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ABSTRACT 

As a p a r t  of t h e  BATCH CORE EXPERIMENT i n  t h e  Plutonium Recycle  T e s t  

Reac to r  (PRTR), a s e r i e s  o f  power t e s t s  was conducted when t h e  r e a c t o r  l o a d i n g  

was completed,  a t  v a r i o u s  powers up t o  60 Mi. These t e s t s  were  des igned  

p r i m a r i l y  t o  v e r i f y  p r e d i c t e d  o p e r a t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  PRTR w i t h  t h e  

BATCH CORE l o a d i n g ,  b u t  a l s o  i n c l u d e d  t h o s e  p h y s i c s  tests which r e q u i r e d  

power o p e r a t i o n .  

The t e s t s  i n c l u d e d  f l u x  t r a v e r s e s ,  o p e r a t i o n  of t h e  t r a v e l i n g  f l u x  w i r e  

sys tem,  t r a n s i e n t  r esponse  o f  t h e  r e a c t o r  t o  t h e  a d d i t i o n  and removal o f  

boron from t h e  D 0 moderator ,  d e t e r m i n a t i o n  o f  r e a c t o r  power, t empera tu re  
2 

c o e f f i c i e n t s  o f  r e a c t i v i t y ,  k i n e t i c s  p a r a m e t e r s ,  and t h e  growth and decay 

of f i s s i o n  p roduc t  po i son ing .  R e s u l t s  of t h e s e  t e s t s  a r e  p r e s e n t e d  i n  t h i s  

r e p o r t  . 
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I. INTRODUCTION 

A major  o b s t a c l e  t o  t h e  use  o f  p lutonium a s . f u e 1  i n  p r e s e n t - g e n e r a t i o n  

power r e a c t o r s  h a s  been t h e  u n c e r t a i n t i e s  which must b e  a t t a c h e d  t o  t h e  

v a l u e s  o f  c o r e  r e a c t f v i t y  l i f e t i m e  p r e d i c t e d  by c a l c u l a t i o n .  To h e l p  reduce  

t h e s e  u n c e r t a i n t i e s ,  a l a r g e - s c a l e  f u l l  burnup. exper iment- the  BATCH CORE 

EXPERIMENT")-was i n i t i a t e d  i n  t h e  Plutonium Recycle  T e s t  Reac to r  (PRTR) . 
The b a s i c  f u e l  l o a d i n g  h a s  remained e s s e n t i a l l y  unper tu rbed  throughout  t h e  

i r r a d i a t i o n  l i f e t i m e  of  t h e  c o r e ,  t h u s  p r o v i d i n g  a unique se t  of d a t a  f o r  

u s e  i n  checking methods of c a l c u l a t i n g  r e a c t i v i t y  l i f e t i m e s  o f  r e a c t o r  c o r e s .  

The i n i t i a l  phase  o f  t h e  BATCH CORE EXPERIMENT comprised t h e  l o a d i n g  

of a  new c o r e  of UO -2 wt .% PuO f u e l  e lements  and t h e  performance o f  a  2 2 

s e r i e s  o f .  C r i t i c a l  ~ e s t s ' ~ )  t o  de te rmine  t h e  p h y s i c s  pa ramete rs  o f  t h e  new 

c o r e .  These tests were completed w i t h  a  b a s i c  c o r e  o f  f i f t y - f i v e  e lements  

which is  r e f e r r e d  t o  a s  t h e  BATCH CORE. 

A s e r i e s  of Power T e s t s  was i n i t i a t e d  when t h e .  r e a c t o r  l o a d i n g  was 

completed. These t e s t s ,  which were  conducted a t  v a r i o u s  power l e v e l s  up 

t o  60 MW, were p r i m a r i l y  des igned  t o  v e r i f y  p r e d i c t e d  o p e r a t i o n a l  c h a r a c t e r -  

i s t i c s  o f  t h e  PRTR w i t h  t h e  Batch Core loading,  b u t  a l s o  Inc luded  t h o s e  

p h y s i c s  t e s t s  which r e q u i r e d  power o p e r a t i o n .  



The t e s t s  included the  following: 

r Measurement of t h e  r e a c t i v i t y  wor th-of  p e r i p h e r a l  f u e l  elements added 

t o  t h e  b a s i c  BATCH CORE. The t o t a l  worth of . twenty- three  p e r i p h e r a l  

+ 
f u e l  elements was 20.4 - 0 .1  rnill i-k.  

e Traverses  of t h e  p e r i p h e r a l . f l u x  chambers to .  determine t h e  f l u x  d i s -  

t r i b u t i o n  r a d i a l l y  through t h e  H 0  reflector. .  The d i f f e r e n c e  be- 2 

tween H 0 and D 0  coolan t  f o r  t he  chambers was measured. 2 2 

a Operation of t h e  t r ave l ing  f l u x  wi re  system and i t s  use t o  de te r -  

mine a x i a l . f l u x  peaking a s  a  func t ion  of c r i t i c a l  moderator l e v e l  

over t he  range from 86 t o  100 inches ,  The r e a c t i v i t y  change in-  

duced by operaeion of t he  f l u x  wi re  a t  i t s  maximum speed was 

found t o  be l e s s  than 0.2 mi l l i -k .  The a x i a l  f l u x  peaking was 

found t o  vary from 1.47 a t  a  moderator l e v e l  of 86 inches  t o  1 .31  

a t  a  moderator l e v e l  of 100 inches .  

Measurement of the  t r a n s i e n t  response of t h e  r e a c t o r  t o  t h e  addi- 

t i o n  and removal of boron from t h e  D20 moderator by the  chemical 

shim system. I n  a l l  cases  an  o s c i l l a t o r y .  r e a c t i o n  was observed 

due t o  t he  r e c i r c u l a t i o n  time of t h e  moderator and t h e  f a c t  t h a t  

complete.mixing i s  no t  immediate. 

e Deta i led  examination of t he  h e a t  removal by each of t h e  r e a c t o r  

coolan t  systems i n  o rde r  t o  determine t o t a l  r e a c t o r  power. The re- 

+ 
suits i n d i c a t e  t h a t  93.5 - 1.2% o f . t h e  t o t a l  r e a c t o r  i s  captured i n  

t h e  primary coolant  system, whi le  4 .8  t 1.0% i s  captured i n  t h e  

moderator system, and 1 . 7  t 0 ,5% i n  the  r e f l e c t o r ,  s h i e l d s ,  and 

FERTF . 



a Measuremenr.of t h e  t empera tu re  c o e f f i c i e n t s  o f  r e a c t i v i t y  a s s o c i a t e d  

w i t h  t h e  ( f u e l  + c o o l a n t )  system. and. .the moderator  sys tem.  The tem- 

p e r a t u r e  c o e f f i c i e n t  of r e a c t i v i t y  f o r  t h e . p r i m a r y  c o o l a n t  sys tem,  

o v e r  t h e  range  from 178OF t o  3 5 6 O ~ ,  w a s  determined t o  be-0.025 t 0.001 

milli- OF. The tempera tu re  c o e f f i c i e n t  o f  r e a c t i v i t y  f o r  t h e  modera- 

t o r ,  c o n t a i n i n g  22.5 wppm 1 ° B ,  over  r h e  range from 9 2 . 5 ' ~  t o  1 4 1 ° ~ ,  

was determined t o  b e  + 0.101 2 0,003 milli- OF. 

e Measurement of B J R ,  t h e  r a t i o - o f  t h e , e f f e c t i v e  de layed  n e u t r o n  f r a c -  

t i o n  t o  t h e  n e u t r o n  l i f e t i m e ,  w i t h  a  s i n u s o i d a l  r e a c t i v i t y  o s c i l l a -  

t o r .  With 77 f u e l  e lements  i n  t h e  c o r e ,  22.5 wppm 1°B i n  t h e  modera- 

-1 
t o r ,  and a r e a c t o r  power o f  1 MW, $/R = 21.5 2 0 .4  s e c  

m R e a c t i v i t y  measurements o f  t h e  growth and decay o f  f i s s i o n  p r o d u c t  

po i son ing*  Equi l ib r ium f  f s s i o n  p roduc t  p o i s o n i n g  a t  a power of 

47 MW was determined t o  b e  21.0 + 0 . 1  m i l l i - k .  The shutdown xenon 

t r a n s i e n t  a f e e r  e q u i l i b r i u m  o p e r a t i o n  a t  51 MW was determined t o  

b e  27.0 .t 0 . 1  m i i i i - k .  

D e t a i l s  o f  t h e  perfcrmance o f  t h e s e  tests and more complete  r e s u l t s  a r e  

p r e s e n t e d  i n  t h i s  r e p o r t .  



=ACTOR DESCRIPTION 

A. Reactor Type 

The P R T R ' ~ )  i s  a v e r t i c a l  p re s su re  tube r e a c t o r ,  heavy water  moderated 

and cooled. The r e a c t o r  is designed f o r  d i v e r s i f i e d  programs of f u e l  i r r a d i a -  

t i o n  and t e s t i n g ,  Heavy water  as  coolan t  and moderator-has many s a f e t y  ad- 

vantages i n .  t h i s  r e a c t o r  and does no t  impose as. many r e s t r i c t i o n s  upon the  

v a r i e t y  of f u e l  con f igu ra t ions  a s  do mosL o r h e r . a l t e r n a t i v e s .  

B. Core. and Ref l ec to r  

The unpressur ized  heavy water  moderator (nominal p u r i t y  99.75%) i s  

contained i n  an aluminum tank,  t h e  c a l a n d r i a ,  which has  an i n s i d e  diameter 

of 84 inches and he igh t  of 115 inches .  Passing through t h e  c a l a n d r i a  a r e  84 

f u e l  channels ,  e a c h ~ h a v i n g  an o u t s i d e  diameter of 4*25 inches and a w a l l  th ick-  

ness  of 0.065 inches ;  one c e n t r a l  tube has a 6-inch o u t s i d e  diameter  and a 

w a l l  th ickness  of  0.085 inches .  These f u e l  channels a r e  i n  a t r i a n g u l a r  

l a t t i c e  w i t h  a p i t c h  of 8 inches .  I n  add i t i on ,  t h e r e  a r e  t h i r t e e n  1.5-inch 

O . ~ . f l u x  monitor ing channels and 18  channels o r i g i n a l l y  used f o r  mechanical 

shims. The core  plan. and tube index i s  shown i n  Figure 1. 

Each f u e l  channel conta ins  a p re s su re  tube of Zircaloy-2 i n s i d e  t h e  cal-  

and r i a  tubes .  This rube conta ins  t he  f u e l  element and heavy water  coo lan t .  

The nominal. p u r i t y  of t h e  coolant  i s  97% D 0.  The rube has an i n s i d e  diameter 
2 

of 3.25 inches and w a l l  thfckness  of 0.154 inch .  The gap between t h e  p re s su re  

tube and t h e  c a l a n d r i a  tube  conta ins  helium gas a s  a thermal b a r r i e r .  

The l i g h t  water.  r a d i a l  r e f l e c t o r  i s  contained i n  a s e p a r a t e  annular  tank,  

24 inches i n  ~h ickness , su r round ing  the  ca l andr i a .  The r e f l e c t o r  does n o t  

extend down t o  the. l e v e l  of t he  c a l a n d r i a  base ,  b u t  l eaves  t h e  lower 2 f e e t  

of t he  core  e s s e n t i a l l y  wi thout  r a d i a l  r e f l e c t i o n .  This  space is a dump 
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chamber, whlch can r e c e i v e  m o d e r a ~ o s  from t h e  c a l a n d r ~ a  very  r a p i d l y  d u r i n g  

an emergency shutdown and makes p o s s i b l e  a r e d u c t i o n  a f  moderator  l e v e l  by 

2 f e e r  I n  l e s s  than  a se~snd. The I u e l  1s l o c a t e d  v e r t l c a l l y  I n  t h e  c a l -  

a n d r l a  t o  psov lde  34 lnches  of bottom r e f l e c t o r  and normal ly  from 5 t o  9 

i n c h e s  3f top  r e f l e c t o r ,  depending on t h e  o p e r a t i n g  moderator l e v e l .  

L. Primary Conzrol System 

A schemat ic  diagram of t h e  Gas Balance System used t o  c o n t r o l  moderator  

l e v e l  i s  shown i n  F igure  2 .  The heavy w a t e r  moderator h a s  a  f r e e  s u r f a c e  a t  

an a n n u l a r  w e u ,  extending aroucd t h e  b a s e  of t h e  c a l a n d r l a  l n s l d e  t h e  dump 

chamber. The he l ium atomsphere a t  t h i s  p o i n t  i s  maintained a c  a  s u f f i c i e n t l y  

h ~ g h  p r e s s u r e ,  r e d a t l v e  t o   he p r e s s u r e  a t  t h e  top  of rhe  c a l a n d r i a ,  t o  s u p p o r t  

t h e  moderator  a t  any d e s i r e d  l e v e l  I n  t h e  c a l a n d r l a .  B o ~ h  t h e  he l ium gas  and 

rhe  moderaror i t s e l f  a r e  c o n t i n u a l l y  c i r c u l a t i n g .  The gas p r e s s u r e  d i f f e r e n c e  

1s malncalned by a compress2r and a  s e t  of bypass  v a l v e s ,  which c o n s t i t u t e  

t h e  primary c o n r r c l  sys tem of t h e  r e a c t o r .  Automatic c o n t r o l ,  f i n e  and c o a r s e  

manual c o n t r o l ,  and bo th  normal and emergency shutdowns are provided f o r  by 

d i f f e r e n t  vaiX7es I n  r h i s  syseem. Prlmary c o n r r o i  1s used t o  m a l n t a l n  o r  

a d j u s r  r e a c r s r  power 

D. Secondary Cont ro l  Sys tem 

A chemlcal  shlm s y s t e m  1s used t o  c o n r r o l  t h e  l a r g e  amount of excess  

reactivity ccnra ined  l n  :he Batch Core Loading (- 260 m l l l i - k )  , 

Borlc  a c i d ,  e n r l c h e d  t o  92% i n  r h e  'OB i s o t o p e ,  i s  d i s s o l v e d  i n  D 0 and 
2 

~ n j e c t e d  l n r o  t h e  moderator sys tem a s  needed. Removal of boron from t h e  

moderator  i s  accomplished by Ion exchange,  O p e r a t ~ c n  of t h e  chemical  shim 

system is c o n t r o l l e d  from a  conso le  l n  t h e  FRTR c o n r r 2 l  room. 
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E. Fuel  Elements 

A r y p l c a l  f u e l  e lement  f o r  t h e  Batch Core Experiment is  shown i n  F i g u r e  3.  

The e lements  a r e  19-r2d L l u s t e r s  of  v ib ra t iona l ly -compac ted  UO -2 w t , %  PuO 
2 2 

r 3ds.  (" The f u e l  i n  each rod is 0.505 i n c h e s  i n  d iamete r  and 58 314 i n c h e s  

~n lengch ( ~ n c l u d l n g  s p e l l e t  of d e p l e t e d  U02 l o c a t e d  a c  each e n d ) ,  and i s  

c3n ta lned  I n  tubes  of Zlrcaloy-2 which have w a l l  t h i c k n e s s e s  of 0.030 i n c h e s .  

The i s o t o p i c  compositions of t h e  plutonium are: 2 3 9 ~ u  , 90.81%; 2 4 0 ~ u ,  8.11% ; 

2 4 1 ~ u ,  r - 0 3 % ;  2 4 2 ~ u y  0 .062,  where t h e  p e r c e n t a g e s  are by w e i g h t .  Each 19-rod 

elemenr c c n r a l n s  29 440 kg n a t u r a l  uranium and -599 .6  grams plutonium. 

F. Fue l  Element Rupture  T e s t  F a c i l l t y  

For normal power o p e r a t i o n  of t h e  PRTR, the c e n t r a l  channel  of t h e  reac -  

(5) Th is  t o r  i s  connected t o  t h e  Fue l  Element Rupture  T e s t  F a c i l i t y  (FERTF). 

f a c l l l c y  1s comprised of a p r e s s u r i z e d  l i g h t - w a t e r  l o o p ,  e n t i r e l y  s e p a r a t e  

from t h e  primary coo lanc  sys tem.  It i s  normal ly  .used f o r  t h e  t e s t i n g  of 

exper imenta l  f u e l  e l e m e n t s ,  Durlng t h e  power c e s t s  r e p o r t e d  h e r e ,  t h e  

FERTF c z n t a ~ n e d  a 19-rod c i u s c e r  o f  p e l l e t e d  UO -1.94 wc% PuO of t h e  same 
2 2 ' 

dimensions a s  s h e  s r a n d a r d  e lements .  The enr ichment  of t h l s  element was 

chcsen ta march t h e  miicroscopic fission c r a s s  s e c t i o n  of a s t a n d a r d  UO -2 w t %  
2 

PuO element  by compensating f o r  i t s  h l g h e r  d e n s l t y .  2 



ILL. EXP.ERLMENTAL RESULTS 

A.  Campletion .of Fuel Loading 

The Batch Core C r i t i c a l  Tes t sc2 )  were a11 performed wi th  t h e  b a s i c  

f i f t y - f i v e  element Batch Core. For power ope ra t ion  i n  t h e  PRTR, however, 

approximately ef ghty f u e l  elements a r e  charged. The loading of twenty- 

t h r e e  p e r i p h e r a l  elements was performed under t e s t  condi t ions  t o  determine 

t h e f r  incremental  r e a c t i v i t y  worth. 

The p e r i p h e r a l  f u e l  elements were charged i n  groups of t h r e e ,  a s  

i nd ica t ed  i n  Table I.. Af t e r  charging t h e  elements i n  each group, a s tand-  

a rd  approach t o  c r i t i c a l  and measurement of t he  moderator l e v e l  coefficient 

of r e a c t i v i t y  were made. The r e s u l t s  a f  t hese  measurements a r e  a l s o  l i s t e d  

i n  Table I. 

The t o t a l  r e a c t i v i t y  worth of t h e  twenty-three pe r iphe ra l  f u e l  elements 

was 20.4 f 0 , E  mFlEi-k, eompared.with an excess  r e a c t i v i t y  of 263 mi l l i -k  

f o r  t h e  b a s i c  f i f  t y - f ive  element Batch Core. 

B. Radia l  .FLU . D i s t ~ i h u ' t i a n s  Through Ref l ec to r  

Thre.e of t h e  neut ron  d e t e c t o r s  used f o r  r e a c t o r  c o n t r o l  were t r ave r sed  

along t h e  thimbles  which p e n e t r a t e  t he  s h i e l d  and t h e  annular  r e f l e c t o r .  

Flux l e v e l s  were recorded a t  incremental  p o s i t i a n s .  The chambers used i n  

the  c raverses  were : 

235 L. S t a r t u p  f i s s f s n  chambers i n  s i d e  h a l e  l L  ( .  U-lined f i s s i o n  

chamber). 

2 .  Log N chamber !I3 i n  s i d e  h o l e  3L (compensated ion  chamber). 

3. Linear  chamber 11 i n  s i d e  h o l e  3 U  .(uncompensatled ion  chamber). 

I n  t he  case  of t he  s t a r t u p  chambers, two t r a v e r s e s  were made, one wi th  H 0 2 

coolant  and one wi th  D 0 coolant .  
2 
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TABLE I 

F u e l  Element  
Group No. 

B a t c h  Core  

REACTIVITY WORTH OF PERIPHERAL FUEL ELEMENTS 

C u m u l a t i v e  
P r o c e s s  T o t a l  No. C r i t i c a l  R e a c t i v i t y  

F u e l  Type Channe l  FE i n  C o r e  H e i g h t  ( i n c h e s )  Worth ( m i l l i - k )  

UO -2 w t% Pu02 
2 1 5 5 8  

U02-2 wt% PuO 
2 1954  

UO -2 w t %  PuO 
2 2 

1946  

UO -2 w t %  PuO 
2 2 

UO -2 w t %  Pu02 
2 

UO -2 w t %  PuO 
2 2 

UO -2 w t% PuO 
2 2 

UO -2 w t %  Pu02 
2 

UO -2 w t %  Pu02 
2 

U02-2 w t %  Pu02 

UO -2 w t% PuO 
2 2 

UO -2 w t% Pu02 
2 

UO -2 w t% Pu02 
2 

U02-2 w t %  PuO * 2 
EBWR 
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There are ten flux-chamber thimbles located a t  two elevations around 

the periphery of the reactor core (Figure 11, The thimbles o r  ports are 

constructed perpendicular to  the reactor tank walls and pass through the 

biological and thermkl shields and th annular H20 ref lector .  A detailed 

cross sectlon of a thimble i s  shown i n  Figure 4 ,  The neutron detectors 

are enclosed m an aluminum housing which protects them from the H20 

circulated through the ports fo r  cooling, 

The resuLts of the f l u  traverses are presented i n  Figures 5,6, and 7 .  

The poslt ion coordinate represents distance between the reactor tank wall 

and detector housing (d distance i n  Figure 4 ) .  In Figure 5, note that  the 

active length of the s tar tup chamber Is 6 inches, rather than the 11 1 / 2  inches 

indicated i n  Figure 4 fo r  the log and l inear  chambers. The ef fec t  of D20 

coolant m reducing the thermal. neutron %mp" can be clear ly seen. 
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C, Axial Flux DLS tr ibutlons 

The axla1 dls t r lbut lon of neutron flux a t  selected radial  locations i n  

the PRTR core 1s measured by activation of a traveling wire, This wire i s  

made of tatanlum, whrch becomes activated with h ha l f - l i f e  of 5.8 mlnutes. 

The wlre is lnserted Into the core in  one of several ver t ica l  monitor tubes, 

and l r radlated fo r  a perlod of time. I t  is  then removed rapidly from the 

core and scanned as it passes i n  front  of a NaI(T1) detector. The short 

h a l f - l l f e  enables the wlre to  be re- i r radiated a f t e r  a br ief  "cooling-off" 

perlod 

Tile magnitude of the react ivi ty  changes associated with insertion and 

removal of the traveling wlre were determined, i n  order to  establ ish 

operational l i m i t s  on rate-of-travel of the in-core segment. A t  a power 

level of 20 I-# wlth i i . 5  wppm 'OB i n  the moderator the reactor was placed 

on automatic control. The flux wire was inserted a t  maximum speed (2 f t /sec)  

lrlto i t s  poslt lon of maxinun reactivity worth, l e f t  in that  posit ion fo r  

about three mmnutes, and then withdrawn a t  maximum speed (2 f t / s ec ) .  The 

automatic controller mamta~ned reactor equilibrium by varylng the moderator 

level. The c r l t l c a l  moderator level  a.s a function of time is  shown i n  Figure 8 .  

The m a x i m  change i n  c r l t i c a l  level was 0.30 t 0.02 inches, corresponding to  

a reactivity change of 0-17 2 0 02  milf i -k,  which did not create any control 

d i f f icu l t ses  for  reactor operation. 

Once the condltlons for  ~ t s  operation had been established, the traveling 

flux wire w a s  used t o  measure ana l .  f lux dis t r ibut ions for  various c r i t i c a l  

moderator helghts ranging from 86 Inches to  100 inches a t  a reactor power of 

35 MU1. The flux shapes for  these two heights are shown in  Figure 9 *  The 

ditference between the thlck bottom ref lec tor  and the thln top re f lec tor  may 

be c ! ear l?-  seen 



Values fo r  axial  buckling and top.and bottom ref lector  savings have been 

derived from these data by f i t t i n g  with a  cos ine  func t ion  using the  l e a s t  squares 

f i t t i n g  code LEARN. (6,7) A t  moderator level = 100 inches, the axial  buckling 

2 BZ was 2.66 t 0.04rne2. Tke bottom ref lec tor  saoings was 22.75 & 1 . O 1  an, 

while the top ref lector  savings was 2 1 , l l  2 1.02 an, A t  moderator level  

= 86 inches, the axial  buckling B: was 3.60 2 0.05 m-'. The bottom ref lec tor  

savlngs was.23.03 + 0.78 cm. Top ref lec tor  savings was not defined i n  this  

case, because the moderator Level was  below the-top of the fuel .  However, 

one may infer  an.extrapolatisn length above the moderator level of 4.62 t 0.81 

cm. 

In establishing.reactor operating limits, the r a t i o  of peak-to-average 

flux i n  the axial  direction is a very important parameter. This is due t o  

the fac t  that  reactor: operating limits are based-on maximum specif ic  rod power, 

such tha t  no centerline melting sha l l  occur. Since what is being monitored 

durlng operation is tube power, it is necessary to  how the appropriate fuel  

element peaking factors .  R e  axial  peaking factor  is a function of three 

variables : fuel  b u m p ,  boron concentration i n  the moderator, and moderator 

height, whfch is . the.most  ~mportant.  Since these quantit ies are i n  f a c t  

time dependent v a r ~ a b l e s ,  it is essent ial  tha t  the axial  f lux dis t r ibut ion 

be measured regularly 

The ra t io  of peak- to-auer-age flux i n  the axial  direction, as a function 

of moderator height, is plotted i n  Figure 10. These measurements were made 

a t  boron concentrations between 1 7  and 19 wppm 'OB. (Boron was injected 

between measurements to  raise  the c r i t i c a l  moderator height.) 







~ - , ~ m l ~ : a l  Shlm i\stcn, D. - - - - -  

The zhemlcal shlm s j  stem can change the  r eac t i v i t y  s t a t u s  of the reactor  

In three  wa)-s: I li i n j e i t ~ o r l  of concentrated bor ic  acld solutlorl i n to  the 

moderator, whlch causes a react11-ltjr decrease; ( 2 j  florsl through the boron 

Ion ex rhage r  i8IX) unit, which removes boron from the moderator and causes 

;I i e a \ - t l ~  it) Increase; c~nd 3 I addlt lon of cleal  D,O to  the moderator, 
L 

~zrhlch d i l u t e s  the concentration of boron i n  the moderator and causes a 

r e a c t l ~ ~ l t y  Increase.  The e f f e c t  of each of these operations has been 

determined, b l t h  apprciimately 20 ri-ppm ''3 1n the moderator. 

The boron addit lon system zs capable of in jec t ing  a concentrated 

boron so lu t ion  a t  a maxlmurn ra te  of about 10C lb/hour .  The normal concentra- 

ICE: - :Ion of the so1utl .m ,i,5g [liter D,O) 1s such t ha t  In jec t ion  of 10 po-mds 
& 

or  s o l ~ i t l o n  will mi r ea se  the moderator boron concentration by 1 wppm 'OB. 

In jec t ion of t h i s  concentrhted solut ion a t  the maxiinun~ r a t e  would decrease 

reactlvlt) a t  the C n t t :  af abcut 1.- nl l l l -h /n i lRute ,  a t  a nominal boron 

cancenirat lon of 20 Txppm i G b .  Tests were rim a t  ln jec t lon  r a t e  s e t t i ngs  of 

5 ?b l x ~ r ,  10 i b l h a ~ ~ r ,  a d  ill lb, il:,u~ t o  derermlne the reactor  response, on 

dutomat~c cant r o l ,  h t  p ~ t e r  'ie17el af 70 Xi. 

The resulrc of t h e  ~ n j e c t ~ o n  t e s t  a t  1 0  Ib,hour a re  presented i n  Flgure 11, 

showing the response 3i t h e  mtamatlc con t re l i e r  t o  the change i n  reactivity. 

Ari os : ,~ia tc ; r~~ r e x t l o n  ma\ be c i e a r l j  seen. Th l r  1s ciue t o  the recirculation 

tlme of the  moderatof and the t a c t  t ha t  complete mlxlng 1s not  ~ m e d l a t e .  As 

~t 1s gradually dispersed throughout the moderator, the l n j  ected boron so lu t lon  

c l r ~ u l a t e s  a a decxeazlng "sl i~g" of negative r e a c t l v l t j ,  The response of the  

automatic concro?ier t~fhlcrh is s h o ~ ~ n  ro1lor;s t h i s  damped c s c l l l a t l o n .  
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FIGURE 10. AXIAL FLUX PEAKING VERSUS MODERATOR LEVEL 



The BIX system, when operating at a f u l l  flow (200 lb of moderatorlminute). 

i s  capable of removing boron from the moderator a t  a ra te  equivalent to  a 

react ivi ty  change of about 0.5 milli-k/minute, a t  a nominal boron concentra- 

tion of 20 wppm 'OB. L i m i t s  have been established, however, t o  r e s t r i c t  

t h i s  flow to 62 lb/min in  order to reduce the ra te  of react ivi ty  addition 

to  about 0 . 2  milli-k/minute. Tests were run a t  BIX flow ra te  sett ings 

10 lb/min., 20 lb/min., 30 lb/min., and 50 lb/min. t o  determine the reactor 

response, on automatic control, a t  a power level of 20 bIW. The resu l t s  of 

the t e s t  a t  20 lb/min. are presented i n  Figure 1 2 ,  showing the response of the 

automatic controller t o  the change i n  react ivi ty .  

Again the osci l la tory nature can be seen. In th i s  case the moderator 

passing through the BIX becomes a posit ive "slug" of react ivi ty ,  as it con- 

tains no boron when returned to  the moderator. 

Clean D20 was added t o  the moderator for  periods of about 4 minutes a t  

ra te  sett ings of 10 lb/min., 30 lb/min., and 33 lb/min. t o  determine the 

reactor response, on automatic control, a t  a power level of 20 MV. The 

resul ts  of the t e s t  a t  30 lb/min. are presented in Figure 13, showing the 

response of the automatic controller to  the change i n  react ivi ty .  Once 

again the osci l la tory nature of the reactor response can be seen. 

These t e s t s  were a l l  conducted with approximately 20 wppm 'OB in the 

moderator. The resul ts  obtained may not be d i rec t ly  applicable to  opera- 

t ion of the chemical shim system a t  lower boron concentrations because the 

d i f fe rent ia l  react ivi ty  worth of boron is a functior, of boron concentrations, 

becoming larger a t  lower concentrations. Boron injection w i l l  clearly produce 

a larger e f fec t  a t  lower concentrations. The e f fec t  of BIX operation is not 

so obvious, however, because the boron remotTal ra te  w i l l  be smaller a t  lower 

concentrations while boron worth i s  larger.  
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E. Determanation of .Reactor Power 

The heat generated in the PRTR is ultimately carried off  by the reactor 

coolant systems: p r m r y ,  moderator, re f lec tor ,  shields,  and FERTF. A 

summation of  the heat removed by each system should y ie ld  an accurate value fo r  

to t a l  leastor  power. This measurement was performed a t  indicated reactor 

powers of 9 , 2 ,  16%1, 21.0,  26.2 ,  36,0, 48,O and 51.5 MW, Data from these 

measurements are l l s t e d  i n  Tables 11-VIII. 

Power 1s calculated for  each system from the measured flow and change i n  

where P = pGwer i n  MW 

F = flow in gal Jmrn 

0 AT = (out let  temperature - i n l e t  temperature) i n  F 

and 
3. ( P m Ib/ f t (C In  BTU/Ib OF) (60 min/hr) 

k = 
[.s48gal/ft3)(3412BW/hhr)(1000h/M) 

= (2.351 x (P) (~p) MW min/gal OF 

where demlty p and specif ic  heat C are both functions of temperature and 
P 

D20/H20 irotoplc puri ty  '8y The indicated flow is corrected to  take into 

account the fac t  tha t  the flow measuring equipment is  not temperature cornpen.- 

sated, 

The system labeled "shield loop" is the sum of powers i n  f ive loops: 

top shield,  bottom shleld,  s ide shield,  thermal shield,  and rotat ing shield.  

The "pump f ~ l c t n o n "  term is  a constant correction fo r  the heating of the 

primary coolant between the i n l e t  and out le t  temperature probes due t o  i t s  

f r lc t fon  agalnst the  walls of the loop a t  high flow rates. 
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The indicated reactor powers come from the Power Calculator. This 

sys tem monitors the power level of the reactcr  as determined by measurement 

of the heat removed by the primary and moderator reactor coolants. A preset 

compensation potentiometer is used to  account for  the other heat removal systems. 

Some relat ively large discrepancies may be noted, par t icular ly a t  low 

powers, between power .indicated by the.  Power Calculator and power determined 

by summing.the heat .removed by the various systems. These discrepancies are 

apparently due to  uncertainties i n  the read-out of temperatures, which become 

most s ignif icant  for  small values of AT,  i . e .  a t  low power. 

TABLE IT 

React01 Power Calculation - 9.2 MW 

Sy s tem 

Primary coolant 

Moderator loop 

Reflector loop 

Shield loop 

Pump f r i c t ion  

FERTF 

Temperature (OF) 
In le t  Outlet Flow ( gpm) Power (MW) 

Total reactor power (from heat removaU 9.75 + 1.52 

Indicated reactor power [from power calculator) 9.2 
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TABLE I11 

Reactor Power Calcula t ion  - 16.1 MW 

Temperature (OF) 
Sys tem Inlet Out 17 t Flow (gpm 1 - Power 

Primary Coolant 443 455 10,5011 18.35 ? 1.50 

Moderator loop 120 124 1100 0.64 t 0.20 

Ref lec tor  loop 84 9 2 172 0.20 ? 0.02 

Shie ld  loop - - 0.54 ? 0.02 

Pump f r i c t i o n  - - -0.25 

FERTF 456 471 167 0.33 + 0.02 

Tota l  r e a c t o r  power (from h e a t  removal) 19.81 k 1.52 

Indicated reac to r  power (from power ca lcu la to r )  1 6 , l  

TABLE IV 

Reactor Power Calcula t ion  - 21.0 MW 

Sys tem 
Temperature (OF) 

I n l e t  Out l e t  Flow (gpm) 

Primary Coolant 445 458 10,050 

Moderator loop 118 125 1100 

Ref lec tor  loop 9 4 104 
Sh i e ld  l o o p  - - 

Pump f r i c t i o n  - P 

FERTF 433 452 

Power (MW) 

Tota l  r e a c t o r  power (from h e a t  removal) 

Indica ted  reac to r  power [from power ca lcu la to r )  



TABLE I/ 

Reactor  Power C a l c u l a t i o n  - 26.2 MW 

Sys tem 
Temperature (OF) 

I n l e t  Outlet Flow (&pm) Power (MW) 

Primary Coolant  449 465 10,300 24.30 r 1.50 

bloderator loop  117 124 1100 1.06 t 0.20 

R e f l e c t o r  loop 87 9 6 1 7 1  0.22 t 0.02 

S h i e l d  loop  - - - 0.46 2 0.02 

Pump f r i c t i o n  - - - -0.25 

FERTF 430 454 166 0.52 r 0.02 

T o t a l  r e a c t o r  power (from heat removal) 26.31 t 1.52 

I n d i c a t e d  r e a c t o r  power (from power c a l c u l a t o r )  26.2 

TABLE V I  

Reac tor  Power C a l c u l a t i o n  - 36.0 MW 

Temperature (OF) 

Sys tem I n l e t  O u t l e t  Flow (gpm) Power (MW) 

Primary Coolant 450 471 10,225 31.48 +_ 1.50 

Tiloderator loop  100 110 1100 1 . 6 1  + 0.20 

R e f l e c t o r  loop  84 9 1 171  0,17 + 0.02 

S h i e l d  loop  - - - 0.44  + 0.02 

Pump f r l c t i o n  - - - -0.25 

FERTF 434 465 168 0.69 t 0.02 

T o t a l  r e a c t o r  power (from heat removal) 

I nd fea t ed  r e a c t o r  power (from power c a l c u l a t o r )  36.0 



TABLE V I I  

Reactor  Power C a l c u l a t i o n  - 48,O MW 

T e m e r a t u r e  (OF) 

Sys tem I n l e t  O u t l e t  Flow @ ~ m )  Power (MW) 

Prlmary Coolant 456 486 10,200 44.90 a 1 .50  

Moderator loop  123 137  1095 2.27 a 0.20 

R e f l e c t o r  loop  85 10 0 172 0.38 5 0.02 

S h i e l d  loop - - - 0,58 2 0.02 

Puntp f r i c t i o n  - - 

FERTF 441 482 

T o t a l  r e a c t o r  power (from h e a t  removal) 48.79 9 1.52 

Ind i ca t ed  r e a c t o r  power (from power c a l c u l a t o r )  48,O 

TAE3LE VIII 

Reactor  Power Calculation - 5 1 , s  MW 

Temperature (OF) 

Sys tem Inlet O u t l e t  Flow [ g ~ m )  Power (MW) 

Primary Coolant 455 490 9980 51.74 5 1.50 

Moderator loop 10 6 121 1090 2 ,41  + 0.20 

R e f l e c t o r  loop  115 123 170 0.20 -e 0,02 

S h i e l d  loop  - - - 0 ,48  r 0,02 

Pump f r i c t i o n  - - - -0 ,25 

FERTF 453 495 140 0.80 t 0.02 

T o t a l  r e a c t o r  p o ~ e r  (from h e a t  removal) 55.38 9 1.52 

Indicated r e a c t o r  power (from power c a l c u l a t o r )  51.5 
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A s i g n l f x a n t  r e su l t  of these measurements is the determination of the 

percentage of t o t a l  reactor power carried off by each of the coolant systems. 

The resul ts  indicate tha t  93.5 t 1 . 2 %  of the t o t a l  reactor power is captured i n  

the primary coolant system, whlle 4"8 2 1 , 0 %  is captured i n  the moderator 

system, and 1 , 7  t 0 ,5% in  the ref lector ,  shields,  and FERTF, These percentages 

w i l l  vary slightly depending upon the fuel  loading i n  the FERTF a t  any given 

time . 
F. Temperature Coefficients of Reactivity 

Temperature coefficients of react ivi ty  were measured for  the fuel-plus- 

prlmary-coolant system and fo r  the moderator system, As much as possible 

the temperature o f  one system w a s  held constant while the temperature of the 

other system was varied. The measurements were made with 22.5 wppm 'OB i n  

the moderator, 

The temperature coefficient of react ivi ty  of the primary coolant system 

warn measured over a perlod sf apprsxlmately one hour, during which time 

reactor power w a s  increased from 1 .5  MW to  6.0 MW, The average temperature 

of the primary coolant was increased from 178 '~  to  356'~. During th is  time 

the moderator temperature was held constant by controlling flow through the 

heat exchanger and the re f lec tor  temperature increased by 2 ' ~ .  The temperature 

coefficient of reaet lvl ty  for  the primary coolant system, over the range 

from 178'~ t o  356'~, w a s  determined to be-0,025 r 0.001 milli- OF. The 

temperature given for  the prlmary system is the bulk temperature and there 

are,  of course, varlatlons from tube t o  tube, depending on the power profi le .  

These variations re f lec t  temperature variations i n  the fuel .  For the low 

powers involved i n  th i s  t e s t ,  however, the average AT is about 1 2 O ~ ,  so 

that  tube-to-tube vanat ions  in  average temperature a re  of the order of 
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2' o r  3'. This is not s ~ g n i f i c a n t  for  the 178' range used m rhis  measurement. 

The temperature coefficient of the moderator system was measured over a 

period of approx~mately two hours, wlth reactor power held a t  6 0 MW Durlng 

th i s  tlme the moderator tempernture was increased from 92.5 '~ to  141'~. The 

ref lec tor  temperature increased by 17OF, while the prlmary coolant temperature 

remained constant due to  the constant power. Reactlvlty changes were deter- 

mined by measurement of c r l t l c a l  moderator helght. When the moderator tempera- 

ture was v a n e d  ~t w a s  necessary to correct the manometer readlng of height 

for  density changes In  the moderator, k l s  correction was 0,8 In,  In the 

most extreme case measured. The temperature coef f i c l en t  of reactivity fo r  

the moderator, contalnlng 2 2  5 wppm 'OB, over the range from 92.5 '~  to  1 4 1 ° ~ ,  

was detemmed to be +0.101 + 0.003 mllll-k/OF. 

G . f ine t l c s  Parameters 

The value of 611, the ra t lo  of the eifect lve delayed neutron fract lon to  

the neutron lifetime, was measured using a slnusoldal reactivity oscillator. 

The effective multiplication factor was varied slnusoldally about a value of 

unity by an osc i l la tor  assembly mounted In shun hole C - 1447 (see Figure 1). 

A cadmlurn s t a t o r ,  with a cadmium sectlon rotating relat lve to ~ t ,  was located 

a t  approximately the ver t ica l  mid-plane of the core, The rotatlng cadmlum 

section was &aped s o  that  ~ t s  rotation relative to  the cadmlum s t a t o r  produced 

a sinusoidal variation i n  react lvl ty  of 0.05 mil l i -k  peak-to-peak- The 

frequency of the r e a c t l v ~ t y  varlatlon could be adjusted from 0 . 1  t o  15 cycles 

per second. 

The measurement was performed with the reactor a t  a power of 1 MW. The 

core contalned 77 fuel elements and the moderator contalned 22.5 wppm 'OB. 

The t ransfer  functlon amplitude response 1s shown In Flgure 14.  The polnts 
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represent the experimental data ,  while the curve is a f i t  t o  the formula 

where 

A1, A2 = cons tan ts  

u = frequency i n  radians/second 

a = delayed neutron f rac t ion  

a = prompt neutron l i fe t ime i n  seconds 

using the computer code LEARN ( 6 , 7 )  . From the f i t t i n g ,  the bes t  value of 

@ / e  was determined to  be (21.5 5 0.4) sec-'. Assuming the value 0.00319 

for  B ( ~ ) ,  the prompt neutron l i fe t ime ,  e ,  is (0.15 0.01) milliseconds. 

H.  Growth of Saturable Fission Product Poisons 

The growth of sa turable  f i s s i on  product poisons, primarily xenon, was 

measured during the cold reactor  s t a r t up .  The core had a t o t a l  burnup of 

1830 hWd (972 MWd/MTM average) a t  the t i m e  t h i s  t e s t  was performed, but  

the reactor  had been shut  down f o r  one week so tha t  the  shor t - l ived f i s s i on  

product poisons from previous operation had decayed t o  an ins ignif icant  

l eve l .  

Operating considerations precluded ra i s ing  the power d i r ec t l y  from 

zero t o  i t s  equilibrium value of 47 JIW. Therefore, the power l eve l  was 

increased i n  a s e r i e s  of s t eps ,  as shown in  Figure 15. 

The points in Figure 1 5  represent the  experimentally measured reac t iv i ty  

values. These were determined by measuring the c r i t i c a l  moderator height 

and boron concentration during equilibrium reactor operation. The base 
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point was taken from the i n l t l a l  cold approach-to-critical. The react ivi ty  

effects  of temperature changes i n  coolant, moderator, and reflector-discussed 

earlier-were taken into account i n  these determinations. The curve of 

f iss ion product polson shown i n  Figure 15 was calculated for  the indicated 

power history using the computer code XRST ,11) . The measured and cal-  

cul ated values are seen to  agree s a t l s  fac tor i ly  . 
I .  Growth and Decay of Fission Product Poisons Following a Shutdown 

The reactivity transient due to  the growth and decay of xenon was 

measured a f t e r  shutdown from a 125 hour period of operation a t  an equilibrium 

power level s f  51 MW. The reactor was shutdown in  the normal manner, over 

a half-hour period During the four hours required for  the primary system 

to  be cooled and depressurized, no react ivi ty  measurements could be made. 

Hence the f i r s t  measurements were made f ive hours a f t e r  shutdown. 

The type of approach-to-critleal used i n  making these measurements 

lnvolved holding the moderator level and boron concentration constant and 

p l o t t ~ n g  Inverse multiplication versus time. This enabled the determination 

of the time a t  whlch a gncren eonflguration would be c r i t i c a l .  From t h i s ,  

the react ivi ty  worth of the poison could be determined as a function of time, 

The resul ts  of these measurements appear i n  Figure 16. The curve shown 

for  comparason was calculated using XRST, The base point of 37 mi l l i -k  

represents the equilibrium fiss ion product poisoning a t  a power of 51 MW 

for  the core w ~ t h  a t o t a l  burnup of 2400 MWd (1275 MWdIMTM average) a t  the 

time of the t e s t .  The measured and calculated values are seen to  agree 

qui te  well, except when the polson is  ~ncreas ing .  The reason fo r  the 

discrepancy in  thns case 1s not known. 



0 
- 

X R S T  C A L C U L A T I O N  

- 

I I 

F I G U R E  15. XENON B U I L D - U P  I N  P R T R  





4 0 

IV.  CONCLUSIONS 

The resu l t s  of the Batch Core Power Tests have, i n  general, confirmed 

the predicted operational behavior of the PRTR. The ab i l i t y  of the reactor 

control systems to control react ivi ty  changes induced by the chemical shim 

system and the traveling f l u  wire has been demonstrated. 

Useful data which permit more e f f i c i en t  operation of the reactor have 

been obtained on the operation of f lux chambers, the traveling f lux wire 

system, the chemical shim system, and the power calculator.  

Physics data ,  complementing those obtained in  the Batch Core Cr i t i ca l  

~ e s  ts (2)  , have been obtained. These data include temperature coefficients 

of reac t iv i ty ,  kinet ics  parameters, and growth and decay of f i ss ion  product 

poisoning. Some of these quantit ies have also been measured a t  selected 

intervals  of burnup during the Batch Core Experiment and w i l l  be presented 

i n  l a t e r  reports.  
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