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MEASUREMENTS OF NUCLEAR PARAMETERS 

OF BOILER AND SUPERHEATER LATTICES - 

1 .  PURPOSE OF MEASUREMENTS 

T h i s  s e t  o f  experiments was designed t o  y i e l d  in format ion 

p e r t i n e n t  t o  t h e  eva luat ion  o f  I-he nuclear parameters (such as 

thermal u t i  1 i z a t  i on, resonance escape, and v o i d .  r e a c t i v i t y  

c o e f f i c i e n t s )  o f  var ious  fuel-moderator l a t t i c e s  i n  t h e  environ- 

ment o f  t h e  c o n t r o l  led i-ec i r c u  l a t  i on boi  l i ng reac tor  (CRBR) core. The 
, , 

neutron source used i n  t h e  measurements was a "su i tab1e 'con f igu ra t i on  of 

The Pennsylvania Sta te  U n i v e r s i t y  Research Reactor (PSR) core. The 

t e s t  l a t t i ' c e  sec t i on  was enclosed i n  an element which replaced one o f  
. . 

. t h e  f u e l  klemen-ts o f  t h e  PSR. 

The purpose o f  t h e  measurements was t o  ob ta in  i " format ion f o r  t h e  
. s  . . ,  

eva l ua t  i on of :  

I. B o i l i n g  water l a t t i c e  parameters, . 

a. Resonance escape p r o b a b i l i t y ,  p. 

b. Thermal neutron u t i l i z a t i o n ,  f. 

c. Void r e a c t i v i t y c o e f f  i c i e n t ,  xv.. 
2. Low enrichment superheater l a t t i c e   parameter.^. 

a. Resonance escape p r o b a b i l i t y ,  p. 

b. Thermal u t i l i z a t i o n ,  f. 

c. F l o o d i n g , r e a ~ t i v i t y c o e f f i c i e n t ,  p f .  
3. High enrichment superheater l a t t i c e  parameters. 

a. Thermal u t i l i z a t i o n ,  f. 

b. F looding r e a c t i v i t y  c o e f f i c i e n t ,  xf. 



I I . EXPER 1 MENTAL PROCEDURES 

The experimental measurements described i n  t h i s  sec t ion  were 

performed a t  t h e  PSR f a c i l i t y  and associated radiochemical l abo ra to r ies  

dur ing  t h e  pe r iod  from July, 1958 t o  May, 1959. The parameters measured 

were: 

. I. Uranium-238 neutron capture cadmium r a t i o ,  R, 

2. Space-averaged thermal neutron f l ux r a t i o s ,  $ , and 

For each o f  these measurements, a t e s t  element, con ta in ing  a sec t ion  o f  

t h e  desi red CRBR l a t t i c e  w i t h  l uc i  t e  and/or water a c t i n g  as moderator, 

was placed i n  t h e  PSR core. Two PSR core con f igu ra t i ons  were employed 

dur ing  t h e  experiments. These a r e  i l l u s t r a t e d  i n  F igure  I and a re  
. . 

designated PSR core  A and PSR core  B. F igure  I I i s  a photograph o f  t h e  

complete t e s t  element can i n  which t h e  var ious  CRBR l a t t i c e s  were placed 

f o r  i n s e r t i o n  i " t o  t h e  PSR core. 

Uranium-238 neutron capture cadmium r a t i o :  

Natura l  and depleted (NS-40) uranium f o i l s ,  o f  0.005 inch th ickness 

and f u e l  p i n  cross sect ion, were exposed t o  t h e  f u e l  f l u x .  Cadmium 

d i f f erence measurements were pe r f  ormed us i ng cadmi um covers o f  0.020 i nch 

thickness.   he arrangement o f  t h e  f o i  l s i s  i l l us t ra ted  i n  F igure  I 1 1 .  
\ 

. . . 
F igures I V  and V a r e  photographs o f  t h e  b o i l i n g  water l a t t i c e  t e s t s e c t i o n  

and f o i l  ho ld ing  p i n  respect ive ly .  I n  both low enrichment l a t t i c e s ,  as 

i l l u s t r a t e d  i n  F igure  . . 1 1 1 ,  f o r  t h e  cadmium covered f o i l ,  f u e l  spacers 

were used between t h e  sensing f o i l  and t h e  ho r i zon ta l  cadmium covers t o  

t prevent streaming o f  t he  enhanced uranium-238 resonance f l u x  o f  t h e  

moderator. One-eighth and one-quarter inch t h i c k  spacers were employed 

i n i n  i t i a  l measurements, bu t  no s ign  i f i cant  d i f f e r e n c e  i n  t h e  cadmi urn 



r a t i o ,  R, resu l ted .  Thus, i n  t h e  remaining measurements, on ly  t h e  smal ler  . 

spacer sec t ions  were employed due t o  t h e  r e s u l t i n g  smal ler  cadmium . 

v e r t i c a l  s ide  cy l i nde r '  covers. . !  

The i n t e r a c t i o n  u t i l i z e d  i n  t h e  determinat ion o f  R was 

and t h e  uranium-239 e lec t ron  emission r a t e  was counted. Because o f  
I 

t h e  h i gh f i ss i on product background from t h e  bran i um-235 f i s s  i on, t h e  

i r r a d i a t e d  uranium was separated from t h e ' f i s s i o n  products by t h e  

sodium uranyl aceta te  method (see Appendix A f o r  d e t a i l s ) .  I n  order t o  

e l im ina te  t h e  necessi ty  o f  c a l c u l a t i n g  sample th ickness and physical  

d i s p o s i t i o n  e f f e c t s  on the  se l f -absorp t ion  o f  emit ted e lectrons,  t h e  

" t h i c k  sample" method was used. The sample consisted o f  a 0.5 cm t h i c k  

by 2.5 cm diameter i a t e r  s o l u t i o n  of from about 0.05 t o  0.1 grams o f  

sodium uranyl  acetate. I n  F igure V I  t h e  general count ing con f igu ra t i on  

i s  i l l u s t r a t e d .  The beta a c t i v i t y  was counted over a per iod  o f  about 

one-half hour f o r  each sample t o  determine t h e  h a l f - l i f e .  Th is  h a l f -  

l i f e  was compared w i t h  t h e  expected 23.5 minute a c t i v i t y .  

Bare f o i  I and cadmium covered f o i  l i r r a d i a t i o n s  were i den t i ca  I. 

For t h e  p a r t i c u l a r  separat ion method and sample s i z e  employed, it was 

found t h a t  a t e n  minute i r r a d i a t i o n  a t  a t e s t  sec t ion  thermal neutron 

8 f l ux leve l  o f  about 10 per cm2-sec y i e l ded good count ing ra tes .  The 

PSR core con f igu ra t i ons  and CRBR l a t t i c e  moderator d i spos i t i ons  used i n  

these measurements were: 

I. B o i l  core l a t t i c e .  

A .  Fu l l dens i ty  l u c i  te; .PSR core €3. 

€3. 14.4% v o i d  i n  l uc i te ;  PSR core  €3. 



2. Low enrichment superheater l a t t i c e .  

A ,  Stearn channel s t ~ n f  l nnrlerl; PSR core R. 

B. Steam channels f looded; PSR core 8, 

Space-averaged thermal neutron f l u x  ra t i os :  

Uranium-235-aluminum a l l o y  f o i l s  (about 2%, by number density,  

urani'um-235) o f  0.005 inch th ickness were exposed t o  var ious  l a t t i c e  

sec t ion  f l u x e s  t o  ob ta in  space-averaged thermal neutron f l u x  r a t i o s .  

The f i s s i o n  product gamma emission was sensed by count ing on ly  gamms w i t h  

energy above 400 Kev. A convenient c a l i b r a t i o n  source f o r  t h e  Nal 

c r y s t a l  spectrometer used i s  t h e  2.7 day, 412 Kev gamma from Au 199 

a c t i v i t y .  I n  F igure  V I I  t h e  f o i l  sec t ions  used f o r  t h e - t h r e e c ~ ~ ~  

l a t t i c e s  a r e  depicted. The f o i l  sec t ions  a re  necessar i l y  symmetric 

f o r  purposes o f  i n t e r p r e t a t i o n  (see sec t ion  I V  o f  t h i s  repo r t ) .  The ' 

PSR core con f igu ra t i ons  and CRBR l a t t i c e  moderator d i s p o s i t i o n s  used 

i n  these measurements were: 

I. B o i l e r  core l a t t i c e .  

A. F u l l  dens i ty  l uc i te ;  PSRcoreA.  

B. 14.4% v o i d  i n  l u c i t e ;  PSR core B. 

2. Low enrichment superheater l a t t i c e .  

A.  Steam channels unf l ooded; PSR core B. 

B. . Steam channels flooded; PSR core  B. 

3, High enrichment superheater l a t t i c e .  

A. Steam channels unf looded; PSR core B. 

B. Steam channels f l ooded; PSR core  B. 

I f  t h e  uranium-235 was un i fo rmly  dispersed i n  t h e  a l l o y  mater ia l ,  

then it would on ly  be necessary t o  normal i z e  t h e  var ious  f o i ' l  sec t i on  

a c t i v i t i e s  by t h e  f o i l  weight. I n  t h e  present case, t h i s  was n o t  t h e  



s i t u a t i o n ;  thus the' f o i  I  sec t  ions were a l s o  i r r a d i a t e d  i n  a un i fo rm 

thermal neutron f l u x  by means o f  a c y l i n d r i c a l  g r a p h i t e . r o t a t i n g  p lug  

on which t h e  f o i l s  were placed i n  a  plane o f  r o t a t i o n .  Th i s  un i fo rm 

f l u x  i r r a d i t i o n  provided a  means o f  i n t e r c a l i b r a t i o n  o f  f o i l s .  

I n  bo th  t h e  l a t t i c e  i r r a d i a t i o n  and t h e  normal iza t ion  i r r a d i a t i o n s ,  

t h e  f i s s i o n  product  a c t i v i t y  does no t  f o l  low a  simple exponential  temporal 

funct ion.  I n  t h e  present measurements t h i s  d i f f i c u l t y  was averated by 

count ing t h e  se r ies  o f  sec t ion  f o i l s  ( a l l  i r r a d i a t e d  a t  t h e  same t ime) 

i n  succession several t imes and then determining t h e  temporal curve 

f o r  each f o i l  sect ion.  I f  t h i s  i s  done c o r r e c t l y ,  then a t  a l l  t imes 
I 

a f t e r  i r r a d i a t i o n  t h e  f o i l  a c t i v i t i e s  w i l l  be i n  t h e  same r a t i o .  I n  

t h e  case o f  t h e  b o i l i n g  water l a t t i c e  t h e  sensing f o i l s  were sect ioned 

before i r r a d i a t i o n .  For t h e  other  l a t t i c e s  t h e  , f o i l s  . .. were c u t  i n t o  t h e  
. . 

sec t ions  i l l u s t r a t e d  i n  F igure  V I I  a f t e r  i r r a d i a t i o n  i n , t h e -  l a t t i c e .  O f  

course, i n  both cases t h e  f o i l  sec t i on ing  occurred before  t h e  n o r @ l i z a t i o n  

i r r a d i a t i o n s .  

R e a c t i v i t y  c o e f f i c i e n t s :  

For measurement o f  both v o i d i n g  and f loodi,ng c o e f f i c i e n t  o f  

r e a c t i v i t y  t h e  " inhour method1' was used. That is ,  a f t e r  t h e  c r i t i c a l  

rod  p o s i t i o n s  were found, t h e  desi red change i n  t e s t  element was 

accomplished. Then t h e  r e s u l t i n g  change i n  pos i t i on ,  o f  a  p rev ious l y  

r e a c t i v i t y  c a l i b r a t e d  rod, necessary t o  mainta in a  c r i t i c a l  c o n d i t i o n  

y i e l d s  t h e  r e a c t i v i t y  worth o f  t h e  p a r t i c u l a r  t e s t  element modif ic 'at ion. 

O f  course, t h i s  r e a c t i v i t y  worth i s  v a l i d  on l y  f o r  t h e  small sec t i on  o f  

t h e  CRBR l a t t i c e  i n  a  p a r t i c o  l a r  p o s i t i o n  i n  t h e  PSR core. The 

i n t e r p r e t a t i o n  o f  these r e s u l t s  a r e  presented i n  sec t i on  I V .  



I n .  t h e  case o f  t h e  v o i d  c o e f f i c i e n t  f o r  t h e  boi l e r  core  l a t t i c e  

t h e  f o j  lowing r e a c t i v l  t y  measurements were performed: 

1. 14.4% u n i f o r m v o i d  i n  l u c i t e o f  c e n t r a l  t e s t  sect ion; 

PSR core B. 

2. Four s t r l p s  o f  indium (4.00 grams, t o t a l  1 i n  f u e l  channels 

w i t h  14.4% vold; PSR core 0. . ,  

The moderator v o i d  was produced by d r i l l i n g  holes (ca; l / 8  ihch diam.) 

i n  t h e  1 uc i t e  sections. F igure  V I  I I i s a o f  one o f  t h e  voided 

l u c i t e  sect ions. The CRBR b o i l e r  l s t t i c e  on ly  oc,cupied t h e  c e n t r a l  one-, 

t h i r d  o f  t h e  t e s t  element. The two outer  t h i r d s  o f  t h e  t e s t  element were 

f i l l e d  wi.th s o l i d  l u c i t e  b'locks. These outer  sect ions were no t  modi f ied 

i n  t h e  v o i d  .coef f i c i  en t  measurement. 

For t h e  superheater l a t t i c e s ,  as p i c tu red  i n  F igure  I X ,  t h e r e  

was s u f f i c i e n t  cross sec t i ona l  area o f  t h e  t e s t  element f o r  o n l y  

approximately four  u n i t  l a t t i c e  c e l l s  (i.e., f ou r  f u e l  channels w i t h  

associated moderator and s t e e l  sec t  ions) .' I n t h e  'case o f  t h e  low 

enrichment superheater l a t t i c e  t h e  r e a c t i v i t y  measurements.performed 

were: 

I. Flood i ng o f  f ou r  outer  stearn channels; PSR core  A. 

. 2. F looding o f  a l l  steam channels; PSR core A. 

3. Four s t r i p s  o f  indium (23.7 grams), one i n  each unf looded 

f u e i  channel; PSR core A. 

The f l o o d i n g  was accomplished by i n s e r t i o n  o f  t h e  l u c i t e  ou ter  steam 

channel sleeves and t h e  l uc i ' t e  i'nner steam channel rods. Unflooded 

f u e l  p i n s  were pos i t ioned by narrow aluminum sleeves a t  t h e  p i n  ends. 



Because o f  t h e  r l i f f i c u l t y  encountered i n  attempts t o  remove and 

rep lace t h e  f uc i t e  sec t  ions occupying t h e  steam channels o f  t h e  h igh  

enrichment superheater l a t t i c e ,  f l o o d i n g  was accomplished by t h e  

introduct, ion o f  water (one gram per cc)  i n t o  t h e  steam channels. L u c i t e  

r e n n i n 4  i n  t h e  p o s i t i o n  o f  t h e  moderator channels, The measurements 

performed f o r  t h e  h igh  enrichment superheater l a t t i c e  Were: 

I .  F looding ( w i t h  wad-er) o f  a l l steam channels; PSR core  A. 

2. Four s t r i p s  o f  indium (12.1 grams), one i n  each unflooded 

f u e l  channel; PSR core  A. 

3. Four s t r i p s  o f  indium (12.1 grams), one i n  each f looded 

f u e l  channel; PSR core  A. 

I l l .  RESULTS OF MEASUREMENTS 

The f o l l o w i n g  l i s t  o f  r e s u l t s  a re  based on l y  on those experimental 

t r i a l s  where no obvious e r r o r  was committed. The u n c e r t a i n t i e s  presented 

a r e  est imates o f  t h e  maximum expected u n c e r t a i n t i e s  determined from t h e  

maximum v a r i a t i o n  i n  t h e  p a r t i c u l a r  parameter r e s u l t s  over several t r i a l s  

I on t h e  same l a t t i c e  con f i gu ra t i on .  Any dev ia t i ons  greater  than those 

quoted were a t t r i b u t e d  t o  def i n  i t e  and obvious e r r o r s  i n  expe,r i menta l 

procedure. I n  F igure  X, t h e  dimensions o f  t h e  f u l l  CRBR u n i t  l a t t i c e s  

a r e  i l l u s t r a t e d  f o r  t h e  t h r e e  cases under study. As mentioned e a r l i e r  

i n  t h i s  repor t ,  f u l l f u e l  cro& sec t  ion f o i  l s were used i n  R measure- 

ments. The thermal f l u x  f o i l  sec t ions  quoted r e f e r  t o  those , i l l u s t r a t e d  

i n  F igure  V I  I. 

Bo i l e r  core  I a t t  i ce: 
Tes t  p i n  

Parameter -. Value L u c i t e  c o n d i t i o n  loca t ion*  
R 1.87 +- .04 F u l l  dens i ty  Center 

R 1.91 5 .04 Fu I l dens i ty  . O f f  -center 
R 1.70 5 .05 14.4% v o i d  Center 

r v  
-. 00034 14.4% v o i d  (end cond i t i on )  - 

61 n 
- ,00057 14.4$ v o i d  

*See sec t i on  I V  of t h i s  r e p o r t  f o r  p rec i se  locat ions.  



Therma I neutron f lux averages (cen-l.er loca t ion) .  

Foi I - Value ( f u l l  dens i ty  l u c i t e )  Value (14.4% v o i d  l u c i t e )  

I 1 . oo* 1 . oo* 

Low enr ichment superheater l a t t i c e :  

Parameter Va I ue Outer steam channel Inner steam channel 

R 1 .90 k .04 Unf 1 ooded Unf l ooded 

R . 2 . 1 1 + -  .04 Flooded F l ooded 

8f  .00046 Flooded (end cond i t i on )  Unflooded 

I f  .00113 Flooded (end.cond i t ion)  Flooded (end cond i t i on )  

b' I n  -.00094 Unf l ooded Urlf looded 

Thermal neutron f l u x  averages. 

Foi I - Value (steam channels unflooded) Value (steam channels f looded) 

I 1 .oo 1 . 00 

2 1.01 5 .02 0.91 2 .02 

3 1.08 5 .02 0.97 k .02 - 
4 1.28 5 .02 1.12 + .02 

High enr ichment superheater l a t t i c e :  

Psrameter 

Xf 

81 n.  

4 n 

"Normalized t o  t h i s  value. 

Steam chan'ne l s 

Flooded (end cond i t i on )  

F 1 ooded 

Unf looded 



Thermal neutron f l u x  avet-ages. 

Fol 1 - Va 1 ue (steam channel s unf 1 ooded) ' ~ a  I ue (steam channe 1 s  f 1 ooded) 

I I .oo 1 .oo 

I V .  INTERPRETATION OF EXPERIMENTAL RESULTS 

The i n t e r p r e t a t i o n  o f  t h e  cadmium r a t i o  r e s u l t s  has been done 

adequately f o r  t h e  case o f  t h e  boi  l e r  l a t t i c e ,  b b t  i s  less d i r e c t  f o r  

t h e  case o f  t h e  low enrichment superheater l a t t i c e .  Since on ly  about 

four  u n i t  l a t t i c e  c e l  I s  of t h e  superheater l a t t i c e  cou ld  be placed i n  

t h e  t e s t  element, t h e  e f f e c t s  o f  adjacent  f ue l  p i n  "shading" f o r  

resonance neutrons a r e  no t  reproduced. I n  t h e  case of  t h e  b o i l e r  core  

l a t t i c e  sect ion,,  twenty - f i ve  u n i t  l a t t i c e  c e l l s  were placed i n  t h e  t e s t  

e l  ement and thus t h e  e f f e c t s  of adjacent  f ue l  p i n  llshadingll a r e  we1 1 

developed by t h e  c e n t r a l  p i n  ( i n  f ac t ,  these e f f e c t s  a r e  l i k e  t h e  i n f i n i t e  

l a t t i c e  i n  t h e  second row o f  f u e l  p ins ) .  The f o l l o w i n g  cons idera t ions  

are, thus, r e s t r i c t e d  t o  t h e  case o f  t h e  b o i l e r  l a t t i ce .  

The t h e o r e t i c a l  problem which provided t h e  i ncen t i ve  f o r  t h e  

measurement o f , R  i s  t h e  c a l c u l a t i o n  o f  t h e  resonance escape p r o b a b i l i t y ,  

p, f o r  " t i g h t "  l a t t i c e s .  I f  it i s  assumed t h a t  t h e r e  i s  no n e t  leakage 

from t h e  u n i t  l a t t i c e  c e l  l i n  which measurements a re  performed, then p 

( f o r  uranium-238 resonance capture)  i s  given by t h e  expression: 



I where xa are  thermal absorpt ion cross sect ions,  F denotes f u e l  j f 

i s  dhe thermal u t i l i z a t l o n ,  and R i s  -the uranium-258 cadmium r a t i o  

( i .F:. r a t i o  o f  resonance p lus  thermal adsopt ion t o  resonance absorp t ion) .  

The thermal u t i l i z a t i o n  can be determined from the  s p a t i a l  average f l u x  

nleasurements which r e q u i r e  l i t t l e  d e t a i l e d  i n t e r p r e t a t i o n  (see below), 

The r e s u l t  o f  t h e  present measurement o f  R, however, i s  n o t  v a l i d  f o r  

t h e  CRBR environment because o f  t h e  f r a c t i o n  o f  e p i  therma l neutrons i n  

t h e  t e s t  sec t i on  which or i 'g inated i n  f i ss i ' on  i n  t h e  PSR core  elements, 

and t h e  spec t ra l  d i f f e rences  between t h e  two cores. Therefore, t h e  r e s u l t s  

of  these measurements cannot be used d i r e c t l y  t o  evaluate p f o r  t h e  CRBR 

core. However, they can be used t o  determine resonance neutron group 

c ross  sec t ion  f o r  uranium-238 capl-ure t o  be used i n  mult i -group, d i f f u s i o n  

theory  ca lcu la l - ions .  A one-dimensional, nineteen energy group c a l c u l a t i o n  

was performed on t h e  con f i gu ra t i on :  

PS R Tes t  e l  ement PSR Water r e f l e c t o r  

10 cm. 7.3 cm. 7.6 cm. 20 cm. 

Using 0.082 cm-I f o r  t h e  uranium-238 resonance reg ion  (grou& i = 10 

through i = 14) y ie lded  t h e  r e s u l t s  shown i n  F igure  X I .  A lso  inc luded 

i n  F igure  X I  a r e  the  exper'imental measurements a t  two f u e l  p i n  l oca t i ons  

The resonance group (ross sec t ion  was s e t  a t  a value which reproduced -. ._ 

t h e  c e n t r a l  f u e l  p i n  measurement. I f  t h e  reasonable assumption i s  made 

- 
t h a t  t h e  s p a t i a l  dependence o f  t h e  neutron f l u x  a t  any,energy appearing 

i n  t h e  inner c e l l s  o f  t h e  t e s t  sec t i on  ( b o i l e r  l a t t i c e )  i s  t h a t  which 

w i l l ' o c c u r  i n  t h e  CRBR core, then I -h i s  present approach i s  a v a l i d  method 

o f  i nc lud ing  p i n  "shading" and sur face absopt ion e f f e c t s  i n  resonance 

group cross sect ions.  Therefore, t h e  combination o f  t h e  experimental 



measurements and t h e  d i f f u s i o n  ca l cu la t i ons ,  as ou t l ined,  w i l l  d i r e c t l y  

y i e l d  t h e  app l i cab le  value o f  p, t h e  resonance escape p r o b a b i l i t y ,  f o r  

t h i s  l a t t i c e .  

Due t o  t h e  small dimensions o f  a l l  t he  l a t t i c e  c e l l s  under 

considerat ion,  r e l a t i v e  t o  the  r a t e  o f  thermal neutron f l u x  change w i t h  

p o s i t i o n  a t  t he  t e s t  sec t i on  locat ion,  t he  i n t e r p r e t a t i o n  o f  t h e  i n t e g r a l  

thermal neutron f l u x  measurements i s  s t r a i g h t  forward. I f  it i s  assumed 

tha t ,  over a l l  u n i t  l a t t i c e  cross sect ions Used i n  t h e  measurements, t h e  
, . .- 

thermal neutron f l u x  dec l i ne  (exc lus ive  o f  i n t e r n a l  l a t t i c e  v a r i a t i o n s )  

i s  l i n e a r  i n  a1 I d i rec t i ons ,  then, p rov id ing  symmetrical f o i l s  a r e  

employed, t h e  r e s u l t s  o f  s p a t i a l  average f l u x  v a r i a t i o n  i s  t h a t  which 

would be obtained i n  an i n f i n i t e  a r ray  o f  these u n i t  l a t t i c e  c e l l s .  I n  

terms o f  these s p a t i a l  average (or  i n teg ra l )  f l u x  r a t i o s  t h e  thermal 

6 
u t i l i z a t i o n  i s  g iven by t h e  expression: 

r 

where xa a r e  thermal absorpt ion cross sect ions, i r e f e r s  t o  non-fue.1 

regions, F r e f e r s  t o  f u e l  region, f@ a r e  i n t e g r a l  thermal neutron- f  lux  

o(rer c e l  l regions, and, denotes summation over ce l  l regions. It should 

be noted t h a t  i n  t h e  cases o f  t h e  superheater l a t t i c e  f u l l  sec t ion  

moderator channel f o i l s  cou ld  no t  be used due t o  t h e  r e s t r i c t i o n  o f  t h e  

t e s t  element can s ize.  

, The ana lys i s  o f  t h e  r e a c t i v i t y  c o e f f i c i e n t  data i s  complicated by 

t h e  s e n s i t i v i t y  o f  t h e  8 I s  t o  t h e  epitherrnal t o  thermal f l u x  r a t i o  and 
' 

leakage e f fec ts .  The epithermal t o  thermal f l u x  r a t i o  i n  an i n f i n i t e  

l a t t i c e  o f  t h e  PSR i s  no t  t h e  same as i n  t h e  i n f i n i t e  CRBR l a t t i c e ,  there-  

fore,  t h e  e f f e c t  on 8 i s  n o t  d i r e c t l y  app l icab le .  S i m i l a r l y ,  t h e  s i z e  



o f  t h e  t e s t  sample i s  such t h a t  t h e  leakage e f f e c t s  exh ib i ted  ,a re  

d i f f e r e n t  than i n  t h e  f u l l  sca le  l a t t i c e .    ow ever,' t h e  8 data 

measured f n these exper i ments may be used t o  y i e l d  i n f o r m t i  on d i  r e c t l y  

app l i cab le  t o  t h e  CRBR l a t t i c e  i n  a manner described below. The method 

i s descr i bed i n two-group no ta t i on  a I though extens i on t o  mu I t  i -group I s 

no t  d i f f i c u l t .  Because o f  geometric complexity, three, o r  a t  l eas t  two, 

dimensional ana lys i s  i s  required.  

Emp l oy i ng t h e  usua l assumpt ions o f  f i r s t  order, t ~ o - ~ r o u ~  per turbat ion  

theory, an expression fo r  t h e  r e a c t i v i t y  introduced i n t o  a reac tor  system 

by a small pe r tu rba t ion  ( d e f i n i t e l y  app l i cab le  t o  t h e  a l t e r a t i o n s  i n  the  

PSR-test element system performed here) is: 

where t h e  i n t e g r a l s  a r e  performed over t h e  reac tor  system, c$* and 4 a r e  

unperturbed a d j o i n t  f l u x  and f l u x  respect ive ly ,  epithermal parameters a r e  

denoted by I, and t h e r m  l parameters a re  denoted by 2. Many o f  t h e  

changes o f  parameters which appear above a re  r e l a t i v e l y  easy t o  c a l c u l a t e  

and one, &p, may b.e obtained from other  measurements discussed i n  t h i s  

repor t .  The two changes o f  d i f f u s i o n  constants 6~~ and do2 a r e  perhaps 

t h e  most d i f f i c u l t  t o  c a l c u l a t e  and t h e i r  va lue i s  n o t ' g i v e n  d i r e c t l y ' b y  

t h e  experimental resu l t s .  The method of- ana lys i s  suggested here. i s  t h e  

fo l lowing:  

I. Determine 4 and $* by a g r o u p d i f f u s i o n  theory, t h ree  

dimensional computer code f o r  t h e  unperturbed PSR-test 

element system. 



2 .  For t h e  des i red  per tu rba t ion ,  c a l c u l a t e  o r  surmise from 

experimental r e s u l t s  a I l changes i n  parameters except d D .  

3. E i t h e r  est imate one 6~ (probab ly ,  SO2) and f i n d  t h e  o ther  

6 0  by r e q u i r i n g  6 k/k t o  assume t h e  measured value, or, f i x  

a r e l a t i o n  between &Dl and AD2 and so lve  f o r  both. 

4. The r e l a t i v e l y  simple parameter changes in t roduced by t h e  

indium c a l i b r a t i o n  can be ca l cu la ted  and should be compared 

w i t h  t h e  equ iva len f  measurement. 

Once a l l  t h e  parameter changes f o r  a g iven pe r tu rba t i on  a r e  

determ'i ned, these same parameter changes w i t h  t h e  $* and and 

v$* and vcl o f  t h e  CRBR used i n  t h e  express ion f o r  4 l</l( w i I  I  

y i e l d  t h e  r e a c t i v i t y  changes f o r  t h e  CRBR system. 

' V. CONCLUSIONS 

Th is  s e t  o f  experiments has been usefu l  i n  v e r i f y i n g  and a d j u s t i n g  

t h e  t h e o r e t i c a l  ca, lc.ulat ions o f  t h e  resonance escape p r o b a b i l i t y ,  through 

t h e  eva lua t i on  o f  t h e  macroscopic resonance c ross  sect ion,  and t h e  l a t t i c e  

thermal u t i l i z a t i o n ,  by comparison o f  measured average f l uxes  w i t h  those 

obta ined by P methods. S i m i l a r l y ,  r e a c t i v i t y  e f f e c t s  caused by changes 
3 

i n  moderation have been c o r r e l a t e d  w i t h  t h e o r e t i c a l  p red i c t i ons .  

The l i m i t a t i o n s  o f  experiments o f  t h i s  type, where small samples 

a r e  used. i n  d i s s i m i l a r  l a t t i c e s ,  a r e  t h a t  t h e  a n a l y s i s  o f  r e s u l t s  i s  

more d i f f i c u l t ,  less accurate, and requ i res  more assumptions than 

measurements made i n  a f u l  l l a t t i c e  ( c r i t i c a l  o r  exponential  1.  These 

l i m i t a t i o n s  were recognized from t h e  incept ion  o f  t h e  experiments, but, 

because o f  t h e  s i m p l i c i t y  and economy o f  t h e  measurements, they were n o t  

f e l t  t o  be r e s t r i c t i v e .  



I t  m y  be genera I l y  conc lLuded t h a t  srna I I sample measurements o f  t h  i s  * 

t ype  can be used w i t h  success t o  ob ta in  c e r t a i n  l a t t i c e  parameters, and 

s p e c i f i c a l l y  concluded t h a t  r e l i a b l e  in fo rmat ion  p e r t i n e n t  t o  t h e  eva lua t ion  

of  nuclear parameters (resonance escape, therrrwl u t i l i z a t i o n ,  r e a c t i v i t y  

e f f e c t s )  o f  var ious  CRBR l a t t i c e s  has been obtained. 



APPENDIX A 

SEPARATION OF URANIUM FROM ITS FISSION PRODUCTS BY THE SODIUM 

URANYL ACETATE METHOD 

I. D isso lve  t h e  uranium f o i l  i n  concentrated, b o i l i n g  n i t r i c  ac id .  

When t h e  uranium sample i s  complete ly  d isso lved ( i n  t h e  present  

case t h i s  requ i res  about 10 minutes), t h e  remaining a c i d  should be 

evaporated leaving an orange powder (uranyl  n i t r a t e ) .  

2 .  Add a t  most 5 0 m i  d i s t i l l e d  water f o i  each g r a m o f  u ran i "mdisso lved.  

It i s  probably necessary t o  heat t h i s  s o l u t i o n  t o  completely d i sso l ve  

t h e  uranyl  n i t r a t e .  

3. From t h e  s o l u t i o n  obta ined i n  s tep  2, p i p e t t e  by syr inge 6 ml t o  a 

I s m l  l beaker and add 2 m i  g l a c i a l  a c e t i c  ac id .  .Heat  t h i s  s o l u t i o n  t o  

evaporate t o  I m l  ( t h i s  requ i res  about 15 minutes).  

4. To t h i s  s o l u t i o n  add 2 rnl o f  I  M a c e t i c  a c i d  and t r a n s f e r  t h e  s o l u t i o n  
, ' 

t o  a cent r  i fuye tube. Add 2 m l  o f  I  M sod i um aceta te  and shake. A 

p r e c i p i t a t e  should begin t o  s e t t l e  a t  t h i s  p o i n t .  I f  not,  warm 

I g e n t l y  t o  concentrate t h e  so lu t i on .  
I 
I 5, Add 5 m l  bf 5 M sodi um n i t r a t e .  Cool i n  i c e  water,. and, c e n t r i f u g e  

f o r  about one minute. 

6. Pour o f f  t h e  supernate and a yel low p r e c i p i t a t e  w i l l  remain a t  t h e  

I bottom o f  t h e  c e n t r i f u g e  tube. I f  on l y  one sample d i s s o l u t i o n  i s  

desi red s k i p  s tep  7 and cont inue w i t h  s tep 8. 

7. I f  a double sample d i s s o l u t i o n  i s  desired, d i sso l ve  t h e  p r e c i p i t a t e  

I by adding two t o ' f o u r  drops o f  concentrated n i t r i c  a c i d  and warming. 

Repeat 4-6 except add on l y  I  m l  o f  I  M a c e t i c  a c i d  and I M sodium 

ace ta te  and 2.5 m l  o f  5  M sodium n i t r a t e .  A l l  t h i s  t o  be done i n  

t h e  c e n t r i f u g e  tube. 



8. Using a l c o h o l  wash t h e  p r e c i p i t a t e  f r om  t h e  c e n t r i f u g e  t u b e  o n t o  

a  f i l t e r  paper. Then wash ' the  y e i l o w  f i l t r a t e  w i t h  a  s m l l  amount 

o f  c o l d  a 1 ~ 0 1 ~ 0 1  o r  c o l d  e the r .  

9. Dry t h e  powder on t h e  f i l ter- paper and then  scrape . i n t o  a  sma l I 

beaker. T h i s  y e l l o w  powder i s  sodium u rany l  a c e t a t e  and shou ld  be 

about  .05 t o  . I 5  grams. Three m l  o f  water w i l l  d i s s o l v e  t h i s  amount. 

I n  t h e  p resen t  work, 2.8 m l  o f  d i s t i l l e d  water was'used t o  d i s s o l v e  

t h e  f i l t r a t e  and then  t h i s  s o l u t i o n  was p laced  i n ' a  p l anche t  0.5 cm 
. . 

deep and one inch  i n  d iameter .  The l i q u i d  was then  counted as 

i l l u s t r a t e d  i n  F i g u r e  6. 



P S R  C O K E  B . 

FIGURE I. PSR CORE CONFIGURATIONS 

S: safety rod ele'ment 

C: control' rod element . , 

T: test'element i 



FIGURE- II, TEST ELEMENT CAN 



FIGURE Ill. ARRANGEMENT OF FOILS FOR R MEASUREMENT 



-.. 
FIGURE IV. BOILING WATER LATTICE TEST SECTION 

dRE v. BOILING WATER LATTICE FOIL HOLDIN( 
AND ASSEMBLY 

; PIN 



FIGURE VI. BETA COUNTING CONFIGURATION 



ateam 1.70a OD 
-1 & rt l  d a d  2.55a3 OD 
atom dc s t 1  tube 3.35~8 OD 

mdaratar 3.3ht3.35- 

i~.l?ftWl(C atem 1.maaD 
etr f b e l  dc r t u m  1.70a OD 
enter f u e l  r tm 2.30- OD 
outer ateam 3.00slr 
r t e e l  tub 3.35- 
medenfar 3.35~3.3501 

FIGURE VII. FOIL SECTIONS FOR THERMAL NEUTRON FLUX MEASUREMENTS 



FIGURE VIII. BOILING WATER LATTICE VOIDED LUCITE SECTION 



1 U02 1.62. 0359" 
2 srlmaintn~ 7/16" OD 

.03Sn wall 
3 luaite .625x. 532" 

&&iu Material 
. . . . 

Void .650n OD 
no2, 1.6Se .960n OD 
8 stl-304 elad .690A ID 

, . 
.015"lad 

void ': - 
8 e t l  1 5/16": OD 

1/16" wall 
luoit.. 1 22/32 x 

1 17/32' 

.'1.,3,5,7 .Void - . - .2. 6 '  94,. s stl-UO cermet 2: .389" ID 
18dU02 4: .634" ID 

. . 6: .880A ID 
a l l  .029a wall 

. 8  s st1 1 5/16'' OD 
1/16'' wall 

9 luaite 1 22/32 x 
1 17/32" 

FI.GURE X. UNIT LATTICE CELL DIMENSIONS AND SPECIFICATIONS 



FIGURE XI: COMPARISON OF MEASUREMENT AND CALCULATION OF 
CADIUM RATIO, R. FOR THE BOILING WATER LATTICE 

Values of x between 0 and 7.3 om are within the test  
element. T e \lrarnium-238 resonance group cross-section P of .082 am- wae used In the calculation. This value 
was used to  reproduce the center pin mesrsmement. 

1 . \ 






