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SUBCRITICAL REACTIVITY SURVEILLANCE 

PROCEDURES FOR THE FAST FLUX TEST FACILITY

R. M. Fleischman 

J .  W. Upton,  J r .  

R. A. Benne t t

ABSTRACT

C u r r e n t d e v e lo p m e n t e f f o r t s  to  fo r m u la te  r e l i a b l e  s u b a r i t i o a l  

r e a c t i v i t y  measia>ement p r o c e d u r e s  f o r  FFTF a r e  d e s c r ib e d .  Em phasis 

i s  p la c e d  on p ro b le m s  a n t i c i p a t e d  w i th  th e  t r a n s f e r  o f  te c h n iq u e s  

d e v e lo p e d  i n  th e  z e r o  pow er c r i t i c a l  f a c i l i t y  t o  h ig h  pow er c o n d i

t i o n s  i n  FTE. D is c u s s io n s  o f  i n t e r f a c e s  w i th  e x i s t i n g  FTR 

i n s t r u m e n ta t io n  and  o p e r a t in g  p r o c e d u r e s  a re  g iv e n .  A ppended to  

t h e  r e p o r t  a re  m ore d e t a i l e d  p r e s e n t a t i o n s  o f  p r e l im in a r y  c a lc u la 

t i o n s  o f  th e  s t e a d y - s t a t e  and  dynam ic  r e s p o n s e  o f  th e  FTR to  

r e a c t i v i t y  changes i n  th e  s o u r c e  ra n g e .
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1. INTRODUCTION

A s e t  o f  R e a c t i v i t y  S u r v e i l l a n c e  Procedures  i s  being fo rm u la ted  f o r  the  

F a s t  Flux T e s t  F a c i l i t y  (FFTF). The o b j e c t i v e  o f  t h i s  development e f f o r t  i s  

to p ro v id e  an i n fo rm a t io n  p r o c e s s in g  package which w i l l  i n t e r p r e t  the  e x i s t i n g  

r e a c t o r  p ro ces s  s i g n a l s  to  i n d i c a t e  th e  r e a c t i v i t y  s t a t e  o f  th e  F a s t  T e s t  

Reac tor  (FTR). The range  o f  i n t e r e s t  spans  from th e  f u l l  shutdown c o n d i t i o n  

to  f u l l  r e a c t o r  power. R e a c t i v i t y  s u r v e i l l a n c e  requ i rem en ts  f o r  th e  high 

power and s u b c r i t i c a l  r e g io n s  a r e  n e c e s s a r i l y  d i f f e r e n t ,  th us  p ro v id in g  a 

n a t u r a l  d i v i s i o n  f o r  th e  r e l a t e d  development e f f o r t s .  This  r e p o r t  d e a l s  w i th  

th e  development  o f  s u b c r i t i c a l  r e a c t i v i t y  s u r v e i l l a n c e  p rocedu res  f o r  FFTF 

o p e r a t i o n .

In t h e  s o u rce  r a n g e ,  th e  c o u n t r a t e  s i g n a l s  from the  t h r e e  Low Level Flux 

Monitors  (LLFM's) a r e  t h e  on ly  a v a i l a b l e  i n d i c a t i o n  o f  th e  core  r e a c t i v i t y  

s t a t e .  However, t h e s e  s i g n a l s  a r e  no t  on ly  s e n s i t i v e  to  t h e  r e a c t i v i t y  bu t  

a l s o  to  t h e  r e a c t o r  c o re  c o n f i g u r a t i o n ,  c o n t ro l  rod s e t t i n g s ,  e t c .  Once the  

system i s  i n i t i a l l y  c a l i b r a t e d ,  t h e  problem becomes one o f  i n t e r p r e t i n g  

changes in  t h e  LLFM c o u n t r a t e s .  The method to  be used i s  a r e f i n e d  v e r s io n  of  

t h e  sou rce  m u l t i p l i c a t i o n  t e c h n iq u e  which u t i l i z e s  c a l c u l a t e d  c o r r e c t i o n s  to  

account  f o r  nonuniform d e t e c t o r  r e s p o n s e s .  This  p rocedure  i s  r e f e r r e d  to  as 

Modified Source M u l t i p l i c a t i o n  (MSM).

The end p ro d u c t  o f  t h e  development o f  s u b c r i t i c a l  r e a c t i v i t y  moni to r ing  

p rocedu res  w i l l  be a p re p a re d  r e a c t o r  o p e r a t o r  guide which p ro v id es  a r e l i a b l e  

p rocedure  f o r  c o n v e r t i n g  th e  LLFM c o u n t r a t e s  to  r e a c t i v i t y .  The procedure  

w i l l  be ca p a b le  o f  i n s u r i n g  a minimum shutdown margin o f  15$ w i th  a p r e c i s i o n  

o f  3$ d u r in g  a l l  s t a g e s  o f  r e f u e l i n g .

1



2.  SUMMARY

Procedures  f o r  m on i to r ing  th e  r e a c t i v i t y  o f  th e  FTR w h i le  in  a sub

c r i t i c a l  s t a t e  have been proposed  and ana lyzed  in  d e t a i l .  The p rocedu res  

c e n t e r  around the  Modified Source M u l t i p l i c a t i o n  (MSM) method,  coupled  w i th  a 

r e a c t i v i t y  c a l i b r a t i o n  p rocedu re .  The s u g g e s te d  c a l i b r a t i o n  p rocedure  i n 

volves  an i n v e r s e  k i n e t i c s / r o d  drop to  be i n i t i a t e d  with  t h e  FTR c l o s e  to  

c r i t i c a l .

The f e a s i b i l i t y  o f  t h e  MSM method has been dem ons t ra ted  by c r i t i c a l  ex

p er im en ts  t e s t i n g .  FTR c a l c u l a t i o n s  i n d i c a t e ,  however, t h a t  th e  c o n f i g u r a t i o n  

f a c t o r s ,  which a r e  a p p l i e d  t o  t h e  sou rce  m u l t i p l i c a t i o n  r e s u l t s ,  a r e  s t r o n g l y  

dependent  upon th e  r e l a t i v e  p ro x im i ty  o f  t h e  c o n t ro l  rods  and th e  d e t e c t o r s .

In some c a s e s ,  t h e  c o n f i g u r a t i o n  f a c t o r s  c o r r e c t  th e  s o u rce  m u l t i p l i c a t i o n  

da ta  in  a n o n c o n s e rv a t iv e  d i r e c t i o n ,  i . e . ,  p r i o r  to  a pp ly ing  th e  c o r r e c t i o n  

f a c t o r s ,  t h e  r e a c t o r  appea rs  t o  be c l o s e r  to  c r i t i c a l  than  i s  a c t u a l l y  t h e  

c ase .  Consequen t ly ,  t h e  o p e r a t i o n a l  p rocedu re s  and use o f  th e  MSM method must 

be c a r e f u l l y  c o o r d in a t e d .

A s e r i e s  o f  c r i t i c a l  exper im en ts  has been des igned  t o  t e s t  t h e  s u b c r i t i c a l  

r e a c t i v i t y  m on i to r ing  p rocedu res  proposed  f o r  th e  FTR in  t h e  ZPR-9 c r i t i c a l  

f a c i l i t y  a t  ANL. The d a t a  from t h i s  exper im en t  w i l l  s e rv e  as  th e  b a s i s  f o r  

de te rm in ing  t h e  f i n a l  c o n f i g u r a t i o n  f a c t o r  c a l c u l a t i o n a l  model ,  and as  a r e s u l t ,  

the  acc u racy  and s e n s i t i v i t y  o f  th e  method w i l l  be b e t t e r  e s t a b l i s h e d .

P r a c t i c a l  a p p l i c a t i o n s  o f  t h e  MSM method w i l l  r e q u i r e  t h a t  t h e r e  be a 

method f o r  i n f e r r i n g  c o n f i g u r a t i o n  f a c t o r s  from a f i n i t e  p r e c a l c u l a t e d  base 

s e t .  Th i s  problem can be s e p a r a t e d  in  th e  s en s e  t h a t  changes in  t h e  e f f e c t i v e



s o u r c e ,  due to  f u e l  exchanges and heavy i s o t o p e  b u i l d u p ,  and changes in  d e t e c 

t i o n  e f f i c i e n c y ,  due t o  f l u x  d i s t o r t i o n s  b rought  about  by m a te r i a l  changes in 

th e  c o r e ,  a r e  more o r  l e s s  in d e p en d en t .  While t h e s e  problems a r e  well  id e n 

t i f i e d ,  th e y  r e q u i r e  a d d i t i o n a l  e x t e n s i v e  i n v e s t i g a t i o n .

The e f f e c t  of  background n o i s e  s i g n a l s  on s u b c r i t i c a l  r e a c t i v i t y  measure

ments was s t u d i e d  f o r  both  s t a t i c  and dynamic modes. While th e  n o n l i n e a r i t i e s  

induced by a background s i g n a l  can be minimized f o r  th e  dynamic i n v e r s e  

k i n e t i c s  c a l i b r a t i o n s ,  t h e  e f f e c t s  on f a r  s u b c r i t i c a l  sou rce  m u l t i p l i c a t i o n  

measurements a r e  s e v e r e .  Fur the rm ore ,  a t t e m p t s  a t  d i r e c t  measurement o f  back

ground s i g n a l s  in  a loaded  r e a c t o r  th rough  the  use o f  known r e a c t i v i t y  changes 

a r e  s u b j e c t  to  l a r g e  e r r o r s .

S im ula ted  FTR i n v e r s e  k i n e t i c s  measurements w i th  th e  LLFM system have 

been i n v e s t i g a t e d .  Based on t h e s e  s t u d i e s  i t  would appear  t h a t  t h e  LLFM i s  

adequa te  f o r  r e c o r d i n g  th e  r e q u i r e d  rod  drop measurements and,  t h e r e f o r e ,  f o r  

s ou rce  m u l t i p l i c a t i o n  c a l i b r a t i o n .  However, a combination  o f  rod drop and 

rod r u n - i n  measurements may be r e q u i r e d  t o  i n f e r  a c c u r a t e  c o n t ro l  rod  worth 

p r o f i l e s .

The i n t e r f a c e  w i th  FTR o p e r a t i n g  p rocedu re s  was i n v e s t i g a t e d .  The r e 

q u i r e d  s o u rce  m u l t i p l i c a t i o n  c a l i b r a t i o n s  can be meshed i n t o  th e  normal o pe r 

a t i n g  scheme w i th o u t  s i g n i f i c a n t  e f f e c t  on t h e  r e a c t o r  p l a n t  a v a i l a b i l i t y .  

Following i n a d v e r t e n t  scrams from high  power,  r e a c t i v i t y  m on i to r ing  w i l l  be 

based on c a l i b r a t i o n s  made on t h e  p re v io u s  approach to  c r i t i c a l .  Spec ia l  

methods f o r  m o n i to r in g  th e  i n i t i a l  approach  to  c r i t i c a l  must be deve loped ,  and 

i t  i s  l i k e l y  t h a t  c o n f i g u r a t i o n  f a c t o r  schemes w i l l  be p a r t  o f  t h i s  p rocedure .



3. SUBCRITICAL REACTIVITY MONITORING

3.1 Proposed Method f o r  Monito r ing  S u b c r i t i c a l i t y  in  FTR

Given t h e  p ro p e r  c o n d i t i o n s ,  t h e  s u b c r i t i c a l  r e a c t i v i t y  (p) in  a r e a c t o r  

with  a neu t ron  sou rce  can be s im ply  r e l a t e d  to  th e  coun t ing  r a t e  (CR) in  a 

neu t ron  d e t e c t o r ,  th rough  th e  use o f  t h e  p o i n t  k i n e t i c s  e q u a t io n s .  The d e r i 

v a t i o n s  a r e  wel l  known, b u t  a r e  rep roduced  in  Appendix A f o r  comple teness  and 

f o r  t h e  p rope r  d e f i n i t i o n  o f  te rms .

The e q u a t io n  can be w r i t t e n  in  t h e  f a m i l i a r  form

_ Q
P “ “ CR (1)

where Q i s  de te rm ined  e x p e r i m e n t a l l y  a t  some i n i t i a l  c o n d i t i o n  and presumed 

to  remain c o n s t a n t  t h ro u g h o u t  t h e  c o u r s e  o f  th e  exper im en t .

I n t u i t i v e l y ,  however, one s u s p e c t s  t h a t  Q does n o t  remain c o n s t a n t ;  and 

i f  t h e  p a r t i c u l a r  c h a r a c t e r i s t i c s  o f  t h e  FFTF a r e  c o n s i d e r e d ,  i . e . ,  t h e  p l a c e 

ment o f  t h e  Low Level Flux Monitors  (LLFM's),  the  mode o f  a c h i e v in g  r e a c t i v i t y  

changes ,  and th e  h igh i n h e r e n t  n eu t ron  sou rce  s t r e n g t h  in  t h e  PUO2 -UO2  f u e l ,  

one would indeed be s u r p r i s e d  i f  Q d id  n o t  change s i g n i f i c a n t l y  o ve r  the  

course  o f  a g iven  shutdown and r e f u e l i n g  c y c l e .  Once th e  components o f  Q a r e  

d e f in e d  s p e c i f i c a l l y ,  th e  n a t u r e  o f  t h e s e  changes becomes more a p p a r e n t .

Q = f -  (2)

e = coun ts  in  d e t e c t o r  p e r  f i s s i o n  in  th e  r e a c t o r  

S = e f f e c t i v e  s o u rce  n eu t ro n s  per  sec 

V = ave rage  number o f  neu t ro n s  produced p e r  f i s s i o n  in  

t h e  r e a c t o r .

(See Appendix A f o r  t h e  d e t a i l e d  d i s c u s s i o n s  o f  t h e s e  e q u a t i o n s . )



To p o s t u l a t e  a few c o n d i t i o n s  which would le a d  to  changes in  Q, c o n s id e r  

th e  fo l l o w in g  c i r c u m s ta n c e s :

. Movement o f  a c o n t ro l  r o d ,  s a f e t y  rod o r  p e r i p h e r a l  shim rod:

A change o f  t h i s  n a t u r e  s e v e r e l y  p e r t u r b s  th e  s p a t i a l  d i s t r i 

b u t io n  o f  t h e  lower energy  f l u x .  S ince  th e  neu t ron  d e t e c t o r s  

p r i m a r i l y  d e t e c t  lower energy  n e u t r o n s ,  th e  d e t e c t i o n  e f f i c i e n c y  

may change d r a s t i c a l l y  depending upon the  r e l a t i v e  p ro x im i ty  of  

t h e  d e t e c t o r  and t h e  a b s o r b e r  assembly be ing  moved.

. Replacement o f  a high  exposure  fue l  element with  f r e s h  f u e l :

During th e  c o u r s e  o f  i r r a d i a t i o n ,  mixed ox ide  fue l  w i l l  gen

e r a t e  t r a c e  q u a n t i t i e s  o f  and ^‘+̂ Cm i s o t o p e s .  Each of

t h e s e  has a s u f f i c i e n t l y  high  ( a , n )  and spontaneous f i s s i o n

a c t i v i t y ,  t h a t  they  may overshadow th e  neu t ron  source  due to  

th e  p lu tonium i s o t o p e s  in  f r e s h  f u e l .  Replacement o f  ex

posed fu e l  w i th  f r e s h  fu e l  w i l l  cause  s i g n i f i c a n t  changes 

in  t h e  e f f e c t i v e  sou rce  term in  Equat ion  (2 ) .

These arguments a r e  n o t  meant t o  be comprehens ive,  b u t  r a t h e r  a r e  i n 

tended  to  i l l u s t r a t e  r ea so n s  f o r  n o t  r e l y i n g  on Equa tion (1)  as  a r e l i a b l e  

means o f  m on i to r ing  t h e  r e a c t o r  s u b c r i t i c a l i t y .

In c o n s i d e r i n g  a l t e r n a t i v e s  to  t h e  use o f  Equa tion  (1)  f o r  measuring th e

s u b c r i t i c a l i t y  o f  f a s t  r e a c t o r s ,  one f i n d s ,  a g a i n ,  t h a t  r a t h e r  idea l  con

d i t i o n s  a r e  r e q u i r e d  f o r  t h e i r  a p p l i c a t i o n .  Severa l  r e c e n t  p u b l i c a t i o n s  deal  

f 1 2 3)with  t h i s  s u b j e c t '  ’ ’ , b u t  in  a l l  c a s e s ,  t h e  d i f f i c u l t y  o f  app ly ing  th e s e

a l t e r n a t e  t e c h n iq u e s  in  th e  f a r  s u b c r i t i c a l  r e g io n  with  e x i s t i n g  FFTF f l u x



moni to r  equipment i s  a p p a re n t .

D i f f i c u l t i e s  w i th  sou rce  m u l t i p l i c a t i o n  measurements became a p p a re n t  

e a r l y  in  t h e  FFTF c r i t i c a l  exper im en ts  program performed in  th e  ANL zero  power 

c r i t i c a l  f a c i l i t i e s .  P r i o r  to  t h e  r e c e n t  wave o f  i n t e r e s t  which has g en e ra ted  

th e  more r e l i a b l e  n o i s e  a n a l y s i s  and in v e r s e  k i n e t i c s  methods o f  measuring 

r e a c t i v i t y  in  ze ro  power f a s t  r e a c t o r s ,  s u b c r i t i c a l  r e a c t i v i t y  was measured 

us ing  th e  sou rce  m u l t i p l i c a t i o n  method (Equat ion  ( 1 ) ) .  This  p r e s e n t e d  th e  

r e a c t o r  a n a l y s t  w i th  th e  problem o f  i n t e r p r e t i n g  a v a r i e t y  o f  r e a c t i v i t y  va lues  

from s e v e ra l  neu t ron  d e t e c t o r s .  An e a r l y  v e r s i o n  o f  what i s  now r e f e r r e d  to  

as th e  Modified  Source M u l t i p l i c a t i o n  Method (MSM), i . e . ,  c a l c u l a t e d  c o r r e c t i o n s  

to  t h e  s o u rce  m u l t i p l i c a t i o n  measurements,  was developed  f o r  t h a t  purpose

In terms o f  Equat ion  ( 1 ) ,  t h i s  method can be summarized as

-  ‘’o  f '" i  -  -  CRT F,

where th e  i s u b s c r i p t  deno tes  t h e  c o n f i g u r a t i o n  o f  i n t e r e s t ,  t h e  prime i n 

d i c a t e s  a c a l c u l a t e d  q u a n t i t y ,  and th e  o s u b s c r i p t  r e f e r s  t o  a c a l i b r a t i o n
I

c o n f i g u r a t i o n .  F^., t h e  c o n f i g u r a t i o n  f a c t o r ,  can be d e f in e d  i n  many ways

o ;  « ; p ;  p : s ; . ;

0 0  0  1 0  0

each i n d i c a t i n g  th e  r a t i o  o f  c a l c u l a t e d  pa ram ete rs  in tended  to  remove th e  non

u n i fo rm i ty  in  t h e  d e t e c t o r  r e s p o n s e .  Obvious ly ,  an in dependen t  a s se s sm en t  o f  

th e  c o n f i g u r a t i o n  f a c t o r  must be made f o r  each d e t e c t o r  l o c a t i o n  in  t h e  a s 

sembly.



In o r d e r  t o  a p p r o p r i a t e l y  app ly  t h i s  method to  FFTF, th e  fo l low ing  con

d i t i o n s  must be met:

1) A r e l i a b l e  and in e x p e n s iv e  method o f  c a l c u l a t i n g  the  

c o n f i g u r a t i o n  f a c t o r s  must be a v a i l a b l e .

2) A r e l i a b l e  method f o r  d i r e c t l y  measuring th e  r e a c 

t i v i t y  o f  a c a l i b r a t i o n  c o n f i g u r a t i o n ,  p^,  must  be 

a v a i l a b l e .

3) A method f o r  i n f e r r i n g  c o n f i g u r a t i o n  f a c t o r s  must be 

de te rmined  so t h a t  no t  a l l  c o n f i g u r a t i o n s  need be c a l 

c u l a t e d  d i r e c t l y .

4) An adequa te  d e t e c t i o n  sys tem,  w i th o u t  s i g n i f i c a n t  

d r i f t  and unaccoun tab le  s p u r io u s  background n o i s e  

s i g n a l s ,  must be a v a i l a b l e  to  measure th e  s u b c r i t i c a l  

c o u n t r a t e s .

The b a lan ce  o f  t h i s  r e p o r t  d e s c r i b e s  the  development program which i s  

being c a r r i e d  o u t  to  a s s u r e  t h a t  a v i a b l e  s u b c r i t i c a l  r e a c t i v i t y  moni to r ing  

package ,  us ing  t h i s  method,  i s  a v a i l a b l e  f o r  FFTF o p e r a t i o n s .  To th e  e x t e n t  

t h a t  more e f f o r t  has been d i r e c t e d  a t  th e  f i r s t  two p o in t s  l i s t e d  above,  

more emphasis  w i l l  be p laced  on th o s e  a r e a s .  However, a t  l e a s t  b r i e f  d i s 

c u s s io n  o f  each o f  the  p o i n t s  w i l l  be g iven .

3 .2  C a l c u l a t i o n  o f  C o n f ig u ra t i o n  F a c t o r s

3 .2 .1  C r i t i c a l  Experiments T e s t i n g  to  Date

The development o f  methods f o r  a r r i v i n g  a t  c o n f i g u r a t i o n  f a c t o r s

has c e n t e r e d  upon mul t i  group r e a c t o r  source  c a l c u l a t i o n s .  At HEDL, th e



FFTF n u c l e a r  d e s ig n  methods and models  have been employed f o r  t h i s  p u r 

pose .  In o r d e r  to  e s t a b l i s h  the  f e a s i b i l i t y  o f  t h i s  approach ,  a s e r i e s  

o f  s p e c i a l  c r i t i c a l  exper im en ts  was per formed ,  as  p a r t  o f  th e  FTR-3 

c r i t i c a l  exper im en ts  program ' s  in  ZPR-9 a t  Argonne National  L abo ra to ry .

The exper im en ts  c o n s i s t e d  o f  measuring th e  r e a c t i v i t y  o f  s u c c e s s 

i v e l y  f u r t h e r  s u b c r i t i c a l  r e a c t o r  c o re  c o n f i g u r a t i o n s .  S t a r t i n g  with  an 

i n i t i a l  c o re  c o n t a i n i n g  no po ison  a s s e m b l i e s ,  th e  r e a c t o r  was made sub

c r i t i c a l  main ly  by th e  i n s e r t i o n  o f  c o n t ro l  rods  in  th e  f i r s t  row o f  the  

r e f l e c t o r  in  a manner s i m i l a r  to  th e  FFTF r e f e r e n c e  c o n t ro l  system des ign  

a t  t h a t  t im e .  C o u n t ra te s  from s e v e ra l  d e t e c t o r s  were r eco rded  f o r  each 

c o n f i g u r a t i o n .  R e a c t i v i t i e s  in  t h e  0-4$ s u b c r i t i c a l  r ange  were measured 

d i r e c t l y ,  w h i l e  th o s e  f u r t h e r  s u b c r i t i c a l  were i n f e r r e d  from well  e s t a b 

l i s h e d  exper im en ta l  c o n t ro l  rod worth d a t a .

R e a c t i v i t i e s  and c o u n t r a t e s  were c a l c u l a t e d  us ing  th e  code

in  t h e  sou rce  mode, and c o n f i g u r a t i o n  f a c t o r s  were i n f e r r e d  f o r  t h r e e  

d e t e c t o r s  in  each r e a c t o r  c o n f i g u r a t i o n .  A d i s c u s s i o n  o f  t h i s  a n a l y s i s  

has been r e p o r t e d  e a r l i e r ^ ^ \  The r e s u l t s  f o r  one o f  the  d e t e c t o r s  a r e  

shown in  F igure  3-1 .  Source m u l t i p l i c a t i o n  and m odi f ied  sou rce  m u l t i 

p l i c a t i o n  a r e  p l o t t e d  a g a i n s t  th e  co re  r e a c t i v i t y .  The ar rows i n d i c a t e  

the  magnitude and d i r e c t i o n  o f  t h e  change in  t h e  s ou rce  m u l t i p l i c a t i o n  

v a lu e  due t o  t h e  c o n f i g u r a t i o n  f a c t o r s .

F igu re  3-2 d e s c r i b e s  m od i f ied  s o u rce  m u l t i p l i c a t i o n  r e s u l t s  f o r  

the  t h r e e  d e t e c t o r s  i n v e s t i g a t e d  i n  t h i s  a n a l y s i s .  In a l l  c a s e s ,  th e
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m odif ied  sou rce  m u l t i p l i c a t i o n  v a lu e  f a l l s  well  w i th i n  +205  ̂ o f  t h e  core  

r e a c t i v i t y .

An in de penden t  a n a l y s i s  o f  t h e s e  exper im en ts  was performed by 

ORNL  ̂ This  a n a l y s i s  employed two-dimensiona l  t r a n s p o r t  th e o ry  and 

d i f f e r e n t  c r o s s  s e c t i o n  d a t a .  However, and perhaps  somewhat s u r 

p r i s i n g l y ,  t h e  r e s u l t s  a r e  very  much t h e  same. Whereas th e  r e s u l t s  a r e  

n o t  d i r e c t l y  comparable because  d i f f e r e n t  d e t e c t o r  l o c a t i o n s  were a n a l 

yzed by ORNL, t h e  c h a r a c t e r i s t i c s  o f  source  m u l t i p l i c a t i o n  c o r r e c t i o n s  

a r e  very  much s i m i l a r  to  th o s e  c a l c u l a t e d  by HEDL.

P a r t  o f  t h e  MSM development  e f f o r t  invo lves  a c a r e fu l  comparison 

o f  c a l c u l a t i o n a l  t e c h n i q u e s ,  r e a c t o r  models ,  and c ro s s  s e c t i o n  d a t a .

This  work i s  a j o i n t  e f f o r t  between HEDL and ORNL.

3 . 2 . 2  FTR C o n f ig u r a t i o n  F a c to r  C a l c u l a t i o n s

MSM c a l c u l a t i o n s  have been performed f o r  a s e r i e s  o f  FTR r e a c t o r  

c o n f i g u r a t i o n s  which r e p r e s e n t  a p lanned r e a c t o r  shutdown from c r i t i c a l .  

Refe rence  FTR n u c l e a r  d e s ig n  methods were used in  t h e s e  c a l c u l a t i o n s .

The geom et r ic  r e a c t o r  model i s  shown in  F igu re  3-3 and f u r t h e r  d e t a i l s  o f  

t h e  c a l c u l a t i o n s  a r e  g iven  in  Appendix B.

F igures  3-4  and 3-5 show th e  c a l c u l a t e d  source  m u l t i p l i c a t i o n  

r e s u l t s  f o r  each o f  th e  LLFM's f o r  symmetric and asymmetric c a l i b r a t i o n  

c o n f i g u r a t i o n s ,  r e s p e c t i v e l y .  The symmetric c a l i b r a t i o n  c o n f i g u r a t i o n  

was nea r  c r i t i c a l  w i th  a l l  rods  r e p r e s e n t e d  a t  50^ d e n s i t y .  The asym

m e t r i c  c o n f i g u r a t i o n  was 1$ s u b c r i t i c a l  with  one c o n t ro l  rod f u l l y  i n -

11
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s e r t e d  and th e  remain ing  f i v e  r e p r e s e n t e d  a t  505̂  d e n s i t y .  S ince  th e s e  

f i g u r e s  r e p r e s e n t  i d e a l i z e d  com par isons ,  a p p l i c a t i o n  o f  th e  c o r r e c t i o n  

f a c t o r s  w i l l  g iv e  e x a c t  ag reement between MSM and th e  c o re  r e a c t i v i t y .  

However, t h e  rem arkab le  d i f f e r e n c e  between th e s e  p l o t s  and s i m i l a r  ones 

f o r  t h e  FTR-3 exper im en t s  w a r r a n t s  some d i s c u s s i o n .

As noted e a r l i e r ,  FTR-3 r e a c t i v i t y  changes invo lved  p r i m a r i l y  th e  

movement o f  c o n t ro l  rods  l o c a t e d  in  t h e  r e f l e c t o r .  Moreover,  th e  d e t e c 

t o r s  used i n  t h e  FTR-3 exper im en t s  were l o c a t e d  in  c l o s e  p ro x im i ty  to  

t h e  ro d s .  On t h e  o t h e r  hand,  t h e  c u r r e n t  FTR des ign  u t i l i z e s  c o n t ro l  

rods  i n  t h e  f i f t h  fue l  row and th e  Low Level Flux Moni tors  a r e  l o c a t e d  

well  i n t o  t h e  r a d i a l  s h i e l d .  Th is  change in  r o d - d e t e c t o r  p ro x im i ty  i s  

l a r g e l y  r e s p o n s i b l e  f o r  t h e  d i f f e r e n c e  in  th e  s ou rce  m u l t i p l i c a t i o n  

r e s p o n s e .

To d em ons t r a te  t h i s  p o i n t ,  one o f  th e  p e r i p h e r a l  shim rods  (PSR) 

n e a r e s t  t h e  No. 1 LLFM was removed from the  shutdown c o n f i g u r a t i o n .  Be

f o r e  t h e  removal ,  t h e  c o n f i g u r a t i o n  f a c t o r  was 1 .173.  Following th e  r e 

moval ,  t h e  c o n f i g u r a t i o n  f a c t o r  jumped t o  1 .424.  In o t h e r  words,  th e  

p e r t u r b a t i o n  e f f e c t  o f  t h a t  s i n g l e  PSR, worth 'v. 1$ in  r e a c t i v i t y ,  was 

equal  to  t h e  p e r t u r b a t i o n  e f f e c t  o f  t h e  t o t a l  i n c o re  c o n t ro l  system,  

worth a p p ro x im a te ly  30$ in  r e a c t i v i t y .  Th is  e f f e c t  i s  d i s p l a y e d  

g r a p h i c a l l y  in  F igu re  3 -6 ,  on which i s o - c o n f i g u r a t i o n  f a c t o r  l i n e s  a r e  

p l o t t e d  f o r  t h i s  r e a c t i v i t y  a d j u s t m e n t .  The in f l u e n c e  o f  th e  removed 

PSR i s  e v i d e n t  from t h i s  f i g u r e .  I t  i s  on ly  r e a s o n a b l e  t o  assume t h a t  

i f  t h e  r e a c t o r  shutdown were ach ieved  w i th  p e r i p h e r a l  r o d s ,  t h e  FTR con-
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R E A C T I V I T Y  = -8.62% A k / k  
S H U T D OWN.PSR REMOVED

CD 7.00x10-*
O 8.00x10-*
▲ 9.00x10-*
+ 1.00x10“
X 1.10x10“

1.20x10“
X 1 .30x10“
m 1.40x10“
* 1.50x10“

1.152

k k x x

1.145

FIGURE 3 -6 .  FTR S u b c r i t i c a l  C o n f ig u ra t io n  F a c to rs ,
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f i g u r a t i o n  f a c t o r s  would be s i m i l a r  t o  those  measured in  FTR-3. In f a c t ,  

l a r g e  c o r r e c t i o n s  s i m i l a r  in  both  magnitude and d i r e c t i o n  t o  those  mea

su red  in  FTR-3 cou ld  be caused  in  FTR by th e  i n s e r t i o n  o f  many PSR's f o r  

shimming purposes  d u r in g  t h e  r e f u e l i n g  sequence .

P l o t s  s i m i l a r  t o  F ig u re  3-6 f o r  each o f  th e  shutdown sequence con

f i g u r a t i o n s  a r e  g iven  in  P a r t  3 o f  Appendix B. These p l o t s  d i s p l a y  

g r a p h i c a l l y  th e  f l u x  t i l t s  and p e r t u r b a t i o n s  in t roduced  by th e  con t ro l  

rods  d u r ing  a p lanned  r e a c t o r  shutdown.

The f a c t  t h a t  FTR c o n f i g u r a t i o n  f a c t o r s  appea r  to  r e a c t  d i f f e r 

e n t l y  than  th o s e  measured in  FTR-3 i s  some cause  f o r  concern .  This  would 

imply t h a t  when t h e  c o n f i g u r a t i o n  f a c t o r  i s  a p p l i e d  to  th e  source  m u l t i 

p l i c a t i o n  e q u a t i o n ,  t h e  r e s u l t a n t  r e a c t i v i t y  w i l l  be f u r t h e r  s u b c r i t i c a l  

than  th e  u n c o r r e c t e d  v a lu e ;  c e r t a i n l y  a n onconse rva t ive  c o r r e c t i o n .  How

e v e r ,  as  t h e  above d i s c u s s i o n s  would i n d i c a t e ,  one can p o s t u l a t e  r e f u e l 

ing  schemes which would a f f e c t  c o r r e c t i o n s  to  be a p p l i e d  in  e i t h e r  d i r 

e c t i o n .  The c o n s e r v a t i v e  o r  n o n c o n s e rv a t iv e  n a t u re  o f  t h i s  method w i l l  

be de te rmined  by t h e  c a l i b r a t i o n  c o n f i g u r a t i o n  and th e  p a r t i c u l a r  r e a c t o r  

lo a d in g  sequence to  be m on i to red .

These f e a t u r e s  p r e s e n t  some i n t e r e s t i n g  problems when app ly ing  th e  

method to  FTR. I t  i s  most  l i k e l y  t h a t  both unmodified source  m u l t i 

p l i c a t i o n  and MSM c a l c u l a t i o n s  w i l l  be c a r r i e d  o u t  du r ing  th e  r e f u e l i n g  

p r o c e s s .  The more c o n s e r v a t i v e  o f  th e  two would perhaps  be b e s t  used 

f o r  compliance w i th  o p e r a t i n g  s a f e t y  l i m i t s ,  w h i le  th e  MSM d a t a  would 

p ro v id e  t h e  b e s t  q u a n t i t a t i v e  check on the  r e a c t i v i t y  changes en
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c o u n te r e d  d u r in g  t h e  r e l o a d i n g  sequence .  C e r t a i n l y ,  t h e  b e h a v io r  o f  FTR 

c o n f i g u r a t i o n  f a c t o r s  w a r r a n t s  con t in u ed  i n v e s t i g a t i o n ,  and a d d i t i o n a l  

c r i t i c a l  exper im en ts  e v a l u a t i o n  i s  d i s c u s s e d  in  t h e  fo l lo w in g  s e c t i o n .

3 . 2 . 3  A d d i t i o n a l  C r i t i c a l  Exper iment  T e s t in g

A j o i n t  exper im en ta l  e f f o r t  among HEDL, ORNL and ANL has been p u r 

sued f o r  t h e  purpose  o f  per fo rming  a comprehensive e v a l u a t i o n  o f  a number 

o f  r e a c t i v i t y  measurement methods under s i m i l a r  exper im en ta l  c o n d i t i o n s  

in  t h e  FFTF Eng inee r ing  Mockup C r i t i c a l T h e s e  exper im en ts  w i l l  

i n v o lv e  d e t a i l e d  compar isons  o f  th e  v a r io u s  n o i s e  a n a l y s i s  and in v e r s e  

k i n e t i c s  r e a c t i v i t y  measurement methods in  a ze ro  power assembly q u i t e  

s i m i l a r  t o  t h e  FFTF. Such comparisons  o f  d i r e c t  measurement t e c h n iq u e s  

w i l l  le nd  themse lves  n o t  on ly  to  e s t a b l i s h i n g  a p r a c t i c a l  means f o r  c a l i 

b r a t i o n  o f  t h e  sou rce  m u l t i p l i c a t i o n  method in  FTR, b u t  a l s o  t o  t h e  more 

fundamental  i n v e s t i g a t i o n s  o f  t h e  a c c u ra c y ,  r a n g e ,  and speed o f  d i r e c t  

measurement t e c h n iq u e s  f o r  genera l  LMFBR program a p p l i c a t i o n s .  Moreover, 

t h e s e  exper im en ts  w i l l  p ro v id e  th e  o p p o r t u n i t y  t o  i n v e s t i g a t e  th e  r e f 

e r en c e  FFTF s o u rce  m u l t i p l i c a t i o n  methods w i th  t h e  c u r r e n t  d e s ig n  c o n t ro l  

rod a r rangem ent  us ing  a t  l e a s t  one d e t e c t o r  p r o t o t y p i c  o f  th e  FTR-LLFM.

The exper im en t  w i l l  begin  w i th  a c r i t i c a l  c o n f i g u r a t i o n  t h a t  ap

p ro x im a te ly  s im u l a t e s  t h e  FTR a t  t h e  beg inn ing  o f  t h e  f i r s t  c y c l e .  The 

assembly w i l l  be p r o g r e s s i v e l y  s h u t  down by s e q u e n t i a l l y  i n s e r t i n g  the  

c o n t ro l  r o d s .  All r e a c t i v i t y  measurement t e c h n iq u e s  w i l l  be used with  

v a r io u s  d e t e c t i o n  systems l o c a t e d  th ro u g h o u t  t h e  assembly u n t i l  t h e  

lower  e x t e n t  o f  t h e  r e a c t i v i t y  range  o f  each com bina t ion  i s  e s t a b l i s h e d .

18



The shutdown w i l l  c o n t in u e  w i th  t h e  s e q u e n t i a l  i n s e r t i o n  o f  t h e  s a f e t y  

rods  u n t i l  t h e  f u l l  shutdown c o n d i t i o n  i s  ach ieved .  At t h a t  t im e ,  t y p i 

ca l  r e f u e l i n g  moves w i l l  be s i m u l a t e d .  Source m u l t i p l i c a t i o n  da ta  f o r  

a l l  t h e  d e t e c t o r s  w i l l  be reco rd ed  f o r  each o f  t h e  s u b c r i t i c a l  c o n f i g 

u r a t i o n s .

Data from th e  exper im en t  w i l l  be used f o r  t h e  fo l lo w in g  FTR- 

r e l a t e d  development  e f f o r t s :

E s t a b l i s h i n g  th e  a n t i c i p a t e d  accuracy  and s e n s i t i v i t y  

o f  t h e  MSM method in  FTR.

E s t a b l i s h i n g  a r e f e r e n c e  s o u rce  m u l t i p l i c a t i o n  c a l i 

b r a t i o n  p rocedu re  f o r  FFTF us ing  th e  LLFM's.

Making s y s t e m a t i c  compar isons  o f  d i f f u s i o n  and 

t r a n s p o r t  c a l c u l a t i o n s  o f  c o n f i g u r a t i o n  f a c t o r s  

i n  c o o p e r a t i o n  w i th  ORNL.

T e s t in g  p rocedu res  f o r  c a l c u l a t i n g  c o u n t r a t e s  in  

t h e  LLFM's.

T e s t i n g  schemes f o r  i n f e r r i n g  c o n f i g u r a t i o n  

f a c t o r s  w i th o u t  d i r e c t  c a l c u l a t i o n  f o r  each 

c o n f i g u r a t i o n .

T e s t in g  th e  s e n s i t i v i t y  o f  MSM to  r e f u e l i n g  

r e a c t i v i t y  changes .

Determining t h e  f e a s i b i l i t y  o f  us ing r e a c t i v i t y  mea

surement t e c h n iq u e s  w i th  s p e c i a l  i n s t r u m e n ta t io n  

d u r ing  FFTF s t a r t u p  and p h y s ic s  t e s t i n g .
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While th e  exper im ent  w i l l  n o t  p ro v id e  s o l u t i o n s  to  a l l  sub- 

c r i t i c a l  i t y  m o n i to r in g  development problems f o r  th e  FFTF, i t  i s  expec ted  

t o  f u r n i s h  a d a t a  s e t  which w i l l  prove i n v a l u a b l e  f o r  i n v e s t i g a t i n g  many 

o f  t h e  r e l a t e d  t e c h n i c a l  problems.

3.3  O ther  Development Areas

3 .3 .1  Heavy I s o to p e  Source  E f f e c t s

As th e  FTR-mixed ox ide  fu e l  i s  exposed t o  h igh  n e u t ro n  f l u x  l e v e l s  

f o r  long  p e r io d s  o f  t im e ,  t h e  b u i l d - u p  o f  t r a c e  q u a n t i t i e s  o f  heavy 

i s o t o p e s  w i l l  o c c u r .  Of p a r t i c u l a r  i n t e r e s t  a r e  t h e  i s o t o p e s  

2‘*'+Cm because  o f  t h e i r  ex t rem ely  high spontaneous  f i s s i o n  and (o ,n )  a c 

t i v i t y .  These i s o t o p e s  b u i l d  up a c c o rd in g  to  t h e  p ro d u c t io n  c h a in s :

^‘tzpu + n -  g) + n - $ ) - » •

(2‘t ipu  - 3 ) -)■ + n -  3 ) ->■

Approximate c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  i n h e r e n t  n eu t ro n  source  

r a t e  in  an FFTF d r i v e r  a f t e r  f u l l  exposure  w i l l  be app rox im a te ly  f i v e  

t im es  l a r g e r  than  t h a t  o f  a f r e s h  d r i v e r  f u e l  e lem en t .  The t o t a l  core  

s o u rce  r a t e  a t  t h e  end o f  t h r e e  c y c l e s  o f  o p e r a t i o n  p r i o r  to  r e f u e l i n g
n  2lw i l l  be a p p ro x im a te ly  t h r e e  t imes  t h a t  a t  t h e  beg inn ing  o f  l i f e '  .

When l i g h t  w a te r  r e a c t o r  p lu ton ium ,  w i th  h ig h e r  c o n c e n t r a t i o n s  o f  ^^tipu 

and ^'tzpu used ,  p o s s i b l y  as  e a r l y  as FFTF c o re s  3 and 4 ,  t h e  problem 

becomes s i g n i f i c a n t l y  worse .

R e l i a b l e  means o f  acc o u n t in g  f o r  l a r g e  e f f e c t i v e  sou rce  changes 

a r e  a v a i l a b l e  p rov ided  th e  sou rce  changes a r e  well  known. C e r t a i n l y ,
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t h e  r e f e r e n c e  methods f o r  c a l c u l a t i n g  c o n f i g u r a t i o n  f a c t o r s  w i l l  be 

d es igned  t o  accommodate changes in  t h e  s p a t i a l  d i s t r i b u t i o n  o f  t h e  i n 

h e r e n t  n eu t ron  s o u rc e ;  however,  as  y e t  u n t e s t e d  a r e  more approximate 

means t o  e s t i m a t e  changes in  t h e  e f f e c t i v e  sou rce .  Such schemes might  

in v o l v e  a d j u s t i n g  th e  e f f e c t i v e  s o u rc e  with  approximate a d j o i n t  w e igh t ing  

f a c t o r s .

Continued development in  t h i s  a r e a  w i l l  r e q u i r e  more a c c u r a t e  c a l 

c u l a t i o n s  o f  t h e  s p a t i a l  d i s t r i b u t i o n  o f  heavy i s o to p e  b u i ldup  in  FTR as 

a f u n c t i o n  o f  c o re  l i f e .  A d d i t io n a l  s e n s i t i v i t y  c a l c u l a t i o n s  w i l l  be 

performed to  de te rm ine  approx im ate  methods f o r  making source  ad jus tm en ts  

as p a r t  o f  th e  o p e r a t i n g  p rocedure  f o r  m on i to r ing  s u b c r i t i c a l i t y  in  the  

FFTF.

3 . 3 . 2  C o n f ig u r a t io n  F a c t o r  I n t e r p o l a t i o n

While t h e  f e a s i b i l i t y  f o r  c a l c u l a t i n g  c o n f i g u r a t i o n  f a c t o r s  was 

wel l  e s t a b l i s h e d  in  t h e  FTR-3 ex p e r im e n t s ,  genera l  methods f o r  i n f e r r i n g  

c o n f i g u r a t i o n  f a c t o r s  from a f i n i t e  p r e c a l c u l a t e d  base  s e t  have been on ly  

s u p e r f i c i a l l y  i n v e s t i g a t e d  to  d a t e .  The degree  to  which one must pursue  

t h i s  i s s u e  i s  somewhat dependent  upon th e  s e n s i t i v i t y  o f  th e  method to  

a c t u a l  f u e l  lo a d in g  changes .  For example,  i f  i n t e r e s t  i s  r e s t r i c t e d  to  

p e r t u r b a t i o n s  induced  by c o n t ro l  and s a f e t y  r o d s ,  then  symmetry c o n s i d e r 

a t i o n s  can be used t o  r educe  the  r e q u i r e d  number o f  c o n f i g u r a t i o n  f a c t o r  

c a l c u l a t i o n s  as  d i s c u s s e d  below.

In Tab le  3-1 t h e  c o n f i g u r a t i o n  f a c t o r  r e s u l t s  f o r  the  c a l c u l a t i o n s  

d i s c u s s e d  in  S e c t io n  3 . 2 . 2  and Appendix B a r e  g iven .  In a l l  c a s e s ,  th e
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Table  3-1

FTR C o n f ig u ra t i o n  F a c t o r s  w i th  S.ynroetric and 

Asymmetric C a l i b r a t i o n  C o n f ig u r a t io n s

p-
Symmetric C a l i b r a t i o n  
C o n f ig u ra t io n  F a c t o r s

Asymmet
Confiq

r i c  C a l i b r a t i o n  
u r a t i o n  F a c to r s

LLFM LLFM LLFM LLFM LLFM LLFM
% Ak/k #1 #2 #3 #1 #2 #3

0 * * * - - -

-  0 .298 .961 1.035 1.016 * * *

- 0 .700 .959 1.064 1.008 1.028 .988 .992

-  1.242 .996 1.082 .968 1.037 1.046 .953

-  1.729 1.032 1.077 .970 1.074 1.040 .955

-  2.346 1.051 1.048 1.001 1.094 1.009 .985

- 2.834 1.042 1.042 1.038 1.085 1.007 1.022

-  4 .917 1.150 1.070 1.037 1.197 1.034 1.021

-  6 .980 1.177 1.071 1.142 1.225 1.035 1.124

- 9.159 1.173 1.182 1.174 1.221 1.142 1.155

- 8 .620 1.424 1.152 1.145 1.482 1.114 1.127

* C a l i b r a t i o n  c o n f i g u r a t i o n .
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r a t i o s  among th e  c o n f i g u r a t i o n  f a c t o r s  f o r  th e  v a r io u s  d e t e c t o r s  in

symmetric c o n f i g u r a t i o n s  remain c o n s t a n t  w i th i n  one p e r c e n t .  Th is  i s

t r u e  even when th e  c a l i b r a t i o n  c o n f i g u r a t i o n  i s  asymmetr ic .  S ince  t h i s

i s  t h e  c a s e ,  i n t e r p o l a t i o n  on t h i s  r a t i o  i s  l e s s  s e n s i t i v e  to  e r r o r  than
*

a c t u a l  i n t e r p o l a t i o n s  on th e  c o n f i g u r a t i o n  f a c t o r .  Under t h e s e  assump

t i o n s ,  c o n f i g u r a t i o n  f a c t o r s  f o r  a l l  t h r e e  d e t e c t o r s  can be i n f e r r e d  f o r  

r e a c t o r  c o n f i g u r a t i o n s  in  which the  c o n t ro l  rod i n s e r t i o n  p a t t e r n  i s  

s h i f t e d  120°. This  reduces  s i g n i f i c a n t l y  the  number o f  c a l c u l a t i o n s  r e 

q u i r e d  to  a s s e s s  c o n t ro l  rod e f f e c t s .  For example,  th e  number o f  c a l c u 

l a t i o n s  r e q u i r e d  to  a s s e s s  c o n f i g u r a t i o n  f a c t o r s  f o r  f u l l - i n - f u l l - o u t  

c o n t ro l  and s a f e t y  rod com bina t ions  can be reduced by a f a c t o r  o f  2 .5 .

To th e  e x t e n t  t h a t  p e r i p h e r a l  r o d s ,  f i s s i l e  fue l  load ing  changes,  

and p a r t i a l l y  i n s e r t e d  c o n t ro l  rods  i n v a l i d a t e  t h i s  r a t h e r  s i m p l i s t i c  

approach ,  more s o p h i s t i c a t e d  approaches  must be i n v e s t i g a t e d ,  and c r i t i 

ca l  exper im en t  d a t a  w i l l  be o f  v a lu e  f o r  t e s t i n g  proposed methods.  S ig 

n i f i c a n t  a d d i t i o n a l  e f f o r t  must be a p p l i e d  in  t h i s  a r e a .

3 . 3 . 3  LLFM Background Signal  E f f e c t s

For t h e  sake o f  s i m p l i c i t y ,  d i s c u s s i o n s  o f  th e  MSM procedures  up 

to  t h i s  p o i n t  have n e g le c te d  th e  p r e s en ce  o f  any p o s s i b l e  background in  

t h e  LLFM s i g n a l s .  I t  i s  ex p e c te d ,  however, t h a t  background w i l l  e x i s t  a t

*
Since  the  c o n f i g u r a t i o n  f a c t o r  i s  r e a l l y  th e  r a t i o  o f  two Q's  (see

I

Equat ion  3,  S e c t io n  3 . 1 ) ,  and th e  denominato r ,  Q^, i s  f i x e d  f o r  a given
I

sequence o f  e x p e r im e n t s ,  i n t e r p o l a t i o n  i s  r e q u i r e d  to  i n f e r  v a lu es  f o r  Q. 

which in  t u r n  a r e  used to  c a l c u l a t e  c o n f i g u r a t i o n  f a c t o r s .
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i n i t i a l  s t a r t u p  and t h a t  i t  may v a ry  with  t im e ,  i . e . ,  w i th  power h i s t o r y  

o f  t h e  FTR. P r e l i m in a ry  i n v e s t i g a t i o n s  i n d i c a t e  t h a t  a t  i n i t i a l  s t a r t u p  

th e  LLFM s e n s o r  background w i l l  be between zero  and app rox im a te ly  100 cps 

as s u g g e s te d  by r e c e n t  SEFOR and EBR I I  e x p e r i e n c e ,  r e s p e c t i v e l y .  Source 

c a l c u l a t i o n s  on th e  FTR a t  shutdown c o n d i t i o n  ('v^-SOS) y i e l d  an LLFM coun t -  

r a t e  o f  '\^120 c p s ,  which ,  when c o r r e c t e d  f o r  d e t e c t o r  e f f i c i e n c y  and p u l s e  

h e i g h t  d i s c r i m i n a t i o n  l o s s e s ,  reduces  to  '^̂ 40 cps .  Hence,  background 

c o u n t r a t e s  as l a r g e  as 100 cps would prove to  be troub lesome f o r  sub

c r i t i c a l  r e a c t i v i t y  a s s e s sm e n ts .

Tab le  3-2 dem o n s t r a te s  t h e  e f f e c t  o f  a background s ig n a l  on t h e  

s o u rce  m u l t i p l i c a t i o n  e v a l u a t i o n .  Assume, f o r  s i m p l i c i t y ,  t h a t  th e  i n 

v e r s e  m u l t i p l i c a t i o n  law i s  fo l l o w e d ,  and an u n d e t e c te d  background o f  

10 cps e x i s t s  in  th e  sys tem; t h e  r e a c t i v i t i e s  o f  1$ ( c a l i b r a t i o n  p o i n t ) ,  

15$, and 30$ show up as  1$,  14 .5$ and 2 4 .2 $ ,  r e s p e c t i v e l y .  I f  one 

a t t e m p t s  t o  c o r r e c t  f o r  th e  background and f o r  some r ea s o n  o v e r c o r r e c t s ,  

t h e  consequence i s  n o n c o n s e rv a t iv e  s i n c e  t h e  s o u rce  m u l t i p l i c a t i o n  i n 

d i c a t e s  t h a t  t h e  r e a c t o r  i s  f u r t h e r  s u b c r i t i c a l  than  i t  i s  in  r e a l i t y .

In t h e  e v e n t  t h a t  th e  background i s  v a r i a b l e ,  unknown changes w i l l  

appea r  as u n e x p l a in a b l e  r e a c t i v i t y  changes t h a t  w i l l  n o t  van i sh  u n t i l  t h e  

r e a c t o r  a p p r o a c h - t o - c r i t i c a l  i s  made.

S im ula te d  FTR k i n e t i c s  s t u d i e s  (Appendix C) i n d i c a t e  t h a t  th e  

p r e s e n c e  o f  a c o n s t a n t  background does n o t  a f f e c t  th e  f i n a l  r e a c t i v i t y  

i n f e r r e d  from in v e r s e  k i n e t i c s  rod d ro p s ,  b u t  does b i a s  t h e  c o r r e s p o n 

d ing  i n i t i a l  r e a c t i v i t y .  By pos ing  th e  rod  c a l i b r a t i o n  p rocedu re  such
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T ab le  3-2

E f f e c t  o f  Background on Source  M u l t i p l i c a t i o n

True
R e a c t i v i t y

True
C o u n t ra te Backqround

Source 
Mult i p i i c a t i o n

$ cps cps $

1 1200 10
*

1 .0

15 80 10 13.5

30 40 10 24.2

C a l i b r a t i o n  p o i n t
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t h a t  t h e  i n i t i a l  r e a c t i v i t y  i s  very  s m a l l ,  l a r g e  f r a c t i o n a l  e r r o r s  in  

t h i s  q u a n t i t y  w i l l  no t  s i g n i f i c a n t l y  a f f e c t  th e  measured rod w or th .  This  

p o i n t  i s  well  dem ons t ra ted  in  Appendix C. The s o u rce  m u l t i p l i c a t i o n  can 

be c a l i b r a t e d  a c c u r a t e l y  by us ing  th e  f i n a l  r e a c t i v i t y  from th e  rod  drop .  

However, t h e  background w i l l  c o n t in u e  to  a f f e c t  t h e  s o u rce  m u l t i p l i c a t i o n  

measurements u n l e s s  i t  can be r o u t i n e l y  measured and s u b t r a c t e d  from th e  

measured c o u n t r a t e .

In p r i n c i p l e ,  one can i n f e r  t h e  background i n  t h e  p r e s en ce  o f  a 

n e u t ro n  s ig n a l  from known s u b c r i t i c a l  s t a t e s .  Using Equat ion  ( 1 ) ,  r e 

w r i t t e n  to  r e f l e c t  t h e  background.

p = -  - Q -  
CR.-B

where,  as  b e f o r e ,  p̂ . i s  t h e  s u b c r i t i c a l  r e a c t i v i t y ,  Q i s  t h e  c a l i b r a t i o n  

c o n s t a n t ,  and CR̂ . i s  t h e  c o u n t r a t e  i n c lu d in g  background B, such t h a t  

CR^-B i s  t h e  t r u e  neu t ron  s i g n a l .

I f  two known s u b c r i t i c a l  s t a t e s ,  and pg,  a r e  ach ieved  by i n 

s e r t i o n  o f  c a l i b r a t e d  r o d s ,  one can show t h a t

_ P2CR2 “ ‘̂ l̂ ’̂ l 
'  '  »2

I f  we assume t h a t  t h e  u n c e r t a i n t i e s  in  t h e  measured r e a c t i v i t i e s  

a r e  much l a r g e r  than  th e  e r r o r  in  th e  c o u n t r a t e s ,  then  t h e  u n c e r t a i n t y  in  

t h e  background ,  Sg,  can be w r i t t e n  simply  as
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Sr = / T  ( ^ )B Ap 'p  ^

S
where ^  i s  t h e  f r a c t i o n a l  u n c e r t a i n t y  (assumed to  be equa l )  in  t h e  p^. 's .

S
Using v a lues  o f  Q = 1200 and Ap = 3$,  then  Sg “ 566 ( ^ )  f o r  FTR.

I f  we assume t h a t  t h e  r e a c t i v i t i e s  can be measured w i th  a p r e c i s i o n  o f  

1-5%, then  th e  u n c e r t a i n t y  in  th e  background s ig n a l  i n f e r r e d  from t h i s  

measurement would range  from -  30 cps .  These va lues  i n d i c a t e  t h a t  an 

a c c u r a t e  i n f e r e n c e  o f  background in  th e  p resence  o f  a n eu t ro n  s ig n a l  in  

FTR w i l l  be d i f f i c u l t  a t  b e s t  and t h a t  every e f f o r t  must be made to  

e l i m i n a t e  t h e  p o s s i b i l i t y  o f  n o i s e  p ic k -u p  in  t h e  LLFM system.

3 .4  Source M u l t i p l i c a t i o n  and Contro l  Rod C a l i b r a t i o n s  with  In v e r s e  

K in e t i c s  Methods

The use o f  t h e  MSM te c h n iq u e  r e q u i r e s  a r e a c t i v i t y  c a l i b r a t i o n  which w i l l  

most l i k e l y  be done in  t h e  n ea r  c r i t i c a l  r ange .  Of t h e  two most  l i k e l y  c a l i 

b r a t i o n  t e c h n i q u e s ,  n o i s e  a n a l y s i s  and in v e r s e  k i n e t i c s ,  the  l a t t e r  has s e v e ra l  

ad v an tag es .  The s u i t a b i l i t y  o f  t h e  n o i s e  methods i s  h ig h ly  dependent  upon th e  

f r equency  r e s p o n s e ,  d e t e c t i o n  e f f i c i e n c y ,  and p lacement  o f  th e  neu t ron  d e t e c 

t i o n  system.  By compar ison ,  i n v e r s e  k i n e t i c s  te ch n iq u es  can be performed with  

minimum r e s t r i c t i o n s  on th e  f l u x  d e t e c t i o n  system.  Hardware r equ i re m en ts  i n 

c lude  i n d i v i d u a l  rod scram and d r i v e  c a p a b i l i t y  and a computing system w i th  

o n - l i n e  d a t a  sampl ing  c a p a b i l i t i e s .  The measurement i s  r a p i d  and th e  r e s u l t  

w i l l  most  l i k e l y  be known b e f o r e  th e  system i s  r e t u r n e d  to  t h e  p re -ex p e r im en t  

c o n d i t i o n .  O ther  advan tages  i n c lu d e  t h e  o p t i o n  f o r  o b t a in in g  a d e t a i l e d  rod
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worth p r o f i l e  from a rod r u n - i n  exper im en t  and t h e  f a c t  t h a t  t h e  method does 

n o t  r e q u i r e  a c r i t i c a l  c a l i b r a t i o n .

Severa l  p e r t u r b a t i o n s  to  an e a r l y  i n v e r s e  k i n e t i c s  t e ch n iq u e  proposed  by 

C a r p e n t e r ^ ^ ^ ’^ ^ ^ , have been s u g g e s te d  b u t  t h e  te ch n iq u e  remains e s s e n t i a l l y  

t h e  same. In Appendix C th e  i n v e r s e  k i n e t i c s  measurements a r e  d e s c r ib e d  and 

s im u la te d  FTR c o n t ro l  rod and s a f e t y  rod c a l i b r a t i o n s  a r e  g ive n .  Based on 

th e s e  s t u d i e s ,  i t  would appear  t h a t  t h e  LLFM i s  adequa te  f o r  r e c o rd i n g  th e  

rod drop measurements and ,  t h e r e f o r e ,  f o r  sou rce  m u l t i p l i c a t i o n  c a l i b r a t i o n .  

However, a combination  o f  rod drop and rod r u n - i n  measurements may be r e 

q u i r e d  to  i n f e r  a c c u r a t e  c o n t ro l  rod  worth  p r o f i l e s .

The ZPR-9 s u b c r i t i c a l  exper im en ts  d i s c u s s e d  in  S e c t io n  3 . 2 . 3  w i l l  p rov ide  

s u b s t a n t i a l  d a t a  f o r  e v a l u a t i n g  th e  LLFM w i th  r e g a rd  to  t h e s e  a p p l i c a t i o n s .  

Inc luded  i n  t h e  l i s t  o f  proposed  exper im en t s  i s  a s e r i e s  o f  rod  d rops  i n  t h e

0.5$ t o  6$ range  des igned  to  t e s t  d i r e c t l y  t h e  r e s p o n s e  o f  a s im u la te d  LLFM 

t o  i n v e r s e  k i n e t i c s  c a l i b r a t i o n s  s i m i l a r  to  th o s e  t h a t  w i l l  be per formed in  

th e  FFTF.

3 .5  I n t e r f a c e  With FFTF Hardware Systems

3 .5 .1  The Low Level Flux Moni tor  (LLFM) System

The LLFM system i s  r e l i e d  upon to  p ro v id e  d a t a  on t h e  n e u t r o n i c  

s t a t e  o f  t h e  s u b c r i t i c a l  FTR. There  a r e  no o t h e r  FFTF s e n s o r  systems 

d es ig n ed  t o  m on i to r  the  n eu t ron  f l u x  dur ing  shutdown. The system con

s i s t s  o f  t h r e e  f i s s i o n  c o u n t e r s  l o c a t e d  abou t  120° a p a r t  a z i m u th a l ly  

and 113 cm from t h e  FTR c e n t e r l i n e  (F ig u re  3 - 3 ) .  When th e  r e a c t o r  i s  

s h u t  down, t h e  LLFM's a r e  p o s i t i o n e d  on th e  midplane o f  t h e  r e a c t o r  co re
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and a r e  withdrawn from t h a t  p o s i t i o n  when th e  power l e v e l  i s  s u f f i c i e n t  

to  be moni to red  by th e  e x - v e s s e l  s e n s o r s .  The t h r e e  sen s o r s  f eed  t h r e e  

s e p a r a t e  and i d e n t i c a l  e l e c t r o n i c  sy s tem s ,  and hence produce  t h r e e  d i s 

t i n c t  s i g n a l s .

The s u b c r i t i c a l  r e a c t i v i t y  s u r v e i l l a n c e  p rocedures  w i l l  u t i l i z e  

t h e  s i g n a l s  from t h e  LLFM t o  (1)  ensu re  t h a t  th e  FTR i s  below t h e  s h u t 

down margin o f  -15$ d u r in g  th e  r e f u e l i n g  p r o c e s s ,  (2)  mon i to r  t h e  ap

proach to  c r i t i c a l ,  and (3) p ro v id e  th e  dynamic r e a c t i v i t y  c a l i b r a t i o n s  

r e q u i r e d  f o r  FFTF o p e r a t i o n s .  To a c c u r a t e l y  and e f f i c i e n t l y  p rov ide  

t h e s e  f u n c t i o n s ,  t h r e e  LLFM channe ls  were p rov ided .  The p r o v i s i o n  o f  

t h r e e  LLFM c hanne ls  a l low s  f o r  t h e  req u i re m en t  t h a t  two o u t  o f  t h r e e  

channe ls  be v e r i f i e d  as o p e r a t i o n a l  d u r in g  s u b c r i t i c a l  o p e r a t i o n s .

In a p p r a i s i n g  t h i s  i n t e r f a c e  between s u b c r i t i c a l  r e a c t i v i t y  s u r 

v e i l l a n c e  p rocedu res  and th e  LLFM sys tem,  sev e ra l  f a c t s  s tand  o u t .  F i r s t ,  

to  meet  t h e  r e q u i r e m e n t s ,  th e  neu t ron  f l u x  s ig n a l  must have s u f f i c i e n t  

acc u racy .  This  means t h a t  th e  1 i n e a r  LLFM c o u n t r a t e  da ta  must be used ,  

n o t  t h e  lo g a r i th m  o f  th e  s i g n a l .  Second,  n o i s e  on th e  LLFM s ig n a l  w i l l  

be a p o t e n t i a l  problem. The n o i s e  or  background magnitude may be o f  the  

same o r d e r  o f  magni tude  as th e  n eu t ron  s ig n a l  f o r  t h e  f u l l y  shutdown FTR. 

The n o i s e  l e v e l  may n o t  be t ime i n v a r i a n t ;  i t  may be dependent  upon FFTF 

equipment  i n  o p e r a t i o n ;  and i t  may well  be d i f f e r e n t  f o r  each LLFM 

ch an n e l .  T h i r d ,  f i s s i o n  c o u n t e r  s e n s o r s  and t h e i r  e l e c t r o n i c s  a r e  known 

t o  sometimes f a i l  in  a manner n o t  d i s t i n g u i s h a b l e  from f l u x  changes.  

F i n a l l y ,  two modes o f  o p e r a t i o n  or  use o f  the  LLFM s ig n a l  have a l r e a d y
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been d e s c r i b e d .  Tha t  i s ,  both s t a t i c  and dynamic d a t a  r e t r i e v a l  w i l l  be 

r e q u i r e d ,  as  t h e  LLFM s i g n a l s  a r e  used f o r  both  MSM r e a c t i v i t y  d e t e r 

m in a t io n s  and dynamic k i n e t i c s  c a l i b r a t i o n s .

A means o f  c o r r e c t i n g  f o r  background s i g n a l s  and e l e c t r i c a l  n o i s e  

was i n v e s t i g a t e d  above ( S e c t io n  3 . 3 . 3 ) ,  and i t  i s  a p p a r e n t  t h a t  e f f o r t s  

must be made w herever  p o s s i b l e  to  r educe  th e  n o i s e  l e v e l  in  t h e  LLFM 

s i g n a l .  The LLFM d e s ig n  e f f o r t  has ad d re s s e d  t h e  prob lem ^^^’^®’^^^ and 

a summary o f  s i g n i f i c a n t  d e s ig n  c r i t e r i a  i s  g iven  below.

Only one co n n e c to r  between t h e  d e t e c t o r  and th e  

p r e a m p l i f i e r  i s  be ing  used and t h a t  i s  a t  t h e  p r e 

a m p l i f i e r  i n p u t .  The d e t e c t o r  has an i n t e g r a l  

c a b l e  l e a d .

The d e t e c t o r  s h i e l d  can ,  t h e  o u t e r  c a b l e  s h e a t h ,  and 

t h e  p r e a m p l i f i e r  s h i e l d  can form an o u t e r  s h i e l d  i n 

s u l a t e d  from t h e  i n n e r  h i g h - q u a l i t y  s ig n a l  ground.

A t r i a x i a l  c a b l e  system i s  be ing  used .

Lead l e n g t h s  between th e  s e n s o r s  and p r e a m p l i f i e r s  

a r e  be ing  minimized to  th e  e x t e n t  p o s s i b l e .

In a d d i t i o n ,  an e f f o r t  w i l l  have to  be e x e r t e d  d u r ing  i n s t a l l a t i o n  and 

o p e r a t i o n  to  e l i m i n a t e  so u rces  o f  s ig n a l  c o n tam in a t io n .

F igure  3-7 shows a p o r t i o n  o f  t h e  LLFM system d e s ig n .  Shown a r e  

t h e  b lock  diagrams o f  t h e  i n s t r u m e n t a t i o n  f o r  one o f  t h e  t h r e e  c h a n n e l s .

30



(D

CO

ODH & DS
SDD 9 1

SDD 9 5
I-----------------1

CHANNEL A

FHM AUDIO  
MONITOR

L IN E A R
CRM

I----------- n
CHANNEL B

S C A L E R /  1
■ T I M E R - - - - - - r

■zrL.  I

RECORDER • CHANNEL CBU FFER
S C A L E R /T I M E R

S C A L E R /
TIMER

CHANNEL C S CA LING
AMP

LEVEL METER 
1 . 0 1 0  1 0 1 6  CPS  

LOG SCALE

LOG COUNT 
RATE METER

P U L S E
AMP D IS C R IM IN A T O R

RATE
CAL RATEMETER  

- 1  TO 0  TO + 3  DPMLCR
CAL

VAR3 .  DPM
1 0  C P S ' -  
OPERATE

VARDPM
RATE OF CHANGE 

C IR C U I T

RATE I N H I B I T  
CKT

VAR IABLE  
P U L S E  GEN.

LEVEL T E S T  
S W /PO T

FUNCTION
SWITCH

/ '  OUTTEST  
)  I N D I C A T I N G  
\  LIGHT

HEDL 7 3 0 2 - 7 0
FIGURE 3-7.  LLFM I n s t r u m e n t a t i o n  System * Block Diagram



channel  C. The p u l s e  s i g n a l  from t h e  f i s s i o n  c o u n t e r  ( n o t  shown) i s  

a m p l i f i e d  and p a s s e s  th rough  t h e  d i s c r i m i n a t o r .  A f t e r  t h e  d i s c r i m i n a t o r ,  

t h e  s i g n a l  b ranches  to  t h e  log  c o u n t r a t e  m e te r  and a l s o  t o  t h e  s c a l e r /  

t i m e r .  The s i g n a l  a v a i l a b l e  from t h e  s c a l e r / t i r a e r  i s  t h e  l i n e a r  s ig n a l  

s u i t a b l e  f o r  r e a c t i v i t y  measurements.  The o t h e r  s i g n a l  t h a t  i s  ro u te d  

t o  t h e  l e v e l  m e te r  i s  p r o p o r t i o n a l  t o  t h e  lo g a r i th m  o f  t h e  c o u n t r a t e .

For t h i s  s i g n a l ,  t h e  p r e c i s i o n  a t  t h e  upper end o f  t h e  c o u n t r a t e  i s  v e ry '  

poor.  For example ,  t h e  p e r c e n t  p r e c i s i o n  a t  10® cps would be s i x  t imes  

l a r g e r  (p o o re r )  th a n  a t  1 cps -  assuming a p e r f e c t  l o g a r i t h m  r e l a t i o n 

s h i p .

Shown in  F ig u re  3 -7 ,  i n  phantom o u t l i n e ,  a r e  s c a l e r / t i m e r  u n i t s  

f o r  t h e  o t h e r  two ch a n n e l s .  The p r e s e n t  d e s ig n  does n o t  c a l l  f o r  t h r e e  

s c a l e r / t i m e r s  b u t  f o r  one which could  be sw i tched  between th e  t h r e e  

c h a n n e l s .  Three s c a l e r / t i m e r s  would p rov ide  f o r  s im u l tane ous  r e a d in g  o f  

th e  l i n e a r  c o u n t r a t e  and f o r  s im u l tan e o u s  d a t a  logg ing  o f  t h e  l i n e a r  

c o u n t r a t e  by th e  DDH and DS. The p roposa l  to  p ro v id e  t h r e e  s c a l e r / t i m e r  

u n i t s  w i th  t h r e e  c o n n e c t io n s  t o  t h e  DDH and DS i s  p r e s e n t l y  under  i n 

v e s t i g a t i o n .  The b e n e f i t s  o f  such a system can be enumerated .  F i r s t ,  

l a r g e  o p e r a t i o n a l  t ime s a v in g s  a c c ru e  from s i m u l t a n e o u s l y  r e c o r d i n g  t h e  

c o n t ro l  rod  drop (o r  r u n - i n )  c a l i b r a t i o n s  w i th  each o f  t h e  LLFM s e n s o r s .  

The a l t e r n a t i v e  i s  to  conduc t  t h e  c a l i b r a t i o n  r e p e t i t i v e l y ,  each t ime 

s w i tc h in g  to  a d i f f e r e n t  LLFM s i g n a l .  Second,  t h e  t o t a l  c o un t ing  t ime 

f o r  s o u rc e  m u l t i p l i c a t i o n  measurements w i l l  be reduced  by a f a c t o r  o f  

t h r e e  w i th  s im u l tan e o u s  c o u n t in g  c a p a b i l i t y .  This  may amount t o  l a r g e  

t ime s a v in g s  d u r in g  th e  i n i t i a l  load  to  c r i t i c a l  when c o un t ing  t im es  may
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be e x t re m e ly  long .  T h i r d ,  i f  o t h e r  p l a n t  equipment must  be tu rn ed  o f f  

d u r in g  LLFM c o u n t in g  p e r i o d s ,  o p e r a t i o n  t ime and p l a n t  a v a i l a b i l i t y  w i l l  

be improved.  F i n a l l y ,  t h e  t h r e e  i n p u t s  t o  t h e  DDH and DS would a l low 

f o r  LLFM system d i a g n o s i s ,  which would be u n a v a i l a b l e  o th e rw is e .

3 . 5 . 2  D i g i t a l  Data Handling  and D isp lay  System (DDH and DS)

The s u b c r i t i c a l  r e a c t i v i t y  m o n i to r in g  p la n s  c a l l  f o r  develop ing  

an o p e r a t i o n a l  p rocedu re  which i s  n o t  dependent  on th e  a v a i l a b i l i t y  o f  

t h e  DDH and DS. Hence th e  base  l i n e  p rocedu re  w i l l  be an MSM-based 

o p e r a t o r s  g u i d e .  The DDH and DS w i l l  p rov ide  an a c c u r a t e  backup p roce 

dure  f o r  MSM r e a c t i v i t y  d e t e r m i n a t i o n s .  In p a r t i c u l a r ,  i t  i s  e n v i s ioned  

t h a t  t h e  DDH and DS could  p la y  a v a l u a b l e  r o l e  in  th e  i n t e r p o l a t i o n  

e f f o r t  (S e c t io n  3 . 3 . 2 ) .  The dynamic mode o f  us ing  th e  LLFM d a t a  -  i . e . ,  

f o r  t h e  i n v e r s e  k i n e t i c s  c a l i b r a t i o n  p rocedu res  -  does r e q u i r e  r a p i d  on

l i n e  d a t a  t a k i n g  c a p a b i l i t y .  The DDH and DS can p rov ide  t h i s  c a p a b i l i t y  

and t h e  a d d i t i o n a l  f e a t u r e  o f  o n - l i n e  d a t a  a n a l y s i s .

Shown in  F ig u re  3-7 a r e  a l t e r n a t e  con n ec t io n s  ( 1 ) ,  ( 2 ) ,  and ( 3 ) ,  

between t h e  LLFM and th e  DDH and DS. As e x p la in e d  i n  S e c t io n  3 .5 .1  

above ,  t h e  con n ec t io n  p a t t e r n  i n d i c a t e d  by (1)  i s  under i n v e s t i g a t i o n .

I t  r e p r e s e n t s  t h e  b e s t  i n t e r f a c e  ar rangem ent  s in c e  no s p e c i a l  i n p u t  

d e v i c e s  would be r e q u i r e d  by t h e  computer system. An a l t e r n a t e  a r r a n g e 

ment f o r  r o u t i n g  t h e  s i g n a l s  t o  th e  computer i s  l a b e l e d  by ( 2 ) .  This 

a r rangem ent  t a k e s  t h e  p u l s e  t r a i n s  and r o u t e s  them t o  t h e  DDH and DS.

A s p e c i a l  s e t  o f  e l e c t r o n i c  i n p u t  d e v i c e s ,  e q u i v a l e n t  to  th e  c o u n te r  in  

t h e  s c a l e r / t i m e r  e l e c t r o n i c s ,  would be needed.  Route (2)  should  be con-
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s i d e r e d  as an a l t e r n a t i v e  i f  r o u t e  (1) becomes i n f e a s i b l e  due to  t h e  use 

o f  on ly  one s c a l e r / t i m e r .  The p r e s e n t  des ign  shows th e  log  s ig n a l  ro u te d  

t o  th e  DDH and DS, shown by (3 ) .  As e x p la in e d  above,  such a s ig n a l  does 

n o t  have s u f f i c i e n t  a cc u racy  to  be use fu l  f o r  computer  p r o c e s s in g .

3 .6  I n t e r f a c e  With FTR O p era t io n s

3 .6 .1  Normal O pe ra t ing  C ond i t ions

Under normal o p e r a t i n g  c o n d i t i o n s ,  t h e  s u b c r i t i c a l  r e a c t i v i t y  

m o n i to r in g  p ro ced u res  w i l l  r e a d i l y  i n t e g r a t e  w i th  t h e  normal o p e r a t i n g  

p r o c e d u r e s .  D e t a i l e d  r e f e r e n c e  p rocedu re s  f o r  p l a n t  o p e r a t i o n  have been 

p r o p o s e d H o w e v e r ,  d e t a i l e d  p ro ced u res  f o r  t h e  s o u rce  m u l t i p l i 

c a t i o n  c a l i b r a t i o n  have n o t  been developed and ,  t h e r e f o r e ,  a r e  n o t  as  y e t  

r e f l e c t e d  in  t h e  c u r r e n t  p ro c e d u re s .  However, a gene ra l  d e s c r i p t i o n  o f  

t h e  su g g es ted  o p e r a t i o n  can be made.

With t h e  c u r r e n t  d e s c e n t  from power p r o c e d u r e s ,  t h e  r e a c t o r  i s  

e v e n t u a l l y  s t a b i l i z e d  a t  a power l e v e l  o f  10-20 MW w i th  75^ f low .  From 

t h i s  c o n d i t i o n ,  t h e  secondary  rods  ( c o n t ro l  ro d s )  w i l l  be s e q u e n t i a l l y  

i n s e r t e d  to  ab o u t  one inch  above bottom.  The pr im ary  ( s a f e t y )  rods  w i l l  

t h e n  be s e q u e n t i a l l y  i n s e r t e d  t o  abou t  one inch  above bottom. The rods  

a r e  d r i v e n  to  t h i s  " h o t  s tandby  c o n d i t i o n , "  r a t h e r  than  scrammed, t o  main

t a i n  75% sodium flow and p e rm i t  e a s i e r  c o n t ro l  o f  t h e  p l a n t  cooldown. 

F i n a l l y ,  when t h e  te m p e ra tu r e  e f f e c t s  have s t a b i l i z e d ,  t h e  rods  a r e  

scrammed, thus  d i s e n g a g in g  t h e  sodium pumps.

In o r d e r  t o  accommodate t h e  c a l i b r a t i o n  o f  t h e  sou rce  m u l t i p l i 

c a t i o n  e q u a t i o n ,  t h e  i n s e r t i o n  p rocedu re  f o r  t h e  c o n t ro l  rods  must  be
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m odif ied  s l i g h t l y  from th e  r e f e r e n c e  p ro ced u re .  This  w i l l  invo lve  

runn ing  t h e  f i r s t  rod  in  t o  e s t a b l i s h  a s t a b l e  n u c l e a r  power l e v e l ,  such 

t h a t  t h e  LLFM has a c o u n t r a t e  in  t h e  range  o f  10^-10^ c o u n t s / s e c  ( U - 5 0 ^  

s u b c r i t i c a l ) .  This  c o n f i g u r a t i o n  must  be he ld  u n t i l  t h e  thermal e f f e c t s  

a r e  reduced  to  t h e  p o i n t  t h a t  t h e  r e a c t i v i t y  feedback  w i l l  n o t  i n t e r f e r e  

with  t h e  i n v e r s e  k i n e t i c s  c a l i b r a t i o n .  Wait ing f o r  t h e  thermal e f f e c t s

t o  decay i n  t h i s  r e a c t o r  c o n d i t i o n ,  as  opposed to  t h e  " ho t  s tandby  con

d i t i o n , "  does n o t  a f f e c t  t h e  t ime r e q u i r e d  to  s h u t  down s i n c e  t h e  f i s s i o n  

power produced i s  a t  most a few hundred w a t t s .  Once th e  s t a b l e  temper 

a t u r e  and power c o n d i t i o n s  a r e  a c h i e v e d ,  t h e  i n v e r s e  k i n e t i c s  c a l i b r a t i o n  

can p roceed  by scramming a s i n g l e  ro d .  I f  i t  i s  d e s i r a b l e ,  t h i s  can be 

ach ieved  w i th o u t  t r i p p i n g  th e  sodium pumps. The remain ing  shutdown 

sequence can be ach ieved  w i th o u t  f u r t h e r  r e s t r i c t i o n s  imposed.

During th e  s ubse quen t  r e f u e l i n g  and approach t o  c r i t i c a l ,  t h e  

c a l i b r a t i o n  from th e  p re v io u s  shutdown w i l l  be used t o  perform MSM mea

su rem en ts .  This  w i l l  r e q u i r e  t h a t  t h e  c a l c u l a t e d  Q v a lu es  f o r  the

approach  t o  c r i t i c a l  a d e q u a te l y  r e f l e c t  t h e  fu e l  l o a d in g  r e a c t i v i t y  

e f f e c t s ,  r e l o c a t i o n  o f  shim rods  and t e s t  a s s e m b l i e s ,  and t h e  change in  

t h e  s o u rce  l e v e l  due to  d i s c h a r g e  o f  s p e n t  f u e l .  At some a r b i t r a r y  t ime 

d u r in g  t h e  approach t o  c r i t i c a l ,  an a d d i t i o n a l  c a l i b r a t i o n  by in v e r s e  

k i n e t i c s  rod  drop w i l l  be r e q u i r e d .  This  p rocedure  w i l l  l i k e l y  be com

p a t i b l e  w i th  r e q u i r e d  c o n t ro l  rod c a l i b r a t i o n s  and have no impact  on the  

p l a n t  a v a i l a b i l i t y .
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3 . 6 . 2  Unplanned Reac to r  Scram From High Power

In th e  e v e n t  t h a t  t h e  r e a c t o r  i s  i n a d v e r t e n t l y  scrammed from high 

power,  t h e  o p p o r t u n i t y  f o r  c a l i b r a t i n g  sou rce  m u l t i p l i c a t i o n  i s  l o s t .

I f  t h e  r e a c t o r  o p e r a t i n g  p ro c e d u re s  w i l l  a l lo w ,  t h e  r e a c t o r  could  be 

r e t u r n e d  t o  z e ro  power c r i t i c a l  f o r  c a l i b r a t i o n  p u rp o s e s ;  however,  i t  i s  

u n l i k e l y  t h a t  t h i s  w i l l  g e n e r a l l y  be t h e  c a s e ,  and t h e  s u b c r i t i c a l i t y  

m on i to r ing  p ro ced u res  must a l low  f o r  t h e  c i rc u m s tan c e  in  which a new c a l 

i b r a t i o n  i s  n o t  a ch iev ed .  I t  i s  f o r  t h i s  a p p l i c a t i o n  t h a t  sou rce  m u l t i 

p l i c a t i o n  c a l i b r a t i o n s  a r e  r e q u i r e d  d u r ing  t h e  r o u t i n e  approach t o  c r i t 

i c a l .

During power o p e r a t i o n ,  t h e  s i g n i f i c a n t  r e a c t i v i t y  e f f e c t  i s  due 

t o  fu e l  d e p l e t i o n .  However, t h i s  i s  a f a i r l y  uniform change which would 

o n ly  s l i g h t l y  a f f e c t  th e  d e t e c t i o n  e f f i c i e n c y  in  t h e  LLFM. C e r t a i n l y ,  

e s t i m a t e s  o f  t h i s  e f f e c t  cou ld  be o b ta in e d .  The second s i g n i f i c a n t  

e f f e c t  would be changes in  t h e  r e a c t o r  s o u rce  due t o  t h e  b u i l d - u p  o f  

curium i s o t o p e s  ( s ee  S e c t io n  3 . 3 . 1 ) .  These e f f e c t s  would r e q u i r e  a t t e n 

t i o n  and would perhaps  i n v o lv e  l a r g e  c o r r e c t i o n s  t o  th e  s o u rce  m u l t i p l i 

c a t i o n  c a l i b r a t i o n .  Methods which must  be developed  f o r  a d j u s t i n g  s ou rce  

e f f e c t s  d u r ing  r o u t i n e  r e f u e l i n g  w i l l  prove v a l u a b l e  f o r  t h i s  a p p l i c a t i o n .

All o t h e r  f l u e n c e - r e l a t e d  e f f e c t s  w i l l  p robab ly  n o t  s i g n i f i c a n t l y  

i n f l u e n c e  t h e  s o u rce  m u l t i p l i c a t i o n  measurements and i t  i s  r e a s o n a b l e  to  

assume t h a t  t h e  majo r e f f e c t s  can be t r e a t e d  a d e q u a te l y .  T h e r e f o r e ,  sub

c r i t i c a l  r e a c t i v i t y  m on i to r ing  can l i k e l y  p rocee d ,  w i th o u t  a l a r g e  s a c 

r i f i c e  in  a c c u r a c y ,  w ith  no c a l i b r a t i o n  on th e  power d e s c e n t ,  p r o v id i n g  a
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c a l i b r a t i o n  was made on t h e  p re c e d in g  approach to  c r i t i c a l .

3 . 6 . 3  The I n i t i a l  Load to  C r i t i c a l

During th e  i n i t i a l  load  to  c r i t i c a l ,  t h e  modif ied  sou rce  m u l t i 

p l i c a t i o n  method canno t  be used ,  p e r  s e ,  to  de te rm ine  the  s u b c r i t i c a l  

r e a c t i v i t y  s i n c e  t h e r e  i s  no p o s s i b l e  way to  c a l i b r a t e  Equa t ion (1 ) .  

N e v e r t h e l e s s ,  c o n f i g u r a t i o n  f a c t o r s  can be used to  make th e  o r d i n a t e  o f  

th e  i n v e r s e  m u l t i p l i c a t i o n  curve  d i r e c t l y  p r o p o r t i o n a l  to  r e a c t i v i t y ,  

such t h a t  t h e  r e s u l t a n t  u n i t s  w i l l  be d i f f e r e n t  from th e  s t a n d a rd  r e a c 

t i v i t y  u n i t s  on ly  by a m u l t i p l i c a t i v e  c o n s t a n t .  Consequen t ly ,  d a t a  from 

t h e  t h r e e  LLFM's would be r e a s o n a b ly  uniform r e g a r d l e s s  o f  t h e  symmetry 

c o n d i t i o n s  in  t h e  c o r e .  However, because  th e  fue l  worth g e n e r a l l y  de

c r e a s e s  as th e  c o re  s i z e  i n c r e a s e s ,  even th e  su g g es ted  approach would n o t

be l i n e a r  w i th  mass over  a wide r ange .

In n o v a t i v e  id e a s  f o r  e s t a b l i s h i n g  l i n e a r  approach to  c r i t i c a l  

cu rves  a r e  abundant  in  t h e  l i t e r a t u r e ,  a l though  none has been 

u n i v e r s a l l y  a c c e p te d .  Perhaps one o f  th e  most s u c c e s s fu l  i s  t h e  method 

proposed by Olson and Palmer^^®^.

At t h e  end o f  t h e  Phase D FFTF c r i t i c a l  e x p e r im en t s ,  an e x p e r i 

ment w i l l  be performed in  which th e  co re  i s  unloaded  in  a way which sim

u l a t e s ,  in  r e v e r s e  o r d e r ,  t h e  i n i t i a l  load  to  c r i t i c a l  in  th e  FFTF. Data

from t h i s  expe r im en t  a r e  expec ted  to  de te rm ine  a s a t i s f a c t o r y  i n i t i a l  

approach  t o  c r i t i c a l  p rocedu re  f o r  t h e  FFTF.
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APPENDIX A 

DERIVATIONS OF KINETICS EQUATIONS

L i s t e d  below a r e  d e f i n i t i o n s  o f  t h e  v a r ious  param ete rs  used in  the  fo l l o w 

ing d i s c u s s i o n s .

n = t o t a l  neu t ron  p o p u la t io n

S ( r ,E )  = space  and ene rgy -depe nden t  ex t raneous  neu t ron  source

S = e x t ra n eo u s  e f f e c t i v e  neu t ron  source

k = co re  m u l t i p l i c a t i o n

Ak = k-1

p = Ak/k = r e a c t i v i t y

= e f f e c t i v e  de layed  neu t ron  f r a c t i o n  f o r  de layed  group i 

g = zg .̂ = e f f e c t i v e  de layed  neu t ron  f r a c t i o n

Ĉ. = de layed  neu t ron  p r e c u r s o r  d e n s i t y  f o r  delayed  group i

= d e layed  neu t ron  decay c o n s t a n t  f o r  de layed  group i 

4>(r = space  and ene rgy -dependen t  neu t ron  f l u x

= space  and e ne rgy -depe nden t  a d j o i n t  f l u x  

= volume o f  core  

Vj = volume o f  d e t e c t o r

z ^ ( r , E )  = macroscopic  d e t e c t o r  c ro s s  s e c t i o n

= macroscopic  co re  f i s s i o n  c ro s s  s e c t i o n  

V = ave rage  number o f  n eu t rons  produced pe r  f i s s i o n  in  the  r e a c t o r

$ ^ tg" ~ >"eac tiv i ty  in  d o l l a r s

N = number o f  de layed  neu t ron  groups

z = prompt neu t ron  l i f e t i m e

A = prompt neu t ron  g e n e r a t i o n  time
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1. The Source  M u l t i p l i c a t i o n  Equat ion

The f a m i l i a r  p o i n t  k i n e t i c s  e q u a t io n s  a r e :

dn - . S  ( A- 1)

dC. 3̂ -n 

W  " I T  ~ ^•^i

At i n i t i a l  c o n d i t i o n s ,  in which th e  de layed  n eu t ron  p r e c u r s o r s  a r e  in 

e q u i l i b r i u m

Ci = C. , ^  = 01 1 ,0  d t

Equat ions  (A-1) and (A-2) become

P - - 3  N
E  X , C , _ „ . S „  = 0 (A -3)

-  „  = 0 (A-4)
A q  0  1  1 . 0

S u b s t i t u t i n g  (A-4) i n t o  (A-3)

- 0 0 
^0 ” n

0
(A-5)

which i s  t h e  s o u rce  m u l t i p l i c a t i o n  e q u a t i o n ,  a l s o  o f t e n  given in  t h e  form:
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A k  =
%

The e q u a t io n  may be used in  e i t h e r  form, t h e  f i r s t  assuming a c o n s t a n t

prompt n eu t ron  g e n e r a t i o n  t ime and the  o t h e r  assuming a c o n s t a n t  prompt neut ron
( 2 1 )

l i f e t i m e .  Time-dependent  k i n e t i c  s t u d i e s  by ANL' ' have shown th e  assumption 

of  t ime in  v a r i a n t  g e n e r a t io n  t ime t o  be more l i k e l y  t r u e  in  r e a c t o r  systems 

l i k e  the  FTR. Moreover,  s i n c e  one i s  more com fo r tab le  d e a l in g  in  r e a c t i v i t y  

terms when d i s c u s s i n g  s u b c r i t i c a l i t y .  Equat ion (A-5) has been s e l e c t e d  as the  

r e f e r e n c e  s o u rce  m u l t i p l i c a t i o n  eq u a t io n  f o r  use in  FTR.

In ge n e ra l  a p p l i c a t i o n ,  i s  assumed to  remain c o n s t a n t ,  and Equation 

(A-5) i s  w r i t t e n  more g e n e r a l l y  as

p = -
S A  

0 0
n (A-6 )

S ince  th e  d e r i v a t i o n  u t i l i z e d  above i s  from the  p o i n t  k i n e t i c s  model ,  the 

param ete rs  must be d e f in e d  in  the  g loba l  sense

•v / e

,  A / e  S ( r , E )  <}.*(r,E) drdE 

f y  <l>(r,E) ^ * ( r , E )  |  drdE

E x p e r im e n ta l ly ,  we do n o t  measure t h e  t o t a l  neu t ron  p o p u l a t i o n ,  n ,  b u t  r a t h e r  

a d e t e c t o r  c o u n t r a t e ,  CR, and conve rs ion  o f  the  measured c o u n t r a t e  i s  r e q u i r e d .  

This  c o n v e r s io n ,  f o r  a g iven  neu t ron  g e n e r a t i o n ,  i s  accomplished by de te rm in ing  

the  r a t i o  o f  t h e  d e t e c t i o n  e f f i c i e n c y ,  e

A /fVj IE ^ <J>(i"5E) drdE

e  =

E) tj)(r,E) drdE
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and V. This r a t i o  i s  e s s e n t i a l l y  t h e  number o f  n eu t ro n s  counted  in  the  

d e t e c t o r  p e r  n e u t ro n  produced by f i s s i o n  in  t h e  r e a c t o r .  T h e r e f o re ,

^ _ V CR A
e

S u b s t i t u t i n g  t h i s  r e s u l t  i n t o  Equat ion  (A-6 )

^0^0 / .
P “ V CR

The pa ram ete rs  v^ ,  e ^ ,  and 5^ can be lumped t o g e t h e r  t o  form th e  more f a m i l i a r  

sou rce  m u l t i p l i c a t i o n  f o rm u la t io n

Q e S
p = -  , where Qj, = = |p„  . (A-8 )

2.  I n v e r s e  K i n e t i c s  Equa tion

D e r iv a t io n  o f  i n v e r s e  k i n e t i c s  d a t a  a n a l y s i s  e q u a t io n s  i s  i n c lu d e d  here  

f o r  comple teness  o f  t h e  d i s c u s s i o n s  o f  rod  c a l i b r a t i o n  by th e  i n v e r s e  k i n e t i c s  

method which a r e  g iven  in  Appendix C.

Beginning aga in  w i th  t h e  p o i n t  k i n e t i c s  e q u a t i o n s ,  we have

^  t  t  * S (A-1)

dĈ . e^.n

d t  A i

R e c a l l i n g  t h a t ,  in  g e n e r a l ,  t h e  s o l u t i o n  t o  t h e  eq u a t io n

k ( t )  + x x ( t )  = y ( t )  i s

-  X.C (A-2)

r0
t h e  s o l u t i o n  t o  Equa tion (A-2) can be w r i t t e n
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- A . t  J.
 ̂ f  A. t '

- K — J  " ( f  ) d f  + e■^•^ (A-9)

Applying th e  i n i t i a l  c o n d i t i o n s  a t  t  = 0

dC.

" ^ d r U = o

^i ,0
s- %
A. A

S u b s t i t u t i n g  (A-10) i n t o  (A-9)

' i -  j  e ^ • ^ '  n ( f ) d t ' j

S u b s t i t u t i n g  (A-11) i n t o  (A-1)

dn
d t

p-t ^  e - i t
i = l A ^  + J *  e ^ i ^ '  n ( t ' ) d t '  j

S olv ing  f o r  p we g e t  th e  i n v e r s e  k i n e t i c s  equa t ion

(A-10)

(A-11)

n ( t ' ) d t '  + S (A-12)

p = B + I  P  ^  -  E  3.J e “^•^ [n^ + A. e \ - ^ '  n ( t ' ) d t ' ] -  SaJ(A-13)

o r  in  d o l l a r  r e a c t i v i t y  u n i t s

This e q u a t io n  assumes t h a t  A i s  c o n s t a n t  over  th e  r e a c t i v i t y  range .  I f  £ i s  

assumed c o n s t a n t ,  as  in t h e  case  in most c u r r e n t  a l g o r i t h m s ,  then

$ = 1 + I, d f ]  - f ]  ( A- 15)
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APPENDIX B

FTR CONFIGURATION FACTOR CALCULATION DETAILS

1. C a l c u l a t i o n a l  Model

A hexagonal  r e a c t o r  model has been developed f o r  FTR c o n f i g u r a t i o n  f a c t o r  

c a l c u l a t i o n s .  The model c o n t a in s  3,108 t r i a n g u l a r  mesh i n t e r v a l s  (74-X by 42-Y) 

which i s  e q u i v a l e n t  t o  s i x  t r i a n g u l a r  mesh per  FTR d r i v e r  subassembly .  The 

core  map i s  shown in  F igure  3-3 o f  S e c t io n  3 . 2 . 2 .  Each fu e l e d  subassembly 

p o s i t i o n  i s  zoned i n d i v i d u a l l y  t o  f a c i l i t a t e  r e p r e s e n t i n g  e s s e n t i a l l y  any core 

c o n f i g u r a t i o n  o f  i n t e r e s t .  Row 7 i s  zoned f o r  s e p a r a t e  row 7 and rows 8 , 9 

r e f l e c t o r  d e n s i t i e s .  The sodium gap between th e  r e f l e c t o r  and s h i e l d  reg ions  

has been zoned as well  as  p o s s i b l e  w i th  t h e  t r i a n g u l a r  mesh o p t io n .  The zone ,  

as r e p r e s e n t e d ,  w i l l  c o n ta in  71.1% sodium and 28.9% r a d i a l  s h i e l d .  The s h i e l d  

re g io n  i s  r e p r e s e n t e d  as a s i n g l e  zone ,  w ith  a 1 0 0 % sodium zone in c luded  where 

th e  model ex tends  beyond t h e  o u t e r  s h i e l d  boundary.

The o u t s i d e  dimensions o f  t h i s  model do not  r e p r e s e n t  th e  f u l l  e x t e n t  of  

th e  FTR s h i e l d .  In o r d e r  t o  economize computer  running  t im e ,  t h e  dimensions 

were s e t  t o  p r e s e r v e  adequa te  s h i e l d i n g  (^30 cm) around each LLFM p o s i t i o n  and 

minimize t h e  r e q u i r e d  s p a t i a l  mesh where p o s s i b l e .  The model,  as shown, u t i l i 

zes '^35% fewer  s p a t i a l  mesh p o i n t s  than  would be r e q u i r e d  f o r  f u l l  s h i e l d  

r e p r e s e n t a t i o n .

Number d e n s i t i e s  and p h y s i c a l  dimensions  were taken  from th e  f i n a l  FTR
( 2 2 )fu e l  en r ichm en t  s p e c i f i c a t i o n  . S l i g h t  ad ju s tm en t s  were made to  account  

f o r  i s o th e rm a l  t e m p e ra tu r e  e f f e c t s  in  going from 70°F to  r e f u e l i n g  te m p e ra tu r e s .

The i n h e r e n t  neu t ron  sou rce  s t r e n g t h  due to  spontaneous  f i s s i o n  and ( a , n )
3 3r e a c t i o n s  was c a l c u l a t e d  to  be 116.8  n / s e c  cm and 142.9 n / s e c  cm f o r  f r e s h

f 23)i n n e r  d r i v e r  and o u t e r  d r i v e r  f u e l  zones ,  r e s p e c t i v e l y  .

2. Cross S e c t io n  Group S t r u c t u r e  Comparisons

In o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  c ro s s  s e c t i o n  group s t r u c t u r e  on MSM 

c a l c u l a t i o n s ,  a number o f  c ro s s  s e c t i o n  s e t s  were p repa red  f o r  comparison.  

S p e c i f i c a l l y ,  42 ,  21 ,  and 4-group c r o s s  s e c t i o n s  were p repa red  from the  Set
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300-S l i b r a r y ^ ^ ^ ^  and 30 and 1 5 -g ro u p  c r o s s  s e c t i o n s  w ere  p r e p a r e d  from  t h e  

S e t  300 l i b r a r y ^

Two r e f e r e n c e  c o n f i g u r a t i o n s  w ere  c a l c u l a t e d  w i th  each  c r o s s  s e c t i o n  s e t .  

The f i r s t  c o n f i g u r a t i o n  was v e ry  n e a r l y  c r i t i c a l ,  w i th  t h e  row 5 c o n t r o l  ro d s  

r e p r e s e n t e d  a t  50% d e n s i t y  t o  s i m u l a t e  p a r t i a l  i n s e r t i o n .  The s e co n d  c o n f i g u r a 

t i o n  r e p r e s e n t e d  t h e  fTR w i th  a l l  c o n t r o l  and s a f e t y  r o d s  f u l l y  i n s e r t e d ,  i . e . ,  

t h e  'V'30$ shutdow n c o n d i t i o n .

In  T a b le  B -1 ,  t h e  c a l c u l a t e d  r e a c t i v i t i e s ,  c o u n t r a t e s ,  s o u r c e  m u l t i p l i c a 

t i o n  c o n s t a n t s ,  Q, and  c o n f i g u r a t i o n  f a c t o r s  a r e  com pared , w i th  t h e  42-g ro u p  

r e s u l t s  u sed  a s  t h e  s t a n d a r d .  A lth o u g h  t h e r e  a r e  d i s c r e p a n c i e s  a s  l a r g e  as  

'>'13% i n  t h e  i n d i v i d u a l  c o u n t r a t e s  and r e a c t i v i t i e s ,  a l l  b u t  an a p p a r e n t  

s y s t e m a t i c  d i f f e r e n c e  betw een S e t  300 and 300-S c o u n t r a t e s  w ashes o u t  when 

t h e  p r o d u c t  i s  t a k e n  t o  c a l c u l a t e  Q. Even t h i s  s y s t e m a t i c  d i f f e r e n c e  a p p e a r s  

t o  v a n is h  when t h e  c o n f i g u r a t i o n  f a c t o r s  a r e  c a l c u l a t e d .  T h e r e f o r e ,  one  would 

c o n c lu d e  t h a t  e r r o r s  on t h e  o r d e r  o f  a few p e r c e n t  in  t h e  c o n f i g u r a t i o n  f a c t o r s  

would be  i n c u r r e d  by t h e  u se  o f  f e w e r -g ro u p  c r o s s  s e c t i o n  d a t a .  However, one 

m ust  b e  more c a r e f u l  when c a l c u l a t i n g  r e a c t i v i t i e s  and c o u n t r a t e s  d i r e c t l y .

Based on t h e s e  i n v e s t i g a t i o n s ,  s u b s e q u e n t  s c o p in g  s t u d i e s  o f  FTR c o n f i g u r a t i o n  

f a c t o r s  have u t i l i z e d  t h e  4 -g ro u p  S e t  300-S c r o s s  s e c t i o n  s e t .

TABLE B-1

COMPARISON RATIOS OF FEWER-GROUP RESULTS TO 42-GROUP RESULTS 
FOR CONFIGURATION FACTOR APPLICATIONS

Number o f  
Groups

R e a c to r  
Condi t i  on P /P 4 2 CR/CR4 2 Q/Q4 2 F/F4 2

4 C r i t i c a l 0.8718 1.1334 0.9882
30$ 0 .9918 0.9817 0 .9738 0.9855

15 C r i t i c a l 0.9946 0.9276 0.9227 —

30$ 1 . 0 0 0 0 0 .9188 0.9187 0 .9958

21 C r i t i c a l 1.0117 0 .9934 1.0047
30$ 1.0030 0.9946 1 . 0 0 1 0 0.9965

30 C r i t i c a l 0.9956 0 .9204 0.9164 —

30$ 0,9984 0.9176 0.9162 0 .9998

B-2



ORNL has been engaged in a comparison o f  v a r io u s  c ro s s  s e c t i o n  da ta  f o r  

MSM c a l c u l a t i o n s  in  t h e  FTR. This  s tudy  invo lved  both one-d im ens ional  d i f f u s i o n  

and t r a n s p o r t  c a l c u l a t i o n s  us ing  c ro s s  s e c t i o n s  p repared  a t  HEDL, ARD, and ORNL. 

A document d e s c r i b i n g  t h i s  s tudy  i s  being  p repa red  f o r  p u b l i c a t i o n ^ ^ ^ ^ .

3. FTR Shutdown Sequence

The hexagonal  r e a c t o r  model and th e  4-group c ro s s  s e c t i o n s  were used to  

c a l c u l a t e  a r e a c t o r  shutdown sequence .  F igures  B-1 th rough B-9 d e s c r i b e  each 

c o n f i g u r a t i o n  in  d e t a i l .  Superimposed on each core map a re  the  i s o - c o n f i g u r a 

t i o n  f a c t o r  l i n e s  f o r  t h a t  assembly ,  us ing  the  i n i t i a l  c o n f i g u r a t i o n  w i th  h a l f 
i n s e r t e d  rods as t h e  c a l i b r a t i o n  c o n f i g u r a t i o n .  The p l o t s  a re  i n s t r u c t i v e  as 

to  the  s p a t i a l  d i s t r i b u t i o n  o f  th e  p e r t u r b a t i o n  in t ro d u c e d  by th e  c o n t ro l  rods .

Table  3-1 in S e c t io n  3 . 3 . 2  o f  t h i s  r e p o r t  a l s o  l i s t s  t h e  c o n f i g u r a t i o n  

f a c t o r s  f o r  t h e  case  where an asymmetr ic c o n t ro l  rod c o n f i g u r a t i o n ,  i . e . ,  w ith  

one c o n t ro l  rod i n s e r t e d ,  was used f o r  th e  c a l i b r a t i o n  c o n f i g u r a t i o n .
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Reactivity = -0.298 % Ak/k

1 CR IM

m 7 . O O x l O - ‘
o 8 . 0 0 x l 0 - ‘
A 9 . 0 0 x l 0 - ‘
+ I . 0 0 x 1 0 ®
X 1 . 1 0 x 1 0 ®
« 1 . 2 0 x 1 0 ®
X 1 . 3 0 x 1 0 ®m 1 . 4 0 x 1 0 ®
* 1 . 5 0 x 1 0 ®

1.035

IN
.IN

.OUT

IN
IN

IN 1.016IN

.961

FIGURE B -1 .  FTR S u b c r i t i c a l  C o n f i g u r a t i o n  F a c t o r s
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Reactivity = “0.70% AK/k

2 CR IN

0 7.00*l0->
o 8.00*10->
A 9.00)fl0->
+ 1.00*100
X 1.10*10®
❖ 1.20*10®
X 1.30*10®
X 1.40*10®
* 1.50*10®

IN IN

out; OU'

)  ( o u y  \

IN

1.008IN

.959

FIGURE B - 2 .  FTR S u b c r i t i c a l  C o n f i g u r a t i o n  F a c t o r s ,
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R e a c t i v i t y  = -1 .2 4 2 2  Ak/k

3 CR IN

Q 7.00lfl0-*
O 8 .0 0 ir l0 - ‘
A 9 .0 0 » J 0 - ‘
+ 1.00*10®
X I .10*10®
❖ 1.20*10®
X 1.30*10®
X 1.40*10®
X 1.50*10®

0

FIGURE B -3 .  FTR S u b c r i t i c a l  C o n f i g u r a t i o n  F a c t o r s .
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R e a c t i v i t y  = -2 .3 4 6 Z  A k/k
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FIGURE B - 5 .  FTR S u b c r i t i c a l  C o n f i g u r a t i o n  F a c t o r s ,
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Reactivity = -4.917% Ak/k
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FIGURE B - 7 .  FTR S u b c r i t i c a l  C o n f i g u r a t i o n  F a c t o r s ,
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APPENDIX C

ZERO POWER INVERSE KINETICS MEASUREMENTS IN FTR

An in v e r s e  k i n e t i c s  measurement i s  i n i t i a t e d  by a l low ing  the  delayed  

n eu t ron  p r e c u r s o r s  to  e s t a b l i s h  e q u i l i b r i u m  a t  a c o n s t a n t  s u b c r i t i c a l  power 

l e v e l .  From t h i s  c o n d i t i o n ,  a r e a c t i v i t y  change i s  made (we s h a l l  assume by 

rod  m o t io n ) ,  and t h e  n eu t ron  f l u x  i s  r eco rd ed  c o n t in u o u s ly  as i t  d ie s  away, 

in  th e  case  o f  a n e g a t i v e  r e a c t i v i t y  change ,  o r  r i s e s  in  th e  case  o f  a p o s i t i v e  

one.  The d a t a - t a k i n g  p ro ces s  co n t in u e s  u n t i l  s u f f i c i e n t  da ta  have been c o l 

l e c t e d  f o r  th e  a n a l y s i s .  The r e a c t i v i t y  in  d o l l a r s ,  $,  neu t ron  d e n s i t y ,  n ,  and 

e f f e c t i v e  n eu t ron  s o u r c e ,  S, a r e  r e l a t e d  as a f u n c t i o n  o f  t ime accord ing  to  

th e  equa t ion
t

(A-14)

which i s  d e r iv e d  in  d e t a i l  in  P a r t  2 o f  Appendix A. In the  e q u a t i o n ,  both  th e  

e f f e c t i v e  s o u r c e ,  which we s h a l l  assume i s  c o n s t a n t  as a f u n c t i o n  o f  t i m e ,  and 

th e  r e a c t i v i t y  a r e  unknown. However, s i n c e  the  r e a c t i v i t y  was c o n s t a n t  be fo re  

and a f t e r  the  rod m ot ion ,  by i t e r a t i n g  on th e  e f f e c t i v e  source  va lue  u n t i l  the  

r e a c t i v i t y  t im e  t r a c e  fo l l o w in g  th e  rod motion f i t s  a l e a s t - s q u a r e s  l i n e  w ith  

z e ro  s l o p e ,  t h e  c o r r e c t  s o u rce  te rm ,  and t h e r e f o r e  th e  c o r r e c t  r e a c t i v i t y  t ime 

t r a c e ,  can be de te rm ined .

In o r d e r  t o  t e s t  t h e  f e a s i b i l i t y  o f  t h i s  method f o r

•  c a l i b r a t i n g  th e  i n t e g r a l  worth of  c o n t ro l  rods by rod d rop ,

•  measuring  c o n t ro l  rod worth p r o f i l e s  by rod run i n ,

•  c a l i b r a t i n g  source  m u l t i p l i c a t i o n

s im u l a t i o n  s t u d i e s  were u nde r ta ken .  In th e s e  s t u d i e s ,  an i n v e r s e  k i n e t i c s
(27)a l g o r i t h m  developed  by ANL' ‘ was used t o  ana lyze  rod drop da ta  g en e ra te d  from

th e  p o i n t  k i n e t i c s  model.  Al l  exper iments  were i n i t i a l i z e d  a t  a count ing  r a t e

o f  10 c o u n t s / s e c .  (This  c o u n t r a t e  maximizes the  dynamic range o f  th e  LLFM 

d e t e c t o r s  w i th o u t  i n t r o d u c i n g  s i g n i f i c a n t  count ing  l o s s . )  This  co r responds  to  

an i n i t i a l  s u b c r i t i c a l i t y  o f  app rox im a te ly  I t .  Cases were run with  n o i s e - f r e e

C-1



da ta  and with  pseudo-random gau s s ian  n o i s e  super imposed ( s t a n d a r d  d e v i a t i o n  = 

squa re  r o o t  o f  th e  counts  c o l l e c t e d  over  a sampl ing  i n t e r v a l ) .

I n i t i a l l y ,  t h r e e  cases  were i n v e s t i g a t e d .  The f i r s t  was a s im u la te d  3$ 

rod drop t o  t e s t  t h e  method f o r  measuring i n t e g r a l  c o n t ro l  rod  w or ths .  The 

sampl ing  t ime f o r  t h i s  measurement was 0.1 s e c .  The second was i d e n t i c a l  to

the  f i r s t ,  e x c e p t  t h a t  t h e  rod dropped was worth 6 $ t o  s im u l a t e  a s a f e t y  rod

c a l i b r a t i o n .  The t h i r d  case  s im u la te d  a s low rod r u n - i n  (9 i n . / m i n )  f o r  a 3$

c o n t ro l  rod .  The sampl ing  t ime f o r  t h i s  case  was 0 .2  sec .

The r e s u l t s  o f  t h e  a n a ly s e s  f o r  n o is y  and n o i s e - f r e e  cases  a r e  summarized 

in  Tab le  C-1. The t ime h i s t o r i e s  o f  the  i n p u t  c o u n t r a t e s  and th e  r e a c t i v i t y  

r e s u l t s  ( in h o u r s )  f o r  t h e  3$ d ro p ,  6 $ drop and 3$ p r o f i l e  ( rod  motion between 

15 and 255 s ec )  a r e  g iven in F igu res  C-1 th rough C-3,  r e s p e c t i v e l y .  In each 

c a s e ,  t h e  e f f e c t  o f  th e  d e t e r i o r a t i n g  c o un t ing  s t a t i s t i c s  i s  a p p a re n t  from the  

r e a c t i v i t y  p l o t .

TABLE C-1

RESULTS OF SIMULATED INVERSE KINETICS CALIBRATIONS

3$ Drop

N oise -F ree  C oun tra te s Noisy C oun t ra te s

I n i t i a l  $ F ina l  $ I n i t i a l  $ F ina l  $

0 CPS Background 

10 CPS Background 

100 CPS Background

- 0 . 0 1 0 1

- 0 .0104

- 0.0131

- 3.0289

- 3.0289

- 3.0289

- 0.008 - 3.032

6 $ Drop

0 CPS Background 

10 CPS Background 

100 CPS Background

- 0 . 0 1 0 1

- 0.0107

- 0.0161

- 6.1181 

- 6.1182 

- 6.1182

-  0 .008 - 6.135

3$ C a l i b r a t i o n

0 CPS Background - 0 .014 - 3.025 - 0.007 - 2.769

These r e s u l t s  i n d i c a t e  t h a t  f o r  3$ and 6 $ rod d r o p s ,  s u f f i c i e n t  da ta  have 

been accumula ted  b e fo re  t h e  c o u n t r a t e  s t a t i s t i c s  i n t e r f e r e  s i g n i f i c a n t l y  w i th  

th e  d a t a  a n a l y s i s .  However, f o r  the  rod p r o f i l e  a n a l y s i s ,  by th e  t ime th e  rod

C^2



FIGURE C-1. Simulated Rod Drop to 3$.
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FIGURE C-2. Simulated Rod Drop U  to 6$.

C-4



90 0000

±±L

FIGURE C-3. Simulated 3$ Rod Calibration.
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i s  com ple te ly  i n ,  t h e  c o u n t r a t e  has f a l l e n  t o  the  l e v e l  t h a t  coun t ing  s t a t i s t i c s  

i n t e r f e r e  w i th  t h e  sou rce  s e a r c h .  A su g g e s te d  way to  avoid  t h i s  problem would 

invo lve  f i r s t ,  doing a rod drop to  de te rm ine  th e  e f f e c t i v e  sou rce  te rm. Then, 

r e t u r n  t o  t h e  o r i g i n a l  r e a c t o r  c o n f i g u r a t i o n  and r e p e a t  t h e  exper iment  doing a 

rod r u n - i n .  Analyze t h e  d a t a  from th e  second exper im en t  w ith  t h e  sou rce  term 

from the  f i r s t ,  thus  e l i m i n a t i n g  th e  need f o r  th e  source  sea rch  on th e  r u n - i n  

exper im en t .  The l a t t e r  p a r t  o f  th e  worth  p r o f i l e  w i l l  be p oo r ly  d e f i n e d ;  how

e v e r ,  i t  i s  t h e  w e l l - d e f i n e d  upper p o r t i o n  o f  th e  curve  which i s  used f o r  power 

o p e r a t i o n  and r e a c t i v i t y  anomaly d e t e c t i o n .

To a s s e s s  t h e  e f f e c t  o f  a c o n s t a n t  n o i s e  background in th e  LLFM system on 

th e  i n v e r s e  k i n e t i c s  rod drop r e s u l t s ,  a d d i t i o n a l  cases  were s t u d i e d .  Cons tan t  

background s i g n a l s  o f  10 CPS and 100 CPS were added i n t o  the  6 $ and 3$ rod drop 

power t r a c e s .  The r e s u l t s  a r e  a l s o  given in  Tab le C-1.

In summary, th e  background does n o t  s i g n i f i c a n t l y  a f f e c t  t h e  i n f e r r e d  f i n a l  

r e a c t i v i t y ,  s i n c e  background i s  accommodated as p a r t  o f  th e  e f f e c t i v e  source  

term in  t h e  k i n e t i c s  e q u a t io n .  However, t h e  background s i g n a l  i s  u n m u l t i p l i e d  

and,  t h e r e f o r e ,  when the  s ou rce  term de te rm ined  from th e  c a l i b r a t i o n  i s  a p p l i e d  

t o  th e  p r e -d ro p  c o u n t r a t e ,  the  i n i t i a l  r e a c t i v i t y  i s  i n c o r r e c t l y  de te rm ined .

By making th e  i n i t i a l  r e a c t i v i t y  very s m a l l ,  as was done in  t h e s e  exam ples ,  the  

worth o f  a c o n t ro l  rod  can be measured q u i t e  a c c u r a t e l y  in  the  p re sence  o f  a 

background s i g n a l .  In a d d i t i o n ,  a c c u r a t e  c a l i b r a t i o n  o f  th e  sou rce  m u l t i p l i c a 

t i o n  can be ach ieved  in  t h e  p o s t - d r o p  e q u i l i b r i u m  c o n d i t i o n .  However, th e  

p resence  o f  an unknown background s i g n a l  i n t e r f e r e s  w i th  subsequen t  s ou rce  

m u l t i p l i c a t i o n  r e a c t i v i t y  d e t e r m i n a t i o n s .  This  s u b j e c t  i s  d e a l t  w i th  in  S ec t io n  

3 . 3 . 3 .

Care shou ld  be taken  l e s t  too  much s to c k  be p laced  in  s im u la te d  k i n e t i c  

s t u d i e s  o f  t h i s  form; f o r ,  a t  t h e  very  b e s t ,  they  a r e  i d e a l i z e d .  However, us ing  

th e s e  d a t a  as a g u i d e l i n e ,  one would conclude  t h a t  rod worth measurements can 

be made t o  a p r e c i s i o n  o f  nomina l ly  a few p e r c e n t ,  and th e  rod p r o f i l e  can be 

de te rmined  t o  app rox im a te ly  th e  same p r e c i s i o n  over  th e  im p o r ta n t  range with  

e x i s t i n g  FTR i n s t r u m e n t a t i o n .  C r i t i c a l  exper im en t  t e s t i n g  o f  t h e  FTR r e f e r e n c e  

s u b c r i t i c a l  r e a c t i v i t y  measurement methods ( s ee  S ec t io n  3 . 2 . 3 )  w i l l  p rov ide  

s u b s t a n t i a l  d a t a  f o r  t e s t i n g  th e  adequacy o f  th e  LLFM f o r  i n v e r s e  k i n e t i c s  

c a l i b r a t i o n s .
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