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1 . 0  INTRODUCTION 

The ZPPR-13 experiments  provide  b a s i c  phys ics  d a t a  f o r  rad ia l -he te rogeneous  

LMFBR co res  o f  approximate ly  700 MWe s i z e .  

ZPPR-13C comprised t h e  JUPITER-11 c o o p e r a t i v e  program between US-DOE and PNC o f  

Assemblies ZPPR-13A, ZPPR-13B and 

Japan .  The measurements were made between August 1982 and A p r i l  1984. The c o r e  

d e s i g n s  and t h e  measurements were planned  j o i n t l y  by t h e  two parties with 

s u b s t a n t i a l  input  from U. S. i n d u s t r i a l  i n t e r e s t s  (GE-ARSD, W-AESD) t o  ensu re  

coverage  o f  t h e  d e s i g n  requi rements .  

Th i s  report d e s c r i b e s  i n  d e t a i l  t h e  r e s u l t s  of t h e  ANL a n a l y s e s  o f  phases  

1 3A 

The d a t a  were compiled p r i m a r i l y  f o r  d i s c u s s i o n s  a t  t h e  Thi rd  J u p i t e r  

Ana lys i s  Meeting t o  be  h e l d  a t  ANL-West between September 11th  and 1 4 t h ,  1984. 

The J u p i t e r - I  program covered exper iments  i n  conven t iona l  c o r e s  o f  s i m i l a r  

s i z e  t o  ZPPR-13. ANL a n a l y s e s  of  t h e s e  d a t a  a r e  d e s c r i b e d  i n  Ref. 1 (ZPPR-9) 

and Ref. 2 (ZPPR-10). 

The ZPPR-13 a s sembl i e s  possessed  t h e  common f e a t u r e s  of a l a r g e  c e n t r a l  

b l a n k e t  zone, two internal  b l a n k e t  r i n g s  and t h r e e  f u e l  zones of t h e  same 

ave rage  enrichment .  

ox ide / sod ium/s t ee l  b l a n k e t  r e g i o n s  and by s tee l  r e f l e c t o r s .  

0.916 m and t h e  f iss i le  l o a d i n g  was about  2500 kg i n  each  assembly. 

The c o r e s  were surrounded r a d i a l l y  and a x i a l l y  by uranium 

The c o r e  h e i g h t  was 

The f u e l  and i n t e r n a l  b l a n k e t  a r rangements  f o r  t h e  ZPPR-13 series are 

shown i n  Fig.  1.1. 

The phys ica l  

c h a r a c t e r i s t i c s  o f  t h e  ZPPR-13A are g iven  i n  Table  1.1. The 

v a l u e s  i n  Table  1.1 r e f e r  t o  t h e  r e f e r e n c e  c r i t i c a l  c o n f i g u r a t i o n s  

In t h e  d e s i g n  o f  t h e  c o r e s ,  t h e  b a s i c  

i n t e r n a l  b l a n k e t  arrangements  were chosen f i r s t ,  S m a l l  ad jus tments  were made t o  



f u e l  and b l anke t  boundar ies  t o  o b t a i n  peaklaverage  power d e n s i t i e s  which were 

w i t h i n  r easonab le  l i m i t s ,  g e n e r a l l y  l e s s  t han  1.3;  b u t  l i t t l e  a t tempt  was made 

a t  opt  imizat ion. 

The expe r imen ta l  program was des igned  t o  fo l low changes i n  c o r e  p r o p e r t i e s  

i n  p rogres s ing  from a s imple  benchmark, ZPPR-l3A, t o  a power r e a c t o r  d e s i g n ,  

A major  concern  i n  t h e  l a r g e  he te rogeneous  c o r e s  is t h e  

a b i l i t y  t o  p r e d i c t  s p a t i a l l y  va ry ing  parameters .  

r e a c t i o n  ra te  d i s t r i b u t i o n s  and c o n t r o l  rod worths comprised the  p r i n c i p a l  

measurements i n  each  phase.  Data on most o t h e r  i n t e g r a l  parameters  were t aken  

in  ZPPR-13A 

Consequent ly ,  measurement of 

The measurements made in  each  assembly a r e  shown i n  Table  1.2.  

The a n a l y s i s  o f  ZPPR-13 used ENDF/B-IV d a t a  f o r  two r easons ;  F i r s t ,  f o r  

c o n s i s t e n c y  wi th  p a s t  a n a l y s i s  o f  ZPPR so t h a t  t h e  ZPPR-13 c o r e s  could  f i l l  

i n  gaps i n  t h e  e x i s t i n g  d a t a  base .  

t h e  ENDF/B-V d a t a  e r e  i n  t h e  p rocess  o f  r e v i s i o n .  

Second, because a t  t h e  s t a r t  o f  t h e  program 

The r e f e r e n c e  model f o r  each  phase was three-d imens iona l  (xyz)  d i f f u s i o n  

t h e o r y  c a l c u l a t e d  with 28 group d a t a .  S i n c e  a v a s t  number of c a l c u l a t i o n s  were 

r e q u i r e d  for a n a l y s i s  o f  control rod worths  and f o r  r e d u c t i o n  o f  t h e  expe r i -  

menta l  d a t a ,  t h e s e  were made i n  two-dimensional (xy)  geometry and 8 groups.  

However, 28 group xyz c a l c u l a t i o n s  were a l s o  made for t h e  p r i n c i p a l  rod banks i n  

each  phase.  Two-dimensional models were a l s o  used t o  s t u d y  asymmetry e f f e c t s  

and t r a n s p o r t  c o r r e c t i o n s .  These c a l c u l a t i o n s  w i l l  be desc r ibed  in  d e t a i l  in 

t h e  sub sequent  s e c t  ions .  

I n  a d d i t i o n  t o  t h e  r e f e r e n c e  c a l c u l a t i o n ,  t h r e e  s p e c i a l  s t u d i e s  have been 

made f o r  ZPPR-13A: 

(i) Comparisons of c a l c u l a t i o n s  wi th  ENDF/B-IV d a t a  and ENDF/B-V. 2 ( t h e  

second and f i n a l  r e v i s i o n ) .  
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( i i )  X :fonte Carlo c a l c u l a t i o n  w i t h  t h e  V I M  code .  

( iii) C a l c u l a t i o n s  wi th  the  r e c e n t l y  developed noda l -d i f fus  i on  and nodal- 

t r a n s p o r  codes.  

These s t u d i e s  will be r e p o r t e d  as s p e c i a l  t o p i c s .  



ZPPR - I3 A ZPPR-13 B/I  

a n L m * E r  Q REFLECTOR 

ZPPR- 139/3 

B L I h R E ?  [i3 Q E F L E C ’ D ~  

CONTROL 900 POSIrtON 

ZPPR- 138 / 4  

0 SLF.CC’”P 
ZPPR- 13C 

Fig. 1.1. Core/blanket configurations for the ZPPR-13 cores. 



TABLE i . 1 .  P h y s i c a l  Cha rac t e r i s t  - cs  o f  ZPPR-13A 

Core Volume, La 

E f f e c t i v e  Rad i u s ,  ma 

239Pu mss, kg 

T o t a l  F i s s i l e  Massy kg 

23% Mass, kgb 
Core Regions 
I n t e r n a l  Blanket 
Radial  Blanket 
Axial Blanket 

T o t a l  Fuel  Drawers 

Total I n t e r n a l  
Blanket Dr awer s 

ZPPR-13A 

5 7 1  5.472 

1.995 

2435.060 

251 3.073 

8332.193 
16313.678 
21572.243 
10200.764 

2880 

1216 

F r a c t i o n  of  Double- 

a h e l  p lus  i n t e r n a l  b l a n k e t  zones. 
b I n t e r n a l  and r a d i a l  b l a n k e t s  are 2 788 m. 

C I n c l u d e s  sodium-fi l led c o n t r o l  rod p o s i t i o n s .  

Fue 1-Co 1 m n  Drawer sd 0.72 

Core r e g i o n  is - + 458 nrm. Axial b l anke t  
i s  + 458 t o  + 788 m. - - 

d c o r e  average.  JAIIA4 
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TABLE 1.2. The Experimental  Program in ZPPR-13A 

ZPPR-13A 

Date of  f i rs t  c r i t i c a l  

Approach t o  c r i t i c a l  

C r i t i c a l i t y  

Reac t  ion Rates : 
Deta i l ed  xy 
Limited xy 
Axial 

8-5-82 

0 

0 

0 

e 
0 

Cont ro l  Rod Worths: 
S i n g l e  Rods 
Rod Banks 
Rod I n t e r a c t i o n s  
Pin Rods 
Large Rod S i z e s  
CPR/ Fue 1 Re ac t iv  it y 0 

0 
0 

Sodium Void 0 

Doppler C o e f f i c i e n t  

R e a c t i v i t y  Samples : 
T r a v e r s e s  0 

Drawer O s c i l l a t o r  e 

K i n e t i c s  Measurements 0 

=ZPPR-l3B/2 was s u b c r i t i c a l  by 3.6$. Reac t ion  Rates were measured with t h e  64 in -  
c o r e  f i s s i o n  chambers. JAIIA5 



2 . 0  DESCRIPTION O F  THE XSSELWLES AND MX3URYMENT TECHNI(2UES 

2 .1  General  F e a t u r e s  of  Ce l l  Designs and Core Loadings 

Previous expe r i ence  with smaller heterogeneous :ores (350 XWe) and 

l a r g e r  homogeneous c o r e s  (700-900 HWe) had ind ica t ed  the  need f o r  maximum 

s i m p 1  i c i t y  and u n i f o r m i t y  i n  c e l l  d e s i g n s .  

imposed a t  t h e  o u t s e t :  

( i )  

T n e  fol lowing c o n s t r a i n t s  were 

Use o f  a s i n g l e  type o f  f ie1  throughout -- t h e  ZPPK Pu/LJ/Mo 

metal f u e l  using plutonium wi th  11% 240Pu c o n t e n t .  

s i z e s  t o  a l i t t l e  less than  2500 kg.  

Th i s  Limited t h e  c o r e  

( i i )  

p l a t e s  w i t h i n  a drawer.  

Use of  c e l l s  symmetric i n  placement o f  plutonium and uranium 

F ive  b a s i c  c e l l  d e s i g n s  were used i a  a l l  c o r e s  o f  t h e  series:  s ing le -  

fue l - co l*mn,  double-fuel-column, i n t e r n a l  and r a d i a l  b l a n k e t  , a x i a l  b l anke t  and 

s t e e l  r e f l e c t o r .  The p l a t e  l o a d i n g s  of :he c e l l s  a r e  shown in Fig. 2 .1 ,  2 . 2  and 

2 . 3 .  

I n  p r a c t i c e ,  many d e t a i l e d  v a r i a t i o n s  about t h e  b a s i c  c e l l  l oad ings  

were n e c e s s a r y  because of i n v e n t o r y  1 h i t a t  ions  and o p e r a t  i o n a l / e x p e r h e n t a l  

r equ i r emen t s .  These were: 

(i) V a r i a t i o n s  i n  p i e c e  l e n g t h  d i s t r i b u t i o n s  making up the f u e l  

and sodium columns i n  a drawer.  

( i i )  V a r i a t i o n s  i n  ZPPR f u e l  by "vendor type" (Vendor-65, Vendor-63). 

(iii) V a r i a t i o n s  i n  s i z e s  of  i n d i v i d u a l  uranium o x i d e ,  uranium metal 

and s teel  p l a t e s .  

( i v )  Narrow d rawers  r e q u i r e d  t o  accommodate t h e  ZPPR s a f e t y / s h i m  rod 

b l a d e s .  

(VI S p e c i a l  d rawers  f o r  in-core f i s s i o n  chambers. 

( v i )  Thermocouple drawers .  



I n i t i a l l y ,  narrow b l a n k e t  drawers  and b l anke t  d e t e c t o r  drawers  con- 

t a i n e d  less 238u than s t anda rd  b l anke t  drawers .  This  mass d i f f e r e n c e  and 

o t h e r  small  v a r i a t i o n s  i n  drawer load ing  had s i g n i f i c a n t  e f f e c t s  on the  measured 

parameters ,  as w i l l  be  d i s c u s s e d  in  d e t a i l  i n  subsequent  s e c t i o n s .  

O t h e r ,  l e s s  impor tan t ,  d e v i a t i o n s  from an i d e a l ,  uniform,  loading  

imposed by i n v e n t o r y  l i m i t a t i o n s  occur red  i n  t h e  upper r eaches  o f  t h e  a x i a l  

b l anke t  and i n  t h e  r a d i a l  r e f l e c t o r .  

Changes i n  f u e l  enr ichment  were achieved by changing t h e  r a t i o s  o f  

s ing le- fue l -co lumn (SFC) drawers  t o  double-fuel-column ( D F C )  drawers .  

t h e  same ra t io  could  no t  b e  o b t a i n e d  in  each  f u e l  r e g i o n ,  bu t  t h e s e  p ropor t ions  

were made a s  c l o s e  as p o s s i b l e .  All f u e l  and b l anke t  l o a d i n g s  were symmetric i n  

t h e  fou r  q u a d r a n t s ,  bu t  t h e  SFC and DFC drawers  were not  symmetric about t h e  

E x a c t l y  

quadrant  b i s e c t o r  ( r e s u l t i n g  in d i f f e r e n c e s  o f  several percent  i n  f l u x e s  between 

t h e  x and y axes). Th i s  l a t t e r  f e a t u r e  was n o t  regarded  as important  s i n c e  

a n a l y s e s  would n e c e s s a r i l y  b e  made i n  xy or xyz geometry and l i t t l e  u n c e r t a i n t y  

i n  t h e  e v a l u a t i o n  of  t h e  d a t a  was expec ted .  

t h e  narrow d rawers  and d e t e c t o r  drawer placements .  The former are cons t r a ined  

by l o c a t i o n s  a v a i l a b l e  i n  t h e  ZPPR machine.  The l a t t e r  were placed  i n  asym- 

Other  asymmetries were caused by 

metric p o s i t i o n s  i n  o r d e r  t o  p rov ide  maximum u t i l i t y  i n  coverage o f  t h e  whole 

c o r e .  

2 . 2  The Assemblies 

ZPPR-1% was des igned  t o  be  a benchmark c o r e  f o r  t h e  series. I n t e r n a l  

b l a n k e t  zones were cont inuous  and a l l  r e g i o n s  had c l o s e l y  c y l i n d r i c a l  o u t l i n e s .  

The r e a c t o r  l o a d i n g s  p r o h i b i t  d i r e c t  use o f  an rz model f o r  d e t a i l e d  comparison 

wi th  exper iment ,  b u t  t h e  c a l c u l a t i o n  o f  r eac to r -ave rage  p r o p e r t i e s  ( k e f f ,  

B e f f )  are r easonab ly  a c c u r a t e  and t r a n s p o r t J d i f f u s i o n  theo ry  c o r r e c t i o n s  are 

f a c i l i t a t e d  i n  t h i s  geometry.  
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ZPPR-L3B/1 r e t a i n e d  the b a s i c  done o u t l i n e  o f  1 3 A ,  b u t  gaps  were 

introduced in to  the two i n t e r n a l  b l anke t  rings as a f i r s t  s t ep  i n  the  progres- 

sion towards more p r o t o t y p i c  c o r e s .  React ion rates and c o n t r o l  rod 

worths were measured for  comparison with a n a l y s e s  of  ZPPR-l3A, Fig.  2.4 compares 

f i s ' s i o n  ra tes  i n  -13A.  This  f i g u r e  e x p l a i n s  t h e  changes i n  most  

me as ur ed parameters  . 

2.3. Exper imen ta l  Techniques and U n c e r t a i n t i e s  

Most of t h e  expe r imen ta l  methods uszd i n  ZPPR-13 have been i n  s t anda rd  

u s e  a t  ZPPR and are d e s c r i b e d  i n  t h e  TM r e p o r t s .  Seve ra l  r e f inemen t s  were found 

n e c e s s a r y  due t o  t h e  s e n s i t i v i t y  o f  t h e  l a r g e r  heterogeneous c o r e s .  Some 
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new t e c h n i q u e s  f o r  sample r e a c t i v i t y  worth measurements were used in ZPPR-13,  

f o l lowing  r e s u l t s  from t h e  ANL d i a g n o s t i c  c o r e  series i n  ZPR-6, ZPR-9 and 

ZPPR-12. 

and the u n c e r t a i n t i e s  e s t i m a t e d  f o r  each type of  measurement. 

T h i s  s e c t i o n  summarizes t h e  p r i n c i p a l  p o i n t s  r e l e v a n t  t o  t h e  a n a l y s i s  

2.3.1 C r i t i c a l  Mass ( k - e f f e c t i v e )  

U n c e r t a i n t i e s  i n  t h e  expe r imen ta l  c r i t i c a l  mass are  due t o  

h p r e c  i s i o n  i n  material masses and l o c a t  i o n s ,  and c o r e  t empera tu res .  For con- 

ven ience  i n  t h e  a n a l y s i s ,  a d j u s t m e n t s  are  made f o r  t h e  r e a c t i v i t y  of  i n s e r t e d  

shim r o d s ,  parked shim and s a f e t y  r o d s  and t o  a uniform t empera tu re  o f  293 R. 

The a d j u s t m e n t s  are c o n v e n i e n t l y  expres sed  i n  Ak u n i t s  u s ing  a c a l c u l a t e d  v a l u e  

f o r  fieff. 

a s s i g n e d  expe r imen ta l  u n c e r t a i n t i e s .  

be  o n l y  c r u d e l y  e s t i m a t e d .  

A number o f  less t r a c t a b l e  f e a t u r e s  o f  t h e  assembly a re  normally 

These are o f t e n  r e l a t i v e l y  small and need 

The c u r r e n t  assessment  of  u n c e r t a i n t i e s  f o r  expe r imen ta l  v a l u e s  

o f  ke f f  in ZPPR-13 is  shown in Tab le  2.1. 

0.04% Ak ( l a )  i s  dominated by knowledge of  t h e  f u e l  mass. Consequently t h i s  

v a r i e s  b u t  l i t t l e  among a l l  Pu/U o x i d e  LMFBR c r i t i c a l s  b u i l t  a t  ZPPR. Many o f  

t h e  l a r g e  u n c e r t a i n t i e s  are c o r r e l a t e d  among t h e  a s sembl i e s .  

The t o t a l  u n c e r t a i n t y  o f  about 

2.3.2 Reac t ion  Rate Measurements w i t h  F o i l s  

Four r e a c t i o n  ra te  t y p e s  were measured i n  ZPPR-13 w i t h  f o i l s :  

* 3 9 ~ u ( n , f ) ,  2 3 5 v ( n , f ) ,  238v(n,y) ,  23%J(n , f> .  The number o f  a v a i l a b l e  plutonium 

f o i l s  and t h e i r  r e c y c l e  time limits t h e i r  use t o  a few traverses i n  t h e  p r i n c i -  

p a l  a s s e m b l i e s  o f  t h e  series. 

i n f o r m a t i o n  on t h e  a b i l i t y  t o  p r e d i c t  s p a t i a l  power d i s t r i b u t i o n s  i n  c o r e  

r e g i o n s  i s  o b t a i n e d  w i t h  23%J f o i l s .  Thus e x t e n s i v e  use  is made of 235U. 

For convenience in t h e  a n a l y s i s  and t o  p rov ide  da t a  d i r e c t l y  r e l a t i n g  to  p r h c i -  

p a l  components of t h e  n e u t r o n  b a l a n c e  in  t h e  a s s e m b l i e s ,  t h e  b a s i c  r e a c t i o n  

However, e x p e r i e n c e  h a s  shown t h a t  e q u i v a l e n t  
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r a t e s  mzasur2d in the f a i l s  a r e  c o n v e r t e d  t o  "plate-average" and Y O  " c e i l -  

average" q u a n t i t i e s  using measurements with s e v e r a l  f o i l s  i n  the  u n i t  c e l l s  and 

" s p l i t - p l a t e _ s " ,  i . e .  p l a t e s  o f  h a l f - t h i c k n e s s  t o  inc lude  c e n t r a l  f o i l s  o r  " c e l l -  

averag ing fo ils" . 
Tne u n c e r t a i n t i e s  i n  measured r e a c t i o n  ra tes  may b e  cons ide red  

in  t h r e e  c a t e g o r i e s :  

( i >  S t a t i s t i c a l  u n c e r t a i i t i e s  i n  t h e  f o i l  count ing ( t h e s e  a l s o  

i n c l u d e  components f o r  f o i l  placement and c o r r e c t i o n  f o r  o t h e r  i s o t o p e s ) .  

( i i )  Uncerta  i n t  ies i n  t h e  ce l l - ave rage /  f o i l  f a c t o r s .  

( i i i )  U n c e r t a i n t i e s  due t o  a b s o l u t e  c a l i b r a t i o n .  

For a n a l y s i s  o f  r e a c t i o n  *ate d i s t r i b u t i o n s  between c e l l s  o f  

t h e  same t y p e ,  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  i s  t h e  major component. Measurements 

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

s e p a r a b i l i t y  between t h e  c e l l  f i n e - s t r u c t u r e  and t h e  o v e r a l l  r e a c t o r  r e a c t i o n  

ra tes .  

For comparison o f  a g i v e n  r e a c t i o n  ra te  i n  d i f f e r e n t  c e l l s ,  

t h e  u n c e r t a i n t i e s  in c e l l - a v e r a g e  f a c t o r s  should be  cons ide red .  For r e a c t i o n  

r a c e  r a t i o s  t h e  c a l i b r a t i o n  uncer ta in t ies  must b e  t aken  i n t o  account t o g e t h e r  

w i t h  t h e  c o r r e l a t i o n  i m p l i c i t  when a common denominator r e a c t i o n ,  u s u a l l y  

239Pu(n , f ) ,  is  used. 

Typ ica l  s t a t  i s t i c a l  u n c e r t a i n t i e s  are about 0.8% for t h e  t h r e e  

non-threshold r e a c t i o n s  and about 1 .5% f o r  238U(n,f) w i t h i n  the  f u e l  and 

i n t e r n a l  b l anke t  r e g i o n s .  In t h e  r a d i a l ,  nxial and t h e  l a r g e  i n t e r n a l  b l anke t  

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  f o r  t h e  23%(n , f )  r e a c t i o n  ra te  d e t e r i o r a t e  

r a p i d l y  wi th  p e n e t r a t i o n ,  i n c r e a s i n g  from 2% t o  20% o r  more. Th i s  i s  due t o  the  

a t t e n u a t i o n  o f  t h e  h i g h  energy f l u x  and t o  t h e  i n c r e a s i n g  importance of co r -  

r e c t i o n s  f o r  23%J c o n t e n t  i n  t h e  f o i l .  



12 

U n c e r t a i n t i e s  i n  t h e  c e l l - a v e r a g e / f o i l  f a c t o r s  a r e  due t o  

s t a t  i s t i c s  in  t h e  f i n e - s t r u c t u r e  measurement, c a l c u l a t e d  ad jus tments  f o r  g ross  

r e a c t o r  g r a d i e n t s  and t o  t h e  s p l i t - p l a t e / w h o l e - p l a t e  f a c t o r  (Stanford-Robinson 

experiment ) . These u n c e r t a i n t i e s  are about 2%. 

U n c e r t a i n t i e s  i n  t h e  f o i l  c a l i b r a t i o n  are e s t ima ted  t o  be 1.5%. 

However s y s t e m a t i c  d i f f e r e n c e s  between ANL and UK t e c h n i q u e s ( 3 )  of  3% i n  t h e  

238U c a p t u r e  t o  239Pu f i s s i o n  r a t i o ,  o f  which 2% i s  due t o  t h e  plutonium 

f i s s i o n  c a l i b r a t i o n ,  have ye t  t o  be  exp la ined .  

F o i l  i r r a d i a t i o n s  are made a t  a r e a c t o r  power of approximately 

1 kW. The r e a c t o r  is c o n t r o l l e d  by ZPPR shim r o d s ,  which are narrow blades  of 

93% e n r i c h e d  B4C i n s e r t e d  i n  1 /2  i n .  spaces  i n  t h e  ma t r ix  c r e a t e d  by use of 

drawers  of o n l y  314 normal width.  

and f o r  ZPPR-13 was i n  t h e  r ange  of  64 t o  134. The shim rods  produce 

p e r t u r b a t i o n s  i n  r e a c t i o n  r a t e s  at t h e  midplane of about 1%. To f a c i l i t a t e  

t h e i r  model l ing  in  t h e  c a l c u l a t i o n s ,  e i g h t  symmetr ica l ly  d i sposed  shim rods  

( f o u r  i n  each  h a l f )  a r e  used i n  t h e  i r r a d i a t i o n  wi th  equa l  i n s e r t i o n .  The 

shim-rod p e r t u r b a t i o n s  have been checked i n  s e v e r a l  c a s e s  us ing  t h e  64 f i s s i o n  

chamber system. 

The excess r e a c t i v i t y  is  kept  t o  a minimum 

2.3.3 Reac t ion  Rate Measurements wi th  t h e  In-core F i s s i o n  Chambers 

The s ta t i s t ica l  p r e c i s i o n  o b t a i n a b l e  wi th  t h e  s i x t y - f o u r  

in-core f i s s i o n  chambers can  be  v e r y  h igh .  I n  p r a c t i c e  an  u n c e r t a i n t y  o f  about 

0.1% is u s u a l l y  ob ta ined  t o  avoid  o v e r l y  long  coun t ing  times i n  f a r - s u b c r i t i c a l  

s ta tes .  For r e a c t i v i t y  measurements,  u s i n g  c o u n t r a t e  ra t ios  i n  each  chamber, 

o n l y  t h e  s ta t  i s t i c a l  u n c e r t a i n t i e s  need be  cons idered .  

Because of t h e  e x t e n s i v e  core-coverage a f f o r d e d  by t h e  f i s s i o n  

chamber system, t h e  f i s s i o n  chambers have  been  c a l i b r a t e d  a g a i n s t  235U f o i l s  

p laced  i n  normal c e l l s  i n  p o s i t i o n s  symmetric t o  t h e  f i s s i o n  chambers. The 
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~ a l i b r a t i o n  Lakes i n t o  account t h e  v a r i a t i o n  i n  mass o f  t he  f i s s i o n  chamber 

J e p a s i t s  and the 2 l e c t r o n i c  b i a s e s .  

I ; t e g a r ~ ~ i . ( ~ )  

The c a l i b r a t i o n  has Seen d i scussed  b y  

U n c e r t a i n t i e s  i n  t h e  c a l i b r a t i o n  a r e  e s t ima ted  t o  be 1 . 5 % .  

2 . 3 . 4  R e a c t i v i t y  Measurements 

Large-scale  r e a c t i v i t y  measurements of  c o n t r o l  rod wor ths ,  

zone sod,.un vo id ing  and drawer s u b s t i t u t i o n s  a r e  measured r e l a t i v e  t o  a r e f e r -  

ence  c o n f i g u r a t i o n  by t h e  modified-source-multipl  i c a t i o n  ( M S M )  technique . ( 5 )  

A r e f e r e n c e  s t a t e ,  s u b c r i t i c a l  by l o b  t o  2 0 k ,  is  e s t a b l i s h e d  and the  r e a c t i v i t y  

s c a l e  ( i n  d o l l a r s )  i s  measured by i n v e r s e - k i n e t i c s  a n a l y s i s  o f  t h e  power h i s t o r y  

following a "rod-drop". 

v a l u e s  from t h e  delayed neu t ron  a n a l y s i s .  

i n s e n s i t i v e  t o  these d a t a  and an u n c e r t a i n t y  o f  0.74 is e s t ima ted  from t h e  

The o n l y  c a l c u l a t e d  input r e q u i r e d  a r e  t h e  x i  

The expe r imen ta l  r e a c t i v i t y  is  

s t a t  i s t i c a l  a n a l y s i s .  

C a l c u l a t e d  v a l u e s  f o r  " 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  

s o u r c e  r a t i o s "  are provided f o r  d e t e r m i n a t i o n  o f  r e a c t i v i t y  r e l a t i v e  t o  t h e  

chosc?n r e f e r e n c e .  A l inear  l e a s t - s q u a r e s  f i t  o f  t h e  r e a c t i v i t y  estimate from 

each d e t e c t o r  v e r s u s  e f f i c i e n c y  r a t i o  ( e )  r e s d t s  i n  a s t a t i s t i c a l  u n c e r t a i n t y  

€ o r  t h e  system r e a c t i v i t y  o f  about 0.1%. Measurements of  asymmetric per turba-  

t i o n s  i n  ZPPR-13 showed t h e  need f o r  improved estimates o f  t h e  e f f e c t i v e  sou rce  

r a t i o  (SR). 

s e c t i o n s  i n  the pe r tu rbed  r e g i o n  a r e  a d j u s t e d  u n t i l  a good f i t  t o  t h e  d e t e c t o r  

c o u n t r a t e s  ( r e l a t i v e  t o  those  i n  t h e  r e f a r e n c e )  is o b t a i n e d .  Numerical tes ts  

have  shown t h a t  t h e  r e s u l t  cou ld  be  achiaved by t h e  r e l a t i o n  (1-c') = ( I S , )  

(Ref .  61, t h u s  e l i m i n a t i n g  t h e  need f o r  m u l t i p l e  c a l c u l a t i o n s .  The source  r a t i o s  

v a r y  i n  t h e  r a n g e  0.7 ( f o r  c o n t r o l  rod banks worth about $20) t o  1.1. 

r e s u l t  o f  t h e  numerical  t e s t s ,  an u n c e r t a i n t y  o f  0.04 (1 -s~)  was as s igned  with 

a m i n h m  u n c e r t a i n t y  of 0.3%. Add i t iona l  u n c e r t a i n t y  components arise from 

These can b e  o b t a i n e d  by an i t e r a t i v e  method in which t h e  c r o s s  

As a 
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c o r r e c t i o n s  f o r  t he  ( r e l a t i v e )  ZPPR i n t e r f a c e  gap,  t empera tu re ,  and 24iPu 

decay .  These a r e  r e l a t i v e l y  sma l l  components f o r  c o n t r o l  rod wor ths ,  but may 

dominate i n  t h e  c a s e  of  sodium void r e a c t i v i t i e s .  

2.3.5 Small-sample R e a c t i v i t y  Worths 

Small-sample r e a c t i v i t y  worths were measured i n  ZPPR-13 u s i n g  

t h r e e  t e c h n i q u e s .  These t echn iques  were t h e  r a d i a l  and axial t u b e ,  t h e  shim 

b l a d e  and t h e  long-drawer o s c i l l a t o r .  Rad ia l  tube measurements a r e  made a t  t h e  

r e a c t o r  midplane.  

a long one row o f  bo th  assembly h a l v e s  back from the  i n t e r f a c e  about 6 . 4  m. The 

ax ia l  t u b e  is accommodated by u s i n g  a s p e c i a l  drawer with 1 2 . 7  mm of m a t e r i a l  

removed from t h e  c e n t e r  of  t h e  drawer.  Small ,  encapsu la t ed  samples ,  u s u a l l y  

wi th  c y l i n d r i c a l  o r  a n n u l a r  geometry are o s c i l l a t e d  in  and ou t  o f  t h e  c o r e .  

Because o f  t h e  p e r t u r b a t i o n  caused by t h e  p re sence  o f  t h e  t u b e ,  sample worths 

are a l s o  measured by o t h e r  t e c h n i q u e s .  One new t echn ique  used i n  ZPPR-13 

measurements is  t h e  shim-blade o s c i l l a t o r .  A sample,  normally a f o i l  of f i s s i l e  

m a t e r i a l ,  i s  a t t a c h e d  t o  a (0.9 nan t h i c k )  s t a i n l e s s  s tee l  b l a d e  which i s  

o s c i l l a t e d  a x i a l l y  i n  t h e  a i r  gap  between t h e  t o p  of t h e  c o n t e n t s  of a drawer 

and t h e  matrix tube .  S p e c i a l  d rawers  with a bottom t h i c k n e s s  o f  0.25 mm i n s t e a d  

of  t h e  normal 0.75 mm are used t o  i n c r e a s e  the t h i c k n e s s  of  t h e  a i r  gap  t o  2 mu. 

F o i l s  up t o  0 .5  mu t h i c k  are placed in a sha l low d e p r e s s i o n  i n  t h e  b l a d e  and 

covered wi th  0.05 mm t h i c k  s t a i n l e s s  s tee l  t o  p r o t e c t  t h e  samples d u r i n g  

osc i l l a t  ion .  In t h e  long-drawer-osc i l l a t o r  t e c h n i q u e ,  a s p e c i a l  d rawer ,  

i s  loaded wi th  c o r e  material and s p e c i a l  samples of  i n t e r e s t .  The sample zone 

is  o s c i l l a t e d  a x i a l l y  i n  and ou t  o f  t h e  c o r e .  Sample w r t h s  are i n f e r r e d  from 

worth d i f f e r e n c e s  with and without  t h e  samples .  For a l l  t e c h n i q u e s ,  worths are 

d e r i v e d  from t h e  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 ou tpu t  o f  the two expe r imen ta l  

ex-core BF3 chambers . 

The o s c i l l a t o r  t u b e  is accommodated by pushing t h e  drawers  



A l l  t h r e e  sample worth Iechniques were used i n  ZPPR-!3, S U E  

o n l y  t h e  a x i a l -  and r a d i a l - t u b e  measurement d a t a  have been processed and none o f  

t h e  measurements have been a d e q u a t e l y  analyzed.  

S t a t i s t i c a l  unce r t a in t i2 . s  i n  t h e  tube-osc i l l a t o r  t echn ique  

range from 0 . 2  - 0 . 4 %  for  h i g h  worth samples. O t h e r ,  l a r g e r ,  s y s t e m a t i c  uncer- 

t a i n t i e s  a r i se  from u n c e r t a i n t i e s  i n  t empera tu re ,  sample p o s i t i o n  and h a l f  

c l o s u r e .  These s y s t e m a t i c  u n c e r t a i n t i e s  are  e s t i m a t e d  t o  be  about 1-2% f o r  

high-worth samples .  

2.3 .6  Doppler C o e f f i c i e n t  

The Doppler measurements a t  ZPPR u s e  a ( . y l i n d r i c a l  sample, 

s e a l e d  i n  I n c o n e l ,  305 mn long and 25.4 nm i n  d i ame te r  with a 3 mm h o l e  i n  t h e  

c e n t e r  t o  accommodate thermocouples.  Samples are  hea ted  in vacuum by a h e a t i n g  

element wrapped around the  Incone l  c a p s u l e .  Neasurements a r e  made i n  a s i n g l e  

matrix l o c a t i o n  by  o s c i l l a t i n g  t h e  sample a x i a l l y  i n t o  and ou t  of t h e  c o r e .  

Worth is  i n f e r r e d  from i n v e r s e - k i n e t i c s  a n a l y s i s  o f  t h e  ou tpu t  of t h e  two 

expe r imen ta l  ex-core BF3 chambers. U n c e r t a i n t i e s  i n  measured v a l u e s  are 

es t  h a t e d  t o  b e  about 2 4 % ,  based mos t ly  on measurement r e p r o d u c i b i l i t y .  

2.3.7 Summary o f  Experimental  U n c e r t a i n t i e s  

Tab le  2.2 srmrmarizes t h e  u n c e r t a i n t i e s  i n  t h e  v a r i o u s  mea- 

su red  q u a n t i t i e s  d i s c u s s e d  in t h i s  report. For t h e  sample worth measurements 

and t h e  Doppler measurements, t h e  random u n c e r t a i n t i e s  are r e l a t i v e l y  small. 

For t h e s e  measurements it is l i k e l y  t h a t  no t  a l l  s o u r c e s  o f  s y s t e m a t i c  uncer- 

t a i n t y  have been q u a n t i f i e d  o r ,  pe rhaps ,  even i d e n t i f i e d .  Thus, t h e  Doppler, 

and small sample worth u n c e r t a i n t i e s  a r e  e s t i m a t e d  from expe r i ence  i n  repro-' 

duc ing  r e s u l t s  of s imi la r  measurements. 
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Fig. 2.4. Calculated percent change in 235U fission rates, ZPPR-l3B/l 
compared to ZPPR- 13A. 



TABLE 2 .1 .  Est imated U n c e r t a i n t i e s  f o r  Experimental  k,ff  Values i n  ZPPR-13 
~~ ~~ ~ 

Estimated l a  Unce r t a in ty ,  X Ak 
13A 

a .  

b .  

d .  
e .  
f .  

C .  

g -  
h .  

i. 

k. 
j. 

Measured excess :  

Calcu la ted  B e f f  
Conf i g u r a t  ion  reproduc ib il it y 
Mate r i a l  l o c a t i o n  
I n t e r f a c e  gap  
Core temper  a t  u r  e adjustment  : 

thermocouple c a l  i b r a t  ion  
average  t empera tu re  
t empera tu re  c o e f f i c i e n t  

period measurement 

241Pu decay of f u e l a  
Void s l o t s :  

s h h / P S R  drawers  
f i s s i o n  chambers 

I s o t o p i c  composi t ion 
Humidity 
PSR b l a d e s  parked in  plenum 

S t a t i s t i c a l  sum 

0.0008 
0.0025 
0.0005 
0.0066 
0.0149 

0.0017 
0.0033 
0.0024 
0.0100 

0.0066 
0.0090 
0.0320 
0.0002 
0.0040 

0.0395 

aUncer t a in ty  i n  c a l c u l a t e d  decay from f a b r i c a t  ion d a t e  JAI I -A17  



TABLE 2 . 2 .  Sunmary o f  Experimental  U n c e r t a i n t i e s  -- 

X e  asured Parameter 
T p i c a 1  U n c e r t a i n t i e s  ( l a )  -+- Random S t a t i s t i c a l )  C o r r e l a t e d  

C r  it i c a l  Hass 

( k e f f )  

Reac t ion  Rate 
D i  s t  1: i b  ut ions 

0.01% 0.04% 

Core F9,F5, C 8  

B lanke t s  F9, F5, C 8  
F8 

F8 
0.8% 
I. 5 2  
1-2% 
2-30% 

2% 
2% 
2% 
2% 

Reac t ion  Rate 
R a t i o s  (Core r e g i o n )  

F5/F9, C8/F9 
F8/F9 

Con t ro l  Rod Worths 

Sodium Void R e a c t i v i t y  

Sample T r a v e r s e s  

High worth ( f i s s i l e ,  ‘“B) 
Low worth and s c a t t e r i n g  
samples 

Drawer O s c i l l a t i o n  

1% 
1.5% 

2% 
2% 

0.1% t o  0.5% 

0.2% 

1% 

1% 

6.05 Ih /kg  

(0.5% 

1-2% 

1-2% 

Doppler E f f e c t  <1% 2-4% 

3AIIAl6 
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3 .0 .  CALCULATION S T H O D S  

3.1 C r o s s  S e c t  ion P r o c e s s i n g  

C a l c u l a t i o n s  f o r  ZPPR-13 used t h e  ENDF/B- IV d a t a .  The g e n e r a t i o n  o f  

a mul t ig roup  l i b r a r y  which i n c l u d e s  t r ea tmen t  o f  h e t e r o g e n e i t y  e f f e c t s  i n  t h e  

u n i t  c e l l s  used methods s imi la r  t o  t h o s e  f o r  JUPITER-I a n a l y s i s ( l  J 2 ,  , wi th  t h e  

fol lowing s t e p s :  

( i )  P rocess ing  t h e  ENDF/B f i l e s  i n t o  a 2082 group l i b r a r y  f o r  t h e  

M C 2 - I 1  code  is done by t h e  Methods and Computation Group i n  I l l i n o i s  u s ing  t h e  

ETOE code. Th i s  l i b r a r y  i s  used i n  a l l  n e u t r o n i c s  c a l c u l a t i o n s  (wi th  ENDF/B- IV)  

w i t h i n  t h e  Applied Phys ic s  D i v i s i o n  a t  ANL. 

(ii) C a l c u l a t i o n  o f  a 2082 group spectrum with MC2-IL and p roduc t ion  

o f  an " i n t e r m e d i a t e  l i b r a r y "  i n  226 groups.  

u s i n g  t h e  double-fuel-column composi t ion.  

Th i s  c a l c u l a t i o n  was done once o n l y ,  

( i i i )  C a l c u l a t i o n  o f  r e sonance  s h i e l d i n g  and f l u x  f i n e - s t r u c t u r e  

f o r  each c e l l  t ype  us ing  t h e  SDX code with 226 g roups ,  homogenization o f  t h e  

c r o s s  s e c t i o n s  i n  each c e l l  by flux-volume weight ing and c o l l a p s e  t o  2 8  groups.  

These methods a r e  d e s c r i b e d  in more d e t a i l  i n  Refs .  1 and 2. S e v e r a l  

d i f f e r e n c e s  were invoked f o r  ZPPR-13, p r i n c i p a l l y  as a r e s u l t  of studies i n  

ZPPR-11 and ZPPR-12. These were: 

( i) Improved t r e a t m e n t  o f  r e sonance  s h i e l d i n g  f o r  narrow re sonances  

i n  i r o n ,  n i c k e l ,  chromium, manganese , molybdenum, and sodium, fo l lowing  modifi-  

c a t i o n s  t o  t h e  MC2/SDX codes.  

s h i e l d e d  f o r  t h e  homogeneous c e l l  composi t ions.  Heterogeneous t r e a t m e n t  is  

p o s s i b l e  b u t  l e a d s  t o  d i f f i c u l t i e s  i n  e q u i v a l e n c e  t h e o r y  between a d j a c e n t  

p l a t e s  w i th  t h e  same i s o t o p e s .  These improvements g i v e  an i n c r e a s e  i n  ke f f  o f  

0.1% f o r  t h e  ZPPR c o r e s  which c o n t a i n  s imi la r  volume f r a c t i o n s  o f  s t ee l .  

For ZPPR-13, d a t a  f o r  t h e s e  i s o t o p e s  were 

( i i )  Ce l l  c a l c u l a t i o n s  were made with group-dependent buck1 i n g s .  The 

b u c k l i n g s  were ob ta ined  from a p r i o r  xyz c a l c u l a t i o n  f o r  ZPPR-13A u s i n g  microscopic 



c r o s s  s e c t i o n s  genera ted  f o r  ZPPR-11. The 28 g r o u p  f luxes were e d i t e d  i n  t he  

DIF3D code t o  provide  t h e  average  leakages  and buck l ings  f o r  a l l  occur rences  o f  

a g iven  c e l l  i n  a given zone o f  t h e  r e a c t o r .  The buck l ings  in  t h e  subse t  o f  28 

groups were used in t h e  2000 groups f o r  XC2 and in  t h e  226 groups f o r  SDX. 

Some- f u r t h e r  d e t a i l s  of  t h e  c a l c u l a t i o n s  were: 

( a >  The o p t i o n  t o  s c a l e  c o l l i s i o n  p r o b a b i l i t i e s  was used ( r a t h e r  

t h a n  t o  add DB2 t o  E t , > .  

( b )  S i n c e  t h e  one-dimensional c e l l  models used "mid-cell  dens i -  

t i e s  and t h i c k n e s s e s " ,  t h e  impressed buck l ings  produced a kef f  o f  about 1.1. 

A m o d i f i c a t i o n  t o  t h e  codes was made t o  s c a l e  t h e  buck l ings  by a c o n s t a n t  f a c t o r  

t o  ach ieve  t h e  r e a c t o r  k - e f f e c t i v e  o f  0.980. S ince  a g iven  c e l l  type  w i l l  have 

a v a r i e t y  o f  ne ighbor ing  c e l l - t y p e s  i n  t h e  a c t u a l  l oad ing ,  it is obvious t h a t  

t h i s  p r e s c r i p t i o n  does not  match any l o c a t i o n  e x a c t l y .  It is f u r t h e r  obvious 

t h a t  p r e d i c t i o n  o f  t h e  c o r r e c t  f l u x  shape wi th in  t h e  c e l l  would r e q u i r e  con- 

s i d e r a t i o n  o f  t h e  d i f f e r e n t  l eakages  on t h e  " l e f t "  and " r igh t "  s i d e s  of  t h e  

c e l l .  An improved scheme would r e q u i r e  p rocess ing  of an imprac t i cab ly  l a r g e  

number of  c e l l s  and vast compl i ca t ions  i n  t h e  a p p l i c a t i o n  of t h e  d a t a  i n  

t h e  r e a c t o r  model. The average  b u c k l i n g s  are a compromise, bu t  have  been shown 

t o  g i v e  improvements i n  c a l c u l a t i o n s  of t h e  t h r e s h o l d  f i s s i o n  ra te  and in  sodium 

void r e a c t  i o n s .  

The c e l l  c a l c u l a t i o n s  f o r  ZPPR-13A used buck1 ings  gene ra t ed  

f o r  each  c e l l  i n  each  r a d i a l  zone. D i f f e r e n c e s  of about 1% i n  f lux-advantage 

f a c t o r s  f o r  a g iven  c e l l  be tveen  t h e  zones were noted.  It was dec ided  t o  use 

d i f f e r e n t  c r o s s  s e c t i o n s  i n  each  zone a l though  t h e  e f f e c t i v e n e s s ,  compared with 

a s imple  method of us ing  an average  buck l ing  f o r  a l l  zones o f  t h e  same type  

i s  not  obvious.  I n  a d d i t i o n ,  c r o s s  s e c t i o n s  f o r  t h e  l a r g e  c e n t r a l  b l anke t  were 

gene ra t ed  f o r  i nne r  and o u t e r  r e g i o n s .  The fo l lowing  processed c r o s s  s e c t i o n s  

were gene ra t ed :  
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o c e n t r a l  b l a n k e t  i n n e r  r e g i o n  ( C B I ) ,  o u t e r  r e g i o n  (CB0) 

o f u e l  r i n g  one,  s i n g l e  column (F1  S C ) ,  d o u b l e  column (F1  DC) 

o b l a n k e t  r i n g  one (B1) 

e f u e l  r i n g  two ,  F2 SC and F2 DC 

e b lanke t  r i n g  t w o  (B2) 

e f u e l  r i n g  t h r e e  ( F 3  SC and F3 DC) 

e r a d i a l  b l a n k e t  (RBI 

o axia l  b l a n k e t  (AB) ,  u s ing  buck l ings  i n  t h e  18 in.-28 in .  r e g i o n  

o f  t h e  double-fuel-column drawer.  

column drawer and axial b l a n k e t  c e l l s  remote from t h e  c o r e  were no t  p rocessed ,  

bu t  t h e  d a t a  from the  p r i n c i p a l  c e l l s  were mixed with t h e  a p p r o p r i a t e  homo- 

The axial b l anke t  c e l l  of t h e  s i n g l e - f u e l -  

geneous composit  i ons .  

a c r o s s  s e c t i o n s  f o r  t h e  s teel  r e f l e c t o r  r e g i o n s  were t aken  f o r  

t h e  s teel  c r o s s  s e c t i o n s  i n  t h e  r a d i a l  b l a n k e t .  

The input  d a t a  f o r  t h e  MC2-II c a l c u l a t i o n  and f o r  SDX ca l cu -  

l a t i o n s  o f  t h e  two f u e l  c e l l s  i n  r i n g  2 are shown i n  Appendix A. 

Microscopic c r o s s  s e c t i o n s  processed f o r  ZPPR-13A were used i n  

a l l  o t h e r  a s s e m b l i e s  w i th  no a d d i t i o n a l  c e l l  c a l c u l a t i o n s .  Macroscopic c r o s s  

s e c t i o n s  f o r  each phase were "remixed" w i t h  t h e  a p p r o p r i a t e  ave rage  atomic 

d e n s i t i e s .  These d e n s i t i e s  are g i v e n  i n  Appendix B. 

w a s  f i x e d  a t  J anua ry  1, 1982 f o r  t h e  l i b r a r y  and was no t  a d j u s t e d  f o r  each 

The d a t e  f o r  241Pu decay 

assembly . 
3.2 Comparison of R e s u l t s  u s ing  t h e  Buck1 ing-Recycle Method and Asymptotic 

C e l l  P rocess ing  

Cross  s e c t i o n s  were g e n e r a t e d  us ing  t h e  method used f o r  conven t iona l  

c o r e s  u s i n g  t h e  same SDX c e l l  models as  above,  bu t  with a buck l ing  s e a r c h  t o  



c r i t i c a l  f o r  f u e l l s d - c e l l s  and a z e r o  buckl ing f o r  b l anke t  c e l l s .  These c r o s s  

s e c t i o n s  were compared with t h e  d a t a  gene ra t ed  with t h e  r e a c t o r  b u c k l i n g s ,  i n  an 

rz-model of ZPPR-13A. The c a l c u l a t i o n s  were done by M. Kawashima. 

The k - e f f e c t i v e  v a l u e s  for  t h e  r z  model d i f f e r e d  by on ly  0.05%: 

Buckl ing-recycle  d a t a  k = 0.977775 

Asymptotic d a t a  k = 0.977225 

A comparison of  r a d 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  was made with t h e  rz  model. 

F i g s .  3.1 and 3 . 2  compare t h e  r a d i a l  r e a c t i o n  ra te  d i s t r i b u t i o n s .  D i f f e rences  

are  about 1% f o r  t h e  t h r e e  non-threshold r e a c t i o n s ,  bu t  about 5 %  f o r  23% 

f i s s i o n .  Changes f o r  t h i s  r e a c t i o n  type s i g n i f i c a n t l y  improve agreement with 

experiment  . 
A s i m i l a r  improvement was shown f o r  a n a l y s i s  o f  ZPPR-7.(') I n  t h a t  

c a s e  c r o s s  s e c t i o n s  were gene ra t ed  f o r  a two-drawer cell-model with a d j a c e n t  

f u e l  and b l a n k e t  c e l l s .  

3 .3  A n 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 s  - 
A n 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 s  were g e n e r a t e d  by t h e  Benois t  

method. One-dimensional c e l l  models wer? used in which t h e  p l a t e  r e g i o n s  were 

" s t r e t c h e d "  ove r  t h e  l a t t i c e  p i t c h .  Sodium-plate r e g i o n s  included b o t h  steel 

c l a d  and sodium core .  The pe rpend icu la r  matrix and drawer s t r u c t u r e  was "smeared" 

un i fo rmly  i n t o  a l l  p l a t e s .  

The a n 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 s  are implemented in t h e  DIF3D 

code a s  "modif ier  f a c t o r s "  which m u l t i p l y  t h e  c e l l - a v e r a g e  d i f f u s i o n  coef-  

f i c i e n t s  c a l c u l a t e d  w i t h  t h e  SDX code (DsDx). 

are  shown i n  Tab le  3.1. 

pend icu la r  t o  p l a t e s )  and Dy ( p a r a l l e l  t o  p l a t e s ) ,  which i s  t h e  same as D, 

i n  t he  one-dimensional model, t o  t h e  DSDX. 

o f  D, and Dy t o  t h e  homogeneous d i f f u s i o n  c o e f f i c i e n t  %om ( s e e  Ref. 8 ) .  

E b d i f i e r  f a c t o r s  f o r  ZPPR-13 

The m o d i f i e r s  are  d e f i n e d  as t h e  r a t i o s  of  D, ( pe r -  

Previous a n a l y s i s  used t h e  r a t i o s  
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Figure  3.3 shows t h e  e f f e c t  o f  p l a t e  s t reaming on c a l c u l a t e d  f i s s i o n  

r a t e s  i n  ZPPR-13A. 

c a l c u l a t i o n  wi th  a n i s o t r o p i c  D's t o  a c a l c u l a t i o n  wi th  t h e  D S D X ' S .  

are  normalized t o  t h e  same t o t a l  f i s s i o n  source  in  t h e  r e a c t o r .  I n c l u s i o n  o f  

s t reaming modi f ied  t h e  f i s s i o n  d i s t r i b u t i o n s  i n  t h e  c o r e  by up t o  1%. 

on r e a c t i v i t y  wor ths  a r e  approximate ly  twice those  shown f o r  f i s s i o n  r a t e s .  

I n c l u s i o n  o f  s t r eaming  g e n e r a l l y  improves agreement wi th  exper iment .  The 

e f f e c t s  i n  t h e  he te rogeneous  c o r e s  a r e  q u i t e  complex. S ince  t h e  peak f l u x e s  a r e  

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

b o t h  towards  t h e  c o r e  c e n t e r  and outwards i n t o  t h e  r a d i a l  b l a n k e t .  

Th i s  f i g u r e  shows t h e  r a t i o  of 235U f i s s i o n  f o r  an xy 

The f l u x e s  

E f f e c t s  

S ince  a n 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 s  are  used in a l l  c a l c u l a t i o n s ,  

c o r r e c t i o n s  f o r  s t reaming a r e  no t  shown s e p a r a t e l y  a s  i n  prev ious  a n a l y s e s .  The 

e f f e c t  on c a l c u l a t e d  hff  is about  -0.3% (-0.1% Ak i n  t h e  xy-plane and 

-0.2X k i n  t h e  z - d i r e c t i o n ) .  For  sodium void a n a l y s i s ,  t h e  Benois t  d i f f u s i o n  

c o e f f i c i e n t s  i n c r e a s e  t h e  l eakage  c o n t r i b u t i o n s  by 30% t o  40%. 

s q u a r e s  f i t t i n g  t o  experiment  i n d i c a t e s  t h a t  t h e  Benois t  method ( i n  t h e  c e l l  

model used h e r e )  overes t imated  t h e  s t t eaming  e f f e c t  i n  t h e  sodium voided ce l l s .  

R e s u l t s  of least  

3 . 4  Reac to r  Models 

Ana lys i s  of  ZPPR-1% made more e x t e n s i v e  use o f  th ree-d imens iona l  (xyz)  

models t h a n  i n  t h e  p a s t .  The r e f e r e n c e  method used was: 

o ENDFIB-IV d a t a  i n  28 energy  groups .  

m D i f f u s i o n  theo ry  i n  xyz geometry,  one-eighth c o r e  model (one  quadran t ,  

h a 1  f-he i g h t  . 
e Mesh spac ing  o f  55  mm i n  t h e  xy-plane (one  mesh po in t  per  ZPPR 

drawer (1MPD)). 

rod i n s e r t i o n  (for r e a c t i o n  r a t e  c a l c u l a t i o n s )  and axial zone boundar i e s .  The 

c o r e  con ta ined  six equal  i n t e r v a l s  o f  5 1  mm f o r  t h e  f i r s t  306 mm from t h e  

The axial sesh-spac ing  was s i m i l a r ,  bu t  v a r i e d  t o  match shim 



midp lane ,  for?: intervals o f  between 2 5  m and 50 m up t )  t he  blanket  boundary, 

and s ix  i n t e r v a l s  o f  42 nun in t h e  lower p a r t  o f  t h e  a x i a l  b l a n k e t .  

0 h 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 s  were used in a l l  c a l c u l a t i o n s .  

The xyz models a r e  used f o r  c a l c u l a t i o n  of  ke fF ,  r e a c t i o n  r a t e s ,  

s a m p l e  t r a v e r s e s  and sodium void r e a c t i v i t y .  Two-dimensional models i n  xy and 

r z  geometry a r e  used t o  c a l c u l a t e  mesh and t r a n s p o r t  e f f e c t s  and f o r  s p e c i a l  

s t u d i e s .  Group and r e g i o n  dependent buck l ing  terms f o r  xy models a r e  ob ta ined  

from t h e  l eakages  c a l c u l a t e d  i n  t h e  xyz models. These g e n e r a l l y  l ead  t o  small  

e r r o r s  i n  t h e  xy k e f f  (-0.01%) and in  c ) r e - r e g i o n  r e a c t i o n  r a t e s  ( t e n t h s  of  a 

p e r c e n t ) .  S p e c i f i c a t i o n  of an r z  model is not  unique i n  t h e  c o r e s  with complex 

i n t e r n a l  b l a n k e t  and CRP arrangement .  These models have been used t o  c a l c u l a t e  

t r a n s p o r t  c o r r e c t i o n s  i n  ZPPR-13A and p r e l i m i n a r y  v a l u e s  o f  Peff f o r  a l l  

c o r e s .  

The xy and r z  models f o r  ZPPR-l3A, a r e  shown 

i n  F i g s .  3 . 4  +a 3.5 * Axial r e g i o n s  i n  t h e  xyz models were t h e  same as i n  t h e  

rz models.  

A l a r g e  number o f  c a l c u l a t i o n ;  are r e q u i r e d  f o r  c o n t r o l  rod expe r i -  

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

s o u r c e  r a t i o s  r e q u i r e d  f o r  a n a l y s i s  o f  t h e  expe r imen ta l  d a t a .  

l a t i o n s  are made with t h e  fo l lowing  metliod: 

These ca l cu -  

e ENDF/B-IV d a t a  i n  8 energy k:roups. 

o D i f f u s i o n  t h e o r y  i n  xy geometry,  u s ing  qua r t e r - ,  h a l f -  or f u l l - p l a n  

models as r e q u i r e d .  

e Mesh spac ing  of  5 5  m. 

* 
C a l c u l a t i o n s  f o r  13A used t h e  ave rage  b l a n k e t  drawers  i n  t h e s e  
loc at ions .  
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0 Group and r eg ion  dependent buck l ing  terms de r ived  from the l eakages  

a t  t h e  c o r e / a x i a l  b l anke t  i n t e r f a c e  ( '458 m).  

The 8 g roup  l i b r a r y  i s  e s s e n t i a l l y  t h e  same as t h e  9 group l i b r a r y  

used in JUPITEK-I a n a l y s i s ,  and d i f f e r s  o n l y  i n  combinat ion of  t he  lowest energy 

group (uppe r  energy 3 eV> with t h e  group above. Group c o l l a p s e  is made f o r  a l l  

r e g i o n s  i n  t h e  r e f e r e n c e  model u s ing  the  xyz f l q e s .  Data f o r  c o n t r o l  rods and 

CRPs are o b t a i n e d  from an x y z  c a l c u l a t i o n  with a bank of  r o d s  (or CKPs) f u l l y  

i n s e r t e d  i n  t h e  second f u e l  r i n g .  These d a t a  are used f o r  c o n t r o l  rods  (and 

CRPs) i n  a l l  l o c a t i o n s .  

The buck l ing  terms are o b t a i n e d  by r e p e a t i n g  t h e  xyz c a l c u l a t i o n s  

( r e f e r e n c e ,  rod  bank and CRP bank) i n  8 groups.  The buck l ing  terms are used in 

t h e  same way as t h e  c o l l a p s e d  d a t a ;  b u c k l i n g s  for t h e  r e f e r e n c e  model i n  a l l  

zones,  and b u c k l i n g s  f o r  t h e  c o n t r o l  rod (CRP) i n  a l l  l o c a t i o n s . *  

I n  each phase o f  ZPPR-13, t h e  p r i n c i p a l  c o n t r o l  rod banks were 

c a l c u l a t e d  w i t h  xyz models i n  b o t h  2 8  groups and 8 groups for comparison with 

r e s u l t s  from t h e  xy models.  As w i l l  be seen  i n  S e c t i o n  6 ,  t h e  approximation i n  

t h e  two-dimensional models l e a d  t o  e r r o r s  i n  rod worths of  less t h a n  2%. 

Energy group structures o f  t h e  2082, 226, 2 8  and 8 group d a t a  are 

shown i n  T a b l e  3.2. 
ov 

3.5 More Complex React* Models and Asymmetry E f f e c t s  

The e a r l y  measurements i n  ZPPR-13A showed u n a n t i c i p a t e d  d i f f e r e n c e s  

between measurements i n  what were thought  t o  b e  symmet r i ca l ly  e q u i v a l e n t  loca-  

t i o n s  i n  t h e  r e a c t o r .  A series o f  i n v e s t i g a t i o n s  mounted t o  s t u d y  t h i s  problem 

is d e s c r i b e d  i n  Ref. 9. 

One e f f e c t  s een  i n  t h i s  s t u d y  was due t o  t h e  v a r i a t i o n  i n  i n t e r f a c e  

gap between the two h a l v e s  of t h e  ZPPK machine. Upon h a l f - c l o s u r e ,  t he  m a t r i x  

W o t e  t h a t  t h e  b u c k l i n g  terms i n c l u d e  e f f e c t s  o f  s t r eaming  in t h e  z - d i r e c t i o n ,  
s i n c e  t h e  xyz model used a n i s o t r o p i c  d i f f u s i o n .  



i s  i n  c o n t a c t  a t  the top  o f  t he  c o r e  and sepa ra t ed  b y  a b o u t  1 mm a t  t h e  Sottom. 

This  h a s  the e f f e c t  o f  b r i n g i n g  f u e l  c l o s e r  t o g e t h e r  a t  t he  t o p  of  t h e  c o r e  than 

a t  the  bottom. F i s s i o n  r a t e s  a t  t h e  t o p  a r e  about 1% h ighe r  and c o n t r o l  rod 

worths  a r e  about 2% h i g h e r .  This  f e a t u r e  o f  t he  loading is exceed ing ly  d i f -  

f i e u l t  t o  model in t h e  c a l c u l a t i o n s .  

A t  a l a t e r  s t a g e ,  two f e a t u r e s  of  t h e  r e a c t o r  l oad ings  which a f f e c t  

t h e  symmetry o f  t h e  measurements were uncovered. These were: 

( i )  Asymmetries due t o  t h e  load ing  of t h e  "narrow drawers" used 

i n  b l a n k e t  r e g i o n s  t o  accommodate t h e  ZPPR s a f e t y / s h i m  rod b l a d e s .  

( i i )  Asymmetries due t o  t h e  l o a d i n g s  o f  fission-chamber drawers  i n  

b 1 an ke t r e g  io  ns  . 
In b o t h  o f  t h e s e  c a s e s ,  a s i g n i f i c a n t  amount o f  uranium w a s  removed 

from the  c e l l s .  

f o r  ( i )  and f u l l  xy-plan f o r  ( i i ) ) .  

The e f f e c t s  were c a l c u l a t e d  using xy models ( h a l f  xy-plan 

P e r t u r b a t i o n s  i n  f i s s i o n  rates due t o  t h e  narrow b l a n k e t  drawers  

f o r  ZPPR-13A are  shown i n  Fig.  3.12. Note t h a t  i n  a d d i t i o n  t o  the  e f f e c t  on  

l e f t  t o  r i g h t  symmetry, t h e r e  is a s e n s i b l e  d i f f e r e n c e  between p o i n t s  on t h e  

x -ax i s  and t h e  y-axis. 

P e r t u r b a t i o n s  due to b l a n k e t  f i s s i o n  chamber drawers  are a l i t t l e  

more s u b t l e .  These are shown i n  Fig.  3.13 .  The asymmetries l a r g e l y  r e s u l t  from 

a nonuniform d i s t r i b u t i o n  of t h e  b l a n k e t  f i s s i o n  chambers -- more are p resen t  i n  

t h e  upper-left-hand (ULH) quadran t  o f  half-one than  i n  t h e  LRH quadran t .  The 

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

t h e  t o p  and bottom of t h e  i n t e r f a c e .  

C o r r e c t i o n  f o r  t h e s e  two e f f e c t s  r e s u l t e d  in much improved c o n s i s t e n c y  

between C / E  v a l u e s  on t h e  l e f t  and t i g h t  s i d e s  o f  the c o r e . ( l O , l l )  
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A remaining c h a r a c t e r i s t i c  of t h e  a n a l y s e s  with t h e  r e f e r e n c e  models 

was a marked d i f f e r e n c e  i n  p r e d i c t i o n s  o f  experiments  a t  t h e  x-axis  and a t  t h e  

y -ax i s .  

(y-axis  i n  F3) d i f f e r e d  by 4% even a f t e r  i n c l u d i n g  the  e f f e c t s  d e s c r i b e d  above . (9 )  

D i l i g e n t  e f f o r t s  by t h e  ZPPR a n a l y s t s ,  i n  t h e  f a c e  of  r i s i n g  t o r r e n t s  o f  expe r i -  

mental  d a t a ,  e v e n t u a l l y  r e v e a l e d  t h a t  most o f  t h i s  problem was due t o  v a r i a t i o n  

i n  t he  f i s s i le  masses i n  t h e  i n d i v i d u a l  l o a d i n g s  of  a g e n e r i c  drawer-master.  

For example, C / E  v a l u e s  f o r  c o n t r o l  rods CR25 (x-axis i n  F3) and CR28 

T h i s  f e a t u r e  had not  been cons ide red  important i n  any previous ZPPR c o r e s .  It 

was found t h a t  p e r t u r b a t i o n s  i n  f i s s i o n  ra tes ,  compared with t h o s e  c a l c u l a t e d  

u s i n g  homogenized compos i t ions ,  a r o s e  from t h r e e  p r i n c i p a l  e f f e c t s :  

( i )  Use of  two t y p e s  o f  ZPPR f u e l  (Vendor 63  and Vendor 6 5 )  f o r  which 

t h e  f i s s i l e  c o n t e n t s  pe r  p l a t e  d i f f e r  by about 1%. 

( i i )  Use o f  f o u r  plutonium p l a t e s  i n  a f u e l  column o f  a drawer i n s t e a d  

o f  t h e  more u s u a l  t h r e e  p l a t e s  ( e .g .  a 5 i n . ,  5 in . ,  4 i n . ,  4 i n .  l o a d i n g  

compared with a 8 i n . ,  6 i n . ,  4 i n .  l o a d i n g ) .  T h i s  d i f f e r e n c e  r e s u l t s  i n  a 

d e c r e a s e  i n  f i s s i l e  c o n t e n t  o f  0.5% t o  1% compared with t h e  ave rage .  

( i i i )  V a r i a t i o n s  i n  t o t a l  uranium c o n t e n t  among the v a r i o u s  s p e c i f i c  

b l anke t  drawer masters. 

The v a r i a t i o n s  i n  23%u and 23% f o r  t h e  ZPPR-13A masters are 

shown i n  Tab le  3 . 3 .  

Given a uniform d i s t r i b u t i o n  o v e r  t h e  c o r e  of each master t y p e ,  

t h e s e  v a r i a t i o n s  would r e s u l t  i n  l o c a l  p e r t u r b a t i o n s  on ly .  However, it t r a n -  

spired t h a t  i n  ZPPR-l3A, t h e  d rawers  with h i g h e r  o r  lower f i s s i l e  c o n t e n t  t h a n  

ave rage  t ended  t o  be  grouped i n  c e r t a i n  areas. 

r e a c t o r  f i s s i o n  rates was produced. 

Thus a n  o v e r a l l  p e r t u r b a t i o n  i n  
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E f f e c t s  ci52 t o  v a r i a t i o n  i n  u r a n i u m  con ten t  were s o m e h a t  surprising, 

s i n c e  t h e  uraniilrn worth i s  c o n s i d e r a b l y  lower than  t h a t  f o r  plutonium and 

v a r i a t i o n s  were o n l y  about 0.5% from t h e  ave rage .  However, t h e  d i f f e r e n t  

masters were loaded s e l e c t i v e l y  i n  r e g i o n s  at t h e  axes a n d  cen te red  around 45" 

t o  t h e  a x e s .  F igu re  3.14 shows d iag rammat i ca l ly  t h e  l o c a t i o n s  of t h e  most 

d e v i a n t  masters f o r  f u e l  drawers  i n  Z P P R - 1 3 A .  

C a l c u l a t i o n s  have been made t o  test  t h e  e f f e c t  of  v a r i a t i o n  i n  t h e  

drawer m a s t e r s  u s ing  an xy model. A computer code ( c a l l e d  McMASTERS) has been 

w r i t t e n  which t a k e s  t h e  assembly load ing  r e c o r d  (on t a p e ) ,  s c a n s  through t h e  

matrix and a u t o m a t i c a l l y  w r i t e s  most of  t h e  input  r e q u i r e d  f o r  t h e  D I F 3 D  code.  

S i n c e  some o f  t h e  m a s t e r s  are d i f f e r e n t  between half-one and half-two of  t h e  

r e a c t o r  ( f i s s i o n  chamber l o c a t i o n s ,  thermocouple l o c a t i o n s ,  r ad ia l  r e f l e c t o r )  , 

t h e  code s c a n s  bo th  half-one and half- two l o a d i n g s  and, f o r  t h e  xy model, u s e s  

an ave rage  composi t ion f o r  t h e s e  cases. An a u x i l i a r y  module (McADEN) writes t h e  

composi t ion of  each master  i n  ARC system format f o r  d a t a  mixing. These codes 

w i l l  e v e n t u a l l y  form part o f  a g e n e r a l  system f o r  s e t t i n g  up ARC system ca lcu -  

l a t  i ons  from t h e  r e a c t o r  l oad ing  r e c o r d s .  

The f i s s i o n  chamber d rawers  i n  b l a n k e t  r e g i o n s  p r e s e n t e d  an a d d i t i o n a l  

t w i s t ,  s i n c e  t h e  uranium was removed o n l y  from t h e  f irst  8 in.  o f  t h e  drawer.  

For t h e s e  drawers  weighted average atomic d e n s i t i e s ,  N, were d e f i n e d  as:  
- 

- 
N = 0.545 N(0-8 i n . )  + 0.455 N ( 8  in. - 18 i n . ) .  

The xy c a l c u l a t i o n s  were run  i n  d i f f u s i o n  t h e o r y  with t h e  5 5  m 

mesh s i z e  and 28 group c r o s s  s e c t i o n s .  To s i m p l i f y  t h e  i n p u t ,  c r o s s  s e c t i o n s  

and buck l ings  processed f o r  middle f u e l  r i n g  (F2), second b lanke t  r i n g  (82 )  and 

r a d i a l  r e f l e c t o r  (RR) were used throughout .  The f i s s i o n  rates from t h e  a l l -  

master model (AMMI were compared with t h o s e  us ing  the  model with homogenized 

composi t ion (HMM). 

8 2  w e r e  used i n  t h e  homogenized model. 

The same mic roscop ic  c r o s s  s e c t i o n s  and b u c k l i n g s  for F2 and 
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F i g u r e  3.15 shows t h e  e f f e c t s  i n  ZPPR-13A o f  using ind iv idua l  mas te r s  

f o r  the f u e l  drawers .  F igu re  3.16 shows t h e  e f f e c t s  o f  using i n d i v i d u a l  mas te r s  

f o r  the b l a n k e t  drawers .  F igu re  3.17 shows t h e  e f f e c t s  o f  using a l l  mas te r ,  

i nc lud ing  narrow b l a n k e t  drawers  and b l a n k e t  f i s s i o n  chamber drawers. In each 

c a s e  t h e  f l u x e s  are normalized t o  t h e  same t o t a l  f i s s i o n  source  i n  t h e  r e a c t o r ,  

It can  be  seen t h a t  t h e  i n d i v i d u a l  e f f e c t s  are  a d d i t i v e ,  t o  a good 

approximation.  That i s ,  s u p e r p o s i t i o n  o f  F i g s  3.12, 3.13, 3.14, 3.15, and 3.16 

r ep roduces  t h e  t o t a l  p e r t u r b a t i o n s  i n  F ig .  3.17. 

P e r t u r b a t i o n s  t o  r e a c t i v i t y  worths a t  d i f f e r e n t  p o s i t  i ons  i n  t h e  

r e a c t o r  are about doub le  t h o s e  f o r  f i s s i o n  r a t e s .  Direct c a l c u l a t i o n s  f o r  

c o n t r o l  r o d s  CR25, CR28 and a bank of s i x  r o d s  in  f u e l  r i n g  3 (6F3) fo r  ZPPR-13A 

are shown i n  Tab le  3.4. C o r r e c t i o n s  t o  worths  from t h e  HMM model a r e  w i t h i n  

0.2% of  e s t i m a t e s  from t h e  f i s s i o n  rate p e r t u r b a t i o n s  i n  Fig.  3.17. Est imated 

c o r r e c t i o n s  f o r  c o n t r o l  r o d s  i n  o t h e r  p o s i t i o n s  have been made from t h e  f i s s i o n  

ra te  d a t a .  

3 . 6  S e n s i t i v i t i e s  and E igenva lue  S e p a r a t i o n  

A key parameter  for d e s c r i b i n g  l a r g e ,  he t e rogeneous  LMFBR d e s i g n s  

is t h e  n e u t r o n i c  coup l ing  between t h e  c o r e  zones.  It h a s  become customary 

t o  r e f e r  t o  heterogeneous c o r e s  as l o o s e l y  coupled o r  t i g h t l y  coup led ,  depending 

on t h e  s e n s i t i v i t y  of  t h e  power d i s t r i b u t i o n  t o  local  p e r t u r b a t i o n s .  Decoupling 

is  g e n e r a l l y  in t roduced  in d e s i g n s  by i s o l a t i n g  t h e  i n d i v i d u a l  c o r e  zones with 

t h i c k  i n t e r n a l  b l a n k e t  r i n g s .  The d e g r e e  of  coup l ing  ( o r  decoup l ing )  can b e  

q u a n t i f i e d  by s e v e r a l  pa rame te r s ,  b u t  n o t  a l l  o f  them g i v e  a good p i c t u r e  o f  

o v e r a l l  r e a c t o r  behav io r .  I n  p l ann ing  t h e  ZPPR-13 expe r imen t s ,  t h e  ( k i j )  
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ma t r ix  from t h e  hve ry  t h e o r y  o f  coupled r e a c t o r s ( 1 2 )  and the e igenva lue  

spectrum were chosen as decoupl ing d e s c r i p t o r s .  

t h e  r e a c t o r  is a r b i t r a r i l y  d iv ided  i n t o  two pa r t s ,  and t h e  coupl ing between them 

i s  d e s c r i b e d  by t h e  elements  o f  t h e  ( 2  x 2 )  k i j  m a t r i x .  

spectrum is p a r t i c u l a r l y  u s e f u l  i f  nodal  k i n e t i c  a n a l y s i s  t o  b e  used. 

I n  applying the Avery t h e o r y ,  

The eigenvalue 

For ZPPK-13, o n l y  t h e  s e p a r a t i o n  between the  fundamental and the 

f i r s t  harmonic e igenva lues"  were used f o r  a n a l y s i s  o f  t h e  e igenva lue  spectrum. 

Previous e x p e r i e n c e  had shown t h a t  t h e  f i r s t  harmonic e igenva lue  was always f o r  

an azimuthal  mode, even i f  t h e r e  were o n l y  two f u e l  r i n g s  s e p a r a t e d  by an 

u n u s u a l l y  t h i c k  b l a n k e t .  

r a d i a l l y  decoup led ,  bu t  i n  g e n e r a l  azimuthal  decoupl ing dominates for l o c a l  

pert u r b a t  i ons .  

I n t u i t i v e l y  one might expec t  t h e  c o r e  t o  b e  more 

Approximate s o l u t i o n s  f o r  t h e  f i r s t  harmonic e igenva lue  were ob ta ined  

by imposing a zero-f lux boundary c o n d i t i o n  along t h e  x o r  y a x i s  i n  a 1/8-core,  

xy  model o f  t h e  assembly. Exact s o l u t i o n s  were l a t e r  o b t a i n e d  by s t r i p p i n g  out 

t h e  f u n d m e n t a l  mode and s o l v i n g  d i r e c t l y  for t h e  first harmonic. It was 

demonstrated t h a t  t h e  approximate s o l u t i o n s  were s u f f i c i e n t l y  a c c u r a t e  provided 

t h a t  t h e  ze ro - f lux  boundary c o n d i t i o n  was imposed along an axis where t h e r e  was 

a n a t u r a l  minimum in t h e  r e f e r e n c e  f l u x  s o l u t i o n .  A p p l i c a t i o n  o f  t h i s  knowledge 

made p r e l  b i n a r y  planning c o n s i d e r a b l y  easier. 

For ZPPR-13, o n l y  t h e  s e p a r a t i o n  between t h e  f i r s t  two e i g e n v a l u e s  

was cons ide red  as a measure o f  t h e  re la t ive  decoupl ing.  Table  3.5 g i v e s  t h e  

p e r c e n t a g e  s e p a r a t i o n  

*Here w e  re fe r  t o  the e i g e n f u n c t i o n  c losest  to the f u n d a m e n t a l  as t h e  f i r s t  
harmonic. 
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- 
Table 3.  7 shows e igenva lue  s e p a r a t i o n  f o r  ZPPR-13 c o r e s ,  e s t ima ted  f o r  

t h e '  8 group models used f o r  c o n t r o l  rod a n a l y s i s .  Eigenvalues  were ob ta ined  by 

forming a ze ro  f l u x  a t  t h e  x -ax i s  and a t  t h e  y - a x i s  i n  each c a s e .  l n  a d d i t i o n  

t o  the  r e f e r e n c e  c o n f i g u r a t i o n ,  r e s u l t s  are shown f o r  c o n t r o l  rod banks i n s e r t e d  

i n  each r i n g  in t h e  s u b c r i t i c a l  s t a t e s .  The e igenva lue  s e p a r a t i o n s  i n  t he  

c r i t i c a l  c o r e s  w i l l  depend on t h e  changes made t o  b r i n g  t h e  c o r e  c r i t i c a l .  

However, f o r  a uniform inc rease  i n  en r i chmen t ,  it appea r s  t h a t  t h e  c o r e s  with 

c o n t r o l  r o d s  i n s e r t e d  may b e  f a r  more s e n s i t i v e  than t h e  r e f e r e n c e s .  

The r e sponse  t o  a p e r t u r b a t i o n  o f  t h e  r e a c t o r  ( f l u x  t i l t s )  can be 

analyzed by an e i g e n f u n c t i o n  expansion.  

r e f e r e n c e  r e a c t o r ,  w i th  e i g e n v a l u e s  a, 
I f  '#i a r e  the  e i g e n f u n c t i o n s  of t h e  

L@n = (l/'n)M'#n 

h a s  shown t h a t  t h e  f l u x e s ,  0, i n  t h e  pe r tu rbed  c a s e  arc' g iven  by: 

Thus,  harmonics w i t h  t h e  s m a l l e s t  e igenva lue  s e p a r a t i o n  L a i n a t e .  P e r t u r b a t i o n s  

a t  t h e  peak o f  t h e  e i g e n f u n c t i o n  have m a x i m u m  e f f e c t ,  w h i l e  p e r t u r b a t i o n s  a t  t h e  

nodes w i l l  g i v e  ze ro  c o n t r i b u t i o n .  



. 
The s e n s i t i v i t i e s  o f  t h e  c o r e s  t o  e r r o r s  i n  c r o s s  s e c t i o n  d a t a  can 

a l s o  be c h a r a c t e r i z e d  by t h e  e igenva lue  s p e c t r a .  Only a l i m i t e d  number o f  

r e s u l t s  have been ob ta ined  for ZPPR-13 a t  this s t a g e .  Table  3 . 8  shows t h e  

r e s u l t s  o f  a 5 %  i n c r e a s e  i n  23% c a p t u r e ,  uniformly i n  a l l  r e g i o n s ,  f o r  

ZPPR-13A 
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Fig .  3 . 2 .  ZPPR-13A: Ratios of react ion r a t e s  with "multibuckled c e l l  datal '  t o  those w i t l l  
"asymptotic c e l l  data"; 235U(n , f )  and 23BU(n ,y ) .  
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Fig. 3.3.  Calculated percent change i n  235U f iae ion  rate i n  ZPPR-13A when 
plate streaming is  included. 
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Fig. 3.13. Perturbation in 235U fission rates in ZPPR-13A due to 
detector-drawers in blankets. 



50 

Fig. 3 .14 .  ZPPR-13A: Locations of drawers with slightly greater or less than 
average f i s s i l e  mass. + 
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TABLE 3.1. D i rec t iona l  D i f fus ion  C o e f f i c i e n t  Modifiers f o r  ZPPK-13A: D(Benoist)/D(Heterogeneous)a 

Vo id ed 
Double Column S ing le  Column Rad i a l  Axial Double Column S ing le  Column Rad i a l  

--- -- - -- - - - -f_______-_I__--- - - --_I_ 

Vo ided Vo id ed 

Fue 1 Fue 1 Blanket B1 an ke t Fue 1 Fuel , Blanket 
Group X y 32 X y , z  X y ,  z X y , z  x .  Y , Z  X y , z  X Y,Z ____ -- 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
1 1  
1 2  
1 3  
14  
1 5  
16  
17 
18  
19  
20 
21 
22 
23 
24 
25 
26 
27 

1.0178 1.0305 1.0212 1.0376 1.0028 1.0090 1.0133 1.0330 1.0193 1.0486 1.0208 1.0636 1.0021 1.0156 
1.0161 1.0307 1.0193 1.0384 1.0018 1.0087 1.0107 1.0326 1.0182 1.0506 1.0195 1.0683 1.0014 1 . 0 1 6 5  
1.0110 1.0262 1.0139 1.0327 1.0015 1.0083 1.0078 1.0293 1.0118 1.0470 1.0137 1.0650 1.0013 I . O I h 7  
1.0069 1.0255 1.0081 1.0309 1.0004 1.0093 1.0049 1.0306 1.0087 1.0516 1.0100 1.0735 1.0004 1.o214 
1.0063 1.0311 1.0064 1.0338 1.0008 1.0157 
1.0030 1.0161 1.0031 1.0157 1.0007 1.0069 
1.0042 1.0451 1.0045 1.0516 1.0011 1.0270 
1.0034 1.0343 1.0035 1.0378 1.0016 1.0178 
1.0035 1.0440 1.0040 1.0478 1.001 6 1.0224 
1.0046 1.0476 1.0056 1.0553 1.0021 1.0235 
1.0043 1.0441 1.0052 1.0489 1.0020 1.0205 

.0066 1.0360 1.0066 1.071 7 1.0066 1.0982 0.9999 1. o j I L  

.0036 1.0196 1.0041 1.0622 1.0045 1.0847 1.0009 1 . 0 3 0 J  

.0055 1.0565 1.0067 1.0992 1.0076 1.1385 1,0020 1 .05IU 

.0047 1.0444 1.0066 1.0891 1.0075 1.1244 1.0031 1 ,0465 

.0058 1.0574 1.0059 1.0983 1.0074 1.1330 1.0028 1.0491, 

.0079 1.0658 1.0076 1.0998 1.0097 1.1386 1.0035 1.0486 

.0077 1.0598 1.0081 1.1061 1.0108 1.1461 1.0039 1.0509 
1.0054 1.0522 1.0093 1.0706 1.0032 1.0240 1.0118 1.0793 1.0079 1.1029 1.0133 
1.0027 1.0482 1.0039 1.0525 1.0021 1.0244 1.0062 1.0631 1.0068 1. 1098 1.0102 
1.0029 1.0409 1.0068 1.0553 1.0025 1.0217 1.0090 1.0633 1.0056 1.0908 1.0125 
1.0035 1.0365 1.0142 1.0700 1.0049 1.0257 1.0143 1.0702 1.0076 1.0836 1.0252 
1.0032 1.0108 1.0054 1.0160 1.0027 1.0121 1.0094 1.0203 1.0061 1.0829 1.0209 
1.0168 1.0352 1.0213 1.0532 1.0401 1.1063 1.0182 1.0497 1.0060 1.0923 1.0209 
0.9955 1.0347 0.9999 1.0472 1.0001 1.0161 1.0030 1.0515 1.0063 1.1070 1.0161 

,1486 1.0049 
,1474 1.0045 
,1432 1.0044 
,1609 1.0080 
,1534 1.0075 
.1635 1.0074 
.1640 1.0060 

1.0001 1.0625 1.0076 1.0891 1.0033 1.0274 1.0114 1.0901 1.0055 1.1082 1.0161 1.1664 1.0060 
1.0000 1.0692 1.0080 1.0969 1.0038 1.0275 1.0131 1.0935 1.0038 1.1110 1.0143 1.1668 1.0058 
1.0006 1.0596 1.0151 1.1093 1.0064 1.0349 1.0178 1.1003 1.0041 1.0896 1.0224 1.1657 1.0083 
0.9956 1.0871 1.0072 1.1169 1.0050 1.0337 1.0183 1.1151 0.9999 1.1303 1.0141 1.1878 1.0071 
0.9934 1.0860 1.0044 1.1129 1.0044 1.0290 1.0151 1.1015 0.9977 1.1294 1.0107 1.1826 1.0063 
0.9857 1.0909 0.9979 1.1154 1.0041 1.0282 1.0134 1.0981 0.9918 1.1362 1.0050 1.1861 1.0065 

,0435 
.053 1 
.0466 
.0467 
,0469 
.O49tl 
,0478 
.0462 
.04J7  
.0468 
.0495 
- 0 4 3 8  
.0436 

0.9820 1.1030 0.9934 1.1233 1.0039 1.0270 1.0137 1.0942 0.9895 1.1517 0.9996 1.1949 1.0057 1.0414 
0.9998 1.0871 1.0097 1.1174 1.0047 1.0378 1.0172 1.1332 1.0068 1.1345 1.0178 1.1930 1.0078 1.0571 
0.9497 1.1373 0.9753 1.1445 1.0046 1.0321 1.0114 1.1212 0.9657 1.2112 0.9856 1.2350 1.0082 1.0534 

2 8  1.0029 1.0806 0.9959 1.1139 1.0037 1.0262 1.0136 1.0926 1.0059 1.1284 1.0034 1.1895 1.0055 1.0412 -------___ . 

a h  ZPPK, t h e  x-d i rec t ion  is  perpendicular  t o  t h e  p l a t e s  i n  the  u n i t  c e l l s .  The y- and z -d i r ec t ions  a r e  parallel 
t o ’ t h e  p l a t e s  and a r e  equ iva len t  i n  t h e  models used t o  r ep resen t  the  ZPPR c e l l s .  F i l e  MK3/B3,4 



TABLE 3.2. 

Energy Boundary 8-Group Number 28-Group Number 226-Group Numbera 2082-Group Numbera 

Energy S t r u c t u r e  of t h e  Cross S e c t i o n  S e t s  used f o r  ZPPR-13 Analys is  

1 

2 

3 

4 

5 

6 

7 

14.191 M e V  
6.065 
3.679 
2.231 
1.353 

820.9 keV 
497.9 
302.0 
183.2 
111.1 

67.38 
40.87 
24.79 
15.03 
9.119 
5.531 
3.355 
2.035 
1.234 

748.5 e V  
454.0 
275.4 
167.0 
101.3 
61.44 
37.27 
22.60 
13.71 

The rma 1 8 28 226 2082 
a n e  MC2-II l i b r a r y  used 2082 groups with a l e t h a r g y  width of 1/120. 
l i b r a r y  had 226 groups with a v a r i a b l e  l e t h a r g y  width. 

The SDX in te rmedia te  
J A I I 2 B  14 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27  

36 
49 
66 
80 
93 

10 5 
116 
12 8 
14 0 
144 
150 
157 
164 
168 
172 
178 
18 5 
19 1 
19 3 
19 5 
197 
199 
201 
203 
205 
207 
209 

102 
162 
222 

342 
402 
462 
52 2 
582 
642 
702 
762 

882 
942 

1002 
1062 
1122 
1182 
1242 
1302 
1362 
1422 

1542 
1602 
1782 

2 a2 

a2 2 

1482 



T M L E  3 . 3 .  ; jar ia : ion i n  Average Composi t ion  o f  Drawer Hasters 
in ZPPR-13A 

Haster 

"1 01 
102 
103 
701 
705 
801 (a021 

201 
202 
203 
207 
208 
209 
210 
2 1 1  
212 
213 

702 
706 
707 

709 
7 1  1 
71  2 

50 1 
5 02 
503 
504 
505 
506 
50 7 

50 9 
510 
511 
703 
803 (804) 

218 

708 

508 

Type 

SCF 
SCF 
SC F 
SCF 
SC F 
SCF 

DC F 
DCF 
DC F 
DC F 
DC F 
DC F 
DC F 
DCF 
DC F 
DC F 
DC F 
DC F 
DCF 
DCF 
DC F 
DC F 
DCF 
DC F 

I B / R B  
I B  
RB 

I B  
I B  
I B  
RB 
RB 
RB 
RB 
I B / R B  
I B  

Numbera 

17911 a i  
178/182 

16/16 
311 
612 

i a l i a  

111/111 
1721168 
2501252 

59/59 
40/40 
40140 
31 I30 
86 I8 5 

1751174 
56/56 
818 
1 I1 
111 
1 I2 
2 /7 
6 I4 
111 
01 1 

275 I2  74 
72 17 1 

75/74 
1721169 
15011 50 
70171 

1671168 
72 I7 2 
16/16 
47/48 
12/13 

278 12 80 

Devia t ion  i n  Hass 
from Average, % 

23 9Pu 

+O. 07 
+o. 01 
+O. 24 
+O. 07 
+o. 01 
-1.02" 

-0. oa 
+O. 07 
-0.00 
+o. 92* 
+O. 67* 
- i . ia* 
-0.05 
+O. 07 
-0.20 
-0. oa 
-0.35f 
-0.08 
+O. 92" 
-0.05 
+O. 07 
-0.00 
-0.60* 
-0.20 

-- -- -- - -- - -- - -- - -- -- --- 
-e- 

--- 
-- - --- 

23au 

+ 0.05 
- 0.00 
+ 0.02 
+ 0.05 
- 0.00 
- 0.52 

-- 

+ 0.07 
+ 0.18 
+ 0.13 
- 0.33 - 0.47 

+ 0.10 
+ 0.18 
- 0.01 
+ 0.07 

+ 0.07 
- 0.33 
+ 0.10 
+ 0.18 
+ 0.13 
- 0.49 
- 0.01 

+ 1.02 
+ 1.03 
+ 0.91 
+ 1.02 - 0.63 -. 0.63 
- 0.63 - 0.63 
: 0.63 
- 0.63 
- 0.63 
- 7 . 7 1  
-25.72 

- 1.08 

- 1.58 

Ch arac e erb  

v63 8-4-6 

v63 5-5-a 
FC v63 8-4-6 

V63 7-5-6 

FC V63 7-5-6 
PSR V63 5-5-4-4 

V65 7-5-6 
V65 5-5-8 

V63 5-5-8 
V63 7-7-4 
V65 5-54-4 
V65 6-6-6 

V65 7-7-4 
V65 7-5-6 
V63 5-5-4-4 

FC V65 7-5-6 

FC V65 8-6-6 
FC V65 5-5-8 

TC V65 7-7-4 
V65 7-7-4 

v65 8-4-6 

v65 5-5-8 

FC v63 5-5-a 

FC v65 8-4-6 

RB inner IB2(x) 
CB edge 45' 
Xiddle  o f  RB 

B2 45" 
I B ( Y )  

B l  x and y 
CB c e n t e r  d axes 

RB o u t e r  zone 
RB o u t s i d e  
RB o u t s i d e  
RB o u t s i d e  
FC d istr ibuted 
PSR 

aNumber i n  ha l f -1  and half-2. 
bV63 = Vendor 63 f u e l ,  V65 = Vendor 65 f u e l ,  FC = F i s s i o n  chamber 

drawer, PSR = Narrow drawer f o r  PSR, TC = thermocouple drawer. 
a-b-c =I f u e l  p i e c e  d i s t r i b u t i o n  a i n . ,  b i n . ,  c in .  from midplane. 

*Major d e v i a t i o n  in 239Pu. JAIIAl5 
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TABLE 3.4. P e r t u r b a t i o n  in Control  Rod Worths in ZPPR-13A due t o  
V a r i a t i o n s  i n  Master Loadings 

Est imated 
C o n t r o l  Worth b y  Worth by Rat io  Co rr ec t ion  

Rods AMM Model, Sa Homogeneous Model, $ ( C o r r e c t i o n )  from F i s s i o n  Ratesb 

CR22 0.7406 
CR25 0.8537 
CR28 0.7466 
CR31 0.8462 
6 R3 7.363 

0.7458 0.993 
0.8708 0.980 
0.7458 1.001 
0.8708 0.992 
7.385 0.997 

0.995 
0.981 

0.990 
0.997 

1.000 

a C a l c u l a t i o n s  28G XY lMPD WBD, 13 f 0.3294%. 
b s q u a r e  of 23% f i s s i o n  ra te  r a t i o  i n  AMM t o  HMM. JA I I #2A 7 

TABLE 3.5. C h a r a c t e r i z a t i o n  o f  t h e  
Eigenvalue Spectrum i n  ZPPR-13 

S e r i e s  of Assemblies 

X S e p a r a t i o n  Between 
Assembly kg and k l a  

1 3A 2.66 

akeff o f  t h e  fundamental  mode 
s o l u t i o n  (ko) and t h e  f i r s t  
az imutha l  harmonic s o l u t i o n  (ki). 



6 3  

TABLE 3 . 7 .  E igenvalue S e p a r a t i o n  f o r  ZPPR-I3 Core 

Zero F l u x  S u b c r i t i c a l  Control  Rod Banksa  
A s  s emb 1 y A x  i s  Reference F 1  E2 F3 

Y 0.0266 
X 0.0293 

X + Y  0.0808 

0.01 75 0.0147 0.0396 
0.0205 0.019 0.0254 
0.0653 0.0528 0.1041 

aCalct i la ted for s u b c r i t i c a l  c o r e s .  The banks con ta ined  s i x  c o n t r o l  r o d s  i n  F1, 
twe lve  i n  F2 and twelve i n  F3 
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TABLE 3.8. S e n s i t i v i t y  of F i s s i o n  Rates  i n  ZPPR-13A 

Percent  Change i n  F i s s i o n  Rate € o r  5% I n c r e a s e  i n  238U Capturea 

Zone Z PPR- 13A - - 

y-axis Zone Average 

F1 -1.2 
F2 -0.5 
F3  +O. 4 

-1.2 
-0.4 
+O. 5 

a C a l c u l a t i o n s  f o r  d e s i g n  models,  not  t h e  f ina l  c o n f i g u r a t i o n s ,  
normalized t o  same t o t a l  power. 

JA I I 82A 7 



ir. 0 Ci?,ITICAi,ITY PREDICTIONS,  BETA, R E A C T I V I T Y  C O E F F I C I E N T S  

4.1 Analysis  o f  k - e f f e c t i v e  

The expe r imen ta l  v a l u e s  f o r  b f f ,  a f t e r  adjustment t o  a c o r e  w i t h  

a l l  shim and s a f e t y  rods  removed and t o  a temperature  of 293K, a r e  g iven  in  

Tab le  4.1.  The es t ima ted  u n c e r t a i n t i e s  (Tab le  2 . 1 )  a r e  about 0.04% Ak, but 

s e v e r a l  of t h e  l a r g e r  components are c o r r e l a t e d  among the a s sembl i e s .  

The r e s u l t s  o f  t h e  d i f f u s i o n  t h e o r y  c a l c u l a t i o n s  a r e  g iven  i n  

T a b l e  4.2.  S e v e r a l  small c o r r e c t i o n s  are a p p l i e d  t o  t h e  r e f e r e n c e  r e s u l t s .  The 

c o r r e c t i o n  of  -0.032% Ak, f o r  s t r eaming  in t he  a i r g a p  above t h e  p l a t e s  i n  each 

d rawer ,  was e s t i m a t e d  f o r  ZPPR-8 and has  been used f o r  a l l  subsequent c o r e s .  

C o r r e c t i o n s  f o r  239Pu, 240Pu, 241Pu and 23% l o a d i n g s  were de r ived  by 

comparing t h e  i s o t o p i c  masses e d i t e d  from t h e  xyz model with those  from the ZPPR 

f u e l  i nven to ry  system. The small  d i f f e r e n c e s  i n  mass were converted t o  Ak using 

atorn-density s e n s i t i v i t y  c o e f f i c i e n t s  c a l c u l a t e d  f o r  ZPPR-13A ( S e c t i o n  4.3). 

The c o r r e c t i o n  f o r  241Pu is  shown s e p a r a t e l y  s i n c e  t h i s  is mainly due t o  

having a f i x e d  d a t e  f o r  decay c a l c u l a t i o n  i n  t h e  c r o s s  s e c t i o n  l i b r a r y .  

The d i f f u s i o n  t h e o r y  C/E r e s u l t s  are similar f o r  a l l  phases and span 

a r ange  of 0.976 t o  0.979. 

A number o f  t r a n s p o r t  c a l c u l a t i o n s  have been made for ZPPR-13A i n  

xy,  r z  and r geometry.  

p l a n e  ( o r  four  meshes per d rawer ) .  Axial buck l ing  terms f o r  xy models were 

d e r i v e d  from t h e  r e f e r e n c e  xyz s o l u t i o n  and buck l ing  terms f o r  r models were 

These used a f i n e  mesh, e q u i v a l e n t  t o  2 7  nrm in t h e  xy 
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der ived  from an rz  s o l u t i o n .  

angu la r  quadra tu re  and one-dimensional models used ,  i n  a d d i t i o n ,  SI6 q u a d r a t u r e  

wi th  a f i n e r  mesh ( e q u i v a l e n t  t o  n ine  meshes per d rawer ) .  

p o r t  c o r r e c t i o n s  a r e  g iven  in Tab le  4.3. 

Two-dimensional models 'were c a l c u l a t e d  with S4 

The mesh and t r ans -  

The est  h a t e d  t r a n s p o r t  c o r r e c t i o n  f o r  ZPPR-13A i s  r e l a t i v e l y  l a r g e  in  

The xy and t models show t h a t  t h i s  comparison with t h a t  f o r  conven t iona l  c o r e s .  

r e s u l t s  p r i n c i p a l l y  from t h e  annu la r  geometry.  

d i f f e r  by 0.2%. 

and t h e  ONEDANT code was used f o r  r geometry.  It i s  no t  c l e a r  at t h i s  s t a g e  

t h a t  t h i s  d i f f e r e n c e  is due wholly t o  t h e  b e t t e r  geometr ic  r e p r e s e n t a t i o n  in  t h e  

xy  model. 

and in  t h e  a p p l i c a t i o n  o f  t h e  buck l ing  terms, may be  d i f f e r e n t  i n  t h e  two 

geomet r i e s  and codes.  The e f f e c t s  o f  f i n e r  mesh i n  t h e  r dimension and of 

h i g h e r  o r d e r  q u a d r a t u r e  in  t h e  t r a n s p o r t  c a l c u l a t i o n s  a r e  f a i r l y  small. 

The r e s u l t s  i n  the  two geomet r i e s  

The t r a n s p o r t  o p t i o n  o f  t h e  DIF3D code was used f o r  xy geometry 

E f f e c t s  due t o  i n s u f f i c i e n t l y  r e f i n e d  mesh s i ze  and angu la r  q u a d r a t u r e ,  

Using t h e  r z  t r a n s p o r t  c o r r e c t i o n  with t h e  a v a i l a b l e  mesh and angu la r  

r e f i n e m e n t s ,  t h e  c o r r e c t  i o n  t o  t h e  r e f e r e n c e  xyz d i f  fu s  ion  s o l u t i o n  is est h a t e d  

t o  b e  +0.76X Ak. The c o r r e c t e d  C / E  v a l u e  f o r  ZPPR-13A is  t h e n  0.9857. 

Tab le  4.4 compares t h e  bff r e s u l t s  f o r  a number o f  ZPPR c o r e s .  

D i f f u s i o n  c a l c u l a t i o n s  f o r  t h e  he te rogeneous  c o r e s  wi th  no plutonium in t h e  

b l a n k e t s  (BOC cores) are about 0.5% Ak lower t h a n  f o r  t h e  EOC-cores o r  t h e  

c o n v e n t i o n a l  c o r e s .  After t r a n s p o r t  c o r r e c t i o n s  are appl  i e d ,  t h e  r e s u l t s  f o r  

a l l  c o r e s  f a l l  in  t h e  r ange  0.984 t o  0.987. The c o r r e c t e d  r e s u l t  f o r  ZPPR-l3A, 

0.986 is in  good agreement.  

4.2 Delayed Neutron Parameters  

Delayed neu t ron  parameters  f o r  ZPPR-13 were c a l c u l a t e d  wi th  t h e  

ENDF/B-V de layed  neu t ron  d a t a  ( w i t h  r e a c t o r  f l u x e s  c a l c u l a t e d  us ing  ENDF/B-IV 



c r . ) s s  s e c c i s n s ; .  Tne o r i g i n a l  c a l c u l a t i o n s  used  r e a c t o r  models i n  

The c a l c u l a t i o n s  were repeated using the  three-dimensional models 

geometry u s i n g  the V A R I 3 D  e d i t o r .  Parameters from both models a r e  

T a b l e  4 . 5 .  

For ZPPR-l3A, t h e  B e f f  v a l u e s  from r z  and xyz models a r e  

rz g5onetr:;. 

n xyz  

shown in 

i n  c l o s e  

agreement as would be expected from t h e  c y l i n d r i c a l  d e s i g n  o f  t h e  c o r e .  

4 . 3  Re ac t i v  i t  y Co e f f i c  ien t s 

R e a c t i v i t y  c o e f f i c i e n t s  for t h e  most important heavy i s o t o p e s  were 

c a l c u l a t e d  f o r  ZPPR-L3A us ing  t h e  r z  model. The r e a c t i v i t i e s  were c a l c u l a t e d  

f o r  a 1X i n c r e a s e  in  d e n s i t y  i n  each r e g i o n  of  t h e  c o r e  (mass o r  number-density 

s e n s i t i v i t y  c o e f f i c i e n t s ) .  These are shown in  Tab le  4.6. The r e s u l t s  have 

been used t o  make small  c o r r e c t i o n s  t o  keff f o r  d i f f e r e n c e s  i n  masses between 

t h e  c a l c u l a t i o n s  and the a c t u a l  l o a d i n g s .  
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TABLE 4.1. Experimental  Values f o r  k e f f  i n  the ZPPR-13 Reference Core 

Me a s u r  ed Temp e r a t  u r  e PS R 
Excess ,  Cor rec t  ion  t o  293K, Cor rec t  iona Corrected 

Assembly %6k %6k %6k k e f f  

1 3A 0.0221 0.0238 0.0040 1.000499 

aEst imated c o r r e c t i o n  for B4C poison  s a f e t y  b l a d e s  which were f u l l y  
withdrawn. JAIIB7 



Reference D i f f u s i o n  Theory k e f f  C a l c u l a t i o n s  for ZPPR-13 
-_____.____c - TABLE 4.2. -- 

Reference C a l c u l a t i o n s  

xyz 28 groups 

Cor rec t  i ons  

Uniform a x i a l  mesha 
A i r  gap s t r eaming  
241Pu decay 
F u e l  l o a d i n g  

Cor rec t ed  C a l c u l a t i o n  

C / E  

ZPPR- 1 3A 

0.97891 

-0.00003 
-0.00032 
-0.00004 
+O. 00007 

0.97859 

0.9781 

aThe xyz models used a v a r i a b l e  axial  mesh t o  accommodate t h e  ZPPR shim rods .  A c o r r e c t i o n  is 
made t o  a uniform mesh o f  51 mm i n  t h e  core reg ion .  JAI I88 



TABLE 4.3 .  
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Nesh and Transpor t  Cor rec t ions  Derived 
f o r  ZPPR-13A 

Correc t  ion Source 

Mesh i n  xy-plane 
5 5  mm t o  27 mm 

Tot a1 t r a n s p o r t  : 
d i f f u s i o n  t o  S4 wi th  mesh 
equ iva len t  t o  27 ann 

T r an8 po r t  i n  xy-pl ane : 
d i f f u s i o n  t o  S4 w i t h  mesh 
27 mm o r  e q u i v a l e n t  

S4 t o  Si6 q u a d r a t u r e  with 
mesh e q u i v a l e n t  t o  27 mm 

xy models 
r models 

rz d i f f u s i o n  
and S4 models 

xy models 
r models 

r models 

Value. Ak 

-0.0016 
-0.0014 

+0.0087 

+0.0073 
+0.0051 

+o. 0002 

+O. 0003 r models Transpor t  mesh i n  xy-plane: 
-27 mm t o  -18 mm wi th  
s16 q u a d r a t u r e  



TABLE 4 . 4 .  Cornparison of k,ff Results f o r  a Range o f  ZPPR Cores - - 
Diffusion Theory k,ff T ranspor t  Theory k , f f  

No. Me an S.D. No. Mean - - S .D. 
Physics Benchmarks 

2 PPR-2 
Z PPR-9 
2 PPR- 7A 
ZPPR-13 

Cores wi th  CRPs 

Smal l  conven t iona l  

Large conven t iona l  

Small heterogeneousa 
BOC 
EOC 

1 
' 1  
1 
5 

--- 0.9828 --- 0.9827 
0.9761 
0.9777 0.0010 

--- 
0.9854 
3.9842 
0.9855 
0.9857 

3 

3 

6 
4 

0.9789 0.0007 

0.9794 0.0007 

3 

3 

0.9844 

0.9846 

0.0007 

0.001 1 

0.9751 0.0022 , 3 
0.9787 0.0008 2 

0.9868 0.0023 
0.9863 --- 

aResults from ZPPR-7 and ZPPR-11. Beginning-of-cycle (BOC) c o r e s  have 
no plutonium i n  b l anke t  r e g i o n s .  
s imulated plutonium bu i ldup .  JAIIB9 

The end-of-cycle (EOC) c o r e s  
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TABLE 4.6. Mass S e n s i t i v i t v  C o e f f i c i e n t s  fo r  ZPPR-13 

AssernbL y Isotope  Percent Ak/k Per Percent Increase in Mass 

ZPPR-13A 233Pu 
L4 OPU 
Z*lPU 
23 8u 

0.541 
0.01 10 
0.0078O 

-0.175 
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R e a c t i o n  r a t e 3  were c a l c u l a t e d  wi th  t h e  xyz d i f f u s i o n  models and 28 group 

c r o s s  s e c t i o n s ,  as d e s c r i b e d  in S e c t i o n  3 . 4 .  The e f f e c t s  of  t h e  bank d s h i m  

c o n t r o l  rods were approximated i n  t h e  model by adding boron t o  t h e  f u e l  in  t h e  

s h i m  l o c a t i o n ,  t o  t h e  a p p r o p r i a t e  sh im- inse r t ion  dep th ,  and using a s h i e l d i n g  

f a c t o r  de r ived  t o  reproduce t h e  measured shim r e a c t i v i t y  t o  w i t h i n  1OX.  This 

method was deemed s u f f i c i e n t l y  a c c u r a t e  s i n c e  r e a c t  ion r a t e  p e r t u r b a t  ions a t  t h e  

midplane a r e  g e n e r a l l y  l ess  than  1%. The model i s  e s t ima ted  t o  be a c c u r a t e  t o  

0.1% a t  t h e  midplane.  

F igu re  5 . 1  shows the  c a l c u l a t e d  p e r t u r b a t i o n  i n  f i s s i o n  rates due t o  t h e  

shim r o d s  i n  ZPPR-13A. I n  t h i s  c a s e  t h e  e f f e c t s  a r e  q u i t e  small w i th  r e l a t i v e  

p e r t u r b a t i o n s  o f  0 .5% a t  t h e  most. The c a l c u l a t e d  s h i m  rod r e a c t i v i t y  was 51. 

- -__- 

The e f f e c t s  due t o  a n i s o t r o p i c  d i f f u s i o n  va ry  up  t o  1% as shown i n  

S e c t i o n  3 . 3 .  

f o r  r e a c t i o n  ra tes  a t  e q u i v a l e n t  p o s i t i o n s  on t h e  x and y axes of ZPPR-13A 

should p rov ide  a tes t  of t h e  accu racy  of c a l c u l a t e d  shim rod and s t reaming 

e f f e c t s .  Other  ZPPR-13 c o r e s  have more complex i n t e r n a l  blanket  geometry. 

I n  t h e  absence of  o t h e r  p e r t u r b a t i o n s ,  comparison o f  C/E  v a l u e s  

Cor rec t  i ons  f o r  t h e  v a r i a t i o n s  i n  drawer cornposit i ons  have been a p p l i e d  

by m u l t i p l y i n g  t h e  r e a c t i o n  rates c a l c u l a t e d  w i t h  t h e  xyz model, R ( x y z ) ,  by t h e  

r a t i o  of  r e a c t i o n  ra tes  from t h e  all-master xy model, R(AMM) t o  t h e  r e a c t i o n  

r a t e  f o r  t h e  homogenized-master xy model, R(HMM) as fo l lows :  

R(co r rec t ed1  = R(xyz) x R(AMM) /R(HMM) 

I n  t h e  c a s e  of  ax ia l  traverses, t h e  r e s u l t  a t  each a x i a l  p o s i t i o n  i s  m u l t i p l i e d  

b y  t h e  r a t i o  c a l c u l a t e d  a t  t h e  midplane from t h e  xy models. 

The expe r imen ta l  measurements a r e  g i v e n  i n  u n i t s  of 10-18 f i s s i o n s  

o r  c a p t u r e s  p e r  atom per second at a r e a c t o r  power o f  approximately 1 w a t t .  

However, t h e  n o r m a l i z a t i o n  of  t h e  measurements is a c c u r a t e  on ly  t o  about 20%. 
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For compar ison  w i t h  exper iment ,  t h e  c a l c u l a t e d  va lues  a r e  normalized t o  

g i v e  an average C/E v a l u e  of  u n i t y  f o r  a l l  a v a i l a b l e  measurements of f i s s i o n  in  

239Pu wi th in  t h e  f u e l  r eg ions .  The no rma l i za t ion  is  not  q u i t e  e q u i v a l e n t  

between d i f f e r e n t  c o r e s  because t h e  number o f  measurements f o r  plutonium f i s s i o n  

is  l‘imited and d i f f e r e n t  t r a v e r s e s  may b e  chosen i n  each  c a s e .  

plutonium measurements a r e  normally made i n  one quadrant  only and do not a l low 

f o r  asymmetries in  t h e  c o r e s .  The a c t u a l  C/E r e s u l t s  cannot  be compared from 

c o r e  t o  c o r e  t o  b e t t e r  t h a n  a few p e r c e n t ;  o n l y  t h e  comparisons of t h e  r e a c t i o n  

r a t e  d i s t r i b u t i o n s  and r e a c t  ion rate r a t i o s  a r e  r e l e v a n t .  

F u r t h e r ,  t h e  

Two f o i l  i r r a d i a t i o n s  were made in  each o f  t h e  a s sembl i e s  ZPPR-l3A, 

The t w o  sets of  d a t a  have been combined i n t o  one group f o r  t h e  

p re sen t  a n a l y s i s .  

f o r  each  p a i r  of measurements. Except f o r  ZPPR-l3A, t h e  r e s u l t s  f o r  t h e  ‘‘common 

A number o f  235U f o i l s  were i r r a d i a t e d  in  common l o c a t i o n s  

f o i l s ”  were i n  s a t i s f a c t o r y  agreement wi th  t h e  exper imenta l  s t a t i s t i c s .  The 

r e s u l t s  f o r  13A showed a small b i a s .  The o r i g i n a l  d a t a  f o r  t h e  s e p a r a t e  i r r a d i -  

a t i o n s  have been  preserved  i n  t h e  monthly TM reports. 

The c r o s s  s e c t i o n s  used t o  c a l c u l a t e  r e a c t i o n  ra tes  a r e  ce l l -averaged  f o r  

each c e l l  type .  I n  t h e  c a s e  o f  plutonium i n  b l anke t  zones,  s p e c i a l  c r o s s  

s e c t i o n s  resonance  s h i e l d e d  f o r  t h e  0.13 mm t h i c k  f o i l s  are gene ra t ed .  These 

show improvements ove r  i n f i n i t e l y - d i l u t e .  c r o s s  s e c t i o n s  of  up t o  1% i n  t h e  

i n t e r n a l  b l a n k e t s  and s e v e r a l  pe rcen t  i n  t h e  soft spectrum r e g i o n s  of  t h e  r a d i a l  

and axial  b l a n k e t s .  I 
i 

For convenience  i n  d i s p l a y i n g  t h e  r e s u l t s ,  t h e  fo l lowing  a b b r e v i a t i o n s  are 

used t o  show t h e  d i s t i n c t i v e  r e a c t o r  zones: 

CB for c e n t e r  b l a n k e t  

F1, F2, F3, f o r  f u e l  r i n g s  one,  two and three 
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81, 82 f o r  Ehe f i r s t  and second i n t e r n a l  blanket  r i n g s  

RE3 f a r  t h e  r a d i a l  b l anke t  

AB EJr t h e  a x i a l  b l anke t  

I n  a d d i t i o n ,  t he  s ingle-fuel-column drawers  i n  t h e  f u e l  zones a r e  des igna ted  

a s  F1 S ,  e t c .  This d i s t i n c t i o n  is u s e f u l  s i n c e  sys t ema t i c  d i f f e r e n c e s  i n  C / E  

r e s u l t s  f o r  r e a c t i o n s  in  23% are  ev iden t  between t h e  s i n g l e -  and double-fuel-  

column d rawers .  

As a n  a i d  i n  v i s u a l i z i n g  t h e  a n a l y s i s  of  t h e  r e a c t i o n  r a t e s ,  t h e  r e s u l t s  i n  

t h e  summary t a b l e s  and f i g u r e s  show mean C / E  v a l u e s  f o r  groups of a d j a c e n t  

measurements i n  t h e  same zone. Very l i t t l e  l o s s  of  i n fo rma t ion  is  incurred by 

t h i s  condensa t ion  s i n c e  any v a r i a t i o n  i n  C / E  v a l u e s  o v e r  a range of s e v e r a l  

drawers  is masked by expe r imen ta l  s t a t i s t i c s .  The d e t a i l e d  t a b l e s  show t h e  

s t a n d a r d  d e v i a t i o n  of t h e  C / E  d i s t r i b u t i o n s  f o r  t h e  chosen groups o f  f o i l s .  

These d a t a  are not u s u a l l y  of  s t a t i s t i c a l  s i g n i f i c a n c e ,  due t o  t h e  small number 

of  r e s u l t s  i n  t h e  group,  bu t  a r e  g iven  as an i n d i c a t i o n  of t h e  spread i n  

r e s u l t s .  The s t a n d a r d  d e v i a t i o n s  may be  compared t o  t h e  experimental  s t a t i s t i c s  

o f  0.5% t o  1% f o r  t h e  non-threshold r e a c t i o n s .  

Rad ia 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  a long  t h e  x-axis of  ZPPR-13A a r e  shown 

i n  F igs .  5.2 and 5.3. 

t h e  f l u x  v a r i a t i o n s  in t h e  MeV r a n g e ,  v a r i e s  q u i t e  d r a m a t i c a l l y  between t h e  f u e l  

and b l anke t  r i n g s .  Th i s  p r e s e n t s  a d e f i n i t e  c h a l l e n g e  t o  a n a l y s i s  i n  he t e ro -  

geneous c o r e s .  

and t o  t r a n s p o r t  e f f e c t s .  

benign.  These v a r i a t i o n s  a r e  t y p i c a l  of t h e  r e a c t i o n  rates i n  a l l  phases 

o f  ZPPR-13 and similar t o  t h o s e  i n  i n  o t h e r  heterogeneous cores . ( ’ )  

The t h r e s h o l d  f i s s i o n  ra te ,  238U3(n,f), a monitor  o f  

I t s  a c c u r a t e  p r e d i c t i o n  is  s e n s i t i v e  t o  c e l l - p r o c e s s i n g  methods 

In  c o n t r a s t ,  t h e  non-threshold r e a c t i o n s  a r e  q u i t e  
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F i g .  5 . 1 .  Percent change i n  235U f iss ion rate in ZPPR-13A caused by 
partially inserted shim rods. 
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5. 1 3 i f f u ; i 3 ?  T-~eory . inalysis  f o r  ZPPK-13A 

The l 3 c a t i o n s  o f  t h e  f o i l  measurements i n  ZPPR-13A a r e  shown i n  ~ i g s .  

5.4 and 5 . 5 .  The d a t a  f a l l  i n t o  s e v e r a l  groups:  

-- 

( i>  T r a v e r s e s  a long t h e  p r i n c i p a l  axes i n  t h e  upper l e f t  hand ( U L H )  

quadrant  f o r  a l l  four  r e a c t i o n  types .  

( i i >  A x i a l  t r a v e r s e s  f o r  t h e  fou r  r e a c t i o n s  in  t h r e e  l o c a t i o n s  i n  

f u e l  zones.  

(iii) E x t e n s i v e  d a t a  f o r  235U f i s s i o n  i n  a l l  fou r  quadran t s  t o  t es t  

t h e  symmetry of f i s s i o n  d i s t r i b u t i o n s .  

( i v )  A number of s p e c i a l  measurements o f  235U f i s s i o n  including 

twe lve  ax ia l  t r a v e r s e s ,  measurements nea r  t h e  i n t e r f a c e  i n  t h e  r a d i a l  r e f l e c t o r  

and measurements i n  l o c a t i o n s  symmetric t o  f i s s i o n  chamber d e p o s i t s  f o r  c a l i -  

b r a t  i on  purposes .  

The t w o  i r r a d i a t i o n s  i n  ZPPR-13A were s e p a r a t e d  by an i n t e r v a l  of  

ove r  t h r e e  months. S e v e r a l  o t h e r  experiments  took p l ace  between t h e  two f o i l  

measurements, no t  t h e  l e a s t  of which were e x t e n s i v e  sodium-void s t u d i e s  and 

"d rawe r-pus h ing" exce rc  ises . (9) 
l o c a t i o n s  f o r  t h e  two i r r a d i a t i o n s .  The average of t h e  r a t i o s  of t h e  c o u n t r a t e s  

i n  t h e  f i r s t  set  d i v i d e d  by t h o s e  i n  t h e  second set (weighted wi th  s t a t i s t i c a l  

u n c e r t a i n t i e s )  was 1.0023 2 0.0008 ( l o ) .  T h i s  i n d i c a t e s  a s l i g h t  b i a s  between 

t h e  two measurements, bu t  i t  is no t  cons ide red  t o o  l a r g e  t o  p r o h i b i t  combination 

o f  t h e  two se ts  of  d a t a .  

The re  were 102 235U f o i l s  i n  t h e  same 

The k,f f  v a l u e s  f o r  t h e  xyz c a l c u l a t i o n  models were: 

e r e f e r e n c e  c o r e  0.978908 

0 with shim rods  i n s e r t e d  0.978757 

0 shim rod r e a c t i v i t y  0.015% Ak 
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T n e  measured s h i m  r s a c t i v i t i e s  were 0 .015% Ak and 0.0212 Ak f o r  t he  two 

i r r a d i a t i o n s .  The s i n g l e  c a l c u l a t i o n  was regarded a s  adequate  s i n c e  per turba-  

t i o n s  t o  midplane r e a c t i o n  ra tes  were l e s s  t han  0.4% (F ig .  5 . 1 ) .  

The a n a l y s i s  of  r a d i a l  and a x i a l  r e a c t i o n  ra te  d i s t r i b u t i o n s  is 

summarized in Tab les  5.1 t o  5.7. These r e s u l t s  a r e  a condensa t ion  o f  t h e  

d e t a i l e d  d a t a  i n  Appendix C .  The c o n c l u s i o n s  are as fo l lows :  

(i) R a d i a l  r e a c t i o n  ra te  d i s t r i b u t i o n s  are ob ta ined  f o r  a l l  fou r  

r e a c t i o n  t y p e s  o n l y  i n  t h e  upper l e f t  hand quadran t .  Tab le  5 . 1  shows t h e  mean 

C/E r e s u l t s  i n  each r a d i a l  zone. 

The t h r e e  non-threshold react i o n s  show a similar monotonic 

i n c r e a s e  i n  C / E  w i t h  i n c r e a s i n g  r a d i u s .  React ion ra tes  i n  f u e l  r i n g  two (F2) 

are o v e r p r e d i c t e d  by 2% r e l a t i v e  t o  F1 and r e a c t i o n  ra tes  i n  F3 are  overpre-  

d i c t e d  by between 4.5% and 5% r e l a t i v e  t o  F1. 

The 238U f i s s i o n  rates a l s o  show a r a d i a l  m i s p r e d i c t i o n .  

However, C/E r e s u l t s  i n  a d j a c e n t  f u e l  and b l a n k e t  zones d i f f e r  by about 15%. 

T h i s  r e s u l t  is e n t i r e l y  expected wi th  d i f f u s i o n  t h e o r y  c a l c u l a t i o n s .  

( i i )  More than  300 235U f o i l s  were i r r a d i a t e d  nea r  t o  t h e  midplane,  

cove r ing  a l l  f o u r  quadran t s  o f  t h e  r e a c t o r .  These r e s u l t s  are d i s p l a y e d  i n  

T a b l e  5 . 2  t o  show t h e  az imutha l  v a r i a t i o n s  i n  p r e d i c t i o n .  The r e s u l t s  are 

a l s o  i l l u s t r a t e d  i n  Fig.  5 . 6 .  The az imutha l  v a r i a t i o n  i n  C/E i s  about 3 x  i n  t h e  

t h i r d  f u e l  r i n g  (F3). The h i g h e s t  v a l u e  is  1.066 on t h e  n e g a t i v e  x-axis and t h e  

lowest v a l u e  is  1.036 near  t h e  t o p  of t h e  c o r e .  R e s u l t s  a t  t h e  bottom of t h e  

c o r e  are about  1% h i g h e r  than  a t  t h e  t o p  and r e s u l t s  on t h e  RHS are g e n e r a l l y  

lower t h a n  on t h e  LHS. 

(iii) 

t i o n s  symmetric t o  t h e  in-core f i s s i o n  chambers. 

r a d i a l  zone. These d a t a  are s u f f i c i e n t  t o  i d e n t i f y  t h e  r a d i a l  m i s p r e d i c t i o n s  o f  

T a b l e  5.3 shows a summary o f  r e s u l t s  f o r  t h e  64 f o i l s  i n  loca- 

R e s u l t s  are averaged f o r  each 



f i s s i o n  r a t a s  a s  can 5s seen b y  comparison w i t h  t h e  r e s u l t s  from a l l  2 3 5 ~ '  

f o i l s ,  shown i n  t h e  l a s t  column o f  t h e  t a b l e .  

( i v )  Axial  t r a v e r s e s  were made a d j a c e n t  t o  o r  i n s i d e  each o f  t h e  

twelve p o s i t i o n s  des igna ted  a s  c o n t r o l  rod l o c a t i o n s  i n  t h e  o u t e r  f u e l  r i n g .  

The ave rage  CIE r e s u l t s  i n  t h e s e  l o c a t i o n s ,  shown in Table  5 . 4 ,  prov ide  d a t a  on 

t h e  azimuthal  v a r i a t i o n  cove r ing  a l l  four quadran t s .  The r e s u l t s  show a 

s i m i l a r  v a r i a t i o n  t o  those  i n  Tab le  5 . 3  a l t h o u g h  v a l u e s  i n  t h e  same r e g i o n s  tend 

t o  be h i g h e r  by 0 . 5 %  t o  1 X .  

( V I  T a b l e s  5 . 5 ,  5 . 6  and 5 . 7  g i v e  an a n a l y s i s  o f  axial 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 .  

t h e  c o r e  and r e a c t i o n  t y p e ,  t h e  t a b l e s  show t h e  C / E  v a l u e s  a t  each z -pos i t i on  

In  o r d e r  t o  remove b i a s e s  i n  C/E v a l u e s  due t o  p o s i t i o n  i n  

r e l a t i v e  t o  a c o r e  ave rage  v a l u e .  S ince  t h e  f o i l  l o c a t i o n s  a r e  i r r e g u l a r l y -  

spaced ,  an a x i a l l y - w e i g h t e d  core-average is  used ( t h i s  i s  o n l y  a l i t t l e  d i f f e r e n t  

f r o F  t h e  unweighted average ( s e e  r e s u l t s  i n  Appendix C > > .  With t h i s  normaliza- 

t i o n ,  a l l  r e s u l t s  except  238u f i s s i o n  show a similar t r e n d .  

The C/E r e s u l t s  a t  t h e  t o p  o f  t h e  c o r e  nea r  t h e  a x i a l  b l a n k e t  i n t e r -  

f a c e  are 1% low, on ave rage ,  r e l a t i v e  t o  t h e  mean ove r  t h e  c o r e  h e i g h t .  The 

r e s u l t s  i n  t h e  a x i a l  b l a n k e t  have c o n s i s t e n t  C / E s ,  w i t h i n  s t a t i s t i c s ,  ove r  t h e  

range 480 nrm t o  690 mm from the midplane. The r e s u l t s  f o r  23% c a p t u r e  appear  

l e s s  c o n s i s t e n t  between t h e  core r e g i o n  and t h e  b l a n k e t .  In t h e  axial b l anke t  

above t h e  s ingle-fuel-column drawer ( T a b l e  5 . 5 )  t h e  C/Es are  about 2% h i g h e r ,  

b u t  above t h e  double-fuel-column drawer (Tab le  5 . 6 )  t h e  C / E s  a r e  about 5 %  lower 

t h a n  t h e  c o r e  ave rage .  The 23% f i s s i o n  v a l u e s  a c r o s s  t h e  c o r e / a x i a l  b l anke t  

i n t e r f a c e  show a marked d i s c o n t i n u i t y  of 5% t o  10% i n  t h e  same sense  as found in  

t h e  r a d i a l  d i s t r i b u t i o n s .  



c] PSR 
c] In-core Fission Counter 

a Single  Column Drawer 

F i g .  5.4. F o i l  Locations i n  ZPPR-13A I r r a d i a t i o n  No. 1. 

I 
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FI, F2, F3, FUEL ZONES 

Fig .  5.6. R a t i o s  of c a l c u l a t i o n  t o  exper iment  for 235U f i s s i o n  rates 
i n  ZPPR-13A. 



TABLE 5.1. ZPPR-13A: Summary of  Radial Reaction Rate Analys i s  

Zone 

CB 
F1 
B1 
F2 
B2 
F3 
RB 

- 
Number 
of Data 

14 
10 
6 
8 
6 

12 
8 

23 ' ~ u ( n ,  E I 

Mean C/E S.D.b 

0.969 0.01 1 
0.974 0.01 1 
0.987 0.008 
0.996 0.017 
1.022 0.018 
1.020 0.023 
0.997 0.025 

- * 35U(n,  € ) a  

Mean C/E S . D . b  

1.005 0.007 
1.008 0.009 
1.013 0.006 
1.027 0.013 
1.051 0.012 
1.053 0.014 
1.058 0.014 

2 3 % J ( * , Y )  - 
Mean C/E S . D . b  

1.045 0.007 
1.048 0.015 
1,050 0.007 
1.067 0.018 
1.077 0.01 1 
1.099 0.025 
1.095 0.019 

( n ,  € - 

Mean C / E  s . D . ~  

0.961 0.089 
0.908 0.029 
1.060 0.019 
0.913 0.031 
1.091 0.034 
0.966 0.039 
1.003 0.092 

.- 

- - 
aIncludes  o n l y  r e s u l t s  at the  x-axis  and y-axis  i n  t h e  ULH quadrant for cons i s t ency  with  

bStandard d e v i a t  ion of t h e  C/E d i s t r i b u t  ion .  
t h e  o ther  react i o n s .  

JAI L 2A24 



TABLE 5 . 2 .  ZPPR-13A: of Radia l  F i s s i o n  Rate 

Azimuthal 
Pos i t  iona 

Negative x-axis 
TI12 
~ / 6  

3 ~ 1 1 2  
x/3 

5 ~ 1 1 2  

P o s i t  i ve  y-axis 
2n/3  
5x16 

Pos i t  i ve  x-axis 

Negative y-axis 

Mean C/E by Radial Zoneb 
F1 B l  F2 52 F3 RB 

1.011 1.017 1.035 

1.010 1.020 1.025 

1.004 1.010 1.021 

-- - --- -- - 
-- - -- - --- 
e- - --e --- 

1.060 1.066 1.069 
1.057 --- 

1.037 1.052 --- 
1.044 --- 

1.032 1.044 --- 
1.039 --- 

--- 
--e 

--e 

1.005 
1.014 
0.993 

1.009 
1.022 
1.011 

1.019 
1.020 
1.013 

1.042 1.040 1.048 
1.035 1.039 --- 
1.039 1.036 --- 

1.011 I.  024 1.031 1.066 1.055 1.054 

1.013 1.029 1.039 1.062 1.046 1.061 

All Data: 
Number 38 29 43 31 140 22 

Mean C/E 1.008 1.018 1.024 1.045 1.046 1.061 
S.D. 0.011 0.012 0.013 0.014 0.014 0.014 

aApproxha te  azimuthal pos i t  ions  with r e s p e c t  t o  t h e  nega t ive  

bMean C/E va lues  for groups of t h r e e  t o  s ix  f o i l s  in f u e l  
x-axis of ZPPR h a l f  1. 

zone 1 (Fl), blanket  r i n g  1 ( E l ) ,  e t c .  J A I I  2A2 5 

TABLE 5.3. ZPPR-13A: Summary of  Analysis f o r  t h e  F i s s i o n  
Chamber C a l i b r a t i o n  F o i l s  

Zone - 
Number 

of R e s u l t s  
Me an 

C /E S.D. - 
Mean C / E  

Using a l l  F o i l  Data 

CB 
F1 
B1 
F 2  
B 2  
F3 

3 
5 
5 

11 
11 
23 

1.004 0.002 
1.000 0.013 
1.018 0.014 
1.019 0.010 
1.039 0.011 
1.042 0.015 

1.005 
1.008 
1.018 
1.024 
1.045 
1.046 

RE 6 1.069 0.014 1.061 
JAII2A26 
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TABLE 3 . i .  ZPPR-13A:  Summary of Analysis of 235L'  F i s s i o n  
Near Control - P o s i t i o n s  i n  Fuel Ring 3 

Hatr ix Control  Me an 
Po s i t  ion P o s i t  iona O r i e n t a t i o n  C /  Eb S. D. 

147-27 
137-31 
130-3 9 
126-48 
130-60 
137-68 
147-72 
160-68 
167-60 
171-48 
1 67-3 9 
160-3 1 

25 
26 
27 
28 
29 
30 
31 
20 
21 
22 
23 
24 

0 ('X) 

a/6 
a13 
a12 (+y> 
2n13 
5x16 

a ( + X I  
7716 
4x13 
3 ~ / 2  (-y> 
5a /3  

lla/b 

1.062 
1.045 
1.025 
1.035 
1.029 
1.041 
1.051 
1.049 
1.034 
I. 046 
I .  033 
1.057 

0.012 
0.005 
0.010 
0.004 
0.006 
0.008 
0.009 
0.006 
0.007 
0.004 
0.013 
0.013 

a P o s i t i o n s  used for measurement o f  c o n t r o l  rod worths i n  
ZPPR-13A. P o s i t i o n s  n e a r  t h e  axes were a d j a c e n t  t o  
c o n t r o l  p o s i t  i o n s ,  t h e  remainder were i n s i d e  t h e  c o n t r o l  
p o s i t  i ons .  

on l o c a t i o n .  See d e t a i l e d  t a b l e s .  JAII2h27 
bMean r e s u l t  f o r  seven o r  t e n  a x i a l  p o s i t i o n s ,  depending 

TABLE 5.5. ZPPR-13h: Axial React ion Rate Ana lys i s  
i n  Matrix 147-42 

Zone - z, llml F9 F5 C8 F8 

F1 S 

AB 

77 
128 
2 04 
2 80 
33 1 
382 
43 3 

483 
5 34 
61 0 
687 

1.015 
1.009 
0.999 
0.998 
0.988 
0.979 
0.999 

0.991 
1.004 
0.981 
0.966 

1.008 
1.002 
0.997 
1.002 
1.010 
0.984 
0.988 

1.006 
1.001 
0.986 
0.999 

1.018 
1.001 
0.999 
1.003 
0.982 
0.991 
0.984 

1.027 
1.024 
1.017 
1.007 

1.002 
1.008 
1.060 
1.004 
0.969 
0.971 
0.950 

0.998 
1.004 
0.89 
0.81 

0.956 0.984 1.017 1.034 Core Averagea 
S .D. 0.012 0.010 0.013 0.035 

aWeighted ave rage  o v e r  0 t o  458 nun. JhII a 2 6  



aa 

TABLE 5.6.  ZPPR-13A: Axial  React ion Rate Analysis  
i n  Matr ix  147-27 

Zone 

F3 

- 

AB 

F9 

77 1.011 
128 1.003 
2 04 1.015 
2 a0 0.985 
331 0.988 
382 0.988 
43 3 0.995 

F5 

1.011 
1.010 
1.006 
0.992 
0.990 
0.992 
0.987 

483 .O. 982 
534 1.011 
610 0.966 
68 7 0.972 

1.014 
0.995 
1.002 
0.998 

ca F8 

1.015 
1.008 
1.002 

0.990 
0.974 
1.013 

0.985 

1.026 
1.000 
1.011 
0.997 
0.980 
0.981 
0.973 

0.952 
0.945 
0.955 
0.952 

1.105 
1.113 
0.94 
0.67 

Core Averagea 1.028 1.059 1..124 0.956 
S .D. 0.012 0.011 0.017 0.018 

aWeighted average over  0 t o  458 mm. JAII2A28 
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TABLE 5. 7 .  Summary o f  Axial 235U F i s s i o n  Rate Analysis  

z ,  

13 
7 7  

128 
2 04 
2 80 
33 1 
3 82 
43 3 

Core 
Aver ag ea 

13 
77 

128 
204 
2 80 
33 1 
3 82 
433 

Core 
Average a 

147-27 

1 .014 
1 .010  
I .  009 
1.006 
0.992 
0.990 
0.992 
0.987 - 
1.059 

147-72 

1.005 
1.005 
1.008 
I. 007 
I. 003 
0.992 
0.994 
0.980 

1.050 

137-31 

1.004 
1.001 
1.005 
1.000 
1.000 
0.996 
0.995 
0.995 

1.044 

160-68 

0.995 
1.003 --- --- 
1.003 

' I .  004 
0.999 --- 

1.050 

130-39 

0.997 
1.004 
1.023 
1.003 
0.997 
0.993 
0.994 
0.982 

126-48 

0.998 
1.001 
1.002 
1.006 
1.002 
0.997 
0.993 
0.999 

1.026 1.036 

167-60 

1.007 
1.008 _-- --- 
0.998 
0.995 
0.994 --- 

17 1-48 

0.999 
0.996 
I .  000 
1.004 
1.001 
1.001 
0.998 
0.995 

1.047 

130-60 

1.005 
1.010 -- - --- 
0.997 
0.999 
0.993 --- 

137-68 - 
1.006 
0.987 -- - 
--- 

1.001 
0.999 
0.997 --- 

1.027 1.040 

167-39 

1.009 
1.010 --- 
--- 

1.000 
0.997 
0.996 --- 

160-31 

1. ooa 
1.019 -- - -- - 
0.999 
0.987 
0.989 --- 

~~ 

1.030 

~~ 

1.054 
Average of a l l  r e s u l t s  a t  13 and 77 mm = 1.004 
Average of a l l  r e s u l t s  at  382 and 433 ram 0.993 
aWeighted average over 0 t o  458 mm. 3A I I 2A2 9 
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5 . 5  React ion Rate Ra t io  h a l y s i s  

React ion r a t e  r a t i o s  r e l a t i v e  t o  f i s s i o n  in 239Pu have been analyzed 

for  a l l  matrix p o s i t i o n s  i n  which a l l  t h r e e  f o i l s  were i r r a d i a t e d .  Detai led 

r e s u l t s  a r e  g i v e n  i n  t he  append ices .  Note t h a t  t h e  experimental  v a l u e s  a r e  not 

a d j u s t e d  t o  a common l o c a t i o n  i n  t h e  c e l l .  

t he  plutonium f o i l s  by  2 7 . 7  nrm and t h e  23% f o i l s  a r e  s e p a r a t e d  from plutonium 

f o i l s  by 13.8 mm. 

23%J(n,y). 

- 
The 235U f o i l s  are  s e p a r a t e d  from 

The ad jus tmen t s  would be about 1% f o r  235U and 0 . 5 %  for  

V a r i a t i o n s  i n  23% f i s s i o n  may b e  much l a r g e r .  C a l c u l a t i o n s  a r e  

i n t e r p o l a t e d  t o  t h e  g iven  f o i l  l o c a t i o n s  t o  o b t a i n  a p p r o p r i a t e  C / E  v a l u e s .  The 

C / E  v a l u e s  a re  i n s e n s i t i v e  t o  m i s p r e d i c t i o n s  o f  t h e  g l o b a l  f l u  shapes i n  t h e  

c o r e  s i n c e  t h e s e  are similar f o r  a l l  r e a c t i o n s .  For a g iven  c e l l  t y p e ,  t h e  

s t a n d a r d  d e v i a t i o n s  o f  t h e  C / E  d i s t r i b u t i o n s  a r e  o n l y  a l i t t l e  l a r g e r  than 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  o f  t h e  measurements. 

A summary o f  t h e  r e a c t i o n  ra te  r a t i o  a n a l y s i s  f o r  ZPPR-13A 

i s  g i v e n  i n  Tab le  5.13 Average r e s u l t s  are  g iven  

s e p a r a t e l y  f o r  single-fuel-colirmn and double-fuel-column drawers  and f o r  b l anke t  

drawers s i n c e  s i g n i f i c a n t l y  d i f f e r e n t  r e s u l t s  may b e  ob ta ined  i n  d i f f e r e n t  

drawer types. 

The c o n c l u s i o n s  are: 

( i )  R e s u l t s  are  c o n s i s t e n t  between t h e s e  c o r e s  and are similar t o  

a n a l y s i s  o f  ZPPR-9 and ZPPR-10. 

( i i )  The ave rage  C / E  f o r  t h e  235U f i s s i o n  r a t i o  is 1.03 and v a r i e s  

by  o n l y  a few t e n t h s  o f  a pe rcen t  between SC f u e l  d rawers ,  CC f u e l  d rawers  and 

b l a n k e t  d rawers  excep t  f o r  t h e  axial  t r a v e r s e s  i n  13B/4 which are  s i n g u l a r l y  o u t  

o f  l ine  ( C / E  = 1.044). 

( i i i )  The r e s u l t s  f o r  t h e  23%J c a p t u r e  r a t i o  are s i g n i f i c a n t l y  

d i f f e r e n t  between t h e  drawer t y p e s :  



SC f u e l  drawers <C/E> = 1 .06  

DC f u e l  drawers  < C / E >  = 1 . 0 9  

I n t e r n a l  Blankets  <C/E> = 1.07 

(iv) The r e s u l t s  f o r  t h e  23%J f i s s i o n  r a t i o s  are a l s o  d i f f e r e n t .  

For rad ial t r a v e r s e s :  

SC f u e l  d rawers  < C / E )  = 0.95 t o  0.97 

Dc f u e l  d rawers  <C/E> = 0.92 t o  0.93 

I n t e r n a l  Blankets  <C/E> = 1.07 to 1.08 

The 23%J f i s s i o n  r e s u l t s  are improved by f i n e  mesh t r a n s p o r t  c a l c u l a t i o n s .  
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5 . 6  Transport  C a l c u l a t i o n  

Transpor t  c a l c u l a t i o n s  using a f i n e  mesh (4MPD) have b e e n  c a l c u l a t e d  

f o r  t he  midplane r e a c t i o n  ra tes  i n  ZPPR-13A us ing  an xy model. The resul ts  f o r  

t h e  xyz d i f f u s i o n  c a l c u l a t i o n s  have been a d j u s t e d  f i r s t  by t h e  r a t i o  o f  d i f -  

f u s i o n  c a l c u l a t i o n s  i n  4MPD r e l a t i v e  t o  1NPD and second by t h e  r a t i o  o f  t h e  S4 

c a l c u l a t i o n  with 4MPD t o  t he  d i f f u s i o n  c a l c u l a t i o n  with 4MPD. 

The t r a n s p o r t  c o r r e c t i o n s  a long  t h e  x-axis  a r e  g iven  i n  Tab les  5.16 t o  

5.19. C o r r e c t i o n s  are  q u i t e  similar f o r  t h e  t h r e e  non-threshold r e a c t i o n s ;  

r e a c t i o n  rates i n  b l a n k e t  r e g i o n s  are  reduced by between 2% and 3% w h i l e  v a l u e s  

i n  f u e l  r e g i o n s  change by less t h a n  0.5%. 

p r e s e r v e  t h e  n o r m a l i z a t i o n  t o  239Pu f i s s i o n  i n  t h e  f u e l  zones) .  

d i c t i o n s  wi th  r a d i u s  are made m a r g i n a l l y  worse (0.3% t o  0 .5%)  by t r a n s p o r t  

c o r r e c t  i o n s .  

(Note t h a t  t h e  t r a n s p o r t  r e s u l t s  

The mispre- 

T r a n s p o r t  c o r r e c t i o n s  produce a marked improvement f o r  23%J(n,E>.  

C a l c u l a t e d  v a l u e s  i n  f u e l  r e g i o n s  are inc reased  by between 1% and 3%, v a l u e s  i n  

t h e  i n t e r n a l  b l a n k e t s  are dec reased  by between 6 %  and 13%. C / E  r e s u l t s  between 

t h e  f u e l  zones F1 and F2 remain lower than  those  i n  b l a n k e t  zones B1 and B2 by 

5 % .  

S t u d i e s  for ZPPR-7, u s i n g  f u e l / b l a n k e t  coup led -ce l l  models achieved 

agreement i n  p r e d i c t i o n s  o f  23%J f i s s i o n  between f u e l  and b l a n k e t  d rawers  

t o  w i t h i n  2%.(’) 

produce improved pred ic t i o n s .  

C a l c u l a t i o n s  f o r  ZPPR-13 w i t h  multi-drawer models might also 



U T R T X  
POSITION ZONE 

147 49 C B  
147 48 CB 
148 47 CB 
148 46 CB 
148 45 CB 
148 44 CB 

147 44 F1 S 
147 43 F1 
147 41 F1 
147 40 F l  S 

147 39 B1 
147 38 B 1  
147 37 B 1  

147 36 F2 
147 35 F2 S 
147 34 F2 
147 33 F2 S 

147 32 B2 
147 31 B2  
147 30 82  

147 29 F3 
147 28 F3 S 
147 26 F3 S 
147 25 F3 
147 24 F3 S 

147 23 RB 
147 22 RB 
147 21 RB 
147 20 RB 

4.473 
4.588 
4.669 
5.095 
5.610 
6. i i a  

6.146 
6.434 
6.895 
7.023 

7.222 
7.350 
7.559 

7.567 
7.709 
7.654 
7.403 

7.343 
6.985 
6.847 

6.764 
6.611 
5.818 
5.102 
4.388 

3.628 
2,911 
2.339 
2.095 

REFERENCE 
C / E  --------- 

0.959 
0.966 
0.980 
0.979 
0.975 
0.980 

0.958 
0.971 
0.974 
0.968 

0.984 
0.992 
0.998 

0.997 
1.015 
1.007 
1.017 

1.016 
1.040 
1.048 

1.022 
1.045 
1.047 
1.059 
1.023 

1.037 
1.016 
1.009 
0.967 

MEAN C / E  
( S  .D.  

0.973 
(0.009) 

0.968 
(0.007) 

0.991 
(0.007) 

1.009 
(0.009) 

1.035 
(0.017) 

1.039 
(0.016) 

1.007 
(0.029 1 

CORRECTIONS A -------------- 
MESH ----- 
1.009 
1.009 
1.008 
1.007 
1.005 
1.003 

1.003 
1.001 
1.002 
1.004 

1.005 
1.005 
1.003 

1.002 
1.000 
1.001 
1.002 

1.003 
1.004 
1.002 

1.000 
0.997 
0.996 
0.997 
0.998 

1.000 
1.002 
1.005 
1.009 

s 4  ----- 
0.967 
0.966 
0.966 
0.964 
0.969 
0.974 

0.988 
1.003 
1.001 
0.984 

0.966 
0.965 
0.974 

1.001 
1.003 
1.006 
0.990 

0.970 
0.964 
0.973 

1.000 
1.006 
1.006 
1.009 
0.994 

0.973 
0.968 
0.972 
0.981 

0.936 
0.940 
0.954 
0.951 
0.949 
0.958 

0.949 
0.975 
0.978 
0.957 

0.955 
0.962 
0.975 

0.999 
1.018 
1.014 
1.008 

0.988 
1.005 
I. 022 

1.022 
1.048 
1.049 
1.065 
1.014 

1.009 
0.985 
0.986 
0.957 

0.948 
(0.008) 

0.965 
(0.014) 

0.964 
(0.010) 

1.010 
(0.008) 

1.005 
(0.017) 

I. 040 
(0.021 1 

0.984 
(0.021) 

A CORRECTIONS WERE NOT CALCULATED IN POSITIONS 147-42 AND 147-27 . 



147 49 C B  
147 48 CB 
148 47 CB 
148 46 CB 
148 45 CB 
148 44 CB 

147 44 F1 S 
147 43 F1 
147 41 F1 
147 40 F1 S 

147 39 B1 
147 38 Bl 
147 37 Bl 

147 36 F2 
147 35 F2 S 
147 34 F2 
147 33 F2 S 

147 32 B2 
147 31 82 
147 30 B2 

147 29 F3 
147 28 F3 S 
147 26 F3 S 
147 25 F3 
147 24 F3 S 

147 23 RB 
147 22 RB 
147 21 RB 
147 20 RB 

EXP. ----- 
5.306 
5.429 
5.524 
5.981 
6.324 
6.557 

6.492 
6.684 
7.235 
7.576 

7.987 
8.155 
8.198 

7.977 
7.970 
7.942 
7.901 

7.936 
7.797 
7.551 

7.061 
6.765 
5.897 
5.257 
4.646 

3.935 
3.255 
2.667 
2.321 

REFERENCE 
C / E  --------- 
1.000 
1.003 
1.011 
0.996 
1.003 
1.020 

1.021 
1.004 
0.996 
1.012 

1.012 
1.018 
1.022 

1.020 
1.045 
1.029 
1.047 

1.058 
1.061 
1.062 

1.058 
1.069 
I. 066 
1.071 
1.062 

1.083 
1.069 
1.065 
1.057 

MEAN C / E  
(S.D.) -------- 

1.006 
(0.009) 

1.008 
(0.011) 

1.017 
(0.005) 

1.035 
(0.013) 

1.060 
(0.002) 

1.065 
(0.005) 

I. 069 
(0.011) 

CORRECTIONS A -------------- 
MESH ----- 
1.009 
1.008 
1.008 
1.006 
1.004 
1.002 

I. 003 
1 003 
1.004 
1.003 

1.003 
1.003 
1.002 

1.003 
1.000 
1.002 
1.002 

1.000 
1.001 
0.999 

1.001 
0.997 
0.995 
0.9913 
0.997 

0.998 
I. 001 
1.005 
1.010 

s4 ----- 
0.968 
0.968 
0.968 
0.968 
0.973 
0.977 

0.986 
0.998 
0.996 
0.984 

0.971 
0.971 
0.977 

0.997 
0.997 
1.001 
0.988 

0.975 
0.971 
0.977 

0.998 
1.002 
1.004 
1.006 
0.993 

0.978 
0.973 
0.974 
0.981 

CORRECTED 
C / E  -------- 
0.977 
0.979 
0.986 
0.970 
0.980 
0.999 

1.010 
1.005 
0.996 
0.999 

0.986 
0.991 
1.000 

1.020 
1.042 
1.032 
1.037 

1.032 
1.031 
1.037 

1.057 
1.068 
1.065 
1.075 
1.051 

1.057 
1.041 
1.042 
1.047 

MEAN C / E  
(S.D.) ------- 

0.982 
(0.010) 

1.003 
(0.006 1 

0.992 
(0.007) 

1.033 
(0.009) 

1.033 
(0.003) 

1.063 
(0.009) 

1.047 
(0.007 1 



147 49 CB 
147 48 CB 
148 47 CB 
148 46 CB 

148 44 CB 
148 45 CB 

0.6268 1.050 
0.6521 1.041 
0.6649 1.053 
0.7207 1.049 
0.7739 1.057 
0.8217 1.051 

147 44 F1 S 0.8763 1.034 
147 43 F1 0.8544 1.067 
147 41 F1 0.9277 1.060 
147 40 F1 S 1.0090 1.048 

1.010 0.966 
1.009 0.967 
1.009 0.968 
1.007 0.970 

I. 050 1.005 0.976 
(0.005) 1.003 0.980 

1.052 
(0.014) 

147 39 B1 
147 38 B1 
147 37 B1 

1.0130 1.046 
1.0330 1.055 1.053 
1.0330 1.059 (0.007) 

147 36 F2 1.0250 1.086 
147 35 F2 S 1.0560 1.060 
147 34 F2 1.0120 1.094 
147 33 F2 S 1.0500 1.078 

147 32 B2 
147 31 B2 
147 30 82 

1.080 
(0.015) 

1.003 
1.005 
I. 006 
1.004 

0.986 
0.993 
0.991 
0.984 

1.004 0.975 
1.004 0.975 
1.003 0.980 

1.025 
1.016 
1.028 
1.025 
1.036 1.027 
1.034 (0.007) 

1.023 
1.065 
1.056 1.045 
1.035 (0.019) 

1.024 
1.032 1.032 
1.. 040 (0.008) 

1.005 0.992 1.083 
1.001 0.993 1.053 
1.004 0.995 1.092 1.074 
1.003 0.988 1.068 (0.017) 

1.0210 1.079 1.002 
1.0050 1.083 1.085 1.003 
0.9617 1.093 (0.007) 1.000 

147 29 F3 0.9143 1.117 
147 28 F3 S 0.8874 1.089 
147 26 F3 S 0.7578 I. 099 
147 25 F3 0.6627 1.135 
147 24 F3 S 0.6026 1.109 

1.110 
(0.018) 

1.003 
0.997 
0.995 
0.999 
0.997 

0.978 
0.976 
0.982 

1.058 
1.060 1.064 
1.074 (0.009) 

0.995 1.115 
1.000 I. 086 
1.002 I. 096 
1.002 1.136 1.106 
0.993 1.098 (0.020) 

147 23 RB 0.4870 1.125 0.999 0.981 1.103 
147 22 RB 0.3947 1.116 1.002 0.976 1.091 
147 21 RB 0.3114 1.109 1.110 1.005 0.974 1.086 1.088 
147 20 RB 0.2540 1.088 (0.016) 1.009 0.977 1.073 (0.012) .................................................................................. 

A CORRECTIONS WERE NOT CALCULATED I N  POSITIONS 147-42 AND 147-27 . 
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TABLE 5.19.  ZPPK-13A: TRANSPORT CORRECTED REACTION RATES FOR 238U(N,F) ........................................................................ 

147 49 CB 
147 48 CB 
148 47 Cf3 
148 46 CB 
148 45 CB 
148 44 CB 

147 44 F1 S 
147 43 F1 
147 41 F1 
147 40 F1 S 

147 39 B1 
147 38 B1 
147 37 81 

147 36 F2 
147 35 F2 S 
147 34 F2 
147 33 F2 S 

147 32 B2 
147 31 B2 
147 30 B2 

147 29 F3 
147 28 F3 S 
147 26 F3 S 
147 25 F3 
147 24 F3 S 

147 23 RB 
147 22 RB 
147 21 RB 
147 20 EtB 

EXP . ----- 
0.0220 
0.0255 
0.0289 

0.0612 
0.1006 

0.1421 
0.2089 
0.2250 
0.1666 

0.0951 
0,0910 
0.1267 

0.2419 
0.2397 
0.2618 
0.2020 

0.1102 
0.0846 
0.1028 

0.2050 
0.1988 
0.1838 
0.1773 
0.1125 

0.0493 
0.0262 
0.0141 
0.0079 

0.0378 

REFERENCE 
C /E -- ------ - 
0.883 
0.897 
0.919 
1.065 
1.052 
1.045 

0.948 
0.895 
0.893 
0.911 

1.054 
1.072 
1.050 

0.884 
0.946 
0.919 
0.931 

1.045 
1.118 
1.106 

0.919 
1.032 
1.030 
0.977 
0.979 

1.112 
1.049 
1.004 
0.952 

FEAN C / E  
(S .D. -------- 

0.977 
(0.086) 

0.912 
(0.025) 

1.059 
(0.012) 

0.920 
(0.026) 

1.090 
(0.039) 

0.987 
(0.047) 

1.029 
(0.068) 

CORRECTIONS A -------------- 
MESH ----- 
1.009 
1.010 
1.014 
1.021 
1.027 
1.010 

1.001 
0.989 
0.993 
1.006 

1.034 
1.035 
1.021 

0.992 
1.005 
0.995 
0.997 

1.037 
1.029 
1.028 

0.987 
1.000 
1.002 
0.991 
0.998 

1.022 
1.011 
1.000 
0.986 

s4 

o. 981 
0.935 
0.940 
0.866 
0.900 
0.904 

0.997 
1.036 
1.040 
0.997 

0.881 
0.875 
0.917 

1.036 
1.024 
1.046 
0.998 

0.904 
0.843 
0.903 

1.026 
1.015 
1.000 
1.028 
1.002 

0.893 
0.853 
0.922 
0.994 

CORRECTED 
C / E  -------- 
0.874 
0.847 
0.876 
0.942 
0.972 
0.954 

0.946 
0.917 
0.922 
0.914 

0.960 
0.971 
0.983 

0.909 
0.974 
0.957 
0.927 

0.980 
0.970 
1.027 

0.931 
1.047 
1.032 
0.995 
0.979 

1.015 
0.905 
0.926 
0.933 

MEAN C / E  
(S.D.) 

0.911 
(0.051) 

0.925 
(0.015) 

0.971 
(0.012) 

0.942 
(0.029) 

0.992 
(0.030) 

0.997 
(0.046) 

0.945 
(0.048) 

A CORRECTIONS WERE NOT CALCULATED IN P O S I T I O N S  147-42 A .ND 147-27 . 
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6 . 0  iL\ALYSIS OF CONTROL ROD WORTHS 

The i n i t i a l  c a l c u l a t i o n s  of  c o n t r o l  rod worths used homogeneous atomic 

d e n s i t i e s  for each c e l l  type and B e f f  v a l u e s  c a l c u l a t e d  with r z  r e a c t o r  

models.  These da ta  a r e  recorded i n  t h e  monthly ZPR-TM reports. The a n a l y s i s  

f o r  ZPPR-13A h a s  now been improved in  s e v e r a l  r e s p e c t s :  

( i )  C o r r e c t i o n s  f o r  v a r i a t i o n s  i n  drawer l o a d i n g s  as d e s c r i b e d  i n  

S e c t i o n  3.5. 

( i i )  Use o f  B e f f  r e s u l t s  from xyz c a l c u l a t i o n s .  

( i i i )  R e v i s i o n s  t o  expe r imen ta l  r e s u l t s  fol lowing improvements t o  the  

e f f e c t i v e  s o u r c e  r a t i o  in t h e  &CRUNCH code  ( S e c t i o n  2.3.4).  

T h i s  s e c t i o n  g i v e s  an a n a l y s i s  o f  a l l  r e s u l t s  i n  ZPPR-13A 

wi th  t r a n s p o r t - c o r r e c t e d  v a l u e s  for rod banks. 

t o g e t h e r  

The expe r imen ta l  c o n t r o l  r o d s  occupied four  ZPPR matrix p o s i t i o n s  i n  

which t h e  d rawers  were f i l l e d  with bo th  c l a d  and unclad n a t u r a l  B4C p l a t e l e t s  

for t h e  f i r s t  457 nun ( c o r e  r e g i o n )  and with s o d i m - f i l l e d  p l a t e s  f o r  t h e  second 

457 mm ( a x i a l  b l a n k e t  r e g i o n ) .  

w i th  sodium-containing p l a t e s  o v e r  t h e i r  914 nrm l e n g t h .  

Con t ro l  rod p o s i t i o n  (CRP) drawers  were f i l l e d  

A l l  c o n t r o l  rod worths  were measured r e l a t i v e  

t o  f u e l .  A number o f  measurements o f  t h e  w r t h s  o f  CRPs r e l a t i v e  t o  f u e l  were 

made i n  13A b o t h  f o r  s i n g l e  p o s i t i o n s  and for banks.  
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(v) T h e  mean C / E  f o r  t h e  12 rods  i n  FR2 (1.008) a g r e e s  well  w i t h  t h e  

C / E  f o r  t h e  bank o f  rods (1 .010)  which was measured at  20$ s u b c r i t i c a l .  Simi- 

l a r l y  t h e  mean C / E  f o r  12 rods  i n  FR3 (1.038) compares with a C/E o f  1.044 f o r  

t h e  rod bank. 

( v i >  Con t ro l  rod 13', which was a d j a c e n t  t o  t h e  b l anke t  i n  FR2, 

h a s  a worth lower than  f o r  CR13, by 5% , b u t  t h e  C/E r e s u l t s  a g r e e  w i t h i n  

0.1%. 

( v i i )  A remarkable  d i s c r e p a n c y  o f  4% e x i s t s  between p r e d i c t i o n s  f o r  rod 

2 5  on t h e  x-axis  i n  FR3 and rod 28 on t h e  y-axis .  About 1% of  t h i s  d i f f e r e n c e  

may b e  a t t r i b u t e d  t o  t h e  ZPPR i n t e r f a c e  v a r i a t i o n .  The AMM model produced some 

improvement-from a 6% d i f f e r e n c e  t o  a 4% d i f f e r e n c e .  

( v i i i )  The s i n g l e  rod measurements t h a t  were repea ted  i n  t h e  second 

ser ies ,  (2x13, CR25 and CR28 gave worths t h a t  were h i g h e r  than  i n  t h e  f i r s t  

measurements by 0.7%, 0.4% and 1.2% r e s p e c t i v e l y .  Comparison o f  t h e  two sub- 

c r i t i c a l  r e f e r e n c e s  shows a d i f f e r e n c e  of 2b a f t e r  adjustment  f o r  r e l a t i v e  

241Pu decay,  i n t e r f a c e  s e p a r a t i o n  and t empera tu re .  Thus an u n c e r t a i n t y  o f  

about 1% is appa ren t  due t o  unknown changes i n  c o r e  c o n f i g u r a t i o n  ( p i e c e  

p o s i t i o n i n g  i n  d rawers  and p r e c i s e  drawer p o s i t i o n i n g  i n  ma t r ix ) .  
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C O N T R O L  ROD 
B L A N K E T  

POSITION 0 REFLECTOR 
r-1 A L T E R N A T E  C R P  L - a  

Fig. 6.1. Rod l o c a t i o n s  and C/E values for the  worths of i n d i v i d u a l  
rods in ZPPR-13A. 



TABLE 6 .1 .  ZPPR-13A Comparison of  xyz and xy C a l c u l a t i o n s  f o r  Control  Rod Worths 

Number Worth Rela t ive  Error  ind 
Case Geometry of Groups k-ef fec t ive  t o  Reference,  $ Worth, X 

Reference X Y Z  28 0.978324 
12 C R P  i n  F2 XYZ 28 0.958703 
12  C’R i n  F2 XY 28 0.919767 

-- - 
6.349 

19.750 

--- 
e-- --- 

8 0.979818 --- --- 
12 CR i n  F2a XYZ 8 0.920769 19.864 +O. 6 

R e  ferencea X Y Z  
1 2  C R P  i n  F2a XYZ 8 0.960103 6.360 +o. 2 

R e  ferenceb XY 
12 CRP i n  F2b X Y  
1 2  CR i n  F2b X Y  

8 0.979760 -- - 
8 0.959992 6.379 
8 0.920399 19.979 

6 CR in F1 XYZ 28 0.961163 5.539 
6 CR i n  FIC XY 8 0.962359 5.601 

--- 
+O. 5 
+1.2 

+1.1 

28 0.936091 13.996 --- 
12 CR i n  F3C xy 8 0.936857 14.185 +1.4 
12 C R  i n  F3 XYZ 

aThe 8 group xyz c a l c u l a t i o n s  used d a t a  co l lapsed  f o r  t h e  r e f e r e n c e  xyz model i n  
a l l  zones except  CKs and C R P s .  

bThe 8 group xy  calculations used buckl ings  der ived  from t h e  r e f e r e n c e  xyz inodel 

CThese c a l c u l a t i o n s  used the  d a t a  generated f o r  CRs i n  f u e l  zone 2 (F2).  
dError  i n  worth r e l a t i v e  t o  xyz c a l c u l a t i o n  i n  28 groups. 

i n  a l l  zones except  CRs and C R P s .  

F i l e  MR-A25 



TABLE 6 . 2 .  Control Rod Worth Analysis f o r  the F i r s t  S e r i e s  of Xeasurements 
in ZPPR-13A 

Rods In se r ted 

Fuel Ring 1 

CR04 
6 C R s  

Fuel Ring 2 

CR13 
CR13' 
1 2  C R s  
6 C R s  + 6 CRPs 
5 CRs + 7 CRPs 

Fuel  Ring 3 

CR25 
CR28 
6 C R s  
12 C R s  
6 C R s  + 6 CRPs 

ke ffa 

0.976385 
0.962359 

0.975954 
0.976142 
0.972077 
0.938122 
0.943729 

0.977044 
0.977303 
0.956800, 
0.936857 
0.949957 
0.953322 

Calcul a t  ed AMM Me a s u r  ed Corrected 
Worth, Sb Correct ionC Worth ( E ) ,  $ C / E  

1.071 1.010 1.097 0.986 
5.603 1.009 5.725 0.987 

1.208 0.996 1.176 1.023 
1.149 0.9q4 1.118 1.022 

19.984 1.004 19.869 1.010 
13.753 1.004 13.428 1.028 
11.830 1.0 j4 11.522 1.031 

0.861 0.981 0.796 1.062 
0.779 1.000 0.757 1.029 
7.436 0.997 7.082 I. 047 

14.190 0.998 13.559 1.044 
9.721 0.998 9.095 1.067 

5 C R s  + 7 CRPs 8.593 0.998 7.980 1.075 
aCalcula t ion  8 G  XY DT lMPD WBD. 

bWorth def ined as IAkl/(k,k,B), with 6 = 0.3294%. 
CCorrect  ion for All-master model. JAIIB 14 

keff f o r  the re ference  s u b c r i t i c a l  core  was 
0.979760. 
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CRPs I n s e r t e d  b f f a  

Fue l -R ing  1 

CRP04 
6 CRPs 

0.978483 
0.973041 

Fuel Rine 2 

CRP 13 
CRP13' 
12 CRPS 

Fue l  Ring 3 

CRP25 
12 CRPs 

0.978145 
0.978188 
0.959992 

0.978566 
0.965200 

Ca l c u l  a t  ed 
Worth, Sb 

0.404 
2.140 

0.512 
0.498 
6.381 

0.378 
4.674 

AMM Measured Corrected 
Correc t  ionC Worth (E), $ C/E 

TABLE 6 .3 .  Worths o f  C R P s  R e l a t i v e  t o  Fuel f o r  t h e  F i r s t  S e r i e s  o f  
Measurements i n  ZPPK-13A 

~. - 

a c a l c u l a t i o n  86 XY DT lMPD WBD. 

bWorth d e f i n e d  as IAkl/(k,k,B), wi th  6 f 0.3294%. 
C C o r r e c t  ion f o r  A1 l-master model. JAI II3 15 

k e f f  for t h e  r e f e r e n c e  s u b c r i t i c a l  c o r e  was 
0.979760. 

1.010 
1.009 

0.996 
0.994 
1.004 

0.382 
2.013 

0.449 
0.449 
5.739 

1.069 
I .  072 

I .  135 
1.103 
1.116 

0.981 ' 0.313 1.185 
0.998 4.079 1.144 

P 



1 2 7  

TABLE 6 . 4  S i n g l e  Con t ro l  Rod Worths fo r  t h e  Second S e r i e s  o f  Yeasurements 
in ZPPR-13A 

Calculated AMM Me as u r ed Cotrec ted 
Worth, Sb CorrectionC Worth (E), $ C/E kef  f a  Con t ro l  Rod 

F u e l  Ring 2 

CR08 
CR09 
C R l O  
C R 1 1  
CR12 
CR13 
CR14 
CR15 
CR16 
CR17 
CR18 
CR19 

0.976087 
0.9761 19 
0.976157 
(CR09) 
(CR08) 
0.975954 
(CR08) 
(CR09) 
(CR10) 
(CR09 
(CR08) 
(CR13) 

1.166 
1.156 
1.144 
1.156 
1.166 
1.208 
1.166 
1.156 
1.144 
1.156 
1.166 
1.208 

1.007 
1.006 
1.002 
0.998 
0.997 
0.996 
1.003 
1.006 
1.009 
1.012 
1.010 
1.003 

1.156 
1.148 
1.130 
1.147 
1.148 
1.184 
1.159 
1.164 
1.154 
1.174 
1.175 
1.201 

1.016 
1.013 
1.014 
I. 006 
1.013 
1.016 
1.009 
0.999 
1.000 
0.996 
1.002 
1.009 

Mean C/E  for 1 2  c o n t r o l  

F u e l  Ring 3 

CR20 
CR2 1 
CR2 2 
CK23 
CR24 
CR25 
CR26 
CR2 7 
CR2 8 
CR2 9 
CR30 
CR3 1 

0.977139 
0.977233 
0.977303 
(CR2 1 ) 
(CR20) 
0.977044 
(CR20 1 
(CR2 1 
(CR22) 
(CR2 1 
(CR20) 
(CR25) 

rods 
S.D.  

0.831 
0.801 
0.779 
0.801 
0.831 
0.861 
0.831 
0.801 
0.779 
0.801 
0.831 
0.861 

1.004 
1.006 
0.99s 
0.991 
0.991 
0.981 
0.997 
1.001 
1.000 
1.01 1 
1.004 
0.990 

0.794 
0.774 
0.745 
0.772 
0.789 
0.799 
0.794 
0.785 
0.766 
0.795 
0.801 
0.813 

1.008 
0.007 

1.051 
1.041 
1.040 
1.028 
1.044 
1.057 
1.043 
1.021 
1.017 
1.019 
1.042 
1.048 

Mean C / E  f o r  12 c o n t r o l  rods.  1.038 
S.D.  0.013 

aCa lcu la t ion  8 G  XY DT lMPD WBD. 

bWorth def ined  a s  IAkl/(k,k,6),  with 6 = 0.3294%. 
CCorrec t ion  f o r  All-master model. JAIIB16 

keff  for t h e  r e fe rence  s u b c r i t i c a l  core  was 
0.979760. 
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TABLE 6 .5 .  Comparison o f  C/E Resul t s  f o r  S ingle  Control Rods in 
L e f t  and Right S ides  o f  ZPPR-13A 

Rat io  of C/E on RHS t o  C / E  on LHS 

Narrow Drawers All 
Rod Pa i r  Reference Model Narrow Drawer: + Blanket Detec tors  Masters 

F u e l  Zone 2 

15, 17 
14, 18 
13, 19 
12, a 
11, 9 

Fuel Zone 3 

27, 29 
26, 30 
25, 31 
24, 20 
23, 21 

0.989 
0.984 
0.985 
0.993 
0.999 

1.002 
1.003 
1.005 
1.012 
1.010 

0.996 
0.995 
0.992 
1.010 
1.008 

0.997 
0.993 
0.993 
1.003 
1.007 

0.986 
0.990 
0.982 
0.992 
0.998 

1.002 
1.011 
1.001 
1.013 
1.014 

0.996 
1.003 
0.995 
1.008 
1.010 - 

0.998 
0.999 
0.991 
1.007 
1.013 ' 

Me an 0.990 1.007 1.001 1.000 
a 0.006 0.005 0.007 0.007 

JAIZBl7 



TABLE 5.11.  Comparison o f  Cont ro l  Rod Worths i n  
ZPPR- 13A 

Measured Change 
Cont ro l  Rods Assembly Worth, $ C / E b  in Worth, % 

Fue l  Ring 1 

6 C R s a  13A 5.73 0.987 

Fue l  Ring 2 

CR 16 1 3A 1.15 1.000 

12 CRS 1 3A 19.87 1.010 

Fue l  Rine 3 

C R  25c 13A 0.798 1.060 

C R  28= 13A 0.762 1.023 

6 C R s  (odd)  1 3A 7.08 1.047 

6CRS (even)  
12 CRS 1 3A 13.56 1.044 -- - 

--- 

e- 

--- 

aThe inner  r i n g  rods  were r o t a t e d  by 30' i n  ZPPR-l3B/l 
r e l a t i v e  t o  ZPPR-13A t o  a1 ign  wi th  b l anke t - r ing  gaps.  

bReference d i f f u s i o n  c a l c u l a t i o n s ,  8 groups, xy  
g eome t r y . 

'=Control rod 2 5  is on the x-axis and c o n t r o l  rod 28 is 
on t h e  y-axis  ( i n  l i n e  wi th  b l anke t - r ing  g a p s ) .  
r o d s  were measured twice i n  ZPPR-13A and t h e  mean 
result is used. JA L LB 2 3 

These 
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6 . 3  Cont ro l  Rod I n t e r a c t  i ons  

The worths o f  rod banks i n  ZPPR-13A are compared wi th  t h e  sums o f  

t h e  i n d i v i d u a l  rod worths i n  Table  6.12. The normalized i n t e r a c t i o n  obta ined  by 

d i v i d i n g  by t h e  average  of t h e  s i n g l e  rod worths  i s  u s e f u l  f o r  comparison 

between d i f f e r e n t  r i n g s  and between d i f f e r e n t  c o r e s .  The normalized i n t e r a c t  ion 

of  3 7 x 1 s  i n  FK2 is w e l l  p r e d i c t e d .  I n t e r a c t i o n  of  56%/$ f o r  1 2  rods  i n  FR3 and 

of  63x1s  for 6 rods  i n  FR3 are o v e r p r e d i c t e d  by 2% and 3 % .  

& 



TABLE 5 .12 .  Con t ro l  Rod I n t e r a c t i o n  E f f e c t s  i n  ZPPR-13A 

Ea C C/E 

Fuel Ring 2 

Worth o f  bank o f  12  r o d s , $  19.869 20.064 1.010 
Sum of i n d i v i d u a l  rod wor ths ,$  13,940 14.049 1 .008  
I n t e r a c t i o n ,  % 42 .5  4 2 . 8  1.007 
Normalized i n t e r a c t  i on ,  %ISb 36 .6  36 .6  

F u e l  Ring 3 

Worth of  bank o f  1 2  r o d s , $  13.559 14.162 1.044 
Sum of  i n d i v i d u a l  rod wor ths ,$  9.427 9.783 1 .038  
I n t e r a c t i o n ,  X 4 3 . 8  4 4 . 8  1 .023  
Normalized i n t e r a c t i o n ,  %I$ 55.8  5 4 . 9  

Worth o f  bank o f  6 r o d s , $  7.082 7.414 1.047 
Sum of i n d i v i d u a l  r o d s , $  4 .738  4 .908  1.036 
I n t e r a c t i o n ,  X 4 9 . 5  51.1 1.032 
Normalized i n t e r a c t  i on ,  XIS 62.7  62 .4  
aThe rod bank worths  were measured in t h e  f i r s t  series and 

t h e  i n d i v i d u a l  rods  i n  the  second series.  There a r e  in- 
d i c a t i o n s  o f  a s y s t e m a t i c  d i f f e r e n c e  between t h e  results 
from t h e  two series o f  about 0 . 7 %  (see t e x t ) .  

t h e  mean worth of a single rod in t h e  bank. JAIIB25 





6.4 Transpor t  C a l c u l a t i o n s  

Transport  c a l c u l a t i o n s  have been made f o r  rod banks i n  each o f  t h e  

t h r e e  f u e l  r i n g s  i n  ZPPR-13A Transport  c a l c u l a t  i ons  r e q u i r e  a 

f i n e r  mesh t h a n  t h e  5 5  mm (LMPD) used i n  t h e  r e f e r e n c e  d i f f u s i o n  c a l c u l a t i o n s .  

The d i f f u s i o n  c a l c u l a t i o n s  were r epea ted  with t h e  number of mesh p o i n t s  doubled 

(4MPD). 

S i n c e  t h e  S4 c a l c u l a t i o n s  used i s o t r o p i c  d i f f u s i o n s  (NBD), t h e  d i f f u s i o n  t h e o r y  

c a l c u l a t i o n s  were a l s o  r e p e a t e d  with t h i s  method. Resu l t s  of  t h e s e  c a l c u l a t i o n s  

are  shown in T a b l e  6.15. 

C a l c u l a t i o n s  were then  made wi th  t h e  S4 t r a n s p o r t  o p t i o n  of DIF3D. 

F o r  ZPPR-13A t h e  e f f e c t s  of  a f i n e r  mesh and h i g h e r  o r d e r  quadra tu re  

were i n v e s t i g a t e d  i n  a one-dimensional r model u s ing  t h e  lDANT code. Th i s  

model, shown s c h e m a t i c a l l y  i n  Fig.  6 . 4 ,  modelled con t ro l - rod  banks as annu la r  

r eg ions .  The rod-bank worths  do not match t h o s e  of  t h e  xy model ve ry  c l o s e l y ,  

as shown i n  T a b l e  6.18, bu t  t r a n s p o r t  c o r r e c t i o n s  are similar. Table  6 . 1 9  shows 

t h e  e f f e c t s  of  S I6  q u a d r a t u r e  and f i n e  mesh which are  less than  0.5%. 

The mesh and t r a n s p o r t  c o r r e c t  i ons  are of o p p o s i t e  s i g n s ,  but  com- 

p e n s a t e  one a n o t h e r  t o  d i f f e r e n t  d e g r e e s  as a f u n c t i o n  of  rod r a d i u s  and b l anke t  

arrangement.  I n  ZPPR-l3A, t h e  mesh and t r a n s p o r t  c o r r e c t i o n s  i n c r e a s e  t h e  

r a d i a l  d i s c r e p a n c y  between FR1 and FR3 by 2X, 

Streaming e f f e c t s  are included i n  t h e  r e f e r e n c e  c a l c u l a t i o n s ,  but t h e i r  

e f f e c t  can be seen  from Tab le  6.15 These improve t h e  r e s u l t s  f o r  t h e  

r e l a t i v e  bank worths  between FRl and FR3 by 2% i n  13A 

Tab le  6.20 show t h e  c o r r e c t e d  r e s u l t s  f o r  t h e  rod 

banks.  The t a b l e s  inc lude  c o r r e c t i o n s  t o  28 group xyz c a l c u l a t i o n s  f o r  Table 

6 . 1 4  +- bij. The fo l lowing  c o n c l u s i o n s  are noted:  

( i )  For ZPPR-13A t h e  c o r r e c t e d  C/E r e s u l t s  are 0.980 ( F R l ) ,  1 . 0 1 1  

( F R 2 )  and 1.059 ( F R 3 ) .  

t ions is 8%. 

The d i s c r e p a n c y  between t h e  inne r  and o u t e r  rod posi-  





Zone 

Standa rd  C a l c u l a t i o n  F h e  Mesh Ca lcu la t  i o n  
Rad i u s  Number of ,Yesh Spacing Number o f  Yesh S p a c i n g  

(cm) I n t  e rva 1 s (cm) I n t e r v a l s  (cm) 

0.0 

- - - -  ( i nne r  1 Center  20.6750 8 2.5844 16 1.2922 

1.2330 
B l  anke t 

( o u t e r )  30.5390 4 2.4660 8 

Fue 1 43.1132 6 
(CR) * Ring 1 45.7373 2 

2.0957 12 1.0479 
1.3121 4 0.6561 

53.9860 4 2.0622 8 1.0311 

Bl an ke e 
Ring 1 

69.6950 6 2.6182 8 1.3091 

Fue 1 
(CR) * Ring 2 

81.5168 
84.3286 

4 
2 

2.9555 
1.4059 

8 
4 

1.4778 
0.7030 

94.1270 4 2.4496 8 1.2248 

B1 anke t 
Ring 2 

109.0460 6 2.4865 12 1.2433 

120.4072 
122.3282 
12 5.6060 

6 
2 
2 

1.8935 
0.9605 
1.6389 

12 
4 
4 

0.9468 

0.8195 
0.4803 

141.0530 a 1.9309 16 0.9655 

( i nne r  1 Rad ia l  ---- 
B l  anke t 

154.7170 6 2.2773 12 1.1387 

( o u t e r )  166.4540 6 1.9562 12 0.9781 

Rad ial  
Re f l  ec t o r  

189.4890 8 2 .8794 16 1.4397 

205 .O 4 3 .a778 8 1.9389 
I*>(CK): f u e l ,  CR a b s o r b e r  o r  CRP compositions. 

Fig .  6.4. One-dimensional Model f o r  Study o f  Higher-order T ranspor t  E f f e c t s  i n  
ZPPR-13A. XA-8 



TAaLE 6.15.  ZPPR-138: Comparison o f  D i f f u s i o n  and Transpor t  
C a l c u l a t i o n s  f o r  Con t ro l  Rod Worths 

Conf i g u r a t  iona - 
Reference 

6 C R s  i n  FL 

12 C R s  i n  F2 

Calcul  a t  ionb k-e f f e c  t i ve  

8G DT 1MPD WBD 
8G DT 4MPD WBD 
8G DT 4MPD NBD 
8G S 4  4MPD NBD 

28G DT 1MPD WBD 

8G M' lMPD WBD 
8G DT 4iPD WBD 
8G DT MPD NBD 
8G S4 4MPD NBD 

2% DT 1MPD WBD 

8G DT 1MPD WBD 
8G MI MPD WBD 
8G DT 4MPD NBD 
8G S4 4MPD NBD 

28G MI lMPD WBD 

0.979760 
0.978267 
0.979207 
0.986457 
0.978324 

0.962359 
0.960088 
0.961348 
0.969135 
0.961 163 

0.920399 
0.915917 
0.917450 
0.926485 
0.920769 

12 CRS i n  F3 XY 
XY 
XY 
XY 

8G DT LMPD WBD 
8G DT &PD WBD 
8G DT 4MPD NBD 
8G S4 &PD NBD 

0.936857 
0.933642 
0.934578 
0.941992 

Worth, SC 

--- 
--- 
--- --- 
-e- 

5.601 
5.873 
5.748 
5.499 
5.539 

19.979 
21.119 
20.862 
19.915 
19.864 

14.185 
14.828 
14.801 
14.522 

- xyz 28G WT lMPD WBD 0.936091 13.996 - 
a s u b c r i t i c a l  r e f e r e n c e ,  6 C R s  i n  F1 means six c o n t r o l  r o d s  i n  

bxy means two dimensional  xy geometry m o d e l  w i th  group dependent 

A 1  1 c a l c u l a t i o n s  were made i n  q u a r t e r  c o r e  model without  i n c l u s i o n  
o f  b l a n k e t  narrow d rawers  i n  t h e  m o d e l .  
8G = e i g h t  e n e r g y  g roups ,  286 = twenty-eight ene rgy  groups 
DT = d i f f u s i o n  t h e o r y ,  S4 = t r a n s p o r t  t h e o r y  with 54 q u a d r a t u r e  
lMPD = one mesh per matrix area ( 5 5  mm spac ing )  
4MPD = f o u r  meshes per  matrix area 
WBD = w i t h  Beno i s t  D i f f u s i o n  c o e f f i c i e n t  
NBD = 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 s  
CWorth r e l a t ive  t o  f u e l  ( r e f e r e n c e ) ,  using Beff  = 0.003314. JAIIB29 

f u e l  zone o n e ,  e t c .  

ax ia l  buck1 ing terms.  (xyz means t h r e e  dimensional  xyz geometry).  



TABLE 6.18. Comparison o f  Transport  Correc t ions  i n  xy and r-geometry 
f o r  ZPPR-13A Cont ro l  Rod Banks 

xy Model r Model 
Transport  (S4) Worth Rat ioa Transport  (S4) Worth Ratioa 

Rod Bank Worth, $ S4/DT Worth, $ S4 /DT 

. 6CRs F1 1.81 0.955 1.93 0.968 
1 2  C R s  F2 6.56 0.955 7.26 0.965 
12 C R s  F 3  4.79 0.981 5.76 0.979 
aDT = d i f f u s i o n  theory  c a l c u l a t i o n  using the  same mesh as i n  the  trans- 

por t  S4 c a l c u l a t i o n .  MR2-A22 

TABLE 6.19. Higher Order Quadrature and Fine Mesh 
E f f e c t s  f o r  Cont ro l  Rod Worths i n  ZPPR-13A 

Rat i o  of Worths 

Fine Mesh/ Combined Si6 
Rod Bank S16/Sqa Standard Meshb and Fine Mesh 

6 C R s  F1 0.998 0.999 0.997 
12 C R s  F2 0.997 0.997 0.994 
12 CRs F3 0.996 0.995 0.991 
aWith s tandard mesh. 
bWith s16 quadra ture .  MR2-A22 



TABLE 6 .20 .  The E f f e c t  of  Ca lcu la t iona l  Improvements on C o n t r o l  Rod 
Worth C / E  Values in  ZPPR-13A - 

6 C R s  in  FR1 12 C R s  in  FR2 12 C R s  in  FR3 

Measured Worth ( $ >  
Re farence ?lode1 C / E a  

Model Improvement 

5.725 
0.979 

19.869 13.559 
1.006 1.047 

Correct  i on ,  'Z 

A I  1 'mast e t  c o r r e c t  ionb +o. 9 +O. 4 -0.2 
Me shC +4.8 + 5 . 7  +4.5 
Transport  (S4)  in  xyd -4.5 -4.5 -1.9 
Groups, Geometry and Methode -1.1 -1.1 -1.3 
T o t a l  +o. 1 +O. 5 +l. 1 

Correc ted  C f E  0.980 1.011 1.059 

a8 g roup  d i f f u s i o n  theory  c a l c u l a t i o n  i n  xy geometry in  one mesh per  ZPPR 
B e f f  = 0.3294%. 

bComparison o f  fu l l -p l an  xy model including a l l  drawer masters with the  

CCorrec t ion  from lMPD t o  four  meshes per  drawer (4MPD). 
dSq c a l c u l a t i o n  made with 4MPD. 
eComparison of  28 group xyz c a l c u l a t i o n s  with r e fe rence  r e s u l t s .  

drawer (1MPD) using a n 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 s .  

r e f e rence  homogenized-master model. 

3AII2A2 



7.0 SODIUM-VOID REACTIVITY 

Zone sodium-voiding experiments  were done in  phases  13A 

7 . 1  ZPPR-13A 

The ZPPR-13A sodium-void experiments  were designed p r i n c i p a l l y  t o  

provide  tes ts  o f  c a l c u l a t e d  r a d i a l  v a r i a t i o n s ,  which in  t h e  heterogeneous 

d e s i g n  inc lude  complex leakage  e f f e c t s  between t h e  f u e l  and b l anke t  zones.  

Annular s e c t o r s  i n  each  f u e l  zone were voided of  sodium over  a l e n g t h  o f  305 mm 

( 1 2  i n . )  on each s i d e  o f  t h e  midplane,  w i t h  t h e  o u t e r  f u e l  zone (F3)  being 

voided i n  t m  r a d i a l  segments. Symmetric void  zones were in t roduced  on each 

s i d e  of t h e  core t o  permit a n a l y s i s  wi th  a one-eighth c o r e  model of t h e  assembly. 

The s e c t o r s  i n  t h e  inner  f u e l  zone (F1)  were voided in  two s t e p s ,  +203 mm (8 i n . )  

and - +305 mm from t h e  midplane.  In a d d i t i o n ,  t h e  e n t i r e  f u e l  zone 1 was voided 

(+305 - mm) i n  o r d e r  t o  compare wi th  r e s u l t s  from t he  s e c t o r s  and a l s o  t o  permit 

a n a l y s i s  wi th  an r z  model f o r  i n v e s t i g a t i o n  of  t r a n s p o r t  c o r r e c t  i o n s .  Following 

vo id ing  of  t h e  f u e l  zones,  cont iguous  s e c t o r s  i n  t h e  two i n t e r n a l  b l anke t  zones 

were voided  over  a h e i g h t  o f  2 2 0 3  mm. 

was r ep laced  in  zone 1 (+203 mm) wi th  t h e  o t h e r  six zones remaining in  the  

voided c o n d i t i o n .  

voiding" or a " re f lood" .  

- 

In t h e  last  s tep i n  t h e  series, sodium 

- 
This  experiment  has  been v a r i o u s l y  d e s c r i b e d  as an " inve r se  

The r e a c t o r  c o n f i g u r a t i o n  at  t h e  start o f  t h e  vo id ing  sequence is 

shown in Fig.  7.1. Th i s  c o n f i g u r a t i o n  d i f f e r e d  from t h e  r e f e r e n c e  c r i t i c a l  

c o n f i g u r a t i o n  by t h e  replacement  o f  double-column f u e l  drawers  wi th  s ing le -  

column f u e l  drawers  i n  l o c a t i o n s  1,242-26; 1,255-26; 1,242-73; 1,255-73; 1,246-73; 

1,251-73; 1,246-26; 1,251-26; 1,245-56; 1,252-56; 1,245-43; 1,252-43; 1,242-43; 

1 , 2 5 5 4 3 ;  1,242-56; and. 1,255-56. T h i s  c o n f i g u r a t i o n  was Pili s u b c r i t i c a l .  



In t h e  f i r s t  v o i d i n g  s t e p ,  sodium was rernoved from the  f i r s t  8 i n .  

o f  zach h a l f  i n  zone 1. In t h e  second s t e p ,  t h e  a x i a l  h a l f  h e i g h t  o f  t h e  void 

way i nc reased  t o  1 2  i n .  In a l l  subsequent s t e p s  i n  f u e l  zones,  t h e  a x i a l  e x t e n t  

o f  t h e  v o i d s  was + 1 2  i n .  In t he  b l a n k e t  zones,  t h e  a x i a l  e x t e n t  o f  the v o i d s  

was + 8 i n .  D i f f e rences  between t h e  l e n g t h s  o f  sodium-containing cans i n  t h e  

f u e l  and b l a n k e t  r e g i o n s  prompted t h e  d e c i s i o n  t o  have t h e  d i f f e r e n c e  in  the  

a x i a l  e x t e n t  o f  t h e  v o i d s .  All s t e p s  were cumulat ive.  

The r e s u l t s  o f  t h e  v a r i o u s  v o i d i n g  s t e p s  are p resen ted  in  ‘Cable 7 . 1 .  

- 
- 

A l l  worth d e t e r m i n a t i o n s  were made us ing  t h e  64  in-core f i s s i o n  c o u n t e r s  and 

t h e  s u b c r i t  ical-source-mu1 t i p l  i c a t  i on  t echn ique .  The s u b c r i t  ical-source-  

m u l t i p l i c a t i o n  measurements were c a l i b r a t e d  by making a rod-drop r e a c t i v i t y  

measurement a f t e r  v o i d i n g  zone 7 .  With a l l  seven zones vo ided ,  t h e  r e a c t o r  was 

12k s u b c r i t i c a l .  

There were o n l y  t w o  r e f l o o d  s t e p s .  In t h e  f i r s t  s t e p  sodium was 

added back - +8 i n .  i n  zone 1. All t h e  remaining sodium was added back i n  t h e  

second s t e p  and t h e  f i n a l  s u b c r i t i c a l i t y  was 784. There is a d i s c r e p a n c y  of  

3C i n  s u b c r i t i c a l  i t y  between t h e  nominal ly  e q u i v a l e n t  c o n f i g u r a t i o n s  b e f o r e  

v o i d i n g  and a f t e r  r e f l o o d i n g .  The s o u r c e  o f  t h i s  d i s c r e p a n c y  i s  not  p r e s e n t l y  

known, bu t  t h e  v a l u e s  f o r  t h e  s t e p  worths  shown i n  Tab le  7.1 shou ld  s t i l l  be  

used as t h e  experiment v a l u e s .  

The u n c e r t a i n t i e s  i n  t h e  cumula t ive  worths and i n  the s t e p  worths  

g i v e n  i n  T a b l e  7 . 1  were o b t a i n e d  by combining a 0.2L random u n c e r t a i n t y  i n  any 

r e a c t i v i t y  d i f f e r e n c e  due t o  t empera tu re  and t a b l e - c l o s u r e  c o r r e c t i o n s  with a 

0.8% c o r r e l a t e d  u n c e r t a i n t y  due t o  d e t e c t o r  c a l i b r a t i o n .  

s t e p  worth per kg sodium removed was o b t a i n e d  from t h e  u n c e r t a i n t y  i n  t h e  s t e p  

worth and a 1 %  random u n c e r t a i n t y  i n  sodium mass. 

st a t  i s t  ics  are  v e r y  small compared t o  o t h e r  u n c e r t a i n t i e s  and are not  included.  

The u n c e r t a i n t y  i n  the  

U n c e r t a i n t i e s  due t o  coun t ing  



The change i n  s t e e l  aass  was small  f o r  each s t e p  and i t s  e f f e c t  i s  includsd i n  

t h e  s t e p  w o r t h .  

The c a l c u l a t i o n  methods used f o r  a n a l y s i s  i n  ZPPR-13A a r e  similar 

t o  those  employed in previous c a l c u l a t i o n s  f o r  heterogeneous c o r e s .  Processing 

of t h e  ENDFIB-IV c r o s s  s e c t i o n  f o r  u n i t  c e l l  h e t e r o g e n e i t y  with t h e  SDX code 

used impressed zone- and group-dependent buck1 ings which were ob ta ined  from the  

zone l eakages  i n  p r i o r  xyz c a l c u l a t i o n s .  For t h e  r e f e r e n c e  c o r e ,  t h e s e  d a t a  

were t h e  same as those  employed f o r  t h e  a n a l y s i s  o f  r e a c t i o n  r a t e s  desc r ibed  

ea r l i e r .  

The b u c k l i n g s  i n  t h i s  c a s e  were d e r i v e d  f r o u  a second xyz c a l c u l a t i o n  i n  which 

a l l  seven zones were voided.  S e p a r a t e  macroscopic c r o s s  s e c t i o n s  were thus 

Cross  s e c t i o n s  f o r  t h e  voided c e l l s  were gene ra t ed  by t h e  same method. 

produced f o r  single-column and double-column f u e l  drawers i n  each o f  t h e  t h r e e  

f u e l  zones.  A s i n g l e  set o f  c r o s s  s e c t i o n s  was used f o r  t h e  i n t e r n a l  b l anke t  

zones.  

An approximate t r e a t m e n t  o f  s t reaming in  t h e  u n i t  c e l l s  was included 

using  t h e  Benoist  d e f i n i t i o n  o f  a n 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 s .  Divergence 

o f  t h e  d i f f u s i o n  c o e f f i c i e n t s  i n  t h e  voided r e g i o n  was avoided by smearing of 

t h e  sodium p l a t e  c l a d d i n g s  o v e r  t h e  to ta l  p l a t e  t h i c k n e s s .  Th i s  procedure is 

c o n s i s t e n t  w i t h  p rev ious  sodium-void a n a l y s i s  a t  ZPPR. However, i n  c o n t r a s t  t o  

p rev ious  a p p l i c a t i o n s ,  f o r  ZPPR-13A we have used t h e  r a t i o s  D(Beno i s t ) /  

D(heterogeneous)  as " 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 "  i i i  t h e  D I F 3 D  code. Th i s  

procedure c o r r e c t s  f o r  t h e  p r e s c r i p t  ion o f  d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  

heterogeneous c e l l  t h a t  is  used i n  t h e  SDX code, i n  a d d i t i o n  t o  t r e a t i n g  p l a t e -  

c e l l  s t reaming e f f e c t s .  

D(homogeneous) i n  o r d e r  t o  p rov ide  numerical  v a l u e s  f o r  t h e  s t reaming e f f e c t s  

themselves .  T e s t  c a l c u l a t i o n s  were run  for t h e  cambined v o i d i n g  s t e p s  1 and 2 

Previous c a l c u l a t i o n s  used the  ra t io  D(Benoist ) /  

and f o r  s t e p  5 in o r d e r  t o  de t e rmine  t h e  e f f e c t  o f  t h e  change in  t h e  d e f i n i t i o n  
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of t h e  r a t i o .  Ye51igible  d i f f e r e n c e s  o f  l e s s  than I f  were found f o r  t h e  v o i d  

r e a c t  iv  i t  ies us  ing  d i f f e r e n t  de f  i n  i t  ions , a1 though t h e  d i f  f u s  i on  coe f f i c  i e n t  

mod i f  i e r s  d i f f e r  apprec i a b l y  i n  some energy g roups .  

The c a l c u l a t e d  vo id  r e a c t i v i t i e s  were ob ta ined  with an exac t  per turba-  

tion method us ing  an xyz model w i th  28 group d a t a .  Following a c a l c u l a t i o n  

o f  t h e  real  f l u x  f o r  t h e  s u b c r i t i c a l  r e f e r e n c e  c o r e ,  an a d j o i n t  c a l c u l a t i o n  was 

made f o r  each of  t h e  void s t e p s  t h a t  were measured. The t r a d i t i o n a l  "non- 

leakage" and " leakage terms" were ob ta ined  using the  VARL3D p e r t u r b a t  ion code.  

The worths ,  i n  d o l l a r s ,  were d e f i n e d  as Ak/(klk;!B), where 1 and 2 r e f e r  t o  t h e  

r e f e r e n c e  and per turbed s t a t e s ,  r e s p e c t i v e l y .  

was c a l c u l a t e d  us ing  ENDFIB-V delayed n e u t r o n  d a t a  and an r z  model of  t h e  

r e f e r e n c e  c o r e .  In  t h e  expe r imen t s ,  t h e  d e t e c t o r  drawers  and drawers  o p p o s i t e  

d e t e c t o r s  were not  voided of sodium. Due t o  t h e  asymmetric l o c a t i o n  o f  t h e  

d e t e c t o r s ,  t h o s e  d rawers  were voided i n  t h e  c a l c u l a t i o n a l  model. The c a l c u l a t e d  

r e s u l t s  are  g iven  in  Tab le  7.2.  When comparing t h e  c a l c u l a t e d  v s .  expe r imen ta l  

r e s u l t s ,  t h i s  d i f f e r e n c e  was t a k e n  i n t o  account  by normalizing t o  t h e  mass of 

sodium t h a t  was removed. 

The v a l u e  of  ~ ~ f f  (0.3295%) 

The c a l c u l a t e d  and measured r e s u l t s  f o r  t h e  ZPPR-1% sodium-void 

expe r imen t s  were processed through t h e  same d a t a  a n a l y s i s  code t h a t  was used f o r  

p rev ious  expe r  iments . (15)  

i n t o  a n e g a t i v e  and a p o s i t i v e  term; i .e. ,  t h e  sum of  t h e  l eakage  components and 

t h e  sum o f  t h e  non-leakage ( r e a c t i o n )  components. Through a non-l inear  f i t t i n g  

p rocedure ,  s e p a r a t e  l e a k a g e  and non-leakage b i a s  f a c t o r s  and t h e i r  c o v a r i a n c e  

matr ix  were determined.  These f a c t o r s  are 0.94 f o r  b o t h  terms when o n l y  t h e  

c o r e  vo id  s t e p s  are  included.  Inc lud ing  t h e  b l a n k e t  vo id  s t e p s  r educes  t h e  

f a c t o r s  t o  0.92. These a r e  t h e  f a c t o r s  by which one would m u l t i p l y  t h e  leakage 

and non-leakage components o f  a c a l c u l a t e d  vo id  r e a c t i v i t y  i n  an LMFBR s i m i l a r  

t o  ZPPR-13A, i n  o r d e r  t o  improve t h e  r e a c t i v i t y  p r e d i c t i o n .  

The c a l c u l a t e d  r e a c t i v i t y  o f  each s t e p  was s p l i t  
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The daata were combined with d a t a  from sma l l e r  heterogeneous assembl ies  

r e p o r t e d  in Ref.  1 5  and the b i a s  f a c t o r s  were r e - f i t .  A leakage b i a s  f a c t o r  o f  

0.90 and a non-leakage b i a s  f a c t o r  o f  0.94 were o b t a i n e d .  These a r e  similar t o  

t h e  r e s u l t s  r e p o r t e d  in Ref. 15. 

Table  7 . 3  compares t h e  c a l c u l a t e d  (C> and biased c a l c u l a t e d  (PI 

r e s u l t s  with t h e  measured r e s u l t s  (E). Also given a r e  the 10 u n c e r t a i n t i e s  i n  

t h e  P / E  r a t i o s ,  where t h e  c o v a r i a n c e  i n  t h e  b i a s  f a c t o r s  makes t h e  p r i n c i p a l  

c o n t r i b u t i o n .  In t h e  f i t t i n g  p r o c e s s ,  i t  i s  assumed t h a t  t h e  approximate 

c a l c u l a t i o n  procedures  i n t r o d u c e  n e t  e r r o r s  t h a t  a r e  random on ave rage  over  many 

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

mental  e r r o r s ,  the c o v a r i a n c e  matrix is a d j u s t e d  u n t i l  a X2 test  i n d i c a t e s  t h a t  

a r e a s o n a b l e  f i t  is o b t a i n e d .  Note t h a t  s i x  of  t h e  P/E v a l u e s  i n  Tab le  7 . 3  f a l l  

w i t h i n  l a  o f  1.0, and the  o t h e r  t w o  v a l u e s  are w i t h i n  20, even though t h e  range 

o f  expe r imen ta l  r e s u l t s  i n c l u d e s  v a r i a t i o n s  o f  more than an o r d e r  o f  magnitude 

as well as a change i n  s i g n .  N e v e r t h e l e s s ,  e r r o r s  i n  t h e  p r e d i c t i o n s  a r e  o n l y  

about 6 %  f o r  t h e  major p o s i t i v e  vo id  s t e p s .  

S t a r t i n g  with o n l y  t h e  c o n t r i b u t i o n  from t h e  expe r i -  
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Fig. 7 . 1 .  I n t e r f a c e  diagram showing the r e f e r e n c e  c o n f i z u r a t i o n  
f o r  the sodium-voiding exper iments  and showing t h e  
voiding zones in ZPPR-13A. Half 1. 





TABLE 7.1. ZPPR-13A Sod ium-void Zone Measurement  R e s u l t s  

Mass of 
Mass of Na S t e e l  Added Cumulative S t e p  Worth ,  S t e p  Worth ,  

Zone He ight ,  c m  in  S t e p ,  kg in S t e p ,  kg W o r t h ,  d c k/kg Na 

1 
vo id  

+ 20.3 21.82 0.26 7.06 - + 0.21 7.06 - + 0.21 0.324 - + 0.010 - 

1 
vo id  

+ 20.3- 
+ 30.5 
- 
- 

10.65 0 . 2 7  7.68 - + 0.21 0.62 - + 0.20 0.058 - + 0.019 

2 
vo id  

+ 30.5 - 93.46 1.23 35.75 + 0.35 28.07 + 0.30 0.300 + 0.004 - - - 

+ 30.5 - 54.14 0.95 53.88 + 0.48  18.13 - + 0.25 0.335 - + 0.005 - 3 
vo id  

4 
vo id  

+ 30.5 - 34.28 0.70 63.36 + 0.54 9.48 + 0.21 0.276 + 0.007 - - - 

5 
vo id  

+ 30.5 - 50.10 0.79 51.94 - + 0.46 -11.42 - + 0.22 -0.228 - + 0.005 

+ 20.3 - 10.85 0.20 61.18 + 0.53 9.24 + 0.21 0.852 + 0.020 - - - 6 
vo id  

0.16 7 
vo id  

+ 20.3 - 9.45 69.31 + 0.59 8.13 + 0.21 0.860 + 0.024 - - - 

-0.30 60.88 + 0.53 -8.43 + 0.21 -0.387 + 0.008 - - - + 20.3 21'. 81 - 1 
r e f l o o d  

EA-9 



--_- - .- - TABLE 7.2.  Calculated Sodium-void R e a c t i v i t y  i n  ZPPR-13A 

Step/  
Zonea 

Reference 
111 
211 
3 12 
4 I3 
5 I4 
615 
7 16 
817 

Vo idedb 
Region, mm 

--- 
203 

203-305 
305 
305 
305 
3 05 
203 
203 

Na Mass, 
kg/ Step 

--- 
21.90 

96.15 
55.51 
35.26 
50.68 
11.01 
9.94 

io.  28 

Leakage No n- 
kef f X Y z Sum Leakage - 

0.975876 
0.976104 
0.976125 
0.977017 
0.977643 
0.978010 
0.977632 
0.977970 
0.978249 

.- 

-- - --- 
-0.095 -0.01 1 
-0.069 -0.008 
-0.018 -0.057 
-0.106 '-0.007 
-0.01 3 -0.003 
-0.419 -0.021 
-0.060 -0.004 
-0.071 -0.005 

--- 

--- --- 
-0.050 -0.156 
-0.234 -0.311 
-0.107 -0.182 
-0.158 -0.271 
-0.133 -0.149 

-0.048 -0.112 
-0.045 -0.121 

-0.078 -0.518 

--- 
0.491 
0.374 
0.477 
0.630 
0.477 

I .  084 
1.059 

0.281 

Net 

--- 
0.335 
0.063 
0.295 
0.359 
0.331 

-0.237 
0.972 
0.938 

c/ E --_- 
-- - 
1.03 
1.09 
0.98 
1.07 
1.20 
1.04 
1.14 
1.09 
0.89 0.059 0.162 -0.507 -0.345 9 / l d  (203 1 (21.90) 0.977982 0.092 0.01 1 

aThe c a l c u l a t i o n s  followed the experimental sequence of  s t e p s .  Refer t o  F i g s .  7.1 and 7.2.  
b R e l a t i v e  to midplane, depth into each h a l f  o f  the  r e a c t o r .  
C B e f f  = 0.003295. 

s t e p  9, Na was re- inserted with a l l  o ther  zones voided.  JAIL 21325 
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TABLE 7 . 3 .  Comparison of  Calculated and 
Measured Resul t s  f o r  the  ZPPR-13A Sodium-void 

Re ac t iv  i t  y Ex p e r  iment s 

Me asur  ed 
Stepa Worth, b/kg C/ E P/Eb a ( P / E )  

1 0.324 2 0.010 1.034 0.949 0.067 
2 0.058 2 0.019 1.086 0.985 0.465 
3 0.300 2 0.004 0.983 0.902 0.065 
4 0.335 0.005 1.072 0.982 0.078 
5 0.276 2 0.007 1.198 1.099 0.074 
6 -0.228 0.005 1.039 0.960 0.125 
7 0.852 5 0.002 1.141 1.048 0.057 
8 0.860 * 0.024 1.091 1.001 0.057 

--- 

aRefer  t o  F igs .  8.1 and 8.2.  
bCa lcu la t ion  ad jus t ed  by  b i a s  f a c t o r s  f o r  

leakage  and non-leakage terms. MR-AZO 
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8 .0  ANALYSIS OF 2 3 d U  REACTIVITY DOPPLER MEASLXEMENTS I N  ZPPR-13A 

m e  c a l c u l a t i o n  of  Doppler worth f o r  t h e  sample is based on f i r s t  o r d e r  

p e r t u r b a t i o n  t h e o r y .  The sample is e x p l i c i t l y  modelled i n  t he  r e a c t o r  ca l cu -  

l a t i o n  and, t h e  p e r t u r b a t i o n  is d e f i n e d  as t h e  change from r e f e r e n c e  tempera- 

t u r e  t o  e l e v a t e d  t empera tu re  c r o s s  s e c t i o n s  f o r  t h e  sample .  In o r d e r  t o  nor- 

m a l i z e  t h e  p e r t u r b a t  ion denominator and i n t e g r a t e  over  sample l e n g t h ,  t h e  a x i a l  

f l u x  shape i s  r e p r e s e n t e d  as $(xyz)  = Q(xy) c o s  B,, where B, i s  a c o n s t a n t  

buck l ing  va lue  chosen so t h a t  an xy c a l c u l a t i o n  wi th  c o n s t a n t  buck l ing  g i v e s  t h e  

same keff  as t h e  r e f e r e n c e  c a s e  w i t h  group- and region-dependent v a l u e s ,  

P r e p a r a t i o n  of  t h e  Doppler sample c r o s s  s e c t i o n  d a t a  is based on a p in  c e l l  

model. A two r e g i o n  p i n  c e l l  c o n s i s t i n g  of  t h e  Doppler sample a t  t h e  c e n t e r  

surrounded by s t r u c t u r a l  s tee l ,  is processed in  MC2-II/SDX f o r  each ternpera- 

t u r e  t o  produce resonance s e l f - s h i e l d e d  c r o s s  s e c t i o n s  i n  an in t e rmed ia t e  (156 )  

group s t r u c t u r e .  For group c o l l a p s e  t o  t h e  28 group l e v e l ,  a d i f f u s i o n  ca l cu -  

l a t  ion is done f o r  a one-dimensional cy1 i n d r i c a l  model c o n s i s t i n g  o f  sample, 

s t r u c t u r e  and r e a c t o r  co re .  Cross s e c t i o n s  are c o l l a p s e d  f o r  each sample 

t empera tu re .  

The c o r e  c o n f i g u r a t i o n  was t h a t  of t h e  ZPPR-13A c r i t i c a l  r e f e r e n c e  with t h e  

Doppler mechanism and an a d d i t i o n a l  f u e l  "spike" i n s e r t e d .  Both o f  t h e s e  were 

inc luded  i n  the c a l c u l a t i o n a l  model. The axial  buck l ings  were d e r i v e d  from t h e  

x y z  d i f f u s i o n  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 ,  and a n 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 s  were used. The ZPPR shim r o d s  were not modelled. 

The measurements were performed n e a r  the c e n t e r  of  f u e l  r i n g s  one and two, 

and toward t h e  o u t e r  edge of f u e l  r i n g  t h r e e ,  t h e  l a t t e r  d i c t a t e d  by a v a i l a b l e  

l o c a t  i ons .  The experiment a1 v a l u e s  r e p o r t e d  h e r e  d i f f e r  sl i gh t  ly from those  
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r e p o r t e d  e a r l i e r  (16) because o f  a d j u s t n e n t  t o  nominal temperatures  f o r  com- 

p a r i s o n  with c a l c u l a t i 3 n .  

law f i t .  

The adjustment  i s  accomplished by  means o f  a power- 

The comparison between experiment and c a l c u l a t i o n  f o r  t h e  Doppler r e a c t i v -  

i t y  is  shown in Tab le  8.1. The mean C / E  r e s u l t s  o f  0.84, 0.88 and 1.11 i n  t h e  

t h r e e  f u e l  r i n g s  show t h e  g e n e r a l  v a r i a t i o n  with r a d i u s  expected from a n a l y s i s  

o f  o t h e r  pa rame te r s .  

s en ted  i n  T a b l e  8.2.  Again, t h e  C/E v a l u e s  have t h e  expected r a d i a l  v a r i a t i o n .  

The r a d i a l  v a r i a t i o n  o f  t h e  r e a c t i v i t y  Doppler C / E  was found t o  fo l low t h e  

Sample worth d a t a  a t  t h e  r e f e r e n c e  t empera tu re  are pre- 

squa re  o f  t h e  23%J(n,Y) C / E  i n  ZPPR-11. 

squa re  o f  t h e  r e a c t i o n  ra te  C/E was found t o  be 0.732 2 0.033 f o r  ZPPR-11B, and 

0.738 f 0.017 f o r  ZPPR-11C. The same a n a l y s i s  f o r  t h e  ZPPR-13A d a t a  y i e l d s  t h e  

r e s u l t s  shown i n  Tab le  8.3. The r a t i o s  i n  f u e l  r i n g  one (0.77)  and f u e l  r i n g  

two  (0 .78 )  are c o n s i s t e n t  and comparable t o  the  r e s u l t s  i n  ZPPR-11. 

Fuel  r i n g  t h r e e  shows a s i g n i f i c a n t l y  h i g h e r  r a t i o  which i s  i n c o n s i s t e n t  with 

t h e  rest o f  t h e  d a t a .  There are  t h r e e  r e a s o n s ,  i n  a d d i t i o n  t o  t h e  r e a c t i o n  ra te  

comparison, why t h e  f u e l - r i n g  t h r e e  measurement i s  s u s p e c t .  F i r s t ,  i n  i n s t a l l -  

ing t h e  Doppler mechanism at  t h a t  l o c a t i o n ,  two shim rods had to  be  removed. 

Thus, d u r i n g  d a t a  a c q u i s i t i o n ,  t h e  r e a c t o r  was h e l d  at  power by b a l a n c i n g  on s ix  

i n s t e a d  of  e i g h t  shim rods.  Expe r i ence  with t h e  l a r g e  heterogeneous c o r e s  

i n d i c a t e s  t h a t  t h e  r e s u l t i n g  f l u x  t i l t  could s i g n i f i c a n t l y  i n f l u e n c e  t h e  r e s u l t .  

I n  add it i o n ,  t h e  magnitude of t h e  measurement was v e r y  small ,  t e n d i n g  t o  in- 

c r e a s e  t h e  u n c e r t a i n t i e s  and t h e  f l u x  g r a d i e n t  was v e r y  s t e e p  a t  t h e  measurement 

The r a t i o  o f  Doppler C / E  t o  t h e  

l o c a t i o n ,  i n t r o d u c i n g  d i f f i c u l t i e s  in mode l l ing .  In a d d i t i o n ,  t h e r e  is a much 

l a r g e r  v a r i a t i o n  i n  C / E  v a l u e s  f o r  t h e  d i f f e r e n t  t empera tu res  i n  t h e  f u e l  r i n g  

three  measurement. For these r e a s o n s ,  t h e  f u e l  r i n g  three measurement is f e l t  

t o  b e  u n r e l i a b l e .  



The C/E v a l u e s  i n  ZPPR-13A a r e  g e n e r a l l y  comparable t o  t hose  from ZPPR-11.(17) 

The r e s u l t s  i n  ZPPR-lIB were 0.77 and 0 .93  i n  t h e  inner and o u t e r  f u e l  zones.  

The r e s u l t s  i n  ZPPR-11C ( t h e  EOC c o r e )  v a r i e d  between 0.82 and 0.89. The va lue  

i n  f u e l  r i n g  two is c l o s e  t o  t h e  v a l u e  ob ta ined  at t h e  c e n t e r  o f  t h e  homogeneous 

ZPPR-9 core (0.935 - + 0.007).(1) 
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TABLE 8. 1. Comparison of  Measured and Ca lcu la t ed  Doppler 
R e a c t i v i t i e s  fo r  ZPPR-13A - 
S p e c i f i c  Worth,a Llkg 2 3 % J  

Temperature,  K Exper b e n t b  Ca 1 c ul at ion C /  E 

F u e l  Ring 1 (153-56) 
500 -0.0119 + 0.0006 -0.0112 0.938 + 0.051 
650 -0.0214 0.0007 -0.0172 0.803 - 0.026 
800 -0.0263 T 0.0006 -0.0222 0.844 + 0.019 
950 -0.0312 '7 0.0006 -0.02 64 0.846 5: 0.016 
1100 -0.0358 - 0.0006 -0.0299 0.835 0.013 

Mean C/E 0.839 - 0.014 
Fuel  Ring 2 (163-52) 

500 
6 50 
800 
950 
1100 

-0.0134 + 0.0006 
-0.0228 T; 0.0006 
-0.0301 0.0006 
-0.0352 T 0.0006 
-0.0410 T - 0.0006 

-0.0134 1.000 + 0.045 
-0.0205 0.899 7 0.023 
-0.0264 0.877 7 0.017 
-0.0314 0.892 0.015 
-0.0355 0.866 7 0.013 

Mean C/E 0.884 - 0.012 
F u e l  Ring 3 (164-68) ' 

500 -0.0044 + 0.0006 -0.0070 1.593 + 0.221 
800 -0.0128 T 0.0006 -0.0138 1.077 0.051 
950 -0.0130 7 0.0006 -0.0164 1.266 0.060 
1100 -0.0167 - 7 0.0006 -0.0186 1.114 7 0.037 

1.141 0.035 Mean C/E - 
aRelative t o  r e f e r e n c e  t empera tu re  of  300K. 
b u n c e r t a i n t i e s  i n c l u d e  e q u a l  c o n t r i b u t i o n s  from both end p o i n t s  and 
0.0003 t e m p e r a t u r e  u n c e r t a i n t y  ( e q u i v a l e n t  t o  +5K i n  ave rage  
t e m p e r a t u r e ) .  JAII 2B 18 



TABLE 13.2. Comparison o f  Yeasured and Calculated Values 
f o r  23dU Doppler Sample Worth i n  Fuel Rings of ZPPR-13A 

Measurement 
Locat ions Experiment , k / k g  Calcu la t ion ,  b / k g  C / E  

F u e l  Ring 1 -0.457 5 0.001 -0.410 0.897 5 0.002 
( 1 53 -5 6 

F u e l  Ring 2 -0.526 2 0.001 -0.491 0.933 2 0.002 
(1 63-52 ) 

Fuel Ring 3 -0.0726 2 0.001 -0.0724 0.997 2 0.018 
(1  64-68) 

TABLE 8.3. Values of  Average C/E f o r  23% Doppler Measurements 
Compared with Average ( C / E 1 2  f o r  238u(n,Y) F o i l  Measurements 

i n  ZPPR-13A 

- Doppler Fue 1 
Ring C/E Doppler Exp. (C/El2 23%JU(n,Y)a Rat io  

23% (n ,  Y) 

1 0.839 ,+ 0.014 1.084 f 0.021 0.774 2 0.025 
2 0.884 2 0.012 1.137 f 0.030 0.777 2 0.032 
3 1.141 2 0.035 1.223 5 0.044 0.933 f 0.047 

Mean r a t i o  i n  ZPPR-11B 0.731 2 0.033 
Mean r a t i o  i n  ZPPR-11C 0.738 2 0.017 

aValue quoted r e p r e s e n t s  t h e  average  of a l l  f o i l s  i n  t h a t  
zone, and is squared f o r  comparisons with t h e  r e a c t i v i t y .  

JAII 2B 19 
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9. U SHALL SA.YI'L5 REACTIVLTIES 

The r e a c t i v i t y  worths o f  small  samples o f  i n a t e r i a l s  were measured i n  

Z P P K - ~ ~ A  using the r a d i a l  and axiaL tube  method, t h e  long-drawer o s c i l l a t o r  and 

t h e  shim-blade o s c i l l a t o r .  Only t h e  r e s u l t s  from t h e  r a d i a l  t ube  have been 

analyzed a t  t h e  p r e s e n t  time. 

The c a l c u l a t e d  r e a c t i v i t i e s  were ob ta ined  from xyz c a l c u l a t i o n s  with 28 

group d a t a  and included a n i s o t r o p i c  d i f f u s i o n .  Homogeneous c e l l  cornposit i ons  

were used in t h e  model (HMM) and t h e  ZPPR shim rods were not  r e p r e s e n t e d .  

Sample-size c o r r e c t i o n s  were c a l c u l a t e d  with t h e  SARCASM code(18) as  a f u n c t i o n  

o f  p o s i t i o n ,  u s ing  t h e  xyz f l u x e s  and a d j o i n t s .  

A d e s c r i p t i o n  o f  t h e  measurements and d e t a i l e d  r e s u l t s  a r e  given in 

Ref.  19. A d e s c r i p t i o n  o f  t h e  samples is g iven  i n  Table  9.1.  The c a l c u l a t e d  

and expe r imen ta l  r e s u l t s  are shown i n  F i g s .  9.1 t o  9.7. The c u r v e s  shown i n  t h e  

f i g u r e s  are ob ta ined  by by a leas t  s q u a r e s  f i t t i n g  t o  t h e  f o u r t e e n  c a l c u l a t e d  

and measured r e s u l t s  i n  t h e  f u e l  zones a long  t h e  x-axis  t r a v e r s e .  The r e s u l t s  

o f  two f i t t i n g s  a r e  shown; t h e  f i r s t  a d j u s t s  t h e  c a l c u l a t e d  non-leakage and 

l e a k a g e  components and t h e  second (dashed-curve) f i t s  t o  t h e  t o t a l  worth. For 

t h e  f i s s i l e  samples and boron, where t h e  l e a k a g e  is  a small component o f  t h e  

t o t a l  worth,  t h e  two f i t s  are i n d i s t i n g u i s h a b l e  and the  b i a s  f a c t o r  for t h e  

non-leakage component is  t h e  same as t h e  C / E  f o r  t h e  sample worth.  For sca t -  

t e r i n g  samples ( ca rbon  and i r o n )  and DU-6 (238U) t h e  two-component f i t  

produces much improved agreement.  One may s p e c u l a t e  t h a t  some o f  t h e  l a r g e  

a d j u s t m e n t s  t o  t h e  c a l c u l a t e d  l eakage  i n  t h e s e  c a s e s  (40% t o  80%) may be  as- 

s o c i a t e d  with s t reaming e f f e c t s  i n  t h e  sample tube .  

The b i a s  f a c t o r s  f o r  non-leakage components are summarized in Tab le  9 . 2 .  

R e s u l t s  f o r  f i s s i l e  samples and boron are w i t h i n  a few pe rcen t  o f  t h o s e  ob ta ined  

i n  ZPPR-9 and ZPPR-10 ( a l s o  shown i n  t h e  t a b l e ) .  The C / E  f o r  23%u is 1.20. 
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The r e s u l t s  f o r  235U, samples U-6 and KSS-1 (named a f t e r  one of  t h e  more 

i l l u s t r i o u s  members of  t h e  ZPPR a n a l y s i s  g r o u p ) ,  a r e  about 3% h i g h e r .  The C / E  

f o r  boron is  much lower a t  1.06. It is d i f f i c u l t  t o  draw any conc lus ions  from 

t h e  r e s u l t s  f o r  23%J, i r o n  and carbon because o f  t h e  l a r g e  ad jus tmen t s  r e q u i r e d  

t o  t h e  l eakage  components. T ranspor t  e f f e c t s  are expected t o  b e  s i g n i f i c a n t  i n  

t h e s e  c a s e s ,  based on a n a l y s i s  o f  23% f i s s i o n  ra tes  and s o d i m  void r e a c t i v i t y  

i n  the  heterogeneous c o r e s .  

C o r r e c t i o n s  t o  the r a d i a l  t r a v e r s e s  f o r  v a r i a t i o n s  in master  composi t ions 

w i l l  i n c r e a s e  c a l c u l a t e d  sample worths ( a t  least  f o r  t hose  with small l eakage  

components) i n  f u e l  r i n g  1 r e l a t i v e  t o  f u e l  r i n g  3 about 2%. It is c l e a r  from 

F i g s .  9.1, 9.2 and 9 . 3  t h a t  t h i s  w i l l  g i v e  some improvement i n  the  f i t  t o  t h e  

expe r imen ta l  r e s u l t s  for t h e  f i s s i l e  samples. However, t h e  remaining d i s -  

c r e p a n c i e s  o f  5% t o  10% between t h e  fue l  zones are  c o n s i s t e n t  with a n a l y s i s  o f  

c o n t r o l  rod worths and r e a c t i o n  ra tes .  



SAVPiE - POSITION - C V e  
Fig. 9.1. Measured and calculated radial reactivity worth profiles f o r  

t h e  PU-30 sample i n  ZPPR-13A. 
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Fig .  9 . 4 .  Measured and calculated radial reactivity worth profiles f o r  the 
B-1 sample in  ZPPR-13A. 
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C - 1  sample i n  ZPPR-13A. 
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TABLE 9 .1 .  Descr ip t ion  o f  t h e  React ivi ty-Worth Samples Used in 
Z PPR- 1 3A 

Sample 

KSS-IC 

KS S -2 

B-1 

Fe-1 

c -1 

D -1 

Pu-30 

U -6 

DU-6 

Sample 
Dimens ions, mm 
Length 

40.64 

48.67 

55.22 

55.17 

55.22 

66.50 

55.19 

55.19 

55.19 

O.D. 

6.35 

- 

10.67 

10.19 

9.88 

9.93 

10.75 

7.62 

7.62 

7.62 

Sample 
Mass, g 

37.42 

--- 
4.193 

33.277 

8.027 

-- 
38.091 

46.889 

47.427 

-_- 

Capsule 
Mass, ga 

7.030 

7.005 

10.521 

10.61 1 

10.672 

10.668 

11.600 

11.463 

11.417 

P r  inc  i p a l  
COUIDO s i t  ion 

Component w t  , ~b 

234u 0.95 

23 8u 5.57 

23 5u 93.19 
236u 0.30 

S t a i n l e s s  S t e e l  

1UB 87.12 
1 1B 7.38 

0 1.43 
C 0.96 
S i  0.26 
A l  0.05 

. H  0.09 

Fe 99.99 

C 99.99 

S t a i n l e s s  S t e e l  

239Pu 97.20 
24UPu 1.01 
241pu 0.04 

A 1  0.95 

23411 0.95 
23 5u 93.19 
23 6u 0.26 
238u 5.60 

2 3 5 ~  0.21 
238u 99.78 

D-13 66.59 10.77 11.653 S t a i n l e s s  Steel 
aMaterial is s t a i n l e s s  s teel .  
bTo ta l  composi t ion  less t h a n  100% means t h a t  some i m p u r i t i e s  are 

CThe uranium i n  t h i s  sample is a s t a c k  of  25 f o i l s  each  0.25 nrn 
n o t  i d e n t i f i e d .  

t h i c k  f i t t i n g  i n s i d e  a s teel  c y l i n d e r .  m3A-10 
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T.\BLE 9 . 2 .  Analysis  o f  Reac t iv i ty  Samples from Radial Traverses  i n  
ZPPR-13A and Comparison w i t h  Resu l t s  from ZPPR-9 and ZPPR-10 

P r  inc ipa l  No n- leakage Ad j us  t ment Fac to  ra 

Sample I so t  ope ZPPR- 13A ZPPR-9 ZPPR- 1 OA ZPPR- 1 OB 

Pu -3 0 * 3 9Pu 1.20 I .  16 1.17 1. 17 

KSS-1 235" 1.23 
8-1 OB 1.06 1.06 1.06 1.05 

1.05 1.14 1.14 1.13 

1.23 1.20 1.20 -- -- -- -- U -6 23 sv 

DU-6 23% 
FE-1 6Fe 1.07 1.37 
ss-1 (st eel 1 -- I. 30 1.19 -- 
c -1 1% 1.34 -- 1.55 -- 

-- -- 

aSee f igu res .  JA I I 25 2 3 
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10.0 SUmiARY 

C r  it i c a l  Mass 

Dif fus ion  theory c a l c u l a t i o n s  fo r  ZPPR-13 give k-ef fec t ive  r e s u l t s  i n  the 

range 0.976 to  0.979. 

The r e s u l t s  a r e  within 0.2% ~k of  those fo r  the  smaller  heterogeneous 

c o r e s ,  ZPPR-7 and ZPPR-11. 

i n  c ros s  s e c t i o n  processing methods f o r  t he  un i t  c e l l s  a s  t o  d i f f e rences  in core  

s i z e  and conf igura t ion .  

The small d i f f e r e n c e s  may be due a s  much t o  changes 

The d i f f u s i o n  theory k -e f f ec t ive  va lues  a r e  between 0.3% Ak and 0.5% Ak 

lower than f o r  convent ional  cores .  

geneous co res  and the  cor rec ted  value of  0.986 f o r  ZPPR-13A is i n  good agreement 

Transport  e f f e c t s  are larger in  the  hetero- 

with ZPPR-9 and ZPPR-10. 

Reaction Rate Dis t r ibu t ions  

A d i s t i n c t i v e  pa t t e rn  of  mispredic t ion  of  r eac t ion  rates a s  a funct ion of 

r ad ius  is  found fo r  a l l  r eac t ions  i n  a l l  cores .  The C/E r e s u l t s  i n  the  inner 

zones are 3% t o  5% lower than i n  t h e  outer fuel zone. 

The discrepancy is increased by 

about 0.5% wi th  t r a n s p o r t  c a l c u l a t i o n s .  

Axial d i s t r i b u t i o n s  show lower va lues  a t  t h e  t o p  o f  t h e  core ,  near  the  

a x i a l  blanket  i n t e r f a c e ,  by about 1% r e l a t i v e  t o  the core  average. 

Reaction Rate Rat ios  

The r e s u l t s  are similar t o  those in  a l l  o the r  ZPPR a n a l y s i s  with ENDF/B-IV 

d a t a .  

23%J cap tu re  is overpredic ted  by 6% t o  9%. 

Re la t ive  t o  23%u f i s s i o n ,  235U f i s s i o n  is overpredicted by 3% and 

Diffusion c a l c u l a t i o n s  f o r  23%J f i s s i o n  show d i f f e r e n c e s  of about 15% 

between fue l  and i n t e r n a l  blanket  zones. The r e s u l t s  are much improved by 

t r a n s p o r t  c a l c u l a t i o n s ,  but a discrepancy of 5% persists in  the  present  analyses  
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C o n t r o l  Rod Worths 

P r e d i c t i o n s  o f  rod worths r e l a t i v e  t o  f u e l  v a r y  i n  the  range 0.98 ( F l ) ,  

1.00 ( F 2 )  1.06 ( F 3 ) .  

The r a d i a l  v a r i a t i o n s  i n  C/E a re  about twice those  observed f o r  r e a c t i o n  

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

Con t ro l  rod i n t e r a c t i o n  e f f e c t s  are  well p red ic t ed  with sinple d i f f u s i o n  

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

The worths  o f  CRPs r e l a t i v e  t o  f u e l  are g r o s s l y  o v e r p r e d i c t e d  by i s o t r o p i c  

d i f f u s i o n  c a l c u l a t i o n s ,  c o n s i s t e n t  w i th  p rev ious  a n a l y s e s  i n  o t h e r  c o r e s .  

R e s u l t s  f o r  rod - s i ze ,  p i n  geometry and boron enrichment v a r i a t i o n s  are 

c o n s i s t e n t  t o  w i t h i n  2% us ing  h e t e r o g e n e i t y  c o r r e c t  i ons  c a l c u l a t e d  with d i f f u s i o n  

t h e o r y .  Some improvement is  a n t i c  i pa t ed  from t r a n s p o r t  c a l c u l a t i o n s .  

Sodium Void R e a c t i v i t y  

The d i f f u s i o n  t h e o r y  r e s u l t s  f o r  zones i n  ZPPR-13A (C/Es i n  range 0.98 

t o  1 . 2 0 )  are r easonab ly  c o n s i s t e n t  w i th  r e s u l t s  from o t h e r  c o r e s .  

Doppler R e a c t i v i t y  

The C/E r e s u l t s  i n  t h e  f i r s t  and second f u e l  r i n g s  (0.88) are f a i r l y  

c o n s i s t e n t  w i t h  analyses i n  ZPPR-9 and ZPPR-11. The r e s u l t  in  t h e  t h e  t h i r d  

f u e l  r i n g  is s i n g u l a r l y  o u t  o f  l i n e  wi th  o t h e r  d a t a  and is  c o n s i d e r e d  t o  be 

u n r e l i a b l e .  

SamDle T r a v e r s e s  

The C/E r e s u l t s  f o r  f i s s i l e  samples o f  1 .2  are  i n  l i n e  wi th  o t h e r  v a l u e s  

from radial  tube  experiments .  The r eason  f o r  t h e  l a r g e  d i s c r e p a n c i e s  compared 
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w i t h  those  from s t u d i e s  i n  t he  ANL " d i a g n o s t i c "  co res  i s  p r e s e n t l y  unexplained 

and is o f  c o n s i d e r a b l e  i n t e r e s t .  The p r e s e n t  r e s u l t s  f o r  238U and s c a t t e r i n g  

samples should not b e  t r e a t e d  s e r i o u s l y  due t o  e x p e c t a t i o n  o f  s u b s t a n t i a l  

t r a n s p o r t  c o r r e c t  i ons  and p o s s i b l e  problems due t o  leakage in  t h e  tube environment . 
- _  

Cross  S e c t i o n  P r o c e s s i n g  

A l l  r e s u l t s  ob ta ined  i n  ZPPR-13 a r e  dependent on the  v i a b i l i t y  o f  methods 

used t o  p rocess  c r o s s  s e c t i o n s  f o r  t h e  c e l l s  i n  t h e  complex environment o f  t h e  

heterogeneous c r i t i c a l s .  A t  t h i s  s t a g e  i t  is  no t  c l e a r  how much o f  t h e  e r r o r  in  

p r e d i c t  i on  of  s p a t i a l l y - v a r y i n g  parameters  is  due t o  ENDF/B-IV d a t a  and how much 

i s  due t o  t h e  c e l l - p r o c e s s i n g  methods need. A Monte Car lo  c a l c u l a t i o n  using t h e  

V I 3  code  w i l l  p rov ide  an e s s e n t i a l  tes t  of  t h e  p r e s e n t  methods. 

Reac to r  Model l ing 

The enhanced s e n s i t i v i t i e s  o f  t h e  l a r g e  heterogeneous c o r e s  h a s  h i g h l i g h t e d  

t h e  need f o r  c o n s i d e r a t i o n  of f i n e  d e t a i l s  i n  t h e  r e a c t o r  l o a d i n g s .  I n i t i a l  

r e s u l t s  with t h e  "All-master-model" have produced improvements i n  c o n s i s t e n c y  i n  

t h e  a n a l y s i s .  The f i r s t  s t e p s  have been t aken  i n  t h e  automated product ion of 

t h e  c a l c u l a t i o n a l  models from t h e  d e t a i l e d  r e a c t o r  l oad ing  f i l e s .  
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APPENDIX A 

I n p u t  Data f o r  ?IC2 and SDX 

The i n p u t  d a t a  f o r  g e n e r a t i o n  of  t h e  226 group l i b r a r y  in HC2- I I  i s  shown 

i n  Table A . l .  The f i n e  group spectrum is gene ra t ed  f o r  t h e  homogeneous compo- 

s i t i o n  o f  t h e  double-fuel-column c e l l s .  A number o f  a d d i t i o n a l  i s o t o p e s  a r e  

added at  n e g l i g i b l y  l o w  d e n s i t y  f o r  e d i t i n g  purposes.  I s o t o p e s  l a b e l l e d  with an 

S ( e .g .  NA23 S >  use s p e c i a l  resonance s h i e l d i n g  t reatment  f o r  narrow resonances.  

A specimen input  f o r  SDX i s  shown i n  Tab le  A . 2 .  The c a s e  shown i s  t h e  

double-fuel-column drawer i n  f u e l  r i n g  t h r e e .  Zone buck l ings  i n  28 groups are 

a p p l i e d  (on t h e  09 c a r d s )  t o  t h e  2082 f i n e  groups of A MCC2, t o  t h e  i n t e r m e d i a t e  

226 groups o f  A.INTR and t o  t h e  226 groups of A.SEF1D f o r  c a l c u l a t i o n  of a 

spectrum f o r  group c o l l a p s e .  

i npu t  buck l ings  by a c o n s t a n t  f a c t o r  so as t o  o b t a i n  a k,ff of  0.986 f o r  t h e  

The s p e c i a l  "MODLlB" i n c o r p o r a t e s  a s c a l i n g  of t he  

heterogeneous c e l l .  The SDX r u n s  f o r  t h e  o t h e r  c e l l s  are s imi la r .  
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t 
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I >I G R G  5 11*3 11; 9 L I X E t - C  30 7 C IF. D j 000 I S Y S TE II S 19'5 

' k t X  El5632 ,CDUQMCC'I  
:, .x 
i / C D  EXEC RRCSFGlS* 
/ /  VERSION: 3 >FORHAT:FHTJ 
//DUHMYl 1111 SF'CiCE=(CYL, 1001 9CONTIG) 
//DUMNY2 L I D  SPACE- ( C'IL I 180 7 COMT I G 1 
//FTObFGOl U D  SYSOUT=*  
//SYSUDUtlF DD D U t l H Y  
//FT18F001 DD UNIT-(WRTT6250) 7 

/ /  
/ /  U O L ~ ~ P R I U ~ T E I R E T ~ I N ~ S E R = ~ ~ ~ ~ ~ ~ ~ ~ L A E E L - ~ O ~ ~ S L ~ ~  
/ /  DISF- (NEWIKEEF) 9 

/ /  OSN=C117,R15632eGPOEL 
/,'Ffl9F001 DLI UNIT-(ALLPERM) I 

UCB: ( RECFtI- UPS I LRECL: ;( I ELkSIZE: 12280 I DEN-4) I 

/ /  D C B = ( R E C F ~ = V P S I L R E C L ~ X ~ R L K S I Z E - ~ ~ ~ ~ ) ,  
/ /  SPACE (TRKl(250710)IRLSE)r 
/ /  DISP=(OLDIKEEP)I 

//FT37F001 DD UNIT-(SASCR)rSUBALLOCr(CYL~(OS,O1),DUnnYl) 
//FT3RF001 JSD U N I T = ( S n S C R ) 7 S U P n L L O ~ ~ ( C ' ( ~ ? ( j O ? O l ) ~ D U n H Y l )  
//FT39FO01 DB U N I T - ( S A S C R ) ~ S U B n L L O C - ( C Y L r ( ~ 5 ~ 0 1 ) 1 D U H ~ Y l )  
//FT40F001 DD UNIT-tSfiSCR) ISUBALLOC-(CYLJ (02701) rDUHHY1) 

/ /  DSN-C117,e15632~CDU4~26~ISOTXS 

//FT41FQOl DD UNIT-(SASCK)~SUEnLLOC-(CYL?tO~1Ol)~DUHMYl) 
//FT43F001 DD SUBfiLLUC--(C'ILr ( 3 0 1 0 1 )  7DUHHY2) 
//FT49F001 DD UNIT-(ALLPERH)r 

/ /  SFACE=(TRK~(Ol~Ol))I 
/ / D I S P ~ ~ ( N E H ~ C A 1 L G )  I 

//FT50FOOf DII UNIT-(WRIT62SO) * 
/ /  U O L = ( P R I U k T E ~ R E T ~ I M r S E R T i 7 8 9 5 2 ) r  
/ /  LABEL (017SL)f 
/ /  DCB=(RECFn=UBS,LRECL~~~BLKSIZErbl36)1 
/ / DISP - ( H E H I K E E P )  I 

//FT52FOOI DD S U E R L L O C - ( C Y L I ( ~ O ~ O ~ ) , D U ~ ~ V ~ )  
//FT"JF001 Ut1 S U B A L L O C - ( C Y L , ( 3 O r O l ) r D U ~ H Y ~ )  

//FT55F001 DD S U B A L L O C - ( C Y L ~ ( ~ O I O ~ ) , D U ~ ~ Y ~ )  
//FTS6F001 DO S U E A L L O C - ( C Y L I ( O ~ ~ O ~ ) I ~ U H ~ Y ~ )  
//FT57F001 DD SUBALLOCr(CYLr(03vOl)rDUHHY2) 
//FT58F001 IID S U B ~ ~ L L O C - ( C Y L ~ ( O ~ ~ O ~ ) P D U H H Y ~ )  
//FT59F001 DD S U R A L L O C ~ ( C Y L r ( 0 3 r 0 1 ) 1 D U n n Y 2 )  
//FTbOF001 DD SUEALLOCt(CYL, ( 0 3 1 0 1 )  rDUHHY2) 
//FTblF001 DD S U E A L L O C r { C Y L r ( 0 3 r O l ) r D U n n Y 2 )  

/ / D C B - ( R E C F H - - U E S I L R E C L - : ( ~ E L ~ S I Z E - ~ ~ ~ ~ )  I 

;/ D~N=C117,B15632*CDU42261 

/ /  D S N 4  1 17 s B 15632 e C D W  2262 

//FT54FOOl DD SUEnLLOC-(CYL1(30,0 l ) rOUnnr2)  

//FT62F001 LID SPACE--(CYL?(SO?S)) 
/ / S Y S I N  oo YI 
BLOCK-STPOlS 
DATASET=A.  STF'Ol'CJ 
01 000 000 000 000 000 001 001 001 000 000 000 
DATASET-AiMCC2 
01 VERSION 4 s  226 GROUP LIBRARY GENERATION FOR SO): (ZPPR 1 2 ~ 1 3 )  
0 2  120000 000 000 
03 001 001 000 OlOUSS226 000 000 000 020 000 000 
06 c-12 4 0 + 0000346 293  a 00 
06 0-16 4 0 009861 8 293 00 
06 MA23 S 0 * 0086880 293 00 

2 TABLE A . 1 .  Input Data €or MC 
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/ / C X  EXEC P G M = I E E G E N E R  
,','SYSF'RIi.IT DD SYSOUT=1:  
,//S'ISUT1 tID U N I T ~ ( R E k D b Z 5 0 )  Y 

i /  DCEf=DEN-4 PDISF-(OLDIKEEP) 9 

//SYSUT? DD UNIT=(SASCRI I 
/ /  
/ /  SPACE=(CYLI(~OIO~)IRLSE)P 
/ /  D I S P ~ : ( N E W ? P A S S )  r 
.I / 
//SYSIN DD fIiJHHY 
,'t 
//ZDStIX E X E C  CIRCSFOlZ, 
/ / $  
/ / *  PRELIE~'Cll6eE0920~~SDX,MODtIB', 
/ / *  
/ /  V E R S I O N = ~ ~ F O R H A T - F ~ T ~ P ~ C C T - N ~ ~ ~ ~  
/ /FT33F001 DD D I S P ~ ~ ( S H P ) ~ D S H - C 1 1 7 ~ 8 1 5 6 3 2 ~ ~ ~ V ~ 2 2 6 1  

UOL.: ( P R I V A T E  7 RETAIN 7 S E F ( 4 7 8 W )  ILABEL=( 01 ISL 1 I 

/ / D S N - C 1 1 7 , E 1 5 6 3 2 , C [ I V 4 ~ ~ 6 ~  

bC8.~ (RECFN::UBS I LRECL-:X 7 RLKSIZE-6136) I 

D S N = 8 8 C D V 4 2 2 6 2 

//FT33F002 DD D I S F ~ ~ O L D P D E L E T E ~ ~ ~ ~ S N - ~ ~ C D U ~ ? ~ ~ ~  
//F136FOOl DD UNIT-(hLLPERH)v 
/ /  D C B = ( R E C F H = V E S P L R E C L - X , B L K S I Z E ~ ~ ~ ~ ~ ) ~  
/ /  
/ /  DISF=(NEUPCATLG)~ 

//FT36F002 BD UNIT~(ALLFEHH) 9 

/ /  
/ /  SFACE=(TRKI(~O?~)?RLSE), 
/ /  DISF-y(NEW PCATLG) 9 

/ /  DSN=C117,El5632.DnDCFF3NtU~282 
//SYSEN DD t 
E! L 0 C K = OL D 
[I R T A S E T 7 HC C 2 F 1 
D A T A S E T = H C C 2 F 2  
DOT fi S E T  1 H C C 2 F 3 
11 A T A SET = MC C 2 F 4 
D A T A S E T = HC C 2 F 5 
D A T A S E T = X S .  IS0 
BLOCK .E S TP 0 1 2 
UATASET-A.SDX 
01 1 
02  . CORE 
0 3  1 
DATASET=A + HCC2 

02 90000 0 0 
0 3  0 0 0 0 1 0 0 
04 0 . 0  o t o  o t o  
06 c-12 4 0 e 0000345 293 000 
06 0-16 4 0 t 0101694 293 t 000 
Ob MA23 S 0 00881 4 4  293 000 
Ob AL27 4 0 * 0000063 293 e 000 
06 SI 4 0 * 0001839 293 e 000 
06 CR S 0 t 0031620 293 *OOO 
06 HNSS S 0 e 000268S 293 000 

SPACE-(TRKv ( 1  7 1 ) )  I 

/ /  DSH=Cl17tB15632+DADCFF3NIV4281 

D B z :  ( RE CF It -V BS ? L REC L ;:X r BLK S I ZE = 6 1 36 1 I 
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1 0 1 

1.35 

TABLE A.2 .  Xnput data f o r  SDX. 
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t b t  DOUBLE COL FUEL blITH 8 t f ( G ) ( F 3  
0 0 
0 0 0 0 0 0 

0 0 0 0 
I.OOOOOD-O~ i.ooooon-o4 0,00000~ 00 

001 036 
037 049 
050 066 
067 080 
081 093 
094 105 
106 116 
117 128 

0 
1 OOOOOD 

0 
00 

~ 

I q u t  data for SDX (cont.)' 



'3 9 tG.001t30 
0 3 t G .  OGG';95 
09 -0 e GOOG3:! 
09 -0 000738 
03 +0,000313 
0 9  -0.000s10 
09 -0,003426 
09 -0 + 003093 
09 -0 + 009027 
09  -0 o 001920 
0 9  -0  004827 
09  -0,007621 
09 -0.013989 
09 -0 * 021085 
09 -0 o 028858 
09 -0 e 052053 
09 -0 o 100486 
09 -0 *047O15 
09 -0 072890 
09 -0 036386 
10 1,00000D-03 9.600OOD-01 
DATASET .A+NIP 
01 
03 
04  
06 
06 
06 
06 
OS 
06 
06 
06 
06 
06 
OS 
06 
06 
06 
1 4  
1 4  
1 4  
14 
14 
14 
14 
1 4  
1 4  
1 4  
1 4  
1 4  
14 
14 
1 4  
1 4  
14  
1 4  
15 
15 
15 

1 2 9  1 4 0  
141 1 1 4  
145 150 
151 157 
158 164 
155 168 
169 172 
173 178 
179 185 
186 191 
192 193 
194 195 
196 197 
198 199 
200 201 
202 203 
204 205 
206 207 
208 213 
214 226 

ZPPR ASSY 13 X t  DOUBLE COLUHN FUEL DRAWER 
10 
11 11 

HPD 1 0.0 0 ,444SO 1 
NAQl 0 o 44450 1 o 07950 1 
FOX 1 lo07950 1 39700 1 
C L D l  1 o 39700 1 o 43510 1 
ZPU 1 1 e43510 1 + 99390 1 
CLD2 1. * 99390 2 o 03200 1 
F O X 2  2 03200 2 34950 1 
NAH 1 2,34950 3 o 61950 1 
FOX3 3 0619SO 3 t 93700 1 
CLD3 3 8 93700 3.97510 1 
ZPU2 3.97510 (1 53390 1 
CLD4 4 o 53390 4 57300 1 
FOX4 4 57200 4 v 88950 1 
NAQ2 4 , 88950 5 o 52450 1 

ZPUX PU2394 OoO10200 PU2404 0,001357 PU2414 
ZPUX PU2424 0,000023 AH2414 Oe000059 U-2354 
LPUX U-2384 00028974 HO S 0*002615 
N A Q X  CR S 0*003105 NI S 0*001483 HNSS S 
NAOX SI 4 0,000155 HO S 0*000017 CU 4 
NAQX NA23 S 0,021902 C-12 4 0*000019 F f  S 
NnHX CR S 01002129 N I  S 0,000993 NNSS S 
NAHX SI 4 0*000110 HO S 0,000014 CU 4 
NAHX NA23 S 0,021902 C-12 4 0,OOOOlP FE S 
CLDX C-12 4 0,000019 FE S 0,059971 CR S 
CLDX NI S 0*008691 MN55 S 0*001279 SI 4 
CLDX HO S 0,000055 CU 4 0*000108 AL27 4 
FOXX C-12 4 0~000019 0-16 4 010196632 FIE S 
FOXX CR S 0*001152 NI S 0*000502 HNCJS S 
FOXX SI  4 0,000063 HO S 0*000012 CU 4 
HPDX C-12 4 0,000248 FE S Om053590 CR S 
HPDX HI S 0*006694 HHSS S 0,001360 SI 4 
HPDX HO S OoOOOlSl CU 4 0*000210 

HPDX HPDl 
F O X X  FOX1 FOX2 
FOXX FOX3 FOX4 

0 , 000163 
0 000064 

0*000244 
0 000026 
0*010747 
0 0 0001 74 
0 0 000021 
0 to07391 
0,017428 
0 000841 
0 e 000067 
0 o 035770 
Oa000103 
0 * 00001s 
0,01s2s1 
0 000809 

TABLE A . 2 .  Input data for SDX (Cant.) 



I Y - F L A T E  F n h  S E Y O l S T  11-NOD GEN 
.50000 9 0 

C-12 4FUEL C H  
0116 4FUEL 0 t i  
NA23 SFUEL NAH 
AL27 4FUEL ALH 
SI 4FUEL SIH 
CR SFUEL CRH 
HN55 SFUEL HNH 
FE SFUEL FEH 
N I  SFUEL NIH 
CU 4FUEL CUH 
HO SFUEL HOH 
U -235 4FIIEL UZH Z P U l  U5Z1 
U-2384FUEL U8H ZFUl U821 
PU2394FUEL P9H Z P U l  F'9Z1 
PU2404FUEL FOH 7PU1 PO21 
PU?414FUEL P1H ZPUl P l Z l  
FU2421FUEL P2H Z P U l  P Z Z 1  

U-2354FUEL USH ZPU2 USZZ 
U-2384FUEL U8H ZPU? U8L1 
PU2394FUEL P9H ZPU2 P9Z2 
PU2404FUEL POH ZPU2 POZ2 
FU2414FUEL P l H  ZPU2 YlZ2 
PU2424FUEL P2H ZPU? F2Z? 
AH2414FUEL c? lH  ZYU? h1Z2 

AN2414FUEL ili~ z p u i  n i z i  

_ . r  - . - I  - r -  
Lii l i  -L!.. _i_& 

C L l I V  CLll3 :L:': 
V A D X  P A Q !  

4 c  I _  . -  
1; 
1; ' i f i f i  O ' > Q >  

I $  N A H X  N:!HI 
1' iJ ZF'UX Z F U 1  
1 5  Z F ' U X  Z F U ?  
[I I T t i S E T -  A .  CFSE 
4 I 
> .' 
0 3  
rJ3 
0 3  
03 
03  
33 
03 
03  
03 
0 3 
0 3  
0 3  
03 
03 
03 
03 
03 
e 3  
03 
03 
0 3 
G3 
0 3  
03 
03 
I\IOSOF\IT.-A eSEF1I.I 
100000 0 0 0 1 1 

C-12 4 0-16 4 NA23 S AL27 4 SI 4 CR S HNSS S FE S HI S 
MO S U-2354 11-2394 FU2394 PU2404 PU2414 PU2424 fit42414 

2 0 0 0 0 0 0 0 0 0 0 0 0 0  

18 2 2 6  1 

0,0000345 0+0101694 0,0088144 0*0000063 0*0001839 0,0031620 
0,0002685 0,0181607 0*0014175 0,0000322 Ot0004644 0 ~ 0 0 0 0 1 1 1  
0+0050163 0i0017677 0*000?349 OeOOOO181 0*0000038 0+0000175 

0 0*5 0,0001 s.0 0.0 0d0 0b0 
16 1 0 1 0  0 1 1 1 3 5 5 3 0 , o  0 

r, 3 t o  * 007704 001 036 1 
G ? t o  + 007976 037 049 2 
0 9  t o .  006931 OS0 066 3 

169 to t006722 067 080 4 
09 t o  + OOS721 081 093  5 
09 t o .  0035 10 094 105 6 

t o  t 003491 106 116 7 
t o  001734 117 128 8 

09 +O *001680 129 140 9 
09 t o  *000595 1 4 1  144 10 
09 -0 t 000032 14s 150 11 
09 -0 + 000x38 151 197 12 
09 t o  e 000313 158 164 13 
09 -0 0008 t o  165 168 1 4  

TABLE A . 2 .  I n p u t  data f o r  SDX (cont.)  

~ ;; 

cu 4 

0 0 

1 3  



TABLE A . 2 .  I n p u t  data f o r  SDX. (cont.) 



APPENGLX B 

The n s m j g s n l z z J  a t ~ m  d e n s i t i e s  used  in t h e  ZPPR-13 a n a l y s i s  a r e  presented 

i n  t h i s  appendix.  Tables B . l ,  B . 2  and B.3 g i v e  t h e  d e n s i t i e s  f o r  ZPPR-13A, 

The atom d e n s i t i e s  f o r  t h e  con t ro l - rod  drawers and con t ro l - rod -pos i t  ion 

drawers  a r e  g iven  in Table B.4. Drawers without  b u t t o n s  were used i n  a l l  

measurements i n  ZPPR-13A 



S i n g  l e  
Col. Fuel  
0-18 i n .  

C 
0 
Na 
S i  
A1 
Mn 
Cr 
Fe 
Ni 
c u  
Mo 
2 3 5 "  
238" 

2 3 *PU 
2 3 9Pu 
P4Upu 
24ipUa 
242Pu 
2 4 1 b a  

0.0000335 
0.0139736 
0.0090188 
0.0001 579 
0.0000040 
0.0002305 
0.0026941 
0.0131312 
0.001 1794 
0.0000295 
0.0002407 
0.0000126 
0.0058083 
0.0000004 
0.0008898 
0.0001 180 
0.0000082 
0.00000 16 
0.0000089 

Double 
Col.  Fuel  
0-18 i n .  

0.0000345 
0.0101694 
0.0088144 
0.0001839 
0.0000063 
0.0002 685 
0.0031620 
0.0181607 
0.0014175 
0.0000322 
0.0004644 
0.0000111 
0.0050163 
0.0000010 
0.001 7677 
0.0002 339 
0.0000 181 
0.0000037 
0.0000175 

I n t e r n a l  and Radia l  B1 anket s 

0-18 i n .  

0.0000317 
0.0222897 
0.0041382 
0.0001386 
0.00000 24 
0.0001 992 
0.0023224 
0.0082918 
0.0009994 
0.0000289 
0.0000137 
0.0000287 
0.0131978 --- 

-- - 
--- 
--- 
--- 
-- - 

18-28 i n .  

0.0000'3 1 7 
0.0222897 
0.0041382 
0.0001386 
0.0000024 
0.0001992 
0.0023224 
0.008291 8 
0.0009994 
0.00002 89 
0.0000137 
0.0000287 
0.01 31 978 --- 

--- 
--- 
--- 
-- - 
--- 

28-29 i n .  

0.0000317 
0.0000003 
0.0041814 
O.OO01391 
0.0000025 
0.0001998 
0,0023337 
0.0083338 
0.0010043 
0.0000289 
0.0000137 
0.0000636 
0.0291505 --- 

--- 
--- 
--- 
--- 
--- 

29-31 - i n .  

0.0000319 
0.0000003 
0.0041335 
0.0001 397 
0.000002 5 
0.0002540 
0.0056522 
0.0207 125 
0.0024565 
0.0000291 
0.0000137 
0.0000434 
0.01 93358 

--- 
--- 
--- 
--- 
--- 
--- 

Rad ia 1 
Refl. 
0-36 i n .  

0.0002481 -- - 
--- 

0.000601 1 

0.0012705 
0.0135216 
0.0587994 
0.0058834 
0.0000320 
0.0000164 

--- 

-- - 
-- - 
--- 
--- 
--- 
--- 
-- - 
--- 

Mat  r ix 
Tubes  

0.0000186 
--- 
--- 

0.00006 76 

0.0001O48 
0.00 1 1 764 
0 . 0 0 4 2 3 3 5  
0.0004751 
0.0000171 
0.000008 1 

--- 

m 
N 



_____ - - 
TABLE 6 . 1 .  Homogenized Drawer Composi t ions  f o r  ZPPk-13A At/crn3) (cont . I  

C 
0 
Na 
S i  
A1 
Mn 
C r  
Fe 
N i  
cu 
Mo 
23511 
23811 

2 3 8Pu 
2 3 9Pu 
24UPU 
2 4  1PU 
242PU 
2 4 1 b  

Ax i a l  
Blanket  

18-28 in .b  

0.0000332 
0.0142813 
0.0092 968 
0.0001444 
0.0000028 

0.0024051 
0.0123703 
0.0010349 
0.00002 79 
0.0000127 
0.00001 79 
0.0081 644 

0.0002061 

--- 
--- 
-- - 
-- - 
--- 
--- 

Axia l  
B 1  anke t 

18-28 in .c  

0.000061 9 
0.00882 77 
0.0090981 
0.0002 397 
0.000002 7 
0.0003 73 1 
0.0041 119 
0.0147299 
0.0018039 
0.0000279 
0.0000128 
0.00001 79 
0.0081 649 --- 

--- 
--- 
--- 
--- 
--- 

Ax i a l  
B1 anke t 

28-29 in .b  

0.0000331 
0.0054643 
0.0094191 
0.0001 439 
0.000002 8 
0.0002053 
0.0024004 
0.01 2 362 1 
0.0010325 
0.00002 7 8  
0.0000127 
0.0000320 
0.0145622 --- 

--- 
--- 
--- 
--- 
--- 

Ax i a l  
B lanke t  

28-29 in.c  

0.000061 7 
0.0000006 
0.0089800 
0.0002 403 
0.000002 8 
0.0003 739 
0.0041313 
0.0147976 
0.0018140 
0.00002 80 
0.0000127 
0.0000318 
0.0145321 --- 

--- 
--- 
--- 
--- 
--- 

Ax i a l  
Blank I 

29-31 in .b  

0.0000570 
0.0054449 
0.0093394 
0.0002238 
0.0000028 
0.0003243 
0.0040282 
0.0184370 
0.001 7752 
0.0000471 
0.0000226 
0.00002 17 
0.0096843 --- 

--- 
--- 
--- 
--- 
--- 

29-31 i n . c  

0.0000858 
0.0000006 
0.0089800 
0.0003212 
0.0000028 
0.0004944 
0.0057751 
0.0209428 
0.002 5642 
0.0000473 
0.00002 2 7 
0.0000217 
0.0097 138 --- 

--- 
--- 
--e 

--- 
--- 

I r o n  
Block 
R e f l .  -_ 

0.0005a74 
--- 
--- 

0.0001 1 1  5 

0.0006791 
0.001 9487 
0.0768471 
0.0007863 
0.0000256 
0.0000127 

--- 

-- - 
--- 
--- 

aDecayed t o  6-1-82. 
bAxial b l a n k e t  behind  doub le  column f u e l .  
CAxial b l a n k e t  behind  s i n g l e  c o l m n  f u e l .  JA I I315 3 0  





APPENDIX C :  Detai led Reaction Rate Analysis f o r  ZPPR-13A 

The r e s u l t s  a r e  grouped according t o  the d i f f e r e n t  t r a v e r s e s ,  r a d i a l  o r  
a x i a l  and spec ia l  experiments. For convenience, some r e s u l t s  a r e  dupl icated 
among the t a b l e s  . 

Tables C . l  and C . 2 :  

Tables C.3 t o  C.6: 

Table C . 7 :  

Table C.8: 

Table C . 9 :  

Traverses at the  x and y axes fo r  a l l  four reac t ions .  

Comparison of 235U i n  symmetric pos i t ions  a t  the  
axes,  a t  30" and a t  60' t o  the  axes.  

235U f i s s i o n  a t  15", 45', 7 5 "  t o  the x-axis. 

Spec i a l  measurements i n  t he  r a d i a l  r e f l e c t o r .  

235U f i s s i o n  fo il fo r  f i s s i o n  chamber c a l  i b ra t  ion. 

Tables C.10 and C . l l :  Axial t r a v e r s e s  in  147-42 and 147-27. 

Tables C . 1 2  t o  C.14: Axial t r a v e r s e s  f o r  23sU f i s s i o n .  

Tables C . 1 5  and C.16: Reaction r a t e  r a t i o s  a t  t he  axes.  

Tables C . 1 7  and-C.18: Reaction r a t e  r a t i o s  from the a x i a l  t r ave r ses .  



149 5D CB 
148 50 CB 
149 49 CB 
148 49 CB 
147 49 CB 
147 48 CB 
148 47 CB 
148 46 CB 
148 45 CB 
148 44 CB 

147 44 F1 S 
147 43 Fl 
147 42 F1 S 
147 41 F1 
147 40 F1 S 

147 39 B1 
147 38 B1 
147 37 B1 

147 36 F2 
147 35 F2 S 
147 34 F2 
147 33 F2 S 

147 32 B2 
147 31 B2 
147 30 B2 

147 29 F3 
147 28 F3 S 
147 27 F3 C 
147 26 F3 S 
147 25 F3 
147 24 F3 S 

147 23 RB 
147 22 RB 
147 21 RE 
147 20 RB 

EXP. A ------ 
4.260 
4.357 
4.341 
4.248 
4.473 
4.588 
4.669 
5.095 
5.610 
6.118 

6.146 
6.434 
6.717 
6.895 
7.023 

7.222 
7.350 
7.559 

7.567 
7.709 
7.654 
7.403 

7.343 
6.985 
6.847 

6.764 
6.611 
6.431 
5.818 
5.102 
4,388 

3.628 
2.911 
2.339 
2.095 

0.973 
(2.951 
0.954 
0.975 
0.959 
0.966 
0.980 
0.979 
0.975 
0.980 

0.958 
0.971 
0.999 
0.974 
0.968 

0.984 
0.992 
0.998 

0.997 
1.015 
1.007 
1.017 

1.016 
1.040 
1.048 

1.022 
1.045 
1.039 
1.047 
1.059 
1.023 

1.037 
1.016 
1.009 
0.967 

EXP. A ------ 
5.131 
5.140 
5.180 
5.164 
5.306 
5.429 
5.524 
5.981 
6.324 
6.557 

6.492 
6.684 
6.915 
7.235 
7.576 

7.987 
8.155 
8.198 

7.977 
7.940 
7.942 
7.901 

7.936 
7.797 
7.551 

7.061 
6.765 
6.315 
5.897 
5.257 
4.646 

3.934 
3.255 
2.667 
2.321 

C / E  ----- 
1.006 
1.004 
0.995 
0.999 
1.000 
1.003 
1.011 
0.996 
1.003 
I .  020 

1.021 
1.004 
1 * 022 
0.996 
1.012 

1.012 
1.018 
1.022 

1.020 
1.045 
1.029 
1.047 

1.058 
I .  061 
1.062 

1.058 
1.069 
1.070 
1.066 
1.071 
1.062 

1.083 
1.069 
1.065 
1.057 

0.6138 1.036 
0.6111 1.041 
0.6113 1.040 
0.6065 1.048 
0.6268 1.050 
0.6521 1.041 
0.6649 1.053 
0.7207 1.049 
0.7739 1.057 
0.8217 1.051 

0.8763 1.034 
0.8544 1.067 
0.9121 1.053 
0.9277 1.060 
1.0090 1.048 

1.0130 1.046 
1.0330 1.055 
1.0330 1.059 

1.0250 1.086 
1.0560 1.060 
1.0120 1.094 
1.0500 1.078 

1.0210 1.079 
1.0050 1.083 
0,9617 1.093 

0.9143 1.117 
0.8874 1.089 
0.7932 1.140 
0.7578 1.099 
0.6627 1.135 
0.6026 1.109 

0.4870 1.125 
0.3947 1.116 
0.3114 1.109 
0.2540 1.088 

0.0185 0.877 
0.0189 0.859 
0.0185 0.878 
0.0189 0.860 
0.0220 0.883 
0.0255 0.897 
0.0289 0.919 
0.0378 1.065 
0.0612 1.052 
0.1006 1.045 

0.1421 0.948 
0.2089 0.895 
0.2009 0.958 
0.2250 0.893 
0.1666 0.911 

0.0951 1.054 
0.0910 1.072 
0.1267 1.050 

0.2419 0.884 
0.2397 0.946 
0.2618 0.919 
0.2020 0.931 

0.1102 1.045 
0.0846 1.118 
0.1028 1.106 

0.2050 0.919 
0.1988 1.032 
0.2261 0.981 
0.1838 1.030 
0.1773 0.977 
0.1125 0.979 

0.0493 1.112 
0.0262 1.049 
0.0141 1.004 
0.0079 0.952 .......................................................................................... 

A UNITS OF 10-18 REACTIONS PER ATOM PER SECOND AT A REACTOR POWER OF APPROXIMATELY 1 dATT. 
THE 239PU FOILS WERE LOCATED AT 90.8 MM FROM THE MIDPLANE,THE 23511 FOILS AT 63.1 KM AND THE 
238U F O I L S  AT 77.0 MM . 
B STATISTICAL UNCERTAINTIES FOR HEASUREMENT OF 238U FISSION RANGE FROM 3% TO 7% WITH 

BLANKET. 
c AXIAL TRAVEKSE LOCATION, ALL F O I L S  WERE AT 77.0 MM FROM THE MIDPLANE 

PENETRATION I N  THE CENTRAL BLANKET AND FROM 3% TO 20% WITH PENETRATION IN THE RADIAL 



c .  3 

238U ( N ,  F )  

C/ E ----- 
149 50 CB 
149 4 9 '  CB 
148 50 CB 
148 49 CB 
147 49 CB 
147 48 CB 
146 49 CB 
145 49 CB 
144 49 CB 
143 49 CB 

4.260 
4.341 
4.357 
4.248 
4.473 
4.588 
4.802 
5.145 
5.597 
6.035 

0.973 
0.954 
0.951 
0.975 
0.959 
0.966 
0.953 
0.967 
0.971 
0.983 

5.131 
5.180 
5.140 
5.164 
5.306 
5.429 
5.523 
5.894 
6.266 
6.558 

1.006 
0.995 
1.004 
0.999 
1.000 
1.003 
1.011 
1.008 
1.006 
1.009 

0.6138 
0.6113 
0.6111 
0.6065 
0.6268 
0.6521 
0.6701 
0.7207 
0.7858 
0.8195 

I .  036 
1.040 
1.041 
1.048 
1.050 
1.041 
1.045 
1.046 
1.033 
1.042 

0.0185 
0.0185 
0.0189 
0.0189 
0.0220 
0.0255 
0.0284 
0.0382 
0.0595 
0.1003 

0.877 
0.878 
0.859 
0.860 
0.883 
0.897 
0.940 
1.056 
1.082 
1.046 

143 48 F1 S 
142 48 F 1  
141 48 F1 S 
140 48 F 1  
139 48 F 1  S 

6.002 
6.376 
6.639 
6.727 
6.807 

0.970 
0.971 
0.985 
0.976 
0.972 

6.511 
6.643 
6.909 
7.078 
7.439 

1.008 
I .  001 
1.012 
1.000 
1.004 

0.8761 
0.8472 
0.9130 
0.9152 
0.9928 

1.023 
1.067 
1.035 
1.056 
1.039 

0.1443 0.926 
0.2124 0.873 
0.2065 0.908 
0,2233 0.867 
0.1631 0.900 

0.992 
0.978 
0.979 

138 48 81 
137 48 B 1  
136 48 B 1  

6.954 
7.202 
7.413 

7.820 
7.922 
7.960 

I .  003 
1.012 
1.012 

0.9812 
1.0070 
1,0090 

1.049 
1.045 
1.043 

0.0891 1.084 
0.0886 1.069 
0.1247 1.031 

135 48 F2 
134 48 F2 S 
133 48 F2 
132 48 F2 S 

7.459 
7.469 
7.479 
7.142 

0.972 
0.995 
0.972 
0.989 

7.699 
7.733 
7.563 
7.626 

1.011 
1.022 
1.021 
1.022 

1.0080 
1.0170 
0.981 1 
1.0250 

1.055 
1.048 
1.068 
1.043 

0.2407 0.873 
0.2247 0.956 
0.2542 0.884 
0.1905 0.908 

131 48 B2 
130 48 B2 
129 48 B2 

1.005 
1.010 
1.012 

1.036 
1.053 
1.038 

0.9715 
0.9422 
0.9074 

1.061 
1.074 
I .  069 

0.0995 1.053 
0.0762 1.124 
0.0934 1.099 

6.921 
6.659 
6.522 

7.576 
7.294 
7.136 

128 4 8  F3 S 
127 48 F3 
126 48 F3 S 
125 48 F3 
124 4 8  F3 
123 4 8  F3 S 

6.407 
6.350 
5.952 
5.434 
4.787 
4.071 

0.995 
0.982 
1.009 
1.009 
1.008 
1.002 

6.679 
6.236 
5.962 
5.475 
4.842 
4.323 

1.043 
1.046 
1.043 
1.030 
1.040 
1.040 

0.8988 1.054 
0.7929 1.104 
0.7733 1.068 
0.6838 1.093 
0.6163 1.092 
0.5616 1.085 

0.1683 0.954 
0.2176 0.912 
0,1915 0.969 
0.1954 0.953 
0.1677 0.923 
0.1032 0.964 

122 48 RB 
121 48 RB 
120 48 RB 
119 48 RB 

3.382 
2.768 
2.215 
1.933 

1.060 
1.047 
1.041 
1.045 

0.4566 
0.3713 
0.2935 
0.2385 

1.094 
1.082 
1.078 
1.071 

0.0471 1.037 
0.0230 1.068 
0.0129 0.990 
0.0084 0.812 

1.013 
0.975 
0.978 
0.979 

3.667 
3.034 
2.506 
2.187 

A UNITS OF 10-18 REACTIONS PER ATOM PER SECOND AT A REACTOR POWER OF APPROXIMATELY 1 WATT. 
THE 239PU FOILS WERE LOCATED AT 90.8 MM FROM THE MIDPLANE,T€E 235U F O I L S  AT 63.1 MM AND 
THE 238U F O I L S  AT 77.0 MM. 
B STATISTICAL UNCERTAINTIES FOR MEASUREMENT OF 238U FISSION RANGE FROM 3% TO 7% WITH 
PENETRATION I N  THE CENTRAL BLANKET AND FROM 3% T O  20% WITH PENETRATION I N  THE RADIAL 
BLANKET. 



ULH QUADWT 
147 44 F1 S 
147 43 F1 
147 42 . F1 S 
147 41 F1 
147 40 F1  S 

147 39 B 1  
147 38 B1 
147 37 B1 

147 36 F2 
147 35 F2 S 
147 34 F2 
147 33 F2 S 

147 32 82 
147 31 B2 
147 30 B2 

147 29 F3 
147 28 F3 S 
147 27 F3 
147 26 F3 S 
147 25 F3 
147 24 F3 S 

147 23 KB 
147 22 RB 
147 21 RB 
147 20 RB 

EXP. A C / E  ----- 

6.492 
6.684 
6.915 
7.235 
7.576 

7.987 
8.155 
8.198 

7.977 
7.940 
7.942 
7.901 

7.936 
7.797 
7.551 

7.061 
6.765 
6.315 
5.897 
5.257 
4.646 

3.934 
3.255 
2.667 
2.321 

1.021 
1.004 
1.022 
0.996 
1.012 

1.012 
1.018 
1.022 

1.020 
1.045 
1.029 
1.047 

1.058 
1.061 
1.062 

1.058 
1.069 
1.070 
1.066 
1.071 
1.062 

1.083 
1.069 
1.065 
1.057 

MEAN C / E  
(S.D.) B -------- 

1.011 
(0.011) 

1.017 
(0.005> 

1.035 
(0.013) 

1.060 
(0.002) 

1.066 
(0.005 1 

1.069 
(0.011) 

URH QUADRANT 
147 55 F 1  S 
147 56 F1 
147 57 F1 S 
147 58 F1 
147 59 F1 S 

147 60 B1 
147 61 B1 
147 62 B1 

147 63 F2 
147 64 F2 S 
147 65 F2 
147 66 F2 S 

147 67 B2 
147 68 B2 
147 69 B2 

147 70 F3 
147 7 1  F3 S 
147 72 F3 
147 73 F3 S 
147 74 F3 
147 75 F3 S 

147 76 RB 
147 77 EU 
147 78 RB 
147 79 RB 

MEAN C / E  
EXP. A C / E  (S.D.) B 

e---- 

6.539 
6.651 
7.024 
7.173 
7.620 

8.012 
8.017 
8.211 

8.016 
8.036 
7.933 
8.025 

7.929 
7.773 
7.546 

7.138 
6.894 
6.431 
5.956 
5.334 
4.718 

3.992 
3.321 
2.770 
2.319 

1.016 
1.010 
1.015 
1.007 1.011 
1.008 (0.004) 

1.011 
1.038 1.024 
1.023 (0.014) 

1.018 
1.036 
1.033 1.031 
1.035 (0.008) 

1.063 
1.068 1.066 
1.067 (0.003) 

1.045 
1.058 
1.055 
I.  060 
I .  060 1.055 
1.050 (0.006) 

1.072 
I. 052 
1.029 1.054 
1.062 (0.018) 

A UNITS OF 10-18 FISSIONS PER ATOM PER SECOND AT A REACTOR POWER OF APPROXIMTELY 
1 WATT. THE 235U FOILS WERE LOCATED 63.1 MM FROM THE MIDPLANE.ULH QUADRANT=UPPER-LEFT- 
HAND QUADRANT OF THE ZPPR HALF-1, ETC. 
B STANDARD DEVIATION OF THE C/E DISTRIBUTION 



C. 5 

MATRIX 
POS IT  ION ZONE -------- ----- 

MEAN C / E  
C / E  (S .D. )  B 

ULH QUADRANT 
143 48 F1 S 
142 48 F1 
141 48 F 1  S 
140 48 F1 
139 48 F1 S 

LLH QUADRANT 
154 48 F1 S 
155 48 F 1  
156 48 F 1  S 
157 48 F 1  
158 48 F1 S 

6.511 
6.643 
6.909 
7.078 
7.439 

1.008 
1.001 
1.012 
1.000 1.005 
1.004 (0.005) 

6.419 
6.589 
6.819 
6.982 
7.369 

1.019 
1.006 
1.022 
1.010 1.013 
1.010 (0.007) 

138 48 B 1  
137 48 B 1  
136 48 B 1  

7.820 
7.922 
7.960 

1.003 
1.012 1.009 
1.012 (0.005) 

159 48 B 1  
160 48 B 1  
161 48 B 1  

7.623 
7.809 
7 .722  

1.025 
1.022 1.029 
1.039 (0.009) 

7.699 
7.733 
7.563 
7.626 

162 48 F2 
163 48 F 2  S 
164 4 8 .  F 2  
165 48 F2 S 

135 48 F2 
134 48 F2 S 
133 48 F2 
132 48 F2 S 

1.011 
1.022 
1.021 1.019 
1.022 (0.005) 

7.479 
7.531 
7.465 
7.440 

1.037 
1.045 
1.031 1.039 
1.044 (0.007) 

131 48 B 2  
130 48 B2 
129 48 B2 

7.576 
7.294 
7.136 

1.036 
1.053 1.042 
1.038 (0.009) 

166 48 B 2  
167 48 B 2  
168 48 B 2  

7.372 
7.237 
6.901 

1.060 
1.057 1.062 
1.070 ' (0.007) 

169 48 F3 S 
170 48 F3 
1 7 1  48 F3 S 
172  48 F3 
173 48 F3 
174 48 F3 S 

128 48 F3 S 
127 48 F3 
126 48 F3 S 
125 48 3'3 
124 48 F3 
123 48 F3 S 

6.679 
6.236 
5.962 
5.475 
4 . 8 4 2  
4.323 

1.043 
1.046 
I. 043 
1.030 
1.040 1.040 
1.040 (0.006) 

6.694 
6.260 
6.033 
5.362 
4.748 
4.248 

1.037 
1.040 

1.048 
1.057 1.046 
1.054 (0.009) 

1.038 

122 48 RB 
121 48 RB 
120 48 RB 
119 48 RB 

3.667 
3.034 
2.506 
2.187 

1.060 
1.047 
1.041 I. 048 
1.045 (0.008) 

175 48 KB 
176 48 RB 
1 7 7  48 RE 
178 48 RB 

3.656 
2.987 
2.455 
2.136 

1.059 
1.060 
1.058 1.061 
1.066 (0.004) ........................................................................................ 

A UNITS OF 10-18 FISSIONS PER ATOM PER SECOND AT A REACTOR POWER OF APPROXIMATELY 
1 WATT. THE 235U FOILS WERE LOCATED 63.1 MM FROM THE MIDPLANE.ULH QUADRANTqPPER-LEFT- 
HAND QUADRANT OF THE ZPPR HALF-1, ETC. 
B STANDARD DEVIATION OF THE C / E  DISTRIBUTION 



TABLE C . 5  . Z P P R - 1 3 A :  YEASURENENTS OF 235U FISSION RATES I X  SYHMETRIC FQSITiONS AT 
30-DEGREES TO T H E  X-AXIS 

LJLH QUADRANT 
145 44 F1 S 6.676 1.014 
144 43 F1 6. 923 1.007 
143 42 Fl 7.233 I .  008 

143 41 81 7.688 1.022 
143 40 B1 8.162 0.999 
142 39 B1 8.053 1.038 

142 38 F2 7.990 1.014 
141 37 F2 S 7.977 1.034 
141 36 F2 7.854 1.033 
140 35 F2 7.865 1.020 

139 34 B2 7.884 1.043 
139 33 B2 7.803 1.031 

138 32 F3 7.193 1.028 
137 31 F3 S 6.575 1.045 
137 30 F3 6.238 1.057 
137 29 F3 S 5.784 1.063 
136 28 F 3  4.894 1.068 
135 28 F3 4.610 1.053 

MEAN C / E  
( S . D . )  B -------- 

1.010 
(0.004) 

1.020 
(0.020) 

1.025 
(0.010) 

1.037 -- 

1.052 
(0.014) 

URH QUADRANT 
145 5 5  F1 S 6.606 
144 56 Fl 6.863 
143 57 F1 7.310 

143 58 B1 7.730 
143 59 B1 8.014 
142 60 B1 8.140 

142 61 F2 8.098 
141 62 F2 S 7.979 
141 63 F2 7.964 
140 64 F2 7.919 

139 65 B2 7.998 
139 66 B2 7.794 

138 67 F3 7.224 
137 68 F3 S 6.726 
137 69 F3 6.384 
137 70 F3 S 5.914 
136 71 F3 4.945 
135 71 F3 4.699 

1. 027 
1.017 1.014 
0.999 (0 .014 )  

1.018 
1.019 1.022 
1.030 (0.007) 

1.004 
1.038 
1.022 1.020 
1.017 (0.014) 

1.033 1.035 
1.037 -- 
1.028 
1.027 
1.037 
1.044 
1.061 1.039 
1.039 (0.012) 

A UNITS OF 10-18 FISSIONS PER ATOM PER SECOND AT A REACTOR POWER OF APPROXIMATELY 
1 WATT. THE 235U FOILS WERE MCATED 63. I MM FROM THE MIDPLANE.ULH QUADRANPUPPER-LEFT- 
HAND QUADRANT OF THE ZPPR HALF-1, ETC. 
B STANDARD DEVIATION OF THE C/E DISTRIBUTION 



c .  7 

TABLE C . 6 .  ZPPR-13A: YFASUREMENTS OF 235U FISSION RATES I N  S W M E T R I C  POSITIONS AT 
60-DEGREES TO THE X-AXIS 

ULH QUADRANT 
143 46 F1 
142 46 F1 S 
141 45 F1 

140 44 B1 
139 44 B1 
138 43 B1 

137 43 F2 
136 42 F2 S 
135 42 F2 
134 41 F2 

133 40 B2 
132 40 B2 

131 40 F3 S 
130 39 F3 
129 38 F3 
128 38 F3 S 
127 37 F3 
127 36 F3 

A 
E D .  ----- 

6.610 
6.880 
7.070 

7.730 
8.007 
8.071 

7.844 
7.807 
7.704 
7.745 

7.798 
7.507 

7.263 
6.515 
6.028 
5.593 
4.761 
4.446 

C/ E ----- 

0.999 
1.010 
1.004 

1.008 
1.003 
1.018 

1.011 
1.035 
1.027 
1.009 

1.026 
1.037 

1.016 
1.030 
1.052 
1.057 
1.055 
1.055 

MEAN C / E  
( S . D . )  B -------- 

1.004 
(0.006 1 

I. 010 
(0.008) 

1.021 
(0.013) 

1.032 -- 

1.044 
(0.017) 

URH QUADRANT 
143 53 F1 
142 53 F1 S 
141 54 F1 

140 55 B1 
139 55 B1 
138 56 B1 

137 56 F2 
136 57 F2 S 
135 57 F2 
134 58. F2 

133 59 B2 
132 59 B2 

131 59 F3 S 
130 59 F3  
129 61 F3 
128 61 F3 S 
127 62 F3 
127 63 F3 

A 
E D .  

6.667 
6.934 
7.216 

7.716 
7.934 
8.175 

7.986 
7.937 
7.720 
7.791 

7.759 
7.499 

7.284 
6.739 
6.134 
5.673 
4.837 
4.538 

0.992 
1.003 0.993 
0.985 (0.009) 

1.012 
1.013 1.011 
1.007 (0.003) 

0.995 
1.021 
1.028 1.013 
1.007 (0.015) 

1.036 1.039 
1.042 -- 
1.017 
1.034 
1.038 
1.047 
1.044 1.036 
1.037 (0.011) 

A UNITS OF 10-18 FISSIONS PER ATOM PER SECOND AT A REACTOR POWER OF APPROXIMATELY 
1 WATT. THE 235U F O I L S  WERE LOCATED 63.1 MM FROM THE M1DPLANE.UI.H QUADRANTPUPPER-LEFT- 
HAND QUADRANT OF THE ZPPR HALF-1, ETC. 1 

B STANDARD DEVIATION OF THE C / E  DISTRIBUTION. 



c .  3 

TABLE C . 7 .  ZPPK-L3A: XEXSUREHENTS OF 235U F I S S I O N  RATES AT 1J- ,45-  AIUD 
75-DEGREES TO THE X-AXIS 

ULH QUADRANT AT 15-DEGREES 
142 30 F3 7.082 1.046 
140 29 F3 6.487 1.055 
141 28 F3 6.256 1.058 
141 27  F3 S 5.723 1.065 
141 26 F3 5.174 1.056 1.057 
140 26 F3 4.913 1.060 (0.006) 

ULH QUADRANT AT 45-DEGREES 
133 36 F3 6.848 1,050 
133 35 F3 6.722 1 044 
132 35 F3 6.581 1.027 
132 34 F3 6.236 1.040 
132 33 F3 5.669 1.049 
131 33 F3 5.419 1,048 1.044 
131 32 F 3  S 5.042 1.052 (0.009) 

ULH QUADRANT AT 75-DEGREES 
129 44 F3 6.809 1.018 
128 44 F3 S 6.520 1.034 
127 43 F 3  6.018 1.034 
126 43 F3 5.559 1.037 
125 42 F3 4.791 1.054 1.039 
125 41 F3 4.578 1.054 (0.014) 

........................................................................ 
A UNITS OF 10-18 FISSIONS PER ATOM PER SECOND AT A REACTOR POWER OF 
APPROXIMATELY 1 WATT. THE 235U FOILS WERE LOCATED 63.1 MM FROM THE 
MIDPLANE. ULH QUADRANT=UPPER-LEFT-HAND QUADRANT OF THE ZPPR HALF-1, ETC . 
B STANDARD DEVIATION OF THE C / E  DISTRIBUTION. 



C .  3 

HATRIX 
POS IT I O N  ZONE? -------- ---- 

148 1 7  RR T 
148 17 RR T 
148 1 7  RR T 
148 17 RR B 
148 17 RR B 
148 17 RR B 

181 48 RR T 
181 48 RR T 
181 48 RR T 
181 48 RR B 
181 48 RR B 
181 48 RR B 

12.3 
26.2 
40.0 
12.3 
26.2 
40.0 

1.537 1.059 
1.524 1.066 
1.527 1.062 
1.528 1.069 
1.523 1.070 
1.538 1.057 

12.3 1.598 1.072 
26.2 1.590 1.076 
40.0 1.581 1.080 
12.3 1.350 0.955 
26.2 1.330 0.968 
40.0 1.333 0.964 

116 48 RR T 
116 48 RR T 
116 48 RR T 
116 48 RR B 
116 48 RR B 
116 48 RR B 

148 82 RR T 
148 82 RR T 
148 82 KR T 
148 82 RR B 
148 82 RR B 
148 82 RR B 

12.3 
26.2 
40.0 
12.3 
26.2 
40.0 

12.3 
26.2 
40.0 
12.3 
26.2 
40.0 

1.230 
1.231 
1.236 
1.488 
1.487 
1.503 

1.041 
1.038 
1.032 
1.139 
1.138 
1.124 

1.554 1.053 
1.549 1 .054 
1.552 1.050 
1.553 1.056 
1.551 1.056 
1.548 1.055 

A ZONE RR =RADIAL REFLECTOR. T = I N  F O I L  HOLDER LOCATION NEAR TOP OF DRAWER (12.1 MM ABOVE 
DRAWER CENTRE).  B = I N  F O I L  HOLDER LOCATION NEAR BOTTOM OF DRAWER (12.1 MM BELOW DRAWER CENT8 

B UNITS OF 10-18 F I S S I O N S  PER ATOM PER SECOND AT A REACTOR POWER OF APPROXIMATELY 1 WATT. 



H A T R I X  
P O S I T I O N  ZONE 

150 51 CB 
244 51 CB 
250 45 CB 

143 56 F 1  
250 57 F 1  S 
256 51 F1 S 
156 45 F 1  
144 45 F 1  

138 51 B1 
156 57 31 
150 39 B 1  
244 39 B 1  
238 45 B 1  

232 51 F2 S 
238 57 F2 S 
244 63 F2 
150 63 F2 
256 63 F2 
262 57 F2 
162 51 F2 
262 45 F2 
256 39 F2 S 
250 33 F2 S 
138 39 F2 

132 57 B2 
138 63 B2 
250 69 82 
,160 63 B2 
268 51 B 2  
1.62 39 B2 
156 33 82 
144 33 B2 
238 33 82 
232 39 B2 
132 45 B2 

A 
EXP. ------ 

5.343 
6.391 
6.333 

7.133 
6.988 
6.797 
7.053 
6.675 

7.846 
7.668 
8.003 
8.035 
7.903 

7.660 
8.000 
7.980 
7.969 
7.897 
7.708 
7.665 
7.614 
8.065 
7.905 
7.780 

7.661 
8.030 
7.570 
8.051 
7.031 
7.800 
7.816 
7.977 
7.501 
7.268 
7.665 

C/  E ----- 
1.006 
1.005 
1.002 

1.000 
1.017 
1.009 
0.992 
0.984 

1.002 
1.035 
1.007 
1.026 
1.021 

1.009 
1.008 
1.019 
1. 019 
1.023 
1.022 
1.005 
1.018 
1.U16 
1.040 
1.027 

1.024 
1.035 
1.050 
1.024 
1.056 
1.041 
1.049 
1.047 
1.038 
1.032 
1.030 

MEAN C/E 
(S.D.) B -------- 

1.004 
(0.002) 

1.000 
(0.013) 

1.018 
(0.014) 

1.019 
(0.010) 

1.039 
(0.011) 

126 51 F3 S 
226 57 F3 S 
232 63 F3 S 
132 69 F3 
238 69 F3 
144 69 F3 
150 75 F3 S 
156 69, F3 
262 69 F3 
268 63 F3 
168 57 F3 
174 51 F3 S 
168 45 F3 
268 39 F3 
168 33 F3 
262 33 F3 
256 27 F3 S 
150 2 7  F3 
244 2 7  F3 
138 2 7  F3 
132 33 F3 
126 39 F3 
226 45 F3 

220 57 RB 
126 63 RB 
238 75 RB 
274 63 RB 
162 27 RB 
232 27 RB 

A 
E D .  ------- 

5.793 
5.231 
6.621 
4.295 
6.441 
7 .277  
4.816 
6.960 
5.650 
5.572 
6.649 
4.404 
6.888 
6.236 
4.493 
6.694 
5.859 
6.319 
6.058 
4.888 
5.669 
4.692 
5.586 

2.138 
3.820 
3.050 
2.464 
4.033 
2.764 

C/E ----- 
1.045 
1.031 
1.032 
1.027 
1.044 
1.019 
1.058 
1.037 
1.060 
1.060 
1.029 
1.042 
1.016 
1.038 
1.041 
1.039 
1.066 
I. 068 
1.051 
1.057 
1.049 
1.027 
1.033 

1.093 
1.060 
1.056 
1.059 
1.074 
1.069 

MEAN C/E 
(S .D . )  B -------- 

1.042 
(0.015) 

1.069 
(0.014) 

......................................................................................... 
A UNITS OF 10-18 FISSIONS PER ATOM PER SECOND AT A REACTOR POWER OF APPROXIMATELY 
1 WATT. THE 235U FOILS WERE LOCATED 63.1 MM FROM THE MIDPLANE. 
B STANDARD DEVIATION OF THE C / E  DISTRIBUTION FOR THE SELECTED GROUPS. 



TABLE C.10. ZPPR-13A: AXIAL TRAVERSES I N  MATRIX 147-42 ........................................................ 

147 42 F 1  S 
147 42 F1 S 
147 42 F1 S 
147 42 F1 S 
147 42 F1 S 
147 42 F1 S 
147 42 F1 S 
147 42 F1 S 

147 42 AB 
147 42 AB 
147 42 AB 
147 42 AB 

63.1 
77.0 

127.8 
204.0 
280.2 
331.0 
381.8 
432.6 

483.4 
534.2 
610.4 
686.6 

-- 
6.717 
6.541 
6.085 
5.372 
4.848 
4.265 
3.571 

3.307 
2.801 
2.169 
1.592 

-- 
0.999 
0.993 
0.983 
0.982 
0.972 
0.963 
0.983 

0.975 
0.988 
0.965 
0.951 

6.918 
6.915 
6.714 
6.229 
5.489 
4.902 
4.472 
3.956 

1.029 
1.022 
1.019 
1.014 
1.019 
1.028 
1.001 
1.005 

-_ 
0.9121 
0.8990 
0.8317 
0.7355 
0.6783 
0.5987 
0.5364 

-- 
1.053 
1.035 
1.033 
1.037 
1.015 
1.025 
1.017 

3.602 1.023 0.4450 1.062 
3.197 1.018 0.3860 1.059 
2.517 1.003 0.2935 1.052 
1.815 1.016 0.2107 1.041 

-- 
0.2009 
0.1932 
0.1689 
0.1555 
0.1413 
0.1168 
0.0888 

0.958 
0.964 
1.013 
0.960 
0.926 
0.928 
0.908 

0.0456 0.954 
0.0252 0.960 B 
0.0122 0.851 B 
0.0060 0.773 B 

0.951 CORE REGION - MEAN 0.982 1.017 1.031 
( S . D . )  (0.012) (0.010) (0.013) (0.035 1 ......................................................................................................... 

A UNITS OF 10-18 REACTIONS PER ATOM PER SECOND AT A REACTOR POWER OF APPROXIMATELY 1 WATT. 
B STATISTICAL UNCERTAINTIES ARE 3% TO 20% FOR 238U FISSION AT THESE LOCATIONS 



147 2 7  F3 77.0 6.431 1.039 6.315 1.070 
147 2 7  F 3  127.8 6.271 1.031 6.120 1.069 
147 2 7  F3 204.0 5.706 1.043 5.664 1 .'065 
147 2 7  F3 280.2 5.167 1.012 5.074 1.050 
147 27  F3 331.0 4.587 1.016 4.564 1.048 
147 27  F3 381.8 3.984 1.016 4.025 1.050 
147 27  F3 432.6 3.361 1.023 3.554 1.045 

147 2 7  AB 483.4 3.050 1.009 3.190 1.074 
147 27  AB 534.2 2.522 1.039 2.860 1.054 
147 27  AB 610.4 1.983 0.993 2.204 1.061 
147 2 7  AB 686.6 1.419 0.999 1.625 1.057 

CORE REGION - MEAN 
( S . D . )  

1.026 
(0.012) 

1.057 
(0.01 1 )  

0.7932 1.140 
0.7729 1.133 
0.71 76 1.126 
0.6467 1.107 
0.5803 I .  112 
0.5243 1.094 
0.4474 1.138 

0.4117 1.070 
0.3593 1.062 
0.2690 1.073 
0.1925 I .  070 

1.121 

0.981 0.2261 
0.2244 0.956 
0.2038 0.966 
0.1801 0.953 
0.1600 0.937 
0.1324 0.938 
0.0990 0.930 

0.0445 1.056 B 
0.0247 1.064 B 
0.0125 0.894 B n 
0.0077 0.636 B l i l  

, a  

0.952 
(0.017) (0.018) .......................................................................................................... 

A UNITS OF 10-18 REACTIONS PER ATOM PER SECOND A T  A REACTOR POWER OF APPKOXIMATELY 1 WATT. 
B S T A T I S T I C A L  UNCERTAINTIES  ARE 3% T O  20% FOR 238U FISSION AT THESE LOCATIONS 



Z,MM A ------ 

12.9 
12.9 
12.9 
63.1 
77.0 

127 .8  
204.0 
280.2 
331.0 
381.8 
432.6 

MATRIX POSITION MATRIX POS I T  ION MATRIX POSITION MATRIX P O S I T I O N  
147-27 147-72 126-48 171-48 ---------------- 

E D .  B C / E  ------- 
ULH QUADRANT 
6.437 1.069 
6.435 1.072 
6.398 1.080 

6.315, 1.070 
6.120 1.069 
5.664 1.065 
5.074 1.050 
4.564 1.048 
4.025 1.050 
3.554 1.045 

-- -- 

URH QUADRANT 
6.556 1.054 
6.567 1.055 
6.566 1.057 
6.478 1.056 
6.431 1.055 
6.211 1.058 
5.731 1.057 
5.082 1.053 
4.612 1.042 
4.065 1.044 
3.626 1.029 

ULH QUADRANT 
5.971 1.. 033 
6.098 1.032 
6.173 1.036 
5.962 1.043 
5.873 1.031 
5.647 1.038 
5.193 1.042 
4.61 1 1.038 
4.165 1.033 
3.705 1.029 
3.257 1.035 

CORE REGION MEAN 1.062 1.051 1.035 
(S.D.)  (0.012) (0.009 1 (0.004 1 

LLH QUADRANT 
6.121 1.041 
5.956 1.053 
5.882 1.045 
5.923 1.047 
6.033 1.038 
5.789 1.047 
5.320 1.051 
4.721 1.048 
4.247 1.048 
3.774 1.045 
3.345 1.042 

1.046 
(0.004 1 

....................................................................................... 
A THE THREE MEASUREMENTS AT 2 ~ 1 2 . 9  MM WERE RESPECTIVELY 12.1 MM ABOVE THE DRAWER CENTRE, 

AT THE DRAWER CENTRE AND 12.9 MM BELOW THE DRAWER CENTRE ( ALONG THE Y-DIMENSION). 
MATRIX P O S I T I O N S  126-48 AND 171-48 WERE SINGLE-FUEL-COLUMN DRAWERS. 

ULH QUADRANT = UPPER-LEFT-HAND QUADRANT OF ZPPR HALF-ONE ETC. 
B UNITS OF 10-18 F I S S I O N S  PER ATOM PER SECOND AT A REACTOR POWER OF APPROXIMATELY 1 WATT. 



c .  :i 

HATRIX POSITION 
137-31 ---------------- 

2,MM A EXP. B C/E ------- ------ 
ULH QUADRANT 

12.9 .6.664 1.050 
12.9 6.732 1.050 
12.9 6.803 1.046 
63.1 6.640 1.052 
77.0 6.575 1.045 

127.8 6.341 1.049 
204.0 5.877 1.044 
280.2 5.190 1.044 
331.0 4.679 1.040 
381.8 4.134 1.039 
432.6 3.630 1.039 

CORE REGION MEAN 1.045 
(S.D. (0.005) 

URH QUADRANT 
6.704 1.049 
6.81 1 1.042 
6.811 1.049 

6.726 1.027 
-- -- 
-- -- -- -- 

5.230 1.041 
4.703 1.039 
4.161 1.037 -- -- 

1.041 
(0.008 

LRH QUADRANT 
6.839 1.044 
6.831 1.038 
6.667 1.053 

6.665 1.053 
-- -- 
-- -- -- -- 

5.256 1.053 
4.719 1.054 
4.190 1.049 -- -- 

1.049 
(0.006) 

- W T R I X  POS I T  ION 
160-3 1 --------------- 

E D .  B C / E  
----e- ----- 
LLH QUADRANT 
6.663 1.064 
6.658 1.058 
6.540 1.066 

6.486 1.074 
-- -- 
-- -- 
-- -- 

5.222 1.053 
4.750 1.040 
4.191 1.042 -- -- 

1.057 
(0.013) 

....................................................................................... 
A THE THREE MEASUREMENTS AT 2-12.9 MM WERE RESPECTIVELY 12.1 MM ABOVE THE DRAWER CENTRE, 

AT THE DRAWER CENTRE AND 12.9 MM BELOW THE DRAWER CENTRE ( ALONG THE Y-DIMENSION). 
MATRIX P O S I T I O N S  126-48 AND 171-48 WERE SINGLE-FUEL-COLUMN DRAWERS. 

ULH QUADRANT = UPPER-LEFT-HAND QUADRANT OF Z P P R  HALF-ONE ETC. 
B U N I T S  OF 10-18 FISSIONS PER ATOM PER SECOND AT A REACTOR POWER OF APPROXIMATELY 1 WATT. 



c .  15  

TABLE C .  14. ZPPR-13A:  AXIAL TRAVERSES FOR 235U(N,F) I N  FUEL RING 3 AT 60-DEGREES 
TO THE X-AXIS 

ULH QUADRANT 
12.9 6.853 1.018 
63.1 6.652 1.025 
77.0 6.515 1.030 
127.8 6.185 1.050 
204.0 5.819 1.029 
280.2 5.177 1.023 
331.0 4.669 1.019 
381.8 4.122 1.020 
432.6 3.673 1.008 

CORE REGION MEAN 1.025 
(S.D. (0.010) 

MATRIX POS I T  I O N  
130-60 

E a .  B C/E 
--------------- 

---e-- 

URH QUADRANT 
6.762 1.036 

6.496 1.037 
-- -- 
-- -- -- -- 
5.195 1.024 
4.658 1.026 
4.147 1.019 -- -- 

1.029 
(0.006 

MATRIX P O S I T  ION 
167-60 

LRH QUADRANT 
6.606 1.036 

6.601 1.040 
-- -- 
-- -- -- 
5.264 
4.747 
4.195 -- 

-- 
1.030 
1.027 
1.026 -- 
1.034 
(0.007) 

MATRIX P O S I T  I O N  
167-39 --------------- 

E D .  B C/E ------ ----- 
LLH QUADRANT 
6.502 1.045 

6.592 1.034 
-- -- 
-- -- 
5.250 
4.751 
4.191 -- 

-- 
1.025 
I .  018 
1.020 -- 
1.033 
(0.013) 



c .  :5 

149 50 CB 
148 50 CB 
149 49 CB 
148 49 CB 
147 49 CB 
147 48 CB 
148 47 CB 
148 46 CB 
14% 45 CB 
148 44 CB 

147 44 F 1  S 
147 43 F l  
147 42 F1 S 
147 41 F 1  
147 40 F1 S 

147 39 B1 
147 38 B 1  
147 37 B 1  

147 36 F2 
147 35 F2 S 
147 34 F2 
147 33 F2 S 

147 32 B2 
147 31 B2 
147 30 B2 

147 29 F3 
147 28 F3 S 
147 27 F3A 
147 26 F3 S 
147 25 F 3  
147 24 F3 S 

147 23 RB 
147 22 RB 
147 21 RB 

EXP. ----- 
1.204 
1.180 
1.193 
1.216 
1.186 

1.183 
1.174 
1.127 
1.072 

1.183 

c l  E ----- 
1.034 
1.056 
1.043 
1.025 
1.043 

1.032 
1.017 
1.029 
1.041 

1.038 

1.056 
1.039 
1.029 
I .  049 
1.079 

I. 106 
1.110 
1.085 

1.054 
1.030 
1.038 
1.067 

I .  081 
1.116 
1.103 

1.044 
1.023 
X. xxx 
1.014 
1.030 
I. 059 

1.084 
1.118 
1.140 

I .  066 
1.034 
1.023 
1.023 
1.045 

1. oza 
1.026 
1.024 

1.023 
1.030 
1.022 
1.029 

1.041 
1.020 
1.013 

1.035 
1.023 
X. xxx 
1.018 
1.011 
1.038 

1.044 
1.052 
1.056 

EXP. ------ 
0.1441 
0.1403 
0.1408 
0.1428 
0.1401 
0.1421 
0.1424 
0.1415 
0.1380 
0.1343 

C / E  ----- 
1.065 
1.095 
I .  090 
1.075 
1.095 
1.078 
1.074 
1.072 
1.084 
1.072 

0.1426 
0.1328 
0.135% 
0.1345 
0.1437 

0.1403 
0.1405 
0.1367 

0.1355 
0.1370 
0.1322 
0.1418 

0.1390 
0.1439 
0.1405 

0.1352 
0.1342 
x. xxxx 
0.1303 
0.1299 
0.1373 

0.1342 
0.1356 
0.1331 

1.079 
1.099 
1.054 
1.088 
1.083 

1.063 
1.064 
1.061 

1.089 
1.044 
1.086 
1.060 

1.062 
1.041 
1.043 

I. 093 
1.042 
X. xxx 
1.050 
1.072 
1.084 

1.085 
1.098 
1.099 

EXP. ------- 
0.00435 
0.00434 
0.00426 
0.00444 
0.00492 
0.00557 
0.0061 9 
0.00742 
0.01090 
0.01644 

0.02312 
0.03247 
0.02991 
0.03263 
0.02372 

0.01317 
0.01238 
0.01676 

0.03197 
0.03109 
0.03420 
0.02729 

0.01501 
0.01211 
0.01501 

0.03031 
0.03007 
X. xxxxx 
0.03159 
0.03475 
0.02564 

0.01358 
0.0090 1 
0.00605 

C / E  ----- 
0.901 
0.903 
0.920 
0.882 
0.921 
0.929 
0.938 
1.08% 
1.079 
1.066 

0.990 
0.922 
0.959 
0.917 
0.941 

1.071 
1.081 
1.052 

0.887 
0.932 
0.913 
0.915 

1.029 
1.075 
1.055 

0.899 
0.988 
X. xxx 
0.984 
0.923 
0.957 

1.072 
1.032 
0.995 



149 50 CB 
149 49 CB 
148 50 CB 
148 49 CB 
147 49 CB 
147 48 CB 
146 49 CB 
145 49 CB 
144 49 CB 
143 49 CB 

143 48 F1 S 
142 48 F1 
141 48 F 1  S 
140 48 F1 
139 48 F1 S 

138 48 B 1  
137 48 B 1  
136 48 B 1  

135 48 F2 
134 48 F2 S 
133 48 F2 
132 48 F2 S 

131 48 B2 
130 48 B2 
129 48 B2 

128 48 F3 S 
127 48 F3 
126 48 F3 S 
125 48 F3 
124 48 F3 
123 48 F3 S 

122 48 RB 
121 48 RB 
120 48 RB 
119 48 RB 

E D .  ----- 
1.204 
1.193 
1.180 
1.216 
1.186 
1.183 
1.150 
I. 146 
1.120 
1.087 

1.085 
1.042 
1.041 
1.052 
1.093 

1.125 
1.100 
1.074 

1.032 
1.035 
1.011 
1.068 

1.095 
1.095 
1.094 

1.042 
0.982 
1.002 
1.008 
1.011 
1.062 

1.084 
1.096 
1.131 
1.131 

C / E  ----- 
1.034 
1.043 
1.056 
I .  025 
1.043 
1.038 
1.061 
1.042 
1.036 
1.026 

1.039 
1.031 
1.027 
1.025 
1.033 

1.011 
1.035 
1.034 

1.040 
1.027 
1.050 
1.033 

1.031 
1.043 
1.026 

1.048 
1.065 
1.034 
1.021 
1.032 
1.038 

1.046 
1.074 
1.064 
1.067 

EXP. ------ 
0.1441 
0.1408 
0.1403 
0.1428 
0.1401 
0.1421 
0.1395 
0.1401 
0.1404 
0.1358 

0.1460 
0.1329 
0.1375 
0.1360 
0.1458 

0.1411 
0.1398 
0.1361 

0.1351 
0.1362 
0.1312 
0.1435 

0.1404 
0.1415 
0.1391 

0.1403 
0.1249 
0.1299 
0.1258 
0.1287 
0.1380 

0.1350 
0.1341 
0.1325 
0.1234 

C/  E ----- 
1.065 
1.090 
1.095 
1.075 
1.095 
1.078 
1.097 
1.082 
1.064 
1.060 

1.055 
1.099 
1.051 
1.082 
1.069 

1.057 
1.069 
1.065 

1.085 
1.053 
1.099 
1.055 

1.056 
1.063 
1.056 

1.059 
1.124 
1.058 
1.083 
1.083 
1.083 

1.080 
1.110 
I. 102 
1.094 

EXP. ------- 
0.00435 
0.00426 
0.00434 
0.00444 
0.004 92 
0.00557 
0.00592 
0.00743 
0.01063 
0.01662 

0.02404 
0.03331 
0.03110 
0.0331 9 
0.02396 

0.01282 
0.01230 
0.01682 

0.03227 
0.03008 
0.03399 
0.02667 

0.01438 
0.01 144 
0.01432 

0.02627 
0.0342 7 
0.03217 
0.03596 
0.03503 
0.02535 

0.01393 
0.00832 
0.00581 
0.00432 

0.901 
0.920 
0.903 

0.921 
0.929 
0.986 
1.092 
1.114 
1.064 

0.882 

0.955 
0.899 
0.922 
0.888 
0.926 

1.093 
1.093 
1.053 

0.898 
0.961 
0.909 
0.918 

1.048 
1.113 
1.086 

0.959 
0.929 
0.960 
0.944 
0.916 
0.962 

1.024 
1.095 
1.012 
0.829 



147 42 F1 S 77.0 1.029 1.023 
147 42 F1 S 127.8 1.026 1.026 
147 42 F1 S 204.0 1.024 1.032 
147 42 F l  S 280.2 1.022 1.038 
147 42 F 1  S 331.0 1.011 1.058 
147 42 F1 S 381.8 1.049 1.039 
147 42 F1 S 432.6 1.108 1.022 

0.1358 1.054 
0.1374 1.042 
0.1367 1.051 
0.1369 1.056 
0.1399 1.044 
0.1404 1.064 
0.1502 1.035 

0.02991 0.959 
0.02954 0.971 
0.02776 1.033 
0.02895 0.978 
0.02915 0.953 
0.02739 0.964 
0.02488 0.924 

147 42 AB 
147 42 AB 
147 42 AB 
147 42 A6 

483.4 
534.2 
610.4 
686.6 

1.089 1.049 
1.141 1.030 
1.160 1.039 
1.140 1.068 

0.1346 1.089 
0.1378 1.072 
0.1353 1.090 
0.1323 1.095 

0.01380 0.978 
0.00901 0.972 
0.00562 0.882 
0.00374 0.813 

CORE REGION - MEAN 
(S.D.) 

1.034 
(0.012) 

1.049 
(0.010) 

0.969 
(0.032) 



MATRIX 
POSITION ZONE -------- e--- 

147 27 F3 
147 27  F3 
147 2 7  F3 
147 27  F3 
147 2 7  F3 
147 27 F3 
147 27 F3 

Z(MM) ------ 

77.0 
127.8 
204.0 
280.2 
331.0 
381.8 
432.6 

0.03516 0.944 0.983 1.030 0,1233 1.097 
0.979 1.037 0.1232 1.099 0.03578 0.927 
0.997 1.021 0.1258 1.080 0.03572 0.926 
0.986 1.038 0.1252 1.094 0.03486 0.942 
1.000 1.031 0.1265 1.094 0.03488 0.922 
1.008 1.033 0.1316 1.077 0.03323 0.923 
1.055 1.022 0.1331 1.112 0.02945 0.909 

147 2 7  AB 483.4 1.046 1.064 0.1350 1.060 0.01460 1.047 
147 27  AB 534.2 1.134 1.014 0.1425 1.022 0.00981 1.024 
147 2 7  AB 610.4 1.111 1.068 0.1357 1.081 0.00630 0.900 
147 2 7  AB 686.6 1.137 1.058 0.1347 1.071 0.00538 0.637 



3 . 1 3  

148 49 CB 
148 49 CB 
148 49 CB 
148 49 CB 
148 49 CB 
148 49 CB 
148 49 CB 

148 49 CB 
148 49 CB 
148 49 CB 
148 49 CB 

0 - 458 MM 

77.0 
127.8 
204.0 
280.2 
331.0 
381.8 
432.6 

483.4 
534.2 
610.4 
686.6 

MEAN 
( S . D . )  

235U ( N  , F) 
EXP. A C/E 

6.300 
6.177 
5.698 
4.983 
4.654 
4.177 
3.647 

3.180 
2.672 
1.936 
1.345 

1.019 
1.007 
1.012 
1.034 
1.003 
0.996 
0.997 

0.980 
0.979 
0.991 
0.961 

1.010 
(0.013) 

238U ( N ,  G) --------------- 
EXP. A C/E ------ --e-- 

0.7518 
0.7356 
0.6776 
0.6024 
0.5496 
0.4845 
0.4209 

0.3601 
0.2989 
0.2215 
0.1516 

1.060 
1.049 
1.054 
1.054 
1.043 
1.048 
1.047 

I. 040 
1 042 
1.020 
1.000 

1.051 
(0.006) 

0.0214 
0.0216 
0.0167 
0.0147 
0.0132 
0.0107 
0.0111 

0.0101 
0.0072 
0.0057 
0.0050 

0.934 
0.894 
1.058 
1.047 
1.034 
1.088 
0.857 

0.744 
0.792 
0.615 
0.413 

0.987 
(0.091) 

.................................................................................... 
A UNITS OF 10-18 REACTIONS PER ATOM PER SECOND AT A REACTOR POWER OF APPROXIMATELY 
1 WATT. 
B STATISTICAL UNCERTAINTIES FOR 23811 FISSION RANGE FROM 6% NEAR THE MIDPLANE TO 18% 
AT 687 MM. 



. 3.1: 

MATRIX 

1-48 34 F 2  S 77.0 C 8.558 1.027 1.1510 1.045 0.2191 0.948 
148 34 F 2  S 127.8 8.316 1.011 1.1590 D 1.006 0.1949 1.030 D 
148 34 F 2  S 204.0 7.675 1.012 1.0330 1.043 0.1962 0.942 
148 34 F 2  S 280.2 6.750 1.021 0.9187 1.043 0.1677 0.963 
148 34 F2 S 331.0 6.126 1.016 0.8422 1.029 0.1456 0.972 
148 34 F 2  S 381.8 5.486 1. 009 0.7509 1.029 0.1267 0.930 
148 34 F 2  S 432.6 4.878 1.007 0.6620 1.036 0.0939 0.940 

148 34 AB 483.4 4.408 1.036 0.5521 1.064 0.0448 1.064 
148 34 AB 534.2 3.888 1.033 0.4702 1.075 0.0260 1.034 
148 34 AB 610.4 3.057 1.015 0.3658 1.040 0.0147 0.798 
148 34 AB 686.6 2.187 1.035 0.2590 1.042 0.0069 0.7b3 

0 - 458 MM MEAN 1.015 I. 038 0.949 
(S . D .  (0.007) (0.007) (0 .016)  ................................................................................... 

A UNITS OF 10-18 REACTIONS PER ATOM PER SECOND AT A REACTOR POWER OF APPROXIMATELY 
1 WATT. 
B STATISTICAL UNCERTAINTIES FOR 238U F I S S I O N  IN THE AXIAL BLANKET RANGE FROM 3% TO 20x.  
C THE 23% FOIL W A S  LOCATED AT 2=63.1 MM, THE 238U FOIL WAS LOCATED AT P77.0 MM. 
D THESE FOILS WERE LOCATED AT THE END OF A FUEL PLATE. THE FOIL/CELL-AVERAGE FACTORS 

ARE NOT APPROPRIATE AND THE DATA SHOULD BE DISCARDED. 



D. 15 

TABLE D.14. ZPPR-13A: AXIAL TRAVERSES I N  MATRIX 148-31 ........................................................ 

148 31 B2 77.0 C 7.820 1.043 0.9947 1.076 
148 31 B2 127.8 7.681 1.023 0.9696 1,069 
148 31 B2 204.0 7.122 1.021 0.8972 1.067 
148 31 B2 280.2 6.281 1.030 0.7925 1.072 
148 31 B2 331.0 5.595 1.045 0.7193 1.064 
148 31 B2 381.8 5.001 1.040 0.6358 1.065 
148 31 B2 432.6 4.379 1.042 0.5598 1.052 

148 31 B2 483.4 3.910 1.010 0.4744 1.060 
148 31 B2 534.2 3.285 1.020 0.3923 1.071 
148 31 B2 610.4 2.456 1.017 0.2895 1.058 
148 31 B2 686.6 1.700 1.014 0,1924 1.081 

0 - 458 MM MEAN 1.035 1.066 
(S.D. >- (0.010) (0.008) 

238U(N,F) B 

EXP. A C / E  
--------------- 

0.0770 1.124 
0.0761 1.099 
0.0713 1.077 
0.0618 1,081 
O.OS31 1.097 
0.0460 1.051 
0,0356 1.042 

0.0268 . 0.963 
0.0185 0.907 
0,0095 0.884 
0.0063 0.643 

1.082 
(0.028) ................................................................................... 

A UNITS OF 10-18 REACTIONS PER ATOM PER SECOND AT A REACTOR POWER OF APPROXIMATELY 
1 WATT. 
B STATISTICAL UNCERTAINTIES FOR 238U FISSION I N  THE AXIAL BLANKET RANGE FROM 3% 
TO 20%. 
C THE 235U’ FOIL W A S  LOCATED AT 2 4 3 . 1  MM, THE 238U FOIL WAS LOCATED AT 2177.0 MM. 



" 148 43 F1 1.073 1.016 0.1389 1.074 0.03054 0.917 
148 42 F1 1.009 1.063 0.1317 1.109 0.03237 0.938 
148 41 F1 S 1.050 1.043 0.1412 1.059 0.02762 0.949 
148 40 F 1  1.052 1.055 0.1406 1.097 0.02727 0.944 

148 36 F2 S 1.098 1.030 0.1479 1.055 0.02365 0.956 
148 35 F2 1.079 1.013 0.1380 1.090 0.03196 0.877 
148 34 F2 S 1.088 1.012 0.1463 1.030 0.02785 0.934 
148 33 F2 1.084 1.019 0.1416 1.082 0.02879 0.918 

148 29 F3 1.060 1.035 0.1381 1.093 0.02938 0.894 
148 28 F3 1.015 1.045 0.1290 1.112 0.03347 0.922 
148 27 F3 S 1.040 1.015 0.1360 1.041 0.03089 0.949 
148 26 F3 1.030 1.020 0.1279 1.103 0.03292 0.963 
148 25 F 3  S 1.019 1.052 0.1343 1.074 0.02815 0.992 
148 24 F3 1.067 1.020 0.1394 1.068 0.03060 0.899 .......................................................................... 


