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ABSTRACT 

The i n t e r e s t  i n  t h e  use  of advanced f u e l s  (carbide and ad- 
vanced oxide)  i n  LMFBR1s stems from the  p ro j ec t ed  improvement 
i n  breeding  p r o p e r t i e s  over  convent ional  mixed-oxide f u e l s .  
This  improvement i n  breeding i s  a consequence of t he  h ighe r  
f u e l  volume f r a c t i o n s  achievable  i n  t he  advanced f u e l s  de- 
s i g n s  and the  concomitant harder  neutron spectrum and lower 
enrichment.  The impact of t h e s e  changes, no t  on ly  on t h e  
b reed in  p r o p e r t i e s  bu t  a l s o  on t h e  s a f e t y  phys ics  arame- 
t e r s  (2g8U Doppler e f f e c t ,  sodium void e f f e c t ,  and ?oB con- 
t r o l  rod wor th) ,  has  a  s t rong  bear ing  on whether t hese  f u e l s  
a r e  u l t i m a t e l y  adopted. A s e t  of key i n t e g r a l  phys ics  parame- 
ters were measured i n  a  s e r i e s  of advanced f u e l s  c r i t i c a l  assem- 
b l i e s  cons t ruc t ed  on ZPR-9 t o  a s s e s s  t he  r e l a t i v e  s a f e t y  and 
breeding  p r o p e r t i e s  of candida te  advanced f u e l s .  The experi-  
mental  r e s u l t s  confirmed the  p ro j ec t ed  improvement i n  t h e  
breeding p r o p e r t i e s  i n  advanced f u e l s  cores  r e l a t i v e  t o  cur- 
r e n t  oxide LMFBR c o r e s ,  and revea led  t h a t  t h e  accompanying 
changes i n  t he  s a f e t y - r e l a t e d  phys ics  parameters  were gener- 
a l l y  l a r g e  and of unfavorable  s ign .  S p e c i f i c a l l y ,  i t  was 
found t h a t  r e l a t i v e  t o  t h e  ZPR-6, assembly 7 benchmark "cur ren t  
mixed-oxide" va lues  f o r  normalized parameters ,  t h e  c e n t r a l  
2 3 8 ~  Doppler worth decreased by 20-40%, t h e  c e n t r a l  1 0 ~  worth 
decreased by 10 t o  20% and the  c e n t r a l  (non-leakage component] 
sodium void  r e a c t i v i t y  worth increased  by 30 t o  40% i n  t h e  
advanced f u e l s  compositions.  It was shown t h a t  t h e  C/E va lues  
on s a f e t y  parameters  i n  t h e  advanced f u e l s   omp positions a r e  
of comparable s i z e  t o  those  i n  c u r r e n t  oxide assemblies .  

INTRODUCTION 

A s e r i e s  of c r i t i c a l  experiments have been performed on t h e  ZPR-9 
f a c i l i t y  a t  Argonne Nat iona l  Laboratory t o  s tudy  t h e  r e l a t i v e  neu t ron ic  
p r o p e r t i e s  of advanced f a s t  r e a c t o r  f u e l s .  The program of measurements 
was designed t o  provide  a  b a s i s  f o r  eva lua t ing  both t h e  a n a l y s i s  techniques 
and b a s i c  n u c l e a r  d a t a  used i n  advanced f u e l s  breeder  designs.  I n  t h i s  
paper ,  r e s u l t s  of t h e  measurements of t h e  s a f e t y  phys ics  parameters  i n  ' 

t h e s e  advanced f u e l s  assemblies  a r e  r epo r t ed  a long  wi th  c a l c u l a t e d  



p r e d i c t i o n s  us ing  s t anda rd  methods, The r e s u l t s  have been compared t o  
corresponding va lues  i n  "current-oxide" compositions,  which have previous ly  
been s t u d i e d  a t  l eng th  i n  c r i t i c a l  f a c i l i t i e s .  

The experiments were conducted on t h r e e  r e l a t e d  c r i t i c a l  assemblies:  
t h e  Carbide Benchmark, t h e  Carbide Zone, and t h e  Advanced Oxide Zone 
assembl ies .  The u n i t  c e l l  compositions f o r  t hese  assemblies  were r e f e r -  
enced t o  advanced f u e l s  breeder  des igns  i n  t h e  1200 MWe range. ' f i e  
Carbide des ign  was provided by Barthold e t  a l , l  (ANL) whi l e  t h e  advanced 
oxide  design was provided by cowan2 (General E l e c t r i c ) .  To w i t h i n  t h e  
c o n s t r a i n t s  imposed by t h e  presence of t h e  ZPR matr ix  and a v a i l a b l e  
m a t e r i a l s  inventory ,  t h e  ca rb ide  benchmark core  composition matches t h e  
f u e l  c h a r a c t e r i s t i c s  of t h e  o u t e r  core  zone of t h e  1200 MWe ca rb ide  de- 
s i g n ,  wh i l e  t h e  ca rb ide  zone matches t h e  inne r  core  zone of t h e  same de- 
s i g n .  The advanced oxide zone matches t h e  core-average f u e l  p r o p e r t i e s  
of t h e  1200 MWe advanced oxide design.  The matching o f ~ c o m p o s i t i o n s  was 
not exac t  because of t he  aforementioned c o n s t r a i n t s  and t h e  d e s i r a b i l i t y  
of having a s imple ,  e a s i l y  ana lyzable  u n i t  c e l l .  Table 1 d i s p l a y s  t h e  
r a t i o s  of the atom concen t r a t ions  achieved i n  t h e  c r i t i c a l  assemblies  t o  
t h e  t a r g e t ,  1200 MWe-design atom concent ra t ions .  

TABLE 1. Comparison of Advanced Fue l s  Assembly Phys i ca l  C h a r a c t e r i s t i c s  
w i th  Target  Design Parameters  

Ra t io  of Carbide Ra t io  of Oxide Zone t o  
Benchmark t o  Ra t io  o f  Carbide  Zone t o  GEbAdvanced Oxide 

ANL Carbide Outer ANL Carbide Inne r  Value (average of i nne r  
Parameter co rea  Value co rea  Value and o u t e r  core)  

Y i s s i l e  Atom Densi ty  

Heavy Metal (HM) Dens i ty  

Enricl~n~uul: (Fis,sile/HM) 

t!-238/Pu-239 Atom R a t i o  

C o r  OlHM Atom Ra t io  ( a s  app ropr i a t e )  0 .95 

NA/HM Atom Ra t io  0 .88 

FE/Hhl ACOIII Rat io  1 .34 

Fuel  (U+PU+C o r  0)  Vol. Frac .  1.UU 

Coolant  Vol.  Frac .  0.79 

S t r u c t u r e  Vol.  F r a ~ . ~  1 . 7 1  

1200 MWe Carhide  Design (.375 i n .  p in )  Na Bonded, beginning-of- l i fe  composi t ion.  

b~~ 1200 MWe Advanced Oxide Design, beginning-of-equi l ibr ium c y c l e  composi t ion.  

C ~ n c l u d e s  vo id  f r a c t i o n .  

Re l a t ive  t o  t h e  "current-oxide" des igns ,  a major f e a t u r e  of t h e  
"advanced fue l "  des igns  is  a high f u e l  volume f r a c t i o n  obta ined  a t  t h e  
expense of s t r u c t u r e ,  and a r e s u l t a n t  h ighe r  f e r t i l e l f i s s i l e  atom r a t i o  
(lower enrichment) .  This  i s  ind ica t ed  i n  Table 2 where s e v e r a l  c e n t r a l  
c o r e  p r o p e r t i e s  of t he  advanced f u e l s  compositions a r e  compared wi th  each 
o t h e r  and wi th  t h e  "current-oxide" ZPR-6 assembly 7 (ZPR6/7) and GCFR 
r e f e r e n c e  assembly (GCFR-11) compositions.  The very  much h ighe r  heavy 
meta l  d e n s i t y  i n  t h e  advanced f u e l s  co re s  r e s u l t s  i n  a ha rde r  spectrum 
i n  t h e s e  co re s  r e l a t i v e  t o  t h e  "cur ren t  oxide" LMFBK co res .  Calcu la ted  



s p e c t r a  a r e  intercompared i n  F igs .  1 and 2 ;  F igs .  3 and 4 d i s p l a y  calcu- 
l a t e d  a d j o i n t  s p e c t r a .  The s p e c t r a l  hardening i n d i c a t e d  i n  t h e  f i g u r e s  
has  been confirmed exper imenta l ly  by measured r e a c t i o n  r a t e  r a t i o s .  The 
phys ics  p r o p e r t i e s  of t h e  advanced f u e l s  compositions a r e  governed by 
t h e  hardened spectrum. 

TABLE 2 .  Primary C h a r a c t e r i s t i c s  o f  t h e  Advanced F u e l s  and Refe rence  LMFBR and CCFR Cores  

ZPR6/7 
I'aramcter Benchmark Carb ide  Zone Oxide Zone CCFR-I1 ( C u r r e n t  Oxide)  - 

F i s s i l e  Atom D e n s i t y  1.382 + 21 0.933 + 21  0 .930  + 21  1 .221  + 21 0.916 + 21 

Heavy Eletal (HE!) D e n s i t y  11.377 + 21 10.825 + 21  9.264 + 21 6.923 + 21 6.812 + 21 

Enrichment (F i s s i l e /HM)  0 .121  0.086 0 , 1 0 0  0.176 0.134 

NA/HM Atom 1 ) e n s i t i e s  

FE/HH Atom D e n s i t i e s  

Fuel  (U+Pu+C o r  0) \'o'l. F r a c .  0 . 3 8  0 .PO UJ . 43  0.26 0 . 3 3  

Coo lan t  Vol .  F r a c .  0 . 3 8  0 .38  0 . 2 8  0 .42  0.42 

S t r u c t u r e  + \ 'oid Vol .  F r a c .  0.24 0.22 "0.29 0 .32  0 .25  
* 

Zero Excess C r i t i c a l  Mass (kg) 534 .1  599.5 573.9 1107 .5  588.8 

*The " n c e r t a i n t i e s  on t h e s e  masses a r e  o f  t h e  o r d e r  o f  1%. 
*lean-squared d i s t a n c e  t r a v e l e d  from n e u t r o n  b i r t h  t o  f i s s i o n  e v e n t .  

F ig ,  1. Calcula ted  c e n t r a l  r e a l  Pig.  2.  Calcula ted  c e n t r a l  r e a l  
s p e c t r a  i n  advanced f u e l s  s p e c t r a  i n  oxede fue l ed  
assemblies .  (Carbfde bench- LMFBR assembl2es. CAd- 
mark-solPd l ine ;  c a r b i d e  vanced oxide zone t so l id  
zone-dotted l i n e ;  oxfde zone- l i n e ,  ZPR6-7-dotted l f n e ,  
dashed l i n e ) ,  GCFR-11--dashed l f n e l .  

F igure  5 shows a ske tch  of t he  ca rb ide  benchmark assembly, g iv ing  t h e  
p r i n c i p a l  r a d i a l  and a x i a l  dimensions. The assembly had a s imple,  uniform 
core  composition. The o t h e r  two assemblies  used the  benchmark a s  a frame- 
work t o  con ta in  a c e n t r a l  zone of  an advanced f u e l s  composition. Both 
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Fig.  3. Calcu la ted  c e n t r a l  a d j o i n t  F ig ,  4. Calcu la ted  c e n t r a l  a d j o i n t  
s p e c t r a  i n  advanced f u e l s  s p e c t r a  i n  oxide  fue l ed  
assemblies .  (Carbide bench- LMFBR a s s e n ~ b i f e s  . (Ad- 
mark-solid l i n e ;  ca rb ide  vanced ox2de zone-solzd 
zonc-dotted l i n e ;  ox ide  zone- l i n e ;  ZPR6/7-dotted l f n e ;  
dashed l i n e ) ,  GCFR-11--dashed lhe) . .  

t h e  c a r b i d e  and advanced oxide zones had a zone r ad ius  of 31.32 cm. The 
u s e  of zones was adequate  s i n c e  s p e c t r a l  r a t h e r  than s p a t i a l  a s p e c t s  of 
advanced f u e l s  des igns  were being inves t iga t ed .  

For t h e  zone s i z e  s e l e c t e d ,  z 
s p e c t r a l  i n d i c e s  from a funda- 
mental  mode, f  ine-group S D X ~  9 1 . 4 4  

c a l c u l a t i o n  agreed very  wel l .  
w i th  co re  center-values pro- 76.20 

duced wi th  broad group RZ d i f -  
f u s i o n  theory c a l c u l a t i o n s  of 
t h e  zoned assemblies .  This  
e s t a b l i s h e d  t h e  f a c t  t h a t  t h e  
zone s i z e s  were s u f f i c i e n t l y  45.72 

l a r g e  t o  ensure  t h a t  t he  cen- 
t r a l  s p e c t r a  were cha rac t e r -  
i s t i c  of t he  zone composition, 
uncontaminated by s p e c t r a l  
t r a n s i e n t s  propagat ing  i n t o  
t h e  zones from t h e  d r i v e r  re-  
g ion .  The b l anke t  and r e f l e c -  0. [ 

t o r  f o r  the  c a r b i d e  zone .assem- 
b l y  w a s  t he  same a s  t h a t  f o r  
t h e  benchmark. This  was a l s o  
t r u e  of t h e  advanced oxide  
zone assembly except  t h a t  
' t h e r e  w a s  an oxide  a x i a l .  
b l anke t  above t h e  oxide  zone. 

Fig. 5. Schematic ske t ch  of t h e  
c a r b i d e  benchmark assembly 
g iv ing  r a d i a l  and a x i a l  
dimensions. 



SAFETY PHYSICS PARAMETERS MEASURED 

The fo l lowing  s a f e t y  physics  parameters  were measured i n  t h e  Ad- 
vanced Fuels  C r i t i c a l  Assemblies. 

a .  Small sample r e a c t i v i t y  worths of 2 3 9 ~ u ,  2 3 8 ~ ,  '.OB, Na, 
s t a i n l e s s  s t e e l .  

b: 2 3 8 ~  Cen t r a l  Doppler r e a c t i v i t y  worths . 
c. B4C c o n t r o l  rod worths.  
d. Sodium void worths.  

EXPERIMENTAL AND CALCULATIONAL METHODS 

The sma l l  sample r e a c t i v i t y  worths and' t h e  2 3 8 ~  c e n t r a l  Doppler 
worth were measured us ing  t h e  sample o s c i l l a t i o n  r e a c t i v i t y - d i f f e r e n c e  
technique.  The l a r g e  r e a c t i v i t y  changes involv ing  sodium void and B4C 
c o n t r o l  rod worths were determined a s  t h e  d i f f e r e n c e s  of t h e  s u b c r i t i -  
c a l i t i e s  of two r e a c t o r  con f igu ra t ions .  

Analyses of t he  experiments were performed wi th  ENDF/B-IV nuc lea r  
d a t a  and two-dimensional d i f f u s i o n  theory methods i n  a  29 broad group 
energy s t r u c t u r e .  Unit  c e l l  averaged i s o t o p i c  c ross -  ~ ~ ~ t i ~ n ~ ~ ~ e r e  gener- 
a t e d  f o r  a l l  app ropr i a t e  compositions us ing  the  M C ~ - ~  /SDX codes 
wherein s p a t i a l  he t e rogene i ty  e f f e c t s  were e x p l i c i t l y  taken i n t o  account.  
An i so t rop ic  d i f f u s i o n  c o e f f i c i e n t s  were used t o  account f o r  d i r e c t i o n -  
dependent neut ron  t r a n s p o r t  w i t h i n  the  d i f f u s i o n  theory framework. The 
Gelbard method5 was used t o  genera te  t hese  a n i s o t r o p i c  d i f f u s i o n  coef- 
f i c i e n t s  i n  c o r e  reg ions  f o r  neutron ene rg i e s  exceeding 2 keV; f o r  a l l  
o t h e r  ca ses  t h e  Benoist  method6 was used. These c o e f f i c i e n t s  were inpu t  
a s  m u l t i p l i e r s  app l i ed  t o  t h e  i s o t r o p i c  d i f f u s i o n  c o e f f i c i e n t s ,  113 C . 

t r  

EXPERIMENTAL RESULTS AND COMPARSION WITH CALCULATIONS 

Small Sample Reac t iv i ty  Worths 

The c e n t r a l  smal l  sample r e a c t i v i t y  worths of a  number of m a t e r i a l s  
of i n t e r e s t  were measured i n  t he  t h r e e  assemblies .  These worths ,  a long  
wi th  a s s o c i a t e d  measurements of r e a c t i v i t y  worth s p a t i a l  d i s t r i b u t i o n s  
a r e  u s e f u l  f o r  m a t e r i a l  r e d i s t r i b u t i o n  worth c a l c u l a t i o n s  . i n  acc iden t  
ana lyses .  The r e s u l t s  of t he  measurements a r e  d isp layed  i n  Table 3 ,  
along wi th  a l u e s  f o r  t h e  "current-oxide' '  (LMFBR and GCFR) r e fe rence  
assemblies .  '" The worths  a r e  normalized t o  t h e  c e n t r a l  worth of 2 3 9 ~ u  
t o  enable  a  comparison of t h e  worths independent of t h e  e f f e c t s  of changed 
p e r t u r b a t i o n  denominator between t h e  assemblies .  The norukl ized  worths 
fo l low a p r e d i c t a b l e  t r end  given t h e  r e l a t i v e  hardness  of t h e  s p e c t r a  i n  
t h e  d i f f e r e n t  assemblies  (F igs .  1 , 2 )  and the  corresponding a d j  o i n t  



s p e c t r a l  shapes (Figs.  3 ,4 ) .  R e l a t i v e  t o  t he  ZPR6/7 va lue ,  t h e  normal- 
i z e d  2 3 8 ~  worth is  22% sma l l e r  i n  t he  ca rb ide  benchmark, and 29% smal le r  
i n  t h e  GCFR-11. The OB worth i s  20% sma l l e r  i n  t he  ca rb ide  benchmark 
and i n  GCFR-11. 

The worths were c a l c u l a t e d  us ing  f i r s t  o rde r  p e r t u r b a t i o n  theory 
methods, and t h e  r e s u l t i n g  C / E  (calculated/experimental) r a t i o s  are shown 
i n  Table 3 .  The c e n t r a l  worth of 2 3 9 ~ u  i.s p red ic t ed  s l i g h t l y  b e t t e r  i n  
t h e  ca rb ide  and advanced oxide zones than i n  t h e  o t h e r  t h r e e  assemblies .  
The chronic  problem wi th  the  p r e d i c t i o n  of l i g h t  s c a t t e r e r  worths is  
c l e a r l y  seen i n  Table 3. The normalized 2 3 8 ~  and l0I3 worths a r e  pre- 
d i c t e d  r e l a t i v e l y  c o n s i s t e n t l y  i n  t h e  assemblies .  The t rend  of i nc reas ing  
underpredic t ion  of t h e  OB worth with inc reas ing  hardness  of t h e  spectrum 
has been a t t r i b u t e d 9  t o  an  inc reas ing  underpredic t ion  of t h e  low energy 
f l u x  f o r  harder  spectrum assemblies .  

TMLE 3 .  Smnll Camplo Control ?.lacti.r~ity Islortho i n  thc 11nri.ous Ao~aI+Li.95 

Carbide lenchmark Carbide 96ne uxlae  one ~ F K  rnaae '11 rP~dl7 
d-" 

Experimental Experimental Experimental . Experimental Experimental 
Worth Worth Worth Worth Worth 
(Ihlkg) (Ihlkg) (Ih/kg) (Ihlkg) (Ihlkg) 

Isotope or ratio CIE or ratio CIE or ratio C/E o= ratio CIE or ratio C/E 

Worth Ratios 

238u1239pu -0.054 r 0.002 0.88 -0.059 t 0.002 0.90 -0.0552 0.002 0.98 -0.049 t 0.002 0.93 -0.069 t 0.003 0.87 

Stainless ~ c e e l l ~ ~ ~ ~ u  -0.034 t 0.001 1.22 -0.033 t 0.001 1.18 -0.0332 0.001 1.14 -0.033 f 0.001 1.17 --- 
IhlXbkIk 922.4 916.7 920.0 944.3 974.8 
cunveraion ratio 
(colculoted) 

C e n t r a l  2 3 8 ~  Doppler E f f e c t  

'l'he Doppler r e a c t i v i t y  worth of a  small (%l.l kg) 1 1 0 ~  sample was de- 
termined a t  t h e  c e n t e r  of t h e  t h r e e  assemblies  a s  a  func t ion  of temperature 
f o r  t he  range 3 0 0 ' ~  t o  llOO°K. The 2 3 8 ~  Doppler worths e x t r a c t e d  from 
t h e s e  measurements a r e  shown i n  Fig. 6  f o r  t h e  t h r e e  cases .  The curves 
r e p r e s e n t  l e a s t  squares  f i t s  t o  t h e  experimental  d a t a  ( co r r ec t ed  f o r  empty 
capsule  Doppler e f f e c t s )  t o  an express ion  of t he  form 

L ' J 
where T is t h e  r e f e r e n c e  t ehpe ra tu re ,  C1,  C 2  and y a r e  t h e  f i t t i n g  param- 
t e r s  an8 p(T) i s  t h e  r e a c t i v i t y  a s  a  func t ion  of temperature i n  O K .  The 
f i g u r e  shows t h a t  t h e  measured 2 3 8 ~  Doppler worth was l a r g e s t  f o r  t h e  car- 
b i d e  benchmark assembly and sma l l e s t  fo r .  t h e  ca rb ide   zone^ ( f o r  a  tempera- 
t u r e  range of 300°K t o  llOO°K t h e  ca rb ide  zone va lue  was 25.4% sma l l e r  
than  t h a t  in t h e  benchmark). 

Table 4 l ists  t h e  va lues  of t h e  2 3 8 ~  Doppler worths normalized t o  
t h e  c e n t r a l  2 3 9 ~ u  worths i n  t h e  same assembly f o r  t h e  t h r e e  cases  



with  corresponding va lues  f o r  ZPR-617 
and GCFR.-TI. The normalized worths 
i n  t h e  ca rb ide  and advanced oxide  
zones a r e  s i m i l a r ,  the  advanced oxide 
zone va lue  be ing  7.34% l a r g e r .  The 
ca rb ide  benchmark core  va lue  i s  con- 
s i d e r a b l y  sma l l e r ,  a t t e s t i n g  t o  t he  
f a c t  t h a t  t h e  spectrum i n  t h i s  
assembly was t h e  ha rdes t .  'The norm- 
a l i z e d  2 3 8 ~  Doppler worths i n  t h e  
advanced f u e l s  assemblies  a r e '  i n t e r -  
mediate between t h e  va lues  i n  t h e  
LMFBR and GCFR benchmark assembl ies ,  
a s  would be expected from r e l a t i v e  . 

spectrum hardness  cons ide ra t ions .  
R e l a t i v e  t o  t h e  "current"1mixed oxide 
ZMFBR case ,  t h e  advanced f u e l s  co re s  
show a 19-41% reduc t ion  i n  the'norm- 
a l i z e d  3 8 ~  Doppler worth, whereas 
t h e  corresponding r educ t ion  i n  t h e  
GCFR benchmark va lue  was 54%. 

E: 

DOPPLER EFFECT OF 2 3 8 ~  

Oxide zone 

(y= 0.80 r 0.05) 

(y=.0.73 
' 

Carbide b e n c h m a r k  assembly 

xn bm m ma 7m 8m sm . ~ m o  um 
Sample Temperature.  X 

Fig. 6. Cen t r a l  2 3 8 ~  Doppler worth 
a s  a  f u n c t i o n  of tempera- 
t u r e  f o r  t h e  t h r e e  advanced 
f u e l s  c r i t i c a l  assemblies .  

The Doppler r e a c t i v i t y  e f f e c t  was c a l c u l a t e d  us ing  a  modified f i r s f  
o r d e r  p e r t u r b a t i o n  theory method9 i n  which the  f l u x  p e r t u r b a t i o n  e f f e c t  
of t h e  sample and t h e  ho t  sample/cold core  resonance i n t e r a c t i o n  effect 
were taken i n t o  account.  For t he  ZPR-6 assembly 7 case  ENDFIB-I d a t a  
were used; f o r  t h e  o t h e r  ca ses  ENDFIB-IV d a t a  were used. The C / E  va lues  
f 6 r . t h e  normalized 2 3 8 ~  Doppler worth f o r  a l l  t he  assemblies  a r e  l i s t e d  
i n  Table 4.  The primary C / E  discrepancy i n  Table 4 i s  t h e  r e l a t i v e l y  l a r g e  
ove rp red ic t ion  of t h e  ca rb ide  zone 2 3 8 ~  Doppler worth. This has been 
a t t r i b u t e d  t o  an ove rp red ic t ion  of t h e  low energy component of t h e  r e a l  
spectrum i n  t h e  ca rb ide  zone. The reason f o r  t h i s  ove rp red ic t ion  of t h e  
low energy s p e c t r a  is n o t  f u l l y  understood a t  t h i s  t ime. The e f f e c t s  of 
v a r i a t i o n s  i n  t h e  sodium resonance s c a t t e r i n g  c ross-sec t ion  and i r o n  
e l a s t i c  s c a t t e r i n g  c ross-sec t ion  a r e  being i n v e s t i g a t e d .  

TABLE 4 .  Comparison of Xnrna l i zed  'j'l' Dopp1.e~ K o r t h s  f o r  t h e  
Advanced F u e l s  C r i t i c a l  Assemblies  and 

'Typical  L.?IFBR and CCFR C r i t i c a l  A s s e n b l i e s  

238,'" C a l c u l a t e d  P r e d i c t i o n s  
2 3 b L  C e n t r a l  i 3 6 ~  I joppler  % Change 

Dnppl.er E f i c c c  R e a c t i v i t y  ' jYPu  I:orth R e l a t i v e  . t o  CIE of CIE o f  S o r m a l i z a t i o n  
Lhlkc: t i  I l k  ( U n i r s  o r  Refe rence  2 3 8 ~  Doppler  * j a b  Doppler  

, \ s s rnb ly  (%tO.Ol) (.,?I .O) 10 ') Oxide L?IFBR E r f e c t  E f f e c t  -- -- 
Carbide 

Benchmark -0.915 209 + 3 . $ 1  -40.35 0.871 0.734 

Advanced 
Oxide Z ( ; I I ~  -0.824 172 +4 .bJ  - 1 Y  . O J  0 .880  0.778 

ZPR-6 Assy 7 * 
C u r r e n t  Oxide -0.905 156 +5.81 0 I  .030* 0 .761  
LbIFBR 

GCFR Phase I 1  
Assembl:~ -0 .623  231  +2.69 -53.7 0.827 

*ENDFIB-I c r o s s - s e c t i o n s .  A l l  ocher  c a s e s  used E S D F ~ B - I V  c r o s s - s e c t i o n s .  



B4C Cont ro l  Rod Worths 

An i n d i c a t i o n  of t h e  r e l a t i v e  worths of BbC c o n t r o l  rods  i n  t h e  t h r e e  
advanced f u e l s  assemblies  and i n  GCFR-I1 r e l a t i v e  t o  ZPR6/7 may be in-  
f e r r e d  from t h e  measured smal l  sample c e n t r a l  worths of 1°B. From 
Table 3 i t  i s  seen  t h a t  r e l a t i v e  t o  ZPR6/7, t he  worth of 1°B decreases  
by 20% i n  t h e  ca rb ide  benchmark and GCFR-I1 co res  and by approximately 
10% i n  each of t h e  advanced f u e l s  zones. This s e t s  an upper bound on t h e  
decreased worths of c o n t r o l  rods t h a t  might be expected i n  t h e  advanced 
f u e l s  sys re~ns .  

The worth of a s imulated B4C c o n t r o l  rod was measured a t  t h e  c e n t e r  of 
t h e  ca rb ide  benchmark core.  The worth was determined r e l a t i v e  t o  a sodium- 
f i l l e d  c o n t r o l  rod p o s i t i o n  r e fe rence .  The simulated rod extended through 
t h e  a x i a l  he igh t  of t h e  core  (+ I8  inches ) .  A corresponding measurement 
had been performed i n  ZPR6/7. l 2  For t he  ca rb ide  benchmark, the simulated 
rod had a h ighe r  B4C concen t r a t ion  (l0I3 atom concen t r a t ion  of 7 . 1 7  x 
atoms/cm3) than  f o r  ZPR6/7 ( lOB atom concen t r a t ion  of 3.80 x 1021 atom/cm3) 
The measured worth of t h e  s imulated rod i n  t h e  ca rb ide  benchmark was 
755.9 + 4 I h ,  which was 79% g r e a t e r  than the  corresponding va lue  of 
421.6 + 19.1  I h  i n  ZPR6/7. On a per  u n i t  1°B atom concen t r a t ion  b a s i s ,  t h e  
c o n t r o l  rod worth i n  t h e  ca rb ide  benchmark was 5% l e s s  than t h a t  i n  ZPR6/7. 
Unfor tuna te ly ,  a d i r e c t  comparison between t h e  two is not  p o s s i b l e  be- 
cause of t h e  d i f f e r e n t  core  h e i g h t s  i n  the  two cases .  

Using e igenvalue  d i f f e r e n c e  techniques and i n f i n i t e l y  d i l u t e  O B  
i s o t o p i c  c ros s - sec t ions ,  a C/E va lue  of 0.978 was obta ined  f o r  t he  con t ro l  
rod worth r e l a t i v e  t o  a sodium f i l l e d  c o n t r o l  rod channel i n  t he  ca rb ide  
benchmark. This  i s  s l i g h t l y  lower than p a s t  exper ience  (C/E va lues  of 
1 .01  t o  1.05 a r e  t y p i c a l  on c u r r e n t  oxide assembl ies . )  

Sodium Void Worth Measurement 

The r e a c t i v i t y  worths of vo id ing  sodium i n  smal l  central .  zones were 
measured i n  t h e  advanced f u e l s  assemblies  and i n  Z P R ~ / ~ ~ O  by t h e  rod-drop 
s u b c r i t i c a l i t y  technique.  For the  advanced f u e l s  assemblies  t h e  sodium 
voided zone was 5 x 5 drawers square (equiva len t  r ad ius  15.58 cm) and f o r  
ZPR6/7 t h e  zone s i z e  was 3 x 3 drawers square (equiva len t  r ad ius  9.35 cm). 
The h e i g h t s  of t he  sodium voided zones f o r  t h e  advanced f u e l s  assemblies  
and ZPR6/7 were n o t  t h e  same, and i t  is  meaningful t o  d i s c u s s  t h e  c e n t r a l  
va lues  and t h e  f u l l  core  h e i g h t  va lues  of the  sodium void worth s e p a r a t e l y .  

Cen t r a l  (non-leakage) sodium void  worth component 

For the  advanced f u e l s  assemblies  a measurement was made f o r  an 
a x i a l  e x t e n t  of +5 inches  from t h e  midplane; f o r  z P ~ 6 / 7  a measurement was 
made f o r  an a x i a l  e x t e n t  of f 6  inches from t h e  midplane. The sodium void 
worths  from t h e s e  measurements, s u i t a b l y  normalized t o  u n i t  sodium weights  
and t o  t he  c e n t r a l  2 3 9 ~ u  worth, a r e  shown i n  Table 5. These numbers 
can be compared d i r e c t l y ,  and i t  is seen t h a t  t h e  advanced f u e l s  



TABLE 5 .  Centra l  Sodium Void Worths i n  t h e  Advanced F u e l s  and Reference Oxide Assemblies  

Advnnccd Oxide Current Onidr 
Parameter Carbide Benchmark Carbide Zone Zone ( ~ ~ ~ 6 1 7 )  

Centra l  Sodium Void + 1 5 . 1  ? 0 . 2  9 . 7 8  + 0 . 2  1 0 . 7  2 0 . 3  6 . 9 4  + 0 . 6 ~  
Worth ( I h l k g )  

Normalized Centra l  Sodium 5 . 6 2 0  6 . 1 4 8  6 . 0 0 9  4 .384  
Void Worth 
( ~ h l k g ) l ( ~ ~ ~ p u  1 h . k ~ )  l o2  

Change from ZPR617 (2) +28 .2  G 0 . 2  + 3 7 . 1  --- 

a ~ h i s  measurement was made f o r  a 3 x 3 drawer c e n t r a l  zone 12 i n .  h i g h .  The advanced f u e l s  assembly 
measurements were made f o r  a 5 x 5 drawer c e n t r a l  zone 1 0  i n .  h i g h .  

compositions d i s p l a y  a  30 t o  40% more p o s i t i v e  c e n t r a l  normalized sodium 
void c o e f f i c i e n t  than  does z P ~ 6 / 7 .  This comparison of t h e  non-leakage 
component of t he  sodium void worth is a func t ion  both of t h e  f l u x  spectrum 
and of t h e  s lope  ve r sus  energy of t h e  a d j o i n t  (which i s  made s t e e p e r  by 
lower enrichment) .  The r e l a t i v e  va lues  of t he  worths a r e  compatible w i th  
t h e  r e l a t i v e  s p e c t r a l  shapes shown i n  Figs.  1-4. 

The c e n t r a l  sodium void worth was c a l c u l a t e d  f o r  t h e  ca rb ide  bench- 
mark c a s e  us ing  an e igenvalue  d i f f e r e n c e  technique.  The i s o t o p i c  cross-  
s e c t i o n s  and a n i s o t r o p i c  d i f f u s i o n  c o e f f i c i e n t s  were regenera ted  f o r  t h e  
sodium voided composition. A C / E  va lue  of 1.067 was obta ined .  This  is  
somewhat l e s s  than  t h e  r a t i o s  obta ined  f o r  e a r l i e r  c u r r e n t  oxide sodium- 
void  experiments.  '' 
F u l l  co re  he igh t  sodium void worths 

For each of t h e  co re s  i n  t he  advanced f u e l s  program, t h e  c e n t r a l  
5  x 5 drawer reg ion  was voided i n  four  axially-symmetric voiding s t e p s  
(20-5 i n . ,  55 t o  11 i n ,  511 t o  18  i n .  ,. and--in t h e  blanket--218 t o  30 i n . )  
l ead ing  t o  a  f u l l  core-plus-axial-blanket voided 5 x 5 drawer c e n t r a l  zone. 
Only t h e  ca rb ide  benchmark measurements were c a l c u l a t e d .  Eigenvalue d i f -  
f e r ence  c a l c u l a t i o n s  were made both of t he  i n d i v i d u a l  vo id ing  s t e p s  and 
of t he  cumulative void worth. Both c ros s  s e c t i o n s  and a n i s o t r o p i c  d i f -  
f u s i o n  c o e f f i c i e n t s  were regenera ted  s p e c i f i c a l l y  f o r  t h e  sodium-voided 
u n i t  c e l l s .  For t h e  ca rb ide  benchmark, t h e  incremental  and cumulative 
s p e c i f i c  sodium void  worths and the  a s soc i a t ed  C/E va lues  were: 

Axia l  Experimental 
increment Ih /kg  Na 

+o-5" +16.114 
+5- 11" +7.783 

211-18" -7.313 
t o t a l  co re  +3.69 
218-30" b l k  -3.88 
.core+blk +O. 71 

C / E  C / E  
C/E Gelbard D i n  core  Gelbard D i n  c o r e  

Gelbard D ' s  Benoist  D i n  Blk 1/3C i n  Blk 
t r  

1.067 
1.12 
1.02 
1.12 
1.85 1.11 0.62 

-0.44 1.12 2.32 
-- - 

I n  t h e  co re ,  both t h e  leakage and nonleakage components a r e  a c c u r a t e l y  
c a l c u l a t e d  i f  s t reaming is  accounted f o r  u s ing  Gelbard a n i s o t r o p i c  



d i f f u s i o n  c o e f f i c i e n t s ,  The Gelbard D ' s  f a i l  i n  t he  b lanket  Ctheir  de r t -  
v a t i o n  r e s t s  on t h e  e x i s t a n c e  of a wel l-defined p o s i t i v e  buckl ing) ;  bu t  f t  
is  seen  t h a t  f o r  t h i s  ca se  Benoist  D ' s  produce a c c u r a t e  b lanket  r e s u l t s .  

A d i r e c t  comparison of  t h e  f u l l  core  he igh t  sodium void worths between 
t h e  advanced f u e l s  measurements and ZPR6/7 is  i n a p p r o p r i a t e  because of t h e  
d i f f e r e n t  c o r e  h e i g h t s  of  t h e  assemblies .    ow ever, t h e  C/E va lues  obta ined  
f o r  t h e  ca rb ide  benchmark advanced f u e l s  composition a r e  comparable w i th  
t h e  ex t ens ive  exper ience  on c u r r e n t  oxide compositions r epo r t ed  by Beck 
e t  a l . "  

An i n d i c a t o r  of t h e  breeding  p r o p e r t f e s  of an assembly i s  t h e  h s t a n -  
taneous core  p o i n t  conversion r a t i o ,  which i s  def ined  .(,to wfth2n 2%) as', 

The r a t i o  of t h e  atom concen t r a t ion  g ives  t h e  e f f e c t  of enrichment on t h e  
conversion r a t i o ,  whi le  t h e  o t h e r  term g ives  a s p e c t r a l  e f f e c t .  The terms 
i n  t h e  s p e c t r a l  component a r e  measurable. Table 6 summarizes t h e  experi-  
mental evidence f o r  t h e  improved breeding  p r o p e r t i e s  of t h e  advanced f u e l s  

TABLE 6 .  Summary of Improved Conversion R a t i o s  i n  
Advanced Fuels Assemblies 

Parameter 
Carbide Carbide Oxide 

Benchmark Zone Zone ZPR6/7 GCFR-I1 

Compositions -- "-- 
Fuel  Vol. Frac .  (%) 38 40 4 3 3 3 26 

Enrichment (a /0)  12 .1  8.6 10.0 13.4 17.6 

N ~ ' / N " ~  (atom r a t i o )  7.38 10.93 9.18 6.52' 4.68 

'L .1.319 1.082 1.115 a1 .25  1 .I187 

S p e c t r a l  I n d i c a t o r s  
( C e l l  Average ~ e a c t i i n  Rates)  
c 2 8 / f 4 9  (?%I. 5%) 0.1230 0.1367 0 .I387 0 . 1 3 9 6 ~  0.1196 

f 2 8 / f " 9  (?22%) 0.0252 0.0208 0.0225 0.0242 0.0330 
- - - 

Core Conversion P r o p e r t i e s  

~ 2 8  .28 
CR - - 0.726 1.122 0.99' 0 . 7 1 5 ~  ,n.46bb 

N" 1" (1x1") 

Devia t ion  from c u r r e n t  t1 .54  +56.92 +38.74 --- -35.10 
oxide  X 

a ~ i n c e  cnnvarsion r n c l o  measurement was n o t  made i n  ZPR6/7, t h e  convers ion  r a t i o  repor ted  
h e r e  was measured i n  ZPPR4 Assembly 1 i n n e r  core  a t  l o c a t i o n  137-34. The u n i t  c e l l  
composit ion i n  t h i s  assembly was i d e n t i c a l  t o  t h a t  i n  ZPR6/7. The r a t i o  was 
6.58 i n  ZPPRLll ( i . e . ,  1Z g r e a t e r  than i n  ZPR617) whi le  t h e  c 2 8 / f 4 9  v a l u e  was 0.1443 
(3.3% g r e a t e r  than  i n  ZPR617). 

b ~ e c a u s e  o f  t h c  l a r g c  amount of lcokagc from CCFR corco ,  t h c  c o r e  p o i n t  conversion r a t i o  
is n o t  a good i n d i c a t o r  of t o t a l  b reed ing  p r o p e r t i e s .  A s i g n i f i c a n t  f r a c t i o n  of  t h e  
L u ~ o l  breeding  occurs  i n  t h e  r a d i a l  and a x i a l  b l a n k e t s .  The c o r e  p o i n t  conversion r a t i o  
f o r  GCFR I1 i s  included h e r e  o n l y  f o r  completeness.  The computed breeding  r a t i o  f o r  t h e  
c u r r e n t  KFR. des igns  i s  s1.4. 



assemblies  and t h e  background informat ion  necessary  f o r  i t s  i n t e r p r e t a t i o n ,  
The experimental  conversion r a t i o  and s p e c t r a l  index d a t a  have been ob- 
t a ined  from Bre tscher  and Morman. ' 

The heavy meta l  volume f r a c t i o n  is  l a r g e r  i n  t h e  advanced f u e l s  case  
than  f o r  ZPR6/7. This  causes spectrum hardening and thus  a r educ t ion  of 
p a r a s i t i c  capture .  A s  a consequence, t he  enrichment can be reduced 
( i .  e .  , N ~ ~ / N ~ ~  can be  increased)  i n  t he  advanced f u e l s  cores .  The f a c t  
t h a t  t h e  s p e c t r a  i n  t h e  advanced f u e l s  co re s  a r e  harder  is  seen from t h e  
s p e c t r a l  i n d i c e s .  It i s  seen from the  t a b l e  t h a t  t h e  s p e c t r a l  component 
of t h e  conversion r a t i o  a c t u a l l y  decreases  wi th  ha rde r  s p e c t r a .  The 
c 8 / f 9  r a t i o  and ( l + ~ t ~ ~ )  va lue  both decrease  wi th  inc reas ing  spectrum hard- 
ness ,  and t h e  n e t  e f f e c t  i s  a ba lance  between t h e  two opposing e f f e c t s .  
However t h e  much increased  N2'/N2' r a t i o  i n  t he  advanced f u e l s  assemblies  
causes t h e  n e t  conversion r a t i o  t o  i n c r e a s e  r e l a t i v e  t o  t h e  current-oxide 
value.  For t h e  ca rb ide  benchmark case ,  t h e  i n c r e a s e  is  nominal (1.5%), 
b u t  f o r  t h e  ca rb ide  and advanced oxide zone t h e  inc rease  is  dramat ic  (57 
and 39% r e s p e c t i v e l y ) .  This a n a l y s i s  a l s o  makes ev ident  t h e  f a c t  t h a t  t h e  
enrichment r educ t ion  has t h e  dominant e f f e c t  on t h e  conversion r a t i o  whi le  
t h e  s p e c t r a l - e f f e c t  i s  small .  I n  a GCFR t h e  core  p o t n t  conversion r a t f o  
is  decreased bo th  by t h e  harder  spectrum and by t h e  decreased N ' / ~ N ~ .  r a t i o  
n e c e s s i t a t e d  by t h e  l a r g e  leakage f o r  t h e  core.  The b l anke t  conversion 
r a t i o s  are very  h igh ,  however, and t h e  n e t  e f f e c t  is a h igh  breeding  r a t i o .  

Associated wi th  t h e  improvement i n  t h e  breeding p r o p e r t i e s  shown i n  
Table 6 ,  is a pena l ty  i n  t he  s a f e t y  p r o p e r t i e s .  I n  Table 7,  t h e  exper i -  
mental evidence f o r  t h e  change i n  va lues  of t h e  s a f e t y  c o e f f i c i e n t s  is  
l i s t e d .  It i s  seen t h a t  t h e  changes a r e  s i g n i f i c a n t l y  l a r g e  and of  an un- 
f avo rab le  s i g n  i n  a l l  cases .  Add i t i ona l ly ,  t h e  r e s u l t s  i n  Tables  3-5 (and 
i n  t he  t e x t  f o r  sodium void  and c o n t r o l  rod worths) e s t a b l i s h  t h a t  t h e  C/E 
values  f o r  parameters  i n  advanced f u e l s  compositions a r e  no t  s i g n i f i c a n t l y  
d i f f e r e n t  t han  f o r  t h e  c u r r e n t  oxide composition. 

TABLE 7 .  Summary o f  the  S a f e t y  Related P h y s i c s  P r o p e r t i e s  o f  Advanced F u e l s  Cores 
, 

4: Change from Current Oxide LHFBR Value 

SatrLy P l !ys l c s  
Parameter S i g n i f i c a n c e  Carbide Benchmark Carbide Zone Oxide Zone CEFR-11 

p~-10/p49 I n d i c a t o r  o f  
-20 .3  -10 .0  -9 . 1  -20 .4  

Control  Rod and 
Poison Worths 

p ~ o ~ ~ l e r  28/ps9 Primary inherent  -40.4 -25 .0  -19 .O -53.7 
(AT 300-llOO°K) S a f e t y  C o e f f i c i e n t  

pCentral Na void/P4 Spec tra l  component ' + 2 8 . 2  + 4 0 . 2  + 3 7 . 1  --- 
o f  sodium vo id  
c o e f  f l . c l ent  

I n  summary, t h e  comparative s a f e t y  phys ics  parameters of advanced 
f u e l s  systems have been determined exper imenta l ly .  It was found t h a t  
r e l a t i v e  t o  c u r r e n t  oxide LMFBR's, t h e  improved breeding p r o p e r t i e s  were 
accompanied by s i g n i f i c a n t  degrada t ion  of s a f e t y  c o e f f i c i e n t s .  Sa fe ty  
performance i s  governed not  only by t h e  s a f e t y  c o e f f i c i e n t s  bu t  by design 



l o a d i n g s  a s  w e l l .  Thus, a n  e q u a l l y  i m p o r t a n t  f a c t  is  t h a t  the b i a s e s  i n  
t h e  c a l c u l a t e d  p r e d i c t i o n s  of t h e  s a f e t y  c o e f f i c i e n t  were  shown t o  n o t  
change s i g n i f i c a n t l y  f rom t h o s e  i n  t h e  c u r r e n t - o x i d e  LMFBR system. The 
r e s u l t s  p r e s e n t e d  i n  t h i s  paper  p r o v i d e  t h e  d e s i g n e r  w i t h  q u a n t i t a t i v e  i n -  
f o r m a t i o n  on which t o  b a s e  advanced f u e l s  LMFBR d e s i g n s  f o r  optimum breed-  
i n g  and  s a f e t y  performance.  
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