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SYNOPSIS 

Buckling measurements have been made i n  ZED-2 i n  a s e r i e s  
of hexagonal l a t t i c e s  of 55 ?-element U 0 2  c l u s t e r s  wi th  spacings 

from 18 cm t o  36 cm, Three m a t e r i a l s  i n  t h e  c l u s t e r  coolant  region 
were inves t iga ted :  

i )  D2G of moderator pur i ty .  
ii) Helium - t o  s imula te  a  voided condit ion.  

iii) An organic  l i q u i d ,  HB-40, 

The experimental  r e s u l t s  a r e  compared with va lues  
ca lcu la ted  us ing  t h e  l a t e s t  Chalk River l a t t i c e  r e c i p e s ,  

Buckling measurements made previous ly  wi th  t h e s e  

?-element U 0 2  c l u s t e r s  i n  ZEEP a r e  i n  agreement wi th  t h e  
measurements made i n  ZED-2. 

A s h o r t  d e s c r i p t i o n  of t h e  ZED-2 r e a c t o r  has  been 
included. 

Chalk River,  Ontaria  

January, 1962 
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INTRODUCTORY REIaRKS ON 7-ELEI"lE%T CLUSTER )'BASUREMENTS 

P a r t  o f  t h e  proposed NPD-2 i n i t i a l  f u e l  charge  w i l l  

con ta in  ?-element c l u s t e r a  o f  s i n t e r e d  U 0 2  p e l l e t s  c l a d  i n  
Zircaloy-11, To h e l p  de te rmine  lattice parameters  f o r  t h e s e  r o d s ,  

s i m i l a r  ?-element U 0 2  fuel ~ l u s t ~ e r a ,  bu t  wi th  aluminum c ladding ,  

have been ob ta ined  and a  series  of  lattice measurements has  been 

made w i t h  t h i s  f u e l  i n  t h e  D20 moderated c r i t i c a l  assembly ZED-2. 
Measurements were made i n  a  l a t t i c e  o f  55 rods  a t  

hexagonal spac ings  wl th in  t h e  range  18 em t o  36 cm f o r  t h r e e  

d i f f e r e n t  c o o l a n t  cond i t i ons :  

a )  D20 o f  t h e  same p u r i t y  a s  t h e  moderator ,  

b )  c o o l a n t  voided ( c o o l a n t  r e g i o n  f i l l e d  w i t h  he l ium)  and 

c  1 an o rgan ic  l i q u i d ,  HB-48 

( f o r  the organic l i q u i d  measurements 54 ZEEP rods  were 

p laced  a s  d r i v e r s  around t h e  c e n t r a l  c o r e  o f  5 5  U 0 2  r o d s  

t o  i n c r e a s e  t h e  r e a c t i v i t y ) ,  

This r e p o r t  i s  t h e  first of a s e r i e s  which w i l l  d e s c r i b e  

t h e s e  l a t t i c e  measurements, It s w m a r i z e s  t h e  buck l ing  measure- 

ments, t h e  mid-rod manganese cadnlium r a t f  o measurements, and lists 

t h e  deduced e x t r a p o l a t i o n  l e n g t h s ,  Repor t s  to follow i n  t h i s  

series will dea l  w i t h :  

i )  f i n e  structure measurements, 

ii 1 void  c o e f f i c i e n t  measurements, 

iii ) neut.ran spectrum and temperature measurements, and 

i v )  i n i t i a l  ccnve r s i sn  c o e f f i c i e n t  measurements, 

It may be no ted  t h a t  a  p rev ious  r e p o r t  by  bee^ and 

Green l i s t s  buckl ing  and cadmium r a t i o  measurements made wi th  

55 of  t h e  above f u e l  r o d s  a r ranged  i n  a  2b056 em hexagonal l a t t i c e  

i n  ZEEP, Two moderacar p u r i t i e s  were used,  one of which was ve ry  
c l o s e  t o  t h a t  used i n  ZED-2, 99,74 atom %, and t h e  o t h e r  99,526 

atom $, 
A f a i r l y  complete d e s c r i p t i o n  o f  t h e  ZED-2 r e a c t o r  i s  

inc luded  i n  P a r t  I ,  



INTRODUC TION 

This report  desc r ibes  buckling and manganese w i r e  Cd 

r a t i o  measurements made i n  ZED-2 i n  a hexagonal a r r a y  of  55 
?-element U 0 2  c l u s t e r s  a t  spacings wi th in  t h e  range 18 cn t o  36 cm. 
Three cases  were s tud ied :  

a )  Coolant space f i l l e d  wi th  D2(j of t h e  same p u r i t y  a s  t h e  
moderator. 

b) Coolant space voided by d i s p l a c i n g  t h e  D20 w i t h  helium. 

c )  Coolant space f i l l e d  wi th  an organic  l i q u i d ,  HB-40. 

The bucklings and Cd r a t i o s  f o r  D2D-cooled and voided 

rods  were measured f o r  each of 7 l a t t i c e  p i t c h e s ,  The excluded 
case was not  measured a t  t h e  smal les t  p i t c h  because t h e  r e a c t i v i t y  
was i n s u f f i c i e n t .  Bucklings only ( i , e ,  no cadmium r a t i o s )  were 
measured a t  f i v e  spacings for o~gan ic -coo led  r o d s  immediately a f t e r  

cases  ( a )  and ( b )  were completed, In  r e s e t t i n g  t h e  l a t t i c e  f o r  t h e  

organic-cooled rod measurements no at tempt was made t o  r e t u r n  rods  
f i l l e d  wi th  organic  t o  t h e  same l a t t i c e  p o s i t i o n  they  had occupied 
f o r  cases  ( a )  and ( b ) .  

The D20 p u r i t y  decreased from 99.745 atom % D20 t o  99.715 

atom % dur ing  t h e  DpC-cooled and voided l a t t i c e  measurements; and 
from 99.715 atom % t o  99.701 atom % dur ing  t h e  organic cooled 
experiments,  To f a c i l i t a t e  intercomparison,  t h e  buckling r e s u l t s  
have been ad jus ted  t o  99,730 atom $J D20 f o r  t h e  D20-cooled and 
voided l a t t i c e s  us ing  t h e  c o r r e c t i o n s  c a l c u l a t e d  f o r  D20-cooled 
r o d s  by ~ 0 0 t h ' ~ ) .  The organic-cooled r e s u l t s  were cor rec ted  t o  

( 3  1 99,70 atom % using Primeau's c o r r e c t i o n  f a c t o r s  
Buckling and Cd r a t i o  va lues  measuped i n  t h e  24.56 cm 

l a t t i c e  i n  ZED-2 were compared wi th  va lues  measured i n  ZEEP which 
have been repor ted  i n  r e f e r e n c e  1. The moderator temperature and 
p u r i t y  c o r r e c t i o n s  c a l c u l a t e d  by ~ o o t h " )  were used t o  c o r r e c t  t h e  
ZEEP d a t a  t o  equivalent  ZED-2 condi t ions .  The comparison showed 
good agreement. 



THE CHALK R I V E R  D2C MODERATED C R I T I C A L  ASSEMBLY.  ZED-2 

To f a c i l i t a t e  d e s c r i p t i o n  of exper imenta l  p rocedures  i n  

t h e  r e c e n t l y  c o n s t r u c t e d  Z E D - 2  r e a c t o r ,  a  d i s c u s s i o n  of  t h e  major 

r e a c t o r  components and t h e i r  o p e r a t i o n  has  been inc luded  i n  t h i s  
( ' 4 )  r e p o r t ,  A more d e t a i l e d  d e s c r i p t i o n  i s  a v a i l a b l e  

1, General 

Z E D - 2  i s  a  l a r g e  D2G-moderated l a t t i c e  t e s t i n g  r e a c t o r  

which i s  e s s e n t i a l l y  an en la rged  v e r s i o n  of t h e  Z E E P  r e a c t o r ,  I ts 
purpose i s  t o  a l l ow a c c u r a t e  measurements of l a t t i c e  parameters  f o r  

t h e  l a r g e  f u e l  a s sembl i e s  and wide l a t t i c e  spac ings  planned f o r  

Canadian power r e a c t o r s ,  

The r e a c t o r  v e s s e l  ( c a l a n d r i a )  and i t s  a s s o c i a t e d  
g r a p h i t e  r e f l e c t o r  and D2G pump and d r a i n  c i r c u i t s  a r e  enc losed  

w i t h i n  a  7 , 2  metre  squa re  r e a c t o r  weP1, The w e l l  h a s  45 em t h i c k  
conc re t e  w a l l s  which extend from t h e  sub-basement f l o o r  to t h e  

mezzanine f l o o r  l e v e l ,  The lower l e v e l  w a l l s  a r e  l i g h t  c o n c r e t e  

wh i l e  t h e  upper l e v e l s ,  around t h e  reactor, are heavy e n n e ~ e t e ,  

F igu re  1 shows a  c r o s s - s e c t i o n a l  view of t h e  r e a c t o r ,  A 9,05 metre  

deep ?heade r  roomr which c o n t a i n s  t h e  remotely ope ra t ed  l a t t i c e  

change mechanism i s  l o c a t e d  w i t h i n  t h e  t o p  of t h e  r e a c t o r  w e l l ,  

The bottom of t h e  heade r  room i s  supported by t h e  s i d e  g r a p h i t e  

r e f l e c t o r  and a  b r a c k e t  on t h e  r e a c t o r  w e l l  and i s  s e a l e d  t o  t h e  

open t o p  of t h e  c a l a n d r i a  by a f l e x i b l e  rubber  r i n g  s e a l ,  Access 

t o  t h e  room (and consequent ly  t o  t h e  c a l a n d r i a )  can b e  had e i t h e r  

by removal o f  a  3,3 me t r e  d iameter  r evo lv ing  l i d  l o c a t e d  a t  

mezzanine f l o o r  l e v e l  o r  through aluminum h a t c h e s  which a r e  clamped 

t o  t h i s  l i d ,  Two r o l l i n g  r a d i a t i o n  s h i e l d s  p rov ide  easy  a c c e s s  t o  
t h e  r e v o l v i n g  l i d ,  S i d e  access d o o ~ s  t o  t h e  r e a c t o r  w e l l  a r e  a l s o  

provided,  

A f r e e z e r - d r i e r  u n i t  l o c a t e d  i n  t h e  sub-basement i s  used 

t o  d r y  t h e  c a l a n d r i a  when r e q u i r e d ,  It i s  a l s o  used t o  remove water  
from a i r  which b r e a t h e s  i n t o  o r  ou t  of  t h e  r e a c t o r  v e s s e l  (due  t o  
a tmospheric  p r e s s u r e  changes)  th rough a p r e s s u r e  r e l i e f  p ipe  du r ing  

normal o p e r a t i o n ,  
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2 ,  Cont ro l  and Safe ty  C i r c u i t s  

The heavy wa te r  i s  s t o r e d  i n  t h r e e  l a r g e  i n t e r c o n n e c t e d  

s t a i n l e s s  s t e e l  'dump' t a n k s  i n  t h e  sub-basement, It can be 

t r a n s f e r r e d  t o  t h e  c ~ l a n d r i a  a t  a  r a t e  of up t o  35 cu ,  ft. (11 cm 

i n c r e a s e  i n  wa te r  l e v e l )  p e r  minute ,  Various va lves  and two 

c e n t r i f u g a l  s h a f t - s e a i  pumps a r e  used t o  ach ieve  any p a r t i c u l a r  

r a t e .  Moderator may b e  d ra ined  from t h e  c a l a n d r i a  i n t o  one of  t h e  

dump t a n k s  a t  a  r a t e  which i s  cont inuous ly  v a r i a b l e  up t o  about  

37 c u e  f t .  (12 cmj p e r  minute  th rough a  3-inch p i p e  c i r c u i t ,  o r  a t  
a  f i x e d  slow rate th rough a 1- inch p ipe  c i r c u i t ,  Reactor  c o n t r o l  

i s  achieved by ad jus tment  of t h e  moderator l e v e l  w i t h i n  t h e  
c a l a n d r i a ,  

To s h u t  down t h e  r e a c t o r  q u i c k l y ,  moderator  i s  removed 

r a p i d l y  ( e . g , ,  200 cm i n  about  8 seconds)  from t h e  c a l a n d r i a  

th rough t h r e e  43.e cm d iameter  dump Pines  which connect  it t o  t h e  

dwnp t a n k s ,  F a s t  a c t i n g  dump v a l v e s  i n  t h e s e  l i n e s  open when t h e  

r e a c t o r  i s  t r i p p e d ,  Three ven t  r e t u r n  d u c t s  a l l o w  for counter f low 

of  a i r  Prom t h e  t a n k s  t o  t h e  c a l a n d r i a  d u r i n g  a  dump, 
The r e a c t o r  may be t r i p p e d  vby hand8 a t  s e v e r a l  l o c a t i o n s  

i n  t h e  b u i l d i n g  o r  a u t o m a t i c a l l y  by s i g n a l s  from t h e  s a f e t y  

i n s t rumen ta t ion .  Three TQU i on  chambers a r e  used t o  measure t h e  

r e a c t o r  power ( n e u t r o n  f l u x ) ,  The main t r i p  s i g n a l s  which t h e s e  

i o n  chambers u l t i m a t e l y  provide  a r e  t h r e e  over-power s i g n a l s  and 

two r a t  e-of - r i s e  s i g n a l s ,  

A d d i t i o n a l  shutdown c a p a c i t y  may be  s u p p l i e d  by up t o  

12 cadmium a b s o ~ b e r  r o d s  which a r e  dropped i n t o  t h e  r e a c t o r  c o r e  

when a  r e a e t o r  i r r a d i a t i o n  i s  f i n i s h e d ,  These u n i t s  a r e  n o t  p a r t  

of t h e  primary s a f e t y  c i r c u i t .  
F ine  ad jus tment  of r e a c t i v i t y  ( r e q u i r e d  f o r  sGme exper i -  

ments )  i s  provided by an abso rb ing  c o n t r o l  r i n g  which sur rounds  

t h e  c a l a n d r i a  and moves i n  t h e  2,86 cm wide gap between t h e  
c a l a n d r i a  and t h e  g r a p h i t e  r e f l e c t o r .  The abso rb ing  element i s  a 

1 2 , l  cm wide cadmium s h e e t  con ta ined  i n  a  s t a i n l e s s  s t e e l  suppor t ,  

During normal r e a c t o r  i r r a d i a t i o n s  the c o n t r o l  r i n g  i s  kept  i n  the 

f u l l y - u p  p o s i t  i o n ,  



3,  Calandr ia  

The c a l a n d r i a  i s  a  c y l i n d r i c a l  t ank  having  an  i n s i d e  

d i ame te r  o f  336 em and a  dep th  of  334 cm, It i s  c o n s t r u c t e d  of  57s  

aluminum which i s  0,635 cm t h i c k  on t h e  s i d e s  and 2,97 em t h i c k  on 

t h e  bottom, The t h r e e  43.8 cm diameter  dump l i n e s  a r e  welded t o  

t h e  bottom spaced 120' a p a r t  j u s t  o u t s i d e  a  c i r c l e  of  d iameter  213 

cm, The c a l a n d r i a  r e s t s  on t h e  g r a p h i t e  bottom r e f P e c t o r ,  

4,  R e f l e c t o r  

The c a l a n d r i a  i s  surrounded by a  g r a p h i t e  r e f l e c t o r  60 cm 

i n  mean r a d i a l  t h i c k n e s s  on t h e  s i d e s  and 9 C  em t h i c k  on t h e  bottom, 

The g r a p h i t e  i s  s t acked  i n  b l ack  form on a  s t e e l  pad which i n  t u r n  

i s  suppor ted  by t h e  r e a c t o r  w e l l ,  The t o p  of  t h e  s i d e  r e f l e c t o r  i s  

315 cm above t h e  c a l a n d r i a  f l o o r ,  

The g r a p h i t e  h a s  a  d e n s i t y  o f  l,63 gm/crn3 and an  average  

c r o s s  s e c t i o n  f o r  thermal  neu t ron  c a p t u r e  of  4 ,18 m i l l i b a r n s ,  
P rov i s ion  i s  made fay t h e  removal of a P52,l.+ em wide by 

152.4 cm high s e c t i o n  of t h e  s i d e  r e f l e c t o r  and a l 5 2 , 4  cm d iameter  

s e c t i o n  of t h e  bottom r e f l e c t o r ,  

5 ,  L a t t i c e  Change Mechanism 

The f u e l  r o d s  a r e  suspended i n  t h e  c a l a n d r i a  from t h e  

l a t t i c e  change mechanism which occupies  t h e  main volume o f  t h e  
header  room, The mechanism c o n s i s t s  o f  e leven s t e e l  beams s t r a d d l i n g  

t h e  t o p  of t h e  e a l a n d r i a  from which r o d s  may be  hung on o f f s e t  
hangers ,  Remotely ope ra t ed  mechanical-hydraul ic  mechanisms a r e  

provided e i t h e r  t o  move t h e  beams a c r o s s  the  c a l a n d r i a  o r  t o  move 

a r o w  of  hangeps a long  t h e  beams, t h u s  p e r m i t t i n g  a change in 

l a t t i c e  spac ing  f o r  e i t h e r  s q u a r e  o r  hexagonal l a t t i c e s ,  The u n i t  
i s  suppor ted  by s t e e l  pads b o l t e d  t o  t h e  w a l l  sf the r e a e t o ~  w e l l ,  

6. Measurement o f  t h e  D2G Level i n  t h e  Ca landr i a  

The moderator  l e v e l  w i t h i n  t h e  c a l a n d r i a  i s  measured 

roughly  wi th  a  p r e s s u r e  t r a n s d u c e r  which senses  D20 p r e s s u r e  a t  t h e  
bottom o f  t h e  c a l a n d r i a ,  A v e r y  a c c u r a t e  measurement i s  ob ta ined  

wi th  a  motor-driven drum-and-cable dev ice  which lowers  a  1 0  lbo 



probe i n t o  t h e  c a l a n d r i a  t o  touch  t h e  s u r f a c e  o f  t h e  w a t e r ;  when 
e l e c t r i c a l  c o n t a c t  is made w i t h  t h e  D20 t h e  motor i s  a u t o m a t i c a l l y  

s topped and t h e  wa te r  l e v e l  i s  r e g i s t e r e d  a t  t h e  c o n t r o l  conso le  
on a  mechanical  coun te r .  When de t e rmin ing  a  D2G l e v e l  t h e  average  

of s ix  r e a d i n g s  i s  used.  The s t a n d a r d  d e v i a t i o n  of  a  t y p i c a l  s e t  
of r ead ings  i s  about  C,002 cm, Over t h e  range  from 0 t o  300 cm an 

+ 
a b s o l u t e  accuracy  o f  - 0 , l  em i s  ob ta ined ,  

The probe travels up or down about PO cm i n s i d e  the 

c a l a n d r i a  w a l l  and i s  p r o t e c t e d  by a  p e r f o r a t e d  aluminum t u b e ,  

7. Measurement o f  Moderator Temperature 

F ive  r e c o r d i n g  thermocouples a r e  p l aced  a t  known eleva-  
t i o n s  about  5 cm i n s i d e  t h e  e a l a n d r i a  wall, The f i v e  t empera tu re s  

+ 
w i l l  r eproduce  w i t h i n  - l / l o O ~  dur ing  a  s p e c i f i c  t empera tu re  
measurement; however t h e  a b s o l u t e  accuracy  of  t h e s e  v a l u e s  i s  t h e  
o rde r  o f  1'~. 



EXPERIMENTAL 

1. Descript ion of Fuel Assemblies and L a t t i c e s  

A c r o s s  s e c t i o n a l  view of t h e  7-element U02 f u e l  c l u s t e r  

i s  given i n  Fig. 2 ,  The U02 i s  i n  t h e  form of c y l i n d r i c a l  p e l l e t s  

2.54 cm long, 2,40 cm i n  diameter having an average d e n s i t y  of 
3 10,2 m/cm . 18 p e l l e t s  were s tacked i n  a 1s aluminum tube  with 

an i n s i d e  diameter of 2043P cm, a  wal l  th ickness  of C.051 cm and a 
l eng th  of 46,5 em t o  form a c l u s t e r  Qe lementv ,  Seven such elements 

were fas tened t o  0,238 cm t h i c k  end p l a t e s  i n  a  hexagonal p a t t e r n  

with a  cent re- to-cent re  spacing of 2,667 cm, The o v e r a l l  l eng th  of  

a f u e l  bundle i s  47,30 cm, Five bundles loaded i n t o  a l S  aluminum 

tube  with an i n s i d e  diameter of 8.256 cm and a  w a l l  th ickness  of 

C.089 cm formed one f u e l  assembly, No at tempt was made t o  a l i g n  

t h e  elements i n  an assembly. The gap between U02 i n  ad jacen t  

c l u s t e r s  wi th in  t h e s e  assemblies  was l , 6 ?  cm, Fig. 3 shows t h e  

d e t a i l s  of t h e  bundle cons t rue t ion  and Fig. 4 i s  a  sketch of t h e  

complete assembly, 

When D20 was t h e  coolant ,  t h e  heavy water  entered t h e  

coolant  space from t h e  e a l a n d r i a  through a h o l e  i n  t h e  bottom of 

t h e  conta in ing tube ,  The end p l a t e s  of  t h e  bundles were notched 

and shopt  lengths of  0,31 e m  diameter  aluminum wi re  were placed 

below t h e  bottom bundle t o  al low f r e e  movement of  t h e  water  i n  t h e  

tube ,  To exclude heavy water  from t h e  coolant  space,  helium under 

pressure  was introduced through t h e  poly-£10 coupling a s  shown i n  

Fie.  4. When t h e  organic l i q u i d  was used a s  t h e  coolant  t h e  bottom 

ho le  i n  t h e  assembly was plugged, and t h e  coolant  tube  was f i l l e d  

with organic l i q u i d  t o  a l e v e l  which j u s t  covered a l l  f i v e  f u e l  
bundles,  Care was taken t o  ensure t h a t  t h e  l i q u i d  was f r e e  of 

bubbles,  

The hydrogen impur i ty  i n  t h e  heavy water was compared 

p e r i o d i c a l l y  t o  a  s tandard sample and p l o t t e d  a s  a func t ion  of 
time, The pu~ity at a particular time w a s  then obtained by i n t e r -  

po la t ion ,  The p u r i t y  changed from 99.745 atom % D20 t o  99.715 

atom % f o r  t h e  D2G-cooled and voided experiments and from 99.715 
atom % t o  99.701 atom % f o r  t h e  organic  experiments. An a n a l y s i s  



i l;) 
f o r  o t h e r  impur i t i e s  i n  t h e  D20 was o b t a i n e d b  and t h e  r e s u l t s  a r e  
given i n  Table I, The e f f e c t  o f  t h e  impur i r i e s  can be expressed i n  

terms of  equivalent  ppm of boron; t h e  resuPz i s  tha t  t h e  e f f e c t  of  
t h e  s i x t y - f i v e  ~ m p u r i t i e s  which could  be Paokea f o r  \hydrogen not  

inc luded)  i s  equivalent  te l e s s  than  C,Q2! ppm boron; 1 ppin boron 

i s  equivalent  t o  about 22 mk I n  t h e  worst case  (36 cm l a t t i c e ) ,  

t h u s  t h e s e  impur i t i e s  a r e  equivalent t o  t @ , 6  mk f o r  t h e  l a t t i c e s  

s tud ied ,  The e f f e c t  of on ly  t h e  impur i t ies  which were d e t e c t e d  i s  

equivalent  t o  -0,Ol ppm boron, 

The organic l i q u i d  was analysed for carbon and hydrogen 

content  ' 596' and f o r  impur i t i e s '5  I. Six independent measurements 

from t h r e e  l a b o r a t o r i e s  showed t h e  amount of carbon was 90,68 
+ weight $ and t h e  amount of hydrogen was 9,32 - 0,08 weight %, 

l ead ing  t o  a  C:H r a t i o  of C18H220G. The i m p u r i t i e s  looked f o r  
(32 elements)  a r e  given i n  Table 2 ;  t h e i r  absorpt ion  e f f e c t  i s  
equivalent  t o  l e s s  than  lom4  mk, The d e n s i t y  of t h e  l i q u i d  was 

+ 9 
measured t o  be 1.01 - 0.01 g per  cm' a t  a temperature of 2 2 . 6 * ~ ,  

a t  Chalk River ,  and G.9973 g per cm3 a t  2 7 " ~ ~  a t  t h e  Canadian 
General E l e c t r i c  ~ o r n ~ a n ~ ' ~ ' .  Cor rec t ing  t h e  measurements t o  ~ G ' c ,  
us ing  a  measured c o e f f i c i e n t  of P inear  expansion of O,OOO6$ per  
O C ,  t h e s e  d e n s i t i e s  become 1.015 and 1.011, respectively. 

The assemblies  were hung from beams i n  t h e  r e a c t o r  by a 
gimbal suspension (shown i n  Fig, $1 which allowed them t o  swing 

f r e e l y  i n  a l l  d i r e c t i o n s .  m e r e  was, however, about a  60 em 

leng th  of 6 mm i r o n  rod which was used as a  connection between t h e  
gimbal and t h e  t o p  of t h e  rod assembly, A check o f  t h e  o v e r a l l  

s t r a i g h t n e s s  of t h e  suspended assembl ies  revealed  t h a t  t h e  average 

dev ia t ion  of  t h e  bottoms of t h e  rods  from t h e  a x i s  through t h e  

c e n t r e  o f  t h e  suspension which s i t s  i n  t h e  rod hanger was G016 em, 
When the organ ic  coo lan t  was put  i n t o  t h e  assemblies  t h e  t o p  

support  p l a t e s  had t o  be removed bu t  t h e y  were marked before  removal 

and w e r e  replaced with t h e  same o ~ f e n t a t i o n ,  



TABLE 1 

Ana lys i s  of D20 

Element 
poporno poporno 

poporno boron Element poporno boron 



TABLE 2 

Organic Coolant Impurf t ies  

poporno poporno 
Element poporno boron Element popom, boron 

equiv, equiv, 

* g  00003 4.0 x lom5 Na 
A 1  0002 002 Nb 

B F 
- Ni 0,0235 5.6 x lom5 

R a  0,006 0,1 P 
Be - - Pb 0,006 0 

Bi - - Pd - 
Ca 0,06 009  Pt - - 
Cd - - Sb - - 
Co - - Sf 0,006 G 

C r  0 0 002 002 Sm 
Cu 0,02 1 0 7  Sn 0oC102 0 

DY Ta 

Eu Th 

Fe 0 0 1  604 T i  0,004 007  
G a  - - U 

Gd - - V - - 
H f - - W - - 
K Y - - 
Li 0,004 G Zn O O O 1  002  

Mg - - ZP - - 
Mn - - S r  0 0 001 0 

Mo 



A l l  of t h e  l a t t i c e s  s t u d i e d  were hexagonal  a r r a y s  of  r o d s  

a t  v a r i o u s  spac ines .  For t h e  D20 and voided l a t t i c e s  f i f t y - f i v e  

f u e l  assembl ies  o n l y  were used and t h e  spac ings  between r o d s  were,  

w i th  D20 coo lan t  18, 19, 22,  24, 24.56, 2@ and 36 cm and with 

coo lan t  voided 19, 22, 24.56, 29 and 36 cm, s e e  F i g s ,  5 and 7. 
For t h e  organic-cooled experiments  some ZEEP r o d s  were used t o  

provide  e x t r a  r e a c t i v i t y .  S i x  s i n g l e  r o d s  and twenty-four  p a i r s  

were pu t  around t h e  edge of t h e  c o r e ,  a s  shown i n  F ig .  6. The 

spac ings  t e s t e d  were 19 ,  20,  22, 24 and 2 8  cm, 

The l a t t i c e  spac ing  was s e t  w i t h  t h e  remote ly  ope ra t ed  

mechanisnl. Small  ad jus tments  of  beams and rod  hangers  were made 
+ 

by hand, i f  neces sa ry ,  t o  b r i n g  t h e  r o d s  t o  w i t h i n  - O 0 C 5  cm of 

t h e i r  naninal l o c a t i o n ,  except f o r  t h e  organic-cooled  rods  where 
+ 

t h e  t o l e r a n c e  was r e l axed  t o  - 0 , l  cm. I n  l o c a t i n g  t h e  rod  hangers  

a h o l e  i n  t h e  t o p ,  used f o r  anchoring f o i l  hange r s ,  was used a s  a 

r e f e r e n c e .  This  h o l e  i s  c o a x i a l  w i t h  t h e  rod  suspension.  

2. Buckling Measurements 

The t o t a l  buckl ing  was determined by measuring neu t ron  

f l u x  d i s t r i b u t i o n s  throughout  t h e  c o r e ,  

For a  c r i t i c a l ,  homogeneous, c y l i n d r i c a l  r e a c t o r ,  t h e  

one-group d i f f u s i o n  equa t ion  can be w i t t e n  a s ;  

2  v B ( r , z )  + ~ ' B ( r , z )  = 0 (1) 
where @ ( r , z )  i s  t h e  neut ron  f l u x  a t  r , z ;  r , z  be ing  t h e  
c y l i n d r i c a l  coo rd ina t e s .  B~ i s  t h e  buckl ing .  For  a  c y l i n d r i c a l  

r e a c t o r  w i t h  t h e  o r i g i n  l o c a t e d  a t  d i s t a n c e  zo below t h e  c e n t r e  

of  t h e  f l u x  maximum t h e  fundamental  s o l u t i o n  of  (1) i s  

# ( r , z )  = @(n,o)  J0(xr )  c o s  a (2-zo)  (2 

where @ ( 0 9 0 )  t h e  f l u x  a t  t h e  c e n t r e  of  t h e  p i l e ,  

a = n/h, h be ing  t h e  e x t r a p o l a t e d  h e i g h t  o f  t h e  c o r e ,  and 
h = 2 . 4 0 4 8 / ~ ,  R be ing  t h e  e x t r a p o l a t e d  r a d i u s .  

From (1) and ( 2 )  t h e  buckl ing  i s  g iven  by 
2 B = a  + h2 

= ( n / h ) l  + (2.4046/~) '!  
where a 2  and k2 a r e  t h e  a x i a l  and r a d i a l  buck l ings  r e s p e c t i v e l y .  



The above t rea tment  i s  a l s o  a p p l i c a b l e  t o  a bare ,  
heterogeneous r e a c t o r  i f  t h e  neutron f l u x  i s  measured a t  i d e n t i c a l  

p o s i t i o n s  i n  each c e l l  so t h a t  f i n e  s t r u c t u r e  e f f e c t s  do no t  e n t e r ,  
For a  r e f l e c t e d  p i l e  such as  ZED-2 it has  been our experience t h a t  

the one-group theo ry  i s  v a l i d  i n  t h a t  c e n t r a l  region of  t h e  core  
which i s  g r e a t e r  t han  about 1-162 migra t ion  l e n g t h s  from t h e  core 

boundaries.  The experience has involved cadmium r a t i o  measurements 
and buckling measurements in cores of d i f f e r e n t  s i z e s  and i n  

d i f f e r e n t  regions  of a  given core,  

For t h e  buckling measurements repopted h e r e ,  t h e  r e l a t i v e  
neutron f l u x  i s  measured a t  p o s i t i o n s  midway between pods, These 
a r e  t h e  l e t c e r e d  SthimbSeT l o c a t i o n s  i n  F i g s ,  5 and 6 ,  Flux 
d e t e c t o r s  were placed i n  each of  t h e  twelve l o c a t i o n s  shown, a t  

t h r e e  l e v e l s  near  t h e  v e r t i c a l  f l u x  maximum, I n  two of t h e  
l o c a t i o n s ,  E and F, d e t e c t o r s  were d i s t r i b u t e d  over t h e  f u l l  co re  
h e i g h t ,  A l l  d e t e c t o r s  were spaced v e r t i c a l l y  a t  10 cm i n t e r v a l s ,  

Copper and manganese f o i l s  were used a s  t h e  neutron 
d e t e c t o r s ,  The Mn (10% N i )  f o i l s  were l cm square,  weighed -108 
or ~j120 mgm ( t h e r e  were two ba tches )  and were spot-welded t o  

25 by 21 by C 0 5  mm aluminum r e c t a n g u l a r  backing p l a t e s ,  The f o i l s  

had been i n t e r c a l i b r a t e d  by i r r a d i a t i n g  them i n  l a r g e  ba tches  i n  
ZEEP and counting t h e  induced B a c t i v i t y  with a  TQQB e l e e t ~ o s c o p e ~  
FOP t h e  i n t e r c a l i b r a t i o n  i r r a d i a t i o n  t h e  f o i l s  were pu t ,  evenly 
spaced, on an endless  b e l t ,  about s i x  metres  i n  l eng th ,  The b e l t  
was dr iven on two pu l l eys  spaced t h r e e  metres  a p a r t  and supported 
wi th in  a  t h i n  aluminum thimble about 8 cm i n  diameter ,  This u n i t  
was i n s e r t e d  i n t o  t h e  c e n t r e  rod l o c a t i o n  of t h e  ZEEP r e a c t o r ,  To 
ensure uniform i r r a d i a t i o n  t h e  b e l t  performed more t h a n  one 

thousand cyc les  ( f o e , ,  t h e  a t t ached  f o i l s  moved up and down through 
t h e  c e n t r e  channel more than 1,000 t imes ) ,  The Cu f o i l s  weye 

c i r c u l a ~ ,  1,32 cm i n  diameter ,  weighed -170 mgm and were glued t o  

t h e  same s i z e  of aluminum backing p l a t e s  a s  above, These copper + 
f o i l s  were weighed t o  a  r e l a t i v e  accuracy of - 1110% and t h e i r  
s e n s i t i v i t i e s  were assumed ppopor t ional  t o  t h e s e  weights ,  

Both types  of f o i l  were placed a t  marked p o s i t i o n s  i n  

t h i n  aluminum channels which were then  i n s e r t e d  i n t o  r e c t a n g u l a r  



aluminum thimbles a s  shown i n  F ig ,  9 ,  The thimble bottoms were 

s e a l e d  so  t h a t  when t h e  units were hung i n  t h e  moderator t h e  f o i l s  

and aluminum channels remained d ry ,  
Af t e r  i r r a d i a t i o n  the induced Mn56 a c t i v i t y  (T ,/, z42 56 hr .  ) 

was measured with a  TQQB e lec t roscope,  while  t h e  12,8 h ~ ,  Cu y 

a c t i v i t y  was counted with NaI(T1) s c i n t i l l a t i o n  counters ,  The 

correc ted  r a d i a l  and a x i a l  d i s t r i b u t i o n s  of a c t i v i t i e s  were then 

f i t t e d  by t h e  method of l e a s t  squares t o  t h e  r a d i a l  and a x i a l  

components r e s p e c t i v e l y  of Eqn, 2 ,  page 11, t o  ob ta in  va lues  of h 
2 and a ,  and hence B* (= h2 + a  ), 

3 ,, Cd Rat io  Measurements 

A s  an i n d i c a t i o n  of t h e  region of t h e  l a t t i c e  i n  which 

t h e  one-group treatment  could be app l i ed ,  Cd r a t i o  measurements 

were made f o r  t h e  D20-cooled and voided l a t t i c e s  a t  mid-rod 

p o s i t i o n s  us ing  0,051 cm diameter O , 5 O  cm long Mn-Ni wires ,  These 

w i r e s  were conta ined  i n  aluminum o r  cadmium capsules 0,794 em long 

having 0.076 cm wal l s ,  The capsules  were mounted on aluminum 

backing p l a t e s  which i n  turn w e r e  placed i n  t h e  aluminum channels 

( s e e  Fig, 9 ) .  The capsules were placed a t  10 cm i n t e r v a l s  along 

t h e  v e r t i c a l  a x i s  of t h e  p i l e  i n  thimbles E and F and a t  two 
l e v e l s  nea r  t h e  mid-plane i n  t h e  o t h e r  thimbles,  The a c t i v a t e d  

wi res  were counted with s c i n t i l l a t i o n  counters ,  

4 0  C r i t i c a l  Height Measurements 

In  o rde r  t o  ob ta in  t h e  c o r r e c t i o n s  f o r  f o i l  loading and 

t h e  a x i a l  ex t rapo la t ion  l e n g t h s ,  c r i t i c a l  moderator h e i g h t s  were 

determined f o r  t h e  var ious  l a t t i c e s ,  These measurements were made 

wi th  t h e  accura te  he ight  i n d i c a t o r ,  a s  previous ly  descr ibed,  Thus 
the h e i g h t  differences due t o  ' loading8 e f f e c t s  of t h e  f o i l s  were 

+ known t o  an accuracy of about - 0,003 cm, The r e l a t i o n  between t h e  
heavy water h e i g h t s  and t h e  l e v e l s  of t h e  f o i l s  - r e q u i r e d  f o r  

determinat ion of ex t rapo la t ion  l eng ths  - was known t o  about 
-t - 0.1 cm. 



5. Coolant Exclusion Technique 

Buckling and Cd r a t i o  measurements were made a t  a  number 

of spacings with t h e  C20 excluded from t h e  coolant  r eg ion  i n  a l l  
55  rods ,  

The coolant  tubes  which contained t h e  f u e l  bundles were 
made a i r t i g h t  a t  t h e  t o p  ( s e e  Fig. 4 )  and each was f i t t e d  w i t h  

1/4n paly-f lo  tubing.  The 55 poly-f lo tubes  were taken out  through 
s e a l s  i n  t h e  revolving l i d  and connected t o  a manifold maintained 
a t  t h e  d e s i r e d  p ressure  by helium, The helium pressure  was 
measured with an oil manometer connected to t h e  manifold a t  t h e  

helium c y l i n d e r ,  as  shown i n  Fig. 
Upon a p p l i c a t i o n  of helium pressure  t h e  D20 coolant  was 

expel led  i n t o  t h e  moderator region of t h e  l a t t i c e  through a h o l e  i n  

t h e  bottom of t h e  coolant  tube ,  By varying t h e  helium pressure ,  
t h e  D20 l e v e l  i n  t h e  coolant  tubes  could be made t o  assume any 

d e s i r e d  l e v e l ,  The r e l a t i o n s h i p  between p ressure  and D20 l e v e l  
was determined by observing,  on t h e  o i l  manometer, t h e  px-essure 
j u s t  r equ i red  t o  completely exclude t h e  coolant  from t h e  rods  f o r  
var ious  moderator l e v e l s .  This poin t  of complete exclus ion  was 
determined by observing t h e  onset  of bubbling i n  t h e  moderator, 
During a foil irradiation a s l i g h t l y  Power pressure (lowered by 

t h e  equivalent  of -1 cm of D20) was maintained. 



EXPERIT*%NTAL RESULTS AND DISCUSSION 

1, Buckling Resul ts  

The r e s u l t s  of t h e  f l u x  d i s t r i b u t i o n  measurements a r e  

given i n  Tables 6 t o  31  a long with t h e  moderator c r i t i c a l  h e i g h t s ,  

t h e  average moderator temperatures and t h e  va lues  of  a ,  h, and zo 
which were obtained from t h e  l e a s t  squares f i t s ;  each t a b l e  l i s t s  
r e l a t i v e  f o i l  a c t i v i t i e s  a t  t h e  ind ica ted  l a t t i c e  p o s i t i o n s  ( t h e  

bracketed a c t i v i t i e s  were no t  used i n  t h e  f i t t i n g ) ,  

The f o i l  e l eva t ions  and t h e  c r i t i c a l  moderator he ight  hm 

were bo th  measured wi th  r e s p e c t  t o  t h e  ZED-2 zero p l ane ;  i o e o  t h e  

e leva t ion  of t h e  c e n t r a l  region of t h e  ca landr ia  bottom, 

The l a r g e s t  spread i n  ternperat~lre ,  rrom t h e  t o p  to t h e  

bottom of t h e  moderator, was l e s s  than l o c o  
Two values of a and z, were obtained from each run by 

making l e a s t  squares f i t s  of a cos ine  func t ion  t o  t h e  d a t a  from 

each of th imbles  E and Fo Six  values  of 'A were obtained by 

f i t t i n g  a J, funct ion  t o  t h e  d a t a  from t h e  combined West p lus  South 

(Ti!+S) and combined East p ius  North (E+N) axes ,  o r  t h e  ( W + N ]  and t h e  

(E+S) axes f o r  t h e  t h r e e  e l e v a t i o n s ,  The e r r o r  quoted f o r  t h e  a ,  
h and zo values  i s  one o f ,  

(1) t h e  e r r o r  c a l c u l a t e d  from t h e  assumed counting s t a t i s t i c s  + 
(l / l+%) and f o i l  p o s i t i o n i n g  e r r o r s  (-  0.2 cm), 

( 2 )  t h e  e r r o r  obtained from the ngoodness-of-f i tm of t h e  d a t a  

t o  t h e  assumed d i s t r i b u t i o n  func t ion ,  o r  

( 3 )  t h e  s tandard dev ia t ion  i n  t h e  mean of t h e  s e v e r a l  va lues  

obtained f o r  each parameter,  

whichever i s  g r e a t e s t ,  

The l i s t e d  e r r o r s  f o r  organic-cooled bucklings,  + 
( -  0.10 mM2) were not  based on t h e  experimental ly determined e r r o r s  

i n  a and h, due p a r t l y  t o  t h e  re laxed t o l e r a n c e  on l a t t i c e  spacing 

and p a r t l y  t o  an unexplained asymmetry i n  thimbles E and Fo None 
2 of  t h e  e r r o r s  i n  B~ determined a s  above exceeded 2 0,10 rn- ,, 

however a number approached OP equal led  it, 



Table 3 :  Buckling Values w i t h  Corrections - D20 Coolant 

Hex, Moder- 
a 2 

Date Space a t o r  h2 AB: BPT 1 A B ~  A B ~  B' (ZCOC)  

(cm) Puri ty  (99.730A5) 
(Atom $) ( m m 2  ) (m-'1 ( r n m 2 )  (m-' ) (rn-') ( r t ~ - ~ )  (me') -- 

+ -t Mar. 11/61 22 99.726 2.599--015 3 .255-  .038 +.036 5.8922.041 +.048 +.002 5.9422.041 s 
I-' 

Mar. 17/61 22 99.728 2.594f.016 3.3212.032 +.038 5.9532.038 +.041 +,GO2 5.996 ' .0~~ m 
- - ---- I 

Dee. 13/60 24.56 99.737 2.8312.016 2.9352.019 +.034 5.8~0'.025 +.G34 -.006 5 .82t?'.0z5 
PP --.-- 

Jan. 11/61 28  99.73C 2.673+.010 2.4292.012 +.029 5.1302.016 +.031 0 5 .I&: .016 

Jan. 18/61 26 99.730 2.669t.009 2.4492.012 +.029 5.i472.016 +.028 0 5.175+.0lh -- -.- c 3  - - + =d Jan. 30/61 36 99.729 1.668--009 1.7502.007 +.021 3.439+.012 +.015 +.GO2 3 .4564e 012 
I 

t-' a 1 / 6 1  36 99.729 1.660+.004 1.7432.005 +.021 3.424f.007 +.015 +.002 3.4.41+.007 0 
-4 
h) 
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Table 5:  Buckling Values w i t h  Corrections - Organic Coolant 

Hex. Moder- 
Date Space a t o r  

Purity 
(K2 ) -2 (m-2)  (cm) (Atom %) ( m (rn-2 ) (m-" (me') (m-2 

May 10/61 19 99.709 1.558f.026 1.6582.097 +.022 3.2382.10 +.017 -.006 3.249?0.1 

- -- 

+ May 9/61 20 99.709 1.707+.030 1.709-.062 +.016 3.4322.088 +.012 -.OO$ 3.436+0.1 
I 

3- I-' May 8/61 22 99.710 1.826-.029 1.6392.058 +.023 3.486z.065 +.002 -.010 3.46050.1 m 
I 

~ a y 2 3 / 6 1  22  99.704 1.8352.019 - - - - - - 
-- - 

May 5/61 24 99.711 1.767+.016 1.4642.034 +.021 3.2722.038 -.004 -.011 3.2572'0.1 
~- 

May 11/61 28 99.706 1.3372.010 1.351f.024 +.020 2.7082.026 -.OX3 -.011 2.684-to.l 
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Table 7: Buckling Data - 1$ cm Hex Lat t ice  w i t h  D20 Coolant 

hm = 272.860 cm Manganese Foi ls  Feb. 1 5 ,  1961 Moderator Temperature 23 .?OC 

Thimble 3 D2 C D E2 E F F2 G H G2 J 

Radius cm 63.00 46,77 45.00 27.00 15.59 9.00 9.00 15.59 27.00 45.00 46.77 63.00 
Elevation 

cm 

(*2314)(.2339) 
(,2947) (.3115) 
(03579) ( m3586) 
e4307 04406 
05340 05353 
.6329 -6332 
1.73411 r. 73231 
m7973 :7993 
.8606 .8590 
.9170 .!I169 
09743 e9709 
[1.0161 p.014] 

.9510 .8506 .8719 .9722 1.012 1.021 1.019 (1.025) .9630 .€I606 .8471 (.970$) 
1.95041 .8525 A764 -9729 1.014 1.026 1.027 (1.038) .9664 .$643 .8510 (.9764) 
(.9525) A598 .6791 .9750 1.012 1.026 1.027 (1.023) .9696 A650 .8538 (.97R0) 

[leozql [1*0273 
[l. 0051 p. 0001 
09531 a9530 
09033 .8993 
.8457 .8454 

r.7871: Le7836] 
.7038 .6964 
. 6 0 y  .6023 
05174 .5106 

(.4409) (e4330) 
(.4066) (,4041) 

-. 
Fit ted Range Thimble 
30-230 cm E F Average 

zo (cm) 126.03 126.49 126.262.23 

a ( r n - l )  
+ 1.0912 1.0917 1. 0914- * 0002 

h ( m - l )  - P I 

Level S & W  N t k E  o 
1.8038 1.8225 -9 140 crn N 

+ Average 1. 8101-. 010 
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Table 11: Buckling Data - 22 cm Hex Lat t ice  w i t h  D20 Coolant 

h, = 174.723 cm Manganese Foi l s  Mar, 17, 1961 Moderator Temperature 24.5O~ 

Thimble B D2 C D E2 E F F2 G H G2 J 

Radius cm 77.00 57.16 55.00 33.00 19.05 11.00 11.00 19.05 33.00 55.00 57.16 77.00 
Elevation 

cm 

170 (01532)(.1592) 
160 ( 03575) (34971  
150 05271 05234 
140 .6785 .6766 
13 0 ,8130 .8083 I 
120 09314 09251 
110 1.043 1,032 7 0  * 
100 (.7651) A262 .8469 (1.030) 1.075 1.106 1.094 1.084 1.016 .8501 .$316 ( . 7 5 9 9 ) ,  
90 (.7844) .8503 .8645 (1.049) 1.097 1.133 1.120 1,116 1,039 A756 (e6664)(07858)  
80 (.7887) A596 .8760 (1.059) 1.110 1.142 1.137 1.126 1.047 .$Ft10 .$593 (.7$61) 
70 1,119 1,130 
60 1,080 1,078 
50 1,000 .9930 
40 .8970 .8824 
3G .7756 .7603 
20 (,64861(.6358) 
10 L5449) (05351) 

P 

Fit ted  Range Thimble h (rnsl) c3 

30-150 cm E F Avera~e  Level W & S  E & N  3 
100 cm 1.8386 1- 8149 =rj 

'd 

zo ( c ~ d  81.77 81.91 81.~5'.15 90 1.8314 1,8034 1 
I-J 80 1,8204 1.8263 0 

a (rn-') 
+ 1.6056 1.6155 1.6106-.OO5O 4 

+ lu 
Average l.8225-.0084 
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Table 30: Buckling Data - 24 cm Hex Lat t i ce  w i t h  Organic Coolant 

h, = 21Ff.5 cm Copper Foils  May 5 ,  1961 Moderator Temperature 28.5'~ 

Thimble D2 C D E2 
E F G H F2 G2 

Radius ern 62.35 60,oO 36.00 2 0 ~ 7 8  1 2 , O O  1 2 , O O  2 ~ , 7 g  36,00 6 0 ~ 0 0  62,35 

Elevation 
cm 

210 (30?@7) (30fi20) 
200 (6.879) (6,9441 
190 9,800 9,821 
180 12,52 12.54 
170 15.08 15.05 
160 17,2Ff 17.33 
15 0 19033 19029 
140 20.94. 20.64 
13 0 22,P9 2PoE24 
120 22,95 22,73 
110 20,26 20,30 21,97 22,gg 23.39 23.12 23,06 2 2 , 1 2  20,32 20,l-g 
100 20.18 20.30 22.10 22.95 23n69 230.31 23027 22020 20037 2Co27 
90 19.81 ~ 9 , $ 6  2 ~ 5 2  22.42 23.07 22,66 22.59 21,95 19,98 19,79 
80 22.41 21,99 
70 21,20  20,t32 
60 19"57 19,28 
50 i7"52 17.51 
40 15,39 25024 
30 (12,921 ( 1 2 , G l )  
20 

---" 
(10,431 (10031) --- 0 

3 
F i t t e d  Range Thimble ?L ( r n - l )  3 

TJ 
4 0 - 1 9 0  E F Average Level S & W  N & E  I ----- I-' 

110 cm 1,2023 1,2040 o 
104.32 104.54 104.13+.11 100 1,2475 1,2283 4 

zo (cm) N 

90 1,2247 1,2028 
a (m-'1 1.3352 1.2231 1.3292'.0051 

Average 1,2183'.014 
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I n  o r d e r  t o  compare t h e  buckling results obta ined from 
t h e  various experiments,  small c o r r e c t i o n s  must be made f o r  t h e  

loading e f f e c t  of t h e  experirncntak thimbles and f o i l s  and f o r  t h e  
d i f fe rences  i n  moderator temperature and p u r i t y  of t h e  va r ious  

l a t t i c e s ,  
The loading correction A B ~  was obtained from measurements 

of r e a c t o r  c r i t i c a l  he igh t  with and without  f o i l s  and th imbles  by 
assuming t h a t  the radial buckling was independent  o f  loading and 

c r i t i c a l  h e i g h t ,  v i z , ,  

where Ah is t h e  change i n  c r i t i c a l  he igh t  produced by t h e  thimbles 

and f o i l s ,  .A measurement o f  ah was made f o r  each spacing f o r  
D20-cooled rods  wi th  t h e  exception of I8 cm l a t t i c e  f o r  which 

2 t h e  c r i t i c a l  D2G l e v e l  was above t h e  t o p  of t h e  U O p o  To ob ta in  QBL 
f o r  t h i s  P a t t i e e  spaclng it was assumed t h a t  t h e  q u a n t i t y  

2  2 b ~ ~ ~ / ' m i d - r o d  IP was independent of  l a t t i c e  p i t c h  and t h e  average 
value of measurements in t h e  22, 2€? and 36 cm lattices was used in 
conjunct ion wi th  measured values  of L~ ( t o  y i e l d  M*) and 
for the 16 crn l a t t i c e .  The l o a d i n g  correction to B2 was about 

0.75% f o r  a l l  of t h e  D20-coaled l a t t i c e s .  
A l l  D20-cooled and voided l a t t i c e  bucklings were cor rec ted  

t o  2 0 ' ~  using t h e  temperature c o e f f i c i e n t s  of buckling c a l c u l a t e d  
f o r  D20-cooled l a t t i c e s  by c o r r e c t i o n s  f o r  t h e  organic- 
cooled l a t t i c e s  were supplied by ~ r i r n e a u ' ~  ). The maximum tempera- 

2 ture c o r r e c t i o n  ABT was +0.046 rnW2 and t h e  average c o r r e c t i o n  was 
about 0.02 

0 
'mid-rod i s  t h e  f l u x  a t  t h e  mid-rod position r e l a t i v e  t o  unit 

average f l u x  i n  t h e  UOZo 
2 2 M = L + L' is the rnigrat,lon area of a cell. 

S 2 The values  of L and $mid-rod were obta ined from measure- 

ments of t h e  neutron distribution throughout t h e  eent~al c e l l ,  

Fur the r  d e t a i l s  w i P P  be publ i shed  i n  another  r e p o r t  i n  t h i s  s e r i e s .  



D C p u r i t y  co r rec t ions  t o  s tandard  values  of 99,730 and 2 
99.70 atom % D20 were a l s o  obtained from re fe rences  2 and 3 and 
a r e  e x t ~ e m e l y  small, 

A summary of t h e  buckling r e s u l t s  i s  given i n  Tables 3 
2 

to 5 .  Here t h e  values of a , h2 and B~ obtained from t h e  l e a s t  

squares f i t t i n g  a r e  l i s t e d  along with t h e  loading,  temperature 
2 

and D2G purity c o r r e c t i o n s  and final cor rec ted  values  of I? . 
Buckling values measured with D20-cooled and voided rods  

f o r  t h e  2b056 cm l a t t i c e  in ZEEF are shown in Table 32 along wi th  
loading c o r r e c t i o n s  and temperature and D20 p u r i t y  c o r r e c t i o n s  

which are  c o n s i s t e n t  with those  used above, From t h i s  t a b l e  and 
Tables 3 and 4 it can be seen t h a t  t h e  ZED-2 r e s u l t s  agree wi th  

those  obtained i n  ZEEP wi th in  experimental e r r o r ,  
A p l o t  of t h e  bucklings a s  a func t ion  of hexagonal 

spacing i s  given i n  F i g ,  11, Also shown i n  t h i s  f i g u r e  a r e  t h e  
curves obta ined from t h e  l a t e s t  Chalk River l a t t i c e  c a l c u l a t i o n  

program ' 3  which incorporatee measured neutron temperature and r 
values, a n e w  t reatment of t h e  e e l 1  f i n e  s t r u c t u r e  due t o  McKay (71 

(3  1 and an improved treatment  of p 
Although t h e  calculated buclrlings f o r  D20-cooled and 

voided l a t t i c e s  l a y  - i C . 4  rn-* below experimental p o i n t s  over t h e  

range of  spacings i n v e s t i g a t e d ,  t h e  change jn due t o  voiding 

t h e  coolant  region was accura te ly  c a l c u l a t e d ,  

The r e s u l t s  of' t h e  Cd r a t i o  mea~urementa f o r  DpO-cooled 

and voided rods  a r e  summarized i n  Tables 33 to 43, The values  

shown a r e  t h e  r a t i o s  of aluminum-covered t o  cadmium-covered 
activities f o r  manganese wires  I r r a d i a t e d  a t  t h e  same e leva t ion  
and r a d i a l  p o s i t i o n  i n  two thimbles,  i,e,, d a t a  from ~ h i m b l e s  E 
and F, D and G, 6 and H e t e ,  were combined, The values  a r e  l i s t e d  

i n  t h e  t a b l e s  a t  t h e  p o s i t i o n s  sf t h e  aluminum-covered wires ,  
Tables 33 t o  39 l i s t  t h e  results f o r  D20-cooled rods  and Tables  

40 t o  43 f o r  voided rods ,  
Values marked w i t h  b racke t s  have been r e j e c t e d  because 

of t h e i r  l a r g e  dev ia t ion  from t h e  average value  and were n o t  used 



i n  f u r t h e r  c a l c u l a t i o n s ,  Ilany o f  t h e s e  r e j e c t e d  va lues  may be 
explained by t h e  f a c t  t h a t  t h e  cadmium cover was found s l i g h t l y  

open fol lowing t h e  i r r a d i a t i o n ;  such r e j e c t e d  values a r e  marked 
with an a s t e r i s k .  

Other values f o r  t h e  18  cm and 19 cm l a t t i c e s  have been 
marked w i t h  a dagger t o  i n d i c a t e  t h a t  t h e y  were a t  an e l e v a t i o n  

wi th in  6 cm of one of t h e  bundle-end e leva t ions ,  I n  c a l c u l a t i n g  
t h e  average and s t a n d a ~ d  d e v i a t i o n  of the Cd ratio w i t h i n  t h e  

cons tant  (one-group) region t h e s e  p o i n t s  were omitted, 
The above r e s u l t s  a r e  a l s o  p l o t t e d  i n  Figs,  1 2  t o  21. 

Figs.  1 2  t o  14 show t h e  a x i a l ,  and Figs ,  15 t o  17 t h e  r a d i a l  
v a r i a t i o n s  of t h e  Cd r a t i o  f o r  D20-cooled rods ,  and Figs.  18 t o  2 1  

t h e  same r e s u l t s  f o r  voided pods. The a x i a l  p l o t s  inc lude  t h e  

da ta  of thimbles E and F whi le  t h e  r a d i a l  p l o t s  a r e  averages of 
t h e  da ta  from t h e  two e l e v a t i o n s  used, The e r r o r  b a r s  on t h e  

po in t s  a r e  e i t h e r :  

i )  t h e  standard dev ia t ion  of all t h e  v a l u e s  w i t h i n  t h e  

constant  region,  a, f o r  t h e  a x i a l  p l o t s ,  o r  
a f o r  t h e  averaged r a d i a l  p l o t s  (i,e, , each point is ii) 

t h e  average of two measurements a t  a  given r a d i u s . )  

The constant  por t ion  o f  each curve i s  t h e  average v a l u e  over  t h e  
one-group region (dagger-marked p o i n t s  omi t t ed ) ,  From t h e s e  

r e s u l t s  t h e  region of cons tan t  cadmium r a t i o  f o r  D20-cooled and 
voided l a t t i c e s  was taken t o  be 

0  < 1- < 2 , 6 d  where d  i s  t h e  l a t t i c e  p i t c h  

r a d i a l l y ,  and 
30 cm 4 z h, - 25 cm 

axia l ly  for a l l  but  t h e  18 cm l a t t i c e  f o r  which h,was above t h e  

U 0 2  f u e l .  The constant  r eg ion  f o r  t h a t  l a t t i c e  was t aken  t o  be 
30 cm L z r 230  crn 

I n  f i t t i n g  t h e  f l u x  d i s t r i b u t i o n s  of  a l l  l a t t i c e s  t o  o b t a i n  t h e  
bucklings,  t h e  regions  used were always equal  t o  OP smal ler  than  
those  given above, 
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The average va lues  over t h e  region sf cons tan t  Cd r a t i o  
a r e  shown i n  Table 44 where t h e  e r r o r s  shown ars t h e  s tandard  

devia t ion  of t h e  mean, 

Table 44: Var ia t ion  of F v I p  Cadmium Ratio w i t h  Spacing 

L a t t i c e  Spacing D2C : U 0 2  Coolant Mean RCd 

Void 

Void 

Void 

It can be shown t h a t  i n  a homogeneous yeac to r  w i t h  

"a<c Zs '  RCd- 1 i s  p ropor t iona l  t o  t h e  r a t i o  of slowing down power 
t o  a b s o ~ p t i o n ,  T h i s  p e l a t i o n  should a l s o  apply in a heterogeneous 
D,O-moderated core when cel l-averaged a c t i v i t i e s  a r e  used i n  t h e  

L. 

determinat ion of RCdo Over a range of l a t t i c e  spacings  where t h e  

slowing down d e n s i t y ,  q ,  i s  a constant  over  t h e  c e l l ,  t h e  measured 
mid-rod a c t i v i t i e s  should be p ropor t iona l  t o  t h e s e  cel l -averaged 
a c t i v i t i e s ,  The observed behaviour i s  i l l u s t r a t e d  i n  Figo 22 where 
t h e  experimental c e l l  boundary RCd was p l o t t e d  a g a i n s t :  

'D,O Slowing Down Power oc 
Absorption v ~ ~ ,  

whereV i s t h e t o t a l v o l u m e o f D 2 0 w i t h i n a  l a t t i c e  c e l l  
D,G 
C. 

and VUO2 is t h e  volume of U02 within t h e  cell, 
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The s l i g h t  d e v i a t i o n  from l i n e a r i t y  a t  h igh  D2G:U02 

r a t i o s  (i.e., l a r g e  c l u s t e r  s p a c i n g s )  nav be exp la ined  by a 
d e p a r t u r e  from a 1 / ~  s lowing down d i s t r i b u t i o n  a t  t h e  Mn resonance  

energy (-300 eV), This  dec rease  a t  t h e  c e l l  boundary from t h e  

1@ form of t h e  s lowing down d i s t - r i b u t i o n  a t  l a rge  l a t t i c e  s p a c i n g s  

has  been observed '" i n  s i m i l a r  l a t t i c e s ,  Because about  4% of  t h e  

epicadmiurn a c t i v a t i o n  i n  141 i s  resonance  a c t i v a t i o n ,  t h e  d e t e c t o r s  

used were s e n s i t i v e  t o  t h i s  s l i g h t  d e c r e a s e  i n  t h e  f a s t  f l u x  a t  t h e  
c e l l  boundary, 

3. E x t r a p o l a t i o n  Lengths 

In  a d d i t i o n  to buck l ings ,  t h e  f l u x  d i s t r i b u t i o n s  y i e l d  

v a l u e s  f o r  t h e  e x t r a p o l a t i o n  l e n g t h s  i f  t h e  c o r e  s i z e  and c r i t i c a l  

h e i g h t  a re  known, The r a d i a l  e x t r a p o l a t i o n  l e n g t h  8 r  i s  g iven  by 

where Rc i s  t h e  c o r e  r a d i u s ,  def ined  f o r  a hexagonal l a t t i c e  by 

where d  i s  t h e  l a t t i c e  p i t c h ,  and 

N i s  t h e  number of r o d s  i n  t h e  c o r e  (55  h e r e ,  except  f o r  t h e  

o rgan ic  cooled l a t t i c e s  which had d r i v e r  rods  sur rounding  

t h e  c o r e ) ,  

The a x i a l  e x t r a p o l a t i o n  l e n g t h  6z i s  g iven  by 

where tizu and Szl a r e  t h e  upper  and lower  e x t r a p o l a t i o n  l e n g t h s  

r e s p e c t i v e l y ,  and 
h  - 10.36) i s  t h e  d i s t a n c e  i n  cm from t h e  bottom of  t h e  

U02 t o  t h e  c r i t i c a l  moderator  l e v e l ,  

Values o f  6,, Sz, and 8 a l  were ob ta ined  from t h e  f l u x  

d i s t r i b u t i o n s  f o r  a l l  l a t t i c e s  and a r e  l i s t e d  in Tables  45 through 

47. The errors quoted w e r e  de r ived  from t h e  e r r o r s  i n  a, h, zo 

and h,. The l a r g e  r a d i a l  e x t r a p o l a t i o n  l e n g t h s  f o r  t h e  o rgan ic  

cooled c o r e s  o f  55 c l u s t e r s  are caused by t h e  driving rods which 

surround t h e  co re ,  The l a r g e  Szu f o r  t h e  1 8  cm D20-cooled l a t t i c e  



r e s u l t e d  from t h e  D2C l e v e l  (h) being above t h e  e l e v a t i o n  of t h e  
t o p  of  t h e  U02.  

The r a d i a l  and a x i a l  ex t rapo la t ion  l eng ths  given i n  
Tables 45 and 46 a r e  p l o t t e d  as a  func t ion  of lattice p i t c h  i n  

Figs ,  23 through 26, 





Table 4.6: Extrapolat ion Lengths Measured i n  ZED-2 - Coolant Voided_ 

Date d R h hc zo r zu %1 9 ( a )  6 8 6 
z 

R~ = 0.5250 d fl, N = 55 rods. Rc i s  t h e  core radius .  
s - 

(a) 2 , - z O  - 10.38 cm:- The d i s t a n c e  from t h e  c o r e  c e n t r e  t o  t h e  bottom of  the UO 2" 



Table 47: Extrapolat ion Lengths Measured i n  ZED-2 - O r ~ a n i c  Coolant 

Date d R h ( a )  
hc zo zu 6 z 1  6 r 6 6 

Z 

(cm> (cm) (cm 1 (cm) (cm) (cm 1 (cm (cm l ( cln ) 
+ 10/5/61 19 186.~'5.5 251.7+2.1 233.32.2 101.4'.6 112.9+5.5 4.321.2 24.4fl.2 28.7-2.1 

+ 30/5/61 19 188.0f5.0 251.92.8 233.6-.2 1 0 0 ~ 2  114.0'5.0 3.72.5 24.92.5 28.62.R 
+ + + 9/5/61 20 18=!+.0'4.4 240.5'2.1 221.62.2 95.9-.5 106.1-4.4 5.0-1.2 24.3+1.2 29.322.1 
3- + + 8/5/61 22 187,9+3.3 232.5Zl.fl 214.22.2 92.1-.1 102.2-3 -3 4.52.9 24.2-.9 28.7?l.R 

23/5/61 22 
+ + + Ir 

232.0-1,2 213.82.2 91.7-.9 4.2-1.1 24.321.1 28.6'1.2 , 
+ + ul 

5/5/61 24 197.4+2.3 236.2+1.1 218.52.2 94.0-.1 104.0+2.3 4.12.6 24.12.6 28.2-1.1 , 
11/5/61 28 2 0 6 . 9 ~ 1 . ~  271.6'1.0 255.92.2 111.4+.4 97.9+1.6 1.72.6 24.52.6 26.2'1.0 

Rc = 0.525 d fl, N = 55 rods.  Rc i s  t h e  core radius .  
v - ( a )  zo - zo - 10.38 cm:- The d i s t ance  from t h e  core cen t re  t o  t he  bottom of t h e  U O 2 0  



CONCLUSIONS 

Bucklings and &I-Gd r a t i o s  were measured svey a range of  
spac ings  from 18 cm to 36 cm f o r  D20-cooled rode,  and 19 cm t o  36 
cm f o r  voided rods ,  Bucklings were measured over a  range from 19 
cm t o  2 8  cm f o r  organic-cooled rods ,  

The measured buckling values f o r  t h e  DpO-cooled rods  

agreed wi th in  4% with buckl ings ,  c a l c u l a t e d  us ing  a  program s i m i l a r  

t o  t h a t  of Duret and ~ a r r i o t t  which had been w r i t t e n  s p e c i f i -  

c a l l y  f o r  D20-cooled rods.  The bucklings ca lcu la ted  us ing  t h i s  

program apprapriatelry modified f o r  a change t o  organic  coolant  d i d  

not  agree  ad a l l  we l l  wi th  t h e  experiments mainly because of t h e  

assumptions concerning f l u x  f i n e  stpuctures in the cell and i n i t i a l  

conversion c o e f f i c i e n t s ,  Nodi f i ea t ions  to t h e  program were then 

made i n  an attempt to resolve t he se  d i s c r e p a n c i e s ,  More yecent  

c a l c u l a t i o n s  by Primeau employing a  program which incorpora tes  

measured r values and neutron t empera tu res ,  a  new t rea tment  of  t h e  

c e l l  f i n e  s t r u c t u r e  due t o  1 . l e ~ a ~ ' ' l '  and an improved t rea tment  of p  

g ive  l e s s  s a t i s f a c t o r y  agreement f o r  t h e  D20-cooled l a t t i c e s  but  

much b e t t e r  agreement f o r  t h e  organic-cooled ones ( F i g o  l1), 

The four  buckling va lues  obtained i n  ZED-2 f o r  D20-cooled 

rods and rods  with coolant  voided agree  wi th in  t h e  e x p e r m e n t a l  

e r r o r  wi th  t h e  r e s u l t s  obtained i n  ZEEP under t h e  same cond i t ions ,  
Cadmium r a t i o s  obtained for 0,851 cm diameter  005 cm 

long Mn-Ni wires  placed a t  mid-rod p o s i t i o n s  i n  the core sf 
D 0-cooled o r  voided rods  were a l i n e a r  func t ion  of t h e  D20:U02 2 
r a t i o  a t  small  l a t t i c e  spacings,  

Measures of t h e  r a d i a l  ex t rapo la t ion  l eng th  a s  a  func t ion  

of co re  s i z e  and measures of t h e  v e r t i c a l  ex t rapo la t ion  l e n g t h ,  

inc lud ing  a  case i n  which t h e  D20 was above t h e  fuel t o p ,  will be 

u s e f u l  f o r  p red ic t ing  c r i t i c a l  s i z e s  i n  ZED-2, 
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FIG.5 : CROSS SECTION OF 24.56 cm 

U02  (7) LATTICE IN ZED - 2 



FIG. 6 : CROSS SECTION OF 28 cm ORGANIC 

COOLED U02 (7) LATTICE IN Z E D - 2  
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FIG.10 : COOLANT EXCLUSION CIRCUIT IN ZED - 2 
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D20  : FUEL RATIO  

FIG.22: VARIATION OF Mn CADMIUM RATIO WITH D20 : FUEL RATIO 
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FIG.23 :AXIAL EXTRAPOLATION LENGTHS - D20 COOLANT 
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FIG. 24 : RADIAL  EXTRAPOLATION LENGTHS - D20  C O O L A N T  



FIG. 25 '. AX1 A L  E XTRAPOLATION LENGTHS - COOLANT VOIDED 



FIG. 26 : RADIAL EXTRAPOLATION LENGTHS-COOLANT VOIDED 
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