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The cost  of shutt ing down and poisoning-out of a high f lux 
reactor,  e i the r  a research or  power reactor,  i s  high. For . 
example, the revenue from a 200 me power reactor which produces 
e l e c t r i c i t y  a t  cost  a t  5 millshwh i s  $1000/hr. s ince only the 
fue l l ing  costs  of about 1 mill/kWh cease when t h i s  reactor i s  

' 

shut down, it follows t h a t  reactor down time costs  about $800/hr: 
' A  poison-out for  t h i s  reactor w i l l  la ' s t  upwards of 30 hours znd 
cost  over $25,000. 

Some reactor poison-outs, indeed.most of them, a r e  inevitable.  
Tiley begin with a component f a i l u r e  which e i t h e r  t r i p s  the ,reactor 
or necessi ta tes  an immediate shutdown and which cannot be repaired 
before the increase of xenon-135 makes s tar t -up impossible. There 
a re ,  however, some f a u l t s  which, while requiring ear ly  a t ten t ion ,  . 
do not require immediate a t ten t ion .  I n  sdch cases, it i s  worth 
considering manipulating the reactor pow& p r i o r  t o  shutt ing down 
and increasing the time-to-poi'son a su f f i c i en t  amount t o  enable 
the required maintenance work t o  be completed and the reactor 
immediately re-started.  This procedure, while eliminating the 
l o s t  production resu l t ing  from the poison-out, w i l l  i t s e l f  e n t a i l  
.sohe l o s t  production. The problem is therefore t o  gain the 
maximum time-to-poison with the  l e a s t  production loss.  I 

There is,  unfortunately, no d i r e c t  mathematical solution t o  t h i s  
problem. The method employed i n  NRU for  achieving t h i s  r e s u l t  
which i s  called "the maximum xenon'method': i s  based on in tu i t ion .  
Because of i t s  non mathematical n a t u r e ' i t  i s  described by means 
of an analogue of the  iodine-xenon equations ra ther  than the 
equations themselves. 

( f i r s t  s l ide )  
, 

Here w e  'have the iodine and xenon. equations wri t ten i n  terms 
of r e a c t i v i t y  ( i n  t h i s  case m i l l i - k )  and power.( in MW) fo r  the 
~ T R U  reactor .  This i s  the form most convenient for  routine 
operational calculations.  It  should be mentioned t h a t  iodine is  
not a r eac t iv i ty  load although given i n  r eac t iv i ty  un i t s  -- but . 
ra ther  a potent ia l  r e a c t i v i t y  load. 

In  the analogy we see t h a t  iodine production i s  proportional 
t o  power and decay i s  proportional t o  the s t a t i c  head, i . e .  the  
amount of iodine i n  the tank. The decaying iodine provides the 
i n l e t  t o  the  xenon tank, while there  a r e  two ou t l e t s  from the  
xenon tank -- one i s  the  s t r a i g h t  xenon decay, while the other 
represents the  xenon burn of f .  The l a t t e r  is the capture of a 
neutron by a xenon-135 atom t o  form xenon-136 and t h i s  i s  
proportional t o  both reactor f lux  or  power, and the  head i n  the 
xenon tank o r  xenon concentration. . - ,++ - \ 
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The equi l ibr ium i o d i n e  l e v e l  v a r i e s  d i r e c t l y  wit;: r e a c t o r  
p a r z r  -- if t h e  flow i n t o  t h e  i o d i n e  tank were increased ,  t h e  
head would inc rease  u n t i l  t h e r e  was a porpor t iona l  i n c r e a s e  i n  
flew from t h e  iod ine  tank. This  does n o t  hold f o r  t h e  equi l ibr ium 
xenon l e v e l ,  s i n c e  t h e  flow ou t  of  t h e  tank i s  power depend en.^ a s  
w e l l  a s  t h e  flow i n t o  t h e  tank,  and f o r  h igh  f l u x e s  ( g r e a t e r  than  

, . 

t h e  equi l ibr ium xenon l e v e l  i s  more o r  l e s s  independent of 
r e a c t o r  power. 

Now l e t  u s  look a t  what happens when t h e  r e a c t o r  power i s  
reduced t o  z e r o  a f t e r  equi l ibr ium va lues  of xenon and iod lne  have 
b.een reached. I n i t i a l l y ,  t h e  flow from t h e  iod ine  t o  t h e  xenon 
tank remains t h e  same a s  it was be fo re  t h e  r e a c t o r  shutdown, whi l e  
t h e  flow out  i s  g r e a t l y  reduced s i n c e  t h e  power modulated va lve  on 
t h e  o u t l e t  has  closed.  Therefore,  t h e  xenon l e v e l  begins  t o  rkse .  
I f  t h e  r e a c t o r  i s  n o t  r e - s t a r t e d  i n  a f a i r l y  s h o r t  t ime, t h e  
concent ra t ion  of  xenon i s  s o  g r e a t  t h a t  it absorbs t o o  many neutrons 
and a chain  r e a c t i o n  is .  n o t  poss ib le .  When t h i s  happens, t h e  
r e a c t o r  is  s a i d  t o  be  poisoned out ,  and it i s  n e c e s s a r y ' t o  w a i t  
u n t i l  t h e  xenon l e v e l  i n c r e a s e s  then 'decays  back t o  t h e  poison 
o u t  l e v e l  b e f o r e  t h e  r e a c t o r  can be  r e - s t a r t e d .  The r e s u l t i n g  
t r a n s i e n t  f o r  NRU when shutdown from equi l ibr ium a t  200 MW i s  shown 
on t h e  second s l i d e  ( f i g .  2 ) .  

.The two terms which w e  use,  time-to-poison and poison shutdown 
t i m e  a r e  shown. I t  w i l l  be  not iced  t h a t  poison shutdown time a l s o  
inc ludes  t h e  time-to-poison. For NRU t h e  equi l ibr ium xenon ioad 
i s  about 33 milli-k. The s l i d e s  shows that for a xenon poison 
ou t  l e v e l  of s i x t y  mi l l i -k ,  t h e  time-to-poison i s  about  0.9 h r s .  
and t h e  poison shu'tdown t i m e  i s  35 h r s . ,  . 

( f i g .  1 again)  

Returning t o  t h e  hydrau l i c  analogy, w e  can s e e  t h a t  t h e  
time-to-poison depends on t h e  xenon l e v e l ,  and t h a t  t h e  time-to- 
poison would be increased  i f  we could reduce t h e  xenon l e v e l  be fo re  
s h u t t i n g  down, because a l a r g e r  r i s e  i n  xenon could takeplace  
be fo re  poisoning ou t  occurred. The time-to-poison would a l s o  be 
increased  i f  w e  decreased t h e  i o d i n e  l e v e l ,  because t h e  speed a t  
which t h e  xenon l e v e l  r i s e s  fol lowing a shutdown depends d i r e c t l y  
on t h i s  q u a n t i t y .  

Beginning wi th  a r e a c t o r  i n  equi l ibr ium a t  f u l l  power, we 
s e e  t h a t  we cannot a l t e r  power i n  a way t o  lower t h e  xenon l e v e l ,  
a t  l e a s t  initially, because t h i s  can only  be done by f u r t h e r  
opening t h e  o u t l e t  va lve  which means running a t  some power g r e a t e r  
than  f u l l  power. I t  i s  t h e r e f o r e  necessary t o  begin  by lowering 
t h e  i o d i n e  l e v e l  which means lowering power. However, t h e  amount 
of  power decrease  i s  l i m i t e d  by t h e  xenon l e v e l  which w i l l  rise 
when power i s  lowered, and t h e r e f o r e  no power decrease  can occur 
which raises t h e  xenon above t h e  poison ou t  l e v e l .  There a r e ,  

--- - 



however, advantages t o  having t h e  xenon l e v e l  high, s i n c e  t h i s .  
i n c r e a s e s  t h e  r a t e  of f1oy.v ou t  of  ths xenon tank,  I n  o the r  words, 
t ! ~e  maxinun l e v e l  means t h e  maximum r a t e . o f  removal from t h e  two 
tank system. This  was a l s o  f e l t  t o  be t h a t  which would g ive  t h e  
l e a s t  l o s s  i n  production, and it might be  added t h a t  none of t h e  o t h e r  
power p a t t e r n s  which we have attempted have a s  y e t  disproved t h i s .  ' 

i 

I Suppose t h a t ,  having o ~ c r a t e d  a t  reduced p w e r  f o r  some 
.L ~ i n e ,  w e  have e f f e c t e d  a cons iderable  r educ t ion  i n  i o d i n e  but .we 
s t i l l  have xenon c l o s e  t o  t h e  poison-out l e v e l .  I f  w e  are t o  
have any i n c r e a s e  in ' t ime- to-poison ' i t  w i l l  be  necessary t o  l ~ w e r  

i 
t h e  xenon l e v e l .  Th i s  can be done i f  f u l l  power opera t ion  is  

I 
resumed, s i n c e  t h e  e f fe . c t  of  t h e  f a s t  burn. o f f  of  xenon ' w i l l  a t  
f i r s t  more than  o f f s e t  t h e  e f f e c t  o f , t h e  i n c r e a s e  i n  i o d i n e  on t h e  

! time-to-poison when t h e  r e a c t o r  i s  f Ina l ly .  s h u t  'down. 
(* 
\ 

It w a s  cons ide ra t ion  of t h e  foregoing t h a t  l e d  t o  t h e  "maximum 
! xenon method " of extending t i m e - t ~ - ~ o i s b n  which appears  .to g i v e  
i t h e  l e a s t  product ion l o s s  dur ing  power a l t e r a t i o n s .  
I 

I This  method i s  as follows: 
i 

' . 

' F igure  3 g i v e s  a l l  t h e  s t e p s  

1. The r e a c t o r  i s  shutdown, and t h e n , r e s t a r t e d  j u s t  be fo re  
it poisons out .  . 

I 

<2.  . I t  is  run a t  a power which. holds  t h e  xenon l e v e l  a t  t h i s  
h igh  value.  . ~ n i t i a ' l l y  f o r  NRU t h i s  power w i l l  be about . , .  
h a l f  power. The exac t  l e v e l  w i l l  depend on t h e  poison ou t  
l e v e l ,  i . e .  t h e  r e a c t i v i t y  a v a i l a b l e  f o r  poison over r i d e .  
Th i s  power i s  g radua l ly  lowered' ,as t ime goes on t o . k e e p  
t h e  xenon a t  t h e  'iaximum permiss ib le  l e v e l .  

3 .  When c a l c u l a t i o n s  i n d i c a t e  t h a t  , the  i o d i n e  i s  lowered 
suf f ic ' ien t ly ,  , f u l l  power opera t ion  i s  resumed f o r  a pe r iod  
of about  t w o  hours.  The exac t  l e n g t h  of t ime again  depends 
on. t h e  time-to-poison requ i red  and t h e  r e a c t i v i t y  a v a i l a b l e .  
A t  t h e  end of  t h i s  t i m e  t h e  r e a c t o r  i s  shutdown a n d . t h e  
requi red  maintenance work performed. 

I n  t h e  example given, t h e  time-to-poison i s  increased  from i ts  
equi l ibr ium value  o f . 3  hours  t o  1.9 hours. '  The t o t a l  t ime t o  
b r i n g  t h i s  about  i s  11.7 hours. . ,  . 

. .. 

An i n v e s t i g a t i o n  o f  t h e  way i n  which t h e  product ion  . l o s t  i n  
t h e  pre-shutdown power a l t e r a t i o n s  va r i ed  w i t h  t h e  l e v e l  a t  which 
xenon i s  maintained dur ing  t h e  opera t ion  a t  reduced power showed 

# .  . ', , . 



t 3 a t  t h e  lcse~est product ion l o s s e s  were incurred  when t h e  xenon 
~ 2 s  k e p t  wi th in  one o r  two mi l l i -k  of t h e  poison ou t  l e v e l .  I f  
t h i s  s a f e t y  margin were increased  t o  t h r e e  o r  four  mi;li-k, t h e  
increased  l o s s  i n  product ion i s  n o t  s e r i o u s  (perhaps 50 t o  100 
I'C\7H f o r  NRU), b u t  i t  i s  s u f f i c i e n t  t o  i n d i c a t e  t h a t  t h e  "maximum 
xenon methodu may indeed 'be t h e  optimum. A s  t h i s  margin i s  
increased  f u r t h e r  t h e  l o s s  i n  product ion i n c r e a s e s  markedly.' 

A s  a guide f o r  judging when it i s  advantageous t o  extend t h e  
tirr,e-to-poison of t h e  NRU r e a c t o r ,  a computer program w a s  prepared 
which s imula tes  t h i s  maximum xenon power a l t e r a t i o n .  The r e s u l t s  
are shown on t h e  n e x t  s l i d e .  

( f i g .  4)  

A s  an example of t h e  use of t h e s e  curves,  suppose t h c t  t h e  
poison o u t  l e v e l  was a t  60 mi l l i -k  ( i . e .  27  m i l l i - k  a v a i l a b l e  f o r  
poison over-r ide and 33 mil l i -k  of  equi l ibr ium xenon)-. Under 
t h e s e  condi t ions ,  t h e  r e a c t o r  would poison ou t  fol lowing a shutdown 
from equi l ibr ium i n  2 hours and t h e  poison out  product ion lcss 
would be 6880 Kwh. Suppose a time-to-poison of 2.0 hours were 
requi red .  Using t h e  maximum xenon method, t h e  l o s t  product ion 
( inc lud ing  t h e  f i n a l  shutdown) i s  about  1600 Mwh. Since  t h i s  
r e p r e s e n t s  a cons iderable  saving, (over 5000 W h ) ,  it might w e l l  
be advantageous to a l t e r  power i n  t h i s  manner p r i o r  t o  s h u t t i n g  
down . 

The reason sbch a l a r g e  range of xenon poison ou t  l e v e l s  a r e  
given on t h i s  graph i s  because l a r g e  load changes f r equen t ly  occur 
i n  NRU due t o  t h e  demands of r e sea rch  and i s o t o p e  production. The 
curve f o r  a 40 mi l l i -k  .poison .ou t  l e v e l  . is  '.shown because it 
approximates t h e  des ign  va lue  f o r  poison over r i d e  i n  NPD. 

Of course,  t h e  xenon equat ions  f o r  NPD'are d i f f e r e n t  because 
o f  d i f f e r i n g  f l u x  i n  t h e  f u e l .  

The same pre-shutdown power a l t e r a t i o n s  may be performed t o  
reduce t h e  poison shutdown time r a t h e r  than  extending t h e  time-to- . 
poison. Reducing t h e  poison shutdown timd i s  worth cons ider ing  
f o r  jobs which r e q u i r e  t e n  o r  twenty hours of  r e a c t o r  down time. 
The pre-shutdown power p a t t e r n  i s  i d e n t i c a l  t o  t h a t  ' f o r  extending 
time-to-poison except  ' t h a t  t h e  f i n a l  per iod  of  f u l l  power opera t ion  
i s  reduced from about  t w o  ;hours t o  about  one, q u a r t e r  hour. ' This  ' ' 
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. ' 
stems f r ~ n  t h e  f a c t  t h a t  t h e  xenon l e v e l  a t  t h e  t i m e  of shutdown 
cor:tr iSutes l e s s  t o  t h e  poison shutdown time than  l t  does t o  
t h e  time-to-poison. 

Tke r e s u l t s  f o r  reducing poison shutdown time f o r  t h e  same 
poison cuk l e v e l s  a s  i n  t h e  previous  curves f o r  e x t e n d i ~ g  
t i r~e - to - so i son  are .-given i n  f i g .  5. 

The r e s u l t s  a r e  n o t  a s  s p e c t a c u l a r  as f o r  extending time-to- 
poison, but it may a t  t imes  be p o s s i b l e  t o  save t h e  equ iva len t  
of  f i v e  o r  s i x  hours  f u l l  power opera t ion  and a t  $800/hr; t h i s  i s  
n o t  i n s i g n i f i c a n t .  

I 

Returning t o  t h e  f i r s t  p a r t  of t h e  power ,pa t t e rn  f o r  bo th  
extending time-to-poison and decreas ing  poison shutdown time, 
thz L::-r:ple shown was f o r  a complete shutdown u n t i l  :;~L,-..II . i~zs 
up t o  i t s  maximum l e v e l ,  followed by opera t ion  a t  a power which 
he ld  t h e  xenon a t  t h i s  l e v e l .  I n  o t h e r  words, t h e  xenon.was r a i s e d  
up t o  j u s t  below t h e  poison ou t  l e v e l  a s  qu ick ly  a s  p o s s i b l e .  This  
p a r t  of t h e  power p a t t e r n  was i n v e s t j q a t e d  by Amnon Einav of t h e  
I s r e a l  A.E.C. dur ing  a one year  assignment t o  NRU. He found t h z t  
it was n o t  necessary t o  s h u t  t h e  r e a c t o r  down completely a t  t h i s  
p o i n t  i n  order  t o  minimize t h e  l o s t  product ion ,  b u t  merely t.0 

opera te  a t  some reduced power. The product ion l o s s  was e s s e n t i a l l y  
1 independent of  t h e  power chosen u n t i l  xeyon was r a i s e d  t o  i t s  

maximum l e v e l .  However, t h e  time from t h e  beginning of power 
a l t e r a t i o n s  u n t i l  t h e  f inal :  shutdown' increased  w i t h  an increase 
i n  t h e  paver chosen dur ing  t h i s  i n i t i a l  per iod .  

The power which is i n i t i a l l y  chosen w i l l  t h e r e f o r 2  depend on 
t h e  circumstances.  I f ,  f o r  example, t h e  reason f o r  the  shutdown 
i s  t o  r e p z i r  a heavy'water l eak  then  it may be t h a t  t h e  cos$le te  
s h u t d w n  w i l l  be  chosen i n i t i a l l y  t o  minimize . the t ime u n t i l  t h e  
l eak  can be repa i red  and t h u s  minimize t h e  l o s s  of  heavy water .  On 
t h e  o t h e r  hand, . i f  t h e  l eak  i s  thought t o , b e  temperature dependent 
tLea cmtraG&5a wbi& a ' c c ~ m p s n i e s  the Z&Y&~GI) ir? . & z I I ~ ~ : ~ E z ~  
~'~heil  the reactor is shut d m  could cause .the: Leak race to irrcrease 
d r a s t i c a l l y .  I n  such circumstances,  some higher  would be 
chosen f o r  t h e  i n i t i a l  s t a g e  of t h e  pre-shutdawn power a l t e r a t i o n s .  

I n  c los ing ,  I would l i k e  t o  say  t h a t  t h e  ex tens ive  i n v e s t i g a t i o n  
o f  a r e a c t o r ' s  xenon t r a n s i e n t s  and t h e  p repara t ion  of  curves such 
a s  those  which I have shown f o r  NRU involve  cons ide rab le  work, 
and y e t  t h e  r e s u l t s  are only  a p p l i c a b l e  t o  a r e s t r i c t e d  range of  . 

condi t ions .  However, i f  j u s t  one r e a c t o r  poison o u t  i s  avoided, 
t h e  e f f o r t  w i l l  be more than  j u s t i f i e d .  . 
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