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edited by 

P. J. Collins and S. B. Brumbach 

ABSTRACT 

Further results are presented from the large, homogeneous 
assembly ZPPR-18 in the JUPITER-Ill program. Reaction rate results 
are given for ZPPR-18B along with measured gamma ray dose 
results from ZPPR-18A and 18B. Control rod worth results from the 
ZPPR-18 assemblies are included. 

CalculatIon models, measured and calculated k-effective 
values and measured sodium worth values are presented for the 
ZPPR-19 assemblies of the lo program. 



1 .  PROGRAM STATUS ( P .  J.  C o l l i n s  and S. B. Brumbach) 

Process ing  o f  experimental  data and a n a l y s i s  has been completed f o r  the  

l a r g e  convent iona l  c o r e s  o f  t h e  JUPITER-111 program, ZPPR-18 and ZPPR-19. 
This r e p o r t  c o n t a i n s  data f o r  c o n t r o l  rod  worths i n  ZPPR-18, r e a c t i o n  ra tes  
i n  ZPPR-18B, gamma r a y  dose measurements i n  ZPPR-18 and sodium void 
r eac t iv i t i e s  i n  ZPPR-19B. The data remaining t o  be r epor t ed  are r e a c t i o n  
rates i n  ZPPR-18C and ZPPR-19B and c o n t r o l  rod worths i n  ZPPR-19B. These 
w i l l  be inc luded  i n  t h e  nex t  r e p o r t  (ANL-ZPRn492) which is i n  product ion  a t  
t h i s  time. 

Experimental  data f o r  r e a d t i v i t i e s  and r e a c t i o n  ra tes  i n  mockups o f  t h e  

nuc lear  assembly test (ZPPR.-20A, 20B and 20F) and t h e  r e f e r e n c e  f l i g h t  
system (ZPPR-2OC) have been i s s u e d  as "ZPPR=20 Data Sheets". Processing of 
t h e  r e a c t i v i t i e s  f o r  t h e  f l o o d i n g  experiment (ZPPRr20D) and f o r  t h e  sand,- 
bur ied  experiment (ZPPR-20E) are nea r ing  completion. 

A major concern a r i s i n g  from t h e  i n i t i a l  a n a l y s i s  o f  ZPPRe-20 is t h e  

underpredic t ion  of c o n t r o l  rod  r e a c t i v i t y  worths.  Ca lcu la t ions  by t h e  MCNP 

Monte Car lo  code g i v e  worths lower than  experiment by 16%. The experimental  
worths are d i r e c t l y  p r o p o r t i o n a l  t o  t h e  e f f e c t i v e  source  r a t i o  which, i n  t h e  

case of ZPPR-20, must be  c a l c u l a t e d .  A number of t r a n s p o r t  c a l c u l a t i o n s  
us ing  t h e  TWODANT code have been made t o  i n v e s t i g a t e  e r r o r s  i n  t h e  source  
r a t i o s  c a l c u l a t e d  by d i f f u s i o n  theory  i n  xyz geometry. D i f f e rences  o f  on ly  
172% are i n d i c a t e d  f o r  a range  o f  cases. The r z  model, w i th  a s u i t a b l e  
s h i e l d i n g  f a c t o r  der ived  f o r  the c o n t r o l  rod  annulus  g i v e s  e x c e l l e n t  
agreement wi th  MCNP r e s u l t s  f o r  the rod  worths.  

A process ing  code which c o n s t r u c t s  t h e  i n p u t  data f o r  t h e  V I M  Monte 
Carlo code d i r e c t l y  from the  ZPPR experimental  data base is o p e r a t i o n a l .  
The ZPPR assemblies a re  desc r ibed  i n  great de t a i l  i nc lud ing  drawers, 
c ladding  of t h e  material p l a t e s  and a i r  gaps.  I n i t i a l  tests i n d i c a t e  that a 
va lue  of t h e  s o u r c e  r a t i o  w i l l  be ob ta ined  t o  u s e f u l  accuracy from the Monte 
Car lo  c a l c u l a t i o n s .  



2. MEASUREMENT AND CALCULATION OF CONTROL ROD WORTHS I N  ZPPR-18A 
(D. M. Smith, P .  J .  C o l l i n s ,  G. L. Grasseschi and F. Nakashima") 

2.1 I n t r o d u c t i o n  

The ZPPR-18 assembly was designed t o  provide  basic phys ics  data 
f o r  a very l a r g e ,  homogeneous LMR. O f  p a r t i c u l a r  i n t e r e s t  were s p a t i a l l y  
s e n s i t i v e  parameters ,  i nc lud ing  c o n t r o l  rod  worths.  The ZPPR-18A configura-  
t i o n  conta ined  24 c o n t r o l  r o d  p o s i t i o n s  ( C R P s )  a r ranged  as a n  inne r  r i n g  of 
s i x ,  a middle  r i n g  of s i x  and an  o u t e r  r i n g  of twelve.  The o u t e r  bank is 
l o c a t e d  a t  t h e  boundary between the  inne r  co re  and ou te r  core .  Because 
there were d i s t i n c t  zones of  plutonium and uranium f u e l  i n  t h e  o u t e r  co re ,  
ou te r  r i n g  C R P s  are n o t  a l l  i n  equ iva len t  environments. 

I n  a d d i t i o n  t o  measurements i n  t h e  s t a n d a r d  CRP l o c a t i o n s ,  t h e  
worths of i n d i v i d u a l  r o d s  and p a i r s  of  r o d s  were measured as a f u n c t i o n  of  
r a d i u s  a long  t h e  x-axis  of t h e  assembly. These l a t t e r  measurements were 

.made wi th  r e s p e c t  t o  f u e l .  The c o n t r o l  l o c a t i o n s  are g iven  i n  F ig .  2.1. As 
shown, a l l  CRPs are two-by-three drawers i n  s i z e  except  f o r  t h e  s p e c i a l  
measurements a t  x-axis  l o c a t i o n s  i n  t h e  i n n e r  core which a r e  three-by-three 
dfiawers i n  t h e  inne r  core .  

The measurements f a l l  i n t o  f o u r  basic c a t e g o r i e s ;  t h o s e  w i t h  100% 
n a t u r a l  B4C rods ,  t h o s e  a t  va r ious  r a d i i  a long  the x-axis ,  banks and p a r t i a l  
banks wi th  50% n a t u r a l  B4C r o d s  and h a l f - i n s e r t e d  banks. A l l  measurements 
were made i n  t he  ZPPR-18A s u b c r i t i c a l  r e f e r e n c e  (described i n  ANL-ZPR-485, 
p 2 ) .  T h i s  r e f e r e n c e  load ing  was r e b u i l t  immediately p r i o r  t o  t h e  c o n t r o l  
rod experiments ,  af ter  t h e  x-axis  measurements and a f t e r  t h e  50% BrC r o d  
bank measurements. The r e a c t i v i t y  was e s t a b l i s h e d  by i n v e r s e  k i n e t i c s  
a n a l y s i s  of the  power h i s t o r y  fo l lowing  a rod  drop. The experimental  r o d  
worths were measured r e l a t i v e  t o  t h i s  r e f e r e n c e  r e a c t i v i t y  by the  modified- 
sou rce -mul t ip l i ca t ion  method us ing  t h e  c o u n t r a t e s  recorded  o n  a system of 

"On assignment from t h e  Power Reactor and Nuclear F u e l  Development 
Corpora t ion. 
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s ix ty - fou r  in-core f i s s i o n  chambers. A l l  measured va lues  presented  here are 
from t h e  l e a s t - s q u a r e s  f i t t i n g  of r e a c t i v i t y  versus  d e t e c t o r  e f f i c i e n c y  i n  
t h e  McCRUNCH code. Adjustments t o  t h e  c a l c u l a t e d  e f f e c t i v e  sou rce  r a t i o  
af ter  the least  squares f i t t i n g  were small, u s u a l l y  o f  t he  o r d e r  o f  t e n t h s  
o f  a percent  and about  1 %  f o r  some m u l t i p l e  rod p a t t e r n s .  

Various c o n t r o l  rod  drawers were used. Atom d e n s i t i e s  cor res -  
ponding t o  these c o n t r o l  rod and CRP drawers, w i t h  a x i a l  s e c t i o n s  labeled i n  
inches ,  are  given i n  T a b l e  2.1. 

2.2 Measurements w i t h  100% B*C Rods 

The worth o f  each of the three CR banks w a s  measured for rods  
con ta in ing  100% n a t u r a l  B4C. 
and 13, 1 4 ,  17, 18, 19,  20, 23 and 24. Master 604 was used  i n  rods 15, 16, 
21 and 22. Details of the  data p rocess ing  are g iven  i n  Table 2.2. The ref* 
e rence  r e a c t i v i t y  p r i o r  t o  the measurements ( load ing  number 45) was 
~ 2 2 . 9 2 9  i 0.18#. 

data f i l e  42. 

Master 603 was used i n  r o d s  1 t o  6, 7 t o  12 

The 64 d e t e c t o r  data for  t h i s  r e f e r e n c e  were recorded on 

2.3 Measurements of Worth v s  Radius on the xLaxis  

A series of  t h i r t e e n  worth measurements was made f o r  s i n g l e  rods  
These measurements were made with respect and rod pairs  a long  t h e  x r a x i s .  

t o  fuel .  Later, the worths of CRPs were measured i n  t h e  c e n t r a l  l o c a t i o n  
( A )  and a n  o u t e r  l o c a t i o n  (F  + f ) .  For a l l  l o c a t i o n s ,  the 50% B 4 C  master 
606 was used. The reference r e a c t i v i t y  was determined a t  t h e  end o f  t h i s  

measurement sequence and was -25.819 f 0.219 ( load ing  number 62, 6 4 ~ c o u n t e r  
data f i l e  59, i n v e r s e  k i n e t i c s  f i l e  43). After c o r r e c t i n g  f o r  tempera ture ,  
i n t e r f a c e  gap and 241Pu decay, t h e  d i f f e r e n c e  between r e f e r e n c e  r e a c t i v i t i e s  
i n  load ings  45 and 62 was 0.306. 
movement i n  l o a d i n g  and unloading f u e l  drawers dur ing  the  x-axis measurer 

This  d i f f e r e n c e  is a t t r i b u t e d  t o  material 

ments. Details of t h e  data p rocess ing  are given i n  Table 2.3. 
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2.4 Worths o f  Banks and Par t ia l  Banks wi th  50% B C Rods 

Worths were measured f o r  twentysseven c o n f i g u r a t i o n s  which 
included unique i n d i v i d u a l  r o d s ,  whole banks, pa r t i a l  banks and combinations 
o f  banks. 

The c o n t r o l  rod  drawer masters a s s igned  t o  the  v a r i o u s  l o c a t i o n s  
are given i n  Table 2.4. The r e f e r e n c e  r e a c t i v i t y  f o r  t h i s  measurement 
sequence was tha t  descr ibed  above and measured i n  load ing  62 (-25.819). 
r e f e r e n c e  r e a c t i v i t y  measurement was repeated after t h i s  series o f  measure- 

A 

ments and differed from t h e  l o a d i n g  62 r e a c t i v i t y  by only 
cont inued use  of the previous  r e f e r e n c e  is appropriate. 

Details of  t h e  data process ing  are given i n  Tab 

0.03$, and 

e 2.4. 

2.5 Worths of Hal f - Inser ted  Rod Banks 

Worths were a l s o  measured f o r  a few conf igu ra t ions  wi th  half-  

A l l  h a l f - i n s e r t e d  r o d s  had their  B*C i n  h a l f  two o f  the  i n s e r t e d  rods. 
assembly. 
conta ined  787 mm-long (31-inch) columns of  n a t u r a l  B*C i n  c o n t r a s t  t o  
508 mm*long (20 inch )  columns i n  drawers used for f u l l y  i n s e r t e d  rods. 
Master 605 was used i n  CR 24 when CR 24 was f u l l y  i n s e r t e d .  

The drawers used f o r  h a l f - i n s e r t e d  r o d s  were master 608 and 

The r e f e r e n c e  
r e a c t i v i t y  for t h i s  measurement is aga in  tha t  from load ing  62 (*.25.81$). 
Details o f  t h e  data p rocess ing  are g iven  i n  Table 2.5. 

2.6 Reference Di f fus ion  Ca lcu la t ions  and Comparisons w i t h  Measurement 

The basic c a l c u l a t i o n s  were r e q u i r e d  t o  provide a d j o i n t  f l u x e s  and 
source rd r iven  real f l u x e s  f o r  each c o n t r o l  rod measurement in order t o  
c a l c u l a t e  d e t e c t o r  e f f i c i e n c i e s  and e f f e c t i v e  sou rce  r a t i o s  for process ing  
t h e  exper imenta l  data. For economy, these c a l c u l a t i o n s  were made wi th  

d i f f u s i o n  theo ry  i n  xy geometry w i t h  c r o s s  s e c t i o n s  c o l l a p s e d  t o  s i x  energy 
groups. The a d j o i n t  k r e f f e c t i v e s  g i v e  c a l c u l a t e d  worths f o r  each case. 
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This  s imple  c a l c u l a t i o n  model gave e x c e l l e n t  p r e d i c t i o n s  of f l u x  
d i s t r i b u t i o n s  r e l a t i v e  t o  those i n  t h e  r e f e r e n c e  core .  This  can  be seen i n  
Tables 2.4 and 2.5 where the number of d e t e c t o r s  r e t a i n e d  i n  t h e  McCRUNCH 

p rocess ing  was c l o s e  t o  60 i n  almost a l l  cases. The good p r e d i c t i o n s  of 
d e t e c t o r  e f f i c i e n c i e s  g ive  conf idence  i n  t h e  c a l c u l a t e d  e f f e c t i v e  sou rce  
ra t ios .  

The c a l c u l a t i o n s  were made w i t h  t h e  f i n i t e  d i f f e r e n c e  path of 
DIF3D f o r  convenience i n  t h e  e d i t i n g  codes ( l o c a l  t o  ZPPR usage) rather than 
t h e  nodal  d i f f u s i o n  path. A mesh spac ing  of  55 mm (one mesh p e r  ZPPR matrix 
p o s i t i o n )  was used. 
results than  by t h e  nodal  method due t o  mesh s i z e  e r r o r s .  

Thus c a l c u l a t e d  r o d  worths a re  c l o s e r  t o  t r a n s p o r t  

The s i x  group data were co l l apsed  from an xyz model o f  the ref- 
e rence  c o r e  c a l c u l a t e d  i n  21 groups. T h i s  model used  average  compositions 
f o r  each characterist ic drawer master type  i n  the inne r  c o r e  ( s i n g l e  
plutonium column t y p e s  DUM and DUF), i n  t h e  o u t e r  c o r e  (plutonium s i n g l e  and 
double  column, uranium s i n g l e  and double  column), c o n t r o l  p o s i t i o n s  ( C R P s ) ,  
and each b lanket  and r e f l e c t o r  zone. A second xyz c a l c u l a t i o n  w i t h  a l l  even 
numbered c o n t r o l s  r o d s  i n s e r t e d  was used t o  c o l l a p s e  data for  c o n t r o l  
rods.  Data were co l l apsed  i n d i v i d u a l l y  f o r  each rod  i n  t h e  r i n g .  Thus, i n  
the o u t e r  r i n g ,  t h e  c o n t r o l  r o d s  a d j a c e n t  t o  t h e  plutonium s e c t i o n  (Numbers 
24 and 18) were d i s t i n c t  from those near  t h e  uranium s e c t i o n  (Numbers 22 and 
16). 

for the even numbered rods .  
However, cross s e c t i o n s  f o r  t h e  odd numbered rods  used data collapsed 

E f f e c t i v e  buckl ing terms f o r  each drawer t y p e  i n  t h e  r e f e r e n c e  and 
f o r  c o n t r o l  r o d s  were genera ted  by a method analogous t o  t h a t  used f o r  group 

collapse. Two xyz c a l c u l a t i o n s  i n  s i x  groups provided a x i a l  leakages a t  the 

c o r e / a x i a l  b l anke t  i n t e r f a c e  which were matched t o  group and r e g i o n  
dependent DB2 terms. 

Benois t  d i f f u s i o n  c o e f f i c i e n t  mod i f i e r s  were co l l apsed  from 21 

groups t o  6 groups us ing  
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E D i g  'g" Dhomg 'g 

wi th  i X,y,Z, Dhomg t h e  I s o t r o p i c  d i f f u s i o n  c o e f f i c i e n t  and summation over  
t he  6 group s u b s e t s  of t h e  21 groups.  

Although t h e  s i x  group c o l l a p s e  was done w i t h  g e n e r i c  master 
composi t ions,  t h e  xy models used the i n d i v i d u a l  drawer composi t ions i n  the 
load ing  as  f o r  t h e  xyz c a l c u l a t i o n  models descr ibed  i n  ANL-ZPR-489, p. 1 2  

et .  seq.  

Calcu la ted  wortha are de f ined  as ( k l + k 2 ) / ( k  k B) w i t h  k l  t h e  
1 2  

k - e f f e c t i v e  f o r  t h e  s u b c r i t i c a l  r e fe rence ,  k2  t h e  k - e f f e c t i v e  f o r  t h e  case 
w i t h  c o n t r o l  rods  i n s e r t e d  and f?, = 0.0037855, t h e  c a l c u l a t e d  Bqeffec t ive  f o r  
ZPPRr l8A (ANLmZPRr489, p. 49).  The k r e f f e c t i v e  c a l c u l a t e d  for  the  

s u b c r i t i c a l  r e f e r e n c e  xy model was 0.989333. 

Five measurements were made for  p a t t e r n s  of  h a l f - i n s e r t e d  c o n t r o l  
rods (Table 2.5). I n  t h e  xy models these r o d s  were r ep resen ted  wi th  c o n t r o l  
rods and CRP compositions and buckl ings  combined w i t h  50% volume f r a c t i o n s .  
The McCRUNCH process ing  was carried o u t  i n  two s t e p s .  F i r s t ,  t h e  process ing  
was done w i t h  t h e  ha l fbone  d e t e c t o r s  and ha l f+ two d e t e c t o r s  s e p a r a t e l y .  
T h i s  gave average biases of 1.023 for t h e  r e a c t i v i t y  p r e d i c t e d  by t h e  half- 

two d e t e c t o r s  and 0.977 f o r  t h e  ha l fnone  d e t e c t o r s  compared w i t h  the  mean of 
a l l  d e t e c t o r s .  In  t h e  second stage, the e f f i c i e n c i e s  f o r  halfstwo d e t e c t o r s  
were a d j u s t e d  by a f a c t o r  0.977 and those  f o r  t he  ha l f cone  detectors by 

1.023. This  produced an  adequate  f i t  t o  t he  experiment c o u n t r a t e s  w i t h  over  
50 d e t e c t o r s  be ing  r e t a i n e d  i n  the data p rocess ing  (Table  2 .5) .  The ca lcu-  
la ted r o d  worths  were ove rp red ic t ed  by about  5% r e l a t i v e  t o  t h e  r e s u l t s  f o r  
the  rods f u l l y  i n s e r t e d  due t o  underes t imat ion  of  boron s h i e l d i n g  w i t h  t he  

50% d e n s i t y  rods i n  t h e  model. Threehdimensional c a l c u l a t i o n s  w i l l  be 

needed t o  improve these results. 

2.6.1 Cont ro l  Rods Along t h e  XLaxis 

A series of  c o n t r o l  rod worth measurements was made f o r  
p o s i t i o n s  a long  the  x - a x i s  t o  provide de t a i l  on t h e  accuracy of prediction 
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of worths  as a f u n c t i o n  o f  r a d i u s  and t o  g ive  r o d  i n t e r a c t i o n  effects. The 

rods  occupied 3 x 3 matrix p o s i t i o n s  i n  t h e  i n n e r  c o r e  and 2 x 3 matrix 
p o s i t i o n s  i n  the o u t e r  c o r e  (F igu re  2.1). The rod  worths  were measured reli. 
a t i v e  t o  f u e l  ra ther  than  r e l a t i v e  t o  CRPs as i n  t h e  o t h e r  measurements. A 

similar series of measurements was made i n  the smaller convent iona l  c o r e  
ZPPR-9 (ZPR-TM-356 p. 2). A comparison o f  the measured and c a l c u l a t e d  
worths f o r  ZPPR-18A is  shown i n  Table 2.6 and i n t e r a c t i o n  effects  are g iven  
i n  Table  2.7. 

The results o f  the  a n a l y s i s  are: 

( i >  The r o d  worths are  p red ic t ed  most c o n s i s t e n t l y  w i t h  

a mean C/E of  1.104 and s t a n d a r d  d e v i a t i o n  0.006. No t r e n d  i n  C/E w i t h  

r a d i u s  is appa ren t ,  i n c l u d i n g  rod  C which is i n  t h e  s teep f l u x  g r a d i e n t  a t  
t he  edge o f  t h e  o u t e r  core .  The unvarying p r e d i c t i o n  is c o n s i s t e n t  w i th  t h e  

a n a l y s i s  of  f i s s i o n  r a t e  d i s t r i b u t i o n s  (ANL-ZPR-489) and c o n t r a s t s  with 

r e s u l t s  i n  t h e  smaller convent iona l  co res  of  t h e  J u p i t e r - I  series. 

( i i )  The worths of CRPs r e l a t i v e  t o  f u e l  are overpre- 
d i c t e d  by 20%. 
c a l c u l a t i o n s  and has been shown t o  be due t o  ove rp red ic t ion  of a x i a l  l eakage  
i n  t h e  sodium channels .  Note that i n  t h e  p re sen t  case t h e  axial  leakage  
e r r o r s  are  conta ined  i n  t h e  CRP buckl ing terms which were c a l c u l a t e d  from an  
xyz d i f f u s i o n  model. 

A large o v e r p r e d i c t i o n  is always ob ta ined  by d i f f u s i o n  

( i i i)  The C/Es f o r  c o n t r o l  rod worths re la t ive t o  f u e l  
a re  h ighe r  t h a n  t h o s e  r e l a t i v e  t o  CRPs by about  3%. 
l a s t  two l i n e s  of  T a b l e  2.6 where exper imenta l  and c a l c u l a t e d  worths  a r e  

This is shown i n  t h e  

g iven  re la t ive  t o  CRPs. 
i n  t h e  CRP p o s i t i o n s  of t h e  r e f e r e n c e  loading .  A s  will be seen, t h e  C/E 

r e s u l t s  r e l a t i v e  t o  CRPs of  1.064 (CR A )  and 1.0770 (CRs F + f )  are 
c o n s i s t e n t  with other r e s u l t s  f o r  i n n e r  r i n g  r o d s  and o u t e r  r i n g  rods  near  

A l l  o t h e r  c o n t r o l  r o d  worths i n  ZPPR-18A were made 

t h e  plutonium s e c t o r .  

( i v )  I n t e r a c t i o n  e f f e c t s  are u s u a l l y  def ined  as t h e  
percent  change i n  t h e  combined r o d  worth r e l a t i v e  t o  t h e  sum o f  the 
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i n d i v i d u a l  worths.  These i n t e r a c t i o n s  are well c a l c u l a t e d  by the  s imple  
d i f f u s i o n  model ( tab le  2.7).  The i n t e r a c t i o n  e f f e c t s  f o r  ZPPR-18A i n  
percent  appear t o  be smaller t h a n  i n  ZPPR-9. For example, the  i n t e r a c t i o n  
f o r  the p a i r  of o u t e r  r i n g  c o n t r o l  r o d s  r e l a t i v e  t o  f u e l  i n  ZPPR-9 ( rods  13, 

19 i n  ZPPRt9 numbering scheme) is 27% w h i l e  that  f o r  r o d s  E + e i n  ZPPR-18B 

is 17%. However, a better comparison is made by  normalizing t h e  i n t e r a c t i o n  
pe rcen t  t o  the  worth o f  a s i n g l e  rod ,  as is shown i n  t h e  f o u r t h  column o f  
Table 2.7. S ince  the r o d s  i n  ZPPR-9 have about  t w i c e  t h e  worth of those  i n  
ZPPR-l8A, t h e  normalized i n t e r a c t i o n s  f o r  t h e  p a i r  of  o u t e r  r i n g  r o d s  are 
15% $" i n  ZPPR-9 and 21% $" i n  ZPPR-18A. 

2.6.2 Worths o f  Cont ro l  Rod Banks and Cons t i t uen t  Rods 

These data have been selected t o  show t h e  a n a l y s i s  o f  
t h e  p r i n c i p a l  r o d  banks and of s i n g l e  rods ,  p a i r s  of rods ,  and q u a r t e t s  of 
r o d s  i n  t h e  banks. The s i n g l e  r o d s  were measured i n  each o f  t h e  p o s i t i o n s  
w i t h  60° symmetry i n  t h e  banks. 
p o s i t i o n s  i n  t h e  o u t e r  bank a d j a c e n t  t o  the  plutonium sectpr and a d j a c e n t  t o  
t h e  uranium s e c t o r  t o  provide  da ta  on t h e  azimuthal  p r e d i c t i o n s  i n  t h e  o u t e r  

S e t s  of  two and f o u r  r o d s  were measured a t  

r i n g  which could be c a l c u l a t e d  by r e f i n e d  methods using one--eighth c o r e  
symmetry. D i f f e rences  i n  accuracy of  p r e d i c t i o n  o f  r o d s  nea r  the two 
s e c t o r s  have an impact on t h e  u t i l i z a t i o n  o f  t h e  complete rod  bank worths 
f o r  an  a l l -p lu tonium f u e l e d  core .  

Resu l t s  i n  t h e  fo l lowing  tables are given a d e s c r i p t i v e  
label  f o r  ease of  comprehension. The f u l l  d e s c r i p t i o n  o f  t h e  measurement 
can be found i n  Tables 2.3 t o  2.5 by means of  t h e  data f i l e  numbers. Single 
r o d  p o s i t i o n s  are i n d i c a t e d  by t h e  a n g l e  r e l a t i v e  t o  t h e  p o s i t i v e  x-axis. 
Note tha t  t h e  s t a t i s t i ca l  u n c e r t a i n t i e s  f o r  t h e  measurement are between 0.1% 
and 0.2%. 

of  p r e d i c t i o n s .  
T h i s  is t h e  s t a n d a r d  by which t o  compare the  r e l a t i v e  a c c u r a c i e s  

The a n a l y s i s  of r o d s  i n  the i n d i v i d u a l  banks is given i n  
T a b l e  2.8. A number of i n t e r e s t i n g  conclus ions  resul t :  
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( i )  The rod  worths  i n  t h e  i n n e r  r i n g  are p r e d i c t e d  w i t h  

The 100% B4C r o d  bank has a C/E which is margina l ly  remarkable cons is tency .  
higher  than  t h e  s t a n d a r d  50/50 B4C/Na  rod .  

( i i )  I n  t h e  middle r i n g ,  CR 11  a t  t h e  y-axis  has a C / E  

lower than  t h a t  of CR 12 n e a r  t he  x-axis  by 1.8%. 
a t t r i b u t e d  t o  unde rp red ic t ions  of f l u x e s  near  t h e  uranium s e c t o r  r e l a t i v e  t o  

T h i s  d i f f e r e n c e  is 

p r e d i c t i o n  nea r  t h e  plutonium s e c t o r .  

( i i i )  I n  t h e  o u t e r  r i n g ,  rods  ad jacen t  t o  t h e  uranium 
sector have a W E  lower by 5% t o  6% than  those  ad jacen t  t o  t h e  plutonium 
s e c t i o n  (compare r e s u l t s  f o r  CR 22 and CR 24, pairs of rods  and q u a r t e t s  o f  
r o d s ) .  Th i s  d i f f e r e n c e  is c o n s i s t e n t  with a n a l y s i s  of  f i s s i o n  ra tes  a t  the 

y- and x- axes  (ANL-ZPR-489, p.  5 0 ) .  The average o f  t h e  C / E s  f o r  rods  21, 
23, and 24 is 1.042 and c o n s i s t e n t  w i t h  t h e  C/Es f o r  12  o u t e r  r i n g  r o d s  
(1.041) and f o r  6 o u t e r  r i n g  rods  (1.039).  Th i s  r e s u l t  shows tha t  t h e  C / E  

bias for t h e  banks (1.04) shou ld  no t  be app l i ed  t o  a n  a l l  plutonium core.  
However, t h e  c o n s i s t e n t  C/Es f o r  t h e  banks and s i n g l e  rods show tha t  t h e  

bias f a c t o r s  could  be t aken  from the  r e s u l t s  of  measurements n e a r  t h e  

plutonium sectors. 

( i v )  The d i f f e r e n c e  of  1.5% between C/Es f o r  C R s  15 and 
16 and fo r  r o d s  15, 1 6 ,  21, and 22 is evidence of a tilt between t h e  t o p  and 
bottom of  t h e  ZPPR mat r ix .  As shown i n  de ta i l  i n  ZPPR-13 experiments ,  t h e  

r e a c t o r  ha lves  are i n  c o n t a c t  a t  t h e  t o p  of  the  assembly and separated by  

about  1 mm a t  t h e  bottom. Cont ro l  rods  15 and 16 were pos i t i oned  a t  t h e  

lower part  of  t h e  assembly where f u e l  is s e p a r a t e d  and measured worths a re  
t h u s  lower than  a t  t h e  top .  The d i f f e r e n c e  between C R s  15 and 16 and C R s  21 

and 22 was measured i n  ZPPR-19B. 

( v )  The worths of t h e  banks o f  100% BrC r o d s  are 
c a l c u l a t e d  w i t h  biases similar t o  those  f o r  t h e  50% BrC rod  banks 
(Table  2 .8) .  
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2.6.3 Rod Bank Combinations and I n t e r a c t i o n s  

Three measurements were made o f  combinations o f  complete 
c o n t r o l  rod  banks. The r e s u l t s  are g iven  i n  Table 2.9. The worths of  the  

i n d i v i d u a l  rod  banks from Table 2.8 are a l s o  inc luded  f o r  comparison. 

Small n e g a t i v e  i n t e r a c t i o n s  are found f o r  a d j a c e n t  rod  
banks, -2% f o r  I R  + MR and ~ 4 %  f o r  MR + OR. A large i n t e r a c t i o n  o f  32% 
occurs  between t h e  more w i d e l y  spaced inne r  and o u t e r  banks. I n  t h i s  case, 
t h e  worth of i n s e r t i n g  t h e  inne r  bank when t h e  o u t e r  bank is a l r e a d y  
i n s e r t e d  i n  t h e  co re  is $11.28 which is 58% greater than  t h e  worth of  the 
inner  bank a lone .  

These i n t e r a c t i o n  e f fec ts  are adequate ly  p r e d i c t e d  by 

t h e  s imple  d i f f u s i o n  c a l c u l a t i o n s .  

2.6.4 Rod Bank Combinations with Missing Rods 

Measurements were made f o r  combinations of two rod  banks 
wi th  a rod  miss ing  from each bank i n  tu rn .  The miss ing  rod  i n  each case was 
one n e a r e s t  t o  t h e  plutonium s e c t o r s .  These results are  given i n  
Table 2.10. The resu l t s  f o r  t h e  complete r o d  banks (Table  2.9)  a re  a l s o  
inc luded  f o r  comparison. The W E  values  f o r  each o f  t h e  three sets are 
c o n s i s t e n t  w i t h i n  0.4% b u t  these r e s u l t s  are no t  a s e n s i t i v e  test  of 
c a l c u l a t i o n .  

By s u b t r a c t i n g  these r e s u l t s  one can deduce t h e  worth of  
t h e  mis s ing  c o n t r o l  rods .  This  is impor tan t  i n  eva lua t ion  of  rod  run-out o r  
s tuck  rod effects .  Th i s  a n a l y s i s  is given i n  Table 2.11. Comparisons are 
made wi th  t h e  s i n g l e  r o d  worth and t h e  worth o f  the  r o d  wi th in  its bank. 
Note t h a t  t h e  s ta t i s t ica l  u n c e r t a i n t i e s ,  which are shown i n  t h e  t ab le ,  may 
be r e l a t i v e l y  l a r g e  due  t o  s u b t r a c t i o n  o f  two worths o f  similar magnitude. 

i n t e r a c t i o n  
rod banks. 

The worths of  s i n g l e  rods  vary cons ide rab ly  due t o  
effects  between r o d s  i n  a r i n g  and i n t e r a c t i o n  effects  between 
The worth of a rod i n  t h e  inne r  r i n g  is reduced i n  comparison 
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w i t h  the i s o l a t e d  rod due t o  a nega t ive  i n t e r a c t i o n  between rods  i n  the  r i n g  
and f u r t h e r  reduced i f  the middle  r i n g  is a l s o  i n s e r t e d .  However, t h e  worth 
is inc reased  by 60% when t h e  o u t e r  bank rods  are i n s e r t e d .  

A s t r o n g  p o s i t i v e  i n t e r a c t i o n  e x i s t s  i n  t he  middle  r i n g  
because o f  t h e  wide s e p a r a t i o n  of  t h e  r o d s  and t h e  s i n g l e  rod  worth is en* 
hanced by 77%. 
when t h e  i n n e r  r i n g  bank is p resen t  but  t h e  inc rease  i n  worth is on ly  46% 

The worth is f u r t h e r  enhanced t o  about  a f a c t o r  of  2 greater 

when the ne ighbor ing  o u t e r  bank is i n s e r t e d .  I n t e r a c t i o n  effects  i n  t he  

o u t e r  r i n g  gave an  i n c r e a s e  i n  t h e  s i n g l e  rod worth o f  12% but  i n s e r t i o n  o f  
t h e  i n n e r  r i n g  enhances t h e  s i n g l e  r o d  worth by 180%. 

These effects are q u i t e  well c a l c u l a t e d  as can be seen  
by comparing t h e  r e l a t i v e  C/E r e s u l t s  f o r  each rod  group. 

2.6.5 Half I n s e r t e d  Rods 

The p r e s e n t  c a l c u l a t i o n s  are aimed a t  data r educ t ion  and 
do n o t  provide  good comparisons wi th  experiment.  Improvements would r e q u i r e  
three*dimensional  c a l c u l a t i o n s  o r  d e r i v a t i o n  of a p p r o p r i a t e  rod  s h i e l d i n g  
f a c t o r s  and buckl ing  terms for  use  i n  the  xy model. For completeness,  
however, the  r e s u l t s  f o r  these cases are recorded i n  Table  2.12. 

The cons i s t ency  among t h e  C/E r e s u l t s  i n  Table 2.12 is 
q u i t e  remarkable, a l though the  sample model r e s u l t s  i n  biases which are 6-9% 
higher than  t h o s e  f o r  t h e  f u l l y  i n s e r t e d  rods.  

The worth of c o n t r o l  rod 24 is 0.784$ w i t h  6 inne r  r i n g  
and 1 1  o u t e r  r i n g  r o d s  ha l f  i n s e r t e d  ( T a b l e  2.5, Files 93 and 94). T h i s  

compares w i t h  the worth of  1.479$ wi th  the same rods  f u l l y  i n s e r t e d  and t h e  

worth of 0.514$ when i n s e r t e d  a l o n e  (Table  2.11). 

2.6.6 Threerdimensional Di f fus ion  and Transpor t  Ca lcu la t ions  

A series of th reerd imens iona l  c a l c u l a t i o n s  w i t h  21 group 
cross s e c t i o n s  was made f o r  selected cases e x h i b i t i n g  one-eighth core 
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symmetry i n  o r d e r  t o  provide  r e f i n e d  r e s u l t s  f o r  comparison w i t h  data i n  
o t h e r  co res .  The cases chosen were t h e  three complete r o d  banks, bo th  wi th  

100% B b C  rods and w i t h  the  50/50 B4C/Na r e f e r e n c e  rods ,  p l u s  t h e  two groups 
o f  f o u r  r o d s  a d j a c e n t  t o  t h e  plutonium s e c t o r  and ad jacen t  t o  the  uranium 
s e c t o r .  The l a t t e r  cases were of  p a r t i c u l a r  i n t e r e s t  because of  t h e  

d i f f e r e n t  a c c u r a c i e s  o f  p r e d i c t i o n  found f o r  r o d s  nea r  t h e  two s e c t o r s .  
These d i f f e r e n c e s  c l e a r l y  have an  impact on t h e  use o f  t h e  o u t e r  rod  bank 
w i t h  a n a l y s i s  f o r  e x t r a p o l a t i o n  t o  a n  a l l  plutonium f u e l e d  core .  Most 
e f f e c t i v e  use  of  t h e  data may r e q u i r e  a f u l l  s e n s i t i v i t y  ana lyses .  

Three dimension d i f f u s i o n  c a l c u l a t i o n s  were made us ing  
t h e  nodal  d i f f u s i o n  and nodal t r a n s p o r t  s o l u t i o n s .  The xy mesh i n  t h e  nodal  
s o l u t i o n s  was cons t r a ined  by  the ZPPR geometry t o  55 mm but  c o a r s e  node 
spac ings  o f  100-150 mm were used i n  t h e  z dimension. The k - e f f e c t i v e  va lues  
are recorded i n  Table 2.13 and Table  2.14 compares the  W E  r e s u l t s  f o r  t h e  

two methods. 

Transpor t  c o r r e c t i o n s ,  r e l a t i v e  t o  t h e  nodal  d i f f u s i o n ,  
are  c l o s e  t o  -3% f o r  t h e  inne r  and middle  r i n g  rods  and -1.5% f o r  t h e  o u t e r  
r i n g  rod bank. D i f f e r e n t  t r a n s p o r t  c o r r e c t i o n s  are c a l c u l a t e d  f o r  t h e  o u t e r  
r i n g  r o d s  a d j a c e n t  t o  t h e  plutonium s e c t o r  (-0.8%) and f o r  the  r o d s  ad jacen t  
t o  t h e  uranium s e c t o r  (-2.5%). The s imple  xy c a l c u l a t i o n s  g i v e  results 
w i t h i n  about  2% of  t h o s e  from the  xyz t r a n s p o r t  va lues .  Th i s  r e s u l t  is 
t y p i c a l  of  the  compensation o f  course  mesh and t r a n s p o r t  errors found i n  
convent iona l  co rea ,  bu t  effects  of  group c o l l a p s e  and a x i a l  buckl ing  
approximations have n o t  been explored  f o r  ZPPR-18. 

The xyz  c a l c u l a t i o n s  show about  2% h ighe r  W E  va lues  f o r  
Th i s  i s  a t t r i b u t e d  t o  t h e  100% B4C r o d s  than  f o r  t h e  r e f e r e n c e  B4C/Na rods .  

h e t e r o g e n e i t y  effects  i n  t h e  B4C/Na r o d s  which has not  been t rea ted  i n  t h e  
c a l c u l a t i o n s .  

The xyz c a l c u l a t i o n  confirms t h e  lower C / E  f o r  r o d s  
a d j a c e n t  t o  t h e  uranium s e c t o r  t han  a d j a c e n t  t o  t h e  plutonium s e c t o r  (5% 
lower by d i f f u s i o n ,  6% lower by t r a n s p o r t ) .  
the W E  f o r  the o u t e r  r i n g  bank and poss ib ly  t h e  middle  r i n g  bank. T h i s  

Th i s  d i f f e r e n c e  c l e a r l y  a f f e c t s  
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r e su l t  appears t o  be consistent w i t h  the analysis of f o i l  reaction r a t e  
data. 
t o  take account of t h i s  e f fec t .  

The bias factor  developed for  an all-plutonium loaded core would need 
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TABLE 2.1 A t o m  Densities for the Control Rods in ZPPR-18 
(atomslbarn-cm) 

Control Control Control Control Control Contro 1 
Posit ion  Position Position Position P o s i t i o n  P o s i t i o n  

Master 601 Master 601 Master 601 Master 602 Master 602 Master 602 
Isotopes 0-20 20-31 31-36 0-20 20-31 31-36 

BO 
B1 
C 
0 
Na 
Si 
A 1  
Mn 
Cr 
Fe 
Ni 
cu 
Mo 
P 
S 
C1 
Ca 
co 

0.0 
0.0 
0.0000308 
0.00000 1 3 
0.01 82904 
0.0001 649 
0.0000047 
0.0002433 
0.0029568 
0.01 04374 
0.001 3247 
0.0000354 
0.00001 74 
0.0000040 
0.000001 2 
0.0000006 
0.0000042 
0.0000038 

0 .o 
0.0 
0.0000309 
0.000001 3 
0.01 84405 
0.000 1649 
0 .OOOOO 49 
0.0002443 
0 ~029657 
0.01 04697 
0.0013281 
0.0000353 
0.0000174 
0.0000040 
0 .OOQ0012 
0.0000006 
0.0000042 
0.0000037 

0 .o 
0.0 
0.0000447 
0.000001 3 
0.0179925 
0.0001 705 
0.00000 48 
0.000251 1 
0.0030388 
0.01 10018 
0.001 3586 
0.0000370 
0.00001 83 
0.0000042 

0.0000006 
0.000004 1 
0.0000043 

0.000001 3 

0.0 
0.0 
0 .OOOQ307 
0.0000013 
0.01 82904 
0.0001 645 
0.0000047 
0.0002430 
0.002951 4 
0.01 04182 
0.001 3223 
0.0000353 
0,0000 173 
0.0000040 
0.000001 2 
0.0000006 
0.0000042 
0.0000038 

0 .o 
0.0 
0.0000309 
0.000001 3 
0 .O 1 84405 
0.0001 6 49 
0.0000049 
0.0002443 
0.0029657 
0.0 104697 
0.001 3281 
0.0000353 
0 .OOOO 174 
0.0000040 
0.000001 2 
0.0000006 
0.0000042 
0.0000037 

0 .o 
0.0 
0.0000447 
0.000001 3 
0.0179925 
0.000 1705 
0 .OOOOO 48 
0.000251 1 
0.0030388 
0.01 10018 
0.001 3586 
0.0000370 
0.00001 83 
0.0000042 
0.000001 3 
0.0000006 
0.000004 1 
0.0000043 
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TABLE 2.1 (Contd) 

Control Control Control Control Control Control 
Rod Rod Rod Rod Rod Rod 

Master 603 Master 603 Master 603 Master 604 Master 604 Master 604 
Isotopes OF20 20-31 31 “36 0-20 20-31 31 ~ 3 6  

BO 
B1 
C 
0 
Na 
Si 
A 1  
Mn 
Cr 
Fe 
Ni 
cu 
No 
P 
S 
c1 
Ca 
co 

0.01 53857 
0.062391 8 
0.0199484 
0.0000781 
0.0 
0.0002321 
0.0000026 
0.0002144 
0.0025322 
0.0090962 
0.001 1231 

0.0000161 
0.0000040 
0.000001 2 
0.0 
0.0 
0.0000038 

0.0000322 

0.0 
0 .o 
0.0000309 
0.000001 3 
0.0 181 363 
0,000 1651 
0.0000043 
0.0002432 
0.0 029 562 
0.01 04363 
0.001 3233 
0.0000357 
0.0000 174 
0.0000040 
0,000001 2 
0.0000006 
0.0000042 
0.0000037 

0.0 
0.0 
0.0000447 
0.0000013 
0.0179925 
0 .OOO 1705 
0.0000048 
0.000251 2 
0.0030388 
0.01 10018 
0.001 3586 
0.0000370 
0,00001 83 
0.0000042 
0.0000013 
0.0000006 
0.0000041 
0.0000043 

0.0152058 
0.0616654 
0.0098260 
0.0000651 
0.0 
0.0001 961 
0.000001 2 
0.0001950 
0.0022743 
0.008231 4 
0.000991 4 
0.0000309 
0.00001 55 
0.0000040 
0.000001 2 
0 .o 
0.0 
0.0000038 

0.0 
0 .o 
0.0000309 
0.000001 3 
0.0181363 
0.0001651 
0.0000043 
0.0002432 
0.0029 562 
0.0104363 
0.001 3233 
0.0000357 
0.0000174 
0.0000040 
0.0000012 
0.0000006 
0.0000042 
0.0000037 

0.0 
0 .o 
0.0000447 
0 .ooooo 1 3 
0 .O 179925 
0.0001 705 
0.0000048 
0.000251 2 
0.0030388 
0.01 10018 
0.001 3586 
0.0000370 
0.0000183 
0.0000042 
0.00000 1 3 
0.0000006 
0.0000041 
0.0000043 
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TABLE 2.1 (Contd) 

Control Control Control  Control Cont ro l  Control 
Rod Rod Rod Rod Rod Rod 

Master 605 Master 605 Master 605 Master 606 Master 606 Master 606 
Isotopes OT20 20-31 31 -36 0-20 2 0 ~ 3 1  31 ‘36 

BO 
B1 
C 
0 
Na 
Si  
A 1  
Mn 
C r  
Fe 
Ni 
cu 
Mo 
P 
S 
c1 
Ca 
co 

0.0071 583 
0.0290256 
0.0094051 
0.0000006 
0.0087470 
0.0002035 
0.0000054 
0.0002605 
0.0031 765 
0.01 12393 
0.001 4421 
0.0000361 
0.00001 78 
0.0000040 
0.0000012 
0.0000003 
0.0000020 
0.0000038 

0.0 
0 .o 
0.0000309 
0.000001 3 
0.0181 363 
0 .OOO 1651 
0.00000 li 3 
0.0002432 
0.0029562 
0.01 04363 
0.0013233 
0.0000357 
0.00001 74 
0.0000040 
0.000001 2 
0 .O000006 
0.0000042 
0.0000037 

0.0 
0.0 
0.0000447 
0 .OOOOO 1 3 
0.0 179925 
0 .OOO 1705 
0.0000048 
0.000251 2 
0.0030388 
0.01 10018 
0.001 3586 
0.0000370 
0.00001 83 
0.0000042 

0.0000006 
0.0000041 
0.0000043 

0.0000013 

0.0085434 
0.034651 2 
0.01 10453 
0.0000787 
0.0087470 
0.0001 999 
0.0000033 
0.0002198 
0.002631 2 
0.00941 4 1  
0.001 1628 
0.0000336 
0.0000167 
0.0000040 
0.0000012 
0.0000003 
0.0000020 
0.0000038 

0.0 
0 .o 
0.0000309 
0.000001 3 
0.0181 363 
0.0001651 
0.0000043 
0.0002432 
0.0029 5 62 
0.0104363 
0.001 3233 
0.0000357 
0.00001 74 
0.0000040 
0.000001 2 
0.0000006 
0.0000042 
0.0000037 

0.0 
0 .o 
0.0000447 
0.00000 7 3 
0.01 79925 
0 .OOO 1705 
0.0000048 
0.000251 2 
0.0030388 
0.01 10018 
0.0013586 
0.0000370 
0.00001 83 
0.0000042 
0.000001 3 
0.0000006 
0.0000041 
0.0000043 



17 

TABLE 2.1 (Contd) 

Cont ro l  Control  
Rod Rod 

Master 607 Master 607 
I so topes  OF20 2073 1 

BO 
B1 
C 
0 
Na 
si 
A 1  
Mn 
C r  
Fe 
Ni 
cu 
Mo 
P 
S 
c1 
Ca 
co 

0.0071 436 
0.0289671 
0.009 38 70 
0.0000006 
0.0087470 
0.0002043 
0.0000051 
0.0002613 
0.0031 882 
0.01 12792 
0.001 4482 
0.000036l 
0.0000178 
O.OOOOO40 
0.000001 2 
0.0000003 
0.0000020 
0.0000038 

0.0 
0 .o 
0.0000309 

0.01 81 363 
0.0001651 
0.0000043 
0.0002432 
0.0029562 
0.0104363 
0.001 3233 
0.0000357 
0.0000174 
0.0000040 
0.000001 2 
0.0000006 
0.0000042 
0.0000037 

0.000001 3 

Control  
Rod 

Master 607 
3 1-36 

0.0 
0.0 
0.0000447 
0.000001 3 
0.0 179925 
0.000 1705 
0.0000048 
0.000251 2 
0.0030388 
0.01 10018 
0.0013586 
0.0000370 

0.0000042 
0.000001 3 
0.0000006 
0.000004 1 
0.0000043 

0.00001 83 

Con t r o 1 
Rod 

Master 608 
0720 

0.0071 583 
0.0290256 
0.0094051 
0.0000006 
0.0087470 
0.0002035 
0.0000054 
0.0002605 
0.003 1 765 
0.0112393 
0.001 4421 
0.0000361 
0.00001 78 
0.0000040 
0.000001 2 
0.0000003 
0.0000020 
0.0000038 

Control  
Rod 

Master 608 
20-3 1 

0.0072759 
0.0295024 
0.0095480 
0.0000068 
0.00871 31 
0.0002034 
0.0000048 
0.0002578 
0.003l389 
0.01 1 1  169 
0.001 4216 
0.0000359 
0.0000 17 7 
0.0000040 
0.00000 12 
0,0000003 
0.0000020 
0.0000037 

Control  
Rod 

Master 608 
31 -36 

0.0 
0.0 
0.0000479 
0.000001 3 
0.0 1 7 5023 
0.0001 905 
0.0000060 
0.0002692 
0.0032725 
0.01 18247 
0.001 4830 
0.0000384 
0.0000189 
0.0000050 
0.0000013 
0.0000006 
0.0000040 
0.0000051 



TABLE 2.2 Data Processing for  ZPPRL18A 100% Natural B C Control Rod Measurements 

Reactor Data 
Control Loading Fi le  Number Source Measured S t a t i s t i c a l  Total 
Rods Number Number of FCs X2 Ratio Worth, $ Uncertainty, I Uncertainty, % - 
1-6 46 43 

7-1 2 47 44 

61 1.279 1.0036 8.444 0.152 0.869 

60 1.340 0.9851 7.997 0.136 0.868 

1.029 13-24 48 45 61 1.472 0.8521 7.408 0.146 



I 
I 

TABLE 2.3 Data Processing for Control Rods on the X--Axis i n  ZPPR-18A 

Control 
Rods 

A 
B 

B+b 
c 

c+c 
D 

D+d 
E 

E+e  
F 

F+f 
G 

CRP A 
CRP F+f 

G+g 

Reactor 
Loading 
Number 

49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
91 
92 

Data 
Fi le  

Number 

46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
88 
89 

Number 
of FCs x2 

Source 
Ratio 

Meas u r  e d 
Worth, $ 

S t a t i s t i c a l  
Uncertainty, % 

64 
63 
63 
64 
64 
64 
63 
63 
63 
64 
64 
64 
64 
64 
64 

1.438 
1.295 
1.469 
1.418 
1.4y5 
1.190 
1.054 
1.133 
1.470 
1.112 
1.470 
0.865 
1.277 
1.436 
1.034 

1.01 53 
0.9994 
1.01 28 
0.9732 
0.9945 
0.9614 
0.9601 
0.9645 
0.9471 
0.9761 
0.9578 
0.9872 
0.9744 
1.0019 
0.9877 

2.224 
1.985 
3.982 
1.575 
3.805 
1 .198 
2.951 
0.809 
1.892 
0.532 
1.178 
0.282 
0.591 
0.496 
0.359 

0.111 
0.0973 
0.108 
0.0958 
0.133 
0.0968 
0.0999 
0.0809 
0.104 
0.101 
0.0930 
0.113 
0.108 
0.118 
0.139 

Total 
Uncertainty, I 

0.873 
0.873 
0.866 
0.876 
0.871 
0.882 
0.869 
0.894 
0.874 
0.91 9 
0.885 
0.990 
0.916 
0.928 
0.957 



TABLE 2.4 Data Processing f o r  ZPPR-18A 50% Natural B-C Control Rod Bank Measurements 9 

Data 
Fi le  

Number 

60 
61 
62 
63 
64 
65 
66 

67 

Reactor 
Loading 
Number 

63 
64 
65 
66 
67 
68 
69 

Control 
Rod 

Pattern 
Source Measured S t a t i s t i c a l  Total - Ratio Worth, $ Uncertainty, % Uncertainty, % 

Number 
of FCs 

64 
63 
63 
63 
64 
64 
63 

63 

Drawer 
Master 

606 
606 
606 
606 
606 
606 
606 

60 5 
607 

60 5 
604 

60 5 
607 

60 5 
607 
606 

605 
6 07 
606 

605 
607 
606 

605 
607 
606 

xz 
1.094 
1.299 
1.334 
1.169 
1.362 
1.306 
1.235 

0.974 

1 .oooo 
1.0024 
0.9840 
0.9924 
0.9944 
0.9881 
0.9814 

0.9533 

0.901 3 

0.91 40 

1.286 
1.204 
0.842 
0.737 
0.407 
0.470 
0.51 4 

0.0937 
0.0880 
0.0875 
0.0927 
0.116 
0.113 
0.123 

0.0825 

0.881 
0.882 
0.894 
0.900 
0.945 
0.932 
0.925 

0.872 

6 
5 
12 
1 1  
21 
23 
24 

14,18,20,24 
16,22 3.050 70 

71 0.916 
Iu 
0 1 3,14,17,18,19,20,23,24 

15,16,21,22 68 61 1.475 5.745 0.117 

1 3,14,17,18,19,20,23 
15,16,21,22 72 69 61 1.287 5.176 0.113 0.892 

73 70 

71 

57 1.359 0.8970 10.979 0.923 

0.977 

0.155 

74 59 1.464 

1.361 

1.51 4 

0.8766 10.221 0.200 

11.458 75 

76 

72 59 0.8790 0.141 0.960 

0.874 58 0.9837 14.996 0.179 73 



TABLE 2.4 (contd) 

Control Reactor 
Rod Drawer Loading 

Pattern Master Number 

13,14,17,18,19,20 ,23,24 60 5 

and 1-6 60 6 

13,14,17,18,19,20,23 605 

and 1-6 60 6 

15,16,21,22 607 77 

15,16,21,22 607 78 

1 e6 606 19 
1-5 606 80 

1-5 606 
and 7-12 605 81 

1-6 606 
and 7-1 1 605 82 

1-6 606 
and 7-12 605 83 

7-1 1 606 84 
7-1 2 606 85 
1 3 2 4  606 86 

13,18,19,24 606 87 
15,16 606 88 

15,16,21,22 606 89 

Data 
F i le  Number 

Number of FCs -- 
74 57 

75 59 

76 61 
77 62 

78 59 

79 61 

80 59 

81 63 
82 62 
83 63 
84 63 
85 63 
86 63 

yz 

1.472 

1.468 

1.179 
1.288 

1.486 

1.494 

1.523 

1.122 
1.308 
1.274 
1.316 
1.216 
0.839 

Source Measured Sta t  i 8 ti cal  Total 
Ratio Worth, $ Uncertainty, % Uncertainty, % 

1.0048 17.026 0.188 0.875 

0.151 0.868 0.9919 15.547 

1.0174 7.119 0.135 
1 . o i l 3  5.958 0.130 

1.0093 1 1.980 

0.9827 11.472 

1.0113 13.114 

0.9735 4.772 
0.9909 6.264 
0.9571 0.910 
0.9344 2.180 
0.9845 0.705 
0.9826 1.593 

0.163 

0.155 

0.181 

0.100 
0.120 
0.1 27 
0.103 
0.108 
0.0834 

0.867 
0.867 

N + 
0.870 

0.870 

0.873 

0.866 
0.866 
0.897 
0.878 
0.906 
0.877 



TABLE 2.5 Data Processing for Half Inserted 50% B+C Control Rods i n  ZPPR-18A 

Reactor Data 
Control Loading Fi le  Number Source Measured S t a t i s t i c a l  Total 
Rods Number Number of FCs x 2  Ratio Worth, $ Uncertainty, % Uncertainty, % 

1 ;.6 94 91 59 1.354 1.0217 

1-6 and 
13-22,24 95 92 57 1.388 1.0023 

3.912 0.163 

7.874 0.188 

0.877 

0.877 

1-6 and 
13-23 96 93 57 1.508 

1-6 and 

24 Full I n  
13-23 and 97 94 56 

1.0042 7.793 0.162 

0.155 1.481 0.9981 8.577 

1-6 and 
13-24 98 95 54 1.501 1.0032 8.278 0.158 

0.872 

0.870 

0.871 
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TABLE 2.6 Worths of Control Rods on the X-axis 

Data 
Fi le  

46 

47 
48 

49 
50 

51 
52 

53 
54 

55 
56 

57 
58 

88 
89 

Control 
Rods 

A 

B 
B+b 

C 
c+c 

D 
D+d 

E 
E+e 

F 
F+f 

G 
G+g 

CRP A 
CRP F+f 

Relative to CRPs 

Measured 
Worth, $ 

2.224 

1.985 
3.982 

1.575 
3.805 

1.198 
2.951 

0.809 
1.892 

0.532 
1.178 

0.282 
0.591 

0.496 
0.359 

46, 48 A 1.728 
56,  89 F+f 0.81 9 

Calculated 
Worth, $ 

2.444 

2.183 
4.382 

1.742 
4.208 

1.317 
3.277 

0.896 
2.116 

0.585 
1.301 

0.309 
0.654 

0.606 
0.425 

I .838 
0.876 

C/E 

1.099 

1 . loo 
1 . lo1 

1 .I06 
1.106 

1.099 
1.110 

1.108 
1.118 

1 . loo 
1 . lo4  

1.096 
1.107 

1.222 
1.184 

- 

1.064 
1.070 
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TABLE 2.7 Interaction Effects for Control Rods Along the X-Axis 

Nor ma 1 i ze d Ca lcu la t ed  
Control Sepa ra t ion  I n t e r a c t  ion I n t e r a c t i o n  I n t e r a c t i o n  

cm % % $ - l a  % 

66.3 0.30 

32.6 20.8 

87.8 23.2 

243.1 

270.7 

303.8 

16.9 

10.7 

4.8 

0.15 

3.2 

9.3 

0.37 

20.8 

24.4 

20.9 

20.1 

17.0 

18.1 

11.2 

5.8 

a I n t e r a c t i o n  % d i v i d e d  by t h e  worth of a s i n g l e  rod. 
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TABLE 2.8 Worths of Control  Rods i n  t h e  Three Banks 

Data 
File - 

60 
61 
77 
76 
43 

62 
63 
81 
82 
4 4  

66 
65 
64 
69 
70 
67 
45 
83 

84 

8 5  

86 

Control  Rods 

Inner  Ring ( I R )  

CR6 ( 3 0 " )  
CR5 ( g o o ,  y y a x i s )  
5 I R  (CR6 o u t )  
6 I R  
6 I R  100% B C Rods 

Middle Ring ( M R )  

C R 1 2  (30O) 
C R l 1  ( g o o ,  y-axis) 
5 MR ( C R 1 2  o u t )  
6 MR 
6 MR 100% B 

O u t e r  Ring 

C R 2 4  (15O) 
CR23 (45O) 
CR21 (105O) 
11  OR ( C R 2 4  
1 2  OR 

C Rods 

OR ) 

out  

6 OR (even numbered) 
12 OR 100% B+C Rods 
2 OR Near Pu Sec tor  
( C R s  13, 2 4 )  
4 OR Near Pu Sec tor  
( C R s  13 ,  18, 19, 24 )  
2 OR Near U Sec tor  
( C R s  15, 16) 
4 OR Near U Sector 
( C R s  15, 16,  21,  22) 

Measured 
Worth, $ 

1.286 
1.204 
5.958 
7.119 
8 .444  

0.842 
0.737 
4.772 
6.264 
7.997 

0.51 4 
0.470 
0.407 
5.176 
5.745 
3.050 
7.408 
0.910 

2. I80 

0.705 

1.593 

Ca 1 c u l  a t  ed 
Worth, $ 

1 e372 
1.282 
6.345 
7.580 
9.027 

0.897 
0.772 
5.01 3 
6.551 
8.382 

0.552 
0.487 
0.414 
5.377 
5.988 
3.169 
7.822 
0.982 

2.352 

0.731 

1.628 

C/E 

1.067 
1.065 
1.065 
1.065 
1.069 

1.065 
1.047 
1.051 
1.046 
1.048 

1.074 
1.036 
1.017 
1.039 
1.042 
1.039 
1.056 
1.079 

1.079 

1.037 

1.022 
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TABLE 2.9 Worths of R o d  Bank Combinations and Interaction E f f e c t s  

Measured Calculated - File Control Rods Worth, $ Worth, $ C/ E 

80 6 IR + 6 MR 
76 6 I R  
82 6 MR 

Sum 6 IR, 6MR 
Interact ion 

74 6 I R  + 12 OR 
76 6 IR 
70 12 OR 

Sum 6 IR, 12 OR 
Interaction 

72 
82 
70 

6 MR + 12 OR 
6 MR 
12 OR 
Sum 6 MR, 12 OR 
Interact ion 

13.114 
7.119 
6.264 
13.383 
-2.0% 

17.026 
7.119 
5.745 
12.864 
+32% 

11.458 
6.264 
5.745 
12.009 
-4.6% 

13.81 4 
7 580 
6.551 
14.131 
-2.2% 

17.574 
7.580 
5.988 
13.568 
+30% 

12.030 
6.551 
5.988 
12.539 
-4.1% 

1.053 
1.065 
1.046 
1.056 

1.032 
1.065 
1.042 
1.055 

1.050 
1.046 
1.042 
1.044 
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TABLE 2.10 Worths of Rod Bank Combinations w i t h  Missing Rods 

Measured Ca lcu la t ed  
C/ E - - F i l e  Cont ro l  Rods Worth, $ Worth, $ 

78 5 I R  + 6 MR 11.980 12.587 1.051 
79 6 I R  + 5 MR 11.472 12.100 1.055 
80 6 I R  + 6 MR 13.114 13.814 1.053 

73 5 I R  + 12 OR 
75 6 I R  + 1 1  OR 
74 6 I R  + 12 OR 

14 .996  
15.547 
17.026 

15.501 1.034 
16.095 1.035 
17.574 1.032 

71 
70 
72 

5 MR + 12 OR 

6 MR + 12 OR 
6 MR + 1 1  OR 

10.221 
10.979 
11.458 

10.742 
11.460 
12.030 

1.051 
1.044 
1.050 



TABLE 2.11 V a r i a t i o n s  i n  t h e  Worth of a S i n g l e  Control  Rod 

Con t r  ol Rods i n  Measured 
Rod Core Worth, $ 

CR6 None 
( Inne r  Ring) 5 I R  

5 I R  + 6 MR 
5 I R  + 12 OR 

C R 1 2  None 
(Midd le  Ring) 5 MR 

6 I R  + 5 MR 
5 MR + 12 OR 

1.286 
1.161 
1.134 
2.030 

0.842 
1.492 
1.642 
1 9237 

Ca lcu la t ed  S t a t i s t i c a l  
C/ E - Uncer t a in ty ,  % Worth, $ 

0.1 
1.1 
2.7 
2.1 

0.1 
0.6 
1.8 
2.1 

CR24 None 0.51 4 0.1 
(Outer  Ring) 1 1  OR 0.569 1.6 

6 I R  + 11 OR 1.479 2.7 
6 MR + 1 1  OR 0.479 4.9 

1 e372 1.067 
1.235 1.064 
1.227 1.082 
2.073 1.021 

0.897 1.065 
1.538 1.031 
1.714 1.044 
1.288 1.041 

0.552 
0.61 1 
1.479 
0 3 7 0  

1.074 
1.074 
1 .ooo 
1.190 

lo m 
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TABLE 2.12 Worths OP Half-Inser ted Control Rods 

Data 
F i l e  Control  Rods - 

Measured Cal c u l  a t e  d 
Worth, $ Worth, $ C/E  

91 6 I R  3.912 4.395 1.123 

95 6 I R  + 12 OR 

92 6 I R  + 11 OR 
(CR23 o u t )  

93 4 I R  i- 1 1  OR 
( C R 2 4  o u t )  

94 6 I R  + 11 OR 
+ CR24 f u l l  i n  

8.278 

7.874 

9.304 1.124 

8.834 1.122 

7.793 

8.577 

8.748 1.123 

9.595 1.119 



TABLE 2.13 Three-dimensional C a l c u l a t i o n s  of Rod Worths i n  Z P P R r l 8 A  

Nodal Transpor t  Transport  Nodal Dif fus ion  
Control Rods - kef f Worth $ - k e f  f Worth $ Cor rec t ion ,  % 

S u b c r i t i c a l  Reference 0.989782 - 
6 I R  100% B C 
6 MR 100% B*C 
1 2  OR 100% 8 C 

6 I R  
6 MA 
12 OR 

0.956750 9.21 3 
0.958681 8.657 
0.961627 7.813 

0.962207 7.648 
0.965714 6.651 
0.9681 57 5.961 

0.991872 - 
0.959626 8.948 
0.961517 8.407 
0.964024 7.693 

0.964952 7.429 
0.968345 6.470 
0.970465 5.874 

4 OR Pu Sec to r  0.981229 2.326 0.983354 2.307 
4 OR U Sec to r  0.983795 1 .624 0.986010 1.583 

~ 2 . 9  
-2.9 
-1.5 

-2.9 
-2.7 
-1.5 

-0.8 
4-2.5 w 

0 
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TABLE 2.14 Di f fus ion  and Transpor t  Resu l t s  f o r  Rod Worths i n  ZPPRcl8A 

Nodal Nodal 
Me as ure d Dif fus ion  Transport  

Cont ro l  Rods Worth, $ C / E  C/ E 

6 I R  100% B C 8.444 1.091 1.060 
6 MR 100% B*C 7.997 1.083 1.051 
12  OR 100% 8 C 7 .SO8 1.055 1 .038 

6 I R  7.119 1.074 1.044 
6 MR 6.264 1.062 1.033 
12 OR 5.745 1.038 1.022 

4 OR Pu Sec to r  2.180 1.067 1.058 
4 OR U Sec to r  1.593 1.019 0.994 
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Figure  2.1 Control  Rod Locations i n  ZPPR-18 
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3. THE CONTROL ROD WORTH MEASUREMENT I N  ZPPR-18B 
(F. Nakashima* and P. J. C o l l i n s )  

ZPPR-18B was c r i t i c a l  w i t h  t h e  inne r  bank of  s i x  c o n t r o l  rods  and t h e  

o u t e r  bank of  twelve  r o d s  h a l f  i n s e r t e d .  The r a i s o n  d ' g t r e  of 1 8 B  was t o  
measure r e a c t i o n  r a t e  d i s t r i b u t i o n s  (Sec t ion  4 )  b u t  t h e  oppor tun i ty  was taken  
t o  measure t h e  worth of i n s e r t i n g  t h e  midd le  bank of c o n t r o l  rods .  T h i s  

measurement provides  a t e s t  of  c a l c u l a t i n g  the  shutdown r e a c t i v i t y  of  t h e  

secondary c o n t r o l  bank w i t h  the primary r o d s  near  t h e  beginning-of-cycle 
p o s i t  ion.  

The r e f e r e n c e  f o r  t h e  measurement was the  ZPPRrl8B s u b c r i t i c a l  loading  
desc r ibed  i n  ANLrZPR-485,  p. 15. The c o n t r o l  r o d  measurement was made on 
December 4 ,  1987 i n  r e a c t o r  run 95, l oad ing  106. F i s s i o n  chamber coun t ra t e s  
and o t h e r  o p e r a t i o n a l  data were recorded  on ZPPR-18 64 d e t e c t o r  f i l e  104. 

r e a c t i v i t y  of t h e  s u b c r i t i c a l  r e f e r e n c e  was -32.5@ ( l a  = 0.28@) and coun t ra t e  
The 

data were recorded on f i l e  102. 

The midd le  bank c o n t r o l  rods  were cons t ruc t ed  w i t h  drawer master 606 and 
composi t ions are  g iven  i n  Sec t ion  2 ,  Tab le  1 of  t h i s  r e p o r t .  

The c a l c u l a t i o n  of  d e t e c t o r  e f f i c i e n c i e s  and source  r a t i o  used a 6 group 
xy d i f f u s i o n  model f o r  ZPPR-18B. The c o n t r o l  p o s i t i o n s  w i t h  h a l f - i n s e r t e d  
rods  i n  t h e  r e f e r e n c e  c o r e  u s e d  a mixture  of  c o n t r o l  rod and CRP compositions 
and buckl ings ,  w i th  t h e  buckl ing  terms taken  from the  ZPPR-18A c o n t r o l  rod  
c a l c u l a t i o n .  The c a l c u l a t i o n  f o r  t h e  r e f e r e n c e  c o r e  was a d j u s t e d  t o  0.990600 

( c l o s e  t o  t h e  k -e f f ec t ive  f o r  ZPPR-18A wi th  t h i s  model) by us ing  a m i x t u r e  of 
34% c o n t r o l  rod  and 66% CRP i n  t h e  inne r  and o u t e r  bank p o s i t i o n s .  Then, 
i n s e r t i n g  the  middle  r i n g  r o d s  ( a t  f u l l  d e n s i t y )  gave a k -e f f ec t ive  o f  
0.966521 and a c a l c u l a t e d  worth of  6.604$ using a B-ef fec t ive  o f  0.3801%. 

*On assignment from t h e  Power Reactor and Nuclear Fuel Development 
Corporat ion.  
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The data p rocess ing  f o r  t h i s  measurement is shown i n  Table 3.1. R e s u l t s  
for  a l l  four  methods used i n  t h e  McCRUNCH code are compared: ( i )  us ing  a l l  64 
f i s s i o n  chambers, ( i i )  r e j e c t , n g  d e t e c t o r s  which p r e d i c t  r e a c t i v i t i e s  g r e a t e r  
than  3.6 s t a n d a r d  d e v i a t i o n  from the  mean, ( i i i )  l eas t  s q u a r e s  f i t  of 

r e a c t i v i t y  v e r s u s  efficier,cy,  and ( i v )  least  s q u a r e s  f i t  with ad jus tment  t o  
the c a l c u l a t e d  source  r a t i o .  The f i t  t o  the  exper imenta l  c o u n t r a t e s  is 
e x c e l l e n t  w i t h  no more t h m  rqur d e t e c t o r s  being rejected. T h i s  g i v e s  
conf idence  i n  t h e  s implc  c a l c u l a t i o n  model used  and i n  t h e  source  r a t i o .  The 

p r e f e r r e d  r e a c t i v i t y  uo r th  j ~ ,  t aken  from the l a s t  case, i .e.,  6.181$ which has 

an  a c c e p t a b l e  va lue  of  ch i -square  and y i e l d s  a t o t a l  u n c e r t a i n t y  of 0.92%. 

The r a t i o  of c a l c u l a t i o n  t o  experiment u s i n g  t h e  xy d i f f u s i o n  model is 
1.068 which compares wi th  1.046 for  t h e  worth of t h e  middle  bank In  ZPPR718A. 
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TABLE 3.1 Data Process ing  f o r  t h e  Measurement of t h e  Worth of t h e  Middle Bank of  
Control  Rods i n  ZPPR-18B 

Number of De tec to r s  

Reduced ch i -square  

Source Ra t io  

Worth, $ 

S t a t  is t ical  Uncer ta in ty  

Mean Mean with Le as t 
us ing  a l l  Rejec t ion  Squares 
Detec tors  >3.6a F i t  (LSFIT) 

LSFIT with 
Ad j u s t e d  

Source Ra t io  

64 60 

5.95 1.78 

0.9977 0.9977 

6.175 6.157 

1 u,% 0.20 0.17 

63 

1.28 

0.9977 

6.183 

0.10 

63 

1.28 

0.9974 

6.181 

0.10 

Cor re l a t ed  Uncer ta in ty ,  l a , %  0.92 0.92 0.92 0.92 

T o t a l  Uncer ta in ty  1 a,% 0.94 0.93 0.92 0.92 
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4 .  MEASUREMENTS AND ANALYSIS OF REACTION RATES I N  ZPPR-18B (P .  J. C o l l i n s ,  
J. M. Gas id lo ,  D. W. Maddison, and G. L. Grasseschi) 

4.1 I n t r o d u c t i o n  

ZPPR?18B was a s imula t ion  o f  a large convent iona l  LMR des ign  wi th  

t h e  primary rod  banks - 6 inner  r i n g  and 12  o u t e r  r i n g  L. h a l f  i n s e r t e d .  
Reaction r a t e  d i s t r i b u t i o n s  w'ere measured i n  d e t a i l  i n  o r d e r  t o  compare t h e  

accuracy of p r e d i c t i o n s  w i t h  those f o r  ZPPR-18A i n  which no c o n t r o l  r o d s  
were i n s e r t e d .  

The r e a c t o r  zones i n  ZPPR-18B were i d e n t i c a l  t o  those i n  ZPPR-18A. 

The r e a c t i v i t y  of  the i n s e r t e d  c o n t r o l  r o d s  was compensated by i n c r e a s i n g  
enrichments  i n  t h e  inne r  and o u t e r  c o r e  r eg ions .  Enrichment changes were 
approximately uniform w i t h i n  each zone b u t  an  a d d i t i o n a l  i n c r e a s e  i n  enr ich-  
ment was made i n  t he  uraniumnfuel zones i n  t h e  o u t e r  c o r e  i n  o r d e r  t o  
improve the  power d i s t r i b u t i o n s .  
g iven  i n  ANL-ZPRt485 p. 15. 

A de ta i led  d e s c r i p t i o n  of ZPPR-18B is 

T h i s  r e p o r t  con ta ins  t h e  experimental  l lcell-averaged?t r e a c t i o n  
ra te  data, t oge the r  wi th  t h e  a n a l y s i s  u s ing  ENDF/B+V.2 c r o s s  s e c t i o n s  and an  
xyz nodal  t r a n s p o r t  c a l c u l a t i o n  c o n s i s t e n t  w i th  tha t  used f o r  ZPPR-18A. The 

basic f o i l  data and t h e  c e l l - a v e r a g e / f o i l  adjustment  f a c t o r s  w i l l  be given 
i n  a subsequent  s e c t i o n .  

4.2 Descr ip t ion  of  t he  Measurements 

Measurements i n  ZPPR-18B were made i n  both ha lves  o f  t h e  core i n  
order to  fo l low t h e  e f fec ts  of t h e  h a l f t i n s e r t e d  c o n t r o l  r o d s  on the f i s s i o n  
rates. Two i r r a d i a t i o n s  were necessary  t o  handle  t h e  l a r g e  number o f  f o i l s .  
I n  a d d i t i o n ,  t he  i n - c e l l  measurements, us ing  m u l t i p l e  f o i l s  i n  selected 
cel ls ,  were made i n  ZPPR-18B t o  provide  data f o r  d e r i v i n g  the  experimental  
c e l l n a v e r a g e / f o i l  f a c t o r s .  

The first i r r a d i a t i o n  was made i n  loading  112, r e a c t o r  run  102, on 

December 10, 1987. Eight ZPPR o p e r a t i n g  c o n t r o l  r o d s ,  i n  m a t r i x  135-67 and 
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symmetric p o s i t i o n s ,  were i n s e r t e d  t o  a depth o f  42.8 cm from t h e  midplane 
and had an average  worth of  6.08# du r ing  t h e  i r r a d i a t i o n .  The second 
i r r a d i a t i o n  was made i n  load ing  115, Run 105 on December 15,  1987 and t h e  

shim r o d s  were i n s e r t e d  43.2 cm from t h e  midplane w i t h  a worth o f  5.83qi. 

A set of t e n  235U f o i l s  were irradiated i n  t h e  same l o c a t i o n s  i n  
each i r r a d i a t i o n .  
1.0008 w i t h  a s t a n d a r d  d e v i a t i o n  of t h e  d i s t r i b u t i o n  of  0.0020. 
de ta i led  comparison w i l l  be g iven  wi th  t h e  basic data r e p o r t .  
ment enabled t h e  data from t h e  two i r r a d i a t i o n s  t o  be combined i n t o  one se t  
without  f u r t h e r  adjustment .  

The average  r a t i o  o f  t h e  corresponding c o u n t r a t e s  was 
The 

T h i s  agree- 

S t a t i s t i c a l  u n c e r t a i n t i e s  i n  t h e  measured r e a c t i o n  rates were 
e s s e n t i a l l y  t h e  same as f o r  ZPPR-18A - around 0.7% f o r  t h e  three non- 
th re sho ld  r e a c t i o n s  i n  t h e  c o r e  r eg ions  and 1.5% t o  2.5% f o r  f i s s i o n  i n  
238U. F o i l  t echn iques  a r e  descr ibed  i n  ANL-82-38 and c a l i b r a t i o n s  were 
c o n s i s t e n t  w i t h  t h e s e  used throughout  ZPPR-17 and ZPPR-18 as descr ibed  i n  
ANL-87-5. 

React ion r a t e  d i s t r i b u t i o n s  were measured i n  t h e  same p o s i t i o n s  as 
i n  ZPPR-l8A, but  extended t o  both h a l v e s  of t h e  r e a c t o r :  

( i )  Radial d i s t r i b u t i o n s  a long  t h e  x-ax is  a t  + 5 cm, - 5 cm, 
+ 28 em, and - 28 cm from t h e  midplane. 

( i i)  A rad ia l  d i s t r i b u t i o n  a long  t h e  y-axis f o r  235U f i s s i o n  only.  

( i i i )  Radial d i s t r i b u t i o n s  a t  15O t o  the  x-axis ,  pas s ing  through an 
o u t e r  r i n g  CRP (ha l f -1 )  and o u t e r  r i n g  c o n t r o l  rod  (ha l f -2 )  
a t  f 5 cm and f 28 cm. 

( i v )  Radial d i s t r i b u t i o n s  a t  30° t o  t h e  x-axis ,  pass ing  through an 
These measure- inne r - r ing  c o n t r o l  r o d  and a middle-r ing CRP. 

ments were made i n  ha l f -2  o n l y  a t  Z = -5 cm and -28 cm. 
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( v )  Axial  d i s t r i b u t i o n s  a t  t h e  c o r e  c e n t e r  (ma t r ix  1,249-491, i n  
t h e  inne r  c o r e  (mat r ix  1,249-64),  i n  t h e  o u t e r  co re  (mat r ix  
1,249-75) and a d j a c e n t  t o  an  inne r  bank CRP/control rod 
(ma t r ix  1,246-cj7). 

A t o t a l  of 895 r e a c t i o n  ra te  va lues  were measured. The number o f  
plutonium f o i l s  was l i m i t e d .  A s  f o r  ZPPR-18AY these were used  f o r  f u l l  
radial  t r a v e r s e s  a long t h e  x-axis ,  a t  1 5 O  t o  t h e  x r a x i s  and i n  an a x i a l  
t r a v e r s e  a t  t h e  core c e n t e r .  However, i n  ZPPR-18B t h e  plutonium f o i l s  were 
used only  i n  ha l f -2  for rad ia l  d i s t r i b u t i o n s  ( c o n t r o l  rod  h a l f )  and were 
made i n  both  h a l v e s  f o r  t h e  a x i a l  d i s t r i b u t i o n  a t  t h e  co re  c e n t e r .  I n  
g e n e r a l ,  '''U f i s s i o n  was measured i n  corresponding l o c a t i o n s  i n  both ha lves  
bu t ,  a p a r t  from t h e  a x i a l  d i s t r i b u t i o n s ,  l s e U  c a p t u r e  and f i s s i o n  were 
measured only  i n  half-2.  Thus, t h e  de ta i led  uiapping of  t h e  c o r e  f i s s i o n  
d i s t r i b u t i o n s  is a v a i l a b l e  o n l y  f o r  'U f i s s i o n .  

f o r  ZPPR- 

half-2 of  

The f o i l  l o c a t i o n s  i n  t h e  xy p lane  are shown i n  ANL-ZPR-489, p. 57 
8 A .  
ZPPRpI8B as noted above. 

The f o i l  t y p e s  shown i n  t h e  f i g u r e  correspond t o  those  i n  

4.3 Ca lcu la t ion  Methods 

C a l c u l a t i o n s  were made w i t h  the c r o s s  s e c t i o n s  processed f o r  ZPPRF 

1 8 A  u s i n g  the "buckling-recycle" method ( ANLrZPR-489, p. 12) .  The da ta  were 

n o t  r ep rocessed  f o r  ZPPR-18B. The c a l c u l a t i o n s  u s e d  21 group c r o s s  s e c t i o n s  
i n  a n  xyz model w i th  t h e  nodal  t r a n s p o r t  pa th  of DIF3D and included a n i s o r  
t r o p i c  t r a n s p o r t  c r o s s  s e c t i o n s .  
and,  because of s t o r a g e  l i m i t a t i o n s  on the IBM computer a t  the time, it was 

The model r e q u i r e d  a f u l l - z  r e p r e s e n t a t i o n  

necessary  t o  use t h e  cub ic  polynomial approximation r a t h e r  t h a n  t h e  q u a r t i c  
polynomials  which are normally used. ( A  subsequent  run  u s i n g  t h e  CRAY com- 
pu te r  gave an  inc rease  i n  k s e f f e c t i v e  of 0.035% us ing  t h e  q u a r t i c  approxi-  
mation rather than  t h e  cub ic ) .  
ANL-ZPR-489, p. 26. 

The c a l c u l a t i o n  model is given  i n  

The shim rods  were i n s e r t e d  i n  t h e  model t o  a dep th  of 43.3 cm 
from the midplane and used s p e c i a l  boron carbide c r o s s  s e c t i o n s  appropr i a t e  
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t o  homogenizing t h e  shim blades over  t he  m a t r i x  area. The k -e f f ec t ives  were 
0.994140 w i t h  sh im r o d s  i n s e r t e d  and 0.994524 wi th  shim r o d s  withdrawn 
(cub ic  polynomial approximation) ,  g i v i n g  a r e a c t i v i t y  of 10.2@. T h i s  

compares ra ther  poor ly  wi th  t he  measured worth of  6# (Sec t ion  2 ) .  

is supposed t o  be due  t o  t h e  experimental  c o n t r o l  rods  i n  ha l f -2  being 
immediately a d j a c e n t  t o  t h e  shim r o d s  so  t h a t  t h e  data homogenized over t he  

ma t r ix  area i3 a poor r e p r e s e r t a t i o n  of t h e  actual  sh im b l a d e  l o c a t i o n .  
However, s i n c e  t h e  experimental r o d s  have a much larger worth than  t h e  

The e r r o r  

p a r t l y  i n s e r t e d  shim blades (about  I $  f o r  4 ha1f" inser ted  o u t e r  r i n g  rods )  
i t  is assumed tha t  mispredict ion. ;  of t h e  shim rod  worth have a n e g l i g i b l e  
effect  on t h e  c a l c u l a t e d  re.).ction r a t e  d i s t r i b u t i o n s .  

Ca lcu la t ed  r e a c t i o n  ra tes  were i n t e r p o l a t e d  t o  t h e  f o i l  p o s i t i o n s  
of t h e  measurement?, us ing  a quadratic f i t  t o  t h e  node-average values .  

4 .4  Experimental  - React ion Rates and Comparison wi th  Ca lcu la t ion  

The r e a c t i o n  r a t e  results are given i n  Tables 4.1 t o  4.14. The 

data are  organized  i n t o  d i s t r i b u t i o n s  a long  the axes, a t  1 5 O  and 30" t o  the 

x r a x i s  and i n t o  ax ia l  d i s t r i b u t i o n s .  A s  f o r  ZPPRe18A (ANL-ZPRn489, p. 50 
e t  s e q . ) ,  r e a c t o r  zones are  i n d i c a t e d  by I C ,  OC, R B ,  AB i n  an  obvious nota- 
t i o n  and t h e  s i n g l e  column drawer types  are d i s t i n g u i s h e d  by SF (drawers 
w i t h  Fe203 a d j a c e n t  t o  f u e l )  and by SM ( d e p l e t e d  uranium metal a d j a c e n t  t o  
f u e l ) .  

Experimental  r e a c t i o n  rates are  given i n  u n i t s  of IO"" r e a c t i o n s  
per  atom per second a t  a r e a c t o r  power of approximately 1 watt. I n  t h e  

a n a l y s i s ,  c a l c u l a t i o n s  are normalized t o  g ive  a mean C / E  of  u n i t y  f o r  t h e  78 
measurements o f  f i s s i o n  i n  2 3 y P u  which were made a long  t h e  xcaxis  and a t  15" 
t o  t h e  ax is  a t  z = -5 cm and f o r  an  ax ia l  d i s t r i b u t i o n  a t  the c o r e  cen te r .  

P r e d i c t i o n s  o f  r e a c t i o n  r a t e  d i s t r i b u t i o n s  are  similar t o  those  i n  
ZPPR-I8A, except  for p o s i t i o n s  i n  t h e  v i c i n i t y  of i n s e r t e d  c o n t r o l  rods:  

( i )  Radial d i s t r i b u t i o n s  a long  t h e  x-axis  and a t  1 5 O  and 30" are  
well predic ted .  I n  t h e  inne r  co re ,  t h e  C/E values  are 
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c o n s t a n t  w i t h i n  tne u n c e r t a i n t i e s .  The nonr threshold  
r e a c t i o n  rates i n  t h e  o u t e r  c o r e  have, on average,  a lower 
C/E by 0.5% t o  1% than  i n  t h e  i n n e r  core .  Measured r e s u l t s  
f o r  235U f i s s i o n  a t  15O t o  t h e  x-axis  and a t  f o u r  ax ia l  
h e i g h t s  are shown i n  Fig.  4 .1 .  

( i i )  F i s s i o n  ra tes  a long  t h e  y-axis show a dec reas ing  C/E with 
r a d i u s  and a r e  p red ic t ed  5% low i n  t h e  o u t e r  c o r e  uranium 
s e c t o r  r e l a t ive  t o  t h e  c o r e  c e n t e r  ( T a b l e  4 . 4 ) .  

( i i i )  F i s s i o n  rates i n  2 3 y P ~  and 235U have C / E  va lues  1 %  higher  i n  
t h e  SM drawers than i n  t he  SF drawers. 

( i v )  React ion ra tes  i n  half- two o f  t h e  assembly (nega t ive  z i n  t h e  

tables) i n t e r s e c t  an  o u t e r  r i n g  c o n t r o l  r o d  i n  the  15O 
d i s t r i b u t i o n s  (Tables 4.5, 4.6 and 4.7)  and i n t e r s e c t  an  
inne r  r i n g  c o n t r o l  r o d  i n  t h e  30° d i s t r i b u t i o n s  (Table  4.8).  
The C / E  values f o r  23yPu  and 295U are 1-3% higher  in drawers 
nea r  t o  t h e  r o d s  than  elsewhere.  

( v )  Axial  d i s t r i b u t i o n s  are well p r e d i c t e d  i n  t h e  c o r e  r eg ions  
wi th  s t anda rd  d e v i a t i o n s  of t h e  C/E d i s t r i b u t i o n s  c l o s e  t o  
t h e  s t a t i s t i c a l  u n c e r t a i n t i e s  (Tables  4.9 t o  4.14). I n  t h e  

a x i a l  b l anke t s ,  t h e  C/Es i n c r e a s e  w i t h  p e n e t r a t i o n  i n d i c a t i n g  
e r r o r s  i n  p r e d i c t i n g  e f fec ts  of t h e  steel  a x i a l  r e f l e c t o r .  
Ca lcu la t ed  and measured r e s u l t s  f o r  t he  a x i a l  235U f i s s i o n  
d i s t r i b u t i o n  near  t h e  c o r e  c e n t e r  are shown i n  Fig.  4.2. 

( v i )  Axial  f i s s i o n  ra tes  a d j a c e n t  t o  a ha1f" inser ted  c o n t r o l  rod  
i n  t h e  inne r  r i n g  (ma t r ix  246,146-57) are  given in Table 4.14 
and i l l u s t r a t e d  in Fig. 4.3. The average C/E r e s u l t s  i n  the 
core  are  i n  good agreement -? 1.000 (S.D. - 0.007) ad jacen t  
t o  t h e  c o n t r o l  r o d  and 0.995 (S.D. - 0.011) a d j a c e n t  t o  t he  

CRP. The p r e d i c t i o n s  i n  t h e  ax ia l  b lanket  are a few percent  
d i f f e r e n t  t o  those  in p o s i t i o n s  removed from t h e  c o n t r o l  r o d  
p o s i t  ion.  
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The rad ia l  r e a c t i o n  ra te  a n a l y s i s  f o r  235U f i s s i o n  is summarized i n  
These f i g u r e s  show the  mean C/E r e s u l t s  f o r  groups of 3 t o  F igs .  4.4 t o  4.7.  

4 a d j a c e n t  l o c a t i o n s  a t  5 cm and 28 em above and below t h e  midplane. 
Table 4.15 g i v e s  t h e  mean C / E  r e s u l t s  for  t h e  i n n e r  and ou te r  c o r e  a t  t h e  same 
a x i a l  he igh t s .  Results f o r  t h e  d i s t r i b u t i o n s  a t  t h e  x-axis ,  1 5 O  and 30°, have 
been combined i n  t h e  table.  I n  t h e  a l l - C R P  ha l f  ( z  = +5 cm and +28 cm), t h e  

s t anda rd  d e v i a t i o n s  are rather l a r g e r  t han  s ta t is t ics .  The mean C/E r e su l t s  
are  0.5% t o  1 %  h igher  i n  t he  c o n t r o l  r o d  h a l f .  Th i s  table  a l s o  shows s l i g h t l y  
lower C/E va lues  i n  t he  o u t e r  co re  r e l a t i v e  t o  t h e  i n n e r  core .  

4.5 React ion Rate Ra t ios  

React ion ra te  r a t i o s  r e l a t i v e  t o  239Pu f i s s i o n  are g iven  i n  
Tables 4.16 t o  4.18. 
t h e  r e s p e c t i v e  f o i l  l o c a t i o n s  and have n o t  been i n t e r p o l a t e d  t o  a common 
1 oca t  ion .  

The experimental  va lues  shown a re  s imply the  r a t i o s  a t  

A summary of t h e  a n a l y s i s  is given i n  Table 4.19. Resu l t s  f o r  t h e  

235U f i s s i o n  r a t i o  (F5/F9) and the  238U cap tu re  r a t i o  (C8/F9) are c o n s i s t e n t  
among the three d i s t r i b u t i o n s .  
c o n s i s t e n t  between t h e  inne r  c o r e  and t h e  o u t e r  core .  The mean C/E values  
compare well w i t h  t hose  ob ta ined  from a n a l y s i s  of ZPPR-18A as shown be1ow:t 

Results f o r  t h e  238U f i s s i o n  r a t i o  are less  

Mean Standard Deviat ion 

F5/F9 ZPPR-18B 1 .003 0.009 
ZPPR- 18A 1.004 0.010 

C8/F9 ZPPR- 

ZPPR- 

F8/F9 ZPPR- 

8 B  1.042 0.012 
8 A  1.046 0.010 

8 B  1.002 0.024 
ZPPR- 18A 0.998 0.023 

tThe measured results f o r  238U f i s s i o n  i n  ZPR-489 have been r e v i s e d  
c o r r e c t e d  va lues  w i l l  be  publ i shed  i n  ANL-ZPR-492. 

The 
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TABLE 4.1 ZPPR-18B: Radial Reaction Rate Distributions along the 
x-axis at z = -5.16 cm 

Matrix 

249 49 
249 50 
249 51 
249 52 
249 53 
249 54 
249 55 
249 56 
249 57 
249 58 
249 59 
249 60 
249 61 
249 62 
249 63 
249 64 
249 65 
249 66 
249 67 
249 68 
249 69 
249 70 
249 71 
249 72 

249 73 
249 74 
249 75 
249 76 
249 77 

249 78 
249 79 
249 80 
249 81 
249 82 

Zone 

IC SF 
IC SF 
IC SM 
IC SF 
IC SM 
IC SF 
IC SM 
IC SF 
IC SM 
IC SF 
IC SF 
IC SM 
IC SF 
IC SF 
IC SM 
IC SF 
IC SF 
IC SM 
IC SF 
IC SM 
IC SF 
IC SM 
IC SF 
IC SM 

oc SF 
OC SF 
oc D 
OC SF 
OC SF 

RB 
RB 
RB 
RB 
RB 

Exp. 

8.283 
8.295 
8.061 
8.102 
7.842 
7.828 
7.566 
7.474 
7.438 
7.572 
7.581 
7.472 
7.644 
7.639 
7.491 
7.607 
7.433 
7.132 
7.016 
6.640 
6.513 
6.104 
5.899 
5.520 

5.261 
4.905 
4.425 
3.808 
3.241 

-- -_ 
-I 

-,-. -- 

C/E 

0.998 
0.995 
1.011 
0.997 
1.012 

1.008 
1.006 
1.003 
0.998 
1.006 
1.016 
0.998 
1 .ooo 
1.009 
0.989 
1 .ooo 
1.010 
0.996 
1.009 
0.991 
1.007 
0.993 
1.003 

1 .ooo 
1.003 
0.993 
1.002 
0.988 

1.003 

-- 
r r  -- 
cc -- 

E X ~ .  

1.1620 
1.1680 
1.0860 
1.1290 
1.0480 
1.0920 
1.0170 
1.0620 
0.9942 
1.0520 
1.0550 
0.9974 
1.0590 
1.0700 
1.0020 
1.061 0 
1.0280 
0.9479 
0.9643 
0.8831 
0.8993 
0.8203 
0.8084 
0.7304 

0.7303 
0.6656 
0.5900 
0.5308 
0.4582 

0.3788 
0.2990 
0.231 1 
0.1793 
0.1496 

C/ E 

1.040 
1.033 
1.040 
1.039 
1.043 
1.038 
1.035 
1.032 
1.042 
1.049 
1.050 
1.051 
1.049 
1.045 
1.048 
1.036 
1.056 
1.053 
1.053 
1.046 
1.038 
1.027 
1.042 
1.035 

1.029 
1.047 
1.046 
1.037 
1.057 

1.029 
1.047 
1.051 
1.041 
0.989 

"U(n, Y 1 "U(n, f 1 

Exp . 
0.1945 
0.1966 
0.1938 
0.1966 
0.1952 
0.2022 
0.1893 
0.1840 
0.1760 
0.1845 
0.1923 
0.1862 
0.1847 
0.1863 
0.1799 
0.1846 
0.1816 
0.1741 
0.1656 
0.1583 
0.1563 
0.1457 
0.1447 
0.1390 

0.1352 
0.1338 
0 .I 326 
0.1042 
0.0807 

0.0334 
0.0198 
0.01 17 
0.0068 
0.0036 

C/ E 

1.029 
1.021 
1 .027 
1.007 
1.013 
0.999 
1.004 
0.995 
1 .031 
1.018 
1.020 
1.016 
1.008 
0.995 
1 .017 
0.994 
1.008 
1.01 1 
1.025 
1.028 
1.011 
1.045 
1.007 
1.006 

1.027 
1.028 
0.967 
1.007 
0.932 

1.142 
0.991 
0.922 
0.895 
0.949 
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TABLE 4.2 ZPPR"18B: Radial  235U F i s s i o n  D i s t r i b u t i o n s  along t h e  
x i a x i s  a t  z = 5.16 em 

- - ~ 

Half-1 ( C R P  Half ) z = +5.16 cm Half-2 ( C R  Half ) z = -5.16 em 

Matrix 

149 49 
149 50 
149 51 
149 52 
149 53 
1 4 9  54 
149 55 
149 56 
149 57 
149 58 
149 59 
149 60 
149 61 
149 62 
149 63 
149 64 
149 65 
149 66 
149 67 
149 68 
149 69 
149 70 
149 71 
149 72 

149 73 
149 74 
149 75 
149 76 
1 4 9  77 

149 78 
149 79 
149 80 
1 4 9  81 
149 82 

149 83 

Zone 

I C  SF 
I C  SF 
I C  SM 
I C  SF 
I C  SM 
I C  SF 
I C  SM 
I C  SF 
I C  SM 
I C  SF 
I C  SF 
I C  SM 
I C  SF 
I C  SF 
I C  SM 
I C  SF 
I C  SF 
I C  SM 
I C  SF 
I C  SM 
I C  SF 
I C  SM 
I C  SF 
I C  SM 

OC SF 
OC SF 
OC D 
OC SF 
OC SF 

RB 
RB 
RB 
RB 
RB 

RR 

Exp . 
9.111 
9.050 
8.833 
8.791 
8.663 
8.633 
8.381 
8.419 
8.269 
8.384 
8'. 384 
8.241 
8.329 
8.289 
8.163 
8.222 
8.034 
7.680 
7.575 
7.206 
6.985 
6.622 
6.382 
5.980 

5.662 
5.262 
4.728 
4.188 
3.629 

3.077 
2.525 
2.017 
1.653 
1.381 

'F 

C / E  

0.996 
1.003 

1.008 
1.006 
1.001 
1.010 
0.998 
1.009 
1.004 
1.002 
1.009 
1.002 
1.008 
1.009 
0.995 
1.005 
1.017 
0.998 
1.005 
0.998 
1.002 
0.992 
1 .ooo 

1.005 
0.998 
1.001 
0.990 
0.996 

1.01 1 
1.002 
1.002 
0.997 
I .067 

1.013 

I- 

Matrix Zone 

249 49 I C  SF 
249 50 I C  SF 
249 51 I C  SM 
249 52 I C  SF 
249 53 I C  SM 
249 54 I C  SF 
249 55 I C  SM 
249 56 I C  SF 
249 57 I C  SM 
249 58 I C  SF 
249 59 I C  SF 
249 60 I C  SM 
249 61 I C  SF 
249 62 I C  SF 
249 63 I C  SM 
249 64 I C  SF 
249 65 I C  SF 
249 66 I C  SM 
249 67 I C  SF 
249 68 I C  SM 
249 69 I C  SF 
249 70 I C  SM 
249 71 I C  SF 
249 72 I C  SM 

249 73 OC SF 
249 74 OC SF 
249 75 OC D 
249 76 OC SF 
249 77 OC SF 

249 78 RB 
249 79 RB 
249 80 RB 
249 81 RB 
249 82 RB 

249 83 RR 

Exp. 

8.791 
8.781 
8.581 
8.566 
8.339 
8.280 
8.020 
7.987 
7.856 
7.990 
8.032 
7.896 
8.103 
8.103 
8.004 
8.047 
7.891 
7.557 
7.401 
7.060 
6.843 
6.470 
6.157 
5.788 

5.554 
5.137 
4.675 
4.066 
3.542 

3.056 
2.460 
1.985 
1.604 
1.363 

1.431 

C/E 

1.001 
1.001 
1.009 
0.999 
1.005 
1 .ooo 
1.006 
0.999 
1.010 
1.005 
1.005 
1.018 
1 .ooo 
1.005 
1.006 
0.996 

1.013 
1.001 
1.004 
0.995 
1 .ooo 
1.001 
1.005 

0.993 
0.999 
0.986 
0.994 
0.995 

0.993 
1.004 
0.996 
1.005 
1.058 

1 . l o 6  

1.003 



TABLE 4.3 ZPPRy18B: Rad ia l  Reaction Rate D i s t r i b u t i o n s  along the xiaxis a t  Z = 28.02 crn 

Matrix 

1,249 49 
1,249 50 
1,249 51 
1 ,249  52 
1,249 53 
1,249 54 
1,249 5 5  
1,249 56 
1,249 57 
1,249 58 
1,249 59 
1,249 60 
1,249 61 
1,249 62 
1 ,249  63 
1,249 64 
1,249 65 
1,249 66 
1,249 67 
1,249 68 
1,249 69 
1,249 70 
1,249 71 
1,249 72 

1,249 73 
1,249 74 
1,249 75 
1,249 76 
1,249 77 

1,249 78 
1 , 2 4 9  79 
1,249 80 
1 ,249  81 
1 .249 82 

Zone 

IC SF 
IC SF 
IC SM 
IC SF 
IC SM 
IC SF 
IC SM 
IC SF 
IC SM 
IC SF 
IC SF 
IC SM 
IC SF 
IC SF 
IC SM 
IC SF 
IC SF 
IC SM 
IC SF 
IC SM 
IC SF 
IC SM 
IC SF 
IC SM 

OC SF 
OC SF 
OC D 
OC SF 
OC SF 

RB 
RB 
RB 
RB 
RB 

Hal f -1  z = +28cm 

5U(n,f) 

Exp. 

8.025 
7.971 
7 793 
7.809 
7.694 
7.761 
7.552 
7.586 
7.460 
7.537 
7.421 
7.209 
7.286 
7 2 8 3  
7.109 
7.093 
6.958 
6.612 
6.517 
6.234 
6.052 
5.701 
5.487 
5.1 28 

4.922 
4.560 
4.107 
3.624 
3.152 

2.647 
2.193 
1.716 
1.417 
1 .205 

C/E 

0.984 
0.991 
1.001 
0.993 
0.995 
0.983 
0.996 
0.989 
0.999 
0.991 
0.996 
1.007 
0.992 
0.988 
0.993 
0.985 
0.990 
1.006 
0.989 
0.991 
0.984 
0.996 
0.989 
1.000 

0.991 
0.985 
0.984 
0.975 
0.977 

1.002 
0.984 
1.005 
0.993 
1 . 0 4 4  

Half-2 z = -28cm 

235U(n,f) 

Exp. 

6.81 1 
6.784 
6.618 
6.546 
6.333 
6.288 
6.020 
5.976 
5.895 
6.069 
6.126 
6.055 
6.268 
6.366 
6.200 
6.340 
6.201 
6 -033 
5.843 
5.543 
5.355 
5.028 
4.778 
4.476 

4.241 
3.947 
3.552 
3.150 
2.729 

2.323 
1.924 
1.546 
1.270 

C/ E 

0.996 
0.998 
1.005 
1.001 
1.008 
0.996 
1.008 
1.001 
1.010 
1 .ooo 
1.004 
1.020 
1.002 
0.998 
1.018 
0.994 
1.005 
0.999 
0.997 
1.004 
0.995 

1.002 
1.007 

1.005 
1.003 
1.001 
0.990 
0.999 

1.014 
1 .ooo 
0.998 
0.994 

- 

1.003 

1.052 1 -077 

Exp. 

0.8979 
0,9024 
0.8407 
0.8594 
0.8032 
0.8307 
0.7573 
0.7950 
0.7410 
0.8052 
0.8037 
0.7733 
0.8355 
0.8499 
0.7869 
0.8440 
0.8232 
0.751 2 
0.7717 
0.6974 
0.7074 
0.6344 
0.6264 
0.5652 

0.5597 
0.5105 
0.4578 
0.41 32 
0.3519 

-i -- 
-- -- 

C/E 

1.038 
1.031 
1.031 
1.046 

1.035 
1.047 
1.036 
1.051 

1.051 
1.042 

1 .027 
1.045 
1.025 
1.040 
1.046 
1.036 
1.040 

1.036 
1.046 
1.035 

1.039 
1.055 
1.040 
1.030 
1.065 

1,037 

1.037 

1.033 

1 *033 

- .- 
*- -- 
-.. 

230U(n,f) 

Exp. 

0.1494 
0.1 484 
0.1471 
0.1480 
0.1471 
0.1 524 
0.1391 
0.1371 
0.1288 
0.1 392 
0.1445 
0.1430 
0.1451 
0.1431 
0.1387 
0.1420 
0.1398 
0.1334 
0.1309 
0.1 242 
0.1222 
0.1156 
0.1095 
0.1048 

0.1065 
0.1057 
0.1037 
0.081 0 
0.0605 

-+ 
..- 
i, -- 

C/ E 

1.013 
1.023 
1.020 
1.007 
1.007 
0.989 
1 .OT4 
0.988 
1.044 
1.006 
1.019 
1 .ooo 
0.977 
0.992 
1.015 
0.996 
1.012 
1.019 
1 .ooo 
1 .oog 
0.993 
1 .008 
1.014 
1.014 

0.990 
0.987 
0.939 
0.984 
0.945 

- 

-c 

,- - 
I _  -- 
m 
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TABLE 4.4 ZPPR-18B: R a d i a l  
2 3 5 L I ( n , f )  D i s t r i b u t i o n  

a l o n g  the y & a x i s  a t  
z = -5.16 cm 

Matrix Zone 

249 49 
248 49 
247 49 
246 49 
245 49 
244 49 
243 49 
242 49 
241 49 

238 49 
237 49 
236 49 
235 49 
234 49 
233 49 

230 49 
229 49 
228 49 
227 49 
226 49 

IC SF 
IC SM 
IC SF 
IC SM 
IC SF 
IC SF 
IC SM 
IC SF 
IC SM 
CR 
IC SF 
IC SM 
IC SF 
IC SF 
IC SM 
IC SF 
CRP 
IC SM 
IC SF 
IC SM 
IC SF 
IC SF 

225 49 OC UD 
224 49 OC US 
223 49 oc UD 
222 49 oc us 
221 49 oc us 
220 49 OC UD 
219 49 OC US 

Exp. 

8.791 

8.628 
8.391 
8.381 
8.137 
7.559 
7 .128 
6.072 

6.51 1 
7.157 
7.594 
7.740 
7.617 
7.919 

7.21 3 
6.744 
6.383 
6.1 16 
5.790 

5.273 
4.890 
4 327 
4.000 
3.469 
2.948 
2.439 

-k 

C /  E 

1.001 

0.996 
1.005 
0.991 
0.993 
1.018 
1.010 
1.048 

1.019 
0.996 
0.978 
0.977 
0.998 
0.978 

0.975 
0.977 
0.974 
0.970 
0.965 

0.959 
0.965 
0.941 
0.960 
0.955 
0.938 
0.941 

-- 

c.. 
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TABLE 4.5 ZPPR-18B: Radial Reaction Rate Distributions at 1 5 O  
t o  t he  x-axis a t  z = ~5.16 cm 

Matrix 

248 50 
248 52 
248 53 
247 54 
247 55 
247 56 
247 57 
246 57 
246 58 
246 59 
246 60 
245 60 
245 61 
245 62 
244 63 
244 64 
244 65 
244 66 
243 67 
243 68 
243 69 
243 70 
242 70 

242 73 
241 73 
241 74 
241 75 
241 76 
240 77 

240 78 
240 79 
139 80 
239 81 
239 82 

Zone 

IC SF 
IC SM 
IC SF 
IC SF 
IC SM 
IC SF 
IC SF 
IC SM 
IC SF 
IC SM 
IC SF 
IC SM 
IC SF 
IC SM 

IC SF 
IC SM 
IC SF 
IC SF 
IC SF 
IC SM 
IC SM 
IC SM 
CR 
OC SF 
OC SF 
OC SF 
OC D 
OC SF 
OC SF 

RB 
RB 
RB 
RB 
RB 

rc SM 

Exp. 

8.278 
7.959 
7.965 
7.652 

7.316 
7.296 
6.823 
6.898 
7.070 
7.383 
7.134 
7.481 
7.287 
7.181 
7.227 
7.020 
6.946 
6.535 
6.307 
5.747 
5.100 
4.814 

3.933 
3.924 
3.895 
3.684 
3.283 
2.675 

-- 

-- I 

-e 
-.. -- 
...- 

C/E 

0.994 
1.010 
0.998 
1.005 

0.994 
0.991 
0.990 
1.013 
1.018 
0.997 
1.011 
0.983 
1 .oog 
1.007 
0.992 
1.003 
0.994 
1.003 
0.990 

1 .Ol8 
1.028 

1.01 5 
1 .013 
1.01 1 
0.989 
0.988 
0.994 

c. ,?. 

1.003 

-I-- 

-& -- 
-3 -- 

Exp. 

1.1610 
1.0620 
1.0950 
1.0620 

1.0220 
0.9996 
0.9026 
0.9501 
0.9438 
1.0180 
0.9536 

0.9783 
0.9569 

0.9297 
0.9672 
0.91 39 
0.8749 
0.7642 
0.71 29 
0.6544 

0.5495 
0.5529 
0.5389 
0.4998 
0.4501 
0.3814 

0.3053 
0.2500 
0.1812 
0.1 386 
0.1164 

-I 

i.0130 

1.0030 

C/ E 

.033 

.044 

.051 

.046 

.036 

.054 

.032 

.069 

_- 

1.052 
1.050 
1.047 
1.056 
1.038 
1.046 
1.043 
1.046 
1.038 
1 .041 

1.036 
1.048 
1.045 

1 *033 

1.043 
1.038 
1.043 
1.029 
1.034 
1.036 

1.039 
1.020 
1.042 
1.040 
0.977 

.Exp. 

0.1988 
0.1935 
0.1980 
0.1915 

0.1769 
0.1748 
0.1571 
0.1647 
0.1699 
0.1758 
0.1707 
0.1802 
0.1779 
0.1713 
0.1728 
0.1633 
0.1665 
0.1619 
0.1532 
0.1397 
0.1241 
0.1193 

0.1035 
0.1026 
0. 1071 
0.1 118 
0.0905 
0.0698 

0.0288 
0.0179 
0.0094 
0.0059 
0.0027 

-- 

C/ E 

1.007 
1.021 
1.008 
1 .ooo 

0.983 
0.987 
0.988 
1.001 
1.017 
1.010 
1.022 
1.007 
1.001 
1.007 
0.987 
1.034 
1.009 
0.988 
1.009 
1.003 
0.995 
0.991 

0.992 
1.029 
1.009 
0.931 
0.992 
0.940 

1.136 
0.927 
0.903 
0.803 
1.006 

-- 
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TABLE 4.6 ZPPRp18B: R a d i a l  235U F i s s i o n  D i s t r i b u t i o n s  at 15O t o  
the x-axis  a t  z = 5.16 em 

Half-1 ( C R P  H a l f )  z = +5.16 cm 

Matrix Zone 

148 50 I C  SF 
148 52 I C  SM 
148 53 I C  SF 
147 54 I C  SF 
147 55 I C  SM 
147 56 I C  SF 
147 57 I C  SF 
146 58 I C  SF 
146 59 I C  SM 
146 60 I C  SF 
145 60 I C  SM 
145 61 I C  SF 
145 62 I C  SM 
I44 63 I C  SM 
144 64 I C  SF 
144 65 I C  SM 
144 66 I C  SF 
143 67 I C  SF 
143 68 I C  SF 
143 69 I C  SM 
143 70 I C  SF 
142 70 I C  SM 

142 73 OC SF 
141 73 OC SF 
141 74 OC SF 
141 75 OC D 
141 76 OC SF 
140 77 OC SF 

CRP 

140 78 RB 
140 79 RB 
139 80 RB 
139 81 RB 
139 82 RB 

Exp. 

8.988 
8.722 
8.697 
8.545 
8.184 
8.301 
8.227 
8.045 
7.977 
8.129 
7.996 
8.155 
7.997 
7.880 
7.802 

7.531 
7.151 
6.91 1 
6.397 
6.057 
5.957 

4.998 
4.968 
4.570 
4.142 
3.602 
3.055 

2.571 
2.060 
1.591 
1.256 
1.068 

7 550 

C /  E 

1.001 
1.01 1 
1.002 
0.993 
1.015 
0.993 
0.995 
1 .ooo 
1.011 
0.999 
1.006 
0.990 
1.002 
1.001 
0.999 
1.01 1 
0.992 
0.994 
0.987 
1.002 
0.990 
0.988 

0.995 
0.987 
0.990 
0.987 
0.991 
0.972 

0.985 
1 .ooo 
0.983 
1.008 
1.052 

Half-2 (CR H a l f )  z = -5.16 em 

Matrix 

248 50 
248 52 
248 53 
247 54 
247 55 
247 56 
247 57 
246 58 
246 59 
246 60 
245 60 
245 61 
245 62 
244 63 
244 64 
244 65 
244 66 
243 67 
243 68 
243 69 
243 70 
242 70 
CR 
242 73 
241 73 
241 74 
241 75 
241 76 
240 77 

240 78 
240 79 
239 80 
239 81 
239 82 

Zone 

I C  SF 
I C  SM 
I C  SF 
I C  SF 
I C  SM 
I C  SF 
I C  SF 
I C  SF 
I C  SM 
I C  SF 
I C  SM 
I C  SF 
I C  SM 
I C  SM 
I C  SF 
I C  SM 
I C  SF 
I C  SF 
I C  SF 
I C  SM 
I C  SF 
I C  SM 

OC SF 
OC SF 
OC SF 
OC D 
OC SF 
OC SF 

RB 
RB 
AB 
RB 
RB 

Exp. 

8.644 
8.400 
8.338 
8.069 

7.590 
7.492 
7.139 
7.407 
7.773 
7.541 
7.768 
7.700 
7.626 
7.684 
7.425 

6.966 
6.579 
5.988 
5.189 
5.025 

4.027 
4.170 
4.091 
3.840 
3.438 
2.904 

2.492 
2.047 
1.561 
1 .251 
1.043 

??- 

7 325 

C / E  

1 .007 
1.012 

0.995 

0.993 
0.999 
1.012 
1.018 
0.997 

1.002 
1.010 
1.008 
0.991 
1.004 
0.995 
0.990 
0.995 
1.006 
1.029 
1.032 

1.029 
1.010 
1.007 
0.995 
0.987 
0.982 

0.980 
0.973 
0.973 
0.985 
1.050 

1.003 

-- 

I .012 



TABLE 4.7 ZPPRpl8B:  Radial Reaction Rate Di s t r ibu t ions  a t  15O t o  the  x -ax i s  a t  z = 28.02 cm 

Matrix 

1,248 50 
1,248 52 
1,248 53 
1,247 54 
1,247 55 
1,247 56 
1,247 57 
1,246/57 
1,246 58 
1,246 59 
1,246 60 
1,245 60 
1,245 61 
1,245 62 
1,244 63 
1,244 64 
1,244 65 
1,244 66 
1,243 67 
1,243 68 
1,243 69 
1,243 70 
1,242 70 

1 ,242  73 
1,241 73 
1,241 74 
1,241 75 
1,241 76 
1,240 77 

140 78 
140 79 
139 80 
139 81 
139 82 

Zone 

I C  SF 
I C  SM 
I C  SF 
I C  SF 
I C  SM 
I C  SF 
I C  SF 
I C  SM 
I C  SF 
I C  SM 
I C  SF 
I C  sn 
I C  SF 
I C  SM 
I C  SM 
I C  SF 
I C  SM 
I C  SF 
I C  SF 
I C  SF 
I C  SF 
I C  SF 
I C  SM 
CRP/CR 
OC SF 
OC SF 
OC SF 
OC D 
OC SF 
OC SF 

RB 
RB 
RB 
RB 
RB 

Half-1 z = +28cm 

235U(n,f  1 

E x p .  

-- 
7.741 
7.736 
7.729 
7.555 
7.610 
7.620 
7.676 
7.651 
7.273 

7.100 
7.113 
6.933 
6.775 
6.764 
6.536 
6.443 
6.280 
6.071 
5.795 
5.666 
5.631 

4.908 
4.789 

-.. 

-- 
-e -- 
-r 

-- 
e- -- -_ -- 

C / E  

-9- 

0 - 998 
0.992 
0.983 
1 .ooo 
0.999 
0.991 
1.001 
0.981 
1.004 

1.008 
0.994 
1.001 
1.004 
0.991 
1.003 
0.997 
0.981 
0.983 
0.989 
0.984 
0.980 

0.979 
0.974 

-- 

c- 

c: 
-c 

.- - 
-c 

-r -- 
- .- -- 

Half-2 z = ~28cm 

E x p .  

6.689 
6.427 
6.320 
6.029 

5.542 
5.446 
4.742 
5.181 
5.495 
5.836 
5.621 
5.929 
5.990 
5.966 
5.963 
5.818 
5.716 
5.350 
5.047 
4.470 
3.754 
3.643 

2.736 
2.891 
2.930 
2.807 
2.554 
2.200 

1.870 
1.524 
1.191 
0.945 
0.784 

-- 

C / E  

1.001 
1.011 
1.005 
0.996 

0.991 
1.002 
0.994 
1.007 
1.021 
1.008 
1 .027 
1.009 
1.009 
1.008 
1.002 
1.005 
0.997 
0.999 
0.993 
1.01 1 
1.027 
1.018 

1.028 
1.006 
1.006 
0.996 
0.987 
0 975 

0.992 
0.999 
0.982 
1 .oog 
1.087 

-- 

2 3 s U ( n , ~  1 

E x p .  

0.8839 
0.8082 
0.8340 
0.8066 

0.7487 
0.7453 
0.6444 
0.7050 
0.7113 

0.7238 

0.7683 
0.7527 

0.7291 

0.7164 
0.6685 
0.571 2 
0.5144 
0.4733 

0.3686 
0.3790 
0.3844 
0.3625 
0.3360 
0.2873 

-c 

-- 
-- 

- c 
-- 

-- 
-e. -- 
c- -- 

C / E  

1.045 
1.050 
1.050 
1 .034 

1.042 
1.044 
1.032 
1.053 
1.044 

1.045 

1 .027 
1.039 

1.046 

-- 

-- 
-- 

-- 
rf 

1.031 
1 .038 
1.045 
1.058 
1.041 

1.060 
1 .043 
1.046 
1.037 
1.030 
1.034 

...- -- 
-- 
-- -- 

23'U(n,f 1 

E x p .  

0.1520 
0.1460 
0.1459 
0.1416 

0.1319 
0.1295 
0.1148 
0.1171 
0.1239 

0.1305 

-.. 

-- 
-- 

0.1358 
0.1314 

0.1296 

0.1208 
0.1178 
0.1024 
0.0964 
0.0850 

0.0734 
0 -0757 
0.0751 
0.0803 
0.0661 
0.0516 

-t 

-- 

-r -- 
-- 
-c -- 

C / E  

0.995 
1.016 
1.024 
1.002 

0 - 965 
0.977 
0.975 
1.029 
1.033 

1.026 

-.. 

-- 

1 .ooo 
1.007 

1.002 
-/- 

1.009 
0.992 
1.021 
0.937 
1.009 

0.982 
0.985 
1.032 
0.940 
0.995 
0.940 

P 
33 



TABLE 4.8 ZPPR-18B: Radial Reaction Rate Distributions at 30" to the x-axis 

Half-2 z = -28cm Half-2 z = -5 cm 

Matrix 

246 54 
245 55 

244 58 
243 58 
243 59 
242 60 
242 61 
242 62 
241 62 

240 65 
239 65 
239 66 
238 67 
238 68 
237 68 

Zone 

I C  SM 
I C  SM 
CR 
I C  SM 
I C  SF 
I C  SM 
I C  SM 
I C  SF 
I C  SF 
I C  SF 
CRP 
I C  SM 
I C  SF 
I C  SM 
I C  SM 
I C  SF 
I C  SM 

235U(rl,f) 23sU(n,f) "Utn ,Y 

E x p  . C / E  E x p .  C / E  Exp. C/E - 
5.691 1.013 
4,717 1.040 

4.538 1.025 
4.822 1.014 
5.283 1.026 
5.705 1.020 
5.987 1 .ooo 
6.103 1.001 
6.108 1.007 

5.806 0.998 
5.704 0.988 
5.199 1.002 
4.722 1.001 
4.609 0.985 
4.353 0.991 

7.721 1.010 
6.690 1.044 

6.446 1.033 
6.784 1.012 
7.199 1.017 
7.491 1.016 
7.736 0.999 
7.775 1.004 
7.814 1.004 . 

7.365 1.003 
7.267 0.994 
6.765 0.996 
6.194 1 . O O 3  
6.046 0.994 
5.737 1.006 

0.9852 1.042 
0.8869 1.050 

0.8405 1.049 
0.8997 1.048 
0.9153 1.043 
0.9515 1.040 
1.0200 1.040 
1.0310 1.034 
1.0470 1.023 

0.9252 1.028 
0.9758 1.018 
0.8518 1.031 
0.7852 1.037 
0.7994 1.035 
0.7431 1.020 

0.1762 1.023 
0.1613 0.968 

0.1425 1.020 
0.1556 0.959 
0.1605 1.017 
0.1682 1.019 
0.1734 0.996 
0.1680 0.994 
0.1631 0.980 

0.1530 0.967 
0.1555 0.973 
0.1509 1.006 
0.1410 1.035 
0.1432 1.005 
0.1383 1.027 

f- 
W 



TABLE 4.9 ZPPR-18B: Axial Reaction Rate D i s t r i b u t i o n s  i n  Matrix 249-49 (core c e n t e r )  

%ne 2 (mm) Exp. 

-A3 737 4 2,307 
B 686.6 2.611 

iB 635.8 3.001 
'B 585.0 3.485 
- R  534.2 3.939 

-FFL.-- 

Zone Average C/E 
S tanda rd  Deviat ion 

C, SF 
C SF 
C SF 
c SF 
C SF 

.C SF 
IC SF 
C SF 
C SF 
C SF 

.C SF 

483.4 
432.6 
380.5 
356.4 
280.2 
229.4 
178.6 
127.8 
77.0 
50.3 
26.2 

3.882 
4.495 
5.188 
5.424 
6.351 
6.904 
7.403 
7.786 
8.138 
8.283 
8.461 

Zone Average C/E 
Standard Deviat ion 

C/E 

1.102 
1.077 
1.043 
1.014 
1.012 

1.050 
0.039 

0.984 
0.994 
0.990 

0.996 
1.001 
0.995 
0.998 
1.004 
0.998 
0.984 

0.995 
0.007 

-.....-A 

1.003 

-rr*L., 

Exp. 

2.307 
2.61 1 
3.001 
3.485 
3.939 

4.279 
4.894 
5.590 
5.898 
6.81 1 
7.356 
7.855 
8.296 
8.731 
8.791 
8.897 

C/E - Exp . 
1 .lo2 0.2689 
1.077 0.31 03 
1.043 0.3645 
1.014 0.4326 
1,012 0.5075 
.-.-.-& 
1.050 
0.039 

C/E Exp. 

1.039 0.0071 
1.068 0.01 1 1  
1.063 0.01 49 
1.045 0.0243 
1.029 0.0383 
.-t-r*g 
1.049 
0.016 

_I_ 

1.020 
1.011 
0.999 
0.996 
0.996 
1.004 
1 .ooo 
0.998 
0.997 
1.001 
0.997 
-???bh+ 

1.002 
0.007 

0.5641 
0.6466 
0.7464 
0.7813 
0.8979 
0.9738 
1.0500 
1.0990 
1.1490 
1.1620 
1.1740 

1.060 
1.051 
1.028 
1.034 
1.038 
1.042 
1.028 
1.035 
1.040 
1.040 
1.037 

1.039 
0,009 

9th-r 

0.0787 
0.0966 
0.1193 
0.1297 
0.1494 
0.1660 
0.1742 
0.1842 
0.1977 
0.1945 
0.2029 

C/E 

0.763 
0.908 
1.009 
1 .051 
1.028 

0.952 
0.119 

0.932 
1.006 
0.996 
0.990 
1.013 
1.004 
1.022 
1.021 
1.001 
1.029 
0.995 

1.001 
0.026 

-.--e- 

*-i- ',k f. 



TABLE 4.10 ZPPR"18B: Axial React ion Rate D i s t r i b u t i o n s  i n  Matrix 149-49 ( c o r e  c e n t e r )  

Zone - 
I C  SF 
I C  SF 
I C  SF 
I C  SF 
I C  SF 
I C  SF 
I C  SF 
I C  SF 
I C  SF 
I C  SF 
I C  SF 

2 3 y P ~ ( n , f )  

Z ( r n m )  E x p . -  C/E 

26.2 8.623 0.981 
50.3 8.488 1.004 
77.0 8.542 1.001 
127.8 8.486 0.984 
178.6 8.260 0.987 
229.4 7.983 0.986 
280.2 7.479 0.983 
356.4 6.657 0.988 
380.5 6.288 0.996 
432.6 5.621 0.988 
483.4 4.954 0.980 

Zone Average WE 0.989 
e - - I C  

Standard Deviat ion 0.008 

E x p . -  C/E 

9.097 0.991 
9.111 0.996 
9.097 1.002 
9.014 0.988 
8.793 0.990 
8.453 0.996 
8.025 0.984 
7.182 0.991 
6.882 0.992 
6.144 1.006 
5.504 1.014 

0.995 
0.009 

- 4 r - C .  

1.1940 1.036 
1.1990 1.039 
1.2070 1.037 
1.1940 1.025 
1.1630 1.027 
1.1160 1.035 
1.0690 1.015 
0.9556 1.023 
0.9059 1.035 
0.8102 1.046 
0.7197 1.060 

1.034 
-p--0. 

0.012 

2 3 8 ~ ( n , f )  

Exp._- C/ E 

0.2023 1.013 
0.2044 1.010 
0.2065 1.004 
0.2022 1.001 
0.1957 1.008 
0.1914 0.992 
0.1793 0.981 
0.1554 0.996 
0.1461 0.987 
0.1270 0.944 
0.1018 0.904 

0.985 
-1-1- 
l i \  

0 9033 

AB 534.2 -e 

AB 585.0 -6 
AB 635.8 -- 
AB 686.6 ?P 

AB 737.4 --i 

Zone Average C/E 
Standard Deviat ion 

5.207 
4.671 
4.118 
3.624 
3 302 

1.001 0.6647 
1 .007 0.5833 
1.031 0.5019 
1.070 0.4296 
1.084 0.3723 

1.039 
0.037 

.-cbrc: 

1.021 
1.024 
1.037 
1.052 
1.043 

1.035 
--.--+ 

0.01 3 

0.0514 0.969 
0.0307 1.058 
0.0191 1.009 
0.0123 1.045 
0.0083 0.852 

0.987 
0.083 

-*.--c 
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TABLE 4.11 ZPPRe18B: Axial 23'U F i s s i o n  D i s t r i b u t i o n s  i n  
Matr ix  249-64 and 149~64 

Matr ix  249-64 Matrix 1491-64 

Zone Exp . C/ E - Zone - Exp . C/E 

AB 737.4 2.233 
AB 686.6 2.498 
AB 635.8 2.908 
A 0  585.0 3.350 
AB 534.2 3.765 

Zone Average C/E 
S tandard  Deviat ion 

1.097 
I .080 
1.029 
1.005 
1.005 

1.043 
0.043 

i+ecr 

AB 
AB 
AB 
AB 
AB 

IC SF 
IC SF 
IC SF 
IC SF 
IC SF 
IC SF 
IC SF 
IC SF 
IC SF 
IC SF 
IC SF 

483.4 
432.6 
381.8 

280.2 
229.4 
178.6 
127.8 
77 .O 
50.3 
26.2 

331 00 

4.062 
4.622 
5.263 
5.802 
6.340 
6.793 
7.281 
7.673 
7.922 
8.047 
8.106 

Zone Average W E  
Standard  Deviat ion 

1.014 
1.006 
0.991 
0.993 
0.994 
1.006 
0.994 
0.989 
1.002 
0.996 
0.993 

0.998 
0.008 

?-+.e*- 

737.4 
686.6 
635.8 
585.0 
534.2 

2.861 
3.185 
3 638 
4.075 
4.545 

Zone Average C/E 
Standard Devia t ion  

AB 483.4 
IC SF 432.6 
IC SF 381.8 
IC SF 331 .O 
IC SF 280.2 
IC SF 229.4 
IC SF 178.6 
IC SF 127.8 
IC SF 77 .O 
IC SF 50.3 
IC SF 26.2 

4.812 
5.445 
5.996 
6.605 
7 0093 
7.539 
7.832 
8.089 
8.136 
8.222 
8.194 

Zone Average C/E 
Standard Deviat ion 

1.085 
1.058 
1.016 
1.006 
1.002 

1.033 
0.036 

+-C?pi 

1.014 
0.995 
0.998 
0.985 
0.985 
0.991 
0.991 
0.986 
1.007 
0.995 
0.993 

0.995 
0.009 

C * * I L f  

. 
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TABLE 4.12 ZPPRel8B: Axial  Reaction Rate D i s t r i b u t i o n s  i n  
Matrix 249"75 ( o u t e r  co re )  

Zone z ( m )  Exp . - 
AB 737.4 1 .I71 
AB 686.6 1.310 
AB 635.8 1.509 
AB 585.0 1.752 
AB 534.2 1.999 

Zone Average C/E 
Standard Dev i a t  i on 

OC D 483.4 
OC D 432.6 
OC D 381.8 
OC D 331.0 
OC D 280.2 
OC D 229.4 
OC D 178.6 
OC D 127.8 
OC D 77.0 
OC D 50.3 
OC D 26.2 

Zone Average C/E 
Standard  Devia t ion  

2.185 
2.499 
2.899 
3.225 
3.552 
3.914 
4.141 
4.402 
4.576 
4,675 
4.702 

C/E 

1.072 
1.066 
1.036 
1.012 
1.005 

1.038 
0.030 

--*.-* 

1.016 
1.018 
0.998 
1.001 
1.001 
0.991 
0.996 
0.987 
0.997 
0.986 
0.987 

0.998 
0.01 1 

-9-rtp-l- 

Exp. 

&.+ 
-Ir 

.- P 
-Ir 

-r-  

0.2785 
0.3197 
0.3705 
0.421 3 
0.4578 
0.5069 
0.5348 
0.5648 
0 381 4 
0.5900 
0.5970 

C / E  

ecr 
a s -  

.- h 
-1 

-* 

1.067 
1.068 
1.047 
1.027 
1.040 
1.025 

1.029 
1.050 
1.046 
1.040 

1.043 
0.01 5 

1 *033 

-?--t-- 

Exp. 

l R -  

0.0062 
0.0097 
0.01 42 
0.0253 

0.0520 
0.0648 
0.0791 
0.0931 
0.1037 
0.1119 
0.1196 
0.1274 
0.1309 
0.1326 
0.1344 

C/E - 
" b  
0.920 
0.892 
1.062 
0.933 

0.952 
0.075 

-c".a-c 

0.887 
0.956 
0.958 
0.939 
0.939 
0.959 
0.957 
0.947 
0.969 
0.967 
0.960 

0.949 
0.023 

Le++* 

a C e l l  f a c t o r  n o t  measured for  238U c a p t u r e  i n  t h e  axial  b lanket .  
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TABLE 4.13 ZPPR-18B: Axial  Reaction Rate D i s t r i b u t i o n s  i n  
Matrix 149-75 ( o u t e r  c o r e )  

Zone z(mm> Exp . - 
OC D 26.2 
OC D 50.3 
OC D 77 .O 
OC D 127.8 
OC D 178.6 
OC D 229.4 
OC D 280.2 
OC D 331.0 
OC D 381.8 
OC D 432.6 
OC D 483.4 

4.735 
4.728 
4.795 
4.686 
4.565 
4.395 
4.107 
3.770 
3 463 
3.075 
2.704 

Zone Average C/E 
S tandard  Deviation 

AB 534.2 2.534 
AB 585.0 2.279 
AB 635.8 2.006 

AB 737.4 1.584 
AB 686.6 1.735 

Zone Average WE 
Standard  Deviat ion 

C/E 

0.993 
1.001 
0.990 
0.987 
0.986 
0.986 
0.984 
0.994 
0.989 
0.996 
1.008 

0.992 
0.007 

0.994 
0.989 
1.007 
1.055 
1.056 

l .020 
0.033 

--rj-c 

--pe- 

Exp. 

0.61 47 
0.61 43 
0.6097 
0.601 9 
0.5853 
0.5603 
0.5271 
0.4887 
0.4459 
0.3900 
0.3440 

-!? 
-Y 
% 

c k 
P6 

C / E  Exp. 

1.024 
1.031 
1.042 
1.028 
1.029 
1.035 
1.026 
1.027 
1.029 
1.053 
1.059 

1.035 
0.01 2 

-..-pL 

0.1379 
0.1371 
0.1392 
0.1367 
0.1303 
0.1250 
0.1187 
0.1070 
0.0957 
0.0806 
0.0638 

-r 0.0295 
"P 0.0177 

-- 0.0080 
t-F -P 

F f  0.01 31 

C/ E 

0.949 
0.960 
0.949 
0.940 
0.958 
0.958 
0.931 
0.947 

0.917 
0.875 

0.938 
0.025 

0.977 
1.043 
0.81 6 
0.884 

0.933 

-cp-- 

-- 
. --.- r -  

0.930 
0.100 

a C e l l  f a c t o r  n o t  measured f o r  23uU c a p t u r e  i n  t h e  a x i a l  b l a n k e t .  
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TABLE 4.14 ZPPRb18B: Axial  235U F i s s i o n  D i s t r i b u t i o n s  i n  
Matr ix  246-57 and 146b57 

Matrix 246-57a 

2 (mm) Exp. Zone 

AB 737.4 1.371 
AB 686.6 1.556 
AB 635.8 1.818 
AB 585.0 2.139 
AB 534.2 2.521 

- - 

Zone Average C/E 
S tandard  Devia t ion  

I C  SM 483.4 
I C  SM 432.6 
I C  SM 381.8 
I C  SM 331.0 
I C  SM 280.2 
I C  SM 229.4 
I C  SM 178.6 
I C  SM 127.8 
I C  SM 77.0 
I C  SM 50.3 
IC SM 26.2 

2.885 
3.362 
3.821 
4.254 
4.742 
5.181 
5.595 
5.970 
6.461 
6.668 
7.052 

Zone Average C/E 
S tandard  Devia t ion  

W E  

1.013 
1.01 6 
1.001 
1.000 
0.993 

1.005 
0.010 

0.995 
0.990 
0.995 
1.002 
0.994 
0.997 
1.002 
1.01 1 
1.001 
1.01 5 
1 .ooo 

1 .ooo 
0.007 

- 

-h.?fF. 

---e.. 

Matrix 1 4 6 ~ 5 7 ~  

Zone z(mm> Exp. 

AB 737.4 3.655 
AB 686.6 3.990 
AB 635.8 4.420 
AB 585.0 4.942 
AB 534.2 5.400 

Zone Average C/E 
Standard  Devia t ion  

I C  SM 483.4 
I C  SM 432.6 
I C  SM 381.8 
I C  SM 331.0 
I C  SM 280.2 
I C  SM 229.4 
I C  SM 178.6 
I C  SM 127.8 
IC SM 77 .O 
I C  SM 50.3 
IC SM 26.2 

5.551 
6.106 
6.674 
7.227 
7.676 
8.036 
8.253 
8.303 
8. I60 
7.984 
7.695 

Zone Average C/E 
Standard Devia t ion  

C / E  

1.040 
1.041 
1.027 
1.007 
1.009 

1.025 
0.016 

1,026 
1.018 
1 .O l4  
1.003 
1.001 
1.010 
0.996 
0.990 
1.007 
0.997 
0.997 

0.995 
0.01 1 

P-c--c 

--tl” 

aAdjacent t o  c o n t r o l  rod. 
Adjacent t o  CRP. 



TABLE 4.15 Summary of C / E  Resu l t s  for 2 3 b U  F i s s i o n  i n  ZPPR-18B 

Radial D i s t r i b u t i o n a  

z = +28 cm 

Zone 

Inne r  Core 
Outer Core 

z = +5 em 

z = -5 cm 

z = -28 crn 

Inner  Core 
Outer Core 

Inne r  Core 
Outer Core 

Inner  Core 
Outer Core 

Number of  
Foi 1s 

Mean Standard  
C/E  Deviat ion - 

45 

7 
0.993 0.008 

0.981 0.006 

46 

11 

1.002 0.007 

0.992 0.009 

60 

11 

1.006 0.010 

0.998 0.01 3 

61 

1 1  

1.005 0.01 1 

1 .ooo 0.013 

aResu l t s  a t  t h e  x-axis ,  15O and 30" combined. Resu l t s  along t h e  

y-axis excluded. 
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TABLE 4.16 ZPPR-18B: Reaction Rate Ratios a l o n g  t h e  xhaxis  a t  z = r5.16 cm 

M a t r i x  Zone 

F5/F9 

Exp . 
249 49 I C  SF 1.061 
249 50 I C  SF 1.059 
249 51 I C  SM 1.065 
249 52 I C  SF 1.057 
249 53 I C  SM 1.063 
249 54 I C  SF 1.058 
249 55 I C  SM 1.060 
249 56 I C  SF 1.069 
249 57 I C  SM 1.056 
249 58 I C  SF 1.055 
249 59 I C  SF 1.059 
249 60 I C  SM 1.057 
249 61 I C  SF 1.060 
249 62 I C  SF 1.061 
249 63 I C  SM 1.068 
249 64  I C  SF 1.058 
249 65 I C  SF 1.062 
249 66 I C  SM I .060 
249 67 I C  SF 1.055 
249 68 I C  SM 1.063 
249 69 I C  SF 1.051 
249 70 I C  SM 1.060 
249 71 I C  SF 1.044 
249 72 I C  SM 1.049 

Zone Average  C/E 
S t a n d a r d  Deviation 

249 73 OC SF 1.056 
249 74 OC SF 1.047 
249 75 OC D 1.056 
249 76 OC SF 1.068 
249 77 OC SF 1.093 

Zone Average C/E 
S t a n d a r d  Deviation 

C /  E 

1.003 
1.006 
0.998 
1.002 
0.993 
0.997 
0.998 
0.993 
1.007 
1.007 
0.999 
1.002 
1.002 
1.005 
0.997 
1.007 
1.003 
1.003 
1.005 
0.995 
1.004 
0.993 
1.008 
1.002 

1.001 
0.005 

0.993 
0.996 
0.993 
0.992 
1.007 

0.996 
0.006 

-LI-CL 

-+.c-Li 

C8/F9 

Exp. 

0.1403 
0.1408 
0.1347 
0.1393 
0.1336 
0.1395 
0.1344 
0.1421 
0.1337 
0.1389 
0.1392 
0.1335 
0.1385 
0.1401 
0.1338 
0.1395 
0.1383 
0.1329 
0.1374 
0.1330 
0.1381 
0.1344 
0.1370 
0.1323 

0.1388 
0.1357 

0.1394 
0.1414 

0.1333 

C/E 

1.042 
1.038 
1.029 
1.042 
1.031 
1.035 
1.027 
1.026 
1.039 
1.051 
1.044 
1.034 
1.051 
1.045 
1.039 
1.048 
1.056 
1.043 
1.057 
1 e037 
1.047 
1.020 
1.049 
1.032 

1.040 
0.010 

1.029 
1.044 
1.053 
1.035 
1.070 

1.046 
0.016 

-k--c- 

--rrrP 

F8/F9 

Exp. 

0.02348 
0.02370 
0.02404 
0.02427 
0.02489 
0.02583 
0.02502 
0.02462 
0.0236 6 
0.02437 
0.02537 
0.02492 
0.02416 
0.02439 
0.02402 
0.02427 
0.02443 
0.02441 
0.02360 
0.02384 
0.02400 
0.02387 
0.02453 
0.02518 

0.02570 
0.02728 
0.02997 
0.02736 
0.02490 

C /  E 

1.031 
1.026 
1.016 
1.010 
1.001 
0.996 
0.996 
0.989 
1.028 
1.020 
1.01 4 
1 .ooo 
1.010 
0.995 
1.008 
1.005 
1.008 
1.001 
1.029 
1.019 
1.020 
1.038 
1.014 
1.003 

1.012 
0.01 3 

1.027 
1.025 
0.974 
1.005 
0.943 

0.995 
0.036 

- 

-p-p- 

--I-.. 
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TABLE 4.17 ZPPR-18B: Reaction Rate Ratios at 15O to the x-axis at z = -5.16 cm 

F5/F9 

Matrix Zone C/E 

248 50 
248 52 

247 54 
247 56 
247 57 
246 57 
246 58 
246 59 
246 60 
245 61 
245 62 
244 63 
244 6 4  
244 65 
244 66 
243 67 
243 68 
243 69 
243 70 
242 70 

248 53 

I C  SF 
I C  SM 
I C  SF 
I C  SF 
I C  SF 
IC SF 
I C  SM 
I C  SF 
I C  SM 
I C  SF 
IC SF 
I C  SM 
I C  SM 
I C  SF 
I C  SM 
I C  SF 
IC SF 
I C  SF 
I C  SM 
I C  SF 
I C  SM 
CR 

1.044 
1.055 
1.047 
1.054 

1.027 
0.977 
1.035 
1.048 

1 *037 

1 e053 
1.038 
1.057 
1.062 
1.063 
1.058 
1 e055 
1.043 
1.042 
1.042 
1.017 
1.044 

Zone Average C/E 
Standard Deviation 

1.01 3 
1.002 
1.005 
0.990 
0.999 
1.008 
1.025 
0.999 
1 .ooo 
1.000 
1.019 
1.001 
1.001 
0.999 
1,001 
1.001 
0.987 
1.005 
1.003 
1.01 1 
1.004 

-brrwh 

1.003 
0.008 

242 73 OC SF 1.024 1.014 
241 73 OC SF 1.063 0.997 
241 74  OC SF 1.050 0.996 
241 75 OC D 1.042 1.006 
241 76 OC SF 1.047 0.999 
240 77 OC SF 1.086 0.988 ---- 

%> 8 f. 
Zone Average C / E  1 .ooo 

Standard Deviation 0.009 

C8/F9 

Exp. 

0.1403 
0.1 334 
0.1375 

0.1397 
0.1370 
0.1323 
0.1377 
0.1335 
0.1379 
0.1354 
0.1343 
0.1333 
0.1 388 
0.1324 
0. 1392 

0.1388 

0.1398 
0.1 387 
0.1330 
0.1398 
0.1359 

C/ E 

1.039 
1.034 
1.053 
1.041 
1.042 
1.064 
1.042 
1.055 
1.033 
1.053 
7.074 
1.029 
1.039 
1.051 
1.043 
1.044 

1.043 

1.029 
1.017 

1.038 

1.033 

---e- 
l .043 
0.01 3 

0.1397 1.028 
0.1409 1.025 
0.1384 1.032 
0.1357 1.040 
0.1371 1.047 
0.1426 1.042 

1.036 
0.009 

+-,&-*e 

F8/F9 

Exp. 

0.02402 
0.02431 
0.02486 
0.02503 
0.0241 8 
0.02396 
0.02303 
0.02388 
0.02403 

0.02409 
0.02441 
0.02385 
0.02391 
0.02326 
0.02397 
0.02477 
0.02429 
0.02431 
0.02433 

0.02381 

0.02478 

C/E 

1.013 
1.01 1 
1.010 
0.995 
0.989 
0.996 
0.998 

0,999 
1.013 
1.024 
0.992 
1 .ooo 
0.995 
1.031 
1.015 
0.985 
1.019 
1 .ooo 
0.977 
0.964 

0.988 

,-&+-- 
1.001 
0.01 6 

0.02632 0.977 
0.02615 1.016 
0.02750 0.998 
0.03035 0.941 
0.02758 1.004 
0.02609 0.946 

0.980 
0.031 

---.-- 



TABLE 4.18 ZPPR-18B: Reaction Rate Ratios i n  Matrix 249-49 and 149-49 (core c e n t e r )  

F5/F9 C8/F9 F8/F9 

Matrix 

249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 

149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 

I C  SF 483.4 
I C  SF 432.6 
I C  SF 380.5 
I C  SF 356.4 
I C  SF 280.2 
I C  SF 229.4 
I C  SF 178.6 
I C  SF 127.8 
I C  SF 77.0 
I C  SF 50.3 
I C  SF 26.2 

I C  SF 26.2 
I C  SF 50.3 
I C  SF 77.0 
I C  SF 127.8 
I C  SF 178.6 
I C  SF 229.4 
I C  SF 280.2 
I C  SF 356.4 
I C  SF 380.5 
I C  SF 432.6 
I C  SF 483.4 

Zone Average C/E 
Standard Deviation 

Exp. 

1 . l o2  
1.089 
1.077 
1.087 
1.072 
1.065 
1.061 
1.066 
1.073 
1.061 
1.052 

1.055 
1.073 
1.065 
1.062 
1.065 
1.059 
1.073 
1.079 
1.094 
1.093 
1.111 

C/ E - 
1 e037 
1.017 
1.009 
0.993 
1 .ooo 
1.003 
1.005 
1 .ooo 
0.993 

1.013 

1.010 
0.992 
1.001 
1.004 
1.003 
1.010 
1.001 

0.996 
1.018 
1.035 

1.007 
0.012 

1.003 

1.003 

--..-&.-.I 

Exp . 
0.1453 
0.1438 
0.1439 
0.1440 
0.1414 
0.1410 
0.1418 
0.1412 
0.1412 
0.1403 
0.1388 

0.1 385 
0.1413 
0.1413 
0.1 407 
0.1408 
0.1398 
0.1429 
0.1435 
0.1441 
0.1441 
0.1453 

C/E - 
1.077 
1.057 
1.038 
1.031 
1.042 
1.041 
1 e033 
1 e037 
1.036 
1.042 
1.054 

1.056 
1.035 
1.036 
1.042 
1.041 
1.050 

1.035 
1.039 
1.059 
1.082 
--&"e 

1.045 
0.01 4 

1.033 

Exp . 
0.02028 
0.02149 

0.02391 
0.02352 
0.02404 
0.02353 
0.02366 
0.02429 
0.02348 
0.0 2398 

0.02346 
0.0 2408 
0.024 17 
0.02383 
0.02369 
0.0 239 8 
0.02397 
0.02334 
0.02323 
0.02259 
0.02055 

0.02300 

C/ E 

0.947 
1.012 
1.006 
0.987 
1.017 

1.027 
1 .023 
0.997 
1 .031 
1.011 

1.003 

1 *033 
1.006 cn 

Lo 1 .003 
1.017 
1.021 
1.006 
0.998 
1.008 
0.991 
0.955 
0.922 

1.001 
0.028 

- . & i p . L  



TABLE 4.19 ZPPR-18B: Summary of Reaction Rate Ratio Analysis 

xpAxis z - 5 om I C  24 1.001 0.005 24 1.040 0.010 24 1.012 0.013 
oc 5 0.996 0.006 5 1,046 0.016 5 0.995 0.036 

15O z = 5 cm I C  21 1.003 0.008 21 1.043 0.013 21 1.001 0.016 
oc 6 1.000 0.009 6 1.036 0.009 6 0.980 0.031 

Axial 1 4 9 ~ 4 9  I C  22 1.007 0.012 22 1.045 0.014 22 1.001 0.028 

A l l  Data 77 1.003 0.009 77 1.042 0.012 77 1.002 0.024 
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+2E CM 
+5 CM 
- 5  CM 
-28 CM 

RADIUS, CM 

Fig.  4.1 Measured 2 3 5 U  Radial  F i s s i o n  Distributions a t  Four Axial Heights 
a t  1 5 O  to t he  X-ax i s  of ZPPR-18B 
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AXIAL DISTANCB, CM 

Fig.  4.2 Measured and C a l c u l a t e d  Axial D i s t r i b u t i o n s  for  
Near the Center of ZPPR-18B 

235U F i s s i o n  
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A MEASURE0 
_._ CALCULATE 0 

AXIAL DISTANCE, CM 

Fig.  4.3 Measured and Ca lcu la t ed  Axia l  D i s t r i b u t i o n s  for 23sU F i s s i o n  Next 
t o  an Inner  Ring Cont ro l  r o d  i n  ZPPRrl8B 



64  

7 

7 

I I 
1 1 

1 
I 

I 
I 1 I 

1 i 
I 1 

1 
I 

1 1 

I I 

I 

1 

I 

m 

0.992 

0 0.994 
0.997 

0.994 

0.991 0.998 0.990 0.994 0.992 I 0.987 0.978 
0.994 

I 
0.996 
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F i g .  4 .6  Summary of C/E Results f o r  235U F i s s i o n  i n  ZPPRt-18B 
a t  5 cm Below the Midplane (CR h a l f )  



67 

7 

7 

~ ,000 

0.992 5 
0.999 

1.005 1 

1.01 2 9 0.986 
.013 

1.027 
1 .Ooo 

1.027 1.007 
1.010 

0.997 
1.003 1.009 1.003 1.001 1.002 c .003 0.946 

0.996 

1.002 

Fig. 4.7 Summary of C/E Results fo r  2 3 5 U  F i s s i o n  i n  ZPPR-18B 
a t  28 crn Below t h e  Midplane  (CR h a l f )  



68 

5. B A S I C  DATA FOR R E A C T I O N  RATE D I S T R I B U T I O N S  I N  ZPPR-18A AND ZPPRp18B 
( D .  W. Maddison and J. M. Gas id lo)  

5.1 I n t r o d u c t i o n  

React ion r a t e  maps are measured by first choosing a l o c a t i o n  i n  a 

ce l l  t o  p l a c e  t h e  i r r a d i a t i o n  f o i l .  These 'fmapping'f f o i l s  a re  always placed 
i n  the  same l o c a t i o n  i n  a drawer f o r  a s p e c i f i c  t y p e  of c e l l .  Then, a 
p a t t e r n  of drawers is chosen t o  provide  the  r e a c t o r  d i s t r i b u t i o n  desired,  

such as a rad ia l  map o r  an ax ia l  d i s t r i b u t i o n .  

5.2 Discuss ion  of F o i l  Locat ions 

The f o i l s  were first placed i n  s t a i n l e s s  s t e e l  f o i l  ho lde r s  which 

were then loaded i n t o  t h e  drawers between the  v e r t i c a l  columns* o f  
materials. For drawers wi th  one f u e l  column t h e  f o i l  was placed adjacent  t o  
the f u e l  on t h e  s i d e  c l o s e r  t o  t h e  co re  c e n t e r .  For drawers wi th  two f u e l  
columns, t h e  f o i l  was placed ad jacen t  t o  t h e  f u e l  plate  c l o s e r  t o  t h e  c o r e  
c e n t e r  on the  s i d e  o f  t h e  p l a t e  c l o s e r  t o  t h e  drawer c e n t e r .  The drawer 
column f o r  t h e  mapping f o i l s  i n  any mat r ix  p o s i t i o n  i n  t h e  r e a c t o r  are  given 
bel ow. 

Matrix Columna 5 48 

D - SF SM L Reactor Half 1 

Matrix Column 2 49 

D - SF, SM 

Core 
AB 

R B  

RR/AR 

IJ J K  

IJ IJ 
IJ 

TC 

GH 

GH 

GH 

TC 

FG 

GH 

*ZPPR drawers a re  d iv ided  i n t o  s i x t e e n  3.175 mm (118 i n . )  wide v e r t i c a l  
columns designed by l e t te rs  A through P. The l e t t e r  A denotes  t h e  column 
a t  t h e  l e f t  as  one f a c e s  t h e  drawer. The l e t te rs  FG, f o r  example, i n d i c a t e  
t h e  f o i l  is between columns F and G ,  and is cen te red  19.050 mm (0.750 i n . )  
from the  l e f t  s i d e  of  t h e  drawer, 
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Matrix Columns 5 48 Matrix Column 2 49 

Reactor Half 2 

Cor e 
AB 

RB 

RR/AR 

D - SF, SM 

GH FG 

CH GH 

GH 

‘rc 

D - SF , SM 

IJ JK 
IJ IJ  

IJ 

TC 

Where SF is a L.’awer w i t h  one fue, column that  ..as i r o n  oxide &-awes on bot.. 
s ides of  t h e  f u e l  plate,  Sb4 is a drawer w i t h  one f u e l  column t h a t  h a s  

dep le t ed  uranium metal p l a t e s  on both s ides  of t h e  f u e l  p l a t e ,  D is a drawer 
w i t h  two f u e l  columns, core  is t h e  fue l ed  r eg ion ,  AB is the ax ia l  b lanket  i n  
a fue l ed  drawer, AB is t h e  r a d i a l  blanket  and A R / R R  is t h e  ax ia l  or  r a d i a l  

r e f l e c t o r .  There a re  some 235U f o i l s  in t h e  ax ia l  and r ad ia l  r e f l e c t o r s  
which are given a drawer l o c a t i o n  of  t tTCff .  For t h i s  l o c a t i o n ,  t h e  f o i l  
holder  was p laced  h o r i z o n t a l l y  ac ross  t h e  t o p  o f  t h e  drawer. The f o i l  was 

cen te red  above drawer columns H I  and t h e  f o i l  was cen te red  25.654 mm above 
t h e  mid-height of  t h e  drawer. 

The basic data f o r  t h e  rad ia l  maps and ax ia l  d i s t r i b u t i o n s  i n  ZPPR-18A 
are given i n  Tables  5.1 - 5.3. The basic data f o r  ZPPR-18B were measured i n  
two i r r a d i a t i o n s .  The re  were 10 common l o c a t i o n s  f o r  2 3 5 U  f o i l s  i n  t h e  two 
i r r a d i a t i o n s  f o r  comparing t h e  power h i s t o r i e s .  The weighted average 
f i s s i o n  r a t i o  o f  t h e  common f o i l s  was 1.0008 w i t h  one s t anda rd  d e v i a t i o n  o f  
0.0020. S ince  t h i s  was c l o s e  t o  u n i t y ,  t h e  two d a t a  sets were merged using 
t h e  average  o f  t h e  two f o i l s  f o r  t h e  common l o c a t i o n s .  The basic da ta  f o r  
t h e  merged data sets  are  given i n  Tables 5.4 - 5.8. 

I n  both 18A and 1 8 B ,  a l l  f o i l s  were cen te red  on t h e  l i s t e d  a x i a l  
The 2 3 5 U  f o i l s  were p o s i t i o n s  as measured from t h e  r e a c t o r  midplane. 

cen tered  13.8 mm above, t h e  2 3 u U  f o i l s  were cen te red  on, and t h e  23yPu  f o i l s  
were centered  13.8 mm below t h e  mid-height of t h e  drawer. 
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The c o r e  conf igu ra t ions  and o p e r a t i n g  rod parameters f o r  18A are given 
i n  ANLrZPR-489, S e c t i o n  8 ,  and for  18B i n  S e c t i o n  4 of t h i s  r e p o r t .  

5.3 Discuss ion  o f  Foi l  Data and U n c e r t a i n t i e s  

I n  a l l  o f  t h e  tables ,  t h e  data are given i n  u n i t s  of lo-'' 

f i s s i o n s  or  c a p t u r e s  per sec per atom i n  the  i r rad ia ted  f o i l  a t  an  estimated 
r e a c t o r  power of one watt. 
r a t e  is a o n e  s t a n d a r d  d e v i a t i o n  estimate of t h e  random unce r t a in ty .  The 

u n c e r t a i n t i e s  given i n  t h e  tables are s o l e l y  due t o  count ing statistics and 
data r educ t ion .  They inc lude  the effects  of peak i n t e g r a t i o n ,  i n t e r f e r e n c e  
peak c o r r e c t i o n s ,  c o r r e c t i o n s  for  other r e a c t i o n s  i n  t h e  f o i l s ,  i r r a d i a t i o n  
h i s t o r y  and f o i l  p o s i t i o n i n g  i n  the counter  system. Other u n c e r t a i n t i e s  due 

The second number a s s o c i a t e d  wi th  each r e a c t i o n  

t o  c e l l r a v e r a g i n g  factors are discussed i n  S e c t i o n  6. 
such as  t h o s e  due t o  d e t e c t o r  c a l i b r a t i o n s  are  n o t  inc luded .  The 

u n c e r t a i n t i e s  are d i scussed  i n  g r e a t e r  de t a i l  by Brumbach and Gasidlo. '  

Other u n c e r t a i n t i e s  

REFERENCE 

1 .  llIn-Cell React ion Rate D i s t r i b u t i o n s  and CellgAverage Reac t ion  Rates i n  
Fas t  Cr i t ica l  Assemblies," ANL.-85@44, August 1985. 
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TABLE 5.1 Basic Data f o r  Radial D i s t r i b u t i o n s  of  
2 3 Y P ~ ( n , f )  i n  ZPPR-18A 

Matrix - Loca 2 3 Y P ~ ( n , f ) b  

x-axis  data a t  z = 51.6 mm 

Matrix Loca 

15O data a t  z - 51.6 mm 

149 50 
149 51 
149 52 
149 53 
149 54 
149 55 
149 56 
149 57 
149 58 
149 59 
149 60 
149 61 
149 62 
149 63 
149 64 
149 65 
149 66 
149 67 
149 68 
149 69 
149 70 
149 71 
149 72 
149 73 
149 74 
149 75 
149 76 
149 77 

GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
FG* 
GH 
GH 

8.790 0.043 
8.474 0.044 
8.651 0.040 
8.473 0.042 
8.472 0.040 
8.297 0.042 
8.369 0.043 
8.232 0.040 
8.320 0.039 
8.100 0.040 
7.855 0.038 
7.884 0.043 
7.832 0.041 
7.607 0.036 
7.609 0.035 
7.439 0.037 
7.115 0.033 
7.051 0.035 
6.744 0.036 
6.580 0.033 
6.273 0.032 
6.092 0.030 
5.757 0.031 

5.224 0.030 
4.703 0.026 
4.128 0.024 
3.519 0.022 

5.574 0.030 

148 50 
148 52 
148 53 
147 54 
147 55 
147 56 
147 57 
146 57 
146 58 
146 59 
146 60 
145 60 
145 61 
145 62 
144 63 
144 64 
144 65 
144 66 
143 67 
143 68 
143 69 
143 70 
142 70 
142 73 
141 73 
141 74 
141 75 
141 76 
140 77 

GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH* 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 

8.738 0.042 
8.515 0.039 
8.608 0.040 
8.386 0.041 
8.261 0.041 
8.360 0.041 
8.344 0.039 
8.253 0.039 
8.269 0.040 
7.938 0.037 
7.927 0.039 
7.857 0.038 
7.836 0.038 
7.512 0.038 
7.302 0.035 
7.332 0.035 
7.068 0.033 
7.047 0,036 
6.832 0.039 
6.626 0.037 
6.311 0.034 
6.234 0.032 
6.064 0.032 
5.516 0.028 
5.433 0.030 
4.899 0.026 
4.365 0.024 
3.773 0.026 
3.075 0.021 

aIn-drawer column which d e s i g n a t e s  the  f o i l  l o c a t i o n  i n  the  
drawer. The 2 3 y P u  f o i l s  were cen te red  13.8 mm below t h e  
mid-height of the drawer. A l l  f o i l s  were cen te red  51.6 mm 
from the  reactor midplane except  tr*lf which were a t  50.3 mm. 

bExperimental  r e s u l t s  i n  u n i t s  o f  10-I e f i s s i o n s  per atom 
per second a t  a r e a c t o r  power of approximately one watt. 
The second number is one s t anda rd  d e v i a t i o n  u n c e r t a i n t y .  
See t e x t  f o r  detai ls .  
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TABLE 5.2 Basic Data for Radial Distributions of 
235U and 2 s a U  Reaction Rates in ZPPR-18A 

149 50 
149 51 
149 52 
149 53 
149 54 
149 55 
149 56 
149 57 
149 58 
149 59 
149 60 
149 61 
149 62 
149 63 
149 64 
149 65 
149 66 
149 67 
149 68 
149 69 
149 70 
149 71 
149 72 
149 73 
149 74 
149 76 
149 77 
149 78 
149 79 
149 80 
149 81 
149 82 
149 83 

GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
TC 

Matrix Loca 

x-axis data at 

235U(n,f)b 

z = 51.6 mm 

9.266 0.037 
9.026 0.038 
9.175 0.038 
8.910 0.038 
9.219 0.050 
8.771 0.040 
8.922 0.042 
8.674 0.040 
8.833 0.039 
8.664 0.041 
8.274 0.035 
8.417 0.037 
8.354 0.036 
8.112 0.037 
8.069 0.035 
7.907 0.036 
7.497 0.032 
7.444 0.032 
7.088 0.034 
6.987 0.031 
6.599 0.032 
6.472 0.029 
6.066 0.028 
5.865 0.028 
5.470 0.026 
4.404 0.024 
3.797 0.019 
3.227 0.017 
2.655 0.015 
2.132 0.013 
1.738 0.011 
1.486 0.010 
1.550 0.012 

xraxis data at z - 280.2 mm 
149 50 GH 7.778 0.037 
149 51 GH 7.488 0.035 
149 52 GH 7.622 0.037 
149 53 GH 7.359 0.034 
149 54 GH 7.485 0.038 
149 55 GH 7.356 0.036 
149 56 GH 7.338 0.034 
149 57 GH 7.226 0.034 
149 58 GH 7.374 0.036 

0.2253 0.0029 
0.2183 0.0025 
0.2203 0.0026 
0.21 44 0.0026 
0.21 53 0.0023 
0.2092 0.0026 
0.2145 0.0027 
0.2099 0.0025 
0.2081 0.0028 
0.2025 0.0027 
0.1979 0.0026 
0.1916 0.0027 
0.1954 0.0029 
0.1911 0.0033 
0.1912 0.0028 
0.1819 0.0032 
0.1802 0.0023 
0.1826 0.0024 
0.1641 0.0025 
0.1666 0.0025 

0.1585 0.0023 
0.1504 0.0024 
0.1487 0.0023 
0.1 493 0.0022 
0.1122 0.0021 
0.0901 0.0023 
0.0401 0.0013 
0.0205 0.001 2 
0.0121 0.0009 
0.0060 0.0008 
0.0049 0.0009 

0.1739 0.0027 
0.1723 0.0027 
0.1769 0.0027 
0.1704 0.0031 
0.1688 0.0027 
0.1617 0.0025 
0.1695 0.0028 
0.1666 0.0025 
0.1633 0.0024 

1.3195 0.0077 
1.1308 0.0061 
1.3016 0.0070 
1 .lo49 0.0066 
1.2692 0.0073 
1.0852 0.0060 
1.2637 0.0067 
1.0716 0.0064 
1.2588 0.0068 
1 ,2404 0.0071 
1.0373 0.0058 
1.2037 0.0063 
1.1954 0.0067 
1.0163 0.0057 
1.1578 0.0068 
1.1424 0.0068 
0.9349 0.0054 
1.0563 0.0059 
0.8841 0.0048 
0.9900 0.0057 

0.9060 0.0058 
0.751 9 0.0044 
0.8260 0.0051 
0.7701 0.0044 
0.6156 0.0040 
0.541 3 0.0046 
0.3939 0.0033 
0.31 38 0.0024 
0.2492 0.0021 
0.1935 0 .OOi8 
0.1530 0.0016 

1.1210 0.0061 
0.9392 0.0053 
1.0880 0.0059 
0.9228 0.0052 
1.0659 0.0061 
0.9049 0.0051 
1.0648 0.0057 
0.9005 0.0051 
1.0496 0.0056 
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TABLE 5.2 (contd) 

Matrix 

149 59 
149 60 
149 65 
149 62 
149 63 
149 64 
149 65 
149 66 
149 67 
149 68 
149 69 
149 70 
149 71 
149 72 
149 73 
149 74 
149 76 
149 77 
149 78 
149 79 
149 80 
149 81 
149 82 

LOC a - 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
CH 
GH 
GH 
GH 
GH 

235U(n,f )b 

7.157 0.037 
6.901 0.033 
6.953 0.034 
6.953 0.033 
6.694 0.032 
6.687 0.031 
6.653 0.031 
6.272 0.031 
6.190 0.031 
5.858 0.030 
5.745 0.030 
5.421 0.027 
5.295 0.026 
4.941 0.027 
4.839 0.027 
4.481 0.024 
3.578 0.020 
3.096 0.017 
2.652 0.018 
2.190 0.013 
1.744 0.012 
1.418 0.011 
1.219 0.009 

15 O  data a t  z = 51.6 mm 

148 50 
148 52 
148 53 
147 54 
147 55 
147 56 
147 57 
146 57 
146 58 
146 59 
146 60 
145 60 
145 61 
145 62 
144 63 
144 64 
144 65 
144 66 
143 67 
143 68 
143 69 
143 70 

GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH * 
GH 
GH 
GH 
CH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 

9.211 0.040 
8.959 0.038 
9.109 0.038 
9.183 0.043 
8.807 0.040 
9.024 0.042 
9.019 0.041 

9.001 0.043 
8.447 0.038 
8.443 0.035 
8.227 0.036 
8.221 0.034 
7.947 0.035 
7.713 0.033 
7.781 0.037 
7.417 0.034 
7.461 0.033 
7.191 0.034 
7.038 0,032 
6.668 0.030 
6.688 0.030 

0.1650 0.0029 
0.1552 0.0031 
0.1635 0.0022 
0.1583 0.0030 
0.1539 0.0023 
0.1626 0.0025 
0.1500 0.0026 
0.1432 0.0020 
0.1464 0.0022 
0.1378 0.0021 
0.1429 0.0022 
0.1270 0.0024 
0.1241 0.0022 
0.1205 0.0024 
0.1237 0.0026 

1.0268 0.0061 
0.8681 0.0050 
0.9828 0.0055 
0.9909 0.0054 
0.8320 0.0047 
0.9461 0.0054 
0.9495 0.0053 
0.7817 0.0049 
0.8788 0.0052 
0.7230 0.0044 
0.81 22 0.0048 
0.6767 0.0040 
0.7594 0.0045 
0.61 95 0.0038 
0.6810 0.0041 

0.0720 0.0020 0.4468 0.0031 

0.2235 0.0024 
0.2126 0.0026 
0.2165 0.0026 
0.2107 0.0026 
0.2062 0.0026 
0.21 15 0.0026 
0.2062 0.0025 
0.1875 0.0026 
0.1982 0.0026 
0.1873 0.0027 
0.1929 0.0024 
0.1851 0.0027 
0.1930 0.0029 
0.1833 0.0029 
0.1826 0.0030 
0.1824 0.0026 
0.1801 0.0030 
0.1786 0.0025 
0.1650 0.0023 
0.1630 0.0023 
0.1552 0.0031 
0.1442 0.0026 

1.3126 0.0069 
1.1106 0.0061 
1.2826 0.0075 
1.2673 0.0065 
1.0976 0.0065 
1.2906 0.0069 
1.2749 0.0068 
1 .lo27 0.0058 
1.2704 0.0068 
1.0590 0.0058 
1.1985 0.0071 
1.0194 0.0060 
1.1830 0.0066 
0.9968 0.0056 
0.9708 0.0061 
1.0963 0.0060 
0.9201 0.0059 
1.0522 0.0059 
1.0302 0.0055 
1.0004 0.0057 
0.8322 0.0052 
0.9598 0.0055 
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TABLE 5.2 (contd) 

Matrix - Loca 23sU(n,f)b 

142 70 GH 6.442 0.028 
142 73 GH 5.935 0.031 
141 73 GH 5.703 0.025 
141 74 GH 5.123 0.024 
141 75 GH 4.525 0.022 
141 76 GH 3.919 0.021 
140 77 GH 3.215 0.017 
140 78 GH 2.747 0.015 
140 79 GH 2.225 0.013 
139 80 GH 1.682 0.011 
139 81 GH 1.349 0.009 
139 82 GH 1.140 0.008 

1 5 O  data at z - 280.2 mm 
148 50 
148 52 
148 53 
147 54 
147 55 
147 56 
147 57 
146 57 
146 58 
I46 59 
I46 60 
145 60 
145 61 
145 62 
144 63 
144 64 
144 65 
144 66 
143 67 
143 68 
143 69 
143 70 
142 70 
142 73 
141 73 
141 74 
141 75 
141 76 
140 77 

GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 

140 78 9, GH 
140 79 ' GH 
139 80 ~ GH 
139 81 GH 
139 82 GH 

7.709 0.035 
7.434 0.034 
7.563 0.035 
7.478 0.035 

7.488 0.037 
7.450 0.035 

7.428 0.033 
7.033 0.034 
7.019 0.033 
6.872 0.033 
6.772 0.029 
6.528 0.032 
6.402 0.031 
6.426 0.031 
6.169 0.029 
6.141 0.028 
5.935 0.030 
5.794 0.029 
5.524 0.027 
5.517 0.028 
5.353 0.027 
4.915 0.024 
4.786 0.023 
4.220 0.021 
3.727 0.023 
3.235 0.019 
2.682 0.018 
2.226 0.016 
1.811 0.012 
1.370 0.009 
1.094 0.008 
0.931 0.008 

7.335 0.037 

23"U(n,f )b 

0.1379 0.0022 
0.1342 0.0021 
0.1324 0.0024 
0.1346 0.0021 
0.1 280 0.0022 
0.1053 0.0019 
0.0829 0.0017 
0.0367 0.0012 
0.0181 0.0010 
0.0114 0.0010 
0.0069 0.0008 
0.0050 0.0008 

238U(n,Y I b  

0.7932 0.0045 
0.8533 0.0047 
0.8336 0.0048 
0.7343 0.0043 
0.6403 0.0044 
0.5530 0.0036 
0.4672 0.0033 
0.3340 0.0027 
0.2689 0.0022 
0.1988 0.0021 
0.1532 0.0016 
0.1172 0.0014 

0.1760 0.0027 1 .lo1 5 0.0060 
0.1699 0.0028 0.9259 0.0057 
0.1738 0.0026 1.0788 0.0064 
0.1715 0.0025 1.0755 0.0058 

0.1661 0.0026 1.0744 0.0058 
0.1645 0.0026 1.0794 0.0058 
0.1512 0.0026 0.9147 0.0051 
0.1614 0.0023 1.0600 0.0059 
0.1514 0.0028 0.8789 0.0053 

0.1522 0.0028 0.8541 0.0051 

0.1521 0.0025 0.8204 0.0047 
0.1424 0.0024 0.7990 0.0046 

0.1417 0.0023 0.7633 0.0048 

0.1385 0.0021 0.8470 0.0049 

0.1248 0.0024 0.6826 0.0041 
0.1 171 0.0021 0.7923 0.0045 
0.1138 0.0022 0.6614 0.0039 
0.1096 0.0022 0.7077 0.0047 
0.1078 0.0023 0.6957 0.0042 
0.1071 0.0022 0.6020 0.0038 

0.0861 0.0017 0.4552 0.0032 
0.0647 0.0017 0.3814 0.0028 
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TABLE 5.2 (contd) 

Matrix - Loca 2 3  'U(n,f I b  

30" data a t  z = 51.6 mm 

146 54 GH 
145 55 GH 
144 58 GH 
143 58 GH 
143 59 GH 
142 60 GH 
142 61 GH 
142 62 GH 
141 62 GH 
140 65 GH 
139 65 GH 
139 66 GH 
138 67 GH 
138 68 GH 
137 68 GH 

8.870 0.040 
8.940 0.041 
8.812 0.038 
8.831 0.042 
8.273 0.037 
7.925 0.035 
7.996 0.038 
8.021 0.036 
7.957 0.036 
7.375 0.034 
7.381 0.035 
6.806 0.035 
6.463 0.035 
6.386 0.031 
6.126 0.031 

30° data a t  z = 280.2 mm 

146 54 GH 
145 55 GH 
144 58 GH 
143 58 GH 
143 59 GH 
142 60 GH 
142 61 GH 
142 62 GH 
141 62 GH 
140 65 GH 
139 65 GH 
139 66 GH 
138 67 CH 
138 68 GH 
137 68 GH 

7.347 0.035 
7.520 0.035 
7.298 0.037 
7.398 0.038 
6.881 0.032 
6.614 0.030 
6.702 0.031 
6.646 0.034 
6.596 0.029 
6.148 0.028 
6.192 0.031 
5.719 0.032 
5.262 0.028 
5.249 0.029 
5.006 0.026 

y-axis data a t  z - 51.6 mm 
148 49 GH 9.127 0.041 
147 49 GH 9.167 0.039 
146 49 GH 8.919 0.037 
145 49 GH 9.183 0.042 
144 49 GH 9.001 0.038 
143 49 GH 8.764 0.039 
142 49 GH 8.881 0.038 
141 49 GH 8.795 0.041 
138 49 GH 8.338 0.038 
137 49 GH 7.844 0.036 
136 49 GH 7.810 0.035 

0.1996 0.0031 
0.1890 0.0026 
0.1782 0.0029 
0.1 825 0.0025 
0.1813 0.0029 
0.1843 0.0026 
0.1807 0.0028 
0.1755 0.0024 
0.1716 0.0025 
0.1506 0.0023 
0.151 2 0.0025 
0.1562 0.0024 
0.1551 0.0022 
0.1614 0.0023 
0.1567 0.0023 

1 .lo26 0.0062 
1.1128 0.0063 
1.0948 0.0060 
1.2956 0.0066 
1.0347 0.0056 
0.9939 0.0057 
1.1524 0.0061 
1.1526 0.0064 
1.1479 0.0061 
0.91 96 0.0051 
1.0919 0.0061 
0.8423 0.0054 
0.7991 0.0051 
0.9021 0.0052 
0.7637 0.0047 
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TABLE 5.2 ( con td )  

Matr ix  Lo ca - 
135 49 GH 7.627 0.036 
134 49 GH 7.363 0.034 
133 49 GH 7.460 0.033 
130 49 GH 6.578 0.032 
129 49 GH 6.327 0.029 
128 49 GH 5.868 0.029 
127 49 GH 5.706 0.026 
126 49 GH 5.410 0.025 
125 49 CD 4.976 0.029 0.1476 0.0023 0.6730 0.0040 
124 49 HI 4.548 0.026 0.1394 0.0021 0.6133 0.0040 
123 49 CD 4.173 0.023 0.1287 0.0022 0.5670 0.0041 
122 49 HI 3.707 0.023 0.1131 0.0019 0.5045 0.0035 
121 49 HI 3.178 0.020 0.0989 0.0018 0.4354 0.0032 
120 49 CD 2.668 0.015 0.0784 0.0018 0.3758 0.0029 
119 49 H I  2.211 0.015 0.0580 0.0016 0.3067 0.0027 

aIn-drawer column which d e s i g n a t e s  the f o i l  l o c a t i o n  in t h e  
drawer. 
2 3 u U  foils were c e n t e r e d  on the midLheight of  t he  drawer. 
All foils were c e n t e r e d  51.6 mm from the reactor midplane 
except  M * M  which were a t  50.3. 

bExperimental r e s u l t s  in u n i t s  of lo-” f i s s i o n s  or cap tu res  
per atom per  second a t  a reactor power of approximately one 
watt. The second number is one s t a n d a r d  d e v i a t i o n  of unce r t a in ty .  
See t e x t  f o r  detai ls .  

The 295U f o i l s  were cen te red  13.8 mm above and t h e  
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TABLE 5.3 Basic Reaction Rate Data for Axial Distributions in ZPPR-18A 

2 ,  m a  

26.2 
50.3 

127.8 
178.6 
229.4 
280.2 
356.4 
380.5 
432.6 
483.4 
534.2 
585.0 
635.8 
686.6 
737.4 
839 .O 
889.8 

77 *O 

26.2 
50.3 
77 .o 
127.8 
178.6 
229.4 
280.2 
331 .O 
381.8 
432.6 
483.4 
534.2 
585.0 
635.8 
686.6 
737.4 
839 .O 
889.8 

26.2 
50.3 
77.0 
127.8 

b LOC - 
data in matrix position 149 49 

GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
TC 
TC 

8.856 0.048 
8.834 0.042. 
8.735 0.044 
8.519 0.042 
8.231 0.040 
7.799 0.039 
7.263 0.034 
6.390 0.033 
6.064 0.030 
5.320 0.028 
4.728 0.026 

9.294 0.037 

9.191 0.037 
9.005 0.037 
8.664 0.036 
8.217 0.035 
7.699 0.033 

9.273 0.037 

6.803 0.030 
6.603 0.030 
5.7'81 0.026 
5.231 0.026 
4.840 0.022 
4.329 0.021 
3.785 0.019 
3.347 0.018 
2.987 0.016 
3.219 0.017 
3.046 0.017 

0.2193 0.0026 
0.2173 0.0025 
0.2293 0.0038 
0.21 12 0.0027 
0.2017 0.0027 
0.1932 0.0025 
0.1751 0.0024 
0.1567 0.0023 
0.1444 0.0021 
0.1 21 2 0.0021 
0.0966 0.0018 
0.0449 0.0017 
0.0253 0.0092 
0.0158 0.001 1 
0.01 10 0.0012 
0.0071 0.001 0 

1.3440 0.0066 
1.3368 0.0065 
1.3241 0.0070 
1.3027 0.0067 
1.2523 0.0064 
1 .1912 0.0061 
1.1094 0.0062 
0.9915 0.0054 
0.9360 0.0050 
0.8464 0.0046 
0.7704 0.0043 
0.7109 0.0042 
0.6348 0.0039 
0.5603 0.0035 
0.4994 0.0033 
0.4497 0.0032 

data in matrix position 149 75 

FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
TC 
TC 

4.938 0.023 
4.917 0.023 
4.890 0.022 
4.725 0.023 

4.310 0.020 
4.038 0.019 
3.677 0.017 
3.312 0.018 
2.989 0.018 
2.594 0.016 
2.418 0.014 
2.147 0.012 
1.884 0.011 
1.654 0.011 
1.485 0.010 
1.556 0.01 1 
1.492 0.010 

4.593 0.023 

data in matrix position 146 57 

GH 8.974 0.036 
GH 8.919 0.036 
GH 8.905 0,036 
GH 8.684 0.036 

0.1455 0.0021 
0.1438 0.0023 
0.1450 0.0028 
0.1377 0.0028 
0.1316 0.0023 
0.1248 0.0023 
0.1 163 0.0024 
0.1040 0.0025 
0.0904 0.0022 
0.0790 0.0019 
0.0610 0.0017 
0.0284 0.0014 
0.0149 0.0011 
0.0100 0.001 1 
0.0070 0.0009 

0.7037 0.0040 
0.6969 0.0040 
0.6921 0.0046 
0.6745 0.0041 
0.6465 0.0040 
0.6141 0.0038 
0.5694 0.0038 
0.5233 0.0038 
0.4769 0.0032 
0.4203 0.0030 
0.3838 0.0029 
0.3309 0.0025 
0.2937 0.0027 
0.2546 0.0022 
0.2210 0.0020 
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TABLE 5.3 ( con td )  

178.6 
229.4 
280.2 
331 -0 
381.8 
432.6 
483.4 
534.2 
585 .O 
635.8 
686.6 
737 4 

GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 

8.290 0.036 
7.916 0.034 
7.436 0.031 
6.848 0.031 
6.310 0.028 
5.690 0.027 
5.183 0.024 
5.026 0.024 
4.580 0.021 
4.088 0.021 
3.708 0.019 
3.379 0.019 

aDistance from the r e a c t o r  i n t e r f a c e  t o  the c e n t e r  of t h e  f o i l .  
bInkdrawer column which d e s i g n a t e s  t h e  f o i l  l o c a t i o n  i n  t h e  drawer. 

2 3 5 U  f o i l s  were c e n t e r e d  13.8 mm above, t h e  23"U f o i l s  were cen te red  
on, and t h e  2 3 y P ~  f o i l s  were cen te red  13.8 mm below the  mid-height of 
the drawer. 

second a t  a r e a c t o r  power of approximately one  watt. 
is one s t anda rd  d e v i a t i o n  unce r t a in ty .  

The 

'Experimental r e s u l t s  i n  u n i t s  of 10'" f i s s i o n s  or cap tu res  per atom per  
The second number 

See t e x t  f o r  de ta i l s .  
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TABLE 5.4 Basic Data for Radial D i s t r i b u t i o n s  of 
2 3 y P u ( n , f )  i n  ZPPR-18B 

Matrix Loca 2 3 Y p ~ ( n , f ) b  Matr ix  L O c b  

xkax i s  data a t  z = 51.6 mmc 1 5 O  data a t  z = 51.6 mc 

249 50 
249 51 
249 52 
249 53 
249 54 
249 55 
249 56 
249 57 
249 58 
249 59 
249 60 
249 61 
249 62 
249 63 
249 64 
249 65 
249 66 
249 67 
249 68 
249 69 
249 70 
249 71 
249 72 
249 73 
249 74 
249 75 
249 76 
249 77 

IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ* 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
JK 
JK * 
IJ 
IJ 

8.333 0.040 
8.075 0.040 
8.139 0.038 
7.855 0.036 
7.864 0.040 
7.579 0.038 
7.508 0.037 
7.450 0.037 
7,607 0,038 
7.616 0.038 
7.485 0.038 
7.680 0.040 
7.674 0.039 
7.503 0.042 
7.643 0.040 
7.468 0.038 
7.144 0.036 
7.049 0.036 
6.651 0.035 
6.543 0.034 
6.115 0.033 
5.927 0.032 
5.529 0.031 
5.285 0.031 
4.928 0.031 
4.443 0.024 
3.825 0.025 
3.290 0.021 

248 50 IJ 
248 52 IJ 
248 53 IJ 
247 54 IJ 
247 56 IJ 
247 57 IJ 
246 57 IJ* 
246 58 IJ 
246 59 IJ 
246 60 IJ 
245 60 IJ 
245 61 IJ 
245 62 IJ 
244 63 IJ 
244  64 IJ 
244 65 IJ 
244 66 IJ 
243 67 IJ 
243 68 IJ 
243 69 IJ 
243 70 IJ 
242 70 IJ 
242 73 IJ 
241 73 IJ 
241 74 IJ 
241 75 JK 
241 76 IJ 
240 77 IJ 

8.316 0.040 
7.973 0.038 
8.002 0.038 
7.688 0.037 
7.350 0.034 
7.330 0.037 
6.771 0.034 
6.930 0.037 
7.082 0.037 
7.417 0.038 
7.146 0.037 
7.516 0.038 
7.300 0.037 
7.194 0.035 
7.260 0.037 
7.032 0.035 
6.978 0.036 
6.565 0.034 
6.336 0.034 
5.757 0.032 
5.204 0.029 
4.899 0.028 
3.907 0.024 
3.898 0.024 
3.913 0.024 
3.699 0.024 
3.298 0.021 
2.715 0,019 

aInvdrawer column which d e s i g n a t e s  t he  f o i l  l o c a t i o n  i n  t h e  
drawer. 
mid-height o f  the drawer. All f o i l s  were c e n t e r e d  51.6 mm 
from t he  r e a c t o r  midplane except r r * tc  which were a t  50.3 mm. 

bExperimental  r e s u l t s  i n  u n i t s  of 10-88 f i s s i o n s  per atom p e r  
second a t  a r e a c t o r  power of approximately o n e  watt. The 
second number is one s t a n d a r d  d e v i a t i o n  u n c e r t a i n t y .  See 
t e x t  f o r  details .  

The 2 3 y P u  f o i l s  were c e n t e r e d  13.8 mm below t h e  



TABLE 5.5 Basic  Data for Radial D i s t r i b u t i o n s  of 235U(nrf) 
in Half 2 of ZPPR-18B 

Matrix 

249 50 
249 51 
249 52 
249 53 
249 54 
249 55 
249 56 
249 57 
249 58 
249 59 
249 60 
249 61 
249 62 
249 63 
249 64 
249 65 
249 66 
249 67 
249 68 
249 69 
249 70 
249 71 
249 72 
249 73 
249 74 
249 76 
249 77 
249 78 
249 79 
249 80 
249 81 
249 82 

d a t a  on t h e  x'axis a t  z - 280.2 mm' 

IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
JK 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 

6.777 0.022 
6.564 0.032 
6.539 0.033 
6.281 0.031 
6.281 0.032 
5.971 0.032 
5.970 0.030 
5.848 0.029 
6.062 0.029 
6.119 0.032 
6.005 0.029 

6.359 0.030 
6.150 0.030 

6.261 0.030 

6.194 0.021 
5.984 0.031 
5.837 0.031 
5.497 0.030 
5.349 0.028 
4.987 0.028 
4.773 0.026 
4.439 0.025 
4.236 0.023 
3.943 0.024 
3.147 0.018 
2.723 0.016 
2.318 0.018 
1.934 0.014 
1.554 0.013 
1.277 0.012 
1.075 0.009 

0.1557 0.0026 
0.1542 0.0024 
0.1552 0.0024 
0.1542 0.0025 
0.1599 0.0025 
0.1458 0.0026 
0.1 439 0.0027 
0.1350 0.0025 
0.1460 0.0028 
0.1516 0.0026 
0.1499 0.0026 
0.1522 0.0029 
0.1 502 0.0029 
0.1454 0.0025 
0.1 490 0.0029 
0.1467 0.0025 
0.1398 0.0026 
0.1374 0.0025 
0.1302 0.0023 
0.1282 0.0025 
0.1 21 1 0.0027 
0.11 49 0.0024 
0.1098 0.0023 
0.11 18 0.0023 
0.1 109 0.0025 
0.0851 0.0021 
0.061 8 0.0017 

0.9749 0.0053 
0.8273 0.0050 
0.9285 0.0055 
0.7905 0.0045 
0.8974 0.0052 
0.7453 0.0046 
0.8589 0.0048 
0.7292 0.0042 
0.8699 0.0053 
0.8683 0.0056 
0.7610 0.0044 
0.9027 0.0050 
0.91 82 0.0051 
0.7744 0.0049 
0.91 18 0.0054 
0.8893 0.0049 
0.7393 0.0046 
0.8337 0.0047 
0.6863 0.0040 
0.7642 0.0044 
0.6243 0.0041 
0.6767 0.0045 
0.5562 0.0035 
0.6046 0.0037 
0.551 5 0.0035 
0.4464 0.0029 
0.3902 0.0032 

data on t h e  1 5 O  radial at z - 280.2 mmc 

248 50 IJ 
248 52' IJ 
248 53 IJ 
247 54 IJ 
247 56 IJ 
247 57 IJ 
246 58 IJ 
246 59 IJ 
246 60 IJ 
245 60 IJ 
245 61 IJ 

6.682 0.033 
6.375 0.032 
6.314 0.031 
6.022 0.031 
5.536 0.032 
5.440 0.027 
5.175 0.027 
5.451 0.028 
5.829 0.029 
5.575 0.028 
5.922 0.029 

0.1594 0.0025 
0.1531 0.0024 
0.1531 0.0023 
0.1486 0.0025 
0.1 384 0.0025 
0.1359 0.0026 
0.1 199 0.0024 
0.1229 0.0026 
0.1 299 0.0024 
0.1334 0.0023 

0.9550 0.0052 
0.7954 0.0047 
0.9010 0.0049 
0.871 5 0.0048 
0.8089 0.0046 
0.8052 0.0047 
0.6226 0.0038 
0.7617 0.0044 
0.7000 0.0042 
0.7123 0.0041 
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TABLE 5.5 (contd)  

Matrix 

245 62 
244 63 
244 64 
244 65 
244 66 
243 67 
243 68 
243 69 
243 70 
242 70 
242 73 
241 73 
241 74 
241 75 
241 76 
240 77 
240 78 
240 79 
239 80 
239 81 
239 82 

Lo@ - 
I3 
IJ 
I3 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
I3 
IJ 
IJ 
I3 
JK 
I3 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 

2 3  5u(n f> 

5.941 0.031 
5.918 0.029 
5.956 0.031 
5.771 0.030 
5.709 0.030 
5.344 0.029 
5.042 0.027 

3.846 0.024 
3.678 0.024 
2.717 0.017 
2.870 0.018 
2.927 0.019 
2.806 0.019 
2.551 0.015 
2.196 0.014 
1.866 0.015 
1.532 0.013 
1.197 0.011 
0.950 0.010 
0.801 0.007 

4.433 0.026 

238~(n,f) 

0.1423 0.0024 
0.1377 0.0024 

0.1358 0.0024 

0.1268 0.0022 
0.1236 0.0024 
0.1074 0.0024 
0.0998 0.0023 
0.0870 0.0021 
0 . O m  0.0020 
0.0774 0.0021 
0.0788 0.0020 
0.0819 0.0020 
0.0694 0.001 9 
0.0528 0.001 4 

0.7561 0.0044 
0.7408 0.0043 

0.7176 0.0042 

0.7740 0.0044 
0.7222 0.0045 
0.5621 0.0036 
0.5609 0.0036 
0.4677 0.0034 
0.3884 0.0030 
0.3994 0.0031 
0.4153 0.0029 
0.3988 0.0028 
0.3630 0.0026 
0.3185 0.0026 

data on the 300 r ad ia l  a t  z - 280.2 mmc 

246 54 IJ 5.645 0.029 
245 55 IJ 4.763 0.026 
244 58 IJ 4.425 0.024 
243 58 IJ 4.788 0.026 
243 59 IJ 5.240 0.026 
242 60 IJ 5.659 0.029 
242 61 IJ 5.980 0.030 
242 62 IJ 6.096 0.030 
241 62 IJ 6.118 0.030 
240 65 IJ 5.802 0.030 
239 65 IJ' 5,749 0.029 
239 66 IJ 5.156 0.026 
238 67 IJ 4.684 0.025 
238 68 IJ 4.604 0,025 
237 68 IJ 4.317 0.025 

data on the  x-axis a t  z - 51.6 mmc 

249 50 IJ 8.771 0.027 0.2063 0.0030 1.2621 0.0065 
249 51 IJ 8.511 0.037 0.2031 0.0030 1.0684 0.0058 
249 52 IJ 8.557 0.036 0.2063 0.0029 1.2196 0.0063 
249 53 IJ 8.272 0.036 0.2046 0.0031 1.0310 0.0055 
249 54 IJ 8.271 0.035 0.2122 0.0030 1.1797 0.0066 
249 55 XJ 7.955 0.038 0.1984 0.0030 1.0007 0.0060 
249 56 IJ 7.978 0.025 0.1931 0.0028 1.1479 0.0066 
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TABLE 5.5 (contd)  

Matrix 

249 57 
249 58 
249 59 
249 60 
249 61 
249 62 
249 63 
249 64 
249 65 
249 66 
249 67 
249 68 
249 69 
249 70 
249 71 
249 72 
249 73 
249 74 
249 76 
249 77 
249 78 
249 79 
249 80 
249 81 
249 82 
249 83 

248 50 
248 52 
248 53 
247 54 
247 56 
247 57 
246 57 
246 58 
246 59 
246 60 
245 60 
245 61 
245 62 
244 63 
244 64 
244 65 
244 66 
243 67 
243 68 
243 69 

LOC a 2 3  JU ( n , f I 

IJ 7.792 0.035 
IJ 7.981 0.036 
IJ 8.023 0.036 
IJ 7.832 0.035 
IJ 8.094 0.038 
IJ 8.094 0.037 
IJ 7.939 0.036 
IJ* 
IJ 7.883 0.031 
IJ 7.496 0.033 
IJ 7.393 0.033 
IJ 7.002 0.032 
IJ 6.836 0.031 
IJ 6.417 0.029 
IJ 6.151 0.028 
IJ 5.741 0.026 
IJ 5.548 0.026 
JK 5.131 0.024 
IJ 4.061 0.020 
IJ 3.535 0.019 
IJ 3.049 0.019 
IJ 2.473 0.015 
IJ 1.995 0.013 
IJ 1.613 0.011 
IJ 1.392 0.011 
TC 1.431 0.011 

2 3 e ~ ( n , f )  

0.1844 0.0027 
0.1936 0.0026 
0.2017 0.0028 
0.1951 0.0028 
0.1938 0.0029 
0.1955 0.0029 
0.1886 0.0027 
0.1937 0.0027 
0.1905 0.0029 
0.1825 0.0026 
0.1737 0.0025 
0.1660 0.0026 
0.1640 0.0026 
0.1527 0.0026 
0.1 518 0.0023 
0.1457 0.0024 
0.141 9 0.0024 
0.1404 0.0023 
0.1093 0.0020 
0.0825 0.0019 
0.0366 0.0012 
0.0201 0.0010 
0.01 18 0.0009 
0.0069 0.0008 
0.0043 0.0008 

2 3 u ~ ( n , ~ ) b  

0.9784 0.0053 
1.1367 0.0063 
1 .I 395 0.0065 
0.9816 0.0058 
1.1446 0.0065 
1.1559 0.0066 
0.9856 0 .OO63 
1.1465 0.0059 
1.1112 0.0063 
0.9329 0.0055 
1.0418 0.0059 
0.8691 0.0052 
0.9716 0.0052 
0.8073 0.0048 
0.8734 0.0048 
0.7188 0.0042 
0.7890 0.0045 
0.7191 0.0044 
0.5735 0.0037 
0,5080 0.0035 
0.3704 0.0031 
0.2940 0.0025 
0.2273 0.0023 
0.1763 0.0019 
0.1423 0.0016 

data on t he  1 5 O  radial at z - 51.6 mmc 

IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
I J* 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 

8.635 0.041 
8.332 0.036 
8.329 0.036 
8.060 0.038 
7,582 0.033 
7.484 0.033 

7.131 0.032 
7.346 0.032 
7.764 0.037 
7.480 0.035 
7.759 0.036 
7.637 0.034 
7.564 0.034 
7.675 0.034 
7.364 0.032 
7.317 0.033 
6.959 0.031 
6.571 0.033 
5.939 0.029 

0.2086 0.0031 
0.2029 0.0029 
0.2078 0.0028 
0.2009 0.0029 
0.1856 0.0025 
0.1834 0.0027 
0.1642 0.0026 
0.1729 0.0026 
0. 
0. 
0. 
0, 
0. 
0. 
0. 
0. 
0. 

781 0.0029 
844 0.0027 
790 0.0026 
891 0.0028 
865 0.0027 
796 0.0027 
813 0.0028 
711 0.0026 
747 0.0027 

1.2542 0.0068 
1.0452 0.0060 
1.1829 0,0066 
1.1470 0.0070 
1.1 047 0.0058 
1.0800 0.0061 
0.8722 0.0048 
1.0265 0.0060 
0.9288 0.0055 
1.0998 0.0062 
0.9384 0.0056 
1.0939 0.0066 
0.9628 0.0056 
0.9417 0.0061 
1.0837 0.0062 
0.9150 0.0054 
1.0449 0.0060 

0.1698 0.0026 0.9874 0.0057 
0.1607 0.0024 0 9452 0.0055 
0.1465 0.0028 0.7521 0.0043 
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TABLE 5.5 ( con td )  

Matrix 

243 70 
242 70 
242 73 
241 73 
241 74 
241 75 
241 76 
240 77 
240 78 
240 79 
239 80 
239 81 
239 82 

246 54 
245 55 
244 58 
243 58 
243 59 
242 60 
242 61 
242 62 
241 62 
240 65 
239 65 
239 66 
238 67 
238 68 
237 68 

247 49 
246 49 
245 49 
244 49 
243 49 
242 49 
241 49 
238 49 
237 49 
236 49 
235 49 
234 49 
233 49 
230 49 

Lo ca - 
IJ 
IJ 
IJ 
IJ 
IJ 
JK 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 

da ta  

IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 

data  

IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 

5.317 0.025 
5.074 0.027 
3.998 0.021 
4.140 0.022 
4.087 0.021 
3.839 0.020 
3.434 0.019 
2,898 0.016 
2.486 0,016 
2.057 0.014 
1.569 0.012 
1.257 0.010 
1.065 0.009 

2~"~(n,f) 

0.1 284 0.0023 
0.1221 0.0022 
0.1058 0.0022 
0.1049 0,0022 
0.1124 0.0023 
0.11 39 0.0022 
0.0950 0.0020 
0.0714 0.0016 
0.0316 0.0012 
0.0181 0.0010 
0.0095 0.0009 
0.0060 0.0008 
0.0032 0.0009 

Z ~ " U ( ~ , Y I ~  

0.7774 0.0044 
0.6466 0.0041 
0.5790 0.0039 
0.5826 0.0036 
0.5822 0.0036 
0.5498 0.0034 
0.4862 0.0031 
0.4228 0.0028 
0.2985 0.0028 
0.2458 0.0025 
0.1782 0.0018 
0.1363 0.0016 
0.1107 0.0017 

on the 30" r a d i a l  a t  z = 51..6 mmc 

7.658 0.035 
6.755 0.034 
6.286 0.031 
6.736 0.031 
7.140 0.032 
7.430 0.035 
7.727 0.034 
7.766 0.034 
7.827 0.036 
7.361 0.035 
7.324 0.036 
6.710 0.035 
6.144 0.031 
6.039 0.036 
5.690 0.031 

0.1846 0.0026 

0.1489 0.0028 
0.1651 0.0027 

0.1591 0.0028 
0.1682 0.0029 
0.1763 0.0029 
0.1819 0.0029 
0.1763 0.0029 
0.1697 0.0028 
0.1579 0.0026 

0.1581 0.0030 
0.1478 0.0026 
0.1502 0.0027 
0.1450 0.0028 

0.1612 0.0026 

on the y9axis a t  z = 51.6 mmc 

8.619 0.041 
8.323 0.039 
8.372 0.039 
8.128 0.038 
7,498 0.036 
7.120 0.035 
6.131 0.029 
6.671 0.031 
7.098 0.033 
7.586 0.034 
7.732 0.036 
7.555 0.035 
7.933 0.037 
7.071 0.033 

0.9696 0.0052 
0.8764 0.0049 
0.8122 0.0047 
0.9480 0.0052 
0.9008 0.0050 
0.9364 0.0052 

1.11 38 0.0059 
1 .1269 0.0059 
0.9087 0.0050 
1.0702 0.0057 
0.8383 0.0048 
0 ~ 7 2 7  0.0048 

0.7313 0.0047 

1 .io16 0.0058 

0.8636 0,0048 



TABLE 5.5 ( c o n t d )  

Matr ix  LOC a - 
229 49 IJ 
228 49 IJ 
227 49 IJ 
226 49 IJ 
225 49 MN 
224 49 HI 

222 49 HI 
221 49 HI 
220 49 MN 
219 49 HI 

223 49 MN 

6.737 0.033 
6.331 0.030 
6.109 0.029 
5.778 0.030 
5.273 0.025 
4.890 0.025 
4.528 0.024 
4.000 0.023 
3.469 0.019 
2.948 0.018 
2.439 0.017 

aIn-drawer column which d e s i g n a t e s  t h e  f o i l  l o c a t i o n  i n  t he  
drawer. 
2 3 L I U  f o i l s  were cen te red  on t h e  midt.height of t h e  drawer. 

bExperimental  results i n  u n i t s  of 10”” f i s s i o n s  per atom per  
second a t  a r e a c t o r  power of approximate ly  one wa t t .  The second 
number is one s t a n d a r d  d e v i a t i o n  of u n c e r t a i n t y .  See tex t  
f o r  d e t a i l s .  

f o i l  except  which were a t  50.3 mm. 

The 2 a s U  f o i l s  were centered 13.8 mm above and t h e  

‘Distance from t h e  reactor i n t e r f a c e  to  t h e  c e n t e r  of t h e  
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TABLE 5.6 Basic Data for Radial 
Distributions of 235U(nrf) 

in Half 1 of ZPPR-18B 

Matrix LOC a - 
x-axis  data at z = 51.6 

149 50 
149 51 
149 52 
149 53 
149 54 
149 55 
149 56 
149 57 
149 58 
149 59 
149 60 
149 61 
149 62 
149 63 
149 65 
149 66 
149 67 
149 68 
149 69 
149 70 
149 71 
149 72 
149 73 
149 74 
149 76 
149 77 
149 78 
149 79 
149 80 
149 81 
149 82 

GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
CH 
GH 
GH 
GH 
GH 
FC 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
CH 

1 5 O  data at 

148 50 GH 
148 52 GH 
148 53 GH 
147 54 CH 
147 55 GH 
147 56 GH 
147 57 CH 
146 58 GH 
146 59 GH 
146 60 GH 

9.040 0.042 
8.761 0.042 
8.781 0.045 
8.593 0.041 
8.624 0.040 
8.312 0.039 
8.409 0.026 
8.202 0.036 
8.375 0.037 
8.375 0.038 
8.174 0.038 
8.320 0.039 
8.279 0.038 
8.097 0.039 
8.025 0.026 
7.618 0.035 
7.567 0.035 
7.147 0.033 
6.977 0.033 
6.568 0.030 
6.375 0.031 
5.931 0.030 
5.656 0.030 
5.256 0.029 
4.184 0.024 
3.622 0.022 
3.071 0.017 
2.538 0.016 
2.027 0.016 
1.662 0.011 
1.410 0.013 

z = 51.6 mm, C 

8.978 0.043 
8.651 0.043 
8.687 0.042 
8.535 0.042 
8.117 0.036 
8.292 0.038 
8.218 0.037 
8.036 0.035 
7.912 0.036 
8.120 0.038 

z = 280.2 mc 

7.962 0.040 
7.730 0.039 
7.800 0.039 
7.631 0.038 
7.752 0.038 
7.491 0.039 
7.578 0.024 
7.399 0.033 
7.528 0.033 
7.412 0.034 
7.151 0.033 
7.278 0.035 
7.275 0,035 
7.051 0.035 
6.950 0.023 
6.558 0.031 
6.510 0.030 
6.183 0.030 
6.046 0.030 
5.655 0.028 
5.481 0.029 
5.087 0.027 
4.917 0.026 
4.555 0.026 
3.620 0,023 
3.145 0.020 
2.641 0,016 
2.204 0.015 
1.725 0.013 
1.424 0.012 
1.231 0.012 

z - 280.2 mmc 

7.678 0.038 
7.728 0.041 
7.721 0.040 
7.493 0.034 
7.602 0.034 
7.612 0.033 
7.642 0.035 
7.213 0.034 
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TABLE 5.6 ( c o n t d )  

Matrix Loca 

145 60 GH 
145 61 GH 
145 62 GH 
144 63 GH 
144 64 GH 
144 65 GH 
144 66 GH 
143 67 GH 
143 68 GH 
143 69 GH 
143 70 GH 
142 70 GH 
142 73 GH 
141 73 GH 
141 74 GH 
141 75 FG 
141 76 GH 
140 77 GH 
140 78 GH 
140 79 GH 
139 80 GH 
139 81 GH 
139 82 GH 

- z 3  ' ~ ( n  , f >  

7.931 0.037 
8.146 0.040 
7.932 0.037 
7.816 0.038 
7.793 0.037 
7.488 0.034 
7.523 0.034 
7.143 0.033 
6.903 0.032 

6.067 0.031 
5.840 0.030 
5.037 0.026 
5.008 0,025 
4.565 0.024 
4.141 0.026 
3.597 0.022 
3.049 0.020 
2.566 0.018 
2.071 0.013 
1.599 0.014 
1.262 0.013 
1.091 0.011 

6.345 0.031 

5 ~ ( n ,  f I b  

7.042 0.032 
7.105 0.035 
6.877 0.033 
6.720 0.034 
6.757 0.033 
6.483 0.033 
6.436 0.033 
6.273 0.030 
6.064 0.030 
5.748 0.028 
5.676 0.029 
5.520 0.028 
4.947 0.026 
4.826 0.024 
4.259 0.024 
3.757 0.023 
3.237 0.021 
2.665 0.017 

aIn-drawer column which d e s i g n a t e s  t h e  
f o i l  l o c a t i o n  i n  t h e  drawer. The 23'U 
f o i l s  were c e n t e r e d  13.8 rnm above the  
mid-height of t h e  drawer. 

bExperimental  r e s u l t s  i n  u n i t s  of 1O-I '  
f i s s i o n s  per  atom per  second a t  a reactor 
power of approximately one watt. The 
second number is one s t a n d a r d  d e v i a t i o n  
u n c e r t a i n t y .  See t e x t  f o r  detai ls .  

'Distance from the  r e a c t o r  i n t e r f a c e  t o  
t h e  c e n t e r  of t h e  f o i l .  
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TABLE 5.7 Basic Data for Axial D i s t r i b u t i o n s  of 23yPu and 2 3 y U  
Reaction Rates i n  ZPPR-18B 

Matrix 

249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 

149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 

249 75 
249 75 
249 75 
249 75 
249 75 
249 75 
249 75 
249 75 
249 75 
249 75 
249 75 
249 75 

z mma 

737.4 
686.6 
635.8 
585.0 
534.2 
483.4 
432.6 
380.5 

280.2 
229.4 
178.6 
127.8 
77 .o 
50.3 
26.2 

L 

356.4 

26.2 
50.3 
77 .O 
127.8 
178.6 
229.4 
280.2 
356.4 
380.5 
432.6 
483.4 
534-2 
585.0 
635.8 
686.6 
737.4 

686.6 
635.8 
585.0 
534.2 
483.4 
432.6 
381.8 
331 *O 
280.2 
229.4 
178.6 
127.8 

Locb 
I_ 

IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 

GH 
GH 
GI1 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 

JK 
JK 
JK 
JK 
JK 
JK 
JK 
JK 
JK 
JK 
JK 
JK 

3.928 0.023 
4.532 0.025 
5.212 0.028 
5.450 0.029 
6.380 0.033 
6.935 0.034 
7.438 0.037 
7.822 0.039 
8.175 0.038 
8.321 0.042 
8.500 0.042 

8.663 0.040 
8.527 0.041 
8.582 0.041 
8.525 0.044 
8.298 0.042 
8.019 0.040 
7.513 0.036 
6.688 0.033 

5.667 0.030 
5.014 0.028 

6.317 0.031 

3s~(n,f)c 

0.0066 0.001 1 
0.0102 0.0013 
0.01 38 0.001 1 
0.0225 0.001 3 
0.0354 0.0015 
0.0833 0.0020 
0.1018 0.0021 
0.1251 0.0022 
0.1361 0.0025 
0.1568 0.0031 
0. 1742 0.0026 
0.1828 0.0028 
0.1933 0.0031 
0.2074 0.0029 
0.2041 0.0028 
0.21 28 0.0029 

2 3 B ~ ( n , ~ ) C  

0.3440 0.002'7 
0.3853 0.0027 
0.4371 0.0029 
0.5077 0.0033 
0.5757 0.0036 
0.6322 0.0037 
0.71 14 0.0040 
0.8063 0.0049 
0.8441 0.0050 
0.9700 0.0056 
1.0521 0.0058 
1.1339 0.0059 
1.1869 0.0062 
1.241 1 0.0075 
1.2557 0.0064 
1.2686 0.0064 

0.21 23 0.0029 
0.21 45 0.0029 
0.2167 0.0029 
0.2121 0.0028 
0.2053 0.0029 
0.2008 0.0029 
0.1881 0.0031 
0.1631 0.0026 
0.1533 0.0028 
0.1338 0.0025 
0.1077 0.0023 
0.0475 0.0017 
0.0284 0.0012 
0.0177 0.001 1 
0.01 14 0.0010 
0.0077 0.0010 

1.2899 0.0065 
1.2955 0.0066 
1.3037 0.0066 
1.2895 0.0065 
1.2568 0.0064 
1.2059 0.0062 
1.1546 0.0061 
1.0324 0.0054 
0.9787 0.0057 
0.8914 0.0049 
0.8066 0.0056 
0.7540 0.0043 
0.6846 0.0039 
0,6018 0.0036 
0.5335 0.0033 
0.4763 0.0033 

0.0058 0.0009 0.1774 0.0019 
0.0090 0.0012 0.2075 0.0018 
0.0132 0.001 1 0.2423 0.0020 
0.0238 0.001 3 0.2727 0.0022 
0.0526 0.0017 0.3203 0.0024 
0.0659 0.0020 0.3595 0.0026 
0.0807 0.0022 0.4075 0.0028 
0.0949 0.0022 0.4634 0.0034 
0.1057 0.0025 0.5036 0.0032 
0.1141 0.0025 0.5576 0.0035 
0.1219 0.0024 0.5884 0.0036 
0.1299 0.0026 0.6213 0.0038 



88 

TABLE 5.7 (contd) 
~ 

Matrix 

249 75 
249 75 
249 75 

149 75 
149 75 
149 75 
149 75 
149 75 
149 75 
149 75 
149 75 
149 75 
149 75 
149 75 
149 75 
149 75 
149 75 
149 75 

2,ma 

77 .O 
50.3 
26.2 

26.2 
50.3 
77.0 
127.8 
178.6 
229.4 
280.2 

381.8 
432.6 
483.4 
534.2 
585 .O 
635.8 
686.6 

331 -0 

JK 
JK 
JK 

FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FC 
FG 
FC 
FG 
FG 

2 S a U ( n , f ) C  

0.1334 0.0023 
0.1352 0.0024 
0.1 370 0.0022 

0.1405 0.0028 
0.1397 0.0027 
0.1419 0.0025 
0.1393 0.0027 
0.1328 0.0025 
0.1274 0.0023 
0.1210 0.0024 
0.1090 0.0022 
0.0976 0.0021 
0.0820 0.0020 
0.0646 0.0016 
0.0277 0.001 2 
0.0164 0.001 5 
0.0121 0.0010 
0.0074 0.0009 

z3 "u(~,Y 

0.6395 0.0040 
0.6490 0.0038 
0.6568 0.0041 

0.6762 0.0040 
0.6758 0.0040 
0.6707 0.0039 
0.6621 0.0039 
0.6439 0.0039 
0.6164 0.0041 
0.5798 0.0036 
0.5377 0.0034 
0.4905 0.0036 
0.4386 0.0029 
0.3957 0.0027 
0.3437 0.0027 
0.3082 0.0023 
0.2705 0.0022 
0.2382 0.0020 

aDistance from t h e  reactor in te r face  t o  the  center of the  f o i l .  
bIn-drawer column which designates the foil location i n  the drawer. 
The ''"U f o i l s  were centered on and the 13'Pu foils were centered 
13.8 mm below the mid-height of the  drawer. 

'Experimental r e su l t s  i n  un i t s  of lo-'" f i ss ions  or captures per atom 
per  second at a reactor  power of approximately one watt. The second 
number is one standard deviation uncertainty. See t ex t  for  de ta i l s .  
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TABLE 5.8 Basic Data for Axial Distributions of 
2s5U(nrf) in ZPPR-18B 

Matrix 

249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 
249 49 

z ,mma 

737.4 
686.6 
635.8 
585.0 
534.2 
483.4 
432.6 
380.5 
356.4 
280.2 
229.4 
178.6 
127.8 
77 .O 
50.3 
26.2 

149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 
149 49 

26.2 
50.3 
77.0 

127.8 
178.6 
229.4 
280.2 
356.4 
380.5 
432.6 
483.4 
534.2 
585.0 
635.8 
686.6 
737.4 

249 75 737.4 
249 75 686.6 
249 75 635.8 
249 75 585.0 
249 75 534.2 
249 75 483.4 
249 75 432.6 
249 75 381.8 
249 75 331.0 
249 75 280.2 
249 75 229.4 
249 75 178.6 

Locb - 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 

GH 
GH 
GH 
GH 
GH 
GH 
GH 
CH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 

JK 
JK 
JK 
JK 
JK 
JK 
JK 
JK 
JK 
JK 
JK 
JK 

295~(n,f)c 

2.306 0.014 
2.609 0.016 
2.999 0.017 
3.483 0.019 
3.937 0.022 
4.327 0.022 
4.919 0.023 
5.584 0.026 
5.891 0.027 
6.804 0.031 
7.348 0.032 
7.846 0.036 
8.286 0.036 
8.721 0.037 
8.782 0.036 
8.887 0.037 

9.087 0.038 
9.101 0.038 
9.087 0.038 
9.004 0.037 
8.783 0.037 
8.444 0.035 
8.017 0.034 
7.174 0.031 
6.874 0.030 
6.175 0.028 
5.566 0.026 
5.204 0.026 
4.669 0.024 
4.116 0.021 
3.622 0.019 
3.300 0.018 

1.171 0.011 
1.309 0.011 
1.508 0.014 
1.751 0.014 
2.002 0.015 
2.198 0.016 
2.507 0.017 
2.898 0.020 
3.223 0.019 
3.551 0.020 
3.912 0.024 
4.140 0.024 

Matrix 

249 64 
249 64 
249 64 
249 64 
249 64 
249 64 
249 64 
249 64 
249 64 
249 64  
249 64 
249 64 
249 64 
249 64 
249 64 
249 64 

149 64 
149 64 
149 64 
149 64 
149 64 
149 64 
149 64 
149 64 
149 64 
149 64 
149 64 
149 64 
149 64 
149 64 
149 64 
149 64 

246 57 
246 57 
246 57 
246 57 
246 57 
246 57 
246 57 
246 57 
246 57 
246 57 
246 57 
246 57 

- Locb 

IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 

GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 

IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 
IJ 

2.231 0.016 
2.497 0.017 
2.907 0.017 
3.348 0.020 
3.763 0.021 

4.645 0.025 
5.257 0.027 
5.796 0.029 
6.333 0.032 
6.785 0.031 
7.273 0.035 
7.664 0.036 
7.914 0.040 
8.038 0.035 
8.097 0.037 

4.108 0.023 

8.185 0.039 

8.127 0.034 
8.080 0.039 
7.823 0.035 
7.531 0.038 
7.085 0.033 
6.598 0.036 
5.989 0.030 
5.472 0.029 
4.866 0.025 
4.543 0.024 
4.073 0.023 
3.636 0.021 
3.183 0.020 
2.860 0.018 

8.213 0.041 

1.376 0.011 
1.562 0.011 
1.824 0.014 
2.146 0.014 
2.530 0.017 
2.813 0.016 
3.279 0.020 
3.726 0.021 
4.149 0.022 
4.624 0.024 
5.052 0.025 
5.456 0.027 
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TABLE 5.8 ( c o n t d )  

Matr ix  

249 75 
249 75 
249 75 
249 75 

149 75 
149 75 
149 75 
149 75 
149 75 
149 75 
149 75 
149 75  
149 75 
149 75 
149 75 
149 75  
149 75 
149 75  
149 75 
149 75 

z ,mma 

127.8 
77.0 
50.3 
26.2 

26.2 
50.3 
77 .o 

127.8 
178.6 
229.4 
280.2 
331 - 0  
381.8 
432.6 
483.4 
534.2 
585 .O 
635.8 
686.6 
737.4 

Locb - 
JK 
JK 
JK 
JK 

FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 
FG 

4.400 0.025 
4.574 0.024 
4.674 0.024 
4.700 0.023 

4.734 0.027 
4.727 0.026 
4.794 0.023 
4.685 0.028 
4.563 0.023 
4.394 0.024 
4.106 0.023 
3.768 0.021 
3.462 0.020 
3.084 0.018 
2.720 0.017 
2.537 0.015 
2.278 0.014 
2.005 0.013 
1.734 0.014 
1.583 0.014 

Matrix 

246 57 
246 57 
246 57 
246 57 

146 57 
146 57 
146 57 
146 57 
146 57 
146 57 
146 57 
146 57 
146 57 
146 57 
146 57 
146 57 
146 57 
146 57 
146 57 
146 57 

LOC 

IJ 
IJ 
IJ 
IJ 

CH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 
GH 

- " ~ ( n , f ) ~  

5.822 0.028 
6.300 0.030 
6.502 0.029 
6.877 0.030 

7.691 0.036 
7.979 0.038 
8.155 0.037 
8.298 0.037 
8.248 0.037 
8.031 0.037 
7.671 0.035 
7.223 0.032 
6.670 0.032 
6.102 0.030 
5.548 0.028 
5.429 0.028 
4.968 0.026 
4.443 0.023 
4.011 0.023 
3.675 0.023 

aDistance from the reactor i n t e r f a c e  t o  t h e  c e n t e r  of t h e  f o i l .  
bIn-drawer column which d e s i g n a t e s  t h e  f o i l  l o c a t i o n  i n  t h e  drawer. 

The '''U f o i l s  were c e n t e r e d  13.8 mm above t h e  mid-height of t h e  
drawer . 

'Experimental r e s u l t s  i n  u n i t s  of 
atom per second a t  a reactor power of approximately one  watt. 
The second number is one s t a n d a r d  d e v i a t i o n  u n c e r t a i n t y .  See 
t e x t  for  details .  

f i s s i o n s  o r  c a p t u r e s  per 
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6. IN-CELL REACTION RATE MEASUREMENTS AND CELL FACTORS FOR ZPPR-18A AND 
ZPPR-188 (J.  M. Gasidlo and D. W. Maddison) 

6.1 I n t r o d u c t i o n  

React ion r a t e  maps are  measured by p l a c i n g  f o i l s  i n  
p o s i t i o n s  chosen t o  measure s p e c i f i c  d i s t r i b u t i o n s  as a radia  

matrix 
map o r  an  

a x i a l  d i s t r i b u t i o n .  These ttmappingtt f o i l s  are always placed i n  the  same 
l o c a t i o n  i n  a drawer f o r  a spec i f ic  t y p e  of  c e l l .  Then, c e l l  f a c t o r s  are  
used t o  conve r t  t h e  r e a c t i o n  rates measured i n  t h e  mapping f o i l  t o  r e a c t i o n  
r a t e s  averaged ove r  t h e  materials used t o  c o n s t r u c t  t he  c e l l .  

6.2 D e s c r i p t i o n  of t h e  I n d e l l  Measurements 

Cell f a c t o r s  were measured i n  s p e c i a l  experiments where t h e  

o r d i n a r y  p l a t e s  used t o  b u i l d  t h e  r e a c t o r  were r e p l a c e d  w i t h  s p e c i a l  
plates. Ordinary ZPPR f u e l  plates were r e p l a c e d  w i t h  two ha l f - th i ckness  
f u e l  p l a t e s  for which t h e  sum o f  t h e  f u e l  a l l o y  is equa l  t o  one  o r d i n a r y  
f u e l  p l a t e .  F o i l s  were p laced  between and on the o u t e r  s u r f a c e s  of t h e  two 
h a l f i t h i c k n e s s  f u e l  p l a t e s .  The 6.35 mm U30u and 3.175 mm d e p l e t e d  uranium 
metal p l a t e s  were replaced w i t h  s p e c i a l  p l a t e s  t h a t  have s l o t s  machined 
a c r o s s  t he  w i d t h  of t h e  p l a t e s  i n  which special f o i l s  c a n  be placed t o  
measure t h e  i n t e g r a l  of the  r e a c t i o n  r a t e  a c r o s s  t h e  w i d t h  of t h e  p l a t e .  
Because the  number of special  p l a t e s  i s  l i m i t e d ,  t h e  5.35 mm U30u p l a t e s  
were sometimes replaced w i t h  two 3.175 mm U30u p l a t e s  ( t h e  3.175 mm dep le t ed  
uranium metal p l a t e s  wi th  1.588 mm p l a t e s )  and t h e  p l a t e  average was 
measured by a f o i l  p laced  between t h e  two p l a t e s .  

The f o i l s  were f i r s t  placed i n  s t a i n l e s s  s t ee l  o r  aluminum 
h o l d e r s ,  o r  i n  t h e  s l o t s  o f  t h e  s p e c i a l  p l a t e s .  The f o i l  h o l d e r s  were then 
placed between t h e  v e r t i c a l  columns* o f  materials i n  t h e  drawers. The 

*ZPPR drawers are d i v i d e d  i n t o  s i x t e e n  3.175 mm ( 1 / 8  i n . )  wide v e r t i c a l  
columns des igna ted  by l e t t e r s  A through P. The le t ter  A deno tes  t h e  column 
a t  the  l e f t  as  one faces t h e  drawer. The l e t t e r s  FG, f o r  example, i n d i c a t e  
t h e  f o i l  is between columns F and G ,  and is c e n t e r e d  19.050 mm (0.750 i n . )  
from t h e  l e f t  s ide of t h e  drawer. 



special  plates replaced the  normal plates  used i n  the drawers. (These 
plates are des igna ted  by a n e g a t i v e  s i g n  i n  f r o n t  of t h e  in-drawer column 
l o c a t i o n . )  F o i l s  were placed i n ,  between or on t h e  s u r f a c e  of any plates 
con ta in ing  t h e  f o i l  material: 
whereas 235U and p30U f o i l s  are used a t  f u e l  plates,  deple ted  uranium metal 
plates and deple ted  uranium ox ide  plates .  I n  a l l  c e l l s  a t  least  one f o i l  of 
each t y p e  was placed i n  t h e  9napping f o i l "  l o c a t i o n .  

23yPu  f o i l s  are  used o n l y  a t  f u e l  plates 

f a c t o r s  
s t u d  ies 
( C R s ) .  

of c e l l  

I n  ZPPR?18 the c e l l  s t u d i e s  were directed towards measuring ce l l  
i n  cel ls  d i f f e r e n t  from those  i n  ZPPR-17 and r e p e a t i n g  t h e  c e l l  
done a d j a c e n t  t o  c o n t r o l  rod  p o s i t i o n s  (CRPs) and c o n t r o l  r o d s  
Cell s t u d i e s  were n o t  done in the  235U f u e l e d  drawers. Measurements 
factors i n  235U f u e l e d  c o r e s  i n d i c a t e  t ha t  t he  ce l l  f a c t o r  f o r  

2 3 5 U ( n , f )  can be set equal  t o  u n i t y  f 1 %  f o r  t he  23sU f u e l e d  drawers. 
factors  for  2 3 " U  i n  the 2 3 s U  f u e l e d  drawers w i l l  be measured i n  a subsequent 
assembly. For a l l  o t h e r  t y p e s  o f  ce l l s  i n  ZPPRt.18, t h e  ce l l  f a c t o r s  from 
ZPPR-17 were used wi thout  change. 

C e l l  

For t h e  ce l l  s t u d i e s  a d j a c e n t  t o  CRPs 

was measured on  one  s ide  of t h e  CRP (or C R )  and 
Even then ,  there was n o t  s u f f i c i e n t  room i n  t h e  

s a r y  f o i l s  and f o i l  ho lders .  I n  t h a t  case, the 

and C R s ,  half  of t h e  c e l l  
h a l f  on t h e  other s i d e .  

c e l l  t o  c o n t a i n  t h e  necesr  
column of  6.35 mm U30e 

plates on the s ide o f  t h e  c e l l  away from t h e  ce l l  s t u d i e s  was replaced wi th  

a 3.18 mm column of U308 plates and a 1.59 mm column o f  a l t e r n a t i n g  dep le t ed  
uranium metal and s t a i n l e s s  steel  plates. This s u b s t i t u t i o n  made room f o r  
t h e  c e l l  s t u d y  f o i l s  and changed the uranium con ten t  i n  t h a t  column by 0.2%. 

The basic data for ce l l  s t u d i e s  i n  the two i r r a d i a t i o n s  i n  
ZPPR-18B were combined and are given i n  Tables 6.1 and 6.2. 
given i n  u n i t s  of 10"'" f i s s i o n  or cap tu res  per second per  atom i n  t h e  

The data  are  

i r radiated f o i l  a t  an  estimated reactor power of one  watt. The second 
number a s s o c i a t e d  w i t h  each r e a c t i o n  is one s t a n d a r d  d e v i a t i o n  estimate of 
the  unce r t a in ty .  
i n  the tables are s o l e l y  d u e  t o  count ing s t a t i s t i c s  and data r educ t ion .  
They inc lude  the  e f f e c t s  of peak i n t e g r a t i o n ,  i n t e r f e r e n c e  peak c o r r e c t i o n s ,  

As described below i n  S e c t i o n  6.4 the u n c e r t a i n t i e s  g iven  
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c o r r e c t i o n s  f o r  o t h e r  r e a c t i o n s  i n  t h e  f o i l s ,  i r r a d i a t i o n  h i s t o r y  and f o i l  
p o s i t i o n i n g  i n  t h e  counter  system. 

6.3 Der iva t ion  of Cell-Averaging Fac to r s  

The r e s u l t s  of s p e c i a l  experiments were used t o  conver t  t h e  da t a  
from t h e  s p e c i a l  p l a t e  measurements t o  i n - p l a t e  o r  plate-averaged r e a c t i o n  
r a t e s .  These plate-averaged r e a c t i o n  r a t e s  were d iv ided  by c a l c u l a t e d  
values  t o  remove t h e  e f f e c t s  of t h e  gross r e a c t o r  f l u x  d i s t r i b u t i o n ,  atom- 
weighted p l a t e -by -p la t e  t o  determine t h e  ce l l -averaged  r e a c t i o n  r a t e ,  and 
d i v i d e d  by t h e  mapping f o i l  va lue  t o  determine t h e  c e l l  f a c t o r .  T h i s  

process  is descr ibed  i n  g r e a t e r  d e t a i l  i n  ANL-85-44. 

6 . 4  Discussion of Cel l  Fac to r s  and Unce r t a in t i e s  - 

The c e l l  f a c t o r s  f o r  ZPPR-18A and 18B a r e  given i n  Table 6.3. The 
second number a s s o c i a t e d  w i t h  each c e l l  f a c t o r  is a one s t anda rd  dev ia t ion  
e s t ima te  of t h e  u n c e r t a i n t y .  The u n c e r t a i n t i e s  i n  t h e  c e l l  f a c t o r s  a r e  
s o l e l y  due  t o  propagat ion of t h e  u n c e r t a i n t i e s  i n  t h e  b a s i c  d a t a  t a b l e s .  
They a r e  sys t ema t i c  f o r  t h e  use of a s i n g l e  c e l l  f a c t o r ,  b u t  they  a r e  random 
when app l i ed  t o  t h e  ce l l -averaged  r e a c t i o n  r a t e s  f o r  d i f f e r e n t  c e l l  
f a c t o r s .  The l i s t e d  u n c e r t a i n t i e s  do not  i nc lude  sys t ema t i c  u n c e r t a i n t i e s  
such a s  d e r i v i n g  plate-averaged r e a c t i o n  r a t e s  from ha l f - th i ckness  p l a t e  
da t a  o r  o the r  u n c e r t a i n t i e s  such a s  those  due t o  d e t e c t o r  c a l i b r a t i o n s .  See 
ANL-85-44 f o r  a d i scuss ion  of t h e s e  a d d i t i o n a l  u n c e r t a i n t i e s .  

Under t h e  heading "ENVIRONMENT" is l i s t e d  t h e  type of c e l l  and 
c e l l  environment f o r  which t h e  c e l l  f a c t o r  is a p p l i c a b l e .  The mapping f o i l  
is always l o c a t e d  i n  t h e  c e n t e r  drawer, t h e  c e n t e r  drawer has t h e  two 
i n d i c a t e d  drawers on e i t h e r  s ide ,  and t h e  mapping f o i l  is l o c a t e d  c l o s e r  t o  
t h e  l e f t -hand  drawer. 
t h e  in-drawer l o c a t i o n  of 'mapping f o i l s . )  

(See Sec t ion  5.2 on t h e  method u s e d  f o r  spec i fy ing  
The key  is: SF is a drawer w i t h  

one f u e l  column t h a t  has i r o n  oxide  p l a t e s  on both s i d e s  of t h e  f u e l  p l a t e ,  
SM is a drawer w i t h  one f u e l  column t h a t  has  dep le t ed  uranium metal p l a t e s  
on both s i d e s  of t h e  f u e l  p l a t e ,  D is a drawer w i t h  two f u e l  columns, F is 

any f u e l e d  drawer, AB is a x i a l  b l a n k e t ,  RB is  r a d i a l  b l a n k e t ,  and R is ax ia l  



or  radial  ref lector .  The code F/SF/RB means that the c e l l  factor is used 
for  a drawer w i t h  one fuel column that  has i r o n  oxide plates  on both sides 
of the fue l  plate wi th  any fueled drawer on one s ide  and a radial  blanket 
drawer on the other w i t h  the mapping f o i l  closer t o  the fueled drawer. 



48 37 254.8 
48 37 254.8 
48 37 254.8 

50 24 77.0 
50 24 77.0 
50 24 77.0 
48 24 77.0 
48 24 77.0 

GH 6.054 0.033 
HI 6.121 0.033 
IJ 6.292 0.032 

GH 
HI 
IJ 

GH 
HI 
IJ 

GH 
HI 
IJ 

DE 
EF 
FG 
JK 
KL 
LM 

7.078 0.035 
7.004 0.033 
7.155 0.034 

7.704 0.038 
7.683 0.039 
7.686 0.039 

6.943 0.035 
6.923 0.034 
6.979 0.035 

4.727 0.026 
4.818 0.026 
4.894 0.027 
4.971 0.027 
4.987 0.027 
5.068 0.027 

Matrix 

244 43 
244 43 
244 43 

144 43 
1 4 4  43 
1 4 4  43 

148 35 
148 35 
148 35 

148 35 
148 35 
148 35 

148 35 
148 35 
148 35 

2, ma 

77 *O 
77.0 
77 .O 

254.8 
254.8 
254.8 

77.0 
77 -0 
77 .O 

127.8 
127.8 
127.8 

483.4 
483.4 
483.4 

LOC 

GH 
HI 
IJ 

GH 
HI 
IJ 

GH 
HI 
IJ 

GH 
HI 
IJ 

GH 
HI 
IJ 

- z S  'Pu(n, f > 
6.257 0.033 
6.053 0.033 
5.993 0.033 

7.473 0.040 
7.277 0.036 
7.382 0.037 

7.769 0.038 
7.656 0.037 
7.749 0.038 

7.689 0.039 
7.620 0.039 
7.693 0.037 

4.531 0.027 
4.394 0.027 
4.610 0.026 
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TABLE 6.2 Basic Data for Cell Studies of 2 3 5 U  and 23"U 
Reaction Rates in ZPPR-18B 

Matrix z,mma Loc - 
254 43 
244 43 
244 43 
244 43 
244 43 
244 43 
254 43 

254 43 
244 43 
244 43 
244 43 
244 43 
244 43 
254 43 

154 43 
144 43 
144 43 
144 43 
144 43 
144 43 
154 43 

77 * O  
77.0 
77 .O 
77 .O 
77.0 
77 .O 
77.0 

254.8 
254.8 
254.8 
254.8 
254.8 
254.8 
254.8 

77 .O 
77.0 
77 .O 
77 .o 
77.0 
77.0 
77 -0 

AB 
-AB 
GH 
HI 
IJ 

FOP 
OP 

AB 
-AB 
GH 
HI 
IJ 

-0P 
OP 

AB 

GH 
HI 
IJ 

FOP 
OP 

AB 

* " ~ ( n , f > ~  

6.767 0.030 

6.600 0.030 
6.296 0.026 
6.298 0.029 

5.835 0.025 

5.251 0.024 

5.050 0.026 
4.844 0.022 
4.783 0.021 

4.489 0.021 

8.344 0.034 

8.240 0.033 
8.102 0.033 
8.272 0.034 

8.338 0.035 

3 " ~ ( n , ~  l C  

0.1398 0.0026 
0.1410 0.0029 
0.1516 0.0029 
0.1563 0.0025 
0.1474 0.0028 
0.121 0 0.0024 
0.1196 0.0029 

0.9191 0.0055 
0.9368 0.0056 
0.9547 0.0058 
0.8640 0.0048 
0.91 22 0.0051 
0.8217 0.0055 
0.81 31 0.0047 

0.1048 0.0024 
0.1107 0.0026 
0.1 173 0.0027 
0.1221 0.0024 
0.1 1 1  1 0.0024 
0.0919 0.0022 
0.0953 0.0023 

0.71 13 0.0052 
0.71 53 0.0045 
0.7308 0.0043 
0.6591 0.0039 
0.6892 0.0041 
0.6229 0.0041 
0.6202 0.0039 

0.1500 0.0030 
0.1440 0.0028 

0.1849 0.0029 
0.1782 0.0028 
0.1635 0.0029 
0.161 8 0.0030 

0.1750 0.0030 

1.1387 0.0060 
1.1571 0.0064 
1.2043 0.0067 
1 .0933 0.0057 
1.1893 0.0066 
1.1250 0.0064 
1.1081 0.0063 

154 43 254.8 
144 43 254.8 
144 43 254.8 
144 43 254.8 
144 43 254.8 
144 113 254.8 
154 43 254.8 

150 35 77.0 
148 35 77.0 
148 35 77.0 
148 35 77.0 
148 35 77.0 
148 35 77.0 
150 35 77.0 

150 35 127.8 
148 35 127.8 
148 35 127.8 
148 35 127.8 
148 35 127.8 
148 35 127.8 
150 35 127.8 

AB 
?AB 
GH 
HI 
IJ 

-0P 
OP 

8.231 0.035 

8.190 0.035 
7.917 0.034 
8.034 0.035 

7.963 0.033 

0.1342 0.0030 
0.1356 0.0028 
0.1618 0.0031 
0.1762 0.0028 
0.1646 0.0029 
0.1504 0.0029 
0.1485 0.0029 

1.1 105 0.0059 
1.1418 0.0064 
1 .1860 0.0062 
1.0518 0.0056 
1.1535 0.0060 
1.0683 0.0067 
1.0446 0.0060 

AB 8.166 0.036 

GH 8.200 0.036 
HI 8.106 0.036 
IJ 8.203 0.037 

OP 8.310 0.038 

AB 8.026 0.036 

GH 8.076 0.035 
HI 7.979 0.036 
IJ 8.024 0.035 

OP 8.191 0.040 

CAB 

-0P 

-AB 

"OP 

0.1698 0.0024 
0.1655 0.0031 
0.1928 0.0025 
0.201 3 0.0029 
0.1917 0.0026 
0.1705 0.0032 
0.171 2 0.0027 

0.1649 0.0024 
0.1614 0.0032 
0.1896 0.0024 
0.2019 0.0028 
0.1878 0.0026 
0.1644 0.0028 
0.1650 0.0026 

1.0930 0.0060 
1 .lo06 0.0063 
1.1626 0.0064 
1.0852 0.0057 
1.1665 0.0065 
1.1128 0.0063 
1.1059 0.0062 

1.0691 0.0056 
1.0826 0.0062 
1 .1595 0.0060 
1.0645 0.0056 
1.1651 0.0061 
1.0856 0.0062 
1.0814 0.0062 
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TABLE 6.2 (contd)  

Matrix 

150 35 
148  35 
148  35 
148 35 
148  35 
148 35 
150 35 

254 40 
254 40 
244 40 
244 40 
244 40 
254 40 
254 40 

254 40 
254 40 
244 40 
244 40 
244 40 
254 40 
254 40 

154 40 
154 40 
1 4 4  40 
1 4 4  40 
1 4 4  40 
154 40 
154 40 

154 40 
154 40 
1 4 4  40 
1 4 4  40 
1 4 4  40 
154 40-  
154 40 

150 37 
150 37 
1 4 8  37 
1 4 8  37 
148 37 
150 37 
150 37 

L z ma 

483.4 
483.4 
483.4 
483.4 
483.4 
483.4 
483.4 

51.6 
51.6 
51.6 
51.6 
51.6 
51.6 
51.6 

254.8 
254.8 
254.8 
254.8 
254.8 
254.8 
254.8 

51.6 
51.6 
51.6 
51.6 
51.6 
51.6 
51.6 

254.8 
254.8 
254.8 
254.8 
254.8 
254.8 
254.8 

77.0 
77 .O 

77 .O 
77.0 
77 -0  
77 .O 

77.0 

~ 

- Loch 
AB 

-AB 
GH 
HI 
IJ 

+OP 
OP 

AB 
GG 
GH 
HI 
IJ 
JJ 
OP 

AB 
GG 
GH 
HI 
IJ 
JJ 
OP 

AB 
GG 
GH 
HI 
IJ 
JJ 
OP 

AB 
GG 
GH 
HI 
IJ 
JJ 
OP 

AB 
GG 
GH 
HI 
IJ 
JJ 
OP 

23 " ~ ( n , f ) ~  

4.933 0.025 

5.073 0.025 
5.039 0.025 
5.247 0.026 

5.051 0.026 

6.043 0.028 
6.329 0.029 
6.280 0.030 
6.412 0.030 
6.561 0.032 
6.616 0.031 
6.916 0.033 

4.390 0.022 
4.592 0.023 
4.579 0.024 
4.721 0.024 
4.865 0.024 
4.923 0.026 
5.201 0.025 

8.008 0.034 
7.809 0.033 
7.672 0.032 
7.722 0.032 
7.816 0.033 
7.793 0.033 
7.971 0.034 

7.773 0.033 
7.679 0.033 
7.540 0.031 
7.561 0.032 
7.719 0.033 
7.750 0.033 
5.792 0.025 

8.295 0.034 
8.095 0.033 
8.058 0.032 
8.021 0.034 
8.030 0.034 
8.113 0.034 
8.263 0.035 

2 3 s ~ ( n , f ) c  

0.0742 0.0017 
0.0797 0.0021 
0.0907 0.0018 
0.0981 0.0019 
0.0939 0.0020 
0.0772 0.0022 
0.0750 0.0017 

2 3 8 ~ ( n , ~  

0.6499 0.0038 
0.6644 0.0044 
0.7393 0.0046 
0.6624 0.0038 
0.8071 0.0046 
0.7054 0.0046 
0.6621 0.0039 

0.1243 0.0022 0.821 5 0.0049 
0.1424 0.0023 0.7922 0.0045 
0.1417 0.0021 0.8103 0.0049 
0.1577 0.0025 0.8348 0.0046 
0.1491 0.0022 0.8374 0.0046 
0.1482 0.0025 0.8368 0.0047 
0.1423 0.0025 0.9225 0.0051 

0.0882 0.0018 0.6034 0.0036 
0.1059 0.0020 0.5925 0.0035 
0.1120 0.0018 0.6017 0.0035 
0.1223 0.0021 0.6165 0.0036 
0.1 128 0.0022 0.6285 0.0038 
0.1120 0.0021 0.6244 0.0037 
0.1044 0.0019 0.6987 0.0044 

0.1523 0.0022 1.0427 0.0058 
0.1624 0.0025 0.9618 0.0056 
0.1731 0.0023 0.9694 0.0054 
0.1790 0.0025 0.9904 0.0056 
0.1647 0.0023 0.9777 0.0055 
0.1591 0.0022 0.9669 0.0054 
0.1383 0.0022 1.0756 0.0061 

0.1421 0.0023 
0.1529 0.0022 
0.1554 0.0023 
0.1666 0.0024 
0.1543 0.0021 
0.1472 0.0021 
0.1 306 0.0021 

0.1693 0.0029 
0.1886 0.0038 
0.1943 0.0028 
0.2029 0.0030 
0.1934 0.0027 
0.1 828 0.0028 
0.1742 0.0032 

1 .0098 0.0060 
0.9254 0.0058 
0.9458 0.0058 
0.9579 0.0054 
0.9520 0.0057 
0.9436 0.0054 
1.0896 0.0060 

1.0978 0.0062 
1.0130 0.0055 
1.0183 0.0058 
1.0328 0.0055 
1.0189 0.0053 
1 .009l 0.0054 
1.0907 0.0059 
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TABLE 6.'2 ( con td )  

Matrix z,ma 

150 37 254.8 
150 37 254.8 
148 37 254.8 
148 37 254.8 
148 37 254.8 
150 37 254.8 
150 37 254.8 

150 24 77.0 
150 24 77.0 
150 24 77.0 
150 24 77.0 
148 24 77.0 
148 24 77.0 
148 24 77.0 
148 24 77.0 

150 24 483.4 
150 24 483.4 
150 24 483.4 
150 24 483.4 
148 24 483.4 
148 24 483.4 
148 24 483.4 
148 24 483.4 

LOC 

AB 
GG 
GH 
H I  
IJ 
JJ 
OP 

AB 
DE 
EF 
FG 
J K  
KL 
LM 
OP 

AB 
DE 
EF 
FG 
J K  
KL 
LM 
OP 

- 2 3  " ~ ( n , f ) ~  

7.475 0.031 
7.301 0.030 
7.273 0.033 
7.266 0.031 
7.274 0.031 
7.301 0.031 
7.486 0.031 

4.975 0.024 
4.979 0.023 
4.974 0.023 
5.081 0.023 
5.124 0.022 
5.134 0.025 
5.179 0.024 
5.294 0.024 

2.866 0.015 
2.876 0.016 
2.854 0.015 
2.956 0.015 
3.015 0.016 
2.996 0.016 
3.062 0.017 
3.109 0.017 

0.1462 0.0027 
0.1639 0.0029 
0.1705 0.0026 
0.1863 0.0027 
0.1729 0.0027 
0.1665 0.0031 
0.1485 0.0030 

0.1283 0.0021 
0.1 427 0.0021 
0.1532 0.0022 
0.151 3 0.0022 
0.1484 0.0024 
0.1557 0.0021 
0.1474 0.0021 
0.1321 0.0020 

0.0576 0.001 4 
0.0655 0.0015 
0.0724 0.001 4 
0.0676 0.001 4 
0.0697 0.0016 
0.0716 0.0016 
0.0687 0.001 4 
0.061 4 0.001 4 

0.9803 0.0053 
0.91 16 0.0051 
0.91 45 0.0054 
0.9263 0.0050 
0.9248 0.0054 
0.9210 0.0051 
0.9892 0.0054 

0.6364 0.0044 
0.6618 0.0041 
0.6521 0.0042 
0.7188 0.0044 
0.7271 0.0044 
0.6787 0.0042 
0.7042 0.0048 
0.6987 0.0043 

0.371 3 0.0031 
0.3919 0.0029 
0.3720 0.0035 
0.4318 0.0030 
0.4395 0.0030 
0.3902 0.0032 
0.421 6 0.0030 
0.4061 0.0030 

aDistance from t h e  r e a c t o r  i n t e r f a c e  t o  t h e  c e n t e r  of  t h e  f o i l .  
bIn-drawer column which d e s i g n a t e s  t h e  f o i l  l o c a t i o n  i n  t h e  drawer. 

The *35U f o i l s  were c e n t e r e d  13.8 mm above and t h e  23"U f o i l s  were 
cen te red  on t h e  mid-height of t h e  drawer. A negat ive  s i g n  des igna te s  
a plate-spanning averaging  foil. 

'Experimental r e s u l t s  i n  u n i t s  o f  10"'" f i s s i o n s  o r  cap tu res  per atom 
per  second a t  a r e a c t o r  power of  approximately one watt. The second 
number is one s t a n d a r d  d e v i a t i o n  unce r t a in ty .  See t e x t  f o r  details .  
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TABLE 6.3 C e l l - A v e r a g i n g  Factors  fo r  Z P P R - 1 8 A  and ZPPR-18B 

1 .o 

1 .o 
1 .o 
1 .o 

1 .o 

1 .o 
1 .o 
1 .o 
1 .o 
1 .o 

1 .o 
1 .o 
1 .o 
1 .o 
1 .o 

1 .o 
1 .o 
1 .o 
1 .o 
1 .o 

.o 1 

.01 

.o 1 

.01 

.01 

.008 
,008 
.008 
,008 
.008 

.008 

.008 

.008 

.008 

.008 

.008 
,008 
.008 
.008 
.008 

~ u ( n ,  f >a 

0.9954 .0058 
0.9918 .0064 
0.9881 .0069 
0.9960 .0058 
0.9839 ,0060 
0.9801 .0060 
1.0066 ,0063 
0.9850 .0059 

0.9983 .0041 
0.9967 .0058 
0.9876 ,0055 
0.9826 ,0060 
1.0077 .0064 

0.9958 .0060 
0.9917 .0073 

1.0011 ,0049 
0.9950 .0052 
0.9889 .0055 
0.9983 .0047 
0.9922 .0089 
0.9760 .0051 
1.0072 .0058 
1.0020 .0057 

1.0082 .0046 
1.0200 .0047 
1.0006 ,0047 
0.9904 .0053 
1.0255 .0055 

1.0003 ,0049 
0.9971 .0053 
0.9939 ,0057 

1.0022 .0063 
0.9949 .0074 
0.9791 .0085 

b E n v  ir onmen t 

0.953 
0.949 
0.945 
0.961 
0.365 
0.966 
0.978 
0.978 

.Ol 1 

.014 

.016 

.013 

.014 

.016 
,016 
.019 

0.9256 .0088 
0.9089 ,0079 
0.8922 .0069 
0.9293 ,0059 
0.9118 .0086 
0.9170 .0063 
0.9490 .0065 
0.9020 .0051 

0.954 .008 
0.972 ,016 
0.969 .011 
0.977 .018 
0.957 .018 

1.0161 .0045 
1.0244 .0066 
1 .0181 .0065 
1,0120 ,0096 
1 .0349 .0125 

0.981 .016 
0.984 .017 
0.988 .017 

0.912 ,026 
0.988 .071 
0.838 .lo0 

0.9090 .0063 
0.8892 .0067 
0.8694 .0071 

1.0229 ,0058 
1.0170 .0071 
1.0508 .0090 

1 .o .01 

1.0005 .0059 
1.0005 .0059 
1.0005 .0070 
1.0005 .0073 
1.0005 ,0074 

0.9986 .0059 
1.0005 ,0059 
1.0005 .0070 
1.0005 .0073 
1.0005 .0074 

0.9947 -0055 
0.9947 .0055 
0.9947 .0055 
0.9947 .0055 
0.9947 .0055 

1 .o .01 

1.081 ,031 
1.081 .053 
1.081 ,077 
1.081 .16 
1.081 .14 

1.064 ,052 
1.081 .053 
1.081 .077 
1.081 .16 
1.081 .14 

1.012 .019 
1.047 .038 
1.047 ,042 
1.047 .063 
1.047 .lo1 

1 .o .o 1 

0.8815 ,0061 
0.8521 .0064 
0.8340 ,0060 
0.8053 .0058 
0.7817 .0064 

0.8627 .0057 
0.8361 .0064 
0.8340 .0060 
0.8053 .0058 
0.7817 .0064 

0.8410 .0045 
0.8145 .0040 
0.7839 .0061 
0.7551 .0052 
0.7262 .0042 

FrSFCF 
F-SF-F 
F- SF+ F 
F - S F r C R P  

CR P- SF- F 
F-SF+CR 

C R r S F + F  
F - S F k R B  

F- SM- F 
FLSM-C R P  

F-SMLCR 
CR P- SMr F 

CR-SM3-F 

F-D-F 
F- WF 
F-D-F 

F--RB-RB 
R B- RB- RB 
RB-RB-RF 

RR 

A B t A E k A B  ( S C )  
AB- AB" AB ( S C  ) 
AB-AEPAB ( S C )  
AB- AB- AB ( SC ) 
AB-ABrAB ( S C )  

AB- AB- AB ( DC ) 
AB- AB.-AB ( DC ) 
AB- AB- AB ( DC ) 
ABCAB-AB (DC) 
ABk AB- AB ( DC ) 

AB-AB- CRP ( S C )  
AB-AB-CRP ( S C )  
AE+AB- CRP ( S C  ) 
AB-ABpCRP ( S C )  
ABrAB-CRP ( S C )  

z, mmc 

0-381 .8 
432.6 
483.4 

0-381.8 
0-381.8 
0-381.8 
0-381.8 
0-381.8 

0-483.4 
0-483.4 
0-483.4 
0-483.4 
0-483.4 

0-381.8 
432.6 
483.4 

ALL 
AL L 
ALL 

AL L 

534.2 
585.0 
635.8 
686.6 
734.4 

534.2 
585 .O 
635.8 
686.6 
734.4 

534.2 
585.0 
635.8 
686.6 
737.4 
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7. GAMMA RAY DOSE MEASUREMENTS IN ZPPRcl8A AND ZPPRk18B ( D .  N. Olsen) 

Gamma r a y  doses  were measured i n  ZPPRml8A and ZPPR-18B as  a f u n c t i o n  of  
a x i a l  and r ad ia l  l o c a t i o n  us ing  stainlessWteelkencapsulated thermolumirt 
nescen t  dos imeters  ( T L D s ) .  The L i F  TLDs were 1 x 1 x 6 mm and were placed 

i n  holes i n  s t a i n l e s s  s tee l  c y l i n d e r s .  The TLDs are  somewhat s e n s i t i v e  t o  
neut ron  i n t e r a c t i o n s  i n  t h e  LiF. No c a l c u l a t i o n s  were made f o r  gamma dose 
i n  Z P P R r l 8 .  

The i n w e l l  l o c a t i o n  o f  t h e  TLDs v a r i e d  among t h e  drawer types.  The 
TLDs spanned two drawer columns.* For a l l  single-fuel-column drawers and 
a l l  b lanket  drawers, the  TLDs were i n  columns E and F. I n  doubler fue l+  
column drawers, the l o c a t i o n  was columns C and D.  I n  the CR and CRP 

drawers, the l o c a t i o n  was columns G and H. For t h e  axial  d i s t r i b u t i o n s  i n  
ZPPR-l8B, the TLDs were i n  columns E and F i n  half  2 and i n  columns K and L 

i n  h a l f  1 .  

Two rad ia l  d i s t r i b u t i o n s  were measured i n  Z P P R t l 8 A .  The first was 
a long  the x r a x i s  76 mm above the a x i a l  midplane and t h e  r e s u l t s  are given i n  
Table 7.1. 
go through i n n e r ,  m i d d l e  and o u t e r  bank c o n t r o l  pos i t i ons .  R e s u l t s  from the  

second rad ia l  d i s t r i b u t i o n  are g iven  i n  Table 7.2. 

The second was approximately 4 5 O  t o  t h e  x..-axis w i th  de tou r s  t o  

A s i n g l e  a x i a l  dose  d i s t r i b u t i o n  was measured i n  a n  inner-core l o c a t i o n  
(145&63) i n  ZPPR.-18A. Th i s  l o c a t i o n  is four  drawers removed from t h e  

n e a r e s t  c o n t r o l  p o s i t i o n .  The drawer is a s ingle-fuelccolumn drawer w i t h  

i r o n  oxide.  Resu l t s  are given i n  Table 7.3. 

Many of t h e  gamma dose d i s t r i b u t i o n  measurements were repeated i n  
ZPPRc;lBB which had h a l f - i n s e r t e d  c o n t r o l  r o d s  i n  t h e  inne r  and o u t e r  
banks. I n  c o r e  1 8 B ,  a l l  rad ia l  d i s t r i b u t i o n s  were measured 76 mm from t h e  

*ZPPR drawers are d iv ided  i n t o  s i x t e e n  3.175 mm (1 /8  i n . )  wide v e r t i c a l  
columns des igna ted  by l e t te rs  A through P. The l e t te r  A denotes  t h e  
column a t  the  l e f t  as one faces the drawer. 
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i n t e r f a c e  i n  ha l f  two, which conta ined  the  i n s e r t e d  rods .  R e s u l t s  from an 
x-axis d i s t r i b u t i o n  are given i n  T a b l e  7.4. Resu l t s  from a second radial  

d i s t r i b u t i o n  going through an inner - r ing  c o n t r o l  r o d ,  a middle-ring CRP and 
an  o u t e r - r i n g  c o n t r o l  rod  are given i n  Table  7.5. 

Axial  d i s t r i b u t i o n s  i n  ZPPR-18B were measured i n  both assembly 

halves .  One l o c a t i o n  was 145-35 and 245-35, s y m m e t r i c a l l y  equ iva len t  t o  
measurement l o c a t i o n  145-63 i n  c o r e  18A. A second l o c a t i o n  measured i n  
ZPPR-18B was 1,247-42 which was one drawer removed from an  inne r - r ing  CR/CRP 

channel.  Axial  r e s u l t s  from ZPPRr l8B a r e  given in T a b l e  7.6. 

In t r a - - ce l l  v a r i a t i o n s  i n  dose were a l s o  measured i n  ZPPRcl8A.  Resu l t s  
are g iven  i n  Fig. 7.1. These r e s u l t s  i n d i c a t e  the  e x t e n t  of i n - c e l l  
v a r i a t i o n s  and may be  used t o  test  c a l c u l a t i o n s  of "cel l -average f a c t o r s " .  
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TABLE 7.1 Measured Dose Rates along t h e  x r a x i s  
i n  ZPPR-18A 

Matrix 
Locat ion 

149-49 
149"50 
149-51 
149~52 
149-53 

149~56 
149t57 
149-58 
149f-59 
149+60 
149*61 
149-62 
149~63 
149~64 
149~65 
149i-66 

149~69 
149-70 
149~71 
1 4 9 ~ 2  
149-73 
149r74 
149-75 
149~76 
149-77 
149'78 
148~80 
149~82 

Drawer 
Typea 

SF 
SF 
SM 
SF 
SM 
SF 
SM 
SF 
SM 
SF 
SF 
SM 
SF 
SF 
SM 
SF 
SF 
SM 
SF 
SM 
SF 
SM 
SF 
SM 
SF 
SF 
DF 
SF 
SF 
B 
B 
B 

b Dose Rate, 
mr d/s  

0.3716 
0.3768 
0.3360 
0.3685 
0.3271 
0.3489 
0.3286 
0.3484 
0.31 72 
0.3512 
0.3551 
0.31 34 
0.341 7 
0.3478 
0.3000 
0.3376 

0.2892 
0.3219 
0.2750 
0.2810 
0.2468 
0.2570 
0.2254 
0.2482 
0.2508 
0.261 1 
0.2000 
0.1542 
0.0782 
0.0202 
0.01 99 

0.3315 

Zone 

Inner  Core 
Inner  Core 
Inner  Core 
Inner  Core 
Inner  Core 
Inner  Core 
Inner  Core 
Inner  Core 
Inner Core 
Inner  Cor e 
Inner  Core 
Inner  Core 
Inner  Core 
Inner  Core 
Inner  Core 
Inner  Core 
Inner  Cor e 
Inner  Core 
Inner  cor e 
Inner  Core 
Inner  Core 
Inner  Core 
Inner  Cor e 
Inner  Core 
Ou te r  Core 
Outer Core 
Outer Core 
Outer Core 
Outer Core 
B 1  anke t 
Blanket 
Blanket 

aSF is s i n g l e s f u e l  column w i t h  i r o n  oxide ,  SM 
is s i n g l e h f u e l  column wi th  depletedcuranium 
metal, DF is double  f u e l  column and B is 
blanket .  

bTotal  dose ra te  ( n o t  c o r r e c t e d  for neut ron  
c o n t r i b u t i o n )  a t  an  estimated r e a c t o r  power 
of 1 watt. 
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TABLE 7.2 Measured Dose Rates 45O t o  the  x-axis 
and through Cont ro l  P o s i t i o n s  i n  ZPPR-18A 

b Mat r ix  Drawer Dose Rate, 
Location Typea m r  d/s Zone 

148-50 
147-51 
146-52 
145-53 
144-54 
144?55 
144-56 
144r-57 
144-58 
144-59 
143-60 
142t.61 
141-62 
140-63 
140-64 
140-65 
141-66 
1 42k67 
142&68 
142-69 
1 4 2 ~ 7 0  
142-71 
142-72 
1 4 2 ~ 7 3  
1 4 2 ~ 7 6  
1 4 2 ~ 7 7  

SF 
SF 
SF 
SF 
SF 
SF 
CRP 
CRP 
SM 
SF 
SF 
SF 
SF 
CRP 
CRP 
SM 
SM 
SM 
SF 
SF 
SW 
CRP 
CRP 
SF 
DF 
SF 

0.3621 
0.3721 

0.3578 
0.3470 
0.3420 
0.2456 
0.2481 
0.2855 
0.3368 
0.3310 
0.3262 
0.3025 
0.2096 
0.1980 
0.2375 
0 2525 
0.2472 
0.271 4 
0.2671 
0.2238 
0.1692 
0.1666 
0.21 07 
0.3808 
0.1396 

0.3637 

Inner Core 
Inner Core 
Inner Core 
Inner Core 
Inner Core 
Inner Core 
CR P 
CRP 
Inner Core 
Inner  Core 
Inner Core 
Inner Core 
Inner Core 
CRP 
CRP 
Inner Core 
Inner Core 
Inner Core 
Inner Core 
Inner Core 
Inner Core 
CRP 
CRP 
O u t e r  Core 
Outer Core 
Outer Core 

-I 

aSF is s i n g l e - f u e l  column wi th  i r o n  ox idep  SM 
is s i n g l e - f u e l  column wi th  depleted-uranium 
metal, DF is double f u e l  column and CRP is 
c o n t r o l  pos i t i on .  

bTotal dose ra te  ( n o t  c o r r e c t e d  f o r  neut ron  
c o n t r i b u t i o n )  a t  an  estimated r e a c t o r  power 
of 1 watt. 
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TABLE 7.3 Measured Axial Dose Distribution 
i n  Location 145-63 i n  ZPPRpl8A 

Axial  
Location, ma 

Dose Rateb 
mrd/s 

72.2 
177.8 
279.4 
381 .O 
584.2 
762.0 

0.3266 

0.2653 
0.2180 
0.0589 
0.0294 

0.3022 

aDistance from the reactor interface. 

bTotal dose r a t e  (not corrected fo r  neutron 
contribution) a t  an estimated reactor power 
of 1 watt. 
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TABLE 7.4 Measured Dose Rates along the x-axis 
i n  ZPPRrl8B 

Matrix 
Location 

249-49 
249-45 

249”;31 
249-33 
2 49 -29 
249&26 
249-25 
2 4 9 ~ 2 3  
2 49-2 1 
249-20 
2 4 9 ~ 1 7  
249-16 
2 4 9 4  5 

2 49-4 1 

Drawer 
Typea 

SF 
SM 
SM 
SF 
SF 
SF 
SM 
SF 
DF 
SF 
B 
B 
B 
R 

b Dose Rate, 
mrd/s 

0.3940 
0.3623 
0.3338 

0 3 7 0 2  
0.3078 
0.2438 
0.2634 
0.2743 
0.1573 
0.0893 
0.0292 
0.0212 
0.01 34 

0 3739 

Zone 

Inner  Core 
Inner Core 
Inner Core 
Inner Core 
Inner Core 
Inner Core 
Inner  Core 
Outer Core 
O u t e r  Core 
Outer Core 
Blanket 
B1 an k e t 
Blanket 
Ref lector 

aSF is single-fuel column w i t h  iron oxide, SM 
is single&fuel column wi th  depleted-uranium 
metal, DF is double f u e l  column and B is 
blanket and R is re f lec tor .  

bTotal dose r a t e  (not corrected for neutron 
contribution) a t  an estimated reactor power 
of 1 watt. 
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TABLE 7.5 Measured Dose Rates through Control  
Rods and Control  Rod P o s i t i o n s  i n  ZPPRr l8B 

Matr ix  
Locat i o n  

2 4 7 ~ 4 7  
2 4 5 ~ 4 3  
244-43 
244-42 
2 4 4 ~ 4 1  
244-40 
243-39 
243"38 
242-37 
241736 
240-35 
240-34 
240-33 
243"30 
243-29 
242-28 
2 4 2 ~ 2 7  
2 4 2 ~ 2 6  
242-25 
24 1 &25 
241-24 
2 4 1 ~ 2 2  

Drawer 
Typea 

SF 
SM 
SF 
CR 
CR 
SM 
SM 
SF 
SF 
SF 
CRP 
CRP 
SM 
SF 
SM 
SM 
CR 
CR 
SF 
SF 
SF 
SF 

b Dose Rate, 
mr d / s  

0.4008 
0.2808 
0.2847 
0.2462 
0.2433 
0.2474 
0.3006 
0.3467 
0.3636 
0.3308 
0.2425 
0.2441 
0.2688 
0.31 46 
0.2680 
0.2202 
0.1823 
0.1740 
0.1834 
0.1954 
0.1980 
0.1783 

Zone 

Inner  Core 
Inner  Core 
Inner  Core 
CR 
CR 
Inner  Core 
Inner  Core 
Inner  Core 
Inner  Core 
Inner  Core 
CRP 
CR P 
Inner  Core 
Inner  Core 
Inner  Core 
Inner  Core 
CR 
CR 
Outer Core 
Ou te r  Core 
Outer Core 
Outer Core 

aSF is s i n g l e - f u e l  column w i t h  iron oxide ,  SM 
is s i n g l e e f u e l  column with depleted-uranium 
metal, CR is c o n t r o l  rod  and CRP is c o n t r o l  
p o s i t  ion.  

bTotal  dose r a t e  (not c o r r e c t e d  for neut ron  
c o n t r i b u t i o n )  a t  an  estimated r e a c t o r  power 
of 1 watt. 



TABLE 7.6 Measured Axial Dose Distributions 
i n  Z P P R t l 8 B  

Axial 
Location, mma 

e762.0 

-482.6 
-381 .O 
~ 2 7 9 . 4  
-177.8 

n76.2 
76.2 

177.8 
279.4 
381 .O 
482.6 
584.2 
762.0 

?5a4.2 

Dose Rateb mrd/s 

1,247-42 

0.0245 
0.0552 
0.1 427 
0.2050 
0.2607 
0.2942 
0.3458 
0.3862 
0.3618 
0.3476 
0.2924 
0.2075 
0.0877 
0.0401 

1 , 2 4 5 4 5  

0.0285 
0.0651 
0.1578 
0.2220 
0.2802 
0.3242 
0.3506 
0.3737 
0.3556 

0.2534 
0.1881 
0.0758 
0.0387 

0.3122 

aWith respect t o  zero a t  the reactor 
interface,  negative values i n  half two. 

bTotal dose r a t e  (not corrected for neutron 
contribution) a t  an estimated power of 1 watt. 



109 

El . . . . . . . 

.:.:.,.:.:.:<.: 

.::::::::.:.:.:. 

.:.:.>:.: ...... 

. . . . ........ 
. . . . . ...._ . . . . .. , . . . . . . . . . . . . . . . . . . 

U308 

Sodium 

238U 

ZPPR Fuel 

Fe203 

INTRA-CELL 249-53 249-52 
LOCATl ON DOSE RATE, mrd/s 

1 0.392 0.398 
2 0.396 0.422 
3 0.380 0.428 
4 0.384 0.434 
5 0.397 0.446 
6 0.378 0.41 6 
7 0.394 0.41 1 
8 0.391 0.408 

Fig. 7.1 Measured In-cell Gamma Dose D i s t r i b u t i o n s  i n  ZPPR-18A 
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8. CALCULATION MODELS FOR ZPPR-19A ( G .  L. Grasseschi and P. J. C o l l i n s )  

ZPPR-19A was a v a r i a n t  of  t h e  ZPPR-18 series of  c o r e s  designed t o  
reduce t h e  fundamental  t o  f irst  harmonic e igenvalue  s e p a r a t i o n  from about 
4% Ak t o  about  2% Ak. The zone boundaries  remained t h e  same as i n  ZPPR-18, 

w i t h  d i s t i n c t  s e c t o r s  i n  t h e  o u t e r  c o r e  w i t h  uranium fue l  and w i t h  plutonium 
f u e l .  The c o r e  was made near  c r i t i c a l  wi th  t h e  inne r  bank o f  s i x  c o n t r o l  
rods  f u l l y  i n s e r t e d .  The c o r e  r equ i r ed  less f u e l  t han  d i d  ZPPR-18C which 

had 18 c o n t r o l  r o d s  h a l f - i n s e r t e d .  A de ta i led  d e s c r i p t i o n  of  ZPPR-19A is 
given i n  ANL-ZPR-489, p.  2. No new drawer masters were r e q u i r e d  f o r  
ZPPR-19. 

C a l c u l a t i o n s  f o r  ZPPR-19A used t h e  c r o s s  s e c t i o n  l i b r a r y  genera ted  f o r  
ZPPR-18 (ANLpZPR-489, p.  12) .  The reactor model used xyz geometry w i t h  

de t a i l ed  composi t ions of  each drawer master. The xy  p lan  is given i n  
Fig. 8.1. The d i f f e r e n t  drawer types  are descr ibed  i n  ANLcZPR-489, 
Tables 4.1 and 5.1. 

Average compositions of  each zone i n  ZPPR-19A are given i n  Table 8.1. 
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Table 8.1 A t o m  Densities by Zone and Drawer Type i n  ZPPR-19A 

Is0 tope 

C 
0 
Na 
S i  
A 1  
Mn 
C r  
Fe 
N i  
cu 
Mo 
u4 
u5 
U6 
U8 
P8 
P9 
PO 
P f  
P2 
A1 
P 
S 
c1 
Ca 
co 

Inner  
Cor e 

Average 
0-20 

0.0001 439 
0.01 20392 
0.0092004 
0.0001 588 
0.0000041 
0.0002305 
0.0026943 
0.01 15495 
0.001 1851 
0.0000304 
0.0 0025 03 

0 .o 
0,00001 69 

0.0 
0.0077009 
0.0000005 
0.0009274 
0.0001 227 
0.0 00007 1 
0.00000 1 9 
0.00001 13 
0.0000052 
0.000001 1 
0.0000006 
0.0000020 
0.000001 6 

Axial 
B l a n k e t  

20-3 1 

0.0000532 
0.0088207 
0.0091883 
0.0001 924 
0.000OO29 
0.0003420 
0.004 16 49 
0.01 47985 
0.001 7648 
0.0000440 
O.OOOC346 

0 -0  
0.00001 79 

0.G 
0.0081 559 

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

0.0000f 02 
0.0000081 
0 .OOO0003 
0.0 00002 1 
0.000001 6 

(IC) 
__r- 

Ref lector Inner  
I r o n  Block Cor e 

( I C )  (ICSF) 
31 -36 Or20 

0.0005894 0.0000332 
0.0 0.09 37453 
0.0 0.009271 5 

0.0001 264 0.0001 570 
0.0 0.0000040 

0.0006847 0.0002287 
0.0021 198 0.0026684 
0.0759668 0.01 28536 
0.0008612 0.001 1678 
0.0000271 0.0000293 
0.00001 36 0.0002397 

0 .o 0 .o 
0.0 0.00001 27 
0 .o 0.0 
0.0 0.00581 58 
0 .O 0.0000004 
0.0 0.0008878 

0.0 0.0000065 
0.0 0.0000017 

0.0000238 0.0000053 
0.000031 4 0.0000010 

0 .O 0.0000003 
0.0 0.0000021 

0.0000009 0.0000008 

0.0 0.0001 176 

0.0 0,0000108 

Inner 
Core 

(ICSM) 
0-20 

0.0000333 
0.00881 43 
0.0091 481 
0.0001 587 
0.0000040 
0.0002289 
0.0026773 
0.0095173 
0.001 1814 
0.000031 3 
0.0002383 

0 .o 
0.0000234 

0.0 
0.0106485 
0.0000005 
0.0008791 
0.0001 161 
0.0000069 
0 .ooooo 19 
0 .OOOO 107 
0.0000051 
0.000001 1 

0.0000021 
0.0000024 

0.0000003 

Inner  
Core 

Single Pu 
0-20 

0.0000332 
0.01 18548 
0.009224 1 
0.0001 577 
0.0000040 
0.0002288 
0.002671 8 
0.01 15745 
0.001 1730 
0.000030 1 
0.0 00239 2 

0.0 
0.0000?68 

0 .o 
0.0076686 
0.0000004 
0.000884 4 
0.0001 170 
0.0000067 
0 .OOOOO 18 
0.0000108 
0.0000052 
0.000001 0 
0.0000003 
0.0000021 
0 .OOOOO 1 4 
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TABLE 8.1 ( c o n t d )  

Isotope 

C 
0 
Na 
Si 
A1 
Mn 
C r  
Fe 
Ni 
cu 
Mo 
u4 
u5 
U6 
U8 
P8 
P9 
PO 
P1 
P2 
A1 
P 
S 
c1 
Ca 
co 

Inner 
Core 

Double Pu 
0-20. 

0.00231 02 
0.01 56589 
0.0087410 
0.0001814 
0.0000061 
0.0002646 
0.0031 355 
0.0110721 
0.001 4220 
0.0000364 
0.0004677 

0 .o 
0.0000183 

0 .o 
0.0083377 
0.000001 0 
0.001 7696 
0.0002341 
0.00001 41 
0.0000039 
0.000021 7 
0.0000046 
0.000001 6 
0.0000062 
0.0000010 
0.0000045 

Outer Outer 
Cor e Cor e 

Average Average 
0-20. 20-20.44 

0.0016072 0.0000430 
0.01 57892 0.0088279 
0.0087498 0.0093061 
0.0001676 0.0001702 
0.0000044 0.0000028 
0.0002394 0.0002669 
0.002841 6 0.0031 949 
0,0143516 0.01 13707 
0.001 2562 0.001 3686 
0.0000318 0.0000362 
0.0001 438 0.0000233 
0.0000093 0.0000077 
0.0009624 0.0008004 
0.0000044 0.0000037 
0.0068596 0.0082019 
0.0000003 0 .o 
0.0005021 0.0 
0.0000752 0 .o 
0. ooooa4~ 0.0 
0.000001 7 0.0 
0.0000076 0.0 
0.0000052 0.0000073 
0.000001 5 0.0000039 
0.0000043 0.0000003 
0.000001 3 0.0000021 
0.0000025 0.0000025 

Axial 
Blanket 

( O C )  
20.44-31 

0.0000550 
0.008821 1 
0.0092564 
0.0002039 
0.0000029 
0.00034 58 
0.00409 7 9 
0 .O 145844 
0.001 7587 
0.0000405 
0.0000289 

0 .o 
0.00001 79 

0 .o 
0.0081 562 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0000102 
0.0000063 
0.0000003 
0.0000021 
0.0000023 

Ref lector 
I ron  Block 

( O C )  
31-36. 

0.0005923 
0 .o 
0.0 

0.0001 167 
0.0 

0.0006737 
0.00 19566 
0.0760551 
0.0007933 
0.0000279 
0.0000140 

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

0.0000233 
0.000031 4 

0 .o 
0.0 

0.000001 7 

Out er 
Core 

Pu Fuel 
0-20. 

0.000829 6 
0.01 441 45 
0.0091 166 
0.0001 656 
0,0000048 
0.00024 1 1 
0.0028304 
0.01 22272 
0.001 2551 
0 .a0003 16 
0.00031 93 

0.0 
0.00001 46 

0 .o 
0.0066889 
0.0000007 
0.001 1920 
0 .OOO 1786 

0.0000041 
0.0000180 
0.0000051 
0.000001 2 
0.0000024 
0.0000017 
0.000001 9 

0.00001 13 



113 

TABLE 8.1 (contd)  

Axial 
Blanket 

( O C )  Pu Fuel 
Isotope 20-31 

C 
0 
Na 
S i  
A1 
Mn 
C r  
Fe 
N i  
cu 
MO 
u4 
u5 
U 6  
U 8  
P8 
P9 
PO 
P1 
P2 
A1 
P 
S 
c1 
C a  
co 

0.000053 1 
0.008821 0 
0.00 925 57 
0.0001 926 
0.0000029 
0.00034 18 
0.0041641 
0.01 47923 
0.001 7667 
0.0000444 
0.0000348 

0 .o 
0.00001 79 

0 .o 
0.0081 561 

0.0 
0.0 
0.0 
0 .o 
0 .o 
0.0 

0.0000101 
0.0000081 
0.0000003 
0.0000021 
0 .ooooo 19 

Ref l e c t o r  Outer Outer Outer 
Iron Block Cor e Cor e Cor e 

( O C )  Pu Fue l  ( O C )  Pu Fuel S i n g l e  Pu U Fuel 

Outer 
Cor e 

U F u e l  
31 -36 0-20 0-20 0-20 20-20 .q4  

0.0005928 
0.0 
0.0 

0.0001 165 
0.0 

0.0006744 
0.00 1 9578 
0.0761 458 
0.000791 4 
0.0000274 
0.00001 38 

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

0.0000234 
0.0000314 

0 .o 
0.0 

0.000001 3 

0.0023796 
0.0161289 
0.0090421 
0.0001 869 
0.0000061 
0.0002729 
0.0032323 
0.0114182 
0.001 4630 
0.0000369 
0.0004825 

0.0 
0.0000187 

0 .o 
0.0085400 
0.000001 2 
0.001 81 52 
0.0002998 
0.0000 1 95 
0.0000084 
0.0000317 
0.0000049 
0.000001 6 
0.000006 4 
0.000001 0 
0.0000041 

0.0000332 
0.01 37451 
0.00 9298 5 
0.0001 570 
0.000004 1 
0.0002283 
0.0026649 
0.01 2841 3 
0.001 1662 
0.0000293 
0.0002391 

0 .o 
0.00001 27 

0.0 
0.005828 1 
0.0000005 
0.0008855 
0.0001172 
0.0000071 
0.000001 9 
0.00001 10 
0.0000053 
0.000001 0 
0.0000003 
0.0000021 
0.0000008 

0.001 2578 
0.00971 83 
0.0049102 
0.0000979 
0.0000024 
0.0001378 
0 .OO 16 49 5 
0.0092018 
0.0 007276 
0 .OOOO 185 
0.0000093 
0.0000093 
0.0009563 
0.0000044 
0.0040424 

0 .o 
0.0 
0.0 
0.0 
0.0 
0.0 

0.0000030 
0.0000010 
0.0000034 
0.0 00000 6 
0 .OOOOO 17 

0.0000199 
0.0051 099 
0.0053839 
0.0000890 
0.000001 7 
0.0001 228 
0.001 4400 
0.0051 367 
0.0006244 
0.0000175 
0.0000086 
0.0000077 
0.0007928 
0.0000037 
0.0047667 

0.0 
0.0 
0 .o 
0.0 
0 .o 
0.0 

0.0000031 
0.0000007 
0.0000002 
0.000001 2 
0.000001 7 
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TABLE 8.1 (contd) 

Isotope 

C 
0 
Na 
Si  
A 1  
Mn 
C r  
Fe 
Ni 
cu 
Mo 
u4 
u5 
U 6  
U 8  
P 8  
P9 
PO 
P1 
P2 
A1 
P 
S 
c1 
Ca 
co 

Axial 
B l a n k e t  

(OC) U F u e l  
20.44-31 

0.0000326 
0.0051 059 
0.0053581 
0 . 000 1 2 28 
0.000001 7 
0.0002018 
0.0023441 
0.0083543 
0.00101 46 
0.000021 8 
0.00001 42 

0 .o 
0.0000104 

0 .o 
0.004721 1 

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

0.0000059 
0.0 000029 
0.0000002 
0.0000012 
0.000001 5 

Ref lector  
Iron Block 

(OC)  U Fuel 
31-36 

0.0003426 
0.0 
0.0 

0.0000676 
0.0 

0.0003896 
0.0011320 
0.0439848 
0.0004600 
0.0000164 
0.0000082 

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

0.00001 35 
0,00001 82 

0 .o 
0.0 

0.000001 2 

Outer Core 
S i n g l e  U 

(OCUS)  
0-20 

0.0021064 
0.01 71001 
0.0083649 
0 .OOO 1684 
0.0000043 
0.000241 2 
0.0028881 
0.01 7781 7 
0.0012690 
0.0000302 
0.00001 47 
0 .oooo 1 09 
0.001 131 4 
0.0000052 
0.0073446 

0.0 
0.0 
0 .o 
0.0 
0 .o 
0.0 

0.0000054 
0.000001 5 
0.0000056 
0.000001 0 
0.00000 1 0 

Outer Core 
S i n g l e  U 

(OCUS ) 
20-20.44 

0.0000340 
0.0088278 
0.0092908 
0.0001481 
0.0000029 
0.00021 05 
0.0024576 
0.008781 3 
0.001 0563 
0.0000281 
0.00001 33 
0.0000082 
0.0 008 546 
0.0000039 
0.0082050 

0 .o 
0.0 
0 .o 
0.0 
0.0 
0.0 

0.0000054 
0.000001 1 

0.0000021 
0.0000010 

0.0000003 

Outer Core 
Double U 

(OCUD ) 
0-20 

0.0022470 
0.0164429 
0.00861 42 
0 .OOO 1700 
0.0000038 
0.0002346 
0.0028 0 69 
0.01 37983 
0.001 2435 
0.0000340 
0.0000175 
0.00002 17 
0.002231 9 
0.00001 05 
0.006581 5 

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

0.0000051 
0.000001 8 
0.0000060 
0.0000010 
0.0000050 

Outer Core 
Double  U 

(OCUD ) 
20720.44 

0.0000349 
0.0088278 
0.0093129 
0.0001602 
0.0000028 
0.0002141 
0.002521 4 
0.0089775 
0.0011037 
0.0000324 
0 .OOOO 167 
0.0000189 
0.0019431 
0.0000090 
0.0082681 

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

0.0000052 
0.000001 5 
0.0000003 
0.0000021 
0 .OOOOO 49 
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TABLE 8.1 ( c o n t d )  

I so tope  

C 
0 
Na 
S i  
A 1  
Mn 
C r  
Fe 
N i  
cu 
Mo 
u4 
u5 
U 6  
U 8  
P 8  
P9 
PO 
P l  
P2 
A1 
P 
s 
c1 
Ca 
co 

Inne r  Ring Inne r  Ring Middle  Ring Middle Ring 
Cont ro l  Control Control  Contr 01 

P o s i t i o n  P o s i t i o n  P o s i t i o n  Pos i t  i on  
0-20 20-36 Or20 20-36 

0.000031 2 

0.0182904 
0.0001 661 
O.OOOOOJ+7 
0.0002451 
0.0029778 
0.01 051 29 
0.001 3332 
0.0000357 
0.00001 76 

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

0.0000040 
0.0000012 
0.0000006 
0.0000042 
0.00000 38 

0.0000013 
0.0000309 

0.01 84405 
0.000 1649 
0.0000049 
0.0002443 
0.0029 657 
0.01 04697 
0.001 3281 
0.0000353 
0.00001 74 

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

0.0000040 
0.000001 2 
0.0000006 
0.0000042 
0.0000037 

0.000001 3 
0.000031 2 
0.000001 3 
0.0 182904 
0.0001661 
0.0000047 
0.0002451 
0.0029 7 78 
0.01 051 29 
0.001 3332 
0.0000357 
0.00001 76 

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

0.0000040 
0.0000012 
0.0000006 
0.0000042 
0.0000038 

0.0000309 

0.01 84405 
0 .OOO 16 49 
0.0000049 
0.0002443 
0.0029657 
0.0104697 
0.0013281 
0.0000353 
0,00001 74 

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

0.0000040 
0.0000012 
0.0000006 
0.0000042 
0.0000037 

0.000001 3 

O u t e r  Ring 
Control  

P o s i t  ion 
0-20 

0.000031 1 

0.0182904 
0.0001 657 
0.0000047 
0.0002448 
0.0029723 
0.01 04937 
0.001 3307 
0.0000357 
0.00001 75  

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

0.0000040 
0.000001 2 
0.0000006 
0.0 0000 42 
0.0000038 

0.000001 3 

O u t e r  Ring 
Con t r o 1 

P o s i t i o n  
20-36 

0.0000309 
0.000001 3 
0.0184405 
0.000 1649 
0.0000049 
0.0002443 
0.0 029 657 
0 .0104697 
0.001 3281 
0.0000353 
0.0000174 

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

0.0000040 
0.0000012 
0.0000006 
0.0000042 
0 .OOOOO 37 
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TABLE 8.1 (contd) 

Is0 tope 

C 
0 
Na 
Si 
A 1  
Mn 
C r  
Fe 
N i  
C U  
Mo 
u4 
u5 
U6 
U 8  
P 8  
P9 
PO 
Pl 
P2 
A 1  
P 
S 
c1 
Ca 
co 

Radial 
Blanket 

Master 501 
0-31 

0.0000294 
0 .o 
0.0 

0.0001099 
0.0 

0 .OOO 1648 
0.00 18487 
0.0066628 
0.000749 5 
0.00002 49 
0.00001 24 

0 .o 
0.0000865 

0.0 
0.0 38 7 435 

0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 

0.0000046 
0.000001 0 

0 .o 
0.0 
0.0 

Radial 
Blank e t  

Master 502 
0-31 

0.0000325 
0.0226351 
0.0042352 
0.0001 398 
0.0000024 
0.0002005 
0.002327 9 
0.0083268 
0.0009950 
0.0000275 
0.00001 27 

0 .o 
0.0000290 

0 .o 
0.0 1 33322 

0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 

0.0000052 
0.000001 0 
0.0000001 
0.000001 0 
0.0000007 

Radial 
B 1  an k e  t 

Master 503 
0-31 

0.0000324 
0.0220579 
0.0042350 
0.0001 4 17 
0.0000024 
0 .OOO 1984 
0.00231 40 
0.0082484 
0.001 0098 
0.00003 17 
0.0000150 

0.0 
O.OQ00285 

0 .o 

0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 

0.0000047 
0.000001 2 
0.0000001 
0.000001 0 
0.0000045 

0.01 3121 2 
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Fig. 8.1 The xyz Calculation Model f o r  ZPPR-19A 
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9. CALCULATION MODELS FOR ZPPR-19B ( G .  L. Grasseschi  and P. J. C o l l i n s )  

ZPPR-19B was b u i l t  t o  provide  f u r t h e r  data on t h e  e f f e c t s  o f  the uranium 
f u e l  i n  t h e  o u t e r  core .  The uranium and plutonium f u e l  drawers were 
rea r r anged  t o  g i v e  an  approximately uniform d i s t r i b u t i o n  throughout  t h e  o u t e r  
core. Measurements o f  r e a c t i o n  rates and c o n t r o l  rod  worths i n  ZPPR-19B were 

made t o  compare w i t h  those  i n  ZPPRm-18A which had uranium and plutonium s e c t o r s  
i n  t h e  o u t e r  core .  ZPPR-19B had s u b s t a n t i a l l y  more uranium f u e l  than  d i d  

ZPPR-18A s i n c e  f u e l  was added i n  ZPPR-18B t o  improve t h e  power 
d i s t r i b u t i o n s .  Measurements i n  18A and 19B cannot be compared d i r e c t l y ,  b u t  

i t  is be l i eved  t h a t  t h e  change i n  the amount of fue l  w i l l  have l i t t l e  e f f e c t  
on t h e  a n a l y t i c a l  comparisons. A deta i led  d e s c r i p t i o n  of ZPPR-19B is given i n  
ANLbZPR-489, p. 8. 

C a l c u l a t i o n s  f o r  ZPPR-19B used t h e  ZPPR-18 c r o s s  s e c t i o n  l i b r a r y  

(ANL-ZPR-489, p. 12) i n  which c r o s s  s e c t i o n s  process ing  was made us ing  group 
dependent buckl ing f o r  cel ls  i n  t h e  s e c t o r  model. Ca lcu la t ions  were made i n  
xyz geometry w i t h  de ta i led  compositions by drawer master as was done f o r  
ZPPR-18. 

f igure are described i n  ANLiZPR-489 Tables 4.1 and 5.1. Average composition 
f o r  each zone i n  ZPPR-19B are g iven  i n  Table 9.1. 

The xy p l an  is given i n  Figure 9.1. The drawer masters shown i n  t h e  
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TABLE 9.1 Atom D e n s i t i e s  by Zone and Drawer Type i n  ZPPRrl9B 

I so tope  

C 
0 
Na 
S i  
A 1  
Mn 
C r  
Fe  
N i  
cu  
Mo 
u4 
u5 
U 6  
U8 
P8 
P9 
PO 
P1 
P2 
AI 
P 
S 
c1 
C a  
co 

Inne r  
Core 

Average 
0-20 

0.0000332 
0.01 17067 
0.0092276 
0.0001 577 
0.0000040 
0.0002288 
0.00267 18 
0.01 14739 
0.001 1730 

0.0002391 
0.0 

0.00001 71 
0.0 

0.00781 40  
0.0000004 
0.0008843 
0.0001 170 
0.0000067 
0.000001 8 
0.0000108 
0.0000052 
0.0000010 
0.0000003 
0.0000021 
0.000001 4 

0.0000300 

Ax i a1 Ref 1 e c t o r  
Blanket I r o n  Block 

( I C )  ( I C )  
20-31 3 1-36 

0.0000532 0.0005873 
0.0088210 0.0 
0.009 1887 0 .o 
0.0001923 0.0001258 
0.0000029 0.0 
0.0003421 0.0006824 
0.0041655 0.0021133 
0.01 48016 0.0756998 
0.0017641 0.0008575 
0.0000439 0.0000268 
0.0000345 0.0000134 

0.0 0.0 
0.00001 79 0 .o 

0.0 0.0 
0.008l561 0.0 

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

0.00001 02 0.0000237 
0.0000081 0.000031 2 
0.0000003 0.0 
0.0000021 0 .o 
0.000001 4 0.0000007 

Inner  
Cor e 

(ICSF) 
0- 20 

0.0000332 
0.0137453 
0.00927 1 5 
0.000 1 570 
0.0000040 
0.0002287 
0.0026684 
0.0128536 
0.001 1678 
0.0000293 
0.0002397 

0.0 
0.00001 27 

0.0 
0.00581 58 
0.0000004 
0.0008878 
0.0001 176 
0.0000065 
0.0000017 
0 .OOOO 108 
0.0000053 
0.0000010 
0.0000003 
0.0000021 
0.0000008 

Inner  
Core 

(ICSM) 
0-20 

0.0000332 
0.00881 41 

0,000 1586 
0.0000040 
0.0 00228 9 
0.0026767 
0.00951 63 
0.001 1803 

0.0002383 
0.0 

0.0000234 
0.0 

0.01 06494 
0.0000005 
0.00087 94 
0.0001 162 
0.0000069 
0.000001 9 
0.00001 07 
0.0000051 
0.000001 1 
0.0000003 
0.0000021 
0.0000023 

a. 009 1 653 

0.000031 1 

Inner  
Core 

S ing le  Pu 
0-20 

0.0000332 
0.01 17067 
0.0092276 
0.000 15 77 
0.0000040 
0.0 0 0228 8 
0.0026718 
0.01 14739 
0.001 1730 
0.0000300 
0.0002391 

0.0 
0.00001 71 

0.0 
0.00781 40 
0.0000004 
0.0008843 
0.0001 170 
0.0000067 
0.0000018 
0.00001 08 
0.0000052 
0 .ooooo 10 
0.0000003 
0.0000021 
0.00000 I 4  
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TABLE 9.1 ( c o n t d )  

Isotope 

C 
0 
N a 
Si 
A 1  
Mn 
C r  
Fe 
Ni 
cu 
Mo 
u 4  
u5 
U6 
U8 
P8 
P9 
PO 
P1 
P2 
A 1  
P 
S 
c1 
Ca 
CO 

Outer 
Core 

Average 
0-20 

0.0015216 
0 .O 157793 
0.0087748 
0.0001 667 
0.0000043 
0.0002382 
0.0028267 
0.01 46052 
0.001 2475 
0.00003 15 
0.0001 351 
0.0000088 
0.0009128 
0.0000042 
0.0068164 

0.0004706 
0.0000623 
0.0 000038 
0.000001 0 
0.0000058 
0.0000052 
0.000001 4 
0.000004 1 
0.000001 3 
0.0000022 

0.0000003 

Outer 
Cor e 

Average 
20-20.44 

0.00004 30 
0.0088366 
0.00931 53 
0.0001699 
0.0000029 
0.0002670 
0.0031 948  
0.01 13725 
0.001 3673 
0.0000360 
0.0000232 
0.0000073 
0.0007587 
0.0000035 
0.0082076 

0.0 
0.0 
0 .o 
0.0 
0 .o 
0.0 

0.0000074 
0.0000039 
0.0000003 
0.0000021 
0.0000022 

Axial 
Blanket 

(OC) 
20.44-31 

0.0000547 
0.0088298 
0.0092655 
0.000201 9 
0.0000029 
0.0003450 
0.004 1058 
0.01 46096 
0.0017579 
0.00004 1 0 
0.0 00029 7 

0.0 
0.0000 179 

0 .o 
0.0081643 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.00001 02  
0.0000065 

0.0000021 
0.0000021 

0.0000003 

Ref l e c t o r  
I ron  Block 

( O C )  
31-36 

0.0005929 
0.0 
0.0 

0.0001 167 
0.0 

0.0006745 
0.001 9593 
0.9761 394 
0.0 007 929 
0.0000276 
0.00001 39 

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

0.0000234 
0.000031 4 

0 -0 
0.0 

0.00000 15 

Outer 
Cor e 

Pu F u e l  
0-20 

0.0 00627 7 
0.01 42449 
0.0091654 
0.0001 635 
0.0000046 
0 -0092379 
0.0 02 7889 
0.0 1 2 383 4 
0.001 2336 

0.00029 90 
0.0 

0.00001 42 
0 .o 

0.0064867 
0.0000006 
0.001 1175 
0.0001 479 
0.0000089 
0.0000024 
0.00001 38 
0.0000051 
0.000001 2 
0 .ooooo 18 
0.000001 8 
0.000001 8 

o .0000312 



TABLE 9.1 ( con td )  

I so tope  

Ref lector Outer 
Outer 

Cor e Cor e Core 
U Fuel 

Axi a1 
Cor e Outer Outer Blanket I r o n  Block  

PU Fuel  Pu Fuel Pu Fuel  S i n g l e  Pu U Fuel  
( O C )  (OC) (OC) 

31-36 or20 0-20 0-20 20-20.44 2 0 ~ 3 1  

C 
0 
Na 
S i  
A 1  
Mn 
Cr 
Fe 
N i  
cu 
MO 
u4 
u5 
U 6  
U 8  
P8 
P9 
PO 
P1 
P2 
A 1  
P 
S 
c1 
Ca 
co 

0.0000531 
0.008821 1 
0.0092557 
0.0001 926 
0.0000029 
0,00034 19 
0.0041646 
0.01 47953 
0.0017661 
0.00004 43 
0.0000347 

0.0 
0.0000179 

0 .o 
0.008 1 562 

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

0 .oooo 102 
0.0000081 
0.0000003 
0.0000021 
0.0000018 

0.0005928 0.0023103 
0 .O 0.81 56589 
0.0 0.0087864 

0.0001 164 0,0001819 
0.0 0.0000060 

0.0006746 0.0002649 
0.0019583 0.0031 388 
0.0761507 0.0110838 
0.0007907 0.001 4237 
0.0000273 0.0000364 
0.00001 37 0.0004688 

0 .o 0 .o 
0.0 0.0000183 
0 .o 0.0 
0.0 0.0083531 
0 .o 0.000001 0 
0.0 0.0017747 
o .o 0.0002348 
0.0 0.00001 41 
0 .O 0.0000039 
0.0 0.0000218 

0.0000234 0.0000047 
0.000031 4 0.0000016 

0.0 0.0000062 
0.0 0.0000010 

0.0000011 0.0000045 

0.0000332 
0.01 37451 
0.0092992 
0.0001 570 
0.000004 1 

0.0026652 
0.01 28424 
0.001 1664 
0.0000293 
0.0002390 

0.0 
0.00001 27 

0 .o 
0.0058272 
0,0000005 

0,0001 171 
0.0000071 
0.000001 9 
0.00001 10 
0.0000053 
0.000001 0 
0.0000003 
0.0000021 
0.0000008 

o .0002283 

0.0008852 

0.0021 6 84 
0 .O 168662 
0.0084761 
0.0001688 
0.0000041 

0.002849 2 
0.0161911 
0.001 2555 
0.00003 17 
0.00001 58 
0.00001 52 
0.001 5647 
0.0000073 
0.0070436 

0.0 
0.0 
0 .o 
0.0 
0 .o 
0.0 

0.0000053 
0.000001 6 
o .ooooo 58 
0.0000010 
0.0000026 

0.0002381 

0.0 000343 
0.0088277 
0.00 9300 1 
0.0001 532 
0.0000029 
0.00021 19 
0.0024835 
0.008861 1 
0.0010753 
0.0000298 
0.00001 47 
0.00001 25 
0.00 1 29 62 
0.0000060 
0.0 082305 

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

0.0000053 
0.000001 3 
0.0000003 
0.0000021 
0.0000026 
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TABLE 9.1 ( con td )  

I so tope  

C 
0 
Na 
S i  
A 1  
Mn 
C r  
Fe 
N i  
cu 
Mo 
u4 
u5 
U6 
U 8  
P8 
P9 
PO 
P1 
P2 
A1 
P 
S 
c1 
Ca 
co  

Axi a1 
Blanket  

(OC)  
Pu Fue l  

20.44-31 

0.0000557 
0.0088209 
0.0092567 
0.0002084 
0.0000029 
0.0003466 
0.0040559 
0.01 44494 
0 .OO 17489 
0.0 00038 5 
0.0000260 

0.0 
0 .OOOO 179 

0.0 
0.0081 560 

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

0.0000102 
0.0000054 
0.0000003 
0.0000021 
0.0000023 

Ref l e c t o r  
Iron Block 

(OC)  
U Fue l  
31r36 

0.0005919 
0.0 
0.0 

0.0007 167 
0 .o 

0.0006733 
0.001 9566 
0.0759994 
0.0007932 
0.0000279 
0,00001 40 

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

0.0000233 
0.000031 4 

0.0 
0 .o 

0.0000017 

Outer 
Core 

S i n g l e  U 
( OCUS) 
0-20 

0.0021064 
0.0171001 
0.0083664 
0.0001 684 
0.0000043 
0.000241 2 
0.0028882 
0.0177817 
0.001 2690 
0.0000302 
0.0000147 
0.00001 09 
0.001 131 4 
0.0000052 
0.0073446 

0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 

0.0000054 
0.000001 5 
0.0000056 
0.000001 0 
0.000001 0 

Outer 
Cor e 

S i n g l e  U 

20-20.44 

0.0000340 
0.0 08827 8 
0.0092904 
0.0001 481 
0 .OOOOO 29 
0.00021 05 
0.0024577 
0.0087816 
0.0010564 
0.0 00028 1 
0.00001 33 
0.0000082 
0.0008546 
0.0000039 
0.0082050 

0.0 
0.0 
0.0 
0 .o 
0.0 
0 .o 

0.0000054 
0.000001 1 
0.0000003 
0.0000021 
0.0000010 

(OCUS) 

O u t e r  
Core 

Double U 
(OCUD) 
0-20 

0.0022637 
0.01 65071 
0.0086446 
0.0001694 
0.0000038 
0.0002333 
0.0027894 
0.01 37475 
0.001 2347 
0.0000340 
0.0000175 
0.0000217 
0.0022303 
0.00001 04 
0.006581 4 

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

0.0000051 
0.000001 9 
0.0000061 
0.000001 0 
0.0000050 

Outer 
Core 

Double U 
( OCUD ) 

20-20.4 4 

0.00003 49 
0.0 08827 7 
0.00931 53  
0.0001610 
0.0000028 
0,00021 42 
0.0025231 
0.0089833 
0.001 1044 

0 .OOOO 167 
0.00001 92 
0 .OO 19746 
0.0000092 
0.0082698 

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

0.0000052 
0 .OOOOO 15 
0.0000003 
0.0000021 
0.0000050 

0.0000325 
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~ ~ ) - ~ ~ ~ ~ ~ ~ W 4 ~ 4 W 4 ~ ~ 0 ) 4 1 1 . . . . . , . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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114- MJ SO3 303 SO3 SO3 SO3 l40140140?4074014014II.......... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
11s- w3 5403 SO3 WJ 503 303 1 4 0 1  101 407407401 401 401 411 4 1 1 ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
116- Sol WI SO01 SO01 SO1 SO1 301 SO3 MJ 501 0140140l407407410~....... . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
111- sol MI sol MI SO1 SO1 SO1 5001 501 sol 03 403 403 407 404 404 404 410 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I l k  JDI SO1 SO1 SO1 3001 301 W l  SO1 501 SO1 03 403 403 401 404 404 404 404 40s 40s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

404 404 40s 40s 407 I P S  . . . . . . . . . . . . . . . . . . . . . . . . . .  
404 404 405 4M 405 407 402 407 . . . . . . . . . . . . . . . . . . . . . .  
404 40, 40s 405 407 4M 407 401 407 . . . . . . . . . . . . . . . . . . . .  

407 402 40J 405 401 402 401 . . , . , , . . , 

117 115 IO? 110 101 110 103 I l l  IO5 106 III  101, I l l  104 102 111 108 108 113 109 111 PO? V70 107 PO? IO1 901 922 107 r97 SO1 507 SO2 SO? SO? 40? 407 407 403 

1 % -  IOV 110 107 110 101 111 103 103 111 105 I l l  10b 104 I13  IO? 108 113 108 I l l  I07 I07 970 IO? PO? PO2 201 107 SO1 502 M? 501 SO? 401 407 401 403 

110 IO? 110 101 101 I10 101 I14 IOS I O h  l l l  IOS I14 IO8 113 IOP 113 701 107 VO? V?2 PO? 107 201 SO1 SO2 SO? SO? SO2 407 401 407 401 

107 110 102 IO? 113 I01 110 I03 10s I 1 3  106 114 IOU 114 108 I14 IOA "07 107 931 POI 107 02? I07  501 SO? 502 SO? SO? 407 40) 401 408 

1 4 1  IIJ 107 110 107 IO? 110 IO? 110 I O 1  101 I10  10s I14 201 501 501 502 W? 507 407 407 401 408 
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Fig. 9.1 The x y z  Calculation Model for ZPPR-19B 
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10. CALCULATED K-EFFECTIVES, DELAYED NEUTRON PARAMETERS AND "'PU DECAY 
COEFFICIENT FOR ZPPR-19A AND ZPPR-19B (C. L. Grasseschi  and 
P. J. C o l l i n s )  

10.1 k - e f f e c t i v e s  

C a l c u l a t i o n s  f o r  ZPPR-19A and ZPPR-19B were made wi th  xyz models 
us ing  f i n i t e - d i f f e r e n c e  d i f f u s i o n  (FDDT), nodal  d i f f u s i o n  ( N D T )  and nodal 
t r a n s p o r t  (NTT). The c a l c u l a t i o n  models are given i n  Sec t ions  8 and 9 of  
t h i s  r e p o r t .  Mesh s i z e s ,  node spac ings  and t r ea tmen t  of  mismatch i n  uranium 
and plutonium f u e l  column l e n g t h s  were c o n s i s t e n t  w i t h  those  used  f o r  
ZPPR-18. 

S i x  group data were used f o r  c a l c u l a t i o n s  of  c o n t r o l  rods  i n  
ZPPR-19B. 
a 21 group xyz  d i f f u s i o n  c a l c u l a t i o n .  Pseudo-absorption (buckl ing)  terms 

f o r  u s e  i n  xy  c a l c u l a t i o n s  were c a l c u l a t e d  from c o r e l a x i a l  b lanket  leakages 
from a 6 group xyz d i f f u s i o n  c a l c u l a t i o n .  

Data were co l l apsed  f o r  each g e n e r i c  c e l l  t ype  us ing  f l u x e s  from 

The c a l c u l a t e d  k - e f f e c t i v e s  ( n o t  C / E  resu l t s )  f o r  t h e  d i f f e r e n t  
models o f  ZPPR-19 are  given i n  T a b l e  10.1. A number of d i f f e r e n t  
c a l c u l a t i o n s  were made f o r  ZPPR-19B because o f  requi rements  o f  c a l c u l a t i n g  
c o n t r o l  r o d  wortha ( s u b c r i t i c a l  r e f e r e n c e  w i t h  shim r o d s  withdrawn),  
r e a c t i o n  ra tes  ( c r i t i ca l  r e f e r e n c e  w i t h  shim r o d s  i n s e r t e d )  and f o r  
performing group c o l l a p s e  and buckl ing gene ra t ion  ( g e n e r i c  master 
composi t ions) .  These provide a c o l l e c t i o n  of  t h e  e f f e c t s  o f  d i f f e r e n t  
modeling approximations which are  given i n  T a b l e  10.2. 

The e r r o r s  due t o  modeling approximations are q u i t e  similar t o  
t h o s e  found f o r  ZPPR-18 (ANL-ZPR-489, p. 45). Transpor t  and d i f f u s i o n  mesh 
e f f e c t s  are l a r g e r  i n  ZPPR-19A than i n  1 9 B  due t o  t h e  i n s e r t e d  c o n t r o l  
rods .  The e r r o r  due  t o  s i x  group condensat ion (0.0012) is less i n  19B than 
i n  1 8 A  (0.0021).  The r e s u l t s  i n  Table  10.2 a l s o  show t h e  s e p a r a b i l i t y  of 
c o r r e c t i o n s .  For example, t r a n s p o r t  and meshrsize c o r r e c t i o n s  a re  t h e  same 

t o  0.0001 Ak whether calculated wi th  6 groups o r  w i t h  21 groups.  
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Experimental  excess  r e a c t i v i t i e s  and o p e r a t i o n a l  da ta  for ZPPR-19 
are g iven  i n  T a b l e s  10.3 and 10.4. To d e r i v e  an exper imenta l  va lue  for  

k‘effective, the  data have been a d j u s t e d  t o  a tempera ture  o f  293K (used i n  
gene ra t ing  t h e  cross s e c t i o n  l ibrar ies) .  For comparison, t h e  s u b c r i t i c a l  
r e f e r e n c e s  have been a d j u s t e d  t o  t h e  i n t e r f a c e  gap and 2 r ’ P ~  decay of  t h e  

c r i t i c a l  r e f e r e n c e s .  The c a l c u l a t e d  @ ? e f f e c t i v e  va lues  a r e  used t o  convert  
measured v a l u e s  i n  c e n t s  t o  Ak u n i t s .  Note t h a t  t h e  u n c e r t a i n t i e s  shown are  
due t o  t h e  o p e r a t i o n a l  measurements a lone .  The t o t a l  u n c e r t a i n t y  is 
t y p i c a l l y  0.05% Ak b u t  s t r o n g l y  correlated between t h e  ZPPRk-18 and ZPPR-19 
co res  s i n c e  the  m a j o r i t y  o f  the  f u e l  is common t o  t h e  assemblies. 

The c r i t i c a l i t y  p r e d i c t i o n s  f o r  ZPPRrl9, shown i n  Table 10.5, are 
similar t o  those f o r  ZPPR-18. I n  p a r t i c u l a r ,  t h e  nodal  t r a n s p o r t  va lue  f o r  
ZPPRW19B (0.9926) i 3  c l o s e  t o  t ha t  f o r  18A (0.9925) w h i l e  cores 19A and 1 8 B ,  
w i t h  i n s e r t e d  c o n t r o l  rods ,  have a h ighe r  k -e f f ec t ive  by  about  0.001. 

10.2 Delayed Neutron Parameters 

Delayed neut ron  parameters  for  ZPPRrl9A and 19B were c a l c u l a t e d  
w i t h  t h e  xyz f i n i t e - d i f f e r e n c e  d i f f u s i o n  models and 21 group data. The 

parameters  are given i n  Tables 10.6 and 10.7. The inc reased  @ ? e f f e c t i v e  f o r  
ZPPR-19B compared w i t h  ZPPR-18A i0.3786) is a t t r i b u t e d  t o  the  a d d i t i o n a l  
2 3 5  

U which was added. The h ighe r  B”ef fec t ive  i n  19A compared t o  t h a t  f o r  
19s  is a t t r i b u t e d  t o  the e f fec t  o f  t h e  inne r  c o n t r o l  rod bank which moves 
f l u x e s  towards the o u t e r  core. 

10.3 Plutonium Decay C o e f f i c i e n t  f o r  ZPPRp19 

2 Y  1 
The Pu decay c o e f f i c i e n t  for  ZPPRP19 w a s  estimated from t h e  
2-1 2 Y  1 

worths  of Pu and Am which were c a l c u l a t e d  f o r  ZPPR-18A (ANL-ZPR-489, 
p-  43). The worths were a d j u s t e d  by t h e  i n t e r v a l  between t h e  r e f e r e n c e s  f o r  
18A and 19B (0.288 years). The decay c o e f f i c i e n t  for ZPPR-19B was 
c a l c u l a t e d  t o  be ‘o*02143 @ day-’. 

(1 a >  u n c e r t a i n t y .  
This  estimate is adequate  w i t h i n  t h e  10% 



TABLE 10.1. Ca lcu la t ed  k - e f f e c t i v e s  f o r  ZPPR-19 

1 
2 
3 
4 

5 
6 
7 
8 
9 

10 
11 
12 
13 
1 4  
15 
16 
17 
18 
19 

Reactor Number C a l c u l a t i o n  
- Core Loadinga of Groups Geometry Mesh Methodb Streaming Shim RodsC k - e f f e c t i v e d  

ZPPR-19A C 
C 
C 
S 

ZPPR- 1 9 B  C 
C 
C 
S 
S 
S 
C 
C 
C 
C 
C 
C 
C 
C 
C 

21 
21 
21 
21 

21 
21 
21 
21 
21 
21 
21 
21 
21 
21 

6 
6 
6 
6 
6 

3 8 x 3 9 ~ 9  
3 8 x 3 9 ~ 9  

38x39~20 
38x39~20 

3 8 x 3 9 ~ 9  
38x39~9 

38x39~20 
38x39~9 
3 8 x 3 9 ~ 9  
38x39~20 
3 8 x 3 9 ~ 9  
38x39~9 

38x39~20 
38 x 39 x20 
3 8 x 3 9 ~ 9  
3 8 x 3 9 ~ 9  

38x39~20 
38x 39 x20 

38x39 

NDT 
NTT 
FDDT 
FDDT 

NDT 
NTT 
FDDT 
ND T 
NTT 
FDDT 
NDT 
NTT 
FDDT 

NDT 
NTT 

FDDT 
FDDT 

F D D T ~  

F D D T ~  

Y 
Y 
Y 
Y 

Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
N 
Y 
Y 
Y 
Y 
Y 
Y 

N 
N 
N 
N 

N 
N 
N 
N 
N 
N 
Y 
Y 
N 
N 
N 
N 
N 
N 
N 

0.991024 
0.9 9 3869 
0.993295 
0.992258 

0.991 393 
0.993437 
0.992258 
0.990089 
0.9921 18 
0.990953 
0.990977 
0.993028 
0.995732 
0.99 1954 
0.9901 57 
0.992066 
0.990741 
0.99 10 28 
0.990589 

aC = c r i t i c a l  r e f e r e n c e ,  S = s u b c r i t i c a l  r e fe rence .  
bNDT = nodal d i f f u s i o n ,  NTT = nodal t r a n s p o r t ,  FDDT = f i n i t e - d i f f e r e n c e  d i f f u s i o n .  
‘Shim rods  i f  i n s e r t e d  (Y) a r e  c l o s e  t o  p o s i t i o n  du r ing  f o i l  i r r a d i a t i o n s .  
dNot C / E  values .  
eModel w i t h  g e n e r i c  drawer master compositions averaged, for group c o l l a p s e  and buckling g e n e r a t i o n .  
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TABLE 10.2 C a l c u l a t i o n  Modelling Effects f o r  ZPPR-19 

Correction 

Transpor t  

FDDT Mesh 

Core 

19A 
1 9 B  
199 
1 9 B  

19A 
1 9 B  
1 9 B  
1 9 B  

Casesa Ak 

1 &2 +O .002845 
5- 6 +0.002044 

15-16 ( 6  groups) +0.001909 
8-9 ( s u b c r i t i c a l )  +0.002029 

1 t.3 - 0.00227 1 
5-7 -0.0 00865 

15-18 ( 6  groups) -0.000871 
8-10 ( s u b c r i t i c a l )  -0.000864 

St ream i ng 1 9 B  78-13 '-0.003474 

Energy Croups 1 9 B  5"15 ( N D T )  
1 9 B  6-16 (NTT) 
1 9 B  7h18 (FDDT) 

-0.001 236 
+O .001371 
+0.001230 

Buc k l i n g s  199 18-19 ( 6  groups) +0.000439 

A l l  Master Models 1 9 B  7-14 +O .000304 
199 1 7 ~ 1 8  ( 6  groups) +0.000287 

aRefer t o  T a b l e  10.1. 
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TABLE 10.3. Experimental  k -e f f ec t ive  Values f o r  ZPPR"19A 

Almos t 
Cr i t i ca l  Reference Subcri t ical  Reference 

Date 
Loading 
Reactor Run Number 
Temperature, K 
I n t e r f a c e  Gap, m i l a  
Measured Excess R e a c t i v i t y ,  $ 
Adjustment t o  293K, G b  
Adjustment to 53.8 m i l ,  $hC 
Adjustment to 1/8/88, ed 
Adjusted R e a c t i v i t y ,  q! 

1 /8/88 
6 
8 

301.4 
53.8 

-0.43 i 0.02 
+10.50 f 0.92 

-"A% 

.....A 

+10.1 It 0.9 

Experimental  K-ef f e c t i v e e  1.000410 +- 0.000037 

1 /8/88 
4 
6 

300.8 
54.7 

-24.0 i 0.1 
+9.75 i 0.86 
+0.08 f 0.01 

-14.7 i 0.9 

0.999403 f 0.000037 

.-f" 

aOn a scale with arbi t rary zero.  
measured temperature c o e f f i c i e n t  -1.25 k 0.119 Kil. 

'Using measured gap c o e f f i c i e n t  ~ 0 . 0 9  k O.Ol@ m i l - ' .  
dUsing c a l c u l a t e d  '"Pu decay c o e f f i c i e n t  -0.021 43$ day-'. 
eUsing c a l c u l a t e d  @ - e f f e c t i v e  0.004062. 
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TABLE 10.4. Experimental kreffective Values for ZPPR-19B 

Date 
Loading 
Reactor Run Number 
Temperature, K 
Interface Gap, m i l a  
Measured Excess Reactivity, 9 
Adjustment t o  293K, $ 
Adjustment t o  54.5 mil, 8' 
Adjustment t o  1/29/88, Qd 
Adjusted Reactivity, 9 

Experimental K*effectivee 

Almost 
Cr i t ica l  Reference 

1 /29/88 
21 
18 

299.2 
54.5 

13.0 2 0.1 
+7.75 ~t 0.68 --- 

--r 

+20.8 f 0.7 

1.000804 f 0.000027 

Subcrit ical  Reference 

2/8/88 
28 
25 

300.5 
54.9 

-27.4 f 0.2  
+9.38 f 0.83 

+0.04 +_ 0,004 
+0.21 f 0.02 
-17.8 f 0.8 

0.999312 f 0.000031 

aOn a scale  wi th  a rb i t ra ry  zero. 
measured temperature coefficient -1.25 f 0.119 K?'. (ZPPR-18A) 

'Using measured gap coefficient -0.09 f O.Ol@ m i l - ' .  (ZPPR-18A) 
dUsing calculated '', ' P U  decay coefficient -0.021 43G day"'. 
eUsing calculated f3-effective 0.003866. 
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TABLE 10.5 Comparison of Criticality Predictions for ZPPR-19A 

Rat i o  Calculation/Experimenta 

ZF’PRh 19A ZPPR- 19B 

Calculation Modela 

Finite-difference Diffusion 

Critical Subcritcal Critical Subcritical 

0.9929 0.9929 0.9915 0.991 6 

Nodal Diffusion 0.9906 0.9906 0.9907 

Nodal Transport 0.9935 ---- 0.9926 0.9928 

aCalculations using xyz models with 21 energy groups. 
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TABLE 10.6 Delayed Neutron 
Parameters f o r  ZPPR-19A 

Fami ly  ai h i , P  B i  9 %  

0.02592 0.01291 0 .O 1053 1 
2 0.20180 0.031 57 0.081 96 

0.18331 0.13080 0.07445 3 
4 0.37430 0.33809 0.15203 

0.16426 1.3798 0.06671 5 
6 0.05041 3.8157 0.02048 

@ - e f f e c t i v e  0.4062% 
Prompt n e u t r o n  l ifetime 4.798 x 10L7s 

TABLE 10.7 Delayed Neutron 
Parameters f o r  ZPPR-19B 

Family ai 

1 0.02501 0.01293 0.00967 
2 0.20238 0.03154 0.07823 
3 0.18339 0.13239 0.07089 
4 0.37061 0.34088 0.14326 
5 0.16635 1 .3771 0.06431 
6 0.05226 3.8050 0.02020 

B r e f f e c t i v e  0.3866% 
Prompt neutron l i f e t i m e  5.144 x 10”7s 
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1 1 .  SODIUM REACTIVITY WORTH I N  ZPPRrl9B ( R .  W.  Coin) 

I n  ZPPR Assembly 19B, t h e  r e a c t i v i t y  effect  of adding  ( o r  d e l e t i n g )  
sodium was measured us ing  the  plateccolumn o s c i l l a t o r  technique.  I n  t h i s  

measurement, a 66 cm l o n g  column o f  1.27 cm wide sodium cans  was osc i l la ted  

from f u l l y  i n s e r t e d  t o  63.5 em withdrawn. The r e a c t i v i t y  e f fec t  o f  t h e  

o s c i l l a t i o n  was determined us ing  i n v e r s e  k i n e t i c s  and c o r r e l a t e d  w i t h  the 

sodium column p o s i t i o n .  A l e a s t - s q u a r e s  s p l i n e - f i t t i n g  technique  was used  

t o  o b t a i n  t h e  r e a c t i v i t y  effect  a t  each cm of t r a v e l ,  a f te r  c o r r e c t i n g  for 

r e a c t o r  d r i f t .  

The measurement was then  r e p e a t e d  us ing  void  cans  i n  place o f  t h e  

sodium column. The r e s u l t  o f  t h e  void  can  i n v e r s e  k i n e t i c s  ou tpu t  was 
s u b t r a c t e d  from t h e  sodium can o s c i l l a t i o n  t o  l eave  on ly  t h e  r e a c t i v i t y  
effect  of sodium. 

This  measurement was done i n  ma t r ix  l o c a t i o n s  149-40, 149-49, 155"49 
and 1 4 9 ~ 5 8 .  In 149-58, a 101.6 cm l o n g  column was osci l la ted,  and its 
stroke was l i m i t e d  t o  30.5 cm from t h e  i n t e r f a c e .  

Details of the  experiment a r e  g iven  i n  Table 11.1. The m a t e r i a l  
weights  f o r  each l o c a t i o n  are given i n  Table  11.2. 

The i n t e g r a l  
a t  1 ern i n t e r v a l s  
Tables 11.3 and 1 

worths,  and d i f f e r e n t i a l  sodium void worths ,  were obta ined  
from the  r e a c t o r  i n t e r f a c e  
.4  and i n  Figs .  11.1 and 1 

The i n t e g r a l  worths  of t h e  66 cm colums 
0.0 c e n t s  a t  t h e  outermost p o s i t i o n  of t r a v e  

The r e s u l t s  are  g iven  i n  
.2. 

were a r b i t r a r i l y  normalized t o  
. T h i s  no rma l i za t ion  does no t  

affect  the  d i f f e r e n t i a l  wor ths ,  but  does b i a s  t h e  i n t e g r a l  worths .  The 

101.6 cm column measurement was normalized t o  t h e  measurement i n  149-40 a t  
30 cm. 

Note t h a t  t h e  measured d i f f e r e n t i a l  vo id  worth is i n  r e a l i t y  t h e  sum of  
t h e  sodium removal worth a t  t h e  i n t e r f a c e  end of  t h e  sodium column, and t h e  

sodium a d d i t i o n  worth a t  the r e f l e c t o r  end. Because sodium has a p o s i t i v e  
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worth above 40 cm, t h e  d i f f e r e n t i a l  void worths f o r  t h e  66 cm long column 
are  t o o  high i n  t h e  f i rs t  - 10 cm from the  i n t e r f a c e .  

Because matrix p o s i t i o n s  149-40 and 1 4 9 ~ 5 8  are i n  symmetrically 
equ iva len t  l o c a t i o n s ,  t h e  comparison of  t h e  101.6 cm long  column o s c i l l a t i o n  
i n  149-58 with t h e  66 cm column i n  1 4 9 ~ 4 0  provides  a measure o f  t h e  worth of 

adding sodium a t  t h e  r e f l e c t o r  end of  t he  66 cm column as i t  is withdrawn. 
The r e su l t  of  s u b t r a c t i n g  t h e  101.6 cm column measurement ( i n  l o c a t i o n  
149-58) is shown i n  F igure  11.3. 

This  measurement provides  two c o r r e c t i o n s  t o  t h e  66 cm sodium column 
measurements. F i r s t ,  by p l o t t i n g  the  worth above 66 cm and the  uncorrected 
sodium worth on t h e  same curve ,  t he  non-zero o f f s e t  c o r r e c t i o n  is obta ined  
which g i v e s  t h e  b e s t  over lap .  Th i s  c o r r e c t i o n  is 0.0085 @ f 0.0015 9, and 
accounts  f o r  sodium s t i l l  having a nontzero  p o s i t i v e  worth ( a s  shown i n  
F igure  11.3) when i t  is withdrawn 650 mm. 

The second c o r r e c t i o n  is t o  t h e  poin t iby-poin t  i n t e g r a l  worth. When 
the  66 cm column is moved from t h e  i n t e r f a c e  t o  1 mm back, sodium displaces 

void i n  t he  space 660 mm t o  661 mm, e tc .  The i n t e g r a l  sodium worths 
i n c l u d i n g  both  c o r r e c t i o n s  are shown i n  F igure  11.3. 

An a t tempt  was made t o  e x t r a c t  a similar c o r r e c t i a n  t o  t h e  d i f f e r e n t i a l  
worth. The d i f f e r e n t i a l  void worth shown i n  F i g u r e  11 .2  c o n t a i n s  a number 
o f  i r r e g u l a r i t i e s ,  p a r t i c u l a r l y  i n  l o c a t i o n  149-49. The sou rce  o f  t h e  d i p s  

and peaks i n  t h e  d i f f e r e n t i a l  worth is no t  p r e s e n t l y  known. 

The resul t  of c o r r e c t i n g  f o r  t h e  end e f fec t  is shown f o r  t h e  l o c a t i o n  
149-40 data  i n  Figure 1 1 . 4 .  While t h e  magnitude of  t he  c o r r e c t i o n  may be 

unce r t a in ,  it is clear t h a t  t h e  void r e a c t i v i t y  c o e f f i c i e n t  has a s m a l l e r  
p o s i t i v e  va lue  n e a r  t h e  i n t e r f a c e  than  the  measurements u s ing  66 cm long  
sodium columns would i n d i c a t e .  

These c o r r e c t i o n s  were on ly  done f o r  l o c a t i o n  149740 because it 13 
symmetric w i t h  the  long  column measurement. B u t  it does i n d i c a t e  t h a t  the  
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measured sodium voiding r e a c t i v i t y  e f fec t  pe r  u n i t  mass o f  sodium has a 

s u b s t a n t i a l  c o r r e c t i o n  of  about  29% a t  the  i n t e r f a c e .  

The u n c e r t a i n t i e s  presented  f o r  t h e  i n t e g r a l  column worths on ly  
r e p r e s e n t  s t a t i s t i ca l  u n c e r t a i n t i e s ;  t h o s e  p re sen ted  for  the  d i f f e r e n t i a l  
worths  were estimated by r t i m e s  t h e  s t a t i s t i c a l  u n c e r t a i n t y  of t h e  

i n t e g r a l  worth. 
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TABLE 11.2. D e t a i l s  of Sodium Cans and Void Cans 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 
5 
6 

6 
7 
7 
6 

6 
7 
7 
6 

6 
7 
7 
6 

8 
8 
4 
8 
8 
4 

Axial Length 
Sequence in .  

Sodium Cans Void Cans 

S e r i a l  Tota l  Mass 
No. g 

149-40 

106581 
33672 
12426 
1061 51 

106605 
34022 
12330 

1 10779 

105965 
107991 
33671 
11059 

23732 
23726 
04030 
2421 3 
24926 
04771 

143.65 
167.51 
166.58 
144.24 

1494-49 

145.19 
168.25 
167.68 
143.04 

1 55c49 

144.63 
167.99 
166.70 
146.05 

149-58 

189.55 
191.95 
98.23 

190.05 
189.06 
98.15 

Can Mass 
L 

61.22 
70.84 
70.15 
61.70 

62.88 
70.74 
70.75 
60.1 3 

61.63 
70.57 
69.99 
62.89 

79.21 
80.39 
43.39 
79.21 
80.74 
43.64 

N a  Mass 
A 

82.43 
96.67 
96.43 
82.54 

82.31 
97.51 
96.93 
82.91 

83.00 
97.42 
96.71 
83.16 

110.34 
111.56 

54.84 
110.84 
108.32 
54.51 

Can Mass 
B 

61.55 
70.94 
71.30 
61.90 

62.26 
70.76 
70.91 
61.32 

61.89 
70.50 
69.61 
62.29 

79.34 
80.28 
43.04 
79.25 
80.79 
43.66 



TABLE 11.3 I n t e g r a l  Reac t iv i ty  Worth, i n  Cents ,  of A x i a l  Sodium Column, ZPPR 19B 

Dis tance  from 
I n t e r f a c e  (mm) 

2.31 
10.00 
20 .oo 
30.00 
40 .OO 
50 .OO 
60 .OO 
70.00 
80.00 
90.00 

100 .oo 
110.00 
120 .oo 

140.00 
150.00 
160.00 
170.00 
180.00 
190 .oo 
200 .oo 
210.00 
220.00 

240 .OO 
250.00 , 

260 .OO 
270.00 
280.00 
290.00 
300.00 
310.00 

330.00 
340.00 
350.00 
360.00 
370.00 

130.00 

230.00 

320.00 

149"40 

-0.05594k0.00055 
-0.051 59+0.00051 
-0.04682k0.00057 
-0.04300k0.00050 

-0.03547k0.00050 
-0.03152k0.00052 
-0.02785k0.00053 
-0.02449k0.00049 
-0.02124kO.00054 
-0.01796k0.00050 
-0.01466k0.00052 
-0.01 125k0.00054 
-0.00772+0.00049 
-0.00409~0.00054 
-0.0004 1 k0. 00051 

0.00320k0.00051 
0.00602k0.00054 
0.00793k0.00049 
0.00959+0.00053 
0.01168k0.00051 
0.01 41 1 k0. 00050 
0.01640~0.00053 
0.01845k0.00048 
0.02033k0.00053 
0.0221 3k0.00051 
0.02384k0.00050 
0.02516k0.00053 
0.02602k0.00049 
0.02675k0.00052 
0.02794k0.00052 
0.02956k0.00049 
0.03077k0.00053 
0.031 26k0.00049 
0.031 21 k0.00052 
0.03098k0.00052 
0.03062k0.00049 
C.03044+0.00053 
3.03059+0.00049 

~k0.03934+0.00055 

149-49 

-0.06531k0.00053 
-0.06150+0.00049 
-0.05691k0.00055 
-0.05270i0.00048 
-0.04816+0.00053 
-0.04300k0.00049 
L0.03766+0.00051 
-0.03348~0.00052 
-0.03052k0.00047 
-0.02707k0.00052 
50.0221 6kO .00049 
-0.01632k0.00050 
-0.01175k0.00052 
-0.00868i0.00047 
-0.00596~0.00051 
-0.00274k0.00048 

0.00090+0.00048 
0.00446k0.00051 
0.00786+0.00046 
0.01103k0.00051 
0.01 386k0.00049 
0.01637+0.00048 
0.01889k0.00051 
0.021 44&0,00046 
0.02371 k0.00051 
0.02516k0.00049 
0.02595+0.00047 
0.02736k0.00051 
0.02976k0.00046 
0.03247k0.00050 
0.03417+0.00050 
0.03489k0.00047 
0.03520+0.00051 
0.03534k0.00047 
0.03535k0.00050 
0.03537+0.00050 
0.03539k0.00047 
0.03533+0.00051 

149-58, 305 mm S t roke  

-0.04718+0.00050 
-0.04477+0.00046 
'0.04 1 77k0.00051 
-0.03891iO.00046 
+0.03583+0.00049 
-0.03241+0.00046 
-0.02872k0.00048 
-0.02502k0.00048 
-0.021 34+0 ,00046 
-0.01795k0.00049 
~0.01501~0.00046 
-0.01240~0.00047 
-0.00967+0.00049 
-0.00675k0.00045 
-0.00396+0.00049 
-0.001 51k0.00046 

0.00072k0.00047 
0.00332k0.00049 
0.00637+0.00045 
0.00953+0.00049 
0.01 239i0.00047 
0.01494+0.00046 
0.01713k0.00049 
0.01896k0.00045 
0.02052k0.00049 
0.02195k0.00047 
0.02329iO ,00047 
0.02463k0.00049 
0.02603k0.00046 
0.02725k0.00052 
0.02794+0.00052 

i L-. 

+.c- 

- - b "  

-h* 

*-- --- --- 

155-49 

~0.06551k0.00042 
-0.06088+0.00039 
~0.05650k0.00044 
-0.05390k0.00038 
-0.05091i0.00042 
-0.04655k0.00039 
-0.04141~0.00040 
-0.03728+0.00041 
-0.03428i0.00038 
-0.031 07+0.00042 
-0.02695k0.00039 
-0.02224+0.00040 
-0.01 831 +O ,0004 1 
-0.01529+0.00037 
~0.01242k0.00041 
-0.00908&0.00039 
-0.00546k0.00039 
-0.00238+0.00041 

0.00003~0.00037 
0.00224kO .0004l 
0.00477+0.00039 
0.00758+0.00039 
0.01053+0.00041 
0.01358+0.00037 
0 .O 1635+0 .00041 
0.01827~0.00040 
0.01 941 k0.00038 
0.02056+0.00042 
0.021 91 k0.00038 
0.02341+0.00041 
0.02494+0.00040 
0.02644k0.00038 
0.02735+0.00042 
0.02747k0.00038 
0.0271 2k0.00040 
0.0271 6k0.00040 
0.02762k0.00038 
3.02786k0.00041 



TABLE 11.3 (Contd) 

Distance from 
Interface (mm) 

390.00 
400.00 
410.00 
420.00 
430.00 
440.00 
450.00 
460.01 
470.01 
480.01 
490.01 
500.01 
510.01 
520.01 
530.01 
540.01 
550.01 
560.01 
570.01 
580.01 
590.01 
600.01 
610.01 
620.01 
630.01 
640.01 
650.01 

149-40 

0.03083kO .00051 
0.03043+0.00053 
0.02935k0.00048 
0.02835i0.00053 
0.02793+0.00050 
0.02786~0.00051 
0.02727k0.00053 
0.02606+0.00048 
0.02443k0.00053 
0.02252+0.00050 
0.02043k0.00050 
0.01872k0.00053 
0 .O 1749k0.00048 
0.01629+0.00053 
0.01464i0.00051 
0.01 261k0.00050 
0.01071+0.00053 
0.00904+0.00048 
0.00757~0.00053 
0.00622~0.00051 
0.00496+0.00050 
0.00390+0.00054 
0.00305i0.00049 
0.00230k0.00054 
0.00143+0.00052 
0.00046~0.00057 
0.00000+0.00053 

149-49 

0.03490i0.00049 
0.03462+0.00050 
0.03433k0.00046 
0.03343~0.00051 
0.03153+0.00048 
0.02909+0.00049 
0.02788i0.00051 
0.028 12i0.00046 
0.02828k0.00051 
0.0271 OkO. 00048 
0.02470+0.00048 
0.021 75i0.00051 
0.01837+0.00046 
0.01 51 8kO. 00051 
0.01288k0.00049 
0.01137+0.00048 
0.00969~0.00051 
0.00762+0.00046 
0.00555k0.00051 
0.00400+0.00049 
0.00297+0.00048 
0.00212+0.00052 
0.00134+0.00047 
0.00070+0.00052 
0.00025i0.00050 
0.00000k0.00055 
0.00000i0.00051 

155-49 

0.02694+0.00040 
0.0 26 4 8kO.O 00 4 1 
0.02623kO .00037 
0.0259 1 k0 .0004 1 
0.02535+0.00039 
0.02454k0.00040 
0.02351iO .00041 
0.02227k0.00037 
0.02104+0.00041 
0.02005k0.00039 
0.01914i0.00039 
0.01752k0.00041 
0.01506k0.000~7 
0.01251k0.00041 
0.01 072kO .00039 
0.00963+0.00039 
0.00874+0.00041 
0.00791 k0. 00037 
0.00706~0.00041 
0.00607+0.00040 
0.00493kO .00039 
0.00375k0.00042 
0.00257+0.00038 
0.001 56i0.00042 
0.00099i0.00040 
0.00082k0.00044 
0.00000+0.00041 



TABLE 11.4 Differential Reactivity Worth, in Cents per Kilogram 
of Axial Sodium Column, ZPPR 19B 

Distance from 
Interface (mm) 149-40 

2.31 
10.00 
20.00 
30.00 
40 .OO 
50.00 
60 .OO 
70.00 
80 .OO 
90 .oo 
100.00 
1 1  0.00 
120 .oo 
130.00 
140 .OO 
150.00 
160.00 
170.00 
180 .OO 
190.00 
200 .oo 
210.00 
220 .oo 

240.00 
250.00 
260.00 
270.00 
280.00 
290.00 

230.00 

300 .oo 
310.00 
320 .oo 
330.00 
340.00 
350.00 
360 .OO 
370.00 

1 .1123k0.0381 
0.971 9kO. 0395 
0.7892k0.0387 
0.6568+0. 0371 
0.6944kO .0374 
0.7318k0.0355 
0.7043k0.0377 
0.6473k0.0354 
0.5990k0.0360 
0.6013k0.0369 
0.6036k0.0350 
0.6181+0.0374 
0.6404k0.0353 
0.6620k0.0357 
0.6733ko .0371 
0.6847k0.0350 
0.6022+0.0372 
0.4363k0.0354 
0.2705k0.0350 
0.3449k0.0368 
0.4220+0.0346 
0.444450.0365 
0.3998k0.0353 
0.3552k0.0348 
0.3393k0.0369 
0.3263k0.0345 
0.2867+0.0363 
0.2017k0.0356 
0.1 167+0.0346 
0.1 752kO. 0369 
0.263450.0345 
0.2881k0.0360 
0.1 567k0.0358 
0.0254k0.0345 

P O .  0276k0.0369 
-0.0544+0.0346 
-0.0631+0.0356 
-0.0032k0.0361 

149-49 

0.941 5+0. 0373 
0.8841+0.0388 
0.8093k0.0381 
0.778 1 io. 0365 
0.8934i0.0368 
1.0087+0.0350 
0.8858k0.0371 
0.6554k0.0348 
0.4997k0.0354 
0.7707k0.0363 
1.0418k0.0345 
0.9798k0.0368 
0.7039k0.0345 
0.4535k0.0341 
0.5469k0.0352 
0.6404k0.0332 
0.6698k0.0352 
0.6423k0.0336 
0.61 4710.0335 
0.5517k0.0352 
0.4883k0.0330 
0.4578k0.0349 
0.4677i0.0337 
0.4775k0.0333 
0.3435k0.0354 
0.1949i0.0330 
0.1688kO .0347 
0.351 7k0.0340 
0.5346kO .0332 
0.4090k0.0354 
0.2199k0.0330 
0.0757k0.0344 
0.0420+0.0343 
0.0084k0.0331 
0.001 5k0.0354 
0.0036k0.0332 
0.0007k0.0342 
-0.021 lk0.0346 

149-58, 305 m 

0.5883k0.0310 
0.5669k0.0320 
0.5391 k0.0315 
0.5327+0.0301 
0.5984k0.0303 
0.6641 k0.0289 
0.6828k0.0306 
0.6804+0.0286 
0.6659k0.0291 
0.5834k0.0299 
0 301 O k O  .0284 
0.4883k0.0303 
0.5206k0.0286 
0.5463k0.0289 
0.4835k0.0301 
0.4208k0.0284 
0.4363k0.0302 
0.5215k0.0288 
0.6068+0.0288 
0.5537k0.0302 
0.4992k0.0284 

155-49 

1.2412k0.0293 
0.9776+0.0300 
0.6347kO .0293 
0.4279ko. 028 1 
0.6789k0.0283 
0.9298k0.0269 
0.8642k0.0285 
0.6556k0.0267 
0.5035kO .0272 
0.6745k0.0279 
0.8455k0.0265 
0.8 0 9 4kO.O 28 3 
0.6403+0.0267 
0,4887+0.0269 
0.5721 k0.0281 
0.6555k0.0264 
0.629 550.0 28 1 
0.5058+0.0269 
0.3821kO .0268 
0.436920.0282 
0.4936k0.0265 

0.4386kO. 0301 0.5337+0.0279 
0.3705k0.0291 0.553450.0269 
0.3024k0.0288 0.5731k0.0267 
0.2762k0.0305 0.4323k0.0283 
0.2543kO. 029 1 0.2756ko. 0264 
0.2436+0.0308 
0.2521 k0.0306 
0.2608k0.0331 
0.1766k0.0372 
0.0734k0.0372 

--- 
-*.c 

--- 
--- 
-...- 
-&I 

--- 

0.191 1k0.0278 
0.2302+0.0272 
0.269250.0266 
0.2790k0.0283 
0.2828k0 .O 264 
0.2425k0.0276 
0.0943k0.0274 
-0.0540+0.0264 
-0.031 4k0.0283 
0.0481 k0. 0264 
0.091 1k0.0272 
-0.0042+0,0 27 6 



TABLE 11.4 (Contd) 

Distance from 
I n t e r f a c e  ( m m )  

380 .OO 
390.00 
400.00 
410.00 
420.00 
430.00 
440 .OO 
450.00 
460.01 
470.01 
480.01 
490.01 
500.01 
510.01 
520.01 
530.01 
540.01 
550.01 
560.01 
570.01 
580.01 

I 590.01 
600.01 
610.01 
620.01 
630.01 
640.01 
650.01 

149-40 

0.0565k0.0345 
-0.0094kO.0369 
-0.1373k0.0346 
-0.2352kO.0353 
-0.131 3kO ,0363 
-0.0275kO.0345 
L0.0516+0.0368 
-0.1650+0.0348 
rO. 2753kO .0351 
-0.326720.0366 
-0.3782k0.0345 
-0.3587kO.0366 
-0.2708kO.0350 
-0.1831+0.0348 
-0.2616kO.0368 
-0.3453kO.0345 
-0.3737k0.0364 
-0.3285k0.0353 
-0.2833kO.0348 
-0.2607+0.0369 
-0.2409kO.0346 
-0.21 46kO .0365 
-0.1762k0.0358 
-0.1379+0.0361 
-0.1493k.O .0382 
-0.1724kO.0405 
-0.1525kO .0415 
-0.01 60k0.04 1 5 

149-49 

~0.0428k0.0331 
-0.0505+0.0354 
-0.051 350.0333 
-0.0754k0.0339 
-0.2571k0.0349 
-0.4388kO.0330 
’0.3560k0.0353 
-0.0889kO.0334 

0.1 529k0.0336 
-0.0942k0.0351 
-0.341 3k0.0330 
-0.5032k0.0352 
-0.5832k0.0336 
~0.6631+0.0335 
-0.5053+0.0353 
-0.3401kO.0330 
-0.2756k0.0349 
-0.3450k0.0339 
-0.41 4650.0333 
-0.3342kO.0354 
-0.2352k0.0333 
-0.1653+0.0349 
-0.1494k0.0344 
-0.1336+0.0347 
-0.101 3k0.0366 
-0.0650+0.0388 
-0.0247kO.0398 

0.0264kO. 0398 

149-58, 305 m 155-49 

-0.0996k0.0264 
-0.104610.0282 
-0.0652k0.0265 
-0.0366k0.0270 
30.081 420 .0278 
-0.1261+0.0264 
-0.1687+0.0281 
-0.2095k0.0266 
-0.2463kO.0269 
-0.2046+0.0280 
-0.162920.0264 
-0.221 2kO. 0281 
-0.3760kO .0269 
-0.5308k0.0267 
-0.3995kO .0281 
-0.2591k0.0264 
r O .  1732k0.0279 
-0.159520.0270 
-0.1459kO .0267 
-0.1696k0.0283 
~0.1980k0.0266 
-0.2 1 64+0.0280 
-0.2163k0.0276 
-0.21 6220.0277 
PO. 1474kO. 0294 
-0.0622kO.0311 
“0.0533kO .0319 
-0.2509+0.0319 
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TABLE 11.5 I n t e g r a l  R e a c t i v i t y  Worth, i n  Cents,  

of Sodium Column i n  149-40 

2.31 
10.00 
20.00 
30.00 
40.00 
50.00 
60.00 
70.00 
80.00 
90.00 

100 .oo 
110.00 
120.00 

140.00 
150.00 
160.00 
170.00 
180.00 
190.00 
200.00 
210.00 
220.00 
230.00 
240.00 
250.00 
260.00 
270.00 
280.00 
290.00 
300 .OO 

320.00 
330.00 
340.00 
350.00 
360.00 
370.00 
380.00 
390.00 
400.00 
410.00 
420.00 
430.00 
440 .OO 
450.00 
460.01 
470.01 
480.01 
490.01 

130.00 

310.00 

10.03868+0.00183 
-0.03627kO.00180 
-0.03327kO.00185 
-0.03041kO.00179 
-0.02733k0.00183 
-0.02391kO.00179 
-0.02022k0.00181 
-0.0 1 652kO. 001 82 
+0.01284+0.00179 
-0.00945+0.00182 
-0.00651 +O .00179 
-0.00390~0.00181 
-0.00117iO.00182 

0.00175i0.00179 
0.00454k0.00182 
0.00699+0.00180 
0.00922+0.00180 
0.01182k0.00182 
0.01487i0.00179 
0.01803k0.00182 
0.02089k0.00180 
0.02344k0.00179 
0.02563k0.00182 
0.02746+0.00178 
0.02902kO .OO 1 82 
0.03045k0.00180 
0.03179k0.00180 
0.0331 3k0.00182 
0.03453k0.00179 
0.03575i0.00182 
0.03644i0.00182 
0.03806*0.00166 
0.03927k0.00168 
0.03976+0.00166 
0.03971k0.00167 
0.03948k0.00167 
0.03912*0.00166 
0.03894k0.00168 
0.03909k0.00166 
0.03933~0.00167 
0.03893i0.00168 
0.03785+0.00166 
0.03685k0.00168 
0.03642k0.00167 
0.03636k0.00167 
0.03577i0.00168 
0.03456*0.00166 
0.03293k0.00168 
0.03102k0.00167 
0.02893k0.00167 

Dis tance  from Correc ted ,  
I n t e r f a c e  (mm) Adjusted 

Worth Above 
660 mm 

0.00876k0.00072 
0.00682a0.00067 
0.00505i0.00075 
0.00409+0.00066 
0.00351k0.00072 
0.00306+0.00066 
0.00280~0.00068 
0.00283+0.00070 
0.0031 5k0.00065 
0.00329+0.00071 
0.00295+0.00066 
0.00226i0.00058 
0.00158+0.00071 
0.00097k0.00065 
0.00013k0.00071 

-0.00110~0.00067 
L0.00248+0.00067 
-0.00270+0.00071 
'-0.001 56+0.00065 
-0.00006~0.00070 

0.00071 k0. 00067 
0.00083+0.00066 
0.00073+0.00070 
0.00051 +O .00064 
0.00019k0.00070 

-0.00018~0.00068 
~0.00055~0.00067 
-0.00053+0.00071 

0.00001k0.00065 
0.00050k0.00072 
0.00000k0.00072 

r - P  

--e+ 
--LP 

c-- 

-- ... 
*-- 
--..1 

I L +  

--v 
-4- 

c d- 

--- 
--,p 

f-t 

--* 

-c - 
,-e-- 

--- 
-A- 

Uncorrected 

-0.05594k0.00055 
-0.051 59+0.00051 
-0.04682+0.00057 
-0.0~300i0.00050 
-0.03934kO.00055 
-0.03547&0.00050 
-0.031 52k0.00052 
-0.02785+0.00053 
&O. 02 4 4 9 i O .  000 49 
-0.021 24+0.00054 
-0.01796k0.00050 
-0.01466+0.00052 
-0.01 125i0.00054 
-0.00772*0.00049 
-0.00409~0.00054 
-0.00041~0.00051 

0.00320k0.00051 
0.00602k0.00054 
0.00793+0.00049 
0.00959k0.00053 
0.01 168k0.00051 
0.01411k0.00050 
0.01640k0.00053 
0.01845k0.00048 
0.02033*0.00053 
0.02213~0.00051 
0.02384iO .00050 
0.02516~0.00053 
0.02602kO .00049 
0.02675+0.00052 
0.02794kO ,00052 
0.02956k0.00049 
0.03077k0.00053 
0.03126k0.00049 
0.031 21 k0.00052 
0.03098*0.00052 
0.03062k0.00049 
0.03044k0.00053 
0.03059k0.00049 
0.03083k0.00051 
0,03043k0.00053 
0.02935k0.00048 
0.02835k0.00053 
0.0 2792kO. 0 0050 
0.02786k0.00051 
0.02727i0.00053 
0.02606~0.00048 
0.02443+0.00053 
0.02252k0.00050 
0.02043~0.00050 
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TABLE 11.5 (Contd) 

Distance from 
Interface (mm) 

500.01 
51 0.01 
520.01 
530.01 
540.01 
550.01 
560.01 
570.01 
580.01 
590.01 
600.01 
610.01 
620.01 
630.01 
640.01 
650.01 

Corrected, 
Adjusted 

0.02722i0.00168 
0.02599k0.00166 
0.02480k0.00168 
0.02314k0.00167 
0.021 11k0.00167 
0.01921i0.00168 
0.01754k0.00166 
0.01607+0.00168 
0.01472+0.00167 
0.01346+0.00167 
0.01240k0.00168 
0.01155i0.00166 
0.01 080kO. 001 68 
0.00993k0.00167 
0.00896k0.00169 
0.00850k0.00168 

Worth Above 
660 mm. 

--- 

Uncorrected 

0.01872+0.00053 
0 .O 17 49kO. 00048 
0.01 630k0.00053 
0.01 464k0.00051 
0.01 261 fO. 00050 
0.01071+0.00053 
0.00904~0.00048 
0.00757k0.00053 
0.00622~0.00051 
0.00496k0.00050 
0.00390~0.00054 
0.00305~0.00049 
0.00230k0.00054 
0.00143k0.00052 
0.00046k0.00057 
0.00000~0.00053 
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TABLE 11.6 Differential  Reactivity Worth, i n  Cents per Kilogram, 
of Sodium Column i n  149-40 

Distance from Corrected, 
Interface ( m m )  Adjusted 

2.31 
10.00 
20.00 
30.00 
40 .OO 
50.00 
60.00 
70.00 
80.00 
90.00 
100 .oo 
110.00 
120.00 
130.00 
140.00 
150.00 
160.00 
170.00 
180.00 
190.00 
200.00 
210.00 
220 .oo 

240.00 
250.00 
260 .OO 
270.00 
280.00 
290 .OO 

230.00 

300.00 
310.00 
320.00 
330.00 
340 .OO 
350.00 
360 .OO 
370.00 
380.00 
390.00 
400 .OO 
410.00 
420 .OO 
430.00 
440 .OO 
450.00 
460.01 
470.01 
480.01 
490.01 

+0.5883+0.0621 
-0.5669k0.0643 
+O .5391kO .0631 
-0.5327k0.0604 
-0.5984+0.0610 
-0.6641kO.0579 
-0.6828k0.0614 
-0.6804iO.0576 
-0.6659kO.0586 
-0.5834kO.0601 
7 0  -501 O k O  .057l 
-0.4883kO.0610 
-0.5206k0.0576 
-0.5463kO.0582 
-0.4835kO.0604 
-0.4208+0 .OS71 
-0.4363kO.0606 
-0.521 5k0.0577 
-0.6068+0.0573 
-0.5537kO.0602 
rO.4992kO.0565 
-0.4386kO.0597 
-0.3705+0.0577 
-0.3024+0.0570 
T O .  2762k0.0605 
-0.2543kO.0568 
-0.2436kO.0599 
-0.2521k0.0589 
e0.2608k0.0591 
-0.1766k0.0641 
-0.0734k0.0613 
-0.2881kO.0360 
-.0.1567+0.0358 
-0.0253k0.0345 
0.0277k0.0369 
0.0544k0.0346 
0.0630k0.0356 
0.0032k0.0361 
b0.0565k0.0345 
0.00 93kO.O 36 9 
0.1373kO. 0346 
0.2352k0.0353 
0.131 4k0.0363 
0.0275k0.0345 
0.051 7k0.0368 
0.16501tO. 0348 
0.2754k0.0351 
0.3267k0.0366 
0.3780i0.0345 
0.3586k0.0366 

Worth Above 
660 mm 

-0.5241 k0.0491 
-0.405OkO.0508 
-0.2500k0.0499 
-0.1241i0.0477 
-0.0960iO .0482 
-0.0678k0.0458 
-0.0215k0.0485 
0.0331k0.0455 
0.0668k0.0463 
-0.0179kO.0475 
-0.1025kO. 0451 
-0.1298k0.0482 
PO. 1 198kO .0455 
-0.1 158k0.0460 
-0.1898kO .0477 
-0.2638k0.0451 
CO. 165950.0479 
0.0852k0.0456 
0.3363k0.0454 
0.2088k0.0476 
0.0772kO .0447 
-0.0058k0.0473 
-0.02931t0.0457 
-0.0528kO.0451 
-0.0631 k0.0479 
-0.0720k0.0451 
-0.0431 k0.0476 
0.0504+0.0469 
0.1441+0,0479 
0,001 3k0.0524 
-0.1900+0.0507 -- - 

_.-- 
--- 
7-- 

--- 
.I-- 

--- 
-I- 

--- 
r.-- --- 
--- 
--I 

--- 
--- 
fr- --- 
I--- --- 

Uncorrected 

-1.1124k0.03ai 
-0.971 9k0.0395 
-0 ~ 8 9 1  k0 .0387 
-0.6568k0.0371 
-0.6944kO .0374 
-0.7319kO.0355 
40.7043k0.0377 
-0.6473k0.0354 
-0 ~ 9 9 1  k0.0360 
-0.601 30.0369 
-0.6035kO.0350 
-0.61 81 k0.0374 
-0.6404kO.0353 
-0.6621 20.0357 
-0.6733k0.0371 
-0.6846+0.0350 
-0.6022k0.0372 
-0.4363k0.0354 
-0.2705+0.0350 
-0.3449kO.0368 
-0.4220+0.0346 
-0.4444k0.0365 
-0.3998kO.0353 

-0.3393k0.0369 
-0.3263kO.0345 
-0.2867kO .0363 
-0,201 7k0.0356 
-0.1 167k0.0346 
-0.1753+0.0369 
-0.2634kO . O M  
-0.2881 k0.0360 
-0.1567k0.0358 
-0.0253k0.0345 
0.0277iO .0369 
0.0544kO .0346 
0.0630k0.0356 
0.0032+0.0361 
-0.0565kO .0345 
0.0093kO .0369 
0.1373kO ,0346 
0.2352k0.0353 
0.1314k0.0363 
0.0275kO. 0345 
0.051 7kO .0368 
0.1650k0.0348 
0.2754kO .0351 
0.3267k0.0366 
0.3780kO .0345 
0.3586k0.0366 

-0.3552+0.034a 
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TABLE 11.6 (Contd) 

Distance from 
Interface (mm) 

500.01 
51 0.01 
520.01 
530.01 
540.01 
550.01 
560.01 
570.01 
580.01 
590.01 
600.01 
61 0.01 
620.01 
630.01 
640.01 
650.01 

Corrected, 
Ad j u s  ted 

0.2709k0.0350 
0.1831 50.0348 
0.2617k0.0368 
0.3454k0.0345 
0.3737k0.0364 
0.3285k0.0353 
0.2833k0.0348 
0.2607k0.0369 
0.2408k0.0346 
0.2146k0.0365 
0.1763k0.0358 
0.1379kO .0361 
0.1493k0.0382 
0.1724k0.0405 
0.1526kO .0415 
0.0160k0.0415 

Un cor r e c t e - d 

0.2709k0.0350 
0.1831 k0 .0348 
0.2617k0.0368 
0.3454+0.0345 
0.3737k0.0364 
0.3285_+0.0353 
0.2833k0.0 348 
0.2607k0.0369 
0.2408+0.0346 
0.21 46k0.0365 
0.1763k0.0358 
0.1 37920.0361 
0.1493k0.0382 
0.1724*0.0405 
0.1526k0.0415 
0.0160k0.0415 



Fig. 1 1 . 1  In tegra l  Sodium Worth A x i a l  Profiles i n  ZPPR-19B 
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Fig. 11.3 Comparison of Corrected and Uncorrected I n t e g r a l  Sodium Worth 
Axial Profiles in ZPPR-19B 
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S O D I U M  VOID NTORTM I N  149-40 i- 1.0 0 CORRECTED 
0 W32TH AB3VE 660 MM 
A UNCORRECTED 

0.5 

0.0 

DISTANCE F R O M  INTERFACE (MM) 

Fig. 11.4 Comparison of Corrected and Uncorrected Differential Sodium 
Worth Axial Profiles in ZPPR-19B 
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1 2 .  ON THE MODELING OF THE U R A N I U M  FUEL I N  ZPPR-18 
(C. L. Grasseschi and P. J. C o l l i n s )  

The a x i a l  ha l f -he igh t  o f  t h e  uranium f u e l  i n  ZPPR-18 was 1 .11  cm 
greater t h a n  tha t  o f  t h e  plutonium f u e l .  To avoid using a f i n e  node spac ing  
i n  the  noda l  t r a n s p o r t  c a l c u l a t i o n s ,  t h e  xyz model for  ZPPR-18 smeared t h e  

e x t r a  1 . 1 1  cm o f  uranium over  t h e  f irst  5.08 cm node of t h e  a x i a l  b l anke t  
(ANL-ZPR-489, p. 1 3 ) .  I n  o r d e r  t o  tes t  t h e  e f f ec t  o f  t h i s  approximation, 
two c a l c u l a t i o n s  were made u s i n g  f i n i t e - d i f f e r e n c e  d i f f u s i o n  t h e o r y  (FDDT) 

w i t h  mesh boundaries  1 . 1 1  and 5.08 cm above t h e  ax ia l  b l anke t  boundary. The 

first FDDT c a l c u l a t i o n  smeared t h e  uranium through 5.08 cm as i n  t h e  nodal  
c a l c u l a t i o n .  The second FDDT c a l c u l a t i o n  r e t a i n e d  t h e  uranium i n  t h e  

1.11 em r e g i o n  only.  I n  t h e  plutonium s e c t o r ,  t h e  1 .11  cm r e g i o n  was 
a s s i g n e d  o n l y  a x i a l  b l anke t  material. 

The d i f f e r e n c e s  between t h e  FDDT model and t h e  r e f e r e n c e  model appear  
t o  be n e g l i g i b l e  f o r  most parameters  c a l c u l a t e d  i n  ZPPR-18: 

i k-effective d i f f e r e d  by 0.000001 

ii React ion r a t e  d i s t r i b u t i o n s  n e a r  t he  midplane and a t  28 cm from 
the  midplane d i f fe red  by less than  0 . 1 %  

i i i  The a x i a l  r e a c t i o n  r a t e  d i s t r i b u t i o n s  i n  t h e  o u t e r  c o r e  a t  t h e  x- 
a x i s  d i f f e r e d  by less  than  O . l f 6 ,  i nc lud ing  v a l u e s  i n  t h e  a x i a l  
blanket .  (Only a ve ry  small d i f f e r e n c e  i n  b l anke t  compositions 
e x i s t e d  i n  these l o c a t i o n s  due t o  d i f f e r e n t  p i e c e  l e n g t h s  between 
t h e  f irst  1 . 1 1  cm and the  e n t i r e  b l anke t  t h i c k n e s s . )  

D i f f e rences  f o r  a 2 3 5 U  f i s s i o n  d i s t r i b u t i o n  i n  l o c a t i o n  1 2 1 - 4 9 ,  along 
t h e  y-axis i n  t h e  uranium sector ,  a r e  shown i n  Table 12.1.  A d i f f e r e n c e  of 

0.9% is i n d i c a t e d  a t  t h e  i n n e r  edge of t h e  b l anke t  which changes t h e  sou rce  
of n e u t r o n s  i n t o  the  b l anke t  and r e f l e c t i o n  of neut ron  back t o  t h e  core.  
Some u n c e r t a i n t y  i n  these r e s u l t s  may e x i s t  due t o  mesh-size effects.  

C a l c u l a t e d  c o n t r o l  r o d  worths  f o r  o u t e r  r i n g  rods a t  the boundary of 
t h e  uranium s e c t o r  may b e  affected by a f e w  t e n t h s  of a pe rcen t  by t h e  

s i m p l i f i e d  modeling. I n  ZPPR-19B the  a x i a l  d i s t r i b u t i o n  i n  t h e  o u t e r  c o r e  
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of mixed uranium and plutonium drawers w i l l  a l so  be  changed bu t  these 
e f f ec t s  w i l l  be masked by exper imenta l  s t a t i s t i c s  and o t h e r  modeling 
approximations.  Note t h a t ,  on a f i n e r  scale, a l l  ZPPR models have smeared 

f u e l  o v e r  t he  f u l l  l e n g t h s  of t h e  f u e l  column and neg lec t ed  e f fec ts  of t h e  

end clads. 



152 

TABLE 12.1 Comparison of 2 3 s U  F i s s i o n  Rates 
i n  t h e  Uranium Sector  

Mesh Boundary, Mesh-average F i s s ion  Ratea 
Dis tance  from Refined Reference 

Zone Midplane, cm Model Model Rat io  

Cor e 36.80 

41.49 

46,18 

50.88 

11.831 11.833 0.9998 

10.400 10.409 0.9991 

9 .oooo 9.0204 0.9973 

8.2819 8.3003 0.9978 

Uranium 51.99 
8.6056 8.5258 1.0094 

Axial 55.96 
Blanket 7.871 2 7.8181 1.0068 

60.53 
6.9980 6.9634 1.0050 

65.10 
6.1448 6.1229 1.0036 

69.67 
5.4114 5.3973 1.0060 

74.24 
4.9089 4.8988 1.0021 

Ref l e c t o r  78.82 

aAbr i t r a ry  u n i t s ,  both c a l c u l a t i o n s  normalized t o  the same 
r e a c t o r  power. 


