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Monte Carlo-based ~ a l i d a t i o ' n  of  t h e  
ENDF/MC~-I I ISDX C e l l  Homogenization Path 

U. C. Wade 

This  r e p o r t  summarizes t h e  r e s u l t s  of a  program of v a l i d a -  
t i o n  of t h e  u n i t  c e l l  homogenization p r e s c r i p t i o n s . a n d  codes used 
f o r  t h e  a n a l y s i s  of ze ro  Power Reactor  (ZPR) f a s t  b reeder  re- 
a c t o r  c r i t i c a l  experiments.  The ZPR drawer load ing  p a t t e r n s  
comprise both p l a t e  t ype  and p in-ca landr ia  t ype  u n i t  c e l l s .  A 
p r e s c r i p t i o n  i s  used t o  conver t  t h e  t h r e e  dimensional  p h y s i c a l  
geometry of t h e  drawer loadings  i n t o  one dimensional  ca l cu la -  
t i o n a l  models. The ETOE-11/Mc2-II/SDX code sequence is  used t o  
t ransform ENDFIB b a s i c  nuc lea r  d a t a  i n t o  u n i t  c e l l  average  
broad group c r o s s  s e c t i o n s  based on t h e  1 D  models. C e l l  average,  
broad group a n i s o t r o p i c  d i f f u s i o n  c o e f f i c i e n t s  a r e  generated 
us ing  t h e  methods of Benoist  o r  of Gelbard. The r e s u l t i n g  broad 
(%lo  t o  30) group parameters  a r e  used i n  mult igroup d i f f u s i o n  
and S t r a n s p o r t  c a l c u l a t i o n s  of f u l l  c o r e  XY o r  RZ models which 
emploF smeared atom d e n s i t i e s  t o  r e p r e s e n t  t h e  con ten t s  of t h e  
u n i t  c e l l s .  

This homogenization p a t h  has  been e x t e n s i v e l y  v a l i d a t e d  by 
. d e t a i l e d  comparisons a g a i n s t  r e s u l t s  produced by h igh  p r e c i s i o n  

Monte Carlo c a l c u l a t i o n s  of t h e  u n i t  c e l l s .  These c a l c u l a t i o n s  
were produced by - the  V I M  continuous-energy Monte Carlo code em- 
p loying  t h e  ENDF/B,basic d a t a .  The v a l i d a t i o n  e f f o r t  has  sys t e -  
m a t i c a l l y  progressed from homogeneous, zero-leakage t e s t s  th rough.  
models of  i n f i n i ' t e  a r r a y s  o f  heterogeneous p l a t e  o r  p in -ca l andr i a  
. c e l l s  s u b j e c t  t o  an imposed buckl ing,  and from t y p i c a l  LMFBR . 
compositions s t r e s s i n g  t h e  ~ 1 0 0  keV range through steam-flooded 
GCFR compositions which e x h i b i t  a  subs tan t . ia1  s e n s i t i v i t y  t o  t h e  
%I00 t V  ep i thermal  range,  

The r e s u l t  of t h e  v a l i d a t i o n  t e s t s  has  been t o  f o s t e r  a  
h igh  degree  of confidence i n  t h e  c o r r e c t n e s s  of methods and codes 
f o r  p r e d i c t i n g  r e a c t i o n  and leakage  r a t e s  i n  p l a t e  and p i n  calan-  
d r i a  u n i t  c e l l s  l o c a t e d  i n  an  a sympto t i c  spectrum. 

I. INTRODUCTION 

This  r e p o r t  summarizes t h e  r e s u l t s  of a  program of v a l i d a t i o n  of  t h e  
u n i t  c e l l  homogenization p r e s c r i p t i o n s  and codes used f o r  t h e  a n a l y s i s  of 
Zero Power Reactor (ZPR) f a s t  b reeder  r e a c t o r  c r i t i c a l  experiments .  The 
ZPR drawer loading  p a t t e r n s  comprise both p l a t e  type  and p in-ca landr ia  t y p e  
u n i t  c e l l s .  A p r e s c r i p t i o n  is  used t o  conver t  t h e  t h r e e  dimensional  phys i ca l  
geometry of t h e  drawer loadings  i n t o  one dimensional  c a l c u l a t i o n a l  models. 
The ETOE-11 /Mc2-II/SDX code sequence is used t o  t r ans fo rm ENDFIB b a s i c  



n u c l e a r  d a t a  i n t o  u n i t  c e l l  average broad group c r o s s  s e c t i o n s  based on t h e  
1 D  models. C e l l  average ,  broad group a n i s o t r o p i c  d i f f u s i o n  c o e f f i c i e n t s  
a r e  genera ted  us ing  t h e  methods of Benoist  o r  of Gelbard. The r e s u l t i n g  broad 
( ~ 1 0  t o  30) group parameters  a r e  used i n  mult igroup d i f f u s i o n  and sn t r a n s -  
p o r t  c a l c u l a t i o n s  of f u l l  c o r e  XY o r  RZ models 'which employ smeared atom 
d e n s i t i e s  t o  r e p r e s e n t  t h e  con ten t s  of t h e  u n i t  c e l l s .  

T h i s  homogenization pa th  has been e x t e n s i v e l y  v a l i d a t e d  by d e t a i l e d  com- 
p a r i s o n s  a g a i n s t  r e s u l t s  produced by h igh  p r e c i s i o n  Monte Car lo  c a l c u l a t i o n s  
of t h e  u n i t  c e l l s .  The r e s u l t  of t h e  v a l i d a t i o n  t e s t s  has  been t o  f o s t e r  a 
h igh  deg ree  of conf idence  i n  t h e  c o r r e c t n e s s  of methods and codes f o r  pre- 
d i c t i n g  r e a c t i o n  and leakage  r a t e s  i n  p l a t e  and p i n  c a l a n d r i a  u n i t  c e l l s  
l o c a t e d  i n  an a sympto t i c  spectrum. 

The f a s t  b reede r  r e a c t o r  c r i t i c a l  experiment a p p l i c a t i o n  t o  which t h e  
l~uruogenizacion procedure and codes a r e  addressed:  

a .  s t r e s s e s  t h e  f a s t  energy range,  14.3 MeV t o  0.4 eV. No thermal  
' range t r ea tmen t  i s  provided; and 

b .  addres ses  t h e  composi t ion,  temperature,  and geometry dependence of 
resonance r e a e t i o n  r a t e s .  

c .  NU p a r ~ i c u l a r  stress has been placed on d e p l e t i o n  -- e.g. ,  t h e  code 
package does n o t  i nc lude  an  au tomat ic  c e l l  d e p l e t i o n  c a p a b i l i t y  o r  
'a means t o  a u t o m a t i c a l l y  gene ra t e  depletion-dependent c e l l  average  
c r o s s  s e c t i o n  f i t s  o r  t a b l e s .  

d.  The emphasis has  been placed on producing c e l l  average c r o s s  
s e c t i o n s  which a c c u r a t e l y  reproduce i s o t o p i c  and to ta l .  r e a c t i o n  
r a t e s ,  aaJ direction-dependent leakage r a t e s .  Accordingly, a f l u x ,  
volume atom d e n s i t y  weight ing f o r  c e l l  homogenization and energy 
c o l l a p s e  is used. However, t h e s e  f l u x  weighted c rocc  ncc t ions  
c u r r e n t l y  a r e  used a l s o  f o r  computing m a t e r i a l  wortha and k i n e t i c s  
parameters  i n  t h e  c r i t i c a l s  ana lyses .  A mndcst amount of warlc h a s  
gone i n t o  i n v e s t i g a t i n g  t h e  e r r o r  i n  computed worths due t o  t h e  u s e  
of f l u x  weighted r a t h e r  than  b i l i n e a r l y  weighted c r o s s  s e c t i o n s .  

The v a l i d a t i o n  e f f o r t ,  up t o  t h i s  t ime,  has  focused on t h e  asymptot ic  
s i t u a t i o n  -- homogeneous c o m p n s i t ~ o n s  o r  u n i t  c c l l  1att.ice.a subject t o  an 
imposed buckl ing.  The end r e s u l t  of t h e  v a l i d a t i o n . e f f o r t  has  been t o  pro- 
v i d e  a h i g h  degree  of conf idence  i n  t h e  accuracy of our  methods, a t  l e a s t  i n  
t h e  asymptot ic  c a s e  ( f a r  from zone i n t e r f a c e s ) .  Work h a s  only  r e c e n t l y  
s t a r t e d  on v a l i d a t i n g  t h e  modeling of cone i n t e r f a c e s .  

I n  t h e  fo l lowing  s e c t i o n s  we f i r s t  d e s c r i b e  t h e  u n i t  c e l l s  of i n t e r e s t  
and t h e  3 D  + 1D modeling p r e s c r i p t i o n  used t o  conver t  t h e  c e l l s  i n t o  calcu-  
l a t i o n a l  models f o r  t h e  c e l l  homogenization c a l c u l a t i o n s .  The codes used i n  
t h e  homogenization a r e  b r i e f l y  desc r ibed  i n  an  appendix. The v a l i d a t i o n  
s t r a t e g y  i s  then  o u t l i n e d ,  and t h c  v a l i d a t i o n  r e s u l t s  are disp layed .  
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11. ZPR CELL HOMOGENIZATION METHODS AND CODES 

A. ZPR Matrix Loadings 

The ZPR fast critical assemblies operated by Argonne National Laboratory 
are split table machines holding lattices of stainless steel tubes with a 
square cross section, two inches on an edge. These tubes are loaded with 
stainless steel drawers filled with either plate-type or pin-calandria type. 
unit cell loadings. Typical examples of the tube/drawer/plate,or tubelpin- 
calandria unit cells are shown in Figs. 1 through 3. 

The models for the validation effort have been selected from these ZPR 
uriiL cell loadings and have included: 

- an LMFBR plate unit cell (Fig. 1) 
- a GCFR plate unit cell (containing void columns) (Fig. 2) 
- A sodium-voided LMFBR pin calandria unit cell (Fig. 3), and 
- a steam-flooded GCFR plate unit cell (Fig. 2 with void (V) replaced 
by a CH2 steam simulant) 

The compositions of one .dimensional models of these unit .cells are listed in 
Tables I through IV. 

The 2 in. x 2 in. plate and pin calandria cells are.%l/2 to 2 total + 

mean free paths across for neutrons in the fast energy range. Peak to average 
$luxes within the cells are ~ 1 . 3  to 1.4. As an indication of the properties 
and neutron balance of the cells, Table V shows the neutron balance for the 
zero leakage homogeneous LMFBR composition. 

B. The ETOE-11/MC2-II/SDX Cell Homogenization Path 

The ETOE-11/MC2-IIISDX code package1 was developed by the Applied Physics 
Division at Argonne National Laboratory to process the ENDFIB basic nuclear, 
data into unit cell-averaged multigroup cross sections for application to 
fast breeder reactor diffusion and transport calculations ETOE-I1 reformats 
the ENDFIB data into libraries for MC2-11 and SDX; Mc2-11t2) is a zero dimen- 
sional ~2000 ultra fine energy group (ufg) slowing down code which is used to 
produce a ~ 2 0 0  fine group (fg) library for SDX (which excludes the contri- 
butions from heavy element capture and fission resonances); SDX~ is a one 
di'mensional cell homogenization code which collapses in space and energy from 
the Q200 fine group level to ~ 1 0  to 30 broad group cell average cross sections. 

Broad-group microscopic cross sections are composition-dependent because 
of the composition-dependence of the neutron flux (and current) weighting 
spectrum, Elastic removal and heavy element resonance cross sections are 
generally the most sensitive to composition due to intermediate element 
scattering resonances and heavy.element resonances. The SDX code is used for 
composition dependent unit cell homogenization in space and energy. It treats 
slab or cylindrical geometry in one dimension, and is executed at the fine 
(Q200) energy group level such that the energy detail is adequate to "trace 
outt' the higher energy scattering resonances in intermediate mass nuclei. For 
heavy nuclei capture and fission resonances the SDX energy structure is too 
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7' 

Fig. 1. LMFBR Unit .Cell (Dimensions in inches). 
ANL Neg. No. 115-79-9? (left) 

x (width) 

10 14 REGION 1 3 5 79111 13\15 1 NO. 

Fig. 2. GCFR Unit Cell (Dimensions in cm). 
AnL Neg. No. 116-79-97 (right) 



I - 
End V i e w  -- 

i n -  5'5245 = 1.3811 cm. 
4 

R = ( ! L 2 / ~ ) 1 1 2  = 0.7792 ern. 

r = 0 .4290  cm. 

Fig. 3. ZPR Pin Calandria Unit Cell. 
(All diemsnions are given in cm.) 
ANL Neg. No. 116-79-98 
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TABLE I. LMFBR and GCFR Homogeneous Benchmark Number Densfties 

Density 
atomslcc 

Isotope LMFBR GCFR 



TABLE 11. Dimensions and A t o m  D e n s i t i e s  f o r  t h e  LMFBR Heterogeneous 1 D  S l a b  C e l l  

Raglan kbd 6 1 1  End UjOs Plate SST(Na Can) No@a Can) Fe20j Plate SST(Pu Can) PU-U-XO(PU Can) 
-8ioa Width, a 0.286 0.635 0.038 1.193 0.264 - 0;052 0.512 Call Averaged 



TABLE 111. flimensions k i d ' ~ t o m  Densities far the GCFR H~.tercgeneous 
, 1D Slab Cell 

I Total Cross S e c t i ~ n  a t  d40 keV (an-1) 

Regions : 1,16 2 3,5,11,13 4,12,14 6,lO 7 8 9 15 

Region Thizkness (cm) 

39Pu 

4 . 0 ~ ~ .  

- -- - - -  

a 
Region 13 is  0.076 ca. 

. Atom Density (atoms/cr x 10-2l) 

-- --- --- -- - --- -- - 9.624 -- - - -- 
-- - -- . --- --- --- - -.- 1.295 -- -- 



TABLE I V .  Atom D e n s i t i e s  f o r  t h e  S ing le  P i n  Model 
of t h e  Voided P in  Calandr ia  Unit  C e l l  

Atom Dens i t i e s .  stomcs/cc.  
~ - ~ -  ~- - -- 

Region 1 . Region 2 . 
1sotopea (Pin) (Diluent)  Homogeneous 

. . 

a ~ o  correspond t o  t h e  number d e n s i t i e s  used i n  V T T ~  Fconte Ca r lo  c a l c u l a t i o n  o f  
t h e  f u l l  c a l a n d r i a ,  t h e  fo l lowing i s o t o p e s  were combined: 

240pu+ z 2 4 9 ,  + 238P,, + *42pu, 
" 241p+ q 241pu + 2 4 1 b  

Table  V. LMFBR Homogeneous 
Zero ~ e a k a g e  Unit  C e l l  

Neutron Balance 

. I s o t o p e  V I M ~  

Absorpt ion  F r a c t i o n s  . 

3 9 ~ u  0.4659 t 0.'17% 
2 OPU 0.0202 2 0.25 
7-"lpu. 0.0090 2 0.18 
2 35u 0.0075 t 0.17 
2 3 8 ~  ' 0.4308 r 0.18 

Cr 0.0109 t 0.66 
N i 0.0082 2 0.42 
Fe 0.0296 2 0.72 
Na 0.0045 2 0.52 
0 0.0021 r 2 .9  
Mo . . 0.0086 2 0.28 
Mn 0.0037 2 0.63 

T o t a l  1.0010 
~p 

. . F i s s i o n .  Product ion  F r a c t i o n s .  

3 9 ~ u  1.0312 2 0.17% 
2 4 0 ~ u  0.0238 2 0.48 
241 P U  0.0223 t 0.17 
235u 0.0139 t 0.16 
2380 0.1188 2 1.1 . 

T o t a l  1.2100 



c o a r s e  f o r  d e t a i l e d  r e p r e s e n t a t i o n  of resonances,  and t h e  resonance parameters  
from t h e  ENDF f i l e s  a r e  used d i r e c t l y  f o r  t h e  genera t ion  of composition 
dependent f i n e  group resonance c r o s s  s e c t i o n s .  , 

The SDX c a l c u l a t i o n  is designed t o :  

a .  T r e a t  t h e  composi t ion dependence of t h e  resonance abso rp t ion  
c r o s s  s e c t i o n s  on a  plate-by-plate  b a s i s  (heterogeneous 
resonance s e l f  s h i e l d i n g ) .  . 

b. Account f o r  t h e  d e t a i l e d  s p a t i a l  dependence- of t h e  f l u x  w i t h i n  . 

t h e  u n i t  c e l l  on a f i n e  group b a s i s ,  f o r  t h e  purpose of s p a t i a l  
homogenization, and 

c .  Col lapse  c r a s s  s e c f l o n s  over  a  c e l l  average - f i n e  group spectrum 
t n  a hrnnd (%l T) tn  ?T)) grnilp h ~ s i s .  

The ETOE-21~~~-I I /SDX code system was developed on an  IBM-3701195, and 
a l l  programming was done i n  FORTRAN. The code system is o p e r a t i o n a l  on bo th  
IBM and CUC equipment a t  s e v e r a l  U.S. l a b o r a t o r i e s  and i s  a v a i l a b l e  from t h e  
Argonne Code Center  and t h e  NEA ISPRA Code Center .  The program package 
inc ludes  t h e  MC~-11 and SDX codes wi th  ETOE-If-processed l i b r a r i e s  f o r  t h e  
ElDF/E Veroion I V  data. 

The ETOE-11, MC~-11, and SDX codes a r e  b r i e f l y  desc r ibed  . i n  Appendix A. 

C. C e l l  An i so t rop ic  D i f fus ion  C o e f f i c i e n t s  

Experience has  shown t h a t  t h e  s t r u c t u r e  of t h e  ZPR u n i t  c e l l s  g i v e s  r i s e  
t o  a n i s o t r o p i c  neu t ron  leakage.  This  i s  p a r t i c u l a r l y  t r u e  i n  t h e  c a s e  of 
sodium-voided LMFBR and of GCFR c e l l s  where t h e  void f r a c t i o n  of t h e  c e l l  i s  
both  l a r g e  (%40-55 v /o )  and d i s t r i b u t e d  such as t o  induce s t reaming i n  t h e  Z 
and Y d i r e c t i o n s  ( s e e  Figs.  1 and 2 ) .  Two methods a r e  i n  u se  t o  gene ra t e  
a n i s o t r o p i c  d i f f u s i o n  c o e f f i c i e n t s  a t  t h e  broad group l e v e l ;  t h e  method of 
~ e n o i s t ~ , a n d  an ex tens ion  of h i s  method which was developed t o  d e a l  w i t h  . t h e  
h igh  buckl ings  encountered i n  f a s t  r e a c t o r s  and t h e  presence  of p l ana r  void 
regions,  (which cause  t h e  Benoist  method t o  b reak  down). Th i s  second (Gelbard) 
methodlo w a s  developed i n  connect ion w i t h  t h e  v a l i d a t i o n  work desc r ibed  here .  

1. Benoist  Method - A u t i l i t y  code, BENOIST, i s  used i n  connect ion 
w i t h  t h e  1 D  models of t h e  ZPR c e l l s  desc r ibed  i n  t h e  next  s e c t i o n  t o  compute 
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 .  The form of t h e  Benoist  method employed 
by t h e  code is a commonly app l i ed  one t h a t  n e g l e c t s  so-cal led abso rp t ion  
c o r r e c t i o n  terms f o r  t h e  x -d i r ec t ion  c o e f f i c i e n t s ,  These terms a r e  omi t ted  
i n  p a r t  t o  avoid double-valued so lu t ions1  l f o r  D I . The group g ,  u n i t  c e l l -  

I 
averaged Benoist  d i f f u s i o n  c o e f f i c i e n t  i n  coordgnate d i r e c t i o n ,  k, i s  con- 
s t r u c t e d  from t h e  formula 



where V and 4' a r e  t h e  volumes and group g f l u x e s  i n  subregions  i of t h e  
i i 

c e l l ,  A! i s  t h e  t r a n s p o r t  mean-free pa th  i n  reg ion  j ,  group g, and 
, J 

is t h e  d i r e c t i o n a l  p r o b a b i l i t y  t h a t  source  neut rons  of group g i n  r eg ion  i 
s u f f e r  t h e i r  f i r s t  c o l l i s i o n  i n  r eg ion  j. Here f2 is' t h e  d i r e c t i o n  cos ine .  

k 

The BENOIST code works i n  b o t h  p l a t e  and p i n  geometry and u s e s  a lgo r -  
i thms f o r  gene ra t ing  t h e  d i r e c t i o n a l  c o l l i s i o n  p r o b a b i l i t i e s ,  which are 
simple mod i f i ca t ions  of t h o s e  used i n  t he .  SDX cell-homogenization code. The 
c a l c u l a t ~ i o n s  a r e  made on t h e  b r ~ a d - ~ r o u ~ '  l e v e l  us ing  plate-wise t r a n s p o r t  
c r o s s  s e c t i o n s  obta ined  from SDX. The f l u x  i n  Eq. 1 is  assumed t o  be f l a t  
a c r o s s  t h e  c e l l  s i n c e  i t  was determined t h a t  - i n  our problems t h i s  approxi- 
mation has  n e g l i g i b l e  impact on t h e  Benoist  d i f f u s i o n  c o e f f i c i e n t s .  

The Benoist  formula cannot be  app l i ed  when t h e r e  a r e  t o t a l l y  voided 
s t reaming pa ths .  Th i s  can be seen from Eq. 1 i n  which D becomes undefined 
when t h e  t r a n s p o r t  mean-free-path goes t o  i n f i n i t y  i n  any reg ion .  I n f i n i t e  
s t r eaming  p a t h s  a r e  a concern no t  on ly  i n  t h e  ZPR p i n  c a l a n d r i a  and p l a t e  
geometr ies  bu t  a l s o  i n  voided hexagonal l a t t i c e s  w i th  small  p i n s  spaced a t  
l a r g e  p i t c h .  l 2  

I n  a d d i t i o n  t o  t h e  above, t h e  Benoist  method could be expected t o  over- 
p r e d i c t  l eakage  a t  t h e  high buckl ing found i n  f a s t  r e a c t o r s  because t h e  
d e r i v a t i o n  involves  a Taylor s e r i e s  expansion i n  buckl ing,  neg lec t ing  terms of 
o rde r  B ~ .  For a homogeneous medium, t h e  Benoist  and convent iona l  d i f f u s i o n  
c o e f f i c i e n t s  co inc ide .  I n  a sense ,  then ,  some f e a t u r e s  of d i f f u s i o n  theo ry  ' 

a r e  b u i l t  i n t o  t h e  Benoist  method. I n  g e n e r a l ,  d i f f u s i o n  computations tend t o  
overes t imate  t h e  leakage  more and more a s  t h e  buckl ing  i n c r e a s e s  and t h e  
Benoist  method i s  no except ion.  

2 .  Gelbard Method - .The i n a p p l i c a b i l i t y  of t h e  Benoist  method t o  t h e  
pure-void model p l u s  t h e  e r r o r  of t h a t  method a t  h igh  buckl ings  motivated t h e  
development of a mod i f  i e d  ve r s ion -  of t h e  Benoist  method and cor respondingly  
modified d i f f u s i o n  c o e f f i c i e n t s .  These modified c o e f f i c i e n t s ,  de r ived  i n  
Ref. 10 ,  a r e  de f ined  a s  i n  Eq. 2 : 

( 1  - cos B a )  - - Yg 
~g = - t [;' - c o s  'I,*) ] 

( 1  - cos Brnem) 



g where i s  t h e  c e l l  volume-averaged va lue  of T ( r ) .  The term, B2 i s  t h a t  
t I' 

p a r t  of t h e  c r i t i c a l  buckl ing  t h a t  i s  p a r a l l e l  t o  t h e  p l a t e s  wh i l  B2 i s  t h a t  1 
p a r t  which i s  pe rpend icu la r  t o  t h e  p l a t e s .  The v e c t o r ,  &, denotes  a  d i r e c t e d  
l i n e  segment drawn from where a  neut ron  is born t o  where i t  g ives  r i s e  t o  a  
n e x t  gene ra t ion  f i s s i o n  neut ron .  The overbar  denotes  an  average over  a l l  
neu t ron  h i s t o r i e s  where t h e  cos  B & t e r m  i s  weighted by t h e  number of neu- 
t r o n s  eminat ing from t h e  f i s s i o n  t imes  t h e  neut ron  importance a t  t h e  p o i n t  of 
b i r t h .  

The a l t e r n a t e  method f o r  computing 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  
has  s e v e r a l  u s e f u l  p r o p e r t i e s :  

1. The d i f f u s i o n  c o e f f i c i e n t s  remain f i n i t e  even' when t h e r e  a r e  
t o t a l l y  voided s t reaming pa ths .  

2 ,  The d e r i v a t i o n  nf R q .  7 wi th  luakage only  i n  the '!uniforiu" Illreg= 
t i o n  is  a gelleialls,atfon ro t h e  c a s e  of high buckl ing of t h e  d e r i v a t i o n  of t h e  
Benoist  method i n  t h e  uniform d i r e c t i o n .  Uniform d i r e c t i o n  r e f e r s  t o  our  y 
o r  z d i r e c t i o n s  ( see  F igs .  1 and 2 )  f o r  which t h e  so-.called BetzoPsl: shsorpc.l.nd 
correcelan terms vanish .  

,/ 

. 3 .  I n  t h e  l i m i t  of low buckl ing,  Eq. 2 reduces t o  a  form equ iva l en t  t o  
t h e  Benois t  formula (without  t h e  abso rp t ion  c o r r e c t i o n  term).  

4 .  Equation 2 y i e l d s  r i g o r o u s  " t ranspor t -cor rec ted"  d i f f u s i o n  c o e f f i -  
c i e n t s  f o r  a homogeneous medium. That i s  t o  say  t h a t  even f o r  l a r g e  buckl ing:  

is  t h e  d ivergence  of t h e  c u r r e n t  i n  group g i n  a  homogeneous medium i f  s c a t t e r -  
ing  i s  t aken  t o  be i s o t r o p i c .  Th i s  i s  true.,  of course ,  on ly  f o r  t hose  buck- 
l i n g s ,  B which a r e  used i n  Eq. 2 t o  d e f i n e  t h e  d i f f u s i o n  c o e f f i c i e n t s ,  b u t  is  
t r u e  no B a t t e r  how l a r g e  t h e s e  buckl ings  may be. 

5. The f a c t o r  i n  b r a c k e t s ,  which s p l i t s  t h e  leakage into d i r e c t i o n a l  
components, i s  a p r e s c r i p t i o n  suggested by a n  expansion of ( 1  - cosB 2 ) :  
which has  t h e  p r o p e r t y  t h a t  the l eakage  oummed over a l l  d i r e c t i o n s  I s  
r i go rous .  

(1 - cos B a )  fb 

(B P ) ~  
- - -  

2 2 

;*C(I - - cos B n e n ' 



A u t i l i t y  code, GELBARD, is  used t o  e v a l u a t e  Eq. 2 i n  a one dimensional  
model . for  each mult igroup,  g, u s ing  Monte Car lo  techniques.  I n  t h e  group g 
model. problem, t h e  m a t e r i a l s  i n  t h e  c e l l  a r e  taken a s  pure abso rbe r s  such t h a t  

g where C ( r )  is  t h e  group g t o t a l  c r o s s  s e c t i o n  a t  r .  The source  d e n s i t y  
w i th in  t h e  c e l l  i s  taken t o  be equal  t o  t h e  t o t a l  c r o s s  s e c t i o n ,  i . e . ,  S ( r )  = 
C ( r ) .  Th i s  sou rce  roughly s imu la t e s  t h e  combined n e t  e f f e c t s  of s c a t t e r i n g  

C 

and f i s s i o n  i n  t h e  o r i g i n a l  mult igroup problem. Broad-group reg ionwise  t o t a l  
c r o s s  s e c t i o n s  from SDX a r e  suppl ied  a s  input .  The computation of t h e  c e l l -  
averaged d i f f u s i o n  c o e f f i c i e n t s  f o r  one-group t o  0.5% s t anda rd  d e v i a t i o n  re -  
q u i r e s  Q4 min. on t h e  IBM-3701195 computer. 

The Gelbard d i f f u s i o n  c o e f f i c i e n t s  used i n  c r i t i c a l s  ana lyses  a r e  com- 
puted v i a  t h e  Monte Carlo method wi th  a s tandard  d e v i a t i o n  of ~ 0 . 5 %  t o  1%. 
Since t h e  leakage  p r o b a b i l i t y  i n  t h e  GCFR.c r i t i ca l s  i s  ~ 0 . 5 ,  a 0.5% e r r o r  i n  
every d i f f u s i o n  c o e f f i c i e n t  can produce, a t  most, a 0.25% e r r o r  i n  k. But 
t h e  d i f f u s i o n  c0e f f i c i en . t  gene ra t ion  c a l c u l a t i o n s  i n  d i f f e r e n t  groups were 
completely uncor re l a t ed ,  and t h e r e f o r e  i t  i s  reasonable  t o  expect  a good d e a l  
of e r r o r  c a n c e l l a t i o n  i n  t h e  t o t a l  leakage.  I f  'one were t o  suppose, f o r  
example, t h a t  t h e  f i r s t  16  groups a l l  c o n t r i b u t e  e q u a l l y  t o  t h e  net  leakage  
r a t e ,  one would conclude t h a t  t h e  e r r o r  i n  k ,  produced by t h e  s t a t i s t i c a l  . 
e r r o r s  i n  D ' s ,  is only  ~ 0 . 0 6 % .  I n  any case ,  i t  seems s a f e  t o  assume t h a t  t h i s  
p a r t i c u l a r  e r r o r  i n  k is s u b s t a n t i a l l y  sma l l e r  than  0.25%. 

D.' 3D -t 1 D  Modeling P r e s c r i p t i o n s  

Because t h e  codes a v a i l a b l e  f o r  c e l l  homogenization a r e  based on one 
dimensional s l a b  o r  c y l i n d r i c a l  geometr ies ,  a modeling p r e s c r i p t i o n  which 
t ransforms t h e  t h r e e  dimensional ZPR ma t r ix  t u b e  loadings  a s  shown i n  F igs .  1 
through 3 t o  a one dimensional c a l c u l a t i o n a l  model i s  an e s s e n t i a l  p a r t  of 
t h e  homogenization process .  However, a modeling t h a t  i s  a p p r o p r i a t e  f o r  one 
phenomenon may n o t  preserve  p r o p e r t i e s  t h a t  a r e  c r u c i a l  i n  another  process .  
For example, i n  computing p l a t ewise  resonance s e l f  s h i e l d i n g ,  i t  is  important  
tn  ~ ~ P S P ~ T ~ P  t h e  absorber  t o  moderator atom r a t i o  w i t h i n  t h c  p l a t e .  On t h e  
o t h e r  hand, t o  compute t h e  f l u x  spectrum, c e l l  average atom d e n s i t i e s  should ' 

be maintained ( r e c a l l  t h a t  t h e  c e l l s  a r e  approximately one mean f r e e  p a t h  i n  
ex t en t ) .  A s  w i l l  be shown below, f o r  t h e  gene ra t ion  of d i f f u s i o n  c o e f f i c i e n t s  
which p re se rve  leakage  r a t e s ,  i t  i s  necessary  t o  p re se rve  c e l l  average  number 
d e n s i t i e s  and t o  p re se rve  t r u e  void  r eg ions  i f  they  e x i s t .  

The 3D + 1 D  modeling p r e s c r i p t i o n s  which a r e  i n  u s e  f o r  t h e  ZPR c e l l s  
and which have been v a l i d a t e d  a r e  descr ibed  i n  d e t a i l  i n  Appendix B. ~ r i e f l y ,  
f o r  both  t h e  p i n  c a l a n d r i o  and t h e  p l a t e  c e l l ,  two modelings are used: 

a .  t h e  "reference" mode'ling i n  which t h e  geometry and composition o f .  
resonance-isotope-bearing r eg ions  a r e  maintained a t  t h e i r  p h y s i c a l  
v a l u e s  and i n  which t h e  s t r u c t r a l  materials from t h e  pe r iphe ry  of 
t h e  p h y s i c a l  c e l l  a r e  smeared i n t o  t h e  non-resonance-isotope- 
bea r ing  r eg ions  ( inc luding  void reg50ns) of t h e  1 D  model, and 



b. t h e  "pure void" modeling which is  t h e  same a s  t h e  "reference" 
modeling except  t h a t  i f  void r e g i o n s  a r e  p re sen t  i n  t h e  3D c e l l ,  
they  a r e  maintained i n  t h e  1 D  model; 

The I D  models of. p in-ca landr ia  c e l l s  a r e  one-pin c y l i n d r i c a l  c e l l s  w i t h  
a s s o c i a t e d  d i l u e n t  a n n u l i  and a whi te  boundary condi t ion .  The 1 D  models of 
p l a t e  c e l l s  are a n  a r r a y  of i n f i n i t e  s l a b  r e g i o n s  w i t h  e i t h e r  p e r i o d i c  o r  
r e f l e c t i v e  boundary c o n d i t i o n s .  

111. THE VALIDATION PROCEDURE 

The key t o  t h e  s u c c e s s f u l  v a l i d a t i o n  e f f o r t  has  been t h e  a v a i l a b i l i t y  of 
h igh  p r e c i s i o n  Monte Car lo  s o l u t i o n s  t o  t h e  u n i t  c e l l  problems a g a i n s t  which 
t h e  homogenization r e s u l t s  can be t e s t e d .  Given t h e  geometry and composition 
of t h e  3 D  c e l l s  and t h e  ENDFIB d a t a ,  t h e s e  Monte Carlo methods g ive  a b a s i c a l l y  
exac t  s o l u t i o n  of t h e  Boltzman equat ' ion and low-variance e s t i m a t e s  ' of t h e  
i n t e g r a l  parameters  of i n t e r e s t .  The Monte Carlo s o l u t i o n s  have been pro- 
v ided  u s i n g  t h e  V I M  code and i t s  a s s o c i a t e d  s t a t i s t i c a l  e d i t i n g  packages. 

A, The V I M  Monte Car lo  Code 

The V I M  Monte Car lo  code13 pe rmi t s  an e x p l i c i t  t h r e e  dimensional  geo- 
m e t r i c a l  d e s c r i p t i o n  of t h e  u n i t  c e l l ,  us ing  a gene ra l i zed  geometry inpu t  
p roces so r .  Neutron c r o s s  s e c t i o n s  a r e  der ived  from t h e  ENDF/B d a t a  f i l e s  
and a r e  t r e a t e d  as cont inuous  f u n c t i o n s  of energy. Resolved resonances a r e  
" t raced  out"  by a s e t  of p o i n t  c r o s s  s e c t i o n  va lues  s u i t a b l e  f o r  i n t e r p o l a t i o n .  
Unresolved resonances a r e  t r e a t e d  by a p r o b a b i l i t y  t a b l e  method. During t h e  
f i r s t  p a r t  of t h e  v a l i d a t i o n  program, t h e  VIM code solved only  down t o  10  eV. 
This ,  was of cou r se ,  q u i t e  adequate  f o r  f a s t  b reeder  work. A thermal  range 
c a p a b i l i t y  has  r e c e n t l y  been added t o  VIM,  and has  been used i n  t h e  GCFR steam 
f looded c e l l  homogenization v a l i d a t i o n  work. 

B. S t r a t e g y  of  t h e  V a l i d a t i o n  Procedure 

F igu re  4 d i s p l a y s  t h e  philosophy of t h e  v a l i d a t i o n  e f f o r t .  S t a r t i n g  
from t h e  3D c e l l  geometry and t h e  ENDFIB c r o s s  s e c t i o n s ,  t h e  3D -t 1 D  c e l l  
modeling and t h e  E T O E - 1 x 1 ~ ~ ~ - I I / S D X  and BENOIST o r  GELBARD c e l l  homogenization 
pa th  is  fol lowed t o  produce v a l u e s  f o r  t h e  c e l l  i n t e g r a t e d  r e a c t i o n  and leak-  
age r a t e s .  This  is t h e  p a t h  which i s  t o  be v a l i d a t e d .  

A l t e r n a t e l y ,  s t a r t i n g  from t h e  3D geometry and t h e  ENDFIB c r o s s  sec- 
t i o n s ,  t h e  c a l c u l a t i o n a l  p a t h  through t h e  V I M  Monte Carlo code l e a d s  t o  exac t  
v a l u e s  f o r  i s o t o p i c  and t o t a l  c e l l  i n t e g r a t e d  r e a c t i o n  r a t e s  and t o t a l ,  d i -  
rect ion-dependent  c e l l  l eakage  r a t e s .  The agreement of t h e  end products  of 
t h e  two p a t h s  s e r v e s  t o  v a l i d a t e  t h e  MC~-I I /SDX homogenization codes and t h e  
30 -t 1 D  modeling procedure f o r  t h e  c l a s s  of c a s e s  considered.  

To perform t h e  v a l i d a t i o n  i n  a way which permited t h e  i s o l a t i o n  and 
e l i m i n a t i o n  of e r r o r s ,  t h e  c l a s s  of c a s e s  cons idered  has  progressed i n  a 
sys t ema t i c  f a s h i o n  s t a r t i n g  a t  t h e  zero  leakage  homogeneous c a s e  and, t o  t h e  
e x t e n t  p o s s i b l e ,  i n t roduc ing  t h e  complex i t i e s  of he t e rogene i ty ,  l eakage ,  e t c . ,  
one a t  a time. 
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1. Nonleakage I n t e g r a l  Parameter Comparisons - The in te rcompar isons  
i n  t h e  z e r o  leakage  c a s e s  a r e  q u i t e  s t r a igh t fo rward .  The c e l l  i n t e g r a t e d  and 
i n t r a c e l l  neut ron  f l u x  and r e a c t i o n  r a t e s  by i so tope ,  r e a c t i o n  type ,  and 
energy band, a r e  a v a i l a b l e  from both  t h e  r e f e r e n c e  VIM and t h e  SDX o r  broad 
group d i f f u s i o n  codes and can be simply intercompared. S i m i l a r l y ,  t h e  e i g e n - .  
v a l u e  (which i n  t h e  ze ro  leakage  c a s e  i s  km) can be d i r e c t l y  intercompared. 
The V I M  t r a c k  l e n g t h  e s t i m a t e s  provide  h igh  p r e c i s i o n  r e s u l t s  even f o r  group- 
wise ,  i s o t o p i c ,  r e a c t i o n  rates by p l a t e  w i th  s e v e r a l  hundred thousand neut ron  
h i s t o r i e s .  . 

2 .  Leakage I n t e g r a l  Parameter Comparison - The v a l i d a t i o n  of t h e  homo- 
g e n i z a t i o n  of leakage  p r o p e r t i e s  i s  a many f a c e t e d  problem and n e c e s s i t a t e d  a 
less s t r a i g h t f o r w a r d  v a l i d a t i o n  procedure. 

i. F i r s t ,  a n  e x p l i c i t  t rea tment  s f  a n i s o t r o p i c  d i f f u ~ i o n  w a s  
r e q u i r e d  because i t  was known t h a t . s t r e a m i n g  a f f e c t e d  both 
sodium vuld reacLiv iLj  auJ GCPR c r i t i c a l  waoo i n  t h c  ZPR 
p la t e - type  c r i t i c a l  assembl ies .  

ii. To av'oid ambigui ty,  buckling v e c t o r s  were prescr ibed  to 
i n t r o d u c e  leakage.  

ill.. Also it wao neceooary t o  aons ider  both small an.d 3.arg-e 
buck l ing  c a s e s .  Most 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  
p r e s c r i p t i o n s  d e r i v e  from t h e  thermal  r e a c t o r  f i e l d  and 
t h e i r  d e r i v a t i o n s  a r e  based on t h e  assumption of s m a l l  
l e akage  ( smal l  buckl ing) .  However, i n  f a s t  b reeder  r e a c t o r s  
bo th  t h e  v a l u e  of buckl ing i s  l a r g e r ,  and t h e  c r o s s  s e c t i o n s  
a r e  sma l l e r  than  f o r  thermal  r e a c t o r s .  Thus i n  f a s t  reac-  
t o r s ,  t h c  E/C r a t i o  'is l a r g e r  than f o r  t h e  thermal case 

t o t  
g i v i n g  r i s e . t o  a B /P t ype  t r a n s p o r t  c o r r e c t i o n  and in-  

n n 
v a l i d a t i n g  'the v a l i d i t y  of t h e  one-term buckl ing expansinns 
used i n  t h e  an ioo t rop ic  d i f f u s i o n  c o e f f i c i e n t  d e r i v a t i o n s .  

Leakage-related parameters  computed i n  t h e  s tudy  included t h e  groupwise 
t r a n s p o r t  c r o s s  s e c t i o n  a 

t r s  k e f f '  
and p, ( t h e  mean-squared d i s t a n c e  t r a v e l e d  

n 
i n  t h e  d i r e c t i o n s  t n  from b i r t h  t o  f i s s i o n ) .  For t h e  homogenized medium, i t  
is w e l l  known t h a t  a Taylor  s e r i e s  expansion of t h e  dependence of e igenvalue  
on fundamental mode buckl ing  i s  given by 

Then f o r  a s h a l l  change i n  buckl ing ,  6 ~ ~ ,  around t h e  zero  buckl ing case ,  

A l t e r n a t e l y  t h e  most meaningful in format ion  about  d i r e c t i o n a l  leakage  
a t  h igh  buckl ing  is  obta ined  by computing t h e  d i f f e r e n c e  between k, and t h e  
e igenvalue  i t s e l f  f o r  buckl ing  v e c t o r s  w i t h  d i f f e r i n g  o r i e n t a t i o n s .  



Buckled e igenvalues  (kL. ky, kz, k l  and k ) a r e  de f ined  i n  Table V I  i n -  
EQ 

terms of  the  a s s o c i a t e d  buckl ing  o r i e n t a t i o n .  The mean-squared chord l eng ths ,  - 
fi2, a r e  def ined  analogously.  
n  

TARTX VT . ~ l . ~ e n v ; l l  i ~ p .  ~ o t a t i o n  Defined 
i n  Terms of Buckling D i r e c t i o n  

Symbol 

- - - ~  -- - - - 

Frac t ion  of  Buckling 
i n  D i r e c t i o n  

x Y 2 

a 
x -d i r ec t ion  i s  p e r p e n d i c u l a r . t o  void 
p lanes .  ( s ee  F igs .  1 and 2 ) .  

I n  a d d i t i o n  t o  t h e  leakage- re la ted  i n t e g r a l  parameters  l i s t e d  above, 
t h e  neut ron  f l u x  spectrum and i s o t o p i c  r e a c t i o n  r a t e s  and r e a c t i o n  r a t e  
r a t i o s  were sometimes intercompared f o r  t h e  buckled cases .  The buckled 
spectrum i n  a  f a s t  r e a c t o r  composition i s  ha rde r  than  t h e  ze ro  buckled spec- 
trum heca i~se  nsi i t rons which l e a k  a t  h igh  energy a r e  unava i l ab l e  t o  provide  
t h e  slowing down source  t o  lower ene rg i e s .  l 4  

The benchmark s o l u t i o n s  a g a i n s t  which t h e  homogenized d i f f u s i o n  theory  
c a l c u l a t i o n s  were t e s t e d  were obta ined  by Monte Carlo.  An e f f i c i e n t  method 
had been developed t h a t  y i e l d s  Monte Car lo  e s t i m a t e s  of e igenvalue  i n  a n  
i n f i n i t e  uniform l a t t i c e  a s  a  f u n c t i o n  of  buckl ing.  l 5  The technique ,  de- 
r i ved  by p e r t u r b a t i o n  theo ry  y i e l d s  a t  a  reasonable  c o s t ,  e s s e n t i a l l y  exac t  
s o l u t i o n s  f o r  l a t t i c e s  even wi th  very  complicated u n i t  c e l l s .  The expres s ion  
f o r  l c .  as a func t ion  of  buckl ing can be w r i t t e n  a s  

e f  f  



and i s  eva lua ted  by Monte Carlo techniques.  Here km is  t h e  l a t t i c e  e igenvalue  
a t  ze ro  buckl ing.  The ba r  i n  Eq. 5 denotes  an average over  a l l  neut ron  t r a -  
j e c t o r i e s  ( h i s t o r i e s ) :  & i s  a vec to r  drawn from t h e  b i r t h  s i t e  of a f i s s i o n  
neu t ron  t o  t h e  p o i n t  where t h a t  neut ron  induces a next-generat ion f i s s i o n .  
B i r t h  sites a r e  s e l e c t e d  from t h e  zero-buckling f i s s i o n  source  d i s t r i b u t i o n .  
The average  i n  Eq. 5 i s  weighted by t h e  number of next-generat ion neut rons  
produced when each h i s t o r y  t e rmina te s ,  mu l t ip l i ed  by t h e  a d j o i n t  source  
d i s t r i b u t i o n  s:. Thus i f  a h i s t o r y  t e rmina te s  wi th  a cap tu re ,  t h a t  h i s t o r y  
w i l l  n o t  c o n t r i b u t e  t o  t h e  ind ica t ed  average.  

The cos ine  term i n  t h e  r i g h t  member of  Eq. 5 can be  expressed a s  a 
power s e r i e s ,  which i n  t h e  l i m i t  of s m a l l  buckl ing,  produces an ex tens ion  of 
t h e  homogeneous theo ry  r e s u l t s ,  Eq. 4 ,  t o  t h e  heterogeneous case ,  

The VIM Monre Carla cadc was used t o  perform the zero-buckling i n f i n i t e -  
l a t t i c e  c a l c u l a t i o n  y i e l d i n g  k,, broad-group c r o s s  s e c t i o n s ,  r e a c t i o n  r a t e s ,  
e t c .  During t h e  V I M  c a l c u l a t i o n ,  a s i t e  t a p e  was w r i t t e n  con ta in ing  b i r t h  
and d e a t h  coo rd ina t e s  of  each neut ron  and i t s  f i s s i o n  weight a t  dea th .  A 
u t i l i t y  code then  eva lua t ed  Eqs. 5 and 6 us ing  t h e  VIM s i t e  t ape ,  t o  provide  
t h e  benchmarking leakage  i n d i c a t o r s  a t  h igh  and low buckling.* 

I V .  ASYMPTOTIC HOMOGENEOUS CASES 

Homogcneous composi t ions were kreated f i r s t  t o  t e s t  t h e  b a s i c  c r o s s  
s e c t i o n  p roces s ing  i n  t h e  codes ,  independent of t h e  3 D  + ID modeling a spec t  
of homogenization. The nonleakage test c a l c u l a t i o n s  were based on a n  LMFBR 
composi t ion,  were done i n  1975, and were based on ENT)F/R-TTT d a t a .  The 
l eakage  test c a l c u l a r i o n s  were based on a GCFR composition, were done i n  197h, 
and were based on ENDF-IV d a t a .  

A. Zero Leakage ,Tes ts ;  LMFBR Composition 

I n  the f i r s t  comparison, t h e  zero leakage s lowing down equa t ions  were 
so lved  f o r  t h e  homogenized LMFBR c e l l  composition by VIM,  MC~-11, and SDX 
us ing  ENDFIB-111 data.** The composition is. shown i n  Table I. MC'-11 pro- 
duced two r e s u l t s  -- one us ing  t h e  N R A ~  and t h e  o t h e r  u s ing  t h e  "exact" 
RABANL hyper- f ine  group method i n  t h e  reso lved  range. 

*Subsequent t o  t h e  v a l i d a t i o n  work desc r ibed  he re ,  a " c o r r e l a t i o n  co r r ec t ion"  
t o  Eq. 5 f o r  t h e  c a s e  of  A was i d e n t i f i e d .  l 6 , l 7  This  c o r r e c t i o n ,  which is  1 r e l a t e d  t o  n e g l e c t i n g  t h e  e f f e c t  of buckl ing  on t h e  source  shape used i.n 
e v a l u a t i n g  Eq. 5 ,  was shown i n  Ref. 16 t o  have n e g l i g i b l e  impact on t h e  
v a l i d a t i o n  r e s u l t s  d i scussed  he re .  

**Prael and Henryson produced t h e  VIM and MC~-11 r e s u l t s .  18 
t N R A  r e f e r s  t o   arrow Resonance ~pprox ima t ion" .  See t h e  d e s c r i p t i o n  of  
MC'-11 methods i n  Appendix A. 



Table VII shows the results for several integral parameters, and Table 
VIII shows the isotopic absorption fractions. It is seen that overall, 
excellent agreement is obtained between the three codes; k,.agrees to four 
significant figures, and generally agreement on integral parameters is to a 
percent or better. Though not shown on the tables presented here, it was 
shown that the cell average neutron spectra agree excellently except in the 
resolved resonance range -- where for.this composition there is very little 
flux. 

TABLE VII. LMFBR Homogeneous Zero Leakage Unit Cell; 
VM/MC'-II/SDX Comparison of Integral Parameters 

Parameter VII.1 1:c2-11 D i f  feren=ca SD:.: D i f f  r rcncr  a 

f =if 49 0.01685 + 0.822 0.91862 -1.220% 0.01842 +0.371% 

%iff erence is conputed ralative t o  VIM. 

TABLE VIII. LMFBR Homogeneous, Zero Leakage U n i t  Cell; 
vIM/MC~-II/SDX Compa'rison of Isotopic Neutron Balance 

Absorption Fractions 

b 
 soto ope VIF? HC2-11 Difference SDX ' Dif Ference' 

b 

+!I .150X 
ffl.000 
-1.111 
ffl .ooo 
-0.441 
+l. 835 
ffl .ooo 
+3.041 
+O .ooo 
+o. 000 
+o.ooo 
+o .ooo 

- 

Total 1,0010 

%rack Length Estimators Used. 
b i f  ference i s  computed relat ive to  VIM.  . 



However, s e v e r a l  d i s c r e p a n c i e s  may be i d e n t i f i e d  i n  t h e  t a b l e s .  While 
SDX ag rees  wi th  M C ~  on c 8 / f 9 ,  both of them a r e  low r e l a t i v e  t o  VIM.* This  
s tems from a  problem i n  t h e  V I M  t rea tment  . o f  unresdlved 2 3 8 ~  c a p t u r e  i n  t h e  
ENDFIB-I11 V I M  l i b r a r y :  l i n e a r  - l i n e a r  i n t e r p o l a t i o n  was used on an  energy 
mesh which was c o a r s e  enough such t h a t  i t  produced e r r o r s  r e l a t f v e  ' t o  l o g  
l i n e a r  i n t e r p o l a t i o n  f o r  which t h e  ENDF d a t a  were generated.  This  problem 
has  been c o r r e c t e d  i n  t h e  Version I V  V I M  l i b r a r y .  Besides t h e  d iscrepancy  on 

2  - - . -  
2 3 8 ~  c a p t u r e ,  MC .-I1 and SDX ove rp red ic t  abso rp t ion  i n  s t r u c t u r a l ~  (Cr and F e ) .  
because o f  a  f a i l u r e  t o  s e l f  s h i e l d  t h e i r ,  c a p t u r e  resonances.  (Only heavy 
i s o t o p e s  were t r e a t e d  as. resonance abso rbe r s  i n  ~ ~ ~ - 1 1  and SDX f o r  t h i s  t e s t . )  
Th i s  a f f e c t s  t h e  neut ron  ba lance  only  s l i g h t l y .  

Table  I X  compares 2 3 8 ~  c a p t u r e  c r o s s  s e c t i o n s  produced by .the. t h r e e  
codes. Two MC~-11 s o l u t i o n s  a r e  shown: One us ing  t h e  r igo rous  RABANL "hyper 
f i n e  group" c a l c u l a t i o n  and t h e  o t h e r  u s ing  t h e  NRA. The u s e  of  t h e  NRA 

IX. LMFBR Hor+ogeneous Lero Leakageynit Cell; 
.Comparison of VCI; MC'-11, and SDX Values of 0:' 

a28 
C 

_i. 

l.lc2-~1 ( R i g o t o ~ )  . ~ ~ c ~ - I L  (1.X4) SDX (XX4) 

Group V I M  Value Difference Value Dif f er.ence . Value  iff er+nce 
-- - 

1 .  6.460-3 .t' 0.681 Z 6,43613 -0.372% 6.431-3 -0.4492 
2 1.182-2 f 0.484 1,.179-2 -0.254 1.178-2 ' -0.338. 
3 2,859-2 f 0.331 2-860-2 .-0.035 2.655-2 -0.039 
4 6.593-2 f 0.235 ' 6.571-2 -0.334 6.569-2 -0.354 
5 1.214-1 f 0.0889 1.214-1 tO.000 1.11 -HI .OOO 
6.. 1.247-1 f 0.0256 1.248-1 +0.080 1.248-1 , +O.O~O 
7 1.171-1 & 0.00663 1.171-1 M.060 ' "Sams as 1.171-1 +0.000 
8 1.345-1 f 0.0217 1,344-1 -0.074, E~OSYW" 1.344-1 -0,074 
9 l . G 9 6 1 ?  0.0328 1 . 9  +0.000 9 +O,OOO 
18 2.167-1 3 0.0389 2.165-1 -Q.092 2.16.5-1 -n n?? 
11 3.362-1 5 0.0593 3.362-1 +O.OOO 3.363-1 +O .030 
1 2  4.358-1 f 0.0967' 4.331-1 -0..620 4.327-1 ' -0.711 
1 3  5.350-12 0.166 5.290-1 -1.121 5.288-1 -1.159 
14 6.446-1 f 0.151 6.ga-1 -0.590 6.403-1 -Q,667 
1 5  7.681-1 f 0.271 7.622-1 -0.768 ' 

7.613-1 . -0.685 
16 8,722-1+ 0,379 8,728-1 $0.069 8.720-3. -0.023% .6.720-1 +O.Q00 
1 7  ' 1.148+0 -i 0.898 1:149+0 +0.087 1,137+0 -1.132 1.114tO -2.962 
18 .. 1.025+0 1 0.669 1,013.H) -1.171 1,005+0 ->.?5& 1.007+0 ti) -l..75A 
1 9  1.315+0 _+ 0.908 1.302+0 -0.988 1.299+0 -1.217 1.285+0 -2.281 
20 1.364+0 f 1.21, i.356+0 -0.567 1.3d8M -4.106 . 1.3l lM -3.656 
2 i  .1.374+0 + 1 . ~ 4  1.3GOM -1.019 1.324+0 -3.639 1.273-14 -7,351 
22 1.995+0 t 1.33 1.968+0 -1.353 1.761+0 -10 -727 1.762+0 . -1.3., 679 
2 3  2.14640 3 4.42 1.991+0 -9.223 1.418+0 -33.924 1.704M -20.965, 
24 8.374+4) 1: 11.0 8.457-M iO.931 1.234+1 Hi7.361 8.471t3 +1.012 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

A .  

25 1.70311) 1.512+0 . 1.355+0 
26 7.012-1 7.640-1 8.755-1 
2 7 L. 7.640-1 4.829-1 

*c8/ f9  r e f e r s  t o  t h e  r a t i o  of  cap tu re  r a t e  pe r  atom i n  2 3 8 ~  t o  t h e  f i s s i o n  
p e r  atom' i n  3 9 ~ u .  



below about  750 eV in t roduces  s u b s t a n t i a l  e r r o r s  i n  t h e  2 3 8 ~  c a p t u r e  c r o s s  
s e c t i o n  when compared a g a i n s t  V I M  o r  t h e  r i g o r o u s  form of  MC2-11. However, 
l e s s  than  5 pe rcen t  of 2 3 8 ~  c a p t u r e  t akes  p l a c e  below 750 eV i.n t h e  spectrum 
of c u r r e n t  LMFBR's. 

The n e t  r e s u l t  o f  t h e  zero  leakage ,  homogeneous comparison was t o  
demonstrate  e x c e l l e n t  o v e r a l l  agreement between V I M  and MC2-II/SDX. The 
reasons  f o r  t h e  e x i s t i n g  d i sc repanc ie s  were i d e n t i f i e d  (and were subsequent ly 
co r r ec t ed  o r  minimized). 

B. Non-Zero Leakage Tes t s :  GCFR Composition 

The hamageneous, nonzero leakage  t e s t s  were made i n  1976. The l a s t  
column i n  Table I shows t h e  homogenized c e l l  number d e n s i t i e s  f o r  t h e  GCFR 
u n i t  c e l l  f o r  which t h e  homogeneous.test  c a s e  was run.  A l l  c a l c u l a t i o n s  
employed ENDFIB-IV b a s i c  nuc lea r  d a t a .  Comparisons were r u n  a t  both low and 
h igh  b u c u i n g ;  f o r  low buckl ing,  t h e  mean squared cord l e n g t h  from b i r t h  t o  
f i s s i o n  g2, w a s  used a s  t h e  parameter f o r  comparison; f o r  h igh  buckl ing ,  t h e  
parameter Ak = (k- - k(B))  was used. 

1. Small Buckling. - !L2 w a s  genera ted  f o r  t h e  homogeneous composition 
by both t h e  V I M  and t h e  M C ~ - I I / S D X  procedures .  The V I M  r e s u l t s  were based 
on 30,000 neut ron  h i s t o r i e s .  The 27 broad group c r o s s  s e c t i o n s  used i n  t h e  
d i f f u s i o n  theory  c a l c u l a t i o n s  were obta ined  by c o l l a p s i n g  a n  unbuckled 
( B ~  = 0) 156 group spectrum computed by SDX. a was co l l apsed  us ing  a n  

tr 
i n c o n s i s t e n t  P 1  ( @ / C  ) weight ing.  The SDX c a l c u l a t i o n  employed a  base 

t r  
l i b r a r y  generated b y - ~ c 2 - 1 1  by c o l l a p s i n g  a n  unbuckled %2000 group spectrum 
computed a s  t h e  s o l u t i o n  of  t h e  c o n s i s t e n t  P 1  equa t ions .  

The r e s u l t s  summarized i n  Tab.le X show t h a t ~ h e  d i f f u s i o n  theo ry  
procedure unde rp red ic t s  t h e  mean square  cord l e n g t h ,  12, by 1.27% two stand-. 
a rd  d e v i a t i o n s  from t h e  V I M  r e s u l t ) .  A 1.27% unde rp red ic t ion  of  4 t r a n s l a t e s  
i n t o  a n  e igenvalue  ove rp red ic t ion  of  ~ 0 . 5 %  Ak i n  a  GCFR co re  f o r  which t h e  
c o r e  leakage p r o b a b i l i t y  is  %30%. 

To supplement t h e  leakage  p r o b a b i l i t y  informat ion ,  (7), t h e  
k, and s e v e r a l  s p e c t r a l  indexes were a l s o  compared. The r e s u l t s  a r e  shown 
i n  Table X. The e igenvalues  and f0/t9 r a t i o  a g r e e  t o  w i t h i n  ehe Monte Carlo 
l o  s t a t i s t i c s .  R e l a t i v e  t o  V I M  t h e  d i f f u s i o n  theo ry  procedure under -predic t s  
c 8 / f 9  by 0.5% (two s t anda rd  d e v i a t i o n s  from t h e  V I M  r e s u l t ) .  This  d i screpancy  
has  been noted  i n  t h e  previous  s e c t i o n  f o r  t h e  zero  leakage comparisons (us ing  
Version I11 d a t a )  o f  V I M  and MC~-I I /SDX.  It is  due t o  d i f f e r e n t  ways of 
t r e a t i n g  2 3 8 ~  c a p t u r e  i n  V I M  and MC~-11, and t h e  d e v i a t i o n  is much sma l l e r  
f o r  t h e  Version I V  l i b r a r i e s  of V I M  and MC2-11 than  i t  was f o r  t h e  Version I11 
l i b r a r i e s .  

A number of  s e n s i t i v i t y  s t u d i e s  were made on t h e  homogeneous model 
t o  assess t h e  impact of  a l t e r n a t e '  o p t i o n s  i n  t h e  MC~-11 and SDX c r o s s  s e c t i o n  
c o l l a p s e  codes.  S p e c i f i c a l l y ,  t h e  B 1  and P1 o p t i o n s  of MC?-11 w e r e  used i n  
both t h e i r  c o n s i s t e n t  and i n c o n s i s t e n t  (energy l o s s  upon P I  s c a t t e r  is  neg- 
l e c t e d )  forms. The r e s u l t s  a r e  summarized i n  Table X I .  



TABLE X. Gt2FR Homogeneous Model Comparison Resu l t s  

Code ' 

V I M  (30000 h i s t o r i ~ s )  1.4333 2 0.fi0098 3052 + 18.5 (20.61%) 0.1574 + 0.20% 0.02901 2 0.53% 

M C ~ - I  I/SDX/ARC 1.4324 3013.1 0.1566 0.02102 

Er ro r  r e l a t i v e  t o  V I M  ' -0.0009, bk -1.27% -0.51% +O. 53% 

7 TABLE X I .  Est imates  of  R- f o r  GCFR Homogeneocs C ~ m g c ~ s i t i o n  

3 Error  
Case M C ~ - I X / S D X  Option (cn2 ) 

3. MC'-2 I B L  ,% 2943 -108 

MC"2CF1 (B2 
SD:< I P 1  c r i t  

M C " ~  I F 1  (B2 ) 
SDI IF1 c r i t  

MCP-2 CFE (B2 
SDK Fl.ux K t .  

C c r i t  
t r  



a .  roundoff i n .  t h e  MC2-11 e d i t  of k  l e a d s  t o  ~ 0 . 4 %  c e r t a i n t y  i n  - 
!L2; Cases 2 and 3, which should have i d e n t i c a l  3 b a s i c a l l y  do; 

b. any e r r o r  i n  7 due t o  t h e  MC2-11 " i n c o n s i s t e n t  a p  roximation 
is  masked by t h e  roundof f ;  i. e.  t h e  d i f f e r e n c e  i n  5 between 
Cases 3 and 4 i s  n o t  much l a r g e r  than  0..42 

c .  apparent  d i sc repanc ie s  i n  3 from Mc2-11 CP1 vs .  Monte Carlo is 
-2.6% which t r a n s l a t e s  t o  approximately -0.0093 i n  Ak. There 

7 is  u n c e r t a i n t y  i n  2 ; 0.7% f o r  l a  Monte Carlo s t a t i s t i c s  and 
f o r  0.4% f o r  Mc2-11 roundoff .  The e r r o r ,  which is  s t i l l  out- 
s i d e  s t a t i s t i c s ,  may stem from n e g l e c t  of  P. n  > 1 s c a t t e r i n g  , 

, i n  MC2-11. n  

d.  Cross sect i .on c o l l a p s e  t o  27 groups f o r  Cases 2-4 was done wi th  
ze ro  buckl ing and used MC2-11 only.  Cases 5-8 involve  an  MC2-11 
c r o s s  s e c t i o n  c o l l a p s e  t o  a  156 group l i b r a r y  followed by an  
SDX c o l l a p s e  t o  a  27 group l i b r a r y .  Then 27 group d i f f u s i o n  
theory  c a l c u l a t i o n s  f o r  buckl ing a t  and n e a r  ze ro  determined . I n  t h e  l a s t  . t h r e e  cases  t h e  c r o s s  s e c t i o n  co l l apsk  was 
done wi th  a buckl ing  nea r  8 .1  x 

e .  The s tandard  procedure i n  f a s t  c r i t i c a l s  a n a l y s i s  is I P 1  co l -  
l a p s e  i n  both t h e  MC2-11 and SDX codes. None of t h e  ca ses  
e x a c t l y  matches t h i s  approach, bu t  w e  e s t i m a t e  would be 
~ 3 0 0 4  based on reducing  t h e  Case 5 va lue  by t h e  d i f f e r e n c e  
between ? i n c a s e s  6 v s .  7. 

f .  The e s t ima ted  ? = 3004 from MC2-II/SDX IP1  d i f f e r s  from t h e  
d i r e c t  Mc2-11 va lue  (Case 3) by 1.6%, which is  much l a r g e r  

than  roundoff can account  f o r .  The 3 d i f f e r e n c e  t r a n s l a t e s  
t o  a  d i f f e r e n c e  o f  %0.006 i n  Ak.* 

An important  p o i n t  ob ta ined  from Table X I  is  t h a t  t h e  MC2-11 va lue  
of ? is  n o t  e x a c t l y  preserved  by t h e  MC2-II/SDX two-stage c r o s s  s e c t i o n  
co l l apse .  Even though t h e  IP1  approximation is  used throughout ,  t h e  leakage  
from M C ~ / S D X  i s  l a r g e r  than  from MC2-11. This  could stem from t h e  f a c t  t h a t  
f o r  d i r e c t  MC2-11 c o l l a p s e  t o  27 groups,  a  c u r r e n t  weight ing  of  a  is  used, 
wh i l e  f o r  t h e  Mc2-II/SDX pa th  t h e  fo l lowing  sequence occurs:  t r  

a .  MC2-11 c u r r e n t  weight ing  of  a f o r  t h e  nonresonance i s o t o p e s  , 
t r  

and of  a  f o r  t h e  resonance i s o t o p e s  is done t o  produce 
smooth 

t h e  ~ 1 5 6  group SDX base  l i b r a r y ;  

b;. t h e  resonance i s o t o p e  a component t o  a is c a l c u l a t e d  i n  SDX 
a tr 

and added t o  a  t o  produce a  156 group a f o r  t h e  resonance 
smooth tr 

i s o t o p e s ,  and 

.. c .  a n  approximate SDX c u r r e n t  weight ing j Q $11 is  used t o  t 
c o l l a p s e  t h e  i s o t o p i c  o ' 8  t o  a broad group fevel: 

tr 

*Subsequent e x p l i c i t  comparisons showed a 0.002 Ak d iscrepancy  a s  opposed t o  
t h e  es t imated  voluc  of 0.006. 



2 .  Large Buckling -- Leakage for a homogeneous model at a high buckling 
was compared between VIM and MC~-11 for the composition shown on Table XII. 
Here, unlike in the limit of zero buckling, a theoretical difference exists 
between the B1 and P1 leakage rates. Table XI11 shows the results where. 
Ak = (k, - k (B)) is used to isolate the leakage component of the eigenvalue. 

a. Consistent B1, the .most rigorous MC~-11 option available, is 
underpredicting leakage relative to VIM by 1.07% of its value 

~k (CBI ~ ~ ~ - 1 1 )  = 0. 9893 
Ak (VIM) 

which is three standard deviations of the VIM result. 

b. Alternately, the less exact option, inconsistent YI, is in 
agreement.' wi thin stat?.st. i .rs d i ~ e  apparent1.y tr, a cancellation 
of errors. 

TABLE XII. Homogeneous Compositions for High 
Buckling Leakage Tests 

TAR1.E X T T T .  T . e a k a g ~  Cnrnp~~terl hy M n n t ~  Car1.n and t h e  
MC?-Z Cudr ac High Buckling a 

-- - - 

,Monte Carlo. CBI IPI 

Among the possible sources of the CB1 Ak error is inadequate repre- 
sentation of anisotropy in the scattering. This could be remedied by solving 
higher order B equations (allowing higher modes of anisotropic scattering). 
This option hag not yet been explored. 

It was found in studying the large buckling case that broad group 
non-leakage parameters (f28/f49, c2e/f49, k 

eff' 
etc.) were non-negligibly 

mispredicted if an unbuckled SDX fine group spectrum were used to collapse 



t o  t h e  broad group c r o s s  s ec t ions .*  Thus i n  a l l  subsequent work, pa ins  were 
taken t o  u se  a  SDX c o l l a p s i n g  spectrum which i s  buckled t o  t h e  degree  ex- 
pected t o  be encountered i n  t h e  subsequent broad group c a l c u l a t i o n s .  

I n  summary, t h e  r e s u l t s  o'f t h e  homogeneous leakage p r o b a b i l i t y  
t e s t s  showed t h a t :  

a .  a t  low buckl ing  t h e  MC?-II/SDX codes when run  is t h e i r  u s u a l  
( i n c o n s i s t e n t  P ) mode, underpredic ted  Ak due t o  leakage by 

1 
~ 1 %  of i t s  va lue .  

b. While a t  h igh  buckl ing t h e  most r i go rous  form of  MC2-11 
( c o n s i s t e n t  b l )  underpredfc ts  Ak due t o  leakage by #b1% of 
i t s  v a l u e ,  when run  i n  t h e  i n c o n s i s t e n t  P1 mode, MC2-11 com- 
pu te s  a  leakage p r o b a b i l i t y  i n  agreement w i th  Monte Carlo.  ' 

c.  F i n a l l y ,  t h e  MC2-II/SDX p a t h  y i e l d s  a  s l i g h t l y  d i f f e r e n t  
leakage  p r o b a b i l i t y  t han  t h e  MC2-11 p a t h  a lone .  

The MC2-II/SDX e r r o r s  a r e  smal l ,  a f f e c t i n g  e igenvalues  by up t o  
0.5% Ak. However they  a r e  n o t  n e g l i g i b l e .  None-the-less i t  was d e c i d e d , t o  
move on and i n v e s t i g a t e  t h e  heterogeneous c a s e  before  p r e s s i n g  t o  f u r t h e r  
reduce leakage  p r o b a b i l i t y  e r r o r s .  i n  t h e  b a s i c  MC2-II/SDX a lgor i thms.  

V. ASYMPTOTIC, HETEROGENEOUS PLATE-CELL LATTICES 

Upon completion of t h e  homogeneous t e s t s ,  t h e  t rea tment  of heterogeneous 
c e l l s  was undertaken.  F i r s t  a  s tudy  was made of a  t r u e  1 D  s l a b  c e l l  w i t h  
zero  leakage.  This t e s t ,  based on an  LMFBR c e l l ,  a g a i n  avoided t h e  3D + I D  
modeling a s p e c t  of  homogenization and simply addressed t h e  accuracy of  t h e  
MC2-II/SDX t rea tment  of  t h e  i n t r a  c e l l  c r o s s  s e c t i o n s  and f l u x  s o l u t i o n .  . 

This  is desc r ibed  i n  Sec t ion  A ,  below. 
-. 

Next, t h e  3D -+ 1 D  modeling ques t ion  was addressed  f o r  a  GCFR p l a t e  c e l l  
by comparing Monte Carlo s o l u t i o n s  of  t h e  3D c e l l  w i th  Monte Carlo s o l u t i o n s  
of s l a b  c e l l s  cons t ruc t ed  accord ing  t o  t h e  3D + 1 D  modeling p r e s c r i p t i o n s  
desr.rihed i n  Sec t ion  1 1 - D  and Appendix B. Both leakage and non-leakage as- 
p e c t s  of t h e  modeling were examined. It was found t h a t  both t h e  " re ference"  
and t h e  "pure void" 3D -t 1~ modeling p r e s c r i p t i o n s  descr ibed  i n  Sec t ion  11-D 
would adequate ly  p re se rve  non-leakage p r o p e r t i e s  of  t h e  c e l l .  However, i t  
was found t h a t  i f  vo id  r eg ions  e x i s t e d  i n  t h e  3D c e l l ,  they  had t o  be main- 
t a i n e d  a s  t r u e  vo ids  i n  t h e  1 D  model i n  o rde r  t o  p re se rve  leakage  p r o p e r t i e s .  
This  l a t t e r  requirement  r u l e s  o u t  t h e  use  of  t h e  BENOIST a n i s o t r o p i c  d i f f u s i o n  
method f o r  p l a t e  c e l l s  con ta in ing  t r u e  void ,  though f o r  non-void c a s e s ,  t h e  
BENOIST method could s t i l l  be considered.  The 3D + 1 D  modeling tests a r e  de- 
s c r i b e d  i n  Sec t ion  B below. 

'Al te rna te ly ,  t h e  broad group r e s u l t s  were found t o  be  i n s e n s i t i v e  t o  t h e  
buckl ing  used i n  t h e  MC -11 2000 group c a l c u l a t i o n  which produced t h e  
SDX ~ 2 0 0  group l i b r a r y .  



Based on t h e  above informat ion ,  two tests were made of t h e  f u l l  3D + 1 D  
modeling, Mc2-II/SDX, 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  c e l l  homogen- 
i z a t i o n  p a t h  f o r  p l a t e  c e l l s .  The f i r s t  c a s e  (d iscussed  i n  Sec t ion  C) t e s t e d  
Mc2-II/SDX and t h e  BENOIST method f o r  a  s l a b  c e l l  con ta in ing  no t r u e  void .  
The second (d iscussed  i n  Sec t ion  D) t e s t e d  t h e  Mc2-II/SDX and GELBARD 
method ' f o r  s l a b  c e l l s  con ta in ing  t r u e  void.  The GCFR c e l l  was used i n  both 
c a s e s ,  and both low and h igh  buckl ings  were considered.  I n  a l l  c a ses ,  Monte 
Car lo  provided t h e  s t anda rd  o f  comparison and ENDFIB-IV d a t a  were used. 

A. Zero Leakage, True 1 D  LMFBR P l a t e  C e l l  

Th i s  s e t  of t e s t s  was made i n  1975 and employed ENDF/B-IXI d a t a ,  The 
model o f  t h e  u n i t  c e l l  r ep re sen ted  an i n f i n i t e  a r r a y  of i n f i n i t e  s l a b s  of 
t h e  composition and t h i c k n e s s e s  of  t h e  LMFBR u n i t  c e l l  shown i n  Fig. 1. V I M .  
provided t h e  r e f e r e n c e  sn lu t i .on .  MC~-11 was run i n  t h e  i n c o n s i s t e n t  F1 nlode 
a t  ze ro  buckl ing  t o  p rov ide  a 156 group base  l i b r a r y  f o r  'SDX. SDX generated 
an i f i t f a - c e l l  f l u x  distribi. i t j .on and an  unbuckled f i n e  group spectrum which 
w a s  used t o  c o l l a p s e  t o  a 27  group c e l l  averaged c r o s s  s e c t i o n  s e t .  This  was 
then  used i n  a  z e r o  leakage  1 D  d i f f u s i o n  c a l c u l a t i o n  of a homogenenils compo- 
s i t i o n  having t h e  (:ell-averaged number d e n s i t i e s .  

Table  X I V  shows t h e  r e s u l t s  f o r  s e v e r a l  ?-ntegral  parameters:  The eigen- 
v a l u e ,  and the c e l . S - a v ~ r a g ~  3 9 ~ 1 - ~  abso rp f ion / f i so ion  r a t i o ,  2 3 A ~  t o  2 3 q ~ 1 . 1  

f i s s i o n  r a t i o ,  and 2 3 9 ~ u  f i s s i o n  c r o s s  s e c t i o n  a g r e e  t o  w i t h i n  t h e  V I M  
s t a t i s t i c s .  A s  i n  t h e  homogeneous case ,  a  disagreement  e x i s t s  i n  2 3 8 ~  capture .  

Table XV shows t h a t  t h e  SDX and V I M  c e l l - i n t e g r a t e d  s p e c t r a  a g r e e  w i t h i n  
s t a t i s t i c s  down t o  t h e  r e so lved  resonance range. 

Table  XVI shows a comparison o f  i s o t o p i c  abso rp t ion  f r a c t i o n s :  Good over- 
a l l  agreement is obta ined .  The 2 3 8 ~  problem i s  seen ,  a s  i n  t h e  homogeneous 
cases .  A s  i n  t h e  homogeneous case ,  SDX o v e r p r e d i c t s  s t r u c t u r a l  abso rp t ion  due 
t o  t h e  n e g l e c t  o f  c a p t t ~ r e  resonance s e l f - s h i e l d i n g  f o r  m a t e r i a l s  of mass < loo ,  
However, on ly  %6% of  c e l l  abso rp t ions  occur  i n  s t r u c t u r a l s .  Though n o t  shown 
i n  rhe t a b l e ,  when normalized t o  equa l  abso rp t ions ,  t o t a l  f i s s i o n  p rodnr t ion ,  
c a p t u r e  and f i s s i o n  a l l  a g r e e  t o  b e t t e r  t han  0.2502. 

Table X V I I  shows t h e  V I M  and SDX ce l l -averaged  c r o s s  s e c t i o n s  f o r  3 8 ~  
f i s s i o n  and cap tu re .  2 3 8 ~  f i s s i o n  ag rees  w i t h i n  s t a t i s t i c s  except  i n  the 
high  MeV region .  2 3 8 ~  c a p t u r e  i s  lo" r e l a t i v e  t o  VIM;  -- i n  t h e  unresolved 
range ,  i t  is due most ly t o  t h e  V I M  i n t e r p o l a t i o n  problem; i n  t h e  resolved. 

. r ange  i t  is the  combination of  t h e  NRA and equiva lence  theo ry  used i n  SDX. 

The comparison of  V I M  and SDX shows t h a t  o v e r a l l  SBX is prodlicing a.n 
a c c u r a t e  s o l u t i o n  f o r  a t r u e  1 D  s l a b  h e t e r o g e n e o u s , c e l l  problem a t  ze ro  leak-  
age.  Seve ra l  d i s c r e p a n c i e s  a r e  seen  which a r e  common t o  t h e  homogeneous and 
heterogeneous models. However, t h e  t e s t s  have n o t  addressed t h e  non-leakage 
p r o b a b i l i t y  a s p e c t s  o f  t h e  SDX homogenized c r o s s  s e c t i o n s  o r  t h e  3D + I D '  
modeling o f  t h e  3D c e l l s .  These a s p e c t s  axe d i scussed  nex t .  



- 
TABLE XIV. Comparison of VIM, SDX, and ARC Integral Parameters for the Heterogeneous LMFBR True 1 D S l a b  Cell 

SDX 27 Group. 1)iffusion Theory 

I t e m  Def in i t i on ,  VIH Value Difference Value . Difference . 

k e i  genvalue. 1,23961 + 0,00165 1,24013 t0.00052 1.24029 10.000G8 

c e l l  E 6 

I rfr2aa:at$d~d?  IN^^& 
c e l l  E 

f28/f'? c e l l  0,01921 + 0,9852 0,01906 -0,781 0.01906 -0,761 
I I N ~ ~ u ! ~  + d ~ d ?  /liZ8d? 

c e l l  E A c e l l  

1 l~2au;Bt$dEd; j?iS9d; . 
c e l l  E . . 

,2ilt49 0.-1664' + 0.31~2 0,1640 -1,4427 0.1640 -1,442 
I ~ ~ ~ ~ a $ ~ 4 d ~ d ?  / ~ ~ ~ d ?  

c e l l  E c e l l  

c c i l  .E c e l l  

cell E c e l l  ; 



TABLE XV. Comparison of VIM and Diffusion Th.eory Spect'ra 
fo r  the Heterogeneous w9BR True U) Cell  

Diffusion Theory 

Group E T O ~  VPM Value Difference 

1 10 MeV 
2 6.065 ' 

3 3.679 
4 2.231 
5 1.353 
6 820.85 ke.V 
7 497.71 

8 301.97 . 

9 183.16 
. 10 110.09 
11 67.38 
12 : 40.87 
13 24.79 . 

14 15.03 
15 9.12 
16 5.53 
17 3.35 

' . 18 2.03 
19 1.23 
20 748.52 eV 
2 1  454.00 
22 275:36 
23 101.30 
24 37.27 

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

25 13.71 0.0001 + 45.0 0 . O O O I  - 
26 10 VIM; 5.04 ARC - - 
27 1.86 - .3 - 



TABLE XVI. Comparison of n,H and Diffusion Theory Absorption by 
. Isotope for  the LHFBR True LP Slab Cell 

Isotope VCI ~ ) l f f u s i ~ ~  %  if fer&ca 

TABLE XVLI. Comparison of VM and SDX-Generated Broad Group 2 3 8 ~  Cross 
Secciops for the LHFBR True 'ID Slab C e l l  ' 

aZ8 a 28 
f 

VIM SDX V R.1 SDX 

Group Value Dif ference  Value n i f  ference 

1 7.208-3 t 1.54 X 6.966-3 -3.357): 9.870-1 t 1.53 9: 9.453-1 -4.225X 
2 1.276-2 t 0.838 1.267-2 -0.705 5.899-1 t 0.704 5.878-1 -0.356 
3 3.010-2 t 0.636 2.990-2 -0.664 5.779-1 t 0.527 5.762-1 -0.294 
4 6.777-7 t n.469 6.745-3 0.399 4.195-1 z 0.944 4.1b1-1 -0.910 
5 1.243-1 t 0.249 1.249-1 40.483 2.662-2 t 0.979 2.646-2 -0.601 
6 1,262-12 0.254 1.260-1 -0.155 1 .203 -3 t0 .483  1.205-3 tO.166 
7 1.176-1 t 0.208 1.176-1 40.000 1.281-4 t 0.366 1.276-4 -0.390 
8 1.347-1 t 0.194 1.345-1 -0.148 5.808-5 t 0.217 5.802-5 -0.103 
9 1.687-1 t 0.117 1.692-1 40.296 4.970-5 t 0.116 4.987-5 40.362 

10 2.160-1 i 0.164 2.161-1 M.046 3.566-5 t 0.257 3.578-5 tO.337 
11 3.349-1 t 0.188 3.349-1 40.000 5.189-6 t 0.663 2.205-6 -57.482 
12 4.307-1 t 0.236 4.275-1 -0.743 
13 5.270-1 t 0.260 5.220-1 -0.948 
14 6.287-1 t 0.284 6.254-1 -0.825 
15 7.365-1 t 0.370 7.274-1 -1.236 
Ib 8.335-12 0.593 8.220-1 -1.380 
17 9.979-1 t 1.09 9.352-1 -6.283 
18 9.174-1 ? 0.871 8.977-1 -2.147 
19 1.191+0 1 1.11 1.15DH) -3.442 
20 1.187W 1 1.21 1.14440 -3.622 
21 1.13040 t 2.55 1.04840 -7.257 
22 1.75540 t 1.74 1.474M -16.011 
23 1.47640 t 3.16 1.474tO -0.136 
24 6.765M t 20.2 6.512tO -3.740 - - - - - - - - - _ - - - _ - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
I S  2.715-1 i 16.1 1.719 
26 1.030 
2 7 4.684-1 



B. Monte Carlo Studies of Nonleakage and Leakage Aspccts of 
3D + ID Modeling 

To examine the implications of the relocation of structural material from 
the cell periphery into the slab regions of a one dimensional model, the 
3D + 1D modeling was performed to generate 1D slab VIM models for comparison 
with the exact 3D VIM model. The 'GCFR cell served as the model, and ENDFIB-I11 
data were used. Both the "reference modeling'' (placing structure from the 
cell perimeter in all non-resonance material slabs -- including voids) and 
the "pure void modelingl'.(placing structure from the cell perimeter in slab 
regions excluding resonance material regions and void regions) were examined. 
The selection of the GCFR model emphasized anisotropic diffusion effects, 
since as shown in Fig. 2, the cell contains void slots comprising %55 v/o 
of the cell. The results are shown in Table XVIII. 

1, Nonlcalcagc Paramctcro; Rcfcrcnce and Purc Void llodcling -. Thc 
first column of Table XVIII shows that either one of the two modeling pre- 
scriptions adequately preserves k,. Comparisons of other reaction rate re- 
lated parameters showed similar agreement and confirmed the conclusions of 
earlier studies14 that the 3D + 1D modeling relocation of structural material 
is adequate for nonleakage parameters. 

With the demonstration from the preJious section that the .MC~-II/SDX 
homogenization reproduces the VIM results for a 1D cell, i't mag be concluded 
that the 3D + 1D modeling followed by the MC~-IIISDX homogenization will re- 
produce the nonleakage parameters of a 3D cell. 

2. Leakage Parameters; Adequacy of 1D Modeling - In the case of leakage 
properties, the modeling considerations are different. For example, the 
assembly structure in the x-y planes is different from the structure in the 
x-z planes. (See Figs. 1 or 2 for coordinate orientations.) The streaming 
path in the void plane (y-z) is interrupted in the z direction only by the 
drawer fronts and backs, while in the y direction the stainless-steel matrix 
structure has a ten-fold larger optical thickness. Thus, the streaming is 
direction dependent within the void plane. Since no one-dimensional model 
can account for this difference, it had to be verified that the structural 
differences do not lead to large difference between y and z leakages. This 
was confirmed by computing* A and A with the three-dimensional model by 

Y Z Monte Carlo: A ' =  0.2955 + 0.0023 and A = 0.2974 2 0.0024. The two values 
Y z agree to within one-sigma uncertainties. The expected values of k and k 

differ by 0.0027. Y Z 

The relatively small difference between y and z leakages suggests 
that a one-dimensional modeling approach can be acceptably accurate. 

3. Leakage Parameters; Reference 1D Modeling - In row 2 of Table XVIII, 
results are shown for the "reference" 3D + 1D modeling procedure. It may be 
seen that leakage perpendicular to the plates is modeled adequately. How- 
ever, the reference one-dimensional model prediction of leakage parallel to 

*See Eq. 5 and Table VI for notation. 



TABLE X V I I I .  Leakage Parameters  Obtained by Monte Car lo  Using 
T'aree-Dimensional and One-Dimensional Unit  C e l l  Models 

(and ENDF Version 3 Cross Sec t i ons )  

1-D Pure Void 1.4355 + 0.0017 1011 + 1 3  --- 0.2695 t 0.0027 0.2936 t 0.0027 0.2887 + 0,0027 
t 

ag2 = 7 x 10'4tm-2. 



the plates is not good, as shown by the values of R TI and A The error in 

A l  I translates to an error of 0.0123 in k . The A error eads to the de- 
1 I gree of anisotropy, A /A , being underest~mated by1 1.2%. The A values, 

EQ 
which involve leakage ' bock parallel to and perpendicular to the void slots, 
differ by more than one standard deviation from the three-dimensional Monte 
Carlo result. Because of the serious leakage underprediction in the void 
planes, the "reference" one-dimensional modeling is cbnsidered unacceptable 
for the case at hand. 

4. Leakage Parameters; Pure Void ID Modeling - It is natural to sus- 
pect that the smearing of structural material from the periphery of the three- 
dimensional unit cell into the void slots of the one-dimensional cell model 
is responsible for the underprediction of streaming with the reference one- 
dimensional model. Other three- to one-dimensional unit cell modeling pre- 
scriptions were examined, and it was found that best results ore obtained 
when no seructural material is included in the one-dimensional void slot 
regions. The procedure for constructing the alternate, "pure-void" 
one-dimensional model from the three-dimensional cell is identical to the 
reference procedure 'except that the extra stainless steel is excluded from 
the void regions of the.origina1 3D cell as well as from the resonance-isotope- 
bearing regions. 

Monte Carlo results using the "pure-void" one-dimensional model are 
shown in row 3 of Table XVIII, where they are compared to the three-dimensional 
model standard. The leakage parameters for the x direction, F, and A are 
predicted to within one standard deviation of the expected three-dim&onal 
values. The complete absence of material in the void regions makes R 
nite so that no comparisons can be made; A on the other hand, 
and in good agreement with the 3D value. lie * discrepancy is much less 
than one standard deviation, and the one-dimenslbnal k is 1.0140 T 0.0041 
compared to the limiting three-dimensional values: k 111.0122 5 0.0037 and 
k = 1.0095 2 0.0037. The anisotropy measure, A /A i s  computed to we1 1 
4 within the one-sigma uncertainty. Thus, the pur a 1  -vo 4 d one-dimensional model 
adequately preserves the important leakage properties of the true three- 
dimensional unit cell. 

C. Benoist Diffusion Coefficient Method for a 1D Slab Cell Containing 
No True Void Regions 

A direct consequence of the requirement to maintain true void slab regions 
in the 1D model of the GCFK in order to preserve leakage properties rules out 
the use of Benoist diffusion coefficients for that case, since as can be seen 
from Eq. 1, the Benoist D becomes undefined if any region has zero C . 
Despite the failure of the "reference" modeling to represent the G C F ~ ~ ~ I I T I ~ ~  
cell adequately where totally voided regions exist, the accuracy of Benoist 
anisotropic diffusion leakage predictions for a one-dimensional model having 
low-density material In some regions is still of considerable practical 
interest for other problems (e.g., partial sodium voiding in LMFBRs and steam 
entry in GCFRs). Therefore, it was important to assess the degree of error 
incurred when the Benoist method is used in systems where low-density (but 
not complete void) streaming paths exist. For this reason the performance 
of the Benoist method for the "reference" GCE'R one-dimensional model at both 
low and high buckling was examined. 



Monte Carlo, ~enoist diffusion theory, and conventional (D = 1/31 
tr 

diffusion theory results using the "reference" one-dimensional model and 
ENDFIB-IV data are compared in Table XIX. The diffusion theory value of k, 
is very accurate. This reinforces results from earlier phases of the vali- 
dation effort, 

Table XIX shows that both conventional and Benoist diffusion theory chord- 
length predictions are too low. Recall that in the homogeneous validation work, 
approximations in the MC~/SDX processing were observed to result in a 1.27% 
under-prediction of z. This same error is occurring in the diffusion theory 
results here,, and in subsequent work has been shown to account for a large 
fraction of the err"+. 

As expected, the Benoist method results are a major improvement over 
these obtained by conventional diffusion theory. It is helpful to examine the 
performance of the Benoist method at low buckling in terms of predicting the 
leakage component of k 

ef f' 
With B~ = 2 x ~ m - ~ ,  the error in k, - k is I 

L 
-0.0004 and in k, - kl I is -0.0002, where the leakage components, km - k, are 
~0.015. View in this'perspective, the Benoist methdd is seen to be sufficiently 
accurate at low buckling. 

The fourth and fifth columns of Table XIX show results at high buckling. 
The Benoist method now seems to overpredict streaming in the low-density ' 
planes and still underpredicts leakage perpendicular to the plates. (The 
errors, however, are only ~1-112 Monte Carlo standard deviations.) There is 
a greater over-prediction of anisotropy at high buckling than at low buckling. 

The Benoist method could be expected to overpredict leakage at high buck- 
ling because the derivation involves a Taylor series expansion in buckling,. 
neglecting terms of order B ~ .  The results seen here support this expectation. 

When considered separately, the errors in the leakage components of both 
k l  and kll are just on the borderline of acceptability. Since the errors are 
L I I 

of opposite sign, however, a degree of cancellation occurs when a buckling 
vector having components in both I I and directions is considered. This is 

I I L 

shown in the last column of Table XIX, where k, - SQ is displayed. Here, as 
a result of partially compensating errors, the Benoist result is of high 
accuracy. 

For practical.calculations involving no planar slots of true void, the 
results of the study show that the Benoist method could be expected to pro- 
duce eigenvalues with errors ranging from a few tenths of a percent to +0.5%, 
depending on whether the leakage is mostly I I to or I to the,low-density slots. 

I I L 
The errors apparently stem from at least two sources -- a carryover of the 
?.underprediction from the homogeneous case, which is attributable to the 
MC~-II/SDX (I generat ion and' a tendency* to overpredic t leakage at high buck- 
ling which i&rcomrnon to all P1 diffusion methods. 



D. Gelbard Diffusion Coefficient Method for a 1D Slab Cell 
Containing Regions of True Void 

The Monte Carlo comparisons of 3D and 1D cell calculations showed that 
void regions must be maintained in the 3D -+ 1D modeling if leakage rates are 
to be preserved. However, Benoist D's become undefined for a slab cell con- 
taining pure void regions. This, coupled with the increasing error in the 
Benoist method with increasingly high buckling led Gelbard to the development10 
of a modified anisotropic diffusion coefficient prescription. 

This method was tested for the "pure void" 1D slab model of the GCFR 
at both low and high buckling. Results are presented in Table XX. The 
ENDFIB-IV cross sections were used. The infinite multiplication factor, km, 
though apparently less accurately predicted than it was in previous comparisons 
is still within statistics. 

The alternate diffusion theory method is seen to underpredict leakage 
at low buckling. The error is only slightly outside the Monte Carlo standard 
deviation, and the errors in kw - k are similar in sign and magnitude to the 
Benoist low buckling errors. The accuracy is acceptable and in sharp contrast 
to the very poor predictions of conventional diffusion theory. Since the 
alternate method goes over to the Benoist method at low buckling, the similar 
results are expected. Furthermore, both the Benoist and alternate methods 
rely on SDX-generated transport or total cross sections, which in the homoge- 
neous model yields a value of 9 which is 1.27% low. 

Leakage appears to be underpredicted by the Gelbard coefficients at high 
buckling by upwards of 1% of its value. The k, - k and k, - k are d-112 

I I EQ 
standard deviations low which are on the verge of b&:ng within statistics. 
Though not completely satisfactory, these results are a substantial improve- 
ment over the conventional diffusion theory solution. Anisotropy, as measured 

, is well predicted, being 0.4% low and well within one standard 
of the Monte Carlo value. 

It may be noted here that the overprediction of leakage at high buckling 
which was found both in the homogeneous case and in the heterogeneous case 
using ~'enoist , diffusion coefficients has been eliminated by the Gelbard method 
which in its derivation retains the higher order buckling contributions to the 
diffusion coefficient. 

The anisotropic diffusion coefficients in the alternate formulation are 
a function of buckling. The coefficients depend on the direction as well as 
the magnitude of the buckling vector u ~ c d  to evaluate Eq. 2. Because in full- 
core problems the buckling may not be accurately known a prior<, it is import- 
ant that the eigenvalue be insensitive to the buckling used in computing the 
coefficients with Eq. 2. An indication of the sensitivity is given in Table 
XXI, which shows k as a function of the buckling vector used in Eq. 2. All 
the diffusion thaoHQ calculations listed in Table XXI had a leakage of: 



TABLE X I X .  Leakage Parameters  Obtained Using t h e  Reference (No Pure Void) 
One-Dimensional Model (and ENDF Version 4 Cross Sec t ions )  

TABLE XX. Eigenvalues  Obtained Using t h e  One-Dimensional Pure-Void Model 
(and ENDF Vers ion  4 Cross S e c t i o n s )  

Method . 
-' 

Monte Carlo . - 
Benolst O1ffusl:on 

Conventional Diffusion 
. .. 

km (error :  . 

1.4340 + O.OC133 

1.4338 (-0.0002) 

1.4338 (-0.0002) 

. Method 

Monte Car10 

A1 t e m a t e  Diffusion 

Conventional Dlffuslon 

82 = 7 x 10-4 cm-2 

km ( e r r o r )  

1.4315 + 0.0018 

1.4338 (+0.0023) 

1.4338 (+0.0023) 

km - kl ( e r r o r )  

0.3886 + 0.0027 

0.3860 (-0.0026) 

0.3852 (-0.0034) 

B2 = 2.001 x 10-5 ~ r n ' ~  

k m  - k l a  ( e r r o r )  

0.4204 + 0.0035 

0.4262 (+0.0058) 

0.3864 (-0.0340) 

km - kIa ( e r r o r )  

0.3962 + 0.0032 

0.3916 (-0.0046) 

0.38G4 (-0.0098) 

- 
r2 i cm2 ( e r r o r )  

1043 5 11 

1016 (-27) 

1007 (-36) 

k - k e r r o r  

0.0184 + 0.0003 

0.01 79 (-0.0005) 

0.0142 (-0.0042) 

a 
km - LpQ ( e r ro r )  

0.4140 r 0.0029 

0.4146 (+0.0008) 

0.3864 (-0.0276) 

- 
9: c m 2  ( e r r o r )  

1152,-+ 10 

1137 (-15) 

1G07 (-145) 

kw - kE9 ( e r r o r )  

0.0172 + 0.0003 

0.01 68 (-0.0004) 

0.0142 (-0.0030) 

km - k I  ( e r r o r )  

0.4266 i 0.0031 

0.4220 (-0.0046) 

0.3852 (-0.0414) 

kw - kEg ( e r r o r )  

0.4183 + 0.0030 

0.41 30 (-0.0053) 

0.3852 (-0.0331) 



TABLE XXI.  Sensit2vity of k to Buckling. 
Error in ~ q .  (2FQ . 

Buckling Used in Eq. (5) 
x lo4 ( ~ m - ~ )  

I 

a ~ 2  = 7 x in diffusion theory calculation. 
L 
.Error relative to first row in the table. 
C The numbers in Table 'UI apply to the sensi- 
tivity test only and are.not totally con-' 
sistent with those in Table XX. 

The first three columns show the buckling used in Eq. 2 to generate the values 
of D. It can be seen that only a modest error in lc reoults when the direc- 
tion of B is incorrect in the generation of the D ~ ~ E Q  The last row des~uoatrares 
  ha^ LII~! ellgenvalue error can be substantial if an.error in the arnplit~ld~ nf 
B used in rhe generation of B's is suf.ficiently large. However, this 43% 
error in B2 is much larger than would be expected for the asymptotic rcgion 
of a critical assembly. The buckling dependence of the anisotropic diffusion' 
coefficients is sufficiently weak to allow accurate calculations for the 
asymptotic regions of a system. 

Summary of the Plate Cell R.esults 

The sequence of tests described above has shown that in the asymptotic 
case, the 3D -t iD modeling of ZPR plate type cells followed by a W2-TI/SDX 
unit cell hsmogenizaLlun of cell average cross sections and a BENOIST or 
GELBARD method'generation of anisotropic diffusion coefficients will yield 
broad group diffusion theory group constants which accurately conserve the 
reaction rates and directional leakage rates given by a Monte Carlo solution 
of the original 3D cell. 

In the original cell contained void columns, it is necessary to use 
the lrpure void" 3D + ID modeling and to use the Gelbard diffusion coefficients. 
.If the original cell contained no void columns, the "reference" modeling and 
the Benoist diffusion coefficients are sufficient though there is a tendency 



to over-predict leakage at high buckling. In either case the reference 
modeling is used in connection with the SDX code to yield the cell average 
cross sections. 

The Gelbard diffusion coefficients have the advantage that in the case 
of high Ieakage ratcc (buckling) fvurld in fast reactors, a transport correc- 
tion is automatically included which tends to eliminate the traditional dif- 
fusion theory overprediction (relative to transport theory),of leakage. 

VI. ASYMPTOTIC, HETEROGENEOUS PIN CALANDRIA CELL LATTICES . 

After completing the plate unit cell homogenization validation, the pin 
calandria case was considered. This was done in 1977 and used ENDF/B-IV basic 
data files. The unit cell loading selected for the study of pin geometry con- 
'sisted of a 2 x 2 x 12 in. voided calandria loaded with a 4 x 4 array of 318 
in. diameter by 6 in. mixed oxide rods (15% Pu02/U02). Figure 3 shows the 
dimensions of the calandria unit cell. The atom densities of the 1D model 
are given in Table IV. 

This three dimensional calandria unit cell was modeled in full detail for 
the reference VIM Monte Carlo calculations. For the SDX calculation, the 
"reference" 3D -t 1D modeling of the pin cell was used. As is described in ,. 
detail in Appendix'B, this modeling retains the diameter and composition of 
the fuel-bearing pin and smears all structure into a remaining annulus around 
the pin. 

Table XXII shows the results of the VIM versus Mc2-II/SDX reaction rate 
comparison at zero leakage. It is clear that the combination of the "reference" 
3D -t 1D modeling and Mc2-II/SDX cell homogenization produce unit cell average 
reaction rates in excellent agreement with the true 3D pin calandria result. 
(A separate comparison not displayed here showed excellent agreement between 
VIM and Mc2-II/SDX solutions of an infinite one-pin unit cell -- therefore 
the agreement displayed in Table XXII is not a result of a fortuitous cancel- 
lation of .3D -+ 1D modeling and Mc2-II/SDX errors). 

The last row of Table XXII shows that in opposition to the excellent agree- 
ment in nonleakage probabilities, the use of the SDX-produced conventional dif- 
fusion coefficient (D = 1/3C ) leads to a misprediction of leakage in the 
limit of zero B ~ .  t r 

Thus, Benoist and Gelbard diffusion coefficients were tested for the 
voided pin calandria. Benoist coefficients were generated using the "refefencel' 
1D model. Gelbard coefficients were generated using the "true voLd" 1D model. 
The results in both cases were tested against the VIM result for the 3D pin 
calandria at both low and high buckling. The results are shown in Table XXIII 
(for high buckling) and Table XXIV for low buckling. 

At high buckling, the results of Table XXIII show that the use of Benoist 
D's consistently (and significantly) underpredicts the Ak/k due to leakage. 
Alternately the use of Gelbard D's generated using the true void one dimensional 
modeling greatly improves the agreement; In each case, the Ak/k obtained with 
Gelbard D's is well within VIM statistics. 



TABLE MCIL. Comparison o f  Resu l t s  f o r  t h e  V i m  Ca lcu la t ion  o f  t h e  
Pin-Calandria Unit Ce l l .  and the SDX Calculations 

of the  S i n g l e  . P i n  Model .All at 'Zero Buckling 

One-Dimensional 
Three-Dimensional S ing l e  P i n  

P in-Calzndr ia,  Reference M~de l ing  
VIM S D X  a ,  b SDX/VIM 

Eigenvalue 
k, 1.30184 ' 5  0,00318 1.29935 0.9981 2 0 -0.024 

(50,000 His to r ies )  

React ion Ra te  Ra t io s  

f25 / f49  ' ' 1.07857 2 0.01973 1.08117 
f20/f49. 

1.0024 t 0.0182 
0.021342 + 0.000517 0.021163 

c28/f49 
' . O..991G >+ .0,0242 

0.15635, + 0.00348 0.15669 1.0022 + 0.0226 
c49/f49 0.27984 t 0.00773 0 .2 819.9 1.0077 2 0.0276 
f4O /f49 0,20120 + 0.~c1291 0.19997 . 0.9939' r 0.0145 
f41./f49 1.39678 + 0.02536 1.40158 1.0034 +: 0.0181 

Di f fus ion  c h a r a c t e r i s t i c s  ( i n  u n i t s  of cm2) 

a 
Uncertainties rcgrcocne 1-.a, 

'Only u n c e r t a i n t i e s  from the M M  s t a t i s t i c s  are included. 
C This va lue  was obta ined using Conventional D ' s .  



TABLE XXIII. Comparison o i  Eigenvalues for a High Buckling System 
- -- 

VIM (3-D) SDX/RENOIST ( l - D )  SDX/GELBARD (1-D) 
B* - 7 . 0  n lo-& Pin-Calandria Single Pin S ingle  Pin 

Ratio Relative t o  VIM Ratio Rslative to  VIM 

Note: 's t kkP, , where k, (VIM) = 1.30184 + .00318 and k, (SDX) = 1.29908. 
k l6, 

,All uncerta int ies  represent 1-0 in tervals  and include only the.VIM Monte Carlo.uncertainties .  



TABLE XXIV.  Com~arison of Eigenvalues f o r  a low Buckling System 
-- 

V I Y  (3-D)  SDWBENOIST (1-n) SDX,'CELJARD (1-D) 
Pin Zalandria S ing le  P in  3:ngle Pin 

B2 = 2 . 0  x lo-5 Ratio R d a t i v e  t o  VIM Ratio Relat ive  t o  VIM 

Case 1 .  B: 2 . 0  x B: = 0 . 0  

Noter % E e, where k, (VPZ) = 1.30184 + -00318 ant  km (SDX) = 1.29903. 
k k, 

A l l  uncer ta in t i e s  reprzsent 1-0 i n t e r v e l s  and include only  the  VIM Monre Carlo uncer ta in t i e s .  



A number of buckling combinations were considered for the low buckling 
system. Gelbard diffusion coefficient multipliers were recomputed for each 
of these sytems using the SDX cross sections which were generated with zero 
buckling. Benoist diffusion coefficients were obtained with the B~ = 0.0 SDX 
cross sections and the reference one dimensional model. The results are com- 
pared in Table XXIV with the results of the VIM calculations. 

As noted with the high buckling systems, the Bk due to leakage is under- 
predicted with the Benoist method. In this case, however, the effect is small 
and, although the bias (relative to VIM) is larger than the Monte Carlo un- 
certainties, the overall impact on calculated eigenvalue is not significant. 
The Benoist diffusion coefficients indicate an axial-to-radial asymmetry of 
1.013, as compared to 1.047 (+1.7%) from the VIM calculation. 

The results given in Table XXIV for the SDXIGELBARD methods at low buck- 
ling show that they consistently overpredict the Bk due to leakage. Th,e bias 
relative to the VIM calculation is comparable in magnitude to the bias ob- 
tained with the Benoist method. It produces an insignificant overall impact 
on the calculated eigenvalue. The Gelbard diffusion coefficients indicate an 
axial-to radial asymmetry of 1.074, which is 2.6% high relative to VIM. 

For systems at low buckling the use of either Benoist or Gelbard diffusion 
coefficients provides sufficiently accurate results which are a considerable 
improvement over conventional diffusion theory. 

VII.. CONCLUSIONS AND DISCUSSION OF CURRENT ACTIVITIES 

The validation tests on ZPR critical assembly plate and pin calandria 
unit cell homogenization described above have relied on the availability of 
high-precision Monte Carlo solutions of unit cell problems with fully-detailed 
three dimensional geometry and pointwise representation of the ENDFIB neutron 
cross sections. The 3D -t 1D modeling prescriptions followed by the MC*-II/SDX 
unit cell homogenization followed by the Benoist or the Gelbard anisotropic 
diffusion coefficient generation which are currently used in ZPR fast criticals 
experiments analyses have been shown in these tests to be highly accurate. 
The result of these validation tests has been to foster a high degree of con- 
fidence in the correctness of methods and codes for predicting reaction and 
leakage rates in plate and pin calandria unit cells located in an asymptotic 
spectrum. It is our belief therefore, that for those cases which satisfy the 
above conditions, experimental/calculational discrepancies can be attributed 
to either experiment or basic nuclear data, but not to methods and codes. 

The Monte Carlo-based validation of calculational aspects of fast critical 
experiment analysis is currently being extended in a number of areas. We 
briefly discuss the work in progress below. 

A. Epithermal Effects: Asymptotic, Steam-Flooded GCFR Lattices 

For the LMFBR and GCFR compositions, the flux in the ~100 eV range is 
negligibly small, and errors associated with the use of the NRA contribute 
insignificantly to the overall neutron balance. However, in the case of steam 
flooding of the GCFR cells -- even at a density of 0.006 gm HpO/cc -- the epi- 
thermal reaction rates become non-negligible. Moreover, the introduction of 



steam i n t o  t h e  coo lan t  channels  decreases t h e  leakage p r o b a b i l i t y  a s  well .  
.The c a l c u l a t i o n  o f  t h e  eigenvalue change upon steam e n t r y  involves t h e  cancel- 
l a t i o n  of a  p o s i t i v e  e f f e c t  due t o  decreased leakage and a  negat ive  e f f e c t  
due t o  a  decreased k, a s soc ia ted  with higher neutron absorpt ion  f o r  t h e  s o f t e r  
spectrum. 

Monte Carlo-based v a l i d a t i o n  s t u d i e s  c u r r e n t l y  i n  progress have shown 
t h a t  by use  of t h e  KABANL opt ion  i n  SDX, t h e  nonleakage component of t h e  steam 
worth i n  asymptotic  ZPR p l a t e  u n i t  c e l l  l a t t i c e s  can be very wel l  modeled. The 
use  of t h e  "pure void" modeling procedure and t h e  Gelbard d i f f u s i o n  c o e f f i c i e n t s  
permi ts  an adequate c a l c u l a t i o n  of t h e  leakage e f f e c t .  The remaining e r r o r  i n  
t h e  leakage e f f e c t  appears t o  be as soc ia ted  with t h e  neglec t  of energy l o s s  
upon P1 s c a t t e r i n g  events  -- i . e . ,  upon t h e  incons i s t en t  P1 assumption re- 
qui red  f o r  t h e  d i f f u s i o n  theory  farm of slowing down equations solved by SDX. 
(This is a  problem which can be corrected only  by going t o  a P theory c.~..l:S, 
homogenization code.) n 

B. Non-Asymptotic Cases 

The cases  d iscussed above have a l l  been d i r e c t e d  a t  asymptotic s i t u a t i o n s  
where t h e  c e l l s  a r e  assumed imbedded i n  an i n f i n i t e  l a t t i c e  of s i m i l a r  c e l l s  
-- i . e . ,  f a r  from zone i n t e r f a c e s .  L i t t l e  s y s t e m t i c  work has y e t  heen done 
t o  test  t h e  ZPR modeling procedures where gross  g rad ien t s  i n  f l u x  amplitude 
and/or  spectrum occur ac ross  t h e  u n i t  c e l l s .  

Severa l  prel iminary r e s u l t s  a r e  more confusing than i l luminat ing .  I n  
one case ,  an RZ model of a  1250 W e  LMFBR was computed by V I M  and by d i f f u s i o n  
theory  us ing a  29 group set of c r o s s  sec t ions  generated using MC~-11. The 
model had been used f o r  an NEACRP benchmark comparison c a l c ~ l a t i o n ~ ~  and con- 
s i s t e d  of homogeneous inner  core ,  outercore ,  b lanket ,  and r e f l e c t o r  regions .  
Both V I M  and MC~-11 made use  of ENDFIB-IV da ta .  Conventional d i f f u s i o n  coef- 
f i c i e n t s  were used i n  t h e  d i f f u s i o n  theory ca lcu la t ion .  , 

The agreement between t h e  V I M  and M C ~ - I I / D ~ ~  fus ion theory c a l c u l a t i o n s  
was q u i t e  good a s  shown i n  Table XXV. The eigenvalue was predic ted  wi th in  
0.0002 Ak by d i f f u s i o n  theory.  

Al te rna te ly ,  Monte Carlo,  d i f f u s i o n  theory,  and S, , /PO t r anspor t  theory 
c a l c u l a t i o n s  of a  ZPR c r i t i c a l  mockup of a  single-zone LMFBR core  surrounded 
by a deple ted  uranium blanket  have produced d i sc repan t  eigenvalues.  A l l  
c a l c u l a t i o n s  employed ENDFIB-IV da ta .  The V I M  c a l c u l a t i o n  represented  the  
ZPR c r i t i c a l  conf igura t ion  i n  e x p l i c i t  p la tewise  d e t a i l .  The RZ d i f f u s i o n  
c a l c u l a t i o n  was based on c e l l  average c ross  s e c t i o n s  and  &lbard  d i f f u s i o n  
c o e f f i c i e n t s  generated by t h e  va l ida ted  methods discussed above. The RZ 
Sq/PO c a l c u l a t i o n  was based on t h e  same cross  s e c t i o n  s e t  used i n  t h e  d i f -  
f u s i o n  c a l c u l a t i o n  (bu t ,  of  course,  employed no represen ta t ion  of a n i s o t r o p i c  
p r o p e r t i e s  of t h e  cell-averaged composition such a s  i s  p o s s i b l e  i n  t h e  d i f -  
f u s i o n  c a l c u l a t i o n  us ing Gelbard D's).  The computed eigenvalues a r e  displayed 
i n  Table XXVI. Also shown i n  t h e  t a b l e  a r e  a corresponding s e t  of eigenvalues 
generated f o r  a  homogeneous RZ benchmark model of a  hypo the t i ca l  core of about 
t h e  same s i z e  and composition a s  t h e  c r i t i c a l  experiment. 



While the results, in   able MNI suggest a trend of S overprediction 
and diffusion theory underprediction of eigenvalue relatiee to a Monte Carlo 
standard, the trend is not supported by the results in Table XXV. A syste- 
matic examination of a sequence of'simplified model problems is planned with 

. an.aim to isolate the nature and cause of the discrepancies. 

,TABLE XXV. Neutron Balance Comparison between V I M  and 
M C ' - Z / D ~ ~  f usion Theory Calculations 

VIM 
Dif f u s i o n $ e o ~  

Diffusion Theory VIM 

Leakage from 
Inner Core 0.07863 + 0.00486 0.07548 0.95998 + 0.06179 

Inner Core + 
Outer Core 0.16125 + 0.00657 0.15618 0.96858 + 0.04074 
Leakage 

Reactor 
Leakage 0.01304 + 0.00679 

TABLE XXVI. , 

Eigenvalues For a ZPR LMFBR Mockup Core ' , 

k 

Experiment 1.0009 

Monte Carlo 0.9939 + 0.0015 
' Diffusion Theory (Gelbard D's) 0.9909 

SI+/PO (TWOTRAN) 1.0033 

Eigenvalues For a Hypothetical RZ Model 

Monte Carlo 1.0045 + 0.0011 
Diffusion Theory (Conventional D's) 

S4/P1 TWOTRAN 

Sq/Pl (DOT) 



C. Modeling of  .De tec to r s  i n  C r i t i c a l  Experiments 

Measurements o f  ce l l - ave rage  r e a c t i o n  r a t e s  i n  ZPR c r i t i c a l  experiments  
a r e  made by two methods. One method is  t o  perform an  i n t r a c e l l  a c t i v a t i o n  
f o i l  t , r ave r se  u s ing  t h i n  f o i l s  which a r e  subsequent ly  removed from t h e  c e l l  
and counted.  From t h e  t r a v e r s e ,  a  numerical  i n t e g r a t i o n  can be pe r fo rmed ' to  
produce t h e  measured c e l l  i n t e g r a t e d  r e a c t i o n  r a t e .  The second method is  t o  
c r e a t e  a  two-inch cub ic  c a v i t y  i n  t h e  c e l l  a n d . t o  p l ace  i n  i t  a sma l l  gas  
f low f i s s i o n  counter  s o  a s  t o  achieve  an  on- l ine  sampling of t h e  f i s s i o n  r a t e  
on t h e  f i s s i o n  coun te r  d e p o s i t .  Capture f o i l s  i r r a d i a t e d  i n  t h e  c a v i t y  a r e  
counted o f f  l i n e  t o  p r o v i d e  corresponding c a p t u r e  r a t e s .  

D i f fus ion  t h e o r y  modeling p r e s c r i p t i o n s  f o r  t h e s e  experiments  a r e  i n  
r o u t i n e  u s e  f o r  t h e  ZPR c r i t i c a l  experiment a n a l y s i s .  Monte Carlo-based 
v a l i d a t i o n  of t h e  d i f f u s i o n  theory  modeling has  e s t a b l i s h e d  t h e  accuracy of 
t h e  f o i l  t r a v e r s e  modeling.20 However, Monte Carlo a n a l y s e s  of t h e  c a v i t y  
measurement modeling proceduresZ l i n d i c a t e  t h a t  t h e  d i f f u s i o n  theo ry  methods 
c u r r e n t l y  i n  use ove res t ima te  t h e  th re sho ld  f i s s i o n  r a t e s  (e .g . ,  f 2 * ,  f 4 0 )  and 
unde res t ima te  t h e  2 3 8 ~  c a p t u r e  r a t e .  A deeper  unders tanding  of t h e  causes  
o f  t h e s e  d i s c r e p a n c i e s  and a n  improved procedure a r e  under c u r r e n t  i n v e s t i -  
g a t i o n .  

D.  Worths and B i l i n e a r  Weighting 

The g o a l  of a l l  t h e  v a l i d a t i o n  work d i scussed  h e r e  has  been t o  provide  
d i f f u s i o n  theory  methods which p re se rve  r e a c t i o n  rates and d i r e c t i o n a l  leak-  
age  r a t e s .  However, t h e  ce l l -average  mult igroup c r o s s  s e c t i o n s  produced t o  
p r e s e r v e  r e a c t i o n  and leakage  r a t e s  have t r a d i t i o n a l l y  been used a s  w e l l  f o r  
p e r t u r b a t i o n  theory  worth and k i n e t i c s  parameter (f3 e f f '  

, e t c .  ) c a l c u l a t i o n s .  

It i s  known t h a t  f o r  t h e - p r e s e r v a t i o n  of  r e a c t i o n  r a t e s  a f l w  weight ing 
c e l l  homogenization i s  r e q u i r e d  whi le  b i l i n e a r  weight ing i s  r equ i r ed  f o r  t h e  
p r e s e r v a t i o n  of  worths  and k i n e t i c s  parameters .  P re l imina ry  i n v e s t i g a t i o n s  
have been made22 t o  a s s e s s  t h e  s i z e  of e r r o r s  in t roduced  i n  worth calcu-  
l a t i o n s  by t h e  u s e  of c r o s s  s e c t i o n s  genera ted  by our  f l u x  weight ing c e l l  
homogenization techniques .  These s t u d i e s  l e a d  t o  a  t e n t a t i v e  conclus ion  
t h a t  only.mater ia1.s  whose worth is dominated by a  n e t  downscat ter  component 
a r e  s e r i o u s l y  misca l cu la t ed  us ing  f l u x  weighted c r o s s  s e c t i o n s .  Add i t iona l  
work i n  t h i s  a r e a  is c l e a r l y  d e s i r a b l e  i n  view of t h e  as-yet  unknown o r i g i n  
of  t h e  c e n t r a l  worth .discrepancy* i n  t h e  ENDF/B-based c a l c u l a t i o n  of  ZPR 
worth measurements. A s e a r c h  i s  c u r r e n t l y  i n  p rog res s  f o r  a means o f  ach iev ing  
a h i g h  p r e c i s i o n  Monte Car10 s tandard  f o r  m a t e r i a l  worth c a l c u l a t i o n s  ,'23 
U n t i l  such a s tandard  is a v a i l a b l e ,  v a l i d a t i o n  work on d i f f u s i o n  theo ry  worth 
c a l c u l a t i o n s  a t  t h e  same l e v c l  of d c t a f l  ao  dcocribed above f o r  r c a c t i o n  and 
l e akage  rates w i l l  be  s e r i o u s l y  hampered. 

*The worths  of f i s s i l e  i s o t o p e s  a r e  t r a d i t i o n a l l y  ove rp red ic t ed  by 15  t o  20% 
when ZPR' measurements are c a l c u l a t e d  u s i n g  ENDF/B-based c r o s s  s e c t i o n s ,  
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APPENDIX A: THE ETOE-11 ( I ) ,  Mc2-II(2), m sDx (394) CODES 
a? 

1. ETOE-I1 - The ETOE-I1 program performs six basic functions: 1) re- 
format data; 2) preprocess "light" element (A = 100) resonance cross sections; 
3) screen and preprocess "wide" and "weak" resolved resonances; 4) generate 
ultra-fine-group "floor" cross sections; 5) calculate function tables; and 6) 
convert all ENDFIB formats to laws which are allowed by MC~-II~SDX. 

At user option the ETOE-I1 code calculates resonance cross sections 
from ENDFIB resonance parameters for all materials of mass less than an input 
value. Generally a mass of 100 is used. These "light" element resonance 
cross sections are then combined with the ENDFIB "floor" cross sections and 
integrated over ufg energy boundaries (Au 0.008) to provide the ufg cross 
sections required by MC2-II/SDX. It is assumed that "light" element resonance 
c,ross sections are composition-independent on the ultra-fine-group level. 

The BNUF/B tormats permit: a large number of options in describing 
the fundamental data but only a subset of the allowed ENDFIB laws are processed 
by MC2-II~SDX. The ETOE-I1 code processes data given by any of the other laws 
a113 prepares these data in a format permitted by MC2-II/SDX. For example, the 
MC~-II/SDX resolved resonance algorithms assume a single or multilevel Breit- 
Wigner or a multilevel Adler-Adler description whereas ENDFIB also permits 
R-Matrix (Reich-Moore) parameters. It is well known that equivalent multi- 
level Adler-Adler parameters may be derived from these models, and these 
equivalent parameters are calculated by ETOE-11. 

Since the library files generated by ETOE-I1 are not composition de- 
pendent, the program need be executed only when new fundamental data become 
available (e.g. ,  each release of ENDFIB). 

2. MC2-11 - ~ ~ ~ - 1 1  is an ultra fine (~2000) group, zero dimensional 
slowing down code which, for a given composition, is used to process the ETOE- 
produced library data into fine (%200) groiJp li,braries for the 1D cell homo- 
genization code, SDX. The MC~-11-generated SDX libraries exclude the resonance 
contributions to capture and fission cross sections. (This is the form of 
Mc2-11 use which has been validated here.) Alternately, however, for cases 
which are truly homogeneous, MC2-11 can be used' to directly collapse (in energy 
only) the ETOE-produced ENDFIB libraries to a set of broad group cross sections. 

The ~ ~ ~ - 1 1  code solves the neutron slowing-down equations in any 
of the PI, B1, consfstent PI, and consistent B1 approximations and makes use 
of the extended transport approft;ytion to account for high-order transport and 
anisotropic scattering effects. Both the continuous slowing down and multi- 
group forms of the slowing-down equations are solved using an ufg lethargy 
structure. The energy boundary between the multigroup and continuous slowing- 
down fozmulations is user-specified but must lie above the top of the resolved 
resonance energy region. This is a consequence of the resonance treatment dis- 
cussed below. The moderating parameters, in the continuous slowing-down formu- 
lation may be calculated using either Greuling-Goertzel or Improved Greuling- 
hertze16 algorithms. Only elastic scattering is treated continuously in the 
continuous slowing-down formulation. Inhomogeneous sources along with fission, 
inelastic and (n,2n) sources are represented in the ufg multigroup form. 



The resolved and unresolved resonance c a l c u l a t i o n s  of MC~-11 a r e  
modeled a f t e r  t h e  work of  H ~ a n g . ~  The r e ~ o n a ~ c e  algori thms make use of a  
general ized J*- in tegra l  formulat ion based on t,he narrow resonance approxima- 
t i o n  inc luding over lap  e f f e c t s .  The J*- in tegra l  method provides an  e f f i c i e n t  
means of accounting f o r  resonance e f f e c t s  i n  t h e  continuous slowing-down form- 
u la t ion .  The equations a r e  solved f o r  t h e  "asymptotic" neutron slowing-down 
dens i ty  ignor ing narrow resonances. Then t h e  resonance r e a c t i o n  r a t e s  a r e  
computed using t h e  f l u x  r e s u l t i n g  from t h e  asymptotic slowing-down d e n s i t y  
a t t enua ted  by absorpt ion  i n  higher energy resonances. The ultra-fine-group 
f l u x  derived from t h e  a t t enua ted  slowing-down is  then used i n  t h e  generat ion 
of fine-group c ross  s e c t i o n s  by f l u x  weight group-collapsing methods. Current 
weighting co l l apse  of a i s  used. 

tr 

Al'ternately, f o r  a  more r igorous  treatment of resolved resonances, a 
hyper- f ine-erou~ (hfn) i n t e g r a l  t r a n s p o r t  c a p a b i l i t y ,  RABANL, i s  a v a i l a b l e  a t  
user  opt ion .  The hfg width is defined t o  be small compared t o  the  maximum 
le tha rgy  gain on s c a t t e r i n g  by t h e  heav ies t  i so tope  i n  t h e  problem. Since 
hundreds of thousands of hfg  may be involved, e s p e c i a l l y  when inc luding 
resonances of t h e  s t r u c t u r a l  m a t e r i a l s  which occur a t  t e n s  o r  hundreds of 
keV, a t t e n t i o n  t o  algori thm e f f i c i e n c y  was e s s e n t i a l  i n  order  t o  permit 
RABANL t o  be used f o r  r o u t i n e  ca lcu la t ions .  One of the  approaches taken .was 
t o  have ETOE-I1 screen ou t  and preprocess a  s i g n i f i c a n t  number of t h e  re- 
solved resonances i n t o  composition and temperature independent ufg  "smooth'! 
c ross  sec t ions .  Resolved resonances s u i t a b l e  f o r  such screening can be 
charac ter ized  a s  belonging t o  one ,o f  two types. The f i r s t  a r e  t h e  extremely 
wide resonances with n a t u r a l  widths much l a r g e r  than both the  corresponding 
Doppler width and t h e  ufg width. The second type of resonance is t y p i f i e d  
by the  extremely weak resonances belonging t o  the  medium weight n u c l e i  of  low 
n a t u r a l  abundance, o r  t h e  p-wave resonances of the  heavy nuc le i .  

Options a v a i l a b l e  i n  MC2-11 inc lude  inhomogeneous group-dependent 
sources ,  group-dependent buckling, buckling .search t o  c r i t i c a l ,  and isotope- 
dependent f i s s i o n  spectrum d i s t r i b u t i o n s .  The user-speci f ied  cross-sgct ion 
f i l e  genera ted  by MC~-11 is appropr ia t e  f o r  neut ronics  c a l c u l a t i o n s  ( ~ 5 0  
groups) o r  f o r  use  i n  f i n e  group ( ~ 2 0 0  groups) spectrum c a l c u l a t i o n s .  I n  

Q 
p a r t i c u l a r ,  MC2-11 is used t o  produce t h e  f i n e  group cross-sec t ion  l f b r a r y  
which excludes t h e  resonance con t r ibu t ions  t o  absorpt ion  c ross  sec t ions  which 
is used i n  the  SDX c a p a b i 1 i . t ~  described next .  

3. - SDX - The SDX code i s  used f o r  composition dependent .uni t  c e l l  
homogenization i n  space and energy. It t r e a t s  s l a b  o r  c y l i n d r i c a l  geometry 
i n  one dimension, and i s  executed a t  t h e  f i n e  ( ~ 2 0 0 )  energy .group l e v e l  
such t h a t  t h e  energy d e t a i l  i s  adequate t o  " t r ace  out" t h e  higher ener.gy 
sc.at;teri.ng reson3nc.e.s i n  i .ntermediate mass nuc le i .  

The SDX c a l c u l a t i o n  i s  designed to :  

a.  Treat  the  composition dependence of t h e  resonance absorpt ion  
c r o s s  s e c t i o n s  on a plate-by-plate b a s i s  (heterogeneous 
resonance s e l f  sh ie ld ing) .  



b. Account f o r  t h e  d e t a i l e d  s p a t i a l  dependence of t h e  f l u x  w i t h i n  
t h e  u n i t  c e l l  on a f i n e  group b a s i s ,  f o r  t h e  purpose of  s p a t i a l  
homogenization, and 

c .  Col lapse  c r o s s  s e c t i o n s  over  a c e l l  average - f i n e  group 
spectrum t o  a broad (-10 t o  30) group b a s i s .  

The c a l c u l a t i o n  c o n s i s t s  of  fou r  p a r t s :  

a. F i r s t ,  f i n e  group c r o s s  s e c t i o n s  a r e  produced f o r  each p l a t e  
i n  t h e  u n i t  c e l l .  For non resonance elements  t h e s e  a r e  taken from t h e  f i n e  
group l i b r a r y  produced by MC~-11. For resonance elements  t h e  nonabsorpt ion 
c r o s s  s e c t i o n s  a r e  taken  from t h e  f i n e  group l i b r a r y  wh i l e  t h e  f i s s i o n  and 
c a p t u r e  c r o s s  s e c t i o n s  a r e  given as a sum of  t h e  "f loor1 '  c r o s s  s e c t i o n  from 
t h e  smooth l i b r a r y  and t h e  resonance c ros s - sec t ion  eva lua t ed  from t h e  resonance 
parameter0 themoelvea. 

The resonance c a l c u l a t i o n  i n  SDX uses  t h e  same program modules 
as I IC~-I I .  I n  p a i L i c u l a r ,  elfher  he narrow PeSbnance. .I*-integral t rea tment  
o r  t h e  r i g o r o u s  RABANL t rea tment  may be used t o  provide  t h e  composition and 
tempera ture  dependent r.esonance c r o s s  s e c t i o n s .  I n  t h e  event  t h e  narrow 
resonance  approximation (NRA) is  used, account  is taken of  a l l  m a t e r i a l  i n  Y 

t h e  p l a t e  and account  i s  taken  of a l l  m a t e r i a l s  j-n o t h e r  p l a t e s  w i t h i n  t h e  u n i t  
c e l l  by use  of a n  equ iva l ence  p r i n c i p l e .  A l t e r n a t e l y  i n  t h e  MBANL t r ea tmen t ,  
t h e  p l a t e  and i t s  environment is t r e a t e d  e x p l i c i t l y  by a hyper f i n e  group 1 D  . 

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

Fine-group resonance c ros s - sec t ions  a r e  c a l c u l a t e d  assuming a 
c o n s t a n t  c o l l i s i o n  d e n s i t y  pe r  u n i t  l e t h a r g y  i n  SDX r a t h e r  t han  by u s e  o f  the 
a t t e n u a t i o n  t rea tment  used i n  MC~-11. Thus t h e  resonance a lgo r i thms  employed 
i n  t h e  SDX c a l c u l a t i o n  combine a .  h igh  degree  of accuracy wi th  modest compu- 
t a t i o n  t i m e .  

h. Glven t h e  plate-wise,  f i n e  group crooo oec t ions ,  the second 
s t e p  i n  SDX is t o  s o l v e  f o r  t h e  f i n e  group f l u x  by p l a t e  w i t h i n  t h e  u n i t  c e l l .  
Th i s  done i n  t h e  CALHET module of  SDX us ing  a one dimensional  i n t e g r a l  t r ans -  
p o r t  method. Then, u s ing  t h e  p l a t ewise  va lues  of  number d e n s i t y  and c r o s s  
s e c t i o n s  and t h e  p l a t e w i s e  f l u x  ob ta ined  by CALHET, t h e  c e l l  averaged,  f i n e  
group, i s o t o p i c  c r o s s  s e c t i o n ,  i s o t o p e  s e l f  s h i e l d i n g  f a c t o r ,  and c e l l  averaged 
i s o t o p i c  number d e n s i t i e s ,  ar.e eva lua ted .  The i s o t o p i c  self s h i e l d i n g  f a c t o r  
accounts  f o r  t h e  f a c t  t h a t  t h e  f l u x  t o  which tl ie i s o t o p e  atoms a r e  sub jec t ed  
e q u a l s  t h e  c e l l  average  f l u x  only i n  t h e  c a s e  where t h e  atoms a r e  uniformly 
d i s c r i b u e e d  over  t h e  ce l l  volume, 

S teps  a and b a r e  r epea t ed  f o r  each  u n i t  c e l l  t ype  p r e s e n t  i n  
t h e  r e a c t o r  of i n t e r e s t .  Th i s  r e s u l t s  i n  a s e t  o f  fine-group ce l l -averaged  
v a l u e s  f o r  i s o t o p i c  c r o s s  s e c t i o n ,  s e l f  s h i e l d i n g  f a c t o r ,  and number d e n s i t y  
f o r  each  u n i t  c e l l .  

c .  Given t h e  c e l l  averaged d a t a  f o r  each c e l l  type ,  t h e  one- 
d imens ional ,  f i n e  group d i f f u s i o n  theo ry  module, SEFlD, i n  SDX i s  used t o  
g e n e r a t e  a f i n e  group spectrum over  which t h e  f i n e  group product  of  i s o t o p i c  
c e l l  ave rage  c r o s s  s e c t i o n  and s e l f  s h i e l d i n g  f a c t o r  is. co l l apsed  by f l u x  



weighting to yield a broad group, cell-averaged cross section set. (Transport 
cross sections are collapsed using an approximate current-weighting: 
j ( E  = E (E)). Two types of SEFlD calculation can be run: 

tr 

i. A fundamental mode calculation in which it'is assumed that 
a single cell type is imbedded in a repeating array of 
similar cells, (a critical buckling search is available), 
and 

ii. A space dependent calculation in which a one dimensional 
(Z or R) model of the reactor is solved which may consist 
of one or more cell types. Radial segments of the model 
are defined over which cross sections are to be collapsed. 
In this way, the influence of the environment on a unit 
cell's spectrum can be accounted for in generating the 
broad group cross section set. 

d. After collapsing the cell averaged cross sections over the 
SEFlD spectrum, a final, optional, step in the SDX calculation is to collapse 
the plate-wise cross sections over the SEFU) flux spectrum obtained in Step C. 
The broad group plate cross sections are for use in generating broad group 
cell anisotropic diffusion coefficients. 



APPENDIX B: 3D -t 1 D  MODELING PRESCRIPTIONS FOR ZPR CELLS 

The 3D + 1 D  modeling p r e s c r i p t i o n s  which a r e  i n  use f o r  t h e  ZPR c e l l s  
and which have been v a l i d a t e d  a r e  described below. 

1. Pin-Calandria C e l l s  - The p i n  ca landr ia  3D + 1 D  modeling p r e s c r i p t i o n  
f o r  c e l l  homogenization c o n s f s t s  of  t h e  following s t eps :  

a .  f o r  t h e  purpose of t h e  SDX c a l c u l a t i o n  -- t o  produce c e l l  
average c ross  s e c t i o n s  -- t he  p in  ca landr ia  is modeled a s  a 
s i n g l e  f u e l  p in  of physica l  r a d i u s  and composition. This  p i n  
i s  surrounded by an annular d i l u e n t  region,  which has a 
volume equivalent  t o  1/16 t h e  t o t a l  non-fuel volume i n  the  p in  
c a l a n d r i a  u n i t  c e l l  and has a composition'which comprises 1/16 
of t h e  non-fuel p in  ma te r i a l  i n  t h e  p in  ca landr ia .  I n  subsequent 
l l l ~ c u ~ ~ i ~ ~ i s  t h i s  modeling w i l l  be c a l l e d  t h e  "rcfcrcncc" modcl- 
i n g  f o r  p i n  c e l l s .  

'l'his i n f i n i t e ,  two region cyl indrical  c e l l  i s  used i n  SDX tu: 

i. genera te  f ine '  group resonance c r o s s  s e c t i o n s  i n  the  p in ,  

ii. then do a f i n e  group s p a t i a l  f l u x  c a i c u i a t i o n  i n  t h e  c e l l  
using i n t e g r a l  t r anspor t  theory and a white boundary 
condi t ion ,  

iii. then co l l apse  i n  space t o  produce f i n e  group, f l u x ,  
volume, number dens i ty  weighted c e l l  average i s o t o p i c  
c r o s s  sec t ions .  

The c e l l  averaged c r o s s  sec t ions  a r e  used wi th  c e l l  average 
number d e n s i t i e s  t o  c a l c u l a t e  a f i n c  group d i f fuo ion  thcory 
c r i t i c a l i t y  buekled spectrum which 13 uocd t o  col lapoc  i n  
energy v i a  a f l u x  weight p r e s c r i p t i o n  t o  produce broad group 
ce l l  average c ross  sec t ions .  (Not only a r e  c e l l  average c r o s s  
s e c t i o n s  generated, but f u e l  p in  c r o s s  s e c t i o n s  a r e  a s  we l l  t o  
use  i n  s t e p s  (b) and (c)  below.) 

Thls  mudellng rtrL;alnu blre pLuyer absorber t o  moderator atom 
r a t i o s  i n  t h e  f u e l  rod and i t s  surroundings f o r  t h e  generat ion 
of  heterogeneous resonance s e l f  shielded c r o s s  sec t ions .  It 
a l s o  r e t a i n s  t h e  proper c e l l  average atom concentra t ions  f o r  
t h e  spectrum ca lcu la t ion .  

b. This  same modeling i s  used t o  genera te  t h e  1 D  model t o  be 
used i n  genera t ing  the  broad group Benoist 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  according t o  Eq. 1. Al te rna te ly  i f  t h e  
ce l l  had been voided (as  i n  a sodium voided LMFBR o r  a GCFR); 

c .  then,  f o r  the  purposes of genera t ing  t h e  broad group Gelbard 
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 ,  t h e  s i n g l e  p in  c e l l  of  
s t e p s  (a)  and (b) i s  modified t o  co l l apse  a l l  d i l u e n t  i n t o  a 
c l ad  of th ickness  equal  t o  t h e  d i f f e r e n c e  between the  ou te r  



r a d i u s  of t h e  c a l a n d r i a  tube  and t h e  o u t e r  r a d i u s  of  t h e  f u e l  
rod. The remainder of t h e  d i l u e n t  r eg ion  i n  t h e  c e l l  o f  s t e p  
( a )  becomes t r u e  void.  I n  subsequent d i s c u s s i o n s  t h i s  mode1,tng 
w i l l  be  c a l l e d  " t r u e  void" modeling of  p i n  c e l l s .  

. . 

d. The c r o s s  s e c t i o n s  and t h e  Gelbard D ' s  a r e  generated f o r  t h e  
buckl ing v e c t o r  expected t o  be encountered i n  t h e  subsequent 
d i f f u s i o n  theo ry  c a l c u l a t i o n  s i n c e  both  t h e  c r o s s  s e c t i o n s  and 
D' s a r e  buckl ing dependent. 

2.. P l a t e  C e l l s  - The p l a t e  c e l l  3D -+ 1 D  modeling. p r e s c r i p t i o n  f o r  c e l l  
homogenization cons i s t s ' . o f  t h e  fo l lowing  s t e p s .  

a .  A r a y  i s  passed through t h e  u n i t  c e l l ,  perpendicular  t o  t h e  
p l a t e s  and h a l f  way up, t h e  he igh t  o'f t h e  ZPR drawer. The p l a t e  
wid ths  of t h e  1 D  model a r e  taken  t o  be the.  p h y s i c a l  p l a t e  wid ths  
encountered a long  t h e  ray .  The composi t ions of t h e  p l a t e s  
bea r ing  resonance m a t e r i a l s  a r e  taken  t o  be t h e  p h y s i c a l  compo- . 

sit  i o n s  encountered a long  t h e  r ay .  A l t e r n a t e l y  t h e  compositions ' 

of t h e  remaining non-resonance m a t e r i a l  p l a t e s  a r e  taken  t o . b e  
t h e i r  p h y s i c a l  compositions p l u s  a  c o n t r i b u t i o n  from t h e  s t r u c -  
t u r a l  m a t e r i a l  from t h e  t o p ,  bottom, and end pe r iphe ry  of t h e  
3D c e l l  -- d i s t r i b u t e d  accord ing  t o  width f r a c t i o n .  Th i s  1 D .  
s l a b  model is used to :  ..> 

i. gene ra t e  plate-wise resonance c r o s s  s e c t i o n s  ( t h e  
p h y s i c a l  absorber  t o  moderator r a t i o  has  been p re se rved ) ,  
t o  

ii. so lve  f o r  t h e  f i n e  group i n t r a  c e l l  f l u x  us ing  i n t e g r a l  
t r a n s p o r t  theory  and r e f l e c t i v e :  o r  p.er. iodic boundary 
cond i t i ons ,  and t o  

iii. s p a t i a l l y  c o l l a p s e  us.ing a. f l u x ,  volume, number d e n s i t y  
weight ing t o  produce f ine . ,g roup c e l l  averaged i s o t o p i c ,  
c r o s s  s e c t i o n s .  

b. Phys i ca l ly ,  as shown i n  Figs.  1 and 2 ,  each of t h e  p l a t e s  i n  
t h e  c e l l  has  a  s l i g h t l y  d i f f e r e n t  he igh t  and a l l  a r e  l e s s  than  
t h e  u n i t  c e l l  he ight .  Therefore  t h e  1 D  model used- i n  ( a )  is  
next  modified by reducing  t h e  number d e n s i t i e s  i n  each p l a t e  
by t h e  r a t i o  of t h e  phys i ca l  p l a t e  h e i g h t  t o  t h e  f u l l  u n i t  
c e l l  he igh t .  This  new s l a b  model p re se rves  c e l l  average  
number d e n s i t i e s  and, w i th  t h e  c e l l  average  c r o s s  s e c t i o n s  
generated i n  s t e p  (a) i s  used t o  s o l v e  fox a c r i t i c a l i t y  
buckled f i n e  group d i f f u s i o n  theory  f l u x  spectrum. Th i s  
spectrum i s  used via a  f l u x  weight formula t o  c o l l a p s e  i n  
energy t o  produce broad group c e l l  average  i s o t o p i c  microscopic 
c r o s s  s e c t i o n s .  I n  a d d i t i o n  t h i s  same c e l l  average  spectrum 
i s  used t o  c o l l a p s e  t h e  p l a t ewise  c r o s s  s e c t i o n s  t o  broad 
group p l a t e  c r o s s  s e c t i o n s .  





c. The 1 D  s l a b  model described i n  (b) is  used with the  broad 
group p l a t e  c ross  s e c t i o n s  t o  generate Benoist d i f f u s i o n  
c o e f f i c i e n t s .  I n  subsequent d i scuss ions  t h e  modeling of 
i tem b w i l l  be c a l l e d  the  "reference" p l a t e  c e l l  modeling. 

d. Al t e rna te ly ,  i f  t h e  c e l l  had contained voided regions  a s  i n  
a sodium voided LMFBR or  a GCFR, then  f o r  genera t ing  Gelbard 
d i f f u s i o n  c o e f f i c i e n t s ,  the  s l a b  regions  of  t h e  1 D  model of  
(b) which had contained void i n  t h e  o r i g i n a l  3D c e l l  a r e  re-  
turned t o  t r u e  void regions  by r e d i s t r i b u t i n g  t h e  m a t e r i a l  

. they  acquired by t h e  d i s t r i b u t i o n  of top  bottom, and end 
periphery s t r u c t u r a l  m a t e r i a l  back i n t o  o the r  non-resonance 
mate r i a l ,  non void s l a b  regions.  I n  subsequent d i scuss ions  
t h i s  modeling w i l l  be c a l l e d  t h e  " t r u e  void" p lace  c e l l  modeling. 
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