


LATTICE MEASUREMENTS WITH 19-ELEMENT 

NATURAL URANIUM METAL ASSEMBLIES 

PART I: BUCKLINGS FOR A RANGE OF 

SPACINGS WITH D20 AND He COOLANTS 

K . J . SERDULA AND R . E . GREEN 

ABSTRACT 

Bucklings derived from act ivat ion measurements 
i n  the ZED-2 reactor a re  given for 19-element natural  
uranium metal assemblies. Measurements were made in  
t r iangular  arrays of 55 assemblies a t  pitches i n  the 
range 20 t o  40 cm. " ~ o o l a n t s "  used were ; 

(1) D 0 of moderator purity, 
2 

(2)  He t o  simulate a voided condition. 

Bucklings obtained with He a s  coolant a r e  
higher than those for  D 0 coolant for  the pitches 
investigated. 2 
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Experimental values of reactor  physics parameters of 
c lus te r  f u e l  a re  required t o  t e s t  the models or recipes used 
t o  predict  t he  nuclear properties of l a t t i c e s  with fue l  chan- 
nels  having the  complex geometry required t o  provide the  
necessary heat t ransfer  charac ter i s t ics .  This report  des- 
cr ibes  buckling measurements for  19-element natural  uranium 
metal f u e l  assemblies moderated with heavy water, which formed 
one par t  of a program of l a t t i c e  parameter measurements for  
fue l  assemblies having large neutron absorption areas.  Earl ier  
measurements on eavy-wat er  -moderated, natural-uranium-metal 
c lus te r  lattices?') covered a limited range of pitches and 
the 19 elements of the c lus te r  were arranged in  a hexagonal 
pat tern.  In present s tudies  the  19-el m n t  c lus te rs  were 

r27 arranged i n  a c i rcu lar  CANDU-type array with the c lus te rs  
enclosed i n  a simulated coolant tube which enabled studies t o  
be made both with and without D20 coolant. 

Bucklings derived from Mn act ivat ion measurements and c e l l -  
boundary In C d - r a t i n s  were measured i n  a t r iangular  array of 
55 assemblies i n  the  ZED-2 reactor .  Bucklings a re  given for  
both D20 and He coolant for  the  following l a t t i c e  pitches; 20, 
22, 24, 26, 28, 32, 36 and 40 cm. The spa t i a l  dis t r ibut ion 
of the  In Cd-ratio was measured a t  pitches of 20, 24 and 28 cm, 
and the  r e l a t i v e  I n / ~ u  act ivat ion r a t i o  a t  a pitch of 40 cm. 

Radial bucklings were derived from spa t i a l  Mn act ivat ion 
d is t r ibut ions  using a two-group homogeneous diffusion theory 
modcl for  a f i n i t c  cyl indrical  reactor with a r ad ia l  r e l l ec tu r .  
The a x i a l  d i s t r ibut ions  well removed from the core boundaries 
were f i t t e d  t o  a cosine function. Total bucklings ( r a d i a l  
plus ax ia l )  are corrected to  a rrrvderdtor condition of 2 5 O ~  and 
99-72 atom % D20. 

2. ONE -GROUP AND TWO -GROUP DIFFUS ION THE;ORY 

The homogeneous two-group diffusion equations for  the  
fundamental r ad ia l  d i s t r ibut ions  of the  thermal neutron 
f lux  Oth and f a s t  f lux @ f  i n  an i n f i n i t e  cyl indrical  reactor 
with a r a d i a l  re f lec tor  can be expressed a s  (31, 

@th ( r )  = A ' J ~ ( A ~ )  +ctIO(/3r)  - - - - ( 1) 

respectively, while for  a reactor of f i n i t e  lerlgth with the  
or ig in  located a distance z from the  f lux  maximum, the  

0 



Iundamental so lu t ion  of t h e  a x i a l  d i s t r i b u t i o n  f( z )  , i n  
homogeneous one-group d i f f u s i o n  theory  is, 

c o s  a ( - 7  - - - - - - -  f(z) = b (z0) zo) ( 3) 

where 
1 

A , C '  = amplitude c o e f f i c i e n t s ,  

S, s I = fas t - thermal  coupl ing  c o e f f i c i e n t s  
which depend on the c u r e  p rope r t i e s ,  

h2 = r a d i a l  buckl ing  2 

TT a2 = a x i a l  buckl ing  = - 
H 

Hex = e x t r a p o l a t e d  h e i g h t  

The t o t a l  geometr ica l  buckl ing  f o r  a f i n i t e  cy l i nd r i ca l  
r e a c t o r  i s  

g2 = a 2 + ~  
2 - - - - - -  (5)  

For a neutron d e t e c t o r  whose a c t i v a t i o n  cross-sec t ion  
can b e  expressed a s ,  

- - - 
- 

' t o ta l  - 'th + Xf 

where - - 
Z and Xf are act ivat - i  nn c ross-sec t  ions averaged 

over  t h e t h e r m a l  and f a s t  neutron f l u x  d i s t r i b u t i o n s  respec-  
t i v e l y ,  t h e  t o t a l  a c t i v a t i o n  A c t ( r ,  z ) ,  is  

S u b s t i t u t i u n  of (1) and ( 2 )  i n  (7) and neg lec t ing  t h e  
a x i a l  v a r i a t i o n  g ives  t h e  r a d i a l  v a r i a t i o n  of t h e  induced 
a c t i v i t y  Act1 ( r )  a s  

- 
~ c t l  ( r )  = (Sth+sZf)~' ~ ~ ( h r )  + ( c ~ ~ - s ~ x ~ ) c ~ I ~ ( ~ ~ )  

- - - ( 8 )  



Equation (8) can be expressed i n  the general form 

where t h e  magnitude and s i g n  of C will be dependent on the 
detector parameters and the  core properties.  

Equations (3) and ( g ) ,  valid for homogeneous systcrns, 
can be applied t o  a heterogeneous reactor i f  the  neutron 
f lux i s  measured a t  i den t i ca l  positions in  each c e l l  so 
that the macroscopic distribution is not distorted by the 
microscopic d is t r ibut ion .  This implies separabi l i ty  of 
macroscopic and microscopic f lux var ia t ions.  

Total  bucklings were determined by measuring neutron 
f lux d is t r ibut ions  throughout the reactor core and f i t t i n g  
the  ~neasur-ed  r ad ia l  and a x i a l  d i s t r ibut ions  t o  equations (9 )  
and ( 3) respectively.  

3.1 Fuel and Lat t ice  Arranqements 

Figure 1 shows a cross-sectional view of the 19-element 
uranium metal fue l  assembly. 

The natural-uranium fue l  i s  t ha t  described i n  A E C L - ~ ~ ~ (  . 
Density of the  fue l  i s  18.93 k0 .05 g/cm3. Thirteen cyl indrical  
slugs each 15.2 k0.08 cm long and 1.31 k0 . O 1  cm i n  diameter 
a re  sheathed i n  type 1s aluminum tubes of 1.59 cm 0.d. and 
1.02 mrn wall thickness t o  form a full-length element. 

Elements were arranged i n  a CANDU-type array, i . e .  one 
element a t  the  center, s i x  on a c i r c l e  of 3.55 cm diameter 
and twelve on a c i r c l e  of 6.85 cm diameter. Each c lus te r  
of 19 elements was contained in  a type 65s aluminum coolant 
tube with 8.89 cm 0 .D.  and a wall thickness of 1-57 mm t o  
form a fue l  assembly. Table 1 gives the  cross-sectional 
areas of the  various materials for  a c e l l .  

The minimum sheath-to-sheath spacing of 1.8 mm was fixed 
by a headpiece from which the  elements were suspended. Addi- 
t i o n a l  c o n s t r a i n t s  were provided by 0.81 mrn thick A1 plates 
d r i l l e d  t o  f i x  the  elements on a CANDU array.  Four plates  



were used per c lus te r ,  a t  -- 5 cm, -- 60 cm, - 110 cm and 
-- 160 cm from the  bottom of t h e  element sheaths. Not a l l  
elements were s t r a igh t  so t h a t  t he  sheath-tu-sheath spacing 
varied from i t s  nominal value by ' 0.6 mrn between posit ioner 
p la tes .  

The assemblies were suspended from the  rod hangers by a  
length of s t a in l e s s  s t e e l  chain attached t o  a  s t a in l e s s  s t e e l  
bo l t  threaded through the  headpiece t o  which the  coolant 
tube flange was bolted.  ( see  Figure 2 ) .  This arrangement 
allowed the  bottom of the  element sheaths t o  be suspended 
-- 1.7 cm above the  bottom of the  coolant tube, a  feature  
which allowed f r e e  passage of the  coolant. Heavy water 
coo3ant was expelled through the  bottom of the  fue l  assembly 
by the  introduction of pressurized helium through a Poly-£10 
coupling located on the top  p la t e  of each fue l  assembly. 
(see Figure 3 ) .  

Fif ty-f ive f u e l  assemblies were used fox measurements 
i n  the t r iangular  arrays with pitches of 22 t o  40 cm, inclu- 
sive, both with D20 and He coolants.  For the  20 cm l a t t i c e  
a ldr ivext  region of 36 air-cooled 7-element U 0 2  assemblies( $) 
surrounded the  cent ra l  55 assemblies t o  produce c r i t i c a l i t y  
with a  moderator height l e s s  than the  fue l  height.  The 
'd r iver1  region was a l so  used i n  some measurements a t  24 cm 
pi tch.  

Heavy water purity decreased from 99.74 t o  99.70 atom $ 
D20 thruuyhout the  experimcnts . The purity at any d a t e  w a s  
obtained from interpolat ion of the  r e s u l t s  of analyses of 
moderator samples taken monthly. 

3.2 Determination of the  Geometrical Bucklinq 

Total buckling was determilled from f o i l  act ivat ion measure- 
ments made a t  posit ions mid-way between fue l  assemblies. Fig- 
ures 4 and 5 show the r a d i a l  locations of measuring thimbles 
for  two loading pat terns .  The thimbles contained three  f o i l s  
10 cm apar t  a t  elevations near the  ve r t i ca l  f lux maximum except 
for the  two cent ra l  thimbles which contained detectors spaced 
a t  10 cm in te rva ls  over the  e n t i r e  moderator height. Detectors 
f ixed t o  aluminum backing p la tes  were subst i tuted for  blank 
backing p la tes  a t  the  required locations i n  the  suspension 
system. The backing p la tes  were joined by lengths of 0.076 
cm diameter Zircaloy wire. The wire-foil system was supported 
i n  an a i r - f i l l e d  aluminum thimble of a  cruciform cross-section. 
The main components of t h e  thimble system a re  i l l u s t r a t e d  in  
Figure 6. 



Manganese and copper f o i l s  were used a s  neutron detectors. 
The ~ n ( l l $  ~ i )  circular  f o i l s  a r e  1.13 cm diameter, weigh - 
85 mgm and a r e  fixed t o  25 x 20 x 0.5 mm A 1  backing plates .  
The f o i l s  have been intercal ibrated by i rradiat ion t o  an 
accuracy of -- 20.25%. The Cu f o i l s  a re  of ident ical  area, 
weigh -- 115 mgm and are  glued t o  the  backing plates.  Sensi- 
t i v i t i e s  of these l a t t e r  f o i l s  were assumed t o  be proportional 
t o  t he i r  weights which a re  known t o  a re la t ive  accuracy of 
-- fO.2$.  

After i r radia t ion  the induced 2.58 hr Mn 56 ac t iv i tg  was 
measured with a TQQB electroscope while the 12.8 hr Cu 4 
y-activity was counted with a N ~ I ( T ~ )  s c in t i l l a t ion  counter. 
A t  l eas t  two irradiat ions were performed a t  each pitch with 
each coolant. 

3.3 Measurement of Spectrum Parameters 

Macrnscnpi r n e u t r o n - s p e c t r u m  p a r a m e t e r s  w e r e  m e a s u r e d  i n  
D20-cooled l a t t i c e s  a t  pitches of 20, 24, 28 and 40 cm. A l l  
measurements were made a t  moderator positions mid-way between 
fue l  clusters. F o r  the 40 c m  l a t t i ce  the relative I ~ / C U  

r a t i o  was derived from the ac t i v i t y  induced i n  Cu f o i l s  ( a s  
described above) and in  similar Pb-In fo i l s ,  0.8 In by weight, 
C a d m i u m  ratios w c r e  m e a s u r e d  w i t h  the P b - I n  f o i l s  a t  other 
l i s t ed  pitches. For Cd-ratio measurements f o i l s  were enclosed 
in  e i ther  0.030" thick Cd or  A 1  boxes cemented t o  A 1  backing 
plates. D e t e c t o r s  w e r e  placed every 10 c m  along the ver t i ca l  
i n  thimbles K1W and K1E ( ~ i g u r e  4) and radial ly throughout the  
core a t  e i ther  two or three elevations near the  f lux maximum. 
Induced y-act iv i t ies  w e r e  cuurlted with a N ~ I ( T ~ )  sc in t i l l a t ion  
counter. 

3 .4  C r i t i c a l  Heisht Measurements 

An accurate determination of the c r i t i c a l  D20 level  in  the  
ZED-2 calandria was required for a determination of f o i l  loading 
corrections and derivation of ax ia l  extrapolation lengths. Measure- 
ments of the moderator height were made with the accurate height 
indicator described in  AECL-1505. Height differences due t o  
'loading' e f fec ts  were accurate t o  --k0.003 cm. Foi l  elevations 
with respect t o  the moderator level, as  required for  derivation 
of ax ia l  extrapolation lengths were accurate t o  -- f0.2 cm. 



3.5 He-Cooled Latticcs 

Measurements with He coolant  i n  t h e  55 asseniblies 
were made by expelliny the D20 coolant into the moderator 
region through a ho l e  i n  t h e  bottom of t h e  coolant  tube.  
This was accomplished by varying He pressure i n  a Poly- 
£10 tube a t t ached  t o  t h e  t op  of each dssembly which altered 
t h e  l e v e l  of t h e  D20 coolant .  ( ~ i g u r e  3 ) .  The He pressure - 
D20 coolant l e v e l  r e l a t i o n s h i p  was determined experimentally 
by observing t h e  pressure required fo r  t h e  onset  of bubbling 
from t h e  bottom of t h e  assembly f o r  d i f f e r en t  D20 l eve l s .  
During a He-cooled i r r a d i a t i o n  a l l  but  -- 1 cm of D20 was 
excluded from t h e  assemblies.  

4 DATA ANALYSIS ANDRESULTS 

Neutron Activat ion Dis t r ibu t ions  

The counting data from measurements with t h e  Mn-Ni 
f o i l s  were corrected  f o r  exponential decay, detec tor  sens i -  
t i v i t i e s ,  background and electroscope d r i f t .  Rela t ive  
a c t i v i t i e s  were obtained by normalizing t o  t h e  a c t i v i t y  of 
a f o i l  located near t h e  maximum neutron f l u x  i n  t h e  core. 

y-counting data from measurements with Cu f o i l s  were 
a l s o  corrected fo r  exponential decay, detec tor  s e n s i t i v i t i e s ,  
dead-time losses and background. 

Normalized and corrected a c t i v i t i e s  obtained from each 
irradiation are g i v e n  in Tables 1-A t o  36-A, Appendix A .  The 
radius ,  e leva t ion  and exact pos i t ion  i n  t h e  core ( r e f e r  t o  
Figures 4 and 5) a r e  given f o r  each f o i l .  F o i l  e levat ions  
and the c r i t i c a l  moderator height. h, are both measured with 
respec t  t o  t h e  ZED-2 zero plane, i . e .  t h e  e levat ion of t h e  
c e n t r a l  region of t h e  ca landr ia  bottom. 

4.2 Derivation of t h e  Geometrical Bucklinss 

Correc Led axial  distributions, well-removed f r o m  the 
core  boundaries, were f i t t e d  by t h e  method of least-squares 
t o  t h e  cosine function given by equation (3 ) .  Bracketed 
a c t i v i t i e s  a s  given in the tables of Appendix A were not  
included i n  t h e  f i t .  The average of t h e  two values of a 
and zo obtained from each i r r a d i a t i o n  i s  l i s t e d  i n  t h e  t a b l e s .  

Radial d i s t r i bu t i ons  were f i t t e d  by t he  method of 
least-squares t o  equation ( 9 )  but  with a f ixed value of B 
ca lcu la ted  from equation ( 4 ) .  Vdlues of L~ and irg as 

ca lcu la ted  by t h e  Chalk River l a t t i c e  rec ipe  POOOF (5) fo r  
a moderator condit ion of 25OC and 99.75 atom $ D20 were used. 



These a r e  l i s t e d  i n  Table 11. The f i t t e d  value of a was 
used and h was a t  first approximated by t he  value obtained 
from a J o ( h r )  f i t  t o  a c t i v i t i e s  obtained i n  a region of 
constant  Cd-ratio . This f i t t i n g  procedure was adopted 
a f t e r  only l imi ted success w a s  achieved whcn a l l  four para- 
meters, A, h, C and were allowed t o  vary i n  t h e  f i t .  Even 
i n  t h e  l a t t e r  cases  when convergence was a t t a ined  t h e  f i t  
e r ro r  calculated for h w a s  --  SO$ and it w a s  c u r ~ u l u r l e d  tha t  
r a d i a l  bucklings should be obta inable  from t h e  measurements 
t o  a h igher  precis ion.  The determination of r a d i a l  buckling 
by t h e  above method i s  described i n  m o r e  d e t a i l  i n  (6, 7 ) .  

S ix  values of A were obtained from each i r r a d i a t i o n  
by cu~nb i r i ing  the west-plus-south (w+s) and east-plus-north 
( E - ~ N )  data  fo r  each of t h e  t h r e e  e levat ions .  h(n),  ~ ( n - 1 )  
and ~ ( n - 2 )  l i s t e d  i n  t he  t a b l e s  a r e  t h e  average values of 
a l l  s i x  r e s u l t s .  Here n designates a value derived from 
a f i t  t o  a l l  r a d i a l  a c t i v i t i e s ,  n-1 t h e  r e s u l t s  when the  
outermost point  i n  each s e t  of data i s  omitted from t h e  f i t  
and n-2 when t h e  two outermost points  i n  each s e t  a r e  omitted. 
h2(n) values  are used i n  der iving t h e  geometrical bucklings 
given i n  Tables I11 and I V .  

The e r ro r  quoted fo r  t h e  a, h and zo values i s  

1) t h e  e r ro r  obtained from t h e  "goodness-of-fit" of 
t h e  data  t o  t he  assumed d i s t r i b u t i o n  function, o r  

2) t h e  standard devia t ion i n  t he  mean of t he  several  
values obtained fo r  each parameter, whichever i s  t he  l a rge r .  

4.3 Corrections t o  Bucklinq Values 

Corrections fo r  f o i l  and t - h i m b l e  loading e f f e c t s  and 
small temperature and pu r i t y  var ia t ions  during t he  period of 
measurements had t o  be appl ied t o  obta in  a consis tent  s e t  of 
buckling values t-o compare with l a t t i c e  ca lcu la t ions .  

Corrections fo r  t h e  ' loading e f f e c t 1  were obtained 
from measurements of t he  c r i t i c a l  height  w i t h  and wiLPlvut  
thimbles and f o i l s  i n  t he  core .  It i s  assumed t h a t  t he  
r a d i a l  buckling i s  independent of loading and c r i t i c a l  height  
and the re fo re  aCORR is 

a - IT 
CORR - 

- - - - - - - - - - - - - - -  
IT -- Ah 

( 10) 

a 
FIT 



where 

a = va lue  der ived  from t h e  f i t .  
FIT 

A h  = d i f f e r e n c e  i n  c r i t i c a l  h e i g h t s  wi th  and 
without  f o i l s  and th imbles .  

Temperature and purity c e f i c i e n t s  of buckl ing  a r e  
955 der ived  from POOOF c a l c u l a t i o n s  . The buckl ing  va lues  

l i s t e d  i n  Tables  I11 and I V  a r e  co r rec ted  t o  a  moderator 
condition of 2'j0c and 39.78 atom $ D20. 

No c o r r e c t i o n s  have been app l i ed  f o r  v a r i a t i o n  of 
the radial bucklinq with loading because it i s  assumed t o  
be  n e g l i g i b l e .  Th i s  assumption was v e r i f i e d  bo th  a n a l y t i -  
c a l l y  and exper imenta l ly .  The experiment c o n s i s t e d  of 
loading  t h e  ceriLral region of one la t t i ce  with extra thimbles 
and f o i l s .  The buckl ing  der ived  from t h i s  measurement agreed 
with t h e  buckl ing  der ived  from a measurement wi th  a  normal 
th imble  and f o i l  loading .  A f irst-order perturbation theory 
model based on one-group, four-region homogeneous d i f f u s i o n  
theory  and t h e  measured d i f f e r e n c e s  i n  c r i t i c a l  he igh t ,  a l s o  
i n d i c a t e d  t h a t  f l u x  f l a t t e n i n g  produced by the increased 
absorp t ion  i n  t h e  c e n t r a l  reg ion  of t h e  core  due t o  more 
th imbles  and f o i l s  per u n i t  volume ( s e e  Figure 4), could 
b e  ignored.  

4 .4 Macroscopic D i s t r i b u t i o n  of Cd-Ratio and R e l a t i v e  
1n/Cu r a t i o  

Resu l t s  of t h e  macroscopic In  Cd-ratio and t h e  1n/Cu 
r a t i o  measurements f o r  D20  cooled l a t t i c e s  a r e  summarized i n  
Appendix B .  Cd-rat io  va lues  ( ~ a b l e s  1-B t o  3-B) a r e  r a t i o s  
of Al-covered t o  Cd-covered a c t i v i t i e s  f o r  f o i l s  i r r a d i a t e d  
a t  t h e  same e l e v a t i o n  a t  equiva lent  r a d i a l  p o s i t i o n s  ( s e e  
F igure  4 ) .  

Axia l  v a r i a t i o n s  of t h e  Cd-ratio are shown i n  F igure  7 
and r a d i a l  v a r i a t i o n s  i n  F igure  8. 

Resu l t s  of t h e  1 n / ~ u  r a t i o s  measured i n  t h e  4.0 cm p i t c h  
D90-cooled l a t t i c e  a r e  shown i n  Table 4-B. Axia l  and r a d i a l  
variations of r e l a t i v e  1n/Cu r a t i o s  a r e  shown i n  F igures  9 and 
10 r e s p e c t i v e l y .  

Average va lues  of t h e  I n  Cd-ratio o r  r e l a t i v e  1n/Cu r a t i o s  
f o r  t h e  reg ion  where they  a r e  cons tant  wi th in  i n d i v i d u a l  experi-  
mental  e r r o r s  of + 376 a r e  l i s t e d  i n  Table V .  This  cons tant  



region i s  defined by the  dotted l i nes  in the  f igures .  Errors 
in averages are the  standard deviation, a ,  of all the  values 
within the  constant region fo r  the  a x i a l  and r a d i a l  p lo t s .  

Values marked with an a s t e r i s k  have been omitted from 
the  averages. Many of these omissions a r e  ju s t i f i ed  because 
the  Cd-covers were found t o  be loose a f t e r  i r r ad ia t ion .  

4.5 Extrapolation Lenqths 

Analysis of neutron ac t iva t ion  d is t r ibu t ions  y i e ld  
values fo r  t he  extrapolation lengths i f  t he  core s i z e  and 
c r i t i c a l  height a r e  known. The r a d i a l  extrapolation length 
CdIl  be defined a s  

where 

R = equivalent core radius defined for  a  t r iangular  
C 

a r ray  by 

whcre 

d  = l a t t i c e  pi tch 

N = number of rods, 55 i n  a l l  cases except the  driven 
l a t t i c e s .  

The t o t a l  a x i a l  extrapolation length 6 2  can be defined 
a s  

t 

where 

6ZU, 6Z1 = upper and lower extrapolation lengths respectively, 

h - 15 = distance i n  cm from bottom of fue l  t o  the  c r i t i -  
c a l  modegator leve l .  












































































































































