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ABSTRACT

T h is  report co v e rs  t h e  z e ro  power e x p e r im e n t s  perform ed on PM -2A  C ore  II 
a t  t h e  A lco C r i t ic a l  F a c i l i t y .  PM-2A Core II i s  t h e  f i r s t  ie p la c e m e n t  c o r e  for a 
p o r ta b le  p re s s u r iz e d  r e a c to r  a t  C am p C en tu ry ,  G r e e n l a n d .  Core II is  t h e  sam e 
a s  C o re  I w ith  the  e x c e p t io n  th a t  C ore  II h a s  a n  in c r e a s e d  bu rn ab le  p o i s o n  
(B— 10) c o n te n t .  The ze ro  p o w e r  experim ent c o n s i s t e d  of fuel e lem en t  un ifo rm ity  
t e s t ,  c o r e  a s se m b ly  t e s t ,  d e v e lo p m en t  of an  o n - s i t e  load ing  p ro c e d u re  a n d  an  
a n a l y s i s  o f  ex p e r im en ta l  d a t a .

P h y s ic a l  c h a r a c t e r i s t i c s  de te rm ined  in c lu d e  d is t r ib u t io n  of fuel a n d  B-10 
in t h e  f u e l - p l a t e s ,  minimum c r i t i c a l  m a s s ,  c o n t ro l  rod bank c a l i b r a t io n ,  an d  
in te g r a l  rod w o rth .  The r e p o r t  c o n c lu d e s  w ith  a n  a n a l y s i s  of th e  e x p e r im e n ta l  
d a ta  in c lu d in g  e s t im a te d  un ifo rm  and n o n -u n ifo rm  burnup  r a t e s .
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SUMMARY

The PM -2A C o re  II zero  power  e x p e r im en t  c o n s i s t e d  o f  (1) fuel e lem ent  
uniformity t e s t  a n d  a q u an t i t a t iv e  e s t i m a t e  of the  b u rn ab le  p o i s o n  con ten t  of 
the  fuel e l e m e n t s ,  (2) core  a s s e m b l y  a n d  c r i t i c a l  m ass  e x p e r i m e n t s ,  (3) d e ­
ve lopment  of  c o r e  load ing  p ro c e d u re s  for the  PM-2A p l a n t ,  (4) a n a l y s i s  of e x ­
perimenta l  d a t a  a n d  e s t i m a te  of bu rn u p  “h a r a c t e r i s t i c s .

R esu l t s  o f  t h e  uniformity  t e s t  i n d i c a t e d  the re  w as  s a t i s f a c t o r y  d i s t r i ­
bution of fuel  a n d  po ison  in the fuel  e l e m e n t s .  In a d d i t io n  t h e  s tu c k  rod 
measur ments  d e m o n s t r a t e d  tha t  c r i t i c a l i t y  cou ld  not be  a t t a i n e d  by w i th ­
drawing any  s i n g l e  rod ,  but requ i red  t h e  pa r t ia l  w i th d raw a l  o f  a  s ec o n d  rod.

An o n - s i t e  lo ad in g  procedure  w a s  d e v e lo p e d  us ing  o b s e r v e d  count  r a t e s  
of  mockup c o n d i t i o n s  of the  PM-2A s i t e .  This p rocedure  i n s u r e s  s a f e ty  and  
e f f ic ien cy  w i th o u t  an inverse  m u l t i p l i c a t i o n  approach  to c r i t i c a l i t y .

The fo l low ing  tabu la t io n  s u m m a r i z e s  the  impoitan t d a t a  o b t a in e d  for 
PM-2A Core  II:

Number of s t a t i o n a r y  fuel e l e m e n t s
Numoer o f  c o n t ro l  rod fuel e l e m e n t s
Number of europ ium a b so rb e r  s e c t i o n s  (from Core  I)
M a s s  U - 2 3 5  per  s ta t iona ry  fu e l  e l e m e n t

32
5
5

542 .34 gm
M a s s  U - 2 3  5 per control  rod fu e l  e lem en t 4 2 7 .2 0 gm
B-10 l o a o i n g  per  s ta t iona ry  fu e l  e lem en t 0 .492 gm
B-10 l o a d i n g  per contro l  rod fu e l  e lem en t 0 .390 gm
Total  B-10 in C ore  II 17 .7 gm
l ive rod b a n k  c r i t i c a l  p o s i t io n 7 .303 in .
Five rod b a n k  c r i t i c a l  PM-2A d i a l  read ing 6.75 in.
Minimum c r i t i c a l  m ass  (U-235) 8 6 4 4 .0 8 gm
f i v e  rod Dank in teg ra l  worth 31 d o l la r s
Shu tdow n m arg in  a t  c r i t i c a l  b a n k  p o s i t io n 12.6 d o l l a r s
Shutdown m arg in  - rod #4 fu l ly  w i thd raw n 0 .9 d o l la r s
E s t im a te d  c o r e  l ife 9 .6 MWYR

1



INTRODUCTION

T h e  PM-2A is a p o r t a b l e  p r e s s u r i z e d  w a te r  r e a c t o r  with a net  o u t p u t  o f  1560 
K W e l o c a t e d  a t  Camp C e n t u r y ,  G re e n l a n d .  The c o r e  c o n ta i n s  e n r i c h e d  U - 2  35 
fuel a n d  B-10 a s  a b u rn ab le  p o i s o n .  There a re  32 s t a t i o n a r y  fuel e l e m e n t s ,  and 
5 c o n t r o l  rods  con ta in ing  a n  a b s o r b e r  and a fuel  e l e m e n t  follower th a t  i s  e q u ip p e d  
with  i n t e g r a l  f lux s u p p r e s s o r s  a t  th:» top  of the  a c t i v e  m eat .

T h i s  report  d e s c r ib e s  t h e  zero  power e x p e r im e n t  c o n d u c te d  on t h e  PM-2A 
Core  II a t  th e  Alco P r o d u c t s ,  I n c .  , C r i t i c a l i ty  F a c i l i t y .  This ex p e r im en t  w a s  
a p a r t  o f  S u b ta s k  10 .3  o f  t h e  Program Plan for E n g in e e r in g  Support a n d  D e v e l o p ­
ment o f  Army PWR Power P l a n t s .  The purpose  w a s  to  e s t a b l i s h  un i fo rm i ty  o f  
d i s t r i b u t i o n  of B-10 and  U - 2 3 5  a n d  to e s t im a te  B-10  load ing  in the  fuel  e l e m e n t s .  
This t e s t  i s  n e c e s s i t a t e d  by  t h e  l o s s  of burnab le  p o i s o n  in varying d e g r e e s  from 
the  fu e l  m atr ix  during s i n t e r i n g ,  h e a t in g ,  and hot ro l l i n g  p r o c e s s e s  o f  fu e l  p la te  
f a b r i c a t i o n .

C o r e  a s s e m b ly  t e s t s  w e r e  performed to d e t e r m i n e  minimum c r i t i c a l  m a s s ,  
c o l d ,  c l e a n  five rod c r i t i c a l  b a n k  pos i t ion  and to  fo rm u la te  o n - s i t e  i n i t i a l  c o re  
lo a d in g  p r o c e d u r e s .  Stuck rod  m easu rem en ts  w e r e  m ad e  to de te rm ine  t h e  m in i ­
mum rod w i thd raw a l  to p r o d u c e  c r i t i c a l i t y  and  p ro v id e  a n  e s t im a te  of th e  shu td o w n  
m a r g i n s .
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1 .0  SYSTEM DESCRIPTION

1.1 INTRODUCTION

This chapter co n s i s t s  of a general descr ip t ion  of Alco's Cri tical  Faci l i ty ,  
a s s o c i a t e d  equipment re la ted  to this experiment, the  PM-2A Core II and  defini­
t ions of  the system nomenclature.  A detailed descr ip t ion  of the experimental  
a sse m b ly  is given in re fe rences  (1), (2), and (3).

1.2 EXPERIMENTAL ASSEMBLY

1 . 2 .1  Core Support Assembly

The core support a s sem b ly  is a th ree- t ie red  s ta in le s s  steel  s t ruc tu re ,  
c o n s i s t in g  of the carrier p l a t e ,  core support p la te ,  and grid assem bly ,  (Fig. 
1 .1 ) .  The support assembly  is located in the reac to r  tank and centered over 
the tank  floor. Tie rods and spacers  provide s t ruc tura l  support and a s s u r e  
a l ignment  of the assembly.

Although PM-2A Core II is made up of 37 fuel  elements,  the F ac i l i ty ' s  
core support assembly being experimentally f lex ib le ,  can accommodate cores 
with a s  many as  89 fuel e le m e n ts .  Figure 1.2 show s  an assembled PM-2A 
core in place in the reac to r  tank .

1 . 2 . 2  Control Rod Assembly

The control rod a s s e m b l i e s ,  Fig. 1 .3 ,  are  the  absorber-fuel e lement  fol­
lower ty p e .  The lower se c t io n  contains the enr iched  U-235 fuel p la te s ,  while 
the upper  sect ion consis ts  of a box type absorber .  The PM-2A Core II zero 
power experiments were performed with absorbers made of B-10 in iron which 
is c la d  in s ta in less  s tee l .  It is presently planned that  the europium absorbers  
from Core I will be used with  Core II. An europium absorber is worth approxi­
mately 21 cents less reac t iv i ty  in comparison to the  B-10 absorbers in the  
centra l  posit ion.  Therefore, where it is n e c e s s a r y ,  rod positions for the 
PM-2A s i t e  have been a d ju s te d  to account for th is  difference.

1 . 2 . 3  Fuel Element Assembly

The Core I and Core II fuel elements are the  same except for the  boron 
load ing .  A stationary fuel e lement ,  Fig. 1 .4 ,  c o n s i s t s  of 18 fuel p l a t e s .
Each fuel plate is composed of 30.13 gm of U-2 35 in the form of UO2 c o n ­
ta ined  in a matrix of 0 .0 2 0 - i n .  thick s ta in less  s t e e l .  The matrix is c la d  
with 0 .0 0 5 - in .  s ta in less  s t e e l .  The total U-235 loading of each s ta t ionary  
fuel e lement is 542.34 gm. Complete specif ica t ions  for these fue l 'e lem ents  
are g iven  i n ^ ) .

5
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Figure 1 . 1 .  Core Support Structure
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Figure 1 .4 . Stationary (Right) and Control Rod Fuel Element
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A con tro l rod fuel e lem en t. Fig. 1 .4 , c o n s is ts  o f 16 fuel p la te s . Each fuel 
p late  is  com posed of 26.70 gm o f U -235. The m atrix  is  the same as th a t o f the 
s ta tio n ary  fuel e lem ents. The to ta l U-235 mass is  42 7 .20  gm per e lem ent. Com­
plete  sp e c ifica tio n s  are given in ^ .

1 . 2 . 4  Neutron Source

A plutonium -beryllium  neutron source with an em ission  rate  of 8 x 10® 
n e u tro n s /s e c  is used during rea c to r  startup at the C ritic a lity  F ac ility .

1 .3  NOMENCLATURE AND EXPLANATIONS

1 . 3 . 1  Active Core

The ac tive  core is the reg ion  within the boundaries of the upper and lower 
average lim its  of the U-235 d is trib u tio n s in the s ta tio n a ry -fu e l elem ents and  the 
ce ll boundaries of the outer row  of stationary  e le m e n ts .

1 . 3 . 2  Control Rod W ithdraw al

C ontro l rod withdrawal re fe rs  to the w ithdraw al of the absorber se c tio n  of 
the con tro l rod assem bly from th e  active  core and th e  consequent sim ultaneous 
in se rtion  of fuel. Insertion o f fuel takes place w hen the  top of the flux su p ­
p resso r is  even with the meat o f the active  co re . At the  Alco C ritica lity  F ac ility , 
control rods are withdrawn bym ean s of overhead m echanism s, w hereas a t th e  
PM-2A s i t e ,  control rods are  w ithdrawn by pushing th e  rods up w ith m echanism s 
below th ie  core.

1 . 3 . 3  Control Rod P osition

The cold  clean  rod p o s itio n s  measured a t the Alco C riticality  F a c ility  do not 
co inc ide  w ith the expected rod d ia l readings at the  PM-2A s ite . This d ifference  
is due to  th ree  main reasons:

1. Slight differences in th e  core support s tru c tu re s  between the C ritic a lity  
F ac ility  and PM-2A.

2 . U se of B -10 in iron abso rbers  at C ritic a lity  Facility  vs use  of EU2O 3 
absorbers a t PM-2A.

3. Effect of thermal sh ie ld  at PM-2A.

At the  Alco C ritica lity  Fac i l i ty ,  the top of the  in tegral flux su pp resso r in 
the con tro l rod fuel element is  a ligned  even with th e  bottom of the meat o f the  
s ta tio n ary  fuel e lem ents. T his is the zero position  a t  the C ritica lity  F a c ility  and 
is the reference  position for a n a ly tic a l purposes. In co n trast, a t PM-2A s i te ,  
the tops of the integral flux su p p resso rs  are loca ted  approxim ately 0.20 in . 
above th e  bottom of the meat o f the stationary  fuel e lem en ts . This rod p osition

10



at PM-2A is c a lib ra ted  as the zero rod dial reading. T herefore, 0 .20  in . is 
subtracted from the C ritic a lity  F ac ility  rod positions to com pensate  for PM-2A rod 
dial read ings.

As noted in Section 1 . 2 . 2 ,  the C ritic a lity  Facility  u sed  "B-10 in iron" 
absorbers for the  zero  power experim en t, w heieas at the PM-2A s i t e , EU2 O 3  

absorbers are u s e d . The boron ab so rb ers  a ie  21 cen ts more e ffective  in the 
central position and  approxim ately 14 c e n ts  per absorber more effective  for 
eccentric  p o sitio n s  than the EU2 O 3  a b so rb e rs . Therefore, th e  C ritica lity  
Facility  rod p o s itio n s  must be d ecrea sed  by a proportional am ount determined 
by the amount of absorber in the co re .

The C ritic a lity  Facility used a mockup of the PM-2A therm al shield only to 
determine count ra te s  during core lo ad in g . The PM-2A therm al sh ie ld  is e s ­
tim ated to be w orth abogt 46 c e n ts . The C ritica lity  Facility  rod position , 
therefore, must be decreased  by th is  am ount to agree with th e  PM-2A rod 
dial read ings.

All rod p o s itio n s  in th is report a re  as measured a t the C ritic a lity  Facility  
and can be used  w ithout correction for an a ly tica l purposes. W here PM-2A site  
dial readings a re  a ls o  given for com parison , they are so d e s ig n a ted .

1 . 3 . 4  Tem perature

All m easurem ents were taken a t 6 8 °F , un less o therw ise  s ta te d .

11



2 . 0  FUEL-ELEMENT UNIFORMITY AND B-10 CONTENT EXPERIMENTS

2.1  INTRODUCTION

In o rd e r  to  p rov ide  an  e s t i m a t e  o f  bu rnab le  po iso n  (B-10) co n ta in ed  in e a c h  
PM-2A Core  II s t a t i o n a r y  fuel e l e m e n t ,  t h e  PM-2A e l e m e n t s  w e r e  compared in 
terms of  r e a c t i v i t y  d i f fe ren t ia l s  to  a n  S M -1  Core  I s t a n d a r d  e l e m e n t  of e x p e r i ­
m enta l ly  d e t e r m i n e d  co m p o s i t io n .  P M -2 A  contro l  rod fue l  e l e m e n t s  were  com­
pared with  e a c h  o t h e r  for un ifo rm i ty .  T h e s e  t e s t s  will  a l s o  d e t e c t  a d ep le ted  
uranium or b o ro n  f ree  fuel  p la te .

2 .2  PM-2A CORE II STATIONARY FUEL ELEMENT

2 . 2 . 1  In t ro d u c t io n

R e a c t iv i t y  m easu re m e n ts  o f  t h e  PM-2A Core II s t a t i o n a r y  fuel e lem en ts  
were  made r e l a t i v e  to an  SM-1 C o r e  I s t a n d a r d  e lem ent  a n d  c o r r e l a t e d  to the  
B-10 load ing  o f  e a c h  e lem en t .

2 . 2 . 2  P ro ced u re

The P M -2A  C o re  II s t a t i o n a r y - f u e l  e lem en ts  and o n e  S M - 1  e lem en t  were  
s u b s t i t u t e d ,  o n e  a t  a t ime ,  into t h e  S M - 2  mockup core  l o a d i n g  5 3A* ' .  L a t t ice  
pos i t ion  22 w a s .  s e l e c t e d  for the  fue l  e l e m e n t  s u b s t i t u t i o n ,  a n d  control  Rod F 
a d jac e n t  to p o s i t i o n  22 was  fully w i th d r a w n  in order  t h a t  t h i s  a b so rb e r  s e c t io n  
would not a f f e c t  m easu rem en ts  in t h i s  q u a d ra n t .  In a d d i t i o n .  Rods A, B , C,
D and G w e re  k e p t  a t  a bank p o s i t i o n  o f  5 .8 8 3  in. ;  and  r e a c t i v i t y  d i f f e r e n c e s ,  
measured  on c a l i b r a t e d  control  Rod E.  U s ing  th is  bank p o s i t i o n ,  control  Rod E 
had a c r i t i c a l  p o s i t i o n  in the  ran g e  o f  11 to 13 in.  , w h e re  i t  w a s  known from 
previous  e x p e r i m e n t s  to have  a s m o o th  and  e s s e n t i a l l y  l i n e a r  c a l ib ra t io n  c u r v e .  
From t h e s e  t o t a l  r e a c t iv i t y  d i f f e r e n c e s ,  an e s t im a te  can. b e  m ade  of  the  un i­
formity of  t h e  fue l  and  boron lo ad in g  .

As a c o u n t e r  c h ec k  to the  a b o v e  uniformity  e x p e r i m e n t ,  four e lem en ts  w e r e  
ro ta ted  180 d e g r e e s ,  and  a c o m p a r i so n  made  of the  r e l a t i v e  c h a n g e  in the  w o r th .  
This c o m p a r i s o n  w ould  revea l  any  n o n - u n i f o r m i t i e s  w i th in  t h e  element, i t s e l f  w i th  
the  e x c e p t io n  o f  hav ing  a n o n -u n i f o r m i ty  symmetr ica l  to  t h e  c e n t e r l i n e  a x i s ,  
which would  b e  h ig h ly  im probab le .

2 . 2 . 3  S a m p le  C a lcu la t io n

2 . 2 . 3 . 1  Reac t iv i ty  D i f f e r e n t i a l  Due to B-10

Let A ^ B  r e p r e s e n t  the  r e a c t i v i t y  c h an g e  due to t h e  d i f f e r e n c e  in the  a m o u n t  
of B-10 in t h e  PM-2A e lem ent  an d  t h e  s t a n d a r d  SM-1 e l e m e n t .  / \Kg is equa l  to

13



the  d i f f e r en ce  in  t h e  to ta l  r e a c t iv i t y  c h a n g e  and  the  r e a c t i v i t y  c h an g e  attribn* <’ 
to the  d i f f e r e n t i a l  U - 2 3 5  lo a d in g .  T h i s  i s  e x p r e s s e d  a s

A Kg = A kt -  Aku

where:

AKj  *  T o ta l  r e ac t iv i ty  c h a n g e  o f  th e  PM-2A e l e m e n t  a s  compar t  .1 f 
t h e  SM-1 s t a n d a rd .

AKU = E s t im a te d  r e a c t iv i t y  c h a n g e  due to the  a d d i t i o n a l  U -2 3 5  loading 
o f  t h e  PM-2A e l e m e n t .

= 7 . 9 7  c en t s  per e l e m e n t .

AKT is  d e t e r m i n e d  s im ply  by m u l t ip ly in g  the  worth per  in c h  of  some c a l ib ra t e d  
control  rod a n d  t h e  d i s t a n c e  t r a v e l l e d  by  th i s  rod b e tw e e n  i t s  c r i t i c a l  he igh t  u s i n g  
the  SM-1 s t a n d a r d  and  i ts  c r i t i c a l  h e i g h t  u s in g  the PM-2A e l e m e n t .

2 . 2 . 3 . 2  D if fe rence  in  B-10  Loading

The d i f f e r e n c e  in the  amount  o f  B -10  in the  PM-2A e l e m e n t  and  in the  s t a n ­
dard e l em en t  i s  A  Kg d iv ided  by th e  w o r th  of  B-10 per g ra m .  This  is  e x p r e s s e d  
a s

A Mg * A k B
W B

where:

A = M a s s  d i f f e r en c e  of t h e  amount of B-10 in t h e  PM-2A and the  
S M -  1 e l e m e n t .

Wg = W o r th  o f  B- 10 per  g ram . Ref. (8)

* 117 c e n t s / g m  u s in g  s a m e  conf igura t ion  a s  Ref .  (8)

S ince  t h e  S M -1  e lem en t  is  e s t i m a t e d  to  have 0 . 3 6 3  gm of B-10, Ref. (7) ,  
the  to ta l  B-10 c o n t a i n e d  in a PM-2A e l e m e n t  would be A M g + 0 . 3 6 3  gm.

2 . 2 . 4  Da t a

The e x p e r i m e n t a l l y  d e te r m in e d  r e a c t i v i t y  d i f f e r e n c e s  b e tw e e n  the  PM-2A 
Core  II and  t h e  SM - 1 s t an d a rd  a re  t a b u l a t e d  in Table  2 . 1 .  T h i s  r e a c t iv i ty  d i f ­
f e ren t ia l  is  t h e  t o t a l  c h a n g e  b e t w e e n  t h e  e lem en ts  and  t h e  s t a n d a r d  due to d i f ­
f e re n ce s  in U - 2  35 and  B-10 l o a d i n g s .  To de te rm ine  th e  d i f f e r e n t i a l  r e a c t iv i ty  
due to B-10 ,  t h e  U - 2 3 5  worth ,  7 . 9 7  c e n t s  per e l e m e n t ,  w a s  s u b t r a c t e d  from 
the  to ta l  r e a c t i v i t y  change  and  is  t a b u l a t e d  in the  co lu m n  h e a d e d  a s  A Kg of  
Table  2 .1  From t h e s e  v a lu e s  of A Kg. th e  e s t im a te d  B-10  lo a d in g  per e lem en t  
was  co m p u ted  a n d  a l s o  shown in T a b l e  2 . 1 .
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TABLE 2.1
STATIONARY ELEMENT UNIFORMITY EXPERIMENT 

PM-2A CORE II ZPE VI

AmB

Element
Number

A K-p,
Cents

Akb,
Cents

B-10 Mass  Change 
from Standard,  

gm

Est imated B-10 
Load ing , 

gm

1-1 -7 .5 9 - 15 .5 6 +0.133 0 . 496
1-2 -7 .15 - 15 .1 2 +0.129 0 . 492
1-4 -9 .02 - 1 6 .9 9 +0.145 0 . 5 0 8
1-6 -6 .90 - 1 4 . 8 7 +0.127 0 .4 90
1-7 -8 .54 -16 .51 +0.141 0 .504
1-8 -8.91 - 1 6 . 8 8 +0.144 0 . 507
1-9 -7 .34 -1 5 .31 +0.131 0 .494
1-10 -3 .22 - 1 1 . 1 9 +0.096 0 . 459
1-11 -5 .5 7 - 13 .5 6 +0.116 0 .479
1-12 -6 .15 -14 .12 +0.121 0 .484
1-13 -6 .7 7 - 14 .7 4 +0.126 0 .489
1-14 -7 .52 - 1 5 .4 9 +0.132 0 .495
1-15 -7 .25 -15 .22 +0.130 0 .4 93
1-16 -7 .56 - 15 .5 3 +0.133 0 .496
1-17 -7 .40 - 1 5 .3 7 +0.131 0 .494
1-18 -5 .75 -13 .72 +0.117 0 .4 80
1-19 -5 .3 8 - 13 .3 5 +0.114 0 .4 77
1-20 -4 .3 0 - 1 2 .2 7 +0.105 0 .4 68
1-21 -6 .9 3 - 1 4 .9 0 +0.127 0 . 4 9 0
1-22 -7 .0 6 - 15 .0 3 +0.128 0.491
1-23 -5 .2 6 -1 3 .2 3 +0.113 0 .476
1-24 -10 .15 -18 .12 +0.155 0 .5 18
1-25 -7 .15 -15 .12 +0.129 0 .492
1-26 -7 .03 - 1 5 . 0 0 +0.128 0.491
1-27 -9 .74 -17 .71 +0.151 0 .514
1-28 -10.82 - 1 8 . 7 9 +0.161 0 .524
1-29 -9 .26 -17 .23 +0.147 0 .5 10
1-30 -6 .5 8 -1 4 .5 5 +0.124 0 .4 87
1-31 -2 .84 -10 .81 +0.092 0 .455

Total -212.3e - 451 .48 •-3.856 14.746

Average - 7 .0 79 15.05 0 .129 0 . 4 9 2  + 0.015
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2.3 PM-2A CORE II CONTROL ROD FUEL ELEMENT

2 . 3 . 1  Introduction

To perform the control rod fuel element uniformity experiment, six  control 
rods w ere  loaded with SM-2 mockup control rod fuel e lem en ts . A seventh  control 
rod was loaded with a PM-2A Core II control rod fuel elem ent. The control rod 
contain ing  the PM-2A fuel e lem ent was fully withdrawn and a reactivity  d if­
ference measured on ca lib ra ted  control Rod E, con ta in ing  an SM-2 fuel e lem en t.  
Because there  was no standard  with which to compare the PM-2A Core II control 
rod fuel e lem ents , it was n e c e ssa ry  to use the method mentioned above of ch eck ­
ing one element against ano ther .

2 . 3 . 2  Procedure

Each of the PM-2A Core II control rod fuel e lem en ts  was substitu ted  in 
turn, in Rod F. The reactor w as brought critical with control Rod F fully w ith ­
drawn and the five-rod bank position  at 5.883 in c h e s .  The reactivity d iffe r­
ences were measured on ca lib ra ted  control Rod E.

The critica l position and  differential worth of Rod E for each of the five 
e lem ents was tabulated and averaged . The d ifference between the d ifferential 
worth and  the average was then  determined.

2 . 3 . 3  Data

The average critical position  and worth of control Rod E at this position  
for the five control rod fuel e lem ents  was 10.907 in . and 28.68 cents per i n . ,  
re sp e c t iv e ly .  The resulting reac tiv ity  deviation from the average is g iven in 
Table 2 . 2 .

TABLE 2 .2
CONTROL ROD FUEL ELEMENT UNIFORMITY EXPERIMENT 

PM-2A CORE 11 2PE VI

from Average,
Control Rod No. Cents

2-1 -1. 43
2-2 -1 .81
2-3 -1 .1 4
2-4 +2.92
2-5 + 1.44
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2 . 4  SUMMARY

The uniform ity te s t  indicated tha t th e  fuel elem ents have an  even d istribu­
tion of fuel and p o iso n . However, sp e c ia l  c a se s  in which th e  reactiv ity  effects 
of fuel and poison are  e ssen tia lly  com pensating  would not be apparen t from 
these  m easurem ents, but manufacturing p ro cesses  preclude th e s e  p o ss ib ilitie s .

The com parative  reactiv ity  m easurem ents Indicated tha t th e  stationary 
fuel elem ents c o n ta in  an average of 0 .4 9 2  ±  0.015 gm of B-10 per elem ent.
This indicates a 26 percent fabrication lo s s  of natural boron b a se d  on the 
original loadings o f B4C at the sta rt of th e  fabrication . Assum ing the same 
percent of fab rica tio n  lo ss in the contro l rod fuel e lem ents, th ey  would con­
tain 0.390 + 0 .015  gm of B-10 per e le m e n t.
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3 .0  FM-2A CORE II ASSEMBLY AND CRITICAL MASS EXPERIMENTS

3 .1  INTRODUCTION

The critical m ass o f the core and a worth calibration of the five  rod bank 
a re  determined from a s e r ie s  of critical m ass experim ents. To determ ine the 
c r i t ic a l  m ass, PM-2A C ore  II fuel elements w ere  consecutively  loaded  into the 
co re  assembly until the reactor became c r i t ic a l .  The elements w ere  then  re­
arranged  to arrive at a geometry with a minimum surface-to-volum e ra t io .
This arrangement y ie lds  the  minimum critica l m ass .

Tc develop the ca lib ra tion  curve, worth measurements of the five rod 
bank were determined a t  the  minimum crit ica l m ass and after each  su c c e ss iv e  
group loading cons is t ing  of four or le ss  e le m e n ts .

3 .2  CRITICAL MASS

3 .2 .1  Procedure
t

To eliminate the poss ib ili ty  of assem bling  a super-critical co re  with 
contro l rods inserted , a graphical plot was developed of the inverse  multiplica­
t io n ,  1/M , as a function of the amount of fuel assem bled in the c o re .  As the 
fuel in the core in c re a s e s ,  1/M approaches z e ro .  When 1/M becom es zero, 
the  reactor is s e l f - s u s ta in in g ,  or c r i t ica l.  After each addition of fu e l ,  the 
graphical plot was ex trapo la ted  to zero in order to estimate the c r i t ic a l  m ass. 
Each fuel addition was then limited to 1/2 th e  difference between the  extra­
po la ted  critical mass and  the previous loading or four elements (approximately 
2 Kg of U-2 35), w hichever was smaller. Three instruments were u se d  to moni­
to r the count ra te s .  T hese  consisted  of two BF3 proportional coun te rs  and an 
ion chamber with a l inear  amplifier, Beckman No. 1. These cham bers were 
p laced  as c lose  to the core  boundary as p o s s ib le  so there would bo maximum 
instrument or neutron re sp o n se .

The fuel loadings consis ted  initially  o f the five control rod fuel elements 
with subsequent add itions  of stationary e le m e n ts .  The configuration of these 
loadings in their re sp ec t iv e  order is shown in Fig. 3 .1 .

3 .2 .2  Data

Table 3.1 is a tabu lation  of the U-235 m ass in the core and the  inverse 
m ultip lication. C r i t ic a l i ty  was attained with t 7 fuel elements conta in ing  
8644.08 gm of U-235. With this critical mat .ne five rod critic .il  position 
w as 19.798 in. corresponcing to a dial reading 18.5 in. at the PM-2A s i te .
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Control Rod Fuel Element

Stationary Fuel Element

Fuel Element Added to Preceding Fuel Assembly

%
$

Core Assembly #1 
Total Number of Elements 
Total M ass of U-235 
1/M U sing BF3 Chamber (A) 
1/M U sing BF3 Chamber (B) 
Five Rod Bank Position

Not C ritical 
5

2136.00 gm 
0.B3 
0.67

Fully Withdrawn

1
LJ
□ •■H

I

1 j

Core Assembly #2 
Total Number of Elements 
Total M ass of U-235 
1/M U sing BF3 Chamber (A) 
1/M U sing BF3 Chamber (B) 
Five Rod Bank Position

Not C ritical 
8

3763.02 gm 
0.704 
0.368

Fully Withdrawn

Figure 3 . 1 .  Core A ssem blies for Initial Approach to  
C ritica 1 ity- PM - 2A Core II ZPE VI
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Wa

% V/M

Core A ssem bly  #6  
Total Number o f  E lem ents  
Total M a s s  o f  U - 2 3 5  
1/M U sing  BF3 C ham ber  (A) 
1 /M  U sing  BF3 C ham ber  (B) 
Five Rod Bank P o s i t i o n

N o t  C r i t i c a l  
15

7 5 5 9 . 4 0  gm 
0 . 1 3 5  
0 . 0 1 8 8

F u l l y  Withdrawn

□L.
1

d i 1
L 1%

&

Core A ssem bly  #7  
Total Number of  E lem ents  
Total M a s s  of U - 2 3 5  
1 /M  Using  BF-j C h am b er  (A) 
1/M Using  BF3 C h am b er  (B) 
Five Rod Bank P o s i t i o n

N o t  C r i t i c a l  
16

8 1 0 1 . 7 4  gm 
0 . 0 5 2  
0 . 0 0 4 3 5

F u l l y  Withdrawn

&VA
k’A%%%%$ %

% V/,r %%

Core Assem bly  # 8  
Total  Number of E lem ents  
Total M a s s  of U - 2 3 5  
1/M Using  BF3 C h am b er  (A) 
1 /M  Using  BF3 C h am b er  (B) 
Five Rod Bank P o s i t i o n

C r i t i c a l
17

8 6 4 4 . 0 8  gm
C r i t i c a l
C r i t i c a l

1 9 .7 9 8  inches

Figure 3 . 1 .  (Continued)
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TADLE 3 .1
U -2  35 MASS VS INVERSE MULTIPLICATION

P M - 2A CORE II ZPE VI

U - 2 3 5  M a s s No.  o f  F u e l 1 /M 1/M 1 / M
qm E le m e n t s BFa A* BF^ B* Beckm an  N o .  1*

0 0 1 1 1
2 1 3 6 . 0 0 5 0 .8 3 0 0 .6 7 0 0 . 9 8 0
3 7 6 3 . 0 2 8 0 .7 0 4 0 .3 6 8 0 . 9 4 4
5 3 9 0 . 0 4 11 0 .5 7 9 0 . 1 2 2 0 . 9 1 0
6 4 7 4 . 7 2 13 0 .3 7 5 ' 0 . 0 4 7 6 0 . 8 3 0
7 0 1 7 . 0 6 14 0 .2 4 2 0 .0 3 2 5 0 . 7 7 0
7 5 5 9 . 4 0 15 0 .1 3 5 0 .0 1 8 8 0 . 6 6 8
8 1 0 1 . 7 4 16 0 .0 5 2 0 .00435 0 . 4 5 5
8 6 4 4 . 0 8 17 C r i t i c a l C r i t i c a l C r i t i c a l

* I n i t i a l  d e te c to r  r e s p o n s e  BF3 (A) 1 .49  c p s ,  BF3 (B) 0 . 1 8  c p s ,  
Beckm an  (No. 1) 5 x 10“ amp.

Figure  3 .2  show s  th e  g r a p h ic a l  p lo t  of 1 /M  v s  U-235  m ass  for t h e  th r e e  
c o u n t i n g  cham bers  u s e d .  E x t rap o la t io n  of th e  t h r e e  cu rves  i n d i c a t e s  a  c r i t i c a l  
m a s s  o f  8450 gm to a t t a in  c r i t i c a l i t y .

The co re  geometry  w a s  rea r ranged  to a 4 x  4 conf igura t ion ;  h o w e v e r ,  
b e c a u s e  of  the  reduced  U - 2 3 5  m a s s ,  t h i s  g e o m e t ry  fa i led  to r e a ch  c r i t i c a l i t y .  
O ne  c o n t r o l  rod fuel  e l e m e n t  w a s  ad d ed  to the  e d g e  of  the  4 x 4  a s s e m b l y .  
C r i t i c a l i t y  w as  a c h i e v e d  w i t h  th is  geometry; h o w e v e r ,  the  c r i t i c a l  a s s e m b l y  
c o n s i s t e d  of  8 7 59 .22  gm o f  U - 2 3 5 .  The c o n f i g u r a t i o n s  for t h e s e  c o re  a s s e m b l i e s  
a r e  s h o w n  in Fig.  3 . 3 .

3 . 3  FIVE ROD BANK CALIBRATION

Fuel e lem en ts  in g r o u p s  of four or l e s s  w e r e  a d d ed  to the  in i t i a l  c r i t i c a l  
m a s s  a s s e m b l y  unti l  the  c o r e  w as  fully loaded  a n d  co n ta in ed  32 s t a t i o n a r y  fuel 
e l e m e n t s  and  the  five c o n t r o l  r o d s .  The g eo m e t ry  a f t e r  each  of t h e s e  fu e l  a d d i ­
t i o n s  i s  shown p r o g r e s s i v e l y  in Fig .  3 . 4 .

•After the  add i t ion  of  e a c h  fuel g roup,  th e  r e a c t o r  w as  brought c r i t i c a l  with 
the  f i v e  rod b an k .  T h e s e  b a n k  p o s i t io n s  and U - 2  35 m ass  a re  g iven  in T a b le  3 . 2 .  
A p lo t  of  bank p o s i t ion  a s  a  func t ion  of the  nu m b er  of fuel e l em en t s  is  s h o w n  in 
F ig .  3 . 5 .
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Figure 3 .2 . Inverse Multiplication Vs Total U^35 jn Core 
PM-2A Core II ZPE VI

TOTAL MASS OF U235 - KG

P
6

A

BF-j Chamber A (Initial Count Rate, No Fuel in Core -  1.49 cps)

UF3 Chamber B (Initial Count Rate, No Fuel in Core =0 . 18  cps)

Beckman No. 1 (Initial Count Rate, No Fuel in Core = 5.0 x 10"13 amp)
T~TEi



C o n t r o l  Rod Fuel E lement

S t a t i o n a r y  Fuel Element

F u e l  Element Added to  P r e c e d in g  Fuel A ssem bly

Core  A ssem b ly  #8  
In i t ia l  C r i t i c a l i t y  
Total  Number o f  E lem ents  
Total M a s s  of U - 2 3 5  
Five Rod Bank P o s i t i o n

C r i t i c a l

17
8 6 4 4 . 0 8  gm 

1 9 . 7 9 8  , 'nches

Core A ssem b ly  #9A 
4 x 4  C o n f ig u ra t io n  
Total  Number of  E lem ents  
Total  M a s s  of U - 2 3 5  
Three Rod Bank P o s i t io n

Not C r i t i c a l  

16
8 3 3 2 . 0 2  gm 
F u l ly  Withdrawn

Core A ssem b ly  #9B 
4 x 4 p lu s  one  C on t ro l  Rod 
Total Number o f  E lem ents  
Tota 1 M i s s  of U - 2 3 5  
Three Rod Bank P o s i t io n  
Rod #2 P o s i t io n

C r i t i c a l

17
87 5 9 . 2 2  gpm 
F u l ly  W ithdrawn 

1 3 .6 2 1  in ches

Figure  3 . 3 .  Co ie  A s s e m b l i e s  t o  Determine Min imum C r i t i c a l  M a s s  
PM-2A Core  II ZPE VI



Figure 3

Control Rod Fuel Element

S ta t io n a ry  Fue l Element

Fuel E lem en t Added to  P reced in g  F u e l  A ssem bly

11YA 1\&mwm
ttRttft

C o re  A ssem bly  #10
T o ta l  Number of E le m e n ts  21
T ota l M a ss  of U -2 3 5  10.81 Kg
F iv e  Rod C r i t ic a l  Bank P o s i t io n  13 .742  I n c h e s

C o re  A ssem bly  #11
T o ta l  Number of E le m e n ts  25
T o ta l  M ass  of U -2 3 5  12 .98  Kg
F iv e  Rod C r i t ic a l  Bank P o s i t io n  11 .084  I n c h e s

.4 .  Core Assemblies from Initial Criticality to Fully Loaded Core 
PM-2A Core II ZPE VI
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Core Assembly #12
Total Number of Elements
Total M ass of U-235
Five Rod C ritica l  Bank Position
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Core Assembly #13
Total Number of Elements
Total M ass of U-235
Five Rod C ri t ic a l  Bank Position

■
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Core Assembly #14 
Total Number of Elements 
Total M ass of U-235 
Five Rod C ritic a l  Bank Position

Figure 3 .4 .  (Continued)

29
1 r. . 1 5 Kg 

9. 511 Inches

33
17.32 Kg 

8.342 Inches

37
19 .49  Kg 

7.303 Inches



TABLE 3.2
BANK POSITION VS U-235 M^SS 

PM-2A CORE II ZPE VI

(With S .3 .  Skirt)

Five Rod Bank 
Posit ion .  I n .

19.798
13.742
11.084

9.511
8.342
7.303

No. of Fuel 
Elements

17
21
25
29
33
37

U-235 M a s s , 
gm_______

8644. (8  
10813. '.4 
12982 80 
15152.16 
17321.52 
19490.88

Bank worths were determined by the period method and plotted a s  a function 
of bank posit ion.  (See Fig. 3 . 6 . )

The cold clean c ri t ica l  bank position of the fully loaded PM-2A Core II,
37 elements' ,  was 7.303 in. a s  compared to 6 .605 in . for Core 1. The c o r r e s ­
ponding PM-2A site dial read ings  are 6.75 and 6 . 3  in .  respect ively .  The bank 
pos i t ions  sta ted here for Core  I include an adjustment of 50 cents to account  
for the  s t a in le s s  steel sk ir t ,  so that a comparison could be made between Core 
I and Core  II.

TABLE 3. 3
BANK POSITION VS. BANK WORTH 

PM-2A CORE II ZPE VI

(With Skirt)

No. of  Fuel Five Rod Bank W orth ,
Elements Position. In. c e n t s / in c h

17 4C.058 37.36
21 13.829 120.34
25 11.141 174.78
29 9.558 224.36
33 8.385 253.20
37 ' 7.339 255.07
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3 . 4 CONTROL ROD CALIBRATION

A c a l i b r a t i o n  c u r v e  of contro l  rod 4 i s  shown in F ig .  3 . 7 .  B-10 in iron
a b s o r b e r  s e c t i o n  w a s  u s e d  and  th e  four rod  bank  w a s  a d j u s t e d  b e t w e e n  4 .122  
to  9 .4 9 7  in .  to d e v e l o p  the  cu rv e .

3 . 5  STUCK ROD EXPERIMENTS

Stuck rod m e a s u r e m e n t s  were m ad e  on  a ll  f ive  r o d s .  T h e s e  m e a s u r e ­
m en ts  were made w i t h  pa i rs  o f  rods  a s  w e l l  a s  s in g le  r o d s .  T h e  PM-2A Core  
II could  not be b r o u g h t  c r i t i c a l  by w i t h d r a w a l  of a s in g le  c o n t r o l  ro d .  Part ia l  
w i thdraw al  of a s e c o n d  con tro l  rod w a s  n e c e s s a r y  to a t t a in  c r i t i c a l i t y .  Table  
3 .4  is a t a b u l a t i o n  o f  th e  s tuck  rod m e a s u r e m e n t s .  A d ju s tm en ts  w ere  made 
in the  PM-2A d ia l  r e a d i n g s  to  acc o u n t  for t h e  EU2O 3 a b s o r b e r s  to  be  u s e d  a t  
the  s i t e .  From t h e  s t u c k  rod m e a s u re m e n t  t h e  worth of the  s t a i n l e s s  s t e e l  
sk i r t  is  found to  b e  a p p ro x im a te ly  50 c e n t s .

3 .6  CRITICAL WATER HEIGHT 

3 . 6 . 1  In t r o d u c t i o n
♦

C r i t i c a l  w a t e r  h e igh t  e x p e r im en t s  w e r e  performed a s  a m e a n s  of d e te r ­
mining the  e x c e s s  r e a c t i v i t y  of  the  PM -2A C o re  II . To d e t e r m i n e  th e  e x c e s s  
r e a c t iv i t y ,  the  a x i a l  r e f l e c to r  s a v in g s  m u s t  be  e v a l u a t e d .  An e s t i m a t e  o f  the  
a x ia l  re f lec to r  s a v i n g s  can  be made t h r o u g h  v a r ia t io n s  of t h e  w a t e r  r e f lec to r  
worth a t  d i f f e ren t  c r i t i c a l  water  h e i g h t s .  Th is  method is b a s e d  on  o n e -g ro u p  
theory  of an <. f f e c t i v e  b a ie  c o re .  The m e th o d  a s s u m e s  th a t  r a d i a l  f lux d i s ­
t r ibu t ions  a re  i n d e p e n d e n t  of ixial  p o s i t i o n  and th a t  a x i a l - r c f l e c t o r  s av in g s  
a re  independen t  o f  t h e  co re  he igh t .

D i f f e r e n t i a t in g  th e  one  group c r i t i c a l  eq ua t ions  y ie ld s : ( 10 )

d P = 27T2 M 2
dh k <x>

where

___ J ____
(h ■» Sz) 3

P -  r e a c t i v i t y
M = m ig r a t io n  d i s t a n c e
h = c o r e  h e i g h t
S z = a x i a l  r e f l e c to r  s a v in g s

= i n f i n i t e  m u l t ip l ica t ion  f a c to r

(3.1)
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TABLE 3.4
STUCK ROD MEASUREMENTS 

P M -2 CORE II ZPE VI

Rods
Fully
Inserted

Rods
Full
Out

Critical
Rods

Critical  
Pos i t ion , 
Inches

Dial 
Reading 
a t  PM-2A 

Site, 
Inches

Critical
Worth,
C en ts / In

Rods Worth 
Position, 

. Inches

With Skirti 1 ,2 ,5 3 4 8.377 7 .08 58.36 8.505

2 ,3 ,5 1 4 8.585 7 .29 60.17 8.759

2 ,3 ,5 1,4 12,383 11.48 102.39 12.477

1 ,2 ,5 3,4 12.283 11.38 107.89 12.378

2 ,3 ,5 4 1 7.872 6 .3 7 50.67 8.059

1 ,2 ,5 4 3 7.714 5 .98 51.47 7.908

Without 1 ,2 ,5 4 3 6.701 4 .81 44.89 6.919
Skirt

2 ,3 ,5 4 1 6.905 5 .02 45.66 7.164

2 ,3 ,5 1 4 7.610 5.91 58.10 7.826

2 ,4 ,5 1 3 S.744 7 .84 42.38 10.000

2 ,4 ,5 3 1 9.542 7 .64 41.67 9.785

1 ,2 ,5 3 4 7.405 5 .7 0 54.13 7.601

2 ,4 ,5 1,3 13.816 12.70 80.53 13.965

3 ,4 ,5 1,2 16.231 14.68 50.10 16.483

2 ,3 ,5 1.4 11.921 11.02 111.61 12.033

1 ,2 ,5 3 ,4 11.815 10.91 116.85 11.907
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Assuming tha t M /k»© and Sa a re  independent of h , then  h is a 
dh V / 3 . Rearranging equation 3 .1  and solving for h y ie ld s  
d p )  I - v r  2 2 \ 1/3 , „ .1 /3

2
function of

-sa * 27t M2, ,2  \ 1/3 dh
d p /

(3 .2 )

which is the  s lo p e  intercept form o f equation  3 .1 . The In te rcep t is -S z , the s lo p e  
is

77- ■> 2 \  */32 7T • M  1

and the twc v a riab le s  are h and

( s T  ■

In tegra tion  of equation 3.1 y ie ld s  the reactiv ity  be tw een  the lim its of 
in teg ration .

co re

w ater
d P

I 277 2m 2
1 k o o ^w ater + ^z ) ^ c o r e  + Sz )^

where

ltw ater “  c ritica l water he igh t
hcore * core height

3 .6 .2  Procedure

D ifferent c ritic a l water h e igh ts  were determined by varying the effective  
cor? diam eter through geometry c h a n g e s . These various geom etries are shown in 
Fig. 3 .8 . The five rod bank was m aintained  approxim ately 1 .5  in . above the 
c ritica l w ater height to maintain a co n stan t axial re flec to r sav ings per e lem ent. 
Wgter w orths w ere determined by th e  positive  period m ethod.

To m easure  the variations in w ater height, a s e n s it iv e  e lec tric  probe w as 
attached to a  sp a re  control rod drive  m echanism . As a co u n te r check, water 
heights were m easured on a sight g l a s s .

3 .6 .3  D ata

Table 3 .5  g ives the various configurations with th e  a sso c ia te d  w ater w orths 
and c ritic a l w a ter heigh ts. Figure 3 .9  shows the c ritic a l w ater height as a func­
tion of /dh ' / / 3  the  intercept of w hich  is the negative re f le c to r  sav ings, -S z . It

ihould be n o ted , however, that the  d a ta  was obtained from cores of different e f ­
fective d iam e te rs .
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Stationary Fuel Elements 

|C  | Control Rod Fuel Elements

7 x 7  Core Configuration 
(PM-2A Fully Loaded Core) 
Total Number of Elements 37

6 .x 6 Core Configuration 
Total Number of Elements 31

5 x 5  Core Configuration
Total Number of Elements 25

Figure 3.8 Critical Water Height Core Configurations 
PM-2A Core II ZPE VI



7 x 7  plus 4 ElementsCore Configuration 
Total Number of Elements - 41

7 x 7  plus 8 Elements Core Configuration 
Total Number of Elements - 45

Figure 3.8. (Continued)
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TABLE 3 .5
CRITICAL WATER HEIGHT

PM-2A CORE II ZPE VI

C o n f ig u ra t io n
C r i t i c a l  W a t e r  
H e i g h t , I n c h e s

A  P 
A h

D o l l a r s / I n c h N l / 31 A P i

5 x 5 12 .7 2 8 1 .185 0 .9 4 8

6 x 6 10 .765 1 .6 1 0 0 .8 5 5

7 x 7 9 .6 4 0 2 . 0 6 0 0 . 7 8 8

7 x 7 9 .7 3 3 1 .8 5 9 0 .8 1 5

7 x 7
+ 4 e l e m e n t s 9 .3 5 0 v 2 .1 8 5 0 .7 7 3

7 x 7
+ 8 e l e m e n t s 8 .9 0 7 2 .2 6 5 0 .7 6 4

7 x 7
+ 8 e l e m e n t s 8 .902 2 .3 0 9 0 .7 5 9

From F i g .  3 . 8 ,  - S z is - 5 . 7 5  i n .  and the  s lo p e ,

( 27T 2 m 2 |  1/3

is  1 9 . 4 ,  from w h ich  M i  l s  ecIu a l  to  2 - 673 i n - 2
k o©

3 .7  SUMMARY

The f i v e  rod co ld  c l e a n  c r i t i c a l  bank  pos i t ion  w i th  s k i r t  for th e  PM-2A 
Core  II c o n t a i n i n g  a to ta l  of 1 9 4 9 0 . 8 8  gm of U -^ J5  w a s  7 . 3 0 3  in .  or an  a p p r o x ­
imate  d ia l  r e a d i n g  of  6 .7 5  in .  a t  t h e  PM-2A s i t e .  The minimum number of fue l  
e l e m e n t s  to  a t t a i n  c r i t i c a l i t y  w a s  17 with a c o r r e sp o n d i n g  to ta l  U -235  m a ss  o f  
8 6 4 4 .0 8  gm a n d  a  five rod c r i t i c a l  p o s i t i o n  ox 1 9 .7 9 8  i n .  c o r re sp o n d in g  to a  
d ia l  r e a d in g  o f  18 .5  in .  a i  th e  P M -2 A  s i t e .  Due to t h e  i n c r e a s e d  B-10 lo a d in g  
of Core  11 fu e l  e lem en ts  over  t h a t  o f  C ore  I, 17 e l e m e n t s  w e r e  required  for 
minimum c r i t i c a l  m ass  a s  c o m p a r e d  to 15 fuel  e l e m e n t s  for Core  I.,

S tuck  r o d  m easu rem en ts  s h o w e d  th a t  at  c r i t i c a l i t y  c o u l d  not be a c h i e v e d  
with a s i n g l e  c o n t ro l  rod but r e q u i r e d  a t  l e a s t  the  p a r t i a l  w i th d raw a l  of  a s e c o n d  
control  ro d .

I
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4 .0  ON-SITE LOADING PROCEDURE

4 .1  INTRODUCTION

Because of the time involved in recording the inverse m ultip lication , it is 
n e c e ssa ry  to develop a procedure that can be followed at the PM-2A s i te  for 
fueling  without the n e c e s s i ty  of an inverse m ultip lication approach to c r i t ica li ty . 
The experiment described  below, provides.the minimum core loading th a t  per­
m its detection of s tartup  neutrons, count ra tes  for a ll  fuel loading s t e p s ,  the 
c r i t ic a l  bank positions for a ll fuel loadings, and  the worth of each fuel addition.

4 .2  PROCEDURE

A mockup of the PM-2A shielding was arranged  in the experim ental assem bly. 
A diagram of the mockup sh ie ld , core assem b ly , and assoc ia ted  instrumentation is 
shown in Fig. 4 .1 .  The shield ing mockup u se d  is  not an exact dup lica te  of the 
PM-2A; however, for the  purposes of this experim ent, the two c lo se ly  resemble 
e ac h  other. In order to duplicate  the PM-2A s i t e  situation, the sou rce  was 
moved from its normal position  at the C rit ica li ty  Facility to la tt ice  position  61.

Count rates were taken  with the control rods fully inserted . The core was 
fully  loaded at the s ta rt  c f  the experiment and unloaded in s teps th a t  reversed 
th e  original loading sequence  shown in Fig. 3 . 1 .  th e  C riticality  Fac ili ty  count 
r a te s  were multiplied by the  ratio of PM-2A to A lco 's  Criticality  F ac il i ty  source 
s treng th s  to provide an estim ate  of startup coun t rate during initial loading. 
B ecause PM-2A sh ie ld ing  could not be mocked up exactly at the F a c il i ty ,  there 
w ill  be a  difference betw een expected and a c tu a l  count rates; how ever, ratios 
of count rates from one loading to another should  be the same for s i te  and 
Fac ility  m easurem ents.

4 .3  DATA

The count ra tes  observed  during the unloading sequence are g iven  in Table 
4 .1 .  These count ra tes  were taken with the counting chamber loca ted  21 in. 
from the core boundary. In addition, F ig .4 .2  shows the count rate  a s  a function 
of the  to ta l number of fuel e lem en ts .

4 .4  COUNT RATE CORRECTION

Table 4 .2  is  a tabu la tion  of the PM-2A an d  Facility mockup s h ie ld s .  From 
t h i s ,  it is determined th a t  the PM-2A shielding has approximately 2 .721  in. more 
s t e e l  and 0.375 in . more boral than the mockup, while the mockup con ta ins  3.125 
in .  more water. For the  purpose of ca lcu la ting  the ratio of the PM-2A to the Facility
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Source

C ore  Boundary

5 .00"  W ate r

2 .5 6 "  Void

4 .0 0 "  W a te r

F igu re  4 . 1 .  PM-2A M o c k u p  Shield 
PM-2A C o r e  II ZPE VI



CORE UNLOADING COUNT RATE 
PM -2A  CORE II ZPE VI

U - 2 3 5  M a s s , N o . of Fuel Count  Rate
gm Elements cps  -  BF3 1

1 9 4 9 0 . 8 8 37 0 .847
1 7 3 2 1 .5 2 33 0 .5 4 0
1 5 1 5 2 . 1 6 29 0 .233
1 2 9 8 2 . 8 0 25 0 .157
1 0 8 1 2 . 4 4 21 0 . 1 0 0

8 6 4 4 . 0 8 17 C .0533
8 1 0 1 . 7 4 16 0*0433
7 5 5 9 . 4 0 15 0 .0367
7 0 1 7 . 6 0 14 0 .0433
5 3 9 0 . 0 4 11 0 .0467
2 1 3 6 . 0 0 5 0 .0467

0 0 0 .0367
0 No Source 0 .0167

TABLE 4 .2
PM-2A SHIELDING SPECIFICATIONS AND COMPARABLE

FACILITY MOCKUP
P M -2 A .In . M o c k u p . l n .

E q u i v a l e n t  Core  Radius 1 0 .0 8 1 0 . 0 8
S t a i n l e s s  S te e l  Skirt 0 .0 5 0 . 0 5
W a t e r 1 .62 1 . 6 2
S t a i n l e s s  S tee l 2 . 0 0 2 . 0 0
W a t e r 5 .0 0 5 . 0 0
S t a i n l e s s  S tee l 0 .2 5 0 2 . 6 2 5
S tee l 2 .375
Void I n s u l a t i o n 2 . 0 0
S t a i n l e s s  S tee l 0 .1 2 5
Air G a p 0 .4 3 7 5 2 . 5 6
S tee l 1.000 2 . 0 0
Boral 0. 125
W a t e r i . 125 4 . 0 0
Boral 0 .1 2 5
S tee l 3 .2 5 0
Boral 0 .1 2 5
W a t e r 0 .5 6 2 5
S t a i n l e s s  S te e l 0 .3 4 6
Void 1 .5 1 . 3 4 5

41
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t

neutron response r a t e s ,  it will be a ssu m ed  that  the respec t ive  neutron fluxes will 
only have to p ass  through the difference in shielding.  Since the  orientation and 
separation d i s tan c es  of the two systems are  essent ia l ly  id e n t i c a l ,  they will not 
affect  the rat io. It is assumed that a f resh  polonium-beryllium source with a 
neutron yield of 8 x 107 n / s e c  will be in s ta l led  with Core II, and  therefore count 
rate calculations are  based on this source strength.

The equation
9 .

f E r *

gives an est imate of the fraction of inc ident  fast neutrons of a f i ss ion  spectrum 
that will succeed in penetrating the th ic k n e s s  X of material with a removal cross 
section without undergoing a reac t ion .

0  * Final neutron flux in neutrons per c m V se c .

(pQ = Initial  neutron flux in neutrons per c m V s e c .

= Removal cross  section in cm’ ^.

X = Thickness  of material in cm.

For the PM-2A and the mockup, a s su m e  chamber response  and thermal 
neutron fluxes at the  chamber to be proportional to the neutron source  strength 
by a factor A, which is taken as being iden t ica l  for both s y s te m s .  Therefore 
the corrected fluxes are:

PM-2A (Assuming a fresh polonium-beryllium source with a neutron yield of 
8 x 107 n / s e c  will be instal led with Core II)

( 0  q source S g_>LIP.7 n/ cm2 sec 
A

£  (steel) * 0 .1 6 7  c m " 1 (9)

£  r (boral) = 0 .0 8  c m " 1 (9)

X (steel) — 2 .721  in. = 6 .9 1  cm

X (boral) 0 .375  in .  = 0.95 cm

0  PM-2A = 8 x 107 o ' (0.167 x
A

2 .3  x 107 
A

»



M ockup

(f)Q (source) * 8*18 x 10® n /s e c  cm7 
A

£ r (water) = 0 .100  cm " 1 (9)

X (water) = 3 .125 in . -  7.94 cm

0  Mockup 
«

_ 8 .1 8  x 10® *“ (0.100 x 7 .94 ) _ 3 .7  x 10® n /cm 7 se c  
A A

0  PM-2A
(P Mockup

= ratio  o f PM-2A to Facility  neu tron  response ra te s  

2 .336  x 107 A m 6 ,
3 .7  x 106 A

The expected coun t rate  on s ite  is 6 .3  tim es the Facility  count ra te .
The chamber se n s itiv ity  for the mockup and th e  PM-2A are e s se n tia lly  identical; 
how ever, because of th e  p resence  of a c o n sid e rab le  amount of s te e l  and boral 
in the  vicinity  of the PM-2A startup ch an n e l, A is probably sm aller than  for the 
mockup assem bly .

4 .5  SUMMARY

With the inform ation derived from th is experim ent, a safe load ing  pro­
ced u re  was developed and  it can be used a t th e  PM-2A s i te .  This procedure 
do es not require the in v erse  m ultiplication approach  to c ritic a lity . Neutrons 
c an  be effectively  d e te c te d  with the loading of the  17th elem ent, th e  minimum 
c r i t ic a l  m ass, at which tim e the control rods may be withdrawn and c ritic a l 
bank positions determ ined .

The ratio of the  coun t ra tes expected a t  the  s ite  to that m easured  a t the 
Alco C ritica lity  F ac ility  w as calcu lated  to be  about 6 .3 . During th e  in itia l 
s ta g e s  of loading, from zero  to 16 fuel e lem en ts including the five contro l rods 
(fully down position), th e  count rate was approxim ately 0.04 c p s . This rate  
is  equ ivalen t to 0 .25  c p s  a t the PM-2A s i te .  W ith 17 elem ents lo ad e d , the 
coun t rate  was 0 .053 c p s ,  equivalent to 0 .3 4  cps a t the s ite . The in c rease  
in count rate  with further s tag es of loading is  shown in Table 4 .1  and  Appendix 
B.
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5 .0  ANALYSIS OF ZERO-POWER EXPERIMENT

5.1 INTRODUCTION

The in te n t of th is an a ly sis  is  to  evaluate  the data  ob ta ined  from the z e ro - 
power experim en t. The analy sis  in te rp re ts  the uniformity m easurem ents, m akes 
a com parison o f  important m easurem ents of Core I to C ore II, and determ ines 
core life and  therm al e ffec ts .

The uniform ity m easurem ents provided an estim ate  o f the U-235 and B-IO 
distribution  b ased  on chem ical a n a ly s is ,  as well as re la tiv e  reactiv ity  m easure­
ments .

Im portant measurements of C ore  1 and Core II u sed  for comparison include  
rod bank p o s itio n s , stuck rod p o s it io n s , core re a c t iv i t ie s , rod re a c tiv itie s , and  
shutdown re a c t iv i t ie s .

Based on the  estim ated B-10 con ten t of Core II, a  uniform burnout c a lc u ­
lation was performed of the bare equ iva len t core.

5 .2  ANALYSIS OF UNIFORMITY MEASUREMENTS AND B-10 CONTENT

5 .2 .1  Chem ical Analysis

At th e  beginning of m anufacturing the PM-2A Core II fuel p la te s , a chem ical 
analysis w as made of the vendors qualification  p la tes to  determ ine the natural 
boron lo s s e s  during fabrication. N atural boron in the form of B^C was used and 
contained 1 8 .3  percent wt B-10. The chem ical a n a ly s is  ind icated  the boron 
lo sse s  would be about 28.5 p e rc en t. The desired B-10 load ings were 23 .7  mg 
B-10 in the  contro l rod fuel p la te s  and 2 t . 7  mg B-10 in th e  stationary fuel p la te s .  
Therefore, th e  stationary fuel p la te s  were loaded with 2 0 2 .7 8  mg of natural boron 
and the con tro l rod fuel p lates w ere loaded with 182.50 mg of natural boron.

5 . 2 . 2  Reactivity M easurem ents

5 . 2 . 2 . 1  R eactivity  D ifferences of Indiv idual Elements

From the  data of Table 2 . 1 ,  it w as estim ated th a t th e  PM-2A Core II s ta tio n ary  
fuel e lem ents contain  0.492 gm o f B -10. Trom this f ig u re , it was estim ated th a t 
B-10 m anufacturing lo sses  were abou t 26 percent. Assum ing that approxim ately 
the same p e rcen t of lo sses  were experienced  in the m anufacture of the contro l 
rod fuel e le m e n ts , these  elem ents would contain 0 .390  gm of B-10. This y ie ld s  
a to ta l core  loading of 17 .70gm of B -10. These are in good agreem ent with 
chem ical a n a ly s is .  ^
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It was e s tim a ted  from reactiv ity  com parisons that PM-2A Core I contained 
0.425 gm of B-10 per stationary e lem ent and 0.335 gm of B-10 per control rod 
fuel elem ent. ^  C hem ical ana ly sis  for C ore I Indicated a B-10 content of 
0 .473 gm per s ta tio n a ry  element and 0 .3 7 3  gm per control rod e le m e n t . '18'
Core II, in com parison , has a re la tiv e ly  higher B-10 co n ten t, and th is is le -  
flected in its  h igher c ritica l bank p o s itio n . The total e s tim ated  B-10 loading 
of Core I was 15 .235  gm.

The uniform ity of the sta tionary  fuel elem ents is rev ea led  in their re la ­
tively  even re a c tiv ity  d ifferences, T able 2 .1 ,  from the stan d ard  elem ent. The 
uniformity of the  contro l rod fuel e lem en ts can only be shown in their reactiv ity  
variations from th e ir  own average, w hich  from Table 2 .2 , a re  very sm all.

W hile th is  uniformity te s t is  ad eq u a te  to e stab lish  the  lo s s e s  of either 
fuel or po ison , c e r ta in  combinations o f lo s s e s  are not rev ea led  by th is single 
and simple re a c tiv ity  te s t .  Those w ould be the cases  in w hich  the  reactiv ity  
effects of fuel an d  poison are e s se n tia lly  com pensating. H ow ever, using th ese  
te s ts  are a c r i te r ia ,  it can be s ta ted  th a t  PM-2A Core II fuel e lem ents are e s ­
sen tia lly  uniform and  that B-10 lo s se s  fa ll within accep tab le  lim its and sp e c i­
fied limits and sp e c if ie d  to le r a n c e s .^ '

5 .2 .2 .2  Intercom uarison w ith Other Cores

A general approxim ation of the to ta l  B-10 loading of PM-2A Core II can be 
made through the  co ld  clean bank d iffe ren ces  between Core I and Core II by mak­
ing a few genera l assum ptions. The m ethod assum es that th e  B-10 loading of 
PM-2A Core I is known to be 15.2 gm, c r it ic a l  rod bank d iffe ren ces are due to 
d ifferences in B-10 loading, and B-10 w orth in PM-2A cores can  be estim ated 
by a ratio of B-10 worth in SM-1 c o re s .

No m easurem ents were made of th e  average B-10 worth in PM-2A cores 
with PM-2A fuel e lem ents; however, a ra tio  can be se t up of SM -1 core mock- 
ups in which the  average  B-10 worths w ere m easured. T hese B-10 worth mea­
surem ents were m ade in the SM-1 m ockups with SM-1 fuel e le m e n ts , the SM-1 
mockup with SM -2 fuel e lem ents, and th e  PM-2A mockup w ith  SM-2 fuel e le ­
m ents. A PM-2A mockup with SM-1 fuel elem ents is very much the same as 
the PM-2A c o re s . Therefore, the follow ing ratio can be se t up:

B-10 worth SM-1 (SM-1 elem ents) .  B-10 worth PM-2A (SM-1 elem ents)
B-10 worth SM-1 (SM-2 elem ents) B -10 worth PM-2A (SM-2 elem ents)

B-10 worth SM -1 (SM-1 elem ents) * 60.3  $/gm

B-10 worth SM -1 (SM-2 elem ents) * 23 .8  $/gm

3-10 worth PM-2A (SM-2 e lem ents) * 30.2 $/gm

B-10 worth PM-2A (SM-1 elem ents) -  m 7 6 .4  $/4jm
Z 3 • o
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This yields an approxim ate B-10 worth for th e  PM-2A cores if th e  ra tio s 
a re  approxim ately the sa m e .

The c ritica l bank p o sitio n  for Core II w ith th e  s ta in le s s  s te e l sk ir t  is 7.303 
in c h e s . The c ritica l bank position  for Core I w ithou t the s ta in le ss  s te e l  sk irt is 
6 .4  in c h e s . The s ta in le s s  s te e l  skirt has a n eg a tiv e  reactiv ity  e ffec t o f about 
50 c e n ts  (Section 3 .5 ) . The c ritic a l bank p o sitio n  of Core I with the  sk ir t is ,  
th e re fo re , about 6 .6  in c h e s . From Fig. 5 .3 , th is  y ie ld s approxim ately two dollars 
for th e  average integral bank worth difference betw een  Core I and C ore I I .

From the B-10 w orth, 76 .4  $/gm , and the  in teg ral bank worth d iffe ren ce ,
200 c e n ts ,  the B-10 d iffe ren ce  between Core I and  Core II is  determ ined to be 
2 .6 2  gm . On the b asis  of 15.235 gm of B-10 in C ore I, the to ta l B-10 loading 
in C ore  II would be 17.86 gm . This compares very  favorably with the  17 .70  gm 
of B-10 determined by re a c tiv ity  differences betw een  individual e le m e n ts .

5 .3  ANALYSIS OF CRITICAL ASSEMBLY MEASUREMENTS

5 .3 .1  Integral Bank W orth From Bank C alib ra tion

The five rod bank ca lib ra tio n  curves for C ore  I and Core II a re  show n in 
F ig . 5 .1 .  Although C ores I and II have d ifferen t B-10 load ings, it is  expected  
th a t PM-2A cores with th e  sam e U-235 loading shou ld  have e s se n tia lly  one bank 
c a lib ra tio n  curve. The ca lib ra tio n  curves for C ore  I and Core II do not co in c id e , 
p robably  because they w ere developed with s lig h tly  different e ffec tiv e  core 
d iam eters and a lso  b e ca u se  of s ta tis t ic a l  v a ria tio n s  in da ta .

For the foregoing re a s o n s , an average curve  was developed betw een  the 
c a lib ra tio n  curves of Core I and Core II. It is show n in Fig. 5 .2 . T his new 
c a lib ra tio n  curve was ex trapo la ted  to the zero bank position based on th e  shape 
of th e  SM-1 bank ca lib ra tio n  curve. A large am ount of uncertainty is  apparent 
abou t the  extrapolated portion of the calib ra tion  cu rv e , because the SM -1 c a li­
b ra tion  curve was developed  by boron variation and PM-2A calib ra tion  curve 
w as developed by changing th e  effective core d iam ete r. In view of th e  ava ilab le  
d a ta ,  however, it is the b e s t  approximation th a t can  be made.

Integration of Fig. 5 .2  y ields estim ates o f  core  reac tiv ity , e x c e s s  re ­
a c t iv i ty ,  and shutdown re a c tiv ity  depending on th e  lim its of in teg ra tio n . Fig.
5 .3  is  a plot of the In tegral bank worth versus bank position . The In teg ra l bank 
worth is  taken here to m ean th e  amount of re a c tiv ity  ad d o d to th e  core when the 
bank is  withdrawn to a bank position . The lim its  of in tegration are zero  to the 
bank p o sitio n . The In teg ra ted  bank worth of th e  PM-2A Cores I and II is  31 
d o lla r s . The excess re a c tiv ity  at the cold c le an  c ritic a l bank p o sitio n s  for 
Core I and Core II are  2 0 .4 0  and 18.40 d o lla rs , re sp ec tiv e ly . T hese w ere 
determ ined  by subtracting th e  integral bank worth a t the cold clean  bank posi­
tion  from the to tal core re a c tiv ity . The Core I c r i t ic a l  bank position w as ad­
ju s te d  from 6 .4  in . to  6 .6  in . to include the s ta .n le s s  stee l sk irt.
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5 . 3 . 2  Excess R e a c tiv ity  From C r it ic a l W ate r H e ig h t M easurem ents

From paragraph 3 . 6 . 1 ,  i t  is  seen tha t the e xce ss  re a c tiv ity  can be d e te r­
m ined from

core

w a te r

d p =  1/2
1_______

_(hw ate r + Sz )2

1_______

(’ncore +

i f  i t  assum ed  tha t rad ia l f lu x  d is t r ib u t io n s  are inde p e nd e n t o f a x ia l p o s it io n  and 
tha t a x ia l re fle c to r  savings a re  independent o f the  co re  h e ig h t.

U s in g  re a c t iv ity  w orth  m easurem ents o f the c r i t ic a l  w ater h e ig h t, a v a lu e  
o f 19.4 w as determ ined for

I 2?T2M 2 
\ * 0 0

and 5 . 7 5  in .  for Sz . In s e rtin g  th e se  values in to  th e  above equation and in te ­
g ra ting  from  the co ld  clean c r i t i c a l  bank p o s itio n  ( 7 .3 03  in . )  to the top  o f  th e  core 
(22 i n . ) ,  th e  excess re a c t iv ity  is  computed to  be 1 6 . 5 0  d o lla rs . Th is v a lu e  is  
low er th a n  the  va lue  determ ined from  the bank c a lib ra t io n  cu rve , w h ich  w as 18.40 
d o lla r s .

5 . 3 . 3  Bank P osition  a t P M -2A  S ite

Because the A lco C r i t ic a l i t y  F a c ili ty  m ockups do no t com p le te ly  re p re se n t 
the  P M -2A  s ite  co n d itio n s , c e r ta in  ad justm ents m ust be made to bank p o s it io n s  

.de te rm ined  a t the F a c ility  to  p re d ic t PM-2A s ite  bank p o s it io n s . These a d ju s t­
ments c o n s is t  o f the useo f: EU2O 3 absorbers, e ffe c t o f  PM -2A therm al s h ie ld ,  
c o ld - to -h o t  tem perature ch a n g e , and e ffe c t o f e q u ilib r iu m  xenon. The fo llo w in g  
ta b u la tio n  p re d ic ts  the bank change  due to these fa c to rs .

1 . U se  o f EU2O 3 A b so rb e rs , 68°F , C lean

Excess core re a c t iv ity  
EU2O 3 absorber 
N e t excess re a c t iv ity

C r it ic a l bank p o s it io n  from  F ig . 5 .3  is  7 .1 5  in .  , equ iva len t to  a d ia l 
read ing  o f 6.95 in .  a t the  PM-2A s ite .

* NOTE: C o rre c tio n  for B-10 in  iron  absorbers to  Eu20 3  absorbers is  21 c e n ts  per 
absorber in the c o n tro l r o d . ^  For e c c e n tr ic  rods , the e s tim a ted  c o rre c ­
t io n  is 14 cents per abso rbe r, or 77 cen ts  fo r  the f iv e  rod bank . I t  is  as­
sumed that the in te g ra l w orth  curve fo r th e  absorbers is  the same shape 
as the bank w orth  c u rv e , and there fore  a ra t io  o f  the to ta l in te g ra l w orth  
o f  the bank to the w o rth  a t the bank p o s it io n  is  the same fo r the  a bso rbe rs . 
T h is  ra tio  is  used to  de te rm ine  the p ro p o rtio n a l w orth  o f p a r t ia l ly  in se rte d  
absorbe rs .

1840 cents
__ 46 cen ts*
1886 cents
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2. Effect of PM-2A Thermal Shield

Excess core reac t iv i ty  with E i^O j 1886 cents
absorbers , 6$pF

Thermal Shield 46 cen ts
Net excess  reac t iv i ty  1932 cen ts

Critical bank position  from Fig. 5 .3  is  6 .9  i n . ,  equivalent to a dial 
reading of 6 .7 5  in . at the PM-2A s i t e .

3. Temperature C hange to 510°F. Equilibrium Xenon at 4 .8  Mw

Excess core reac tiv ity  1932 cents
Cold to hot ch an g e ,  equilibrium xenon - 1200 cen ts  *(11)
Net excess  reac tiv ity  , 732 cents

Critical bank position  from Fig. 5 .3  is  12.5 i n . ,  equivalent to a dial 
reading of 12 . 3  inches at the PM-2A s i t e .

5 .4  LIFETIME EVALUATION OF PM-2A CORES 1 AND II

In evaluating the lifetime of PM-2A Core II, it is  of in terest to make a 
com parison with a s im ila r evaluation of PM-2A Core I. The re s u l ts  of 
th e  zero power experim ents on the two cores however indicate tha t Core I does 
not contain so much boron as was originally be lieved . In ad d it io n ,  im­
provements have been made on the slowing down model used in the  ca lcu la tion . 
For th e se  reasons , and in order to make a va lid  comparison betw een the  cores , 
th e  Core I lifetime a n a ly s is  has been repeated  in conjunction with the  Core II 
e v a lu a t io n .

The techniques employed in evaluating the  lifetimes of PM-2A Cores I 
and  II are basica lly  the same as the method u se d  on the original evaluation  of 
C ore  I. (ID The descrip tion  of the method is included here for co m p le ten ess .

The first step in the  method involves ob tain ing  a uniform burnup of the 
c o re .  Correction factors obtained by using d a ta  from SM-1 ca lcu la t io n s  are 
then  incorporated to convert the uniform burnup calculation to an equiva len t 
non-uniform ca lcu la tion . A more complete descrip tion  of these  tech n iq u es  is 
inc luded  in the following sec t io n s .

* NOTE: The effective reac tiv ity  change of C ore  I from 68°F, c lean  to  510°F, 
equilibrium xenon was 12.10 dollars  . It is assumed that the  same 
change will be  true for Core II.

•>

52



*

5 .4 .1  Uniform Burnup

To c a lc u la te  the uniform burnup of the first two PM-2A co res, the stan d ard  
tw o-group, bare  equ ivalent, c r i t ic a l  equation was u sed  a t  a tem perature of 510°F 
with equilibrium  xenon (at 10 M w).

Keff
_______ KthT________  + Kf (1 - P)
(1 + T B 2) (1 + L2B2) + (1 + T  B2)

(5.1)

where the  sym bols are defined in T able 5 .1 . The n u c le a r  param eters in equation  
(5.1) were eva lua ted  by the u se  o f BOBCAT, ^ 3' MUFT I I I ^ 4 ) , and Plate Type P 3*15) 
IBM-650 c o d e s  a s  a function of bu rnup . All the param eters except KE were b a se d  
on s ta tio n ary  elem ent nuclear c h a ra c te r is t ic s . B ecause , how ever, the core h a s  
five control rod elem ents in ad d itio n  to 32 stationary e le m e n ts , it is n e c e ssa ry  
to make a co rrec tion  to jh e s e  p a ram ete rs . This is done by defining Kj'h as:m to jh e

K"Kth (5 .2)

, v  subwhere l_  is  a m acroscopic c ro s s  section  which has been  position and volum e 
w eighted to  re f le c t the d ifferences in the control rod e lem en t properties from th e  
properties o f th e  stationary e le m e n ts . The variation o f ]T with burnup w as 
assum ed to conform to the re la tio n :

( 1 ' B)Z a Ub (B = 0)*

A more d e ta iled  descrip tion  o f £  may be found in reference (11).

The v a ria tio n  of 
of equation 5 .3 .

Xe 
a

Xe
a

Lxe or'!' tfaXe < ?i * /xe>

as a function of burnup w as ca lcu la ted  with the  a id  

P
-  (5.3)

^  Xe + vE
The burnup independent v a ria b le s  are defined and  th e  values a ssigned  a re  given 

in Table 5 . 2 .  The burnup dependen t variab les used to c a lc u la te  |T ge are g iven  
in Table 5 . 3 .

5 . 4 . 2  Variation of N uclear C o n stan ts  with Burnup

Having evaluated  anc* ls now P o ss ib le  to determine a ll  th e
param eters u se d  in equation (5 .1 ) . The variation of th e  nuc lear constan ts w ith 
burnup, as ob ta ined  with the a id  o f th e  BOBCAT, MUFT III , and Plate Type P 3 
codes are g iven  in Tables 5 .4  and 5 . 5 for PM-2A C ores I and II re sp ec tiv e ly .

The to ta l  buckling and its  com ponents used in th is  an a ly s is  are given in 
Table 5 . 6 .
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TABLE 5 .1
NON-UNIFORM BURNUP CALCULATIONS

The non-uniform  burnup ca lcu la tio n s of th e  PM -ZA Core I were perform ed a t an average core 
tem perature of S 10°F , an average p ressu re  of 1750 p s ia , with equilibrium  x enon . The core w as 
assum ed to  o p e ra te  a t  a thermal power of 10 M W .

NUMENCLATURE

Symbol

T

Di

E-i
E«iv

L2

Zl  2

«th

Kaff

Ea"Ub

C
L 2
B2

< ,

B2r

»r

S*a
?1 +?Xe
-X e

^X e

/>
O’

P

D escrip tion

Neutron age
F ast diffusion coeffic ien t 

F ast m acroscopic abso rp tio n  c ro ss -se c tio n  

F ast m acroscopic f is s io n  c ro s s -se c tio n  

Number of neutrons per f is s io n  

Resonance escap e  p ro b ab ility

Total neutrons produced by epitherm al fission  per ep itherm al 
neutron absorbed

Thermal diffusion length squared

Thermal m acroscopic f is s io n  c ro ss -se c tio n

Average fuel burnup frac tio n

Thermal power level

Total neutrons produced by therm al fissions per therm al 
neutron absorbed

Effective m ultip lication  fac to r

Substitu tion  c ro s s -s e c tio n

U nits

cm2
cm

w atts

cm -1

Effective xenon c ro s s - s e c t io n

Thermal m acroscopic ab so rp tio n  c ro ss-sec tio n

Total buckling

Axial buckling

Radial buckling

Radial reflector sav ings

Axial reflector sav ings

Xenon non-uniform fac to r

F ission  yield of iodine an d  xenon

Hardened xenon therm al m icroscopic  absorption c ro s s - s e c t io n

Number of fiss io n s  per w a tt-seco n d

Volume of core

Decay constan t of xenon

S alf-sh leld lng  factor for xenon

Fraction of to ta l f is s io n s  w hich are thermal

Average flux in fuel p la te  re la tiv e  to average flux in e n tire  
fuel element

Excess reac tiv ity , *
*eff

cn * 1

cm

cm

cm

cm

cm

cm

-1

2

2

2

cm*

(w a tt-sec ) ' 
cm3 

se c " l

X



TABLE 5 .2
Y  Xe PARAMETERS INDEPENDENT OF FUEL BURNUP ‘- a

Symbol Definition Value for PM-2A

oc Xenon non-uniform factor 1 .13

W x e Fission y ie ld  of iodine and xenon 0 .0629

c r aXe Hardened xenon thermal microscopic  absorption 
c ross-sec t ion  (510°F) 2 . 9  x 10“ 18

cr Fissions per wat t-second 3 .2175  x 1010

V
3

Volume of core  in cm 1.1379  x 105

Axe Decay cons tan t  of xenon 2 .0 9 2  x 1 0 '5

P Thermal power level in watts 107

TABLE 5 .3
VARIATION OF BURNUP DEPENDENT T * e PARAMETERS AT 510°Fa

Average_Fuel 
BurnuD, B y £

0 .0 0 0 0.9421 0 .7312

0 .0 1 3 0.9432 0 .7 3 2 8

0 .033 0.9444 0 .7385

0 .069 0.9474 0 .7457

0 .135 0.9525 0 .7614

0 .200 0.9570 0 .7 7 5 8

0 .305 0.9634 0 .7 9 7 7
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TABLE 5.4
VARIATION OF NUCLEAR CONSTANTS WITH AVERAGE 

FUEL BURNUP AT 510°F

Average
Fuel
Burnup r Df z l v P

0 48.8676 1.49955 0.009240 0.011887 0.698895
0.018 48.9252 1.49984 0.009136 0.011693 0.7019703
0.033 48.9744 1.50001 0.009031 0.011537 0.705142
0.069 49.1025 1.50047 0.008765 0.011159 0.713178
0.135 49.3204 1.501136 0.008288 0.010456 0.727687
0.200 49.5415 1.501969 0.007838 0.009746 0.741451
0.305 49.8916 1.50334 0.007143 0.008571 0.762928

Burnup ________ *i_ n h v Z , Kth

0 1.28650 0.2053995 0.3223029 1.5691515
0.018 1.27988 0.2027843 0.31683461 1.5624217
0.033 1.27741 0.19991157 0.31233713 1.5623765
0.069 1.27312 0.19263286 0.30161922 1.5657724
0.135 1.26153 0.17967587 0.28153406 1.5668997
0.200 1.24342 0.16792932 0.26172845 1.5585632
0.305 1.19979 0.15010647 0.22884872 1.5245760

Burnup L2
Y  Xe 
L  a

Y  sub 
a Kth

/

0 1.2937687 0.008364 0.004031 1.47986
0.018 1.3132789 0.008316 0.003958 1.47322
0.033 1.3352925 0.008275 0.003898 1.47262
0.069 1.3940831 0.008144 0,003753 1.47477
0.135 1.5107564 0.007780 0.003487 1.47437
0.200 1.6325106 0.007391 0.003225 1.46595
0.305 1.8542618 0.006698 0.002802 1.43380
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TABLE 5 . 5  
PM-2A CORE II

VARIATION OF NUCLEAR CONSTANTS WITH FUEL BURN UP
AT 510°F

Average
Fuel
Bumup (B) r Df E . f v l \
0 48.8808 1.50014 0 .009317 0.011868
0.018 48.9392 1.50045 0 .009207 0.011678
0.033 48.9891 1.50056 0.0090962 0.011522
0.069 49.1193 1.50096 0 .008818 0.011148
0.135 49.3410 1.500163 0.008324 0.010449
0.200 49.5633 1.502419 0.007862 0.009742
0.305 49.9159 1.50375 0.007154 0.0085686

B P Kf L2 V Y  (2

0 0.696394 1.27380 1.27355 0.321947
0.018 0.699690 1.26838 1.29456 0.316502
0.033 0.703035 1.26668 1.31745 0.312065
0.069 0.711441 1.26423 1.37842 0.301411
0.135 0.726493 1.25529 1.49787 0.281568
0.200 0.740651 1.23912 1.62385 0.261615
0.305 0.762539 1.19774 1.84950 0.228801

B c . ^  sub n  Xe 
L a K"th

0 0.208228 G.00403088 0.008364 1.4583
0.018 0.205335 0.00395832 0.008316 1.4538
0.033 0.202274 0.00389786 0.008275 1.4548
0.069 0.194557 0.00375275 0.008144 1.4600
0.135 0.181057 0.0034867 0.007780 1 .4 6 4 1
0.200 0.168744 0.0032247 0.007391 1.4586
0.305 0.150477 0.0028015 0 .006698 1.4300



TABLE 5.6
BUCKLINGS FOR PM-2A CORES I AND II

68°F 510°F

Radial Reflector Savings, Sr (cm'*) 6.11721 8.2488

Axial Reflector Savings, Sz (cm- *) 6.03080 7.97834

Radial Buckling, Bf  ̂ (cm- )̂ 0.005747 0.005046

Axial Buckling, Bz  ̂ (cm- )̂ 0.002176 0.001945

Total Buckling, B̂  (cm )̂ 0.007923 0.006991

5 .4 .3  Core Lifetime

Using equation (5.1), keff was determined as a function of fuel bumup. 
Keff was converted to core reactivity by the relation,

P -  K e f f1
(5.4)

To convert fuel bumup to energy release, the following relation was used: 

MWYR = 2(19.49) B

The variation of core reactivity with uniform bumup and energy release for 
the two cores is given in Table 5.7.

5.4 .4 Non-Uniform Bumup

To convert from uniform to non-uniform bumup, recourse was made to cal­
culations on.the SM-1 Core I .  Figure 5.4 shows the variation of reactivity with 
energy release for both uniform and non-uniform bumup. The difference between 
the two curves, A k , at a particular average fuel bumup, B, was converted to a 
change in A  P using equation (5.4). These values of A P  were applied to the 
uniform bumup calculations for the PM-2A for the same values of average fuel 
burnup to obtain the non-uniform bumup.

The resulting reactivity variation with lifetime for the uniform and non- 
uniform calculations are shown in Fig. 5.5 and 5.6.
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Figure  5 . 4 .  SM-1 Core  I Keff Vs Core En e rg y ,  4 40°F,  Eq Xe -  PM -2A  Core II ZPE VI
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TABLE 5. I
VARIATION O f  REACTIVITY AND BURN UP

WITH LIFETIME FOR PM-2A CORES I AND II

Burnup R ea c t iv i ty  (% C ) Energy R e l e a s eI C o re  1 C o ie  11 (MWYR)

0 . 0 5 . 0 3 .7 0 . 0
0 . 0 1 8 4 .6 3 .5 0 . 7 0
0 . 0 3 3 4 . 5 3 .4 1 .2 5
0 . 0 6 9 4 . 5 3. 1 2 . 7 0
0 . 1 3 5 4 . 3 2 .0 5 . 2 5
0 . 2 0 0 i . 1 0 .6 7 . 8 0
0 .3 0 5 - 2 . 2 - 2 . 5 1 1 .9 9

5 . 4 . 5  Mode). C o r r e c t i o n

The  co ld  c lea n  e x c e s s  r e a c t i v i t i e s  of PM-2A C o r e s  I and  II w e re  found  to 
be  ( s e e  S e c t io n  5 . 3 . 1 )  $ 2 0 . 4  and  $ 1 8 .4  r e s p e c t i v e l y .  The in teg ra l  rod w or th  
c u r v e s  ( s e e  F’q.  5 .3 )  show  t h a t  the  tem pera tu re  de fec t  plus the  xenon  w o r th  a t  
a p o w e r  l e v e l  of 4 . 8  Mw w a s  found to be $ 1 2 . 0 .

The  t e a c t iv i t y  c h a n g e  d u e  to xenon in g o ing  from 4 . 8  Mw to 10 M w  is 
$ 0 . 9 .  H e n c e  the  e x c e s s  r e a c t i v i t y  of PM-2A C o r e  I a t  510°F,  e q u i l ib r iu m  
x e n o n  (at  10 Mw) a t  s ta r t  o f  l i f e  w a s  $ 7 .5  or 5 . 7  p e r c e n t  P  .

A ssu m in g  the  s am e  h o t - t o - c o l d  c h a n g e  p lu s  x e n o n  worth for C o i e  II a s  
for C o r e  I ,  the  e x c e s s  r e a c t i v i t y  of PM-2A C ore  II u n d e r  t h e s e  c o n d i t i o n s  wi l l  be 
$ 5 . 5  o r  4 .2 %  P  .

Normal iz ing  the  r e a c t i v i t y  v e r s u s  l i fe t im e  c u r v e s  for PM-2A C o r e s  I and  II 
to t h e  a b o v e  s ta r t  of l i fe  v a l u e s  g iv e s  the  b e s t  e s t i m a t e  of  the  l i fe t im e  o f  th e  
two c o r e s .  This i s  shown in F ig .  5 . 7 .  Core  1 i s  s e e n  to have  an  e s t i m a t e d  l i fe  
o f  9 . 7  MWYR and Core  II i s  e s t i m a t e d  to have  a  l i f e t i m e  of 9 . 6  MWYR.

5 . 4 . 6  Stuck Rod C o n d i t i o n s

In t h e  zero power e x p e r i m e n t s  and  in the  i n i t i a l  s t a r tu p  and  t e s t i n g  o f  PM-2A 
C ore  I ,  i t  w e s  found tha t  c r i t i c a l i t y  cou ld  be  a c h i e v e d  by the  w i th d r a w a l  o f  any  
one  o f  t h r e e  contro l  r o d s ,  w i t h  all o the r  rods  fu l ly  i n s e r t e d  and  the  c o r e  in the  
c o ld  c l e a n  c o n d i t io n .  The c r i t i c a l  pos i t ion  for rod  4 ,  th e  most  r e a c t i v e  ro d ,  
w as  1 6 . 2 8  in .  The in t e g r a l  w or th  o f  rod 4 from 1 6 . 2 8  in .  to full ou t  (22 i n . )  
is $ 1 . 1 0 .  H ence  co re  r e a c t i v i t y  must d e c r e a s e  by  $ 1 . 1 0  before  the  c o r e  w i l l  
meet t h e  con d i t io n  of  one  ro d  be ing  fully  w i th d ra w n  w i thou t  hav ing  a c h i e v e d  
c r i t i c a l i t y .  Figure 5 . 7  s h o w s  th a t  C o re  I will m e e t  th e  one  s tuck  rod c r i t e r i a  
a f te r  2 . 2  MWYR.
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Figure 5 .7 . Estimate of Variation of Reactivity w ith Energy Release 
PM-2A Cores I and II, 510°F, Eq. Xenon (10 Mw) 
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The z e r o  power ex p e r im en t s  o n  Core  II (see  S e c t i o n  3 .5 )  show th a t  a t  s t a r t  
of l i f e ,  C o r e  II c anno t  be made  c r i t i c a l  by the  c o m p le t e  w i th d raw a l  of any  s i n g l e  
control  rod a t  68°F . The s h u td o w n  margin  with rod 4 f u l l y  withdrawn is e s t i ­
mated to b e  a b o u t  $ 0 , 9 .  From F ig .  5 . /  it is s e e n  t h a t  maximum core  r e a c t i v i t y  
o c cu r s  a t  s t a r t  of l i f e .  H ence  it  i s  c o n c lu d e d  that. PM -2A  C ore  II will  m eet  t h e  
"one  s t u c k  rod"  c r i te r ia  t h ro u g h o u t  l i f e .

5 . 4 . 7  Power D is t r ibu t ion

An a n a l y s i s  of the  power d i s t r i b u t i o n  in PM-2A C o r e  I is  reported  in APAE 
Memo No. 195.  (16) There w e re  tw o  d e s ig n  c h an g e s  m a d e  b e tw een  Core  I a n d  
Core  II t h a t  a f f e c t  th e  power d i s t r i b u t i o n .  In a d d i t io n  to  ch an g in g  the  c o m p o s i ­
t ion of  th e  s t a i n l e s s  s t e e l  in th e  c l a d d i n g ,  a smal l  i n c r e a s e  in the  boron l o a d i n g  
in Core  11 w a s  m ade .

The e f f e c t  of t h e s e  c h a n g e s  on  the  rad ia l  power d i s t r i b u t i o n  is s l ig h t  a n d  
may be  n e g l e c t e d .  The e f fec t  on t h e  a x ia l  power d i s t r i b u t i o n  is  more p ro n o u n c e d  
s in c e  the  i n c r e a s e d  boron lo ad in g  r e s u l t s  in a h igher  b a n k  p o s i t io n .  This r e ­
s u l t s  in a d e c r e a s e  in the  a x i a l  p o w e r  peak .  The th e rm a l  a n a l y s i s  of Core  I 
may th e r e f o r e  be  co n s id e re d  c o n s e r v a t i v e  if u sed  to  d e s c r i b e  Core  II.

5 .5  SUMMARY

From a n a l y s i s  of the d a t a ,  C o r e  II is  e s t im a te d  to  c o n t a i n  17 .7  gm of  B - 1 0 .  
Core I w a s  e s t i m a t e d  to co n ta in  1 5 . 2  gm of B-10 i n d i c a t i n g  tha t  Core  II c o n t a i n s  
a p p ro x im a te ly  2 . 5  gm more th a n  B - 1 0 .

The i n t e g r a l  bank worth y i e l d s  an  e x c e s s  r e a c t i v i t y  o f  18 .40  d o l la r s  a t  t h e  
c r i t i c a l  b a n k  p o s i t i o n .  A v a lu e  o f  1 6 . 5 0  do l la rs  fcr t h e  e x c e s s  r eac t iv i ty  a t  t h e  
c r i t i c a l  b a n k  p o s i t i o n  was  d e t e r m i n e d  from the  c r i t i c a l  w a t e r  he igh t  e x o e r im e n t .
The v a lu e  from the  in tegra l  bank w o r th  is  probably the  m ore  a c c u r a t e  v i l u e  o f  t h e  
two. This is  b e c a u s e  equa t ion  (3.  1) o f  the  c r i t i c a l  w a t e r  h e ig h t  exper iment  i s  
b e s t  a p p l i e d  t o  a l a rg e ,  low e n r i c h e d  U -2 3 5  reac to r  w h e r e  k o o  is  ap p ro x im a te ly  
o n e .  F u r th e r m o re ,  equation  (3 .1 )  r e q u i r e s  tha t  the  r a d i a l  buck l in g  remains  a 
c o n s t a n t .  S i n c e  the re  were  s l i g h t  c h a n g e s  in the  e f f e c t i v e  c o re  d iam e te r ,  t h e r e  
would be s l i g h i  c h a n g e s  in the  r a d i a l  bu ck l in g .

The PM -2A  d ia l  reading for t h e  c o ld  c l e a n  c r i t i c a l  b a n k  pos i t ion  is e s t i ­
mated to  be  6 . 7 5  in.  At 510°F a n d  equ i l ib r ium  xenon t h i s  d i a l  reading is e s t i ­
mated to be  12 . j  i n .

C o re  II i s  e s t im a te d  f ron  b u rn u p  c a lc u l a t i o n s  to h a v e  a l ife of 9 .6  MWYR 
as  co m p ared  to  9.  7 MWYR for C o re  I .

From t h e  s t u c k  rod m e a s u r e m e n t s ,  it was  found t h e  C o r e  II will  meet  t h e  
" o n e - s t u c k - r o d "  c r i t e r ia  th roughou t  t h e  co re  l i f e .  C o re  II w i l l  not a t t a in  c r i t i c a l i t y
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by withdrawal  o f  a s i n g l e  rod.  With ro d  #4 fully withdrawn t h e  shu tdow n margin 
is  e s t im a te d  to b e  0 . 9  d o l l a r s .

In c o m p a r i s o n  o f  Core  I and C o re  I I ,  th e re  w as  only a s l i g h t  ch an g e  in 
the  rad ia l  power d i s t r i b u t i o n .  H o w ev e r ,  t h e  ax ia l  power d i s t r i b u t i o n  w as  a f ­
fec ted  in th a t  t h e  a x i a l  power peak  of  C o r e  II is  d e c r e a s e d  c o m p a r e d  to tha t  
o f  Core  I.
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APPENDIX A
SUMMARY DATA FOR PM-2A CORE II 

Fuel E lem ents and Absorber S ec tion  (Qtv.)

Number of Stationary Fuel Elements 32

Number of Control Rods w ith Fuel Elements 5

Total Number of Fuel E lem ents 37

Number of Europium A bsorber Sections (From C ore I) 

U-235 M ass (Grams)

5

S tationary  Fuel Element 542.34*
«

C ontro l Rod Fuel Element 427.20*

Total of Stationary Fuel Elements 17354.88*

T otal of Control Rod Fuel Elements 2136.00*

T otal U-235 M ass 

R-lii Loadina (Grams)

19490.88*

E stim ated Average per S tationary  Element 0.492

E stim ated  per Control Rod Element 0.390**

T otal of a ll Stationary Elem ents 15.744 .

T otal of all Control Rod Elements 1.950**

T otal B -10

Cold C lea n  C ritical P ositions (Inches)

17.694

Five Rod Bank (Position a t  Alco Facility) 7.303

(Dial Reading at PM-2A Site) 6.9

* D esign  S pec ifica tions, R eferences (4,5) and c o rre c tio n s .
** D eterm ine by assum ing sam e percent loss in co n tro l rod fuel e lem ents a s  in 

s ta tio n a ry  fuel e lem en ts .
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Lattice No.

Loading Sequence No. 
Element No.
Control Rods

Figure A. 1. Complete Loading Chart 
PM-2A Core II ZPE VI
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APPENDIX B
PM-2A CORE II LOADING TABLE

Critical
Bank
Position, In.

Count Count Rate
Rate Rod #4
Rod With- Approx.

Bank 
Worth, 
c e n t s / ln

(Corrected M a s s Bank drawn
Loading Element Lat t ice for PM-2A U-235 , Full In, 10 I n . ,
Secruence Number Posi t ion Site) Kg CPS CPS

1 2-4 44
2 2-3 42
3 2-1 24
4 2-5 46
5 2-2 64 2 .1 4
6 1-1 45
7 1-4 34
8 1-2 54 3 .7 6
9 1-5 43
10 1-6 55
11 1-7 35 5 .3 9
12 1-8 33
13 1-9 53 6 .4 7
14 1-10 36 7 .0 2
15 1-11 56 7 .5 6
16 1-12 25 8. 10
17 1-13 65 18.5 8 .6 4 0.34 0.52
18 1-14 26
19 1-15 23
20 1-16 63
21 1-17 66 13.1 10.81 0.63 0 .77
22 1-18 22
23 1-19 32
24 1-20 52 .
25 1-21 62 10.5 12 .98 0.99 1.6
26 1-22 41
27 1-23 14
28 1-24 47
29 1-25 74 9.0 15.15 1.47 2.7
30 1-26 57
31 1-27 37
32 1-28 31
33 1-29 51 7.7 17.32 3.41 7.6
34 1-30 15
35 1-31 73
36 PM-2A

Spare
13

37 PM-2A
Spare

75 6 .7 19.49 5.35 10.5

Approx. 
Worth of 
Fuel 
Added,

. Dollars

4.95

4.13

3.28

2.53

2.54
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