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c r i t i c a l i t y  exper iments have p rov i ded  data f o r  2.35 wt% and 4.31 w t %  

2 3 5 ~  en r i ched  U02 rods a t  a  wa te r - t o - f ue l  volume r a t i o  o f  1.6. The 

r e s u l t s  f rom some 147 c r i t i c a l  exper iments a r e  presented. They i n -  

clude f o r  each enr ichment:  
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. The i s o l a t i o n  d i s t ance  between f u e l  c l u s t e r s  

The c r i t i c a l  s i z e  o f  f u e l  c l u s t e r s  c o n t a i n i n g  wate r  ho les  
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The f i x e d  neu t ron  absorbers f o r  which da ta  were ob ta i ned  i n c l u d e  

304-L s t e e l ,  bo ra ted  304-L s t e e l ,  copper, copper c o n t a i n i n g  1  w t %  

cadmi um, cadmium, a1 uminum, z i r con ium and two t r a d e  name m a t e r i a l s  

c o n t a i n i n g  boron (Bora l  and B o r o f l  ex ) .  



The r e s u l t s  f r o m  t h e  f o u r t h  i n  a s e r i e s  o f  c r i t i c a l i t y  exper iments  

funded by t h e  U n i t e d  S t a t e s  N u c l e a r  Regu la to ry  Commission a r e  p resen ted  

i n  t h i s  paper.  The i n i t i a l  t h r e e  s e r i e s  o f  exper imen ts  i n  t h i s  program 

were concerned w i t h  d e t e r m i n i n g  t h e  c r i t i c a l  s e p a r a t i o n  between c l  u s t e r s  

o f  e i t h e r  2.35 wt% o r  4.31 w t% 2 3 5 ~  e n r i c h e d  U02 f u e l  rods  immersed i n  

w a t e r  a t  nea r  optimum n e u t r o n  modera t i on .  The e f f e c t  t h a t  v a r i o u s  

n e u t r o n  abso rbe r  p l a t e s  p o s i t i o n e d  between t h e  f u e l  c l  u s t e r s  had on 

t h e  c r i t i c a l  s e p a r a t i o n  was i n v e s t i g a t e d .  A l s o  t h e  e f f e c t  t h a t  l e a d  

and d e p l e t e d  u ran ium r e f l e c t i n g  w a l l  s  had on t h i s  c r i t i c a l  s e p a r a t i o n  

was i n v e s t i g a t e d  i n  t h e s e  e a r l i e r  exper iments .  T h i s  f o u r t h  s e r i e s  o f  

exper iments  i n v o l v e  t h e  same f u e l  immersed i n  w a t e r  as b e f o r e  b u t  a t  a 

n e u t r o n  modera t i on  a p p r o x i m a t i n g  t h a t  f ound  t y p i c a l l y  i n  B o i l i n g  Water 

Reac to r  (BWR) and P r e s s u r i z e d  Water Reactor  (PWR) f u e l  assembl i e s .  

Measurements s i m i l a r  t o  t h o s e  pe r fo rmed  a t  n e a r  optimum n e u t r o n  modera- 

t i o n  were  r e p e a t e d  w i t h  t h e  same n e u t r o n  abso rbe r  m a t e r i a l  ( B o r a l  , 

304-L s t e e l ,  b o r a t e d  304-L s t e e l ,  copper,  copper  c o n t a i n i n g  1 w t %  

cadmium, a1 uniinum and z i  rconiuni)  p l  us a new m a t e r i a l  c a l l  ed B o r o f l e x  

and two a d d i t i o n a l  t y p e s  o f  B o r a l .  Measurements were a l s o  nade t o  

de te rm ine  t h e  e f f e c t  t h a t  w a t e r  ho les ,  v o i d s ,  and f l u x  t r a p s  i n  f u e l  

c l u s t e r s  have on t h e  c r i t i c a l  s i z e  o f  t h e  f u e l  c l u s t e r .  



The objective of these experiments, as i n  the previous experiments, 

i s  t o  provide clean, definable, integral  data t ha t  can be described in 

calcula t ions  exactly as-run without corrections o r  approximations having 

t o  be made. 
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CRITICALITY EXPERIMENTS WITH 

SUBCRITICAL CLUSTERS OF 2.35 WT% AND 4.31 WT% 
235" 

ENRICHED U02 RODS I N  WATER AT A 

WATER-TO-FUEL VOLUME RATIO OF 1 .6 

INTRODUCTION 

A research program, funded by t he  Un i t ed  States Nuclear  Regula- 

t o r y  Commission, t o  p rov ide  exper imental  c r i t i c a l  i ty  data on c o n d i t i o n s  

s i m u l a t i n g  L i g h t  Water Reactor (LWR) f u e l  sh ipp ing  and s to rage  con f i gu ra -  

t i o n s  was begun i n  1976 a t  t h e  B a t t e l l e  operated C r i t i c a l  Mass Labora to ry  

a t  Hanford. The i n i t i a l  t h r e e  se r i es  o f  experiments i n  t h i s  program 

were concerned w i t h  de te rmin ing  t h e  c r i t i c a l  separa t ion  between c l  us te r s  

o f  e i t h e r  2.35 w t %  o r  4.31 wt% 2 3 5 ~  enr iched  U02 fue l  rods immersed i n  

wate r  a t  near optimum neutron moderation. The e f f e c t  t h a t  va r ious  neu t ron  

absorber p l a t e s  pos i t i oned  between t he  f u e l  c l u s t e r s  had on t he  c r i t i c a l  

sepa'ration was i nves t i ga ted .  A lso  the  e f f e c t  t h a t  l e a d  and dep le ted  

uranium r e f l e c t i n g  w a l l s  had on t h i s  c r i t i c a l  separa t ion  was i n v e s t i g a t e d  

i n  these e a r l i e r  experiments. 

The f o u r t h  s e r i e s  o f  experiments i n  t h i s  NRC program a r e  covered i n  

t h i s  paper and i n v o l v e  t h e  same f u e l  immersed i n  wate r  as be fo re  b u t  a t  

a neut ron moderat ion approx imat ing t h a t  found t y p i c a l l y  i n  B o i l i n g  Water 

Reactor (BWR) and Pressur ized  Water Reactor (PWR) f u e l  assembl i e s .  



Measurements s i m i l a r  t o  those performed a t  near optimum neutron modera- 

t i o n  were repeated w i t h  the  same neutron absorber ma te r i a l s  p lus  a new 

mate r ia l  c a l l e d  ~ o r o f l e x ~ ~  and two d i f f e r e n t  types o f  Bora l .  t m 

The o b j e c t i v e  o f  these experiments, as i n  the  previous experiments, i s  

t o  p rov ide  clean, def inable,  i n t e g r a l  data t h a t  can be described i n  ca i cu la -  

t i o n s  e x a c t l y  as-run w i thou t  co r rec t i ons  o r  approximations having t o  be made. < 

Boro f lex  i s  a trademark product o f  Brand I n d u s t r i a l  Services, Inc .  
Boral i s  a trademark product o f  Brooks and Perkins, Inc .  



EXPERIMENTS 

I n  these l a t e s t  experiments, as i n  t h e  p rev ious  experiments, (1 -5) 

t h e  p r imary  parameter measured was t h e  c r i t i c a l  separa t ion  between sub- 

c r i t i c a l  r ec tangu la r  shaped c l u s t e r s  o f  f u e l  rods immersed i n  water. 

I n  t h e  p rev ious  measurements t h r e e  f u e l  c l u s t e r s  were a1 igned i n  a  row. 

I n  these l a t e s t  experiments, when t h e  amount o f  f u e l  and neu t ron  absorber 

p l a t e s  a v a i l a b l  e  permi t ted ,  t h e  c r i t i c a l  separa t ion  between f o u r  f u e l  

c l u s t e r s  i n  a  rec tangu la r  arrangement was measured t o  o b t a i n  i n t e r a c t i o n  

data i n  two dimensions. Whenever t h e r e  was i n s u f f i c i e n t  f u e l  o r  absorber 

p l a t e s  t o  achieve c r i t i c a l i t y  i n  t h i s  f o u r  c l u s t e r  geometry, measurements 

were made as b e f o r e  w i t h  t h r e e  f u e l  c l u s t e r s  a l i g n e d  i n  a  row. 

A photograph o f  a  water  f l ooded f o u r  c l u s t e r  exper imental  assembly 

i s  shown i n  F igure  1 w i t h  a  s e t  o f  absorber p l a t e s  i n  p o s i t i o n .  For 

c l a r i t y  an a r t i s t  ske tch  o f  a  t y p i c a l  f o u r  c l u s t e r  arrangement i s  shown 

i n  F igure  2. The neu t ron  absorber p l a t e s  a re  descr ibed  i n  Tab le  I. The 

f u e l  i s  descr ibed  i n  F igu re  3, and t h e  wate r  i m p u r i t i e s  a r e  presented i n  

Table 11. 

The p r imary  neu t ron  absorb ing n u c l e i  a r e  homogeneously d i s t r i b u t e d  

throughout  t h e  absorber p l a t e s  l i s t e d  i n  Table I. However, i n  t h e  Bora ls  

and i n  t h e  B o r o f l e x  these n u c l e i  a re  con ta ined  i n  B4C p a r t i c l e s  u n i f o r m l y  

d i s t r i b u t e d  throughout  e i t h e r  an a1 umi num (Bora l  ) o r  a  rubber  m a t e r i a l  



FIGURE 1. PHOTOGRAPH OF A TYPICAL FOUR CLUSTER 
EXPERIMENTAL ASSEMBLY 
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FUEL ARRANGEMENT IN A FOUR CLUSTER EXPERIMENTAL ASSEMBLY 



TABLE I 
DESCRIPTION OF NEUTRON ABSORBER PLATES 

ELEMENT, W. % ( a '  B O R A L ( ~ ]  C O P P E r - C A D M I U M  COPPER 6061 A L U M I N U M  Z I E C A L O Y - 4  - 
TYPE 304L S T A I N L E S S  STEEL --- C A D i v l l U M  - -  B O R O F E X  

B O R A L  A 

6 2  39 + 2.8 

a. 70 i 0. 25 

7. 97 i 0. 41 
~ ~ 

BORAL  B BORAL  C - 

61. 21"' 59. 26"' 97 15 + 0 21 . . 

30 36") 31. 88"' 0.005 

8, 43"' 8. 86"' 0. W2 0. 340 
~ ~ . . 

0 989+ 0.W3 

N O  BORON 1 l \'ll 9 BORON urn BORON 

1 0 5 + 0 0 8  1 6 2 + 0 1 0  

T H I C K N E S S ,  ( d ) cm  0.713 i 0. 011 0. 292 + 0.013 0 231 + 0.013 0. 357 1 0 008 0.644 f 0 008 0.625 1 0. W1 0.652 + 0 008 0 485 * 0.015 0. 298 i 0. 005 0. 298 1 0. 006 0. 061 + 0 003 0.22 1 O.W4 
. . . . . . 0.337 i 0.008 0 302 + 0.013 0.452 i 0 . m  

LENGTH, cm 91.5 91.5 91.5 91.5 91.5 91.5 91 5 91 5 91.5 91.5 91.5 91.5 

W I D T H ,  c m  35.6 35.6 35.6 35.6 35.6(el 35.6 35.6 35 6 35.6 35.6 35.6 35 6 

,., ERROR L I M I T S  WHERE S H O W N  ARE ONE STANDARD D E V I A T I O N  B A 5 F D  ON M l l l T l ~ F  r H F M l r A 1  A ~ A I  v c ~ c  I ~ ~ P I I R I T I F C  n t c r w I a l I r l n h 1  

(bl C O h l P O S l T l O N  OF  B 4 C - A I  CORE M A T E R I A L  C L A D D I N G  I S  A L U M I N U M  TYPE 1100 

(cl BASED O N  W E I G H T S  OF M I X T U R E  C O M P O N E W S  AT T I M E  OF F A B R I C A T I O N  

(dl INCLUDES 0.102crn, 0.038 crn. A N D  0.025 crn O F T Y P E  11OO A L U h l l N U M  O N  EITHER S I D E  OF  THE B O R A L ,  4 B A N D  C CORE M A T E R I A L S  
RESPECTIVELY .  ERROR L I M I T S  ARE ONE STANDARD DEVIAT ION.  

(el  PLATES 0.337 crn T H I C K  ARE 3 . 6  crn W I D E .  



4.31 wt% 2 3 5 ~  ENRICHED U02  RODS 

RUBBER END CAP: FUEL 12.649 i:i~ii D I A  CLAD: 12.827 m m  IDx0.660mrn WALL 

12.776 rnm I D  x25.4 m m  LONG I I 

-RUBBER END CAP. 

= I  12.776rnrn IDx25.4mrn  LONG 

-914.4 m m  

CLADDING: 6361 ALUMINUM TUBING 

LOAD ING: 

ENRICHMENT - 4.31 + 0.01 w t %  2 3 5 ~  
FUEL DENSITY - 94.9 t 0.55% OF THEORETICAL DENSITY 
URANIUM ASSAY - 88.035 -t 0.261 w t ' i o  OF TOTAL FUEL COMPOSITION 
U 0 2  - 1203.38 t- 4.12 g i ROD 

END CAP: 

DENSITY - 1.321 9 1cm3 
COMPOSITION- C -  58 + 1 WH S -  1.7 + G.2wtYo 

h-6.5 k ?.3wt76 0 - 22.1 wt% (BALANCE) 
!:a- 11.4 + 1.8 wt% S i -Z .3  + 2.1 wt% 

2.35 wt% 2 3 5 ~  ENRICHED U02  RODS 

FUEL: 11.176 nil11 D I A  CLAD: 12.70 rnrn OD x 0.762 mrn WALL 

12.7 rnrn D l A  f TOP 

CLADDING: 6061 ALUMINUM TUBING SEAL WELDED WITH A LOWER END PLUG 
OF 5052-H32 ALUMINUM AND A TOP PLUG OF 1100 ALUMINUM 

LOADING: 

ENR ICHMENT - 2.35 + 0.05 \ivt';h 2 3 5 ~  
FUEL DENS lTY - 9.20 rng I mm3 (84'1 THEORETICAL DENS ITY) 
URANIUM ASSAY - 88.0 + k i l o  
U02  - 825 g 1 ROD (AVERAGE) 

FIGURE 3. DESCRIPTION OF FUEL RODS 
7 



TABLE II 
WATER IMPURITIES 

CONCENTRAT ION (I' 

COMPONENT 3 
qlm (ppm) 

C I 1.7 + 0.6 

C u  

C d  

Gd * 

S03 
DISSOLVED SOLIDS 

(1) ERROR L I M I T S  ARE STANDARD DEVIATIONS OBSERVED I N  THREE SAMPLES 



(Bo ro f l ex ) .  Accord ing t o  t h e  manufacturer,  these p a r t i c l e s  have the  

f o l l o w i n g  s i z e  d i s t r i b u t i o n :  

P a r t i c l  e  S i z e  
W t %  P a r t i c l e  D i s t r i b u t i o n  

(mm> Bora l  B o r o f l  ex 

----- 

Trace 

I n  a d d i t i o n  t o  measuring t h e  c r i t i c a l  sepa ra t i on  between mu1 t i p l e  

f u e l  c l u s t e r s ,  experiments, w i t h  bo th  t h e  2.35 wt% and t h e  4.31 wt% 235u 

enr iched  U02 rods, were a l s o  performed t o  determine t h e  c r i t i c a l  s i z e  

of s i n g l e  l a t t i c e s  c o n t a i n i n g  vo ids and water  ho les.  Experiments were 

a l s o  performed a t  each enr ichment t o  measure t h e  r e a c t i v i t y  e f f e c t  t h a t  

a  f l u x  t r a p  o f  va ry i ng  th ickness  between two fue l  c l u s t e r s  has on t he  

c r i t i c a l  s i z e  o f  t he  f u e l  c l u s t e r s .  The d e t a i l s  o f  these measurements 

and those w i t h  t h e  neu t ron  absorber  p l a t e s  a r e  covered i n  t h e  s p e c i f i c  

sec t i ons  on exper imenta l  da ta  t h a t  f o l l o w .  



All of the  experiments were performed with rectangular l a t t i c e s  of 

rods having a water-to-fuel volume r a t i o  of 1.6. This r a t i o  1 i e s  within 

the  neutron illoderation range of the  BWR and PWR type fue l s .  The typical  

BUR fuel elements have rod diameters and rod spacings t ha t  resul t i n  

water-to-fuel volume ra t ios  between 1.55 and 1.61. The PWR fuel elements 

have a range of 1.53 t o  1.72. All of the  experimental assemblies were 

water flooded and fu l l y  ref1 ected on a l l  s i x  faces by a t  l e a s t  15 cm of 

water. 

EXPERIMENTAL DATA 

In each experiment the c r i t i c a l  approach was made e i t h e r  by de- 

creasing the  water separation between a fixed amount of fuel o r  by 

adding fuel t o  fuel c lus te r s  separated by a fixed amount of water. 

In  the  l a t t e r ,  fuel additions t o  the fuel c lus te r s  were made t o  faci  1 i -  

t a t e  uniformity of neutron multiplication (fuel  rods were added to  the 

assembly symmetrically with respect t o  the neutron f lux)  . Consequently, 

any par t ia l  row of fuel rods can and should be described as a fu l l  row 

of f ract ional  fuel c e l l s  in calcula t ions .  Since these a r e  rectangular 

l a t t i c e s ,  the r eac t i v i t y  worth of a fuel rod i s  dependent on i t s  position 

in the row of fue l .  Although current  calculat ional  techniques a re  probably 

not sens i t ive  enough t o  observe t h i s  in terms of neutron multiplication 

( k e f f )  , i t  i s  observable experimentally. 



I n  t h e  exper iments i n v o l v i n g  four  f u e l  c l u s t e r s ,  data were ob ta ined  

on assemblies i n  which t h e  water  separa t ion  between each f u e l  c l u s t e r  

was equal, and on assemblies i n  which each f u e l  c l u s t e r  was o f  t h e  same 

s i ze .  A d d i t i o n a l  da ta  a l s o  was ob ta ined  i n  which bo th  t h e  separa t ion  

and c l u s t e r  s i zes  were unequal t o  measure t h e  s a n s i t i v i t y  o f  systems 

t o  e i t h e r  water  separa t ion  o r  f u e l  l oad ing .  

SINGLE LATTICES OF FUEL RODS 

The c r i t i c a l  s i z e  o f  s i n g l e  rec tangu la r  l a t t i c e s  o f  bo th  t h e  2.35 

wt% and t h e  4.31 wt% 2 3 5 ~  enr iched  U02 rods was determined f o r  severa l  

f u e l  l a t t i c e s  hav ing  s ides  o f  d i f f e r e n t  l eng th .  The r e s u l t s  o f  these 

measurements a r e  t a b l u l a t e d  i n  Tab le  I11 and p l o t t e d  i n  F igure  4. Both 

se t s  of  f u e l  rods were i n  a  square l a t t i c e  p i t c h  corresponding t o  a  

wa te r - t o - f ue l  volume r a t i o  o f  1.6. The p i t c h  was 1.684 cm f o r  t h e  2.35 

wt% 2 3 5 ~  enr iched  U02 rods, and 1.892 c n  f o r  t h e  4.31 wt% enr iched  rods.  

A l l  s t r u c t u r a l  supports,  except t h e  l a t t i c e  g r i d  p l a tes ,  were o f  aluminum 

(Type 6061 ) and o u t s i d e  t h e  f u e l  r e g i o n  o f  each l a t t i c e .  The g r i d  p l a t e s  

3 were o f  1.27 cm t h i c k  po lypropy lene (0.904 g/cm ) l o c a t e d  about 15 cm 

below the  t o p  of t h e  fue l  r e g i o n  and a t  t h e  bot tom o f  t he  f u e l  s i m i l a r  

t o  t h a t  shown i n  F igure  9 f o r  m u l t i p l e  f u e l  c l u s t e r s .  The f u e l  was 

supported on a 2.54 t h i c k  a c r y l i c  p l a t e  (1  . I 85  g/cm; 8  wt% H, 60 wt% C, 

32 wt% 0 )  r e s t i n g  on two a1 uniinum channels a t  l e a s t  15 cm above t h e  f l o o r  

o f  t he  epxer imenta l  vessel  (see F igure  9 f o r  i l l u s t r a t i o n ) .  



TABLE Ill 
EXPERIMENTAL CRITICALITY DATA FOR SINGLE LATTICES 

2.35 WT. % 2 3 5 ~  ENRICHED FUEL 1.684cm SQUARE 
L A l l l C E  PITCH 

4.31 WT. % 2 3 5 ~  ENRICHED FUEL 1.892cm SQUARE 
LATTICE PITCH 

EXPERIMENT L A l l l C E  WIDTH CRITICAL NUMBER 
NUMBER IN RODS OF R O D S ( ~ )  

EXPERIMENT LATTICE WIDTH 
NUMBER I N  RODS 

CRITICAL NUMBER 
OF R O D S ( ~ )  

(a) ERROR LIMITS ARE ONE STANDARD DEVIATION 
(b) SQUARE ARRAY OBTAINED FROM INTERPOLATION OF OTHER DATA 
(c) RERUN OF 044 TO CHECK REPRODUCI B I L I T Y  OF MEASUREMENTS 



FIGURE 4. EXPERIMENTAL CRITICALITY DATA FOR SINGLE LATTICES 



For rec tangu la r  l a t t i c e s  t h e  minimim s i z e  occurs, o f  course, f o r  

t h e  square. By i n t e r p o l a t i o n  o f  t he  data shown i n  F igure 4, t he  minimum 

s i zed  l a t t i c e  f o r  t he  2.35 wt% 2 3 5 ~  enr iched U02 rods was determined t o  

be 523 rods (a square 22.87 rods on a s ide ) .  S i m i l a r l y ,  f o r  t h e  4.31 wt% 

enr iched rods, t he  minimum s i z e  was determined t o  be 215 rods (14.66 rods 

on a s ide ) .  These p o i n t s  have been added t o  t h e  p rev ious l y  repor ted  

data ( 3 )  (6) shown i n  F igure  5, which presents t he  number o f  rods 

requ i red  f o r  c r i t i c a l i t y  as a func t ion  o f  neutron moderation. 

Some LWR fuel  elements have rod  p o s i t i o n s  t h a t  a re  v o i d  o f  f u e l  t o  

accomodate c o n t r o l  r od  and ins t rumenta t ion  c l u s t e r s .  These voided rod  

p o s i t i o n s  occur  rough ly  i n  a 5 x  5 rod  m a t r i x  arrangement and a re  t y p i c a l l y  

on a 3.5 cm t o  4.5 cm center - to -center  spacing. When f looded these v o i d  

regions become water holes i n  a m a t r i x  o f  fue l -water  c e l l s ,  and thus c rea te  

zones r i c h e r  i n  thermal ized neutrons than t h e  surrounding r e l a t i v e l y  under- 

moderated fuel -water  c e l l s .  Experiments, s imu la t i ng  these cond i t ions ,  were 

performed t o  o b t a i n  some i n t e g r a l  data t h a t  cou ld  be used f o r  eva lua t i ng  

the  v a l i d i t y  o f  c a l c u l a t i o n a l  techniques when app l i ed  t o  systems w i t h  

these types o f  water  holes. The experiments were performed w i t h  s i n g l e  

L33 l a t t i c e s  o f  both t he  2.35 w t %  and the  4.31 w t %  U enr iched f u e l  con- 

t a i n i n g  25 vacant f u e l  p o s i t i o n s  on a 5 x  5 r o d  m a t r i x  approx imate ly  

centered i n  t h e  f u e l  l a t t i c e  as shown i n  F igure 4. The center - to -center  

spacings between vacant f u e l  p o s i t i o n s  t h a t  cou ld  be achieved i n  t h e  

measurements was l i m i t e d  by t h e  l a t t i c e  p i t c h  o f  each f u e l .  For t h e  2.35 

w t %  enr iched f u e l ,  the  center - to -center  c l o s e s t  t o  t h a t  t y p i c a l  l y  present  i n  
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LWR fuel elements was 3.368 cm. For the 4.31 w t %  enriched fue l ,  the 

spacing was 3.784 cm. 

The resul ts  of the "water hole" measurements are  tabulated in 

Table IV. The resul ts  a re  also presented in Figure 4 for  comparison 

with the data on single fuel l a t t i ces  without the vacant fuel spaces. 

Diagram plans indicating the location of the vacant fuel spaces in 

each l a t t i c e  a re  also shown in Figure 4. Measurements also were made 

with each vacant fuel space occupied by an a i r  f i l l e d  a1 uminuo tube 

having the same outside diameter and length as the fuel rods in the 

l a t t i c e .  To obtain data on the effect  of the aluminum tubing, the tubes 

were unsealed and allowed to f i l l  with water. These data are also pre- 

sented in Table IV and Figure 4. 

Some interesting diss imilar i t ies  are obvious in these "water hole" 

data. The presence of water holes in each of the two fuel l a t t i c e s  had 

a positive e f fec t  on the react ivi ty .  To a lesser  extent the same was 

true for the water f i l l  ed a1 uminum tubes ; however, the presence of a1 umi- 

num tubes in the water holes of the 4.31 w t %  enriched fuel l a t t i c e  has a 

less  of an effect  on the c r i t i ca l  s ize than in the 2.35 w t %  enriched fuel 

l a t t i c e .  Also the a i r  f i l l e d  aluminum tubes had no effect  on the c r i t i ca l  

s ize of the 2.35 w t %  enriched fuel l a t t i c e  and very 1 i t t l e  (6.5%) on the c r i  t- 

ical s ize of the 4-31 w t %  enriched fuel l a t t i ce .  Because of these differences 

the measurements with 25 "water holes" were repeated (experiment 122) 

immediately following the measurements with the a1 uminum tubes (experi- 

ment 1 2 1 ) .  As can be seen in Table IV there i s  essentially no difference 



TABLE I V  
EXPERIMENTAL CRITICALITY DATA FOR SINLGE 

LAlTICES CONTAINING VOIDS AND WATER HOLES 

LATTICE 2.35 WT. 90 2 3 5 ~  ENRICHED FUEL 4.31 WT. 90 2 3 5 ~  ENRICHED FUEL 
CONDITION 1.684~111 SQUARE LATTICE PITCH 1.892~111 SQUARE LATTICE PITCH 

LATTICES 23 RODS WIDE LATTICES 14 RODS WIDE 

EXPERIMENT CRITICAL NUMBER EXPERIMENT CRITICAL NUMBER 
NUMBER OF R O D S ( ~ )  NUMBER OF R O D S ( ~ )  

25 WATER HOLES 097 485.8k0.2 047 167.6+ 0.1 

25 WATER HOLES --- 122 168.1 k 0.2(b) --- 

25 A l  CLAD VOIDS 099 523.8 k 0.2 048 203.0 k 0.1 

25 A l  TU BES 098 505.4k0.2 121 173.5 k 0.1 

FULL LATTICE 096 523.9 k 0.4 045 216.2 40.2 

(a) ERROR LIMITS ARE ONE STANDARD DEVIATION 
(b) RERUN OF EXP 047 TO CHECK REPRODUCI B I L I T Y  



between the r e s u l t s  obta ined i n  these measurements (experiment 122) and 

the  one (experiment 047) performed e a r l i e r  w i t h  a d i f f e r e n t  s e t  o f  f u e l  

1 a t t i  ce p la tes  . 

FUEL CLUSTERS SEPARATED BY A FLUX TRAP 

Fuel element storage racks i n  sh ipp ing  casks o r  f u e l  basin s torage 

pools a r e  genera l l y  designed and b u i l t  such t h a t  e i t h e r  s t r u c t u r a l  

ma te r i a l s  and, o r  f i x e d  neutron poisons c rea te  neutron f l u x  t r a p s  be- 

tween the  s to red  f u e l  elements. Epi-thermal neutrons escaping from the  

f u e l  elements pass through any s t r u c t u r a l  and neutron absorber ma te r i a l s  

present  between the  f u e l  elements and tend t o  become therrnal ized i n  t h e  

water. These thermal ized neutrons have a very low p r o b a b i l i t y  o f  being 

sca t te red  back i n t o  the  f u e l  elements because the  s t r u c t u r a l  and absorber 

mater ia ls ,  between which the  neutrons a re  "trapped," genera l l y  have a very  

h igh  probabi 1 i ty f o r  absorbing thermal neutrons. To prov ide  some exper i  - 

mental data f o r  comparison w i t h  ca l cu la t i ons ,  a se r ies  o f  measurements 

were performed i n  which a f l u x  t r a p  was created between two c l u s t e r s  o f  

f u e l  rods. An a r t i s t  r e n d i t i o n  o f  the  experimental assembly i s  shown i n  

F igure  6. 



HJ RETWEEN FUE 

FIGURE 6. TYPICAL ASSEMBLY WITH FLUX TRAP 



The f l u x  t r a p  was cons t ruc ted  by a t t a c h i n g  sheets o f  Bora l  t o  t h e  

opposing faces o f  two equal s i z e  s u b c r i t i c a l  c l u s t e r s  o f  f u e l .  The 

p l a t e s  i d e n t i f i e d  as Boral  C i n  Table I were used f o r  t h i s  purpose and 

were l oca ted  a t  t he  ou te r  c e l l  boundary o f  each f u e l  c l u s t e r .  The 

Bora l  p l a t e s  were pos i t i oned  such t h a t  they covered the  f u e l  r eg ion  o f  

t h e  f u e l  rods and had one v e r t i c a l  edge a1 igned w i t h  an edge (ou te r  

c e l l  boundary) o f  t he  f u e l  c l u s t e r .  The remaining p o r t i o n  o f  t he  p la tes  

extended i n t o  t he  water r e f l e c t o r  reg ion  as i n d i c a t e d  i n  t h e  photograph 

of an experimental  assembly shown i n  F igure 7. As can be seen i n  Figures 

6 and 7, t he re  was no s t r u c t u r a l  ma te r i a l  i n s i d e  t h e  core boundaries o f  

the  assembl i e s  except f o r  t h e  0.904 g/cmJ polypropylene g r i d  p l  a tes (1.27 2 

0.4 cm t h i c k )  l oca ted  about 15 cm from the  t o p  o f  t h e  f u e l  reg ions  and a t  

t he  bottom o f  t h e  f u e l  rods. As i n  t he  s i n g l e  l a t t i c e s  discussed i n  t he  

prev ious sec t ion ,  t h e  f u e l  rods were supported on a  2.54 cm t h i c k  a c r y l i c  

3  p l a t e  (1 . I 85  g/cm , 8 w t %  H, 60 w t% C, 32 w t %  0) r e s t i n g  on two aluminum 

channels a t  l east  15 cm above t h e  f l o o r  o f  t he  tank. 

C r i t i c a l  s i zes  were determined f o r  a  range o f  separa t ion  d is tances 

between t h e  f l u x  t r a p  p la tes  t h a t  covered f rom near zero (0.64 cm) t o  e f -  

f e c t i v e l y  i n f i n i t y .  A t  each separa t ion  d is tance,  f u e l  was added equa l l y  

t o  each f u e l  c l u s t e r  u n t i l  t he  c r i t i c a l  s i z e  o f  t he  system was determined. 

Measurements were made w i t h  bo th  t h e  2.35 w t %  and the  4.31 w t %  2 3 5 ~  enr iched 

f u e l .  The r e s u l t s  o f  t he  measurements a re  summarized i n  Table V. 



FIGURE 7. PHOTOGRAPH OF AN EXPERIMENTAL ASSEMBLY WITH 
A FLUX TRAP 
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A plot  of the  data showing the  to ta l  number of rods required f o r  c r i t i -  

c a l i t y  as a function of the water gap between the fuel c lu s t e r s  i s  

presented i n  Figure 8 .  

A t  a separation distance of 3.804 cm, an additional experiment was 

performed i n  which the  Boral p la tes  between the 4.31 w t %  enriched fuel 

c lu s t e r s  were replaced with 0.302 cm thick Type 304-L s tee l  p la tes  (see  

Table I f o r  descr ipt ion) .  These data a re  a l so  shown i n  Table V and 

Figure 8. Replacing the Boral with Type 304-L s tee l  of approximately 

the  same thickness reduced the  to ta l  number of rods required fo r  c r i t i -  

cal i t y  by about a th i rd  (451.2 t o  296.2 rods). The rep1 acement a1 so was 

made with an e f fec t ive ly  i n f i n i t e  separation between the  fuel c l  usters 

(one fuel c lu s t e r  and f lux t rap  pla te  was removed from the  system, and 

the  c r i t i c a l  s i z e  determined fo r  a s ing le  fuel c lu s t e r  and i t s  associated 

p l a t e ) .  A t  the e f fec t ive ly  i n f i n i t e  separation,  the  reduction in c r i t i c a l  

s i z e  was observed t o  be only about 10% (494.6 t o  448.8 rods).  



TABLE V 
EXPERIMENTAL CRITICALITY DATA WlTH FLUX TRAP BETWEEN 

TWO EQUAL SIZED FUEL CLUSTERS 

DISTANCE BETWEEN 2.35 WT. W 2 3 5 ~  ENRICHED FUEL 4.31 WT. 4b 2 3 5 ~  ENRICHED FUEL 
FLUX TRAP PLATES 1.684cm SQUARE LATTICE PITCH 1.892cm SQUARE LATTICE PITCH 
(cm) (a) (b) LATTICES 2 1  RODS WIDE LAlTlCES 16  RODS WIDE 

EXPERIMENT CRITICAL NUMBER EXPERIMENT CRITICAL NUMBER 
NUMBER OF ROD$) NUMBER OF R O D S ( ~ )  

0.640 -t 0.015 100 %3.1 -to. 2 127 380.5 k 0.1 

(a) ERROR LIMITS ARE ONE STANDARD DEVIATION 
(b) TYPE C BORAL PLATES, 0.231 c m  THICK,  AT CELL BOUNDARY OF EACH FUEL CLUSTER 
(c) REPLACING 0.231cm THICK BORAL PLATES WITH 0.302cm THICK 304-L STEEL PLATE DECREASED 

THE NUMBER OF RODS TO 2%. 2-t  0.2 
(d) REPLACING 0.231cm THICK BORAL PLATES WlTH 0.302cm THICK 304-L STEEL PLATES DECREASED 

THE NUMBER OF RODS TO 448.8 k 0 . 8  



WATER G A P  BETWEEN PLATES, d cm 

FIGURE 8. EXPERIMENTAL CRITICALITY DATA WITH FLUX TRAP 
BETWEEN TWO EQUAL SIZED FUEL CLUSTERS 
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MULTIPLE LATTICES OF FUEL RODS 

To the extent that  fuel and neutron absorber plates permitted, 

the c r i t i ca l  s ize  and separation between four subcritical c lusters  of 

fuel rods in a rectangular arrangement was determined for  b o t h  the 

4.31 w t %  and the 2.35 w t %  2 3 5 ~  enriched U02 fuel rods. Measurements 

were made on assemblies having neutron absorber plates between the fuel 

c lusters  and on assemblies with no absorber plates. However there was 

an insufficient number of the borated steel and the copper cadmium 

plates to perform the experiments in a four c lus te r  rectangular geometry. 

Also there was an insufficient amount of the 2.35 wt% enriched fuel to  

perform the experiments in th i s  geometry with the borated and cadmium 

plates. Consequently these measurements were carried out with assemblies 

of three subcrit ical  fuel c lusters  a1 igned in a row. 

In both  the four and three cluster  assemblies there was no structural 

material inside the core boundaries of the assemblies except for  the control 

3 blade guides and the 0.904 g/cm polypropylene grid plates (1 .27  + 0.4  cm 

thick) located about 15 cm from the top of the fuel regions and a t  the 

bottom of the fuel rods as indicated in Figures 9 and 10. As in the pre- 

vious assemblies the acryl ic  support plate was 2.54 cm thick, had a density 

3 of 1 .I85 g/cm , and a composition of 8 w t %  H ,  60 w t %  C and 32 w t %  0. 
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: lULTIPLE LATTICES O F  4.31 MT% 2 3 5 U  EPIRICl iED U02 RODS - 

The measurement data obtained with the 4.31 w t %  enriched fuel 

rods in a four cluster  rectangular arrangement are  summarized in 

Tables VI and VII. The measurement data obtained with three fuel 

c lus te rs  aligned in a row are  summarized in Table VIII. A plan diagram 

i s  given in each table to  indicate the sizes of the fuel c lusters  and 

the shape and location of neutron absorber plates when they are present. 

When present, the absorber plates were positioned outside of the fuel 

c lus t e r s ,  with the near surface a t  the cel l  boundaries, as indicated 

in Table VI, VII and VIII. 

In the experiments with four fuel c lus te rs ,  the s ize  of two of the 

fuel c lusters  was always constant for  a given neutron absorbing material. 

For the less  effective neutron absorbers these fuel c lusters  were 9 rods 

wide by 12 rods long as shown in Table VI. For the more effect ive neutron 

absorbers (borated materials and cadmium) these two fuel c lusters  were 

11 rods wide by 14 rods long as shown in Table VII. For each type of 

neutron absorber, the widths of the other two fuel c lusters  were the 

same as the two respective constant s ize  fuel c lusters ;  however, the 

length of these two clusters  of fuel were allowed t o  vary in achieving 

c r i t i ca l  i t y  a f t e r  a parameter change ( i  .e. , separation or absorber p la te ) .  

With no neutron absorber plates in the four cluster  assemblies, 

the separation distance between the fuel c lusters  was varied equally. 

A t  each separation the total  number of fuel rods required for c r i t i -  



TABLE VI 
EXPERIMENTAL CRITICALITY DATA FOR MULTIPLE FUEL CLUSTERS 

OF 4.31 WT% 23SU ENRICHED U 0 2  RODS I N  WATER 

EXPERIMENT 
NUMBER 

NEUTRON ABSORBER 
THICKNESS 

MATERIAL (crn)(a) 

NONE ... 

NONE ... 

NONE . . . 

NONE . -. 

NONE . . . 

NONE ... 

NONE ... 

NONE -.- 

NONE ... 

NONE - -. 

NONE . - - 

NONE . . 

ALUMINUM 0 625 t 0 001 

NONE 

334-1  STEEL 0 302 + 0 013 

334-1 STEE L 0 485 + 0 015 

COPPER 0 337 i 0 0 0 3  

COPPFR 0 645 + 0 008 

CRITICAL SEPARATION (b) 
Xc Y c CRITICAL SIZE 

VOTAL RODS) 

223 * 1 
221 3 * 0 2 
253 8 i 0 1 
432 7 * 0 1 

219 2 * 0 1 
225 0 
234 0 
252 0 
288 0 
360 0 
3% 0 
432 0 

233 7 + O u4  
234 0 

234 0 
333 8 * 0 lie' 
347 4 '  0 lie' 

247 1 * 0 l 
252 0 
270 0 
342 0 
342 0 lf 
396 0 
432 0 
450 0 
453 7 4 0 1  

271 8 .  0 1 
306 0 
432 0 

257 2 + 0 1 
342 0 
432 0 

3 M  0 
309 9 t 0 1 
324 0 
366 6 * 0 2 
432 0 
450 0 
468 0 

la' ERROR LIMITS ARE ONE STANDARD DEVIATION ERROR LIMITS ARE GIVEN FOR TOTAL RODS ONLY WHEN APPROACH 
TO CRITICAL WAS MADE BY FUEL ADDITION. 

Ibi PERPENDICULAR DISTANCE BEMIEEN THE CELL BOUNDARIES OF THE FUEL CLUSTERS. 

INTERPOLATION BETWEEN DATA FROM EXPERIMENTS 043 AND 046. 

Id' INTERPOLATION BEMIEEN DATP FROM EXPERIMENTS 061 AND 062. 

FUEL CLUSTERS A AND B REDUCED TO 9 X 10 RODS TO OBTAIN Z IRCALOY-4AND ALUMINUM AT THE SAME WATER GAP 
( f '  RERUN OF EXPERIMENT 067 TO CHECK REPRDDUCABILITI' AND SYMMETRY OF CRITICAL APPROACH LOADINGS. 

FUEL CLUSTERS 
+',+I 1.892 crn PITCH 

D C t 
9 . k  RODS 1 9 x L C  PODS yJ 

9 r  12 ROD5 / 9 x 1 2  RODS 

hEUTRON 
ABSORBER 
PLATES 



TABLE VII 
EXPERIMENTAL CRITICALITY DATA FOR MULTIPLE FUEL CLUSTERS 

OF 4.31 WT% 235U ENRICHED U 0 2  RODS IN WATER 

EXPERIMENT 
NUMBER 

07 9 
080 
082 
081 

087 
088 
089 
086 
090 

093 
092 
091 

097 
096 
095 
094 

098 
100 
101 

105 
106 
107 

083 
084 
085 

104 
103 
102 

NEUTRON ABSORBER 
THICKNESS 

MATERIAL (cm)(a) 

BORAL-A 0.713 * 0.011(~) 

BORAL-B 0.292 * 0.013(~' 

BORAL-C 0.231 * 0.013(~) 

BOROFLEX 0.546 ? 0.018 'd) 

BOROFLEX 0.408 ? 0.034'~) 

BOROFLEX 0.772 * 0.019'~) 

BOROFLEX 0.634 + 0.034(~) 

CADMIUM 0.061 * 0.003'~) 

CRITICAL SEPARATION 
xc y c 

(cm)(a) (cm)(a) 
CRITICAL SIZE 
(TOTAL R O D S ) ( ~ )  

_tl FUEL CLUSTERS 
1.892 cm PITCH 

J 
0 0 0 0 0 0 0 0 0 0 0 -  
0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 ~  

D C ). 
l l x b  RODS I l l x k R o o s  Y, 

B 
11 x 14 RODS / llxl,",ODS 

NEUTRON 
ABSORBER 
PLATES 

(a) ERROR LIMITS ARE ONE STANDARD DEVIATION. ERROR LIMITS ARE GIVEN FOR TOTAL RODS ONLY WHEN APPROACH TO CRITICAL 
WAS MADE BY FUEL ADDITION 

'b) PERPENDICULAR DISTANCE BETWEEN THE CELL BOUNDARIES OF THE FUEL CLUSTERS 

INCLUDES 0.102 cm, 0.038 cm, AND 0.025 cm OF TYPE 1100 ALUMINIUM ON EITHER SlDE OF THE BORAL A .  B, AND C CORE MATERIALS RESPECTIVELY 

INCLUDES 0.160 cm THlCK PLEXIGLAS ON EITHER SlDE OF 0.226 * OW4 cm THlCK BOROFLEX 

INCLUDES 0.091 crn THlCK TYPE 304-L STEEL ON EITHER SlDE OF 0.226 * 0.004 cm THlCK BOROFLEX 

' f )  INCLUDES 0.160 crn THlCK PLEXIGLAS ON EITHER SlDE OF 0.452 + 0.006 cm THlCK BOROFLEX 

('' INCLUDES 0.091 cm THlCK TYPE 304-L STEEL ON EITHER SlDE OF 0.452 * 0.006 cm THlCK BOROFLEX 

'h) CADMIUM MOUNTED ON 0.296 cm THICK PLEXIGLAS 



EX PER l MENT 
NUMBER 

TABLE Vlll 
EXPERIMENTAL CRITICALITY DATA FOR MULTIPLE FUEL CLUSTERS 

OF 4.31 WT% 235U ENRICHED U 0 2  RODS IN WATER 

NEUTRON ABSORBER 
THICKNESS 

MATER l AL (cm) (a) 

NONE - - - 

304-L STEEL 0.302 * 0.013 

304- L STEEL 0.298 * 0.006 
W l T H  1.1 WT. % B 

304-L STEEL 0.298 k 0.006 
W l T H  1.6 WT. '70 B 

COPPER 0.337 * 0.008 

COPPER-CADM I U M  0.357 * 0.008 

C R I T I C A L  SEPARATION (b) 
Xr ,  (cm) (a) 

1.892 c m  
SQUARE PITCH 

FUEL CLUSTERS (c) 

(a) ERROR L I M I T S  ARE ONE STANDARD DEVIATION. 

(b) PERPENDICULAR D [STANCE BETWEEN THE CELL BOUNDARIES OF THE FUEL CLUSTERS. 

(c) NUMBER AND S I Z E  OF FUEL CLUSTERS, RODS LONG B Y  RODS WIDE, ALIGNED I N  A ROW. 

12 X 16 ROD 

/ Yu:;2:i;;; 



c a l i t y  was determined by incrementally adding rods t o  the fuel c lu s t e r s  

iden t i f i ed  as  C and D in Table VI. This data a r e  plotted i n  Figure 11 

and i l l u s t r a t e s  the  s ens i t i v i t y  of the unpoisoned assembly t o  the  

separation distance between the fuel c lus te r s .  As can be seen i n  

Figure 11, the  c r i t i c a l i t y  of the  asseml by i s  essen t ia l ly  insens i t ive  

t o  separation below 3 cm. A t  separations above 3 cm, the t o t a l  number 

of fuel rods required fo r  c r i t i c a l i t y  r i s e s  very rapidily.  

Measurements w i t h  no absorber in  the four c lu s t e r  assemblies were 

a l so  made i n  which the  separation distance ( X c  i n  Table VI and Figure 11) 

i n  one di rect ion was held constant a t  2.83 cm, and the  separation distance 

i n  the other d i rect ion ( Y c  in Table VI and Figure 11) was varied t o  

determine c r i t i c a l i t y  w i t h  a fixed amount of fuel a t  each separation. 

With an equal amount of fuel i n  each c lu s t e r  (108 rods per fuel c l u s t e r ) ,  

the  c r i t i c a l  separation i n  the Y direct ion was 19.81 + 0.05 cm. As the  

amount of fuel i n  the  C and D c l u s t e r s  was decreased the c r i t i c a l  separa- 

t ion ,  in t he  Y direct ion,  decreased uniformily, as shown i n  Figure 11, 

down t o  a separation of about 11 cm. Below 11 cm, the number of fuel 

rods required fo r  c r i t i c a l  i t y  was re la t ive ly  insensi t ive  t o  separation 

i n  the  Y direct ion.  

W i t h  neutron absorber plates i n  the  four c lu s t e r  assemblies, 

measurements were made s imilar  t o  those without the absorber pla tes  

in which the  Xc dimension was held constant a t  2.83 cm. These data 

a re  presented in Table VI and Figure 11 fo r  the  l e s s  e f f ec t i ve  absorbers 



X, = 2.83 t 0.02 c m  
0 Xc = Y, 

COPPER, 0.646 c m  THICK 

TO 438.4 t 0.1 
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DISTANCE Y, BETWEEN FUEL CLUSTERS, cm 

FIGURE 11. EXPERIMENTAL CRITICALITY DATA FOR MULTIPLE 
FUEL CLUSTERS OF 4.31 WT% n3=U ENRICHED UOn 
RODS IN WATER 



and i n  Table VII and Figures 12 and 13 f o r  t he  more e f f e c t i v e  borated 

and cadmium absorber p la tes .  To achieve c r i t i c a l i t y  w i t h  these l a t t e r  

p la tes ,  t he  s i z e  o f  the  f u e l  c l u s t e r s  had t o  be increased as i n d i c a t e d  

i n  Table VII and Figures 12 and 13. Measurements were made i n  the  

f o u r  c l u s t e r  arrangement w i t h  t h e  f o l l o w i n g  p la tes :  

Two d i f f e r e n t  thicknesses o f  Type 304-L s t e e l  

Two d i f f e r e n t  thicknesses o f  copper 

Three d i f f e r e n t  types o f  Boral 

Two d i f f e r e n t  thicknesses of Borof lex, w i t h  and w i thou t  s tee l  c ladd ing  

One th ickness o f  cadmium 

One th ickness o f  aluminum 

One th ickness o f  Z i r c a l o y  

The t h r e e  types o f  Boral  were o f  d i f f e r e n t  thicknesses and s l i g h t l y  

d i f f e r e n t  boron loadings.  The Boral i d e n t i f i e d  i n  Table I as type A 

was t h e  same mate r ia l  used i n  previous experiments (2 ) (3 )  and has a 

'OB l oad ing  o f  0.092 c ~ l c m ~ .  The o the r  two Borals,  B and C, i d e n t i f i e d  

i n  Table I were supp l ied  by the  same manufacturer and had OB loadings 

2 2 o f  0.023 g/cm and 0.020 g/cm respect ive ly .  These l a t t e r  two Bora ls  

were supp l ied  by t h e  manufacturer from a product ion then i n  progress 

f o r  use i n  f a b r i c a t i n g  spent f u e l  storage racks. 

Bo ro f l ex  i s  a borated f l e x i b l e  rubber type ma te r ia l  t h a t  i s  normal ly  

c l a d  i n  s tee l  f o r  support and s t a b i l i t y .  Consequently t he  measurements 

were made w i t h  t h e  Boro f l ex  sandwiched between two 0.091 c n  t h i c k  sheets o f  



D l  STANCE Yc BETWEEN FUEL CLUSTERS, cm 

FIGURE 12. EXPERIMENTAL CRITICALITY DATA FOR MULTIPLE 
FUEL CLUSTERS OF 4.31 WT% 235U ENRICHED UO2 
RODS IN WATER WITH BORAL OR CADMIUM PLATES 

3 5 



500 
0 2 4 6 8 10 12 14 

,, PLEXIGLAS CLAD 
I - - -- STEEL CLAD 
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X, = 2.83 0.02 c m  
0 Xc = Yc  

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

- 0 0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0  

DISTANCE Yc BETWEEN FUEL CWSTERS, cm 

FIGURE 13. EXPERIMENTAL CRITICALITY DATA FOR MULTIPLE 
FUEL CLUSTERS OF 4.31 WT% 235U ENRICHED UOz 
RODS IN WATER WITH BOROFLEX PLATES 
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B A 
11x14 RODS 11 x 14 RODS 



Type 304-L s tee l .  However, t o  prov ide data on the  Boro f l ex  alone, the  same 

p la tes  were sandwiched between 0.16 c n  t h i c k  ac ry l  i c  sheets (plexiglastm) a lso.  

The Borof lex,  l i k e  Boral  B and C, was obta ined from a  product ion run the  manu- 

fac turer  was then making f o r  use i n  f a b r i c a t i n g  spent f u e l  storage racks. 

By r e f e r r i n g  t o  Figures 11 , 12 and 13, i t  can be seen t h a t  the  

c r i t i c a l  s i z e  o f  t h e  f o u r  c l u s t e r  assembly w i t h  any o f  t he  neutron 

absorbers was much more s e n s i t i v e  t o  the  separat ion d is tance between 

fuel c l u s t e r s  then was the  unpoisoned assembly. I n  each poisoned 

case the  c r i t i c a l  s i z e  increased r a p i d l y  f o r  separat ion d is tance above 

2.83 cm whereas very l i t t l e  change was observed i n  the  comparable 

unpoisoned system a t  separat ion d is tances below about 11 cm. 

A1 though z i rconium and aluminum are  n o t  general l y  considered neutron 

absorbers they a re  f requen t l y  encountered i n  sh ipp ing  cask and fue l  

storage systems. Consequently some measurements were made w i t h  these 

ma te r ia l s  i n  t he  f o u r  c l u s t e r  assembly a lso.  The r e s u l t s  o f  t h e  measure- 

ments a re  inc luded i n  Table V I .  The alumnium appeared t o  have a  poisoning 

e f f e c t  on the  r e a c t i v i t y  o f  the  assembly. With 234 f u e l  rods i n  t h e  assembly 

and a  f i x e d  separat ion d is tance o f  2.83 cm i n  one d i r e c t i o n  (dimension Xc i n  

Table VI) the  c r i t i c a l  separat ion i n  the  o the r  d i r e c t i o n  (Yc i n  Table VI) 

decreased from 10.86 cm w i t h  no aluminum t o  9.04 cm (8.41 5 cm o f  water) 

w i t h  the  aluminum. The Z i r c a l o y  appeared t o  have an opposi te e f f e c t  on 

the r e a c t i v i t y  i n  t h a t  i t s  presence caused an increase i n  t he  Yc dimension 

t o  11.04 cm for  t h e  c r i t i c a l  cond i t ion .  However, if the th ickness o f  

P lex ig las  i s  a  trademark product o f  Rho and Haas. 



t h e  Z i r c a l o y  (0.652 cm) i s  sub t rac ted  from t h i s  c r i t i c a l  separat ion,  

the  t o t a l  water separa t ion  (10.39 cm) i s  l e s s  w i t h  t h e  Z i r c a l o y  i n  t h e  

assembly than w i t h o u t  i t. To o b t a i n  data on t h e  aluminum and Z i r c a l o y  

a t  t h e  same c r i t i c a l  separa t ion  d is tance t h e  f u e l  c l u s t e r s  i d e n t f i e d  as 

A  and B i n  Table VI had t o  be reduced t o  9  rods wide by 10 rods long.  

These measurements a l s o  i n d i c a t e d  t h a t  e f f e c t i v e l y  t h e  Z i r c a l o y  p l a t e s  

had a  non-poisoning i n f l u e n c e  on t h e  c r i t i c a l  separa t ion  between the  

f u e l  c l u s t e r s .  M i  t h  t h e  separa t ion  d is tances he1 d  constant  (Xc a t  

2.83 cm and Yc a t  8.50 cm) , t h e  t o t a l  number o f  f u e l  rods r e q u i r e d  f o r  

c r i t i c a l i t y  decreased from 347.4 rods w i t h  no Z i r c a l o y  t o  333.8 rods 

w i t h  t h e  Z i r c a l o y  p la tes  i n  t h e  assembly. 

Measurements w i t h  t h e  two borated s t e e l s  and the  copper-cadmium 

p l a t e s  had t o  be made i n  a  t h ree  c l u s t e r  geometry because a  s u f f i c i e n t  

numbero f these neutron absorber p la tes  were n o t  a v a i l a b l e  t o  c o n s t r u c t  

t he  curc i fo rm requ i red  i n  t h e  f o u r  c l u s t e r  arrangement. The r e s u l t s  

of these experiments a re  summarized i n  Table VIII.  For comparison 

purposes, experim'ents a1 so were performed i n  t h i s  t h ree  cl u s t e r  arrange- 

ment w i t h  copper p la tes ,  Type 304-L s t e e l  p la tes,  and w i t h o u t  any neutron 

absorbers present  i n  t h e  assembly. As i n d i c a t e d  t h e  f u e l  c l u s t e r s  were 

a l l  o f  equal s i z e  (12 rods by 16 rods)  and a l i gned  i n  a  row. The neut ron  

absorber p l a t e s  were l o c a t e d  a t  the  c e l l  boundary on e i t h e r  s i d e  o f  t h e  

cen te r  f u e l  c l u s t e r  as i n d i c a t e d  i n  Table VIII.  



M U L T I P L E  L A T T I C E S  O F  2.35 kJT% 2 3 5 U  ENRICHED U 0 2  RODS 

The measurement data obta ined w i t h  the  2.35 w t %  enr iched f u e l  

rods i n  a f o u r  c l u s t e r  rec tangu lar  arrangement a re  summarized i n  Table 

I X .  The measurement data obtained w i t h  th ree  f u e l  c l u s t e r s  a l igned i n  

a row are  summarized i n  Table X. A p lan  diagram i s  g iven i n  each t a b l e  

t o  i n d i c a t e  the  f u e l  and absorber p l a t e  arrangement. 

The experiments w i t h  the  2.35 w t %  enriched f u e l  rods were performed 

i n  the  samme manner, and w i t h  the  same absorber mater ia ls ,  as those w i t h  

the 4.31 w t %  enriched f u e l  rods discussed i n  the  previous sec t i on  o f  

t h i s  repo r t .  The measurements were performed i n  a f o u r  c l u s t e r  arrange- 

ment on l y  f o r  the  l ess  e f f e c t i v e  neutron absorber mater ia ls .  The ex- 

periments w i t h  more e f f e c t i v e  neutron absorber mater ia ls  ( t h e  borated 

and cadmium mate r ia l s )  had t o  be performed i n  a th ree  f u e l  c l u s t e r  

geometry because the re  was i n s u f f i c i e n t  f u e l  f o r  the f o u r  c l u s t e r  

geometry . 

A p l o t  o f  the data obtained i n  the f o u r  c l u s t e r  geometry i s  pre-  

sented i n  F igure 14. As can be seen the  r e s u l t s  a re  very s i m i l a r  t o  

those obta ined w i t h  the  4.31 w t %  enr iched f u e l  (F igure 11 ).  



EXPERIMENT 
N U M B E R  -- 

106 
069 
108 
07 0 
07 1 

07 8 
077 
076 
075 
074 
07 3 
07 2 

07 9 

080 

081 
082 
083 
084 

086 
087 
0 85 

088 
089 
090 

TABLE IX 
EXPERIMENTAL CRITICALITY DATA FOR MULTIPLE FUEL CLUSTERS OF 

2.35 WT% 235U ENRICHED UOz RODS IN  WATER 

NEUTRON ABSORBER 
THICKNESS 

MATERIAL - ( c m )  (a) 

NONE .-- 

NONE - - -  
NONE .-- 

NONE - - - 
NONE ... 

NONE ... 

NONE .-- 

NONE -. - 
NONE - - - 
NONE - - -  

NONE ... 

NONE . . . 

A L U M I N U M  0.625 i 0.001 

Z I R C A L O Y - 4  0 . 6 5 2 i 0 . 0 0 8  

334-L STEEL 0.302 i 0.013 

304-L STEEL 0.485 * 0.015 

COPPER 0.337 i 0.008 

CRITICAL SEPARATION ( b )  
X c  Y c  

(cm1 (a) ( c m l ( a )  
CRITICAL SIZE 
K O T A L  RODS) (a) 

rxcl FUEL CLUSTERS 
1.684 c m  PITCH 

1 

17xLc  RODS I 17xLc  RODS y c 

091 COPPER 0.646 i. 0.003 2.59 i 0.08 2.59 i 0.08 866.7 t 0.7 B / A 
092 2.59 * 0.08 5.95 i 0.08 1142.3 i 0 . 1  17x  17 RODS NEUTRON 1 7 ~  17 RODS 

ABSORBER 

'a)  ERROR LIMITS ARE ONE STANDARD DEVIATION. ERROR LIMITS ARE GIVEN FOR TOTAL RODS ONLY WHEN 
A P P R O A C H  TO C R I T I C A L  W A S  MADE BY FUEL ADDITION. 

(b' PERPENDICULAR DISTANCE BETWEEN THE CELL BOUNDARIES OF THE FUEL CLUSTERS. 

PLATES 



EXPERIMENT 
NUMBER 

TABLE X 
EXPERIMENTAL CRITICALITY DATA FOR MULTIPLE FUEL CLUSTERS 

OF 2.35 WT% 235U ENRICHED U 0 2  RODS IN WATER 

NEUTRON ABSORBER 
THICKNESS C R I T I C A L  SEPARATION (b) 

MATERIAL (cm)  (a) X,-, c m  (a) 

NONE - - - 9.88 * 0.03 

NONE - - -  6.78 * 0.02 

304-L STEEL 0.302 * 0.013 7.80 * 0.03 

304-L STEEL 0.298 * 0.006 3.86 5 0.02 
W l T H  1.1 WT. % B 
304- L STEEL 0.298 * 0.006 3. 46 * 0. 02 
W l T H  1.6 WT. % B 
BORAL B 0.292 * 0.013 1.68 * 0.09 

BORAL C 0.231 * 0.013 1. 93 * 0.07 

BOROFLEX 0.546 * 0.018 (d) 1.84 2 0.05 

BOROFLEX 0.408 -+ 0.034 (e) 1.73 k 0.07 

C A D M  l U M  0.061 0.003 3.04 * 0.02 

COPPER 0.337 * 0.008 5.24 * 0.02 

COPPER-CADM I U M  0.357 * 0.008 2.60 * 0.02 

1.684 c m  
SQUARE P ITCH 

FUEL CLUSTERS (c) 
FUEL CLUSTERS 

J l .684cm P I T C H  

(a) ERROR L l M  ITS ARE ONE STANDARD DEVIATION. 

(b)  PERPENDICULAR D l  STANCE BETWEEN THE CELL BOUNDARIES OF THE FUEL CLUSTERS. 

(c) NUMBER AND S I Z E  OF FUEL CLUSTERS, RODS LONG B Y  RODS WIDE, ALIGNED I N  A ROW. 

(dl INCLUDES 0.160 c m  THICK PLEXIGLAS ON EITHER S IDE OF 0.226 * 0.004 c m  T H I C K  BOROFLEX. 

( e l  INCLUDES 0.091 * 0.023 c m  THICK TYPE 304-L STEEL ON EITHER S l DE OF 0.226 * 0.004 c m  THICK BOROFLEX. 

(f) FUEL CLUSTER WIDTH REDUCED TO ACCOMODATE THE WIDTH OF THE COPPER-CADM I U M  PLATES. 
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FIGURE 14. EXPERIMENTAL CRITICALITY DATA FOR 
MULTIPLE FUEL CLUSTERS OF 2.35 WT% 
235U ENRICHED U 0 2  RODS IN WATER 
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ISOLATION BETWEEN FUEL CLUSTERS 

Dur ing  t h e  course o f  t h e  measurements w i t h  t h r e e  f u e l  c l u s t e r s  

a l i g n e d  i n  a row, neu t ron  count  r a t e s  were recorded  as t h e  f u e l  c l u s t e r s  

were moved t oge the r .  A p l o t  o f  one o f  these se t s  o f  data i s  shown i n  

F igure  15 f o r  each f u e l  enr ichment.  The neu t ron  count  r a t e  observed 

f o r  a t h r e e  c l u s t e r  assembly r e l a t i v e  t o  t h e  count r a t e  observed w i t h  

a s i n g l e  c l u s t e r  assembly i s  shown i n  F i gu re  15 as a f u n c t i o n  o f  t h e  

sepa ra t i on  between t h e  f u e l  c l u s t e r s .  For t h e  2.35 wt% 2 3 5 ~  en r i ched  

f u e l ,  t h e  f u e l  c l u s t e r s  were e s s e n t i a l l y  i s o l a t e d  f rom one another  a t  

a separa t ion  d i s t ance  between t h e  c l u s t e r  o f  about  12 cm. For t h e  

4.31 wt% 2 3 5 ~  en r i ched  f u e l  a comparable degree o f  i s o l a t i o n  r e q u i r e d  

about 20 cm o f  sepa ra t i on  between t h e  f u e l  c l u s t e r s .  The su r f ace  area 

o f  t h e  opposing, o r  i n t e r a c t i n g ,  faces were approx imate ly  equal f o r  bo th  

se t s  of data shown i n  F i gu re  15. However, i t  should be no ted  t h a t  t h e  

two o u t s i d e  f u e l  c l u s t e r s  i n  t h e  2.35 wt% 2 3 5 ~  enr i ched  f u e l  assembly 

each con ta ined  o n l y  about  62% of t h e  number o f  rods r e q u i r e d  f o r  a s i n g l e  

fue l  c l u s t e r  t o  be c r i t i c a l  whereas each o f  t h e  f u e l  c l u s t e r s  i n  t h e  

4.31 w t %  enr i ched  assembly con ta ined  about 88% o f  t h e  c r i t i c a l  number 

o f  rods. A lso  t h e  H / ' ~ ~ u  atomic  r a t i o  i s  220 f o r  t h e  2.35 wt% 235" 

enr i ched  f u e l  assembly and 106 f o r  t h e  4.31 wt% 2 3 5 ~  enr i ched  assembly. 



SEPARATION BETWEEN FUEL CLUSTERS, cm 

- 2.35 wt7. 2 3 5 ~  ENRICHED UOq RODS I N  WATER 

FIGURE 15. ISOLATION DISTANCE BETWEEN WATER FLOODED 
SUBCRITICAL FUEL CLUSTERS OF UO2 RODS 
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CONCLUSIONS 

The minimum o f  f u e l  rods r e q u i r e d  f o r  c r i t i c a l i t y  i n  a  r e c t a n g u l a r  

a r r a y  h a v i n g  a  1.6 w a t e r - t o - f u e l  volume r a t i o  i s  523 f o r  t h e  2.35 wt% 235u 

e n r i c h e d  U02 rods and 215 f o r  t h e  4.31 wt% 2 3 5 ~  e n r i c h e d  U02 rods.  As 

would be expected,  t h e  presence o f  w a t e r  h o l e s  i n  these  undermoderated 

f u e l  assembl ies  have a  p o s i t i v e  r e a c t i v i t y  e f f e c t .  Rep lac ing t h e  w a t e r  

ho les  w i t h  v o i d s  i n  t h e  4.31 wt% e n r i c h e d  f u e l  l a t t i c e s  a l s o  has a  p o s i -  

t i v e  r e a c t i v i t y  e f f e c t ;  however, vo,ids i n  t h e  2.35 wt% e n r i c h e d  f u e l  

l a t t i c e s  have no e f f e c t  on t h e  number o f  f u e l  r o d s  r e q u i r e d  f o r  c r i t i -  

c a l  i t y .  

The measurements w i t h  f l u x  t r a p s  between f u e l  c l  u s t e r s  i n d i c a t e  

t h a t  t h e  c r i t i c a l i t y  o f  t h e  l o w e r  e n r i c h e d  f u e l  i s  s l i g h t l y  more s e n s i t i v e  

t o  t h e  d i s t a n c e  between t h e  m a t e r i a l  c r e a t i n g  t h e  f l u x  t r a p .  A t  e i t h e r  

t h e  2.35 wt% o r  t h e  4.31 wt% 2 3 5 ~  enr ichment,  t h e  c r i t i c a l  number o f  

rods  s l o w l y  and u n i f o r m l y  i n c r e a s e s  as t h e  d i s t a n c e  across t h e  f l u x  t r a p  

inc reases  f r o m  near  z e r o  t o  i n f i n i t y .  The measurement da ta  a l s o  i n d i c a t e s ,  

t h a t  as t h e  t h i c k n e s s  of  t h e  f l u x  t r a p  inc reases  t h e  t y p e  o f  m a t e r i a l s  

c r e a t i n g  t h e  t r a p  becomes l e s s  i m p o r t a n t .  The d i f f e r e n c e  i n  c r i t i c a l  

s i z e  between a  f l u x  t r a p  c r e a t e d  by  e i t h e r  B o r a l  p l a t e s  o r  s t e e l  p l a t e s  

wasabou t35% a t  a  s e p a r a t i o n  d i s t a n c e  o f  3.8 cm b u t  approached a  d i f -  

ference o f  o n l y  10% as t h e  d i s t a n c e  approached i n f i n i t y .  



The c r i t i c a l  s i z e  o f  unpoisoned fue l  c l u s t e r s  i n  a  r e c t a n g u l a r  

arrangement was observed t o  be r e l a t i v e l y  i n s e n s i t i v e  t o  s e p a r a t i o n  

d i s t a n c e s  up t o  about  3  cm between t h e  f u e l  c l u s t e r s .  Above 3  cm t h e  

t o t a l  number o f  fue l  rods  r e q u i r e d  f o r  c r i t i c a l i t y  i nc reases  r a p i d l y  

f o r  e i t h e r  f u e l  enr ichment .  A l s o  f o r  e i t h e r  t h e  2.35 w t %  o r  t h e  4.31 

wt% 2 3 5 ~  e n r i c h e d  f u e l ,  an optimum c r i t i c a l  s e p a r a t i o n  o f  about  1.5 cm 

e x i s t s .  The c r i t i c a l  s i z e  o f  t h e  f u e l  assembly w i t h  any o f  t h e  neu t ron  

absorber  p l a t e s  between t h e  f u e l  c l u s t e r s  was much more s e n s i t i v e  t o  

t h e  s e p a r a t i o n  d i s t a n c e  between f u e l  c l u s t e r s  than  was t h e  unpoisoned 

assembly. I n  each po isoned assembly t h e  c r i t i c a l  s i z e  i n c r e a s e d  

r a p i d l y  f o r  s e p a r a t i o n  d i s t a n c e s  above about  3  cm. Very l i t t l e  change 

was observed i n  t h e  c r i t i c a l  s i z e  o f  t h e  unpoisoned systems u n t i l  

s e p a r a t i o n  d i s t a n c e s  exceeded about  11 cm f o r  t h e  4.31 wt% 235,, 

e n r i c h e d  f u e l  and 5  cm f o r  t h e  2.35 wt% 2 3 5 ~  e n r i c h e d  f u e l .  
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