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ANALYSIS OF THF Pt1OENIX 
FUFL EXPERIMENTS 

ABSTRACT 

A d e p l e t i o n  exper iment on a  p lu ton ium-a lumi  nuni-all oy f u e l e d  core  

i n  t he  M a t e r i a l s  Tes t i ng  Reactor (MTR) was completed i n  t h e  f i r s t  h a l f  

o f  1970. The suppor t ing  i n t e g r a l  exper iments and t h e  i n s t a l  l e d  neu t ron i c  

behav io r  o f  t n i s  "Phoenix co re"  a re  descr ibed  b r i e f l y .  

The a n a l y s i s  o f  these exper iments i s  descr ibed  i n  d e t a i l .  It was 

found t h a t  i nc reas ing  t he  abso rp t i on  o f  t he  1  eV 2 4 0 ~ u  resonance t o  

agree w i t h  measured k va lues r e s u l t s  i n  e igenvalues which a re  w i t h i n  1% 
m 

o f  the  exper imenta l  va lues over  a  range i n  2 4 0 ~ u  concen t ra t ions  f rom 8% 

t o  23%. 

The observed r e a c t i v i t y  t ime  behav ior  o f  t h e  co re  shows a  more abrup t  

l o s s  o f  r e a c t i v i t y  w i t h  t ime  than had been ca l cu l a ted .  A method o f  p a r t i -  

t i o n i n g  the  computed r e a c t i v i t y  t ime  s lope  i s  presented which de f i nes  t h e  

c o n t r i b u t i o n  each burnab le  i s o t o p e  makes t o  t h e  t o t a l  s lope. A comparat ive 

a n a l y s i s  o f  two methods p l u s  nuc lear  da ta  i s  c a r r i e d  o u t  us ing  t h i s  technique 

t o  i l l u s t r a t e  t he  complexi  t i e s  i n v o l v e d  i n  burnup ana l ys i s .  

The combinat ion o f  i n t e g r a l  exper iments and t h e  exper iment conducted i n  

the MTR w i t h  t h e  Phoenix co re  i s  a  unique fund  o f  obse rva t i ona l  knowledge 

on t h e  n e u t r o n i c  behav ior  o f  cores c o n t a i n i n g  o n l y  p lu ton ium which can be 

used t o  t e s t  a n a l y s i s  methods i n  t h e  absence o f  i n t e r f e r e n c e  f r om uranium 

iso topes .  
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I .  INTRODUCTION 

The Phoenix Fuel Program a t  the Pacific Northwest Laboratory ( P N L )  

has as i t s  primary objective the exploration and evaluation of the longer 

1 ifetime potential inherent in the use of the isotope 2 4 0 ~ u  as a b u r n -  

able poison in nuclear reactor cores. The unusual property of Z 4 0 ~ u  as 

a burnable poison i s  that  i t  converts t o  the f i s s i l e  isotope 2 4 1 ~ u  upon 

absorbing a neutron. This i s  known as the Phoenix effect .  Unlike 238" , 

however, 2 4 0 ~ u  i s  formed direct ly  by non-fissioni ng neutron capture by 

the f i s s i l e  isotope 2 3 9 ~ u .  The potential i s  therefore present for  a 

reactor core design exhibiting a long endurance with relatively small 

reactivity change over the lifetime of the core. 

Early survey work(') singled o u t  a small, high power density water 

core as the most l ikely vehicle for the Phoenix effect .  Since the ultimate 

demonstration of the Phoenix ef fec t  would require a fu l l  scale core depletion 

experiment, and since the desired high power density, low core volume c r i t e r i a  

were sat isf ied by the Materials Testing Reactor (CITR) type core, a burnup 

experiment was designed for  the MTR i t s e l f  . 
A ser ies  of experiments was undertaken a t  PNL t o  provide support for  

the eventual burnup experiment in the MTR and more general integral infor- 

mation for  pure plutonium systems. This campaign was conducted in four 

stages with decreasing generality as the MTR experiment became more firmly 

established: 

1 ) Measurements of the inf in i te  mu1 t ipl icat ion factor ,  k m ,  

of arrays of borated polyethylene and Pu-A1 alloy discs 



i n  t he  Phys i ca l  Constants T e s t i n g  Reactor (PCTR) . ( 2 )  

2)  C r i t i c a l  approach exper iments w i t h  smal l  c y l i n d r i c a l  a r r ays  

o f  cans c o n t a i n i n g  po l ye thy l ene  and Pu-A1 f u e l  d i s c s  i n  

t h e  C r i t i c a l  Approach Fac i  1  i t y  (CAF) . ( 3  

3 )  C r i t i c a l  exper iments i n  a  mockup assembly designed t o  

resemble t h e  MTR r e f l e c t o r  and t he  p r o j e c t e d  Phoenix 

core i n  the  P lu ton ium Recycle C r i t i c a l  F a c i l i t y  (PRCF). ( 4 )  

4) S t a r t u p  c r i t i c a l  exper iments i n  t h e  MTR w i t h  t h e  Phoenix 

co re  p r i o r  t o  beg inn ing  t h e  burnup exper iment.  ( 5  

Th i s  r e p o r t  has two main o b j e c t i v e s .  The f i r s t  i s  t o  desc r i be  t h e  

exper iments i n  s u f f i c i e n t  d e t a i l  t o  a l l o w  t he  reader  t o  per fo rm c a l -  

c u l a t i o n s  t o  compare h i s  da ta  and methods w i t h  t he  exper imenta l  r e s u l t s .  

The second i s  t o  desc r i be  the  a n a l y t i c  techniques and t h e o r e t i c a l  methods 

used i n  t he  a n a l y s i s  o f  a l l  t he  exper iments a t  PNL and a t  t h e  MTR. C o l l e c t i v e l y ,  

these techniques and methods have been success fu l  i n  d e s c r i b i n g  t h e  c r i t i c a l  

behav io r  o f  these p lu ton ium systems and should  be u s e f u l  f o r  Phoenix des ign  

c a l c u l a t i o n s .  

11. SUMMARY AND CONCLUSIONS 

The MTR-Phoenix exper iment demonstrated t h a t  a l onge r  l i f e  w i t h  a  

lower  c o n t r o l  r equ i  rement can be ob ta ined  from a p l  u t o n i  um-fuel ed core 

as compared t o  t h e  h i g h l y  enr i ched  2 3 5 ~  s tandard  MTR core. 

The a n a l y s i s  o f  t h e  MTR-Phoenix c r i t i c a l  exper iments and t h e  

suppo r t i  ng c r i  t i  c a l  exper iments done a t  PNL y i e l d  p r e d i  c t ed  c r i  ti c a l  



r e s u l t s  w i t h i n  1% over  the  e n t i r e  range o f  geometr ies and i s o t o p i c  con- 

cen t ra t i ons .  Th is  agreement i s  ob ta ined  through t he  use o f  a  s p e c i a l  

p r e s c r i p t i o n  c a l l  ed the  W i  ngs-240 t rea tment  whi ch increases t he  ca l  c u l  a ted  

absorp t ion  i n  t he  2 4 0 ~ u  i so tope  beyond t h a t  j u s t i f i e d  by t he  c u r r e n t  

nuc lea r  da ta  and resonance absorp t ion  c a l  c u l a t i  onal techniques. 

The c a l c u l a t e d  r e a c t i  v i  ty-exposure s l ope  i s  much 1  ess than t h a t  

observed. The reasons f o r  t h i s  a re  c u r r e n t l y  under i n v e s t i g a t i o n .  The 

i s o t o p i c  ana l ys i s  o f  t h e  spent  f u e l ,  which w i l l  be completed i n  t he  near 

f u t u r e ,  w i l l  he l p  t o  determine t h e  d i r e c t i o n  t h a t  f u r t h e r  a n a l y s i s  must 

take  t o  p r o v i d e  an unders tanding o f  observed d e p l e t i o n  c h a r a c t e r i  s  ti cs 

o f  t h e  Phoenix core. 

DESCRIPTION AND ANALYSIS OF POISONED PHOENIX LATTICES 

A. PCTR Experiments 

The Phys ica l  Constants Tes t i ng  Reactor (PCTR) was used t o  measure km 

f o r  p l u ton ium o f  t h r e e  i s o t o p i c  composi t ions i n  t h r e e  d i s c r e t e  geometr ies.  

The techn ique(6 )  i s  1  i m i  t e d  t o  t h e  measurement o f  assemblies w i t h  km = 1.00. 

It was necessary t o  add boron t o  t he  c e l l  i n  o rde r  t o  meet t h i s  r e q u i r e -  

ment w h i l e  s t i l l  ma in ta i n i ng  t he  heavy p lu ton ium l oad ing  and t h e  o v e r a l l  

H/Pu r a t i o  t h a t  would e x i s t  i n  a  Phoenix core.  The boron a d d i t i o n  was 

accomplished by us i ng  a  m i x t u r e  o f  pu re  po l ye thy l ene  and bora ted  po l y -  

e thy lene  t o  s imu la te  t he  c o o l a n t  passages between f u e l  p'iates. 



The components of the experiments were: 

1 )  P u - A 1  fuel discs,  20 w t %  P u ,  1.950 inches in diameter, 

20 mils thick. 

2) Polyethylene discs ,  1 ,960 inches in diameter , 20 mi 1 s 

thick. 

3) Borated polyethylene discs ,  0.90 w t %  natural bo ron ,  

1.960 inches in diameter, 20 mils thick. 

The discs were stacked into aluminum cans 1 2  inches inside length, 2.0 

inches I .D.,  with a 1/16 inch wall thickness. A typical unit cell  i s  

shown in Figure 1 .  The cans were loaded into the central t e s t  region 

of the PCTR as shown schematically in Figure 2 .  The fue l ,  moderator and 

poison disks were stacked in layers within the cans so that  continuous 

slabs of each material were formed. For each system the boron concen- 

tration was varied until km = 1.00, This condition was detected by 

determining that  the removal of a single can in the center of the t e s t  

l a t t i c e  had no e f fec t  on the PCTR react ivi ty ,  and by using fo i l  measure- 

ments to assure that  a spectrum match existed within the central t e s t  

region. 

The plutonium isotopic mixtures used are shown in Table I .  



P O L Y E T H Y L E N E  

/ B O R A T E D  P O L Y E T H Y L E N E  

FIGURE 1. PCTR UNIT CELL CONFIGURATION 



F U E L  CAN - P u A 1 ,  P O L Y E T H Y L E N E ,  B O R A T E D  P O L Y E T H Y L E N E  

Q BUFFER C A N * -  UAI ( 3 3  W / O  U ,  ENRICHED T O  9 3  W / O  
B O R A T E D  P O L Y E T H Y L E N E  

2 3 5 u  1, 

0 EMPTY CAN - A I R  

* T H E S E  C A N S  FORM A  R E G I O N  WHERE T H E  T H E R M A L  SPECTRUM O F  
T H E  P C T R  I S  HARDENED TO MORE C L O S E L Y  MATCH T H E  
C H A R A C T E R I S T I C  SPECTRUM O F  T H E  P u A l  L A T T I C E  

FIGURE 2. PCTR EXPERIMENTAL CONFIGURATION 



Tab le  I 

PCTR P lu ton ium I s o t o p i c  Composi t ions 

~ype ~t % 2 3 9 ~ u  ~t % 2 4 0 ~ u  ~t % 2 4 1 ~ u  ~t % 2 4 2 ~ u  

I 90.48 8.19 1.25 0.08 

I I 77.80 18.89 3.01 0.30 

I I I 67.42 26.86 4.76 0.96 

The exper imenta l  r e s u l t s  a r e  shown i n  Tab le  11. 

Table  I1  

km = 1 -00  Combinat ions i n  PCTR 

P lu ton ium Type 

I (8% 2 4 0 ~ u )  

I1 (19% 2 4 0 ~ u )  

I1  (19% 2 4 0 ~ u )  

111 (27% 2 4 0 ~ u )  

I1  I (27% 2 4 0 ~ u )  

I1 I (27% 2 4 0 ~ u )  

I11 (27% 2 4 0 ~ u )  

H/Pu 
Atom R a t i o  

Pu-A1 
P l a t e  

Thickness (mi 1 ) 

100 

2 0 

100 

2 0 

60 

100 

2 0 

Cd. R a t i o  
OB/PU 0.02 i n .  

Atom R a t i o  D ia .  Gold 

0.179+.002 - 1.61 

0.198+.004 - 

0.141+.002 - 

0.152+.003 - 1.61 

0.135+.003 - 

0.114+.002 - 1.88 

0.089+.002 - 5.17 



Cadmium r a t i o s  were measured i n  some o f  t h e  assemblies and these a re  

i nc l uded  as measured i n d i c a t o r s  o f  t h e  c e l l  neu t ron  spectrum r e l a t i o n s h i p .  

B. PCTR Exper iment Ana l ys i s  

S ince t h e  q u a n t i t y  o f  i n t e r e s t  i s  t he  system neu t ron  m u l t i p l i c a t i o n  

and n o t  t h e  c r i t i c a l  boron concen t ra t ion ,  t h e  exper imenta l  boron concen- 

t r a t i o n  a t  measured km = 1.00 was used i n  each c a l c u l a t i o n ,  and t h e  c a l -  

c u l a t e d  r e s u l t s  a r e  g i v e n  i n  terms o f  t he  computed va lues o f  km. 

The ep i the rma l  neu t ron  spectrum used i n  cross s e c t i o n  averag ing was 

computed us i ng  t he  P I  approx imat ion t o  t h e  t r a n s p o r t  equa t ion  as con ta ined  

i n  HRG. ( 7 )  The spec t ra  were computed f o r  i n f i n i t e  media w i t h  s p a t i a l  

dependence p resen t  o n l y  i n  t he  heterogeneous resonance t rea tment  o f  t h e  

f u e l ,  where t h e  s l a b  geometry was t r e a t e d  by e i t h e r  t h e  NR (Narrow resonance) 

o r  t h e  NRIA (narrow resonance i n f  i n i  t e  absorber)  heterogeneous approx imat ions.  

S lab  t o  s l a b  i n t e r a c t i o n s  which a re  ve r y  impo r tan t  i n  these c lose ly -spaced  

geometr ies were computed u s i  ng t he  Be1 1  Co r rec t i on .  (8  

The t r ea tmen t  o f  t h e  major  2 4 0 ~ u  resonance a t  1  eV was s t u d i e d  i n  

cons ide rab le  d e t a i  1  p r i o r  t o  under tak ing  t he  a n a l y s i s .  The exper imenta l  

de te rmina t ions  o f  t h e  2 4 0 ~ u  resonance i n t e g r a l  by P. F .  ~ i c h o l s ( ' )  were 

reanalyzed ( I 0 )  us i ng  t h e  Nordheim i n t e g r a l  e v a l u a t i o n  o f  t h e  2 4 0 ~ u  resonance 

i n t e g r a l  con ta ined  i n  ZUT. ) Good agreement was found between t h e  ex- 

per imenta l  r e s u l t s  and those f r om the  i n t e g r a l  method. The NRIA app rox i -  

mat ion  f o r  2 4 0 ~ u  i n  t u r n  c l o s e l y  approximated t h e  i n t e g r a l  r e s u l t .  Thus, 

i t  i s  be l i eved  t h a t  t h i s  most impo r tan t  resonance i s  t r e a t e d  c o r r e c t l y  

by t h e  NRIA approx imat i  on. However, t he  e n t i  r e  resonance c o n t r i  bu t i on 
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was p laced  i n t o  o n l y  one q u a r t e r  l e t h a r g y  f i n e  group i n  t he  ve r s i on  o f  

HRG i n  use a t  the  t ime t h e  ana l ys i s  was made.* 

The e f f e c t  o f  p l a c i n g  a l l  o f  t h e  huge resonance i n t e g r a l  i n  one 

f i n e  group was t o  g r o s s l y  underest imate t he  abso rp t i on  i n  Z 4 0 ~ u .  To 

overcome t h i s  d i f f i c u l t y  w i t h i n  t he  e x i s t i n g  framework o f  t he  HRG code 

a change was made i n  t h e  neu t ron  w i d t h  ( r  ) o f  t h e  resonance f rom 2 . 4 6 8 ~  n 
eV t o  2 . 2 0 ~ 1 0 - ~  eV. The r e s u l  t i n g  decrease i n  t he  resonance i n t e g r a l  

was compensated f o r  by t h e  a d d i t i o n  o f  a f i x e d  abso rp t i on  t o  f o u r  o f  t h e  

o f f - resonance f i n e  groups. The a l l o c a t i o n  used i s  shown i n  Table  111. 

The i n f i n i t e l y  d i l u t e  resonance i n t e g r a l  i s  reduced f rom 8559 barns t o  

8379 barns by t h i s  cross s e c t i o n  a l l o c a t i o n .  Both va lues agree w i t h  t h e  

exper imenta l  resonance i n t e g r a l  w i t h i n  t h e  u n c e r t a i n t i e s  as quoted i n  t h e  

s tandard re ferences.  I n  the  case o f  40 m i l  f u e l  p l a t e s ,  t h e  e f f e c t i v e  

resonance i n t e g r a l  f o r  t h e  Z 4 0 ~ u  1 eV resonance i s  1570 barns us i ng  t h e  

unmodi f ied resonance parameters.  Wi th  t h e  a l l o c a t i o n  o f  t h e  f i x e d  

abso rp t i on  t o  t h e  f i n e  groups immediate ly  sur rounding t h e  group c o n t a i n i n g  

t he  resonance, t he  va lue  o f  t h e  e f f e c t i v e  resonance i n t e g r a l  becomes 2208 

barns, o f  which 661 barns i s  t h e  f i x e d  abso rp t i on  c o n t r i b u t i o n  and 1547 

barns i s  con ta ined  w i t h i n  t he  resonance group. Thus t h i s  "wings p r e s c r i p t i o n "  

adds 661 barns t o  t h e  e f f e c t i v e  c ross  s e c t i o n  i n  a d d i t i o n  t o  i nc reas ing  t h e  

* Subsequent m o d i f i c a t i o n s  t o  HRG made a l l o c a t i o n s  t o  t he  q u a r t e r  
l e t h a r g y  f i n e  grou s sur rounding t he  f i n e  group con ta i n i ng  t h e  
1 eV resonance. ( 127 
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Table I11 

Wings-240 Resonance A l l o c a t i o n  

F ixed  Absorp t ion  
F ine  Group # E Upper (eV) E Lower (eV) Cross Sec t ion  (barns)  

2.38 1.80 8 

1.86 1.44 31.4 

1.44 1 . I 25  430.0 

1 . I25 ,876 reduced resonance 

,876 ,683 192.2 

absorp t ion  computed by a l l o c a t i o n  t o  more than one f i n e  group. The l a t t e r  

e f f ec t  i s  p h y s i c a l l y  reasonable;  however, t h e  a d d i t i o n  o f  t h e  661 barns 

must be regarded as an engineer ing ad justment  t o  t he  nuc lea r  da ta  whose 

e n t i r e  j u s t i f i c a t i o n  i s  t h a t  i t  a l l ows  the  eigenvalues t o  be c a l c u l a t e d  

q u i t e  w e l l  over  t h e  range o f  p lu ton ium concent ra t ions  represented by t he  

s e t  o f  Phoenix exper iments.  Fu r the r  da ta  a r e  necessary t o  determine whether 

o r  n o t  t h i s  ad justment  t o  the  2 4 0 ~ u  cross s e c t i o n  i s  v a l i d .  

The r e s u l t s  o f  c a l c u l a t i o n s  o f  km f o r  t he  PCTR experiment us ing  HRG 

f o r  the  ep i therma l  group constants  and the  BATTELLE-REVISED-THERMOS code ( 1  3) 

f o r  t he  thermal group constants  a re  shown i n  Table I V  f o r  cases which do 

and do n o t  i n c l u d e  t he  wings p r e s c r i p t i o n  f o r  2 4 0 ~ u .  



Table IV 

Wings Prescription Comparison of Calculated k w 

f o r  La t t i ce  Configurations with Measured km = 1.00 

The l a t t i c e  configuration chosen i s  the PCTR experiment - H/Pu $200. 
Wings prescript ion values a re  shown in parenthesis. 

Pla te  Thickness % 2 4 0 ~ u  
(mi 1 s )  - 8 - 19 - 2 7 

The use of the wings prescript ion reduces the chronically h i g h  

calculated values of k rn a t  low pla te  thickness, but a l so  moves the computed 

values f a r t he r  from the experimental r e s u l t  a t  large pla te  thickness. Using 

a l inear  in terpola t ion f o r  the 19 w t %  2 4 0 ~ u  case, kef f  i s  only 0.3% high 

fo r  a p la te  thickness of 40 mils .  Since t h i s  condition most nearly re- 

sembles the MTR core geometry, the wings method of t r ea t ing  the 1 eV 

resonance appears t o  be very appropriate -- f o r  thatgeometry.  Indeed, the 

wings treatment i s  determined by t h i s  experimental value. 

An  additional f a c t  i s  evident from an examination of Table IV: there 

i s  a systematic var ia t ion with the p la te  thickness in the discrepancy 

between the calculated and experimental values of km. The var ia t ion i s  



l a r g e r  than  t h a t  caused by t h e  % 2 4 0 ~ u  and t h e  use o f  t h e  wings p r e s c r i p t i o n .  

I n  an a t t e m p t  t o  i d e n t i f y  t h e  source o f  t h i s  d i sc repancy  a  compar ison was 

made between t h e  r e g i o n a l  thermal  f l u x  depress ion  as c a l c u l a t e d  by t h e  

d i s c r e t e  o r d i n a t e  a p p r o x i m a t i  on (SN method) 15) and t h e  i n t e g r a l  

t r a n s p o r t  method used i n  THERMOS-type codes. The t h i n l y - s p a c e d  s l a b  

geometry made i t  necessary t o  use up t o  S36 i n  o r d e r  t o  g e t  a  s a t i s f a c t o r y  

convergence f r o m  t h e  S,,, code. The r e s u l t s  a r e  summarized i n  Tab1 e  V. 

T a b l e  V 

SN Comparison o f  C a l c u l a t e d  k co f o r  L a t t i c e  C o n f i g u r a t i o n s  

w i t h  Measured k  = 1 .OO 
m 

The l a t t i c e  c o n f i g u r a t i o n  chosen i s  t h e  PCTR Exper iment  - H/Pu 200 
and va lues  shown a r e  f o r  t h e  wings p r e s c r i p t i o n  i n  HRG and u s i n g  
THERMOS and u s i n g  SN ( i n  p a r e n t h e s i s ) .  

P l a t e  Th ickness % 2 4 0 ~ u  
(mi 1s )  - 19 - 2  7 

The use o f  t h e  SN method s u b s t a n t i a l l y  reduces t h e  s y s t e m a t i c  v a r i a t i o n  

w i t h  p l a t e  t h i c k n e s s  and b r i n g s  t h e  t o t a l  range o f  agreement t o  3% o r  l e s s  

over  t h e  range o f  p l a t e  th icknesses.  The hydrogen s c a t t e r i n g  i s  computed 

i n  BATTELLE-REVISED-THERMOS u s i n g  t h e   oldm man"^) k e r n e l  f o r  p o l y e t h y l e n e .  
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I V .  THE CRITICAL APPROACH EXPERIMENT 

A. CAF Experiment Desc r i p t i on  

The c r i t i c a l  approach experiments conducted i n  the  C r i t i c a l  Approach 

F a c i l i t y  (CAF) a t  P a c i f i c  Northwest Labora to ry  were designed t o  be t he  

nex t  s tep  toward a r e a l  r e a c t o r  system a f t e r  the  measurements o f  i n f i n i t e  

medium neutron m u l t i p l i c a t i o n  were completed i n  t he  PCTR. 

Cool ing water  channels between f u e l  p l a t e s  were s imulated w i t h  

po lye thy lene  d i scs .  A f i x e d  Pu-A1 f u e l  p l a t e  th ickness  o f  40 m i l s  was 

used w i t h  20 m i l s  o f  aluminum on each s i d e  t o  s imu la te  c ladding.  The 

u n i t  c e l l  arrangement i s  shown i n  F igu re  3. The d i s c s  were loaded i n t o  

2.00 i n c h  I .D. ,  2.25 i n c h  O.D. aluminum cans, 30 inches long. I t was 

found t h a t  a  maximum o f  145 u n i t  c e l l s  c o n s i s t i n g  o f  120 m i l s  po lye thy lene ,  

20 mi 1s a1 uminum, 40 mi 1s Pu-A1 a1 l o y  , and 20 m i  1s a1 umi num could be 

loaded i n t o  the 30 i n c h  aluminum cans. The f u e l  d i scs  were A1-20 wt% Pu 

a l l o y  o f  3.20 g/cn~3 dens i ty .  The p lu ton ium i s o t o p i c  composi t ion was 

90.5 wt% 2 3 9 ~ u ,  8.2 wt% 2 4 0 ~ u ,  1.2 wt% 2 4 1 ~ u  and 0.1 wt% 2 4 2 ~ u .  

An approach t o  c r i t i c a l  was made by va ry i ng  t h e  number o f  u n i t  c e l l s  

loaded i n t o  a  19-can a r ray .  The e n t i r e  assembly was immersed i n  water  

i n s i d e  t he  c r i t i c a l  approach tank. Thus t h e r e  were water  r e f l e c t o r s  a t  t he  

top  and bottom except  f o r  t he  un fue led  ends o f  t h e  cans which were loaded 

w i t h  po lye thy lene  d i s c s  above and below the  core  d i s c s  such t h a t  t h e  core 

area was centered i n  t he  cans. 

O f  t he  number o f  approaches made, two geometr ies a r e  o f  most i n t e r e s t  

t o  the  c a l c u l a t i o n a l  e f f o r t .  These were: 

1 )  A nineteen-can a r ray  on a core  p i t c h  o f  2.25 i n  surrounded by 

a r i n g  o f  b e r y l l i u m  cans t o  p rov ide  a p a r t i a l  b e r y l l i u m  r e -  

f 1 ec to r .  
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FIGURE 3.  CAF D I S C  ARRANGEMENT 



2 )  The same configuration as above, b u t  with the center  can 

replaced by a simulated control rod. The pseudo control 

rod was made from a fuel can by f i r s t  placing 40 mils of 

cadmium around the ins ide  wall and then f i l l i n g  the can 

with polyethylene. 

The extrapol ated c r i t i c a l  heights of both of these arrays were determined 

by increasing the nuniber of uni t  c e l l s  loaded in to  the fuel cans unt i l  

a r e l i ab l e  extrapolat ion could be made. 

The approach with the rod-free core was extrapolated to  predict  a 

c r i t i c a l  loading of 103+1 - c e l l s ,  or a c r i t i c a l  core height of 21.31 inches. 

The rodded core was completely loaded with 145 c e l l s  or 30.00 inches 

core height; however, a r e l i ab l e  extrapolation to  c r i t i c a l  could not be 

made from the data .  

B. Cri t i ca l  Amroach Ex~eriment Analvsis 

The number of neutron energy groups required t o  represent the neutron 

energy changes in the core and r e f l e c to r  was computed d i r ec t l y  f o r  both 

diffusion theory and transport  theory. Using a one dimensional diffusion 

theory 7 ,  representation of the core and ref 1 ec tor  in cylindrical  geometry, 

the eigenvalue was computed fo r  4, 7,  10, 13 and 17 energy groups. The 

resu l t s  obtained a re  shown in Figure 4. The energy boundaries f o r  the 

niultigroups used a r e  given in Table VI. The change in eigenvalue in going 

from 4 t o  17 groups was about 1.6% in nk.  A water-reflected assembly was 

chosen f o r  t h i s  calculat ion because the e f f ec t  of the water r e f l e c to r  i s  to  
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F I G U R E  4 .  CALCULATED keff VERSUS NUMBER O F  ENERGY GROUPS I N  
D I F F U S I O N  THEORY F O R  THE WATER REFLECTED CAF 
ASSEMBLY 



Tab le  V I  

Group 
Number 

M u l t i g r o u p  Energies i n  CAF A n a l y s i s  

17 13 10 7 4 
Lower Lower Lower Lower Lower 

Boundary (eV) Boundary (eV) Boundary (eV) Boundary (eV) Boundary (eV) 



i nc rease  t h e  group s e n s i t i v i t y  o f  t h e  e igenva lue  above t h a t  o f  t h e  p a r t i a l  

b e r y l l i u m  r e f l e c t o r .  Seventeen groups i n  a  d i f f u s i o n  theory  c a l c u l a t i o n  

should then be more than  s u f f i c i e n t  f o r  t h e  b e r y l l i u m - r e f l e c t e d  assembl ies.  

The group s e n s i t i v i t y  o f  t he  d i s c r e t e  o r d i n a t e  approx imat ion  t o  t h e  

t r a n s p o r t  equa t ion  was determined by a  d i r e c t  c a l c u l a t i o n  w i t h  t h e  same 

group s t r u c t u r e  as i n  t he  d i f f u s i o n  t heo ry  group s e n s i t i v i t y  c a l c u l a t i o n .  

The SN code DTF-IV ( I 8 )  was used f o r  t h i s  purpose. The group s e n s i t i v i t y  

was much l a r g e r  i n  t h e  case o f  t r a n s p o r t  t heo ry  than  w i t h  d i f f u s i o n  theory ,  

so 17 groups were used. The d i f f e r e n c e  between d i f f u s i o n  t heo ry  arid t r a n s p o r t  

theory  a t  seventeen energy groups i s  2.6% i n  kef f  w i t h  d i f f u s i o n  t heo ry  g i v i n g  

t h e  lower  values. 

T h i s  e f f e c t  i s  somewhat dependent on t h e  approx imat ion used i n  t h e  

spectrum averaged cross s e c t i o n  se t .  A two- tab le  approx imat ion was used 

w i t h  t h e  t o t a l  c ross s e c t i o n  i n c l u d i n g  ze ro th  moment s c a t t e r i n g  i n  t h e  f i r s t  

se t ,  and o n l y  f i r s t  moment s c a t t e r i n g  f o r  t h e  t o t a l  c ross s e c t i o n  i n  t h e  

second t a b l e  p o s i t i o n .  Var ious t r a n s p o r t  approx imat ions can reduce 

t h e  group s e n s i t i v i t y  somewhat f o r  bo th  s i n g l e  and mu1 t i t a b l e  formal isms,  

so t h e  r e s u l t  quoted here  may n o t  be taken as a  genera l  conc lus ion.  

The c l a s s i c  assumption under which t h e  rough a r r a y  o f  f u e l  cans i s  

rep laced  by  a  smooth c y l i n d e r  o f  equal area was a l s o  checked. Us ing two 

dimensional  d i f f u s i o n  t heo ry  i n  f o u r  energy groups and i n  XY geometry, (20 )  

t h e  rough boundary o f  t h e  co re  and r e f l e c t o r  i n t e r f a c e  was approximated 

i n  g r e a t  d e t a i l .  Th i s  c a l c u l a t i o n  was compared t o  a  c y l i n d r i c a l  c a l c u l a -  

t i o n  i n  one dimension w i t h  co re  and r e f l e c t o r  area t h e  same as i n  the  XY  

c a l c u l a t i o n .  Eigenvalues f o r  t h e  comparable cases were w e l l  w i t h i n  1% i n  

A k e f f  



The s e p a r a b i l i t y  o f  t he  neut ron f l u x  i n t o  independent a x i a l  and r a d i a l  

f unc t i ons  was determined by comparing a two dimensional  d i f f u s i o n  theory  

c a l c u l a t i o n  i n  f o u r  energy groups i n  RZ geometry t o  a  one dimensional 

c a l c u l a t i o n  i n  c y l i n d r i c a l  geometry w i t h  t he  v e r t i c a l  dimension represented 

by an a x i a l  buck l ing .  Here t he  e igenvalue agreement was w i t h i n  0.3% i n  

k e f f .  

The r e f l e c t o r  savings used i n  t h e  a x i a l  buck l i ng  c a l c u l a t i o n  was based 

on a f o u r  group d i f f u s i o n  theory  c a l c u l a t i o n  i n  s l a b  geometry. The eigen- 

va lue  was computed f o r  a  s l a b  r e g i o n  represen t ing  t he  core  w i t h  th ickness  

equal t o  the  core  h e i g h t  and surrounded by a r e f l e c t o r  r e g i o n  o f  th ickness  

equal t o  t he  water r e f l e c t o r  th ickness.  Next, t h e  r e f l e c t o r s  were removed 

and t he  bare slab! co re  th ickness  was increased u n t i l  the  r e f l e c t e d  core 

eigenvalue was again a t t a i ned .  The r e f l e c t o r  savings i s  then t he  d i f f e r e n c e  

between t he  u n r e f l e c t e d  and r e f l e c t e d  s l a b  th ickness  a t  t he  same eigenvalue. 

Extens ive sampling records were kep t  o f  f u e l  d i s c  th ickness  and we igh t  

percen t  plutonium. The u n c e r t a i n t i e s  i n  these numbers were o f  t he  o rder  

o f  3 t o  5 percent .  T h i s  problem o f  de te rmin ing  what e f f e c t  composi t ion 

u n c e r t a i n t i e s  m igh t  have on an i n t e g r a l  exper iment outcome i s  encountered 

f r equen t l y .  

To answer t he  ques t ion  o f  t he  e f f e c t  o f  u n c e r t a i n t i e s  on keff, use 

was made o f  r e s u l t s  f rom elementary s t a t i s t i c s  on t h e  var iance  o f  l i n e a r  

2 2 funct ions:  if Z = aX+bY+c, then Var[Z] = a Var[X] + b Var[Y]. C l e a r l y  

i f  a l i n e a r  regress ion  can be ob ta ined  f o r  keff as a f u n c t i o n  o f  d i s c  

th ickness ( X )  and p lu ton ium we igh t  percen t  (Y), then t he  expected var iance  

o f  keff can be computed us ing  the  reg ress ion  c o e f f i c i e n t s .  A g r i d  of cases 



a t  var ious w a l l  th icknesses and p lu ton ium composit ion was l a i d  out .  

Spectruni-averaged cross sec t ions  were computed w i t h  HRG and BATTELLE- 

REVISED-THERMOS f o r  each p o i n t  se lec ted  on t he  g r i d .  These were used 

i n  a  f o u r  group d i f f u s i o n  theory c a l c u l a t i o n  o f  ke f f  f o r  each p o i n t  on 

the  g r i d .  From these r e s u l t s  a  very good l i n e a r  f i t  was ob ta ined  f o r  kef f :  

k e f f  = 0.0086853X + 0.00356096Y + 0.9446643. 

To determine t he  var iances i n  w a l l  th i ckness  and p lu ton ium composi t ion,  

samples o f  240 d i s c s  were se lec ted  f rom the  t o t a l  popu la t i on  o f  d i scs .  

The mean w a l l  th i ckness  and t h e  mean p lu ton ium composi t ion f o r  each 240 

d i s c  sample was computed, and t h e  var iance  o f  these q u a n t i t i e s  determined. 

The computed v a r i a t i o n  i n  keff  a t  t he  95% conf idence l e v e l  was - +1.6 m i l  1  i k. 

Thus var iances of - + 0.0005 i n c h  and - +0.0042 we igh t  f r a c t i o n  combine t o  produce 

a  var iance  of 0.0016 i n  keff. The p o s s i b l e  e r r o r  due t o  compos i t ion  un- 

c e r t a i n t y  i s  t h e r e f o r e  acceptably  smal l .  

On t he  bas is  o f  t h e  above r e s u l t s  a  17 energy group t r a n s p o r t  c a l c u l a -  

t i o n  w i t h  f i r s t  o rde r  a n i s o t r o p i c  s c a t t e r i n g  was performed on each o f  t he  

two approach c o n f i g u r a t i o n s .  For  t h e  rod- f ree  co re  a  keff  o f  0.9915 was 

ob ta ined  which compares w i t h  t he  exper imenta l  keff = 1.0000. The e x t r a -  

po la ted  da ta  f o r  t he  a r r a y  w i t h  t he  pseudo c o n t r o l  r o d  a t  t h e  cen te r  i n -  

d i ca ted  t h a t  t h e  c r i t i c a l  h e i g h t  would be g r e a t e r  than 39.7 inches. The 

c a l c u l a t e d  keff f o r  t h i s  h e i g h t  was 0.9403 which con f i rms  t he  exper imenta l  

conc lus ion  t h a t  a  r e 1  i a b l  e  e x t r a p o l a t i o n  t o  c r i t i c a l  was n o t  poss ib le .  

V .  THE ENGINEERING MOCKUP CRITICAL EXPERIMENT (PRCF) 

A. Exper imental  D e s c r i p t i o n  

A  f u l l - s c a l e  mockup of t h e  Phoenix core  and MTR r e f l e c t o r  was de- 



signed and assembled a t  PNL. The ent i re  assembly was placed in the 

Plutonium Recycle Crit ical  Facili ty ( P R C F )  . Critical measurements were 

performed within the envelope of PRCF operating procedures and safequards, 

which provide complete neutron multiplication and attenuation instrumentation 

and shutdown control. 

The experimental mockup of the MTR Phoenix core was as close an 

approximation t o  the actual MTR with the Phoenix core as could be achieved 

with the materials available. As assembled, the main differences between 

the mockup and the real core were as follows: 

" Plutonium composition; 76.8/19.3/3.2/0.7 versus 65.5/23.3/ 

7.7/3.5 for the MTR i t s e l f  in units of w t %  2 3 9 ~ u ,  2 4 0 ~ u ,  

2 4 1 ~ u ,  2 4 2 ~ u  respectively. 

" Ref 1 ector composition; the beryl l ium ref 1 ector in the mockup 

contained regions of two beryllium densities.  Immediately 

adjacent t o  the core the beryllium pieces were more densely 

packcd so that  there was about 5 volume% water in the region 

between the core and the control slabs (See Figures 5 and 9) 

and 10 t o  20% outside th is  area. The ent i re  MTR beryllium 

ref lector  was less than 3 volume% water. 

" Core boundary; the mockup required a 1/4 inch aluminum wall 

between the core and the reflector which had no counterpart 

in the MTR i t s e l f .  

" Control s lo t s ;  the mockup required control sheets for  shutdown 

and approach control reasons. These are shown schematically in 

Figure 5. There i s  no counterpart in the MTR. 
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" Beam Tubes; the MTR beam holes were represented entirely by 

six solid aluminum structures in the PRCF mockup reflector 

structure. 

The sa l ien t  s imilar i t ies  include the 3x9 core plus shim rod-follower 

fuel array surrounded by a beryllium water ref lector .  A schematic drawing 

of the fuel element unit cell  i s  shown in Figure 6. Overall core dimensions 

are shown in Figure 7.  

Many experiments which were performed in the mockup were done to 

provide information to ensure safe operation and were not designed t o  

be readily amenable to analysis. The complete s e t  i s  described in 

Reference 4. The following experiments were selected for detailed 

analysis : 

1. Clean c r i t i ca l  loading: with the core cavity in the reflector 

completely f i l l e d  with water, a minimum c r i t i ca l  loading was 

obtained by loading 14-1/4 fuel boxes. The c r i t i ca l  array 

was approximately centered in the core cavity with a water 

reflector a t  each end. 

2. Rodded c r i t i ca l  loading: an array loaded from one end of the 

central cavity and containing a simulated cadmium control rod 

bordering on the short s ide beryllium ref lector  and centered 

on the long axis of the core cavity. This configuration required 

15-5/8 fuel boxes t o  be c r i t i ca l .  
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FIGURE 7. PRCF MOCK-UP DIMENSIONAL SCHEMATIC 



3. F u l l  Core Loading: when the  core was complete ly  loaded, 

the  c r i t i c a l  bank h e i g h t  was determined f o r  a l l  e i g h t  

s imu la ted  c o n t r o l  rods. The core  went c r i t i c a l  w i t h  t h e  

t i p s  o f  a l l  e i g h t  rods e s s e n t i a l l y  a t  t he  core  midplane. 

B. Mockup C r i t i c a l  Experiment Ana lys is  

P re l im ina ry  c a l c u l a t i o n s  i n d i c a t e d  t h a t  t he  e f f e c t  on computed keff 

o f  the  number o f  energy groups i s  much sma l le r  than t h a t  seen i n  t h e  CAF 

experiments. Values o f  keff  were c a l c u l a t e d  us ing  spectrum averaged 

group cross sec t i ons  rang ing  f rom 17 t o  2 energy groups i n  a  one dimensional  

d i f f u s i o n  t heo ry  rep resen ta t i on  o f  t h e  core  and ad jacen t  r e f l e c t o r .  Wi th  

f o u r  groups keff i s  o n l y  +0.4% above t he  va lue  f o r  17 groups; w i t h  two 

energy groups t he  d i f f e r e n c e  i s  + 3.9%. The conc lus ion  was t h a t  f o u r  energy 

groups would be s u f f i c i e n t  and t h a t  two energy group r e s u l t s  should be v a l i d  

o n l y  f o r  comparison o f  r e l a t i v e  e f f e c t s ,  o r  perhaps n o t  v a l i d  a t  a l l .  

The reasons f o r  t he  reduced group number s e n s i t i v i t y  a r e  complex. 

The g r e a t e s t  s i n g l e  c o n t r i b u t i n g  e f f e c t  i s  t h e  n, 2n r e a c t i o n  i n  t h e  

b e r y l l i u m .  Th i s  e f f e c t  i s  + 2% i n  nkeff  above seven energy groups and i s  

reduced t o  + 1.5% a t  f o u r  energy groups. T h i s  r e d u c t i o n  i n  the  computed 

wor th  o f  t h e  b e r y l l i u m  n, 2n r e a c t i o n  p a r t l y  compensates f o r  t h e  normal 

inc rease  i n  k  as the  number o f  groups i s  reduced. The n e t  r e e u l t  o f  ef f 

these o p p o s i t e l y  d i r e c t e d  e f f e c t s  i s  an overes t imat ion  i n  keff o f  o n l y  0.4%. 

The f o u r  group s t r u c t u r e  chosen f o r  most o f  t h e  ana l ys i s  was: 

4  1 )  Group 1: 10 MeV t o  1 . 1 7 ~ 1 0  eV; a  s i n q l e  f a s t  group t o  

c o n t a i n  a l l  f i s s i o n  source neutrons. 



4 2) Group 2: 1 .17~10  eV t o  2.38 eV, a  resonance r e a c t i o n  

group t o  c o n t a i n  a l l  unresolved and a l l  upper l e v e l  r e -  

so lved resonances. 

3)  Group 3: 2.38 eV t o  0.683 eV; a  group designed t o  con ta in  

t he  b u l k  o f  t he  absorp t ion  f rom t h e  g i a n t  1  eV resonance 

4) Group 4: 0.683 eV t o  0  eV; a  thermal group. 

Epi thermal  spec t ra  and group averaged cross sec t ions  were a l l  computed 

w i t h  HRG. For  t he  f u e l  r e g i o n  t he  u n i t  c e l l  was taken t o  be t h e  e n t i r e  

f u e l  box w i t h  s i x t e e n  p l a t e s  and smal l  amounts o f  surrounding water  as 

shown i n  F igu re  6. Homogeneous n u c l e i  d e n s i t i e s  i n c l u d e  t he  volume f r a c t i o n s  

app rop r i a te  t o  t h a t  assumption. Thus t he  aluminum d e n s i t y  inc ludes  t he  

aluminum s i d e  w a l l s  and a1 l othe r  aluminum s t r u c t u r e  a&ong w i t h  t he  c l a d  

aluminum and t he  a l l o y e d  f u e l  r e g i o n  aluminum. No leakage was inc luded  i n  

the  core  spectrum c a l c u l a t i o n .  

The resonance t rea tment  i n  s l a b  geometry inc luded  t h e  aluminum as an 

admixed 1  i g h t  mass s c a t t e r e r .  The B e l l  c o r r e c t i o n  was used, as i n  t he  CAF 

ana lys is ,  t o  t ake  i n t o  account p l a t e - t o - p l a t e  i n t e r a c t i o n s .  The wings-240 

p r e s c r i p t i o n  was used i n  t he  2 4 0 ~ u  resonance c a l c u l a t i o n .  

Re f l ec to r  spec t ra  were a l l  i n f i n i t e  media, homogeneous c a l c u l a t i o n s  

When spectrum-averaged cross sec t i ons  were des i r ed  f o r  a  two s p a t i a l  dim- 

ens ion c a l c u l a t i o n ,  v e r t i c a l  honiogenization was employed t o  represen t  t he  

r e f l e c t o r  pseudo beam tube s t r u c t u r e s  i n  t he  a x i a l  d i r e c t i o n .  



Thermal spectra f o r  the core were calculated by a  two s t ep  process 

;.ii l icil i s  the d i r e c t  analog of tha t  used in the CAF analysis .  ( see  Figure 

::. ) Usi n q  BATTELLE-REVISED-THERMOS, an i  ni t i  a1 cal cul a t i  on was done i  n s l  ab 

cjeo~netry for a  p la te  uni t  ce l l  in  the spa t i a l  sequence: 

1 ) ref lec t ing boundary 

2 )  half channel thickness of water-59.3 mi 1s 

3 )  aluminum clad-20 mils 

4 )  half thickness of fuel  plate-20 mils 

5) ref l e c t i  ng boundary 

The r a t i o  of the region average f lux  t o  ce l l  average f lux  from t h i s  

calculat ion was used to  adjus t  the ce l l  nuclear dens i t i e s  f o r  the i t h  

isotope in the j t h  region ( N .  . )  according to  the overall thermal r a t e  
1J 

preserving re1 ationstlip. N i  = v .f .N where v . and f  . are  the vol ume 
J J i j '  J J 

7 
J 

fract ion and the region t o  ce l l  average f lux  r a t i o  f o r  the j t h  region respec- 

t ive ly .  The "smeared" nuclear dens i t i e s  ( N i )  were then used in a second 

thernali  zation calculat ion which included the whole fuel  box un i t  c e l l .  

Tile spa t i a l  sequence f o r  t h i s  second calcula t ion,  a lso  in s lab  geometry, 

bras: 

1 . ref 1  e c t i  ng boundary 

2 .  box external water-2.25 mils 

3. s ide  plate-187 mils 

4. aluminum and water region between s ide  p la te  and fuel 

ac t ive  section - 52 mils 

5. fuel  region containing f lux adjusted dens i t i e s  from the 

f i r s t  calculat ion - 1.26 inches 

6 .  re f l ec t ing  boundary 
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The r e s u l t  o f  t h i s  two s tep  process i s  t o  produce spectrum 

averaged thermal c ross  sec t i ons  which t ake  account o f  a l l  m a t e r i a l  

i n  t he  core.  

Thermal spec t ra  f o r  t he  r e f l e c t o r  were c a l c u l a t e d  over  t h e  same 

homogeneous r e g i o n  as used i n  t h e  ep i the rma l  HRG c a l c u l a t i o n .  

The analyses o f  t h e  minimum c r i t i c a l  l oad ing  core  and t h e  s i n g l e  

r o d  c r i t i c a l  exper iment  were ve ry  s im i  1  a r .  Both c o n f i g u r a t i o n s  were 

chosen t o  be amenable t o  two dimensional  a n a l y s i s .  The minimum c r i t i c a l  

co re  was approximated by a  q u a r t e r  co re  d i f f u s i o n  theory  model. The 

a c t u a l  co re  was o f f - c e n t e r  by two p l a t e s ,  b u t  t h e  two d i f f e r e n t  q u a r t e r s  

( t h e  wa te r  r e f l e c t o r  th i ckness  o f f  t h e  co re  end was v a r i e d  a t  cons tan t  

co re  volume) gave t he  e igenvalue t o  w i t h i n  0.1%. 

The s i n g l e  r o d  c r i t i c a l  co re  had exac t  h a l f  co re  symmetry, hence 

t h e  d i f f u s i o n  t heo ry  model cou ld  be made h a l f  co re  symmetric. T h i s  i s  

shown i n  F i g u r e  9. 

The a c t i v e  s e c t i o n  l e n g t h  o f  t h e  f u e l  p l a t e s  was 23.52 inches.  The 

t op  r e f l e c t o r  sav ings ob ta ined  f rom one dimensional  d i f f u s i o n  t heo ry  as 

exp la i ned  p rev i ous l y 'was  6.51 cm, w h i l e  t h e  bot tom r e f l e c t o r  sav ings was 

6.38 cm. The d i f f e r e n c e  comes about f r om  the  s l i g h t l y  d i f f e r e n t  aluminum 

t o  wa te r  r a t i o  f o r  t h e  m a t e r i a l  above and below t he  core.  The v e r t i c a l  

b u c k l i n g  based on these q u a n t i t i e s  i s  1  .79x10m3 cm-', and i s  t h e  same f o r  

bo th  t h e  minimum and s i n g l e  r o d  c r i t i c a l  exper iments.  

Models o f  bo th  c r i t i c a l  assembl ies were cons t ruc ted  us i ng  two d imensional  

d i f f u s i o n  theory  i n  X-Y geometry. The code 2DB was used f o r  t h i s  purpose. 

D e t a i l s  o f  t h e  d i f f u s i o n  theory  model f o r  each c o n f i g u r a t i o n  a re  g i ven  i n  
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F igures  10 and 11. The c a l c u l a t e d  e igenva lue  f o r  t h e  r o d - f r e e  assembly 

was 1.0035 and t he  c a l c u l a t i o n  f o r  t h e  s i n g l e  r o d  c r i t i c a l  gave an 

e igenvalue o f  1.0059. 

The f u l l y - l o a d e d  core  w i t h  rods  i n s e r t e d  t o  t he  c r i t i c a l  p o s i t i o n  

r e q u i r e d  a  c a l c u l a t i o n  i n  t h r e e  dimensions. The 3 U  d i f f u s i o n  t heo ry  code 

WH I RLAWAY ( 2 2 )  was a v a i l a b l e  f o r  t h i s  purpose; however i t  i s  1  i m i t e d  t o  

o n l y  two neu t ron  energy groups. Th i s  i s  c l e a r l y  n o t  enough t o  p r o v i d e  

e igenva l  ues which correspond t o  keff exac t l y ,  based on t h e  group sens i  t i v i  ty 

s tud ies  quoted p r e v i o u s l y .  A d d i t i o n a l  d isadvantages a re  t h e  r a t h e r  l a r g e  

amounts o f  computer t ime  r e q u i r e d  f o r  convergence and t h e  coarse mesh 

spacing due t o  computer s to rage  l i m i t a t i o n s  (65K i n  t h e  case o f  t h e  UNIVAC 

1108 v e r s i o n ) .  I n  s p i t e  o f  these disadvantages i n  t h e  u t i l i t y  o f  t h e  

eigenvalue, t he  f l u x  and r e s u l t a n t  power d i s t r i b u t i o n  c a l c u l a t i o n s  a r e  t h e  

o n l y  ones u s i n g  a n a l y t i c  methods which r e f l e c t  t he  comp lex i t i e s  o f  t h e  

MTR Phoenix core.  

A c a l c u l a t i o n  o f  t h e  e igenvalue f rom t h e  model shown i n  p a r t  i n  F i g u r e  

12 w i t h  t h e  rods a t  t h e  c r i t i c a l  p o s i t i o n  gave an e igenvalue o f  1.017. 

Even t h i s  r a t h e r  poor agreement i s  most c e r t a i n l y  f o r t u i t o u s .  Th i s  can be 

seen by comparing t h r e e  dimensional  c a l c u l a t i o n s  o f  t h e  PRCF co re  w i t h  rods  

complete ly  wi thdrawn and i n s e r t e d  w i t h  two dimensional  c a l c u l a t i o n s  o f  t h e  

same cond i t i ons .  I n  t h e  two d imensional  c a l c u l a t i o n s ,  w i t h  t h e  rods  a t  t h e  

two extreme p o s i t i o n s ,  t he  co re  r eg ions  a re  i n v a r i a n t  i n  t h e  a x i a l  d i r e c t i o n  

and a  s i n g l e  two dimensional  p lane  w i t h  t h e  app rop r i a t e  a x i a l  b u c k l i n g  can 

be used t o  r ep resen t  t he  e n t i r e  core.  Two dimensional  c a l c u l a t i o n s  w i t h  

f o u r  energy groups do n o t  compare w e l l  w i t h  t h e  cor responding t h r e e  dimen- 

s i o n a l ,  two group c a l c u l a t i o n s ,  as can be seen f rom Tab le  V I I .  Even t he  r o d  
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Table V I I  

Comparison o f  Two Dimensional ,  Four Group Models 

w i t h  Three Dimensional, Two Group Models i n  PRCF Ana l ys i s  

ZD, 4  Group 3D, 2  Group A 

Rods I n  

Rods Out 

Rod Worth ~ k / k  

worths a re  ve r y  d i f f e r e n t ,  as shown i n  Tab le  V I I .  The 1.7% e r r o r  ob ta ined  

f o r  t he  c r i t i c a l  r o d  p o s i t i o n  came about  through a  c a n c e l l a t i o n  o f  t h e  

l a r g e r  rods-ou t  e r r o r  (+.05) w i t h  t h e  s t i l l  l a r g e r  r o d s - i n  e r r o r  (-0.157) 

f o r  banked r o d  p o s i t i o n s  near t h e  midplane. 

On t h e  bas i s  o f  t h i s  s e t  o f  c a l c u l a t i o n s ,  a  r o d  model was developed 

which a t tempts  t o  c o r r e c t  t h e  two group e igenvalue t o  t he  f o u r  group va lue:  

where 

k 4 ~ 0  = t h e  e igenvalue f o r  f o u r  groups, rods out ;  

k 2 ~ ~  = t h e  e igenvalue f o r  two groups, rods out ;  

k z ~ ~  = t h e  e igenvalue f o r  two groups, rods  i n ;  

k 4 ~ 1  = t h e  e igenvalue f o r  f o u r  groups, rods  i n ;  

k 2 ~  = t he  e igenvalue f o r  two groups, rods  a t  X; 

X = d i s t a n c e  f r om t h e  t o p  o f  t h e  co re  t h a t  t h e  rods  a r e  i nse r t ed ;  

L = t o t a l  r o d  t r a v e l  d i s t a n c e  through t h e  a c t i v e  sec t ion ;  

k e f f  = t he  e igenvalue co r rec ted  t o  f o u r  groups; 



The model has t h e  f o l  1  owing p r o p e r t i e s :  

Thus i t  goes through t he  t h r e e  known p o i n t s  exac t l y ,  b u t  t h e r e  a r e  no 

degrees o f  freedom l e f t  t o  t e s t  t he  goodness o f  f it. A t h r e e  dimensional  

c a l c u l a t i o n  i n  f o u r  groups would be requ i red  t o  do t h i s ,  b u t  t he  l a c k  o f  

such a  c a l c u l a t i o n  i s  t he  reason f o r  t he  model be ing developed i n  t h e  

f i r s t  p lace. Nor i s  i t  p o s s i b l e  t o  d e r i v e  such a  r e l a t i o n  d i r e c t l y  s i nce  

i t  merely r e l a t e s  the  r e l a t i v e  e r r o r  i n  two d i f f e r e n t  numerical approximat ions 

t o  the energy dependent d i f f u s i o n  equat ion. The f i r s t  two p r o p e r t i e s  must 

be s a t i s f i e d  a p r i o r i ,  the  t h i r d  p rope r t y  i s  s a t i s f i e d  by t he  choice o f  2.5 

f o r  the  exponent o f  t he  (X/L) c o e f f i c i e n t .  

The comparison o f  measured and c a l c u l a t e d  power d i s t r i b u t i o n s  a r e  

necessar i  l y  complex because o f  t he  wea l th  o f  comparison po in t s .  Simple 

gene ra l i za t i ons  a re  d i f f i c u l t  t o  fo rmu la te .  The b e s t  approach i s  t o  d i s p l a y  

the  r e s u l t s  g r a p h i c a l l y  and d iscuss each i n  i t s  tu rn .  

S t a r t i n g  w i t h  t he  h o r i z o n t a l  power shape down the  long  a x i s  o f  t he  

core and as f a r  removed f rom rods  and r e f l e c t o r s  as poss ib le ,  a  l i n e  s i x  

inches below t h e  core h o r i z o n t a l  midplane f rom the  cen te r  o f  t h e  core  t o  

the s h o r t  s i d e  r e f l e c t o r  was chosen t o  compare the  measured and c a l c u l a t e d  

power d i s t r i b u t i o n .  Th i s  i s  d isp layed  i n  F igu re  13. The agreement every- 

where i s  w i t h i n  12%. 
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The n e x t  comparison, shown i n  F igu re  14, i s  a  corner  box t r ave rse  

s i x  inches below t h e  core h o r i z o n t a l  midplane and i n t o  t he  s h o r t  s i d e  

b e r y l l i u m  r e f l e c t o r .  Here t he  agreement i s  f a i r ,  t h e  maximum e r r o r  be ing 

approx imate ly  70%. 

An a x i a l  power shape a t  t he  cen te r  o f  t he  cen te r  f u e l  element i s  

shown i n  F igu re  15. The agreement here i s  good except  a t  t he  bottom o f  

the  core. There t he  l a r g e  power sp i ke  i n  the  c a l c u l a t e d  power d i s t r i -  

b u t i o n  i l l u s t r a t e s  what s o r t  o f  d i s t r i b u t i o n  would have r e s u l t e d  i f  the  

f u e l  p l a t e s  had n o t  been tapered a t  t he  bottom. The exper imenta l  measure- 

ment i nc l udes  t he  e f f e c t  o f  the  taper .  The c a l c u l a t e d  bottom peak of 

n e a r l y  3.6 has been reduced t o  an innocuous 1.1 by t ape r i ng  t he  f u e l  a l l o y  

over  a  d i s tance  o f  approx imate ly  one i n c h  a t  t he  bottom o f  t he  core. The 

good agreement i n  a l l  b u t  t h e  bottom p o r t i o n  leads one t o  b e l i e v e  t h a t  if 

enough mesh p o i n t s  had been a v a i l a b l e  t o  i n c l u d e  t h e  tapered p l a t e s  i n  t he  

c a l c u l a t i o n  t he  o v e r a l l  agreement i n  a x i a l  shape a t  t he  cen te r  would have 

been we1 1  w i t h i n  10% too. 

The n e x t  a x i a l  shape i n  F igu re  16 i l l u s t r a t e s  the  r a t h e r  poor agreement 

achieved a t  t he  centers  o f  t he  f u e l  elements along t he  l ong  s i d e  b e r y l l i u m  

r e f l e c t o r .  Here, as i n  F igu re  15, t h e  c a l c u l a t e d  shape excludes t h e  e f f e c t  

o f  t he  taper.  

The power d i s t r i b u t i o n  i n  t he  f o l l o w e r  f u e l  a t  t he  cen te r  o f  t he  f o l l o w e r  

fuel  i s  shown i n  F igure  17. The agreement here  i s  w i t h i n  13% i n  the  worst case. 

F igure  18 shows the  f o l l o w e r  f u e l  power d i s t r i b u t i o n  where t h e  p o i n t  

chosen i s  nex t  t o  t he  aluminum s i d e  w a l l  s t r u c t u r e .  The agreement i s  w i t h i n  

10% i n  t h i s  case. 

The g r e a t e s t  d i f f i c u l t y  was exper ienced i n  p r e d i c t i n g  t h e  s i n g l e  element 

power d i s t r i b u t i o n  from t h e  cen te r  t o  t he  edge o f  t he  long  s i d e  b e r y l l i  urn 
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r e f l e c t o r .  The t h ree  dimensional  , two group WHIRLAWAY c a l c u l a t i o n s  

i n d i c a t e d  an ext remely  h i gh  power peak a t  t he  edge o f  the power zone 

n e x t  t o  t he  r e f l e c t o r .  Th is  i s  i l l u s t r a t e d  i n  F igure  19. The p o i n t  power- 

to -core  average power r a t i o  a t  the edge i s  c a l c u l a t e d  t o  be 2.76 as compared 

t o  t h e  measured va lue o f  2.14. 

The reasons f o r  t h i s  major  discrepancy were s t u d i e d  i n  d e t a i  1. The 

use of d i f f u s i o n  theory  was i n i t i a l l y  suspect i n  t h i s  app l i ca t i on ,  so one 

dimensional t r a n s p o r t  methods were used as a  t e s t .  I n t e g r a l  t r a n s p o r t  theory  

us ing BATTELLE-REVISED-THERMOS i n  two d i f f e r e n t  ways was employed. F i r s t  a  

s l a b  c a l  cu l  a t i  on w i t h  a  s p a t i  a1 l y  independent thermal neu t ron  source was used. 

Then a  s p a t i a l l y  dependent source ob ta ined  by c o l l a p s i n g  the  t h r e e  ep i therma l  

groups o f  a  f o u r  group SN t r a n s p o r t  c a l c u l a t i o n  was used i n  BATTELLE-REVISED- 

THERMOS. These two r e s u l t s  a re  shown i n  F igure  20 along w i t h  t h e  exper imental  

numbers. The use o f  t he  spa t ia l l y -dependent  thermal source r e s u l t s  i n  o n l y  a  

s l i g h t  improvement i n  t he  poor  agreement w i t h  experiment. Even the  f o u r  group 

Sr4 c a l c u l a t i o n  (DTF-IV) i s  e q u a l l y  poor as i s  shown i n  F igure  20. I n  f a c t  

t h e  agreement between t he  SN and i n t e g r a l  methods where t he  s p a t i a l  source 

i s  used i s  very  good and bo th  a r e  i n  very  poor agreement w i t h  t he  experiment. 

The n e x t  avenue of agreement was sought i n  the  d i r e c t i o n  o f  t h e  problem 

s p a t i a l  d e t a i l .  I n  a l l  p rev ious  c a l c u l a t i o n s ,  t h e  f u e l e d  r e g i o n  was r e -  

presented as a  homogeneous power zone con ta in i ng  f u e l ,  c l a d  and channel 

coo lan t .  Th i s  homogenized t rea tment  works w e l l  a t  the  co re  r e f l e c t o r  

i n t e r f a c e  when t he  f u e l  p l a t e s  a re  p a r a l l e l  t o  t he  r e f l e c t o r ,  as seen i n  

F igure  14. I n  the  p resen t  case t he  f u e l  p l a t e s  a r e  a t  r i g h t  angles t o  t h e  

r e f l e c t o r .  One can imagine t h a t  the  space-spectrum i n t e r a c t i o n s  a r e  i m -  

p r o p e r l y  t r e a t e d  by i n t r o d u c i n g  a  homogeneous mix  o f  f u e l  and water  r i g h t  
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up t o  the  r e f l e c t o r  boundary when, i n  f a c t ,  t h e  water and metal  

reg ions  a l t e r n a t e  a long t h a t  boundary. To check t h e  assumption, a  l ong  

t h i n  two dimensional  model was developed. H a l f  o f  a  c o o l a n t  channel, t he  

c l a d  and h a l f  o f  t h e  f u e l  zone th ickness  were represented i n  one d i r e c t i o n  

w h i l e  t he  o t h e r  d i r e c t i o n  r a n  f rom the  cen te r  o f  the  core  t o  t h e  o u t s i d e  

o f  the  b e r y l  l i um r e f  1  e c t o r .  Ref 1  e c t i  ng boundary condi ti ons were appl i ed 

t o  a l l  boundaries except  f o r  the  o u t e r  r e f l e c t o r  boundary which was a  

leakage boundary. The general  arrangement i s  shown i n  F igu re  21. The f u e l  

p l a t e  power d i s t r i b u t i o n  as determined by a  d i f f u s i o n  theory  c a l c u l a t i o n  

i n  f o u r  energy groups i s  shown i n  F i g u r e  20. Th i s  represen ts  t he  b e s t  

agreement o f  any o f  t he  methods i nves t i ga ted ,  so i t  i s  a t  l e a s t  a  f a i r  

i n f e rence  t h a t  t h e  major  cause o f  t h e  power c a l c u l a t i o n  e r r o r  i s  t h e  s p a t i a l  

d e t a i l  t h a t  i s  s a c r i f i c e d  i n  the c a l c u l a t i o n a l  model. Th i s  necessary 

approx imat ion i s  apparen t l y  e n t i r e l y  acceptable when t he  f u e l  p l a t e s  a r e  

p a r a l l e l  t o  t h e  ' r e f l e c t o r ,  b u t  in t roduces  a  ser ious  e r r o r  when t h e  p l a t e s  

a r e  a t  r i g h t  angles t o  t h e  r e f l e c t o r .  The magnitude o f  t h i s  e r r o r  can be 

apprec ia ted  by comparing the  two dimensional  r e s u l t  i n  F i g u r e  20 w i t h  t h e  

one dimensional  r e s u l t  us i ng  t he  homogenized rep resen ta t i on .  

An a t tempt  t o  use SN t r a n s p o r t  theory  on t h e  two dimensional  model l e d  

t o  convergence d i f f i c u l t i e s  so no t r a n s p o r t  v e r i f i c a t i o n  was poss ib le .  

The r e s i d u a l  d iscrepancy i s  smal l  enough t o  be exp la ined  by t h e  sw i t ch  

t o  gross one dimensional  s l a b  c a l c u l a t i o n s  f rom t h e  more exac t  gross t h r e e  

dimensional  t reatment .  That i s ,  a  f u l l  t h r e e  dimensional  t rea tment  o f  t h e  

core  i n  which t he  d i s c r e t e  f u e l  p l a t e s  were i nc l uded  would produce e n t i r e l y  

acceptable power d i s t r i b u t i o n s .  Un fo r t una te l y  such a  d e t a i  1  ed model i s  

beyond c u r r e n t  computer c a p a b i l i t i e s .  
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The three dimensional model used gives the bulk power shapes to within 

15% i n  the worst cases and averages within lo%, except for  the core-reflector 

interface along the long side of the rectangular core. Here a localized 

two dimensional calculation i s  necessary to provide a local peaking factor 

to correct the three dimensional calculation. 

The sens i t iv i ty  of the eigenvalue to  changes in the reflector structure 

was investigated for  two reasons: tiler? were large differences between the 

actual ref lector  structure and the mockup experiment ref lector ;  and the 

relat ive amounts of water and beryllium in the outer mockup ref lector  were 

not known accurately. Variations in the beryllium-to-water r a t io  and in 

the beryllium cross sections used had l i t t l e  effect  on the eigenvalue. I t  

was therefore concluded that the eigenvalue was relatively insensitive to  

the ref lector  de ta i l s .  

V .  THE MTR CRITICAL EXPERIMENTS 

A. Description of the Experiment 

The i n i t i a l  loading of the MTR Phoenix core was accomplished by 

substi tuting the plutonium fuel elements for  beryllium pieces in a stepwise 

fashion.(23) The pertinent steps are shown in Figure 22. After reaching 

the minimum c r i t i ca l  loading, the control rods were inserted as required to 

maintain c r i t i c a l i t y  as additional fuel elements were added. The depth of 

insertion was the same for  a l l  rods. 

After the core was ful ly  loaded a ser ies  of four low power irradiations 

was undertaken to  provide fission product ac t iv i t i e s  for  power shape deter- 

minations by gamma scanning techniques. Other measurements of in te res t  to  the 

core analyst were the rod calibrations and rod drop measurements. 
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6. C r i t i c a l  P r e d i c t i o n s  and Comparison w i t h  Exper imenta l  R e s u l t s  

The i n i t i a l  l o a d i n g  c o n f i g u r a t i o n s  which a r e  f r e e  o f  c o n t r o l  rods  

can be r e p r e s e n t e d  a c c u r a t e l y  i n  two dimensions.  The c o n f i g u r a t i o n s  w i t h  

p a r t l y  i n s e r t e d  shim rods  cannot  be r e p r e s e n t e d  i n  two dimensions.  The 

exper ience  w i t h  t h e  t h r e e  d imens iona l ,  two group method d i scussed  under 

t h e  PRCF a n a l y s i s  i n d i c a t e s  t h a t  o n l y  poor  kef f  p r e d i c t i o n s  can be expected 

f r o m  d i r e c t  t h r e e  d imens iona l  WHIRLAWAY c a l c u l a t i o n s .  

A  s i m p l i f i e d  t h r e e  d imens iona l  model designed f o r  d e p l e t i o n  c a l -  

c u l a t i o n s  was u t i l i z e d  i n  p r e d i c t i n g  t h e  c r i t i c a l  p o s i t i o n  f o r  p a r t i a l l y  

i n s e r t e d  rods .  T h i s  1 2 x 1 2 ~ 1 1  mesh p o i n t ,  q u a r t e r  c o r e  model s u p p l i e d  a  

r e l a t i o n s h i p  between t h e  f r a c t i o n  o f  t h e  t o t a l  c o n t r o l  span and t h e  f r a c t i o n  

i n s e r t e d  o f  t h e  banked shim rods,  X/L: 

E2' ' k2'1 = F(X/L),  where t h e  s u b s c r i p t e d  k ' s  a r e  as d e f i n e d  i n  t h e  
260 - k 2 ~ 1  

r o d  model s e c t i o n  under  t h e  PRCF. Now t h e  assumpt ion was made t h a t  t h i s  

same f u n c t i o n a l  f o r m  would a p p l y  f o r  t h e  f o u r  group c o n t r o l  swing f r a c t i o n  

a t  t h e  c r i t i c a l  r o d  p o s i t i o n :  

1.0 - k4GI 
= F(X/L).  One then  c a l c u l a t e d  k4GI, and kkGo e x a c t l y  f r o m  

k 4 ~ ~  - k 4 ~ ~  

t h e  two d imens iona l  f o u r  group models. T h i s  ass igned a  v a l u e  t o  F(X/L) ,  and 

f r o m  t h i s  f o r m  as determined by t h e  t h r e e  d imens iona l  s i m p l e  model a  v a l u e  

o f  t h e  c r i t i c a l  r o d  p o s i t i o n  X/L was ob ta ined .  One would expec t  t h a t  t h e  

c a r d i n a l  assumpt ion t h a t  F(X/L)  i s  t h e  same f o r  t h e  f o u r  group and two group 

t r e a t m e n t  i s  b e s t  s a t i s f i e d  o n l y  f o r  t h e  f u l l y  loaded c o r e  where t h e  two 

and t h r e e  d imens iona l  models a r e  t h e  same. I n  a p p l y i n g  t 5 i s  method t o  some 



of the par t i a l  loadings one i s  r ea l ly  comparing the f u l l y  loaded core in 

two energy groups with some incomplete core configuration i n  four energy 

groups. Therefore intermediate rod position predictions will probably be 

l ess  accurate than the f i na l  rod position prediction f o r  the completely 

loaded core. 

The MTR r e f l e c to r  beam tube system was represented i n  the two dimensions 

by reducing the beryllium nuclei in a ver t ica l  region homogenization. The 

horizontal through tube (HT-1) f a c i l  i  ty and the HG-9 thermal column opening 

were the only neutron egress f a c i l i t i e s  abutting d i r ec t l y  on the core. All 

other beam tube openings had a t  l e a s t  one row of beryllium blocks between 

the core and the beam opening. The basic two dimensional model used i s  

shown in Figure 23, i l l u s t r a t i n g  the re f l ec to r  a e t a i l s .  The HG-9 was t o  

have been provided with a beryllium plug and so i t  was not included in the 

i n i t i a l  ca lcula t ions .  The plug was not present during the actual c r i t i c a l  

loading experiment. However, an af ter - the-fact  calculat ion showed t h i s  t o  

have only a small e f f e c t  on ke f f  even f o r  the f u l l y  loaded core. For the 

pa r t i a l l y  loaded core where there a r e  beryllium pieces between the HG-9 

and the f u e l ,  the e f f e c t  wi 11 be even small e r .  

The c r i t i c a l  predict ions were documented and dis t r ibuted t o  INC and :he 

AEC pr ior  t o  the c r i t i c a l  experiment. These predictions and the observed 

resu l t s  a re  summarized in Table V I I I .  

The c r i t i c a l  loading was reached with 7 fixed and 4 follower fuel  

elements as predicted. The 1.45 inches of banked shim rod inserted i s  worth 

almost nothing as judged by both the experimental and calcala t ional  rod worth 

curves. The minimum c r i t i c a l  loading i s  therefore essen t ia l ly  rod f ree .  
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FIGURE 23. TWO DIMENSIONAL DIFFUSION THEORY MODEL USED IN 
PREDICTING THE MTR-PHOENIX CRITICAL LOADING 
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TABLE V I I I  

MTR-Phoenix Core C r i t i c a l  Conf igura t ions  : 

P r e d i c t i o n s  and Experimental Resul t s  

Number Number Shims Shims 
o f  pred ic ted")  Observed Est imated ( 3 )  

O f  Out F ixed Shim I n  Rod Rod e r r o r  
~ s s e m b l ~ ( '  ) Fuels -- Rods k e f f  - k e f f  P o s i t i o n  P o s i t i o n  i n a K  

(1 ) The assemblies a re  shown schemat ica l l y  i n  F igure  17 

(2 )  Rod p o s i t i o n s  a re  i n  inches above (+) o r  inches below ( - )  t he  core 

h o r i z o n t a l  midplane. The rods o u t  p o s i t i o n  i s  +11.75" on t h i s  sca le .  

( 3 )  The est imated e r r o r s  i n  aK = kcal culated - kobserved f o r  the  rodded 

cores a re  est imated by i n f e r i n g  an observed rods-out  keff  f o r  the  

observed rod  p o s i t i o n  and t he  F(x /L )  f u n c t i o n  used i n  making t h e  

c r i t i c a l  r od  p o s i t i o n .  The sma l le r  t h e  d i f f e r e n c e  between the  

observed and p r e d i c t e d  r o d  p o s i t i o n  i s ,  t he  l e s s  impor tan t  t h i s  

p a r t i c u l a r  choice o f  F(X/L) becomes. 



Th i s  means t h a t  t h e  e r r o r  a t  c r i t i c a l  i s  1.6%. The source o f  p a r t  o f  

t h i s  e r r o r  was i d e n t i f i e d  as t h e  decay o f  241 Pu t o  2 4 1 ~ m  d u r i n g  t h e  

t h r e e  yea r  p e r i o d  between t he  da te  o f  t he  i s o t o p i c  a n a l y s i s  and t h e  

c r i t i c a l  measurements. I f  t h i s  i s  taken i n t o  account t h e  e r r o r  i s  1.0% 

i n  dkeff .  The o n l y  o t h e r  known d i f f e r e n c e  i n  the  c o n f i g u r a t i o n  as c a l c u l a t e d  

and t h e  exper imenta l  c o n f i g u r a t i o n  which went c r i t i c a l  a r e  t h e  neu t ron  

source b l ock  i n  t h e  r e f l e c t o r  a t  one end o f  t h e  c o n f i g u r a t i o n  and t h e  

a x i a l  f l u x  d e t e c t o r s  i n  t h e  r e f l e c t o r  on t h e  l o n g  s i d e  o f  t h e  co re .  The 

combined e f f e c t  o f  these i s  0.2% i n  nkeff f o r  a  t o t a l  a poster ior i  e r r o r  

o f  0.8%. 

The source o f  t h i s  r e s i d u a l  e r r o r  i s  unknown; however one migh t  p o i n t  

o u t  t h a t  t h e  known core  r e f l e c t o r  i n t e r a c t i o n s  which make p o s s i b l e  t h e  use 

o f  f o u r  energy groups were t e s t e d  on t h e  r e c t a n g u l a r  PRCF c r i t i c a l  a r r ays  

as d iscussed p r e v i o u s l y .  The c r u c i f o r m  shape o f  t h e  c r i t i c a l  a r r a y  may 

i n t r o d u c e  a  d i f f e r e n t  s e t  o f  compensations which a re  l a r g e  enough t o  cause 

a  0.8% e r r o r .  

The es t imated  e r r o r s  i n  assembl ies 4 th rough  7 i n  Table  V I I I  a r e  

s u b j e c t  t o  t h e  problem ment ioned p r e v i o u s l y  o f  comparing t h e  comple te ly  

loaded two group model s  w i t h  t h e  p a r t l y - l o a d e d  f o u r  group c a l  c u l  a t i o n a l  

models. The f i n a l  f u l  l y - l oaded  c o n f i g u r a t i o n  has a  0.55% dkeff e r r o r  

which may be e n t i r e l y  exp la ined  by t h e  241 Pu decay t o  2 4 1 ~ r n .  

One can t h e r e f o r e  conclude t h a t  when t h e  known n e u t r o n i c  and 

s t r u c t u r a l  e f f e c t s  a re  taken i n t o  account, t h e  e r r o r  i n  kef f  was l e s s  than  

1% i n  t h e  two cases where t h e  c a l c u l a t i o n a l  models m i r r o r  t h e  c r i t i c a l  

c o n f i g u r a t i o n  e x a c t l y ,  i .e., assembl i e s  3 and 8  i n  Table  V I I I  . Fu r t he r -  

more t h e  i n i t i a l  c r i t i c a l  l o a d i n g  was p r e d i c t e d  and t h e  f i n a l  c r i t i c a l  r o d  

p o s i t i o n s  s p e c i f i e d  t o  s l i g h t l y  g r e a t e r  than 118" i n  e r r o r  on a  comp le te ly  

a prior i  bas i s .  



The rol e of the expensive three dimensional cal cul a t i  ons was 1 imi ted 

to predicting the three dimensional power d i s t r ibu t ion .  A detai  led 

comparison of these d i s t r ibu t ions  with the experiniental gamma scans wi 11 

be given in another report .  The agreement achieved i s  comparable t o  

t ha t  fo r  the PRCF three dimensional power d i s t r ibu t ion  discussed previously. 



V I I .  GENERAL ANALYTIC CONSIDERATIONS 

A. The Wings-240 P r e s c r i p t i o n  

The use o f  t h e  wings-240 p r e s c r i p t i o n  makes p o s s i b l e  t h e  p r e d i c t i o n  

o f  t h e  neu t ron  m u l t i p l i c a t i o n  f o r  t h e  p lu ton ium systems under s tudy  here 

t o  w i t h i n  1% akeff. The e r r o r s  i n t r oduced  i f  one uses unadjusted nuc lea r  

da ta  range f rom +2% f o r  t he  8% 2 4 0 ~ u  CAF experiment , t o  +5% f o r  t h e  120% 

2 4 0 ~ u  PRCF and MTR-Phoenix cores. I t  i s  t h e r e f o r e  n a t u r a l  t o  conclude 

t h a t  t h e  2 4 0 ~ u  abso rp t i on  i t s e l f  must be increased. A  s i n g l e  l a r g e  

change t o  any o f  t h e  o t h e r  i so topes  o f  p lu ton ium would n o t  s u f f i c e  t o  

b r i n g  t h e  e n t i r e  range o f  exper imental  i s o t o p i c s  i n t o  r e l a t i v e l y  c l ose  

agreement w i t h  t h e  Phoenix exper imenta l  r e s u l t s .  O f  course a  s e r i e s  

of sma l l e r  e r r o r s  i n  more than one o f  t h e  p lu ton ium i so topes  m igh t  r e s u l t  

i n  a  t r a d e  o f f  i n  absorp t ion  and/or f i s s i o n  r a t e s  which would m i r r o r  t h e  

exper imenta l  r e s u l t s .  

A f t e r  t h e  development o f  t h e  wings p r e s c r i p t i o n ,  HRG was r e v i s e d  t o  

p rov ide  an a l l o c a t i o n  o f  t h e  resonance i n t e g r a l  t o  more than one f i n e  

group. ') Two o t h e r  improvements were made which a f f e c t  t h e  2 4 0 ~ u  

absorp t ion .  F i r s t ,  t h e  i n te rmed ia te  resonance t rea tment  f o r  t h e  admixed 

s c a t t e r e r  was added. Th i s  i s  a  method o f  account ing f o r  d i f f e r e n t  r a t e s  

o f  removal f rom t h e  resonance energy o f  neut rons c o l l i d i n g  w i t h  admixed 

s c a t t e r e r s  o f  va r ious  masses. I t i s  an improvement over  t h e  usual  N R I A  

and NR approx imat ions i n  which t he  assumption i s  t h a t  any s i n g l e  c o l l i s i o n  

w i t h  a  "1 i g h t "  admixed s c a t t e r e r  s u f f i c e s  t o  remove t h e  neu t ron  f rom t h e  

r e g i o n  o f  t h e  resonance. I ns tead  o f  r a t h e r  a r b i t r a r i l y  c l a s s i f y i n g  t h e  



admixed moderator  as " l i g h t "  o r  "heavy" t h e r e  i s  a smooth t r a n s i t i o n  

f rom "complete removal ' '  t o  "no e f f e c t "  depending on t h e  s c a t t e r i n g  

mass o f  t h e  admixed moderator  i s o t o p e .  The o t h e r  improvement c o n s i s t e d  

o f  an a d d i t i o n  t o  t h e  l i b r a r y  o f  a s p e c i a l  wa te r  i s o t o p e  where in  t h e  

a b s o r p t i o n  c r o s s  s e c t i o n  o f  t h e  l o w e s t  f i n e  groups has been i n c r e a s e d  t o  

t a k e  i n t o  account  t h e  u p s c a t t e r i n g  o f  neu t rons  f r o m  t h e  thermal  group. 

The e f f e c t  o f  these cod ing  changes has been s t u d i e d  i n  d e t a i l  by 

Jenquin  and Gel haus; ( 2 4 )  t h e i r  r e s u l t s  a r e  summarized i n  Tab le  I X .  

TABLE I X  

Resu l t s  o f  HRG C a l c u l a t i o n s  f o r  t h e  PRCF System 

CT 
240 (2.38 t o  

a 
Data Program 0.683) barns k 

m - 
1 . Wings 240 1967 1967 1617 1.514* 

2. No wings 240 1967 1967 1114 1 .564 

3. No wings 240 1967 1 969+ 1275 1 .549 

4. No wings 240 1969 1969 1311 1 .545 

5. H20 U p s c a t t e r  1969 1969 1321 1 .531 

6. I n t e r m e d i a t e  r e s .  1969 1969 1170 1 ,547 

* Agrees w i t h  exper iment  t o  w i t h i n  1%. 

+ 1969 program i n c l u d e s  t h e  e f f e c t  o f  t h e  a l l o c a t i o n  o f  resonances. 

The comparisons a r e  made ac ross  a change i n  n u c l e a r  d a t a :  t h e  1967 d a t a  

used i n  t h i s  work, and t h e  1969 r e v i s e d  da ta .  L i n e s  3 and 4 i n  t h e  t a b l e  

show t h a t  t h i s  e f f e c t  i s  a 0.4% decrease i n  km . T h i s  i s  n o t  n e a r l y  l a r g e  



enough to produce experimental agreement. Line 6 i s  the most all-inclusive 

treatment and i t  i s  s t i l l  3.3% above the 1 ine 1 wings prescription value. 

The nearest agreement i s  obtained in l ine  5 which excludes only the inter-  

mediate resonance treatment. To include the admixed aluminum as a " l ight"  

scat terer  as was done causes an over-estimation of 2 4 0 ~ u  absorption which 

i s  as arbi t rary as the wings prescription i t s e l f ,  so t h i s  "best agreement" 

i s  of 1 i  t t l e  d i rec t  in te res t .  

A possible method of generalizing the wings prescription would depend 

on the coding assumptions with which i t  was intended to be used. Clearly, 

a code which does not allocate the 2 4 0 ~ u  t o  cover the range span of the 

1 eV resonance would require the largest adjustment. In the case of the 

1967 version of HRG t h i s  amounts to an increase in the 2 4 0 ~ u  effective 

resonance integral from 1547 barns to  2208 barns, or a 43% increase. The 

ef fec t  of the allocation alone as judged from a comparison of l ine  1 with 

l ine  3 in oaZ4O would cause the prescription to be modified by the rat ios  

of the appropriate o, 240 values: (1617-1275)/(1617-1114) = 0.68. The use 

of the effect ive heterogeneous resonance integral should allow one to  

generalize to  geometries other than 40 mil plates. 

This bare outline of a more general application of the wings-240 

treatment may be used where some experimental information i s  available to  

guide the analyst in formulating an engineering adjustment i f  such i s  needed. 

The wings-240 prescription i s  coupled somewhat t o  the problem of 

an accurate depletion calculation. Increasing the absorption ra te  in 

2 4 0 ~ u  increases the formation ra te  of the f i s s i l e  isotope 2 4 1 ~ u  which tends 
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t o  produce a  1 ower r e a c t i  v i  ty 1  oss r a t e  w i t h  i n c r e a s i n g  exposure. The 

ad justment  which i s  necessary t o  p r e d i c t  keffecti ve thus w i  11 tend t o  

i ncrease t he  computed core  endurance. The exper imenta l  r e s u l  t s  i n  t he  

d e p l e t i o n  o f  t he  MTR-Phoenix core have a  d i r e c t  bear ing  on the  use o f  

t h e  wings-240 p r e s c r i p t i o n .  These a re  d iscussed i n  the  nex t  sec t i on .  

B. Dep le t ion  Ca l cu la t i ons  and Resu l t s  

A d e p l e t i o n  c a l c u l a t i o n  f o r  the  MTR-Phoenix co re  performed as e a r l y  

as 1967 us ing  BATTELLE-REVISED-THERMOS, HRG cross sec t i ons  and a  two 

dimensional  d i f f u s i o n  theory  s p a t i  a1 r e p r e s e n t a t i o n  (25 )  gave a  sus ta i ned  

s lope  o f  -0.046 mk/MWD. App ly ing  t h e  wings-240 p r e s c r i p t i o n  reduces t h i s  

s l ope  t o  -0.039 mk/MWD. 

A more s o p h i s t i c a t e d  d e p l e t i o n  c a l  c u l  a t i o n  was done i n  t h r e e  dimensions 

t o  p r o v i d e  a  d e f i n i t e  p r e d i c t i o n  o f  t he  a c t u a l  r e a c t i  v i  ty exposure r e1  a t i o n -  

sh ip .  I n i t i a l l y  a  complete ze ro  dimensional  burnup c a l c u l a t i o n  was done 

on t he  p l a t e  l a t t i c e  o f  t h e  power zone us ing  ZODIAC-G. ( 26 )  Th i s  c a l c u l a t i o n  

supp l i ed  t h e  exposure-dependent behav io r  o f  t h e  n i n e  spectrum-averaged 

nuc lea r  constants(D1, D2, ral, ea2, rfl, rf2, v r f l ,  v r f 2  and r ) necessary 

t o  s p e c i f y  a  r e g i o n  and compute a  power i n  t he  two group d i f f u s i o n  theory  

regime o f  WHIRLAWAY. ZODIAC-G i s  an automated cha in  o f  codes c o n s i s t i n g  

o f  HRG f o r  ep i the rma l  spectrum-averaged cross sec t i ons ,  BATTELLE-REVISED- 

THERMOS f o r  thermal spectrum-averaged cross sec t i ons  , HFN" 7, f o r  computing 

e p i  thermal and thermal f l  uxes and ALCHEMY ( 2 7 )  f o r  t h e  t r ansmu ta t i on  

c a l c u l a t i o n s .  The wings-240 p r e s c r i p t i o n  was used i n  t h e  HRG p o r t i o n  o f  

ZODIAC-G. The c a l  c u l  a ted  burnup s lope  was -0.042 mk/MWD. 



A s i m p l i f i e d  t h r e e  dimensional  WHIRLAWAY q u a r t e r  co re  model o f  t he  

MTR-Phoenix core  was developed t o  use w i t h  t h i s  zero dimensional  pa ren t  

c a l c u l a t i o n .  Use was made o f  t he  r o d  model developed i n  t he  PRCF 

a n a l y s i s  t o  r e l a t e  t he  crude model eigenvalues t o  a  p h y s i c a l l y  reasonable 

k e f f  based on t he  f o u r  group, two dimensional r o d s - i n  and rods-ou t  

c o n d i t i o n  o f  t h e  r e a c t o r .  The model was 12x12~11  mesh p o i n t s  w i t h  18 

burnable reg ions  i n c l u d i n g  t h e  rod  f o l l o w e r  f u e l .  Average c r i t i c a l i t y  

was mainta ined d u r i n g  t h e  burnup s i m u l a t i o n  t o  w i t h i n  - + 1% akeff by 

moving c o n t r o l  r o d  reg ions  i n  t h e  model. The l i n e a r  s lope  o f  t h e  

r e a c t i v i t y  exposure r e l a t i o n s h i p  was -0.036 mk/MWD. Thus t h e  pa ren t  zero 

dimensional  s lope  o f  -0.042 mk/MWD i s  reduced t o  -0.036 mk/MWD by t h e  

t h r e e  dimensional  e f f e c t s  as est imated by t he  WHIRLAWAY model. 

The measured r e a c t i v i t y  exposure s lope  o f  t he  MTR-Phoenix core i s  

-0.066 mk/MWD. T h i s  s lope  i s  much l a r g e r  than  had ever  been c a l c u l a t e d  

and p o i n t s  up t h e  inadequacy o f  t h e  d e p l e t i o n  c a l c u l a t i o n s .  It i s  

impo r tan t  t o  note,  however, t h a t  t he  Phoenix core  r a n  t o  923 MWD as 

compared t o  850 MWD f o r  t h e  maximum exposure on any uranium core  i n  t h e  

MTR. Th i s  was accompl i shed  w i t h  a  4% lower  i n i t i a l  excess r e a c t i v i t y ,  

wh ich ,  when combined w i t h  t h e  g r e a t e r  wor th  o f  s a t u r a b l e  f i s s i o n  products  

f o r  t h e  Phoenix core  as compared t o  t he  uranium core, y i e l d s  a  uranium 

burnup s l ope  o f  -0.136 mk/MWD - n e a r l y  t w i c e  t h a t  o f  t h e  Phoenix core. 

The problem o f  a t tempt ing  t o  e x p l a i n  t h e  d iscrepancy i s  s t i l l  very 

much under i n v e s t i g a t i o n  a t  t h i s  w r i t i n g .  

An i n i t i a l  approach was t o  choose a  complete ly  d i f f e r e n t  combinat ion 

of method and nuc lea r  da ta  t o  compute t h e  zero-dimensional  burnup s lope.  



The zero dimensional c a l c u l a t i o n  must con ta in  t h e  main cause o f  t h e  d i s -  

crepancy between t h e  a n a l y t i c a l  and exper imental  r e s u l t s  because i t  y i e l d s  

-0.042 mk/MWD and i t  i s  1  i k e l y  t h a t  s p a t i a l  e f f e c t s  w i l l  o n l y  a l g e b r a i c a l l y  

decrease t h e  va lue t o  judge f rom the  moderat ing e f f e c t  o f  t he  t h r e e  

dimensional c a l c u l a t i o n  (pa ren t  s lope o f  -0.042 mk/MWD reduced t o  -0.036 

mk/MWD by the  3D model) on t h e  paren t  s lope. 

Using ALTHAEA, (28)  a  zero dimensional d e p l e t i o n  ca l  cu l  a t i  on was 

undertaken. The parameter s e t t i n g s  used were those d e r i  ved t o  c a l  cu l  a te  

i s o t o p i c s  f o r  t he  Yankee core, and were n o t  s p e c i f i c a l l y  ad justed f o r  

the  Phoenix c a l c u l a t i o n .  The r e s u l t s  o f  t h i s  c a l c u l a t i o n  a re  e a s i l y  

summarized: The reac t i v i t y -exposu re  s lope  was -0.065 mk/MWD, b u t  the  

p l  u ton i  um i s o t o p i c  changes as a  f u n c t i o n  o f  exposure were s u b s t a n t i a l l y  

the  same as i n  t he  ZODIAC-G c a l c u l a t i o n .  The i s o t o p i c s  as a  f u n c t i o n  o f  

exposure a re  shown i n  f i g u r e s  24 through 27. To understand how t h i s  

computed d i  f f e rence  i n  the  r e a c t i  v i  ty-exposure can a r i s e  whi 1  e  t h e  i so top i  cs 

a re  n e a r l y  i d e n t i c a l  the  f o l l o w i n g  expressions f o r  t he  s lope  were developed: 

km = Prod''t rate = P/A, E = exposure 
Absorpt ion r a t e  

For a  d e p l e t i o n  a t  cons tan t  power: 

- -  dP - 0, t o  f i r s t  o rde r .  
dE 

Therefore : 



0 A L T H A E A  - 
A Z O D I A C - G  

7 

- 

I 

- 

- 

- 

- 

7 

- 

- 

- 

I I I I I I I I I I I I I 

FIGURE 24. COMPUTED ISOTOPIC CONCENTRATIONS OF 2 3 9 ~ u  



1 6  2 0  2 4 

E X P O S U R E  ( 1 0 0  MWD)  

FIGURE 25. COMPUTED ISOTOPIC CONCENTRATIONS OF 2 4 0 ~ u  

0 A L T H A E A  - 

A Z O D I A C - G  
- 

- 

t) 

- 

- 

- 

- 

- 

- 

- 

I I I I I I I I I I 



7 

0 A L T H A E A  
- 

A Z O D I A C - G  
A A 

5 - A 
0 

- 

3  - 

- 

9 - 

- 

7 - 

- 

5 I I I I I I I I I I L I I I I I I I 1 

0 4 8 1 2  1 6  2 0 2 4 2  8 3  2 36 4 0  

E X P O S U R E  ( 1 0 0  M W D )  

FIGURE 26. COMPUTED ISOTOPIC CONCENTRATIONS OF 2 4 1 ~ u  



FIGURE 27. COMPUTED ISOTOPIC CONCENTRATIONS OF 2 4 2 ~ u  
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I f  one assumes l i n e a r  behavior,  the  d i f f e r e n t i a l s  may be replaced by 

d i s c r e t e  d i f fe rences  and these d i f f e rences  can be p a r t i t i o n e d  by isotope:  

where supe rsc r i p t  i r e f e r s  t o  t he  isotope,  and subscr ip ts  I and I 1  r e f e r  

t o  i n i t i a l  and f i n a l  exposure increments, respec t i ve l y .  The r e s u l t s  o f  

t h i s  ana l ys i s  are contained i n  Table X. 

TABLE X 

MTR-Phoenix Cal cu l  a ted R e a c t i v i t y  Slope Analys is  

-ak a /AE (rnk/MWD) 

I SOTOPE ALTHAEA ZODIAC A(ALTHAEA-ZODIAC) 

2 3 9 ~ u  -0.081 9 -0.0846 +O. 0027 

2 4 0 ~ u  +0.0313 +O. 0240 +O. 0073 

2 4 1 ~ u  +O. 0698 +O. 0663 +O. 0035 

2 4 2 ~ u  +O. 0034 +O. 0042 -0.0008 

3 5 ~ e  +0.0013 +O. 0061 -0.0048 

4 9 ~ m  +O. 0001 +O ,001 8 -0.0017 

sm .O - - 
F i ss ion  Prod. +O. 04.02 +O. 0232 +0.0170 

Sum +O. 0642 +0.0410 +O. 0232 

The sum o f  t he  i s o t o p i c  c o n t r i b u t i o n s  t o  t he  burnup slope i s  very c lose  

t o  t h e  0.0650 and 0.0410 values o f  t he  unpa r t i t i oned  slopes, which conf i rms 

t o  a l a r g e  ex ten t  the  v a l i d i t y  o f  the  assumption of l i n e a r i t y .  A 



comparison o f  t he  d i f f e r e n c e s  between t h e  var ious  i s o t o p i c  c o n t r i b u t o r s  

t o  t he  burnup s lope  shows t h e  l a r g e s t  d i f f e r e n c e  t o  be between t he  two 

f i s s i o n  p roduc t  models used. The t h r e e  pseudo i so tope  f i s s i o n  p roduc t  

model o f  Walker (") i s  used i n  ALTHAEA. The f o u r  pseudo f i s s i o n  p roduc t  

model o f  Nephew (30) was combined i n t o  a  s i n g l e  pseudo p roduc t  t o  overcome 

a  l i m i t  on t he  number o f  f i s s i o n  p roduc t  i so topes  i n  ZODIAC. 

The second most impor tan t  d i f f e r e n c e  i s  t h e  Pu-240 c o n t r i b u t i o n .  

The d i f f e r e n c e  here i s  l a r g e l y  due t o  t he  use o f  t h e  wings-240 p r e s c r i p t i o n  

i n  ZODIAC and n o t  i n  ALTHAEA. The d i f f e r e n c e  o f  o n l y  0.0073 mk/MWD i s  

r e a l l y  somewhat sma l le r  than expected. 

The o t h e r  d i f f e r e n c e s  a re  l e s s  than 0.001 1  mk/MWD i n  t he  aggregate 

w i t h  t he  Xe-135 i so topes  t he  nex t  most impor tant ,  a l b e i t  oppos i te  i n  

d i r e c t i o n .  

A1 though t h i s  comparison i s  mere ly  between two c a l c u l a t i o n s  and may 

have no d i r e c t  bear ing  on t h e  ac tua l  phys i ca l  i n t e r a c t i o n s  which d i d  

determine t he  burnup o f  t h e  Phoenix core, i t  does i l l u s t r a t e  t h a t  major 

d i f f e r e n c e s  can a r i s e  d u r i n g  a  core  burnup, even when t h e  t ime dependent 

i s o t o p i c s  a re  very  s i m i l a r .  

The MTR Phoenix exper iment w i l l  n o t  be complete u n t i l  t h e  i s o t o p i c  

ana l ys i s  o f  t h e  spent f u e l  i s  a v a i l a b l e .  These r e s u l t s  w i l l  most s t r o n g l y  

i n d i c a t e  t he  d i r e c t i o n  o f  f u t u r e  e f f o r t s  i n  t he  ana l ys i s  o f  t h e  core  

behavior .  Pending these r e s u l t s ,  a  more d e t a i l e d  examinat ion o f  t h e  

p lu ton ium f i s s i o n  p roduc t  absorp t ion  would be very  much i n  o r d e r  because 

any inc rease  i n  absorp t ion  which migh t  come f rom such an examinat ion w i l l  
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he1 p  exp l  a i  n  t he  observed r e a c t i v i t y  exposure s lope w i t h o u t  a f f e c t i n g  

t h e  agreement on i n i t i a l  r e a c t i v i t y .  

C. Reactor Modeling w i t h  t h e  Mu l t i g roup  Method 

The Phoenix f u e l  program has necessa r i l y  e n t a i l e d  a  ve ry  wide use o f  

t h e  mu1 t i  group method. From mu1 t i tab1 e  SN t r a n s p o r t  approx imat i  ens t o  t h e  

t h r e e  dimensional  d i f f u s i o n  theory ,  i t  was necessary t o  adapt s tandard 

computer codes t o  t h e  geometr ica l  comp lex i t i es  o f  a  r e a l  r e a c t o r  system. 

The MTR Phoenix core  i s  a  r a t h e r  severe t e s t  o f  these techniques. The 

r e a c t o r  i s  snial l  ; t h e r e f o r e  leakage i s  impor tan t  and must be c a l c u l a t e d  

c o r r e c t l y .  The core  r e f l e c t o r  i n t e r a c t i o n  i s  compl i c a t e d  by t h e  ve ry  

ene rge t i c  co re  spectrum imp ing ing  upon a  r e f l e c t o r  o f  ve ry  good moderat ing 

p r o p e r t i e s .  The c o n t r o l  rods  a re  a  l a r g e  p a r t  o f  t h e  t o t a l  co re  volume. 

The neu t ron  f l  ux con ta ins  severe g rad ien t s  and i t s  shape s t r o n g l y  depends 

on t he  neu t ron  energy. I n  shor t ,  most o f  t h e  " c l a s s i c a l  l i m i t s "  on 

d i f f u s i o n  t heo ry  a re  v i o l a t e d  by t h e  MTR-Phoenix core. I t  i s  t o  be expected 

t h a t  any g e n e r a l i z a t i o n  t h a t  one can make concern ing t h e  use o f  m u l t i -  

group methods i n  t h e  MTR-Phoenix neu t ron i c  system would be v a l i d  f o r  l e s s  

s  tri ngen t sys tems . 
The f o l l o w i n g  procedure i s  t h e r e f o r e  advanced as a  general  method 

f o r  app l y i ng  t h e  mu1 t i g r o u p  method t o  any r e a c t o r  system. 

1 )  What i s  t h e  o b j e c t  o f  t h e  c a l c u l a t i o n ?  T y p i c a l l y  t h e  o b j e c t i v e  

w i l l  be t h e  neu t ron  m u l t i p l i c a t i o n  and/or t h e  power d i s t r i b u t i o n .  

2)  Determine t h e  group s e n s i t i v i t y  by c a l c u l a t i n g  t h e  q u a n t i t y  

o f  i n t e r e s t  over  a  range o f  broad groups. A s i n g l e  s p a t i a l  

dimension may be used, b u t  t h e  core  and r e f l e c t o r  chosen should 

represen t  t h e  l a r g e s t  d i s p a r i t y  i n  spectrum ene rge t i cs  between 



t h e  e q u i l i b r i u m  core and r e f l e c t o r  spec t ra  t h a t  occurs any- 

where i n  t he  reac to r .  A l a r g e  number o f  s p a t i a l  mesh p o i n t s  

should be used. 

3 )  The s e n s i t i v i t y  o f  t he  q u a n t i t y  o f  i n t e r e s t  t o  changes i n  t he  

s p a t i a l  mesh should be determined us ing  t he  group s t r u c t u r e  

se lec ted  i n  t h e  p rev ious  step. Th is  c a l c u l a t i o n  must be 

c a r r i e d  o u t  on t h e  model o f  t h e  r e a c t o r  system under i n -  

v e s t i g a t i o n .  Mesh p o i n t s  should be increased u n t i l  t h e  

change i n  t he  q u a n t i t y  o f  i n t e r e s t  w i t h  i nc reas ing  mesh 

p o i n t s  i s  acceptably  small . I f  t h e  e igenval  ue i s  t h e  q u a n t i t y  

of i n t e r e s t ,  a  very  heavy investment i n  core mesh p o i n t s  a t  

t he  expense o f  r e f l e c t o r  p o i n t s  w i l l  g i v e  a  convergent eigen- 

va lue w i t h  fewer t o t a l  mesh p o i n t s .  I t  i s  p a r t i c u l a r l y  was te fu l  

t o  adopt complete ly  r e g u l a r  mesh g r i d s  w i t h  equal spacing i n  core  

and r e f 1  e c t o r .  

I f  t h e  power d i s t r i b u t i o n  i s  o f  p a r t i c u l a r  i n t e r e s t  a t  c e r t a i n  p o i n t s ,  

the number o f  mesh p o i n t s  i n  t h a t  area may be increased a t  t he  expense o f  

l e s s  i n t e r e s t i n g  areas as l o n g  as t h e  e igenval  ue remains re1  a t i v e l y  i n -  

v a r i a n t .  

The exper ience w i t h  t h r e e  dimensional  d i f f u s i o n  theory  was based 

e n t i r e l y  on t h e  WHIRLAWAY code which i s  l i m i t e d  t o  two energy groups and, 

i n  t h i s  p a r t i c u l a r  a p p l i c a t i o n ,  a crude s p a t i a l  mesh. The s p a t i a l  mesh 

i s  a  necessary consequence o f  t h e  65K core  s torage l i m i t a t i o n .  A t  t h e  

p resen t  stage o f  computing hardware development t h i s  i s  a  good average 

core  s i z e  f o r  a  l a r g e  computer. The MTR i s  a  small r e a c t o r .  The number 
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of mesh interval s used was 18x28~39. For a two group calculation th i s  

requires 39312 core locations. The approximately 25000 core locations 

remaining contain the program and the computer software routines. The 

convergence time from a f l a t  flux s t a r t  i s  in the range of three to  four 

hours. With good s tar t ing flux guesses convergence takes u p  to one hour. 

These observations , when coup1 ed with the observed gross inaccuracy of the 

eigenvalues obtained indicate that  three dimensional diffusion theory in 

two energy groups i s  not a very acceptable analysis tool , and that i t  i s  

very expensive, given the current s ta tus  of computer hardware development . 
I t s  sole just i f icat ion in the Phoenix core analysis i s  t h a t  i t  did predict 

the core gross power distribution to within about 15%; however, the power 

peaking was underestimated i n  one location. Therefore for gross power 

shape estimation the three dimensional, two group method can be used in 

1 ieu of experimental information. 

Another point which often occurs in mu1 tigroup applications i s  the 

question of the neutron spectra which are chosen to obtain region cross 

section averages for  use in the multigroup calculation. The procedure 

followed in th i s  analysis has been to  use a single pure core spectrum 

for a l l  regions within the core for  both thermal and epithermal energies. 

Inf ini te  media spectra were calculated i n  each case with no attempt made 

to introduce leakage effects .  In no case were the borders of the core 

and ref lector  subjected to a mixed core and reflector.  These spectrum 

approximations, when placed in the context of the other mu1  tigroup 

approximations used, yield a close agreement with the experimental mu1 t i -  

plication values. 

The control rods constitute an exception to th i s  rule.  The epithermal 

spectra were computed for  a region containing the volume equivalent of two 



fuel elements and one control rod. This rat io  of rod-to-fuel volume i s  

true in the rodded portion of the core extending to within one half an 

element width of the ends of the core. Epithermal cross sections for  

water, aluminum, and cadmium used in the rod regions were obtained 

from th i s  spectrum. 

Thermal rod cross sections were obtained from a slab section 

s tar t ing a t  the center of the fuel element and proceeding through the 

aluminum wall, through the cadmium absorber and t h r o u g h  the center water 

to the center of the rod. 
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