


............................. . . .  ........................... ~. ~~ LEGAL NGTRCE ......... 

1 
! 
~ 

j 
' 4. L\ak*s cony wnrr.xnty or r e p t o s e n t s t i o n ,  expressed ~i implied, w i t h  r e s p e c t  fn tho rrccuvai.y, 
~ compJe+ennib, or i l se iu lneas  08 the i n f o r m a t i o n  contained i o  t h i s  report ,  ~r thnt ?ha :ssc of 

any Informorion, oppurotus,  melhod, or process d isc losed in t h i s  report rnoy n c r  irifrirrga 1 
p r i v a t e l y  o w w d  ri ,Ji>rs;  or I 

j 

This  report w a s  prepared 6 s  on account  of Gav*inment 5pmn:;omd work .  

itor ihe Commtss~on,  cor O h y  person acting on Lehclf ot the Conmis.;inn: 
N e i t h e r  tho  United States, 

B. Assw~res any licrbilities with t e s p s c t  i o  tkc use of, or for damages resul t ing  i r o r n  the use of 
oey information, opFarnius, nietttod, u i  process disclosed in thrs report. j 

i A s  used in t h e  above,  "person Y c t i n g  ~ r r  Lehulf of the  Conmiss ion"  includes any employee or 

1 cont iocior  of it le Cammissinn, or employee of  st.^!: con+wictor, 10 the erten? t h a t  suck e w p i o y e s  i 

~ 

or c:ontrtr< tor of the Commiss ion ,  c i  employee of s u c ~  ccwtroctot prepares, dissarniwtes,  or I 
~ p r n v i d o s  citcc5s to, o n y  informztion pvrsuanr t o  h i 5  srnp:oyment (ir controct w i t i  the Cc,mmissibn, j 
I or h i s  employment wi th  such cantrcctm. ~ 1 
1. .................... . . . . .  . . . . . . . . .  .~ ..... ................................ 

f 



Contrac t  N o .  W-7405-eng-26 

CHEMICAL TECHNOLOGY D I V I S I O N  

ENGINEERING DEVELOPMENT S T U D I E S  F O R  
MOLTEN-SALT BREEDER REACTOR PROCESSING NO- 1 

L .  E.  M c N e e s e  

NOVEMBER 1970 

OAK RIDGE NATIONAL LABORATORY 
Oak R i d g e ,  Tennessee 

opera t e d  by 
UNION CARBIDE CORPORATION 

f o r  the 
U.S. ATOMIC ENERGY COMMISSION 

3 445b 0514237 9 



ii 

Repor ts  p r e v i o u s l y  i s s u e d  i n  t h i s  s e r i e s  a r e  a s  f o l l o w s :  

Per iod  Ending December 1.966 
Per iod  Endi.ng March 1967 
Per iod  Ending June  1967 
Period Ending September 1967 
Per iod  Ending December 1967 
Per iod  Ending March 1968 
Per iod  Ending June 1968 
Period Ending September 1968 



iii 

CON TENTS 

Page 

V SUMMARIES.. . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . .  

2. SEMICONTINUOUS ENGINEERING EXPERIMENTS ON REDUCTIVE EXTRACTION 1 

2 . 1  

2.2 

2.3 
2 e Jc 

2.5 

2 .c 
2 . ‘7 
2.8 

2 . 9  

2.10 

Genera l  Opera t ing  Procedure . . . . . . . . . . . . . .  
D e s c r i p t i o n  of Major Processing Equipment . . . . . . .  
E x t r a c t i o n  Column . . . . . . . . . . . . . . . . . . .  
J a c k l e g  . . . . . . . . . . . . . . . . . . . . . . .  
Feed and Catch Tanks f o r  S a l t  and Metal  . . . . . . . .  
Treatment  Vesse l  f o r  S a l t  and Metal  . . . . . . . . . .  
T a n k S a m p l e r s .  . . . . . . . . . . . . . . . . . . . .  
F i l t e r s ,  F r e e z e  Valves ,  and L i n e s  . . . . . . . . . . .  
I n s t r u m e n t a t i o n  and Con t ro l  . . . . . . . . . . . . . .  
Gas P u r i f i c a t i o n  and Supply Systems . . . . . . . . . .  

3 

3 

5 

5 
6 
6 
7 

9 
3 

12 

3 .  ELECTROLYTIC CELL DEVELOA!ENT . . . . . . . . . . . . . . . .  14 

3 .1  Exper imen ta l  Equipment  . . . . . . . . . . . . . . . .  15 
3.2 R e s u l t s . .  . . . . . . . . . . . . . . . . . . . . . .  16 

4. SEPARATION OF R A E  EARTHS FROM THORIeTM EY ilL4CTICONAL CRYSTALLIZATION 
FROM BISMUTH . . . . . . . . . . . . . . . . . . . . . . . .  2 2 

1 c . l  P h y s i c a l  P r o p e r t i e s  oE M a t e r i a l s  Considered . . . . . .  23 

14.2 Conceptual  Design of  a ThBi P r e c i p i t a t o r  . . . . . . .  24 
2 

4.3 E s t i m a t i o n  of t h e  Minimum Cross  S e c t i o n  f o r  t h e  P r e c i p i t a t o r  
S e c t i o n .  . . . . . . . . . . . . . . . . . . . . . . .  26 

4.4 Es t ima ted  Length of P r e c i p i t a t o r  S e c t i o n  . . . . . . .  28 

4.5 Summary and Conclus ions  . . . . . . . . . . . . . . . .  57 

5. MATERIAL BALANCE CALCULATIONS FOR AN MSER . . . . . . . . . .  38 

5 . 1  Compi la t ion  o f  MSBRNuclear Data . . . . . . . . . . .  38 

5.2 Material Balance Equa t ions  39 
5.3 Computation o f  Neutron Reac t ion  Rates  41 

. . . . . . . . . . . . . .  
. . . . . . . . .  



iV 

CONTENTS (Cont inued ) 
Page 

5.’+ Model f o r  D i f f u s i o n  o f  Noble Gases i n t o  Graph i t e  . . .  4 2 

C i r c u l a t i n g  Helium Bubhl-es 45 
5 .6  Assumed Chemi.ca1 Behavior o f  F i s s i o n  P roduc t s  . . . . .  46 
5.7 

S i n g l e - F l u i d  MSBR . . . . . . . . . . . . . . . . . . .  ’+ 7 

5 .5  Model f o r  t h e  Migration of Noble Gases and Noble Meta l s  t o  . . . . . . . . . . . . . .  

M a t e r i a l  Balance C a l c u l a t i o n s  f o r  a 1000-Mw(electr ica1)  

6 .  REFERENCES 49 

APPENDIX A.  LIBRARY OF NUCLEAR DATA FOR MSBR APPLICATIONS . . .  51 

APPENDIX 13. TYPICAL MATADOR OUTPUT FOR A 2250-Mw( t h e r m a l )  SINCLE- . . . . . . . . . . . . . . . . . . . . .  FLUID MSBR 6’7 



V 

S EMTCOS T IWJOUS ENGLNEE R I N G  EXPE RX?EIVS 
ON REDUCTIVE EXTRACTION 

Equipment h a s  been i n s t a l l e d  i n  Bldg. 5592 t o  p e r m i t  e n g i n e e r i n g  

s t u d i e s  on r e d u c t i v e  e x t r a c t  i on  i n  c o u n t e r c u r r e n t  c o n t a c t o r s .  The 

sys tem w i l l  a l l o w  t h e  c o u n t e r c u r r e n t  c o n t a c t  o f  up t o  l 5  l i t e r s  each  of 

mol ten  s a l t  and bismuth a t  f l o w  r a t e s  of 0.05 t o  0.5 l i t e r , /min .  Almost 

a l l  of the conponents  t h a t  c o n t a c t  s a l t  o r  bismuth a r e  f a b r i c a t e d  of 

ca rbon  s t ee l .  

2 - f t - l o n g  column ( e x c l u d i n g  end s e c t i o n s )  t h a t  i s  p c k c d  w i t h  s a l i d  

1 / 4 - i n .  r i g b t  c i r c u l a r  c y l i n d e r s  of molybdenum. 

The c o n t a c t o r  p r e s e n t l y  be icg  s t u d i e d  i s  a rl .&i-in0 -TD, 

The s a l t  and b ismuth  can  be p u r i f i e d  by c o s t a c t  wi th  HT3-HF mix tu res  
L 

fo l lowed by  f i l t r a t i o n  through porous molybdenum f i l c e r s .  “ r e  two phases  

can  be  sampled a t  var ics r~s  F o i c t s  i n  time system. 

ELECTROLYTIC CELL DEV EL0 WENT 

The f l o w s h e e t  under  c o n s i d e r a t i o n  f o r  p r o c e s s i n g  f u e l  from t h e  

proposed MSBR uses an  e l e c t r e l y t i c  c e l l .  F l u o r i d e s  of t h o r i e a  o r  

l i t h i u m  i n  a m o l t e n - s a l t  s t r eam a r e  reduced a t  t h e  bismuth cathode,  

w h i l e  m e t a l s  t h a t  a r e  e x t r a c t e d  i n t o  bismuth dre  e x i d i z e d  a t  t h e  

b ismuth  anode .  P re l imina ry  cxper in icn ts  m d e  i n  s t a t i c  c e l l s  con-  

s t r u c t e d  of  q u a r t z  show t h a t  t he  c u r r e n t  v a r i \ $ s  l i n e a r l y  w i t h  t h e  

a p p l i e d  p o t c n t i a l .  T h i s  i n d i c a t e s  t b e  absence of  a l i rn i t i r?g  c u r r e n t  in 

t h e  range  of  t h e  expe r imen t s  f o r  wbicl  t h e  h i g h e s t  average cirrerlt 
2 

d e n s i t y  was 14.35 amp/crn . 

SEPAMTXBN OF Ram EARTI-IS PROM TiICSRkUIM BY 
FRACTIOXAE CRYSTALLIZATION FROM BISW6TH 

The f e a s i l i i l  i t y  of s e p a r a t i n g  r a r e  ear t1 .s  from thoriurn i n  a b ismuth  

s o l u t i o n  by f r a c t i o z a l  c r y s t a  Elizatisn of ThEi was examined A poss ib l e  2 



v i. 

equipment c o n f i g u r a t i o n  was cons ide red ,  and a n  a n a l y s i s  was made of 

f a c t o r s  a f f e c t i n g  t h e  f r a c t i o n  o f  ThBi t h a t  cou ld  be p o t e n t i a l l y  re-  

cove red .  It was concluded t h a t  o p e r a t i o n  i n  t h e  env i s ioned  manner might 

be d i - f f i c u l t  because of t h e  need fo r  c l o s e  c o n t r o l  o f  n u c l e a t i o n  r a t e s .  

2 

MATERIAL BALANCE CALCULATIONS F O R  AN MSBR 

We have developed a computer code, MATA4DOR, t o  perform s t e a d y - s t a t e  

m a t e r i a l - b a l a n c e  c a l c u l a t i o n s  t h a t  d e s c r i b e  the n u c l e a r ,  chemical ,  and 

p h y s i c a l  p r o c e s s e s  o c c u r r i n g  i n  t h e  f u e l  s t r e a m  of an MSRR. T h i s  code 

a l l o w s  u s  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  chemical  p r o c e s s i n g  on t h e  

n u c l e a r  performance of a n  MSBR, t o  de t e rmine  f i s s i o n - p r o d u c t  i n v e n t o r i e s  

and h e a t - g e n e r a t i o n  r a t e s ,  and t o  s p e c i f y  f low r a t e s  of  s t r eams  i n  t h e  

chemical  p r o c e s s i n g  p l a n t .  The b u i l d u p  of t r ansu ran ium i s o t o p e s ,  t h e  

producti-on of a c t i v a t i o n  p r o d u c t s  by n e u t r o n  c a p t u r e  i n  t h e  c a r r i e r  s a l t ,  

and cha in -b ranch ing  i n  t h e  decay f i s s i o n  p r o d u c t s  a r e  c o n s i d e r e d .  

T h e  MATADOR code h a s  been used t o  compute i n v e n t o r i e s  and h e a t -  

g e n e r a t i o n  r a t e s  i n  t h e  f u e l  s t r e a m  of a 1000-Mw ( e l e c t r i c a l )  s i n g l e -  

f l u i d  MSBR; t h i s  i n fo rma t  i o n  i s  summarized f o r  t h e  r e f e r e n c e  r e a c t o r .  



1 INTRODUCTION 

A m o l t e n - s a l r  b r e e d e r  r e a c t o r  (MSBR) w i l l  be f u e l e d  w i t h  a molten 

f l u o r i d e  m i x t u r e  t h a t  w i l l  c i r c u l a t e  c o n t i n u o u s l y  th rough  t h e  b l a n k e t  

and c o r e  r e g i o n s  of t h e  r e a c t o r  and th rough  t h e  pr imary b e a t  exchanger .  

We a r e  d e v e l o p i n g  methods f o r  u s e  i n  a c l o s e - c o u p l e d  p r o c e s s i n g  f a c i l i t y  

f o r  removing f i s s i o n  p roduc t s ,  c o r r o s i o n  p roduc t s ,  and f i s s i l e  m a t e r i a l s  

from tlhe molten f l u o r i d e  m i x t u r e  

S e v e r a l  o p e r a t i o n s  a s s o c i a t e d  w i t h  MSBR p r o c e s s i n g  a r e  under  ; t i d y  + 

T h i s  s e c t i o n  d e s c r i b e s :  

c o n t i n u o u s  e n g i n e e r i n g  expe r imen t s  c?n r ed r i c t ive  e x t r a c t i o n ,  (2) e x p e r -  

iments  r e l a t e d  t o  the development of e l e c t r o l y t i c  c e l l s  f o r  u s e  w i t h  

mol t en  s a l t  and bismuth, ( 3 )  c o n s i d e r a t i o n  of s e l e c t i v e  c r y s t a l l i z a t i o n  

of  tho r ium b i smuth ide  from bismuth-thorium r a r e  e a r t h  solutions a s  a 

means f o r  s e p a r a t i n g  tho r ium f r o m  the r a r e  e a r t h s ,  and ( 1 ~ )  a computer 

code t h a t  c a l c u l a t e s  t h e  n u c l e a r ;  ckemical ,  and p h y s i c a l  processes:  

o c c u r r i n g  i n  the f u e l  s t r e a m  of ala MSBK. This  work was c a r r i e d  o u t  i n  

t h e  Chemical Technology D i v i s i o n  d u r i n g  t h e  p e r i o d  October  th rough  

December 1968. 

(1) a r e c e n t l y  completed f a c i l i t y  Ear s s m i -  

'2 e SEMICONTINUOUS ENGIKEERHMG EXFERIMENTS 
ON RE DUCT EVE EX1 RBC'T I O N  

I,. E .  McMcese B , A k1ati-a f (3rd 
€I. D. Coctiran, Jr. 

The proposed MSEK p r o c e s s i n g  method i s  based on r e d u c t i v e  E x t r a c t i o n ,  

u s i n g  c o u n t e r c u r r e n t  c o n t a c t  of mol t en  s a l t  and bicrnuth i n  : n u l t i s t a g e  

c o n t a c t o r s .  Equipment h a s  been f a b r i c a t e d  and i n s t a l l e d  i n  Bldg .  'j>$2 

f o r  e n g i n e e r i n g  s t u d i e s  of r e d u c t i v e  e x t r a c t i o n  i n  c o u n t e r c u r r e n t  con-  

t a c t o r s .  

LFF-BeF -ThF ) and l i q u i d  bismuth meLal. Uranium (abou t  0.3 mole % UF 

i n  the s a l t )  w i l l  be t r a n s f e r r e d  between t h e  s a l t  and t h e  metal. u s i n g  

tho r ium a s  t he  r e d u c t a n t  i n  the b i smutb .  T h e  s a l t  and tbc? m e t a l  w i l l  be 

c o n t a c t e d  c o u n t e r c u r r e n t l y  a t  600°C. 

These s t u d i e s  w i l l  be made u s i n g  molten s a l t  (pi-1.6-12 mole $ 

2 4  4 



One planned o b j e c t i v e  of t h e s e  expe r imen t s  i s  t h e  i n v e s t i g a t i o n  of 

mass t r a n s f e r  between t h e  s a l t  and bismuth under  di-Eferent  f 1 . o ~  c o n d i -  

t i o n s  i n  v a r i o u s  c o n t a c t i n g  d e v i c e s .  The e f f e c t i v e  o v e r a l l  m a s s - t r a n s f e r  

c o e f f i c i e n t :  (or ,  e q u i v a l e n t l y ,  t h e  hei.ght e q u i v a l e n t  t o  a t h e o r e t i c a l  

s t a g e )  w i  11 be determined i n  s e v e r a l  expe r imen t s  w i t h  v a r i o u s  c o n t a c t o r s  

which incl-ude packed and b a f f l e d  columns. The m a s s - t r a n s f e r  performance 

i s  determined,  i n  p a r t ,  by t h e  hydrodynamic c o n d i t  i.ons i n  t h e  c o n t a c t o r ;  

i n f o r m a t i o n  on hydrodynamic c o n d i t i o n s  i.n packed columns w i l l  be i . n fe r r ed  

from measurements o f  t h e  p r e s s u r e  drop through the  column by ana logy  

t o  a water-mercury system b e i n g  s t u d i e d  by Watson.' The expe r imen t s  

should answer t h e  f o l l o w i n g  q u e s t i o n s :  

r a t e  beyond which t h e  col.umn w i l l  f l o o d ?  

d i s p e r s e d ,  o r  does channe l  t y p e  f low occur?  

a r e a  e x i s t s  f o r  mass t r a n s f e r ?  

complete  i n  t h e  end s e c t i o n s ,  o r  does e n t r a i n m e n t  p r e s e n t  a problem? 

( 5 )  How s e v e r e  a problem wi.1.l be caused by ax ia l .  backmixing, p a r t i c u l a r l y  

i.n t h e  s a l t  phase a t  h i g h  m e t a l  r a t e s ?  

(1) What i s  t h e  l i m i t i n g  f low 

( 2 )  Is  t h e  bismuth w e l l  

( 3 )  How much i n t e r f a c i a l  

( 4 )  I s  disengagement of t h e  phases  

A second o b j e c t i v e  is t h e  e v a l u a t i o n  of t h e  performance of aux-  

i l . i a r y  equipment n e c e s s a r y  t o  perform expe r imen t s  of  t h i s  t y p e .  Such 

i n f o r m a t i o n  w i l l  be used i n  d e s i g n i n g  subsequent  e x p e r i m e n t a l  faci.1 - 
i t i e s .  The f o l l o w i n g  components w i l l  be  inc luded  i n  t h e  e v a l u a t i o n :  

f r e e z e  v a l v e s ,  f i l t e r s ,  i n s t r u m e n t a t i o n ,  and supply systems f o r  argon,  

hydrogen, and hydrogen f l u o r i d e .  

We p l a n  t o  de t e rmihe  t h e  p robab le  l i - fe tkme f o r  f r e e z e  v a l v e s  

s u b j e c t e d  t o  r e p e a t e d  f r e e z e - t h a w  c y c 1 . e ~  s i n c e  we expec t  them t o  f a i l  

e v e n t u a l l y  under  such s t r e s s ;  i n  a d d i t i o n ,  w e  wi-11 s tudy  t h e  perform- 

ance  of  f r e e z e  v a l v e s  c o n t a i n i n g  two f l u i d  phases .  The performance o f  

f i l t e r s  w i t h  t h e  p o s s i b l e  en t r a inmen t  of  a second f l u i d  i s  a l s o  o f  

i n t e r e s t .  As a p a r t  o f  t h e s e  s t u d i e s ,  we wish t o  de t e rmine  whether 

ca rbon  s t e e l  i s  a s u i t a b l e  s t r u c t u r a l  m a t e r i a l  f o r  s h o r t - t e r m  u s e  i n  

expe r imen t s  of t h i s  kind,  and whether  g r a p h i t e  i s  a s u i t a b l e  m a t e r i a l  

i n  which t o  h y d r o f l u o r i - n a t e  t h e  s a l t  and m e t a l  m i x t u r e .  
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I n  c a r r y i n g  o u t  t h e  expe r imen t s  o u t l i c e d  above, w e  w i l l  g a i n  o p e r -  

a t i n g  e x p e r i e n c e  and c o n f i d e n c e  i n  handling t h e  p r o c e s s  f l u i d s .  W e  w i l l  

a l s o  uncover  a r e a s  o f  u n f o r e s e e n  d i f f i c u l t y ,  where f u r t h e r  developmental  

work may be needed. 

2.1 Genera l  O p e r a t i n g  Procedure 

P r i o r  t o  an  experiment ,  s l i g h t l y  more than 15 l i t e r s  of s a l t  and 

15 l i t e r s  of 1iisiiruCh w i l l  be  p r e s e n t  i n  the t roa t i aen t  vas~el. T h i s  

m a t e r i a l  w i l l  b e  h y d r o f l u o r i n a t e d  t o  r c t u r n  l ichicjn- ,  thar iurr ,  urariiiim, 

c t c .  t o  t h e  s a l t  phase,  and t o  remove o x i d e s  trmi t h e  s a l t .  After 

s u i t a b l e  s p a r g i n p  w i t h  argon t o  remove :'IF dnd P,,, s a l t  (15 l i t e r s )  w i l l  

be  t r a n s f e r r e d  t o  t h e  s a l t  feed tank, l m v i n g  a hee l  abou t  1/2 i n .  deep 

i n  t h c  t r e a t m e n t  vessel .  
t o  t h e  bismuth f e e d  tank,  l e a v i n g  a n  addi t iona l .  heel. o f  about 1 i n .  

F i n a l l y ,  r educ ta r i t  will b e  ~3ddc.d to t b ~ !  hiso:uth iq tl-le weka1 feed  

t a n k .  Samples of s a l t  and meta l  f e e d  w i l l  be wi thd ra tm.  

L- 

Then bismutlli (15 liters) w i l l  be  t r a n s f c r r e d  

During a n  experirnent,  s a l t  and metal may b e  t r ans fe r r ed  t h r m g h  t h e  

h r i r i g  t h i s  column a t  c o n t r o l l e d  f l o w  r a t e s  Iron 0.05 t o  0.5 l i t e r / r n i n .  

t r a n s f e r ,  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  colrmn can. be  numitored: and 

samples  can  h e  t a k e n  from t h e  sal t :  and t meta l  streams e x i t i n g  f r o m  

t h e  column. A f t e r  a n  experiment ,  t h e  s a l t  and t h e  m e t a l  may b e  sampled 

i n  the  c a t c h  t a n k s  beforcp b e i n g  t r a Q s f c r K r d  hack to t h c  t r e a t m e n t  v e s s e l .  

H y d r o f l u o r i n a t i o n  wmibd be  r e p e a t e d  t o  r c t u r n  l i t h i u m ,  thoriwn, nntl 

uranium t o  t h e  s a l t  p h a s e  p r i o r  t o  t h e  next r u n .  Thus3 t h e r e  w i l l  be  a 

c o n s t a n t  amount o f  each comporsnt i n  the  s y s t e m  ( n o t a b l y  iurnni-urn), 

e x c e p t  f o r  a known amount of t h o r i c m  w % i c h  will. be  added to the systriri 

i n  each  r u n .  M a t e r i a l - b a l a n c e  d e t e r m i n a t i o n s  w i l l  be  greatly f a c i l i t a t e d  

by t h i s  f a c t .  

2 .2  D e s c r i p t i o n  of  Major P rocess ing  Eqaripment 

A l l  components t h a t  contract  moiren s a l t  o r  b i s m u t h  a r e  l a b r i c a t e d  of 

c a r b o n  steel ,  e x c e p t  a s  n o t e d .  The major components i n  the s y s t e n  

f o r  h a n d l i n g  s a l t  and m e t a l  a r e  d e s c r i b e d  below and a r e  slxwn schernat i.caLly 

i n  F i g .  1. 
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2.3 E x t r a c t i o n  Column 

The f o u r  c o n t a c t o r s  t h a t  have  been Eabr i ca t ed  have t h e  same p h y s i c a l  

d imens ions :  0.82 I n .  ID x 2 f t  long,  exc lud ing  end s e c t i o n s .  I n  each,  

b i smuth  i s  in t roduced  th rough  a t u b e  (0.259 i n .  ID, 0,0 ;8- in .  w a l l  

t h i c k n e s s )  t h a t  p r o j e c t s  a t  r i g h t  a n g l e s  i n t o  t h e  end s e c t i o n  about  7/16 
i n .  above a s l o t t e d  g r i d .  The g r i d  a c t s  a s  a d i s t r i b u t o r  and r e s t r a i n e r  

f o r  t h e  packing .  S a l t  i s  withdrawn through an  ove r f low l i n e  1-11/16 i n .  

above t h e  bismuth feed  p o r t .  I n  t h e  bot tom end s e c t i o n ,  s a l t  i s  i n t r o -  

duced th rough  a 0 .259- in .  t u b e  a t  r i g h t  a n g l e s  t o  t h e  column 7/16 i n .  

be1c.w a s l o t t e d  r e s t r a i n i n g  g r i d  s i m i l a r  t o  t h a t  a r  t h e  t ~ p .  Bismuth 

f lows  from t h e  bot tom of t h e  end s e c t i o n  t-hrough a t u b e  1-11/16 i n .  

below t h e  s a l t  f e e d  p o r t .  

I n t e r n a l l y ,  t h e  f o u r  columns c o n t a i n  one of t h e  fo l lowing :  (1) l / k -  
in, r i g h t  c i r c u l a r  c y l i n d e r s  of  molybdenum ( v o i d  f r a c t i o n ,  about  40%); 
(2) 1 / 8 - i n .  r i g h t  c i r c u l a r  c y l i n d e r s  of molybdenum ( v o i d  f r a c t i o n ,  about  

405); ( 3 )  segmental  b a f f l e s  c o v e r i n g  36% o f  t h e  coluiim c r o s s  s e c t i o n  a t  

l / 2 - i n .  s,::cing; o r  ( ” )  open column area t h a t  could be packed l a t e r  or 

could  b e  used a s  a s p r a y  column. On t h e  b a s i s  of s t u d i e s  w i t h  t h e  w a t e r -  

mercury system, t h e  1 / 4 - i n .  packing looks  most promis ing .  The re fo re ,  

i t  w i l l  be  s t u d i e d  f i r s t .  

2 .4  J a c k l e g  

The  p r e s s u r e  d rop  a c r o s s  t h e  column w i l l  b e  measured w i t h  a j a c k l e g  

by u s i n g  t h e  f o l l o w i n g  procedure .  The s a l t  l e v e l  i n  tb.e j a c k l e g  w i l l  be 

measured u s i n g  a n  a rgon b u b b l e r .  The sum of  t h e  p r e s s u r e  r e s u l t i n g  f r m  

t h i s  head of  s a l t  and t h e  d i f f e r e n c e  i n  t h e  pressures i n  t h e  g a s  spaces  

above the  f l u i d s  i n  t h e  j a c k l e g  and t h e  C S l l l m r I  w i l l  be equal  t o  the s a l t  

p r e s s u r e  a t  t h e  bot tom of t h e  column. The p r e s s u r e  a t  t h e  bot tom of t h e  

column w i l l ,  i n  t u r n ,  e q u a l  t h e  p r e s s u r e  d rop  a c r o s s  t h e  column.. The 

s a l t  head  ir, t h e  column, t h e  bismuth h e l d  up i n  t h e  column, and t h e  

v i s c o u s  d r a g  i n  t h e  column w i l l  c o n t r i b u t e  t o  t h i s  p r e s s u r e  d r o p .  



The j a c k l e g  can  accommodate a head of  approx ima te ly  4 f t  of  s a l t .  

P r e l i m i n a r y  e s t i m a t e s  i n d i c a t e  t h a t  t h e  p r e s s u r e  drop a c r o s s  t h e  column 

may be  3 t o  6 f t  of  s a l t  under  c o n d i t i o n s  of  maxirnum f low.  The j a c k l e g  

w i l l  be p r e s s u r i z e d  i n  o r d e r  t o  o p e r a t e  under  c o n d i t i o n s  where t h e  

p r e s s u r e  drop i s  g r e a t e r  t h a n  4 ft of  s a l t .  

2.5 Feed and Catch Tanks f o r  Sa1.t and Metal  

The dup lex  f eed  and c a t c h  t a n k s  f o r  s a l t  and bismuth a r e  i d e n t i c a l  

i n  c o n s t r u c t i o n .  The f e e d  t ank ,  a n  i n n e r  c y l i n d e r  of 8 - i n .  sched 80 
pipe,  i s  des igned  t o  o p e r a t e  a t  p r e s s u r e s  up t o  50 p s i g  a t  600°C. 
t h e  i n n e r  f eed  t a n k  and t h e  o u t e r  c a t c h  t a n k  w i l l  ho ld  about  20 l i t e r s  

of  f l u i d .  We p l a n  t o  u s e  o n l y  abou t  15 l i t e r s  of s a l t  and 15 l i t e r s  of 

bismuth.  

Both 

The t o p  of each feed t a n k  c o n t a i n s  seven p o r t s :  (1) a n  i n l e t  p o r t  

(1 /2 - in .  p i p e  wFth a f i t t i n g  f o r  3 /8 - in .  t u b i n g ) ,  which does n o t  extend 

i n t o  t h e  t a n k ;  ( 2 )  a n  o u t l e t  li.iie (1 /2 - in .  p i p e  w i r h  a f i t t i n g  f o r  3/8- 
i n .  t u b i n g ) ,  which e x t e n d s  t o  w i t h i n  S / 2  i n .  o f  t h e  bottom o f  t h e  t a n k ;  

(3) a s p a r g e  and p r e s s u r i z a t i o n  p o r t  ( w i t h  a f i t t i n g  f o r  3 / 8 - i n .  t u b i n g ) ,  

which e x t e n d s  t o  w i t h i n  1/2 i n .  of  t h e  bottom of t h e  t a n k ;  ( 4 )  a l / P - i n .  

p i p e  ( w i t h  a f i t t i n g  f o r  3 / 8 - i n .  tubi-ng)  used a s  a thermocouple w e l l ,  

which. ex tends  t o  w i t h i n  S/2 i n .  of t h e  bottom o f  t h e  t a n k ;  ( 5 )  a 1 / 2 - i n .  

p i p e  w i t h  a f i t t i n g  f o r  a 1 / 2 - i n .  b a l l  v a l v e  and sampler  and a f i t t i n g  

f o r  1/4-j.n. t u b i n g  bel.ow t h e  v a l v e ;  ( 6 )  a 1 - i n .  p i p e  w i t h  a 1 - i n .  b a l l  

v a l v e  a s  a n  a d d i t i o n  p o r t ;  and (7)  a 1 /2 - in .  capped p i p e  a s  a spare  p o r t .  

Each c a t c h  t a n k  h a s  t h e  same p o r t s  a s  t h e  f eed  t a n k s  excep t  that:  no 

a d d i t i o n  p o r t  i s  p rov ided .  The o u t e r  s u r f a c e s  of  t h e  f eed  and c a t c h  

t a n k s  a r e  c o a t e d  w i t h  n i c k e l  al.uiiiimide t o  r e t a r d  o x i d a t i o n .  

2 .6  Treatment V e s s e l  f o r  Sa1.t and Metal  

The t r ea t iuen t  v e s s e l  c o n s i s t s  of a 304T, s t a i n l e s s  s t e e l  p r e s s u r e  

v e s s e l  t h a t  h o l d s  a g r a p h i t e  c r u c i b l e .  The c y l i n d r i c a l  p o r t i o n  o f  t h e  
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p r e s s u r e  vessel i s  26.5 i n .  long  (1/4- in .  w a l l  t h i c k n e s s )  and h a s  a 

s t a n d a r d  p ipe  cap  on each  end. 

600°C a t  a p r e s s u r e  of 50 p s i g .  

It i s  des igned  t o  w i t h s t a n d  -%-HF a t  
L 

X- 
The i n n e r  c r u c i b l e ,  machined 01 g r a p i i i t e ,  h a s  an o u t e r  d i ame te r  of 

16.75 i n .  and i s  26.75 i n .  ( o v e r a l l )  h i g h .  The  w a l l  t h i c k n e s s  t a p e r s  

from 1.75 i n .  a t  the  bottom t o  0.75 i n .  a t  16.75 i n .  from t h c  bottom? and 

i s  uni form from t h e r c  t o  t h e  t o p .  The bot tom of t h e  c r u c i b l e  i s  1.75 
i n .  t h i c k .  The c r u c i b l e  lms a 16.75-in.-diam l i d ,  whose t h i c k n e s s  

v a r i e s  from 1 in* a t  t h e  r i m  t o  0.5 in- a t  t h e  c e n t e r .  The g r a p h i t e  

c r u c i b l e  r e s t s  on a s u p p o r t  p l a t e  i n s i d e  t h e  p r e s s u r e  ves sc l ,  and t h e  

l i d  i s  heEd I G O S e l y  i n  p o s i t i o n  by t h r e e  s t u d s  p r o j e c t i n g  krorn i n s i d e  

t h e  t o p  of t h e  p r e s s u r e  17essel. The v e s s e l  h a s  13 n o z z l c s ,  which. a r e  

d e s c r i b e d  i n  Tab le  1. 

2.7 Tank Samplers  

The t r e a t m e n t  v e s s e l  and t h e  f eed  and c a t c h  t a n k s  a r e  each  p r o -  

v ided  w i t h  a l / 2 - i n e  sched 40 p i p e  n o z z l e  f i t t e d  w i t h  a b a l l  v a l v e  and 

sampler .  These t a n k  samplers  hold f o u r  f r i t t e d  f i l t e r  s t i c k s  t h a t  

ex tend  through a Te f lon  p l u g  i n  the  t o p  and can  be lowered ( w h i l e  t he  

system i s  under  a rgon  p r e s s u r e )  th rough t h e  b a l l  va lve  i n t o  t h e  t a n k  

below.  Samples can  b c  drawn i n t o  t h e  f i l t e r  s t i c k s  by vacuum. Four  

samples  can be t aken  dur ing  one r u n .  

In a d d i t i o n  t o  t h e  f i v e  samplers  on t h e  vessels, there  a r e  two 

f lowing- s t r eam samplers ,  which o p e r a t e  i n  a manner s i m i l a r  t o  t h a t  of 

t h e  tank  sample r s .  These f lowing- s t r eam samplers  a l l o w  seven samples  

t o  be t a k e n  from each  of  two f lowing  s t r e a m s  d u r i n g  column o p e r a t i o n .  

One sampler  is  located on t h e  s a l t  r e t u r n  l i n e  (between the  column 

and t h e  s a l t  c a t c h  t a n k ) ,  and one i s  l o c a t e d  on the me ta l  r e t u r n  l i n e  

(between t h e  column and t h e  met-a1 c a t c h  t a n k ) .  

-E 
N o .  8735, Speer  Carbon GO.,  a D i v i s i o n  of A i r  Reduct ion Co., St. Marys, 
Pa - 



8 

T a b l e  1. D e s c r i p t i o n  of  N o z z l e s  on Trea tment  Vesse l  

Nozzle  
No. Used F o r  D e s c r i p t i o n  

1 Bismuth c h a r g i n g  

I , 

6 

7 

6 

9 

10 

11 

Bismuth s a m p l i n g ;  s a l t  
s a m p l i n g ;  g a s  -phase p r e s  - 
s u r e  c o n n e c t i o n .  

R e t u r n i n g  s a l t  f rom t h e  
s a l t  r e c e i v e r  

R e t u r n i n g  b i s m u t h  f rorn t h e  
b ismuth  r e c e i v e r  

T r a n s f e r r i n g  b ismuth  t o  
b ismuth  f e e d  [-aril< 

T r a n s f e r r i n g  s a l t  t o  t h e  
s a l t  f e e d  t a n k  

M o n i t o r i n g  l i q u i d  Levela  

S p a r g i n g  w i t h  H,-HF 

Adding s a l t  

S p a r e  

Theriaocouple w e l l  

i 

Making m i s c e l l a n e o u s  a d -  
d i t i o n s ,  o r  v e s s e l  v e n t i n g  

D r a i n i n g  v e s s e l  

2 - i n .  sched  1+0 p i p e ,  f l a n g e d  a t  t h e  t o p  t o  accom- 
modate  a c h u t e  f o r  l o a d i n g  b i s m u t h .  The g r a p h i t e  
l i d  below t h i s  n o z z l e  h a s  a 1 . 6 2 5 - i n . - d i a m  h o l e  
with a removable  p l u g .  

0 . 5 - i o .  sched  'IO p i p e  w i t h  b a l l  v a l v e  and s a m p l e r .  
The l i d  i s  f i t t e d  w i t h  a 1 - i n . - I D  g r a p h i t e  p i p e  
i n t o  which  t h e  C . 5 - i n .  p i p e  s l i p s .  The g i - a p h i t e  
p i p e  e x t e n d s  t h r o u g h  t h e  g r a p h i t e  l i d  and i n t o  t h e  
c r u c i b l e  f o r  a d i s t a n c e  of  1 i n .  

3 . 5 - i n .  sched  $J p i p e  n o z z l e  c o n t a i n i n g  a s l e e v e d  
0 . 3 i ' j - i n .  -OD t u b e .  Below t h e  c a r b o n - s t e e l - t o -  
molybdenum t r a n s i t i o n ,  t h e  3.575-in.-OD molybdenum 
t u b i n g  e x t e n d s  4 i n .  below t h e  g r o p h i t c  i j d .  

I d e n t i c a l  t o  n o z z l e  No. 3 .  

0 . 5 - i n .  sched  40 p i p e  n o z z l e  c o n t a i n i n g  a s l e e v e d  
O.:Tj-in.-OD t u b e  t h a t  e x t e n d s  t o  w i t h i n  0.5 i n .  
o f  t h e  bot tom o f  t h e  c r u c i b l e .  The t u b i n g  t h a t  
e x t e n d s  i n t o  t h e  c r u c i b l e  i s  made o f  molybdenum. 

S i m i l h r  t o  n o z z l e  N o .  5; s e t  so t h a t  15 l i t e r s  o f  
s a l t  c a n  b e  t r a n s f e r r e d  t o  t h e  s a l t  f e e d  t a n k ,  
l e a v i n g  a 0 . 5 - i n .  h e e l  o f  s a l t  on t o p  o f  t h e  
b isrnutii . 
S i m i l a r  t o  n o z z l e  N o .  5. 

S i m i l a r  t o  n o z z l e  No. j .  

S i in i la i -  t o  n o z z l e  No. 3 .  

S i m i l a r  t o  n o z z l e  No. 3 .  

0 . 5 - i n .  sched  1~3 p i p e  w i t h  f i t t i n g s  f o r  3 . 5 - i j - i n . -  
OD t u b i n g  

1 - i n .  sched  LiC p i p e ,  w i t h  b a l l  v a l v e .  

0 . > - i n .  sched  '+C p i p e  e x t e n d i n g  from t h e  b o t t o m  of 
t h e  p r e s s u r e  v e s s e l ;  t h i s  l i n e  i s  capped .  

aActs a s  a b u b b l e r  t y p e  of l i q u i d - l e v e l  m o n i t o r .  



2.8 F i l t e r s ,  F reeze  Valves,  and L i n e s  

The expe r imen ta l  f a c i l i t y  h a s  two f i l t e r s ,  one of which i s  l o c a t e d  

on each o€ t h e  Lines  between t h e  t r e a t m e n t  v e s s e l  and t h e  s a l t  and meta l  

f eed  t a n k s .  These f i l t e r s ,  made o f  f r i t t e d  molybdenum, have  a nominal 

pore  s i z e  of  25 p. The p e r m e a b i l i t y  of  each  f i l t e r  was measured be fo re  

and a f t e r  f a b r i c a t i o n ,  and was found t o  be  abou t  400 cm3 (STP)  c m  -2 

(cm 
bypassed i f  n e c e s s a r y  L1 

a t  a p r e s s u r e  d i f f e r e n t i a l  o f  1.5 c m  Hg. Both f i l t e r s  can b e  

S a l t  and metal. f lows  through t h e  f a c i l i t y  a r e  d i r e c t e d  by 10 f r e e z e  

v a l v e s  i n  t h e  t r a n . s f c r  l i n e s ,  l o c a t e d  a s  i n d i c a t e d  i n  F i g .  1. These 

v a l v e s  a r e  s imply  d i p s  ( i n  t h e  ca rbon  s t ee l  t u b i n g ) ,  which a r e  f i t t e d  

w i t h  a i r  c o o l i n g  l i n e s .  Those f r e e z e  v a l v e s  t h a t  must be  c l o s e d  b e f o r e  

any  s a l t  o r  m e t a l  can  be  t r a n s f e r r e d  from t h e  t r e a t m e n t  vesse l  were 

equipped w i t h  s m a l l  r e s e r v o i r s  ( a b o u t  50 crn 1 o f  bismuth p r i o r  t o  be ing  

welded i n t o  t h e  l i n e s .  The f a c i l i t y ,  which i s  o f  welded c o n s t r u c t i o n ,  

c o n t a i n s  approx ima te ly  2G0 f t  of s a l t  and m e t a l  t r a n s f e r  l i n e s  (3 /8- in .  

and 1 /2 - in .  p r e s s u r e  t u b i n g ) .  

4 

2.9 I .3s t rumenta t ion  and C o n t r o l  

Tne p r i n c i p a l  o b j e c t i v e  of  t h e  i n s t r u m e n t a t i o n  and c o n t r o l  sys tem 

i s  t o  p rov ide  c l o s c l y - r e g u l a t e d  l l o w s  of bismuth and mol t en  s a l t  t o  t h e  

e x t r a c t i o n  column. The r ange  of f low r a t e s  provided  f o r  b o t h  1,ismuth 

and moLten s a l t  i s  nominal ly  40 t o  300 ml/rnin, co r re spond ing  t o  e x p e r i -  

ment d u r a t i o n s  of abou t  5 t o  O*> h r .  P r e s s u r e s  and l i q u i d  l e v e l s  i n  

t h e  s ix  v e s s e l s  ( t r e a t m e n t  v e s s e l ,  f eed  and c a t c h  t anks ,  and j a c k l e g )  

o f  t h e  f a c i l i t y  a r e  sensed  by Foxboro d i f f e r e n t i a l - p r e s s u r e  t r a n s m i t t e r s ,  

which send s i g n a l s  t o  m i n i a t u r e  pneumatic r e c o r d e r s  o r  c o n t r o l l e r s .  

L iqu id  l e v e l  i s  j n f e r r c d  from t h e  p r e s s u r e  of t h e  a rgon  t h a t  i s  s u p p l i e d  

t o  a d i p - l e g  bubb le r  i n  each  t a n k .  Flow r a t e s  o f  b i smuth  and s a l t  t o  

t h e  column a r e  c o n t r o l l e d  by r e g u l a t i n g  the r a t e  o f  change o f  l i q u i d  

l e v e l  i n  t h e  two f eed  t a n k s .  T h e  l o c a t i o n s  of s a l t - a r g o n  and salt- 
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bismuth i n t e r f a c e s  i n  t h e  column a r e  no t  d i r e c t l y  measured, b u t  can be 

determi-ned from p r e s s u r e  measurements.  The feed and c a t c h  t a n k s  and t h e  

t r e a t m e n t  v e s s e l  a r e  maintained a t  t h e  d e s i r e d  t e m p e r a t u r e s  by a u t o m a t i c  

c o n t r o l l e r s ;  t r s n s f .  ::-li.iie t e m p e r a t u r e s  and t e m p e r a t u r e s  of small  com- 

ponents  a r e  c o n t r o l l e d  by manually regu1.ating t h e  a p p r o p r i a t e  v o l t a g e  

t r a n s f o r m e r s  Lhat supp ly  power t o  Calrod t u b u l a r  h e a t e r s .  

F i g u r e  2 i s  a s chemat i c  diagram of  t h e  c o n t r o l  system t h a t  r e g -  

u l a t e s  t h e  f low of bi.smuth o r  s a l t  t o  t h e  e x t r a c t i o n  column. It i s  

designed t o  c i rcumvent  t h e  f l o w - c o n t r o l  problems t h a t  sometimes occur  

when gas  p r e s s u r e  i s  used t o  m a i n t a i n  a c o n s t a n t  f low of l i q u i d  from a 

h e a t e d  f eed  t a n k .  An a d j u s t a b l e  ramp g e n e r a t o r  and an e l e c t r i c - t o -  

pneumatic c o n v e r t e r  a r e  used to l i n e a r l y  d e c r e a s e  t h e  s e t  p o i n t  of a 

c o n t r o l l e r  t h a t  s e n s e s  l i q u i d  l e v e l  i n  t h e  feed t a n k  and c o n t r o l s  t h e  

level.  by c o n t r o l l i n g  t h e  f l o w  r a t e  of p r e s s u r i z i n g  argon t o  t h e  g a s  

space  of t h e  feed t a n k .  The r e s u l t  should be a uniform1.y dec reas i -ng  

bismuth l e v e l  and, hence,  a uniform d i s c h a r g e  r a t e  of  bismuth o r  s a l t  

from t h e  t a n k .  T h i s  c o n t r o l  system should be u n a f f e c t e d  by s m a l l  

i -nc reases  i n  back p r e s s u r e  caused by changing column h y d r a u l i c s ,  p a r -  

t i a l  p lugg ing  o f  t r a n s f e r  l i n e s ,  d e c r e a s i n g  f eed  t a n k  l e v e l ,  e t c . ,  o r  

l eakage  of  p r e s s u r i z i n g  a rgon  ( a  small  argon. b l eed  i s  provided t o  

improve p r e s s u r e  c o n t r o l ) .  Small gas  p r e s s u r e  o s c i l l a t i o n s  caused by 

the t empera tu re  c y c l i n g  of a c o n v e n t i o n a l  t e m p e r a t u r e  c o n t r o l l e r  w i l l  

be  minimized by t h e  t ime - p r o p o r t i o n i n g  c o n t r o l l e r .  Rates  o f  t rans .Eer  

of s a l t  and me ta l  between t h e  c o l l e c t i o n  t a n k s  and t h e  t r e a t m e n t  

v e s s e l  need n o t  be c l o s e l y  r e g u l a t e d ;  t h e r e t o r e ,  manual  c o n t r o l  of  

p r e s s u r i z a t i o n  i s  u s e d .  

t i ea t ing  c i r c u i t s  a r e  manually c o n t r o l l e d  f o r  11 t r a n s f e r  l i n e s ,  

3 f lowing- s t r eam samplers ,  t h e  s a l t  j a c k l e g ,  and t h e  e x t r a c t i o n  column. 

011 t h e  t r a n s f e r  l i n e s ,  t h e  C a l r o d s r a t e d  ai; 230 v a r e  run a t  140 v o r  

less, and p r o v i d e  up t o  185 w p e r  f o o t  of 1i.ne. T y p i c a l l y ,  t e m p e r a t u r e s  

a t  t h r e e  p o i n t s  on each  l i n e  a r e  r e c o r d e d .  Approximately 100 p o i n t s  

a r e  recorded f o r  t h e  system. 

For obvious r e a s o n s  the  gas  b u b b l e r  method f o r  measuring s t a t i c  

head cannot  h e  used d i r e c t l y  i n  t h e  small-di.ametex e x t r a c t i o n  column. 
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F i g .  2. Schematic Diagram of C o n t r o l  System f o r  Mete r ing  Bismuth 
f r o m  t h e  P r e s s u r i z e d  Feed Tank, T-1.  
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However, t h e  b u b b l e r  t h a t  t e r m i n a t e s  n e a r  t h e  bottoin of t h e  j a c k l e g  can 

be used t o  de t e rmine  t h e  p r e s s u r e  a t  t h e  base  of t h e  column. T h i s  1 j qu id  

l e v e l  measurement, i n  c o n j u n c t i o n  w i t h  the  measurement O E  g a s  phase p r e s -  

s u r e  i n  t h e  j a c k l e g ,  w i l l  accormnodate a bismuth holdup i n  t h e  column 

approach ing  100% of t h e  open column volume. 

2.10 Gas P u r i f i c a t i o n  and Supply Systems 

Three g a s e s  a r e  r e q u i r e d  for t h e  expe r imen ta l  f a c i l i t y :  HF, hy -  

drogen, and a r g o n .  Because of t h e  h i g h l y  del-etei- ious e f f e c t  o f  small 

amounts of oxygen, t h e  nomina l ly  pure b o t t l e d  hydrogeL7 and a rgon  a r e  

f u r t h e r  p u r i f i e d  t o  remove t r a c e s  of  oxygen o r  w a t e r .  The anhydrous 

HF i s  g iven  no a d d i t i o n a l  p u r i f i c a t i o n ;  i t ,  a l o n g  w i t h  hydrogen, is  

used o n l y  i n  t h e  t r e a t m e n t  v e s s e l  f o r  h y d r o f l u o r i n a t i o n  of t h e  me ta l  

and t h e  s a l t .  A schemat i c  diagram f o r  each of t h e  t h r e e  supp ly  systems 

i s  shown i n  F i g .  3 .  

Highly p u r i f i e d  a rgon  i s  used f o r  a l l  a p p l i c a t i o n s  r e q u i r i n g  an 

i n e r t  g a s :  p r e s s u r i z a t i o n  of t a n k s  f o r  t r a n s f e r r i n g  bismuth and molten 

s a l t ,  d i p - l e g  b u b b l e r s  f o r  l i q u i d - l e v e l  measurements, pu rg ing  of appa-  

r a t u s  f o r  sampling bismuth and s a l t ,  e t c .  Cy l inde r  argon w i t h  a min i -  

mum p u r i t y  of 99.995% i s  fed,  f i r s t ,  t o  a bed oE molecu la r  s i e v e s  [ F i g .  

5 ( a ) ] ,  which r educes  t h e  w a t e r  c o n t e n t  t o  about  2 ppm (-100'F dew p o i n t ) .  

The argon then f lows  through a bed of  uranium melal t u r n i n g s ,  where t h e  

rcrnaining oxygen and w a t e r  a r e  removed. A porous s t a i n l e s s  s t e e l  fi1tc.r 

removes any uranium o x i d e  d u s t  t h a t  might bc c a r r i e d  from t h e  uranium 

bed by Lhe g a s  s t r eam.  The maximum a rgon  f low r a t e ,  based on t h e  c a -  

p a c i t y  of t h e  molecu la r  s i e v e  bed, i s  about  6 scfm. 

* 
The hydrogen p u r i f i c a t i o n  system i s  a commercial ly  a v i l a b l e  d e v i c e  

t h a t  p u r i f i e s  hydrogen by the s e l e c t i v e  d i f f u s i o n  of hydrogen a c r o s s  a 

pa l l ad ium a l l o y  b a r r i e r .  I m p u r i t i e s ,  a l o n g  w i t h  a sma l l  f l ow of hydrogen, 

a r e  c o n t i n u o u s l y  b l e d  from the  ups t r eam s i d e  of t h e  b a r r i e r .  The c a p a c i t y  

of  t h e  u n i t  i s  15 s c f h .  C o n t r o l s  f o r  t h e  p u r i f i e r  a r e  s e l f - c o n t a i n e d .  

* 
S e r f a s s  Hydrogen P u r i f i e r ,  product  of Mi l ton  Roy Co., St. Pe te r sburg ,  F l a .  
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The anhydrous HF supply system u t i l i z e s  sma l l  c a p i l l a r i e s  f o r  

m e t e r i n g ;  a pneumatic c o n t r o l l e r  m a i n t a i n s  a s p e c i f i e d  p r e s s u r e  d rop  

a c r o s s  a c a p i l l a r y  by c o n t r o l l i n g  t h e  BF g a s  supp ly  p r e s s u r e .  Th i s  i s  

ach ieved  by r e g u l a t i n g  t h e  t empera tu re  of t h e  w a t e r  b a t h  i n  which t h e  

I-IF supply t a n k  i s  suspended.  A c c i d e n t a l  o v e r h e a t i n g  of  t h e  IIF supply 

t a n k  i s  prevented by a swi.tch t h a t  r e l e a s e s  co ld  w a t e r  i n t o  t h e  b a t h i i  

t h e  t e m p e r a t u r e  exceeds 60°C. 
nominal ly  0 t o  0.2’5 l b  o f  HF p e r  h o u r ;  t h e  maximum range i s  0 t o  < l b  

p e r  hour .  A c a l i b r a t e d  weigh c e l l  p r o v i d e s  a means of checking t h e  

r a t e  of RF d e l i v e r y  and t h e  HF i n v e n t o r y .  

The mi-nimum flow range f o r  t h e  HF supply is 

3 .  ELECTROLYTIC CELL DEVELOPMINT 

M. S .  L i n  L.  E .  McNeese 

2 
I n  the  proposed MSBR f u e l  f lowsheet  u s i n g  r e d u c t i v e  e x t r a c t i o n ,  a n  

o x i d i z e r - r e d u c e r  i s  r e q u i r e d  (1) t o  c o n v e r t  e x t r a c t e d  m a t e r i a l s  t o  t h e i r  

f l u o r i d e s  i.n t h e  p r e s e n c e  of a s a l t  s t ream, and (2}  t o  reduce t h e  f l u o r i d e s  

of  l i t h i u m  and tho r ium a t  a bismuth ca thode .  E l e c t r o l y t i c  c e l l s  f o r  

s i m u l t a n e o u s l y  c a r r y i n g  o u t  t h e s e  o p e r a t i o n s  a r e  b e i n g  deve loped .  

The advan tages  of u s i n g  a n  e l e c t r o l y t i c  c e l l  a r e  a s  fol.1.ows: 

1. The o x i d i z e r  and r e d u c e r  a r e  coupled t o g e t h e r ;  t h u s  t h e  amounts 

of t h e  o x i d i z e d  and reduced p r o d u c t s  a r e  a lways  i n  t h e  c o r r e c t  

p r o p o r t  i o n .  

2 .  A c e l l  can be  adap ted  f o r  con t inuous  o p e r a t i o n .  

3 .  The r a t e  of  ox ida t ion - reduc tLon  can be r e g u l a t e d  by v a r y i n g  

t h e  c u r r e n t  f l owing  through t h e  c e l l .  

4. Use of a c e l l  p r o v i d e s  a c l o s e d  system and makes th . e  u s e  of  

a d d i t i o n a l  m a t e r i a l s  unnecessa ry .  

The major  i n f o r m a t i o n  needed f o r  d e s i g n i n g  a n  e l e c t r o l y t i c  c e l l  i s  

s i m i l a r  t o  t h a t  needed f o r  d e s i g n i n g  a c o n v e n t i o n a l  chemical  r e a c t o r ,  
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namely, i n f o r m a t i o n  conce rn ing  c a p a c i t y ,  e f f i c i e n c y ,  and s u i t a b l e  m a t e r i -  

a l s  o f  c o n s t r u c t i o n .  The c a p a c i t y  i s  main ly  de te rmined  by t h e  c u r r e n t  

d e n s i t y  o b t a i n a b l e  i n  a p r a c t i c a l  c e l l  c o n f i g u r a t i o n .  The o b t a i m b l e  

c u r r e n t  d e n s i t y ,  i n  t u r n ,  i s  de te rmined  by t h e  e l e c t r o d e  k i n e t i c s ,  which 

must be  e v a l u a t e d  e x p e r i m e n t a l l y .  The c e l l  c o n f i g u r a t i o n  depends upon 

t h e  s t a t e  oE t h e  r e a c t a n t s  and t h e  method f o r  d i s s i p a t i n g  t h e  h e a t  t h a t  

i s  gene ra t ed  by t h e  c e l l  r e s i s t a n c e .  F a c t o r s  which should  be  c o n s i d e r e d  

a r e :  (1) t h e  o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  o f  t h e  redox r e a c t i o n ,  ( 2 )  

t h e  energy  s p e n t  i n  overcrming tlic i n t e r n a l  c e l l  r e s i s t a n c e ,  ( 3 )  t h e  

o v e r v o l t a g e  caused by d i f f u s i o n  p o l a r i z a t i o n ,  i f  any, and (4) t h e  

o c c u r r e n c e  of s i d e  r e a c t i o n s  between t h e  o x i d a t i o n  and r e d u c t i o n  p r o d u c t s .  

Some o f  t h i s  i n f o r m a t i o n  can be  e s t i m a t e d  from cur ren t - ly  a v a i l a b l e  

d a t a .  For  example, c o n s i d e r a t i o n  was g i v e n  i n i t i a l l y  t o  s e l e c t i v e l y  

o x i d i z i n g  me ta l s ,  such a s  uranium, a t  t h e  anode+  However, w e  then  

r e a l i z e d  t h a t ,  under  t h i s  c o n d i t i o n ,  t h e  o p e r a t i n g  c u r r e n t  d e n s i t y  would 

be  l i m i t e d  by t h e  r a t e  of t r a n s f e r  of t h e  m a t e r i a l  t o  be ox id ized  t o  t h e  

anode s u r f a c e .  I n  t h e  c a s e  o f  uranium w i t h  a c o n c e n t r a t i o n  of  0.0016 

mole f r a c t i o n  i n  t h e  bismuth,  t h e  e s t i m a t e d  l i m i t i n g  c u r r e n t  d e n s i t y  i s  

0.15 amp/cm 

c m  / sec ,  an e s t i m a t e d  d i f f u s i o n  l a y e r  t h i c k n e s s  o f  5 x IO-' cm, and a 

bismuth volume o f  2 1 e 3  cc/g-atom). 

r e q u i r e  a n  anode a r e a  of :'l.p( E t  

which is  l a r g c r  t h a n  d e s i r e d .  The a l t e r n a t i v e  i s  t o  o x i d i z e  a major  

component, bismuth, a t  t h e  anode t o  produce b ismuth  f l u o r i d e ,  An a d d i -  

t i o n a l  s a l t  -metal  c o n t a c t a r  would b e  used  t o  s i m u l t a n c o u s l y  rchduce t h e  

bismuth f l u o r i d e  and o x i d i z e  t h e  m e t a l s  (uranium, l i t h i u m ,  thorium, e t c ,  ) 
i n  tlie bismuth s t r eam from t h e  r e d u c t i v e  e x t r a c t i o n  c o n t a c t o r .  The n e t  

e f f e c t  i s  t h e  same a s  f o r  d i r e c t ,  s e l e c t i v e  o x i d a t i o n  a t  t h e  anode.  

2 (based  on a uranium d i f f u s i v i t y  i n  bismuth3 of  2.5 x lo-' 
2 

A c u r r e n t  d p n s i t y  Lhis  l o w  would 

f o r  t h e  p r o t a c t i n i u m  isolation system, 2 

3 1 Exper imenta l  Equipment 

Exper imenta l  work t o  da& h a s  cnnsi .s ted of exper iments  in simple 

s t a t i c  c e l l s  c o n s t r u c t e d  o f  q u a r t z  e Quar tz ,  a t r a n s p a r e n t  m a t e r i a l  t h a t  

i s  compa t ib l e  w i t h  bismuth,  i s  a good e l e c t r i c a l  i n s u l a t o r .  Although i t  
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i s  a t t a c k e d  s lowly  by f l u o r i d e  sa l t . ,  i t  h a s  proved t o  be qui. te s a t i s -  

f a c t o r y  f o r  t h e s e  expe r imen t s .  

shown i n  F i g .  4 was p o t t e d  t o  a iiietal f l a n g e  by  u s i n g  a s i l i c o n e  rubbe r  

p r e p a r a t i o n . 2  

pa r tmen t s  by a v e r t i c a l  q u a r t z  d i v i d e r  3 j.n. h i g h .  The compartments were 

f i l l e d  w i t h  bi.smuth t o  w i t h i n  about  1/2 i n .  of t:he t o p  of t h e  d i v i d e r  t o  

The f l a t - b o t t o m e d  q u a r t z  t:ube (4 i n .  OD)  

The bottom. o f  t h e  c e l l  i s  s e p a r a t e d  i n t o  two equa l  com- 

2 produce e l e c t r o d e s  hav ing  a n  exposed a r e a  o f  about  30 cm each .  A 6 - i n . -  

deep l a y e r  of molten s a l t  (66-34 mole % LiF-BeF, ) coveri.ng t h e  e l e c t r o d e s  

se rved  a s  t h e  e l e c t r o l y t e .  Two molybdenum t u b e s  c o n t a i n e d  w i t h i n  q u a r t z  

s l e e v e s  were in t roduced  from t h e  t o p  o f  t h e  v e s s e l ;  t h e y  extended th rough  

t h e  molten s a l t  and t e rmina ted  n e a r  t h e  bottom of t h e  e l e c t r o d e  compart-  

ments, s e r v i n g  a s  the e l e c t r o d e  l e a d s  a s  w e l l  a s  g a s  s p a r g e  l i n e s .  These 

two t u b e s  were e l e c t r i c a l l y  i n s u l a t e d  from t h e  a rgon  s u p p l y  l i n e  w i t h  

s h o r t  s e c t i o n s  of p l a s t i c  t u b i n g .  Means f o r  o b t a i n i n g  f i l t e r e d  samples o f  

s a l t  o r  bismuth were p rov ided .  

2 

P r i o r  t o  each experiment, t h e  bi.sinuth was sparged w i t h  hydrogen a t  

700°C f o r  about  16 h r .  About 1.8 kg of  molten s a l t ,  which had been p ~ e -  

v i o u s l y  p u r i f i e d  by hydro f luo r ina t : i on ,  hydrogen r e d u c t i o n ,  and f i l t r a t i - o n ,  

was t h e n  in t roduced  i n t o  t h e  c e l l .  Viewing sl j- ts  were provided i n  t h e  

f u r n a c e  t o  a l l o w  o b s e r v a t i o n  of  t h e  s a l t  -bismuth i n t e r f a c e  i n  t h e  v i c i n i t y  

o f  t h e  q u a r t z  d i v i d e r .  P r i o r  t o  t h e  t r a n s f e r  of molten s a l t  t o  t h e  cel.1, 

t h e  bismuth. s u r f a c e  was c l e a n  and s h i n y  a l t h o u g h  i.t c o n t a i n e d  a sma l l  

amount of  f i l m .  A f t e r  i.ts t r a n s f e r  t o  t he  cell . ,  t h e  s a l t  appeared t o  be 

c o l o r l e s s  and q u i t e  t r a n s p a r e n t .  To preven t  ai:c i n l eakage ,  a s l i g h t  

p o s i t i v e  p r e s s u r e  was mai-ntained i n  t h e  gas  space  above t h e  s a l t  by a 

con t inuous  f low of a rgon  g a s .  F i g u r e  5 shows the q u a r t z  c e l l  a f t e r  

i n s t a l l a t i o n .  A 0- t o  12-v d c  power s u p p l y  was used t h a t  had a maxi-mum 

o u t p u t  of 250 amp a t  12 v .  Both th.e c e l l  c u r r e n t  and t h e  v o l t a g e  d i f -  

f e r e n c e  between e l e c t r o d e s  were recorded c o n t i n u o u s l y .  

3.2 R e s u l t s  

Two s e r i e s  of expe r imen t s  have been made i n  ce1l.s of  t h i s  t y p e .  

During each s e r i e s  of experiments ,  t h e  v o l t a g e  a p p l i e d  a c r o s s  t h e  



Cn 
m

 
cv 
c
)
 

0
. 

i 
B 



1% 

I 

Fig.  5. S t a t i c  E l e c t r o l y t i c  Cell After  I n s t a l l a t i o n .  



e l e c t r o d e s  was i n c r e a s e d  i n c r e m e n t a l l y  f rom an  i n i t i a l  v a l u e  of 2.6 v I  

i n  s t e p s  of  abou t  0.6 v, and o p e r a t i o n  of  t h e  c e l l  was obse rved .  

t h e  s a l t  n o r  t h e  bismuth e l e c t r o d e s  were sparged  w i t h  g a s  d u r i n g  t h e  

f i r s t  se r ies  o f  expe r imen t s ;  however, t h e  ca thode  was sparged  w i t h  a rgon  

d u r i n g  most of  t h e  second ser ies  o f  expe r imen t s .  

N e i t h e r  

The i n i t i a l  p o t e n t i a l  d i f f e r e n c e  between t h e  bismuth e l e c t r o d e s  was 

less t h a n  0.05 v (below r e c o r d e r  s e n s i t i v i t y )  b e f o r e  d c  v o l t a g e  was 

a p p l i e d  t o  t h e  c e l l .  The c e l l  p o t e n t i a l  (measured w i t h  t h e  power supp ly  

t u r n e d  o f f )  i n c r e a s e d  r a p i d l y  t o  2 v a f t e r  t h e  pas sage  o f  60 coulombs i n  

10 sec ,  t o  2 . 1  v a f t e r  t h e  passage  of  625 coulombs i n  125 sec ,  and t o  

2.25 v a f t e r  t h e  pas sage  of 9300 coulombs i n  61 min. 

remained a t  about  2 . 2  v t h e r e a f t e r .  The c e l l  p o t e n t i a l  was dec reased  when 

t h e  ca thode  was mixed v i a  a rgon  spa rg ing ,  b u t  s p a r g i n g  t h e  anode produced 

no change i n  c e l l  p o t e n t i a l .  T h i s  i n d i c a t e s  t h a t ,  a s  expec ted ,  t h e  com- 

p o s i t i o n  w i t h i n  t h e  bismuth phase  of t h e  anode compartment does  n o t  change, 

bu t  t h a t  t h e  bismuth i n  t h e  ca thode  c o n t a i n e d  l i t h i u m  a f t e r  t h e  passage  of  

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

The c e l l  p o t e n t i a l  

The c u r r e n t - v s - v o l t a g e  p l o t  o b t a i n e d  from t h e  expe r imen ta l  d a t a  

( F i g .  6 )  s u g g e s t s  t h a t  e s s e n t i a l l y  no l i m i t i n g  c u r r e n t  e x i s t s  i n  t h e  

range  covered by t h e  expe r imen t s .  The s l i g h t  upward t r e n d  seen  i n  one 

of t h e  c u r v e s  i n d i c a t e s  a s l i g h t  d e c r e a s e  i n  c e l l  r e s i s t a n c e ,  which can  

be a t t r i b u t e d  t o  an  i n c r e a s e  i n  c e l l  t e m p e r a t u r e .  T h i s  e f f e c t  i s  con-  

s i s t e n t  w i t h  v a l u e s  c a l c u l a t e d  from t h e  pub l i shed  e q u a t i o n  f o r  s p e c i f i c  

c o n d u c t i v i t y  of t h e  mol ten  s a l t  a s  a f u n c t i o n  of  t empera tu re .  The 
2 2 h i g h t e s t  ave rage  c u r r e n t  d e n s i t y  o b t a i n e d  was 4.35 amp/cm 

Higher  c u r r e n t  d e n s i t i e s  would be  expec ted  a s  t h e  a p p l i e d  p o t e n t i a l  i s  

i n c r e a s e d .  

4 

(4040 amp/ft  ). 

During each  se r ies  of  runs ,  t h e  f o r m a t i o n  of  a v e r y  f i n e l y  d i v i d e d  

d a r k  m a t e r i a l  was no ted  a t  t h e  anode .  With t h e  f i r s t  c e l l ,  t h e  m a t e r i a l  

was observed  t o  sp read  s lowly  th roughou t  t h e  s a l t  d u r i n g  t h e  f i r s t  10 min 

of  o p e r a t i o n .  T h i s  c e l l  was o p e r a t e d  w i t h o u t  e x t e r n a l l y  induced c i r c u -  

l a t i o n ;  c i r c u l a t i o n  was due  o n l y  t o  the rma l  c o n v e c t i o n .  The s a l t  remained 

opaque d u r i n g  t h e  remain ing  c e l l  o p e r a t i o n ;  however, it became t r a n s p a r e n t  

a f t e r  t h e  c e l l  had s tood  o v e r n i g h t ,  and o n l y  a s m a l l  amount of  d a r k  
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m a t e r i a l  was no ted  a t  t h e  s a l t - b i s m u t h  i n t e r f a c e .  A f t e r  t h e  second c e l l  

had been o p e r a t e d  f o r  10 s e c  ( i . e . ,  60 coulombs had been passed ) ,  t h e  

sa1.t immediately above t h e  anode appeared  t o  b e  l i g h t  brown. A t  t h i s  

p o i n t  t h e  ca thode  was sparged  w i t h  a rgon ;  t h e  s a l t  remained c l e a r .  

Then t h e  anode was s t i r r e d  by a n  a rgon  sparge ,  which r e s u l t e d  i n  d i s p e r -  

s i o n  of  t h e  m a t e r i a l  above t h e  anode throughout  t h e  s a l t .  The forma- 

t i o n  of  b l a c k  m a t e r i a l  a t  t h e  anode con t inued  f o r  a n  a d d i t i o n a l  125 sec 

( p a s s a g e  of 625 addi. t iona1. coulombs) .  

n i g h t ,  t h e  s a l t  became c l e a r  and con ta ined  on ly  a sma l l  amount of b l a c k  

m a t e r i a l .  No f u r t h e r  format ion  o f  b l a c k  m a t e r i a l  was noted  throughout  

t h e  c e l l  o p e r a t i o n  t h a t  fo l lowed .  During t h i s  t ime ( i . e . ,  a p e r i o d  of 

s e v e r a l  hours), c i r c u l a t i o n  of t h e  s a l t  was promoted by a n  a rgon  sparge 
i n  t h e  ca thode  chamber. 

A f t e r  t h e  c e l l  had s tood  o v e r -  

Gas was evolved from t h e  anode d u r i n g  t h e  e l e . c t r o l . y t i c  process ,  even 
2 a t  an  ave rage  c u r r e n t  d e n s i t y  a s  low a s  0.15 amp/cm . 

evidence  of  f l u o r i n e  e v o l u t i o n .  A s t a r c h  s o l u t i o n ,  th rough which t h e  c e l l  

o f f - g a s  bubbled, remained c l e a r  th roughout  t h e  c e l l  o p e r a t i o n  a l t h o u g h  

it  d i d  become s l i g h t l y  t i n t e d  a t  t h e  end of t h e  exper iment  when t h e  c e l l  

was i - n t e r n a l l y  s h o r t e d  and a r c i n g  was noted  between t h e  e l e c t r o d e s .  

Mass s p e c t r o m e t r i c  a n a l y s i s  of  t h e  c o l l e c t e d  o f f  -gas i n d i c a t e d  t h a t  t h e  

g a s  evolved from t h e  anode was S i F  and t h a t  t h e  SFF c o n c e n t r a t i o n  i n  

t h e  samples  i n c r e a s e d  a s  t h e  c u r r e n t  d e n s i t y  of  t h e  cel.1. was i n c r e a s e d .  

The g a s  was produced on t h e  anode s i d e  of  t h e  q u a r t z  d i v i d e r  which 

s e p a r a t e d  t h e  bismuth anode and t h e  c a t h o d e .  It was produced o n l y  d u r i n g ,  

o r  immediately a f t e r ,  t h e  pas sage  of c u r r e n t .  These o h s e r v a f i o n s  s t r o n g l y  

sugges t  t h a t  t h e  g a s  e v o l u t i o n  was t h e  r e s u l t  of a r e a c t i o n  of  BiF 

(produced a t  t h e  anode)  w i t h  t h e  q u a r t z  d i v i d e r .  

There  was no 

1-c 4 

3 

Sparg ing  t h e  ca thode  w i t h  a rgon  improved t h e  c o n v e c t i v e  h e a t  t r a n s f e r  

i n  t h e  c e l l  and kep t  t h e  t empera tu re  low i n  t h e  v i c i n i t y  o f  t h e  q u a r t z  

d i v i d e r .  Th i s  a1.1.owed o p e r a t i o n  wi.th a h i g h e r  ave rage  c u r r e n t  d e n s i t y  

(4.35 amp/cm w i t h  s p a r g i n g  v s  2.5 amp/cm wi-thout s p a r g i n g ) .  2 2 
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The c o n c e n t r a t i o n  of  bismuth ( p r o b a b l y  p r e s e n t  a s  BiF.)  i n  t h e  s a l t  
3 

i n c r e a s e d  w i t h  t h e  number of coulombs passed through t h e  c e l l ,  a l t h o u g h  

t h e  c o n c e n t r a t i o n  was on ly  10 t o  5O$ of t h a t  which would r e s u l t  i f  on ly  

RiF were produced and i t  a l l  remained i n  t h e  s a l t .  
3 

The f o l l o w i n g  c o n c l u s i o n s  have been drawn from t h e  e x p e r i m e n t a l  

r e s u l t s :  

1. There i s  no ev idence  of  a l i m i t i n g  c u r r e n t .  Opera t ion  of t h e  

c e l l  a t  a h i g h e r  c u r r e n t  d e n s i t y  w i l l  depend on t h e  a v a i l a b i l i t y  

of a s u i t a b l e  means f o r  removing t h e  h e a t  t h a t  i s  gene ra t ed  

by t h e  i n t e r n a l  c e l l  r e s i s t a n c e .  

2 .  A s u i t a b l e  e l e c t r i c a l  i n s u l a t o r  t h a t  will w i t h s t a n d  t h e  c e l l  

environment i s  needed. A t t e n t i o n  i s  b e i n g  g iven  t o  t h e  u s e  

of f r o z e n  s a l t ,  which i s  a s u f f i c i e n t l y  good e l e c t r i c a l  

i n s u l a t o r .  

3.  The c u r r e n t  e E f i c i e n c y  f o r  t h e  c e l l  can  be measured o n l y  i.n 

a f low c e l l .  Use of  a s t a t i c  c e l l  r e s u l t s  i n  r a p i d  a t t a i n m e n t  

of s t e a d y  s t a t e ,  where t h e  n e t  e f f e c t  of  c e l l  o p e r a t i o n  i s  

t h e  t r a n s f e r  o f  bismuth from t h e  anode t o  t h e  c a t h o d e .  

4. A more -de ta i l ed  s t u d y  of t h e  heat-removal  problem should be  

made. 

4. SEPARATTON OF RARE EAKTHS FROM THORIUM 
BY FRACTIONAL CRYSTALLIZATION FROM BISMUTH 

J. R. Hightower, J r .  L .  E .  McNeese 

A s  p r e s e n t l y  env i s ioned ,  removal of  t h e  l a n t h a n i d e  f i s s i o n  p r o d u c t s  
5 from a n  MSBR w i l l  be e f f e c t e d  by a m u l t i s t a g e  r e d u c t i v e - e x t r a c t i o n  system 

from which t h e r e  w i l l  be a d a i l y  d i s c a r d  of abou t  0.5 f t 3  of  s a l t  con- 

t - a in ing  0.69 mole s/. r a r e - e a r t h  f l u o r i d e s .  

lower c o n t a c t o r  of  t h e  r a r e - e a r t h  removal system w i l l  c o n t a i n  a p p r e c i a b l e  

c o n c e n t r a t i o n s  of thorium and t h e  r a r e  e a r t h s .  S i n c e  t h e  s o l u b i l i t y  

The me ta l  s t r e a m  l e a v i n g  t h e  



of  thor ium i n  bismuth is s i g n i f i c a n t l y  lower than  t h a t  of t h e  r a r e  

e a r t h s ,  much of t h e  thoriuin could  p o s s i b l y  be  s e p a r a t e d  from t h e  r a r e  

e a r t h s  by s e l e c t i v e l y  p r e c i p i t a t i n g  thor ium ( a s  ThBi ) from t h e  me ta l  

s t r eam.  I d e a l l y ,  t h e  p r e c i p i t a t e d  thor ium would be  r e d i s s o l v e d  i n  

bisrnul:li f o r  r e t u r n  t o  t h e  r a r e - e a r t h .  removal sys tem.  The p o t e n t i a l  

b e n e f i t s  of such  o p e r a t i o n  a r e  twofo ld :  (1) t h e  r e q u i r e d  c a p a c i t y  of 

t h e  e l e c t r o l y t i c  c e l l  used i n  t h e  sys tem would be reduced,  and ( 2 )  an  

a p p r e c i a b l e  s e p a r a t i o n  of t h e  r a r e  e a r t h s  from thor ium might b e  

a c h i e v e d .  

6 

2 

Although t h e  p h y s i c a l  chemis t ry  involved  i n  t h e  above procedure  

a p p e a r s  f a v o r a b l e ,  t h e  p r a c t 3 c a b i l i t y  o f  t h e  o p e r a t i o n  h a s  n o t  been 

e s t a b l i s h e d .  However, w e  have a t t empted  t o  e v a l u a t e  t h e  f e a s i b i l i t y  

of such  a n  o p e r a t i o n  by c o n s i d e r i n g  p o s s i b l e  equipment c o n f i g u r a t i o n s ,  

t h e  bismuth holdup r e q u i r e d ,  and a n t i c i p a t e d  a r e a s  o f  d i f f i c u l t y .  

4 . 1  P h y s i c a l  P r o p e r t i e s  of M a t e r i a l s  Considered 

3 Bismuth m e l t s  a t  271°C. A t  350°C i t  h a s  a d e n s i t y  of  9.97 g/cm 

and a v i s c o s i t y  of 1.37 c e n t i p o i s e s ;  a t  600°C i t  h a s  a dens i ty '  of  9.66 
g/cn? and a v i s c o s i - t y  of 1.0 c e n t i p o i s e .  Thorium i s  bel- ieved t o  ex i . s t  

i n  a bismuth s o l u t i o n  a s  d i s s o l v e d  TbBi2. The d e n s i t y  of  ThBi i s  

11.5 g/cm3 a t  25°C; i t s  d e n s i t y  h a s  been e s t ima ted6  t o  b e  11 .4  g/cn3 a t  

550°C. Thus;, ThRi p a r t i c l e s  should  s e t t 1 . e  i n  l i q u i d  b ismuth .  

2 

2 

When a thorium-bismuth s o l u t i o n  ( c o n t a i n i n g  5 t o  10 w t  % ThBi ) i s  
coo led  r a p i d l y  from 1000°C (comple t e  s o l u t i o n )  t o  6oooc, ThBi, p r e c i p i -  

t a t e s  i n  t h e  form of f i n e  p l a t e l e t s  having  d i .ameter / th ickness  r a t i o s  

g r e a t e r  t h a n  -50. I f  t h e s e  p l a t e l e t s  a r e  h e a t - t r e a t e d  f o r  20  min at: 

8OO"C, o r  f o r  5 tiiin a t  gOO"C, d i s p e r s i o n s  of ThBi  p a r t i c l e s  hav ing  

maximum dimens ions  o f  about  100 11 and d i a m e t e r / t h i c k n e s s  r a t i o s  e q u a l  

t o  o r  less  t h a n  5 a r e  produced.  

2 

2 

2 

I n  b a t c h  p r e c i p i t a t i o n  expe r imen t s  w i t h  a Th-Bi s o l u t i o n  t h a t  was 

r a p i d l y  cooled ,  t h e  r a t e  of n u c l e a t i o n  on t h e  v e s s e l  w a l l  was n o t  



d e t e c t a b l y  g r e a t e r  t h a n  t h a t  i n  t h e  bu lk  of  t h e  s o l u t i o n .  However, 

when t h e  Th-Bi s o l u t i o n  was cooled slowly, ThBi p1.ates n u c l e a t e d  a t  2 
t h e  w a l l  and tended t o  remain t h e r e .  T h i s  tendency can be reduced by 
v i g o r o u s  a g i t a t i o n .  7 

4.2 Conceptual Design of  a ThBi P r e c i p i t a t o r  
2 

A p o s s i b l e  d e s i g n  €or  a ThBi p r e c i p t a t o r  i s  shown s c h e m a t i c a l l y  

i n  F i g .  7. Bismuth t h a t  i s  f e d  t o  t h e  p r e c i p i t a t o r  i s  assumed t o  c o n t a i n  

r a r e  e a r t h s  and t o  be  s a t u r a t e d  w i t h  tho r ium a t  600"~. 

c o n s i s t s  of t h r e e  s e c t i o n s .  The f e e d  e n t e r s  the p r e c i p i t a t i o n  s e c t i o n  

( s e c t i o n  1 on t h e  d i ag ram)  a t  10 gpm, and i s  cooled t o  abou t  350°C. 

P a r t i c l e s  of ThBi s t a r t  t o  grow, and a r e  c a r r i e d  upward u n t i l  t-hey 

grow l a r g e  enough t o  have a t e r m i n a l  v e l o c i t y  g r e a t e r  t han  t h e  v e l o c i t y  

o f  t h e  upflowing bismuth.  Thus, f o r  a g i v e n  bismuth f low r a t e ,  t h e  c r o s s  

s e c t i o n  of t h e  p r e c i p i t a t o r  d e t e r m i n e s  t h e  s i z e  o f  t h e  ThBi p a r t i c l e s  

t h a t  w i l l  s e t t l e  o u t .  The l e n g t h  of t h e  p r e c i p i t a t o r  s e c t i o n  w i l l  be 

determined by t h e  growth r a t e  of the ThBi p a r t i c l e s .  

2 

2 

The p r e c i p i t a t o r  

2 

2 

2 

The p r e c i p i t a t e d  ThBi p a r t i c l e s  produced i n  s e c t i o n  1 pass t h rough  

s e c t i o n  2 a g a i n s t  a n  upward f low of  l a n t h a n i d e - f r e e  bismuth.  The purpose 

of t h e  upward bismuth f low i s  t o  minimize mixing between t h e  f eed  s t ream, 

which c o n t a i n s  a h i g h  c o n c e n t r a t i o n  o f  l a n t h a n i d e s ,  and t h e  s t r e a m  i n t o  

which t h e  ThBi i s  r e d i s s o l v e d .  The v e l o c i t y  should be s u f f i c i e n t l y  

h i g h  t o  p r e v e n t  backmixing but  must be  lower than  the s e t t l i n g  v e l o c i t y  

of t h e  p a r t i c l e s .  The s e c t i o n  must be of  s u f f i c i e n t  l e n g t h  t o  p rov ide  

t h e  d e s i r e d  r e s i s t a n c e  t o  backmixing between t h e  two s t r e a m s .  I n  t h e  

f i n a l  s e c t i o n ,  t h e  ThBi p a r t i c l e s  a r e  d i s s o l v e d  i n  bismuth;  t h i s  

s e c t i o n  w i l l  probably c o n s i s t  o f  a l e n g t h  o f  p i p e  a t  about  600"~. An 

a n a l y s i s  of  t h e  p r e c i p i t a t o r  s e c t i o n  i s  made i n  t h e  s e c t i o n s  t h a t  f o l l o w .  

The a n a l y s e s  of  t h e  o t h e r  s e c t i o n s  w i l l  be made a t  a l a t e r  d a i e .  

2 

2 
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4.3 E s t i m a t i o n  of  t h e  Minimum Cross  S e c t i o n  
f o r  t h e  P r e c i p i i t a t o r  S e c t i o n  

The f l u i d  v e l o c i t y  i n  t h e  p r e c i p i t a t i o n  s e c t i o n  must be less than  

t h e  t e r m i n a l  v e l o c i t y  of t h e  ThBi p a r t i c l e s  t h a t  a r e  produced. These 

p a r t i c l e s  were assumed t o  be  r i g h t  - c i r c u l a r  c y l i n d e r s  w i t h  a d iame te r /  

l e n g t h  r a t i o  of 20. T h i s  r a t i o  was assumed t o  be  c o n s t a n t  d u r i n g  t h e  

e n t i r e  p a r t i c l e  growth p e r i o d .  

2 

For c i r c u l a r  c y l i n d e r s ,  t h e  " s p h e r i c i t y "  ( i . e . ,  t h e  r a t i o  of  t h e  

s u r f a c e  a r e a  of a s p h e r e  hav ing  t h e  volume of  t h e  p a r t i c l e  t o  t h e  s u r f a c e  

a r e a  of the p a r t i c l e )  can b e  shown t o  b e :  

where Y = s p h e r i c i t y ,  

1 = D / a ,  

R = l e n g t h  of t h e  c y l i n d e r ,  

D = d i a m e t e r  o f  t h e  c y l i n d e r .  
P 

P 

For a c y l i n d e r  w i t h  a d i a m e t e r / l e n g t h  r a t i o  o f  20, t h e  s p h e r i c i t y  i s  

0.339. The d r a g  c o e f f i c i e n t  f o s  3 p a r t i c l e  hav ing  a s p h e r i c i t y  of 0.3 

can  be e s t i m a t e d  from t h e  c u r v e s  i n  r e f .  8,as f o l l o w s :  

where C = t h e  d r a g  c o e f f i c i e n t ,  
D vD P 

Re P '  
= t h e  Reynolds number o f  t h e  p a r t i c l e  = P 

v = v e l o c i t y  of t he  p a r t i c l e ,  

p = d e n s i t y  of  t h e  f l u i d  th rough  which t h e  p a r t i c l e  i s  moving, 

IJ- = v i s c o s i t y  of  t h e  f l u i d  th rough  which t h e  p a r t i c l e  i s  moving. 



When a p a r t i c l e  i s  f a l l i - n g  a t  i t s  t e r m i n a l  v e l o c i t y , t h e  downward f o r c e  on 

t h e  p a r t i c l e  e x e r t e d  by g r a v i t y  i s  e q u a l  t o  the  f o r c e  produced by t h e  
d r a g  of t h e  f l u i d ,  and t h e  f o l l o w i n g  r e l a t i o n  h o l d s ;  9 

where v = t e r m i n a l  v e l o c i t y  of  t h e  p a r t i c l e ,  

I d e n s i t y  of t h e  p a r t i c l e ,  

g ::: g r a v i t a t i o n a l  a c c e l e r a t i o n .  

t 

PS 

S u b s t i t u t i n g  E q .  ( 2 )  i n t o  E q .  ( 3 )  and s o l v i n g  f o r  t h e  t e r m i n a l  v e l o c i t y  

y i e l d s  : 

T h i s  e q u a t i o n  i s  v a l i d  when N < 1. Using t h e  v a l u e s  p = 11.4 g/crn,  3 Re S 

p = 9.97 g/cm , and 11. = 0.0137 g/cm.sec, Eq. ( 4 )  becomes: 3 

2 v = 19+8 D , 
t P 

where v . a s  u n i t s  o f  cm/sec and D 
t P 

h a s  u n i t s  o f  cm. 

T h i s  e q u a t i o n  p r o v i d e s  a s u f f i c i e n t l y  good e s t i m a t e  of  t e r m i n a l  v e l o c -  

i t i e s  of s i n g l e  p a r t i c l e s  hav ing  d i a m e t e r s  of l e s s  than 100 p. 

Assuming t h a t  t h e  p r e c i p i t a t i o n  o f  100-p-diam p a r t i c l e s  i s  d e s i r e d  

( l a r g e r  p a r t i c l e s  would r e q u i r e  a longer column, whereas  smaller 

p a r t i c l e s  would r e q u i r e  a l a r g e r  c r o s s  s e c t i o n ) ,  the  minimum c r o s s  

s e c t i o n  w i l l  be  t h e  c r o s s  s e c t i o n  t h a t  r e s u l t s  i n  a f l u i d  v e l o c i t y  e q u a l  

t o  t h e  t e r m i n a l  v e l o c i t y  o f  l O O - p . - d i a m  p a r t i c l e s .  F o r  a bismuth f low 

of 10 gpm, t he  minimum p r e c i p i t a t o r  c r o s s  s e c t i o n  n e c e s s a r y  f o r  t he  
2 

p r o d u c t i o n  of 1 0 0 - p - d i a m  p a r t i c l e s  would be 3.4 ft-, which c o r r e s p o n d s  



t o  a p r e c i p i t a t o r  d i a m e t e r  of  2 . 1  f t .  The c r o s s - s e c t i o n a l  a r e a  c a l c u -  

l a t e d  i n  t h i s  manner must be  r ega rded  a s  t h e  minimum a r e a  s i n c e ,  i n  ;he 

even t  t h a t  t h e  p a r t i c l e  c o n c e n t r a t i o n  i s  s u f f i c i e n t l y  h igh ,  t h e  t e r m i n a l  

v e l o c i t y  of t h e  p a r t i c l e s  w i l l  h e  a h inde red  s e t t l i n g  v e l o c i t y  i n s t e a d  

of  t h e  s i n g l e - p a r t i c l e  t e r m i n a l  v e l o c i  r y .  

t h e  h inde red  s e t t l i n g  v e l o c i t y  could be a s  much a s  two o r d e r s  of  

magni tude less  t h a n  t h e  s i n g l e - p a r t i c l e  t e r m i n a l  v e l o c i t y .  

For v e r y  t h i c k  s l u r r i e s ,  

4.4 Estimated Length of  P r e c i p i t a t o r  S e c t i o n  

The l e n g t h  of t h e  p r e c i p i t a t o r  s e c t i o n  w i l l  depend on t h e  growth 

r a t e  of  t h e  ThBi p a r t i c l e s  s i n c e  t h e  pa r t i c l e s  must remain i n  t h i s  

s e c t i o n  u n t i l  t hey  a r e  l a r g e  enough t o  have a t e r m i n a l  v e l o c i t y  g r e a t e r  

t h a n  t h a t  of t h e  upflowing b i smuth .  The l o n g e r  it t a k e s  a p a r t i c l e  t o  

grow t o  t h i s  s i z e ,  t h e  l o n g e r  t h e  p r e c i p i t a t o r  s e c t i o n  w i l l  be .  A 

rough e s t i m a t e  of  t h e  r e q u i r e d  p r e c i p i t a t o r  l e n g t h  i s  made below. 

2 

C r y s t a l l i z a t i o n  from a s o l u t i o n  t a k e s  p l a c e  i n  t w o  s t e p s :  n u c l e -  

a t i o n  and growth. We w i l l  assume t h a t  t h e  n u c l e a t i o n  r a t e  can  be con- 

t r o l l e d .  However, t h i s  assumption may be unwar ran ted .  Consider  a 

s i n g l e  c r y s t a l  t h a t  i s  growing i n  a s o l u t i o n  c o n t a i n i n g  y mole f r a c t i o n  

of  a s o l u t e .  L e t  y be t h e  mole f r a c t i o n  of  s o l u t e  a t  s a t u r a t i o n  and 

y '  t h e  c o n c e n t r a t i o n  o f  the s o l u t e  a t  t h e  i n t e r f a c e  between t h e  c r y s t a l  

and t h e  l i q u i d .  I f  s u p e r s a t u r a t i o n  occur s ,  t h i s  w i l l  allow y' t o  be  

g r e a t e r  t h a n  y . I n  t h i s  ca se ,  t h e  r a t e  o f  mass t r a n s f e r  from t h e  b u l k  

l i q u i d  t o  t h e  i n t e r f a c e  i s  g iven  by: 

e 

e 

dm 
_L- A dO - ky(Y - Y ' ) ,  

where dm i s  the number of  moles of  s o l u t e  t r a n s f e r r e d  t o  the  c r y s t a l  

a c r o s s  a n  a r e a  A i n  t i m e  de,  and k i.s a m a s s - t r a n s f e r  c o e f f i c i e n t .  

Assuming t h a t  t h e  r a t e  of r e a c t i o n  i s  p r o p o r t i o n a l  t o  t h e  e x t e n t  of 

s u p e r s a t u r a t i o n  a t  t h e  i n t e r f a c e ,  t h e  f o l l o w i n g  e q u a t i o n  a p p l i e s :  

Y 
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where k i s  a r e a c t i o n  r a t e  c o n s t a n t .  E l i m i n a t i n g  y r  froin E q s .  ( 6 )  and 

(7), one o b t a i n s :  
S 

dm ( Y  - Ye) 
-- 
A d8  - ( l / k  i l / k  ) e Y S 

M a s s - t r a n s f e r  c o e f f i c i e n t s  f o r  c r y s t a l  growth, k have been 
10 Y' 

cosre1aI:ed by t h e  e q u a t i o n  

where k = m a s s - t r a n s f e r  c o e f f i c i e n t ,  
Y 

D = d i f f u s i v i t y  of s o l u t e  i n  s o l v e n t ,  

v = v e l o c i t y  o f  p a r t i c l e  r e l a t i v e  t o  l i q u i d ,  

D = p a r t i c l e  d i ame te r ,  

p d e n s i t y  of  l i q u i d ,  

M = a v e r a g e  m o l e c u l a r  weight  o f  l i q u i d ,  

p = v i s c o s i t y  of l i q u i d ,  

a 

P 

I 

= a c o n s t a n t  (assumed t o  be  0.2 f o r  this s t u d y ) .  

I f  we assume t h a t  v i s  t h e  p r e v i o u s l y  e s t i m a t e d  t e r m i n a l  v e l o c i t y  of  the 

s i n g l e  p a r t i c l e  and D i s  2 c m  /set, and i f  we u s e  the  v a l u e s  209 
g/g-mole, 9.97 g/cm 3 ? and 1.37 c e n t i p o i s e s  ( c o r r e s p o n d i n g  t o  a temper-  

- 
a t u r e  of  350°C) for  M, p, and p., r e s p e c t i v e l y ,  i n  E q .  (9),  t h e  f o l l o w i n g  

e x p r e s s i o n  f o r  t h e  m a s s - t r a n s f e r  c o e f f i c i e n t  is o b t a i n e d :  



where k h a s  t h e  u n i t s  of g-mole p e r  s q u a r e  c e n t i m e t e r  per second p e r  

u n i t  mole f r a c t i o n ,  and D h a s  t h e  u n i t s  of c e n t i m e t e r .  
Y 

P 
Values  f o r  t h e  s u r f a c e  r e a c t i o n - r a t e  c o n s t a n t  k a r e  no t  a v a i l - a b l e .  

S 
There fo re ,  we w i l l  assume t h a t  t h e  s u r f a c e  r e a c t i o n  t a k e s  p l a c e  i n f i -  

n i t e l y  f a s t .  T h i s  may be a poor assumption;  however, i t  w i l l  p l a c e  a 

lower l i m i t  on t h e  l e n g t h  of  t ime  r e q u i r e d  t o  grow 100-p-diam p a r t i c l e s .  

Equa t ion  (8)  then  becomes: 

2 Equa t ion  (11) w i l l  be used t o  e s t i m a t e  t h e  growth r a t e  of  t h e  ThBi 

p a r t i c l e s ,  a s  f o l l o w s .  

l e n g t h  r a t i o  o f  Ais g i v e n  by: 

The s u r f a c e  a r e a  o f  a c y l i n d e r  w i t h  a diameter , ’  

A = TT( 1/2 -1- I/h)$, P 

and t h e  volume o f  a c y l i n d e r  w i t h  a d i a m e t e r l l e n g t h  r a t i o  of A i s  g iven  

(13 1 3 
by : v = (TT/4r)Dp) 

Thus, t h e  number of moles of ThBi2 i n  one p a r t i c l e  i s  o b t a i n e d  from: 

3 where p = t h e  d e n s i t y  of s o l i d  ThBi = 11.4 g/cm , 
S 2 

S 2 M = tihe molecu la r  we igh t  o f  ThRi = 650 g/g-mole. 

D i f f e r e n t i a t i n g  E q .  (14) r e s u l t s  i n :  

S u b s t i t u t i o n  of E q s .  ( 1 2 )  and (15) i n t o  E q -  (11) g i v e s  the fo l lowing  

e q u a t i o n  f o r  t h e  r a t e  of  i n c r e a s e  of  p a r t i c l e  d i a m e t e r :  



where D i s  t h e  p a r t i c l e  d i a m e t e r  i n  cm, 
P 
8 i s  t h e  t i m e  i n  sec, 

y i s  t h e  mole f r a c t i o n  of Th i n  S i .  

T h e  r e d u c t i o n  o f  t h e  b u l k  s o l u t e  c o n c e n t r a t i o n  a s  ThBi i s  p r e c i p -  2 
i t a t e d  must a l s o  be t a k e n  i n t o  accoun t .  Some s i m p l i f y i n g  assumpt ions  

a s e  n e c e s s a r y .  We w i l l  assume t h e  sys tem i s  a t  s t e a d y  s t a t e ,  w i t h  a 

c o n s t a n t  c o n c e n t r a t i o n  of  n u c l e i  ( N  p e r  cm ) i n  t h e  incoming b ismuth  

s t r e a m .  

l a r g e r  p a r t i c l e s ,  t h e  c o n c e n t r a t i o n  of  p a r t i c l e s  does  n o t  change;  ( 2 )  

o n l y  mass t r a n s f e r  t o  r i s i n g  p a r t i c l e s  i s  impor tan t ;  

t o  f a l l i n g  p a r t i c l e s  can  be  n e g l e c t e d .  Although t h e s e  assumpt ions  w i l l  

produce a n  e r ro r  i n  t h e  n u c l e i  c o n c e n t r a t i o n  n e c e s s a r y  t o  d e c r e a s e  t h e  

tho r ium c o n c e n t r a t i o n  t o  a n  a c c e p t a b l e  v a l u e  w h i l e  100-p-diam p a r t i c l e s  

a r e  growing, t h e  s e n s i t i v i t y  n e c e s s a r y  i n  c o n t r o l l i n g  n u c l e a t i o n  r a t e s  

can  be  s e e n .  The r e q u i r e d  column l e n g t h  c a l c u l a t e d  i n  t h i s  manner w i l l  

be  i n d i c a t i v e  of  t h a t  r e q u i r e d  i n  a n  a c t u a l  p r e c i p i t a t o r .  

3 

We w i l l  Eu r the r  assume t h a t  (1) a s  t h e s e  n u c l e i  grow i n t o  

and (3) mass t r a n s f e r  

A ThBi b a l a n c e  ove r  a d i f f e r e n t i a l  s e c t i o n  of  t h e  p r e c i p i t a t o r  
2 

y i e l d s  t h e  f o l l o w i n g  d i f f e r e n t i - a 1  e q u a t i o n :  

3 where N = number of n u c l e i  p e r  c m  , 
y = mole f r a c t i o n  of ThBi a t  p o i n t  5 ,  2 

= d i s t a n c e  above f eed  i n l e t  p o i n t  i n  p r e c i p i t a t o r ,  

A = cross s e c t i o n  o f  p r e c i p i t a t o r ,  
C 

V = molar  f low r a t e  of bismuth i n  prc’c ip i ta tor ,  

Y 
k = m a s s - t r a n s f e r  c o e f f i c i e n t  t o  growing c r y s t a l .  

S u b s t i t u t i o n  of Eq. (10) i n t o  Eq. (171, w i t h  t h e  c o n d i t i o n  t h a t  A = 20, 

y i e l d s  t h e  f o l l o w i n g  r e l a t i o n s h i p :  



Equa t ion  (18) can be t r ans fo rmed  from an e q u a t i o n  i n  E ( s p a t i a l  c o o r d i -  

n a t e )  t o  one i n  8 ( t empora l  c o o r d i n a t e )  by u s i n g  t h e  fo l lowing  r e l a t i o n -  

s h i p  : 

where E = 0 i s  t a k e n  t o  be t h e  bottom of  t h e  p r e c i p i t a t o r  s e c t i o n .  I n  

t h i s  ca se ,  de ~ i s  t h e  v e l o c i t y  of  a p a r t i c l e  w i t h  r e s p e c t  t o  t h e  p r e c i p -  

i t a t o r  w a l l s  and i s  g i v e n  by: 

where U = v e l o c i t y  of t h e  f l u i d ,  

v = v e l o c i t y  of  t h e  p a r t i c l e  w i t h  respect  t o  t h e  f l u i d  (which i s  t 
assumed t o  be e q u a l  t o  t h e  s i n g l e - p a r t i c l e  t e r m i n a l  v e l o c i t y ) .  

S u b s t i t u t i n g  E q s .  (18) and (20) i n t o  E q .  ( l9) ,  and u s i n g  Eq. ( 5 )  f o r  vt ,  

y i e l d s  t h e  f o l l o w i n g  e q u a t i o n :  

’B iv 

MB iAc  
where U = v e l o c i t y  of  t h e  f l u i d  := - , 

v = f l o w  r a t e  i n  p r e c i p i t a t o r ,  g-moles Bi /sec,  

A = c r o s s - s e c t i o n a l  a r e a ,  c m  , 2 
C 

0 = t i m e ,  sec ,  
‘ 3  N = n u c l e i  cm 

y = mole f r a c t i o n  o f  ThHi i n  bismuth, 2 



= d e n s i t y  of bismuth, g/cm 3 , 
'Bi 
MBi = molecu la r  we igh t  of  bismuth = 20gl 

= mole f r a c t i o n  of ThBi a t  s a t u r a t i o n .  Ye 2 

T h i s  e q u a t i o n  must be so lved  s i i i iul taneously w i t h  E q .  (16), u s i n g  t h e  

cond i t i -ons  y = 0.00165 and D ::: o when o = 0. 
P 

As t h e  p a r t i c l e s  move i n  t h e  p r e c i p i t a t o r ,  t h e  d i s t a n c e  from t h e  

f eed  i n l e t  c a n  be determined by i n t e g r a t i n g  Eq. (20)  t o  o b t a i n :  

(22) 

Equa t ions  (16), (21),  and (22)  were so lved  n u m e r i c a l l y ;  r e s u l t s  a r e  
-2 -1 shown i n  F i g s .  8 and 9 f o r  a V/A 

which r e p r e s e n t s  a f l u i d  v e l o c i t y  e q u a l  t o  t h e  t e r m i n a l  v e l o c i t y  of 

a 100-p-diam ThBi p a r t i c l e .  The i n i t i a l  ThBi c o n c e n t r a t i o n  was 
2 2 

0.00165 mole f r a c t i u n ,  and a n  o p e r a t i n g  t e m p e r a t u r e  e q u i v a l e n t  t o  y 

O.OOOO3 mole f r a c t i o n  ( i . e . ,  about  370°C) was assumed. 

r a t i o  of  0.5'ri'C g-mole c m  s e c  , 
C 

e 

Under t h e  a s sumpt ions  o f  the p r e v i o u s  c a l c u l a t i o n s ,  t h e  n u c l e i  

c o n c e n t r a t i o n  n e c e s s a r y  f o r  a s p e c i f i e d  r ecove ry  o f  t ho r ium ( f rom t h e  

bottom of  t h e  p r e c i p i t a t o r )  a s  ThBi 

can be determined by m a t e r i a l  b a l a n c e .  A m a t e r i a l  b a l a n c e  on tho r ium 

y i e l d s  t h e  f o l l o w i n g  r e l a t i o n :  

p l a t e l e t s  oE a s p e c i f i e d  d i a m e t e r  
2 
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where R = p e r c e n t  of i n i t i a l  t ho r ium recovered,  
: i n l e t  t ho r ium mole f r a c t i o n  (0.OOlGj i n  t h i s  c a s e ) ,  

N -1 nuclei /cm 3 , 

and t h e  o t h e r  q u a n t i t i e s  a r e  a s  d e f i n e d  p r e v i o u s l y .  

The maximum amount of t ho r ium t h a t  can be r ecove red  i n  a p r e c i p i t a t o r  

which c o o l s  bismuth c o n t a i n i n g  0.00165 mole f r a c t i o n  of tho r ium t o  

370°C ( t h e  t empera tu re  a t  which t h e  bismuth c o n t a i n s  o n l y  O.OOOO3 mole 

f r a c t i o n  of tho r ium)  i s  98 .2% o f  t h e  i n i t i a l  t ho r ium p r e s e n t .  

d e s i r e s  t o  r e c o v e r  99% oE t h i s  v a l u e ,  o r  97% of t h e  i n i t i a l  thorium 

I f  one 

p r e s e n t ,  then,  a c c o r d i n g  t o  Eq. ( 2 3 ) ,  one needs 1.109 x 10 5 nuclei /cm 3 

i n  a p r e c i p i t a t o r  producing 100-p-diam p a r t i c l e s .  From F i g .  8, t h e  

l e n g t h  of t h e  p r e c i p i t a t o r  n e c e s s a r y  t o  produce 100-p-diam p a r t i c l e s  

and g i v e  97% thor ium recove ry  i s  272 cm. 

o r d e r  t o  r e c o v e r  a h i g h e r  f r a c t i o n  of  t h e  i n i t i a l  thorium, one must 

have a h i g h e r  n u c l e i  c o n c e n t r a t i o n ,  N ;  F i g .  8, i n  t u r n ,  shows t h a t  t h e  

p r e c i p i t a t o r  must be  l o n g e r .  To o b t a i n  t h e  maximum recove ry  p o s s i b l e ,  

Equa t ion  ( 2 3 )  shows t h a t ,  i n  

one would need 1.122 x 10 5 nuclei/cn? and a n  i n f i n i t e l y  long  p r e c i p -  

i t a t o r .  

I n  o r d e r  t o  o b t a i n  a h i g h  tho r ium r e c o v e r y  from t h e  p r e c i p i t a t o r ,  

one must be a b l e  t o  c o n t r o l  t h e  i n i t i a l  c o n c e n t r a t i o n  of n u c l e i  p r e -  

c i s e l y .  F i g u r e  9 i l l u s t r a t e s  t h e  s e n s i t i v i t y  of  t h e  tho r ium recove ry  

t o  t h e  n u c l e i  c o n c e n t r a t i o n  i n  a 272-cm-long p r e c i p i t a t o r  producing 

100-p-diam p a r t i c l e s .  The optimum o p e r a t i n g  p o i n t  i n  t h i s  c a s e  i s  

j u s t  a t  t h e  peak of  t h e  c u r v e .  Tf t h e  n u c l e i  c o n c e n t r a t i o n  i n  t h e  

feed were t o  d e c r e a s e  (because  of  i m p e r f e c t  c o n t r o l ) ,  t h e  r ecove ry  of 

t ho r ium a s  ThBi would d e c r e a s e  p r o p o r t i o n a l l y ,  a c c o r d i n g  t o  Eq. (23 ) .  
However, i f  t h e  n u c l e i  c o n c e n t r a t  i o n  should i n c r e a s e ,  no r ecove ry  cou ld  

2 



3 ' f  

o c c u r  because  t h e r e  would n o t  b e  enough tho r ium t o  a l l o w  t h e  i n c r e a s e d  

number o f  p a r t i c l e s  t o  a t t a i n  a d i ame te r  of 100 p; the  s ixa l l e r  p a r t i c l e s  

would be  swept t h rough  t h e  p r e c i p i t a t o r .  Thus, i t  i s  obvious  that.  

c o n t r o l  of n u c l e a t i o n  r a t e  w i l l  be ex t r eme ly  impor t an t .  

I n  commercial  c r y s t a l l i z a t i o n  o p e r a t i o n s ,  n u c l e a t i o n  i s  c o n t r o l l e d  

by s e e d i n g  t h e  s u p e r s a t u r a t e d  f eed  s o l u t i o n .  T h i s  t y p e  of ~ z u c l e n t i o n  

c o n t r o l  i s  n o t  l i k e l y  t o  be  p o s s i b l e  i n  t h e  p r e s e n t  c a s e  s i n c e  s o l i d s  

h a n d l i n g  would b e  invo lved .  Programmed c o o l i n g  of  t h e  f eed  t o  {.he 

p r e c i p i t a t o r  might  b e  used f o r  c o n t r o l l i n g  t h e  e x t e n t  01 n u c l e a t i o n .  

However, no s a t i s f a c t o r y  method f o r  p r e d i c t i n g  t h e  r a t e  o f  n u c l e a t i o n  

from so lu t ions ' '  i s  a v a i l a b l e  a t  t h e  p r e s e n t  t i m e .  

c o n t r o l  o f  t h e  n u c l e a t i o n  r a t e  must be cons ide red  f u r t h e r .  

It i s  obvious  t h a t  

4.5 Sunmary and Conclus ions  

Even w i t h o u t  examining t h e  second and t h i r d  s e c t i o n s  of  t h e  pre-  

c i p i t a t o r - r e d i s s o l v e r  complex c l o s e l y ,  one can conc lude  t h a t  t h e  op-  

e r a t i o n  of a ThBi p r e c i p i t a t o r  i n  t h e  d e s c r i b e d  manner w i l l  be d i f -  

f i c u l t .  The e s t i m a t e d  b ismuth  holdup i n  t h e  p r e c i p i t a t o r  s e c t i o n  i s  

about  30 f t  , and a d d i t i o n a l  volumes w i l l  be  h e l d  up by the o t h e r  

s e c t i o n s .  The economic p e n a l t y  a s s o c i a t e d  w i t h  t h i s  ho ldup  could be 

s i g n  i f i ca 11 t . 

2 

3 

Three  f a c t o r s  t h a t  could  make t h e  p r o c e s s  u n s u i t a b l e  a r e :  (1) 
(2) t h e  i m -  t h e  requi rement  f o r  p r e c i s e  c o n t r o l  of  n u c l e a t i o n  r a t e ,  

p o s s i b i l i t y  of  r a p i d  p a r t i c l e  gr0wt.h a t  low t empera tu res  due t o  a 

t e m p e r a t u r e - s e n s i t i v e  s u r f a c e  r e a c t  ion, and ( 3 )  c o p r e c i p i t a t i o n  of  

t h e  tho r ium and r a r e  e a r t h s .  F u r t h e r  s t u d y  w i l l  be r e q u i r e d  t o  com- 

p l e t e l y  a s s e s s  t h e  f e a s i b i l i t y  of s e l e c t i v e  c r y s t a l l i z a t i o n  f o r  s e p -  

a r a t i n g  thor ium and t h e  r a r e  e a r t h s .  



5.  MATERIAL BALANCE CALCULATIONS FOR AN MSBR 

M .  J .  B e l l  L .  E .  McNeese 

A computer code, MATADOR, h a s  been developed t o  perform s t e a d y - s t a t e  

m a t e r i a l - b a l a n c e  c a l c u l a t i o n s  t h a t  d e s c r i b e ,  i n  d e t a i l ,  t h e  n u c l e a r ,  

chemical,  and p h y s i c a l  p r o c e s s e s  t a k i n g  p l a c e  i n  t h e  f u e l  s t r e a m  of an 

MSBR. Such c a l c u l a t i o n s  a r e  n e c e s s a r y  t o  de t e rmine  f i s s i o n - p r o d u c t  

i n v e n t o r i e s  and h e a t - g e n e r a t i o n  rates,  t o  s p e c i f y  f low r a t e s  o f  s t r eams  

i n  t h e  chemical. p r o c e s s i n g  p l a n t ,  and t o  i n v e s t i g a t e  t h e  e f f e c t s  of 

changes i n  chemical  p r o c e s s i n g  on t h e  n u c l e a r  performance of t h e  MSBR. 

MATADOR a l s o  t a k e s  i n t o  accoun t  t h e  b u i l d u p  of t r ansu ran ium i s o t o p e s ,  

t h e  p r o d u c t i o n  of a c t i v a t i o n  p r o d u c t s  by n e u t r o n  c a p t u r e  i n  t h e  c a r r i e r  

s a l t ,  and cha in -b ranch ing  i n  t h e  f i s s i o n - p r o d u c t  decay schemes n o t  
12 inc luded  i n  e a r l i e r  i n v e s t i g a t i o n s .  

5 . 1  Compilat ion of  MSBR Nuc lea r  Data 

I n  o r d e r  t o  perform t h e  s t e a d y - s t a t e  m a t e r i a l - b a l a n c e  c a l c u l a t i o n s ,  

w e  have compiled a l i b r a r y  of n u c l e a r  d a t a  f o r  MSBR a p p l i c a t i o n s .  T h i s  

l i b r a r y  c o n t a i n s  h a l f  - l i v e s  and r a d i o a c t i v e  decay schemes, t h ree -g roup  

n e u t r o n - c a p t u r e  c r o s s  s e c t i o n s ,  and b e t a  and gross  garma d i s i n t e g r a t i o n  

e n e r g i e s  f o r  68'7 n u c l i d e s .  O f  t h e s e ,  118 a r e  i s o t o p e s  of e l emen t s  t h a t  

comprise  t h e  c a r r i c i r  s a l t ,  g r a p h i t e ,  and s t r u c t u r a l  m a t e r i a l s  and t h e i r  

a c t i v a t i o n  p roduc t s ;  461 a r c  f i s s i o n  p r o d u c t s  and t h e i r  J a u g h t e r s ; a n d  48 
a r e  i s o t o p e s  of t h e  a c t i n i d e  e l emen t s  and t h e i r  d a u g h t e r s .  Each i s o t o p e  

i n  t he  l i b r a r y  is i d e n t i f i e d  by i t s  chemical  symbol, i t s  a tomic  weight ,  

and i t s  i somer i c  s t a t e  (a  blank f o r  t h e  ground s t a t e  and t h e  c h a r a c t e r  

"MI' f o r  a n  i somer i c  s t a t e ) .  S e v e r a l  n u c l i d e s  appea r  i n  more t h a n  one 

p l a c e  i n  t h e  l i b r a r y ;  f o r  example, 'H i s  inc luded  i n  b o t h  t h e  f i s s i o n  

p r o d u c t s  and t h e  a c t i v a t i o n  p r o d u c t s .  The r a d i o a c t i v e  decay schemes 

al lowed i n c l u d e  b e t a  and p o s i t r o n  emiss ion  ( t o  i s o m e r i c  s t a t e s  and 

ground s t a t e s  of  d a u g h t e r  n u c l i d e s ) ,  a l p h a  emis s ion ,  and i s o m e r i c  t r a n s i -  

t i o n .  These decay schemes a r e  based, p r i m a r i l y ,  on t h e  c o m p i l a t i o n  of 

Lede re r  -- e t  a 1 . l 3  The th ree -g roup  c r o s s - s e c t i o n  l i b r a r y  c o n s i s t s  of a 

t he rma l  c r o s s  s e c t i o n ,  a r e sonance  i n t e g r a l ,  and a f a s t  c r o s s  s e c t i o n  
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which was g e n e r a t e d  by a v e r a g i n g  o v e r  MSR s p e c t r a  g iven  by P r ince  14.9 15 

for E > 1 MeV. I n  a d d i t i o n  t o  t h e  t o t a l  n e u t r o n - a b s o r p t i o n  c r o s s  s e c t i o n ,  

t h e  l i b r a r y  a l s o  c o n t a i n s ,  f o r  each group, t h e  f r a c t i o n s  o f  n e u t r o n  c a p -  

t u r e s  t h a t  l e a d  t o  f i s s i o n  and t o  (3y), 

t i o n s .  

Drake.’--( 

f i s s i o n  y i e l d s  f r o m  f i v e  f i s s i l e  species -233,.9 2’’u, 2J8 U, 

239Pu - based on t h e  d a t a  of K a t c o f f .  

g i e s  were ca1cul.ated by u s i n g  t h e  computer code SPECTRA. T h i s  code was 

w r i t t e n  by Arnold, of ORNL, t o  compute t h e  ave rage  energy o f  a b e r a  

p a r t i c l e  by i n t e g r a t i o n  o f  t h e  Fermi b e t a - r a y  spectrum, t a k i n g  i n t o  

accoun t  changes i n  s p i n  and p a r i t y . ”  

is p r e s e n t e d  i n  Appendix A .  A computer code t h a t  r e a d s  t h e  d a t a  i n  t h e  

n u c l e a r  l i b r a r y  from c a r d s  has been w r i t t e n .  The code a l s o  p r e p a r e s  a n  

a r r a y  of t r a n s i t i o n  c o e f f i c i e n t s  t o  be used i n  t h e  m a t e r i a l  b a l a n c e  

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

( % a ) ,  (n-,p), arid (225) r e a c -  
These d a t a  a r e  based on t h e  c o m p i l a t i o n s  of  Stehn e t  a 1 . , I 6  and 

The f i s s i o n - p r o d u c t  l i b r a r y  i n c l u d e s  a c o m p i l a t i o n  o f  d i r e c t  
-- 

213 2 
Th, and 

18 
The b e t a  d i s i n t e g r a t i - o n  e n e r -  

A l i s t i n g  of  t h e  computer l i b r a r y  

5.2 M a t e r i a l  Balance Equa t ions  

For  many purposes ,  i t  i s  a d e q u a t e  t o  c o n s i d e r  t h e  r e c i r c u l a t i n g  

f u e l  s a l t  i n  a proposed MSBR t o  be a well-mixed f l u i d  a t  s t e a d y  s t a t e .  

I n  t h i s  ca se ,  t h e  ave rage  c o n c e n t r a t i o n  of  a n u c l i d e  i i s  d e f i n e d  by 

t h e  e q u a t i o n  

O =  (ve.  .A .  + @vCfijuj  -1- Aggij + A,,hij + OVcyijOfj) N j  
IJ J 

j 
+ F Nio - (AiV + oi@Vc i. F + A G + AbHi f Pi) Ni,  

g i  

where Ab = s u r f a c e  a r e a  of 

A = s u r f a c e  a r e a  of  

F = vo1umetri.c f l o w  

G .  = c o e f f i c i e n t  f o r  

g 

1 

cm/sec, 

2 c i r c u l a t i n g  bubbles ,  cm ~ 

2 g r a p h i t e ,  cm , 
r a t e  o f  f u e l  s a l t  t o  the  r e a c t o r ,  cc/sec,  

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



H .  = c o e f f i c i e n t  f o r  l o s s  of  s p e c i e s  i by m i g r a t i o n  t o  bubbles ,  
1 

cm/ s e c , 
N. = c o n c e n t r a t i o n  of s p e c i e s  i, moles/cc, 

i. o 
P .  = e f f e c t i v e  chemical  p r o c e s s i n g  r a t e  f o r  s p e c i e s  i, cc/sec,  

V =: volume of  f u e l  s a l t ,  cc ,  

V := volume of  f u e l  s a l t  i n  co re ,  cc,  

i j  

f i j  

1 

N z: feed c o n c e n t r a t i o n  of speci-es i, mo~.es/cc,  

1 

C 

e = f r a c t i o n  of d i s i n t e g r a t i o n s  by s p e c i e s  j which l e a d  t o  

fo rma t ion  of s p e c i e s  i, 

= f r a c t i o n  of n e u t r o n  c a p t u r e s  by s p e c i e s  j which l e a d  t o  

fo rma t ion  of  s p e c i e s  i, 

= c o e f f i c i e n t  f o r  p r o d u c t i o n  of s p e c i e s  i by d i f f u s i o n  of g i j  

hi j 

s p e c i e s  j i n t o  g r a p h i t e ,  cm/sec, 

= c o e f f i c i e n t  f o r  p r o d u c t i o n  o f  s p e c i e s  i by m i g r a t i o n  of  

s p e c i e s  j t o  g a s  bubbles ,  cm/sec, 

= f i s s i o n  y i e l d  of species i from f i s s i o n  of s p e c i e s  j ,  

A .  = r a d i o a c t i v e  d i s i n t e g r a t i o n  c o n s t a n t  of s p e c i e s  i, s e c  , 
0 = a v e r a g e  n e u t r o n - c a p t u r e  c r o s s  s e c t i o n  of  s p e c i e s  i, c m  , 

-1 

2 

Y i  j 

1 

i 0 c 
a = a v e r a g e  f i s s i o n  c r o s s  s e c t i o n  of  s p e c i e s  i, c m  , 

-2 -1 f i  
@ = a v e r a g e  n e u t r o n  f l u x ,  cm s e c  . 

T h i s  e q u a t i o n  s t a t e s  t h a t ,  under  s t e a d y - s t a t e  c o n d i t i o n s ,  t h e  r a t e  of  

i n p u t  oE s p e c i e s  i t o  t h e  f u e l  s a l t  by d i r e c t  f eed ,  f i s s i o n ,  ant1 r a d i o -  

a c t i v e  decay and n e u t r o n  c a p t u r e  i n  t h e  f u e l  s a l t ,  g r a p h i t e ,  and c i r c u -  

l a t i n g  bubb les  must e q u a l  t h e  r a t e  of loss  of  s p e c i e s  i from t h e  s a l t  

by r a d i o a c t i v e  decay, n e u t r o n  c a p t u r e ,  d i f f u s i o n  i n t o  t h e  g r a p h i t e ,  

m i g r a t i o n  t o  g a s  bubbles ,  s a l t  d i s c a r d ,  and chemical  p r o c e s s i n g .  

For  t h e  c o n d i t i o n s  of i n t e r e s t ,  Eq. (24) i s  a simul.taneous system 

of N l i n e a r  a l g e b r a i c  e q u a t i o n s  i n  N unknowns: 

To s o l v e  t h i s  system of e q u a t i o n s ,  MATADOR employs t h e  Gauss-Seidel  

s u c c e s s i v e  s u b s t i t u t i o n  a l g o r i t h m ,  which i s  a well-known i t e r a t i v e  

t e c h n i q u e  f o r  s o l v i n g  systems of e q u a t i o n s  of t h i s  t y p e .  20 



5.3 Computation of  Neutron Reac t ion  Rates  

A number of  q u a n t i t i e s  must be computed by t h e  code f o r  u s e  i n  

E q .  ( 2 4 ) .  Most impor t an t  of  t h e s c  a r c  t h e  n e u t r o n  f l u x ,  tht> ave rage  

n e u t r o n  c r o s s  s e c t i o n s ,  ;he c o e f f i c i e n t s  f o r  d i f f u s i o n  i n t u  t h e  g r a p h i t e  

and m i g r a t i o n  t o  t h e  gas bubbles ,  and t h e  chcemical p r o c e s s i n g  r a t e s .  The 

ave rage  n e u t r o n  c r o s s  s e c t i o n s  a r c  computed Lrom t h e  2200-n1/sec c r o s s  

s e c t i o n s ,  i n f i n i t e  d i l u t i o n  resonance  i n t e g r a l s ,  and f a s t  ave rage  c r o s s  

s e c t i o n s  con ta ined  i n  t h e  n u c l e a r  l i b r a r y  by u s i n g  a m o d i f i c a t i o n  of a 

conven t ion  d i s c u s s e d  by Stoughton  and H a l p e r i n .  I n  t h i s  t r ea tmen t ,  

t h e  spectrum-averaged n e u t r o n  r e a c t i o n  r a t e  of a n  i s o t o p e  i s :  

21 

-- 
R = nv ['NELZM x cr(th) -1 RES x RL -t FAST x ~ ( f ) ] .  (26) 

Here, TI-IEKM is  d e f i n e d  a s  t h e  r a t i o  o f  t h e  r e a c t i o n  r a t e  o f  a l / v  

a b s o r b e r  w i t h  a Maxwell-Boltzmnnn d i s t r i b u t i o n  of  n e u t r o n s  a t  tempera-  

t u r e  T t o  t h e  r eac t i . on  r a t e  of t h e  a b s o r b e r  w i t h  n e u t r o n s  whose v e l o c i t y  

i s  2200 m/sec ( i . e . ,  

p e r  u n i t  l e t h a r g y  t o  t h e  ave rage  the rma l  f l u x ;  FAST i s  t h e  r a t i o  of t h e  

n e u t r o n  f l u x  w i t h  energy  g r e a t e r  t h a n  1 Mev t o  t h e  ave rage  thermal  f l u x ;  

and R1 i s  t h e  r e sonance  i n t e g r a l  of  t h e  i s o t o p e  c o r r e c t e d  f o r  s e l f -  

s h i e l d i n g .  

m/sec n e u t r o n s  m u l t i p l i e d  by t h e  Wescot t  c o r r e c t i o n  l o r  non-l /v  behav io r ,  

and o ( f )  i s  a n e u t r o n  c r o s s  s e c t i o n ,  averaged  o v e r  a f i s s i o n  spectrum, 

f o r  r e a c t i o n s  w i t h  a h igh -ene rgy  t h r e s h o l d .  The v a l u e  of THEW i s  

r e a d i l y  computed from t h e  r e a c t o r  t empera tu re .  

a r e  o b t a i n e d  from t h e  o u t p u t  of  t h e  RQD r e a c t o r  d e s i g n  code f o r  a g i v e n  

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

n ine-energy-group d i f f u s i o n  code used f o r  t h e  pr imary d e s i g n  c a l c u l a t i o n s  

f o r  t h e  MSBR."? ROD s u p p l i e s ,  f o r  t h e  impor t an t  n e u t r o n  a b s o r b e r s ,  

a v e r a g e  n e u t r o n  r e a c t i o n  r a t e s  t h a t  t a k e  i n t o  accoun t  d e v i a t i o n s  of t h e i r  

cross sect!.ons from 1/v b e h a v i o r  and r e sonance  s e l f - s h i e l d i n g .  For  t h e s e  

m a t e r i a l s ,  t h e  MATADOR c r o s s  s e c t i o n s  and r e sonance  i n t e g r a l s  h a ~ r e  been 

a d j u s t e d  t o  y i e l d  t h e  same a v e r a g e  r e a c t i o n  r a t e s  p r e d i c t e d  by ROD. 

The v a l u e  of FAST was e s t i m a t e d  by n u m e r i c a l l y  i n t e g r a t i n g  t y p i c a l  MSR 

s p e c t r a  r e p o r t e d  by P r i n c e .  

T T /4T) ;  RES i s  t h e  r a t i o  of  t h e  resonance  f l u x  
0 

Also ,  a ( t l z >  i s  t h e  c r o s s  s e c t i o n  of t h e  i s o t o p e  f o r  2200- 

Values  f o r  nv and RES 

(ROD i s  a mult i . reg ion ,  

111, 1.5 



5 . 4  Model f o r  D i f f u s i o n  of Noble Gases i n t o  Graph i t e  

C o e f f i c i e n t s  f o r  t h e  l o s s  o f  nob le  g a s e s  by d i f f u s i o n  i n t o  t h e  

g r a p h i t e  moderator  and f o r  t h e  p roduc t ion  of  d a u g h t e r s  by r a d i o a c t i v e  

decay and n e u t r o n  c a p t u r e  a r e  computed i n  MATADOR, u s i n g  a model d e v e l -  

oped by Ked1 and Hou tzee l .  The model r e p l a c e s  t h e  g r a p h i t e  pr i sms  of 

t h e  moderator  w i t h  s e m i - i n f i n i t e  s o l i d  c y l i n d e r s  of t h e  same t o t a l  a r e a  

and sur face- to-volume r a t i o .  The s u r f a c e  of t h e  graphiLe  i s  assumed t o  

be  coa ted  w i t h  a l ow-pe rmeab i l i t y  m a t e r i a l  t o  a d e p t h  of 1 m i l .  D i f -  

f u s i o n  of  g a s e s  t o  t h e  b u l k  g r a p h i t e  i s  assumed t o  occur  through a n  

e x t e r n a l  l i q u i d  f i l m  and t h e  c o a t i n g ,  u s i n g  a lumped- re s i s t ance  model. 

The c o n c e n t r a t i o n  of  a nob le  g a s  i s o t o p e  i n  t h e  g r a p h i t e  moderator  under 

s t e a d y - s t a t e  c o n d i t i o n s  i s  d e s c r i b e d  by t h e  fo l lowing  t ime-independent  

d i f f u s i o n  e q u a t i o n  i n  c y l i n d r i c a l  c o o r d i n a t e s  ( 2 ,  r ) :  

23 

Here, D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  of t h e  g a s  i n  t h e  bu lk  g r a p h i t e ,  

i n  cm /sec, and y i s  t h e  c o n c e n t r a t i o n  of t h e  gas  p e r  u n i t  voLume of 

v o i d s  i n  t h e  g r a p h i t e .  

c o n d i t i o n s  of  z e r o  c o n c e n t r a t i o n  g r a d i e n t  a t  t h e  g r a p h i t e  c e n t e r  l i n e  

and e q u a l i t y  of  f l u x  a c r o s s  t h e  o u t e r  s u r f a c e  of  t h e  g r a p h i t e  cy l j -nder  

of  r a d i u s  R. One o b t a i n s  t h e  f o l l o w i n g  s o l u t i o n :  

2 
i 

Equat ion  ( 2 7 )  must be  so lved  s u b j e c t  t o  t h e  

h l  (mR) kx 
0 

’i = hIo(mR) + Dcm I l (mR)  ’ 

where x =x c o n c e n t r a t i o n  of nob le  gas  i. d i s s o l v e d  i n  t h e  f u e l  s a l t ,  i 
mo I e s/c c , 

E = vo id  f r a c t i o n  of t h e  b u l k  g r a p h i t e ,  

k = Henry’s  law c o n s t a n t  f o r  t h e  gas  i n  t h e  f u e l  s a l t ,  

mole c c  of  vo id  
mole --I+--- c c  of  l i q u i d  ’ . 



A. + U i @  
7. 

I D  
c h a r a c t e r i s t i c  r e c i p r o c a l  l e n g t h  = 

modif ied  Besse l  f u n c t i o n  o f  t h e  f i r ' s t  k ind  o f  o r d e r  p, 
D' E 'h '  

D ' E ' k  + h ' t  ' lumped s u r f a c e - f i l m  r e s i s t a n c e  = 

cc o f  vo id  ? 

2 
s e c  (cm of g r a p h i t e )  

d i f f u s i o n  c o e f f i c i e n t  of t h e  nob le  gas i n  t h e  g r a p h i t e  

c o a t  i n g  s 

t h i c k n e s s  of  g r a p h i t e  c o a t i n g ,  

p o r o s i t y  o f  g r a p h i t e  c o a t i n g ,  

m a s s - t r a n s f e r  c o e f f i c i e n t  th rough t h e  s a l t  l a y e r  a t  t h e  

g r a p h i t e  s u r f a c e ,  cm/sec. 

I n  o b t a i n i n g  t h e  e x p r e s s i o n  f o r  h, b o t h  l a y e r s  a r e  assumed t o  be  s u f -  

f i c i e n t l y  t h i n  t h a t  t h e  e f f e c t s  of  c u r v a t u r e  and n u c l e a r  t r a n s m u t a t i o n  

w i t h i n  t h e  l a y e r s  a r e  n e g l i g i b l e .  The r a t e  a t  which a noble  gas i s o t o p e  

i s  l o s t  from t h e  f u e l  s a l t  p e r  u n i t  a r e a  o f  g r a p h i t e  s u r f a c e  i.s equa l  t o  

t h e  f l o w  r a t e  of  g a s  i t o  t h e  s u r f a c e  of t h e  g r a p h i t e :  

The po i son ing  p e r  u n i t  s u r f a c e  a r e a  of  g r a p h i t e  by a noble  gas i s o t o p e  

t h a t  h a s  d i f f u s e d  i n t o  t h e  g r a p h i t e  may be computed by m u l t i p l y i n g  t h e  

c o n c e n t r a t i o n  of  nob le  gas  by t h e  ave rage  n e u t r o n  r e a c t i o n  r a t e  p e r  

a b s o r b e r  atom i n  t h e  g r a p h i t e  (assumed t o  be c o n s t a n t  a t  t h e  same v a l u e  

a s  f o r  f u e l  s a l t )  and i n t e g r a t i n g  o v e r  t h e  r a d i u s  o f  t h e  rod a s  f o l l o w s :  

S i m i l a r l y ,  t h e  d e p o s i t i o n  of  a n o n v o l a t i l e  daugh te r  of a nob le  gas p e r  

s q u a r e  c e n t  i n e t e r  of g r a p h i t e  s u r f a c e  i s  : 
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R 
Ehk Il(mR)xi 

(31 1 i 
A 

Ai 1 'i(') dr  = m h 1 (mR) + Dcm Il(mR) * 
0 

The c o n c e n t r a t i o n  of a v o l a t i l e  daugh te r  i n  t h e  g r a p h i t e  can  be 

ob ta ined  by s o l v i n g  t h e  d i f f u s i o n  e q u a t i o n  w i t h  a d i s t r i b u t e d  source ,  

s u b j e c t  t o  t h e  c o n d i t i o n s  of z e r o  f l u x  a t  t h e  g r a p h i t e  c e n t e r  l i n e  and 

c o n t i n u i t y  of f l u x  a t  t h e  o u t e r  s u r f a c e ,  

-DE = h [ y j ( R )  - k x.). J (33 1 
r = R  

For t h e  c o n c e n t r a t i o n  of t h e  daugh te r  a s  a f u n c t i o n  of p o s i t i o n ,  one 

o b t a i n s :  

(34) 
i 

ahk I (mR) x 
0 

h k[Qx + x j ]  Io(ar> 
i 

h I ( m R )  + D a n  I l ( m R )  ' 
0 

'j") = h I o ( B R )  +  DE,^ I 1 ( R R )  - 

where R i s  t h e  c h a r a c t e r i s t i c  r e c i p r o c a l  l e n g t h  f o r  s p e c i e s  j d e f i n e d  - 
by ,12 = ( A .  -1- G j @ ) / D ) ,  and Q i s  t h e  d imens ion le s s  r a t i o  Q = - A . / ( A j  + 3 ' j i  1 

0 . Q  - Ai - c y ) .  
3 

The f low r a t e  of m a t e r i a l  j a c r o s s  a u n i t  s u r f a c e  i n t o  t h e  f u e l  s a l t  

i s  g iven  by: 

2 3 
1% h kU I (mR) 

0 
t h'kcl I ( R R )  

5 h I ( R R )  + DER I I ( B R )  ; X  
0 

- h Io(mR) + DEm I l ( m R )  i 
i 

[ y j ( R )  - k x * l  = 
0 

3 

) l  'F hkDeR I1 ( B R )  

h I o ( B R )  + DER I1 (RR 1 x.i' 
A 



The q u a n t i t y  i n  t h e  f i r s t  b r a c k e t  on t h e  r igh t -hand  s i d e  of  E q .  (35) i s  

t h e  c o e f f i c i e n t  f o r  t h e  p roduc t jon  of s p e c i e s  j i n  t h e  f u e l  s a l t  by 

d i f f u s i o n  of s p e c i e s  i i n t o  t h e  g r a p h i t e ,  i n t roduced  a s  g i n  E q .  (21+); 

t h e  q u a n t i t y  i n  t h e  second b r a c k e t  i s  t h e  c o e f f i c i e n t  f o r  t h e  l o s s  of  

m a t e r i a l  j by d i f f u s i o n  i n t o  the  g r a p h i t e ,  G . .  Expres s ions  f o r  t h e  p o i -  

son ing  by m a t e r i a l  j 
s p e c i e s  j (which h a s  d i f f u s e d  i n t o  t h e  g r a p h i t e )  may a l s o  be ob ta ined  

by i n t e g r a t i n g  t h e  c o n c e n t r a t i o n  a s  a f u n c t i o n  o f  p o s i t i o n  o v e r  t h e  

volume of  t h e  moderator ,  bu t  t h e y  a r e  n o t  p r e s e n t e d  h e r e .  MATADOR uses  

t h e s e  e x p r e s s i o n s  t o  compute: (1) t h e  c o n c e n t r a t i o n s  of the  nob le  gases 

i n  the f u e l  s a l t ,  and ( 2 )  t h e  po i son ing  and t h e  d e p o s i t i o n  r a t e s ,  i n  t h e  

g r a p h i t ?  of t h e  nob le  g a s e s  and t h c i r  f i r s t - g e n e r a t i o n  n o n v o l a t i l e  

d a u g h t e r s .  

j i  

3 
and t h e  d e p o s i t i o n  r a t e  due t o  t h e  decay of 

5 . 5  Model f o r  t h e  M i g r a t i o n  of Noble Gases and Noble Meta l s  t o  
C i r c u l a t i n g  Xelium Bubbles 

A model f o r  t h e  m i g r a t i o n  of  nob le  gases  and nob le  m e t a l s  t o  he l ium 

bubb les  t h a t  a r e  c i - r c u l a t i n g  i n  t h e  MSBK f u e l  s a l t  h a s  been developed 

f o r  u s e  i.n t h e  MATADOR code .  T h i s  model i s  a n  e x t e n s i o n  of  t h e  model 

proposed by Ked1 and I lou tzee l  t o  t r e a t  xenon po i son ing  i n  t h e  MSRE;23 

i t  t r e a t s  t h e  bubbles  a s  a s e p a r a t e  wel-1-mixed volume i n  c o n t a c t  w i t h  t h e  

f u e l  s a l t ,  and makes u s e  of  K e d l ' s  r e s u l t s , * "  whi-ch demons t r a t e  t h a t  t h e  

c o n c e n t r a t i o n  of nob le  gas  i n  the bubb les  i s  s u f f i c i e n t l y  low t h a t  i t  can 

be n e g l e c t e d  when c a l c u l a t i n g  t h e  r a t e  of t r a n s f e r  of nob le  g a s e s  from 

t h e  f u e l  s a l t  t o  t h e  he l ium.  It i s  assumed t h a t  a f r a c t i o n  of  t h e  bubb les  

i s  s t r i p p e d  on each  comple te  pas s  of t h e  f u e l  s a l t  t h rough  t h e  pr imary 

s a l t  loop.  N o n v o l a t i l e  d a u g h t e r s  o f  t h e  nob le  g a s e s  and nob le  m e t a l s  

a r e  assumed t o  r e t u r n  immediately t o  t h e  f u e l  s a l t .  With t h e s e  assump- 

t i o n s ,  one may w r i t e :  
I 

+ a i m b  
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2 where A = s u r f a c e  a r e a  of  c i r c u l a t i n g  bubbles ,  c m  , b 
E = e f f i c i e n c y  w i t h  which t h e  g a s  bubb les  a r e  s t r i p p e d  of i, 

N. = c o n c e n t r a t i o n  of s p e c i e s  i i n  t h e  g a s  bubbles ,  moles/cc,  

Qb = v o l u m e t r i c  f low r a t e  of  t h e  g a s  bubbles ,  c c / s e c )  

V = volume of  bubbles ,  cc, 

X .  = c o n c e n t r a t i o n  of  s p e c i e s  i i n  t h e  f u e l  s a l t ,  moIes/cc, 

h 

S 

1 

b 

1 

= f i l m  c o e f f i c i e n t  f o r  mass t r a n s f e r  t o  t h e  bubbles ,  crn/sec. 
b 

The o t h e r  terms have been d e f i n e d  e a r l i e r ;  t h e  prime on t h e  summation 

s i g n  i n d i c a t e s  t h a t  t h e  sum i n c l u d e s  o n l y  t h e  nob le  g a s e s  and noble  

m e t a l s .  There i s  one e q u a t i o n  of  t h i s  t y p e  [ i . e . ,  Eq. (36)] f o r  each  

nob le -gas  and nob le -me ta l  i s o t o p e ;  and, s i n c e  t h e  e q u a t i o n s  a r e  l i n e a r ,  
ZU t h e  system can e a s i l y  be so lved  by s t a n d a r d  t e c h n i q u e s .  

5.6 Assumed Chemical Behavior of  F i s s i o n  P roduc t s  

The MATADOR code t r e a t s  t h e  chemical  p r o c e s s i n g  of  t h e  f u e l  s a l t  

by combining the f i s s i o n  p r o d u c t s  i n t o  g roups  o f  e l emen t s  of  s i m i l a r  

chemical  b e h a v i o r .  Each group o f  e l emen t s  i s  assumed t o  be processed 

on a c h a r a c t e r i s t i c  c y c l e ,  and i n d i v i d u a l  e l emen t s  a r c  a s s i g n e d  a 

removal e f f i c i e n c y .  Thus, w i t h  t h i s  procedure,  t h e  removal t i m e  f o r  

each element i s  e q u a l  t o  t h e  c y c l e  t ime  f o r  i t s  c h a r a c t e r i s t i c  group 

d i v i d e d  by i t s  removal e f f i c i e n c y .  The p r i n c i p a l  groups o f  chemical  

e l emen t s  and t h e i r  p r o c e s s i n g  c y c l e  times a r e  g iven  i n  Tab le  2 .  The 

e f f i c i e n c y  f o r  each element  excep t  europium ( e f f i c i e n c y ,  0.222) i s ,  

a t  p r e s e n t ,  e q u a l  t o  1.0. 



Tab le  2 -  Chemical. Groups and P rocess  Cycle  Times i n  Reference MSBK 

Chemica 1 Pr  i n c  i pa 1 P r o c e s s i n g  
Cycle Time -- Elements __ Groups 

Noble g a s e s  K r ,  Xe  50 s e c  

Noble m e t a l s  

Seminoble m e t a l s  

Rare e a r t h s  

Halogens 

A s ,  Se, Nb, Mo, Tc,  
Ru, Kh, Pd, Ag, Tc! 

Zn, Ga, Ge, Z r ,  Cd, 
In, Sn, Sb 

50 s e c  

200 days 

50 days  Y, La, Ce, Pr ,  Nd, Pm, 
Sm, Eu, Gd, Tb, Dy, 110, E r  

B r ,  I 50 days  

A c t i v e  m e t a l s  Rb, Sr,  C s ,  Ba 3000 days 

5 .7  M a t e r i a l  Balance Ca lcu l . a t ions  f o r  a 1000-Mw ( e l e c t r i c a l )  
S i n g l e  -F lu id  MSBR 

The MATADOR code h a s  been used t o  compute i n v e n t o r i e s  and h e a t -  

g e n e r a t i o n  r a t e s  i n  t h e  f u e l  s t r e a m  o f  a 1000-Mw ( e l e c t r i c a l )  s i n g l e -  

f l u i d  MSBR [which i s  e q u i v a l e n t  t o  a 225O-M~ ( t h e r m a l )  s i n g l e - f l u i d  
3 .  MSSR]. The r e a c t o r  i s  f u e l e d  w i t h  1461 f t  of s a l t  hav ing  t h e  nominal 

composi.tion 71.7--1c,.0-1~.0.--0.~ mole % LiF-BeF2-ThFlt-UFl+. 

i s  removed from t h e  system on a 3-day  c y c l . ~ ? ,  and f u e l  s a l t  i s  d i s c a r d e d  

on a 3000-day c y c l e .  The f i s s i - o n  p r o d u c t s  a r e  removed a s  d e s c r i b e d  i n  

S e c t .  4.4.6.  T y p i c a l  MATADOR o u t p u t  i s  g i v e n  i n  Appendix B. Tab le  B - 1  

i n c l u d e s  p e r t i . n e n t  i n p u t  d a t a  ( s u c h  a s  r e a c t o r  power, t he rma l  n e u t r o n  

f l u x ,  s p e c t r a l  i ndexes  and pa rame te r s  f o r  d i f f u s i o n  of nob1.e g a s e s  'co 

t h e  g r a p h i t e )  f o r  t h e  c a l c u l a t i o n .  

e l emen t s  a r e  g i v e n  in Tab le  B - 2 .  Tab le  33-3 g i v e s  t h e  molar  d e n s i t y ,  

mole f r a c t i o n ,  n e u t r o n  a b s o r p t i o n s ,  a c t i v i t y ,  s p e c i f i c  h e a t - g e n e r a t i o n  

r a t e ,  s p e c i f i c  gamma power, and molar  p r o c e s s i n g  r a t e  f o r  each i s o t o p e  

i n  t h e  f u e l  s a l t .  T h i s  t a b l e  conc ludes  w i t h  summaries of  t h e  s p e c i f i c  

h e a t  - g e n e r a t i o n  r a t e s ,  n e u t r o n  a b s o r p t i o n  r a t e s ,  and chemical  p r o c e s s i n g  

r a t e s  f o r  t h e  e l emen t s .  Tab le  B - 4  l i s t s :  (1) t h e  25 most impor t an t  

P r o t a c t i n i u m  

Removal t i m e s  f o r  t h e  chemical  
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f i s s i o n  p roduc t s  and h e a t  s o u r c e s  i n  t h e  f u e l  s a l t ,  ( 2 )  t h e  most con-  

c e n t r a t e d  i s o t o p e s  i n  each of t h e  s t r eams  of f i s s i o n  p roduc t s  l e a v i n g  

t h e  pr imary s a l t  c i r c u i t ,  and ( 3 )  the most impor tan t  h e a t  s o u r c e s  i n  

each  of t h e  f i s s i o n - p r o d u c t  s t r eams .  Table  B-5 g i v e s  t h e  f low r a t e s  

and h e a t - g e n e r a t i o n  r a t e s  of each of  t h e  f i s s i o n - p r o d u c t  s t reams.  

Table  B-6 i n c l u d e s  a m a t e r i a l  b a l a n c e  f o r  t ho r ium consumption i n  t h e  

r e a c t o r .  
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A P P E N D I X  A. LIBRARY OF' NUCLEAR DATA FOR MSBR A P P L I C A T I O N S  



N L C L E A R  T R A h S M L T A T I C h  D A T A  

H U C L  = N U C L I P E  = ? 0 0 0 0  * A T 5 H I C  h0 i 10 * MASS hC i ISCCERIC S T A T E  I O  CR I9 D L A M  = OECAY C O h S T A N T  ( I / S E C I .  
F B I  FP, FA,  Z T  = F R A C T I O N A L  3 E C A Y  BY BETA,  P O S I T R C N  ( C R  E L E C T R O h  C A P T U R E ) *  ALPHA,  I N T E R N A L  T R A h S I T I C h .  F8 = P - F P  - F A  - F T  
F e l t  F P l ,  FNG1, F N Z N ?  = F R A C T l S N  OF BETA,  P O S I T R O N ,  h - C A P P A v  N - t h  T R A N S I T I O N S  TO E X C f T E D  S T A T E  OF PRODUCT N U C L l D E  
S I G T H ,  S I G Y G ,  S I G F ,  S I G N A ,  S I G N P  = T H E R Y A L  CROSS S E C T I C N S  l F B R h S )  FOR ABSGRPTION, N-GAMMA, F K S S I C N v  N-ALPHA,  W-PROTCNy. 

R I T H ,  R l h G r  R I F ,  R I Y b r  R . h P  = R E S C h A h C E  I N T E G R A L  FOR AaSCRf'TfCWr N-GbNYA,  F I S S I O N I  N - ~ L P H A P  N-PROTON. 

S IGMEV,  S I G F C ,  S I G Y 3 h r  S l G ' w A F ,  S I G N P F  = F A S T  CROSS S E C T I C h S  I B P P h S I  FOR A 6 S G R P T f D h r F I S S I O N ,  h-2hr N-ALPHA, N-PRCJTON. 

Y 2 3 r  Y 2 5 ,  YO29 Y 2 9 r  Y L 9  = F I S S I O N  Y T E L C  I P E R C E R T )  FRCM 233-U, 235-Uv 2 3 2 - T V p  236-U, 239- PU. 
0 = R F P T  PER O l S I \ T E G R A T : O N .  FG = F R A C T I C N  CF H E A T  I h  GAMPAS C F  ENERGY GREATER T H A N  0.2 REV. 

S I G N G  = S I G T H  * ( 1  - F V A  - F h P I .  SIGhA = S I G T F  * F h A .  SIGNP = S I S T H  * FNP. FNA,  F N P  = F R A C T I O h l  T H E R h A L  N-ALPHA, N-PROTON. 

R I N G  = R T T H  * ( 1  - F!NA - f I N P ) .  R I N D  = R I T P  * F I h A .  R I h P  = P I T H  * F I N P .  F I N A ,  F I N P  = F R A C T I C N  f iESONANCE N-ALPHA,  %-PROTON. 

S I , 5 k 2 h  = S I G V E V  * I? - F F N A  - F 'NPI .  S I G N A F  = S I G Y E V  * F F h A ,  S I G h P F  = S I C M E V  * F F h P -  F f Y A t  F i N P  = F R A C T I O h  F A S T  &-ALPHA. h-P. 

E f c ' C T l V E  CRCSS S E C T I O N S  FCR A VOLUME PVERACEO T h E R P A L  ( L T  0.e76 E V I  FLUX ARE AS FOLLOWS. 
N-GAMMA - S I G N G  * THERM i R I P C  * RES. 
FlSSIChl  - S l G F  * THERM + R I F  * R E S  + S K C F F  * F A S T .  THERM = I / V  C C R R E C T I O N  FOR TH,ERMAL SPECTRUM AND TEMPERATURE.  
Y-2N - S I G U Z N  * EAST. R E S  = R A T I O  O F  R E S J N A N C E  F L U X  P E R  L E T H A R G Y  U Y t T  TO THERMAL F L U X .  
N-ALPHA - S I G N A  * THERM t RXNA * R E S  4 S I G h P F  * FPST.  F A S T  = R A T I C  OF F A S r  I G T  1.0 P E J )  TU T Y E 9 M A L  F L U X .  
h -PAOTCN - S I G X P  * T H E R V  + R I N P  * R E S  9 SIGhPF * F A S T .  

F L U X  = 1.50E 13, i + E R M  = 0 . 4 3 6 0 r  R E S  = C . 0 9 0 5 ,  F4ST = 3 . C 7 B Z O  f C R  235-U F U E L E D  HSRE AT 7 . 5  M W I T h l  

 LUX = 3.70F 14,  TF€9b' = 0.39'41, PES = 0 . 1 U Z 7 r  F A S T  = 0.05 FCR T H C  P E G I C N  YSPR A T  5 5 6  MW(' IH1 
F L U X  = 4 . Q O F  14,  TFERM = 0.'79?, RES = 0.1027, F A S T  = 0.05 FCR O h E  R E G I O h  P'SBR A T  4444 M W ( T H 1  
F L U X  = 2.31E 1 4 ,  THFRP = 0.706, RES = 0.0693. F A S T  = 0.05 F C R  S I h G C E  F L U I G  MSBR A T  2250 Mdt7H)r C A S E  H K - G - 3 0  

n u x  = 7 . 7 0 ~  1 7 .  TFERM = 0.46(i0, 9 6 s  = C.IIOO. F A S T  = 3 . 0 4 3  FCR 233-11 FUELED MSRE A T  7.5 PW(THI) 

R E F E R E N C E S  
H 4 L F  L f V t S r  OECbY SCHEYES,  AND T H E R F P L  P O k E R  

C M LEDERER,  J M HOLLAH?ER,  4 Y C  I P F R L M A Y  ' T A B L E  O f  I S C T C P E S  - S I X T H  E D I T I O N '  JOHk H I L E Y  AND SUNS, I N C  1 1 9 6 7 )  
8 5 3 Z H E L c P O V  J N Z  L K = E K E 1  'OECAY SCHEPES OF R A 3 1 0 A C T I V E  N U C L E I '  PERGAMHC4 PRESS ( 1 9 6 1 )  
0 T GCLDPAI I  AhrD JAMES R R?SSER ' C H 4 R T  0' T F E  N U C L I D E S '  h I h T H  E C ! T I O N  G E h E R A L  E L E C T R l l C  CO r J k L Y  1966)  
E D 4 R 4 U L D  ' P R C G R A M  SPECTRA'  APPE'IOTX A CF C R N L - 3 5 9 6  ( b P R I L  1 9 6 4 1  

W E P R I N C F  *\LEUTRflN R E A C T I O N  K A T F S  I N  'hE V S " €  S P F C T R L i r '  C I Z N L - 4 1 1 9 r  P P  79-83 i d U L Y  1967) 
B E P R I N C E  'NEUTRON EKERGY S P F C T R A  TN MSRE Oh13 N S B R '  O R N L - 4 l a l r  P P  50-58 i D E C  1 9 6 7 1  
M 0 COLDBERG E T  A L  ' h F U T R C N  CROSS S E C T I O N S '  P h L - 3 2 5 ,  S E C C h C  E C .  SUPP NO 2 \ M A Y  19b4 - AUG 19661 A L S O  E A R L I E R  E O l T l O N S  
H T KERR, U Q P U P L I S H E C  FRC C O M o I L A T I O h  l F E 8  1969) 
M 1( D R A K E  ' A  C C M P I L A T I O N  OF R F S O N A h C E  I h T E G R A L S '  N U C L E t N I C S r  V C L  2 4 ,  N C  8, PP 106-111 t A J G  19661 
BNWL S'AFF * I W V E S 7 i G A T I O N  Of  PI-2U CR3SS S E C T I O N S '  9YWC-48, P P  44-96 IJUhE 1 3 6 5 )  
H ALTER AhrC C E k 'EEE9 ' P R U C U C T I C N  3 F  H I h D  VE I h  C E T B L S  C d R I N G  R E A C - C 4  I R R A S I A T I U N '  J NUCL H A T L S t  VCIL 16, PP 53-73 ( 1 9 6 5 )  
L L BENNETT 'REC3MMENDED FISSICh PRODUC' C t - A I N S  F,'R L S E  I Y  REACTCR E V A L U A T I 3 N  S:UD:ES' O R N ~ - r M - 1 6 5 8  [SE3T 19558 

S (ATCCFF ' C I S S I C h  PKC3UCT Y I E L D S  F 9 O C  NELTROIL I N G U C E C  FISSICh' ' I U i L E O N l C S ,  V E L  18 ,  NO I b r  I h O V  1960) 
3 ti GOOOE ' Y O T  Z F L L  E V A C U A T I O N  O= THC R E L E A S E  0' T R I T I U P  AND 85-KR D t J R I N G  PROCESSIkG O F  UOZ-THO2 F U E L S '  O G N L - 3 9 5 6  (JUNE 1966) 

C Y O S S  S E C T I C Y 5  5\J FLUX S P E C T R A  

FISSfCh PRCCUCT Y I E L O S  
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ACT1 N I DES 

NUCL QLAM F B I  FP 
HE 4 0.0 0.0 
TC209 3.73E-03 0.0 
P62OR 0.0 0.0 
PB212 1.BPE-05 0.0 
BIZ12 1.qlE-04 0.C 
PO212 6.93E 0 3  0.0 
PO214 4.62E 00 0.C 
RN270 1.24E-02 0.0 
94224 2.20E-06 0.0 

TH72S 3.01E-12 0.0 
TH230 2.15€-!3 0.3 
TH231 7.52E-06 0.0 
TH232 1 . 5 b F - 1 9  0.C 
TH233 5.23F-04 0.0 
PA230 4.53E-07 0.0 
PA237 6.76E-1? C.C 
PA232 6.08E-06 0.0 
PA233 2.C3E-07 0.C 
PA234H 9.87E-03 0.0 
PA234 2.R5E-fl5 0.C 

U232 3.05E-10 0.0 
U t 3 3  1.36f-17 0.e 

U235 3.09F-19 0.3 
U235 q.19F-16 0.0 
U237 1.19E-06 0.0 

~ ~ 2 2 n  i . i 5 ~ - 0 a  0.0 

~ 2 3 4  3 . 8 9 ~ - 1 4  0.e 

u238 4 . ~ 7 ~ - 2 8  0.0 
u239 4 . 4 2 ~ 0 4  9.c 

NP236 8.75E-06 0.0 
NP737 1.33E-14 0.C 
NP238 ?.82E-06 0.5 
NP239 3.41E-06 0.G 
PU236 7.71E-09 9.0 
PU238 2.47E-lC 9.0 
PUZ39 9.00E-I3 0.0 
pW240 3 . 7 5 € - ? 2  0.0 
PU241 1 .69509 3.0 
PU241 5.80E-14 9.0 
PU243 1.87F-05 3 . C  
AM24! 4.80E-ll 0.0 
AM242P 1 .455-10  0.3 
AM242 1.20E-05 0.0 
AM243 2.87E-12 0.0 
b W 2 4 5 Y  4.4hE-04 0.0 
AH244 l .9l.E-05 C.0 
CM242 6.92E-05 0.0 
CM243 6.36F-10 0.0 
tM244 1.21E-09 0.9 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0  
0.3 
0 .0  
C. 0 
0.0 
0.0 
0.0 
0.9 
0. a 
3.0 

FP'I 
0.0 
0 .o 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.9 
0.0 
0.0 
n . 0 

0.0 

_ _  
0.896 0.3 
0.0 0.0 
0.0 0.0 
0.0 0.c 
0.0 0.0 
3.3 0.0 
0.0 3.0 
0.0 9.,3 
3.0 0.3 
0.0 3.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.43C O.C 
0.0 0.0  
0.0 0.0 
@.@ 0.0 
0.0 0.0 
0.3 3.0 
0.0 0.0 
3.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.5 
0.0 0.0 
0.0 0.0 
C.180 0.0 
0.0 0 .0  
3.3 0.0 
0.0 0.0 
0.0 0.0 
0.c 0.0 
0.0 3.0 

F T  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
c. 0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.3 
c. 0 
0.0 
c. 0 
0.0 
0.0 

FA SIGNG RING F N t l  SIGF R IF S I G f F  SIGN2k FN2NL 0 FG 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 c.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.c 
0.360 0.0 
1.000 0.c 
1.coc 0.0 
1.000 0.0 
1.0cc 1.2OE 
1.000 1 . 2 O E  
?.00.:: 0.c 
1.000 2.30E 
0.0 0.0 
1.00C 7.COE 
0.0 1 . 5 0 E  
0.0 0.c 
1.000 2.OOE 

0.0 !.44E 
0.0 0.0 

0.0 
0 . C  
0.0 
0.0 
0.0 

01 0.0 
c2 0.0 

0.c 
6 1  I.COE 

0.0 
00 3.61F 
03 3.86E 

0.c 
02 4 . 8 O E  

0.c 
0 2  1.42E 

0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 3.20E 01 0.0 

03 0.0 0.0 0.0 
0.0 0.0 0.0 

01 c.0 0.0 0.0 
0 2  0.0 0.0 0.0 

C.0 t.50E 03 0.0 
02 0.0 0.0 0.0 

0.0 0.0 0.0 
02  c.512 0.0 0.0 

c.01c 0.0 0.0 0. c 0.0 
c. C 
0.0 
0. C 
'3. 0 
C.0 
0.0 
0.0 
0.0 
0.0 
0.0 
c. c 
e. c 
0. 0 
0. 0 
0. 0 
c. 0 
6.0 
0.0 
0.0 
0.0 
0.0 

0.c 0.0 

1.000 o .G lE  
1.OOC B . 2 9 E  
1.BCO 9 .52E 
1.ooc 5 . 9 5 E  
0.0 0.0 
1.000 2.73E 
0.0 0.0 
0.c 0.0 
0.0 3.14.5 
0.0 0.0 
0.0 6.00E 
1.0co 0.0 
1.cc0 5.00E 
1.ooc 1.02E 
!.OCC 3.55E 
0.0 h.33E 
1.ooc 2.OOE 
0 . 0  0.0 

:.OW 7 . 8 0 ~  
0. c 

01 Z . Z O E  
OB 9.40E 
01 5.C7E 
01 1.78E 
00 3.06E 

0. c 
00 2.eOE 

0.9 
0. c 

02 8.54E 
0.0 

01 0.0 
0.0 

02  X . 5 0 E  
03 l.lOE 
C2 8.79E 
02 1.15E 
0 1  1.28E 

0.0 

0.0 
02 0.0 
01 0.0 
02 0.0 
02 0.0 
02 0.0 

0.0 
02 6.0 

0.0 
0.0 

02 0.0 
5.0 
0.0 
0.0 

02 6.0 
0 3  0.0 
03 c.0 
02 0.0 
c3 c.0 

0.0 

0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 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 
1.P5E-01 1.59E-02 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
1.60E 00 0.0 0.0 
0.0 0.0 0.0 
1.49E 00 7.05E-03 0.0 

0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 3 . 3  
7.70E 01 '?.20E 0 2  0.3  0.C 0.0 
5.77E 0 2  7.25E 02 0.0 7.00E-03 0.3 
0.0 0.0 2.35E 00 5.20E-03 0.0 
5.10E 02 3.40E 02 0.0 8.34E-03 0.0 
0.0 0.0 9.27E-0% 7.00E-03 0.0 
0. o 0.0 0.0 0.0 0.0 
0.0 0.0 3.57E-01 4.6OE-03 0.0 
0.0 0. a 0.0 0.0 0.3 
0.0 0.0 0.0 0.0 0.3  
3.70E-02 0.0 0.0 9.BOE-03 3.0 
1.60E 5 3  0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 
1.7OE 02 0.0 0.0 0.0 0.0 
1.75E 01  2.50E 01 0.0 R.30E-04 0.0 

1.605-03 0.0 1.71E 0 3  1.49E 03 0.0 
0.0 0.0 2.23E O Q  l.lOE-03 0.0 

2.4OE-03 0.0 1.6BE 0 3  8.80E 02 0.0 
3.50E-02 6.00f-01 0.0 2.20E-03 0.0 
0.3 0.0 0.0 0.0 0.0 

1.OCO 1-6CE 03 9.00E 0 2  0.162 3.13E CO 0.0 0.0 1.50E-C4 0.0 
1.003 0.0 2.OOE 
0.0 0.C 0.0 
C.0 1.000 1.80E 
3.0 J.0 0.3 
0.0 0.0 0.0 
0.0 1.000 3.COE 

c.0 1.ooc I . O O E  
0.0 '1.000 2 . 5 0 ~  

03 0.0 
0.0 

C Z  2.2OE 
0.0 
0.C 

c 1  0.0 
c2 0.0 
ill 6.50E 

3.0 6.30E 03 0.0 0.0 
0.0 2.90E C3 0.0 0.0 

03 0.943 4.50E-01 1.50E 00 0.0 
0.0 0.0 0.0 0.0 
0.0 2.30E 03 0.0 0. 0 
0.Q 0.0 0.0 0.0 
0.0 5.93E 02 0.0 0.0 

02 0.0 2.70E 00 7.20E 01 0.0 

5.63E-03 0.C 
0.0 0.0 
0.0 0. t 
G. 0 0.0 
0.0 c. 0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

0.0 0.0 
3.300 0.82 
0.0 0.0 
0.299 0.60 
2.710 0.03 
8.940 0.0 
6.899 0.0 
b . 3 9 6  0.0 
5.782 0.00 
5.525 0.0 
5.100 0.0 
4.767 0.0 
0.233 0.43 
4.080 0.3 
0.420 0.0 
1.380 0.02 
f i . l A 8  0.0 
0.560 0.40 
0.408 0.80 

1.700 0.81 
5.414 0.0 
4.909 0.0 
4.856 0.0 
4.680 0.0 
4.573 0.0 
0.362 0.71 
4.269 0.0 
0.400 0.0 
c.475 0.0 
3.0 0.0 
0.&66 0.69 
0.500 0.65 
5.870 0.0 
5.587 0.0 
5.243 0.0 

0.007 0.0 
4.980 6.0 
0.240 (1.02 
5 .600  0.0 
3.048 0.0 
0.225 c.0 
5.009 0.0 
0.600 0.3 
1 . 1 3 5  0.88 
6.213 0.0 
5.161 0.0 
5.800 0.0 

o.ec9 0.01 

5.055 0.a 
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F I S S  IUh PRODUCTS 

NUCL DL4H F R 1  
CE146 3.25E-04 0.0 
PRl06 4 . 8 t E - 3 4  0.0 
N0146 0.0 0.0 
CE147 1.07E-07 0.C 
PR?47 9.63E-04 0.0 
ND14' 7.23E-07 0. C 
PM'147 8.38E-OS 0 .0  
51147  0.0 0.0 
CE148 1.61E-02 0.0 
PR148 5.78E-03 0.0 
ND14B 0.0 0.0 
PY14PN !.91E-07 0.0 
P P I 4 9  1.49E-00 0.0 
5Mi48 0.0 0.0 
PR140 5 .02E-01  0.0 
NO140 1.07E-04 0.0 
PM149 3.67E-06 0.0 
SW140 0.0 0.0 
ND150 0.0 0.0 
P M 1 5 0  7.13E-05 0.0 
SP11'0 0.0 0.0 
NO151 9.63E-06 0.C 
PN15I 6.88E-06 0.0 
SMlril  2.57E-10 0.C 
EU15' 0.0 0.0 
P Y l S 2  1.03E-03 3.0 
§ M I 5 2  0.0 0.3 
EU152M 2.07E-9+ 0.0 
EU152 ?.83€-09 0.9 
GC152 0.0 0.0 
P M 1 5 3  2.YSF-03 0.0 
SM153 4.10E-06 0.0 
EU152 0.0 0. c 
GO153 3.?2E-09 0.0 
DM154 4.62€-07 0.0 
SUI54 0.0 0.0 
EU154 1.37E-05 P.0 
GO154 0.0 0.0 
SM155 5.02E-04 0.0 
ECll.55 1.215-08 0.0 
G O 1 5 5  0.0 3. c 
SM156 1.05E-05 0.0 
fU156 5.35E-07 0.0 
GDl56 0.0 0.3 
SMli5-l 2.31E-02 0.3 
~1.~157 L . ~ ~ E - O F  0.0 
CUD157 0.0 3.0 
EU158 1.51E-04 c.12 
GDDISB 0.0 0.0 
ELI159 6.42F-04 0.0 
GO159 1.07E-95 0.C 
T B l c $  3.0 0.0 
EUlh0 4.62E-03 3.0 
GD160 0.0 0.0 
18160 1 . l l E - 0 7  0.0 

FP 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
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 
3.0 
0.0 
0.0 
0.0 

F P 1  
0.0 
0.3 
0.0 
0 . 0  
0.0 
0.0 
0 .0  
0.0 
0.0 
(1.0 
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 
0.3 
0.0 
0.0 
0.0 

0.239 0.0 
0.720 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.3 
0.0 0.0 
1.000 0.0 
0.0 
0.0 
0 . 0 
0.9 
0.0 
e. 3 
0.0 
0 . 0  
0.0 
0.3 
0.0 
0.0 
0.0 
0.0  
0.0 
0.3 
0.0 
0 .0  
0.3  
0.0 
0.3 

0.0 
0.0 
n . 3  
C.0 
0.0 
0.0 
0.0 
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 
O.C 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.3 
0.0 
c.0 
0.0 
0.0 
c.0 
0.0 
0.0 
c). 0 
0.3 
0.0 
0.3 
0. 0 
0.0 
0.0 
c. 0 
0.0 
0.0 
2.0 
0.0 
0.0 
3.0 
c. 0 
0 .0  
0.0 
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 T  SIGVG R I h t  F l l G l  Y23 Y 2 5  
0.0 0.0 0.0 0.0 2.63E 00 3.07E 
0.0 0.3 0.0 0.c 0.0 0.0 
0.0 f.05E 01 2.50E 01 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 1.98E 00 2.36E 
c.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0. 0 0.c 0.0 0.0 
0.0 2.35E 0 2  3.22E 03 0.472 0.0 0.0 
0.0 R.70E 01  7.08E 02 0.0 0.0 0.0 
3.0 0.0 0.0 0.0 1.34E 00 f.71E 
3.0 0.0 0.0 0.0 0.0 0.0 
0.0 2.90E O C  1.87E 01 5.0 0.0 0.0 
0.37C 2.90E 04 3 . 5 C E  04 0.C 3.0 o.0 

2.00E 03  4.E!OE 04 0.C 0.0 0.0 
9 . C O E  00 5.OOE 01 0.0 0.0 0.0 
0.0 0.0 0.0 7.50E-01 1.13E 
0.0 0.0 0.0 0.0 0.0 
K . 7 C E  03 0.G 0.0 0.0 0.0 
R . 4 4 E  04 3.3ZE 03 0.C 0.0 0.0 
3.00E 06: 1.40E 01 G.C. 5.60E-01 5.70E-01 
0.0 0.0 0.0 0.0 3.0 
1.02E 09 2.27f 02 0.0 0.0 0.0 
0.0 0.0 0.0 3.35E-01 4.40E-01 
0.0 0.0 0.0 0.0 0.0 
5.92E 03 2.49E 03  0.0 8.0 3.0 
B.8OE 0 3  0.0 0.352 0.0 0.0 
0.0 0.0 0. c 
2.10E 32  3.01E 0 0.0 
0.0 0.0 0.  c 
5.00E O ?  0.C c.0 
1.80E 02 0.0 0.c 
0.0 0.0 0.0 
0.0 0.0 0.0 
?.9CE 02 1.411E 03 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
5.50i 0 0  2.50E 01 0.0 
1.5CE 0 3  5.q4E 02 0.0 
1.00E 0 2  5.70.E C2 0.C 
0.0 0.0 0.0 
1.40E 04 5.54E 03  0.0 
5.45E 0 4  I.63E 03 0.0 
0. 0 0.0 0. c 
0.0 0.0 0.5 
?.15E 01 2.30E 01 0.0 
0.0 0.0 3.0 
3.0 0.0 0.0 
2.54' 05  7 . 4 Q E  02 0.0 
0.0 0.0 0.c 
3.50F 00 2.90E 09  0.0 
0.0 0.0 0.0 
e. 0 0.0 0.0 
4.5OE 01 6.28E 02 0.0 
0.0 0.0  0.0 
8.OOE-05 0.0 0.0 
0.0 0 .  c 0.C 

Z.ZOE-01 
0.0 
0.0 
0.0 
0.0 
1.10 E-0 P 
2.00E-02 
0.0 
0.0 
4. SO€-02 
0.0 
0.0 
0.0 
2.30 E- 02 
0.0 
0.0 
1.10E-02 
0.0 
0.0 
4.50 E-03 
0.0 
0.0 
i.53E-03 
0.0 
8.00 E-04 
0.0 
0.0 
2.00E-04 
0.0 
0.0 

Y O 2  Y 2 2  Y 49 c F G  
00 4.00E 00 4.20E OB 2.50E 00 0.474 0.450 

0.0 0. C 0.0 2.710 C.620 
0.0 0.0 0.0 0.0 0.0 

00 2.90E 00 3.50E 00 2.07E 00 2.000 0.0 
0.0 0.0 0.0 1.060 0.210 
0.0 0.3 0.0 0.$72 0.C43 
0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 
00 9.00E-01 Z.50E 0 0  P.73E 00 2.003 0.0 

0.0 0.0 0.0 2.080 0. a40 
0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 2.142 0.910 
0.0 0.0 0.0 1.380 0.460 
0.0 0.0 0.0 0.0 0.0 

00 5.00E-01 1.80E 00  K.32E 00 2.000 0.0 

0.087 0.0 

0.0 
5 . 0  
0.0 
2.50E-01 
0.0 
0.0 
l.fOE-01 
0.0 
0.0 
0.0 

0. 0 
0. 0 
0.0 
1.50E 
9.0 
0.0 
1.20E 
0.0 
0.0 
0.0 

0.0 5.866 0.390 
0.3 0.421 5.020 
0.0 0.0 0.c 

00 1.01€ 00 0.0 0.0 
0.0 2.230 0.660 
0.0 0.0 0.0 

0 0  8.00E-01 1.220 0.0 
0.0 0.614 0,430 
0.0 0.294 0.C 
0.0 0.0 0.0 

2.81i-01 5.50E-02 8.50E-01 b.2OE-01 2.260 0.550 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0. c 0.0 1.19c 3.0 

0.0 0.0 0.0 0.0 0.0 0.0 
I.5OE-01 1.80E-02 3.60E-01 3.7CE-01 0.625 0.0 

0.0 0.0 0. c 0.0 0.0 0.c 
0.0 0.0 0.0 3.0 0.243 0.0 
7.70E-02 1.00E-02 2.5UE-01 t.9OE-01 1.010 0.0 

0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 3.0 0.3 

0.0 0.0 0.0 0.0 3.142 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
l.40E-02 2.00E-03 7.10E-02 1.10E-01 0.321 C.430 
0.0 0.0 0.0 0.0 1.780 0.760 
0.0 0.0 0.0 0.0 0.0 0.c 
1. ROE-03 7.50E-04 3. fUE-02 8.OOE-02 0.921 C.620 
0.0 0.0 0.0 0.0 3 . 7 2 8  0.440 
0.0 0.0 0.0 3.0 0.0 0.3 
2.00E-03 2.505-04 I. 3OE-02 4.00E-02 2.120 0.960 
0.0 0.0 0.0 0.0 0.0 0.0 
1.37E-03 1.30E-04 8.40E-03 2.1GE-02 1.350 C.393 
0.0 3.3 0.0 0.0 0.413 c.123 
0.0 0.0 0.0 0.0 O.C. 0.5 
3.00E-04 3.00E-05 3.90E-33 9.80E-03 1.490 0.C 
0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 1.420 0.820 

0.0 0.0 0.0 0.0 2.060 0.0 

I.~oE-o:! 2.00~-03 4 . 7 0 ~ - 0 2  4 . 7 0 ~ - 0 2  0.373 0.005 

0.0 0.0 0.0 0.0 0.0 1.530 0.0 C.840 

3 .30~-02  4 .50~-03  I.ME-OL 2 . 3 0 ~ - 0 1  a . o m  0. I B O  

8 



. 

'0 
'0 

0'0 0'0 0'0 0 '0 0'0 0'0 0-0 0'0 0'0 20 300.1 
0'3 0'0 0 '0 0 '0 0'0 0'0 0'0 0'0 20 303'6 30 33S.f 
0'0 6EL'G 0'0 0 '0 0'0 0'0 0'0 Q'O 0'0 0'0 

885'3 LIi3'1 0'0 0 '0 0 '0 0'0 0'0 0'0 0'0 0.0 
0.0 EfI'O 50-308'9 SO-30L '2 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 4TD'O 20 303'6 13 33L.9 

Lt3'0 IEi'O 0'0 0 '0 0'0 0'0 0'0 0'0 0'0 €0 30L.B 
220*3 695.0 +?0-30E'I 50-303 '4 0'0 0'0 0'3 0.0 0 '0 0'0 

0'3 5'0 0'0 0 *O 0 '0 0'0 0'0 3t.L.O 10 3ii.E €0 30L.Z 
3'0 08S'X f0-300'E f0-301'T 0'0 90-300'9 0'0 3'0 3'0 0'0 
0'0 0.0 0'0 0 '0 0'0 0'0 0'0 0'0 EO 395.1 20 3SZ'I 

OTE.0 528'0 f0-30S'f. 90-308'1 0'0 0'0 0'0 0'0 3'0 0'0 
0XE.O 528.0 90-305'3 f0-308.T 0'0 SO-308'T SO-302'1 0.0 0'0 0'0 

0.0 0'0 0'0 0 '0 0'0 0 '0 0'0 0'0 EO 3ZE'E 20 309'1 
0.3 0ET.T. 0'0 0 '0 0'0 0'0 0'0 3'0 0'0 0 '0 
0.0 OET.1 0'0 0 '0 0'0 0.0 0'0 3'0 0 '0 0 '0 
0'0 fL5.0 €0-300'2 f.0-300'8 90-300'1 S0-306'€ 50-30t'Z 0'6 0 '0 0 '0 
0.0 0'0 0'0 O'C 0 '0 0'0 0'0 3'0 EO 3L9'1 ZO 303'9 

EOO*O GLZ'O C'O 0 '0 0'0 0'0 0'0 305.0 0'0 0'3 
ObE.0 OEO'f EO-306'E €0-309.1 50400'1 SO-309'L 50-300'9 3'0 0'0 0'0 

0'0 0'0 0'0 0 '0 0 '0 0'0 0'0 0'0 to 3Fl.T IO 304'4 
93 3 bfA 0 2A 25A SZA EZA 13VJ 3Nld 3NL)iS 

Sb3lGOtid '431 SS I4 

0'0 
0'0 
0 '0 
0 '0 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
0 '0 
0'0 
0 'C 
0 '0 
0 '0 
c '0 
I3 

0'0 
0'0 
0'0 
3'0 
0'0 
0 '0 
C'C 
C'O 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
0'0 
O'C 
C'C 
0'0 
C'O 
C'O 

Id4 

c '0 
0 '0 
0 '0 
0 '0 
0 '0 
0 '0 
0'0 
iJ '0 
0 '0 
0 '0 
0.0 
0'0 
0 '0 
0 '0 
0'0 
0 '0 

0'0 ~9183 0'0 
0'0 0'0 991213 
0'0 90-351.L 9910H 
0'0 LT-3tE*t WY9iOH 
0'0 90-39E'Z 991ACl 
0'0 0'0 S910H 
0'0 4G-30E.8 49IAG 
0'0 EO-3L1'6 iJbQIA0 
0 '0 0'0 79IAO 
0'0 90-3LE.8 '79161 

0'0 50-396'2 €9161 
0'0 EO-359'1. W'i91Hl 

0'0 50-3Si.8 L91P1 

D'O 0.0 Evua 

0 '0 0.0 i9i~a 

0'0 €0-395'1 HZ9181 
0'0 000'1 d0-302'2 Z51i19 

O'C l9lAC 0'0 0'0 
0'0 0'0 90-391'1 I5181 
0'0 c-0 E0-32I'E i9103 
0'0 dj I@< 0'0 kVlQ 0'0 09IhG 13nN 
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Tab le  B - 1 .  Sample Cond i t ions  f o r  a T y p i c a l  MATADOR 
C a l c u l a t i o n  f o r  a 2250-Mw ( t h e r m a l )  MSBR 

-2 -1 Mean the rma l  n e u t r o n  f l u x ,  cm s e c  

Power, Mw ( t h e r m a l )  

S a l t  f eed  r a t e ,  g-atom/sec 

Thermal spectrum f a c t o r  

Resonance spec t rum f a c t o r  

P a s t  spectrum f a c t o r  

G r a p h i t e  a r e a ,  cm 

S a l t  volume, cm 

2 

3 

G r a p h i t e  rod r a d i u s ,  cm 

cc of v o i d s  
cc of g r a p h i t e  G r a p h i t e  p o r o s i t y ,  

Mass t r a n s f e r  c o e f f i c i e n t  f o r  K r  t o  g r a p h i t e ,  cm/sec 

D i f f u s i v i t y  of  K r  i n  g r a p h i t e  pores ,  cm / s e c  2 

S o l u b i l i t y  of K r  i n  f u e l  s a l t ,  
( n i o l e s / c d  of s a l t  )/(moles/cm3 of g a s )  

R a t i o  of g r a p h i t e  volume t o  s a l t  volume i n  c o r e  

13 6.62 x 10 

2250 

0.02148 

0.5  

0.108 

0 075 

2.57 x 10 7 

3.1 

0.1 

9.2 
-5 3.1 io  

5.0 x io -4 

2 .o 
-.-/ 

Mass t r a n s f e r  c o e f f i c i e n t  of X e  t o  g r a p h i t e ,  cm/sec 9.2 x i o  

2.5 1.0-5 2 D i f f u s i v i t y  of  Xe i n  g r a p h i t e  pores ,  cm / s e e  

S o l u b i l i t y  of  Xe i n  f u e l  s a l t ,  
(moles/crrS of  sait)/(rnoles/cm’ of g a s )  

-).I 
2.0 x 10 



T a b l e  B - 2 .  Removal T i m e s  t o r  t h e  Chemical Elements  i n  a 
T y p i c a l  MSBR Reprocess ing  P l a n t  

Atomic Remova 1 Atomic Rcmova 1 
N O  - Element Time N o .  E 1 einen t Time 

1 H 
2 He 
3 L i  
4 Be 
5 B 
6 C 
7 N 
8 0 
9 F 

10 N e  
11 Na 

1.3 A 1  
1 J-I S i  
15 P 
16 S 
17 c1 
18 A K  
19 K 
20 Ca 
21 sc 
22 T i  
23 V 
24 C r  
2 5  FIIl 
26 Fe 
27 c o  
28 N i  
29 cu 
30 Zn 
31 Ga 
32 Ge 
33 A s  
34 Se 
35 B r  
36 K r  
3 7 Rb 
39 Sr 
39 Y 
40 Zr 
L 1  Nb 
42 MO 
’43 Tc 
4 4 Ru 
45 Rh 
46 Pd 
47 Ag 
48 Cd 

I n  
Sn 

49 
50 

12 m 

50 s e c  
50 sec 
3000 days  
3000 days  
50 days  
3000 d a y s  
50 s e c  
50 days  
5000 days  
50 s e c  
3000 d a y s  
3000 days  
3000 days  
50 days  
50 days 
50 d a y s  
50 d a y s  
50 sec 
3000 days  
3000 days  
50 d a y s  
50 days  
50 days  
200 days  
200 days  
200 days  
200 d a y s  
200 days 
200 d a y s  
200 d a y s  
200 days  
200 d a y s  

50 s e c  
50 days 
50 sec 
3000 days  
3000 d a y s  
50 d a y s  
200 d a y s  
50 s e c  
50 s e c  
50 s e c  
50 s e c  
50 s e c  
50 s e c  
50 s e c  
200 days  
200 days  
200 days  

50 S ~ C  

51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
‘p 
73 
7’1 
75 
76 
77 
75 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
9 2  
93 
94 
95 
96 
97 
98 
99 
100 

Sb 
Te 
I 
Xe 
cs 
Ba 
La 
Ce 
Pr 
Nd 
pm 
Sm 
EU 

Gd 
Tb 
DY 
B O  
E r  
TI3 
Yb 
L u 
Hf 
Ta 
w 
Re 
os 
Ir 
P t  
Au 
Hg 
T 1  
Pb 
B i  
Pd 
A t  
Rn 
Fr 
Ra 
Ac 
Th 
Pa 
U 
NP 
Pu 
Am 
Cm 
Bk 
Cf 
ES 
Fm 

200 days 
50 sec 
50 days  
5 0  szc 
3000 d a y s  
3000 d a y s  
50 d a y s  
50 J a y s  
50 days  
50 days 
50 days 
50 days  
50 days 
50 d a y s  
50 days  
50 days  
50 days 
50 days  
a 
a 
a 
a 
a 
200 days  
a 
a 
a 
a 
a 
a 
200 days  
200 days  
?OO days 
50 s e c  
50 d a y s  
50 sec  

3000 days  
3000 d a y s  
a 
3000 days  
3 days  
8200 days  
8200 days  
8200 days  
50 d a y s  
50 d a y s  
a 

a 
a 

a 

.II. -._1__ 

a I s o t o p e s  o f  t h e s e  e lements  a r e  n o t  i n c l u d e d  i n  t h e  c a l c u l a t i o n s .  



T a b l e  B - 3 .  C a l c u l a t e d  Nuclear P rope r t i e s  of Isotopes in the  F u e l  S a l t  
of a T y p i c a l  2250-Mw ( the rma l )  S i n g l e - F l u i d  MSBR 

STEA’JY STATF V A L U E S  =OR THE L I G H T  ELEMENT< 
NlJCLICE CONCFNTRATION 

GY- AT 0% / tt 
oOtSOkING A C T !  V I  T Y  

ABS/ABS(FUEL) CURIES 

H I ?  

HE 3 
HE 4 
HE h 
L I  5 
C l  7 
L I  4 
R E  P 
8E 9 
SE 13 

8 1 1  
8 7 2  
c 12 
c 13 
c ’ 4  
N 13 
N 1‘ 
h: 15 
N 16 
0 16 
0 1 7  
0 ’ Q  

F 19  
F 20 

NE 70 

n 4  

R 7 0  

n.54444E-17 
0.95426E-15 
0.57543E-Iq 
0.104996-10 
0.1?013E-l3 
0.3S12OE-O6 
0.37253E-C1 
3 . 5 7 8 0 9 € - ? 7  
0. ?2O89E-:6 
0.82966‘-02 
0. IC9n4E-35 
0.40039i -? 3 
0.66BOZE-30 
0.32044F-44 
0.28785F-34 
0.11703E-11 
0.298415-15 
0.2C624F-42 
0.51195F-25 
0.71505E-35 
O.I?877€-12 
0. SQ492E-07 
0.l430~1c-12 
0.62624E-?l  
0.B1693E-01 
C. 78740E-12 
3.24808E-1? 

0.1239?f-’-O 
0.1 834e E-1 3 
C.11067E-I7 
O.ZC186E-09 
0.2PR65E-12 
0.67526F-05 
0.71626’ 00 
0.1 1 1 1 5 E - l i  
0.23244E-13 
0.I5952E 00 
0.32660E-04 
0.76QE3E-12 
0 .I 2844E-2 J 
0 .h 16 12 E-4 3 
0.55346E-33 
0. ?2502E- l0  
0.57375 E-14 
0.39654F-41 
C.20997E-23 
0.1374RE-33 
0.26681 E-1 1 
3. I33  61 E-05 
0.774eSE-lP 
0.12041 E - 1 1  
0.!57+4E 01 
0.15139E-10 
0. 75 97 E - ?  0 

0.0 
0.3520CE-03 
0.32655F-14 
0.0 
0.0 
0.37753E-02 
0.15634E-01 
0.3 

0.17867E-31 
C. 0 
0. P 81 12E- O F  
0.35ROCE-31 
0.0 
0.121 2 1 E-3 5 
0.22555E-13 
3.0 
0.0 
0 135  5 1. E- 23 
0.39?771€-3Q 
0.0 

0.0 

0 .12050~-07  
0.3 578 7 E- 12 
0.0 
0.21595E-01 
0.0 
0. I e 4 9 o ~ - i t  

0.7755EE 0 0  
c.0 
c.0 
c. 0 
O.@65@CE 07 
0.0 
c.0 
C.3214eE 08 
0.564135 0 8  
0.0 
0.1005eE 02 
0.0 
0.0 
0-74844E-22 
0.0 
0.0 
0.7709CE-06 
C. 16 12 l i - 2 4  
0.0 
c.0 
C.91299E 07 
c. 0 
0.0 
C.lCC67E 07 
0.0 
0.3343EE 06 
0.0 

POWER CEhS i T Y  
K W / i  I T E R  

0 .666 t lE -12  
0.0 
0.0 
0.0 
0.19598E-02 
0.0 
0.0 
0.39103E-01 
0.70850E-C3 
0.0 
0.3 
0.0 
0.0 

0.0 
0 .5a625~-31  

0.0 
3.55222E-17 
0.34412E-34 
0.0 
0.0 
0.9836IE-02 
0.0 
0.3 
0.393C9E-03 
0.0 
0.I9785E-Ol 
0.0 

GAMMA HEAT 
K W / C ! T E R  

0 . G  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.82350E-33 
0.0 
0.0 
0.0 
6.23400 E-34 
0.0 
C.0 
0.64918E-02 
0.0 
c.0 
0.16510E-03 
0.0 
0.77161€-02 
0.0 

PROCESS RATES 
MOLES/DAV 

0.46102E-01 
3.68267E-04 
0.41164E-06 
0.75106E 00 
0-10740E-62 
0.46466E-02 
0.51609E 03  
0 79 7 7 7 5 0 9  
0.16683E-12 
0.11449E G3 
0.23441E-01 
0.33152E-C7 
0.55?12€-24 
0.26533E-38 
0.39724E-30 
0.16151E-07 
0.41 1 AOE- 1 I 
0.14754E-31 
0.40917E-14 
0.51154E-24 
0.99273E-02 
0.57540E-01 
0.11841E-00 
0.51653E-07 
0.11300E 04 
0.1086CE-07 
0.17748E 00 



STEADY STATE VALUES F O t  THE ACTINICES 
hUCL I C E  

hE 4 
TL 209 
P%ZOR 
P R 2 ?  2 
B I21 2 
PO212 
PO216 
RN220 
Qb.224 
TH229 
TH27a 
TH230 
TP231 
Y H 2 3 2  
PH233 
PA231 
P4232 
PA233 
PA234M 
PA234 

u 2 3 2  
U t 3 3  
11234 
U235 
U236 
U 2 3 7  
U Z l R  
U239 

NP236 
YP237 
NP238 
NP239 
P11236 
w7'e 
PIJ239 
PU240 
PlJ241 
PU242 
PU243 
AM241 
AM242H 
A M 2 4 2  
4 F 2 4 1  
AY244M 
A4244 
tu212  

CM244 
c ~ 2 4 3  

CONCE YTR AT I qN 
GU- AT O Y / C C  

O. l t170E-13 
0.16564F-!h 
0.29424E-11 
9.94777E- 14 
0.89944E-15 
0. I 5 8 3 l E - 2 2  
0.192:1 E - 1  5 
0.32033r-:7 
0 .10582€-?7 
3.20323~-* n 
0.2"597E-C?? 
0.?8631E-09 
0.1 5305E-C9 
0.621 195-07 
0.58465 F-08 
0.405 12E-3" 
3 .  507!0E-12 
0.11674F-05 
0.6123?F-:2 
0.1 P 3 8 6 E - 0 9  

0.10690E-C3 
0. 3 E I O O S E - 0 4  
0.96291E-35 
'3.11204E-3L 
0 . 2 2 5 f W - C 7  
3.292flOE-11 
C1.?2485E-?h 
0.19112F-13 
O.Ib669E-05 
3.63810F-08 
3.7594BE-14 
0.b4543E-11 
t7. P4120'-05 
0. Zq366E-06 
0 . l 0 6 0 4 E - 0 6  
3.91169E-37 
0.17Y27E-06 
0.451QBE-10 
0.57521E-09 
0.10542E-iO 
0.21954-5-11 
3 .6$017E-M 
0.31595E-12 
0.44242'-12 
3.76904E-10 
0 .29493E- lZ  
0. 5?007E-09 

c. 128975-39 

H O L E  FRACTION 

C.31090E-12 
0.31847 E-15 
0.56965 E-LO 
0.1 8223E-?  2 
0 .17294F-?3 
0 . 3 0 b 3 n F - 2 i  
0.3591PE-18 
0.13Y50E-15 
0.2 C345E-L 1 
0 + 1 Q 36" E-00 
0.56P9QE-07 
0.55650 E-05 
O.2@4?7€-38 
O. lLQ44E 00 
0.11241E-06 
0.951 96E-OR 
0.116?3€-10 
0.22446E-OL. 
3.31'73E-IO 
0.3 6 7 12 E - 3 9 
5.24775F-07 
0.20553F-07 
0.77O78E-03 
0 . 1 8 3 1 2 = - 0 ~  
0 . 2 1 5 4 2 E - 0 3  
0.433C7E-06 
O.5614hE-10 
C.24OO4E-7 5 
0.36747E-12 
0.29234E-04 
0.L2273E-Ob 
0.1450?E- l2  
0 .121 10 E-07 
0.23303E-04 
0.37235E-i)§ 
0.20388E-05 
0.1?529E-05 
C .  1 4 0 8 4 E - 0 5  
0. d5902E-09 
C. 1 G G 9 Z  F-07 
0.20270E-39 
0.42211 F-!O 
0.1?2TOE-36 
0. h 172LE-11 
C. Y 506E E-i 1 
C.14786E-03 
C.5 6 7 0 7  E-: 1 
0.12114E-07 

PC I Soh ING 
ABSIA3StFUEL)  

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
3.0 
0.1352C E - 1  3 
0.25962E-07 

0.92 860E-36 
3.0 
0.981766 O C  
0.9P566E-04 
0.1603$E-05 
0. c' 
0.37987E-02 
0.0 
0.0 
0.37273E-05 
0.9264Sf 00 

0.73513E-0? 
0.86336E-02 
0.0 
0.1S692E-08 
0.0 
0.0 
0.9920SE-02 
0. iCE74E-03 
0.4 8 5  f 9 E -  11 

0.91659E-02 
0.67RZ8E-02 
0.25453E-02 
0 . 2 4 5 3 5 F 0 2  
0.55991E-03 
0.0 
0.1 C348E-04 
0. @ S B O C E - 0 6  
0.677PSE-07 
0.4F205E-04 
0. 0 
0.1 C835E-07 
0.24565E-07 
O.ZE374E-CE 
0. Z 1314E-05 

0. iooazE-0: 

0 .7a2c iF-01  

o . i 1 6 a 3 ~ - 0 7  

c.0 
0.41597E 0 2  
0.0 

O. l lC55E 03 
C.73951E 02 
0.5982EE 02 
0.50087E 0 2  

0 .1574EE 3 3  
C.COOCSE 01 
e. 5257@E-01 
C.77576E 0 5  
C.65215E 01 
0.20546E 10 
C.22551E 00 
C.24867E 04 
0.230365 09 
0.40744f 07 
C.363C5E 07 
0.264q5E 03 
C.97679E 04 

C.2OC74E-02 
C.69393E 0 1  
O.IF06CE 0 8  
0.Q5841F-08 
C.4135C;f 01 
0.11273E 03  
0.10147E 02 
0.16434E 0 8  
C.17473E 0 2  
C.33523E 02 
3.20158F 0 6  
C.1174qE 0 3  
C.23220E 03 

0.69237E 0 1  
0.11777E 07 
C.16975E 02 
O.IOt67E 31 
0 . I 7 8 0 4 E  09 
C.33355E 32 
0.955C3E 0 5  
0.56834E 34 
C.25509E 0 4  
C.13643F 00 
C.51529E 03 

0 . 1 1 5 5 e ~  03 

O.IF~I~E 0 3  

0 . 2 2 7 7 8 ~  04 

c . 1 0 3 ~ 1 ~  0 6  

POHER GENS 1 T V  
KWtL I T E R  

0.0 
0.19666E-07 
0.0 
0.4951ZE-0% 
0.44862E-07 
0.947 16  E-07 
0.591?3E-(37 
0.55059F-C7 
3.13020E-Cb 
0.12455E-06 
0.43845E-C8 
3.361 8:E-:3 

0.38120E-08 
0.12393E 00 
0.16632E-09 
0.19950E-06 
0.13465E-31 
3.50726E-03 
0.98 4 2 I E- 03 
0.20 5 5 1  E-06 
0.68695E-CS 
0.15847E-05 
3.13459E-11 
0.45463 E-OR 
0.93655E-03 
0.58603E-17 
0.237ClE-C9 

a . z 5 a q a ~ - c 4  

0 . 7 6 8 7 3 ~ - ~ ~  
0.0 
3.203 59E-22 
0.12 5 17E-08 
0.28 192E- C 7 
0.16135E-03 

0.16816E-06 
0.104 11 E-06 

0.40452E-04 
0 . 1 3 6 1  9E-C7 
0.70602E-11 
0.57392E-C5 
0.95836E-08 
0.82093E-05 
0.92016E-06 
0.22720E-05 
3.12 0 4 2  E-C9 

0 . 8 a 2 4 9 ~ - ~ 7  

0 . 4 9 3 9 a ~ - o ~  

0 . 4 2 8 i a ~ - 0 6  

GAMMA HEAT 
K k / L  I i € 2  

0.0 
0.161 5 5  E-07 
0.0 
0.29806 E-06 
0.14356E-08 
0.0 
0.0 
0.0 
0.26040E-09 
0.0 
0.0 
0.0 
0.1 1135E-04 
0.0 
0.0 
0.0 
0.79 BOOE-07 
0.1077' E-0 1 
0.760d8E-05 
0 - 7 1 6 2 1  E-03  
0.0 
0.0 
0.0 
0.0 
0.0 
0 -66523E-03 
0.0 
0.0 
0.0 
0.0 
0.14068E-02 
0.8 1 3 5 7  E-09 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.76935E-06 
0.0 
0.0 
0.0 
0.3 
0.0 
0.80974E-06 
0.0 
0.0 
0.0 

PROCESS RATES 
M C L i S / D A Y  

0.11563E-02 
0.34287E-11 
0.61329E-06 

0.18618E-OS 
3.11325E-11 
0. i 3 7 4 4 E - 0 8  
0.51532E-06 
0 . l4603E-08 
0.2804 1 E-06 
0.4383FE-04 
0.39511E-05 
O.ZLI21E-U5 
0.85724E 0 2  
0 .80682f -04  
0.40996E-02 
0 .50ZbeE-05  
0.956b4E 01 
0.50701E-65 
0.15637E-U2 
0 . 6 5  1 C E E - 0 5  
0.54006E 03 
0.19202E 03 
0.48643E-01 
3.56604E-01 
0.1139.5E-03 
0.14?536-0? 
O.63075f-I3 
0.965 5 9 5 1  C 
0.741 10E-02 
3.32248E-34 

0.326C8F-07 
0.41232E-02 
0.97840E-03 
0.53573E-03 

0.89561E-03 
0.22835E-06 
0.4 3 4 6 7 E- 03 
0.8729ClE-05 
0 . l 8 1 7 8 6 - 0 5  
3.57146E-02 
0.26409E-06 
5.36632E-06 
0.63676E-04 
0.2442 1 E-06 
0.52170E-03 

0.296 19 i - o a  

0 . 3 a 3 7 0 ~ - 1 0  

a .46060~-03 



S T E A O Y  S T A T E  V I C U F S  F C P  T H E  SISSICh P R C O V C T S  
NUCL I O E  T O N C E N T R 4 T I C Y  MCLE F P A C T I O N  POISCNING A C T I V I T Y  POMER DE hS I T Y  GAMMA H E A T  PROCESS RATES 

GY-bTCIY/CC h R S l A 8 S  ( FUEL 1 CUR I E S  K W l L  I T E R  KW/L I T E R  Y C L E S / O A Y  

n 3  
Z N  72 
GA 7 2  
GF 7 2  
SA 7 3  
t E  73 
GA 74 
GF 74 
GA ' 5  
GE 75U 
GE 75 
AS 7 5  
GA 76 
GE 76 
A S  76 
SE 76 
GE 77C 
GE 77 
4 s  77 
SF 77M 
SE 77 
GE 78 
bS 78 
SF 7 8  
n s  7 0  

SE 79C 
SF 7 9  
RR PO 
AS 8 0  
SF R O  
ER ROH 
9P  SO 
K R  90 
A S  9 1  
SE 91P 
SE 3 1  
BR el 
KR U l M  

SF 82 
BR 3ZM 
BR 8 7  
KR 82 
SE P3W 
SE 83 
RR 9 3  
K9 R3M 
K R  R3 
SE R4 
8 R  @4M 
9 R  '14 
KU 84 
SE 8 5  
BR 85 
C R  85M 

UR ai 

0.17703E-13 
0.1 2 6 2 2 E - 1 1 

0.59427F-1C 
0.405 3 1 F- 12 
0.2 73 50E-09 
0.1 Y533E-13 
0.4703eE-09 
0.139235-13 
0.53463E-14 
0.57064E-12 
0.40397E-14 
3.63169F-14 
3.7363qE-OR 

3.1145hF-75 
0.2757 1 E- I3 
0.17426F-lO 
0.2P312F-13 
0.708QOE-20 
0.7035'E-17 
0.12341 E - 1 0  
0.90339f-1'1 
0.50??4F-! 5 
0.12963E-13 
0.719296-14 
0.10653E-14 
0.22490'- :0 
0. R3471E-l? 
0.1@9?2E-12 
0.23219E-I2 
0.155935-13 
0.470L1 E - 1 5  
0.l5775F-13 
0. I 6401E- I?  
0. §7204E-12 
0.42784E-09 
0.24475F-27 
0*336"0E-?9 
0.93834E-12 
0.1634SE-13 
0.54334E-11 
0.14934E-?4 
0.4 5@40E-12 
0.496296-12 
0.125; 5E-09 
3.47453E- 12 
0.42220E-! Z 
0.20783E-I1 
0.52426E-IZ 
0.5 1805F-10 
0 . 1 1 5 3 4 E - l l  
0.155l"E-?1 
0.12495E-10 
0.26673E- 11 

0.3 ei 3. 2 E-- z 

0. W ~ ~ S F - Z ~  

0.30355E-12 
0.24269€-'3 
0.7327qE-11 
0.17194E-08 
r.779ZSE-11 

0.365?4F-!Z 
0.90440E-38 
0.26769E-I 2 
0.10279E-12 
0.1O97Z E-13 
0.7767lE-13 
0.12146'-?2 
0.45451 F-07 
0.16548 E-20 
0.404 5 0  E-74 
0.53136E-12 
0.33505E-09 
0.54435E-12 
C. 1361.OE-18 
0.  I 3 5 2 8  F-? 5 
0.2372'f-09 
0.15441E-? i 
C."900RF-:4 
0.247LIF-ll 
0.1 3a30E-12 
0.2048ZE-13 
0.4324: €-OS 
0. I604CF-'! 1 
0.36362 E - I  I 
0.44643 E - 1  1 
0.299 61 F-? 2 
0.90446E- 1" 
0.3333!E-12 
0.31535E-12 
0.1 W 3 7 E - I O  
@.?22t0E-37 
C.470'9E-21 
0.64775E-16 
0.1P041E-10 
0.3 I 4 3 2  E-12 
0. I05&3E-O9 
0.7 37 L R E - 1 3  

'3.05423E-Il 
C. 24365E-33 
0.9123PE-11 
0. E:? 77E- 11 
0.399595-10 
0.10080E-10 

0.22184E-!0 
0.29839E-'0 
C.24023E-09 
0.511 9 4 F - I 0  

0 . 5  75 VE -08 

O . ~ R I T ~ F - ? ~  

o .ca605~-09  

0.0 
0.0 
0.0 
0.93313E-38 
0.0 
0.40776 E-07 
0.0 
0.22538E-ee 
(9.0 
0.0 
0.27342E-1 C 
0.5547hE-12 
3.0 

0.0 
0.7846SF-27 
3.0  
0.0 
0.0 
0.0 
0.36156E-P4 
0.0 

0. c e 7 6 5 ~ - o e  

0.0 
0.23338E-14 
0.0 
0. c 
0.49290E-13 
0. L0500E-37 
0.0 
0.15893E-I 1 
0.0 
0.0 
0.4306SE-09 
0.0 
0. J 
0.3 
0.74144E-06 
0.0 
0.0 
O.lS982E-IC 
0.0 
0.0 

0.0 
0.0 
0.0 

0.537a1~-09 

0.45324~-06 
o. 4 2 5 0 0 ~ - e h  
3.0 
0.0 
0. n 
0.55OC2F-OR 
0. c 
0.0 
3.22746E-37 

C.19COtE-01 
0.35222E 0 4  
C.35073E 0 4  
0.C 
0.10733E 0 5  
0.0 
0.18264f 05 
C. 0 
C.54196E 05 
0.52030E 05 
0.54178E 05 
0.0 
C.02213E 0 5  
0.0 
C.4239eE-06 
c.0 
C.238S3E 06 
0.20010E 06 
C.94926E 0 2  
O.le923E 00 

C.10893E 0 7  
0.68705E 0 4  
0. n 
C . 1 1 1 3 1 E  0 6  
3.1435PE 05 
0.24260E-06 
0.0 
0.254e5f 07 
c.0 
0.68786E 0 4  
C.68928E 04 
0.0 
0.22331E 0 6  
0.22401E 04 
0.21651E 0 6  
c.0 
C.87946E-03 
c.0 
c.0 
0.20864E 05 
0.20133E 0 5  
C.0 
0.3059CE 01 
0.15455E 0 6  
0.b7388E 07  
0.33104€ 0 5  
0.0 
C.49030E 07 
0.6e024E 0 5  
0.12683E O H  
0.0 
@.¶B58eE 08 
C.32424F OB 
0.785125 05 

0.0 

0.5Z28OE-13 
0.12413E-06 
0.17386E-OS 
0.0 
0.10348E-05 
0.0 
0.10545E-C4 
0.0 
0.15762E-04 
0.10436E-05 
0.36015E-C5 
0.0 
3.43332F-04 
0.0 
0.11569E-14 
0.0 
0.37654E-G4 
0.50742E-C4 
0.10223E-07 
0.17904E-10 

0.91307E-04 
0.70199E-05 
0.0 
0.3 
0.12504E-05 
0.332 11 E-16 
0.0 
0.15430E-02 
0.0 
0.84750E- C7 
0. B6606E-06 
0.0 
0.89932E-04 
0.15195E-06 
0.7335 8 E- 04 
0.0 
0.91 6 92E-13 
0.0 
0.0 
0.137 50E- C6 
0.80388E-05 

0.0 

0.0 
0.151 i6E-32 

0.37362E-03 
0.63250E-C6 
0.0 
0.23292E-C2 
0.35669E-03 
0.52147E-CZ 
0.11 
0.14856E-01 
0.48775E-02 
0.146 1 6  E-04 

0 .182e9~-03  

0.0 

0.14952E-05 
0.0 

a . i 0 4 2 7 ~ - 0 7  

0.0 
0.0 
0.75922 E-05 
0.0 
0 -44921 E-05 
0.0 
0.25570E-06 
0.0 
0.73654E-05 
0.0 
0.20823E-15 
0.0 
0.640 12E- 06 
0.33489E-04 
0.21 46 8 E-09 
0.0 
0.0 
0.43906E-04 
0.25272E-05 
0.0 
0.0 
0.0 
0.0 
0.0 
0.324036-03 
0.0 
0 .o 
0.11233E-06 
0.0 
0.0 
0.0 
0.25982E-C4 
0.0 
0.0 
0.0 
0.0 
0.0 
0.76369E-05 
0 .o 
0.0 
0.13716E-33 
0.0 
0.0 
0.0 
0.0 

0.26074E-02 
0.0 
0.0 
0.0 
0.25140E-05 

0.2a178~-03 

0.11298E-02 
0.26128E-06 

0.18511E-04 

0.5fb15E-04 

0.97368E-04 0.28820E-08 

0.11067E-08 
0.11812E-06 
0.288$9E-03 
0.13076E-C8 
3.48932E-03 
0.196 1 I€- 10 
0.180R4E-13 
0.571 75E-08 
0.36072E-05 

9.71508E-09 
0.161 09E-05 
0.23545E-35 
0.56561E-02 
0.11559E-03 
0.80664E-02 
O.12471EL02 

0.18622E-04 
O.F97$9E-03 
0.18503E-01 
0.192 25E-0t 
0.12902E-07 
0.336 53E-04 
0.34090E-03 
3.1918ZE-02 
0.34998E-0 1 
0.35425E-02 
0.22588E- l l  
C.48361E-08 
0.67128E-01 
0.13536E-07 
0.45402E-05 
0.  L0685E-03 
0.15656E-OI 
0.33787E-01 
0.10363E-03 
0.33567E-01 
0.305 86E-01 
0.10734E C 0  
0.43409E-06 0.42894E-04 

0.82563E-01 
0. V 5 b 9 E - 0 1  
0.10346E-04 
0.18983E 00 

0 .7a892~-07  

0 . 8 3 ~ 9 a ~ - 0 7  

0 .38364~-08  

0 .2ez43~-02  

0.482 m - 0 3  



STEhDY S T A T E  V b L U E S  FER 
NUCLIDE 

KR 95 
RE3 0 5  
BR 
UR 96 

PR P6 
SR 83 
BP R 7  
KR 87 
R8 87 
SR P?# 
SR 87 
BP R ?  
K9 R e  
R B  R 8  
SR R3 
BR 89 
K9 89 
RB e9 
Sa e9 

K R  90 
R R  90 
551 s0 

Y 90M 
Y 90 

L R  Q O  
KR 91 
R B  91 
SR 9: 

Y 91w 
Y 91 

Z R  91 
KE 92 
R B  9 2  
SP 92 

Y 92 
za 02  
KR 92 
R 9  9' 
5ff 93 

Y 93 
YR 93 
h'B 93M 
hB 13 
KR 94 
PS 94 
$4 94 

v 94 
Z? 94 
R B  95 
SR 9s 

Y 9 5  
LR 95 
NR a r p  

H a  R A Y  

Y e9 

CONCENTRATION 
S Q - A T O M I C C  

0.17772E-12 
0.73566E-07 
0. h9995F-11 
0.44923c-l! 
0.50550E-15 
0.1995ZE-10 
0.2208ZE-C9 
0.9@790E-1! 
0.5Q967E-11 
'3s73279E-06 
G.S622Qt=-15 
3.15065E-10 
3 .  ?4113E-l! 
0.7037! E-! 1 
7.2?7otE-I! 
0. LOO44E-06 
0.10144E-l1 
0.6 3202E-1? 

0.41384E-0h 
0.27576E-06 
0.37452F-11 
0.?2872E-:C 
C.325'2E-34 
3. 214QrC-15 
9+7@864E-08 
'3.409Q5F-O6 
3.104'ZE-1 I 
0.15040E-10 
0.78664E-OS 
0.39$59E-G9 
0.42549E-C5 
3. !3Q00F-OE 
0.22969E-IZ 
0.12486€-1! 
0. ?3064E-O8 

0.32074E-C5 
0,3976@=-!3 
0.14044E-1! 
3.12817€-09 
0.06 85 6 E- 0 8 
0.33303E-05 
0.243!3E-1' 
3.1961OF-24 
0.54779E-14 
3 .  "0691F-12 
0~17843E- L G  
0. 2 7 8 F 1 E - C G  
0.32574F- - 5  
0.15209E-12 
3,87079F-11 
0.16190E-OY 
0.942Q7r-06 
0,11627E-12 

0.78312~-10 

3 .  3400?~-05 

TCE F I S S l C h  ?RCDUCTS 
UCCE FRPCTIOk 

G.34170E-11 
0.14!45F-05 
0.1 3458E-C9 
0 .  R b373E-! 0 
0.1 Ce73E-13  
0.33761E-99 
0.42457E-07 
0.18994E-79 
0.11'1l6F-f i9 
C. 1 4 3 5 q F - %  
5,1669Qk-13 
0.98966E-09 
C.6559Oi-10 
C. 13530E-09 
7. L575ZE-10 
0,749$3€-05 
C. 1.95 03 E- 1 0 
0,12152f-09 
C.? 5057E-09 
0.7956QE-175 
C.53021E-05 
C. 79010E-?0 
Os63?04E-09 
0. o 28 t 9E-.3 3 
0,4132PE-14 
7.15163€-'36 
0.7 Ra22F-05 
0.23135E-1 C 
0. P 89  1 eE-09 
0.15125E-Ct6 
0.76827F-Od 
C.81796E-05 
0.7 bYt6F-04 
0. r4l62E-I 1 
0. ? % O O ? F - I  0 
9.44345F-07 
o , $  5 3 m ~ - n 7  
0 . 6 1 6 7 n ~ - ~ +  
3*754&7E-12 
0.29734E-10 
G. 14643E-58 
0.18623E-06 
0.6403IE-04 
0.45892F-'5 
0.?3'859 f-2 3 
0. 13526E-12 
3.5 90 14E- 1 I 

3.5 35.rqE-08 
0.62633E-04 
0 a 294 16 E-l 'I 
0.16743E-09 
C.310IZE-08 
0.18?3? E - C 4  
0 . 7 2 3 7 5 F - 1 1  

n. 3 4 3 3 ~ ~ - 0 9  

PC I S C N I  NG 
EBSIABSfFUELI 

0.73941E-0'8 
0.8241 6E-06 
c.0 
0.13310E-Ol! 
c. 0 
0. c 
O.leB09E-07 
0.0 
0.5?112E-06 
ii. 1222GE-05 
C,O 
0.64 1 64E- 1 0 
0.0 
0. 0 
3.25336E-10 
0.25582E-07 
,:* 2 
C. 0 
e.  c 
0 .  2?935E-C5 
0.42SX0E-05 
0.0 
0. G 
C.45E13E-03 
0.0 
3.31929E-06 
0 47 4 2  1 E- 0 6 
C . 2  
0.0 
0. G 
0 - 0  
0.5257tE-05 
0.51484E-04 
0.0 
0. c 
0. C 

0.12595E-04 
0.0 
0.0 
E. 0 
0.0 
0. Z 5346503 
;-J* 0 
0.23C62E-23 
3.0 

0.0 
8.17 
0.4C99CE-05 
0.0 
0, 0 
0. il 
0. D 
0.0 

3. n 

3 .  a 

PCT I V  I T Y  
CURIES 

0.2444SE 00 
0.0 
0.00545E 08 
c. 0 
C.42332E 04 
0.578CFE 04 
0.0 
C.83905E O B  
C.bO3G2E 06 
C.216S5E-03 
0.39582E 02  
0.0 
C,95546E 08 
C.32611E 0 6  
C.104C7E 07 
0.0 
C.10530E 09 
0 . 1 5 1 7 6 E  0 8  
0.39589E 0 8  
C . 4 ? 0 Z e f  0 3  
c.0 
0.53U15E 08 
C.88247E 0 8  
C.17211E 08 

c.0 
0.53U15E 08 
C.88247E 0 8  
C.17211E 08 
0.89971s 01 
C.159895 0 8  
c.0 
0.4e91eE oe 
0.97577E 09 
0.10556F 09 
C.62216E 0 8  
C.3S117E 08  
0.0 
0.35764E 08 
C.IlOC5E 09 
C.llC43E 09 
C . 1 2 5 C l E  09 

0.926CCE 07 
0.1246CE 09 
C.12472E 09 
0.123215 19 

Q.26540E-05 
0.0 
C.18241E 07 
C.4'4440E O B  

0.1OEBIE 09 
C.0 
0.28587E 0 8  
0.8434IE 08 
0.115206 09 
0.18435E 0 8  
0.16778€ 03 

c.0 

c . 3 2 ~ 5 ~  0 2  

o.106a5~ 09 

PONER D E N S I T Y  
K W I L  ITER 

3.30721E-10 
0.0 
0.28019E-01 
0.0 
0.31962E-Cb 
0.65759E-06 
0.0 
0.67917E-01 
0.6641AE-03 
0 a 34 1 A9E- 14 
0.220 03E- C8 
0.0 
0.57788E-01 
0-30193E-03 
0.40109E-03 
0.0 
0 e 4932qE-01 
0.15541F-C1 
0.lb958E-Cl 

0.c 
0.39319E-01 
0.5942lE-C: 
0.54247E-C3 
0. B8295E-09 
0.22 105E-02 
0.0 
0.138 IO€-01 
0*11239E-01 
0.26313E-0l 
0.49113F-02 
0 359 78E- C2 
0.0 
0.12489E-01 
3.55 024E- 01 
3.23099E-01 
0.31879E-01 
0.0 
0.517 13E-02 
0.49113E-Cl 
0.57537E-01 
0.24360f-01 
3.941 68E- 10 
0.36501f-16 
0.0 
3.79 165E-03 
0.29536E-C1 
0.34444E-01 
0.41622E-01 
C.0 
0.140C7E-01 
0.303 51E- Cl 
0.3 33 39E-0 1 
0,99223E-CZ 
0.1&073E-C7 

GAPMA HEAT 
KW/LIT ER 

0.24577E-12 
0.0 
0.0 
0.0 
E. 33962 E-Ob 

0.0 
0.45504E-01 
C .29224E-03 

0.76 2 a I E-07 

C.0 
C.22003E-08 
0.0 
0.0 
C. Z506CE-03 
0.6+22RE-04 
0 -0 
0.0 
0.73 81 8 E- 02 
C.1356TE-FL 
0.0 
0.0 
C.26344f-Cl 
0.41000E-01 
C.0 
0.68295€-@9 
0.0 
0.0 
0.0 
0.12 578 E-0 1 
C. 16314E-01 
C.49113E-02 
0.2 1587F-04 
0.0 
0.0 
0.0 
0. f9403F-B 1 
0 e 6 6  946 E- 02 
0.0 
0.0 
0.0 
0.3 5673 E-C! P 
0.4 67 20 E- C Z  
0.0 
0.0 
0.0 
O " 0  
c.0 
0.21 499E-Cl 
0. I415 l€-Cl 
0.0 
O.@ 
0.0 
0.70012E-02 
0.81462E-02 
0.18073E-C7 

PROCESS R A T E S  
M O L € S / D A V  

0.12924E-01 
0.10152E-02 
3.57S55E-05 
0.32131E 0 0  
0. ? 8 0 3 9 € -  11 
0~27533E-06 
0.30473E-04 
0.81798E-05 
0.41421E 00 
0.10112t-0i 
0.11 9 13E- 10 
0.207SCE-06 
0.28246E-35 
3.499656 O C  
0.32838E-07 
0.55261E-02 
OSt?3Q@8E-06 
0.323h3E 00 

0.571 IO€-02 
0.22833E C 0  
0.80933E-OL 
0.453 64E-Ob 
C.45087E 00  
3 . 1 7 7 9 6 E - 0 9  
3.65299E-02 
0,8486lE-01 

0.20756E-06 

0.33085E-03 
0.35225E 00 
0.28773E 00 
0.62204E-03 
0.17231E-07 

5.2815SE-C? 
0.66344E OC 
0.72103E-04 
0.20623€-0? 
0,17687E-05 
0.8019?E-O? 
0.48937E C C  
0.17444E-08 
0.45076E-13 
0.70507E-05 
3 423 56E-GE 
3.24623E-06 
0.230COE-03 
0.67428E OC 
0.21i13E-Of! 
0.12OI7E-06 
0. L3355E-03 
0.19519E BO 
0.83233f-02 

0.1oa07~-05 

o .a6862~-02  

o.ioa56~-03 

0.3ie~e~-04 



STEADY STATE V A L U E S  F O R  T b l E  F I S S I C h  PRCOUCTS 
P a  IScnlNG 

GH- S i r j V ’ l  CC 

0.5 W29E- 1 3  
c. 85733F-li 
0.31646F-:@ 
3.27464E-05 
0.8 5902 E- 14 
0.36045F-17 
9. 12@?0E-II  
9 . 1 3 0 Q 2 ~ - 0 7  
n.45390E-11 
0.?377!:-?1 
0.27523F-I? 
S.Z22?9E-! 0 
q.547h:E-!1 
3 . 2 6 6 O S F - ? ?  
0.1.5845 E -  1 ! 
0.555‘9E-11 
0.13369F-?l 
0.166ASE-1.5 
0.25241 E-16 
0.1 3075,E-27 
0.5 37 ?4E-? 1 
0.13342 E-: 1 
0.57RZ3E-24 
0.117PqE-23 
0.273445-:1 
0.1519?E-I! 
0.5772?€-! 3 
0.23815F-14 
0.3 I607F- 11 
0.73543E-1? 
3.10462 F - l  3 

0.81960E-13 
0.1?140E-l1 
0.56586F-7 2 
0.34292E- :2 
0.3?352E-!7 
0.39C56E-I9 

0.42927F-12 
0.13743E-13 
0.1 C2CF1F-26 
0.130’156-25 
0. :043lC-?5 
0.4001 9 E - ?  2 
0.650Z’E-13 
0.2311OF-’2 
0.34432F-15 
0.26509E-15 
0.7108hE-19 

0 .18355E-12  
0.92958!=-20 
0.100+55F-:@ 
0. f 1611 5-19 
0.2 :99! E-12 

n . 9 ~ 4 4 5 ~ - 1 2  

n. 1 9 5 9 6 ~ - 1 2  

0.10Qh5i-Oo 
0.1 6434F-1 1 
0.60R44E-09 
O.F2P06f-7* 
O.16‘34C-12 
7.C9304F-16 

0 .253  5TF-06 
0.4667hc-19 
0.55318E-IC 
0.433L5F-11 
O.23fi9jF-09 
0.1 0520‘-09 
0. ‘1154i-17. 
0.3 04 64 F - 1 0 
0.10692E-09 
0.257C5F-:0 
0.?70¶7c-14 
O.bR530E-7 5 
0.35141 E-26 
0.19326E-09 
0.1 WH4E-10 
0.1111RE-27 
0.27665E-22 
0.57574 E-1 3 
0.2921!E-10 
0 . 1 1 0 9 ~ € - 1  I 

0 -60771 F - i o  

0.24784 E - I O  

0.45799~-13 

0.1 4 1 4 0 ~ - 1 1  
7.201 1 4 5 1 2  
O.i5759E-1: 
2.3 2954F-’t 0 
0.’ O P R O F - 1 0  
0.7 54  1 3  E-: 1 
0.7K6i’3E-16 
0.75631F-?A 
O.lQl28E-IO 
0. R2345E-? 1 
0.26423C-12 
0.91162E-75 
0.250095-24 
0.20355E-24 
C.76944E-11 
0. 2 50 3 E- f 1 
0.540%-C-’I 
3 . 4 6 2 3 ? € - ? 4  
0.53’3SPE-14 

0.7 757TE-I I 
0.357QlE-I! 
0. I. %02 8 E-’ a 
O.l9?52E-17 
0.223hlF-17 
0.42282E-11 

0. 1 3 6 6 a ~ - :  7 

0.30361E-09 
0.33151E-10 
0.0 
O.;SS23E-05 
0.0 
0.26159E-15 
0. 0 
0. c 
0.0 
0. c 
0. i3567E-lC 
0. 5 
0.3 
0. s 
0.2604 1E-i C 
0.0 
0.0 
3.0 
0.11253E-13 
0.1 5 3  2 5 E- 2 5 
0.0 
0.1 5376 E- 10 

0. :.4862€-2S 
0. s 
0.0 

n. 0 

0.0 
0.50876E-12 
0. ,I 
0.0 
0.0 
0.3330iE-I 1 
‘3. 0 
0.0 
0.0 
0.0 
0.  !6O82E-l5 
0.0 
9.0 
0.2141CE-12 
0.0 
0.0 
C.il221E-23 
0.0 
0.0 
3.6 5032E-12 
0.0 
0.1514CE-09 
0 . 9 0 7 5 I E - 1 t  
0.0 
0. I129  tF-! 1 
3.0 
0.0 
0.15559f-17 
0.0 

A C T I V :  T V  
C U R I E S  

C.YeOS5E 03 
3.0 
0.10712E 09 
0.0 
C.48513E 02 
c.0 
0.1003CE 0 9  
0.9O952E 09 
0.35006E 0P 
3.3110QE 06 
0.0 
C.9517hE O R  
3.21316E O Y  
C.4.2tI3E 05 
0.0 
O.le022E 08  
0.25892E 0 4  
0.360@5€ 0 1  

0.0 
Cei3934E 0 8  

o. :7624~-0a 

C.O 
C.i5889F-04 
0.0 
0.21288: O R  
O.P10!2E 06 
C.=2099E 05  
c.0 
0.22370E 07 
C.t2723E 0 6  
0.97746E 06 
c. 0 
C.12914E 08 
C.5286tE 07 
C.5355:rE 0 2  
0.5372CE 0 3  
c.0 
C.59577E 07 
C.18523E 36 
0.0 
C.28612E-08 
3.14129F-06 
C.0 
C.Ah735E 0 7  
C.3797CE 07 
C.87P5IF 04 
0.35742F 0 4  
C.95813E 00  
0.0 
0.24740E 07 
C.270405 01 
(2.4389 LE-03 
C.15673E 01 
0.0 
C.40763i 06 

P O W E R  DENS I I Y  
K W I L  I T E R  

0.32673E-C6 
0.0 
0.77037E-01 
0.0 
0.580 13E-07 
0.0 
0.32353E-CL 
0.17231E-CI 
0.73947E-07 
0.26 i 47E-C‘ 
0.0 
0.74955E-Ct 
0.?4611E-C1 
0.5181,r-C4 
0.0 
3.72403E-C2 
O.P7892E-J5 
0011066E-09 
9.43752E- 18 
0.0 
0.:5?99E-Oi 
3.0 
0 .62 i73 i -13  

0.69052E-C2 
0.12162E-02 
0.426 44E-04 
0.0 
0.46864E-03 
0.35498E-C3 
0.37469E-C7 
0.9 
0.44105E-02 
0.26? C 9  E-02 
0. 351C6E-C9 
0.58&E3E-:O 
0.0 
0.32709E-02 
0.649 46 E- 0 3 
0.0 
0.44266 E- 17 
0.1272 I E- I4 
0.q 
0.2588lE-fZ 
0.155 17E-02 
0.73772 E-C5 
0.54948E-06 
0.60112E-09 
3.0 
0.15230E-02 

0.86006E-11 
0.298OBi-OB 
0.0 
0.2359PE-C3 

0.0 

0 .  1 8 5 2 3 ~ - 1 0  

GAP(Vb H E A T  
K h/L t T E2 

0,3087tE-CS 
0.0 
0 -53926 E - O ?  
0.0 
C.522 11. E-07 
0.0 
0.0 
0.99071E-C3 
0.53949E-C2 
0.15 165 E-03 
0.0 
0.0 
0.0 
0.27460E-04 
0.0 
c.0 
0.5 I 886 E-OS 
0.0 
0.0 
0.0 
0.2735 R=-c2 
0.0 
c.0 
0.0 
0.0 
0.97296E-03 
0.27434E-04 
0.0 
0.0 
0.25551E-03 
0.0 
0.0 
0.0 
0.0 
0.30946E-07 
0.c 
0.0 
0.31400E-02 
0.50008E-03 
0.3 
0.0 
3.15265 E- 16 
0.0 
0.3 
0.0 
3.472L4E-05 
3.0 
0.21035E-09 
0.0 
0.30460E-03 
0.0 
0.78265E-11 
0.35769E-39 
0.0 
0.31 353E-34 

PSCCESS R A T E S  
V3LESIUAV 

0.407S7E 00  
0.61435E-02 
O.262C3E-04 
0.56851E O C  
0.6P462E-03 
0.82405E-06 
0.10673E-05 
0.27080E-02 
0.14203E C O  
2.3’9LOE 00 
0.22816E-01 
3.25213E-05 
G.23955E 0 3  
G. l857OF-OP 
0.26662E 00  

5.23316E 00 
0.75793E-04 
3.11655E-04 
0.1421PE-15 
0.2h993E 0:  
0.1983ZE oc 
0.33295E-12 
0.I5777E-11 
0.861 46i-91 

0. lq7S9E-01 
0.19675E-02 
0.2077GE 00  
0.13232E-01 
0.76657E-03 
0.2P2SOE-01 
0.54990E-Cl 
0.42816.F-01 
0.93345E-C1 
0 23 10  1 E-05 
2 54 352 E-  C7 
0.3599L€-OL 
0.61478E-0, 
0.532 32E-02 
0.43692E-14 
0.2599iE-15 
0.46566E-13 
0.98 512E-32 
0.2224?E-J2 
0.41119E-01 
0.81939E-04 
0.15765E-03 
0.9Ri06E-07 
0.45801E-02 
0.225 b9E-0 1 
3.10014E-07 
3.23384E-37 
3.67850E-g7 
0.320?8E-0i 

0 . 2 5 9 8 7 ~  o c  

0 . 2 0 0 6 9 ~  oo 



S T E I O Y  S T A T F  V A L U E S  FGR T h E  F I S S I C h  PRCDUCTS 
NUCLIDE COYCEhTR?TICN Y r l E  F R A C T I O N  POlSOhlhG 

R H 1 0 7  
P0107M 
POI07 
P U I  08 
R H I O R  
Pn l08  
PHIO" 
P O l O S M  
PO 109 
AG10qM 
AGIO9 
RH! 10 

A G 1 I O H  
AG? 13 
tD1'0 
PO!!lM 
P r ) l l l  
CGI 1:M 
AG' ? 1 
tDl:l)* 
co111  
P01'2 
h G l i 2  
COl?Z 
p01:7 
A G l l Z M  
AG113 
C O 1 1 3 M  
C01I" 
IN113 
PO114 
& G I ? &  
r o l l 4  
l h ' I ' 4 H  
I N 1 1 4  
S N ! ' . 4  
P C 1  I 5  
A G 1 1 5 M  
A t 1 1  S 
C O 1 ' 5 M  
CD115 
!M1:5Y 
tN115 
SN115 
hG116 
C0?!5 
INLl6P 
I Y I ? L  
S N 1 ? 5  
A t 1 1 7  
G O 1  1 7 M  

Ik117P 
tn1117 

w i i o  

1-0117 

G M - A T J ? l C C  

0.29469E-13 
0.600%5E-16 
0.71361 E - I 5  
0.10124E-12 
0.42762E-14 
0.871'8F-la 
0.32353F-13 
0,123505-22 
0.17319 E- 1'3 
0 . l r 3 0 2 E - 1 6  
0.1239?c-: 6 
0a56217E-14 
3.39967E-13 
0.31473'-'4 
0.3291sE-23 
J. 335' 05-16 
0.343096-1? 
0.37878E-13 
3.60765E-1* 
0.29457E-15 
0 . 1 C O l B E - 2 3  
0.571525-11 
0.22859E-'3 
0.10445E-16 
0.87108F-13 
0.19170E-13 
0.5331OF-1' 
0.71050F-14 
0.l1960F-15 
0.7@538E-I0 
0*33026f -?7  
it.21373E-?3 
0.64867E-I 5 
0,44910E-OS 
0.87315E-19 
0.713h'E-71 
0.3486PE-IS 
O.I638OE-l3 
0.12025F-14 
0.38281E-14 
3.92703E-11 
0.3C634F-10 
7 d @ 7 ' 2 E - ? ?  
Os14265F-39 
0.1 I37EE-Oq 
0.7 0094 E- I 3  
0.39393E-09 
0 .16345~-12  
0. I E 7 7 8 T - I E  
0.76345E-04 
0.1540 3 F - I  3 
0,18152E-14 
0 , 4 0 7 4 1 5 - 1 1  
0.32750F-11 
0.584Y7E-12 

3.5666CF-ZZ 
0.115516-?4 
OS137??F-?3 
0.: 9465E-:: 
0 , 3 2 2  lSF-13 
0.16762E-12 
0.62205€-'2 
0,237a6E-2: 

3*2'4Q9€-15 
0 . 7 1 1 ~ i i  E-12 

A B S I I 8 S : F ~ E L  I 

0.0 
0.0 
0.141 63E- I 2  
3 .  C 
0.0 
S e 4 2 294 E- 1 1 
it. 0 
0.0 
0.0 
0,O 
0.53045E-13 

0.23E34E-14 
0.0 
0.0 
340 
0.0 
0. c 
C e  546O8E-11 
0,0 
3. c 
3.26381E-11 
0.c 
0.0 
0.0 
0.0 
3.63344E-05 
3,83622E-14 
0.0 
0.0 
0.24670E-06 
0. c 
0. 0 

0.0 
0.0 
0.0 
0.0 
0 * 0  
0,0 
0.14177E-04 
0.0 

0.3712 :E- 1 e 

0. 0 
0.98954E-03 
0. c 
0. (3 
0.2463?€-0? 
3.9 
0.0 
0.0 
0.3487CE-CS 
0.62284E-IC 

ACT I Y I T Y  
CU41ES 

C.1042DE OS 
C . l Z 7 5 R E  0 4  
0.0 
C.135;SE 06 
0.1175CE 06 
0.0 
0.50377E 36 
C.204F7E-04 
G.35978E 0 3  
C.167CZE 03 
0.0 
0.5252lE 0 6  
0.0 
O . O 7 2 5 P € - l l  
0.53322E-04 
c.0 
C.e2:23E 01  
C.12024€ 05 

0,20515E 00 
C, 16047E-06 
c.0 
C.14124E 03 
C.42364E 00 
0.0 
C.lOt6CE 0 6  
0.34637E 0 4  
0.17395E 0 3  
C. 1465sE-03 
s .o 

0 . 3 a 3 5 e ~  04 

0.0 
C.6S345E 0 5  
C.60602E 05 

POkER OEhS I T Y  
KH/L 1TER 

0.795CCE-05 
0.33413E-06 
0.0 
0.34137E-C4 
0.12639E-03 
0.0 
0.19136E-03 
0. 97365E-I4 
0.97116E-07 
0.14297E-C7 
0.0 
0 e 191 20E-03 
0.0 
0,94517E-19 
0.23005E-12 
0.0 
0.14005E-CB 
0.4499lE-05 
0.20744F-C6 
0.15273E-C9 
0.91035E-17 
0.0 
0 - 5 2 1  i9F-GB 

0.0 
0.41 105 E - C 4  
0.16038E-03 
0.19254E-C6 
C -468 1SE-14 
0.0 
0 .o 
0,302 a i  F - C 4  
3.53052E-C4 

0. i 1 2 4 5 ~ - 0 e  

0.0 0.0 
C.Q441 b E-05 0.32464E-15 
0 .  1?@63E-04 0.15769E- 14 
0.0 
C . 1 7 C 0 4 E  06 
0.3CL89E 05 
0.34364E 0 4  
0.1178?€ 04 
C.88350E OS 
Ce8c7?GE 05 
0.0 
0.0 
C.625?3€ 05 
0.0 
C.23565E 175 
0.62657E 0 4  
0.0 
0.10901E 06 
C.6427fE 02 
0.22027E 0 6  
0.2201BE 06 
"1035CE 06 

0.0 

0.1457 1 E -  C4 
0.47089E-G5 
0.11596E-06 
0.71538E-05 
0 . 4 2 5 E E -  C5 
0.0 
0.0 
0.5950SE-C4 
C.O 
0,95541E-05 
0 .  L2567E-C5 
0.0 
0.39450E-C4 
0.16475E-C7 
0.56172E-04 

0.14472E-C4 

0 . 8 e 5 0 2 ~ - 0 4  

e. 169 1: E-04 

GAMYA HEAT 
K#/LITER 

0.31005E-05 
0.13413E-05 
0.0 
0.0 
0.20222E-04 
0.0 
0.96 1 2 0 E- 04 
0 .o 
0.0 
0.0 
3.a 
0.47568E-35 
s.0 
C.90736E-19 
0 .E 21 1 4  E- 14 
0.0 
c.0 
0 -0 
0.0 
0.0 
0.56YJ9E-17 
0 - 0  
0.0 
0.47456E-09 
0 .o 
0 .o 
0.0 
0.1424RE-06 
0.46819E-17 
0.0 
0.0 
0.0 
0 .13263€-04  

0.0 
0.0 
0.26841E-05 
0.17 046 E-07 
0.24609E-05 
C,40498€-G5 
0.0 
0 .o 
0.0 
0.0 
C. 85605 E-05 
0 .I231 0 E-07 
0.0 
0.0 
0.9391 DF-OB 
0.40444E-04 
0.47077E-05 
5.82492E-05 

PROCESS R A T E S  
MCLES/DBY 

0.54+71€-02 
0.15055E-04 
0.35496E-03 
0.56435E -02  
0.34652E-03 
0.2:776E-02 
0.65353E-03 
S.66950E-11 
0.43261E-02 
0.26926E-05 
0.6019OF-05 
0.2475CE-C4 
0.31651E-02 
0* 35884E-12 
0.212 f 3E- 1 I 
0.69365.E-ll 
0.248 07E-04 
0.22961F-02 
0.86BOOE-04 
0.10978E-03 

0.13900E-C7 
0.16336E-02 
0.23 793E-05 
0.18042E-07 
0.71888E-03 
0.50242E-04 
0.10912E-02 
0.28690E-IO 
3.61144E-05 
0.68364€-12 
0.99?92€- 03 
0.3543?€-04 
CaS30C5E-O3 
C. 18074E-13 
0.44229E-1 8 
0.721 76 E-1 3 
0.43491E-03 
0.02090E-04 
0.10927E-02 
0.19396E-05 
0.75832E-0s 
0 I 636 98E-0 6 
0.29529E-03 
0.2354?E-C4 
0.953C6E-03 
0.81544E-03 
0.33834E-07 
0.38871E-lO 
0,15805E-03 
3.51128E-03 
0 a 375 75  E-09 
0.843356-04 
0.677 92E-04 
0.12109E-06 

a 20 7 3 6 ~ -  1 a 



STEADY S i b T E  V P L U E S  FCR TI'E F I S S I C h  P P C Z L C T S  
P O  i S C h i  N G  

O.23443F-11 
0.10520E-06 
0.38313E-IO 
0. 4h994E-17 
9.6 5156E-!3 
0.15646F-05 
0.1 05O4F-? 1 
0.392 74F- 1 1  
3.!4!3Pf-10 
0. e24C.QF-13 
C.25272E-09 
C. 1561BE-06 
0.9 3 1 q 1 E- 1.2 
@ . 3 2 1 6 ! E - 1 3  
O.~?BC5F-12 
0.16637E-06 
0.293hRF-1:  
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0.32974F-r)Y 
3.24Q7CE-07 
3. 'I qi9 I R E - 0 4  
3.37'307E-09 
0.151 1PE-07 
0.3835RE-13 
0.2855:F-'Y 
0.441 06 E-! 0 

0.5 2 9 7 7 $ - 3 5  
0.7756OE-35 
0.9 C E Z l  i - 2 5  
0.145127-10 
0. Q6305C-0r  
0.43370E-55 
3.1698@€-0~ 
3,49932F-09 
0 . 5 9 ? 0 3 E - 0 7  
0.79F15Q F-05 
0.1 ?333 E - 0  9 
0.296WE-OY 
0 .625WE-95 
0.1 01 l 5 E - 0 9  
0.11232E-08 
3.11335F-05 
0.30252E-05 

0 . 7 c i s s i - 3 '  

~ . ? 8 ~ 6 b c - n 9  

P@ISON:Y; 
b B S / A B S  ( F U E L )  

0.0 
0.27442F-04 
0.0 
0.0 
0.2394eF-04 
0.0 
0.13853E-03 
0.0 
0.0 
0.0 
0 .249t3E-04 
0.0 
0. 0 
0.0 
0.0 
0. CeC37F-C.4 
0.0 
0.0 
0.  ? l 6 9 t E - 0 4  
0.25912E-05 
0.53:55:-35 
0.0 
0.0 
0.0 
0. 0 
0. L l 5 R e F - 0 3  
0 . 6 3 7 S t i - 0 4  
3.0 
5.0 
3.3 
0.0 
0.1071?€-04 
S. 4 0 3 5 e E - 0  9 
0. t 7 4 3 5 E - 0 6  
0. 0 
0. 0 
0. c 
0.0 
0.15087E-35 
0.27048E-03 
0 . 1 7 3 3 4 c - 0 2  

0.0 
0.71424E-05 
0. fi 
0.3 
0.3'1707E-03 
0.0 
0.0 
9.53382E-04 
3.0 
3.0 
9.0 
0.155OSE-02 

b C T I  V ITY 
G b R I E S  

C . 2 1 4 t t E  G7 
0.0 
C.12535E 39 

C.63489E 3 7  
C.5039,E 0 7  
3.0 

C.3436PE 37 
C.lO52ZBE 0 9  
C.0 
C J O C 2 5 F  0 9  
7.42506E 0 8  
0.94225F 2 8  
0.95646E 0 8  

c . 1 3 8 5 ~ ~  oa 

c . 1 1 ~ 1 2 ~  09 

C.O 
0.40354E 03 
C.91305F 0 8  
C.Q661CE 0 8  
3.1077tE 00 
0.0 

3.6463CE 0 8  
0.11991E 0 9  
0.12140E 0 9  
C.62625E 0 9  
J.O 
0.71503E 07 
C.73331.E 0 8  
0 .12 iC1E 0 E  
C.1273;E 3 9  
0.0 
C.13.114E 0 6  
0.0 

C . : ~ ~ I I I E  0 8  

C.93193E 05 
C.346EZE 0 3  
C.89259E 0 8  
0.31241F 0 9  
C.108P4E 0 9  
3.77093F O P  
C.0 
O.YP143E 05 
3.Q5851E O? 
3.:015i~ 3 8  
c.0 
C.66344€ 0 8  
C.65572E 08 
3.S 

0.50106E O @  
0 . 5 0 1 3 0 ~  oa 

0.0 
C.37809E 08 
0.3780OE 0 5  
O.ZB'I5E 0 5  
c . 9 a 9 9 7 ~  06 

0.0 
0.30365E-02 
0.10977E-01 
0.2493 1E-C3 
0.55327F-03 
0.0 
0.57874E-C1 
0.21 316E-02 
0.5460LE-CZ 
0.0 
0.26725E-0i  
0.2:327E-01 
0.32263E-OI 
0.12 '326E-Cl 
0.0 
0.13499E-Cl 
0.45697E-01 
0.78754E-07 
0.43026E-01 
0.0 
0.10424E-C; 
0.24734E-01 
0 .23  5 3 5 E- 0 '. 
0.17567E-51 
0.Z9787E- C Z  
0.0 
0.32036E-C2 
0.315;SE-OI 
0.16071E-CI 
0 .60352E-Cl  
0.0 
0.45466E-04 
0.0 
0 .4243XE- t3  
0.14260E-31 
0.23924E-C1 
0 .25923E-31  
0.  I 1  4 6 7  E- C 1  
0.404 24 E-C2 
0.0 
0 .32959E-CI  
0.20323E-03 

0.7 
0. l G l 2 4 E - 0  1 
0.6857BE-CZ 
0.0 
3.34042E-CZ 
0.19454F-C1 

o . a e 2 5 1 ~ - 0 2  

0.0 
0.10833E-01 
0.57403E-02 
0.194lBE-C2 
0.1 l 5 8 0 E - C 4  

GAMMB HEAT 
K W / L l i E R  

0.75450 E-53 
0.0 
0.0 
0.143 I S E - 0 2  
0.0 
0.56327E-03 
0.0 
0.0 
0.53948E-C3 
0.37675E-CZ 
0.0 
0.0 
0.0 
0 .  P 7 0 9 9  E- 01 
0.89781 F-04 
0.0 
0.0 
0.21021E-01 
3.37014E-02 
0.3?130E-01 
s . 0 
0.0 
0.0 
0.0 
0.47430 E-03 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.43: 52 E - 3 1  
0.0 
0.29462E-54 
0.0 
0.0 
0.199h5E-02 
0.0 
0.67733E-02 
0.46994E-02 
0.0 
U.3 
0.0 
3.54873E-04 
0.4380ZE-04 
0 .O 
0.0 
0.34289E-03 
0.0 
0.15319E-02 
0.12061E-CI 
0.0 
0.0 
0.12055E-02 
0.83496E-34 
0.0 

PROCESS RATES 
MCIFS/DAY 

0.71227E-04 
0.  i ?O87E-O? 
C.49067E-05 
0.374COF OC 
0.17756E 00 
0.26d45E-37 
1 .32457E-01 
0.12353E-05 
0.49983E 00 
0.60042E-06 

0.35539E-06 
0.9f i562E-01 
0.15867E-05 
0.14055E-04 
0.50689E C O  
0.1Y 151E-01 
0 .178205-06 
C. 31+63E-02 
0.27528E-01 
0.585636 00 
0.20?99E-33 
3.60003E-07 
S.3eZ59E-05 
0.302i3E-02 
3.31074E 00 
0.331C.YE 0C 
0.31641E-04 
0.49827E-08 
0.23595E-05 
0.12457E-02 
0.67683E O C  
0. I b 0 6 r E - 0 4  
0.694 La€-03 
0. i 8 4 7 6 E - 0 5  
0.20492E-08 
0.31657E-07 

0 * 2 2 7 7 1 E - 0 1  
0.16175E 00 
0.389BZE C C  
0.62494E-06 
0.41669E 00 
0.18677E-04 
0.7?160E-O? 
0.2 10 72 E-04 
0.25022E-02 
3.34390E 00 
0.74 643E-04 
3.12790E-03 
3.26956E OS 
0.635616-65 
0.4P24?E-C4 
0.458 !4€-0i 

0 . 5 7 i t z ~ - a ?  

0.1673a~-o: 

o . 1 . 3 0 2 ~ ~  0 0  



STEAOY STATE VALUES FOP 
NUCLICE C C N C E N T R A T I O N  

G Y - F T O M l C C  

SH147 
CE148 
P R 1 4 9  
YO148 
P W l 4 8 P  
P H 1 4 A  
$ * I 4 9  
P R I 6 S  
Nn149 
P W l L 5  
SUI49 

P M 1 5 0  
SM' 50 
NE1 51 
PM! 5 1  
S M 1 5 1  
EU151 
PM152 
5 M 1 5 2  
EU152M 
EU152 
GO152 
PM153 
S T 5 3  
EU153 
G O 1 5 3  
PM154 
SM? 5 4  
ELI154 
G D 1 5 4  
S M 1 5 5  
ELI155 
Gel55  
S M I E 6  
Ell156 
CDZ56 
5'4257 
EUt57 
tD157 
E U 1 5 9  
GO158 
EU159 
G P 1 5 9  

E U l h O  
GO? 60 
T 6 1 6 0  
i?Y!bO 
G C l b l  
T P 1 6 1  
OY261 
G D l b Z  
T 6 l h 2 Y  
D Y 1 6 2  

w i - 0  

Tei59  

0.55086E-08 
0.23458E-11 
0.66073E-11 
0.1645EE-06 
9.14027F-iJ? 
0.121t5E-08 
0.904ROE-C8 
0.4 ?738€-11 

0.617?'F-C9 
0.73127E-09 
0.6@55?E-C? 
0.4877RE-11 
0.9 89qOE-07 
0.99843E-11 
0.135tZE-0Q 
0.21828E-37 
0.105?hE-l9 
0.32704E-11 
0.42232E-07 
0.51735E-13 
0.499CIOE-? 1 

0. z 0 5 2 e ~ w  

0 .343~@E-L1  
0.15106E-11 
0.114: 3F-94 
0.18359F-07 
0.7 8 79 1 E- 13 
0.2QIO9E-lZ 
0.59016E-fa 
0.14!?6SF-Ofi 
0.85520E-ll 
C. 1 3699E- I1 
0.102h2~-0R 

0.15685s-13 
0.109KQE-09 
O.2573qE-09 
3.61 L39E-14 
3.10951C-10 
0. L6140E-10 
0.18975E-12 
0.7Q396E-09 
0.395 6 4 ~ - 1 1  
0.23f.7! E-:l 
0.10570E-09 
0.15142E-14 
0.30222E-IO 
3 . 1 d 6 2 6 E - T 1  
0. Ct5768F-LZ 
0.7 015 2 E- i 5 
0. L57t+E-l l  
0.69908E-11 
0.5061 6E-11 
0.57911 E-? 6 
0.119QOE-ll 

O . ~ I I A R ~ E - ~ ~  

TFE F ISSICN PRCDUCTS 
VOLE F R A C T I C N  P C I S O N I N G  

A S S / A B § ( F U E L I  

J. 1 O54IF-06 
0.454RRE-10 
0.  I 2 6  96E-rJ9 
0.3 1644'-05 
C.26973E-07 
0.2?389E-07 
0.1 13C7c-06 
0. E4OqSE-lO 

0.11573E-06 
C.140t2E-06 
0.1318IE-05 
0.937fl5F-LO 
0.17117E-05 
0.14197F-09 
C * 2 6 0 O C E - ? 7  
0.4 i97CE-Cb 
0.2021PF-09 
0,62RRD€-lD 
0.8120OE-a5 
O.JF47I E-1 2 
0.9544 3 E-10 

C. 2 q O C S E - t  0 
0.21Q44E-07 
0.3529EE-Ob 
3 .  I51496-1 t 
3.55968E-Il 
O. i i l55E-06 
3.2858OE-07 
0 .  14443E-29 
0*25339E-10 
O.?Q731E-07 
0.1 1707E-09 
0.101 57 E-09 
0.2 10 705-07 
O S  4948QE-07 
0.117 55 E-12 
C, 2 10 56 E-09 

3,364P?E-l l  
0 .152t6E-J7 
C.760?0€-:2 
0,451 275-I 0 
0.20323E-08 
0.29113F-I3 
Q.E8109E-09 
0.3$8 !2 €-LO 
C e  L 549 1 E - 1  0 
0.1353LE-13 
0.30309E-10 
QS?3L41E-09 
0.1 8 3 9 2 E- 1 0 
0 , 1 1 1 ~ 5 E - 1 4  
0.23053E-10 

a. 34470~-3e 

o . ~ ~ ~ w + E - I  o 

0.31037~-09 

0.14073E-04 
0.0 
0.0 
0.1ZlbC.E-04 
0.546C?E-03 
0.16020E-03 
0. ?'075E-05 
0.0 
0.0 
0.11175E-03 
0.602AZE-02 
0.43471E-G5 
0.0 
0.14311E-03 
0.0 
0.0 
0.15COSE-02 
6. 9 e 5 25 E-06 
0.0 
0.38b79E-03 
0.0 
0.26565E-06 

0.0 
o. 6 6 7 0 9 ~ - o e  

0.0 
0.13661E-03 
0.0 
0.0 
0.6 7 3 3 2 E- 06 
C.25771E-04 
O.LS530E-07 
0.0 
0.16604E-03 
0.3 5 E 6 CE-05 
0.0 
0 - 0  
0.4 5 1  3 2E-06 
0.0 
c. 0 
0.43677E-04 
0.0 

0.0 
O"87 
0,20443E-06 
0.0 
0-  T943E-OS 
0.0 
0.219C4E-08 
0.3 
0.0 
0.11511E-e? 
0.3 
0.0 
0.1 11 9 BE-07 

3 . 3 2 5 4 z ~ - a 7  

A C T I V I T Y  
CURIES 

0.0 
0.25701E 08 
0.25700E 0 8  
0.0 
C.leC57E 06 
0.1218CE 07 
0.0 
C.14805E 0 8  
0.14198E 08 
0.15C86E 08  
0.0 
c. 0 
0.23442E 06 
c. 0 
C.64775E 0 7  
0 - 6 2 t t 5 E  01 
0.371kCE 0 4  
0.0 
C.CP434E 07 
c* 0 
C.72183E 03 
C.61555E 01  
c.0 
C.21382E (17 
0.315GSE 01 
0.0 
C.17603E 01 
0.9064EE 05 
c. 0 
0.13752E 0 4  
c.0 
0.46365E 06 
C.83926E 04 
c.0 
0.21051E 0 6  
0.3950CE 06 
c. 0 
0.95195E 0 5  
C.93487E 05  
0.0 
C.32114E 05 

c.0 
C.47152E 04 
0.0 
C.13567E 03 
0.0 
0.14BllE 04 
0,12352E 04 

POWER CENS I T Y  
K H l L  I T E R  

0.0 
0.73641 E 0 2  
0.76584E-C2 
0.0 
0.554 1 I E-C4 
0.24080E-C3 
0.3 
0.4242CE-C2 
0.1836OE-02 
0.90992E-G3 
0.0 
0.0 
0.76235E-CC 
0.0 
0.?1322E-02 
0,55!23E-03 
3,15643E-06 
0.0 
0.13739E-02 
0.0 
0.12306E-C6 
0.181 66E-OE 
0.0 
0.252 73E-C3 
0.16838E-03 
0.0 
0.512EZE-10 
0.131 17E-03 
0.0 
0.31133E-06 
0.0 
0.45173E-C4 
0.11074E-06 
0.0 
0.99570E-05 
0.10073E-03 
0.0 
0.12561E-04 
0.915@4f-05 
0.0 
I). 975 37E-05 
0.0 
0.33336E-C5 
0.99383E-Cb 
0.0 
O.LO065E-05 
0.0 
0,28414E-07 
0.0 
0 + 2 18 5 CE-CO 
0.48664E-F? 

0.0 
C.6012iE 0 2  
C.60113E 02 
e. 0 

0.0 0.0 
C.6012iE 0 2  0.49441E-C8 
C.60113E 02 0.97317E-09 
e. 0 0.0 

GAMMA HEAT 
K U / L I  I- ER 

0.0 
0.0 
0.1 0722E-02 
0.0 
0.50424f-04 
0.110?7E-03 
0.0 
c.0 
0.7 1604 E- 0 3 
0.15198E-C4 
0.0 

c.0 
0.7 1604 E- 0 3 
0.15198E-C4 
0.0 
0.0 
0.50315E-04 
0.0 
0.0 
0.23103E-03 
0.0 
0.0 
0.15564 E-03 
0.0 
0.0 
0.0 
0.0 
0.0 
0.84188f-06 
0.0 
0.0 
C.0 
0.0 
0,26949E-C6 
0.0 
G . e I 3 t l E - 0 5  
0.0 
0.Q 
0.42615E-05 
5.?6555E-04 
0.0 
0.77877E-05 
0.42902E-05 
6.0 
0.5462CE-05 
I2.0 
0.1 ZSO? 5 0 5  
0 .( 11 9 2 QE-06 
0.0 
0.0 
0.0 
0.23 300E-07 
0.0 
o . ~ I z ~ ~ E - o ~  
0.14599E-CY 
0.0 
0.0 

0.0 
8.0 

P R O C E S S  R A T E S  
MDLE S / D A Y  

0.45611E-02 
'J.lF589E-05 
0.54667E-05 
0.13627E 00 
0.11614E-02 
0.10072E-02 
0.74917E-02 
0.36215E-05 
0.16997E-03 
3.51118€-02 
0.60559E-OZ 
0. P2'67CZF-OI 
0.403 48E-05 
0.7368*E-01 
0.82670F-05 
O.IllQ6E-02 
0. L8374E-01 
0.87069E-05 
C.27079E-05 
0.34968E-81 
0.4293fE-01 
0.413 17E-OS 
0.2B846E-05 
0.12508E-05 
0.94499E-03 
0.15201E-01 

0.24102E-06 
0.4803BE-02 
0.123C8E-02 
0.70811E-05 
0.11343E-05 
5.84965E-03 
0.504 15E-05 
0.129E7E-04 
0.90138E-0?1 
0.213 1ZE-02 
O.fO623E-08 
0.90676E-05 
0.13364E-04 

0.4574OE-03 

a . e 5 2 3 9 ~ - o s  

0.1571 1 €-a6 

0 . 3 2 7 9 w - a i  0.19434E-05 

0.87519E-04 
0.12537F-08 
0.25024E-04 
0.15422E-05 

iJ.5PZB4E-09 
0.13052E-05 
3.578846-05 
0.3363OE-05 
0.47950E-10 
0.99277E-06 

U e % l O l b E - D b  



S T E A D Y  S T A T E  V A L U E S  ECR F I S ~ I C ~  P R C D L C T S  
NUCLICE t O Y C E N T 9 4 T I P N  MULE CRACT!O*J P O  I S O h l  NG l l C l  I V I  T Y  

CY-ATPYICC ARS/dAS(cUELl  C U R I E S  

0.2434BE-15 
0.19444F-!4 
0.197QPC-11 
0.57897E-7.4 
0.26099!?-?2 
0.17771 E-7 7 
0.75269E-16 
17.1 7040E-12 
0.734bQE-14 
9 .92790F-16 
0 .127355-14 
7 . 3 8 2 8 4 F - 1 7  
0.9Q3Q3E-15 

0.46814F-14 
0.37385E-:3 
0.3 E065!-10 
0.11129E-!2 
O.+Ol@lE-li 
0.72627 F - 1  b 
0.14472E-14 
Os32762E-11 
0.6 5?0yf- '  7 

0.2448';c-*, I 
0.7160RE-17 
0.19108E-73 

0.: 7 8 4 1  E-14 

T O Y A L  POWER D F Y S I T Y  DUE TO R A C I P 4 C T I V E  
T O T A L  NEbTROh C B S G R P T I f l Y  R A T F  I S  

R R E F 7 I N G  R A T I O  I S  
POWER GEhERATEC R Y  F I S S I 9 P I  1 Y  MW TS 
CHEMICAL P R O C E S S r N G  RATE, E B U I V l S E C  = 
POLhR D E N S I ' Y ,  M O L 5 S I C C  = 
G h M M h  POkEil D E N S I T Y ,  KJ/LITEP = 

FrSxrLE ~ E J T R J N  A R S C 9 P T I P h  R A T E  I S  

0.0 C.2737SE 03 
0.0 C..38915C 0 2  
0.11559E-07 0.0 
0.0 C.32645E 02 
0.77293F-08 0.0 
0.0 C.2333PE 0 2  
0 .37667F-11 0.42C96E 01  

0.0 C.5391CF 01 
0.0 0.11445E-75 
0.3 C.61429E 3 1  

0.74C73E-11 C.0 

O . L ~ Q ~ ~ E - O C  c.0 

o . ~ t : a 7 6 ~ - i c  0.0 

D E C A Y  = 0 . 2 3 3 2 e ~  0 1  
0 . 2 e i 7 S E - C ?  
0 . 1 2 ~ 2 e ~ - ~ 1  
C..I052sE 01 
C.72tP4E C4 
0.2 179 OE-01 
0.52ClCE-C: 
3.562SZ5E C0 

POWER qEhS ITY 
KWlL ITER 

3 .32006F-07 
0.45879E-38 
0.0 
C.73917F-08 
0.0 

0.12024E-09 
0.0 
0 .11044E-09 
0.297q6E-15 
0.65337E-09 
0.0 
0.0 

0 .  I 9 0 2 4 ~ - 0 8  

GAMMA H f A T  
K W l L  i T ER 

0 . 9 9 2 1 7 ~ - 0 a  
0.14222E-OP 
0.0 
c.0 
0.0 
0.41 8 5 4  E- 10 
0.864556 E-? 1 
0.3 
0.0 
0.29439 E-15 
0.0 
0.3 
0.0 

PROCESS R A T E S  
MCLES/DAY 

0 .20 i60E-09 
0.1610OE-08 
D.16392E-05 
0.47926E-08 
0 - 2 l h i O E - 0 6  
0.31274F-11 
0.62323E-10 
0.14109E-06 
0.28036E-08 
9. Y6P30E-10 
0.10544E-08 
3.31659E-07 
0.82289E-09 

M 
0 

E L E M E N T S  AN? T k l F I 9  R E M O V A L  RATFS F R O Y  R E D C r O P  

S Y Y  MOLEIDIY 

H 4.730E-02 
F ?.330E qII 

CL 0.0 
qN 0.0 
A S  ?.??RE-02 
NFI l . 8 9 3 E  00 
I N  7.970E-04 
LA 5.3ReE-0' 
7'H 9.037E-05 
T A  0.0 
TL 3.429E-12 
A? 0.0 

S Y M  MPLE/DBY 

L f  5.141E 0 2  
YA 0.3 
K 0.0 

C" 3.c 
f?R 3.743E-03 
TC 1.450F-01 
S @  ? . 5 6 7 f - 0 2  
P? 4.9C1E-3: 
h3 1.4226-07 
F F  0.0 
e l  1.962F-10 
Pa 9.677E 0 0  

S Y P  

B E  
*G 
c 4  

KQ 
R b  
T E  
N'3 
€ Z  
os 
P 3  

J 

hi I 

V C L E / C A Y  

1.145f C2 
0.0 
2.: 
0.c 
l . 9 9 9 E  00 
7 .  G3"-01 
2.4CSE 00 
1.31QE 00  

0.0 
1. ?75E-CP 
8.375E-0: 

~ . ~ ~ z E - c B  

S Y Y  M O C E l D A Y  

1 3.315F-08 
A; 0.3 
s c  0.0 
CU 0.0 
9 4  1.1!3E-02 
R b  6.?i5E-03 

1 1.2056-02 
PI, 1.387E-CI 
TCI 0.0 
i R  0.0 
P i  0.0 
hP 7.443E-03 

SYM P C L E / O D Y  

C 1 . 6 1 5 E - 0 8  
SI 0.0 
T :  0.0 
L N  2.613E-07 
S S  4.623t-CP 
PO 1.615E-02 
XE 2 . 4 4 4 E  00 
S Y  1.506E-01 
YA 0.0 
P' 0.0 
'?Y 5. i53E-07 
PU P.994E-03 

S Y P  

N 
P 
b' 

GA 
Y 

AG 
CS 
EU 
LU 
AU 
Fk 
A M  

MOLCl3AY 

9 . 9 2 7 f - 0 3  
0.0 
c.0 
1-7C8E-07 
5.?27f-0 1 
4.0 04 E-03 
1.797E-01 
I .  8 2 1  E-02 

0.0 
0.0 
6.1 6: E - 3 3  

0.0 

SYN POLE/CAY 

0 5.754E-CZ 
5 0.0 

C R  0.0 
G E  6.623.i-C4 
ZR 3.167E 20  
C D  1.7636-03 
BS 1.039E-CI. 
GD 2.847E-03 
h F  0.0 
HG 0.0 

C M  5.856E-C4 
F A  1.460t-ag 



T a b l e  B-4. Summary of Nuclear and Chemical P r o p e r t i e s  of the Most Impor t an t  Isotopes i n  the  
Fue l  S a l t  o f  a T y p i c a l  225O-M~ (thermal) S i n g l e - F l u i d  MSBR 

F. P a  P C I S O N I N G  F. P. T O T A L  bEhT F. C. G A P l V A  HEAT F. P. C O N C E h T R A T I Q N  F. P. YOLE F R A C T I O h  
A B S / ( F I F S I L E  4 8 s )  ( K W I I  ITFR) ( K h / L I T E R )  f G M l C C )  

421493 
5 6 1 7 5 0  
6 0 1 4 3 0  
61 1470 
6 2 1 5 1 0  
541 7 5 1  
b1?4R1  
3 I )  0900 
621590 
601450 
59 i430  
4 COS30 
631550 
k.11L.90 
421500 
561570 
6 3 1 5 3 9  
5 8 1 4 1 0  
51  1490 
E71300 
5.9141;) 
601460 
1.00~10 
641579 
561400 

6.5285-33 
3.40QE-33 
1 e 7 3 3 5 0 3  
1.55 9E-03 
1 .  T O  IF-0 3 
1.11 9E-0 3 
5.460E-04 
L a  3 3 I E - 0 4  
?.85RE-OI. 
3.77 15-04 
2.735E-04 
2 . 5 3 5 5 - 0 4  
I.660E-04 
1.537E-04 
I .  431E-04 
I. 98  5E-34 
1 . l h 6 E - 0 4  
1. I SOE-04 
I. 117E-04 
6.S94E-05 
6."6E-Dr 
5.33RE-35 
5. I l 8 E - 0 5  

3 1 9OE-05 
4 . 3 5 e ~ - o =  

7.9C4E-02 
0.7 0 2  E-0 2 
6.035E-02 
5.S42E-02 
F.?i?7€-0 2 
5.779 E-02  
5.754E-02 
5.5C2F-02 
5 .  'L'6F-02 
4 .  c! 33F-02 
4 . 9 1 1  E-02 
4 .C7OE-02  
4.3C3E-02 
6,1C2E-02 
4.124E-02 
3 .  C: 37E-02 
3.932E-02 
S e 4 6 4 E - 0 2  
3 .334E-02  
2.2Q6E-92 
3.235E-02 
3 * 22cc-07 
?. ;eaE-02 
3.177E-02 
3.15ZE-02 

3SC960 
350@70 
571420 
3?C9CC 
180930  
5 7 1 4 c c  
360960 
531350 
2 8C940 
5514CO 
38OS20 
551?SC 
380910 
3GC940 
37cesc  
370910 
5$!460 
537 3 4 0  
4 c o 4 5 0  
410971 
511310 
3 t C A 9 0  
5113Ct 
5113CO 
3scv5c 

5.3$3E-02 
4 a 5 50E-0 2 
4.315E-02 
4.lCGE-02 
3.567E-9 2 
3.3  13E-02 
2.  t?4E-0 2 
2.,?55E-i)2 
2.170E-02 
2.1CZE-Q2 
1. C40E-02 
1.7 10E-02 
1.63IE-OZ 
1 -42  5E-02 
1 357E-0 2 
1.258E-02 
I. 2C6E-02 
1.127E-02 
8,146E-03 
7.395E-0 3 
7.382E-03 
7 38 2E-0 3 -). 2C7E-03 
7.2CtE-03 
7 + OClE-03 

380900 
55137C 
561380 
4 E0930 
4 C0940 
400920 
4C0960 
561370  
1 C0910 
4C0953 
581420 
561350 
37087C 
5R1400 
571?9C 
581440  
601430  
390910 
401450 
380890 
40090C 
591410 
36086C 
58141C 
bOl4bC 

R A R E  E A R T h S  
hUCLI DE GM/CAY 

5 e 1 4 7 C  Q.6tZE 01 

571390 7.046E 01 
5E1440 6.C03E 01 
601430  5.574C O f  
60145C 4.9PYF 01 
591410 1.677E 01 
591410 L.381E 01 
6C1460 3.936E 01 
' Y O 9 1 0  3.205E 31 
59143O 2.323E 0 :  
?go890 2.032E 01 
CC1480 2.0I7E 01 
CIt47C L.915E 01 
e21500 1.1051: 01 
601440 1.054E Cl 
t0:53c 6 . 5 1 4 E  03 
6 C 1 4 7 C  3.176E 00 
S i l 5 Z O  5,315' 0 0  
571400 3.854E 0 0  
5 8 1 4 3 0  3.246E 00 
621510 2.729E 00 
b31530 Ze5ZbE 00 
621480 1 . 1 0 9 E  00 

5ei1.00 e . 1 9 9 ~  01 

t 2 i 4 m  9 . 0 2 3 ~ 1  

3.267E-05 
1.287E-0 5 
4.142E-96 
3.330E-06 
3.257E-06 
3.207E-06 
2.746 E-0  6 
2.352E-06 
1. 3'?OE-06 
9.43OC-07 
8.17%-07 
8.034E-07 
7.328E-07 
7.073E-07 
b .  122E-07 
5.035E-07 
4.708E-07 
4 . 2 5 4 - 0 7  
4.153E-07 
4.138E-07 
4.100E-'J? 
4.000E-07 
4.004E-07 
3.753E-07 
3.256E-07 

tiiiaGms 
hUCC t O E  G M l C C Y  

531350 4.827E-Ol 
53131G 4.25SE-01 
531290 4.119';-0: 
350810 2.869€-01 
531330 2-323E-01 
531270 1.771E-02 

350830 8.602E-03 
531320 5.155E-C3 
3 50840 3 60 3E-03 
350790 1.471E-03 
350850 8.t94E-04 
53134C 7.121E-34 

531370 6.722E-OL 
350860 4.QBSE-OL 
350820 3'723E-C4 
350880 2.6E6E-04 
531350 1 ~ 7 0 5 E - 0 4  
531300 1.471E-04 
350890 7.475E-05 
531390 4.940E-05 
350841 3.646E-05 
25CBOi 1,538E-05 
35CE21 l.llOE-06 

531340 1.2y:E-w 

3 5 0 8 7 0  7,116~-0~ 

3 a o w o  
551370 
561380 
400930 
400940 
400520 
400900 
561370 
tOOSl0 
400950 
581420 
561300 
370870  
581400 
571390 
581440 
601430  
3 9 0 4 2 0  
601450  
380690 
400900 
591410 
38.3880 
581410 
60 1460 

6.282E-C4 
2.474E-C4 
7.964F-C 5 
6.4C3F-C5 
6.263E-125 
6.167E-05 
5.2 61 E-C5 
4.522E-05 
ZSh73E-C5 
1,s 13 E- C5 
1.572E-C5 
1,545E-C5 
1.4C9E- C5 
1.3bGE-G5 
1.177E-C? 
9.681E-C6 
9.0525- Cb 
8. ISOE-Cb 
7.936E-C6 
7 , 9  57E-66 
f.882E-Cb 
7.702E-06 
?.699'-Cb 
3.21OE-06 
6 =  259E-CS 

&CTK'IE M E T A L S  
N U C L I D E  G Y l C b Y  

? E O $ C C  4 . 0 5 8 E  C 1  
551370 2.433E 01  
5413.90 7.eBBE CQ 
561375 4.4L7E cc  
'5613ht) 1.508E 03 

380890 39G070 ~ . o ~ ~ E - c I  8.79BE-C1 
3 8 0 8 8 0  4.863E-CI 
561400 4 . 4 1 9 E - C 1  
551350 1.389%-01 
370B5ci 8.629E-02 
380910 S.879E-C3 
551360 9.687E-C3 
38092C 2.920E-03 
3 8 G P t S  2.621E-C3 
561 390 1 * 954E-C3 
551 330 9 P 994 E- 04 
561340 6.195E-C4 
561410 5,395E-C4 
5 h l 4 Z O  551340 3.351E-C4 2.246E-C4 

5 5 1 3 Y C  2.206E-C4 
3 @ 5 9 3 €  1.645E-C4 
3 7 C 8 9 C  9.61EE-c5 
551380 8.293E-CS 



STRFhP H E A T  R I Y E S  FCR P S e P  41 STEACY S T A T E  
NCSLE GASES 

N U C L I D E  ( M W )  

541313~ 2 . ~ 1 4 ~  3c 
3 5 0 8 5 0  2.634E 00 
3bCB9C ?.?9’E 3 0  
760870 1.124E 07 
541371: i\.h20E-01 
360900 7 . 3 6 1 F - O i  
5 6 1 . j ~ ~  5.364~-ni 
=41350 2.3SYF-01 
5 4 1 4 0 0  ’1.53RF-31 
54?351 1.78tF-31 
163851 9.952F-32 
3h091C 7.013E-32 
541330 1.3135E-02 
350920 6.240E-03 
360850 a.913E-33 
541410 1.675E-03 

35094? 8.Q59E-04 
541 3 3 -  7.691E-04 
541420 3.626E-04 
a60940 Q.504E-05 
541430 2.172€-@5 

360a31 1.575~-03 

5 ~ 1 3 1 1  2.022~-1s 
1an30 7.57x-06 

541291 4.537E-17 

N O B L E  METALS 
NIlCL !DE ( M U  I 

5’!340 l.le3c oc 
62’371 i.856E 00 
5 2 P 2 0  : . 4 a S E  oc 

421020 6.662E-01 
4 2  10 13 6.44 1E-0 1 

410981 5.459E-01 

L:04?0 4 . Q 1 9 F - O P  
521310 4.724E-01 

41 1013 3 -3 71:-01 
41095’7 3.6e?E-01 
431040 3.1C4E-01 
521330 3 . 0 3 5 F - 0 1  

4?1040 2.547E-01 
L2099O 2.298E-31 
740P53 1.9elF-01 
42 1013 1.7 51i-01 
52 131 1 1.2 33E-0 1 
340830 1.170E-01 
571290 R.i44E-02 
411030 7.P96E-02 

41 I on0 9.0it:-3 1 

4:09$0 ~ . ~ O O F - O I  

340840 4.976~01 

521350 C . O ~ ~ E - O I  

410971 7.026~-01 

SEMI-NOBLE P F T A L S  R A R E  E A R T h S  
kUCL I C E  r n k r  

4COS5C 3.7CCE-01 
4COS30 2.310E-02 
SJCL2tO 2.C3SE-02 
4COS7C 8.265E-03 
511250 4.7C7E-C3 
51127C 2.095E-03 
511260 1.602E-03 
5C125C 5.766E-94 
51i290 5.555E-C4 
53:291 2.534E-04 
511310 ?.542E-04 

501231 1.448E-04 
5C1280 1.257F-04 
5C927C 1.209E-04 
511lCO 7.8ZOE-05 
511330 5.176E-C5 
501320 4.475F-55 
51124C 4.36CE-05 
511320 3.24?E-05 
5C1313 3.19SE-05 
511281 1.72SE-05 

5013C0 1.233E-05 
32077C 8.C81E-06 

~ I I Z P O  i.402~-04 

5i:3c: I . ~ ~ o E - o ~  

h U t L  1 D E  ( M W I  

581440 6.534E-01 
3C091C 2.5265-01 

571400 A.610E-02 
591430 6.613E-02 
CC1470 3.04BE-02 
581430 2.98OE-02 
611470 1.266E-02 
390930 1.236E-02 
390QOC 7.039E-03 
390920 6.599E-03 
571420 4.605E-03 
571410 4.529E-03 
611631 2.904F-03 
011490 2.404E-03 
631546 2.172E-53 
591450 2.040E-03 
t3156C 1.904E-03 
b114RO 1.553E-OS 
bll51C 7.6EOE-04 
390940 7.307E-04 
390950 5.545E-06 
591430 5.333E-34 
35391 P 4.609:-34 
621530 3.937E-04 

5a1430 I . ~ ~ Z E - O I  

HALOGENS 
( M U ,  NUCL ID€ 

531350 1.200E-02 
531 310 2.52 5E-03 
531330 2.512E-33 
531340 3.*66E-04 
350860 1.375i-04 
531320 ?.i78E-04 
350870 7.383E-05 
350830 4.966E-05 
3508.30 2.?69€-05 
531363 2.486E-05 

35055G 1.756E-05 
350820 P.414E-05 
531370 1.22‘6E-35 
531380 I ,  167E-05 
350890 9.013E-06 

350860 ~ . O S I E - O ~  

531390 ~ . ~ c B E - o ~  
531300 1.870E-06 
350841 1.775E-06 
350801 2.064E-07 
35082; 4.2B4E-08 

532280 5.076E-09 
5313cs. 3.945E-09 

0 0.0 

350800 I.~~PE-GEI 

A C T I V E  METALS 
E v l l C C l O E  { M U  

380900 4.960~-0t 
551370 1.228E-01 
5614C3 1.108E-CZ 
380890 3.872E-C3 
380910 3.283E-C4 
551360 2.077E-04 
300920 1.152E-C4 
561390 2.470E-C5 
561410 1.159E-C5 
561420 l.lL7E-C§ 
380930 9.089E-C6 
551391: 5.895E-06 
370890 4.342E-06 
551340 3.315E-C6 
551380 2.430E-06 
370900 2.382E-C6 
380940 1.367E-06 
551400 1.365E-06 
330910 1.3lfE-CJ 
380950 8.345E-C7 
551410 3.185E-C7 
?70860 2.4425-37 
37093C l.693E-C3 
561430 1.613E-67 
370920 k.295E-07 
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Table B - 6 .  M a t e r i a l  Balance f o r  Thorium Consumption i n  a T y p i c a l  
2250-Mw ( t h e r m a l )  S ing le -F l -u id  MSBR 

-- 
Process ing  r a t e  o f  f i - s s i o n  p r o d u c t s  

P rocess ing  r a t e  of a c t i n i d e s  

2282.37 g/tlay 

201.20 g/day 

D e p o s i t i o n  r a t e  i n  g r a p h i t e  

F i s s i o n  r a t e  of  m i s c e l l a n e o u s  a c t i n i d e s  

35.65 g/day 

6.01 g/day 

T o t a l  f i s s i o n  p r o d u c t s  and a c t i n i d e s  removed 2525 *23 g/day 

Burnup r a t e  of t ho r ium 2529.06 &/day 



INTERNAL DISTRIBUTION 

1. C .  F. Baes 
2 .  H. F .  Baumann 
3 .  S .  E .  BealL 
4 ,  M. J.  Bel l  
5.  R. E.  Blanco 
6. F. F. Blankenship 

8. EL B .  Briggs 
9. M a  E. Brooksbank 

7, G .  E .  Boyd 

10. K .  B .  Brown 
11. W. L. C a r t e r  
12.  k. D. Cochran, Jr. 
13. F. L. C u l l e r  
14. J.  R. D i s t e f a n o  
15. W. P. E a t b e r l y  
16. D. E .  Ferguson 
17. L- M. F e r r i s  
18. J. 14. Frye 
19. W. R. G r i m e s  
20. A.  G. G r i n d e l l  
21. P. A. Haas 
22. B. A .  Hannaford 
23. 3 .  R. Hightower, Jr. 
24. C .  W. Kee 
25. R. B .  L indauer  
26. J. C. Mailen 
2 7 .  H .  E .  McCoy 
28. L a  E .  McNeese 
29. D. M. Moulton 
30. J. P. Nichols  

55 - 
56 -57. 
58 -59. 
60 -62 e 

63. 
64. 
65 ' 

E. t. Nicholson 
J. H. Pashley (K-25) 
A .  M. Perry 
M.. W. Rosenthal  
J .  Roth 
A .  D. Ryon 
W. F a  S c h a f f e r ,  J r .  
Dunlap ' S c o t t  
J .  H. S h a f f e r  
M. J. Skinner  
F .  J .  Smith 
Martha S tewar t  
R. E .  Thoma 
D. B. Trauger  
Chia-Pao Tung 
W. E.  Unger 
C. D. Watson 
J .  S .  Watson 
A .  M. Weinberg 
J, R. Weir 
M. E .  Whatley 
J. C. White 
R .  G. Wymer 
E .  L. Youngblood 
C e n t r a l  Research L i b r a r y  
Document Reference S e c t i o n  
Labora tory  Records 
Labora tory  Records, RC 
Y-12 Document Reference S e c t i o n  
OR?& Patent: O f f i c e  

66. 
67 - 
68. 
69 
70 * 

'71 -72. 
7-3 * 
74. 

7 5 - 8 9 ,  

EXTERNAL DISTRIBUTION 

D. F.  Cope, Atomic Energy Commission, RDT S i t e  O f f i c e  (ORNL) 
A .  R. DeGrazia, USAEC, DRDT, Washington, D.C .  2054> 
D. E l i a s ,  RDT, USAEC, Washington, D . C .  2r?b>b 
Norton Haberman, RDT, USAEC, Washington, D . C .  20545 
Kermit Laughon, Atomic Energy Commission, ROT Site O f f i c e  (ORNL) 
T.  W .  McIntosh, Atomic Energy Commission, Washington, D . C .  20545 
M. Shaw, Atomic Energy Commission, Washington, D . C .  20545 
Labora tory  and U n i v e r s i t y  Division, OR0 
D i v i s i o n  of T e c h n i c a l  I n f o r m a t i o n  Ext-ension, OR 


