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R E A C T O R  P H Y S I C S  Q U A R T E R L Y  R E P O R T  

J A N U A R Y ,  F E B R U A R Y ,  MARCH 1 9 7 0  

FOREWORD 

The o b j e c t i v e  of  t h e  Reactor Physics Qua r t e r ly  Report i s  

t o  inform the  s c i e n t i f i c  community i n  a  t imely  manner of t h e  

t e c h n i c a l  p rogress  made on t h e  many phases of  r e a c t o r  phys ics  

work w i t h i n  t h e  l a b o r a t o r y .  The r e p o r t  con t a in s  b r i e f  t e ch-  

n i c a l  d i s c u s s i o n s  of accomplishments i n  a l l  a r ea s  where s i g n i -  

f i c a n t  p rogress  has been made dur ing  t h e  q u a r t e r .  The r e s u l t s  

p r e sen t ed  h e r e i n  should  be cons idered  p re l imina ry ,  and do n o t  

c o n s t i t u t e  f i n a l  p u b l i c a t i o n  of t h e  work. A l i s t  of pub l i ca -  

t i o n s  and papers  i s s u e d  dur ing  t he  l a s t  q u a r t e r  i s  included i n  

t he  r e p o r t .  Anyone d e s i r i n g  a d d i t i o n a l  in format ion  concerning 

the  work r e p o r t e d  h e r e i n  i s  encouraged t o  c o n t a c t  t h e  au thor  

d i r e c t l y .  
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REACTOR PHYSICS QUARTERLY REPORT 

J a n u a r y ,  F e b r u a r y ,  M a r c h  1 9 7 0  

1 . 0  SUMMARY 

REACTOR THEORY AND CODE DEVELOPMENT 

A t r a n s v e r s e  b u c k l i n g  o p t i o n  and a  "white"  a l b e d o  boundary 

c o n d i t i o n  o p t i o n  have been  added t o  t h e  THERMOS/BATTELLE code .  

An e r r o r  was c o r r e c t e d  i n  t h e  a n i s o t r o p y  c o r r e c t i o n  o p t i o n ,  and 

t h e  c e l l  smear r o u t i n e  h a s  been m o d i f i e d  t o  make i t  more 

u s e f u l .  

An o p t i o n  h a s  been added t o  t h e  s lowing  down spec t rum 

code HRG t o  p e r m i t  t h e  c a l c u l a t i o n  and punching  of  2 - t a b l e  

s e t s  of  Sn p a r a m e t e r s  based  on an improved,  " ex tended ,"  t r a n s -  

p o r t  approx ima t ion .  

E x p r e s s i o n s  have been  d e r i v e d  which w i l l  a l l o w  t h e  t h r e e -  

d imens iona l  f l u x  s y n t h e s i s  code RSYN t o  u s e  t r i a l  f u n c t i o n s  

g e n e r a t e d  i n  c y l i n d r i c a l  and hexagonal  geometry i n  a d d i t i o n  t o  

t h e  c u r r e n t l y  a v a i l a b l e  r e c t a n g u l a r  geometry .  

THERMAL REACTORS 

C r i t i c a l  e x p e r i m e n t s  were comple ted  i n  t h e  PRCF i n  a 

H20-moderated l a t t i c e  (1 .06  i n .  s q u a r e  p i t c h )  of UO2-4 w t %  

PuOZ f u e l  r o d s .  

The e f f e c t  of  2 4 1 ~ u  decay and 2 4 1 ~ m  b u i l d u p  i n  p lu ton ium 

f u e l e d  r e a c t o r  l a t t i c e s  w i t h  a  h i g h  2 4 1 ~ u  c o n t e n t  h a s  an 

i m p o r t a n t  b e a r i n g  on t h e  way t h a t  r e c y c l e d  p lu ton ium can  be  

most e f f e c t i v e l y  used  i n  the rma l  power r e a c t o r s .  An a n a l y t i c a l  

s t u d y  was made t o  d e t e r m i n e  t h e  change i n  t h e  i n f i n i t e  medium 

n e u t r o n  m u l t i p l i c a t i o n  f a c t o r ,  Vk,, f o r  a  4 - i n .  s q u a r e  p i t c h  

g r a p h i t e  l a t t i c e  f u e l e d  w i t h  1 / 2 - i n .  d i a m e t e r  U02-2.6 w t %  Pu02 

(29% 2 4 0 ~ u ,  5 %  2 4 1 ~ u )  Z i r c a l o y  c l a d  r o d s ,  assuming t h e  h a l f  

l i f e  of  2 4 1 ~ u  i s  abou t  13 y e a r s .  The n e u t r o n i c  p a r a m e t e r s  f o r  



t h i s  l a t t i c e ,  i n c l u d i n g  k m ,  were measured i n  t h e  P h y s i c a l  Con- 

s t a n t s  T e s t i n g  Reac to r  (PCTR) i n  November, 1966.  During t h e  

3- 1 /4  y e a r s  t h a t  have p a s s e d  s i n c e  t h i s  measurement ,  16% of t h e  

2 4 1 ~ u  i n  t h e s e  r o d s  has  decayed t o  2 4 1 ~ m .  The v a l u e  f o r  Akm 

( c a l c u l a t e d  t o  be  abou t  -0 .013)  can  be  o b t a i n e d  e x p e r i m e n t a l l y  

by a  s i m p l e  remeasurement of  t h e  amount of  a b s o r b e r  t o  a c h i e v e  

n u l l  r e a c t i v i t y  i n  t h e  l a t t i c e .  

Room t e m p e r a t u r e  measurements of  k_  f o r  a  ~ h 0 ~ - ~ ~ ~ ~ 0 ~  HTGR 

l a t t i c e  have  been  comple ted  i n  t h e  PCTR. P r e l i m i n a r y  r e s u l t s  

i n d i c a t e  a  s m a l l  d i sag reemen t  w i t h  t h e o r y  which i s  p r o b a b l y  due 

t o  an i n a d e q u a t e  t r e a t m e n t  o f  end e f f e c t s .  The room tempera -  

t u r e  r e s u l t s  w i l l  be used  t o  n o r m a l i z e  t h e  measurements a t  

e l e v a t e d  t e m p e r a t u r e s  t o  be per formed i n  t h e  HTLTR. 

The f i r s t  e x p e r i m e n t a l  i n f o r m a t i o n  o v e r  t h e  d e s i g n  tem- 

p e r a t u r e  r a n g e  (25 t o  1000 OC) h a s  been o b t a i n e d  i n  t h e  High 

Tempera ture  L a t t i c e  T e s t  R e a c t o r .  An e x p e r i m e n t a l  l a t t i c e  com- 

posed  of a  2 3 5 ~ ~ 2 - ~ h 0 2 - ~  f u e l  m i x t u r e  c o n t a i n e d  i n  g r a p h i t e  

b l o c k s  was t h e  s u b j e c t  of  t h e  measurement t o  d e t e r m i n e  km a s  a  

f u n c t i o n  o f  t e m p e r a t u r e .  

F A S T  R E A C T O R S  

A c a l c u l a t i o n a l  comparison o f  F a s t  Neutron C a v i t y  (FNC) 

and f u l l - s i z e  f a s t  c r i t i c a l  assembly exper imen t s  h a s  shown t h e  

f e a s i b i l i t y  of measur ing  f a s t  r e a c t o r  n e u t r o n i c  p a r a m e t e r s  i n  

t h e  PCTR, HTLTR o r  b o t h .  The e q u i l i b r i u m  n e u t r o n  ene rgy  s p e c -  

trum of  a  l a r g e  FBR can  be d u p l i c a t e d  i n  s m a l l  f a s t  r e a c t o r  

l a t t i c e  z o n e s ,  c o n t a i n i n g  70 t o  80 kg of  p lu ton ium,  i n  a  

coup led  f a s t - t h e r m a l  r e a c t o r  c o r e .  A broad  r ange  of i n v e s t i -  

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

been i d e n t i f i e d .  The f i s s i l e  f u e l  i n v e n t o r y  r e q u i r e d  f o r  t h e s e  

expe r imen t s  i s  an o r d e r  of magnitude s m a l l e r  t h a n  t h a t  r e q u i r e d  

f o r  f u l l  s i z e  c r i t i c a l  a s s e m b l i e s .  



Multiplication calculations were done to determine the 

specific physics calculations of the EBR-IIITREAT and GETR/ 

TREAT experiments during transient tests. 

New computational methods of treating fast reactor 

excursions have been developed and are illustrated by examples 

taken from work on the Fast Test Reactor (FTR). In one 

development, the multichannel neutronics heat transfer program, 

MELT-11, is coupled to the two dimensional disassembly program, 

VENUS. A second development makes use of a lumped nuclear 

model coupled with a space-dependent feedback model to reduce 

the need for a complete space-time treatment of important feed- 

back effects. 

The current work in experimental reactor physics being 

performed in support of the FTR is described. An analysis is 

shown of the degree to which the FTR hexagonal core structure 

can be mocked up by the rectangular ZPR structure. A calcula- 
tion is given which shows the errors incurred by inferring sub- 

critical reactivity from subcritical flux levels measured by 

chambers at various positions in and around the FTR core. 

Such information will be used in implementing a subcritical 

reactivity monitor for the FTR. Another experiment is 

described in which the reactivity of control element poison 

placed at the core-reflector boundary is measured alternately 

with that of plutonium fuel removed from the center of the 

core. Although the poison effect can be calculated to within 

about lo%, the effect of removal of up to 32 kg of plutonium 

is overestimated by the same 30% noted in many other critical 

experiments. 

Analyses were made to estimate the radiation environment 

for both in-vessel and out-of-vessel neutron detectors to 

assist in the design of the instrument system for the Fast Test 

Reactor (FTR). The analyses include the effect of stored fuel 



in the sodium annulus between the radial shield and the vessel 

as well as the time-dependent behavior following shut down of 

the reactor. 

It was shown that the cobalt content in stainless steel 

will dictate shielding requirements for FTR components such as 

the core support structure. 

If access is required to one of the three FTR heat trans- 

port system cells while the reactor is being operated at two- 

thirds power, isolation valves are needed in the primary sodium 

lines that leak less than one or two gallons per hour. 

Calculations indicate that different neutron attenuation 

characteristics are anticipated for Types 304 and 316 stain- 

less steel because of the molybdenum content of the latter. 

The decision to employ Type 316 steel in FTR makes those shield- 

ing calculations based on Type 304 steel slightly conservative. 

A comparison of analyses with experimental measurements 

of the neutron and gamma distribution throughout the ZPPR 
mockup of the FTR radial reflector and shield indicate that 

use of these analytical techniques and nuclear data are expected 

to result in a realistic preliminary shield design. 



R E A C T O R  T H E O R Y  A N D  CODE D E V E L O P M E N T  

CODE M O D I F I C A T I O N S  

C .  L .  B e n n e t t  

The f o l l o w i n g  m o d i f i c a t i o n s  t o  THERMOS/BATTELLE have been  

comple ted .  

1 )  A t r a n s v e r s e  b u c k l i n g  o p t i o n  o f  t h e  s i m p l e  DB' form h a s  

been  added.  The r a d i a l ,  a x i a l ,  o r  p l a n e r  b u c k l i n g  i s  

c a l c u l a t e d  from t h e  i n p u t  d imens ions  which may o r  may n o t  

i n c l u d e  t h e  e x t r a p o l a t i o n  d i s t a n c e s .  The e x t r a p o l a t i o n  

d i s t a n c e s  would normal ly  b e  c a l c u l a t e d  i n t e r n a l l y  i n  t h i s  

o p t i o n .  

2 )  A "white"  a l b e d o  boundary c o n d i t i o n  o p t i o n  has  been  

added t o  t h e  c y l i n d r i c a l - g e o m e t r y  r a y - t r a c i n g  method. 

The boundary a l b e d o  can  be s p e c i f i e d  f o r  e i t h e r  t h e  

whole t h e r m a l  r ange  o r  each  s p e e d .  

3)  An e r r o r  i n  t h e  a n i s o t r o p i c  s c a t t e r i n g  c o r r e c t i o n  o p t i o n  

( n e g l e c t i n g  i s o t o p e s  used  i n  t h e  c e l l  n o t  on t h e  l i b r a r y )  

h a s  been c o r r e c t e d .  

4 )  The c e l l  smear  r o u t i n e  h a s  been  modi f i ed  t o  c o r r e c t l y  

produce  a  comple te  s p a t i a l l y - c o l l a p s e d - c e l l  macroscop ic-  

c r o s s - s e c t i o n  s e t  which can  be  punched o u t  on c a r d s  i n  a 

f o r m a t  compatable  w i t h  i t s  u s e  i n  a  s u c c e e d i n g  THERMOS 

c a s e  a s  an added m a t e r i a l  u sed  i n  t h e  c e l l  b u t  n o t  p r o -  

v i d e d  i n  t h e  l i b r a r y .  

C A L C U L A T I O N  O F  2 - T A B L E  S E T S  O F  S ,  P A R A M E T E R S  I N  HRG 
I, 

J .  L. C a r t e r  

For some t i m e ,  t h e  e p i t h e r m a l  spec t rum code HRG h a s  had 

a v a i l a b l e  an o p t i o n  o f  punching  a  2 - t a b l e  s e t  o f  p a r a m e t e r s  



f o r  use i n  SN codes such as  DTF- IV.  I n  t h i s  o p t i o n ,  t h e  

e n t r y  f o r  group g  i n  t h e  a p o s i t i o n  of  t h e  f i r s t  t a b l e  i s  
g  

( O ) ,  t he  f l u x  weighted t o t a l  c r o s s  s e c t i o n .  B e l l  e t  a l .  ( 1  1 
show t h a t  g e n e r a l l y  i t  i s  b e t t e r  t o  use t h e  extended t r a n s p o r t  

approximat ion,  which g ives  

f o r  a  2 - t a b l e  s e t .  Here t h e  s u b s c r i p t  2 r e f e r s  t o  t h e  second 

Legendre moment o f  t h e  s c a t t e r i n g  c r o s s  s e c t i o n  i n  t h e  l a b o r a -  

t o r y  system and t h e  2 i n  pa ren theses  i n d i c a t e s  t h e  c r o s s  s e c -  

t i o n s  should  be weighted over  t h e  e n e r g i e s  of group g  by t h e  

second Legendre moment of t h e  angu la r  f l u x .  An op t ion  has  

now been added t o  HRG t o  permi t  punching 2 - t a b l e  s e t s  o f  SN 

parameters  based on t h i s  extended t r a n s p o r t  approximation.  

Because e v a l u a t i o n  of Equation (1) r e q u i r e s  knowledge of 

t h e  second Legendre moments of  both  t h e  angu la r  f l u x  and t h e  

s c a t t e r i n g  c r o s s  s e c t i o n  ( n e i t h e r  of  which i s  d i r e c t l y  a v a i l -  

a b l e  i n  HRG), some a u x i l i a r y  c a l c u l a t i o n s  must be done. 

B e l l  e t  a l .  show t h a t ,  f o r  t h e  unknown f l u x  moment, an 

adequate approximation i s  

where $l(E) i s  t h e  f i r s t  Legendre moment of t h e  f l u x ,  i . e . ,  

t h e  c u r r e n t ,  and Z t r  (E) i s  t h e  macroscopic t r a n s p o r t  c r o s s  

s e c t i o n .  These l a t t e r  q u a n t i t i e s  a r e  a v a i l a b l e  i n  HRG f o r  

each f i n e  group,  s o  t h a t  t h e  f i n e  group analog of Equation (2) 

can r e a d i l y  be found. 

Finding t h e  second Legendre moment of t h e  s c a t t e r i n g  

c r o s s  s e c t i o n  i s  more d i f f i c u l t ,  b u t  s u f f i c i e n t  i n fo rma t ion  

i s  a v a i l a b l e  s o  t h a t  a  reasonable  approximation can be made 

i f  we can assume t h a t  t h e  only  an i so t ropy  i s  t h a t  of  e l a s t i c  

s c a t t e r i n g  and t h a t  t h i s  i s  l i n e a r l y  a n i s o t r o p i c  i n  t h e  c e n t e r  



o f  mass sys t em.  I n  t h i s  c a s e ,  t h e  m i c r o s c o p i c  c r o s s  s e c t i o n  

i n  ene rgy  and s o l i d  a n g l e  f o r  a  p a r t i c u l a r  i s o t o p e  i s ,  i n  

u s u a l  n o t a t i o n ,  

I n  t h e  l a b o r a t o r y  sys t em,  t h e  c r o s s  s e c t i o n  f o r  t h i s  i s o t o p e  

i s  

The t r a n s f o r m a t i o n  m a t r i x  r e l a t i n g  t h e s e  two s e t s  of  w ' s  i s  

well-known; ( 2 )  we o n l y  need  v a l u e s  f o r  R=0,1,2.  For 

Y = 1 / A  << 1, t h e s e  a r e  

L w o  (E) = 1 (5a)  

L where o n l y  te rms t o  o r d e r  y 2  a r e  g i v e n  e x p l i c i t l y  f o r  w2(E).  

The a n g u l a r  moments we s e e k  a r e  n o t  t h e  w k  t h e m s e l v e s ,  b u t  

i n s t e a d  t h e  c o e f f i c i e n t s  o f  t h e  expans ion  

From E q u a t i o n  (4) i t  f o l l o w s  t h a t  

Now ~ E ( E )  can  be e l i m i n a t e d  between Equa t ions  (5b) and (5c)  

and ( 7 )  can  b e  u s e d  t o  e x p r e s s  o 2  ( E )  i n  te rms o f  o l (E)  and o o  ( E )  . 



In  f i n e  group form, t h e  r e s u l t  can be w r i t t e n  

For an i n d i v i d u a l  i s o t o p e ,  Equation (8) g ives  t h e  second 

Legendre moment we seek .  

Many HRG nuc l ide s  a r e  i n d i v i d u a l  i so topes  and a 
0 , n  

and 

a a r e  a v a i l a b l e  f o r  them, s o  t h a t  a 
1 ,n 

can be found i f  y 
2 ,n 

i s  known. We can r e a d i l y  f i n d  y from t h e  knowledge t h a t  t h e  

s c a t t e r i n g  i s  i s o t r o p i c  i n  t h e  c e n t e r  of mass system a t  

s u f f i c i e n t l y  low e n e r g i e s .  Thus, we can choose a  low energy 

f i n e  group m f o r  which s c a t t e r i n g  i s  i s o t r o p i c  and f i n d  y from 

For t h e s e  n u c l i d e s ,  a i n  Equation (1)  can be found by averag-  
g  

ing  a - 0 2 , ~  over a l l  f i n e  groups n  i n  g ,  where a i s  
t ,n 2 , n  

found from Equations (8)  and ( 9 ) ,  and where, from ( 2 ) ,  t h e  

weight ing f u n c t i o n  i s  J n / E t r , n .  

The op t ion  which has  been added assumes t h a t  t h i s  same 

procedure  can a l s o  be used f o r  t h e  remaining HRG n u c l i d e s  and 

f o r  t h e  macroscopic c ros s  s e c t i o n .  This ex t ens ion  of t h e  

a p p l i c a t i o n  of Equations (8)  and (9) needs j u s t i f i c a t i o n .  What 

i s  ob ta ined  from (9)  i s  an average va lue  7, where 

and t h e  index i r e f e r s  t o  t h e  component i s o t o p e s .  



I t  i s  n o t  immediately c l e a r  t h a t  7 i s  a p p r o p r i a t e  f o r  use  i n  
2 Equation (8) .  For one t h i n g ,  o t h e r  averages  such a s  y  a r e  

needed i n  ( 8 ) ,  and 7 = y 2  may be a  poor approximation even 

f o r  group m .  I n  a d d i t i o n ,  i f  t h e  r a t i o s  of t h e  component o O ' s  
- - - vary from group t o  group,  ym - Yn may a l s o  be a  poor approxi-  

mation.  I f  t h e  yi a r e  n e a r l y  e q u a l ,  however, a s  i n  those  HRG 

nuc l ide s  which r e p r e s e n t  e lements ,  i t  i s  c l e a r  from Equa- 

t i o n  (10) and i t s  analogs  f o r  h ighe r  powers of yi t h a t  

7 % yP  and 7 can be used i n  (8) wi th  l i t t l e  e r r o r .  Where t h e  

Y i  a r e  widely  d i f f e r e n t  (as i n  t h e  HRG use  of H 2 0  and D20 a s  

nuc l ide s  and as  i s  u s u a l l y  t h e  case  f o r  t h e  components of  

macroscopic c r o s s  s e c t i o n s  f o r  a  c e l l ) ,  t h e  accuracy of t h e  

approximation can b e s t  be determined by t e s t i n g  a c t u a l  d a t a .  

Because y = << 1 i s  no t  t r u e  f o r  t h e s e  c a s e s ,  ano ther  prob-  

lem a r i s e s  i n  us ing  ( 8 ) ,  i . e . ,  t h e  l ead ing  terms i n  y do n o t  

reduce t o  t h e  c o r r e c t  l i m i t  a s  y  + 1. This  de f i c i ency  can be 

l a r g e l y  overcome by adding terms i n  y 2  i n  ( 8 ) ,  w i th  a d j u s t a b l e  

c o e f f i c i e n t s  chosen t o  g ive  t h e  c o r r e c t  va lues  a s  y  + 1. When 

t h i s  i s  done, (8) i s  r ep l aced  by 

A t e s t  case  has been run t o  compare t h e  macroscopic v a l u e ,  

t h e  a  of  ( I ) ,  wi th  t h e  sum of t h e  microscopic  va lues  of t h e  
g  

i n d i v i d u a l  components. I n  t h e  t e s t  c a se  Equations ( 9 )  and 

(11) were used t o  f i n d  each f i n e  group a  and t h e  weight ing 
2 , n  

f u n c t i o n  of J n / B t r , n  was used i n  averaging over t h e  f i n e  

groups i n  g. I n  a d d i t i o n ,  a  0 . 5  i n .  f u e l  rod con ta in ing  a  

mixture  of  plutonium and uranium oxide c l a d  w i th  zirconium i n  

a  geometry w i th  a fue l /wa te r  r a t i o  of about 1 was assumed f o r  



t h e  c a l c u l a t i o n .  Three b road  groups  were u s e d ,  w i t h  lower  

ene rgy  l i m i t s  o f  1 . 1 7  x l o 4 ,  2 .38 ,  and 0.683 eV. The p e r c e n t  

d i f f e r e n c e s  between t h e  macroscop ic  and sum o f  m i c r o s c o p i c  

v a l u e s  o f  Equa t ion  (1) were - 1 . 8 ,  9 . 0 ,  and 3.4 f o r  t h e  t h r e e  

g r o u p s .  The H20 was t r e a t e d  a s  a  n u c l i d e  i n  t h i s  c a s e .  A 

s e p a r a t e  e s t i m a t e  o f  t h e  e r r o r  i n  t r e a t i n g  H20 a s  a  n u c l i d e  

r a t h e r  t h a n  a s  2 H  + 0 i s  abou t  3% i n  t h e  lower energy  f i n e  

groups  and 6 %  i n  t h e  h i g h e r  ene rgy  f i n e  g roups .  

Al though t h e s e  r e s u l t s  i n d i c a t e  t h a t  an u n c e r t a i n t y  

o f  t h e  o r d e r  o f  1 0 %  i s  i n t r o d u c e d  by e x t e n d i n g  E q u a t i o n s  ( 9 )  

and (11) t o  macroscopic  c r o s s  s e c t i o n s ,  t h e  a c c u r a c y  i s  

u s u a l l y  b e t t e r  t h a n  t h a t  o f  t h e  b a s i c  assumpt ion  o f  l i n e a r l y  

a n i s o t r o p i c  s c a t t e r i n g  of t h e  c e n t e r - o f - m a s s  sys t em.  There-  

f o r e  a  more e l a b o r a t e  t r e a t m e n t  o f  t h e  a v a i l a b l e  d a t a  i s  n o t  

w a r r a n t e d  a t  t h i s  t i m e .  
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R S Y N  D E V E L O P M E N T  

R .  D .  J o h n s o n  

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

d i f f u s i o n  e q u a t i o n s  by t h e  method of f l u x  s y n t h e s i s .  The 

two-dimens ional  d i f f u s i o n  code 2 D B  g e n e r a t e s  t h e  t r i a l  

f u n c t i o n s  i n  t h e  h o r i z o n t a l  p l a n e s  from which t h e  f u l l  

t h r e e - d i m e n s i o n a l  s o l u t i o n  i s  s y n t h e s i z e d .  The c u r r e n t l y  

o p e r a t i o n a l  v e r s i o n  of RSYN a c c e p t s  o n l y  t r i a l  f u n c t i o n s  



w i t h  r e c t a n g u l a r  geometry.  E x p r e s s i o n s  have been d e r i v e d  

which ,  when programmed, w i l l  e x t e n d  t h e  f l e x i b i l i t y  of RSYN 

by a l l o w i n g  u t i l i z a t i o n  of  t r i a l  f u n c t i o n s  g e n e r a t e d  by 2DB 

i n  c y l i n d r i c a l  and hexagonal  geometry.  A v a i l a b i l i t y  of t h e  

ex tended  RSYN i s  e x p e c t e d  t o  be  June  1 9 7 0 .  
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THERMAL R E A C T O R S  

EFFECT OF 2 4 1 ~ u  DECAY ON k ,  
D. F. Newnian a n d  C .  R .  G o r d o n  

Impor tan t  q u e s t i o n s  have r e c e n t l y  a r i s e n  c o n c e r n i n g  t h e  

e f f e c t  o f  2 4 1 ~ u  decay and  2 4 1 ~ m  b u i l d u p  on r e a c t o r  p h y s i c s  

p a r a m e t e r s  of  p lu ton ium f u e l e d  l a t t i c e s .  S i n c e  t h e  h a l f  

l i f e  of 2 4 1 ~ u  i s  1 3  t o  1 5  y e a r s ,  t h e  amount of f i s s i l e  f u e l  

i n  r o d s  w i t h  h i g h  2 4 1 ~ u  c o n t e n t  can  change s i g n i f i c a n t l y  o v e r  

a  few y e a r s  r e s u l t i n g  i n  a  change i n  t h e  i n f i n i t e  medium 

n e u t r o n  m u l t i p l i c a t i o n  f a c t o r ,  k,, f o r  a  l a t t i c e  f u e l e d  w i t h  

t h i s  t y p e  of m a t e r i a l .  T h i s  change ,  which can  be  measured i n  

t h e  P h y s i c a l  C o n s t a n t s  T e s t i n g  Reac to r  (PCTR), can  be  d i r e c t l y  

r e l a t e d  t o  2 4 1 ~ u  decay and 2 4 1 ~ m  b u i l d u p  i n  t h e  f u e l  r o d s .  

C o r r e l a t i o n  of t h e  change i n  k, of a  l a t t i c e  c o n t a i n i n g  f u e l  

w i t h  a  h i g h  2 4 1 ~ u  c o n t e n t ,  measured o v e r  a  p e r i o d  o f  s e v e r a l  

y e a r s  w i t h  c a l c u l a t i o n s  and /o r  i s o t o p i c  measurements p r o p e r l y  

a c c o u n t i n g  f o r  t h e  change i n  2 4 1 ~ ~  and 2 4 1 ~ m  d e n s i t i e s ,  w i l l  

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

t i o n s  o f  t h e  r e a c t i v i t y  e f f e c t .  E f f e c t s  of  t h i s  k i n d  have an 

i m p o r t a n t  b e a r i n g  on t h e  way t h a t  r e c y c l e d  p lu ton ium can  be 

most e f f e c t i v e l y  u t i l i z e d  i n  t h e r m a l  power r e a c t o r s .  

U02-2.6 w t %  Pu02 L a t t i c e  
7 

The i n f i n i t e  medium n e u t r o n  m u l t i p l i c a t i o n  f a c t o r ,  k,, 

f o r  a  4 - i n .  s q u a r e  p i t c h  g r a p h i t e  l a t t i c e  f u e l e d  w i t h  1 / 2 - i n .  

d i a m e t e r  U02-2.6 w t %  Pu02 (29% 2 4 0 ~ ~ ,  5% 2 4 1 ~ u )  Z i r c a l o y  

c l a d  r o d s  was measured i n  t h e  PCTR d u r i n g  November, 1966.  (2) 

During t h e  3-1/4  y e a r s  t h a t  have p a s s e d  s i n c e  t h i s  measurement,  

16% of  t h e  2 4 1 ~ u  i n  t h e s e  rods  has  decayed t o  2 4 1 ~ m .  I s o t o p i c  

d e n s i t i e s  f o r  t h e  U02-2.6 w t %  Pu02 f u e l e d  g r a p h i t e  l a t t i c e  b o t h  

i n  November, 1966,  and F e b r u a r y ,  1970 a r e  g i v e n  i n  F i g u r e  3 . 1 ,  

assuming t h e  h a l f  l i f e  o f  2 4 1 ~ u  i s  1 3  y e a r s .  T h i s  2 4 1 ~ u  l o s s  
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amounts t o  approx ima te ly  0 .75% of  t h e  t o t a l  f i s s i l e  i n v e n t o r y  

i n  t h e  f u e l .  The change i n  t h e  i n f i n i t e  medium n e u t r o n  m u l t i -  

p l i c a t i o n  f a c t o r ,  k,, due t o  t h e  decay of 2 4 1 ~ ~  and b u i l d u p  o f  

2 4 1 ~ m  was i n f e r r e d  u s i n g  p r e v i o u s l y  measured r e a c t i o n  r a t e s  and 

making n u c l e i  d e n s i t y  c o r r e c t i o n s .  The v a l u e  f o r  nk, = -0.012 

+ 0.002 i s  of  s u f f i c i e n t  magnitude t o  p e r m i t  p r e c i s e  measure-  

ment of t h e  2 4 1 ~ u  decay e f f e c t .  

T h e o r e t i c a l  P r e d i c t i o n s  

A two-energy  group t h e o r e t i c a l  model was u s e d  t o  p r e d i c t  

t h e  e f f e c t  o f  2 4 1 ~ ~  decay  and 2 4 1 ~ m  b u i l d u p  on t h e  i n f i n i t e  

medium n e u t r o n  m u l t i p l i c a t i o n  f a c t o r ,  k m ,  f o r  t h e  U02-2.6 w t %  

Pu02 f u e l e d  g r a p h i t e  l a t t i c e .  Thermal group c o n s t a n t s  were 

c a l c u l a t e d  f o r  t h e  l a t t i c e ,  p r o p e r l y  a c c o u n t i n g  f o r  t h e  change 

i n  2 4 1 ~ ~  and 2 4 1 ~ m  d e n s i t i e s  ( g i v e n  i n  F i g u r e  3 .1)  , u s i n g  t h e  

B a t t e l l e  Revised  THERMOS code .  ( 3 )  E p i t h e r m a l  group c o n s t a n t s  

were c a l c u l a t e d  u s i n g  t h e  HRG ( 4 )  code w i t h  a p p r o p r i a t e  i s o t o p i c  

d e n s i t i e s .  The e q u i l i b r i u m  f l u x e s ,  ~$i and m;, a t  t h e  c e n t e r  

o f  t h e  l a t t i c e  i n  t h e  fundamenta l  mode ( j u s t  c r i t i c a l )  e n v i r o n -  

ment were c a l c u l a t e d  from t h e  two group c o n s t a n t s  u s i n g  t h e  

m u l t i g r o u p  d i f f u s i o n  code HFN t o  pe r fo rm c r i t i c a l i t y  

s e a r c h e s .  The i n f i n i t e  medium n e u t r o n  m u l t i p l i c a t i o n  f a c t o r  

i s  d e f i n e d ( 6 )  by t h e  e x p r e s s i o n :  
C C 

T o t a l  n e u t r o n  p r o d u c t i o n  - v C L + '  + v c L @ '  - - - 1 1 1  2 2 2  
k m  T o t a l  n e u t r o n  a b s o r p t i o n  v a L ,  v a A .  

A l l  q u a n t i t i e s  u s e d  t o  e v a l u a t e  t h e  change i n  km due t o  t h e  

decay of  2 4 1 ~ u  and b u i l d u p  of 2 4 1 ~ m ,  Pk,, a r e  g i v e n  i n  

T a b l e  3 .1 .  The p r i n c i p a l  c o n t r i b u t o r  t o  Akm i s  t h e  change i n  

t h e  t h e r m a l  group n ,  hav ing  a  f r a c t i o n a l  change AT-I/T- = -0.0084 

F r a c t i o n a l  change i n  t h e  t h e r m a l  n e u t r o n  u t i l i z a t i o n  of  t h e  

f u e l ,  ~ f / f ,  was l e s s  t h a n  -0.00019.  I t  a p p e a r s  t h a t  t h e  e f f e c t  

of  2 4 1 ~ u  decay  and 2 4 1 ~ m  b u i l d u p  on t h e  i n f i n i t e  medium 



TABLE 3.1. UO -2.6 wt8 Pu02 Fueled G r a p h i t e  Lat t ice  C o n s t a n t s  -2 

Thermal (E < 0.683 eV) 
Group Constants (November 1966) (February 1970) 

Epithermal (E > 0.683 eV) 
G r o w  Constants 

Central Equilibrium 
Flux Ratio 

1.3818 1.3684 
1.376 + 0.006 Experimental Value (Ref 2) 

Change in k m  Due to 2 4 1 ~ u  Decay and 2 4 1 ~ m  Buildup 

Ak, = -0.0134 (Theoretical Prediction) 

= -0.012 + 0.002 (Inferred from Measured Reaction 
Rates Using Nuclei Density 
Corrections) 



multiplication factor, km, can be measured by a simple 

remeasurement of the amount of copper necessary to achieve null 

reactivity in the lattice. These measured values for akm will 

have much smaller errors than the error associated with the 

absolute value for k m  in a single measurement. The number of 

contributing sources of uncertainty are considerably reduced 

when only the relative change in km is desired. 
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MEASUREMENT OF k m  FOR A  ~ h 0 ~ - ~ ~ ~ ~ 0 ~  HTGR L A T T I C E  AT ROOM 

TEMPERATURE 

E. P. L i p p i n c o t t  

A s  p a r t  of a  program t o  measure t h e  n u c l e a r  p a r a m e t e r s  of  

High Tempera ture  Gas-Cooled R e a c t o r  (HTGR) l a t t i c e s  i n  t h e  

High Tempera ture  L a t t i c e  T e s t  R e a c t o r  (HTLTR), a  l a t t i c e  

c o n t a i n i n g  2 3 3 ~  and thor ium h a s  been c o n s t r u c t e d .  T h i s  

l a t t i c e  i s  t h e  second of  a  s e r i e s  of p l anned  HTGR e x p e r i m e n t s  

and i s  s i m i l a r  t o  t h e  f i r s t  l a t t i c e ' ' )  e x c e p t  f o r  t h e  s u b s t i t u -  

t i o n  of 2 3 3 ~  f o r  t h e  2 3 5 ~  used  p r e v i o u s l y .  Measurements were 

made w i t h  t h e  t e s t  l a t t i c e  a t  room t e m p e r a t u r e  i n  t h e  P h y s i c a l  

C o n s t a n t s  T e s t  R e a c t o r  (PCTR) p r i o r  t o  l o a d i n g  t h e  l a t t i c e  

i n t o  t h e  HTLTR. The PCTR was employed t o  a l l o w  g r e a t e r  

f l e x i b i l i t y  i n  t h e  measurement of s m a l l  r e a c t i v i t y  e f f e c t s  

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

c e l l  a b s o r p t i o n s .  

D e s c r i p t i o n  o f  T e s t  L a t t i c e  

The l a t t i c e  was c o n s t r u c t e d  of  g r a p h i t e  f u e l  b l o c k s  

3 .75  i n .  s q u a r e  by 24 i n .  long  ( F i g u r e  3 . 2 ) .  Each b l o c k  con-  

t a i n s  25 f u e l  c h a n n e l s ,  0 .470 i n .  i n  d i a m e t e r ,  on a  0 . 7 5  i n .  

s q u a r e  p i t c h .  The c h a n n e l s  a r e  f i l l e d  w i t h  a  f u e l  m i x t u r e  

c o n t a i n i n g  T ~ O ~ - ' ~ ' U O  p y r o c o a t e d  p a r t i c l e s ,  Tho2 powder,  and 
2 

g r a p h i t e .  Both ends of t h e  c h a n n e l s  a r e  s e a l e d  w i t h  g r a p h i t e  

end p l u g s  1 / 2  i n .  i n  l e n g t h .  The ~ h 0 ~ - ~ ~ ~ ~ 0 ~  p a r t i c l e s  were 

p r e p a r e d  by ORNL and a r e  composed of  a  m i c r o s p h e r e  c o r e  a b o u t  

300 p i n  d i a m e t e r  c o n t a i n i n g  one p a r t  2 3 3 ~ ~ 2  and t h r e e  p a r t s  

2 3 2 ~ h ~ 2 .  The pyroca rbon  c o a t i n g  h a s  a  t h i c k n e s s  of a b o u t  

100 u .  

Loading t h e  f u e l  m i x t u r e  i n t o  t h e  g r a p h i t e  b l o c k s  was p e r -  

formed i n  a  g l o v e  box. A f t e r  b l e n d i n g  t h e  f u e l  m i x t u r e ,  i t  was 

loaded  v i a  a  f u n n e l  i n t o  t h e  f u e l  c h a n n e l s  and v i b r a t e d  t o  

a c h i e v e  good d e n s i t y  and un i fo rm l o a d i n g .  Each f i n i s h e d  b l o c k  





c o n t a i n s  a b o u t  14  g  of 2 3 3 ~ ,  740 g  o f  t h o r i u m ,  and a  t o t a l  o f  

a b o u t  7800 g  of g r a p h i t e .  The a v e r a g e  c a r b o n - t o - t h o r i u m  atom 

r a t i o  i s  205 and c a r b ~ n - t o - ~ ~ ~ ~  r a t i o  i s  11 ,000 .  

S p e c i a l  b l o c k s  were c o n s t r u c t e d  f o r  t h e  PCTR measurements .  

The f o u r  PCTR c e n t r a l  c e l l  b l o c k s  a r e  i d e n t i c a l  t o  t h e  s t a n d a r d  

b l o c k s  e x c e p t  f o r  t h e  removal  o f  0 .005  i n .  o f  g r a p h i t e  on t h e  

o u t s i d e  t o  e n a b l e  t h e  b l o c k s  t o  s l i d e  i n  and o u t  of  t h e  c a v i t y .  

The c o m p o s i t i o n s  o f  t h e  c e n t r a l  c e l l  b l o c k s  and t h e  a v e r a g e  

c o m p o s i t i o n  o f  a  s i n g l e  HTGR c e l l  a r e  g i v e n  i n  T a b l e  3 . 2 .  

TABLE 3 . 2 .  C o n t e n t s  of HTGR F u e l  B locks  
S i n g l e  

PCTR C e n t r a l  B l o c k s ,  g  C e l l  Mean,g 

Block Weight - empty 6188.8 6299.2 6208.5 6428.2 251.25 

G r a p h i t e  Powder 1534.2 1527.7  1519.7 1514.  60 .96  

P y r o - c a r b o n  54 .1  53.8 53.6 53 .4  2 .15  

T o t a l  c a r b o n  7777.1 7880.7 7881.8 7995.6 314 .35  

2 3 2 ~ h  755.57 752.38 748.46 745.63 30.02 
233u 13 .97  1 3 . 9 1  13 .84  13 .79  0.5551 

T o t a l  U 14 .32  14 .26  14 .19  14 .14  0 .5691 

160  106.2 105 .7  105 .2  104 .8  4.22 

The f u e l  b l o c k s  were  l o a d e d  i n  t h e  PCTR i n  a n  8  by 8  a r r a y .  

S p e c i a l  s h o r t  b l o c k s  were c o n s t r u c t e d  t o  f i t  a t  t h e  f r o n t  and 

r e a r  o f  t h e  f o u r  c e n t r a l  c e l l  b l o c k s  and t h e  t w e l v e  a d j a c e n t  " 

b l o c k s .  The s p a c e  a t  t h e  ends  of  t h e  r ema in ing  48 b l o c k s  was 

f i l l e d  w i t h  s t a n d a r d  HTGR b l o c k s  l a i d  a c r o s s  h o r i z o n t a l l y  and , 

v e r t i c a l l y  and w i t h  g r a p h i t e  b a r s .  The comple t e  l a t t i c e ,  a s  

i n s t a l l e d  i n  t h e  PCTR, i s  shown i n  F i g u r e  3 . 3 .  





E x p e r i m e n t a l  Measurements 

Measurements were made i n  t h e  PCTR t o  d e t e r m i n e  km by 

b o t h  t h e  unpoisoned t e c h n i q u e  ( 2 )  and t h e  s t a n d a r d  PCTR p o i s o n e d  

t e c h n i q u e .  (3 )  I n  a d d i t i o n  t o  t h e  f o i l  i r r a d i a t i o n s  and 

r e a c t i v i t y  measurements r e q u i r e d  t o  d e t e r m i n e  k m ,  measurements  

of o t h e r  r e a c t i v i t y  e f f e c t s  were made t o  d e t e r m i n e  d i f f e r e n c e s  

between b l o c k s .  These  r e s u l t s  w i l l  be  u s e d  t o  b e t t e r  n o r m a l i z e  

t h e  l a t e r  e x p e r i m e n t s  i n  t h e  HTLTR. R e l a t i v e  r e a c t i v i t y  

measurements made i n  t h e  f i n a l  r e a c t o r  c o n f i g u r a t i o n  a r e  

summarized i n  T a b l e  3 .3 .  The q u o t e d  e r r o r s  a r e  e s t i m a t e d  from 

t h e  r e p e a t a b i l i t y  o f  t h e  measurements on t h e  HTGR l a t t i c e .  

From t h e s e  measurements ,  t h e  v a l u e  o f  t h e  mass of  copper  needed 

t o  r e d u c e  t h e  c e n t r a l  c e l l  r e a c t i v i t y  wor th  t o  z e r o  was found 

t o  b e  318.0 t 2 . 2  g .  

TABLE 3.3. Relative Reactivity Worths in the PCTR 

Unpoisoned Measurement 

PCTR C e n t r a l  C e l l s  10 .24  5 0.044 

Copper i n  v o i d  0.0322 + O.O002Q/g 

G r a p h i t e  i n  v o i d  0.795 + 0.029$/kg  

HTLTR C e n t r a l  C e l l s  10 .98  ? 0.064 

PCTR end caps  1 .74  0.054 

HTLTR end caps  2.10 + 0.074 

Gold cadmium r a t i o  measurements were made t o  d e t e r m i n e  t h e  

f l u x  match.  The i n i t i a l  l o a d i n g  w i t h  a  s i n g l e  n a t u r a l  uranium 

e lement  i n  e a c h  p o s i t i o n  i n  t h e  b u f f e r  r e g i o n  r e s u l t e d  i n  a  

s l i g h t l y  s o f t  spec t rum:  t h e  cadmium r a t i o  i n c r e a s e s  w i t h  

d i s t a n c e  from t h e  c e n t e r  o f  t h e  r e a c t o r .  An a v e r a g e  o v e r  t h e  

c e n t r a l  c e l l  compared t o  two b l o c k s  f u r t h e r  o u t  was u s e d  a s  a  

c r i t e r i o n  t o  d e t e r m i n e  t h e  match.  T h i s  c r i t e r i o n  i n d i c a t e d  a  

r a d i a l  mismatch of  5 . 2 % .  The a x i a l  match was more d i f f i c u l t  



t o  determine owing t o  theasymmetry c r e a t e d  by t h e  end caps .  

The f l u x  peak i n  t h e  end caps measured by a  copper absorber  

was found t o  be about 8% g r e a t e r  than  t h e  f l u x  a t  t h e  c e n t e r  

of t h e  block.  A comparison made between t h e  cadmium r a t i o  . 

a t  t h e  c e n t e r  of t h e  block and t h a t  i n  t h e  end b u f f e r s  i n d i c a t e d  

t h a t  t h e  f l u x  was only  about  0 .4% ha rde r  i n  t h e  end b u f f e r s ,  

and t h i s  was considered a  good match. 

The a d d i t i o n  of ano ther  n a t u r a l  uranium element and a  

copper j acke ted  mixed oxide  element t o  each p o s i t i o n  i n  t h e  

b u f f e r  i n  o rde r  t o  harden t h e  f l u x  r e s u l t e d  i n  t h e  f l u x  being 

0.3% ha rde r  r a d i a l l y  and 0.7% ha rde r  a x i a l l y ,  u s ing  t h e  above 

c r i t e r i o n .  A l a t e r  i r r a d i a t i o n  was made wi th  t h i s  loading t o  

o b t a i n  improved d a t a ,  and a t  t h i s  time t h e  r a d i a l  match was 

0.7% ha rde r  and t h e  a x i a l  1 . 7 %  ha rde r .  The r e s u l t s  l i s t e d  i n  

Table  3.3 a r e  ob ta ined  from t h i s  l a t t e r  measurement. 

The f o i l  i r r a d i a t i o n s  t o  determine t h e  c e l l  abso rp t ions  

and o b t a i n  cadmium r a t i o  d a t a  were c a r r i e d  o u t  u s ing  t h e  

s p e c i a l  f u e l  b lock shown i n  F igure  3.4. This  block had t h e  

f u e l  i n  two channels con ta ined  i n  removable aluminum c y l i n d e r s  

between which f o i l s  could be i n s e r t e d .  Ca l cu l a t i ons  have 

shown t h a t  t h e  f l u x  p e r t u r b a t i o n s  caused by t h e s e  c y l i n d e r s  

were n e g l i g i b l e .  ( 4 )  Spec ia l  f o i l s  were cons t ruc t ed  t o  f i t  i n  

t h e  f u e l  channels .  F o i l s  made of (1) copper me ta l ,  ( 2 )  

thorium me ta l ,  and (3) f o i l s  con t a in ing  a  2 3 3 ~ -  thorium- 

g r a p h i t e  mixture  i d e n t i c a l  t o  t h e  f u e l  were used.  The l a t t e r  

two f o i l s  were used t o  e v a l u a t e  t h e  abso rp t ions  i n  2 3 3 ~  and 

thorium. The copper f o i l s  were used t o  i n t e g r a t e  t h e  f l u x  

over t h e  c e l l  and e v a l u a t e  t h e  abso rp t ions  i n  t h e  o t h e r  c e l l  

components. 

Following t h e  unpoisoned measurements, t h e  t e s t  l a t t i c e  

was poisoned by p l ac ing  s t r i p s  of copper ,  0.005 i n .  t h i c k ,  on 





t h e  edge of each  b l o c k  (408.9 g  on t h e  c e n t r a l  f o u r  b l o c k s ) .  

The mass of  copper  r e q u i r e d  t o  r educe  t h e  r e a c t i v i t y  wor th  of 

t h e  c e n t r a l  c e l l  t o  z e r o  was found t o  be - 9 2 . 3  g  i n  t h i s  c a s e ,  

f o r  a n e t  copper  mass of 316.6 g .  T h i s  r e s u l t  i s  i n  good 

agreement  w i t h  t h e  318 g  de te rmined  d u r i n g  t h e  unpoisoned 

measurements .  

E v a l u a t i o n  of  km 

The r e a c t i v i t y  wor th  of  t h e  b l o c k  end caps  was s u b t r a c t e d  

from t h e  t o t a l  c e l l  r e a c t i v i t y ,  and t h i s  v a l u e  of  t h e  c e l l  

w o r t h ,  t o g e t h e r  w i t h  t h e  copper  wor th  from T a b l e  3 . 3  and 

a b s o r p t i o n s  i n  t h e  c e n t r a l  c e l l  and copper  e v a l u a t e d  u s i n g  f o i l  

measurements ,  were u s e d  t o  c a l c u l a t e  k,. The v a l u e  of kw was 

found u s i n g  t h e  two-group e x p r e s s i o n :  (5)  

t m ; r l e l ~ c u  
k m = l -  c e l l  + + 

( m 2 ~ 2 m 2 )  

The k, d e f i n e d  i n  t h i s  e x p r e s s i o n  i s  f o r  f l u x e s  i n  t h e  

fundamenta l  mode (a  b a r e  c r i t i c a l  s y s t e m ) .  The fo rmula  ' 

e x p r e s s e s  km - 1 a s  a  sum of  a  main t e rm i n v o l v i n g  e x p e r i m e n t a l  

q u a n t i t i e s  ( e x c e p t  f o r  t h e  c o r r e c t i o n  f o r  e p i t h e r m a l  a b s o r p t i o n  

i n  c o p p e r ) ,  and two c o r r e c t i o n  t e rms  which a r e  e v a l u a t e d  u s i n g  

c a l c u l a t e d  q u a n t i t i e s .  E v a l u a t i o n  of  t h i s  fo rmula  r e s u l t s  i n  

a  k, e q u a l  t o  1 .058 f o r  t h e  l a t t i c e  w i t h  t h e  wor th  of t h e  

g r a p h i t e  on t h e  c e l l  ends s u b t r a c t e d .  The f i r s t  c o r r e c t i o n  

te rm c o n t r i b u t e s  -0 .0066 t o  km and t h e  second -0.0048 f o r  an  

o v e r a l l  c o r r e c t i o n  of -0 .011.  



The evaluation of k, by the poisoned technique is similar 

to the above. In this case, the second correction term will be 

replaced by a different correction term which is primarily 

dependent on the change in relative thermal neutron absorptions 

in the moderator with the copper present. Since the foil 

analysis is not yet complete, this term has not been fully 

evaluated. However, this correction will have the same sign 

as the correction term determined for the unpoisoned case above. 

The values of km determined by the two techniques are in good 

agreement, if this latter correction term is neglected. 

Calculations of k, were made for comparison with experi- 

ment using GRANIT, ( 6 )  a modification of THERMOS ( 7 )  which 

includes effects of particle sizes in the fuel, and EGGNIT, ( 8 )  

for the epithermal effects. These codes also supplied the 

calculation of the correction terms in the above evaluation of 

k , . These calculations result in a theoretical k, of 1.046. 

Several factors can contribute to the above difference. 

Some small corrections to the foil activation measurements and 

renormalization of the fission foils may result in a change of 

1 or 2 milli-k. Adequately accounting for the effect of the 

end caps may result in a larger correction to the experimental 

cell worth than was used in these evaluations. 

Other Results 

By removing singly each of the four central cell blocks 

from the reactor, the variation among the blocks was measured. 

This variation was found to be 4.7%. After correcting for the 

difference in graphite weight among the blocks, this difference 

was reduced to 2 . 4 % ,  which is about the limit of error of the 

measurement. Thus, an uncertainty of less than this magnitude 

would be expected in k, - 1 from this source. 



E v a l u a t i o n  of  km and f o i l  measurements p e r m i t s  t h e  c a l -  

c u l a t i o n  o f  a  spec t rum- averaged  v a l u e  of TI u s i n g  t h e  

e x p r e s s i o n :  

, c e l l  where I_ i n c l u d e s  a l l  c e l l  a b s o r p t i o n s  o t h e r  t h a n  i n  2 3 2 ~ h  
a 

233u o r  -233 . A p r e l i m i n a r y  v a l u e  of n h a s  been  found t o  be 2.25 

+ 0 . 1 3 .  The r a t h e r  l a r g e  u n c e r t a i n t y  r e s u l t s  main ly  from 

u n c e r t a i n t i e s  i n  t h e  f o i l  d a t a  and w i l l  be r educed  when a 

more thorough a n a l y s i s  of  t h e s e  d a t a  i s  comple ted .  T h i s  

u n c e r t a i n t y  i s  much l a r g e r  t h a n  t h e  u n c e r t a i n t y  i n  k m  because  

r e sonance  c a p t u r e s  i n  2 3 2 ~ h  have t o  be  a c c u r a t e l y  e v a l u a t e d .  

The end e f f e c t  problem t h a t  a f f e c t s  km a l s o  a f f e c t s  t h e  v a l u e  

of  :233 de te rmined  by t h i s  method. 
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I N I T I A L  HTLTR M E A S U R E M E N T S  W I T H  HTGR L A T T I C E  

T .  J .  O a k e s  

The f i r s t  measurements ove r  t h e  t e m p e r a t u r e  r ange  2 5  t o  

1000 O C  have been  comple ted  i n  t h e  High Tempera ture  L a t t i c e  

T e s t  Reac to r  (HTLTR). I n  a d d i t i o n  t o  o b t a i n i n g  t h e  d e s i r e d  

e x p e r i m e n t a l  d a t a ,  a  number of  a d m i n i s t r a t i v e  and o p e r a t i o n a l  

problems t h a t  were r e s o l v e d  s h o u l d  l e a d  t o  more e f f i c i e n t  u s e  

of t h e  f a c i l i t y  i n  f u t u r e  e x p e r i m e n t a l  programs.  The f i r s t  

l a t t i c e  i n v e s t i g a t e d  i s  d e s i g n a t e d  a s  t h e  High Tempera ture  

Gas-cooled  R e a c t o r  #1 (HTGR-1) and has  been d e s c r i b e d  i n  an 

e a r l i e r  q u a r t e r l y  r e p o r t .  I n  b r i e f ,  t h e  t e s t  l a t t i c e  con-  

s i s t s  o f  a  2 3 5 ~ c 7 - ~ h ~ 7 - ~  f u e l  m i x t u r e  c o n t a i n e d  i n  g r a p h i t e  
L. L. 

f u e l  b l o c k s .  Each f u e l  b l o c k  c o n s i s t s  of  a  3 - 3 /4  x 3- 3 / 4  

x 2 4  i n .  b l o c k  o f  g r a p h i t e  c o n t a i n i n g  t w e n t y - f i v e  0.470 i n .  

d i a m e t e r  f u e l  h o l e s  e q u a l l y  spaced  i n  a  5  x 5  a r r a y  o f  3 /4  i n .  

p i t c h .  The h o l e s  a r e  f i l l e d  w i t h  a  m i x t u r e  of  g r a p h i t e  

p a r t i c l e s ,  ThoZ p a r t i c l e s ,  and p y r o l y t i c  ca rbon  c o a t e d  f u l l y -  

e n r i c h e d  U C 2  s p h e r e s .  The amounts o f  t h e  f u e l  components a r e  

a d j u s t e d  t o  g i v e  a  nominal  C/Th r a t i o  of  200 and a  nominal  

r a t i o  o f  6000. 

I n i t i a l l y ,  t h e  r e a c t o r  was l o a d e d  w i t h  t h e  HTGR t e s t  

l a t t i c e  and a  d r i v e r  f u e l l t e m p e r a t u r e  shim c o n f i g u r a t i o n  such  

t h a t  measurements were conducted  up t o  300 O C .  The o v e r a l l  

r e a c t o r  t e m p e r a t u r e  c o e f f i c i e n t  was i n c r e a s i n g l y  n e g a t i v e  a t  

t h i s  p o i n t  a n d ,  above t h i s  t e m p e r a t u r e ,  t h e  a v a i l a b l e  e x c e s s  



reactivity was insufficient to allow further reactivity 

measurements. Subsequently, the reactor fuel configuration 

was changed and some moveable poison/fuel rods were added 

to the reactor perimeter to permit the addition of reactivity 

at higher temperatures. Following this modification, 

measurements were performed at 550, 700, and 1000 O C .  

At each temperature the measurements consisted of determin- 

ing the relative worth of: a 4-block HTGR central cell, a 

single HTGR block, a single HTGR block with V203 replacing the 

Tho2 in the fuel mix, a standard absorber (Cu), and single 

blocks containing absorbing materials of interest (Rh, Hf02, 

Sm203). Following the completion of the reactivity versus 
temperature measurements, the reactor was returned to room 

temperature and a set of foil irradiations were conducted to 

determine absorption rates in the various cell components. 

The foil activation data together with the room tempera- 

ture reactivity data will be used to deduce k>ia the 

unpoisoned technique. (3) The expression to be used for this 
purpose is as follows: 

ab s 
cell (Ea m2V) 2 

0, m2v1 
2 

4 where f(B ) and g (A@,A@+) are correction terms for leakage 

and flux mismatch. 
Apcell 

The variation of abs as a function of temperature is 
A P * shown in Figure 3 . 5 .  Since km - 1 - (i::::) it is apparent 

that these HTLTR measurements provide a determination of kf(~). 
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U / V  
" v e r s u s  T  f o r  HTGR-1. Al so  shown on F i g u r e  3 . 5  i s  
A P  

The q u a n t i t y  (A'  U /V)  i s  t h e  r e a c t i v i t y  wor th  of  a  s i n g l e  HTGR 

Apu'v b l o c k  w i t h  V203 r e p l a c i n g  Tho2.  The r a t i o  ---b i s  used  i n  an 
A p a  

e x p r e s s i o n  s i m i l a r  t o  (1) above t o  i n f e r  k: (T) f o r  t h i s  

l a t t i c e  w i t h  t h e  thor ium resonance  c a p t u r e  removed and t h e  l / v  

tho r ium c a p t u r e s  s i m u l a t e d  by vanadium. The d o p p l e r  c o e f f i c i e n t  

f o r  t h e  Tho2 i n  t h e  HTGR f u e l  assembly can be o b t a i n e d  from t h e  

d i f f e r e n c e  between k z ( ~ )  w i t h  and w i t h o u t  t h e  tho r ium resonance  

c a p t u r e .  ( 4 )  

A n a l y s i s  o f  t h e  f o i l  a c t i v a t i o n  d a t a  i s  i n  p r o g r e s s .  These 

d a t a ,  when used  i n  E q u a t i o n  ( I ) ,  w i l l  p r o v i d e  t h e  a b s o l u t e  

n o r m a l i z a t i o n s  needed t o  t r a n s l a t e  t h e  r e a c t i v i t y  r a t i o s  of 

F i g u r e  3 . 5  i n t o  v a l u e s  o f  k : ( ~ ) ,  w i t h  and w i t h o u t  thor ium 

resonance  c a p t u r e .  
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CRITICAL EXPERIMENTS IN U02-2 w t %  P u O p  FUELED-H20 M O D E R A T E D  

ASSEMBLIES 

W .  P .  S t i n s o n  

C r i t i c a l  exper imen t s  were conducted  i n  t h e  Plutonium 

Recycle C r i t i c a l  F a c i l i t y  (PRCF) t o  o b t a i n  d a t a  f o r  v e r i f y i n g  

t h e  a c c u r a c y  o f  n e u t r o n i c  d e s i g n  methods. The f u e l  rods  con-  

t a i n e d  U02-2 w t %  PuOZ w i t h  8 %  2 4 0 ~ u ( 1 )  and t h e  modera tor  

was H 2 0 .  The c o r e  c o n s i s t e d  o f  t h e  f u e l  (1/2 i n .  d i a m e t e r  

r o d s )  i n  a  1 .06  i n .  s q u a r e  l a t t i c e  p i t c h  loaded  t o  form a  

c y l i n d e r  36 i n .  i n  h e i g h t  and a r a d i u s  e q u i v a l e n t  t o  150 f u e l  

r o d s  when c r i t i c a l .  The measurements conducted  on t h i s  c o r e  

were : 

C r i t i c a l  s i z e  

a K i n e t i c  p a r a m e t e r s  (B/R) 

Flux  d i s t r i b u t i o n s  

Void c o e f f i c i e n t  

A p p r o a c h - t o - c r i t i c a l  d a t a  were t a k e n  a s  a  check on t h e  

t e c h n i q u e s  used  i n  s i m i l a r  t y p e  measurements made i n  t h e  

C r i t i c a l  Approach F a c i l i t y  (CAF). The c r i t i c a l  l o a d i n g  

i n f e r r e d  from t h e  s u b c r i t i c a l  approach was 150.1  2 0.03 r o d s  

which a g r e e s  w e l l  w i t h  t h e  a c t u a l  c r i t i c a l  l o a d i n g  o f  

150.1  + 0 . 0 5  r o d s .  

The k i n e t i c s  measurements were made by r e c o r d i n g  and 

a n a l y z i n g  t h e  r e a c t o r  n o i s e .  The p r e l i m i n a r y  v a l u e  o f  $/R 

o b t a i n e d  i s  7 6  t 3  s e c - l .  The f l u x  d i s t r i b u t i o n  was measured 

by s c a n n i n g  t h e  f u e l  rods  f o r  f i s s i o n  p r o d u c t  decay gamma 

r a y s .  Empty t h i n  w a l l  aluminum t u b e s  were p l a c e d  i n  i n t e r -  

s t i t i a l  p o s i t i o n s  i n  t h e  c e n t r a l  p a r t  o f  t h e  c o r e  t o  o b t a i n  

d a t a  from which t h e  v o i d  c o e f f i c i e n t  c a n  be de te rmined .  

A n a l y s i s  o f  t h e  d a t a  i s  c o n t i n u i n g  t o  o b t a i n  f i n a l  v a l u e s .  
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4 . 0  F A S T  REACTORS 

C A L C U L A T I O N A L  COMPARISON OF F A S T  NEUTRON C A V I T Y  AND F U L L  S I Z E  

F A S T  C R I T I C A L  ASSEMBLY E X P E R I M E N T S  

D. F.  N e w m a n  

Continuing studies of the possible application of the 

Physical Constants Testing Reactor (PCTR) and the High Tempera- 

ture Lattice Test Reactor (HTLTR) to fast reactor neutronics 

experiments have shown the feasibility of Liquid Metal Fast 

Breeder Reactor (LMFBR) and Gas Cooled Fast Breeder Reactor 

(GCFBR) lattice measurements in these facilities. A large 

Fast Neutron Cavity (FNC) assembly in the central region of 

the test reactor, surrounding a small fast reactor lattice 

zone, provides the neutronic coupling between the fast and 

thermal reactor zones. Current studies have been directed 

toward understanding the neutron spectrum buffering require- 

ments for a small fast reactor lattice zone in the FNC. The 

results of one-dimensional spherical transport theory calcula- 

tions have shown that the neutron spectrum and the reaction 

rates in the central 3.6 liters of a 150 liter fast reactor 

lattice zone in the FNC duplicates the environment in a fast 

reactor critical assembly to within a few percent. 

GCFBR Lattice Application 

The dilute Gas Cooled Fast Breeder Reactor (GCFBR) lattice 

studied (U/Pu = 7.10) is typical of the central 900 liter zone 

of the 330 MW, GCFBR demonstration plant proposed by Gulf 

General Atomic. (293) A bare sphere of this GCFBR lattice has 

a critical volume of 3600 lit,ers, while the GCFBR zone in the 

FNC requires less than 4.3% of this volume. 

Calculations were performed for a GCFBR lattice zone in 

the PCTR-FNC at room temperature and for a full-size, fast 

critical assembly of the GCFBR lattice (U/Pu = 7.10). A one- 

dimensional diffusion theory code, lDX, (4) was used for 



generating effective nuclear cross sections, using data in the 

26-group Russian format. These cross sections were employed 

in the multigroup transport theory code, DTF-IV, ( 5 )  using iso- 

tropic scattering and S-4 approximations for the reactor cal- 

culations. The comparison of the neutron spectrum at the 

center of the GCFBR lattice in the PCTR-FNC relative to the 

center of the GCFBR full sized critical assembly is shown in 

Figure 4.1. The results illustrate the neutron spectrum 

adjustment, at neutron energies less than 10 keV, that can be 

obtained by varying the thickness of a natural boron liner in 

the FNC. 

This liner has little effect on the neutron spectrum at 

higher energies. The comparison of the 2 3 9 ~ ~  fission rate at 

the center of the GCFBR lattice zone installed in the PCTR-FNC 

with that present in the full-size GCFBR critical lattice, 

illustrated in Figure 4.2, shows excellent agreement. A simi- 

lar comparison for the 2 3 8 ~  absorption rate at the center of 

the GCFBR lattice, shown in Figure 4.3, is also in excellent 

agreement. If one calculates the infinite lattice multiplica- 

tion factor, k" for the GCFBR array in the FNC and for a bare 

critical sphere of a GCFBR, the agreement is very good. 

Total production 
Total absorption 

critical 

FNC 

These results indicate that precise integral neutronics experi- 

ments can be performed on this GCFBR lattice in the PCTR and 

HTLTR facilities at large cost savings for fuel, when compared 

with full-size critical assemblies. 
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LMFBR L a t t i c e  A ~ ~ l i c a t i o n  

C a l c u l a t i o n a l  comparisons between PCTR-FNC zone load ing  

and f u l l - s i z e  c r i t i c a l  assembly exper iments ,  s i m i l a r  t o  those  

d i s cus sed  f o r  t h e  GCFBR l a t t i c e ,  were made f o r  a  LMFBR l a t t i c e .  

The LMFBR l a t t i c e  chosen f o r  t h i s  s tudy  i s  t h e  FTR d r i v e r  f u e l  

l a t t i c e ,  c o n s i s t i n g  of U(Nat)02-25 w t %  Pu02 f u e l  p i n s  (6)  wi th  

316 s t a i n l e s s  s t e e l  c l a d  and s t r u c t u r a l  suppor t ,  i n  sodium 

coolan t  a t  room tempera ture .  Neutron s p e c t r a  a t  t h e  c e n t e r  of 

(1) a  f u l l - s i z e  c r i t i c a l  assembly of FTR d r i v e r  f u e l ,  and 

(2) a  107 l i t e r  zone of FTR d r i v e r  f u e l  i n  t h e  c e n t e r  of t h e  

PCTR-FNC, a r e  compared i n  F igure  4 . 4 .  The neu t ron  s p e c t r a  a r e  

matched w i t h i n  a  few pe rcen t  a t  a l l  neu t ron  e n e r g i e s  of 

i n t e r e s t  ( 4  x I E 5 10 MeV). A t  t h e  c e n t e r  of t h e  FTR 

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

neu t rons  wi th  e n e r g i e s  l e s s  than  4  eV. Since  t h e  mul t igroup 

c r o s s  s e c t i o n s  f o r  t h e  FTR d r i v e r  f u e l  l a t t i c e  a r e  i d e n t i c a l  

i n  both  c a l c u l a t i o n s ,  t h e  energy dependent neu t ron  s p e c t r a l  

mismatch, shown i n  F igure  4 ,  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

mismatch i n  t h e  energy dependent r e a c t i o n  r a t e s  f o r  a l l  c e l l  
* c o n s t i t u e n t s .  The i n f i n i t e  l a t t i c e  m u l t i p l i c a t i o n  f a c t o r ,  k-, 

a t  t h e  c e n t e r  of  t h e  FTR d r i v e r  f u e l  zone i n  t h e  PCTR-FNC was 

matched w i t h i n  2 %  of t h e  va lue  c a l c u l a t e d  a t  t h e  c e n t e r  of a  

f u l l - s i z e  c r i t i c a l  assembly of t h e  same f u e l .  Adjustment of 

t h e  neu t ron  spectrum i n  t h e  PCTR-FNC by varying t h e  t h i c k n e s s  

of a  n a t u r a l  boron l i n e r  i n  t h e  F N C ,  a s  i l l u s t r a t e d  f o r  t h e  

GCFBR l a t t i c e  zone i n  F igure  4 . 1 ,  can reduce t h e  d i f f e r e n c e  i n  

k: comparisons t o  a  few m i l l i - k .  

Experiments Considered F e a s i b l e  i n  a  Fas t  Neutron Cavi ty  

The a b i l i t y  t o  a d j u s t  t h e  neu t ron  energy spectrum i n  a  

smal l  t e s t  zone of a  f a s t  r e a c t o r  l a t t i c e  c o n s t r u c t e d  i n  a  

f a s t  neu t ron  c a v i t y  s o  t h a t  t h e  equ i l i b r ium spectrum i n  t h e  

t e s t  zone d u p l i c a t e s  t h a t  of a  f u l l - s i z e  c r i t i c a l  assembly 
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forms the basis for zoned fast reactor experiments. Calcula- 

tional comparisons have shown that the equilibrium neutron 

spectrum in the critical assembly can be duplicated in small 

fast reactor lattice zones containing 70 to 80 kg of plutonium, 

which represents a savings of an order of magnitude in cost 

for fuel when compared with full-size critical assemblies. A 

list of experiments considered feasible in a fast neutron 

cavity is presented in Table 4.1. This list is not necessarily 

complete, but is only intended to be indicative of the rather 

broad range of investigations that could be carried out in 

such a facility. 
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TABLE 4.1. Experiments Considered Feasible in a Fast Neutron 
Cavity 

I. Neutron reaction rates in the equilibrium spectrum of a 
fast breeder reactor core. 

A. Foil a.ctivation ratios 

B. "Fission detector ratios 

C. Neutron spectrum averaged cross sections 

D. 6 and for 239~u from neutron balance 

E. Detailed neutron spectrum measurements (between 
300 eV and 2 MeV) using proton-recoil detectors. 

F. Neutron spectrum (spanning neutron energies from 
thermal to 18 MeV) using multiple foil activation 
method. 

11. Normalized reactivity coefficients in the equilibrium 
spectrum 

A .  Sample worths relative to boron, lithium, and other 
materials. 

B. Central void effects and moderator coefficients 

C. Reactivity coefficient of expansion 

D. Leakage independent temperature 
coefficient I Entire test core at uniform 

E. Doppler coefficient 
(25 to 1000 OC) 

temperature in 
HTLTR- FNC 

111. Heterogeneity Effects 

A. Detailed spatial variation in unit cell reaction 
rates using foil activation. 

B. Reactivity effects of heterogeneity for central cells 
of same composition 

1. Homogenous central cell 
2. Platelet geometry 

3. Rodded fuel geometry 

C. Control rod effectiveness (change in kz of the core 
material at equilibrium) 

D. Local control rod flux perturbation measurements 

IV. Fuel or test assembly perturbations 

A. Flux and spectrum perturbations 

B. Change in k* from the equilibrium spectrum condition. 



N E U T R O N I C  C A L C U L A T I O N S  F O R  F A S T  R E A C T O R  F U E L  T R A N S I E N T  T E S T S  
U. P. J e n q u i n  

Two highly enriched mixed oxide fuels will undergo tran- 

sient tests in the Transient Reactor Test Facility (TREAT) (1) 

to evaluate the performance characteristics of Fast Test Reac- 

tor prototypic fuel pins. Neutronic calculations were done to 

determine the expected physics characteristics of the 

EBR- I I/TREAT(') and GETR/TREAT(~) experiments during irradia- 

tion. The power distribution in the test pins was calculated 

so that the regions of fuel melting could be determined during 

various transients. Interactions between the test assembly 

and the reactor have also been investigated. 

Although TREAT is a thermal reactor, a significant portion 

of the power in the test pin is due to fissions induced by non- 

thermal neutrons. The test fuels are highly enriched, so the 

thermal neutron flux is depressed a great deal relative to the 

thermal neutron flux in the TREAT fuel. Thus, the ratio of 

nonthermal-to-thermal power becomes appreciable. Since the 

power distribution due to the nonthermal fissions is nearly 

constant, the total power distribution is much flatter than 

the thermal power distribution. The effect of nonthermal 

power on the total power distribution becomes more pronounced 

as fuel enrichment is increased. 

The EBR-II/TREAT pins contain U02-25 wt% Pu02 fuel with 

93% 2 3 5 ~ .  The GETR/TREAT pins contain U02-25 wt% Pu02 fuel 

with natural uranium. A detailed description of the test pins 
is given in Table 4.2. The test pins are contained in an 

inner capsule for the transient irradiation. These capsules 

consist of metallic containment and thermal dam annuli which 

are separated from each other by NaK. The inner capsule assem- 

bly containing the test pin is then inserted in the TREAT cap- 

sule which replaces the center fuel element in the TREAT 

reactor. 



TABLE 4 .2 .  D e s c r i p t i o n  of T e s t  P i n s  

Parameter  

Fue l  O D ,  i n .  

Clad ID, i n .  

Clad OD, i n .  

Ac t ive  Length,  i n .  

Fuel  Dens i ty  (93% of TD), g/cm3 

% 2 3 5 ~  i n  uranium 

* 

% 2 4 0 ~ u  i n  plutonium - 
% 2 4 1 ~ u  i n  plutonium 

% 2 4 2 ~ u  i n  plutonium 

The THERMOS/BATTELLE code(4)  was used t o  c a l c u l a t e  t h e  

r a d i a l  thermal  f l u x  and power d i s t r i b u t i o n  i n  t h e  t e s t  f u e l .  

S ince  g r a p h i t e  i s  t h e  pr imary neu t ron  modera tor ,  an a p p r e c i a b l e  

p o r t i o n  of t h e  TREAT r e a c t o r  had t o  be inc luded  i n  t h e  THERMOS 

c a l c u l a t i o n .  Cross  s e c t i o n s  were ob t a ined  f o r  f i v e  a n n u l i  i n  

t h e  t e s t  f u e l .  The HRG code (5)  was used t o  c a l c u l a t e  e p i -  

the rmal  c r o s s  s e c t i o n s .  The slowing down spectrum i n  t h e  t e s t  

p i n  is  c h a r a c t e r i s t i c  of TREAT f u e l ;  t h e r e f o r e  t h e  broad group 

c r o s s  s e c t i o n s  f o r  t h e  t e s t  f u e l s ,  t e s t  c a p s u l e s ,  and TREAT 

c a p s u l e  were c a l c u l a t e d  u s ing  t h e  f i n e  group slowing down 

spectrum of t h e  TREAT f u e l .  The broad group energy boundar ies  

were s e l e c t e d  t o  be 10 MeV, 11.7 keV, 130 eV, 22.6 eV, 2.38 eV, 

and 0.683 eV. 

The s i x  group r e g i o n  average  c r o s s  s e c t i o n s  were used i n  

a  one-dimensional  t r a n s p o r t  t heo ry  c a l c u l a t i o n  of t h e  complete 

system wi th  DTF-IV (6) i n  o r d e r  t o  normal ize  t h e  ep i t he rma l  t o  

the rmal  f l u x  r a t i o .  The DTF-IV c a l c u l a t i o n s  were done w i t h  

f i r s t  o rde r  a n i s o t r o p i c  s c a t t e r i n g  and an S4 angu l a r  quad ra tu r e  



s e t .  The co re  load ing  was assumed t o  be a  nominal 225 f u e l  

e lements  w i t h  a  g r a p h i t e  r e f l e c t o r .  

The spectrum e f f e c t  of t h e  EBR-II/TREAT exper iment  i s  

shown i n  F igu re  4 .5 .  I n  t h e  TREAT f u e l  t h e  maximum f l u x  occurs  

a t  0.035 eV. Near t h e  edge of t h e  EBR-II/TREAT f u e l  t h e  spec -  

trum ~ e a k s  a t  0.055 eV whi le  f u r t h e r  i n  t h e  f u e l  t h e  s ~ e c t r u m  

peaks a t  0.075 eV. The e f f e c t  of t h e  2 3 9 ~ u  resonance  a t  

0 . 3  eV becomes more pronounced f u r t h e r  i n  t h e  f u e l .  The r e l a -  

t i v e  v a l u e s  among t h e  cu rves  i n d i c a t e  t h e  s p a t i a l  e f f e c t s  on 

t h e  neu t ron  f l u x .  

A r a d i a l  c a l c u l a t i o n  was done w i th  DTF-IV f o r  t h e  whole 

r e a c t o r  w i th  t h e  EBR-II/TREAT assembly i n  t h e  c e n t e r  of  t h e  

r e a c t o r .  Thermal and resonance  energy f l u x  d i s t r i b u t i o n s  a r e  

shown i n  F igu re  4 . 6  f o r  t h e  TREAT r e a c t o r  w i t h  and w i thou t  t h e  

assembly i n  i t .  The e f f e c t  of  t h e  assembly on t h e  the rmal  

f l u x  ex tends  q u i t e  f a r  i n t o  t h e  TREAT f u e l .  The t e s t  f u e l  and 

c a p s u l e s  dec r ea se  t h e  co r e  r e a c t i v i t y  by 2.7% Ak/k r e l a t i v e  t o  

a  s t a n d a r d  TREAT f u e l  e lement .  

The power d i s t r i b u t i o n  i n  t h e  EBR-II/TREAT f u e l  i s  shown 

i n  F igu re  4.7 a long w i t h  t h e  c o n t r i b u t i o n s  of the rmal  and non- 

thermal  neu t ron  induced f i s s i o n s .  Consider ing on ly  the rmal  

n e u t r o n  induced f i s s i o n s ,  t h e  s u r f a c e - t o - c e n t e r  r a t i o  of power 

d e n s i t i e s  i s  about  13 .  However, thermal  neu t ron  induced 

f i s s i o n s  account  f o r  l e s s  t han  30% of t h e  power i n  t h e  c e n t e r  

of t h e  f u e l .  Thus when nonthermal neu t ron  induced f i s s i o n s  

a r e  a l s o  i nc luded ,  t h e  power d i s t r i b u t i o n  i s  somewhat f l a t t e r .  

The s u r f a c e - t o - c e n t e r  r a t i o  of power d e n s i t i e s  i s  4 .2 ,  which 

w i l l  g i v e  a c c e p t a b l e  r e s u l t s  f o r  t h e  t r a n s i e n t  exper iments .  

C a l c u l a t i o n s  f o r  t h e  GETR/TREAT exper iment  were done i n  

a  manner s i m i l a r  t o  t h e  EBR-II/TREAT c a l c u l a t i o n s .  The power 

d i s t r i b u t i o n s  i n  t h e  GETR/TREAT f u e l  a r e  shown i n  F igu re  4 .8 .  

S ince  t h e r e  i s  l e s s  f i s s i o n a b l e  m a t e r i a l  i n  t h i s  f u e l  t h a n  i n  
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t h e  EBR-II/TREAT f u e l ,  t h e  v a l u e  of t h e  nonthermal power d i s -  

t r i b u t i o n  i s  much l e s s .  I n  a d d i t i o n ,  a  g r e a t e r  pe r cen t age  of 

t h e  thermal  neu t rons  r each  t h e  c e n t e r  of t h e  f u e l  s o  t h a t  t h e  

s u r f a c e - t o - c e n t e r  r a t i o  of  power d e n s i t i e s  i s  3 .0 ,  which i s  

a c c e p t a b l e  f o r  t h e  t r a n s i e n t  exper iments .  

T r a n s i e n t  exper iments  w i l l  a l s o  be performed w i t h  t h e s e  

f u e l s  a f t e r  t hey  have r e c e i v e d  a  s i g n i f i c a n t  amount of expo- 

s u r e .  The EBR-II/TREAT f u e l  was i r r a d i a t e d  i n  t h e  EBR-I1 

r e a c t o r ,  s o  t h e  burnup a c r o s s  t h e  f u e l  w i l l  be  n e a r l y  uniform. 

The re fo r e ,  t h e  e f f e c t s  of burnup were e s t i m a t e d  w i th  hand 

c a l c u l a t i o n s  assuming an  average  exposure of  50,000 MWd/MTM. 

To o b t a i n  50,000 MWd/MTM exposure ,  about  5 .1% of t h e  heavy 

atoms must f i s s i o n .  S ince  t h e  uranium i s  f u l l y  enr iched  

(93% 2 3 5 ~ )  and 90% of t h e  plutonium i s  f i s s i o n a b l e  m a t e r i a l ,  

t h e n  on ly  5 .6% of t h e  f i s s i o n a b l e  atoms must f i s s i o n  and t h e  

convers ion  o f  2 3 8 ~  t o  2 3 9 ~ u  and 2 4 0 ~ u  t o  2 4 1 ~ u  can be neg-  

l e c t e d .  Assuming an average  c a p t u r e - t o - f i s s i o n  r a t i o  of  0.5 

f o r  2 3 5 ~ ,  2 3 9 ~ ~ ,  and 2 4 1 ~ u ,  t h e  f i s s i o n a b l e  atom c o n c e n t r a t i o n  

i s  dec reased  by about  8 . 4%.  Th is  g i v e s  a  uniform dec rea se  of 

8 .4% i n  t h e  nonthermal power d e n s i t y .  Comparing t h e  p r e v i o u s l y  

c a l c u l a t e d  s u r f a c e - t o - c e n t e r  power d e n s i t i e s  f o r  t h e  u n i r r a -  

d i a t e d  EBR-II/TREAT and GETR/TREAT f u e l s ,  a  uniform dec rea se  

i n  f i s s i o n a b l e  atom c o n c e n t r a t i o n  of 8 .4% reduces  t h e  s u r f a c e -  

t o - c e n t e r  power d e n s i t i e s  by about  15% w i t h  t h e  s u r f a c e  power 

d e n s i t y  dec r ea s ing  by about  7 %  and t h e  c e n t e r  power d e n s i t y  

i n c r e a s i n g  about  8 % .  Combining t h e  e f f e c t  of  bo th  t h e  thermal  

and nonthermal power d i s t r i b u t i o n s ,  t h e  t o t a l  power d e n s i t y  i n  

t h e  c e n t e r  of t h e  f u e l  remains c o n s t a n t  wh i l e  t h e  t o t a l  power 

d e n s i t y  a t  t h e  s u r f a c e  of t h e  f u e l  i s  reduced by about  7 % .  

Thus t h e  s u r f a c e - t o - c e n t e r  r a t i o  of power d e n s i t i e s  i n  t h e  

i r r a d i a t e d  EBR-II/TREAT f u e l  i s  3 .9 ,  and t h e  average  power 

d e n s i t y  i s  reduced abou t  3%.  



The GETR/TREAT fuel was irradiated in the GETR reactor up 

to exposures of 70,000 MWd/MTM. Since nearly all of the fis- 

sions had been induced by thermal neutrons, the exposure is 

not uniform across the fuel rod. The fuel received the most 

exposure near the cladding, so the concentration of fissionable 

isotopes decreases the most near the cladding and the power 

distribution in the fuel becomes flatter. Isotopic composi- 

tions in the fuel were obtained from burnup calculations ( 7 )  

done for similar fuel irradiated in the MTR reflector which is 

almost identical to the GETR. THERMOS calculations were done 

for average exposures of 18,000 and 69,000 MWd/MTM. Comparing 

the previous DTF-IV results with the two types of unirradiated 

test fuel indicates that the fluxes in the TREAT fuel are 

insensitive to the type of test fuel. Therefore, these THERMOS 

results were normalized to the DTF-IV calculation with unirra- 

diated GETR/TREAT fuel. 

The nonthermal power density of the irradiated GETR/TREAT 

fuel was calculated by adjusting the results for unirradiated 

fuel to account for the change in isotopic concentrations of 

the fissile atoms. The total power distribution in the 

GETR/TREAT fuel as a function of exposure is shown in 

Figure 4.9. The surface-to-center ratio of power densities is 

2.1 at 18,000 MWd/MTM. At 69,000 MWd/MTM the power distribu- 

tion is nearly flat. The curves for irradiated fuel extend to 

a larger radius because the fuel has expanded into the gap 

between the clad and the initial pellet. The void in the 

center of the fuel is also noticeable. 

From the results of DTF-IV and THERMOS calculations, the 

ratio of average power density in the test fuel to the total 

power in TREAT can be calculated. The quantities obtained 

from these codes incorporate radial effects only, so an axial 

peak-to-average power factor was included because the test 

pins are somewhat shorter than the TREAT elements. Since the 
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FIGURE 4.9. Power Distribution in GETR/TREAT Fuel as a Function 
of Exposure 



EBR-II/TREAT f u e l  i s  o n l y  1 3 - 1 / 2  i n .  l o n g ,  t h e  a x i a l  p e a k - t o -  

a v e r a g e  power f a c t o r  of t h e  TREAT c o r e  (1 .19 )  was u s e d .  The 

GETR/TREAT f u e l  i s  31 i n .  l o n g ,  s o  a  p e a k - t o - a v e r a g e  power 

f a c t o r  of  1 . 1 2  was assumed. The r a t i o  of  ave rage  power d e n s i t y  

i n  t h e  EBR-II/TREAT f u e l  t o  t h e  t o t a l  TREAT power i s  0 .98  

x l o q 4  which compares v e r y  f a v o r a b l y  w i t h  t h e  measured c a l i -  

b r a t i o n  of 1 .00 x 10 - 4  . A s  i n d i c a t e d  e a r l i e r ,  t h e  c a l c u -  

l a t e d  r a t i o  a t  50,000 MWd/MTM would b e  reduced  by abou t  3 %  t o  

0 .95  x l o m 4 .  The r a t i o  of a v e r a g e  power d e n s i t y  i n  t h e  

GETR/TREAT f u e l  t o  t h e  t o t a l  TREAT power i s  0 . 8 1  x l o m 4  f o r  

u n i r r a d i a t e d  f u e l  which a g r e e s  r e a s o n a b l y  w e l l  w i t h  t h e  mea- 

s u r e d  c a l i b r a t i o n  of 0.90 x 1 0  - 4  . ( 8 )  A t  18,000 MWd/MTM t h e  

c a l c u l a t e d  r a t i o  i s  0.77 x and a t  69,000 MWd/MTM t h e  
- 4  r a t i o  i s  0.65 x 10 . 

The measured c a l i b r a t i o n s  of t h e  ave rage  power d e n s i t y  i n  

t h e  t e s t  f u e l  t o  t h e  t o t a l  TREAT power were done w i t h  a  l o a d -  

i n g  o f  206 s t a n d a r d  e l e m e n t s  and 1 2  s l o t t e d  e l e m e n t s .  S i n c e  

t h e  c a l c u l a t i o n s  were done w i t h  nominal  l o a d i n g  of 225 s t a n -  

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

5 %  lower t h a n  t h e  measured r a t i o  of powers .  H e t e r o g e n e i t y  

e f f e c t s  due t o  t h e  s l o t t e d  e l e m e n t s  and t h e  c o n t r o l  r o d s  

migh t  a l s o  a f f e c t  t h e  r a t i o  s l i g h t l y .  

From a  r e a c t i v i t y  s t a n d p o i n t  t h e  EBR-II/TREAT exper imen t  

i s  wor th  - 2 . 7 %  ak/k  r e l a t i v e  t o  a  s t a n d a r d  TREAT f u e l  e l e m e n t .  

The n e g a t i v e  wor th  i s  due t o  t h e  c a p s u l e s  s u r r o u n d i n g  t h e  t e s t  

f u e l .  The c a p s u l e s  c o n t a i n  a  l a r g e  amount of n e u t r o n  a b s o r b -  

i n g  m a t e r i a l .  The GETR/TREAT exper imen t  i s  worth - 2 . 5 %  Ak/k 

r e l a t i v e  t o  a  s t a n d a r d  TREAT f u e l  e l emen t .  From a  h a z a r d s  

e v a l u a t i o n  s t a n d p o i n t  i t  i s  n e c e s s a r y  t o  know t h e  e f f e c t  o f  

t e s t  f u e l  r e l o c a t i o n  on t h e  c o r e  r e a c t i v i t y .  I f  t h e  

EBR-II/TREAT f u e l  i s  u n i f o r m l y  homogenized w i t h  t h e  

EBR-II/TREAT c a p s u l e ,  t h e  c o r e  r e a c t i v i t y  i s  i n c r e a s e d  by  

0 .4% Ak/k. T h i s  i s  one of  t h e  most r e a c t i v e  s i t u a t i o n s  



imag inab le .  I f  t h e  t e s t  f u e l  slumps t o  t h e  bot tom of  t h e  

r e a c t o r ,  t h e  e f f e c t  w i l l  be a  n e g a t i v e  wor th  because  t h e  f u e l  

i s  i n  a  p o s i t i o n  of lower wor th  and i t  i s  i n  a  lump s o  t h a t  

t h e  s e l f  s h i e l d i n g  i s  g r e a t e r .  I f  t h e  GETR/TREAT f u e l  i s  u n i -  

fo rmly  homogenized w i t h  t h e  GETR/TREAT c a p s u l e ,  t h e  c o r e  r e a c -  

t i v i t y  i s  i n c r e a s e d  by 0 . 1 %  ~ k / k .  
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A  NEW C O M P U T A T I O N A L  S Y S T E M  FOR F A S T  REACTOR A C C I D E N T  

I N V E S T I G A T I O N  

A.  E .  W A L T A R  

Major fast reactor excursion calculations are character- 

istically laden with numerous parametric studies due to uncer- 

tainties in the state of the reactor during the traumatic 

conditions hypothesized. An improvement over earlier 

methods (192) has been developed which permits elimination of 

a substantial degree of arbitrariness in the range of paramet- 

rics by providing a consistent basis for establishing the 

reactivity ramp rate, effective Doppler coefficient, and 

appropriate equation of state during the disassembly process. 

Basically, the method consists of a coupling of the 

multichannel neutronics-heat transfer computer program, 

MELT- 11, ( 3 )  with the two-dimensional disassembly computer pro- 

gram, VENUS. ( 4 )  The MELT-I1 phase includes feedback effects 

due to Doppler broadening, sodium voiding, and fuel relocation 

whereas the VENUS phase includes Doppler broadening and the 

reactivity feedback due to core disassembly. The accident 

sequence is followed in MELT-I1 until fuel temperatures are 

elevated to the point where sizable disassembly pressures are 

attained. At this time the fine structure temperature infor- 

mation is volume-averaged over the R-Z spatial mesh structure 

used in VENUS and this input, along with the power distribu- 

tion and all reactivity feedback components, is used directly 

as the starting point for the disassembly phase in VENUS. In 

addition, the core is scanned for liquid sodium content to 

determine the effective Doppler coefficient and to establish 

whether a sodium-in or a sodium-out equation of state should 

be employed at each particular VENUS mesh point. 

An example of the type of problem which can be treated by 

this coupled system is the highly asymmetric situation arising 

by passing a large sodium bubble through the core. The 



p a r t i c u l a r  example p r e s e n t e d  i s  based  on a  162 l i t e r  bubb le  

p a s s i n g  th rough  an FTR- l ike  c o r e  ( r a d i u s  abou t  60 cm, h e i g h t  

abou t  90 cm). R e a c t i v i t y ,  power r e s p o n s e ,  and ene rgy  y i e l d  

r e s u l t i n g  from upward movement of t h e  bubb le  th rough  t h e  lower 

r e f l e c t o r  and i n t o  t h e  c o r e  a r e  i l l u s t r a t e d  i n  F i g u r e  4 .10 .  

Disassembly  c o n d i t i o n s  a r e  e s t a b l i s h e d  when t h e  c e n t e r  of  t h e  

bubb le  r e a c h e s  a p p r o x i m a t e l y  t h e  lower t h i r d  of  t h e  r e a c t o r .  

The ramp r a t e  i s  n e a r l y  8 0 $ / s e c  and t h e  e f f e c t i v e  Doppler  

c o e f f i c i e n t  h a s  dropped from an i n i t i a l  v a l u e  of  -0 .005 t o  

a p p r o x i m a t e l y  -0 .0038.  The amount of energy  c o n t a i n e d  i n  t h e  

mol t en  f u e l  a t  t h e  end of t h e  n u c l e a r  e x c u r s i o n  i s  c a l c u l a t e d  

t o  be  1 1 2 0  MW-sec. 

T i g h t  c o u p l i n g  between t h e  p r e d i s a s s e m b l y  and d i s a s s e m b l y  

phase  i s  e s s e n t i a l  t o  p r o v i d e  a  r e a l i s t i c  a p p r a i s a l  i n  energy  

r e l e a s e  - -  p a r t i c u l a r l y  f o r  an a c c i d e n t  of t h i s  t y p e  because  

of t h e  c o r e  inhomogenei ty  ( v a r i a t i o n  of  sodium c o n t e n t )  

i n v o l v e d .  For  example,  i f  a n a l y s i s  of t h e  above a c c i d e n t  i s  

a t t e m p t e d  u s i n g  o n l y  a  d i s a s s e m b l y  code ,  p a r a m e t r i c s  i n c l u d i n g  

a  r ange  of ramp r a t e s  from 50 t o  100$ / sec ,  Doppler  c o e f f i -  

c i e n t s  from - 0 .003  t o  - 0 . 0 0 5 ,  and e q u a t i o n s  of  s t a t e  v a r y i n g  

from e s s e n t i a l l y  f u l l  sod ium- in  t o  f u l l  sodium-out  a r e  n e c e s -  

s a r y  t o  bound t h e  problem. Such c a l c u l a t i o n s  have been  p e r -  

formed and t h e  e n e r g y  c o n t a i n e d  i n  mol t en  f u e l  r a n g e s  from 

1 8 1  t o  2407 MW-sec. 

The a u t h o r  i s  i n d e b t e d  t o  D r .  Wi l l iam T .  Sha ,  Argonne 

N a t i o n a l  L a b o r a t o r y ,  f o r  h i s  keen i n t e r e s t  and c o l l a b o r a t i o n  

i n  t h i s  s t u d y .  
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ON T H E  T R E A T M E N T  O F  S P A T I A L  F E E D B A C K  E F F E C T S  I N  F A S T  REACTOR 

A C C I D E N T  A N A L Y S E S  

A .  E .  W a l t e r  and W .  W .  L i t t l e ,  J r .  

Numerous p a p e r s  t h a t  have  r e c e n t l y  appea red  p o i n t  

o u t  t h e  need f o r  u s i n g  a  s p a c e - t i m e  k i n e t i c s  package  when 

a n a l y z i n g  f a s t  r e a c t o r  t r a n s i e n t s .  Al though t h e  d e s i r a b i l i t y  

of  such  t e c h n i q u e s  c a n n o t  b e  a rgued  i n  an  a b s o l u t e  s e n s e ,  

t h e y  i n t r o d u c e  some v e r y  p r a c t i c a l  l i m i t a t i o n s  i n  t e rms  of  

b o t h  programming and computa t ion  t ime  - -  p a r t i c u l a r l y  f o r  2 o r  

3 d i m e n s i o n a l  c o m p u t a t i o n s .  The purpose  of t h i s  work i s  t o  

emphasize t h a t  t h e  d i s c r e p a n c y  between lumped p a r a m e t e r  and 

s p a c e  dependent  models i s  f r e q u e n t l y  caused  by d i f f e r e n c e s  i n  

t h e  i m p o r t a n t  f eedback  t e r m s ,  and t h a t  t h e s e  d i f f e r e n c e s  can  

be  g r e a t l y  r educed  by u s i n g  a  lumped n u c l e a r  model coup led  

w i t h  a  s p a c e  dependent  f eedback  model. 

An example of  an a t t e m p t  t o  accoun t  f o r  s p a t i a l  f eedback  

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

w i t h  p o i n t  k i n e t i c s  i s  t h e  t r e a t m e n t  of  Doppler  f eedback  i n  

t h e  M E L T - I 1  code .  ( 4 )  Assuming T$ r ema ins  c o n s t a n t  o v e r  t h e  

t e m p e r a t u r e  r a n g e  of  i n t e r e s t  f o r  an o x i d e  f u e l e d  c o r e ,  

Doppler  f e e d b a c k  i s  computed a c c o r d i n g  t o  t h e  f o l l o w i n g  

e x p r e s s i o n :  



T ( i  ' )  KD 1 ( i , )  V i j )  I n  ~* f o r  To 5 T 5 T1, 
i ,  j  o 1 7 J  

I TOTAL FUEL VOLUME 

I" + TOTAL FUEL VOLUME 

where KD = o r i g i n a l  whole c o r e  Doppler  c o e f f i c i e n t ,  

W(i,  j )  = l o c a l  Doppler  w e i g h t i n g  f a c t o r ,  

V ( i , j )  = l o c a l  n o d a l  f u e l  volume, 

T ( i , j )  = l o c a l  n o d a l  f u e l  t e m p e r a t u r e ,  

T o ( i , j )  = o r i g i n a l  l o c a l  n o d a l  f u e l  t e m p e r a t u r e ,  

T l ( i , j )  = l o c a l  n o d a l  f u e l  t e m p e r a t u r e  a t  t h e  t ime  l o c a l  
v o i d i n g  o c c u r s ,  

F  = e f f e c t i v e  normal i zed  change i n  t h e  Doppler  
c o e f f i c i e n t  f o r  spec t rum h a r d e n i n g  due t o  
sodium v o i d i n g ,  

A = f eedback  v a l u e  e v a l u a t e d  a t  T  = T1. 

The change i n  t h e  e f f e c t i v e  Doppler  c o e f f i c i e n t  (Deff)  , 
c a l c u l a t e d  by d i v i d i n g  t h e  change i n  t h e  Doppler  f eedback  of 

Equa t ion  (1)  by t h e  n a t u r a l  l o g a r i t h m  of t h e  c o r e - a v e r a g e  f u e l  

t e m p e r a t u r e  change ove r  t h e  same t ime  i n t e r v a l ,  i s  i l l u s t r a t e d  

i n  F i g u r e  4.11.  The p a r t i c u l a r  example i s  a  g u i l l o t i n e  b r e a k  

i n  one i n l e t  p i p e  of  an FTR- l ike  c o r e  ( r a d i u s  abou t  60  cm, 

h e i g h t  a b o u t  90  cm) . The o v e r a l l  d r o p  i n  D e f f  up t o  t h e  t ime  

o f  i n i t i a l  c o o l a n t  v o i d i n g  r e s u l t s  f rom t h e  skewed f u e l  tem- 

p e r a t u r e  b u i l d u p  towards  t h e  t o p ,  lower wor th  r e g i o n  o f  t h e  

c o r e .  Channel  1 ( c e n t r a l  subassembly)  i s  assumed t o  b e g i n  

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

g a s  r e l e a s e .  I n i t i a l  r e a c t i v i t y  e f f e c t s  a r e  n e g a t i v e ,  and t h e  

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

peak ing  a t  t h e  c o r e  p e r i p h e r y .  A s  t h e  v o i d  moves downward 

i n t o  t h e  c o r e ,  however ,  t h e  r e a c t i v i t y  e f f e c t s  a r e  p o s i t i v e ,  
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and t h e  power s u r g e  peaks  t e m p e r a t u r e s  toward t h e  c e n t r a l  

r e g i o n s .  Hence, D e f f  i n c r e a s e s .  T h i s  phenomenon c o n t i n u e s  

a l t h o u g h  t h e  e f f e c t s  of spec t rum h a r d e n i n g  r e s u l t i n g  from 

c o o l a n t  v o i d i n g  ( t h e  dashed  l i n e )  become dominant and D e f f  

h a s  dropped from - 0 .005  t o  a p p r o x i m a t e l y  -0 .0035  a t  t h e  t i m e  

t h e  c o r e  n e a r s  a  d i s a s s e m b l y  c o n d i t i o n .  For t h i s  t y p e  of 

a c c i d e n t ,  Doppler  f e e d b a c k  i s  shown t o  be f a i r l y  s m a l l  u n t i l  

t h e  l a t t e r  s t a g e s  of t h e  a c c i d e n t .  Even s o ,  however ,  t h e  

i n c l u s i o n  o f  a  s p a t i a l  Doppler  f eedback  a c c o r d i n g  t o  Equa- 

t i o n  (1)  r e s u l t s  i n  a  s u b s t a n t i a l l y  h i g h e r  power and i n t e -  

g r a t e d  ene rgy  ( abou t  1 5 % )  r e l a t i v e  t o  t h e  lumped model which 

u s e s  a Doppler  f eedback  based  on t h e  c o r e  a v e r a g e  t e m p e r a t u r e .  
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S T A B I L I T Y  A N A L Y S I S  OF T H E  F A S T  T E S T  R E A C T O R  

J .  R .  S h e f f  

The s t a b i l i t y  a n a l y s i s  of  t h e  F a s t  T e s t  R e a c t o r  (FTR)  

m e r i t s  d i s c u s s i o n  b e c a u s e  of f e a t u r e s  of  t h e  r e a c t o r  which 

d i f f e r e n t i a t e  i t  from o t h e r  f a s t  r e a c t o r s .  The most  s i g n i f i -  

c a n t  d i f f e r e n c e s  a r e  t h e  l a r g e  s i z e ,  1033 l i t e r s ,  and h i g h  

power l e v e l ,  4 0 0  MW,. The Doppler  e f f e c t  r e p l a c e s  t h e  expan-  
t. 

s i o n  e f f e c t s  a s  t h e  dominant mechanism p r o v i d i n g  t h e  prompt 

shutdown c o e f f i c i e n t .  The n e g a t i v e  Doppler  c o e f f i c i e n t  i s  

- 3 . 2  x 1 0 - ~ / 0 c .  



A s t a n d a r d  lumped feedback  p a t h  model i n v o l v i n g  a  

l i n e a r i z e d  s e t  of  m a t r i x  e q u a t i o n s  d e s c r i b i n g  t h e  n e u t r o n i c s  

and f eedback  mechanisms i s  used  f o r  t h e  a n a l y s i s .  The approach  

i s  n o v e l ,  however,  i n  t h e  d e s c r i p t i o n  of t h e  r e a c t o r  v i a  more 

t h a n  a  s i n g l e  node s o  t h a t  such  e f f e c t s  a s  t h e  s p a t i a l  depen-  

d e n t  sodium v o i d  c o e f f i c i e n t  c o u l d  b e  a d e q u a t e l y  t r e a t e d .  

The sodium v o i d  c o e f f i c i e n t  i s  p o s i t i v e  a t  t h e  c o r e  c e n t e r  

b u t  becomes n e g a t i v e  i n  t h e  o u t e r  r e g i o n s  of t h e  c o r e .  

The r e s u l t i n g  f eedback  f u n c t i o n  f o r  t h e  FTR r e f e r e n c e  

c o r e ,  t h e  s o l i d  l i n e  i n  F i g u r e  4 .12 ,  i s  s e e n  t o  be  s t a b l e  

s i n c e  m u l t i p l i c a t i o n  by t h e  z e r o  power t r a n s f e r  f u n c t i o n  

c a u s e s  o n l y  a  r a t h e r  s m a l l  a n g l e  c l o c k w i s e  r o t a t i o n  i n  t h e  

t h i r d  q u a d r a n t .  The measurab le  r ange  from w = 0 . 0 0 6  t o  w = 5 0  

i s  shown by t h e  b a r s  a c r o s s  t h e  c u r v e .  

E x t e n s i v e  p a r a m e t r i c  s t u d i e s  have proven t h e  sys tem v e r y  

s t a b l e .  The Doppler  c o e f f i c i e n t  was r educed  by g r e a t e r  t h a n  

t e n f o l d  i n  a l l  c a s e s  showing any t endency  toward i n s t a b i l i t y .  

The o n l y  two c a s e s  d i s c o v e r e d  which were a b s o l u t e l y  u n s t a b l e  

a r e  shown i n  F i g u r e  4 .12 .  Along w i t h  t h e  z e r o  Doppler  c o e f -  

f i c i e n t s ,  i t  was n e c e s s a r y  t o  e i t h e r  l e t  t h e  f u e l  expans ion  

c o e f f i c i e n t  go t o  z e r o  o r  i n t r o d u c e  a  p o s i t i v e  expans ion  c o e f -  

f i c i e n t  f o r  t h e  f u e l  assembly  t u b e s .  

C o n d i t i o n a l  i n s t a b i l i t y  h a s  a l s o  been  found i n  a  few c a s e s  

n e a r  t h o s e  p roduc ing  a b s o l u t e  i n s t a b i l i t y .  Power l e v e l s  of  

100 t i m e s  f u l l  power would be  r e q u i r e d  t o  produce  i n s t a b i l i t y .  

An a n a l y t i c  f i t  t o  t h e  EBR-I1 e x p e r i m e n t a l  f eedback  

f u n c t i o n  d a t a  i s  a l s o  shown f o r  compar ison .  One n o t e s  

t h a t  t h e  b e h a v i o r  i s  q u i t e  s i m i l a r  t o  t h e  z e r o  Doppler  c o e f -  

f i c i e n t  c u r v e s .  T h i s  s i m i l a r i t y  might  b e  e x p e c t e d  s i n c e  

EBR-I1 h a s  a  v e r y  s m a l l  Doppler  c o e f f i c i e n t .  

I n  c o n c l u s i o n ,  t h e  s t a b i l i t y  a n a l y s i s  of t h e  FTR d i f f e r s  

from o t h e r  f a s t  r e a c t o r s  p r i m a r i l y  because  of e f f e c t s  produced 



FIGURE 4.12. Phase P l ane  P l o t  of  Feedback Func t i ons .  w = 0 . 0 0 6  
and 60 r a d / s e c  a r e  i n d i c a t e d  by t h e  d a s h e s  a c r o s s  
t h e  cu rve s .  
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by its larger size and the systems studied are stable at least 

to the extent that the model is accurate. Not included at 

this time are effects of the system external to the reactor. 
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NOTES ON THE USE OF THE "ENGINEERING MOCKUP" AS A NUCLEAR 

DESIGN TOOL 

R.  A .  B e n n e t t ,  S. L.  E n g s t r o m ,  J .  V .  N e l s o n ,  and  P .  L .  Hofmann 

The use of engineering mockup, critical experiments con- 

stitutes an important element in the nuclear design of compli- 

cated and novel reactors. The goal of the mockup experiment 

is to verify the design values of the neutronics characteris- 

tics of the reactor to be built. The extent to which the 

physical characteristics of the reactor can be accurately 

mocked-up in the critical assembly determines its value as a 

design tool. If only a coarse mockup can be achieved, the 

required amount of extrapolation and interpolation increases, 

and the,utility of the mockup experiment is greatly diminished. 

In order to assure a useful engineering mockup configura- 

tion, detailed experimental planning, including extensive pre- 

calculation, is necessary. This calculational activity is . 

presently underway in order to plan the engineering mockup 

experiments for the FTR. 

The facilities available for the FTR engineering mockup 

experiments are the ANL ZPR assemblies, specifically ZPR-9. 

The matrix structures of these facilities are essentially 

square and fixed. The platelet inventories of materials are 

limited, and only a discrete spectrum of compositions are 

possible. One possible ZPR arrangement to simulate the hexa- 

gonal FTR geometry (if only whole material drawers can be 

used) is illustrated in Figure 4.13. Each zone in the square 





lattice mockup, although slightly different in volume from its 

FTR counterpart, has the same mass of materials. 

Two-dimensional (x,y) and hexagonal coordinate calcula- 

tions were carried out for different reactor conditions. The 

resulting multiplication constants are compared in Table 4.3. 

A comparison of different control rod worths is also shown. 

For the configuration shown, the multiplication constants 

are consistently higher for the mockup by a few milli-k. Con- 

trol strengths in the engineering mockup are consistently 

underestimated by 5 to 10%. These calculational trends will 

be used in the planning of the engineering mockup experiments 

in order to increase their accuracy and consequent utility. 

TABLE 4.3. Results of FTR/FTR Engineering Mockup Comparative 
Calculations 

keff 
Configuration Description FTR Eng. Mockup 

1. Reactor shut down - all rods in 0.8858 0.8971 

2. All safety rods out 0.9538 0.9606 

3. All safety and in-core control rods 
out 1.0087 1.0124 

4. All safety rods out, asymmetric 
in-core control rod in 0.9893 0.9939 

5. All safety, control, and peripheral 
control rods out 1.0445 1.0465 

Calculation 
Numbers 

All safety rods (3) 1 and 2 

All in-core control 
rods (4) 2 and 3 

One in-core control rod 3 and 4 

All peripheral control 
rods (15) 3 and 5 

Total control strength 1 and 5 

Total in-core control 
strength 1 and 3 

Reactivity Worth (%~k/k) 
FTR Eng. Mockup 

8.05 7.37 



I N V E R S E  M U L T I P L I C A T I O N  M O N I T O R I N G  OF S U B C R I T I C A L  R E A C T I V I T Y  

C H A N G E S  IN F T R  
S. L .  E n g s t r o m ,  R. A. B e n n e t t ,  a n d  V. 0. U o t i n e n  

I t  i s  p r e s e n t l y  p l anned  t h a t  r e a c t i v i t y  changes d u r i n g  

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

t h e  approaches  t o  c r i t i c a l  w i l l  be  mon i to red  w i t h  a  p o r t i o n  

of t h e  Low Leve l  F lux  Moni to r ing  System. I n v e r s e  m u l t i p l i c a -  

t i o n  t e c h n i q u e s  a r e  t o  be u s e d .  One can  v e r y  r e a s o n a b l y  

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

and c o n t r o l  mot ions  n e a r  any of t h e  e l emen t s  of t h e  m o n i t o r i n g  

sys tem w i l l  s e r i o u s l y  p e r t u r b  t h e i r  r e s p o n s e s  and u l t i m a t e l y  

produce  r e s u l t s  t h a t  must  b e  c o r r e c t e d .  

T h i s  problem h a s  been  i n v e s t i g a t e d  e x p e r i m e n t a l l y  i n  

ZPR-I11 Assembly 56B by Argonne N a t i o n a l  L a b o r a t o r y  a s  a  

p a r t  o f  t h e  B a t t e l l e - N o r t h w e s t  FTR C r i t i c a l  Exper iments  

Program. C o n t r o l  r o d s  were i n s e r t e d  a t  t h e  boundary of  t h e  

c o r e  of  t h e  a s sembly ,  and t h e  i n v e r s e  m u l t i p l i c a t i o n  r a t e  was 

moni to red  w i t h  s e n s o r s  l o c a t e d  a t  v a r i o u s  p o s i t i o n s ,  i n c l u d i n g  

t h e  c o r e  c e n t e r  and o u t s i d e  t h e  ZPR-I11 m a t r i x  a p p r o x i m a t e l y  

100 cm from t h e  c o r e  c e n t e r l i n e  and a p p r o x i m a t e l y  60 cm from 

t h e  n e a r e s t  c o n t r o l  zone.  The a r e a l  p r o f i l e  and c o u n t e r  

p o s i t i o n s  a r e  shown i n  F i g u r e  4.14.  Values  of  t h e  r e a c t i v i t y  

wor ths  of  r o d s  d i f f e r e d  by a s  much a s  1 2 %  f o r  t h e  v a r i o u s  

s e n s o r s .  

I n  an a t t e m p t  t o  i d e n t i f y  which c o u n t e r  was " b e s t , "  a  

s e r i e s  o f  s u b c r i t i c a l  c a l c u l a t i o n s  were per formed w i t h  a  two 

d i m e n s i o n a l  d i f f u s i o n  t h e o r y  model of t h e  v a r i o u s  e x p e r i m e n t a l  

c o n f i g u r a t i o n s .  The d i s t r i b u t e d  e x t e r n a l  s o u r c e  of  n e u t r o n s  - 
due t o  a - n  r e a c t i o n  i n  2 4 0 ~ u  was r e p r e s e n t e d  t o  y i e l d  a b s o l u t e  

f l u x  l e v e l s .  The a c t u a l  c a l c u l a t e d  changes  i n  t h e  s u b c r i t i c a l  

m u l t i p l i c a t i o n  c o n s t a n t s  were compared w i t h  v a l u e s  i n f e r r e d  

from changes  i n  2 3 5 ~  and 'OB r e a c t i o n  r a t e s  t h r o u g h o u t  t h e  

c o r e .  The r e s u l t s  a r e  p r e s e n t e d  i n  T a b l e  4 . 4  f o r  t h e  s p e c i f i c  



EXTENDED BOUNDARY USED I N  CALCULATION 

2.771 8.313 13.855 19.337 24.939 30.481 36.023 41.565 47.107 52.649 58.191 63.733 69.275 74.817 80.359 85.901 

X-Dl  STANCE, crn 

FIGURE 4.14. Assembly 56B Quarter Core Areal Profile, Lines 
Showing the Percent Overestimation of the Worth 
of Four Large B4C Rods 



TABLE 4 . 4 .  C a l c u l a t e d  ~ e a c t i v i t y  Worths D e d u c e d  f r o m  C a l c u l a t e d  R e a c t i o n  R a t e s  of 
V a r i o u s  D e t e c t o r s  

Four Small B4C Rods (a> Four Large B4C Rods 

Sensor Exp . Calc. Exp . Calc. 
Locat ion Sensor Worth, Ih Worth, Ih R ( b )  Worth, Ih Worth, Ih R (b  > 

Center of 
Reactor 

Standard 
ZPR-3 

Reaction Rate 968 1005 
in ~ O B  510 

Fission Rate 
in 2 3 5 ~  

$ Total 1002 

Reaction Rate 1000 1056 
in 1 0 ~  510 

Fission Rate 
in 2 3 5 ~  

$I Total 1045 

a. S m a l l  r o d s  were  o n e - f o u r t h  t h e  s i z e  o f  t h e  r a n g e  r o d s  and o c c u p i e d  t h e  q u a d r a n t  
o f  l a r g e  r o d  c l o s e s t  t o  t h e  c o r e  c e n t e r .  

b .  R i s  t h e  r a t i o  o f  t h e  w o r t h  deduced  from caZcuZa ted  r e a c t i o n  r a t e s  t o  t h e  w o r t h  
a s  o b t a i n e d  from t h e  caZcuZated  e i g e n v a l u e s .  



experimental sensors locations and are shown graphically in 

Figure 4.14 for all possible sensor locations. The tabulated 

values show that sensors located at the core center are "best." 

The calculated lines of "equal over-estimation," shown in 

Figure 4.14, illustrate that any other position is worse. 

Comparisons of calculated values with the "best" experi- 

mental results show an additional 5% disagreement or c/e ratios 

of approximately 1.05 for both small and large rods. 

Reference 

I .  Reactor  DeveZopment Program Progress  R e p o r t ,  A N L- 7 5 7 7 .  
Argonne NationaZ Labora tory ,  A p r i  2-May 1 9 6 9 .  

C E N T R A L  F U E L  A N D  P E R I P H E R A L  C O N T R O L  R I N G  R E A C T I V I T Y  WORTHS I N  
T H E  F T R - 2  C R I T I C A L  

R.  A .  B e n n e t t  and J. V .  N e l s o n  

Experimental measurements have been made of reactivity 

worths of segments of a peripheral control ring of B4C-steel-Na 

and large fuel assembly-size plutonium samples from the core 

of a full scale simulation of the FTR. These experiments were 

performed by Argonne National Laboratory personnel in ZPPR 

Assembly-1, FTR-2 as part of the FFTF Critical Experiments 

Program. 

An areal profile of FTR-2 is shown in Figure 4.15 which 

illustrates the arrangement of the core, central depleted zone, 

peripheral control ring, and reflector. Additional detailed 

descriptions of the experimental arrangements have been 

reported. Reactivity measurements were made in alternating 

steps in which fissile plutonium was removed from the core and 

replaced by fertile uranium; those reactivity decreases were 

approximately compensated for by the removal of segments of 

the control ring, which, in turn, was replaced by reflector 

composition. The sequence of the experiments is indicated by 

the numerical scheme shown in Figure 4.15. For example, 



FIGURE 4.15. FTR-2, ZPPR-1-70, Areal Profile 



fissile material was replaced first in Zone 1 and control 

material was replaced second in Zone 2. The experimental 

results and corresponding diffusion theory values are 

presented in Table 4.5. 

Comparisons of the experimental data and calculated 

values indicate that the neutronics design requirements of the 

FTR should reflect approximately +lo% uncertainty (Col. 13) in 

the calculated values of peripheral control rod strengths, and 

approximately a 30% over-calculation (Col. 10) of the reac- 

tivity worths of centrally located changes in fissile plu- 

tonium densities arising from changes in the compositions of 

test loops or fuel burnup. These analyses also indicate that 

the discrepancy between calculated and measured multiplication 
C constants, ( K ~  - K ) (Col. 7), increases linearly with the 

mass of the plutonium test sample. One may infer from this 

dependence that the troublesome fractional over-calculation of 

reactivity worths of plutonium samples is approximately con- 

stant for sample sizes from 0 to 32 kg, the limit of these 
experiments. 

References 
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FTR C O R E  F L U X  M ONITORING 

E. T. Boule t te  a n d  C .  A .  M a n s i u s  

Monitoring of t h e  FTR co re  neutron f l u x  l e v e l  from s h u t -  

down t o  f u l l  power (400 MW) i s  complicated by t h e  presence of 

i n - v e s s e l  s t o r e d  f u e l .  A t  very  low power l e v e l s  ( < 1  W) a 

l a r g e  f r a c t i o n  of t h e  s i g n a l  t o  t h e  o u t - o f - v e s s e l  monitor  w i l l  

be due t o  neu t ron  f l u x  from t h e  s t o r e d  f u e l ,  and a c c u r a t e  co re  

moni tor ing w i l l  be compromised. To circumvent t h i s  d i f f i c u l t y ,  

t h e  c u r r e n t  de s ign  i nc ludes  i n - v e s s e l  moni tors  i n  t h e  v i c i n i t y  

of t h e  s h i e l d - r e f l e c t o r  i n t e r f a c e .  Because of t h e i r  proximity  

t o  t h e  c o r e ,  t h e s e  i n - v e s s e l  moni tors  s a t u r a t e  a t  a  low r e a c t o r  

power l e v e l  (10 t o  100 W ) .  The problem i s  t o  l o c a t e  t he se  

d e t e c t o r s  t o  a s s u r e  adequate  moni tor ing over t h e  power range 

from shutdown t o  f u l l  power. 

The moni tor ing c a p a b i l i t y  of 2 3 5 ~  f i s s i o n  chambers i s  

h i g h l y  dependent upon t h e  gamma:neutron f l u x  r a t i o  a t  t h e  

d e t e c t o r  l o c a t i o n .  To determine t h e  moni tor ing range of a  

d e t e c t o r  of t h i s  t ype ,  one must know t h e  v a r i a t i o n  i n  t h e  

gamma and neu t ron  f l u x  wi th  changes i n  t h e  power l e v e l .  In  

a d d i t i o n ,  t h e  e f f e c t  of s t o r e d  f u e l  must be taken i n t o  account .  

The e f f e c t  of s t o r e d  f u e l  on t h e  o u t - o f - v e s s e l  monitor  

s i g n a l  a s  a f u n c t i o n  of t h e  neu t ron  source  r a t e  i n  t h e  co re  i s  

dep i c t ed  i n  F igure  4.16 f o r  2 5 ,  5 0 ,  and 1 0 0  f u e l  subassemblies  

i n  s t o r a g e ,  based on e x t r a p o l a t i o n  of c a l c u l a t i o n s  made wi th  

2DBS f o r  Concept V-A. I n  a l l  c a s e s ,  i t  was assumed t h a t  a  

t h i r d  of t h e  s t o r e d  f u e l  elements were p laced  i n  each 120 degree  

s e c t o r  of t h e  FTR. I n  a l l  t h r e e  ca se s  ( 2 5 ,  50 and 100 s t o r e d  

f u e l  assembl ies )  i t  was assumed t h a t  t h e  f u e l  d e n s i t i e s  i n  t h e  

s t o r e d  f u e l  zones were t h e  same. To check t h e  e x t r a p o l a t i o n s  

involved i n  t h e s e  c a l c u l a t i o n s ,  a  two-dimensional d i f f u s i o n  

theory  c a l c u l a t i o n  was made wi th  2 D B S  on Concept V-A i n  which 

t h e  neu t ron  source  r a t e  i n  t h e  core  was f i x e d  a t  1.1 x 10' n / s ec  

(corresponding t o  a  s u b c r i t i c a l  system wi th  k = 0 .9) .  
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C a l c u l a t i o n s  were made w i t h  and w i t h o u t  s t o r e d  f u e l  i n  t h e  

sodium a n n u l u s .  The r e s u l t s  i n d i c a t e d  t h a t  a t  f u l l  shutdown 

(k = 0.9)  abou t  80 t o  85% of  t h e  s i g n a l  a t  t h e  o u t - o f - v e s s e l  

m o n i t o r  i s  due t o  s t o r e d  f u e l .  T h i s  c a l c u l a t i o n  assumed a  

s t e a d y  s t a t e  c o n d i t i o n :  i . e . ,  t h e  d e l a y e d  n e u t r o n  p r e c u r s o r s  

g e n e r a t e d  a t  f u l l  power have decayed t o  t h e  e x t e n t  t h a t  t h e  

f i x e d  s o u r c e  i n  t h e  c o r e  ( spon taneous  f i s s i o n  and a , n  r e a c t i o n s )  

p redomina tes .  The e x t r a p o l a t i o n  shown i n  F i g u r e  4.16 i n d i c a t e s  

t h a t  a b o u t  70% o f  t h e  s i g n a l  w i l l  b e  due t o  s t o r e d  f u e l .  The 

agreement  between t h e s e  two numbers v a l i d a t e s  t h e  e x t r a p o l a t i o n  

t e c h n i q u e  used  t o  g e n e r a t e  t h e  c u r v e s  i n  F i g u r e  4 .16 .  

I n  a d d i t i o n  t o  t h e s e  d a t a ,  one must  a l s o  know t h e  t ime  

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

t u r b a t i o n  ( e . g . ,  a  scram t o  k  = 0 . 9 ) .  I n  F i g u r e  4.17 i s  p l o t -  

t e d  t h e  c o r e  n e u t r o n  s o u r c e  r a t e  v e r s u s  t ime  a f t e r  shutdown 

f o r  i n s t a n t a n e o u s  scrams t o  k  = 0.9 and k  = 0.99 .  To g e n e r a t e  

t h e s e  c u r v e s ,  t h e  f o l l o w i n g  as sumpt ions  were made: (1)  t h e  

scrams a r e  i n s t a n t a n e o u s ,  (2)  a t  f u l l  power,  90% of t h e  f i s s i o n  

i s  2 3 9 ~ u  f i s s i o n  and 1 0 %  i s  2 3 8 ~  f i s s i o n ,  (3) t h e  n e u t r o n  

s o u r c e  r a t e  i n  t h e  c o r e  a t  any t ime  f o l l o w i n g  shutdown i s  

s imply  ( 1  - k ) - I  t i m e s  t h e  sum of t h e  f i x e d  s o u r c e  i n  t h e  c o r e  

[ spon taneous  f i s s i o n  and ( a , n )  r e a c t i o n s  w i t h  oxygen] and t h e  

d e l a y e d  n e u t r o n  s o u r c e  r a t e ,  (4) t h e  t o t a l  d e l a y e d  n e u t r o n  

s o u r c e  r a t e ,  SD, decays  a s  t h e  sum o f  e x p o n e n t i a l s  
\ 

where 

So = 3.34  x 1019 n / s e c  ( n e u t r o n  s o u r c e  r a t e  a t  400 MW) 

239 - i - t h  
Bi 

- d e l a y e d  n e u t r o n  f r a c t i o n  f o r  2 3 9 ~ u  f i s s i o n  

238 = i - t h  
'i d e l a y e d  n e u t r o n  f r a c t i o n  f o r  2 3 8 ~  f i s s i o n  
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FIGURE 4.17. Total Core Source Rate Versus Time Following 
Instantaneous Scrams to k = 0.9 and k = 0.99 



~ 7 ~ '  = decay c o n s t a n t  a s s o c i a t e d  w i t h  t h e  i - t h  de layed 
I 

neu t ron  f r a c t i o n  f o r  2 3 9 ~ u  f i s s i o n  

2 3 8  = decay c o n s t a n t  a s s o c i a t e d  w i th  t h e  i i - t h  delayed 

neu t ron  f r a c t i o n  f o r  2 3 8 ~  f i s s i o n  

t = t ime i n  seconds .  

Equat ion (1)  does n o t  account  f o r  secondary  delayed neu t rons  

( i . e . ,  de layed neu t rons  gene ra t ed  by de layed-neu t ron- induced  

f i s s i o n ) ;  however, t h i s  e f f e c t  i s  b e l i e v e d  t o  be n e g l i g i b l e .  

From F igu re s  4.16 and 4.17,  one may determine  a t  which 

t ime fo l l owing  a  scram t h e  o u t - o f - v e s s e l  moni to r s  become 

u n r e l i a b l e .  The o u t - o f - v e s s e l  moni to r s  a r e  cons ide red  un re -  

l i a b l e  when t h e  p e r c e n t  of t h e  o u t - o f - v e s s e l  moni tor  s i g n a l  

due t o  s t o r e d  f u e l  i s  s o  g r e a t  a s  t o  mask-out changes i n  t h e  

s i g n a l  from t h e  co re .  Also  from F igure  4 . 1 7 ,  one may o b t a i n  

t h e  2 3 5 ~  f i s s i o n  r a t e  a t  t h e  i n - v e s s e l  d e t e c t o r  l o c a t i o n  a s  a  

f u n c t i o n  of  t ime fo l l owing  scram. A t  f u l l  power ( co r e  source  

s t r e n g t h  = 3.34 x lo1' n / s ec )  t h e  2 3 5 ~  f i s s i o n  r a t e  a t  t h e  

d e t e c t o r  l o c a t i o n  i s  1 . 4  x 1013 f i s s i o n s / s e c - g  of 2 3 5 ~ .  s i n c e  

t h e  2 3 5 ~  f i s s i o n  r a t e  a t  t h e  d e t e c t o r  l o c a t i o n  i s  e s s e n t i a l l y  

p r o p o r t i o n a l  t o  t h e  c o r e  sou rce  s t r e n g t h ,  t h e  2 3 5 ~  f i s s i o n  

r a t e  may be ob t a ined  f o r  any t ime fo l l owing  scram from 

F igu re  4.17. 

I n  a d d i t i o n  t o  t h e s e  d a t a ,  one must know t h e  gamma i n t e n -  

s i t y  a t  t h e  d e t e c t o r  l o c a t i o n  t o  a s s e s s  t h e  d e t e c t o r ' s  moni to r -  

ing  c a p a b i l i t y .  The t o t a l  gamma dose r a t e  a t  t h e  i n - v e s s e l  

d e t e c t o r  l o c a t i o n  i s  p l o t t e d  i n  F igu re  4.18 v e r s u s  t ime a f t e r  

shutdown. The major  c o n t r i b u t o r s  t o  t h e  t o t a l  dose r a t e  a r e  

5 5 ~ n ( n , y )  and "CO (n ,y )  r e a c t i o n s .  The f i s s i o n  p roduc t  decay 

gammas and t h e  2 3 ~ a ( n , y )  gammas w i l l  y i e l d  dose  r a t e s  of t h e  
5 o r d e r  of l o 4  R/hr and 10 R/hr r e s p e c t i v e l y ,  and t h e r e f o r e  

w i l l  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  dose r a t e  f o r  

t h e  f i r s t  few hours  f o l l owing  a  scram. Note t h a t  a  bu i l dup  
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time of 5 years has been assumed for the 59~o(n,y) reaction. 

Thus, it is onlyat about 50% saturation. 

Employing the data presented in Figures 4.16 through 4.18, 

one may determine at which time following a scram the out-of- 

vessel monitors become unreliable. In addition, one can deter- 

mine the required operating characteristics for the in-vessel 

detectors to assure continuous neutron monitoring. 

E F F E C T  O F  C O B A L T  C O N T E N T  I N  S T E E L  O N  S H I E L D  R E O U I R E M E N T S  
C. A. M a n s i u s  

It is anticipated that a number of radioactive components 

from the Fast Test Reactor will need to be replaced at some 

time during the lifetime of the facility. Replacement of 

large components such as the core support structure will 

probably require fabrication of a shielded. container. The 

purpose of this study was to determine the effect of the 

cobalt content of the stainless steel used in the fabrication 

of the core support structure on the shielding requirements 

during the removal process. 

Only long-lived radioisotopes will influence the shield 

requirements, since replacement of the core support structure 

would require an extended shutdown period. At the location of 

the support structure, the neutron spectrum is relatively 

degraded in energy and n,y reactions are dominant. Based on 

half life, decay energy, and production rate, 6 0 ~ o  and " ~ e  

will be the predominant radioisotopes emitted by the support 

structure. The half life of 6 0 ~ o  is 5.2 years and it emits 

both a 1.17 and 1.33 MeV photon per decay. The half life of 

" ~ e  is 45 days and it emits a 1.10 MeV photon in 56% of the 

decays and a 1.29 MeV photon in 44% of the decays. Because of 

the comparable photon energies from the two isotopes, the 

relative gamma intensity will be essentially independent of 

the shield thickness. 



The r e l a t i v e  r a d i a t i o n  i n t e n s i t y  from 6 0 ~ o  and 5 9 ~ e  

depends on t h e  c o b a l t  c o n t e n t  of  t h e  s t e e l  t o g e t h e r  w i t h  t h e  

o p e r a t i n g  and decay  h i s t o r y .  F i g u r e  4.19 g i v e s  t h e  r e l a t i v e  

i n t e n s i t y  of  t h e  two i s o t o p e s  a s  a  f u n c t i o n  of  o p e r a t i n g  t i m e  

and c o b a l t  c o n t e n t .  I t  i s  assumed t h e  r e a c t o r  o p e r a t e s  a t  

400  MW f o r  75 days  and i s  t h e n  shutdown f o r  25 days .  For  t h i s  

assumed c y c l e ,  5 9 ~ e  a t t a i n s  87% of  i t s  s a t u r a t e d  v a l u e  whereas  

6 0 ~ o  would r e a c h  a  maximum of abou t  60% of i t s  s a t u r a t e d  v a l u e  

( c o n t i n u o u s  c y c l i c  o p e r a t i o n ) .  F i g u r e  4 . 2 0  p r e s e n t s  t h e  decay  

c u r v e s  f o r  t h e  two i s o t o p e s .  

C a l c u l a t i o n s  i n d i c a t e  t h a t  abou t  5 t o  6  i n .  of l e a d  w i l l  

be  r e q u i r e d  t o  r e d u c e  t h e  r a d i a t i o n  i n t e n s i t y  from t h e  c o r e  

s u p p o r t  s t r u c t u r e  t o  a  l e v e l  of  abou t  25 mrem/hr a t  t h e  s u r -  

f a c e  o f  t h e  c a s k ,  based  on t h e  maximum r e l a t i v e  5 9 ~ e  a c t i v i t y  

shown i n  F i g u r e  4.19.  About 0 . 4  i n .  of l e a d  i s  r e q u i r e d  t o  

e f f e c t  a  f a c t o r  of 2 change i n  t h e  r a d i a t i o n  i n t e n s i t y  f o r  

e i t h e r  t h e  c o b a l t  o r  i r o n  r a d i a t i o n s .  The d a t a  i n  t h e  two 

f i g u r e s  can  be  used  t o g e t h e r  w i t h  t h i s  b a s i c  s h i e l d  i n f o r m a -  

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

of  o p e r a t i n g  t i m e ,  c o b a l t  c o n t e n t ,  and shutdown t i m e .  I n  most 

c a s e s  of  i n t e r e s t  i t  i s  found t h a t  s h i e l d i n g  r e q u i r e m e n t s  w i l l  

depend d i r e c t l y  on t h e  c o b a l t  c o n t e n t  of t h e  s t e e l .  

R A D I A T I O N  L E V E L S  I N  H E A T  T R A N S P O R T  C E L L  
W .  L .  Bunch,  C .  A .  M a n s i u s ,  and D. R .  M a r r  

Access  i n t o  t h e  FFTF h e a t  t r a n s p o r t  sys tem (HTS) c e l l s  i s  

d e s i r a b l e  t o  p e r m i t  i n s p e c t i o n  and ma in tenance .  E s t i m a t e s  

were made of  a n t i c i p a t e d  r a d i a t i o n  l e v e l s  w i t h i n  t h e  HTS c e l l s  

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

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

d i t i o n s  c o n s i d e r e d  a r e :  (1) e n t r y  i n t o  t h e  c e l l  f o l l o w i n g  

shutdown of t h e  r e a c t o r ,  ( 2 )  r e d u c i n g  t h e  r e a c t o r  power and 

v a l v i n g  o f f  t h e  s i n g l e  HTS c e l l  o f  i n t e r e s t  t o  p e r m i t  decay  of  
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2 4 ~ a ,  w i th  e n t r y  i n t o  t h e  c e l l  fo l lowing  shutdown of t h e  r e a c -  

t o r ,  and ( 3 )  e n t r y  i n t o  t h e  va lved- o f f  c e l l  wi th  t h e  r e a c t o r  

ope ra t i ng .  

Entry  i n t o  t h e  HTS c e l l  fo l lowing  shutdown of t h e  r e a c t o r  

would be delayed about 1 2  days t o  permit  decay of 2 4 ~ a .  A f t e r  

t h a t  de l ay  t ime,  i t  i s  e s t ima ted  t h e  average r a d i a t i o n  l e v e l  

i n  t h e  c e l l  w i l l  be about 30 mrem/hr because of t h e  l o n g - l i v e d  

(2.58 yea r  h a l f  l i f e )  "Na i n  t h e  system. The r a d i a t i o n  l e v e l  

could be s i g n i f i c a n t l y  h ighe r  a s  a  r e s u l t  of co r ros ion  and 

f i s s i o n  produc ts  i n  t h e  system. However, it w i l l  t ake  s i g n i f i -  

can t  ope ra t i ng  t ime f o r  t r a n s p o r t  of  co r ros ion  products  t o  t h e  

c e l l s ,  and f i s s i o n  product  contaminat ion w i l l  depend on t h e  

f u e l  f a i l u r e  h i s t o r y  t h a t  i s  exper ienced.  

By ope ra t i ng  t h e  r e a c t o r  a t  reduced power whi le  one HTS 

c e l l  i s  valved o f f ,  it would be p o s s i b l e  t o  reduce o r  e l i m i n a t e  

t h e  12-day w a i t  t o  permi t  2 4 ~ a  decay. Table 4 . 6  i n d i c a t e s  t h e  

operat ing-shutdown i n t e r v a l s  t h a t  would be employed a s  a  func-  

t i o n  of va lve  leakage t o  maximize p l a n t  e f f i c i e n c y .  I t  i s  

assumed t h e r e  would be no i n c e n t i v e  t o  con t inue  t o  ope ra t e  a t  

reduced power once t h e  r a d i a t i o n  l e v e l  due t o  2 4 ~ a  had achieved 

t h e  equ i l i b r ium va lue  f o r  t h e  s p e c i f i c  leakage r a t e .  

TABLE 4.6. Operating and Shutdown Times to Maximize Plant 
Efficiency as a Function of V a l v e  Leakage(a) 

Days 2 4 ~ a  
Valve Leakage a t  2/3 I n t e n s i t y  

% G PM - GPH Power R/hr 
Days 
Down 

2 4 ~ a  
I n t e n s i t y  

R/hr 

a .  Assumes 1 5 , 0 0 0  g a Z Z o n s  i n  o n e  HTS c e l l ,  1 5 , 0 0 0  gpm f u z z  
f Zow r a t e .  



To e s t i m a t e  t h e  r a d i a t i o n  l e v e l  i n  t h e  HTS c e l l  a s  a  

f u n c t i o n  of va lve  l eakage ,  it was assumed t h e  p o i n t  of i n t e r e s t  

w i t h i n  t h e  c e l l  was e q u i d i s t a n t  from a l l  of t h e  sodium w i t h i n  

t h e  c e l l .  The a c t i v i t y  of t h e  sodium a t  any p o i n t  i n  t h e  

system was r e l a t e d  t o  va lve  leakage o r  f low r a t e  based on time 

s i n c e  l eav ing  t h e  h igh  p r e s s u r e  i n l e t  plenum. The most impor- 

t a n t  s i n g l e  f a c t o r  becomes t h e  decay time i n  t r a n s i t  from t h e  

i n l e t  plenum t o  t h e  HTS c e l l .  I t  i s  obvious t h a t  w i t h i n  t h e  

c e l l  s i g n i f i c a n t  r a d i a t i o n  g r a d i e n t s  w i l l  e x i s t  a t  low flow 

( leakage)  r a t e s .  Methods a r e  a v a i l a b l e  t o  i nc lude  t h e  expo- 

n e n t i a l  v a r i a t i o n  i n  source  s t r e n g t h  from s t r a i g h t  p ipe  s e c -  

t i o n s ;  however, i t  was no t  deemed necessary  t o  i nc lude  such 

ref inement  i n  t h i s  s t udy .  De ta i l ed  c a l c u l a t i o n s  can be made 

f o r  s p e c i f i c  component arrangements and s p e c i f i c  p o i n t s  of 

i n t e r e s t .  

I n  o rde r  t o  e n t e r  a  HTS c e l l  wi th  t h e  r e a c t o r  o p e r a t i n g ,  

it would f i r s t  be necessary  t o  employ a  va lve  t h a t  pe rmi t t ed  

l e s s  than  about 1 .8  g a l / h r  leakage.  I t  would a l s o  be neces-  

s a r y  t o  i n c r e a s e  t h e  c a v i t y  w a l l  t h i cknes s  by about a  f o o t ,  

s i n c e  personne l  r a d i a t i o n  l e v e l s  a r e  more r e s t r i c t i v e  than  

t hose  e s t a b l i s h e d  by p r o t e c t i o n  of t h e  secondary sodium from 

a c t i v a t i o n .  For t h e  same reason  i t  would be necessary  t o  

r e f i n e  t h e  s h i e l d i n g  around t h e  p ip ing  p e n e t r a t i o n s  through 

t h e  c a v i t y  w a l l .  The r e a c t o r  would then  be opera ted  a t  reduced 

(2/3) power f o r  about 1 2  days t o  permit  decay of 2 4 ~ a .  Under 

t h e s e  c o n d i t i o n s ,  t h e  r a d i a t i o n  environment i n  t h e  HTS c e l l  

would be s a t i s f a c t o r y  f o r  personne l  access  dur ing o p e r a t i o n .  

From c o n s i d e r a t i o n  of t h e  impact of a  de s ign  b a s i s  a c c i -  

d e n t ,  e n t r y  i n t o  a  HTS c e l l  dur ing r e a c t o r  o p e r a t i o n  would 

r e q u i r e  o t h e r  des ign  changes. E i t h e r  an a i r  l ock  would be 

r equ i r ed  t o  permit  a cces s  t o  t h e  c e l l  whi le  main ta in ing  t h e  

confinement boundary provided by t h e  c e l l ,  o r  a  ven t  b lock 

would be r equ i r ed  between t h e  c e l l  and t h e  r e a c t o r  c a v i t y  t o  

remove t h e  c e l l  e n t i r e l y  from t h e  confinement r eg ion .  



NEUTRON ATTENUATION CHARACTERISTICS O F  STAINLESS STEELS 
D. R. Marr 

The d e c i s i o n  t o  r e p l a c e  304 s t a i n l e s s  s t e e l  wi th  316 s t a i n -  

l e s s  s t e e l  i n  t h e  duc t  m a t e r i a l  a s  w e l l  a s  i n  t h e  c ladd ing  

i n d i c a t e d  a  need t o  examine t h e  re levancy of t h e  e x i s t i n g  

neu t ron  s h i e l d i n g  c a l c u l a t i o n s ,  which were based on t h e  use  of 

304 s t a i n l e s s  s t e e l .  Th is  s t udy  provided t h e  fol lowing r e s u l t s :  

1. 316 SS i s  a  s l i g h t l y  more e f f e c t i v e  s h i e l d i n g  m a t e r i a l  

than 304. Larges t  d i f f e r e n c e s  (up t o  a  f a c t o r  of 2 )  a r e  

seen i n  t h e  lower energy r e a c t i o n s .  

2 .  Prev ious ly  r e p o r t e d  r e s u l t s  based on t h e  use  of 304 SS 

a r e  t hus  conse rva t ive .  

3 .  The h ighe r  s h i e l d i n g  e f f e c t i v e n e s s  of 316 SS is  due t o  

molybdenum, p r e s e n t  on ly  i n  smal l  pe rcen tage  amounts, 

which has  a  much h ighe r  abso rp t ion  c r o s s - s e c t i o n  than any 

of t h e  o t h e r  components of s t a i n l e s s  s t e e l .  

4 .  The s h i e l d i n g  c h a r a c t e r i s t i c s  of s t a i n l e s s  s t e e l  a r e  no t  

s e n s i t i v e  t o  t h e  chromium-nickel con ten t  w i t h i n  t h e  

ranges  e s t a b l i s h e d  f o r  316 SS and 304 SS. 

5. Most of t h e  d i f f e r e n c e  i n  neu t ron  a t t e n u a t i o n  between 

316 SS and 304 SS i s  e f f e c t e d  i n  t r ansmis s ion  through t h e  

r e f l e c t o r  and about  h a l f  way into t h e  s h i e l d .  

The composit ions of  316 and 304  SS as shown i n  

Table 4 . 7  t o g e t h e r  wi th  t h e  composit ion assumed i n  t h i s  s t udy .  

Type 316 d i f f e r s  from 304 i n  h ighe r  n i c k e l  con ten t  o f f s e t  by a  

corresponding decrease  i n  t h e  chromium con ten t  and by t h e  

i n c l u s i o n  of about 2 . 5 %  molybdenum, which r e p l a c e s  some of t h e  

i r o n .  Type 316 a l s o  has  a  s l i g h t l y  h ighe r  d e n s i t y .  For t h e  

purpose of t h i s  comparison, a  one-dimensional  s p h e r i c a l  geome- 

t r y  model based on t h e  r a d i a l  c o n f i g u r a t i o n  of Concept V-A was 

s e l e c t e d .  This c o n f i g u r a t i o n  i s  shown i n  Table 4 .8 .  The co re  

b a r r e l  dimension was a r b i t r a r i l y  th ickened  t o  one f o o t  t o  s tudy  

t h e  a t t e n u a t i o n  i n  pure s t a i n l e s s  s t e e l .  



TABLE 4 . 7 .  W e i g h t  P e r c e n t  C o m p o s i t i o n  o f  3 1 6  
a n d  3 0 4  S t a i n l e s s  Steels 

3  3 0 4  SS ( 7 . 9 0  g /cm ) 

~ e v i c k ( 1 )  T h i s  S t u d y  

6 4 . 9 2 - 7 0 . 9 2  6 8 . 9 2  

316  SS ( 7 . 9 8  g/cm3) 

Y e v i c k  T h i s  S t u d y  

6 1 . 9 2 - 6 8 . 9 2  6 6 . 4 2  

< 0 . 0 8  0 . 0  

1 6 . 0 0 - 1 8 . 0 0  1 7 . 0 0  

1 0 . 0 0 - 1 4 . 0 0  1 2 . 0 0  

< 2 . 0 0  1 . 5 0  

< 1 . 0 0  0 . 5 0  

< 0 . 2 0  0 . 0 8  

2 . 0 0 - 3 . 0 0  2 . 5 0  

TABLE 4 . 8 .  Model C o n f i g u r a t i o n  and C o m p o s i t i o n  

O u t s i d e  
Zone R a d i u s , c m  M a t e r i a l  C o m p o s i t i o n ,  

Na SS  Fue  1 

C o r e  I 3 8 . 6  3 8 . 8 9  2 9 . 4 0  2 5 . 9 1  

C o r e  I 1  6 0 . 2  3 8 . 8 9  2 8 . 0 6  2 6 . 2 6  

R e f l e c t o r  I 7 2 . 1 4  3 5 . 0 0  3 7 . 2 0  - - 

R e f l e c t o r  I 1  9 6 . 0  3 3 . 0 0  3 3 . 7 0  - - 
S h i e l d  1 4 4 . 8  3 4 . 0 0  6 6 . 0 0  - - 
C o r e  B a r r e l  1 7 9 . 3  - - 1 0 0 . 0 0  - - 

v o l  % 

V o i d  N i 

T w e l v e  i n t e g r a l  q u a n t i t i e s  o f  p o s s i b l e  s h i e l d i n g  i n t e r e s t  w e r e  

c a l c u l a t e d  u s i n g  t h e  c o n v e r g e d  f l u x e s  f r o m  t h e  d i s c r e t e  

o r d i n a t e s  t r a n s p o r t  c o d e  ANISN. An S8 c a l c u l a t i o n  w a s  made w i t h  

ANISN u s i n g  t h e  HOMSET c r o s s  s e c t i o n s  o n  e a c h  o f  t h e  f o u r  

f o l l o w i n g  cases : 

CASE I ( 3 0 4 )  - A l l  s t a i n l e s s  u s e d  i n  t h i s  c a s e  was  3 0 4  SS 

as d e s c r i b e d  a b o v e .  

CASE I1 ( 3 1 6 )  - A l l  s t a i n l e s s  u s e d  i n  t h i s  case was  3 1 6  SS 

a s  d e s c r i b e d  a b o v e .  



CASE I11 (316A) - A l l  s t a i n l e s s  u s e d  was m o d i f i e d  316 S S ,  

hav ing  a  m o d i f i e d  chromium and n i c k e l  

c o n t e n t  (10% N i ,  1 9 %  C r ) .  

CASE I V  (316B) - A l l  s t a i n l e s s  used  was 316 SS ,  b u t  

w i t h o u t  t h e  molybdenum. 

The r e s u l t s  "of t h i s  s t u d y  a r e  shown i n  T a b l e  4 .9  where,  t a k i n g  

316 SS a s  a  b a s e  c a s e ,  t h e  e f f e c t  o f  r e p l a c i n g  i t  w i t h  each  of 

t h e  o t h e r  m a t e r i a l s  i s  shown a t  f o u r  s e l e c t e d  p o i n t s .  

S e v e r a l  i t e m s  s h o u l d  be  n o t e d :  

1. There  i s  l i t t l e  e f f e c t  i n  t h e  c o r e .  

2 .  The 316A c a s e  shows t h e r e  i s  l i t t l e  e f f e c t  due t o  

changing  t h e  chromium-nickel  r a t i o  o v e r  t h e  r ange  t h a t  

can  be  e x p e c t e d  t o  encompass v a r i a t i o n s  w i t h i n  e a c h  t y p e  

s t e e l  o r  between t h e  two s t e e l s .  

3 .  Having exc luded  an a p p r e c i a b l e  e f f e c t  due  t o  t h e  change i n  

chromium-nickel  r a t i o ,  c a s e  316B (316 w i t h  no molybdenum) 

shows t h a t  t h e  p r i m a r y  d i f f e r e n c e  due t o  r ep lacemen t  of  

304 by 316 s t e e l  i s  due t o  t h e  molybdenum c o n t e n t  o f  t h e  

316. A c l o s e  check  o f  t h e  HOMSET a b s o r p t i o n  c r o s s  s e c -  

t i o n s  f o r  molybdenum shows v a l u e s  which a r e  s l i g h t l y  

h i g h  w i t h  r e s p e c t  t o  t h e  l a t e s t  e x p e r i m e n t a l  d a t a ,  a  

b i a s  n o t  t h o u g h t  t o  g r o s s l y  a f f e c t  t h e  r e s u l t s  of t h i s  

s t u d y  . 
4 .  R e a c t i o n s  w i t h  a  s i g n i f i c a n t  h i g h  ene rgy  c o n t r i b u t i o n  

such  a s  2 3 8 ~  ( n , f )  o r  b i o l o g i c a l  dose  do n o t  show a  l a r g e  

e f f e c t  due t o  316 r e p l a c e m e n t .  

5 .  For t h o s e  q u a n t i t i e s  s u c h  as  "CO ( n , y ) ,  which have an  

e l e v a t e d  low ene rgy  r e s p o n s e ,  t h e r e  i s  a  p o i n t  a p p r o x i -  

m a t e l y  midway i n  t h e  s h i e l d  where s u b s e q u e n t  a t t e n u a t i o n  

i s  r e l a t i v e l y  i n d e p e n d e n t  of  t h e  s t e e l  u s e d .  
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Z P P R / F T R - 2  S H I E L D  E X P E R I M E N T S  

E .  T .  B o u l e t t e  

Exper iments  i n  s u p p o r t  of  t h e  d e s i g n  o f  t h e  F a s t  T e s t  

Reac to r  (FTR) s h i e l d s  were conducted  a t  Argonne N a t i o n a l  

L a b o r a t o r y  i n  t h e  Zero Power P lu tonium R e a c t o r  (ZPPR). The 

e x p e r i m e n t a l  a r rangement  approximated  t h e  b a s i c  f e a t u r e s  of  

t h e  FTR: a  1000 l i t e r ,  two-zone c o r e  su r rounded  by a  1 f t  

t h i c k  n i c k e l  r e f l e c t o r  and a  s t a i n l e s s  s t e e l - s o d i u m  s h i e l d .  

Al though t h e  FTR s h i e l d  i s  su r rounded  by an a n n u l a r  sodium 

zone i n  which f u e l  and o t h e r  r e a c t o r  components may be s t o r e d ,  

t h e  ZPPR f a c i l i t y  i s  n o t  l a r g e  enough t o  i n c o r p o r a t e  t h i s  

f e a t u r e .  P r o v i s i o n s  were  t h e r e f o r e  made t o  i n c l u d e  a  s t o r e d  

f u e l  zone i n  t h e  e x p e r i m e n t a l  s h i e l d .  Neutron and gamma d i s -  

t r i b u t i o n s  were mea.sured t h r o u g h o u t  t h e  c o r e ,  r e f l e c t o r ,  and 

s h i e l d ,  w i t h  and w i t h o u t  s t o r e d  f u e l  i n  p o s i t i o n .  

Neutron D i s t r i b u t i o n  

The n e u t r o n  d i s t r i b u t i o n  was o b t a i n e d  by measur ing  t h e  

r e a c t i o n  r a t e  t r a v e r s e s  of 2 3 9 ~ u  and 2 3 8 ~  w i t h  f i s s i o n  c o u n t e r s  

and o f  'OB w i t h  a  BF3 c o u n t e r .  I n  a d d i t i o n ,  sodium and 

manganese f o i l s  were d i s p e r s e d  th roughou t  t h e  sys tem and 

i r r a d i a t e d .  These  f o i l s  were s e l e c t e d  n o t  on ly  because  o f  

t h e i r  d i f f e r e n t  r e s p o n s e  f u n c t i o n s ,  b u t  a l s o  because  of  t h e  

impact  t h e s e  r e a c t i o n  r a t e s  have on t h e  FTR d e s i g n .  

The two- d imens iona l  d i f f u s i o n  t h e o r y  code ZDBS, and 

t h e  one- d imens iona l  d i s c r e t e  o r d i n a t e s  code ANISN (2' were used  

t o  c a l c u l a t e  t h e  r e a c t i o n  r a t e  d i s t r i b u t i o n s  f o r  comparison t o  

t h e  e x p e r i m e n t a l  r e s u l t s .  The n u c l e a r  da.ta used  was e x t r a c t e d  

from t h e  H O M S E T ( ~ )  31-group t r a n s p o r t - c o r r e c t e d  c r o s s  s e c t i o n  

s e t .  The measured and c a l c u l a t e d  'OB r e a c t i o n  r a t e  d i s t r i b u -  

t i o n  w i t h  no s t o r e d  f u e l  i n  t h e  s h i e l d  a r e  compared i n  

F i g u r e  4 .21 .  S i m i l a r  agreement  was found f o r  t h e  o t h e r  

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





Gamma D i s t r i b u t i o n  

The gamma d i s t r i b u t i o n  was measured by i r r a d i a t i n g  l i t h i u m  

f l u o r i d e  thermoluminescent  d o s i m e t e r s  (TLD's),  which were d i s -  

p e r s e d  r a d i a l l y  and a x i a l l y  th roughou t  t h e  c o r e ,  r e f l e c t o r  and 

s h i e l d .  Dosimeters  were i r r a d i a t e d  t o  a  s u i t a b l e  i n t e g r a t e d  

exposure ,  one s e t  w i t h  and one s e t  w i t h o u t  s t o r e d  f u e l  i n  t h e  

s h i e l d .  L i g h t  o u t p u t  o f  each  TLD was measured s u b s e q u e n t l y  and 

compared t o  c a l i b r a t e d  s t a n d a r d s .  

The d i s c r e t e  o r d i n a t e s  t r a n s p o r t  t h e o r y  codes ANISN and 

 DOT'^) were employed t o  c a l c u l a t e  t h e  gamma d i s t r i b u t i o n  f o r  

comparison t o  t h e  e x p e r i m e n t a l  r e s u l t s .  A t en-group  gamma 

t r a n s p o r t  c r o s s  s e c t i o n  s e t  was g e n e r a t e d  employing t h e  MUG ( 5 )  

code .  The energy range  o f  t h e  c a l c u l a t i o n  ex tended  from 10 MeV 

down t o  0.015 MeV w i t h  e q u a l  ( 1  MeV) group wid ths  e x c e p t  f o r  

t h e  l a s t  group.  The volume d i s t r i b u t e d  gamma s o u r c e  was c a l -  

c u l a t e d  from t h e  n e u t r o n  f l u x  s o l u t i o n  and i n c l u d e d  prompt 

f i s s i o n  gammas, f i s s i o n  p r o d u c t  gammas, and n e u t r o n  c a p t u r e  

gammas. A 2 3 5 ~  prompt f i s s i o n  gamma spec t rum(6)  was employed 

i n  t h e  c a l c u l a t i o n ;  however,  ev idence  s u g g e s t s  t h i s  spec t rum 

t o  be a  r e a l i s t i c  approx imat ion  f o r  2 3 9 ~ ~  f i s s i o n  a l s o .  The 

f i s s i o n  p r o d u c t  gamma spec t rum was g e n e r a t e d  u s i n g  t h e  computer 

code I S O S H L D ( ~ )  based  on a  f i s s i o n  p r o d u c t  i n v e n t o r y  o b t a i n e d  

from t h e  code RIBD. (8) The n e u t r o n  c a p t u r e  gamma r a y  s p e c t r a  

were e x t r a c t e d  from d a t a  on the rmal  n e u t r o n  c a p t u r e  r e p o r t e d  

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

A comparison of t h e  c a l c u l a t e d  and measured r a d i a l  gamma 

dose d i s t r i b u t i o n  i s  shown i n  F i g u r e  4.22, based  on a  S8-P3 

ANISN c y l i n d r i c a l  c a l c u l a t i o n  w i t h  no s t o r e d  f u e l  p r e s e n t .  

The c a l c u l a t e d  t e n - g r o u p  gamma f l u x e s  were c o n v e r t e d  t o  

r o e n t g e n s  and normal i zed  t o  t h e  i n t e g r a t e d  e x p e r i m e n t a l  

exposure .  S i m i l a r  agreement  was found a t  t h e  o t h e r  e l e v a t i o n s .  





Overall, the agreement between the calculated and 

experimental results is believed adequate to permit use of 

these techniques and nuclear data compilations in the pre- 

liminary design of the FTR shields. Basis of the relatively 

consistent difference between the experimental and calculated 

gamma results is being sought. 
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