
MEASUREMENT OF THE BREEDING RATIO AND ITS COMPONENTS I N  
ZPPR ASSEMBLY 4, PHASE 1 

Measurements t o  check calculat ions  of breeding r a t i o  were performed 
on Phase 1 of ZPPR Assembly 4c1) as  p a r t  of the  Demonstration Reactor 
Benchmark Program. 

Assembly 4 corresponds roughly i n  s i z e  and composition t o  a 
300 MWe oxide-fueled LMFBR. Figures 1 and 2 depict  the reac tor .  The 
core height was 91.4 cm, and the t o t a l  core volume was 2318 l i t e r s .  
The outer corelinner core 2 3 9 ~ u  enrichment r a t i o  was 1.479. Phase 1 
represented an end-of-cycle configuration (but with no simulation of 
f i s s ion  products or  f i s s i l e  buildup i n  the  blanket). No control  rods 
were present i n  the  system: The nineteen control  rod posit ions contained 
sodium and s t a i n l e s s  s t e e l  cha rac t e r i s t i c  of the rod-out composition. 

1. The Measurement Technique 

Writing the breeding r a t i o  i n  terms of the  quant i t i es  measured, 

I i s  the r a t i o  of the  t o t a l  f i s s i o n  r a t e  of isotope x t o  2 3 5 ~ ~ .  
2'c and 49f a r e  t he  reactor-integrated 2 3 8 ~  capture and 2 3 9 ~ ~  f i s s ion  
r a t e s ,  respectively.  The a a r e  spectrum-averaged capture t o  f i s s i o n  
r a t i o s ,  and the brackets denote reactor-averaging. 

I n  Assembly 4,  2 3 8 ~  capture accounts for  about 98% of the  numer- 
a t o r  and 2 3 9 ~ u  absorption for  about 95% of the denominator. Each term 
i n  Eq. (1) was measured, bu t  the dominating f i r s t  terms i n  both 
numerator and denominator were measured with par t icu la r  care. 

Detailed maps of the  2 3 8 ~  capture and 2 3 9 ~ u  f i s s ion  r a t e s  were 
constructed from i r r ad i a t ions  of a l a rge  number of f o i l s .  I n  the  
xy plane near the midplane, 177 2 3 8 ~  capture and 119 2 3 9 ~ u  f i s s ion  
determinations were made. Axial f o i l  i r r ad i a t ions  were made i n  ten  
d i f f e r en t  drawers, with a t o t a l  of eleven f o i l s  of each type 
( 2 3 9 ~ u ,  2 3 8 ~ ,  2 3 5 ~ )  i n  each of the t en  drawers. 

The de ta i led  d i s t r ibu t ions  wi th in  a drawer were decomposed i n t o  a 
smoothly varying component and a f i n e  s t ruc tu re  component. The smooth 
pa r t  was derived from the f o i l  i r r ad i a t ions  described above. To de- 
termine the f i n e  s t ruc ture ,  de ta i led  f o i l  i r r ad i a t ions  were done i n  each 
type of c e l l  (some c e l l s  were repeated with d i f f e r en t  types of adjacent 
drawer loadings). Thirty-eight of these de ta i led  in-cel l  i r rad ia t ions  
were done. 



The experimental react ion r a t e s  determined from the combination of 
these measurements were then numerically integrated over each reactor 
region. These r e s u l t s  along with the reactor  in tegra l s  a r e  shown i n  
Table I. 

A t  t he  reactor midplane, the  r ad i a l  d i s t r i bu t ion  of ( I  + a) was obtained 
for  2 3 9 ~ u ,  2 4 0 ~ u ,  2 4 1 ~ u  and 2 3 5 ~ .  For 2 3 9 ~ u ,  measurements were a l so  made 
i n  the a x i a l  di rect ion.  The s p a t i a l  var ia t ions  i n  the (1 + a) values a r e  
much smaller than fo r  the capture or f i s s i o n  r a t e ,  so  fewer points were 
required t o  obtain a good core-averaged value. 

The react ivi ty-react ion r a t e  technique was used f o r  the (1 + a) 
measurement. This measurement essen t ia l ly  measures a re la t ionship between - 
a and ;. Using ENDFIB-111 values f o r  v ,  t he  r e su l t s  f o r  <1 + a>4g ( the  
reactor-averaged value) for  2 3 9 ~ u ,  were higher than calculated values by 
2.5. f 3.7%. Table I gives the core-averaged values f o r  <I + a>, and the 
experimental r e s u l t s  f o r  the breeding r a t i o .  - 

A l l  t he  e f f ec t s  i den t i f i ed  as af fec t ing  reactor-averaged values were - 

included i n  t he  data  reduction, with two minor exceptions. F i r s t ,  i n  
measuring the fine-structure,  t he  f o i l s  were placed roughly a t  the mid- 
height of t he  drawer. The c e l l  top and bottom has an appreciable s ta in-  
l e s s  s t e e l  concentration (due t o  the  drawer bottom, and the matrix tube 
mater ia ls) .  There is a small "edge-ef fect" on react ion r a t e s ,  most 
notably for  2 3 8 ~  capture. From Monte Carlo calculat ions ,  mentioned l a t e r ,  
i t  was estimated tha t  t h i s  e f f e c t  would cause the measured breeding r a t i o  
t o  increase by l e s s  than 1%. Second, the determination of the  in-fuel 
d i s t r ibu t ion  was made i n  an enriched uranium, ra ther  than plutonium- 
uranium, f u e l  p l a t e .  From Monte Carlo calculat ions  the estimated e f f e c t  
was t o  lower the measured breeding r a t i o  by about 0.5%. Because the two 
e f f ec t s  a r e  small and tend t o  cancel, they were ignored i n  the  data  
reduction. 

2. Analysis of the  ZPPR Assembly 4 Breeding Ratio 

Cross sect ions  spec i f i ca l ly  f o r  the plate-geometry c r i t i c a l  
assembly were generated using the ETOE/MC~-I/SDX codes ,4 r and - 
diffusion calculat ions  were made i n  a var ie ty  of reac tor  geometries. 
Two-dimensional dif fusion and three-dimensional s p a t i a l  f l ux  synthesis 
r e s u l t s  were compared against  a three-dimensional f i n i t e  difference 
computation (using the VENTURE code). Only small di f ference i n  
calculated parameters were found. The var ia t ion  i n  breeding r a t i o ,  
fbr  example, was 1.2% i n  t o t a l ,  with synthesis higher than the VENTURE 
r e su l t  of 1.2615 by 0.54%, and two-dimensional dif fusion 0.62% lower. 
The C/E fo r  the  breeding r a t i o  w a s ,  fo r  the  VENTURE calculat ion,  
1.076 + 0.041. Agreement among the geometric models f o r  react ion r a t e  
i n t eg ra l s ,  while qu i t e  c lose  i n  t he  core regions, varied by up to  
4% i n  the blankets.  These data  a r e  summarized i n  Table 11. 

Of the 7.6% difference i n  the  measured and calculated breeding r a t i o ,  
5.4% was due t o  an overprediction of the r a t i o  of the reactor  2 3 8 ~  capture 
to  2 3 9 ~ u  f i s s ion .  This discrepancy has been noted several  times i n  the 



past  i n  analysis of f a s t  assemblies with ENDFIB Version-I11 cross- 
~ e c t i o n . ~  Another 2.6% came from a low calculat ion of the 2 3 9 ~ u  
absorption t o  f i s s i o n  r a t i o ,  f o r  <1 + &,. The other terms contribute 
i n  a very minor way t o  the discrepancy. 

3. Analyses of Discrepancy 

To inves t iga te  whether the discrepancy is t racable  only t o  the  
basic  cross-section data ,  or  whether the calculat ional  methods could be 
a t  f a u l t ,  a var ie ty  of auxi l ia ry  calculat ional  checks were made. 

i. F i r s t ,  i n f i n i t e  medium c e l l  calculations of an inner core 
drawer arrangement were done using the V I M  Monte Carlo ~ o d e . ~ r ~  V I M  
generates an "exact" so lu t ion  t o  the Boltzman Equation and its cross- 
sect ion information is continuous i n  energy. While V I M  is a r e l a t i ve ly  
new code and its val idat ion i s  therefore  a continuing ac t iv i ty ,  two t e s t s  
of VIM against  experimental r e su l t s ,  and one t e s t  against  an  ~ ~ ~ - 1 1  
calculat ion a l l  produced good agreement. (Errors i n  both codes were 
iden t i f ied  and corrected as  a r e s u l t  of these comparisons). 

For comparison of V I M  against  MC~-11, the ZPR-6 Assembly 7 
benchmark homogeneous u n i t  c e l l  was selected.  This c e l l  is essen t ia l ly  
the same as  an inner  core c e l l  i n  ZPPR A~semblies 2 ,  3, and 4,  but  i s  
homogenized f o r  data-testing computational purposes. The V I M  and MC~-11 
r e s u l t s  were i n  excel lent  agreement for  a l l  facets  of the neutron balance. 
S l igh t  discrepancies i n  2 3 8 ~  and i ron  capture were found ( t racable  t o  
minor differences i n  algorithms) i n  the two codes. 

ii. A V I M  calculat ion was a l so  done of a measurement of 
2 3 8 ~  capture i n  a composite 2 3 5 ~ / 2 3 8 ~  f u e l  p l a t e  mockup of a standard 
Pu-U-Mo f u e l  p l a t e  i n  a spec ia l  ZPR-6 Assembly 7 measurement. I n  t h i s  
measurement the  f u e l  p l a t e  was simulated by a packet of a l te rna t ing  
enriched and depleted uranium f o i l s ,  which were then counted t o  give the  
in-plate react ion ra tes .  The experimental and calculated values f o r  
the shape of 2 3 8 ~  capture within the f u e l  p la te  were i n  good agreement. a This ve r i f i ca t ion  of the V I M  calculat ion for  the simulated uranium f u e l  
p l a t e  gives the confidence i n  the VIM calculations of the plutonium/ 
uranium f u e l  p l a t e s ,  where in-plate measurements a r e  not feasible .  

iii. I n  ZPPR Assembly 2 ,  several  f o i l s  were placed i n  a cen t r a l  
inner core drawer t o  study the in -ce l l  f i n e  s t ruc ture .  This inner core 
c e l l  was iden t i ca l  t o  t h a t  i n  ZPPR-4. The comparison of experimental 
ahd VIM-calculated react ion r a t e s  and reaction r a t e  r a t i o s  i n  the ZPPR-2 
uni t  c e l l  displayed excellent agreement i n  shape (Fig. 3). 

The cell-averaged react ion r a t e s ,  normalized t o  a s ing le  
point i n  the c e l l ,  were calculated wel l  by VIM. For 2 3 8 ~  capture, the 
measurements gave 0.9215 (ZPPR-2) and 0.9159 (ZPPR-4) versus a V I M  value 
of 0.9197. For 2 3 9 ~ u ( n , f ) ,  t he  measured value i n  ZPPR-2 was 0.991, 
versus the VIM r e s u l t  0.995. Thus the calculated cell-averaged correct ion 
fac tors  were i n  good agreement with the measured numbers t h a t  were used 
i n  experimental data reduction. 



i v .  I n  summary, i t  appears t h a t  the 5.4% overprediction of 
2 3 8 ~  capture t o  2 3 9 ~ ~  f i s s ion  is due primarily to  the ENDFIB Version-111 
data. No major source of e r ro r  was iden t i f ied  i n  the SDX/MC~-11 cross- 
sect ion generation. Similarly, the  2.6% underprediction of <1 + c1>49 may 
also be due t o  nuclear data ,  although here  the experimental uncertainty 
is very much greater .  
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Sodium f i l l e d  c o n t r o l  rod p o s i t i o n  

- 
Double-fuel column drawer,  o u t e r  c o r e  

a Spiked drawer (two f u e l  columns) 

F ig .  1. Midplane Diagram of  ZPPR Assembly 4 ,  Phase  1. 
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Fig.  2. rz Model o f  ZPPR Assembly 4, Phase 1 
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TABLE.I.:.Summary df'~,eactor'Inte~rals'and Breeding Rat io  

a 
Quanti ty Region E + a Calcu la t ion  

Experiment 

<1+;;'49 
b 

T o t a l  1.298 + 0.049 0.975 
<1++41 T o t a l  1.185 + 0.094 0.994 
<l+-d.25 T o t a l  1.317 f 0.037 ' 1.019 
< E > ~ o  T o t a l  1.089 + 0.073 1.002 

I41  - T o t a l  0.0214 + 0.0012 0.984 
I25  T o t a l  0.0282 f 0.0013 1.020 
I40 T o t a l  0.0289 + 0.0012 0.950 

2 3 8 ~  Capture Inner  Core 0.4925 2 0.0022' 1.054 
Outer Core 0.2203 f 0.0009 1.080 
Axia l  Blkt .  0.3526 + 0.0025 1.043 
Radia l  Blkt .  0.4971 + 0.0029 1.049 

T o t a l  1.5625 i 0.0045 . 1.054 

2 3 9 ~ ~  F i s s i o n  Inner  Core 0.5702 + 0.0025' 1.006 
Outer Core 0.4298.2 0.0020 0.991 

T o t a l  1.0 + 0.0032 1 .OOO 

28d49f  + <Z>QO q0 
BR = 

+ '1+a>41 + 125 

a 
Calcu la t ions  from a three-dimensional VENTURE run  wi th  28 
energy groups. 

b~ v a l u e  of 2.934 was used f o r  7 near  t h e  inner  core  cen te r .  

% n c e r t a i n t i e s  a r e  from counting s t a t i s t i c s  only. They do not  
inc lude t h e  25c/"f r e l a t i v e  c a l i b r a t i o n  uncer ta in ty  of  0.9%. 

d 
Contains a l l  recognized u n c e r t a i n t i e s .  



'ABLE 11. VENTURE/RZ/SYN3D Comparisons of ZPPR- ~ t i o  Componen 
~-~ ~~ -~ ~~~ -~ ~~ 

VENTURE RZ SYN3D Experiment 

0.9917 0.9963 0.9911 
-- - 

<1+?0~~, i n n e r  c o r e  1 .2751  1.2758 1.2750 
<1+E>49, o u t e r  c o r e  1.2523 1.2517 1.2522 

1.2654 1.2654 1.2652 1.298 2 0.049 
Breeding  R a t i o  1.2615 1.2537 1.2683 1.172 F 0.045 

C C/E C C/E C C/E Experiment (E) 

49f ( i n n e r  co re )  0.5739 1.0065 0.5697 0.9991 0.5717 1.0026 0.5702 
49f ( o u t e r  co re )  0 .4261  0.9914 0.4303 1.0012 0.4283 0.9965 0.4298 

28c ( i n n e r  co re )  0.5190 1.0538 0.5162 1 .0481  0.5167 1.0491 0.4925 
28c ( o u t e r  core)  0.2379 1.0799 0.2398 1.0885 0.2390 1.0849 0.2203 
2 8 ~  ( r a d i a l  b l k t . )  0.5215 1.0491 0.5128 1.0316 0.5418 1.0899 0.4971 
28c ( a x i a l  b l k t . )  0.3677 1.0428 0,3665 1.0394 0.3574 1.0136 0.3526 


