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A B S T R A C T  

Experiments have been done i n  t h e  ZED-2 r e a c t o r  t o  determine 

l a t t i c e  parameters f o r  f u e l  assemblies which c l o s e l y  resemble t h e  

f u e l  channels of t h e  CANDU power r e a c t o r .  The experimental  f u e l  

cons is ted  of 19-rod c l u s t e r s  of 1.421 cm diameter ,  z i rca loy-c lad  

U 0 2  of d e n s i t y  10.45 gm/crn3 housed i n  double-walled tube assemblies 

t o  s imula te  t h e  pressure  and ca landr ia  tubes  of t h e  power r e a c t o r ,  
Measurements were made i n  hexagonal l a t t i c e s  f o r  s e v e r a l  p i t c h e s  
i n  t h e  range 18-36 cm with t h r e e  d i f f e r e n t  m a t e r i a l s  f i l l i n g  t h e  
coolant  spaces o f  t h e  f u e l  assemblies;  v i z . ,  D2C,  a i r  [i.e. vo id )  

and an organic  l i q u i d  c a l l e d  Ha-40, which has t h e  chemical formula 

C1dH22.0* The moderator was i n  a l l  cases  D20. The fo1lowir.g 

q u a n t i t i e s  were determined: 

bucklings which were der ived from macroscopic f l u x  d i s t r i -  

but ions  and r e a c t i v i t y  measurements, 

a i c roscop ic  neutron a c t i v a t i o n  d i s t r i b u t i o n s  from which t h e  

average neutron d e n s i t i e s  i n  t h e  var ious  c e l l  rnatexqials were 

deduced, 

t h e  epi thermal  neutron spectrum index r ,  
t h e  e f f e c t i v e  neutron temperature Tn, 

f a s t  f i s s i o n  r a t i o s ,  and 

i n i t i a l  conversion r a t i o s .  
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In t roduct ion  

The ZED-2 r e a c t o r  (1) a t  Chalk River i s  a D20-moderated, 

zero-energy, c r i t i c a l  f a c i l i t y  i n  which experiments a r e  done t o  

determine t h e  parameters of  l a t t i c e s  of f u e l  assemblies which a r e  

p o s s i b l e  contenders as f u e l  f o r  nuc lea r  power s t a t i o n s .  I n  addi- 

t i o n  t o  ob ta in ing  information f o r  a p a r t i c u l a r  l a t t i c e  arrangement 

of  i n t e r e s t ,  measurements a r e  made f o r  var ious  l a t t i c e  arrangements, 

i . e., d i f f e r e n t  l a t t i c e  p i t c h e s  and with d i f f e r e n t  f u e l  condi t ions,  

e.g.,  d i f f e r e n t  coolant  m a t e r i a l s ,  t o  provide a broad experimental  

background f o r  t h e  l a t t i c e  r e c i p e s  used by t h e  des igners  o f  f u t u r e  

power r e a c t o r s .  S ince  ZED-2 f i rs t  went i n t o  opera t ion  i n  

September 1960, d e t a i l e d  l a t t i c e  parameter measurements have been 

made f o r  l a t t i c e s  of  f u e l  assemblies which a r e  s i m i l a r  t o  t h e  f u e l  

channels of t h e  NPD and CANDU power r e a c t o r s .  Experimental r e s u l t s  

f o r  l a t t i c e s  of NPD t y p e  7-rod U02 f u e l  bundles were presented a t  
-- 

t h e  I.A.E.A. Panel Meeting on Heavy Water L a t t i c e s  i n  Vienna i n  

February, 1963 ( 2 ) .  This paper desc r ibes  t h e  r e s u l t s  t h a t  have 

been obtained f o r  l a t t i c e s  of  CANDU t y p e  19-rod &-.- U 0 2  f u e l  bundles. 

Descript ion of Fue l  and L a t t i c e  Arran~ements  

Fig.  1 i s  a c ross - sec t iona l  view of one of t h e  f u e l  assemblies 

used i n  t h e  experiments. The f u e l  i s  i n  t h e  form of  bundles each 

c o n s i s t i n g  of 19 p e n c i l s  --- - of U 0 2  having a diameter of  1.421 cm, and a 

dens i ty  of 10.45 gm/cm3. Each p e n c i l  w a s  sheathed i n  0.454 mm t h i c k  -- --- 
zircaloy-2.  More details of the f u e l  buridles are shown i n  Fig ,  2 .  

Each assembly contained s ix  bundles. The main d i f ferences  between 



t h e  experimental  f u e l  assemblies and t h e  a c t u a l  CANDU f u e l  channels 

a r e  d i f f e r e n t  bundle end-plates,  and t h e  f a c t  t h a t  t h e  experimental 

pressure  and ca landr ia  tubes  were Alwhereas  i n  CAKDU they  a r e  

zircaloy-2 and z i rca loy-4  respec t ive ly .  However, t h e  th ickness  of  

t h e  A 1  pressure  tube  was chosen t o  g ive  t h e  same thermal neutron 

absorpt ion  as t h e  a c t u a l  p ressu re  tube.  Seven assemblies were a l s o  

a v a i l a b l e  having zircaloy-2 pressure  tubes  (but  A 1  ca landr ia  tubes )  

arid t h e s e  were used t o  determine t h e  m a t e r i a l  bucklings of  l a t t i c e s  

of assemblies with z i r c a l o y  pressure  tubes .  The phys ica l  d e t a i l s  

of t h e  experimental  f u e l  assemblies are l i s t e d  i n  Table I. Note 

t h a t  t h e  bundle end region i s  defined a s  t h a t  reg ion  l y i n g  between 

t h e  U 0 2  i n  ad jacent  bundles and extending r a d i a l l y  t o  t h e  i n s i d e  

su r face  of  t h e  pressure  tube .  

Experiments have been done with t h r e e  d i f f e r e n t  m a t e r i a l s  i n  

t h e  coolant  space, v iz . ,  D20 of moderator pur i ty ,  a i r  ( i . .  vo id)  

and an organic  l i q u i d ,  HB-40, which i s  a yel lowish l i q u i d  having 

a formula of C1gH22e0, a d e n s i t y  of  1.00 grn/cm3 a t  2 5 O ~ ,  and a 

temperature c o e f f i c i e n t  of  d e n s i t y  of -0.065% /'c i n  t h e  range 

OOC t o  3 0 0 ~ ~ .  I n  t h e  D20-cooled l a t t i c e s  t h e  D20 entered t h e  

coolant space from t h e  moderator reg ion  through holes  i n  t h e  

bottoms of t h e  assemblies.  The air-cooled l a t t i c e s  were obtained 

by excluding t h e  D20 coolant  with He gas;  each assembly w a s  made 

a i r t i g h t  and f i t t e d  a t  t h e  t o p  with p l a s t i c  tub ing  which w a s  

connected v i a  a manifold t o  a cy l inder  of helium gas l oca ted  

ou t s ide  t h e  r e a c t o r .  The D20 was forced from t h e  coolant space 

i n t o  t h e  moderator region.  The organic  HB-40 coolant was sealed 



Table I: De ta i l s  of ZED-2 Experimental Fue l  Assemblies 

19-rod Bundles 1 D e t a i l  7 0  * 
Bundles Type 1 

Bundle Length 49 38 49-38 

Sheath Spacing 1.27 1.27 1.27 

U02 Fuel:  
Length per  bundle cm 
Diameter 
Density grnTm3 

45 72 47 73 47 73 
2.400 1.421 1.421 

10.20 10  45 10  45 

I Fuel Sheath: 
Material 
1.D. cm 
Wall Thickness rnm 

Calandria  Tube : 
Idat e r i a l  
I . D .  
Wall Thickness 

A 1  ZR-2t ZR- 2 
2.438 1.431 1.431 
0.508 0.454 0 454 

Pressure  Tube: 
Mate r i a l  
I.D. cm 
Wall Thickness mm 

A 1  A 1  ZR- 2 
8.255 8 255 8.283 
0.89 2.67 4.2g 

' The c e n t r e s  of t h e  s ix  o u t e r  rods l i e  on a 5.33 cm diameter 
c i r c l e .  

Bundle End Region: 
Gap Between U02 cm 
Volume of Sheath Mate r i a l  cm3 
Volume o f  A i r  cm 
Volwne of Coolant cm 3 

%he 19 rods a r e  i n  a c i r c u l a r  a r r a y ;  one rod on the axis, s i x  
on a 3.30 cm diameter c i r c l e  and twelve on a 6.38 cm diameter 
circle. 

1 - 5 9  1.65 1.65 
59.52 23-48 23.48 

5.23 6.36 6.36 
20.24 58-52 59 . l o  



i n s i d e  t h e  coolant  space, and thus  i s o l a t e d  from t h e  moderator. 

Measurements were made i n  t r i a n g u l a r  l a t t i c e s  f o r  a  range of 

l a t t i c e  p i t ches ,  18-36 cm f o r  t h e  D20 and air-cooled l a t t i c e s  and 

18-28 cm f o r  t h e  organic-cooled l a t t i c e s .  A l l  measurements were 

made i n  a r r a y s  of 55 assemblies.  For t h e  D,O and air-cooled 

l a t t i c e s  a t  p i t ches  g r e a t e r  than 21 cm only 55 f u e l  assemblies 

were requi red .  Ext ra  r e a c t i v i t y  was requi red  f o r  a l l  of t h e  

organic-cooled l a t t i c e s  and f o r  t h e  D20 and air-cooled ones a t  

2 1  cm p i t c h  and smaller .  This was provided by adding s i x  of t h e  

assemblies w i t h  z i r ca loy  p ressu re  tubes  and/or ZEEP rods (3 )  o r  

NPD type  7-rod U 0 2  c l u s t e r  assemblies (1) around t h e  ou t s ide  of 

t h e  core.  A t y p i c a l  l a t t i c e  arrangement i s  shown i n  Fig.  3,  v i z . ,  

t h e  21 cm D20-cooled l a t t i c e  arrangement. 

Experimental Techniques 

The program of  measurements was aimed. a t  t h e  determinat ion 

o f  t h e  fol lowing l a t t i c e  parameters f o r  s e v e r a l  d i f f e r e n t  l a t t i c e  

p i t ches  with each of  t h e  t h r e e  coolants :  t h e  m a t e r i a l  buckling B ~ ,  

the microscopic neutron dens i ty  d i s t r i b u t i o n  throughout t h e  l a t t i c e  

c e l l ,  t h e  i n i t i a l  conversion r a t i o  yo,  t h e  f a s t  f i s s i o n  r a t i o  6; 

and a l s o  t h e  neutron spectrum parameters: t h e  epi thermal  spectrum 

index r and t h e  e f f e c t i v e  neutron temperature Tn. The experimental  

techniques used t o  determine them w i l l  now be descr ibed.  

1. Bucklings 

The bucklings were determined from f l u x  d i s t r i b u t i o n  measure- 

ments made with Mn (11% N i )  f o i l s  mounted i n  t h i n  A 1  thimbles  



which were placed a t  c e l l  boundary p o s i t i o n s  throughout t h e  core.  

The r e s u l t i n g  f l u x  d i s t r i b u t i o n s  well-removed from t h e  core  

boundaries ( t h e  r a d i a l  p o s i t i o n s  used i n  t h e  a n a l y s i s  a r e  shown 

i n  Fig. 3 )  were f i t t e d  by l e a s t  squares  t o  Jo o r  I, Bessel  and 

cosine func t ions  t o  determine t h e  r a d i a l  and a x i a l  buckl ings 

r e spec t ive ly .  (The r a d i a l  f l u x  d i s t r i b u t i o n  w a s  of t h e  I, form i n  

some low-buckling, t i g h t  l a t t i c e s  where a l a r g e  d r i v i n g  region was 

used and t h e r e  was a  n e t  flow of neutrons i n t o  t h e  core from t h e  

d r i v e r  reg ion;  i n  t h e s e  cases  t h e  a x i a l  geometric buckling exceeds 

t h e  m a t e r i a l  buckl ing.)  Since t h e  f u e l  i s  i n  t h e  form of bundles, 

" f lux  peaking" a t  t h e  e l eva t ions  of t h e  bundle ends w a s  observed 

p a r t i c u l a r l y  a t  t i g h t  spacings.  The measured f l u x e s  a t  t h e  bundle 

end l o c a t i o n s  were omitted from t h e  a x i a l  f i t t i n g .  

Mate r i a l  bucklings were a l s o  obtained f o r  l a t t i c e s  of D20- 

cooled assemblies having zircaloy-2 pressure  tubes  by measuring 

t h e  r e a c t i v i t y  e f f e c t  of  r ep lac ing  t h e  c e n t r a l  seven assemblies 

having A l  pressure  tubes  with ones having z i r c a l o y  p ressu re  tubes.  

The procedure used w a s  t o  measure t h e  c r i t i c a l  he igh t s  f o r  t h r e e  

d i f f e r e n t  r e a c t o r  conf igura t ions ,  v i z . ,  

( i )  t h e  normal unperturbed r e a c t o r  conta in ing  a core of 

55 f u e l  assemblies w i t h  A 1  pressure  tubes  

(ii) t h e  normal core ( ( i )  above) but wi th  a  2 . 5 4  m 

diameter f u l l  l eng th  Co wi re  loca ted  a t  t h e  boundary 

of  t h e  c e n t r a l  c e l l ,  and 

(iii) t h e  normal l a t t i c e  with t h e  seven c e n t r a l  f u e l  

assemblies of t h e  core replaced by ones having 

zircaloy-2 pressure  tubes .  



The changes i n  geometric buckling, B', of t h e  unperturbed l a t t i c e  

requi red  t o  compensate f o r  t h e  pe r tu rba t ions  were assumed t o  be 

given by, 

where Ah i s  t h e  change i n  he ight  requi red  t o  keep t h e  

r e a c t o r  c r i t i c a l  when t h e  pe r tu rba t ion  i s  made, 

h  i s  t h e  ext rapola ted  he ight  of t h e  unperturbed 

r e a c t o r ,  and 

~ ( h )  i s  a  f a c t o r  which allows f o r  t h e  dependence of 

t h e  r a d i a l  leakage upon c r i t i c a l  he igh t .  This i s  

a r e f l e c t o r  e f f e c t  which depends upon t h e  he ight  h  

and t h e  r e f l e c t o r  p r o p e r t i e s  and i s  known from 

o t h e r  experiments t o  vary from 1 . 0  t o  1 . 5  f o r  t h e  

l a t t i c e s  s tud ied  here .  

Using one-group s t a t i s t i c a l  weight theory  it can be show. 

t h a t ,  '-I 

where A B ; ~ ,  ABEg a r e  t h e  observed buckling changes f o r  t h e  

Co wire  and t h e  seven-assembly fuel replace-  

ment r e spec t ive ly ,  obtained us ing  equation (1) , 
i s  t h e  requi red  m a t e r i a l  buckling of t h e  

l a t t i c e  of f u e l  assemblies with zircaloy-2 

p ressu re  tubes ,  



where 

where 

i s  t h e  m a t e r i a l  buckling of t h e  l a t t i c e  of 

f u e l  assemblies with A 1  p ressure  tubes,  

i s  t h e  m a t e r i a l  buckling of a  l a t t i c e  of f u e l  

assemblies with A 1  p ressu re  tubes  and a l s o  a  

f u l l  l eng th  2.54 mm diameter Co wire  loca ted  

a t  t h e  boundary of  each c e l l ,  and 

W1'W7 a r e  t h e  s t a t i s t i c a l  weights of t h e  c e n t r a l  

c e l l  and t h e  c e n t r a l  seven c e l l s ,  r e spec t ive ly ,  

of t h e  unperturbed r e a c t o r .  

jl,+f7 a r e  i n t e g r a t i o n s  over t h e  c e n t r a l  c e l l  and 

c e n t r a l  seven c e l l s  r e spec t ive ly ,  and 

fl i s  assumed t o  be given by 

@ = J o ( h r ) c o s ( $ z )  ( 4 )  

2 h2 = BA1 - B 2  and 

Here only t h e  r a d i a l  dependence of fl i s  requi red  s i n c e  t h e  

pe r tu rba t ions  a r e  a l l  f u l l - l e n g t h .  A l l  q u a n t i t i e s  i n  equation ( 2  ) 

except B& a r e  known from measured f l u x  d i s t r i b u t i o n s  and c r i t i c a l  
2 heights .  ( B ; ~  - B * ~ )  w a s  ca lcu la ted  us ing  t h e  known c ross  sec t ion  

o f  Co, measured c e l l  f l u x  d i s t r i b u t i o n s  and t h e  f l u  depression 

f a c t o r  for t h e  Go wire which was measured separately, I n  making 



t h i s  c a l c u l a t i o n  1 and were assumed constant  but t h e  e f f e c t  of 

t h e  presence of t h e  Co on a l l  o t h e r  parameters was included.  

2 .  Microscopic Neutron Density D i s t r i b u t i o n s  

Neutron a c t i v a t i o n  d i s t r i b u t i o n s  were measured throughout 

c e n t r a l  l a t t i c e  c e l l s  with ^ / O . l O  rnm t h i c k  Mn-Ni f o i l s  placed 

between f u e l  p e l l e t s  and 0 . 5 1 m r n  diameter M n - N i  wi res  loca ted  i n  

ho les  d r i l l e d  u l t r a s o n i c a l l y  i n  t h e  f u e l  p e l l e t s  and a t  var ious  

p o s i t i o n s  i n  t h e  coolant  reg ion  and moderator. These measurements 

were made i n  a  s p e c i a l  s h o r t  f u e l  assembly which replaced t h e  

normal c e n t r a l  f u e l  assembly and which contained only t h r e e  f u e l  

bundles, t h e  middle one of which w a s  t h e  experimental  bundle. The 

measurements were made near  t h e  middle ( a x i a l l y )  of t h i s  f u e l  

bundle, wel l  away from t h e  end e f f e c t s .  

The t o t a l  a c t i v i t i e s  obtained were co r rec ted  f o r  t h e  macros- 

copic f l u x  v a r i a t i o n  across  t h e  c e l l  and f o r  Mn resonance a c t i -  

va t ion  us ing  t h e  measured neutron spectrum parameters ( s e e  below) 

t o  a r r i v e  a t  t h e  t o t a l  neutron dens i ty  d i s t r i b u t i o n  throughout t h e  

l a t t i c e  c e l l .  S ince  t h e  t o t a l  TMn a c t i v a t i o n  i s  proportional t o  

where n  i s  t h e  t o t a l  neutron dens i ty ,  

Go i s  t h e  2200 m / s  c r o s s  s e c t i o n  of Mn, 

Gt,Gr a r e  t h e  thermal and resonance s e l f - s h i e l d i n g  

f a c t o r s  f o r  t h e  d e t e c t o r s ,  - 
so s (T,/T, and 



g , r  and s a r e  t h e  we l l  known parameters def ined by 

Westcott e t  a l .  ( 4 ) .  

The r e l a t i v e  neutron dens i ty  d i s t r i b u t i o n  i s  obtained by d iv id ing  

t h e  measured a c t i v i t i e s  by t h e  appropr ia t e  (Gtg + Grso  r dm ) 

f a c t o r  us ing  t h e  measured va lues  of r ~ T ~ / T ,  . Gt va lues  were 

ca lcu la ted ,  g  was taken as 1.000 f o r  Mn and G r s o  values were 

measured i n  sepa ra te  Cd r a t i o  experiments us ing  t h i n  Au f o i l s  a s  

a  s tandard.  Graphical i n t e g r a t i o n  i s  used t o  determine average 

neutron d e n s i t i e s  i n  t h e  var ious  c e l l  ma te r i a l s .  

3. Neutron Spectrum Parameters 

Measurements of t h e  epi thermal  neutron spectrum pararneter r, 

and t h e  e f f e c t i v e  neutron temperature Tn ( a  measure of t h e  s p e c t r a l  

hardening)  were made i n  t h e  f u e l ,  a t  a  c e l l  boundary p o s i t i o n  i n  

t h e  moderator and on t h e  o u t e r  su r face  of t h e  ca landr ia  tube.  The 

technique used has besn descr ibed i n  d e t a i l  by Bigham e t  a l .  ( 5 ) .  

Thin In-A1 and Lu-Mn-A1 f o i l s  were i r r a d i a t e d  t o g e t h e r  at  s e v e r a l  

p o s i t i o n s  i n s i d e  t h e  f u e l  c l u s t e r  and i n  t h e  moderator of t h e  

c e n t r a l  c e l l  and a l s o  a t  a re fe rence  pos i t ion ,  e i t h e r  i n  t h e  D20 

r e f l e c t o r  ou t s ide  t h e  core o r  i n  t h e  g r a p h i t e  r e f l e c t o r  below t h e  

ca landr ia  f l o o r .  Once t h e  s p e c i f i c  a c t i v i t i e s  of t h e  In ,  Mn and 

Lu-176 d e t e c t o r s  have been determined, t h e  va lues  of  r and Tn a r e  

deduced us ing  t h e  fol lowing expressions;  



wrhere A i s  t h e  s p e c i f i c  a c t i v i t y ,  

x r e f e r s  t o  t h e  p o s i t i o n  i n  t h e  t e s t  c e l l ,  and 

o r e f e r s  t o  t h e  r e f l e c t o r  re ference  pos i t ion .  

T h e  value of ( ~ V T ~ / T ~ ) ~  i s  determined by measuring t h e  Cd r a t i o  

for t h i n  In-A1 f o i l s  a t  t h i s  p o s i t i o n ;  ( r . / ~ ~ ) o  i s  small so t h a t  

t h e  uncer t a in ty  i n  i t s  measurement in t roduces  a n e g l i g i b l e  e r r o r  i n  

t h e  determination of ( ~ V T , / T ~ ) ~ ,  Values of  G r s o  f o r  t h e  d e t e c t o r s  

a r e  known from Cd r a t i o  measurements and a r e  based on t h e  va lue  

so = 18.8 f o r  I n  suggested by Bigham e t  a l .  ( 5 ) .  Gt va lues  a r e  

ca lcu la ted  and g values  a r e  taken from Westcott ( 6 ) .  Thus va lues  

of r v T  /T a r e  der ived from equation ( 5 ) .  They a r e  used i n  n o 
equation (6 )  t o  deduce t h e  e f f e c t i v e  neutron temperatures.  The 

second square bracket  i n  equation ( 6 )  i s  determined from t h e  

a c t i v i t y  r a t i o  i n  t h e  r e fe rence  p o s i t i o n  where t h e  neutron tempera- 

ture i s  assumed equal  t o  t h e  phys ica l  temperature.  Thus va lues  of 

g,, which i s  a known func t ion  of Tn, a r e  der ived from equation ( 6 )  

and hence Tn values a r e  determined. Combining t h e  va lues  of  

~ \ /T , /T ,  and Tn g ives  r.  

4. Fast  F i s s ion  Rat ios  

The fast  f i s s i o n  r a t i o  6 ( t h e  number of U-238 f i s s i o n s  pe r  

U-235 f i s s i o n )  was obtained by measuring t h e  f i s s i o n  product 

gamma-ray a c t i v i t i e s  i n  natural  and deple ted  uranium meta l  f o i l s .  



The f o i l s  were t h e  same diameter as t h e  f u e l  p e l l e t s  and were 

i r r a d i a t e d  i n  a  r e p r e s e n t a t i v e  c ross  sec t ion  of t h e  c e n t r a l  f u e l  

assembly. The f i s s i o n  product gamma-counting r a t e s ,  (above a 

th resho ld  of 1 . 3  Mev) co r rec ted  f o r  t h e  U-235 f i s s i o n  i n  t h e  

deple ted  f o i l  and t h e  U-238 f i s s i o n s  i n  t h e  n a t u r a l  f o i l ,  g ive  t h e  

t ime dependent q u a n t i t y  

0-238 pamma-counting r a t e )  ( 7 )  
U-235 gamma-counting r a t e  

The f a s t  f i s s i o n  r a t i o  i s  given by 

The t ime dependent c a l i b r a t i o n  f a c t o r  ~ ( t )  was found by i r r a d i a t i n g  

t h e  same f o i l s  i n  a f a s t  neutron f a c i l i t y ,  where t h e  fast f i s s i o n  
t 

r a t i o  8 was known, and counting t h e  gamma-ray a c t i v i t i e s  t o  
t t t  

obta in  R ( t )  and hence P ( t )  = ti /~, , ( t ) .  A back-to-back f i s s i o n  
Y 

chamber conta in ing  n a t u r a l  uranium on one s i d e  and U-235 on t h e  
t 

o t h e r  w a s  used t o  obta in  b; by measuring t h e  f i s s i o n  r a t e  r a t i o ,  R', 

( n a t u r a l  U/U-235) w i t h  t h e  chamber i n  t h e  f a s t  neutron f a c i l i t y  and 

t h e  corresponding r a t i o ,  R', with it i n  a thermal f l u x  ( 8  = 0 ) .  
8 

Then, 8 = (R ' /RO)-1 .  

5 .  I n i t i a l  Conversion Rat ios  

Values of t h e  i n i t i a l  conversion r a t i o ,  yo ( t h e  number of 

Pu-239 atoms produced pe r  U-235 atom des t royed)  were determined by 

comparing t h e  r e l a t i v e  neptunium and r e l a t i v e  f i s s i o n  product 

a c t i v i t i e s  induced i n  t h i n  wafers of na tu ra l  uranium oxide i n  a  

r e p r e s e n t a t i v e  c ross  s e c t i o n  of t h e  c e n t r a l  f u e l  assembly and i n  



a thermal neutron f l u x  e i t h e r  i n  a  tank of  D20 a t t ached  t o  t h e  end 

of a thermal column i n  t h e  N R X  r e a c t o r  o r  i n  t h e  ZED-2 bottom 

g r a p h i t e  r e f l e c t o r .  The neptunium was counted using a coincidence 

method which suppresses  t h e  f i s s i o n  product and n a t u r a l  background 

r a t e s  t e n  t imes more than  t h e  neptunium r a t e .  The d e t a i l s  of  t h i s  

technique have been descr ibed by Tunn ic l i f f e  e t  a l .  ( 7 )  and 

Chidley e t  a l .  ( 8 ) .  

The conversion r a t i o  i s  given i n  terms of  t h e  measured 

a c t i v i t y  r a t i o s  by t h e  fol lowing expression, 

"0 

thermal u-235 

where 28 Pa , 2z5 a r e  t h e  absorpt ion c ross  s e c t i o n s  of 

U-238 and U-235 respec t ive ly ,  

a is  t h e  r a t i o  of cap tu re  t o  f i s s i o n  

c ross  s e c t i o n s  of U-235, and 

Np-239 a c t i v i t y  ( f u e l )  
Np-239 a c t i v i t y  ( thermal)  I 

I U-235 f i s s i o n  product a c t i v i t y  ( f u e l )  
U-235 f i s s i o n  product a c t i v i t y  ( thermal)  I 

i s  t h e  measured a c t i v i t y  r a t i o  correc ted  f o r  U-238 f i s s i o n  product 

a c t i v i t y .  Hence t h e  abso lu te  value of  t h e  i n i t i a l  conversion 

r a t i o  y o  is based on t h e  value o f  Xa  /za [ 2* 25] themal  
= 0.562 and 

values of obtained from re fe rence  (6)  us ing  t h e  
+a f u e l  

measured r -va lues  and neutron temperatures .  The cor rec t ion  f o r  

t h e  U-238 f i s s i o n  product a c t i v i t y  i n  f u e l  Has t h e  t ime dependent 



quantdity R y ( t )  defined above, t h a t  i s ,  

(y-235 fission product activity) = (Observed f i s s i o n  product a c t i v i t y )  
1 + R y ( t )  

Resu l t s  and Discussion 

The r e s u l t s  o f  t h e  buckling measurements a r e  l i s t e d  i n  

Table 11. The va lues  given have been cor rec ted  f o r  t h e  loading 

e f f e c t  of  t h e  experimental  f o i l s  and thimbles  and t o  t h e  s tandard 

moderator condi t ions  of 2 5 ' ~  and 99.63 atom % D20. The c o r r e c t i o n s  

were based on ca lcu la ted  temperature and p u r i t y  c o e f f i c i e n t s  

obtained from POOOF, t h e  l a t e s t  vers ion  (due t o  Primeau ( 9 ) )  of t h e  

Chalk River l a t t i c e  c a l c u l a t i o n  program. The e r r o r s  quoted on t h e  

va lues  of B : ~  a r e  based on t h e  e r r o r  ca lcu la ted  from t h e  counting 

s t a t i s t i c s  and assumed f o i l  pos i t ion ing  u n c e r t a i n t i e s  o r  t h a t  given 

by t h e  goodness-of-fit of t h e  measured f l u x  d i s t r i b u t i o n s  t o  t h e  

assumed funct ions ,  whichever was t h e  g r e a t e r .  The va lues  quoted 

a r e  t h e  means of a t  l e a s t  two ( i n  one case s ix )  i n d i v i d u a l  measure- 

ments. The va lues  of B& have l a r g e r  e r r o r s  due t o  t h e  uncer t a in ty  

2 2  i n  t h e  theory  used t o  deduce (BA1 - B Z R ) -  B& i s  -0.2 m m 2  l e s s  

2 than BA1 at  t h e  lowest p i t c h  but t h i s  d i f f e r e n c e  decreases  t o  

0 .l. rn-2 a t  t h e  widest  l a t t i c e  p i t c h  s tud ied .  The d i f f e r e n c e s  

observed a r e  cons i s t en t  with t h e  d i f f e r e n c e s  i n  t h e  c ross  s e c t i o n s  

2  of A 1  and zircaloy-2.  The BA1 r e s u l t s  a r e  p l o t t e d  i n  Fig.  4 a s  a 

funct ion  of l a t t i c e  p i t c h .  The curves shown i n  F ig .  4 a r e  

bucklings obtained with POOOF, t h e  l a t t i c e  c a l c u l a t i o n  program. 



Table 11: Bucklings, F a s t  F i s s i o n  Ra t ios  and I n i t i a l  Convers ior  -- "-- Rat ios  .--- ~ e 

P* 
Coolant P i t c h  6 + r , 

' 0  

crn m -2 rn - 2  ----- -- ------ " 

AIR 

' Average of t w o  measurements. 

"~11 buckling values correspond t o  moderator cond i t ions  of 2 5 ' ~  and 99.63 atom $ D20. 



A s  i s  evident  from t h e  graph, t h e  c a l c u l a t i o n s  g ive  bucklings 

lower than  t h e  measured va lues  a t  l a r g e  spacings and h igher  than  

t h e  measured ones a t  small spacings.  The program at tempts  t o  

allow f o r  t h e  bundle end e f f e c t s  by assuming t h a t  t h e  c l u s t e r  

m a t e r i a l s  a r e  f u l l - l e n g t h  but with e f f e c t i v e  a reas  cons i s t en t  with 

t h e  t o t a l  volume of each m a t e r i a l .  

It should be mentioned here  t h a t  t h e r e  i s  a poss ib le  sys te-  

matic  e r r o r  i n  t h e  buckling r e s u l t s .  Recent work by Henderson (101, 

who has appl ied  t h e  microscopic-discrete  theory  (11) t o  t h e  calcu- 

l a t i o n  of f l u x  d i s t r i b u t i o n s  i n  l a t t i c e s  similar t o  those  s tudied  

here,  suggests  t h a t  t h e  e f f e c t  of t h e  f l u x  t r a n s i e n t  a t  t h e  

c o r e - r e f l e c t o r  ( o r  core-dr iver  reg ion)  i n t e r f a c e  i s  no t  n e g l i g i b l e  

a t  t h e  o u t e r  po in t s  used i n  t h e  present  a n a l y s i s  t o  determine t h e  

r a d i a l  bucklings.  The r e s u l t s  quoted he re  a r e  der ived us ing  t h e  

f i v e  d i f f e r e n t  r a d i a l  p o s i t i o n s  shown i n  Fig. 3 t o  g ive  t h e  r a d i a l  

buckling; Hendersont s a n a l y s i s  suggests  t h a t  a more c o r r e c t  value 

i s  given by t h e  t h r e e  inner  po in t s .  The e f f e c t  i s  i n  a  d i r e c t i o n  

t o  give l a r g e r  bucklings,  and i s  more pronounced a t  t i g h t e r  

l a t t i c e s .  A t  t h e  widest  l a t t i c e s  t h e  e f f e c t  appears t o  be 

d 0 . 0 5  m-2 i n  B* but could be much l a r g e r  at  t h e  c l o s e s t  spacings.  

I n ~ e s t i g a t i o n  of t h i s  e f f e c t  i s  continuing. The e f f e c t  could 

account f o r  (a t  l e a s t  p a r t i a l l y )  t h e  discrepancy between t h e  

experiments and c a l c u l a t i o n s  a t  t h e  smal ler  p i t ches .  

The r e s u l t s  of  t h e  microscopic neutron d e n s i t y  d i s t r i b u t i o ~ s  

a r e  listed i n  Table 111, normalized t o  1.000 i n  t h e  f u e l .  It i s  

t o  be noted t h a t  t h e s e  r e s u l t s  apply t o  t h e  mid-bundle region, 

well-removed from t h e  f l u x  peaking e f f e c t  a t  t h e  end of t h e  bunciltz.  



Table 111: Resul ts  of blicroscopic Neutron Density Measurements 

Coolant  P i t c h  

cm 

AIR 

Flux  Peaking 21 
F a c t o r s  (D20-cooled) 1.014 1 043 1.022 1.005 1.004 1.003 

S u b s c r i p t s  f ,  s, c ,  p t ,  ag, c t  and m r e f e r  t o  f u e l ,  sheath,  coolant ,  pressure  tube,  
a i r  annulus, ca landr ia  tube  and moderator, r e spec t ive ly .  



I n  t h e  21  cm D20-cooled l a t t i c e  a measurement w a s  made of t h e  f l u x  

peaking caused by t h e  gap between t h e  f u e l  i n  ad jacent  bundles. 

The r e s u l t s  a r e  given a t  t h e  bottom of Table I11 a s  " f lux  peaking 

factorsw.  The f l u x  peaking f a c t o r  f o r  t h e  ith m a t e r i a l  i s  

defined as t h e  f a c t o r  by which t h e  mid-bundle neutron dens i ty  i n  

t h e  ith m a t e r i a l  must be mul t ip l i ed  t o  give t h e  average ( a x i a l )  

neutron dens i ty  i n  t h a t  ma te r i a l .  It i s  assumed t h a t  t h e  peaking 

f a c t o r s  a r e  independent of l a t t i c e  p i t c h  and of type  of coo lan t ;  

t h e  l a t t e r  assumption i s  borne out  by o t h e r  experiments i n  l a t t i c e s  

of ?-rod U02 bundles ( 2 ) .  The e r r o r s  i n  t h e  r e l a t i v e  neutron 
+ d e n s i t i e s  a r e  thought t o  be - 2%. Throughout t h e s e  measurements 

t h e  moderator p u r i t y  va r i ed  from 99.64 t o  99.58 atom % and t h e  

temperature var ied  from 2 2 ' ~  t o  28 '~ ;  no c o r r e c t i o n s  have been 

made f o r  t h e s e  e f f e c t s .  

The measured va lues  of r and Tn a r e  given i n  Table I V .  The 

temperatures  a r e  expressed as hardening va lues ,  AT, where BTx i s  

t h e  d i f f e r e n c e  between t h e  neutron temperature a t  p o s i t i o n  x and 

t h e  phys ica l  moderator temperature.  W e  es t imate  t h e  e r r o r s  i n  r 
f t o  be - 3% (mainly due t o  t h e  uncer t a in ty  i n  t h e  I n  resonance 

+ 
parameters;  t h e  r e l a t i v e  va lues  of r a r e  f e l t  t o  be good t o  - 1%) 

and i n  t h e  AT va lues  t o  be f 3 ' ~ .  (lie be l i eve  t h a t  ATm f o r  t h e  

24 cm air-cooled l a t t i c e  i s  a f lye r ! )  The va lues  of r q o  and 

AT a r e  p l o t t e d  i n  Figs .  5 and 6 r e s p e c t i v e l y  aga ins t  

V ~ ~ , / ( v D  2 0 + *753 VHB-40) where VUO 2 3 VDpO and vHB-40 a r e  

volumes o f  U 0 2 ,  D20 and HB-40 r e s p e c t i v e l y  p e r  u n i t  length  of c e l l .  

The f a c t o r  3.753, equal  t o  t h e  r a t i o  ( ( x ~ ) ~ ~ - & ~  /(Sxs)D20 allows 

( a t  l e a s t  nominally) f o r  t h e  g r e a t e r  moderating power of t h e  HB-&O. 



Table IV: Neutron Spectrum Parameters 

Coolant P i t c h  

A I R  

' Subscr ip t s  f ,  rn, s r e f e r  t o  f u e l  average, a  p o s i t i o n  i n  t h e  moderator halfway 
between neighbouring rods,  and t h e  ou te r  su r face  of t h e  c a l a n d r i a  tube ,  r e s p e c t i v e l y .  

" AT is  t h e  d i f f e r e n c e  between t h e  neutron temperature a t  p o s i t i o n  x and t h e  phys ica l  
rnozerator temperature.  * T h i s  value appears  t o  be a f l y e r !  



(VDZO inc ludes  both moderator and coolant  i n  t h e  D20-cooled c a s e s . )  

The corresponding r e s u l t s  f o r  ?-element l a t t i c e s  a r e  shown i n  

Figs .  7 and 8 .  ( D e t a i l s  of t h e  ?-element f u e l  c l u s t e r s  a r e  a l s o  

l i s t e d  i n  Table I. ) I n  each f i g u r e ,  t h e  upper va lues  a r e  f o r  t h e  

c l u s t e r  average and t h e  lower va lues  a r e  f o r  t h e  c e l l  boundary 

p o s i t i o n  i n  t h e  moderator. The ca landr ia  tube  values f o r  t h e  

19-element c l u s t e r s  which a r e  not  p l o t t e d ,  f a l l  between t h e  f u e l  

and moderator values.  

A l i n e a r  dependence of rv T,/T, and AT on v ~ ~ ~ / ( v ~ ~ ~  + 3-753 VHB-4r)j 

i s  suggested and t h e  s t r a i g h t  l i n e s  shown a s  guides t o  t h e  eye a r e  

t h e  same i n  Figs .  5 and 7 and i n  Figs ,  6 and 8 .  The c l u s t e r  values 

of both ~VT,/T, and AT must approach a constant  i s o l a t e d  rod 

value a t  wide spacings (small  V U O ~ / ( ~ D ~ O  + 3*753 V ~ ~ - 4 0  ) )  and t h i s  

i s  suggested by t h e  dashed extension of t h e  l i n e s  although t h e r e  

i s  no i n d i c a t i o n  of such curvature  from t h e  r e s u l t s .  For t h e  c e l l  

boundary r e s u l t s  t h e  l i n e s  through t h e  ~VT,/T, va lues  pass  

through t h e  o r i g i n  but t h e  l i n e s  through t h e  AT va lues  have an 

i n t e r c e p t  of about - 6 ' ~ .  This i n d i c a t e s  a non- l inea r i ty  at small  

va lues  of AT o r  poss ib ly  an e r r o r  i n  t h e  assumption t h a t  t h e  

r e fe rence  neutron temperature was equal  t o  t h e  moderator temperature.  

These neutron spectrum parameters, when combined with t h e  

neutron d e n s i t y  r e s u l t s  l i s t e d  i n  Table 111, can be used t o  de ter -  

mine values of t h e  thermal  u t i l i z a t i o n  f and thermal d i f f u s i o n  

area L". 

The experimental  va lues  of 6 a r e  l i s t e d  i n  Table I1 and 
t 

p l o t t e d  i n  Fig.  9 aga ins t  l a t t i c e  p i t ch .  E r r o r s  of - 2% are 

ind ica ted .  An inc rease  i n  6 with decreas ing  p i t c h  i s  c l e a r l y  



shown. The curves a r e  of t h e  form 

where 6 (or, ) i s  t h e  i s o l a t e d  c l u s t e r  value,  

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

b  = 1 . 5  cm i s  a  cons tant ,  and 

L = 4.6 cm i s  t h e  r e l a x a t i o n  length  f o r  f i s s i o n  

neutrons (causing f a s t  f i s s i o n )  i n  D20 (12) .  The exponent ial  term 

i s  an approximation f o r  t h e  con t r ibu t ion  from t h e  s ix  adjacent  

neighbours i n  t h e  l a t t i c e .  The va lues  of 6(00)  = 0.0476 and 0.0538 

f o r  D 2 0  coolant  and a i r  coolant  r e s p e c t i v e l y  a r e  i n d i c a t e d .  The 

HB-40 values i n d i c a t e  &(a ) = 0.0480, no t  s i g n i f i c a n t l y  h igher  

than  f o r  D20. 

The c l u s t e r  average va lues  of yo a r e  l i s t e d  i n  Table 11. The 

va lues  f o r  D20-cooled l a t t i c e s  a t  spacings of 18, 21 and 28 cm a r e  

those  given by Chidley e t  a l .  (8)  but increased a  small  amount due 

t o  a reduct ion i n  t h e  co r rec t ion  f o r  t h e  small  gap (d  0.013 mm) 

between t h e  wafer and t h e  p e l l e t s .  This c o r r e c t i o n  ( < 0 .5%)  was 

remeasured and found t o  be somewhat smal ler  than  t h a t  used by 

Chidley e t  a l .  ( 8 ) .  New measurements of  yo were made a t  36 crn 

and 24 cm (two) and t h e  va lues  obtained a r e  about 3% h igher  than 

those  l i s t e d  by Chidley e t  a l .  ( 8 ) .  The reason f o r  t h i s  i s  not  

understood. 

The values of yo have been p l o t t e d  aga ins t  v ~ ~ ~ / ( v ~ ~ ~  + 

3*753 VHB-40 ) i n  Fig.  10. An almost l i n e a r  dependence, with an 

i n d i c a t i o n  of curvature  a t  l a r g e  l a t t i c e  spacings i s  suggested 

and curves have been drawn a s  guides t o  t h e  eye. 



The s t a t i s t i c a l  counting e r r o r s ,  inc luding  u n c e r t a i n t i e s  i n  
+ t h e  co r rec t ions ,  were i n  t h e  range - (0 .3-0 .5)%,  t h a t  i s ,  

comparable with t h e  s i z e  of t h e  p o i n t s  i n  t h e  f i g u r e .  Measure- 

ments were made i n  a l l  f i v e  elements across  t h e  c l u s t e r  and 

consequently d u p l i c a t e  values of yo were obtained f o r  t h e  o u t e r  

and i n n e r  r i n g s  of elements. The d i f f e r e n c e s  between t h e s e  

d u p l i c a t e  va lues  a r e  a  measure of t h e  consis tency of t h e  measure- 

ments. The roo t  mean square d i f f e r e n c e  f o r  27 p a i r s  of  yo values 

was 0.73% which corresponds t o  a  0.52% (0.73/ fi) e r r o r  f o r  a 

s i n g l e  value.  The corresponding average s t a t i s t i c a l  e r r o r  was 
4- 

about - 0.4%. The l a r g e r  rms devia t ion  i n d i c a t e s  an a d d i t i o n a l  
+ error  of about - 0.3%, perhaps due t o  misalignment of t h e  wafers 

between p e l l e t s  o r  misalignment of elements i n  t h e  c l u s t e r .  There 

i s  a l s o  t h e  systematic  e r r o r  of + 0.8% assoc ia ted  with t h e  Maxwellian 

spectrum value (0.562) on which t h e  r e s u l t s  a r e  based. More 

d e t a i l e d  d iscuss ion  of t h e  c o r r e c t i o n s  and e r r o r s  i s  given i n  

re ferences  ( 7 )  and ( 8 ) .  

A comparison with t h e  ?'-element l a t t i c e  va lues  given by 

Tunn ic l i f f e  e t  a l .  ( 7 )  i s  made i n  Fig.  11 where t h e  experimental  

p o i n t s  g ive  t h e  7-element va lues  and t h e  curves t h e  19-element 

r e s u l t s .  The t r ends  a r e  s i m i l a r ,  with t h e  19-element va lues  f o r  

each coolant  about 3% higher  than  t h e  ?-element values.  

The values of 6 and yo found here  can be used i n  conjunction 

w i t h  t h e  appropr ia t e  expressions t o  y i e l d  values f o r  t h e  f a s t  

f i s s i o n  f a c t o r  c ,  and t h e  resonance escape p r o b a b i l i t y  p. 



Summary 

Experiments done i n  t h e  c r i t i c a l  f a c i l i t y  ZEI)-2 t o  determine 

parameters f o r  l a t t i c e s  of f u e l  assemblies which a r e  a  c l o s e  

molckup of t h e  a c t u a l  f u e l  channels of t h e  power r e a c t o r  CANDU 

(and a l s o  N P D )  have been descr ibed.  

The r e s u l t s  of t h e s e  measurements can now be compared with 

t h e  same parameters obtained from t h e  l a t t i c e  r ec ipes .  The 

agreement between t h e  measured and ca lcu la ted  parameters may then 

be u s e f u l  as a  guide t o  t h e  development of b e t t e r  r ec ipes .  If 

t h e  l a t t i c e  r e c i p e s  can p r e d i c t  c o r r e c t l y  t h e  r e s u l t s  of c lean ,  

cold l a t t i c e  experiments such as those  descr ibed here,  then some 

confidence can be f e l t  i n  ex t rapo la t ing  them t o  t h e  opera t ing  

condi t ions  appropr ia t e  t o  an a c t u a l  power r e a c t o r .  
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