1 1  0.7500 

0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 

YFAFS 13 THRU 2 9  SAME AS ABOVE 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 13560.0 3302.8 25.7.2 30 3.7500 

Radial Blanket 
F I S S I L E  

0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0 . 0  

PUP42 PU 

0.0 0.0 

T O T A L  

5980.8 
5978.3 
5974.3 
5968.8 
5961 - 8  
5953.4 
5952.8 
5952 2 
5951.8 
5951 - 6  
5951 - 5  
5951.5 

n M  
C4PACI T Y  

Y C A R  FACTC)Q 
1 3.7500 

3 3.7500 

C, 0.7500 
6 0.7500 
7 0.7500 
P 5.7500 
4 3.7500 

1 0  0.7500 

12 0.7500 

2 0.7‘00 

4 0.7~100 

1 1  3.7500 

U235 U238 PU239 PU240 PU241 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 3.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 5 . 0  0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 

Y F f i R S  13 THRU 2 9  SAME A S  ABOVE 

0.0 0.0 0.0 0.0 0.0 

TH232 
S950.0 
SOlF3.1 
5585.9 
5953.1 
5920.1 
5787.0 
5784.9 
5-’@3.0 
C781.5 
5780.9 

57RO.6 
5 7 8 0 . 7  

U23 3 
30 e 8  
60 -2 
8 P  .4 

115.7 
141 -7 
lhb.4 
167.9 
lh?.3 
170.3 
170.7 
170.9 
170 - 9  

627.7 35810.8 3 0  0.7500 35183.1 

Entire Reactor 
F I  55 I L E  

0.0 86.5 
PU242 PU 

TOTAL 
HM 

17745.9 
I 7 4 3 7  - 4  
1 7 1  47.9 
1 7  I 35 -9 
17129.3 
I 7 1  26.2 
17127.4 
17127.7 
17127.5 
17127.4 
17127.4 
17 127.4 

C A D A C I  T Y  
Y E A R  FACTOP TH232 

I 0.7500 13837.4 
U235  11238 mu239 DU240 PU241 

4.9 3 0 ~ e . e  86.5 2.5 0.0 
4.4 3452.4 173.0 10.0 0.3 
3.5 3504.2 237.0 20.5 1 .o 

U233 
745 .R 
768.3 
74s .E 
779.2 
806 - 7  
R32.2 
e34 -0 
835 .s 
836 .6 
R37.1 
837.2 
837.3 

0.0 173.3 5 7;7560 13329.0 
3 0.’500 12636.1 
4 0.7500 12412.2 
5 0.7500 12381.7 

... 
0 . 0  238.0 
0.0 246.7 
0.0 245.6 
0.0 244.6 

-. . 
7 . -  3 6 6 8 . 5  245.7 20.9 1.0 - - I - . - . . . 
3.5 3671.3 244.6 20.6 1.0 
3.5 3673.9 243.7 20.3 1.0 
3.5 3b74.7 243.3 20.2 0.9 
3.5 3t75.1 243.1 20.2 0.9 

0.0 244.3 
3.0 244.1 
3.0 244.0 
0.0 244.0 
0.0 244.0 
0.0 244.0 

- _. - _ _  
7 0.7500 12350.7 
C 0.7500 12749.2 
9 0.7500 12347.9 

1 0  0.7500 12347.3 
3.5 3675.3 243.1 20.2 0.9 
3.5 3675.3 243.1 20.1 0.9 
3.5 3675.4 243.1 20.1 0.9 
3.5 3675.4 243.0 20.1 0.9 

Y F A R S  13 THRU 2 9  S A M €  A S  ABOVE 

14.1 11425.3 534.4 33.2 1.3 

i i  0.7500 12347.1 
12 0.7500 12347.0 

0.0 535.7 70171 - 6  3 3  3.7500 55281.2 2 8 ~ 2 . 2  
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Table A-9. Discharge Data f o r  1200-We U-Th/Th 40% Denatured LMFBR 
wi th  U/Th02 Core, Tho2 Axial and Radial  Blankets 

(RZ Model. Two Core Zones) 

Discharge Data (kg) 

Reactor Core 
C4PACI TV 

Y C A Q  FACT-IQ vi232 
I 
2 

4 
4 
6 
7 

7 

8 

10 
I 1  
12 

Q 

F I S S I L E  

3.0 33.9 
3.0 b6.7 
3.0 91.1 
0.0 94.8 
0.0 94.3 
3.0 93.9 
J.0 93.8 
0.0 93.8 
0.0 93.7 
3.0 93.7 
3.0 93.7 
0.0 93.7 

PU242 PU 
TOTAL 

HM 
7128.9 
6825.4 
6539.3 
6523.8 
6530 -3  
6535 7 
6537.4 
6536.2 
6538.4 
653d.5 
6538.6 
6536.6 

U23 3 
760 -5 
7 5 1  afi 
692.7 

70c  .2 
710.3 
710 .R 

7 1  1.0 
71 I .O 
71 1 .o 
711.1 

707.7 

71 I .o 

LIZ35 
2.0 

1.4 
1.c 
1.' 
1.5 1449.6 93.6 7.5 0.3 
1.c 1444.9 93.5 7.5 0.3 
1.6 1450.1 93.4 7.5 0.3 
1.5  1450.1 93.4 7.5 0.3 
1.5 1450.1 93.4 7.5 0.3 
1.5 1450.1 03.4 7.5 0.3 
1.5 1450.2 93.4 7.5 0.3 

VFAFS 13 THPU 29 SAMF AS ABOVE 

6.0 dcOa.0  234.9 12.3 0.5 

1.7 

U238 
122C.8 
1360.5 
1972.h 
1447.3 
1448.6 

pU239 
33.9 
6e.6 
90.7 
94.5 

JU240 
1.0 
3.8 
7.7 
7.8 

94.0 7.7 

PU24 1 
0.0 
0.1 
0.4 
0.4 
0.4 

3.7730 

0.7500 
3.7530 
0.7500 
0.7530 
0.7500 
3.7500 
0.7500 
0.7500 
0.7430 

0.7500 
0.7-00 

E I O l I 8  
a636.2 
4374.0 
4264.6 
4260.0 
4272.7 
4273.9 
6274.4 
4274.5 
4274.6 
4274.6 
4T74.7 

3 0  3.7E3C 13295.3 241G.3 9.0 205.4 20438.3 

TOTAL 
HM 

4528.7 
4521 -2  
4509.5 
4509.5 
4509.6 
4509.9 4510.0 

4510.0 
4510.0 
4515.0 
4510.0 
4510.0 

Axial Blanket 
C A D A C I  TV 

V C A Q  FACTOP 
1 0.7530 
7 0.7500 

F l  SS I L E  

0.0 0.0 
0.. 0 0.0 

PU242 PU TH232 
4482.4 
4433.5 
4384.9 
438h. 8 
4 3 R - a  2 
4386. I 
4386.4 
438h.6 
4356.6 
4386.6 
4386.6 
4386.6 

U233 
46 .2  
R7.7 

11235 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
5.0 
0.0 

U23R PU239 'U240 
0.0 0.0 0.0 

PU241 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 0.0 3.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 

3 0.7500 
4 0.7500 
5 0.7500 
6 0.7500 
7 3.7500 

12417 
124 e 7  
124 - 4  
123.8 

5.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

123 -5 
123.4 
1P3 
123.4 
123 
123 - 4  

0.0 0.0 0.0 
0.0 0.0 0.0 

5.0 0.0 
0.0 0.0 
J.0 0.0 

0.0 3.0 0.0 
0.0 5.0 0.0 

0.0 3.0 0.0 1 0  0;7500 
1 1  3.7500 
1 2  0.7500 

WARS 13 THPU 29 S A M ?  A S  ABOVE 

0.0 0.0 0.0 0.0 0.0 3303.h 256 r 3  0.0 0.0 13560.0 

TOTAL 
HU 

5900 -9 
5978.5 
5974.7 
5969.4 
5962.7 
5954.7 
5954.2 
5953.6 
5953.2 
5953.1 
5953.0 
5952.9 

3 0  0.7530 

Radial Blanket 
F I S S I L E  

0.0 0.0 

3.0 0.0 
0.0 0.0 
3.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
5 . 0  0.0 
0.0 0.0 
0.0 0.0 

PU242 PU 

0.0 0.0 

C A O A C I  TV 
v r A ~  F A C T O R  

2 0.7530 
3 0.7500 
A 0.7530 
5 0.7500 
6 0.7500 
7 0.7500 

0 0.7500 
1 0  0.7500 

1 2  0.7500 

I 0.7500 

e 0.7500 

1 1  0.7500 

U23S U238 PU239 3U240 PU241 
0.0 0.0 0.0 0.0 0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

TH232 
5950 R 
5919.8 
5 A R R . 4  
5956.4 
W 2 4  3 
5792.1 
5790.1 
5788.3 
Cll86.9 
5'8h. 3 
5796.0 
5786.0 

U23 3 
30.1 
58.7 
Rf -3  

113.0 
138.5 
162 -7  
164.0 
165.4 
l e€  - 3  
l 6 h . 8  
166.9 
107.0 

.. 
0.3 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
3.0 
0.0 

3.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

YFAPS 13 THRU 29 SAME AS ABOVE 

0.0 0.0 0.0 0.0 0.0 61 2 - 4  0.0 0.0 3 5 8 1  4.6 3 0  0.7500 35202.1 

Ent i re  Reactor 

U235 
2.0 
1.7 
1.4 
1.5 
1. c 
I . =  1 4 4 G . h  93.6 7.5 0.3 

U238 ~~ PU239 
1229.8 33.9 
1360.5 66.6 
1372.8 90.7 
1447.3 94.5 
1448.6 94.0 

pU240 
1.0 
3.8 
7.7 
7.8 
7.7 

CAPACI TV 
V C A R  FACT79 TH232 

1 0.7500 15=3=.0 
? 0.75nn ~ A ? B Q . ~  

F I  SSlLE 

0.0 33.9 
3.0 66.7 
J.0 91.1 
0.0 94.8 
0.0 94.3 
0.0 93.9 
0.0 93.8 
0.0 93.8 
0.0 93.7 
0.0 93.r 
0.0 93.7 
0.0 93.7 

PU242 PU 
TOTAL 

17638.5 
17320.1 
17023.5 
1700.~ .  6 
17002.6 
17000.3 
17001 -6  
17001.0 
17001.6 

HH U233 
836.9 
897.9 
903.3 
045.4 
972.0 
99t .8 
999.4 
999.7 

1000 .A 
1001.2 
1001.4 
1001.5 

PU24 1 
3.0 
0.1 
0.4 
0.4 
0.4 

3 o i 7 5 0 0  i 4 6 4 7 i 3  

5 0.7500 14rr7e.~: 
4 0.9500 14506;.8 

6 0.7500 14450.9 
0.7500 14450.4 

R 0.7500 14449.3 

.. . ._ .._ 
1.5 1449;9 93.5 7.5 0.3 
1.5 1450.1 93.4 7.5 0.3 
1.5 1 4 5 0 . 1  93.4 7.5 0.3 
1.5 1450.1 93.4 7.5 0.3 

9 0 ; 7 5 0 0  i 4a4s ; i i  
I O  0.7530 14447.5 
I 1  C.7500 f4447.3 
12 0.7500 14647.2 

1.5 1450.1 93.4 7.5 0.3 
1.5 1450.2 93.4 7.5 0 -3  

VFAPS 1 3  THPU 2 9  S A M F  A S  ABOVE 

6.0 4504.0 204.9 12.3 0.5 30 0.7500 r j i 4 0 1 . 0  32R4 - 1  0.0 205.4 6 9 8  12 - 7  



II 
i

.
 

Y 
4

r
 

w 0
 

0
 

4
 

m C
 

C
 y r 0
 c- L
 

lJ
 

0
 

h\
 

n
 

0
 

C
 

C
 

0
 

U
 

G
 

G
 

0
 

3
 

t
 

0
 

0
 

0
 

0
 

0
,
 

a
 

U
I 

0
 

-4
 

c
 

<
 

r
r
r
 

K
I 

A
 C

 G
 V
 a
 -4

 0
 U
l 

L
 N

 - D a n
 

o
~

~
o

o
c

o
o

o
c

o
c

n
~

 
+

4
4

-
4

+
d

+
<

-
4

4
d

*
n

s
-
 

U
I m

 D
 cn

 U
I rn

 m
 0

1
 U
I U

I m
u

-4
 n
 

...
...

...
...

 
C

C
C

O
O

C
C

O
G

C
C

C
O

-
 

o
G

c
O

O
O

C
O

O
O

O
C

~
-

l
 

<
 

C
 

< 
O

C
C

C
O

O
O

O
O

C
C

O
~

 
...

...
...

...
...

 
>

 
C

~
C

O
C

,G
O

C
O

C
 G

C
C

 
I1

 
Lp

 

e
 

C
 

c 
tT 

-.I
 

...........
.rn 

a 
G

C
G

G
O

O
O

O
G

O
O

O
L

 

I
 

G
O

O
O

O
O

O
O

G
G

O
C

 

L
 

D
 

N
 

C
 

Y
 

O
O

G
O

O
O

O
O

O
O

O
O

L
 

u)
 
...

...
...

...
 n 

D
 

O
G

G
C

O
O

O
O

O
O

O
O

 
I
 

m
 

- L 
D
 

C
 

v
) 

N
 

O
O

O
O

O
O

O
O

O
O

V
G

P
 

3:
 

0
0

0
0

0
0

0
0

0
0

0
0

 
3
 

D
 
...

 ........eo 
< ll
 

D
 

C
 - n. 

G
O

O
C

G
O

O
V

O
C

O
O

P
 

o
o
o
o
o
o
o
o
c
o
o
o
 

...
...

...
...

 c U C
 

N
 

0
0
0
0
0
0
0
0
O
0
0
0
P
 

...
...

...
...

 N 
0
0
0
0
0
0
0
0
0
0
0
0
 

n - VI
 

P
ln

 
O

~
O

O
O

O
O

O
O

O
O

O
C

-
 

...
...

...
...

 r 
0
0
0
0
0
0
0
0
0
0
0
0
 

in
 

e
m

-
c

c
e

c
c

c
e

c
c

 

o
<

 
. I

n 
o

*
 

T:
 

v
 
c
 

L
 

G
 

.
-

r
 

o
x

 
C

 

N
 

9
 

0
 

.
v

)
 

O
D

 
I
 

rn D
 

!n 
P

>
 

O
J

 
.
i
 

<
 

in 

0
 

0
 

0
 

0
 

c lu
 

O
O

O
O

O
C

O
O

G
O

O
O

la
 

...
...

...
...

 (Jl 
C

O
O

C
C

C
0

G
C

C
C

O
 C

 
h

 
O

C
G

O
C

O
C

O
O

C
G

C
W

 
.

.
.

.
.

.
.

.
.

.
e

.
n

 
0
0
0
0
0
0
0
0
G
0
0
0
 U
 

C
 

N
 

~
0

0
0

0
0

0
0

0
O

0
0

L
J

 
...

...
...

...
 0 

O
O

O
G

U
O

O
O

O
C

O
O

 U C
 

N
 

P:
:?

P?
PP

?P
PP

g 
0
0
0
0
0
0
0
0
0
0
0
0
 T: C
 

N
 

0
0
0
0
0
0
0
0
0
0
0
0
~
 

O
C

O
O

O
O

O
O

O
G

O
O

 
...

...
...

...
 - U
 
c
 

N
 

O
O
O
O
O
O
O
O
O
O
C
O
P
 

...
...

...
...

 N 
0

0
0

0
0

0
0

0
0

0
0

O
 

n ”
 

ln 
O

V
I 

0
 

o
o
o
o
o
o
o
o
o
o
o
o
c
-
 

...
...

...
...

 r 
o
 

o
o
o
o
o
o
o
o
o
o
o
o
 

m
 

L
. c 0
 

4
 

VI
 

C
 

e
 

L
 

w
 
0
 u c
 

N
 n ’n
 
c
 

PP
P?

PP
PP

P:
PP

:%
 

4
 4
-
4
-
4
4
4
4
 4

-
4

4
4

-
4

n
l-

 

0
0

C
Q

O
O

C
C

0
C

G
C

G
~

 
o

c
o

o
c

o
o

c
o

o
c

o
u

-
4

 
<

 

UI
 m
o
m
 ul

u
l U

IU
I U

I U
I V

I (
n 
-I
 n

 

C
 

0
 

<
 

o
o

o
o

o
o

o
o

o
o

o
c

w
 

. m
 

..
..

..
..

..
..

w
 

G
 

D
 

O
O

G
O

G
G

0
O

O
O

C
G

 
a VI
 

c
 

C
 

LL
 

c
 

o
o

o
o

o
o

o
c

o
o

c
o

e
 

. +
 
...

...
...

...
(D

 
0
 
I 

0
0
0
0
0
0
0
0
0
0
0
0
 

c C N
 

0
 

0
 

C
O

G
O

O
O

O
O

O
O

O
O

w
 

. lJ
l 
...

...
...

...
 Q 

0
 

D
 

O
O

C
O

O
O

O
O

O
O

O
O

 

n 
rv

 

I
 

D
 

P
 

C
 

ln
 

N
 

O
 

G
O

O
O

O
O

O
G

O
O

O
O

P
 

. x
- 
...

...
...

...
 0 

0
 

m
 
o
c
o
o
o
o
o
o
o
o
o
o
 

rn
 9 

U
 

-
 

N
 

0
 

0
0
0
0
0
0
0
0
0
O
0
0
P
 

0
 

0
0
0
0
0
0
0
0
0
0
0
0
 

...
...

...
.. .

r
 

U C
 

N
 

0
 

0
0
0
0
0
0
0
0
0
0
0
0
P
 

...
...

...
...

 N 
0
 

0
0

0
0

0
0

0
0

0
0

0
0

 

3. ln
 

U
ln

 
0

 
O

O
O

O
O

O
O

O
O

O
O

O
C

~
 

...
...

...
...

 r 
o
 

o
o

o
o

o
o

o
o

o
o

o
o

 
In 

c
 

W
 
G
 

C
 

J
 

VI
 
0
 
0
 

e
 

-4
 

P
 

P
 

-4
 

5
 

N
 a
 

P
 4 0
 

C
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

C
 

0
 

0
 

0
 

0
 

N
 
0
 

P
 

N
 u c
 

...
...

...
...

 DT 
4
-
4
 -4

 -4
 -

4 
-4

 4
 4
 4
 4
 -
4
4
 n
 D 

V
I (

F
 u
 cn

 V
I rn

cn
‘a

m
 m

 U
I U

I -
tn

 
o
o
o
o
o
o
o
o
c
o
o
o
o
-
 

O
O

C
O

O
O

O
O

C
O

G
G

ll
-

4
 

<
 

L
<

I,
 D

 
o 
J
 D

C
C

P
 u
 J

 D
D

C
 

0
0
 o
 o
 o
 o
 o
 J)

 ‘D
 ,
D 
n
 P

 w
 

lu
 N
 h

 N
 h
, 
N

 N
 - C Q

 W
 C

 h
i 

...
...

...
...

 b 
D

 0
1
 
P
 -4

 4
 Ul

 h
i (

u
 0
 0

 i
D 
P
 C
 

h:
 

<
 

o
c

o
o

o
o

o
o

o
o

G
c

c
 

T
 
...

...
...

...
.. 

D
 

O
O

O
G

O
O

O
O

C
C

O
G

 
ZI
 

0
 - 

r
 

W
 

6 

a 

O
O

O
O

O
O

O
O

G
C

O
O

L
 

-4
 
...

...
...

...
 19 

I
 

0
0

0
0

0
0

0
0

0
0

0
0

 

c
 

0
 

N
 

C
 

Q
 

N
 

O
O

C
O

0
0

0
0

0
0

0
0

~
 

V
I 
...

...
...

...
 a 

D
 

O
O

O
O

O
O

O
O

C
O

O
G

 
I:
 rn
 

U C
 

N
 

O
O
O
O
O
O
O
O
G
O
O
O
P
 

...
...

...
...

 c 
0
0
0
0
0
0
0
0
0
0
0
0
 P
 

C
 

N
 

0
0
0
0
0
0
0
0
0
0
0
0
P
 

...
...

...
...

 N 
0

0
0

0
0

0
0

0
0

0
0

0
 

a ”
 

ln
 

U
v
)
 

O
O

O
O

O
O

O
O

O
O

O
O

L
-
 

...
...

...
...

 r 
o
o
o
o
o
o
o
o
o
o
o
o
 m

 

7 r 0 





43 

ORNL- 5 389 
Di s t r ibu t ion  Category UC-79 
Breeder Reactor Technology 

INTERNAL DISTRIBUTION 

1. L. S .  Abbott 
2. R. G. A l s m i l l e r ,  Jr. 
3. S .  Baron 
4. D. E. Bar t ine  
5. J. E. Bigelow 
6 .  R. A. Bradley 
7. R. E. Brooksbank 
8. W. D. Burch 

9-28. T. J.  Burns 
29. J. E. Carpenter 
30. J. C.  Cleveland 
31. W. B. C o t t r e l l  
32. J. G. Delene 
33. D. E .  Ferguson 
34. G. F. Flanagan 
35. H. Goldstein (Consultant)  
36. W. 0. H a r m s  
37. J. F. Harvey 
38. R. F. Hibbs 
39. H. W. Hoffman 
40. F. J.  Homan 
41. J. D. Jenkins  
42. P. R. Kasten 
43. W. J. Lackey 
44. R. E.  Leuze 
45. M. Levenson 
46. A. L. Lo t t s  
47. F. C.  Maienschein 
48. R. E. MacPherson 
49. F. J.  Muclcenthaler 
50. F. R. Mynatt 

51. 
52. 
53. 
54. 
55. 
56. 
57. 
58. 
59. 
60. 
61. 
62. 
63. 
64. 
65. 
66. 
67. 
68. 
69. 
70. 
71. 
72.  
73. 

74-75. 
76.  

77-78. 
79.  
80. 
81. 

K. J. Notz 
P. P a t r i a r c a  
R. W. Peelle 
H. Postma 
J. E. Rushton 
T. F. Scanlan 
D. L. Selby 
I. Spiewak 
W .  E.  Thomas 
D. B.  Trauger 
W. E.  Under 
B. L. Vondra 
C.  R. Weisbin 
J. E. White 
J. R. White 
G. E. Whitesides 
G. D.  Whitman 
R. B.  Wichner 
A. Zucker 
P. Greebler (Consultant)  
W. Loewenstein (Consultant)  
R. E. Uhrig (Consultant)  
R. Wilson (consul tan t )  
Central  Research Library 
ORNL Y-12 Technical Library 

Document Reference Sec t ion  
Laboratory Records Department 
Laboratory Records, ORNL RC 
ORNL Pa ten t  Off ice  
RSIC 

EXTERNAL DISTRIBUTION 

82-83. D i rec to r ,  Reactor Research & Technology Divis ion,  DOE, 
Washington, D.C. 20545 

84. Di rec tor ,  Reactor Divis ion,  DOE-OR0 
85. Research and Technical Support Divis ion,  DOE-OR0 

86-291. For d i s t r i b u t i o n  under TID-4500 Category UC-79, Breeder 
Reactor Technology (Base) 

P 



3 


