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ABSTRACT 

M a t e r i a l  buck l ings  for* a v a r i e t y  of U 0 2  rod  
c l u s t e r a  on a t r i a n g u l a r  9 .33-inch l a t t i c e  p i t c h  
I n  D20 were determined by s u b s t i t u t i o n  experiments  
i n  t h e  Process  Development P i l e .  Measurements were 
made w i t h  c l u s t e r s  of 19, 31, and  37 h a l f - i n c h  U02 
r o d s  i n  which t h e  c o o l a n t  media were v a r i e d  t o  
I n c l u d e  D20, H,O, o r g a n t c s ,  o r  a i r .  The buckl ings ,  
which were determined bo th  by a one-group p e r t u r -  
b a t i o n  method and  by a two-group f l u x  matching 
method, ranged  from 0.80 t o  5.60 m'2. 
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MEASUREMENTS OF.  BUCKLINGS AND VOID EFFECTS 
IN D20 - MODERATED, ORGANIC - OR H20 - COOLED 

LATTICES OF UO, ROD CLUSTERS 

Most of t h e  p a s t  s t u d i e s  made by Du Pont on D20-moderated 
power r e a c t o r s  i nvo lved  l i q u i d  D20 a s . t h e  c o o i a n t .  ,Recent  c o s t  
s t u d i e s ( ' )  i n d i c a t e  t h a t  H,O-fog and o rgan ic  c o o l a n t s  ky 
compete economica l ly  w i t h  l i q u i d  D20. The exper imenta l  buck- 
l i n g  s t u d i e s  d e s c r i b e d  i n  t h i s  r e p o r t  cover  a  l a r g e  v a r i e t y  of 
c o o l a n t s  f o r  .D20-moderated r e a c t o r s  t o  p rov ide  no rma l i za t ion  
p o i n t s  f o r  r e a c t i v i t y  c a l c u l a t i o n s .  The r e s u l t s  of t h e s e  
s t u d i e s  were r e q u i r e d  t o  t e s t  l a t t i c e  parameter ,  c a l c u l a t i o n s (  ) 

and  t h e  physics  p o r t i o n  0.f k h ~  Sav2nna.h R jva r  TaborlaLory's c o s t  
o p t i m i z a t i o n  c o d e ( 3 ) .  

SUMMARY 

Buckl ings  were measured by s u b s t i t u t i o n  techniques i n  
t h e  P roces s  Development P i l e  (PDP) f o r  f u e l  a s sembl i e s  
c o n s i s t i n g  of c l u s t e r s  of 19, 31, o r  37 n a t u r a l  U02 rods  w i t h  
v a r i o u s  r o d  s p a c i n g s .  The U02 r o d s  were made up from 0.500-in.-  
d i ame te r  s i n t e r e d  p e l l e t s  of 10.4 g/cm3 ave rage  d e n s i t y  s t acked  
i n  aluminum t u b e s  0.020 i n .  t h i c k  and of 0.547-in.  OD. The 
hexagonal  c l u s t e r s  were p l aced  i n  aluminum houoing tubes ,  which 
i n  most c a s e s  were s e l e c t e d  t o  a l l o w  on ly  a small p o r t i o n  of t h e  
c o o l a n t  between t h e  o u t e r  c l u s t e r  boundary and t h e  housing w a l l .  
"~owthe rm"  A* ( a  mix tu re  of 26.5% d w e n y l  and 73.5% diphenyl  
o x i d e ) ,  po lye thy lene ,  and H20 were used  t o  s i m u l a t e  cool=. - -i-- Kir -  and D20-f ' l i led a s sembl i e s  were a l s o  s t u d i e d .  - 

\ 

The one-region r e f e r e n c e  load ing  c o n s i s t e d  of 31-rod 
U02 c l u s t e r s  c o n t a i n e d  i n  D,O-filled aluminum hous ing  t u b e s  
of 5 .00- in .  OD(' ) .  Both r e f e r e n c e  and  t e s t  l a t t i c e s  were a t  
a 9 .33- in .  t r i a n g u l a r  p i t c h ,  which i s  i n  t h e  r ange  of p r a c t i c a l  
i n t e r e s t  . 

Measurements were made by t h e  s u c c e s s i v e  s u b s t i t u t i o n  
t echn ique  i n  which e f f e c t i v e  c r i t i c a l  water  h e i g h t s  were 
.determined . a f t e r  . the s u b s t i t u t i o n  of one, t h r e e ,  and seven 
t e s t  a s s e m b l i e s .  Two t echn iques  of a n a l y s i s  were used:  a  one- 
group p e r t u r b a t i o n  method and a two-group f l u x  matching method. 
I n  t h e  p e r t u r b a t i o n  method t h e ' l a t t i c e  c o n t a i n i n g  t e s t  
a s s e m b l i e s  was assumed, t o  c o n s i s t  of a t e s t  r e g i o n  and a 
r e f e r e n c e  r e g i o n ,  s e p a r a t e d - b y  a n  i n t e r m e d i a t e  r e g i o n  of t h e  
immediately a d j o i n i n g  t e s t  and r e f e r e n c e  f u e l  a s sembl i e s .  A 
c r i t i c a l i t y  e q u a t i o n  w a s  then  w r i t t e n  f o r  each  s u c c e s s i v e  

*"Dowthermt' i s  a  t rademark of t h e  Dow Chemical Company. 
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. s u b s t i t u t i o n  measurement as a f u n c t i o n  of t h e  measured c r i t i c a l  
water  h e i g h t ,  t h e  s t a t i s t i c a l  weights  and  d i f f u s i o n  c o e f f i c i e n t  

, .  r a t i o s  of t h e  d i f f e r e n t  r eg ions ,  and  t h e  buckl ing  d i f f e r e n c e s  
between t h e  one- and th ree - r eg ion  p i l e s .  These equa t ions  were 
then  e x t r a p o l a t e d  t o  g i v e  t h e  buckl ing  f o r  a one-region l a t t i c e  
of t h e  t e s t  a s sembl i e s .  The two-group method u t i l i z e d  only  
t h e  seven assembly s u b s t i t u t i o n s .  I n  a d d i t i o n  t o  t h e  measured 
p i l e  h e i g h t  and r a d i u s ,  t h i s  method r e q u i r e d  knowledge of fas t  
and  s low d i f f u s i o n  c o e f f i c i e n t s ,  thermal  d i f f u s i o n  a r e a ,  neu t ron  
age ,  and  resonance escape  p r o b a b i l i t y  f o r  each  of t h e  two r e g i o n s .  
R e s u l t s  of bo th  methods of a n a l y s i s ,  wi th  a d e s c r i p t i o n  of t h e  
t e s t  f u e l  a s sembl i e s ,  a r e  summarized i n  Table V I ,  Fo r  t h i s  
p a r t i c u l a r  s tudy  t h e r e  seems t o  be l i t t l e  t o  choose between 
t h e  two-group and p e r t u r b a t i o n  a n a l y s e s .  

DESCRIPTION OF FUEL ASSEMBLIES ,AND COOLANTS 

The f u e l  a s sembl i e s  ( ~ i g u r e  1 )  c o n s i s t e d  of 19, 31, o r  
37 UOz rods  i n  hous ing  tubes  f i l l e d  wi th  t h e  a p p r o p r i a t e  
c o o l a n t .  The n a t u r a l  U02 rods  were made up of 0 .500-in.-diameter  
s i n t e r e d  p e l 1 e . t ~  of 10.4 g/cm3 average  d e n s i t y  s t acked  i n  
Type 6063 aluminum tubes  0.020 i n .  ' t h i ck  and of 0 .547- in .  OD. '  
These rods  were assembled i n  t r i a n g u l a r  a r r a y s  a t  ave rage  
c e n t e r - t o - c e n t e r  spac ings  of 0.650, 0.607, o r  0.598 i n .  t o  
form hexagonal c l u s t e r s .  The c l u s t e r s  were p l a c e d  i n  Type 6063 
aluminum housing tubes ,  which i n  most c a s e s  were s e l e c t e d  t o  
a l l o w  only  a  small p o r t i o n  of t h e  c o o l a n t  t o  l i e  between t h e  
o u t e r  boundary of  t h e  c l u s t e r  and  t h e  hous ing  w a l l .  I n  g e n e r a l ,  
t h e  housing tubes  were c y l i n d r i c a l .  However f o r  one 'assembly, 
a 19-rod c l u s t e r  was p laced  i n  a t i g h t - f i t t i n g  housing of 
hexagonal  c r o s s  s e c t i o n .  

Three subs t ances ,  "~owtherm" A, low d e n s l t y  po lye thy lene ,  
and H20, were used t o  s i m u l a t e  hydrogenous c o o l a n t s .  
"Dowtherm" A ( a  l i q u i d  mixture  of 26.5% d ipheny l  and 73.5% 
diphenyl  ox ide  w i t h  a d e n s i t y  of 1 .06  g/cm3) mocked up a t y p i c a l  
o rgan ic  c o o l a n t .  This  commercial mix ture  w a s  compared t o  a 
chemica l ly  pu re  mix tu re  of i n g r e d i e n t s  by t h e  danger  c o e f f i c i e n t  
t echn ique  i n  t h e  S tanda rd  P i l e  (SP)  ( 4 ) .  R e s u l t s  i n d i c a t e d  t h a t  
t h e  n u c l e a r  p r o p e r t i e s  of t h e  two mix tu re s  were i d e n t i c a l .  The 
po lye thy lene  mocked up H,O f o g  c o o l a n t  a t  abou t  0 . 1  normal H20 
d e n s i t y .  It was wrapped l o o s e l y  around t h e  i n d i v i d u a l  f u e l  r o d s  
i n  t h e  c l u s t e r  s o  as t o  f i l l  abou t  80% of t h e  space  between r o d s .  
The ave rage  amount wrapped around each rod  was 0.0618 gram p e r  
c e n t i m e t e r  of l e n g t h .  H20 was used a s  t h e  t h i r d  hydrogenous 
c o o l a n t  p r i m a r i l y  t o  ex tend  t h e  hydrogen d e n s i t y  t o  a  maximum. 



A i r - f i l l e d  a s sembl i e s  were used t o  mock up t h e  o t h e r  extreme 
of minimum hydrogen d e n s i t y  and t o  pe rmi t  a s tudy  of vo id  
e f f e c t s .  To p rov ide  a n o t h e r  no rma l i za t ion ,  p o i n t ,  measurements 
were a l s o  made f o r  one assembly wi th  D20 a s  t h e  c o o l a n t .  

19 RODS 
R.S. m0.607 
O.D. = 3 .080 " 

W = 0.030" 

4 
37,RODS 

R.S. = 0 . 6 0 7 "  
O.D. =4 .350°  

W = 0 . 0 5 0 °  

7 
3 7  RODS 

R. S. = 0.650" 
O.D. =4.970 '  

W =O. 162' 

2 
19 RODS 

R.S.*O.~SS" 
0. ~ . = 2 . 6 7 9 '  

.W =0.03oU 

3 
31 RODS 

R. S. *0 .607 '  
O.D. = 4.000' 

37 RODS 
R.S. a0.607: . 
0. D. = 4.746 

W = 0 . 0 5 0 *  

3 7  RODS 
R. S. =0 .65o0  
O.D. ~ 4 . 7 4 6 "  

W 0:050" 

R.S. = 

(XD. = 

3 7  ~ O D S  
R.S. =0.650' 
0. D. =5.000m . 

'W ~ 0 . 0 5 6 "  

NOTE: 
Center-tocenter 
rod spaolng 
Outer dimension 
of housing (dia - 
meter or d~stonce 
across flats of 
hexagon) 

1 Housing woll 
thickness 



MEASUREMENTS 

Bucklings were determined by t h e  s u b s t i t u t i o n  method, 
i n  which t h e  f u e l  a s sembl i e s  t o  be measured r e p l a c e d  s t a n d a r d  
f u e l  a s sembl i e s  i n  a  one-region l a t t i c e  of known n u c l e a r  
p r o p e r t i e s .  The s t a n d a r d  f u e l  a s sembl i e s  c o n s i s t e d  of t h e  
p r e v i o u s l y  d e s c r i b e d  U02 r o d s  assembled a t  a  0.650-in.  c e n t e r -  
t o - c e n t e r  spac ing  t o  form 31-rod c l u s t e r s ( 5  ) .  These c l u s t e r s  
were con ta ined  i n  5.00-in.-OD aluminum housing tubes  of 0 . 0 5 6 - i n . '  
w a l l  t h i c k n e s s ,  open a t  t h e  bottom t o  t h e  .moderator.  One 
hundred- f i f ty-one  such a s sembl i e s  were p l aced  i n  t h e  c e n t e r  of  
t h e  Process  Development P i l e  (FDF ) ( ) a t  a 9.33-in' .  t r i a n g u l a r  
p i t c h  and were surrounded by s e v e r a l  r i n g s  of lithium-aluminum 
poison  rods  spaced 4 .67  i n .  a p a r t .  .The l o a d i n g  p a t t e r n  i s  shown 
i n  F igu re  2.. 

Gold-pin f l u x  t r a v e r s e s  were made t o  de te rmine  t h e  e x t r a -  
p o l a t e d  p i l e  r a d i u s  and p i l e  h e i g h t ,  and  consequent ly  t h e  
m a t e r i a l  buckl ing ,  of t h e  c r i t i c a l  one-region l a t t i c e .  Two 
q u a n t i t i e s  d e r i v e d  from t h e s e  f l u x  t r a v e r s e s ,  t h e  e x t r a p o l a t e d  
p i l e  r a d i u s ,  R,  and t h e  d i f f e r e n c e s  between t h e  e x t r a p o l a t e d  
p i l e  h e i g h t  and  t h e  c r i t i c a l  moderator  h e i g h t ,  H-S, were assumed 
t o  remain c o n s t a n t  and independent  of s u b s t i t u t e d  a s sembl i e s  
throughout  t h e  e n t i r e  experiment ,  excep t  as no ted  i r ~  a 
subsequent  s e c t i o n .  Values of t h e s e  q u a n t i t i e s  a r e  g iven  i n  
Table I. 

TABLE I 

Measured Cons tan ts  of t h e  One-Region Reference  L a t t i c e  

P i l e  Radius: R = 165.8 cm 

P i l e  Height  - Moderator Height :  H-S = 11 .0  cm 

M a t e r i a l  Buckl ing:  B :  = 4.355 m-+ ( a )  

( a )  Correc ted  t o  account  f o r  t h e  p re sence  of c o n t r o l  rod  
gu ide  t u b e s .  Also c o r r e c t e d  t o  tempera ture  of 22.8OC 
and t o  moderator  p u r i t y  of 99.58 mol $ D20. 

Fo r  each type  of t e s t  assembly, c r i t i c a l  water  h e i g h t  
measurements were made of (1) t h e  one-region r e f e r e n c e  p i l e ,  
( 2 )  t h e  p i l e  w i th  one t e s t  assembly s u b s t i t u t e d  i n  t h e  c e n t e r  
g o a i t i o n ,  (3) the p i l e  wi th  t h r e e  t e s t  a s sembl i e s  s u b s t i t u t e d  
one i n  t h e  c e n t e r  p o s i t i o n  and t h e  o t h e r  two i n  a d j o i n i n g  
p o s i t i o n s  a d j a c e n t  t o  one a n o t h e r ,  and  ( 4 )  t h e  p i l e  w i t h  seven 
t e s t  a s sembl i e s  s u b s t i t u t e d  i n  t h e  seven c e n t r a l  p o i i t i o n s .  The 
s u b s t i t u t e d  a s sembl i e s  were a t  t h e  same 9 .33- in .  l a t t i c e  p i t c h  
as t h e  r e f e r e n c e  a s sembl i e s .  



ANALY SI'S 

Two a n a l y s i s   technique^'^ ) were used: a one-group 
p e r t u r b a t i o n  method and a two-group f l u x  matching method. 

ONE-GROUP PERTURBATION METHOD 

The one-group p e r t u r b a t i o n  method, sugges ted  and  d e s c r i b e d  
by ~ e r s s o n '  * ) , was a " succes s ive  s u b s t i t u t i o n "  technique  which 
used t h e  measurements performed w i t h  t h e  t h r e e  d i f f e r e n t  s i z e s  
of t e s t  r e g i o n s  t o  e x t r a p o l a t e  t o  t h e  c o n d i t i o n  a t  which t h e  
t e s t  l a t t i c e  ex tended  throughout  t h e  p i l e .  S ince  one-group 
t h e o r y  does  n o t  p r o p e r l y  t a k e  i n t o  account  t h e  i n t e r a c t i o n  
between t h e  t e s t  and t h e  r e f e r e n c e  r eg ions ,  an  i n t e r m e d i a t e  
1.eglu11 was 111 Lr80duced l n t a  the  a i i a l y s l s .  '1'0 deYine t h e s e  
t h r e e  r e g i o n s ,  t h e ' l a t t i c e s  were decomposed i n t o . u n i t  c e l l s  
c o n s i s t i n g  of' rhomboids 'wi th  t h e  two v e r t i c e s  a t .  t h e  a c u t e  
(60') a n g l e s  t e r m i n a t i n g  on f u e l  a s sembl i e s .  Rhomboids wi th  
bo th  a c u t e  v e r t i c e o  t e r m i n a t i n g  on t e s t  a s sembl i e s  were 
a s s i g n e d  t o  t h e  t e s t  r eg ion ;  t hose  w i t h  one v e r t e x  on a t e s t  
assembly and t h e  o t h e r  on a r e f e r e n c e  assembly were a s s i g n e d  
t o  t h e  i n t e r m e d i a t e  r eg ion ;  a n d ' t h o s e  wi th  bo th  v e r t i c e s  on 
r e f e r e n c e  assembl ies -  were a s s i g n e d  t o  t h e  r e f e r e n c e  r e g i o n .  
These r e g i o n s  a r e  shown i n  F i g u r e  2 and  3 ,  r e s p e c t i v e l . ~ ,  f o r  
one and seven t e s t  a s sembl i e s .  . .. 

I_---- I I 
E REGION USED 
IVE SUBSTITUTION 
- ONE TEST 

... . . 

FIG. 2 PILE LOADING DIAGRAM - SINGLE SUBSTITUT.ION 



FIG.  3 P I L E  LOADING DIAGRAM - SEVEN SUBSTITUTIONS 

The f i n a l  e q u a t i o n  used i n  t h e  Persson a n a l y s i s  i s  
below. 

I n  equa t ion  ( I ) ,  t h e  s u b s c r i p t  1 r e f e r s  t o  t h e  r e f e r e n c e  r eg ion ,  
2 r e f e r s  t o  t h e  i n t e r m e d i a t e  r eg ion ,  and  3 r e f e r s  t o  t h e  t e s t  
r e g i o n .  The q u a n t i t y  a 2 ' i s  t h e  v e r t i c a l  buck l ing  of t h e  p i l e  
w i th  t e s t  a s sembl i e s  i r i  $ l ace ;  a: i s  t h e  v e r t i c a l  buck l ing  of 
t h e  p i l e  when a l l  f u e l  a s sembl i e s  a r e  of t h e  r e f e r e n c e  type ;  
ag i s  t h e ' v e r t i c a l  buck l ing  t h a t  would be o b t a i n e d  i f  a l l  of  
t h e  r e f e r e n c e  f u e l  were r ep l aced  b y ' t e s t  f u e l  and i f . t h e  r a d i a l  

2 buck l ing  remained c o n s t a n t ;  6a2 =. a; - (ag+a:)/2; and p2 i s  t h e  
r a d i a l  buck l ing  of t h e  p i l e .  The symbol D r e f e r s  t o  t h e  one- 
group d i f f u s i o n  c o e f f i c i e n t ,  w i t h  t h e  s u b s c r i p t s  r and z 
r e f e r r i n g  t o  r a d i a l  and v e r t i c a l - d i r e c t i o n s ,  r e speck ive ly ;  
and  6Di = D i  - D,. The r a d i a l  s t a t i s t i c a l  weights  Wr and 
Ur a r e  g iven  by . . i 

i 



a n d  

J (omr ) (v@ r r d r  
i i i 

. I 
' r d r  

I n  e q u a t i o n s  ( 2 )  &ad ( 3 ) ,  i , alld J I '  art! I8t?spic L S . V F ? I . ~  the 
r 4  r, 

r a d i a l  components of t h e  unper turbed  f l u x  and  of t h e  p e r t u r b e d  
f l u x  i n  t h e  ith i7eglon, and ,3; i s  t h e  r a d i a l  buck l ing  i n  t h e  
i t h  r e g i o n .  The p e r t u r b e d  f l u x e s  were c a l c u l a t e d  by one-group 
t h e o r y .  The remaining q u a n t i t i e s - i n  equa t ion  (1) a r e  g iven  by 

More r e c e n t  re post^(^) by Persson  I n d i c a t e  t h a t  terms of t h e  
form U6D i n  e q u a t i o n s  (4 ) ,  ( 5 ) ,  and ( 6 )  shou ld  be omi t t ed .  
The numer i ca l  v a l u e s  of t h e s e  terms a r e  n e g l i g i b l e ,  and  t h e i r  
p re sence  i n  t h i s  a n a l y s i s  has rjo e f f e c t  on t h e  expe r imen ta l  
r e s u l t s .  If t h e  l e f t -hand  s i d e  of equa t ion  ( 1 )  i s  p l o t t e d  
a g a i n s t  fir f o r  i n c r e a s i n g  numbers of  l a t t i c e  subs  ti t u t i o n s ,  
a  s t r a i g h t 2 1 1 n e  should  r e s u l t  w i t h  a n  i n t e r c e p t  of a:-a: on t h e  
ze ro  a b s c i s s a  a x i s .  If t h e r e  were no a n i s o t r o p y ,  t h e  va lue  of 
aE-aF would a l s o  be t h e  d i f f e r e n c e  between t h e  m a t e r i a l  buckl ings  
of t h e  t e s t  and r e f e r e n c e  l a t t i c e s .  C o r r e c t i o n s  neces sa ry  t o  
a l l o w  f o r  s t r eaming  e f f e c t s  and  f o r  ex t r aneous  m a t e r i a l s  i n  t h e  
l a t t i c e  a r e  d i s c u s s e d  i n  a l a t e r  s e c t i o n .  



The fo l lowing  formulas  were used  t o  c a l c u l a t e  6Dr /D 
and 6D /D : 

Zi 21 
i z1 

These formulas  have been expe r imen ta l ly  v e r i f i e d  f o r  a i r - f i l l e d  
c o o l a n t  channels  i n  t h e  t e s t  r e g i o n ( 7 )  and  were taken t o  be 
s u f f i c i e n t l y  a c c u r a t e  f o r  o rgan ic  and  H20 c o o l a n t s  i n  t h e  t e s t  
r e g i o n .  

The r a d i a l  and  v e r t i c a l  v a l u e s  of t h e  s low and fas t  
d i f f u s i o n  c o e f f i c i e n t s ,  Ds , D , Df , and Df , were c a l c u l a t e d  

8 r z r z 
by t h e  methods of ~ e n o i s t ( ~ ~ ' ~ ' ) .  The equa t ions  used were 

and 



Tne i n d e x  k d e n o t e s  e i t h e r  t h e  r a d i a l  o r  v e r t i c a l . d i r e c t i o n ;  
m deno te s  moderator ;  u, f u e l ;  c ,  vo id ;  and t ,  t h e  e n t i - r e  c e l l .  
The symbol A r e p r e s e n t s  e i t h e r  f a s t  o r  slow t r a n s p o r t  mean 
f r e e  p a t h s ;  0, ave rage  f l u x  i n  a  r e g i o n ;  V, volume; and  r, t h e  
wid th  of - a r e g i o n .  The f u n c t i o n s  Q*, w*, and  T* a r e  modi f ied  
c o l l i s l o n  p r o b a b i l i t i e s  e v a l u a t e d  by ~ e n o i s t '  l1 ) . I n  . . 
e q u a t i o n s  ( 9 )  and  (103' a conven t iona l  u n i t  c e l l  i's' assumed 
t o  c o n s i s t  of a homogenized c y l i n d e r  of f u e l  ( U O ~  ,-' c l add ing ,  
and c o o l a n t )  sur rounded by a c y l i n d e r  of moderator ,  t h e  two 
be ing  s e p a r a t e d  by an a n n u l a r  r e g i o n  of v o i d  when a p p l i c a b l e .  
F lux  v a l u e s  throughout  t h e  c e l l  were o b t a i n e d  by a P-3 
c a l c u l a t i o n (  2 ,  . From t h e s e  d i f f u s i o n  . c - o e f f i c i e n t s ,  r a d i a i  
and  v e r t i c a l  v a l u e s  of t h e  d i f f u s i o n  a r e a  L~ and' t h e  Fermi" 
age  T were c a l c u l a t e d  u s i n g  t h e  expressions. ,  

and 

where 

These c a - l c u l a t e d  parameters  a r e  g iven  i n  ,Table I1 and t h e  
r e s u l t s  of  u s i n g  them i n  egua t ions  ( ,7)  and (8)  i n  Table 111. 

Data e n a b l i n g  one t o  p l o t  tl-ie Persson equa t ion  f o r  each  
assembly a r e  g iven  i n  Table I V .  A t y p i c a l  p l o t  i s  shown 
i n  F i g u r e  4 .  



TABLE I1 

Parameters Used i n  Per turbat ion Theory Analysis 

Assembly 
See Fig .  1 

5 
6 

6 

6 

7 

8 

Reference 

Coolant 

Organic 

H 20 

A i r  

Organic 

A i r  

Organic 

H,O . 
AI; 

Organic 

H ;O 

.All. 

Organic 

Organic 

D,O 

A i r  

Organ10 

Polyethylene 

D2O 

( a )  Calcula ted by equat ion (10) '  
( b )  Calcula ted by e,quation (9 )  
( c )  Calcula ted by equat ion (12) 
(d)  Calcula ted by equat ion (11) 

TABLE I11 

Derived Parameters Used i n  
P ~ r t ~ r b a t i o n  Theory Analysis 

Assembly 
See Flu .  1 

1 

( a )  ~ D ~ / D ~  ( b )  
Coolant 6Dz,'Dz, 

organic -0.041 -0.050 

Hz0 

A 1  r 

organic 

A i r  

Organic 

H20 

A i r  

Organic 

Hz0 

A i r  

Organic 

Organic 

DrO 

A i r  

Organic 

Polyethylene 

6D 6 D 
For t h e  in termediate  region 22 = 1 3 ,  = 1% 

D ~n 
21 21 '21 DZ1 

( a )  Calcula ted by equat ion.  ( 8 ) .  
(b )  Calcula ted by equat ion ( 7 ) .  



TABLE 3 

Data f o r  Perturbation Theory Analysis 

No. of Change i n  Vertical Buckling Persaon Eqn. ~ a t a ( ~ )  
Test from Ref. ~ a t t i c e ( ~ )  Left-Hand 

Assembly Coolant Aaaembliea a - a:. m-' Side, m-e 
see ~ i g .  1 

1 organic 1 
3 

1 H20 1 -0.0179(~)  -0.749 2.00 
3 -0.0780(~)  -1.241 1.33 
7 -0.2237(~)  -1.645 0.842 

1 A i r  1 +0.0358 +I. 587 2.00 
3 -0.0911 +I. 369 1-30 
7 -0.1990 +1.264 0.794 

2 Organic 1 +0.0183 +o. 961 2.00 
3 +0.0362 +o. 679 1-32 
7 +0.0593 +O. 499 0.818 

2 A i r  1 +O. 0396 +I. 833 2.00 
3 +O. 0974 +l. 534 1.31 
7 +0.2171 +1.445 0.800 

3 0r~anl .c  I -0.0250 -1.122 2.00 
3 -0.0762 -1.220 1.33 
7 -0.1828 -1.318 0.842 

3 H2O 1 -0.0485 -2.313 2.00 
3 -0.1472 -2.557 1.34 
7 -0.3493 -2.795 0.057 

3 Air 1 +0.0174 +o. 661 2.00 
5 +U. 04'10 +u. b ~ j  1.29 
7 +O. I087 +O. 594 0.790 

4 organic 1 -0.0333 -1.533 2.00 
3 -0.1019 -1.689 1.33 
7 -0.2343 -1.751 0.849 

4 H20 1 -0.0591(~)  -2.8% 2.00 
3 -0.1766(~)  -3.083 1.34 
7 -0.4084 ( C  ) -3.318 0.864 

4 A i r  1 +O. 0079 +O. 189 2.00 
3 +0.0165 +o. ogg 1.29 
7 +o. 0360 +o. 0838 0.791 

5 0rgu11lc 1 -0.oGGG -3.206 2.00 
3 -0.1943 -3.499 1.35 
7 -0.4421 -3.711 0.870 

6 Organic 1 -0.0585 -2.842 2.00 
3 -0.1685 -2.971 1.34 
7 -0.3806 -3.096 0.864 

7 urganlc 1 -0.08yj -4.551 2.00 
3 -0.2509 -4.695 1 -35 
7 -0. 5gUY -4.915 u.8y8 

6 D,O 1 -0.0038 -0.176 2.00 
3 -0.0180 -0.299 1.31 
7 -0.0411 -0.298 0.818 

6 Air 1 -0.0014 -0.355 2.00 
3 -0.0136 -0.485 1.28 
7 -0.0408 -0.5'12 0.782 

0 ~ u l y e ~ t i y l e r ~ e  1 -0.olG0 -0.978 2.00 
3 -0.0561 -1.123 1.28 
7 -0.1295 -1.129 0.785 

(a )  Except where noted the following values applied to the one-region reference l a t t i ce :  

B: = 4.3552 rn-. (corrected fo r  guide tube worth of 0.100 m-') 

a: = 2.1507 m-' 
(Wr -Up ) 6Drl/DZx - 

(b) Persson Eqn.: la2-a')(1+Sr - - p2 = (a:-=:) + 6az (1) 

'r 'r 'r 

( c )  Reference l a t t i c e  properties differ  from those i n  (a )  because of small random changes 
caueed by the removal and reloading of the l a t t i c e  i n  the PDP. 

B. = 4.3674 m-' (corrected for  guide tube worth of 0.059 m-') 



FIG.  4 ONE -GROUP PERTURBATION ANALYSIS P L O T  



TWO-GROUP FLUX MATCHING METHOD 

The two-group f l u x  matching method(.6) r e q u i r e d  d a t a ,  
i n  a d d i t i o n  t o  t h a t  f o r  t h e  one-region r e f e r e n c e  p i l e ,  on ly  
f o r  t h e  c a s e  i n  which t h e  t e s t  r e g i o n  c o n s i s t e d  of seven 
a s sembl i e s .  The t e ' s t  r eg ion ,  shown i n  F i g u r e  5, was de f ined  
i n  terms of conven t iona l  u n i t  c e l l s ,  i n  which 

C e l l  A r e a A  = D ( p i t c h ) 2  2 

r a t h e r  t han  t h e  c e l l s  used i n  t h e  p e r t u r b a t i o n  method. The 
boundary between t h e  t e s t  r e g i o n  ( a )  and t h e  r e f e r e n c e  r e g i o n  
( b )  w a s  c y l i n d r i c i z e d ,  s o  t h a t  

. . .  
FUEL ASSEMBLY 

0 . 0 0  0 . 0 0  

0 . 0 0 .  

I 

FIG.  5 P I L E  LOADING DIAGRAM - TWO-GROUP ANALYSIS 



The two-group para~r le te rs ,  computed f o r  bo th  t h e  t e s t  and 
r e f e r e n c e  r e g i o n s ,  were t h e  slow d i f f u s i o n  c o e f f i c i e n t  Ds, 
t h e  f a s t  d i f f u s i o n  c o e f f i c i e n t  Df ,  t h e  Fermi age  T, t h e  
d i f f u s i o n  a r e a  L ~ ,  and t h e  resonance escape  p r o b a b i l i t y  p .  
With t h e  s p e c i f i c a t i o n  of t h e  m a t e r i a l  buck l ing  of t h e  
r e f e r e n c e  r eg ion  B; (determined i n  a one-region p i l e  measure- 
ment ) ,  t h e  c r i t i c a l  p i l e  h e i g h t  H, t h e  o u t e r  r a d i u s  of t h e  
t e s t  ~ > e g l o n  r l ,  and  t h e  o u t e r  r a d i u s  of t h e  r e f e r e n c e  r e g i o n  
r2, t h e  problem i s  comple te ly  determined acco rd ing  to . two-  
group theo ry ,  and t h e  t e s t  r e g i o n  m a t e r i a l  buck l ing  can be 
computed. 

The two-group c a l c u l a t i o n  proceeds a s  fo l lows :  R a d i a l  
d i s t r i b u t i ' o n s  of t h e  f a s t  f l u x  Qf and t h e  slow f l u x  as  i n  
r e g i o n  ( a )  a r e  g iven  a s :  

= C  F + C  G 
'fa la, a 2a a 

where 

and  Cia and  C,, a r e  c o n s t a n t s ,  one of which may be a r b i t r a r i l y  
chosen.  



I n  r e g i o n  ( b )  t h e . f l u x e s  t a k e  t h e  form: . 

where 

. . @ s b = S  C F + S . C  G . . .  f b  ~b  b  sb' 2b b  

and yb, vg ,  Sfb, and  SSb t a k e  t h e  same form a s  f o r  r e g i o n  ( a ) .  

A t  t h i o  s t a g e  t h e  neu t ron  . cu r r en t  equa t ions  are o b t a i n e d  
from t h o s e  of t h e  f lux ,  and t h e s e  f l u x  and c u r r e n t  e q u a t i o n s  
i n  each  r e g i o n  a r e  exp res sed  as m a t r i x  p roduc t s .  The 
a p p r o p r i a t e  boundary c o n d i t i o n s  a r e  a p p l i e d ,  and B: i s  v a r i e d  
u n t i l  t h e  de t e rminan t  of  t h e  m a t r i x  product  i s  ze ro .  

The c a l c u l a t i o n  w a s  coded t o  enab le  one t o  f u r n i s h  as 
i n p u t  t h e  vef produc,t of t h e  t e s t  r e g i o n  and  a n  e s t i m a t e  of 
B:, r a t h e r  t h a n  pa. Thus, s i n c e  bo th  pa and  BE a r e  unltnown, 
t h e  s o l u t i o n  of  Bg which makes t h e  de te rminant  van i sh  1s n o t  
un ique .  To p rov ide  a un ique . . so lu t ion ,  t h e  code  r e q u i r e s  t h e  
s imu l t aneous  s o l u t i o n  of t h e  two-group c r i t i c a l  equa t ion .  

The r e s u l t i n g  v a l u e s  of pa and  R: t hen  s a t i s f y  b o t h  t h e  
c r i t i c a l i t y  e q u a t i o n  and  t h e  f l u x  and  c u r r e n t  c o n t i n u i t y  
c o n d i t i o n s  a t  t h e  boundary. . . 

The v a l u e s  of Ds, Df, L~ and  z were t h e  cor responding  
radial  components c a l c u l a t e d  f o r  t h e  one-group p e r t u r b a t i o n  
a n a l y i i s .  The q u a n t i t y  q  was assumed t o  be 1.315 f o r  a l l  
l a t t i c e s ,  f was o b t a i n e d  from P-3 c a l c u l a t i o n s ,  and  e w a s  
c a l c u l a t e d  as i n  t h e  SRL Buckling These c a l c u l a t e d  
pa rame te r s  a r e  l i s t e d  i r ~  Table  V. 



TABLE V 

Parameters Used i n  Two-Group Flux Matching Analysis 

Assembly 
See Fig. 1 

1 Organic 1.200 0.7G11 118.7 

i H20 . 1.189 0.7530 106.0 

1 A i r  1.276 0.8473 147.5 

2  Organic 1.212 0.7788 125.8 

2 A i r  1.249 0.8293 141.7 

3  Organic 1.176 0.7388 111.0 

3 H20 1.157 0.7245 92.6 

3  A i r  1.310 0.87'76 162.8 

4  Organic 1.163 0.7285 108.3 

4  H20 1 . i43  0.7179 88.1 

4  A i r  1.321 0.8942 171.2 

5 0rga.nl.c 1.139 0.7002 95.2 

6  Organic 1.139 0.7038 95.6 

6 D2 0  1.216 0.8202 144.7 

6  A i r  1.386 0.9407 186.6 

7  Organic 1.150 0.7033 98.8 

8 Polyethylene 1.402 0;9230 183.9 

Reference D20 1 .222 0.8197 142.9 

( a )  Radial value ca lcula ted  by equation (10) .  
( b )  Radial value ca lcula ted  by equation ( 9 ) .  
( c )  Radial valuc ca l cu la t ed  by equation (12 ) .  
( d )  Radial value ca lcula ted  by equation (11). 
( e )  Calculated a s  i n  SRL Buckling Code. 
( f )  Calculated by P - 3  method. 
( g )  The qcf product of re ference . region  was not 

ca l cu la t ion .  p  = 0.8760 was used. 
used a s  input  f o r  



CORRECTIONS 

Befo re  e i t h e r  method of a n a l y s i s  was used ,  t h e  measured 
v e r t i c a l  buck l ings  of  t h e  one-region r e f e r e n c e  l a t t i c e  and of 
t h e  l a t t i c e s  c o n t a i n i n g  t e s t  a s sembl i e s  were c o r r e c t e d  t o  t h e  
c o n d i t i o n  of a moderator  p u r i t y  of 99.58 mol % D20 a t  a 
t empera tu re  of 2 2 . 8 0 ' ~ .  A c a l c u l a t e d  tempera ture  c o r r e c t i o n  
c o e f f i c i e n t  of  +0.008 rn-2/0~ was used.  Then, s i n c e  any o t h e r  
buck l ing  change o u t s i d e  of t h e  u s u a l  random d e v i a t i o n s  i s  due 
t o  a change i n .  moderator  p u r i t y ,  a  p l o t  of t h e  qne-region 
r e f e r e n c e  l a t t i c e  buck l ing  v e r s u s  run  number gave t h e  moderator  
p u r i t y  c o r r e c t i o n .  These c o r r e c t i o n s  were minor; t h e  p u r i t y  
c o r r e c t i o n  neve r  exceeded.0.015 m-2 and t h e  tempera ture  
c o r r e c t i o n  neve r  exceeded 0.020 m m 2 .  

A~lotliel% dol~i7ecticrn, made aftel- the  ana lyo io  deoc r ibcd  
above, accounted  f o r  t h e  p re sence  of aluminum gu ide  tubes  f o r  
c o n t r o l  r o d s  i'n t h e  r e f e r e n c e  r e g i o n  of t h e  l a t t i c e s .  The 
change i n  v e p t i c a l  buck l ing  a f t e r  t h e  i n s e r t i o n  of a d d i t i o n a l  
g u i d e  t u b e s  i n  t h e  one-region r e f e r e n c e  1at.t.ic.e was rneasi.~red. 
Th i s  measured change w a s  t hen  m u l t i p l i e d  by t h e  r a t i o  of t h e  
calcula.l ;ed Y L a L i s t i c ~ l  welght of t h e  gu ide  t u b e s  a l r e a d y  i n  
t h e  p i l e  t o  t h e  c a l c u l a t e d  s t a t i s t i c a l  weight  of t h e  a d d i t i o n a l  
t u b e s  i n t r o d u c e d ,  o b t a i n i n g  a gu ide  tube  worth of 0 .10 m m 2 .  

When a n  a x i a l  d i f f u s i o n  c o e f f i c i e n t  d i f f e r e n c e  e x i s t s  
between t h e  t e s t  and r e f e r e n c e  r e g i o n s ,  t h e  r e s u l t i n g  d i f f e r e n c e  
i n  v e r t i c a l  e x t r a p o l a t i o n  l e n g t h s  between t h e  two r e g i o n s  should 
be accounted  f o r .  I n  t h e  c a s e  of a i r - f i l l e d  t e s t  a s sembl i e s ,  
t h i s  c o r r e c t i o n  was determined from p rev ious  one-region l a t t i c e  
measurements ( l2 ) , which gave t h e  e x t r a p o l a t i o n  l e n g t h  as a  
f u n c t i o n  of t h e  r a t i o  of moderator  volume t o  nonmoderator 
volume i n  a  u n i t  c e l l .  The magnitude of t h i s  c o r r e c t i o n  t o  
t h e  t e s t  l a t t i c e  buck l ings  ranged from 0.01 t o  0 .07  m-2. I n  
t h e  c a s e  of o rgan ic -  and  H20- f i l l ed  t e s t  a s sembl i e s ,  no such 
expe r imen ta l  d a t a  were a v a i l a b l e ,  and fu r the rmore  one expec t s  
l i t t l e  change i n  e x t r a p o l a t i o n  l e n g t h s  when t h e s e  c o o l a n t s  a r e  
u sed .  The re fo re  no c o r r e c t i o n  w a s  made f o r  t h e s e  types  of 
a s s e m b l i e s .  

When a n i s o t r o p y  i s  p r e s e n t ,  t h e  m a t e r i a l  buck l ing  i s  
no longe r  independent  of p i l e  geometry. I n  t h i s  c a s e  t h e  p i l e  
geometry chosen f o r  t h e  p r e s e n t a t i o n  of r e s u l t s  was one i n  
which t h e  l a t t i c e  of t e s t  a s sembl i e s  has  a minimum c r i t i c a l  
volume, i . e . ,  when t h e  r a d i a l  buck l ing  i s  tw ice  t h e  v e r t i c a l  
b u c k l i n g .  The c o r r e c t i o n  needed t o  p u t  t h e  d a t a  i n  t h i s  form 
was sma l l ,  n e v e r  exceeding 0.03 m-2. 

A more d e t a i l e d  e x p l a n a t i o n  of t h e s e  c o r r e c t i o n s  i s  found 
i n  Reference  7. 



RESULTS 

The r e s u l t s  of t,he measurements a r e  g iven  i n  Table V I  
w i th  t h e  p r e v i o u s l y  d i s c u s s e d  c o r r e c t i o n s  inc luded .  Because 
t h e r e  i s  no r eason  a t  p r e s e n t  t o  p r e f e r  e i t h e r  method of 
a n a l y s i s ,  t h e  b e s t  v a l u e s  were taken t o  be t h e  average  of t h e  
r e s u l t s  of t h e  two methods. The a b s o l u t e  v a l u e s  of t h e s e  
average  buckl ings  should  be good t o  abou t  k0.10 m-"in t h e  
h igh  buck l ing  l a t t i c e s  and  f 0 . 1 5  m-= i n  l a t t i c e s  w i t h  buckl ings  
l e s s  than  2 m-2. 

TABLE V I  

Bucklings of Clusters  of U02 Rods - 9.33-in. L a t t i c e  Pi tch 

Results of Subs t i tu t ion  Measurements 
Moderator a t  22.e0c and 99.58 mol $ DeO 

Assembly 
See Fig. 1 

1 

N O .  of 
Rods i n  
Cluster  

Rod Spacing 
Center-to- 
Center, I n .  Coolant 

Organic 

Hz0 

A i r  

Organic 

A i  r 

Organic 

H20 

A i r  

Housing Tube 
Dimensions, i n .  

Wall 
OD Thickness 

Buckling, 
Per t .  Two- 
Theory Group Average 

3.53 3.53 3.53 

2.06 2.07 2.07 

4 37 0.607 Organic 4.350 0.050 2.45 2.58 2.52 

4 Y( 0.60'1 A i r  4.350 0.050- 4.36 4.33 4.35 

5 37 0.607 Organic 4.746 0.050 0.28 0.33 0.31 

6 37 0.650 Organic 4.746 0.050 1.05 1.16 1.11 

7 37 0.650 Organic 4.970 0.162 -0.90 -0.70 -0.80 

6 37 0.650 D20 4.746 . 0.050 3.99 4.01 4.00 

6 37 0.650 A i r  4.746 0.050 6 3.65 3.65 

8 37 0.650 Pol.ynt,hyl.one 5.000 0.056 3.16 3.15 3.16 

( a )  Organic and H,O-cooled assembly bucklings not corrected f o r  d i f fe rence  i n  v e r t i c a l  
extrapolat ion length from reference l a t t i c e .  

( b )  Outer dimension across  the f l a t s  of a hexagonal housing. 
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