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NOMENCLATURE 

Take the active length of an element irradiated in EBR-I1 to be divided into 20 
equal nodes. The peak f l u x  and fission densities a re  found in node 10, just below the 
midplane. 

N 

t 

Mi 

K 

(Me V/f is s ion)k 

Total number of configurations chosen to represent an irradiation 

Total irradiation time, sec 

Number of megawatt-days of irradiation for X-Y group i, i = 1, 
..., N 

Nominal reactor power for X-Y group i ,  i = 1, ..., N 

jth-group microscopic fission c ross  section of heavy nuclide m, 
cm2 

jth-group absolute neutron flux in axial node k, neutrons/cm2-sec 

Total number of neutron-energy groups 

Fission rate per atom of,heavy nuclide m ,  summed over J groups 
in axial node k, fissions/(atom-sec 

Avogadro's number, 6.02253 x atoms/mole 

Atomic weight of heavy nuclide m 

Absolute fission density of heavy nuclide m in axial node k, 
fis sions/g -sec 

Mass,  in grams,  of heavy nuclide m burned per  initial g ram in 
axial node k, nth iteration 

Initial mass  of heavy nuclide m in axial node k, g 

Midlife mass  of heavy nuclide m in axial node k, g 

Total burnup in axial node k 

Mass of stainless steel in axial node k, g 

Deposition of gamma power in heavy nuclides in axial node k, 
MeV/g - s e c 

Deposition of gamma power in stainless steel in axial node k, 
MeV/g - se c 

Total midlife power deposition in axial node k,  Btu/hr 

Total kinetic and p-particle energy deposited per atom of heavy 
nuclide m fissioned, MeV/f' ission 

5.4678 x Btu/hr/(MeV/sec) 

Effective MeV/fission in axial node k, defined by Eq. B.2 
(Appendix B) 

Diffusion coefficient for group j in subassembly s, c m  

Transverse buckling, cm-' 



METHOD FOR CALCULATING DISTRIBUTIONS 
OF FLUX, POWER,AND BURNUP 

IN OXIDE SUBASSEMBLIES IRRADIATED IN EBR-I1 

G. H. Golden and L .  B. Mil ler  

ABSTRACT 

A method for  calculating the axial  dis t r ibut ions of flux, 
power,  and burnup in LMFBR mixed-oxide fuel e lements  i r r a -  
diated in EBR-I1 has  been developed. P e a k  absolute fluxes and 
fission densi t ies  for 235U, 23aU, 239Pu, and z40Pu a r e  obtained f r o m  
t ranspor t - theory  calculations in X-Y geometry for  specific run 
configurations in EBR-11. These  calculations display global and 
local  var ia t ions in flux in the r eac to r .  Relative axial  d i s t r ibu-  
t ions a r e  obtained f r o m  t ranspor t - theory  calculations in R-Z 
geometry.  A procedure  for  accounting for  burnup of the heavy 
nuclides i s  given. The effective MeV/fission to be used to con- 
ve r t  r a t e  of total  f iss ion to power is calculated for  a subassem-  
bly of 19  mixed-oxide elements  in row 4 and a subassembly of 
37 mixed-oxide elements  in row 5 of EBR-11. The elements  
s tud iedwereC17 andC1 in subassembl ies  X012 and X012A, and 
F3B3 and 011 in subassembly X040A. 

I. INTRODUCTION 

The prototypal LMFBR fuel e lement  i s  a U 0 2 - P u 0 2  mixture  clad 
with a s ta in less  s tee l  tube. 
mixed-oxide elements  is  being investigated by i r rad ia t ing  them in the 
Experimental  Breeder  Reactor  I1 (EBR-11). 
affected by swelling and c r e e p  of the cladding. It is a l so  affected by swell-  
ing, cracking,  and r e s t ruc tu r ing  of the fuel;  r e l e a s e  of f iss ion gas  f r o m  the 
fuel; and migrat ion of f i ss i le  m a t e r i a l  in the fuel. A detailed understanding 
of these  effects and how they in te rac t  is therefore  essent ia l  to the design of 
a safe ,  re l iable ,  and economical oxide fuel e lement  for  LMFBR's .  

The in - r eac to r  per formance  of many such 

This  per formance  is  s t rongly 

Individual effects,  such a s  cladding swelling, a r e  t r ea t ed  by s e m i -  
Interaction of the individual effects i s  

Two ma jo r  aspec ts  of the development of these  codes 

theoretical '  o r  empir ica l2  models .  
t rea ted  by incorporat ing them into computerized mechanical  models ,  such  
a s  the L I F E  code.3 
for  fuel l i fe t ime a r e :  
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1. Testing models of individual effects,  such a s  cladding swelling 
and fuel res t ruc tur ing ,  by comparison with observed effects.  

Testing the codes by benchmark i r radiat ion experiments .  2 .  

This  tes t ing r equ i r e s  that the neutron flux and power distributions 
in each i r rad ia ted  element  of i n t e re s t  be charac te r ized .  

Until recent ly ,  such character izat ion was done simply by r e fe r r ing  
to "unperturbed" flux and f iss ion-densi ty  distributions given in the Guide 
for  I r radiat ion Exper iments  in EBR-II,4 making s imple cor rec t ions  for the 
different nominal power leve ls  a t  which the reac tor  has  operated,  and using 
a constant factor to convert  total f iss ion r a t e  to power.  A major  difficulty 
i s  that  the da ta  in  Ref. 4 (Table 6 - 1 )  a r e  intended only for  u se  in scoping 
calculations in experimental  design. Implici t  in this approach a r e  two a s -  
sumptions--the nominal r eac to r  power i s  the actual power,  and the relat ive 
flux and power dis t r ibut ions a r e  the s a m e  in the run o r  runs  of i n t e re s t  a s  
those calculated for  the configurations used a s  a bas i s  for Ref. 4. The f i r s t  
of these assumptions,  related to the uncertainty in EBR-I1 total power f rom 
run to run,  i s  not considered he re .  

The second assumption,  concerning the relat ive flux and power d is -  
t r ibut ions,  has  the following sources  of e r r o r :  

1 .  The EPunperturbed" radial  and axial  flux and f i ss ion- ra te  d i s -  
tr ibutions given in Ref.  4 a r e  by definition based on neutronics  calculations 
in cylindrical  geometry  in which: ( a )  the hexagonal-row s t ruc tu re  is t rea ted  
a s  a cylinder,  and (b)  the subassembly compositions m u s t  be homogenized by 
row and thus cannot rea l ly  display ei ther  global-flux a symmet ry  o r  local  
per turbat ions 

2 .  A s  the r eac to r  configuration changes f r o m  run to run,  the spa-  
t ial ly detailed distributions change. 

3. The u s e  of a constant factor  to convert  total  f iss ion r a t e  to 
power i s  not r igorously c o r r e c t .  

The heterogeneous loadings in EBR-I1 lead to a symmet ry  and p e r -  
turbation effects ,  a s  t ranspor t - theory  calculations in X - Y  geometry have 
shown. Thus,  the "unperturbedP'  dis t r ibut ions calculated for  a specific 
heterogeneous EBR-11 configuration a r e  only approximate- - i . e . ,  the i r  main 
value i s  in scoping calculations 
for  a given configuration, neutronics  calculations in hexagonal o r  X - Y  geom- 
e t ry ,  a s  well a s  in R-Z geometry,  a r e  requi red .  If an experiment  i s  in 
EBR-I1 for  s eve ra l  runs ,  m o r e  than one s e t  of detailed dis t r ibut ions will 
usually be required to cha rac t e r i ze  the r eac to r  environment during the i r -  
radiation interval  of i n t e re s t .  
in the r eac to r  has  two components,  one due to the kinetic energy  of f iss ion 

4-6  

To obtain spatially detailed dis t r ibut ions 

The total r a t e  of energy absorption at  a point 
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f ragments  and p-par t ic les ,  and the other due to deposition of Y energy.  
F iss ion- f ragment  and p-par t ic le  energy produced a t  a point is a l l  absorbed 
a t ,  o r  very  close to ,  the point. 
of f iss ion,  however,  i s  absorbed a t  a distance f r o m  the point of f ission. 
Therefore ,  the total r a t e  of energy absorption a t  a point will have a d is t r ibu-  
tion specific to a given reac tor  configuration and somewhat different f r o m  
the f i ss ion- ra te  distribution for that  configuration. 

Some of the y energy produced a s  a r e su l t  

Ideally,  then, a two-dimensional t ranspor t - theory  calculation in 
hexagonal o r  X-Y geometry should be made for  eve ry  run to obtain a de-  
tailed mapping of peak absolute fluxes and f iss ion densi t ies .  Relative axial  
dis t r ibut ions should be obtained f r o m  t r anspor t  calculations in R -  Z geome- 
t r y  that a r e  run l e s s  frequently.  
l e s s  f r o m  run to run than do X - Y  dis t r ibut ions.)  
calculations should a l so  be made.  
of the durat ion of each s ta r tup  and shutdown and of run length,  the flux and 
power h is tory  of any element  i r rad ia ted  in EBR-I1 could be obtained in g rea t  
detai l .  Techniques for  computing a detailed three-dimensional  mapping of 
absolute fluxes,  f iss ion r a t e s ,  and y-heating r a t e s  have been developed by 
the EBR-I1 P r o j e c t ,  Techniques for  computing the burnup of heavy a toms 
m o r e  p rec i se ly  and for  developing the h is tory  of individual e lements  i r r a d i -  
ated in EBR-I1 a r e  being developed. 

(Axial dis t r ibut ions in R-Z geometry change 

F r o m  this  information, plus a knowledge 
Corresponding y - t r anspor t  

However, X-Y neut ron- t ranspor t  calculations have been completed 
for  only 31 of the approximately 200 run configurations. 
can be used to es t imate  the average  flux and power dis t r ibut ions for  given 
e lements  i r r ad ia t ed  in EBR-11. 
the loca l  and global var ia t ions in flux in the r eac to r  during the i r rad ia t ion  
per iod of i n t e re s t ;  thus,  the averages  a r e  a significant improvement  over  
the use  of information f r o m  only one run (such a s  that given in Ref. 4). 
improved method for  charac te r iz ing  the average  neutronic environment of 
oxide e lements  i r rad ia ted  in EBR-I1 i s  descr ibed  in this  r epor t ,  

These  calculations 

The resul t ing averages  account for mos t  of 

An 

Brief ly ,  the total  number of runs  during which a given experimental  
Runs with 

An X - Y  t r anspor t -  
subassembly is in EBR-I1 is subdivided into groups of runs .  
nea r ly  the s a m e  neutronic cha rac t e r i s t i c s  a r e  grouped. 
theory calculation on one representa t ive  configuration in each  group gives 
peak absolute fluxes and f iss ion densi tes  (fission r a t e  p e r  g r a m  of a heavy 
nuclide) a t  four points in every  subassembly in the r eac to r .  The d is t r ibu-  
t ions of fluxes and f iss ion densi t ies  a r e  used to  es t imate  peak absolute 
fluxes and f iss ion densi t ies  in each  element  in the subassembly of in te res t .  
Relative axial  dis t r ibut ions a r e  obtained f r o m  t r anspor t - theo ry  calculations 
in R - Z  geometry,  which a r e  run l e s s  frequently.  
tr ibution is obtained f r o m  the peak absolute value f r o m  (a )  the X - Y  calcula- 
tion and (b)  the relat ive axial  dis t r ibut ion calculated in R - Z  geometry  fo r  
the row in which the i r rad ia t ion  took place.  The power in each  of, for  ex-  
ample ,  20 axial  nodes of an element  is  obtained by multiplying the average  

Each  absolute axial  d i s -  
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I 11. NEUTRONICS-CHARACTERIZATION METHOD 

fission r a t e  p e r  gram of each  heavy n ~ c l i d e - - ' ~ ~ U ,  238U, 239Pu, and 2 4 0 P ~ - - i n  
the node by i t s  midirradiat ion m a s s  in  the node and summing over the four 
heavy nuclides.  Midirradiat ion m a s s e s  a r e  calculated f rom initial m a s s e s  
by correct ing for  burnup. 
r ep resen t  the group of runs for the number of megawatt-days of i r rad ia t ion  
involved, o r ,  if des i r ed ,  different groups can be averaged on a megawatt-day 
bas is  to es t imate  the overal l  average distributions for the i r rad ia t ion  of 
inte r e  s t . 

The result ing distributions can then be used to 

A. EBR-I1 Operating History 

EBR-I1 has  undergone many important  changes since it was f i r s t  
operated a t  45 MWt. 
and control subassembl ies ,  t empora ry  replacement  of some uranium 
radial  - blanket suba s s emblie s with stainle s s steel  ref lector  subas semblie  s , 
run- to- run changes in configuration, and operation at different  nominal total 
powers .  
Mark-I  e lement  to 13.5 in .  in the Mark-IA element  to accommodate fuel 
swelling and d e c r e a s e  the plenum p r e s s u r e .  
height of EBR-I1 took place gradually,  a s  Mark- I  e lements  w e r e  replaced 
by Mark-IA elements  between runs  13 and 2 5 ,  mos t  of the change taking 
place between runs  15 and 19.  
u ran ium axial-blanket e lements  used in d r i v e r ,  safety,  and control sub- 
a s sembl i e s  were  replaced,  between runs  14 and 25, with s ta in less  s teel  
tr if luted sect ions.  
a s sembl i e s  in rows 7 and 8 were  replaced by s ta in less  s teel  ref lector  
subassemblies .  
reactivity;  the reduction was subsequently ascr ibed  to anomalous bowing of 
subassemblies  in row 8 induced by the rma l  gradients. '  
was  being studied, the s ta in less  s teel  ref lector  subassembl ies  in row 7 were  
replaced with uran ium blanket subassembl ies  for  run 29B. 
s a m e  change was made  in row 8 .  
blanket subassemblies  to date.  
of EBR-I1 a r e  shown in EBR-I1 run r epor t s ,  wh icha re  compiled periodically. '  

These  changes w e r e  in designs of the d r i v e r ,  safety,  

The length of the meta l  fuel pin was reduced f r o m  14.2 in .  in the 

This  change in the active co re  

Similar ly ,  for  economy, the upper and lower 

During runs  25-29A, the uran ium radial-blanket sub- 

This  change significantly reduced the power coefficient of 

While this effect 

In run 29C, the 
The r eac to r  has  been operated with such 

The run-to-run changes in the configuration 

Up to  and including run 29D, EBR-I1 was  operated a t  a nominal total 
power of 45 MWt, 
During run 38A, it underwent trial operation a t  62.5 MWt, and f r o m  run 38B 
to run 45B, i t  was again operated at 50  MWt. 
been operated a t  a nominal total power of 62.5 MWt. 

B. Neutronic Representat ions 

F r o m  run 30A to run 37, i t  was operated a t  50 MWt. 

Since run 46A, EBR-I1 has  

@- 
A d iag ram of the EBR-I1 co re  c r o s s  section' ( rows 1 - 7 )  i s  shown in 

F ig .  1 ~ A two-dimensional t ranspor t - theory  calculation for  the plane of this  



1 3  

SECTOR 
B 

C .  CONTROL-ROO SUBASSEMBLY 

S -  SAFETY. ROO SUBASSEMBLY 

X .  EXPERIUENTAL SUBASSEMBLY 

Fig. 1. EBR-I1 Core Configuratibn 

Y 

c r o s s  section using a hexagonal coordinate 
sys t em would be des i rab le ,  but an opera-  
tional computer code with such a capability 
i s  not yet available to the EBR-I1 P ro jec t .  
A s  a c lose approximation, an X - Y  coordi-  
nate sys tem,  shown in F ig .  2 ,  i s  used for 
E BR - I1 t ran spor t  - the o r  y c a1 cul ation s with 
the DOT code.5 Each  hexagonal subas-  
sembly i s  represented  by an equivalent 
rectangle ,  and each rectangle  i s  sub- 
divided into four e lements  of equal a r e a  
for the calculations,  a s  shown in F ig .  3 .  
F o r  a given reac tor  configuration, the 
X - Y t r anspor t -  theory calculation gives 
peak absolute group fluxes and c o r r e -  
sponding fission r a t e s  p e r  a tom of , 
238U, 239Pu, and 240Pu a t  each of the four 
points shown a s  c r o s s e s  in F i g .  3 ,  in 

2 3 5 ~  

I l l 1  I I I I  1 1 1 1  I I I I  I I 1  I 1  I I I  I I  I l l  
5 IO 15 20 25 3F 35 

Fig. 2. X-Y Representation of EBR-I1 Cross Section 
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Fig. 3. Representation of EBR-I1 
SpatialHexagon in DOT 
X-Y Transport-theory 
Calculation 

every  subassembly in the reac tor .  F igure  3 a lso  
shows (as dots )  the location of each element  in an  
experimental  37-element subassembly. The spe-  
cific location of each element in every  experimental  
subassembly i r rad ia ted  in EBR-I1 through run  42 is 
given in Ref. 10.  

In the X - Y  calculations,  ma te r i a l  composi- 
t ions a r e  homogenized for individual subassemblies .  
T r a n s v e r s e  leakage i s  accounted for  in the X - Y  cal-  
culations by adding a fictitious absorption t e r m  D, j B i  
t o  the absorption and total  c r o s s  sections in each en- 
e rgy  group j for  each subassembly s .  The diffusion 
coefficients,  Dsj, mos t  near ly  c o r r e c t  for each sub- 
assembly  in the reac tor  were  selected f rom nine 
s e t s  of values of Dj computed for nine typical sub- 
assembl ies .  (The Argonneversion of the DOT code 

has  recently been revised to compute the values of Dsj  f rom the input t r a n s -  
po r t  c r o s s  sections and subassembly compositions.)  One region-independent 
value of t r a n s v e r s e  buckling, B;, was used fo r  a l l  EBR-I1 configurations in 
the p re sen t  work. This  value was originally determined by adjusting t r a n s -  
v e r s e  leakage until corresponding X - Y  and R - Z  calculations on an e a r l i e r  
EBR-I1 configuration converged to the same  eigenvalue. S imi la r  calcula- 
t ions on a recent  configuration have confirmed the original buckling value. 

Some indication of the accuracy  of the resu l t s  i s  provided by com- 
par ing control-rod worths calculated by these methods with measured  worths .  
Calculated and measured  rod worths  for EBR-I1 run 27A a r e  plotted on polar  
coordinates in Fig.  4. The l a rges t  difference- -4.27’0- -between the calculated 
and measu red  values occurs  a t  control rod No.  7 .  Since the control-rod 
worth is approximately proportional to the square  of the flux, the indicated 
maximum relat ive e r r o r  in f l u x  is about 2%.  F igure  4 a l so  shows a s ig-  
nificant global variation in flux in run 27A. 

Fig. 4 

Control-rod Worths for 
EBR-I1 Run 27A. ANL 
Neg. No. 104-344. 

0 CONTROL ROD NOS. 

- - MEASURED 
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The relative axial distributions of flux and fission densi t ies  a r e  ob- 
tained f r o m  t r anspor t  calculations with the DOT code in R-Z geometry.  A s  
noted e a r l i e r ,  these distributions change l e s s  f r o m  run to run than do the 
X - Y  distributions.  This  l e s s e r  var ia t ion i s  par t ly  r ea l ,  because changing 
one subassembly generally has  l i t t le effect  on axial flux and fission-density 
distributions seve ra l  subassemblies  away. 
ficiali ty because of the required homogenization by row of subassembly 
compositions. 
enized effect  becomes progress ive ly  sma l l e r  with increasing row number ,  
i . e . ,  with increasing number of subassemblies  in the row. 

There  is ,  however,  some a r t i -  

Thus,  i f  one subassembly in one row is changed, its homog- 

Over severa l  runs ,  the relat ive axial distributions may  va ry  enough 
so that some account of them must  be taken. 
group fluxes,  total flux, and each of the fission densi t ies  for 235U, 
and 240Pu all differ a t  a given radial  position in a given configuration. F o r  
the group flux dis t r ibut ions,  this difference is due to  the "softening" of the 
flux spec t rum with increasing dis tance f r o m  the co re  center .  F o r  f iss ion-  
density distributions,  the difference i s  due to the flux softening and to the 
specific variation of each fission c r o s s  section with neutron energy. 
238U, which, for f iss ion,  has  a relatively high threshold energy and a r e l a -  
tively low c r o s s  section, has  a l a r g e r  maximum-to-average axial  dis t r ibu-  
tion than 240Pu, which f iss ions at  lower energies  and has  a higher f iss ion 
c r o s s  section. ' '  Similar ly ,  235U and 239Pu have relatively flat axial  f iss ion-  
density distributions because the i r  f ission c r o s s  sections vary  l e s s  through 
the neutron-energy range of in te res t  for  EBR-11. In the Guide for  I r r ad ia -  
tion Experiments  in EBR-II,4 the axial  f ission-density distributions f o r  235U 
and 239Pu a r e  indicated a s  being the s a m e .  As  will be shown, this assump-  
tion i s  only an approximation. 

The axial  dis t r ibut ions of 
2 3 8 ~  2 3 9 p u ,  

9 

Hence, 

An R - Z  calculation yields the f iss ion r a t e  in the three-dimensional  
reac tor  by assuming azimuthal symmet ry  and an a r b i t r a r y  power level.  
The fission r a t e  is integrated over the reac tor  volume, and the total power 
generated a t  the a r b i t r a r y  level of the calculation i s  determined by using 
the value of 202 .6  MeV/fission a s  the total energy deposited in  the r eac to r  
p e r  fission. This  energy includes that  produced by neutron capture  and 
subsequent y emission,  and i t  excludes neutrino energy. 
distribution i s  then renormalized to  correspond to the nominal total r e -  
ac tor  power.  

The f i ss ion- ra te  

The cor rec t ly  normalized fission r a t e  i s  then integrated over  a unit 
height a t  the reac tor  midplane. 
the X - Y  analysis  is a l so  integrated over  a unit height at the r eac to r  mid-  
plane and then renormalized so that  the integral  of the fission r a t e  f r o m  the 
X - Y  problem a g r e e s  with the integral  of the fission r a t e  over the r eac to r  
midplane of the cor rec t ly  normalized R - Z  fission distribution. The neutron 
fluxes and the fission r a t e s  of the individual isotopes a r e  then normalized 
to correspond to the nominal reac tor  power by using the normalizat ion factor  

The f i ss ion- ra te  distribution as computed in 

- 
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computed on the bas i s  of the total  f ission r a t e s .  
factor  determined for a run that  i s  analyzed in both R-Z and X - Y  geometry 
i s  used to normal ize  X - Y  problems for  s eve ra l  subsequent runs.  

The X - Y  normalizat ion 

C. Averaging P rocedures  

The total  i r radiat ion t ime of a given experiment  i s  divided into 

This 
groups of runs,  in each of which absolute X - Y  distributions,  especial ly  in 
the neighborhood of the experiment ,  remain  essent ia l ly  constant. 
constancy i s  determined by noting var ia t ions in loadings and in measured  
control-rod worths f r o m  run to run. An X - Y  t r anspor t  calculation for one 
configuration in each group is used to r ep resen t  the total  megawatt-days 
of i r radiat ion for the group. The resul t ing set  of average X - Y  distributions 
can be ei ther  used d i rec t ly  in fuel-l ifetime calculations o r  averaged overal l  
on a megawatt-day bas is .  
sentative distributions for each group by the fract ion of the total  megawatt-  
days spent by the experiment  in that group and summing over all groups.  
If the relat ive axial  dis t r ibut ions v a r y  sufficiently over the total  i r rad ia t ion  
t ime,  axial distributions f r o m  severa l  R - Z  configurations a r e  used. These 
distributions can be employed d i rec t ly  with individual representa t ive  X - Y  
dis t r ibut ions,  o r  they can be g ross ly  averaged on a megawatt-day bas i s  to 
be used with the overal l  average  X - Y  distribution. 

This averaging i s  done by weighting the r e p r e -  

Do Trea tment  of Burnup 

In the computation of the power generation in a fuel e lement ,  account 
should be taken of heavy-atom depletion due to burnup. Consider  an element  
for which overa l l -average  absolute peak fission densi t ies  and corresponding 
average relat ive axial  dis t r ibut ions have been computed. To calculate the 
midlife power generation along this e lement ,  the axial distribution of heavy 
a toms at  midlife is es t imated.  
der ived in Appendix A. Conversion of 238U to 239Pu and 239Pu to 240Pu mus t  
a l so  be considered.  This conversion i s  considered in the next section for 
experimental  oxide element C17 in subassembly X012,  which was i r rad ia ted  
to a computed burnup of 9.5(7”’0. 

The equations used in this es t imat ion a r e  

111. CHARACTERIZATION O F  SUBASSEMBLIES 

A. Subassembly X012 

1 I r rad ia t ion  History 

At the s t a r t  of run 21, experimental  subassembly X012, con- 
taining 19 encapsulated oxide fuel e lements ,  was placed in position 4B2 of 
EBR-I1 ( see  F ig .  1).  I t s  subsequent h i s tory  in the reac tor  i s  summar ized  
in Table I .  Also shown in the table a r e  the s ix  surrounding subassemblies  
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and the number of megawatt-days of i r rad ia t ion  for  each run. 
underwent changes in configuration and nominal power during the t ime i t  
contained subassembly XO12. 
which shows four significantly different configurations and two different 
nominal powers  during the period of in te res t .  
f igurations w e r e  selected for operation a t  45 MWt, and a fourth configuration 
was  selected for operation a t  50 MWt, a s  shown in Table 11. 
placed in the third configuration (which included runs  29B-29D) r a the r  than 
the second on the bas i s  of its row-7 uranium blanket. 
was  thus in configurations s imi la r  to that of run 24 for 2975 megawatt-days 

The r eac to r  

These changes a r e  summar ized  in Table 11, 

Hence, t h ree  different con- 

Run 29B was 

Subassembly X012 

Tab le  I. H i s to ry  of Subassembly  XOl2 in EBR-I1 Pos i t i on  4B2 (Ref. 8 )  

Sur  rounding 
Run MWd Subas s e m b l i e s a  

21 
22 
23 
24 
2 5A 
25B 
2 5C 
2 5D 
2 5E 
2 6A 
26B 
26C 
2 7A 
27B 
27C 
27D 
28C 
2 9A 
29B 
29C 
29D 
30A 

610 
1045 

690 
630 
641 
150 
723 

34 
13  
87 

1029 
619 
283 
177 

62 
286 
669 
188 
24 

205 
710 
652 

5D, 1C u 
1 

4D, l C ,  1P 
V 

5D, 1C ' 
4D, l C ,  X027 - 
3 D ,  I C ,  X027, 
X040 

Surrounding 
Run MWd Subas s embl i e  sa 

30B 166 3D, l C ,  X027, 
X040 

30C 52 - 
31A 8 9  
31B 159 
31C 84 
31D 372 
31E 0 
31F 41 3 
31G 111 
32A 852 
32B 249 
32C 72 
32D 224 
33A 600 
33B 576 
34A 822 
34B 310 
35 1202 2D, l C ,  MK-11, 

36A 800 
X027, X040 
3D, l C ,  
MK-I1  X 0 2 7  

36B 400 u 
37 1196 c 

aC = control ;  D = d r i v e r ;  MK-I1 = Mark- I1  d r i v e r ;  P = half d r i v e r  fue l ,  half  
s t a i n l e s s  s t e e l .  

TABLE 11. Changes in  Configurat ion and P o w e r  in EBR-I1 
du r ing  Res idence  of Subassembly  XOl2 

Nomina l  P o w e r .  MWt 

45  50 
~~ 

Runs  4-24 

Configurat ion First 

Desc r ip t ion  Dep le t ed -u ran ium blan-  
ket ;  for  r o w s  15-19, 
c o r e  height r educed  
f r o m  14.22 t o  13.5 in .  

MWd 2975 

Rep  r e s e n t e d  
by Run 24  

~~ ~ 

25-29A 29B 29C,  29D 

Second T h i r d  

SS in U r a n i u m  in  Depleted-  
r o w s  7 , 8  row 7; SS u r a n i u m  

in r o w  8 blanket  

4961 939 

27A 29D 

30A-37 

F o u r t h  

Depleted-  
u r a n  ium 
blanket  

9401 

3 1 F  



o r  0.1628 of i t s  total of 18,276 megawatt-days of i r radiat ion.  
sponding residence fractions for  runs  s imi la r  to 27A, 29D, and 31F a r e  

The c o r r e -  

C O k  CENTER 

Fig. 5. X-Y Representation of 
Subassembly X012 

0.2714, 0.0514, and 0.5144, respectively.  
the total megawatt-days and nominal powers  for  
each configuration in Eq. A.1 (in Appendix A), the 
total  i r rad ia t ion  t ime of X012 was calculated to be 
3.329 x l o 7  sec.  

By using 

2 .  X-Y Transpor t - theory  Calculations 

The X - Y  t ranspor t - theory  calculations 
w e r e  done in the Sz approximation with the six- 
group ANL-23806 c r o s s -  section set .” P e a k  abso- 
lute fluxes and f iss ion r a t e s  pe r  a tom wereobtained 
for the four points identified with (X,Y)  coordinates 
in Fig.  5. 
t ions for the representat ive runs  24, 27A, 29D, and 
31F. In Table 111, EL r ep resen t s  lower energy 
l imi t s  in the six-group cross-sec t ion  se t  used.  

Table III gives r e su l t s  of the calcula- 

The fluxes and fission r a t e s  p e r  a tom for  run 27A a r e  about 10% higher than 
corresponding values for runs 24 and 29D, la rge ly  owing to the replacement  
of fissionable blanket ma te r i a l  by nonfissionable ref lector  ma te r i a l ,  which 
r equ i r e s  m o r e  power to be generated in the co re  for  the fixed total power 
of 45 MWt. 

TABLE Ill. Peak Absolute Fluxes and Fission Rates for Subassembly X012 in Runs 24, 27A. 29D. and 31F 

Fission Rates 
1 1 ~ ~ ~ 0 ~ )  109 

Midplane Flux in Group x 

Run (nominal Position Group 1: Group 2: Group 3: Group 4: Group 5: Group 6: 
power, MWtI (X.Y)a E, - 2.23 MeV 4 - 821 keV 4 - 302 keV 4 - 111 keV EL - 40.9 keV EL * 29 eV 1 0i x 23511 2% 239Pu 240Pu 

20.28 1.721 
1.750 
1.919 
1.822 

20.28 1.995 
21.28 1.871 
21.27 2.054 

2.065 

1.729 
(451; 21.28 1.624 

1.798 
1.772 

1.960 
1.760 
1.932 
2.051 

4.310 
4.388 
4.772 
4.606 

4.945 
4.808 
5.194 
5.196 

4.391 
4.277 
4.639 
4.580 

4.872 
4.628 
5.034 
5.189 

6.606 
6.710 
7.198 
7.052 

7.405 
7.54 
7.825 
7.813 

6.668 
6.638 
7.058 
7.020 

7.201 
7.137 
7.633 
7.691 

4.906 
4.965 
5.239 
5.174 

5.344 
5.369 
5.633 
5.605 

4.955 
4.992 
5.215 
5.184 

5.484 
5.517 
5.754 
5.709 

1.961 
1.980 
2.057 
2.041 

2.084 
2.110 
2.189 
2.172 

1.989 
2.017 
2.079 
2.064 

2.220 
2.259 
2.323 
2.282 

0.6620 2.017 2.816 0.1854 3.354 1.325 
0.6666 2.046 2.855 0.1883 3.403 1.347 
0.6779 2.186 3.041 0.2056 3.640 1.461 
0.6788 2.137 2.978 0,1967 3.555 1.4U 

0.7344 2.251 3.134 0.2135 3.751 1.511 
0.7693 2.229 3.114 0.2035 3.709 1.468 
0.7698 2.366 3.295 0.2218 3.942 1.583 
0.7wO 2.360 3.282 0.2225 3.932 1.584 

0.68% 2.042 2.853 0.1871 3.396 1.343 
0.7149 2.026 2.841 0.1786 3.365 1.307 
0.7213 2.151 3.005 0.1959 3.578 1.414 
0.7018 2.132 2.977 0.1932 3.545 1.398 

0.7841 2.252 3.155 0.2100 3.749 1.487 
0.8237 2.2U 3.114 0.1935 3.673 1.414 
0.8227 2.350 3.293 0.2115 3.907 1.532 
0.7796 2.370 3.309 0.2215 3.947 1.577 

aSee Figs. 2 and 5 

The ra t io  of f iss ion r a t e s  p e r  a tom, 

n 

i nc reases  with increasing hardness  of the spectrum. 
ra t io  i s  0.066 in run 24 and 0.062 in run 31F. 
in run 31F is due to two adjacent experimental  subassemblies  containing 
oxide fuel. 

At position (21,28), the 
The somewhat softer spec t rum 



Table C-1  of Ref. 4 gives unperturbed fission r a t e s  at the center  
of the 4B2 position of the run 29D configuration for a nominal reac tor  power 
of 62.5 MWt ( i eeo ,  the hexagonal row s t ruc tu re  is  t rea ted  as a cylinder,  and 
fission rates a r e  averaged by row). 
with average  values computed f r o m  the data of Table 111 for run  29D. 
235U, Table I11 gives 

These  f iss ion r a t e s  can be compared 
F o r  

~ ( 2 . 8 5 3  1 t 2 . 8 4 1  t 3.005 +2.977) x l o v 9  x 6.0225 ~ . . 1 0 ~ ~ / 2 3 5 . 0 4  = 

0.748 x 1013 fissions/g-sec 

at 45 MWt. The corresponding fission, density f r o m  Table C-1 of Ref, 4 ,  
normalized to  45 MWt reac tor  power,  is 0.697 x 1OI3 fissions/g-sec; the 
difference is  6.870. 
0.477 x 
difference is  5.270,. 
tended to peak in the B sec tor  of the co re  during run 29D. 

Similar ly ,  for 238U the average f r o m  Table  I11 i s  

Measured  control-rod worths  coaf i rm that the f l u x  
the value f r o m  Ref. 4 is 0.452 x 1Ol2 fis.sions/g-sec. Here  the 

3. Relative Axial Distributions 

As  mentioned e a r l i e r ,  axial distributions of flux and f iss ion 
densi t ies  va ry  l i t t le  f r o m  run to run. However, a m a j o r  change in config- 
uration, such as the introduction of two rows of s ta inless  s teel  ref lector  
subassemblies  at the core  edge ( see  Table 11), would be expected to affect 
axial distributions significantly Three  r epr  e sentative R - Z configurations 
w e r e  thus selected to es t imate  average axial distributions for subassem-  
bly XO12--runs 24, 27A, and 31F. F o r  runs  24 and 27A, S2 t r anspor t  cal-  
culations w e r e  done with the six-group ANL-23806 cross-sec t ion  se t ,  and 
for run  31F with the 22-group ANL-238 set.12 F o r  X012, the axial d i s t r i -  
butions w e r e  all determined at a radius ,  r ,  of 14.92 c m  f r o m  the central  
axis of the co re  (the center of position 4BZ corresponds to  r = 15.59  cm). 
Since axial distributions have been found to va ry  l i t t le  over  the first 
five rows of EBR-I1 with a s ix- row co re ,  the ' resu l t ing  distributions were  
assumed constant over  the 4B2 position. 

F igu re  6 shows the relat ive distribution of total flux between 
the bottom and top of the core  for  runs  24, 27A, and 31F. The distribution 
for run 27A differs  appreciably f r o m  the distrlbutions for runs  24 and 31F.  
At each axial position, the total flux for each  configuration was  weighted 
according.to the fraction of the total  megawatt-days spent in similar con- 
figurations The weight factor  s used were:  

Run24 :  2975118276 = 0.1628 

Run 27At 4961/18276 = 0.2714 

Run 31F: (939 t9401)/18276 = 0.5658 

The result ing average curve is shown in F ig .  6 
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Fig. 6 .  Axial Distribution of Total  Flux for Runs 24, 2 7 A ,  and 31F 

The axial prof i les  of f iss ion density for 235U, 23aU, 239Pu, and 
240Pu w e r e  est imated in a similar manner ,  as shown in F igs .  7-10. 
sulting averaged distributions w e r e  used to es t imate  the average  relative 
flux and fission densi t ies  in each  of 20 axial  nodes,  as shown in Table IV. 
Note in this table the differences between the distributions.  

The re-  

4. Element  C17 

Encapsulated element  C17 was a t  the center of subassembly X012 
Hence the peak total f lux in C17, in each of the four represent -  (see Fig.  5). 

at ive configurations, was  taken as  the average of the four values given in 
column 9 of Table III. Each  result ing average was then weighted according 
to the fraction of the total megawatt-days associated with the configuration, 
e.g., a residence fract ion of 0.1628 for the run-24 configuration ( see  
Sec.  III.A.l above). 
f l u x  for  C17: 
sities for  235U, 238U, 239Pu, and 240Pu w e r e  est imated in the same way to be  
0.8074 x 1013, 0.5244 x 10l2, 0.9451 x 1013, and 0.3728 x 1013 fissions/g-sec,  

The sum of the weighted averages  was  the average  peak 
The average peak fission den- 2.254 x 1015 neutrons/cm2-sec.  

respectively . 



1 .0 

n.9 

v) 
*.) N 

a 
a 
0 LL 

4 

i? 
w-J 0.8 
P 

i L 

0.7 

---0 RUN24 

RUN 27A 

RUN 31F -- 
- - - AVERAGE 

Fig. 7 .  Axial Distribution of 235U Fission Density for Runs 24, 27A, and 31F 

2 1  



22 

1 .MI 

0.95 

0.90 

0.85 

3 
F: 
a 
3 

0.80 
z 
6 

w-r 
o 0.75 
Ilr 
W 

ii 
8 
L 

0.70 

0.65 

0.60 

0.55 

---- R U N 2 4  

RUN 27A -- RUN31F 

AVERAGE --- 

0 0.1 02 0.3 @.I ' F.5 @.6 0.7 0.8 0.9 1.0 

X/L 

Fig. 8. Axial Distribution of 238U Fission Density for Runs 24, 27A, and 31F 



1 .o 

C.9 

QI 0 N 

h 

-$ 

s 
w-, 0.8 

a 
0 LL 

n 

N 
W 

1 : 
0 z 

F.7 

---.- RUN24 

RUN 27A 

- - - AVERAGE 

I 1 1 I 
n F.l 0.2 c.3 0.4 0.5 C.6 c.7 P .B 0.9 1 .F 

x 'L 

Fig. 9. Axial Distribution of 239Pu Fission Density for Runs 24 and 27A 



n 

1 .M 

0.95 

0.90 

@.E5 

0.8C 

0.75 

0.70 

0.65 

(1.611 

a.55 

RUN 24 

RUN 27A 

AVERAGE 

- _- - 
- - -  

(r r.1 F.2 0.3 0.4 0.5 F.6 c.7 (1.8 r.9 1.c 

X L  

Fig. 10. Axial Distribution of 240Pu Fission Density for Runs 24 and 27A 



TABLE IV.  Axial Distributions of Total Flux and Fission Density 
for Position 4B2, Averaged over Runs 21-37 

k =  1 0.7280 0.7859 0.559 0.730 0 .625  
2 0.7746 0.8195 0.66 1 0.777 0.699 
3 0.8210 0.8529 0.752 0.822 0.769 
4 0.8678 0.8861 0.823 0.865 0.830 
5 0.9068 0.9185 0.877 0.904 0.879 
6 0.9380 0.9459 0.920 0.936 0.92 1 
7 0.9642 0.9683 0 .954  0.962 0.954 
8 0.9827 0.9849 0.979 0.983 0.978 
9 0.9943 0.9960 0.994 0.995 0.993 

10 1 .ooo 1.000 1 .ooo 1 .ooo 1 .ooo 
11 0.9985 0 .9993 0.999 0 .999  1 .ooo 
12 0.9908 0.9922 0.990 0.991 0.991 
13 0.9771 0.9793 0.972 0.978 0.973 
14 0.9550 0.9588 0.946 0.955 0.946 
15 0.9260 0.9342 0.911 0.926 0.910 
16 0.8913 0.9047 0.867 0.891 0.868 
17 0.8523 0.8692 0.811 0.851 0.816 
18 0.8057 0.8318 0.738 0.802 0 .757  
19 0.7530 0.7947 0.648 0.751 0.684 
20 0.6966 0.7570 0.558 0.701 0.606 

avj,max E cpj(’0). 

The average total flux in each of the 2 0  axial nodes was  taken 
as the product of the average peak flux for C17 and the relat ive axial-flux 
factor  given in column 2 of Table IV .  The result ing distribution is shown 
in column 2 of Table V. 

given in columns 5, 9 ,  13 ,  and 17, respect ively,  of Table V. 

The axial distributions of fission r a t e  p e r  g r a m  of 
9 , 239Pu, and 240Pu, which w e r e  computed in a similar manner ,  a r e  235u 238u 

The initial mass distributions of the heavy isotopes in sub- 
assembly  C17 (Ref. 13) a r e  shown in columns 3 ,  7 ,  11, and 15 of Table V.  
To compute the average (midlife) power generation in C17, these dis t r ibu-  
tions w e r e  cor rec ted  for  burnup by using the technique given in Appendix A. 
This technique gave the following peak burnups in a tom of isotope p e r  ini- 
tial atom: 

235U: 0.0997; 

238U: 0.0069; 

239Pu: 0.11 75; 

240Pu: 0.0490. 

In the power-distribution calculations,  burnup of 238U was ne-  
- glected because it was l e s s  than 170, and burnup of 240Pu was neglected be- 

cause  of its low initial concentration. 
values in Eq. A . 7 ,  the total peak burnup in C17 was calculated to be 9.6%. 

By use  of the above individual burnup 



TABLE V. Axial Distributions of Total Flux and Power in Element C17 i n  Subassembly X012 

23511 23811 2 3 9 ~ ~  2&PU 

Total NO 
Weight, x 1 OfjOje Midlife 

NO NO NO Weight, 1 q j 0 j .  Midlife Weight, A 1 q j 0 j .  Midlife Weight, A 1 qj0,. Midlife 
J Fission Rate, J Fission Rate, Fission Rate, J Fission Rate, J Fission Rate, 

Axial %tal At At fiss/sec-g x fisslsec x At At fiss/sec-g x fisdsec x At At fisslsec-g x fisslsec x At At fisslsec-g x fisdsec x fisslsec x Power? 
Node 10-15 t - 0 Midlife 10-13 10-13 t = 0 Midlife 10-12 10-13 t - 0 Midlife 10-13 10-13 t - 0 Midlife 10-13 10- 13 10-l3 B t d h r  

l b  

2 

3 

4 

5 

6 

7 

a 
9 

10 

11 

12 
13 

14 

15 

16 

17 

18 

19 

20 

1.641 

1.746 

1.851 

1.9% 

2.044 

2.115 

2.174 

2.215 

2.242 

2.254 

2.251 

2.234 

2.203 

2.153 

2.088 

2.009 

1.921 

1.816 

1.698 

1.570 

2.5985 

2.5985 

2.5985 

2.5985 

2.5985 

2.5985 

2.5985 

2.5985 

2.5985 

2.5985 

2.5985 

2.6075 

2.6426 

2.6426 

2.6426 

2.6426 

2.6426 

2.6426 

2.6426 

2.6426 

2.4967 

2.4924 

2.4880 

2.4837 

2.4795 

2.4760 

2.4731 

2.4709 

2.4695 

2.4693 

2.4691 

2.4786 

2.5136 

2.5163 

2.51% 

2.5234 

2.5281 

2.5330 

2.5379 

2.5429 

0.6346 

0.6617 

0.6887 

0.7155 

0.7416 

0.7638 

0.7818 

0.7953 

0.8092 
0.8074 

0.8069 

0.8011 

0.7907 

0.7742 

0.7543 

0.7305 

0.7018 

0.6716 

0.6417 

0.6112 

1.5844 

1.6492 

1.7135 

1.7771 

1.8388 

1.8912 

1.9335 

1.9651 

1.9860 

1.9936 

1.9923 

1.9856 

1.9875 

1.9481 

1.wO5 

1.8433 

1.7742 

1.7012 

1.6286 

1.5542 

0.2539 

0.2539 

0.2539 

0.2539 

0.2539 

0.2539 

0.2539 

0.2539 

0.2539 

0.2539 

0.2539 

0.2505 

0.2373 

0.2373 

0.2373 

0.2373 

0.2373 

0.2373 

0.2373 

0.2373 

0.2539 

0.2539 

0.2539 

0.2539 

0.2539 

0.2539 

0.2539 

0.2539 

0.2539 

0.2539 

0.2539 

0.2505 

0.2373 

0.2373 

0.2373 

0.2373 

0.2373 

0.2373 

0.2373 

0.2373 

0.293 

0.347 

0.394 

0.432 

0.460 
0.482 
0.500 
0.513 

0.521 

0.5244 

0.524 

0.519 

0.510 

0.496 

0.478 

0.455 

0.425 

0.387 

0.340 
0.293 

0.00744 

0.00881 

0.OlMM 

0.01097 

0.01168 

0.01224 

0.01270 

0.01303 

0.01323 

0.01331 

0.01330 

0.01300 
0.01210 

0.01177 

0.01134 

0.0 1080 

0.01009 

o.oo9ia 
0.00807 

0.00695 

0.6873 

0.6873 

0.6873 

0.6873 

0.6873 

0.6873 

0.6873 

0.6873 

0.6873 

0.6873 

0.6873 

0.6809 
0,6559 

0.6559 

0.6559 

0.6559 

0,6559 

0.6559 
0.6559 

0.6559 

0.6578 

0.6559 

0.6541 

0.6523 

0.6508 

0.6495 

0.6485 

0.6476 

0.6471 

0.6469 
0.6470 

0.6412 

0.6182 

0.6191 

0.6202 
0.6216 

0.6231 

0.6250 

0.6269 

0.6289 

0.690 0.4539 

0.734 0.4815 

0.777 0.5082 
0,818 0.5336 

0.854 0.5558 

0.885 0.5748 

0.909 0.5894 

0.929 0.6016 

0.940 0.6083 

0.9451 0.6114 

0.944 0.6107 

0.937 0.6UE 
0.924 0.57 12 

0.903 0.5590 

0.875 0.5427 

0.842 0.5234 

0.804 0,5010 

0.758 0.4737 

0.710 0.4451 

0.663 0.4169 

0.0447 

0.0447 

0.0447 

0.0447 

0.0447 

0.0447 

0.0447 

0.0447 

0.0447 

0.0447 

0.0447 

0.0443 

0.0426 

0.0426 

0.0426 

0.0426 

0.0426 

0.0426 

0.0426 

0.0426 

0.0447 

0.0447 

0.0447 

0.0447 

0.0447 

0.0447 

0.0447 

0.0447 

0.0447 

0.0447 

0.0447 

0.0443 

0.0426 

0.0426 

0.0426 

0.0426 

0.0426 

0.0426 

0.0426 

0.0426 

0.234 

0.261 

0.287 

0.309 
0.328 
0.344 
0.3% 

0.365 

0.370 

0.3728 

0.372 

0.369 
0.363 

0.353 

0.339 

0.323 

0.304 
0.282 
0.255 

0.226 

0.0105 

0.0117 

o.oua 
0,0138 

0.0147 

0.0154 

0.ow 
0.0163 

0.0165 

0.0167 

0,0166 

0.0163 

0.0155 

0.0150 
0.0144 

0.0138 

0.0130 

O.OU0 
0.0109 

0.0096 

2.0562 

2.15U 

2.2445 

2.3355 

2.4210 

2.4936 

2.5515 

2.5960 

2.6240 

2.6350 

2.6329 

2.6157 

2.5863 

2.5339 

2.4689 

2.39l3 

2.2983 

2.1961 

2.0927 

1.9877 

2 145 

2244 

2342 

2437 

2526 

2601 

2662 

2708 

2738 

2749 

2747 

2729 

2698 

2644 

2576 

2495 

2398 

2291 

2183 

2074 

aBased upon 190.8 MeVhssion.  
b b t t o m  of core. 

, , 



Although only 0.6970 of the 238U fissioned, its conversion to 2 3 9 P ~  
a l so  had to be considered. 
f ission ra t io  for  J 

F o r  the run  29D configuration, the capture- to-  
238u 

was calculated to be 1.89 at the center  of subassembly X012. 
about 0.69 x 1.9 = 1.37” of the 238U was converted to 239Pu at axial node 10; 
this  effect was  neglected. 
0.08 at axial node 10 in row 4. 
position was  about 11.75 x 0.08 = 0.94y0 and thus was  neglected.  The re fo re ,  
in the power calculations,  account was  taken of only burnup of 235U and 239Pu. 

Thus,  only 

The capture-to-fission rat io  for  239Pu was  about 
The conversion of 239Pu to  240Pu at  this  

Resulting midlife mass distributions a r e  given in columns 4 ,  8 ,  
12, and 16 of Table V; these data  were  used to compute the midlife fission 
r a t e s ,  in columns 6 ,  1 0 ,  14, and 18, and the total f ission r a t e ,  in column 19. 
In Appendix B,  the effective MeV/fission is shown to be near ly  constant 
over  the length of e lement  C17. 
r a t e  in each axial  node of C17 was converted to Btu/hr of power generation 
by using 190.8 MeV/fission. 

Therefore ,  for simplicity the total f i s s ion  

Resul ts  a r e  given in the l a s t  columnof Table V.  

5. E lement  C1 

The capsule containing element  C1 is in the position in sub- 
a s sembly  X012 shown in F ig .  5 .  This  position was ve ry  near ly  the s a m e  
dis tance f r o m  the co re  center  a s  the X - Y  point ( 2 1 , 2 7 ) .  Hence, the peak 
flux and f iss ion densi t ies  in C1 were  taken as  being equal to the values a t  
(21,27) f o r  each  representat ive configuration. The s a m e  representat ive 
configurations, megawatt-day averaging, and relat ive axial  distributions 
w e r e  used  h e r e  as  were  used f o r  e lement  C 1 7 .  Resul ts  of the calculat ions 
for e lement  C1 a r e  summar ized  in Table VI. 

TABLE V I .  Axial Distributions of Total Flux and Power in Element C 1  in Subassembly X012 

Total Fission Rate, Power,a Total Fission Rate Power,a 
Axial Node qotal x fissionslsec x 10-13 Btulhr  Axial Node hbl  x fissionslsec x 10-i3 Btulhr  

k = lb 
2 

3 

4 

5 

6 

7 

8 

9 

1.687 
1.795 

1.903 

2.011 

2.102 
2.174 

2.235 

2.277 

2.304 

2.0778 

2.1640 

2.2490 

2.3332 

2.4144 
2.4833 

2.5393 

2.5804 

2.6080 

2lMI 

2258 

23,46 

2434 

2519 

2591 

2649 

2692 

2721 

10 2.318 2.6180 2731 

aBased upon 190.8 MeVlfission. 
bBottom of core. 

k = llb 2.314 2.6164 2730 
12 2.296 2.6251 2739 

13 2.264 2.6677 2783 

14 2.213 2.6135 2727 

15 2.146 2.5471 2657 

16 2.066 2.4667 2573 

17 1.975 2.3708 2473 

18 1.867 2.2651 2363 

19 1.745 2.1581 2251 

20 1.614 2.0497 2 138 



B. Subassembly XOl2A 

1. I r radiat ion Historv 

Subassembly X012A was  removed f rom EBR-I1 at the end of 
run 37 f o r  i n t e r im  examination. After the examination, a l l  19 encapsulated 
oxide elements  originally in XOl2 were  placed in their  original position in  
a new subassembly, which was designated XO12A. 
put back into position 4B2 of EBR-I1 a t  the s t a r t  of run 39A; it remained 
the re  until i t  was removed f rom the reac tor  a t  the end of run 40B. The 
his tory of XOl2A in EBR-I1 is summar ized  in Table VII. 
for  the representat ive X-Y configurations for this h i s tory  a r e  shown in 
Table VIII. 
31F,  and 39A w e r e  0.1416, 0.2361, 0.0446, 0.4474, and 0.1313, respect ively.  

This subassembly was 

The runs chosen 

The megawatt-day residence fract ions for runs 24, 27A, 29D, 

TABLE VII. H i s to ry  of Subassembly  X012A in EBR-I1 Pos i t i on  4B2 (Ref. 8 )  

S u r  rounding 
Run MWd Subassembl i e sa  

21 610 
22 1045 
23 690 
24  630 
25A 641 
25B 150 
25C 723 
2 5D 34 
2 5E 13 
26A 8 7  
26B 1029 
26C 619 
27A 283 
27B 177 
27C 62 
27D 286 
28C 669 
2914 188 
29B 24  
29C 205 

5D, IC + 
1 

4D, I C ,  1P - 
1 

5D, 1C 
4D, l C ,  X027 - 

Surrounding 
Run MWd Subassembl i e sa  

29D 
30A 

30B 
30C 
31A 
31B 
31C 
31D 
31E 
31F 
31C 
32A 
32B 
32C 
32D 
3 3A 
33B 
34A 
34B 

710 
652 

I66  
52 
89 

159 
8 4  

372 
0 

41 3 
1 1 1  
852 
249 

72 
224 
600 
576 
822 
310 

4D. IC, X027 
3D, I C ,  X027, 
X040 - 

S u r  rounding 
Run MWd Subassembl i e sa  

35 1202 

36A 800 

36B 400 
37 1196 
39A 771 

39B 185 

39C 415 

40A 443 

40B 924 

ZD, 1C. MK-11, 
X027, X040 
3D, I C ,  MK-11, 
X027 - + 
2D, I C ,  X040A, 
X027, MK-I1 
ID ,  I C .  7070, 

T e s t  L e a k  
2D, I C .  7070, 
X027, MK-I1 
2D, l C ,  X040A, 
X027, MK-I1 
2D, l C ,  X040A, 
X027. MK-I1 

X027, MK-11, 

aC = control ;  D = d r i v e r ;  MK-I1 = Mark-I1 d r i v e r ;  P = half d r i v e r  fuel,  half s t a i n l e s s  s t ee l ;  
70% = 70% enr i ched  d r i v e r  fuel.  

TABLE VIII. Changes in Configurat ion and P o w e r  in EBR-I1 
du r ing  Res idence  of Subassembly  XOl2A 

Nominal  P o w e r ,  MWt 

45 50 

Runs  4- 24 25-29A 29B 29C, 29D 30A-37A 39A-40B 

Configuration F i r s t  Second T h i r d  F o u r t h  F i f th  

Desc r ip t ion  Depleted-  SS in U in row 7; Depleted-  Depleted-  Depleted- 
u r a n i u m  rows  7 ,  8 SS in row 8 u r a n i u m  u r a n i u m  u r a n i u m  
blanket blanket  blanket blanket 

MWd 2975 4961 939 940 1 2738 

n 

Represen ted  
by run  24 2 7A 29D 3 1 F  39A 
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Total Fission Rate, P0wer.a 
Axial Node Ototal x fissions/sec x 10-13 Btu/hr 

u 

Total Fission Rate. Power? 
Axial Node @,,tal x 10-15 fissions/sec x 10-13 Btulhr 

. 

2 .  Transpgr t -  theory Calculations 

The X-Y t ranspor t - theory  resu l t s  for  the 4B2 position of EBR-I1 
fo r  runs  24,27A, 29D, and 31F a r e  given in Table 111; the r e su l t s  for run 39A 
a r e  given in Table IX.  The relat ive axial  distributions used for  subassem-  
bly XO12A were  the same  as those used for  subassembly X012, a s  shown in 
Table IV.  

TABLE IX. Peak Absolute Fluxes and Fission Rates for Subassembly XOUA in Run 39Aa 

Fission Rates 
1 n ~ ~ ~ 0 ~ )  x 109 Midplane Flux i n  Group x 

Position Group 1: Group 2: Group 3: Group 4: Group 5: Group 6: 
IX.Y) 4 - 2.23 MeV 4 - 821 keV EL = 302 keV 4 - 111 keV 4 - 40.9 keV 4 = 29 eV t: 0i x 235U 238U 239Pu 240Pu 

~~ ~ ~ ~~ 

2028 2.053 5.070 7.445 5.698 2.340 0.854 2.346 3.295 0.2193 3.907 1.548 
21.28 1 . W  4.898 7.390 5.724 2.367 0.885 2.317 3.265 0.2075 3.815 1.496 
21,27 2.066 5.251 7.834 5.974 2.440 0.890 2.446 3.434 0.2236 4.069 1 . m  
20,27 2.127 5.327 7.881 5.928 2.412 0.857 2.453 3.436 0.2287 4.085 1.623 

aNominal power 50 MWt; uranium blanket 

3 .  Elements  C17andCl  

Since al l  the elements  were  in the same  posit ions in subassem-  
bly X012A a s  in X012, the same  procedures  w e r e  used to calculate the axial 
distributions of power in C17 and C1 a s  were  used for  their  res idence  in 
X012. Again, total  f ission densi t ies  were  converted to power on the bas i s  
of 190.8 MeV/fission. Resul ts  a r e  given in Tables  X and XI.  

k * lb  1.654 2.0611 
2 1.760 2.1561 
3 1.865 2.2485 
4 1.972 2.3389 
5 2.060 2.4245 
6 2.131 2.4959 
7 2.191 2.5539 
8 2.233 2.5978 
9 2.259 2.6260 

10 2.272 2.6365 

21% 
2249 
2346 
2440 
2529 
2604 
2664 
2710 
2740 
2751 

k = llb 2.269 2.6347 
12 2.251 2.6175 
13 2.220 2.5887 
14 2.170 2.5361 
15 2.104 2.4721 
16 2.025 2.3946 
17 1.937 2.324 
18 1.831 2.2008 
19 1.711 2.0975 
20 1.583 1.9930 

2749 
2731 
2701 
2646 
2579 
2498 
2402 
2296 
2 188 
2079 

aBased upon 190.8 MeV/lission. 
bBonom of mre. 

TABLE XI. Axial Distributions of Total Flux and Power i n  Element C1 i n  Subassembly XOUA 

Total Fission Rate Total Fission Rate. Fuwer,a 1 Axial W e  &,tal x 10-15 fissiondsec x 10-13 B t d h r  Axial Node &,tal x 10-15 fissionshec x lO-i3 

k - lb 1.699 
2 1.808 
3 1.916 
4 2.026 
5 2.117 
6 2.189 
7 2.251 
8 2.294 
9 2.321 

10 2.334 

aBased upon 1W.8 MeV/fission. 
bgottom of mre. 

2.0819 2172 
2.1676 ,2261 
2.2522 2350 
2.3358 2437 
2.4M 2521 
2.4349 2592 
2.5403 2650 
2.5814 2693 
2.6089 2722 
2.6186 2732 

k - l lb  2.331 2.6168 
12 2.313 I 2.6254 
13 2.281 2.6677 
14 2.229 2.6137 
15 2.161 2.5476 
16 2.080 2.4679 
17 1.989 2.3731 
18 1.881 2.2680 
19 1.758 2.1615 
20 1.626 2.0535 

2730 
2739 
2783 
2727 
2658 
2575 
2476 
2366 
2255 
2 142 
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C.  Subassembly X040A 

1 .  I r radiat ion History 

n 

The i r radiat ion h is tory  of subassembly X040A in EBR-I1 is 
shown in Table XII. Subassembly X040A was  a 37-oxide-element subas-  
sembly, originally loaded into position 5B2 a s  X040 just  before run 30A. 
It  remained in position 5B2 through run 35, af ter  which i t  was removed for  
in te r im examination. All i ts  e lements  except one were then put in a new 
subassembly can in the i r  original posit ions.  The exception, element 0 12 
in position 22 (see  F i g .  3),  was replaced by a s ta inless  s teel  dummy e le -  
ment .  
just  before run 38B. During runs  39B and 39C, this  subassembly was in 
the 5B4 position. I t  was returned to the 5B2 position for run 40A and r e -  
mained there  until the end of run 42A, when it was removed f r o m  the 
r eac to r .  

The subassembly,  designated a s  X040A, was put back in position 5B2 

T A B L E  XII. H i s t o r y  of X040A in  EBR-I1 Pos i t i ons  5BZ and 5B4 

S u r  round in g 
Run MWd Subas  s e m b l i e  s a 

30A 

30B 

30C 

30D 

31A 

31B 

31C 

31D 

31E 

652 

166 

52 

79 

89 

159 

a 4  

3 72 

0 

D, D,  C10. C9,  
D, XOlZ 

D, D,  C10, C9,  
700/, x 0 1 2  

D, D ,  C10, C9,  
D ,  XOl2 

D, D, C10, C9, 
D,  P 

D, D ,  C10, C9,  
7070, XOlZ 

D,  D,  C10, C9,  
D,  XOlZ - 
D, D,  C10, C9,  
70%, XOlZ 

3 1 F  413 

31G 111 

32A 8 52 

32B 249 

32C 72 D, D,  C10, C9 ,  
D,  XOl2 

3ZD 224 D,  D,  C10, C9,  
D,  XOl2 

33A 600 D,  D, C10, C9,  
7070, x o l z  

Sur round ing  
Run MWd Subas sembl i e sa  

33B 

34A 

34B 

35 

38 B 

39A 

39B 

3 9 c  

40A 

40 B 

41A 

41 B 

42A 

576 

822 

310 

1202 

600 

771 

185 

41 5 

44 3 

924 

961 

157 

1344 

D, D,  C10, C9,  
D,  XOl2 

D, D, C10, C9,  
7070, XO12 

D, D ,  C10, C9,  
D ,  XOl2 

D ,  D,  C10, C9,  
D, XOlZ 

D, D,  C10,  C9, 
7070, D 

D, D, C10, C 9 ,  
D, XOlZA 

D, XOZO, C11, 
C10, XOZ7, D 

D,  XOZO, C11, 
C10, XOZ7, D 

X072, D, C10, 
C9,  D,  XOl2A 

X072, D, C10, 
C9, D,,XO12A 

X072, D,  C10, 
C9,  D,  D 

X072, D, C10, 
C9,  D, D 

X072, D,  C10, 
C9, D,  X079 

=C = control ;  D = d r i v e r ;  P = half d r i v e r  fuel ,  half s t a i n l e s s  s t ee l ;  70% = 7070 en -  
r i ched  d r i v e r .  

NOTE: X040A in posi t ion 5B4 dur ing  r u n s  39B and 39C; in  5BZ dur ing  all o t h e r  r u n s .  
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Residence Representative 
Runs MWd Fraction Configuration 

. 

Residence Representative 
Runs MWd Fraction Configuration 

The choice of representat ive X - Y  configurations in this ca se  
was  based upon the runs for  which t ranspor t - theory  calculations were  avail-  
able,  changes of adjacent subassemblies ,  and var ia t ions in the measured  
reactivity worths  of adjacent control rods .  Resul ts  a r e  shown in Table XIII. 
Runs 33B-35 were  identified with run 40A r a t h e r  than with run 32D o r  38B 
on the bas i s  of global var ia t ions in flux f rom run to run, a s  determined 
f r o m  measured  react ivi ty  worths  of adjacent control rods  N o .  9 and 10. 
These worths in runs  33B-35 differed appreciably f r o m  the corresponding 
worths  in runs  32D and 38B, but agreed  closely with the worths  in run 40A. 

30A-31G 2177 0.1690 31F 771 0.0598 39A 
32A-33A 1997 0.1550 320 398. 39c wo 0.11466 39c 

40A. 408 1367 0.1061 40A 338-35 2910 0.2258 40A 
388 600 0.11466 388 1 ;::-4ZA 2462 0.1911 42A 

2 .  X - Y  Transpor t - theory  Calculations 

The X - Y  t ranspor t - theory  calculations for configurations in 
runs  31F,  32D, 38B, 39A, 39C, 40A, and 42A were  al l  done in the Sz approx- 
imation with the six-group ANL-23806 cross-sec t ion  set.12 Peak  absolute 
fluxes and f iss ion densi t ies  for  the per t inent  positions a r e  given in Table XIV. 

TABLE XIV. Peak Absolute Fluxes and Fission Rates for Subassembly X W A  in Runs 31F. 32D. 388, 39A. 39C, 40A. and 42A 

Fission Rates 

Run (nominal Position Group 1: Group 2: Group 3: Group 4: Group 5: Group 6: 
power, MWtl 1X.Y) EL = 2.23 MeV EL = 821 keV EL = ?@ keV EL = 111 keV EL = 40.9 keV EL - 29 eV 1 0 ,  x 235U 238U 239Pu 

110fj0j1 x 109 
Midplane Flux in Group x 10-14 

150); 
Uranium 
blanket 

(501; 
Uranium 
blanket 

1501: 
Uranium 
blanket 

(MI; 
Uranium 
blanket 

(501; 
Uranium 
blanket 

(501; 
Uranium 
blanket i 
(501; 
Uranium 
blanket 

19.30 1.762 
20.30 1.836 
20.29 1.991 
19.29 2.W 
19.30 1.757 
20.30 1.755 
20.29 1.933 
19.29 1.938 

19.30 1.848 
20.M 1.814 
20.29 2.086 
19.29 2 . w  
19.30 1.750 
20.30 1.769 
20.29 1.930 
19.29 1.935 

23.30 1.677 
24.30 1.632 
24.29 1.881 
23.29 1.785 

19.30 1.690 
20.30 1.699 
20.29 1.871 
19.29 1.927 

19.30 1.690 
20.30 1.699 
23.29 1.871 
19.29 1.927 

4.131 
4.253 
4.665 
4.646 

4.088 
4.135 
4.562 
4.513 

4.267 
4.243 
4.820 
4.811 
4.120 
4.156 
4.580 
4.539 

4.040 
3.875 
4.413 
4.378 

3.897 
3.955 
4.405 
4.42 1 

3.897 
3.955 
4.405 
4.421 

6.116 
6.267 
6.756 
6.668 

6.062 
6.219 
6.707 
6.578 

6.192 
6.244 
6.818 
6.715 
6.094 
6.169 
6.678 
6.573 

6.121 
5.871 
6.435 
6.582 

5.906 
6.075 
6.607 
6.496 

6.153 
6.327 
6.919 
6.778 

4.812 
4.919 
5.237 
5.131 

4.811 
4.934 
5.258 
5.132 

4.798 
4.883 
5.175 
5.077 

4 . m  
4.879 
5.209 
5. 100 

4.971 
4.848 
5.119 
5.270 

4.759 
4.901 
5.206 
5.075 

4.888 
5.040 
5.316 
5.191 

2.W3 
2.040 
2.138 
2.087 

2.024 
2.067 
2.169 
2.119 

2.W4 
2.041 
2.117 
2.075 
2.018 
2.051 
2.156 
2.107 

2.143 
2.120 
2.172 
2.229 

2.025 
2.072 
2.159 
2.102 

2.072 
2.118 
2.191 
2.141 

0.7214 
0.7341 
0.7626 
0.7293 

0.7415 
0.7534 
0.78M) 
0.7583 

0.7365 
0.7532 
0.7531 
0.7316 
0.7534 
0.7628 
0.7957 
0.7666 

0.8404 
0.8494 
0.8259 
0.8551 

0.8016 
0.8077 
0.8270 
0.7935 

0.8156 
0.8194 
0.8273 
0.8006 

1.954 
2.W5 
2.155 
2.126 

1.948 
1.986 
2.141 
2.103 

1.984 
1.998 
2.177 
2.153 
1.953 
1.978 
2.135 
2.102 

1.979 
1.919 
2.084 
2.110 

1.908 
1.951 
2.107 
2.081 

1.9858 
2.0224 
2.2024 
2.1723 

2.751 0.1840 3.254 
2.820 0.190i 3.339 
3.023 0.2078 3.592 
2.977 0.2082 3.547 

2.748 0.1829 3.243 
2.802 0.1834 3.304 
3.012 0.2024 3.566 
2.955 0.2017 3.505 

2.791 0.1917 3.309 
2.814 0.1892 3.328 
3.047 0.2164 3.642 
3.010 0.2183 3.599 
2.755 0.1831 3.252 
2.792 0.1849 3.293 
3 .W 0.2026 3.557 
2.953 0.2021 3 . m  

2.812 0.1772 3.289 
2.736 0.1714 3.189 
2.946 0.1965 3.472 
2.987 0.1901 3.507 

2,706 0.1752 3.173 
2.766 0.1769 3.242 
2.974 0.1957 3.507 
2.932 0.1993 3.469 

2.811 0.1862 3.306 
2.862 0.18% 3.362 
3.W7 0.2113 3.672 
3.0% 0.2143 3.626 

1.280 
1.320 
1.434 
1.430 

1.271 
1.286 
1.m 
1.394 

1.319 
1.314 
1.478 
1.476 

1.457 
1.289 
1.410 
1.397 

1.256 
1.210 
1.304 
1.351 

1.222 
1.243 
1.391 
1.374 

1.290 
1.298 
1.463 
1.462 

The normal  235U enrichment  in a Mark-IA d r ive r - fue l  subas-  
sembly i s  about 52%. In some runs ,  however,  special  subassemblies  con- 
taining d r ive r  fuel with up to 707' enrichment  w e r e  placed in the  4B1 position, 
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next to X040A. 
fuel with such a high enrichment  next to X040A may  have increased the 
power generation in X040A significantly. The 235U fission r a t e  p e r  a tom a t  
a point is a m e a s u r e  of the total  power generation a t  that point. As Fig.  11 
shows, a d r ive r  subassembly with 7070-enriched fuel was adjacent to X040A 
in runs  31F and 38B. Comparing 235U fission r a t e s  p e r  a tom in runs  38B 
and 39A indicates that  the adjacent 7070-enriched d r ive r  subassembly in- 
c r e a s e s  the power generation in subassembly X040A a maximum of only 
about 2%. It i s  thus concluded that an adjacent 70%-enriched d r ive r  had a 
small effect on the power generation in X040A. 

The question has  a r i s e n  of whether the presence  of d r ive r  

RUN 31F RUN 32D RUN 388 RUN 39A 

D I D  D i D  D I D  D I D  

c 9  2.98 3.02 2.96 3.01 

7096 XOI 2 D /X012 7 0 %  D D IX012A Fig. 11 
f = 0.05984 f =0.16897 f = 0.15500 f i 0.04657 Uranium-235 Fission Rates per Atom 

RUN 40A RUN 4 2 8  RUN 39C (x lo9) in Subassembly X040A during 
X0721 D X0721 D D :X020 Seven Representative EBR-I1 Runs 

305 3 IO 2 99 2.95 

D IX012A D iXO79 X0271 D 
fz0.33196 f.0.19109 f ~0 .04657  

3 .  Relative Axial Distributions 

The axial distributions of total flux and fission densi t ies  a t  a 
given radius  out to and including row 5 of EBR-11 have changed ve ry  l i t t le  
f rom run to run since about run 30A. Therefore ,  for subassembly X040A 
the relative axial  distributions were  obtained f rom an R - Z  t ranspor t - theory  
calculation on a single configuration, run 31F. 
the S2 approximation with the 22-group ANL-238 cross-sec t ion  set.12 Re-  
sul ts  a r e  summar ized  in F i g .  1 2 ,  which shows the differences between the 
dis t r ibut ions,  and in Table X V ,  which gives the resu l t s  a t  the midpoints of 
each of 20  equal axial nodes. 

The calculation was done in 

4. Element  F3B3 

Element  F3B3 was at  the center of subassembly X040A (posi- 
tion 19 in F ig .  3).  The peak total  flux in F3B3 in each representat ive X - Y  
configuration was thus taken a s  the average  of the four values for the con- 
figuration given in Table XIV. These averages  were  then weighted for 
megawatt-days by using the residence fract ions given in Table XIII. The 
axial distribution of absolute total flux was  obtained by multiplying the 
averaged peak value by the relat ive axial distribution given in Table XV. 
The axial distributions of fission densi t ies  for the four heavy nuclides was 
computed in a s imi l a r  manner ,  the method of Appendix A being used to ac -  
count for burnup. 
upon 191.4 MeV/fission, as determined f r o m  calculations given in Appen- 
dix C. Resul ts  a r e  shown in Table XVI.  

9- The axial  distribution of power in th i s  element was based 

- 
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Fig. 12. Axial Distribution of Total Flux and Fission Densities 
for 235U, 238U, 239Pu, and 240Pu: Run 31F 

TABLE X V .  Axial Distributions of Total Flux and F i s s ion  Densit ies  
for  Posit ions 5BZ (and 5B4), Run 31F 

~~ ~ ~~~~~ ~ 

k :  1 0.7245 0.7928 0.572 0.7384 0 618 
2 0 7789 0.8230 0 685 0 7860 0 709 
3 0 8288 0 8567 0 772 0.8327 0 786 
4 0.8720 0.890 1 0 836 0.8740 0.841 
5 0.9079 0.9200 0.881 0.9092 0 888 
6 0.9385 0.9462 0 925 0.9393 0.927 
7 0.9648 0.9686 0.958 0.9654 0.958 
8 0.9832 0.9851 0.980 0.9833 0.980 
9 0.9945 0.9955 0.994 0.9946 0.994 

10 1 .oooo 1 .oooo 1 .ooo 1 .oooo 1 .ooo 
11 0.9988 0.9992 0.999 0 9989 0 999 
12 0.9918 0 9920 0.991 0.9914 0.992 
13 0.9765 0.9791 0.975 0 9777 0 975 
14 0.9553 0.960 1 0.950 0.9561 0.950 
15 0.9282 0.9353 0.917 0.9288 0.918 

0.878 16 0.8940 0.9054 0.874 
17 0 8551 0.8729 0.824 0.8573 0.828 
18 0.8082 0.8362 0.757 0.8122 0.767 
19 0 7565 0.7989 0.668 0.7628 0.694 
20 0.6980 0.7633 0.554 0.71 13 0 598 

0.8948 

aqj, m a x  = ( P p )  



TABLE XVI .  Axial Distributions of Total Flux and Power i n  Element F3B3 i n  Subassembly X W A  

23511 23811 

Weight, 1 ~ 7 ~ ~ 0 ~ .  Midlife Weight, 2 afjBj, Midlife 
_____ J Fission Rate, ~ J Fission Rate, 

Axial %tal At At fisslsec x At At fisslsec x 
M d e  10-15 t = 0 Midlife 10-13 10-13 t * 0 Midlife 10-13 

Weight, 1 afjBj, Midlife 1 0 ~ ~ 0 ~ .  Midlife Total 
J Fission Rate, J Fission Rate, Fission Rate, 

At At fisdsec-g x fisdsec x At At fisdsec x fisdsec x Power? 
t - 0 Midlife 10-13 10-13 t = 0 Midlife 10-13 10- 13 10-u Btulhr 

lb 1.4840 3 . W 3  

2 1.5954 3.w3 
3 1.6976 3.1543 

4 1.7861 3 . M  
5 1.8596 3.w 
6 1.9223 3 . W 3  

7 1.9762 3 . W 3  

8 2.0138 3.1543 

9 2.0370 3.W3 
10 2.04825 3.1543 

11 2.0458 3.1543 

12 2.0315 3.1543 

13 2.0001 3.1543 

14 1.9567 3.1543 

15 1.9012 3.W3 
16 1.8311 3.1543 

17 1.7515 3.1543 

18 1.6554 3.1543 

19 1.5495 3.1543 

20 1.4297 3.W3 

3.0765 

3.0735 

3.0702 

3.0669 

3.0640 

3.0614 

3.0592 

3.0576 

3.0566 

3.0561 

3.0562 

3.0569 

3.0582 

3.0600 

3.0625 

3.0654 

3.0686 

3.0722 

3.0759 

3.0794 

0.58627 

0.60861 

0.63353 

0.65823 

0.6934 
0.69971 

0.71628 

0.72848 

0.73617 

0.7394% 

0.73890 

0.73358 

0.72404 

0.70999 

0.69165 

0.66954 

0.64551 

0.61837 

0.59078 

0.56446 

1.80364 

1.87056 

1.94506 

2.01873 

2.08454 

2.14209 

2.19124 

2.22739 

2.25015 

2.25999 

2.25822 

2.24248 

2.21424 

2.17259 

2.11816 

2.05241 

1.98081 

1.89976 

1.81716 

1.73817 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2592 0.2592 

0.2793 0.00724 

0.3345 0.00867 

0.3769 0.00977 

0.4082 0.01058 

0.4302 0.01115 

0.4516 0.01171 

0.4678 0.01212 

0.4785 0.01240 

0.4853 0.01258 

0.48826 0.01266 

0.4878 0.01264 

0.4839 0.01254 

0.4761 0.012% 

0.4639 0.01202 

0.4477 0.00161 

0.4267 0.01106 

0.4023 0.01043 

0.3696 0.00958 

0.3262 0.00845 

0.2705 0.00701 

1.0321 1.0041 

1.0321 1.0022 

1.0321 1.0005 

1.0321 0.9990 
1.0321 0.9976 

1.0321 0.9965 

1.0321 0.9955 

1.0321 0.9948 

1.0321 0.9944 
1.0321 0.99417 

1.0321 0.9942 

1.0321 0.9945 

1.0321 0.9950 

1.0321 0.9958 

1.0321 0.9969 

1.0321 0.9982 
1.0321 0.9996 

1.0321 1.0013 

1.0321 1.0032 

1.0321 1.0051 

0,63751 

0.67861 

0.71893 

0.75459 

0.78498 

0.81096 

0.83350 

0.84895 

0.85871 

0.86337 

0.86242 

0.85595 

0.84412 
0.82547 

0.80190 

0.77254 

0.74017 

0.70123 

0.65858 

0.61412 

0.64012 
0.68016 

0.71930 

0.75380 

0.78311 

0,80810 

0.82974 

0.84454 

0.85388 
0.85834 

0.85743 

0.85124 

0.83992 

0.82204 

0.79939 

0.77112 

0.73986 

0.70214 

0.66067 

0.61727 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.0101 

0.209 
0.239 

0.265 

0.284 

0. m 
0.313 

0.323 

0.331 

0.335 

0.33742 

0.337 

0.335 

0.329 

0.321 

0.310 

0.296 

0.279 

0.259 

0.234 

0.202 

0.00210 

0.00242 

0.00268 

0.00287 

0.00303 

0.00316 

0.00326 

0.00334 

0.00339 

0.00341 

0.00340 

0.00338 

0.00332 

0.00324 

0.00313 

0.00299 

0.00282 

0.00262 

0.00236 

0.00204 

2.45310 

2.56181 

2.67681 

2.78598 

2.88183 

2.96506 

3.03636 

3.08767 

3. 12000 

3. w4) 

3.13169 

3.10964 

3.06982 

3.00989 

2.93229 

2.83758 

2.73392 

2.61410 

2.48864 

2.36449 

2567 

2681 

2801 

29 16 

3016 

3103 

3178 

3231 

3265 

3280 

3277 

3254 

32l3 
3w 
3069 
2970 

2861 

2736 

2604 

2415 

aBased upon 191.4 MeV/fission. 
bgottorn of core. 



f \  

Total Fission Rate Power,a 
Axial Node &tal x 10-15 fissionslsec x 10-13 Btulhr  

k = lb 1.553 0.0 0.0 

2 1.669 1.2555 1314 

3 1.776 2.5280 2646 

4 1.869 2.6297 2752 

5 1.946 2.7193 2846 

6 2.011 2.7972 2927 

7 2.068 2.8639 2997 

8 2.107 2.9120 3048 

9 2.131 2.9424 3079 

10 2.143 2.9558 3093 

5. Element  01 1 

Total Fission Rate, Power,a 
Axial Node qotal x 10-15 fissionslsec x 10-13 Btulhr 

k = llb 2.140 2.9533 3 9 1  

12 2.125 2.9326 3069 

13 2.093 2.8951 3030 

14 2.047 2.8391 2971 

15 1.989 2.7663 2895 

16 1.916 2.6177 2802 

17 1.832 2.5806 2701 

18 1.732 1.4814 1550 

19 1.621 0.0 0.0 

20 1.496 0.0 0.0 

Element  011 was in position 21 of X040A (see  F ig .  3). Its peak 
total flux and fission densi t ies  w e r e  taken f r o m  the values at the point 
(20,29) in the representat ive X-Y configurations for runs 31F, 32D, 38B, 
39A, 40A, and 42A, and f r o m  the point (24,29) in the run-39C configuration. 
The values for  each representat ive configuration were  weighted for  
megawatt-days by using the residence fract ions of Table XIII. 
axial distributions were  taken f rom Table XV, and total midlife f iss ion 
densi t ies  w e r e  converted to Btu/hr of power on the bas i s  of 191.4 MeV/ 
fission. Resul ts  a r e  summar ized  in Table XVII.  

Relative 

TABLE XVII. Axial Distributions of Total Flux and Power i n  Element 011 in Subassembly X W A  

IV .  CONCLUSIONS 

In the calculation of axial distributions of flux and power in mixed- 
oxide subassemblies  i r rad ia ted  in EBR-11, account should be taken of the 
following effects: 

1 .  Global and local var ia t ions in flux in the reac tor  on a run-to- 
run  bas is .  

2 .  Burnup of heavy nuclides. 

3.  The factor  used to convert  total f ission r a t e  to  power.  

F lux  and fission densi t ies  f rom a cylindrical-geometry,  t ranspor t -  
theory calculation on one EBR-II  configuration (such as that given in the 
Guide for  I r radiat ion Experiments  in EBR-114) cannot even account for 
global o r  local variations in flux that occur  in that run.  A detailed under-  
standing of such variations over  severa l  runs  requi res  X - Y  o r  equivalent 
t ranspor t - theory  calculations to be made a t  l eas t  every  few runs  and ideally 
eve ry  run. 

-0 



In the calculation of the midlife axial power distribution in a mixed- 
oxide element  i r rad ia ted  to about 10% peak burnup in EBR-11, the axial 
variation of burnup of 235U and 239Pu had to be considered. 
238U was neglected because i t  was smal l ,  and the burnup of 240Pu was ne-  
glected because of i t s  low initial m a s s .  Calculations indicated that a t  about 
10% peak burnup, conversion of 238U to  239Pu was  negligible, a s  was the con- 
vers ion  of 2 3 9 ~ u  to 2 4 0 ~ u .  

The burnup of 

The axial distribution of the effective MeV/fission was  calculated 
for  two UO2-2O70 PuOz mixed-oxide elements  that  were  i r rad ia ted  in EBR-11. 
One element  was  in a 19-element  subassembly in row 4; the other  was in a 
37-element  subassembly in row 5. With 20 axial nodes being used,  the ef- 
fective MeV/fission for the row-4 element  was found to v a r y  only between 
188.7 and 191.0, with 15 of the 2 0  values falling within 0.10570 of 190.8. 
the row-5 element,  the var ia t ion was f r o m  189.0 to 191.5, with 14 of the 
20  values falling within 0.05270 of 191.4. Thus ,  for  UO2-2070 PuOz oxide 
subassembl ies  in rows 1 -5  of EBR-11, total f iss ion r a t e s  apparent ly  can be 
converted to power by using a constant factor  of about 191 MeV/fission. 

F o r  

Normal  EBR-I1 d r i v e r  fuel i s  about 5270 enriched in 235U. During 
some runs ,  however, a special  type of d r i v e r  subassembly containing ele-  
ments  with 7070 enriched fuel was  placed next to subassembly X040A. 
A question a r o s e  as to whether the p re sence  of a 7070-enriched d r ive r  next 
to X040A caused an inc rease  in the power. generation in X040A. 
tion of 235U f iss ion-densi ty  dis t r ibut ions f r o m  X - Y  t ranspor t - theory  cal-  
culations for  seven representa t ive  runs  showed a maximum power inc rease  
in  X040A of about 270. The special  subassembly did not significantly in- 
c r e a s e  power generation in X040A. 

Examina-  

Finally,  the methods presented  h e r e  can be computerized to s e r v e  
as  an interface between two- dimensional t r anspor t  - theory calculations and 
two-dimensional hea t - t ransfer  calculations,  e i ther  on a run- to- run  bas i s ,  
o r  on an appropr ia te  average  bas i s .  
and t empera tu re  would be of g rea t  importance in interpret ing r e su l t s  of 
i r radiat ion exper iments  in EBR-11. 

Resulting detailed dis t r ibut ions of flux 

n 



APPENDIX A 

A Derivation of Equations for  Burnup of Heavy Atoms 

(See Nomenclature) 

The total  i r rad ia t ion  t ime t is given by 

t = (24)(3600) 1 Mi/P; s e c .  
N 

The absolute fission density of nuclide m in axial  node k is 

NO f i  s sions - 1 amcp-(k) 
Am J g-sec  f J  J r,(k) = 

In t ime t ,  the to ta l  number of f iss ions in 1 g of nuclide m in axial  node k is 

f i  s sion s 

g 
rm(k)t  = - 

The weight (g rams)  of nuclide m "burned" pe r  init ial  g r a m  of 
nuclide m in axial  node k is 

m fiss ions 1 burned a tom 1 mole burned a toms 
X X 

Not 
pml(k) = - 1 afj  cpj(k) initial fission No burned a toms 

Am J 

Am g burned g burned 
X = t 1 m p j ( k )  initial . (A.4) 

J 1 mole burned a toms 

However, this  value must be co r rec t ed  for  the d e c r e a s e  in nuclide m with 
t ime .  Assume a midlife burnup of 

0.5t 1 oycpj(k). 
5 

The rat io  of average density to init ial  density of nuclide m is 
approximate ly 

1 - 0 .5  sTcpj(k), 
J 



and the second i terat ion on the burnup is . 

The third i terat ion i s  

Continued i terat ion yields the infinite s e r i e s  

But 

i . e . ,  

Note that the pa rame te r  Pml(lO) is  evaluated f rom resu l t s  of 
t ranspor t - theory  calculations in X - Y  geometry,  and the rat io  rm(k)/rm( 10) 
is evaluated from t ranspor t - theory  calculations in R-  Z geometry.  
total  burnup in  axial  node k is approximately 

The 
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m=l 
BU(k) = 

4 
1 

and the midlife m a s s  of heavy nuclide m in axial  node k is approximately 
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APPENDIX B 

Effective MeV/fission for  X012 

The total  midlife power deposition in  axial node k, P(k) ,  i s  given by 

4 4 

Values of Em a r e  taken f r o m  the work of James,14 and values of Pyh and 
Pys a r e  taken f r o m  representa t ive  dis t r ibut ions of gamma deposition used 
in  Ref.  4. The effective MeV/fission is defined as 

1 
K 

(MeV/fission)k = - 

The effective MeV/fission for  a given element  thus depends upon the 
following : 

1 .  

2 .  Residence t ime  in EBR-11. 

Initial axial  m a s s  dis t r ibut ions of the heavy nuclides 

n 

3. Axial mass dis t r ibut ion of the s ta in less  s t ee l .  

4 .  Absolute axial dis t r ibut ions of f iss ion densi t ies  for  the heavy 
nucl ides .  

Total  kinetic energy  p e r  f iss ion for  each of the heavy nucl ides .  

Absolute ax ia l  dis t r ibut ions of gamma-energy  deposition in  the 
heavy nuclides and the s ta in less  s t ee l .  

5 .  

6.  

Following is  a calculation of the ax ia l  distribution of the effective 
MeV/fission for  oxide fuel e lement  C17 in  subassembly X012. Ln th i s  ca l -  
culation, values  of Wm(k) and rm(k)  were  taken d i rec t ly  f r o m  Table V. 
The values of P y h  and Pys w e r e  normalized to a megawatt-day-averaged 
power ( see  Table 11) of 

8875 940 1 
18276 

t 50 x - = 47.57 MWt. 45 x - 
18276 

Resul ts  a r e  shown in Table XVIII. 
ment  v a r i e s  only f r o m  188.7 to  191.0, and 15 of the 20 values l ie within 
0.105% of 190.8 MeV/fission. 

The effective MeV/fission in  this  e le -  
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u TABLE XVIII. Effective MeVlfission for Element C17 i n  Subassembly XO12 

Stainless Steela 
Weight of u t Pu Gamma Heating Heavy Atoms Gamma Heating, U + Pu 

47.57 Gamma Heating, ~ 47.57 Total Power, Axial Kinetic Energy Deposition. Btulhr . ,235" + 2%" 
M e  23% 2% 2 3 9 ~ ~  ~ @ P U  Total 2 3 9 ~ ~  t 2 4 0 ~ ~ 1 ,  g 62.50 Btulhr 62.54 Btulhr Btulhr (MeV/fission)k 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

1542.05 
1605.11 
1667.70 
1729.60 
1789.65 
1840.65 
1881.81 
1912.57 
1932.91 
1940.31 
1939.M 
1932.52 
1934.37 
1896.02 
1849.70 
1794.03 
1726.77 
1655.72 
1585.06 
1512.65 

7.25 
8.58 
9.74 

10.69 
11.38 
11.93 
12.37 
12.70 
12.89 
12.97 
12.96 
12.67 
11.79 
11.47 
11.05 
10.52 
9.83 
8.94 
7.86 
6.77 

458.64 10.72 
486.53 11.95 
513.51 13.07 
539.18 14.10 
561.61 15.01 
580.81 15.73 
595.56 16.24 
607.89 16.65 
614.66 16.85 
617.79 17.06 
617.08 16.95 
607.08 16.65 
577.17 15.83 
564.84 15.32 
548.37 14.71 
528.87 14.10 
506.24 13.28 
478.65 12.26 
449.75 11.13 
421.26 9.81 

2018.66 3.4531 
2112.17 3.4469 
22M. 02 3.4401 

2293.57 3.4346 
2377.65 3.4289 
2449.12 3.4241 
2505.98 3.4202 
2549.81 3.4171 
2577.31 3.4152 
2588.13 3.4145 
2586.03 3.4147 
2568.92 3.4146 
2539.16 3.4117 
2487.65 3.4153 
2424.13 3.4196 
2347.72 3.4249 
2256.12 3.4311 
2155.57 3.4379 
2053.80 3.4447 
1950.49 3.4517 

10.40 
12.40 
13.60 
14.40 
14.96 
15.44 
15.84 
16.12 
16.31 
16.41 
16.41 
16.M 
16.01 
15.70 
15.24 
14.71 
14.09 
13.20 
11.90 
10.10 

93.29 
111.03 
121.55 
128.47 
133.25 
137.33 
140.73 
143.09 
144.69 
145.55 
145.56 
144.58 
141.89 
139.29 
135.37 
1M.87 
125.58 
117.88 
106.48 
90.56 

3.79 
4.73 
5.23 
5.51 
5.74 
5.93 
6.09 
6.21 
6.28 
6.31 
6.29 
6.25 
6.15 
6.02 
5.86 
5.63 
5.38 
5.05 
4.59 
3.60 

10.78 
13.45 
14.88 
15.67 
16.33 
16.87 
17.32 
17.66 
17.86 
17.95 
17.89 
17.78 
17.49 
17.12 
16.67 
16.01 
15.30 
14.36 
13.06 
10.24 

2122.73 188.8 
223.65 190.2 
2340.45 190.7 
2437.71 190.9 
2527.23 190.9 
2603.32 190.9 
2664.03 191.0 
2710.56 191.0 
2739.86 191.0 
2751.63 191.0 
2749.48 191.0 
2731.28 191.0 
2698.54 190.8 
2644.06 190.8 
2576.17 190.8 
2494.60 190.8 
2397.00 190.7 
2287.81 190.5 
2173.34 189.9 
2051.29 188.7 

aThe weight of stainless steel for all nodes wds 1.695 g 



APPENDIX C 

Effective MeV/fission for  X040A 

n 

The method given in  Appendix B for  calculating the axial  dis t r ibu-  

Midlife fission r a t e s  and heavy-atom m a s s e s  pe r  axial 
t ion of the effective MeV/fission is applied h e r e  to e lement  F 3 B 3  in  sub- 
assembly  X040A. 
node a r e  taken f r o m  Table XVI. Gamma-heating values for  the heavy iso- 
topes and s ta inless  s t ee l  a r e  taken f r o m  representat ive distributions,  used 
in  Ref.  4, which a r e  renormalized to r eac to r  operation a s  50 MWt. 
of the calculations (Table XIX) show that the effective MeV/fission fo r  th i s  
e lement  va r i e s  f r o m  189.0 to 191.5. 
0.052% of 191.4 MeV/fission. 

Resul ts  

Here  14 of the 20 values l ie within 

TABLE X I X .  Effective MeVlfission for Element F3B3 in Subassembly X040A 

Stainless Steela 
Gamma Heating Weight of u t Pu 

Heavy Atoms Gamma Heating, U t Pu 
(23511 t 2% t 50 Gamma Heating. w,g 2 Total Power, Kinetic Energy Deposition. Btulhr 

we 23511 2381~ 2 3 9 ~ ~  2 4 0 ~ ~  7dal 2 3 9 ~ ~  t 2 4 0 ~ ~ ) .  9 - 62.50 Btulhr 62.5 Btulhr Btulhr (MeVlfission)k 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

1755.43 
1820.56 
1893.07 
1964.77 
2028.82 
2084.83 
2132.66 
2167.85 
2190.00 
2199.58 
2197.85 
2182.53 
2155.05 
2114.51 
2061.54 
1997.55 
1927.86 
1848.98 
1768.58 
1691.71 

7.05 646.81 2.14 
8.45 687.27 2.47 
9.52 726.82 2.74 
10.31 761.68 2.93 
10.86 791.29 3.09 
11.41 816.54 3.23 
11.81 838.41 3.33 
12.08 853.36 3.41 
12.26 862.80 3.46 
12.34 867.31 3.48 
12.32 866.39 3.47 
12.22 W.13 3.45 
12.02 848.70 3.39 
11.71 830.63 3.31 
11.31 807.74 3.20 
10.78 779.18 3.05 
10.16 747.59 2.88 
9.33 709.48 2.68 
8.23 667.57 2.41 
6.83 623.72 2.08 

2411.43 4.3499 
2518.75 4.3450 
2632.15 4.3400 
2739.69 4.3352 
2834.06 4.3309 
2916.01 4.3272 
2986.21 4.3240 
M36.70 4.3217 
M68.52 4.3203 
M82.71 4.31% 
3080.03 4.3197 
m . 3 3  4.3207 
3019.16 4.3225 
2960.16 4.3251 
2883.79 4.3287 
21 90.56 4.3329 
2W.49 4.3375 
2570.47 4.3428 
2946.79 4.3484 
2324.34 4.3538 

9.13 
11.08 
12.09 
12.81 
13.32 
13.73 
14.12 
14.36 
14.55 
14.61 
14.59 
14.49 
14.28 
13.98 
13.57 
13.09 
12.58 
11.78 
10.80 
8.90 

108.43 
131.44 
143.26 
151.63 
157.51 
162.22 
166.70 
169.44 
171.63 
172.31 
172.08 
170.W 
168.53 
165.09 
160.38 
154.86 
148.98 
139.68 
128.22 
105.80 

3.31 15.87 
4.11 19.99 
4.61 22.10 
4.89 23.44 
5.09 24.40 
5.27 25.27 
5.41 25.94 
5.49 26.32 
5.56 26.66 
5.60 26.85 
5.59 26.80 
5.54 26.56 
5.46 26.18 
5.35 25.65 
5.21 24.98 
5.01 24.02 
4.78 22.92 
4.50 21.57 
4.12 19.75 
3.21 15.39 

2535.73 
2670.19 
2797.51 
2914.76 
3015.97 
3103.49 
3178.85 
3232.46 
3266.81 
3281.87 
3278.91 
3255.83 
3213.87 
3154.90 
3069.15 
2969.44 
2860.39 
2731.72 
2594.77 
2445.53 

189.0 
1W.6 
191.1 
191.3 
191.4 
191.4 
191.5 
191.5 
191.5 
191.5 
191.5 
191.5 
191.5 
191.5 
191.4 
191.4 
191.3 
191.1 
190.7 
189.2 

aThe weight of stainless steel for all nodes was 1.756 g. 
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