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A t cmpera tu re  moni tor  was des igned  t o  measure 
t h e  t empera tu re  r i s e  of  c o o l a n t  f lowing  through each  
f u e l  channel  o f  a n u c l e a ~ ,  r e a c t o r .  Although t h e  
moni tor  was in t ended  f o r  use  wi th  a  l a r g e  heavy 
water -cooled  r e a c t o r ,  t h e  d e s i g n  p r i n c i p l e s  a r e  
g e n e r a l l y  a p p l i c a b l e  t o  l a r g e -  power and p roduc t ion  
r e a c t o r s  t h a t  employ f o r c e d  f low of  c o o l a n t .  

A s cann ing  monitor  was chosen because it has  
more economic and o p e r a t i o n a l  advantages than  a  
con t inuous  moni tor .  D i g i t a l  c i r c u i t r y  pe rmt t s  
au tomat ic  programming, a r i t h m e t i c .  o p e r a t  i o n s  ,. and 
v i s u a l  d i s p l a y s .  Arguments a r e  p r e s e n t e d  f o r  t y p e s  
o f  a la rms  which should  be provided .  
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DEVELOPMENT OF A TEMPERATURE MONITOR 
FOR LARGE REACTORS 

INTRODUCTION 

Temperature -monitoring of t he  f u e l  coolant  i s  an e s s e n t i a l  
f e a t u r e  of  almost a l l  designs f o r  high power r eac to r s .  However, 
t h e  c.omplexity of t h e  monitoring system and t he  ex ten t  t o  which 
t h e  s a f e t y  and e f f i c i e n c y  of the  r e ac to r  a r e  made t o  depend 
upon t h i s  system can vary g r e a t l y  between d i f f e r e n t  designs.  
During t h e  p a s t  s eve r a l  years ,  t he  .authors  have been involved 
i n  t he  des ign o f  an advanced type of monitor f o r  t he  coolant  
temperatures i n  a l a r g e  heavy-water-cooled r eac to r .  This 
r epo r t  g ives  t h e  des ign philosophy which was evolved i n  the  
course of  t h i s  project . .  It i s  bel ieved t h a t  these  ideas  have 
app l i c a t i ons  consj.derably beyond t he  immediate r e ac to r  type . f o r  
which t hey  have been developed. 

SUMMARY 

The ba s i c  philosophy behind the  temperature monitor design 
was t h a t  t h e  d e t a i l e d  measurement of  f u e l  coolant  temperatures 
provides  an accurate ,  r e l i a b l e ,  and reasonably ava i l ab l e  diag- 
n o s t i c  t o o l  f o r  determining t he  r e a c t o r  performance. Spec i f i -  
c a l l y ,  t h i s  d a t a  ean be used t o  Ind ica te  unsafe r e a c t o r  
operat ion;  t o  provide a b a s i s  f o r  d e t a i l e d  reactor .  con t ro l ,  and 
t o  warn of f u e l  element f a i l u r e s .  The s a f e t y  requirements 
n e c e s s i t a t e  ex tens ive  and r ap id  sampling of t he  f u l l  range of 
coolant  temperatures while t h e  con t ro l  requirements i n v i t e  the  
use of d i g i t a l  c i r *cu i t r y  and v i s u a l  d i sp lay  t o  put  the  temperature. 
d a t a  i n t o  a u se fu l  form. 

A major des ign dec i s ion  f o r  the  temperature monitor 
involves  t h e  choice between a scanning monitor covering many 
temperature sensors  o r  a continuous system f o r  each sensor.  
The scanning systems were judged super io r  f o r  any l a rge  
r eac to r .  Fa s t  a c t i ng  switches a r e  now ava i l ab l e  wfilch permit 
t h e  scanning of t h e  temperature sensors  a t  speeds t h a t  a re  i n  
genera l  g r e a t e r  than the  response time of t h e  sensor.  These 
s equen t i a l  d a t a  a r e  then i n  the i dea l  form f o r  operat ion of 
t h e  d i g i t a l  c i r c u i t s .  Discussions of t h e  var ious  alarm 
requirements a r e  g iven a s  well  a s  methods f o r  t h e i r  imple- 
mentat ion i n  both  t h e  d i g i t a l - c i r c u i t r y  design and t he  
read-out devices .  The d i scuss ion  i s  c a r r i e d  t o  t he  point  
o f  p resen t ing  a conceptual design of a monitor which meets 
t h e  requirements developed i n  t h i s  r epo r t .  



DISCUSSION 

Fuel elements must.be operated a t  high temperatures f o r  
economical operat  ion of power and product ion reac to rs ,  and 
the  margin between t he  operat ing temperature and the  l i m i t i n g  
s a f e  temperature i s  usua l ly  very smal l .  The flow of coolant  
through a f u e l  element may be p a r t i a l l y  blocked by a swollen 
f u e l  element o r  accidenta l  i n t ru s ion  of a fo re ign  ob j ec t .  
Such a r e s t r i c t i o n  of flow may cause the  f u e l  element t o  mel t .  

Accidents of t h i s  type can be avoided by monitoring the  
temperature of the  f u e l  elements with s u f f i c i e n t  p r ec i s i on .  
This could be accomplished by means of temperature se'nsors 
loca ted  on o r  i n  the  f u e l  elements, but t h i s  method cannot 
be employed, p a r t i c u l a r l y  with water-cooled r eac to r s ,  because 
of the  r i s k  of impairing t he  i n t e g r i t y  of the  f u e l  elements 
and t he  connect-disconnect problems during the  charging and 
discharging operat ions .  , Therefore, t he  f u e l  temperatures a r e  
monitored i n d i r e c t l y  by measuring the  temperature inc rease  of 
t h e  coolant  with sensors a t  the  i n l e t  and o u t l e t  ends of each 
cool.a.nt channel. Since f u e l  elements usua l ly  have a conunorl 
coolant  i n l e t ,  only a few i n l e t  temperature sensors  a r e  
required.  The temperature increase  (AT)  across  t he  f u e l  
element i s  then an i n d i r e c t  measure of the  f u e l  element 
temperature, provided the  coolant  flow i s  constant  and t he  
shape of the  a x i a l  neutron f l u x  i s  known. .These provis ions  
usua l ly  apply i n  the  case of l a r g e  reac to rs ,  because constant  
flow i s  maintained and the. a x i a l  f l u x  i s  monitored with e i t h e r  
a c t i va t ed  wire o r  i n t e r n a l  f l u x  monitors(  ). 

. INSTRUMENT CONSIDERATIONS 

General r e a c t o r  considera t ions  usua l ly  determine t h e  form 
and s p e c i f i c  f e a t u r e s  of a temperature' monitor. These con- 
s i d e r a t i o n s  should be apparent, but have not been discussed 
previously  i n  the  1 i t e r a t u r e  . 

Temperature  sensor^ 

The des igner  must choose e i t h e r  thermocouples o r  r e s i s t ance  
thermometers. For optimum s e n s i t i v i t y  the  e x i t  coolant  sen- 
s o r s  should be loca ted  as  c l o se  as  poss ib le  t o  t h e  end of t he  
f u e l  channel. This of course implies t h a t  t he  sensor  w i l l  he 
subjected t o  r ad i a t i on  from within  the  r eac to r .  Experience 
i nd i ca t e s  t h a t  only thermocouples can survive ,  t h i s  environment 
f o r  extended per iods .  Resistance thermometers can be used, 
however, i n  l e s s e r  r ad i a t i on  f i e l d s .  Mineral- insulated thermo- 
couples of both chromel-alumel and iron-constantan mate r ia l s ,  
enclosed i n  s t a i n l e s s  s t e e l  sheaths ,  have been used success fu l ly  
r o r  t he  temperature range of 100 t o  6 0 0 ' ~ .  The output  of these  
thermocouples i s  about 50 ~V/'C. 



The response  t ime of  t h e  thermocouple (and  t h e  a s s o c i a t e d  
mon i to r ing  equipment and t r i p  circuits) should  be s h o r t  
compared w i t h  t h e  t ime  i n  which a  f u e l  e lement  would mel t  a s  
t h e  r e s u l t  o f  a  t empera tu re  t r a n s i e n t .  F u e l s  c o n s i s t i n g  of  
e n r i c h e d  a l l o y s  o f  uranium and o t h e r  meta ls ,  f o r  example, can  
me l t  i n  a r e l a t i v e l y  s h o r t  t ime due t o  t h e i r  sma l l  h e a t  
c a p a c i t y ,  whereas m e l t i n g  would r e q u i r e  a  l o n g e r  p e r i o d  w i t h  
s o l i d  uranium o r  oxide- type  f u e l  e lements ,  which have an  
i n h e r e n t l y  g r e a t e r  h e a t  c a p a c i t y .  If a  ve ry  s h o r t  t ime 
r e sponse  i s  r e q u i r e d ,  t h e  thermocouple j u n c t i o n  should  be 
grounded t o  t h e  e n c l o s i n g  s h e a t h .  Response t imes  of  about  
0 . 1  second can  be achieved  i n  t h i s  manner. 

  unction Compensation 

Cold j u n c t i o n  e r r o r s  can  be handled i n  a  number of  
w a y s ( 2 ) ;  however, i n  t h e  c a s e  of  a  tempera ture  monitor  i n  
which h.un.dred.s or thousands  of  thermocouples  must be d e a l t  
w i t h ,  i t  i s  more economical t o  employ a  s i n g l e  common 
compensat ing u n i t  f o r  a l l  thermocouples .  It i s  common 
p r a c t i c e  t o  j o i n  t h e  thermocouple l e a d s  t o  p a i r s  o f  copper  
w i r e  t h a t  can  be  r o u t e d  some d i s t a n c e  t o  t h e  tempera ture  
moni tor ,  which i s  u s u a l l y  l o c a t e d  i n  a  r a d i a t i o n - f r e e  r e g i o n  
such  as a c o n t r o l  room. One method of  compensating f o r  t h e  
c o l d  j u n c t i o n  e r r o r  i s  t o  e n c l o s e  t h e  j u n c t i o n s  i n  a  l a r g e ,  
t e m p e r a t u r e - c o n t r o l l e d  oven, b u t  t h i s  method r e q u i r e s  f a i r l y  
e l a b o r a t e  therm0sta . t  l n g  and a s s o c i a t e d  c o n t r o l  ~ y s t e m s  and a 
l a r g e  oven r e q u i r i n g  c o n s i d e r a b l e  power. Most of  t h e s e  
d i f f i c u l t i e s  c a n  be overcome w i t h  a  scanning-type system t h a t  
employs m u l t i - i n p u t  switck-ies t o  s e q u e n t i a l l y  r o u t e  a  l a r g e  
number of  thermocouple s i g n a l s  i n t o  a common o u t p u t  channel .  
The scann ing  ~ y e t e m  pe rmi t s  t h e  use  of  a. common compensating 
oven. 

The p r e f e r r e d  compensation system employs an i so the rma l  
box t o  m a i n t a i n  a l l  junc t ions .  a t  t h e  same ( b u t  n o t  c o n s t a n t )  
t empera tu re .  T h i s  arrangement pe rmi t s  tempera ture  v a r i a t i o n s  
t o  be compensated by one u n i t .  The i so the rma l  box i s  
r e l a t i v e l y  s imple  and e l i m i n a t e s  t h e  numerous problems 
a s s o c i a t e d  w i t h  t h e  the rmos ta t ed  oven. 

Monitor Type ( scann ing  v s .  Continuous ~ o n i t o r i n g )  

The s m a l l  DC o u t p u t  v o l t a g e s  o f  t h e  thermocouples must 
be  a m p l i f i e d  b e f o r e  t hey  can  be used.  S ince  a l a r g e  r e a c t o r  
o f  t h e  t y p e  under  d i s c u s s i o n  w i l l  normal ly  use  200 t o  2000 
thermocouples ,  a  c o n s i d e r a b l e  q u a n t i t y  of  e l e c t r o n i c  equipment 
w i l l  b e ' r e q u i r e d .  The moni tor  can  t a k e  one of  two b a s i c  forms: 
i t  may be a  con t inuous  system t h a t  u s e s  a  s e p a r a t e  a m p l i f i e r  
p l u s  a s s o c i a t e d  equipment f o r  each  thermocouple t o  be monitored,  



o r  it may be a  scanning system t h a t  uses  mul t i - inpu t  swi tches  
t o  s e q u e n t i a l l y  r o u t e  a  number of  the r r~ocoup le  v o l t a g e s  through'  
a  s i n g l e  a m p l i f i e r  and a s s o c i a t e d  c i r c u i t r y .  The d i f f e r e n c e  
between t h e s e  two systems i s  shown schemat i ca l ly  i n  Figure  1 
f o r  a  rudimentary temperature monitor  t h a t  provides  an alarm 
i f  any thermocouple vol tage  exceeds a  f i x e d  alarm s e t t i n g .  

' The continuous system provides  d a t a  cont inuously .  The 
s h e  p r o t e c t i o n  can be provided by t h e  scanning system i f  t h e  
mul t i - input  swi tch  i s  f a s t  enough t h a t  each thermocouple 
vo l t age  i s  measured i n  l e s s  t ime than  t h e  response t ime of t h e  
thermocouples. For  example, i f  t h e  response time of t h e  thermo- 
couples  was 1 second and each thermocouple was r ead  1 0  t imes  
p e r  second, t h e  scanning monitor  would provide  e s s e n t i a l l y  
continuous process  p r o t e c t i o n .  

Thermocouple a2 
A l a n  
O11tput a2 

I 

Thermocouplc a1 

I 
Thermocouple uN I 

Amplifier 

Discriminator Alarm 
Output uN 

F IG .  1A CONTINUOUS T Y P E  MONITOR 

Discriminator 

Multi -Input 
Switch 

A l a n  
Output u1 

Common 
A l o n  
Output 

T C  a2 

I- 

F I G .  1.B SCANNING T Y P E  MONITOR 

Discriminator Amplifier - 



C o n t i n u i t y  of  o p e r a t i o n  i s  t h u s  not  a  c o n s i d e r a t i o n  i n  
s e l e c t i n g  between t h e  two systems if mul t l - inpu t  swi tches  
w i t h  s u f f i c i e n t  speed a r e  a v a i l a b l e  .' Perhaps t h e  'most ' impor- 
t a n t  d i f f e r e n c e  between t h e  two rudimentary systems of  F igure  1 
i s  t h e  m a t t e r  of economics. If, f o r  example, a  mul t i - input  
swi t ch  w i t h  n  i n p u t s  can be ob ta ined  f o r  l e s s  than  t h e  c o s t  
o f  t h e  (n -1 )  a m p l i f i e r s  and d i s c r i m i n a t o r s  t h a t  it r e p l a c e s  
( o t h e r  t h i n g s -  be ing  equal.) ,  t h e n  t h e  .scanning system i s  
p r e f e r a b l e -  t o  t h e  continuous system.. I n  p r a c t i c e ,  it i s  
u s u a l l y  found t h a t  f o r  a  smal l  number of i n p u t s  t h e  con t in -  
uous system i s  more economical, but  f o r  a  l a r g e  number .of 
inputs4,  a s  i n  t h e  c a s e ' o f  a  l a r g e  r e a c t o r ,  t h e  sc.anning ' 

system i s  more economical.  The genera l  r e l a t i o n s h i p  between 
t h e  c o s t . a n d  t h e  number o f  monitored i n p u t s  i s  shown i n  Figure  2. 

Other  c o n s i d e r a t i o n s  t h a t  t end  t o  fav0.r t h e  use of  a 
scanning monitor  a r e  shown i n  t h e  fo l lowing s e c t i o n .  

. . . . 

1 . . 
No. of Inputs to be Monitored 4 

. . 
FIG. 2 SYSTEM COST VS. NO. OF INPUTS 

DATA UTILIZATION 

Only a  rudimentary system t h a t  provides  l i m i t e d  process  
p r o t e c t i o n  has  been cons idered .  I n  p r a c t i c e ,  a  temperature 
monitor  may be c a l l e d  upon t o  provide much more p r o t e c t i o n  
and ' i n fo rmat ion  f o r  c o n t r o l  purposes.  

A 1  arms 

A s  p r e v i o u s l y  noted ,  c e r t a i n  c o n d i t i o n s  l e a d  t o  temper- 
a t u r e  i n c r e a s e s ; .  i n  c e r t a i n  c i rcumstances  t h e  r i s e  may be 
r a p i d  enough t h a t  t h e  o p e r a t o r  does n o t  have s u f f i k i e n t ,  t ime 
t o  manually prevent  damage t o  t h e ' r e a c t o r .  For  t h e  p r o t e c t i o n  



of t h e  reac to r ,  severa l  types of alarms should be provided. 
Of primary importance i s  an alarm t h a t  w i l l  be ac tua ted  i f  
t he  temperature of the  coolant  approaches some l i m i t i n g  value.  

This l i m i t i n g  value might be t he  temperature a t  which bulk .  
bo i l i ng  of coolant  occurs i n  a l iquid-coolea  f u e l  element; 

' Since t h i s  l i m i t i n g  value i s  a f i x e d  temperature, t he  temper- 
a t u r e .  monitor should provide .one s e t  of output  s i gna l s  t h a t  
a r e  propor t ional  t o  t he  absolute  o u t l e t  temperature of t he  
coolant .  Since the  r eac to r  w i l l  almost c e r t a i n l y  be damaged 
i f  t h i s  temperature ' is exceeded, t h i s  output  alarm should be 
connected t o  t h e  automatic shutdown c i r c u i t s  t h a t  i n s e r t  t he  
s a f e t y  rods.  

A securlcl alarm Is deslra 'ble a t  a  lower temperature l e v e l  
t o  permit the  i n i t i a t i q n  of l e s s e r  co r r ec t i ve  ac t i on  such a s  
t h e  slow i n s e r t i o n  of the  con t ro l  rods t o  reduce t h e  r eac to r  
power t o  a s a f e  l e v e l .  It would be poss ib le  t o  use the  absolute  
temperature s i gna l  previously c i t e d  and t o  have t he -  assoc ia ted  
c i r c u i t r y  arranged t o  provide an alarm i f  any temperature 
exceeded a c e r t a i n  f i xed  value t h a t  was l e s s  than t he  l i m i t i n g  
temperature (e .g . ,  the  alarm l e v e l  might be s e t  5 ' ~  l e s s  than 
t h e  1 i m i t  ing  temperature alarm l e v e l  ) . Unfortunately, t h i s  
arrangement does not  provide f o r  t he  e a r l i e s t  recogni t ion of a 
r i s i n g  temperature f o r  a l l  f u e l  pos i t i ons  i n  t he  r e ac to r .  I f ,  
f o r  example, t he  r a d i a l  temperature p r o f i l e  across  t he  r e a c t o r  i s  ,, 

as  shown i n  Figure 3a and the  second alarm l e v e l  i s  s e t  a  
constant  amount below the  l i m l t i n g  temperature alarm l e v e l ,  t h e  
temperature of a f u e l  channel i n  t he  o u t e r  regions  of t he  
r e a c t o r  would hav.e t o  r i s e  a considerable  amount, 'as con t ras ted  
with one near  t he  cen te r ,  before it ac tua ted  t he  second l e v e l  
a1 arm. 

It would be p re fe rab le  f o r  t he  temperature monitor t o  
provide an alarm l e v e l  t h a t  p a r a l l e l s  t h e  r e ac to r  temperature 
p r o f i l e  as  shown i n  Figure 3b; t h i s  l e v e l  could be 5 ' ~  
g r e a t e r  than the  temperature of any channel i n  a "normal" . . . 

r e a c t o r  temperature p r o f i l e .  

I n  t h e  case  of t he  continuous .system, the  vol tage  
d i f f e r ence  between each thermocouple s i gna l  and an i nd iv idua l l y  
ad jus tab le  reference vol tage  i s  f e d  t o  a d iscr iminator .  In  
the  c a s e ' o f  t he  scanning system, a second bank of switches, 
phased with the  input  bank, connects each thermocouple s i gna l  . . 

with i t s  respec t ive  ad jus tab le  reference vol tage .  The 
d i f fe rence  vol tages  a r e  fed  t o  a common d i sc r imina tor .  

Both of these  systems share  t he  same s i g n i f i c a n t  
def ic iency,  namely, the  need f o r  manual adjustment of the  
200 t o  2000 1.eference potentiometers.  If the  monitor i s  t o  
provide t he  des i red  second l e v e l  p ro t ec t i on  and not  generate  
ralse alarms, it i s  necessary t o  r e ad ju s t  a l l  of t h e  



reference vo l tage  potentiometers several .  t imes during a  power 
ascension and p e r i o d i c a l l y  a f t e r  f u l l  power is. attained, due 
t o  the  changes i n  t he  r a d i a l  temperature p r o f i l e  t h a t  occur 
during a  f u e l  cyc le .  These adjustments may requ i re  as  much- 
a s  an hour, during which time the  monitor must be disconnected 
from the  automatic con t ro l  rod i n s e r t i o n  c i r c u i t s  t o  avoid 
f a l s e  i n s e r t i o n s .  

The loss ,  of t he  prote 'ct ion of the  temperature monitor 
during these  per iods  i s  undes i rab le ' and  a  method i s  needed 
f o r  r ap id ly  and automat ical ly  ad jus t ing  t h e  reference vol tages  
o r  f o r  performing t h e  equivalent  funct ion.  It i s  not  obvious 
how such a  scheme could be appl ied  t o  the  continuous system 
okher than  by means of a  very complex electro-mechanical servo 
system. The scanning monitor, however, lends  i t s e l f  qu i t e  
r e a d i l y  t o  automatic adjustment (i. e . ,  ' p r o g r h i n g )  . It i s  
poss ib le ,  f o r  example, t o  s equen t i a l l y  record a l l  of the  

_:.. .ampPlfied the~mocsupfe  vul tagco on magnetic k a p e  at some 
i n s t a n t  when . the  r e a c t o r  temperature p r o f i l e ' i s  considered 
t o  be normal. This can be accompli~hed i n  a  r e l a . t i ve ly  sho r t  
t ime.  The recorded' temperatures can ' then  be s equen t i a l l y  
"read" o f f  of t h e  t ape  by conventional techniques, and compared 
with cu r r en t  temperatures a t  a  l a t e r ,  time .. If .any vol tage  
d i f f e r ence  exceeds. a  f i xed  d i sc r imina tor  s e t t i n g ,  an alarm i s  
generated a s  be fore .  Those who a r e  famil ' ia r  with. modern 
d i g i t a l  d a t a  handling systems w i l l  recognize t h a t  the.  magnettc, 
t ape  scheme can be performed even more r ap id ly  with memory 

. d e j i c e s  of t h e  type ~ x & m p l i f i e d  by t he  magnetic drum(3) o r  the  
core - s to re  . m a t r i x ( 4 )  t o  provide even fas,te:r programming and 
compari.s.on. The: a d a p t a b i l i t y  of the  sc,annf ng. system .to 
aut0mati.c programming i s  thus  .another  .of t he  imp,ortaht 
advantages of scanningssystems over c o n t i n u o u ~  sys tems. .  ' , 

A t h i r d  alarm l e v e l  should be included f o r  t ak ing  
co r r ec t i ve  manual action'when t he  temperature r i s e  i s  slow 
enough t o  such ac t i on .  :This alarm need only actlaa.te 
an annunciator and/or l i g h t  t o , c a l l  a t t e n t i o n  t o  t he  abnormal 
condi t ion.  A convenient way' of providing t h i s  alarm' i s  ' to 
route  t he  s i g n a l  employed f o r  t he  second-level alarm t o  a  
d i sc r imina tor  t h a t  i s  s e t  t o  ac tua te  t he  annunciator i f  any 
coolant  channel temperature inc reases  a  small mount  ( 2 ' ~ )  
above no1~111al . 

The temperature monitor is  important i n  r e a c t o r  operat ion.  
The coolant  temperatures can be used t o  optimize t he  r a d i a l  
temperature'  p r o f i l e  of t he  . r e a c t o r  by adjus.trnent of the  var ious  
con t ro l  rods .  In large '  r e ac to r s ,  i n  which t he  c e n t r a l  zone 
temperatures can be f l a t t e n e d ,  the  number of f u e l  elements 
operated a t  maximum temperature can be maximized. 
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A v i sua l  d i sp l ay  is  t he  most e f f i c i e n t  way of present ing 
t h i s  temperature information t o  the  operator ;  a  di'splay t h a t  
shows' t h e  coordinates  (address )  of each f u e l  element and 
provides a  v i sua l  (not  numerical) i nd i ca t i on  of temperature 
i s  probably t h e  most useful .  Although ac tua l  three-dimensional 
d i sp lays  a r e  d i f f i c u l t  t o  const ruct ,  two-dimensional d isplays  
of var ious  types  can be constructed t h a t  a re  adequate t o  meet 
operat ing needs. (BY analogy, a  topographical map i s  j u s t  
about a s  u se fu l  a s  a  three-dimensional model. ). . 

A v i s u a l  d i sp lay  may be generated by t he  monitor, o r  t he  
monitor may merely supply temperature d a t a  from which a  d i sp lay  
can be generated manually. The l a t t e r  method was employed a t  
an ear1y:date and i s  s t i l l  i n  use. . The manual method involves 
Ile'1;ennlna'l;lon of? bhe temporczture rise ( 4 ~ )  o f  each f u e l  channel, 
which can be.done by connecting a  mil l ivol tmeter ,  i n  tu rn ,  t o  
each of t h e  process thermocouples and an i n l e t  reference thermo- 
oouple  so  as t n  ohta,l.n t he  QT!s. The temperatures a re  
t r ansc r ibed  t o  a  .coordinate map of t he  r e a c t o r  and each 
coordinate i s  colored-in by hand t o  ir idlcate t he  incremental 
range of temperature. Red c& be used t o  i nd i ca t e  t he  h o t t e s t  
increment, orange t he  next,  and so on through the.spectrum. 
This r e s u l t s  i n  a  siinple v i sua l  d isplay,  but  conta ins  some 
de f i c i enc i e s .  It i s  tediou's and time consuming and does not 
allow t h e  opera tor  t o  see  immediately t he  consequences of moving 
t he  con t ro l  rods .  Elect ronic  techniques now ava i lab le  make 
it un l ike ly  t h a t  the  manual method w i l l  receive  any se r ious  
cons idera t ion  i n  t he  ' fu tu r e .  

The automat ical ly  generated v i sua l  d i sp lay  can take a  
number of forms. A co lo r  t e l e v i s i o n  presen ta t ion  is  c e r t a i n l y  
f e a s i b l e  and can provide t h e  equivalent  of t h e  manually 
generated d i sp lay .  H u w e v e r ,  no such dioplay has been b u L l t .  
A black and white t e l e v i s i o n  presenta t ion,  where the various 
shades of gray correspond t o  temperature increments, i s  equal ly  
f c a s i b l e  and somewhat e a s i e r  t o  accomplish(5) .  Electrolumines-. 
cent  screens  with. l a r g e r  d i sp lays  o f f e r  f u tu r e  promise. 

A l l  of these  d i sp lays  have ( i n  theory a t  l e a s t )  t he  
p o t e n t i a l i t y  of d isplaying simultaneously t he  incremental 
temperature of each f u e l  channel, but none can present  more 
than a l i m i t e d  number of temperature increments. The black 
and white t e l e v i s i o n  presenta t ion,  f o r  example, i s  l im i t ed  
by t h e  number of shades of gray the  eye can d i s t i ngu i sh  ( i . e . ,  
about 7 shades ) .  Another type of d i sp lay  - t he  bulb panel 
d i sp lay  - o f f e r s  an unlimited number of incremgnts, but  only 
one increment can be viewed a t  a  time. 

The bulb panel has small e l e c t r i c  l i g h t s  disposed i n  a  
two-dimensional a r ray  so t h a t  each bulb represen ts  a  p a r t i c u l a r  



f u e l  channel coordinate.  Su i tab le  d i sc r imina tors  switch 
t he  bulbs "on" o r  "o f f "  depending upon t he  temperature of 
t he  f u e l  channels. The d i sc r imina tors  may be var ied  over  
wide l i m i t s  t o  examine the  temperature p r o f i l e  of t he  r e ac to r  
i n  d e t a i l ,  but not a l l  of t he ,  f u e l  channels can be viewed 
simultaneously. 

The d i sp lays  mentioned a re  not  a l l - i nc lu s ive ,  but  a r e  
i nd i ca t i ve  (with the  exception perhaps of t he  e lec t rolumines-  
cent  sc reen)  of what can be accomplished automat ical ly  today. 
These readouts a r e  only p r a c t i c a l  with scanning monitors-- 
a  r e s u l t  of the  sequen t ia l  t r a i n  of s i gna l s  ava i l ab l e  from a 
scanning monitor. These s i gna l s  can then be passed through 
t h e  same common d i s c r lm ina to r ( s )  i n  o rder  t o  modulate t he  
i n t e n s i t y  of t he  e l e c t ron  beam of t he  t e l e v i s i o n  tube o r  t o  
l i g h t  o r  ext inguish  bulbo. 

The panel can a l s o  show which f u e l  channel produced 
an alarm. 

Detecting and Locating Fa i led  Fuel Elements 

In  some multichannel reac to rs ,  temperature monitors can 
de t ec t  and l oca t e  f a i l e d  f u e l  elements i f  t he  r e a c t o r  has :  (1) 
r e l a t i v e l y  small coolant  channels, ( 2 )  a  s u f f i c i e n t l y  l a rge  
temperature increase  across  the  f u e l  charinel, and ( 3 )  f u e l  
elements t h a t  swell  when coolant  i n t e r a c t s  with f u e l .  Under 
these  condi t ions ,  t he  i n i t i a l ' - s w e l l i n g  of the  f u e l  element 
i s  o f t en  s u f f i c i e n t  t o  impede coolant  flow s l i g h t l y  and t o  
produce a sma.l.1 inc rease  i n  coolant  temperature.  A common 
d i sc r imina tor  usua l ly  cannot be s e t  a t  some alarm l e v e l  t o  
de t ec t  these  i n i t f a l l y  small temperature inc reases  'because 
they a r e  of t he  same magnitude as  normal va r i a t i ons .  It 
would be unsafe t o  wai t  u n t i l  the  swel l ing of t he  f u e l  element 
i s  s u f f i c i e n t  t o  exceed an alarm l e v e l  t h a t  i s  s i g n i f i c a n t l y  
i n  excess of t he  background va r i a t i ons .  

A t  l e a ~ t  two methods a r e  recognized f o r  handling t h i s  
spec i a l  problem. The f i r s t  uses conventional recording of 
temperature vs.  time, coupled with the  a b i l i t y  o f  the  human 
eye t o  perceive sma l l ' bu t  s i g n i f i c a n t  changes i n  temperature 
i n  one of many slowly undulat ing recordings .  One such system, 
which employs ~egmen ta l  ~ e c o r d e r . ~ ,  has been used success fu l ly  
a t  t h i s  s i t e  f o r  a number oS years .  The segmenta1,recorder 
i s  unique i n  t h a t  it  permits  the  i n t e r m i t t e n t  recording of 
s i gna l s  from more than 500 thermocouples f o r  24 hours without 
replacement of the  c h a r t  p a p e r ( 6 ) .  The obvious disadvantage 
of t he  recording method is  the  need f o r  cont inual  su rve i l l ance .  



Automatic de t ec t i on  of f u e l  f a i l u r e s  o f f e r s  considerable  
promise, but  t o  da te  it has been evaluated only t o  a  l im i t ed  
ex t en t  by c a l c u l a t i o n .  This method assumes t h a t  t h e  temperature 
d i f f e r ence  between t he  AT of a  given f u e l  channel and the  
average of a l l  o t h e r  f u e l  channel AT'S i n  t h e  same f u e l  element 
w i l l  be e s s e n t i a l l y  eonstant ,  under normal condi t ions ,  during 
t h e  f u e l  cyc le .  If one t akes  t he  ind ica ted  temperature 
d i f f e r ence  a t  some time zero (e .g . ,  a f t e r  the  f irst  at tainment 
of power) and then  compares subsequent values during the  f u e l  
cycle  wi th  t h e  i n i t i a l  value by taking a  second d i f fe rence ,  
then  t h e  second d i f fe rence  should remain e s s e n t i a l l y  constant  
( o r  a t  worst vary wi th in  c e r t a i n  small l i m i t s ) .  If, however, 
a  f u e l  f a i l u r e  occurs and t he  f u e l  swel ls ,  thereby c o n s t r i c t i n g  
and i nc r ea s ing  t h e  AT of the  channel, t he  second d i f fe rence  
w i l l  t end  t o  change, 1.n v a l u e  and w l l l  inorease  markedly. This 
method has  been applied,  i n  hand-calculated form, t o  long-term 
temperature d a t a  from f u e l  elements t h a t  subsequently f a i l e d ,  
and from all i i ldicntiona the  m ~ t h n d  is appl icab le .  The r e s u l t s  
i n d i c a t e  t h a t  t h i s  system should make it poss ib le  t o  de t ec t  
f u e l  f a i l u r e s  a s  soon as  they a re  now de tec ted  with a c t i v i t y  
monitors.  An example of the method, f o r  a  f u e l  element with 
fou r  flow channels,  i s  given i n  a  c l a s s i f i e d  vers ion of t h l s  
r epo r t  (DP-810). An alarm can be obtained automat ical ly  from 
the  monitor i f  c e r t a i n  simple computational and memory f e a t u r e s  
which perform the  ind ica ted  hand ca l cu l a t i ons  by e l e c t r o n i c  
means a r e  incorporated.  Such f e a t u r e s  can be provided e a s i l y  
i f  the  monitor i s  of the  scanning type and employs d i g i t a l  
data-handling c i r c u i t r y  ( i . e . ,  i f  the analog vol tage  s i gna l s  
from the  thermocouples a r e  d i g i t i z e d  wi th  an ana log- to -d ig i t a l  
conver ter  and subsequently handled 111 the d i g i t i z e d  form). 

The l o c a t i o n  (address )  of the  f a i l e d  f u e l  element can be 
s u i t a b l y  displayed with addi t ior la l  c i r c u i t ~ y .  

Computations 

The opera t ion  of a  r e ac to r  o f t en  requ i res  pe r iod ic  hand 
computation of c e r t a i n  values  such a s  hydraul ic  l i m i t s  and 
burnout Eafety f a c t o r s .  Since many of these  computations 
involve temperature da t a  a l ready ava i l ab l e  i n  the  monitor, 
p lus  some small  amount of da t a  from o the r  sources, i t  i s  not  
unreasonable t o  incorporate  the  necessary computational 
a b i l i t y  wi th in  the  monitor. This f a c i l i t y  can probably be 
added t o  t he  monitor f o r  only a  s l i g h t  add i t i ona l  expense i n  
the  case  of a  scanning monitor t h a t  employs d i g i t a l  c i r c u i t r y .  



Data Readouts 

It i s  o f t e n  d e s i r a b l e  t o  moni tor  t h e  t empera tu re  of a 
g iven  f u e l  channel  f o r  some s h o r t  p e r i o d  of  t ime o r  on a  
cont inuous  b a s i s .  Th i s  can  be done s imply by p rov id ing  jqcks  
on each  thermocouple p a i r  t o  permi t  connec t ion  of a  m i l l i -  
v o l t m e t e r  o r  r e c o r d e r ,  o r  it can be done more e l a b o r a t e l y  
by p r e s e n t i n g  a  OC r ead ing  on "Nixiet ' - type bu lbs  i n  response  
t o  punching i n  of  t h e  add res s  of t h e  d e s i r e d  thermocouple.  

Data Loggers 

It should  no t  be neces sa ry  t o  con t inuous ly  r e c o r d  a l l  
o f  t h e  r e a c t o r  t empera tu re s .  The d a t a  o b t a i n e d  from r e c o r d e r s  
or, p r i n t e r a  arc in a Torm~n .Lllat czinnQt be c o n v e n i e n t l y  u t i l i z e d .  
It should  be p o s s i b l e  t o  p r e s e n t  worthwhile  d a t a  i n  t h c  form 
t h a t  can l e a d  t o  t h e  r e q u i r e d  o p e r a t o r  a c t i o n ,  a s  d i s c u s s e d  
previously. However, t h e  d e s i g n e r  cannot  f o r e s e e  a l l  f u t u r e .  
e v e n t u a l i t i e s ,  and i t  may be  d e s i r a b l e  t o  o b t a i n  l o g s  of t h e  
tempera ture  d a t a  under  a l t e r e d  c o n d i t i o n s .  A v i s u a l  r eadou t  
of  i n d i v i d u a l  t empera tu re s  cou ld  be used t o  provide  t h e s e  
d a t a ,  b u t  t h e  d a t a  would n o t  n e c e s s a r i l y  be t ime-concur ren t .  
Therefore ,  p lug- in  p r o v i s i o n s  should  be made f o r  t h e  l a t e r  
a d d i t i o n  of  an au tomat ic  p r i n t e r ( 7 ) ,  even though t h e  p r i n t e r  
i s  no t  i nc luded  i n  t h e  o r i g i n a l  equipment.  

CONCEPTUAL DESIGN FOR A TEMPERATURE MONITOR 

A genera l -purpose  tempera ture  moni tor  can  be des igned  
on t h e  b a s i s  of  t h e  p rev ious  d i s c u s s i o n s  and conc lus ions  
( s e e  F igu re  4). For  t h e  r ea sons  p r e v i o u s l y  s t a t e d ,  t h e  
moni tor  i s  of t h e  scanning  type .  D i g i t a l  c i i > c u i t r y  Is  
employed f o r  convenience i n  t h e  s t o r a g e  o f  d a t a  and t h e  
performance o f  computat ions.  This  conceptua l  d e s i g n  can be . 

modif ied  t o  o u i t  most i-eacLor tempera ture  moni tor ing  r e q u i r e -  
ment s .  

The i n l e t  and o u t l e t  thermocouples a r e  t e r m i n a t e d  a t  an 
i so the rma l  pane l  l o c a t e d  n e a r  t h e  r e a c t o r .  These s i g n a l s ,  
p l u s  t h e  s i g n a l  from a  thermocouple t h a t  measures t h e  
isothermal pane l  temp.erature,  a r e  brought  o u t .  on long  copper  
p a i r s  t h a t  l e a d  t o  t h e  tempera ture  moni tor  ( l o c a t e d  i n  o r  n e a r  
t h e  c o n t r o l  room of  t h e  r e a c t o r )  and a r e  t e rmina ted  at  t h e  i n p u t  
t o  t h e  scanning  . s w i t c h e s .  The s i g n a l s  a t  t h e  i npu t  t o  t he  
scanning  swi t ches  a r e  : 

( 1 )  Coolant  o u t l e t  s i g n a l s  ( t l - t i so ) ,  ( t 2 - t i so ) ,  ( t i - t i so)  

( 2 )  Coolant  i n l e t  s i g n a l  ( t r - t i so )  

( 3 )  Reference s i g n a l  ( t  -r) 
is0 

where r i s  .an i n t e r n a l l y  g e n e r a t e d  r e f e r e n c e  s i g n a l .  
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FIG. 4 CONCEPTUAL'DESIGN FOR A TEMPERATURE MOtdiTOR 



The type  o f  swi t ch  depends upon t h e  r a p i d i t y  w i th  which 
tempera ture  t r a n s i e n t s  o r  a c c i d e n t s  can  occur  w i t h i n  t h e  
r e a c t o r .  'Stepping swi tches  cou ld  be employed f o r  t imes  of  
t h e  o r d e r  of minutes  and e i t h e r  f a s t  r e l a y s  o r  t r a n s i s t o r  
s w i t c h e s  f o r  t imes  o f  t h e  o r d e r  o f  0 .1  second.  

A f t e r  s u i t a b l e  a m p l i f i c a t i o n ,  t h e  thermocouple s i g n a l s  
a r e  conve r t ed  t o  d i g i t a l  form w i t h  an a r i a log - to -d ig i t a l  
c o n v e r t e r ,  g i v i n g  t h e  d i g i t i z e d  signals (Ti-Tiso ) , (TR-Tiso ) , 
and (Tiso-R) . 

Within t h e  d i g i t a l  system, t h e  a b s o l u t e  tempera ture  i s  
obtalr ied by s u b t r a c t i n g  (Tiso-R) from each  of' t h e  (TI-Tiso) 
v a l u e s  t o  y i e l d  (Ti-R),  i . e . ,  t h e  a b s o l u t e  tempera ture  minus 
a c o n s t a n t .  These va lues  a r e  t h e n  f e d  t o  an alarm d i sc r im-  
i n a t o r ,  which i n s t i t u t e s  au tomat ic  a c t i o n  i f  any va lue  exceeds 
t h e  a b s o l u t e  tempera ture  d i s c r i m i n a t o r  s e t t i n g ,  and t o  t h e  
d i s p l a y  pane l ,  which pe rmi t s  t h e  c o o r d i n a t e s  ( a d d r e s s )  o f  any 
a la rm t o  be determined.  

I n  s i m i l a r  f a s h i o n  t h e  AT a c r o s s  each  f u e l  element i s  
de termined  by s u b t r a c t i n g  ( T ~ - T ~ ~ ~  ) from each  (Ti-Tiso ) t o  
y i e l d  (T~-T , )  o r  ATi. The i n i t i a l  ATi va lues ,  i . e . ,  ATio a r e  
s t o r e d  i n  t h e  memory u n i t  when t h e  r e a c t o r  r eaches  f u l l  power, 
and a r e  r e a d  o f f  each  c y c l e  o f  t h e  scanne r  f o r  comparison wi th  
t h e  c u r r e n t  ATi v a l u e s .  If t h e  d i f f e r e n c e  ( A T ~ - A T ~ ~ )  o r  AATi 
exceeds t h e  tempera ture  r i s e  d i s c r i m i n a t o r  s e t t i n g ,  an a la rm i s  
gene ra t ed .  An approach d i s c r i m i n a t o r ,  s e t  a t  a  lower  l e v e l ,  
p rov ides  an annunc ia to r  i n d i c a t i o n  t h a t  a l e r t s  t h e  o p e r a t o r  
and pe rmi t s  him t o  t a k e  c o r r e c t i v e  manual a c t i o n .  

The f u e l  f a i l u r e  f e a t u r e  o p e r a t e s  from e i t h e r  t h e  ( T ~ - R )  
o r  t h e  ATl v a l u e s .  A 3  an example, t he  (Ti-R) v a l u e s  f o r  a l l  
o f  t h e  channels  of  a  f u e l  element can  be summed and d i v i d e d  
by t h e  number o f  f u e l  channels  t o  g i v e  ( T ~ - R ) ~ , ~  f o r  t h a t  f u e l  
elenletit. Th i s  va lue  i s  t h e n  s u b t r a c t e d  from each  of t h e  chanriel 
(Ti-R) 's  t o  g i v e  a  d i f f e r e n c e  denoted a s .  Djk ,  where j = t h e  
p a r t i c u l a r  f u e l  channel  number of  f u e l  e lement  number k .  The 
i n i t i a l  v a l u e s  ~ ~ ~ ( 0 )  a r e  s t o r e d  a t  t h e  a t t a inmen t  o f  f u l l  
power and a r e  compared wi th  c u r r e n t  v a l u e s  D ( t )  t o  g i v e  t h e  
second d i f f e r e n c e  AD 

J k  
j k '  

If any ADjk va lue  exceeds t h e  f u e l  
f a i l u r e  d i s c r i m i n a t o r  s e t t i n g ,  t h e  o p e r a t o r  i s  a l e r t e d  by an 
annunc ia to r  . 

The v i s u a l  d i s p l a y  f o r  f l a t t e n i n g  and op t imiz ing  t h e  
r a d i a l  f l u x  of t h e  r e a c t o r  can  be g e n e r a t e d  by pas s ing  t h e  ATi 
v a l u e s  t o  s u i t a b l e  d i s c r i m i n a t o r s ,  d i f f e r e n t i a l  o r  o the rwi se ,  
t o  e l . t he r  l i g h t  bu lbs  o r  modulate t h e  beam i n t e n s i t y  of a TV 
t u b e .  



Other f e a t u r e s ,  such as  t h e  decimal readout o f  a  
p a r t i c u l a r  f u e l  channel temperature c,an a l so  be conveniently 
provided. The d i g i t a l  da t a  can be u t i l i z e d  i n  a computer 
s e c t i o n  If  such requirements exis t , .  

C R d ~ z z r  
C.  R. Hut te r  

. . 

(J J. N. Wilson 
Physics Sect ion 
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