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ABSTRACT 

A  t h e o r e t i c a l  a n a l y s i s  o f  U02-Pu02 fue l  ed , 1  i g  ht-water-moderated 

l a t t i c e  exper iments has been performed t o  a i d  i n  e s t a b l i s h i n g  t e c h n i c a l  

bases and des ign  c r i t e r i a  f o r  t h e  u t i l i z a t i o n  o f  p lu ton ium bear ing  f u e l  i n  

thermal power reac to r s .  Resu l t s  f o r  U02 and A1-PU l a t t i c e s  a r e  i nc l uded  i n  

o rde r  t o  understand t h e  e f f e c t s  due t o  uranium and p lu ton ium separa te ly .  The 

problems i n v o l v e d  i n  c a l c u l a t i n g  h i g h  leakage c r i t i c a l  exper iments a r e  d i s -  

cussed. Est imates o f  t h e  e f f e c t s  o f  va r i ous  approx-imati ons i nhe ren t  i n  t h e  

t h e o r e t i c a l  methods and/or a n a l y s i s  procedures a r e  i nc l uded  a long w i t h  t h e  

consequence on t h e  r e s u l t s  o f  t h e  c o r r e l a t i o n .  U n c e r t a i n t i e s  i n  t h e  measure- 

ments and t h e  neu t ron  c ross -sec t i on  data a r e  r e l a t e d  t o  u n c e r t a i n t i e s  i n  

t h e  c a l c u l a t e d  va lues  o f  keff .  The r e s u l t s  o f  o t h e r  s t u d i e s  which bear on 

eva lua t i ng  t h e  c a l c u l a t i o n a l  methods a r e  summarized. Areas which should be 

i n v e s t i g a t e d  i n  f u t u r e  analyses a r e  a1 so i d e n t i f i e d .  
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UNCERTAIIVTIES IIV THE ANALYSIS OF PLUTOIVIUM 
FUELED LIGHT WATER MODERATED ASSEMBLIES 

INTRODUCTION 

The accurate p r e d i c t i o n  of t h e  t ime dependent neut ron ic  behavior o f  a  

power reac to r  i s  a complex problem. Many s i m p l i f y i n g  assumptions have t o  

be made i n  developing a mathematical model which descr ibes t h e  neutron pro-  

cesses. Some o f  these stem s imply from t h e  need t o  make t h e  niatheniatics 

t r a c t a b l e  whereas o thers  a r e  d i c t a t e d  by t h e  d e s i r e  t o  o b t a i n  p r a c t i c a l  

s o l u t i o n s  f o r  engineer ing design. Nevertheless, va l  i d  t echn i ca l  bases and 

design c r i t e r i a  a r e  requ i red  t o  assure t h a t  an engineered design meets i t s  

ob jec t i ves .  The establ ishment  o f  v a l i d  design bases and c r i t e r i a  hinges on 

a thorough understanding o f  t h e  p r i n c i p a l  neut ron ic  events i n  a r e a c t o r  

system and t h e  knowledge of t h e  degree of mathematical r i g o r  requ i red  t o  

produce a g iven accuracy i n  a p red i c ted  neut ron ic  design parameter. His-  

t o r i c a l l y ,  much of t h i s  understanding and knowledge has been gained by con- 

d u c t i  ng theory-experiment c o r r e l a t i o n  s tud ies  whereby t h e  adequacy o f  t h e  

mat hemati ca l  model (cross sec t ions  , neut ron i  c  theory  and design procedures) 

i s  evaluated. 

Experiments conducted i n  i dea l  i zed  reac to r  systems have played a s i g -  

n i f i c a n t  r o l e  i n  t h e  development of t h i s  p o r t i o n  o f  t h e  nuclear  technology. 

I d e a l i z e d  systems a r e  s tud ied  i n  an at tempt  t o  l i m i t  t h e  numbers o f  v a r i -  

ab les  and concentrate on eva lua t i ng  the  adequacy o f  t h e  cross sect ions and/ 

o r  neut ron ic  theory,  which represent  t he  fundamental r e a c t o r  phys ics aspects 

o f  power r e a c t o r  systems. The technology i s  then developed f u r t h e r  by 

b u i l d i n g  upon t h i s  base and extending t h e  eva lua t i on  t o  sys tema t i ca l l y  

inc lude t h e  o ther  va r i ab les  present i n  t h e  design problem, u l t i m a t e l y  devel -  

oping t h e  mathematical models t o  t h e  p o i n t  where they can be used w i t h  

conf idence i n  designing power r e a c t o r  systems. Thus, un i fo rm l a t t i c e  exper i  

ments form t h e  base upon which these eva lua t ions  are  made. 



The ph i losophy  g e n e r a l l y  adopted i n  t h e  nuc lear  i n d u s t r y  i s  t h a t  u n i -  

form l a t t i c e  exper iments a r e  fundamental ly a  t e s t  o f  t h e  m u l t i g r o u p  neu t ron  

spectrum c a l c u l a t i o n .  The mu l t i g roup  neut ron spectrum c a l c u l a t i o n  i s  

u s u a l l y  made us ing  c e l l  codes. Since t h e  u n i t  c e l l  c a l c u l a t i o n  c o n s i s t s  o f  

c ross  sec t i ons  and theory ,  t h e  l a t t i c e  exper-inients can be used t o  eva lua te  

t h e  adequacy o f  t h e  neut ron c ross  sec t ions ,  t h e  t h e o r e t i c a l  methods, o r  both.  

The Pluton ium U t i l i z a t i o n  Program was i n i t i a t e d  i n  1956 w i t h  t h e  

o b j e c t i v e s  o f  develop ing t h e  base technology f o r  sa fe  and economical r e c y c l e  

o f  p lu ton ium f u e l  i n  power r e a c t o r  systems and demonstrat ing p lu ton ium 

r e c y c l e  i n  a  p r a c t i c a l  manner. The program was conducted by t h e  P a c i f i c  

Northwest Labo ra to r i es  D i v i s i o n ,  B a t t e l  l e  Memorial I n s t i t u t e  under sponsor- 

s h i p  o f  t h e  AEC D i v i s i o n  o f  Reactor Development and Technology. One phase 

o f  t h i s  program which rece i ved  major  emphasis was o b t a i n i n g  t h e  da ta  

r e q u i r e d  t o  assure e a r l y  commercial a p p l i c a t i o n  o f  p lu ton ium f u e l s  i n  water  

r eac to r s .  Cons is ten t  w i t h  t h i s  was t h e  e f f o r t  o f  i n v e s t i g a t i n g  t h e  d e t a i l e d  

phys ics  p r o p e r t i e s  o f  p lu ton ium-fue led,  water-moderated r e a c t o r  systems. 

On t h e  bas i s  o f  t h e  r a t i o n a l e  descr ibed  above, these  i n v e s t i g a t i o n s  

focused on t h e  more bas ic  r e a c t o r  phys ics  aspects.  A p p r o a c h - t o - c r i t i c a l  

and c r i t i c a l  exper iments were conducted f o r  assemblies comprised o f  un i f o rm  

l a t t i c e  a r r a y s  o f  p lu ton ium f u e l  rods  and l i g h t  water  moderator.  Measure- 

ments were made t o  determine t h e  c r i t i c a l  numbers o f  rods  ( ,  keff = 1.000) 

us ing  p l u ton ium f u e l s  o f  d i f f e r i n g  con ten t  and rompos i t ion  a r rayed  i n  

l a t t i c e s  hav ing a  wide range o f  spacings between t h e  f u e l  rods.  These da ta  

formed t h e  base upon which t h e  adequacy o f  mathematical models have been 

evaluated.  These i n v e s t i g a t i o n s ,  which were i n i t i a t e d  around 1962, were a  

c o n t i n u i n g  e f f o r t  as bo th  t h e  da ta  base expanded and t h e  mathematical  

models were irr~proved. I n  t h i s  r e p o r t ,  we g i v e  a  ch rono log i ca l  rev iew o f  

t h e  f i n d i n g s  of these  s tud ies  l e a d i n g  t o  t h e  most r ecen t  eva lua t i ons .  

As t h e  t i t l e  imp l i es ,  we a t tempt  t o  d e l i n e a t e  t h e  u n c e r t a i n t i e s  t h a t  pres-  

e n t l y  e x i s t  i n  t h e  mathematical  model. 

I n  Sec t i on  11, t h e  t echn i ca l  approach which has been c o n s i s t e n t l y  used 

i n  these  s t u d i e s  i s  g iven .  A  ch rono log i ca l  rev iew o f  t h i s  work i s  o u t l i n e d  

i n  Sec t i on  111, l e a d i n g  t o  t h e  most r ecen t  r e s u l t s .  The r e s u l t s  o f  t h e  



c o r r e l a t i o n s  a r e  presented i n  Sec t ion  I V .  The areas i n  t h e  mathematical  

model where c a l c u l a t i o n a l  e r r o r s  and u n c e r t a i n t i e s  a r e  known t o  e x i s t  a r e  

discussed i n  Sec t ion  V.  To p u t  t h i s  work i n  proper  pe rspec t i ve  t o  t h e  

o v e r a l l  problem o f  r e a c t o r  design, t h e  o t h e r  r e a c t o r  phys ics  work conducted 

i n  t h e  Pluton ium Recycle Program a t  P a c i f i c  Northwest Labora to ry  (PNL) 

which bears on t h i s  i s  reviewed i n  Sec t ion  V I .  I n  t h e  l a s t  s e c t i o n  ( V I I )  

conc lus ions  a r e  s t a t e d  and recommendations a r e  g i ven  t o  gu ide f u t u r e  inves-  

t i g a t i o n s  which would b u i l d  upon our  work. The c ross  sec t ions ,  t h e o r e t i c a l  

methods and assembly model ing procedures used i n  t h i s  s tudy  a r e  g i v e n  i n  

Appendix A. Some t e c h n i c a l  d e t a i l s  of i n t e r e s t  a r e  inc luded  i n  Appendix B 

and Appendix C. 



I I. TECHIVICAL APPROACH 

The t e c h n i c a l  approach t h a t  was adopted f o r  t h i s  s tudy  i s  c o n s i s t e n t  

w i t h  t h a t  which was developed and used i n  o t h e r  s i m i l a r  programs conducted 

f o r  t h e  USAEC. I n  t h i s  approach t h e  c r i t i c a l  exper iments p rov ide  a base 

upon which t o  eva lua te  t h e  accuracy of t h e  neu t ron  c ross  sec t i ons  and/or 

r e a c t o r  phys ics  methods used f o r  c a l c u l a t i n g  t h e  spectrum o f  neut rons slow- 

i n g  down and t h e r m a l i z i n g  i n  a  u n i t  l a t t i c e  c e l l .  The focus o f  these 

s tud ies  was on t h e  de te rm ina t i on  of i n h e r e n t  l i m i t a t i o n s  i n  t h e  cross 

sec t i ons  and/or t h e  theory  so as t o  gu ide  t h e  development o f  improved 

methods and t h e  exper imenta l  program i t s e l f .  No at tempts were made t o  

develop an engineered normal ized mathematical  model s i nce  i t  was expected 

t h a t  t h e  i n d u s t r i a l  o rgan i za t i ons  i n t e r e s t e d  i n  p lu ton ium r e c y c l e  w o ~ ~ l d  

accompl ish t h i s  independent ly .  

A c o n s i s t e n t  mathematical model has been employed i n  these s t u d i e s .  

It c o n s i s t s  o f  us ing  an eva lua ted  s e t  o f  neut ron cross sec t ions ,  t r a n s p o r t  

t h e o r y  methods f o r  per fo rming  c e l l  c a l c u l a t i o n s ,  and d i f f u s i o n  t h e o r y  

methods f o r  per fo rming  1 eakage c a l c u l a t i o n s .  The neu t ron  c ross  sec t i ons  

used i n  develop ing 1 i b r a r i e s  f o r  t h e  c e l l  codes were ob ta ined  f rom t h e  

master f i l e  developed and ma in ta ined  over  t he  years  a t  PNL, (1,293) 

cu lm ina t i ng  i n  t h e  adopt ion  and u t i l i z a t i o n  o f  t h e  ENDFIB system. (4 )  The 

t r a n s p o r t  t h e o r y  c e l l  methods adopted a t  t h e  o u t s e t  were t h e  THERMOS t y p e  

code(5)  f o r  per fo rming  neu t ron  thermal i z a t i o n  c a l  c u l a t i o n s  and t h e  GAM 

t y p e  code(6) f o r  per fo rming  s low ing  down c a l  c u l  a t i o n s .  These codes were 

impor ted  around 1962 and subsequent ly u t i l i z e d  and m o d i f i e d  over  t h e  years  

cu lm ina t i ng  i n  t h e  most r ecen t  ve rs i ons  l a b e l l e d  BRT-I(~) and HRG-3. (8) 

The balance o f  neut rons i n  t h e  c r i t i c a l  assembly t o  o b t a i n  t h e  neu t ron  

mu1 t i p 1  i c a t i o n  f a c t o r ,  keff, has u s u a l l y  been c a l c u l a t e d  us ing  mu1 t i g r o u p  

d i f f u s i o n  t heo ry  niethods. The b u l k  o f  these  c a l c u l a t i o n s  were made i n  one 

dimension us ing  t h e  computer code, HFN. Supplemental c a l c u l a t i o n s  us ing  

two dimensional  d i f f u s i o n  t h e o r y  methods and one dimensional  t r a n s p o r t  t h e o r y  

methods have been made t o  assess t h e  adequacy o f  t h e  use o f  t h e  HFN code 

f o r  t h i s  purpose. Through t h e  years,  t h e r e  have been v a r i a t i o n s  and permu- 

t a t i o n s  w i t h i n  t h i s  framework, however, t h i s  was t h e  bas i c  approach ernpl oyed. 
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Developing t h e  neu t ron i c  technology f o r  u t i l i z i n g  p lu ton ium i n  l i g h t  

water  r e a c t o r s  r equ i red  b a s i c a l l y  t h r e e  c l o s e l y  r e l a t e d  t e c h n i c a l  tasks .  

The f i r s t  t a s k  was t o  c a r r y  o u t  t h e  exper imenta l  program t o  generate t h e  

da ta  needed f o r  e v a l u a t i n g  t h e  accuracy o f  e x i s t i n g  des ign methods. The 

second t a s k  was t h e  conduct ion o f  a theory-exper iment c o r r e l a t i o n  program 

t o  eva lua te  t h e  accuracy o f  neu t ron i c  des ign methods, i d e n t i f y  where t h e  

t heo ry  o r  c ross  sec t i ons  needed t o  be -improved, and p rov ide  guidance t o  

o b t a i n  a d d i t i o n a l  exper imenta l  i n f o rma t i on .  The t h i r d  t a s k  was t h e  theo- 

r e t i c a l  development program, whereby 1 i m i t a t i o n s  i n  t h e  t heo ry  were removed 

and t h e  course sought t o  o b t a i n  t h e  most p r a c t i c a l  means o f  s o l v i n g  t h e  

neu t ron i c  des ign problem. We f e e l  t h a t  i t  i s  i n s t r u c t i v e  t o  c h r o n o l o g i c a l l y  

rev iew t h e  development o f  l a t t i c e  phys ics  technology i n  t h e  Pluton ium 

U t i  1 i z a t i o n  Program t o  p rov ide  t h e  reader  i n s i g h t  i n t o  t h e  e v o l u t i o n  of 

t echno log i ca l  improvement and t h e  impact on des ign phi losophy. 

The f i r s t  s e t  o f  l a t t i c e  measurements i n  water  moderated l a t t i c e s  was 

made a t  PNL us ing  plutonium-aluminum a l l o y  f u e l  rods. (  1 )  At that 

t ime,  t h i s  t ype  o f  f u e l  was regarded as b r i d g i n g  t h e  gap o f  knowledge 

between h i g h l y  enr i ched  uranium f u e l s  and p lu ton ium f u e l s .  ( I 3 )  some ana- 

l y t i c a l  s t ud ies  which predate our  analyses were made t o  compare measured 

and c a l c u l a t e d  values o f  keff f o r  these l a t t i c e s .  Since these analyses 

helped t o  shape t h e  pathway t o  f o l l o w  i n  our  analyses, we summarize t h e  

s a l i e n t  r e s u l t s  o f  these s tud ies  here. Regimbal ( I 4 )  made c a l c u l a t i o n s  o f  

t h e  A1-1.8 wt% Pu and t h e  A1-5 wt% Pu fue led  l a t t i c e s .  The p r i n c i p a l  

r e s u l t s  of h i s  a n a l y s i s  were: ( 1 )  i l l u s t r a t i n g  t h e  s e n s i t i v i t y  of t h e  

va r i ous  c ross  sec t i ons  i n  c a l c u l a t i n g  keff and ( 2 )  showing t h a t  measured 

and c a l c u l a t e d  va lues o f  keff cou ld  be made t o  agree t o  w i t h i n  1% Ak/k by 

a d j u s t i n g  v f o r  2 3 9 ~ u .  These r e s u l t s  were va luab le  s i nce  they  showed which 

areas of t h e  c a l c u l a t i o n  were t h e  most s e n s i t i v e  i n  c a l c u l a t i n g  k and e f  f 
thereby  p rov ided  d i r e c t i o n  t o  subsequent phys ics  developments. A l i n e  and 

Mc Whorter ( I 5 )  a l s o  c a l c u l a t e d  t h e  1.8 wt% Pu-A1 f u e l e d  experiments. T h e i r  

aim was t o  determine t h e  2200 mlsec va lue  of TI f o r  2 3 9 ~ u  which bes t  f i t  t h e  



measured va lues o f  keff f o r  these  exper iments.  A t  t h a t  t ime,  two eva lu -  

a t i o n s  o f  t h e  2200 m/sec parameters f o r  2 3 9 ~ u  ex i s ted ,  those o f  Leonard, (16)  

and those  o f  Sher and Felberbaum. One r e s u l t  of A1 i n e  and McWhorterls 

a n a l y s i s  was t h a t ,  f o r  t h e  two eva lua t i ons ,  t h e  2200 m/sec c ross  sec t i ons  

recommended by Sher and Felberbaum f o r  2 3 9 ~ u  r e s u l t e d  i n  b e t t e r  agreement 

between measured and c a l c u l a t e d  va lues of k e f f  These s tud ies  by Regimbal 

and by A1 i n e  and McWhorter showed t h a t  t h e  p r i n c i p a l  events i n  t h e  mu1 t i p 1  i- 

c a t i o n  o f  these  l a t t i c e s  were t h e  thermal and near thermal absorp t ions  of 

neut rons w i t h  t h e  thermal spectrum-averaged c ross  sec t i ons  f o r  2 3 9 ~ u  being 

t h e  most impo r tan t  c ross  sec t i ons  i n  c a l c u l a t i n g  keff .  

Our c a l c u l a t i o n s  o f  p lu ton ium l a t t i c e  exper iments began around t h e  

year  1963. A t  t h a t  t ime  t h e  p l  u t o n i u ~ n  r e c y c l e  demonstrat ion exper iment 

us ing  UO -Pu02 f u e l  i n  t h e  Experimental  B o i l i n g  Water Reactor (EBWR) a t  2  
Argonne Na t i ona l  Labora to ry  was be ing scoped. (18'19'20) One p a r t  o f  t h i s  

demonstrat ion program was t o  conduct c r i t i c a l  experiments a t  PNL us ing  t h i s  

fue l  t o  eva lua te  phys ics des ign methods. The da ta  f rom t h e  A1-Pu fue led  

l a t t i c e  exper iments a long  w i t h  se lec ted  da ta  f o r  U02 f u e l e d  l a t t i c e  e x p e r i -  

ments ,22) were used t o  eva lua te  t h e  accuracy of neu t ron i  c  c a l  c u l  a t i o n a l  

methods and p rov ide  a  bas is  f o r  making p r e d i c t i o n s  o f  c r i t i c a l  masses f o r  

t h e  EBWR t ype  mixed ox ide  f u e l e d  l a t t i c e s .  The r e s u l t s  o f  these  analyses 

a r e  t h e  bas i s  f o r  con~par-irlg r e s u l t s  ob ta ined  i n  subsequent years .  I n  

Table 1  we show, summarily, t h e  r e s u l t s  o f  our  t heo ry  exper iment c o r r e l a -  

t i o n  f o r  U02, Al-Pu, and U02-Pu02 l a t t i c e s  over  t h e  years  s i nce  1963. I n  

t h e  n a r r a t i v e  below, we b r i e f l y  desc r i be  t h e  major  changes i n  our  a n a l y s i s  

methods which r e s u l t e d  i n  t h e  change o f  t h e  c o r r e l a t i o n .  

Our i n i t i a l  a n a l y s i s  ( t i m e  p e r i o d  1963-65) gave t h e  f o l l o w i n g  r e s u l t s .  

For t h e  U02 f u e l e d  experiments, ( 23 )  t h e  c a l c u l a t e d  va lues o f  keff  were 

lower  than  exper iment by 1% Aklk,  w i t h  1  ittl e  t r e n d  apparent w i t h  e i t h e r  

l a t t i c e  p i t c h ,  H/U r a t i o ,  o r  buck l i ng .  For t h e  A1-Pu f u e l e d  l a t t i c e s ,  (24)  

t h e  c a l c u l a t e d  va lues o f  keff were g e n e r a l l y  l a r g e r  than  measured va lues.  

Our f i n d i n g s  f o r  t h e  A1-Pu f u e l e d  systems cor robora ted  those o f  A l i n e  and 

McWhorter, ( I 5 )  i n  t h a t  t h e  agree~ment between measurement and c a l c u l a t i o n  

was b e t t e r  us i ng  Sher ' s  and Felderbaum's recommended 2200 m/sec cons tan ts  



TABLE 1. Chronological Summary of Correlations 

I d e n t i f i c a t i o n  
Resul ts* O f  Code & 

1963-65 'L- 1 None +3 t o  -2 L a t t i c e  -0.1 t o  -0.5 None - - 
Spacing 

1965-67 -3 t o  -1 L a t t i  ce +5 t o  -0.5 L a t t i c e  +1 t o  -2 L a t t i c e  HRG Oxygen 
Spacing Spacing Spacing 

1967-69 -3 t o  -1 L a t t i c e  +4 t o  +1.4 L a t t i c e  -1 t o  +3 L a t t i c e  HRG & Thermal 
Spacing Spacing Spaci ng THERMOS F i  s s i  1 es 

V 1969-71 +.4 t o  -0.5 L a t t i c e  +4 t o  +0.1 L a t t i c e  -1.5 .to +1.6 L a t t i c e  HRG Hydrogen 
Spacing Spacing 

+.4 t o  -0.5 L a t t i c e  +2 t o  +0.5 L a t t i c e  - + I %  
Spacing Spaci ng 

Spacing and 
238" 

H/Pu, Rod - - 
Size and 
L a t t i c e  
Spacing 

* The experimental data base was expanding so t h a t  the r e s u l t s  are  n o t  i n  one-for-one correspondence w i t h  
t ime b u t  r a t h e r  a general ized observation f o r  each type o f  fue led l a t t i c e .  

** keff c a l  cu l  ated- keff measured 

keff measured x 100. 



f o r  2 3 9 ~ u  than  w i t h  Leonard 's  recomiiended va lues.  The p r e d i c t e d  c r i t i c a l  

l oad ings  o f  U02-1 .5 w t %  Pu02 fue l  (EBWR t ype )  were q u i t e  c l o s e  t o  t h e  

va lues which were subsequent ly measured. ( 25y26y27 )  The suspected reason 

f o r  such good agreement between p r e d i c t i o n  and observa t ion  f o r  t h e  EBWR t ype  

mixed ox ide  c r i t i c a l s  was compensating e r r o r s ,  namely t h e  n e t  e f f e c t  o f  c a l -  

c u l a t i n g  l a r g e r  mu1 t i p 1  i c a t i o n  va lues f o r  A1 -Pu f u e l e d  systems and sma l le r  

m u l t i p l i c a t i o n  va lues f o r  U02 f u e l e d  systems. The o n l y  s i g n i f i c a n t  t r e n d  

i n  d i  screpancies between measured and c a l  c u l  a ted  va l  ues o f  keff was w i t h  

l a t t i c e  p i t c h  f o r  t h e  A1-Pu f ue led  systems ( l a r g e s t  d iscrepancy a t  t h e  

t i g h t e s t  l a t t i c e ,  smal l  e s t  d iscrepancy a t  t h e  l o o s e s t  1  a t t i c e )  . Therefore,  

t h e  area o f  f u r t h e r  t h e o r e t i c a l  i n v e s t i g a t i o n  centered around t h e  c a l  c u l  a- 

t i o n  o f  thermal i z a t i o n  events (e.g., boundary cond i t i ons ,  s c a t t e r i n g  ke rne l s ,  

2 4 0 ~ u  and 2 3 9 ~ u  resonance over1 ap, e t c .  ) . 
Though t h e  t h e r m a l i z a t i o n  area was suspected as t h e  cause o f  t h e  d i s -  

crepancies between c a l c u l a t i o n  and exper iment f o r  t h e  A1-Pu systems, t h e  

change i n  agreement between c a l c u l a t e d  and measured values as noted by t h e  

t ime  p e r i o d  1965-67 stemmed f rom improvements i n  o t h e r  areas o f  t h e  ca l cu -  

l a t i o n .  As shown i n  Tab1 e 1, t h e  agreement between c a l c u l a t i o n  and expe r i -  

nient g o t  worse f o r  t h e  t ime  pe r i od  1965-67 (28y29y30)  r e l a t i v e  t o  t h e  p e r i o d  

1964-65. Reanalys is  o f  exper imenta l  da ta  r e s u l t e d  i n  m inor  changes between 

c a l c u l a t e d  and measured values. The p r i n c i p a l  changes were due t o  improve- 

ments i n  neu t ron  s lowing down and resonance abso rp t i on  t heo ry  (31,321 plus 

t h e  d i scove ry  o f  e r r o r s  i n  t h e  d e s c r i p t i o n  of t h e  h i g h  energy c ross  sec t i ons  

f o r  oxygen. The t rends  observed i n  t h e  c o r r e l a t i o n s  suggested major  e r r o r s  

i n  c a l c u l a t i n g  resonance abso rp t i on  i n  2 3 8 ~  (evidenced by t h e  U02 r e s u l t s ) ,  

and e r r o r s  i n  c a l c u l a t i n g  thermal i z a t i o n  events i n  p lu ton ium f u e l e d  1 a t t i c e s  

(evidenced by t h e  A1 -Pu r e s u l t s )  , w i t h  t h e  mixed ox ide  1 a t t i c e s  r e f 1  e c t i n g  

a c e r t a i n  degree o f  e r r o r  cancel l a t i o n .  I n  t h e  i n t e r i m  between t h i s  pe r i od  

and t h e  nex t ,  a t t e n t i o n  was focused on t h e  c a l c u l a t i o n  o f  resonance absorp- 

t i o n  i n  2 3 8 ~  because o f  t h e  d iscrepancy i n  t h e  U02 l a t t i c e  r e s u l t s  and t h e  

thermal i z a t i o n  c a l c u l a t i o n  because o f  t h e  d iscrepancy i n  t h e  A1 -Pu 1 a t t i c e  

r e s u l t s .  



Even though s t a t u s  o f  knowledge o f  t h e  2200 m/sec constants was pre-  

sumably improved, (33) and improvements were made i n  t h e  mathematical model- 

i n g  o f  t h e  l a t t i c e s ,  l i t t l e  improvement was observed i n  t h e  c o r r e l a t i o n  as 

evidenced by comparing r e s u l t s  o f  t h e  1967-69 (34) and 1965-67 t ime  per iods.  

We speculated t h a t  t h e  l a c k  o f  discrepancy t rends  w i t h  leakage o r  o t h e r  

.parameters cou ld  i t s e l f  be due t o  compensating e r r o r s .  Therefore, t h e  

l a t t i c e s  w i t h  t h e  l a r g e s t  leakage component were se lec ted  as t h e  bas is  f o r  

eva lua t i ng  t h e  leakage c a l c u l a t i o n .  A se r i es  o f  measurements were made f o r  

t h e  optimum moderated l a t t i c e  w i t h  boron a d d i t i o n s  made i n  water t o  inc rease 

t h e  s i z e  o f  t h e  core and reduce the  leakage. (35) A random sample o f  Al-PU 

f u e l  rods were gamma scanned t o  determine i f  a x i a l  enrichment v a r i a t i o n s  

were present and se lec ted  rods were d e s t r u c t i v e l y  analyzed t o  check t h e  

p l  utonium conten t  and i s o t o p i c  composit ion and t o  determine i f  poisons 

(e.g., r a r e  e a r t h  contaminants) were present  i n  t h e  f u e l .  These analyses 

f a i l e d  t o  uncover any th ing  which cou ld  exp la in  t h e  noted d iscrepancies.  The 

c o r r e l a t i o n  o f  t h e  A1-5 w t %  Pu borated l a t t i c e  measurements showed a d i s -  

crepancy i n  ca l cu la ted  and measured values o f  keff which were independent 

o f  amount o f  boron i n  t h e  moderator. (36) Since t h e  discrepancy was indepen- 

dent o f  core  s i z e  susp ic ion  o f  an inadequate c a l c u l a t i o n  o f  1  eakage was n o t  

confirmed. The n e t  resu l  t was t o  con t inue focus ing  on t h e  resonance absorp- 

t i o n  and thermal i z a t i o n  c a l c u l a t i o n .  

I n  t h e  1969-71 t ime  period, t h e  r e s u l t s  o f  t h e  c o r r e l a t i o n  f o r  U02 

fue led  l a t t i c e s  changed s i g n i f i c a n t l y  and t h e  d iscrepancies were reduced 

f o r  t h e  o the r  l a t t i c e  co r re la t i ons . (37938 )  P r i o r  t o  t h i s  t ime, t h e  cross-  

sec t i on  data f o r  2 3 8 ~  and t h e  o the r  i so topes  used i n  t h e  u n i t  c e l l  codes 

(HRG and THERMOS) were der ived  from an e a r l y  vers ion"  92)  o f  t h e  B a t t e l l e  

Northwest Master L i b r a r y  (BNWML) . ( 3 )  I n  t h i s  e a r l y  ve rs ion  t h e  d i f f e r e n -  

t i a l  values o f  t h e  r a d i a t i o n  w id ths  f o r  t h e  2 3 8 ~  resonances were a r b i -  

t r a r i  l y  ad jus ted  upwards f rom t h e  evaluated Val ues(2)  ( w i t h i n  s ta ted  

u n c e r t a i n t i e s )  t o  fo rce  agreement w i t h  t he  recommended va lue  f o r  t h e  238u 

i n f i n i t e  d i l u t i o n  resonance i n t e g r a l  (280b. ) . (39)  I n  t h i s  per iod  (1969-71 ) 

t he  values f o r  t h e  2 3 8 ~  resonance cross sec t ions  were adjusted t o  r e f l e c t  

t he  values recommended i n  ve rs ion  I o f  t h e  ENDFIB f i l e .  (40) The p r i n c i p a l  



d i f fe rence  i n  o t h e r  i s o t o p i c  c ross  sec t i ons  between t h e  1969 v e r s i o n  o f  t h e  

BNWML and t h e  e a r l i e r  v e r s i o n  was f o r  hydrogen i n  t h e  MeV reg ion .  The 

major  e f f e c t  on t h e  c o r r e l a t i o n  was due t o  t h e  2 3 8 ~  c ross  sec t ions .  The 

ENDFIB-I da ta  f o r  2 3 8 ~  s i g n i f i c a n t l y  reduced t h e  t r e n d  w i t h  l a t t i c e  spacing 

between measured and c a l c u l a t e d  va lues o f  keff f o r  U02 l a t t i c e s .  The 

e f f e c t  o f  changes i n  t h e  H c ross  sec t i ons  was t o  reduce t h e  magnitude o f  

t h e  d iscrepancy w i t h  l a t t i c e  spacing f o r  t h e  A1-Pu l a t t i c e s  (and a l s o  t o  

b r i n g  c a l c u l a t e d  and measured age i n  water  i n  agreement). The n e t  e f f e c t  

o f  2 3 8 ~  and H da ta  changes f o r  t h e  mixed ox ide  f u e l e d  systems was t o  improve 

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

I n  t h e  l a s t  a n a l y s i s  made i n  1971, t h e  r e s u l t s  o f  t h e  c o r r e l a t i o n s  

have n o t  changed d r a s t i c a l l y .  The p r i n c i p a l  cause of improv ing t h e  agree- 

ment between c a l c u l a t i o n  and exper iment f o r  t h e  A1 -Pu f u e l e d  systems i s  

r e v i s e d  exper imenta l  da ta  r e s u l t i n g  f rom r e a n a l y s i s  o f  t h e  o r i g i n a l  e x p e r i -  

ments. (41 ) The analyses were e s s e n t i a l l y  te rmina ted  i n  1971 w i t h  a  few 

s e n s i t i v i t y  s t ud ies  comniissioned t h e r e a f t e r .  One s i g n i f i c a n t  f i n d i n g  o f  

these  few s e n s i t i v i t y  s t ud ies  was t h a t  t h e  degree o f  agreement between c a l -  

c u l a t i o n  and exper iment as evidenced by t h e  1971 r e s u l t s  i n  Tab le  1  i s  

s i g n i f i c a n t l y  changed due p r i m a r i l y  t o  two causes. The most s i g n i f i c a n t  i s  

changing f rom v e r s i o n  I t o  v e r s i o n  I 1  o f  ENDFIB c ross  sec t ions .  The n e t  

e f f e c t  i s  t o  y i e l d  c a l c u l a t e d  va lues o f  keff f o r  U02 and U02-Pu02 f u e l e d  

l a t t i c e s  which a r e  rough l y  1  t o  3% lower  than  measured va lues w i t h  t h e  

l a r g e s t  d iscrepancy ev iden t  f o r  t i g h t  l a t t i c e s .  The second cause i s  t h e  

e f f e c t  o f  changing f rom d i f f u s i o n  t o  t r a n s p o r t  t heo ry  i n  c a l c u l a t i n g  t h e  

leakage f rom t h e  c r i t i c a l  assemblies. For  t h e  l i m i t e d  number o f  cases 

s tud ied ,  i t  appears t h a t  t h e  use o f  d i f f u s i o n  t heo ry  leads t o  ove res t ima t i ng  

t h e  assembly leakage by around 1% Ak/k ( i  .e., d i f f u s i o n  t h e o r y  c a l c u l a t e s  

low va lues o f  ke f f ) .  I n  t h e  f o l l o w i n g  sec t i ons  we 

p resen t  t h e  r e s u l t s  o f  our  c o r r e l a t i o n s  o f  c r i t i c a l  exper iments 
made i n  1971 . 
show t h e  d i f f e r e n c e s  i n  c a l c u l a t e d  r e s u l t s  r e s u l t i n g  f rom use 
o f  improved c ross  sec t i ons  and use o f  h i ghe r  o rde r  c a l c u l a t i o n s .  

and examine t h e  e f f e c t s  o f  u n c e r t a i n t i e s  i n  c a l c u l a t i n g  these  
exper imenta l  systems t o  p rov ide  pe rspec t i ve  i n  t h e  degree o f  
c o r r e l a t i o n  t h a t  t h e  des igner  should expect.  



I V .  CORRELATIONS 

The r e s u l t s  o f  c r i t i c a l  s i z e  measurements form a base upon which c a l -  

c u l a t i o n a l  ~i iethods can be t es ted .  The methods developed and used a t  

B a t t e l l  e-Northwest f o r  c a l c u l a t i n g  p lu ton ium enr iched  systems a r e  eva lua ted  

i n  t h i s  s e c t i o n  by comparing c a l c u l a t e d  and measured values o f  keff  f o r  

p lu ton ium f u e l e d  1 a t t i c e s .  (41 ) A d e t a i l e d  d e s c r i p t i o n  o f  t h e  methods and 

t h e  c ross  sec t i ons  used i n  t h i s  c o r r e l a t i o n  a r e  g i v e n  i n  Appendix A. How- 

ever,  t h i s  comparison a lone cannot be considered a thorough t e s t  o f  t h e  

c a l  c u l  a t i o n a l  methods. Extending t h e  c o r r e l a t i o n  t o  i n c l u d e  exper imenta l  

da ta  f rom o t h e r  c r i t i c a l  exper iments adds t o  t h e  v a l i d i t y  o f  t h e  t e s t .  

Therefore,  exper imental  i n f o r m a t i o n  on keff f o r  s l  i g h t l y  enr i ched  U02 

l a t t i c e s  and some homogeneous c r i t i c a l  exper iments was used t o  broaden t h e  

base on which t h e  c a l c u l a t i o n a l  methods were t es ted .  The r e s u l t s  o f  these 

a d d i t i o n a l  c o r r e l a t i o n s  a r e  a l s o  g i ven  i n  t h i s  sec t i on .  

The c o r r e l a t i o n  o f  measured and c a l c u l a t e d  va lues o f  keff i s  n o t  an 

exhaus t i ve  e v a l u a t i o n  o f  t h e  c a l c u l a t i o n a l  methods. Stud ies o f  c o r r e l a t i n g  

o t h e r  neu t ron i c  parameters have a1 so been made a t  B a t t e l  le-Northwest.  A 

summary o f  t h e  p e r t i n e n t  r e s u l t s  o f  these s tud ies  i s  g i ven  i n  Sec t ion  V .  

A. EXPERIMENTS CORRELATED 

The s e l e c t i o n  o f  experiments f o r  t h i s  a n a l y s i s  was l i m i t e d  t o  those 

c r i t i c a l  assemblies which a r e  cons idered t o  be un i form,  c lean  systems. The 

c r i t i c a l  asserr~bl i e s  inc luded  bo th  l a t t i c e s  and homogeneous r e a c t o r  systems. 

1. L a t t i c e s  

The p lu ton ium f u e l e d  un i f o rm  l a t t i c e  experinients sunuiiarized i n  Refer-  

ence 41 prov ided t h e  base o f  da ta  f o r  t h e  theory-exper iment  c o r r e l a t i o n .  

These i nc l uded  t h r e e  enr ichments o f  p lu ton ium i n  aluminum-plutonium a l l o y  

f u e l s  and f o u r  enr ichments o f  Pu02 i n  U02-Pu02 fue ls .  

A number o f  s l i g h t l y  enr iched U02 l a t t i c e  c r i t i c a l  experiments were 

a l s o  inc luded  i n  t h e  ana l ys i s .  (21 y 2 2 3 4 1  y42)  Having da ta  on assembl i e s  

which c o n t a i n  o n l y  p lu ton ium i n  t h e  f u e l  ( t h e  A1-Pu f u e l e d  systems) and on 



assembl ies which c o n t a i n  o n l y  uranium i n  t h e  f u e l  ( t h e  U02 f u e l e d  systems) 

a l l o w s  us t o  g a i n  i n s i g h t  i n t o  t h e  combined e f f e c t s  o f  uranium and p lu ton ium 

i n  t h e  mixed ox ide  f u e l e d  assemblies. The U02 l a t t i c e s  were se lec ted  t o  

cover  a  range o f  enrichments, l a t t i c e  spacings and c l a d  types.  A summary 

o f  t h e  key exper imenta l  r e s u l t s  i s  g i ven  i n  Table 2. 

2. Homogeneous C r i t i c a l s  

Some aqueous s o l u t i o n  c r i t i c a l  exper iments were i nc l uded  i n  t h e  eval  u- 

a t i o n  o f  t h e  c a l c u l a t i o n a l  methods. They c o n s i s t  o f  f o u r  exper iments con- 

ducted a t  Oak Ridge us ing  u rany l  ( 2 3 5 ~ )  n i t r a t e  s o l u t i o n ( 4 5 )  and two 

exper iments conducted a t  B a t t e l l  e-Northwest us ing  p lu ton ium n i t r a t e  so l  u- 

t i ~ n . ( ~ ~ )  The Oak Ridge exper iments were l a r g e  bare systems. The r e s u l t s  

have been used e x t e n s i v e l y  throughout  t h e  years  as benchmark exper iments 

f o r  2 3 5 ~  systems. ( 4 7 )  The f a c t  t h a t  they  a r e  homogeneous, bare, sphe r i ca l  

and p h y s i c a l l y  l a r g e  systems makes them a t t r a c t i v e  f o r  c a l c u l a t i o n a l  bench- 

marks because o f  t h e i r  s i m p l i c i t y .  The p lu ton ium n i t r a t e  systems c o n s i s t  

o f  one bare and one f u l l y  water r e f l e c t e d  sphere.' An ex tens i ve  a n a l y s i s  o f  

p lu ton ium n i t r a t e  s o l u t i o n  c r i t i c a l s  had been made p rev ious l y .  (48)  

The i n t e n t  i n  our  a n a l y s i s  was t o  b r i d g e  t h e  gap r e s u l t i n g  f rom t h e  

use o f  d i f f e r e n t  t h e o r e t i c a l  methods and cross sec t ions  f rom t h e  p rev ious  

a n a l y s i s .  The exper imenta l  r e s u l t s  f o r  these homogeneous c r i t i c a l s  a r e  

g i ven  i n  Tab le  3. 

B. RESULTS 

A measure o f  t h e  adequacy o f  ou r  c a l  c u l a t i o n a l  model i n  p r e d i c t i n g  keff  

f o r  t h e  va r i ous  exper iments i s  shown i n  Tables 4 through 7 where we show 

t h e  c a l c u l a t e d  keff f o r  each i n d i v i d u a l  exper iment and a l s o  t h e  mean va lue  

o f  keff f o r  each s e r i e s  o f  exper iments.  

1. L a t t i c e s  

Looking f i r s t  a t  t h e  p lu ton ium o n l y  systems, i t  i s  seen t h a t  t h e  ca l cu -  

l a t e d  r e s u l t s  f o r  t h e  A1-Pu c r i t i c a l s  shown i n  Table 4 a r e  h igh.  The c a l -  

c u l a t e d  va lues o f  keff  f o r  t h e  A1-1.8 wt% Pu and A1-5 wt4 Pu f u e l e d  l a t t i c e s  

range f rom 0.04 t o  1.13% h i g h  w i t h  no apparent t r e n d  w i t h  l a t t i c e  spacing. 
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TABLE 2. Summary o f  U02 Fueled Experiments 

Fuel 
P e l l e t  Dia. 

w t %  2 3 5 ~  ( i n .  ) 
Clad 

Mater ia l  Thickness(in.  ) 

L a t t i c e  
Spacing 

( i n . )  

Moderator-to 
Fuel Volume 

Rat io  

Experimental Results 
C r i t i c a l  

Number Geometrical -2 
o f  Rods Buck1 ing ,  m 

"Tr iangular  1  a t t i ces ;  a1 1 others a re  square. 



TABLE 3. Summary o f  Exper imental  Resul t s  f o r  
Aqueous S o l u t i o n  ~ x ~ e r i m e n t s ( 4 5 9 4 6 )  

Uranyl  N i t r a t e  S o l u t i o n  

Sphere Diameter H / ~ ~ ~ u  Cor rec ted  Mea u r  d 
Experiment # ( i n . )  Atom R a t i o  Value o f  k f477 c f  f- 

P lu ton ium N i t r a t e  S o l u t i o n  

Sphere Diameter 
( i n . )  H/Pu Atom R a t i o  R e f l e c t o r  Measured keff 

15.2 553 H2° 1 .oooo 
15.2 668 None 1 . 0000 



TABLE 4. Calcu lated Values o f  keff f o r  A1 -Pu C r i t i c a l s *  

(Measured keff = 1.0000) 

L a t t i c e  A1-1.8 wt% Pu A1 -2.0 w t %  Pu 
Spacing 

( i n . )  H/Pu Atom Ra t i o  Aff- H/Pu Atom R a t i o  Aff- 
0.75 630 1 .Om6 578 1.0182 

0.80 81 0 1 .0099 743 1 ,0240 

0.85 1 000 1 ,0079 91 8 1.0213 

0.90 1204 1.0072 1104 1.0198 

0.95 1418 1.0045 1300 1.0189 

Mean = 1.0076 t 0.0020 Mean = 1 ,0204 t 0.0026 

L a t t i c e  Boron 
Spacing i n  Hz0 

( i n . )  (wppm) H/Pu Atom Ra t i o  Aff- 
355 1 .0067 

66 5 1.0113 

66 5 1 .0004 

665 1.0072 

665 1 .0042 

66 5 1 .0029 

66 5 1 .0050 

1150 1 .0069 

Mean = 1 .0056 + 0.0032 

*The u n c e r t a i n t i e s  assigned t o  t h e  mean values a r e  standard 
dev ia t i ons  f o r  a t y p i c a l  va lue  r a t h e r  than f o r  t h e  mean value. 



TABLE 5. Calcu lated Values o f  keff f o r  U02 L a t t i c e s *  

L a t t i c e  
Spaci ng H/ U H / ~ ~ ~ u  Enrichment Pel let 

( i n . )  A tomRat io  A tomRat io  ( % 2 3 5 ~ )  D ia . ( i n . )  k 
-f f- 

0.300 1.0035 

0.300 1.0017 

0.300 1 .0002 

0.300 0.9989 

0.300 0.9980 

0.300 0.9969 

0.440 1 .0028 

0.383 0.9962 

0.383 0.9952 

0.4054 1.0013 

Mean = 0.995 + 0.0029 

*The u n c e r t a i n t i e s  assigned t o  t h e  mean values a r e  standard 
dev ia t i ons  f o r  a t y p i c a l  va lue  r a t h e r  than f o r  t h e  mean. 

**Tr iangular  p i t c h ;  a l l  o the rs  square. 



TABLE 6. Calcu lated Values of keff f o r  U02-Pu02 C r i t i c a l s *  

(Measured keff = 1 .0000) 

U02-2 w t %  Pu02 
L a t t i c e  H/Pu 
Spacing Atom k e f f  

( i n . )  Ra t i o  8% 2 4 0 ~ u  16% 2 4 0 ~ u  24% 2 4 0 ~ u  

0.80 238 0.9920 - - 0.9942 

0.93 391 0.9979 0.9982 0.9963 

1.05 554 0.991 3 0.9931 0.9981 

1 . I43  693 0.9992 1 .OOOO 1 .0007 

1.32 991 0.9999 0.9995 0.9985 

1.386 1113 0.9979 0.9964 0.9971 

Mean = 0.9964 t 0.0043 0.9974 + 0.0024 0.9975 t 0.0022 

U02-4 w t %  PuO 2- 
L a t t i c e  H/Pu 
Spacing Atom 

( i n . )  Rat io  Aff- 

-- - - 

Mean = 1.0015 + 0.0045 

U02-1. 5 w t %  PuO 2- 
L a t t i c e  H/Pu 
Spacing Atom 

( i n . )  Rat io  Aff- 

Mean = 0.9990 t 0.0013 

*The u n c e r t a i n t i e s  assigned t o  t h e  mean values a re  standard 
dev ia t i ons  f o r  a t y p i c a l  va lue r a t h e r  than f o r  t h e  mean value. 



TABLE 7. Ca lcu la ted  Values o f  keff f o r  U02-6.6 w t %  Pu02 C r i t i c a l s *  

L a t t i c e  
Spacing** H/Pu 

( i n . )  A t  om R a t i o  -ff k  

Mean = 1.0053 5 0.0053 

*The u n c e r t a i n t i e s  assigned t o  t h e  mean values a r e  standard 
d e v i a t i o n s  f o r  a  t y p i c a l  va lue  r a t h e r  than f o r  t h e  mean value. 

**These were a l l  square p i t c h  l a t t i c e s .  



Adding boron t o  t h e  moderator f o r  t h e  1.05 i n c h  l a t t i c e  con ta in i ng  A1-5 wt% 

Pu f u e l  does n o t  s i g n i f i c a n t l y  p e r t u r b  t h e  r e s u l t  o f  t h e  c o r r e l a t i o n .  The 

purpose o f  conduct ing t h e  measurements us ing  boron i n  t h i s  l a t t i c e  was t o  

eva lua te  t h e  e f f e c t  o f  neu t ron  leakage f rom t h e  l a t t i c e  s i nce  adding boron 

r e q u i r e s  more rods t o  ma in ta i n  c r i t i c a l  which i n  t u r n  lowers t h e  r a d i a l  

leakage. The r a t i o n a l e  r e s t s  on t h e  assumption t h a t  t h e  o n l y  parameters 

which change s i g n i f i c a n t l y  w i t h  boron a d d i t i o n  a r e  t h e  thermal u t i l i z a t i o n ,  

f, and t h e  neut ron leakage, bo th  be ing reduced. Therefore,  i f  t h e  c a l c u l a -  

t i o n a l  t rends  do n o t  change s y s t e m a t i c a l l y  w i t h  boron a d d i t i o n ,  then  i t  can 

be i n f e r r e d  t h a t  bo th  o f  these q u a n t i t i e s  ( f  and DB') a r e  be ing c a l c u l a t e d  

c o r r e c t l y ,  o r  i n c o r r e c t l y  w i t h  t h e  e r r o r s  j u s t  compensating. S ince t h e  

r e s u l t s  f o r  t h e  l a t t i c e s  do n o t  produce a corresponding sys temat ic  e f f e c t ,  

i t  cou ld  be concluded t h a t  t h e  leakage c a l c u l a t i o n  i s  adequate, assuming f 

i s  a l s o  c a l c u l a t e d  c o r r e c t l y .  The c a l c u l a t e d  va lues o f  k e f f f o r  t h e  A1-2 wt% 

Pu s e r i e s  a r e  approx-inlately 2% h ighe r  than  t h e  o t h e r  r e s u l t s .  Because t h e  

d iscrepancy f o r  t h i s  p a r t i c u l a r  s e r i e s  o f  exper iments i s  so much g rea te r  

than  f o r  any o f  t h e  o t h e r  experiments, i t  was suspected t h a t  something 

cou ld  be s y s t e m a t i c a l l y  wrong w i t h  t h e  experiments. The f u e l  rods have 

been nondes t ruc t i ve l y  and d e s t r u c t i v e l y  re-examined. A chemical 

a n a l y s i s  and an i s o t o p i c  a n a l y s i s  was made t o  determine p lu ton ium concentra-  

t i o n  and composit ion, and a spectrochemical  a n a l y s i s  was performed i n  

search o f  i m p u r i t i e s .  Th i s  re-examinat ion o f  t h e  f u e l  d i d  no t  produce any 

new i n f o r m a t i o n  t h a t  cou ld  e x p l a i n  why t h e  d iscrepancy would be so much 

l a r g e r  f o r  t h i s  s e r i e s  o f  exper iments than f o r  t h e  o t h e r  experiments. The 

c o r r e l a t i o n  r e s u l t s  remain, as they  always have over  t h e  years,  (24)  unex- 

p l a i n a b l e  i n  terms o f  t h e  d i f f e r e n c e  f rom t h e  r e s u l t s  obta ined f o r  t h e  A l -  

1.8 wt% and 5.0 wt% Pu f u e l e d  exper iments.  An exp lana t i on  o f  t h e  cause o f  

t h e  d iscrepancy remains an open ques t ion .  

The c a l c u l a t e d  r e s u l t s  o f  keff f o r  t h e  uranium d i o x i d e  c r i t i c a l s ,  shown 

i n  Table 5, range f rom about 0.5% low t o  about 0.4% h igh.  A t r e n d  such t h a t  

t h e  c a l c u l a t e d  keff va lue  decreases w i t h  i nc reas ing  l a t t i c e  p i t c h  i s  n o t i c e -  

a b l e  f o r  t h e  s i x  2.734 wt% 2 3 5 ~  f u e l e d  l a t t i c e s .  The span o f  t h i s  t r e n d  



The c o r r e l a t i o n s  f o r  t h e  ni ixed ox ide  systems, shown i n  Tables 6  and 7, 

show some sys temat ic  t rends .  For t h e  UO2-1.5 wt% Pu02 f u e l e d  l a t t i c e s ,  a  

genera l  t r e n d  w i t h  l a t t i c e  spacing i s  d i s c e r n i b l e  f o r  t h e  spacings f rom 

0.55 i n .  t o  0.90 in . ;  however, kef f  i nc reases  s l i g h t l y  f o r  t h e  0.93 i n .  

l a t t i c e .  The r e s u l t s  f o r  t h e  U02-2 wt% Pu02 fue led c r i t i c a l s  appear t o  be 

randonily d i s t r i b u t e d .  There i s  no t r e n d  w i t h  l a t t i c e  spacing and i t  does 

n o t  appear t h a t  t h e  e f f e c t  o f  changes i n  Pu composi t ion e x h i b i t  any n o t i c e -  

a b l e  t r e n d  e i t h e r .  S i m i l a r  r e s u l t s  a r e  ob ta ined  f o r  t h e  UO2-4 wt% Pu02, 

and U02-6.6 wt% Pu02 f u e l e d  systems as shown i n  Tables 6  and 7  r e s p e c t i v e l y .  

L a t t i c e  c r i t i c a l s  c o n t a i n i n g  s l i g h t l y  enr i ched  fue l  rods  a r e  t y p i c a l l y  

h i gh  leakage systems. S ince leakage i s  one o f  t h e  more obv ious candidates 

as a  source o f  e r r o r  i n  t h e  t h e o r e t i c a l  ana l ys i s ,  i t  i s  i n s t r u c t i v e  t o  

examine t h e  r e s u l t s  i n  terms o f  leakage t o  determine i f  sys temat ic  e f f e c t s  

a r e  ev iden t .  The c a l c u l a t e d  va lues o f  keff  f o r  a l l  o f  t h e  l a t t i c e s  a r e  

p l o t t e d  as a  f u n c t i o n  o f  t h e  buck l i ng  i n  F igu re  1  f o r  t h e  U02 f u e l e d  

l a t t i c e s ,  i n  F igu re  2  f o r  t h e  A1-Pu f u e l e d  l a t t i c e ,  and i n  F i g u r e  3  f o r  t h e  

mixed ox ide  f u e l e d  l a t t i c e s .  

Examining t h e  r e s u l t s  p l o t t e d  i n  F igures  1-3 no n o t i c e a b l e  t r ends  a r e  

ev iden t  f o r  t h e  U02, A1-Pu and U02-Pu02 f u e l e d  assemblies. Thus, l a c k i n g  

t rends ,  i t  would appear t h a t  our  a n a l y s i s  o f  leakage f rom these assembl ies 

i s  adequate, o r  i f  an e r r o r  e x i s t s  i t  i s  be ing compensated f o r  by e r r o r s  

somewhere e l s e  i n  t h e  a n a l y s i s .  

One o f  t h e  reasons f o r  conduct ing c r i t i c a l  exper iments us ing  many d i f -  

f e r e n t  l a t t i c e  spacings w i t h  t h e  same f u e l  rods  i s  t o  p rov ide  da ta  which 

cover  a  range of modera to r - to - fue l  volume r a t i o s .  Having da ta  i n  which t h e  

o n l y  v a r i a b l e  t h a t  changes i s  t h e  r a t i o  o f  moderator t o  f u e l  a l l o w s  t h e  

e v a l u a t i o n  o f  t h e o r e t i c a l  models f o r  systemat ic  e r r o r s .  It i s  g e n e r a l l y  

conceded t h a t  a  c a l c u l a t i o n  made f o r  overmoderated l a t t i c e s  i s  t h e  l e a s t  

s u s c e p t i b l e  t o  c a l c u l a t i o n a l  e r r o r  because t h e  e f f e c t s  o f  t h e  many app rox i -  

mat ions made i n  t h e  t h e o r e t i c a l  a n a l y s i s  a r e  much sma l l e r  f o r  these  types 

o f  assemblies. Therefore,  i t  i s  i n s t r u c t i v e  t o  examine t h e  r e s u l t s  o f  t h e  

c a l c u l a t i o n  t o  see i f  a  t r e n d  e x i s t s  when keff i s  p l o t t e d  as a  f u n c t i o n  o f  
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modera to r - to - fue l  r a t i o .  A  p l o t  o f  c a l c u l a t e d  keff versus hydrogen-to- 

uranium-235 atom r a t i o  i s  shown i n  F igu re  4  f o r  t h e  U02 fue led  exper iments.  

P l o t s  o f  keff versus hydrogen-to-plutonium atom r a t i o  a r e  shown i n  F igures  5  

and 6 f o r  t h e  p lu ton ium f u e l e d  c r i t i c a l  exper iments.  

The o n l y  t r ends  n o t i c e a b l e  a r e  f o r  t h e  U02 f u e l e d  l a t t i c e s .  Neglect -  

i n g  t h e  p o i n t  a t  H / ~ ~ ~ u  o f  330 which appears o u t  o f  1  i ne ,  a  t r e n d  i s  

observable i n  t h e  curve  (F igu re  4 )  f o r  t h e  U02 f u e l e d  l a t t i c e s .  The l a r g e r  

t h e  H / ~ ~ ~ u  r a t i o  t h e  lower  t h e  c a l c u l a t e d  keff. Using t h e  argument p re -  

sented above concern ing which l a t t i c e s  should be t h e  e a s i e s t  t o  c a l c u l a t e ,  

we would a r r i v e  a t  t h e  judgment t h a t  t h e  c a l c u l a t i o n a l  methods a r e  caus ing 

about a  -0.5% e r r o r  i n  keff s i n c e  t h i s  i s  t h e  d iscrepancy f o r  open l a t t i c e s  

hav ing H / ~ ~ ~ u  r a t i o s  o f  ,500. 

The r e s u l t s  o f  t h i s . a n a l y s i s  do n o t  show very  many systemat ic  v a r i -  

a t i o n s  i n  c a l c u l a t e d  va lues o f  keff. The o n l y  t rends  which a r e  d i sce rnab le  

are:  ( 1  ) t h e  c a l c u l a t e d  va lues o f  keff a r e  c o n s i s t e n t l y  l a r g e r  t han  t h e  

measured va lues f o r  t h e  A1-Pu f u e l e d  l a t t i c e s ,  and ( 2 )  t h e  c a l c u l a t e d  va lues 

Of k e f f  f o r  t h e  U02 f u e l e d  l a t t i c e s  a r e  dependent on t h e  modera to r - to - fue l  

r a t i o .  

2. Homogeneous C r i t i c a l s  

The c a l c u l a t e d  va lues  o f  keff f o r  t h e  aqueous s o l u t i o n  c r i t i c a l  expe r i -  

ments a r e  shown i n  Table 8. The c a l c u l a t e d  va lues o f  keff a r e  s y s t e m a t i c a l l y  

lower  than  t h e  measured va lues by ~ 0 . 5 %  f o r  t h e  u rany l  n i t r a t e  so lu t i ons . .  

The c a l c u l a t e d  va lues  o f  keff f o r  t h e  27.24 i n .  d iameter sphere and t h e  

48.04 i n .  d iameter  sphere a r e  a lmost  i d e n t i c a l ;  t h e r e f o r e ,  r e a c t o r  s i z e  

does n o t  appear t o  be an i n f l u e n c e  on t h e  c a l c u l a t i o n .  When these r e s u l t s  

a r e  compared t o  those  ob ta ined  f o r  t h e  U02 l a t t i c e  c r i t i c a l s  we no te  t h a t  

t h e  mean va lues  a r e  ~ 0 . 5 %  d i f f e r e n t .  However, i f  these  p o i n t s  were p l o t t e d  

on t h e  curve  o f  keff as a  f u n c t i o n  o f  hydrogen-to-235uranium atom r a t i o  

(F iqu re  4 )  t hen  t h e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  those f o r  t h e  UO, l a t t i c e s .  . .. L 

That i s ,  a  -0.5% d iscrepancy e x i s t s  i n  c a l c u l a t e d  va lues o f  keff a t  H / ~ ~ ~ u  
r a t i o s  >500. These s o l u t i o n  c r i t i c a l s  a r e  a t  H / ~ ~ ~ u  r a t i o s  rang ing  f rom 

972 t o  1835 as shown i n  Table 3. Thus, a  b i a s  which i s  r e l a t e d  t o  hydrogen- 

t o - f u e l  r a t i o  i s  ev i den t  i n  t h e  t h e o r e t i c a l  methods. 
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TABLE 8. Values o f  keff f o r  Aqueous S o l u t i o n  C r i t i c a l s *  

Homogeneous Uranyl N i t r a t e  Spheres 

Experiment # Sphere Diameter Measured keff Calcu lated kqff 
L 

1 27.24 i n .  1 .00026 0.9955 

2 27.24 i n .  0.99975 0.9959 

3 27.24 i n .  0.99994 0.9936 

4 27.24 i n .  0.99924 0.9954 

10 48.04 i n .  1 ,00031 0.9944 

Mean = 0.995 t 0.001 

Homogeneous Plutonium N i t r a t e  Spheres 

(Measured Values = 1.0000) 

H/Pu 
Case # Sphere Diameter Atom Ra t i o  Calcu lated keff 

1 (Ref1 ected)  15.2 i n .  553 1.0135 

2 (Bare) 15.2 i n .  6 68 1.0127 

Mean = 1.013 t 0.001 

*The u n c e r t a i n t i e s  assigned t o  t h e  mean values a re  standard 
d e v i a t i o n s  f o r  a t y p i c a l  va lue r a t h e r  th;n f o r  t h e  mean value.  



The va lues o f  keff  c a l c u l a t e d  f o r  t h e  p lu ton ium n i t r a t e  systems a r e  

bo th  h i g h  by 1.3% Aklk .  S ince t h e  bare and f u l l y  w a t e r - r e f l e c t e d  spheres 

have n e a r l y  t h e  same c a l c u l a t e d  m u l t i p l i c a t i o n  i t  does n o t  appear t h a t  t h e  

r e f l e c t o r  adds t o  t h e  c a l c u l a t i o n a l  problem. Richey 's  a n a l y s i s  (48)  gave 

c a l c u l a t e d  r e s u l t s  us i ng  d i f f u s i o n  t heo ry  which were w i t h i n  +0.4% o f  expe r i -  

ment us ing  t h e  GAMTEC-I1 and HFN computer codes. Since we used t h e  same 

d i f f u s i o n  t heo ry  code i n  t h i s  ana l ys i s ,  t h e  r e a c t i v i t y  d i f f e r e n c e  between 

R ichey 's  r e s u l t s  and ours  i s  due t o  t h e  d i f f e r e n c e  i n  spectrum average 

c ross  sec t ions  (GAMTEC-I1 versus HRG3/BRT-1) which i s  about 1.3% nk/k. The 

major  d i f fe rence  between t h e  spectrum average c ross  s e c t i o n  i s  t he  r e s u l t  

of us ing  d i f f e r e n t  bas ic  c ross  sec t i ons  f o r  2 3 9 ~ u  below 1.0 eV. Richey 

used da ta  f o r  2 3 9 ~ u  which were normal ized t o  a  2200 m/s q va lue  o f  2.093 '(17) 

whereas t h e  2 3 9 ~ u  c ross  sec t i ons  used i n  our  a n a l v s i s  were normal ized t o  
w 

t h e  1965 IAEA evaluated q va lue  o f  2.114. (33) T h i s  d i f f e r e n c e  i n  va lues 

f o r  239q a t  2200 m/s i s  about t h e  o rde r  o f  t h e  d i f f e r e n c e  i n  t h e  keff 

values. Other s l i g h t  d i f f e r e n c e s  i n  t h e  c a l c u l a t e d  va lues o f  keff a r e  due 

t o  d i f f e r e n c e s  i n  c a l  c u l  a t i o n a l  methods and c ross  sec t ions ,  bu t  these 

e f f e c t s  tend t o  cancel .  Thus, ou r  f i n d i n g s  a r e  cons i s ten t  w i t h  R ichey 's  

when t h e  c a l c u l a t i o n a l  d i f f e r e n c e s  due t o  239q a t  2200 m/s a r e  taken i n t o  

account. 

Superimposing t h e  c a l c u l a t e d  va lues o f  keff  f o r  these two p lu ton ium 

n i t r a t e  c r i t i c a l s  on t h e  curve  where keff i s  p l o t t e d  as a  f u n c t i o n  o f  H/Pu 

atom r a t i o  (F igu re  5 )  f o r  t h e  A1-Pu f u e l e d  systems, we no te  t h a t  t hey  a r e  

c o n s i s t e n t  w i t h  those f o r  t h e  A1-Pu f u e l e d  l a t t i c e s  ( i  .e., b iased va lues of 

k e f f  b u t  no ev iden t  t r e n d  w i t h  H/Pu r a t i o ) .  

C. SUMMARY OF THE CORRELATION 

The mean va lue  o f  keff  and t h e  s tandard d e v i a t i o n  o f  t h e  mean f o r  each 

s e r i e s  o f  exper iments a r e  shown i n  Table 9. Wi th  t h e  excep t ion  o f  t h e  

A1-2.0 wt% Pu f u e l e d  exper iments and t h e  p lu ton ium n i t r a t e  exper iments t h e  

c a l c u l a t i o n s  a r e  a l l  l e s s  than  1% i n  e r r o r .  

The d iscrepancy observed f o r  t h e  p lu ton ium n i t r a t e  systems i n d i c a t e s  

probable c a l c ~ ~ l a t i o n a l  e r r o r .  The d iscrepancy f o r  t h e  A1-2 wt% Pu f u e l e d  



TABLE 9. Mean Values and Standard Dev ia t i on  
f o r  L a t t i c e  Mu1 t i p 1  i c a t i o n  Studies 

Number o f  
Load i ng Data Po in ts  Mean Value 

L a t t i c e  

A1-1.8 PU 

A1-2.0 PU 

A1-5.0 Pu 

Homogeneous 

Large Uranyl N i t r a t e  Spheres 5 0.995 t 0.001 

Small Plutonium N i t r a t e  Spheres 2 1.013 t 0.001 



systems i s  i n c o n s i s t e n t  r e l a t i v e  t o  t h e  r e s u l t s  ob ta ined  f o r  t h e  o t h e r  

A1-Pu f u e l e d  systems. Two t rends  were observable i n  t h e  r e s u l t s  o f  t h i s  

ana l ys i s .  One being t h a t  systems fue led w i t h  p lu ton ium o n l y  have c a l c u l a t e d  

va lues o f  keff which a r e  c o n s i s t e n t l y  l a r g e r  than  experiment. The o t h e r  i s  

t h a t  t h e  c a i c u l a t e d  va lues o f  k  f o r  t h e  systems f u e l e d  w i t h  uranium o n l y  
ef 235 a r e  dependent on t h e  atom r a t i o  H/ U. 

The major  components of keff f o r  t h e  p lu ton ium o n l y  systems a r e  t h e  

neut ron leakage and t h e  thermal r e a c t i o n  r a t e s  ({f) because t h e  va lues o f  

t h e  resonance escape p r o b a b i l i t y  (p)  and t h e  f a s t  f i s s i o n  f a c t o r  (E) a r e  

near u n i t y .  Thus, t h e r e  must be e r r o r s  i n  t h e  c a l c u l a t i o n  o f  one o r  bo th  

of these components which a r e  caus ing t h e  d isc repanc ies  noted. The exami- 

n a t i o n  o f  t h e  r e s u l t s  i n  terms o f  buck l i ng  dependence d i d  n o t  p o i n t  t o  

probable e r r o r s  i n  t h e  leakage c a l c u l a t i o n .  Thus, t h e  pr ime cand ida te  o f  

e r r o r  i s  t h e  c a l c u l a t i o n  of t h e  thermal r e a c t i o n  r a t e s .  

The u rany l  n i t r a t e  s o l u t i o n  experinients a r e  so w e l l  the rma l i zed  and 

p h y s i c a l l y  l a r g e  t h a t  t h e  major  component o f  keff i s  t h e  thermal r e a c t i o n  

r a t e s  ({f). As noted, t h e  c a l c u l a t e d  va lue  o f  keff i s  about 0.5% low which 

i n d i c a t e s  an e r r o r  o f  t h i s  magnitude e x i s t s  i n  t h e  t h e r m a l i z a t i o n  c a l c u l a -  

t i o n .  A l l  o f  t h e  components o f  keff a r e  impor tan t  c o n t r i b u t i o n s  i n  t h e  

va lues f o r  t h e  U02 f u e l e d  l a t t i c e s .  On t h e  bas is  o f  t h e  c o r r e l a t i o n  f o r  

t h e  aqueous s o l u t i o n s  we cannot expect b e t t e r  agreement than  -0.5%. The 

mean va lue  f o r  t h e  U02 l a t t i c e s  i s  1.000 + 0.003 which i s  b e t t e r  than  we 

expected. Moreover, t h e  comparison o f  measured and c a l c u l a t e d  values o f  

k e f f  f o r  these l a t t i c e s  show a  d iscrepancy which i s  dependent on moderator- 

t o - f u e l  r a t i o s .  Thus, we conclude t h a t  compensating e r r o r s  a r e  present  i n  

t h e  ana l ys i s .  The c a l c u l a t e d  va lues o f  keff a r e  n o t  buck1 i n g  dependent, 

which i n d i c a t e s  t h a t  t h e  neu t ron  leakage c a l c u l a t i o n s  a r e  adequate. O f  t h e  
- 

f o u r  f a c t o r s  o f  km, q, f, p  and E, we would expect t o  be a b l e  t o  c a l c u l a t e  
- 
q and f more accu ra te l y  than  p  and E. The reason being t h a t  t h e  va lue  o f  

q  f o r  2 3 5 ~  i s  n e a r l y  cons tan t  i n  t h e  thermal energy r e g i o n  such t h a t  e r r o r s  

i n  t h e  spectrum c a l c u l a t i o n  do no t  s i g n i f i c a n t l y  a f f e c t  t h e  c e l l  average 

va lue  o f  q. Also, s i n c e  most o f  t h e  i so topes  present  i n  these l a t t i c e s  

have c ross  sec t i ons  which a r e  l / v  dependent, t h e  o n l y  e r r o r  i n  t h e  



c a l c u l a t i o n  o f  f i s  t h a t  propogated by e r r o r s  i n  the  c a l c u l a t i o n  of t h e  

s p a t i a l  f l u x  w i t h i n  a l a t t i c e  c e l l .  Thus, we f e e l  t h a t  t h e  observed t r e n d  

in k e f f  w i t h  H / ~ ~ ~ u  r a t i o  i s  t he  r e s u l t  of; an e r r o r  i n  t h e  c a l c u l a t i o n  of 

t h e  resonance escape probabi 1  i t y  , p, ( p r i n c i p a l  l y  t h e  2 3 8 ~  resonance absorp- 

t i o n  r a t e )  and/or an e r r o r  i n  t h e  c a l c u l a t i o n  o f  t h e  f a s t  f i s s i o n  fac to r ,  

E: . ( p r i n c i p a l l y  s p a t i a l  f l u x  cons idera t ions) .  

The c a l c u l a t e d  values of keff a r e  gene ra l l y  h igh  f o r  t h e  p lutonium 

systenis and low f o r  t h e  uranium systems. It cou ld  be i n f e r r e d  t h a t  the  

c a l c u l a t e d  values o f  keff f o r  t h e  mixed ox ide  systems would be i n  b e t t e r  

agreement w i t h  experiment because these d i f f e rences  would tend t o  cancel.  

I n  fact ,  we no te  t h a t ,  i n  general and con t ra ry  t o  these expectat ions,  t h e  

ca l cu la ted  values o f  keff f o r  t h e  mixed ox ide  l a t t i c e s  do n o t  s imply l i e  

in-between t h e  r e s u l t s  obta ined f o r  t h e  uranium o n l y  (U02) and p lutonium 

o n l y  (A1 -Pu) f u e l e d  assembl i e s .  Cancel l a t i o n  of e r r o r s  probably  e x i s t s  i n  

t he  c a l c u l a t i o n  o f  each d i f f e r e n t  type  o f  fue led assembly. Thus, t h e  d i s -  

crepancies f o r  uranium and plutonium f u e l e d  systems do n o t  l i n e a r l y  combine 

i n  t h e  mixed ox ide  fue led  systems. When we go back and de l i nea te  t h e  

approximations which we have made i n  t h e  ana lys is ,  t h e  shear number of 

these leads t o  f u r t h e r  susp ic ion  t h a t  c a n c e l l a t i o n  of e r r o r s  i s  present  i n  

t h e  ana lys is .  To ga in  a d d i t i o n a l  i n s i g h t  regard ing t h e  accuracy of our  

ana lys is ,  we examine i n  t h e  nex t  sec t i on  t h e  p o t e n t i a l  sources o f  e r r o r  and 

make est imates as t o  t h e  magnitude of t h e  e r ro rs .  



V. EVALUATIOIV OF SOME OF THE UNCERTAINTIES I N  THE ANALYSIS 

U n c e r t a i n t i e s  always e x i s t  i n  a  neu t ron i c  t h e o r e t i c a l  ana l ys i s .  I f  

t h e  t h e o r e t i c a l  methods and t h e  a n a l y s i s  procedures were exact ,  an uncer- 

t a i n t y  i n  a  c a l c u l a t e d  va lue  would s t i l l  e x i s t  because o f  u n c e r t a i n t i e s  i n  

t h e  c ross  sec t ions .  There are,  however, approx-iniations made -in t h e  theo- 

r e t i c a l  methods, many of which a r e  s imp ly  t o  make t h e  mathematics t r a c t a b l e .  

I n  a d d i t i o n ,  assumptions a r e  f r e q u e n t l y  made i n  t h e  a n a l y s i s  t o  make t h e  

t a s k  1  ess burdensome, ( c o s t  and/or t i m e )  . Nevertheless, use o f  approxima- 

t i o n s  can be a  r o o t  o f  e r r o r  and an understanding o f  t h e  e r r o r s  i s  v i t a l  t o  

making v a l i d  judgments concern ing t h e  i n h e r e n t  accuracy o f  t h e  t h e o r e t i c a l  

methods. 

The r e s u l t s  o f  t h e  a n a l y s i s  presented i n  t h e  p rev ious  s e c t i o n  have 

such assoc ia ted  u n c e r t a i n t i e s .  Resu l ts  a r e  presented i n  t h i s  s e c t i o n  o f  

some s t u d i e s  which a r e  aimed a t  de te rmin ing  t h e  magnitude o f  t h e  u n c e r t a i n t y  

on t h e  c a l c u l a t e d  va lues o f  keff due t o  approx imat ions made i n  t h e  ana l ys i s .  

We d e l i n e a t e  below t h e  more obvious sources o f  p o t e n t i a l  e r r o r  i n  t h e  

c a l c u l a t i o n s .  

Area o f  C a l c u l a t i o n  Source o f  P o t e n t i a l  E r r o r  

A. Fuel & L a t t i c e  S p e c i f i c a t i o n  1. P a r t i c u l a t e  Fuel 

2. L a t t i c e  Hardware 

3. Manufactur ing To1 erances 

B. C e l l  C a l c u l a t i o n s  1. U n c e r t a i n t i e s  i n  neut ron c ross  
sec t i ons  
- E f f e c t s  o f  exper imental  uncer- 

t a i n t i e s  i n  c ross  sec t i ons  
- E f f e c t  o f  changing bas i c  c ross  

sec t i ons  
- D e f i n i t i o n  o f  d i f f u s i o n  c o e f f i -  

c i e n t  

2. Slowing down c a l c u l a t i o n  - Experimental  u n c e r t a i n t i e s  i n  
c ross  sec t i ons  

- S p a t i a l  f a s t  f i s s i o n  e f f e c t s  
- S p a t i a l  resonance absorp t ion  
- Resonance ove r l ap  e f f e c t s  



Area o f  C a l c u l a t i o n  

0 .  C e l l  C a l c u l a t i o n s  (con td )  

C. Leakage C a l c u l a t i o n s  

Source o f  P o t e n t i a l  E r r o r  

3. Thermal i z a t i o n  
- Ref 1  e c t  i ng c e l l  boundary 

c o n d i t i o n s  
- Approximat ing an i so t ropy  
- Energy groups 
- Upper energy l i m i t  o f  0.683 eV 

1. Separat ing f l u x  i n t o  r a d i a l  and 
a x i a l  component 

2. A x i a l  leakage r e p r e s e n t a t i o n  
- buck1 i ng 
- streaming e f f e c t s  

3. Energy d e t a i l  

4. S p a t i a l  d e t a i l  

5. T ranspor t  t heo ry  

A. REPRESENTATION OF FUEL AND LATTICES 

U n c e r t a i n t i e s  e x i s t  i n  t h e  t o l e r a n c e  used f o r  f a b r i c a t i n g  f u e l  rods  

and l a t t i c e  s t r u c t u r e  ( i  .e., temp la tes ) .  I n  a d d i t i o n ,  mixed o x i d e  f u e l s  

a r e  f a b r i c a t e d  f rom m i x t ~ ~ r e s  o f  p lu ton ium d i o x i d e  and uranium d i o x i d e  which 

leads  t o  p a r t i c u l a t e  f u e l  s t r u c t u r e s .  Some o f  t h e  u n c e r t a i n t y  assoc ia ted  

w i t h  these  e f f e c t s  a r e  s tud ied  and es t imates  o f  t h e i r  e f f e c t  on t h e  . 

c o r r e l a t i o n  r e s u l t s  a r e  made. 

1. P a r t i c u l a t e  Fuel 

Assuming t h a t  t h e  f u e l  i s  a  s o l i d  s o l u t i o n  i n  t h e  U02-Pu02 fue led 

exper iments i s  a  known source o f  e r r o r  i n  our  c a l c u l a t i o n s .  It has been 

demonstrated expe r imen ta l l y  ( 2 7 )  t h a t  t h e  f u e l s  used i n  these exper iments 

c o n t a i n  Pu02 p a r t i c l e s  o f  average s i ze ,  25 microns, and t h a t  a  r e a c t i v i t y  

d e f e c t  occurs  (50) as a  r e s u l t  o f  hav ing these  p a r t i c l e s .  Having t h e  Pu02 

i n  t h e  form o f  f i n i t e  s i z e  p a r t i c l e s  r e s u l t s  i n  a  r e a c t i v i t y  change r e l a -  

t i v e  t o  homogeneous f u e l  ma in l y  because o f  changes i n  2 3 9 ~ u  f i s s i o n ,  2 3 9 ~ u  

cap tu re  and 2 4 0 ~ u  absorp t ion .  The changes i n  2 3 9 ~ u  f i s s i o n  and cap tu re  

a r e  m a i n l y  i n  t h e  energy range below 0.683 eV w h i l e  t h e  change i n  2 4 0 ~ u  

abso rp t i on  i s  p r i m a r i l y  i n  t h e  range o f  t h e  1.056 eV 2 4 0 ~ u  resonance. As 

po in ted  o u t  p rev ious l y ,  (50)  s e l f - s h i e l d i n g  o f  2 3 9 ~ u  w i t h  i nc reas ing  Pu02 



p a r t i c l e  s i z e  reduces t h e  2 3 9 ~ u  f i s s i o n  r e a c t i o n  r a t e  i n  t h e  f u e l ,  thus  

produc ing a  nega t i ve  r e a c t i v i t y  e f f e c t .  The thermal-spectrum-averaged 
- 

va lue  o f  t h e  2 3 9 ~ u  c a p t u r e - t o - f i s s i o n  r a t i o ,  a 239, i s  a1 so reduced because 

o f  a  l a r g e r  p r o p o r t i o n a t e  inc rease  i n  s h i e l d i n g  o f  t h e  0.3 eV resonance. A  

p o s i t i v e  r e a c t i v i t y  change i s  c o n t r i b u t e d  by t h e  increased s h i e l d i n g  o f  t h e  

1.0 eV resonance o f  2 4 0 ~ u .  The magnitude o f  t h i s  p o s i t i v e  r e a c t i v i t y  con- 

t r i b u t i o n  depends on t h e  concen t ra t i on  o f  2 4 0 ~ u  i n  t h e  p a r t i c l e .  The n e t  

r e a c t i v i t y  e f f e c t  due t o  s h i e l d i n g  w i t h i n  t h e  Pu02 p a r t i c l e s  can be nega- 

t i v e  o r  p o s i t i v e ,  depending on t h e  spectrum, t h e  i s o t o p i c  composi t ion o f  

p lu ton ium and t h e  s i z e  o f  t h e  Pu02 p a r t i c l e .  We have made an assessment o f  

t h e  magnitude o f  t h e  e r r o r  i n c u r r e d  i n  our  c a l c u l a t i o n s  because o f  neg lec t -  

i n g  t h e  p a r t i c u l a t e  na tu re  o f  t h e  f u e l .  

The codes GRANIT and EGGNIT, which a r e  descr ibed  i n  Appendix A, were 

used t o  c a l c u l a t e  u n i t  c e l l  group cons tan ts  f o r  se lec ted  l a t t i c e s  assuming 

Pu02 g r a i n s  w i t h  d iameters  o f  ze ro  ( i .e . ,  s o l i d  s o l u t i o n  f u e l )  and 25 microns. 

These four -g roup  cons tan ts  were then  used i n  HFN t o  regenerate va lues o f  

k e f f  . The change* i n  c a l c u l a t e d  va lues o f  keff between zero and 25 micron 

f u e l  cases i s  shown i n  F igu re  7  f o r  each f u e l  type.  

The r e a c t i v i t y  e f f e c t ,  because o f  neut ron s e l f - s h i e l d i n g  i n  t h e  p a r t i -  

c les ,  i s  seen t o  be dependent on; H/Pu atom r a t i o  o r  l a t t i c e  p i t c h ,  p l u t o -  

nium con ten t ,  p l u t o n i u ~ i i  co r r~pos i t ion  and r o d  s i ze .  The l a r g e s t  e f f e c t  occurs 

f o r  t h e  U02-1.5 wt% Pu02 rods  because these a r e  sma l l e r  diameter rods  than  

t h e  o thers .  The r e a c t i v i t y  e f f e c t  i s  i n  t h e  range o f  0.1 t o  0.7% Ak lk  and 

i s  nega t i ve  f o r  a l l  t h e  cases s tud ied ,  b u t  i t  can c l e a r l y  be seen t h a t  a t  

t i g h t e r  p i t c h e s  t h e  e f f e c t  would be expected t o  be p o s i t i v e .  Also, f o r  

mixed ox ide  f u e l  s  con ta in i ng  h i ghe r  concen t ra t ions  o f  2 4 0 ~ u ,  one would 

expect  t h e  e n t i r e  curve  t o  s h i f t  toward t h e  p o s i t i v e  d i r e c t i o n .  These 

r e s u l t s  i n d i c a t e  t h a t  our  c a l c u l a t e d  va lues o f  keff presented i n  t h e  pre-  

v i ous  s e c t i o n  f o r  t h e  mixed ox ide  l a t t i c e s  a r e  a l l  t o o  h igh.  The sma l l es t  

and l a r g e s t  c a l c u l a t i o n a l  e r r o r s  a r e  f o r  t i g h t  and l oose  l a t t i c e s  

r e s p e c t i v e l y .  

* The exper imenta l  evidence shows a  l i n e a r  change i n  r e a c t i v i t y  w i t h  
p a r t i c l e  s ize ;  t he re fo re ,  we use s imp ly  t h e  d i f f e r e n c e  i n  keff values. 





2. L a t t i c e  Hardware Ignored 

I n  t h e  c a l c u l a t i o n s  we have used t h e  as-measured c r i t i c a l  s i zes  f o r  

a l l  l a t t i c e s .  No c o r r e c t i o n s  were made t o  account f o r  t h e  presence o f  

l a t t i c e  g r i d  p l a t e s  and o t h e r  hardware i n  t he  assemblies. The most s i g n i f i -  

c a n t  o f  t h e  neglected i tems a re  t h e  l a t t i c e  g r i d  p l a t e s .  I n  most o f  t h e  

l a t t i c e s  t h e  g r i d  p l a t e s  were o f  L u c i t e  (C5H802). (51 ) The presence o f  

L u c i t e  i n  t h e  co re  produces an e f f e c t  which i s  e s s e n t i a l l y  a  v o i d i n g  e f f e c t .  

Thus, i n  t i g h t  l a t t i c e s  we would expect a  s l i g h t  nega t i ve  r e a c t i v i t y  e f f e c t  

and i n  loose  l a t t i c e s  a  s l i g h t  p o s i t i v e  r e a c t i v i t y  e f f e c t  due t o  t h e  pres-  

ence o f  t h e  L u c i t e .  The magnitude o f  t h e  r e a c t i v i t y  e f f e c t  has been d e t e r -  

mined exper imenta l  l y  (52 )  f o r  a  few l a t t i c e s  and i s  o f  t h e  o rde r  o f  0.2% Ak 

o r  l e s s .  I n  a  few o f  t h e  l a t t i c e s  some g r i d  p l a t e s  o f  aluminum were 

i nc l uded  and i n  these cases one would expect a  s l i g h t  nega t i ve  r e a c t i v i t y  

e f f e c t .  For t h e  Hanford exper iments us ing  A1-1.8 w t %  Pu and A1-2.0 w t %  Pu 

rods, t h e  rods  were enclosed i n  L u c i t e  s leeves. (41 ) Subsequent measure- 

ments (53s54)  i n d i c a t e d  t h a t  t h e  r e a c t i v i t y  e f f e c t  o f  t h e  L u c i t e  s leeves was 

o f  t h e  o rde r  o f  0.1-0.2% i n  keff .  

3. Manufactur ing To1 erances 

As i n  a l l  s i t u a t i o n s  o f  having t o  manufacture something, t h e  specimen 

t o  be manufactured i s  b u i l t  t o  w i t h i n  c e r t a i n  to le rances .  Usua l l y ,  these 

t o l e rances  a r e  se lec ted  such t h a t  t hey  rep resen t  a  meaningful  balance 

between c o s t  o f  manufactur ing and t h e  e f f e c t  d f  t h e  t o l e rance  on t h e  p re -  

d i c t e d  performance o f  t h e  p roduc t .  We have determined t h e  e f f e c t  these 

manufactur ing c o n s t r a i n t s  have on t h e  accuracy o f  t h e  c a l c u l a t i o n s  and 

whether t hey  a r e  o f  s i g n i f i c a n c e  i n  terms o f  t h e  accuracy o f  t h e  c o r r e l a -  

t i o n .  S p e c i f i c a l l y ,  t h e  r e a c t i v i t y  e f f e c t s  due t o  v a r i a t i o n s  i n  f u e l  

dens i t y ,  f u e l  he igh t ,  c l a d  th ickness  and l a t t i c e  spacing were s tud ied  us ing  

t he  U02-1.5 w t %  Pu02 f u e l e d  l a t t i c e s  as t y p i f y i n g  t h e  e f f e c t  f o r  t h e  p l u -  

tonium f u e l e d  systems. The s e n s i t i v i t y  o f  m u l t i p l i c a t i o n  va lues t o  changes 

i n  these q u a n t i t i e s  was determined by repea t i ng  t h e  c a l c u l a t i o n s  us ing  

d i f f e r e n t  i n p u t  paramenters. 

To determine how s e n s i t i v e  t h e  c a l c u l a t e d  m u l t i p l i c a t i o n  i s  t o  changes 

i n  t ransverse  buck1 i n g  ( i  .e., to1  erances i n  t h e  h e i g h t  o f  t h e  fue l  and t h e  



r e f l e c t o r  sav ings va lue  used t o  deduce an a x i a l  leakage),  t h e  m u l t i p l  i c a -  

t i o n  f a c t o r ,  kef f ,  f o r  t h e  U02-1 .5 wt% Pu02 l a t t i c e s  has been r e c a l c u l a t e d  

assuming no a x i a l  leakage €3; = 0  i n  t h e  HFN c a l c u l a t i o n .  Corresponding ly ,  

t h e  s e n s i t i v i t y  o f  t h e  nonthermal r e a c t i o n  r a t e s  o f  c e l l  components t o  

changes i n  neu t ron  leakage were determined by reduc-ing t h e  geomet r i ca l  buck- 

l i n g ,  used as i n p u t  t o  t h e  HRG3 code by a  f a c t o r  o f  100. The r e s u l t -  
g  ' 

i n g  few group c ross  sec t i ons  f rom HRG3 were used t o  o b t a i n  new mu1 t i p l  i c a t i o n  

va lues  from HFN c a l c u l a t i o n s .  

The r e s u l t s  a r e  summarized i n  Tab le  10  as c o e f f i c i e n t s  o f  r e a c t i v i t y .  

These c o e f f i c i e n t s  were ob ta ined  by t a k i n g  t h e  d i f f e r e n c e s  i n  mu1 t i p l  i c a -  

t i o n  between t h e  pe r t u rbed  and t h e  c o r r e l a t e d  cases and d i v i d i n g  by t h e  
2  2  change i n  t h e  pe r t u rbed  parameter ( i  .e., BZ o r  B ) .  

9  
A l so  shown i n  T a b l e 1 0  a r e  c o e f f i c i e n t s  f o r  changes i n  f u e l  element 

d e n s i t y ,  c l a d d i n g  t h i ckness  and l a t t i c e  spacing. To determine t h e  e f f e c t s  

on r e a c t i v i t y  due t o  v a r i a t i o n s  i n  f u e l  d e n s i t y  a1 1  c a l c u l a t i o n s  were 

repea ted  f o r  a  u n i f o r m  2% decrease i n  f u e l  dens i t y .  

The ~ i i u l t i p l i c a t i o n  s e n s i t i v i t y  t o  v a r i a t i o n s  i n  c l add ing  t h i c k n e s s  was 

determined by r e p e a t i n g  t h e  c a l c u l a t i o n s  f o r  r ods  w i t h  a  25 m i l  c l a d d i n g  

t h i ckness  ( i .e . ,  2  m i l s  l e s s ) .  

The m u l t i p l i c a t i o n  u n c e r t a i n t y  due t o  l a t t i c e  spac ing v a r i a t i o n s  was 

a l s o  c a l c u l a t e d .  An a n a l y t i c a l  express ion  f o r  t h e  b e s t  f i t  cu rve  t o  t h e  

c a l c u l a t e d  c r i t i c a l  mass was d i f f e r e n t i a t e d  w i t h  r espec t  t o  l a t t i c e  spacing, 

where: Nc = t h e  c a l c u l a t e d  number o f  rods  f o r  c r i t i c a l  

a = t h e  l a t t i c e  spac ing 

X = t h e  r e f l e c t o r - s a v i n g s  

H = t h e  h e i g h t  o f  t h e  f u e l  column 



i"" 
t' 
-r 7 7 
> w =  
-6- 3 \ 
-PLY 
U II E 
5 %  

X  
u 
\ 

rc 
rc 
w 

Y  

X X X X X  

IS, 
c- 
.r !ij w 

.r .r N 
t' E 
t'\ 
5 Y  
J E  
II 
X  

VI 

X X X X X  

u VI 

;% 

Ej 

Y .r 5  

In 
IS,- 
r: .r 0 

E u\ 
TJY 
5  E - 



2, t o  o b t a i n  t h e  slopes (dN/dX i n  rods/mi l  o f  l a t t i c e  spacing) o f  t h e  curve 

a t  each measured l a t t i c e  spacing. The corresponding m u l t i p l i c a t i o n  sensi -  

t i v i t y  was obtained by d i v i d i n g  these values f o r  t h e  s lope by the  c a l c u l a t e d  

va lue  o f  t h e  number o f  rods/mk as determined from a  c r i t i c a l i t y  search c a l -  

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

Column 7 o f  Table 10. 

The c o e f f i c i e n t s  l i s t e d  i n  Table 10 demonstrate how important  geomet- 

r i c a l  cons idera t ions  a r e  i n  ob ta in ing  agreement between c a l c u l a t i o n a l  and 

experimental  r e s u l t s .  As an example we can consider  t h e  iniportance o f  t h e  

u n c e r t a i n t i e s  i n  t h e  geometr ical  arrangement o f  t h e  c r i t i c a l  experiments. 

To do t h i s ,  t h e  e r r o r s  o f  a  g iven  q u a n t i t y  w i l l  be used t o  determine such 

an e f f e c t  on keff. Th i s  example, however, i s  n o t  considered a  r e a l  i s t i c  

s i t u a t i o n  s ince  each value considered i s  t h e  best  va lue f o r  a  core  average 

and any i n d i v i d u a l  values w i l l  be randorrlly d i s t r i b u t e d  about t h e  average. 

The l a r g e s t  u n c e r t a i n t i e s  i n  keff due t o  u n c e r t a i n t i e s  i n  BE and B  2  
9  

occur f o r  t h e  0.60 -in. l a t t i c e .  The values are  t h e  products o f  t h e  quoted 
2  experimental  u n c e r t a i n t i e s  i n  each (1.46 p8' and 80 pB ) and t h e  buck l ing  

2  9  c o e f f i c i e n t s  o f  r e a c t i v i t y ,  l / k e f f  d  keff/dBx . These values a r e  4.5 

x  mk f o r  t h e  u n c e r t a i n t y  i n  8; and 1.8 x  rrlk f o r  t he  u n c e r t a i n t y  
m 

i n  B~ . Unce r ta in t i es  i n  m u l t i p l i c a t i o n s  caused by t h e  experimental  uncer- 
9  

t a - i n t i e s  i n  h and can be considered n e g l i g i b l e  f o r  these l a t t i c e s .  
9 

V a r i a t i o n s  i n  t h e  l a t t i c e  geometry occur t-ecause o f  v a r i a t i o n s  i n  f u e l  

leng th ,  c ladd ing  th ickness  and f u e l  rod  p o s i t i o n i n g .  A v a r i a t i o n  i n  f u e l  
2  l e n g t h  r e f l e c t s  a  v a r i a t i o n  i n  Bz and subsequently a  p e r t u r b a t i o n  i n  t h e  

c a l c u l a t e d  values o f  keff. A v a r i a t i o n  o f  21/16 i n .  i n  f u e l  l e n g t h  co r re -  
2  

sponds t o  a  maximum change o f  1.2 pBz i n  t h e  t ransverse  buck l ing ,  which 

occurs f o r  t h e  0.55 i n .  l a t t i c e .  Using t h e  t ransverse  buck l i ng  c o e f f i c i e n t  
2  

o f  r e a c t i v i t y  f rom Table 10 and t h i s  BZ v a r i a t i o n  r e s u l t s  i n  a  m u l t i p l i c a -  

t i o n  p e r t u r b a t i o n  o f  ~ 0 . 0 4  mk. 

The l a r g e s t  r e a c t i v i t y  d i f f e r e n c e  due t o  a  un i fo rm 1.5% change i n  

f u e l  d e n s i t y  occurs f o r  t h e  0.90 i n .  l a t t i c e  and i s  <4 mk. 



A change i n  c l add ing  t h i ckness  s i g n i f i c a n t l y  changes t h e  amount o f  

moderator t o  be assoc ia ted  w i t h  a  fue l  rod  a t  t i g h t  l a t t i c e  spacings. The 

p e r t u r b a t i o n  on m u l t i p l i c a t i o n  f o r  t h e  0.55 i n .  l a t t i c e  i s  7.0 mk. Thus, 

i n  t h i s  range o f  modera to r - to - fue l  volume r a t i o s  t h e  mu1 t i  p l  i c a t i o n  ( o r  

c r i t i c a l  mass) has a  s i z e a b l e  dependence on c l add ing  t h i ckness  v a r i a t i o n s .  

The p e r t u r b a t i o n  on t h e  m u l t i p l i c a t i o n  because o f  l a t t i c e  spac ing v a r i -  

a t i o n s  i s  a l s o  due t o  t h e  change i n  t h e  modera to r - to - fue l  r a t i o .  The 

l a r g e s t  p e r t u r b a t i o n  due t o  a  1  m i l  change i n  a l l  l a t t i c e  p o s i t i o n s  occurs 

f o r  t h e  0.55 i n .  l a t t i c e  and i s  2.2 n~k.  

I n  summary, assuming t h a t  we can use these  r e s u l t s  as t y p i c a l ,  t h e  

v a r i a t i o n s  i n  m u l t i p l i c a t i o n  due t o  v a r i a t i o n s  i n  f u e l  dens i t y ,  c l add ing  

t h i c k n e s s , a n d  l a t t i c e  p o s i t i o n  cou ld  represen t  a  l a r g e  u n c e r t a i n t y  i f  these  

v a r i a t i o n s  a r e  n o t  c o n t r o l l e d  and a l l  ac ted i n  t h e  same d i r e c t i o n .  I n  t h e  

example used, t h e  t o l e rances  assoc ia ted  w i t h  f u e l  and l a t t i c e  f a b r i c a t i o n  

do n o t  n e c e s s a r i l y  evo l ve  i n t o  an u n c e r t a i n t y  i n  keff. For example, a  2  m i l  

t o l e r a n c e  i n  c l add ing  th ickness  i s  c a l c u l a t e d  as a  7  mk u n c e r t a i n t y  i n  keff  

f o r  t h e  0.55 i n .  l a t t i c e .  However, t h i s  v a r i a t i o n  i n  k  represen ts  every e f  f 
rod  i n  t h e  l a t t i c e  be ing c l a d  w i t h  t ub ing  25 m i l s  t h i c k  i ns tead  o f  27 m i l s  

t h i c k .  S t a t i s t i c a l l y ,  some rods  a r e  go ing t o  have c l add ing  which i s  t h i c k e r  

i n  t h e  o t h e r  d i r e c t i o n  ( i  .e., 29 m i l s  t h i c k ) .  To ass ign  an u n c e r t a i n t y  

1 i m i t  i n  keff due t o  v a r i a t i o n s  i n  these parameters ( f u e l  dens i t y ,  c l add ing  

th ickness ,  e t c . )  t he  exac t  va lue  o f  each pars-neter f o r  each f u e l  r o d  p l u s  

t h e  l o c a t i o n  i n  t h e  l a t t i c e  would have t o  be known. 

Thus, o f  a l l  t h e  v a r i a t i o n s  discussed above, t h e  o n l y  parameter f o r  

which an approximate u n c e r t a i n t y  va lue  i n  keff  can be assigned i s  t h e  par-  

t i c l e  s i z e  o f  Pu02, s i nce  a  homogeneous fue l  i s  assumed r a t h e r  than  a  f u e l  

based on an average p a r t i c l e  s i z e .  The es t imated  b i a s  i n  our  c o r r e l a t e d  

mu1 t i p l i c a t i o n s  due t o  p a r t i c l e  lumping i s  taken as t h e  va lue  f o r  2 5 ~  p a r t i -  

c l es .  Using t h e  r e s u l t s  shown i n  F igu re  7  we c o r r e c t  t h e  c a l c u l a t e d  va lues 

presented i n  Table 6. The r e s u l t s  a r e  shown i n  Table 11 a long w i t h  t h e  

uncor rec ted  r e s u l t s  f o r  comparison. The e f f e c t  o f  i n c l u d i n g  neu t ron  s e l f  

s h i e l d i n g  i n  t h e  Pu02 p a r t i c l e s  i n  t h e  c a l c u l a t i o n  o f  keff i s  t o  u n i f o r m l y  



TABLE 11. Corrected Values o f  keff f o r  U02-Pu02 L a t t i c e s  
t o  Account f o r  Pu02 P a r t i c l e  S e l f  Sh ie ld ing  

L a t t i c e  Calculated Value o f  keff 
S ~ a c i  nq Corrected f o r  

Fuel Type ( i n . )  S o l i d S o l u t i o n F u e l  25 p Pu02 P a r t i c l e s  

Mean = 0.9990 

8%* 

U02-2 w t %  Pu02 0.80 0.9920 
0.93 0.9979 
1.05 0.991 3 
1.143 0.9992 
1.32 0.9999 
1.386 0.9979 

Mean = 0.9964 

Mean = 1.007-5 



lower t h e  ca l cu la ted  value as shown by comparing t h e  mean values i n  Table 11. 

We noted p rev ious l y  t h a t  d iscrepancies between ca l cu la ted  and measured 

values o f  keff f o r  t h e  U02-Pu02 fue l s  d i d  no t  appear t o  be func t i ons  o f  Pu 
2  content ,  2 4 0 ~ u  content ,  1  eakage (B  ) , o r  moderator- to- fue l  r a t i o  (H/Pu) . 
9  

Though the  c a l c u l a t e d  values change when neutron s e l f  s h i e l d i n g  i n  t h e  Pu02 

p a r t i c l e s  i s  inc luded i n  t h e  c a l c u l a t i o n s ,  t h e  evidence o f  t rends  i s  s t i l l  

absent. Ca l cu la t i ons  o f  keff f o r  p a r t i c l e s  o f  Pu02 were n o t  made f o r  t h e  

U02-6.6 w t %  Pu02 f u e l .  However, us ing  t h e  r e s u l t s  we do have, and ext rapo-  

l a t i n g ,  we est imate t h e  e f f e c t  t o  be s i m i l a r  i n  t h a t  t h e  ca l cu la ted  values 

of keff would be lower f o r  each l a t t i c e  and t h a t  t h e  l a r g e s t  change would 

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

B. CELL CALCULATIONS 

Many approximations have been made i n  t h e  rep resen ta t i on  o f  t h e  u n i t  

c e l l  and t h e  c a l c u l a t i o n  of t h e  mul t ig roup neutron-spectrum i n  t h e  l a t t i c e  

c e l l .  These i nc lude  t h e  bas ic  cross sect ions,  t h e  c e l l  t r anspo r t  theory  

methods, and t h e  manner i n  which they a re  appl ied .  The unce r ta in t y  stem- 

ming from these i s  est imated here. 

1. Unce r ta in t i es  i n  Neutron Cross Sect ions 

I n  cons ider iog  what e f f e c t s  u n c e r t a i n t i e s  i n  bas ic  neutron cross sec- 

t i o n s  have on ca l cu la ted  values o f  keff, two approaches a r e  taken. The 

f i r s t  approach i s  t o  consider  t h e  ac tua l  experimental u n c e r t a i n t i e s  asso- 

c i a t e d  w i t h  t h e  best  evaluated measured c ross-sec t ion  data, and t o  ca lcu-  

l a t e  t h e  changes i n  keff t h a t  come about when t h e  cross sec t ions  a re  va r i ed  

w i t h i n  t h e i r  l i m i t s  o f  unce r ta in t y .  I n  t h i s  approach one attempts t o  de te r -  

mine how accura te ly  one should l e g i t i m a t e l y  expect t o  be ab le  t o  c a l c u l a t e  

k e f f  knowing t h e  quoted p rec i s i ons  o f  t h e  bas ic  cross sect ions.  The 

second approach i s  t o  cons ider  t h e  l a t e s t  c ross-sec t ion  s e t  t o  be "exact," 

and then c a l c u l a t e  changes i n  k  t h a t  come about when t h e  l a t e s t  s e t  o f  

cross sec t ions  i s  s u b s t i t u t e d  f o r  some e a r l i e r  se t .  Th is  then i s  a  measure 

o f  t h e  "unce r ta in t y "  i n  t h e  e a r l i e r  set .  



E f f e c t s  o f  Experimental Unce r ta in t i es  i n  Cross Sect ions 

Unce r ta in t i es  i n  t h e  nuclear  data propagate through t h e  c a l c u l a t i o n a l  

procedures and lead t o  u n c e r t a i n t i e s  i n  ca l cu la ted  values o f  keff. Calcu- 

l a t i o n s  have been performed t o  determine t h e  s e n s i t i v i t y  o f  keff t o  changes 

i n  t h e  cross sec t ions  o f  uranium and p lutonium isotopes.  (55956) The 

r e s u l t s  o f  these e a r l  i e r  s tud ies  a re  summarized i n  Table 12. Est imated 

u n c e r t a i n t i e s  i n  t h e  "best"  eval uated cross sec t ions  have been reduced some- 

what throughout t he  years, bu t  t h e  r e s u l t s  shown i n  Table 12 are  s t i l l  

r ep resen ta t i ve .  The u n c e r t a i n t i e s  l i s t e d  i n  Table 12 a re  f o r  t h e  l a t t i c e  

o f  each t ype  o f  f u e l  which e x h i b i t s  t h e  l a r g e s t  s e n s i t i v i t y  t o  t h e  cross 

sec t i on  unce r ta in t y .  

TABLE 12. Unce r ta in t i es  i n  Neutron M u l t i p l i c a t i o n  o f  L a t t i c e  Exper i -  
ments due t o  Unce r ta in t i es  i n  I s o t o p i c  Cross Sect ions 

Iso tope and Type Estimated Unce r ta in t y  Uncertaintyff, % 
o f  I n t e g r a l  i n  I-, % UO A1-Pu U O - P T  -2 - -2-2 

2 3 5 ~  f i s s i o n  6.0 0.8 - 0.3 

2 3 5 ~  absorp t ion  10.0 0.9 - 0.3 

2 3 8 ~  absorp t ion  5.0 0.9 - 1  .O 

2 3 9 ~ u  f i s s i o n  10.0 - 0.6 1.2 

2 3 9 ~ u  absorp t ion  12.0 - 0.6 0.8 

2 4 0 ~ ~  absorp t ion  8.0 - 0.3 0.4 

Iso tope and Type Est imated Unce r ta in t y  
o f  Cross Sect ion i n  2200 m/sec Values, % 

2 3 5 ~  f i s s i o n  0.4 0.4 - <0.1 

2 3 5 ~  absorp t ion  0.4 0.2 - <0.1 

2 3 8 ~  absorp t ion  2.0 0.2 - 0.1 

2 3 9 ~ u  f i  ss ion  0.5 - 0.5 0.5 

2 3 9 ~ u  absorp t ion  0.5 - 0.4 0.4 

2 4 0 ~ ~ ~  absorp t ion  7.0 - 0.2 0.2 



Since t h e  l a r g e s t  u n c e r t a i n t i e s  a re  i n  t h e  non-thermal da ta ,  t h e  uncer- 

t a i n t y  i n  ca l cu la ted  values o f  keff i s  g rea tes t  f o r  t h e  t i g h t  l a t t i c e s  

which have a  g rea te r  p ropo r t i on  of non-thermal neutrons and i s  reduced as 

the  assembl i e s  become more thermal , i .e. , as t h e  moderator- to- fue l  volume 

r a t i o  increases. Unce r ta in t i es  f o r  f i s s i o n  and absorp t ion  cross sec t ions  

.are expected t o  be c o r r e l a t e d  bu t  no e f f o r t  has been made t o  evaluate t h e  

c o r r e l a t i o n  e f f e c t s .  

The thermal data f o r  2 3 9 ~ u  conta ins  a  l a r g e  resonance a t  0.3 eV i n  

which t h e  c a p t u r e - t o - f i s s i o n  r a t i o  v a r i e s  as a  f u n c t i o n  o f  energy. Refer- 

ence 57 conta ins  r e s u l t s  o f  c a l c u l a t i o n s  u t i l i z i n g  two se ts  o f  2 3 9 ~ 1 ~  data 

w i t h  d i f f e r e n t  shapes f o r  t h e  c ross-sec t ion  curve i n  t h i s  energy reg ion .  

One shape was t h a t  g iven  by Schmidt i n  Reference 58 and t h e  o the r  shape was 

t h a t  suggested by Leonard and g iven i n  Reference 59. The two d i f f e r e n t  

shapes can be taken as rep resen ta t i ve  o f  t h e  u n c e r t a i n t y  i n  t h e  exact shape 

o f  t h e  c ross-sec t ion  curves. The values o f  keff ca l cu la ted  us ing t h e  d i f -  

f e r e n t  shapes d i f f e r  by %0.5% f o r  p lutonium l a t t i c e s .  

I n  summary, our  est imates o f  t h e  u n c e r t a i n t i e s  i n  ca l cu la ted  values 

o f  keff due t o  experimental  u n c e r t a i n t i e s  i n  t h e  cross sec t ions  a re  t h e  

fo l low ing :  For t h e  A l - P U  l a t t i c e s  the  unce r ta in t y  i n  keff i s  about +I%. 

For t h e  U02 l a t t i c e s  t h e  unce r ta in t y  i n  keff ranges f rom about ?1.5% f o r  

t i g h t  l a t t i c e s  t o  about k0.5 f o r  loose  l a t t i c e s .  For t h e  U02-Pu02 l a t t i c e s  

t h e  u n c e r t a i n t y  i n  keff ranges f rom about 22.0% f o r  t i g h t  l a t t i c e s  t o  about 

+1.0% f o r  loose l a t t i c e s .  These numbers a re  est imates o f  how accura te ly  

one should l e g i t i m a t e l y  expect t o  be ab le  t o  c a l c u l a t e  t h e  r e a c t i v i t i e s  of 

1  i g h t  water l a t t i c e s  us ing  "exact" methods and knowing t h e  quoted p r e c i -  

s ions o f  t h e  bas ic  cross sect ions.  

E f f e c t  o f  Changing Basic Cross Sect ions 

Some o f  t h e  c a l c u l a t i o n s  were repeated us ing cross sec t ions  der ived  

from ENDFIB-11. I f  ENDFIB-I1 da ta  were n o t  a v a i l a b l e  f o r  a  p a r t i c u l a r  i s o -  

tope, t h e  BNWML data  were used. Thus, d i f f e rences  i n  r e s u l t s  can be 

ascr ibed t o  d i f f e r e n c e s  between t h e  cross sec t ions  f o r  c e r t a i n  i so topes  

from ENDFIB-I1 and t h e  BNWML. The source o f  t h e  data f o r  these ca l cu la -  

t i o n s  i s  sl~mmarized i n  Table 13. Water cross sec t ions  were n o t  a v a i l a b l e  



TABLE 13. Source o f  Cross-Section Data f o r  Cross 
Sect ion S e n s i t i v i t y  Ca lcu la t ions  

Isotope 

Oxygen 

Water 

Z i  r c o n i  um 

A1 umi num 

I r o n  

N i  c ke l  

Chromi um 

23!ju 

238u 

2 3 8 ~ u  

2 3 9 ~ u  

240 PU 

241 Pu 

2 4 2 ~ u  

241 A, 

H RG3 BRT- I 

BNWML BNWML 

I ENDFIB-I I 

BNWML 

ENDF/B-I1 22p0 m/s Value 

f o r  HRG3 c a l c u l a t i o n s  because o f  l i b r a r y  processing code problems. There 

are  a l so  no z i rconium cross sec t ions  a v a i l a b l e  on ENDFIB-11, so t h e  BNWML 

data was used f o r  bo th  HRG3 and BRT-I ca l cu la t i ons .  Aluminum, i r o n ,  n i c k e l  

and chromium thermal absorpt ion cross sec t ions  were used as l / v  and normal- 

i zed  t o  ENDF/B-I1 values a t  2200 mlsec. The most important  f i s s i l e  and 

f e r t i l e  isotopes a re  from ENDF/B-11. 

The r e s u l t s  o f  these c a l c u l a t i o n s  are  shown i n  Table 14, along w i t h  

t h e  corresponding c a l c u l a t i o n s  based upon the  BNWML. Except f o r  t h e  A1-Pu 

fueled systems, t he  r e s u l t s  a re  d r a s t i c a l l y  d i f f e r e n t .  The ca l cu la ted  



TABLE 14. E f f e c t  o f  Changing Cross Sect ions on Ca lcu la ted  Values o f  keff 

L a t t i c e  Cal cu l  a ted  Val ue 
Spacing k e f  f 

Fuel Type ( i n .  ) BNWML END- 

va lues o f  keff a r e  s y s t e m a t i c a l l y  lower  us ing  ENDF/B-I1 da ta  f o r  t h e  U02 

and t h e  U02-Pu02 f u e l e d  systems. Moreover, a  s u b s t a n t i a l  t r e n d  i s  ev i den t  

w i t h  changes i n  l a t t i c e  spacing. The l a r g e s t  d isc repanc ies  occur  f o r  t h e  

sma l l es t  l a t t i c e  spacings w i t h  t h e  d i f f e r e n c e s  be ing approx imate ly  3.5%Ak. 



Considering the  thermal cross sec t ions  f o r  t h e  f i s s i l e  nuc l ides ,  we 

d i d  n o t  expect l a r g e  d i f f e r e n c e s  i n  keff i n  sw i tch ing  from BNWML t o  

ENDFIB-I1 c ross  sec t ions .  The BNWML values a t  2200 m/s a re  t h e  1965 IAEA 

eva lua t ion .  (33)  The corresponding ENDFIB-I1 values a r e  t h e  1969 IAEA 

eval  ua t ion .  (60) The d i f f e rences  between these two eval ua t i ons  i n  parame- 

t e r s  which have t h e  most e f f e c t  i n  these c a l c u l a t i o n s  a r e  smal l .  The p r i n -  

c i p a l  parameters a r e  oa and TI f o r  2 3 5 ~  and 2 3 9 ~ u ,  and the  change i n  values 

a t  2200 m/s a re  n o t  l a r g e  enough t o  a f f e c t  t he  c a l c u l a t i o n  o f  Kf. Likewise, 

t h e  d i f f e r e n c e s  i n  t he  shapes o f  t h e  c ross  sec t ions  i n  t h e  BNWML and 

ENDFIB-I1 a r e  no t  l a r g e  enough t o  cause a  s i g n i f i c a n t  change i n  c a l c u l a t e d  

values o f  yf. Therefore, any observable d i f f e rences  were expected t o  come 

from above t h e  thermal reg ion  f o r  t h e  f i s s i l e  nuc l ides  and from d i f f e r e n c e s  

i n  t h e  o the r  c ross  sect ions.  

It i s  i n s t r u c t i v e  t o  r e s o r t  t o  t he  two group buckl i n g  rep resen ta t i on  

Of  k e f f  
t o  examine i n  more d e t a i l  what changed. Th is  expression i s :  

where subsc r i p t s  1  and 2  r e f e r  t o  nonthermal and thermal energy groups and 

- 
- 

= b'+a) group I o r  2' PI 
' sca t te r  f rom group 1  
- 
'removal f rom group 1  

2  
B  = geometr ical  buckl  ing,  
9  T =  (I- 'removal ) group 1  

and a1 1  cross sec t ions  a re  c e l l  average values. 

According t o  t h i s  expression, when t h e  system i s  i n f i n i t e  i n  s ize ,  
2  

B  becomes zero and keff becomes the  i n f i n i t e  system mu1 t i  p l  i c a t i o n  
9  

f a c t o r  , k,. 



The va lues o f  t h e  parameters f o r  t h i s  equa t ion  were taken f rom t h e  

BRT-I and HRG3 c a l c u l a t i o n s  and a re  shown -in Tables 15, 16 and 17 f o r  two 

U02, two UO -Pu02 and two Al-PU 1  a t t i c e s  r e s p e c t i v e l y .  A1 so shown a r e  t h e  2  
t h e  va lues of km and keff as c a l c u l a t e d  us ing  Equat ion 1  and t h e  va lues o f  

k e f f  c a l c u l a t e d  us ing  HFN. 

The leakage e f f e c t s  f o r  t h e  A1-Pu l a t t i c e s  a re  e s s e n t i a l l y  t h e  same 
2  f o r  bo th  s e t s  o f  c ross  sec t i ons  because r and L  a r e  e s s e n t i a l l y  t h e  same. 

- 
I n  a d d i t i o n ,  q f  and p  f o r  t h e  nonthermal energy group a r e  a l s o  n e a r l y  t h e  

same. For t h e  more open l a t t i c e s ,  p  i s  so c l o s e  t o  1.0 t h a t  d i f f e r e n c e s  i n  
- 
qfl do n o t  a f f e c t  keff s i g n i f i c a n t l y .  The inc rease  i n  keff and km o f  about 

0.3% i s  r e l a t e d  s o l e l y  t o  d i f f e r e n c e s  i n  {f2. T h i s  d i f f e r e n c e  i s  p r i m a r i l y  

due t o  a  change i n  f which stems f rom d i f f e r e n c e s  i n  t h e  aluminum c ross  

sec t i ons  (0.235b on t h e  BNWML and 0.230b on ENDFIB-11). 

I n  t h e  U02-Pu02 systems, r increases when t h e  ENDFIB-I1 data i s  used. 

For  t h e  0.80 i n .  l a t t i c e  t h e  d i f f e r e n c e  i s  about 1%. The increased va lue  

i n  r corresponds t o  t h e  decreased va lue  i n  5fl. For bo th  l a t t i c e s ,  the, 

decrease i n  iif, i s  about 8%. It i s  due p r i m a r i l y  t o  a  l a r g e r  spectrum 

average 2 3 8 ~  c ross  s e c t i o n  and t h i s  l a r g e r  c ross  s e c t i o n  leads t o  a  s i g n i f i -  

can t  r e d u c t i o n  i n  p. As l a t t i c e  spacing increases,  t h e  2 3 8 ~  cross s e c t i o n  

has a  d i m i n i s h i n g  e f f e c t  on p. I n  a d d i t i o n ,  s i nce  p  approaches 1.0 t he  

nonthermal energy group i s  r e l a t i v e l y  1  ess impor tan t .  

The thermal va lue  o f  {f i s  v i r t u a l l y  i d e n t i c a l  f o r  bo th  s e t s  o f  c ross  

sec t i ons  f o r  t h e  t h r e e  types o f  l a t t i c e s .  The inc rease  o f  0.3% i n  q f2  

observed f o r  t h e  Al-Pu systems does n o t  show up i n  t h e  U02-Pu02 systems 

because of t h e  absence o f  aluminum i n  these f u e l s .  The change i n  km and 

keff f o r  t h e  U02 and t h e  U02-Pu02 f u e l e d  l a t t i c e s  i s  due t o  t h e  change i n  

2 3 8 ~  resonance abso rp t i on  r a t e s  as seen by comparing va lues o f  pl i n  

Tables 15 and 16. 

Thus t h e  l a r g e  changes i n  keff (1  -3%) f o r  t h e  U02 and U02-Pu02 systems 

observed i n  Table 14 a r e  b a s i c a l l y  due t o  nonthermal absorp t ions  by 238u 

E f f e c t s  o f  changes i n  leakage and thermal neu t ron  r e a c t i v i t y  a r e  much l e s s  

than  e f f e c t s  o f  changes i n  t h e  nonthermal r e a c t i v i t y .  



TABLE 15. Comparison of Mu1 t i p 1  i c a t i o n  Parameters 
f o r  Yankee U02 L a t t i c e s  

L a t t i c e  Spacinq L a t t i c e  Spacinq 
0.405 i n .  - 0.665 i n .  - 

Parameter BNWML ENDFIB-I I BNWML ENDFIB-I I 
- 

(nonthermal ) 0.7068 0.6453 0.6531 0.6041 

"1 
0.5897 0.5672 0.8687 0.8614 

- 
nf2 (thermal ) 1.4885 1.4843 1.2540 1.2509 

T, cm 2 35.83 35.47 28.09 27.94 

B~ (measured), mm2 40.75 40.75 52.92 52.92 
9 

km (Eq. 1 w i t h  B~ = 0) 1.1678 1.1212 1 .I751 1 . I613 
9 

keff (Eq- 1 )  1.0139 0.9745 1.0121 1.0013 

k e f f  ( 4 group HFN) 1.0035 0.9658 0.9969 0.9861 

TABLE 16. Comparison o f  M u l t i p l i c a t i o n  Parameters 
f o r  U02-2 w t %  Pu02 (8% 2 4 0 ~ ~ )  L a t t i c e s  

L a t t i c e  Spacing L a t t i c e  Spacing 
0.80 i n .  1.386 i n .  - 

Parameter BNWML ENDF/B-I I BNWML ENDF/B-I I 
- 
q f  (nont hermal ) 0.7009 0.6431 0.6498 0.6014 

- 
nf2 ( thermal )  1 .6662 1 .6658 1.2817 1.2798 

T, cm 2 35.97 36.36 28.30 28.38 

2 2 L , cm 1.54 1.50 2.93 2.78 

B~ (measured), mm2 88.0 88.0 70.0 
9 

70.0 

k 00 (Eq. 1 w i t h  B~ = 0) 1.3453 1.3084 
9 

1.2205 1.2109 



TABLE 17. Comparison of M u l t i p l i c a t i o n  Parameters 
f o r  A1-1.8 wt% Pu L a t t i c e s  

L a t t i c e  Spacing L a t t i c e  Spaci nq 
0.75 i n .  - 0.95 i n  

- 
Parameter BNWML ENDFIB-I1 BNWML ENDFIB-I1 

- 
of (non t  hermal ) 0.6839 0.6817 0.6190 0.5944 

"1 0.9136 0.9140 0.9488 0.9552 
- 
q f2  (thermal ) 1  .5054 1  .5097 1.2573 1.2615 

2  2  L  , cm 4.67 4.49 4.61 4.38 

B~ (measured), m-2 
9  

60.2 60.2 47.3 47.3 

2  k a (Eq. 1  w i t h B .  = 0 )  1.4344 1.4385 
9  

1.2246 1.2316 

When t h e  HRG3 cases a r e  compared w i t h  each o ther ,  one f i n d s  t h a t  t h e  

d i f f e r e n c e s  a r e  due p r i m a r i l y  t o  2 3 8 ~  c ross  sec t ions .  (61 ) We examine t h e  

c a l c u l a t i o n s  f o r  t h e  U02-2 wt% Pu02 (8% 2 4 0 ~ u )  f u e l ,  0.80 i n .  l a t t i c e  i n  

more d e t a i l  t o  i l l u s t r a t e .  The macroscopic parameters over t h e  range 0.683 
7 

t o  10' eV f o r  t h e  two cases a r e  s u m a r i z e d  i r  Table 18. The ce l l -average  

parameters a r e  a l s o  separated i n t o  t h e  c o n t r i b u t i o n  f rom 2 3 8 ~  and t h e  con- 

t r i b u t i o n  o f  a l l  t h e  o t h e r  i so topes .  I n  go ing  f rom BNWML t o  ENDFIB-I1 

c ross  sec t ions ,  t h e  c e l l  -average macroscopic absorp t ion  c ross  s e c t i o n  (T ) a  
increases 4.0% whi 1  e  t h e  p roduc t i on  c ross  s e c t i o n  ( v y f )  decreases 4.6%. 

These changes g i v e  a  n e t  decrease i n  {f ( v y f / r a )  o f  8.2%. About 60% o f  t h e  

absorp t ions  occur i n  2 3 8 ~  w h i l e  30% o f  t h e  f i s s i o n s  occur i n  2 3 8 ~ .  1 f  we 
-238 is l o o k  a t  t h e  column headed A Change, we see t h a t  t h e  inc rease  i n  aa 

about 4  t imes  as much as t h e  decrease i n  ra o f  t h e  o t h e r  i so topes .  I n  add i -  

t i o n ,  t h e  decrease i n  % o f  t h e  o t h e r  i so topes  i s  n e a r l y  o f f s e t  by a  

decrease i n  vy f  due t o  t h e  o t h e r  i so topes .  Thus, {f i s  decreased o n l y  1.2% 

i f  2 3 8 ~  r e a c t i o n s  a r e  n o t  inc luded.  



TABLE 18. Nonthermal Parameters f o r  t h e  0.80 i n .  
L a t t i c e  o f  U02-2 w t %  Pu02 (8% 240pu) Fuel 

Parameter BNWML ENDFIB-I1 A Change % Change 

Macroscopic 

 el 1 0.01 0486 0.01 0904 +O. 00041 8 +4.0 
a 

-238 
a 

0.0061 52 0.00671 1 +O. 000559 +9.1 

p e l 1  -238 
- 'a 

0.004334 0.0041 92 -0.0001 41 -3.3 
a 

v$el 0.007349 0.00701 3 -0.000337 -4.6 

238 0.002457 0.002285 -0.0001 71 -7.0 

vIcfel l - v I f  238 0.004893 0.004727 -0.0001 66 -3.4 
- 
q f  ( c e l l  -238)* 1 . I290 1 .I276 -0.0014 -1.2 

[f ( c e l l  ) 0.7009 0.6431 -0.0578 -8.2 

Microscopic  f o r  238u 

4 
o ( l o 7  - 1.17 x 10 eV) 0.181 0.165 -0.01 6 -8.9 f -4 

The e f f e c t  on p, t h e  resonance escape p r o b a b i l i t y ,  i s  e s s e n t i a l l y  p ro-  

p o r t i o n a l  t o  t h e  change i n  Iiel'. I n  p r i n c i p l e ,  one cannot separate f l u x e s  

and cross sect ions,  bu t  Table 18 and t h e  d iscuss ion  i n  t h e  prev ious para- 

graph do show t h e  major d i f f e rences  between t h e  two se ts  o f  c ross  sec t ions .  



The l a s t  s e c t i o n  o f  Tab le  18 shows t h a t  t h e  l a r g e s t  c o n t r i b u t i o n  t o  

i s  i n  t h e  second energy group (2.38 eV t o  11.7 keV) . The m ic roscop i c  

a b s o r p t i o n  c ross  s e c t i o n  inc reases  by 17.7% i n  group 2. S ince  most o f  t h e  

abso rp t i ons  i n  t h i s  energy range occur  i n  t h e  resonances, a  comparison o f  

t h e  e f f e c t i v e  resonance i n t e g r a l s  was made. The e f f e c t i v e  resonance i n t e -  

g r a l  exc l ud ing  t h e  f l o o r ,  R I ~ ~ ~ ,  u s i ng  ENDF/B-I1 data (62)  i s  o n l y  1.9% 

h ighe r  t han  t h e  va lue  us i ng  BNWML data.  Thus, t h e  d i f f e r e n c e  i n  oa2 must 

come f r om d i f f e r e n c e s  i n  c ross  sec t i ons  n o t  s u b j e c t  t o  s e l f - s h i e l d i n g ,  i .e . ,  

t h e  f l o o r .  

I n  o rde r  t o  understand t h e  2 3 8 ~  c ross - sec t i on  d i f f e r e n c e s  more c l e a r l y ,  

t h e  i n f i n i t e  d i l u t e  resonance i n t e g r a l  was looked a t  i n  d e t a i l .  Values a r e  

summarized i n  Table  19. The process ing codes BARNS (63)  and ETOG (64)  g i v e  

va lues  o f  270.8 f o r  BNWML da ta  and 278.1 f o r  ENDF/B-I1 data,  r e s p e c t i v e l y ,  

f o r  t h e  i n f i n i t e  d i l u t e  resonance i n t e g r a l s .  HRG3 runs  were made us i ng  a  

1/E f l u x  and resonance parameters which should  g i v e  i n f i n t e l y  d i l u t e  va lues.  

The " i n f i n i t e l y  d i l u t e "  resonance i n t e g r a l s  c a l c u l a t e d  i n  t h i s  manner a r e  

3.8 and 3.2 barns sma l l e r  t han  t h e  va lues f rom BARNS and ETOG, r e s p e c t i v e l y .  

Never the less,  t h e  HRG3 va lues  a r e  adequate f o r  t h i s  d iscuss ion .  The reso-  

nance i n t e g r a l  c a l c u l a t e d  us i ng  HRG3 i s  broken down i n t o  components r ep re -  

sen t i ng  f i v e  energy groups. Group 3  i n  Table  19 covers t h e  same energy 

range as group 2  i n  Table  18  (2.38 eV t o  11.7 keV). It c o n t a i n s  a l l  o f  t h e  

resonance i n t e g r a l  s u b j e c t  t o  s h i e l d i n g  . 
The p o r t i o n  o f  t h e  resonance i n t e g r a l  s u b j e c t  t o  s h i e l d i n g  i n  HRG3 i s  

261.8 and 267.5 barns f o r  BNWML and ENDF/B-I1 data,  r e s p e c t i v e l y .  Thus, 

t h e  f l o o r  o r  non-sh ie lded p o r t i o n  o f  t h e  resonance i n t e g r a l  i s  5.1 5  barns' 

f o r  BNWML da ta  and 7.39 barns f o r  ENWF/B-I1 data.  Th i s  d i f f e r e n c e  i s  smal l  

when compared t o  t h e  i n f i n i t e  d i l u t e  resonance i n t e g r a l ;  however, when i t  

i s  added t o  an e f f e c t i v e  resonance i n t e g r a l  o f  about  15 barns,  t h e  r e s u l t -  

i n g  c ross  s e c t i o n  d i f f e r s  by %lo%. The f l o o r  i n  t h e  resonance r e g i o n  

(Group 3 )  inc reases  f rom 1.36 barns t o  3.85 barns.  Adding t h i s  f l o o r  t o  an 

e f f e c t i v e  resonance i n t e g r a l  o f  15 barns would i nc rease  t h e  spectrum aver -  

age c ross  s e c t i o n  i n  t h i s  group by 15%. T h i s  i s  i n  good agreement w i t h  t h e  

observed i nc rease  i n  oa (Tab le  18)  o f  17.7%. 
2  



TABLE 19. Components of t h e  I n f i n i t e  D i l u t e  
Resonance I n t e g r a l s  used i n  HRG3 

Component, b. BNWML ENDFIB-I I 

R I a  (processing codes) 270.8 278.1 

R I f  (processing codes) 1.25 1.18 

R I  (10 MeV - 0.18 MeV) 1.59 1.52 
a 1 

R I  (0.18 MeV - 11.7 keV) 1.15 1.05 
a, 

R I a  ( sub jec t  t o  sh ie ld ing  i n  HRG3) 261 -85 267.53 

R I a  (HRG3 f l o o r )  5.15 7.39 

R I  (HRG3 f l o o r )  1.36 3.85 
a 3 

The c o n t r i b u t i o n s  t o  t he  f l o o r  o f  t h e  ENDFIB-I1 data used i n  

HRG3 a re  summarized i n  Table 20. Since HRG3 can handle o n l y  99 resonances, 

t h e  o t h e r  150 are  pu t  i n  t he  f l o o r  as i n f i n i t e  d i l u t e  values. Th i s  amounts 

t o  on l y  about 0.45 barns. The f l o o r  under t h e  reso lved resonances i s  a l s o  

added t o  t h e  f l o o r  o f  t h e  data f i l e .  It has a resonance i n t e g r a l  o f  ,0.21 

barns. The p-wave reso lved resonances c o n t r i b u t e  1.06 barns t o  t h e  t o t a l  

resonance i n t e g r a l  w h i l e  t h e  p-wave and s-wave unresolved resonances con- 

t r i b u t e  1.65 barns t o  resonance i n t e g r a l  . The smooth (n,?) ENDF/B-I I f i  1 e 

adds 2.80 barns t o  t h e  f l o o r .  It conta ins  1.27 barns o f  p-wave cross 

sec t i on  i n  t he  reso lved reg ion .  The coir~ponents 1 i s t e d  above a re  (n,y) 



reac t i ons .  I f  1.18 barns i s  added f o r  (n , f )  reac t ions ,  t h e  t o t a l  i s  t he  

p o r t i o n  o f  t h e  absorp t ion  resonance i n t e g r a l  which i s  n o t  sub jec t  t o  s e l f -  

sh ie ld ing .  It agrees very  we l l  w i t h  t h e  f l o o r  i n  t h e  HRG3 l i b r a r y .  

TABLE 20. Cross Sec t ion  Components o f  t h e  2 3 8 ~  F loo r  i n  HRG3 

R I  f rom 
Component ENDF/B- I I , b. 

150 excess resonances 0.45 

l / v  p o r t i o n  under t h e  resonances 0.21 

p-wave reso lved resonances 

unresolved resonances 

smooth (n,y) 

smooth (n , f )  

To ta l  F loo r  

The BNWML reso lved resonance reg ion  i s  f rom 1  eV t o  1.8 keV and t h e  

unresolved reg ion  covers t h e  energy range from 1.8 keV t o  2.5 keV f o r  238" 

The reso lved resonance reg ion  on the  EIVDF/B-I1 data f i l e  i s  f rom 5  eV t o  

3.9 keV w h i l e  t h e  unresolved reg ion  extends up t o  45 keV. The BIVWML data 

does no t  con ta in  any p-wave cross sec t ions  i n  e i t h e r  t h e  resolved o r  unre- 

solved resonance reg ions  ( f rom 1  eV t o  2.5 keV). From the  prev ious para- 

graph and Table 20 we note t h a t  t h e  p-wave reso lved resonances and t h e  

p-wave cross sec t i on  on t h e  smooth f i l e  add up t o  about 2.3 barns. Thus, 

t h e  d i f f e r e n c e  between t h e  HRG3 f l o o r s  us ing  BNWML and ENDF/B-11 cross-  

sec t i on  data appears t o  be due t o  t he  p-wave c ross-sec t ion  data i n  t he  

resonance reg ion .  Group 3  i n  Table 19 e s s e n t i a l l y  covers t he  resonance 

reg ion .  The f l o o r  i n  t h i s  group shows a  d i f f e r e n c e  o f  about 2.5 barns 

which i s  cons i s ten t  w i t h  t h e  prev ious d iscussion.  

I n  p r i n c i p l e ,  t h e  ENDF/B-I1 c ross-sec t ion  data i s  b e t t e r  than BNWML 

c ross -sc t i on  data because i t  represents newer experimental  data and evalu-  

a t i ons .  Since keff values c a l c u l a t e d  w i t h  ENDF/B-I1 data a re  as much 



as 3.8% low, we expect t h a t  t h e  c a l c u l a t i o n  of resonance absorp t ion  i n  23gU 

i s  i n  e r r o r .  Th is  cou ld  be t h e  r e s u l t  of; 1 )  t h e  2 3 8 ~  cross sec t i ons  i n  

ENDFIB-11, 2)  t h e  way t h a t  i t  i s  processed t o  mu1 t i g r o u p  format  f o r  HRG3, 

3) t h e  HRG3 resonance c a l c u l a t i o n  i t s e l f ,  4) a1 1  o f  these. 

D e f i n i t i o n  o f  D i f f u s i o n  C o e f f i c i e n t  

Two types o f  t r a n s p o r t  cross sec t ions  a r e  c a l c u l a t e d  i n  HRG3. The con- 

s i s t e n t  d e f i n i t i o n  i s  obta ined by equat ing t h e  second o f  t h e  PI o r  B1 equa- 

t i o n s  t o  F i c k ' s  law. I n  terms o f  c ross  sect ions,  t h e  d e f i n i t i o n  f o r  

group g  i s :  

i n  
C ( cons i s ten t )  = a C - C 

t r , g  g  t ,g L g  

where 1 i s  t h e  c u r r e n t  weighted t o t a l  cross sect ion,  Cin i s  t h e  c u r r e n t  
t Yg 1  ,g 

weighted PI component o f  t h e  s c a t t e r i n g  cross sec t i on  from a1 1  energ ies 

i n t o  energy group g, and a i s  a  parameter i n  t h e  second B1 equat ion: 
9  

where X = K/L , A. = t a n - l x l ~ ,  and K  i s  t h e  square r o o t  o f  t h e  buck1 ing .  
t Yg 

a approaches 1.0 as leakage approaches zero. Our a n a l y s i s  above was based 
9  

upon us ing  t h i s  d e f i n i t i o n  o f  It, 

The standard t r a n s p o r t  cross sec t i on  i s  de f ined  as: 

(Standard) = a C - C ou t  
' tr,g 9  t y g  1  ,g (3)  

where CoUt i s  t h e  c u r r e n t  weighted PI component o f  t h e  s c a t t e r i n g  cross 
1  ,g 

sec t i on  f rom group g  i n t o  a1 1  o the r  energy groups, and t h e  o the r  parameters 

a r e  as above. I n  t h e  l i m i t  o f  a  s i n g l e  energy group s o l u t i o n ,  these two 

d e f i n i t i o n s  y i e l d  i d e n t i c a l  va lues f o r  t h e  t r a n s p o r t  cross sec t ion .  How- 

ever, i n  a  mu1 t i g r o u p  s o l u t i o n  t h e  values may d i f f e r  cons iderab ly .  

D i f f u s i o n  c o e f f i c i e n t s ,  D, can be c a l c u l a t e d  w i t h  e i t h e r  t y p e  o f  t r a n s -  

p o r t  cross s e c t i o n  as 113 It,. Values f o r  one o f  t h e  mixed ox ide  l a t t i c e s  

a r e  shown i n  Table 21. The standard D i s  5% h igher  than t h e  cons i s ten t  D 

i n  t h e  f a s t  energy group, bu t  i s  5% lower i n  group 2  and 10 % lower i n  

group 3. The one-group va lue  i s  on l y  1.3% higher .  
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TABLE 21. Comparison o f  D i f f u s i o n  c o e f f i c i e n t  D e f i n i t '  ns i n  HRG3 
f o r  0.80 i n .  L a t t i c e  o f  U02-2 w t %  Pu02 (8% jYoPu) 

Type o f  D e f i n i t i o n  
Parameter Energy Range Consistent Standard 

10 MeV t o  11.7 keV 1  .4.190 1.4923 

D3 2.38 eV t o  0.683 eV 0.6394 0.5754 

D 10 MeV t o  0.683 eV 1  . I345 1  .I489 

Calculated values o f  keff us ing t h e  two d i f f e r e n t  d e f i n i t i o n s  o f  t h e  

t ranspor t  cross sect ions a re  shown i n  Table 22 f o r  t h i s  l a t t i c e .  The va lue  

o f  D from BRT-I f o r  t h e  s i n g l e  thermal group was used f o r  a l l  t he  ca l cu la -  

t i o n s  shown i n  Table 22. The 2-group buck l ing  equat ion gives values o f  

k e f f  about 1% high. The d i f ference of 1.3% i n  t h e  nonthermal d i f f u s i o n  

c o e f f i c i e n t  r e s u l t s  i n  values o f  keff which are 0.30% Ak d i f f e r e n t .  When 

t h e  leakage c a l c u l a t i o n  i s  performed w i t h  HFN i n  4  energy groups, t h e  

values o f  keff a re  about 1% low. The t h r e e  nonthermal groups correspond t o  

t h e  energies shown i n  Table 21. The r e s u l t s  shown on l i n e  2  o f  Table 22 

u t i l i z e  cons is ten t  D ' s  f o r  t h e  r e f l e c t o r  f o r  both ca l cu la t i ons .  The r e s u l t s  

on l i n e  3  are  s i m i l a r  t o  t h e  r e s u l t s  on l i n e  2  except t he  HRG3 c a l c u l a t i o n  

was performed w i t h  no leakage. With no leak?ge, values o f  keff increase 

about 1.5 mk p r i m a r i l y  because absorpt ion, f i s s i o n ,  and s c a t t e r i n g  cross 

sect ions change (km i s  0.19% Ak/k h igher ) .  The e f f e c t  o f  t he  d i f f u s i o n  

c o e f f i c i e n t  d e f i n i t i o n  on keff i s  about 0.40% whether o r  no t  leakage i s  pu t  

i n t o  the  HRG3 c a l c u l a t i o n .  

To p r o p e r l y  determine t h e  e f f e c t  o f  t h e  d i f f u s i o n  c o e f f i c i e n t  d e f i n i -  

t i o n  on keff, t h e  d i f f u s i o n  c o e f f i c i e n t s  i n  t h e  r e f l e c t o r  should a l s o  be 

changed. The r e s u l t s  on t h e  l a s t  two l i n e s  of Table 22 show t h e  e f f e c t  o f  

changing D i n  both t h e  core and r e f l e c t o r .  The r e f l e c t o r  cross sect ions 

were reca lcu la ted ,  bu t  t h e  o n l y  s i g n i f i c a n t  change was i n  t he  thermal D 

(0.1185 t o  0.1350). The new r e f l e c t o r  cross sec t ions  increase keff 



by 1.6 mk as shown by comparing t h e  r e s u l t s  us ing  cons i s ten t  D's w i t h  t h e  

values on l i n e s  2  and 3. Calcu lated values of keff a re  decreased by 0.65% 

when cons i s ten t  D 's  a re  replaced by standard D ' s  i n  both t h e  core  and 

r e f l e c t o r .  Thus, t h e  r e f l e c t o r  D ' s  have an e f f e c t  (2.5 mk) n e a r l y  as l a r g e  

as t h e  core  D ' s  (4.0 mk). 

TABLE 22. D i f f u s i o n  Theory Resul ts  f o r  0.80 i n .  
L a t t i c e  of U02-2 w t %  Pu02 (8% 2 4 0 ~ ~ )  

k  i n  HfG3, f f  D i f f e rence  
cm ' km Consistent Standard D % Ak 

2-Group Buck l ing  Equation 

0.09322 1.3453 1.0137 1.0107 -0.30 

HFN ( 4  Groups)* 

0.09322 1.3453 0.9920 0.9881 -0.39 

1  .O-10 1.3479 0.9935 0.9894 -0.41 

HFN (4  Groups)** 

0.09322 1  .3453 0.9936 0.9874 -0.62 

1  .O-10 1  .3479 0.9952 0.9886 -0.66 

* Old water w i t h  cons i s ten t  D 's  f o r  t h e  r e f l e c t o r ;  

D Y ~ O  = 0.11848 cm. 

** New water w i t h  appropr ia te  D's f o r  t h e  r e f l e c t o r :  

0Y2O = 0.1 3504 cm. 

R e a c t i v i t y  c a l c u l a t i o n s  f o r  a  number o f  o the r  l a t t i c e s  were performed 

w i t h  HFN i n  4 energy groups us ing  t h e  two types o f  d i f f u s i o n  c o e f f i c i e n t s .  

Resul ts  a re  shown i n  Table 23. The r e f l e c t o r  d i f f u s i o n  c o e f f i c i e n t s  were 

no t  changed so t h e  r e s u l t s  i n d i c a t e  a  smal le r  e f f e c t  than a c t u a l l y  e x i s t s  

(analogous t o  1  i n e  2  o f  Table 22). The few-group parameters were obta ined 

us ing  ENDFIB-I1 data i n  HRG3 and BRT-1 f o r  t h e  heavy isotopes.  The D's i n  

Table 21 and kmls i n  Table 22 u t i l i z e d  BNWML data. The pr imary d i f f e rence  



TABLE 23. Ef fect  o f  Changing t h e  D i f f u s i o n  C o e f f i c i e n t  on Ca lcu la ted  Values of keff 

L a t t i c e  Cal c u l  a ted  Val ue r) 

Spacing o f  keff  w i t h  ENDF/B-I1 Data D i f f e r e n c e  B~ i n  HRG3, 
Fuel Type ( i n . )  C o n s i s t e n t  D Standard D % Ak m- 2 



i n  r e s u l t s  us i ng  t h e  two se t s  o f  da ta  i s  i n  t he  km c a l c u l a t i o n  r a t h e r  t han  

t h e  leakage c a l c u l a t i o n .  For example, t h e  d i f f u s i o n  c o e f f i c i e n t  e f f e c t  f o r  

t h e  0.80 i n .  l a t t i c e  o f  U02-2 w t %  Pu02 (8% 2 4 0 ~ u )  i s  -0.37% Ak w i t h  ENDFIB-I1 

da ta  whereas i t  i s  -0.39% Ak w i t h  BNWML data.  km f o r  t h i s  l a t t i c e  us ing  

ENDFIB-I1 da ta  i s  1.3084 which i s  2.75% lower  t han  t h e  va lue  c a l c u l a t e d  w i t h  

BNWML da ta  (1.3453). The d i f ferences i n  keff shown as % Ak i n  Table 23 

range f rom -0.2% t o  -0.7%. The d i f f e r e n c e  should be p r o p o r t i o n a l  t o  t h e  

geometr ica l  b u c k l i n g  because i t  i s  a  leakage e f f e c t  on l y .  However, t h e r e  

does n o t  seem t o  be much of a  c o r r e l a t i o n  between t h e  d i f f e r e n c e s  and t h e  

geometr ica l  buck1 i rigs shown i n  Tab1 e  23. 

To a i d  i n  e v a l u a t i n g  which d e f i n i t i o n  o f  t h e  d i f f u s i o n  c o e f f i c i e n t  t o  

use, t h e  age o f  f i s s i o n  neut rons i n  water was c a l c u l a t e d  and i s  compared t o  

t h e  measured age t o  ind ium resonance i n  Table 24. The ind ium resonance i s  

a t  1.46 eV whereas t h e  few-group parameters f o r  t h e  r e f l e c t o r  were ca l cu -  

l a t e d  f o r  a  boundary o f  0.683 eV. HRG3 c a l c u l a t e s  a  q u a n t i t y  c a l l e d  "Age" 

a t  each energy group. Comparing l i n e s  2  and 3  o f  Table 24, t h e  two d i f f e r -  
2  e n t  boundaries a f f e c t  t h e  va lue  by o n l y  0.3 cm . The va lue  p r i n t e d  o u t  by 

HRG3 i s  midway between t h e  va lues c a l c u l a t e d  w i t h  t h e  equat ion:  r = D/Lr 

where Lr i s  t h e  removal c ross  s e c t i o n  and t h e  two d e f i n i t i o n s  o f  D  a r e  used. 

The c a l c u l a t e d  va lues u t i l i z e d  a  2 3 9 ~ u  f i s s i o n  spectrum w h i l e  t h e  measured 

va lue  i s  f o r  2 3 5 ~  f i s s i o n  neutrons. The e f f e c t  o f  d i f f e r e n c e s  i n  f i s s i o n  

spec t ra  f o r  2 3 5 ~  and 2 3 9 ~ u  i n  HRG3 on t h e  c a l c u l a t e d  age i s  smal l .  Using 

t h e  l a s t  two va lues i n  Table 24 and c o r r e c t i n g  f o r  t h e  d i f f e r e n t  energy c u t -  

off, t h e  age c a l c u l a t e d  w i t h  t h e  c o n s i s t e n t  D  would be s l i g h t l y  c l o s e r  t o  

t h e  measured age t han  t h e  age c a l c u l a t e d  w i t h  t h e  s tandard D. However, on 

t h i s  bas i s  alone, s t a t i n g  t h a t  one d e f i n i t i o n  o f  t h e  d i f f u s i o n  c o e f f i c i e n t  

i s  b e t t e r  t han  t h e  o t h e r  would be d i f f i c u l t .  



TABLE 24. Neutron Age i n  Water 

D e s c r i p t i o n  Age, cm 
2  

Measured ( t o  Indium Resonance) 26.48 + 0.32 (Ref. 65) 

Age as c a l c u l a t e d  by HRG3 (1.44 eV) 26.61 

Age as c a l c u l a t e d  by HRG3 (0.683 eV) 26.92 

D/Er (0.683 eV) c o n s i s t e n t  D 26.59 

D/Zr (0.683 eV) s tandard D 27.29 

2. Slowing Down C a l c u l a t i o n  

Fast  F i ss i on .  I n  t h e  c a l c u l a t i o n a l  method descr ibed  above, t h e  f a s t  

f i s s i o n  f rom 2 3 5 ~ ,  2 3 8 ~ ,  2 3 9 ~ u  and 2 4 0 ~ u  i s  computed assuming a  f i n i t e  

homogenized l a t t i c e .  'However, t h e  f u e l  rods a r e  i n  a  r e g u l a r  a r r a y  through- 

o u t  t h e  nioderator. Thus, i n  desc r i b i ng  t h e  l a t t i c e  as a  homogeneous m i x t u r e  

o f  f u e l ,  c ladd ing  and moderator, t h e  f a s t  neut ron f l u x  i s  assumed t o  be 

s p a t i a l l y  f l a t  throughout  t h e  u n i t  l a t t i c e  c e l l .  I n  r e a l i t y ,  t h e  f a s t  

neut ron f l u x  i s  peaked i n  t h e  f u e l  r o d  and depressed -in t h e  moderator ( i .e . ,  

t h e  r e c i p r o c a l  o f  t h e  thermal neu t ron  f l u x  d i s t r i b u t i o n  i n  t he  l a t t i c e  

c e l l ) .  Thus a  c o r r e c t i o n  t o  t h e  f a s t  c ross  sec t i ons  due t o  l a t t i c e  he te ro -  

gene i t y  should have been made. The e f f e c t s  on c r i t i c a l i t y  due t o  approx i -  

mat ing t h e  l a t t i c e  c e l l  i n  a  homogeneous f ash ion  have been i n v e s t i g a t e d  by 

Dwi ved i (66)  f o r  t h e  U02 f u e l e d  l a t t i c e s  s tud ied  here. The r e s u l t s  o f  h i s  

s tudy show t h a t  t h e  l a t t i c e  m u l t i p l i c a t i o n s  inc rease  when a  heterogeneous 

c o r r e c t i o n  i s  made t o  t h e  f a s t  f i s s i o n  f ac to r .  The c o r r e c t i o n  t o  t h e  

l a t t i c e  m u l t i p l i c a t i o n s  ranges f rom approx imate ly  0.22 t o  0.45%. These 

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

s p a t i a l  e f f e c t s  o f  f a s t  f i s s i o n  events i n  238~ . (67s68 )  The mixed ox ide  

f u e l s  and t h e  U02 f u e l s  i n  our  s tudy  a r e  s i m i l a r  from t h e  s tandpo in t  o f  

f a s t  f i s s i o n  events because o f  2 3 8 ~  con ten ts  i n  t h e  f u e l s .  The maanitude 

o f  t h e  c o r r e c t i o n  i s  a  f u n c t i o n  o f  l a t t i c e  spac ing(67)  w i t h  t h e  l a r g e s t  

e f f e c t  expected a t  t h e  more open l a t t i c e s .  On t h i s  bas i s  we would est.imate 

t h e  e r r o r  i n  our  c a l c u l a t e d  va lues o f  keff t o  be o f  t h e  o rder  -0.5% because 

s p a t i a l  e f f e c t s  were neg lec ted  i n  c a l c u l a t i n g  f a s t  f i s s i o n  events .  



Resonance Absorpt ion.  Jus t  as i n  c a l c u l a t i n g  f a s t  f i s s i o n  events 

us ing  t h e  HRG3 code, s p a t i a l  f l u x  cons idera t ions  a r e  neglected i n  c a l c u l a t -  

i n g  resonance absorp t ion  events. Also, t h e  e f fec t  of one resonance sh ie ld -  

i n g  another i s  neglected. These assumptions may no t  be va l  i d  and may be 

t h e  cause o f  e r r o r s  i n  our ca l cu la ted  values o f  keff. Other i n v e s t i g a t o r s  

have s tud ied  t h e  e f f e c t  o f  resonance over lap.  (69370371)  The r e s u l t s  o f  

these i n v e s t i q a t i o n s  show t h a t  a  d e f i n i t e  e f f e c t  e x i s t s .  Hel lens (71 )  has - 
made an es t imate  o f  t h e  magnitude o f  t h e  resonance over lap  o f  2 3 9 ~ u  and 

2 3 8 ~  i n  terms o f  keff f o r  t h e  U02-2 w t %  Pu02 (8% 2 4 0 ~ u )  f u e l .  H i s  r e s u l t s  

i n d i c a t e  a  c o r r e c t i o n  ranging from 0.1 t o  0.4% Ak can be a t t r i b u t e d  t o  

neg lec t i ng  t h i s  e f f e c t .  The l a r g e s t  e f fec t  i s  i n  t h e  t i g h t e s t  l a t t i c e .  On 

t h e  bas is  o f  t h i s  l i m i t e d  in format ion,  we assume an e r r o r  e x i s t s  i n  our  c a l -  

cu la ted  values o f  keff f o r  t h e  U02 and U02-Pu02 fue led  l a t t i c e s .  We e s t i -  

mate t h i s  e r r o r  i s  o f  t h e  magnitude - 0.5% Ak/k. 

3. Thermal iza t ion  Ca lcu la t i on  

Boundary Condi t ions.  I n  our thermal ~iiodel , r e f l  e c t i  ng boundary condi - 
t i o n s  were used i n  t h e  one dimensional c y l i n d r i c a l  c e l l s .  Others have (72,731 

shown t h a t  these boundary cond i t i ons  could lead  t o  ser ious  e r r o r s  i n  t h e  

s p a t i a l  f l u x  f o r  t i g h t l y  packed uranium-water l a t t i c e s .  Honeck showed t h a t  

disadvantage f a c t o r s  obta ined f rom the  one dimensional c e l l  ca l  c u l  a t i o n  

agree favo rab l y  w i t h  two dimensional c a l c u l a t i o n s  when t h e  ou te r  boundary 

o f  t h e  one dimensional c e l l  has a  pure heavy s c a t t e r i n g  ma te r i a l  surround- 

i n g  i t  ( i  .e., neutrons re tu rned i s o t r o p i c a l  l y )  . Subsequent i n v e s t i g a t i o n s  

on t h e  e f f e c t s  o f  c e l l  boundary approximations have shown t h a t  a  so-ca l led  

wh i te  boundary leads t o  s i g n i f i c a n t  irr~provelnents -in t h e  d e s c r i p t i o n  o f  

thermal neutron d i s t r i b u t i o n s  i n  space and energy. (74)  A wh i te  boundary 

c o n d i t i o n  was incorpora ted  i n  t h e  BRT-I code a f t e r  most o f  our c a l c u l a t i o n s  

were completed. To assess whether t h e  use o f  r e f l e c t i n g  boundary cond i t i ons  

causes e r r o r s  i n  our ca l cu la ted  values o f  k  e f f '  some o f  t h e  BRT-I problems 

were r e r u n  us ing the  wh i te  boundary c o n d i t i o n  incorpora ted  i n  t h e  BRT-I 

code. The t i g h t  l a t t i c e s  were s tud ied  s ince  t h e  l a r g e s t  e f f e c t  i s  expected 

f o r  these cases. The r e s u l t s  are compared i n  Table 25 t o  those obta ined 

us ing  r e f l  e c t i n g  boundary cond i t ions .  Calcu lated values o f  thermal 



u t i l  i z a t i o n ,  f, thermal disadvantage f a c t o r ,  @ Moderator/@ Fuel,  and t h e  
- 

thermal component o f  kW, qf ,  a r e  presented. The use o f  a w h i t e  boundary con- 
-- 

d i t i o n  leads  t o  a l a r g e r  c a l c u l a t e d  va lue  o f  f ma in l y  because o f  t h e  

sma l l e r  va lue  o f  t h e  disadvantage fac to r .  The change i n  Tf f o l l o w s  t h e  

change i n  f. The magnitude of t h e  e f f e c t  ranges f rom 0.2% Aqf f o r  t h e  

2.35 w t %  U02 f u e l e d  system t o  0.5% f o r  t h e  A1-2 w t %  Pu f u e l e d  system. For 

t h e  p lu ton ium f u e l e d  systems, t h e  change i n  Ff i s  smal l e r  than  t h e  change 

i n  f because { i s  decreasing t o  o f f s e t  some o f  t h e  change i n  f. Assuming 

t h a t  t h e  w h i t e  boundary c o n d i t i o n  i s  exact  and t h e  change i n  Ff propagates 

d i r e c t l y  t o  a change i n  keff, we s t a t e  t h a t  our  c a l c u l a t e d  va lues o f  keff 

a r e  i n  e r r o r  because we used r e f l e c t i n g  c e l l  boundary cond i t i ons  i n  t h e  

thermal i z a t i o n  c a l c u l a t i o n .  The magnitude of t h e  e r r o r  i s  expected t o  be 

l a t t i c e  spacing dependent b u t  no l a r g e r  than  0.5% f o r  t h e  l a t t i c e s  

s tud ied.  

TABLE 25. Compari son o f  Thermal U t i  1 i z a t i  on, D i  sadvantage Fac to r  and 
Thermal Value o f  Ff f o r  Ref1 e c t i n g  and White Boundary 
Cond i t ions  i n  t h e  Thermal i z a t i o n  Cal c u l  a t i o n  

Disadvantage Fac to r  - 
Thermal U t i l i z a t i o n ,  f Moderator/@ Fuel q f  = vyf/Ta ((Thermal ) 

- ~ 

R e f l e c t i n g  White R e f l e c t i n g  White Refitting White 

2.35 wt% U02-0.75 i n .  l a t t i c e  

A1-2 wt% Pu-0.75 i n .  l a t t i c e  

0.844 0.849 1.123 1 .090 1.463 1.471 

A1-2 wt% Pu-0.95 i n .  l a t t i c e  

0.701 0.703 1 . I 17  1 . I 0 8  1.218 1 .222 

UO -2 w t %  Pu02 (8% 240~u ) -0 .75  i n .  l a t t i c e  -2 

0.930 0.934 1 .446 1 .359 1.665 1.670 

UO -4 wt% Pu02-0.80 i n .  l a t t i c e  -2 



BNWL- 1656 

Resonance Overlap. I n  our computat ional model, t h e  1.054 eV resonance 

of 2 4 0 ~ u  i s  assumed t o  no t  s h i e l d  t h e  0.296 eV resonance o f  2 3 9 ~ u  ( i  .e., 

f l u x  recovers t o  1/E i n  shape between t h e  resonances). To determine i f  t h e  

2 4 0 ~ u  resonance does indeed s e l f  -s h ie1 d  t h e  2 3 9 ~ u  resonance, a  c a l c u l a t i o n  

us ing  an e a r l y  vers ion  o f  t h e  THERMOS code was made, whereby, bo th  reso- 

nances a re  inc luded i n  t h e  c e l l  c a l c u l a t i o n .  A 40 energy group mesh cover- 

i n g  t h e  range f rom 0.0 t o  1.4 eV was u t i l i z e d  w i t h  t he  Brown-St. John model 

f o r  H20. (75)  The Brown-St. John model was used r a t h e r  than the  Nel k i n  

mode1 (76)  because numerical ~ r o b l  ems were encountered i n  t h e  1  a t t e r  when 

s t re tched over t h i s  energy range. (77)  An e d i t  f rom the  problem prov ided 

c e l l  averaged cross sec t ions  f o r  t h e  thermal range (0.0 t o  0.683 eV) and 

these r e s u l t s  a re  con~pared i n  Table 26 t o  t h e  corresponding values obta ined 

f rom c a l c u l a t i o n s  i n  which t h e  s e l f - s h i e l d i n g  was neglected. The problem 

s tud ied  was t h e  0.55 i n .  l a t t i c e  us ing  UO2-1.5 w t %  Pu02 f u e l .  The c e l l  

averaged cross sect ions,  vyf and % both decrease when t h e  2 4 0 ~ u  resonance 

i s  inc luded i n  t h e  c a l c u l a t i o n .  The ne t  e f f e c t  o f  these changes i s  t o  

increase t h e  va lue  o f  yf by about 0.5%. The increase i s  shown t o  be t h e  

r e s u l t  o f  a  change i n  r a t h e r  than f .  Again assuming yf changes propagate 

d i r e c t l y  t o  changes i n  keff, we est imate t h a t  n o t  i n c l u d i n g  t h e  2 4 0 ~ u  reso- 

nance i n  t h e  the rma l i za t i on  c a l c u l a t i o n  r e s u l t s  i n  an e r r o r  o f  about 0.5%. 

Since a  gas model was used f o r  these ca l cu la t i ons ,  molecular  b ind ing  e f f e c t s  

due t o  H20 a re  n o t  inc luded which may l ead  t o  a d d i t i o n a l  e r r o r  o r  compen- 

sa te  f o r  t h e  e f f e c t  noted here. 

TABLE 26. Comparison o f  Ce l l  Averaged Thermal Cross Sect ions, and t h e  
E f f e c t s  on C r i t i c a l i t y  f o r  t h e  U02-1.5 w t %  Pu02 0.55 i n .  
L a t t i c e  Which Inc lude and Negl e c t  Resonance Sh ie ld ing  

vTf 
nii = - 

N o s h i e l d i n g  0.2266 0.1424 1.592 1.688 0.943 

Sh ie ld ing  0.2254 0.1408 1.601 1.697 0.943 



Energy D e t a i l .  We have used 30 groups t o  span the  energy reg ion  from 

0.0 t o  0.683 eV. To check i f  t h i s  prov ided enough d e t a i l  f o r  t h e  r e a c t i o n  

r a t e  c a l c u l a t i o n ,  t h e  the rma l i za t i on  problems f o r  t h e  0.55 i n .  l a t t i c e  

us ing U02-1. 5 w t %  Pu02 f u e l  and t h e  0.75 i n .  l a t t i c e  us ing A1-2 w t %  Pu f u e l  

were run  us ing 40 energy groups. Most of t h e  e x t r a  d e t a i l  provided by t h e  

10 a d d i t i o n a l  groups was concentrated i n  t he  mesh cover ing t h e  ~ 0 . 3  eV 2 3 9 ~ u  

resonance. Comparison o f  ca l cu la ted  values o f  yf vTf ( ) from t h e  30 

and 40 energy group problems showed d i f f e rences  o f  t h e  magnitude o f  

0.1% Ak/k. 

We a l s o  have assumed t h a t  t h e  thermal i z a t i o n  reg ion  extends t o  o n l y  

0.683 eV and t h a t  neutron upsca t te r i ng  t o  energies above t h i s  i n  water sys- 

tems can be accounted f o r  by an approximate c o r r e c t i o n  t o  t he  hydrogen 

cross sec t i on  i n  HRG3. Evidence o f  molecular b ind ing  i n  t h e  neutron energy 

reg ion  above 0.683 eV which was assumed i n  our  c a l c u l a t i o n s  i s  we l l  founded. (78) 

One o f  our e a r l y  at tempts was t o  i nc lude  t h e  reg ion  from 0.683 t o  ~2 eV i n  

our thermal i z a t i o n  c a l c u l a t i o n  us ing  the  THERMOS type code. Though we were 

n o t  l i m i t e d  as t o  t h e  number o f  energy groups, t h e  r e s u l t s  o f  s tud ies  we 

made (77 )  showed t h a t  extending t h e  Nel k i n  kernel  f o r  H20 t o  energies above 

0.683 eV r e s u l t e d  i n  o s c i l l a t i n g  behavior i n  t h e  ca l cu la ted  water cross 

sect ions and t h e  f l u x  i n  media comprised o f  o n l y  H 2 0  Attempts t o  "connect" 

a gas ~ilodel t o  account f o r  downscatter ing w i t h  a Ne lk in  model t o  account 

f o r  upsca t te r i ng  were unsuccessful .  Therefore, consider ing t h e  circum- 

stances i t  was decided t h a t  t he  most prudent approach was t o  t r y  t o  account 

f o r  t h i s  e f f e c t  by an approximation which could be accommodated i n  t h e  slow- 

i n g  down c a l c u l a t i o n  i n  t h e  HRG3 code. Determinat ions o f  t h e  magnitude o f  

t h e  e f f e c t  o f  t h e  approximation which i s  inc luded i n  t he  HRG3 code (79)  were 

made f o r  purposes o f  eva lua t i on  and t h e  r e s u l t s  a re  presented i n  Table 27. 

The change i n  keff i s  n e g l i g i b l e  when H20 upsca t te r i ng  i s  in t roduced 

i n t o  t h e  U02 l a t t i c e  c a l c u l a t i o n s .  For t h e  l a t t i c e s  con ta in ing  plutonium, 

t he  e f f e c t  i s  s i g n i f i c a n t  ranging up t o  0.7% Ak/k. The change i n  keff i s  

due p r i m a r i l y  t o  t h e  increased absorp t ion  r a t e  i n  t h e  2 4 0 ~ u  1.056 eV reso-  

nance. The e f f e c t  i s  l a r g e s t  f o r  t h e  t i g h t e s t  l a t t i c e s .  I t  a l s o  increases 



as t h e  2 4 0 ~ u  conten t  i n  t h e  p lutonium increases. The base c a l c u l a t i o n s  

repor ted  i n  t h i s  paper u t i l i z e d  t h e  approximation f o r  H20 upsca t te r i ng  i n  

HRG3. No es t imate  on the  accuracy o f  t h i s  approximation has been made. 

The r e s u l t s  shown i n  Table 27 g i v e  an i n d i c a t i o n  o f  t h e  s i g n i f i c a n c e  of H20 

upsca t te r i ng  i n  t he  var ious  l a t t i c e s .  

TABLE 27. R e a c t i v i t y  E f f e c t  o f  Using Water Upscat te r ing  i n  HRG3 

Upscat te r i  ng 
L a t t i c e  N nkeff x 103 Spacing Nf i ss ( i n . )  

UO (2.734% 2 3 5 ~ )  0.3 i n .  rods (Yankee) -2 

0.405 113 -0.41 
0.435 151 -0.38 
0.470 200 -0.33 
0.573 363 -0.31 
0.615 439 -0.24 
0.665 537 -0.09 

A1-5 w t X  Pu (5% 2 4 0 ~ u )  0.5 i n .  rods 

UO -4 w t %  Pu02 (18% 2 4 0 ~ u )  0.5 i n .  rods -2 

0.85 156 -5.98 

UO -2 w t %  Pu02 (8% 2 4 0 ~ u )  0.5 i n .  rods -2 

UO -2 w t %  Pu02 (24% 2 4 0 ~ u )  0.5 i n .  rods -2 



Nei 11 and Prezbindowski (80) made a  s tudy o f  t h e  e f f e c t s  o f  d i f f e r e n t  

group s t r u c t u r e s  and H20 s c a t t e r i n g  kerne ls  f o r  t h e  A1-5 w t %  Pu fue led  - 
1.30 i n .  l a t t i c e .  The r e s u l t s  o f  t h e i r  s tudy showed t h a t  t he  c a l c u l a t e d  

value o f  keff was i n s e n s i t i v e  (?0.1% ~ k / k )  t o  s c a t t e r i n g  models (Haywood-11, 

MclYurray-Russell and Nel k i n )  o r  t o  i n c l u d i n g  more groups than 30 below 

0.683 eV. The study does show t h a t  a  change i n  keff o f  somewhere i n  t he  

neighborhood o f  t0 .3  t o  +0.7% Ak/k occurs when the  thermal c u t o f f  i s  

increased from 0.683 t o  3.059 eV. I n  Table 27 we show t h a t  t h e  upscat te r -  

i n g  c o r r e c t i o n  incorpora ted  i n  the  HRG3 code leads t o  a  reduc t i on  i n  keff 

o f  0.117%. Thus, t he  r e s u l t s  o f  N e i l 1  ' s  and Prezbindowski ' s  study show 

an opposi te  e f f e c t  f rom our  r e s u l t s .  

Anisotropy. We a1 so approximate the  e f f e c t s  o f  an iso t ropy  i n  the  t h e r -  

mal i z a t i o n  c a l c u l a t i o n  by a1 t e r i n g  the  s c a t t e r i n g  kerne ls .  Previous 

s tud ies(81  ) have shown t h a t  t he  approximation o f  s u b s t i t u t i n g  t h e  t r a n s p o r t  

cross s e c t i o n  f o r  t h e  t o t a l  cross sec t i on  i s  a  s i g n i f i c a n t  e f f e c t  f o r  cer -  

t a i n  l a t t i c e s .  The ques t ion  remains: i s  t h e  approximate c o r r e c t i o n  an 

accurate method t o  account f o r  t h e  e f f e c t  o f  an i so t ropy  i n  t he  s c a t t e r i n g ?  

Lacking more d e f i n i t i v e  evidence, we s imply s t a t e  t h a t  t h e  r e s u l t s  o f  our  

ana l ys i s  a re  c o r r e c t  i n  t h i s  regard by assuming t h e  an iso t ropy  e f f e c t  has 

been accounted f o r  i n  our  c a l c u l a t i o n s .  

C. LEAKAGE CALCULATIONS 

Th is  area o f  t h e  ana l ys i s  i s  perhaps most suscep t i b le  t o  e r r o r  because 

o f  t he  r e l a t i v e l y  h igh  leakage components o f  t h e  assembly m u l t i p l i c a t i o n  

value. Some o f  t h e  e f f e c t s  o f  var ious  approximations made i n  t h i s  area a r e  

s tud ied  t o  determine i f  systematic e r r o r s  a r e  in t roduced i n  t h e  ana lys is .  

1. S e p a r a b i l i t y  o f  F lux  i n  Ax ia l  and Radial  Components 

We assumed t h a t  the  r a d i a l  and a x i a l  components o f  t h e  f l u x  i n  t h e  

c r i t i c a l  assembly a re  separable. Moreover, we assumed t h a t  a x i a l  leakage 

can be adequately descr ibed by an a x i a l  buck l ing  rep resen ta t i on  i n  HFN. To 

t e s t  t h i s  approx imat ion a  two-dimensional d i f f u s i o n  theory  s o l u t i o n  was 

obta ined us ing  t h e  EXTERMINATOR-2 code (82) and t h e  r e s u l t s  compared t o  t h e  



one-dimensional HFN s o l u t i o n  w i t h  a x i a l  buck1 i ng .  The problem se lec ted  was 

t h e  1.05 i n .  l a t t i c e  conta in ing  A1-5 w t %  Pu f u e l  because t h i s  l a t t i c e  has 

t h e  l a r g e s t  a x i a l  leakage. To make c e r t a i n  t h a t  t h e  eva lua t i on  was a c t u a l l y  

phys ica l  and no t  numerical, comparisons were made between t h e  r e s u l t s  from 

the  HFN code and corresponding s o l u t i o n s  us ing  the  EXTERMINATOR-2 code i n  

one dimension. The r e s u l t s  a re  shown i n  Table 28. 

TABLE 28. One and Two Dimensional D i f fus ion  Theory So lu t i ons  
f o r  t h e  1.05 i n .  A1-5 w t %  Pu Fueled L a t t i c e  

# Mesh Po in ts  
Code # Dimensions - Core Ref1 e c t o r  k e f f  

HFN 1  3  0  30 1  ,02725 

HFN 1  5  0  50 1.02721 

HFN 1  7  0  70 1.02721 

Extermi nator-2 1  3  0  30 1  .02696 

Extermi nator-2 1  15 15 1  .02350 .......................................................... 
Extermi nator-2 2  15Radia l  15 

25 Ax ia l  10 1.02025 

We f i r s t  note t h a t  t h e  two codes produce n e a r l y  i d e n t i c a l  r e s u l t s  when 

mesh p o i n t s  are changed from 30/30 t o  50/50 i n  c o r e / r e f l e c t o r ,  w i t h  t h e  

absolute d i f f e r e n c e  i n  keff between codes being 0.029% Akeff. Due t o  l i m i -  

t a t i o n s  i n  s p a t i a l  r ep resen ta t i on  o f  t h e  core, t h e  two-dimensional ca l cu la -  

t i o n  was made us ing  15 p o i n t s  i n  bo th  core  and r e f l e c t o r  i n  t h e  r a d i a l  

d i r e c t i o n ,  w i t h  25 p o i n t s  i n  t h e  core and 10 i n  t he  r e f l e c t o r  a x i a l l y .  The 

r e s u l t s  a re  compared t o  t h e  corresponding one-dimensional r a d i a l  s o l u t i o n  

w i t h  a x i a l  buck l i ng  t o  evaluate t he  combined e f f e c t  o f  f l u x  s e p a r a b i l i t y  

and use o f  a x i a l  buck l ing,  s ince  they  cannot be separated i n  t h i s  problem. 

The d i f f e r e n c e  i n  keff values i s  seen t o  be 0.00325 A k e f f  Thus, a  



one-dimensional d i f f u s i o n  t heo ry  s o l u t i o n  us ing  a x i a l  buck1 i ng can r e s u l t  

i n  e r r o r s  o f  0.2% akeff /kef f ,  s i nce  t h i s  l a t t i c e  should r ep resen t  t h e  

extreme case. 

The r e s u l t s  i n  Tab le  28 a l s o  show t h a t  t h e  use o f  50 p o i n t s  i n  t h e  

c o r e  and r e f l e c t o r  reg ions ,  r e s p e c t i v e l y ,  i s  an adequate r e p r e s e n t a t i o n  

s i n c e  t h e  va lue  o f  keff does no$ change upon adding 20 p o i n t s  t o  each reg ion .  

2. A x i a l  Leakage Represen ta t ion  

The r e p r e s e n t a t i o n  o f  t h e  a x i a l  leakage i n  o u r  c a l c u l a t i o n s  i s  uncer-  

t a i n  because o f  t h e  b u c k l i n g  r e p r e s e n t a t i o n  and t h e  p o s s i b i l i t y  o f  neut rons 

s t reaming i n  t h e  f u e l  rods.  The r e s u l t s  of t h e  i n v e s t i g a t i o n s  presented i n  

t h e  subsec t ion  above show t h a t  t h e  u n c e r t a i n t y  stemming f rom t h e  use o f  a  
2  DB r e p r e s e n t a t i o n  o f  a x i a l  leakage i s  about 10.2% Aklk .  

We have represen ted  a x i a l  leakage as t h a t  emerging from t h e  t o p  and 

bottom o f  a  c y l i n d r i c a l  homogeneous co re  which i s  f u l l y  r e f l e c t e d  w i t h  H20. 

T h i s  r e p r e s e n t a t i o n  does n o t  account f o r  t h e  p o s s i b i l i t y  o f  neut rons l eak -  

i n g  f rom t h e  assembly v i a  s t reaming i n  t h e  f u e l  and moderator channels i n  

t h e  l a t t i c e s .  For  t h e  systems we have s tud ied ,  t h e  l a r g e s t  p r o b a b i l i t y  f o r  

c a l c u l a t i o n a l  e r r o r s  f rom t h i s  source occurs  i n  t h e  case o f  t h e  A1-Pu 

f u e l e d  l a t t i c e s  because t h e  f u e l  rods  a r e  ma in l y  aluminum. We have n o t  

made an a n a l y s i s  o f  t h e  ex i s t ence  o r  t h e  magnitude o f  t h i s  e f f e c t .  However, 

o t h e r  i n v e s t i g a t i o n s  have s t u d i e d  t h i s  phenomenon b o t h  expe r imen ta l l y  and 

a n a l y t i c a l  l y .  (83984)  Based upon t h e i r  f i n d i n g s ,  we s t a t e  t h a t  t h i s  e f f e c t  

i s  r e a l  and unaccounted f o r  i n  ou r  a n a l y s i s .  We a r b i t r a r i l y  ass i gn  an 

e r r o r  i n  ou r  a n a l y s i s  o f  t h e  A1-Pu f u e l e d  systems o f  0.5% Aklk .  The s i g n  

o f  t h e  c o r r e c t i o n  f o r  t h i s  e f f e c t  i s  nega t i ve  because we would underest imate 

t h e  f a s t  neu t ron  leakage f rom t h e  c o r e  w i t h  our  homogeneous model which 

would l ead  t o  o v e r p r e d i c t i n g  kef f .  We l i k e w i s e  a r b i t r a r i l y  assume an e r r o r  

o f  -0.25% n k l k  f o r  t h e  UOp and U02-Pu02 f u e l e d  l a t t i c e s .  We use a  sma l l e r  

e r r o r  because these f u e l  r ods  a r e  l onge r  than  t h e  A1-Pu rods  and l e s s  sus- 

c e p t i  b l e  t o  s t reani i  ng . 



3. Number o f  Enerav G r o u ~ s  

Our a n a l y s i s  a l s o  assumed t h a t  f o u r  groups o f  neutrons were s u f f i c i e n t  

i n  desc r i b ing  t h e  neutron leakage from t h e  assemblies. To t e s t  t h e  v a l i d -  

i t y  o f  t h e  assumption, we performed some c a l c u l a t i o n s  us ing  18 groups o f  

neutrons i n  t he  HFN code. The groups were se lec ted  such t h a t  e x t r a  energy 

d e t a i l  was prov ided i n  t h e  reg ion  above 11.7 keV, t h e  one f a s t  group i n  t h e  

four-group ana lys is .  The problems se lec ted  f o r  t he  eva lua t i on  were t h e  two 

h ighes t  leakage systems; t h e  1.05 i n .  A1-5 wt% Pu fue led  l a t t i c e  and a  

p lutonium n i t r a t e  c r i t i c a l .  The r e s u l t s  a re  shown i n  Table 29. 

TABLE 29. E f f e c t  on Ca lcu la ted  keff o f  Inc reas ing  
t h e  Number o f  Energy Groups 

A1-5 wt% Pu - 1.05 i n .  L a t t i c e  

Case # Number o f  Groups mff 
1 2 m g 2 )  1  ,0466 

2  2  1  .0282 

3  4  1  .0234 

4  18 1  .0284 

Pu N i t r a t e  Systems 

5  4  (Bare) 1.01 332 

6 18 (Bare) 1  .01401 

7  4  (Ref lec ted)  1.01918 

8  18 (Ref 1  ected)  1.01 936 

For i n t e r e s t ,  we a l s o  show two-group r e s u l t s  f o r  t h e  A1-5 wt% l a t t i c e .  

Case 1  i s  us ing  t h e  measured value o f  t h e  buck l ing  i n  Equation 1  and Case 2  

i s  a  two-group HFN s o l u t i o n  w i t h  a x i a l  buck l ing  where t h e  range from 0.683 
7  t o  10 eV i s  descr ibed by a  s i n g l e  group. We note r e s u l t s  s i m i l a r  t o  those 

shown i n  Table 17, whereby t h e  buck1 i n g  representa t ion  o f  t o t a l  leakage 

c o n s i s t e n t l y  underpred ic ts  t h e  leakage and t h e r e f o r e  ove rp red i c t s  keff .  



The e f f e c t  o f  inc reas ing  the  number o f  groups from 4  t o  18 i s  t o  

increase t h e  ca l cu la ted  value o f  keff. The magnitude o f  t he  e f f e c t  i s  0.5% 

f o r  t h e  A1-5 w t %  Pu fue led  l a t t i c e  as shown by the  d i f f e rences  between 

Cases 3 and 4, and l e s s  than 0.1% f o r  the  plutonium n i t r a t e  c r i t i c a l s  f o r  

both t h e  bare and r e f l e c t e d  systems. Thus, we conclude t h e  maximum e r r o r  

i ncu r red  i n  our four-group model us ing d i f f u s i o n  theory i s  0.5% i n  keff. 

4. Two Region Model o f  the  Assembly 

A l l  o f  t he  analyses have been made using a  two reg ion  r a d i a l  model o f  

t h e  assembly, namely, a  homogeneous core and a  r e f l e c t o r .  I n  r e a l i t y ,  

t he re  i s  a  spec t ra l  s h i f t  which occurs as the  boundary between core and 

r e f l e c t o r  i s  approached. A c a l c u l a t i o n  was made t o  assess the  s e n s i t i v i t y  

o f  t he  ca l cu la ted  value o f  keff when some accounting f o r  t he  s h i f t  i s  

accorr~modated i n  t he  model. Th is  was accomplished by using two d i s c r e t e  

r e f l e c t o r  regions: a  o n e - u n i t - l a t t i c e  t h i c k  reg ion  near t h e  core and a  

reg ion  ou ts ide  o f  t h i s  reg ion  which represented t h e  balance o f  t h e  r e f l e c -  

t o r .  The cross sect ions f o r  hydrogen and oxygen i n  the  - in ter im r e f l e c t o r  

reg ion  were taken d i r e c t l y  from t h e  HRG3 and BRT-I c e l l  ca l cu la t i ons .  The 

nonthermal constants were c e l l  average val  ues and t h e  thermal constants 

were averages over t he  moderator p o r t i o n  of t h e  th ree  reg ion  u n i t  c e l l .  

The c a l c u l a t i o n  was made f o r  t h e  U02-2 w t %  PuOp (8% 2 4 0 ~ u )  l a t t i c e  w i t h  a  

0.85 i n .  l a t t i c e  spacing. The ca l cu la ted  keff increased from 0.9954 f o r  

t he  two-region reac to r  t o  1.0062 f o r  the  throe-region reac to r .  We conclude 

from t h i s  t h a t  i f  we were t o  change from a  two-region model t o  a  more 

d e t a i l e d  d e s c r i p t i o n  we cou ld  expect changes i n  ca lcu la ted  values o f  keff 

a t  l e a s t  as l a r g e  as 1%. The three-region c a l c u l a t i o n a l  method g ives  much 

b e t t e r  agreement between measured and ca l cu la ted  r a d i a l  power dens i t y  d i  s- 

tri but ions. (85) I n  t h e  study repor ted  i n  Reference 38, t h e  value o f  keff 

obtained f o r  a  U02-Pu02 l a t t i c e  (0.75 i n .  square), us ing the  three-region 

reac to r  model was ~ 1 %  greater  than t h a t  obtained us ing a  two-region model. 

For a U02 l a t t i c e  t h e  three-region model y i e l d e d  a  keff ~ 0 . 5 %  g rea te r  than 

t h a t  g iven by t h e  two-region model. 



5. Transpor t  Theory So lu t i on  

D i f fus ion  theory  s o l u t i o n s  o f  neutron leakage from t y p i c a l l y  h igh  

leakage assemblies may be i n t r o d u c i n g  e r r o r s  i n  t he  ana l ys i s .  To determine 

if t h i s  i s  so, some c a l c u l a t i o n s  were repeated us ing a  t r a n s p o r t  theory  

code. Based upon t h e  s tud ies  presented above, a  one-dimensional so l  u t i o n  

appears t o  be adequate and t h e r e f o r e  t h e  I D  t r anspo r t  code (87) DTF-IV was 

used f o r  these s tud ies .  The code i s  b r i e f l y  descr ibed i n  Appendix A. The 

same problems r u n  i n  t h e  s e n s i t i v i t y  t o  energy groups, Table 29, were r u n  

us ing  t h e  DTF-IV code, s ince  these represent  t h e  h ighes t  leakage systems. 

The c a l c u l a t i o n s  were made us ing both t h e  4-group and 18-group s t ruc tu res .  

The r e s u l t s  o f  these c a l c u l a t i o n s  a r e  shown i n  Table 30 a long w i t h  t h e  

d i f f u s i o n  theory  r e s u l t s .  

TABLE 30. Comparison o f  D i f f u s i o n  and Transport  Theory Sol u t i o n s  

Number o f  
S o l u t i o n  Energy Groups Cal cu la ted  kfiff 

L 

A1-5 w t %  Pu - 1.05 i n .  l a t t i c e  

D i f f u s i o n  4  
D i f f u s i o n  18 

Transpor t  (S4) 4  
Transpor t  (S4) 18 

Plutonium N i t r a t e  C r i t i c a l s  Bare System Ref lec ted  System 

D i f f u s i o n  
D i f f u s i o n  

Transpor t  (S4) 4  1.0839 1 . I059 
Transpor t  (S4) 18 1.021 1  1.0373 

The compari son shows subs tan t i a l  d i f ferences between values o f  keff 

ca l cu la ted  us ing d i f f u s i o n  and t r a n s p o r t  theory,  p a r t i c u l a r l y  f o r  t h e  four -  

group comparisons. Inc reas ing  t h e  nurnber o f  groups i n  d i f f u s i o n  theory  

does no t  have near t h e  e f f e c t  on ca l cu la ted  keff as i t  does i n  t r a n s p o r t  



theory.  The d i f f e r e n c e s  i n  keff va lues f o r  t h e  18-group comparisons o f  

d i f f u s i o n  t heo ry  w i t h  t r a n s p o r t  t heo ry  range from approx imate ly  0.5% f o r  

t h e  A1-5 wt% Pu cases t o  s l i g h t l y  more than 2% f o r  t h e  r e f l e c t e d  n i t r a t e  

system. Dwivedi (87) has made an a n a l y s i s  t o  determine t he  dependence o f  

c a l c u l a t e d  keff on energy and angular  d e t a i l  f o r  t h e  two n i t r a t e  systems 

shown i n  Table 30. He concludes t h a t  10 energy groups and an S-8 o rde r  

approx-imation i s  s u f f i c i e n t l y  accura te  f o r  DTF-IV c a l c u l a t i o n s .  The e f f e c t  

o f  go ing f rom S-4 t o  S-8 would be t o  decrease s l i g h t l y  (approx imate ly  

0.2% ~ k l k )  t h e  c a l c u l a t e d  va lues presented i n  Table 30. 

As s t a t e d  p r e v i o u s l y  ~ i c h e ~ ( ~ ~ )  made an ex tens ive  a n a l y s i s  o f  p lu ton ium 

homogeneous c r i t i c a l  experiments. H i s  r e s u l t s  were a l l  based upon an 

18-group model and t hey  showed s i m i l a r  t r ends  when going from d i f f u s i o n  

t heo ry  t o  t r a n s p o r t  t heo ry  s o l u t i o n s .  The t r ends  observed when t r a n s p o r t  

t h e o r y  i s  used r a t h e r  t han  d i f f u s i o n  t heo ry  f o r  t h e  leakage c a l c u l a t i o n s  

a r e  conf i rmed i n  a  s tudy  performed by N e i l  1  and ~ r e z b i n d o w s k i .  (80) They 

observed d i f f e r e n c e s  o f  3.4% i n  t h e  c a l c u l a t e d  va lue  o f  keff f o r  t h e  

A1-5 wt% Pu - 1.30 i n .  l a t t i c e .  These r e s u l t s  c a s t  susp i c i on  on t h e  v a l i d -  

i t y  o f  t h e  use o f  d i f f u s i o n  theory  t o  c a l c u l a t e  neut ron leakage f rom these 

a s s e ~ ~ ~ b l  i es . 
M u l t i t a b l e  D e f i n i t i o n s .  The t r a n s p o r t  t heo ry  c a l c u l a t i o n s  repo r ted  

above were made a  few years  ago w i t h  o l d e r  ve rs i ons  o f  HRG. Transpor t  

t h e o r y  c a l c u l a t i o n s  were r e c e n t l y  performed w i t h  DTF-IV f o r  t h e  0.80 i n .  

l a t t i c e  o f  U02-2 wt% Pu02 (8% 2 4 0 ~ u )  us ing  BNWML data.  Values o f  keff  

w i t h  4  and 10 energy groups us ing  va r i ous  d e f i n i t i o n s  o f  m u l t i t a b l e  c ross  

sec t i ons  f o r  t r a n s p o r t  codes f rom HRG3 a r e  presented i n  Table 31. Condi- 

t i o n s  f o r  t h e  c a l c u l a t i o n s  a r e  summarized a t  t h e  bottom o f  Table 31. The 

water  c ross  sec t i ons  correspond t o  t h e  va lues used f o r  t h e  c a l c u l a t i o n s  i n  

t h e  l a s t  p a r t  o f  Table 22. The group s t r u c t u r e  f o r  4 energy groups i s  t he  

same as t h e  s t r u c t u r e  used i n  t h e  HFN c a l c u l a t i o n s .  The 10- roup s t r u c t u r e  

(Table ,32) i s  t h e  same as was used i n  p rev ious  c a l c u l a t i o n s ,  q87) and found 

t o  be d e t a i l e d  enough a t  t h a t  t ime.  When WOIN = 1.0 i n  HRG3, o n l y  one t a b l e  

o f  c ross  sec t i ons  i s  punched and an i s o t r o p i c  c a l c u l a t i o n  i s  done i n  DTF-IV. 

When WOIN = 2.0 o r  4.0, two t a b l e s  o f  c ross  sec t i ons  a r e  punched f o r  each 

m a t e r i a l .  The l a t t e r  s e t  (WOIIV = 4.0) represen ts  t h e  extended t r a n s p o r t  



TABLE 31. Transpor t  Theory (DTF-IV) Resu f o r  0.80 i n .  
L a t t i c e  o f  U02-2 w t %  Pu02 (8% liaPu) 

Number o f  
Descr ip t ion*  WOIN Groups k e f f  

I s o t r o p i c  1 4 1.0015 

Normal Transpor t  2 4 0.9969 

Extended Transpor t  4 4 1.0021 

I s o t r o p i c  1 10 1 .0033 

Normal Transport  2 10 1 ,0056 

Extended Transport  4 10 1 .0067 

*BNWML Cross-Section Data 

k(Buck1ing) = 0.09322 i n  HRG3 

WCTP = 4.0 i n  HRG3 

E = i n  DTF-IV 

S4 Quadrature Set 

New Water i n  t h e  R e f l e c t o r  (See Table 22.) 

50 Space Po in t s  i n  Fuel + 50 Space Po in ts  i n  R e f l e c t o r  

TABLE 32. Energy Boundaries f o r  10-Group S t ruc tu re  

Group # 

1 

Lower Energy, eV 

4.72 x l o 6  
2.87 x l o 6  
1.74 x l o 6  



approx imat ion which con ta ins  second moment weighted c ross  sect ions.  The 

c ross  sec t i ons  f o r  WOIN = 2.0 a r e  b a s i c a l l y  t h e  same as cross sec t i ons  

punched w i t h  o l d e r  ve rs ions  o f  HRG. The main d i f f e r e n c e  i s  i n  t h e  d e f i n i -  

t i o n  o f  t h e  s e l f - s c a t t e r  e n t r y  i n  t h e  f i r s t  t a b l e .  The 4-group va lues o f  

k e f f  w i t h  DTF-IV a r e  a1 1  h i ghe r  than  t h e  HFN values ( rang ing  f rom 0.5% t o  

1.5%). O f  t h e  t h r e e  4-group va lues of keff, t h e  extended t r a n s p o r t  ca lcu-  

l a t i o n  i n  DTF-IV i s  most soph i s t i ca ted .  T h i s  va lue  i s  1% l a r g e r  than  

ob ta ined  w i t h  HFN. . . 

I n  go ing  from 4  groups t o  10 groups i n  DTF-IV, t h e  c a l c u l a t e d  va lues 

o f  keff i nc rease  f o r  a1 1  va lues o f  WOIN. The normal and extended t r a n s p o r t  

c a l c u l a t i o n s  g i v e  va lues o f  keff w i t h i n  1  mk o f  each o the r .  The i s o t r o p i c  

c a l c u l a t i o n  i s  o n l y  2  t o  3  mk lower .  The s e n s i t i v i t y  o f  keff t o  group 

s t r u c t u r e  i s  much l e s s  pronounced t han  noted i n  t h e  c a l c u l a t i o n s  presented 

above. (87) 

From a1 1  o f  t h e  analyses o f  leakage presented i n  t h i s  r e p o r t ,  i t  seems 

reasonable t o  assume t h a t  t h e  10-group DTF-IV c a l c u l a t i o n s  w i t h  HRG3 

punched cards f o r  t h e  extended mu1 t i t a b l e  d e f i n i t i o n  i s  an accurate ca l cu -  

l a t i o n  o f  t h e  leakage f rom l a t t i c e s  o f  smal l  c r i t i c a l  systems such as these. 

D. SUMMARY OF THE ERRORS AND/OR UNCERTAINTIES I N  THE ANALYSIS 

We have at tempted t o  i d e n t i f y  t h e  sources o f  e r r o r  i n  our  t h e o r e t i c a l  

ana l ys i s  o f  these c r i t i c a l  assemblies. Many p o t e n t i a l  sources o f  e r r o r  

have been shown t o  e x i s t  and es t imates  were made as t o  t h e  magnitude o f  t h e  

assoc ia ted  e r r o r s .  For some sources such as manufactur ing to le rances  i t  i s  

perhaps more accurate t o  s t a t e  t h e  e f f e c t s  as u n c e r t a i n t i e s  r a t h e r  than  

e r r o r s  because t h e  v a r i a t i o n s  a r e  c o n t r o l l e d  and t h e r e f o r e  a r e  n o t  expected 

t o  a c t  i n  t h e  same d i r e c t i o n .  There fo re  we have n o t  assoc ia ted  any uncer- 

t a i n t y  t o  ou r  c a l c u l a t e d  va lues o f  keff which i s  a s c r i b a b l e  t o  such 

sources. 

We v iew i t  reasonable t o  assume t h a t  t h e r e  a r e  two major  sources o f  

e r r o r  i n  ou r  a n a l y s i s  and we a t tempt  t o  c o r r e c t  f o r  these i n  t h e  f o l l o w i n g  

sec t ions .  The f i r s t  i s  t h a t  p a r t i c l e  s e l f  s h i e l d i n g  cannot be neglected 



f o r  mixed ox ide  fue l s .  Second, a d i f f u s i o n  theory c a l c u l a t i o n  overpred ic ts  

t he  leakage as compared t o  a t ranspor t  theory so lu t i on .  Another source 

which could be debated as t o  e r r o r  o r  unce r ta in t y  i s  t he  use o f  BNWML cross 

sect ions i n  l i e u  o f  ENDFIB-I1 cross sect ions.  We choose t o  t r e a t  t h i s  as 

an e r r o r  s imply because ENDFIB-I1 represents newer experimental data and 

evaluat ions than the  BNWML data. 

It i s  obvious t h a t  we cannot p rov ide  an est imate o f  t h e  unce r ta in t y  i n  

t h e  ca l cu la ted  value of keff f o r  each i n d i v i d u a l  l a t t i c e  studied because we 

have no t  made a d e t a i l e d  ana lys i s  o f  a l l  t he  i n d i v i d u a l  e f f e c t s  f o r  each 

l a t t i c e .  Taking the  s implest  approach we t ry  t o  est imate the  o v e r a l l  uncer- 

t a i n t y  i n  our c a l c u l a t i o n  o f  keff f o r  each o f  t he  major f u e l  types s tud ied  

(namely plutonium on ly ,  uranium on ly  and mixed ox ide)  by making ex t rapo l  a- 

t i o n s  from t h e  l i m i t e d  amount o f  data t h a t  we do have. 

E r ro rs  i n  Our Analys is .  As mentioned, i t  i s  d i f f i c u l t  t o  p r e d i c t  pre- 

c i s e l y  t h e  values o f  keff i f  we had used ENDFIB-I1 cross sect ions, and a 

10-group t ranspor t  theory  s o l u t i o n  o f  neutron leakage from each assembly. 

Nevertheless, we est imate how the  mean values presented i n  Table 9 would 

change were these e r r o r s  n o t  incurred,  and these are  g iven i n  Table 33. 

Included i s  a gross c o r r e c t i o n  value f o r  p a r t i c l e  s e l f  sh ie ld ing  as pre- 

sented i n  Table 11. The cor rec ted  ca l cu la ted  values o f  keff a1 1 become 

more d iscrepant  w i t h  experiment except f o r  t h e  U n i t r a t e  systems. The p lu -  

tonium on ly  systems have h igh values o f  keff, and t h e  U02 and mixed ox ide  

systems have low values o f  keff. As noted i n  Table 33, we expect a s i g n i f i -  

cant  t rend  i n  keff w i t h  l a t t i c e  p i t c h  f o r  these l a t t e r  two systems. 

Unce r ta in t i es  i n  Our Analys is .  Some o f  t h e  sources o f  unce r ta in t y  

discussed i n  the  prev ious subsect ion are  present i n  t h e  ana lys i s  f o r  these 

systems. We 1 i s t  t he  est imate o f  t h e  magnitude o f  u n c e r t a i n t i e s  i n  Table 34 

f o r  c e r t a i n  areas o f  our c a l c u l a t i o n .  We neglected i nc lud ing  c e r t a i n  hard- 

ware, such as l a t t i c e  templates, i n  our ca l cu la t i ons .  We est imate t h i s  

r e s u l t s  i n  an unce r ta in t y  o f  around 0.1 t o  0.3% Ak/k. The slowing-down c a l -  

c u l a t i o n  i s  an important  source of uncer ta in ty ,  p a r t i c u l a r l y  f o r  t he  systems 

conta in ing  l a r g e  amounts o f  2 3 8 ~ .  We assign a s l i g h t l y  h igher  unce r ta in t y  

f o r  t h e  mixed ox ide  l a t t i c e s  compared t o  U02 l a t t i c e s  because o f  resonance 



TABLE 33. Estimated Corrections to the Analysis to Account for Errors 

M e a n  Value Gross Corrections (Ak/k,%) 
Part i cl e Corrected 

Sys tem Of keff Leakage Self Shielding ENDFIB-I1 keff 

A1 -Pu 1 .007 t1.5 0.0 t0.4 ' ~ 1 .  03 

Pu Nitrate 1.013 t1 .5 0.0 t0.4 '~1.03 

U02 1 . 000 t0.8 0.0 -1.8* 'Lo. 99* 

U Nitrate 0.995 +0.5 0.0 -0.2 ' ~ 1  .OO 

U02-Pu02 0.995 +1 .O -0.3 -1.5* 'LO. 99* 

* It is estimated that these lattices would have a significant discrepancy in keff 
as a function of lattice pitch with the largest discrepancy appearing for the 
tightest lattices (as illustrated in Table 14). 

TABLE 34. Estimated Uncertainties in Our Analyses 

Magnitude of Uncertainty, (~k/k,%) 
Area A1-PU Pu Nitrate UO -2- U Nitrate U02-Pu02 

Lattice Hardware, etc. 20.3 k0.2 20.3 kO.l 50.3 

Slowing-Down Calculation k0.5 k0.5 20.8 20.2 21.0 

Thermalization Calculation 20.8 k0.5 k0.5 k0.3 50.8 

Basic Cross Sections k0.6 20.6 50.8 k0.4 51 .O 

Standard Deviation - k1.2 20.95 21.3 k0.55 / 51.7 



over lap  e f f e c t s .  The the rma l i za t i on  c a l c u l a t i o n  represents an area o f  

u n c e r t a i n t y  which has many i n d i v i d u a l  sources. These a re  energy d e t a i l  

(number o f  groups and what reg ion  should represent  t he rma l i za t i on ) ,  boundary 

d e s c r i p t i o n  and an iso t ropy .  We ass ign an u n c e r t a i n t y  ranging from 0.3 t o  

0.8% t o  t h e  c o l l e c t i o n  o f  these depending on the  system. F i n a l l y ,  t h e  

degree o f  u n c e r t a i n t y  i n  t h e  experimental  knowledge o f  bas ic  cross sec t i ons  

i s  s t i l l  a  s i g n i f i c a n t  source o f  unce r ta in t y ,  as shown i n  Table 34. We 

ass ign values ranging from 0.4 t o  1.0% depending on the  p a r t i c u l a r  system. 

Combining these u n c e r t a i n t i e s  s t a t i s t i c a l l y ,  we ob ta in  t h e  standard devia-  

t i o n s  shown i n  Table 34. The values a re  l a r g e r  f o r  t he  l a t t i c e s  than f o r  

t he  homogeneous systems, as would be expected. 

The f o l l o w i n g  q u a l i t a t i v e  judgments can be made by comparing t h e  

cor rec ted  values o f  keff i n  Table 33 w i t h  t h e  standard dev ia t i ons  i n  

Table 34: 

1. For t h e  A1-Pu and Pu n i t r a t e  systems, i f  t h e  u n c e r t a i n t i e s  a l l  

ac ted  i n  t h e  same d i r e c t i o n  ( i .e . ,  be o f  same s i g n )  they  would 

n o t  account f o r  t he  magnitude o f  t h e  d iscrepancies i n  c a l c u l a t e d  

k e f f  ' s m  

2. For t h e  U02 and U02-Pu02 systems, t h e  u n c e r t a i n t i e s  would a l l  

have t o  have t h e  same s i g n  t o  come c l o s e  t o  account ing f o r  

t h e  magnitude o f  t h e  d iscrepancies.  It i s  doub t fu l  t h a t  they  

could account f o r  i t  e n t i r e l y  a t  t i g h t  l a t t i c e s .  



V I  . SUMMARY OF OTHER CORRELATIONS 

An impo r tan t  cons ide ra t i on  when choosing a c a l  c u l  a t i o n a l  scheme f o r  

des ign purposes i s  t h a t  i t s  range o f  a p p l i c a b i l i t y  covers a l l  c o n d i t i o n s  

which t h e  des ign must meet. Therefore i t  i s  impo r tan t  t o  know t h e  l i m i t s  

w i t h i n  which t h e  p a r t i c u l a r  c a l  c u l a t i o n a l  scheme can be r e l i a b l y  app l i ed .  

We have a1 ready addressed ourse lves  t o  t h i s  problem w i t h  regard  t o  t h e  

parameter keff i n  terms o f  t h e  range o f  enr ichments,  t h e  range o f  buck l ings ,  

and t he  range o f  hydrogen-to-pl  u t o n i  um r a t i  0s. 

When e v a l u a t i n g  t h e  range o f  va l  i d i t y  o f  a c a l  c u l  a t i o n a l  scheme one 

should a l s o  app ly  t h e  schenie t o  o t h e r  paranieters which can be ob ta ined  fro111 

var ious  experiments. Th is  i s  recommended because i t  i s  poss ib l e  t h a t  a 

f o r t u i t o u s  c a n c e l l a t i o n  o f  e r r o r s  r e s u l t s  i n  good theory-exper iment agree- 

ment f o r  one p a r t i c u l a r  parameter and n o t  f o r  another .  I n  t h i s  s e c t i o n  we 

address ourse lves  t o  t h i s  problem by cons ide r i ng  a d d i t i o n a l  i n f o r m a t i o n  t h a t  

i s  a v a i l a b l e  f r om severa l  o t h e r  s tud ies .  

A. CORRELATIONS OF k- 

Measurements and c a l c u l a t i o n s  o f  km have been made by Newman and 

Gordon. (50)  These exper iments have t he  advantage o f  e l  i m i n a t i n g  1 eakage 

and c o r e - r e f l e c t o r  spectrum problems assoc ia ted  w i t h  small c r i t i c a l  

experiments. 

The c a l c u l a t e d  va l  ue o f  km f o r  a U02-2 wt% Pu02 water  l a t t i c e  i s  about  

3% h igh.  It was a1 so found i n  t h e i r  s tudy t h a t  t h e  thermal disadvantage 

f a c t o r  i n  mixed ox ide,  l i g h t - w a t e r  moderated l a t t i c e s  i s  c o n s i s t e n t l y  over -  

es t imated  by about 14% us ing  t he  BRT-I code. Th is  overes t imat ion  o f  t h e  

thermal disadvantage f a c t o r  has t h e  e f f e c t  o f  underes t in ia t i  ng t he  thermal 

u t i l i z a t i o n  by 2% t o  6%. 

The d iscrepancy between t h e  c a l  c u l  a ted  and measured thermal u t i  1 i za- 

t i o n  increases w i t h  boron concen t ra t i on  i n  t h e  water moderator. There i s  

evidence t h a t  t h e  f l u x  depress ion around t h e  0.3 eV resonance o f  2 3 9 ~ u  

i s  overest imated i n  t h e  thermal i z a t i o n  c a l c u l a t i o n .  The f i s s i o n  r a t i o  



- 
o f  2 3 5 ~  t o  2 3 9 ~ u  and t h e  spectrum average va lue  o f  e ta ,  , f o r  2 3 9 ~ u  a r e  

bo th  overes t imated  i n  t h e  c a l c u l a t i o n .  C a l c u l a t i o n a l  e r r o r s  i n  and f 

tend  t o  cancel  f o r  l a t t i c e s  poisoned w i t h  boron i n  t h e  wa te r  t o  k o f  
03 

u n i t y .  Ca lcu l  a t i o n a l  e r r o r s  i n  ? and f f o r  unpoisoned l a t t i c e s  o n l y  

p a r t i  a1 l y  corr~pensate. 

The conc lus i on  was reached t h a t  t h e r e  appears t o  be a bas i c  d isc repancy  

i n  t h e  space and energy-dependent thermal neu t ron  spectrum as c a l c u l a t e d  

us i ng  t h e  BRT-1 code. Never the less,  t h e  c a l c u l a t i o n a l  scheme y i e l d s  

" b e t t e r "  agreement i n  keff t han  3% f o r  t h e  h i gh  leakage systems. T h i s  

c o r r e l a t i o n  o f  k  va lues makes any agreement between measured and ca l cu -  
03 

l a t e d  keff  va lues f o r  t h e  c l ean  c r i t i c a l  l a t t i c e s  appear dubious. 

B. CORRELATIONS OF p28 and 6 28 

A s tudy  has been made a t  P a c i f i c  Northwest Labora to ry  t o  eva l  ua te  

theory-exper iment  c o r r e l a t i o n s  o f  pZ8* and 6 28** f o r  26 l a t t i c e s  o f  U02 

rods  i n  1  i ght -wate r  moderator.  (88) I n  mixed ox ide  rods  t h e r e  i s  a  l a r g e  

amount o f  2 3 8 ~  presen t  and neu t ron  cap tu re  and f i s s i o n  r a t e s  i n  238u 

s t r o n g l y  i n f l u e n c e  t h e  phys ics  c h a r a c t e r i s t i c s  i n  these l a t t i c e s .  Thermal 

neu t ron  cap tu re  i n  2 3 8 ~  t y p i c a l l y  r ep resen t s  5  t o  15% o f  t h e  t o t a l  thermal 

neu t ron  cap tu res  i n  power r eac to r s .  However, t h e  resonance neu t ron  cap tu re  

r a t e  i n  2 3 8 ~  represen ts  most o f  t h e  nonthermal neu t ron  cap tu res  i n  these 

l a t t i c e s  and i s  t y p i c a l l y  one t o  f o u r  t imes  t h e  thermal cap tu re  r a t e  i n  

2 3 8 ~ .  An accura te  knowledge of t h e  cap tu re  r a t e  i n  2 3 8 ~  i s  a l s o  impo r tan t  

f o r  p r e d i c t i n g  f u e l  economy s i nce  t h e  o b t a i n a b l e  f u e l  burnup i s  s e n s i t i v e  

t o  t h e  i n i t i a l  convers ion  r a t i o  which i s  d e f i n e d  as t h e  number o f  neu t rons  

cap tu red  i n  2 3 8 ~  p e r  neu t ron  absorbed i n  235,, 

D e t a i l e d  f i n e  s t r u c t u r e  measurements w i t h i n  t h e  f u e l  have n o t  been 

made i n  t h e  p l u ton ium enr i ched  systems. One reason f o r  t h i s  omiss ion  has 

been t h e  t o x i c  na tu re  o f  p l u ton ium which d i c t a t e s  hand l i ng  p recau t ions  t h a t  

i nc rease  t h e  c o s t  o f  such measurements by f a c t o r s  o f  f i v e  t o  t e n  and which 

* p28 = l/CdR-1 where CdR i s  t h e  2 3 8 ~  cadmium r a t i o  i n  t h e  f u e l  rod .  

** 628 = To ta l  f i s s i o n  r a t e  i n  2 3 8 ~ / ~ o t a l  f i s s i o n  r a t e  i n  235,, 



r e q u i r e  addi  ti onal  c o n f i  n i  ng m a t e r i  a1 s  t h a t  i n  some cases i n c r e a s e  t h e  

exper imenta l  l e v e l  o f  u n c e r t a i n t y .  O ther  reasons have been t h e  v e r y  smal l  

supp ly  and t h e  h i g h  c o s t  o f  h i g h l y  p u r i f i e d  p l u t o n i u m  i s o t o p e s  f o r  use i n  

s t u d i e s  o f  i n d i v i d u a l  r e a c t i o n  r a t e s .  However, when i t  comes t o  t e s t i n g  

t h e  adequacy o f  c a l  c u l  a t i  onal  methods i n  p r e d i  c t i  ng 2 3 8 ~  r e a c t i o n  r a t e s ,  

we can r e l y  upon t h e  i n f o r m a t i o n  t h a t  has been gathered a l o n g  these l i n e s  

f o r  U02 l a t t i c e s .  We can use t h i s  i n f o r m a t i o n  because t h e r e  i s  e s s e n t i a l l y  

t h e  same amount o f  2 3 8 ~  i n  mixed o x i d e  l a t t i c e s  as i n  s l i g h t l y  en r i ched  

U02 1  a t t i  ces. 

A group o f  26 l a t t i c e  exper iments  f rom f o u r  d i f f e r e n t  l a b o r a t o r i e s ,  

c o v e r i n g  a  wide range o f  2 3 5 ~  enr ichments,  f u e l  r o d  d iameters  and l a t t i c e  

p i t c h e s  were chosen f o r  t h i s  s tudy .  The r e s u l t s  o f  t h i s  theory-exper iment  

c o r r e l a t i o n  o f  p28 and s~~ f o r  26 l a t t i c e s  o f  U02 rods i n d i c a t e  l a r g e  d i s -  

c repanc ies between t h e o r y  and exper iment.  C a l c u l a t i o n s  i n  general  y i e l d  

va lues o f  p28 h i g h e r  t h a n  measured va lues,  and va lues o f  s~~ l o w e r  than  

measured va lues.  The n e t  e f f e c t  o f  o v e r e s t i m a t i n g  p28 and underes t ima t ing  

628 should  r e s u l t  i n  a  c o n s i s t e n t  underes t ima te  o f  km and kef f  i n  t h e  

absence o f  o t h e r  e r r o r s .  For a  t y p i c a l  l i g h t - w a t e r  r e a c t o r ,  one would 

expec t  t h e  e r r o r  i n  c a l c u l a t e d  kef f  va lues  t o  be o f  t h e  o r d e r  o f  1% due 

t o  t h e  i n c o r r e c t  c a l c u l a t i o n s  o f  $8 and 628. 

The i n c o r r e c t  c a l c u l a t i o n  o f  pZ8  would  a l s o  be expected t o  have an 
28 e f f e c t  on c a l c u l a t i o n s  o f  burnup. I f  one c o n s i s t e n t l y  overes t ima tes  p , 

which i s  t h e  r a t i o  o f  t h e  epi-cadmium c a p t u r e  i n  2 3 8 ~  t o  t h e  sub-cadmium 

c a p t u r e  r a t e  i n  2 3 8 ~ ,  one shou ld  n o t  expec t  t o  be a b l e  t o  c a l c u l a t e  t h e  

burnup a c c u r a t e l y  u s i n g  these same c a l  c u l a t i o n a l  methods. Thus, t h i s  

s tudy  b r i n g s  t o  1  i g h t  s e v e r a l  a d d i t i o n a l  i n c o n s i s t e n c i e s  i n  t h e  c a l  c u l  a- 

t i o n a l  methods. These p a r t i c u l a r  i nconsi  s t e n c i e s  a p p l y  t o  t h e  c a l  c u l  a t i o n  

o f  mixed o x i d e  l a t t i c e s  as w e l l  as t o  U02 l a t t i c e s .  
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A search was made t o  determine if t h e r e  i s  any s y s t e m a t i c  v a r i a t i o n  

i n  t h e  d isc repancy  between c a l c u l a t e d  and measured tempera tu re  c o e f f i c i e n t s  

as a  f u n c t i o n  o f  t h e  buck1 i n g  o r  o f  some c a l c u l a t e d  c e l l  parameter.  The 

o n l y  parameters f o r  which t h e r e  seems t o  be any s y s t e m a t i c  v a r i a t i o n  o f  

t h e  d isc repancy  a r e  t h e  thermal group parameters;  t h e  c e l l  average va lues 

o f  thermal  na and ve f .  Thus, t h e r e  seems t o  be some ev idence t h a t  t h e  

d i s c r e p a n c i e s  observed between c a l c u l a t e d  and measured tempera tu re  c o e f f i -  

c i e n t s  a r e  r e l a t e d  t o  t h e  t h e r m a l i z a t i o n  c a l c u l a t i o n .  T h i s  tends t o  

s u p p o r t  t h e  c o n c l u s i o n  reached i n  t h e  km s tudy  t h a t  t h e r e  appears t o  be 

some b a s i c  d i sc repancy  i n  t h e  space and energy dependent themia l  n e u t r o n  

spect rum as c a l  c u l  a ted  u s i n g  t h e  THERMOS method. 



V I I .  CONCLUSIONS AND RECOMMENDATIONS 

The r e s u l t s  o f  t he  ana l ys i s  presented i n  t h i s  r e p o r t  have demonstrated 

t he  importance o f  d e t a i l .  Given o n l y  the  summary o f  r e s u l t s  presented i n  

Table 9, i t  cou ld  be concluded t h a t  t he  cross sec t ions ,  t h e o r e t i c a l  ~i iethods 

and ana l ys i s  procedures a re  adequate and t h a t  sound t e c h n i c a l  bases and 

des ign c r i  t e r i  a  cou ld  be e s t a b l i s h e d  us ing  these r e s u l  t s  . However, kef f  

i s  an i n t e g r a l  parameter which i s  made up o f  many components. Subsequent 

s tudy  o f  t he  unde r l y i ng  u n c e r t a i n t i e s  i n  c a l  c u l  a t i  ng these components 

uncovers many p o t e n t i a l  sources o f  e r r o r .  We have at tempted t o  i d e n t i f y  

what we t h i n k  a re  t he  major  e r r o r s l u n c e r t a i n t i e s  and have p rov ided  an 

es t imate  o f  t he  magnitude o f  these i n  our  c a l c u l a t i o n s .  Our est imates o f  

t he  b e s t  c a l c u l a t e d  values o f  keff  ( i  e . ,  t he  co r rec ted  values i n  Table 33) 

show: 

For A1-PU l a t t i c e s ,  t he  c a l c u l a t e d  va lues a re  ~ 3 %  l a r g e r  than  

measured va l  ues . 
For U02 and U02-Pu02 l a t t i c e s  t he  c a l c u l a t e d  va lues a r e  sma l l e r  

than measured values (1% o r  more). 

We combined t he  u n c e r t a i n t i e s  i n  a  gross manner t o  ass ign  a  s tandard  

d e v i a t i o n  t o  t he  c a l c u l a t i o n  o f  keff f o r  t he  l a t t i c e s  considered. The 

values a r r i v e d  a t  were k1.2, t 1 .3  and t1.7% a k l k  f o r  t h e  A1-Pu, U02 and 

U02-Pu02 f u e l e d  1  a t t i  ces r e s p e c t i v e l y  (Table 34) .  The s tandard dev i  a t i o n  

quoted f o r  t h e  A1-PU l a t t i c e s  o f  +1.2% Aklk  i s  -2% sma l l e r  than t he  d i s -  

crepancy noted ( ~ 3 % ) .  We used t h e  u n c e r t a i n t y  i n  cross sec t ions  quoted 

by t he  eva lua to rs  (61)  which perhaps i s  an underest imate. Concerning t he  

magnitude o f  t he  e f f o r t s  expended i n  a t tempt ing  t o  improve t h e  bas i c  

r e a c t o r  phys ics technology, t he  s i z e  o f  t he  d iscrepancies i s  r a t h e r  l a rge .  

However, t he  ana l ys i s  o f  so-ca l  1  ed simp1 e  systems such as c lean-uni  form 

1  a t t i c e  c r i t i c a l  s  i s  n o t  s imple,  b u t  r a t h e r  r equ i res  a  complex ana lys is .  

According t o  ou r  ana lys is ,  t he  c a l c u l a t i o n  o f  t h e  neut ron leakage i s  

o f  pr ime importance i n  c o r r e l a t i n g  these l a t t i c e s .  The use o f  s o p h i s t i c a t e d  

t h e o r e t i c a l  methods ( t r a n s p o r t  t heo ry )  y i e l d s  s y s t e m a t i c a l l y  1  a rger  va l  ues 

k e f f  than t h e  l e s s  exac t  methods such as d i f f u s i o n  theory .  



We assume, a  p r i o r i ,  t h a t  t r a n s p o r t  t h e o r y  i s  exac t  and conclude t h a t  

h i g h  leakage l a t t i c e s ,  such as analyzed i n  t h i s  s tudy,  r e q u i r e  t h e  u t i l i z a -  

t i o n  o f  a  one-dimensional t r a n s p o r t  t heo ry  code t o  c a l c u l a t e  t h e  leakage 

p rope r l y .  

I n  summary, t h e  r e s u l t s  of t he  theory-exper iment  c o r r e l a t i o n  o f  

l a t t i c e  c r i t i c a l s  lead  us t o  conclude t h a t  two p r i n c i p a l  areas o f  t h e  

u n i t  c e l l  c a l c u l a t i o n s  a r e  i n  e r r o r .  These a re :  ( 1  ) t h e  c a l c u l a t i o n  o f  

resonance abso rp t i on  events  i n  systems c o n t a i n i n g  2 3 8 ~ ,  and (2 )  t h e  c a l -  

c u l a t i o n  o f  t h e r m a l i z a t i o n  events i n  systems c o n t a i n i n g  p lu ton ium.  The 

use o f  a  more r e c e n t  c ross -sec t i on  eva lua t i on ,  ENDFIB-I I, y i e l d s  c a l c u l a t e d  

va lues o f  keff  which d e v i a t e  more s i g n i f i c a n t l y  f rom measured va lues than 

when t he  BNWML va lues  were used. The ma jo r  e f f e c t  comes f rom t h e  d i f f e r e n t  

va lues f o r  nonthermal 2 3 8 ~  data.  The use  o f  ENDFIB-I1 da ta  r e s u l t s  i n  

s i g n i f i c a n t  d isc repanc ies  between c a l c u l a t e d  and measured va lues o f  keff 

f o r  U02 and U02-Pu02 f u e l e d  l a t t i c e s .  On t h e  bas i s  o f  t he  magnitude and 

s i g n  o f  t he  d isc repanc ies ,  we conclude t h a t  t h e  c a l c u l a t i o n  o f  238u 

resonance abso rp t i on  i s  i n  e r r o r .  The e r r o r  cou ld  be due t o  t h e  bas i c  

cross sec t i ons  f o r  2 3 8 ~ ,  t h e  process ing t o  mu1 t i g r o u p  va lues,  o r  t h e  theo- 

r e t i c a l  d e s c r i p t i o n  o f  resonance absorp t ion ,  o r  perhaps a l l  o f  these. 

The u t i l i z a t i o n  o f  b e t t e r  c ross -sec t i on  data o r  more s o p h i s t i c a t e d  t h e o r i e s  

does n o t  n e c e s s a r i l y  r e s u l t  i n  b e t t e r  agreement between c a l c u l a t i o n  and 

measurement. 

The e r r o r  i n  t h e  c a l c u l a t i o n  o f  t h e r m a l i z a t i o n  events cou ld  be i n  

( 1 )  t h e  cross sec t i ons  f o r  2 3 9 ~ u ,  ( 2 )  t h e  s c a t t e r i n g  kerne l  f o r  H20, 

( 3 )  t h e  t heo ry  i n  THERMOS, o r  ( 4 )  perhaps a l l  o f  these. Regarding t h e  

2 3 9 ~ u  c ross  sec t ions ,  e i t h e r  t h e  2200 ni/sec va lue  o f  q f o r  2 3 9 ~ u  i s  t o o  

l a r g e  ( c u r r e n t l y ,  2.1085), (61)  o r  t h e  shape o f  t h e  2 3 9 ~ u  c ross  sec t i ons  

i n  t h e  thermal energy r e g i o n  i s  wrong, o r  both.  The s c a t t e r i n g  kerne l  

f o r  H20 does n o t  appear t o  be a  s e n s i t i v e  parameter i n  c a l c u l a t i n g  keff .  

The c a l c u l a t e d  va lues o f  keff a r e  n o t  much d i f f e r e n t  (80) when us ing  t h e  

Nel k i n  model (76)  (as embodied i n  t he  GAKER code ( 5 ) )  o r  t h e  Haywood kerne l  (93)  

(as embodied i n  t h e  ENDFIB system and t h e  FLANGE code(94) ) .  The use o f  

i n t e g r a l  t r a n s p o r t  t heo ry  t o  c a l c u l a t e  t h e r m a l i z a t i o n  has, i n  our  es t ima t i on ,  



never been c o n c l u s i v e l y  proven as be ing c o r r e c t ,  and t h e r e f o r e  cou ld  be 

t he  cause o f  t h e  e r r o r .  A r i g o r o u s  co~i ipar ison between mu l t i g roup  i n t e g r a l  

and d i f f e r e n t i a l  t r a n s p o r t  t heo ry  codes on a  w e l l  de f i ned  t h e r m a l i z a t i o n  

problem backed up by a  cont inuous (space, energy, angu la r )  Monte Ca r l o  

s o l u t i o n  would be ve ry  h e l p f u l  t o  eva lua t i ng  whether o r  n o t  a  problem 

e x i s t s  i n  THERMOS. 

R e l a t i n g  t h e  r e s u l t s  o f  c o r r e l a t i o n s  o f  o t h e r  parameters, g i ven  :in 

Sec t i onV I ,  t o  t h e  l a t t i c e  c r i t i c a l  c o r r e l a t i o n s ,  suppor ts  t he  genera l  

conc lus ions  drawn f rom t h e  l a t t e r .  The c o r r e l a t i o n  o f  measured and 

c a l c u l a t e d  values o f  k_ f o r  a  U02-Pu02-H20 u n i t  c e l l  shows d isc repanc ies  

which a r e  due p r i m a r i l y  t o  t h e  thermal u t i l i z a t i o n  c a l c u l a t i o n .  The 

c o r r e l a t i o n s  o f  experiments which t e s t  t h e  accuracy o f  c a l c u l a t i n g  

resonance abso rp t i on  i n  2 3 8 ~  (p28, and burnup o f  Yankee-Rowe f u e l )  suppor t  

t h e  conc lus ion  o f  e r r o r s  i n  t h e  c a l c u l a t i o n  o f  2 3 8 ~  resonance abso rp t i on  

events.  The c o r r e l a t i o n s  o f  power d i s t r i b u t i o n s  and temperature c o e f f i -  

c i e n t s  i n d i c a t e  t h a t  t h e  problem o f  accu ra te l y  c a l c u l a t i n g  these parameters 

r e s i d e s  i n  t h e  leakage c a l c u l a t i o n  and t h e  t h e r m a l i z a t i o n  c a l c u l a t i o n .  

The r e s u l t s  o f  our  a n a l y s i s  a r e  d i s t u r b i n g  when cons ide r i ng  t h e  needs 

o f  t h e  r e a c t o r  des igner .  Exact t h e o r e t i c a l  methods and a n a l y s i s  procedures 

demand s u b s t a n t i a l  amounts o f  computer s torage c a p a c i t y  and a re  u s u a l l y  

ve ry  c o s t l y .  Therefore,  t h e  des igner  must r e l y  on t he  development o f  

p r a c t i c a l  methods and u t i l i z e  these methods knowledegably t o  make accurate 

economic p r e d i c t i o n s  w h i l e  s imul taneously  making conserva t i ve  s a f e t y  p re -  

d i c t i o n s .  C r i t i c a l  exper iments,  such as we have analyzed, have h i s t o r i -  

c a l l y  been used as a  bas i s  f o r  no rma l i z i ng  des ign methods t o  b r i n g  c a l -  

c u l a t e d  and measured parameters i n t o  agreement. I n  most cases, e i t h e r  t h e  

t h e o r e t i c a l  methods and/or t he  bas i c  c ross  sec t i ons  a re  changed t o  b r i n g  

about  t h e  agreement. Our a n a l y s i s  shows t h a t  a  major  problem i s  encoun- 

t e red  i n  adequate ly  c a l c u l a t i n g  t h e  leakage i n  c r i t i c a l  exper iments and 

t h e r e i n  1  i e s  a  p o t e n t i a l  p i  t f a l l  . 
The r e l a t i o n s h i p  between t h e  c o r r e l a t i o n  o f  c r i t i c a l  exper iments and 

t he  des ign problem r e s t s  i n  t h e  bundle des ign c a l c u l a t i o n .  Beirlg a b l e  t o  



c a l c u l a t e  c r i t i c a l s  a f t e r  adjustment o f  c ross  sec t i ons  and/or u n i t  c e l l  

t heo ry  g i ves  t h e  des igner  conf idence i n  h i s  a b i l i t y  t o  accu ra te l y  p r e d i c t  

bundle parameters such as km, l o c a l  power d i s t r i b u t i o n ,  c o n t r o l  wor th ,  e t c .  

Since t h e  bundle problem does n o t  c o n t a i n  leakage, t h e  s o l u t i o n  e igenvalue 

o f  t h i s  problem i s  t h e  i n f i n i t e  mu1 t i p 1  i c a t i o n  va lue,  km, f o r  t h e  bundle. 

The l a t t i c e  c r i t i c a l  p rob l  e~n con ta ins  1  eakage and i t s  s o l u t i o n  e igenval  ue 

i s  i n  t h e  e f f e c t i v e  m u l t i p l i c a t i o n  keff ;  where keff  = k d l e a k a g e .  As a  

r e s u l t  o f  t h e  l a t t i c e  c r i t i c a l  c o r r e l a t i o n s  t h e  des ign engineer  m igh t  

a d j u s t  t h e  c a l c u l a t i o n  o f  km ( th rough t heo ry  o r  c ross  sec t i ons  i n  t h e  u n i t  

c e l l  ca l cu la t i . on )  t o  compensate f o r  e r r o r s  i n  t h e  c a l c u l a t i o n  o f  leakage 

t o  norma l i ze  keff .  There fo re  he has compromised on h i s  a b i l i t y  t o  ca l cu -  

l a t e  t h e  c o r r e c t  va lue  o f  km f o r  t h e  bundle and i s  f a l s e l y  c o n f i  e n t  o f  h i s  

a b i l i t y  t o  p r e d i c t  bundle parameters accu ra te l y .  

One o f  t h e  many lessons we have learned  i n  t h e  course o f  these  s tud ies  

i s  t h a t  c a l c u l a t i n g  a  l a r g e  number o f  exper iments i s  n o t  a  necessary and 

s u f f i c i e n t  c o n d i t i o n  t o  j udg ing  where e r r o r s  l i e  i n  c a l c u l a t i o n s .  Rather,  

a  few wel l -determined cases a re  much more va luab le .  I d e a l l y ,  a  c r i t i c a l  

exper iment which i nc l udes  measurement o f :  kef f ,  a x i a l  and r a d i a l  f l u x  and 

power d i s t r i b u t i o n s ,  and f i n e  s t r u c t u r e  parameters such thermal u t i l i z a -  

t i o n ,  resonance abso rp t i on  r a t e ,  e tc . ,  p rov ides  t h e  data needed t o  eva lua te  

a l l  components o f  t h e  c a l c u l a t i o n  impo r tan t  i n  des ign a n a l y s i s .  We do how- 

ever,  r e a l i z e  t h e  d i f f i c u l t i e s  i n h e r e n t  i n  o b t a i n i n g  t h e  i d e a l  s e t  o f  da ta .  

Never the less,  t h e  t e s t  o f  adequacy o f  des ign methods must i n c l u d e  e x p e r i -  

ments which t e s t  t he  va r i ous  p a r t s  o f  t h e  c a l c u l a t i o n  o f  kef f .  

We o f f e r  t h e  f o l l o w i n g  as f r u i t f u l  areas f o r  f u r t h e r  i n v e s t i g a t i o n .  

F i r s t ,  t h e r e  a r e  those quest ions on t he  cross sec t ions  and methods used 

i n  c e l l  spec t ra  c a l c u l a t i o n s  which must be reso lved  p r i o r  t o  per fo rming  

an ex tens i ve  number o f  c a l c u l a t i o n s  o f  keff f o r  t he  c r i t i c a l  assemblies. 

Secondly, t h e  c a l c u l a t i o n  o f  keff  means coming t o  g r i p s  w i t h  t he  problem 

of c a l c u l a t i n g  t h e  neu t ron  leakage accu ra te l y .  We b r i e f l y  o u t l i n e  below 

t h e  subsets o f  each o f  these areas which we f e e l  would war ran t  f u r t h e r  

study. 



CROSS SECTICINS 

The expected unce r ta in t y  i n  keff due t o  experimental u n c e r t a i n t i e s  i n  

t h e  cross sect ions i s  s i g n i f i c a n t .  For U02 l a t t i c e s  t h i s  unce r ta in t y  i n  

ke ff ranges from about 41.5% f o r  t i g h t  l a t t i c e s  t o  about +0.5% f o r  loose 

l a t t i c e s .  For A l - P U  l a t t i c e s  the  unce r ta in t y  i n  keff i s  about +I%. For 

the  U02-Pu02 l a t t i c e s  t h e  unce r ta in t y  i n  keff ranges from about +2% f o r  

t i g h t  l a t t i c e s  t o  about 41% f o r  loose l a t t i c e s .  Thus, i f  t h e  t h e o r e t i c a l  

methods and a n a l y t i c a l  procedures used i n  a  c a l c u l a t i o n  were "exact," 

these unce r ta in t i es  a r e  est imates o f  how accura te ly  one can l e g i t i m a t e l y  

expect t o  be ab le  t o  c a l c u l a t e  keff . 
The cross sec t ions  making t h e  l a r g e s t  c o n t r i b u t i o n  t o  the  unce r ta in t y  

in k e f f  a re  t h e  nonthermal data f o r  2 3 8 ~ ,  and 2 3 9 ~ u .  Since 2 3 8 ~  i s  present 

i n  such h igh concentrat ions, i t  would be des i rab le  t o  know t h e  background 

( f l o o r )  cross sec t ion  data, as w e l l  as t h e  resonance parameters, more 

p rec i se l y  than they a re  known a t  present. A t t e n t i o n  should be g iven t o  t h e  

processing o f  t h e  ENDF/B f i l e  t o  produce t h e  mul t ig roup values requ i red  by 

slowing down codes t o  i nsu re  t h a t  t h i s  i s  being done c o r r e c t l y .  The the r -  

mal cross sect ions f o r  2 3 9 ~ u  should be reevaluated (and perhaps remeasured) 

t o  determine i f  t h e  small experimental e r r o r s  quoted f o r  t h e  i n t e g r a l  mea- 

surements are  no t  b ias ing  t h e  evaluat ion.  

B. CELL METHODS 

Exact t h e o r e t i c a l  methods and ana lys i s  procedures genera l l y  are n o t  

used i n  reac to r  design because they would demand an excessive amount o f  

computer storage capac i ty  and running time. I n  p rac t i ce ,  var ious assump- 

t i o n s  and approximations a r e  made t o  s i m p l i f y  t h e  c a l c u l a t i o n  o f  c e l l -  

average parameters, and t h i s  should be expected t o  r e s u l t  i n  a  b ias  i n  

the  ca l cu la ted  r e s u l t s .  When designing reac to r  cores, i t  i s  important  t o  

est imate the  ne t  b ias  t h a t  one would expect from the  p a r t i c u l a r  assumptions 

and approximations t h a t  he has made i n  h i s  c e l l  methods. However, t h e  

scope o f  t h i s  paper has no t  inc luded an eva lua t ion  o f  t he  e f f e c t  o f  every 

assumption and approximation on the  ca l cu la ted  r e s u l t  f o r  every l a t t i c e .  



Rather, the purpose of the studies presented in Section V has been to 

i l l u s t r a t e  the importance of various assurr~ptions and approximations for  

a few selected l a t t i ces .  

Some of the important assumptions which resu l t  in a bias in our 

resul ts  are  neglecting resonance overlap ef fec ts ,  f a s t  f iss ion effects ,  

streaming, the grain s ize of Pu02 part ic les ,  assuming a reflecting bound- 

ary condition in BRT-I, and a thermal energy group upper boundary of 

0.683 eV instead of an energy above the 1.056 eV resonance of 2 4 0 ~ u .  I t  

may not be necessary for the reactor designer to include a l l  of these 

items in his calculation; however, they a l l  need to be evaluated so that  

the designer can apply a correction to his calculated resu l t s  to account 

for the neglected items. 

LEAKAGE CALCULATION 

In our  base analysis we used a one-dimensional, four energy group, 

diffusion theory calculation to predict the leakage. Increasing the 

number of energy groups to 18 has a small e f fec t  (%0.5% ~ k / k ) .  A two- 

region reactor model yields values of ke f f  which are somewhat lower than 

a three-region model. The use of transport theory in l ieu of diffusion 

theory changes (increases) the calculated values of ke f f  s ignificantly.  

Historically,  c r i t i ca l  experiment correlations have been used to 

evaluate ei ther  cross sections or cel l  methods or both. The problem of 

calculating the leakage, although i t  has been pointed out as  a problem 

area, has usually been ignored. That i s ,  i t  has been assumed generally 

tha t  the leakage can be predicted adequately by a zero or one dimensional 

diffusion theory calculation. I t  i s  our opinion tha t  a detailed analysis 

must be made of the leakage from these small assembl ies  i f  one i s  to  

have confidence i n  the use of these l a t t i ces  as benchmarks for testing 

design methods. On the basis of our analysis i t  appear that  diffusion 

theory i s  def ini te ly questionable as i s  the use of a two-region assembly 

model (a homogeneous core and a re f lec tor ) .  In the absence of proof, we 



conclude that  a higher order calculation (perhaps even Monte Carlo) i s  

necessary to assure a proper calculation of the leakage. We recommend 

that a study be conducted to prove conclusively, what theory(ies) and 

reactor model ( s )  are adequate to accurately calculate the leakage from 

c r i t i ca l  assen~blies (+.2% ~ k / k ) .  
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APPENDIX A 

DESCRIPTION OF THE CROSS SECTIONS, 
THEORETICAL METHODS AND ANALYSIS PROCEDURES 

The t h e o r e t i c a l  methods t h a t  we have used f o r  t h i s  ana l ys i s  a re  based 

upon a combinat ion o f  t r a n s p o r t  and d i f f u s i o n  theory  methods. Transpor t  

theory  methods a re  used f o r  performing u n i t  c e l l  spectrum ca l  cu l  a t i ons .  

D i f f u s i o n  theory  i s  used f o r  performing reac to r  neutron balance c a l c u l a t i o n s  

t o  o b t a i n  m u l t i p l i c a t i o n  values. I n  some instances, t r a n s p o r t  theory  i s  

a l so  used f o r  t h e  l a t t e r  type  c a l c u l a t i o n  t o  evaluate t h e  d i f f e rences  

between d i f f u s i o n  theory  and t r a n s p o r t  theory so lu t i ons .  The source o f  t h e  

bas ic  cross sec t ions  i s  t he  Bat te l le-Nor thwest  Master L ib ra ry ,  BNWML. ( 3  

These cross sec t ions  are, w i t h  some except ions, nea r l y  i d e n t i c a l  t o  those 

contained i n  vers ion  I o f  ENDFIB. (4)  The f o l l o w i n g  i s  a sumnary o f  t h e  

more important  c ross-sec t ion  values and a b r i e f  d e s c r i p t i o n  o f  each o f  t he  

codes used. 

A. CROSS SECTIONS 

The BNWML ( i t s  genesis i s  t h e  R. B. U. Basic L i b r a r y )  i s  a com- 

p i l a t i o n  o f  i s o t o p i c  p a r t i a l  cross sec t ions  represented as p o i n t  values 

cover ing the  energy range from zero t o  10 MeV. A con~puter code (63) was 

developed t o  read and i n t e r p r e t  t h i s  bas ic  f i l e  and prov ide  c ross-sec t ion  

values a t  s p e c i f i c  energy p o i n t s  o r  group averages us ing t h e  appropr ia te  

f l u x  weight ing. The c e l l  codes descr ibed below de r i ve  t h e i r  mu1 t i g r o u p  

l i b r a r i e s  from t h e  BIVWML by t h i s  means. The most important  cross sect ions 

i n  these c a l c u l a t i o n s  a re  summarized i n  Tables A-1 and A-2. 

1. Resonance Cross Sect ions 

Age measurenients have been used ex tens i ve l y  t o  a s s i s t  i n  determin ing 

the  adequacy o f  t h e  cross sec t ions  f o r  t h e  common moderating ma te r i a l s .  

Using t h e  cross sec t ions  on t h e  BNWML f o r  hydrogen and oxygen we ca l cu la ted  

the  age f rom a f i s s i o n  source t o  indium resonance o f  neutrons i n  H 2 0  The 



c a l c u l a t e d  v a l u e  i s  compared t o  what we c o n s i d e r  t h e  b e s t  measured v a l u e  i n  

Table  A-1 . As shown, t h e  agreement i s  exce l  l e n t  between t h e  c a l c u l a t e d  

v a l u e  and t h e  exper imenta l  va lue .  

TABLE A-1. Summary o f  Resonance Cross Sec t ions  

Measured Value and 
Reference C a l c u l a t e d  

Q u a n t i t y  Val ue Reference f rom BNWML 

1. Age t o  Ind ium Resonance 26.5 + 0.3 6 5 26.5 
i n  H20 (cm2) 

2. Resonance I n t e g r a l s ,  I m  

(107 t o  0.5 eV) (barns)  



TABLE A-2. Summary of Thermal Cross Sections 

2200 m/s Value 
Isotope from BNWML, b 

1 .  
a. Hydrogen 0.332 

b. Boron 759.0 

c. Nitrogen 1.88 

d. Aluminum 

e. Nickel 

f. Zirconium 0.188 

g. Stainless Steel 2.87 

g Values 
for 20.44"C 



Measured va lues o f  t h e  i n f i n i t e  d i l u t i o n  resonance i n t e g r a l  have a l s o  

p layed a  use fu l  r o l e  i n  eva lua t i ng  c ross  sec t ions .  I n  Pa r t  2  o f  Table A-1 

we show how t h e  va lues  c a l c u l a t e d  f rom t h e  BNWML compare w i t h  some o f  t h e  

measured values. For some o f  t h e  i so topes  wide v a r i a t i o n s  e x i s t  i n  mea- 

sured values; hence, i t  i s  d i f f i c u l t  t o  quote a  bes t  va lue.  Wi th  t h e  

excep t ion  o f  2 3 8 ~  and 2 4 2 ~ u  a l l  o f  t h e  c a l c u l a t e d  va lues a r e  w i t h i n  t he  

s tandard d e v i a t i o n  shown f o r  a t  l e a s t  one o f  t h e  measured values. The 

depar tu re  i n  va lues f o r  2 4 2 ~ u  i s  n o t  s i g n i f i c a n t  f o r  t h e  c r i t i c a l  assembly - 
c a l c u l a t i o n s  presented i n  t h i s  paper. However, f o r  2 3 8 ~  t h e  d i f f e r e n c e  

between t h e  measured and c a l c u l a t e d  i n f i n i t e l y  d i l u t e  resonance i n t e g r a l s  

i s  s i g n i f i c a n t  i n  terms o f  t h e  impact on t h e  c r i t i c a l  assembly c o r r e l a t i o n s .  

The c a l c u l a t e d  va lue  o f  269 barns us ing  t h e  c ross  sec t i ons  f rom t h e  BNWML 

i s  ve ry  n e a r l y  t h e  va lue  o f  279.7 barns quoted f o r  t h e  ENDFIB-I c ross  

sec t i ons .  (40)  

2. Thermal Cross Sec t ions  

The thermal c ross  sec t i ons  f o r  t h e  f i s s i l e  nuc l i des  f rom t h e  BNWML 

were normal ized a t  2200 m/s t o  t h e  parameters recommended i n  t h e  1965 IAEA 

eval  ua t i on .  (33)  The 2200 m/s abso rp t i on  c ross  sec t i ons  f o r  t h e  o t h e r  mate- 

r i a l  s  o f  - ir~iportance -in ou r  c a l c u l a t i o n s  were our  b e s t  es t ima te  va lues.  

These va lues a r e  a1 1  shown i n  Table A-2. 

The v a r i a t i o n  o f  t h e  f i s s i l e  n u c l i d e  c ross  sec t i ons  w i t h  energy i n  t h e  

thermal r e g i o n  i s  a l s o  o f  importance. ( 57 )  The shapes o f  these BNWML c ross  

sec t i ons  g i v e  t h e  g  va lues a t  20.44"C shown i n  Sec t ion  2  o f  Table A-2 

f o r  2 3 5 ~ ,  2 3 9 ~ u  and 241 Pu. 

B. CELL METHODS 

The neu t ron  d i s t r i b u t i o n s  i n  space and energy w i t h i n  a  u n i t  l a t t i c e  

c e l l  a r e  computed us ing  t h e  mu l t i g roup  t r a n s p o r t  t heo ry  codes HRG3, ( 8 )  

Ba t t e l l e -Rev i sed  THERMOS (BRT-I) , (7) EGGNIT ( '01)  and GRANIT. (102) The 

spectrum-averaged mu l t i g roup  c ross  sec t i ons  a r e  then  co l l apsed  t o  broad 

group va lues f o r  subsequent use i n  t h e  r e a c t o r  c a l c u l a t i o n s .  The b u l k  o f  



t h e  c a l c u l a t i o n s  were made us ing  HRG3 and BRT-I. The EGGNIT and GRANIT 

codes were used o n l y  f o r  e v a l u a t i n g  t h e  e f f e c t  o f  neu t ron  s e l f  s h i e l d i n g  

due t o  p a r t i c u l a t e  mixed ox ide  f ue l s .  

1. The The rma l i za t i on  C a l c u l a t i o n  

The computer code BRT-I i s  based on t h e  o r i g i n a l   THERMOS'^) code, b u t  

con ta ins  c e r t a i n  r e v i s i o n s  made a t  t h e  P a c i f i c  Northwest Labora to ry  over  

t h e  years.  

The BRT-I code so lves  t h e  i n t e g r a l  t r a n s p o r t  equa t ion  i n  one dimension 

us ing  a  mu1 t i g r o u p  c ross  s e c t i o n  1  i b r a r y  which was de r i ved  f rom t h e  BNWML. 

The code was used i n  t h i s  a n a l y s i s  t o  compute t h e  thermal neut ron d i s t r i -  

b u t i o n  i n  space and energy i n  a  c y l i n d r i c a l  geometry u n i t  c e l l  composed o f  

t h r e e  reg ions :  f u e l ,  c l a d  and assoc ia ted  moderator.  

Twenty space p o i n t s  desc r i be  t h i s  u n i t  c e l l  w i t h  seven being a l l o c a t e d  

t o  t h e  f u e l ,  t h r e e  t o  t h e  c lad,  and t e n  t o  t h e  moderator. The therma l i za -  

t i o n  r e g i o n  i s  assumed t o  be f rom 0.0 t o  0.683 eV. 'Th i r t y  energy groups 

were used t o  desc r i be  t h e  i s o t o p i c  c ross  sec t i ons  f o r  t h i s  energy reg ion .  

Ref1 e c t i  ng boundary c o n d i t i o n s  were used i n  t h e  c a l c u l a t i o n s  repo r ted  here. 

I n  BRT-I t h e  c a l c u l a t i o n  o f  t h e  thermal d i f f u s i o n  c o e f f i c i e n t  i s  based 

on t h e  neut ron cu r ren t .  An approximate method f o r  c o r r e c t i n g  t h e  sca t -  

t e r i n g  kerne l  t o  account f o r  a n i s o t r o p i c  s c a t t e r i n g  i s  a v a i l a b l e  f o r  a l l  

m a t e r i a l s  used i n  t h e  c e l l  c a l c u l a t i o n .  Th i s  method i nvo l ves  a1 t e r i n g  t h e  

d iagonal  elements o f  t h e  s c a t t e r i n g  kerne l  so t h a t  t h e  sum o f  t h e  m a t r i x  a t  

each i n i t i a l  energy added t o  t h e  abso rp t i on  c ross  s e c t i o n  y i e l d s  t h e  t r ans -  

p o r t  c ross  s e c t i o n  a t  each energy. The s c a t t e r i n g  kerne l  t h a t  was used f o r  

H20 i s  based upon t h e  Nel k i n  model (76)  and was c a l c u l a t e d  us ing  t h e  GAKER 

code. ( 5 )  The Brown-St. John (75 )  model i s  used f o r  c a l c u l a t i n g  s c a t t e r  

t r a n s f e r  fro111 a l l  o t h e r  m a t e r i a l s .  The computed space- and energy-dependent 

f l u x  and c u r r e n t  s o l u t i o n s  a r e  used t o  average t h e  m u l t i g r o u p  cross sec t i ons  

t o  d e r i v e  one thermal group f l u x / c u r r e n t  weighted and volume weighted con- 

s t a n t s  f o r  t h e  homogenized c e l l .  



2. The Slowing-Down C a l c u l a t i o n  

The computer code HRG3 i s  used f o r  c a l c u l a t i n g  t h e  f a s t  and ep i the rma l  

neu t ron  spectrum i n  a  homogenized system by s o l v i n g  t h e  t i m e  independent 

Boltzmann equa t ion  w i t h  i s o t r o p i c  sources us i ng  e i t h e r  t h e  PI o r  B1 app rox i -  

mat ion.  The energy range f rom 0.414 eV t o  10 MeV i s  covered i n  68 groups, 

each group one- four th  o f  a  l e t h a r g y  u n i t  wide. Wi th  t h i s  c a l c u l a t e d  spec- 

trum, t h e  code forms broad group averages o f  parameters f o r  use i n  s p a t i a l  

m u l t i g r o u p  c a l c u l a t i o n s .  HRG3 i s  t h e  l a t e s t  o f  a  s e r i e s  o f  ve r s i ons  which 

have evo lved a t  Ba t t e l l e -No r t hwes t  f rom GAM-1. ( 6 )  It s t i l l  r e t a i n s  t h e  

b a s i c  c h a r a c t e r i s t i c s  o f  i t s  predecessor.  

For  t h e  c a l c u l a t i o n s  r e p o r t e d  here  t h e  B1 approx imat ion  was used w i t h  

t h e  measured geomet r i ca l  buck1 ing, 132 as t h e  leakage f a c t o r .  The f i s s i o n  
g  ' 

s ~ e c t r u m  f o r  2 3 9 ~ u  was used i n  a l l  ~ l u t o n i u m  f u e l e d  l a t t i c e s .  For those  

l a t t i c e s  c o n t a i n i n g  o n l y  uranium f u e l ,  t h e  2 3 5 ~  f i s s i o n  spectrum was used. 

The e f f e c t  o f  he te rogene i t y  i n  t h e  resonance reg ion ,  t h a t  i s ,  t h e  shadowing 

caused by ne ighbo r i ng  rods  i n  t h e  l a t t i c e ,  i s  accounted f o r  us i ng  t h e  

method descr ibed  by Car l  v i  k .  (103) 

The resonance i n t e g r a l  i s  c a l c u l a t e d  by a  o f  t h e  

method o f  Ad le r ,  Hinman and Nordheim. ( l o 5 )  T h i s  i nc l udes  an i n t e r m e d i a t e  

resonance approx imat ion  f o r  bo th  t h e  resonance absorber and an admixed 

moderator,  ( '06)  and t h e  c ross  sec t i ons  f o r  resonances can be a l l o c a t e d  t o  

more than  one f i n e  group. An approximate c o r r e c t i o n  t o  account f o r  upscat -  

t e r i n g  by hydrogen i n  wa te r  (72)  i s  i nc l uded  i n  t h e  c a l c u l a t i o n .  

The i n t e r m e d i a t e  resonance approx imat ion,  resonance a l l o c a t i o n  and 

c o r r e c t i o n  f o r  u p s c a t t e r i n g  i n  wa te r  a r e  improvements t o  t h e  slowing-down 

c a l c u l a t i o n  t h a t  have been made s i nce  e a r l i e r  r epo r t ed  c o r r e l a t i o n s .  (30-34) 

The e f f e c t s  o f  these  m o d i f i c a t i o n s  i n  HRG3 on t h e  c a l c u l a t i o n  o f  kef f  i s  

i l l u s t r a t e d  i n  Appendix C.  I n  HRG3 t h e r e  a r e  two ways i n  which t h e  t r a n s -  

p o r t  c ross  s e c t i o n  i s  c a l c u l a t e d .  These a r e  r e f e r r e d  t o  as t h e  "s tandard"  

and " c o n s i s t e n t "  d e f i n i t i o n s .  The l a t t e r  d e f i n i t i o n  was used i n  ou r  

a n a l y s i s .  



3. C a l c u l a t i o n  o f  t h e  R e a c t i v i t y  E f f e c t  o f  Pu02 P a r t i c l e s  

The r e a c t i v i t y  e f f e c t  o f  t h e  f i n i t e  Pu02 p a r t i c l e s  i n  t h e  mixed ox ide  

f u e l s  was eva lua ted  us ing  t h e  codes GRANIT and EGGNIT. These codes pe rm i t  

one t o  c a l c u l a t e  t h e  s e l f - s h i e l d i n g  w i t h i n  f i n i t e  absorber g ra i ns  embedded 

i n  a  m a t r i x  o f  d i l u e n t  m a t e r i a l .  

The GRANIT code i s  an extended v e r s i o n  o f  THERMOS. It computes t h e  

pos i t ion-dependent  thermal neut ron spectrum i n  a  heterogeneous u n i t  c e l l  i n  

which f i n i t e  absorber g r a i n s  (Pu02 i n  our  case) a r e  imbedded i n  t h e  f u e l  

rod. The g ranu la r  r e g i o n  i s  handled by extending t h e  normal r eg ion - t o -  

r e g i o n  c o l l i s i o n  p r o b a b i l i t i e s ,  us ing  an ex tens ion  o f  t h e  approximate 

method o f  Lane, Nordheim and Sampson, ( l o 8 )  t o  exp l  i c i  t l y  i n c l u d e  p a r t i c l e  

and d i  1  uent  i n t e r a c t i o n s .  

The EGGNIT code i s  a  major  r e v i s i o n  o f  t h e  GAMTEC-I1 code. ( l o g )  o n l y  

t he  s lowing down segment o f  t h e  EGGNIT code was used i n  t h i s  s tudy s ince  

t h e  GRANIT code was used f o r  t h e  t h e r m a l i z a t i o n  c a l c u l a t i o n .  An i t e r a t i o n  

technique i s  i nco rpo ra ted  i n  t h e  s low ing  down segment o f  EGGNIT which 

extends Nordheim's numerical  i n t e g r a t i o n  method ( ' l o )  t o  mu1 t i r e g i o n  s i t u -  

a t i o n s .  A  c o l l i s i o n  p r o b a b i l i t y  r o u t i n e  a l l ows  one t o  t r e a t  t h e  problem o f  

f i n i t e  absorber g r a i n s  embedded i n  a  m a t r i x  o f  d i l u e n t  m a t e r i a l .  The 

GRANIT and EGGNIT codes were r u n  us ing  t h e  same c e l l  c o n d i t i o n s  used i n  t h e  

BRT-I and HRG3 c a l c u l a t i o n s  as exp la ined  i n  Pa r t s  1  and 2  o f  t h i s  subsect ion.  

C. REACTOR METHODS 

I n  most cases t h e  s o l u t i o n  o f  t h e  r e a c t o r  neut ron balance equat ion  was 

ob ta ined  us ing t h e  HFN") one-dimensional d i f f u s i o n  t heo ry  code. To evalu-  

a t e  t h e  e f f e c t s  o f  neg lec t i ng  an iso t ropy ,  a  few s o l u t i o n s  were ob ta ined  

us ing  t h e  one-dimensional t r a n s p o r t  t heo ry  code DTF-IV. (86)  

The r e a c t o r  model assumed f o r  a l l  o f  t h e  c r i t i c a l  assembly c a l c u l a t i o n s  

i s  a  s imple two-reg ion r e a c t o r  c o n s i s t i n g  o f  a  homogeneous core  and a  water  

r e f l e c t o r .  A  one-dimensional d e s c r i p t i o n  o f  t h i s  model i n  t h e  r a d i a l  d i r e c -  

t i o n  i s  used i n  c a l c u l a t i n g  t h e  neut ron leakage and assoc ia ted  va lue  o f  keff 

f o r  t h e  assembly. The r a d i a l  neu t ron  d i s t r i b u t i o n  i n  each broad group i s  



determined e x a c t l y  whereas t h e  a x i a l  neu t ron  d i s t r i b u t i o n  i s  approximated 

by us ing  a  monoenergetic t r ansve rse  buck l ing ,  B: , i n  bo th  t h e  co re  and 

r e f l e c t o r  reg ions .  The t ransverse  buck l i ng  i s  determined i n  each case f rom 

t h e  phys i ca l  he igh t  o f  t h e  f u e l ,  H, and measured r e f l e c t o r  savings, A ,  by 

t h e  r e l a t i o n s h i p :  

1. D i f f us i on  Theory Ca l cu la t i ons  

The HFN code so lves  t h e  homogeneous o r  non-homogeneous, n i u l t i g roup  

d i f f u s i o n  t heo ry  equa t ion  i n  one space dimension f o r  i t s  lowes t  e igenvalue 

and t h e  corresponding d i r e c t  and/or a d j o i n t  vec to rs ,  i n  bo th  m u l t i p l y i n g  

and t h e  non -mu l t i p l y i ng  systems. The code a l l ows  a  maximum o f  20 energy 

groups and 50 homogeneous reg ions .  P r o v i s i o n  t o  account f o r  neu t ron  l eak -  

age i n  d i r e c t i o n s  t r ansve rse  t o  t h e  s i n g l e  coo rd ina te  be ing cons idered a r e  

i nc l uded  i n  t h e  code. 

The HFlV code was r u n  t o  o b t a i n  t h e  d i r e c t  f l u x  s o l u t i o n  and correspond- 

i n g  e igenvalue f o r  a  mu l t i g roup  system. The mesh u t i l i z e d  was 50 p o i n t s  i n  

t h e  co re  and 50 p o i n t s  i n  t h e  r e f l e c t o r .  Thus, t h e  mesh spacing i n  t he  

co re  dnd r e f l e c t o r  r eg ions  were dependent on t h e  r a d i u s  o f  t h e  core.  The 

convergence c r i t e r i a  used f o r  t h e  f l u x  and e igenvalue s o l u t i o n s  i n  HFN were 

1 0 ' ~  and 1  o - ~  r e s p e c t i v e l y .  

2. T ranspor t  Theory Ca l cu la t i ons  

The DTF-IV code computes t h e  neut ron f l u x  d i s t r i b u t i o n  as a  d i s c r e t e  

o rd ina tes  s o l u t i o n  o f  t h e  Boltzmann t r a n s p o r t  equat ion.  The mu l t i g roup  

form of t h e  t r a n s p o r t  equa t ion  w i t h  a n i s o t r o p i c  s c a t t e r i n g  i s  so lved  i n  one- 

dimensional  plane, c y l i n d r i c a l ,  o r  sphe r i ca l  geometry. The quadrature 

o rde r  and t h e  o rder  o f  a n i s o t r o p i c  s c a t t e r i n g  a r e  i n p u t  v a r i a b l e s  which a r e  

l e f t  up t o  t h e  user  t o  s e l e c t .  The code a l l ows  a  l a r g e  number o f  energy 

groups and space p o i n t s .  Neutron leakage i n  d i r e c t i o n s  perpend icu la r  t o  
2 t h e  f l u x  s o l u t i o n  a r e  accounted f o r  by a  DB leakage term. 



The t r a n s p o r t  theory  c a l c u l a t i o n s  made w i t h  DTF-IV a r e  analogous t o  

t h e  d i f f u s i o n  theory  c a l c u l a t i o n s  made w i t h  HFN. The DTF-IV code was r u n  

i n  c y l i n d r i c a l  geometry w i t h  var ious  numbers of energy groups and quadra- 

t u r e  orders. F i r s t  o rder  a n i s o t r o p i c  s c a t t e r i n g  cross sec t ions  were used 

i n  a l l  cases. A t o t a l  o f  100 mesh p o i n t s  were used w i t h  50 mesh p o i n t s  

used i n  t h e  core  and 50 mesh p o i n t s  i n  t h e  r e f l e c t o r .  A convergence c r i -  

t e r i a  o f  was used f o r  bo th  t he  eigenval ue and f l u x  so lu t i ons .  

D. MOCKUP OF THE CRITICAL ASSEMBLY 

As mentioned above, t h e  two reg ion  c y l i n d r i c a l  r e a c t o r  c o n s i s t i n g  o f  

a homogeneous core and an H20 r e f l e c t o r  i s  equ iva len t  t o  t h e  f u l l y  inun- 

dated heterogeneous assembly. The ana l ys i s  proceeds w i t h  t he  c a l c u l a t i o n  

o f  l a t t i c e  constants f o r  t h e  homogeneous core  and t h e  r e f l e c t o r .  The d e r i -  

v a t i o n  o f  broad group parameters f o r  t h e  core was descr ibed above. Ref lec-  

t o r  cross sec t ions  were averaged over  a neutron spectrum ca l cu la ted  f o r  

f i s s i o n  neutrons slowing down and thermal i z i n g  i n  an i n f i n i t e  medium o f  

water. The non-thermal cross sec t ions  f o r  water a r e  obta ined from the  HRG3 

code c a l c u l a t i o n s  assuming t h e  PI approximation, no leakage, and a 2 3 9 ~ u  

f i s s i o n  spectrum f o r  p lutonium fue led  cores and a 2 3 5 ~  f i s s i o n  spectrum f o r  

u ran i  um f u e l  ed cores. 

Parameters f o r  t h e  r e f l e c t o r  and honiogenized core  a r e  obta ined f o r  

f o u r  broad energy groups f o r  use i n  t h e  reac to r  c a l c u l a t i o n  t o  o b t a i n  

values o f  t h e  mu1 t i p 1  i c a t i o n  f a c t o r  keff. The energy boundaries f o r  these 

f o u r  broad groups a r e  g iven  i n  Table A-3. The core i s  assumed t o  be a 

r i g h t  c i r c u l a r  c y l i n d e r  whose rad ius  Rc i s  determined from t h e  measured 

c r i t i c a l  number o f  rods,Nc, by conserving volume. The r e l a t i o n s h i p  i s :  

where A i s  t h e  area o f  a u n i t  c e l l .  



Thus f o r  a square p i t c h  l a t t i c e  t h e  c r i t i c a l  r ad ius  i s :  

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

where !L i s  t h e  l a t t i c e  p i t c h .  

TABLE A-3. Boundaries o f  Neutron Energy Groups 

Group Energies 

1 10 MeV - 11.7 keV 

2 11.7 keV - 2.38 eV 

3 2.38 eV - 0.683 eV 

4 0.683 eV - 0.0 eV 
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ACCOUNTING FOR THE EFFECT OF 2 4 1 ~ u  DECAY TO 2 4 1 ~ m  

The 2 4 1 ~ u  iso tope decays w i t h  a ha l f -1  i f e  o f  approximately 14.5 years, (61 ) 

r e s u l t i n g  i n  a gradual d e p l e t i o n  o f  f i s s i l e  p lutonium and a corresponding 

bu i ldup  o f  2 4 1 ~ m .  The c a l c u l a t i o n s  mentioned above have taken i n t o  account 

t h i s  changing i s o t o p i c  composit ion as a f u n c t i o n  o f  t ime  (except f o r  t h e  

Saxton c r i t i c a l s  f o r  which the  necessary i n fo rma t i on  was n o t  ava i l ab le ) .  

The 2 4 1 ~ u  and 2 4 1 ~ m  concen t ra t i  ons have been c a l  c u l  a ted f o r  each i n d i v i d u a l  

experiment on t h e  basis  o f  some recent  measurements (49) o f  t he  2 4 1 ~ ~  con- 

t e n t  i n  some of these f u e l s ,  as w e l l  as on t h e  bas is  o f  e a r l i e r  i s o t o p i c  

measurements. For some of t h e  fue l  m a t e r i a l s  no measurements o f  t he  2 4 1 ~ m  
content  have been made. I n  these cases t h e  amount o f  2 4 1 ~ u  o r i g i n a l  l y  i n  

t h e  p lutonium was r e l a t i v e l y  smal l .  

I n  some cases t h e  amount o f  2 4 1 ~ u  o r i g i n a l l y  contained i n  t h e  p l u t o -  

nium was q u i t e  smal l ,  and i n  these cases, o f  course, neg lec t ing  t h e  b u i l d -  

up o f  2 4 1 ~ m  s ince t h e  t ime o f  chemical separat ion o f  t h e  p lutonium w i l l  n o t  

r e s u l t  i n  s i g n i f i c a n t  e r r o r s  i n  r e a c t i v i t y  ca l cu la t i ons .  However, f o r  some 

o f  t h e  f u e l s  t h e  amount o f  2 4 1 ~ u  i n  t he  p lutonium i s  s i g n i f i c a n t .  For 

experiments repor ted  i n  t h i s  paper t h e  reduc t i on  i n  the  ca l cu la ted  r e a c t i v -  

i t y  as a r e s u l t  o f  t h e  presence o f  2 4 1 ~ m ,  ranges from about 0.1 t o  0.7% Ak/k. 

Therefore, i f  one wishes t o  perform accurate c a l c u l a t i o n s  o f  these c r i t i c a l  

experiments t o  evaluate c a l c u l a t i o n a l  methods, one needs t o  take i n t o  

account t h e  exact  amount o f  2 4 1 ~ m  f o r  any g iven  experiment. (111 
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EFFECTS OF CERTAIN IMPROVEMENTS MADE I N  
THE THEORY OF THE SLOWING DOWN CALCULATION 

Many improvements r e c e n t l y  made i n  t heo ry  o f  neu t ron  s lowing down have 

been i nco rpo ra ted  i n t o  t h e  HRG3 code. O f  these t h r e e  o f  t h e  more s i g n i f i -  

can t  i n  terms o f  t h e i r  e f f e c t  on t h e  c a l c u l a t e d  va lues o f  keff f o r  t h e  

l a t t i c e s  as exaniqined -in t h i s  paper a r e  d iscussed here. 

Two improvements a re  i n  t h e  resonance abso rp t i on  c a l c u l a t i o n .  The 

f i r s t  i nvo l ves  t h e  a l l o c a t i o n  o f  t h e  resonance abso rp t i on  c o n t r i b u t i o n  o f  

an i n d i v i d u a l  resonance t o  an energy group. ( '04) Before t h i s ,  HRG3 f o l -  

lowed t h e  GAM procedure o f  ass ign ing  t h e  e n t i r e  c o n t r i b u t i o n  o f  a  resonance 

t o  t h e  f i n e  group i n  which t h e  peak o f  t h e  resonance occurred. The r e v i -  

s i o n  i nco rpo ra ted  a  c r i t e r i o n  which was developed f o r  a1 l o c a t i n g  t h e  con- 

t r i b u t i o n  o f  a  resonance among severa l  f i n e  groups, on t h e  bas is  o f  t h e  

parameters o f  t h e  c e l l  problem and o f  t h e  i n d i v i d u a l  resonance. The most 

s i g n i f i c a n t  e f f e c t  o f  t h i s  r e v i s i o n  i s  on t h e  h i g h  peak, broad cap tu re  

resonances, such as those a t  6.67 eV i n  2 3 8 ~  and a t  1.056 eV i n  2 4 0 ~ u .  The 

r e s u l t  o f  t h e  r e v i s i o n  i s  t o  inc rease  t h e  cap tu re  p r o b a b i l i t y  i n  t h e  reso-  

nance. I n  t h e  prev ious method, t h e  concen t ra t i on  o f  t h e  c o n t r i b u t i o n  i n  a  

s i n g l e  f i n e  group l e d  t o  an excess ive f l u x  depress ion i n  t h a t  group and an 

excess ive r e d u c t i o n  i n  r e a c t i o n  r a t e .  By spreading t h e  c o n t r i b u t i o n  over  

severa l  groups, t h e  f l u x  depress ion i s  reduced and t h e  r e a c t i o n  r a t e  

increases. Sa id  another  way, i f  t h e  c o n t r i b u t i o n  o f  a  resonance i s  concen- 

t r a t e d  i n  a  s i n g l e  group, t h a t  resonance appears narrow i n  t h e  s low ing  down 

c a l c u l a t i o n  and thus  t h e r e  i s  a  l a r g e  p r o b a b i l i t y  t h a t  a  neut ron i s  sca t -  

t e r e d  pas t  t h e  resonance. I f ,  on t h e  o t h e r  hand, t h e  same c o n t r i b u t i o n  i s  

spread over severa l  f i n e  groups, t h e  resonance appears broad i n  t h e  s lowing 

down c a l c u l a t i o n  and t h e  p r o b a b i l i t y  t h a t  a  neut ron i s  sca t t e red  pas t  t h e  

resonance w i t h o u t  cap tu re  i s  reduced. 



The second change i n  t h e  resonance t rea tment  i n v o l v e d  t h e  e v a l u a t i o n  

o f  t h e  c o n t r i b u t i o n  of t h e  resonance t o  t h e  cap tu re  r a t e .  By t h e  p rev ious  

procedure, each resonance was c l a s s i f i e d  as e i t h e r  narrow o r  broad w i t h  

r espec t  t o  t h e  maximum energy l o s s  o f  a  neu t ron  i n  a  s c a t t e r i n g  c o l l i s i o n  

w i t h  an atom o f  t h e  resonance absorber,  and i t s  c o n t r i b u t i o n  t o  t h e  cap tu re  

r a t e  was determined as a r i s i n g  f rom one o r  t h e  o t h e r  o f  these two l i m i t i n g  

cases. I n  e i t h e r  case, t h e  resonance was assumed narrow r e l a t i v e  t o  t h e  

maximum energy l o s s  o f  a  neu t ron  i n  a  s c a t t e r i n g  c o l l i s i o n  w i t h  an atom o f  

an admixed moderator.  The consequence o f  t h i s  l a t t e r  assumption was t h a t  

t h e  neu t ron  f l u x  used i n  de te rmin ing  t h e  s c a t t e r i n g  i n t o  t h e  resonance by  

an admixed moderator d i d  n o t  r e f l e c t  any depress ion due t o  t h e  presence o f  

t h e  absorber .  I n  t h e  r e v i s e d  procedure,  an i n t e rmed ia te  resonance app rox i -  

m a t i o n ( l o 6 )  was used f o r  b o t h  t h e  resonance absorber and t h e  admixed mod- 

e r a t o r .  The p r a c t i c a l  e f f e c t  o f  t h e  i n t e r m e d i a t e  resonance approx imat ion  

on t h e  absorber  i t s e l f  i s  s ~ i i a l l ,  because t h e  assumption t h a t  t h e  s t r o n g l y  

absorb ing resonances a r e  broad i s  ve r y  good. On t h e  o t h e r  hand, t h e  i n t e r -  

mediate  resonance approx imat ion  s i g n i f i c a n t l y  i n f l u e n c e s  t h e  s c a t t e r i n g  by 

an admixed moderator i n t o  these same s t rong ,  broad resonances. Much o f  

t h i s  admixed moderator s c a t t e r i n g  a c t u a l l y  occurs  a t  energ ies  a t  which t h e  

f l u x  i s  depressed by t h e  e f f e c t  o f  t h e  absorber .  The r e v i s e d  c a l c u l a t i o n  

o f  t h i s  s c a t t e r i n g  i s  t h e r e f o r e  l e s s  than  t h e  preceding c a l c u l a t i o n ,  r e s u l t -  

i n g  i n  a  lower  r e a c t i o n  r a t e  than  be fo re .  The two changes i n  t h e  resonance 

c a l c u l a t i o n  thus  produce r e a c t i v i t y  e f f e c t s  i n  t h e  oppos i t e  d i r e c t i o n s .  

The t h i r d  change i s  a  c o r r e c t i o n  f o r  u p s c a t t e r i n g  by hydrogen i n  

water.  (79) The n e g l e c t  o f  u p s c a t t e r i n g  i n  s low ing  down c a l c u l a t i o n s  i s  

e q u i v a l e n t  t o  assuming t h a t ,  once a  neu t ron  has been slowed down p a s t  an 

energy, i t  no l o n g e r  can p a r t i c i p a t e  i n  r e a c t i o n s  a t  t h i s  energy o r  any 

h i ghe r  energ ies.  I f  u p s c a t t e r i n g  can occur,  then  t h e  same neu t ron  can t r a v -  

e r se  t h e  same energy range more t han  once, and an increased r a t e  o f  absorp- 

t i o n  should  r e s u l t .  A t  t h e  lower  energ ies  o f  t h e  s low ing  down range, 

upsca t t e r i ng ,  p a r t i c u l a r l y  by 1  i g h t e r  atoms, becomes impor tan t .  T h i s  i s  

p a r t i c u l a r l y  t r u e  i f  t h e r e  i s  a  s t r ong  absorb ing resonance present ,  as t h e  

one a t  1.056 eV i n  2 4 0 ~ u .  However, i n c l u s i o n  of u p s c a t t e r i n g  s e r i o u s l y  



compl i c a t e s  t h e  c a l c u l a t i o n  o f  a  s low ing  down spectrum i f  app rec i ab le  

numbers of t r a n s f e r s  t o  h i ghe r  energy groups occur,  f o r  then  an i t e r a t i v e  

procedure r a t h e r  than  a  s i n g l e  pass th rough  t h e  energy mesh i s  r equ i r ed .  

Cady e t  a1 . ( l o 7 )  proposed a  model f o r  u p s c a t t e r i n g  o f  hydrogen i n  water  

which conven ien t l y  bypasses t h e  comp l i ca t i on  o f  an i t e r a t i v e  procedure.  

They assumed t h a t  t h e  magnitude o f  t h e  u p s c a t t e r i n g  o f  hydrogen i n  water  a t  

these lower  ep i the rma l  energ ies  can be c a l c u l a t e d  by cons ide r i ng  hydrogen 

i s  an i d e a l  mass 1  gas, b u t  a t  an e l eva ted  temperature.  They n e g l e c t  t h e  

energy change of t h i s  upsca t t e r i ng ,  however. Co r rec t i ons  based on t h i s  

model have been i nc l uded  i n  HRG3 by r e v i s i o n  o f  t h e  c ross  sec t i ons  f o r  

wa te r  i n  t h e  lower  energy groups. 

The r e a c t i v i t y  e f f e c t s  o f  these t h r e e  improvements t o  HRG3 f o r  

se l ec ted  c r i t i c a l  exper iment l a t t i c e s  a r e  1  i s t e d  i n  Table  C-1. The r e a c t i v -  

i t y  e f f e c t  of t h e  improved resonance a l l o c a t i o n  i s  seen t o  be impo r tan t  i n  

those cases where s i g n i f i c a n t  amounts o f  2 3 8 ~  a r e  present .  For t h e  A1-PU 

l a t t i c e s  t h a t  a r e  i l l u s t r a t e d ,  i n  which no uranium i s  present ,  t h e  reac- 

t i v i t y  e f f e c t  of t h e  improved resonance a l l o c a t i o n  i s  seen t o  be q u i t e  

smal l .  Also,  w i t h i n  any s e r i e s  o f  exper iments w i t h  t h e  same f u e l  rods,  t h e  

r e a c t i v i t y  e f f e c t  i s  l a r g e s t  f o r  t h e  t i g h t e s t  l a t t i c e  p i t c h  and decreases 

i n  abso lu te  magnitude w i t h  i n c r e a s i n g  l a t t i c e  p i t c h .  

The r e a c t i v i t y  e f f e c t  o f  t h e  i n t e r m e d i a t z  resonance approx imat ion  r e l a -  

t i v e  t o  t h e  narrow resonance approx imat ion i s  seen t o  be l a r g e s t  f o r  t h e  

case o f  t h e  ox i de  f ue l s .  I n  these  cases t h e  i n t e rmed ia te  resonance app rox i -  

mat ion  s i g n i f i c a n t l y  i n f l u e n c e s  t h e  s c a t t e r i n g  by oxygen i n t o  t h e  s t r ong ,  

broad resonances, mai n1.y o f  2 3 8 ~ .  For  t h e  AI-PU l a t t i c e s  i n  which t h e  - 
admixed moderator i s  aluminum, and where aga in  t h e r e  i s  no 2 3 8 ~  present ,  

t h e  r e a c t i v i t y  e f f e c t  o f  i n t r o d u c i n g  t h e  i n t e rmed ia te  resonance approxima- 

t i o n  i s  r a t h e r  sma l l .  

The r e a c t i v i t y  e f f e c t  o f  accoun t ing  f o r  u p s c a t t e r i n g  i n  hydrogen i n  

water  i s  seen t o  be ~ i i o s t  i r r ~po r t an t  i n  those l a t t i c e  which have p lu ton iun i  -in 

t h e  f u e l .  Also,  i t  i s  c l e a r  t h a t  t h e  more 2 4 0 ~ u  t h e r e  i s  i n  t h e  f u e l  t h e  

more impo r tan t  t h e  e f f e c t  i s .  I n  t h e  case o f  t h e  uranium ox ide  c r i t i c a l s  



t h e  e f f e c t  o f  account ing f o r  s c a t t e r i n g  i n  water i s  seen t o  be very smal l .  

It i s  main ly  t h e  presence o f  t h e  2 4 0 ~ u  resonance a t  1.056 eV which accounts 

f o r  t h e  r e a c t i v i t y  e f f e c t  i n  t h i s  case f o r  t h e  plutonium-bearing l a t t i c e s .  

It i s  i n t e r e s t i n g  t o  note, by i nc lud ing  a l l  o f  these a c a n c e l l a t i o n  o f  

e f f e c t s  r e s u l t s .  Neglect ing any one o f  these improvements t o  the  slowing 

down theory can c l e a r l y  lead t o  e r r o r s  i n  ca l cu la ted  mu1 t i p 1  i c a t i o n  f a c t o r s .  

As was mentioned above, a l l  o f  these e f f e c t s  are inc luded i n  the  ca l cu la -  

t i o n s  repor ted  i n  t h i s  paper. 



TABLE C-1. R e a c t i v i t y  E f f e c t s  o f  Some HRG3 Improvements 

Auk x lo- '  
Resonance In te rmed ia te  
A l l o c a t i o n  Resonance 

L a t t i c e  
Spacing 

i n .  
H2° 

Upsca t te r i ng  

UO (2.734% '"u) 0.3 i n .  rods -2 

A1-5 w t %  Pu (5% 2 4 0 ~ u )  0.5 i n .  rods  

UO -4 w t %  Pu02 (18% 2 4 0 ~ u )  0.5 i n .  rods  -2 

UO -2 w t %  Pu02 (8% 2 4 0 ~ u )  0.5 i n .  rods -2 

UO -2 w t %  Pu02 (24% 2 4 0 ~ u )  0.5 i n .  rods  -2 
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