
BNL 19302, VOL. II 
ENDF-202 

CROSS SECTION EVALUATION WORKING GROUP 
BENCHMARK SPECIFICATIONS 

VOLUME II 

d a t a  

C e n t e r  



BENCHMARK SPECIFIC~~TIONS ' 
November 1974 

B R O O K H A V E N  N A T I O N A - L  L A B O ~ A T O R Y  

A S S O C I A T E D  U N I V E R S I T I E S ,  [ N C .  
UNDER CONTRACT NO. AT(30-1)-16 WITH THE 

UNITED STATES ATOMIC ENERGY CQMM;I%I~N' 

Research supported by the United States Atomic Ene~gy Commission. 



N O T I C E  

This report was prepand as an account of work sponsored by the United States 
Government. Neither the United States nor the United States Atomic Energy Com- 
mission, nor any of their employees, nor any of their contractors, subcontractors, or 
their unployets, make8 any warranty, express or implied, or assumes any legal liability 
or responsibility fbr the accuracy, completeness or usefulness of any information, 
apparatus, product or process disclosed, or represents that its use would not infringe 
privately owned rights. 

Printed in  the United States of America 

November 1974 600 copies 



CROSS SECTION EVALUATION WORKING GROUP DOSIMETRY 

BENCHMARK COMPILATION 

CSEWG S h i e l d i n g  Subcommit tee 

S p e c i a l  A p p l i c a t i o n s  F i l e  Subcommittee 

September 1982 



DOSIMETRY BENCHMARK CONTENTS 



DOSIMETRY BENCHMARK NO. 1 

A. Benchmark Name and Type: CFRMF (Coup1 ed Fast  R e a c t i v i t y  Measurements 

Fac 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  neut ron spectrum 

zone i n  t h e  cen te r  o f  an enr iched 2 3 5 ~ ,  water-moderated, thennal d r i ve r .  . 

B. System Desc r i p t i on  

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

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

thermal d r i ve r .  The core  i s  contained 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. Conventional 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  thermal 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 ue led  p o r t i o n  

o f  t h e  core i s  60.96 cm long. Accounting f o r  t h e  water  annulus 

around each f u e l  element, t h e  cross sec t i ona l  area occupied by each 
2 f u e l  element i s  69.4512 cm . Tota l  f u e l  load ing  i s  5698.9 gm 235u . 

The t o t a l  cross sec t iona l  area o f  t h e  f o u r  cruciform-shaped sa fe t y  
2 rods i s  86.2837 cm . 

The f a s t - f i l t e r  assembly cons i s t s  p r i m a r i l y  o f  a l a r g e  depleted 

uranium b lock (14.52 cm square x 60.96 cm long, weighing approximately 

21 7 kg)  surrounded by 0.635-cm-thick 50 w t  % bo ra l  s i de  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 ho le  d r i l l e d  through 

i t s  a x i a l  cen te r  and a1 igned v e r t i c a l l y  w i t h  t h e  core fue l .  Concentr ic  

annul a r  sleeves o f  ' O B  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  a1 ho le  

i n  t h e  2 3 8 ~  block. The boron sleeve has a 0.635-cm t h i c k  annulus 

o f  90% enr iched OB c r y s t a l  1 i n e  powder v i  brocompacted t o  a d e n s i t y  
3 o f  1.355 g/cm and weighing 437.05 g. The enr iched uranium s leeve 

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



Fig. 1 Cutaway p i c t o r i a l  diagram showing general assembly o f  the  CFRMF. 

D l  -2 



which weighs 1494.7 g. Both s leeves a re  c l a d  w i t h  0.0305-cm-thick 

s t a i n l e s s  s t ee 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 region, 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 ob jec t s  w i t h  e f f e c t i v e  diameters up t o  3.78 cm. 

C. Model Descr i    ti on 

1. One-Dimensional Model 

A f u l  1  co re  one-dimensional c y l  i n d r i c a l  model has been developed 

t o  represent  t h e  CFRMF. Al though many f ea tu res  o f  - t h e  fas t -zone 

assembly a re  rectangul  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 represent  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  neut 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 r e  g iven  i n  Table 1. A vacuum boundary 

c o n d i t i o n  should be app l i ed  a t  t h e  ou te r  boundary. Var ious 

reg ions o f  t h e  model a re  based on conserva t ion  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. 

-, - - z -  <. .. - -I  . " 
The f a s t  f i l t e r  assembly ( reg 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 Gef lec ted 

thermal d r i v e r  ( r eg ions  17 through 22) have been s u b s t a n t i a l l y '  . 
homogenized. The 'OB sleeve ( reg ions  5 th rough-7 )  and t h e  bora l  

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

t h e  number o f  mesh p o i n t s  required. The reg ion  widths and mesh 
,, 

spacing used a l l ow  f o r  a  s u f f i c i e n t  r educ t i on  o f  t h e  f l u x  i n  t h e  

pe r i phe ra l  reg ions so t h a t  any e r r a t i c  f l u x  behav ior  which ' 

might  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  ou t s i de  these h e a v i l y  s e l f - s h i e l  ded regions. The 

deple ted uranium b lock has been s p 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 cross sec t ions  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  theory  using, n=6. An a x i a l  buck1 i n g  o f  0.001.769 - f o r  A . . 
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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  generat ion of mu1 t i g r o u p  represen ta t ions  o f  t he  c e n t r a l  

f 1 ux spectrum. 

2. Two-Dimensi onal 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 iven 

i n  re ferences 2 and 5. 

D. Experimental Data 

1. F iss ion-Rate Rat ios  a t  Core Center 

React ion Nucl ides  F i  ssion-Rate R a t i o  

232Th/235u 0.0130 + 3.01 - 
238 235u u/ 0.0490 - + 1.4% 
237Np,235u 0.354 + 2.3% - 
239pu/235u 1.145 + 1.5% - 

Spectrum-Averaged Cross Sect ions a t  Core Center 

a. Non-Fission Dosimeters 

React ion 

6 ~ i  ( n , ~ e )  

O ~ ( n , ~ e )  

"A l  

2 7 ~ 1  (n, a )  2 7 ~ g  

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

4 6 46~i (n,p) Sc 

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

942.1 2 2.9% 

1850. - + 3.6% 

0.863 - + 3.4% 

0.1596 - + 3.0% 



a. Non-Fi s s i on  Dosimeters ( con t  I d )  

React ion 

b. F i ss i onab le  Dosimeters 

React ion 

c. Higher  A c t i n i d e s  

React ion 

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

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

19.6 - + 5.2% 

290. + 3.8% - 
1538. - + 3.1% 

75.1 + 3.3% - 
217. - + 3.7% 

548. + 3.3% - 
1792. - + 2.2% 

I n t e g r a l  Cross Sect i o n  
(rnb) 



c. H igher  Ac t i n i des  ( c o n t ' d )  

React ion 

2 4 2 ~ u ( n , f )  

241~m(n,y) 

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

d. F iss ion-Product  Nucl ides:  Neutron Capture 

Nucl i de 

8 7 ~ b  

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



d. F iss ion-Product  Nuc l ides:  Neutron Capture ( c o n t ' d )  

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

90 - + 25% 

17.6 - + 5.2% 

18.4 - + 7.4% 

73 + 15% - 
58 - + 6.5% 

89 + 14% - 
66.6 - + 12% 

641 - + 13% 

277 - + 6.4% 

3. Cen t ra l  Neutron F l u x  Spectrum 

a. 6 ~ i  Spectrometry 

Lower Lower 
Group t 

F lux  
Group 
Number 

Energy 
(keV) 

Group 
Number 

Energy 
(keV) 

Group F lux :  Values t a b u l a t e d  a re  r e l a t i v e  group f l u x  
p e r  u n i t  l e thargy .  



a. 6 ~ i  Spectrometry ( con t  I d )  

Lower Lower 
Group Energy Group Group Energy 
Number (keV) F l ux  Number (keV) 

b. Proton-Recoi 1 Spectrometry 

Lower Lower 
Group Energy Group Group Energy 
Number (keV) F lux  Number (keV) 

Group 
F l u x  

Group t 
F l  ux 

Group f l u x :  Values t abu la ted  a re  r e l a t i v e  group f l u x  
pe r  u n i t  l e thargy .  



b. Proton-Recoi 1  Spectrometry (con t  ' d )  

Lower Lower 
Group Energy Group Group Energy Group 
Number (keV) F l ux  Nuniber (keV) F l u x  

E. Cal c u l  a ted  Resul 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 ions  c a l c u l a t e d  w i t h  ENDFIB-V nuc lea r  da ta  

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

F. Cornrnents 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  approximately 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 o n  1  ocat  ion. The c e n t r a l  neut ron spectrum has 

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

t h e  neutrons between 4 keV and 4 MeV. 



An ex tens ive  program o f  measure~nents and c a l  c u l  a t i o n s  has been 

undertaken t o  cha rac te r i ze  t h e  c e n t r a l  neut ron spectrum. A c t i v e  

neut ron spectrometry has been done w i t h  p ro ton - reco i l  de tec to r s  4-6 

6 and w i t h  Li-semiconductor sandwich de tec t0 r s . l  The tabu1 ated 

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 ics  c a l c u l a t i o n a l  

s tandpoin t ,  t r anspo r t ,  Monte Ca r l o  and resonance theory  techniques 

have been appl ied.43598 D e t a i l s  o f  most o f  t h e  spectrum rneasure- 

ments and a  comparison o f  those measurements t o  neu t ron ics  

c a l c u l a t i o n s  w i t h  ENDF/B-I11 and ENDF/B-IV nuc lea r  data a re  

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

a  spectrum der i ved  f rom a  neu t ron ics  c a l c u l a t i o n  w i t h  ENDF/B-V 

nuc lea r  data i s  g iven  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  ana l ys i s  has been done f o r  t h e  CFRMF. 

Th is  work i s  documented i n  Refs. 9 and 10. I n  t h i s  study 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  neut 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  ENDF/B-V nuc lear  data 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 a r a l  Data 

a. Dosimeter Ma te r i  a1 s  

The spectrum-averaged cross sec t ions  which a re  compi led 

i n  t h i s  s p e c i f i c a t i o n  were der i ved  frorn 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  dosimeter r e a c t i o n - r a t e  

data 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  sec t ions  f o r  t h e  

non - f i s s i on  dosimeters (D.2.a), were de r i ved  from 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  

than  from 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 ions  f o r  t h e  f i s s i o n a b l e  dosimeters (D.2.b) were 



de r i ved  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 ions .  

P e r t i n e n t  d e t a i l s  concerning 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 re  found i n  Ref. 1. It should be noted t h a t  t h e  non- 

f i s s i o n  dosimeter 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 e d  t o  t h e  measured 

r e a c t i o n - r a t e  da ta  r epo r t ed  i n  Refs. 14 and 15. The 
6 cross sec t i ons  f o r  L i  and 'OB he1 ium p roduc t i on  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  depression and s c a t t e r i n g  i n  

t h e  sample packets.' 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  inc luded  i n  t h e  remain ing non - f i s s i on  

reac t i ons  f o r  t h e  reasons g iven  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 ing  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-averaqed cross 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  neu t ron  f i e l d ; 1 4  computed - 
2 3 9 ~ u ( n , f )  i n t e g r a l  c ross sec t i ons  o f  1789 mb 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 - + 
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  
2  7.94 x  10'' n/cm -set - + 2.7% was determined f o r  t h e  H E D L - V I  

i r r a d i  a t  i on. 

O lder  comp i la t ions  o f  spectrum-averaged cross sec t i ons  

f o r  these dosimeter r eac t i ons  a re  found i n  Refs. 22 and 

23. D i f f e rences  between t h e  dosimeter 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 re  d i  scussed i n -  f?ef. 1. 

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

f rom Ref. 24. 



b. Fission-Product and Higher A c t i n i d e  Ma te r i a l s  

Spectrum-averaged cross sec t ions  f o r  t h e  f i s s i o n  products, 

as tabu la ted  here under D.2.d, a re  based on t h e  i n t e g r a l  

data repor ted  i n  Ref. 25. Th is  compi la t ion25 prov ides an 

update t o  t h e  f i s s i on -p roduc t  i n t e g r a l  data repo r ted  i n  

Ref. 8. The h ighe r  a c t i n i d e  i n t e g r a l  cross sec t ions  

t abu la ted  here i n  D.2.c are based on t h e  i n t e g r a l  data 

repor ted  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 re l im ina ry  r e s u l t s  repor 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  point-wise,  f r e e - f i e l d  spectrum f o r  t h e  c e n t r a l  neut ron 

f i e l d .  The spectrum, tabu1 a ted  according t o  t h e  ENDF/B TAB1 format, 

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

energy bounds o f  t h e  620-group energy s t ruc tu re .  Th i s  f ine-group spectrum 

was der i ved  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 i ng  a  PI-S6 approx imat ion and ENDF/B-V nuc lear  data i n  t h e  

f i 1 t e r  assembly. D e t a i l s  about t h e  broad-group neu t ron ics  c a l c u l a t i o n  

a re  g iven  i n  Ref. 2 and d e t a i l s  concerning t h e  i n t e r p o l a t i o n  scheme f o r  

genera t ing  t h e  f ine-group spectrum a re  g iven i n  Ref. 1. 
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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 ENDFIB 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- 

marks  have been specified a t  various times by various people. These efforts 

a r e  recognized a s  having been very worthwhile. 

This report  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. All accepted benchmarks have been reviewed for completeness 

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

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, ANL 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 F a s 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-1B 

ZEBRA-2 

Z P R  - 3 -48 

Z P R - 6 - 7  

ZPR-6-6A 

ZPR-3-12  

Z P P R - 2  

SEFOR 

RESPONSIBILITY 

R.  LaBauve  L A S L  

H. Alter * A1 

B. A. ZolotalJr* A N L  

R. Prots ik  

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

**Electric Power Research 1ns titute,. 3412  illv view w venue, Palo Alto, CA 94304 
***Los Alamos Scientific 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. CSE WG benchmarks should therefore be 

selected for usefulness and ease of calculation and representation, and 

should be a s  f ree  a s  possible from 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 i f  the problem is  of 

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

amount of effort, to compare calculated results  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. 

B. System Description: This should be a description in English of 

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

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

cross  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 prescription should include: 

a. model dimensions and a figure; 

b. boundary conditions; 

c. atom densities in each region in units of atomslbarns cm; 

d. the perpendicular bucklings, which may be energy - and 

region-dependent, if  the geometry is  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  if resonance shielding for a particular 

nuclide is  important, then this fact might be noted; 

i. an estimate 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. 

I). Experimental Data: 

Experimental data with e r ro r  estimates should be presented for 

all 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 ro 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- lD,  etc.,  corrections. 

b. experimental spectral indices a t  the core center with 

e r ro r  estimates wherever possible. Correction factors 

may be required to allow for heterogeneity effects. 

c. material  worths a t  the core center including e r r o r  estimates 

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

10 A 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 cross  sections, Doppler effects, Rossi alpha, 

and leakage spectra should be included. E r r o r  estimates 

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 rather than averaged results.  This 

allows assessment of the meri ts  of various codes. Comments on 

the committee's experience with the specific benchmark could be 

included here. 



Comments and Documentation: 

This section should contain sufficient information to allow the 

user  first,  to comprehend the approximations inherent in the 

benchmark representation and how they were resolved, and 

second, to trace back through references the detailed calculation 

basis for the model. In particular, 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 ro r  estimate should be given for the 

process. 

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

converting from heterogeneous to homogeneous regions 

including an e r ro 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 

size effects, etc. In the case of central worths, the values 

of inhour s per % 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- 

system may be considerably different from those of the 

actual system, and that calculations to investigate this 

fact should be made. 

d. finally, the section must include references to the sources 

of information presented. The references should be to 

published documents or papers rather than inte ma1 memoranda. 



G. Limitations: 

The benchmark descriptions should not require any specifications 

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

production codes such as  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  bare sphere of plutonimn. 

B. Systems Descr ipt ion 

JEZEBEL i s  a bare  sphere of plutoniun metal. The s ingle-region,  simple 

geometry and uniform composition conveniently 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 spec ia l ly  fo r  the  plutoniun isotope 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 Descr ipt ion 

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

following composition. 1 

Isotope 

2 3 9 ~ u  

2 4 0 ~ u  

24 i pu 

Density , nuc lei/b-cm 

0.03705 

0.0017 51 

0.0001 1 7  

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  

theory,  S16, with 40 mesh i n t e r v a l s  i n  the  core ,  a vacuum boundary cond i t ion  

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

le thargy u n i t  widths and an upper energy of 10 WV. 

F1-1 (Revised 1 1 - 8 1 )  



D. Experimental Data 

1. Measured Eigenva lue: k = 1.000 2 0.002 

2.  Spectral Indices a t  Core Center 

a .  Central F i s s ion  Ratios 2 

b .  Central Activation Ratios 3 

Isotope 

51v 

5 5 b  

63 cu 

3 ~ b  

"'AU 

Thermal Normalization 
Value o f  an Y ,  barns 

9 

3. Rossi Alpha 

6 -1 a = - B~~~ /P - ( 0 . 6 4  +, 0.01) x 10 sec 

(Revised 1 1 - 8 1 )  



4.  Central R e a c t i v i t y  Worths 4 

Material  

H 

Be 

105 

C 

N 

0 

F 

A1 

Material 

Central Worth, 10 - 5  Lk/k/mole 

40  f 20 

30 + 2 

-490 + 10 
-14 + 2 

-44 + 2 

-19 + 2 

-36 + 2 

-28 + 0.2 

Central Worth, 1 0 ' ~  Ak/k/mole 

(Revised 11-81) 



5 .  Neutron Flux Spectrum 

a.  Leakage Spectrum 5  

The spectrum 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  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  112 l e t h a r g y  group s t r u c t u r e  (Emax = 10 MeV) wi th  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  20 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 Lower Lethargy L i m i t  

1 0.5 

. R e l a t i v e  Neutron Leakage 

3.1 2 0.5 

11.7 2 0.7 

17.7 f 0.7 

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 

D e v i a t i o n  of  t h e  c e n t r a l  spectrum f-rom t h e  2 3 9 ~ u  f i s s i o n  

spectrum is characterized by the following ratios of central high-energy 

s p e c t r a l  i n d i c e s  t o  t h e  co r re spond ing  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 

n ,  P 
a ( z 7 ~ l )  I ~ ~ , ~ ( ~ ~ P )  

n ,  P 
5 6 a  ( 

n,  P  
2  7  a  ( A ~ ) / U ~ , ~ ( ~ ~ P )  

n ,  a 

a  c 1  ( 3 1 ~ )  
n ,  2n n, P  

Ra t io  of  Cent v a l u e s  
t o  Value f o r  IfbPu F i s s i o n  Spectrum 

1.015t  0.016 

1.016 f 0.020 

1.033 + 0.015 

1.043 + 0.022 

1.050 + 0.030 

(Revised 11-81) 



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

Ca lcu la t ed  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 nn  

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  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  + 0.6%. 

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  + 0.2%. 
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  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  F la t top-25 and Big Ten and doub-le-rat io 

measurements connec t ing  t h e s e  t o  J ezebe l .  These measurements a r e  d e s c r i b e d  

be low. 

Measurement 
Location 

Big Ten 

Van d e  Graaf f  

f (  

F la t top-25 

TOPSY 

Big Ten 

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

Average: 

Average: 

F1-5 

Jezebe  1 Reference  

1.608(+2.2%) pre l im.  v a l u e  
from D.M.Gilliarn 

1.578(+1.7%) 

(Revised 11-81) 



Measurement 
Locat ion Value 

Big Ten 0.317(+2.2%) 

Van d e  Graaff 1.328(+2%) 

( E n  = 2.43 MeV) 

Big Ten 1.198(+1.5%) 

Double Ra t io  
t o  Jezebe l  

Average : 

1.055(+1.0%) 

1.055(+1 .ox> 

1.224(+1.2%) 

Average: 

Jezebe 1 Reference 

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 ob ta ined  from double 

r a t i o  measurements, connect ing the  thermal column o f  the  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  va lues  f o r  the  thermal c r o s s  s e c t i o n s .  

The da ta  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  w e r e  r e p o r t e d  i n  R e f .  3. 

Subsequently , the  thermal normal iza t ion  v a l u e s ,  and consequently the  

a c t i v a t i o n  c r o s s  s e c t i o 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  v o r t h s  were taken  from Ref. 4 

Cor rec t ions  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 group 

t r a n s p o r t  c a l c u l a t i o n s  based on ENDF/B-IV. The conve r s ion  from d o l l a r s /  mole 

t o  (Ak/k)/mole uses  t h e  f a c t o r  ' B e f f  = 0.00190 ( t h e  s u r f a c e  mass increment 

between de layed and prompt c r i t i c a l  gave 0.00189, t h e  c e n t r a l  void  c o e f f i c i e n t  

gave 0.00191, and ENDF/B-IV delayed neut ron  d a t a  gave 0.00186). 

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  f o r  t h e  spectrum is  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 .  

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

A .  I3cncl1mnrlc Narnc: and Type 

VERA - 1 1 A, a plutonium-plus -graphite asscml,ly. 

R. System Dcscri.ption 

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

plutonium and diluted with graphite. Assembly c o r e  height was 21-7  c m  

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

surrounded by a blanket consisting of depleted uranium and s ta in less  steel.  

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

neutron c r o s s  section data.  

C. Model Description 

1. One-Dimensional Model Description 

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

F igure  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 co re  and ref lector  

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

t r anspor 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 co re  and 40 in the ref lector .  

13.59 

RADIUS (cm) 

Figure 1 .  Spher ica l  Model of VERA-11A Assembly 



2. 'I'wo-Dirnc:nsional Modcl Dc:scription 

A two-dimensional (R  - Z )  cyl indrical  model  of thc V E R A  - 11A 

as sembly  i s  given in F igu re  2. Z e r o  r e tu rn  cu r r en t  boundary conditions 

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

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

gested the a s sembly  be calculated using a two-dimensional diffusion theory 

code. Suggested m e s h  i s  40 rad ia l  and axial  in te rva ls  in  the c o r e  and 

40 in te rva ls  for  the re f lec tor  thickness.  

CORE 

VACUUM 
REFLECTOR 

I 

I 13.22 

I 
G RADIUS (cm) 

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



Table I .  

VERA - 1 1A Region Compositions 

(Atoms / Barn-cm) 

* 
Reflector Material Core - 

.b -0. 

Composition (a)  should be used for calculations. 



D. Experimental Data 

1. Experimental Crit ical  Mass 33.81t0.06 Kg Pu-239 

Corrections for Edge Irregularit ies -0.97t0.3 

Finite Fuel Plate  Thickness + I .  37iO. 3 

Homogeneous Cylinder Crit ical  Mass 34.2*0.4 Kg Pu-239 

Experimental E igenvalue 1.000*0.003 

2. Experimental Spectral  Indices a t  Core Center Relative to (U-235) 
f 

wf ( 
U-238) = 0.0~7*0.002 

b f  
(Pu-239) = 1.07kO. 02 

af 
(Pu-240) = 0.475*0.020 

vf (N -237) = 0.43f0.02 
P 

cf (U -233) = 1.49a0.03 

3. Material  Worths a t  Core Center 

The measured reactivity coefficients for U-235, U-238, and 
3 

Pu-239 a t  the core center of VERA-1 1A were equated to perturbation 

c ross  sections by normalizing to a value of 1.901 barns  for U-235 cal-  

culated using the FD1 c ross  section l ibrary.  

Reactivity Coefficient, mb, 
Material  ' jnormalized to I901 for U-235) 

F. Comments and Documentations 

VERA - 1 1A was a cylindrical cr i t ical  assembly fueled with plutonium 

and diluted with graphite. Detailed descriptions of the experimenta have 

not been published. Model specifications a r e  those derived by McTaggart. ( 1 )  

(Revised 3-75) 



Thc cxperimcntal  c r i t ica l  m a s s  i s  33.81*0.06 K g  Pu-239. Correct ions 

for  edge i r rcgular i t ics  (-0. 97*0. 3)  and for finite fucl plate thickness 

(+ I .  37*0. 3) produce a homogeneous cylindrical c r i t i ca l  m a s s  of 34.2k0.4 

K g  Pu-239. P la t e s  in the fuel e lements  in VERA -1 1A f o r m  continuous 

planes perpendicular to the ax is  of the cylindrical core .  It was therefore 

possible to est imate cor rec t ions  for  heterogeneity (- 1.0% in k )  f rom infinite 

s lab  calculations. Applying a shape factor of 0.959 produces a homogeneous 

spherical  c r i t ica l  m a s s  of 32.8k0.5 Kg Pu-239, with the radius of the 

c r i t ica l  sphere  equal to 13.99*0.07 cm. Experimental  r e su l t s  were  

derived f rom resu l t s  quoted by McTaggart,  E3akerrZ' and Smith. 
( 3 )  

R. W. provided the following comment on the experiment: The 

cor rec t ion  for heterogeneity in VERA -1 1A i s  1.37 Kg Pu-239, McTaggart  

of AWRE has pointed out that heterogeneity measuremen t s  on'the cu r ren t  

re-build of VERA-11A suggest a heterogeneity cor rec t ion  n e a r e r  1.0 Kg 

Pu-239; the atom densi t ies  for lead and tin a r i s e  f r o m  the solder in the 

plutonium can; a figure of 95*15 p. p.m. of hydrogen in the graphite has 

beel. suggested to allow for possible mois ture  content in the graphite,  the 

effect of this mois ture  o r  k for VERA-11A i s  about to. 03% Ak/k. 
eff 

The est imated cor rec t ion  to the S eigenvalue for the "S," i s  -0.0024. 
8 

F o r  example, if the t ranspor t  theory, 
keff 

(S8), resu l t  was 0.9990, then 

the k (S,) resu l t  would be 0.9990-0.0024 = 0.9876. 
eff 
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FAST REACTOR BENCHMARK NO. 3 

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

B) System Description 

The ZPR-3 cons i s t s  of two halves ,  each a hor izon ta l  matrix 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 perfora ted s t a i n l e s s  s t e e l  drawers 

containing f u e l  and d i luen t  ma te r i a l s  of var ious  types. Assembly 48 was a small  

(400 l i t e r )  f a s t  c r i t i c a l  assembly with a s o f t  spectrum and other  c h a r a c t e r i s t i c  

r ep resen ta t ive  of current  LMFBR designs. The drawers contained p l a t e s  of 

plutonium, Pu/U/Mo a l l o y ,  sodium, depleted uranium, and graphi te .  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 uni ty  and the  blanket  was 12 in .  

of depleted uranium.l Figure 1 shows the  loading of a core  drawer a s  w e l l  a s  

severa l  o the 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-bui l t  reference assembly, which had an excess r e a c t i v i t y  of 6 1  Ih .  The 

equivalent  cy l indr ica l i zed  representa t ion of the  as-bui l t  reference  assembly 

is shown i n  Fig. 4. 

C) Model Description 

1. One-Dimensional Model : A one-dimensional model with spher ica l  geometry 

has been used i n  the  ana lys i s  of many measurements i n  t h i s  assembly. 

The spher ica l  homogeneous model was defined with reference 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 

described i n  Section C.2, and a spher ica l ,  heterogeneous model. The 

radius of the  core i n  the  spher ica l ,  heterogeneous model was chosen 

such t h a t  the  mul t ip l i ca t ion  constant  was the  same a s  f o r  the  two- 

dimensional nodel. The spher ica l ,  homogeneous model used the  same 

core radius as  the  spher ica l  heterogeneous model. The r e s u l t i n g  core 



radius  and blanket  th ickness  were 45.245 cm and 30.0 cm, respect ively .  

The appropr ia te  compositions f o r  use with 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  with 27 energy groups, a s  given 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  low energies  t o  

af ford  accura te  computations of ma te 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 spher ica l  

model the  macroscopic f l u x  d i s t r i b u t i o n s  across  the  reac to r  may 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 

s l~ou ld  be adequate. 

Centra l  ma te 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  worths 

may be computed by pe r tu rba t ion  theory. I f  the  mate r i a l  sample is 

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

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  mate r i a l  sample is o p t i c a l l y  t h i n  and i f  the  

mate 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  cross  

sec t ions  a r e  appropr ia te  f o r  t h e  sample. 

The major flaw i n  the  homogeneous s p h e r i c a l  model f o r  t h i s  

geometrically simple system is i n  the  neglect  of he te rogene i t i e s  i n  the  

un i t  c e l l .  Sect ions  D and F i n d i c a t e  the  uncer ta in t i e s  a r i s i n g  from 

the use of homogeneous cross  sec t ions .  The e r r o r  i n  mate r i a l  worth 

or  Doppler worth introduced by f l u x  d i s t o r t i o n s  depends s t rong ly  upon 

the  nature  of t h e  sample. 

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 ep resen ta t ion  of the system is  c l o s e r  t o  the  physical  conf igurat ion 

than a spher ica l  representa t ion.  I n  def in ing the  f i n i t e  c y l i n d r i c a l  



model, the  as -bu i l t  loading was corrected fo r  excess r e a c t i v i t y ,  

edge smoothing, spiking of the  con t ro l  and sa fe ty  rods with 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 t h e  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 ,  respect ively .  

D) Experimental Data 

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

models of Section C is 1.000 + 0.001. Calculat ions ind ica te  a  0.0183 

heterogeneity correct ion.  

2. Unit-Cell Reaction Rates: Fo i l s  of enriched uranium and depleted 

uranium were i r r a d i a t e d  a t  t h e  center  of Assembly 48 t o  obta in  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 .  th ick  were wrapped i n  aluminum f o i l  f o r  placement 

between p l a t e s  a t  12 loca t ions  i n  the  un 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 gives the  cell-averaged values  of the  capture and f i s s i o n  

r a t i o s  obtained from these  measurements together with the  heterogeneity 

correct ion.  To be c l e a r ,  these  un i t - ce l l  r eac t ion  r a t e  values 

correspond t o  the  reac t ions  a c t u a l l y  taking place i n  the  un i t - ce l l  i n  the  

assembly, and no t ,  f o r  example, t o  a  cell-average defined a s  the  value 

of the  f l u x  a t  every point  i n  the  c e l l  mul t ip l ied  by the cross sec t ion  

of the  f o i l  ma te 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 reac t ion  r a t e s  a s  they a c t u a l l y  occur i n  the  un i t - ce l l .  Hence, 

a  per atom un i t - ce l l  r eac t ion  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 the  number of r eac t ions  taking place  i n  the  c e l l  simply by 

mul t ip lying the  former r a t i o  by the  appropr ia te  atom dens i ty  r a t i o .  

3. Mater ia l  Worth a t  the  Center of the Core: Centra 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  ma te r i a l s  were measured i n  a  small  

diameter (0.45 in . )  s t e e l  c a r r i e r  cyl 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  annu l i  while the  s t r u c t u r a l  ma te r i a l  

samples were genera l ly  0.42 in .  cyl inders .  Table V I  gives the  

experimental worths of severa l  i sotopes  together with the  r e s u l t s  

of c a l c u l a t i o n s  using the  homogeneous, spher ica l  model. 

E) Calculated Results  

The ca lcu la t ions  described i n  t h i s  s e c t i o n  were made using E N D F I B - I 1 1  d a t a  

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

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

cross  sect 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  the  

c r i t i c a l .  The add i t ion  of the  heterogenei ty  and the  t r anspor t  co r rec t ions  gives 

a  keff of 0.9999. 

Table V I I  gives  the  comparison of the  m u l t i p l i c a t i o n  constant ,  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 with s e v e r a l  models. Fi rs t -order  

per turbat ion theory was used i n  the  c e n t r a l  worth ca lcu la t ions .  

F) Comments and Documentation 

To assess  the  l i m i t a t i o n s  of the  homogeneous, spher ica l  Benchmark model, 

the mul t ip l i ca t ion  cons tan t ,  r eac t ion  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 calcula ted  with a one-dimensional spher ica l  heterogeneous model and with 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 separated from t h e  e r r o r s  a r i s i n g  from the  s impl i f ied  

geometric representa t ion.  The heterogeneous cross  sec t ions  were computed with 

the  p l a t e  un i t  c e l l  option of the  SDX code, which uses the  NR approximation t o  

obta in  resonance cross  sec t ions  and i n t e g r a l  t r anspor t  methods t o  obta in  s p a t i a l  

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

problems as  described i n  Ref. 5. 

The r e s u l t s  of ca lcu la t ions  with t h e  t h r e e  models a r e  compared i n  Table V I I .  

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

agreement. From comparison of the  spher ica l  homogeneous and heterogeneous r e s u l t s ,  

he terogenei t ies  account f o r  a d i f fe rence  of about 1.8% i n  the  mul t ip l i ca t ion  

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

measured periods t o  the  des i red  r e a c t i v i t y  un i t s .  The delayed neutron da ta  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 Spherical  Model Atom D e n s i t i e s ,  
atombarn-cm 

Isotope Core Radius = 45.245 cm Blanket Thickness = 30.0 cm 

3 9 ~ u  0.001645 - 
2 4 0 ~ u  0.000 106 - 
z41pu 0.000011 - 



TABLE 11. Spec i f i ca t ions  of 27-Group S t ruc tu re  

Group E 
upper ' keV Group E upper ' keV 

TABLE 111. Dimensions f o r  t h e  Zero-Excess 
Reac t iv i ty ,  Cy l indr i ca 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 

Radial  blanket  th ickness ,  cm 34.47 

Radial  blanket  he igh t ,  cm 137.16 

Axial  blanket  th ickness ,  cm 31.144 

Core volume, liters 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 concenrrations 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 ~actorsb 

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

(Revised) 3-75 



TABLE VI . Central Reactivity Warths lleasured 1 n 
ZPR-3 Assembly 48,  1 T 5  Aklklmole 

Measured Worth 
1so topea l a  lnprecisionb Calculated WorthC 

- - -- --  - 
a 

See Table 35 of Ref. 1 for further description of samples. 
b?4easured period converted t o  reactivity with use of conver- 

sion factor 1Z Ak/k = 981 Ih. 
CFQP calculation based on ENDF/B-111 data and central 
spherical,  homogeneous f luxes .  



TAJ3LE VII. Comparison of  Calculations f o r  
ZPR-3 Assembly 48 with  Several  Models 

1-Dimensional 1-Dimensional 2-Dimensional 
Homogeneous Heterogeneous Heterogeneous 

28c /25f  0.1359 0.1285 
Reaction Rates 

28f p 5 f  0.03187 0.03135 

23SU 103.10 102.33 
Central Worths , 

2 3eU -6.894 -7.715 -7.654 

Ak/k/mole 
3 ~ a  -0.2543 -0.2522 -0.2482 
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Figure 4 .  Critical Geometry for Heterogeneous Core Assembly 
48 Represented as Circular Cylinder 



FAST REACTOR BENCHMARK NO. 4 

A .  Bcnchmnrlc Namc and Typc 

ZEI5RA -3, a 9: 1 uranium/plutonium meta l  asscmbly. 

D .  System Description 

The ZEBRA facility consis ts  of s tainless  s tee l  tubes containing 

reac tor  ma te r i a l s  mountcd vert ical ly on a 3 m e t e 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  res t ra ined  la te ra l ly  by 3 s tee l  la t t ice plates.  The  cent ra l  

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

be mounted in the reac tor  center .  A concrete  shield and s tee l  contain- 

men t  vesse l  complete the s t ruc ture .  

ZEBRA-3 was a cylindrical c r i t ica l  assembly  with a co re  height of 

35.04 cm, an  effective d iameter  of 46.24 c m  and a c o r e  volume of 

58.86 l i te rs .  The c o r e  i s  surrounded by a blanket df na tura l  uranium 

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

34.04 cm. 

The assembly  has  a hard spec t rum with m o r e  than 80% 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 r o s s  section data. 

C. Model Description 

1. One-Dimensional Model Description 

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

F igure  1. A vacuum boundary condition sho,uld be applied to 

the outer ref lector  boundary. Atom densi t ies  for  thc ma te r i a l s  in the co re  

and ref lector  a r e  given in Table 1. The  s tandard calculational mode i s  an 

S t ranspor t  theory calculation using a multigroup s t ruc tu rc  composed 
8 

of 26 groups, each of le thargy width equal to 0.5 and with E s e t  
m a x  

a t  10 MeV. The numbcr of m e s h  intcrvals  for c o r e  ant1 ref lector  a r e  

40 and 30, r ~ s p c c t i v e l y .  



23.68 

RADIUS (cm) 

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 zero  return current  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 is  two-dimensional diffusion theory with mesh a s  follows: 40 radial 

and axial intervals in the core; 30 intervals for the reflector thicknesses. 



REFLECTOR 

CORE 

RADIUS (cm) 

Figure 2. Two-Dimensional (R-2) Model of ZEBRA-3 Assembly 



Tab le  1. 
::< 

ZEBRA - 3  Region Colnposi t ions  

(Atoms  / B a r n - c m )  

M a t e r i a l  

Pu-239  

Pu-240 

Pu-241 

U-235 

U-238 

Cu 

F e  

C 

C r  

M o  

Mn 

N i  

AP 

T i  

S i  

v 

C o r e  

0.003466 

Ref lec to r  

- 

::Revised by R. W. Smi th  11 170 

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



D. Expc:rirnent.zl Data 

1. Expc r i~nen ta l  Cr i t ica l  Mass  80.1*0.2 I(g (Pu-239 + Pu-241) 

Correc t ions  for Edge I r r egu la r i t i e s  -1.6j20.1 
- 8 ,  

Finite P la t c  Thickness (fuel t diluent) $2.  9'"*0. 8 

Homogeneous Cylinder Cr i t ica l  Mass  81.4rt0.9 K g  (Pu-239 t Pu-241) 

81.0 K g  Pu-239 

0.4 K g  Pu-241 

Experimental  Eigenvalue 1.000*0.003 

2. Experimental  Spect ra l  Indices a t  Core  Center  Relative to  C U-235 
f 

:::This value i s  the mean of the measured  and calculated value: 
(mcasurcd  2. 5 Kg; calculatcd 3. 3 K g )  



3. Mater ia l  Worths a t  Core  Ccnter  

Mater ia l  Reactivity Coefficient 

(1 o - ~  ~ k l k l m o l e )  

197*4 

31 8*8 

-9.95k0.48 

-1 05*5 

-26.7*0.6 

- 30*l 
- 8 5*4 

The react ivi ty coefficients given above a r e  values for  effective z e r o  

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

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



F. Commcnts arid Docurnentation 

Expcrimcntal  information on the ZEBRA-3 assembly  i s  cletailcd in 

A E E W - R - ~ ~ ~ . ' ~ )  The expcrimcntal  c r i t ica l  m a s s  was 80. l*O. 2 Kg 

(Pu-239 + Pu-241). Correct ions for cdgc i r regular i t ies  and heterogeneity 

e f fec ts  were  -1.6*0.1 and t2.91t0.8 Kg (Pu-239 + Pu-241), respectively, 

resulting in a homogeneous cylinder c r i t ica l  m a s s  of 81.0 K g  Pu-239 t 

0.4 Kg Pu-241. This  c r i t ica l  m a s s  for the equivalent homogeneous 

cylinder was obtained f rom the measured  values by allowing for partially 

inserted control rods and counter holes a s  well  a s  i r r egu la r  edge and 

heterogeneity effects. 

Applying a shape factor  of 0.944k-. 005 gives a homogeneous spherical  

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

and 0.4 Kg Pu-241. The  corresponding cr i t ica l  sphere  radius i s  

23.68rt0.12 cm. 

The correct ion to the S eigenvalue resu l t  t o  extrapolate to  an "S," 
8 

value i s  est imated to be -0.001. F o r  example, if keff (S8) i s  1.003, 

then k (S,) would be 1.002. 
eff 

REFERENCES 

1. J. Adamson, e t  a l . ,  "The Thi rd  Core  of ZEBRA", AEEW-R-461 (1965). 

2. P r i v a t e  Communication, R. W. Smith (AEEW) to H. Alter  (1  1 /70). 





FAST REACTOR BENCHMARK NO. 5 

Benchmark Name and Type: 

G O D I V A ,  a  ba re  sphe re  of en r i ched  u r a n i m .  

System Desc r ip t ion  

G O D I V A ,  a s  a  bare  s p h e r e  of en r i ched  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 - r eg ion ,  s imple  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 

I so tope  

235u 

2 3aU 

234L! 

Densi ty  , nuc lei/b-cm 

0.04500 

0.002498 

0.000492 

The recommended made 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  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. 

F5- 1 (Revised 11-81) 



D .  Experimental Data 

1 .  Measured Eigenvalue: ks 1.000 1 0.001 

2.  Spectral  Indices a t  Core Center 

a.  Central F i s s i o n  Ratios 3 

Of( 238u)/a1(235u) 

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

a f  ( 2 3 7 ~ p )  I ~ ~ ( ~ ~ ~ u )  

b. Central Act ivat ion Ratios 3 

Thennal Normalization 

Isotope Value of  u n , ~  barns 

3 .  Rossi ~ l ~ h a ~  

6 
a = - 0 = - (1 .11 1 0 . 0 2 )  x 10 s e c  - 1 

FS- 2 (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 
235,, 

23gU 

239pu 
240h 

C e n t r a l  Worth, 1 0 ' ~  Ak/k/mole 

240 2 30 

47 _+ 7 

-380 f 20 

16 2 2 

3 2 2  

-1 f 2 

-4 f  2  

-30 2 2 

-12 f 2 

-50 2 2 

-9 2 2 

1010 2 10 

162 f 3  

1934 2 20 

1150 2 120 

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 ep resen ted  below i n  the  112 l e t h a r g y  group s t r u c t u r e  (Emax = 10 MeV) with  a n  

a r b i t r a r y  no rma l i za t ion  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 count ing  s t a t i s t i c s  a lone .  

(Revised 11-81) 



Energy G r o u ~  

1  

Lnwer Ie thargy Limit 

0.5 

Re la t ive  Neutron Leakage 

2.0 t 0.3 

7.8 2 0.4 

13.6 2 0.5 

16.8 +, 0.6 

18.0 2 0.6 

17.5 +- 0.7 

12.0 f 0.7 

7.2 t 0.7 

b. Centra l  Spectrum Re la t ive  t o  2 3 5 ~  F i s s ion  Spectrum 2b 

Devia t ion of t h e  c e n t r a l  spectrum from the  2 3 5 ~  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  following 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 5 ~  f i s s i o n  spectrum. 

S p e c t r a l  Index 
Rat io  of Cent Value 
t o  Value f o r  rgfU F i s s i o n  Spectrum 

(Revised 11-81) 



E. Calcu la t ed  R e s u l t s  

Ca lcu la t ed  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 i v e s  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  t he  s p e c i f i e d  

composi t ion  and d e n s i t y ,  a s  2 0.3%. Th 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 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  + 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  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  t h e  F l a t t o p  and Big Ten a s sembl i e s  and 

o l d  doub le - r a t io  measurements connec t ing  t h e s e  t o  Godiva. These measurements 

a r e  desc r ibed  below. 

Measurement 
Location 

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

Big Ten 0.0373(+1.7%) 4.42(+0.7%) 0.1649(+1.8%) 2d 

Van d e  Graaff  0.433(+1.5%) 0.383(+0.8%) 0.1 658(+1.7%) ENDF/ B- IV 

( E , = 2 . 4 3  MeV) 

Average : 0.1647(f1.1%) 

- (Revised 11-81) 



Measurement 

Location Value 

Big Ten 1.61(+2.1%) 

Big Ten 0.317(f2.2%) 

Van de Graaff  1.328(+22) 

Flattop-25 

T ~ P ~ Y  

Big Ten 

Double Ra t io  

t o  Godiva Godiva Ref erenc e 

1.008(+0.6%) 1.623(+2.2%) prel iminary 
value from 
D.M. Gi l l iam 
(1979 

Average : 1.590(f 1.9%) 

1.094(+0.7%) 0.831(=4%) 2e 

2.649(*1.0%) 0.840(+2.4%) 2d 

0.629(+1.2%) 0.836(+2.3%) ENDF/ B-IV 

Average : 0.837(+1.6%) 

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

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

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

Average: 1.402(+1.8%) 

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 obta ined from double 

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

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

The da ta  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 repor ted  i n  Ref. 3. 

Subsequently,  the  thermal normal izat ion v a l u e s ,  and consequently the  

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. 
L 

(Revised 11-81) 



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

Cor rec t ions  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 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 conve r s ion  from d o l l a r s / m o l e  

t o  (Ak/k)/mole uses  t h e  f a c t o r  B e f f  = 0.00645, (,the s u r f a c e  mass increment 

between de layed and prompt c r i t i c a l  gave B e f f  = 0.00647), t h e  c e n t r a l  void  

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

gave Be,£ = 0.00634) . 

The d a t a  l i s t e d  f o r  t h e  leakage  s p e c t m  v e r e  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  g iven  i n  t h i s  r e f e r e n c e  

a long  v 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. 6 

A .  13trnc.l1111;t1~1,. nlarnc. ant1 Typc 

V E R A  - 1 I:,  an cnr ic l~ed  uranium-plus-graphitc system. 

3 .  Svstc.1~1 Dt.s(-~-iption 

V E R A  - 1 I3 is a cylindrically shaped cr i t ical  assembly fuclcd wi t11 c*nrichcd 

uranium and diluted with graphite. The assembly corc  was 2 7 . 2  cm in 

height and thc effective core  diameter  was 38. 1 cm. The asscmbly core  

was surroundetl Ily a blanlcrt of natural  uranium and stainless  steel.  

VERA - 1 n was designed to explore the accuracy of U - 2 3 5  neutron c ross  

section data. 

C. Model Description 

1. One -Dimensional Model Description 

A one-dimensional spherical  model of VERA - 1 B i s  given in 

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

reflector boundary. Material  atom densities for the core  and reflector 

a r e  given in Table 1. 

The standard calculation m o d e  is an S t ransport  theory calcu- 
8 

lation using a multigroup s t ruc ture  composed of 2 6  groups, each of lethargy 

width equal to 0.5 and with E se t  a t  10 MeV. Forty mesh  intervals a r e  
max 

used for both core and reflector regions. 

Figure 1. Spherical Model of VERA-1B Assembly 



T a b l e  1 .  

M a t e r i a l  

VERA-1B Rcgion Compositions 

(Atoms /Barn-cm) 

Core - f 
Reflector 

(a) (b) 

0. 00025 0.00026 

$. U s e  Composition ( a )  in calculations 

(Revised 9-78) 



2. Two-Dimensional Model Description 

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

asscmbly i s  given in Figure 2. Ze ro  rcturn current  boundary conditions 

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

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

calculational mode i s  two dimensional diffusion theory with 40 m e s h  intervals 

for the radial  and axial co re  dimensions and 40 m e s h  intervals for the 

ref lector  thickness. 

CORE 

REFLECTOR 

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

50.675 

13.575 

O I 

VACUUM 

- - - - - -  MIDPLANE 

I 19.107 W.5'07 
I 
F RADIUS (cm) 



D. Experimental Data 

1. Experimental Cri t ical  Mass  86.3*0.15 Kg U-235 

Corrcct ions for Edge I r regular i t ies  -0.6*0.2 

Finite Fuel Plate Thickness t3.6a0.4 

Homogeneous Cylinder Cri t ical  Mass  89.3i0.4 Kg U-235 

Experimental eigenvalue 1.0000*0.0028 

2. Experimental  Spectral Indices a t  Core Center Relative to 

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 (cel l  average) 

0.126*0.006 (average over U-238 in cell) 

3. Material  Worths a t  Core  Center 

Material  

Stainless Steel 

Reactivity Coefficient 

1 o - ~  Aklklrnole 

221*3 

7.5*0.3 

387*5 

378*5 

28*3 

-237*50 

-26*1 

2.1*0.3 

3.5*0.4 

1351 

5.95*0.12 

90*2 



Sample s ize  cor rec t ions  were  made  using experimental  worth vs. s ize  

and /o r  S calculations. E r r o r s  quotcd do not include those due to delayed 
n 

neutron data. The conversion f rom inhours t o A k / k  i s  416 Ih = 0 . 0 l A  k/k. 

4, Rossi  Alpha 

4 -1 
At delayed cr i t ical ,  a = -6.9 x 10 s e c  . Extrapolation to 

a = 0 gave 336*10 inhours p e r  dollar.  

F. Comments and Documentation 

In VERA -113 a f igure of 95rt15 p. p.m. of hydrogen in graphite ( 1  

has  been suggested to allow for possible mois ture  content in the graphite. 

The effect of this mois ture  on k for VERA-1B i s  about 0.15%. This  
eff 

mois ture  content has  not been included in the co re  composition data for  

VERA -1 B. 

Details and experimental  resu l t s  of the VERA -1 B experiments  have 

been described by McTaggart.  The experimental  c r i t ica l  m a s s  i s  

86.3rt0.15 Kg U-235. Correct ions for  edge i r r egu la r i t i e s  (-0.6*0.2) and 

for  finite fuel plate thickness (+3.6*0.4) produce a homogeneous cylindrical 

c r i t ica l  m a s s  of 89.3k0.4. This  c r i t ica l  m a s s  for the equivalent homo- 

geneous cylinder was obtained f rom the measured  values by allowing for  

partially inser ted  control rods and counter holes a s  well  a s  i r r egu la r  

edge and heterogeneity effects. 

Applying a shape factor of 0.943 produces a homogeneous spherical  

c r i t ica l  m a s s  of 84.2rt0.6 Kg U-235 with the radius of the c r i t ica l  sphere  

equal to 19.14*0.05 cm. 

The correct ion to the S eigenvalue to extrapolate to an I'S,l1 
8 

eigenvalue i s  est imated to be -0.001. F o r  example, if the k (S8) resu l t  
e ff 

was  1.0000, then the keff (S,) resu l t  would be 0.9990. 
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FAST REACTOR BENCHMARK NO. 7 

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

U system. 

B. System Descr ip t ion :  

Severa l  e a r l y  assembl ies  on ZPR-I11 (6F, lB, 2, 2B, 5, and 13)  used 

a  core  composition wi th  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 he se  assembl ies  was composed 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  fol lows:  1 )  The measurements on a l l  of t h e  source  assemblies  form 

an ex t ens ive  s e t  of exper imenta 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  provides  an impor tan t  

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

gram; 3) And i t  provides  an oppor tuni 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  i n t e rmed ia t e  spectrum reg ion .  



C. Model Description: 

1. One-Dimensional Model (sphere) 

REFLECTOR n 
53.495 crn 

22.995 cm 

VACUUM 

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 inde r )  

REFLECTOR 

CORE 

RADIUS (cm) 

Suggest ions : 

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 ,  co re  

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 Densi t ies  

Mater ia l  

U-2 35 

U-2 38 

U-234 

~1~ 

Fe 

C r  

N i  

Mn 

Density, atoms/cc 

Ref l e c t o r  

0.006727 0.000089 

a .  Includes 0.000029 f o r  U-236. 

b. Includes atom dens i ty  f o r  Si i n  s t e e l .  

4. Techniques 

A l l  ca lcua l t ions  should be performed with appropr ia te ly  

resonance-shielded cross  sec t ions .  A suggested multigroup 

s t r u c t u r e  i s  26 hal f - le thargy width groups with Emax = 10 MeV. 

D. Experimental Data: ( a l l  e r r o r s  are one standard devia t ion)  

1. Eigenvalue = 1.0000 + 0.0015 

2. ~ e n t r ' a l  Spect ra l  Indices  



3. Ma te r i a l  Worths a t  Core Center 

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 co r r ec t ed  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  

E. Comments and Documentation: 

The s p e c i f i c a t i o n s  f o r  t he  1-D model were de r ived  from the  6F c r i t i c a l  

mass while  the  2-D model was based on Assembly 2.  Large probable e r r o r s  

have been ass igned  t o  t he  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  the  p o s s i b l e  

d i s c repanc i e s  between t h e  measurements (with massive samples) and "zero- 

Ma te r i a l  

U-235 
b 

U-238 

Pu(4.5%240) 

U-233 
b 

Th 

B-10 
b 

H f 

Ta 

W 

Mo 

Z r  

Ma te r i a l  

Fe 

C r  

N i  

Mn 

V 

Nb 

A 1  

Na 

C 

Be 

H - 

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

175 5 5 

1 . 5  + 0.5 

251 + 12 

244 t 24 

-12 t 2 

-86 t 5 

-14 + 5 

-17 + 3 

-7.4 + 1 . 6  

-3.6 + 0.6 

-0.1 + 0.2 

R e a c t i v i t y  Coeff.  
10'~ Ak/k/molea 

-0.9 + 0.3 

-0.55 + 0.19 

-1.7 + 0.5 

-0.65 + 0.24 

+1.2 f 0.4 

-5.8 + 1 . 2  

+0.23 ? 0.35 

+3.2 + 0.9 

+2.8 + 1.2 

+4.9 + 1.6  

+56 + 23 



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  theory .  The 

primary informat ion  source h a s  been i n t e r n a l  ZPR-I11 memos w r i t t e n  dur ing  

the  conduct of t hese  assemblies .  Some r e s u l t s  have been publ i shed ,  a s  

by ~ o n ~ ' ,  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 he re  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  mass, 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 using more a c c u r a t e  composition breakdowns. 

A more r e c e n t  r e f e rence2  con ta ins  a convenient  compilat 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 hese  source  

assemblies .  

According t o  ~ a k e r ~ ,  f o r  Assembly 6F 

keff  (S4) - keff ( d i f f u s i o n  theory)  = 0.023 

and 

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

eigenvalue of .9900, t he  co r rec t ed  e igenvalue  would be .9900 + .023 

( co r rec t ed  t o  S ) -.0038 ( co r rec t ed  t o  S, ) = 1.0092. 4 
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. FAST REACTOR BENCHMARK NO. 8  

A. Name and Type: ZPR-I11 11, an Q 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 i on :  

Seve ra l  f a s t  r e a c t o r  exper iments  (ZPR-I11 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 th  ve ry  n e a r l y  i d e n t i c a l  co re  

composi t 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 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  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 repre-  

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 tan t  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 he  s o f t  spectrum r eg ion .  



C. Model Description:  

1. One-Dimensional Model (sphere) 

VACUUM 

Suggestions : 

Code...... 1-D t r anspor t  theory with S  
4 

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



2.  Two-Dimensional Model ( cy l inde r )  

CORE 

VACUUM 
REFLECTOR 

RADIUS (cmj 

Suggestions: 

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

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

30 a x i a l  i n t e r v a l s ,  co re  

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  



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

1 Densi ty ,  a toms/cc I 
Mate r i a l  1 Core 1 R e f l e c t o r  I 

*Includes 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 be  performed wi th  a p p r o p r i a t e l y  

resonance-shielded c r o s s  s e c t i o n s .  A suggested mul t i -  

group s t r u c t u r e  i s  26 ha l f - l e tha rgy  width  groups w i t h  

Emax 
= 10 MeV. 



D. Experimental Data: ( a l l  e r r o r s  a r e  one s t anda rd  dev ia t i on )  

1. Eigenvalue = 1.0000 + 0.0025 

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

a (U-238) / a f  (U-235) = 0.038 t 0.001 f 

af (U-234) / af (U-235) = 0.31 + 0 . 0 3 ~  

a (U-233) / a f  (U-235) = 1.52 + 0.02 
f 

a, (Pu-23.9)/ of (U-235) = 1.19 + 0.02 

a (Pu-240) / af (U-235) = 0.34 t 0.02 
f 

u (U-236) / of (U-235) = 0.12 + 0.02 b f 

a (Np-237)/ of (U-235) = 0.33 + 0.02 b f 

(U-238) / of (11-235) = 0.112 t 0.005' 
n,y 

a .  Measured r a t i o  p l u s  5% wa l l - e f f ec t  c o r r e c t i o n  

b. Measured i n  ZEBRA Core 1 

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



3. Mater ia l  Worths a t  Core Center 

a .  Derived from measurements i n  inhours using conversion of 

470 inhours per  % Ak/k. 

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

Mater ia l  

U-235 
b 

U-2 38 

U-233 

Pu-239 b 

B-10 
b 

Ta 

MO 

Mn 

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

4 -1 
a = -10.4 + 0.3 x 10 sec . 

E. Comments and Documentation: 

The 1-D and 2-D models a r e  based on the  Assembly 11 composition and 

React iv i ty  
Coeff ic ient  

Ak/k/molea 

123 ? 3 

-6.6 t 0.2 

221 + 4 

209 t 5 

-72 t 2  

-19.6 t 0.6 

-5.1 ? 0.2 

-1.8 2 0.1  

a heterogeneous c r i t i c a l  mass of 237.4 kg U-235, (adjusted f o r  edge 

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

Mater ia l  

Fe 

C r  

N i  

Na 

A1 

0 

C 

heterogenei ty  advantage of +O. 8 20.2% k , based on fuel-bunching 

React iv i ty  
Coef f i c i en t ,  
lo-5 Ak/k/molea 

-1.7 ? 0.1  

-1.7 t 0.1 

-2.4 t 0.1  

-0.7 -+ 0.1  

-1.0 2 0.1  

-0.87 2 0.15 

-0.85 + 0.13 

experiments i n  a l l  the c i t e d  assemblies,  was applied t o  der ive  the 

homogeneous c r i t i c a l  s i z e  of the cyl inder .  For the  sphere s i z e ,  a 



c a l c u l a t e d  shape f a c t o r  of 0.94") 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 ives  measured Rossi  Alpha va lues .  Ma te r i a l  worths a t  t h e  co re  

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

the  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  theory .  

A more r ecen t  re ference5  con ta in 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 .  

According t o  I3aker6, f o r  Assembly 11, 

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

and 

kef f  (Soo) - keff  (S4) = -.008/6 = -.0013. 

Thus, f o r  example, i f  a  1-D d i f f u s i o n  theory  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 igenvalue  would be ,9900 + .008 

( co r r ec t ed  t o  S ) - ,0013 ( co r r ec t ed  t o  Soo) = ,9977. 4 
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FAST REACTOR BENCHMARK NO. 9 

A.  Benchmark Name and Type 

ZPR-I11 Assembly 12, a 4: 1 uranium-graphi t e  system, source experiment. 

B. System Description 

ZPR-I11 Assembly 12 was designed as a f a s t  r eac tor  benchmark source 

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

produce the  s o f t e r  spectra  cha r ac t e r i s t i c  of l a rger  power reac tors .  The 

core was approximately cyl indr ical  composed from a r epe t i t i on  of a one- 

drawer un i t  c e l l .  A blanket,  consis t ing primarily 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 spherical  model of ZPR-I11 Assembly 12 i s  shown in 

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

ren t  boundary con'di t ions  should be applied a t  the  ou te r  boundary. The 

atom dens i t i es  in  both regions (atoms/barn-cm) a r e  given in  Table I .  S4 
t ranspor t  theory calcula t ions  a r e  suggested in  any su i t ab l e  f a s t  reactor  

energy group s t r uc tu r e ,  b u t  with groups no coarser than 0.5 lethargy width 

down t o  a lethargy of 12.5. The estimated uncertainty in  k e f f  ascr ibable  

t o  the  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 in 

Figure 2, including model dimensions and suggested mesh. Zero return 

current  boundary conditions a r e  to  be applied along the  top and r i gh t  

s i de s ;  a symmetry boundary condition should be applied along the  bottom. 

The atom dens i t i es  in both regions (atornslbarn-cm) a r e  given in Table I .  

Diffusion theory i s  suggested with cross sect ions  i n  any su i tab le  f a s t  



r e a c t o r  energy-group s t r u c t u r e . *  The es t imated u n c e r t a i n t y  i n  keff  

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

D. Exper imental  Data 

1. Measured keff = 1.0000, u n c e r t a i n t y  unknown 

2. Exper imental  s p e c t r a l  i n d i c e s  a t  t he  core  center ,  r e l a t i v e  t o  

af (U-235) a re  as f o l l o w s :  

of (U-238) = 0.047 2 0.002 

O f  
(U-234) = 0.305 t 0.012 

af (U-233) = 1.48 r 0.03 

af (Pu-239) = 1.12 + 0.02 

a  (U-238) = 0.123 + 0.005 
n r Y  

3. M a t e r i a l  worths a t  t h e  core cen te r  a r e  as f o l l o w s :  

M a t e r i a l  R e a c t i v i t y  C o e f f i c i e n t  nk l k lmo le  

U-235* 157r.5 

U-238 -6.7t1 .O 

PI utonium*(4.5% Pu-240) 244r7 

U-233* 269k7 

Ta** -31 +1 

Ru ** -1 6 ~ 1  

Nb -1 0+1 

Mo* -7t0.5 

N i - 2 . 7 ~ 0 . 5  

Fe - 1 . 5 t 0 . 4  

A 1 -0.450.1 

* I f  t h e  two-dimensional problem i s  r u n  w i t h  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 cross sec t i ons  
shoul d be generated by reg ionwi  se c o l  1  aps i  ng , us ing  r e p r e s e n t a t i v e  
spect ra  f o r  each o f  t h e  reg ions  i . e . ,  F igu re  2, 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  than-0 .5  l e t h a r g y  w id th  down t o  a 1e thargy .o f  
12.5 

** Approximately co r 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 . 8 4 t 0 . 2 0 ) ~ 1 0  sec . 

F. Comments and Documentation 

The pr imary  source o f  i n f o r m c t i o n  f o r  t h i s  benchmark has been one 

i n t e r n a l  Z P R - I 1 1  memo gi 'v ing d e t a i l s  and r e s u l t s  o f  experiments on 

Assembly 12. Much o f  t h e  data have been repo r ted  by  on^''); however, 

some o f  t h e  o r i g i n a l l y  pub1 ished values have been ad jus ted  w i t h  l a t e r  

determined co r rec t i ons ,  i n c l u d i n g  heterogene i ty  e f f e c t s  on c r i t i c a l  mass 

and chamber w a l l  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  

1  i s t e d  have been assigned h i g h  u n c e r t a i n t i e s  because o f  t he  l a r g e  sample 

s i z e s  used. 

-The eigenval  ue f o r  t h e  one-dimensional model f rom t h e  p resc r i bed  

S4 c a l c u l a t i o n s  d i f f e r s  f rom a  hypo the t i ca l  Sinfini ty eigenval  ue by an 

es t ima ted  ~ k / k  = 0.0018. 

The convers ion fro111 inhours  t o  Ak/k i s  427 I h  = .O1 Ak/k. 
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M a t e r i a l  Core 

* I n c l u d i n g  U-236. 

B l a n k e t  





FAST REACTOR BENCHMARK NO. 10 

A. Benchinark Name and Type 

ZEBRA-2, a 6:l uranium-plus-graphite system. 

B. Systcm Description 

The  ZEBRA facility consis ts  of s tainless  s teel  tubes containing r eac to r  

ma te r i a l s  mounted vert ical ly 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  la te ra l ly  by 3 s tee l  la t t ice plates.  The cent ra l  27 c m  square  

of the base plate i s  removable so l a rge  experiments  m a y  b e  mounted in the 

reac tor  center .  A concrete  shield and s tee l  containment ves se l  complete 

the s t ruc ture .  

ZEBRA Core 2 was a cylindrical c r i t i ca l  assembly  with a co re  height 

of 83.82 c m  and an effective co re  d iameter  of 80.26 cm. The co re  i s  

surrounded by a blanket of na tura l  uranium having an  axial thickness of 

30.48 c m  and an  effective radial  thickness of 33.26 cm. A complete detai led 

descript ion of this assembly  i s  found in the r epor t  AEEW-R410, "The Second 

Core  of ZEBRA", by A. M. Broomfield, e t  a1 published in 1965. 

ZEBRA-2 was designed to explore the accuracy  of neutron c r o s s  section 

data for  U-235 and U-238. The co re  contains some graphite and has a neutron 

spec t rum s imi lar  to that of a l a r g e  power reac tor .  

C. Model Description 

A one-dimensional spherical  model of ZEBRA-2 i s  given in F igure  1. 

Avacuum boundary condition should be applied to the outer ref lector  boundary. 

Mater ia l  a tom densi t ies  for the co re  and ref lector  regions a r e  given in Table 1. 

The s tandard calculational mode i s  an S t ranspor t  theory calculation using a 
4 

multigroup s t ruc ture  composed of 26 groups, each of le thargy width equal to  

0. 5 and with E se t  to  10 McV. The numbcr o f m e s h  intervals  for co re  
max  

and rcf lcctor  a r c  40 and 30, respcctivcly. 



45.45 

RADIUS (cm) 

Figure 1 .  Spherical Model of  ZEBRA-2 Assembly 

2. Two-Dimensional Model Description 

A two-dimensional (R-Z.) cylindrical model of the ZEBRA 2 assembly 

i s  given in Figure 2. A zero re turn  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 



Tablc  1. 

Mater ia l  

U-235 

U-238 

H 

0 

F e  

C r  

Cu 

Mo 

Mn 

Ni 

Al 

T i  

Si 

v 
C 

.I. 

ZEBRA 2 Region ~ o m ~ o s i t i o n s ' ~  

(Atoms /Barn -cm)  

Core  

0.002526 

0.01 5667 

0.00030876 

0.0001 544 

Reflector 

0.000298 

0.041269 

::Revised: Pr iva te  communication, R .  W. Smith (AEEW) to H. Alter ,  1 1  /70 



D. Expcrimcntal  Data 

1. Experimental  Cr i t ica l  Mass  418*1 K g  U-235 

Correc t ions  for I r r egu la r i t i e s  -2.6k0.3 

Fini te  Fuel  P l a t e  Thickness 
(Fuel  t Diluent) 

Homogeneous Cylinder Cr i t ica l  M a s s  418.5*6 K g  U-235 

Experixnental Eigenvalue 1. OOO*O. 002 

2. Experimental  Spec t ra l  Indices a t  Core  Center  Relative to u U-235 
f 

0 (U-238) = 0.0320*0.0005 
f 

0 (U-238) = 0.136*0.001 
C 

0 (U-233) = 1.453kO.014 
f 

crc (Au) = 0.29850.01 5 

uf (U-234) = 0.153*0.016 oc (Mn) = 0.026*0.002 

uf (U-236) = 0.093*0.014 uc (Ta)  = 0.401k0.040 

u (Pu-239) = 0.987*0.010 
f 

uc (Na) = 0.001 3rt0.0001 

of (Pu-240) = 0.237*0.004 uc ( B - 1 0  = 1.58*0.07 

u ( N p - 2 3 7 ) ~  0.214*0.002 
f 

3. Ma te r i a l  Worths a t  Core  Center  
Reactivity 
Coe icient 

Mater ia l  9 
11 0- A k l k l m o l e )  

Mater ia l  

Reactivity 
Coef ic ient  - l 
(10 A k l k l m o l e )  

- 15*1 



The react ivi ty  coefficients given in D. 3 a r e  values for  effective 

z e r o  s i ze  s amplcs  a s  quoted in  thc re ferences .  (1 ) (2 )  The  conversion f rom 

inhours toAk/lc,  a s  calculated by ZEBRA personnel  for  that a s sembly  i s  

480 Ih = 0.01 A k / k .  

4. Ross i  Alpha 

4 - 1 
At delayed cr i t ica l ,  a = -2.82*0.05 x 10 s e c  . Also  ex t rap-  

olation to  z e r o  alpha gave 339 inhours p e r  dol lar .  

F. Comments  and Documentation 

ZEBRA 2 w a s  a cyl indrical  c r i t i ca l  assembly.  The  exper imenta l  

information was  detai led in r epo r t  AEEW-R41O.") 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 r o m  R. W. 

regard ing  m a t e r i a l  composition changes in co re  and re f lec tor  

and those rev ised  m a t e r i a l  compositions a r e  given in Table  1. Smith 

a l s o  advised that  a n  allowance had been made  for  the moi s tu re  contamin- 

ation of the graphi te  of approximately 700*200 p.p.m. hydrogen. T h e  

effect on k i s  approximately 1.170 Ak/k .  
eff 

The  experimental  c r i t i ca l  m a s s  was  418*1 Kg U-235. Correc t ions  

for  edge i r r egu la r i t i e s  and heterogeneity effects w e r e  -2.6+0.3 and 

t3.lzk6.2 Kg U-235, respect ively,  resul t ing in homogeneous cylinder 

c r i t i ca l  m a s s  of 41 8.5*6 Kg U-235. P l a t e s  in the  fuel e lements  in the 

ZEBRA assembl i e s  f o r m  continuous planes perpendicular  to the ax is  of the 

core .  I t  was  the re fo re  possible to  es t imate  cor rec t ions  for  heterogeneity 

(- 1% in k )  f rom infinite s lab  calculations.  Applying a shape factor  of 

0.925*0.005 gives a homogcncous spher ica l  c r i t i ca l  mass  of 387*6 Kg U-235. 

The  corresponding c r i t i ca l  spllcrc radius i s  45.45*0.22 cm.  

The  cor rec t ion  to the S cigcnvaluc r e su l t  to extrapolate  to anl'S," 
4 

eigenvaluc; i s  c:stimatcd to bc -0.0005. F o r  cxamplc, if the I< (Sq)  eff 
valuc w a s  1.  0000, thc11 lhc valuc for S, would 1 x 5  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 pre 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 

i n  Tables I and II are not the unit cel l  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 i n  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 buclcling 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 (atomsbarn-cm) are 



given in Tables I and II. 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 I l l  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 CO ) 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  late 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. Cornpositions 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 claddings, and in some cases 

shims on the bottom of the plate loadings. 

*If the two-dimensional problems 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 Ill and I V  include a letter designation at the top for each of the different types 

of material columns. For cel l  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 cel l  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 

cel l  (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 cel l  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 upper/lower 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 i n  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 

regians would thus be 

L C D J H J B B D J I J L .  

For the back 16 in. of the lnner Radial Blanket (beyond the spring gap in each half of 

the assembly) the U 0 was all in the form of 1/2 in. thick plates, giving the pattern 
3 8 

of vertical constituents as 

L C D J H J C D J I J L .  

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 front 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 0 -loaded drawer, the pattern of vertical components 
2 3' 2 3 

would be 

L B J H J E B D J H J 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 all these cell descriptions i s  not to suggest that calculations are 

needed for each case to generate cell-averaged cross sections for all regions, but 

rather to point out the variances typically encountered in the construction of the 

critical assemblies and to show why the region compositions differ. One cell 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 regions. 

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 II because the column densities presented in Tables Ill and IV are 

averages of several lengths of plates, whereas the different regions involved varia- 

tions of column plote-length patterns. Also, as indicoted.earIier, the core and axial 

blanket regions contain void channels and extra drawer steel homogenized into their 

compositions. 

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: 

-5 
Material Reactivity Coefficient 10 bk/k/mole 

Pu-239 28.29 + 0.19 - 
Pu-241 38.7 + 4.9 - 
U-235 20.86 + 0.48 - 



E. Comments and Documentation 

The radial dimensions for the core zones in Figures 1 and 2 have been adiusted 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. Subcritical i ty 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 on 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 colculation. 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 (Al). 
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Table I 

ZPPR Assembly 2, a Demonstration Fast Reactor Benchmark Critical 

Radial Region Compositions at Axial Centerline (atomsharn-cm) 

Inner Outer Inner Outer Radial 
Material Core Core Radial Blkt. Radial Blkt. Reflector - 

*Includes minor concentrations of P and S 



Table II  

Material 

M o  

Si *  

ZPPR Assembly 02, a Demonstration Fast Reactor Benchmark Critical 

Region Compositions Off Axial Centerline (atomsbarn-cm) 

Axial Blanket Axial Blanket Spring Sodium Steel l ron 
Over Inner Core Over Outer Core Gaps Axial Reflector Axial Reflector 

.000016 . 0000 1 6 

*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 Descr 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  ma 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 t a 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  t ypes .  As-  

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 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 c u r r e n t  LMFBR 

des igns .  It has  a  s i n g l e  f u e l  zone w i th  a  length-to-diameter  (LID) 

r a t i o  of approximately u n i t y ;  i t  has  a  s imple  one-draw u n i t  c e l l ;  

and i t  i s  b l anke t ed  bo th  a x i a l l y  and r a d i a l l y  w i t h  dep l e t ed  uranium. 
1 

The assembly's spectrum c h a r a c t e r i s t i c s ,  s imp le  geometr ic  conf igura-  

t i o n ,  and s imple 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  F ig .  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 enr iched  uranium. The plutonium i s  11.5 w/o 2 4 0 ~ u .  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 Ih ,  i s  shown i n  F ig .  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 Descr ip t 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  t h e  a n a l y s i s  of many measurements i n  

t he  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 w i l l  be 

descr ibed  i n  Sec t ion  C . 2 .  The homogeneous s p h e r i c a l  model was 

def ined  by f i r s t  determining a b l anke t  t h i ckness  and then 

sea rch ing  f o r  a  core  r a d i u s  t h a t  g ives  t h e  s p h e r i c a l  r e a c t o r  

t he  same k a s  the  homogeneous two-dimensional cy l inde r .  
e  f  f 

The b l anke t  dimensions and compositions were def ined  a s  t h e  

weighted average of t he  a x i a l  and r a d i a l  b l anke t  dimensions and 

compositions i n  which t h e  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  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  given 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  

core  r a d i u s  and b l anke t  th ickness  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 appropr i a t e  

compositions f o r  use wi th  t h e  s p h e r i c a l  model a r e  given i n  

Table I. The s p h e r i c a l  model i s  expect  t o  i n t roduce  approxi-  

mately a  0.1% unce r t a in ty  i n  k e f f '  

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

is  suggested.  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 

ene rg ie s  t o  a f f o r d  accu ra t e  computations of m a t e r i a l  worths and 

Doppler e f f e c t s .  

Because of t he  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 he  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 th  d i f f u s i o n  t heo ry  and a  r e l a t i v e l y  

coa r se  mesh of 2 cm should  be adequate .  

Cen t r a 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  worths  

may be  computed by p e r t u r b a t i o n  tehory .  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 t a ined  i n  t h e  c o r e ,  

t h e  homogeneous c o r e  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  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  

geome t r i ca l l y  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 i ons  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 i n 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 he  physi-  

c a l  con f igu ra t i on  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 hus  c o r r e c t e d  f o r  bo th  exces s  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  core  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  regkon 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  cen te r  of the  assembly, i s  simply a region i n  

which mate r i a l  concentra t ions  a r e  known more accurate ly  than i n  

t h e  r e s t  of t h e  core.  

D. Experimental Data: 

1. Measured Eigenvalues: The measured eigenvalue corresponding t o  

the  models of Section C i s  1.0000 + 0.001. Calculat ions indi-  

c a t  e a 0.0166 heterogeneous-homogeneous correct ion2 and a 0.0018 

S -d i f fus ion  correct ion.  
8 

2. Unit-Cell Reaction Rates: Deta i led  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 ~ ~  were made. 

Act ivat ion f o i l s  of 2 3 8 ~ ,  2 3 5 ~ ,  and 2 3 9 ~ ~  were used t o  measure the  

r a t e s  wi thin  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 reac t ion  r a t e s  could be obtained.  

To be c l e a r ,  these  u n i t - c e l l  r eac t ion  r a t e  values correspond 

t o  the reac t ions  a c t u a l l y  taking place  i n  t h e  un i t - ce l l  i n  the  

assembly, and no t ,  f o r  example, t o  a cell-average defined a s  

the  value 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  sec t ion  of the  f o i l  ma te 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 reac t ion  r a t e s  a s  they 

a c t u a l l y  occur i n  the  un i t - ce l l .  Hence, a per atom u n i t - c e l l  

r eac t ion  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 react ions  taking place i n  the  c e l l  simply by mult iplying 



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  wi 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 with t h r e e  s e p a r a t e  and independent  techniques:  

(1) by abso lu t e  f i s s i o n  chambers wi 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 hose  used i n  t h e  u n i t - c e l l  measurements, wi 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 iochemica l  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  
t 

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 un i t - ce l l "  of F ig .  1. I n  t h e  "experimental"  u n i t - c e l l ,  

i n s t ead  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/u/Mo p l a t e s  were used t o  permit  f o i l s  t o  b e  placed a t  t h e  

cen t e r  of t h e  f u e l  column s o  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 ckness .  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  content  of t h e  exper i -  

mental  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  con ten 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  given i n  Table V 

a long  wi th  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 app l i ed  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  smal l  c a v i t y  wi th  

use  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  w i 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 were he ld  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 

ho lde r s  and t h e  r e a c t i v i t y  worth of  t h e  sample was obta 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 holder  between when i t  is  empty and when i t  h o l d s  

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  given 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 obta ined ,  and t h e  c a l c u l a t e d  r e s u l t s .  

E. Calcu la ted  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-I11 

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 

5 
t h e  assembly. The fundamental mode op t ion  of t h e  SDX code was used 

t o  compute homogeneous c ros 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 i on  D.l) g i v e s  

a  kef of  .9956. 

The c a l c u l a t e d  va lues  f o r  t h e  r e a c t i o n  r a t e  r a t i o  va lues  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  Table  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 l a -  

t i ons  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  wor ths  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  s epa 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  geometr ic  repre-  

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 th  t h e  

p l a t e  u n i t - c e l l  op t i on  i n  t h e  SDX code,  which u se s  equiva lence  theory  

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  w i t h  t h e  fundamental mode 

op t ion  of SDX; f o r  t h e  two-dimensional model, t h e  space-dependent 

op t i on  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 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.  The d i f f e r e n c e  i n  kef f  i s  due t o  bo th  t h e  use  of 

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  be ing  de f ined  w i th  ENDFIB-I d a t a .  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 about  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  worths  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 though they  do show t h e  

changes i n  'OB and 2 3 8 ~  worths expected from t h e  spectrum d i f f e r e n c e .  

For t h e  c e n t r a l  worth measurements, t h e  convers ion  f a c t o r  1% Aklk = 

1007 I h  was used t o  conver t  t h e  measured pe r iods  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 delayed neu t ron  d a t a  of ~ e e p i n '  were used i n  

computing t h i s  convers ion  f a c t o r .  
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TABLE L. Assembly 7 Spherical ?lode1 Atom Densities, 

atom barn-cm 

- - - - - - 

Core Blanket 
Isotope radius = 88.16 cm thickness = 33.81 cm 

(Revised 9-78) 



Table 11. Specifications of 27-Croup Structure 

Croup AU E ,keV Croup AU E ,IccV 
upper upper 

1 0.5 10000 14 0.5 15.034 

2 0.5 6065.3 15 0.5 9 .I188 

3 0.5 3678.8 16 0.5 5.5308 

4 0.5 2231.3 17 0.5 3.3546 

5 0.5 1353.4 10 0.5 2.0347 

Tablc 111. Dinensions f o r  the  Zero-Excess Reactivity, Uniformly Loaded Cylindrical 

Version of ZPR-6 Assembly 7 

Outer Core Padius, an 80.30 

"Exact Core" Region Radius, cm 24.34 

Core Height, an 152.56 

Radial Blanket Thickness, cm 33.54 

Radial Blanket Height, un 221.10 

Axial Blanket Thickness, cm 34.27 

Core Volume, l i t e r s  3090 



Table I V .  Mean Atom Densiti cs fo r  the  Zero-Exccss Uniforn Cylindrical Model of 

Assembly 7, atomslbarn-cm 

Exact Core Outer Core Axial Blanket Radial Blanket 

a Z41pu decay t o  2 4 1 ~  corrected t o  9/15/71 

Arising from SS304 impurities 

Includes q .0052 from S S 3 0 4  and Pu/U/Ms fue l  impurities 

Includes @.0088% from heavy (atomic vt  > S i )  S S 3 0 4  impurities and Pu/U/Mo 
f u e l  impuritier, . 

Note: The number of d i g i t s  I n  each density is a measure of the  compositional 
precision.  Nominally, the  rightmos t dig1 t -bounds the density according 
t o  B 20 of 93% confidence in terval .  



Table V. Unit-Ccll Reaction Zatc Ratios i n  ZPK-6 Assembly 7 

Fleasurcment Calculated l~e terogenz i ty  
(la = 2X) Correction Factorsa 

20c/49f 0.1400 1.023 

28f /43£ 0.02336 1.030 

25f I%9£ 1.061 0.989 

TABLE VI. Contro l  R e a c t i v i t y  Worths Measured i n  a Cen t r a l  Cavity 

i n  ZPR-6 Assembly 7, Aklklmole 

Measuredcr 
I s o t o p i c  W t .  Samplea sample-sizeb Worth ~ a l c u l a t  ede 

I s o t o p e  i n  sample, gm i d e n t .  Cor rec t ion  l a  imprec is  i o n  L o r t h  

Ta 18,647 TA- 2 -7.739 - + 0.78 

a. See Ref. 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 pe r iod  converted t o  r e a c t i v i t y  w i th  u s e  of  convers ion  f a c t o r  

1% Ak/k = 1007 I h  
d. Correc ted  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 o f  Calculations f o r  

Assembly 7 with Several Models 

1-Dimensional 1-Dimensional 2-Dimensional 
Honogeneous Heterogeneous Heterogeneous 

Reaction 28f/49f 0.02304 0.02313 0.02316 
Rates 

25f/49f 1.0962 1 .I143 - 

centrala 2 3 9 ~ u  47.12 47.05 47.05 
Worths 

2 3 5 ~  38.37 38.67 38.69 

a .  FOP calculat ions  not corrected f o r  sample s i z e  e f f e c t s  



UNIT CELL FOR ASSEMBLIES 6A AND 7 

0.01 5 

SS304 JACKET 

ASSEMBLY 7 

FUEL ELEMENT SPECIFICATION 

ALL DIMENSIONS IN  INCHES 

t 1 /8 DEPL. 
URANIUM 

ASSEMBLY 6A 

F i g u r e  1. Cross  S e c t i o n  of Un i t -Ce l l  Showing ? l a t r i x  and Plate Loaded Drawer, 
ZPR Assembl ies  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. 

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 i on :  This  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  

of a  s e r i e s  of c r i t i c a l  experiments  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 core  of assembly 

56B was approximately a  615 l i t e r  c y l i n d e r  f u e l e d  w i th  Pu and U me ta l  

and UO wi th  ca rbona t e s  and oxides  added t o  s imu la t e  a  PuO -UO com- 
2 2 2  

p o s i t i o n .  Also,  Na was added t o  s imu la t e  a  homogenized FTR co re .  

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 con f igu ra t i on ;  2 )  t h i s  N i  r e f l e c t e d  assembly can be compared 

w i th  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 iven  core  resembling t he  FTR. 
2  



C. Model Description: 

1. One-Dimensional Model (sphere) 

VACUUM 

Suggestions: 

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

Mesh...... 40 intervals in the core, 20 in the reflector. 



1. Two-Dimensional Model (cylinder) 

CORE 

AXIAL REFLECTOR 

46.18 

RADIUS Icm) 

RADIAL REREOOR 

Suggestions: 

Code . . . . . .  2-dimensional diffusion theory 

Mesh. . . . . .  30 radial intervals ,  core 

20 radial intervals ,  ref lector  

30 axial  intervals ,  core 

20 axial  intervals ,  re f l ec tor  

VACUUM 



3. Atom Densi t ies  

4 .  Techniques 

A l l  ca l cu la t ions  should be performed with appropr ia te ly  

resonance-shielded cross  sec t ions .  An acceptable mulci- 

group s t r u c t u r e  is 26 half-lethargy v i d t h  groups v i r h  

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  

Ho 

MI 6 S i  

(Revised 9-78) 

Density loz4  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 

Radial 
Ref lector  

0.00657 

0.00188 

0.00759 

0.0476 

0.0003 

Axial 
Ref lector  

0.01346 

0.0022 

0.00882 

0.0195 

0.0003 

Spher ical  
Ref lector  

0.007879 

0.001941 

0.007824 

G .042261 

0.0003 



D. Experimental Data: (All  e r r o r s  a r e  one standard devia t ion)  

1. Eigenvalue = 1.0000 + .0014 

2. Spectra l  Indices a t  Core Center 

a (U233) / of (U235) = 1.478 + 0.015 f 

a (U234) / af  (U235) = 0.195 f 0.002 f 

o (U236). / af (U235) = 0.0639 f 0.0006 f 

a ($238) / af (U235) = 0.0308 + 0.0003 f 

a (Pu239) / af (U235) = 1.028 f 0.010 
f 

a (Pu240) / af (U235) = 0.282 + 0.003 f 

3. Material  Worths a t  Core Center 

Mater ia l  React iv i ty  Coeff ic ient  lom5 Ak/k/mle 

U-235 78. 3 f 2.2 

U-238 -4.95 f 0.22 

Pu-239 100.5 ? 2.0 

C -0.338 + 0.034 

Na -0.232 f 0.109 

C r  -0.749 + 0.073 

Fe -0.776 + 0.029 

N i  -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 composition, 

the  1-D and 2-D models were s e t  up t o  preserve  these  two experimental  

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 ,  ma te r i a l s  of low 

dens i ty  and of l i t t l e  importance were e i t h e r  omitted o r  combined 

wi th  o t h e r  homogeneous m a t e r i a l  d e n s i t i e s .  

Correction f a c t o r s  were obtained i n  t h e  following manner: 

Keff  (2-D d i f fus ion)  - Keff  (1-D d i f f u s i o n )  = -.0157 

Keff 
(1-D t ranspor t )  - Keff (1-D d i f f u s i o n )  = .0075 

Kef (heterogeneous) - Keff  (homogeneous) = .0102 

2-D worthsll-D worths = 1.052. 

The heterogenei ty  cor rec t ion  was obtained by adding t h e  gross  s p a t i a l  

se l f - sh ie ld ing  component ( ca lcu la ted  using a 26-group S c e l l  model 12 

with a homogeneous lI2  leakage) t o  t h e  energy (resonance) se l f - sh ie ld ing  

component ( ca lcu la ted  using the  B e l l  approximation). 

I f ,  f o r  example, a  1-D t r anspor t  c a l c u l a t i o n  gave an eigenvalue of 

.9900, the  corrected eigenvalue would be .9900 - .0157 (geometry 

cor rec t ion)  + .0102 (heterogeneity cor rec t ion)  = .9845. A l l  1-D 

c e n t r a l  worths must be mul t ip l i ed  by 1.052 t o  account f o r  geometric 

d i f fe rences .  

The experimental assembly 56B dimensions and compositions can be 

found i n  Reference 1, while the  c e n t r a l  ind ices  and m a t e r i a l  worths 

(Revised 9-76) 



a r e  given i n  Reference 2 .  The r e a c t i v i t y  conversion parameter  was 

c a l c u l a t e d  us ing  t h e  delayed neu t ron  d a t a  of Masters  (Reference 3) 

5 
and found t o  be 1 .13  x 10 AklIh. The m a t e r i a l  worth va lues  l i s t e d  

have been co r r ec t ed  f o r  e s t ima ted  sample s i z e  and composition e f f e c t s .  
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FAST REACTOR BENCHMARK NO. 14 

A. Benchmark Name and Type 

SEFOR Doppler Benchmark, Core I 

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

The SEFOR r e a c t o r  was designed t o  p rov ide  a Do;pler measurement i n  

an environnlent t h a t  i s  r e p r e s e n t a t i v e  o f  an o p e r a t i n g  LMFBR, w i t h  respec t  

t o  t h e  neu t ron  spectrum, t h e  f u e l  temperature range, t h e  r e a c t o r  compos i t ion  

and t h e  f u e l  m i c r o s t r u c t u r e .  Standard f u e l  f o r  SEFOR was mixed ox ide  (20% 

Pu02, 80% U02) i n  which t h e  Pu conta ined a minimum amount o f  Pu-240 ( ~ 8 %  

o f  t h e  Pu) and t h e  U was dep le ted  i n  U-235. The f u e l  was conta ined i n  

nominal one- inch d iameter  rods .  Several guinea p i g  rods,  having Pu concen- 

t r a t i o n s  50% g r e a t e r  than t h e  s tandard  f u e l ,  were inc luded.  Each o f  t h e  

f u e l  rods i nc luded  an expansion gap l o c a t e d  i n  t h e  co re  r e g i o n  so as t o  

min imize  t h e  r e a c t i v i t y  e f f e c t  o f  f u e l  a x i a l  expansion; hence, t h e  Doppler  

e f f e c t  c o n t r i b u t e d  approx imate ly  95% o f  t h e  t o t a l  SEFOR power c o e f f i c i e n t  

and 90% o f  t h e  energy c o e f f i c i e n t .  The measured Doppler  c o e f f i c i e n t  r e p o r t e d  

here exc l  udes t h e  f u e l  a x i a l  expansion component. 

Con t ro l  o f  SEFOR.was p rov ided  by t h e  v e r t i c a l  movement o f  10 n i c k e l  

s l a b  r e f l e c t o r s  l o c a t e d  r a d i a l  1y o u t s i d e  t h e  r e a c t o r  vesse l .  F ine  c o n t r o l  

o f  t h e  p o s i t i o n  o f  two o f  these r e f l e c t o r s  was provided;  these were c a l i -  

b ra ted  and used i n  t h e  measurement o f  r e a c t i v i t y .  

A l l  o f  t h e  SEFOR Doppler  measuren~ents used f o r  t h i s  benchmark problem 

were made w i t h  t h e  co re  loaded t o  i t s  f u l l  s i z e  of 648 rods .  Th is  r e q u i r e d  

t h e  use o f  t y p i c a l l y ,  12 t o  14 B4C rods,  d i s t r i b u t e d  un i f o rm ly ,  i n  p lace  o f  

f u e l  rods  t o  m a i n t a i n  t h e  excess r e a c t i v i t y  a t  f u l l  power t o  l e s s  t han  500. 

Th is  benchmark i s  f o r  SEFOR, Core I ,  which conta ined about 6 volume 

percent  6e0. I n  Core I1 t he  Be0 rods were rep laced w i t h  s t e e l  rods, 

r e s u l t i n g  i n  a narder  spectrum. A benchmark problem f o r  Core I1 has n o t  

been s p e c i f i e d .  



C . l  One-Dimensional Spher ica l  Model D e s c r i p t i o n  

A  one-dimensional sphe r i ca l  model o f  SEFOR i s  shown i n  F igu re  1, 

i n c l u d i n g  model dimensions and suggested mesh. The atom d e n s i t i e s  i n  each 

r e g i o n  (atoms/barn-cm) a r e  g i ven  i n  Table I .  A zero  r e t u r n  c u r r e n t  boundary 

c o n d i t i o n  shou ld  be a p p l i e d  a t  t h e  o u t e r  boundary. D i f f u s i o n  theo ry  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 ,  b u t  w i t h  groups no coarser  than 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 o r r e c t i o n  f a c t o r s  t o  be made t o  t h e  c a l c u l a t e d  values 

o f  keff  and t h e  Doppler c o e f f i c i e n t  a r e  g i ven  i n  Sect ion  E. 

A1 though t h i s  sphe r i ca l  model does n o t  p rov ide  a  very accura te  descr ip -  

t i o n  o f  SEFOR, i t  does g i v e  a  computed Doppler c o e f f i c i e n t  w i t h i n  2% and 

k e f f  w i t h i n  0.5% o f  t h a t  computed f o r  t h e  two-dimensional model (Sect ion  C.3), 

w i t h o u t  t he  requirement o f  group-dependent buck1 ings .  

C. 2  One-Dimensional A x i a l  Model D e s c r i p t i o n  

A one-dimensional a x i a l  model o f  SEFOR i s  shown i n  F igu re  2, i n c l u d i n g  

model dimensions, suggested mesh and the  composi t ion number assigned t o  each 

reg ion .  The atom d e n s i t i e s  i n  each composi t ion (atoms/barn-cm) a r e  g i ven  i n  

Table 111. Zero r e t u r n  c u r r e n t  boundary cond i t i ons  shou ld  be a p p l i e d  a t  bo th  

boundaries. The s e t  o f  group-dependent buck l i ngs  i n  Table I1 was found t o  

g i v e  t h e  Doppler  c o e f f i c i e n t  w i t h i n  2% and t h e  kef f  w i t h i n  0.5% o f  t h a t  com- 

puted f o r  t h e  two-dimensional model (Sec t i on  C.3). It was no t  p o s s i b l e  t o  

f i n d  a  constant  b u c k l i n g  which produced bo th  Dopp:er c o e f f i c i e n t  and keff  

va l  ues near t o  t h e  two-dimensional r e s u l t s .  D i f f u s i o n  theo ry  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 ,  

bu t  w i t h  groups no coarser  than 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 o r r e c t i o n  f a c t o r s  t o  be made t o  t h e  c a l c u l a t e d  values a r e  g iven i n  

Sect ion  E. 



C .  3 Two-Dimensi onal Model Description 

A two dimensional ( R - Z )  model of SEFOR i s  shown i n  Figure 3 ,  including 

model dimensions, suggested mesh and composition number f o r  each region.  

The atom d e n s i t i e s  i n  each composition (atoms/barn-cm) a r e  given i n  Table 

111. Zero re turn  cur ren t  boundary condi t ions  a r e  t o  be appl ied  on t h e  top,  

r i g h t  and bottom boundaries. Diffusion theory i s  suggested with c r o s s  

sec t ions  in  any s u i t a b l e  f a s t  r eac to r  energy-group s t r u c t u r e . *  Correction 

f a c t o r  t o  be made t o  t h e  ca lcu la ted  values a r e  given i n  Section E. 

C.4 Doppler Cal cul a t i o n  Model 

The isothermal Doppler c o e f f i c i e n t  should be computed i n  t h e  following 

way : 

where 

T1 = 677°K (760°.F), average fuel  temperatures a t  zero power, 

T2 = 1365" K (2000°F), average fuel  temperature a t  20 MW,  

k l  = neutron mul t ip l i ca t ion  f a c t o r  with t h e  fuel  a t  T I ,  

k 2  = neutron mul t ip l i ca t ion  f a c t o r  with the  fuel  a t  T p .  

I t  i s  suggested t h a t  a neutronics  c a l c u l a t i o n  be performed f o r  t h e  fue l  a t  

T1 , and t h a t  the  value of (k2 - k l )  be obtained w i t h  f i r s t - o r d e r  per turbat ion 

theory.  

* I f  the  two-dimensional problems a r e  r u n  with a group s t r u c t u r e  t h a t  
contains groups broader than 0 . 5  l e tha rgy ,  these  cross  sec t ions  should 
be generated by regionwise co l l aps ing ,  using represen ta t ive  spec t ra  f o r  
each of the  regions i n  Figure 3 ,  from 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 le thargy of 12.5. 



C. 5 C e l l  Model Desc r ip t i ons  

Be fo re  comparing w i t h  experinlental values f o r  t he  Doppler  c o e f f i c i e n t  

and kef f ,  t h e  r e s u l t s  o f  c a l c u l a t i o n s  w i t h  any o f  t h e  t h r e e  r e a c t o r  models 

above must be co r rec ted  f o r  e f f e c t s  n o t  i nc luded  i n  t h e  models. These 

c o r r e c t i o n  f a c t o r s  have been pre-ca l  c u l  a ted  and a re  g i ven  i n  Sec t i on  E. 

However, those computing t h i s  benchmark problem a r e  encouraged t o  c a l c u l a t e  

t h e i r  own c o r r e c t i o n  f a c t o r s .  Desc r ip t i ons  o f  t he  f u e l  subassembly and B-10 

c e l l  a r e  g i ven  below. 

a. Fuel Subassembly. 

F igu re  4  shows a  cross s e c t i o n  o f  t h e  f u e l  subassembly i n  t h e  

SEFOR core.  Th i s  may be used, t o g e t h e r  w i t h  Composition 7 i n  Table 111, 

(by computing volume f r a c t i o n s )  t o  d e f i n e  a  f u e l  c e l l  f o r  t h e  c a l c u l a t i o n  

o f  he te rogene i t y  e f f e c t s .  The f u e l  i s  mixed U02 - PuOp. The 10 m i l  gap 

i n d i c a t e d  i n  F igu re  4, o u t s i d e  the  channel w a l l ,  i s  sodium f i l l e d ,  so 

t h e  va lue  o f  3.16 cm de f i nes  the  e f f e c t i v e  c e l l  o u t e r  dimension. Dimen- 

s i o n s  g i ven  i n  F igu re  4  a r e  f o r  70°F. Expansion t o  350°F, t o  be c o n s i s t e n t  

w i t h  Table 111, w i l l  s l i g h t l y  increase the  e f f e c t i v e  o u t e r  c e l l  dimension, 

b u t  w i l l  n o t  change t h e  m a t e r i a l  volume f r a c t i o n s .  

b. 6-10 C e l l .  

The benchmark problem conta ins  12 B4C rods,  e s s e n t i a l l y  spaced 

even ly  throughout  t h e  core. The B4C rods  rep lace  f u e l  rods and a r e  o f  

t h e  same diameter. A r a d i a l  c e l l  i s  de f i ned  by a  s i n g l e  B4C rod,  

surrounded by 111 2 o f  t h e  core (Composit ion 7), homogeneously mixed. 

D. Experimental Data 

Measured kef f  = 1.0000 

Isothermal  Doppler  c o e f f i c i e n t  ( 3 )  = T - dk = 
dT 

The Doppler measurements were made by determin ing  t h e  r e a c t i v i t y  change 

i n  SEFOR as the  power was increased f rom a  nominal zero power t o  f u l l  power 

o f  20 MW, w h i l e  h o l d i n g  t h e  coo lan t  temperature constant .  ( 2 )  The r e a c t i v i t y  

change was determined f rom the  p o s i t i o n s  o f  c a l i b r a t e d  r e f l e c t o r  c o n t r o l  rods.  



Components o f  t h e  r e a c t i v i t y  change due t o  thermal expansion were computed 

and sub t rac ted  frorn t h e  t o t a l  t o  a r r i v e  a t  t h e  Doppler component. (The 

Doppler component i s  >90% o f  t h e  t o t a l  . )  Then measured and computed f u e l  

temperatures and temperature d i s t r i b u t i o n s  were used t o  o b t a i n  an equ iva len t ,  

f u l l  -core,  i so thermal  Doppler c o e f f i c i e n t .  The standard d e v i a t i o n  o f  tO.OO1O 

inc ludes  t h e  e f f e c t s  o f  u n c e r t a i n t i e s  i n  o t h e r  r e a c t i v i t y  components and i n  

f u e l  temperatures and temperature d i s t r i b u t i o n s .  The measured Doppler  

c o e f f i c i e n t  o f  -0.0080 has been subs tan t i a ted  w i t h  bo th  sub-prompt and super- 

prompt t r a n s i e n t  measurements made a t  several  i n i  t i  a1 power 1  eve1 s  between 

0  and 10 MW, and t h e  u n c e r t a i n t y  has been reduced f rom k0.0014 due t o  t h e  t r a n -  

s i e n t  measurements. 

E. Computed C o r r e c t i o n  Factors  

The c o r r e c t i o n  f a c t o r s  i n  Table I V  a re  de f i ned  as t h e  abso lu te  changes 

which shou ld  be made t o  t h e  computed U-238 Doppler c o e f f i c i e n t  and t o  ke f f .  

For  example, a  computed Doppler  c o e f f i c i e n t  T  - dk of -0.0075 would be 
dT 

c o r r e c t e d  f o r  resonance he te rogene i t y  t o  -0.0080, s i n c e  t h i s  c o r r e c t i o n  f a c t o r  

i s  -0.00050. The c o r r e c t i o n  f a c t o r s  were obta ined as f o l l o w s .  

a. Resonance Heterogene i ty  . 
A Be l l -app rox ima t ion  c o r r e c t i o n  was made t o  t h e  microscop ic  c ross  

sec t i ons  f o r  a  r a d i a l  c e l l  de f i ned  by a  f u e l  p i n  surrounded by 116 o f  

t h e  non- fue l  subassembly m a t e r i a l s ,  homogenized. 

b. Subassembly Heterogenei ty .  

The e f f e c t  o f  coarse-group f l u x  v a r i a t i o n s  across t h e  subassembly 

(F igu re  4)  was computed f o r  a  r a d i a l  c e l l  model of t h e  subassembly, w i t h  

t he  Be0 r o d  a t  t h e  center .  

c .  B-10 Heterogene i ty .  

The e f f e c t  o f  coarse-group f l u x  v a r i a t i o n s  about a  B4C p i n  was 

computed f o r  a r a d i a l  c e l l  model de f i ned  by one B4C p i n  surrounded 

by 1/12 o f  t h e  core. 



d .  Reactor Expans ion. 

This correction factor i s  due to  the effect  of expanding the 

reactor from the dimensions given in Figure 3,  for  350°F, to  the isother- 

nial temperature of 760°F. A1 though the average fuel temperature was 

greater than 760°F during the measurements, the SEFOR design minimizes 

the fuel expansion ef fec t ,  and a correction for  th i s  in the basic pro- 

blem was not necessary. (Both the measured and calculated Doppler 

coefficient exclude the fuel expansion e f fec t . )  

e. Control Effect. 

The atom densities in Table 111 fo r  composition 13 assume tha t  

1.25 sections of ref lector  control were lowered and the void uniformly 

distributed. Since 1.56 sections of lowered reflector  i s  a bet ter  

description of the zero power condition, t h i s  correction accounts fo r  

both the difference in the number of sections lowered and the substantial 

heterogeneity ef fec t  of a single reflector .  

f .  Non-cyl i nder Effect. 

This fac tor  corrects fo r  the irregulari ty of the core radial 

boundary. The value given here was computed ea 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 

results  from the spherical model with the extrapolation to  Sa from 

spherical calculations in S4, S6, S8 and S12. I t  has been estimated 

that  the inclusion of the anisotropic scattering ef fec t  using Sn-P, 
calculations will reduce k by 0.001 over that  obtained using Sn eff 
with transport-corrected Po cross sections, b u t  th is  has not been 

verified by direct  computation. 

F .  Comnients and Documentation 

The one-dimensional spheri ca1 model was derived as follows. 

Region 1 .  The volume of th i s  region was chosen to  be equal to  the 

volume of the portions of Compositions 2 and 3 in Figure 4 which l i e  



w i t h i n  t h e  co re  (41.800<2<132.957 cm). The co r~ lpos i t i on  o f  t h e  r e g i o n  i s  

t h e  a p p r o p r i a t e  vo l  ume-weighted average o f  coniposi t i o n s  2 and 3 (Tab1 e I I I ) .  

Region 2. The cornposi t i on o f  t h i s  r e g i o n  i s  t h e  v o l  ume-weighted 

average o f  composi t ions 6, 7 and 8 (F igu re  4 and Table 111). The 

r a d i u s  o f  t h e  r e g i o n  i s  51.055 cm when t h e  volume o f  these reg ions  i s  

conserved, b u t  was reduced t o  49.75 cni f o r  t h e  sphe r i ca l  model t o  pro-  

duce the  same kef f  as ob ta ined  f o r  t h e  two-dimensional model. 

Region 3. The composi t ion o f  t h i s  r e g i o n  i s  t h e  volume-weighted 

average o f  Composit ions 1,3,4,5,9,10,11,12,13 and 14 w i t h  t h e  except ion  

o f  t h e  range 41.800<2( 94.243 cm f o r  Composit ion 3 and t h e  range 0sZ<11.800 

cm f o r  Conipositions 4, 11, 12 and 14. The th ickness  o f  t h i s  r e g i o n  was 

chosen t o  p reserve  t h e  volume o f  these component reg ions  when Region 2 

had a r a d i u s  o f  51.055 cm; t h e  th ickness  o f  Region 3 was n o t  changed 

when t h e  r a d i u s  o f  Region 2 was decreased. 

Region 4. The compos i t ion  o f  t h i s  r e g i o n  i s  t h e  vo l  ume-weighted 

average o f  t h e  remain ing  m a t e r i a l  f rom F igu re  4 and Table 111. The 

th ickness  o f  t h e  r e g i o n  was chosen t h e  same way as used f o r  Region 3. 

The composi t ion and geometry o f  t h e  one-dimensional a x i a l  model i s  

i d e n t i c a l  t o  t he  two-dimensional model (F igu re  3)  f o r  4.226<R544.118. The 

spectrum o f  t h e  pe rpend i cu la r  buck l i ngs  f o r  t h e  core reg ions  and t h e  cons tan t  

pe rpend i cu la r  buck l i ngs  f o r  t h e  reg ions  o u t s i d e  o f  t h e  core were taken from 

computed re ' su l t s  o f  t h e  two-dimensional model. The magnitude o f  t h e  perpendi- 

c u l a r  buck l i ngs  f o r  t h e  core  reg ions  was ad jus ted  t o  produce t h e  same kef f  

as ob ta ined f rom t h e  two-dimensional model. 

The value o f  eef f  (delayed neut ron  f r a c t i o n )  used t o  generate T - dk 
dT 

f rom 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 ( ). 

Figure 2. SEFOR Doppler Benchmark Axial One-Dimensional Model. 
Dimensions in cm; Suggested Number of Mesh Intervals in ( ) .  
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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 Benchnlark: 

Spher ica l  Model Region Composit ions (atomslbarn-cm) 

M a t e r i  a1 Region 1 

* a. bcde-n = a. bcdexl o - ~  

Region 2 

1 .3886-2 

3.9511-3 

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 Region 4 

7.8587-3 

2.4623-3 

1.331 5-3 

1 .3070-3 

TABLE I1  

SEFOR DOPPLER BENCHMARK 

AXIAL MODEL PERPENDICULAR BUCKLINGS ( c I Y - ~ )  

Le thargy  Range 6' (Regions 3,4,5,6) _r --r 8' (Regions 1,8) $ (Regions 2,7) 
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TABLE I V  

SEFOR DOPPLER BENCHMARK CORRECTION FACTORS 

Resonance Heterogene i ty  

Subassembly Heterogene i ty  

B-10 Heterogene i ty  

Reactor Expansion 

Con t ro l  E f f e c t  

Non-cyl i nder E f f e c t  

To ta l  C o r r k c t i o n  t o  2-D 

Transpor t  Theory Resu l ts  

D i f f u s i o n  Theory E r r o r  

To ta l  C o r r e c t i o n  t o  

D i f f u s i o n  Theory Resu l ts  



FAST REACTOR BENCHMARK NO. 15 

A. ZPR-6 Assembly 6A - A Uranium Oxide Fueled Fasr C r i t i c a l  Assembly. 

B. System Descript ion:  

The ZPR-6 c o n s i s t s  of two halves ,  each a ho r i zon ta l  matrix 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 containing f u e l  and d i l u e n t  ma te r i a l s  of var 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 with a 

s o f t  spectrum and o the r  c h a r a c t e r i s t i c s  r ep resen ta t ive  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 

(LID) r a t i o  of 0.84; i t  has a simple one-drawer u n i t  c e l l ;  and it 

is blanketed both a x i a l l y  and r a d i a l l y  with 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  wel 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  t he  f u e l  

is enriched uranium (5.4 w/o 2 3 8 ~ )  r a t h e r  than a plutonium-bearing 

a l loy .  A cross  s e c t i o n a l  view of the  a s -bu i l t  re ference  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  cy l ind r i ca l i zed  r ep resen ta t ion  of the  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 wirh s p h e r i c a l  

geometry has been used i n  the  ana lys i s  of many measurements i n  

t h i s  assembly. The sphe r i ca l  model w a s  defined with reference  



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 w a s  

defined by f i r s t  determining a blanket  th ickness  and then search- 

ing f o r  a core radius  t h a t  gives the  spher i ca l  r eac to r  the  same 

keff  
a s  the  homogeneous twoydimensional cyl inder .  The b lanket  

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 w a s  done on the  b a s i s  of the  r e l a t i v e  

leakages i n t o  the axial and r a d i a l  b lankets  ( a s  given by the  

two-dimensional ca lcu la t ions ) .  The r e s u l t i n g  core  r ad ius  and 

blanket  thickness f o r  the homogeneous s p h e r i c a l  model were 95.67 

an and 30.65 cm respect ive ly .  The appropr ia te  compositions f o r  

use with the  spher i ca l  model a r e  given i n  Table I. The spher i ca l  

model is expected t o  introduce approximately a 0.05% uncer t a in ty  

i n  keff. 

An energy group s t r u c t u r e  wi th  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  accura te  computations of ma te r i a l  worths 

and Doppler e f f e c t s .  

Because of the  s impl i c i ty  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  may 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) 



Cen t r a 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  worths  

may be computed by p e r t u r b a t i o n  theory .  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  conta 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 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  is 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 . 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  

geome t r i ca l l y  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 i ons  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  cy 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 t hus  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 anke 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 anke t .  A p o r t i o n  of t h e  o u t e r  co re  r eg ion  was 

f u e l e d  w i th  118 i n .  t h i c k  enr iched  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 /16  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 he  

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 composi t ions 



f o r  the zero-excess r e a c t i v i t y ,  yniform, two-dimensional model a r e  

given i n  Tables I11 and I V Y  r e spec t ive ly .  The "exact core region", 

a t  the center  of the assembly, is  simply a region i n  which mate r i a l  

concentrat ions a r e  known more accurate ly  than i n  the r e s t  of the 

core. 

D. Experimental Data: 

1. Measured Eigenvalues: The measured eigenvalue corresponding t o  

the  models of Section C is 1.0000 + 0.0005. Calculat ions ind ica te  

L a 0.0073 heterogeneous-homogeneous correct ion.  The t ranspor t  

theory cor rec t ion  was not  computed but  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 Reaction Rates: Detailed un i t - ce 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  2 3 5 ~  were made. Acti- 

va t ion  f o i l s  of 2 3 8 ~  and 2 3 5 ~  were used t o  measure the r a t e s  

w i t h i n - t h e  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  cell-averaged 
3 8 

values of the  reac t ion  r a t e s  could be obtained.  To be c l e a r ,  

these  un i t - ce l l  r eac t ion  r a t e  values correspond t o  the  reac t ions  

a c t u a l l y  taking place  i n  the un i t - ce l l  i n  the assembly, and n o t ,  

f o r  example, to  a cell-average defined a s  the  values of the  f l u x  

a t  every point  i n  the  c e l l  mul t ip l ied  by the  c ross  sec t ion  of the 

f o i l  ma te 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 reac t ion  r a t e s  a s  they ac tua l ly  occur i n  the  u n i t - c e l l .  

Hence, a per atom un i t - ce l l  r eac t ion  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 react ions  taking place i n  the 

c e l l  simply by mult iplying the former r a t i o  by the  appropr ia te  

atom densi ty  r a t i o .  



The d e t a i l s  of t he  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  the  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 abso lu 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  those  used 

i n  t he  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 he  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 abso lu t e  radiochemical  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 he  u n i t - c e l l  measurements. The e x c e l l e n t  

agreement among t h e  va r ious  c a l i b r a t i o n  methods made p o s s i b l e  t h e  

'-b 
sma l l  u n c e r t a i n t y ,  l o  = 2%, i n  t he  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  wi th  c a l c u l a t e d  f a c t o r  ( t o  be 

app l i ed  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 .  Mate r i a l  Worths a t  t he  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  2  x 2 x 1 i n .  

c a v i t y  w i 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 laced  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 of a  sample was obta ined  from t h e  d i f f e r e n c e  i n  t he  re -  

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. Fu r the 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 ives  t he  expe r imen ta lwor ths  of t h e  i s o t o p e s ,  

t h e i r  weights  i n  t h e  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 ted  Resul t s :  

The c a l c u l a t i o n s  descr ibed  i n  t h i s  s e c t i o n  were made us ing  ENDFIB 



ver s ion  I11 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 he  assembly. The fundamental mode op t ion  of t he  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 lded  

a m u l t i p l i c a t i o n  cons t an t  of 0.9853, which i s  increased  t o  0.9926 by 

i n c l u s i o n  of t h e  he t e rogene i ty  c o r r e c t i o n .  I n  Table V I I ,  a r e  given 

the  c a l c u l a t e d  va lues  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  worths.  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  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  wi th  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 tero-  

geneous model. I n  t h i s  way, t he  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  geometric  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 wi th  t h e  p l a t e  u n i t - c e l l  

op t ion  i n  the  SDX code, which uses  equiva lence  theory i n  t h e  narrow 

resonance approximation 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 ep resen t  t h e  u n i t  c e l l  i n  t hese  SDX problems i s  

descr ibed  i n  Ref. 6 .  Fdr t h e  one-dimensional model, t h e  heterogeneous 

c r o s s  s e c t i o n s  were obta ined  wi th  the  fundamental mode op t ion  of SDX; 

f o r  t h e  two-dimensional model, t he  space-dependent op t ion  was used. 

The r e s u l t s  of t he  c a l c u l a t i o n s  wi th  the  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  

- in  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 he  

m u l t i p l i c a t i o n  cons t an t .  He te rogene i t i e s  do n o t  a f f e c t  app rec i ab ly  

t he  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  worths of 2 3 9 ~ u  and 235u 

bu t  they have a  5% e f f e c t  of t he  c a l c u l a t e d  worths of 2 3 8 ~  and ''8 

and a l a r g e  e f f e c t  on t h e  worth of sodium. 

For t he  c e n t r a l  worth measurements, t h e  convers ion  f a c t o r ,  1% Ak/k = 

449 I h  was used t o  conver t  t h e  measured p e r i o d s  t o  t h e  d e s i r e d  re-  

a c t i v i t y  u n i t s .  The delayed neut ron  d a t a  of ICeepin7 v e r e  used i n  

computing the  conversion f a c t o r .  
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Table I Assembly 6A Spherical Model Atom Densities, atom/barn-cm 

Isotope 

- - 

Core Blanket 



Table 11. Specifications of 27-Group Structure 

AU 
E 
upper 'keV AU E , keV 

Group Group upper 

1 0.5 10000 14 0.5 15.034 

Table 111. Dimensions for the Zero-Excess Reactivity, 

Uniformly-Loaded Cylindrical Version of Assembly 6A 

Outer core radius, cm 

"Exact Core" region radius, cm 

Core height, cm 

Radial blanket thickness, CIII 

Axial blanket thickness. cm 

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 . 0 0 8 8 %  due to heavy (atomic wt 2 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 
Measurement a correction factor 

a calculated homogeneous/heterogeneous 

Table VI. Central Reactivity Worths Measured in a Central Cavity 

in ZPR-6 Assembly 6A, Aklklmole 

Measured c,d 

Isotopic wt Sample-Size Worth calculatede Isotope in sample, gm Correction la imprecision Worth 

a. integral-transport calculation 

b . by experiment 

c. period/reactivity conversion factor 1% Aklk = 449 Ih 

d. corrected for sample size effect where given 

e. FOP calculation based on ENDF/B-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 

centrala 
2 3 9 ~ ~  

Wor ths , 23SU 

a 
FOP Calculations not corrected for sample size effects 



UNIT CELL FOR ASSEMBLIES 6A AND 7 

1 /16 SS304 
PLATE 

1/16 ENR . 
URANIUM 

JACKET 

ASSEMBLY 7 ASSEMBLY 6A 

FUEL ELEMENT SPECIFICATION 

ALL DIMENSIONS IN INCHES 

,1/8 DEPL. 
URANIUM 

Figure 1. Cross Section of Unit-Cell Showing Matrix and Plate Loaded Drawer, 
ZPR Assemblies 6A and 7, ANL-Neg. No. 116-888. 



ti' 

D.P CONTROL ROD INSERTION SAFETY ROD 

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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h 
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106.68 -1 

RADIAL BLANKET 

Figure  3. Axia l  Cross Sec t ion  for 75.1 I h  Excess R e a c t i v i t y ,  
As-Built ZPR-6 Assembly 6A, ANL-Neg. No. 116-892. 



Fast  Reactor Benchmark No. 16 

A. Benchmark Name and Type: SNEAK-Assembly 7A, a mixed oxide fuel-plus- 

g r aph i t e  assembly. 

B. Svstem Descr ipt ion 

Assembly 7A had a compact core with mixed oxide f u e l ,  and a simple u n i t  

c e l l ,  which consis ted of a Pu02U02 p l a t e l e t  (0.626 cm t h i ck )  and a g r aph i t e  

p l a t e l e t  (0.313 cm th i ck ) .  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, the  spectrum is hard compared t o  a LMFBR. 

I n  combination with assembly 7B, which has a higher  2 3 8 ~  con ten t ,  t h e  

system is s u i t a b l e  t o  test the  high c ross  s ec t i ons  of 2 3 8 ~ ,  and of 2 3 9 ~ ~ .  

The con t ro l  rods were loaded with enriched uranium; there f  o r e ,  about 10% 

of the  c r i t i c a l  mass was 235u 

C .  Xodel Description 

C.  1 One-Dimensional Model 

A one-dimensional , homogeneous composition model is def ined as a two- 

region sphere w i t h  homogeneous atom d e n s i t i e s  f o r  the  core and blanket  

as given i n  Table I. The inner  core zone represen ts  a uniform por t ion  of 

the  core undisturbed by t he  con t ro l  rods and i t  is these  i nne 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  the  core region of 

the  sphere. The following dimensions apply t o  t he  sphe r i ca l  model: 



Core Outer Radius 28.50 cm 

Blanket Thickness 30.00 an 

Number of Mesh In tenra l s :  

Core 3 5 

Blanket 20 

The standard mode of ca l cu l a t i on  may be e i t h e r  d i f fu s ion  theory or  S6 

t r anspo r t  theory with a vacuum boundary condi t ion a t  t he  ou t e r  blanket  

boundary and a  multigroup s t r u c t u r e  composed of 26 groups, each of l e thargy  

width equal  t o  0.5 and & set a t  10 MeV. 

The homogeneous sphe r i ca l  model was obtained a s  follows: A two-dimensional 

ca l cu l a t i on  i n  R-Z-geometry w a s  c a r r i ed  out with t he  code DIXY, i n  26 energy 

groups. The con t ro l  rods were homogenized i n  an outer  core zone ( r  > 15.86 

cm) . 
The kef 

obtained in t h i s  ca l cu l a t i on  was cor rec ted  f o r  t h e  cy l indr i s -  

a t i on ,  f o r  t he  a c t u a l  pos i t i on  of t h e  con t ro l  rods,  and f o r  heterogenei ty  

e f f e c t .  Then, a  d i f fu s ion  ca l cu l a t i on  i n  s p h e r i c a l  geometry was run,  assuming 

the composition of the "inner" core zone. The radius  was i t e r a t e d  such t h a t  

the corrected keff of the  DIXY run was obtained. 

C.2 Two-Dimensional Model Descr ipt ion 

A two-dimensional, R-Z, c y l i n d r i c a l  model is defined in Fig. 1. The f u l l  

core height is 44.04 cm, the  i nne r  core  zone rad ius  is 15.86 cm, the  ou te r  

core zone rad ius  is 28.55 cm and the  a x i a l  and r a d i a l  blankets  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  cyl 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 calculation is diffusion theory with a vacuum 

boundary condition at the outer boundaries of the blanket (top and right 

sides in Fig. 2) and a symmetry boundary condition along the axial and 

radial axes (left and bottom sides in Fig. 2). The suggested mesh structure 

is 30 intervals axially and radially in the core and 20 intervals in the 

blanket. 

The following corrections should be applied to the k as calculated in eff 

R-2-geometry : 

cylindrisation 

actual control rod position 

heterogeneity 

The corrected k should be compared to 1.0. eff 

If desired, the homogenization of the control rods can be checked using 

the atom densities of the control rods, as given i n  Table 2 .  



D. Experimental Data 

D. 1 S p e c t r a l  I n d i c e s  a t  t h e  Core Centet  

Experimental va lue  Correct ion 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. sphere  

The s p e c t r a l  i n d i c e s  were measured with 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  us ing  t h e  c e l l  code 

KAPER, t o  o b t a i n  t h e  cell-averaged v a l u e s ,  which a r e  quoted i n  t h e  Table.  

Calcula ted c o r r e c t i o n s  a r e  app l ied  t o  o b t a i n  t h e  va lues  f o r  t h e  equ iva len t  

homogeneous sphere .  

Mate r ia 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 ,  Ak/k / mole 

Sample 
Plat 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  small 
sample i n  t h e  Horn-Het . 

equ iva len t  sphere  Horn ' -  



For the  mate r ia l  worth measurements, an A1 frame (3.14 nnn th ick ;  average 

dens i ty  40%) was i n se r t ed  between two normal c e l l s  a t  t h e  measuring pos i t i on .  

This A l  frame was replaced by t he  m a t e r i a l  samples f o r  t h e  measurements. The 

value Beff  = 0.00359 w a s  used t o  convert  t h e  d a t a  t o  abso lu te  Aklk. For 

ana ly s i s  i n  a sphe r i ca l  model, the  worths were cor rec ted  a )  wi th  t he  KAPER 

program t o  the  worth of an i n f i n i t e l y  s m a l l  samples i n  a homogeneous core  

(see  column 6 ) ,  b) t o  t h e  worth i n  t h e  equivalent  homogeneous sphere.  

D.3 Addit ional  Experiment 

The ma te r i a l  buckling of t he  i nne r  core composition was measured with f i s s i o n  

chamber t r ave r s e s .  The r e s u l t  is: 

B: = (59 .682  0 .1)x10-~  cm 
- 2 

Reference 

R.   oh me e t  a l .  

"Experimental Results i t a m  Two Pu-Fueled Fast  C r i t i c a l  ~ s s e m b l i e s "  ANS Topical  

Meeting on New Developments i n  Reactor Physics and Shielding,  September 12- 

15, 1972. 



Table 1 Regional Compositions 

Atom densit ies  x 10 -24 ==-3 

Isotope Inner Core Zone Outer Core Zone Blanket 



-24 
Table 2 Atom d e n s i t i e s  x 10 f o r  the  Control 

Rods - SNEAK-7A 

Isotope  Control Rod Control Rod 

loaded wi th  Pu02U02 loaded wi th  Uranium 
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Figure 1. RZ-model for assembly SNEAK-7A. 
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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.  Svstem Desc r ip t ion  

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  

(0.626 cm). The co re  volume is about 300 liters. The 2 3 8 ~ / 2 3 9 ~ ~  r a t i o  i s  

about 8.0; t h e  spectrum is ha rde r  t h a n  t h a t  of a LMFBR. I n  combination 

w i t h  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  r e s r  t h e  h igh  energy c r o s s  s e c t i o n s  of 2 3 8 ~ ,  and of 2 3 9 ~ u .  

The c o n t r o l  rods  were loaded wi th  en r i ched  uranium; t h e r e f o r e ,  about 10% 

of t h e  c r i t i c a l  mass w a s  
235u 

C.  Model Desc r ip t ion  

C . l  One-Dimensional Model 

A one-dimensional, homogeneous composit ion model i s  desc r ibed  as a two- 

region s p h e r e  with homogeneous arom d e n s i t i e s  f o r  t h e  co re  and b lanke 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 s tandard  mode of c a l c u l a t i o n  may b e  e i t h e r  d i f f u s i o n  theory  o r  S 6 

t r a n s p o r t  theory  wi th  a  vacuum boundary cond i t ion  a t  t h e  o u t e r  b lanke t  

boundary and a  multigroup s t r u c t u r e  composed of 26 groups,  each of l e t h a r g y  

width equa l  t o  0.5 and wi th  & set a t  10 MeV.  

The homogeneous s p h e r i c a l  model w a s  obta ined as follows: a  two dimensional 

c a l c u l a t i o n  i n  R-2-geometry was c a r r i e d  o u t  wi th  t h e  code DIXY i n  23 energy 

groups. The c o n t r o l  rods  were homogenized. The keff obta ined i n  t h i s  

c a l c u l a t i o n  w a s  c o r r e c t e d  f o r  t h e  c y l i n d r i s a t i o n ,  f o r  t h e  a c t u a l  p o s i t i o n  

of t h e  c o n t r o l  rods ,  a d  f o r  t h e  h e t e r o g e n e i t y  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,  where t h e  r a d i u s  w a s  i t e r a t e d  

t o  g ive  t h e  k of t h e  DIXY run. 
e f f  

C . 2  Two-Dimensional Model Descr ip t ion  

A two-dimensional, R-Z, c y l i n d r i c a l  model is def ined  i n  Fig .  1. The f u l l  

c o r e  he igh t  is 70.06 cm, t h e  c o r e  r a d i u s  is 37.63 cm and t h e  a x i a l  and r a d i a l  

b l a n k e t s  a r e  30 cm th ick .  This  model corresponds t o  a c y l i n d e r  wi th  volume 

equa l  t o  t h e  a c t u a l  core  c o r r e c t e d  f o r  t h e  40c excess  r e a c t i v i t y .  The core  

map o r  l a t t i c e  load ing  i n  X-Y-geometry is  shown i n  Fig .  2 .  

The suggested mode of c a l c u l a t i o n  is d i f f u s i o n  theory w i t h  a vacuum boundary 

cond i t ion  a t  t h e  o u t e r  boundaries of t h e  b lanke t  ( t o p  and r i g h t  s i d e s  in 

Fig. 2)  and a  symmetry boundary cond i t ion  a long  r h e  axial 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  c o r e  and 20 i n t e r v a l s  in t h e  b lanke t .  



The following s m a l l  c o r r e c t i o n s  should be appl ied t o  t h e  keff  a s  c a l c u l a t e d  

i n  R-2-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  

he te rogene i ty  

The cor rec ted  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 us ing t h e  

atom d e n s i t i e s  of the  pure core c e l l ,  and of t h e  c o n t r o l  rods ,  as given i n  

Table 2. 

D. Experimental Data 

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

Experimental Value Correct ion for homo- Value f o r  t h e  
( c e l l  averaged) geneous s p h e r i c a l  equ iva len t  

core ,  % hornog. sphere  

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 .  The f o i l s  placed a c r o s s  

the  p l a t e l e t s  so  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 .  



Calcula ted c o r r e c t i o n s  were app l ied  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 ,  AkA I mole 

Sample I n f i n i t e l y  smal l  
t h i c k n e s s ,  sample i n  t h e  Horn-He t 

M a t e r i a l  g/cm2 Measured equ iva len t  sphere  Horn 

For the  m a t e r i a l  worth measurements, an Al 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 A1 frame was replaced by t h e  m a t e r i a l  samples f o r  t h e  measurements. 

The va lue  B e f f  = 0.00400 w a s  used t o  conver t  the  d a t a  t o  a b s o l u t e  ~k/k. 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 cor rec ted  a )  wi th  t h e  KAPER 

program t o  t h e  worths of i n f i n i t e l y  small samples i n  a homogeneous core  

( c o r r e c t i o n  s e e  column 61,  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 densities x 1024/c,3 

Isotope Core Blanket 



Table 2 Atom Dens i t i es  f o r  t he  Pure Core 

Material and t h e  Control  Rods 

- 2 4  3 
Atom Dens i t i es  x10 /cm 

Isotope Pure Core Mate r ia l  Control  Rods 
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Figure 1. RZ-model for assembly SNEAK-7B. 

5 6 7  10 15 20 25 3 0 3 1  32 

T = SHIM ROD 

S = SAFER ROD 
IAnICE PITCH: 5.44 on 

N+s 

W 

Figure 2 .  SNEAK-7B core map. 



FAST REACTOR BENCHMARK NO. 18 

A. Benchmark Name and Type 

ZPR-9 Assembly 31 - a mixed (Pu, U)- f u e l  p lus  graphi te  f a s t  c r i t i c a l  
assembly. 

B. System Descript ion 

The ZPR-9 assembly cons i s t s  of two halves,  each a hor i zon ta l  matrix of 
5.5245 cm square stainless s t e e l  tubes i n t o  which are loaded stainless steel 
drawers containing fuel and d i luen t  ma te r i a l s  of var ious  types. Assembly 31 is 
an intermediate s i zed  (-1000 l i t e r )  f a s t  cri t ical  assembly with mixed (Pu, U) 
f u e l  p lus  carbon (graphi te)  and is t y p i c a l  of current  mixed carbide-fueled 
LMFBR designs (Ref. 2 ) .  It has a uniform core zone with  a length-to--diameter 
(L/D) r a t i o  of approximately 0.77; it is blanketed both a x i a l l y  and r a d i a l l y  
wi th  a uranium carbide b lanket ;  and it is surrounded by a 15.24 cm stainless 
steel r e f l e c t o r .  This assembly is the  reference  assembly f o r  a study of t h e  
r e l a t i v e  physics parameters of advanced oxide and carbide  fue l s .  The assembly's 
spectrum c h a r a c t e r i s t i c s  and simple mi fo rm geometric conf igura t ion  were se lec ted  
t o  make it a use fu l  benchmark assembly. 

The core unit c e l l  is a tvo-drawer u u i t  c e l l  wi th  t h e  f u e l  (28 w/o plutonium, 
69.5 w/o uranium, and 2.5 w/o molybdenum) columns sandwiched between carbon-de- 
p le t ed  uranium columns o r  between sodium and carbon-depleted uranium columns. The 
plutonium is 11.6 w/o 2 4 0 ~ ~ .  The drawer loadings f o r  t h e  s t a t i o n a r y  hal f  of t h e  
assembly a r e  shown in Figs. 1, 2,  and 3. (Material desc r ip to r s  in Figs. 1-3 are: 
NA-sodium, m)-depleted uranium, C-graphite, SST-stainless steel, and Pu-plutonitrm- 
depleted uranimmaolybdenum a l l o y  fue l ) .  A c ross  s e c t i o n a l  view of t h e  as-bui l t  
reference  assembly which bad a measured excess r e a c t i v i t y  of 48.12 Ih 5 0.43 is 
shown in Fig. 4. The core loading had Type-1 drawers in odd-numbered colwms (of 
the  matrix) and Type-2 drawers in even-numbered columns (see Fig. 4) .  The equiv- 
a l e n t  R-Z representa t ion  of the  as-bui l t  reference  conf igura t ion  i s  shown in Fig. 5. 

C. Model Descript ion 

1. One-Dimensional Model: A one-dimensional model with spher i ca l  geometry is 
appropr ia te  fo r  many benchmark ca lcula t ions .  A s p h e r i c a l  model w a s  defined wi th  
reference  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 described 

- in Section C.2). The homogeneous spher i ca l  model was defined i n  the  following 
manner. Equivalent t h i c h e s s e s  were f i r s t  determined f o r  the spher i ca l  l a y e r s  of 
blanket and r e f l e c t o r .  The b lenket  and r e f l e c t o r  compositions were defined a s  t h e  
weighted averages of the  r a d i a l  and a x i a l  blankets and r e f l e c t o r s .  Although t h e  
blanket and r e f l e c t o r  regions each had a s i n g l e  uniform un i t  c e l l  throughout, t he  
mean atom d e n s i t i e s  d i f f e red  s l i g h t l y  due t o  d i f f e rences  in p l a t e  lengths  used).. 
The weighting of these  atom d e n s i t i e s  was done on t h e  b a s i s  of t h e  r e l a t i v e  leak- 
age r a t e s  (as determined by the  tvo-dimeasional ca lcu la t ion)  i n t o  these  r a d i a l  and 
a x i a l  regions. A dimension search w a s  then performed t o  ob ta in  a core r ad ius  t h a t  
produces the  same keff a s  t h e  homogeneous two-dimensional c y l i n d r i c a l  model. These 
s t eps  in generating t h e  one-dimeasional model are diagrammed in Fig. 6. This f i g u r e  
a l s o  i l l u s t r a t e s  the  i n t e r r e l a t i o n s h i p  of the  homogeneous spher i ca l  model and t h e  
heterogeneous c y l i n d r i c a l  model. The r e s u l t a n t  dimensions and compositions f o r  use 
with the  spher i ca l  model a r e  given in Table I. 
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AFP Corbide Benchmark Type II Core Drawer 
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Figure 2. Type-2 core-draver loading master. 



AFP Corbido Benchmark Radial Blanket Drawer 
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@I MOVEABLE HALF aD. P. CONTROL ROD 
STATIONARY HALF 

C3 INSERTION SAFETY ROD 

Figure 4. Reference configuration of the carbide 
benchmark critical assembly. 
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Figure 5. Carbide benchmark R-Z calculational model. 
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Figure 6. Generation of one-dimensional model. 



TABLE I. One-Dimensional Spherical Model of the Carbide 
Benchmark Assembly 

Core Blanket Reflector 

Radius 59.5054 
Thiclmrcla 22.1603 15.9200 

Isotope Mean Atom Densitice (lo2' atm/cm 3 



An energy group s t ruc tu re  with 29 broad groups, as given in Table 11, is 
recommended. Such a group s t r u c t u r e  has suggicient d e t a i l  a t  law energies t o  
afford reasonable computations of mater ia l  wor th6  and Doppler e f fec t s .  

Because of the  s impl ic i ty  of t h i s  three-region, homogeneous spher ica l  model, 
the macroscopic f lux  d i s t r i b u t i o n  across the  reac to r  may be computed with d i f fus ion  
theory. A r e l a t i v e l y  coarse mesh spacing of %2 cm should be adequate. This t r e a t -  
ment should produce c e n t r a l  real and adjoint  spec t ra  useful  f o r  benchmark data  
t e s t ing .  

Central material r e a c t i e t y  wrthe and Doppler r e a c t i v i t y  w o r t h  may be 
computed using per turbat ion theory. I f  t h e  sample mate r ia l  is contained in  t h e  
core and is op t ica l ly  thin, t h e  hamogeneous core cross sect ions  f o r  t h e  mater ia l  
a r e  appropriate f o r  t h e  sample. 

The primary defect  in the  homogeneous spher ical  model f o r  this geometri- 
c a l l y  simple system is t h e  neglect  of t h e  heterogenei t ies  in t h e  uni t  c e l l .  
S e c t i w s  D and F ind ica te  t h e  biases  which a r i s e  from t h e  use of homogeneous 
cross sect ions  and discuss "correction factors"  where appropriate. The e r r o r  
in mater ia l  worth o r  Doppler w r t h  introduced by l o c a l  f l u r  d i s t o r t i o n s  depends 
s t rongly  upon the  nature  of the  sample. 

2. Other More Complicated Models: A two-dimensional f i n i t e  cy l indr ica l  
representation of the  system Fs c lose r  t o  the  physical  configuration than a 
spher ical  representation.  The R-Z representa t ion of the  as-buil t  c r i t i c a l  
assembly is shown in Fig. 5. Region dimensions a r e  given i n  Table 111. Mean 
atom dens i t i e s  t o  be used with the  two-dimensional cy l indr ica l  model a r e  given 
in Table TV. 

D. Experimental Data 

1. Measured Eigenvalue: The measured eigenvalue corresponding t o  t h e  
models of Section C is 1.000 + 0.0015. It may be noted t h e  measured excess 
r e a c t i v i t y  (48.12 + 0.43  Ih) of t h e  as-buil t  reference configuration which 
has not been adjusted i n t o  t h i s  benchmark model corresponds t o  a very s m a l l  
change ip eigenvalue (M.0005 6k). Calculations ind ica te  a heterogeneity 
correction f a c t o r  (discussed fu r the r  i n  Section E) of +0.01276 6k. This 
heterogeneity correction includes p l a t e  heterogeneity,  streaming, and trans- 
port  e f fec t s .  

2 .  Onit-Cell Reaction Rates : Cell-averaged react ion r a t e s  f o r  2 3 9 ~ u  (n , f ) ,  
2 3 5 ~  (n , f ) ,  2 3 8 ~  ( ~ , f ) ,  and 2 3 8 ~  (n.y) were measured a t  the  core center.  C e l l -  
averaged r a t e s  were obtained with deta i led  f o i l  mappings through the  unit c e l l .  
Details of these measuring techniques a r e  given in Ref. 3 .  The measured re- 
ac t ion r a t e  r a t i o s  r e l a t i v e  t o  2 3 9 ~ ~ - f i s s i o n  a r e  given in Table V. Also shown 
in Table V a re  calculated correct ion fac to rs  ( t o  be applied t o  the  calculated 
values) t o  account f o r  the  geometry and homogeneity of t h e  one-dimensional 
spher ical  model. These correct ion fac to rs  a r e  discussed fu r the r  i n  Section E. 

3. Conversion Ratio a t  t h e  Center of t h e  Core: The measured c e n t r a l  
core conversion r a t i o  was 0.734 + 0.028 (Ref. 4 ) . The components of t h i s  
value a r e  given Fn Table VI as  w e l l  as calculated results and correct ion 
factors .  Note the  d e f i n i t i o n  (as given in Table VI) includes only production 
in 2 3 8 ~  and dest ruct ion of 239pu, which i s  the  p r inc ipa l  component of the  
overa l l  conversion r a t i o .  



TABLE 11. Spec i f i ca t ion  o f  29 Broad Group Energy Structure 

E e V  E eV Group A ( lethargy) Group A ( lethargy) upper. upper, 



TABLE 111. Dimensions for the Two-Dimensional Cylindrical Elodel 
of the Carbide Benchmark Assembly 

Core Radius, cm 

Core Height, cm 

Radial Blanket Thickness. cm 

Radial Blanket Height, cm 

Axial Blanket Thickness, cm 

Radial Reflector Thickness, cm 

Radial Reflector Height, em 

Axial Reflector Thickness, cm 

Core Volrmrc, liters 



TABLE IV. Mean Atom Densities for the Two-Dimensional Model 

of the Carbide Benchmark Assembly, loz1 atoms/cm 3 

Radial Axial Radial Axial 
Isotope Core Blanket Blanket Ref lector Reflector 
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4. Material Worths a t  the  Center of the  Core: Central  r e ac t i v i t y  w r t h s  
of several  materials were measured In a s m a l l  cavity with the  use of the r ad i a l  
sample changer. The samples were held in thin-walled s t a i n l e s s  s t e e l  sample 
holders and the  r eac t i v i t y  worth of the  sample was  obtained as  the  di f ference 
In the  r e ac t i v i t y  worth ( r e l a t i ve  t o  void) of the  sample holder between when i t  
holds a sample and when it is empty. Further descriptions of the  samples and 
the  measurements a re  given in Ref. 5. Table V I I  gives the  experimental worths 
of the  isotopes as  well  as the  calculated r e su l t s  and correction factors .  Note 
tha t  sample s i z e  correction factors  have not been included. 

E. Calculated Results 

Two sets of calculated results a re  reported in these specif icat ions  of 
the  benchmark model of ZPR-9 Assembly 31. These calculations were made using 
ENDF/B Version fV nuclear data ,  and correspond t o  a homogeneous treatment of 
the  one-dimensional spher ical  model and a heterogeneous treatment of the  two- . 

dimensional cy l indr ica l  model. Details of the  former set of calcula t ions  a r?  
included in t h i s  sect ion;  d e t a i l s  of the  l a t t e r  set a r e  given i n  Refs. 3-6. 
However, it should be noted these  two-dimensional heterogeneous calcula t ions  
u t i l i z ed  two-dimensional di f fus ion theory (in 29 broad groups) v i t h  ce l l -  
averaged cross sections which accounted fo r  the  p l a t e  s t ruc ture  of the  un i t  
cell, and Gelbard b i d i r e c t i o n a l  d i f fus ion coef f ic ien t s ,  i.e., the  treatment 
of heterogeneity included p l a t e  s e l f  shielding, "streaming" and t ransport  
corrections. 

For the  calcula t ions  of the  onedimensional spher ical  model, multigroup 
(29  b. g.) cross sect ions  were produced by hlc2-2 f o r  the  homogeneous core and 
blanket compositions. For the  core region the  fundamental-mode option w a s  
consistent PI  with a search on buckling ( L ( B ~  D.0) = 1.23958, B~~~~~ 
= 0.0013703) t o  produce keff = 1. For the  blanket region the  consistent P I  
o t i on  Kith zero buckling ( L ( B ~  = 0.0) = 0.32520) w a s  used with an external  
299P~ f i s s i on  spectra  source. Cross sect ions  generated t o r  the  blanket region 
were used in the r e f l e c to r  region. 

This one-dimensional, homogeneous spher ical  model yielded (by def in i t ion)  
a mul t ipl icat ion constant of 0.97574. The addit ion of the  heterogeneity 
correction (+0.01276 bk, which includes p l a t e  heterogeneity, streaming, and 
transport  e f fec t s )  gives a keff of 0.98850. 

The calculated values f o r  the  cen t ra l  react ion r a t e  r a t i o s  a r e  zunnnarized 
in Table VIII. 

The central worth calcula t ions  based on the  homogeneous spher ical  model 
cen t ra l  fluxes a re  strmmarized In Table VZII. The basic  calcula t ions  used 
f i rs t -order  perturbation theory. 

F. Connnents and Documentation 

Details  of the  ZPR-9 Assembly 31 Carbide Benchmark Program are  given i n  
Ref. 1-7. These documents i n d u d e  discussion of the  experimental program 
(techniques and measured values) and the concurrept analysis  (methods and 
calculated values) f o r  t h i s  assembly. They also provide addi t ional  references 
fo r  fu r ther  information on both experimental and calcula t ional  methods. The 
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TABLE VII. Comparison of Calculations with a 
Tvo-Dimensional Heterogeneous and a 
One-Dimensional Homogeneous Model fo r  

ZPR-9 Assembly 31 

One-Dimensional hro-Dimensional 
Rornogeneoua Eeterogmeoua 

- - 

Central  Reaction Rate f25/f49 1.0079 1.0110 
Rate Ratios f28/ i49 0.0288 0.0288 

c 28/f49 0.1358 0.1311 

Central  Material 
Uorths , bk/k/1024 atomsa 2 3 9 ~ ~  1.4689 (-3) 1.3761 (-3) 

2 4 0 ~ u  2.4119 (-3) 2.0885(-4) 
23SU 1.0967 (-3) 1.0377(-3) 

- - 

%rat-order per turbat ion c a l c u l a t i m e  which do not include correct ions  
f o r  sample s i z e  e f fec t s .  



l imi ta t ions  of t h e  homogeneous, spher ica l  benchmark model can be assessed by 
comparison of the  calcula ted results obtained with t h i s  s fmpl i f ied  model with 
the  calcula ted r e s u l t s  obtained with t h e  heterogeneous, c y l i n d r i c a l  model. 
Correction fac to rs  t o  account f o r  these  di f ferences  have been given herein. 
Previous experience has indicated these  correct ions  a r e  not too s e n s i t i v e  t o  
typLcal da ta  adjustments Ref. 7.  

For t h e  c e n t r a l  worth measurements, t h e  r e a c t i v i t y  conversion f a c t o r  1% 
6k/k = 922.37 I h  w a s  used t o  convert the  experimentally measured periods t o  
the  des i red r e a c t i v i t y  units. The revised delayed neutron da ta  of ENDFIB 
Version IV were used in computing this factor .  
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FAST REACTOR BENCHMARK NO. 19 

Benchmark Name and Type 

JEZEBEL-23, a bare sphere of U(98.13 at. % 2 3 3 ~ )  

B. Systems Description 

JEZEBEL-23 as a bare sphere of U(98.13 at. % 2 3 3 ~ )  meta1,is especially 

suited for testing 2 3 3 ~  cross sections in the fission source energy range. 

The single-region, simple geometry and unifonn composition facilitate 

calculational testing. 

C. Ebdel Description 

The spherical homogeneous model has a core radius of 5.983 cm and the 

£0 1 lowing compoa i t ion. 1 

Isotope 

233u 

23% 

235u 

2 

Density, nucleijb-cm 

0.0467 1 

0.00059 

0.00001 

0.00029 

The recommended mode of calculation is one-dimensional transport 

theory, S16, with 40 mesh intervals in the core, a vacuum 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. Experimental  Data 

1. Measured Eigenvalue: k = 1.000 i 0.001 

2. S o e c t r a l  Indices  a t  Core Center 

a. Cen t ra l  F i s s i o n  Rat ios  2 

2 3 8 ~ )  1 a f ( 2 3 5 ~ )  = 0.2131 t 0.0023 

3. Rossi Alpha 2 

a P -  
6 -1 

' e f f  
/ L = - (1.00 2 0.01) x 10 s e c  

4. Centra 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 n t i a l l y  only c e n t r a l  void  c o e f f i c i e n t :  i t s  v a l u e  4.35 (51%) 

c e n t s / g  impl ies  B e f f  = 0.00289 ve rsus  0.00288 (21.2%) implied by the  

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 ENDF/ B-IV delayed neutron d a t a .  

5. Neutron Flux Spectrum 

a. Imakage Spectrum 5 

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

core  i s  r ep resen ted  below i n  the  112 l e tha rgy  group s t r u c t u r e  

(Emax = 10 &V) wi th  an  a r b i t r a r y  normal iza t ion  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 count ing s t a t i s t i c s  a lone.  



Enerp;y Group Lower Lethargy L i m i t  

0.5 

Re l a t  i ve  Neutron Leakage 

2 . 3  t 0.4 

11.0 + 0.6 

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 t h e  f o l l o v i n g  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  cor responding  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 
R a t i o  o  n t r a l  Value 

t o  Value f o r  j3$ F i s s i o n  Spectrum 

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

Ca lcu la t ed  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 compos i t i on  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  2 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  F la t top-25 and Big Ten and d o u b l e - r a t i o  

measurements c o n n e c t i n g  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 Double R a t i o  
Location Value t o  Jezebe  1-23 Jezebe  1-23 Reference  

Fla t top-25 0.1479(&1.5%) 1.432(i0.6%) 0.2118(+1.6%) 2c 

Big Ten 0.373(+1.7%) 5.714(+0.8%) 0.2131(+1.9% 2d 

Van de Graf f  0.433(+ 1.5%) 0.4955(+0.9% 0.2146(+1.7%) ENDF/ B- I V  

(En = 2.43 MeV) 

Average : 0.2131(+1.1%) 

TOPSY 0.760(+4%) 1.278(+0.5%) 0.971(+4.0%) 2 e 

Big Ten 0.317(+2.2%) 3.094(+0.9%) 0.981(22.4%) 2 d 

Van de  Graaf f  1.328(+2%) 0.735(+1.1%) 0.976(22.3%) ENDF/ B- I V  

(En = 2.43 MeV) 

Average : 0.977(f1.6%) 



R e a c t i v i  ty-coef 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  t h e  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 conc ian ing  10% 2 3 5 ~ .  

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  o f  a  u r a n i m w e t a l  c o r e ,  

averaging  10 w t z  2 3 5 ~ ,  r e f l e c t e d  by depleted-uranium meta l .  I h e  c o r e  h a s  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  e n r i c h e d  

uranium and n a t u r a l  uranium such t h a t  t h e  average  2 3 5 ~  c o n t e n t  i s  uniform. 

C.  b d e l  D e s c r i p t i o n  1 

1. Composition 

I so tope  Core - Re £ l e c t o r  

2 3 4 ~  nuc l e  i/b-cm 0.00005 0 .OOOOO 

5~ nuc l e i /  b.-cm 0.00484 0.00010 

2 3 8 ~  nuc leifb-cm 0.04268 0.04797 

2. One-Dimensional Pbdel 

An e q u i v a l e n t  s p h e r i c a l  system wi th  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; ke f f  = 0.996 2 0.003. 



The suggested computat ional  mode i s  one-dimensional t r a n s p o r t  

theory ,  with 40 mesh i n t e r v a l s  i n  t h e  c o r e ,  20 i n  t h e  r e f l e c t o r ,  a  

vacum 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 with 

one-quarter  l e tha rgy  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 with  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 

c m ,  and r e f l e c t o r  r a d i u s  41.91 cm and ha l f - l eng th  48.26 cm; keff  = 

0.996 2 0.002. 

The suggested computational  mode i s  tvo-dimensional t r a n s p o r t  

theory with 40 mesh i n t e r v a l s  on both core  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  vacurna 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 with one-quarter  l e t h a r g y  

widths  and a n  upper energy of 10 MeV. 

D. Experimental Data 

1. S p e c t r a l  Indices  a t  Core Center 2 

a. Cen t ra l  F i s s i o n  and Capture Ra t ios  



b .  Central Reaction-Rate Ratios 3 

2. Rossi Alpha 1 

5 -1 
a = 'eff / L = -(1.17 + 0.01) x 10 sec 



3 .  Central R e a c t i v i t y  Worths 1 

Materia l  

H 

~i 

Central  Worth, 1 0 ' ~  Aklklmol 

-13 2 2 

-56 2 1 

-1.4 2 0 .2  

-1.66 2 0 .04  

-73.9 2 0 .3  

-1.9 f 0.1 

-1.45 f 0 .04  

-1.09 f 0.07 

1.36 2 0.05 

-2.61 2 0.07 

-20.1 2 0 .3  

-17.7 2 0.2 

- 1 5  f 1 

249 f 2 

144 2 1 

-7.53 2 0.07 

15.8 2 0 .9  

157 ,+ 4 

239 2 1 



4.  Cen t r a l  Neutron Flux Spectrum 5 

Energy Group Lower L thargy Lirni t 

1 0.5 

2 1.0 

3 1.5 

4 2.0 

Group Flux ( % I  

E. Calcula ted  Resu l t s  

Ca lcu la t ed  results 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 Documentation 

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  

the  o u t e r  p o r t i o n  of the  co re  appears  i n  Ref. 1. As noted t h e r e ,  wi th  n = 8 

q u a d r a t u r e ,  t h i s  added d e t a i l  has  no i n f l u e n c e  on t h e  t ransport-computed 

e  igenva 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 

be low. 

Measurement Double Ratio 
Location Value to Big Ten Big Ten Reference 

=,( 

Big Ten 0.0373(+1.5%) 1 0.0373(+1.5%) 2 d 

Flattop-25 0.1479(f1.5%) 0.2506(+0.6%) 0.0371(+1.6%) 2 c 

Van de Graff 0.433 (21.5%) 0.0867(+0.9%) 0.0375(+1.7%) ENDF/ B- IV 

(En = 2.43 MeV 

Average : 0.0373(+1.0%) 

0 f ( 2 3 7 N p )  / 

Big Ten 

T ~ P ~ Y  

Van de Graaff 

(En = 2.43 MeV) 

2 d 

2 e 

ENDF/ B-IV 

Average : 



Measurement 
Loca t ion  

B i g  Ten 

Double R a t i o  
Value t o  Big Ten Big Ten Reference  

1.61 (&2.1%) 1 1.61 (22.1%) Pre l im.  
v a l u e  by 
D. G i l l i a m  
(1979)  

1.572(21.5%) 0.989 (20.5%) 1.555 (21.62)  2 c  

Average : 1.580 (21.9%) 

Big Ten 1.198(2 1.57) 1 1.198 (+1.5%) 2d 

Average : 1 . l a 5  (k1.77) 

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  

Reac t i on  Rate" ( I L R R )  v a l u e s  from Ref. 3 ,  w i t h  t h e  e x c e p t i o n  o f  6 ~ i ( n , ~ e )  and 

' O ~ e ( n , ~ e )  from Ref .4  

The c e n t r a l  n e u t r o n  flux spectrum i s  d e r i v e d  from r e s u l t s  o f  6 ~ i  

spec t rome t ry  i n  Ref. 5. Resu l t  of l e s s  e x t e n s i v e  P r o t o n - r e c o i l  s p e c t r o m e t r y  

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 

J E Z E B E L - P U ( ~ O . ~ )  , a  b a r e  s p h e r e  of  p lu tonium w i t h  20.1% 2 4 0 ~ u g  

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

J E Z E B E L - P U ( ~ O . ~ )  i s  a  b a r e  s p h e r e  o f  p l u t o n i m  m e t a l  c o n t a i n i n g  20.1% 

2 4 0 p ~ .  In supp lemen t ing  JEZEBEL ( ~ 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 ~ u  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  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 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  ccmpos i t i on .  
1 

D e n s i t y ,  nuc le i lb-cm 

0.029946 

The recommended mode of c a l c u l a t i o n  i s  one-d imens ional  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 energy  group 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 an  upper  energy  

of 10 MeV. 

Revised ( 0 9 / 1 9 / 9 1 )  



D. Expe r imen ta 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  

238pu/235u 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 Documentation 

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 ,  f 0.8% t r a n s l a t e s  t o  t h e  

e i g e n v a l u e  u n c e r t a i n t y  of 2 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  from 

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

measurements  c o n n e c t i n g  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 

Location 

Fla t top-25 

Big Ten 

Van de Gra f f  

(En = 2.43 MeV 

Double R a t i o  t o  

Value Jezebel-Pu(2O. 1 )  Jezebel-Pu(2O .1) Reference 

Average : 

O f (  2 3 7 ~ p )  1- I J ~ ( ~ ~ ~ u )  

B i g  Ten 0.317(f2.2%) 2.906(21.1%) 0.921(22.5%) 

Van de Graaf f  1.328(+2.0%) 0.690(+ 1.3% ) 0.916(t2.4%) 

(E, = 2.43 MeV) 

ToPsY 1.200(+0.8%) 0.912(t4.1%) 

Average : 0.917(t1.72) 

2d 

ENDF/ B-IV 

Measurements were c u r t a i l e d  because of  t h e  l i m i t e d  pe r iod  d u r i n g  which 

the  assembly was a v a i l a b l e .  In p a r t i c u l a r ,  there  w a s  no measurement of 

Rossi-a ,  of r e a c t i v i t y  worth e x c e p t  t h e  l i s t e d  r a t i o s ,  o r  o f  leakage  spectrum. 
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FAST REACTOR BENCHMARK NO. 22 

A. Benchmark Name and Type 

FLATTOP-25, a  r e f l e c t e d  sphe re  of en r i ched  uraniun .  

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  

en r i ched  uranium 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 

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 i o n - s o u r c e  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 is 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  t h e  fo l lowing  composi t ions .  1  

I s o t o p e  Core - Re £ l e c t o r  

2 3 4 ~  nuc l e  i/ b-cm 0.00049 0.00000 

2 3 5 ~  nuc lei/b-cm 0.04449 0.00034 

2 3 8 ~  nuc l e  i/b-crn 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, w i t h  30 mesh i n t e r v a l s  i n  t he  c o r e ,  30 i n  t he  r e f l e c t o r ,  a 

vacum b u n d a r y  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 t 0.001. 1 

2.  Spec tra l  Indices  a t  Core center2  

3 .  Ross i  ~ l ~ h a ~ ~  

6 -1 a = B e f f  1" '(0.38 2 0.01)  x 10 s e c  

4. Central R e a c t i v i t y  Worths4 

Isotope  

233u 5 

2 3 5u 

238u 5 

Central  Worth, 1 0 ' ~  k/k/g-atom 

2320 ,+ 30 

1330 +, 20 

171 2 6 

1140 +, 20 

2250 2 30 

2530 +, 20 

1200 2 30 

1350 +, 10 



5. C e n t r a l  Neutron Flux Spectrum 3 

Devia t ion  o f  t h e  c e n t r a l  spectrum from t h e  2 3 5 ~  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  cor responding  i n d i c e s  f o r  t h e  2 3 5 ~  f i s s i o n  spectrum. 

S p e c t r a l  Index 
Rat io  o  n t r a l  Value 

To v a l u e  for j3% F i s s i o n  Spectrum 

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

Ca lcu la t ed  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 model, w i th  c l o s e  f i t t i n g  r e f l e c t o r ,  i s  c o r r e c t e d  f o r  a  0.10- t o  0.13-cm 

gap between the c o r e  and r e f l e c t o r .  The i n f l u e n c e  on Rossi-a  i s  n e g l i g i b l e .  

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, f 0.04 kg, t r a n s l a t e s  t o  the 

e igenva lue  u n c e r t a i n t y  of +0.001. 

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  F la t top-25 a r e  o b t a i n e d  by combining 

a b s o l u t e - r a t i o  measurements i n  F la t top-25 and Big Ten and doub le - r a t io  measurements 

connect ing  t h e s e  assembl ies .  These measurements a r e  d e s c r i b e d  be lau .  



Measurement 
Locat ion  

F la t top -25  

Big Ten 

Van de Graaf f  

(En = 2.43 MeV) 

Value 
Double B a t i o  t o  

F la t top-25 Fla t top-25 Reference  

0.1479(+1.52) 1 0.1479(+1.5%) 3c 

0.0373(+1.5%) 3.99 (50.6%) 0.1488(+1 .a%) 3d 

0.433(2 1.5%) 0.346(,+0.7%) 0.1498(+1.7%) ENDFI B-IV 

Average: 

Big Ten 

Van de Graaff  

(En = 2.43 MeV) 

0.317(+2.2%) 2.42 (+0.7%) 0.767(+2.3%) 3d 

1.328(+2 . O X )  0.575(+1 .OX) 0.764(+2.2%) ENDF B- I V  

0.760 (24%) 1 0.760(+4%) 3e 

Average: 0.765(+1.5%) 

Topsy  1.65 ($42) 1 1.65 (,+4%) 3 e 

Big T e n  1.61 (22.1%) 1.011(+0.5%) 1.628 (22.2%) Pre l im.  
v a l u e  
from 

D. G i l l i a m  
Average: 1.595 (21.9%) 



Measurement Double R a t i o  t o  
Location Value Flat top-25 F l a t  top-25 Reference 

F la t top -25  

Big Ten 

T ~ P ~ Y  

1.349 (f1.52) 1 1.349 (f1.5X) 3c 

1.198 ( f  1.5%) 1.160 (f0.62) 1.390 (51.6%) 3d 

1.42 (2.4%) 1 1.42 (i7Z) 3e 

Average: 1.372 (51.7%) 

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 r  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 nonf 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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Various Mate r i a l s  i n  Topsy, Godiva, and Jexebe l ,  "Nucl. Sci .  Eng. 8, 543- 

569 (1960). 



FAST REACTOR BENCHMARK NO. 23 

A. Benchmark Name and Type 

FLATTOP-PU, a  r e f l e c t e d  ~ l u  toniun  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  of a p l u t o n i m  

(4.5% 2 4 0 ~ u )  c a r e  i n  a  t h i c k  n a t u r a l  u r a n i m  r e f l e c t o r .  In supplement ing  

JEZEBEL ( F 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 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  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  Core - Re f l e c t o r  

2 3 9 ~  nuclei/b-cm 0.03674 - 
2 4 0 ~ ~  nuc l e i /  b-cm 0.00186 - 
241Pu nuclei/b-cm 0.00012 - 

Ga nuc l e i /  b-cm 0.00138 - 
2 3 5 ~  nucleilb-cm - 0.00034 

2 3 8 ~  nuc lei/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  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 tha rgy  u n i t  w id ths  and an  upper energy of 10 MeV. 



D. Experimental Data 

1. Measured Eigenvalue:  k  1.000 + 0.0014. 1 

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

a i( 2 3 8 ~ )  l a f (  2 3 5 ~ )  0.180 + 0.003 

of ( 2 3 7 ~ p )  / o f ( 2 3 5 ~ )  0.84 + 0.01 

3. Rossi  ~ l ~ h a ~ ~  

6 o = - B e f f / i =  4 0 . 2 1 4  t0.005) x 10 sec-' 

4. Centra l  R e a c t i v i t y  Worths 3 

I so tope  Cen t ra l  Worth, 10'~ k/k/p;-atom 

23 5u 2380 + 30 

2 38u 145 f: 4 

23 ' N~ 2220 ,+ 30 

2 38h 4090 + 60 

23gh 4520 ,+ 20 

242h 2240 + 40 

24 lA, 2800 2 20 

6. Centra l  Neutron Flux Spectrum 2 

Deviat 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 the  following 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  the  corresponding i n d i c e s  f o r  t h e  2 3 9 ~ ~  f i s s i o n  spectrum. 



S p e c t r a l  Index 

f 

0 ( 2 7 ~ 1 )  / u n , p ( 3 1 ~ )  =', P 
u (!j%e) I % , ~ ( ~ ' P )  

n, P 
2  7 u n,  a ( A l ) / ~ ~ , ~ ( ~ l p  

R a t i o  of Cent Value 
To va lue  f o r  04R, F i s s i o n  Spectrum 

1.015 t 0.020 

1.016 5 0.018 

1.033 0.021 

1.043 +, 0.24 

1.038 + 0.032 

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

Ca lcu la t ed  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 .  

i F. Comments and Documentation 

The model, w i th  c l o s e  f i t t i n g  r e f l e c t o r ,  i s  c o r r e c t e d  f o r  a 0.10- t o  0.13-cm 

gap between t h e  co re  and r e f l e c t o r .  The i n f l u e n c e  on Rossi-a is n e g l i g i b l e .  

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, + 0.03 kg,  t r a n s l a t e s  t o  t h e  

e  igenvalue  u n c e r t a i n t y  of +0.0014. 

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  Flattop-Pu a r e  ob ta ined  from r e c e n t  I 
a b s o l u t e - r a t i o  measurements i n  Flat top-25 and Big Ten and doub le - r a t io  measurements 

connec t ing  these t o  Flat top-Pu.  l h e s e  measurements a r e  d e s c r i b e d  below. 



Measurement 
Location 

Big Ten 

Van de Graaff 

(G = 2.43 MeV) 

of( 237~p) /af( 235~) 

Big Ten 

Van d e  Graaff 

(En = 2.43 MeV) 

Double Ratio t o  
Value Flat top-Pu Flattop-Pu Referer. 

0.1479(*1.5%) 1.207(*0.4%) 0.1785(* 1.6%) 2~ 

0.0373(f 1.5%) 4.816(*0.7%) 0.1769(*1.7%) 2d 

0.433(f 1.5%) 4.176(*0.8%) 0.1808(f 1.7%) ENDFIB- XV 

Average : 0.1796(f 1 .OX) 

0.7 60(f4%) 1~101(f0.5%) 0.837(*4%) 2e 

0*317(f2.2%) 2.866(M.9%) 0.845(f2.4X) 2d 

1.328(f 2%) 0.633(f 1.1%) 0.841(f2.3%) EWDFB-IV 

Average : 0 .842(f 1.6%) 
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FAST REACTOR BENCHMARK NO. 24 

A. Benchmark Name and Type 

FLATTOF23, a r e f l e c t e d  2 3 3 ~  sphere. 

B. System Descr ipt ion 

FLATTOP23 is 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 2 3 3 ~  (98.13%) 

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 ,  wi th  0.218-m gap between core  and 

reElee to r .  In supplementing JEZEBEIr23 (F19), it m p b a s i r e g  2 3 8 ~  t r a n s p o r t  i n  

t h e  f iss ion-source  energy range. 

C. Model Descr ipt ion 

The s p h e r i c a l  model is  a core  of r a d i u s  4.317 cm, cen te red  i n  a 

r e f l e c t o r  of 4.610-cm i n n e r  r a d i u s  and 24.13-cm oute r  r a d i u s ,  and has  t h e  

following compositions. 1 

Isotope Core - Ref l e c t o r  

2 3 3 ~  nucleijb-cm 0.04671 - 
2 3 4 ~  n u c l e i /  b-cm 0.00059 - 
2 3 5 ~  nuclei/b-cm 0.00001 0.00034 

2 3 8 ~  nuc le i /  b-cm 0.00028 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,  SI6 wi th  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  the 

r e f l e c t o r ,  a vacuum boundary a t  the  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 t u c t u r e  with one-half l e tha rgy  u n i t  widths and a n  upper energy of 10 

MeV. 



D. Experimental Data 

1. Measured Eigenvalue: k = 1.00W0=0014. 2 

2. Spectral Indices at Core Center 3 

o f  ( 238~1 a, ( 23s~) 0.191f 0.003 

of(237~p)~~f (23s~) 0.89 0.01 

3. Rossi 

6 a = - BefflL= -(0.267 0.005) x 10 sec - 1 

4. Central Reactivity Worth ' 
The central void coefficient is 4010 f 30 in units of 10'~ 

~k/k/g-atom 

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 . 7 4  kg, 

translates to the eigenvalue uncertainty of * O.O0l4. 
The most accurate fission ratios for FLATTOP-23 are obtained from 

recent absolute-ratio measurements in FLATTOP-25 2nd Big Ten and double-ratio 

measurements connecting these to FLATTOP-23. These measurements are described 

below. 



Measurement 
Locat i on  Value - 
= f (  238u) uf (235u)  

Flat top-25 0.1479(+1.5%) 

Big Ten 0.0373(+1.5%) 

Van d e  Graaf f  0.433(+1.5%0) 

(En = 2.43 M ~ V )  

u 

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

TOPSY 0.760(24%) 

Big Ten 0.317(+2.2%) 

Double R a t i o  t o  
Flat top-23 F la t top -23  Reference  

1.282(f 0.4%) 0.1896(+1.62) 3 c 

5.122(+0.7%) 0.1908(+1.7%) 3d 

0.444(20.82) 0.1921(+1.7%) ENDF/B-IV 

Average : 0.1908(+1.0%) 

V a n d e G r a a f f  1.328(+2%) 0.671(+1.1%) 0.891(f2.3%) ENDF/B-IV 

(En = 2.43 MeV) Average : 0.892(+1.6%) 

React iv i ty-wor th  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  t h o r i u n - r e f l e c t e d  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  s p h e r e  of plutonium (5.lX 2 4 0 ~ u )  m e t a 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 me ta l .  In supplementing 

JEZEBEL ( F l ) ,  it emphasizes 232Th 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 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  Core - Re £ l e c t o r  

0.03618 - 
2 4 0 ~ u  nuc l e  i/b-crn 0.00194 - 

Ga nuc l e  i/b-cm 0.00133 - 
232Th- nuc lei/b-cm - 0.03005 

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  w id ths  and an  upper energy of  10  MeV. 



D. Experimental Data 1  

1. Measured Eigenvalue: k lc 1.000+, 0.001 

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

a. F i s s i o n  Rat ios  

u,(2'8u) / U , ( ~ ~ ~ U )  0.195 + 0.003 

0.92 + 0.02 

0.26 + 0.01 a t  a l l  r a d i i  

b. Other Reaction Ra t ios  

On , Y ( ~ ~ ~ U )  /a,( 2 3 5 ~ )  0.083 + 0.003 

' n , ~ n  ( 2 3 8 ~ )  / o f (  2 3 8 ~ )  0.053 + 0.003 

"as ~ ( ~ 3 % )  / % , Y ( ~ ~ ~ U )  1.20 f 0.06 a t  a l l  r a d i i  

"n, 2n ( 2 3 b )  1 ~ ~ , ~ ~ ( ~ ~ % )  1.04 + 0.03 a t  a l l  r a d i i  

3. Rossi Alpha 

6  -1 a - B e f f /  11 * -(0.197+0.01) x .10 s e c  

4. Centra l  Reac t iv i ty  Worth 

The c e n t r a l  void c o e f f i c i e n t  i s  15.5503 dollars/g-atom Pu. 

Calculated Resu l t s  

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



F. Comments and Documentation 

The effective spherical equivalent of the cylindrical thorim 

reflector, 29.88-m 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 

0.044 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 k0.017 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 tvo fission ratios are typical of 

4-barrel chamber measurements. 

The uncertainty for Rossi alpha is estimated from Fig. 7 of Ref. 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. 
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THERMAL REACTOR BENCHMARK CONTENTS 

I. INTRODUCTION 

11. THERMAL REACTOR BENCHMARKS 

ORN L- 1 

ORNL- 2 BAP L-U02- 3 

BAPL-THO2-1 ( R e v i s e d )  ORN L- 3 

BNL-THO2-2 ( R e v i s e d )  

BNL-THO2-3 ( R e v i s e d )  

TRX-1 ( R e v i s e d )  PNL- 6 

TRX-2 ( R e v i s e d )  PNL- 7 

PNL-8 

PNL- 9 

PNL-10 

TRX-3 ( R e v i s e d )  

TRX-4 ( R e v i s e d )  

MIT-4 

MIT- 5 PNL- 11 

MZT- 6 

PNL- 1 

PN L- 2 

PNL- 3 2 

PNL-33 

PNL- 34 

PNL-35 

PNL- 5 

BAP L-U 02- 1 



I. I n t r o d u c t i o n  

The v a l i d a t i o n  of  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 i s  a n  i m p o r t a n t  o b j e c t i v e  o f  CSEWG. At 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 l - 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, OWL-10, unreflected 

spheres of a 3 S ~ .  

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 H20 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 ORNL- 3 ORNL -4 ORNL-10 

0.0 1.0286~10-~ 2.0571x10-~ 2.5318~10-~ 0.0 

0.066228 0.066248 0.066070 0.066028 0.066394 

0.033736 0.033800 0.033865 0.033902 0.033592 

1.869x10-* 2.129~10-* 2.392xl0-~ 2.548x10-~ 1.116~10-~ 

5.38~10-' 6.31~10-~ 7.16~10-~ 7.62~10-~ 4.09x10-~ 

4.8066~10-~ 5.6206~10-~ 6 . 3 9 4 4 ~ 1 0 - ~  6.7959~10-~ 3.6185~10-" 

1.38x10-' 1.63x10-' 1.84x10-' 1 . 9 7 ~ 1 0 ~ ~  2.20x10-' 

2.807x10-~ 3.281x10-~ 3.734x10-' 3.967x10-~ 1.985~10-" 

It is suggested that the multiplication factor be calculated with multigroup 

Sn(n 3 4) or equivalent P theory. a 

(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 

E. Comnents and Documentation 

The experiments are described in Ref. 1. rhe 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: 
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2 .  A. Staub et al., "Analysis of a Set of Critical Homogeneous U-H20 Spheres," 

Nucl. Sci. Eng. 34, 263 (1968). 



THERMAL REACTOR BMCAMARKS NOS. 6-9 

A. Benchmark Name and T v ~ e :  TRX-1 through TRX-4, ~ O l m o d e r a t e d  uranium l a t t i c e s .  

B. Svstem Descript ion 

These benchmarks a r e  30 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 .  Ekasured 

2 
l a t t i c e  parameters include p28, (25, 628, and (3: 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 Lat t ices  d i r e c t l y .  test t h e  U235 resonance f i s s i o n  i n t e g r a l  and 

t h e m 1  f i s s i o n  c ross  sec t ion .  They a l s o  test tQ38 shie lded resonance 

capture  and t h e  thermal capture  croas  sec t ion .  They are o e n r i t i v e  t o  

the  U238 f a s t  f i s s i o n  croas  s e c t i o n ,  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 e s i o n  epectrum. The s c a t t e r i n g  and (thermal) absorbt ion  c ross  

sec t ions  of H20 a r e  very Important a l s o .  

C. Model Descriut ion 

There a r e  two p r inc ipa l  methods of a n a l y r i s :  

- a heterogeneouo i n f i n i t e  l a t t i c e  c e l l  c a l c u l a t i o n  followed by a homogenized- 

core  leakage ca leu lation. 

- -  an e x p l i c i t  desc r ip t ion  of t he  f u l l  core  i n  t h r e e  d iwna ions .  



1. In f in i t e  Lat t ice  Cel l  

a. Phvsica 1 Provert i e s  

Outer Concentration 
Region Radius, em Isotope loz4 ~ t o m r / c d  

Void 0.5042 - 
Clad 0.5753 A 1 6.025 x 10'~ 

Moderat or * 6.676 x 10" 

160 3.338 x 10'~ 

*Ltt i ce  epacings of 1.8060, 2.1740, 1.4412, and 2.8824 an, 

respectively,  f o r  TRX-1 through TRX-4. (Triangular arrays ) 

b. fipnestcd Method of Calculation 

Monte Carlo, umltigroap Sn(n 2 4 )  or equivalent P , or i n t eg ra l  
L 

transport  theory. An acaarate treatment of resonrmce abmorption 

2 .  *ka~aae Calculation 

a. To account f o r  leakage use a homogenized nultigtoup B calculation 
L 

with a t o t a l  buckling f = .0057 fo r  TRX-1 and 2 = .005469 c i 2  

for  TRX-2. This is not w i t a b l e  f o r  TRX-3 and TRX-4 rhich a r e  two- 

region h t t i c e s  . 
b. An alternative t rea tacn t  of leakage, applicable t o  a l l  four l a t t i c e s ,  

i s  t o  cylinderize them and calculate  r ad i a l  shapes u p l i c i t l y  using 

ualtigroup Sn or  P theory. In a11 f m r  l a t t i c e s  the ax i a l  buckling 
L 

i s  .000526 cmm2; a l l  a r e  fu l l y  ref lected.  



Dimensions of Cylinderized TRX l a t t i c e s  

- Cbter Radiw (em) 
~cmposi'tion TRX- 1 TRX-2 TRX- 3 TRX-6 

Homogenized t e s t  26.2093 27.4419 11.1467 11.8198 
l a t t i c e  c e l l o  

Water gap - - 12.3268 12.3268 

Rnawgenized drimr - - 37.9406 42.1717 
l a t t i c e  c e l l .  

Ref lector large 

Properties of UW Drf ver k t t i c e  (TRX-3 and TRX-1) 

Qter Cmcentratim 
Region Radiru. cm Isotope 1024 ~tola/ad 

Void .SO42 - 
Clad .5753 A1 6 . 0 2 5 ~ 1 0 ' ~  

- 

Triangular pitch l a t t i c e  with spacing of 1.8060 cm. 



F u l l  Core W e 1  

The act- 1 f u l  1-core configurations and loadings were : 

TRX- 1: 764 f u e l  rods 

TRX-2: 578 f u e l  rods 

TRX-3: A hexagonal ar ray of 169 U02 rod8 we8 rewved from t h e  center  

of t h e  d r i v a r  lattice (pi tch 1.806 cm), leaving 1432 -8. 

A hexagonal a m y  of 217 mat81 rods (pitch 1.4412 cm) -8 

centered i n  t h e  opening. 

TBX-4: Every other  rod of t h e  TI=-3 inner  l a t t i c e  -8 removed, 

leaving 61 aatal rods (pitch 2.8824 cm) . 1809 U02 d r i v e r  

rods were n w  required.  

Figurea 1 and 2 a h a  113-con representation8 of these  l a t t i c e s .  

S l igh t  d i f fe rences  from t h e  a c t u a l  core loadings a r e  due t o  

aymmitrizing t h e  ou te r  boundary ( fo r  s impl ic i ty ) .  Figure 3 s h e  

the  a x i a l  model f o r  these  lattices. The tank inner diameter is 162.56 cm. 

Thin model neglects  t h e  f o l l a r i n g  item, which a r e  conaidend t o  

be inconsequential. It has omitted the  0.635 cnr thick l r c i t e  spacer 

sheeta located a t  1/3 and 2 / 3  of f u e l  fu l l -height .  In  eomt cases,  

the t o p  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 ,  

t h e  rod handles and t i p s  were a c t u a l l y  made of brass .  



Figure 1. 

Figure 2 ,  



AXIAL MODEL OF TRX LATTICES (SCHEMATIC) 

DIMENSIONS IN CENTIMETERS 

LATTICE PLATE (E) 

ALUMINUM 
HANDLE 

ALUMINUM 
PLUG 

. . . . ; 

ALUMINUM - 
PLUG 

.l I I 
TANK BOTTOM (FE 

Figure 3 .  



D. ~xpcrirnental  Data 

~ a t e r / f u e l  -1. r a t i o  

Number of rods 

TRX- 1 TRX- 2 

1.8060 2.1740 

2.35 4.02 

764 578 

57 +_ 1 54.69 +_ .36 

1.320 +_ .021 .837 _+ .016 

.0987 2 .W10 .06l4 5 .0008 

.Ow6 +_ -0041 .0693 +_ -0035 

.797 +_ .008 .617 +_ .006 

TRX- 3 

1 . U U  

1.00 

2 17 

0 

3.03 & .05 

.231 +_ .003 

.I67 +_ .008 

1.255 +_ .011 

Note: Parametera correspond t o  thermal cutoff of 0.625 eV and were measured 

at core center.  h e y  embody correctionr obtained i n  Ref. 6. 

p28  = r a t i o  of epithe-1-to-thermal 23811 captures. 

b25 = r a t i o  of epithe-1-to-them1 23511 f i s s ionr .  

b28 = r a t i o  of 2 3 8 ~  IISSIDN t o  2 3 5 ~  tissims. 

C* = r a t i o  of 2 3 8 ~  captures t o  2 3 5 ~  f iss ions .  

E. Comncnts and Documentation 

Paraneter mcasurementr a re  described in Ref. 1 and 2. karuremcnts of 

thernul disadvantage factors  (Ref. 3) and f a s t  advantage factors  (Ref. I )  

are  a l so  available.  Reference 5 shows some addi t ional  de ta i  1s about the 

l a t t i c e s ,  fue l  rod*, e t c .  Cadmium cutoff energies and f o i l  perturbation 

vere given careful  a t t en t ion .  
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TBERMAL REACTOR BENCHMARKS NOS. 10-12 

A. Benchmark Name and Type: KIT-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 Descript ion 

These benchmarks cons i s t  of D20-moderated 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 at t r i a n g u l a r  latt ice p i t ches  of 3.81 em, 

5.715 em, and 7.62 cm. The measured lattice parameters include 

* 
287625,628, and c . These l a t t i c e s  are wefa f o r  t e s t i n g  D ~ O  B ,r P 

cross  sec t ion  data ,  c ross  sections f o r  thermal and e p i t h e m a l  235u 

f i s s i o n ,  thermal and epi thennal  2 3 8 ~  neutron capture,  and 2 3 8 ~  fast 

f i s s i o n .  

C.  System Descript ion 

1. I n f i n i t e  L a t t i c e  Calculat ion 

a. Physical  P roper t i e s  (Cyl indr ica l  Geometry) 

Composition 
Outer Concentrations 

Region Radius, Cm Isotope 1024 atams/cm 

Fuel 0.4915 235, 4 .5864~10-~  

238u 4 .7367~10-~  

Romogeniz ed 0.5703 Al 5 . 4 8 0 6 ~ 1 0 - ~  
Clad and Air 
Gap 0 4.856x.l0-~ 

* 
Moderator =R 3.9156x10-' 

* 
L a t t i c e  spacings of 3.81, 5.715, and 7.62 an (Benchmarks 
MIT-4, MIT-5, and MXT-6 respect 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 BL calculations with L 2 1 .  

Benchmark Pitch, cm B~ 

NIT-4 3.81 8.05 

NIT-5 5.715 11.78 

KXT-6 7.62 10.00 

A less desirable way to account for aria. leakage is to use the 

following critical water heights, h: 

Benchmark h,cm Itr,cm 

MIT-4 108.5 3.201 

MfT-5 89.42 2.969 

KIT-6 97.37 2.782 

These heights have been derived from measured material bucklings 

using 
.I 

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 ENDFIB-IV cross 

sections. 



D. Emerimental Data 

Parameter 

Pitch, cm 

c * 1.007 + .008 0.740 + 0.007 0.647 + 0.002 

p t 8  = r a t i o  of ep i theznd to thermal 2 3 8 ~  captures 

625  = r a t i o  of epithermal to  thermal 2 3 5 ~  f iesions 

628 = r a t i o  of 2 3 8 ~  f iss ions t o  2 3 5 ~  f iss ions 

C* = r a t i o  of 2 3 8 ~  captures t o  2 3 5 ~  f iss ions 

Note: Parameters correspond to  an epithermal - thermal cut-off energy 

of 0.625 eV. 

E. Comments and Documentation 

The physical properties of the l a t t i c e s  are  d-scribed in Ref. 1. 

The experimental f a c i l i t i e s  are described in Ref. 2.  

The measured l a t t i c e  parameters are documented in Ref. 3. 

The material bucklings have been al tered based on quantitive 

consistency analysis i n  Ref .  4. 
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THERMAL REACTOR BENCHMARKS NOS. 13-17 

A. Benchmark Name and Type: PNL-1 through PNL-5, unreflected plutonium spheres. 

B. System Description 

This series of benchmarks consists of five unreflected spheres of plutonium 

nitrate solutions with hydrogen/239~u atom ratios ranging from 131 to 1204. 

Critical volumes for the various solutions were measured. In one experiment 

the critical buckling was determined. These benchmarks are useful for 

testing H 0 scattering data, cross sections for thermal neutron capture 
2 

and fission by 2 3 9 ~ ~ ,  and the 2 3 9 ~ ~  fission spectrum. 

C. Model Description 

PNL-1 and PNL-2 have H ! ~ ~ ~ P ~  atdm ratios of 700 and 131 respectively; each 

contains 4.6 wt. % a 4 0 ~ u  and has an effective radius of 19.509 cm. 

Concentration, loz4 atoms 'cm 3 

Material PNL-1 PNL-2 

H .06563 .05416 

Benchmarks PNL-3 and PNL-4 have H I ~ ~ ~ P U  atom ratios of 1204 and 911 

respectively; each contains 4.20 wt. % 2 4 0 ~ ~  and has an effective radius 

of 22.70 cm. 



24 
Concentration. 10 atoms/cm 

3 

Material  PNL-3 PNL-4 

Benchmark PNL-5 has an e f f e c t i v e  radius of 20.1265 cm, a H / = ~ ' P u  atom r a t i o  

of 578 and contains 4.17 w t .  % a 4 0 ~ u .  

Concentrat ion, 

Material  atoms /ern 
3 

H .06028 

I t  i s  suggested t h a t  mul t ip l i ca t ion  constants k be calcula ted using S 
n 

theory ( n  2 4) with approximately 50 mesh points per sphere. A group 

s t r u c t u r e  should be se lected which adequately represents f a s t  leakage 

phenomena as well  a s  thermal events. Pu-240 resonance absorption i s  

s i g n i f i c a n t  i n  these  calcula t ions ,  



D. Experimental Data 

The compositions and dimensions specified above were experimentally 

derived for criticality (k = 1). A geometric buckling of 0.02182 t 
-2 

0.00015 cm was derived for PNL-1. 

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 ENDFIB-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 BENCHMARKS NOS. 1 8  - 2 0 

A.  Benchmark Name and Type: BAPL-U02-1 through 3,H20 moderated uranium 

oxide c r i t i c a l  l a t t i c e s .  

B. System Desc r ip t ion  

These experiments c o n s i s t  of H 0 moderated c r i t i c a l  l a t t i c e s  of 1.311 w% 2 

enriched uranium oxide rods (O.D. 0.9728 cm) arranged i n  a t r i a n g u l a r  

28 25 28 2 
p a t t e r n .  The measured parameters  i nc lude  p , 6 , 6 , and B . Three 

l a t t i c e s  w i th  moderator t o  f u e l  volume r a t i o s  of 1.43,  1.78 and 2.40 a r e  

s p e c i f i e d .  

C. Model Desc r ip t ion  

1. I n f i n i t e  l a t t i c e  c a l c u l a t i o n  

a )  phys i ca l  p r o p e r t i e s  ( c y l i n d r i c a l  geometry) 

Concent ra t ion  

Region Outer Radius (cm) I so tope  ( atomslcm 3) 

Fuel  .4864 235,, 3.112 X 1 0 ' ~  

238u 2.3127 X 1 0 ' ~  

0 4.6946 X lo-' 

Void .5042 - - - - 
Clad .5753 

Moderator j, 

q r i a n g u l a r  l a t t i c e s  w i th  a p i t c h  of 1.5578, 1.6523 and 1.8057 c m  
r e spec t ive ly .  



b) Suggested Method of Calcula t ion 

I n t e g r a l  t r anspor t  theory,  Monte Carlo o r  Multigroup Sn with 

s p e c i a l  t reatment of t h e  resonance region.  

Leakage Calcula t ion 

To account f o r  leakage a homogenized B c a l c u l a t i o n  wi th  the  R 

following t o t a l  bucklings should be used. 

L a t t i c e  Buckling [ U I - ~ ]  

WL-U02- 1 32.59 5 .15 

WL-U02-2 35.47 - + .18 
BAPL-U02-3 34.22 - + .13 

D o  Experimental Data 

P i t c h ,  Cm 

~ a t e r / f u e l  vol .  
r a t i o  

Number of rods 

- 2 
B [mm2] 

2 8 
P 

6' 

&i2 

BAPL -U02-3 

1.8057 

2.40 

NOTE: Measured parameters correspond t o  a thermal cutoff  of 0.625 eV 

and were measured a t  t h e  core cen te 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 -U02 - 1 

BAPL-U02-3 OA-131-383-240 

Reference 2 describes the original experiment. Results of an analysis 

using ENDFIB-IV data are given in Reference 3. 
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A. Benchmark Name and Type: BNL-Tho2-1 through 3, 3 0  moderated Thorium 

oxide exponential l a t t i c e s .  

B. System Description 

Theme experiments cons is t  of 5 0  moderated expanential Lat t ices fueled 

by vibratory c q c t e d  p r t i c l e s  of 3- a5s~02 - 97rrZTh02. The fue l  rod8 

(O.D. 1.0922 ,cm) "ere clad i n  Zircaloy-2 and arranged i n  8 t r i angu la r  

pa t te rn  i n  a 180 cm diameter X 180 cm deep aluminum tank erected on top 

of a thermal column. Ueaaured parameters include Il2 pa and the 
m' 

dysprosium disadvantage fac tor  (C ) Three l a t t i c e s  v i t h  moderator t o  
DY 

fuel volrrae r a t io s  of l ; O ,  1.38 and 3.0 a r e  rpecif ied.  

These l a t t i c e s  are sensi t ive t o  cross sections f o r  thermal 

and epithermal IP33 f i ss ion ,  thenaal and cpithermal 'lh2P capture, 

and E20 scattering. 

C. Model Description 

There are two principal methods of analysis : 

- A heterogeneous i n f in i t e  l a t t i c e  c e l l  calculation followed by 

a homogenized-core leakage calculation ( e i the r  vith the 

measured material B ~ ,  or an explicit rad ia l  calculation v i t h  

2 
the measured ax ia l  B ) . 



- An exp l i c i t  description of the ac tua l  l a t t i c e  in two dimensions 

with an a x i a l  leakage correction obtained from the homogenized- 

2 
core descr ipt ion with the measured axial B . 

It has been observed tha t  the second method produces s ignif icant ly 

d i f fe ren t  r ad i a l  leakage than e i the r  of the homogenized-core 

approximations (Ref. 4). 

1 .  Inf in i te  Latt ice Cell 

a) Physical properties 

Region Outer radius (an) Isotope - 
Fuel 0.5461 l e 0  

Clad 



Coacentraticm 
Region Outer radiua (a) Isotope - lop4 A~QU~CPIS 

Triangular lattices with a pitch of 1.5923, 1.7188 and 2.1697 u 
respectively. 

b) Suggested Method of Calculation 

Integral transport theory, Monte Carlo or Uultigrwp Sn with 

special treatment of the resonance region. 

2. Leakage Calculation 

a) To account for leakage 4 homogenized B calculation with the I 

follaving total material buckltngs should be used. 

~ u c k ~ i n g  [UI-~J Axial ~ e l a u t i m  NO. of ~ o d s  
Length (an) 

BNL-Tho2 - 1 75.88 f 2.0 39.57 511 

b)  An alternative treatment of leakage is to cylindricize the lattice 

region then clae Sn or PA theory with an axial buckling obtained 

from the relaxation length. 



3. Explici t  Fu l l  Core Model (Two Dimensions) 

Figure 1 shows a 1/3-core 2-dimensional mpresentation 

of the B K L T ~ ~ - ~  l a t t i ce .  The model includes the water 

re f lec tor  (not shown) out t o  a radius of 90 cm, which 

coincides witn the ~ s i t i o n  of the tank wall. B N L - T ~ $ ~ - ~ ,  -3 

is represented s i m i l a r l y  except f o r  the number of f u e l  rods. 

The outer fue l  boundary i s  symmetricized in a l l  cases. 

Zhc axial direct ion is not represented in the full-core 

Monte Carlo description. The correction f o r  axial inleakage 

is obtained as in Section 2(b),  w i t h  a negative axial 

2 
buckling given by - l/az, where is the measured a i a l  

relaxation length. 

BNL-Tho2- 1 BM-Tho2-2 BNL-Th02-3 

P i t c h ,  a 1.5923 1.7188 2.1697 

Water/fuel vol. .997 1.381 3.0043 
tat10 

Number of rodr 511 '39 7 271 

'DY 1.219 - + 0.024 1.257 - + 0.024 1.325 - + 0.024 
~ 0 2  1.338 + 0.062 .903 _+ 0.038 .421 + 0.013 

Note: parmeters correspond to r thermal cutoff of 0.625 eV - 
pO2 = ratio of epithexmal to t h e m 1  captures in a 3 a ~ h  

- Dysprosium-164 diaulvantage factor - Ratio of the activations of 
'DY la4~y in the moderator to choae in the fuel. 



BNL-OI 0.997-1.0 LATTICE 



E. C m e n t s  and Documentation 

The wuurements are described in references 1 and 2. Reference 3 

describes the analysis. 
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TBERMAL REACTOR BENCEPlARKS NOS. 24-30 

A. Benchmark Name and Type: PNL-6 through PNL-12, homogcaeous aqueous 

plutmirrm nitrate spheres and cylinders. 

B. Spstem Description 

This series of benchmarks consists of seven homogeneous aqueous solutions 

of plutonium nitrate with hydrogan/Pu239 ratios ranging from 125 to 1067, as 

sham in Table 1. 

Critical volrroles and compositions were determined. These benchmarks 

are generally useful for testing H20 scattering data, cross sections for I 
resonance and thennal fission of Pu239 and the Pa1239 fission spectrum. PTR 10) 

and PNL 11 have significant concmfratiom of Pu240, -41, and Pu242. 

C. Model Descriptions 

It i s  suggested that the multiplication factor be obtained using aa 

S (N > 4 ) .  or equivalent Pi, multigroup onedimensional calculation. N 

A more detailed model, suitable for Monte Carlo analyses, represents 

the system explicitly in three dimensions with some simplification of 

auxiliary structure. 

Specificafiona for these models are g i v e n  separately for each assembly, 

along with composition data and explicit descriptions of the assemblies. 

D. General Ref ermce 

U.P. Jcrrquin and S .R. Bierman, "Bazebmark Experiments to Test Plutonium 

and Stainless Steel Cross Sections", Nm(EG/CR-0210 (PNL-2273) June 1978. 



Table 1 

Smmarg i f  Atomic Ratios for Benchmarks PNL-6 through PNL-12 

(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 FTJEL~) : 

Nuclide WtX 3 0 
10 Atoms/m 3 

Solution Density, kg/m 3 3 1429.00 2 5.72 
Plutonium Concentration, kg/m 172.30 + 0.86 
Excess Nitrate Concentration, Molarity 4.96 + 0.12 
H:Pu, Atom Ratio 124.8 -C 0.9 

')water and hydrogen ion concentration adjusted to obtain density and 
total nitrate reported by data source. 

Nuclide WtZ 3 0 3 - 10 Atoms/m 

Fe 74.0 6.331 x 10'~ 

Cr 18.0 1.654 x 10'~ 

Ni 8.0 6.510 x 10'~ 

3 
b)304L Stainless Steel at 7.93 Mg/m . 

COMPOSITION OF REFLECTOR : 

None 



Benchmark No. 24 (PNL-6) 

DIMENSIONS OF EXPERIMENTAL VESSEL : 

Inside Radius, mm 193.18 + 0.02 
Vessel Wall Thickness, nrm 1.22 + - 

DELAYED CRITICAL CONFIGURATION: 

Unreflected assembly c)  

17.5 mm OD TUBE 
(158 mm WALL) 

127 x 9.5 x L58 un T-BAR 
200OD x 16mm THICK - 57.2 m m  OD PIPE 

(1.65 mm WAUI 

386.4 m m  l D SPHERE 
(1.22 mm WALL) 

Core Temperature, K 299.8 + 2 
Room Temperature, K 297.0 + 2 

C)~xperimental ly  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.spherical plutonium nitrate solution 
(no vessel) 

R = 19.5085 cm 

Atomic number densities as showa on page T(24-30)-3. 

Spherical model. Atomic number densities as sham 
on page T ( 2 4 - 3 0 ) - 3 .  

0.122cm - 

VOID 



Benchmark No. 25 (PNL-7) 

GENERAL DESCRIPTION: 

S t a i n l e s s  steel (Type 347) sphere, r e f l ec ted  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) 
(NO ) a t  980 H:Pu. 

3 4 

DATA SOURCE : 

F.F. Kruesi, J . O .  Erlanan, and D.D. Lanniag, " C r i t i c a l  Mass Studies of 
Plutonium Solutions," HW-24514 DEL, p 67, 1952. 

COMPOSITION OF  FUEL^) : 
Nuclide W t Z  30 

10 Atoma/m 
3 

Pu-238 

Solution Density, kg/m 3 3 1069.2 t 0.3 
Plutonium Concentration, kg/m 26.3 2 0.3 
Excess Nitrate, Concentration, Molarity 0.806 f 0.009 
H:Pu, Atom Ratio 979.6 t 9.9 

"water and hydrogen ion concentrat ion 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 

COMPOSITION OF EXPERIMENTAI.  VESSEL^) : 
Nuclide W t X  

30 10 ~toms/m 
3 

Fe 72.0 6.175 x 10'~ 

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  a t  7.95 Mg/m 
3 

COMPOSITION OF REFLECTOR') : 

Nuclide W t Z  

H 11.19 

0 88.81 



Benchmark No. 25 (PNL-7) 

DIMENSIONS OF EXPERIMENTAL VESSEL: 

Inside Radius of Sphere, mm 
Vessel Wall Thickness, mm 

DELAYED CRITICAL CONFIGURATION : 

Unref lected Assembly 

None 

Water Reflected Assembly d 

WATER - 

M.61 m m  ID PIPE 
(3.38 mm W A U l  

Reflector and core temperature, K 299.8 2 0.3 
Room temperature, K 297.0 _C - 

d)~he vessel neck increases the critical mass by a maximum 
of 50 mg of Pu. 



Benchmark No. 25 (PNL-7) 

Spher ica l  Model. Atomic number d e n s i t i e s  as shown on 

page T(24-30)-6 except  for 2 3 9 ~ u  = 6.5998 x m d  
3 2 4 0 ~ u  = 3.5689 x 1 0 ' ~  ( i n  u n i t s  o f  lo3' atoms/m ) . 



Benchmark No. 25 (PNL-7) 

Monte Carlo Model. Atomic number densities as shown 

on page T(24-30)-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) 
(NO ) at 758 H:Pu. 

3 4 

DATA SOURCE: 

R.C. Lloyd, Battelle, Pacific Northwest Laboratories, Richland, Washington 
99352. 
R.C. Lloyd, C.R..Rlchey, 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 1076.0 + 4.3 
Plutonium Concentration, kg/m 34.3 5 0.2 
Excess Nitrate Concentration, Molarity 0.492 0.02 
H:Pu, Atom Ratio 758.0 2 0.2 

"Water and hydrogen ion concentration adjusted to obtain density 
and total nitrate reported bp data source 

Nuclide WtX 

Fe 74.0 
Cr 18.0 

b ) 3 ~ 4 ~  Stahlass Steel at 7.93 Hglm 3 

COMPOSITION OF REFLECTOR: 

Same as experimental vessel. 



Benchmark No. 26 (PNL-8) 

DIMENSIONS OF EXPERIMENTAL VESSEL: 

Inside Radius, nun 193.18 + 0.02 
Vessel Wall Thickness, mm 1.22 2 - 

DELAYED CRITICAL CONFIGURATION: 

Unreflected Assembly 

None 

Steel Reflected Assembly 

17.5 mm OD TUBE 
11% mm WALL) 

x 95 x 158 mm 1- BAR 
2al OD x 16 m m  THICK 

57.2 m m  OD PlPE 
ILb5 mm WALL) 

V7 mm 336.4 mm I D SPHERE 
I LZZ mm WALL) 

16 mm DIA ROD - 57.2 m m  OD PIPE 
13.05 mm WALL) . # ,J .* 

.d. ' 
I/ 

Reflector and core temperature, K 299.8  r 2 
Room Temperature, K 297.0 -+ 2 



Benchmark No. 26 (PNL-8) 

Spherical Model. Atomic number densities as shown on 
page T(24-30)-11. 

STEEL 
REFLECTOR 

Monte Carlo Model. Atomic number densities as shown on 
page T(24-30)-11. 

.STEEL 
REFLECTION 

VOID 



Benchmark No. 27 (PNL-9) 

GENERAt DESCRIPTION: 

S t a i n l e s s  s t e e l  (Type 304L) cy l inde r ,  unref lec ted  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(13.8) (NO ) a t  
9lOH: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 FUEL: 

Nuclide - W t Z  

Pu-239 2.308 

Solu t ion  Density, kg/= 
3 

Plutonium Concentration, kg/m 
3 

Excess N i t r a t e  Concentrat ion,  Molari ty 
H:Pu, A t o m  Ratio 

Nuclide WtI 3 0 3 - 10 Atoms/m 
Fe 74.0 6.331 x 10 '~  

C r  18.0 1.654 x 1 o ' ~  
N i 8.0 6.510 x lo'3 

a)304~ S t a i n l e s s  S t e e l  ar 7930 kg/. 3 

COMPOSITION OF REFLECTOR: 

None 



Benchmark No. 27 (PNL-9) 

DIMENSIONS OF EXPERIMENTAL VESSEL: 

Ins ide  Radius, mm 
Ins ide  Height, mm 
Side W a l l  Thickness, mm 
End Thicknesses, mm 

a ) I t  is not c l e a r  whether the  vesse l  radius  is i n t e r n a l  or  external .  

AIR  

- 
t 

C r i t i c a l  height of solut ion,  mm 364.03') 
Reflector and core temperature, K d 
Room temperature, K d) 

"1t is not c l e a r  whether a correct ion has been made f o r  t h e  e f f e c t s  
of the  feed pipe. The correct ion might amount t o  2.5 nrm (max.) i n  
t h e  c r i t i c a l  he igh t .  

d ) ~ o t  given 

REFLECTED ASSEMBLY 

None 



Benchmark No. 27 (PNL-9) 

C y l i n d r i c a l  Model. Atomic number d e n s i t i e s  as shown 

on page T ( 2 4 - 3 0 ) - 1 3 .  Assume temperature 300'~. 

- d1626em - 
VOlD 

VOlD 

..... . /  . . . . . . . . . . . . . . . . .  . . . . . .  . . . . . . . . . . . . .  :. . .  :.> : ................. . . . . . .  . . .  . . . . . .  ....... . . . . . . . . .  : . . .  _ . . .  . . . . .  . . . . . .  . . . . . . .  :.....:... .. . . . .  :..:, . . . . . . . . : . .  . . . . . . .  . . . . .  . . .  . . , ::, :, ;. ;. , . : , ;. :.,: :, : . . , ' . . .  . . .  :. . .:; . . . . .  . . . . . . . . . . .  . . .  . . .  . . .  . . . .  . . . .  
' : . : , :..: . . . . .  . . .  :.. . ..:' . FlSSlLE . : : :.:'..', 
.". > .  . '. . SOLUTION : ' :' ' .  
. . . .  . . .  . . . . . . . . : . . . . . . .  . . . .  . . .  . .  ....... .. , , ...'..:... : . . . . " . ' . . . . . .  .....:.... . . . . . .  . . .  ...........:. ...... :'.' . . . . .  
7. - .  rm22.733cm ..... .....,.... . . . . . . .  ... ...:: ...... ...,.- ..' ..:..... " ".. .......... "...'. . .  . .  : .... .; :: : ;..1 .: :...:: . . .  . 

a 

T 



Benchmark No. 28 (PNL-10) 

GENERAL DESCRIPTION : 

Sta in less  steel (type 304L) cylinder re f l ec ted  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  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 
Ni t ra te  Solution Containing Soluble Gadolinium", Nucl Sc i  & Engr 48, 
300-304, (1972). 

COMPOSITION OF 

Nuclide W t X  30 10 Atoms/m 3 

Pu-238 0.0004 1.2701 r 10'~ 

Pu-239 8.3833 2.6508 x 10'~ 

Pu-240 0.7747 . 2.4394 x 10" 

Pu-241 0.0787 2.4679 x 10 '~  

Solution Density, kglm 3 
3 1255.2 

Plutonium Concentration, kg/m 116 
Excess Ni t ra te ,  Concentration, Molarity 1.91 
H:Pu, Atom Ratio 209.6 

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 data  source. 

COMPOSITION OF EXPERIMENTAL  VESSEL:^) 
Nuclide Wt% 

3 0 10 Atoms/m 3 ,. 
Fe 72.0 6.175 x 

C r  18.0 1.658 x 10'~ 

N i  10.0 8.158 x 10 '~  

b, 347 S ta in less  S tee l  a t  7950 kg/m3 

COMPOSITION OF REFLECTOR : 

Nuclide W t I  
30 10 Atomslm 3 

H 11.19 6.668 x 10'~ 

0 88.81 3.334 x 10'~ 



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 : 

DnrefSected Assembly 

None 

Water Reflected Assembly 

Critical  height of solution, m 
Reflector and core temperature, K 
Room temperature, K 



Benchmark No. 28 (PNL-10) 

Cylindrical  Model. Atomic number d e n s i t i e s  a s  shown on 
page T(24-30)-16. Atomic number d e n s i t i e s  f o r  tank same 
a s  experimental v e s s e l .  



Benchmark No. 29 (PNL-11) 

GENERAL DESCRIPTION: 

Stainless  s t e e l  ( type 304L) cylinder ref lected with a t  l e a s t  200 ram 
of  water on s ides  and bottom, and p a r t i a l l y  f i l l e d  with a homogeneous 
aqueous solut ion of Pu (42.9) (NO ) a t  623 H:Pu. 

3 4 
DATA SOURCE: 

R.C. Lloyd, Ba t te l l e ,  Pac i f i c  Northwest Laboratories, 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. h Engr. 2. 73-75 (1973). -- 

COMPOSITION OF 

Nuclide UtX 30 3 - 10 Atwe/m 
Am-241 0.0394 1.0946 r 10'~ 

Solution dens it^, kg/m3 1112.09 
Plutonium , kg /m 40.6 
Excess Nitra te ,  Molarity 1.46 
H:Pu, Atom Ratio 623.1 

"water and hydrogen ion coneantration adjusted t o  obtain density and 
t o t a l  n i t r a t e  reported by data  source. 

COMPOSITION OF EWERIMENTAL  VESSEL:^) 
Nuclide WtZ 30 3 - 10 Atoms/m 
Fe 74.0 6.331 x 10'~ 

C r  18.0 1.654 x lo'* 

b ) 3 0 4 ~  Stainless  S tee l  a t  7930 kg/m 3 

Nuclide - Wt:! 

H 11.19 



Benchmark No. 29 (PNL-11) 

DIMENSIONS OF EXPERIMENTAL VESSEL: 

Inside Radius, mm . 

Inside Height, mm 
Side Wall Thickness, nrm 
End Thicknesses, nun 

DELAYED CRITICAL CONFIGURATION 

Unreflected Assembly 

None 

Water Reflected Assembly 

LUClTE PORT COKR 

Critical height of solution, mm 
Reflector and core temperature, K 
Room temperature, K 



Benchmark No. 29 (PNL-11) 

Cylindrical Model. Atomic number densities as shown on 
page T(24-30)-19. Atomic number densities for tank same 
as experimental vessel. -80.92 cm Bc 

T -sas,,--i 
Q277 

cm VOID 



Benchmark No. 30 (PNL-12) 

GENERAL DESCRIPTION : 

Sta in less  s t e e l  sphere re f l ec ted  uniformly with water. Completely 
f i l l e d  with a homogeneous aqueous so lu t ion  of Pu (4.6) (NO ) a t  
1067 H:Pu. 3 4 

DATA SOURCE: 

R.C. Lloyd, B a t t e l l e ,  P a c i f i c  Northwest Laboratories,  Richland, 
Washington 99352 
R. C. Lloyd, et al., " C r i t i c a l i t y  Studies v i t h  Plutonium Solution", 
Nucl Sc i  h Engr 25, 165-173 (1966) -- 

COMPOSITION OF FUEL:a) 

Nuclide WtX 30 
10 Atoms/m 

3 
- 

3 
Solution Density kg/m 
Plutonium Density kg/m 
Excess N i t r a t e  Molarity 
H:Pu Atom Ratio 

"Water 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. 

COMPOSITION OF EWERIMENTAL  VESSEL:^)' 
Nuclide W t X  3 0 3 - 10 A~OUIS/ID 

Fe 74.0 6.331 x 10'~ 

Cr 18.0 1.651 x lo-' 

Ni 8.0 6.510 x 10'~ 

b)304~ Sta in less  S t e e l  a t  7930 kg/m 
3 

COMPOSITION OF REF~ECTOR:~) 

Nuclide W t Z  
30 3 - 10 Atoms/m 

H 11.19 6.668 x 10'~ 

0 88.81 3.334 x 10'~ 

"water a t  296K 



Benchmark No. 30 (PNL-12) 

DIMENSIONS OF EXPERIMENTAL VESSEL: 

Inside Radius of Sphere 
Vessel Wall Thickness 

DELAYED CRITICAL CONFIGURATION: 

Unreflected Assembly 

None 

Water Reflected Assemblx a 

aD OD x 16 mm THICK 

#16# mm ID SPHERE 

M O D  r 9.5mm WICK 
lW8 OD x 16mm THICJ: 

1016 mm OD TANK 
U77 mm W A W  

Reflector and core temperature, K 296 + 2 
Room temperature, K 294 + 2 

d)lhe vessel neck and the support column increase the critical 
volume by -0.4% (Reference: R.C. Lloyd, et al., "Criticality 
Studies with Plutonium Solutions," NSdE 25, 171 (1966) 



Benchmark No. 30 (PNL-12) 

Spherical Model. Atomic number densities as shown on 
page T(24-30)-22. 



Benchmark No. 30 (PNL-12) 

Monte Carlo Model. Atomic number densities as shown on 
page T(24-30)-22. 

L! t . . . . . . . . . . 1 VOID 

2.555 cm RADIUS 

25.85 cm 

0.305 cm 
2.555 cm RADIUS 





THERMAL, REACTOR BEN-S NOS. 3 1-36 

(PNL-30 through PNL-35) 

A. Benchmark Name and Type 

PNG3U through 35, 820 moderated Mixed Oxide La t t ices .  

B. System Description 

These experiments cons i s t  of H20 moderated lattices fueled by compacted 

p a r t i c l e s  of U02 -2utX PuOt. The plutonirrm contained 8% Pu-240. The f u e l  

rods (O.D. 1.4352~111) were clad i n  z i r ca l l oy  and arranged i n  a square 

l a t t i c e .  C r i t i c a l  configurat ions were determined f o r  th ree  l a t t i c e  spacings,  

with borated and unborated moderator. Very l i t t l e  add i t i ona l  experimental 

da ta  is avai lable .  

C. Model Description 

A simple model ( i n f i n i t e  square lattice c e l l )  is defined f o r  methods 

comparison purposes. La addi t ion ,  a f u l l  core model is defined f o r  

ca l cu l a t i on  of keff. 

1. Simple Model 

AD i n f i n i t e  square c e l l  l a t t i c e  ca lcu la t ion  with r e f l e c t i n g  

boundary conditions is the preferred model. Alternat ively a 

c y l i n d r i c a l  c e l l  can be ca lcu la ted  v i t h  white boundary conditions. 

Tables 1 and 2 give the spec i f i ca t i ons  fo r  PNL-30 through 35. 

Suggested method of ca lcu la t ion :  

In tegra l  t ranspor 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 (an) 

Fuel -64 14 

Clad 

Moderator 

Isotope 

Concentration 

1 0 2 ~  atome/cm 3 

see Table 2 

*Square l a t t i c e s  v i t h  a pitch of 1.77800, 2.20914, and 2.51447cm respectively.  



I 
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2. Ful l  Core Model 

Figure 1 shovs the a x i a l  model for  these l a t t i c e s .  They are  f u l l y  

re f lec ted  by water (220cm) on the s ides  and bottom. The top r e f l e c t o r  i s  

15.24 cm thick for  assemblies 30, 31, 33, and 35. It i s  5.72 cm thick for  

assembly 32 and 2.29 cm thick for  assembly 32 and 2.29cm thick for  assembly 

34. Figures 2 4  show r a d i a l  quar te t -core  representat ions for  f i ve  of the s ix  

l a t t i c e s .  PNL-33 (0.87 inch p i tch)  has the same geometric configurat ion a s  

PNL-31 (0.70 inch p i t ch ) .  These cores  may be represented by 1/8 core 

synmetry. Figure 5 shovs the f u l l  core representat ion f o r  PNL-32, which does 

not have core s-etry. 

Additional atomic number dens i t i e s  for  the f u l l  core model a r e  given i n  

Tables 3 and 4. 

Corrections to calculated keff (Table 2) s h a l l  be used to  account for  

Pu02 p a r t i c l e  e f f e c t s  not spec i f ied  in  the ca l cu la t iona l  model. These core? 

were s l i g h t l y  supe rc r i t  i c a l  for  the configurat ions spec i f  i ed  . Experimental 

values of excess mul t ip l ica t ion  a re  given i n  Table 2. 



AXIAL REPRESENTATION OF PNL ASSEMBLIES 
DIMENSIONS IN CENTIMETERS 

Fig. 1 k i a l  Model 



Table 3 

Atomic Number Densities for Homogenized "Egg Crate" . 

- Structure plus E20* (see Fig. 1) 

Assembly 

H 

PNL- 30 -02226 

PNL-31 00 2226 

PNL-32 005660 

PNL-33 -05660 

PNL-34 e03755 

PNL-35 -03755 

Concentration loZ4 atoms/cm 3 

0 AIL ~ O B  

*For the purpose of benchmark calculations the egg crate structure is 
terminated at the core boundary. 



Table 4 

Additioual Atomic Number Densit ies  for  the Full-Core Model 

U02 at bottom of 

, Fuel Rod 

23% 

23 SU 

23%J 

0 

Ae Plate 

All 

Pb Shield 

Pb 

Concentration 

loz4 at-/cm 3 

1.150110~6 

1 -532x10'' 

2.1123~10'~ 

4.2555~10~~ 

6.027~10~~ 

3.2961~10-~ 



MI.-s ( u - L z ~ ~ )  0.9s lwcn rcten 
QUARTER-GORE RADIAL SLICE 

PNL-30 ( u - ~ 2 6 6 )  0.m INCH Pmcn 
QUARTER- CORE RADIAL SLICE 

Fig. 2 PNL-30 and PNL-34 

CL 

- 
c 

n 2 0  

' 

REF LECTOR O O O C  
0 0 0 0 c  

0 0 0 0 0 C  
0 0 0 0 0 0 c  
0 0 0 0 0 0 ~  

0 0 0 0 0 0 0 c  
r n n n - n n m n n p  

oc 



PNL-31 (u-L250) 0.70 I N C H  PITCH 
QUARTER- CORE R A D I A L  SLICE 



PNL-35 (U-L232) 0.99 INCH PITCH 
Q-UARTER -CORE RAD IAL SLICE 

REFLECTOR 



PNL-32 (u-L189) 0.87 INCH PITCH 
FULL -- CORE RADIAL SLICE 

Pig. 5 PNL-32 



D. Data t o  Report 

I n  addi t ion  t o  k - and keff t he  fo l lov ing  q u a n t i t i e s  should be 

reported : 

1. I so topic  reac t ion  r a t e s  i n  t h e  following four  groups f o r  the  

l a t t i c e  c e l l  and the  f u l l  core. 

Group % P V ~  Elover 

1 10 MeV 821 k e V  

2 821 keV 5.53 k e V  

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 ion .  
- 

2. Disadvantage f a c t o r s  [(f uel/<mderator ] f o r  both the  l a t t i c e  c e l l  

and 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  appropriate  r eac t ion  r a t e s  and 

f luxes  (Items 1 and 2) 

4. I n f i n i t e  Ccl l  La t t i ce  Parameter 

P 2 8  = Epithermal t o  thermal lF.238 capture r a t e  

6 2 5  = Epithenaal t o  thermal -235 f i s s i o a  rate 

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 = It238 capture r a t e  t o  Ik23S f i s s i o n  r a t e  

649 = Epithenaal t o  tha-1 -239 f i aa ion  r a t e  

E~~ - It235 f i s s i o n  r a t e  t o  Pu-239 f i s s i o n  r a t e  
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