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ABSTRACT 

This report covers t he  zero power experiments performed on PM-2A Core I1 
a t  t he  Alco Crit ical  Facil i ty.  PM-2A Core I1 is the  f irst  replacement core for a 
portable pressurized reactor a t  Camp Century,  Greenland. Core I1 is the  same 
as Core I with t he  exception that  Core I1 has  a n  increased burnable poison 
(B-10) content .  The zero power experiment cons i s ted  of fuel element uniformity 
t es t ;  core  assembly t e s t ,  development of a n  on-s i te  loading procedure and a n  
ana lys i s  of experimental da t a .  

Physical  character is t ics  determined include distribution of fuel and B-10 
in the  fuel p l a t e s ,  minimum cr i t ica l  m a s s ,  control rod bank,cal ibra t ion,  and 
integral rod worth. The report <oncludes: with a n  a n a l y s i s o f  the  experimental 
data including est imated uniform and non-uniform burnup r a t e s .  

v i i  
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SU M MARY 

The PM-2A Core I1 zero power experiment cons i s ted  of (1) fuel element 
uniformity t e s t  and  a quanti tat ive es t imate  of t h e  burnable poison content  of 
the  fuel e lements ,  (2) core  assembly  and, cr i t ica l  mass  experiments,  (3) de- 
velopment of core  loading procedures for t he  PM-2.A plant ,  (4) ana ly s i s  of ex- 
perimental data  and  es t imate  of burnup charac te r i s t i c s .  

Results  of the. uniformity tes t '  indicated there was  sa t is factory  distr i-  
bution of fuel and poison in  t he  fuel; e lements .  In addit ion the  s tuck  rod 
measurements demonstrated that  cr i t ica l i ty  could not be  a t ta ined by with- 
drawing any  s ing le  rod,  but required the  part ial  withdrawal of a second  rod.  

An on-s i t e  loading procedure .was developed using observed count ra tes  
of mockup condit ions of t he  P M - 2 ~ ' s i t e . .  This procedure insures  sa fe ty  and  
efficiency without a n  inverse  multiplication approach t o  cr i t ica l i ty .  

The following tabulation summarizes t he  important da ta 'ob ta ined  for 
PM-2A Core  11: 

Number of stat ionary fuel elements 
Number of control rod fuel elements 
Number of europium absorber sec t ions  (from Core  I) 
M a s s  U-235 per stat ionary fuel  element 
M a s s  U-235 per control rod fuel  element 
B-10 loadirlg per stat ionary fuel element 
B- 10 loading per control rod fuel  element 
Total B-10 in Core  I1 
Five rod bank cr i t ica l  posit ion 
Five rod bank cr i t ica l  PM-2A d ia l  reading 
Minimum cr i t ica l  mass  (U-2 35) 
Five rod bank integral  worth 
Shutdown margin a t  c r i t i ca l  bank posit ion 
Shutdown margin - rod #4 fully withdrawn 
Estimated core  l i fe  

32 ::' 
5 
5 L 

542.34 . gm 
427.20 :gm 

0.492 gm 
0.390 gm 

' 1 7 . 7  gm 
7.303 in .  
.6.75 in .  

8644.08 gm 
3 1 dollars  
12 .6  dollars  

0 . 9  dollars  
9 . 6  . MWYR 
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INTRODUCTION 

The PM-2A i s  a portable pressurized water reactor with a ne t  output of 1560 
KWe ,located a t  Camp Century,  Greenland. The core  contains enriched U-235 
fuel and B- 10 a s  a burnable poison.  T h e ~ e . a r e  32 stat ionary fuel e lements ,  and 
5 control rods containing a n  absorber and a fuel element follower that  i s  equipped 
with integral flux suppressors  a t  the  top of t he  ac t ive  meat. 

This report descr ibes  t he  zero power experiment conducted on t he  PM-2A 
Core I1 a t  the  Alco Products, Inc .  , Crit icali ty Facil i ty.  This experiment was  
a part of Subtask 10 .3  of t he  Program Plan for Engineering Support and  Develop- 
ment of Army PWR Power Plants .  The purpose was  to  es tab l i sh  uniformity of 
distribution of B-10 and U-235 and to  es t imate  B-10 loading in t he  fuel e lements .  
This t e s t  i s  necess i t a ted  by t he  l o s s  of burnable poison in  varying degrees  from 
the  fuel matrix during s inter ing,  heat ing,  and hot rolling processes  of fuel plate 
fabrication. 

Core assembly t e s t s  were performed to determine minimum cr i t ica l  mass ,  
cold ,  c lean  five rod cr i t ica l  bank position and to  formulate on-s i te  in i t ia l  core  
loading procedures. Stuck rod measurements were made to  determine the  mini- 
mum rod withdrawal to  produce cr i t ica l i ty  and provide an  es t imate  of the shutdown 
margins. . 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



1 . 0  SYSTEM DESCRIPTION 

1 . 1  INTRODUCTION 

This chapter  cons i s t s  of a general  descript ion of A lcok  Cri t ica l  Faci l i ty ,  
a s soc i a t ed  equipment related to . th i s  experiment,  t h e  PM-2A Core I1 and defini- 
t ions  of the  sys tem nomenclature. A deta i led  descript ion of t he  experimental 
a ssembly  is given in references ( I ) ,  ( 2 ) )  and (3). 

1 . 2  EXPERIMENTAL ASSEMBLY 

1 . 2 . 1  Core  Support Assembly 

The core  support assembly is a three-tiered s t a i n l e s s  s t e e l  s t ructure ,  
consis t ing of t he  carrier  p la te ,  core  support p la te ,  and  grid assembly ,  (Fig. 
1 . 1 ) .  The support a ssembly  is located in t he  reactor tank and  centered over 
the  tank floor. Tie rods and  spacers  provide structural  support and a s s u r e  
alignment of t he  assembly.  

Although PM-2A Core  I1 is made up of 37 fuel  e lements ,  t h e  Faci l i ty ' s  
core  support a ssembly  being experimentally f lexible ,  c an  accommodate cores  
with a s  many a s  89 fuel e lements .  Figure 1 .2  shows a n  asse.mBl'ed. PM-2A 
core  in p lace  in the  reac to r  tank.  

1 - 2 . 2  Control Rod Assembly 

The control rod a s semb l i e s ,  Fig. 1 . 3 ,  a r e  t he  absorber-fuel element fol- 
lower type.  The lower sec t ion  conta ins  the  enriched U-235 fuel p la tes ,  while 
t he  upper sec t ion  cons i s t s  of a box type  absorber.  The PM-2A Core I1 zero 
power experiments were performed with absorbers  made of B- 10 in iron which 
is c l ad  in s t a i n l e s s  s t e e l .  It is presently planned tha t  t he  europium absorbers 
from Core  I wil l  b e  u sed  with Core 11. An europium absorber  is worth approxi- 
mately 21 cen t s  l e s s  reactivi ty in comparison t o  t he  B-10 absorbers  in  t he  
centra l  posit ion.  (6) Therefore, where it is nece s sa ry ,  rod posit ions for the  
PM-2A site have been ad jus ted  t o  account  for t h i s  difference.  

1 . 2 . 3  Fuel Element Assembly 

The Core I and Core I1 fuel elements a r e  the  same except.  for t h e  boron 
loading.  A s ta t ionary fuel e lement ,  Fig. 1 . 4 ,  cons i s t s  of 18  fuel p la tes .  
Each fuel  p la te  is composed of 30.13 gm of U-235 in the  form of U 0 2  con- 
ta ined in a matrix of 0.020-in.. th ick  s t a i n l e s s  s t e e l .  The matrix is c lad  
with 0.005-in. s t a i n l e s s  s t e e l .  The to ta l  U-235 loading of e ach  stat ionary 
fuel element is 542.34 gm. Complete speci f ica t ions  for t he se  fuel elements 
a r e  given in (4) . 



Figure 1.1. Core Support Structure 



Figure 1 .2 .  PM-2A Core In Reactor Tank 
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Figure 1 . 3 .  Control Rod Assembly 



Figure 1.4. Stationary (Right) and Control Rod Fuel Element 



A control rod fuel element, Fig. 1.4, consists of 16 fuel plates. Each fuel 
- plate is composed of 26.70 gm of U-235. The matrix is the same a s  that of the 

stationary fuel elements. The total U-235 mass is 427.20 gm per element. Corn- 
plete specifications arc qiven in (5). ; . 

- Ir - 
h, t=.! - 

8:. 

i' 7- 

1 ' .  . -  
' . 1.2.4 Neutron Source .--. - . *  

,, - #  A plutonium-berylhum neutron socrce with an em'ishon rate of 8 x l o 6  
-- . . -- ' neutrons/sec is used during reactor startup a t  the Criticality Facility. 

," ' 1.3 NOMENCLATURE AND EXPLANATIONS 
$ - -  
h:- 

1 .3.1 Active Core 
I 

, - 
The active core is the region within the boundaries of the upper and lower 

_ r  -average limits of the U-235 distributions in the stationary-fuel elements and the 
cell boundaries of the outer xow of stationary elements. 

1.3.2 Control Rod Withdrawal 

Control rod withdrawal refers to the withdrawal of the absorber section of 
the control rod assembly from the active core and the consequent simultaneous 
insertion of fuel. Insertion of fuel takes place when the top of the flux sup- 
pressor is even with the m e a t  of the active core. At the Plco Criticality Facility, 
control rods are  withdrawn bymeans of overhead mechanisms, whereas a t  the 
PM-2A site, control rods are 'withdrawn by pushing the rods up with mechanisms 
below thie core. 

1 .3.3 Control Rod Position 

The cold clean rod positions measured a t  the Alco Criticalitp. E'ai=i.ity dp :not 
coincide with the expected rod dial readings at  the PM-2A si te .  This difference 
is due to three main reasons: 

1. Slight differences in the core support structures between the Criticality 
Facility and PM-2A. 

2. Use  of B-10 in iron absorbers a t  Criticality Facility vs  use of Eu2O3 
absorbers a t  PM-2A. 

3. Effect of thermal, shield a t  PM- 2A. 

At the Alco Criticality Facility, the top of the integral flux :suppress+or inl 
the control rod-fuel element is aligned even with the bottom of the meat of the 
stationary fuel elements. This is the zero position a t  the Criticality Facility and 
is the reference position for analytical purposes. In coritrast, a t  PM-2A s i te ,  
the tops of the integral flux suppressors are located approximately 0.20 in. 
above the bottom of the meat of the stationary fuel elements. This rod position 



a t  PM-2A'. is calibrated a s  the  zero rod dial  reading. Therefore, 0.20 in .  is 
subtracted from the. CYitf~al~ft~Faci'l.~ty.ro'd,,po~~fT.~ons to  compensate for . . PM- 2 ~ '  rod 
dial  readings .  

A s  noted in Section 1 . 2  . 2 ,  t he  Crit icali ty Facil i ty used  " B- 10 in iron" 
absorbers for the  zero power experiment, whereas at . the.P.M-2A.~ite.~ Eu203  
absorbers a r e  used .  The boron absorfiers a r e  2 1  cen t s  more effective in  the  
centra l  position and approximately 14 cen ts  per absorber more effective for 
eccentr ic  posit ions than t he  Eu203  absorbers .  Therefore, t h e  Crit icali ty 
Facility rod posit ions must  be dec rea sed  by a proportional amount determined 
by t h e  amount of absorber in the  core':'. 

The c r i t i ca l i ty  ~ a c i l i t ~  u sed  a,:.mockup of  the  PM-2A thermal shie ld  cjnly t o  
determine count ..rates during core  loading. The PM-2A thermal shie ld  is es -  
timated to  be  worth about 46 cents:. The Crit icali ty Facility rod posit ion,  
therefore,  must be  decreased by this.&ount to  agree  with the  PM-2A rod 

. . 
dial  readings .  

All rod posit ions in th i s  report :are a s  measured a t  t he  Crit icali ty Facil i ty 
and  can  be  u sed  without correction,  for.analytica1 purposes.  Where PM- 2A s i t e  
d ia l  readings a r e  a l s o  given for comparison,  they a r e  s o  designated.  

1 .3 .4  Temperature 

All measurements were taken a t  6 8 O ~ ,  un less  otherwise s t a t ed .  
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2 .0  FUEL-ELEMENT UNIFORMITY AND B- 10 CONTENT EXPERIMENTS 

INTRODUCTION 
. . .. 

In order to  provide a n  e s t h i t e  of burnable poison (B- 10) contained in each  
PM-2A Core  I1 stat ionary fuel e lement ,  the  PM-2A elements were compared in 
terms of reactivi ty differentials  to a n  SM- 1 Core  I standard element of experi- 
mentally determined composition-; PM-2A control rod fue l  e lements  were com- 
pared with each  other  for uniformity. These  tests wil l  a l s o  de tec t  a depleted 
uranium or  boron free fuel plate : 

2.2  PM- 2A CORE I1 STATIONARY FUEL ELEMENT 

2 . 2 . 1  Introduction 

Reactivity measurements of t he  P.M-24 Core I1 stat ionary fuel elements 
were made re la t ive  t o  a n  SM- 1 Core I s tandard element and  correlated to, t he  

. B-10 loading of e ach  element,. 

2 . 2 . 2  Procedure 

The PM-2A Core I1 stat ionary-fuel  elements and  one  SM-1 e l  en t  were 78 subs t i tu ted ,  one  a t  a t ime,  into the  SM-2 mockup core  loading S3A . Latt ice 
position 22 w a s  se lec ted  for t h e  fuel element subst i tu t ion,  and  control Rod F 
ad jacen t  t o  position 2 2  was  fully withdrawn in  order tha t  t h i s  absorber  sec t ion  
would not a f fec t  measurements i n  th i s  quadrant. In addi t ion,  Rods A;B, C';' , ' , 
D and G were kept a t  a bank posit ion of 5 .883 in.;  and  reactivi ty d i f ferences ,  
measured on  cal ibra ted control Rod E .  ~ s i n g . t h i s  bank posi t ion,  control Rod E 
had a c r i t i ca l  posit ion in  the  range of 1 1  t o  1 3  i n . ,  where it w a s  known from 
previous experiments t o  have a smooth and essen t ia l ly  l inear  cal ibrat ion curve.  
From the se  to ta l  reactivi ty d i f ferences ,  a n  es t imate  .can be  mad,e of t he  uni- 
formity of t he  fuel and boron loading.  

A s  a counter  check to the .above  uniformity experiment,  four elements were 
rota ted, . l80 degrees ,  and  a comparison made of t he  re la t ive  change in t he  worth. 
This comparison would reveal  any  non-uniformities within t he  .element i t se l f ,  with 
t he  exception of having a non-uniformity symmetrical t o  t he  center l ine  a x i s ,  
which would be  highly improbable. 

2 . 2 . 3  Sample Calculat ion 

2 .2 .3 .1  Reactivity Differential Due t o  B- 10 

Let A K ~  represent  t he  reactivi ty change due to  t h e  difference in t he  amount 
of B-10 in the  PM-2A element and  t he  standard SM-1 element.  / " J K ~  is equal  t o  



t h e  .difference in the to ta l  r.eactivity change and  the  reactivi ty change at tr ibute6 
t o  the  differential U-235 loading.  This is expressed  a s  - 

'\ AK, = A K ~  - AK, 

where: 

A K ~  = Total reactivi ty change of t h e  PM-2A element a s  compared t:; 
t he  SM- 1 s tandard.  

AK, = Estimated react iv i ty  change due t o  t h e  addit ional  U-235 loading . .  

of the  PM- 2A element .  

= 7.97 cen t s  per e lement .  
. . . . 

A K T  is determined simply by multiplying the  worth per inch of some cal ibra ted 
control  rod and ' t he  d i s t ance  t ravel led  by t h i s  rod between its c r i t i ca l  ... height  us ing 
t h e  SM- 1 s t anda rd  and  its c r i t i ca l  height us ing the  PM-2A element .  

2 . 2 . 3 . 2  Difference in B- 10 Loading 

The difference in the  amount of B- 10 in t he  PM-2A element and  in t he  s tan-  
dard element i s n K B  divided by t h e  worth of B-10 per gram. This is expressed  
a s  

where: 

n~~ = M a s s  difference of t he  amount of B-10 in t he  PM-2A and  t he  
SM- 1 element.  . . 

WR = W o r t h o f B - . l o p e r g r a m .  ~ e f ' .  (8) 

=. 117 cents/gm using same configuration a s  Ref. (8) 

S ince  t he  SM- 1 element is es t imated ' to :  . h a v e  0 .363 gm of B- 10 ,  Ref. (7) ,  
t h e  to ta l  B-10 co'ntained in a PM-2A element would b e  A M B  + 0 .363  gm. , 

" .  

2 . 2 . 4  Data 

The experimental ly determined react iv i ty  differences between the  PM-2A 
Core  I1 and  t he  SM-1 s tandard a r e  tabula ted in T,able 2 . 1 .  . This react iv i ty  dif- 
ferent ia l  is the. to ta l  change between t he  e lements  and  t h e  s tandard due t o  'dif- 
f e rences  in U-235 a n d  B-10 lqadings .  To determine t he  differential  react iv i ty  
due t o  B- 1 0 ,  t h e  U-235 worth, 7.97 cen t s  per. elemerit; ' w a s :  subtracted..from 
t h e  to ta l  react iv i ty  change and is tabula ted in t he  column'. headed a s  A KB o f  
Table  2 . 1  ~ r o m  t h e s e  va lues  of A K B ,  the  es t imated B-10 loading per element 
w a s  computed ,and a l s o  shown in 'Table  2 . 1 .  



TABLE 2 . 1  
STATIONARY ELEMENT'UNIFORMITY EXPERIMENT 

PM-2A CORE I1 ZPE VI 

A M B  
. B-10 M a s s  C h a n g e  E,sti'mated B- 10 

Element  A K~ 1: ~ K B  I from S tanda rd ,  Loading ,  
Ce.nt s Number Ce.nts  .' gm qm 

Tota l  . -2.12:;38 -.451'.48 . 
. . 

+3.856 1 4 . 7 4 6 '  

Average -7 .079 .  .: 15 .05 .  0 .129 I 0.4.9'2 + ..0..015 



2 . 3  PM-2A CORE I1 CONTROL ROD FUEL' ELEMENT 
. . . . . .  - . . '. . . I .  . . .. .- . . . .,,. 

. . . .  . , - a. . . , . I " 
. . - , . . . , .: . ' ? :  , . . 

. . ... - . , . . , 2 . 3 . 1  Introduction . .  . . .  . . -. . . '.. 

To perform the  control rod fuel element uniformity experiment,  s i x  control 
rods were loaded with SM-2 mockup control rod fuel e lements .  A seventh  control 
rod w a s  loaded with a PM-2A Core I1 control rod fuel element.  The. control rod 
containing the  PM-.2A fuel element w a s  fully withdrawn and  a reactivi ty dif- 
ference measured on  calibrated control Rod E l  containing a n  SM-2 fuel  element.  
Because there  was  no standard wi thwhich t o  compare the  PM-2A Core I1 control 
rod fuel  e lements ,  it w a s  necessa ry  t o  u s e  t he  method mentioned above of check- 
ing one  element aga ins t  another.  

. . 2 . 3 . 2  Procedure 
. . ; . ... 

Each of the  PM-2A Core  I1 control rod fuel elements w a s  subst i tu ted in 
turn,  in Rod F.  The reactor was  brought 'cri t ical  with control Rod F fully with- 
drawn and the  five-rod bank posit ion a t  5 .883  inches .  T.he reactivi ty differ- 
e n c e s  were measured on cal ibra ted control Rod E .  ':' 

. .. . . 
. . 

The cr i t ica l  posit ion and  differential worth of Rod E for e ach  o,f t he  f ive 
elements was ' , tabulated and  averaged.  ' The difference between the  differential 
worth and  t he  average w a s  then determined. 

2.3. '3 Data 
.. . 

The average c r i t i ca l  position and worth of control Rod E a t  th i s  posit ion 
for t he  f ive control rod fuel elements was  10.90 7 in .  and  2 8 . 6  8 .cents per in .  ,. 
respect ively .  .The result ing reactivi ty deviat ion from t h e  average is- given in 
Table 2 . 2 .  

TABLE 2.2 
CONTROL ROD FUEL ELEMENT UNIFORMITY EXPERIMENT. . 

PM-2A CORE I1 ZPE VI . . 

. . 

A K  . . 

from Average, 
Control Rod No. Cen t s  

. . 

'2- 1 -1 .43 
2-2 ' .  . -1 .81  
2- 3 -1 .14 
2-4 +2.92 
2-5 +1.44 



2 . 4  SUMMARY 

The uniformity t e s t  indicated that  t he  fuel elements have a n  even distribu- 
t ion  of fuel  and poison.  However, spec ia l  c a s e s  in  which t he  reactivi ty ef fects  
of fuel and poison a r e  essen t ia l ly  compensating would not be  apparent  from 
the se  measurements,  but manufacturing p rocesses  preclude t h e s e  poss ib i l i t i e s .  

. . 

. . 

The comparative reactivi ty measurements indicated that  t h e  stat ionary 
fuel elements contain a n  average of':0.4'92 + 0.015 gm of B-10 per element.  
This-iridicates a 2 6  percent  fabr ica t ibn, loss  of natural  boron based  on t h e  
original  loadings of BqC a t  t he  start :  o f t h e  fabricat ion.  Assuming the  same 
percent of fabricat ion l o s s  in the  co.ntro1 rod fuel e lements ,  they would con- 
t a in  0.390 + 0.015 gm of B-10 per el'ement. 

. . 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



3 . 0  PM-2A CORE I1 ASSEMBLY AND CRITICAL MASS EXPERIMENTS 

INTRODUCTION 

The c r i t i ca l  mass  of the  core  and  a worth calibrat ion of the  f ive rod bank 
a r e  determined.from a s e r i e s  of c r i t i ca l  mass  experiments.  To determine t he  
cr i t ica l  m a s s ,  PM-2A Core  I1 fuel elements were consecut ively  loaded into the  
core  assembly until  the  reactor became c r i t i ca l .  The elements were then re- 
arranged t o  arr ive a t  a geometry with a minimum surface-to-volume ratio-. . 
This arrangement y ie lds  t he  minimum cr i t ica l  mas s .  

To develop the  calibrat ion curve,  worth measurements of the  f ive rod 
bank were determined a t  t he  minimum cr i t ica l  mas s  and after  e ach  succe s s ive  
group loadi'ng consis t ing of four o r  less el.ements . 

CRITICAL MASS 

3 . 2 . 1  Procedure 

To el iminate t he  poss ibi l i ty  of assembl ing a super-cri t ical  core  with 
control rods inse r ted ,  a graphical  plot was  developed of the  inverse  multiplica- 
t ion ,  1/M, a s  a function of t he  amount of fuel assembled in t he  core .  A s  t he  
fuel in the  core  i nc r ea se s ,  1/M approaches  zero .  When 1/M becomes ze ro ,  
the  reactor is se l f -sus ta ining,  o r  c r i t i ca l .  After e ach  addition of fue l ,  the  
graphical  plot was  extrapolated to  zero in order to  es t imate  the  cr i t ica l  mas s .  
Each fuel addition was  then limited to  1/2 t he  difference between the  extra- 
polated cr i t ica l  mas s  and  the  previous loading or four elements (approximately 
2 Kg of U-235), whichever was  smal ler .  Three instruments were u sed  to  moni- 
tor  the  count r a t e s .  These cons i s ted  of two BF3 proportional counters and a n  
ion chamber with a l inear  amplif ier ,  Beckman No. 1 .  These  chambers were 
placed a s  c l o s e  t o  t he  core  boundary a s  poss ib le  s o  there  would be  maximum 
instrument or  neutron response .  

The fuel  loadings cons i s ted  ini t ial ly of the  f ive control rod fuel  elements 
with subsequent  addit ions of s ta t ionary e lements .  The configuration of these .  
loadings in thei r  respect ive  order is shown in Fig. 3 .1 .  

3 . 2 . 2  Data 

Table 3 . 1  is a tabulat ion of the  U-235 mass  in the  core  and  t he  inverse  
multiplication. Cri t ical i ty w a s  a t ta ined with 17 fuel elements containing 
8644.08 gm of U-235. With th i s  cr i t ica l  m a s s ,  t he  f ive rod c r i t i ca l  position 
w a s  19.79 8 i n .  corresponding' to. a' d ia l  reading. 'lie. 5 in.. .'st. t he  ' P M  2A. s'ite .' 



Control  Rod Fuel  Element 

Stat ionary Fuel  Element 

Fuel Element Added t o  Preceding Fuel Assembly 

Core  Assembly #1 Not Cr i t i ca l  
Total  Number of Elements  5 
Total  M a s s  of U-235 2136.00 gm 
1 / ~  Us ing  BF3 Chamber (A) 0.83'. 
1/M Us ing  BF3 (B) 0 .67  
Five Rod Bank Pos i t ion  Fully Withdrawn 

Core  Assembly #2 Not Cr i t i ca l  
Tota l  Number of Elements  8 
Total  M a s s  of U-235 3763.02 gm 
1 / ~  Us ing  BF3 Chamber (A) 0.704 
l / M ~ s i n g  BF3 Chamber (B) 0 .368  
Five Rod Bank Posi t ion Fully Withdrawn 

Figure 3 . 1 .  Core  Assembl ies  for In i t ia l  Approach to 
Criticality-PM-2A Core  I1 ZPE VI 



Core Assembly  #6 Not Cr i t i ca l  
Total Number of  Elements  1 5  
Total  M a s s  of U-235 7559.40 gm . 
1 / ~  U s i n g  BF3 Chamber (A) ' 0 . 1 3 5  
1/M U s i n g  BF3 Chamber (B) 0 .0188  
Five Rod Bank Pos i t i on  Ful ly  Withdrawn 

Core Assembly  #7 Not Cr i t i ca l  
Total  Number o f  Elements  1 6  
Total  M a s s  of U-235 8101 .74  gm 
1/M Us ing  BF3 Chamber (A) 0 .052  
1 / ~  Us ing  BF3 Chamber (B) 0 . 0 0 4 3 5  
Five Rod Bank Pos i t ion  Ful ly Withdrawn 

Core Assembly  #8 Cr i t i ca l  
Tota l  Number of Elements  17  
Total  M a s s  of U-235 8644 .08  gm 
1 / ~  Us ing  BF3 Chamber (A) Cr i t i ca l  
1/M U s i n g  BF3 Chamber (B) Cr i t i ca l  
Five Rod Bank Pos i t i on  19 .798  i n c h e s  

Figure 3 . 1  . (Continued)  



1 

TABLE 3 . 1  
+ U.- 2 3 5 MASS VS INVERSE MULTIPLICATION 

PM-2A CORE I1 ZPE VI 

U-235 M a s s  No. of Fuel 1 / ~  1 /M 1 /M 
gm Elements.  BF2 A* BF3 B* Beckman-No.. 1.* 

1 
0.830 
0 .704 
0 .579 
0.375 
0.242 
0.135 
0.052 
Cri t ica l  

1 ' 

0.670 
0 .368  
0.122 
0.0476 
0.0325 
0.0188 
0.00435 
Cri t ica l  

1 
0.980 
0.944 
0.910 
0.830 
0.770 
0 .668 
0.455 
Cri t ica l  

* In i t ia l  detector  response  BF3 (A) 1 . 4 3  c p s  , BF3 (B) 0 .18 c p s  , 
Beckman (No. 1) 5 x 10-13 amp. 

Figure 3 .2  shows the  graphical  plot of 1 / ~  v s  U-235 mass  for t he  three  
counting chambers u s e d .  Extrapolation of t h e  three curves  ind ica tes  a cr i t ica l  
mas s  of 8450 gm to a t t a in  cr i t ica l i ty .  

The core  geometry was  rearranged to  a 4 x 4 configuration; however, 
because  of t he  reduced U-235 m a s s ,  t h i s  geometry fai led t o  reach cr i t ica l i ty .  
One control rod fuel element was  added to  t h e  edge  of t he  4 x 4 assembly .  
Cr i t ica l i ty  w a s  achieved with th i s  geometry; however , .  t h e  cr i t ica l  assembly 

' cons i s t ed  of 8759.22 gm of U-235. The configurations .for t h e s e  core  assembl ies  
are shown . in Fig. 3 . 3 .  

FIVE ROD BANK CALIBRATION 

Fuel elements in groups of four o r  l e s s  were added to  the  in i t ia l  cr i t ica l  
mas s  assembly  until  t h e  core  was  fully loaded and  contained 32 stat ionary fuel 
e lements  and t he  five control rods .  The geometry af ter  e ach  of t h e s e  fuel addi- 
t ions  is shown progressively in Fig. 3 . 4 .  

After t he  addit ion of e ach  fuel group, t h e  reactor was  brought c r i t i c a l '  with 
t he  f ive  rod bank.  These  bank posi t ions  and U-235 mass  a r e  given in Table 3 . 2 .  
A plot of bank posit ion a s  a function of the  number of fuel e lements  is shown in  
Fig.  3 .5 .  



TOTAL MASS OF u~~~ - KG 

Figure 3.2. Inverse Multiplication Vs  Total ~ 2 3 5  In Core 
PM-2A Core I1 ZPE VI 



Control Rod Fuel Element 

Stationary Fuel Element 

Fuel Element Added to  Preceding Fuel Assembly 

Core Assembly #8 Critical 
Initial Criticality 
Total Number of Elements 17 
Total Mass of W-235 8644.08  gm 
.Five Rod Bank Position 19,798 inches 

Core Assembly #9A Not Critical 
4 x 4 Configuration 
Total Number of Elements 16 
Total Mass of U-235 8332.02 gm 
Three Rod Bank Position Fully Withdrawn 

Core Assembly #9B 
4 x 4 plus one Control Rod 
Total Number of Elements 
Total Mass of U-235 
Three Rod Bank Position 
Rod #2 Position 

Critical 

17 
8759.22 gpm 
Fully Withdrawn 

13.621 inches 

Figure 3.3. Core Assemblies t o  Determine Minimum Critical Mass 
PM-2A Core I1 ZPE VI 



Control Rod Fuel Element 

Stationary Fuel Element 

Fuel Element Added to Preceding Fuel Assembly 

Core Assembly #10 
Total Number of Elements 2 1 
Total Mass of U-235 10.81 Kg 
Five Rod Critical Bank Position 13.742 Inches 

Core Assembly #11 
Total Number of Elements 25 
Total Mass of U-235 12.98 Kg 
Five Rod Critical Bank Position 11.084 Inches 

Figure 3.4. Core Assemblies from Initial Criticality to  Fully Loaded Core 

. . 
PM-2A Core I1 ZPE VI 

2 5 



Core Assembly #12 
Total  Number of Elements  29 
Total M a s s  of U-235 1 5 . 1 5  Kg 
Five Rod Cr i t i ca l  Bank Pos i t ion  9.511 I n c h e s  

Core Assembly #13 
Total Number of Elements  33 
Total M a s s  of U-235 17 .32  Kg 
Five Rod Cr i t i ca l  Bank Pos i t ion  8 .342  I n c h e s  

Core Assembly #14 
Total  Number of Elements  
Total  M a s s  of U-235 
Five Rod Cr i t i ca l  Bank Pos i t ion  

37 
19 .49  Kg 

7.303 I n c h e s  

Figure 3 - 4 .  (Continued) 



Five Rod Bank 
Position, In. 

TABLE 3.2 
BANK POSITION VS U-2 35 MASS 

PM-2A CORE I1 ZPE VI 

w i t h  S . S . Skirt) 

No. of Fuel 
Elements 

. -  I -.<. c 

Bank worths were determined by the period method and plotted as a functionr 
of bank position. (See Fig. 3 . 6  .) 

The cold clean crit ical  bank position of the  fully loaded PM-2A Core 11, 
37 elements, Was 7 . 3 0 3  in.  as compared to  6 . 6 0 5  in.  for Core I .  The corres- 
ponding PM-2A s i t e  dial  readings a re  6 . 7 5  and 6 . 3  in.  respectively. The bank 
positions s ta ted here for Core I include an  adjustment of 5 0  cents  to  account 
for the s tainless  steel skirt ,  s o  that  a comparison could be made between Core 
I and Core 11. 

TABLE 3 . 3  
BANK POSITION VS. BANK WORTH 

PM-2A CORE I1 ZPE VI 

(With Skirt) 

No. of Fuel 
Elements 

Five Rod Bank 
Position, In. 

Worth, 
cents/inch 



20 24 28 3 2 36 
TOTAL NUMBER OF ELEMENTS 

Figure 3 . 5 .  Five Rod Critical Bank Position V s  Total Number of Elements For Cold 
Approach To Operational Loading - PM-PA Core I1 P E  VI 

28 



FIVE ROD BANK POSITION - INCHES WITHDRAW 

Figure 3 .6 .  Bank Worth Vs Bank Position - PM-PA Core I1 W E  VI 



3 . 4  CONTROL ROD CALIBRATION 

A calibration curve of control rod 4 is shown in Fig. 3 . 7 .  B- 10 in iron 
absorber section was used and the four rod bank was adjusted between 4.122 
to 9 . 4 9  7 in. to develop the curve. 

3 . 5  STUCK ROD EXPERIMENTS 

Stuck rod measurements were made on al l  five rods . These measure- 
ments were made with pairs of rods a s  well a s  single rods. The PM-2A Core 
I1 could not be brought critical by withdrawal of a single control rod. Partial 
withdrawal of a second control rod was necessary to attain criticality. Table 
3 . 4  is a tabulation of the stuck rod measurements. Adjustments were made 
in the PM-2A dial readings to  account for the Eu2O3 absorbers to be used a t  
the si te .  From the stuck rod measurement the worth of the stainless s teel  
skirt is found to be approximately 50 cents.  

3 . 6  CRITICAL WATER HEIGHT 

3 . 6 . 1  Introduction . 

Critical water- he'ight experiments were performed a s  a means of deter- 
mining the excess reactivity of the PM-2A Core 11. To determine the excess 
reactivity, the axial reflector savings must be evaluated. An estimate of the 
axial reflector savings can be made through variations of the water reflector 
worth a t  different critical water heights. This method is based on one-group 
theory of an effective bare core. The methpd assumes that radial flux dis- 
tributions are independent of axial position and that axial-reflector savings 
are independent of the core height. 

Differentiating the one group critical equations yields: (l O) 

where 

p = reactivity 
M = migration distance 
h = core height 
S , = axial reflector, savings 
koo = infinite multiplication factor 



ROD #4 CRITICAL POSITION - INCHES WITHDRAWN 
Figure 3.7. Rod $4 Calibpauon Curve Using B-10. Abswbes - PM-2A Core II ZF'E IV 



TABLE 3.4 
STUCK ROD MEASUREMENTS 

PM22 CORE I1 ZPE VI 

Dia 1 
Reading 

Rods Rods Critical at PM-2A Critical Rods Worth 
Fully ~ u l l  Critical Position, Site,  Worth, Position, 
Inserted Out Rods Inches Inches C e n t s h n .  Inches 

With Skirt 1 ,2 ,5  3 4 8.377 7.08 58.36 8.505 

Without 1 t 2 t 5  4 3 6.701 4.81 44.89 6.919 
Skirt 

z13 ,5  4 1 6.905 5.02 45.66 7.164 



2 Y s u m i n g  that  M /k& and  S, a r e  independent of h ,  then h is a function o f  
3 .  Rearranging equation 3 .1  and solving.  for  h y ie lds  

1/3 
h = -S, + 

00 d P . 1  
(3.2) 

which is t h e  s lope  intercept  form of equation 3 .1 .  The intercept  is -SZ, t he  s l ope  

.- \ k c 4  I 
and the  two var iables  a r e  h and  

Integration of equation 3 . 1  yie lds  the  reactivi ty between the  limits of 
integrat ion.  

/- 
hcore 

1 1 
d p  = 1/2 2 - 2 

(hcore + Sz) 
hwater 

I 
where 

hwater = cr i t ica l  water  height 

hcore = core  height 

3 .6 .2  Procedure 

, Different cr i t ica l  water  heights were determined by varying t he  effective 
core  diameter through geometry changes .  These various geometries a r e  shown in 
Fig. 3 .8 .  The f ive rod bank was  maintained approximately 1 .5  in .  above t he  
cr i t ica l  water  height t o  maintain a ' cons tan t  ax ia l  reflector savings  per element.  
Water worths were determined by t he  posit ive period method. 

To measure t h e  variat ions in  water  height ,  a sens i t ive  e lec t r ic  probe w a s  
a t t ached  t o  a spare  control rod drive mechanism. As a counter  check ,  water  
heights were measured on a s ight  g l a s s .  

/ 

3 . 6 . 3  Data 

Table 3 . 5  g ives  the  various configurations with the. a s soc i a t ed  water  worths 
and  c r i t i ca l  water  heights .  Figure 3.9 shows  the  cr i t ica l  water  height  as  a func- 

t he  intercept  of which is the  negat ive  reflector sav ings ,  -SZ I t  

should be  noted,  however, tha t  therdata  w a s  obtained -from cores  of different ef- 
fec t ive  diameters.  

33 



Stationary Fue 1 Elements 

a Control Rod Fuel Elements 

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

6 x 6 Core Configuratiori 
Total Number of Elements 

5 x 5 Core Configuration 
Total Number of Elements 

Figure 3 .8 .  Critical Water Height Core Configurations 
PM-2A Core I1 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) 



TABLE 3.5 
CRITICAL WATER HEIGHT 

PM-%A CORE I1 ZPE VI 

AP' - 
Criti.ca1 Water @I h 

Confiquration Heiqht , Inches  Do l l a r s /~nch  

7 x 7  
+ 4 e lements  ., 9 .. 3 5 0 

7 x 7 
+ 8 e lements  8 .'go7 

7 x 7  
+ 8 elements  8.902 

From Fig. 3 . 8 ,  -S, is -5.75 in .  and the  s l ope ,  

t kcm I 
M~ is equal  t o  2 .673 i n .  is 19 .4 ,  from which - 2 

k, 

3 . 7  SUMMARY . 
 he five rod cold  c lean  c r i t i ca l  bank posit ion with ski r t  for t he  PM-2A 

Core  I1 containing a to ta l  of 19490.88 gm of U-235 w a s  7.303 in .  o r  a n  approx- 
imate dial  reading of 6.75 in .  a t  the  PM-2A s i t e .  The minimum number of fuel 
e lements  t o  a t t a in  cr i t ica l i ty  was  17 with a corresponding to ta l  .U-235 mass  of 
8644.08 gm and  a f ive  rod cr i t ica l  posit ion of 19.798 i n .  corresponding to  a 
d ia l  reading of 18.5  in .  a t  t he  PM-2A s i t e ;  Due t o  t h e  increased B- 10 loading 
of Core  PI fuel  elements over  that  of Core  1, 17 e lements  were required for 
minimum cr i t i ca l  mas s ,  as compared t o  15 fuel  e lements  for Core I ,  

Stuck rod measurements showed tha t  at cr i t ica l i ty  could not be  achieved 
with a s ing le  control rod but required a t  l e a s t  the  part ial  withdrawal of a second 
control  rod.  
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INTRODUCTION 

4.0 ON-SITE LOADING PROCEDURE 

Because of the time involved in recording the inverse multiplication, it is 
necessary to develop a procedure that can be  followed a t  the PM-2A s i te  fo; 
fueling without the necessi ty  of an  inverse multiplication approach to  criticality. 
The experiment described below, providesithe minimum core loading that per- 
mits detection of startup neutrons, count rates for a l l  fuel loading s t eps ,  the 
critical bank positions for a l l  fuel loadings, and the worth of each fuel addition. 

PROCEDURE 

A mockup of the  PM-2A shielding was arranged in the experimental assembly. 
A diagram of the  mockup shield,  core assembly, and associated instrumentation is 
shown in Fig. 4.1.  The shielding mockup used is not an  exact duplicate of the 
PM-2A; however, for the purposes of this  experiment, the two closely resemble 
each other. In order to  duplicate the  PM-2A s i t e  situation, the source was 
moved from its normal position a t  the  Criticality Facility to la t t ice  position 61. 

Count rates  were taken with the  control rods fully inserted. The core was 
fully loaded at the s tar t  of the experiment and unloaded in s teps  that reversed 
the  original loading sequence shown in Fig. 3 . 1 .  ?he Criticality Facility count 
rates were multiplied by the  ratio of PM-2A to Alcok Criticality Facility source 
strengths to  provide an estimate of startup count rate during initial loading. 
Because PM-2A shielding could not be  mocked up exactly a t  the Facility, there 
will be  a difference between expected and actual count rates; however, ratios 
of count rates from one loading to  another should b e  the same for site and 
Facility measurements. 

4 .3  DATA 

The count rates observed during the unloading sequence are  given in Table 
4.1.  These count rates were taken with the countingrchamber located 21 in. 
from the core boundary. In addition, Fig. 4.2 shows the count rate as a function 
of the total  number of fuel elements. 

4.4 COUNT RATE CORRECTION 

Table 4 .2  is a tabulation of the PM-2A and Facility mockup shields.  From 
th is ,  it is determined that the PM- 2A shielding has  approximately 2.72 1 in. more 
steel and 0.375 in. more boral than the mockup, while the mockup contains 3.125 
in.  more water. For the purpose of calculating the ratio of the  PM-2A to the Facility 



5.00" Water 

2.63" Steel 

2.56" Void 

2.00" Steel 

4.00" Water 

2.68 " Steel 

BF3 (B) 

Figure 4 .1  . PM-2A Mockup Shield 
PM-2A Core I1 ZPE VI 



TABLE 4 .1  

U-235 M a s s ,  

CORE UNLOADING COUNT RATE 
PM-2A CORE I1 ZPE VI 

No. of Fuel 
Elements 

"" 

29 
25 
21 
17 
16 
15 
14 
11 

5 
0 

No Source 

Count Rate, 
c p s  - BF3 (B) 

TABLE 4.2 
PM-2A SHIELDING SPECIFICATIONS AND COMPARABLE 

FACILITY MOCKUP 

Equivalent Core Radius 
Stainless Steel Skirt 
Water 
Stainless  Steel 
Water 
Stainless Steel 
Steel  - 
Void Insulation 
Stainless Steel  
Air Gap 
Steel 
Boral 
Water 
Boral 
Steel  
Boral 
Water 
Stainless Steel 
Void 

PM-2A,In. Mockup, In. 

10.08 10.08 
0.05 0.05 
1.62 1.62 
2.00 2.00 
5.00 5.00 
0.250 2.625 
2.375 
2.00 
0.125 
0.4375 
1.000 
0.125 

.1.125 
0.125 
3.250 
0.125 
0.5625 
0.346 
1 .5  



5 10 15 2 0 2 5 3 0 3 5 
TOTAL NUMBER OF ELEMENTS 

Figure 4 . 2 .  Startup Channel Count Rate Vs Core Loading - PM-2A Core I1 ZPE VI 



neutron response  r a t e s ,  it wil l  be  assumed  that  t he  respect ive  neutron f luxes wil l  
only have t o  p a s s  through t he  difference in shielding.  Since t he  orientat ion and 
separation d i s tances  of the  two sys tems  a r e  'essential ly ident ica l ,  they wil l  not 
af fect  the  ratio-. It is assumed that  a fresh polonium-beryllium source  with a 
neutron yield of 8 x l o 7  n / sec  wil l  be  ins ta l led  with Core  11, and therefore count 
ra te  ca lcula t ions  a r e  based  on th i s  source  s t rength .  

. 

The equation 

g ives  a n  es t imate  of thk fraction of incident  fas t  neutrons of a f i s s ion  spectrum . 

tha t  wil l  succeed  in penetrating t h e  th ickness  X of material with a removal c ro s s  
sect ion 1, without undergoing a. react ion.  . 

2 @ = Final neutron flux in neutrons per cm / s ec .  
I 

2 Go = Ini t ial  neutron flux in neutrons per cm / s e c .  

, . 1, = Removal c ro s s  sect ion in cm- l .  . .  . . . . . 

. . 

X = Thickness  of material in cm. , . . . . .  

For the  PM-2A and t he  mockup, assume chamber response  and thermal 
neutron f luxes a t  the  chamber t o  be  proportional to  t he  neutron source  strength 
by a factor A, which is taken a s  being ident ica l  for both sys tems .  Therefore 
t h e  corrected fluxes are:. 

. . 

PM-2A (Assuming a fresh polonium-beryllium source  with a neutron yie ld  of 
. 8 x 1 o 7  n / sec  will be  ins ta l led  with Core 11) 

@ source  = 2 '  8 x  l o 7 , n / c m  set 
A 

(steel)  = 0 .167  cm-I (9) 

(boral) = 0 .08  cm-l (9) 

X ' (steel)  = 2.721 in .  = 6..91 cm 



Mockup 

- 8 .18  x l o 6  n/sec cm qlo (source) - 
2 

A 

C r  (water) = 0.100 cm-l  (9) 

X (water) = 3.125 in .  - 7.94 cm 

6 2 - 8 .18  x l o 6  e - ( O - l O O  x 7 -94 ]  = 3.7 x 10 n/cm sec @ Mockup - 
A A 

PM-2A = rat io o f  PM-2A to  Facil i ty neutron response  r a t e s .  

- - 2.336 X l o 7  = 6 . 3  
3 .7  x 106 A 

The expected count ra te  on s i t e  is 6 . 3  t imes the  Facil i ty count ra te .  
The chamber sensi t iv i ty  for t he  mockup and the  PM-2A a r e  essen t ia l ly  identical; 
however,  because  of t he  presence of a considerable  amount of s t e e l  and boral 
in the  vicinity of the  PM-2A s tar tup channe l ,  A is probably smaller  than for the  
mockup assembly ,  

4 . 5  SUMMARY 

With t he  information derived from th i s  experiment, a s a f e  loading pro- 
cedure  w a s  developed and  it c a n  b e  u sed  a t  t he  PM-2A s i t e .  This procedure 
does  not require the  inverse  multiplication approach to  cr i t ica l i ty .  Neutrons 
c a n  be  effectively de tec ted  with t he  loading of t h e  17th e lement ,  t he  minimum 
cr i t i ca l  m a s s ,  a t  which time the  control rods may be  withdrawn and  cr i t ica l  
bank posi t ions  determined. 

The ra t io  of t h e  count r a t e s  expected a t  t he  s i t e  t o  that  measured a t  t he  
Alco Cri t ica l i ty  Facility w a s  calcula ted to  be  about 6 . 3 .  During the  in i t ia l  
s t a g e s  of loading,  from zero t o  16  fuel elements including t h e  f ive control rods 
(fully down posit ion),  the  count ra te  w a s  approximately 0.04 c p s .  This ra te  
is equivalent  t o  0 .2  5 c p s  a t  the  PM-2A. site. With 17 elements loaded,  the  
count ra te  w a s  0 .053 c p s ,  equivalent  t o  0 .34 c p s  a t  t he  s i t e .  The inc rease  ' 

in count ra te  with further s t a g e s  o f  loading is shown in  Table 4 . 1  and Appendix 
B .  1 



5 .0  ANALYSIS OF ZERO-POWER EXPERIMENT 

5 . 1  INTRODUCTION 

The intent  of th i s  ana lys i s  is to  evaluate  the  data obtained from t h e  zero- 
power experiment. The ana lys i s  interprets  t he  uniformity measurements,  makes 
a comparison of important measurements of Core I t o  Core 11, and determines 
core  l i fe  and thermal ef fects .  

The .uniformity measurements provided a n  es t imate  of the  U-235 and  B-10 
distribution based  on  chemical .  a n a l y s i s ,  a s  well  a s  relat ive react iv i ty  measure- 
ments .  

.Important measurements of Core I and  Core I1 u sed  for comparison include 
rod bank posi t ions ,  s tuck rod posi t ions ,  core  react iv i t ies  , rod react iv i t ies  , and  
shutdown react iv i t ies  . 

Based on  the  es t imated B- 10 content  of Core 11, a uniform burnout calcu- 
lat ion w a s  performed of the  bare equivalent  core .  

At the  beginning of manufacturing t he  PM-2A Core I1 fuel p l a t e s ,  a chemical  
ana ly s i s  w a s  made of the  vendors qualif icat ion p la tes  t o  determine t he  natural  ' 

boron l o s s e s  during fabricat ion.  Natural boron in the  form of B4C w a s  u sed  and  
contained 18 .3  percent wt B- 10 .  The chemical  ana lys i s  indicated t he  boron 
l o s s e s  would be  about 2.8.5 percent .  The des i red B-10 loadings were 23.7  mg 
B-10 in the  control rod .fuel p la tes  and  26.7  mg B-10 in t he  stat ionary fuel  p l a t e s .  
Therefore, the  stat ionary fuel  p la tes  were loaded with 202.78 mg of natural boron 
and the  control rod fuel p la tes  were loaded with 182.50 mg of n.atura1 boron. 

5 .2 .2  Reactivity Measurements 

5 . 2 . 2 . 1  Reactivity Differences of Individual Elements 

From the  data  of Table 2.1, it was  es t imated that  t he  PM-2A Core  I1 s ta t ionary 
: fuel  elements contain 0.492 gm of B- 10 .  From th i s  figure, it was  est imated that  
B- 10 manufacturing l o s s e s  were about 2 6 percent .  Assuming tha t  approximately 
t h e  same percent of l o s s e s  were experienced in t h e  manufacture of t he  control.  
rod fuel e lements ,  t h e s e  elements would contain 0.390 .gm of B- 10 .  This y ie lds  
a to ta l  core  loading of 17.70:grn.of B- 10 .  These  a r e  in good agreement with 
chemical  ana ly s i s .  (I8)  



I t  w a s  est imated from reactivi ty comparisons tha t  PM-2A Core I contained 
0 .425 gm of B-10 per stat ionary element and  0 .335 gm of B- 10 per control rod 
fuel  element.  (6) Chemical  ana ly s i s  for Core  I indicated a B- 10 content  of 
0 .473 gm per stat ionary element and 0 .373  gm per control rod element.  (1 8) 
Core  11, in comparison,  h a s  a re la t ively  higher B- 10 content ,  and t h i s  is re- 
f lec ted in  its higher cr i t ica l  bank posit ion.  The to ta l  est imated B-10 loading 
of Core  I w a s  15.235 gm. 

. . 

The uniformity of the  stat ionary fuel e lements ' i s  revealed in thei r  rela- 
t ively  even  reactivi ty d i f ferences ,  Table 2 . 1 ,  from the  standard element.  The 
uniformity of t he  control rod :fuel elements c an  only be  shown in  thei r  reactivi ty 
var ia t ions  from their  own average ,  which from Table 2 . 2 ,  a r e  very smal l .  

While t h i s  uniformity t e s t  is adequate  to es tab l i sh  the  1,osses of e i ther  
fuel  o r  poison,  cer ta in  combinations of l o s s e s  a r e  not revealed by t h i s  s ing le  
and  s imple  reactivi ty test. Those would b e  t he  c a s e s  in which the  reactivi ty 
e f fec t s  of fuel  and poison a r e  essen t ia l ly  compensating.  However, us ing t h e s e  
tests a r e  a cr i ter ia ,  it can  be  s t a t ed  t ha t  PM- 2A Core I1 fuel elements . a r e  es- 
sen t ia l ly  uniform and  that  B-10 l o s s e s  fal l  within accep tab le  l imits  and  speci -  
f ied l imits  and  speci f ied  to le rances .  (4 . . 

5 .2 .2 .2  Intercomparison with Other Cores  

A general  approximation of the  to ta l  B y l o  loading of PM-2A Core  I1 c an  b e  
made through t he  cold  c l ean  bank differences between Core I and 'core I1 by mak- 
ing a few general  assumpt ions .  The method a s sumes  tha t  t he  B-10 loading of 
PM-2A Core  I is known to  be  15 .2  gm, cr i t ica l  rod bank differences a r e  due t o  
differences in B- 10 loading,  and B- 10 worth in PM- 2A cores  c a n  be  est imated 
by a rat io of B-10 worth in  SM-1 co re s .  

No measurements were made of t he  average B-10 worth in PM-2A cores  
with PM-2A fuel  elements; however, a rat io c a n  b e  s e t  up of SM-1 core  mock-, 
ups  in  which t h e  average B-10 worths were measured.  These  B- 10 worth mea- 
surements  were made in t he  SM- l mockups with SM- l fuel e lements ,  t he  SM- l 
mockup with SM-2 fuel e lements ,  and the  PM-2A mockup with SM-2 fuel ele-  
ments .  A PM-2A mockup with SM-1 fuel  elements is very much the  same a s  
t h e  PM-2A co re s .  Therefore, t he  following rat io c a n  b e  s e t  up: 

(SM- 1 elements),,. B- 10 worth PM-2A (SM- 1 elements)  B- 10 worth SM- 1 
B- 10 worth SM- 1 (SM-2 elements)  ' B- 10 worth PM- 2A (SM- 2 elements)  

B-10 worth SM-1 (SM-1 elements)  = 60.3 C/gm 

B- 10 worth SM- 1 (SM-2 elements)  = 23 .8  G/gm 
\ 

B- 10 worth PM- 2A (SM- 2 elemektg) = 30.2 C/gm 

B- 10 worth PM-2A (SM- 1 elements)  = (30' 2, (60*3) = 76 4 C/gm 
23 .8  



This yiGlds an  approximate B- 10 worth for the  PM- 2A cores if t he  ratios 
a re  approximately the  same. 

The crit ical  bank position for Core I1 with the  s ta in less  steel skirt is 7.303 
inches.  The crit ical  bank position for Core I without the s ta in less  steel skirt is 
6.4 inches.  The s ta in less  steel skirt has  a negative reactivity effect of about 
50 cents  (Section 3.5).  The crit ical  bank position of Core I with the  skirt is, 
therefore, about 6.6 inches.  From Fig. 5 . 3 ,  this  yields approximately two dollars 
for t he  average integral bank worth difference between Core I and Core 11. 

From the B-10 worth, 76.4 $/gm, and the  integral bank worth difference, 
200 cents ,  the B-10 difference between Core I and Core I1 is determined t o  be 
2.62 gm . On the bas is  of 15.235 gm of B- 10 in Core I ,  t he  total  B- 10 loading 
in Core I1 would be  17.86 gm . This compares very favorably with the  17.70 gm 
of B- 10 determined by reactivity differences between individual elements. 

ANALYSIS OF CRITICAL ASSEMBLY MEASUREMENTS 

5.3.1 Integral Bank Worth From Bank Calibration 

The five rod bank calibration curves for Core I and Core I1 a re  shown in 
Fig. 5.1.  Although Cores I and I1 have different B- 10 loadings,  it is expected 
that  PM-2A cores with the  same U-235 loading should have essent ia l ly  one  bank 
calibration curve. The calibration curves for Core I and Core I1 do not coincide,  
probably because they were developed with sl ightly different effective core 
diameters and a l so  because of s ta t i s t ica l  variations in data .  

For the  foregoin$ reasons,  a n  average curve was developed between the  
calibration curves of Core I and Core 11. I t  is shown in Fig. 5.2.  This new 
calibration curve was extrapolated to  the  zero bank position based on the  shape 
of t he  SM- 1 bank calibration curve. A large amount of uncertainty is apparent 
about the  extrapolated portion of t h e  calibration curve, because the  SM- 1 cali- 
bration curve was  developed by b o r m  variation and PM-2A calibration curve 
was  developed by changing the  effective core diameter. In view of the  available 
da ta ,  however, i t  is the bes t  approximation that can  be  made. 

Integration of Fig. 5.2 yields estimates of core reactivity,  excess  re- 
activity,  and shutdown reactivity depending on the  limits of integration. Fig. 
5 . 3  is a plot of the integral bank worth versus bank position. The integral bank 
worth is taken here to  mean the amount of reactivity added totthe core when the  
bank is withdrawn to  a bank position. The limits of integration are  zero to the 
bank position. The integrated bank worth of the PM-2A Cores I and I1 is 31 
dollars. The excess  reactivity a t  the cold clean crit ical  bank positions for 
Core I and Core I1 are  20.40 and 18.40 dollars,  respectively. These were 
determined by subtracting the integral bank worth a t  the  cold clean bank posi- 
tion from the total  core reactivity. The Core I cri t ical  bank position was ad- 
justed from 6.4 in .  t o  6.6 in.  to include the s ta in less  s t ee l  skirt .  . 



FIVE ROD BANK POSITION - INCHES WITHDRAWN 

Figure 5.1.  Bank Worth Vs Bank Position - PM-2A Care I and Care II ZPE VI 



' FIVE ROD BANK POSITION - INCbE8 WITHDRAWN . . L  - .- 
Figure 5 . 2 .  PM-2A Five Rod Bank Calibration Curve - PM-2A Core I1 ZPE VI 



BANK POSITION - INCHES 

Figure 5 . 3 .  Integral Bank Worth Vs Core Reactivity For PM-PA Cores - PM-2A Core I1 ZPE V1 



5 .3 .2  Excess  Reactivity From Cri t ica l  Water Heiqht Measurements 

From paragraph 3 .6 .1 ,  i t  is seen .  that  t he  excess'  reactivi ty c a n  be  deter- 
mined from 

i f  i t  assumed that  radial  flux distr ibutions a r e  independent of ax ia l  posit ion and 
that  ax ia l  reflector savings  a r e  independent of the  core  height .  

Using reactivi ty worth: measurements of the  cr i t ica l  water  height ,  a va lue  
of 19 .4  was  determined for 

and 5 .75 i n .  for S,. Insert ing t h e s e  va lues  into t he  above equation and  inte- 
grating from the  cold c lean  cr i t ica l  bank position (7.303 in . )  t o  the  top  of t he  core  
(22 i n . ) ,  t h e  e x c e s s  reactivi ty is computed t o  b e  16.50 dol lars .  This value  is 
lower than the  value  determined from the  bank calibrat ion curve,  which was  18.40 
do l la r s .  

5 . 3 . 3  Bank Position a t  PM-2A Si te  

Because the  Alco Crit ical i ty Facil i ty mockups do not completely represent  
t h e  PM-2A s i t e  condi t ions ,  cer ta in  adjustments must be  made t o  bank posit ions 
determined a t  the  Facil i ty t o  predict PM-2A site bank posi t ions .  These  adjust-  
ments cons i s t  of the  useof :  Eu203 absorbers ,  effect  of PM-2A thermal sh ie ld ,  
cold-to-hot temperature change ,  and effect  of equilibrium xenon.  The following 
tabulat ion predicts  the  bank change due to  t h e s e  factors .  

1 .  U s e  of Eu203  Absorbers, 6 8 ' ~ ~  Clean  

Ex?es s core  reactivi ty 
Eu203-absorber  
Net e x c e s s  reactivi ty 

1840 cen t s  
46 cen t s*  . 

1886 cen t s  

Cr i t ica l  bank posit ion from Fig. 5 . 3  is 7.15 in .  , equivalent  to  a d ia l  
reading of 6 .95 in .  a t  t he  PM-2A s i t e .  

* NOTE: Correction for B-10 in iron absorbers  to  Eu203  absorbers  is 21 cen t s  per 
absorber in the  control rod. (6) For eccentr ic  rods ,  the  es t imated correc- 
t ion is 14 cen t s  per absorber,  o r  77 cen t s  for the  f ive rod bank.  I t  is a s -  
sumed that  the  integral  worth curve for t h e  absorbers  is the  same shape  
a s  t h e  bank worth curve ,  and therefore a rat io of t he  to ta l  integral  worth 
of the  bank to  the  worth a t  t he  bank posit ion is the  same for the  absorbers 
This ratio is used  to  determine t he  proportional worth of  part ial ly i e se r ted  
absorbers .  

5 1 



2 .  Effect of PM-2A Thermal Shield 

Excess  core  reactivi ty with Eu203  1886 cent.sA' 
absorbers ,  6  OF 

Thermal Shield 46 cen t s  
Net e x c e s s  reactivi ty 1932 cen t s  

Cr i t ica l  bank position from Fig. 5 . 3  is 6 .9  in .  , equivalent  t o  a dial  
reading of 6 . 75  in .  at the  PW- 2A s i t e .  

3.  Temperature Change t o  51 OOF, Equilibrium Xenon a t  4 . 8  Mw 

Excess  core  reactivi ty 1932 cen t s  
Cold  t o  hot change ,  equilibrium xenon -1200 cen t s  *(I],) 
Net exce s s  reactivi ty 732 cen t s  

Cr i t i ca l  bank posit ion from Fig. 5 . 3  is 12.5  in .  , equiyal'ent t o  a d ia l  
reading of 1 2 . 3  inches  at t he  PM- 2A site. 

5 ..4 LIFETIME EVALUATION OF PM-2A CORES I AND I1 

Iri evaluating the  lifetime of PM-2A Core  .II, it is of in teres t  t o  make a 
comparison with a similar  evaluation of PM-2A Core  I. (I1) The resu l t s  o f  
t h e  zero  power experiments o n  t he  two cores  however indicate  tha t  Core I does  
not  conta in  s o  much boron a s  was  originally believed.  (11) In addi t ion,  im- 
provements have  been made o n  t he  slowing down model u sed  in t he  calcula t ion.  
For t h e s e  r ea sons ,  a n d  in order t o  make a val id  comparison between t he  co re s ,  
t h e  Core  I lifetime ana ly s i s  h a s  been repeated in conjunction with t he  Core I1 
evaluat ion.  

The techniques  employed in  evaluating t he  l ifet imes of PM-2A Cores  I 
and.11 a r e  bas ica l ly  the  same a s  the  method u sed  o n  the  original  evaluation of 
Core  I .  (H) The descript ion of t he  method is included here for completeness .  

The f i rs t  s t ep  in the  method involves obtaining a uniform burnup of the  
core .  Correction factors obta ined by us ing  data  from SM-1 calcula t ions  a r e  
then incorporated to  convert t he  uniform burnup calcula t ion t o  a n  equivalent  
non-uniform calcula t ion.  A more complete descript ion of t h e s e  techniques  is 
included in t he  following s ec t i ons .  

* NOTE: The effective reactivi ty change of Core  I from 6 8 ? ~ ,  c l e an  t o  5 ~ o O F ,  

equilibrium xenon w a s  12.10 dol lars .  I t  is assumed tha t  the  same 
change  wil l  b e  t rue  for'Core 11. 



5 . 4 . 1  Uniform Burnup . .. 

To ca lcu la te  t he  uniform burnup of t he  f irst  two PM-2A co re s ,  t he  standard 
two-group, bare equivalent ' ,  c r i t ica l  equation. was  used a t  a temperature o f  5 1 OOF 

with equilibrium xenon (at 10 Mw)'. 

Kth" Kf (1 - P) + 
Keff = (1 + 782) (1 + ~ 2 ~ 2 )  . (1 +r B2) 

where t h e  symbols a r e  defined in  Table 5 .1 .  The nuclear parameters in equation 
(5.1) were evaluated by t he  u s e  of BOBCAT, (I3) MUFT 111(14) , and Plate Type P, (1 5) 
IBM-650 codes  a s  a function of burnup. All t he  parameters except K i h  were based  
on stat ionary element nuclear charac te r i s t i cs .  Because,  however., t he  core.%as 
five control.,rod elements in addition to' 32 stat ionary e lements ,  i t  is necessary  
to  make a correction to t he se  parameters.  This is done by defining K i h  as: 

u I f  

s ub  
w h e r e  1 a is a macroscopic c ross  sect ion which has  been position and volume 
weighted to reflect  t he  differences in  t h e  control rod element properties from the  
properties of t he  sthtionary e lements .  The variation of 1 :p'b with burnup was  

- assumed to  conform to  t h e  .relation: 

sub  
a 

7 sub  A more deta i led description of L a may b e  found in  reference (1 1).  

-Xe 
The variat ion of ) , as a function of burnup was  

of equation 5 .  3 ." 
calcula ted with, t he  a id  

The burnup independent var iables  a r e  defined and  t he  values  ass igned,  a t e  given 
in Table 5 .2 .  The burnup dependent var iables  u sed  to ca lcu la te  a r e  given 
in Table .5 .3 .  

5 . 4 . 2  Variation of Nuclear Constants  w i t h ' ~ u r n u ~  

sub  
Having evaluated xa . and x:e it is now p o s s i b l e t o  determine a l l  t he  

parameters u sed  in  equation (5 .1) .  The variat ion of t he  nuclear cons tan t s  .with 
burnup, a s  obtained with t he  a i d  of t he  BOBCAT,. MUFT 111, and Pla te  Type P3 . codes  a r e  given in  Tables 5 . 4  aria 5 . 5  for PM-2A Cores  I and I1 respect ively .  

' The tota l  buckling and its .components u sed  in  th i s  ana lys i s  a r e  given in  
Table 5.. 6. 
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TABLE 5 .1  
N0N.-UNIFORM BURNUP CALCULATIONS 

The non-uniform burnup calculat ions of the  PM-2A Core I were performed a t  an average core 
temperature of 5 ~ o O F ,  an average pressure of 1750 ps i a ,  with equilibrium xenon. The core was  
assumed t o  operate a t  a thermal power of 10 MW. 

NUMENCLATURE 

Symbol 

Total buckling 

Axial buckling 

Radial buckling 

Description 

Neutron age 

Fast  diffusion coefficient 

Fast  macroscopic absorption cross-section 

Fast  macroscopic f ission cross-section 

Number of neutrons per f ission 

Resonance escape  probability 

Total neutrons produced by epithermal f ission per epithermal 
neu t ron  absorbed  

Thermal diffusion length squared 

Thermal macro~cop ic  f ission cross-section 

Average fuel burnup fraction 

Thermal power level 

Total neutrons produced by thermal f issions per thermal 
neutron absorbed 

Effective multiplication factor 

Substitution cross-section 

Effective xenon cross-section 

Thermal macroscopic absorption cross-section 

Units - 
cm2 

cm 

wat ts  

S r Radial reflector savings 

s z  Axial reflector savings 

01 Xenon non-uniform factor 

'81 + Txe Fission yield of iodine and xenon 

Hardened xenon thermal ~ i c r o s c o p i c  absorption cross-section 

Number of f i ss ions  per watt-second 

Volume of core 

Decay constant of xenon 

Self-shielding factor for xenon 

Fraction of total f issions which are thermal 

Average flux in fuel plate relative to  average flux in entire 
fuel element 

Excess reactivity, = Keff-' 
Keff 

cm2 

(watt -sec) -l 

cm3 

sec-1 



Symbol 

a 

TABLE 5 . 2  
1 :e: PARAMETERS INDEPENDENT. OF FUEL BURNU P 

JYe'finition Value for PM-2A 

Xenon non-uniform' fac tor  1 . 1 3  

F i s s ion  y ie ld  of io.dine a n d  xenon 0.0629 

Hardened xenon thermal  microscopic  absorpt ion  
cross-sec t ion  ( 5 1 0 ~ ~ )  2 . 9  x 10-l8 

F i s s i o n s  per watt- s e c o n d  

Volume of co re  in  cm 3 

D e c a y  cons tan t  of xenon 

Thermal power l e v e l  in w a t t s  

TABLE 5 . 3  
VARIATION OF BURNUP DEPENDENT PARAMETERS AT 5 lo°F 

Average-Fuel 
Burnup, B 



Average 
Fue 1 
Burnup 

TABLE 5.4 
VARIATION OF NUCLEAR CONSTANTS WITH AVERAGE 

FUEL BURNUP AT 5 10°F 

Burnup K + 

Burnup 



TABLE 5 .5  

I PM-2A CORE I1 

I VARIATION OF NUCLEAR CONSTANTS WITH FUEL BURNUP 
AT 5 1 0 ' ~  

Average 
Fuel  
Burnup (B) 7" D f a f  



TABLE 5 .6  
BUCKLINGS FOR PM-2A CORES I AND I1 

Radial Reflector Savings ,  Sr (cm- l)  

Axial Reflector Savings ,  S, (cm- l) 

Radial Buckling, B~', ( ~ m - ~ )  

Axial Buckling, B,' (cm-') 

Total Buckling, B~ (cm2) 

5 . 4 . 3  Core Lifetime 

Using equation (5.1) , Xeff was  determined a s  a function of fuel burnup. 
Keff  w a s  converted t o  core  reactivi ty by t h e  re la t ion,  

To convert  fuel burnup t o  energy r e l ea se ,  t he  following relat ion was  used: (1 1) 
. - 

MWYR 7 2 ( 1 9 . 4 9 ) 8  

The variat ion of core  reactivi ty with uniform burnup and  energy r e l ea se  for 
t h e  two cores  is given in  Table 5 . 7 .  

5 . 4 . 4  Non-Uniform Burnup 

To convert  from uniform to  non-uniform burnup, recourse  w a s  made to' cal-  
cu la t ions  o n  t he  SM- l Core I .  Figure 5 .4  shows t h e  variat ion of reactivi ty with 
energy r e l e a s e  for both uniform and  non-uniform burnup'. T_he difference between 
t h e  two curves ,  K ,  a t  a part icular  average fuel burnup, B ,  was  converted t o  a 
change in ,& P us ing  equation (5.4).  These  va lues  of np were appl ied  to t he  
uniform burnup calcula t ions  for t h e  PM-?A for t h e  same va lues  of average fuel 
burnup t o  obta in  the  .non-uniform burnup. 

The resul t ing reactivi ty variation with l ifet ime for the  u.n.i.£orm and  non- . , 
uniform calcula t ions  a r e  shown in  Fig. 5 . 5  and  5 .6 .  



MWYR 

Figure 5 . 4 .  SM- 1 Core I Keff V s  Core Energy, 440°F, E q  Xe - PM-2A Core  I1 ZPE VI 





MWYR 

Figure 5 .6 .  PM-2A Core I1 Uniform and Non-Uniforn Burnup 
PM-2A ZPE VI 



TABLE 5 . 7  
VARIATION OF REACTIVITY AND BURNU P 

WITH LIFETIME FOR PM-2A CORES I AND I1 

Burnup - Reactivity (% p) Energy Release  
B 

-, . 
Core I Core  I1 (MWYR) 

5 . 4 . 5  Model Correction 

The cold  c lean  e x c e s s  react iv i t ies  of PM-2A Cores  I and  I1 were  found t o  
b e  (see Sect ion 5.3.1)  $20 ,4  and $18.4  respect ively .  The integral  rod worth 
curves  ( s ee  Fig., 5.3)  show tha t  the  temperature defect  p lus  the  xenon worth .at 
a power l eve l  of 4 . 8  Mw was  found t o  be  $12.0 .  

The react iv i ty  change due to  xenon in  going from 4.8 Mw to  10 Mw is 
$ 0 . 9 .  Hence  t h e  e x c e s s  reactivi ty of PM-2A Core  I a t  5 1 O'F, equilibrium 
xenon (at 10 MW) a t  s t a r t  of l i fe  was  $7.5  o r  5 . 7  percent  p . 

Assuming the  same hot-to-cold change plus  xenon worth for Core  I1 as 
for Core  I ,  t h e  e x c e s s  reactivi ty of PM-2A Core I1 under these condit ions will be  
$5 .5  o r  4 .2% P + 

Normalizing t he  reactivi ty ve rsus  l i fet ime curves for PM-2A Cores  'I and I1 
t o  t h e  above  start of l i fe  va lues  g ives  t he  b e s t  es t imate  of t he  lifetime of the  
two co re s .  This is shown in Fig. 5 . 7 .  Core I is s e e n  t o  have a n  es t imated l i fe  
of 9 .7  MWYR and  Core  II is es t imated to  have a lifetime of 9 . 6  MWYR. 

5 .4 .6  Stuck Rod Condit ions 

In  t he  zero  power experiments a n d  in  the  in i t ia l  s tar tup and  tes t ing  of PM-2A 
Core  I ,  it w a s  found tha t  cr i t ica l i ty  could be  achieved by t he  withdrawal of any 
one  of three  control rods ,  with a l l  o ther  rods fully inser ted  and  the  core  in  t he  
cold  c l ean  condit ion.  The cr i t ica l  posit ion for rod 4 ,  t he  most react ive  rod,  
w a s  16 .28  in .  The integral  worth of rod 4 from 16.28 in .  to  ful1,out (22 in .) 
is $ 1  . l o .  Hence  core  reactivi ty must dec r ea se  by $1 . l o  before the  core  wil l  
meet t h e  condit ion of one  rod being fully withdrawn without having ach ieved  
cr i t ica l i ty .  Figure 5 . 7  shows tha t  Core  I wil l  meet t h e  one  s tuck  rod cri teria 
af ter  2.2 MWYR. 
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Figure 5 . 7 .  ~ s t i rna t e  of Variation of Reactivity with Energy Release 
PM-2A ~ores ' 1  and 11, 510°F, Eq. xenon (10 Mw) 
PM-2A Core: I1 ZPE VI 



The zero power experiments on  Core I1 ( see  Section 3.5) show tha t  a t  s t a r t  
of l i f e ,  Core  I1 cannot be  made cr i t ica l  by t he  complete withdrawal of any  s ing le  
control rod a t  68OF. The shutdown margin with rod 4 fully withdrawn is es t i -  
mated t o  b e  about $0 .9 .  From Fig. 5 . 7  it is s e e n  tha t  maximum core  reactivi ty 
occu r s - a t  s t a r t  of l i f e .  Hence it is concluded tha t  PM-2A Core  I1 wil l  meet the  
"one s tuck  rod" cri teria throughout life. 

5 . 4 . 7  Power Distribution 

An ana lys i s  of the  power distr ibution in PM-2A Core  I is reported in APAE 
Memo No. 195. (16) There were two des ign changes  made between Core I and  
Core  I1 tha t  af fect  t h e  power distribution. In addition t o  changing the  composi- 
t ion of t he  s t a i n l e s s  s t e e l  in the c ladding,  a smal l  inc rease  in  the  boron loading 
in Core  I1 w a s  made. 

The effect  of t h e s e  changes  on t he  radia l  power distr ibution is s l ight  and 
may b e  neglected.  The effect  on  the  ax ia l  power distribution is more pronounced 
s i nce  t h e  increased boron loading resu l t s  in a higher bank posit ion.  This re- 
s u l t s  in a dec r ea se  in  the  ax i a l  power peak.  The thermal ana lys i s  of Core I 
may therefore b e  considered conservat ive  i f  u s ed  t o  descr ibe  Core 11. 

5 . 5  SUMMARY 

From ana lys i s  of t he  da t a ,  Core I1 is est imated t o  contain 17.7 gm of B- 10.  
Core  I w a s  es t imated. to  contain 15.2 gm of B-10 indicating tha t  Core I1 contain% 
approximately 2 .5  gm more than B- 10.  

The integral  bank worth yie lds  a n  e x c e s s  reactivi ty of 18.40 dollars  a t  t h e  
cr i t ica l  bank posit ion.  A value  of 16.50 dollars  for t he  e x c e s s  reactivi ty a t  the  
c r i t i ca l  bank position was  determined from the  cr i t ica l  water .height  experiment. 
The va lue  from t h e  integral  bank worth is probably the  more accura te  value  of t h e  
two. This is because  equation (3.1) of t he  c r i t i ca l  water  height experiment is 
be s t  . a ~ , ~ l . i e d  t o  a l a rge ,  low enr iched U-235 reactor  where k oo is approximately 
one .  Furth'ermore, equation (3.1) requires that  the. radia l  buckling remains a 
cons tan t .  Since  there  were s l ight  changes  in t he  effective core  diameter,  there  
would be  s l igh t  changes  in t he  radial  buckling. 

The PM-2A d ia l  reading for the  cold  c l ean  cr i t ica l  bank posit ion is es t i -  
mated t o  be  6 .75  in.  A t  5 100F and  equilibrium xenon th i s  d ia l  reading is es t i -  
mated t o  b e  1 2 . 3  in .  

Core I1 is est imated from burnup calcula t ions  to have a l i fe  of 9 . 6  MWYR 
as compared t o  9 . 7  MWYR for Core I .  

From the  s tuck rod measurements,  it was  found t h e  Core  I1 wil l  meet the  
"one-stuck-rod" cri teria throughout the  core  l i f e .  Core I1 wil l  not a t t a in  cri t ical i ty 



by withdrawal of a single rod. With rod #4 fully withdrawn the shutdown margin 
i s  estimated to be 0 . 9  dollars.  

In comparison of Core I 'and Core 11, there was only a slight change in 
the  radial power distribution. However, the axial  power distribution was af- 
fected in that  the axial  power peak of Core I1 i s  decreased 'compared to that  
of Core I .  



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



REFERENCES 

Noaks  , J. W.  , "The Alco products  , Inc .  , Cr i t i ca l i t y  Fac i l i t y  Descr ip t ion  
a n d  O p e r a t i o n , "  APAE No.  3 6 ,  July 1 6 ,  1958.  . . 

Noaks  , J. W. , " H a z a r d s  Summaw Report for SM-2 C r i t i c a l  ~ x p e r i m e n t s  , " 
APAE No.  36 ,  Suppl .  1,  January ,  1959 .  

M e e m ,  J.L. , " H a z a r d s  Summary Report o n  t h e  Zero Power Experiments  for  
t h e  Army P a c k a g e  Power Reac tor ,  " APAE No.  5 ,  January 2 7 ,  1956.  

"Spec i f i ca t ions  a n d  Fabr ica t ion  Procedures  for PM-2A Sta t ionary  Fuel  
E lemen t s ,  " APAE Memo No.  26 1. 

"Spec i f i ca t ions  a n d  Fabr ica t ion  Procedures  for  PM-2A .Control Rod Fuel 
E lemen t s ,  " APAE Memo No. 260.  

Raby , T. M .  , et a l l  "PM- 2A C o r e  I Zero Power Experiment ,  " APm-  75 ,  
Oc tobe r  21 ,  1960 .  

Noaks.,  J .  W.  , et a l l  "SM-2 C r i t i c a l  Experiments  - CE- 1 ,  " APAE-54, 
November 3 0 ,  1959 .  

Robinson ,  R.A. , e t  a l ,  "Task  XV Zero Power Experiments  for t h e  SM-1 
C o r e  I1 a n d  t h e  SM- 1. C o r e  I ,  " APAE-58, Oc tobe r  1960 .  

C h e a p m a n ,  G.  T. , e t  a l ,  "Effec t ive  Neutron.Remova1 C r o s s  S e c t i o n s  for 
Sh ie ld ing ,  " ORNL- 1843 .  

"Analys is  of Extended  Zero Power Experiments  o n  t h e  Army P a c k a g e  Power . . 

Reactor  ZPE-2, APAE No.  27 ,  M a y  7 ,  1958 .  

P a l u s z k i e w i c z ,  S .; Byrne, B .  J. , "Analys is  of  Zero Power Experiments  o n  
t h e  PM-2A C o r e  I , "  APAE Memcr277,  January 1 7 ,  1961.  

M c C o o l ,  W. J. , et a l l  "Star tup  Nuc lea r  Tes t ing  of PM-2A P l a n t ,  " 
APAE-92, t o  b e  pub l i shed .  

Bobe, P .  E. , a n d  C a t o n ,  R. L. , "BOBCAT (Program No .  56) C o d e  Prepara t ion  
Ana lys i s  o n  t h e  IBM-650, " APAE Memo  NO^ 289 ,  August  9 ,  1961.  

Rosen ,  S . S . , "Supplement  t o  MUFT I11 C o d e ,  Mult igroup Fourier  Transform 
C a l c u l a t i o n ,  " AP Note  9 0 ,  Alco P roduc t s ,  I n c .  , December  6 ,  1957.  

Byrne, B .  J. , a n d  C a t o n ,  R. L. , "Two Dimens iona l  P3 C a l c u l a t i o n  for  APPR- 
Type Fixed  Fuel  E lemen t s ,  " AP Note  9 6 ,  Alco P roduc t s ,  I n c .  , February 1 4 , 1 9 5 8 .  



Fried, B .E . , and MacKay , S . D. ,' "PM-2A Core Life Evaluation, " APAE Memo 
No. 196, May 27,  1959. 

Gallagher,  J. G .  (Alco Products, Inc .) le t ter  to McCool, W.  J .  (Alco products) - 
based  on telephone conversation with Captain Purple. 

Gallagher, J. G .  ,, "Nuclear Technology Data for SM- 1 ,  SM-lA, PM-2A, 
SM-2, " AP Note-357, 'Alco Products, Inc .  , June 1 2 ,  1961. 

I 



APPENDIX A 
SUMMARY DATA FOR PM-2A CORE I1 

Fuel Elements and Absorber Section (Qtv .) 

Number of Stationary Fuel Elements 

Number of Control Rods with Fuel Elements 

Total Number of Fuel Elements 

Number of Europium Absorber Sections (From Core I) 

U-235 Mass  (Grains] 

Stationary Fuel Element 

Control Rod Fuel Element 

Total of Stationary Fuel Elements 

Total of Control Rod Fuel Elements 

Total U-235 M a s s  

B- l O  Loading (Gram.$) 

, E.stimated Average per Stationary Element 

Estimated per Control Rod Element 

Total of a l l  Stationary ~ l e m e n t s  

Total of a l l  Control Rod Elements 

Total B- 10 17.694 

Cold Clean Crit ical  Positions ( ~ n c h e s )  

Five Rod Bank (Position a t  Alco Facility) 7 . 3 0 3  

(Dial Reading a t  PM-2A Site) 6.9 

* Design Specifications,  References (4,5) and corrections.  

**Determine by assuming same percent l o s s  in control rod fuel elements a s  in 
stat ionary fuel e lements .  
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Lattice No. 

Loading Sequence No. 
Element No. 

Control Rods 

F a r e  r - 2 3  IT-301 

Plane of t h e  

Direction of PM-2A I 
Control Rod Drives 

F igu reA . l .  Complete Loading Chart 
PM-2A Core I1 ZPE VI 
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APPENDIX B 
PM- 2A CORE I1 LOADING I. TABLE 

Cr i t i ca l  Count  ~oun. ;~a t .e .  
~ a n k  Rate . Rod # 8 .  .'. Approx. 
~ o s . h ' i o n ,  In .  Rod .With-:: Approx . Worth of 
( 'Corrected M a s s  Bank drawn ' Bank Fuel  

Loading Element Lat t ice  :for EM-2A U-235, Full I n ,  10 In .  , Worth ,  Added,  
Sequence  Number Posi t ion Si te )  Kq CPS c p s  cents / in ,  Dol lars  

2-4 
2-3 
2- 1 
2-5 
2- 2 
1- 1 
1-4 
1-2 
1-5 
1-6 
1- 7 
1-8 
1-9 
1- 1.0 
1- 11 
1-12 
1- 1 3  
1-14 
1-15 
1-16 
1- 17 
1-18 
1- 19 
1-20 
1-21 
1-22 
1- 2 3 
1-24 
1-25 
1-26 
1-27 
1-28 
1-29 
1-30 
1-31 
PM-2A 
Spare  
PM-2A 
Spare  




