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ABSTRACT 

Results are presented for control rod worth experiments in the axially hetero- 
geneous assembly ZPPR-17, a part of the JUPITER-III program. 

From the earlier metal-fuel ZPPR-15 program, results are given for measurements 
and calculations of neutron spectra and sodium voiding in several configurations. 



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

During the February - A p r i l  1988 pe r iod ,  the  I o  p o r t i o n  o f  t h e  

JUPITER-I11  program was completed. The f i n a l  Conf igu ra t ion  was t h e  ZPPR-19B 

assembly which had uranium and plutonium f u e l  drawers uniformly mixed i n  t h e  

o u t e r  core .  Measurements i n  ZPPR-19B emphasized s p a t i a l l y  s e n s i t i v e  
parameters  aimed a t  i d e n t i f y i n g  p o s s i b l e  effects  associated w i t h  s e g r e g a t i n g  
o u t e r  c o r e  f u e l  t y p e s  as was done i n  ZPPR-18. 

i nc luded  c o n t r o l  rod  wor ths ,  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 ,  k i n e t i c  parameters 
and measurements o f  e igenvalue  s e p a r a t i o n .  

The ZPPR-19B exper iments  

Following completion o f  the  JUPITER-I11 program, the ZPPR m a t r i x  was 

comple te ly  unloaded i n  p r e p a r a t i o n  f o r  t h e  ZPPR-20 series o f  assemblies f o r  
t h e  SP-100 s p a c e  r e a c t o r  program. 

The ZPPR-20 phase A c o n f i g u r a t i o n ,  a mockup of t h e  maximum react ivi ty  
c o n f i g u r a t i o n  of  t h e  SP-100, went cr i t ical  on A p r i l  26, 1988 with 167 k g  of 
235U. The c o r e  volume is 36 l i t e r s  w i t h  a diameter and h e i g h t  of about  330 
and 406 mm. 
withdrawn and t h e  rad ia l  r e f l e c t o r s  f u l l y  open. It is o f  in terest  t o  n o t e  

The c o n f i g u r a t i o n  has seven  simulated i n t e r n a l  safety r o d s  

drawer masters and about  1760 drawers were r e q u i r e d  t o  b u i l d  phase 
A ,  which p rov ides  an  i n d i c a t i o n  of t h e  complexity of t h e  c o n f i g u r a t i o n .  

The worth of the  i n t e r n a l  s a f e t y  r o d s  and t h e  power d i s t r i b u t i o n  
measurements are i n  p rogres s .  

S e v e r a l  s i g n i f i c a n t  a d d i t i o n s  were made t o  t h e  ZPPR materials inven to ry  
Newly i n  p r e p a r a t i o n  f o r  the SP-100 Engineering Mockup Criticals (EMC). 

a c q u i r e d  materials i n c l u d e  l i t h i u m  ( ' L i ) ,  l i t h i u m  hydr ide  ( L i H ) ,  niobium 1 %  

zirconium (Nb-lZr),  c o r e  i n s u l a t i o n ,  bo ra t ed  polypropylene and a d d i t i o n a l  
po lye thylene .  
fo r  temporary use i n  t h e  c r i t i ca l  experiments.  Cons iderable  effor t  was 
r e q u i r e d  by ZPPR pe r sonne l  t o  p repa re  these materials f o r  use i n  the SP-100 
EMC. 

50.8 x 50.8 x 101.6 mm and 300 50.8 x 50.8 x 609.6 mm s tee l  tubes .  The ' L i  
was ob ta ined  as i n g o t s  and clad i n  150 6.35 x 50.8 x 203.2 mm s t a i n l e s s  

I n  a d d i t i o n ,  rhenium (Re) was provided by the  SP-100 p r o j e c t  

The L i H  was g r a n u l a r  p e l l e t s  which were canned i n  240 



steel cans. This required removing the ends from stainless-steel void cans, 

filling the cans by melting the lithium and welding in the end caps. 

Nb-1Zr was provided by NASA Lewis Research Center. It was too thick for use 

and required rolling at ANL-East to obtain a thickness of 3.17 mm, followed 
by shearing and machining to the final dimensions. The CERA insulation was 

obtained in rolls and cut into pieces from 76.2 to 203.2 mm in length. 

Borated polypropylene was available at the site and a total of 1600 25.4 x 
50.8 x 304.8 mm pieces were cut. 

The 

Polyethylene was also cut into 50.8 x 50.8 

x 23.2 pieces. 

Reference calculations have been 

and ZPPR-19. Processing of the major 

measurements in ZPPR-18A and ZPPR-19B 

completed for all phases of ZPPR-18 

series of control rod worth 

has been completed and only a few 

measurements made in ZPPR-18B and ZPPR-19A remain to be analyzed. 
Experimental data for reaction rates are available for ZPPR-17B and ZPPR-17C 

and will be reported shortly. Processing of foil/cell-average factors 

required before releasing the ZPPR-18 reaction rate data is presently in 

progress. 

The three-dimensional (xyz geometry) Sn code TRITAC has been obtained 
from OSAKA University. The cross-section homogenization routine, AMS032, 

has been modified to provide cross sections is the TRITAC format. 

Calculations have been made on the Perkin-Elmer computer at ZPPR for the 

control rod banks in ZPPR-17B. The results show improved consistency with 

experiment compared with the previous nodal transport calculations. The 

transport/diffusion correction for the reference kerf of ZPPR-I7 by TRITAC 

is +0.6% Ak and compares well with results of rz models from the TWODANT 

code. The nodal transport calculations gave a smaller transport correction 

of 0.4% Ak. 
seven group test problem of ZPPR-17 (32 x 32 x 21 mesh, S4) took 45 minutes 

CPU on the CRAY and about 24 hours on the Perkin-Elmer computer but at 

present calculations are readily made i n  free-time on the Perkin-Elmer. 

The convergence strategy in TRITAC is not very efficient. A 

This report contains results from measurements and calculations of 

control rod worths in ZPPR-17B and ZPPR-17C. Gamma ray dose results from 

ZPPR-l7A, both measurements and calculations, are being reported separately 



From the ZPPR-15 assembly, r e s u l t s  are r e p o r t e d  from sodium void 
exper iments  i n  assembly 15C and the  high-zirconium zone of  assembly 15B. A 

summary comparing a l l  t h e  sodium void r e su l t s  from t h e  ZPPR-15 assemblies is 
p resen ted .  Also, r e s u l t s  o f  measured neu t ron  s p e c t r a  from s e v e r a l  
c o n f i g u r a t i o n s  of  ZPPR-15 are g iven  with comparisons t o  calculated 
s p e c t r a .  
assemblies A ,  B and D h a s  been completed and w i l l  be i s s u e d  as ANL-ZPR-486 
by R. W. Schaefer .  

A c o n s i s t e n t  a n a l y s i s  of  small-sample worth exper iments  i n  ZPPR-15 

3 

by H. Unesaki i n  ANL-ZPR-483. Gamma dose measurement results from ZPPR-17B 
and 1°C are expec ted  t o  appear  i n  t h e  nex t  p r o g r e s s  r e p o r t .  
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2. MEASUREMENT AND CALCULATION OF CONTROL ROD WORTHS I N  ZPPR-17B 
F. Nakashima," P. J. C o l l i n s ,  D. M. Smi th ,  and G. L. Grasseschi 

2.1 I n t r o d u c t i o n  
The ZPPR-17 program was planned t o  provide  basic phys ic s  data 

f o r  a n  a x i a l l y  - heterogeneous  LMR based on c o n f i g u r a t i o n s  o f  i n t e r e s t  
t o  Japanese  core-des ign  groups.  ZPPR-17B con ta ined  a large i n t e r n a l  
b l a n k e t ,  0.3 m t h i c k  and 0.87 m r a d i u s ,  w i t h  a s ingle-enr ichment  f u e l  

zone and a f i s s i le  plutonium l o a d i n g  of  2274 kg.  

c o n t r o l  rod p o s i t i o n s  ( C R P s ) ,  a r r anged  as  a c e n t r a l  CRP,  an  i n n e r  r i n g  
of  6 C R P s ,  a midd le  r i n g  of 6 CRPs and an o u t e r  r i n g  o f  12 CRPs.  The 

o u t e r  r i n g  was s i t u a t e d  i n  t he  f u e l  r e g i o n  a t  t h e  pe r iphe ry  o f  the  

i n t e r n a l  b l a n k e t .  The p r i n c i p a l  exper iments  i n  ZPPR-17B were 
measurements of 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 c o n t r o l  rod  worths. 

The c o r e  con ta ined  25 

The c o n t r o l  rod l o c a t i o n s  i n  ZPPR-17B are shown i n  F igure  2.1. 

The c o n t r o l  rod measurements were chosen t o  cover d i f f e r e n t  o p t i o n s  i n  
t h e  c o r e  des igns .  Gene ra l ly ,  t h e  c e n t r a l  rod  p l u s  e i t h e r  t h e  twelve 
o u t e r  r i n g  r o d s  (numbers 1 4  t o  25) or  s i x  o u t e r  r i n g  rods (15  t o  25 odd- 
numbered) were des igna ted  as o p e r a t i n g  ( r e g u l a t i n g )  c o n t r o l  rods .  The 

i n n e r  r i n g  (numbers 2 t o  7 )  were s t a r t u p  rods  and t h e  middle  r i n g  
(numbers 8 t o  13) or the  midd le  r i n g  p l u s  t h e  even-numbered r o d s  i n  t h e  

o u t e r  r i n g  were t h e  secondary  (shutdown) c o n t r o l  rods .  

A series of twenty c o n t r o l  worth measurements were made. 
These inc luded  each of the rod  banks, the  i n n e r  and o u t e r  banks ha l f -  

i n s e r t e d ,  e i g h t  d i f f e r e n t  combinations of  rod  banks and s i x  conf igura-  
t i o n s  w i t h  a rod  mis s ing  from one o f  t h e  banks r e p r e s e n t i n g  s t u c k  rod  o r  
rod run-out e v e n t s .  

*On assignment from the Power Reactor and Nuclear Fuel Development 
Corpora t ion  ( P N C ) .  



A complementary series o f  c o n t r o l  measurements was made i n  
T h i s  core was made c r i t i ca l  w i t h  the c e n t r a l  rod and the  ZPPR-17C. 

twelve  outer  r i n g  rods h a l f - i n s e r t e d  r e p r e s e n t i n g  t he  o p e r a t i n g  condi- 
t i o n  a t  beginning-of-cycle.  

2.2 D e s c r i p t i o n  of t h e  Experiments 

The measurements were made i n  t h e  ZPPR-17B s u b c r i t i c a l  
r e f e r e n c e  l o a d i n g  described i n  ANL-ZPR-480, p . 3 .  T h i s  r e f e r e n c e  l o a d i n g  
was r e b u i l t  immediately p r i o r  t o  t h e  c o n t r o l  rod experiments  and the  

r e a c t i v i t y  was established by i n v e r s e - k i n e t i c s  a n a l y s i s  of the power 
h i s t o r y  f o l l o w i n g  r a p i d  i n s e r t i o n  of a symmetric bank o f  ZPPR s a f e t y  
rods. The exper imenta l  rod worths were measured r e l a t i v e  t o  t h i s  

r e f e r e n c e  by t h e  modified-source-multiplication method u s i n g  the 
c o u n t r a t e s  recorded on a system o f  s i x t y - f o u r  in-core f i s s i o n  chamber 

detectors. F i s s i o n  chambers had dimension 6 i n .  x 2 i n .  x 1/2 i n .  and 
r e p l a c e d  sodium p l a t e s  i n  t he  normal cells .  
30 minutes ,  depending on t h e  s u b c r i t i c a l  r e a c t i v i t y  i n  each case, and 

Counting times v a r i e d  up t o  

were chosen t o  g i v e  a s t a t i s t i c a l  u n c e r t a i n t y  of better than  one percent  
on average.  

Each mock-up c o n t r o l  rod occupied f o u r  m a t r i x  p o s i t i o n s .  Each 

of t h e  f o u r  drawers was f u l l y  loaded w i t h  B4C p l a t e s  u s i n g  n a t u r a l  boron 
(drawer, masters 17-0-603 and 17-0-604). I n  order t o  b u i l d  t h e  r e q u i r e d  
number of rods, bo th  clad and unclad B 4 C  p l a t e s  were used. The composi- 

t i o n s  of t h e  c o n t r o l  rods,  w i t h  a x i a l  s e c t i o n s  l abe led  i n  i n c h e s ,  are 
g i v e n  i n  Table  2.1. 

p o s i t i o n  and master 603 was used i n  a l l  other p o s i t i o n s .  
Master 604 was used i n  t h e  c e n t r a l  c o n t r o l  rod 

The measurements were made between May 1 1 ,  1987 and 

May 21, 1987 i n  r e a c t o r  l o a d i n g s  89 t o  1 1 1 ,  reactor runs 98 t o  122. 

data were recorded  on f i l e s  94 t o  115 of  t he  ZPPR-17 64-detector  
database. 

The 

Details of t h e  data process ing  are g iven  i n  S e c t i o n  X . 4 .  
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2.3 D e s c r i p t i o n  of  t h e  C a l c u l a t i o n s  

C a l c u l a t i o n s  of  d e t e c t o r  e f f i c i e n c i e s  and e f f e c t i v e  s o u r c e  
r a t i o s  r e q u i r e d  f o r  p rocess ing  exper imenta l  data may u s u a l l y  be made t o  
s u f f i c i e n t  accuracy  by two-dimensional xy models. However, t he  i n t e r n a l  
b lanket  of ZPPR-17 caused s t r o n g  v a r i a t i o n s  o f  t h e  ax ia l  buck l ing  as a 
f u n c t i o n  o f  r a d i u s ,  e s p e c i a l l y  around t h e  edge o f  t h e  i n t e r n a l  b lanket .  
To avo id  compl i ca t ion  o f  the model i n  t h i s  case, a l l  c a l c u l a t i o n s  were 
made wi th  a three-d imens iona l  xyz model w i t h  t he  c r o s s  s e c t i o n s  
c o l l a p s e d  t o  s i x  groups. 

The c a l c u l a t i o n  model f o r  ZPPR-17B is given  i n  ANL-ZPR-480, 

p. 9.  
c a l c u l a t e d  w i t h  21 groups. Cross s e c t i o n s  i n  s i x  groups were o b t a i n e d  
f o r  t he  i n t e r n a l  b l a n k e t ,  f o r  s ing le-and  double-column-fuel drawers i n  

Co l l apse  o f  t h e  ENDF/B-V.2 data was made from a n  xyz model 

t h e  i n n e r  c o r e  ( d e f i n e d  as t h e  f u e l  r eg ion  above and below t h e  i n t e r n a l  
b l a n k e t )  and i n  t h e  o u t e r  c o r e ,  f o r  t h e  r ad ia l  b l a n k e t ,  radial  

r e f l e c t o r ,  a x i a l  b l a n k e t ,  and ax ia l  r e f l e c t o r .  Cross  s e c t i o n s  f o r  C R P s  

were a l s o  ob ta ined  w i t h  t h i s  model. A second c a l c u l a t i o n  wi th  t h e  

c e n t e r  c o n t r o l  rod  and the o u t e r  c o n t r o l  r o d s  i n s e r t e d  was used t o  
c o l l a p s e  data f o r  the  c o n t r o l  rods .  Group boundar ies  for t h e  s i x  group 
set were t h e  same as used f o r  ZPPR-17A (ANL-ZPR-476, Table  3.1, p. 21). 

The c a l c u l a t i o n s  were made i n  xyz geometry wi th  fu l l -xy /  
h a l f - z ,  qua r t e r -xy /ha l f - z ,  and qua r t e r -xy / fu l l - z  symmetric models as 
r e q u i r e d  t o  r e p r e s e n t  t h e  geometry of  t h e  c o n t r o l  r o d  p a t t e r n s .  For the  

s u b c r i t i c a l  s ta tes  both a n  a d j o i n t  f l u x  f o r  t h e  homogenous problem and a 
source -d r iven  real f l u x  were r e q u i r e d  t o  c a l c u l a t e  d e t e c t o r  e f f i c i e n c i e s  
and e f f e c t i v e  s o u r c e  r a t i o s .  A l l  c a l c u l a t i o n s  were made w i t h  t h e  

f i n i t e - d i f f e r e n c e  s o l u t i o n  of  DlF3D s i n c e  an  i n i t i a l  tes t  o f  t h e  sou rce  
method i n  nodal d i f f u s i o n s  lead t o  convergence problems. The 

c a l c u l a t i o n  of  d e t e c t o r  e f f i c i e n c i e s  and e f f e c t i v e  sou rce  r a t i o s  is 
d e s c r i b e d  i n  ANL-ZPR-480, p. 20 e t .  seq. 
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2.4 Details o f  t h e  Experimental  Data Process ing  

A summary o f  t h e  data p r o c e s s i n g  us ing  t h e  McCRUNCH code is 
g iven  i n  Table  2.2. The results are l is ted i n  t he  order of t h e  

measurements. A shor thand  n o t a t i o n  (a ,  b, c, d )  is used t o  describe t h e  

number o f  c o n t r o l  r o d s  i n  t h e  c e n t e r  p o s i t i o n ,  t he  i n n e r  r i n g ,  the  

midd le  r i n g  and t h e  o u t e r  r i n g .  These r i n g s  are  a l s o  a b b r e v i a t e d  i n  t h e  

n e x t  s e c t i o n  t o  I R ,  M R ,  and OR. Where necessa ry  t h e  l e t t e r  H is used t o  
i n d i c a t e  r o d s  ha l f  i n s e r t e d ,  v i z  6H, and 0 is used t o  i n d i c a t e  odd 
numbered rods .  Worths are g iven  as p o s i t i v e  q u a n t i t i e s  f o r  s i m p l i c i t y .  

The r e f e r e n c e  r e a c t i v i t y  for t h e  series was -21.866 and was 
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  a r o d  drop immediately be fo re  
t he  worth measurements. The 64-de tec tor  data f o r  t h i s  r e f e r e n c e  were 
recorded  on data F i l e  94. 

The a n a l y s i s  i n  Table 2.2 is shown f o r  t h e  three passes 
through McCRUNCH ( a )  u s i n g  the  mean of a l l  results ( b )  r e j e c t i n g  
d e t e c t o r s  which are more than  3 . 6 ~  ( coun te r  s t a t i s t i c s )  from t h e  mean, 
and (c )  least  squares f i t t i n g  o f  r e a c t i v i t y  ve r sus  d e t e c t o r  e f f i c i e n c y .  

D e t e c t o r s  f a l l i n g  immediately a d j a c e n t  t o  c o n t r o l  r o d s ,  i .e. 
t h o s e  i n  the ne ighbor ing  drawers, were excluded from the McCRUNCH 

a n a l y s i s  s i n c e  the d i f f u s i o n  c a l c u l a t i o n s  do n o t  provide  a c c u r a t e  
e f f i c i e n c y  estimates for these cases. No more then  10 d e t e c t o r s  were 
excluded throughout  t he  series. 

As expec ted ,  i n  a moderately s e n s i t i v e  c o r e ,  t h e  LSFIT method 
produces t h e  best f i t  t o  the exper imenta l  c o u n t r a t e  r a t i o s .  The revised 
LSFIT method, described i n  S e c t i o n  4 ,  was used i n  t h i s  a n a l y s i s .  

2.5 Recommended Worths and Comparison with C a l c u l a t i o n  

The recommended worths and u n c e r t a i n t i e s  are those from t h e  
LSFIT a n a l y s i s  of T a b l e  2.2. The results are given  i n  Tables 2.3,  2.4, 
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and 2.5, grouped i n t o  rod  banks, rod  bank combinations and banks w i t h  

mis s ing  rods. 

The calculated r e s u l t s  were o b t a i n e d  w i t h  t h e  f i n i t e -  
d i f f e r e n c e  xyz models and 6 group c r o s s  s e c t i o n s .  The k - e f f e c t i v e  va lue  
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  ( k o )  was 0.985234. C a l c u l a t e d  worths 
are d e f i n e d  as Ak/ (kok lB)  w i t h  B-e f fec t ive  = 0.3374%. 

The C/E results are i n  t h e  range  of 0.95 ( c e n t e r  r o d )  t o  1.00 

( o u t e r  r i n g  h a l f - i n s e r t e d ) .  
r a d i u s  emerges from t h e  p r e s e n t  a n a l y s i s .  The c e n t e r  rod  is p r e d i c t e d  
2-3% lower than  the  i n n e r  r i n g  ( W E  = 0.98) t h e  middle r i n g  C/E is 0.97 
and t h e  o u t e r  r i n g  C/E is 0.99. 

No clear t r e n d  i n  C/E as a f u n c t i o n  of 

P r e d i c t i o n s  f o r  rod  banks combinations and banks with mis s ing  r o d s  
are c o n s i s t e n t  w i th  t h o s e  f o r  the i n d i v i d u a l  banks wi th  C/E v a l u e s  i n  
t he  r ange  0.97 t o  1 .OO. 

The r a t i o s  o f  wor ths  f o r  rod  banks h a l f - i n s e r t e d  t o  t he  wor ths  o f  
t h e  f u l l y  i n s e r t e d  banks are q u i t e  i n t e r e s t i n g :  

i n n e r  r i n g  measured 0.545 
c a l c u l a t e d  0.542 

o u t e r  r i n g  measured 0.478 
c a l c u l a t e d  0.482 

Thus ,  t h e  r o d s  h a l f - i n s e r t e d  i n  the i n t e r n a l  b l anke t  are worth 9% more 
t h a n  h a l f  o f  t h e  worth when f u l l y - i n s e r t e d  while a t  t h e  p e r i p h e r y  of t h e  

b l anke t  t h e y  are worth 4% less  t h a n  ha l f  of t h e  worth when f u l l y -  
i n s e r t e d .  Experiment and c a l c u l a t i o n  agree c l o s e l y  f o r  these r a t i o s .  

Some rod  i n t e r a c t i o n  effects  are shown i n  Table 2.6 which compares 
t h e  worth of  t h e  c e n t e r  rod  and of  d i f f e r e n t  banks of r o d s  when i n s e r t e d  
a l o n e  or w i t h  o t h e r  rod banks i n s e r t e d  i n  the co re .  These worths were 



o b t a i n e d  by s u b t r a c t i o n  o f  t h e  worths i n  t h e  p rev ious  tab les ,  hence t h e  

s ta t i s t ica l  u n c e r t a i n t i e s  i n c r e a s e .  The worth o f  t he  c e n t e r  rod, 1$ 
when i n s e r t e d  a l o n e ,  v a r i e s  from 0.22$ w i t h  t h e  i n n e r  and middle r i n g s  
i n s e r t e d  t o  2.14$ wi th  t h e  o u t e r  r i n g  i n s e r t e d .  

The wor ths  o f  withdrawal of s i n g l e  r o d s  from a bank i n  d i f f e r e n t  
s i t u a t i o n s  are compared i n  T a b l e  2.7. 

n o t  measured, t h e  ave rage  worth of t h e  r o d s  i n  t h e  a p p r o p r i a t e  banks are 
g iven  f o r  comparison. 
cons ide rab ly :  
c e n t e r  and middle  banks are i n s e r t e d  and 0.94$ when t h e  c e n t e r  and 6 

o u t e r  bank r o d s  are i n s e r t e d  compared w i t h  t h e  mean worth i n  t h e  bank o f  
0.97 $. 
i n s e r t e d )  is 4.1$ compared w i t h  t h e  mean worth i n  t h e  o u t e r  bank o f  
1.9$. These i n t e r a c t i o n  effects  are  calculated w i t h i n  10% by d i f f u s i o n  
theo ry .  

S ince  t he  s i n g l e  rod  worths were 

The worths of  t h e  withdrawn r o d s  vary  
t h e  worth of CR2 i n  t h e  i n n e r  bank is 0.46$ when t h e  

The worth of  C R 1 4  i n  t he  o u t e r  bank (wi th  c e n t e r  rod  a l s o  

C a l c u l a t i o n s  f o r  t h e  symmetric rod banks have been made by nodal  
d i f f u s i o n  ( N D T )  and nodal  t r a n s p o r t  (NTT) models. The r e s u l t s  are 
compared w i t h  t h e  f i n i t e  d i f f e r e n c e  d i f f u s i o n  (FDDT) v a l u e s ,  u s i n g  a 
55 mm mesh s i z e ,  i n  Table  2.8. Mesh and t r a n s p o r t  e f fec ts  are q u i t e  
d i f f e r e n t  t o  t h o s e  found i n  conven t iona l  and r ad ia l ly -he te rogeneous  
co res .  
while the t r a n s p o r t  c o r r e c t i o n  is nea r  z e r o  f o r  t he  c e n t r a l  rod 

i n c r e a s i n g  w i t h  r a d i u s  t o  -5% f o r  the o u t e r  rod  bank. 
worths are n o t a b l y  h i g h e r  (6% t o  9%) by nodal  t r a n s p o r t  c a l c u l a t i o n  then  
the o r i g i n a l  f i n i t e  d i f f e r e n c e  d i f f u s i o n .  

Mesh c o r r e c t i o n s  are r e l a t i v e l y  l a r g e  -- from +8% t o  +12% -- 

The c a l c u l a t e d  

The nodal  t r a n s p o r t  C /E  r e s u l t s  show no clear t r e n d  w i t h  r a d i u s  but  
the c e n t e r  rod and the middle  bank have C / E s  about  1 %  lower t h a n  those  
for  t h e  i n n e r  bank and the o u t e r  bank. 
combinations f a l l  between t h o s e  f o r  the  i n d i v i d u a l  banks. 
C / E  v a l u e s  (1.041 t o  1.057) is less than  h a l f  o f  t h e  sp read  wi th  t h e  

The C / E  results f o r  bank 
The sp read  i n  

f i n i t e  d i f f e r e n c e  d i f f u s i o n  c a l c u l a t i o n s .  
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Fig. 2.1. Control Rod Locations in ZPPR-17B 
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TABLE 2.1 Control Rod Compositions for ZPPR-17B 
(atoms/barn-cm) 

Master 
603 

Isotope 0-6 

B-10 0.01 58704 
B-11 0.0643536 
C 0.0203704 
0 0.0001353 
Na 
si 0.0002522 
A 1  0.0000021 
Mn 0.0002004 
Cr 0.0023506 
Fe 0.0084649 
Ni 0.001 0327 
cu 0.000031 4 
Mo 0.00001 57 
P 0.0000040 
S 0.000001 3 
c1 
Ca 
co 0.0000040 

--- 

--- 
-- - 

Master 
603 
6-20 

0.01 51 769 
0.061 5467 
0.01 97666 
0.0000534 

0.0002235 
0.0000028 
0.0002204 
0.0026105 
0.0093681 
0.001 1621 
0.0000325 
0.00001 62 
0.0000040 
0.000001 2 

--- 

--- 
--- 

0.0000037 

Master 
603 

20-3 1 

--- 
0.0000308 

0.0181363 
0 .OOO 1651 
0.0000043 
0.0002432 
0.0029562 
0.01 04363 
0.001 3233 
0.0000357 
0.00001 74 
0.0000040 
0.00000 12 
0.0000006 
0.0000042 
0.0000037 

0.000001 3 

Master 
603 
31 -36 

-- - 
0.0000447 

0.0 176957 
0.0001707 
0.0000042 
0.0002501 
0.0030295 
0.01 09693 
0.0013539 
0.0000374 
0.00001 83 
0.0000042 
0.000001 3 
0.0000006 
0.000004 1 
0.0000043 

0.000001 3 
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TABLE 2.1. (contd)  

Master Master Master 
604 604 604 

Iso tope  0-6 6-20 20-31 

B-10 
B-11 
C 
0 
Na 
Si 
A 1  
Mn 
C r  
Fe 
N i  
cu  
Mo 
P 
S 
c1 
Ca 
co 

0.01 58704 
0.0643536 
0.0203704 
0.0001 353 

0.0002522 
0.0000021 
0.0002004 
0.0023506 
0.0084649 
0 .OO 10327 
0.000031 4 
0.00001 57 
0.0000040 
0 .OOOOO 13 

--- 

--- 

0.0000040 

0.01 51 625 
0.061 4842 
0.01 97463 
0.0000534 

0.0002235 
0.0000028 
0.0002204 
0.0026105 
0.0093681 
0.001 1621 
0.0000325 
0 .OOOO 162 
0.0000040 
0.000001 2 

--- 

--... 
--- 

0.0000037 

--- 
--- 

0.0000308 
0.000001 3 
0 .O 1 81 3 63 
0.0001 651 
0.0000043 
0.0002432 
0.00295 62 
0.01 04363 
0.001 3233 
0.0000357 
0 .OOOO 174 
0.0000040 
0.0000012 
0.0000006 
0.0000042 
0.0000037 

Master 
60 4 

31 -36 

--- 

0.0000447 
0.000001 3 
0.01 76957 
0.0001707 
0.0000042 
0.00025m 
0.0030295 
0 .O 109693 
0.001 3539 
0.0000374 
0 .OOOO 1 83 
0.0000042 

0.0000006 
0.000004 1 
0.0000043 

0.00000 1 3 



TABLE 2.2 Data Process ing  f o r  ZPPR-17B Cont ro l  Rods 

F i l e  - Rods - 
Number Source 

of FC's x2 Rat io  Worth,$ 
S t a t  isti c a l  

Uncer ta in ty  , % Step  

1 

- 
T o t a l  

Unce r t a in ty ,  % Method 

A 1  1 
3.60 

LSFIT 

A 1  1 
3.60 

LSFIT 

A 1  1 
3 . 6 ~  
LSFIT 

A 1  1 
3 . 6 ~  

LSFIT 

A1 1 
3.60 

LSF I T 

A l l  
3.60 

LSFIT 

A1 1 
3.60 

LSFIT 

A l l  
3 . 6 ~  

LSFIT 

3.21 0.9971 1.001 
1.86 0.9971 0.999 
1.34 0.9961 1.001 

7.29 0.9910 3.183 
1.73 0.9910 3.165 
1.15 0.9872 3.171 

17.85 0.9794 5.870 
3.07 0.9794 5.796 
1.42 0.9705 5.822 

19.98 0.9724 6.205 
2.72 0.9724 6.113 
1.46 0.9593 6.137 

95 63 
60 
63 

62 
53 
62 

62 
49 
62 

61 
47 
61 

56 
40 
56 

0.133 
0.142 
0.087 

0.890 
0.892 
0.885 

2 2-7 Half I n  96 
(0 ,  6H, 0, 0 )  

0.284 
0.190 
0.123 

0.456 
0.314 
0.116 

0.908 
0.883 
0.874 

2- 7 
(0, 6,  0, 0) 

1-7 
( 1 , 6 , 0 , 0 )  

1-13 
( 1 , 6 , 6 , 0 )  

2-1 3 
( 0 , 6 , 6 , 0 )  

97 0.972 
0.915 
0.874 

98 

99 

0.530 
0.285 
0.117 

1.009 
0.905 
0.877 

21.28 0.9510 12.329 
3.82 0.9510 12.136 
1.37 0.9303 12.169 

0.693 
0.493 
0.158 

5 1.170 
1.064 
0.888 

28.96 0.9587 12.099 
3.05 0.9587 11.944 
1.12 0.9428 11.952 

1 . 1 1 4  
1.052 
0.885 

100 57 
32 
50 

0.651 
0.538 
0.163 

0.709 
0.432 
0.180 

0.635 
0.466 
0.161 

101 55 
32 
50 

23.97 0.9410 11.010 
3.05 0,9410 10.842 
1.36 0.9208 10.804 

1.227 
1.091 
0.898 

8 1,  3-13 
( 1 , 5 , 6 , 0 )  

102 55 
38 
54 

18.79 0.9562 11.822 
0.9562 11.667 

1.45 0.9378 11.718 
3.44 

1.115 
1.028 
0.887 



TABLE 2.2 (contd) 

Step 

9 

- 

10 

11  

12 

13 

1 4  

15 

16 

Rods 

1 ,  8-13 

- 

( 1 , 0 , 6 , 0 )  

8-1 3 
( 0 , 0 , 6 , 0 )  

F i l e  

103 

- 

104 

105 

106 

107 

108 

109 

110 

Number Source S t a t i s t i c a l  To t a l  
Method of FC's xz Rat io  Worth,$ Uncer ta in ty ,  % Uncer ta in ty ,  % 

A 1  1 
3.60 

LSFIT 

A1 1 
3.60 
LSFIT 

A 1  1 
3.60 
LSFIT 

A1 1 
3.66 

LSFIT 

A 1  1 
3.60 
LSFIT 

A 1  1 
3.60 

LSFIT 

A 1  1 
3.60 
LSFIT 

A l l  
3.60 
LSFIT 

58 
47 
58 

59 
52 
59 

58 
49 
50 

56 
42 
51 

57 
36 
48 

56 
37 
54 

53 
43 
53 

53 
38 
53 

9.05 0.9877 9.010 0.332 

1 . 4 4  0.9832 9.017 0.126 
2.69 0,9877 8.926 0.320 

0.920 
0.915 
0.870 

5.71 0.9953 8.304 
3.59 0.9953 8.273 
1.25 0.9937 8.318 

6.64 0.9782 6.571 
2.65 0.9782 6.549 
0.99 0.9729 6.537 

16.28 0.9848 17.413 
3.19 0.9848 17.229 
1.46 0.9848 17.321 

0.259 
0.409 
0.121 

0.256 
0.298 
0.1 34 

0.487 
0.392 
0.131 

0.896 
0.950 
0.867 

0.896 
0.907 
0.873 

0.985 
0.942 
0.870 

17.52 0.9904 17.938 
4.39 0.9904 17.770 
1.07 0.9869 17.856 

0.478 
0.570 
0.147 

0.960 
1.028 
0.871 

18.53 0.9830 18.411 
3.21 0.9830 18.194 
1.36 0.9772 18.279 

8.24 0.9852 18.629 
3.72 0.9852 18.535 
1 .41  0.9805 18.625 

10.53 0.9973 20.400 
2.90 0.9973 20.180 
1.21 0.9964 20.490 

0.523 
0.420 
0.1 37 

0.31 1 
0.452 
0.131 

0.337 
0.353 
0.113 

1.003 
0.954 
0.872 

0.91 1 
0.968 
0.875 

0.920 
0.926 
0.864 
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TABLE 2.3 Worths of Con t ro l  Rod Banks i n  ZPPR-17B 
~~ 

Experimental S t a t i s t i c a l  C o r r e l a t e d  Ca lcu la t ed  Ca lcu la t ed  
C/E Worth, $d _I_ 

Stepa Cont ro l  Rodsb Worth, $ la, % l a ,  % k-ef f 

1 C e n t r a l  CR 
(1 ,o,o,o> 

2 I R  Half I n s e r t e d  
(0,6H, 0 ,O 1 

10 MA 
(0,0,6,0> 

(0,0,0,12) 
18 OR 

17 OR Half Ins  
(O,O,O, 12H) 

r t  

1.001 

5.822 

3.171 

8.318 

22.477 

0.087 

0.116 

0.123 

0.121 

0.120 

d 10.731 0.146 

0.81 1 0.9821 17 0.955 0.954 

0.866 0.966887 

0.865 0.975199 

0.859 0.959562 

0.855 0.917563 

0.859 0.951408 

5.708 0.980 

3.095 0.976 

0.968 8.048 

22.186 0.987 

10.695 0.997 

aRefer t o  Table 2.2. 

I- 
o\ 

' F in i t e  d i f f e r e n c e  d i f f u s i o n ,  xyz geometry, 6 energy groups ,  reference k - e f f e c t i v e  0.985234. 

d g - e f f e c t i v e  = 0.3374%. . 



TABLE 2.4 Worths of Rod Bank Combinations in ZPPR-17B 

Stepa 

4 

9 

19 

6 

13 

5 

14 

16 

Experimental Statistical Correlated Calculated Calculated 
Control Rodsb Worth, $ la, % la, F k-ef f Worth, $d 

Center + IR 6.137 0.117 0.869 0.965778 6.060 
(1,6,0,0) 

Center + MR 9.017 0.126 0.861 0.957436 8.734 
(1,0,6,0) 

Center + OR 24.589 0.118 0.852 0.912298 24.050 
(1,0,0,12) 

IR + OR odd 
(0,6,0,60 1 

Center + IR + MR 
(1,6,6,0) 

11.952 0.163 

17.856 0.147 

12.169 0.158 

0.870 0.948020 11.809 

0.858 0.931 124 17.482 

0.874 0.947343 12.032 

0.861 0.929798 17.936 Center + IR 18.279 0.137 
+ OR odd 
(1,6,0,60> 

Center + MR 20 490 0.113 0.857 0.923764 20.018 
+ OR odd 
(1,0,6,60) 

C/ E 

0.987 

0.968 

0.978 

0.988 

c 0.979 -4 

0.989 

0.981 

0.977 

aRefer to Table 2.2. 

bIR = inner ring, MR = middle ring, OR = outer ring, 0 = odd numbered rods. 

'Finite difference diffusion, xyz geometry, 6 energy groups, reference k-effective 0.985234. 

dB-effective = 0.3374%. 



TABLE 2.5 Worths of Rod Banks w i t h  Missing Rods i n  ZPPR-17B 

Experimental S t a t i s t i ca l  Cor re l a t ed  Ca lcu la t ed  Ca lcu la t ed  
St epa Cont ro l  Rodsb Worth, $ l a ,  % l a ,  x k-ef f Worth, $d 

1 1  

8 

12  

7 

15 

20 

Center,  I R - C R 2 ,  MR 
( 1 , 5 , 6 , 0 )  

Center ,  I R - C R 2 ,  

( 1 ,5 ,0 ,60 )  
OR odd 

Center ,  I R ,  MR-CR8 
( 1 , 6 , 5 , 0 )  

Center ,  MR-CR8, 

( 1 ,0 ,5 ,60 )  
OR odd 

Center,  OR-CR14 
(1 ,0 ,0 ,11 )  

6.537 

11.718 

17.321 

10.804 

18.625 

20.435 

0.134 0.863 0.964752 

0.872 0.948817 0.161 

0.131 0.860 0.932462 

0.880 0.951 187 0.180 

0.161 0.860 0.928746 

0.170 0.862 0.922999 

6.387 

11.546 

17.025 

10.768 

18.297 

20.284 

C/ E 

0.977 

0.985 

0.983 

0.997 

I- 
a3 

0.982 

0.993 

aRefer t o  T a b l e  2.2. 

b~~ = i n n e r  r i n g ,  MR = middle r i n g ,  OR = o u t e r  r i n g ,  0 = odd numbered rods .  

‘Finite d i f f e r e n c e ,  xyz geometry, 6 energy groups,  r e f e r e n c e  k -e f f ec t ive  0.985234. 

df3effective = 0.3374%. 
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TABLE 2.6 Control Rod Interaction Effects i n  ZPPR-17B 

Control 
Rods 

CR 

IR 

MR 

6 OR odd 

From 
Steps 

1 
695 
493 
14,13 
9,lO 
19,18 

3 
6,lO 

10 
6 93 

1393 
14,4 
16,9 

C/E 

0.954 
1.028 
1.117 

0.981 
0.883 

0.980 
1.035 

0.968 
0.995 

1,073 

Rods Inserted Experimental S t a t i s t i ca l  
in  Core Worth, $ Uncertainty , % 

None 1.001 0.1 
IR + MR 0.217 12.6 
IR 0.315 3.1 
IR + 60R odd 0.423 8.6 
MR 0.699 2.2 
OR 2.112 1.7 

None 5.823 0.1 
MR 3 -634 0.6 

Calculated 
Worth, $ 

0.955 

0.352 
0.454 
0.686 
1.864 

0.223 

5.708 
3.761 

None 
IR 

8.318 0.1 
6.130 0 .3  

IR 12.034 0.2 
Center + IR 12.142 0.2 
Center + MR 11.475 0.2 

8.048 
6.101 

11.774 
11.876 
11.284 

0.978 
0.978 
0.983 
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TABLE 2.7 Worth of S i n g l e  Rods Withdrawn from Rod Banks 

Con t r  o l From Rods I n s e r t e d  Experimental  S t a t i s t i c a l  Calculated 
Rods Steps i n  Core Worth, $ Uncer t a in ty ,  % Worth, $ C/E 

CR2 5 , 8  Center  + 61R 

1 4 , 1 2  Center  + 61R 
+ 6MR 

+ 60R odd 
Mean Worth 3 61R 

i n  Bank 

CR8 1 0 , l l  6MR 
5 , 7  Center + 61R 

16,15 Center  + 6MR 
+ 6MR 

+ 60R odd 
Mean Worth 10 6MR 

i n  Bank 

C R 1 4  19,20 Center  + 120R 
Mean Worth 18 120R 

i n  Bank 

0.451 

0.958 

0.970 

6.0 

3.5 

0.1 

1.781 0.7 
1.365 2.0 

1.865 2.0 

1.386 0.1 

4.154 1.1 
1.873 0.1 

0.486 1.078 

0.91 1 0.970 

0.951 0.980 

1.661 0.933 
1.264 0.926 

1.721 0.923 

1.341 0.968 

3.766 0.907 
1.849 0.987 
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TABLE 2.8 C a l c u l a t e d  Con t ro l  Rod Worths i n  ZPPR-17B u s i n g  Nodal 
D i f fus ion  and Nodal Transpor t  Models 

Cont ro l  Rods 

CR1 
I R  
MR 
0 R  
CR1 + I R  
CR1 + MR 
CR1 4 0R 
I R  + MR 
CR1 + I R  4 MR 

FDDT 
Worth, $ 

0.955 
5.708 
8.048 

22.186 
6.060 
8.734 

24.050 
11.809 
12.032 

NDT 
Worth, $ 

1.044 
6.21 1 
8.918 

24.776 
6.555 
9.635 

26.966 
12.805 
13.01 1 

Mesh 
Cor rec t ion ,  I 

+9.3 
+8.8 

+10.8 
+11.7 

+8.2 
+10.3 
+12.1 
+8.4 
+8.1 

NTT 
Worth, $ 

1.042 
6.136 
8.694 

23.643 
6.488 
9.420 

25.796 
12.582 
12.797 

Transpor t  
C o r r e c t i o n ,  $ C/E 

-0.2 
-1.2 
-2.5 
-4.8 
-1 .o 
-2.2 
-4.3 
-1.8 
-1.7 

1 .041 
1.054 
1.045 
7.052 
1.057 
1.045 
1.049 
1.053 
1.052 
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3. MEASUREMENT AND CALCULATION OF CONTROL ROD WORTHS I N  ZPPR-17C 
(T.  Sanda," P. J. C o l l i n s ,  D. M. Smith and G.  L. Grasseschi) 

3 . l  I n t r o d u c t i o n  

The ZPPR-17C r e f e r e n c e  c o r e  s imula ted  a beginning-of-cycle load ing  
w i t h  primary c o n t r o l  r o d s  -- c e n t e r  and 12 o u t e r  r i n g  -- h a l f  i n s e r t e d .  The 

c o n t r o l  rod worth measurements provide  data on the wor ths  of f u l l  i n s e r t i o n  
of secondary c o n t r o l  banks i n  t h i s  l oad ing .  The secondary r o d  l o c a t i o n s  
were t h e  s i x  i n n e r  r i n g  ( I R )  p o s i t i o n s  and t h e  s i x  midd le  r i n g  ( M R )  

p o s i t i o n s .  The basic r o d  banks were s i x  inne r  r i n g  (6IR1, s i x  midd le  r i n g  
( 6 M R ) ,  3IR, 3MR and a combination 31R + 3MR.  The three- rod  p a t t e r n s  were 
measured bo th  f o r  t h e  r o d s  s y m m e t r i c a l l y  d i sposed  around t h e  hexagonal bank 
and f o r  t h e  three r o d s  i n  a d j a c e n t  l o c a t i o n s .  S e v e r a l  cases o f  banks wi th  

mis s ing  r o d s  were a l s o  measured, 5IR, 5 M R ,  3IFI + 2MR and 21R + 3MR. 

Three o f  t h e  rod  p a t t e r n s ,  6IR, 6MR and 5MR, were a l s o  measured i n  
ZPPR-I7B, the end-of-cycle s i m u l a t i o n  w i t h  a l l  r o d s  withdrawn. These cases 
provide  a comparison o f  t h e  i n t e r a c t i o n  effects  and of t h e  accu racy  of 
c a l c u l a t i o n  of rod  worths i n  an o p e r a t i n g  c o n d i t i o n  rather t h a n  i n  a 
r e f e r e n c e  c o r e  w i t h  no r o d s  i n s e r t e d .  

3.2 D e s c r i p t i o n  o f  t h e  Measurements 

The measurements were made i n  t h e  ZPPR-17C subcr i t ica l  r e f e r e n c e  
l o a d i n g  described i n  ANL-ZPR-481 p .  4. The c o n t r o l  rod l o c a t i o n s ,  shown i n  
F ig .  3.1, were the same as t h o s e  i n  ZPPR-17B. The measurement techniques  
followed those used f o r  ZPPR-17B. The mockup c o n t r o l  r o d s  occupied fou r  
ma t r ix  p o s i t i o n s  w i t h  t h e  drawers f u l l y  loaded w i t h  n a t u r a l  B b C  p l a t e s .  
drawer master was 17-0-603. Compositions are  g iven  i n  T a b l e  2.1,  i n  the  

p rev ious  s e c t i o n .  

The 

*On ass ignment  from Power Reactor and Nuclear Fuel Development Corpora t ion  
( P N C ) .  
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The measurements were made between June 12, 1987 and June 19, 

1987, in reactor loadings 135 to 148, reactor runs 150 to 165. 
were recorded on files 136 to 149 of the ZPPR-17 64-detector datafile. The 

reference reactivity for the series was measured by inverse-kinetics 

analysis of a rod drop in reactor loadings 135, run 150. 

data for this reference were taken in run 150 and recorded on file 136. The 

reference loading was restored immediately after the rod measurements in run 
165 and the data were recorded on file 149. 

The data 

The 64-detector 

3 . 3  Description of the Calculations 

Calculations of detector efficiencies and effective source ratios 

were made with an xyz model and 6 group data as was done for ZPPR-17B 
(Section 2.3). 
produced for 17B and were not separately collapsed for 17C. 

The 6 group data used the microscopic cross sections 
The calculation 

model for ZPPR-17C is given in ANL-ZPR-481, p. 1 1 .  

Only two of the control configurations permitted quarter-xy 

symmetry to be used, six cases required full-xy representation while two 

cases were symmetric about the y-axis and one was symmetric about the x- 

axis. 

proliferation of models. 

All configurations were calculated with the full-xy model to avoid 

Since the control rod worths were measured with the rods fully 

inserted, the xy models used half-z symmetry. Shielding factors for the 

half-inserted rods in the reference core, 0.292 for the CRs and 0.708 for 
the CRPs, were used to adjust the k-effective in this model to 0.9888. 
k-effective for the reference core using a quarter-zy full-z model was 

0.989323. 
and 6 middle ring) were also calculated with the full-z model to check the 
results from the approximate models. 

The 

The two control patterns with quarter-y symmetry ( 6  inner ring 

Calculations of detector efficiencies and effective source worths 

were made with the finite-difference diffusion path of DIF3D. 
worths for the two symmetric rod banks were also obtained with the nodal 

diffusion and nodal transport solutions. 

Calculated 
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3.4 Details of t h e  Experimental  Data Process ing  

A summary of the data p r o c e s s i n g  u s i n g  t h e  McCRUNCH code is g iven  
i n  Table 3.1. The a b b r e v i a t i o n s  nIR, nMR a re  used fo r  the  n r o d s  i n  t he  

i n n e r  r i n g  and t h e  middle  r i n g .  D e t e c t o r s  which were immediately a d j a c e n t  
t o  any of t h e  i n s e r t e d  rods were omitted from t h e  a n a l y s i s .  

The two c o n f i g u r a t i o n s  processed w i t h  both h a l f - z  and f u l l - z  
models are shown as s t e p s  7 A  and 7B (6IR) and s t e p s  11A and 11B (6MR). 
These cases show tha t  t h e  e f f i c i e n c i e s  c a l c u l a t e d  w i t h  t h e  h a l f - z  model g i v e  
s a t i s f a c t o r y  r e s u l t s .  For t h e  LSFIT method, t h e  d i f f e r e n c e s  i n  experimental  
worths were o n l y  0.02% (6IR) and 0.06% (6MR). 

The recommended c o n t r o l  r o d  worths are taken  from t h e  LSFIT 

a n a l y s i s .  These v a l u e s  are summarized and compared w i t h  c a l c u l a t i o n  i n  t h e  

next  sect ion .  

3.5 Recommended Worths and Comparisons w i t h  C a l c u l a t i o n  

The recommended worths are  g iven  i n  T a b l e  3.2. S t a t i s t i c a l  and 
c o r r e l a t e d  u n c e r t a i n t y  components are g iven  t o  three f igures  t o  f a c i l i t a t e  
d e r i v a t i o n  of u n c e r t a i n t i e s  when s u b t r a c t i n g  c o n f i g u r a t i o n  worths. The 

c a l c u l a t e d  worths i n  Tab le  3.3 are  obta ined  from the  half-z model. 

The C / E  r e s u l t s  vary  by o n l y  3% over  t h e  range  of  t h e  

c o n f i g u r a t i o n s .  The h ighes t  v a l u e s  are for  t h e  three a d j a c e n t  r o d s  i n  t he  

i n n e r  and middle  r i n g ,  I n  both cases, these are predic ted  2% higher t h a n  
the i r  c o u n t e r p a r t s  which have three rods symmetr ica l ly  d isposed  around the 

r i n g .  Apart  from these two cases, t h e  C / E  va lues  are i n  the range  0.949 t o  
0.963. 

Rod i n t e r a c t i o n  effects are shown i n  Table 3.3 i n  terms of t h e  

worth per rod (WPR) i n  banks of 6 ,  5, 3 and 2 rods.  The i n n e r  r i n g  rods 

show a n e g a t i v e  i n t e r a c t i o n  (WPR f o r  t h e  3 symmetric r o d s  is 15% higher  t h a n  
for t h e  bank of 6 r o d s  o r  3 a d j a c e n t  rods).  The wider-spaced rods i n  t h e  

middle  r i n g  show a more n e u t r a l  i n t e r a c t i o n  (WPR for  t h e  3 symmetric rods is 
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t h e  same as t h a t  for  the bank of 6 rods,  bu t  25% g r e a t e r  t h a n  f o r  3 a d j a c e n t  
r o d s ) .  The worth of  ei ther bank of  3 rods is suppresed by 20% when t h e  

other bank is a l s o  p r e s e n t .  These l a t te r  effects  are  p r e d i c t e d  w i t h  a C / E  

b i a s  similar t o  t h a t  fo r  t h e  i n d i v i d u a l  banks. 

Improved c a l c u l a t i o n s  have been made fo r  t h e  complete i n n e r  and 
middle banks of rods which were symmetric i n  t he  xy-plane. These 

c a l c u l a t i o n s  used f u l l - z  r e p r e s e n t a t i o n  t o  model t h e  h a l f - i n s e r t e d  r o d s  i n  
the  r e f e r e n c e  loading .  C a l c u l a t i o n s  were made w i t h  f i n i t e - d i f f e r e n c e  
d i f f u s i o n  (FDDT), w i t h  nodal  d i f f u s i o n  ( N D T )  which has  a small mesh-size 
error and w i t h  nodal  t r a n s p o r t  (NTT). The c a l c u l a t e d  rod bank worths are 
compared i n  Table 3.4. 

The e f f e c t  i n  k - e f f e c t i v e  due t o  u s i n g  t h e  ha l f -z  model vary a 
l i t t l e  between the r e f e r e n c e  and t h e  c o n t r o l  bank cases and r e s u l t  i n  
changes i n  rod worths o f  0.5% and 0.7%. C o r r e c t i o n s  t o  rod worths fo r  
d i f f u s i o n  t h e o r y  mesh s i z e  are + l o %  and +11% w h i l e  t r a n s p o r t  c o r r e c t i o n s  are 

-0.6% and -2%. The mesh c o r r e c t i o n s  are c o n s i d e r a b l y  l a r g e r  t h a n  found i n  
o t h e r  cores. Similar mesh and t r a n s p o r t  c o r r e c t i o n s  were found for  ZPPR- 

17B.  Thus t h e  e f fec ts  are  due t o  t h e  i n t e r n a l  b l a n k e t  r a t h e r  t h a n  t h e  rods 
which were h a l f - i n s e r t e d  i n  t h e  core. 

The wor ths  of t h e  i n n e r  bank, t h e  middle bank and f i v e  r o d s  i n  the 
middle  bank were measured b o t h  i n  ZPPR-17B and i n  ZPPR-17C. The 
exper imenta l  worths and p r e d i c t i o n s  are compared i n  Table 3.5. The worth of 
the  i n n e r  bank is similar i n  ei ther core b u t  t h e  worth of t h e  middle  bank is 
depressed by 8% i n  17C due t o  t h e  h a l f - i n s e r t e d  o u t e r  bank. The C / E  r e s u l t s  
are c o n s i s t e n t  between 17B and 17C w i t h i n  t he  ( t o t a l )  u n c e r t a i n t i e s  of the  

experiments  of about  0.9%. 
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0 Half - Inserted Control Rod 

Fig. 3.1. Control  Rod Locations i n  ZPPR-17C 



TABLE 3.1 Data Processing f o r  Control Rod Worth Measurements i n  ZPPR-17C 

Step 

1 

2 

3 

4 

5 

6 

7Aa 

7Ba 

8 

Control Rods 

3,5,7 
3 I R  

3,5,7,9,11 , I 3  
31R + 3MR 

5,697 
3 I R  

3 ,4 ,5 ,6 ,7  
51R 

11,12,13 
3MR 

F i l e  

138 

- 

139 

140 

141 

142 

1 4 3  

144 

1 4 4  

145 

Method 

A 1  1 
3.60 

LSFIT 

A 1  1 
3.60 

LSFIT 

A 1  1 
3.60 
LSFIT 

A 1  1 
3.60 

LSFIT 

A 1  1 
3.60 

LSFIT 

A l l  
3.60 

LSFIT 

A 1  1 
3.60 
LSFIT 

A 1  1 
3.60 

LSFIT 

A1 1 
3.60 
LSFIT 

No. of 
FCs 

62 
55 
62 

61 
51 
59 

60 
42 
55 

61 
50 
60 

63 
49 
62 

62 
45 
58 

62 
43 
59 

62 
42 
62 

62 
40 
59 

Source 
x 2  Rat io  

12.06 0.9948 
3.51 0.9948 
1.23 0.9930 

14.56 0.9786 
3.35 0.9786 
1.35 0.9735 

17.65 0.9861 
3.89 0.9861 
1.40 0.9826 

12.59 0.9862 
3.48 0.9862 
1.39 0.9828 

21.74 0.9735 
3.12 0.9735 
1.41 0.9687 

17.68 0.9812 
3.84 0.9812 
1.40 0.9751 

19.47 0.9794 
3.10 0,9794 
1.37 0.9731 

22.86 0.9813 
2.86 0.9813 
1.27 0.9730 

17.57 0.9550 
2.79 0.9550 
1.37 0.9475 

Stat  i a t i cal Total  
Worth, $ Uncertainty,  % Uncer ta in ty ,  $ 

3.388 

3.390 

5.398 
5 363 
5.370 

6.612 
6.574 
6.613 

5.658 
5.637 
5.636 

2.876 
2.856 
2.850 

5.055 
5.022 
5.039 

5.926 
5.867 
5.884 

5.91 0 
5.821 
5.869 

3.081 
3.068 
3.052 

3 367 
0.293 0.915 
0.299 0.917 
0.111 0.875 

0.439 
0.360 
0.168 

0.418 
0.41 1 
0.187 

0.400 
0.389 
0.192 

0.371 
0.259 
0.138 

0.442 
0.405 
0.187 

0.507 
0.360 
0.201 

0.532 

0.132 
0 332 

0.331 
0.285 
0.123 

0.969 
0.936 
0.884 

0.959 
0.955 
0.885 

0.951 
0.947 
0.887 

0.944 
0.906 
0.883 

0.970 
0.954 
0.889 

1.001 
0 935 
0.891 

1.014 
0.925 
0.880 

0.997 
0.982 
0.882 



TABLE 3.1 (contd) 

No. of Source S t a t i s t i c a l  Total 
S tep  Control Rods - File  Method FCs x 2  Ratio Worth, $ Uncertainty, % Uncertainty, $ 

0.903 
3MR 3.61 56 2.94 0.9984 3.809 0.249 0.901 

LSFIT 61 1.18 0.9978 3.827 0.099 0.872 

10 9,10,11 ,12,13 147 A l l  60 9.39 0.9774 6.058 0.315 0.920 
5MR 3.60 49 4.57 0.9774 6.029 0.530 1.014 

0.889 LSFIT 59 1 .44  0.9722 6.045 

l l A a  8 ,9 ,10,11,12,13 148 A 1  1 60 12.28 0.9946 7.682 0.349 0.930 
6MR 3.60 39 2.77 0.9946 7.698 0.345 0.928 

LSFIT 55 1.43 0.9932 7.730 0.21 1 0.888 

l l B a  8,9,10,11 ,12,13 148 A 1  1 60 13.32 0.9976 7.657 0 339 0.926 
6MR 3.60 46 4.06 0.9976 7.583 0.427 0.962 

LSFIT 60 1.35 0.9966 7.682 0.114 0.870 

0.256 9 9,11,13 146 ALL 62 9.05 0.9984 3.827 

0.190 

N 
03 

Repeat Reference 1 49 A 1  1 64 1.16 1.0000 0.001 1 9.36 70.25 
3 . 6 ~  64 1.16 1.0000 0.001 1 10.07 70 35 

aThese cases were calculated wi th  the half-z model (steps 7A, 1 1 A )  as used for the 
remaining cases and also wi th  the f u l l - z  model (s teps  7B,  l l B >  taking advantage of the 
quarter-xy symmetry. 

bIR = inner r i n g ,  MR = middle ring, OR = outer ring. 



I 

TABLE 3.2 Contro l  Rod Worths i n  ZPPR-17C 

Control  Experimental  S t a t i s t i c a l  C o r r e l a t e d  Calculated Ca lcu la t ed  
Stepa Rodsa Worth, $ la, % la, % k e f f  Worth, $' C/ E b 

7 61R 5.869 0.132 0.870 0.97061 5 5.651 0.963 

6 51R 

1 3IR 
symmetric 

5.039 

3 390 

5 31R 
ad  j acent  

1 1  6MR 

10 5MR 

9 3MR 
symmetric 

8 3MR 
ad j acen t 

3 31R + 3MR 

2 31R + 2MR 

2.850 

7.682 

6.045 

3.827 

3.052 

4 21R + 3MR 

6.61 3 

5.370 

0.187 0.869 0.973270 4.814 0.955 

3.217 0.949 0.111 0.868 0.978374 

0.138 0.872 0.979829 2.765 0.970 

0.114 0.862 0.965254 7.356 0.958 

0.190 0.868 0.9701 06 5.812 0.963 

0.099 0.866 0.976877 3.684 0.963 

5.636 

0.123 0 873 0.979077 2.999 0.983 

0.187 0.865 0.968448 6.338 0.958 

0.168 0.868 0.9721 51 5.166 0.962 

0.192 0.866 0.971 377 5.41 1 0.960 

aRefer t o  Table 3.1. 

bCa lcu la t ions  6 group xyz wi th  ha l f - z  model, f i n i t e  d i f f e r e n c e  d i f f u s i o n ,  

61R refers t o  6 i n n e r  r i n g  c o n t r o l  r o d s  e t c .  

r e f e r e n c e  k = e f f e c t i v e  = 0.988823. 

%sing  Bef fec t ive  = 0.3357%. 





TABLE 3.4 Comparison of Control Rod Worths in ZPPR-17C using Different Calculation Models 

Rod Bank 

Reference 

~ I R  

6MR 

Cal c ulat i ona 
Method 

FDDT-half z 
FDDT-full z 
NDT-full z 
NTT-full z 

FDDT-half z 
FDDT-full z 
NDT-full z 
NTT-full z 

FDDT-half z 
FDDT-full z 
NDT-full z 
NTT-full z 

k-effective 

0.988823 
0.989323 
0.983503 
0.99001 6 

0.97061 5 
0.971 002 
0.963580 
0.969960 

0.965254 
0.965558 
0.957433 
0.9641 02 

Worth, $ 

--- 
--- 
--- 
--- 
5.651 
5.681 
6.262 
6.222 

7.356 
7.411 
8.247 
8.088 

C/E 

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

0.963 
0.968 
1.067 
1.060 

0.958 
0.965 
1.074 
1.053 

b Corrections 
( 1  Model (2 )  DT mesh (3) Transport 

k-eff, % Worth, Z 
--- 

( 1 )  + 0.050 

(3) + 0.651 
( 2 )  - 0.582 

--- 
(1) + 0.039 

(3)  + 0.638 
(2 )  - 0.742 

--- 
+0.5 
+10.2 
-0.6 

--- --- 
( 1 )  + 0.030 +0.7 
( 2 )  - 0.813 +11.3 
( 3 )  + 0.667 -2.0 

aFDDT = finite difference diffusion, NDT = nodal diffusion, NTT = nodal transport. 

b(l Model correction half-z t o  full-2, ( 2 )  FDDT mesh 55 mm to effective fine mesh in NDT, 
(3) fine-mesh diffusion (NDT) to transport (NTT). 
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4. R E V I S I O N  TO THE MCCRUNCH CODE ( D .  A. Tate and P. J. C o l l i n s )  

The McCRUNCH code is used t o  o b t a i n  experimental  r e a c t i v i t i e s  by t h e  

modif ied s o u r c e - m u l t i p l i c a t i o n  method from a n a l y s i s  of t h e  c o u n t r a t e s  from a 
s e t  of s i x t y - f o u r  f i s s i o n  chambers. C a l c u l a t i o n  i n p u t  is provided f o r  t h e  

detector 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  ra t ios  but  because of t h e  large 
number of  detectors, t h e  exper imenta l  r e a c t i v i t y  is i n s e n s i t i v e  t o  t h e  

a b s o l u t e  accuracy  of t h e  c a l c u l a t e d  va lues .  

The best estimates of r e a c t i v i t y  and u n c e r t a i n t y  are obta ined  from a 
l i n e a r  l e a s t - s q u a r e s  f i t  (LSFIT)  of t h e  r e a c t i v i t y  estimates for  each 
detector v e r s u s  t h e  c a l c u l a t e d  e f f i c i e n c y  ra t ios .  Up u n t i l  now, the  

r e a c t i v i t i e s  i n  t h e  f i t  were weighted w i t h  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  f o r  
each d e t e c t o r  and t h e  most d e v i a n t  r e s u l t s  were rejected s u c c e s s i v e l y  u n t i l  
a va lue  for  ch i -square  p e r  degree  of freedom which was less t h a n  1.3 was 
obta ined .  Th i s  p r o c e s s  works extremely w e l l  i n  many cases especially those 
involv ing  a p e r t u r b a t i o n  i n  a local r e g i o n  of t h e  co re .  However, s i t u a t i o n s  
ar ise  when the l i n e a r i t y  assumption is less v a l i d .  These have been noted 
r e c e n t l y  i n  a n a l y s i s  of t h e  small space- reac tor  experiments  having  
r e l a t i v e l y  few d e t e c t o r s  i n  t he  c o r e  r e g i o n  and i n  t h e  large cores when many 
c o n t r o l  rods are i n s e r t e d  so  t h a t  few d e t e c t o r s  are s u f f i c i e n t l y  far removed 
from t h e  p e r t u r b a t i o n .  

I n  these cases, it f r e q u e n t l y  happens t h a t  r e s u l t s  which are less t h a n  
two s t a n d a r d  d e v i a t i o n s  from t h e  l i n e  f i t  are rejected and t h a t  t h e  

s ta t i s t ica l  u n c e r t a i n t y  estimate is unduly o p t i m i s t i c .  

The r e v i s e d  code takes  i n t o  account  u n c e r t a i n t i e s  i n  t h e  c a l c u l a t e d  
e f f i c i e n c y  ra t ios .  I t  is assumed tha t  t h e  u n c e r t a i n t y  is p r o p o r t i o n a l  t o  
the  d e v i a t i o n  of t h e  e f f i c i e n c y  r a t i o  (E) from uni ty .  
d e f i n e d  so  t h a t  

An u n c e r t a i n t y  uE is 

where f i s  a factor t o  be determined. The code m a k e s  a n  i n i t i a l  least- 
s q u a r e s  f i t  and re jec ts  any r e s u l t s  which are d e v i a n t  from t h e  l i n e  by more 
t h a n  3.6 CJ. This  va lue  is chosen so t h a t  there is less than  a 1 %  
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probability of re jec t ing  a valid data point (ZPR-TM-365). The s t a t i s t i c a l  
uncertainty from the detector countrates (a,) is augmented by uE as 

u2 = us 2 + U E 2 .  

Then the value of f is s e t  a t  0.2, a new LSFIT performed and the value of 
chi-square calculated. The value of f is incremented by  0.1 u n t i l  the chi- 
square value is l e s s  than 1.47 wi th  no more r e su l t s  being rejected.  
f i na l  reac t iv i ty  is obtained from the f i t  for an efficiency r a t i o  of u n i t y  
and the uncertainty is calculated from the covariance matrix of the f i t .  

The 

I n  a few cases, where s t a t i s t i c a l  uncertainties a re  re la t ive ly  low, the 
i n i t i a l  value of f may yield a chi-square estimates less  than u n i t y .  I n  
these cases, the value is successively halved ( w i t h  a lower l i m i t  of 0.005) 

u n t i l  chi-square is greater than u n i t y .  Finally, upon at ta ining an 
acceptable chi-square, the detectors i n i t i a l l y  rejected are  re-examined w i t h  

the current value of f and included i n  a f i n a l  f i t  i f  acceptable. 

The chi-square t e s t  of 1.47 has been changed from the previous value of 
1.3 t o  correspond to  the 99% probability cr i ter ion.  For fewer than 60 
detectors the code w i l l  revise t h i s  value from a chi-square table  b u i l t  i n  
t o  the code. 

Although the s t a t i s t i c a l  uncertainties are  increased by the revised 
method, sometimes by a factor of two, it is believed that  the values a re  
more r e a l i s t i c .  Comparison of the r e su l t s  were made for  the ZPPR-17 control 
rod analysis.  The worths usually changed by only a few tenths of a 
percent. For a localized perturbation, such as  a s ingle  control rod, the 
l ea s t  squares f i t  was always excellent wi th  only one or two results being 
aberrant when detector s t a t i s t i c s  were not augmented. A t  the  other extreme, 
for cases wi th  many rods inserted,  the or iginal  LSFIT rejected as  many as 30 
r e su l t s  and the worths changed by 0.8%. 

Two changes have a l s o  been made i n  the uncertainty e s t  
analysis using a 3.6 u re ject ion c r i te r ion  from the average 
McCRUNCH) ( i>  the standard deviation of the mean react ivi ty  

mates for  the 
(pass /I2 i n  

has been 
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m u l t i p l i e d  by the  square root of chi-square t o  obtain an unbiased estimate 
of the variance ( i i )  t h e  lower l i m i t  of t h e  uncertainty i n  calculated source 
r a t i o  has  been increased t o  0.03 (from 0.01) t o  correspond t o  the value used 
i n  the LSFIT analysis. 



5. REVISIONS TO SODIUM V O I D  WORTH MEASUREMENTS I N  ZPPR-17A ( R .  W. Goin) 

Results for  measurements of the worth of sodium removal i n  ZPPR-17A 

were reported i n  ANL-ZPR-476, p. 4 4 .  Omitted from Table 6 . 3  of t h i s  report 
were resu l t s  from self-contained-oscillator measurements i n  matrix location 
1 4 8 - 3 9 ,  and the r e su l t s  for  1 4 8 - 4 3  were mislabeled. The corrected table is 

given i n  Table 5.1. S t a t i s t i c a l  uncertainties of about 0.0015 cents a re  
representative of a l l  measurements reported i n  Table 6.3 and 6 . 4  i n  
ANL-ZPR-476. 
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TABLE 5.1 Axial Sodium Worth P r o f i l e s ,  i n  Cents ,  i n  Core 
Loca t ions  wi th  I n t e r n a l  Blanket i n  ZPPR-17A 

Locat ion 148-49 
Displacement, Voided 

Inches Zone 

0 -0.0733 
1 -0.0625 
2 -0.054 4 
3 -0.0445 

5 -0.0323 
6 -0.0278 
7 -0.0226 
8 -0.0167 
9 -0.0040 
10 -0.0036 
1 1  0.0076 
12 0,0162 
13 0.0177 
14 0.0236 
15 0.0302 
16 0.0306 
17 0.0304 

19 0.0257 
20 0.0216 
21 ' 0.0189 
22 0.0073 
23 0.0086 
24 0.0059 
25 -0.0002 
26 0.0000 

4 -0.0373 

18 0.0321 

148-49 
Flooded 

Zone 

-0.0599 
-0.0473 
-0.0402 
-0.0307 
-0.021 1 
-0.0215 
-0.0146 
-0.01 18 
-0.0054 
-0.0042 
0.0008 
0.0067 
0.0165 
0.0188 
0.0275 
0.0336 
0.0284 
0.0266 
0.0310 
0 ,026 6 
0.0188 
0.01 46 
0.01 16 
0.0067 
0.0027 
0.0024 
0.0000 

147-43 

-0.0657 
-0.0527 
-0.0454 
-0.0371 
-0.0287 
-0.0208 
-0.0212 
-0.01 37 
-0.0054 
-0.0040 
0.0035 
0.0086 
0.0127 
0.0176 
0.0197 
0.0296 

0.0276 
0.0284 
0.0274 
0.0204 
0.0170 
0.0058 
0 -001 8 
0.0033 
0.0028 
0.0000 

0.0321 

147-39 

-0.0665 
-0,0561 
-0.0427 
-0.0398 
-0.0288 
-0.01 95 
-0.01 17 
-0.0072 
-0.0003 
0.0077 
0.01 10 
0.01 90 
0.0274 
0.0258 
0.0395 
0.0369 
0.0428 
0.0406 
0.0443 
0.0348 
0.0252 
0.0183 
0.0172 
0.0098 
0.0065 
0.0068 
0.0000 

148-35 148-34 

-0.0714 
-0.0536 
-0.0476 
-0.0376 
-0.0267 
-0.0229 
-0.0097 
-0.0024 
0.0054 
0.01 48 
0.0250 
0.0342 
0.0403 
0.0435 
0.0464 
0.0494 
0.0545 
0.0485 
0.0432 
0.0398 
0.0305 
0.021 0 
0.0173 
0.0136 
0.0081 
0.0009 
0.0000 

-0.0557 
-0 .OW2 
-0.0365 
-0.0273 
-0.01 42 
-0.0082 

0.0079 
0.0205 
0.0284 
0.0316 
0.0407 
0.0529 
0.0541 
0.0508 
0.0577 
0.0551 
0.0524 
0.0502 
0.0378 
0.0357 
0.0221 
0.01 98 
0.0175 
0.0068 
0.001 1 
0.0000 

-0.003 1 

I 
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6 ,  MEASUREMENTS AND ANALYSIS OF S O D I U M  VOID REACTIVITY I N  ZPPR-15C 
(S. B. Brumbach and P. J. C o l l i n s )  

ZPPR-15C was a benchmark meta l - fue l led  core wi th  approximately e q u a l  
f i s s i le  l o a d i n g s  of plutonium and uranium. A s  i n  ZPPR-15B and 1 5 D ,  t h e  

i n n e r  c o r e  conta ined  zirconium a t  about  10% by weight  o f  t h e  f u e l  and t h e  

c e n t r a l  148 drawers i n  each ha l f  of t h e  assembly comprised of llsymmetric- 
zirconium" zone u t i l i z i n g  t h e  t h i n n e r  zirconium and d e p l e t e d  uranium 

Sodium void measurements i n  t he  c e n t r a l  zone p r o v i d e  a n  i n t e r e s t i n g  
comparison w i t h  r e s u l t s  from t h e  a l l -p lu tonium f u e l l e d  c o r e  15B and from t h e  

al l -uranium f u e l l e d  zone i n  ZPPR-15D. 

The r e a c t i v i Z i e s  due t o  sodium void ing  were measured i n  two a x i a l  s t e p s  
The measurements were made 

e p l a c i n g  sodium-f i l le  a n s  by empty cans.  R e a c t i v i t i e s  were determined 
i n  t h e  c e n t r a l  52 drawers of each assembly h a l f .  

by s u b c r i t i c a l  s o u r c e  m u l t i p l i c a t i o n  u s i n g  the  c o u n t r a t e s  i n  the  r e f e r e n c e  
c o n f i g u r a t i o n .  The r e a c t i v i t y  of t h e  r e f e r e n c e  was e s t a b l i s h e d  by i n v e r s e  
k i n e t i c s  a n a l y s i s  o f  t he  power h i s t o r y  f o l l o w i n g  a rod  drop. 

The s u b c r i t i c a l  r e f e r e n c e  fo r  ZPPR-15C is descr ibed  i n  ZPR-TM-471, 

p. 5. T h i s  r e f e r e n c e  was e s t a b l i s h e d  on Apr i l  22 ,  1986, as l o a d i n g  165 

p r i o r  t o  t h e  sodium void experiments .  S i n c e  t h e  v o i d i n g  r e a c t i v i t y  was 
p o s i t i v e ,  the  r e a c t i v i t y  of t h e  r e f e r e n c e  was first decreased by conver t ing  
double-fuel-column drawers (master 934 and 928) t o  single-fuel-column 
drawers (master 921 and 922) i n  m a t r i x  l o c a t i o n s  157-34 and 145-48 and t h e  

symmetric l o c a t i o n s ,  c o n s t i t u t i n g  l o a d i n g  167. T h i s  f u e l  r e d u c t i o n  s t e p  is 
cal led t h e  "despike". The sodium void ing  was done i n  t he  c e n t r a l  52 drawers 
i n  two a x i a l  s t e p s ,  f 203 m and f 457 about  t h e  midplane,  i n  r e a c t o r  
l o a d i n g s  168 and 169. 

l o a d i n g  170, t o  check t h e  r e f e r e n c e  r e a c t i v i t y  a f t e r  t h e  drawer movements. 
All drawers i n  the  void  zone conta ined  one column o f  f u e l ;  28 Pu-fueled 
drawers and 24 U-fueled drawers per  h a l f .  

(master 7161, which conta ined  three columns o f  sodium i n s t e a d  of four 
columns i n  t h e  r e g u l a r  drawers, were voided a l o n g  w i t h  t h e  other drawers 
(voided master 718). The experiments  were made between A p r i l  24 ,  1986 and 
Apr i l  28, 1986, i n  r e a c t o r  r u n s  293 t o  295. The f i s s i o n  chamber data were 

The sodium was added back i n  a + f re f lood l l  s t e p  i n  

Two drawers w i t h  f i s s i o n  chambers 
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recorded  on t h e  64-de tec tor  f i l e s  155 t o  158. The r e a c t i v i t y  c a l i b r a t i o n  
was made i n  t h e  s u b c r i t i c a l  r e f e r e n c e  load ing  i n  run  290 (64 -de tec to r  f i l e  

153, i n v e r s e  k i n e t i c s  data f i l e  13). The r e a c t i v i t y  o f  t h i s  r e f e r e n c e  was 

-11.268 k 0.089$. The r e a c t i v i t i e s  o f  the void r e f e r e n c e  ( d e s p i k e )  and of 
t h e  void  s t e p s  were determined relative t o  t h i s  r e f e r e n c e  by a n a l y s i s  o f  t h e  

f i s s i o n  chamber c o u n t r a t e s  w i th  t h e  McCRUNCH code. One detector (number 4 1 )  

and one/two thermocouples (number 1 and 76 )  were i n o p e r a t i v e  d u r i n g  t h e  

measurements and were excluded from t h e  data process ing .  

Because o f  t h e  small r e a c t i v i t y  changes,  t h e  data a n a l y s i s  i n  McCRUNCH 

assumed 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  of u n i t y .  
De tec to r s  p r e d i c t i n g  r e a c t i v i t i e s  which were more than  3.6 s t anda rd  
d e v i a t i o n s  from the  mean were rejected. 
d e t e c t o r s  were r e t a i n e d  by t h i s  process .  
McCRUNCH code is summarized i n  Table 6.1. Upon " ref lood"  a f t e r  t h e  void 
s t e p s ,  t h e  r e a c t i v i t y  of  t h e  desp ike  r e f e r e n c e  d i f f e r e d  by 0.1%. 
d i f f e r e n c e  is a t t r i b u t e d  t o  movement of  p l a t e s  i n  t he  drawers d u r i n g  the  

vo id ing / r e f lood  o p e r a t i o n s .  
increment is unknown, we a t t r i b u t e  a n  a d d i t i o n a l  f a  u n c e r t a i n t y  component of 

0.15$ t o  each void  s t e p  r e a c t i v i t y .  

A t  least 45 o f  the o r i g i n a l  63 
The r e a c t i v i t y  a n a l y s i s  from t h e  

Th i s  

S ince  t h e  p r e c i s e  o r i g i n  of  t h e  r e a c t i v i t y  

The t empera tu re  and in t e r f ace -gap  r e a c t i v i t y  c o e f f i c i e n t s  were n o t  
measured i n  ZPPR-15C. For t he  data p rocess ing ,  t h e  c o e f f i c i e n t s  were 
approximated i n  t h e  fo l lowing  way. 

t he  mean from ZPPR-15B and ZPPR-15D r e s u l t s  i n  Ak u n i t s  and d iv ided  by 

B-e f fec t ive  f o r  ZPPR-15C t o  conve r t  t o  d o l l a r  u n i t s .  
used the  va lue  measured i n  ZPPR-15B s c a l e d  by  t h e  r a t i o  of B-ef fec t ives .  
The '"Pu decay c o e f f i c i e n t  was n o t  c a l c u l a t e d  f o r  ZPPR-15C. 
o b t a i n e d  from t h e  ZPPR-15A r e s u l t s  scaled by t h e  r a t i o  of  '"Pu mass t o  the  

t o t a l  f i s s i le  mass and by the f3-effective r a t i o .  
were used i n  the  McCRUNCH code: 

The tempera ture  c o e f f i c i e n t  was t aken  as 

The gap c o e f f i c i e n t  

A va lue  was 

The f o l l o w i n g  c o e f f i c i e n t s  

Temperature c o e f f i c i e n t  (-0.00575 0.001 1 )$K-' 

$mi I-' Gap c o e f f i c i e n t  
24 'Pu  decay c o e f f i c i e n t  

(-0.000852 ~t. 0.0001 3 )  
(-0.000063 rf: 0.000003 $day-' 
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These estimates are s u f f i c i e n t l y  a c c u r a t e  i n  view o f  t h e  small r e a c t i v i t y  
ad jus tments  r e q u i r e d .  

The r e a c t i v i t i e s  o f  t h e  void  s t e p s  are  given i n  Table  6.2. The mass of 
s t ee l  changed a l i t t l e  w i t h  each void  s t e p  due t o  d i f f e r e n c e s  i n  masses of 
sodium c a n s  and empty cans.  C o r r e c t i o n s  for t h e  s tee l  changes were taken 
from c a l c u l a t i o n s  for  ZPPR-15A (scaled by t h e  B-ef fec t ive  r a t i o )  and an 
u n c e r t a i n t y  o f  30% o f  t he  c o r r e c t i o n  was inc luded  i n  t h e  s t a t i s t i ca l  
u n c e r t a i n t y  f o r  each step.  

C a l c u l a t i o n s  o f  sodium void r e a c t i v i t y  were made us ing  t h e  xyz model of 
ZPPR-15C w i t h  nodal  d i f f u s i o n  s o l u t i o n s  and 21 group cross s e c t i o n s .  The 

cross s e c t i o n s  were t a k e n  from t h e  ZPPR-15B l i b r a r y  for  plutonium-fuel led 
drawers and from the  ZPPR-15D l i b r a r y  f o r  uranium-fuelled drawers 
(ANL-ZPR-473, p. 4 ) .  These data  inc luded  c r o s s  s e c t i o n s  processed f o r  t h e  

h e t e r o g e n e i t y  i n  t h e  voided c e l l s  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  f o r  
t h e  voided ce l l s .  The f i s s i o n  chamber drawers were treated as normal 
drawers i n  t h e  c a l c u l a t i o n  model. The masses of  sodium voided were s l i g h t l y  
d i f f e r e n t  from those i n  t h e  experiment and were allowed f o r  by express ing  
r e s u l t s  i n  u n i t s  of  @/kg (Na). A v a l u e  f o r  B-ef fec t ive  of 0.5207% was used 
t o  c o n v e r t  c a l c u l a t i o n s  t o  c e n t  u n i t s  (ANL-ZPR-473, p .  28). 

The c a l c u l a t e d  void r e a c t i v i t i e s  are  compared w i t h  measured va lues  i n  
T a b l e  6.3. For t h e  c e n t r a l  zone ( 0 k 203 m m ) ,  t h e  c a l c u l a t i o n  
o v e r e s t i m a t e s  t h e  void r e a c t i v i t y  by about  17%. The v a l u e  of C-E 
( ~ 0 . 1 3 4  @ / k g )  f a l l s  between t h a t  for  t h e  a l l  plutonium-fuel led core ZPPR-15B 

(+0.145 @ / k g )  and t h a t  f o r  the 90% uranium-fuelled ZPPR-I5D (0.116 $/kg). 
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TABLE 6.1. Data Processing for ZPPR-15C Sodium Void Experiments 

Data No. of 
Measurement File Detectorsb x2' Reactivity, ea uc,Se - 
Despi ke 155 57 3.21 -24.57 0.070 0.222 

4.95 -8.58 0.058 0.090 
457 mm Void 157 45 3.82 -10.17 0.053 0.103 
Reflood 158 58 3.81 -24.72 0.079 0.223 

203 mm Void 156 49 

aReactivities are derived relative to the subcritical reference for which 
detector counts are recorded on File 153. The reactivity of this 
configuration was determined by inverse kinetics (File 13) to be 
-11.268 -+ 0.089 $. 

bNurnber of detectors remaining after rejection of those giving 
reactivities which were more than 3.6 standard deviations from the mean. 

'Value of chi-square for remaining detectors using counter statistics. 

dStat is tical uncertainty . 
eCorr elat ed uncertainty . 



TABLE 6.2. Experimental Reactivity Changes for Sodium Void Steps in ZPPR-15C 

Measured Specific 

dd 9/kg (Na) 
Mass Sodium Mass Steel Reactivity Steel Corrected Reactivity 

d 
uC’ Stepa Voided, kg Added, kg Change, q! Correction, @ Reactivity, q! us,$ 

0-233 mm 20.804 0.366 15.99 +O. 07 16.06 0.091 0.132 0.772 
0-457 IWI 46.080 2.395 14.40 +O. 32 14.72 0.088 0.119 0.319 
203-457 ITIIII 25.276 2.029 -1.59 +O. 25 -1.34 0.079 0.013 -0.051 

symmetrically in each half of the matrix. 

bStatistical uncertainty including 30% of the steel correction, but not including reproducibility 
uncertainty (0.139). 

‘Correlated uncertainty includes reference reactivity and source ratio uncertainties. 
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TABLE 6.3. Calculated Reactivities for Sodium Voiding in 
ZPPR-15C and Comparison with Experiment 

Mass Specific Experimental 
Calculated Calculated Sodium Reactivity C-E Uncerta intyd 

- Worth, 9' Voided, kg @/kg (Na) 9/kg (Na) @/kg (Na) b 
Stepa keff 

0-203 mm 0.992070 18.63 20.566 +O ,9060 +O. 134 0.01 1 
0-457 mm 0.992053 18.30 47.1 23 +O. 3884 +O. 069 0.005 

203-457 m i ~ ~  --- -1 -33 26.557 -0.0501 -0.001 0.007 
A- 

symmetrically in each reactor half. 

bNodal diffusion calcultion, xyz geometry, 21 groups reference k-effective 0.991 116. 

'Using B-effective = 0.005207. 

dExperimental uncertainty includes reproducibility (0.159) 
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7.  MEASUREMENT AND ANALYSIS OF S O D I U M  V O I D  REACTIVITY I N  THE HIGH-ZR ZONE OF 
ZPPR-15 (S. 8. Brumbach and P. J. C o l l i n s )  

Assemblies ZPPR-15A and ZPPR-15B were plutonium-metal-fueled benchmark 
LMR c o r e s  d i f f e r i n g  p r i n c i p a l l y  i n  t h e  a d d i t i o n  o f  zirconium t o  t h e  i n n e r  c o r e  
of  ZPPR-15B. S e v e r a l  i n t e r m e d i a t e  s t e p s  were made i n  t h e  convers ion  of  15A t o  
15B t o  measure r e a c t i v i t y  e f fec ts  o f  exchanging zirconium f o r  s t e e l  and 

zirconium f o r  uranium. The f irst  s t e p  exchanged zirconium f o r  uranium and the  

second s t e p  exchanged zirconium f o r  s t a i n l e s s  s teel  i n  a c e n t r a l  zone o f  132 
drawers i n  each h a l f .  

replacement of two 1/16 inch  columns of dep le t ed  uranium p l u s  two 1/16 inch  
columns o f  s t a i n l e s s  s tee l  by two 1/8 i n c h  columns of zirconium. T h i s  

c o n f i g u r a t i o n  was called t h e  "High-Zirconium Zone" of ZPPR-15. The zirconium 
c o n t e n t  was about  20% of t h e  heavy metal by weight,  and was twice t h a t  of  t h e  

c e n t r a l  zone of t h e  ZPPR-15B r e f e r e n c e .  Drawer l o a d i n g s  f o r  t h e  c e n t r a l  zone 
of ZPPR-l5A, of the High-Zr Zone and of ZPPR-15B are shown i n  F igu res  7.1,  
7.2, and 7.3. Atomic d e n s i t i e s  are compared i n  Table 7.1. Measurements made 

A t  t h e  en,d of  t h e  second s t e p  t h e  n e t  change was 

i n  t h e  High-Zr Zone were c e n t r a l  sodium void (+203 mm from the  midplane) and 
r e a c t i o n  r a t e  r a t i o s .  

I 

I 
S e v e r a l  changes i n  t h e  ZPPR-15A f u e l  l o a d i n g  were necessa ry  i n  

c o n s t r u c t i n g  the  r e f e r e n c e  f o r  sodium vo id ing  i n  the  High-Zr zone. These 

changes involved  t h e  exchange o f  s i n g l e - f u e l  column and double- fue l  column 
drawers. Loading 76 was the subcr i t ica l  r e f e r e n c e  f o r  sodium v o i d i n g . .  The 

sodium void measurement was made i n  t h e  c e n t r a l  52 drawers o f  t h e  High-Zr zone 
( l o a d i n g  77 r e a c t o r  run  152) .  The reac t iv i ty  of  t h i s  l o a d i n g  was 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  of  a rod drop  t o  be -32.36G + 0.26%, with  c o u n t r a t e s  
f o r  t h e  6 4 - f i s s i o n  chambers recorded  on f i l e  76. The r e a c t i v i t i e s  o f  t he  zone 
w i t h  sodium i n  were determined re la t ive  t o  t h i s  r e f e r e n c e  r e a c t i v i t y  by t h e  

s u b c r i t i c a l .  m u l t i p l i c a t i o n  method u s i n g  the  McCRUNCH code. The sodium-in 
c o n f i g u r a t i o n s  were b u i l t  immediately b e f o r e  t h e  r e f e r e n c e  ( l o a d i n g  76, run 
151, data  f i l e  75) and immediately afterwards ( l o a d i n g  78 ,  run  153, data  f i l e  

77) .I 

The da ta  p rocess ing  w i t h  McCRUNCH was made w i t h  u n i t  detector 

e f f i c i e n c i e s  and u n i t  s o u r c e  r a t i o .  Temperature, i n t e r f a c e  gap, and *'IPu- 
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decay r e a c t i v i t y  c o e f f i c i e n t s  were t h e  same as used f o r  ZPPR-15A. Three 

d e t e c t o r s  y i e l d i n g  r e a c t i v i t y  estimates which were more t h a n  3.6 s t a n d a r d  
d e v i a t i o n s  from t h e  mean ( r e l a t i v e  t o  d e t e c t o r  s t a t i s t i c a l  u n c e r t a i n t i e s )  were 
rejected i n  t h e  a n a l y s i s .  The data p r o c e s s i n g  is summarized i n  Table  7.2 

The d i f f e r e n c e  i n  r e a c t i v i t i e s  before and a f t e r  t h e  void ing  was 0.47q! o r  
1.28%. T h i s  is a t t r i b u t e d  t o  movements of materials d u r i n g  the  o p e r a t i o n s  of 
opening of the h a l v e s  o f  the  assembly, removal and replacement  of drawers and 
exchange of sodium-f i l led  c a n s  wi th  void  cans  and v i c e  ve r sa .  The mean 
r e a c t i v i t y  is used and an a d d i t i o n a l  u n c e r t a i n t y  o f  1.28% ( l a )  is a t t r i b u t e d  
t o  t h e  measurement. 

A small c o r r e c t i o n ,  +0.11$, is  made t o  the  measured void  r e a c t i v i t y  d u e  

t o  t h e  d i f f e r e n c e s  i n  steel  mass between the  c a n s  of t h e  sodium-fil led p l a t e s  
and the  void cans .  The c o r r e c t i o n  was o b t a i n e d  from c a l c u l a t i o n s  made f o r  t h e  

void  replacements  i n  ZPPR-15A (ZPR-7M-469, p. 7 8 ) .  An u n c e r t a i n t y  o f  30% of 
t h e  c a l c u l a t e d  c o r r e c t i o n ,  0.033$, is assumed. The mass o f  sodium voided i n  
t h e  experiment was 20.804 kg. 

A c a l c u l a t i o n  was made w i t h  t h e  nodal  d i f f u s i o n  method wi th  a n  xyz model 
and ENDF/B-V.2 data c o l l a p s e d  t o  21 energy groups.  The microscopic  cross 
s e c t i o n s  were g e n e r a t e d  for  t h e  ZPPR-15B core and n o t  reprocessed f o r  t h e  

h e t e r o g e n e i t y  of t h e  High-Zr c e l l .  A nodal  p e r t u r b a t i o n  e d i t  was made t o  
o b t a i n  non-leakage and leakage  components. The mass of sodium voided i n  t h e  

c a l c u a t i o n s ,  20.566kg, was s l i g h t l y  d i f f e r e n t  t o  t h a t  i n  t he  measurement 
because atom d e n s i t i e s  were c a l c u l a t e d  for  t h e  f u l l  c o r e  h e i g h t  and n o t  
s p e c i f i c a l l y  for  t h e  203 mm void  reg ion .  

Measured and c a l c u l a t e d  void r e a c t i v i t i e s  are  compared i n  Table  7.3. The 

t o t a l  worth from nodal  p e r t u r b a t i o n  theory  is o n l y  0.4% less than  t h a t  by k- 

d i f f e r e n c e .  C a l c u l a t i o n  overes t imated  t h e  void  worth by 16%. 
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TABLE 7.1 Comparison of Atom D e n s i t i e s  f o r  Sodium 
Void Zones i n  ZPPR-l5A, 15B, and High-Zr Zone 

ZPPR-1 5 A b  ZPPR-1 5Bc High Zr'Zone 

Iso topea  Master 101 Master 102 Master 138 Master 128 

C 
0 
Na 
Si 
A 1  
Mn 
C r  
Fe 
N i  
cu 
Zr 
MO 

U235 
U2 38 
Pu238 
Pu239 
Pu240 
Pu24 1 
PU242 
Am24 1 
P 
S 
c1 
Ca 
co 

0.00009 1 4 
0.0000006 
0.0083220 
0.0003738 
0.0000061 
0.0005934 
0.0064913 
0.023 1873 
0.0029 190 
0.000031 5 

0.0002388 
0.00001 64  
0.0073554 
0.0000005 
0.0008844 
0.0001 169 
0.0000078 
0.000001 9 
0.00001 00 
0.0000186 
0.0000037 
0.0000003 
0.000001 9 
0.000001 4 

- 

0.0001 000 
0.0000006 
0.0083220 
0.0005290 
0.0000061 
0.00061 4 1 
0.0066395 
0.022891 7 
0.0029234 
0.00003 15 

0 .OOO2388 
0.00001 64 
0 A0735 49 
0.0000005 
0.0008844 
0.0001 169 
0.0000078 
0.0000019 
0.00001 00 
0,00001 92 
0 .OOOO 107 
0.0000003 
0.000001 9 
0.000001 4 

- 

0.0000785 
0.0000006 
0.0083220 

0.0000061 
0.00051 39 
0.0056630 
0.0200066 
0.002527 4 
0.000031 5 
0.0020955 
0.0002388 
0.0000164 
0.0073554 
0.0000005 
0.0008844 
0.0001 169 
0.0000076 
0.000001 9 
0.00001 03 
0.00001 59 
0.0000082 

0.000001 9 
0.000001 4 

- 

0.0000003 

0.0 000785 
0.0000006 
0.0083220 
0.0003639 
0.0000061 
0.00051 39 
0.0056630 
0.0200066 
0.002527 4 
0.0000315 
0.0044234 
0.0002388 
0.0000 1 08 
0.0049558 
0.0000005 
0.0008844 
0.0001 169 
0.0000076 
0.0000019 

0.00001 56 
0.0000047 
0.0000003 
0.000001 9 
0.000001 4 

0.00001 03 

aAtom d e n s i t i e s  are g iven  f o r  an  a x i a l  average  over  t h e  c o r e  h e i g h t  
(+8 i n . ) .  The a c t u a l  d e n s i t i e s  i n  the  void zone (+8 i n . )  were s l i g h t l y  
d i f f e r e n t  due t o  t h e  v a r i a t i o n  i n  piece l e n g t h s .  

bSodium vo id ing  i n  ZPPR-15A was done i n  a c e n t r a l  zone of 148 matrix 
p o s i t i o n s .  The inne r  52 p o s i t i o n s  were master 101 and t h e  o t h e r  96 
p o s i t i o n s  were master 102. 

'Sodium vo id ing  i n  ZPPR-15B and t h e  High Z r  Zone was done i n  a c e n t r a l  zone of 
52 m a t r i x  p o s i t i o n s .  
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TABLE 7.2 Data Processing for the Sodium Void Measurement 
i n  the High-Zr Zone of ZPPR-15 

Reactor loading 
Reactor r u n  
Data F i l e  
Temperature, O C  

Temperature correct 
Interface gap, m i l  
Gap correction, @ 
Date 
Decay correction, @ 
Number of detectors 
Reduced chi-square 
Reactivity change, @ 
S t a t i s t i c a l  lu, % 
Correlated 1 o / %  
Total l o ,  % 

on, @ 

76 
151 
75 
24.67 
-0.09 
73.9 
-0.04 

1 1 / 5 / 8 5  
-0.03 

1.54 
-36.12 

0.134 
0.824 
0.834 

61 

78 
153 
77 

24.45 
-0.32 
73.6 
-0.08 

11 1 7 / 8 5  
+o .03 
61 

1.59 
-36.59 

0.166 
0.822 
0.839 

The reference reac t iv i ty  was measured i n  the voided zone as 
-32.36@ k 0.26@ i n  loading 77, r u n  152, data f i l e  76 on 
11/6/85 w i t h  temperature 24.76OC, interface gap 74.22 m i l .  



TABLE 7.3 Measured and Calculated Sodium Void Reactivities 
in the High Zr-Zone of ZPPR-15 

Measured Worth 
Total Uncertainty 
Specific Worth (E) 

Calculation: 
Reff - Reference 
Calculated wortha 
Specific worth' 

Non-leakage 
Leakage 

Voided 

C/E 

36 35C 
1.53% 
1.7478/kg (Na) 

0.989641 
0.99101 1 

2 *0338/kg 
41.85@ 

2.241 #/kg 
-0.215$/kg 

1.164 

Na 
Na 1 
Na 1 

C-E 0.286&/kg (Na) 

aUsing calculated Beff + 0.3361% 
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8. SUMMARY OF S O D I U M  V O I D  RESULTS I N  ZPPR-15 ( P .  J. C o l l i n s )  

The sodium void  r e a c t i v i t y  for  a c e n t r a l  zone was measured i n  f i v e  
d i f f e r e n t  composi t ions i n  t h e  ZPPR-15 program. These were ( 1 )  t h e  plutonium 
f u e l e d  ZPPR-15A, (2 )  t he  plutonium-fueled ZPPR-15B with 10% Zr, (3) t h e  High- 
Z r  Zone, ( 4 )  t h e  5O%-Pu/5O%-U f u e l e d  ZPPR-l5C, and ( 5 )  t h e  uranium-fueled 
c e n t r a l  zone of ZPPR-15D. 

C a l c u l a t i o n s  f o r  a l l  cases were made w i t h  nodal  d i f f u s i o n  theory i n  xyz 
geometry and ENDF/B-V.2 data. The model for ZPPR-15A used a 28 group s e c t i o n  
se t  and t h e  remainder used a 21 group set. Cell h e t e r o g e n e i t y  c a l c u l a t i o n s ,  
us ing  asymptot ic -ce l l  models were made for  15A, 1 5 B ,  and 15D. C a l c u l a t i o n s  
f o r  15C used t h e  15B and 15D data and t h a t  f o r  t h e  High-Zr Zone used 1 5 B  data. 

A comparison of t r a n s p o r t  S4 and d i f f u s i o n  r e s u l t s  i n  r z  geometry was 

made fo r  ZPPR-15B. For t h e  c e n t r a l  zone, t h e  t r a n s p o r t  c a l c u l a t i o n  gave a 

void r e a c t i v i t y  0.1% g r e a t e r  t h a n  d i f f u s i o n  theory.  

d i f f e r e n c e  would a l s o  be  small i n  t h e  o t h e r  cases. 
It  is assumed tha t  the  

Void r e a c t i v i t e s  for  the  f i v e  zones are compared i n  Tab le  8.1. Note t h a t  
between 15A and 15B, z i rconium replaces s t ee l .  The r e l a t i v e  effects  of s t ee l  
and zirconium upon t h e  void  r e a c t i v i t y  are compared by first order 

p e r t u r b a t i o n  c a l c u l a t i o n s  i n  ZPR-TM-471, P42. S imi l a r ly ,  between 15B and t h e  

High-Zr Zone, zirconium r e p l a c e s  d e p l e t e d  uranium. The l a s t  column i n  Table  
8.1 compares t h e  measured void r e a c t i v i t i e s  times c a l c u l a t e d  B-effect ives .  I n  
t h i s  Ak comparison, the  void r e a c t i v i t y  i n  15C is approximately t he  average  o f  
resul ts  for  1 5 B  and 15D. 

While t h e  C / E  r e s u l t  f o r  15D is s i g n i f i c a n t l y  h i g h e r  t h a n  f o r  t h e  other 
cases because of t h e  small void  r e a c t i v i t y ,  t h e  C-E r e s u l t  is t h e  lowest of  
t h e  se t .  Beyond n o t i n g  that  a11 t h e  c e n t r a l  void r e a c t i v i t i e s  are 
overes t imated  by c a l c u l a t i o n ,  i t  is d i f f i c u l t  t o  draw any firm conclus ions  
from t h e  r e l a t i v e  r e s u l t s  a t  t h i s  stage. The c a l c u l a t e d  void  r e a c t i v i t e s  a r e  
s e n s i t i v e  t o  c e l l  h e t e r o g e n e i t y  effects.  For example, a c a l c u l a t i o n  f o r  1 %  
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using cross sections for the non-voided uranium cells by mistake gave a 
negative value for C-E. Detailed studies of cell processing would appear to 

be necessary to give confidence in the results. 



TABLE 8.1 Comparison of Central Sodium Void Reactivities in ZPPR-15 

Measured Calculated 
Reactivity Uncertainty Reactivity Calculated Measured 

Core (Zone) Fuel $ / kg ( Na 1 l a ,  B/kg $1 kg ( Na C/E C-E 6-eff Reactivity x 6-eff 

15A PU/U 1.948 0.01 7 2.170 1 .114  0.222 0.3357 0.6539 

0.7001 1 5 B  Pu/U/Zr 2.083 0.01 9 2.228 1.070 0.145 0.3361 

Hi gh-Zr Pu/U/Zr 1.742 0.027 2 033 1.167 0.291 0.3361 0.5855 

15c 

15D 

0.4020 Ln 
SO%Pu/U/Zr 
50%U/Zr .b 

0.01 1 0.906 1.174 0.134 0.5207 0.772 

U / Z r  0 233 0.008 0.349 1.50 0.116 0.6564 0.1529 
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9 .  NEUTRON SPECTRUM MEASUREMENTS I N  ZPPR-15 ( R .  W. Coin and J ,  M. Larson) 

Neutron s p e c t r a  were measured a t  t h e  c o r e  c e n t e r  of ZPPR-l5A, B and D 

and o u t s i d e  t h e  s h i e l d  zones o f  ZPPR-15B. The pro ton  r e c o i l  t echn ique  w i t h  

both  hydrogen and me thane - f i l l ed  c o u n t e r s  was used. The basic methodology 
of  t h e  t echn ique  was d e s c r i b e d  by Bennett  and Yule ( E .  F. Bennett  and 
T. J .  Yule, "Techniques and Analyses of Fast Reactor Neutron Spectroscopy 
w i t h  Proton Recoi l  P r o p o r t i o n a l  Counters , "  ANL-7763, 1971).  A new data 

a c q u i s i t i o n  system and a modified data r e d u c t i o n  procedure  were used .  

energy range  covered was approximate ly  1 keV t o  2 MeV.  

The 

A. R e s u l t s  from ZPPR-15A 

The neu t ron  spectrum measurements made near  t h e  c o r e  c e n t e r  of 
ZPPR-15 ( m a t r i x  l o c a t i o n  159-49) were r e p o r t e d  ear l ie r  i n  ZPR-TM-469, 
p. 138. Subsequent ly ,  problems were found i n  t h e  neu t ron  energy 
c a l i b r a t i o n .  A new c a l i b r a t i o n  was done by matching resonance  d i p s  i n  
measured spectra and s p e c t r a  calculated i n  a n  r z  model i n  228 neu t ron  energy  
groups.  F ig .  9.1 shows the  measured neu t ron  spectrum compared w i t h  a 226- 
group spectrum calculated a t  the c e n t e r  of a one-dimensional d i f f u s i o n  model 
i n  the  SEFID module o f  t h e  SDX code. The c a l c u l a t e d  spectrum has been 
smoothed u s i n g  a Gaussian f u n c t i o n  f o r  comparison w i t h  t h e  f i n i t e - r e s o l u t i o n  
d e t e c t o r  r e sponses  (see ZPR-TM-233). 

A comparison i n  28 neu t ron  energy groups,  between t h e  measured 
spectrum and a spectrum c a l c u l a t e d  i n  a n  r z  model is shown i n  F ig .  9.2. 
Both spectra are  normalized over  t h e  energy groups between about 2 keV and 
2 MeV. As Fig. 9.2 shows, there are s i g n i f i c a n t  d i s c r e p a n c i e s  between 
c a l c u l a t i o n  and measurement. Similar,  though smaller, d i f f e r e n c e s  were 
observed i n  t h e  oxide- fue l  assembly ZPPR-11 (ANL-RDP-102, p. 357).  The 

first 18 groups of t h e  calculated and measured s p e c t r a  are a l so  compared i n  
tabular form i n  Table 9.1. The u n c e r t a i n t i e s  i n  Table  9.1 are due only  t o  
coun t ing  s ta t i s t ics .  
below 10 kev and above 1 M e V .  U n c e r t a i n t i e s  i n  t h e  energy c a l i b r a t i o n  

Add i t iona l  u n c e r t a i n t i e s  of  5 t o  10% are a p p l i c a b l e  
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f o r  both c o u n t e r s  a l s o  have c o r r e l a t e d  components and a r e  estimated t o  be 

about  1 %  i n c r e a s i n g  t o  about  15% f o r  t h e  range  below 2 kev i n  the  hydrogen 
counter .  

The e f f e c t s  of t h e  Gaussian smoothing on the  226 group calculated 
spectrum are compared i n  Fig. 9.3. A s  shown, t h e  e f f e c t  is t o  reduce  
s p e c t r a l  r e s o l u t i o n .  

The spectrum measurements were made on October 17 and 18, 1985, i n  
r e a c t o r  l o a d i n g  number 66,  r e a c t o r  run  numbers 140 and 1 4 1 .  The assembly 
was about 0.5$ subc r i t i ca l  ( a l l  shim r o d s  f u l l y  i n s e r t e d )  du r ing  t h e  

hydrogen coun te r  r u n  and was about 5$ s u b c r i t i c a l  d u r i n g  t h e  methane counter  
run ( a l l  shim r o d s  and PSRs i n s e r t e d ) .  

B. R e s u l t s  from ZPPR-15B Core Center 

In  ZPPR-l5B, t h e  composition of t h e  i n n e r  c o r e  was changed by 

s u b s t i t u t i n g  zirconium f o r  some o f  the s t a i n l e s s  s t ee l .  The ZPPR-15B 

r e f e r e n c e  c o n f i g u r a t i o n s  were desc r ibed  i n  ZPR-TM-470, p. 3. The core- 
c e n t e r  neu t ron  energy spectrum measurement was repea ted .  
t h e  measured spectrum and a 230-group calculated spectrum. 

F i g u r e  9.4 shows 
The c a l c u l a t e d  

spectrum was ob ta ined  a s  i n  ZPPR-l5A, and t h e  d i f f e r e n c e  i n  group s t ruc ture  
was o n l y  a t  e n e r g i e s  below 1 keV which ha8 no effect  on t h e  results 
p r e s e n t e d  here. Again t he  c a l c u l a t e d  spectrum was smoothed u s i n g  a Gaussian 
technique .  

A second comparison i n  a 21-group structure is shown i n  
Fig. 9.5. This  group s t r u c t u r e  was adopted t o  comply wi th  methods used i n  
t h e  Argonne Na t iona l  Labora tory  des ign  group. The calculated spectrum was 
taken  from t h e  r e f e r e n c e  des ign  methods; nodal  d i f f u s i o n  theo ry  i n  xyz 
geometry. The no rma l i za t ion  is  over  t h o s e  groups f o r  which both measured 
and c a l c u l a t e d  va lues  are a v a i l a b l e ,  a l though  a d d i t i o n a l  c a l c u l a t e d  group 
va lues  are shown. The d i s c r e p a n c i e s  between c a l c u l a t i o n  and measurement f o r  
ZPPR-15B are very similar t o  t h o s e  i n  ZPPR-15A. 
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The f i rs t  18 groups of t h e  21-group s p e c t r a  are  compared i n  
t a b u l a r  form i n  Tab le  9.2. The u n c e r t a i n t i e s  are due t o  coun t ing  s ta t i s t ics  
on ly  and l a r g e r ,  c o r r e l a t e d ,  u n c e r t a i n t i e s  are  a p p r o p r i a t e  f o r  groups  a t  t h e  

high- and low-energy ends of the s p e c t r a .  

Of primary i n t e r e s t  i n  ZPPR-15B is t h e  effect  o f  zirconium on 
impor tan t  phys i c s  parameters ,  i n c l u d i n g  neu t ron  spectrum. The comparison 
between c a l c u l a t e d  21 group s p e c t r a  i n  ZPPR-15A and 15B is shown i n  
Fig.  9.6. Only very minor d i f f e r e n c e s  a r e  p r e d i c t e d .  The comparison 
between t h e  measured, core-center  spectra i n  t h e  two assemblies is shown i n  
Fig.  9.7. The measured changes are a l s o  q u i t e  small. The fine-group 
measurement comparison i n  shown i n  Fig.  9.8. 

The spectrum measurements were made on December 3 and 4 ,  1985, i n  
r e a c t o r  l o a d i n g  90 and r e a c t o r  r u n s  170 t o  172. 

C. Results from ZPPR-15D Core Center 

I n  ZPPR-l5D, about  90% o f  t h e  c o r e  drawers con ta ined  2 3 5 U  f u e l ,  

compared t o  100% plutonium f u e l  i n  ZPPR-l5A and 15B. The ZPPR-15D r e f e r e n c e  
c o n f i g u r a t i o n s  are d e s c r i b e d  i n  ZPR-TM-471, p. 16. The core-center  neut ron  
spectrum measurement was repea ted .  

F igure  9.9 shows the measured spectrum and a 230-group calculated 

spectrum smoothed by a Gaussian technique .  
is shown i n  Fig. 9.10. The c a l c u l a t e d  spectrum was o b t a i n e d  i n  a nodal  
d i f f u s i o n  c a l c u l a t i o n .  Both s p e c t r a  are normalized over t h e  groups f o r  
which both  measured and c a l c u l a t e d  data are  available. 

A comparison i n  21 energy groups 

The f irst  18 groups of t h e  21-group spectra are compared i n  
T a b l e  9.3. The d i s c r e p a n c i e s  between c a l c u l a t i o n  and measurement i n  
ZPPR-15D are very  similar t o  t h o s e  i n  assemblies 15A and 15B.  

It is of i n t e r e s t  t o  compare the  measured and calculated s p e c t r a  
from ZPPR-15D w i t h  t h o s e  from 1 5 B  t o  see t h e  effect  of changing from a l l  

plutonium t o  most ly  2 3 5 U  f u e l .  The c a l c u l a t i o n  comparlsons are  shown i n  
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Fig .  9.11 fo r  230 groups and i n  F ig .  9.12 for  21 groups.  The c a l c u l a t e d  
changes are q u i t e  small. The cor responding  measurement comparisons are 
shown i n  F ig .  9.13 for  230 groups  and i n  F i g .  9.14 f o r  21 groups.  The 

measured changes are q u i t e  small, and are n o t  well c o r r e l a t e d  wi th  t h e  

p r e d i c t e d  changes.  

D. Experiments i n  the ZPPR-15B Shie ld  Zone 

Rad ia t ion  f i e l d s  i n  a mockup of t h e  b l a n k e t ,  re f lec tor ,  s h i e l d  and 
ex-core sodium pool were c h a r a c t e r i z e d  i n  a series of exper iments  i n  ZPPR- 

15B.  These exper iments  and t h e  s p e c i a l  assembly c o n f i g u r a t i o n s  were 
descr ibed i n  ANL-ZPR-472. Measurements were made f o r  two s h i e l d  

composi t ions;  s t a i n l e s s  s tee l  and sodium ( S S N A )  and B r C  and sodium ( B C N A ) .  

R e s u l t s  f o r  the  measurement o u t s i d e  t h e  SSNA s h i e l d  are g iven  for  

230 groups i n  Fig.  9.15 and i n  Fig.  9.16 and Table 9.4 for  21 groups.  As 

for  t h e  core, t h e  230-group s p e c t r a  were from one-dimensional 
c a l c u l a t i o n s .  The 21-group s p e c t r a  were from nodal  t r a n s p o r t  c a l c u l a t i o n s  
i n  xy geometry. Normalizat ion is over  t h o s e  groups where both  c a l c u l a t e d  
and measured fluxes were a v a i l a b l e .  Ca lcu la t ed  f l u x e s  for  a d d i t i o n a l  groups 
are shown. Once aga in ,  s i g n i f i c a n t  d i s c r e p a n c i e s  e x i s t  between c a l c u l a t i o n  
and experiment .  

R e s u l t s  from measurements and c a l c u l a t i o n s  o u t s i d e  the BCNA s h i e l d  

are g iven  i n  Fig.  9.17 f o r  230 groups  and i n  F ig .  9.18 and T a b l e  9.5 for  21 

groups.  While t h e  d i s c r e p a n c i e s  between measurement and c a l c u l a t i o n  are 
s t i l l  s i g n i f i c a n t ,  t hey  are s u b s t a n t i a l l y  less  than  i n  t h e  S S N A  case. A s  
expec ted ,  c o n t r i b u t i o n s  t o  t h e  lowest-energy groups are much less i n  t h e  

BCNA case t h a n  i n  the  SSNA case. 

A comparison of t h e  c a l c u l a t e d  s p e c t r a  i n  t h e  sodium pool  for  t h e  

two d i f f e r e n t  s h i e l d  composi t ions is shown i n  Figs. 9.19 and 9.20. The two 
c a l c u l a t e d  s p e c t r a  are normalized ove r  t h e  same range  as the measurement. 
The BrC s h i e l d  is p red ic t ed  t o  y i e l d  a harder spectrum o u t s i d e  t h e  s h i e l d .  

A comparison of t h e  measured s p e c t r a  f o r  t h e  two cases is shown i n  
F i g s .  9.21 and 9.22. The measurements do n o t  g i v e  any informat ion  abou t  t h e  
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energy groups below 1 keV,  but  a g r e a t e r  c o n t r i b u t i o n  from 0.5 t o  1 M e V  

n e u t r o n s  is seen  i n  t h e  BCNA case. 

The spectrum measurements w i t h  t h e  SSNA s h i e l d  were made 
January 17, 1986 t o  January  21, 1986, i n  l o a d i n g  121, reactor r u n s  209 t o  

21 1 .  The assembly c o n f i g u r a t i o n  was t h e  ZPPR-15B c r i t i c a l  r e f e r e n c e  
modif ied by t h e  presence  of t h e  s h i e l d  zone, sodium pool and room r e t u r n  
s h i e l d .  A c r i t i ca l  c o n f i g u r a t i o n  was r e q u i r e d  for ex-core measurements i n  
o r d e r  t o  o b t a i n  r e a s o n a b l e  count  rates from t h e  pro ton  recoi l  chambers. 

Data were c o l l e c t e d  w i t h  t h e  r e a c t o r  a t  a power corresponding t o  0.2 x 
on EXPl. Measurements wi th  the  BCNA s h i e l d  were made on January 27 and 28, 
1986, i n  loading  126 and r e a c t o r  r u n s  216 t o  218. Data were c o l l e c t e d  w i t h  

t h e  reactor a t  a power cor responding  t o  0.1 x IO-* on EXPI. For both 

measurements, t h e  pro ton  recoi l  chambers were i n  matrix l o c a t i o n  158-19. 
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TABLE 9.1 Measured and Calculated Fluxes a t  the Center of ZPPR-15A 

Normalized Normal ized 
Energy Bounds F1 ux S t a t i s t i c a l  F1 ux 

Group (kev 1 Measured Uncerta i n t  y Calculated C/ E 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 
14 
15 
16 
17 
18 

14190.000 6065.000 
6065.000 3679.000 
3679.000 2231 .OOO 
2231.000 1353.000 
1 353 .OOO 820.900 
820.900 497.900 
497.900 302.000 
302.000 183.200 
183.200 1 1  1 .lo0 
111 . lo0 67.380 
67.380 40.870 
40.870 24.790 
24.790 15.030 
15.030 9.119 
9.119 5.531 
5.531 3.355 
3.355 2.035 
2.035 1.234 

0.4399 
0.7403 
1.2182 
1.6831 
1 A858 
2.0499 
1.6849 
1.2320 
0.8262 
0.741 1 
0.5263 
0.2240 
0.1152 
0.0725 
0.0956 

0.0102 
0.0098 
0.0094 
0.0114 
0.01 26 

0.0199 
0.0134 
0.01 41 
0.0098 
0.01 1 1  
0.0063 
0.0064 
0.0037 
0.0032 

0.0130 

0.01 573501 
0.11 852640 
0.29567200 
0.51 406240 
0.8771 0250 
1.43253300 
1.91 459800 
1.81831700 
1.85570000 
1.421 28200 
1 .16786000 
0.76012160 
0.87 834660 
0.4749 6700 
0.20210240 
0.1 4585750 
0.05063323 
0.15449700 

1.1685 
1.1848 
1.1759 
1.1 375 
0.9642 
0.9053 
0.8435 
0.9480 
0.9200 
1.1852 
0.9025 
0.9022 
1.2661 
0.6984 
1.6167 
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Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 

Normalized 
Energy Bounds F1 ux 

(kev) Measured 

14190.000 6065.000 - 
6065.000 3679 .OOO - 
3679 .OOO 2231 .OOO - 
2237 .OOO 1353.000 0.4531 
1 353.000 820.900 0.7496 
820.900 497.900 1.2258 
497.900 3O2.000 1 .6965 
302.000 183.200 1.8646 
183.200 1 1 1  .lo0 1.9578 
111,100 67.380 1.6896 
67.380 40.870 1.2643 
40.870 24.790 0.8075 
24.790 15.030 0.7819 
15.030 9.119 0.5470 
9.119 5.531 0.2409 
5.531 3.355 0.1206 
3 355 2.035 0.0534 
2.035 1.234 0.1306 

S t a t  is t i cal 
Uncer ta in ty  

- 
- 
- 

0.0104 
0.0099 
0.0096 
0.01 16 
0.0128 

0.0204 
0.01 38 
0.0146 
0.0102 
0.01 17 
0.0068 
0.0069 
0.0040 
0.0035 

0.01 31 

TABLE 9.2 Measured and Calcula ted  Fluxes a t  t h e  Center of ZPPR-15B 

Normalized 
F1 ux 

Calculated 

0.01 59961 4 
0.12159340 
0.30011560 
0.52383120 
0.88782160 
1.43849300 
1.91861100 
1.81 951 600 
1 .84166300 
1.41300200 
1 .I7637600 
0.78020230 
0.8396031 0 
0.481 16410 
0.20625390 
0.14720900 
0.04955604 
0.15671 120 

C/ E 

- 
- 
- 

1.1561 
1.1844 
1.1735 

0.9758 
0.9407 
0.8363 
0.9304 
0.9662 
1.0738 
0.8797 
0.8562 
1.2207 
0.9287 
1.2000 

1.1310 
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TABLE 9.4 Measured and C a l c u l a t e d  Fluxes Outs ide  t h e  S t a i n l e s s  Steel  
and Sodium Sh ie ld  i n  ZPPR-15B 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

Energy Bounds 
(kev )  

14190.000 6065.000 
6065.000 3679 .OOO 
3679.000 2231.000 
2231.000 1353.000 
1353.000 820.900 
820.900 497.900 
497.900 302.000 
302 .OOO 183.200 
183.200 1 1 1  .lo0 
1 1 1  .lo0 67.380 
67.380 40.870 
40.870 24.790 
24.790 15.030 
15.030 9.119 
9.119 5.531 
5.531 3.355 
3.355 2.035 
2.035 1.234 
1.234 0.454 
0.454 0.061 
0.061 0.000 

Normalized 
Flux 

Me as ured 

- 
- 
- 

0.0036 
0.0324 
0.1481 
0.3912 
0.8817 
1.4423 
1.8062 
1.6497 
1.2899 

1.3423 
0.821 3 
0.41 52 
0.0755 
0.6040 

1.7357 

- 
- 
- 

Sta t  i s ti ca 1 
Uncer t a in ty  

- 
- 
- 

0.0007 
0.0012 
0.0020 
0.0036 
0.0054 
0.0077 
0.0218 
0.0169 
0.0200 
0.01 55 
0.0198 
0.0126 
0.01 35 
0.0078 
0.0069 - 

- 
- 

Normal ized 
Flux 

Ca lcu la t ed  

0.00002223 
0.00008664 
0.00047164 
0.00295873 
0.02356056 
0.14522330 
0.38976370 
0.86355940 
1.25938900 
1.33999400 
1.42487800 
1.19163200 
2.21 1251 00 
1.60804000 
0.88989320 
0.49003370 
0.1854671 0 
1 .195042OO 
1.21505000 
0.757421 60 
0.13412330 

C/E -- 
- 
- 
- 

0.8120 
0.7281 
0.9805 
0.9964 
0.9794 
0.8732 
0.741 9 
0.8637 
0.9238 
1.2740 
1 .1979 
1.0835 
1.1807 
2. 4 5 l r r i  
1.9785 - 

- 
- 
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TABLE 9.5 Measured and C a l c u l a t e d  Fluxes Ou t s ide  t h e  B4C and 
Sodium S h i e l d  i n  ZPPR-15B 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
1 4  
15 
16 
17 
18 
1 9  
20 
21 

Normal ized 
Energy Bounds 

(kev)  

14190.000 6065.000 
6065 .OOO 3679 .OOO 
3679.000 2231 .OOO 
2231 .OOO 1353.000 
1353.000 820.900 
820.900 497.900 
497.900 302.000 
302 .OOO 183.200 
183.200 111.100 
11  1 . lo0 67.380 

67.380 40.870 
40.870 24.790 
24.790 15.030 
15.030 9.1 19  

9.119 5.531 
5.531 3 355 
3.355 2.035 
2.035 1.234 
1.234 0.454 
0.454 0.061 
0.061 0.000 

F1 ux 
Me as w e d  

- 
- 
- 

0.0522 
0.1696 
0.3904 
0.6054 
0.8578 
1.3054 
1.6140 
1.5973 
1.4019 
1.5536 
1.3331 
0.8381 
0.4215 
0.0809 
0.4397 - - 

- 

Statist ical  
Unce r t a in ty  

- 
- 
- 

0.0037 
0.0043 
0.0054 
0.0074 
0.0086 
0.0108 
0.0273 
0.021 1 
0.0258 
0.0199 
0.0252 
0.0160 
0.0173 
0.0099 
0.0087 - 

- 
- 

Normalized 
Flux 

Ca lcu la t ed  

0.00129106 
0.00638425 
0.01916176 
0.05956990 
0.14872490 
0.34910860 
0.5 5 45 052 0 
0.90057160 
1.38821700 
1.46651700 
1.50774600 
1.45090500 
1.62441500 
1.34685000 
0.8059321 0 
0.45288840 
0.15175030 
0.83038950 
0.46217300 
0.059286 39 
0.00022800 

C/E 

- 
- 

1.1417 
0.8770 
0.8941 
0.91 59 
1.0498 
1.0635 
0.9086 
0.9439 
1.0349 
1.0456 
1.0103 
0.961 7 
1 .0746 
1.8760 
1.8884 - 

- 
- 
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Fig. 9.1, Measured and Calculated 226-Group Spectrum at the ZPPR-15A Core Center. 
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Fig .  9.2. Measured and Calculated 28-Group Spectra at the ZPPR-15A Core Center. 



Fig. 9.3. Effects of Gaussian SmoothingonZPPR-15A Core Spectrum. 
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Fig. 9.4.  Measured and Calculated 230-Group Spectra at the ZPPR-15B Core Center. 
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Fig. 9.5. Measured and Calcula ted  21-Group Spec t ra  i n  t h e  ZPPR-15B Core Center. 
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9.6. Comparison bet .ween 2 1 -Group Calculated Spectra in ZPPR-15A and ZPPR-15B. 
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Fig. 9.7. Comparison between 21-Group Measured Spectra in ZPPR-15A and ZPPR-15B. 
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Comparison between 230-Group Measured Spectra in ZPPR-15A and ZPPR-15B. 



73 

0 

Fig. 4.9. Measured and Calculated 230-Group Spectra  i n  the  ZPPR-1SD Core Center. 
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Fig. 9.10. Measured and Calculated 21-Group Spectra in the ZPPR-15D Core Center. 
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Fig. 9.11. Comparison between 230-Group Calculated Spectra in ZPPR-15B and ZPPR-15D. 
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Fig. 9.12. Comparison between 21-Group Calculated Spectra in ZPPR-15B and 

4 

ZPPR- 1 5 D .  
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Fig .  9.13. Comparison between 230-Group Measured Spectra in ZPPR-15B and ZPPR-15D. 
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F i g .  9.14. Comparison between 21-Group Measured 
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Fig. 9.15. Measured and C a l c u l a t e d  230-Group S p e c t r a  Outs ide  
the S t a i n l e s s  S t e e l  and Sodium S h i e l d  i n  ZPPR-15B. 
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Fig. 9.17. Measured and Calculated 230-Group Spec t ra  Outside 
t h e  B4C and Sodium Shie ld  i n  ZPPR-1SB. 



Fig. 9.18. Measured and Calculated 21-Group Spec t ra  Outside 
t h e  B4C and Sodium Shie ld  i n  ZPPR-15B. 
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Fig. 9.19. Comparison between 230-Group Calculated Spectra 
Outside and SSNA and BCNA Shields. 
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Fig. 9.20. Comparison between 21-Group Calculated Spectra 
Outside the SSNA ana BCNA Shields. 
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Fig. 9.22.  Comparison between 21-Group-Measured Spectra 
Outside the  SSNA and BCNA Shie lds .  
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value .  r the bou 
Comparing the f irst  
seen  tha t  the coeffi t h e  two 2.54 cm i n t e r v a l s  that 
bracket the boundary 
c o e f f i c i e n t  assumpti  he des ign  c a l c u l a t i o n s .  

c a t e s  the range  of v a l i d i t y  of the cons t an t  

The C/E for t h e  c o e f f i c i e n t s  v a r i e s  by about  25%. There is n o t  a 
uniform C/E  t r e n d  wi th  d i s t a n c e  from t h e  core-blanket  boundary, bu t  more 
data p o i n t s  are needed t o  c la r i fy  t h i s  behavior.  
v a r i a t i o n  is related t o  the inaccuracy  of d i f f u s i o n  theo ry  near  material 
boundaries.  Nodal t r a n s p o r t  c a l c u l a t i o n s  were no t  attemped because t h e  

accuracy of t h i s  method, as implemented i n  t h e  DIF3D code, deteriorates when 
small mesh i n t e r v a l s  (which are needed t o  model these experiments)  are used. 

It is l i k e y  t h a t  the C/E 

A f a c t o r  t o  cons t r y i n g  t o  g e n e r a l i z e  these results for des ign  
a p p l i c a t i o n s  is t h e  e which ZPPR-13D is an  a p p r o p r i a t e  testbed. 

This was a mixed oxide-fueled,  r a d i a l l y  heterogeneous assembly. More 
impor t an t ly  it was very l o o s e l y  coupled az imutha l ly .  
parameters  i n  t h i s  assembly, perhaps inc lud ing  these expansion c o e f f i c i e n t s ,  
are unusual ly  s e n s i t i v e  t o  methods and modeling e r r o r s .  
C / E s  from a more t y p i c a l  core would be a t  least as c l o s e  t o  u n i t y  as the 

C / E s  found here. 
Cons ider ing  t h a t  t h e  c o n t r o l  d r i v e l i n e  expansion is one of  t h e  weaker 
feedback mechanisms i n  t h e  most r e c e n t  co re  des igns ,  t h e  c a l c u l a t i o n a l  
accuracy observed here may be cons idered  adequate.  

Consequently many 

It is l i k e l y  t h a t  

Clearly it would be desirable t o  confirm t h i s .  



TABLE 10;l Rod Bank I n s e r t i o n  Worth Data 

Rod Bank Inser t iona(cm)  0.00 2.54 ?I62 10.16 91 I44 

Experimental Worthb(#) 0.00 5 0.00 '6.49 k 0.20 -25.70 f 0.38 -37.57 f 0.48 -662;79 2 6.36 

E i gen va 1 ue 0.990601 0.990329 0.989870 0.989476 0.971 490 

Boron Densi ty  Factor' 1 .oooo 0.9997 1.0040 1.0036 1.0069 

Calcula ted  Worth (4) 0 .oo -6.92 -22.25 -34.25 -594.26 

C/ Eb --- 1.066 f 0.033 0.866 f 0.013 0.912 * 0.012 0.897 0.009 

aO.OO corresponds t o  rod t i p s  a t  t h e  Half-1 core-b lanket  i n t e r f a c e .  

bThe u n c e r t a i n t i e s  i n c l u d e  a s ta t i s t ica l  component and a much larger, c o r r e l a t e d  component. 

'Ratio of  boron d e n s i t y  i n  a c t u a l  drawer master for  t h i s  rod bank p o s i t i o n  t o  d e n s i t y  i n  c a l c u l a t i o n a l  
model. This factor is inc luded  i n  the c a l c u l a t e d  worth. 
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TABLE 10;2 Control Drlveline Expansion Reactivity Coefficients 

Position Change (an) -2.54 to 0.00 0.00 to 2.54 2.54 to 7.62 7.62 to 10.16 

E (Ucm) -2.32 f 0.06 -2.56 i 0.08 -3.78 f 0.07 -4.67 f 0.19 

C ($/em) --- -2.72 -3.02 -4.72 

C/E --- 1.066 i 0.033 0.798 f 0.016 1.011 f 0.041 


