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DOSIMETRY BENCHMARK NO. 1 

A. Benchmark Name and Type: CFRMF (Coupled Fas t  R e a c t i v i t y  Measurements 

F a c i l i t y ) ,  a  zoned-core c r i t i c a l  assembly w i t h  a  f a s t  neu t ron  spectrum 

zone i n  t h e  cen te r  o f  an enr i ched  2 3 5 ~ ,  water-moderated, therrnal d r i v e r .  

B. System D e s c r i p t i o n  

The CFRMF i s  a  zoned-core c r i t i c a l  assembly w i t h  a  f as t -neu t ron  

spectrum zone i n  t h e  c e n t e r  o f  an enr i ched  2 3 5 ~ ,  water-moderated, 

thermal d r i v e r .  The core  i s  con ta ined  i n  a  l a r g e  pool  about 4.5 m 

beneath t h e  surface. A p i c t o r i a l  diagram o f  t h e  CFRMF i s  shown i n  

Fig. 1. Convent ional  p l a t e  t ype  elements o f  93.16% enr iched  235u 

c l a d  i n  aluminum comprise t h e  f u e l  elements i n  t h e  therrnal d r i v e r  

zone. There a re  15 p l a t e s  i n  each f u e l  element and 32 f u e l  elements 

i n  t h e  core. Each element i s  8.283 cm square and t h e  f u e l e d  p o r t i o n  

o f  t h e  core  i s  60.96 cm long. Account ing f o r  t h e  wate r  annulus 

around each f u e l  element, t h e  cross s e c t i o n a l  area occupied by each 
2 f u e l  element i s  69.4512 cm . To ta l  f u e l  l o a d i n g  i s  5698.9 gm 235u . 

The t o t a l  c ross  s e c t i o n a l  area o f  t h e  f o u r  cruci form-shaped s a f e t y  
2  rods i s  86.2837 cm . 

The f a s t - f i l t e r  assembly c o n s i s t s  p r i m a r i l y  o f  a  l a r g e  dep le ted  

uranium b lock  (14.52 cm square x  60.96 cm long,  weigh ing approx imate ly  

217 kg)  surrounded by 0.635-cm-thick 50 w t  % b o r a l  s i d e  and end 

p l a t e s  and sealed i n  a  0.317-cm-thick s t a i n l e s s  s t e e l  housing. The 

s o l  i d  metal 2 3 8 ~  b lock  has a 5.395-cm-diameter h o l e  d r i l l e d  through 

i t s  a x i a l  c e n t e r  and a1 igned v e r t i c a l l y  w i t h  t h e  co re  f u e l .  Concent r i c  

annu la r  s leeves o f  ''8 and 2 3 5 ~  a re  s l  i p f i t t e d  i n t o  t h e  a x i a l  h o l e  

i n  t h e  2 3 8 ~  b lock.  The boron s leeve has a 0.635-cm t h i c k  annul us 

of 90% enr iched  ' O B  c r y s t a l l i n e  powder vibrocompacted t o  a  d e n s i t y  
3  o f  1.355 g/cm and weigh ing 437.05 g. The enr iched  uranium s leeve 

has a 0.0889-cm-thick so l  i d  metal annulus o f  93.16% enr iched  
235u 



F ig .  1 Cutaway p i c t o r i a l  d iagram showing genera l  assembly o f  t h e  CFKMF. 

D l  -2 



which weighs 1494.7 g. Both sleeves a r e  c l a d  w i t h  0.0305-cm-thick 

s t a i n l e s s  s tee l .  The s t a i n l e s s  s t e e l  access tube, w i t h  0.147-cm- 

t h i c k  w a l l s  i n  t h e  core  reg ion,  s l i p  f i t s  i n s i d e  t h e  2 3 5 ~  annulus 

and w i l l  accept o b j e c t s  w i t h  e f f e c t i v e  diameters up t o  3.78 cm. 

C. Model D e s c r i ~ t i o n  

1. One-Dimens i onal Model 

A  f u l  1  core  one-dimens i onal c y l  i n d r i  c a l  model has been devel oped 

t o  represen t  t h e  CFRMF. Al though many f e a t u r e s  o f  t h e  fas t -zone  

assembly a re  r e c t a n g u l a r  i n  shape t h e  c y l i n d r i c a l  model has been 

found t o  adequately represen t  t h e  CFRMF f o r  c a l c u l a t i o n  o f  t h e  

c e n t r a l  neu t ron  spectrum. De ta i  1  s  o f  t h e  one-dimensional 

c y l  i n d r i c a l  model a re  g iven  i n  Table 1. A vacuum boundary 

c o n d i t i o n  should be a p p l i e d  a t  t h e  o u t e r  boundary. Var ious 

reg ions  o f  t h e  model a re  based on conse rva t i on  o f  m a t e r i a l  

mass and t h e  midplane areas o f  t h e  CFRMF's components. 

The f a s t  f i l t e r  assembly ( r eg ions  1  through 16) i s  represented 

more o r  l e s s  e x p l i c i t l y .  However, d e t a i l s  o f  t h e  water  r e f l e c t e d  

thermal d r i v e r  ( r eg ions  17 th rough 22) have been s u b s t a n t i a l l y  

homogenized. The 'OB s leeve ( reg ions  5 th rough  7 )  and t h e  bo ra l  

thermal neu t ron  f i l t e r  were d i v i d e d  i n  t h e  nianner shown t o  reduce 

t h e  number o f  mesh p o i n t s  requi red.  The r e g i o n  w id ths  and mesh 

spac ing used a l l o w  f o r  a s u f f i c i e n t  r e d u c t i o n  o f  t h e  f l u x  i n  t h e  

p e r i p h e r a l  reg ions  so t h a t  any e r r a t i c  f l u x  behav io r  which 

migh t  develop i n  t h e  i n t e r i o r  reg ions  would have a  smal l  i n f l u e n c e  

on t h e  f l u x e s  o u t s i d e  these  h e a v i l y  s e l f - s h i e l d e d  reg ions.  The 

dep le ted  uranium b lock  has been sp l  i t  i n t o  f o u r  reg ions  so t h a t  

s p a t i a l l y  dependent c ross  sec t i ons  can be used. 

The recommended mode o f  c a l c u l a t i o n  i s  one dimensional  Sn 

t r a n s p o r t  t heo ry  us ing  n=6. An a x i a l  buck1 i n g  o f  0.001 769 f o r  
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a l l  reg ions  and groups should be used. An energy s t u r c t u r e  w i t h  

0.25 l e t h a r g y  spacing between 0.414 eV and 20.0 MeV i s  s u i t a b l e  

f o r  genera t ion  o f  m u l t i g r o u p  rep resen ta t i ons  o f  t h e  c e n t r a l  

f l u x  spectrum. 

2. Two-Dimensional Model 

A d e t a i l e d  d e s c r i p t i o n  o f  a  two-dimensional ( r , z )  model i s  g i ven  

i n  re fe rences  2 and 5. 

D. Experimental  Data 

1. F iss ion-Rate  Ra t i os  a t  Core Center  

Reac t ion  Nuc l ides  F iss ion-Rate  R a t i o  

232Th1235u 0.0130 + 3.0% - 
238 235u 

U/ 0.0490 - + 1.4% 

237 N ~ / ~ ~ ~ u  0.354 + 2.3% 
- 

239pu1235u 1.145 + 1.5% 
- 

2. Spectrum-Averaged Cross Sec t ions  a t  Core Center  

a. Non-Fission Dosimeters 

React i on 

6 ~ i  (n,He) 

OB ( n  ,He) 

24 2 7 ~ l ( n , p )  Na 

2 7 2 7 ~ ~  (n,a) Mg 

4 5 ~ c (  n , v ) 4 6 ~ c  

46 46~i  (n,p) Sc 

I n t e g r a l  Cross Sec t i on  
(mb) 



a. Non-Fi s s i o n  Dos imeters  ( c o n t  ' d )  

Reac t ion  

b. F i s s i o n a b l e  Dos imeters  

R e a c t i o n  

2 3 2 ~ h ( n , f )  

2 3 2 ~ h ( n , y )  

2 3 5 ~ ( n , f )  

238 
U(n,f> 

238 
U(n,v) 

237 
Np(n,f) 

2 3 9 ~ u ( n , f )  

c. H i g h e r  A c t i n i d e s  

Reac t ion  

240 
Pu(n,f 

242 
Pu(n,y 

I n t e g r a l  Cross S e c t i o n  
(mb) 

4.12 + 4.8% - 

0.0680 + 3.4% - 

17.2 + 2.9% - 

6.04 + 3.1% - 

90.4 + 3.6% - 
23.8 + 2.9% - 

43.3 + 6.2% - 
50.6 + 3.9% - 
269. - + 3.7% 

419. + 2.9% - 

I n t e g r a l  Cross S e c t i o n  
(mb) 

I n t e g r a l  Cross S e c t i o n  
(mb) 



c. H igher  A c t i n i d e s  ( c o n t ' d )  

I n t e g r a l  Cross Sec t i on  
Reac t ion  (rnb) 

2 4 2 ~ u  (n, f ) 557 - + 10% 

d. F iss ion-Produc t  Nucl ides:  Neutron Capture 

Nucl i de 

8 7 ~ b  

98!40 

l OOMO 

"TC 

O 2 ~ U  

0 4 ~ u  

08pd 

07Ag 

O'A~J 

12'sb 

I n t e g r a l  Cross Sec t i on  
(rnb) 



d. F i s s i o n - P r o d u c t  Nucl i d e s :  Neutron C a p t u r e  ( c o n t ' d )  

Nucl i d e  

37cs 

3 9 ~ a  

4 2 ~ e  

41 p r  

4 6 ~ d  

4 8 ~ d  

5 0 ~ d  

4 7 ~ m  

1 5ZS, 

51 E U  

5 3 ~ u  

3. C e n t r a l  Neutron F lux  Spectrurn 

a. 6 ~ i  S p e c t r o m e t r y  

Lower 
Group Energy Group t 
Number (keV) F lux  

I n t e g r a l  C r o s s  S e c t i o n  
(mb) 

Lower L 

Group Energy ~ r o u p '  
Number (keV) F lux  

Group Flux:  Values  t a b u l a t e d  a r e  r e l a t i v e  group f l u x  
p e r  u n i t  l e t h a r g y .  



a. 6 ~ i  Spectrometry (cont Id) 

Lower 
Group Energy Group 
Number (keV) Fl ux 

b. Proton-Recoi 1 Spectrometry 

Group 
Number 

Lower 
Energy 
(keV) 

Group t 
Flux 

Group 
Number 

Lower 
Energy 
(keV) 

Lower 
Group Energy 
Number (keV) 

Group 
Fl ux 

Group t 

Fl ux 

Group f lux:  Values tabulated are  r e l a t i ve  group f lux 
per unit lethargy. 



b. Proton-Recoi l  Spectrometry ( con t  ' d )  

Lower 
Energy 
JkeV) 

Lower 
Energy 
JkeV) 

Group 
Number 

Group 
F l u x  

Group 
Number 

Group 
F1 ux 

E. Ca l cu la ted  Resu l t s  

Comparisons o f  t h e  measured i n t e g r a l  c ross  sec t i ons  t a b u l a t e d  here  

t o  i n t e g r a l  c ross  sec t i ons  c a l c u l a t e d  w i t h  ENDFIB-V nuc lea r  da ta  

a re  g i ven  i n  Refs. 1-3. 

F. Comments and Documentation 

1. The CFRMF F a c i l  i t y  

A d e t a i l e d  d e s c r i p t i o n  o f  t h e  CFRMF i s  found i n  Refs. 4 and 5. 

Capable o f  ope ra t i on  a t  100 kW, t h e  CFRMF has a  maximum i n t e g r a t e d  
2  neu t ron  f l u x  o f  approx imate ly  10'' n/cm -s i n  t h e  c e n t r a l  f a s t  

zone i r r a d i  a t  i on 1  oca t  ion. The c e n t r a l  neu t ron  spectrum has 

a  mean energy o f  760 keV, a  median energy o f  375 keV and 95% o f  

t h e  neut rons between 4 keV and 4 MeV. 



An ex tens i ve  program o f  measurernents and c a l c u l a t i o n s  has been 

under taken t o  c h a r a c t e r i z e  t h e  c e n t r a l  neu t ron  spectrum. A c t i v e  

neu t ron  spect rometry  has been done w i t h  p r o t o n - r e c o i l  d e t e c t o r s  4-6 

6 and w i t h  L i -semiconductor  sandwich d e t e c t ~ r s . ~  The tabu1 a ted  

measured spec t ra  i n  t h e  s p e c i f i c a t i o n  D.3.a and D.3.b a r e  based 

on t h e  r e s u l t s  i n  Refs. 6 and 7. From a  neu t ron i cs  c a l c u l  a t i o n a l  

s tandpo in t ,  t r a n s p o r t ,  Monte C a r l o  and resonance t heo ry  techniques 

have been D e t a i l s  o f  most o f  t h e  spectrum ineasure- 

ments and a  comparison o f  those rneasurernents t o  neu t ron i cs  

c a l c u l a t i o n s  w i t h  ENDFIB-I11 and ENDFIB-IV nuc lea r  da ta  a re  

g i ven  i n  Refs. 4-6. A comparison o f  t h e  measured spec t ra  t o  

a  spectrum d e r i v e d  f r om a  neu t ron i cs  c a l c u l a t i o n  w i t h  ENDFIB-V 

n u c l e a r  da ta  i s  g i ven  i n  Ref. 1. 

A  s e n s i t i v i t y  and u n c e r t a i n t y  a n a l y s i s  has been done f o r  t h e  CFRMF. 

Th i s  work i s  documented i n  Refs. 9 and 10. I n  t h i s  s tudy  t h e  
1  2 AMPX and FORSS code systems were used t o  determine, f o r  t h e  

c e n t r a l  neu t ron  spectrum, a  f l u x  covar iance  m a t r i x  r e l a t e d  t o  

u n c e r t a i n t i e s  and c o r r e l a t i o n s  i n  t h e  ENDFIB-V nuc lea r  da ta  f o r  

t h e  m a t e r i a l s  which comprise t h e  f a c i l i t y .  

2. Measured I n t e g r a l  Data 

a. Dos imeter  M a t e r i  a1 s  

The spectrum-averaged c ross  sec t i ons  which a r e  compi led 

i n  t h i s  s p e c i f i c a t i o n  were d e r i v e d  f r om i n t e g r a l  r e a c t i o n -  

r a t e  measurements. Most o f  t h e  dos imeter  r e a c t i o n - r a t e  

da ta  were generated as p a r t  o f  t h e  I n t e r l a b o r a t o r y  React ion-  

Rate (ILRR) program.13 I n t e g r a l  c ross  s e c t i o n s  f o r  t h e  

non-f  i s s i o n  dos imeters  (D.Z.a), were d e r i v e d  f rom t h e  

updated measured i n t e g r a l  da ta  i n  Refs. 14-16 r a t h e r  

t h a n  f r o ~ n  t h e  e a r l i e r  da ta  i n  Refs. 17 and 18. I n t e g r a l  

c ross  sec t i ons  f o r  t h e  f i s s i o n a b l e  dos imeters  (D.2. b )  were 



d e r i v e d  f rom t h e  i n t e g r a l  da ta  i n  Ref. 19 f o r  Th and i n  

Ref. 20 f o r  t h e  remain ing reac t i ons .  

P e r t i n e n t  d e t a i l s  concern ing t h e  d e r i v a t i o n  o f  these  

spectrum-averaged cross sec t i ons  f rom t h e  measured i n t e g r a l  

da ta  a r e  found i n  Ref. 1. I t  should be noted t h a t  t h e  non- 

f i s s i o n  dos imeter  i n t e g r a l  c ross  sec t i ons  i n c l u d e  resonance 

s e l  f - s h i  e l  d i  ng c o r r e c t i o n s  as appl i ed t o  t h e  measured 

r e a c t i o n - r a t e  da ta  r e p o r t e d  i n  Refs. 14 and 15. The 
6  c ross  sec t i ons  f o r  L i  and 'OB he1 ium p r o d u c t i o n  a l s o  

i n c l u d e  c o r r e c t i o n s  f o r  f l u x  depress ion and s c a t t e r i n g  i n  

t h e  sample packets.1 However, no i n t r i n s i c  s c a t t e r i n g  

c o r r e c t i o n s  a re  i nc l uded  i n  t h e  remain ing n o n - f i s s i o n  

r e a c t i o n s  f o r  t h e  reasons g i ven  i n  Ref. 17. The i n t e g r a l  

c ross -sec t i on  d e r i v a t i o n  i s  based on a  f l u x  t r a n s f e r  

us i ng  t h e  2 3 9 ~ u ( n , f )  r e a c t i o n  and t h e  NBS 2 5 2 ~ f  source as 

suggested by Grundl e t  a1." The f l u x  t r a n s f e r  i s  based 

on a  measured spectrum-averaaed c ross  s e c t i o n  o f  1800 mb ., 
+ 2.2% f o r  2 3 9 ~ u  i n  t h e  2 5 2 ~ f  neut ron  f i e l d ; 1 4  cornputed - 
2 3 9 ~ u ( n , f )  i n t e g r a l  cross sec t i ons  o f  1789 rnb and 1781 mb 

i n  t h e  2 5 2 ~ f  and CFRMF neut rons  f i e l d s ,  r e s p e c t i v e l y ;  14 

and a  measured i n t e g r a l  r e a c t i o n  r a t e  o f  (14.23 x  10 -14 + 

- 
1.6%) f iss ions /sec-nuc l  eus f o r  2 3 9 ~ u ( n , f )  i n  t h e  CFRMF 

HEDL-VI i r r a d i a t i o n . "  An i n t e g r a l  f l u x  va lue  o f  - 

7.94 x  10'' n/cm2-sec - + 2.7% was determined f o r  t h e  HEDL-VI 

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

O lder  comp i l a t i ons  o f  spectrum-averaged c ross  sec t i ons  

f o r  these dos imeter  r e a c t i o n s  a re  found i n  Refs. 22 and 

23. D i f f e r e n c e s  between t h e  dos imeter  i n t e g r a l  c ross  

sec t i ons  i n  t h i s  s p e c i f i c a t i o n  and those  i n  Refs. 22 and 

23 a r e  d iscussed i n -  Ref. 1. 

The core  c e n t e r  f i s s i o n - r a t e  r a t i o s  (D. l )  were taken  

f r om Ref. 24. 



Fiss ion-Produc t  and H igher  A c t i n i d e  M a t e r i a l s  

Spectrum-averaged c ross  sec t i ons  f o r  t h e  f i s s i o n  products ,  

as t a b u l a t e d  here under D.2.d, a r e  based on t h e  i n t e g r a l  

da ta  r e p o r t e d  i n  Ref. 25. Th i s  comp i l a t i on25  p rov ides  an 

update t o  t h e  f i s s i o n - p r o d u c t  i n t e g r a l  da ta  r e p o r t e d  i n  

Ref. 8. The h i g h e r  a c t i n i d e  i n t e g r a l  c ross  sec t i ons  

t a b u l a t e d  here  i n  D.2.c a re  based on t h e  i n t e g r a l  da ta  

r e p o r t e d  i n  Refs. 26-27. The americium i n t e g r a l  da ta  i n  

Ref. 27 update t h e  p r e l i m i n a r y  r e s u l t s  r epo r ted  i n  Ref. 26. 
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APPENDIX 

This' appendix t o  t h e  benchmark s p e c i f i c a t i o n  f o r  t h e  CFRMF con ta ins  

a  t a b u l  a t i o n  o f  a  po in t -wise,  f r e e - f  i e l d  spectrum f o r  t h e  c e n t r a l  neu t ron  

f i e l d .  The spectrum, t a b u l  a ted  accord ing t o  t h e  ENDF/B TAB1 format,  

corresponds t o  r e l a t i v e  po in t -w i se  f l u x e s  pe r  eV f o r  each o f  t h e  621 

energy bounds o f  t h e  620-group energy s t r uc tu re .  Th i s  f ine -g roup  spectrum 

was d e r i v e d  f rom a  broad group spectrum which was generated by a  t r a n s p o r t  

c a l c u l a t i o n  us ing  a  PI-S6 approx imat ion and ENDFIB-V nuc lea r  da ta  i n  t h e  

f i l t e r  assembly. D e t a i l s  about t h e  broad-group neu t ron i cs  c a l c u l a t i o n  

a r e  g i ven  i n  Ref. 2 and d e t a i l s  concern ing t h e  i n t e r p o l a t i o n  scheme f o r  

gene ra t i ng  t h e  f ine -g roup  spectrum a r e  g iven  i n  Ref. 1. 
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FLATTOP-2 3 
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I. INTRODUCTION 

The utilization of integral  experiments has been widely accepted by the 

CSEWG community a s  a mechanism for validation of the E N D F I B  data files. 

Over the past  half dozen years  a number of fast  integral experiments have 

been given recognizance a s  CSEWG Fas t  Reactor Benchmarks. These bench- 

ma rks  have been specified a t  various t imes by various people. These efforts 

a r e  recognized a s  having been very worthwhile. 

This repor t  represents  an attempt by the CSEWG community to system- 

atically present  specifications for the currently accepted F a s t  Reactor 

Benchmarks. Specifications for these benchmarks conform to an  agreed 

upon format. A l l  accepted benchmarks have been reviewed for completeness 

and accuracy of the experimental information. It i s  anticipated that f rom 

time to time additional benchmarks will be generated f rom now available 

integral experiments. With the establishment and acceptance of a standard 

specification format, i t  i s  believed that the problems of passing f rom 

experiment to benchmark will be minimized. 

11. CONTRIBUTORS 

In 1971 E. M. Pennington, A N L  and J .  D. Jekins, ORNL, were  assigned 

the task of producing an acceptable standard format for specifying CSEWG 

Fas t  Reactor Benchmarks. Their  success i s  documented in Section 111. 

Upon acceptance of the above standard, members  of the CSEWG Data 

Testing Subcommittee were  assigned Fas t  Reactor Benchmarks for r e -  

specification according to the accepted format, and to verify wherever 

possible, the accuracy of the given experimental data for these benchmarks. 

The responsible personnel, their affiliation and the benchmarks so specified 

a r e  a s  follows: 



CSEWG 
BENCHMARK 
ASSEMBLY 

J E Z E B E L  

GODIVA 

VERA - 11A 

ZEBRA-3  

VERA - 1 B 

ZEBRA -2 

ZPR-3-12 

Z P P R  -2 

SEFOR 

RESPONSIBILITY 

R .  L a B a u v e  LASL 

H. A l t e r  * A1 

B. A .  Z o l o t a ~ k *  ANL 

R . B. Kidman *** HEDL 

R .  P r o t s i k  G E  

New addresses : 
*Divs. of Reactor Research (& Development, USAEC, Washington, D. C .  20545 

**Elect r ic  Power Research I n s t i t u t e ,  3412 Hillview Avenue, Palo Al to ,  CA 94304 
***Los Alamos S c i e n t i f i c  Laboratory, P. 0 .  Box 1663, Los Alamos, New Mexico 87544 



111. BENCHMARK SPECIFICATION FORMAT 

CSEWG benchmark problems a r e  intended to allow the assessment  

of the validity of microscopic nuclear data by comparison of integral 

experiments and calculations. CSEWG benchmarks should therefore be 

selected for usefulness and ease of calculation and representation, and 

should be a s  f ree  a s  possible f rom effects ascribable to computational 

techniques and modeling. 

A CSEWG benchmark should provide a logically ordered description 

of the system which will allow the user  to determine if the problem is  of 

interest ,  to se t  up the problem in an unambiguous fashion with a reasonable 

amount of effort, to compare calculated resul ts  directly to the experiment 

with a minimum application of correction factors, and where such factors 

a r e  unavoidable, to apply correction factors in an unambiguous and clearly 

described fashion. The benchmark description should contain sufficient 

information and suitable documentation to permit  the use r  to form an 

independent assessment  of the validity of the calculational models described. 

Benchmark descriptions lacking comments and documentation in this regard 

a r e  unacceptable. 

In accord with the broad requirements above, the following format 

for benchmark specifications is  required: 

A .  Benchmark name and type., e. g., JEZEBEL - a bare  sphere of 

plutonium; SEFOR Doppler benchmark. 

Be System Description: This should be a description inEngl ish  of 

the physical system and the general reasons for i ts  selection a s  

a benchmark. The section should include, for example, specific 

c ross  section and energy range sensitivities of the system. 



C.  Model Description: 

1. One-Dimensional Model: If a t  al l  possible, the system should 

be described a s  a one -dimensional homogeneous model, 

Such a prescript ion should include: 

a. model dimensions and a figure; 

b. boundary conditions; 

c. a tom densities in each region in units of a tomslbarns  cm; 

d. the perpendicular bucklings, whichmay be energy - a n d  

region-dependent, i f  the geometry i s  not spherical; 

e. the suggested geometrical mesh  description; 

f .  the suggested calculational method, i. e . ,  diffusion theory, 

S with n specified, etc. ; 
n 

g. the suggested energy group structure;  

h. details on special calculational techniques, i. e . ,  if 

central  worth data a r e  available, then the size of the 

region over which such a calculation i s  to be effective 

might be specified, o r  i f  resonance shielding for a particular 

nuclide i s  important, then this fact might be noted; 

i. an est imate of the suitability of the simple model to 

represent  the actual system, with some estimated un- 

certainty in k ascribable to the model. 
eff 

2. Other more  complicated models: Two- and three-dimensional 

models for the system may be prescribed a s  outlined above. 

Exact  specifications can be useful for those wishing to perform 

Monte Carlo calculations. 

D. Experimental Data: 

Experimental data with e r r o r  est imates should be presented for 

a l l  available quantities of interest ,  E r r o r s  should be represented 

a s  one standard deviation and so described, 



Experimental data should include: 

a.  measured eigenvalue with e r r o r  estimates. It i s  per-  

missible to give correction factors to be applied to the 

calculated eigenvalue to allow for heterogeneous-homo- 

geneous, transport-diffusion, 2D- 1 D, etc. ,  corrections. 

b. experimental spectral  indices a t  the core  center with 

e r r o r  est imates wherever possible. Correction factors 

may be required to allow for heterogeneity effects ,  

c. mater ia l  worths a t  the core  center including e r r o r  est imates 

wherever possible. These should be given in units of 
- 5 

1 0  k /k/mole.  It may be necessary  to give correction 

factors to allow for the differences between the simplified 

one -dimensional and actual models. 

d. other quantities for optional analysis such a s  central  

activation c ro s s  sections, Doppler effects, Rossi  alpha, 

and leakage spectra should be included. E r r o r  est imates 

should be given if possible. Wherever corrections a r e  

necessary  to relate calculated and experimental results ,  

detailed instructions on their application should be given 

together with a numerical  example. 

E. Calculated Results: 

An optional section giving CSEWG calculated results  using version 

N data would be helpful in establishing both model validity and 

data trends.  Individual results  should be given for specific codes 

and calculational procedures ra ther  than averaged results.  This 

allows assessment  of the mer i t s  of various codes. Comments on 

the committee's experience with the specific benchmark could be 

included here. 



F. Comments and Documentation: 

This section should contain sufficient information to allow the 

use r  f irst ,  to comprehend the approximations inherent in the 

benchmark representation and how they were resolved, and 

second, to t r ace  back through references the detailed calculation 

basis for the model. In part icular ,  this section should cover: 

a. the method used for converting the actual three -dimensional 

geometry to one-dimensional geometry should be briefly 

described, and an e r r o r  est imate should be given for the 

process.  

b. a brief description should be presented of the method for 

converting f rom heterogeneous to homogeneous regions 

including an e r r o r  estimate. 

c. some discussion should be given of any corrections which 

were  made to experimental spectral  indices and central  

worths for flux depressions by fission chambers,  sample 

s ize  effects, etc. In the case  of central  worths, the values 

of inhour s per 70 A k/k  used for converting the experimental 

measurements should be given, along with a reference to 

the delayed neutron parameters  involved. The persons 

providing the benchmark description should be aware of the 

fact that central  worths calculated for the simpllfied 1D- 

sys tem may be considerably different f rom those of the 

actual system, and that calculations to investigate this 

fact should be made. 

d. finally, the section mus t  include references to the sources 

of information presented. The references should be to 

published documents or  papers rather than internal memoranda. 



G. Limitations: 

The benchmark descriptions should not require any specifications 

which a r e  pertinent only to individual multigroup cross-section 
2 

production codes such a s  MC or  ETOX for example. Such 

specifications include weighting spectra within groups, ordinary 

or consistent P or  B options, etc. However, generally applicable 
1 1 

problem qualifications, i. e . ,  order  of S or broad group structure,  
n 

may appear a s  suggestions in the model description, Section C, 





FAST REACTOR BENCHMARK NO. 1  

A .  Benchmark Name and Type 

JEZEBEL, a  ba re  sphere  of plutonium. 

B. Systems D e s c r i p t i o n  

JEZEBEL i s  a  b a r e  sphere  of plutonium metal .  The s ing le - reg ion ,  simple 

geometry and uniform composit ion conven ien t ly  f a c i l i t a t e  c a l c u l a t i o n a l  

t e s t i n g ,  e s p e c i a l l y  f o r  t h e  plutonium i s o t o p e  c r o s s  s e c t i o n s  i n  t h e  f i s s i o n  

source  energy range.  

C .  Model D e s c r i p t i o n  

The s p h e r i c a l  homogeneous model has  a  c o r e  r a d i u s  of 6.385 cm and t h e  

fo l lowing composit ion.  1  

I so tope  

2 3 9 ~ "  

2 4 0 ~ u  

24 i p, 

D e n s i t y ,  nuclei lb-cm 

0.03705 

0.001751 

0.0001 17 

0.001375 

The recommended mode of c a l c u l a t i o n  is  one-dimensional t r a n s p o r t  

t h e o r y ,  S16, wi th  40 mesh i n t e r v a l s  i n  t h e  c o r e ,  a vacuum boundary c o n d i t i o n  

on the  core  boundary (6.385 cm) and a  26 energy group s t r u c t u r e  wi th  h a l f -  

Lethargy u n i t  widths  and an upper energy of 10  MeV. 

(Revised 11-81) 



D. E x p e r i m e n t a l  Da t a  

1. Measured Eigenva  l u e :  k = 1.000 + 0.002 

2. S p e c t r a l  I n d i c e s  a t  Core C e n t e r  

a .  C e n t r a l  F i s s i o n  I I a t i o s L  

a £( 
2 3 8 ~ )  / o f ( 2 3 5 ~ )  0.2137 t 0.0023 

a f  ( 2 3 3 ~ )  / u f (235u)  
1.578 + 0.027 

£( 2 3 7 ~ p )  / o f ( 2 3 5 ~ )  
0.962 + 0.016 

a f  ( 
1.448 + 0.029 

b. C e n t r a l  A c t i v a t i o n  R a t i o s  3  

I s o t o p e  'n ,yl"f  
( 235u) Thermal  N o r m a l i z a t i o n  

Value o f  an  Y ,  b a r n s  
9 

3. R o s s i  Alpha 2 

6 -1 a = - B e f f  /P  - (0.64 + 0.01) x 10 s e c  

( R e v i s e d  11-81) 



4 .  C e n t r a l  R e a c t i v i t y  Worths 
4 

M a t e r i a l  

M a t e r i a l  

T i  

v 
Fe 

Co 

N i 

Zr 

Mo 

Ag 

Ta 

W 

Au 

Th 

233* 

235,, 

23aU 

2 3 7 ~ p  

239pu 

2 4 0 ~ u  
24 lh 

C e n t r a l  Worth, 10 -5  kk lk lmo le  

40 f 20 

30 2 2 

-490 f 10 

-14 2 2 

-44 2 2 

-19 2 2 

-36 5 2 

-28 +, 0.2 

C e n t r a l  Worth, 1 0 ' ~  Aklklmole 

-51 +, 2 

-30 +, 2 

-42 2 2 

-48 +, 2 

-94 2 2 

-70 +, 2 

-86 5 2 

-183 ?: 3 

-197 2 3 

-143 5 3 

-171 5 3 

-127 2 2 

2687 2 27 

1580 +, 1 6  

220 f 4 

1630 2 100 

3154 2 31 

2050 2 100 

2070 5 170 

(Revised 11-8 1) 



5 .  Neutron Flux Spectrum 

a. Leakage Spectrum 5 

The spectrum of neu t rons  e m i t t i n g  from t h e  s u r f a c e  of t h e  c o r e  i s  

r e p r e s e n t e d  below i n  t h e  1 /2  l e t h a r g y  group s t r u c t u r e  (Emax = 10 MeV) wi th  an  

a r b i t r a r y  n o r m a l i z a t i o n  t o  t h e  va lue  20 i n  group 4 .  U n c e r t a i n t i e s  a r e  based 

on count ing s t a t i s t i c s  a lone .  

Energy Group 

1 

b w e r  Lethargy Limit  

0.5 

R e l a t i v e  Neutron Leakage 

3.1 ,+ 0.5 

b. C e n t r a l  Spectrum R e l a t i v e  t o  2 3 9 ~ ~  F i s s i o n  Spectrum 2b 

Devia t ion  of t h e  c e n t r a l  spectrum from t h e  2 3 9 ~ u  f i s s i o n  

spectrum i s  c h a r a c t e r i z e d  by the  fo l lowing r a t i o s  of c e n t r a l  high-energy 

s p e c t r a l  i n d i c e s  t o  t h e  corresponding i n d i c e s  f o r  t h e  2 3 9 ~ u  f i s s i o n  spectrum. 

s p e c t r a l  Index 

a f  ( 
2 7 a ( 

n ,  P  
5 6 a ( Fe) /on,p(31p)  

n ?  P 

a ( 2 7 ~ l ) / o n , p ( 3 1 ~ )  
n,  a 

a  ( 6 3 ~ u ) / a  (31p) 
n,  2n n,  P  

Ra t io  of Cent v a l u e s  
t o  Value f o r  "'PU F i s s i o n  Spectrum 

1.0155 0.016 

1.016 t 0.020 

(Revised 11-81) 



E .  Ca lcu la ted  R e s u l t s  

Ca lcu la ted  r e s u l t s  may be appended t o  t h e s e  s p e c i f i c a t i o n s .  

F.  Comments and Documentation 

The composi t ion and c o n f i g u r a t i o n  s p e c i f i c a t i o n s  were t aken  from Ref. 1 

which a l s o  g ives  the  u n c e r t a i n t y  i n  c r i t i c a l  mass, a t  the  s p e c i f i e d  

composi t ion and d e n s i t y ,  a s  2 0.6%. 

T h i s  t r a n s l a t e s  t o  an  u n c e r t a i n t y  i n  e igenva lue ,  a t  t h e  s p e c i f i e d  

composi t ion,  d e n s i t y ,  and s i z e ,  of 2 0.2%. 

The most a c c u r a t e  f i s s i o n  r a t i o s  f o r  J e z e b e l  a r e  ob ta ined  from r e c e n t  

a b s o l u t e - r a t i o  measurements i n  Flat top-25 and Big Ten and d o u b l e - r a t i o  

measurements connect ing t h e s e  t o  Jezebe l .  These measurements a r e  d e s c r i b e d  

below. 

Measurement 
Location 

Big Ten 

Van de Graaff  

(En=2.43 M ~ V )  

a ,( 2 3 3 u ) / a f ( 2 3 5 ~ )  

Fla t top-25 

T ~ P ~ Y  

Big Ten 

Double Ra t io  
Value t o  Jezebe l  

Average: 

Average: 

Jezebe 1 Reference 

pre l im.  v a l u e  
from D.M.Gilliam 

F1-5 (Revised 11-81) 



Measurement 
Locat i o n  

Big Ten 

Van de Graaff  

(En = 2.43 MeV) 

Double R a t i o  
Value t o  J e z e b e l  Jezebe 1 Reference 

Average : 

Big Ten 1.198(+1*5%) 1.224(+1.2%) 

Average: 

The c e n t r a l  a c t i v a t i o n  c r o s s  s e c t i o n  r a t i o s  were o b t a i n e d  from double  

r a t i o  measurements, connect ing the  thermal column of t h e  LASL water  b o i l e r  t o  

t h e  c e n t e r  of J e z e b e l ,  and l i t e r a t u r e  v a l u e s  f o r  t h e  thermal  c r o s s  s e c t i o n s .  

The d a t a  f o r  the  c e n t r a l  a c t i v a t i o n  c r o s s  s e c t i o n s  were r e p o r t e d  i n  Ref. 3. 

Subsequen t ly ,  the  thermal n o r m a l i z a t i o n  v a l u e s ,  and consequent ly  the  

a c t i v a t i o n  c r o s s  sec  t i n n s  , have been updated by LASL. 

(Revised 11-81) 



The measured  c e n t r a l  r e a c t i v i t y  w o r t h s  were  t a k e n  from Ref. 4 

C o r r e c t i o n s  f o r  sample s i z e  e f f e c t s  have been r e e v a l u a t e d  by 50 g roup  

t r a n s p o r t  c a l c u l a t i o n s  ba sed  on ENDFIB-IV. The c o n v e r s i o n  from d o l l a r s /  mole 

t o  (Ak/k)/rnole  u s e s  t h e  f a c t o r  8 = 0.00190 ( t h e  s u r f a c e  mass i nc r emen t  e f f  

be tween  d e l a y e d  and prompt c r i t i c a l  gave 0.00189, t h e  c e n t r a l  v o i d  c o e f f i c i e n t  

gave 0.00191, and ENDFIB-IV d e l a y e d  n e u t r o n  d a t a  gave 0.00186).  

The d a t a  l i s t e d  f o r  t h e  l e a k a g e  spec t rum were d e r i v e d  from Ref.  5. A 

f i n e r  ene rgy  mesh r e p r e s e n t . a t i o n  f o r  t h e  spec t rum is  g i v e n  i n  t h i s  r e f e r e n c e  

a l o n g  w i t h  s t a t i s t i c a l  u n c e r t a i n t i e s .  

(Revised 11-81) 
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FAST REACTOR BENCHMARK NO. 2 

A .  I Z c n c h ~ ~ ~ n r l c  N a n ~ c ,  and Type 

VERA - 1 In,  a plutonium -plus -graphite a s s e m l ~ l y .  

R. System Description 

VERA- 1 1A was a cylindrically shaped cr i t ica l  assembly  fueled with 

plutonium and diluted with graphite. Assembly core  height was 2 1 - 7  c m  

and the effective co re  d iameter  was 26.9 cm.  The core  region was 

surrounded by a blanket consisting of depleted uranium and stainless s teel .  

This  assembly  was designed to  explore the accuracy of the plutonium 239 

neutron c r o s s  section data. 

C .  Model Description 

A one-dimensional spher ica l  model  of VERA -1 1A i s  given in 

Figure  1 .  A vacuum boundary condition should be applied a t  the outer  

ref lector  boundary. Mater ia l  a tom densi t ies  for  the c o r e  and reflector  

regions a r e  given in Table 1. The standard calculation mode i s  an  S 
8 

t ranspor t  theory calculation using a multigroup s t ruc tu re  composed of 

26 groups, each of lethargy width equal to 0 .5  and with E s e t  to  
m a x  

10 MeV. The number of m e s h  a r e  40 in the c o r e  and 40 in the ref lec tor .  

13.99 

RADIUS (cm) 

Figure 1. Spherical Model of VERA-11A Assembly 



2. 'I'wo-Dirncnsional Model Dcscription 

A two-dimensional (R  - Z )  cylindrical model  of thc V E R A  - 1 1 A  

assembly  i s  given in Figure  2. Z e r o  re turn  cu r ren t  boundary conditions 

should be applied to the top and the right side of the model; a symmet ry  

boundary condition should be applied along the model  bottom. I t  i s  sug- 

gested the assembly  be calculated using a two-dimensional diffusion theory 

code. Suggested m e s h  i s  40 radia l  and axial  intervals  in the c o r e  and 

40 intervals  for  the reflector  thickness. 

REFLECTOR 

Figure 2. Two-Dimensional (R-Z) Model of VERA-11A Assembly 

VACUUM 

- - - - - -  MIDPLANE 

58.875 

10.875 

O 

I 
13.22 52.22 

I 
RADIUS (cm) 

CORE 

I 



Table 1. 

Material  

VERA - 11A Region Compositions 

(Atoms /Barn-cm) 

Core 

.I. -6- 

Composition ( a )  should be used for calculations. 



D. Exper imenta l  Data 

1. Exper imenta l  Cr i t i ca l  M a s s  33.81 t o .  06 Kg Pu-239 

Cor rec t ions  for  Edge I r r egu l a r i t i e s  -0.97k0.3 

Fini te  Fue l  P l a t e  Thickness  + I .  37kO. 3 

Homogeneous Cylinder Cr i t i ca l  M a s s  34.2k0.4 K g  Pu-239 

Exper imental  E igenvalue 1.000*0.003 

2. Exper imenta l  Spec t r a l l nd i ce s  at Core  Cente r  Relative to bf (U-235) 

wf (U -238) = 0.07710.002 

=f 
(Pu-239) = 1.07*0.02 

Cf 
(Pu-240) = 0.475*0.020 

3. Mate r i a l  Worths a t  Co re  Cente r  

The  m e a s u r e d  react iv i ty  coefficients f o r  U-235, U-238, and 
3 Pu-239 a t  the co re  cen te r  of VERA-11A w e r e  equated to per turbat ion 

c r o s s  sect ions  by normal iz ing to a value of 1.901 ba rns  fo r  U-235 ca l -  

culated using the F D l  c r o s s  sect ion l ib ra ry .  

Mate r ia l  

U-235 

U -238 

Pu-2 39 

F. Comments  and Documentations 

Reactivity Coefficient, mb,  
Jnormal ized to  1901 for  U-235) 

1901*20 

VERA-1 1A was  a cyl indr ical  c r i t i c a l  a s sembly  fueled with plutonium 

and diluted with graphite. Detailed descr ipt ions  of the  exper imenta  have 

not been published. Model specifications a r e  those  der ived  by McTaggar t .  (1)  

(Revised 3-75) 



The  exper imenta l  c r i t i c a l  m a s s  i s  33.81*0.06 Kg Pu-239. Cor rec t ions  

fo r  edge i r r e g u l a r i t i e s  (-0.  97*0. 3) and fo r  finite fuel plate  th ickness  

( t l .  37*0. 3) produce a homogeneous cy l indr ica l  c r i t i c a l  m a s s  of 34.2*0.4 

Kg Pu-239. P l a t e s  in the fuel e l emen t s  in VERA -1 1A f o r m  continuous 

planes perpendicular  to the ax i s  of the cy l indr ica l  co re .  It w a s  the re fo re  

poss ib le  to e s t ima te  co r r ec t ions  f o r  heterogenei ty (- 1.070 in k) f r o m  infinite 

s l a b  calculat ions.  Applying a shape fac tor  of 0.959 produces  a homogeneous 

sphe r i ca l  c r i t i c a l  m a s s  of 32.8*0.5 Kg Pu-239,  with the r ad ius  of the 

c r i t i c a l  sphe re  equal  to 13.99*0. 07 cm.  Expe r imen ta l  r e s u l t s  w e r e  

de r ived  f r o m  re su l t s  quoted by McTaggar t ,  ~ a k e r ' ~ )  and Smith. ( 3 )  

R.  W.  provided the following comment  on the experiment:  T h e  

c o r r e c t i o n  fo r  heterogenei ty in VERA - 11A i s  1 .37 Kg Pu-239,  McTagga r t  

of AWRE has  pointed out that  heterogenei ty m e a s u r e m e n t s  on ' the  c u r r e n t  

re-bui ld of VERA-11A sugges t  a heterogenei ty co r r ec t ion  n e a r e r  1 .0 Kg 

Pu-239;  the a t o m  dens i t ies  for  lead  and t in  a r i s e  f r o m  the so lder  in  the 

plutonium can;  a f igure  of 95*15 p. p. m. of hydrogen in  the graphi te  h a s  

beel, suggested t o  allow for  possible  m o i s t u r e  content in the graphi te ,  the 

e f fec t  of this  m o i s t u r e  o r  k fo r  VERA -1 1A i s  about  $0. 0370 Ak/k .  
eff 

T h e  e s t ima ted  c o r r e c t i o n  to  the S eigenvalue for  the "S," i s  -0.0024. 
8 

F o r  example,  if the t r a n s p o r t  theory,  
keff (Sg)' 

r e s u l t  w a s  0. 9990, then 

the  keff (S,) r e s u l t  would be 0.9990-0.0024 = 0.9876. 

REFERENCES 

1. M. H. McTaggar t ,  In te rna l  Repor t  VERA/OP113, ( J anua ry  1967). 

2. A. R.  Baker ,  "Compara t ive  Studies  of the Cr i t ica l i ty  of F a s t  Cr i t i ca l  

Assembl i e s ,  " P r o c .  of Internat ional  Conf. in F a s t  C r i t i c a l  Expe r imen t s  

and T h e i r  Analysis ,  ANL-7320 (1966) 

3. R. D. Smith, e t  a l ,  " F a s t  Reac to r  P h y s i c s  Including Resu l t s  f r o m  

IJ. K .  Z e r o  P o w e r  Reac to r s ,  " P r o c .  3rd Int. Conf. Peacefu l  'l!ses 

of Atomic Enel-gy, L pg 166, IAEA (1964) 

4. Privntct Communication, R. W.  Smith (Ul<AEA) to 11. Al tc r ,  (Nov. 1970) 





FAST REACTOR BENCHMARK NO. 3 

A) ZPR-3 Assembly 48 - A Plutonium Fueled Fas t  C r i t i c a l  Assembly 

B) System Descr ip t ion 

The ZPR-3 c o n s i s t s  of two ha lves ,  each a h o r i z o n t a l  matr ix  of 2.2 i n .  square 

s t a i n l e s s  s t e e l  tubes i n t o  which a r e  loaded pe r fo ra ted  s t a i n l e s s  s t e e l  drawers 

conta ining f u e l  and d i l u e n t  m a t e r i a l s  of va r ious  types.  Assembly 48 was a smal l  

(400 l i t e r )  f a s t  c r i t i c a l  assembly wi th  a s o f t  spectrum and o the r  c h a r a c t e r i s t i c  

r e p r e s e n t a t i v e  of cu r ren t  LMFBR designs.  The drawers contained p l a t e s  of 

plutonium, Pu/U/Mo a l l o y ,  sodium, deple ted  uranium, and g raph i t e .  The atomic 

r a t i o  of uranium t o  plutonium was approximately 4: 1, with  t h e  2 4 0 ~ u  i s o t o p i c  

f r a c t i o n  of 6%. The LID r a t i o  was approximately un i ty  and the  b lanket  was 12 in .  

of deple ted  uranium. l Figure 1 shows the  loading of a co re  drawer a s  w e l l  a s  

s e v e r a l  o t h e r  s p e c i a l  drawers. Figures 2 and 3 show the  cross  s e c t i o n a l  views 

of the  as -bu i l t  r e fe rence  assembly, which had a n  excess r e a c t i v i t y  of 6 1  Ih .  The 

equ iva len t  c y l i n d r i c a l i z e d  represen ta t ion  of the  as -bu i l t  r e fe rence  assembly 

is shown i n  Fig. 4. 

C) Model Descr ip t ion 

1. One-Dimensional Model: A one-dimensional model with s p h e r i c a l  geometry 

has been used i n  the  a n a l y s i s  of many measurements i n  t h i s  assembly. 

The s p h e r i c a l  homogeneous model was defined with re fe rence  t o  a two- 

dimensional f i n i t e  c y l i n d r i c a l ,  heterogeneous model which w i l l  be 

descr ibed i n  Sect ion C.2, and a s p h e r i c a l ,  heterogeneous model. The 

radius  of t h e  core  i n  t h e  s p h e r i c a l ,  heterogeneous model was chosen 

such t h a t  the  m u l t i p l i c a t i o n  constant  was the  same a s  f o r  the  two- 

dimensional model. The s p h e r i c a l ,  homogeneous model used the  same 

core  rad ius  a s  t h e  s p h e r i c a l  heterogeneous model. The r e s u l t i n g  core  



rad ius  and blanket  th ickness  were 45.245 cm and 30.0 cm, respec t ive ly .  

The appropr ia te  compositions f o r  use  wi th  the  s p h e r i c a l  model a r e  

given i n  Table I. 

An energy group s t r u c t u r e  wi th  27 energy groups, a s  g iven i n  Table 11, 

is suggested.  Such a s t r u c t u r e  has  s u f f i c i e n t  d e t a i l  a t  l o w  energ ies  t o  

a f f o r d  a c c u r a t e  computations of m a t e r i a l  worths and Doppler e f f e c t s .  

Because of the  s i m p l i c i t y  of t h e  two-region, homogeneous s p h e r i c a l  

model the  macroscopic f l u x  d i s t r i b u t i o n s  ac ross  the  r e a c t o r  may be 

computed wi th  d i f f u s i o n  theory,  and a r e l a t i v e l y  coarse  mesh of 2 cm 

should be adequate.  

Centra l  m a t e r i a l  r e a c t i v i t y  wortlls and Doppler r e a c t i v i t y  worths 

may be computed bg p e r t u r b a t i o n  theory.  I f  the  m a t e r i a l  sample is 

o p t i c a l l y  t h i n  and i f  the  m a t e r i a l  i s  contained i n  the  core ,  t h e  

homogeneous core  c ross  s e c t i o n  f o r  the  m a t e r i a l  a r e  f a i r l y  appropr ia te  

t o  the  sample. I f  t h e  m a t e r i a l  sample is o p t i c a l l y  t h i n  and i f  the  

m a t e r i a l  is not  contained i n  the  core ,  then i n f i n i t e  d i l u t i o n  c ross  

s e c t i o n s  a r e  appropr ia te  f o r  t h e  sample. 

The major £1- i n  t h e  homogeneous s p h e r i c a l  model f o r  t h i s  

geometr ica l ly  simple system is i n  the  neg lec t  of h e t e r o g e n e i t i e s  i n  the  

u n i t  c e l l .  Sect ions  D and F i n d i c a t e  the  u n c e r t a i n t i e s  a r i s i n g  from 

the  use of homogeneous c ross  s e c t i o n s .  The e r r o r  i n  m a t e r i a l  worth 

o r  Doppler worth in t roduced by f l u x  d i s t o r t i o n s  depends s t r o n g l y  upon 

the  na tu re  of t h e  sample. 

2. Other More Complicated Models: A two-dimensional f i n i t e  c y l i n d r i c a l  

r e p r e s e n t a t i o n  of t h e  system is  c l o s e r  t o  t h e  phys ica l  conf igura t ion  

than a s p h e r i c a l  r ep resen ta t ion .  I n  de f in ing  the  f i n i t e  c y l i n d r i c a l  



model, the  a s - b u i l t  loading was cor rec ted  f o r  excess r e a c t i v i t y ,  

edge smoothing, sp ik ing  of t h e  c o n t r o l  and s a f e t y  rods wit11 e x t r a  

f u e l  and f o r  the  s t a i n l e s s  s t e e l  i n t e r f a c e  between the  halves  of the  

assembly. The r e s u l t i n g  region dimensions and compositions f o r  the  

zero-excess r e a c t i v i t y ,  heterogeneous, two-dimensional model a r e  

given i n  Tables I11 and I V ,  r e spec t ive ly .  

D) Experimental Data 

1. Measured Eigenvalues: The measured eigenvalue corresponding t o  the  

models of Sect ion C i s  1.000 t 0.001. Calcula t ions  i n d i c a t e  a 0.0183 

heterogenei ty  c ~ r r e c t i o n . ~  

2. Unit-Cell Reaction Rates: F o i l s  of enriched uranium and deple ted  

uranium were i r r a d i a t e d  a t  t h e  cen te r  of Assembly 48 t o  o b t a i n  r a t i o s  

of capture  and f i s s i o n  i n  2 3 8 ~  t o  f i s s i o n  i n  2 3 5 ~ .  The f o i l s ,  0.39 i n .  

i n  d i m  by 0.01 i n ,  t h i c k  were wrapped i n  aluminum f o i l  f o r  placement 

between p l a t e s  a t  12  l o c a t i o n s  i n  the  u n i t  c e l l .  The f i s s i o n  and 

capture  a c t i v a t i o n s  were determined by radiochemical  methods. 

Table V g ives  t h e  cell-averaged va lues  of the  cap tu re  and f i s s i o n  

r a t i o s  obta ined from these  measurements together  with the  heterogenei ty  

cor rec t ion .  To be c l e a r ,  these  u n i t - c e l l  r e a c t i o n  r a t e  values  

correspond t o  t h e  r e a c t i o n s  a c t u a l l y  t ak ing  p lace  i n  the  u n i t - c e l l  i n  the  

assembly, and n o t ,  f o r  example, t o  a ce l l -average defined a s  the  va lue  

of the  f l u x  a t  every po in t  i n  the  c e l l  mul t ip l i ed  by the  c ross  s e c t i o n  

of the  f o i l  m a t e r i a l .  We use  the  term t o  r e f e r  t o  the  f l u x  and volume 

weighted r e a c t i o n  r a t e s  as they a c t u a l l y  occur i n  the  u n i t - c e l l .  Hence, 

a per atom u n i t - c e l l  r e a c t i o n  r a t e  r a t i o  is converted t o  the  a c t u a l  



r a t i o  of t h e  number of r e a c t i o n s  takfng p lace  i n  the  c e l l  simply by 

mul t ip ly ing  t h e  former r a t i o  by t h e  appropr ia te  atom dens i ty  r a t i o .  

3. Mater ia l  Worth a t  the  Center of t h e  Core: Cen t ra l  r e a c t i v i t y  worths 

of s e v e r a l  heavy and s t r u c t u r a l  m a t e r i a l s  were measured i n  a  smal l  

diameter (0.45 in . )  s t e e l  c a r r i e r  cy l inder .  The r e a c t i v i t y  of the  

c a r r i e r  wi th  a  sample a s  compared on empty c a r r i e r  was obtained 

from the  change i n  p o s i t i o n  of the  autorod.  The plutonium and 

uranium samples were c lad  a n n u l i  whi le  the  s t r u c t u r a l  m a t e r i a l  

samples were genera l ly  0.42 i n .  cy l inders .  Table V I  g ives  the  

experimental  wor ths  of s e v e r a l  i so topes  together  with the  r e s u l t s  

of c a l c u l a t i o n s  using t h e  homogeneous, s p h e r i c a l  model. 

E) Calculated Resu l t s  

The c a l c u l a t i o n s  described i n  t h i s  s e c t i o n  were made using ENDFIB-I11 d a t a  

and the  s tandard one-dimensional, homogeneous s p h e r i c a l  model of the  assembly. 

The fundamental mode op t ion  of the  S D X ~  code was used t o  compute homogeneous 

c ross  sec t ions .  This model y ie lded  a  m u l t i p l i c a t i o n  constant  of 0.9744 f o r  t h e  

c r i t i c a l .  The a d d i t i o n  of t h e  he te rogene i ty  and t h e  t r a n s p o r t  c o r r e c t i o n s  g ives  

a  keff of 0.9999. 

Table V I I  g ives  the  comparison of t h e  m u l t i p l i c a t i o n  cons tan t ,  r e a c t i o n  

r a t e  r a t i o s  and s e v e r a l  c e n t r a l  worths computed wi th  s e v e r a l  models. F i r s t -o rde r  

p e r t u r b a t i o n  theory was used i n  the  c e n t r a l  worth c a l c u l a t i o n s .  

F) Comments and Document a t i o n  

To a s s e s s  t h e  l i m i t a t i o n s  of the  homogeneous, s p h e r i c a l  Benchmark model, 

the  m u l t i p l i c a t i o n  cons tan t ,  r e a c t i o n  r a t e  r a t i o s  and c e n t r a l  r e a c t i v i t y  worths 



were ca lcu la ted  with a one-dimensional s p h e r i c a l  heterogeneous model and wi th  a 

two-dimensional f i n i t e  c y l i n d r i c a l  model. I n  t h i s  way, t h e  e r r o r s  a r i s i n g  from 

homogenization can be separa ted from t h e  e r r o r s  a r i s i n g  from the  s impl i f i ed  

geometric r ep resen ta t ion .  The heterogeneous c ross  s e c t i o n s  were computed wi th  

the  p l a t e  u n i t  c e l l  op t ion  of the  SDX code, which uses the  NR approximation t o  

ob ta in  resonance c ross  s e c t i o n s  and i n t e g r a l  t r a n s p o r t  methods t o  o b t a i n  s p a t i a l  

weighting f a c t o r s .  The model used t o  r epresen t  t h e  u n i t  c e l l  i n  these  SDX 

problems as  descr ibed i n  Ref. 5. 

The r e s u l t s  of c a l c u l a t i o n s  wi th  t h e  t h r e e  models a r e  compared i n  Table V I I .  

The one-dimensional and t h e  two-dimensional heterogeneous models a r e  i n  good 

agreement. From comparison of the  s p h e r i c a l  homogeneous and heterogeneous r e s u l t s ,  

he te rogene i t i e s  account f o r  a d i f f e r e n c e  of about 1.8% i n  the  m u l t i p l i c a t i o n  

constant  and d i f f e r e n c e s  up t o  10% i n  the  c e n t r a l  worths. For t h e  c e n t r a l  worth 

measurements, the  conversion f a c t o r  1% Ak/k - 981 I h  was used t o  conver t  the  

measured per iods  t o  t h e  des i red  r e a c t i v i t y  un i t s .  The delayed neutron d a t a  of 

~ e e ~ i n ~  were used i n  computing t h i s  conversion f a c t o r .  
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TABLE I. ZPR-3 Assembly 48 Spher ical  Model Atom Dens i t i e s ,  
atmlbarn-cm 

Isotope Core Radius = 45.245 cm Blanket Thickness = 30.0 cm 



TABLE 11. S p e c i f i c a t i o n s  of  27-Group S t r u c t u r e  

Group E 
upper ' keV Group E  keV upper ' 

TABLE 111. Dimensions f o r  t h e  Zero-Excess 
R e a c t i v i t y ,  C y l i n d r i c a l  Version of 

ZPR-3 Assembly 48 

Core r a d i u s ,  cm 41.59 

Core h e i g h t ,  cm 76.352 

Rad ia l  b l a n k e t  t h i c k n e s s ,  cm 34.47 

Rad ia l  b l anke t  h e i g h t ,  cm 137.16 

A x i a l  b l anke t  t h i c k n e s s ,  cm 31.144 

Core volume, l i t e r s  4 15 



TABLE IV. Mean Atom Densities for the Zero-Excess 
Cylindrical Model of Assembly 48,  atoms/barn-cm 

Core Axial Blanket (a) Radial Blanket 

(a)~hese concentrations differ from data given in Ref. 1 due to inclusion of 
spring gap and spring in axial blanket (Ref. B.A. Zolotar, 1/75.). 

TABLE V. Unit-Cell Reaction Rate Ratios in 
ZPR-3 Assembly 48 

Calculated Heterogeneity 
Measurementa Correction Factorsb 

aFlux-weighted average of seven unit-cell locations. 
b~omogeneous /heterogeneous. 

(Revised) 3-75 



TABLE VI. Central Reactivity Worths Measured i n  
ZPR-3 Assembly 48,  10 '~  ~k/k/mole  

Neasured Worth 
 so topea 1.0 lnprecisionb Calculated WorthC . 

a 
See Table 35 of Ref. 1 for further description of samples. 

b ~ e a s u t e d  period converted t o  reac t iv i ty  with use of conver- 
s ion  factor  1 X  Aklk = 981 Ih.  

CFOP ca lculat ion  based on ENDF/B-I11 data and central  
spherical ,  homogeneous f l u x e s .  



TABLE VII. Comparison of Calculations for  
ZPR-3 Assembly 48 with Several Models 

1-Dimensional 1-Dimens ional  2-Dimens i o n a l  
IIomogeneous Heterogeneous Heterogeneous 

28c /25f  0.1359 0.1285 
Reaction Rates 

2 8 f / 2 5 f  0.03187 0.03135 

2 3 5u 103.10 102.33 
Central Worths , 

238U -6.894 -7.715 -7.654 

10'~ Ak/k/mole 
3 ~ a  -0.2543 -0.2522 -0.2482 
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FAST REACTOR BENCHMARK NO. 4 

A .  Bcnchmarlc Name and Typc 

ZEI3RA -3, a 9: 1 uranium/plutonium metal  asscrnbly. 

13. System Description 

The ZEBRA facility consists  of stainless steel  tubes containing 

reactor  mater ia ls  mounted vertically on a 3 mete r  square base plate. 

A pin a t  the lower end of each element fits into the base plate and the 

elements a r e  restrained lateral ly by 3 steel  lattice plates. The central  

27 c m  square of the base plate i s  removable so  l a rge  experiments may 

be mounted in the reactor  center. A concrete shield and steel  contain- 

ment  vessel  complete the structure.  

ZEBRA-3 was a cylindrical cri t ical  assembly with a core  height of 

35.04 cm, an effective diameter of 46.24 cm and a core  volume of 

58.86 l i ters .  The core  i s  surrounded by a blanket df natural  uranium 

having an axial thickness of 30. 54 c m  and an effective radial thickness of 

34.04 cm. 

The assembly has  a hard spectrum with m o r e  than 8070 of the neutron 

flux being a t  energies over 100 kev. The assembly i s  useful for testing 

the high energy U-238 and Pu-239 c ro s s  section data. 

C. Model Description 

One-Dimensional Model Description 

A one-dimensional spherical  model of ZEBRA - 3  i s  given in 

Figure 1. A vacuum boundary condition shquld be applied to 

the outer reflector boundary. Atom densities for the mate r ia l s  in the core  

and reflector a r e  given in Table 1. The standard calculational mode i s  an 

S t ranspor t  theory calculation using a multigroup s t ructure  composed 
8 

of 26 groups, each of lethargy width equal to 0.5 and with E se t  
m ax 

a t  10 MeV. The number of mesh intervals for core  ant1 reflector a r e  

40 and 30, rcspcctively. 



23.68 

RADIUS (crn) 

Figure 1. Spherical Model of ZEBRA-3 Assembly 

2. Two-Dimensional Model Description 

A two-dimensional (R - Z)  cylindrical model of the ZEBRA - 3  

assembly i s  given in Figure  2. A ze ro  re turn  cur ren t  boundary condition 

should be applied to the top and right side of the model; a symmetry  boundary 

condition shouldbe applied along the model bottom. The standard calculation 

mode i s  two-dimensional diffusion theory with mesh  a s  follows: 40  radial  

and axial intervals in the core;  30 intervals for the reflector thicknesses. 
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Mate r i a l  

PU-239 

PU-240 

PU-241 

U-235 

U-238 

Cu 

F e  

C 

C r  

Mo 

Mn 

Ni  

A1 

T i  

Si  

v 

Table  1. 
.?, ,I. 

ZEBRA - 3  Rcgion Coinpositions 

( A t o m s / B a r n - c m )  

C o r e  Ref lec tor  

::Revised by R.  W. Smi th  1 1 /70  

:::?As of Jan .  /Feb .  1965, T = 13.2 y e a r s .  
112 



D. Expcr imentx l  Data 

1. Expcr i lnenta l  C r i t i c a l  M a s s  80.1k0.2 I<g (Pu-239 t Pu-241)  

Cor rec t ions  for  Edge  I r r c g u l a r i t i e s  -1.6*0.1 
J. 

Fini te  P l a t e  Thickness  (fuel  t diluent) +2. 9'"*0.8 

Homogeneous Cylinder  Cr i t i ca l  M a s s  E l .  4*0.9 K g  (Pu-239 t Pu-241) 

81.0 K g  PU-239 

0.4 Kg  Pu-241 

Expe r imen ta l  E igenvalue 1.000*0.003 

2 .  Exper imen ta l  Spec t r a l  Indices  a t  C o r e  Cen te r  Relat ivc t o  fl U-235 
f 

a, (U-238) = 0.0461*0.0008 

q ( U - 2 3 3 )  = 1.542kO.019 

(Tf (U-234) = 0.346*0.009 

'J f 
(U-236) = 0.099*0.005 

cf (Pu-239) = 1.190*0.014 

gf (Pu-240) = 0.373*0.005 

0 (Np-237) = 0.353*0.004 
f 

:kThis value is  the m e a n  of the m e a s u r e d  and calculated value: 
(measured 2. 5 1<g; calculated 3.3 K g )  



3. Material  Worths a t  Core  Ccnter 

Material  Reactivity Coefficient 

(1 oe5  Aklklrnole)  

197*4 

318*8 

-9.95*0.48 

-105rt5 

-26.7k0.6 

-3O*l 

- 8 5*4 

-26*l 

-6.4*0. 3 

-3.8*0.2 

-2.8*0.3 

-3.4*0.4 

-3.9*0.4 

-32*1 

The reactivity coefficients given above a r e  values for  effective ze ro  

s ize  samples a s  quoted in Reference 1. The conversion f r o m  in-hours 

to Ak/k  for ZEBRA-3 i s  given a s  860 Ih = 0.01 Aklk.  



F. Commcnts  and Documentation 

Expc r imcn ta l  information on the ZEBRA - 3 a s sembly  i s  detai lcd in 

A E E W - R - 4 6 l . ( l )  The  expe r imen ta l  c r i t i ca l  m a s s  w a s  80. laO.2 Kg 

(Pu-239 + Pu-241) .  Cor rec t ions  for  cdgc i r r e g u l a r i t i e s  and heterogenei ty 

e f fec ts  w e r e  -1.6rt0.1 and t2.91t0.8 Kg (Pu-239 + Pu-241),  respec t ive ly ,  

resu l t ing  in a homogeneous cyl inder  c r i t i ca l  m a s s  of 81.0 Kg Pu-239 + 
0.4 Kg Pu-241.  T h i s  c r i t i ca l  m a s s  fo r  the equivalent homogeneous 

cyl inder  was  obtained f r o m  the m e a s u r e d  values by allowing fo r  par t ia l ly  

i n se r t ed  cont ro l  rods  and counter  holes  a s  wel l  a s  i r r e g u l a r  edge and 

heterogenei ty effects .  

Applying a shape fac tor  of 0.944*-. 005 gives a homogeneous sphe r i ca l  

c r i t i c a l  m a s s  of 76.8kl.O Kg (Pu-239 + Pu-241) ,  o r  76.4 Kg Pu-239 

and  0.4 Kg Pu-241.  T h e  cor responding  c r i t i c a l  sphe re  r ad ius  i s  

23.68k0.12 cm. 

T h e  co r rec t ion  to  the S eigenvalue r e s u l t  t o  ex t rapola te  t o  a n  "S," 
8 

value i s  e s t ima ted  to  be  -0.001. F o r  example,  (S ) i s  1.003, 
if keff 8 

then  k (S,) would be 1.002. 
eff 
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F A S T  REACTOR BENCHMARK NO. 5 

A .  Benchmark Name and Type: 

G O D I V A ,  a  ba re  sphere  of en r iched  uranium. 

B. System Descr ip t ion  

GODIVA, a s  a  ba re  sphere  of en r iched  u r a n i m  m e t a l ,  i s  e s p e c i a l l y  

s u i t e d  f o r  t e s t i n g  2 3 5 ~  and 2 3 8 ~  c r o s s  s e c t i o n s  i n  t h e  f i s s i o n  source  energy 

range. The s ing le - reg ion ,  simple geometry and uniform composi t ion 

conven ien t ly  f a c i l i t a t e  c a l c u l a t i o n a l  t e s t i n g .  

C. Model D e s c r i p t i o n  

The s p h e r i c a l  homogeneous model has  a  c o r e  r a d i u s  of 8.741 cm and t h e  

fo l lowing composi t ion:  1  

Isotope 

235u 

2 38u 

234u 

Dens i ty ,  nuclei/b-cm 

0.04500 

0.002498 

0.00049 2 

The recommended mode of c a l c u l a t i o n  i s  one-dimensional t r a n s p o r t  

t h e o r y ,  S16, with 40 mesh i n t e r v a l s  i n  the  c o r e ,  a  vacuum boundary c o n d i t i o n  

a t  t h e  c o r e  boundary (8.741 cm) and a  26 energy group s t r u c t u r e  wi th  h a l f -  

group s t r u c t u r e  wi th  h a l f - l e t h a r g y  u n i t  widths and an upper energy of 10 MeV. 

(Revised 11-8 1)  



D. Experimental  Data 

' 1. Measured Eigenvalue:  k= 1.000 t 0.001 

2. S p e c t r a l  Ind ices  a t  Core Center 

a. Cen t ra l  F i s s i o n  ~ a t i o s '  

a f  ( 
238u) l a  f ( 2 3 5 ~ )  0.1647 2 0.0018 

a f  ( 2 3 3 ~ )  lu f (235u)  
1.59 + 0.03 

£( 2 3 7 ~ p )  / a f ( 2 3 5 ~ )  
0.837 + 0.013 

u f ( 2 3 9 ~ ~ )  / a , ( 2 3 5 ~ )  1.402 t 0.025 

b. Cen t ra l  A c t i v a t i o n  Ra t ios  3 

Thermal Normal izat ion 

Isotope ' n , y l U i  (23511) 
u  

Value of n,Y barns  

3. Rossi  Alpha 2 

0: = '  6 1% = 41.11 + 0.02) x 10 s e c  - 1 
'eif  

(Revised 11-81) 



4.  C e n t r a l  R e a c t i v i t y  Worths 4  

M a t e r i a l  

H 

Be 

~ O B  

C 

A1 

Fe 

Co 

N i  

Cu 

Au 

Th 
2 3  5u 

23aU 

z39pu 

240pu 

C e n t r a l  Worth, Ak/k/mole 

240 ,+ 3 0  

47 t 7 

-380 ,+ 20 

16 +, 2 

3 2 2  

-1 f 2 

-4 f 2 

-30 f 2 

-12 2 2 

-50 +, 2 

-9 +, 2 

1010 +, 10 

162 ,+ 3 

1934 t 20 

1150 +, 120 

5 .  Neutron F lux  Spectrum 

a.  Leakage Spectrum 5 

The spec t rum of  n e u t r o n s  e m i t t i n g  from t h e  s u r f a c e  o f  t h e  c o r e  i s  

r e p r e s e n t e d  below i n  t h e  1 / 2  l e t h a r g y  group s t r u c t u r e  (Emax = 10 MeV) w i t h  a n  

a r b i t r a r y  n o r m a l i z a t i o n  t o  t h e  v a l u e  18 i n  group 5. U n c e r t a i n t i e s  a r e  based  

on c o u n t i n g  s t a t i s t i c s  a l o n e .  

(Revised 11-81) 



Energy Group 

1  

2  

3 

4 

5  

6  

7 

8  

h w e r  Lethargy L i m i t  R e l a t i v e  Neutron Leakage 

0.5 2.0 f 0.3 

1.0 7.8 +, 0.4 

1.5 1 3 - 6  2 0.5 

2.0 16.8 +, 0.6 

2.5 18.0 2 0.6 

3.0 17.5 f 0.7 

3.5 12.0 + 0.7 

4.0 7.2 f 0.7 

b. C e n t r a l  Spectrum R e l a t i v e  t o  2 3 5 ~  F i s s i o n  Spectrum 2b 

D e v i a t i o n  o f  t h e  c e n t r a l  spec t rum from t h e  2 3 5 ~  f i s s i o n  spec t rum i s  

c h a r a c t e r i z e d  by t h e  f o l l o w i n g  r a t i o s  o f  c e n t r a l  high-energy s p e c t r a l  i n d i c e s  

t o  t h e  c o r r e s p o n d i n g  i n d i c e s  f o r  the 2 3 5 ~  f i s s i o n  spec t rum.  

S p e c t r a l  Index 
R a t i o  o f  Cent Value  
t o  Value f o r  "'U F i s s i o n  Spectrum 

(Revised 11-81) 



E.  Ca lcu la ted  R e s u l t s  

Ca lcu la ted  r e s u l t s  may be appended t o  t h e s e  s p e c i f i c a t i o n s .  

F.  Comments and Documentation 

The composi t ion and c o n f i g u r a t i o n  s p e c i f i c a t i o n s  were taken from Ref. 1 

which a l s o  g ives  the  u n c e r t a i n t y  i n  c r i t i c a l  mass, a t  the  s p e c i f i e d  

composi t ion and d e n s i t y ,  a s  +, 0.3%. ' Ihis  t r a n s l a t e s  t o  a n  u n c e r t a i n t y  i n  

e igenva lue ,  a t  the  s p e c i f i e d  composi t ion,  d e n s i t y ,  and s i z e ,  of  + 0.1%. 

The most a c c u r a t e  f i s s i o n  r a t i o  v a l u e s  f o r  Godiva a r e  o b t a i n e d  from 

r e c e n t  a b s o l u t e  r a t i o  measurements i n  t h e  F l a t t o p  and Big Ten assembl ies  and 

o l d  doub le - ra t io  measurements connect ing t h e s e  t o  Godiva. These measurements 

a r e  desc r ibed  below. 

Measurement 
Location 

Big Ten 

Van d e  Graaff  

( En=2 .43 MeV) 

Double R a t i o  
Value t o  Godiva Godiva Reference 

Average: 

(Revised 11-8 1)  



Measurement 

Locat ion 

u (233 f 

Fla t top-25 

T ~ P ~ Y  

Big Ten 

f ( 2 3 7 ~ p ) u f ( 2 3 5 ~ )  

T ~ P ~ Y  

Big Ten 

Van de  Graaff  

Big Ten 

Double R a t i o  

Value t o  Godiva God i v a  Reference 

Average : 

0.760(+4%) 1.094(+0.7%) 

0.317(f2.2%) 2.649(+1.0%) 

1.328(+2%) 0.629(+1.2%) 

Average : 

1.349( 21.5%) 1.022(+0.3%) 1.379(+1.5%) 

1.42(,+4%) 1.022(+0.3%) 1.451(+4%) 

1.198(+1.5%) 1.186(+0.7%) 1.421(+1.7%) 

Average: 1.402(+1.8%) 

p re l iminary  
va lue  from 
D.M. G i l l i a m  
(1979) 

2 e 

2 d 

ENDF/ B-IV 

The c e n t r a l  a c t i v a t i o n  c r o s s  s e c t i o n  r a t i o s  were o b t a i n e d  from double  

r a t i o  measurements, connec t ing  t h e  thermal  column of t h e  LASL water  b o i l e r  t o  

t h e  c e n t e r  of Godiva, and l i t e r a t u r e  v a l u e s  f o r  t h e  thermal  c r o s s  s e c t i o n s .  

The d a t a  f o r  the  c e n t r a l  a c t i v a t i o n  c r o s s  s e c t i o n s  were r e p o r t e d  i n  Ref. 3. 

Subsequent ly ,  t h e  thermal  n o r m a l i z a t i o n  v a l u e s ,  and consequent ly  t h e  

a c t i v a t i o n  c r o s s  s e t i o n s ,  have been updated by LASL. 
h 

(Revised 11-8 1)  



The measured c e n t r a l  r e a c t i v i t y  worths were taken from Ref. 4. 

Correct ions  f o r  sample s i z e  e f f e c t s  have been reeva lua ted  by means of  50 group 

t r a n s p o r t  c a l c u l a t i o n s  based on ENDFIB-IV. The convers ion  from d o l l a r s / m o l e  

t o  ( ~ k / k ) / m o l e  uses the  f a c t o r  B e f f  = 0.00645, ( , the  s u r f a c e  mass increment 

between delayed and prompt c r i t i c a l  gave 6  = 0.00647), t h e  c e n t r a l  void  
e  f f  

c o e f f i c i e n t  gave B e £ £ =  0.00644 , and ENDFIB-IV delayed neu t ron  d a t a  

gave Be,, = 0.0063&) . 

The d a t a  l i s t e d  f o r  t h e  leakage spectrum were d e r i v e d  from Ref. 5 ,  A 

f i n e r  energy mesh r e p r e s e n t a t i o n  for t h e  spectrum is  given i n  t h i s  r e f e r e n c e  

a long wi th  s t a t i s t i c a l  u n c e r t a i n t i e s .  

(Revised 11-8 1) 
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FAST REACTOR BENCHMARK NO. 6 

V E R A  - 1 I ; ,  a n  cnrichcd nranium-plus -grapI~it(:  sys tem.  

13. Systc.m Dc,scl-iption 

VERA-1 I 3  i s  a cylindrically shaped c r i t i ca l  a s sembly  fuclcd with cnrichcd 

uranium and diluted with graphite.  The  a s sembly  c o r e  was 27 .2  c m  in 

height and the effective c o r e  d i ame te r  was  38. 1 cm. The asscmbly  c o r e  

was  surroundccl l ~ y  a blanket of na tura l  u ran ium and s ta in lcss  s teel .  

VERA-lB was designed to explore the accu racy  of U - 2 3 5  neutron c r o s s  

sect ion data.  

C. Model Description 

1. One -Dimensional Model Descript ion 

A one-dimensional spher ica l  model  of VERA - 1 B is given in 

F igu re  1. A vacuum boundary condition should be applied a t  the outer  

re f lec tor  boundary. Ma te r i a l  a tom dens i t ies  fo r  the c o r e  and re f lec tor  

a r e  given in Table 1. 

The  s tandard calculation mode i s  an  S t r anspor t  theory calcu-  
8 

lation using a mult igroup s t ruc tu re  composed of 26  groups,  each  of le thargy  

width equal to 0.5 and with E s e t  a t  10 MeV. F o r t y  m e s h  in te rva ls  a r e  
m a x  

used for both core  and re f lec tor  regions. 

19.14 

RADIUS (cm) 

Figure 1. Spherical Model of VERA-1B Assembly 



Table 1 .  

Material 

V E R A  - l B  Rcgion Compositions 

(Atoms / Barn-cm) 

Core - 

'U se  Composition (a )  in calculations 

(Revised 9-78) 



2. Two-Dimc.nsiona1 Model l Iescr ipt ion 

A two-dimensional  ( R  - Z )  cy l indr ica l  mode l  of the V E R A  - 1 B 

a s s e m b l y  i s  given in F i g u r e  2. Z e r o  r e t u r n  c u r r e n t  boundary conditions 

should be applied to the top and r ight  s ide  of the model ;  a s y m m e t r y  

boundary condition should be applied along the model  bottom. The  suggested 

calculat ional  mode  i s  two dimensional  diffusion theory  with 40 m e s h  in te rva ls  

fo r  the r ad i a l  and ax ia l  c o r e  d imens ions  and 40 m e s h  in te rva ls  fo r  the 

r e f l ec to r  thickness .  

VACUUM 
REFLECTOR 

CORE 

19.107 

RADIUS (cm) 

Figure 2. Two-Dimensional (R-Z) Model of VERA-1B Assembly 



D. Exper imcntn l  Data 

1. Experirncntal  Cr i t i ca l  M a s s  86.3*0.15 Kg U-235 

Cor rec t ions  f o r  Edge I r r e g u l a r i t i e s  -O.6*0.2 

F in i te  F u e l  P l a t e  Thickness  +3.6*0.4 

Homogeneous Cylinder  C r i t i c a l  M a s s  89.3k0.4 Kg U-235 

Expe r imen ta l  eigenvaluc 1.0000*0.0028 

2. Expe r imen ta l  Spec t r a l  Indices  a t  C o r e  Cen te r  Rela t ive  t o  
m -  u - 2 3 5  

0.0665*0.0010 

1.433*0.047 

0.134*0.010 

1.070*0.026 

0.399*0.032 

0.38*0.012 

0.131*0.006 ( ce l l  ave rage )  

0.126*0.006 ( ave rage  ove r  U-238 in ce l l )  

3. M a t e r i a l  Worths a t  C o r e  Cen te r  

M a t e r i a l  

U-235 

U-238 

Pu-239  

U-233 

Np-237 

B-10 

Au 

Sta in less  S tee l  

A1 

Na 

C 

13 

React ivi ty  Coefficient 

1 o - ~  Ak lk l rno le  

22 1 *3 

7.5*0.3 

387*5 

378*5 

28*3 

-237*50 

-26*l 

2.1*0.3 

3.5*0.4 

13*l 

5.95rt0.12 

90*2 



Sample  s i ze  co r r ec t ions  w e r e  made  using expe r imen ta l  wor th  vs.  s i ze  

a n d / o r  S calculat ions.  E r r o r s  quoted do not  include those due t o  delayed 
n 

neut ron  data .  The  conversion f r o m  inhours  to A k / k  i s  416 Ih = 0.01 A k / k .  

4, R o s s i  Alpha 

4 - 1 
At delayed cr i t ica l ,  a = -6.9 x 10 s e c  . Extrapolat ion t o  

(r = 0 gave 336*10 inhours  p e r  dol lar .  

F. Comments  and Documentation 

In VERA - 1 B a f igure  of 95*15 p. p.m. of hydrogen in graphi te  (1)  

h a s  been suggested to  allow for  poss ib le  m o i s t u r e  content in the graphite.  

T h e  effect  of this  m o i s t u r e  on k fo r  VERA -1 B i s  about 0.15%. Th i s  
e ff 

m o i s t u r e  content has  not  been included in the c o r e  composi t ion da ta  f o r  

VERA - 1 B. 

Deta i l s  and exper imenta l  r e s u l t s  of the VERA - l B  expe r imen t s  have 

been  desc r ibed  by McTaggar t .  (2' T h e  exper imenta l  c r i t i ca l  m a s s  i s  

86.3*0.15 Kg U-235. Cor rec t ions  f o r  edge i r r e g u l a r i t i e s  (-O.6k0.2) and  

fo r  finite fuel plate  th ickness  (t3.6*0,4) produce a homogeneous cy l indr ica l  

c r i t i c a l  m a s s  of 89.3k0.4. Th i s  c r i t i ca l  m a s s  fo r  the equivalent homo- 

geneous cyl inder  w a s  obtained f r o m  the m e a s u r e d  values by allowing f o r  

par t ia l ly  i n se r t ed  cont ro l  rods  and counter  holes  a s  wel l  a s  i r r e g u l a r  

edge and heterogenei ty effects .  

Applying a shape fac tor  of 0.943 produces  a homogeneous sphe r i ca l  

c r i t i c a l  m a s s  of 84.2rt0.6 Kg U - 2 3 5  with the r ad ius  of the c r i t i ca l  sphe re  

equal  to  l9.l4*O. 05 cm. 

The  co r rec t ion  to the S eigenvalue to ex t rapola te  t o  a n  "S," 
8 

eigenvalue i s  es t imated  to be -0.001. F o r  example,  if the k (S8) r e su l t  
eff 

w a s  1.0000, then the k 
e f f  ('m ' r e s u l t  would be 0.9990. 
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FAST REACTOR BENCkIMARK NO.  7 

A. Name and Type: ZPR-I11 6F, a d i l u t e  1:l f e r t i l e  t o  f i s s i l e  

U system. 

B. System Desc r ip t i on :  

S e v e r a l  e a r l y  a s s e m b l i e s  on ZPR-I11 (6F, l B ,  2 ,  2B, 5 ,  and 13 )  used 

a c o r e  composi t ion w i t h  a U-238 t o  U-235 r a t i o  of  about  1:l. The 

r e f l e c t o r  of t h e s e  a s sembl i e s  was composed mos t ly  of U-238. 

Reasons f o r  c r e a t i n g  a benchmark t o  r e p r e s e n t  t h e s e  a s sembl i e s  a r e  

a s  fo l l ows :  1 )  The measurements on a l l  of t h e  sou rce  a s sembl i e s  form 

an  e x t e n s i v e  s e t  of expe r imen ta l  r e s u l t s  which r e p r e s e n t s  a r e l a t i v e l y  

s imple  system; 2)  The 1:l f e r t i l e  t o  f i s s i l e  r a t i o  p r o v i d e s  an  impor t an t  

i n t e r v a l  i n  t h e  range  of such  r a t i o s  b e i n g  t e s t e d  by t h e  benchmark pro-  

gram; 3)  And i t  p r o v i d e s  an  o p p o r t u n i t y  t o  t e s t  t h e  U-235 and U-238 

c r o s s  s e c t i o n  s e n s i t i v i t i e s  i n  t h e  i n t e r m e d i a t e  spec t rum r e g i o n .  



C. Model Description: 

1. One-Dimensional Model (sphere) 

Suggestions: 

Code...... 1-D transport theory with S 
4 ' 

Mesh.. .... 40 intervals in the core, 30 in the reflector. 



2.  Two-Dimensional Model ( cy l inder )  

REFLECTOR 

CORE 

RADIUS (cm) 

Suggestions: 

Code. ..... 2-D d i f f u s i o n  theory 

Mesh... . . . .  40 r a d i a l  i n t e r v a l s ,  core  

VACUUM 

40 a x i a l  i n t e r v a l s ,  core 

30 r a d i a l  i n t e r v a l s ,  r a d i a l  r e f l e c t o r  

30 a x i a l  i n t e r v a l s ,  a x i a l  r e f l e c t o r  



3. Atom D e n s i t i e s  

a. Inc ludes  0.000029 f o r  U-236. 

b .  Inc ludes  atom d e n s i t y  f o r  S i  i n  s t e e l .  

M a t e r i a l  

U-235 

U-238 

U-234 

~1~ 

Fe 

C r  

N i  

M n  

4. Techniques 

A l l  c a l c u a l t i o n s  should  be  performed w i t h  a p p r o p r i a t e l y  

resonance-shie lded  c r o s s  s e c t i o n s .  A sugges ted  mul t igroup 

s t r u c t u r e  i s  26 h a l f - l e t h a r g y  width  groups w i t h  E = 10  MeV. 
max 

Dens i ty ,  atoms/cc 

D. Experimental  Data: ( a l l  e r r o r s  a r e  one s t anda rd  d e v i a t i o n )  

1. Eigenvalue = 1.0000 ? 0.0015 

2 .  ~ e n t r ' a l  S p e c t r a l  I n d i c e s  

a (U-238) / of (U-235) = 0.078 + 0.002 
f 

u (U-234) / of (U-235) = 0.451 A 0.020 
f 

a (U-233) / of (U-235) = 1.53  c 0.03 
f 

a (Pu-239)/ of (U-235) = 1.22 ? 0.03 
f 

a (Pu-240)/ of (U-235) = 0.53 + 0.02 
f 

(u-238) 1 of (U-235) = 0.104 A 0.003 
nsy 

Core 

0.006727 

0.0075 76a 

0.000069 

0.019019 

0.007712 

0.001918 

0.000839 

0.000080 

Ref l e c t o r  

0.000089 

0.040026 

- - -  

0.001359 

0.004539 

0.001129 

0.000494 

0.000047 



3 .  M a t e r i a l  Worths a t  Core Center  

R e a c t i v i t y  Coeff .  
Ak/k/molea 

R e a c t i v i t y  Coeff .  
nk/k/molea 

a .  Derived from worths i n  i nhour s  u s ing  c a l c u l a t e d  f a c t o r  

of  430 Ih /%k .  

b .  Approximately c o r r e c t e d  f o r  sample-size e f f e c t s .  

4 -1 
4 .  Rossi  Alpha a t  Delayed C r i t i c a l  = -9.85 x 10 s e c  

M a t e r i a l  

E. Comments and Documentation: 

The s p e c i f i c a t i o n s  f o r  t h e  1 - D  model were d e r i v e d  from t h e  6F c r i t i c a l  

mass whi le  t h e  2-D model was based on Assembly 2 .  Large probable  e r r o r s  

have been a s s igned  t o  t h e  r e a c t i v i t y  c o e f f i c i e n t s  t o  cover t h e  p o s s i b l e  

d i s c r e p a n c i e s  between t h e  measurements (with massive samples) and "zero- 



s i z e "  c o e f f i c i e n t s  which would be comparable t o  p e r t u r b a t i o n  theo ry .  The 

primary in fo rma t ion  sou rce  h a s  been i n t e r n a l  ZPR-I11 memos w r i t t e n  du r ing  

the  conduct of t h e s e  assembl ies .  Some r e s u l t s  have been pub l i shed ,  a s  

I 
by Long , b u t  t h e r e  may be d i f f e r e n c e s  from r e s u l t s  quoted h e r e  because 

of l a t e r - e s t a b l i s h e d  c o r r e c t i o n s  t o  t h e  c r i t i c a l  m a s s ,  r e a c t i o n  r a t i o s ,  

and m a t e r i a l  wor ths ,  o r  from us ing  more a c c u r a t e  composit ion breakdowns. 

2 
A more r e c e n t  r e f e r e n c e  c o n t a i n s  a  convenient  compi la t ion  of a l l  t h e  

p e r t i n e n t  expe r imen ta l  d e t a i l s  and measurements f o r  t h e s e  sou rce  

assembl ies .  

According t o  I3aker3, f o r  Assembly 6F 

kef f  (S4) - keff  ( d i f f u s i o n  theo ry )  = 0.023 

and 

Thus, f o r  example, i f  a  1-D d i f f u s i o n  theo ry  c a l c u l a t i o n  gave an 

e igenvalue  of .9900, t h e  c o r r e c t e d  e igenva lue  would be .9900 + .023 

(corrected t o  S ) - .0038 (cor rec ted  t o  S ,  ) = 1 .0092 .  
4 
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FAST REACTOR BENCHMARK NO. 8  

A. Name and Type: ZPR-I11 11, an % 7 : l  f e r t i l e  t o  f i s s i l e  uranium 

me ta l  system. 

B. System Desc r ip t ion :  

Seve ra l  f a s t  r e a c t o r  experiments  (ZPR-111 Assembly 11, ZPR-I11 

Assembly 22, ZEBRA Core 1, and ZPR-6 Assembly 1 )  were a l l  c y l i n d r i -  

c a l  c r i t i c a l  assembl ies  cons t ruc t ed  w i t h  ve ry  n e a r l y  i d e n t i c a l  co re  

composit ions.  The c o r e s  were f u e l e d  w i t h  uranium me ta l  such t h a t  

t he  r a t i o  of U-238 t o  U-235 was % 7 : l .  The r e f l e c t o r s  were com- 

posed most ly  of U-238. 

Reasons f o r  c r e a t i n g  a  benchmark t o  r e p r e s e n t  t h e s e  assembl ies  a r e  

a s  fo l lows:  1 )  t h e  measurements on a l l  of t h e  source  assembl ies  

form a  r a t h e r  e x t e n s i v e  s e t  of exper imenta l  r e s u l t s  which r ep re -  

s e n t s  a  r e l a t i v e l y  s imple  system; 2 )  t h e  7 : l  f e r t i l e  t o  f i s s i l e  

r a t i o  p rov ides  an impor tant  i n t e r v a l  i n  t h e  range of t h i s  r a t i o  

be ing  t e s t e d  by t h e  benchmark program; and 3) i t  p rov ides  an 

oppor tun i ty  t o  t e s t  t h e  U-235 and U-238 c r o s s  s e c t i o n  s e n s i t i v i t i e s  

i n  t h e  s o f t  spectrum reg ion .  



Model Description: 

1. One-Dimensional Model (sphere) 

REFLECTOR n 
VACUUM 

Suggestions : 

Code... . . .  1-D t r a n s p o r t  theory wi th  S 
4 

Mesh.. . . . . 30 i n t e r v a l s  i n  t h e  core ,  20 i n  t h e  r e f l e c t o r .  



Sugges t ions  : 

Code. . . . . .  2-D d i f f u s i o n  theo ry  

Mesh...... 30 r a d i a l  i n t e r v a l s ,  co re  

30 a x i a l  i n t e r v a l s ,  c o r e  

20 r a d i a l  i n t e r v a l s ,  r e f l e c t o r  

20 a x i a l  i n t e r v a l s ,  r e f l e c t o r  

2 .  Two-Dimensional Model ( c y l i n d e r )  

VACUUM 

- - - - - -  MIDPLANE 

56 

25 5 

O 

I 29.64 64.2 

I 

% RADIUS (cm) 

' 

REFLECTOR 

CORE 

I 



3 .  Atom D e n s i t i e s  

M a t e r i a l  

Dens i ty ,  atorns/cc I 
Ref l e c t o r  

0.004567 0.000089 

*Inc ludes  0.000019 f o r  U-236. 

4. Techniques 

A l l  c a l c u l a t i o n s  should  b e  performed w i t h  a p p r o p r i a t e l y  

resonance-sh ie lded  c r o s s  s e c t i o n s .  A sugges t ed  mu l t i -  

group s t r u c t u r e  i s  26 h a l f - l e t h a r g y  wid th  groups w i t h  

E = 1 0  MeV. 
max 



D. Experimental Data: ( a l l  e r r o r s  a r e  one s t andard  dev ia t ion)  

1. Eigenvalue = 1.0000 + 0.0025 

2. Spec t ra l  Ind ices  a t  Core Center 

a .  Measured r a t i o  p l u s  5% wal l -ef fect  co r rec t ion  

b .  Measured i n  ZEBRA Core 1 

c. For Assembly 22, from ZPR-3 i n t e r n a l  memo. 



3. M a t e r i a l  Worths a t  Core Center  

a .  Derived from measurements i n  i nhour s  u s ing  convers ion  of 

470 inhour s  p e r  % Ak/k. 

b.  Approximately c o r r e c t e d  f o r  sample-size e f f e c t s .  

4. Ross i  Alpha a t  Delayed C r i t i c a l  

4 -1 
a = -10.4 2 0.3  x 10  s e c  . 

i 

E. Comments and Documentation: 

> 

R e a c t i v i t y  
C o e f f i c i e n t ,  
lom5 Ak/k/molea 

-1.7 + 0 . 1  

-1.7 + 0 . 1  

-2.4 t 0 . 1  

-0.7 + 0 . 1  

-1.0 t 0 . 1  

-0.87 + 0.15 

-0.85 t 0.13  

The 1-D and 2-D models a r e  based on t h e  Assembly 11 composit ion and 

a heterogeneous c r i t i c a l  mass of 237.4 kg U-235, ( a d j u s t e d  f o r  edge 

1 
i r r e g u l a r i t i e s  and t h e  in t e r f ace -gap  e f f e c t )  a s  quoted by Davey . A 

h e t e r o g e n e i t y  advantage of  +0.8 +0.2% k ,  based  on fuel-bunching 

experiments  i n  a l l  t h e  c i t e d  a s sembl i e s ,  was a p p l i e d  t o  d e r i v e  t h e  

homogeneous c r i t i c a l  s i z e  of t h e  c y l i n d e r .  For t h e  sphe re  s i z e ,  a 

M a t e r i a l  

Fe 

C r 

N i  

Na 

A 1  

0 

C 

M a t e r i a l  

U-235 
b 

U-238 

U-233 

Pu- 2 39 b 

B-10 
b 

Ta 

MO 

Mn 

R e a c t i v i t y  
C o e f f i c i e n t  

Ak/k/molea 

123  t 3 

-6.6 ? 0 . 2  

221 t 4 

209 +- 5 

-72 2 2  

-19.6 t 0.6 

-5.1 + 0.2  

-1.8 t 0 . 1  



c a l c u l a t e d  shape f a c t o r  of 0 . 9 4 ' ~ )  was u t i l i z e d .  Except a s  n o t e d ,  

2 
c e n t r a l  s p e c t r a l  i n d i c e s  were taken  from a r e p o r t  by Davey . The 

3 Zebra va lues  c i t e d  a r e  from a r e p o r t  by Ingram ; t h i s  Zebra r e p o r t  

a l s o  g i v e s  measured Ross i  Alpha v a l u e s .  M a t e r i a l  worths a t  t h e  c o r e  

c e n t e r  were de r ived  from i n t e r n a l  ZPR-3 and ZPR-6 memos and a l s o  from 

t h e  UKAEA r e p o r t s  on measurements i n  Data from Zebra in -  

v e s t i g a t i o n s  i n t o  sample-size e f f e c t s  were used  t o  c o r r e c t  some 

r e a c t i v i t y  c o e f f i c i e n t s  t o  va lues  comparable t o  p e r t u r b a t i o n  theo ry .  

A more r e c e n t  r e f e rence5  c o n t a i n s  a  convenient  compi la t ion  of a l l  

t h e  p e r t i n e n t  exper imenta l  d e t a i l s  and measurements f o r  t h e  ZPR 

source  assembl ies .  

6 
According t o  Baker , f o r  Assembly 11, 

keff  (S4) - keff  ( d i f f u s i o n  theory)  = 0.008 

and 

Thus, f o r  example, i f  a  1-D d i f f u s i o n  theo ry  c a l c u l a t i o n  gave an 

e igenvalue  of .9900, t h e  c o r r e c t e d  e igenva lue  would be  .9900 + .008 

( c o r r e c t e d  t o  S ) - .0013 ( c o r r e c t e d  t o  S ) = .9977. 
4 0 0 
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FAST REACTOR BENCHMARK NO. 9 

A .  Benchmark Name and Type 

ZPR-I I1  Assembly 12, a 4: 1 urani uni-graphi t e  system, source experiment. 

6. System Description 

ZPR-I11 Assembly 12 was designed as a f a s t  r e ac to r  benchmark source 

experiment on a 4:l uranium-graphite system. The graph i te  was included t o  

produce t he  s o f t e r  spec t r a  c h a r a c t e r i s t i c  of 1 arger  power r eac to r s .  The 

core was approximately cy l indr ica l  composed from a r e p e t i t i o n  of a one- 

drawer u n i t  c e l l .  A b lanket ,  cons i s t ing  pr imari ly  of depleted uranium, 

surrounded the  core.  The polonium-beryllium neutron sources were removed 

before measurements were made. 

C .  1 One-Dimensional Model Description 

A one-dimensional spher ical  model of ZPR-I11 Assembly 12 i s  shown in  

Figure 1 ,  including model dimensions and suggested mesh. Zero re tu rn  cur- 

r e n t  boundary con'ditions should be appl ied a t  t he  ou te r  boundary. The 

atom d e n s i t i e s  i n  both regions (atoms/barn-cm) a r e  given in  Table I .  S4 
t r an spo r t  theory ca l cu l a t i ons  a r e  suggested i n  any s u i t a b l e  f a s t  r eac tor  

energy group s t r u c t u r e ,  b u t  with groups no coarser  than 0.5 l e thargy  width 

down t o  a le thargy of 12.5. The estimated uncer ta inty  i n  k e f f  a sc r ibab le  

t o  t h e  model i s  ak/k = +0.0023. 

C .  2 Two-Dimensional Model Description 

A two-dimensional (R-Z) model of ZPR-I11 Assembly 12 i s  shown i n  

Figure 2,  including model dimensions and suggested mesh. Zero re tu rn  

cur ren t  boundary condi t ions  a r e  t o  be appl ied along the  top and r i g h t  

s i de s ;  a symmetry boundary condi t ion should be appl ied along the  bottom. 

The atom dens i t i e s  i n  both regions (atoms/barn-cm) a r e  given in Table I .  

Diffusion theory i s  suggested with cross  sec t ions  i n  any s u i t a b l e  f a s t  



r e a c t o r  energy-group s t r u c t u r e . *  The estimated uncer ta in ty  i n  kef f  

a s c r i b a b l e  t o  t h e  model ~ k / k  = 0.0015. 

D.  Experimental Data 

1 .  Measured kef f  = 1.0000, uncer ta in ty  unknown 

2. Experimental s p e c t r a l  ind ices  a t  t h e  core  c e n t e r ,  r e l a t i v e  t o  

O f  
(U-235) a r e  a s  fol lows:  

3. Material  worths a t  t h e  core c e n t e r  aixe a s  fol lows:  

Mater ia l  

U-235* 

Reac t iv i ty  Coef f ic ien t  1 o - ~  ak/k/mole 

1575.5 

C 2 . 0 t 0 . 3  
* I f  t h e  two-dimensional problem i s  run with a group s t r u c t u r e  t h a t  

conta ins  groups broader than 0.5 l e t h a r g y ,  these  c ross  s e c t i o n s  
should be generated by regionwise c o l l a p s i n g ,  using r e p r e s e n t a t i v e  
s p e c t r a  f o r  each of t h e  regions i . e . ,  Figure 2 ,  froni a s t r u c t u r e  t h a t  
has no groups g r e a t e r  than 0 .5  l e tha rgy  width down t o  a l e tha rgy ,o f  
12.5  

** Approximately cor rec ted  f o r  sample s i z e  e f f e c t s .  



4 -1 4. Rossi Alpha a t  delayed c r i t i c a l  = - ( 6 . 84?0 .20 )~10  s ec  . 

F .  Comments and Documentation 

The primary source of infornlation f o r  t h i s  benchmark has been one 

i n t e rna l  ZPR-I11 memo gi'ving d e t a i l s  and r e s u l t s  of experiments on 

Assembly 12. Much of t he  data have been reported by  on^"); however, 

some of the  o r i g i n a l l y  published values have been adjusted with l a t e r  

determined cor rec t ions ,  including heterogeneity e f f e c t s  on c r i t i c a l  mass 

and chamber wall e f f e c t s  on f i s s i o n  r a t i o s .  The r e a c t i v i t y  c o e f f i c i e n t s  

l i s t e d  have been assigned high unce r t a in t i e s  because of the  l a rge  sample 

s i z e s  used. 

The eigenvalue f o r  t he  one-dimensional model from the  prescr ibed 

S4 ca l cu l a t i ons  d i f f e r s  from a  hypothetical  S in f i n i  ty e i  genval ue by an 

es t imated ~ k / k  = 0.0018. 

The conversion from inhours t o  Ak/k i s  427 Ih = .O1 ak/k.  



RADIUS (cm) 

Figure 1. Spherical Model of ZPR-111 Assembly 12. 
Suggested Number of Mesh Intervals in ( ) .  

CORE 

BLANKET 

0 (40) 26.96 (30) 57.46 

RADIUS (cm) 

Figure 2. Two-Dimensional (R-Z) Model of ZPR-I11 Assembly 12. 
Suggested Number of Mesh Intervals in ( ) .  



TABLE I 

ZPR- I I I ASSEMBLY 12 REGION COMPOSITIONS (ATOMSIBARN-CM) 

Material Core Blanke t  

* Inc lud ing  U-236. 





FAST REACTOR BENCHMARK NO. 10 

A .  Benchmark Name and Type 

ZEBRA -2, a 6: 1 uranium-plus-graphite system. 

B. System Description 

The ZEBRA facility consists of stainless steel  tubes containing reactor  

mate r ia l s  mounted vertically on a 3-meter square base plate. A pin a t  the 

lower end of each element fits into the base plate and the elements a r e  

res t ra ined lateral ly by 3 s tee l  lattice plates. The central  27 c m  square 

of the base plate is  removable so large  experiments may be mounted in the 

reactor  center .  A concrete shield and steel  containment vessel  complete 

the structure.  

ZEBRA Core 2 was a cylindrical cr i t ica l  assembly with a core  height 

of 83.82 cm and an effective core  diameter of 80.26 cm. The core  i s  

surrounded by a blanket of natural  uranium having an axial thickness of 

30.48 cm and an effective radial  thickness of 33.26 cm. A complete detailed 

description of this assembly i s  found in the repor t  AEEW-R410, "The Second 

Core of ZEBRA", by A .  M. Broomfield, et  a1 published in 1965. 

ZEBRA-2 was designed to explore the accuracy of neutron c ro s s  section 

data for U-235 and U-238. The core  contains some graphite and has a neutron 

spectrum s imilar  to that of a l a rge  power reactor.  

C. Model Description 

A one-dimensional spherical  model of ZEBRA-2 i s  given in Figure 1. 

A vacuum boundary condition should be applied to the outer reflector boundary. 

Material  atom densities for the core  and reflector regions a r e  given in Table 1. 

The standard calculational mode i s  an S t ranspor t  theory calculation using a 
4 

multigroup structure composed of 26  groups, each of lethargy width equal to 

0. 5 and with E se t  to 10 MeV. The numbcr of mesh  intervals for core  
max 

and rcflcctor arc: 40 and 30, respectively. 



45.45 

RADIUS (cm) 

F i g u r e  1. Spher ica l  Model of ZEBRA-2 Assembly 

2. Two-Dimensional Model Description 

A two-dimensional (R -2.) cylindrical model of the ZEBRA 2 assembly 

is given in Figure 2. A ze ro  re tu rn  current  boundary condition should be 

applied to the top and right side of the model; a symmetry  boundary condition 

should be applied along the model bottom. The standard calculation mode 

is two-dimensional diffusion theory with mesh  a s  follows: 40 radial  and 

axial intervals in core ;  30 intervals for the reflector thickness. 
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Figure 2. Two-Dimensional (R-Z) Model of ZEBRA-2 Assembly 
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D. Experimc.nta1 Data 

1. Experinlental  Cr i t i ca l  M a s s  418*l K g  U-235 

Cor rec t ions  for  I r r e g u l a r i t i e s  -2.61tO. 3 

Fini te  Fue l  P l a t e  Thickness  
( F u e l  + Diluent) 

Homogeneous Cylinder  Cr i t i ca l  M a s s  418.5*6 Kg U-235 

E x p e r  i ~ n e n t a l  Eigenvalue 1. OOO*O. 002 

2. Expe r imen ta l  Spec t r a l  Indices  a t  C o r e  Center  Relat ive t o  c U-235 f 

(U-233) = 1.453*0.014 cc (Au) = 0.298*0.015 
f 

cf (U-234) = 0.153*0.016 g (Mn) = O.O26*0. 002 

cf (U-236) = 0.093*0.014 cc ( T a )  = 0.401*0.040 

(Pu-239) = 0.987*0.010 
f 

a, (Na) = 0.001 3*0.0001 

c (Pu-240) = 0.237*0.004 
f 

cc (B-10) = 1.58*0.07 

c (Np-237) = 0.214*0.002 
f 

3.  M a t e r i a l W o r t h s  a t c o r e  Cen te r  
React ivi ty  
Coe icient  

M a t e r i a l  Y 
(1  0-  A k / k / m o l e )  

M a t e r i a l  

React ivi ty  
Coef ic ien t  8 
(1  0-  A k / k / m o l e )  

- 15*1 



The reactivity coefficients given in D. 3 a r e  values for  effective 

z e r o  s i ze  samplcs  a s  quoted in thc references .  (')( ') The conversion from 

inhours to A k f k ,  a s  calculated by ZEBKA personnel  for that  assembly  i s  

480 Ih = 0.01 A k / k .  

4. Ross i  Alpha 

4 - 1 
At delayed cri t ical ,  = -2.825t0. 05 x 10 sec  . Also extrap- 

olation to z e r o  alpha gave 339 inhours per  dollar .  

I?. Comments and Documentation 

ZEBRA 2 was  a cyl indrical  c r i t i ca l  assembly.  The experimental  

information was detailed in r epor t  AEEW-R410.(1' Another repor t ,  

A E E W - R ~ ~ ~ ' ~ )  contains r e su l t s  of investigations into sample s i ze  effects 

upon m a t e r i a l  worth measurements .  Comment was received f rom R. W. 

regarding m a t e r i a l  composition changes in co re  and reflector  

and those revised  m a t e r i a l  compositions a r e  given in Table I .  Smith 

a l s o  advised that an allowance had been made  for  the mois tu re  contamin- 

ation of the graphite of approximately 700*200 p.p.m, hydrogen. The 

effect on k  i s  approximately 1.170 A k / k .  
eff 

The experimental  c r i t i ca l  m a s s  was 418*l Kg U-235. Correc t ions  

for  edge i r r egu la r i t i e s  and heterogeneity effects were  -2 .6 t0 .3  and 

+3. 1 *6.2 Kg U-235,  respectively,  resul t ing in homogeneous cylinder 

cr i t ica l  m a s s  of 418.5*6 Kg U-235. P l a t e s  in the  fuel e lements  in the 

ZEBRA assembl ies  fo rm continuous planes perpendicular to the axis  of the 

core .  I t  was  therefore  possible to  e s t ima te  correc t ions  for heterogeneity 

(- 1% in k) f rom infinite s lab  calculations. Applying a shape factor  of 

0.925*0.005 gives a homogeneous spher ica l  c r i t ica l  mass of 387*6 K g  U -2 35. 

The corresponding cr i t ica l  spllere radius i s  45.45*0.22 cm. 

The correc t ion  to the S eigcmvaluc rcsul t  to extrapolate to an"S," 
4 

eigenvaluc. i s  r>stimated to be -0.0005. For example, i f  the I< (S4) eff 
valuc, was  1.0000, then thc value for S ,  would l ~ c .  0.9995.  
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FAST REACTOR BENCHMARK NO. 11 

A. Benchmark Name and Type 

ZPPR Assembly 02, a Demonstration Fast Reactor Benchmark Critical 

B. System Description 

ZPPR Assembly 02, Loading No. 90 was designed as a fast reactor benchmark critical experi- 

ment. Its composition and neutronspectrum are typical of an LMFBR. An R-Z representation 

of ZPPR Assembly 02 i s  shown in Figure 1. The reference loading contained equal volumes in 

the inner and outer core zones. The inner core zone was composed from a repetition of a one- 

drawer unit cell; the outer core zone uti l ized a two-drawer cell. Both inner and outer core 

zones contained some partial core drawers with 1/2 inch wide void channels (for poison rods) 

alongside, and the inner core contained movable control drawers. The region compositions 

in  Tables I and II are not the unit cell compositions, but include the perturbation (in sodium 

and steel densities) due to the void channels and control drawers. 

C. 1 One-Dimensional Homogeneous Model Description 

A one-dimensional radial model of ZPPR Assembly 02 i s  shown in Figure 2, including model 

dimensions, boundary conditions and suggested mesh. The atom densities in each region (atoms/ 

barn-cm) are given in Table I. The perpendicular buckling to be used in al l  regions and 
-4 -2 

groups i s  5.92 x 10 cm. Diffusion theory i s  suggested with cross sections in any suitable 

fast reactor energy-group structure, but with groups no coarser than 0.5 lethargy width down 

to a lethargy of 12.5. A heterogeneity correction of +0.0175 &/k should be applied to the 

calculated eigenvalue, to account for flux variations in  the unit cells. 

C .2 Two-Dimensional Model Description 

The two-dimensional (R-Z) model of ZPPR Assembly 02 i s  shown in Figure 1, including model 

dimensions and suggested mesh. Zero return current boundary conditions are to be applied on 

the top, bottom and right boundaries. The atom densities in each region (atomsharn-cm) are 



given in  Tables I and I I .  Diffusion theory i s  suggested with cross sections in  any suitable 

fast reactor energy group structure*. The effects of heterogeneity should be included in 

the generation of the multigroup cross sections for each region, using the unit-cell descrip- 

tions in paragraph C.3. 

C.3 Unit-Cel l Descriptions 

The outer dimensions of the ZPPR matrix tubes, determined from the total lattice dimensions, 

are a width of 5.5245 cm and a height of 5.7839 cm. The drawers inserted into the tubes 

have an inside cross section of 2 inches square for the loading of the various reactor- 

material plates. Thus, the total cell can be represented as a 2 x 2 inch loading area of plates 

inside a structural box, as illustrated in Figure 3. The arrangements of the plate columns used 

for the Assembly 02 core and blanket cells are shown in Figure 4. 

Tables Ill and IV give average widths and compositions for the plate columns used in the 

core and blanket drawers. For the canned materials (fuel, sodium, and Na C O  ) a nominal 2 3 
thickness of 0.015 in. was chosen for the steel cladding, and the remainder of column width 

(1/4 in. or 1/2 in .) was assumed to be occupied by the fuel, Na, or Na CO -plate core. For 2 3 
al l  of  the column materials, the densities were derived assuming the assigned widths, a height 

of 2 in. and a length of 18.036 in. (column length plus thickness of drawer front). Table IV 

includes the composition for the side structure of the cell (drawer plus matrix) homogenized 

over the true widths of the matrix wall plus drawer side plus slack. Compositions for the 

upper and lower regions of the cells as indicated in Figure 3 are given in Table V: These in- 

clude the drawer front and bottom, matrix, edges and ends of the eladdings, and in some cases 

shims on the bottom of the plate loadings. 

*If the two-dimensional ~roblems are run with a group structure that contains groups broader 

than 0.5 lethargy, these cross sections should be generated by regionwise collapsing, using 

representative spectra for each of the regions in Figure 1, from a structure that has no groups 

greater than 0.5 lethargy width down to a lethargy of 12.5. 



Tables I I I and I V  include a letter designation at the top for each of the different types 

of material columns. For cell calculations to be used in determining heterogeneously- 

averaged cross sections, the overall cel l  for each region can be viewed as a stack of 

vertical columns (5.08 cm high by 5.5245 cm total width) sandwiched between horizontal 

upper and lower plates of structure: The cell descriptions so conceived are as follows: 

1 . Inner Core Cell 

The plate-loading pattern for core zone 1 i s  shown at the top in Figure 4 using the 

notations for column labels as given in Tables Ill and IV, the vertical constituents of the 

cell (including the side structure of the matrix and drawers) are as follows: 

L B J H J F J A J F J H J B L  

Column 2 of Table V gives the upper and lower structure atom densities for these drawers 

(which had steel shims on the bottom). 

2. Outer Core Cell 

As shown in the middle of Figure 4, the outer core cell was actually a two-drawer cel l  

with three columns of fuel (giving a 1.5 ratio of fuel density of the outer zone relative to 

the inner zone). For simplicity, i t  i s  represented here as two cells, A and B: 

Outer core A, with upper/lower structure in column 3 of Table V, 

L F J A J E J H J B J G J E J A J F L .  

Outer core B, with upperJlower structure in column 4 of Table V, 

L J H J F J A J F J H J B J G J L .  

3. Radial Blanket Cell 

The loading pattern at the bottom left in  Figure 4 was that used in the front 23 in. (to the 



spring gap) in each half of the lnner Radial Blanket. The column notations for these 

regions would thus be 

For the back 16 in. of the Inner Radial Blanket (beyond the spring gap in  each half of 

the assembly) the U 0 was al l  i n  the form of 1/2 in. thick plates, giving the pattern 
3 8 

of vertical constituents as 

The upper/lower structure composition in  column 5 of Table V applies to the overall 

average cell (full 34-in. length in each assembly half) of the lnner Radial Blanket. 

The Outer Radial Blanket contained double columns of 1/4-in.-thick sodium in place of 

the 1/2-in.-thick Na above, giving the pattern for the frant 23 in. as 

and for the back 11 in. as 

4. Axial Blanket Cell 

As indicated in  Figure 4, a two-drawer cell was used for the axial blanket regions, the 

difference between the two drawers being a column (1/8 in.) of steel in place of a 

column of Fe 0 Thus for the Fe 6 -loaded drawer, the pattern of vertical components 
2 3' 2 3 

would be 

L B J H J E B D J H S B L ,  



and the steel-loaded drawer pattern would be 

L B J H J K B D J H J B L .  

The axial blanket behind the inner core contained steel shims at the bottom of the 

drawers, giving a high-density upper/lower structure region as indicated in column 

6 of Table V. 

The last column of Table V lists the upper/lower structure composition for the cell of 

the axial blankets behind the outer core. 

The inclusion of al l  these cell descriptions i s  not to suggest that calculations are 

needed for each case to generate cell-averaged cross sections for al l  regions, but 

rather to point out the variances typically encountered in the construction of the 

crit ical assemblies and to show why the region compositions differ. One cel l  calcu- 

lation each for the radial and axial blankets, with the patterns shown at the bottom 

of Figure 4, should be sufficient to obtain multigroup sets for use in all blanket and 

reflector reg ions. 

I t  should also be mentioned that the homogenized compositions of the cell descriptions 

cited above wi l l  not agree exactly with the average region compositions given in 

Tables I and I I because the column densities presented in  Tables II I and IV are 

averages of several lengths of plates, whereas the different regions involved varia- 

tions of column plate-length patterns. Also, as indicated-earlier, the core and axial 

blanket regions contain void channels and extra drawer steel homogenized into their 

composi tions. 

D. Experimental Data 

1. Measured Keff = 1.0000 + .0006 - 



2. Experimental spectral indices at  the core center, relative to a 
f 

(U-235) are as follows: 

3. Material worths at the core center are as follows: 

Material 

PU-239 

PU-24 1 

U-235 

C 

N a  

Ta 

B10 

-5 
Reactivity Coefficient 10 ~k/k/mole 



E. Comments and Documentation 

The radial dimensions for the core zones in Figures 1 and 2 have been adjusted to 

give a k = unity model with equal volumes in both zones. The adjustments account 

for the following corrections to the as-built loading: 

1.  Partial insertion of control rods 

2. Subcriticality at operating power 

3. The gap between the halves of the reactor 
0 

4. Uniform temperature representation (22.0 C average) 

There were no control drawers spiked with extra fuel in this loading and the effect 

of smoothing the radial outlines of the inner and outer core was estimated to be 

negligible. 

The total adjustment to the as-built Pu-239 + Pu-241 loading to derive the k = unity 

model was -8.5 + 0.9 kg; with equal volume reductions in the inner and outer core - 
zones, this gave the core radii shown in Figures 1 and 2. The radial blanket and re- 

flector radii were adjusted to obtain the same thicknesses as in the as-built case. 

Overall, the loading uncertainty i s  about + - 1.5 kg of Pu-239 + Pu-241 (out of 1024 

kg). This gives an uncertainty for the k = unity model of about - + 0.0006 &/k. 

For the one-dimensional homogeneous model, the perpendicular buckling was 

determined in a CAESAR consistent-keff calculation. CAESAR i s  a diffusion theory 

code; a consistent-keff calculation alternates one-dimensional radial, axial and zero- 

leakage calculations until the bucklings give the same eigenvalue as in  the two- 

dimensional model for both the radial and axial cases. 25 energy groups were employed. 

The conversion from inhours to Ak/k i s  1015.7 Ih = .O1 ~ k / k .  The calculated model 

was specified by Hess (ANL) and modified by Otter (At). 
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Table I 

Material 

ZPPR Assembly 2, a Demonstration Fast Reactor Benchmark Critical 

Radial Region Compositions at Axial Centerline (atomsharn-cm) 

lnner 
Core 

Outer 
Core 

Inner 
Radial Blkt. 

Outer 
Radial Blkt. 

Radial 
Reflector 

*Includes minor concentrations of P and S 



Table II 

ZPPR Assembly 02, a Demonstration Fast Reactor Benchmark Critical 

Region Compositions Off Axial Centerline (atomsharn-cm) 

Axial  Blanket Axial Blanket Spring Sodium Steel Iron 
Material Over  Inner Core Over Outer Core Gaps Axial Reflector Axial Reflector 

U 235 .000016 .000016 

M o  .000014 .000014 .000023 .000014 

Si* .000150 .000119 . 000 1 82 .000305 

*Includes minor concentrations of P and S 
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FAST REACTOR BENCHMARK NO. 12 

A. ZPR-6 Assembly 7 - A Plutonium Oxide Fueled F a s t  C r i t i c a l  Assembly. 

B. System Desc r ip t ion :  

The ZPR-6 c o n s i s t s  of two h a l v e s ,  each  a h o r i z o n t a l  m a t r i x  of 2.2 i n .  

square  s t a i n l e s s  s t e e l  t ubes  i n t o  which a r e  loaded s t a i n l e s s  s t e e l  

drawers con ta in ing  f u e l  and d i l u e n t  m a t e r i a l s  of  v a r i o u s  types .  A s -  

sembly 7 i s  a l a r g e  (3100 l i t e r )  f a s t  c r i t i c a l  assembly w i t h  a  s o f t  

spectrum and o t h e r  c h a r a c t e r i s t i c s  r e p r e s e n t a t i v e  of c u r r e n t  LMFBR 

des igns .  It has  a  s i n g l e  f u e l  zone wi th  a  length-to-diameter  (LID) 

r a t i o  of approximately u n i t y ;  i t  h a s  a  s imple  one-draw u n i t  c e l l ;  

and i t  is  b lanke ted  bo th  a x i a l l y  and r a d i a l l y  w i t h  dep le t ed  uranium. 
1 

The assembly 's  spectrum c h a r a c t e r i s t i c s ,  s imple  geometr ic  conf igura-  

t i o n ,  and simple u n i t  c e l l  make i t  w e l l  s u i t e d  f o r  a  benchmark as-  

sembly. 

The u n i t  c e l l ,  which i s  shown i n  Fig .  1 i s  i d e n t i c a l  t o  t h a t  of  a  

companion benchmark assembly; ZPR-6 Assembly 6A, except  t h a t  t h e  f u e l  

i s  Pu/u/Mo (28 w/o plutonium, 69.5 w/o uranium and 2.5 w/o molybdenum) 

r a t h e r  than  en r i ched  uranium. The plutonium i s  11 .5  w/o 2 4 0 ~ ~ .  A 

c r o s s  s e c t i o n a l  view of t h e  a s - b u i l t  r e f e r e n c e  assembly, which had 

an excess  r e a c t i v i t y  of 96.2 I h ,  i s  shown i n  Fig .  2 and t h e  equiva-  

l e n t  c y l i n d r i c a l i z e d  r e p r e s e n t a t i o n  of t h e  a s - b u i l t  system i s  shown 

i n  Fig.  3 .  



C. Model Desc r ip t ion :  

1. One-Dimensional Model: A one-dimensional model w i t h  s p h e r i c a l  

geometry h a s  been used i n  t h e  a n a l y s i s  of many measurements i n  

t h e  assembly. The s p h e r i c a l  model was de f ined  w i t h  r e f e r e n c e  

t o  a  two-dimensional f i n i t e  c y l i n d r i c a l  model, which w i l l  be 

desc r ibed  i n  Sec t ion  C . 2 .  The homogeneous s p h e r i c a l  model was 

de f ined  by f i r s t  de termining  a  b l a n k e t  t h i c k n e s s  and then  

sea rch ing  f o r  a  co re  r a d i u s  t h a t  g i v e s  t h e  s p h e r i c a l  r e a c t o r  

t h e  same k  a s  t h e  homogeneous two-dimensional c y l i n d e r .  
e f  f  

The b l a n k e t  dimensions and composit ions were de f ined  a s  t h e  

weighted average  of t h e  a x i a l  and r a d i a l  b l a n k e t  dimensions and 

composit ions i n  which t h e  weight ing  was done on t h e  b a s i s  of 

t h e  r e l a t i v e  leakages  i n t o  t h e  a x i a l  and t h e  r a d i a l  b l a n k e t s  

( a s  g iven  by t h e  two-dimensional c a l c u l a t i o n s ) .  The r e s u l t i n g  

co re  r a d i u s  and b l a n k e t  t h i c k n e s s  f o r  t h e  homogeneous s p h e r i c a l  

model were 88.16 and 33.81 cm, r e s p e c t i v e l y .  The a p p r o p r i a t e  

composit ions f o r  use  w i t h  t h e  s p h e r i c a l  model a r e  g iven  i n  

Table I. The s p h e r i c a l  model i s  expec t  t o  i n t r o d u c e  approxi -  

mate ly  a  0.1% u n c e r t a i n t y  i n  k  e f  f '  

An energy group s t r u c t u r e  w i t h  2 7  groups ,  a s  g iven  i n  Table  11, 

i s  sugges ted .  Such s s t r u c t u r e  has  s u f f i c i e n t  d e t a i l  a t  low 

e n e r g i e s  t o  a f f o r d  a c c u r a t e  computat ions of m a t e r i a l  wor ths  and 

Doppler e f f e c t s  . 

Because of t h e  s i m p l i c i t y  of  t h e  two-region, homogeneous 

s p h e r i c a l  model, t h e  macroscopic f l u x  d i s t r i b u t i o n s  a c r o s s  t h e  



r e a c t o r  may be computed w i t h  d i f f u s i o n  theo ry  and a  r e l a t i v e l y  

coa r se  mesh of 2 cm should  be adequate .  

C e n t r a l  m a t e r i a l  r e a c t i v i t y  wor ths  and Doppler r e a c t i v i t y  wor ths  

may be computed by p e r t u r b a t i o n  t eho ry .  I f  t h e  m a t e r i a l  sample 

i s  o p t i c a l l y  t h i n  and i f  t h e  m a t e r i a l  i s  con ta ined  i n  t h e  c o r e ,  

t h e  homogeneous co re  c r o s s  s e c t i o n s  f o r  t h e  m a t e r i a l  a r e  appro- 

p r i a t e  t o  t h e  sample. I f  t h e  m a t e r i a l  sample i s  o p t i c a l l y  t h i n  

and,  i f  t h e  m a t e r i a l  i s  n o t  con ta ined  i n  t h e  c o r e ,  t hen  i n f i n i t e  

d i l u t i o n  c r o s s  s e c t i o n s  a r e  a p p r o p r i a t e  f o r  t he  sample. 

The major  f law i n  t h e  homogeneous s p h e r i c a l  model f o r  t h i s  

geomet r i ca l ly  s imple  system i s  i n  t h e  n e g l e c t  of h e t e r o g e n e i t i e s  

i n  t h e  u n i t  c e l l .  Sec t ions  D and F i n d i c a t e  t h e  u n c e r t a i n t i e s  

a r i s i n g  from t h e  use  of homogeneous c r o s s  s e c t i o n s .  The e r r o r  

i n  m a t e r i a l  worth o r  Doppler worth in t roduced  by f l u x  d i s t o r t i o n s  

depends s t r o n g l y  upon t h e  n a t u r e  of  t h e  sample. 

2 .  Other More Complicated Models: A two-dimensional f i n i t e  

c y l i n d r i c a l  r e p r e s e n t a t i o n  of t h e  system i s  c l o s e r  t o  t h e  physi-  

c a l  c o n f i g u r a t i o n  than  a  s p h e r i c a l  r e p r e s e n t a t i o n .  The a s - b u i l t  

l oad ing  was t h u s  c o r r e c t e d  f o r  bo th  excess  r e a c t i v i t y  and edge 

smoothing. The s p r i n g  gap was homogenized i n t o  t h e  a x i a l  

b l anke t  and t h e  r a d i a l  b l a n k e t  h e i g h t  was de f ined  t o  be t h e  same 

a s  t h e  co re  p l u s  a x i a l  b l a n k e t  h e i g h t s .  R e s u l t i n g  regcon d i -  

mensions a r e  g iven  i n  Table 111. 1 



The corresponding compositions f o r  the  zero-excess,  uniform 

c y l i n d r i c a l  model a r e  given i n  Table I V .  The "exact core  

region",  a t  the  c e n t e r  of t h e  assembly, i s  simply a  region i n  

which m a t e r i a l  concentra t ions  a r e  known more accura te ly  than i n  

t h e  r e s t  of the  core .  

D. Experimental Data: 

1. Measured Eigenvalues: The measured eigenvalue corresponding t o  

the  models of Sect ion C i s  1.0000 + 0.001. Calcula t ions  ind i -  

c a t e  a  0.0166 heterogeneous-homogeneous cor rec t ion2  and a  0.0018 

S -d i f fus ion  cor rec t ion .  
8  

2. Unit-Cell Reaction Rates: De ta i l ed  u n i t - c e l l  measurements of the  

capture  and f i s s i o n  i n  2 3 8 ~  and f i s s i o n  i n  u~~~ and 2 3 9 ~ u  were made. 

2  38u 
Ac t iva t ion  f o i l s  of , 2 3 5 ~ ,  and 2 3 9 ~ ~  were used t o  measure the  

r a t e s  wi th in  the  f u e l  and U 0 p l a t e s ,  such t h a t  the  a c t u a l  
3  8 

cell-averaged values  of the  r e a c t i o n  r a t e s  could be obta ined.  

To be c l e a r ,  these  u n i t - c e l l  r e a c t i o n  r a t e  values  correspond 

t o  the r e a c t i o n s  a c t u a l l y  taking p lace  i n  the  u n i t - c e l l  i n  the  

assembly, and n o t ,  f o r  example, t o  a cell-average def ined a s  

t h e  value  of t h e  f l u x  a t  every p o i n t  i n  t h e  c e l l  m u l t i p l i e d  by 

the  c ross  s e c t i o n  of the  f o i l  m a t e r i a l .  We use the  term t o  

r e f e r  t o  t h e  f l u x  and volume weighted r e a c t i o n  r a t e s  a s  they 

a c t u a l l y  occur i n  the  u n i t - c e l l .  Hence, a  pe r  atom u n i t - c e l l  

r e a c t i o n  r a t e  r a t i o  i s  converted t o  the  a c t u a l  r a t i o  of the  

number of r eac t ions  taking p lace  i n  the  c e l l  simply by mul t ip lying 



t h e  former r a t i o  by t h e  a p p r o p r i a t e  atom d e n s i t y  r a t i o .  

The d e t a i l s  of t h e  technique  used f o r  coun t ing  t h e  a c t i v a t e d  

f o i l s  and reducing  t h e  d a t a  t o  a b s o l u t e  r e a c t i o n  r a t e s  a r e  

i d e n t i c a l  w i th  those  used i n  Ref. 3. The a b s o l u t e  c a l i b r a t i o n s  

were made wi th  t h r e e  s e p a r a t e  and independent  techniques :  

(1) by a b s o l u t e  f i s s i o n  chambers w i th  i d e n t i c a l  f o i l s  on t h e i r  

f a c e s  t o  t h o s e  used i n  t h e  u n i t - c e l l  measurements, w i th  t h e  

f i s s i o n  chambers p laced  i n  t h e  r e a c t o r  a t  t h e  same s p e c t r a l  

p o s i t i o n ;  (2) by thermal  i r r a d i a t i o n  of  i d e n t i c a l  f o i l s  i n  ATSR 

thermal  column; and ( 3 )  by a b s o l u t e  rad iochemical  a n a l y s i s  of 

some of t h e  f o i l s  t h a t  were a c t u a l l y  used i n  t h e  u n i t - c e l l  

measurement. The e x c e l l e n t  agreement among t h e  v a r i o u s  c a l i -  

b r a t i o n  methods made p o s s i b l e  t h e  sma l l  u n c e r t a i n t y ,  l a  = 2%, 

i n  t h e  measured r e a c t i o n  r a t e  r a t i o s .  

For t h e  p l a t e  c e l l  environment, t h e  u n i t  c e l l  i n  which t h e  

r e a c t i o n  r a t i o s  were measured d i f f e r e d  somewhat from t h e  

"normal u n i t - c e l l "  of F ig .  1. I n  t h e  "experimental"  u n i t - c e l l ,  

i n s t e a d  of t h e  normal 114 i n .  t h i c k  PU/U/MO p l a t e ,  two t h i n n e r  

Pu/lJ/Mo p l a t e s  were used t o  permit  f o i l s  t o  be  p laced  a t  t h e  

c e n t e r  of t h e  f u e l  column so  t h a t  an  i n t e g r a t i o n  of t h e  r e -  

a c t i o n  r a t e s  thraugh t h e  f u e l  p l a t e  could  be made. Each of 

t h e  p l a t e s  had a  0.015 i n .  s t a i n l e s s  s t e e l  c l add ing  and a  0.095 

i n .  co re  t h i c k n e s s .  The e f f e c t  of t h i s  s u b s t i t u t i o n  f o r  t h e  

normal f u e l  p l a t e  was t o  reduce t h e  f u e l  con ten t  of t h e  expe r i -  

menta l  u n i t - c e l l  (33% l e s s  Pu-Mo, 15% l e s s  2 3 8 ~ )  and t o  i n c r e a s e  



i t s  s t a i n l e s s  s t e e l  c o n t e n t  by 7.5%. The measured r e a c t i o n  r a t e  

r a t i o s  f o r  2 3 8 ~  ~ a ~ t u r e - t o - ~ ~ ~ ~ u  f i s s i o n ,  2 3 8 ~  f i s s i ~ n - t o - ~ ~ ~ ~ u  

f i s s i o n ,  and 2 3 5 ~  f i s ~ i o n - t o - ~ ~ ~ ~ u  f i s s i o n  a r e  g iven  i n  Table  V 

a long  w i t h  c a l c u l a t e d  c o r r e c t i o n  f a c t o r s  ( t o  be a p p l i e d  t o  t h e  

measured va lues )  f o r  h e t e r o g e n e i t i e s .  1 , 2  

3. M a t e r i a l  Worths a t  t h e  Center  of t h e  Core: C e n t r a l  r e a c t i v i t y  

worths of s e v e r a l  m a t e r i a l s  were measured i n  a  sma l l  c a v i t y  wi th  

u s e  of t h e  r a d i a l  sample changer.  The uranium and plutonium 

samples were t h i n  a n n u l i  c l a d  on t h e  o u t s i d e  wi th  s t a i n l e s s  

s t e e l .  The o t h e r  samples were g e n e r a l l y  unclad c y l i n d e r s .  

The samples w e r e  h e l d  i n  t h i n - w a l l e d  s t a i n l e s s  s t e e l  sample 

h o l d e r s  and t h e  r e a c t i v i t y  worth of  t h e  sample was ob ta ined  

by t h e  d i f f e r e n c e  i n  t h e  r e a c t i v i t y  worth ( r e l a t i v e  t o  void)  

of t h e  sample ho lde r  between when i t  i s  empty and when i t  ho lds  

a  sample. Fu r the r  d e s c r i p t i o n s  of t h e  samples and t h e  measure- 

ments a r e  g iven  i n  Ref. 4 .  Table  V I  g i v e s  t h e  exper imenta l  

worths of t h e  i s o t o p e s ,  t h e  weights  and i d e n t i f i c a t i o n s  of  t h e  

samples from which they  were ob ta ined ,  and the  c a l c u l a t e d  r e s u l t s .  

E. Ca lcu la t ed  Resu l t s :  

The c a l c u l a t i o n s  desc r ibed  i n  t h i s  s e c t i o n  were made u s i n g  ENDFIB-111 

d a t a  and t h e  s t anda rd  one-dimensional,  homogeneous s p h e r i c a l  model of 

t h e  assembly. The fundamental  mode o p t i o n  of t h e  S D X ~  code was used 

t o  compute homogeneous c r o s s  s e c t i o n s .  This  model y i e lded  a mul t i -  

p l i c a t i o n  cons t an t  of 0.9772 f o r  t h e  c r i t i c a l  system. The a d d i t i o n  



of t h e  h e t e r o g e n e i t y  and t r a n s p o r t  c o r r e c t i o n s  (Sec t ion  D. l )  g i v e s  

a kef f  of  ,9956.  

The c a l c u l a t e d  v a l u e s  f o r  t h e  r e a c t i o n  rate r a t i o  v a l u e s  f o r  t h e  

normal p l a t e  u n i t  c e l l  a r e  g iven  i n  Tab le  V I I .  

The c e n t r a l  worth c a l c u l a t i o n s  based on t h e  homogeneous s p h e r i c a l  

model c e n t r a l  f l u x e s  a r e  g iven  i n  Table  V I I .  The b a s i c  ca l cu la -  

t i o n s  used f i r s t - o r d e r  p e r t u r b a t i o n  theory .  

F. Comments and Documentation: 

To a s s e s s  t h e  l i m i t a t i o n s  of t h e  homogeneous, s p h e r i c a l  Benchmark 

model t h e  m u l t i p l i c a t i o n  c o n s t a n t ,  r e a c t i o n  r a t e  r a t i o s  and c e n t r a l  

r e a c t i v i t y  worths were c a l c u l a t e d  w i t h  a one-dimensional s p h e r i c a l  

heterogeneous model and w i t h  a two-dimensional f i n i t e  c y l i n d r i c a l ,  

heterogeneous model. I n  t h i s  way, t h e  e r r o r s  from homogenization 

can be  sepa ra t ed  from t h e  e r r o r s  from t h e  s i m p l i f i e d  geometric  r ep re -  

s e n t a t i o n .  The heterogeneous c r o s s  s e c t i o n s  were computed w i t h  t h e  

p l a t e  u n i t - c e l l  o p t i o n  i n  t h e  SDX code,  which uses  equiva lence  theo ry  

i n  t h e  narrow resonance  approximation t o  o b t a i n  resonance c r o s s  

s e c t i o n s  and i n t e g r a l  t r a n s p o r t  methods t o  o b t a i n  s p a t i a l  weight ing  

f a c t o r s .  The model used t o  r e p r e s e n t  t h e  u n i t  c e l l  i n  t h e s e  SDX 

problems is  desc r ibed  i n  Ref. 7 .  For t h e  one-dimensional model, t h e  

heterogeneous c r o s s  s e c t i o n s  were ob ta ined  wi th  t h e  fundamental mode 

op t ion  of SDX; f o r  t h e  two-dimensional model, t h e  space-dependent 

o p t i o n  was used.  



The r e s u l t s  of c a l c u l a t i o n s  w i t h  t h e  t h r e e  models a r e  compared i n  

Tab l e  V I I .  The one- and two-dimensional he te rogeneous  models a r e  i n  

good agreement .  The d i f f e r e n c e  i n  k  i s  due t o  bo th  t h e  u se  of 
e f f  

fundamental  mode c r o s s  s e c t i o n s  i n  t h e  s p h e r i c a l  model and s p h e r i c a l  

model ' s  b e i n g  d e f i n e d  w i t h  ENDFIB-I d a t a .  From comparison of t h e  

homogeneous and he te rogeneous  r e s u l t s ,  h e t e r o g e n e i t i e s  accoun t  f o r  

a  d i f f e r e n c e  of abou t  1 .7% i n  t h e  m u l t i p l i c a t i o n  c o n s t a n t .  For  t h e  

r e a c t i o n  r a t e  r a t i o s  and t h e  m a t e r i a l  wor ths  of t h e  homogeneous r e -  

s u l t s  a r e  i n  s u r p r i s i n g l y  good agreement  a l t h o u g h  they  do show t h e  

changes i n  and 2 3 8 ~  worths  expec ted  from t h e  spec t rum d i f f e r e n c e .  

For t h e  c e n t r a l  wor th  measurements,  t h e  conve r s ion  f a c t o r  1% Ak/k = 

1007 I h  was used t o  conve r t  t h e  measured p e r i o d s  t o  t h e  d e s i r e d  

8 
r e a c t i v i t y  u n i t s .  The de layed  n e u t r o n  d a t a  of Keepin were used i n  

computing t h i s  conve r s ion  f a c t o r .  
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TABLE I. Assembly 7 Spherical ?lode1 Atom D e n s i t i e s ,  

atons /barn-cm 

Core B l  anke t 
Isotope radius = 88.16 cm th i ckness  = 33.81  cm 

(Revised 9-78) 



Table 11. Specif ications of 27-Croup Structure 

Group Croup 

Table 111. Dimensions for  the  Zero-Excess Reactivity,  UniEormly Loaded Cylindrical 

Version of ZPR-6 Assembly 7 

Outer Core Radius, an 80.30 

"Exact Core" Region Radius, cm 24.34 

Core Height, cm 152.56 

Radial Blanket Thickness, crn 33.54 

Radial Blanket Height, cm 221.10 

Axial Blanket Thickness, cm 34.27 

Core Volume, l i t e r s  3090 



Table I V .  Mean Atom Densities f o r  the Zero-Excess Uniform Cylindrical Hodel of 

Assembly 7 ,  atoms/barn-crn 

-- - - - - p- -- 

Exact Core Outer Core Axid Blanket Radial Blanket 

a 2 4 1 ~ u  decay t o  241p4n corrected t o  9/15/71 

Arising from SS304 impuritier 

Includes '4 .0052 from SS304 and Pu/U/Mcr fuel  impurities 

Includes M.0088X from heavy (atomic ut > Si)  SS304 impurities and PU/U/MO 

f u e l  impurities. 

Note: The number of d i g i t s  i n  each density is a measure of the compositional 
precision.  Nominally, the rightmas t d i g i t  bounds the density according 
to B 20 of 93% confidence interval .  



Table V. Unit-Ccll Reaction Xatc Ratios i n  ZPR-6 Assembly 7 

-- - - 

14easurcment Calculated ILeterogencity 
(la = 2;:) Correction Factorsa 

a homogeneous /heterogeneous 

TABLE KC. Control  Reac t iv i ty  Worths Measured i n  a  Centra l  Cavity 

i n  ZPR-6 Assembly 7, Aklklmole 

~ e a s u r e d c  
I s o t o p i c  W t .  Samples ~ a m ~ l e - ~ i z e ~  Worth ~ a l c u l a t  ede 

I so tope  i n  sample, gm iden t .  Correct  i o n  la  imprecis i o n  Worth 

MB24 1.01 

B (L) 1.03 

NA(L2) 1.09 

TA- 2 

c (L) 

AL (L3) 

Fe-1 

N i - 1  

Cr-3 

Mo-1 

a. See R e f .  4  f o r  a  f u l l e r  d e s c r i p t i o n  of samples 
b. I n t e g r a l  t r a n s p o r t  c a l c u l a t i o n  based on ENDFIB-I d a t a  and one-dimensional 

c y l i n d r i c a l  r e p r e s e n t a t i o n  c e n t r a l  f l u x e s ,  s e e  Ref. 6 
c. Measured per iod converted t o  r e a c t i v i t y  w i t h  use  o f  conversion f a c t o r  

1% Aklk = 1007 I h  
d. Corrected f o r  sample-size e f f e c t  where given 
e. FOP c a l c u l a t i o n  based on ENDFIB-111 d a t a  and c e n t r a l  s p h e r i c a l  f l u x e s  



TABLE VLI. Comparison of Calcula t ions  f o r  

Assembly 7 w i t h  Several. Models 

1-Dimensional 1-Dimensional 2-Dimensional 
Homogeneous Heterogeneous Het ero geneous 

Reaction 28f /49f  0.02304 0.02313 0.02316 
Rates 

25f I b 9 f  1.0962 1.1143 - 

c e n t r a l a  2 3 9 ~ u  47.12 47.05 47.05 
Worths 

235u 38.37 38.67 38.69 

- - -- - - - -- - - - - - - - - - -- - - - - - - 

a. FOP c a l c u l a t i o n s  n o t  cor rec ted  f o r  sample s i z e  e f f e c t s  



UNIT CELL FOR ASSEMBLIES 6A AND 7 

SS304 JACKET 

1 /8 DEPL. 
URANIUM 

ASSEMBLY 7 ASSEMBLY 6A 

FUEL ELEMENT SPECIFICATION 

ALL DIMENSIONS IN  INCHES 

Figure 1. Cross Section of Unit-Cell Showing Matrix and Plate Loaded Drawer, 
ZPR Assemblies 6A and 7, ANL-Neg. No. 116-888. 
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Figure 2. Radial Cross Section for the 96.2 Ih Excess Reactivity, 
As-Built ZPR-6 Assembly 7, ANL-Neg. No. 116-889. 
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Figure 3. Axial Cross Section for the 96.2 Ih Excess Reactivity, 
As-Built ZPR-6 Assembly 7, ANL-Neg. No. 116-891. 
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FAST REACTOR BENCHMARK NO. 1 3  

A .  Benchmark Name and Type: ZPR-3-56B, and PuO c r i t i c a l  assembly w i t h  2 

a n i c k e l  r e f l e c t o r .  

B. System Desc r ip t ion :  Th i s  p a r t i c u l a r  c o n f i g u r a t i o n  of ZPR-3 was p a r t  

o f  a s e r i e s  of c r i t i c a l  exper iments  conducted t o  o b t a i n  d a t a  t o  

e v a l u a t e  c a l c u l a t i o n a l  methods f o r  t h e  FTR. The co re  of assembly 

56B was approximate ly  a 615 l i t e r  c y l i n d e r  f u e l e d  w i t h  Pu and U meta l  

and UO w i th  ca rbona te s  and ox ides  added t o  s i m u l a t e  a PuO -UO com- 
2 2 2 

p o s i t i o n .  Also,  Na was added t o  s i m u l a t e  a homogenized FTR c o r e .  

The r e f l e c t o r  was composed of N i ,  Na and s t e e l .  

Assembly 56B was s e l e c t e d  f o r  a benchmark because:  1 )  a r a t h e r  

complete s e t  of p r e c i s e  measurements was performed on t h i s  r e l a t i v e l y  

s imple c o n f i g u r a t i o n ;  2 )  t h i s  N i  r e f l e c t e d  assembly can be  compared 

w i t h  o t h e r  Fe o r  U-238 r e f l e c t e d  benchmarks; 3) and i t  has  a r e l a -  

t i v e l y  l a r g e  PuO d r i v e n  co re  resembling t h e  FTR. 
2 



C. Model Description : 

1. One-Dimensional Model (sphere) 

Suggestions : 

Code...... 1-dimension transport theory with S 4 ' 

Mesh...... 40 intervals in the core, 20 in the reflector. 



2 .  Two-Dimensional Model (cylinder) 

AXIAL REFLECTOR 

CORE 

46.18 

RADIUS (m) 

RADIAL REFLECTOR 

Suggestions: 

Code . . . . . .  2-dimensional diffusion theory 

Mesh. . . . . .  30 radial intervals,  core 

20 radial intervals,  reflector 

30 axial intervals,  core 

20 axial  intervals,  ref lector 

VACUUM 



4 .  Techniques 

A l l  c a l c u l a t i o n s  should be performed with appropr ia t e ly  

resonance-shielded c ross  s e c t i o n s .  An acceptable  multi-  

group s t r u c t u r e  is 26 hal f - le thargy width groups wi th  

Emax = 10 M e V .  

Mater ia l  

U-235 

U-238 

Pu-239 6 Pu-241 

Pu-240 6 Pu-242 

0 

C 

Na 

C r  

Fe 

N i  

Mo 

Mn 6 Si 
- 

(Revised 9-78) 

Density atoms/cc 

Core 

0.000014 

0.006 195 

0.001358 

0.000181 

0.015 

0.00103 

0.008669 

0.0025 

0.0137 

0.00109 

0.000343 

0.00022 

Axial 
Ref lec to r  

0.01346 

0.0022 

0.00882 

0.0195 

0.0003 

Radial  
Ref lec to r  

0.00657 

0.00188 

0.00759 

0.0476 

0.0003 

Spher ical  
Ref lector  

0.007879 

0.001941 

0.007824 

G .042261 

0.0003 
i 



D. Experimental Data: (All errors are one standard deviation) 

1. Eigenvalue = 1.0000 + .0014 

2. Spectral Indices at Core Center 

a (U233) / of (U235) = 1.478 + 0.015 f 

a (U234) / af (U235) = 0.195 + 0.002 f 

a (~236). / af (U235) = 0.0639 k 0.0006 f 

a (4238) / af (U235) = 0.0308 + 0.0003 f 

a (Pu239) / af (U235) = 1.028 + 0.010 
f 

a (Pu240) / af (U235) = 0.282 + 0.003 f 

3. Material Worths at Core Center 

Material Reactivity Coefficient Ak/k/mole 

U-235 78. 3 + 2.2 

U-238 -4.95 + 0.22 

Pu-239 100.5 t 2.0 

C -0.338 + 0.034 

Na -0.232 i 0.109 

Cr -0.749 + 0.073 

Fe -0.776 + 0.029 

Ni -1.115 + 0.037 

B10 -79.2 + 1.1 

Ta -24.54 t 0.91 



E. Comments and Documentation: 

Since c e n t r a l  f u e l  worths a r e  s e n s i t i v e  t o  core  volume and composit ion,  

t h e  1-D and 2-D models were s e t  up t o  p rese rve  these  two exper imenta l  

f e a t u r e s .  However, f o r  the  sake of s i m p l i c i t y ,  m a t e r i a l s  of low 

d e n s i t y  and of l i t t l e  importance were e i t h e r  omit ted  o r  combined 

w i t h  o t h e r  homogeneous m a t e r i a l  d e n s i t i e s .  

Correct ion f a c t o r s  were obta ined i n  t h e  fo l lowing manner: 

Keff  (2-D d i f f u s i o n )  - Kef f  (1-D d i f f u s i o n )  = -.0157 

Keff  
(1-D t r a n s p o r t )  - Kef f  (1-D d i f f u s i o n )  = .0075 

Keff  (heterogeneous) - Kef (homogeneous) = .0102 

2-D worthsll-D worths = 1.052. 

The he te rogene i ty  c o r r e c t i o n  was obta ined by adding t h e  g ross  s p a t i a l  

s e l f - s h i e l d i n g  component ( c a l c u l a t e d  us ing a 26-group S c e l l  model 
12 

wi th  a homogeneous leakage) t o  the  energy (resonance) s e l f - s h i e l d i n g  

component ( c a l c u l a t e d  us ing the  B e l l  approximation).  

I f ,  f o r  example, a  1-D t r a n s p o r t  c a l c u l a t i o n  gave an e igenvalue  of 

.9900, the  cor rec ted  e igenvalue  would be .9900 - .0157 (geometry 

c o r r e c t i o n )  + .0102 (heterogenei ty  c o r r e c t i o n )  = .9845. A l l  1 -D 

c e n t r a l  worths must be m u l t i p l i e d  by 1.052 t o  account f o r  geometric 

d i f f e r e n c e s  . 

The experimental  assembly 56B dimensions and compositions can be 

found i n  Reference 1, whi le  the  c e n t r a l  i n d i c e s  and m a t e r i a l  worths 

(Revised 9-76) 



a r e  g iven  i n  Reference  2 .  The r e a c t i v i t y  conve r s ion  parameter  was 

c a l c u l a t e d  u s i n g  t h e  de layed  n e u t r o n  d a t a  of Mas te rs  (Reference  3) 

5 
and found t o  be 1 . 1 3  x 10  Ak/Ih. The m a t e r i a l  wor th  v a l u e s  l i s t e d  

have been c o r r e c t e d  f o r  e s t i m a t e d  sample s i z e  and compos i t ion  e f f e c t s .  



R e f e r e n c e s  : 

1. ANL-7561, R e a c t o r  Development Program P r o g r e s s  R e p o r t ,  March 1 9 6 9 ,  

p a g e s  8-15. 

2 .  ANL-7577, R e a c t o r  Development Program P r o g r e s s  R e p o r t ,  April-May 

1969 ,  p a g e s  17-35. 

3.  C. F. Masters e t  a l ,  "The Measurement o f  A b s o l u t e  Delayed-Neutron 

Y i e l d s  f rom 3 . 1  and  14 .9  MeV F i s s i o n , "  Nuc l .  S c i .  6 Eng. , 3 6 ,  

202-208 (1969) .  



FAST REACTOR BENCHMARK NO. 14 

A. Benchmark Name and Type 

SEFOR Doppler Benchmark, Core I 

B. System Description 

The SEFOR reactor was designed to  provide a Do;:pler measurement in 

an environment tha t  i s  representative of an operating LMFBR, with respect 

t o  the neutron spectrum, the fuel temperature range, the reactor composition 

and the fuel microstructure. Standard fuel fo r  SEFOR was mixed oxide (20% 

Pu02, 80% U02) in which the Pu contained a minimum amount of Pu-240 (58% 

of the P u )  and the U was depleted in U-235. The fuel was contained in 

nominal one-inch diameter rods. Several guinea pig rods, having Pu concen- 

t ra t ions  50% greater  than the standard fue l ,  were included. Each of the 

fuel rods included an expansion gap located in the core region so as to  

minimize the reac t iv i ty  e f fec t  of fuel axial expansion; hence, the Doppler 

ef fec t  contributed approximately 95% of the to ta l  SEFOR power coefficient  

and 90% of the energy coefficient .  The measured Doppler coefficient  reported 

here excludes the fuel axial expansion component. 

Control of SEFOR was provided by the vert ical  movement of 10 nickel 

s lab  ref1 ectors located radi a1 ly outside the reactor vessel.  Fine control 

of the position of two of these ref lec tors  was provided; these were c a l i -  

brated and used in the measurement of reac t iv i ty .  

All of the SEFOR Doppler measurements used f o r  t h i s  benchmark problem 

were made with the core loaded t o  i t s  fu l l  s i ze  of 648 rods. This required 

the use of typical ly,  12 to  14 B4C rods, distr ibuted uniformly, i n  place of 

fuel rods to  maintain the excess reac t iv i ty  a t  fu l l  power to  l e s s  than 50t.  

This benchmark i s  for  SEFOR, Core I ,  which contained about 6 volume 

percent BeO. In Core I1 the Be0 rods were replaced with steel  rods, 

resulting in a harder spectrum. A benchmark problem for  Core I1 has not 

been specified. 



C .  1 One-Dimensional Spherical Model Description 

A one-dimensional spherical model of SEFOR i s  shown in Figure 1 ,  

including model dimensions and suggested mesh. The atom densi t ies  in each 

region (atomslbarn-cm) are given in Table I .  A zero return current boundary 

condition should be applied a t  the outer boundary. Diffusion theory i s  

suggested with cross sections in any sui table  f a s t  reactor energy-group 

s t ruc ture ,  b u t  with groups no coarser than 0.5 lethargy width down t o  a 

lethargy of 12.5. Correction factors  t o  be made to the calculated values 

of k e f f  and the Doppler coefficient  are given in Section E.  

Although t h i s  spherical model does not provide a very accurate descrip- 

t ion of SEFOR, i t  does give a computed Doppler coefficient  within 2% and 

keff within 0.5% of tha t  computed for  the two-dimensional model (Section C.3), 

without the requirement of group-dependent buck1 ings. 

C .  2 One-Dimensional Axi a1 Model Description 

A one-dimensional axial model of SEFOR i s  shown in Figure 2 ,  including 

model dimensions, suggested mesh and the composition number assigned t o  each 

region. The atom densi t ies  in each composition (atomslbarn-cm) are  given in 

Table 111. Zero return current boundary conditions should be applied a t  both 

boundaries. The s e t  of group-dependent bucklings in Table I1 was found to  

give the Doppler coefficient  within 2% and the keff  within 0.5% of tha t  com- 

puted f o r  the two-dimensional model (Section C.3). I t  was not possible t o  

find a constant buckling which produced both Dopp!er coefficient  and kef f  

val ues near to  the two-dimensional r e su l t s .  Diffusion theory i s  suggested, 

with cross sections in any sui table  f a s t  reactor energy-group s t ruc ture ,  

but with groups no coarser than 0.5 lethargy width down t o  a lethargy of 

12.5. Correction factors  to  be made to  the calculated values are  given in 

Section E .  



C .  3  Two-Dimensional Model D e s c r i p t i o n  

A two dimensional  ( R - Z )  model o f  SEFOR i s  shown i n  F i g u r e  3, i n c l u d i n g  

model dimensions, suggested nlesh and compos i t ion  number f o r  each r e g i o n .  

The atom d e n s i t i e s  i n  each coniposi t i o n  (atoms/barn-cm) a re  g i v e n  i n  Table 

111. Zero r e t u r n  c u r r e n t  boundary c o n d i t i o n s  a re  t o  be a p p l i e d  on t h e  top ,  

r i g h t  and bot tom boundar ies.  D i f f u s i o n  t h e o r y  i s  suggested w i t h  c ross  

sec t i ons  i n  any s u i t a b l e  f a s t  r e a c t o r  energy-group s t r u c t u r e . *  C o r r e c t i o n  

f a c t o r  t o  be made t o  t h e  c a l c u l a t e d  va lues  a r e  g i ven  i n  Sec t i on  E. 

C.4 Doppler  C a l c u l a t i o n  Model 

The iso thermal  Doppler  c o e f f i c i e n t  shou ld  be computed i n  t h e  f o l l o w i n g  

way : 

where 

T1 = 677OK (760°.F), average f u e l  temperatures a t  zero  power, 

T2 = 1365" K (2000°F), average f u e l  temperature a t  20 MW, 

kl = neu t ron  m u l t i p l i c a t i o n  f a c t o r  w i t h  t h e  f u e l  a t  TI, 

k2  = neut ron  m u l t i p l i c a t i o n  f a c t o r  w i t h  t he  f u e l  a t  T2. 

I t i s  suggested t h a t  a  n e u t r o n i c s  c a l c u l a t i o n  be performed f o r  t h e  f u e l  a t  

TI, and t h a t  t h e  va lue  o f  ( k2  - kl ) be ob ta ined  w i t h  f i r s t - o r d e r  p e r t u r b a t i o n  

theo ry .  

* I f  t h e  two-dimensional problems a r e  r u n  w i t h  a  group s t r u c t u r e  t h a t  
con ta ins  groups broader t han  0.5 l e t h a r g y ,  these c ross  sec t i ons  shou ld  
be generated by reg ionw ise  c o l l a p s i n g ,  us ing  r e p r e s e n t a t i v e  spec t ra  f o r  
each o f  t h e  reg ions  i n  F igu re  3, f rom a  s t r u c t u r e  t h a t  has no groups 
g r e a t e r  t han  0.5 l e t h a r g y  w i d t h  down t o  a l e t h a r g y  o f  12.5. 



C.5 Cell Model Descriptions 

Before comparing with experiniental values f o r  the Doppler coef f ic ien t  
and k e f f ,  the  r e su l t s  of calculat ions with any of the three reactor  models 

above must be corrected f o r  e f f e c t s  not included in the models. These 

cor rec t ion  f ac to r s  have been pre-calculated and are  given in  Section E .  

However, those computing t h i s  benchmark probl en1 a re  encouraged t o  ca lcu la te  

t h e i r  own correct ion fac tors .  Descriptions of the fuel subassembly and B-10 

ce l l  a r e  given below. 

a .  Fuel Subassembly. 

Figure 4 shows a cross sect ion of the fuel subassembly in the  

SEFOR core. This may be used, together  with Composition 7 i n  Table 111, 

(by computing volume f r ac t ions )  t o  define a fuel ce l l  f o r  the calculat ion 

of heterogeneity e f f e c t s .  The fuel i s  mixed U02 - Pu02 The 10 mil gap 

indicated in  Figure 4 ,  outs ide the channel wal l ,  i s  sodium f i l l e d ,  so 

the  value of 3.16 cm defines the e f f ec t ive  ce l l  outer  dimension. Dimen- 

s ions  given in  Figure 4 a r e  f o r  70°F. Expansion t o  350°F, t o  be consis tent  

w i t h  Table 111, will s l i g h t l y  increase the e f f ec t ive  outer  ce l l  dimension, 

b u t  wil l  not change the material volume f r ac t ions .  

b. B-10Cell .  

The benchmark problem contains 12 B4C rods,  essent i  a1 l y  spaced 

evenly throughout the core.  The B4C rods replace fuel rods and a re  of 

t he  same diameter. A radial  ce l l  i s  defined by a s ing le  B4C rod, 

surrounded by 111 2 of the core (Composition 7 ) ,  homogeneously mixed. 

D .  Experimental Data 

1 . Measured k e f f  = 1 .0000 

2. Isothermal Doppler coe f f i c i en t  (3 )  = T - d k  = -0.0080~0.0010 
dT 

The Doppler measurements were made by determining the r eac t iv i ty  change 

i n  SEFOR as the power was increased from a nominal zero power t o  f u l l  power 

of 20 M W ,  while holding the coolant temperature constant.  (') The r eac t iv i ty  

change was determined from the posi t ions of cal i  brated ref l ec to r  control rods. 



Components of the r e a c t i v i t y  change due t o  thermal expansion were computed 

and subtracted from the  t o t a l  t o  a r r i v e  a t  the  Doppler component. (The 

Doppler component i s  >90% of the t o t a l .  ) Then measured and computed fuel 

temperatures and temperature d i s t r i bu t ions  were used t o  obtain an equivalent,  

f u l l - co re ,  isothermal Doppler coef f ic ien t .  The standard deviation of tO.OO1O 

includes the  e f f e c t s  of uncer ta in t ies  in  other  r eac t iv i ty  components and in 

fuel temperatures and temperature d i s t r i bu t ions  . The measured Doppler 

coe f f i c i en t  of -0.0080 has been substant iated with both sub-prompt and super- 

prompt t r ans i en t  measurements made a t  several i n i t i a l  power leve ls  between 

0 and 10 MW, and the uncertainty has been reduced from k0.0014 due t o  the t ran-  

s i e n t  measurements. 

E .  Computed Correction Factors 

The cor rec t ion  f ac to r s  in  Table 1 V  a r e  defined as  the  absolute changes 

which should be made t o  the computed U-238 Doppler coe f f i c i en t  and to  k e f f .  

For example, a  computed Doppler coe f f i c i en t  T - dk of -0,0075 would be 
dT 

corrected fo r  resonance heterogeneity t o  -0.0080, s ince t h i s  correct ion f ac to r  

i s  -0.00050. The cor rec t ion  f ac to r s  were obtained as follows. 

a .  Resonance Heterogeneity. 

A Bell-approximation correct ion was made t o  the  microscopic cross 

sect ions f o r  a  radial ce l l  defined by a  fuel p i n  surrounded by 116 of 

the non-fuel subassembly mater ia l s ,  homogenized. 

b.  Subassembly Heterogeneity. 

The e f f e c t  of coarse-group f lux var ia t ions  across the subassembly 

(Figure 4 )  was computed f o r  a  radial ce l l  model of the subassembly, with 

the Be0 rod a t  the  center .  

c .  B-10 Heterogeneity. 

The e f f e c t  of coarse-group f lux  var ia t ions  about a  B4C pin was 

computed f o r  a radial  ce l l  model defined by one B4C pin surrounded 

by 1/12 of the core.  



d. Reactor Expansion. 

This correction fac tor  i s  due t o  the ef fec t  of expanding the 

reactor from the dimensions given in Figure 3,  fo r  350°F, t o  the isother- 

mal temperature of 760°F. Although the average fuel temperature was 

greater  than 760°F during the measurements, the SEFOR design minimizes 

the fuel expansion e f fec t ,  and a correction fo r  t h i s  in the basic pro- 

blem was not necessary. (Both the measured and calculated Doppler 

coefficient  exclude the fuel expansion e f f e c t . )  

e .  Control Effect.  

The atom densi t ies  in Table I11 f o r  composition 13 assume tha t  

1.25 sections of ref lec tor  control were lowered and the void uniformly 

d is t r ibuted .  Since 1.56 sections of lowered ref lec tor  i s  a be t ter  

description of the zero power condition, t h i s  correction accounts f o r  

both the difference in the number of sections lowered and the substantial 

heterogeneity e f fec t  of a s ingle ref lec tor .  

f .  Non-cylinder Effect. 

This fac tor  corrects f o r  the i r regular i ty  of the core radial 

boundary. The value given here was computed e a r l i e r  and reported in 

Reference 1 .  

g .  Diffusion Theory Error. 

This er ror  was computed by comparison of the diffusion theory 

resul t s  from the spherical model with the extrapolation t o  Sm from 

spherical calculations i n  S4, S6, S8 and S12. I t  has been estimated 

tha t  the inclusion of the anisotropic scat ter ing e f fec t  using Sn-P, 

calculations will reduce k e f f  by 0.001 over tha t  obtained using Sn 

with transport-corrected Po cross sect ions,  b u t  t h i s  has not been 

verif ied by d i rec t  computation. 

Comments and Documentation 

The one-dimensional spheri cal model was derived as fol lows. 

Region 1 .  The volume of t h i s  region was chosen t o  be equal to  the 

volume of the portions of Compositions 2 and 3 in Figure 4 which l i e  



within the  core  (41.800<2<132.957 cm). The co~r~posi t ion of t he  region i s  

the  appropria te  vol ume-weighted average of coniposi t i ons  2 and 3 (Table 111). 

Region 2. The cornposi t i o n  of t h i s  region i s  t h e  vol ume-wei ghted 

average of compositions 6 ,  7 and 8 (Figure 4 and Table 111). The 

radius  of t h e  region i s  51.055 cm when the  volume of these  regions i s  

conserved, but was reduced t o  49.75 cm f o r  the  spher ical  model t o  pro- 

duce the  same k e f f  a s  obtained f o r  the  two-dimensional model. 

Region 3. The composition of t h i s  region i s  the  volume-weighted 

average of Compositions 1,3,4,5,9,10,11,12,13 and 14 with t he  exception 

of the  range 41.800<22 94.243 cm f o r  Composition 3 and t he  range OsZ511.800 

cm f o r  Compositions 4 ,  11,  12 and 14. The thickness  of t h i s  region was 

chosen t o  preserve t he  volume of these  component regions when Region 2 

had a radius  of 51.055 cm; t he  th ickness  of Region 3 was not changed 

when t he  radius  of Region 2 was decreased. 

Region 4.  The composition of t h i s  region i s  t h e  volume-weighted 

average of t h e  remaining material  from Figure 4 and Table 111. The 

thickness  of the  region was chosen the  same way as used f o r  Region 3. 

The composition and geometry of the  one-dimensional ax ia l  model i s  

iden t ica l  t o  the  two-dimensional model (Figure 3 )  f o r  4.226<R<44.118. - The 

spectrum of the  perpendicular bucklings f o r  the  core regions and the  constant  

perpendicular buck1 ings f o r  t he  regions ou ts ide  of the  core were taken from 

computed r e s u l t s  of t he  two-dimensional model. The magnitude of t he  perpendi- 

cu l a r  bucklings f o r  the  core  regions was adjusted t o  produce the  same ke f f  

as obtained from the  two-dimensional model. 

The value of B~~~ (delayed neutron f r a c t i o n )  used t o  generate T - dk 
d T 

from r e a c t i v i t y  measurements i s  0.00327. 
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Figure 1. SEFOR Doppler Benchmark Spherical Model. 
Dimensions in cm; Suggested Number of Mesh Intervals in ( ) .  
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Figure 2. SEFOR Doppler Benchmark Axial One-Dimensional Model. 
Dimensions in cm; Suggested Number of Mesh Intervals in ( ) .  



Figure 3. SEFOR Doppler Benchmark Two-Dimensional Model. 
Dimensions in cm; Suggested Number of Mesh Intervals in ( ) .  
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TABLE I 

SEFOR Doppler  Benchc~ark: 

Sphe r i ca l  Model Region Composi t ions (atoms/barn-crn) 

M a t e r i a l  

Fe 

C r  

N i 

N a 

B t 

0 

140 

B-10 

B-1 1 

U-235 

U-238 

Pu-239 

PU - 240 

A 1 

C 

Region 1 

1.3574-2* 

3.9574-3 

2.0292-3 

1 .6615-2 

* a. bcde-n = a. bcdexl  o - ~  

Region 2 

1 ,3886-2 

3.951 1-3 

2.3580-3 

6.8099-3 

3.6011-3 

2.0991 -2 

1.1999-4 

6.1100-5 

2.4600-4 

1.5374-5 

6.9808-3 

1 .5901-3 

1.4355-4 

7.6770-5 
- 

Region 3 

5.8932-3 

2.891 3-3 

3.01 78-2 

5.4493-3 

1 .8327-5 

1.2597-4 

1.5605-5 
- 

Region 4 

7.8587-3 

2.4623-3 

1.331 5-3 

1.3070-3 
- 

TABLE I1 

SEFOR DOPPLER BENCHMARK 

A X I A L  MODEL PERPENDICULAR BUCKLINGS (CM-') 

L e t h a r g y  Range B~ (Regions 3,4,5,6) + -r B~ (Regions 1,8) $ (Regions 2,7) 
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TABLE IV 

SEFOR DOPPLER BENCHMARK CORRECTION FACTORS 

a .  Resonance Heterogeneity 

b .  Subassembly Heterogeneity 

c. B-10 Heterogeneity 

d .  Reactor Expansion 

e. Control E f f ec t  

f .  Non-cylinder Ef fec t  

Total Corrkction t o  2-D 

Transport  Theory Results 

g .  Diffusion Theory Error 

Total Correct ion t o  

Diffusion Theory Resul ts  



FAST REACTOR BENCHMARK NO. 15 

A. ZPR-6 Assembly 6A - A Uranium Oxide Fueled Fas t  C r i t i c a l  Assembly. 

B. System Descr ip t ion:  

The ZPR-6 c o n s i s t s  of two ha lves ,  each a h o r i z o n t a l  matr ix  of 2.2 i n .  

square s t a i n l e s s  s t e e l  tubes i n t o  which a r e  loaded s t a i n l e s s  s t e e l  

drawers conta in ing f u e l  and d i l u e n t  m a t e r i a l s  of va r ious  types.  

Assembly 6A is a l a r g e  (4000 l i t e r )  f a s t  c r i t i c a l  assembly wi th  a 

s o f t  spectrum and o t h e r  c h a r a c t e r i s t i c s  r e p r e s e n t a t i v e  of cu r ren t  

LMFBR designs.  It has a s i n g l e  f u e l  zone wi th  a length-to-diameter 

(L/D) r a t i o  of 0.84; i t  has a simple one-drawer u n i t  c e l l ;  and i t  

is blanketed both a x i a l l y  and r a d i a l l y  wi th  deple ted  uranium.' The 

assembly's spectrum c h a r a c t e r i s t i c s ,  simple geometric conf igura t ion  

and simple u n i t  c e l l  make i t  w e l l  s u i t e d  f o r  a benchmark assembly. 

The u n i t  c e l l ,  which is shown i n  Fig.  1, is i d e n t i c a l  t o  t h a t  of a 

companion benchmark assembly; ZPR-6 Assembly 6A, except  t h a t  the  f u e l  

i s  enriched uranium (5.4 w/o 2 3 8 ~ )  r a t h e r  than a plutonium-bearing 

a l l o y .  A c ross  s e c t i o n a l  view of the  a s -bu i l t  r e fe rence  assembly, 

which had an excess r e a c t i v i t y  of 75.1 Ih ,  i s  shown i n  Fig. 2 and 

the  equivalent  c y l i n d r i c a l i z e d  rep resen ta t ion  of t h e  a s -bu i l t  system 

is shown i n  Fig. 3. 

C. Model Descript ion:  

1. One-Dimensional Model: A one-dimensional model wi th  s p h e r i c a l  

geometry has been used i n  the  a n a l y s i s  of  many measurements i n  

t h i s  assembly. The s p h e r i c a l  model was def ined wi th  r e fe rence  



t o  a two-dimensional f i n i t e  c y l i n d r i c a l  model, which*,will be 

described i n  Section C . 2 .  The homogeneous s p h e r i c a l  model was 

defined by f i r s t  determining a blanket thickness and then search- 

ing f o r  a core radius  t h a t  gives the  s p h e r i c a l  r eac to r  the  same 

keff a s  the  homogeneous two:dimensional cyl inder .  The blanket  

dimensions and compositions were defined a s  the  weighted average 

of the  a x i a l  and r a d i a l  b lanket  dimensions and compositions i n  

which the  weighting was done on t h e  b a s i s  of t h e  r e l a t i v e  

leakages i n t o  the  a x i a l  and r a d i a l  b lankets  (as  given by the  

two-dimensional ca lcu la t ions ) .  The r e s u l t i n g  core  rad ius  and 

blanket  th ickness  f o r  the  homogeneous s p h e r i c a l  model were 95.67 

cm and 30.65 cm respec t ive ly .  The appropr ia te  compositions f o r  

use with the  spher ica l  model a r e  given i n  Table I. The s p h e r i c a l  

model is expected t o  in t roduce approximately a 0.05% uncer ta in ty  

i n  k 
e f f '  

A n  energy group s t r u c t u r e  with 27 energy groups, as given i n  

Table 11, i s  suggested. Such a s t r u c t u r e  has s u f f i c i e n t  d e t a i l  

a t  low energies  t o  a f fo rd  accurate  computations of m a t e r i a l  worths 

and Doppler e f f e c t s .  

Because of the  s i m p l i c i t y  of the  two-region, homogeneous 

s p h e r i c a l  model the  macroscopic f l u x  d i s t r i b u t i o n s  ac ross  the  

r e a c t o r  be computed with d i f f u s i o n  theory,  and a r e l a t i v e l y  

coarse mesh of 2 cm should be adequate. 

(Revised 9-78) 



Cent ra l  m a t e r i a l  r e a c t i v i t y  worths and Doppler r e a c t i v i t y  wor ths  

may be computed by p e r t u r b a t i o n  theo ry .  I f  t h e  m a t e r i a l  sample is  

o p t i c a l l y  t h i n  and i f  t h e  m a t e r i a l  i s  con ta ined  i n  t h e  c o r e ,  

t h e  homogeneous co re  c r o s s  s e c t i o n s  f o r  t h e  m a t e r i a l  a r e  appro- 

p r i a t e  t o  t h e  sample. I f  t h e  m a t e r i a l  sample i s  o p t i c a l l y  t h i n  

and i f  t h e  m a t e r i a l  i s  n o t  conta ined  i n  t h e  c o r e ,  t hen  i n f i n i t e  

d i l u t i o n  c r o s s Q s e c t i o n s  a r e  a p p r o p r i a t e  f o r  t h e  sample. 

The major f law i n  t h e  homogeneous s p h e r i c a l  model f o r  t h i s  

geomet r i ca l ly  s imple  system i s  i n  t h e  n e g l e c t  of h e t e r o g e n e i t i e s  

i n  t he  u n i t  c e l l .  Sec t ions  D and F i n d i c a t e  t h e  u n c e r t a i n t i e s  

a r i s i n g  from t h e  use of homogeneous c r o s s  s e c t i o n s .  The e r r o r  

i n  m a t e r i a l  worth o r  Doppler worth in t roduced  by f l u x  d i s t o r t i o n s  

depends s t r o n g l y  upon t h e  n a t u r e  of  t h e  sample. 

2 .  Other More Complicated Models: A two-dimensional f i n i t e  c y l i n -  

d r i c a l  r e p r e s e n t a t i o n  of t h e  system i s  c l o s e r  t o  t h e  p h y s i c a l  

c o n f i g u r a t i o n  than  a  s p h e r i c a l  r e p r e s e n t a t i o n .  The a s - b u i l t  

l oad ing  was thus  c o r r e c t e d  f o r  both  excess  r e a c t i v i t y  and edge 

smoothing. The s p r i n g  gap was homogenized i n t o  t h e  a x i a l  b l a n k e t  

and t h e  r a d i a l  b l a n k e t  h e i g h t  was de f ined  t o  be t h e  same as t h e  

co re  p l u s  a x i a l  b l a n k e t .  A p o r t i o n  of t h e  o u t e r  c o r e  r eg ion  was 

f u e l e d  wi th  1 / 8  i n .  t h i c k  en r i ched  uranium f u e l  p l a t e s  i n s t e a d  of 

t h e  s t anda rd  1 / 1 6  i n .  t h i c k  p l a t e s .  The r e a c t i v i t y  e f f e c t  of  t h e  

d i f f e r e n c e  i n  h e t e r o g e n e i t i e s  of  t h e  two types  of p l a t e s  was 

accounted f o r .  The r e s u l t i n g  r eg ion  dimensions and composit ions 



f o r  t he  zero-excess r e a c t i v i t y ,  uniform, two-dimensional model a r e  

g iven  i n  Tables  I11 and I V Y  r e s p e c t i v e l y .  The "exact  co re  reg ion" ,  

a t  t h e  c e n t e r  of  t he  assembly,  is  simply a  r eg ion  i n  which m a t e r i a l  

concen t r a t ions  a r e  known more a c c u r a t e l y  than  i n  t h e  r e s t  of t h e  

core .  

D. Experimental  Data: 

1. Measured Eigenvalues:  The measured e igenva lue  corresponding  t o  

t h e  models of Sec t ion  C i s  1.0000 + 0.0005. C a l c u l a t i o n s  i n d i c a t e  

L 
a  0.0073 heterogeneous-homogeneous c o r r e c t i o n .  The t r a n s p o r t  

t heo ry  c o r r e c t i o n  was n o t  computed b u t  i t  would be l e s s  than  the  

0.0018 e f f e c t  i n  Assembly 7 .  

2. Unit-Cell  React ion  Rates:  D e t a i l e d  u n i t - c e l l  measurements of t he  

c a p t u r e  and f i s s i o n  i n  2 3 8 ~  and f i s s i o n  i n  2 3 5 ~  were made. Act i -  

v a t i o n  f o i l s  of 2 3 8 ~  and 2 3 5 ~  were used t o  measure t h e  r a t e s  

w i t h i n  - the  f u e l  and U 0 p l a t e s ,  such t h a t  t h e  a c t u a l  ce l l -averaged 3 8 

va lues  of t h e  r e a c t i o n  r a t e s  could  be ob ta ined .  To be c l e a r ,  

t h e s e  u n i t - c e l l  r e a c t i o n  r a t e  v a l u e s  correspond t o  t h e  r e a c t i o n s  

a c t u a l l y  t a k i n g  p l a c e  i n  t h e  u n i t - c e l l  i n  t h e  assembly,  and n o t ,  

f o r  example, t o  a  ce l l - ave rage  de f ined  a s  t h e  v a l u e s  of  t h e  f l u x  

a t  every  p o i n t  i n  t h e  c e l l  m u l t i p l i e d  by t h e  c r o s s  s e c t i o n  of t he  

f o i l  m a t e r i a l .  We use t h e  term t o  r e f e r  t o  t h e  f l u x  and volume 

weighted r e a c t i o n  r a t e s  a s  they  a c t u a l l y  occur  i n  t h e  u n i t - c e l l .  

Hence, a  p e r  atom u n i t - c e l l  r e a c t i o n  r a t e  r a t i o  i s  conver ted  t o  

t h e  a c t u a l  r a t i o  of t h e  number of r e a c t i o n s  t a k i n g  p l a c e  i n  t h e  

c e l l  simply by mul t ip ly ing  t h e  former r a t i o  by t h e  a p p r o p r i a t e  

atom d e n s i t y  r a t i o .  



The d e t a i l s  of t h e  technique  used f o r  count ing  t h e  a c t i v a t e d  f o i l s  

and reducing  t h e  d a t a  t o  a b s o l u t e  r e a c t i o n  r a t e s  a r e  i d e n t i c a l  w i t h  

those  used i n  Ref. 3 .  The a b s o l u t e  c a l i b r a t i o n s  were made w i t h  

t h r e e  s e p a r a t e  and independent  techniques :  (1) by a b s o l u t e  

f i s s i o n  chambers w i t h  i d e n t i c a l  f o i l s  on t h e i r  f a c e s  t o  t h o s e  used 

i n  t h e  u n i t - c e l l  measurements, w i t h  t h e  f i s s i o n  chambers p l aced  

i n  t h e  r e a c t o r  a t  t h e  same s p e c t r a l  p o s i t i o n ;  (2)  by thermal  

i r r a d i a t i o n  of i d e n t i c a l  f o i l s  i n  t h e  ATSR thermal  column; and 

(3)  by a b s o l u t e  rad iochemical  a n a l y s i s  of  some of  t h e  f o i l s  t h a t  

were a c t u a l l y  used i n  t h e  u n i t - c e l l  measurements. The e x c e l l e n t  

agreement among t h e  v a r i o u s  c a l i b r a t i o n  methods made p o s s i b l e  t h e  

% 
s m a l l  u n c e r t a i n t y ,  l o  = 2%, i n  t h e  measured r e a c t i o n  r a t e  r a t i o s .  

These a r e  g iven  i n  Table  V a long w i t h  c a l c u l a t e d  f a c t o r  ( t o  be  

a p p l i e d  t o  t h e  measured va lue )  f o r  h e t e r o g e n e i t i e s .  
2  

3 .  M a t e r i a l  Worths a t  t he  Center  of  t he  Core: C e n t r a l  r e a c t i v i t y  

wor ths  of s e v e r a l  m a t e r i a l s  were measured i n  a  2  x  2  x 1 i n .  

c a v i t y  wi th  use of t h e  a x i a l  sample changer.  The samples were 

p l a t e s  t h a t  were p l aced  i n  a  s t a i n l e s s  s t e e l  can.  The r e a c t i v i t y  

worth o f  a sample was ob ta ined  from t h e  d i f f e r e n c e  i n  t h e  r e -  

a c t i v i t y  worth ( r e l a t i v e  t o  void)  of t h e  empty and t h e  sample- 

bea r ing  can. F u r t h e r  d e s c r i p t i o n s  of  t he  measurements a r e  g iven  

i n  Ref. 4 .  Table  V I  g i v e s  t h e  exper imenta l  wor ths  of t h e  i s o t o p e s ,  

t h e i r  weights  i n  t he  samples and t h e  c a l c u l a t e d  r e s u l t s .  

E. Ca lcu la t ed  Resu l t s :  

The c a l c u l a t i o n s  desc r ibed  i n  t h i s  s e c t i o n  were made us ing  ENDFIB 



v e r s i o n  I11 d a t a  and t h e  s t a n d a r d  one-dimensional,  homogeneous s p h e r i c a l  

model of t h e  assembly. The fundamental mode o p t i o n  of t h e  SDX code 
5 

was used t o  compute homogeneous c r o s s  s e c t i o n s .  This  model y i e l d e d  

a m u l t i p l i c a t i o n  c o n s t a n t  of  0.9853, which is  i n c r e a s e d  t o  0.9926 by 

i n c l u s i o n  of t h e  h e t e r o g e n e i t y  c o r r e c t i o n .  I n  Table  V I I ,  a r e  g iven  

t h e  c a l c u l a t e d  v a l u e s  f o r  t h e  r e a c t i o n  r a t e  r a t i o s  and t h e  c e n t r a l  

m a t e r i a l  wor ths .  F i r s t - o r d e r  p e r t u r b a t i o n  theo ry  was used i n  t h e  

worth c a l c u l a t i o n s .  

F. Comments and Documentation: 

To a s s e s s  t h e  l i m i t a t i o n s  of t h e  homogeneous s p h e r i c a l  Benchmark 

model, t h e  m u l t i p l i c a t i o n  c o n s t a n t ,  r e a c t i o n  r a t e  r a t i o s  and c e n t r a l  

r e a c t i v i t y  worths were c a l c u l a t e d  a l s o  w i t h  a  one-dimensional s p h e r i c a l  

heterogeneous model and a two-dimensional f i n i t e  c y l i n d r i c a l  he t e ro -  

geneous model. I n  t h i s  way, t h e  e r r o r s  from homogenization can be  

s e p a r a t e  from t h e  e r r o r s  from t h e  s i m p l i f i e d  geometr ic  r e p r e s e n t a t i o n .  

The heterogeneous c r o s s  s e c t i o n s  were computed w i t h  t h e  p l a t e  u n i t - c e l l  

o p t i o n  i n  t h e  SDX code,  which uses  equ iva lence  theo ry  i n  t h e  narrow 

resonance approximation t o  o b t a i n  s p a t i a l  weight ing  f a c t o r s .  The 

model used t o  r e p r e s e n t  t h e  u n i t  c e l l  i n  t h e s e  SDX problems i s  

desc r ibed  i n  Ref. 6 .  For t h e  one-dimensional model, t h e  heterogeneous 

c r o s s  s e c t i o n s  were ob ta ined  w i t h  t h e  fundamental mode o p t i o n  of SDX; 

f o r  t h e  two-dimensional model, t h e  space-dependent o p t i o n  was used.  

The r e s u l t s  of t h e  c a l c u l a t i o n s  wi th  t h e  t h r e e  models a r e  compared 

i n  Table V I I .  The one- and two-dimensional heterogeneous models a r e  

- 
i n  good agreement. From comparison of t h e  homogeneous and heterogeneous 



r e s u l t s ,  h e t e r o g e n e i t i e s  account  f o r  a  d i f f e r e n c e  of  0.0073 i n  t h e  

m u l t i p l i c a t i o n  c o n s t a n t .  H e t e r o g e n e i t i e s  do n o t  a f f e c t  a p p r e c i a b l y  

t h e  r e a c t i o n  r a t e  r a t i o s  o r  t he  c a l c u l a t e d  wor ths  of  2 3 9 ~ u  and 2  35u 

b u t  they  have a  5% e f f e c t  of  t h e  c a l c u l a t e d  wor ths  of 2 3 8 ~  and ''I3 

and a l a r g e  e f f e c t  on t h e  worth of sodium. 

For t h e  c e n t r a l  worth measurements, t h e  conve r s ion  f a c t o r ,  1% Ak/k = 

449 I h  was used t o  conve r t  t h e  measured p e r i o d s  t o  t h e  d e s i r e d  r e -  

a c t i v i t y  u n i t s .  The de layed  neu t ron  d a t a  of ~ e e ~ i n l  were used i n  

computing t h e  convers ion  f a c t o r .  
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Table I Assembly 6A Spherical Model Atom Densities, atodbarn-cm 

Isotope Core Blanket 



Table 11. Specifications of 27-Group Structure 

AU 
E , keV 

Group upper Group . AU 
E 
upper ' kev 

Table 111. Dimensions for the Zero-Excess Reactivity, 

Uniformly-Loaded Cylindrical Version of Assembly 6A 

-- - 

Outer core radius, cm 

"Exact Core" region radius, cm 

Cote height, an 

Radial blanket thickness, cm 

Axial blanket thickness, an 

Core Volume, liters 



Table IV. Atom Densities for the Zero-Excess Uniform Cylindrical 

Model of Assembly 6A atomslbarn-cm 

Exact Core Outer Core Axial Blanket Radial Blanket 

a 
Arising from SS305 impurities 

Includes %0.0088% due to heavy (atomic wt - > Si) SS304 impurities 

Note: The number of digits in each density is a measure of the compositional 

precision. Nominally, the rightmost digit bounds the density according 

to a 20 or 93% confidence interval. 



Table V. Unit Cell Reaction Rate Ratios in Assembly 6A 

Heterogeneity 
a Measurement correction factor 

28f/25f 0.02411k 0.00072 1.016 

28c/25f 0.1378 + 0.0041 1.011 

a calculated homogeneous/heterogeneous 

Table VI. Central Reactivity Worths Measured in a Central Cavity 

in ZPR-6 Assembly 6A7 Ak/k/mole 

Measured c7d 

Isotopic wt Sample-Size Worth calculatede 
Isotope in sample, gm Correction 10 imprecision Worth 

a. integral-transport calculation 

b . by experiment 

c. period/reactivity conversion factor 1% Ak/k = 449 Ih 

d. corrected for sample size effect where given 

e. FOP calculation based on ENDFIB-I11 data and homogeneous, spherical 
fluxes 



Table VII. Comparison of Calculations with Several Models for Assembly 6A 

1-Dimensional 1-Dimensional 2-Dimensional 
Homogeneous Heterogeneous Heterogeneous 

React ion 28f/25f 0.02196 0.02161 
Rates 

28c/25f 0.1434 0.1418 

a 
Central 
Worths, 2 3 5 ~ ~  

a FOP Calculations not corrected for sample size effects 
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Figure 2. Radial Cross Section for 75.1 Ih Excess Reactivity, 
As-Built ZPR-6 Assembly 6A, ANL-Neg. No. 116-890. 
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Figure 3. Axial Cross Section for 75.1 Ih Excess Reactivity, 
As-Built ZPR-6 Assembly 6A, ANL-Neg. No. 116-892. 



F a s t  Reactor  Benchmark No. 16 

A .  Benchmark Name and Type: SNEAK-Assembly 7A, a mixed oxide  fuel -plus-  

g r a p h i t e  assembly. 

B. System D e s c r i p t i o n  

Assembly 7A had a compact core  w i t h  mixed oxide  f u e l ,  and a s imple  u n i t  

c e l l ,  which c o n s i s t e d  of a Pu02U02 p l a t e l e t  (0.626 cm t h i c k )  and a g r a p h i t e  

p l a t e l e t  (0.313 cm t h i c k ) .  The core  volume is about 100 l i t e r s .  The 

2 3 8 ~ / 2 3 9 ~ u  r a t i o  is about 3.0, t h e  spectrum is hard compared t o  a LMFBR. 

I n  combination v i t h  assembly 7B, which has  a h i g h e r  2 3 8 ~  c o n t e n t ,  t h e  

system is s u i t a b l e  t o  test t h e  high c r o s s  s e c t i o n s  of 2 3 8 ~ ,  and of 239~11.  

The c o n t r o l  rods  were loaded wi th  enr iched  uranium; t h e r e f o r e ,  about 10% 

235u 
of t h e  c r i t i c a l  mass was 

Model Descr ip t ion  

C .1 One-Dimensional Model 

A one-dimensional, homogeneous composit ion model is d e f i n e d  as a two- 

reg ion  sphere  wi th  homogeneous atom d e n s i t i e s  f o r  t h e  c o r e  and b l a n k e t  

a s  given i n  Table  I. The i n n e r  core  zone r e p r e s e n t s  a uniform p o r t i o n  of 

t h e  core  und is tu rbed  by t h e  c o n t r o l  rods  and i t  is t h e s e  i n n e r  core  zone 

atom d e n s i t i e s  l i s t e d  i n  Table  I t h a t  a r e  t o  be used i n  t h e  c o r e  reg ion  of 

t h e  sphere .  The fo l lowing  dimensions apply  t o  t h e  s p h e r i c a l  model: 



Core Outer Radius 

Blanket Thickness 

Number of Mesh In t e rva l s :  

Core 3 5 

Blanket 2 0 

The s tandard mode of ca l cu la t ion  may be e i t h e r  d i f f u s i o n  theory or  S 6 

t r anspor t  theory with a  vacuum boundary condit ion a t  t he  ou te r  b lanket  

boundary and a  multigroup s t r u c t u r e  composed of 26 groups, each of le thargy  

width equal  t o  0.5 and & s e t  a t  10 MeV. 

The homogeneous s p h e r i c a l  model w a s  obtained as  follows: A two-dimensional 

ca l cu la t ion  i n  R-Z-geometry w a s  c a r r i e d  out with t h e  code DIXY, i n  26 energy 

groups. The con t ro l  rods were homogenized i n  an ou te r  core zone ( r  > 15.86 

cm). The keff obtained i n  t h i s  ca l cu la t ion  was cor rec ted  f o r  t h e  cy l ind r i s -  

a t i o n ,  f o r  t he  a c t u a l  p o s i t i o n  of t he  con t ro l  rods ,  and f o r  he te rogenei ty  

e f f e c t .  Then, a  d i f f u s i o n  c a l c u l a t i o n  i n  s p h e r i c a l  geometry w a s  run ,  assuming 

the composition of t he  "inner" core zone. The r ad ius  was i t e r a t e d  such t h a t  

the corrected keff of t he  D I X Y  run w a s  obtained.  

C. 2 Two-Dimensional Model Descript ion 

A two-dimensional, R-Z, c y l i n d r i c a l  model is defined i n  Fig. 1. The f u l l  

core height  is 44.04  cm, the  inne r  core zone r ad ius  is 15.86 cm, the  outer  

core zone rad ius  is 28.55 cm and the  a x i a l  and r a d i a l  b lankets  a r e  30 cm 

th ick .  The atom d e n s i t i e s  f o r  each zone a r e  l i s t e d  i n  Table I. This model 

corresponds t o  a  cy l inder  with volume equal  t o  the  a c t u a l  core corrected f o r  

t h e  30c excess r e a c t i v i t y .  The core map or l a t t i c e  loading i n  X-Y-geometry 

is shown i n  Fig. 2. 

F16-2 



The suggested mode of ca l cu l a t i on  is d i f f u s i o n  theory with a  vacuum 

boundary condi t ion a t  the  ou te r  boundaries of t h e  b lanke t  ( top and r i g h t  

s i d e s  i n  Fig.  2)  and a  symmetry boundary condi t ion along t h e  a x i a l  and 

r a d i a l  axes ( l e f t  and bottom s ides  i n  Fig.  2 ) .  The suggested mesh s t r u c t u r e  

i s  30 i n t e r v a l s  a x i a l l y  and r a d i a l l y  i n  t he  core  and 20 i n t e r v a l s  i n  t he  

b lanke t .  

The following co r r ec t i ons  should be appl ied t o  t he  keff a s  ca l cu l a t ed  i n  

R-Z-geometry : 

Ak /k 

c y l i n d r i s a t i o n  -0.0045 

a c t u a l  con t ro l  rod pos i t i on  -0.0006 

he te rogene i ty  +0 .0006 

-0.0045 

The corrected keff should be compared t o  1.0. 

I f  de s i r ed ,  the homogenization of the  con t ro l  rods can be checked using 

the  atom d e n s i t i e s  of t he  con t ro l  rods ,  a s  given i n  Table 2. 



D. Exper imental  Data 

D . l  S p e c t r a l  I n d i c e s  a t  t h e  Core Cen te t  

Exper imental  v a l u e  C o r r e c t i o n  f o r  Value f o r  t h e  
( c e l l  averaged) homogeneous, e q u i v a l e n t  

s p h e r i c a l  core  homog. s p h e r e  

The s p e c t r a l  i n d i c e s  were measured wi th  f o i l s  between a  f u e l  p l a t e  and a  

g r a p h i t e  p l a t e .  Small  c o r r e c t i o n s  were c a l c u l a t e d  u s i n g  t h e  c e l l  code 

KAPER, t o  o b t a i n  t h e  cel l -averaged v a l u e s ,  which a r e  quoted i n  t h e  Table .  

Ca lcu la ted  c o r r e c t i o n s  a r e  a p p l i e d  t o  o b t a i n  t h e  v a l u e s  f o r  t h e  e q u i v a l e n t  

homogeneous sphere .  

D.2 M a t e r i a l  Worths a t  t h e  Core Center  

R e a c t i v i t y  C o e f f i c i e n t ,  Pk/k / mole 

Sample 
M a t e r i a l  t h i c k n e s s ,  Measured 

g / cm2 

I n f i n i t e l y  s m a l l  
sample i n  t h e  Horn-Het .. 

e q u i v a l e n t  sphere  Horn 



For t h e  m a t e r i a l  worth measurements, an A1 frame (3.14 mm t h i c k ;  average 

d e n s i t y  40%) was i n s e r t e d  between two normal c e l l s  a t  t h e  measuring p o s i t i o n .  

This A 1  frame was rep laced  by t h e  m a t e r i a l  samples f o r  t h e  measurements. The 

v a l u e  BeLf = 0.00359 was used t o  conver t  t h e  d a t a  t o  a b s o l u t e  Aklk. For 

a n a l y s i s  i n  a s p h e r i c a l  model, t h e  worths  were c o r r e c t e d  a )  w i t h  t h e  KAPER 

program t o  t h e  worth of an i n f i n i t e l y  s m a l l  samples i n  a homogeneous c o r e  

( s e e  column 6 ) ,  b )  t o  t h e  worth i n  t h e  e q u i v a l e n t  homogeneous sphere .  

D.3 A d d i t i o n a l  Experiment 

The m a t e r i a l  buck l ing  of t h e  i n n e r  core  composit ion was measured wi th  f i s s i o n  

chamber t r a v e r s e s .  The r e s u l t  is: 

= ( 5 9 . 6 8 + - 0 . 1 ) ~ 1 0 - ~  cm 
- 2 

Bm 

Reference 

R.   oh me e t  a l .  

"Experimental  R e s u l t s  from Two Pu-Fueled F a s t  C r i t i c a l  ~ s s e m b l i e s "  ANS Topica l  

Meeting on New Developments i n  Reactor  Physics  and S h i e l d i n g ,  September 12- 

15, 1972.  



Table 1 Regional Compositions 

-24  -3 Atom densi t ies  x 10 cm 

Isotope Inner Core Zone Outer Core Zone Blanket 



Table 2 
-24 -3 

Atom d e n s i t i e s  x 10 cm f o r  t he  Control 

Rods - SNEAK-7A 

Isotope Control Rod Control Rod 

loaded wi th  Pu02U02 loaded with Uranium 



BLANKET 

0 15.86 28.55 

RADIUS (cm) 

Figure 1. RZ-model for  assembly SNEAK-7A. 

Tp = PuO,UO,-LOADED SHIM ROD 

T = U-LOADED SHIM ROD 

S = U-LOADED SAFETY ROD 

N+s 

LATTICE PITCH: 5.44 cm W 

Figure 2 .  SNEAK-7A core map. 



F a s t  Reactor  Benchmark No. 17 

A. Benchmark Name and Type: SNEAK-Assembly 7B, a mixed oxide  f a s t  c r i t i c a l  

assembly. 

B. System D e s c r i p t i o n  

SNEAK-7B had a compact c o r e  w i t h  mixed ox ide  f u e l ,  and a s imple  u n i t  c e l l ,  

which c o n s i s t s  of a PuO UO p l a t e l e t  (0.626 cm t h i c k )  and a Unat02 p l a t e l e t  
2 2 

( 0 . 6 2 6  cm). The c o r e  volume is  about 300 l i ters.  The 2 3 8 ~ / 2 3 9 ~ u  r a t i o  i s  

about 8.0; t h e  spectrum is h a r d e r  t h a n  t h a t  of a LMFBR. I n  combination 

wi th  assembly 7A, which has  a lower 2 3 8 ~  c o n t e n t ,  t h e  system is  s u i t a b l e  

t o  t e s t  t h e  high energy c r o s s  s e c t i o n s  of 2 3 8 ~ ,  and of 2 3 9 ~ ~ .  

The c o n t r o l  rods  were loaded w i t h  enr iched  uranium; t h e r e f o r e ,  about 10% 

235u 
of t h e  c r i t i c a l  mass w a s  

C. Model D e s c r i p t i o n  

C . l  One-Dimensional Model 

A one-dimensional, homogeneous composit ion model i s  desc r ibed  a s  a two- 

region sphere  wi th  homogeneous atom d e n s i t i e s  f o r  t h e  c o r e  and b l a n k e t  a s  

given i n  Table I and w i t h  t h e  fo l lowing  dimensions:  

Core Outer Radius 

Blanket Thickness 

Number of Mesh I n t e r v a l s :  

Core 

Blanket 



The standard mode of c a l c u l a t i o n  may be e i t h e r  d i f f u s i o n  theory o r  S 
6 

t r anspor t  theory with a  vacuum boundary condit ion a t  t h e  ou te r  blanket  

boundary and a  multigroup s t r u c t u r e  composed of 26 groups, each of le thargy  

width equal  t o  0.5 and with & s e t  a t  10 M e V .  

The homogeneous s p h e r i c a l  model w a s  obtained a s  follows: a  two dimensional 

c a l c u l a t i o n  i n  R-2-geometry w a s  c a r r i e d  out  with t h e  code DIXY i n  23 energy 

groups. The con t ro l  rods were homogenized. The kef obtained i n  t h i s  

ca l cu la t ion  w a s  cor rec ted  f o r  t h e  c y l i n d r i s a t i o n ,  f o r  t he  a c t u a l  pos i t i on  

of t he  con t ro l  rods,  and f o r  t h e  he te rogenei ty  e f f e c t .  Then a  d i f f u s i o n  

ca l cu la t ion  i n  s p h e r i c a l  geometry w a s  run,  where t h e  r ad ius  w a s  i t e r a t e d  

t o  g ive  the  k of t he  DIXY run. 
e f f  

C.2 Two-Dimensional Model Descript ion 

A two-dimensional, R-2, c y l i n d r i c a l  model is defined i n  Fig. 1. The f u l l  

core  height  is  70 .06  cm, the  core r ad ius  is 37 .63  cm and t h e  a x i a l  and r a d i a l  

b lankets  a r e  30 cm thick.  This model corresponds t o  a  cy l inde r  with volume 

equal  t o  t h e  a c t u a l  core cor rec ted  f o r  t he  40c  excess r e a c t i v i t y .  The core 

map o r  l a t t i c e  loading i n  X-Y-geometry is  shown i n  Fig. 2 .  

The suggested mode of ca l cu la t ion  i s  d i f f u s i o n  theory with a  vacuum boundary 

condit ion a t  t he  ou te r  boundaries of t h e  blanket  ( top  and r i g h t  s i d e s  i n  

Fig. 2)  and a  symmetry boundary condi t ion  along =he a x i a l  and r a d i a l  axes 

( l e f t  and bottom s i d e s  i n  Fig. 2 ) .  The suggested mesh s t r u c t u r e  is 40 

i n t e r v a l s  a x i a l l y  and r a d i a l l y  i n  t h e  core  and 20 i n t e r v a l s  i n  t h e  blanket .  



The fo l lowing  s m a l l  c o r r e c t i o n s  should be a p p l i e d  t o  t h e  k ef  f as c a l c u l a t e d  

i n  R-Z-geometry: 

c y l i n d r i s a t i o n  

a c t u a l  c o n t r o l  rod p o s i t i o n  

h e t e r o g e n e i t y  

The c o r r e c t e d  keff should  be compared t o  1.0. 

I f  d e s i r e d ,  t h e  homogenization of t h e  c o n t r o l  rods  can be checked u s i n g  t h e  

atom d e n s i t i e s  of t h e  pure  core  c e l l ,  and of t h e  c o n t r o l  r o d s ,  as given i n  

Table 2 .  

D .  Experimental  Data 

D . l  S p e c t r a l  I n d i c e s  a t  t h e  Core Center  

Experimental  Value Cor rec t ion  f o r  homo- Value f o r  t h e  
( c e l l  averaged)  geneous s p h e r i c a l  e q u i v a l e n t  

c o r e ,  X homog . sphere  

The s p e c t r a l  i n d i c e s  were measured w i t h  f o i l s .  The f o i l s  p laced a c r o s s  

t h e  p l a t e l e t s  s o  t h a t  they  measured r a t e s  which a r e  averages  over  one p l a t e l e t .  



Calcu la ted  c o r r e c t i o n s  were a p p l i e d  t o  conver t  t o  t h e  v a l u e  f o r  t h e  homo- 

geneous sphere .  

D . 2  M a t e r i a l  Worths a t  t h e  Core Center  

R e a c t i v i t y  C o e f f i c i e n t .  Aklk / mole 

Sample I n f i n i t e l y  s m a l l  
t h i c k n e s s ,  sample i n  t h e  Horn-He t % 

Material g/cm2 Measured e q u i v a l e n t  sphere  Hom 

For t h e  m a t e r i a l  worth measurements, an A 1  frame (3.14 mm t h i c k ,  average 

d e n s i t y  40%) w a s  i n s e r t e d  between two normal c e l l s  a t  the measuring p o s i t i o n .  

This A 1  frame was rep laced  by t h e  m a t e r i a l  samples f o r  t h e  measurements. 

The v a l u e  B e f f  = 0.00400 was used t o  conver t  t h e  d a t a  t o  a b s o l u t e  Aklk. For 

a n a l y s i s  i n  a s p h e r i c a l  model, t h e  worths  were c o r r e c t e d  a )  w i t h  t h e  KAPER 

program t o  t h e  worths  of i n f i n i t e l y  s m a l l  samples i n  a homogeneous c o r e  

( c o r r e c t i o n  see column 6 ) ,  b) t o  t h e  worths  i n  t h e  e q u i v a l e n t  homogeneous 

sphere .  



D.3 Additional Experiment 

The material buckling of the core composition was measured with fission 

chamber traverses. The result is: 

Reference 

R.   oh me et al. 

"Experimental Results from Two Pu-Fueled Fast Critical Assemblies" ANS 

Topical Meeting on New Developments in Reactor Physics and Shielding, 

September 12-15, 1972. 



Table 1 Regional Compositions 

Atom d e n s i t i e s  x 1 0 ~ ~ 1 c m  
3 

Isotope Core Blanket 



Table 2  Atom Dens i t ies  f o r  t he  Pure Core 

Mater ia l  and the  Control Rods 

- 2 4  3 
Atom Dens i t ies  x10 /cm 

Isotope Pure Core Mater ia l  Control Rods 
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Figure 2 .  SNEAK-7B cote map. 



FAST REACTOR BENCRMARK NO. 18 

A. Benchmark Name and Type 

ZPR-9 Assembly 31 - a mixed (Pu, U)- fuel plus graphite fast critical 
assembly. 

B. System Description 

The ZPR-9 assembly consists of two halves, each a horizontal matrix of 
5.5245 cm square stainless steel tubes into which are loaded stainless steel 
drawers containing fuel and diluent materials of various types. Assembly 31 is 
an intermediate sized (%I000 liter) fast critical assembly with mixed (Pu, U) 
fuel plus carbon (graphite) and is typical of current mixed carbide-fueled 
LMFBR designs (Ref. 2). It has a uniform core zone with a length-to-diameter 
(LID) ratio of approximately 0.77; it is blanketed both axially and radially 
with a uranium carbide blanket; and it is surrounded by a 15.24 cm stainless 
steel reflector. This assembly is the reference assembly for a study of the 
relative physics parameters of advanced oxide and carbide fuels. The assembly's 
spectrum characteristics and simple uniform geometric configuration were selected 
to make it a useful benchmark assembly. 

The core unit cell is a two-drawer unit cell with the fuel (28 w/o plutonium, 
69.5 w/o uranium, and 2.5 w/o molybdenum) columns sandwiched between carbon-de- 
pleted uranium columns or between sodium and carbon-depleted uranium columns. The 
plutonium is 11.6 w/o 2 4 0 ~ ~ .  The drawer loadings for the stationary half of the 
assembly are shown in Figs. 1, 2, and 3. (Material descriptors in Figs. 1-3 are: 
NA-sodium, ml-depleted uranium, C-graphite, SST-stainless steel, and Pu-plutonium- 
depleted urani~molybdenum alloy fuel). A cross sectional view of the as-built 
reference assembly which had a measured excess reactivity of 48.12 Ih 2 0.43 is 
shown in Fig. 4. The core loading had Type-1 drawers in odd-numbered columns (of 
the matrix) and Type-2 drawers in even-numbered columns (see Fig. 4). The equiv- 
alent R-Z representation of the as-built reference configuration is shown in Fig. 5. 

C. Model Description 

1. One-Dimensional Model: A one-dimensional model with spherical geometry is 
appropriate for many benchmark calculations. A spherical model was defined with 
reference to a two-dimensional finite cylindrical model (which will be described 
in Section C.2). The homogeneous spherical model was defined in the following 
manner. Equivalent thicknesses were first determined for the spherical layers of' 
blanket and reflector. The blenket and reflector compositions were defined as the 
weighted averages of the radial and axial blankets and reflectors. Although the 
blanket and reflector regions each had a single uniform unit cell throughout, the 
mean atom densities differed slightly due to differences in plate lengths used). 
The weighting of these atom densities was done on the basis of the relative leak- 
age rates (as determined by the two-dimensional calculation) into these radial and 
axial regions. A dimension search was then performed to obtain a core radius that 
produces the same keff as the homogeneous two-dimensional cylindrical model. These 
steps in generating the one-dimensional model are diagramed in Fig. 6. This figure 
also illustrates the interrelationship of the homogeneous spherical model and the 
heterogeneous cylindrical model. The resultant dimensions and compositions for use 
with the spherical model are given in Table I. 
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AFP Carbide Benchmark Type I1 Core Drawer 

Figure 2. Type-2 core-drawer loading master. 
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Figure 4. Reference configuration of the carbide 
benchmark critical assembly. 
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Figure 6. Generation of one-dimensional model. 



TABLE 1. One-Dimensional Spherical Model of the Carbide 
Benchmark Assembly 

Core Blanket Ref lector 

Dimensions (cm) 

Radius 59.5054 
Thichures 22.1603 15.9200 

Isotope Mean Atom Densities (10" at-/an 
3 



An energy group structure with 29 broad groups, as given in Table 11, is 
recommended. Such a group structure has suggicient detail at low energies to 
afford reasonable computations of material worths and Doppler effects. 

Because of the simplicity of this three-region, homogeneous spherical model, 
the macroscopic flux distribution across the reactor may be computed with diffusion 
theory. A relatively coarse mesh spacing of -2 cm should be adequate. This treat- 
ment should produce central real and adjoint spectra useful for benchmark data 
testing. 

Central material reactivity worths and Doppler reactivity worths may be 
computed using perturbation theory. If the sample material is contained in the 
core and is optically thin, the homogeneous core cross sections for the material 
are appropriate for the sample. 

The primary defect in the homogeneous spherical model for this geometri- 
cally simple system is the neglect of the heterogeneities in the unit cell. 
Sections D and F indicate the biases which arise from the use of homogeneous 
cross sections and discuss "correction factors" where appropriate. The error 
in material worth or Doppler worth introduced by local flux distortions depends 
strongly upon the nature of the sample. 

2. Other More Complicated Models: A two-dimensional finite cylindrical 
representation of the system is closer to the physical configuration than a 
spherical representation. The R-Z representation of the as-built critical 
assembly is shown in Fig. 5. Region dimensions are given in Table 111. Mean 
atom densities to be used with the two-dimensional cylindrical model are given 
in Table IT. 

D. Experimental Data 

1. Measured Eigenvalue: The measured eigenvalue corresponding to the 
models of Section C is 1.000 + 0.0015. It may be noted the measured excess 
reactivity (48.12 + 0.43 Ih) of the as-built reference configuration which 
has not been adjus'fed into this benchmark model corresponds to a very small 
change in eigenvalue ('4.0005 6k). Calculations indicate a heterogeneity 
correction factor (discussed further in Section E) of +0.01276 6k. This 
heterogeneity correction includes plate heterogeneity, streaming, and trans- 
port effects. 

2. Unit-Cell Reaction Rates : Cell-averaged reaction rates for 239~u (n, f ) , 
2 3 5 ~  (n,f) , 2 3 8 ~  (n,f) , and 2 3 8 ~  (n,y) were measured at the core center. Cell- 
averaged rates were obtained with detailed foil mappings through the unit cell. 
Details of these measuring techniques are given in Ref.3. The measured re- 
action rate ratios relative to 239~~-fission are given in Table V. Also shown 
in Table V are calculated correction factors (to be applied to the calculated 
values) to account for the geometry and homogeneity of the one-dimensional 
spherical model. These correction factors are discussed further in Section E. 

3. Conversion Ratio at the Center of the Core: The measured central 
core conversion ratio was 0.734 + 0.028 (Ref. 4 ). The components of this 
value are given in Table VI as well as calculated results and correction 
factors. Note the definition (as given in Table VI) includes only production 
in 23% and destruction of 239pu, which is the principal component of the 
overall conversion ratio. 



TABLE 11. Spec i f i ca t ion  of 29 Broad Group Energy S t r u c t u r e  

E eV E eV 
Group A ( l e tha rgy)  upper. Group A ( l e tha rgy)  upper, 

1 0.35 1.4191(7) 16 0.50 9.1188(3) 
2 0.50 l.OOOO(7) 17 0.50 5.5309 (3) 
3 0.50 6.0653(6) 18 0.50 3.3546(3) 
4 0.50 3.6788(6) 19 0.50 2.0347 (3) 
5 0.50 2.2313(6) 2 0 0. 50 1.2341(3) 
6 0.50 1.3534(6) 2 1 0.50 7.4852(2) 
7 0.50 8.2085(5) 22 0.50 4.5400 (2) 
8 0.50 4.9787 (5) 23 1.00 2.7536 (2) 
9 0.50 3.0197 (5) 24 1.00 1.0130(2) 

10 0.50 1.8316(5) 25 1.00 3.7267 (1) 
11 0.50 1.1109 (5) 26 1.00 1.3710(1) 
12  0.50 6.7380 (4) 2 7 1.00 5.0435 (0) 
13  0.50 4.0868(4) 2 8 1.50 1.8554(0) 
14 0.50 2.4788(4) 2 9 OD [I. 1400(-1) 
15 0.50 1.5034 (4) 



TABLE 111. Dimensions for the Two-Dimensional Cylindrical Plodel 
of the Carbide Benchmark Assembly 

Core Radius, cm 59.06 

Core Height, cm 91.44 

Radial Blanket Thickness, cm 30.25 

Radial Blanket Height, cm 152.40 

Axial Blanket Thickness, cm 30.48 

Radial Reflector Thickness, cm 16.16 

Radial Reflector Height, cm 210.94 

Axial Reflector Thickness, cm 15.24 

Core Volume, liters 1002.01 



TABLE IV. Mean Atom Densities for the Two-Dimensional Model 

of the Carbide Benchmark Assembly, atoms/cm 
3 

Radial Axial Radial Axial 
Isotope Core Blanket Blanket Ref lector Ref lector 
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4. Material Worths at the Center of the Core: Central reactivity worths 
of several materials were measured in a small cavity with the use of the radial 
sample changer. The samples were held in thin-walled stainless steel sample 
holders and the reactivity worth of the sample was obtained as the difference 
in the reactivity worth (relative to void) of the sample holder between when it 
holds a sample and when it is empty. Further descriptions of the samples and 
the measurements are given in Ref. 5. Table VII gives the experimental worths 
of the isotopes as well as the calculated results and correction factors. Note 
that sample size correction factors have not been included. 

E. Calculated Results 

Two sets of calculated results are reported in these specifications of 
the benchmark model of ZPR-9 Assembly 31. These calculations were made using 
ENDF/B Version IV nuclear data, and correspond to a homogeneous treatment of 
the one-dimensional spherical model and a heterogeneous treatment of the two- . 
dimensional cylindrical model. Details of the former set of calculations are 
included in this section; details of the, latter set are given in Refs. 3 -6 . 
However, it should be noted these two-dimensional heterogeneous calculations 
utilized two-dimensional diffusion theory (in 29 broad groups) with cell- 
averaged cross sections which accokted for the plate structure of the unit 
cell, and Gelbard bi-directional diffusion coefficients, i.e., the treatment 
of heterogeneity included plate self shielding, "streaming" and transport 
corrections. 

For the calculations of the one-dimensional spherical model, multigroup 
(29 b. g.) cross sections were produced by MC~-Z for the homogeneous core and 
blanket compositions. For the core region the fundamental mode option was 
consistent P1 with a search on buckling (L(B~ = 0.0) = 1.23958, BZcrit 
= 0.0013703) to produce keff = 1. For the blanket region the consistent PI 
o tiou with zero buckling (L(B~ = 0.0) = 0.32520) was used with an external 
2s9Pu fission spectra source. Cross sections generated for the blanket region 
were used in the reflector region. 

This one-dimensional , homogeneous spherical model yielded (by definition) 
a multiplication constant of 0.97574. The addition of the heterogeneity 
correction (+0.01276 6k, which includes plate heterogeneity, streaming, and 
transport effects) gives a keff of 0.98850. 

The calculated values for the central reaction rate ratios are summarized 
in Table VIII. 

The central worth calculations based on the homogeneous spherical model 
central fluxes are sunrmarized in Table VIII. The basic calculations used 
first-order perturbation theory. 

F. Comments and Documentation 

Details of the ZPR-9 Assembly 31 Carbide Benchmark Program are given in 
Ref. 1-7. These documents include discussion of the experimental program 
(techniques and measured values) and the concurrent analysis (methods and 
calculated values) for this assembly. They also provide additional references 
for further information on both experimental and calculational methods. The 
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TABLE VII. Comparison of Calculations with a 
Two-Dimensional Heterogeneous and a 
One-Dimensional Homogeneous Model for 

ZPR-9 Assembly 31 

One-Dimensional Two-Dimensional 
Homogeneous Heterogeneous 

Central Reaction Rate f25/f49 1.0079 1.0140 
Rate Ratios f28/f49 0.0288 0.0288 

2gIf49 c 0.1358 0.1311 

Central Material 
Worths , 6k/k/1024 atoms a 23gpU 1.4689(-3) 1.3761 (-3) 

240~u 2.4119 (-3) 2.0885(-4) 

- -  -- 

a 
First-order perturbation calculations which do not include corrections 
for sample size effects. 



limitations of the homogeneous, spherical benchmark model can be assessed by 
comparison of the calculated results obtained with this sbplified model with 
the calculated results obtained with the heterogeneous, cylindrical model. 
Correction factors to account for these differences have been given herein. 
Previous experience has indicated these corrections are not too sensitive to 
typical data adjustments Ref. 7. 

For the central worth measurements, the reactivity conversion factor 1% 
6k/k = 922.37 Ih was used to convert the experimentally measured periods to 
the desired reactivity uuits. The revised delayed neutron data of ENDFIB 
Version IV were used in computing this factor. 
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FAST REACTOR BENCHMARK NO. 19 

A. Benchmark Name and Type 

JEZEBEL-23, a bare sphere of U(98.13 at. %233~) 

B. Systems Description 

JEZEBEL-23 as a bare sphere of U(98.13 at. %233~) meta1,is especially 

suited for testing 2 3 3 ~  cross sections in the fission source energy range. 

The single-region, simple geometry and uniform composition facilitate 

calculational testing. 

C. bdel Description 

The spherical homogeneous model has a core radius of 5.983 cm and the 

following composition. 1 

Isotope 

233u 

23% 

235u 

2 3gU 

The recommended mode of calculation is one-dimensional transport 

theory, S16, with 40 mesh intervals in the core, a vacum boundary condition 

at the core boundary (5.983 cm) and a 26 energy group structure with half- 

lethargy unit widths and an upper energy of 10 MeV. 



D. Exper imenta l  Data 

1. Measured Eigenvalue:  k = 1.000 t 0.001 

2. S p e c t r a l  Ind ices  a t  Core Center 

a. C e n t r a l  F i s s i o n  R a t i o s L  

2 3 8 ~ )  / a f ( 2 3 5 ~ )  = 0.2131 t 0.0023 

3. Ross i  ~ l ~ h a '  

a = -  6 -1 
* e f f  

/ P = - (1.00 t 0.01) x  10 s e c  

4. Cen t ra l  R e a c t i v i t y  C o e f f i c i e n t s  

E s s e h t i a l l y  only c e n t r a l  vo id  c o e f f i c i e n t :  i t s  v a l u e  4.35 (fl%) 

c e n t s / g  impl ies  B e f f  = 0.00289 v e r s u s  0.00288 (41.2%) impl ied  by t h e  

s u r f a c e  mass increment between delayed and prompt c r i t i c a l  and 0.00286 

implied by ENDFIB-IV delayed neu t ron  d a t a .  

5. Neutron Flux  Spectrum 

a.  Leakage Spectrum 5 

The spectrum of neu t rons  e m i t t i n g  from t h e  s u r f a c e  of t h e  

c o r e  is r e p r e s e n t e d  below i n  the  1 /2  l e t h a r g y  group s t r u c t u r e  

(Emax = 10 MeV)  w i t h  a n  a r b i t r a r y  n o r m a l i z a t i o n  t o  18 i n  

group 4. U n c e r t a i n t i e s  a r e  based on coun t ing  s t a t i s t i c s  a lone .  



Energy Group 

1 

LDwer Ie tha rgy  Limit Re l a t i v e  Neutron Leakage 

0.5 2 . 3  5 0.4 

1.0 11.0 f 0.6 

1.5 17.8 f 0.7 

b.  Cent ra l  Spectrum R e l a t i v e  t o  2 3 3 ~  F i s s i o n  Spectrum 2b 

Devia t ion  of  t h e  c e n t r a l  spectrum from t h e  2 3 3 ~  f i s s i o n  

spectrum i s  c h a r a c t e r i z e d  by the  fo l lowing  r a t i o s  of  c e n t r a l  high- 

energy s p e c t r a l  i n d i c e s  t o  t h e  corresponding i n d i c e s  f o r  t h e  233u 

f i s s i o n  spectrum. 

S p e c t r a l  Index 

E .  Ca lcu la ted  R e s u l t s  

R a t i o  o  n t r a l  Value 
t o  Value f o r  13$ F i s s i o n  Spectrum 

Ca lcu la ted  r e s u l t s  may be.appended t o  t h e s e  s p e c i f i c a t i o n s .  



F. Comments and Documentat i o n  

The composi t ion and c o n f i g u r a t i o n  s p e c i f i c a t i o n s  were t aken  from Ref. 1 

which a l s o  g i v e s  t h e  u n c e r t a i n t y  i n  c r i t i c a l  mass, a t  t h e  s p e c i f i e d  

composi t ion and d e n s i t y ,  a s  2 0.4%. 

T h i s  t r a n s l a t e s  t o  a n  u n c e r t a i n t y  i n  e i g e n v a l u e ,  a t  t h e  s p e c i f i e d  

composi t ion,  d e n s i t y ,  and s i z e ,  of + 0.1%. 

The most a c c u r a t e  f i s s i o n  r a t i o s  f o r  J e z e b e l  a r e  o b t a i n e d  from r e c e n t  

a b s o l u t e - r a t i o  measurements i n  Flat top-25 and Big Ten and d o u b l e - r a t i o  

measurements connec t ing  t h e s e  t o  Jezebel-23.  These measurements a r e  d e s c r i b e d  

below. 

Measurement 
Location Value 

Double R a t i o  
t o  Jezebe 1-23 Jezebe 1-23 Reference 

F la t top-25  0.1479(+1.5%) 1.432(i0.6%) 0.2118(+1.6%) 2 c 

Big Ten 0.373(+1.7%) 5.714(+0.8%) 0.2131(+1.9% 2 d 

Van de  Graff  0.433(+ 1.5%) 0.4955(+0.9% 0.2146(+1.7%) ENDF/ B- I V  

(En = 2.43 M ~ V )  

Average : 0 . 2 1 3 l ( + i . i % )  

TOPSY 0.7 60( 24%) 

Big Ten 0.317(42.2%) 

Van de  Graa f f  1.328(+2%) 

Average : 0.977(+106%) 



R e a c t i v i t y - c o e f f i c i e n t  measurements were c u r t a i l e d  because  of i n t e n s e  gamma 

r a d i a t i o n .  

The d a t a  l i s t e d  f o r  leakage spectrum were de r ived  from Ref. 3. A f i n e r  energy 

r e p r e s e n t a t i o n  f o r  the  spectrum i s  g iven i n  t h i s  r e f e r e n c e  a long wi th  

s t a t i s t i c a l  u n c e r t a i n t i e s .  
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FAST REACTOR BENCHMARK NO. 20 

A. Benchmark Name and Type 

B I G  TEN, a  r e f l e c t e d  c y l i n d e r  of uranium c o n t i a n i n g  10% 2 35u 

B. System D e s c r i p t i o n  

B I G  TEN is  a  c y l i n d r i c a l  system c o n s i s t i n g  of  a  uranium-metal  c o r e ,  

averaging 10 v t %  2 3 5 ~ ,  r e f l e c t e d  by depleted-uranium metal .  The c o r e  has  a  

homogeneous a x i a l  r e g i o n  surrounded by i n t e r l e a v e d  p l a t e s  of h i g h l y  enr iched  

uranium and n a t u r a l  uranium such t h a t  the  average 2 3 5 ~  c o n t e n t  i s  uniform. 

C. Model D e s c r i p t i o n  1 

1. Composition 

Is o  tope 

2 3 4 ~  nuc l e  i/b-tm 

2 3 5 ~  nuc lei lb-cm 

2 3 8 ~  nuc lei/b-cm 

Core - 
0.00005 

0.00484 

0.04268 

Re f l e c t o r  

0.00000 

0.00010 

0.04797 

2. he-Dimensional  Model 

An e q u i v a l e n t  s p h e r i c a l  system w i t h  c o r e  r a d i u s  30.48 cm and 

r e f l e c t o r  r a d i u s  45.72 cm; keff  = 0.996 2 0 . 0 0 3 .  



The sugges ted  computat ional  mode i s  one-dimensional t r a n s p o r t  

t h e o r y ,  wi th  40 mesh i n t e r v a l s  i n  the  c o r e ,  20 i n  t h e  r e f l e c t o r ,  a  

vacuum boundary a t  t h e  r e f l e c t o r  s u r f a c e ,  and 70 energy groups  wi th  

one-quar ter  l e t h a r g y  widths and an upper energy of 10 MeV. 

3 .  Two-Dimensional Model 

A c y l i n d r i c a l  system wi th  c o r e  r a d i u s  26.67 and h a l f - l e n g t h  27.94 

cm, and r e f l e c t o r  r a d i u s  41.91 cm and h a l f - l e n g t h  48.26 cm; ke f f  = 

0.996 f 0.002- 

The sugges ted  computa t iona l  mode i s  two-dimensional t r a n s p o r t  

theory  wi th  40 mesh i n t e r v a l s  on both  c o r e  r a d i u s  and h a l f - l e n g t h ,  20 

r a d i a l  i n t e r v a l s  on t h e  a x i a l  r e f l e c t o r ,  a  v a c u m  boundary a t  t h e  

r e f l e c t o r  s u r f a c e ,  and 70 energy groups wi th  one-quar ter  l e t h a r g y  

wid ths  and a n  upper energy of 10 MeV. 

D. Experimental  Data 

1. S p e c t r a l  I n d i c e s  a t  Core Center 2  

a. C e n t r a l  Fission a n d  Capture R a t i o s  



b .  Central Reaction-Rate Ratios 
3 

2 .  Rossi Alpha 1 

a = / 1 = -(1 .17 4 0 .01)  x l o 5  sec-' 



3 .  Central Reactivity Worths 
1 

Material 

H 

~i 

7 Li 

Central worth, 10'~ ~ k / k / m o l  

-13 f 2 

-56 f 1 

-1.4 f 0.2 

-1.66 2 0.04 

-73.9 2 0.3 

-1.9 f: 0.1 

-1.45f 0.04 

-1.09 2 0.07 

1.36 2 0.05 

-2.61 +, 0.07 

-20.1 f 0.3 

-17.7 2 0.2 

- 1 5  f 1 

249 2 2 

144 ?: 1 

-7.53 +, 0.07 

15.8 f 0.9 

157 2 4 

239 k 1 



4. C e n t r a l  Neutron Flux  Spectrum 5  

Energy Group 

1  

Lower Lp t ha rgy  L i m i t  

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

5.5 

6.0 

6.5 

7.0 

7.5 

8.0 

Group Flux ( % )  

E .  C a l c u l a t e d  R e s u l t s  

C a l c u l a t e d  r e s u l t s  may be appended of  t h e s e  s p e c i f i c a t i o n s .  

F. Comments and Documentat ion 

A d e t a i l e d  model t h a t  i n c l u d e s  d e s c r i p t i o n  o f  i n t e r l e a v e d  p l a t e s  i n  

t h e  o u t e r  p o r t i o n  of  t h e  c o r e  a p p e a r s  i n  Ref. 1. A s  n o t e d  t h e r e ,  w i t h  n  = 8  

q u a d r a t u r e ,  t h i s  added d e t a i l  h a s  no i n f l u e n c e  on t h e  t ranspor t -computed  

e  i g e n v a l u e  . 



The homogeneous portion of the core effectively isolates axial 

measurements from effects of heterogeneity in the surrounding structure. 

The composition, configuration specifications, Rossi-a, and central 

reactivity worths are taken from Ref. 1. 

The most accurate fission ratios for Big Ten are obtained by combining 

absolute-ratio measurements in Flattop-25 and in big Ten and double-ratio 

measurements connecting these assemblies. These measurements are described 

below. 

Measurement Double Ratio 
Locat ion Value to Big Ten 

238u) / 0ft235u) 

Big Ten 0.0373(+1.5%) 1 

Van de Graff 0.433 (21.5%) 0.0867(+0-9%) 

(En = 2.43 MeV 

Big Ten 

Van de Graaff 

Average: 

Big Ten Reference 

0.0373(+1.5%) 2d 

0.0371(+1.6%) 2c 

0.0375(+1.7%) ENDF/ B-IV 

(En = 2.43 MeV) 

Average : 



Measurement 
Location 

Double Ra t io  
Value t o  Big Ten Big Ten Reference 

Big Ten 1.61 ( f2 .1%) 1  1.61 (22.1%) Prelim. 
value  by 
D. G i l l i am 
(1979) 

Fla t top-25 1.572(+1.5%) 0.989 (+0.5%) 1.555 (51.6%) 2 c  

Average : 1.580 (51.9%) 

Big Ten 1.198(+1.5%) 1 1.198 (21.5%) 2d 

Average: 1 . la5  (21.7%) 

The t a b u l a t e d  c e n t r a l  r e a c t i o n - r a t e  r a t i o s  a r e  t h e  " I n t e r l a b o r a t o r y  

Reaction Rate" (ILRR) va lues  from Ref. 3, wi th  the  e x c e p t i o n  of  6 ~ i ( n , ~ e )  and 

' ' ~ e ( n , ~ e )  from Ref.4 

The c e n t r a l  neu t ron  f l u x  spectrum i s  d e r i v e d  from r e s u l t s  of 6 ~ i  

spectrometry  i n  Ref. 5. Resul t  of l e s s  e x t e n s i v e  Pro ton- reco i l  spect rometry  

a r e  r e p o r t e d  i n  Ref. 1 
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FAST REACTOR BENCHMARK NO. 21  

A .  Benchmark Name and Type 

JEZEBEL-PU(20.1), a  b a r e  s p h e r e  o f  p lu ton ium w i t h  20.1% 2 4 0 ~ u .  

B. Sys terns. D e s c r i p t i o n  

JEZEBEL-PU(ZO.~) i s  a  b a r e  s p h e r e  o f  p lu ton ium m e t a l  c o n t a i n i n g  20.1% 

2 4 0 p ~ .  In s u p p l e m e n t i n g  JEZEBEL ( F l ) ,  i t  p r o v i d e s  i n f o r m a t i o n  f o r  t e s t i n g  

2 4 0 p ~  c r o s s  s e c t i o n s  i n  t h e  f i s s i o n  s o u r c e  ene rgy  range .  

C. Model D e s c r i p t i o n  

The s p h e r i c a l  homogeneous model h a s  a  c o r e  r a d i u s  o f  6.65985 an and  

t h e  f o l l o w i n g  c a n p o s i t i o n .  
1 

D e n s i t y ,  nuc l e i / b -cm 

0 ,029946 

The  recommended mode o f  c a l c u l a t i o n  i s  one -d imens iona l  t r a n s p o r t  

t h e o r y ,  S16, w i t h  40  mesh i n t e r v a l s ,  a  vacuum boundary  a t  t h e  s u r f a c e ,  and a 

26 ene rgy  g roup  s t r u c t u r e  w i t h  h a l f - l e t h a r g y  u n i t  w i d t h s  and  a n  uppe r  ene rgy  

of 10 MeV. 

Rev i sed  (09 /19 /91 )  



D. Exper imenta l  Data 

1. Measured Eigenvalue:  k = 1.000 2 0.002. 1 

2.  S p e c t r a l  I n d i c e s  a t  Core Center  2  

3.  C e n t r a l  R e a c t i v i t y  Worth R a t i o s  

238pu1235u 2.01 2 0 . 1 2 ~ 9 ~  

239pu/235u 1.99 + 0.07 3  

244c,/235u 1.82 + 0.10 3 

E. C a l c u l a t e d  R e s u l t s  

C a l c u l a t e d  r e s u l t s  may be  appended t o  t h e s e  s p e c i f i c a t i o n s .  

F. Comments and Documentat i o n  

The u n c e r t a i n t y  i n  c r i t i c a l  mass from Ref. 1 ,  + 0.8% t r a n s l a t e s  t o  t h e  

e igenva lue  u n c e r t a i n t y  of + 0.002. 

The most a c c u r a t e  f i s s i o n  r a t i o s  f o r  Jezebel-Pu(20.1) a r e  o b t a i n e d  f r o m  

r e c e n t  a b s o l u t e - r a t i o  measurements i n  F l a t t o p - 2 5  and Big Ten and d o u b l e - r a t i o  

measurements connec t ing  t h e s e  t o  Jezebel-Pu (20.1) .  These measurements a r e  

d e s c r i b e d  below. 



Measurement Doub l e  Ra t i o  t o  

Locat ion  Value ~ezebe l -Pu(20 .1 )  Jezebel-Pu(20.1) Reference 

~ l a t t o p - 2 5  0.1479(+1.5%) 1.388(+0.9%) 0.2053(+1.7%) 

Big Ten 0.0373(+1.5%) 5.54(+1 .I%) 0.2066(f 1.9%) 

Van de Graff  0.433 ( t1 .52)  0.480(+1.1%) 0.2078(+1.9%) 

(En = 2.43 MeV 

Average : 0.2065(+1.2%) 

£ ( 2 3 7 ~ p )  / G ~ ( ~ ~ ~ u )  

Big Ten 0.317(+2.2%) 

Van de Graaff  1.328(+2.0%) 

(E, = 2.43 Mev) 

TOPSY i.zoo(+o.a%) 0.912(+4.1%) 

Average : 0.917(21.7%) 

2 c 

2 d 

ENDF/ B-IV 

Measurements were c u r t a i l e d  because of the  l i m i t e d  pe r iod  dur ing  which 

the  assembly was a v a i l a b l e .  In p a r t i c u l a r ,  t h e r e  w a s  no measurement of  

Rossi-a, of r e a c t i v i t y  worth excep t  t h e  l i s t e d  r a t i o s ,  o r  of leakage spectrum. 
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FAST REACTOR BENCHMARK NO. 22 

A.  Benchmark Name and Type 

FLATTOP25, a  r e f l e c t e d  sphere  of  en r iched  u r a n i m .  

B. System D e s c r i p t i o n  

FLATTOP25 i s  a  s p h e r i c a l  m e t a l l i c  system c o n s i s t i n g  of a h i g h l y  

enr iched  uranium core  i n  a  t h i c k  n a t u r a l  uranium r e f l e c t o r .  In supplementing 

GODIVA ( F 5 ) ,  i t  emphasizes 2 3 8 ~  t r a n s p o r t  i n  t h e  f i s s ion-source  energy range. 

C. Model D e s c r i p t i o n  

The s p h e r i c a l  model i s  a  c o r e  of  r a d i u s  6.116 cm, surrounded i n t i m a t e l y  

by a  r e f l e c t o r  of r a d i u s  24.13 cm, and has  the  fo l lowing  composi t ions .  1  

I so tope  Co r e  - Re f l e c t o r  

2 3 4 ~  nuclei/b-cm 0.00049 0.00000 

2 3 5 ~  nuclei/b-cm 0.04449 0.00034 

2 3 8 ~  nuc l e  i/b-cm 0.00270 0.04774 

The recommended mode of c a l c u l a t i o n  i s  one-dimensional t r a n s p o r t  

theory.  S16, with 30 mesh i n t e r v a l s  i n  the  c o r e ,  30 i n  the  r e f l e c t o r ,  a  

vacuum boundary a t  t h e  r e f l e c t o r  s u r f a c e ,  and a  26 energy group s t r u c t u r e  wi th  

one-half l e t h a r g y  u n i t  widths and an upper energy of 10 MeV. 



D. Experimental  Data 

1. Measured Eigenvalue:  k =  1.000 + 0.001. 1 

2. S p e c t r a l  Indices  a t  Core Center 2 

2 3 3 ~ )  / u f ( 2 3 5 ~ )  0.160 f 0.003 2 

2 3 8 ~ )  / u f ( 2 3 5 ~ )  0.149 + 0.002 3 

2 3 7 ~ p )  1 o f ( 2 3 5 ~ )  0.76 + 0.01 3 

1.37 2 0.02 3 

3. Rossi  ~ l p h a ~ ~  

6 -1 
a = B e f f  1 0 -(0.38 + 0.01) x 10 s e c  

4. Cen t ra l  R e a c t i v i t y  Worths 4 

I so tope  

233u 5 

Cen t ra l  Worth, l o m 5  k/k/g-atom 

2320 _+ 30 

1330 +, 20 

171 f 6 

1140 +, 20 

2250 _+ 30 

2530 +, 20 

1200 _+ 30 

1350 +, 10 



5. Central Neutron Flux Spectrum 3 

Deviation of the central spectrum from the 2 3 5 ~  fission spectrum is 

characterized by the following ratios of central high-energy spectral indices 

t o  the corresponding indices for the 2 3 5 ~  fission spectrm. 

Spectral Index 
Ratio o ntral Value 

To value for 53% Fission Spectrum 

E. Calculated Results 

Calculated results may be appended to these specifications. 

F. Comments and Documentation 

The model, with close fitting reflector, is corrected for a 0.10- t o  0.13-cm 

gap between the core and reflector. The influence on Rossi-a is negligible. 

The uncertainty in critical mass from Ref. 1, f 0.04 kg, translates to the 

eigenvalue uncertainty of t0.001. 

The most accurate fission ratios for Flattop-25 are obtained by combining 

absolute-ratio measurements in Flattop-25 and Big Ten and double-ratio measurements 

connecting these assemblies. 'Ihese measurements are described below. 



Measurement 
Location Value 

Fla t top-25 0.1479(+1.5%) 

Big Ten 0.0373(+1.5%) 

Van de  Graaff  0.433(21.5%) 

DoubLe R a t i o  t o  
Flat top-25 Fla t top-25 

(En = 2.43 MeV) 

Average: 0.1488(2 1.0%) 

o f (  2 3 7 ~ p )  I ~ ~ ( ~ ~ ~ u )  

Big Ten 0.317(22.2%) 

Van de Graaff  1.328(+2.0%) 

(En = 2.43 MeV) 

T ~ P ~ Y  0.760 (24%) 

( 233u) 1 .f(235u) 

F la t top-25  

T ~ P ~ Y  

Big Ten 

1 0.760(24%) 

Average : 0.765(+1.5%) 

- * 

Reference 

3 c 

3 d 

ENDF/ B-IV 

3d 

ENDF B- IV 

1.61 (22.1%) 1.011(+0.5%) 1.628 (22.2%) Prelim. 
v a l u e  
from 

D. Gi l l iarn  
Average: 1.595 (21.9%) 



Measurement 
Location Value 

Double R a t i o  t o  
Flat top-25 Fla t top-25 Reference 

Fla t top-25 1.349 (21.5%) 1 1.349 (+1.5%) 

Big Ten 1.198 (a1.5%) 1 .I60 (20.6%) 1.390 (21.6%) 

1.42 (f.4%) 1 1.42 ( f 7 % )  

Average: 1.372 ( t1 .7%)  

The r e a c t i v i t y  worths o f  2 3 3 ~  and 2 3 8 ~  were measured i n  Topsy, a 

s i m i l a r  assembly t h a t  c rude ly  approximated s p h e r i c a l  geometry. R e a c t i v i t y  

worths of many n o n f i s s i o n a b l e  m a t e r i a l s  i n  Topsy a r e  r e p o r t e d  i n  Ref. 5. 
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FAST REACTOR BENCHMARK NO. 23 

A. Benchmark Name and Type 

FLATTOP-PU, a  r e f l e c t e d  p lu ton iuu  sphere .  

B. System D e s c r i p t i o n  

FLATTOP-PU i s  a  s p h e r i c a l  m e t a l l i c  system c o n s i s t i n g  o f  a  plutonium 

(4.5% 2 4 0 ~ u )  c o r e  i n  a  t h i c k  n a t u r a l  uranium r e f l e c t o r .  In supplementing 

JEZEBEL ( E l ) ,  i t  emphasizes 2 3 8 ~  t r a n s p o r t  i n  t h e  f i s s i o n - s o u r c e  energy range. 

C. Model Desc r ip t ion  

The s p h e r i c a l  model is  a  c o r e  of r a d i u s  4.533 cm, surrounded i n t i m a t e l y  

by a  r e f l e c t o r  of r a d i u s  24.13 cm, and has  the  fo l lowing  composi t ions .  1 

I s o t o p e  Co r e  - R e f l e c t o r  

239h nucleilb-cm 0.03674 - 
2 4 0 ~ u  nuc lei lb-cm 0.00186 - .  
24 h nuc l e  i/b-cm 0.00012 - 

Ga nuc lei /b-cm 0.00138 - 
2 3 5 ~  nuclei lb-cm - 0.00034 

3 8 ~  nuc l e i /  b-cm - 0.04774 

The recommended mode of c a l c u l a t i o n  is  one-dimensional t r a n s p o r t  

theory .  SI6 ,  wi th  30 mesh i n t e r v a l s  i n  t h e  c o r e ,  30 i n  t h e  r e f l e c t o r ,  a  

vacuum boundary a t  the  r e f l e c t o r  s u r f a c e ,  and a  26 energy group s t r u c t u r e  wi th  

one-half l e tha rgy  u n i t  wid ths  and an upper energy of 10  MeV. 



D. Exper imenta l  Data 

1. Measured E i ~ e n v a l u e :  k  = 1.000 + 0.0014. 1 

2. S p e c t r a l  Ind ices  a t  Core c e n t e r L  

a f (  2 3 8 ~ )  /Of( 235u) 0.180 + 0.003 

a f  ( 
2 3 7 ~ p )  / a f  ( 2 3 5 ~ )  0.84 + 0.01 

3. Ross i  ~ l ~ h a ~ ~  

a = - B e f f / l =  -(0.214 t0.005) x l o 6  sec-' 

4. Cen t ra l  R e a c t i v i t y  Worths 3 

I s o t o p e  

23 5" 

C e n t r a l  Worth, k/k/g-atom 

2380 ,+ 30 

145 t 4 

2220 + 30 

4090 + 60 

4520 k 20 

2240 +_ 40 

2800 k 20 

6. C e n t r a l  Neutron Flux Spectrum Z 

Devia t ion  of t h e  c e n t r a l  spectrum from t h e  2 3 9 ~ ~  f i s s i o n  spectrum i s  

c h a r a c t e r i z e d  by t h e  fo l lowing  r a t i o s  of c e n t r a l  high-energy s p e c t r a l  i n d i c e s  

t o  t h e  corresponding i n d i c e s  f o r  t h e  2 3 9 ~ u  f i s s i o n  spectrum. 



spectral Index 

f 

o (27~1) /on,p(31~) 
n, P 

0 (5?~e)/%,~(~'p) 
n, P 

2 7 o ( ~ l ) / o ~ , ~ ( ~ ~ ~  
n, a 

6 3 
n, 2n 

Ratio of Cent Value 
To value for "'Pu Fission Spectrum 

1.015 f 0.020 

1.016 2 0.018 

1.033 2 0.021 

1.043 +, 0.24 

1.038 2 0.032 

E. Calculated Results 

Calculated results may be appended to these specifications. 

F. Comments and Documentation 

The model, with close fitting reflector, is corrected for a 0.10- to 0.13-cm 

gap between the core and reflector. The influence on Rossi-a is negligible. 

The uncertainty in critical mass from Ref. 1, f 0.03 kg, translates to the 

eigenvalue uncertainty of +0.0014. 

The most accurate fission ratios for Flattop-Pu are obtained from recent 

absolute-ratio measurements in Flattop-25 and Big Ten and double-ratio measurements 

connecting these to Flattop-Pu. These measurements are described below. 



Measurement 
Locat ion 

Of ( 238u) 1 Uf ( 235u) 

Big Ten 

Van de Graaff  

(E, = 2.43 MeV) 

o f ( 2 3 7 ~ p ) / u f  ( 2 3 5 ~ )  

Big Ten 

Van de Graaff  

(En = 2.43 MeV) 

Double R a t i o  t o  
Value Flattop-Pu F l a t  topcPu Ref e r e r  

0.1479(*1.5%) 1.207(f0.4%) 0.1785(f 1.6%) 2c 

0.0373(*1.5%) 4.816(*0.7%) 0.1769(*1.7%) 2d 

00433(f  1.5%) 4.176(&0.8%) 0.1808(f 1.7%) ENDF/ B- XV 

Average : 0.1796(fl.O%) 

0.760(*4%) l.lOl(f0.5X) 0.837(f 4%) 2e 

0.317(f2.2%) 2.866(iO .9%) 0.845(f 2.4%) 26 

1.328(*2%) 0.633(f1.1%) 0.841(*2.3%) ENDFB-IV 

Average : 0.842(f 1.6%) 
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FAST REACTOR BENCHMARK NO. 24 

A. Benchmark Name and Type 

FLATTOP-23, a  r e f l e c t e d  2 3 3 ~  sphere. 

B. System Descript ion 

FLATTOP23 is  a  s p h e r i c a l  m e t a l l i c  system cons i s t i ng  of a  2 3 3 ~  (98.13%) 

core i n  a  t h i ck  n a t u r a l  uranium r e f l e c t o r ,  with 0.218-cm gap between core  and 

r e f l e c t o r .  In supplementing JEZEBEk23 (F19), i t  emphasizes 2 3 8 ~  t r anspo r t  i n  

t he  f iss ion-source energy range. 

C. Model Descr ipt ion 

The sphe r i ca l  model i s  a  core  of r ad ius  4.317 cm, centered i n  a  

r e f l e c t o r  of 4.610-cm inner  rad ius  and 24.13-cm ou te r  r ad ius ,  and has t he  

following compositions. 1 

Isotope - Core Ref l e c t o r  

2 3 3 ~  nuclei/b-cm 0 -0467 1 - 

2 3 4 ~  nuc l e i /  b-cm 0.00059 - 

2 3 5 ~  nuclei/b-cm 0.0000 1 0.00034 

2 3 8 ~  nuclei/b-crn 0.00028 0.04774 

The recommended mode of c a l c u l a t i o n  is  one-dimensional t r a n s p o r t  

theory, SI6 with 30 mesh i n t e r v a l s  i n  t h e  core ,  2 i n  t h e  gap, 30 i n  t h e  

r e f l e c t o r ,  a vacuum boundary a t  the ou t e r  r e f l e c t o r  su r f ace ,  and a  26 energy 

group s t r u c t u r e  with one-half l e thargy  u n i t  widths and an upper energy of 10 

MeV. 



D. Experimental Data 

1. Measured Eigenvalue: k = 1.000f0.0014. 2 

2. Spectral Indices at Core center3 

Of( 238~/ af ( 235~) 0.191f 0.003 

af(237~p)/~f(235~) 0.89 0.01 

3. Rossi Alpha3a 

a - - Beff/k- '(0.267 i 0.005) x lo6 sec 

4. Central Reactivity Worth 

The central void coefficient is 4010 f: 30 in units of 10'~ 

E. Calculated Results 

Calculated results may be appended to these specifications. 

F. Comments and Documentation 

The critical mass, corrected to a close-fitting reflector of the same 

outer radius, is given in Ref. 2. 

The uncertainty in critical mass from Ref. 2, f 0.03 kg in 5.74 kg, 

translates to the eigenvalue uncertainty of f 0.0014. 

The most accurate fission ratios for FLATTOP-23 are obtained from 

recent absolute-ratio measurements in FLATTOP-25 end Big Ten and double-ratio 

measurements connecting these to FLATTOP-23. These measurements are described 

below. 



Measurement Double Ra t io  t o  
Locat ion Value - Flattop-23 Fla t top-23 Reference 

23%) a f (235u)  

Flattop-25 0.1479(+1.5%) 1.282(+0.4%) 0.1896(+1.6%) 3 c 

Big Ten 0.0373(+ 1.5%) 5.12%(+0.7%) 0.1908(+1.7%) 3 d 

Van de Graaff  0.433(+1.5%0) 0.444(t0.8%) 0.1921(21.7%) ENDFIB-IV 

( E n  = 2.43 M ~ V )  Average : 0.1908(+1 . O X )  

a 

f ( 2 3 7 ~ p )  / a f ( 2 3 5 ~ )  

T O P ~ Y  0.760(24%) 1.166(+0.5%) 0.886(,+4%) 3 e 

Big Ten 0.317(+2.2%) 2.823(+0.9%) 0.895(+2.4% 3 d 

Van de Graaff  1.328(+2%) 0.671(+1.1%) 0.891(+2.3%) ENDF/B-IV 

( E n  = 2.43 M ~ V )  Average : 0.892(+1.6%) 

Reactivity-worth measurements were c u r t a i l e d  because of i n t e n s e  gamma 

r a d i a t i o n .  
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FAST REACTOR BENCHMARK NO. 25 

A. Benchmark Name and Type 

THOR, a  thor ium-re f l ec ted  Pu sphere .  

B. System D e s c r i p t i o n  

THOR c o n s i s t s  of a  sphere  of p l u t o n i m  (5.1% 2 4 0 ~ u )  meta l  c e n t e r e d  i n  a  

c l o s e - f i t t i n g  53.3-cm e q u i l a t e r a l  c y l i n d e r  of  thorium meta l .  In supplementing 

J E Z E B E L  ( F l ) ,  i t  emphasizes 2 3 2 ~ h  t r a n s p o r t  i n  t h e  f i s s ion-source  energy 

range.  

C. Ebdel D e s c r i p t i o n  1 

The e q u i v a l e n t  s p h e r i c a l  model i s  a  c o r e  of r a d i u s  5.310 cm c e n t e r e d  i n  a  

r e f l e c t o r  of 5.310-cm i n n e r  r a d i u s  and 29.88-cm o u t e r  r a d i u s ,  and has  t h e  

fo l lowing  composit ions:  

I so tope  

Ga n u c l e i /  b-cm 

Core - 
0.03618 

0.00194 

0.00133 

- 

The recommended mode of c a l c u l a t i o n  i s  one-dimensional t r a n s p o r t  

t h e o r y ,  S16 w i t h  30 mesh i n t e r v a l s  i n  t h e  c o r e ,  30 i n  t h e  r e f l e c t o r ,  a  vacuum 

boundary a t  t h e  o u t e r  r e f l e c t o r  s u r f a c e ,  and a  26 energy group s t r u c t u r e  wi th  

one-half l e tha rgy  u n i t  widths  and a n  upper energy of 10  MeV. 



D. Experimental  Data 1 

1. Measured Eigenvalue:  k =  1.000+ 0.001 

2. S p e c t r a l  Ind ices  a t  Core Center 

a.  F i s s i o n  Ra t ios  

a £ (  238u) /u f (235u)  

a f (  2 3 7 ~ p )  / a f (  2 3 5 ~ )  

f (  

0.195 + 0.003 

0.92 2 0.02 

0.26 + 0.01 a t  a l l  r a d i i  

b. Other Reaction R a t i o s  

'n , y ( 2 3 8 ~ )  / a f  ( 2 3 5 ~ )  0.083 + 0.003 

0.053 0.003 

1.20 + 0.06 a t  a l l  r a d i i  

1.04 + 0.03 a t  a l l  r a d i i  

3. Rossi  Alpha 

6 -1 a - B e f f /  2 -  -(0.197+0.01) x . 1 0  s e c  

4. Cen t ra l  R e a c t i v i t y  Worth 

The c e n t r a l  void  c o e f f i c i e n t  i s  15.5+03 d o l l a r s 1  g-atom Pu. 

E. Calcula ted R e s u l t s  

Ca lcu la ted  r e s u l t s  may be appended t o  t h e s e  s p e c i f i c a t i o n s .  



F. Comments and Documentation 

The effective spherical equivalent of the cylindrical thorium 

reflector, 29.88-cm radius, was based on the inverse fourth-power dependence 

of reflector worth per unit volume. Insensitivity of k to radius in this 

region is indicated by calculations with ENDFIB-IV cross sections that give a 

0.04% increase in k when increasing radius from 29.88 cm to 30.53 cm, the 

radius that preserves thorium mass. 

The uncertainty in eigenvalue is based on the f0.017 kg uncertainty in 

critical mass from Ref. 1, with additional allowance for uncertainty in 

conversion to the equivalent spherical system. 

The uncertainties for the first two fission ratios are typical of 

4-barrel chamber measurements. 

The uncertainty for Rossi alpha is estimated from Fig. 7 of b f .  1. 

The uncertainty for central void coefficient is about twice the value 

obtained in assemblies with a more lengthy history. There is insufficient 

experimental information for conversion from dollars/g-atom to absolute units. 

REFERENCE 
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THERMAL REACTOR BENCHMARK CONTENTS 

I. INTRODUCTION 

I I. THERMAL REACTOR BENCHMARKS 

ORN L- 1 

ORNL- 2 

ORN L- 3 

ORNL- 4 

ORN L- 1 0 

TRX-1 ( ~ e v i s e d )  

TFU-2 ( R e v i s e d )  

TRX-3 ( R e v i s e d )  

TFU-4 ( R e v i s e d )  

MIT-4 

MIT- 5 

MIT- 6 

PNL- 1 

PNL-2 

PNL-3 

PNL-4 

PNL- 5 

BAP L-U 02- 1 

2 0 .  BAPL-U02-3 

21.  BAPL-THO2-1 ( R e v i s e d )  

22 .  BNL-THO2-2 ( R e v i s e d )  



I. I n t r o d u c t i o n  

The v a l i d a t i o n  o f  n u c l e a r  d a t a  f i l e s  i n  t h e  c a l c u l a t i o n  o f  t h e r m a l  

r e a c t o r  benchmarks is  a n  i m p o r t a n t  o b j e c t i v e  o f  CSEWG. A t  t h i s  t ime  no  

s p e c i a l  i n t r o d u c t o r y  m a t e r i a l  h a s  been  w r i - t e n  f o r  t h e  t h e r m a l  r e a c t o r  

benchmarks b u t  much o f  t h e  i n t r o d u c t o r y  m a t e r i a l  f o r  t h e  s e c t i o n  on F a s t  

Benchmarks i s  a p p r o p r i a t e .  



THERMAL REACTOR BENCHMARKS NOS. 1-5 

A. Benchmark Name and Type: ORNL-1 through ORNL-4, ORNL-10, unreflected 

a 35 spheres of U. 

B. System Description 

This series of benchmarks consists of five unreflected spheres of a 3 5 ~  (as 

uranyl nitrate) in HzO, three of them poisoned with boron. Critical 

compositions and volumes were determined. These benchmarks are useful for 

testing G O  fast scattering data, the a 3 5 ~  and thermal absorption of hydrogen. 

C. Model Description 

Benchmarks ORNL-1 through ORNL-4 are of radius 34.595 cm; ORNL-10 has 

radius 61.011 cm. 

Material 

~ O B  

H 

24 
Concentration, 10 atoms/cm 

3 

ORNL - 1 ORNL- 2 OWL-3 ORNL -4 ORNL- 10 

0.0 1.0286x10-~ 2.0571x10-~ 2.5318x10-~ 0.0 

0.066228 0.066148 0.066070 0.066028 0.066394 

It is suggested that the multiplication factor be calculated with multigroup 

S (n 1 4 )  or equivalent Pi theory. 
n 

(Revised 3-75) 



The measured k values (Ref. 1) and "corrected" experimental k values (Ref. 2) 

are shown below. The corrections were evaluated by Staub et al. to account 

for newer B values, the thin aluminum shells, distortion of the spherical 

shape, fill tubes and room return. 

D. Experimental Data 

Measured 
k 

ORNL- 1 1.00118 

2 1.00073 

3 1.00090 

4 1.00028 

10 1.00129 

Corrected 
Measured 

k 

E. Coments and Documentation 

The experiments are described in Ref. 1. fie experimental k values are 

for a sphere without container. Reference 2 presents a detailed analysis 

of these systems including a discussion of cross section sensitivities and 

uncertainties in the analysis, both systematic and random. 

References: 

1. R. Gwin and D. W. Magnuson, "Eta of a 3 3 ~  and a 3 S ~  for Critical Experiments," 

Nucl. Sci. Eng. l2, 364 (1962). 

2.  A. Staub et al., "Analysis of a Set of Critical Homogeneous U-H20 Spheres," 

Nucl. Sci. Eng. 34, 263 (1968). 



THERMAL REACTOR BENCAMARKS NOS. 6-9 - 
A .  Benchmark Name and T w e :  TRX- 1 through TRX-4,  30-moderated uranium l a t t i c e s .  

B.  Wrn Description 

These benchmarks a r e  H . 0  moderated l a t t i c e s  of s l i g h t l y  enriched (1.3%) 

uranium rods with diameters of -4915 cm i n  a t r i a n g u l a r  pa t t e rn .  Measured 

2 8  2 5  2 
l a t t i c e  parameters include p , 6 , 628,  and C*; B was measured f o r  TRX-1 

and TRX-2, but not f o r  TRX-3 and TRX-4 which a r e  two-region l a t t i c e s .  

These l a t t i c e s  d i r e c t l y . t e s t  t h e  lQ35 resonance f i s s i o n  i n t e g r a l  and 

thermal f i s s i o n  cross  sec t ion .  They a l s o  t e s t  m38 shielded resonance 

capture  and t h e  thermal capture  cross  sec t ion .  They a r e  s e n s i t i v e  t o  

the  U238 f a s t  f i s a i o n  crosa sec t ion ,  U238 i n e l a s t i c  s c a t t e r i n g  and t h e  

U235 f i s s i o n  spectrum. The s c a t t e r i n g  and (thermal) absorbt ion cross  

sec t ions  of H20 a r e  very important a l s o .  

C.  Model Description 

There a r e  two pr inc ipa l  methods of ana lys i s :  

- a heterogeneous i n f i n t t e  l a t t i c e  c e l l  ca lcu la t ion  followed by a homogenized- 

core  leakage ca lcu l a t ion .  

-- an e x p l i c i t  desc r ip t ion  of the  f u l l  core i n  t h r e e  dimensions. 



1. I n f i n i t e  h t t i c e  C e l l  

a .  Phvsica 1 P r m e r t  i e s  

Outer Concentrat ion 
Renion Radius, cm Isotope ~ t o r n r / c m ~  

Fue 1 0.4915 23SU 6.253 x loo4 
2 38,, 4.7205 x 

Void 0.5042 - 
Clad 0.5753 A 1  6.025 x 10'~ 

*Lttice spacings of 1.8060, 2.1740, 1.44l2, and 2.8824 cm, 

respect ively,  f o r  TRX-1 through TUX-4. (Triangular arrays ) 

b. Suggested Method of Calculation 

Monte Carlo, multigrorrp S (n 2 4) or  equivalent P , or  i n t eg ra l  n I 

t ransport  theory. An accrrrate treatment of resonance absorption 

is essential . 

2 .  kakane  Calculation 

a .  To account f o r  leakage use a homogenized uultigroup B calculat ion 
I 

-2 with a t o t a l  buckling B* = .0057 cm f o r  TRX-1 and B~ = .005469 

for  TRX-2. This is not su i t ab l e  f o r  TRX-3 and TRX-4 which a r e  two- 

region lattice.. 

b. An a l t e t n a t i v e  treatment of leakage, applicable t o  a l l  four l a t t i c e s ,  

i s  t o  cyl inderize  them and ca lcu la te  r ad i a l  rhapea u p l f c i t l y  using 

maltigroap Sn o r  P theory. In a l l  four l a t t i c e s  the a x i a l  buckling 
I, 

is .000Y6 g2; a l l  a r e  f u l l y  re f lec ted .  



Dimensions of Cylinderized TRX Iat t i c e s  

- Outer Radiua (cm) 
~oapos i ' t ion  TRX- 1 TRX-2 TRX- 3 TRX-4 

Homogenized t e s t  26.2093 27.4419 11.1467 11.8198 
l a r t i c e  c e l l s  

Water gap - - 12.3268 12.3268 

Ramogcnized dr iver  - - 37.9406 42.1717 
lattice c e l l a  

Ref l e c t o r  l a rge  

Proper t i e s  of 002 Driver L a t t i c e  (TRX-3 and TRX-4) 

(kter Concentration 
Region Radius. cm Isotope 1024 ~ tone /cm3 

.4864 2 35D Fae 1 3.112 x 1 0 ' ~  

238u 2.3127 x 10'~ 

160 4.6946 x loe2 

Void .SO42 - 

q r l a n g u l a r  p i t c h  l a t t i c e  with spacing of 1.8060 cm. 



3. Fu l lCore  W e 1  

The act- 1 f u l  1-core configurations and loadings vere  : 

TRX- 1 : 764 fue 1 rods 

TRX-2 : 578 fue l  rods 

TRX-3: A hexagonal array of 169 U02 rods was removed from the center 

of the  dr iver  l a t t i c e  (pitch 1.806 cm) , leaving 1432 rods. 

A hexagonal array of 217 m t a l  rods (pitch 1.4412 cm) w a s  

centered i n  the  opening. 

TRX-4: Every other  rod of the TRX-3 inner l a t t i c e  v&s removed, 

1eavLng 61 aatal rods (pitch 2.8824 cm). 1809 U02 dr iver  

rods were n w  requited. 

Figures 1 and 2 s h w  113-core representations of these l a t t i c e s .  

Sl ight  differences from the  ac tua l  core loadings a r e  due t o  

symgtr iz ing  the  outer boundary (for  s impl ic i ty) .  Figure 3 show 

the ax ia l  model f o r  these l a t t i c e s .  The tank inner diameter is 162.56 cm. 

This model neglects the  following items, which a r e  conridered t o  

be inconsequential. It has omitted the 0.635 -thick l r i t e  spacer 

sheets located a t  1/3 and 213 of fue l  ful l -height .  In somc cases, 

the top l a t t i c e  p la te  was of aluminum. In some metal-fueled l a t t i c e s ,  

the rod handles and t ips  were ac tua l ly  made of brass.  



Figure 1. 

z- 217 RODS 

Figure 2 .  



AXIAL MODEL O F  TRX LATTICES (SCHEMATIC) 

DIMENSIONS IN CENTIMETERS 

LATTICE PLATE (FEI 5.08 
I 

I ALUMINUM 7.62 
HANDLE 

FUEL . . 

ALUMINUM - 
PLUG 4 

ALUMINUM 
TIP 

TANK BOTTOM (FE 1 1.57 
-k 
1.00 

Figure 3 .  



D .  Expetimenta 1 Data 

TRX- 1 - TRX-2 TRX- 3 TRX-4 

Pitch, cm 1.8060 2.1740 1.4412 2.8824 

~ a t e r / f u e l  vol. r a t i o  2.35 4.02 1-00 8.11 

Nuder of rods 764 578 2 17 6 1 

s2, -2 57 +_ 1 54.69 +_ .36 - - 
2 8 

P 1.320 +_ .M1 ,837 2 .016 3.03 + .05 .481 2 .011 

6 
25 .0987 +_ . O O l O  .0614 2 .0008 .231 5 ,003 .0358 5 .0005 

2 8 
6 .0946 +_ .0041 ,0693 +_ .0035 .I67 +_ .008 .W82 +_ .0020 

C* .797 +_ .008 .647 +_ .006 1.255 +_ .011 .531 +_ .OW 

Note: Parameters correspond t o  thermal cutoff of 0.625 eV and were rsenaured 

a t  core center.  They embody cotrect ions obtained i n  Ref. 6. 

p28 = r a t i o  of epithe-1-to-them1 2 3 8 ~  captures. 

825 = r a t i o  of e p i t h e r m a l - t o - t h e a l  2 3 5 ~  fissions. 

2 8 
6 = r a t i o  of 2 3 8 ~  t isaiona t o  2 3 5 ~  fissions. 

ct = r a t i o  of 2 3 8 ~  capture. t o  2 3 5 ~  f i r s tons .  

E. Carnncnte and Documentation 

Parameter measurements a r e  described i n  Ref. 1 and 2. Measuremanta of 

thermal disadvantage factors  (Ref. 3) and f aa t  advantage factors  (Ref. 4 )  

a r e  a l so  available. Reference 5 shorn some addit ional  d e t a i l s  about the 

l a t t i c e s ,  fue l  rods, e t c .  Cadmium cutoff energies and f o i l  perturbation 

were given carefu 1 a t ten t ion .  
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THERMAL REACTOR BENCHMARKS NOS. 10-12 

A. Benchmark Name and Type: MIT-4, MIT-5, and MIT-6, D20-moderated 

S u b c r i t i c a l  s l i g h t l y  enriched uranium l a t t i c e s .  

B. System Description 

These benchmarks cons i s t  of D2010derated l a t t i c e s  of uranium metal 

rods enriched t o  0.947 w/o 2 3 5 ~ .  The rods were 0.983 cm in diameter 

and measurements were made a t  triangular lattice p i t ches  of 3.81 cm, 

5.715 em, and 7.62 a. The measured l a t t i c e  parameters include 

* 
28,625,628, and C . These lattices are u s e f u l  f o r  t e s t i n g D 2 0  B ,,,, P 

3 ac 
cross  sec t ion  da ta ,  c ross  sec t ions  f o r  thermal and epithermal L 2 2 ~  

f i s s i o n ,  t h e d  and epithermal 2 3 8 ~  neutron capture ,  and 2 3 8 ~  f a s t  

f i s s ion .  

C. System Description 

1. I n f i n i t e  L a t t i c e  Calcula t ion 

a. Physical  P roper t i e s  (Cyl indr ical  ~ e o m e t r y )  

Composition 
Outer Concentrations 

Region Radius, Cm Isotope 1024 atoms/cm 

23Su 
Fuel 0.4915 4 . 5 8 6 4 ~ 1 0 - ~  

238u 4.7367610-~ 

Clad and Air 
Gap 

Moderator 

* 
L a t t i c e  spacings of 3.81, 5.715, and 7.62 cm (Benchmarks 
MIT-4, MIT-5, and MIT-6 respec t ive ly ) .  



b. Suggested Method of Calculation 

Monte Carlo, Sn (n - > 4) , or integral transport theory. 

An accurate treatment of resonance absorption is essential. 

2. Axial Leakage Calculation 

To account for leakage use the following geometrical bucklings 

in B calculations with L 1 1. L 

Benchmark Pitch, cm 

A less desirable way to account for axial leakage is to use the 

following critical water heights, h: 

Benchmark h,cm 
1 
tr,cm 

MIT-4 108.5 3.201 

MIT-5 89.42 2.969 

MIT-6 97.37 2.782 

These heights have been derived from measured material bucklings 

using 
" 

Where the extrapolation distance, E is determined from 

The values for the transport mean free path were obtained using 

leakage corrected integral transport theory and ENDF/B-IV cross 

sections. 



D. Experimental Data 

Parameter 

Pitch, cm 

p28 = ratio of epithed to thermal 2 3 8 ~  captures 

6 2 5  = ratio of epithermal to thermal 2 3 5 ~  fissions 

628 = ratio of 2 3 8 ~  fissions to 2 3 5 ~  fissions 

C* = ratio of 2 3 8 ~  captures to 2 3 5 ~  fissions 

Note: Parameters correspond to an epithermal - thermal cut-off energy 
of 0.625 eV. 

E. Comments and Documentation 

The physical properties of the lattices are described in Ref. 1. 

The experimental facilities are described in Ref. 2. 

The measured lattice parameters are documented in Ref. 3. 

The material bucklings have been altered based on quantitive 

consistency analysis in Ref. 4. 



References 

1. T. J. Thompson, et al., "Heavy Water Lattice Project Annual Report, 

September 30, 1966, I' MIT-2344-09 (1966) . 
2. P. F. Palmedo, et al., "Measurements of the Material Bucklings of 

Lattices of Natural Uranium Rods in D20," NYO-9660 (MITNE-13), 1962) 

3. T. J. Thompson, et al, "Heavy Water Lattice Project Final ~eport ," 

4. D. R. Finch and W. E. Graves, "Quantitative Consistency Testing of 

Thermal Benchmark Lattice Experiments," Trans. of ANS, 27, 888 (1977) 

Also DP-MS-77-33, E. I. du Pont, Savannah River Laboratoty, 1977. 



THERMAL REACTOR BENCHMARKS NOS. 13-17 

A. Benchmark Name and Type: PNL-1 through PNL-5, unre f l ec ted  plutonium spheres.  

B. System Descr ip t ion 

This s e r i e s  of benchmarks c o n s i s t s  of f i v e  unre f l ec ted  spheres of plutonium 

239 
n i t r a t e  so lu t ions  wi th  hydrogen/ Pu atom r a t i o s  ranging from 131 t o  1204. 

C r i t i c a l  volumes f o r  the  var ious  s o l u t i o n s  were measured. I n  one experiment 

the  c r i t i c a l  buckling was determined. These benchmarks a r e  use fu l  f o r  

t e s t i n g  H 0 s c a t t e r i n g  d a t a ,  c ross  sec t ions  f o r  thermal neutron capture  
2  

2 3 9  2 3 9 and f i s s i o n  by Pu, and the  Pu f i s s i o n  spectrum. 

C. Model Descr ip t ion 

PNL-1 and PNL-2 have ~ f ~ ~ ~ ~ u  atom r a t i o s  of 700 and 131 respec t ive ly ;  each 

conta ins  4.6 w t .  % 2 4 0  Pu and has an e f f e c t i v e  rad ius  of 19.509 cm. 

Concentrat ion,  atoms 'cm 
3 

Mater ia l  PNL-1 PNL-2 

H .06563 .05416 

Benchmarks PNL-3 and PNL-4 have H / ' ~ ~ P u  atom r a t i o s  of 1204 and 911 

respec t ive ly ;  each con ta ins  4.20 w t .  % 2 4 0 ~ ~  and has an e f f e c t i v e  rad ius  

of 22.70 cm. 



24 
Concentration, 10 atoms/cm 

3 

Material PNL-3 PNL-4 

H .06495 .06041 

Benchmark PNL-5 has an effective radius of 20.1265 cm, a H/~~'Pu atom ratio 

of 578 and contains 4.17 wt. % a40~u. 

Concentrat ion, 

Material 1 . 0 ~ ~  atoms /cm 
3 

H .06028 

It is suggested that multiplication constants k be calculated using S 
n 

theory (n 2 4) with approximately 50 mesh points per sphere. t l  group 

structure should be selected which adequately represents fast leakage 

phenomena as well as thermal events. Pu-240 resonance absorption is 

significarit in these calculations. 



D. Experimental Data 

The compositions and dimensions specified above were experimentally 

derived for criticality (k = 1). A geometric buckling of 0.02182 +_ 
-2 

0.00015 cm was derived for PNL-1. 

F. Comments and Documentation 

The experimental conditions associated with benchmarks PNL-1 and PNL-2 are 

given in (1). Recent calculations for these two benchmarks with ENDFfB-I1 

data are described in (2). Reference 3 documents the experimental conditions 

associated with PNL-3, PNL-4, and PNL-5. In all five experiments the plutonium 

nitrate solutions were enclosed in stainless steel walled spheres. The 

effective radii quoted above in the Physical Properties Section were derived 

by the experimenters (I), (3) and specify critical sizes for solutions 

without stainless steel walls. 
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THERMAL REACTOR BENCWRKS NOS, 18-20 

A, Benchmark Name and Type: BAPL-UO -1 through 3,H 0 moderated uranium 2 2 

oxide critical lattices. 

B. System Description 

These experiments consist of H 0 moderated critical lattices of 1.311 w% 
2 

enriched uranium oxide rods (O.D. 0.9728 cm) arranged in a triangular 

2 8 2 pattern. The measured parameters include p , 625, 628, and B . Three 

lattices with moderator to fuel volume ratios of 1.43, 1.78 and 2.40 are 

specified. 

C. Model Description 

1. Infinite lattice calculation 

a) Physical properties (cylindrical geometry) 

Concentration 

Region Outer Radius (cml Isotope ( atomslcm 3 

Fuel .4864 2 35u 3.112 X 

Void .5042 

Clad .5753 

Moderator JE 

JrIlriangular lattices with a pitch of 1.5578, 1.6523 and 1.8057 cm 
respectively. 



b) Suggested Method of Ca lcu la t ion  

I n t e g r a l  t r a n s p o r t  theory,  Monte Car lo  o r  Multigroup Sn w i t h  

s p e c i a l  t rea tment  of t h e  resonance region.  

Leakage Ca lcu la t ion  

To account f o r  leakage a homogenized B c a l c u l a t i o n  wi th  t h e  R 

following t o t a l  bucklings should be used. 

L a t t i c e  Buckling [m-'1 

BAPL-U02- 1 32,59 - + . I 5  

BAPL-U02-2 35.47 - + . I8  

BAPL-U02-3 34.22 - + .13 

Do Experimental Data 

BAPL -U02 - 1 

p i t c h ,  Cm 

~ a t e r / f u e l  vo l .  
r a t i o  

Number of rods 

NOTE: Measured parameters correspond t o  a thermal cu to f f  of 0.625 eV 

and were measured a t  t h e  core  c e n t e r .  



E. Comments and Documentation 

The specifications for the lattices and the measured values were taken 

from reference 1 where the following identifications have been used: 

BAPL -uo2 - 1 OA-131-383-143 

BAPL-U02-2 OA-131-383-178 

BAPL-U02-3 OA-131-383-240 

Reference 2 describes the original experiment. Results of an analysis 

using ENDF/B-IV data are given in Reference 3. 
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TRERMAL REACTOR BEN-RIIS NOS, 2 1 - 23 

A. Benchmark Name and Type: BNL-Tho2-1 through 3, %O moderated Thorium 

oxide exponential lattices. 

B. System Description 

These experiments coasirt of 5 0  moderated exponential lattices fueled 

by vibratory c~npocted particles of 3uZ aSS~02 - 97w%Th02. The fuel rods 

(O.D. 1.0922 ,cm) iere clad in Zircaloy-2 and arranged in a triangular 

pattern in a 180 cm diameter X 180 cm deep aluminum tank erected on top 

2 
of a thermal column. Measured parameters include Bm, ?Oa and the 

dysprosium disadvantage factor (C ) Three lattices with moderator to 
DY 

fuel volume ratios of 1.0, 1.38 and 3.0 are specified. 

These l a t t i c e s  a r e  sens i t ive  t o  cross sections f o r  thermal 

and epithermal U233 f i ss ion ,  thennal and epithermal Th29 capture, 

and H . 0  scat ter ing.  

C. Model Description 

There are  two principal  methods of analysis:  

- A heterogeneous i n f i n i t e  l a t t i c e  c e l l  calculation followed by 

a  homogenized-core leakage calculat ion ( e i t h e r  w i t h  the 

2 measured material  B , or an exp l i c i t  r ad i a l  calculat ion with 

2 the measured a x i a l  B ) . 



- An e x p l i c i t  descr ipt ion of the ac tua l  l a t t i c e  in two dimensions 

with an a x i a l  leakage correct ion obtained from the homogenized- 

2 
core descr ipt ion with the measured a x i a l  B . 

It has been observed t h a t  the second method produces s igni f icant ly  

d i f f e r en t  r a d i a l  leakage than e i t h e r  of the homogenized-core 

approximations (Ref. 4) . 

1. Infinite Lattice Cell 

a) Physical Properties 
Concentration 

Region Outer radius (cm) Isotope 1d4 ~t a n s / c d  

Fue 1 0.5461 le0 4.08832 X 10'~ 

Clad  



Region Outer  r a d i u s  (cm) I ~ o t o p e  
Coocmtrae ion  - 1d4 ~ t ~ u / c *  

Moderator * 

q r i a n g u l a r  l a t t i c e s  wi th  a p i t c h  of 1.5923, 1.7188 and 2.1697 cm 
r e s p e c t i v e l y .  

b) Suggested Method of Ca lcu la t ion  

I n t e g r a l  t r a n s p o r t  theory,  Monte Car lo  o r  Multigroup Sn wi th  

s p e c i a l  t r ea tment  of t h e  resonance region.  

2. Leakage C a l c u l a t i o n  

a )  To account f o r  leakage a hwogenized B1 c a l c u l a t i o n  w i t h  t h e  

following t o t a l  material buckl ings  should be used. 

Buckling [m-2 J Axial  R e l a m t i o n  No. of Rods 
Length (cm) 

BNL-Tho2 - 1 75.88 2 2.0 39.57 511 

b) An alternative treatment of leakage is t o  cylindricize the la t t ice  

region then use Sn o r  PQ theory with  an a x i a l  buckl ing obtained 

from t h e  r e l a x a t i o n  length.  



3. Expl ic i t  F u l l  Core Mcdel (TWO ~imens ions)  

Figure 1 shows a 1/3-core 2-dimensional representation 

of the ENL-%&-l l a t t i c e .  The model includes the water 

r e f l ec to r  (not  shown) out t o  a radius of 90 cm, which 

coincides witn the ;osition of the tank w a l l .  ~NL-Thf6,-2, -3 

is represented s imilar ly except f o r  the number of f u e l  rods. 

The outer f u e l  boundary is symmetricized in all cases. 

The a x i a l  d i rec t ion  is not represented i n  the  ful l -core 

Monte Carlo description. The correct ion f o r  a x i a l  inleakage 

is obtained as i n  Section 2(b), with a negative a x i a l  

2 
buckling given by - l /eZJ Mere  dZ is the measured axial 

re laxa t  ion length . 

D. Ex~erimental Data 

BNL-Tho2-1 BNL-Tho2-2 BNL-Tho2-3 

Water/ fuel vol. .997 1.384 3.0043 
ratio 

Number of rods 511 '39 7 271 

b ~ Y  1.219 - + 0.024 1.257 - + 0.024 1.325 5 0.024 

~ 0 2  1.338 2 0.042 .903 2 0.038 .421 2 0.013 

Note: parameters correspond to a thermal cutoff of 0.625 eV - 
p02 = ratio of epichema1 to thermal captures in 

= Dysproekium-164 disadvantage factor - Ratio of the activations of 
l a 4 ~ y  in the moderator to tho*. in the fuel. 





E. Cmments and Documentation 

The measurements are described in references 1 and 2. Reference 3 

describes the analysis. 
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TEE= REACTOR BENCRMARXS NOS. 24-30 

A. Benchmark Name and Type: PNL-6 through PNL-12, homogeneous aqueous 

plutonium n i t r a t e  spheres and cyl inders .  

B. System Description 

This  series of b e a c h a r k s  cons i s t s  of seven homogeneous aqueous so lu t ions  

of plutonium n i t r a t e  with hydrogcnlPu239 r a t i o s  ranging from 125 t o  1067, as 

shown in Table 1. 

Critical volumes and compositions were determined. These b e n c h a r k s  

a r e  genera l ly  u se fu l  f o r  t e s t i n g  H20 s c a t t e r i n g  da ta ,  c ross  s ec t ions  f o r  

resonance and thermal f i s s i o n  of Pu.39 and the  Pu239 f i s s i o n  spectrum. PNL 10 

and PNL 11 have s i g n i f i c a n t  concentrat ions of Pu240, Pu241, and Pu242. 

Model Descript ions 

It is suggested t h a t  t he  mul t ip l i ca t ion  f a c t o r  be obtained using an 

S (N > 4 ) ,  o r  equivalent  Pi, multigroup onedimensional  ca lcu la t ion .  N 

A more de t a i l ed  model, s u i t a b l e  f o r  Monte Carlo analyses ,  represents  

t he  system e x p l i c i t l y  i n  th ree  dimensions with some s imp l i f i ca t ion  of 

aux i l i a ry  s t ruc tu re .  

Spec i f ica t ions  f o r  t hese  models are given sepa ra t e ly  f o r  each assembly, 

along with composition da t a  and e x p l i c i t  de sc r ip t ions  of t h e  assemblies. 

D. General Reference 

U.P. Jenquin and S.R. B i e r m a n ,  "Benchmark Experiments t o  Test Plutonium 

and S t a i n l e s s  S t e e l  Cross Sections", NOREG/CR-0210 (PNL-2273) June 1978. 



Table 1 

Sumnary of Atomic Ratioe for  Benchmarks PNL-6 through PNL-12 

B/Pu 

PNL-6 125 

PNL- 7 980 

PNL-8 7 58 

PNL-9 910 

PNL- 10 210 

PNL-11 623 

PNL- 12 1067 

(Revised 8-80) 



Benchmark No. 24 (PNL-6) 

GENERAL DESCRIPTION: 

Stainless steel (type 304L) sphere, unreflected and filled with a 
homogeneous aqueous solution of Pu(4.57) (NO ) at 125H:Pu. This is a 
revised description of PNL-2. 3 4 

DATA SOURCE: 

R.C. Lloyd, Battelle Pacific Northwest Laboratories, Richland, Washington 
99352. 
R.C. Lloyd, C. R. Richey, E.D. Clayton, and D.R. Skeen, "Criticality 
Studies with Plutonium Solutions," N.S. & E. 25, 165-173, (1966). 

COMPOSITION OF  FUEL^) : 
Nuclide WtX 3 0 10 Atoms/m 3 

Solution Density, kg/m 3 3 1429.00 f 5.72 
Plutonium Concentration, kg/m 172.30 + 0.86 
Excess Nitrate Concentration, Molarity 4.96 f 0.12 
H:Pu, Atom Ratio 124.8 k 0.9 

a)~ater and hydrogen ion concentration adjusted to obtain density and 
total nitrate reported by data source. 

Nuclide Wt% 3 0 10 Atomslm 3 

Fe 74.0 6.331 x 10'~ 

3 
b)304L Stainless Steel at  7.93 Mg/m . 

COMPOSITION OF REFLECTOR: 

None 



Benchmark No. 24 (PNL-6) 

DIMENSIONS OF EWERIMENTAL VESSEL: 

Inside Radius, mm 193.18 + 0.02 
Vessel  Wall Thickness, m 1.22 t - 

DELAYED CRITICAL CONFIGURATION: 

Unref l ec ted  assembly c) 

17.5 mm OD TUBE 
( L58 mm WALL) 

200 OD x 16 mm THICK - 57.2 mm OD PlPE 
11.65 mm WALL) 

386.4 mm l D SPHERE 
(L22 mm W A N )  

Core Temperature, K 
Room Temperature, K 

5 1 0 0  x 9.5 mm THICK 

104.8 OD x 16 mm THICK 

57.2 mm OD PlPE 
(3.05 mm WALL) 

C)Experimentally determined corrections for  the v e s s e l  and piping 
increases the spherical  c r i t i c a l  volume for  t h i s  so lut ion  t o  
0.0311 m3.  

Reflected assembly 

None 



Benchmark No. 24 (PNL-6) 

Unreflected.spherica1 plutonium nitrate solution 
(no vessel) 

R = 19.5085 cm 

Atomic number densities as shown on page T(24-30)-3. 

Spherical model. Atomic number densities as shown 
on page T(24-30)-3. 



Benchmark No. 25 (PNL-7) 

GENERAL DESCRIPTION : 

S t a i n l e s s  steel (Type 347) sphere,  r e f l e c t e d  with a t  l e a s t  30 cm of 
water and f i l l e d  with a homogeneous aqueous so lu t ion  of Pu (0.54) 
(NO3) a t  980 H:Pu. 

DATA SOURCE: 

F.F. Kruesi, J . O .  Erlanan, and D.D. Lanning, " C r i t i c a l  Mass Studies of 
Plutonium Solutions," EW-24514 DEL, p 67, 1952. 

COMPOSITION OF FTJEL~) : 

Nuclide W t X  30 10 Atomelm 
3 

Fe 0.0134 + 0.0002 1.5457 x 1 0 ' ~  

Solution Density, kglm 3 
3 1069.2 + 0.3 

Plutonium Concentration, kg/m 26.3 + 0.3 
Excess Nitrate, Concentration, Molari ty 0.806 + 0.009 
H:Pu, Atom Ratio 979.6 + 9.9 

a ) ~ a t e r  and hydrogen ion concentra t ion adjus ted t o  ob ta in  dens i ty  
and t o t a l  n i t r a t e  reported by da ta  source 

COMPOSITION OF EWERIMENTAL  VESSEL^) : 
Nuclide WtX 

3 0 3 - 18 Atomsjm - 

b)347 S t a i n l e s s  S t e e l  a t  7.95 Mg/n 3 

COMPOSITION OF REFLECTOR') : 

Nuclide 

H 

0 



Benchmark No. 25 (PNL-7) 

DIMENSIONS OF EXPERIMENTAL VESSEL: 

I n s i d e  Radius o f  Sphere, mm 
Vessel Wall Thickness ,  nun 

DELAYED CRITICAL CONFIGURATION : 

Unref l e c t e d  Assembly 

None 

Water R e f l e c t e d  Asaembly d 

R e f l e c t o r  and c o r e  temperature, K 299 .8  2 0 . 3  
Room temperature, K 297 .0  2 - 

d ) ~ h e  v e s s e l  neck i n c r e a s e s  t h e  crit ical  m a s s  by a maximum 
o f  50 mg of Pu. 



Benchmark No. 25 (PNL-7) 

Soherical  Model. Atomic number d e n s i t i e s  a s  shown on 

page T(24-30)-6 except f o r  2 3 9 ~ u  = 6.5998 x and 
3 

2 4 0 ~ ~  = 3.5689 x ( i n  u n i t s  of lo3' atoms/m ). 



Benchmark No. 25 (PNL-7) 

2 )  PNL-7B 

Monte Carlo Model. Atomic number densities as shown 

on page ~ ( 2 4 - 3 0 ) - 6 .  Atomic number densities for tank 

same as experimental vessel .  



Benchmark No. 26 (PNL-8) 

GENERAL DESCRIPTION: 

Stainless steel (Type 304L) sphere, reflected with 6.604 mm of Type 
304L steel and filled with a homogeneous aqueous solution of Pu (4.57) 
(N03)4 at 758 H:Pu. 

DATA SOURCE: 

R.C. Lloyd, Battelle, Pacific Northwest Laboratories, Richland, Washington 
99352. 
R.C. Lloyd, C.R. Richey, E.D. Clayton, and D.R. Skeen, "Criticality Studies 
with Plutonium Solutions," N.S.&E. 25, 165-173 (1966). 

COMPOSITION OF ~ T E L ~ )  : 

Nuclide Wt% 3 0 10 Atoms/m 3 

Pu-238 

Pu-239 3.0322 + 0.0152 8.2232 x lo'5 

Pu-240 0.1456 C 0.0007 3.9321 x loP6 

Solution Density, kg/m 3 3 1076.0 + 4.3 
Plutonium Concentration, kg/m 34.3 + 0.2 
Excess Nitrate Concentration, Molarity 0.49+ 0.02 
H:Pu, Atom Ratio 758.0 + 0.2 

=)water and hydrogen ion concentration adjusted to obtain density 
and total nitrate reported by data source 

Nuclide WtA 

Fe 74.0 
Cr 18.0 

b)304~ Stainless Steel at 7.93 Mg/n 3 

COMPOSITION OF REFLECTOR: 

Same as experimental vessel. 



Benchmark N o .  26 (PNL-8) 

DIMENSIONS OF EXPERIMENTAL VESSEL: 

I n s i d e  R a d i u s ,  nnn 193.18 + 0.02  
V e s s e l W a l l T h i c k n e s s , m m  1 .22  + -  

DELAYED CRITICAL CONFIGURATION: 

U n r e f  l e c t e d  A s s e m b l y  

None 

S t e e l  R e f l e c t e d  A s s e m b l y  

17.5 mm OD TUBE 
(L58 mm WALL), 

2 0 0 O D x  16mm THICK 

57.2 mm OD PlPE 
(1.65 mm WALL) 

127 mm 386.4 mm l D SPHERE 
1L22 mm WALL) 

R e f l e c t o r  and c o r e  t e m p e r a t u r e ,  K 299.8 + 2 
Room T e m p e r a t u r e ,  K 297.0  + 2 

FlSSlLE 
SOLUTION 

7.824 mm 

5 1  OD x 9.5 mm THICK MODx 16mmTHICK 

- 57.2 mm OD PIPE 
(3.05 mm WALL) 

DIA ROD -I- 

-4 



Benchmark No. 26 (PNL-8) 

Spherical Model. Atomic number densities as shown on 
page T (24-30) -1 1. 

STEEL 
REFLECTOR 

Monte Carlo Model. Atomic number densities as shown on 
page T(24-30)-11. 

.STEEL REFLECTION 



Benchmark No. 27 (PNL-9) 

GENERAZ, DESCRIPTION : 

Stainless steel (Type 304L) cylinder, unreflected and partially 
filled with a homogeneous aqueous solution of Pu(13.8) (NO ) at 
91OH:Pu 3 4 

DATA SOURCE: 

F. Abbey, P .J. Hemmings, and E.R. Woodlock, "Data Checks on Plutonium 
Systems", HSRC/CSC/p. 24, (UK) 

J.C. Smith, (Title unknown), HSRC/CSC/p. 30 (1964) (UK) 

COMPOSITION OF FITEL: 

Nuclide Wt% 
3 0 10 Atoms/m 3 

- 

Solution Density, kg/m 3 3 1063.3 
Plutonium Concentration, kg/m 28.5 
Excess Nitrate   on cent ration, Molarity 0.55 
H:Pu, Atom Ratio 910 

Nuclide WtZ 3 0 10 Atoms/m 3 

Fe 74.0 6.331 x 10'~ 

Cr 18.0 1.654 x 10'~ 

Ni 8.0 6.510 x 

a ) 3 0 4 L  Stainless Steel at 7930 kg/. 3 

COMPOSITION OF REFLECTOR: 

None 



Benchmark No. 27 (PNL-9) 

DIMENSIONS OF EXPERIMENTAL VESSEL: 

Ins ide  Radius, m 
Ins ide  Height, mm 
Side W a l l  Thickness, mm 
End Thicknesses, mm 

"It is  not  c l e a r  whether t h e  vesse l  radius  is i n t e r n a l  o r  ex te rna l .  

b ) ~ o t  given. 

A I R  

' 
t 

C r i t i c a l  height  of so lu t ion ,  mm 364.03') 
Ref lector  and core temperature, K d )  
Room temperature, K d) 

' ) I t  is not  c l e a r  whether a cor rec t ion  has been made f o r  t h e  e f f e c t s  
of t h e  feed pipe. The cor rec t ion  might amount t o  2.5 mm (max.) i n  
t h e  c r i t i c a l  height.  

d ) ~ o t  given 

REFLECTED ASSEMBLY 

None 



Benchmark No. 27 (PNL-9) 

1) PNL-9 

Cylindrical Model. Atomic number densities as shown 

on page T(24-30)-13. Assume temperature 300'~. 

I VOID 

0.1626cm - 

VOlD 



Benchmark No. 28 (PNL-10) 

GENERAL DESCRIPTION: 

S t a i n l e s s  steel ( type 304L) cyl inder  r e f l e c t e d  wi th  a t  least 200 mm 
of water on s i d e s  and bottom, and p a r t i a l l y  f i l l e d  with a homogeneous 
aqueous so lu t ion  of Pu (8.4) (NO ) a t  210 H:Fu. 

3 4 

DATA SOURCE: 

R.C. Lloyd, E. D. Clayton, and L.E. Hansen " C r i t i c a l i t y  of Plutonium 
N i t r a t e  Solut ion Containing Soluble Gadolinium", Nucl S c i  & Engr 48, 
300-304, (1972). 

COMPOSITION OF 

Nuclide 

Pu-238 

Pu-239 

Pu-240 

Pu-241 

Pu-242 

N 

0 

Solut ion Density, kg/m 3 
3 

1255.2 
Plutonium Concentration, kg/m 11 6 
Excess N i t r a t e ,  Concentration, Molari ty 1.91 
H:Pu, Atom Ratio 209.6 

a ) ~ a t e r  and hydrogen ion concentra t ion adjus ted t o  ob ta in  dens i ty  
and t o t a l  n i t r a t e  reported by d a t a  source. 

COMPOSITION OF EWERIMENTAL VESSEL : b, 

Nuclide W t %  
30 3 - 10 Atoms/m 

Fe 72.0 6.175 x loe2 

C r  18.0 1.658 x 10 '~  

N i  10.0 8.158 x 10'~ 

b)347 S t a i n l e s s  S t e e l  at 7950 kg/m3 

Nuclide W t X  30 3 - 10 Atoms/m 
H 11.19 6.668 x 10" 

0 88.81 3.334 x 10'~ 

"water a t  296 + 2K 



Benchmark No. 28 (PNL-10) 

DIMENSIONS OF EXPERIMENTAL VESSEL: 

Inside Radius, mm 
Inside Height, mm 
Side Wall Thickness, mm 
End Thicknesses, mm 

DELAYED CRITICAL CONFIGURATION: 

Unrefgected Assembly 

None 

Water Reflected Assembly 

Critical height of solution, nrm 
Reflector and core temperature, K 
Room temperature, K 



Benchmark No. 28 (PNL-10) 

Cylindrical Model. Atomic number densities as shown on 
page T(24-30)-16. Atomic number densities for tank same 
as experimental vessel.  H 115.44 cm. 

C 

VOlD 

0.277 
c rn VOID 



Benchmark No. 29 (PNL-11) 

GENERAL DESCRIPTION: 

S t a i n l e s s  steel (type 304L) cyl inder  r e f l e c t e d  with a t  least 200 mm 
of water on s ides  and bottom, and p a r t i a l l y  f i l l e d  wi th  a homogeneous 
aqueous s o l u t i o n  of Pu (42.9) (N03)4 a t  623 H:Pu. 

DATA SOURCE: 
R.C. Lloyd, B a t t e l l e ,  P a c i f i c  Northwest Laborator ies ,  Richland, 
Washington 99352 
R.C. Lloyd, and E.D. Clayton "The C r i t i c a l i t y  of High Burnup Plutonium", 
Nucl. Sci. & Engr. 52, 73-75 (1973). -- 

COMPOSITION OF FUEL : a) 

Nuclide 

Am-241 

Solution Densit kg/m3 3.  Plutonium, kg Im 
Excess Ni t ra te ,  Molarity 
H:Pu, Atom Ratio 

W t X  

a ) ~ a t e r  and hydrogen ion concentration adjusted t o  obta in  densi ty  and 
t o t a l  n i t r a t e  reported by da ta  source. 

Nuclide W t %  - 
Fe 74.0 

C r  18.0 

b)304L S t a i n l e s s  S t e e l  a t  7930 kglm 
3 

COMPOSITION OF REFLECTOR:C) 

Nuclide Wt% - 
H 11.19 

0 88.81 

C ) ~ a t e r  a t  296K 



Benchmark No. 29 (PNL-11) 

DIMENSIONS OF EXPERIMENTAL VESSEL: 

Inside Radius, mm 
Inside Height, mm 
Side Wall Thickness, mm 
End Thicknesses, mm 

DELAYED CRITICAL CONFIGURATION 

Unreflected Assembly 

None 

Water Reflected Assembly 

Critical height of solution, mm 
Reflector and core temperature, K 
Room temperature, K 



Benchmark No. 29 (PNL-11) 

1) PNL-11 

Cylindrical Model. Atomic number densities as shown on 
page T(24-30)-19. Atomic number densities for tank same 
as experimental vessel. 



Benchmark No. 30 (PNL-12) 

GENERAL DESCRIPTION: 

S t a i n l e s s  s t e e l  sphere r e f l e c t e d  uniformly with water. Completely 
f i l l e d  wi th  a homogeneous aqueous s o l u t i o n  of Pu (4.6) ( ~ 0 ~ ) ~  a t  
1067 H:Pu. 

DATA SOURCE: 

R.C. Lloyd, B a t t e l l e ,  P a c i f i c  Northwest Laborator ies ,  Richland, 
Washington 99352 
R. C. Lloyd, e t  al. , " C r i t i c a l i t y  Studies  wi th  Plutonium Solution",  
Nucl Sc i  h Engr 25, 165-173 (1966) -- 

COMPOSITION OF F U E L : ~ )  

Nuclide W t X  30 
10 Atoms/m 

3 

Pu-239 2.190 f 0.014 5.848 x 

3 
Solut ion Density kglm 
Plutonium Density kglm 
Excess N i t r a t e  Molari ty 
H:Pu Atom Ratio 

"water and hydrogen ion concentra t ion adjus ted t o  ob ta in  dens i ty  and 
t o t a l  n i t r a t e  r epor t ed  by d a t a  source. 

COMPOSITION OF EWERIMENTAL VESSEL :b) 

Nuclide W t Z  
30 

10 Atoms/m 
3 

Fe 74.0 6.331 x 10'~ 

C r  18.0 1.654 x lo-= 

3 
b ) 3 0 4 ~  S t a i n l e s s  S t e e l  a t  7930 kglm 

COMPOSITION OF REFLECTOR: 

Nuclide W t X  - 
H 11.19 



Benchmark No. 30 (PNL-12) 

DIMENSIONS OF EXPERIMENTAL VESSEL: 

Ins ide  Radius of Sphere 
Vessel Wall Thickness 

DELAYED CRITICAL CONFIGURATION: 

Unreflected Assembly 

None 

Water Reflected Assembly d 

Reflector and core  temperature, K 296 5 2 
Room temperature, K 294 + 2 

d ) ~ h e  vesse l  neck and t h e  support column increase  t h e  c r i t i c a l  
volume by -0.4% (Reference: R.C. Lloyd, e t  a l . ,  " C r i t i c a l i t y  
Studies with Plutonium Solutions," NSdE 25, 171 (1966) 



Benchmark No. 30 (PNL-12) 

1) PNL-12A 

Spherical Model. Atomic number densit ies  as shown on 
page T(24-30)-22. 

REFLECTOR 



Benchmark No. 30 (PNL-12) 

Monte Carlo Model. Atomic number d e n s i t i e s  as shown on 
page T(24-30)-22. 

2.555 cm RADIUS r r  
"20 

REFLECTOR 

19.318 cm 

0.1 22 cm 

2.555 cm RADI 





THERMAL REACTOR BENCIIMARKS NOS. 31-36 

(PNL-30 through PNL-35) 

A. Benchmark Name and Type 

PNL-3(T through 35, %O moderated Mixed Oxide La t t i ce s ,  

B. System Descript ion 

These experiments c o n s i s t  of 820 moderated l a t t i c e s  fue led  by compacted 

p a r t i c l e s  of U02 -2wtX Pu02. The plutonilnn contained 8% Pu-240. The f u e l  

rods (O.D. 1.4352~~11) were c lad  i n  z i r c a l l o y  and arranged i n  a square 

l a t t i c e .  C r i t i c a l  conf igura t ions  were determined f o r  t h ree  l a t t i c e  spacings,  

with borated and- unborated moderator. Very l i t t l e  a d d i t i o n a l  experimental 

da t a  is ava i lab le .  

C. Model Descript ion 

A simple model ( i n f i n i t e  square l a t t i c e  c e l l )  is defined f o r  methods 

comparison purposes. In  add i t i on ,  a f u l l  core model is defined f o r  

c a l c u l a t i o n  of keff.  

1. Simple Model 

An i n f i n i t e  square c e l l  l a t t i c e  ca l cu la t ion  with r e f l e c t i n g  

boundary condit ions is the preferred model. Al te rna t ive ly  a 

c y l i n d r i c a l  c e l l  can be ca lcu la ted  with white boundary conditions.  

Tables I and 2 give the spec i f i ca t ions  f o r  PNL-30 through 35. 

Suggested method of ca lcu la t ion :  

In t eg ra l  t r anspor t  theory, Monte Carlo, o r  Multigroup Sn with s p e c i a l  

treatment of resonance region. 



Table 1 

Physical Properties of Lattice Cell 

Region Outer Radius (cm) Isotope 

Fuel -6414 

Clad 

Moderator 

Concentration 

1024 atoms/cm 3 

3 . 9 7 4 ~ 1 0 ~ ~  

3 . 3 4 4 ~ 1 0 - ~  

1 . 6 0 ~ 1 0 - ~  

1.20~10-7 

1 . 5 0 4 ~ 1 0 ' ~  

2 . 0 7 3 ~ 1 0 - ~  

4.40 1 x 1 0 - ~  

4 . 2 2 6 ~ 1 0 - ~  

6.67 l x 1 0 - ~  

3 . 3 3 6 ~ 1 0 - ~  

see Table 2 

*Square l a t t i c e s  with a pitch of 1.77800, 2,20914, and 2.51447~111 respectively. 





2. Fu l l  Core Model 

Figure 1 shows the a x i a l  model fo r  these l a t t i c e s .  They are  f u l l y  

r e f l ec t ed  by water (z20cm) on the s ides  and bottom. The top r e f l e c t o r  is 

15.24 cm th ick  fo r  assemblies 30, 31, 33, and 35. It is 5.72 cm th ick  for  

assembly 32 and 2.29 cm th ick  fo r  assembly 32 and 2.29cm th i ck  for  assembly 

34. Figures 2-4 show r a d i a l  quar te r -core  representa t ions  fo r  f i v e  of the  s i x  

l a t t i c e s .  PNL-33 (0.87 inch p i t ch )  has the same geometric conf igura t ion  as  

PNL-31 (0.70 inch p i t c h ) .  These cores  may be represented by 1/8 core 

syme t ry .  Figure 5 shows the f u l l  core representa t ion  f o r  PNL-32, which does 

not have core synmetry. 

Addit ional  atomic number d e n s i t i e s  fo r  the f u l l  core model a r e  given i n  

Tables 3 and 4. 

Correct ions to ca l cu la t ed  keff  (Table 2) s h a l l  be used t o  account fo r  

Pu02 p a r t i c l e  e f f e c t s  not spec i f i ed  i n  the  c a l c u l a t i o n a l  model. These cores  

were s l i g h t l y  s u p e r c r i t i c a l  fo r  the conf igura t ions  spec i f i ed .  Experimental 

values of excess  mu l t ip l i ca t ion  a r e  given i n  Table 2. 



AXIAL REPRESENTATION OF PNL ASSEMBLIES 
DIMENSIONS IN CENTIMETERS 

Fig. 1 Axial Model 



Table 3 

Assembly 

Atomic Number Densities for Homogenized "Egg Crate" . 

- Stnrcture plus H20* ('see Fig. 1) 

Concentration atoms/cm 3 

H 0 All ~ O B  

*For the purpose of benchmark calculations the egg crate structure i s  
terminated a t  the core boundary. 



Table 4 

Additional Atomic Number Densities for the Full-Core Model 

U02 a t  bottom of 

Fuel Rod 

23% 

235u 

2 3 8 ~  

ke Plate 

Pb Shield i 

Concentration 

1024 atoms/== 3 

1 . 1 5 0 ~ 1 0 - ~  

1 .532x10-~  

2 . 1 1 2 3 x l 0 - ~  

4 . 2 5 5 5 ~ 1 0 - ~  



PNL-34 (u-LZIOI 0.99 lmcn PItcn 
QUARTER - CORE RADIAL SLICE 

PNL-30 (U-L286) 0.70 INCH PITCH 
QUARTER- CORE RADIAL SLICE 

Fig. 2 PNL-30 and PNL-34 

C 

CL 

0  
"20 

REFLECTOR 

0 0 0 0 0 0 0 C  
n n n n n n n f  

0 0 0 0 0 ~  
0 0 0 0 0 0 c  
0 0 0 0 0 0 c  

O O O C  
0 0 0 0 C  



PNL-31 ( u - L ~ ~ O )  0.70 INCH PITCH 
QUARTER- CORE RADIAL SLICE . 

H20 
REFLECTOR 

Fig. 3 PNL-31 



PNL-35 (U-L232) 0.99 INCH PITCH 
Q-UARTER - CORE RAD 1 A L  SLICE 

REFLECTOR 

I CL 



PNL-32 (U-L189) 0.87 INCH PITCH 
F U L L  - CORE RADIAL SLICE 

Fig. 5 PNL-32 



D. Data t o  Report 

In  addition t o  k -  and keff t he  following q u a n t i t i e s  should be 

repor ted  : 

1. I so top ic  r eac t ion  r a t e s  i n  t h e  following four  groups f o r  t he  

l a t t i c e  c e l l  and the  f u l l  core.  

Group  per El-r 

1 10 MeV 821 keV 

2 821 k V  5.53 keV 

3 5.53 keV 0.625 eV 

4 0.625 eV 0.00001 e V  

These r a t e s  should be normalized t o  one neutron born of a l l  f i s s i o n .  
- 

2. Disadvantage f a c t o r s  [(f uel~Lderator 1 f o r  both the  l a t t i c e  c e l l  

' a n d  the  f u l l  core by energy group. 

3. I n f i n i t e  c e l l  o r  core  average microscopic i s o t o p i c  c ros s  s ec t ions  

i n  four  groups. These are derived from the  appropr ia te  r e a c t i o n  r a t e s  and 

f l u x e s  (Items 1 and 2). 

4. I n f i n i t e  Cel l  L a t t i c e  Parameter 

p28 = Epithermal t o  thermal U-238 capture  r a t e  

625  = Epithermal t o  thermal U-235 f i s s i o n  r a t e  

628 = U-238 f i s s i o n  r a t e  t o  U-235 f i s s i o n  r a t e  

CR = U-238 capture  r a t e  t o  U-235 f i s s i o n  r a t e  

649 = Epithermal t o  thermal -239 f i s s i o n  r a t e  

"25 = U-235 f i s s i o n  r a t e  t o  -239 f i s s i o n  r a t e  
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