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A B S T R A C T  

The buckl ings  of heavy water  moderated l a t t i c e s  

of zEEP rods  (3 .25  cm diameter n a t u r a l  U metal contained 

i n  aluminum tubes )  were measured by t h e  f l u x  mapping 
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bucklings,  co r r ec t ed  f o r  t h e  0.34 atom percent  d i f f e r ence  

i n  i s o t o p i c  composition, a r e  i n  e x c e l l e n t  agreement wi th  

e a r l i e r  measurements made i n  t h e  ZEEP r e a c t o r .  
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BUCKLINGS OF HEAVY WATER MODERATED. 

LATTICES O F  ZEEP RODS 

By F .N .  McDonnell and A .  Okazaki 

INTRODUCTION 

The buckl ings  of heavy water moderated l a t t i c e s  of 

ZEEP rods,  which a r e  3 .25  cm diameter n a t u r a l  uranium metal 

contained i n  aluminum tubes ,  had been measured some t i m e  ago 

by f l u x  mapping i n  t h e  ZEEP reac to r ' ' ) .  This r e p o r t  desc r ibes  

r e c e n t  measurements of t h e s e  bucklings i n  t h e  ZED-2 r eac to r  - 
us ing  s tandard  ZED-2 techn iques (2)  . These a r e  s i m i l a r  t o  

t hose  used i n  ZEEP b u t  w i t h  some improvement i n  pos i t ion ing  

of foils. A t  the time of t h e  measurements i n  ZED-2 t h e  heavy 

w a t e r  contained 99.46 atom percent  D,O. I n  t h e  e a r l i e r  experi-  

ment the moderator was 99.80 atom percent  D,O. Since  t h e  

buck l ing  change f o r  t h i s  0.34 atom percent  d i f f e r e n c e  i n  

i so tope  composition i s  l a r g e ,  a comparison of t h e  ZED-2 and - 
ZEEP r e s u l t s  y i e l d s  t h e  dependence of t h e  buckl ing on t h e  D,O 

con ten t  of t h e  moderator.  

2 .  EXPERIMENTAL MEASUREMENTS 

2 .1  L a t t i c e  Arranqement 

A cross - sec t ion  of  a ZEEP rod used i n  t h e s e  experiments 

i s  shown i n  F igure  1. Each rod c o n s i s t s  of n a t u r a l  uranium 

meta l  cy l i nde r s ,  3.25 an diameter  and 15 m long, s tacked i n  

a 2s  aluminum a l l o y  tube  w i t h  0.1 cm t h i c k  w a l l .  The f u e l  

l e n g t h  i n  t h e  rod i s  285 cm. T h e  bottom of t h e  f u e l  was 1 5  cm 

above the c a l a n d r i a  f l o o r .  
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AXIAL OlSTRlBUT ION 

X FOIL THIMBLES 
0 ZEEP RODS 

F ig .  1 F o i l  loading p a t t e r n  and c ross - sec t ion  of ZEEP rod. 

The buckl ing measurements were made i n  t h e  cores  con- 

t a i n i n g  91 ZEEP rods  a t  5 t r i a n g u l a r  l a t t i c e  p i t ches  from 

16 t o  22 an. The ZED-2 r eac to r  tank ( 3 )  h a s  a diameter of 

3 3 6  cm so t h e r e  was a t  l e a s t  a  58 cm t h i c k  heavy water r e f l e c t o r  

around t h e  cores .  The g r aph i t e  s i d e  and bottom r e f l e c t o r s  a r e  

60 an and 90 cm t h i c k  r e spec t i ve ly .  

2 . 2  Bucklinq Measurement 

Bucklings were d e t e r m i n e d  f r o m  foil a c t i v a t i o n  measure- 

ments a t  pos i t i ons  mid-way between f u e l  assemblies.  Figure  1 

shows t h e  l oca t i ons  of the thimbles. For the radial distribu- 

t i o n  measurements, f o i l s  were placed a t  t h r e e  e l eva t i ons  along 

a  diameter of t h e  l a t t l c e .  The a x i a l  distribution was measured 

with  f o i l s  placed a t  10 cm i n t e r v a l s  a t  two loca t i ons  mid-way 

between the  c e n t r a l  rod and two opposite nea re s t  neiqhbours. 



m (11% N i )  a l l o y  f o i l s  were used as  neutron d e t e c t o r s .  

After  i r r a d i a t i o n  the induced 2 . 5 8  h r  MnS6 a c t i v i t y  was 

measured wi th  a TQQB e lec t roscope .  The experimental technique 

has been described previously i n  d e t a i l ( * )  and w i l l  no t  be 

repeated he re .  

T h e  c r i t i c a l  moderator he igh t  was measured wi th  and 

without  t h e  f o i l s  i n  t h e  r e a c t o r .  While t h e  he igh t  changes 

can be measured t o  0.01 cm, t h e  he igh t  above t h e  ca l and r i a  

f l o o r  i s  es t imated t o  be known t o  f 0.2 an. 

3.  RESULTS 

3 .1  F o i l  A c t i v i t y  

The normalized Mn f o i l  a c t i v i t i e s ,  cor rec ted  f o r  decay 

and background, a r e  given i n  Tables  A-1 t o  A-5, Appendix A.  

The r a d i u s ,  e l e v a t i o n  and pos i t i on  i n  t h e  core  ( s ee  F ig .  1) 

a r e  given f o r  each f o i l .  A l l  e l e v a t i o n s  a r e  measured from t h e  

ca l and r i a  f l o o r .  

3 .2  Determination o f ,  Buckling 

Corrected a x i a l  d i s t r i b u t i o n s ,  w e l l  removed from the 

core  boundaries,  were f i t t e d  by t h e  method of l e a s t  squares 

t o  t h e  func t ion ,  

@ ( z )  = b cosa(z -zo)  

w h e r e  @ ( z )  = t h e  a c t i v i t y  of t h e  f o i l  a t  e leva t ion  2, 

and H = ex t rapo la ted  h e i g h t .  



The bracketed a c t i v i t i e s  i n  t h e  t a b l e s  of Appendix A were no t  

included i n  t h e  f i t .  The average of t h e  two va lues  of a 

obta ined 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 b u t i o n s  were f i t t e d  by t h e  method of 
(2) - l e a s t  squares  t o  t h e  fol lowing func t ion  . 

where 

@(r) i s  t h e  homogeneous two-group d i f f u s i o n  express ion f o r  

the fundamental radial d i s t r i b u t i o n  of t h e  thermal neutron 

f l u x .  
The value  of X used i n  t h e  c a l c u l a t i o n  of o2 was 

obta ined from a l e a s t  squares  f i t  of t h e  r a d i a l  d i s t r i b u t i o n  

t o  t h e  J, ( A r  ) Bessel  func t ion .  La and L: were ca l cu l a t ed  w i th  

t h e  LATREP (4) code and a r e  l i s t e d  i n  Table 1. The determinat ion 

of t h e  radial buckl ing by t h e  above method i s  descr ibed i n  more 

d e t a i l  i n  Reference ( 2 ) .  The A va lues  given i n  Tables A-1 and 

- A-5 are 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 ) ,  wi th  

t h e  outermost po in t  i n  each set omitted (n-1) ,  and wi th  t h e  

two outermost points  i n  each set omitted (n -2) .  h2 values  
(n-1) 

a r e  used i n  der iv ing  t h e  bucklings given i n  Table 2 .  The (n-1) 

po in t  i s  approximately .2* pitches f r o m  the  equ iva len t  core  

boundary Rc, where 
R, = 0.525 ~ J N  

d = l a t t i c e  p i t c h  

and N = number of rods (91) 



Table 1: LATREP Calculated L~ and L? f o r  

ZEEP Rod L a t t i c e s *  

* Moderator condi t ions  2 5 ' ~ ,  99.50 atom % D 2 0 .  

Tr iangula r  
P i t ch  (cm) 

16.0 

1 7 . 3  

18.9 

19.68 

22.0 

The buck l ing  r e s u l t s  of Hone e t  a l .  were based on 

a radial fit to the one group J, ( Ar) d i s t r i b u t i o n .  For comparison, 

t h e  r e s u l t s  of t h e  5-point J,(Xr) f i t  t o  t h e  p resen t  da t a  a r e  

also presented i n  Table 2. 

The buckl ing r e s u l t s  a r e  summarized i n  Table 2 .  The 

quoted e r r o r s  a r e  based on t h e  "goodness of f i t "  of t h e  measured 

a c t i v i t i e s  t o  t h e  assumed d i s t r i b u t i o n  func t i ons .  The correc-  

t i o n s  f o r  t h e  f o i l  and thimble loading were obtained from the  

c r i t i c a l  h e i g h t s  measured wi th  and wi thout  t h e  loading,  assuming 

t h a t  t h e  r a d i a l  buckl ing d id  no t  change. A$ i s  t h e  LATREP 

ca l cu l a t ed  temperature co r r ec t i on  t o  be app l ied  t o  ob t a in  the 

buckl ing a t  2 5 ' ~ .  The l a s t  column i n  Table 2 gives  t h e  

buckl ings  f o r  moderator condi t ions  of 25'~ and 99.46 atom 

percent  D 2 0 .  

L' (cm2) 

142.9 

168.0 

201.5 

2 2 1 . 4  

277.7 

L; ( a 2 )  

111.9 

111.1 

110.4 

110.1 

109.5 



Table 2: Bucklinq of ZEEP Rod L a t t i c e s  

7 Corrected f o r  thimble and f o i l  loading.  
* 5 po in t  f i t  t o  J, ( X r )  d i s t r i b u t i o n  only i n  b racke t s .  

To compare the  p resen t  r e s u l t s  wi th  those  obtained 

e a r l i e r ,  t h e  buckl ings  have been cor rec ted  t o  99.80 atom percent  

DaO, 2 5 O ~  moderator. The moderator p u r i t y  co r r ec t i ons ,  PB;, 

were ca l cu l a t ed  wi th  LATREP, The r e s u l t s  a r e  summarized i n  

Table 3 and p l o t t e d  i n  F i g u r e  2 as a funct ion of l a t t i c e  p i t ch .  

There is  good agreement between t h e  two s e t s  of measurements. 

aa 
(m-' 

3.834f0.024 

3.829i0.024 

3.729*0.023 

3.562A0.022 

3.208a0.021 

az  t 
(m-') 

3.884i0.024 

3.875*0.024 

3.741i0.023 

3.599+0.022 

3.247t0.021 

This  shows t h a t  f o r  t h i s  type of l a t t i c e  the LATREP calculated 

co r r ec t i ons  f o r  t h e  i s o t o p i c  composition of t h e  heavy water 

moderator a r e  valid. 

Xa * 
(m-a 

4.080*0.012 
(4'.001t0.012) 

3.664t0.015 
(3.601*0.015) 

3.206iO. 005 
(3.139i0.006) 

3.028t0.003 
(2.989iO. 004) 

2.560t0.011 
(2.530&0.011) 

3 . 3  Ext rapo la t ion  Lengths 

T h e  radial and a x i a l  ex t r apo l a t i on  l eng ths  a r e  

summarized i n  Table 4 .  The r a d i a l  ex t rapo la t ion  length  i s  

A$ 
(m-a '  

-0.055 

-0.050 

-0.050 

-0.050 

Moderator 
P u r i t y  

(atom %) 

99.46 

99.46 

99.46 

99.46 

99.46 

B~ 
(m-=) 

2 5 ' ~ ,  99.46 a/o 

7.909*0.027 

7.489i0.028 

6.897iO. 024 

6.577*0.023 

Temp 
( O C )  

21.3 

21.5 

20.9 

21.2 

20.8 

Table 

A-1  

A-2 

A-3 

A-4 

A-5 
I 

-0.040 / 5.767t0.022 

1 

P i t c h  

16.00 

17.30 

18.90 

19.68 

22.00 



d e f i n e d  a s  

where Rc, e f f e c t i v e  c o r e  r a d i u s ,  i s  d e f i n e d  i n  Section 3 . 2 .  

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  (6H) i s  de f ined  as  t h e  d i f f e r e n c e  

between t h e  e x t r a p o l a t e d  h e i g h t  ( H )  and t h e  l e n g t h  of fuel 

covered by t h e  moderator ,  and i s  g iven  by 

where Hc i s  t h e  c r i t i c a l  h e i g h t .  Also  l i s t e d  i n  Table 4 are 

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 ,  bHU and 6HL, and 

z ,  , t h e  e l e v a t i o n  of  t h e  f l u x  maximum. The e x t r a p o l a t i o n  

l e n g t h s  are f o r  t h e  moderator c o n d i t i o n s  a t  t h e  t i m e  of t h e  

exper iment  . 

Table 3: Comparison of Buckling Measurements 

P i t c h  
(cm) 

16.00 

17 .30  

18 .90  

19 .68  

22.00 

B~ (m-2 ) A B ' ~  
~ ~ ( r n ' " )  2 5 ' ~  99.80 a/o 

2S0c, 99.46 a/o (m-2) This Report  Reference (1) 

7.909k0.027 0.214 8.123*0.027 - 
7.489k0.028 0.274 7.763k0.028 7.961iO. 35 

6.897k0.024 0.346 7.243k0.024 7.278iO. 1 4  

6.577*0.023 0.373 6.950kO. 023 7.072kO. 046 

5.767k0.022 0.448 6.215*0.022 6.212*0.084 



Fig. 2 Buckling of ZEEP rods i n  D,O 

9 
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Table 4: Summary of Extrapolation ~ e n g t h s *  

I I I I I I I I 1 

A PRESENT 

HONE ET AL - - 

8- - 

7 -  

.A- 

'% d 

6 -  la\- 
- - 

/* 
r.r 

I I I I 1 1 I I 
15 16 I7 I8 19 20 21 22 

TRIANGULAR LATTICE PITCH (cm) 

* Values f o r  m o d e r a t o r  c o n d i t r o n s  a t  t u n e  of  e x p e r u n e n t .  

1 

6Ht 
(cm) 

2 9 . 0 7 r 0  57 

29.1710.54 

28.16i0.57 

2 8 . 6 9 r 0 . 6 4  

2 7 . 6 8 t 0 . 5 0  

Hc 
(an) 

141.24k0.2 

1 4 1 . 1 9 t 0 . 2  

144 .63 i0 .2  

147.35*0.2 

158.73k0.2 

H 

(cm) 

160 .45 i0 .80  

160.54k0.75 

162.68k0.80 

166.44k0.90 

175 .39f0 .70  

T a b l e  

A-1 

A-2 

A-3 

A-4 

& - 5  

20 

6 6 . 1 5 t 0 . 1 1  

66.10*0.11 

68.18r0.11 

69.53k0.13 

bR 

(cm) 

3 8 . 9 0 i 0 . 2 0  

3 8 . 9 8 i 0 . 2 0  

39 .64 t0 .10  

39.62k0.20 

40 .11 t0 .20  

'itch 

Icrn) 

1 6 . 0  

1 7 . 3  

1 8 . 9  

1 9 . 6 8  

2 2 . 0  

R 

(an) 

1 1 9 . 0 4 t 0 . 2 0  

1 2 5 . 6 3 i 0 . 2 0  

1 3 4 . 3 0 i 0 . 1 0  

138.1910.20 

150 .30+0.20  

bH 

(a) 

3 4 . 2 1 i 0 . 8 2  

34 .35 t0 .77  

33.05t0.82 

34.0910.92 

bHu 

(an) 

5.14*0.61 

5.1810 58 

A 89+0 61  

5 .40 t0 .67  

75.0110.10 1 31.6610.73 3 . 9 8 t 0 . 5 5  



4. SUMMARY 

The buckl inqs  of heavy water  moderated l a t t i c e s  of 

ZEEP rods were determined by f l u x  mapping and were compared 

wi th  e a r l i e r  measurements made about f i f t e e n  years  ago i n  t h e  

ZEEP r e a c t o r .  The p r e sen t  r e s u l t s  were cor rec ted  f o r  t h e  

s i g n i f i c a n t  d i f f e r ence  i n  D,O i s o t o p i c  composition of t h e  

moderator i n  t h e  two experiments us ing  LATREP ca l cu l a t i ons .  

There i s  good agreement wi th  t h e  e a r l i e r  r e s u l t s .  
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Table A-2: Bucklinq D a t a  - 17.30 cm L a t t i c e  

Moderator 

November 30, 1970 Manganese Foils Temp: 21.S°C Purity: 99.46 atom% h, = 141.19 cm 

Drrectlon W S W S W W S W E N E E N E N B 

Th lmble K9 F 0 K7 HO K5 K3 J 0 K1 K1 Lo K 3 K 5 N 0 K 7 PO Kg 

Radlus cm 77.85 74.91 60.55 44.95 43.25 25.95 14.98 8.65 8.65 14.98 25.95 43.25 44.95 60.55 74.91 77.85 

Thimble 

K 1W K 1 E  Average 

a ( m - ' )  1.9589 i 0.008 1.9550 0.009 1.9569* 0.006 



Z S m - r n v m m n m - Z ~  
0 0 1 - ~ o m w o o w m o n  
d d r - . - I ( Y Q ) n v m v O d v  
~ v m ~ - m r n m m m m w w m  . . d d d d d d d d d d d o o  - - -- 



Table A-4: Buckling D a t a  - 19.68 cm L a t t i c e  

Moderator 
November 25, 1970 Manganese F o i l s  Temp: 21.z0C Purity: 99.46 atom% hc = 147.35 cm 

D i r e c t i o n  W S W S W W S W E N E E N E N E 

1 Thimble K9 FO K 7 HO K 5 K3 JO K 1 K1 L 0 K 3 K 5 NO K7 PO 

Thimble 

K1W K1E Average 

a ( m - ' )  1.8846 i 0.008 1.8904 * 0.009 1 . 8 8 7 5 i 0 . 0 0 6  

a (m-') 1 . 8 9 7 1 * 0 . 0 0 6  
corr 



Table A-5:  B u c k l i n g  D a t a  - 22.0 cm L a t t i c e  

Moderator 
November 24, 1970 Manganese Folls Temp: 20.8-c Purrty: 99.46 atom% h, = 158.73 cm 

1 Dlrecflon W s w s w w s w E N E E N E N E 

1 Thrmble K4 FO K7 HO K5 K 3 Jo K1 K1 Lo K3 K5 N 0 K7 PO K9 

Radius cm 99.0 95.26 77.0 57.16 55.0 33.0 19.05 11.0 11.0 19.05 33.0 55.0 57.16 77.0 95.26 59.0 

Elevation 
cm 

Th mble 

K 1W K ~ E  Average 

a ( m - ' )  1.7960 i 0.007 1.7874 i 0.007 1.7917 i 0.005 

acorr (m-' 1.8012 t .o. 005 


