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T h i s  programmed t e x t  i s  recommended as a n  a i d  i n  t h e  s t u d y  of r e a c -  

t o r  technology.  It i s  n o t  t h e  i n t e n t  of t h e  a u t h o r s  and e d i t o r s  t h a t  t he  

text  be cons idered  a f i n i s h e d  product .  While f i e l d  t e s t i n g  of b o t h  t h e  

s u b j e c t  matter and t h e  c o n t i n u i t y  of thought  h a s  been l i m i t e d ,  t h e  need 

for s t u d y  material i n  programmed form w a s  a b a s i c  c o n s i d e r a t i o n  i n  t h e  

d e c i s i o n  t o  p u b l i s h  t h e  t ex t .  Revis ions  may be made a t  any t i m e  t o  

c o r r e c t  e r r o r s ,  t o  expand t h e  s u b j e c t  matter coverage,  or t o  update  t h e  

r e a c t o r  technology.  I f  t h e  t ex t  i s  used w i t h  t h e s e  r e s e r v a t i o n s ,  and 

i n  c o n j u n c t i o n  w i t h  o t h e r  s t u d y  he lps ,  i t  can be t h e  b a s i s  f o r  very  

rewarding i n d i v i d u a l  s tudy on t h e  pa r t  of t h e  s t u d e n t .  
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REACTOR OPERATOR STUDY HANDBOOK 

(Programmed I n s t r u c t i o n  Vers ion)  

VOLUME V - INSTRUMENTATION AND 'CONTROLS 

INTRODUCTION 

As a par t  of t h e  r e a c t o r  o p e r a t o r  I j ra in ing  program of O p e r a t i o n s  

D i v i s i o n ,  Oak Ridge N a t i o n a l  Labora tory ,  f i v e  areas of i n s t r u c t i o n  have 

been programmed f o r  i n d i v i d u a l  s t u d y .  They are: 

Volume I - Elementary Mathematics Review 

Volume I1 - R a d i a t i o n  S a f e t y  and Cont ro l  

Volume 111 - Reactor  P h y s i c s  

Volume I V  - Heat Theory and F l u i d  Flow 

Volume V - I n s t r u m e n t a t i o n  and C o n t r o l s  

These programmed s t u d i e s  a r e  a p a r t  of a c o u r s e  i n  r e a c t o r  opera-  

t i o n  t h a t  i n c l u d e s  c lasswork ,  l e c t u r e s ,  and on- the- job  t r a i n i n g .  A t  

t h e  end of t h e  c o u r s e ,  t h e  o p e r a t o r  t r a i n e e  i s  t e s t e d  f o r  competence i n  

all areas of r e a c t o r  o p e r a t i o n s  b e f o r e  b e i n g  c e r t i f i e d  t o  o p e r a t e  a 

p a r t i c u l a r  r e a c t o r .  

It i s  sugges ted  t h a t  t h e  programs b e  s t u d i e d  i n  t h e  sequence g i v e n  

above;  however, s e q u e n t i a l  dependence h a s  been minimized so t h a t  t h e y  

may be s t u d i e d  e i t h e r  i n d i v i d u a l l y  o r  a s  a n  i n t e g r a t e d  group.  

T h i s  v e r s i o n  of Volume V of t h e  programmed v e r s i o n  of t h e  O p e r a -  

t i o n s  D i v i s i o n ' s  r e a c t o r  o p e r a t o r  s t u d y  handbook i s  based upon t h e  

o r i g i n a l  v e r s i o n  a u t h o r e d  by R. A .  C o s t n e r ,  Jr., E .  N .  Cramer, and 

R .  L.  S c o t t ,  Jr . ,  and r e t a i n s  much of t h e  o r i g i n a l  m a t e r i a l .  
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INSTRUCTIONS 

The material  conta ined  i n  t h i s  manual h a s  been prepared u s i n g  a 

technique  c a l l e d  "programmed i n s t r u c t i o n " .  T h i s  t e c h n i q u e  of i n s t r u c -  

t i o n  c o n s i s t s  o f :  

1. P r e s e n t i n g  i d e a s  of i n f o r m a t i o n  i n  small, e a s i l y  d i g e s t i b l e  

s teps  c a l l e d  "frames'" 

2 .  Allowing you t o  s e t  your awn pace. 

3 .  Encouraging r e s p o n s e  i n  a n  a c t i v e  way so  t h a t  you have a 

s t r o n g  impress ion  of t h e  i d e a  p r e s e n t e d .  

4 .  L e t t i n g  you know immediately i f  your answer i s  c o r r e c t ,  thus  

r e i n f o r c i n g  your impress ion .  

5.  P r e s e n t i n g  many c l u e s  a t  f i r s t  t o  h e l p  you arrive a t  t h e  

c o r r e c t  answer.  ( A s  you p r o g r e s s ,  t h e  number of c l u e s  i s  

reduced .) 

A few sample frames a r e  found on t h e  n e x t  page. These w i l l  be 

used t o  i l l u s t r a t e  t h e  proper  u s e  of "programmed i n s t r u c t i o n " .  Most 

f rames w i l l  r e q u i r e  you t o  respond by f i l l i n g  i n  a b lank ,  o r  b l a n k s ,  

t o  complete  a s e n t e n c e .  Other  f rames  w i l l  g i v e  you a c h o i c e  of s e v e r a l  

r e s p o n s e s .  Some frames are f o r  i n f o r m a t i o n a l  purposes  only  and r e q u i r e  

no response .  The c o r r e c t  response  t o  a g i v e n  frame i s  always found on 

t h e  r i g h t  s i d e  of t h e  page a d j a c e n t  t o  t h e  f o l l o w i n g  frame. When r e a d -  

i n g  a frame, a s h e e t  (or  s t r i p )  of p a p e r  should be used t o  cover  t h e  

area below t h e  d o t t e d  l i n e  which f o l l o w s  t h e  frame. A f t e r  comple te ly  

r e a d i n g  a frame, you should w r i t e  your response  on a piece of  p a p e r .  

Next, move t h e  p a p e r  down t h e  page u n t i l  you r e a c h  t h e  next  d o t t e d  l i n e  

o r  t u r n  t h e  page. T h i s  w i l l  uncover t h e  n e x t  frame and t h e  c o r r e c t  

response  f o r  t h e  frame you have j u s t  completed.  Compare your r e s p o n s e  

w i t h  t h e  c o r r e c t  r e s p o n s e .  If t h e y  do n o t  match, r e a d  t h a t  frame a g a i n  

b e f o r e  moving on t o  t h e  next  one; do not  proceed u n t i l  you unders tand  

t h e  i n f o r m a t i o n  i n  t h e  frame you are r e a d i n g .  I f  t h e  r e s p o n s e s  d o  

match, proceed t o  t h e  frame you have j u s t  uncovered.  
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A t  t h e  end of each s e c t i o n ,  t h e r e  are s e l f - t e s t  q u e s t i o n s  f o r  

review.  I f  you miss one of t h e  s e l f - t e s t  q u e s t i o n s ,  repeat t h e  p e r t i -  

n e n t  f rames.  L t  i s  n o t  enough t o  respond c o r r e c t l y  as you proceed 

through t h e  m a t e r i a l ;  you must remember c o r r e c t l y  a t  t h e  end of t h e  

program and even la te r .  You should  a t t e m p t  t o  complete  each s e c t i o n  

once you have s t a r t e d .  

Sample Frames 

i. Programmed i n s t r u c t i o n  i s  a method of p r e s e n t i n g  

i n f o r m a t i o n  i n  s h o r t  paragraphs c a l l e d  "frames". 

These u s u a l l y  c o n t a i n  only  one o r  two concepts  

f o r  t h e  s t u d e n t  t o  g r a s p .  

ii. By r e q u i r i n g  you t o  t h i n k  of t h e  a p p r o p r i a t e  r e s p o n s e  frames 

and t o  w r i t e  t h a t  on a piece of p a p e r , ' y o u  t a k e  

a n  a c t i v e  par t  i n  t h e  program, and thereby  r e i n f o r c e  

your l e a r n i n g .  

i . ii .  T h i s  method of i n s t r u c t i o n ,  c a l l e d  __I -J 

allows you t o  proceed w i t h  t h e  material a t  a ra te  

which you d e t e r m i n e  f o r  y o u r s e l f .  

i v .  Programmed i n s t r u c t i o n  provides  t h e  a p p r o p r i a t e  

r e s p o n s e  immediately and t h u s  should re. inf o r c e  t h e  

s t u d e n t ' s  . 

res pons e 

p r  ogramrned 
i n s t r u c t i o n  

l e a r n i n g  
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SECTION V 

V - 1 .  PRINCIPLES OF ELECTRICITY 

The purpose of t h i s  s e c t i o n  i s  t o  p r e s e n t  p r i n c i p l e s  of e l e c t r i c i t y  

and e l e c t r i c a l  c i r c u i t s  which are  b a s i c  t o  a l l  ins t rument  and c o n t r o l  

c i r c u i t s .  Most people  would a g r e e  t h a t  very  l i t t l e  knawledge of e l e c -  

t r i c i t y  i s  n e c e s s a r y  i n  o r d e r  t o  u s e  i t ,  j u s t  as very  l i t t l e  knowledge 

of t h e  machinery of a c a r  i s  n e c e s s a r y  i n  o r d e r  t o  d r i v e  i t .  However, 

w e  b e l i e v e  t h a t  most of you w i l l  a g r e e  t h a t  some knowledge of t h e  m a -  

c h i n e r y  of an automobile  can h e l p  you t o  understand what a c a r  can  and 

cannot  d o  under v a r i o u s  c o n d i t i o n s ,  making you a b e t t e r  d r i v e r .  And 

s i n c e  e l e c t r i c a l  i n s t r u m e n t s ,  motors ,  c o n t r o l s ,  e t c . ,  are  s o  impor tan t  

t o  t h e  s a f e  o p e r a t i o n  of a r e a c t o r ,  w e  b e l i e v e  t h a t  some knowledve of 

e l e c t r i c i t y  can h e l p  make t h e  d i f f e r e n c e  between a p e r s o n ' s  be ing  a 

r e a c t o r  "opera tor"  and b e i n g  j u s t  a "but ton  pusher".  

.- 

E l e c t r i c i t y  i s  a form of energy .  T h i s  means i t  h a s  t h e  c a p a c i t y  

t o  e x e r t  a f o r c e  and cause  something t o  m t n .  

f o r c e  and cause  motion has  been d e f i n e d  a s  work. 

T h i s  c a p a c i t y  t o  e x e r t  a 

1. E l e c t r i c i t y ,  as a form of energy,  h a s  t h e  c a p a c i t y  t o  

do 

2 .  When work i s  done, a f o r c e  h a s  been e x e r t e d  on some work 

m a t t e r ;  and as a r e s u l t  of t h a t  f o r c e ,  t h e  matter i s  

made t o  . 
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1.1. Fundamentals 

1 . l a . '  C u r r e n t ,  P o t e n t i a l ,  and R e s i s t a n c e  

3 .  The e l ec t r i ca l  c h a r g e s  of e lementary  p a r t i c l e s  are move 

of two k i n d s .  We c a l l  them n e g a t i v e  and p o s i t i v e  

f o r  convenience.  The commonly known p a r t i c l e s  of 

which a l l  matter i s  made are p r o t o n s  (charged p o s i -  

t i v e l y ) ,  e l e c t r o n s  (charged n e g a t i v e l y ) ,  and %- 

t r o n s  which have no c h a r g e .  

4 .  P r o t o n s  are p a r t i c l e s  which are charged and 

e l e c t r o n s  are  charged p a r t i c l e s .  

5 .  The e l e c t r i c a l  energy  from t h e  motion of t h e  s m a l l  p o s i t i v e l y ,  
n e g a t i v e l y  

pa r t i c l e s  which we c a l l  e l e c t r o n s  c a u s e s  l a m p s  t o  

l i g h t ,  motors  t o  t u r n ,  ranges  t o  produce h e a t ,  and 

TV sets t o  o p e r a t e .  

6 .  The motion o r  movement of e l e c t r o n s  produces 

energy .  

7 .  Metals have r e l a t i v e l y  l a r g e  numbers of " f ree"  e l e c t r i c a l  

e l e c t r o n s  which are i n  cont inuous  random motion.  

The p r o t o n s ,  on t h e  o t h e r  hand, are not  f r e e  t o  move 

s i n c e  t h e y  are  p a r t  of t h e  t i g h t l y  bound-together  

n u c l e i  of t h e  atoms, What i s  meant when speaking  of 

e l e c t r i c  c u r r e n t s  i n  c o n d u c t o r s  i s  t h e  d r i f t  of t h e  

f r e e  one way o r  t h e  o t h e r  a l o n g  t h e  conductor .  -- 
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8. That  material  a l o n g  which t h e  f r e e  e l e c t r o n s  d r i f t  

i s  c a l l e d  a . 

9.  The movement of many f r e e  a l o n g  a w i r e  i s  

c a l l e d  an  e l e c t r i c  c u r r e n t .  T h i s  i s  analogous t o  

e l e c t r o n s  

conductor  

many drops  of water f lowing  i n  a p i p e ,  which w e  c a l l  

a -  of water. 

10. I n  one t y p i c a l  r e s e a r c h  r e a c t o r  t h e  c o o l a n t  f l o w  e l e c t r o n s ,  
c u r r e n t  

through t h e  r e a c t o r  v e s s e l  i s  18,000 ga l /min .  

i s  moving past a p o i n t  a t  t h e  ra te  of 18,000 ga l lmin .  

This  i s  a measure of t h e  c o o l a n t  . 

Water 

11. E l e c t r o n  f l o w  i s  measured i n  a s imilar  way. When 

6.25 x e l e c t r o n s  move pas t  a p o i n t  each second, 

by d e f i n i t i o n  t h e r e  i s  one ampere of c u r r e n t  f lowing 

p a s t  t h a t  p o i n t .  This  g u a n t i t y  of e l e c t r o n s  i s  

g i v e n  a name f o r  convenience.  

l i k e  t h a t  of many u n i t s  of e lec t r ica l  measurements, 

w a s  g iven  t o  honor one of t h e  p i o n e e r s  i n  t h e  f i e l d .  

' rAmpere t l  w a s  t h e  name of a n o t h e r  of t h e s e  p i o n e e r s .  

When a coulomb of e l e c t r i c i t y  o r  charge  moves p a s t  a 

p o i n t  i n  a conductor  each  second, t h e r e  i s  an  

of c u r r e n t  f lowing .  

The name "coulomb", 

c u r r e n t  o r  flow 

1 2 .  The u n i t  commonly used f o r  measuring e l e c t r i c  c u r -  ampe r e  

r e n t  i s  t h e  . 
7 
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13 .  Tf on ly  h a l f  of a of charge  moves p a s t  a p o i n t  ampere 

i n  one second,  t h e  c u r r e n t  i s  o n l y  h a l f  an  ampere. 

The ampere i s  commonly a b b r e v i a t e d  amp or 5. So, i n  

t h e  above case, w e  would w r i t e  t h e  answer 0.5 amp. 

When w r i t t e n  on a n  e l e c t r i c a l  diagram, i t  probably 

would be  w r i t t e n  0.5 a .  

14, The ampere i s  a convenient  u n i t  f o r  measuring t h e  

e l e c t r i c  c u r r e n t s  r e q u i r e d  t o  o p e r a t e  household 

a p p l i a n c e s  b u t  i s ,  however, much t o o  large f o r  meas- 

u r i n g  t h e  c u r r e n t s  found f r e q u e n t l y  i n  r e a c t o r  and 

o t h e r  i n s t r u m e n t a t i o n  o r  i n  such  t h i n g s  as  the  

f a m i l i a r  t r a n s i s t o r  r a d i o  r e c e i v e r s .  For  t h e s e  

c a s e s  t h e  ampere i s  d i v i d e d  by 1000 t o  g i v e  a u n i t  

c a l l e d  a m i l l i a m p e r e  ( m a )  o r  by 1,000,000 t o  g i v e  a 

microampere (pa). The symbol "p" i s  a Greek l e t t e r  

pronounced Mu and h e r e  s i g n i f i e s  one one -mi l l i on th  

o r  1/106 o r  

c ou 1 omb 

15. I f  the c u r r e n t  i n  your t r a n s i s t o r  r a d i o  i s  on ly  

0.065 ampere, you would c a l l  i t  a c u r r e n t  of 65 

16 .  A c u r r e n t  of 0.000015 ampere would commonly be  mil l iamperes  
o r  m a  w r i t t e n  15 Fa and would be r ead  15 . 

m i  cr oam p e r e s 1 7 .  U n t i l  now w e  have d i s c u s s e d  on ly  t h e  movement of 

cha rges  and have c a l l e d  t h e  movement e l e c t r i c  . 
We have a l s o  s a i d  t h a t  t h e  u n i t  used t o  measure 

e l e c t r i c  c u r r e n t  i s  t h e  . . 
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18. E a r l y  s t u d i e s  oE e l e c t r i c i t y  began w i t h  t h e  s t u d y  

of charged b o d i e s .  It w a s  c a l l e d  " s t a t i c "  e l e c -  

t r i c i t y  because when c e r t a i n  t h i n g s  l i k e  amber o r  

g lass  r o d s  were " e l e c t r i f i e d "  (charged) by rubbing  

them w i t h  a n o t h e r  material t h e  c h a r g e s  remained 

p r e t t y  w e l l  i n  one p l a c e .  They were s t a t i c ,  

19. E a r l y  exper imenters  found t h a t  t h e  materials which 

were good i n s u l a t o r s  were t h e  materials which could 

be charged .  A m a t e r i a l  which h a s  few " f r e e "  e l e c -  

t r o n s  ( i s  n o t  a conductor)  may be by rubbing  

w i t h  a s u i t a b l e  material .  

20. When a hard  rubber  rod i s  rubbed w i t h  wool one 
-J  - 

charge  i s  produced on t h e  rubber  and t h e  o p p o s i t e  

charge  i s  produced on t h e  wool .  F r e e  a r e  

c u r r e n t ,  
ampere 

charged 

rubbed o f f  one m a t e r i a l  and accumulate  on t h e  o t h e r .  

Thus, i f  t h e  rubber  g a i n s  e l e c t r o n s ,  i t  i s  s a i d  t o  

have a n e g a t i v e  c h a r g e .  

21. The p i e c e  of wool which i s  used t o  rub  t h e  rubber  e l e c t r o n s  

rod l o s e s  sone e l e c t r o n s  and i s  s a i d  t o  have a 

c h a r g e .  

22 .  S i n c e  i n  a n  i t  i s  v e r y  d i f f i c u l t  f o r  charges  p o s i t i v e  

t o  move, t h e  charge on t h e  rubber  rod remains f o r  

some t i n e  and i s  c a l l e d  a s t a t i c  charge .  
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2 3  e 

24 

25. 

26. 

i n s u l a t o r  The charge that: i s  b u i l t  u p  on a comb when you comb 

your h a i r  i s  c a l l e d  a charge  because i t  

remains on t h e  comb f o r  some t i m e .  

A of e l e c t r o n s  produces a charge .  A 

loss of e l e c t r o n s  produces a charge 
_I_ 

There i s  a d e v i c e  i n  which e l e c t r i c  charges  may b e  

s t o r e d .  It i s  c a l l e d  a c a p a c i t o r  o r  a condenser .  

The term condenser  o r i g i n a t e d  from t h e  
e r r o n e o u s  i d e a  t h a t  e l e c t r i c i t y  w a s  a f l u i d  
which could  be s t o r e d  i n  a s u i t a b l e  con-  
t a i n e r .  An e a r l y  c a p a c i t o r  was t h e  Leyden 
-which c o n s i s t s  of a g l a s s  j a r  coa ted  
p a r t  way up t h e  i n s i d e  and o u t s i d e  w i t h  
metal f o i l .  Charging t h e  jar  w a s  done by 
connec t ing  a n  " e l e c t r i c  machine" (charge 
g e n e r a t o r )  a c r o s s  t h e  two f o i l s .  E l e c t r o n s  
were d i s p l a c e d  from one f o i l  o r  " p l a t e "  of 
the c a p a c i t o r  t o  t h e  o t h e r .  - - 

- - - - - - -  

T h e  c h a r g i n g  of a c a p a c i t o r  r e s u l t s  i n  a s t a t i c  

charge of one type on one p l a t e  and t h e  o p p o s i t e  

type on t h e  o t h e r  p l a t e .  The c h a r g e  on a capac-  

i t o r  i s  s t a t i o n a r y  or  u n t i l  a d i s c h a r g e  pa th  

i s  ar ranged  between t h e  p la tes .  

s t a t i c  

nega t i ve , 
p o s i t i v e  
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- .... 

27.  

28. 

2 9 .  

30 .  

s t a t i c  If a conductor  i s  connected between t h e  p l a t e s  of a 

charged c a p a c i t o r ,  a c u r r e n t  w i l l  f low i n  i t .  The 

c u r r e n t  is  due t o  t h e  " d i f f e r e n c e  i n  p o t e n t i a l "  

between the c a p a c i t p r ' s  p l a t e s  due t o  t h e  s t a t i c  

charge  t h e r e o n .  The d i f f e r e n c e  i n  p o t e n t i a l  i s  

measured i n  " v o l t s "  (v) ,  a name g iven  t o  honor t h e  

p ioneer  I t a l i a n  p h y s i c i s t  Alessandro  V o l t a .  

"Dif fe rence  i n  p o t e n t i a l "  o r  s imply " p o t e n t i a l  d i f  - 
fe rence"  i s  a measure of t h e  d i f f e r e n c e  i n  t h e  

number of f r e e  e l e c t r o n s  i n  two l o c a t i o n s .  T h i s  

p o t e n t i a l  d i f f e r e n c e  i s  measured i n  . 

L i g h t n i n g  of t e n  r e s u l t s  when v e r y  s t r o n g  e l e c t r i c a l  v o l t s  

c h a r g e s  b u i l d  up on c louds ,  producing a p o t e n t i a l  

d i f f e r e n c e  ( v o l t a g e )  between t h e  c l o u d s  o r  between 

t h e  e a r t h  and c l o u d s  of thousands of v o l t s .  T h i s  

s t a t i c  c o n d i t i o n  remains j u s t  l i k e  t h a t  of t h e  r u b -  

b e r  rod and wool u n t i l  something happens t o  " ionize"  

(see S e c t i o n  1 . l h )  t h e  a i r .  Then t h e r e  i s  a s t r o n g  

c u r r e n t  between t h e  c l o u d s  or  t h e  cloud and t h e  

e a r t h  t h a t  w e  c a l l  a l i g h t n i n g  f l a s h .  As soon as 

t h e  c loud- to-c loud  o r  c l o u d - t o - e a r t h  p o t e n t i a l  d i f -  

f e r e n c e  becomes Low enough t h e  c u r r e n t  s t o p s  and t h e  

charge  s t a r t s  b u i l d i n g  up  a g a i n .  

E a r l y  exper iments  i n  which c a p a c i t o r s  were d i s -  

charged were man's f i r s t  e x p e r i e n c e s  w i t h  what we 

now c a l l  c u r r e n t  e l e c t r i c i t y  . 
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’ I n  t h i s  t e x t ,  o n l y  e l e c t r o n  c u r r e n t  w i l l  be 
c o n s i d e r e d .  I n  e a r l y  work w i t h  e l e c t r i c -  . 

~ i t y ,  i t  w a s  a r b i t r a r i l y  dec ided  t h a t  “ c u r -  
r e n t ”  flowed from t h e  p o s i t i v e  pole  t o  t h e  

1 n e g a t i v e  p o l e ;  and t h e n  an  a r b i t r a r y  naming 
~ of t h e  p o s i t i v e  and n e g a t i v e  p o l e s  w a s  
done. Later i t  was proved t h a t  t h e  c h o i c e  
of p o l e s  w a s  wrong and t h a t  t h e  e l e c t r o n  
c u r r e n t  f lows from t h e  n e g a t i v e  t o  t h e  
p o s i t i v e  p o l e *  S t u d e n t s  have had t o  l e a r n  
t o  s a y  t h a t  c u r r e n t  f lows  from p o s i t i v e  t o  
n e g a t i v e ,  a l t h o u g h  t h e y  know t h a t  i t  d o e s  
n o t .  S ince  e l e c t r o n  flow must be con- 
s i d e r e d  i n  deve loping  a n  u n d e r s t a n d i n g  of 
e l e c t r i c a l  phenomena i n  r a d i a t i o n ,  o n l y  
e l e c t r o n  flow w i l l  be t a u g h t ,  Hopefu l ly ,  
t h i s  approach w i l l  a s s i s t  t h e  s t u d e n t  
g a i n i n g  a q u i c k e r  a n a l y t i c a l  u n d e r s t a n d i n g  
of i o n i z a t i o n  chambers and t h e i r  c u r r e n t s .  

W e  s h a l l  use  the  terms “ e l e c t r o n  c u r r e n t ”  
and “ e l e c t r i c  cur ren t ‘ ’  i n t e r c h a n g e a b l y ,  
b u t  t h e  s t u d e n t  should remember t h a t  w e  
always mean e l e c t r o n  c u r r e n t .  
I - 

31. When chemical  c e l l s  and b a t t e r i e s  of such c e l l s  were 

developed,  t h e  s t u d y  of c u r r e n t  e l e c t r i c i t y  grew i n  

importance.  The c u r r e n t  produced by b a t t e r i e s  i s  

c a l l e d  d i r e c t  c u r r e n t  because  t h e  charge  movement 

o r  e l e c t r o n  c u r r e n t  i s  always i n  one d i r e c t i o n .  

3 2 .  An e l e c t r i c  c u r r e n t  t h a t  f lows  i n  only  one d i r e c t i o n  

through a conductor  (not  back and f o r t h )  i s  c a l l e d  

c u r r e n t .  
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3 3 .  By t h e  way, perhaps w e  should e x p l a i n  t.he terms c e l l  d i r e c t  

and b a t t e r y .  When t w o  conductors  made of d i f f e r e n t  

materials are immersed i n  t h e  same e l e c t r o l y t e  (a 

c e r t a i n  c l a . s s  of chemical  s o l u t i o n ) ,  chemical  a c t i o n  

w i l l  b u i l d  u p  a supply  of e l e c t r o n s  on one conductor  

and create a d e f i c i e n c y  of e l e c t r o n s  on t h e  o t h e r .  

Thus, a d i f f e r e n c e  of p o t e n t i a l  i s  produced between 

t h e  t w o  c o n d u c t o r s .  

7 T h i s  i s  the s o r t  of system t h a t  produces 
e l e c t r o l y t i c  c o r r o s i o n .  c 

Excess of 
e l e  c tr ons 

D e f i c i e n c y  of 
e l e c t r o n s  

E lec t r  o l y  t e 

F i g .  V - 1 .  An E l e c t r i c a l  C e l l  

3 4 .  The system made up of t h e  two d i f f e r e n t  conductors  

and t h e  e l e c t r o l y t e  i s  c a l l e d  a n  e l e c t r i c a l  c e l l .  

I n  an  o r d i n a r y  f l a s h l i g h t  c e l l ,  one conductor  i s  

carbon,  t h e  o t h e r  i s  z i n c ,  and t h e  e l e c t r o l y t e  i s  

ammonium c h l o r i d e .  The chemical  a c t i o n  produces 

e x c e s s  e l e c t r o n s  on the z i n c  s o  i t  becomes t h e  

p o l e  of t h e  c e l l .  
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3 5 .  A t  t h i s  p o i n t  w e  might i n t r o d u c e  t h e  word e l e c t r o d e .  neg a t i ve 

W e  have been d i s c u s s i n g  p o l e s  of a c e l l ,  and f o r  

c e l l s  t h e  word "pole" i s  a c c e p t e d .  However, a more 

u n i v e r s a l l y  accepted  word i s  " e l e c t r o d e " ,  which 

means e i t h e r  t e r m i n a l  of an  e l ec t r i c  source  o r  

e i t h e r  conductor  by which a c u r r e n t  e n t e r s  o r  l e a v e s  

a n  e l e c t r o l y t e s  

36. Although w e  s h a l l  c o n t i n u e  t o  use t h e  word p o l e  when 

we d i s c u s s  c e l l s  o r  b a t t e r i e s ,  remember t h a t  a t e r -  

mina l  through which c u r r e n t  i s  i n t r o d u c e d  i n t o  

a n o t h e r  system is  o f t e n  ca l l ed  a n  . 

37. The chemical  a c t i o n  i n  a c e l l  a l s o  produces a d e f i -  - 
c i e n c y  of e l e c t r o n s  on t h e  carbon c e n t e r  rod,  and 

e l e c t  rode  

i t  becomes t h e  p o l e  ( a l s o  c a l l e d  a n  1 of 

the c e l l .  

- - - - - - -  

38.  When t h e  term " c e l l  i s  used c o r r e c t l y ,  i t  means - 
one chemica l  system c o n s i s t i n g  of two d i f f e r e n t  

conductors  and an e l e c t r o l y t e .  Each of your 

car b a t t e r y  i s  made up bf l e a d  plates,  l e a d  d i o x i d e  

p l a t e s ,  and d i l u t e  s u l f u r i c  a c i d  f o r  t h e  e l e c t r o -  

l y t e .  

p o s i t i v e ,  
e l e c t r o d e  

39.  A b a t t e r y  i s  a group of c e l l s  connected e i t h e r  i n  c e l l  

II series ' '  ( p o s i t i v e  pole  of one c e l l  t o  n e g a t i v e  pole  

of next  c e l l )  or i n  "parallel" (a11 p o s i t i v e  p o l e s  

t o g e t h e r  and a l l  n e g a t i v e  p o l e s  t o g e t h e r ) .  



1 1. 

... 

F i g .  V-2. C e l l s  Wired i n  "Ser ies"  and i n  " P a r a l l e l "  

40.  For  example, i f  you have a t w o - c e l l  f l a s h l i g h t ,  you 

place. two c e l l s  end t o  end such t h a t  t h e  c e n t e r  p i n  

( p o s i t i v e  pole)  of one c e l l  c o n t a c t s  t h e  smooth end 

( n e g a t i v e  p o l e )  of t h e  n e x t  c e l l .  Thus, you have 

two ce l l s  "wired" i n  , making a t w o - c e l l  . 
.... 

41. When c e l l s  are wired  i n  ser ies ,  t h e  t o t a l  v o l t a g e  ser ies  , 
b a t t e r y  i s  t h e  - sum of v o l t a g e s  of t h e  ce l l s .  

u s e s  a 1 2 - v o l t  e l ec t r i ca l  system, s ix  2 - v o l t  c e l l s  

are wired  i n  s e r i e s  t o  make a 1 2 - v o l t  f o r  t h e  

system. 

I f  your c a r  

42.  The t o t a l  v o l t a g e  of c e l l s  w i f e d  i n  p a r a l l e l  remains b a t t e r y  

t h e  same as t h e  v o l t a g e  of one c e l l ;  b u t  t h e  t o t a l  

c u r r e n t  a v a i l a b l e  i s  more because,  i n  e f f e c t ,  you 

have b o t h  a l a r g e r  p o s i t i v e  e l e c t r o d e  and a l a r g e r  

n e g a t i v e  e l e c t r o d e .  The t o t a l  e f f e c t  i s  t o  make a 

low-vol tage b a t t e r y  t h a t  w i l l  l a s t  a longer  t i m e .  



4 3 .  When a conductor  i s  connected between t h e  t e r m i n a l s  

( e l e c t r o d e s )  of a b a t t e r y ,  as i n  F i g u r e  V - 3 ,  e lec- 

t r o n s  are r epe l l ed  from t h e  n e g a t i v e  p o l e  and are 

a t t r a c t e d  t o  t h e  pole .  S i n c e  t h i s  e l e c t r o n  

movement i s  always in one d i r e c t i o n ,  i t  i s  c a l l e d  

c u r r e n t .  The ammeter (F igure  V - 3 )  i s  a 

cur ren t -measur ing  i n s t r u m e n t .  

4 4 .  F i g u r e  V - 3  i l l u s t r a t e s  a s i m p l e  e l e c t r i c a l  “G- p o s i t i v e ,  

c u i t ” ,  t h e  pa th  a long  which e l e c t r o n s  f low from t h e  

n e g a t i v e  pole  of a n  e l e c t r i c a l  s o u r c e  t o  t h e  p o s i -  

t i v e .  In a p r a c t i c a l  system, t h e  c i r c u i t  must 

g e n e r a l l y  c o n t a i n  more components t o  l i m i t  t h e  

amount of c u r r e n t  and t o  c o n v e r t  t h e  energy  t o  u s e -  

f u l  work. 

d i r e c t  

. .-. . 

Conduc t o r  

B a t t e r y  jrT+ A m m e t e r  

F i g .  V-3. D i r e c t i o n  of  E l e c t r o n  Flow 
i n  a Battery-Powered C i r c u i t  

45. I f  t h e  conductor  i s  d i s c o n n e c t e d  from e i t h e r  b a t t e r y  

t e r m i n a l ,  t h e  c u r r e n t  s t o p s  f lowing  through t h e  

because f o r  a l l  p r a c t i c a l  purposes  t h e r e  a r e  

i n  a i r  t o  c a r r y  t h e  c u r r e n t  as t h e r e  -- no 

are  i n  t h e  conductor .  
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... 

4 6 .  An ins t rument  which measures a n  e lec t r ic  c u r r e n t  

i s  c a l l e d  a n  . One which measures p o t e n t i a l  

d i f f e r e n c e  o r  v o l t a g e  i s  c a l l e d  a v o l t m e t e r .  

47 .  An e l e c t r o n  c u r r e n t  i n  a w i r e  i s  t h e  movement of 

e l e c t r o n s  from t h e  more end of  t h e  w i r e  t o  

t h e  more end of t h e  w i s e .  T h i s  movement i s  

caused by t h e  between t h e  ends of t h e  

w i r e  - 

4 8 .  We have d e s c r i b e d  t h e  d r i v i n g  f o r c e  on e l e c t r i c a l  

charges  and s a i d  t h a t  i t  i s  t h e  r e s u l t  of a d i f f e r -  

ence i n  p o t e n t i a l  between two p o i n t s .  This  poten-  

t i a l  d i f f e r e n c e  i s  measured i n  . 

4 9 .  W e  have a l s o  d e s c r i b e d  e l e c t r o n  o r  e l e c t r i c  c u r r e n t ,  

which w e  measure i n  terms of a u n i t  c a l l e d  the 

50. We s a i d ,  too ,  t h a t  a c u r r e n t  of 0.0005 ampere  could 

a l s o  be w r i t t e n  0.5 m a  and read  0.5 or  w r i t  t e n  

500 pa. and read 500 . 

51. Even t h e  b e s t  eomnonly used conductors  are n o t  p e r -  

f e c t ;  as e l e c t r o n s  move through a wire, t h e y  encoun- 

ter a n  o p p o s i t i o n  t h a t  i s  c a l l e d  r e s i s t a n c e .  The 

u s  used i n  measuring t h i s  resistance i s  t h e  ohm. 

c i r c u i t  
f r e e  e l e c t r o n s  

ammeter 

n e g a t i v e ,  
p o s i t i v e ,  
p o t e n t i a l  d i f -  
f e r e n c e  

v o l t s  

ampere 

m i l l i a m p e r e ,  
microamperes 
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52.  On e l e c t r i c a l  diagrams t h e  Greek l e t t e r  omega, rZ, 

A r e s i s t a n c e  may i s  used as a symbol f o r  t h e  ohm. 
be l a b e l e d  500 n a n d  i s  read  500 - 

53. E l e c t r i c a l  r e s i s t a n c e  i s  i n f l u e n c e d  by a number of ohms 

t h i n g s .  

t empera ture ,  d i a m e t e r ,  and t h e  material of which i t ,  

i s  made.  

The r e s i s t a n c e  of a w i r e  v a r i e s  w i t h  length2 

54. S i n c e  t h e  r e s i s t a n c e  of materials v a r i e s  wide ly ,  w e  

q u i t e  o f t e n  s e p a r a t e  a l l  matter i n t o  two groups:  

good conductors  (meaning t h e y  have low r e s i s t a n c e )  

and poor conductors  (meaning t h e y  have h i g h  r e s i s t -  

ance)  - 

55. A good conductor  i s  a material which o f f e r s  l i t t l e  

o p p o s i t i o n  t o  e l ec t r i c  c u r r e n t .  Thus i t  h a s  (low, 

h i g h )  r e s i s t a n c e .  

56. Thus, w h i l e  1000 f t  of No. 10 i r o n  w i r e  h a s  a 

r e s i s t a n c e  of about  6 ohms, i t  would t a k e  about I six 

times t h a t  l e n g t h  of No. 10 copper w i r e  t o  have t h e  

same r e s i s t a n c e .  The r e s i s t a n c e  of 1000 E t  of No. 

10 copper  wire i s  about  ohm* 

- 

1 ow 
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... 

57. A poor conductor  i s  one which a l lows  ve ry  l i t t l e  

e l e c t r i c a l  c u r r e n t  t o  f l o w  through i t .  Such a 

material could  be used as a r e s i s t o r ,  a d e v i c e  

p laced  i n  a c u r r e n t  pa th  t o  ( i n c r e a s e ,  r e t a r d )  t h e  

movement of e l e c t r o n s .  

one 

58. Copper i s  a good conductor  and nichrome i s ,  corn- 

p a r a t i v e l y ,  a poor conductor .  Nichrome w i r e  would 

be (good, poor) t o  u s e  a s  a r e s i s t o r ,  and i t  would 

be  (good, poor) t o  use t o  w i r e  a house .  

re t.ar d 

59. Some materials conduct  s o  l i t t l e  e l e c t r i c i t y  t h a t  good Y 
poor they  cannot  be used as conductors  a t  a l l .  These 

o f f e r  more o p p o s i t i o n  t o  e l e c t r i c  c u r r e n t  t han  most 

r e s i s t o r s ,  and w e  c a l l  them i n s u l a t o r s .  

60. Materials l i k e  rubbe r ,  ceramics ,  g l a s s ,  a i r ,  and 

d r y  wood are ex t r eme ly  poor conduc to r s  so t hey  are 

good 

61. Most metals a re  r e l a t i v e l y  good conduc to r s .  O f  

t h e s e ,  s i l v e r  i s  t h e  b e s t  conductor ,  copper  nex t ,  

t hen  g o l d ,  and t h e n  aluminum. S i n c e  s i l v e r  and gold  

are much more expens ive  t h a n  copper  o r  aluminum, 

t h e s e  l as t  two are most commonly used as 

i n s u l a t o r s  
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... 
6 2 .  Water which h a s  o n l y  t r a c e s  of d i s s o l v e d  s o l i d s  i s  

a poor conductor .  Sea w a t e r ,  which h a s  l a r P e  

amounts of d i s s o l v e d  s o l i d s ,  i s  a good conductor .  

P o t a b l e  water is  normally a r e l a t i v e l y  poor conduc- 

I t o r .  Demineral ized water, t h e n  would probably be a 

v e r y  poor (conductor ,  i n s u l a t o r ) .  

conduct o r  s 

6 3 .  I f  d e m i n e r a l i z e d  water i s  a good i n s u l a t i n g  material2 conductor  

a - r e s i s t a n c e  measurement of t h i s  water should show a 

(h igh ,  low) r e a d i n g .  A meter  t h a t  would measure i t s  

a b i l i t y  t o  conduct. e l e c t r i c i t y  would show a 

r e a d i n g  . 

64. A t  some d e m i n e r a l i z e r  i n s t a l l a t i o n s ,  t h e  water 's  

c u r r e n t - c o n d u c t i n g  c a p a c i t y  i s  read w i t h  a meter 

t h a t  reads numbers i f  t h e  water r e s i s t a n c e  i s  

h i g h .  The meter a c t u a l l y  measures t h e  a b i l i t y  of 

t h e  water t o  e l e c t r i c i t y .  If t h e  a b i l i t y  t o  

conduct a n  e l e c t r i c  c u r r e n t  i s  law, t h e  water 

r e s i s t a n c e  i s  . 

65. So, a material  t h a t  conducts  e l e c t r i c i t y  e a s i l y  i s  

a (good, poor) r e s i s t o r ,  w h i l e  pure water, which 

conducts  v e r y  l i t t l e  e l e c t r i c  c u r r e n t ,  would have 

(high,  low) r e s i s t a n c e .  

h igh ,  
1 ow 

conduct ,  
h'igh 

-. . 



1 7  

- ..... l e l b e  Power i n  DC C i r c u i t s  

66. The u n i t  of e l e c t r i c  power i s  t h e  " w a t t " .  It i s  a 

u n i t  of measure of t h e  amount of power s u p p l i e d  t o  

an  e l e c t r i c  c i r c u i t .  (A k i l o w a t t  is 1,000 wat ts . )  

Mathemat ica l ly?  t h e  watts of power consumed i n  an 

e l e c t r i c  c i r c u i t  a r e  e q u a l  t o  t h e  p r o d u c t  of t h e  

c u r r e n t  i n  t h e  c i r c u i t  i n  amperes and t h e  p o t e n -  

t i a l  d i f f e r e n c e  a c r o s s  t h e  c i r c u i t  i n  v o l t s ;  

W - I x E .  

- - 
Vol tage  i s  sometimes c a l l e d  " e l e c t r o m o t i v e  
f o r c e "  s i n c e  i t  i s  t h e  f o r c e  which d r i v e s  
a n  e l e c t r i c  c u r r e n t .  The symbol € o r  e lec-  
t romot ive  f o r c e  i s  "E". You w i l l  Eind that 
i n  mathematical  formulae V and E nay be 
used i n t e r c h a n g e a b l y  t o  mean " v o l t s "  o r  
" e l e c t r o m o t i v e  force" .  Also,  " e l e c t r o -  
motive f o r c e "  is w r i t t e n  "emf". 

- ..... 

67. Elec t r i ca l  energy  used d i v i d e d  by t h e  time d u r i n g  

which it i s  expended e q u a l s  e l e c t r i c a l  power which 

may be measured i n  . 

68. A motor t h a t  draws o r  passes 5 amps when connected 

t o  a 120-v l i n e  i s  a 600-watt motor.  I f  t h e  motor 

i s  r u n  f o r  10 seconds,  it u s e s  6000 w a t t ' s e c  of 

e l e c t r i c a l  energy .  

69. Power = e n e r g y l t i m e  o r ,  w r i t t e n  a n o t h e r  way, power x 

Poor 3 

h i g h  

w a t t s  

time = . 
... 
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70. So: wat t s  x seconds = energy  used ,  and 

k i l o w a t t s  x h o u r s  = used.  

If a 100-watt  l i g h t  b u l b  burns  f o r  10 hours ,  you 

pay f o r  100 x 10 = 1000 w a t t  hours  o r  1 kwh of e l e c -  

t r i c a l  . 

71. The rate a t  which energy  i s  used i s  a measure of 

power. E l e c t r i c a l  power i s  u s u a l l y  measured i n  

1 " l c -  Ohm's Law 

72. 

energy 

I n  an e l e c t r i c  c i r c u i t  t h e r e  i s  a f i x e d  r e l a t i o n s h i p  watts 

between t h e  c u r r e n t  and r e s i s t a n c e  i n  t h e  c i r c u i t  

and t h e  p o t e n t i a l  d i f f e r e n c e  a c r o s s  i t .  T h i s  re la-  

t i o n s h i p  i s  c a l l e d  Ohm's l a w .  The l a w  may b e  s t a t e d  

t h u s :  One a m p e r e  of c u r r e n t  flows whenever t h e r e  i s  

one v o l t  of p o t e n t i a l  d i f f e r e n c e  a c r o s s  one ohm of 

r e s i s t a n c e .  Ohm's l a w  may b e  expressed  i n  e q u a t i o n  

form< as 1 = V I R .  

73. I n  t h e  above e q u a t i o n ,  I i s  t h e  i n t e n s i t y  o r  amount 

of c u r r e n t ,  measured i n  , ' V i s  p o t e n t i a l  d i f -  

f e r e n c e ,  measured i n  , * and R i s  r e s i s t a n c e ,  

measured i n  . 

74. We can  c a l c u l a t e  t h e  amperes of c u r r e n t  i n  a c i r c u i t  

i f  w e  know the  v o l t s  a c r o s s  t h e  c i r c u i t  and t h e  

amperes, 

ohms 
v o l t s ,  

of t h e  c i r c u i t .  

... 
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7 5 .  F i g u r e  V - 4  shows a number of common symbols used i n  r e s i s t a n c e  

drawing  e l e c t r i c a l  c i r c u i t  diagrams.  

lowing frames,  t h e s e  symbols w i l l  be  used i n  draw- 

I n  the f o l -  

i n g s  t o  r e p r e s e n t  t h e  components of c i r c u i t s  %- 
cussed .  

Inductance  Capac i tor  
R e  s 1. s t o r  

---+A&- 

One c e l l  

----It--- 
( t h e  long l i n e  i s  
always t h e  -I- 
term ina  1 )  

A b a t t e r y  of 
any number of 
c e l l s  

-I"- 

F i g .  

~ ( c o i l )  ( c o n d i n ~ r )  

. .  
o r  -(yyysA-, 

a c  g e n e r a t o r  Switch 

Re l a y  Trans f orme r 

w i t h  i r o n  c o r e  

V - 4 .  Common Elec t r ica l  Symbols 

76. A s  was poin ted  o u t  e a r l i e r ,  t h e  term " c i r c u i t "  i s  

used t o  i d e n t i f y  t h e  pa th  a l o n g  which e l e c t r i c  

charges  move from one pole  t o  a n o t h e r  of a b a t t e r y ,  

g e n e r a t o r ,  o r  u t i l i t y  o u t l e t ,  as  shown below. 
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R e s  i s  t o r  

B a t t e r y  -$-:-$ c o i l  

R e s i  t r 

F i g .  V-5 .  A Simple E l e c t r i c  C i r c u i t  

7 7 .  I n  t h e  a b o v e - i l l u s t r a t e d  c i r c u i t ,  t h e  two r e s i s t o r s  

and c o i l  a r e  commonly c a l l e d  t h e  "e''. 
w i t h  t h e  b a t t e r y  and c o n n e c t i n g  wires, i s  an elec- 

t r  i c  The load may make some prac t ica l  u s e  of 

t h e  e l e c t r o n  f low and it  a l s o  l i m i t s  t h e  e l e c t r o n  

flow ra te  s o  t h a t  t h e  b a t t e r y  and t h e  conductors  are  

n o t  damaged. 

T h i s  load ,  

78. A c i r c u i t  may have a load which i s  only  one i t e m  c i r c u i t  

such as a l amp ,  motor,  h e a t e r ,  c o i l  r e s i s t o r ,  e tc . ;  

o r  t h e  load may c o n s i s t  of s e v e r a l  items. 

7 9 .  R e g a r d l e s s  of how many components make up t h e  load ,  

t h e  e l e c t r o n  p a t h  from one pole  of t h e  v o l t a g e  

s o u r c e  through t h e  load t o  t h e  o t h e r  po le  of t h e  

v o l t a g e  s o u r c e  i s  c a l l e d  t h e  e l ec t r i c  . 

... 

80. I f  a n  e l ec t r i c  t o a s t e r  i s  used on a 1 2 0 - v o l t  e l e c -  c i r c u i t  

t r i c  l i n e  and h a s  a r e s i s t a n c e  of 20 ohms, how many 

amperes of c u r r e n t  w i l l  f l o w  through i t? Using 

Ohm's Law, I = 120/20 = . 



81. The f i l a m e n t  of a l i g h t  b u l b  t h a t  allows 0 .5  amp t o  6 amperes 

f low when used on a 120-vol t  l i n e  has a r e s i s t a n c e  

of 2so  . 

82. I f  w e  d i d  n o t  know t h e  v a l u e  of R ,  w e  could  - tal- 

c u l a t e  i t  as fo l lows:  

I = 0.5 amp 

v = 120 v o l t s  

Ohm's Law is :  I = V/R;  o r )  i t  can b e  w r i t t e n :  

R = V / I  

s o  t h a t  R = v o l t s  + amp = ' ohms. 

ohms 

83. There i s  a similar e q u a t i o n  t o  relate watts,  amperes, 120) 
0.5,  
240 and v o l t s :  watts = amperes x v o l t s  

W = I x V  

84. Watts are  c a l c u l a t e d  as t h e  product  of t i m e  s 

_I_ . However, i f  you wanted t o  calculate amperes, 

t h e  e q u a t i o n  would become: amperes = w a t t s /  . 

85. For  example, t h e  lamp mentioned i n  Frame 81 t h a t  amperes (or  . .  
v o l t s ) ,  

a l l o w s  a c u r r e n t  of 0.5 a t o  flow when used on a 
v o l t s  (or 

120-vol t  l i n e  would have a wattage r a t i n g  of amperes), 
v o l t s  

wat t s .  

86. A l a m p  r a t e d  a t  150 watts when used on a 120-vol t  60 (0.5 a x 120 I 
= 60 w) 

l i n e  would have a c u r r e n t  through i t  of ~ a m p s .  
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87 .  I n  P a r t  of F i g u r e  V - 6 ,  t h e r e  I s  a p o t e n t i a l  d i f -  1.25 

f e r e n c e  between t h e  p o l e s  t h a t  i s  measured i n  . (E = 1.25 a 

We would c a l l  i t  a n  open c i r c u i t  v o l t a g e .  There i s  

no c u r r e n t  because t h e  two p o l e s  a r c n o t  connected 

by a s u i t a b l e  conductor .  A i r  i s  a very  (poor ,  good) 

conductor .  I n  f a c t ,  a i r  would b e  cons idered  a good 

1- 
a b C 

F i g .  V - 6 .  Open and Closed C i r c u i t s  

- - - - - - -  

88. I n  P a r t  k of F i g u r e  V - 6 ,  t h e r e  i s  s t i l l  no c u r r e n t  

because t h e  a i r  gap i n  t h e  open s w i t c h  i s  a good 

8 9 .  However, when w e  c l o s e  t h e  s w i t c h ,  e l e c t r o n s  b e g i n  

t o  move from t h e  pole  t o  t h e  pole  

through t h e  conductor  and r e s i s t a n c e  i n  the  d i r e c -  

t i o n  shown by t h e  curved arrow i n  Part  c of F i g u r e  

V - 6 .  
- 

v o l t s ,  
Poor 3 

i n s u l a t o r  

i n s u l a t o r  
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.... 

90. This  movement of e l e c t r o n s  c o n s t i t u t e s  a c u r r e n t .  

According t o  Ohm's Law, t h e  amount of c u r r e n t  

depends on t h e  p o t e n t i a l  d i f f e r e n c e ,  measured i n  

, and t h e  amount of o p p o s i t i o n ,  measured i n  

91. I f  t h e  b a t t e r y  s u p p l i e s  20 v o l t s  of p o t e n t i a l  d i f -  

f e r e n c e  and t h e  r e s i s t a n c e  i s  10 ohms, t h e  c u r r e n t  

can  be c a l c u l a t e d  by Law. 

J = V I R  

- I ,= 20 v / 1 0 n =  2 

92. Remove t h e  1 0 - n r e s i s t a n c e  and r e p l a c e  i t  w i t h  a 

5-f2. r e s i s t a n c e .  

and t h e  v o l t a g e  remains t h e  same, t h e  c u r r e n t  w i l l  

( i n c r e a s e ,  d e c r e a s e ,  remain t h e  same). 

I f  t h e  o p p o s i t i o n  becomes less 

93.  By Ohm's Law I = 20 V / 5  -0- = 4 amps.  

r e s i s t a n c e  d e c r e a s e s  by a f a c t o r  of two (we used 

h a l f  t h e  r e s i s t a n c e ) ,  t h e  c u r r e n t  i n c r e a s e s  by a 

f a c t o r  of 

When t h e  

94. I n  o t h e r  words,  as r e s i s t a n c e  i n c r e a s e s ,  c u r r e n t  

95. The r e v e r s e  i s  a l s o  t r u e ;  a s  r e s i s t a n c e  d e c r e a s e s ,  

t h e  amount of c u r r e n t  . 

n e g a t i v e  
p o s i t i v e  

v o l t s ,  
ohms 

Ohm's, 
amps  

i n c r e a s e  

tw 0 

d e c r e a s e s  

- .... 
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- ..... 

- ..... 

96. So, i f  t h e  r e s i s t a n c e  a s  i n d i c a t e d  i n  P a r t  of 

F i g u r e  V - 6  (with the  s w i t c h  c l o s e d )  becomes 2 ohms 

w h i l e  t h e  v o l t a g e  remains 20 ,  t h e  c u r r e n t  w i l l  be  

amps. 

i n c r e a s e s  

97 .  Now l e t  u s  r e p l a c e  t h e  f i x e d  r e s i s t o r  w i t h  a d e v i c e  10 

c a l l e d  a "poten t iometer" .  

of F i g u r e  V - 6 ,  t h i s  d e v i c e  i s  a f i x e d  r e s i s t o r  w i t h  

a n  a d d i t i o n a l  c o n t a c t  t h a t  can be moved a long  t h e  

r e s i s t o r  from end t o  end. (The volume c o n t r o l  on a 

r a d i o  r e c e i v e r  i s  one form of p o t e n t i o m e t e r ) .  

A s  i n d i c a t e d  i n  P a r t  

9 8 .  We have redrawn P a r t  c - of F i g u r e  V - 6  f o r  conven- 

fence  (See F i g u r e  V - 7 ) .  I f  w e  place a v o l t m e t e r  

(VI) between x and y ,  i t  w i l l  r ead  the  same v o l t -  

age a s  t h e  b a t t e r y .  

v o l t a g e  w i l l  be t h e  product  of t h e  c u r r e n t  through 

t h e  r e s i s t o r  and t h e  r e s i s t a n c e  of t h e  r e s i s t o r :  

v = I R .  

According t o  Ohm's Law, t h e  

F i g .  V - 7 .  E l e c t r i c  C i r c u i t  w i t h  a P o t e n t i o m e t e r  

-----3- 
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9 9 .  Voltmeter  V2 i n  F i g u r e  V-7 i s  connected a c r o s s  o n l y  

p a r t  of t h e  r e s i s t a n c e  of t h e  p o t e n t i o m e t e r  and w i l l  

r ead  a p o t e n t i a l  d i f f e r e n c e  t h a t  i s  e q u a l  t o  t h e  

product  of t h a t  p a r t  of t h e  r e s i s t a n c e  (below t h e  

arrow) and t h e  c u r r e n t  through i t .  The c u r r e n t  

through t h e  whole r e s i s t a n c e  of t h e  poten t iometer  

i s  (more than ,  less  t h a n ,  e q u a l  t o )  t h e  c u r r e n t  

through t h e  eart of t h e  r e s i s t a n c e  a c r o s s  which V2 

i s  connec ted .  

l ess  than ,  more than)  t h a t  read  by V1* 

The v o l t a g e  read by V2 i s  (equal  t o ,  

100. A s  w e  move t h e  s l i d i n g  c o n t a c t ,  0 ,  toward y,  t h e  e q u a l  t o ,  
less t h a n  v o l t a g e  measured by V2 w i l l  become ( g r e a t e r ,  less) .  

101. A s  we move t h e  s l i d i n g  c o n t a c t ,  0 ,  a l o n g  t h e  r e s i s -  l e s s  

t o r  toward x ,  a g r e a t e r  amount of r e s i s t a n c e  i s  

spanned by t h e  probes of V 2 ;  and t h e  v o l t a g e  i s  

c o r r e s p o n d i n g l y  ( g r e a t e r ,  l e s s ) .  

102. Now, i f  we p l a c e  a n o t h e r  v o l t m e t e r  (V,) between x 

and 0 ,  we will fi.nd t h a t  t h e  sum of t h e  v o l t a g e s  

measured by V2 and V 

measured by V I .  

w i l l  be  e q u a l  t o  t h e  v o l t a g e  3 

103. We could  s a y ,  then ,  t h a t  t h e  s l i d i n g  c o n t a c t  d i v i d e s  

t h e  v o l t a g e  a c r o s s  t h e  whole r e s i s t a n c e  i n t o  two 

v o l t a g e s .  One v o l t a g e  i s  from x t o  , - and t h e  

o t h e r  i s  from t o  y .  The u_m_ of t h e s e  v o l t a g e s  

i s  e q u a l  t o  t h e  v o l t a g e  from , 

- 

to _. 

g r e a t e r  
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104. T h i s  v o l t a g e - d i v i d i n g  p r i n c i p l e  i s  t h e  r e a s o n  f o r  0, 

c a l l i n g  t h e  d e v i c e  a p o t e n t i o m e t e r .  The word means 0 ,  

x, 
p o t e n t i a l  meter ing ,  p o t e n t i a l  d i v i d i n g ,  o r  p o t e n t i a l  y 

measuring.  The v o l t a g e  from o t o  y may b e  (less 

t h a n ,  more than ,  t h e  same as) t h e  v o l t a g e  of t h e  

b a t t e r y  . 

105. The volume c o n t r o l  ( p o t e n t i o m e t e r )  of your r a d i o  less t h a n  or  
t h e  same as receiver al lows you t o  d e c i d e  how much of t h e  t o t a l  

s i g n a l  v o l t a g e  you want t o  be a m p l i f i e d .  I f  t h e  

s l i d i n g  c o n t a c t  i s  c l o s e  t o  y, t h e  amount of v o l t a g e  

a m p l i f i e d  i s  small and t h e  f i n a l  volume output  i s  

(small, l a r g e ) .  

106. I f  t h e  s l i d i n g  c o n t a c t  i s  c l o s e  t o  x, t h e  amount of sma 11 

v o l t a g e  from o t o  y i s  and t h e  volume o u t p u t  

of your r a d i o  i s  . 

107. The s l i d i n g  c o n t a c t  a l l o w s  you t o  vary  t h e  o-to-y l a r g e  o r  h igh ,  
l a r g e  o r  loud  v o l t a g e  from a v e r y  small amount t o  a n  amount e q u a l  

t o  t h e  v o l t a g e  when t h e  c o n t a c t o r ,  0 ,  is  a t  x .  

108. A p o t e n t i o m e t e r  i s  a d e v i c e  which s e r v e s  as a v o l t -  

age .-*e 

b a t t e r y  o r  
s o u r c e  o r  x t o  
y o r  t o t a l  

109. The d e v i c e  i n  F i g u r e  V-8 ,  below, i s  a n  a d j u s t a b l e  d i v i d e r  

resistor o r  r h e o s t a t  
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. 

F i g .  V - 8 .  E l e c t r i c  C i r c u i t  w i t h  a Rheos ta t  

Note t h a t  i n  t h i s  case, r e g a r d l e s s  of t h e  p o s i -  
t i o n  of B ,  a l l  of t h e  v o l t a g e  i s  between A and 
B .  R e g a r d l e s s  of B ' s  p o s i t i o n  on t h e  r e s i s t o r ,  
a v o l t m e t e r  from A t o  B i s  measur ing  t h e  t o t a l  
v o l t a g e  a c r o s s  t h e  r e s i s t o r ,  which i s  t h e  source  
v o l t a g e .  

118. As B moves down, t h e  r e s i s t a n c e  i n  t h e  c i r c u i t  

(becomes l a r g e r ,  becomes smaller, remains t h e  same). 

111. I f  t h e  v o l t a g e  does  n o t  change and t h e  r e s i s t a n c e  

from A t o  B becomes l a r g e r  as B moves down, t h e  

c u r r e n t  i n  t h e  c i r c u i t  must become . 
becomes l a r g e r  

112 .  A s  B moves toward A ,  t h e  c u r r e n t  i n  t h e  c i r c u i t  l ess  o r  smaller 

( i n c r e a s e s ,  decrease.s ,  does  n o t  change) because t h e  

r e s i s t a n c e  becomes . 

113. This  t y p e  o f  v a r i a b l e  r e s i s t o r  i s  c a l l e d  a r h e o s t a t .  i n c r e a s e s ,  
smaller o r  less It i s  used t o  v a r y  c u r r e n t  w h i l e  t h e  poten t iometer  

i s  used t o  v a r y  o r  d i v i d e  . 
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1 . l d .  

114 

0 ,  

115. 

116. 

1 1 7  e 

C a p a c i t o r s  i n  DC C i r c u i t s  

Another impor tan t  c i r c u i t  component i s  t h e  c a p a c i -  v o l t a g e  

- t o r  (o r  condenser ) .  The c a p a c i t o r  is a s t o r a g e  

d e v i c e  €or  a n  e l e c t r i c a l  charge .  

An e l ec t r i ca l  charge  may be s t o r e d  i n  a d e v i c e  

c a l l e d  a 

Two conduct ing  p l a t e s  s e p a r a t e d  by a n  i n s u l a t o r  i s  c a p a c i t o r  o r  

c a l l e d  a c a p a c i t o r ,  and t h i s  d e v i c e  h a s  t h e  c a p a c i t y  

t o  s t o r e  a n  . 
condenser 

L e t  us  connect  a c a p a c i t o r  t o  a b a t t e r y  as shown 

be low. 

e l e c t r i c  charge 

F i g .  V - 9 ,  Simple C i r c u i t  w i t h  a C a p a c i t o r  

When t h e  s w i t c h  is c l o s e d ,  t h e  v o l t a g e  a c r o s s  the 

c a p a c i t o r  plates  becomes t h e  same as the v o l t  - 
age .  

118. When t h e  s w i t c h  i s  c l o s e d ,  e l e c t r o n s  a r e  moved by b a t t e r y  or 
s o u r c e  

the b a t t e r y  (and through t h e  b a t t e r y )  away from one 

p la te  and are d e p o s i t e d  on t h e  o t h e r  p l a t e .  T h i s  

a c t i o n  c o n t i n u e s  u n t i l  t h e  c a p a c i t o r  p o t e n t i a l  d i f -  

f e r e n c e  i s  e q u a l  t o  t h a t  of t h e  . 
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119. I f  the switch is  then  opened, t h e r e  i s  no c o n d u c t i n g  b a t t e r y  

p a t h  f o r  charges  t o  m s  f rom one p l a t e  t o  t h e  

o t h e r ;  s o  t he  v o l t a g e  between the plates  (decreases ,  

i n c r e a s e s ,  remains t h e  same). 

120. For t h i s  r e a s o n ,  a c a p a c i t o r  i s  s a i d  t o  be a s t o r -  remains t h e  
same age  d e v i c e  f o r  e l e c t r i c  charges. The n e g a t i v e  

charge  on one p l a t e  and p o s i t i v e  charge  on t h e  

o t h e r  remain t h a t  way u n t i l  a conduct inp  pa th  i s  

placed be tween them 

121.  Charg ing  a c a p a c i t o r  i s  t h e  p r o c e s s  of producing a 

p o s i t i v e  charge  on one p l a t e  and a charge on 

t h e  o t h c r  so  t h a t ,  between t h e  plates ,  t h e r e  i s  a 

d i f f e r e n c e .  

122 J I f  a conduct ing  p a t h  i s  p laced  between t h e  two 

p l a t e s  of a charged c a p a c i t o r ,  t h e  e x c e s s  f r e e  e lec-  

t r o n s  on one p l a t e  are a t t r a c t e d  by t h e  p o s i t i v e  

c h a r g e  on t h e  o t h c r  p la te ;  t h e y  move through t h e  

conductor  t o  t h e  o t h e r  p l a t e  u n t i l  t h e r e  i s  no d i f -  

f e r e n c e  i n  t h e  charge  on t h e  two p la tes .  This  

nega t i v e  , 
p o t e n t i a l  

p rocess  i s  ca . l led  d i s c h a r g i n g  t h e  c a p a c i t o r .  

123. A c a p a c i t o r  s t o r e s  e l e c t r i c  . Condenser i s  

a l s o  a common name f o r  the e l e c t r i c a l  d e v i c e  a l s o  

c a l l e d  the 
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124. The u n i t  - d e f i n i n g  t h e  e l ec t r i ca l  s t o r a g e  c a p a c i t y  c h a r g e s  
c a p a c i t o r  of a c a p a c i t o r  i s  t h e  "farad",  named i n  honor of t h e  

E n g l i s h  phys ic i s l ; ,  Michael  Faraday.  A c a p a c i t o r  i s  

s a i d  t o  have a r a t i n g  o r  Fapac i rance  of one f a r a d  i f  

one coulomb of e l e c t r i c i t y  s t o r e d  i n  t h e  c a p a c i t o r  

produces a p o t e n t i a l  d i f f e r e n c e  of one v o l t  between 

i t s  t e r m i n a l s .  

125. A c a p a c i t o r  w i t h  a r a t i n g  of one f a r a d  i s  p h y s i c a l l y  

q u i t e  l a r g e  and would have few uses .  I n  p r a c t i c a l  

e l e c t r i c a l  c i r c u i t s ,  most c a p a c i t o r s  are  small and 

are  r a t e d  i n  "microfarads" .  One microfarad  i s  one 
m i l l i o n t h  of a f a r a d .  YOU would e x p e c t ,  t h e n ,  t h a t  

when t h e  p o t e n t i a l  d i f f e r e n c e  between t h e  t e r m i n a l s  

of a one-microfarad c a p a c i t o r  i s  one v o l t ,  t h e  

amount o€ e l e c t r i c i t y  s t o r e d  i n  i t  would b e  of 

a coulomb. 

1. l e  e R e s i s t a n c e - C a p a c i t a n c e  (RC) C i r c u i t  

126. Now l e t  US add a high-valued r e s i s t o r  t o  our  capac- 

i t o r  c i r c u i t  and measure t h e  v o l t a g e  a c r o s s  i t  as 

shown. 

one m i l l i o n t h  

P i g .  V - 1 0 .  C i r c u i t  w i t h  a R e s i s t o r  
and a C a p a c i t o r  i n  Parallel 
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1 2 7 .  When the. s w i t c h  i s  c l o s e d ,  t h e  c a p a c i t o r  w i l l  charge  

t o  t h e  same volta.ge as t h e  b a t t e r y .  Also,  a c u r r e n t  

w i l l  f low through t h e  . 

128. I f  t h e  s w i t c h  i s  opened, t h e  c a p a c i t o r  w i l l ,  res i s  t or  

f i r s t ,  be found t o  be charged t o  t h e  same p o t e n t i a l  

d i f f e r e n c e  as t h e  . 

129. The c a p a c i t o r  can now a c t  as a s o u r c e  of v o l t a g e  

and cause t o  c o n t i n u e  t o  f l o w  through t h e  

r e s i s t o r .  

b a t t e r y  

130. However, t h e  c a p a c i t o r  cannot  c o n t i n u e  t o  r e t a i n  i t s  e l e c t r o n s  or 
c u r r e n t  p o t e n t i a l  d i f f e r e n c e  as t h e  b a t t e r y  does,  s o  w e  say 

t h a t  t h e  c a p a c i t o r  d i s c h a r g e s  through t h e  r e s i s t o r .  

The e l e c t r o n  flow from t h e  n e g a t i v e  s i d e  through t h e  

r e s i s t o r  t o  t h e  p o s i t i v e  s i d e  i s  t h e  through 

t h e  r e s i s t o r .  

131. The c u r r e n t  through t h e  r e s i s t o r  i s  not  c o n s t a n t  c u r r e n t  

because,  a s  t h e  c a p a c i t o r  d i s c h d r g e s ,  t h e  p o t e n t i a l  

d i f f e r e n c e  a c r o s s  i t s  p l a t e s  ( i n c r e a s e s ,  d e c r e a s e s ) .  

132 .  When t h e  v o l t a g e  g r a d u a l l y  d e c r e a s e s  and t h e  res is t -  d e c r e a s e s  

ance remains t h e  same, the amount of c u r r e n t  must 

a l s o  g r a d u a l l y  . 
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133. I n  t h e  c i r c u i t  shown below, the  c h a r g i n g  pa th  of t h e  dec rease  

c a p a c i t o r  i s  through a r e s i s t o r .  

F i g .  V - 1 1 .  R e s i s t o r  and Capac i to r  i n  S e r i e s  

134. I n  t h i s  c a s e ,  t he  c a p a c i t o r  charges  s lowly  because  

t h e  cha rg ing  c u r r e n t  i s  made ( s m a l l e r ,  l a r g e r )  by 

t h e  r e s i s t a n c e  i n  t h e  p a t h .  

135. When t h e  swi t ch  i s  opened a f t e r  t h e  c a p a c i t o r  i s  sma l l e r  

charged ,  i t  cannot  d i s c h a r g e  and s o  r e t a i n s  t h e  f u l l  

of the  b a t t e r y  a c r o s s  i t s  plates .  

136. When t h e  c a p a c i t o r  i s  charged and t h e  swi t ch  i s  

opened, the  c a p a c i t o r  ( w i l l ,  w i l l  n o t )  d i s c h a r g e  

because t h e r e  ( is  a ,  i s  no)  d i s c h a r g e  pa th .  

v o l t a g e  or  
p o t e n t i a l  d i f -  
f e r e n c e  
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1 . l f .  Magnetic E f f e c t s  of E l e c t r i c  C u r r e n t s  

137. I n  1819 a Danish  p h y s i c i s t ,  Hans C h r i s t i a n  Oer s t ed ,  will n o t ,  
is no 

proved t h a t  e l e c t r i c i t y  and magnetism are  r e l a t e d .  

F i g u r e  V - 1 2  i l l u s t r a . t e s  h i s  d i s c o v e r y  t h a t  a 

compass n e e d l e  brought  nea r  a w i r e  conduct ing  dc 

( d i r e c t  c u r r e n t )  i s  d e f l e c t e d .  

n e e d l e .  Wire above 
N need le .  

S 

F i g .  V - 1 2 .  O e r s t e d ' s  Discovery  

138. Both a conductor  c a r r y i n p  d i r e c t  c u r r e n t  and a x- 
net cause  a d e f l e c t i o n  of t h e  n e e d l e  of a nearby 

compass. T h i s  d i s c o v e r y  by Oers t ed  showed that  

- and e l e c t r i c i t y  are r e l a t e d ,  

139. F i g u r e  V-13 shows t h a t  t h e  rnapnetic e f f e c t  of a con-  magn-et i s m  

d u c t o r  c a r r y i n g  d i r e c t  c u r r e n t  ex tends  comple te ly  

around t h e  conduc to r .  
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I '  e Compasses 

b It 
F i g .  V - 1 3 .  Magnetic E f f e c t  Extends Around Conductor 

140. It i s  convenient  t o  t h i n k  of a magnetic e f f e c t  as a 

" f i e l d "  made up of " l i n e s  of force" .  

shows t h e  d i r e c t i o n  t h e  l i n e s  of f o r c e  are assumed 

t o  t a k e  around t h e  conductor  c a r r y i n g  d c .  

F i g u r e  V-13 - 

141. I n  working w i t h  magnet ic  e f f e c t s ,  i t  h a s  been found 

convenient  t o  use  t h e  concepts  of magnetic 

and magne t i c  . 

142. By d e f i n i t i o n  t h e  d i r e c t i o n  of a l i n e  of f o r c e  about  

a conductor  c a r r y i n g  d l r e c t  c u r r e n t  i s  t h a t  i n d i -  

c a t e d  by t h e  d i r e c t i o n  of d e f l e c t i o n  of t h e  n o r t h -  

s e e k i n g  p o l e  o r  end of t h e  compass n e e d l e .  

f i e l d s ,  
l i n e s  of f o r c e  

... 
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1 4 3 .  I n  pa r t  A of F i g u r e  V - 1 3 ,  t h e  l i n e s  of f o r c e  are 

counterc lockwise  and i n  p a r t  E t h e y  are c lockwise .  

T h i s  g i v e s  r i s e  t o  t h e  f o l l o w i n g  r u l e ;  g r a s p  a con-  

d u c t o r  w i t h  the. l e f t  hand, t h e  thumb e x t e n d i n g  i n  

t h e  d i r e c t i o n  of t h e  e l e c t r o n  f low.  The l i n e s  of 

f o r c e  are i n  t h e  same d i r e c t i o n  as are t h e  f i n g e r s  

extended around t h e  conductor  - - 

144. The l e f t - h a n d  r u l e  re la tes  t h e  d i r e c t i o n  of f l o w  of 

e l e c t r o n s  i n  a conductor  t o  t h e  d i r e c t i o n  of t h e  

n a g n e t i c  around t h e  conductor  a 

145. I n  F i g u r e  V - 1 4  a p p l i c a t i o n  of t h e  le f t -hand  r u l e  l i n e s  of f o r c e  

shows that: all l i n e s  of f o r c e  w i t h i n  t h e  wire loop  

a r e  i n  one d i r e c t i o n ,  upward. Because t h e  l i n e s  of 

f o r c e  are c o l l e c t e d  o r  c o n c e n t r a t e d  w i t h i n  t h e  loop 

of wire, t h e  magnet ic  f i e l d  w i l l  b e  ( s t r o n g e r ,  

weaker) w i t h i n  t h e  loop t h a n  a long  t h e  s t r a i g h t  

p o r t i o n  oE t h e  conductor  e 

N 

L L i n e s  of f o r c e  I 
e n c i r c l e  wire I , 

S 

Fig. V-14. F l u x  and Magnet ic  P o l e s  
of Loop of Wire Carry ing  Direct C u r r e n t  
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146.  A s o l e n o i d  i s  a number of t u r n s  of wi re  t y p i c a l l y  

wound i n  c y l i n d r i c a l  shape as shown i n  P a r t  b, of 

F i g u r e  V - 1 5 .  When d i r e c t  c u r r e n t  i s  passed through 

a .  Bar Magnet 

F i g .  V - 1 5 .  Magnetic F i e l d s  of a Bar Magnet 
and a Solenoid  C a r r y i n g  Direct C u r r e n t  

s t r o n g e r  

a s o l e n o i d ,  a magnet ic  f i e l d  w i l l  deve lop  which 

d u p l i c a t e s  t h a t  of a bar  magnet. Many of t h e  l i n e s  

of f o r c e  a r e  c o n c e n t r a t e d  a l o n g  t h e  c o i l ' s  a x i s  

a l t h o u g h  o t h e r s  1ea.k o u t  between t u r n s  of t h e  wind- 

i n g  as i n d i c a t e d .  

- - - - -  

147. A s o l e n o i d  c a r r y i n g  d i r e c t  c u r r e n t  

r e f e r r e d  t o  as a n  "electromagnet" .  

- -  

i s  sometimes 

The s t r e n g t h  of 

an  e l e c t r o m a g n e t ' s  f i e l d  w i l l  (increase, d e c r e a s e )  

as t h e  number of t u r n s  i n c r e a s e s .  

148. Also,  t h e  s t r e n g t h  of an e l e c t r o m a g n e t ' s  f i e l d  w i l l  i n c r e a s e  

(increase, d e c r e a s e )  as t h e  c u r r e n t  through t h e  

s o l e n o i d  i n c r e a s e s .  
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149. The magnet ic  p o l a r i t y  of a s o l e n o i d  i s  r e l a t e d  t o  

the d i r e c t i o n  of t h e  c u r r e n t  flow a l o n g  t h e  conduc- 

t o r s .  I f  t h e  f i n g e r s  of t h e  l c f t  hand are  w r a p p e d  

around t h e  s o l e n o i d  i n  t h e  d i r e c t i o n  of  t h e  c u r r e n t  

f l o w ,  the thumb will extend i n  t h e  d i r e c t i o n  of t h e  

s o l e n o i d ' s  n o r t h  p o l e .  A l e f t - h a n d  r u l e  a l s o  

r e l a t e s  t h e  d i r e c t i o n  of n i n  a conductor  t o  

t h e  d i r e c t i o n  of t h e  magnet ic  

around the conductor .  

i n c r e a s e  

150. Some metals o f f e r  lower r e s i s t a n c e  t o  t h e  f l o w  of c u r r e n t ,  
l i n e s  of f o r c e  

a n  e l e c t r i c  c u r r e n t  t h a n  o the r s  (see Frames 4 6 ,  47, 

and 54). Likewise ,  some m a t e r i a l s  o f f e r  lower 

r e s i s t a n c e  t o  a magnet ic  f i e l d  t h a n  o t h e r s .  F i g u r e  

V-16 i l l u s t r a t e s  t h e  e f f e c t  of adding  an i r o n  c o r e  

t o  t h e  s o l e n o i d  of F i g u r e  V-l5,b_. N o t i c e  t h a t  t h e  

F i g .  V-16, An I r o n  Core Solenoid  

l i n e s  of f o r c e  no longer  l e a k  around t h e  i n d i v i d u a l  

t u r n s  of t h e  winding b u t  pass complete.ly through t h e  

l e n g t h  of t h e  s o l e n o i d .  The- s t r e n g t h  of t h e  e l e c t r o -  

magnet i s  z r e a s e d  by  adding a n  iron core .  

151. If an  i r o n  c o r e  i s  added t o  a s o l e n o i d ,  t-he s t r e n g t h  

of t h e  magnet ic  f i e l d  i s  i n c r e a s e d  becau;e t h c  i r o n  

o f f e r s  (more, less) r e s i s t d n c e  t o  the  magnetic f i e l d .  
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152. The " r e l u c t a n c e "  of a magnet ic  pa th  i s  a measure of l e s s  

t h e  r e s i s t a n c e  t h e  pa th  o f f e r s  t o  a magnet ic  f i e l d .  

The r e l u c t a n c e  of t h e  p a t h  of t h e  l i n e s  of f o r c e  of 

a s o l e n o i d  i s  (lower,  h i g h e r )  a f t e r  an  i r o n  c o r e  has  

been added.  

153.  F i g u r e  V-17 i l l u s t r a t e s  t h e  e f f e c t  on a c u r r e n t -  

c a r r y i n g  conductor  i f  placed i n  a magnetic f i e l d .  

P a r t  A shuws t h e  p h y s i c a l  arrangement of t h e  conduc- 

t o r  and t h e  p o l e s  of the magnet f u r n i s h i n g  t h e  f l u x ,  

and p a r t  J3 shows l i n e s  of f o r c e  between t h e  magnet ' s  

p o l e s  when t h e  conductor  i s  c a r r y i n g  c u r r e n t  away 
from t h e  r e a d e r .  The l i n e s  of f o r c e  around the con- 

d u c t o r  due t o  t h e  c u r r e n t  i n  i t  d i s t o r t  t h e  magnet ' s  

f i e l d  t h e r e b y  i n c r e a s i n g  i t s  a p p a r e n t  i n t e n s i t y  on 

one s i d e  and d e c r e a s i n g  i t  on t h e  o t h e r .  The n e t  

e f f e c t  i s  t h a t  t h e r e  i s  an  unbalanced f o r c e  on t h e  

conductor  t e n d i n g  t o  move i t  from t h e  more i n t e n s e  

t o  t h e  less i n t e n s e  f i e l d  (upward). The magnet ic  

f i e l d  i s  d i s t o r t e d  because t h e  l i n e s  of f o r c e  around 

the conductor  e t o  t h e  magnet 's  l i n e s  of f o r c e  on 

one s i d e  w h i l e  o p p o s i n g t h e m  on t h e  o t h e r .  

lower 

IS a, b 

.... F i g .  V - 1 7 .  Curren t -Carry ing  Conductor i n  a Magnet F i e l d  



3 9  

154. I f  t h e  p o l e s  of t h e  magnet i n  P a r t  b, of F i g u r e  V - 1 7  

were r e v e r s e d ,  t h e  f o r c e  on t h e  conductor  would b e  

(up, down). 

155. If t h e  d i r e c t i o n  o f  t h e  c u r r e n t  i n  t h e  conductor  i n  down 

P a r t  b of F i g u r e  V - 1 7  were t o  b e  r e v e r s e d ,  t h e  f o r c e  

on t h e  conductor  would b e  (up, down). 

- 

- - - - - - -  

156. Eleven  y e a r s  a f t e r  Oers ted  d i s c o v e r e d  t h a t  a n  e lec-  dawn 

t r i c  c u r r e n t  produced a magnet ic  f i e l d  about  i t s  

conductor  Joseph Henry d i s c o v e r e d  how t o  induce an 

e l e c t r i c  c u r r e n t  i n  a conductor  by means of a mag- 

n e t i c  f i e l d .  

o t h e r  exper imenters  was t h a t  t h e  conductor  had t o  

be s u b j e c t e d  t o  a moving o r  c h a n g i n g  magnet ic  f i e l d .  

R e f e r r i n g  t o  F i g u r e  V - 1 7 - - i f  a f o r c e  i s  a p p l i e d  t o  

t h e  conductor  t o  move i t  through t h e  magnet ic  f i e l d ,  

a v o l t a E  i s  induced i n  t h e  moving conductor .  

The impor tan t  f a c t o r  overlooked by 

157. If a conductor  i s  placed i n  a magnet ic  f i e l d  and 

current :  i s  p a s s e d  through i t ,  a w i l l  a c t  on 

the conductor  t o  move i t  a c r o s s  t h e  f i e l d .  Tf, on 

t h e  o t h e r  hand, a conductor  i s  moved through a mag- 

n e t i c  f i e l d ,  a appears  a c r o s s  t h e  ends of t h e  

conductor .  
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158. The e f f e c t  i s  t h e  same whether a conductor  i s  moved f o r c e ,  

through a s t a t i o n a r y  f i e l d ,  such as t h a t  between t h e  

p o l e s  of a magnet, o r  i t s  p o s i t i o n  i s  f i x e d  and it  

i s  s u b j e c t e d  t o  a f i e l d  w h o s e  i n t e n s i t y -  i s  changing. 

F i g u r e  V-18  shows two conductors  p laced  near each 

o t h e r  so  t h a t  C 2  i s  i n  the  f i e l d  s e t  u p  about  C l  

when C1 i s  c a r r y i n g  a c u r r e n t .  It i s  h e l p f u l  here 

t o  assume t h a t  as t h e  c u r r e n t  i n  C l  s t a r t s  t o  f low 

t h e  magnet ic  f i e l d  about  i t  b u i l d s  u& and t h e  l i n e s  

of f o r c e  move f a r t h e r  and f a r t h e r  away from i t .  I f  

c u r r e n t  i n  Cl i s  d e c r e a s e d ,  t h e  magnet ic  f i e l d  

d e c r e a s e s  and t h e  l i n e s  of f o r c e  move back toward 

i t .  

and i s  d i s t o r t e d  as i n d i c a t e d  i n  P a r t  a, of F i g u r e  

V - 1 8 .  

- r e n t  would tend  t o  flow from t h e  paper  toward t h e  

r e a d e r .  

v o l t a g e  

A s  C ' s  f i e l d  i n c r e a s e s  i t  moves o u t  a c r o s s  C2 1 

A v o l t a g e  i s  induced i n  C2 such t h a t  a CUT- 

- Conductor 

Conductor C2 

- Conductor 

a ,  Curren t  i n c r e a s i n g  (mag- b. Curren t  d e c r e a s i n g  (mag- 
n e t i c  f i e l d  expanding)  n e t i c  f i e l d  c o n t r a c t i n g )  

F i g .  V - 1 8 .  A Conductor i n  a Changing Magnet ic  F i e l d  

159. The c u r r e n t  induced i n  t h e  conductor  f o l l o w s  t h e  

l e f t - h a n d  r u l e  i n  t h a t  i f  t h e  condbctor  i s  grasped  

w i t h  t h a t  hand, f i n g e r s  extended around i n  t h e  

d i r e c t i o n  of t h e  l i n e s  of f o r c e  wieh t h e  thumb 

extended a l o n g  the  conductor ,  t h e  w i l l  p o i n t  

i n  t h e  d i r e c t i o n  i n  which the curwcnt t.ends t o  f l o w .  



160. When t h e  c u r r e n t  i n  conductor  C1 of F i g u r e  V - 1 8  i s  

reduced,  t h e  f i e l d  about  i t  (see p a r t  &) -.----’ * and, 

from t h e  l e f t - h a n d  rule ,  t h e  c u r r e n t  i n  C2 would 

tend  t o  f l o w  i n  t h e  (same, o p p o s i t e )  d i r e c t i o n  as i n  

thumb 

161. Conductors C1 and C2 i n  F i g u r e  V - 1 8  may be a d j a c e n t  

t u r n s  of wire on a s o l e n o i d ;  and, i f  t h e y  are ,  t h e  

same e f f e c t s  noted i n  Frames 158 t o  160 occur .  T h i s  

means t h a t  t h e  f i e l d  from t h e  c u r r e n t  i n  any one 

- t u r n  of a s o l e n o i d  induces  a v o l t a g e  i n  o t h e r  t u r n s  

oE t h e  s o l e n o i d  whenever t h e  c u r r e n t  i n  t h e  s o l e n o i d  

changes 

d e c r e a s e s ,  
o p p o s i t e  

162. From P a r t  I a of F i g u r e  V - 1 8 ,  t h e  induced v o l t a g e  

d u r i n g  t h e  t i m e  t h e  s o l e n o i d  c u r r e n t  i s  i n c r e a s i n g  

is such t h a t  i t  opposes t h e  a p p l i e d  p o t e n t i a l ;  and 

d u r i n g  d e c r e a s e s  i n  s o l e n o i d  c u r r e n t ,  t h e  induced 

v o l t a g e  r e v e r s e s  i t s  p o l a r i t y  s o  t h a t  i t  t e n d s  t o  

add t o  t h e  a p p l i e d  p o t e n t i a l .  

163. Taking t h i s  one s t e p  f u r t h e r ,  a s o l e n o i d  or o t h e r  

w i r e  winding o r  c o i l  h a s  a p r o p e r t y  such t h a t  i t  

o f f e r s  o p p o s i t i o n  t o  any change i n  t h e  c u r r e n t  

through i t .  T h i s  p r o p e r t y  i s  c a l l e d  “ inductance”  

and i t  i s  measured i n  “ h e n r i e s “  i n  honor of 

Joseph Henry (mentioned i n  Frame 156) .  



164. 

165, 

166 a 

167. 

168. 

169 e 

170. 
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A s o l e n o i d  o r  o t h e r  c o i l  o f f e r s  o p p o s i t i o n  t o  any 

change i n  c u r r e n t  th rough i t s  windings .  This prop- 

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

When t h e  c u r r e n t  i n  a s o l e n o i d  o r  c o i l  ( i n d u c t o r )  

i s  changing,  t h e  magnet ic  about  t h e  i n d i v i d -  

u a l  conductors  changes.  

When t h e  c u r r e n t  i n  a s o l e n o i d  or  o t h e r  i n d u c t o r  

changes,  a v o l t a g e  i s  i n  i t s  conductors .  

The p o l a r i t y  of t h e  induced v o l t a g e  i s  such as t o  

( a i d ,  oppose) t h e  v o l t a g e  b e i n g  a p p l i e d  t o  the 

i n d u c t o r  when t h e  c u r r e n t  i n  t h e  s o l e n o i d  i s  

i n c r e a s i n g .  

- - - - - - -  

The s p e c i a l  c h a r a c t e r i s t i c  of a n  i n d u c t o r ,  such as 

a s o l e n o i d ,  i s  t h a t  i t  t e n d s  t o  keep t h e  c u r r e n t  

th rough i t s e l f  (changing, c o n s t a n t ) .  

The inductance  of a c o i l  of w i r e  o r  o t h e r  i n d u c t o r  

i s  measured i n  . 
- - - - - - -  

The i n d u c t o r ,  l i k e  t h e  capa .c i tor ,  is  a n  energy  

s t o r a g e  d e v i c e .  I n  t h e  c a p a c i t o r  t h e  energy  i s  

s t o r e d  as an  e l e c t r i c  . I n  rhe i n d u c t o r  t h e  

s t o r e d  energy  i s  i n  t h e  form of t h e  mapnet ic  f i e l d  

about  i t  e 

i n d u c t  anc,e 

f i e l d  o r  l i n e s  
of f o r c e  

induced 

oppose 

c o n s t a n t  

h e n r i e s  
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1. lg. A l t e r n a t i n g  C u r r e n t s  

171. So f a r  on ly  d c  e l e c t r i c i t y  h a s  been c o n s i d e r e d .  

While i t  i s  u s e f u l  i n  a p p l i c a t i o n s  such a s  f l a s h -  

l i g h t s  and automobile  e l e c t r i c a l  systems and i s  

n e c e s s a r y  f o r  te lephone ,  r a d i o ,  i n s t r u m e n t a t i o n ,  and  

o t h e r  systems,  a n o t h e r  kind of e l e c t r i c i t y ,  a l t e r -  

n a t i n g  c u r r e n t  ( a c ) ,  i s  f a r  more common. A s  far as 

e l e c t r i c a l  technology h a s  progressed  t o  d a t e ,  E 
power i s  a p p r e c i a b l y  e a s i e r  t o  g e n e r a t e  and d i s t r i b -  

ute i n  t h e  l a r g e  q u a n t i t i e s  r e q u i r e d  and, i n  most 

i n s t a n c e s ,  i s  easier t o  u s e  t h a n  dc power. 

charge.  

172. Bat ter ies  depend on chemical  a c t i o n s  f o r  t h e i r  oper -  

a t i o n  and a r e  made of c e r t a i n  d e f i n i t e  combinat ions 

of p l a t e s  and e l e c t r o l y t e s .  

d i r e c t  c u r r e n t s .  

e l e c t r i c i t y  . 

They can only  produce 

Bat ter ies  do not produce 

173.  The p o i n t  was made i n  Frames 156 and 157 t h a t  a a c  

p o t e n t i a l  d i f f e r e n c e  d e v e l o p s  betwecn t h e  ends of  

a conductor  moved a c r o s s  a magnet ic  f i e l d .  

t i c a l  arrangement  f a r  moving a conductor  c o n t i n v -  

o u s l y  i n  a magnet ic  f i e l d  i s  i l l u s t r a t e d  i n  F i g u r e  

v-19. 

A prac- 
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F i g .  V - 1 9 .  Wire Loop K o t a t i n g  i n  a Magnetic F i e l d  

174. The d i r e c t i o n  i n  which t h e  c u r r e n t  w i l l  t end  t o  f l o w  

i n  s i d e s  A and B of t h e  w i r e  loop i n  F i g u r e  V - 1 9  can 

be determined by a p p l y i n g  the  - ru le .  

175. From t h i s  r u l e  i t  w i l l  be found that t h e  c u r r e n t  

t e n d s  t o  f l o w  i n  ( the same, a d i f f e r e n t - )  d i r e c t i o n  

i n  t h e  t w o  s i d e s  of t h e  loop .  

l e f t  -hand 

a d i f f e r e n t -  176. The voltage induced i n  s i d e  A of t h e  loop  of  the 

w i r e  i n  F i g u r e  V - 1 9  i s  of such  i i o l a r i t y  t h a t  i t  

(adds t o ,  opposes) t h a t  induced i n  s i d e  

1 7 7 .  The loop  i n  F i g u r e  V - 1 9  g e n e r a t e s  ( a c g  d c )  when a d d s  t o  

r o t a t e d .  



178. I f  t h e  l o o p  i n  F igure  V-19 were made of two t u r n s  of  ac 

w i r e  i n s t e a d  o f  one, t h e r e  would be four  conductors  

c r o s s i n g  t h e  magnet ic  flux f i e l d ;  and t h e  p o t e n t i a l  

d i f f e r e n c e  between t h e  t e r m i n a l s  (1 and 2 )  would be 

( t h e  same, twice as much) a s  w i t h  one t u r n .  

179. The v o l t a g e  developed i n  a n  arrangement  such as t h a t  twice as much 

of F i g u r e  V-19 depends on t h e  number of magnet ic  

l i n e s  of f o r c e  t h e  conductor  crosses p e r  second.  

The v o l t a g e ,  t h e r e f o r e ,  may be changed by changing 

(1) t h e  speed of r o t a t i o n  of t h e  loop,  (2) t h e  

s t r e n g t h  of t h e  maanet ic  f i e l d ,  and ( 3 )  t h e  number 

of  t u r n s  of conductor  i n  t h e  loop .  

180. F i g u r e  V-20  i l l u s t r a t e s  t h e  change i n  t h e  v o l t a g e  

and p o l a r i t y  of t h e  p o t e n t i a l  d i f f e r e n c e  between t h e  

ends of t h e  loop i n  F i g u r e  V - 1 9  as i t  i s  r o t a t e d .  

I I I \  I .vol tage I 1 I 

I I I 
I I 

I ax - 

Time --E- \ I /  
a b -  c 

F i g .  V-20. Voltage Generated i n  a Loop of Wire 
R o t a t i n g  i n  a Magnetic F i e l d  

The s h s g  of t h e  curve  i s  t h a t  of a " s i n e "  wave 

encountered  i n  mathematics and o ther  s t u d i e s  A s  

t h e  l o o p  c o n t i n u e s  t o  r o t a t e  t he  Lurve r s . G  

i t s e l f  
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181. An impor t an t  measure of an  a l t e r n a t i n g  c u r r e n t  i s  

i t s  l'€requencys'e  he f-requency i s  g iven  i n  " cyc le s  

per second" o r  "her tz"  ( abbrev ia t ed  "hz") . One ac 

c y c l e  i s  p l o t t e d  i n  F igu re  V-20. A t  t i m e  "a '8  t h e  

v o l t a g e  developed i n  t h e  l o o p  i s  z e r o ,  Between "a" 

and "b" i t  r i s e s  t o  a maximum and t h e n  r e t u r n s  t o  

z e r o .  Between t imes  "b" and "c" t h e  vo l tage  a g a i n  

r i s e s  t o  a maximum and r e t u r n s  t o  z e r o ,  b u t  d u r i n g  

t h i s  i n t e r v a l  the polaritx of t h e  v o l t a g e  i s  oppo- 

P s i t e  t o  t h a t  developed between "a" and "b" . A f t e r  

time "c" t h e  v o l t a g e  repeats t h e  same changes-with-  

t i m e  o r  cyc le .  

182. I f  the loop  i n  F i g u r e  V-20 r o t a t e d  Q L I C ~  p e r  second,  

i t  would produce a n  induced v o l t a g e  having  a f r e -  

quency of one cycle  pe.r second o r  one . 

183. Frequency i s  a measure of a n  ( a l t e r n a t i n g ,  d i r e c t )  h e r t z  

c u r r e n t .  

184. The v o l t a g e  induced i n  l o o p  of w i r e  r o t a t i n g  i n  a 

c o n s t a n t  magnet ic  f i e l d  ( i n c r e a s e s ,  d e c r e a s e s )  i f  

t h e  l o o p  i s  t u rned  f a s t e r ,  

185. R e f e r r i n g  t o  Frame 184, the of t h e  a c  changed 

i n  t h e  same way as t h e  v o l t a g e .  

a1 terna . t  ing  

i n c r e a s e s  
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186. A c a p a c i t o r  w i l l  a l t e r n a t e l y  charge i n  one d i r e c -  f r e que nc y 

t i o n ,  d i s c h a r g e ,  t h e n  charge  i n  t h e  o t h e r  d i r e c t i o n  

wi th  rhe v o l t a g e  changes i n  a n  a c  c i r c u i t  b u t  w i l l  

become charged i n  on ly  one d i r e c t i o n  i n  a dc  c i r c u i t ;  

t h e r e f o r e ,  you could  expec t  t h a t  a c a p a c i t o r  w i l l  

Pass c u r r e n t  s but- w i l l  b l o c k  c u r r e n t s .  

- 

187. S ince  a n  i n d u c t o r  t r i e s  t o  oppose t h e  f low of a 

changing c u r r e n t ,  you could  e x p e c t  t h a t  i t  w i l l  pass 

a l t e r n a t i n g ,  
d i r e c t  

c u r r e n t  but: w i l l .  t end  t o  b lock  the  f low of 

c u r r e n t  ___. 

1 . l h .  I o n i z a t i o n  

188. The abundant  supp ly  of " f ree"  - e l e c t r o n s  i n  me ta l s  d i r e c t ,  
a 1 t e r  na t i ng  

makes them r e l a t i v e l y  e x c e l l e n t  conductors  of e l e c -  

t r i c  c u r r e n t s .  Gases and nonmeta l l i c  s u b s t a n c e s  

g e n e r a l l y  make much b e t t e r  i n s u l a t o r s  than conduc- 

t o r s  because t h e y  c o n t a i n  f r e e  e l e c t r o n s  

189. Under c e r t a i n  c o n d i t i o n s ,  gases may be made t o  con- few 

d u c t  e l e c t r i c i t y ,  ' Io become a conductor  a gas  must 
_I_ 

be  'F ion ized r ' .  

190. Gases o r d i n a r i l y  a r e  good i n s u l a t o r s  u n t i l  they  

become * 

. .  
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191. I o n i z a t i o n  i s  t h e  p r o c e s s  of s t r i p p i n g  one o r  more 

of t h e  o u t e r  e l e c t r o n s  from t h e  atoms o r  molecules  

of a g a s .  The e l e c t r o n s  have charges  ; and, 

s i n c e  t h e s e  have been removed from t h e  p r e v i o u s l y  

n e u t r a l  atoms o r  m o l e c u l e s ,  t h e  l a t t e r  have n e t  

I c h a r g e s  . 

192. Both t h e  f r e e d  e l e c t r o n s  and t h e  charged atoms o r  

molecules  are c a l l e d  ionso 

193. The p r o c e s s  of forming i o n s  i n  a gas  i s  c a l l e d  

i o n i z e d  

n e g a t i v e  , 
p o s i t i v e  

194. I f  a n  i o n i z e d  g a s  i s  p laced  between two p l a t e s ,  one i o n i z a t i o n  

of which i s  charged n e g a t i v e l y  and t h e  o t h e r  p o s i -  

t i v e l y ,  the p o s i t i v e  i o n s  w i l l  be  a t t r a c t e d  toward 

t h e  n e g a t i v e l y  charged p l a t e  and t h e  e l e c t r o n s  w i l l  

move toward t h e  charged p l a t e .  

195. The p o s i t i v e  ions, ,  on r e a c h i n g  t h e  n e g a t i v e l y  

charged p l a t e ,  p i c k  up as many e l e c t r o n s  as they  

had lost ea r l i e r  and become n e u t r a l  atoms o r  rnole- 

c u l e s  a g a i n .  They t h u s  t h e  n e g a t i v e  charge  on 

t h e  p la te .  

pos i t  i v e  1 y 

196. The n e g a t i v e  i o n s  ( e l e c t r o n s )  move t o  the  p o s i t i v e l y  reduce 

charged p l a t e  and thus the  p o s i t i v e  charge on 

t h a t  p l a t e .  
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197. I f  t h e r e  are s u f f i c i e n t  i o n s  p r e s e n t ,  a l l  t h e  reduce 

on t h e  two p l a t e s  w i l l .  be  j u s t  as though a 

meta.1li.c conductor  had been connected between them. 

198.  The i o n i z e d  gas will ac.t  j u s t  l i k e  a connec - 
t i n g  t h e  two charged plates-;. 

199. I f  a s u i t a b l e  b a t t e r y  had been connected between 

t h e  two p l a t e s  t o  m a i n t a i n  t h e i r  p o t e n t i a l  d i f f e r -  

ence ,  a n  e l e c t r i c  c u r r e n t  would have ex. is ted i n  t h e  

c i r c u i t  as long a s  gas  w a s  p r e s e n t .  Rela- 

t i v e l y  speaking ,  i o n i z e d  g a s e s  most o f t e n  are r a t h e r  

poor conductors  a l t h o u g h  under some s p e c i a l  condi -  

t i o n s  t h e i r  c o n d u c t i v i t y  can be  i n c r e a s e d  v e r y  sub-  

s t a n t i a l l y .  

200. As i n  t h e  case of magnets ( see  Frames 140-1481, i t  

is  convenient  t o  c o n s i d e r  t h a t  a " f i e l d "  ex is t s  

between two o p p o s i t e l y  charged b o d i e s .  I n  t h i s  

c a s e ,  t h e  f i e l d  i s  termed "electric" t o  d i s t i n g u i s h  

i t  from a magnet ic  f i e l d ,  

201. The s t r e n g t h  oE an e l e c t r i c  f i e l d  depends upon t h e  

d i f f e r e n c e  i n  p o t e n t i a l  t h a t  e x i s t s  between t h e  

charged b o d i e s  as w e l l  as  the d i s t a n c e  between t h e s e  

b o d i e s .  The f i e l d  weakens as t h e  b o d i e s  are moved 

f a r t h e r  a p a r t  bu t  becomes s t r o n v e r  as the  p o t e n t i a l  

d i f f e r e n c e  i s  i n c r e a s e d .  

charge,  
e q u a l i z e d  

conductor  

ion ized  



202.  The f i e l d  which i s  c o n s i d e r e d  t o  e x i s t  between two 

o p p o s i t e l y  charged b o d i e s  i; caZLad a n  , f i e l d  

203. The f i e l d  between two o p p o s i t e l y  charged b o d i e s  

( i n c r e a s e s ,  d e c r e a s e s )  as t h e  b o d i e s  move a p a r t  

and ( i n c r e a s e s ,  d e c r e a s e s t  as the  p o t e n t i a l  d i f f e r -  

ence i n c r e a s e s ,  
9_ 

e l.ee tr i,c 

204. Gases may bo ionized by p l a c i n g  them i n  a s u f f i -  d e c r e a s e s ,  

c i e n t l y  h i g h  (or i n t e n s e )  PI e l e c t r i c  f i e l d  o r  by 

bombarding t h e i r  atoms or rnole.cules w i t h  h iph-energy  

b e t a  r a y s  o r  o t h e r  particles, 

i n c r e a s e s  

205. One o r  more of t h e  o u t e r  e l e c t r o n s  of gas  atoms sub-  

j e c t e d  t o  a n  i n t e n s e  e l e c t r i c  f i e l d  may be s t r i p p e d  

away, t h u s  i o n i z i n g  t h e  g a s .  The force  on t h e  e lec-  

t r o n s  due t o  t h e  a t t r a c t i o n  of t h e  charged 

body and t h e  r e p u l s i o n  of the  charged body c a n  

be h i g h  enough t o  overcome the  f o r c e s  which hold  t h e  

e l e c t r o n  i n  p l a c e  i n  t h e  atom. 

206. An e l e c t r o n  s t r u c k  with sufficient f o r c e  by a p a r -  p o s i t i v e l y ,  
n e g a t i v e l y  

t i c l e  w i l l  be h o c k e d  out  of the  range  of i n f l u e n c e  

of t h e  a tom t o  which it had  been a t t a c h e d  t h u s  

becoming a i o n .  
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207.  L i g h t n i n g  i s  thought. t o  s t a r t  when t h e  e l e c t r i c  

f i e l d  between two c louds ,  fo r  example, i s  s u f f i -  

c i e n t l y  h igh  t o  i o n i z e  some of t h e  air between them. 

The f r e e d  e l e c t r o n s  a t t r a c t e d  t o  the p o s i t i v e l y  

charged c loud ,  moving more and more r a p i d l y ,  bombard 

o t h e r  a i r  molecules  re lec is ing  d e r  e l e c t r o n s  

p rocess  i s  cumula t ive  and t h e  e f f e c t i v e  r e s i s t a n c e  

of t h e  p a t h  d rops  to a low value-. 

as i n  o t h e r  conduc to r s ,  i s  p r i n c i p a l l y  one due t o  

t h e  d i sp lacemen t  of t h e  e l e c t r o n s .  Few e l e c t r o n s  

l e a v i n g  the  charged  c loud  a c t u a l l y  r each  

t h e  p o s i t i v e l y  charged one ,  r a t h e r  t h e y  r e p l a c e  t h e  

e l e c t r o n s  l o s t  by t h e  a i r  molecules  nearby.  

I h e  

The c u r r e n t  h e r e ,  

208. Gases may be ion ized  by them w i t h  high -energy 

of 
PU1_ 

p a r t i c l e s  o r  by s u b j e c t i n g  them t o  

h igh  i n t e n s i t y .  

209. E l e c t r i c  c u r r e n t s  i n  g a s e s  are due t o  the  movement 

of b o t h  n e g a t i v e  and p o s i t i v e  . 

I . l i .  S e l f  T e s t  - 
210. E l e c t r i c a l  cha rges  are of two k inds ,  _-- and 

. (Frame 3 )  

211.  A nonflowing e l e c t r i c a l  charge  on an  o b j e c t  such 

as a comb i s  c a l l e d  I electricity. (Frames 18, 

23,  and 26)  

ne ga t i v e  

bombarding, 
e l e c t r i c  f i e l d s  

i.ons 

p o s i t i v e  , 
n e g a t i v e  

... 
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2 1 2 .  The movement of e l e c t r i c a l  cha rges  a l o n g  a w i r e  i s  

known as  a n  e l ec t r i ca l  . (Frames 9-11) 

s t a t i c  

213 .  An e l e c t r i c a l  c u r r e n t  that  moves on ly  i n  one d i r e c -  c u r  r e n t  

t i o n  through a conductor  i s  c a l l e d  c u r r e n t .  

(Frames 31, 32 ,  and 4 3 )  

214, An e l e c t r i c a l  c u r r e n t  t h a t  c o n t i n u o u s l y  r e v e r s e s  i t s  d i r e c t  

d i r e c t i o n  of flow th rough a conductor  i s  c a l l e d  

c u r r e n t ,  (Frame 171  1 

215. The u n i t  of e l e c , t r i c a l  c u r r e n t  i s  t h e  . 
(Frames 11-13, 1 7 ,  and 4 9 )  

a 1 t e r  na t i ng 

216. The u n i t  which i s  a measure of e l e c t r i c a l  p o t e n t i a l  ampere 

d i f f e r e n c e  i s  t h e  (Frames 27 and 28) 

2 1 7 .  The pa th  through conductors  and l o a d s  t h a t  e l e c t r o n s  v o l t  

t r a v e r s e  i n  moving from one p o l e  t o  t h e  o t h e r  of a n  

e l e c t r i c a l  sou rce  i s  termed an e l e c t r i c a l  . 
(Frames 44 and 45)  

218.  The amount. of c u r r e n t  f l owing  through a c i r c u i t  can c i r c u i t  

be measured w i t h  an , - t h e  p o t e n t i a l  d i f f e r e n c e  

a p p l i e d  t o  a c i r c u i t  can be mea3ured with a . 
(Frames 43 and 46)  
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219. A d e v i c e  c o n s i s t i n g  of a n  e l e c t r o l y t e  i n t o  which two ammeter, 
vo 1 t m e  t e r  d i s s imi l . a r  e l e c t r i c a l  conduc to r s  are  p a r t l y  sub-  

merged produces a n  e l e c t r i c a l  c u r r e n t  if a w i r e  i s  

connected between t h e  two conduc to r s .  It i s  c a l l e d  

a n  e l e c t r i c a l  . (Frames 3 3 ,  3 4 ,  and 3 8 )  

220. A group of e l e c t r i c a l .  c e l l s  connected i n  s e r i e s  or c e l l  

i n  p a r a l l e l  t o  i n c r e a s e  t h e  a v a i l a b l e  p o t e n t i a l  d i f -  

f e r e n c e  o r  the  a v a i l a b l e  e I .ee t r ic1  c u r r e n t  i s  c a l l e d  

a -. . (Frames 3 9 - 4 1 )  

221. A po ten t iome te r  i s  a. dev ice  used t o  va ry  the  b a t t e r y  

a p p l i e d  t o  components of a.n e l e c t r i c a l  c i r c u i t .  

(Frames 97 and 104-108) 

222. A r h e o s t a t  i s  used t o  va ry  t h e  i n  a n  e l e c -  v o l t a g e  or 
v o l t s  t r i c a l  c i r c u i t .  (Frames 109-113) 

223 A material  through which a n  e l e c t r i c a l  c u r r e n t  can  c u r r e n t  o r  

r e a d i l y  f low i s  c a l l e d  a . (Frames 7 ,  8, 55, 

and 61) 

amperes 

224. A m a t e r i a l  th rough which a n  e l e c t r i c a l  c u r r e n t  can- 

n o t ,  f o r  p r a c t t c a l  purposes ,  f low a t  a l l  i s  c a l l e d  

an  - . (Frames 1 9 ,  2 2 ,  5 9 ,  and 6 0 )  

c o nd uc t o r  
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225.  A material through which an  e l e c t r i c a l  c u r r e n t  c a n  

flow b u t  "not  r e a d i l y "  i s  c a l l e d  a . (Frame 

57) 

i n s u l a t o r  

226. A h i g h  r e s i s t a n c e  w i l l  alllow a (smal l ,  l a r g e )  c u r -  

rent t o  f low.  (Frames 51-57] 

r e s i s t o r  

227 .  R e s i s t a n c e  i s  measured i n  . (Frames 51  and 52) smal l  

228.  The " w a t t "  i s  the u n i t  of e l e c t r i c a l  and i s  

e q u a l  t o  t h e  product  of t h e  a p p l i e d  t o  t h e  

c i r c u i t  and t h e  of c u r r e n t  p a s s i n g  through t h e  

c i r c u i t .  (Frames 66-71) 
.... 

229.  Ohm's l a w  s t a t e s  t h a t  of e l e c t r i c a l  c u r r e n t  

f lows whenever there i s  of p o t e n t i a l  d i f -  

f e r e n c e  a c r o s s  of r e s i s t a n c e .  (Frame 72) 

ohms 

power 

ampere s 
v o l t s ,  

230. I f  t h e r e  are 10 v o l t s  across a 500-ohm r e s i s t a n c e ,  

a m u s  of c u r r e n t  w i l l  f l o w .  (Frames 72-74 )  

one ampere, 
one v o l t ,  
one ohm 

231.  The above -ment ioned 

ma. (Frames 14 and 

c u r r e n t  could be w r i t t e n  

50) 

0.02 
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232. A c i r c u i t  component t h a t  w i l l  s t o r e  e l e c t r i c a l  

c h a r g e s  i s  c a l l e d  a . (Frames 25-27 and 114- 

123) 

233. Capac i tance  i s  measured i n  . (Frames 124 and 

125) 

234. A wire  conduct ing  a n  e l e c t r i c a l  c u r r e n t  i s  s u r -  

rounded by a f i e l d .  (Frame 139) 

20 

c a p a c i t o r  o r  
c onde tis er 

f a r a d s  

235. I t  i s  c o n v e n t i o n a l  t o  s a y  t h a t  t h e  d i r e c t i o n  of mag- magnetic 

n e t i c  l i n e s  of f o r c e  i s  t h e  same as t h a t  of  t h e  

- seeking  end of a compass n e e d l e  placed i n  t h e  

magnet ic  f i e l d .  (Frame 142) 

236. If a conductor  i s  passed through a magnet ic  f i e l d  

s o  t h a t  i t  c u t s  through t h e  Lines of f o r c e ,  a n  

w i l l  be induced i n  t h e  conductor .  (Frames 

157 -159) 

n o r t h  

237. I f  one g r a s p s  a s u i t a b l y  i n s u l a t e d  wire, c a r r y i n g  a e l e c t r i c  poten-  
t i a l  o r  v o l t a g e  d i r e c t  c u r r e n t ,  w i t h  h i s  l e f t  hand s o  t h a t  h i s  thumb 

p o i n t s  i n  t h e  d i r e c t i o n  of t h e  e l e c t r o n  f l a w  i n  t h e  

w i r e ,  h i s  f i n g e r s  w i l l  p o i n t  i n  t h e  d i r e c t i o n  t h a t  

t h e  - seeking  end of a compass n e e d l e  w i l l  p o i n t  

i f  p l a c e d  b e s i d e ,  above, or below t h e  w i r e .  (Frames 

143 and 144)  
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238. The p r o p e r t y  of an  e l e c t r i c a l l y  conduct ing  c o i l  t o  

res i s t  changes of t h e  e l e c t r o n  current :  through i t s  

windings i s  c a l l e d  i t s  and t h i s  i s  measured i n  

. (Frames 1637 164, and 169) 

239. An i n d u c t o r  s t o r e s  energy  i n  t h e  form of a 

. (Frames 161-170) 

240. The of a magnet ic  pa th  i s  a measure of t h e  

r e s i s t a n c e  the p a t h  o E f c r s  t o  a magnet f i e l d .  

(Frame 152) 

241. Adding a n  i r o n  c o r e  t o  a n  e n e r g i z e d  s o l e n o i d  (de- 

creases, i n c r e a s e s )  t h e  s t r e n g t h  of i t s  magnet ic  

f i e l d  (Frames 150-152) 

2 4 2 .  The d i r e c t i o n  of t h e  magnet ic  l i n e s  of f o r c e  about  

a conductor  c a r r y i n g  ac ( is  c o n s t a n t ,  changes w i t h  

t i m e ) .  (Frame 158) 

2 4 3 .  An a l t e r n a t i n g  c u r r e n t  r e v e r s e s  i t s  d i r e c t i o n  each 

h a l f  c y c l e .  The number of complete c y c l e s  t h a t  

occur each second i s  c a l l e d  t h e  of t h e  ac. 

The f requency  i s  expressed  i n  which means 

. (Frames 181 and 182) --- 

n o r t h  

inductance ,  
h e n r i e s  

magnet ic  f i e  Id  
o r  magnetic 
f l u x  

re l u c  t a n c e  

i n c  r eas e s 

changes w i t h  
t Fme 



244. Batteries produce b u t  no t  . 
(Frames 31-34, 4 3 ,  and 172) 

f requency ,  
h e r t z  , 
c y c l e s  p e r  sec- 
ond 

245. An a l t e r n a t i n g  c u r r e n t  of 10 c y c l e s  p e r  second (or  dc ,. 
ac 

h e r t z )  changes i t s  d i r e c t i o n  of f low a long  a conduc- 

t o r  (10, 20) times a second.  (Frames 180 and 181) 

246. When two o p p o s i t e l y  charged b o d i e s  are p laced  c l o s e  

t o g e t h e r ,  a f o r c e  f i e l d  ex is t s  between them. Th i s  

i s  c a l l e d  a n  f i e l d .  (Frames 200 and 202) 

247.  An g a s  w i l l  conduct  a n  e l e c t r i c  c u r r e n t .  

(Frames 188, 189, and 191) 

248. A p o s i t i v e  i o n  i s  an  atom o r  molecule  t h a t  h a s  l o s t  

20 

e l e c t r i c  

i o n i z e d  

one o r  more of i t s  . (Frame 191) 

249. The e l e c t r o n s  s t r i p p e d  from t h e  atoms o r  molecules  e l e c t r o n s  

of a g a s  by t h e  i o n i z a t i o n  p rocess  are c a l l e d  

. (Frames 191-193 and 206) 

250. Ions may be formed by s u b j e c t i n g  a gas  t o  a s u f f i -  

c i e n t l y  i n t e n s e  e l e c t r i c  f i e l d .  They may a l s o  be  

f orrned by the g a s  w i t h  b e t a  r a y s  of s u f f i -  

c i e n t  e n e r g y .  (Frames 191, 204, 206, and 208)  

ncgat  i v e  i o n s  
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251. Ion ized  gases ,  un le s s  s u b j e c t e d  t o  special cond i -  bombarding 

t i o n s ,  are (good, o n l y  f a i r )  conduc to r s  of e l ec t r i c  

c u r r e n t s  a (Frame 199) .  

o n l y  f a i r  



.. .. 
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1 . 2 .  DC and AC A p p l i c a t i o n s  

l . 2 a .  A l t e r n a t o r s  

1. A s  i l l u s t r a t e d  i n  F i g u r e  V - 1 9 ,  a w i r e  Looe spun i n  

a m a ~ m e t i c  f i e l d  w i l l  g e n e r a t e  a v o l t a g e  w i t h i n  

i t s e l f .  F i g u r e  V - 2 1  shows t h e  p r i n c i p l e  of t h e  

a l t e r n a t i n g  c u r r e n t  g e n e r a t o r  o r  a l t e r n a t o r  which 

uses  t h i s  e f f e c t  t o  produce u s e f u l  e l e c t r i c i t y .  A s  

drawn, t h e  c o i l  r o t a t e s  and t h e  magnet i s  s t a t i o n -  

ary. 
t h e  magnet (and t h u s  i t s  f i e l d )  I 

The same e f f e c t  may b e  ob ta ined  by r o t a t i n g  

I 

F i g .  V - 2 1 .  P r i n c i p l e  of  t h e  A l t e r n a t o r  

2 .  E lec t romagnets  are capab le  of producing much s t r o n g e r  

magnet ic  f i e l d s  than  do  c u r r e n t l y  p r a c t i c a l  perma- 

nent  magnets and are used a lmost  e x c l u s i v e l y  i n  t h i s  

a p p l i c a t i o n .  It i s  a l s o  more convenient  t o  make the 

e l ec t romagne t  t h e  r o t o r  ( t h e  p a r t  t h a t  r o t a t e s )  of 

t h e  a l t e r n a t o r  and t o  wind the ae conductors  i n  a n  

i r o n  s t r u c t u r e  around t h e  r o t o r .  
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3 .  I f  t h e  r o t o r  of t he  a l t e r n a t o r  i n  F i g u r e  V - 2 1  

r o t a t e s  3600 r e v o l u t i o n s  per minute  (or 60 r e v o l u -  

t i o n s  per  second)  and,  acco rd ing  t o  F igu re  V-20, t h e  

ou tpu t  i s  one c y c l e  p e r  r e v o l u t i o n ,  t h e  a l t e r n a t o r  

i s  g e n e r a t i n g  c y c l e s  - p e r  -second (or h e r t z )  a c  . 
P u b l i c  u t i l i t i e s  i n  t h e  U . S .  normal ly  g e n e r a t e  60- 

c y c l e  a c  power. 

- 

4 .  The a l t e r n a t o r  i n  F igu re  V - 2 1  g e n e r a t e s  what i s  

c a l l e d  "s ingle-phase"  ac. Power i s  t r a n s m i t t e d  by 

two conductors  and i s  s u i t a b l e  f o r  l i g h t i n g ,  small  

motors ,  home a p p l i a n c e s ,  e l e c t r o n i c  in s t rumen t s ,  and 

many o t h e r  l o a d s .  The a b b r e v i a t i o n  f o r  s i n g l e  phase 

i s  "1 4'' (@ i s  t h e  Greek le t ter  "phi",  pronounced 

e i t h e r  "fye" o r  "fee"). 

5. S ing le -phase  power ( i s ,  i s  n o t )  s u i t a b l e  f o r  domes- 

t i c  (home) u s e .  

6 .  E l e c t r i c  u t i l i t i e s  g e n e r a t e  and d i s t r i b u t e  

r a t h e r  t h a n  1 0 power. Tn a d d i t i o n  t o  i t s  advan- 

t a g e s  i n  g e n e r a t i o n  and t r a n s m i s s i o n ,  3 8 power i s  

n e c e s s a r y  t o  run  a l l  l a r g e  ac motors .  Gene ra l ly  

speak ing ,  on ly  motors r a t e d  a t  one horsepower o r  

less  are powered from 1 Q c i r c u i t s .  

- 

- 

60 

i s  

7 .  Most ac gene ra t ed  by e l e c t r i c  u t i l i t i e s  i s  (1 8, 

3 0). 

... 
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8. R e f e r r i n g  t o  F igu re  V - 2 1 ,  i f  t h e  s i n g l e - c o i l  r o t o r  

were t o  be  r e p l a c e d  w i t h  one having  three separate 

c o i l s  spaced equal- ly  (120' apar t )  around t h e  s h a f t  

t hen  the v o l t a g e  ou tpu t  of each  c o i l  would r each  i t s  

maximum or  minimum a t  a d i f f e r e n t  time d u r i n g  each  

r o t a t i o n  of the  s h a f t .  

9. I f  t h e  c o i l s  were i n t e r c o n n e c t e d  i n  t h e  manner i n d i -  

c a t e d  i n  F i g u r e  V - 2 2 ,  t h r ee -phase  power could  be 

t a k e n  from p o i n t s  1, 2 ,  and 3 .  

c a r r i e d  by a separate conduc to r .  Normally, a f o u r t h  

conductor  i s  provided as the "neu t r a l "  o r  "grounded" 

s i d e  of t h e  c i r c u i t .  

Each phase i s  

ShafE 60" 

C o i l  B 1 

F i g .  V-22.  C o i l  Arrangement 
and Connect ions f o r  3 (3 A l t e r n a t o r  

10. S ing le -phase  power (may be,  i s  n o t )  s u p p l i e d  from 

3 @ a l t e r n a t o r s ,  
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-. 

T h i s  d i s c u s s i o n  of ac  power s o u r c e s  i s  
in tended  t o  be only  s u p e r f i c i a l .  The s t u -  
d e n t  should  c o n s u l t  a p p r o p r i a t e  tex tbooks  
f o r  a d e t a i l e d  e x p l a n a t i o n .  
I I 

1.2b. Relays  and Transformers  

11. The magnet ic  f i e l d  about  an  e n e r g i z e d  s o l e n o i d  (is, 

i s  n o t )  similar t o  t h a t  of a .bar-type permanent mag- 

ne t  (see F i g u r e  V - 1 5 ) .  

12. The s o u t h  magnet ic  pole  of an  e n e r g i z e d  s o l e n o i d  

( w i l l ,  w i l l  n o t )  a t t rac t  t h e  n o r t h  p o l e  of a b a r  

magnet. 

--I---- 

may be 

i s  

13.  The r e a s o n  f o r  having i r o n  cores i n  s o l e n o i d s  i s  t o :  w i l l  

(1) make t h e  assembly mechanica l ly  s t r o n g ,  o r  

(2)  i n c r e a s e  t h e  s t r e n g t h  of t h e  s o l e n o i d ' s  magnet ic  

f i e l d .  

14.  The e l e c t r o m a g n e t i c  r e l a y  (o r  j u s t  " re lay"  f o r  shor t )  (2) 

i s  a common e l e c t r i c a l  d e v i c e  which depends UPOLZ a n  

i r o n - c o r e  s o l e n o i d  f o r  i t s  o p e r a t i o n .  I n  F i g u r e  V -  

23, when t h e  s w i t c h  i s  c l o s e d ,  t h e  a rmature  (made of 

i r o n )  i s  a t t r a c t e d  t o  the core  of t h e  s o l e n o i d ,  

t h e r e b y  c l o s i n g  t h e  r e l a y  c o n t a c t s .  The d e v i c e  i s  

v a l u a b l e  i n  a number o f  ways. For example, i t  p r o -  

v i d e s  complete  e l e c t r i c a l  i s o l a t i o n  between t h e  =- 
t r o l l i n g  and the c o n t r o l l e d  c i r c u i t s .  An a c  c i r c u i t  

c a n  be t u r n e d  on and o f f  u s i n g  d c ,  o r  a h i g h - v o l t a g e  

c i r c u i t  may be c o n t r o l l e d  from one of low v o l t a g e .  

One impor tan t  f u n c t i o n  of a r e l a y  i s  t o  provide  e l e c -  

t r i c a l  between c i r c u i t s .  



6 3  

Armature 

. . .. 

-n 
Contac 

‘ ; d o i d  

t s  

F i g .  V-23.  Diagram of a Relay,  Relay  C o n t a c t s ,  
B a t t e r y ,  and Switch.  (The c o r e  i s  shown o u t s i d e  t h e  
c o i l  i n  t h e  s k e t c h ,  a l t h o u g h  i t  i s  a c t u a l l y  w i t h i n  t h e  
c o i l . )  

15. The r e l a y  may a l s o  be  c o n s t r u c t e d  w i t h  many sets of i s o l a t i o n  

e l e c t r i c a l l y  i s o l a t e d  c o n t a c t s  s o  t h a t  one s w i t c h  

(or o t h e r  r e l a y  c o n t a c t )  may t u r n  many separate 

e l e c t r i c a l  c i r c u i t s  on and o f f  a t  t h e  same t i m e .  I n  

e f f e c t ,  i t  m u l t i p l i e s  t h e  number of c o n t a c t s  of a 

s w i t c h .  Relays can be b u i l t  t h a t  ( w i l l ,  w i l l  n o t )  

c o n t r o l  s e v e r a l  independenc c i r c u i t s  s i m u l t a n e o u s l y .  

16. Relays  are wide ly  used t o  c o n t r o l  r e l a t i v e l y  Large w i l l  

amounts of power by means of small amounts of power. 

I n  your au tomobi le ,  f o r  example, t h e r e  i s  a r e l a y  

which a l l o w s  t h e  low-curren t  key s w i t c h  t o  a c t u a t e  

a h i g h - c u r r e n t  r e l a y  which t u r n s  t h e  s t a r t e r  motor 

on and o f f .  S t a r t e r  c u r r e n t s  may be 100 amperes o r  

s o  w h i l e  t h e  c u r r e n t  c o n t r o l l e d  d i r e c t l y  by  t h e  key 

s w i t c h  or s t a r t e r  b u t t o n  i s  l i k e l y  t o  be  less than 

one ampere .  

17 .  P o w e r - c o n t r o l l i n g  r e l a y s  are o f t e n  c a l l e d  “ c o n t a c -  

tors”, e s p e c i a l l y  when t h e y  are used as e i t h e r  ac o r  

dc  motor s t a r t e r s .  Relays  des igned  t o  c o n t r o l  l a r g e  

or  r e l a t i v e l y  l a r g e  amounts of power a r e  c a l l e d  . 
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......_ 

18. A t r a n s f o r m e r  i s  a n  e l e c t r i c a l  d e v i c e  which " t r a n s -  

forms" a h i g h  v o l t a g e  t o  a a v o l t a g e  o r  v i c e  

v e r s a  

- 

19. A t r a n s f o r m e r  f o r  u s e  w i t h  60-cyc le  a c  systems con-  

s i s t s  of a special  t y p e  i r o n  c o r e  on which two o r  

more windings of an e l e c t r i c a l  conductor  have been 

p l a c e d .  

f o r  t h e  magnet ic  f l u x  produced by the  c u r r e n t  i n  t h e  

pr imary winding,  p r a c t i c a l l y  t h i s  f lux  passes 

through t h e  secondary  winding a l so  and induces  a n  

e l e c t r i c a l  v o l t a g e  i n  i t .  

former winding t o  which power i s  a p p l i e d  i s  t h e  

"primary" w h i l e  t h e  "secondary" winding s u p p l i e s  

power t o  t h e  l o a d .  

a r ies  i n  any  t r a n s f o r m e r ,  depending on t h e  p a r t i c u -  

l a r  a p p l i c a t i o n .  

- 
Because a complete  i r d n  pa th  i s  provided 

By d e f i n i t i o n  t h e  t r a n s -  

There may be one or rn= second-  

c o n t a c  t o r  s 

F i g .  V - 2 4 .  Transformer w i t h  Power Source 
and Secondary Load 

- - - - - - -  

Load 

20. I n  a t r a n s f o r m e r ,  e l e c t r i c a l  power i s  fed  i n t o  t h e  

winding and e l e c t r i c a l  power of a d i f f e r e n t  
_c 

v o l t a g e  i s  removed from t h e  winding.  

.....T.T....I. .....,........ ..... ............:..., ~ 
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21.  You w i l l  reca.11 from Frames 156, 158, e t c . ,  of Sec- 

t i o n  l . l f ,  that: a conductor  p laced  i n  a changing 

magnet ic  f i e l d  h a s  a vol tage.  induced i n  i t .  S i n c e  

t h e  pr imary of t h e  t r a n s f o r m e r  i n  F i g u r e  V - 2 4  i s  

p a s s i n g  ac,  t h e r e  w i l l  be  a magnet ic  f i e l d  i n  t h e  

c o r e  which v a r i e s  from z e r o  t o  a maximum i n  _one 
d i r e c t i o n ,  t h e n  back t o  z e r o ?  t h e n  t o  a maximum i n  

t h e  o t h e r  d i r e c t i o n ,  and back t o  z e r o  a g a i n .  T h i s  

w i l l  repeat once w i t h  each  c y c l e  of t h e  a c .  T h i s  

magnet ic  f l u x  passes through t h e  i r o n  c o r e  i n  t h e  

secondary  winding a l s o  and, because i t  is  a con- 
t i n u o u s l y  changing f l u x ,  i t  i n d u c e s  an a l t e r n a t i n g  

v o l t a g e  i n  t h a t  winding.  

- 

22. The changing magnet ic  f l u x  i n  t h e  c o r e  produced by 

t h e  i n  tha primary of a t r a n s f o r m e r  induces  

a n  a l t e r n a t i n g  i n  t h e  secondary winding.  

primary , 
s ec ondar y 

ac > 
vo 1 t age 

23.  Frame 19  s t a t e s  t h a t  a spec ia l  type  of i r o n  c o r e  i s  

needed i n  a power t r a n s f o r m e r .  (This i s  a l s o  t r u e  

f o r  t h e  c o r e s  and armatures o f . a c  r e l a y s . )  

spec ia l  t y p e  of i r o n  co re  i s  made up of many t h i n *  

e l e c t r i c a l l y  i n s u l a t e d  i r o n  p la tes  called lamina-  

t i o n s  s t a c k e d  t o g e t h e r  t o  b u i l d  u p  t h e  s i z e  c o r e  

needed. A "laminated" core does not  overhea t  due t o  

was ted  e l e c t r i c a l  power producing "eddy c u r r e n t s "  d,s 

would happen i n  t h e  c a s e  of a s o l i d  i r o n  core, 

T h i s  

-_I 
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P a r t  2 of F i g u r e  V-25 shows t h e  c r o s s  s e c -  
t i o n  of a s o l i d  i r o n  c o r e .  Although t h e  
c o r e  i s  s o l i d  i r o n ,  l e t ' s  make b e l i e v e  t h a t  
t h e  d o t t e d  l i n e  d i v i d e s  t h e  c o r e  i n t o  two 
p a r r s ,  a s o l i d  i n n e r  s e c t i o n  and an  o u t e r  
s h e l l  having some t h i c k n e s s  X. When a n  
a l t e r n a t i n g  f l u x  i s  p r e s e n t  i n  t h e  c o r e ,  
t h e  o u t e r  s h e l l  a c t s  as an  e l e c t r i c a l  con- 
d u c t o r  around t h e  magnetic f l u x  i n  the 
i n n e r  s e c t i o n  of the  core j u s t  as wire 
windings would. A v o l t a g e  i s  induced i n  
t h i s  i r o n  Conductor,  t o o ;  and t h e  r e s u l t i n g  
i n d u e d  c u r r e n t  c i r c u l a t e s  around t h e  s h e l l  
h e a t i n g  it and w a s t i n g  p o w e r .  Any other 
" s h e l l "  o€ i r o n  i n s i d e  t h e  o u t e r  one w i l l  
a l s o  g e n e r a t e  h e a t  b u t  less t h a n  t h e  o u t e r  
one because each smaller s h e l l  e n c l o s e s  
less magnet ic  f l u x .  The e l ec t r i c  c u r r e n t s  
induced i n  t h i s  s o l i d  c o r e  i n  t h i s  manner 
a r e  c a l  l e d  "eddy" c u r r e n t s  They produce 
so  much heat t h a t  s o l i d - c o r e  t r a n s f o r m e r s  
a r e  i m p r a c t i c a l !  - - 

b 

P i g .  V-25. Cross  S e c t i o n  of a S o l i d  
and a Laminated Power Transformer Core 
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II I 

P a r t  b_of F i g u r e  V-25 shows t h e  c r o s s  sec- 
t i o n  of a t y p i c a l  c o r e  used r o u t i n e l y  i n  
power t r a n s f o r m e r s .  T h e  i r o n  i s  i n  t h e  
form of t h i n  " lamina t ions"  o r  s h e e t s  which 
a r e  s t a c k e d  or  p i l e d  up t o  form whatever 
s i z e  oE c o r e  i s  r e q u i r e d .  The l a m i n a t i o n s  
are coa ted  w i t h  an i n s u l a t i n g  material, 
b e f o r e  s t a c k i n g ,  t o  b r e a k  up t h e  c o n d u c t i n g  
p a t h s  t h a t  would be fol lowed by t h e  & 
c u r r e n t s  i n  a s o l i d  c o r e .  Each l a m i n a t i o n  
s t i l l  e n c l o s e s  some f l u x  s o  t h e  eddy c u r -  
r e n t s  a r e  not  e n t i r e l y  e l i m i n a t e d .  H m -  
ever, t h e  f l u x  enc losed  i n  each layer i s  
small s o  t h e  induced v o l t a g e  i s  small, and 
t h e  l e n g t h  of t h e  path t h e  eddy c u r r e n t s  
must f o l l o w  i s  r e l a t i v e l y  _long. 
t i o n  i s  f u r t h e r  improved by making t h e  
l a m i n a t i o n s  of a special  i r o n  c o n t a i n i n g  
s i l i c o n  t o  i n c r e a s e  i t s  e l e c t r i c a l  resist-  
ance.  C a r e f u l l y  des igned  t r a n s f o r m e r s  have 
o p e r a t i n g  e f f i c i e n c i e s  as h i g h  as 99"/,, and 
- 90 t o  95% i s  a t t a i n e d  i n  p r a c t i c a l l y  a l l  
commercial models. Most e l e c t r i c a l  e q u i p -  
ment and machines have much lower o p e r a t i n g  
e f f i c i e n c i e s ;  a c  r e l a y s  a l s o  have l a n i n a t e d  
c o r e s  and a r m a t u r e s .  

The s i t u a -  

- I 

2 4 .  Eddy - induced i n  t r a n s f o r m e r  and r e l a y  c o r e s  

c a u s e  t h e  c o r e s  t o  . 

25.  Power t r a n s f o r m e r  c o r e s  a r e  normally made of s h e e t  c u r r e n t s  
h e a t  

i r o n  , 

2 6 .  The l a m i n a t i o n s  are e l e c t r i c a l l y  i n s u l a t e d  t o  

reduce. c u r r e n t s .  

l a m i n a t i o n s  
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... 

2 7 .  It i s  impor tan t  t o  minimize eddy c u r r e n t s  i n  t r a n s -  eddy 

former- c o r e s  s i n c e  t h e y  produce and thus  

l o s s e s  of power. 

28 .  Suppose t h a t  t h e  t r a n s f o r m e r  in F i g u r e  V - 2 4  had a 

pr imary and secondary of one t u r n  each .  Because t h e  

i r o n  c o r e  h a s  very  low r e l u c t a n c e  (see Frame 142, 

S e c t i o n  L . l f ) ,  v e r y  n e a r l y  of t h e  

induced i n  i t  by t h e  c u r r e n t  i n  t h e  pr imary winding 

w i l l  pass through t h e  secondary winding a l s o .  If 

one v o l t  is r e q u i r e d  t o  produce t h e  pr imary c u r r e n t ,  

t h e n  i t  is  r e a s o n a b l e  t o  e x p e c t  t h e  r e s u l t a n t  f l u x  

t o  induce  v o l t  i n  t h e  secondary winding a l s o .  

Such is t h e  c a s e .  

h e a t  

29.  The v o l t a g e  r a t i o  of t h e  two c o i l s  i s  t h e  same as magnet ic  f l u x ,  
one t h e  t u r n s  r a t i o  of t h e  c o i l s .  The r a t i o  of t h e  

pr imary v o l t a g e  t o  t h e  secondary v o l t a g e  e q u a l s  t h e  

r a t i o  of t u r n s  of t h e  pr imary  c o i l  t o  t h e  t u r n s  of 

-- t h e  

30. T h i s  r e l a t i o n s h i p  i s  o f t e n  w r i t t e n :  

V T  
L = L  
vs Ts 

where V = primary v o l t a g e  
P 

Vs = secondary v o l t a g e  

T = t u r n s  on t h e  pr imary c o i l  

Ts = t u r n s  on t h e  secondary c o i l .  

P 

T h i s  means t h a t  if T 

t u r n s  t h e  t u r n s  r a t i o  i s  . Also,  t h e  r a t i o  of 

pr imary v o l t a g e  t o  v o l t a g e  i s  . 

i s  LOO0 t u r n s  and Ts i s  5000 
P 

secondary 
c o i l  
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31. I f  t h e  p o t e n t i a l  d i f f e r e n c e  a c r o s s  t h e  pr imary c o i l  115 o r  1:5,  

i s  100 v o l t s ,  w e  c a n  f i n d  t h e  V by t h e  e q u a t i o n :  
S 

100 v 1 

secondary , 
1:5 

v o l t s .  - vs - - 

32. This  t r a n s f o r m e r  (Frame 31) i s  o f t e n  r e f e r r e d  t o  as 5 00 

a "step-up" t ransformer  because t h e  secondary v o l t -  

age i s  h i g h e r  t h a n  t h a t  of t h e  pr imary.  A t r a n s -  

former having  a lower secondary t h a n  pr imary v o l t a g e  

would be  s a i d  t o  " s t e p  down" t h e  v o l t a g e .  

3 3 .  A d o o r b e l l  t r a n s f o r m e r  t a k e s  120 v o l t s  ad i n  t h e  

pr imary c o i l  and changes i t  t o  12 v o l t s  ad i n  t h e  

secondary.  Thus, a d o o r b e l l  t r a n s f o r m e r  i s  a type 

of ( s tep-up ,  step-down) t r a n s f o r m e r .  

34. Lest  we b e g i n  t o  t h i n k  w e  are g e t t i n g  something f o r  s t e p  -down 

n o t h i n g  i n  a s t e p - u p  t r a n s f o r m e r ,  w e  should h a s t e n  

t o  add t h a t  a t r a n s f o r m e r  does  not  s t e p  t h e  power 

( w a t t s )  UJ- o r  down. In t h e o r y ,  t h e r e  i s  100% t r a n s -  

f e r  of power from primary t o  secondary ;  however, 

even though the power t r a n s f e r  e f f i c i e n c y  can be 

q u i t e  h i g h ,  as s t a t e d  e a r l i e r ,  i t  i s  never  100%. 

35. If w e  c o n s i d e r  t h e  power t r a n s f e r  t o  be 100%, w e  c a n  

w r i t e :  

w a t t s  of pr imary = watts of secondary 

v o l t s  x amps = w a t t s  

v x 1 = vs x Is. 
P P 
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3 6 .  A t r a n s f o r m e r  t h a t  t a k e s  10 amps a t  120 v o l t s  and 

changes t h e  v o l t a g e  t o  240 v o l t s  w i l l  b e  a b l e  t o  

f u r n i s h  only  amps i f  w e  c o n s i d e r  t h e  power 

t r a n s f e r  t o  be 100%. - 

37. Show h e r e  how you worked t h e  above problem. 

a = V x-Ts  
v x -  S 

w a t t s  = v x Is 

Is a m p s  = -- 

38. When t h e  secondary v o l t a g e  i n c r e a s e s  i n  a s t e p - u p  

t r a n s f o r m e r ,  t h e  secondary e .ur ren t  must ( i n c r e a s e ,  

d e c r e a s e )  

5 

120, 1.0; 
1200, 240; 
5 

39.  A t r a n s f o r m e r  can change b o t h  v o l t s  and amperes b u t  d e c r e a s e  

w i l l  n o t  s t e p - u p  o r  step-down . 

40.  The o u t p u t  power of a t r a n s f o r m e r  i s  always a l i t t l e  w a t t s  o r  power 

(more, l e s s )  t h a n  t h e  i n p u t  power.  

- - - - - - -  
1.2c,. C i r c u i t  P r o t e c t i o n  and Grounding 

41. The r e s i s t a n c e  of e l e c t r i c a l  conductors  i n f l u e n c e s  

t h e i r  p r a c t i c a l  c u r r c n t - c a r r y i n g  capaci t ies .  When 

long r u n s  are n e c e s s a r y ,  t h e  v o l t a g e  d r o p  due t o  t h e  

c u r r e n t  and t h e  r e s i s t a n c e  i n  t h e  c i r c u i t  may be 

unacceptab ly  h i g h  even though t h e  c u r r e n t  " r a t i n g "  

of the wire i s  n o t  exceeded.  The conductor  i n  such 

a case i s  s e l e c t e d  not f o r  i t s  c u r r e n t  r a t i n g  b u t  on 

less  

t h e  b a s i s  of i t s  r e s i s t a n c e .  
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1000 w a t t  
l a m p  load 

T o t a l  r e s i s t a n c e  
of conductors  

F i g .  V-26. R e s i s t a n c e  i n  Long Conductors 

- - - - - -.-  

42.  Tn F i g u r e  V-26 t h e  1000-watt-lamp load i s  l o c a t e d  

250 f e e t  from t h e  power d i s t r i b u t i o n  p a n e l .  I f  #14 

gage w i r e  i s  i n s t a l l e d ,  t h e  2 5 0 - f t  run  would have a 

t o t a l  resistance of 1.285 n (ohms). The c u r r e n t  i n  

t h e  c i r c u i t  w i l l  be 1 =:. 
f o r  110 v t h e y  would be expected t o  r e q u i r e  

amps 

If t h e  l a m p s  are rated 

4 3 .  The v o l t a g e  lost i n  t h e  conductors  would b e  E = IR 

where I i s  t h a t  l i s t e d  above; E ,  t h e r e f o r e ,  e q u a l s  

44. The v o l t a g e  a t  t h e n ,  i s  supply  v o l t a g e  

(120) - I R  drop  i n  t h e  l i n e  = . 

9.09 

11.68 v 

45.  The a c t u a l  v o l t a g e  a t  t h e  lamps  w i l l  be  between 110 108.32 v 

and t h e  108.32 v c a l c u l a t e d  b u t  i n  e i t h e r  case i s  

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

panel  and e x p l a i n s  why 110-vol t  l a m p s  were s e l e c t e d  

i n  t h e  f i r s t  place. It might have been b e t t e r  t o  

buy l a r g e r  (more expens ive)  w i r e  than  t o  c o n t i n u e  t o  

buy t h e  power wasted i n  h e a t i n g  t h e  smaller w i r e .  
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4 6 ,  E x t e n s i o n  c o r d s  f r e q u e n t l y  are made of $118 gage w i r e  

whose r e s i s t a n c e  i s  a p p r e c i a b l y  h i g h e r  t h a n  t h a t  of 

t h e  #14 gage j u s t  cons idered .  Long e x t e n s i o n s ,  i f  

w e l l  loaded (7 t o  10 amp), can  i n t r o d u c e  a p p r e c i a b l e  

v o l t a g e  losses and t h u s  i n t e r f e r e  w i t h  t h e  o p e r a t i o n  

of equipment be ing  powered. I f  #18 w i r e  had been 

used i n  Figure V-26, the same v o l t a g e  l o s s  would 

have occurred  i n  s l i g h t l y  less t h a n  100 f t  of r u n .  

47. The e lec t r ica l  c u r r e n t  r a t i n g s  of a conductor  are 

de termined  p r i n c i p a l l y  by t h e  c h a r a c t e r i s t i c s  of. i t s  

i n s u l a t i o n .  Processed  n a t u r a l  rubber  and a number 

of r u b b e r - l i k e  p l a s t i c s ,  t h a t  make economical ly  

a c c e p t a b l e  i n s u l a t i o n  f o r  conductors ,  d e t e r i o r a t e  a t  

rates which i n c r e a s e  w i t h  t empera ture  e Standard  

conductor  r a t i n g s  are based on t h e  c o n d u c t o r ' s  b e i n g  

o p e r a t e d  i n  ambient ( sur rounding)  tempera tures  of 

30°C (86°F). A t  t h i s  tempera ture  t h e  i n s u l a t i o n  

w i l l  d i s s i p a t e  t h e  h e a t  due t o  power l o s s e s  i n  the 

conductor  w i t h o u t  damage when t h e  conductor  i s  

c a r r y i n g  its r a t e d  c u r r e n t .  

48.  The c u r r e n t  r a t i n g s  of conductors  are determined 

p r i n c i p a l l y  by t h e  type. of . 

49. S tandard  conductor  r a t i n g s  are based on o p e r a t i o n  i .nsu1at. i  on 

i n  ambient t e m p e r a t u r e s .  
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.- . .. .. 
50. If a conductor  r a t e d  t o  c a r r y  15 amps  i s  i n s t a l l e d  

where 40°C i s  the ambient tempera ture ,  i t s  a l l o w a b l e  

c u r r e n t  c a p a c i t y  ( is  t h e  same as,  i s  g r e a t e r  than ,  

i s  less than)  i t s  normal (design)  r a t i n g .  

51. The l i f e  of e x t e n s i o n  c o r d s  w i l l  probably be 

s h o r t e n e d  i f  t h e y  are r u n  near  steam l i n e s ,  a c r o s s  

h o t - a i r  r e g i s t e r s ,  or under rugs  because of 

damage. t o  t h e  i n s u l a t i o n .  

52.  The of a n  e x t e n s i o n  cord  o r  o t h e r  i n s u l a t e d  

conductor  must be c o n s i d e r e d  as w e l l  as i t s  c u r r e n t  

r a t i n g  when s e l e c t i n g  e i t h e r  f o r  a p a r t i c u l a r  a p p l i -  

c a t  i o n  

30°@ o r  86°F 

is less than 

h e a t  o r  thermal  

53. The s i z e  of a f u s e  o r  c i r c u i t  b r e a k e r  i s  determined l e h g t h  

by i t s  a p p l i c a t i o n .  When t h e  f u s e  o r  c i r c u i t  b r e a k -  

e r  i s  p r o t e c t i n g  an  e l e c t r i c  c i r c u i t  t o  a group of 

o r d i n a r y  120-v r e c e p t a c l e s ,  i t  i s  s i z e d  t o  p r o t e c t  

t h e  conductors  r a t h e r  t h a n  d e v i c e s  plugged i n t o  t h e  

receptacles .  

54. The t y p i c a l  120-v receptacle c i r c u i t  i s  wired w i t h  

conductors  r a t e d  a t  2 0  amp and would b e  p r o t e c t e d  

w i t h  a amp f u s e .  An e x t e n s i o n  cord r a t e d  a t  

7 t o  10 amp (#18 gage) (would, would n o t )  be pro-  

t e c t e d  f rom o v e r l o a d i n g  (pass ing  e x c e s s i v e  c u r r e n t )  

i f  plugged i n t o  one of t h e s e  r e c e p t a c l e s .  
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55. A f u s e  o r  c i r c u i t  b r e a k e r  u s u a l l y  depends f o r  i t s  20, 
o p e r a t i o n  on t h e  h e a t  g e n e r a t e d  w i t h i n  i t  by the  

c u r r e n t  th rough it .  When p o w e r - d i s t r i b u t i o n  p a n e l s  

are i n s t a l l e d  i n  such a way t h a t  i n t e r n a l l y  gener -  

a t e d  h e a t  (power l o s s e s  i n  connec t ions ,  f u s e s ,  and 

conductors )  cannot  b e  p r o p e r l y  d i s s i p a t e d  o r  when 

s u b j e c t e d  t o  h i g h  ambient tempera tures ,  on occas ion  

t h e  fuses  may blow o r  t h e  b r e a k e r s  may t r i p  when 

h a n d l i n g  l o a d s  w i t h i n  t h e i r  r a t i n g s .  Motor starters 

f r e q u e n t l y  depend on t h e r m a l l y  s e n s i t i v e  over load  

p r o t e c t i o n  d e v i c e s  ( t r i p s ) .  When exposed d i r e c t l y  

t o  o r d i n a r y  weather extremes, these starters may 

t r i p  u n n e c e s s a r i l y  i n  h o t  weather  if t h e y  are set t o  

provide  c l o s e  c o n t r o l  i n  average  or c o l d  weather .  

would not: 

56. A t r i p p e d  bre.aker,  t r i p p e d  motor s tar ter ,  or blown 

f u s e  (always,  u s u a l l y  b u t  n o t  always) i s  i n d i c a t i o n  

of a n  over load  i n  i t s  load c i r c u i t .  

57. Fuses d o n ' t  blow or o t h e r  p r o t e c t i v e  d e v i c e s  d o n ' t  u s u a l l y  b u t  not 
always j u s t  when t h e i r  load  c u r r e n t  r e a c h e s  t h e i r  

E s s e n t i a l l y  " r a t e d "  o r  "e' v a l u e  of c u r r e n t .  

i n s t a n t  a c t i o n  o c c u r s  &when c u r r e n t s  r e a c h  

o r  more times t h e  r a t e d  or set v a l u e .  Between r a t e d  

and i n s t a n t  v a l u e s  of c u r r e n t ,  t h e  time n e c e s s a r y  t o  

a c t  d e c r e a s e s  nonuniformly. Fuses  (are, are n o t )  

des igned  t o  blow the i n s t a n t  t h e  r a t e d  c u r r e n t  i s  

exc.eeded 
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58. The o r d i n a r y  120-v s i n g l e - p h a s e  p o w e r - d i s t r i b u t i o n  

system found i n  t h e  home, as w e l l  as i n  i n d u s t r i a l  

p l a n t s ,  has  one of i t s  c o n d u c t o r s  i n t e n t i o n a l l y  con-  

nec ted  t o  t h e  e a r t h  (grounded).  T h i s  " i d e n t i E i e d "  

n e u t r a l  o r  grounded conductor  has  a w h i t e  j a c k e t  or 

w h i t e  i n s u l a t i o n .  The o t h e r  conductor  (or "hot s i d e  

of t h e  l i n e " )  nominally i s  120 v o l t s  above ground 

a n d  has a b l a c k  j a c k e t  o r  i n s u l a t i o n .  T h i s  a r r a n g e -  

ment i s  re.quired by t h e  N a t i o n a l  E lec t r i c  Code and 

i s  fol lowed uniformly i n  t h i s  c o u n t r y .  

are. n o t  

59. It i s  s t a n d a r d  p r a c t i c e  i n  t h e  USA i n  w i r i n g  homes 

t o  i n s t a l l  w h i t e  i n s u l a t e d  w i r e  f o r  t h e  con- 

d u c t o r  and f o r  t h e  ' 'hot" one.  

60. 1 1  Grounding" means t o  e l e c t r i c a l l y  connect  a metal l ic  grounded, 

o b j e c t ,  such as a c a b i n e t  o r  t h e  s t ee l  framework of 

a b u i l d i n g  o r  a n  e l e c t r i c - c i r c u i t  conductor ,  t o  t h e  

e a r t h  through s u i t a b l e  conductors  connected a t  t h e  

o t h e r  end t o  grounding e l e c t r o d e s ,  such as d r i v e n  

metal r o d s  o r  b u r i e d  metal p l a t e s ,  mesh, or w i r e  

g r i d s .  

as a g r o u n d i n g  e l e c t r o d e .  Heavy wires o r  c a b l e s  are 

c u s t o m a r i l y  i n s t a l l e d  as t h e  grounding condiictors t o  

provide  - low r e s i s t a n c e  pa ths  between t h e  o b j e c t  t o  

be grounded and t h e  grounding e l e c t r o d e s .  

b l a c k  

Underground water p i p i n q  i s  f r e q u e n t l y  used 

61. "Grounding" t h e  frame of a c o n t r o l  c o n s o l e  means 

e l e c t r i c a l l y  connec t ing  i t  w i t h  e l e c t y o d e s  d r i v e n  

i n t o  o r  o t h e r w i s e  b u r i e d  i n  t h e  . 
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62. Underground water p i p i n %  ( u s u a l l y ,  never )  makes a 

good ground e l e c t r o d e .  

- - 
The term "ground p o t e n t i a l "  i s  u s u a l l y  i n -  
tended t o  mean t h a t  a n y t h i n g  at: t h i s  poten-  
t i a l  may be touched o r  worked on w i t h o u t  
f e a r  o f  e l e c t r i c  s1ioc.k. It should b e  rec- 
ognized, however, t h a t  t h e  i d e n t i f i e d  
(grounded) conductor  of an a c  c i r c u i t  r n ~  
not always b e  a t  ground p o t e n t i a l  as f a r  as 
a d j a c e n t  o b j e c t s  are concerned. This  con- 
d u c t o r  carr ies  c u r r e n t  of t h e  5ame magni- 
t u d e  as t h e  h o t  conductor  and nay be t i e d  
t o  "ground" a t  some r e l a t i v e l y  remote 
p o i n t -  w i t h  t h e  r e s u l t  t h a t  i t  m y  actually 
be many v o l t s  above t h e  a d j a c e n t  grounded 
o b j e c t s  i n  some areas. Only a f t e r  a c t u a l l y  
measur ing  t h e  p o t e n t i a l  between t h i s  con-  
d u c t o r  and an a d j a c e n t  grounded o b j e c t  can 
i t  be decided t h a t  t h e  conductor  i s  s a f e  t o  
h a n d l e .  G e n e r a l l y  speaking ,  if t h e  meas- 
ured v o l t a g e  i s  less t h a n  50 t h e r e  i s  l i t -  
t l e  l i k e l i h o o d  of shock h a z a r d ;  however, 
such a l a r g e  v o l t a g e  would b e  g u i t e  unu- - s u a l .  When an  unusual  c o n d i t i o n  such as 
t h i s  i,s d i s c o v e r e d ,  t h e  o p e r a t o r  should  be 
r e q u i r e d  t o  r e p o r t  i t  t o  h i s  s u p e r v i s o r  
b e f o r e  proceeding.  - _I 

6 3 .  S i n c e  t h e  grounded conductor  of an  e l e c t r i c  c i r c u i t  

may or may not  be a t  t h e  same p o t e n t i a l  as a n  a d j a -  

c e n t  grounded o b j e c t ,  i t  should not: b e  used t o  con-  

nec t  o t h e r  equipment t o  "ground" s 

e a r t h  

u s u a l l y  

64. The grounded conductor  of a n  e l ec t r i c  c i r c u i t  should 

(always,  never )  be used  f o r  grounding a console o r  

o t h e r  metal s t r u c t u r e ,  f o r  example. 
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- II 

Appliances such as e l e c t r i c  hand d r i l l s  or 
i n s t r u m e n t s  such as o s c i l l o s c o p e s  u s u a l l y  
have metal hous ings  t h a t  are in tended  t o  be 
i n s u l a t e d  from b o t h  a i d c s  of t h e  e l e c t r i c  
c i r c u i t  which s u p p l i e s  them w i t h  power. The 
i n s u l a t i o n  on t h e  h o t  w i r e  sometimes f a i l s  
and t h i s  s i d e  of t h e  c i r c u i t  may a c t u a l l y  
come. i n  c o n t a c t  w i t h  t h e  equipment housing 
s o  t h a t  anyone h a n d l i n g  t h e  equipment i s  
s u b j e c t  t o  e l e c t r i c  shock.  The p r e s e n t  
s t a n d a r d  p r a c t i c e  i s  t o  i n c l u d e  a t h i r d  
conductor  i n  t h e  power cord a l o n g  w i t h  t h e  
whi te  and b l a c k  wires--i ts  purpose b e i n g  t o  
ground t h e  equipment housing.  R e c e p t a c l e s  
now have t h r e e  connec t ions  t o  h a n d l e  the 
t h r e e  conductors .  The cord  cap  (plug)  on 
t h e  a p p l i a n c e  c a b l e  h a s  two f l a t  p i n s  f o r  
the  AC power and a longer  U-shaped p i n  f o r  
t h e  ground w i r e .  The ground p i n  i s  long s o  
t h a t  when t h e  cap p i n s  are i n s e r t e d  i n t o  
t h e  r e c e p t a c l e  t h e  a p p l i a n c e  i s  grounded 
b e f o r e  AC power i s  connected.  
conductor  is  c o l o r e d  g r e e n .  From t h e  
r e c e p t a c l e ,  t h e  g r e e n  wire i s  r u n  d i r e c t l y  
t o  t h e  b u i l d i n g  ground system. 

The ground 

I _I 

65. The purpose of t h e  g r e e n  w i r e  i n  t h e  power cord  of 

a n  a p p l i a n c e  i s  t o  t h e  frame and hous ing  of 

t h e  a p p l i a n c e  t o  t h e  b u i l d i n g  grounding system. T h i s  

minimizes t h e  hazard  t o  the  o p e r a t o r .  

66. The g r e e n  w i r e  i s  n o t  part of t h e  e l e c t r i c  power 

w i r i n 6  and t h e r e f o r e  does  n o t  c a r r y  c u r r e n t  under 

normal c o n d i t i o n s .  

a c c i d e n t a l l y  c o n t a c t  t h e  h o u s i n g  of a p i e c e  of 

equipment,  t h e  g r e e n  w i r e  w i l l  complete  t h e  ac c i r -  

c u i t  back  t o  ground and t h e  r e s u l t i n g  r e l a t i v e l y  

heavy c u r r e n t  w i l l  blow t h e  c i r c u i t  f u s e  or  trip its 

c i r c u i t  b r e a k e r ,  t h u s  c u t t i n g  t h e  c u r r e n t  off. 
T h e r e f o r e ,  t h e  o p e r a t o r  is not  s u b j e c t e d  t o  a n  

If t h e  h s  ac conductor  should 

h a z a r d ,  -_ 

never 

connect  o r  
ground, 
e l e c t r i c  shock 
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6 9 .  The g r e e n  wire  ( is ,  i s  n o t )  permi t ted  t o  c a r r y  c u r -  

r e n t  under normal c o n d i t i o n s .  

e l e c t r i c  shock 

68. The grounded conductor  and t h e  g r o u n d i n g  (or  ground) 

conductor  (are, are n o t )  names f o r  t h e  same w i r e  i n  

an  a p p l i a n c e  power cord .  

i s  n o t  

1.2d. R e c t i f i e r s  and F i l t e r s  

69. We s t a t e d  ear l ier  t h a t  b a t t e r i e s  supply  b u t  are n o t  

t h a t  u t i l i t i e s  suppLy ac.  There are  o c c a s i o n s  when 

%must be changed t o  & f o r  u s e  i n  e l e c t r o n i c  

equipment o r  t o  c h a r g e  b a t t e r i e s .  

70. The p r o c e s s  of changing a c  t o  dc  i s  c a l l e d  r e c t i f i -  dc  o r  d i r e c t  
c u r r e n t  c a t i o n .  A r e c t i f i e r  i s  a d e v i c e  used t o  change 

t o  - 

7 1 .  The p l o t ,  or graph,  of an a l t e r n a t i n g  voltage, such a c  7 
d c  as t h a t  of a s t a n d a r d  commercial ac power system, 

would probably  look like t h i s :  

Fig. V - 2 7 .  Graph.of a n  AC Voltage 
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72.  I n  o r d e r  t o  r e c t i f y  a c  t o  dc ,  something must  b e  done 

t o  l i m i t  t h e  flow of c u r r e n t  through t h e  load  t o  - one 

d i r e c t i o n  only.  The r e c t i f i e r  must act  l i k e  a check 

v a l v e  i n  a water system. 

73.  One d e v i c e  t h a t  i s  commonly used i s  c a l l e d  a “diode”.  

T h i s  d e v i c e  allows c u r r e n t  t o  f low through i t  i n  one 
d i r e c t i o n  b u t  does not  a l l o w  flow i n  t h e  o t h e r  

d i r e c t i o n .  

- - - - - - -  

74. Perhaps  we should  e x p l a i n  t h e  term ”diode”.  O r i g i -  

n a l l y ,  d i o d e  meanta  two-e lec t rode  e l e c t r o n i c  vacuum 

- t u b e  ( d i -  means two and -ode € o r  e l e c t r o d e ;  i .e . ,  

two-e lec t rode  t u b e ) .  However, t h e  term is commonly 

used now t o  mean e i t h e r  a t u b e  o r  a s o l i d - s t a t e  

d e v i c e  such  as a s i l i c o n  o r  selenium r e c t i f i e r  which 

performs t h e  same f u n c t i o n  as an  e l e c t r o n i c  t u b e  

-’ d i o d e .  i . e . ,  allows c u r r e n t  f low i n  one d i r e c t i o n  

and does  n o t  a l l o w  flaw i n  t h e  o p p o s i t e  d i r e c t i o n .  

75. Although t h e r e  are many d i f f e r e n t  t y p e s  of d i o d e s ,  

each having  i t s  own s p e c i a l  c h a r a c t e r i s t i c s ,  t h e  

p r i n c i p a l  a p p l i c a t i o n  c o n t i n u e s  t o  b e  t h a t  of 

ac t o  d c .  
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76. The d i o d e  can  be used as a because i t  w i l l  r e c  t i f  y i n g  

conduct  d u r i n g  one-half of a c y c l e  b u t  w i l l  con- 

d u c t  d u r i n g  t h e  second h a l f  of t h e  c y c l e .  A graph 

of t h e  v o l t a g e  o u t p u t  of such a d e v i c e  would a p p e a r  

as : 

I Conducting 

Not conduct ing 

Time ------+ 

F i g .  V-28. Graph. of Vol tage  Output  of a Hal€-Wave R e c t i f i e r  

77 .  Such a v o l t a g e  would produce a c u r r e n t  a s  shown 

below which would f o l l o w  t h e  v o l t a g e  v a r i a t i o n s ,  

4- 

Cur r e n t  0 

Diode conduct ing  

Not  conduct ing 

Time - 

r e c t i f i e r  

F i g .  V-29. Graph of a Curren t  Output of a Half-Wave R e c t i f i e r  

c_ I_ 

N o  s i g n i f i c a n c e  i s  t o  be a t t a c h e d  t o  t h e  
f a c t  t h a t  t h e  h e i g h t s  o f  t h e  c u r r e n t  wave 
and t h e  v o l t a g e  wave a r e  d i E f e r e n t  i n  t h e  
two graphs .  

I_ I_ 
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78. Q u i t e  "lumpy", i s n ' t  i t ?  But i t  i s  e l e c t r i c i t y  

which f lows i n  only  one d i r e c t i o n ,  i . e . ,  . 

7 9 .  This  i s  t h e  purpose,  t o  t a k e  a c  and change i t  t o  d c .  ac 

It i s  c a l l e d  p u l s a t i n g  dc because  t h e  flow i s  not 
cont inuous .  

80. A l t e r n a t i n g  c u r r e n t ,  which changes d i r e c t i o n  p e r i o d -  

i c a l l y ,  may b e  changed t o  c u r r e n t  by u s e  of a 

81. A d i o d e  can  be used as a r e c t i f i e r  because  it w i l l  d i r e c t ,  
r e c t i f i e r  

a l l o w  c u r r e n t  flow i n  ( e i t h e r ,  on ly  one) d i r e c t i o n .  

82 .  The o u t p u t  of a d i o d e  r e c t i f i e r  i s  p u l s a t i n g ,  b u t  i t  o n l y  one 

i s  s t i l l  c u r r e n t .  

83. For many purposes ,  w e  would need t o  smooth out  t h e  d i r e c t  

p u l s e s ;  b u t  f o r  c h a r g i n g  b a t t e r i e s  t h i s  i s  n o t  nec-  

e s s a r y  and would be a n  unnecessary  expense.  

84. The d e v i c e  w e  have j u s t  d e s c r i b e d  i s  c a l l e d  a " h a l f -  

wave'' . If t h e  name i s  n o t  obvious,  remember 

t h a t  each dc pu l se  r e p r e s e n t s  on ly  one-half  of the 

i n p u t  a c  wave. 

.... 
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0 '  

- 

85. It i s  d e s i r a b l e ,  however, t o  makc u s e  of b o t h  h a l f -  r e c t i f i e r  

waves; and t o  d o  t h i s  - d i f f e r e n t  c i r c u i t  a r r a n g e -  

ments have been developed.  F i g u r e  V-30 shows one of 

t h e s e .  Two half-wave r e c t i f i e r s  are connected s o  

t h a t  c u r r e n t  f l o w s  through one d u r i n g  one-half  of 

Full-wave r e c t i f i e d  
v o l t a g e  o r  c u r r e n t  

each  c y c l e  and through t h e  o t h e r  d u r i n g  t h e  a l t e r -  

n a t e  h a l f  c y c l e .  Each of t h e  t r a n s f o r m e r  windings 

- 
- 
f u r n i s h e s  puwer d u r i n g  one-half  of each  c y c l e .  

Diode 

P i g .  V-30. Full-Wave R e c t i f i e r  C i r c u i t  Charging a B a t t e r y  

The arrangement i s  c a l l e d  a "ful l -wave" r e c t i f i e r .  

F i g u r e  V-31 i s  a p l o t  of c h a r g i n g  c u r r e n t  o r  v o l t a g e  

t o  t h e  b a t t e r y .  

F i g .  V-31. Output  of Full-Wave AC R e c t i f i e r  

86.  The fu l l -wave  r e c t i f i e r  c i r c u i t  p rovides  c u r r e n t  

d u r i n g  h a l f - c y c l e  i n s t e a d  of d u r i n g  a l t e r n a t e  

h a l f - c y c l e s  of t h e  ac. 
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87. Power f o r  i o n  chambers, most e l e c t r o n i c  a .mpl i f ie rs ,  each 

and i n s t r u m e n t s ,  f o r  example, must be "pure" d c ;  

t h a t  i s ,  dc  w i t h o u t  any  lumps such as r e c t i f i e r s  

supply .  D i r e c t  c u r r e n t  s t r a i g h t  from r e c t i f i e r s  

( is ,  i s  n o t )  s u i t a b l e  f o r  powering most e l e c t r o n i c  

i n s t r u m e n t s  e 

88. I f  r e c t i f i e d  ac i s  passed through a s u i t a b l e  "fil- 
='I, t h e  lumps ( r i p p l e  o r  r i p p l e  v o l t a g e )  c a n  be 

e l i m i n a t e d ,  l e a v i n g  only  d c .  

i s  n o t  

- - - - - - -  
89.  What i s  f r e q u e n t l y  r e f e r r e d  t o  as "dc supply" con- 

s i s t s  of a power t ransformer  t o  raise o r  lower t h e  

v o l t a g e  as needed, a f u l l - w a v e  r e c t i f i e r ,  and a good 

f i l t e r .  Such s u p p l i e s  make s u i t a b l e  rep lacements  

f o r  b a t t e r i e s  i n  p r a c t i c a l l y  a l l  c a s e s .  A l l  a c -  

powered r a d i o  and TV r e c e i v e r s ,  e l e c t r o n i c  i n s t r u -  

ments,  and similar d e v i c e s  c o n t a i n  b u i l t - i n  d c  

s u p p l i e s  

- - - - - - -  
90.  I n  a d d i t i o n  t o  a r e c t i f i e r  and t r a n s f o r m e r ,  a dc  

supply  c o n t a i n s  a good t o  e l i m i n a t e  t h e  r i p -  

p l e  v o l t a g e .  

91. P r a c t i c a l l y  a l l  ac-powered e l e c t r o n i c  i n s t r u m e n t s  f i l t e r  

i n c  l u d e  b u i l t - i n  suppl  ics . 

92.  I n  most cases a dc  supply  makes a s p t i s f a c t o r y  

replacement  f o r  a . 
dc 

... 
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93.  S e c t i o n s  l . l d  and l.le p o i n t e d  o u t  t h a t  a c a p a c i t o r  b a t t e r y  

s t o r e s  e n e r g y i n  t h e  form of a d i f f e r e n c e  i n  charge  

between i t s  two p la tes .  The c a p a c i t o r  i l l u s t r a t e d  

i n  F i g u r e  V-32 w i l l  charge  w h i l e  t h e  o u t p u t  v o l t a g e  

of t h e  r e c t i f i e r  i s  h i g h e r  t h a n  t h a t  of t h e  capaci- 

t o r  and w i l l  g i v e  up i t s  c h a r g e  t o  t h e  load a t  o t h e r  

times I 

+ 
Fig .  V - 3 2 .  R e c t i f i e r  w i t h  Capac i tance  F i l t e r  

94. F i g u r e  V - 3 3  shows t h e  wave form of t h e  v o l t a g e  

a c r o s s  t h e  load and, i n  d o t t e d  l i n e s ,  t h e  o u t p u t  

v o l t a g e  of t h e  r e c t i f i e r .  

Vol tage  across Load 

Output  of z j e c t i f i e r  

T i m e  --+c 

Charging t i m e  of Discharge  t i m e  of 
c a p a c i t o r  each  h a l f -  c a p a c i t o r  each half- 
c y c l e  c y c l e  

P ig .  V - 3 3 .  Load Vol tage  w i t h  C a p a c i t o r  F i l t e r  
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95. The e f f e c t  of i? c a p a c i t o r  connected a c r o s s  t h e  - o u t -  

put of a r e c t i f i e r  i s  t o  reduce t h e  v o l t a g e  

a p p l i e d  t o  t h e  load .  

96. From F i g u r e  V - 3 3  t h e  smaller t h e  r i p p l e  i s ,  t h e  

n e a r e r  t h e  load c u r r e n t  w i l l  b e  t o  pure . 

97. The f i l t e r i n g  provided by a s i n g l e  c a p a c i t o r  i s  

u s u a l l y  i n s u f f i c i e n t  f o r  many a p p l i c a t i o n s .  

t i o n a l  f i l t e r i n g  may b e  provided by a combinat ion of 

i n d u c t o r s  (choke c o i l s )  and c a p a c i t o r s .  F i g u r e  V - 3 4  

shows one s a t i s f a c t o r y  f i l t e r  f o r  a d c  supply .  

Addi- 

r i p p l e  

dc  

Load 

F i l t e r  

F i g .  V - 3 4 .  Capaci tance- Inductance  F i l t e r  

98. You w i l l  r e c a l l  (Frames 149-160, S e c t i o n  l . l f )  that:  

an  i n d u c t o r ,  l i k e  a c a p a c i t o r ,  s t o r e s  . 

99.  You w i l l  also recall  t h a t  a n  i n d u c t o r  a c t s  i n  such a energy 

way t h a t  i t  t e n d s  t o  keep t h e  c u r r e n t  through i t s e l f  
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100. The e f f e c t  of  t h e  c a p a c i t o r s  i n  F i g u r e  V - 3 4  i s  to c o n s t a n t  

tend  t o  hold t h e  v o l t a g e  a c r o s s  themselves  c o n s t a n t  

and t h e  e f f e c t  of t h e  inductance  i s  t o  keep t h e  GUT- - through i t s e l f  c o n s t a n t .  I f  t h e  c u r r e n t  o u t  of 

t h e  inductance  i s  c o n s t a n t  and t h e  v o l t a g e  across 

t h e  load i s  c o n s t a n t ,  then ,  a.s f a r  as t h e  l o a d ' i s  

concerned,  i t s  power could be coining from a 

i n s t e a d  of a de  Supply.  

101. The purpose of t h e  f i l t e r  i n  a dc  supply  i s  t o  b a t t e r y  

remove t h e  ac from t h e  r e c t i f i e r  ou tput  and 

pass only  t o  t h e  load .  

102. A s  w i t h  most o t h e r  e l e c t r i c a l  equipment,  t h e r e  are r i p p l e ,  
d e  

many types  and arrangements  of f i l t e r s  f o r  & sup-  

p l i e s .  The purpose i s  t h e  sane i n  a l l  c a s e s .  

1.2e .  A m p l i f i e r s  

103. I n  t h e  e l e c t r i c a l  s e n s e ,  " a m p l i f i e r s "  a r e  d e v i c e s  

which, i n  e f f e c t ,  b o o s t ,  i n c r e a s e ,  or ampl i fy  s m a l l  

v o l t a g e s  o r  c u r r e n t s  t o  l a r g e r  v o l t a g e s  o r  c u r r e n t s  

as r e q u i r e d  f o r  t h e  a p p l i c a t i o n  a t  hand. Large o u t -  

p u t  v o l t a g e s  a l o n e  are seldom needed b u t  r a t h e r  i t  

i s  l a r g e  c u r r e n t s  o r  v a r y i n g  amounts of power. 

104. A m p l i f i e r s  p r a c t i c a l l y  always r e q u i r e  power f rom dc 

s u p p l i e s .  I n  f a c t ,  i t  i s  t h e  power from t h i s  s u p p l y  

t h a t  the a m p l i f i e r  f e e d s  i n t o  i t s  l o a d .  The ampl i -  

f i e r  c o n t r o l s  t h i s  power  o r  c o n v e r t s  it t o  ac as 

r e q u i r e d .  
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105. The power o r  c u r r e n t  f u r n i s h e d  by a n  a m p l i f i e r  t o  

i t s  load u s u a l l y  comes from t h e  a m p l i f i e r ' s  

106. Another way of looking  a t  a n  a m p l i f i e r  i s  as a 

d e v i c e  which permi ts  a s m a l l  s i g n a l  v o l t a g e  o r  

c u r r e n t  t o  c o n t r o l  a r e l a t i v e l y  l a r g e  c u r r e n t  o r  

amount o f  power. 

107. I n  many of t h e  c o n t r o l  and ins t rument  systems of a 

r e a c t o r ,  t h e  i n i t i a l  ( s i g n a l )  c u r r e n t  o r  v o l t a g e  i s  

v e r y  small. It i s  so  small t h a t  i t  can be d e t e c t e d  

o n l y  w i t h  v e r y  s e n s i t i v e  i n s t r u m e n t s  (which them- 

s e l v e s  c o n t a i n  a m p l i f i e r s )  . However, i t  i s  neces  - 
s a r y  f o r  t h i s  s i g n a l  t o  cause r e l a y s  o r  r e c o r d e r s  o r  

motors  t o  o p e r a t e  and t h i s  c a p a b i l i t y  i s  provided by 

s u i t a b l e  a n p l i f t e r s .  

108. The s i g n a l  c u r r e n t  from an i o n i z a t i o n  chamber ( d i s -  

cussed i n  S e c t i o n  V-2) is  very  small ( o f t e n  30 pa o r  

less). This  i s  s t r e n g t h e n e d  by a n  s o  i t  can 

o p e r a t e  a r e c o r d e r .  

109. The s i g n a l  o u t  of a phonograph pickup o r  tape head 

i s  g u i t e  small. Most of t h e  equipment which goes t o  

make up  such equipment i s  e l e c t r o n i c s  whose purpose 

i s  t o  a m p l i f y  t h e  s i v n a l  u n t i l  i t  i s  large o r  power- 

f u l  enough t o  d r i v e  (or  power) one o r  more loud-  

s p e a k e r s  a 

- 

dc  supply  

a m p l i f i e r  
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A m p l i f i c a t i o n  was o b t a i n e d  i n  most e l e c -  
t r o n i c  equipment w i t h  vacuum t u b e s  u n t i l  
r e c e n t l y  when t r a n s i s t o r s  became more popu- 

110. One measure. o f  t h e  c a p a b i l i t y  O E  a n  a m p l i f i e r  i s  i t s  

"w". For example, i f  t h e  i n p u t  t o  an  a m p l i f i e r  

i s  a c u r r e n t  of 10 pa and i t s  o u t p u t  i s  5 m a  ( m i l l i -  

amperes), i ts  c u r r e n t  i s  500. 

111. The 3ame a m p l i f i e r  would b e  expected t o  i n c r e a s e  a 

1 pa s i g n a l  t o  one of ma n 

112. A v o l t a g e  a m p l i f i e r  having a g a i n  of 400 would 

i n c r e a s e  the. o u t p u t  of 5 mv ( m i l l i v o l t s )  from a 

phonograph pickup t o  a s i g n a l  of v o l t s  f o r  

d r i v i n g  t h e  power a m p l i f i e r ,  

113. A t r i o d e  (or th ree-e lement )  vacuum t u b e  i s  i l l u s -  

t r a t e d  i n  F i g u r e  V - 3 5 .  It c o n s i s t s  of t h r e e  e l&- 

ments:  a ca thode  (with i n t e g r a l  h e a t e r ) ;  a w i r e  

h e l i x  o r  o t h e r  open g r i d  s t r u c t u r e  s e p a r a t e d  from, 

b u t  sur rounding ,  t h e  c a t h o d e ;  and beyond t h a t  t h e  

anode or  p l a t e .  

g a i n  

0 .5  

2 
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F i g .  V - 3 5 .  T r i o d e  Tube wirh  C y l i n d r i c a l  Elements  

114. The working e lements  of a t r i o d e  vacuum tube  are t h e  

.-? t h e  -J  and t h e  . 

115. The e s s e n t i a l  d i f f e r e n c e  between a t r i o d e  and a 

diode. i s  the. g r i d  i n  t h e  t r i o d e .  We shall f i r s t  

review t h e  "diode-type" behavior  of t h e  t r i o d e  by 

c o n s i d e r i n g  only  t h e  ca thode  and t h e  p l a t e  b e f o r e  

t a k i n g  up t h e  a c t i o n  of t h e  g r i d .  

ca thode ,  
g r i d ,  
p l a t e  or  anode 
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- - 
A vacuum t u b e  i s  so named because i t s  com- 
ponents  are surrounded by a g l a s s  or  metal 
envelope  o r  t u b e  f r o n w h i c h  a l l  gases have 
been removed b e f o r e  t h e  t u b e  w a s  s e a l e d .  
It: i s  n e c e s s a r y  t o  remove t h e  g a s e s  because 
g a s  molecules  would i n t e r f e r e  w i t h  t h e  f low 
of e l e c t r o n s  between components w i t h i n  t h e  
t u b e ,  Also, under  proper  c o n d i t i o n s ?  g a s e s '  
would become ionized- and c a u s e  t o o  g r e a t  a 
c u r r e n t  t o  f low between components. Some 
t y p e s  of r e c t i f i e r  tubes  t a k e  advantage of 
t h e  h i g h  c u r r e n t s  t h a t  can  b e  obta ined  
u s i n g  i o n i z e d  g a s e s ,  b u t  t h e s e  w i l l  n o t  b e  
d i s c u s s e d  h e r e .  
7 _1 

116. For v a r i o u s  r e a s o n s ,  n o t  of i n t e r e s t  h e r e ,  vacuum- 

t u b e  e lements  are f a b r i c a t e d  i n  many d i f f e r e n t  

shapes  b e s i d e s  c y l i n d r i c a l .  Vacuum-tube e lements  

(are, are  n o t )  always c y l i n d r i c a l  shape.  

1 1 7 .  The ca thode?  when s u i t a b l y  h e a t e d ,  emits e l e c t r o n s  are n o t  

c o p i o u s l y .  

Glectric c u r r e n t  through t h e  "hea ter"  which, t y p i -  

c a l l y  i s  a loop o r  number of loops  of r e s i s t a n c e  

w i r e  - placed  i n s i d e  t h e  ca thode .  

t o  t h e  ca thode  by r a d i a t i o n  and conduct ion .  The 

h e a t e r  wi re  i s  f r e q u e n t l y  coa ted  w i t h  hc:eram;c i n s u -  

l a t i o n  t o  i s o l a t e  i t  e l e c t r i c a l l y  from t h e  c a t h o d e .  

Heat ing  of t h e  ca thode  c a u s e s  i t  t o  e m i t - .  e 

The h e a t  - is  g e n e r a t e d  by p a s s i n g  a n  

Heat i s  t r a n s m i t t e d  
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118. When t h e  ca thode  i s  hea ted  t o  i t s  o p e r a t i n g  t e m p e r -  e l e c t r o n s  

a t u r e ,  many of t h e  e l e c t r o n 2  i n  t h e  atoms i n  and 

near  t h e  s u r f a c e  of t h e  cathode are  g i v e n  s u f f i c i e n t  

& - b e r m 1  energy  t o  b r e a k  l o o s e  from t h e s e  atoms and 

move o u t  i n t o  t h e  spacE between t h e  g r i d  and cathode.  

Thermal cne rgy  s u p p l i e d  by t h e  h e a t e r  c a u s e s  atoms 

at o r  near t h e  s u r f a c e  of t h e  ca thode  t o  emit . 

119. The purpose of t h e  h e a t e r  i s  t o  (emit e l e c t r o n s ,  e l e c t r o n s  

heat: t h e  ca thode  t o  i t s  o p e r a t i n g  t e m p e r a t u r e ) .  

120. I f  t h e  p l a t e  of t h e  vacuum t u b e  i n  F i g u r e  V - 3 5  i s  h e a t  t h e  c a r h -  
ode made p o s i t i v e  w i t h  respect t o  t h e  ca thode ,  i t  will 

( repe l ,  a t t r a c t )  t h e  e l e c t r o n s  by t h e  ca thode .  

- - - - - - -  
a t  t r a c  t , 
e m i t t e d  

121. Whcn t h e  ca thode  emits e l e c t r o n s ,  i t  a c q u i r e s  as 

many p o s i t i v e  charges  as i t  l o s e s  e l e c t r o n s .  

Because t h e  cachade i s  p o s i t i v e  w i t h  respect t o  t h e  

"cloud" of e l e c t r o n s  around i t ,  i t  ( a t t r a c t s ,  

repels) t h e s e  e l e c t r o n s .  

122. When t h e  p l a t e  of t h e  t u b e  i s  p o s i t i v e ,  both i t  and 

t h e  ca thode  axe  a t t r a c t i n g  e l e c t r o n s  from t h e  c l o u d  

around t h e  cathode.  A s  t h e  p l a t e  p o t e n t i a l  i s  made 

more- and more p o s i t i v e ,  i t  w i l l  a t t r a c t  (more, less) 

of t h e  e l e c t r o n s  e m i t t e d  by t h e  ca thode .  

a t t r a c t s  



92 

.... 

123. I f  t h e  p l a t e  vol tage.  i s  i n c r e a s e d  enough, t h e  '. more 

a t t r a c - t i o n  of t h e  plate w i l l  comple te ly  overcome 

t h a t  of t h e  ca thode  and all t h e  e m i t t e d  e l e c t r o n s  

w i l l  go t o  t h e  p l a t e .  I n c r e a s i n g  t h e  p o s i t i v e  v o l t -  

age on t h e  p l a t e  any f u r t h e r  ( w i l l ,  w i l l  n o t )  

i n c r e a s e  the  e l e c t r o n  flow t o  t h e  plate.  

124. You w i l l  r e c a l l  t h a t  a f l o w  of e l e c t r o n s  between two w i l l  n o t  

p o i n t s  i s  c a l l e d  a n  e l e c t r i c  c u r r e n t .  The flow of 

e l e c t r o n s  i n  a vacuum t u b e  t o  t h e  p l a t e  i s  r e f e r r e d  

t o  as the pla te  . 

125. The e l e c t r o n s ,  . i n  moving from Lhe c loud  t o  t h e  c u r r e n t  

p la te ,  pass through the  open spaces i n  t h e  g r i d  

s t r u c t u r e .  I f  a n e g a t i v e  p o t e n t i a l  i s  a p p l i e d  t o  

t h e  g r i d ,  i t  w i l l  tend t o  (a t t rac t ,  repel)  t h e  e lec-  

t r o n s  p a s s i n g  through i t .  

124. The more n e g a t i v e  t h e  g r i d  t h e  (more, less) i t  

r e p e l s  t h e  e l e c t r o n s .  

repel 

1 2 7 .  The more n e g a t i v e  t h e  i s  made t h e  (more, less) more 

t h e  c u r r e n t  flow from t h e  e l e c t r o n  cloud t o  t h e  

g l a t e .  

128. Ef t h e  g r i d  i s  made s u f f i c i e n t l y  n e g a t i v e  w i t h  less 

respect t o  t h e  ca thode ,  t h e  p l a t e  c u r r e n t  w i l l  d r o p  

t o  s. If, on t h e  o t h e r  hand, t h e  g r i d  i s  made 

p o s i t i v e  i t  w i l l  a c t  l i k e  the p l a t e  and w i l l  

( a t t rac t ,  r e p e l )  electrons - 
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129. The number of e l e c t r o n s  e m i t t e d  by t h e  ca thode  

dcpcnds p r i n c i p a l l y  upon i t s  tempera ture  and t h e  

material  of which i t :  i s  made. When - a l l  t h e  elec- 

t r o n a  e m i t t e d  by t h e  ca thode  go t o  the p l a t e ,  t h e  

tube i s  s a i d  t o  be " s a t u r a t e d " .  I n c r e a s i n g  t h e  

p l a t e  v o l t a g e  f u r t h e r  o r  making t h e  g r i d  more p o s i -  

t i ve  under such c o n d i t i o n s  ( w i l l ,  w i l l  n o t )  i n c r e a s e  

t h e  p l a t e  c u r r e n t .  

a t t r a c t  

130. I f  the vacuum t u b e  i s  n o t  s a t u r a t e d ,  making t h e  g r i d  

p o s i t i v e  ( w i l l ,  w i l l  n o t )  i n c r e a s e  plate  c u r r e n t  - 
w i l l  n o t  

131. The g r i d s  of vacuum t u b e s  are normally opera ted  a t  a 

p o t e n t i a l  which i s  n e g a t i v e  w i t h  r e s p e c t  t o  t h e  

ca thode .  The n e g a t i v e  g r i d ,  f o r  a l l  p r a c t i c a l  pur -  

poses ,  w i l l  c o l l e c t  - no e l e c t r o n s  and thus  t h e r e  w i l l  

be no i n  t h e  g r i d  c i r c u i t .  

w i l l  

132. The f i x e d  p o t e n t i a l  a p p l i e d  t o  t h e  grid i s  c a l l e d  c u r r e n t  

t h e  "b ias" .  When t h e  b i a s  i s  n e g a t i v e ,  t h e r e  i s  no 

i n  the g r i d  c i r c u i t  and t h e  b i a s  supply  i n  

F i g u r e  V - 3 5  i s  g r e q u i r e d  t o  f u r n i s h  any power, 

133. If a (see F i g u r e  V - 3 5 )  i s  added t o  c u r r e n t  

t h e  n e g a t i v e  b i a s  i n  the g r i d  c i r c u i t ,  t h e  g r i d  w i l l  

w i n g  mor_e_ n e g a t i v e  or  less nega.t ive,  depending on 

t h e  p o l a r i t y  of  t h e  s i g n a l ,  and t h e  p l a t e  c u r r e n t  

i n  s t e p o  Or - w i l l  
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134. A s  long as t h e  t o t a l  v o l t a g e  ( s i g n a l  p l u s  b i a s )  i s  

such t h a t  t h e  g r i d  i s  always n e g a t i v e  w i t h  r e s p e c t  

t o  t h e  ca thode ,  t h e r e  w i l l  be e s s e n t i a L l y  no c u r r e n t  

f low i n  t h e  c i r c u i t  . 

135. I f  t h e  s i g n a l  s o u r c e  s u p p l i e s  no c u r r e n t ,  i t  i s  

r e q u i r e d  t o  supply  no . 
I------ 

- - 
Measuring d e v i c e s  which r e q u i r e  l i t t l e  o r  
no s i g n a l  power are c a p a b l e  of moni tor ing  
p r o c e s s e s  which i n v o l v e  r e l a t i v e l y  l i t t l e  
energy  w i t h o u t  p e r t u r b i n g  t h e  p r o c e s s .  
Other  f e a t u r e s  of such d e v i c e s  are t h a t  
high-impedance s i g n a l  s o u r c e s  may b e  moni- 
t o r e d  s u c c e s s f u l l y  o r  long e l e c t r i c a l  l e a d s  
may be  i n t e r p o s e d  between t h e  s i g n a l  s o u r c e  
and t h e  ins t rument  w i t h o u t  l o s s  of s i g n a l  
s t r e n g t h  due t o  conductor  r e s i s t a n c e .  
I II 

136. A neans  i s  r e q u i r e d  f o r  d e v e l o p i n g  a measurable  

a m p l i f i e d  s i g n a l  i n  t h e  p la te  c i r c u i t  of t h e  a m p l i -  

f i e r  tube as it  responds t o  changes i n  t h e  s i g n a l  

s o u r c e .  One method i s  t o  p a s s  t h e  p la te  c u r r e n t  

through a. r e s i s t o r  (see F i g u r e  V-36). 

S i g n a l  
s ouree 

d e c r e a s e  
i n c r e a s e  

g r i d  

p mer 

F i g .  V-36. T r i o d e  Tube A m p l i f i e r  C i r c u i t  
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138. 

139. 

Because t h e  changes i n  t h e  g r i d  v o l t a p e  produce pro- 

p o r t i o n a l  changes i n  t h e  p l a t e  c u r r e n t  of t h e  vacuum 

t u b e ,  t h e  p o t e n t i a l  d r o p  a c r o s s  R ( w i l l ,  w i l l  not)  

b e  p r o p o r t i o n a l  t o  t h e  g r i d  v o l t a g e .  

Assume R = 10,000 fl and t h e  " i d l i n g "  (no s i g n a l )  

p la te  c u r r e n t  i s  2 m a .  

p o t e n t i a l  c a u s e s  a 1 - m a  change i n  p l a t e  c u r r e n t ,  i t  

w i l l  produce a - v o l t  change i n  t h e  I R  d r o p  

a c r o s s  R .  

I f  a one-vol t  change of g r i d  

Under t h e  c o n d i t i o n s  s t a t e d  i n  Frame 138, t h e  a m p l i -  

- f i e r  of F i g u r e  V-36 w i l l  have a v o l t a g e  g a i n  of 

-I----- 

- - 
Depending on t h e  t u b e  and c i r c u i t  d e s i g n ,  i 

s i n g l e - s t a g e  a m p l i f i e r  similar t o  t h a t  
i l l u s t r a t e d  i n  F i g u r e  V-36 may have v o l t a g t  
g a i n s  as h i g h  as 80 t o  90. With s p e c i a l l y  
des igned  t u b e s  and c i r c u i t s ,  a p p r e c i a b l y  
h i g h e r  g a i n s  are prac t ica l .  It w i l l  be 
noted t h a t  t h e  v o l t a g e  (or  I R )  d rop  a c r o s s  
R i n  F i g u r e  V-36 i s  e q u a l  t o  t h e  a m p l i f i e d  
s i g n a l  p l u s  t h e  drop due t o  t h e  i d l i n g  c u r .  
r e n t .  F i g u r e  V-35 shows one means of e l i m .  
i n a t i n q  t h e  p o r t i o n  of t h e  I R  d r o p  i n  t h e  
p l a t e  c i r c u i t  due t o  t h e  i d l i n g  c u r r e n t ,  
l e a v i n g  only  t h e  a m p l i f i e d  s i g n a l  v o l t a p e s  
You w i l l  r e c a l l  t h a t  i n  a t r a n s f o r m e r  o n l y  
v a r i a t i o n s  i n  t h e  pr imary c u r r e n t  cause  
v o l t a g e s  t o  be induced i n  i t s  secondary .  
Because t h e  i d l i n g  c u r r e n t  i s  c o n s t a n t ,  i t  
induces  no v o l t a g e  i n  t h e  t r a n s f o r m e r  s e c -  
ondary.  - - 

w i l l  

10 

10 
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1 . 2 f .  S e l f  T e s t  

140. TVA and o t h e r  u t i l i t y - c o m p a n y  g e n e r a t o r s  produce 

e l e c t r i c i t y .  (Frames 3 and 6 )  

141. The f requency  of t h e  a l t e r n a t i n g  c u r r e n t  produced by ac 

TVA and o t h e r  p u b l i c  u t i l i t ' i e s  i s  c y c l e s  p e r  

second.  (Frame 3 )  

- - - - - - -  
142. The e lec t romagnet  below has  a n o r t h  pole  a t  the  

( r i g h t ,  l e f t )  end. (Frames 146-149, S e c t i o n  1 , l f )  

-I" - 
F i g .  V-37. Electromagnet  

143. The t r a n s f o r m e r  below i s  a (s tep-up,  step-dawn) 

t r a n s f o r m e r  and h a s  a secondary  v o l t a g e  of 

v o l t s  (Frames 28-32) 

I ,- 500 Turns I 

60 

r i g h t  

F i g .  V - 3 8 .  Transformer 

- e - - - - -  
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144. The changing magnet ic  f i e l d  t h a t  is n e c e s s a r y  f o r  step -up 
480 

t r a n s f o r m e r  a c t i o n  i s  produced by f lowing (ac,  d c )  

through i t s  pr imary winding.  (Frames 2 1  and 22) 

145. The i r o n  c o r e s  of t r a n s f o r m e r s  must be i n  a c  

o r d e r  t o  reduce c o r e  caused by eddy c u r r e n t s .  

Transformers  f o r  60-hz ( cps )  a c  systems (would, 

would n o t )  be p r a c t i c a l  w i t h  s o l i d  i r o n  c o r e s .  

(Frames 19 and 23-27) 

146 .  One f u n c t i o n  of a r e l a y  i s  t o  one e l e c t r i c  laminated,  

c i r c u i t  from a n o t h e r .  (Frame 14) h e a t i n g  o r  
l o s s e s ,  
would not  - - - - - - -  

147. The name "contac tor"  i s  g i v e n  t o  a having  con- i s o l a t e  o r  
separate t ac t s  des igned  t o  h a n d l e  heavy c u r r e n t s .  (Frame 17) 

148. A l t e r n a t i n g  c u r r e n t  r e l a y s  and c o n t a c t o r s  can  be r e l a y  

expec ted  t o  have i r o n  c o r e s  similar t o  t h o s e  

of t r a n s f o r m e r s .  (Frames 23  and 24)  

149. The c u r r e n t  r a t i n g  of a conductor  depends l a r g e l y  on laminated 

t h e  thermal  c h a r a c t e r i s t i c s  of i t s  . (Frames 

47 and 48)  

150. Conductors t o  be opera ted  c o n t i n u o u s l y  i n  ambient i n s  u la t  i o n  

tempera tures  of 5 O o C  must be d e r a t e d ,  t h a t  i s ,  r u n  

a t  (less, more) t h a n  r a t e d  c u r r e n t .  (Frames 47-51) 
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151. It may n o t  b e  d e s i r a b l e  t o  c a r r y  r a t e d  c u r r e n t s  on 

long r u n s  of conductor  because of i t s  . 
(Frames 41-46) 

l e e s  

152. The w h i t e  ( i d e n t i f i e d )  conductor  i n  a n  e l e c t r i c  c i r -  r e s i s t a n c e  o r  
IR drop  

c u i t  should  (always,  never )  be used f o r  grounding 

equipment o r  as a ground w i r e .  (Frames 58, 60, and 

64 ) 

153. The purpose of t h e  "green" w i r e  i n  t h e  cord  t o  an  

e l e c t r i c  d r i l l ,  f o r  example, i s  t o  t h e  frame 

of t h e  d r i l l .  This minimizes t h e  hazard .  

(Frames 65-67) 

154. A blown f u s e  o r  a t r i p p e d  motor starter i s  (always,  

n o t  always) an i n d i c a t i o n  t h a t  t h e  c u r r e n t  through 

i t  had been t o o  h i g h .  (Frame 55 and 56) 

155. Conductors c a r r y i n g  c u r r e n t s  i n  excess of t h e i r  

r a t i n g  are s a i d  t o  be . Such o p e r a t i o n  o f t e n  

c a u s e s  premature f a i l u r e  of t h e  c o n d u c t o r ' s  . 
(Frames 47-54) , 

never  

ground , 
shock 

n o t  always 

156. A grounded conductor  (may, may n o t )  always b e  s a f e  over loaded,  
i n s u l a t i o n  

t o  h a n d l e .  (Frame 6 3 )  

157. A r e c t i f i e r  i s  used t o  change c u r r e n t  t o  may n o t  

c u r r e n t .  (Frames 69-79) 
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158. The f o l l o w i n g  waveform i s  t h e  o u t p u t  of a half-wave a1 t e r n a t  i n g  , 

Vol ts  

(Frames 76-39) 

-I----- 

d i r e c t  

F i g .  V-39. Vol tage  Output  of a Half-Wave R e c t i f i e r  

159. A fu l l -wave  r e c t i f i e r  produces one c u r r e n t  p u l s e  p e r  r e c t i f i e r  

c y c l e  i n s t e a d  of one per c y c l e .  (Frame 85) 

160. The o u t p u t  of a fu l l -wave  r e c t i f i e r  ( is ,  i s  n o t )  h a l f  

s u i t a b l e  t o  replace b a t t e r i e s  d i r e c t l y  i n  a m p l i f i e r  

s e r v i c e .  (Frame 87)  

161. The purposes  of a f i l t e r  used w i t h  a r e c t i f i e r  are i s  not  

t o  e l i m i n a t e  t h e  v o l t a g e  and pass t o  the 

l o a d .  (Frames 97-101) 

r i p p l e ,  
dc 

162. A "dc supply" which r e p l a c e s  b a t t e r i e s  f o r  u s e  w i t h  

i o n  chambers, e l e c t r o n i c  i n s t r u m e n t s ,  and t h e  l i k e  

c o n s i s t s  of t h r e e  main p a r t s :  , , and 

- . (Frame 89).  
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163. A d e v i c e  t h a t  is  used t o  i n c r e a s e  t h e  s t r e n g t h  of a 

weak e l ec t r i ca l  s i g n a l  i s  an ; (Frames 103, 

106, and 107) 

- - - - - - -  
164. The amount of a m p l i f i c a t i o n  t h a t  a d e v i c e  produces 

i s  r e f e r r e d  t o  as i t s  . (Frames 110 and 112) 

- - - - - - -  
165. An a m p l i f i e r  t h a t  h a s  a n  i n p u t  of 2 ma and a n  o u t -  

pu t  of 1 am.p h a s  a c u r r e n t  g a i n  of 

110 and 111) 

- - - - -  
166. The e lements  of a d i o d e  t u b e  are a 

. (Frame 115) - 
--- - -  

L67. The e lements  of a t r i o d e  a m p l i f i e r  

-9 and a . (Frame 113) 

- - - - -  

- . (Frames 

- -  
and a - 

- -  
t u b e  are a , 

- -  
168. The e l e c t r o n s  which make up the  plate  c u r r e n t  come 

from. t h e  . (Frame 1 1 7 )  

169. I n  o r d e r  t o  e m i t  e l e c t r o n s ,  t h e  ca thode  must be 

. (Frames 1 1 7  and 118) 

170. The c u r r e n t  which f lows  i n  an  a m p l i f i e r  t u b e  from 

ca thode  t o  p l a t e  i s  c o n t r o l l e d  by t h e  . 
(Frames 125-128) 

t ransformer ,  
r e c t i f  i'er, 
f i l t e r  

a m p l i f i e r  

g a i n  

500 

ca thode  
p l a t e  

ca thode ,  
g r i d ,  
p l a t e  o r  anode 

ca thode  

h e a t e d  

.... 
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1 7 1 .  Because t h e  s i g n a l  v o l t a g e  which i s  developed across g r i d  

the load i n  the  plate  c i r c u i t  of a t r i o d e  t u b e  i s  

l a r g e r  t h a n  t h e  c o n t r o l l i n g  s i g n a l  a p p l i e d  t o  i t s  

g r i d ,  t h e  t u b e  is s a i d  t o  t h e  i n p u t  s i g n a l .  

(Frames 103, 106, and,108)  ’ ,  . 

amplify 



102 

V-2  - RADIATION DETECTION 

The purpose of t h i s  s e c t i o n  i s  t o  p r e s e n t  t h e  b a s i c  p r i n c i p l e s  of 

e l e c t r i c a l  methods of r a d i a t i o n  d e t e c t i o n ,  espec ix i l ly  as a p p l i e d  i n  

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

2 .1 .  I o n i z a t i o n  Chambers 

1. R a d i a t i o n  i s  d e t e c t e d  by a number of i n s t r u m e n t s  

such as e l e c t r o s c o p e s ,  i o n i z a t i o n  chambers, s c i n t i l -  

l a t i o n  c r y s t a l s ,  and cloud chambers. We s h a l l  con- 

f i n e  our s t u d y  t o  i o n i z a t i o n  (or  i o n )  chambers 

because  almost  a l l  r a d i a t i o n  d e t e c t i o n  d e v i c e s  f o r  

r e a c t o r  a p p l i c a t i o n s  make use of such  chambers. A 
t y p i c a l  chamber, i l l u s t r a t e d  i n  F i g u r e  V-40 ,  i s  a 

g a s - f i l l e d  can  w i t h  a metal conductor  ( w i r e )  l o c a t e d  

i n  t h e  c e n t e r  of the c a n  and i n s u l a t e d  from t h e  con-  

d u c t i n g  w a l l  of t h e  can .  - 

F i g .  V - 4 0 .  Diagram of S i n p l e  Ionizat ion-Chamber C i r c u i t  
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2 .  When i o n i z i n g  r a d i a t i o n  passes through t h e  chamber, 

i t  produces i o n  pa i r s  i n  t h e  gas a l o n g  i t s  pa th ,  as 

i n  F i g u r e  V - 4 1 .  An i o n  p a i r ,  you may r eca l l ,  i s  

composed of t h e  p o s i t i v e l y  charged atom and t h e  neg- 
a t i v e l y  charged e l e c t r o n  t h a t  h a s  been s e p a r a t e d  

from t h e  atom by t h e  r a d i a t i o n .  Usual ly  only  t h e  

charged atom i s  r e f e r r e d  t o  as a n  ion. 

Fig. V - 4 1 .  I o n i z a t i o n  Chamber Conducting 

(1 r e p r e s e n t s  e l e c t r o n  c u r r e n t )  

3 .  The charged pa i r  ( t h e  e l e c t r o n ' a n d  t h e  charged atom 

f rornwhich i t  h a s  been remuved) i s  c a l l e d  a n  

... 



1 Oh 

. -. ..... 

4 .  When a p o t e n t i a l  d i f f e r e n c e  i s  placed between t h e  

c e n t e r  wire and t h e  can  s u r f a c e  of t h e  i o n i z a t i o n  

chamber, each pa r t i c l e  of t h e  i o n  pa i r  i s  a t t r a c t e d  

by i t s  o p p o s i t e  charge  and w i l l  move toward t h a t  

c h a r g e  

5. I n  F i g u r e  V - 4 1  t h e  w i re  i s  p o s i t i v e l y  charged and 

t h e  can  i s  n e g a t i v e l y  charged.  Thus, t h e  e l e c t r o n s  

w i l l  move toward t h e  center wire  and t h e  p o s i t i v e l y  

charged i o n s  w i l l  move toward t h e  i n n e r  s u r f a c e  of 

t h e  charged s. 

i o n  pa i r  

6 .  When i o n i z i n g  r a d i a t i o n  e n t e r s  t h e  i o n i z a t i o n  cham- n e g a t i v e l y  

b e r ,  t h e  movement of t h e  r e s u l t i n g  i o n  pairs  c o n s t i -  

t u t e s  a n  e l e c t r i c  c u r r e n t  i n  t h e  chamber and t h u s  

comple tes  t h e  e l e c t r i c a l  c i r c u i t  of b a t t e r y ,  i o n i z a -  

t i o n  chamber, and load  ( r e s i s t o r ,  R ) .  The chamber 

t h e r e f o r e  becomes a . 

7 .  When t h e r e  i s  r a d i a t i o n ,  t h e  gas i n  t h e  chamber i s  conductor  

i o n i z e d  and ac t s  as a f o r  t h e  e l e c t r i c  c u r -  

r e n t .  The c i r c u i t  i s  t h e n  (an open, a c l o s e d )  c i r -  

c u i t .  

8. When t h e r e  i s  no r a d i a t i o n ,  t h e  gas remains un- c onduc t o r ,  
a c l o s e d  i o n i z e d  and t h e  c i r c u i t  remains open. Thus, t h e  

i o n i z a t i o n  chamber ac t s  as a nonconductor .  (Actu- 

a l l y  i t  i s  more l i k e  a h igh-va lued  r e s i s t o r  whose 

v a l u e  i s  d e c r e a s e d  by r a d i a t i o n - - t h e  h i g h e r  t h e  

amount of r a d i a t i o n ,  t h e  lower t h e  v a l u e  of t h e  

r e s i s t o r  .) 
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.... 
9. The p a t h  of t h e  r a d i a t i o n  through t h e  pas of t h e  

i o n i z a t i o n  chamber i s  marked by p a i r s ,  as 

shown i n  F i g u r e  V-4 .1 .  Some o t h e r  t y p e s  of i o n i z i n g  

r a d i a t i o n  and p a r t i c l e s  n o t  i l l u s t r a t e d  a re  a l p h a  

p a r t i c l e s ,  secondary r a d i a t i o n  from neut ron  a b s o r p -  

-7 t i o n  e h o t o  e l e c t r o n s ,  e t c .  

10. The E which w a s  a nonconductor i s  now, because of 

t h e  i o n  pa i r s ,  a . 

11. The e l e c t r o n s  which are f r e e d  from gas atoms by 

r a d i a t i o n  are  a t t rac ted  t o  t h e  c e n t e r  w i r e  ( o f t e n  

c a l l e d  c e n t e r  e l e c t r o d e )  because i t  i s  , 

charged.  

12 ,  The p o s i t i v e l y  charged gas  atoms (lons) are a t t r a c -  

t e d  t o  t h e  i n n e r  s u r f a c e  of t h e  chamber "can" ( t h e  

can  i s  a l s o  ca l led  an e l e c t r o d e )  which i s  

charged . 

13 .  Before e x p l a i n i n g  t h e  e f f e c t  of t h i s  i o n  movement 

on t h e  e x t e r n a l  c i r c u i t ,  l e t  us  look a t  t h e  e f f e c t  

(on t h e  i o n s  themselves)  of v a r i o u s  p o t e n t i a l  d i f -  

f e r e n c e s  which might b e  a p p l i e d  a c r o s s  t h e  chamber. 

14. The charged p a r t i c l e s  produced by t h e  r a d i a t i o n  w i l l  

be  c i t t r a c t e d  t o  t he  e l e c t r o d e  which i s  charged ( t h e  

Same as ,  o p p o s i t e  t o )  t h e i r  c h a r g e .  The a t t r a c t i v e  

f o r c e  w i l l  be p r o p o r t i o n a l  t o  thc  amount o f  v o l t a g e  

a p p l i e d  acroqs t h e  . 

i o n  

conductor  

1) os i t i v e  1 y 

n e g a t i v e l y  
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15. 

16. 

The e l e c t r o n s  w i l l  be a . t t r a c t e d  t o  t h e  charged o p p o s i t e  t o ,  

c e n t e r  wi re ,  and t h e  much h e a v i e r  p o s i t i v e  i o n s  w i l l  

be a t t r a c t e d  t o  t h e  charged s h e  11. 

chamber 

A t  l ow a p p l i e d  v o l t a g e s ,  t h e  p o s i t i v e  i o n s  w i l l  rn= 

so s l o w l y  t h a t  most of them w i l l  be  a b l e  t o  recom- 

b i n e  w i t h  e l e c t r o n s  b e f o r e  t h e y  r e a c h  t h e  e l e c t r o d e s ,  

see Region I i n  F i g u r e  V - 4 2 .  

p o s i t i v e l y ,  
n e g a t i v e l y  

I I I 
-2 00 -800 -1000 

Applied v o l t a g e  

F i g .  V - 4 2 .  V a r i a t i o n  of  Charge C o l l e c t e d  Versus Applied Voltage 
f o r  P a r t i c l e s  of Two Energy Levels  

- - - - - - -  
17. Above- a certain v o l t a g e ,  a s  i n  Region 11, t h e  p o s i -  

t i v e  and e l e c t r o n s  move s o  f a s t  t h a t  recombina- 

tion is  a lmost  imposs ib le  and p r a c t i c a l l y  cvery i o n  

and e l e c t r o n  w i . 1 1  r e a c h  an  . 



107 

18. T h i s  movement i n  t h e  chamber of e l e c t r o n s  t o  t h e  e l e c t r o d e  

center  w i r e  and p o s i t i v e  i o n s  t o  t h e  can  s u r f a c e  

c o n s t i t u t e s  a c u r r e n t .  I n  t h i s  c o n d i t i o n ,  t h e  i o n  

chamber ac t s  as  fa conductor ,  an  open c i r c u i t )  i n  

t h a t  i t  a l l o w s  a c u r r e n t  t o  f low i n  the  c i r c u i t .  

19. When t h e  v o l t a p e  i s  h i g h  enough, as i n  Region 11, a conductor  

(few, most, e s s e n t i a l l y  a l l )  i o n s  r e a c h  t h e  e lec-  

t r o d e s  e 

20.  A f t e r  t h e  a p p l i e d  v o l t a g e  i s  j u s t  h igh  enough t o  e s s e n t i a l l y  a l l  

c a u s e  a l l  t h e  i o n s  t o  r e a c h  the e l e c t r o d e s ,  t h e  

v o l t a g e  c a n  be f u r t h e r  i n c r e a s e d  t o  about  200 v o l t s  

(F igure  V - 4 2 )  w i t h o u t  any i n c r e a s e  i n  i o n  c u r r e n t .  

( Ion c u r r e n t  i s  t h e  c u r r e n t  through t h e  i o n i z a t i o n  

chamber due t o  i o n  movement.) T h i s  v o l t a g e  "region" 

i s  c a l l e d  t h e  " ionizat ion-chamber reg ion" .  

2 1 .  Wichin t h e  i o n i z a t i o n  chamber r e g i o n ,  t h e  a p p l i e d  

v o l t a g e  can  be i n c r e a s e d  OK decreased  w i t h  no 

a p p r e c i a b l e  change i n  c u r r e n t .  

2 2 .  Also  w i t h i n  the. i o n i z a t i o n  chamber r e g i o n ,  t h e  i o n  ion  

c u r r e n t  i n c r e a s e s  i f  the energy- of t h e  r a d i a t i o n  

par t ic les  (or photons) i n c r e a s e s  o r  i f  t h e  number of 

r a d i a t i o n  p a r t i c l e s  (or  photons) i n c r e a s e s  but: does  

n_ot i n c r e a s e  If t h e  a p p l i e d  voltage i s  . 
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2 3 .  W i t h i n  t h e  i o n i z a t i o n  chamber r e g i o n ,  t h e  i o n  c u r -  i n c r e a s e d  

r e n t  can be i n c r e a s e d  only  by i n c r e a s i n g  t h e  

o r  t h e  of t h e  r a d i a t i o n  pa.r$i.cles (or photons). 

24. Although, i n  t h i s  r e g i o n ,  t h e  i o n  c u r r e n t  does not energy,  
numb e r i n c r e a s e  w i t h  a change i n  v o l t a g e ,  t h e  speed of t h e  

i n d i v i d u a l  i o n s  d o e s  i n c r e a s e  as t h e  v o l t a g e  i n -  

c r e a s e s .  

- - - - - - -  
25. The ion iza t ion-chamber  r e g i o n  of t h e  c u r v e  i s  t h e  

r e g i o n  (below about  200 v o l t s )  i n  which a n  i n c r e a s e  

i n  v o l t a g e  a c r o s s  t h e  chamber produces e s s e n t i a l l y  

no change i n  i o n  c u r r e n t  because e v e r y  p r o -  

duced by t h e  r a d i a t i o n  r e a c h e s  an e l e c t r o d e .  

26. However, a n  i n c r e a s e  in v o l t a g e  does produce a n  i o n  

i n c r e a s e  i n  t h e  of 

2 7 .  When t h e  a p p l i e d  v o l t a g e  

t h e  i o n s .  

- - - - - -  
i s  i n c r e a s e d  above about  speed  

200 v o l t s ,  a n o t h e r  i n t e r e s t i n g  t h i n g  happens;  t h e r e  

i s  a "popula.t ion explos ion" .  

i o n s  ( e l e c t r o n s )  are a c c e l e r a t e d  t o  such  speeds  

toward t h e  p o s i t i v e  e l e c t r o d e  t h a t ,  b e f o r e  t h e y  

r e a c h  i t ,  t h e y  s t r i k e  gas  molecules  h a r d  enough t o  

cause a d d i t i o n a l  o r  secondary i o n s  t o  b e  formed. 

These add t o  t h e  o f i g i n a l  (primary) i o n i z a t i o n  c u r -  

r e n t .  

Some of t h e  n e g a t i v e  
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28. I n  Region 111 of t h e  c u r v e  (F igure  V - 4 2 )  t h e  i o n s  

produced by t h e  r a d i a t i o n  move toward t h e  e l e c t r o d e s  

w i t h  such  speed t h a t  when t h e y  h i t  o t h e r  gas p a r -  

t i c les  they produce i o n i z a t i o n .  

29.  W i t h i n  t h e  p r o p o r t i o n a l  r e g i o n ,  t h e  i o n  c u r r e n t  s e c o nd a r y  

i n c r e a s e s  p r o p o r t i o n a l l y  i f  the energy of t h e  r a d i a -  

t i o n  par t ic les  (or  photons) i n c r e a s e s ,  o r  i f  t h e  

number of r a d i a t i o n  par t ic les  (or  photons) i n c r e a s e g  

o r  i f  t h e  a p p l i e d  v o l t a g e  i s  . 

30. The " p o p u l a t i o n  explosion ' '  o r  format ion  of secondary i n c r e a s e d  

i o n i z a t i o n  e x p l a i n e d  ear l ie r  i s  c a l l e d  "avalanche" 

o r  wcttscade" i o n i z a t i o n .  A t  t h e  lower e l e c t r o d e  

v o l t a g e s  t h e  a v a l a n c h e s  form n e a r  t h e  p o s i t i v e  e l e c -  

- t r o d e  and are s c a t t e r e d  a l o n g  it ,  depending on where 

t h e  pr imary i o n i z a t i o n  occurred .  A t  h i g h e r  v o l t a g e s  

t h e  

e l e c t r o d e  s i n c e  t h e  primary e l e c t r o n s  r e a c h  i o n i z i n g  

speeds  when f a r t h e r  away. 

b e g i n  t o  form f a r t h e r  from t h e  p o s t t i v e  

R a d i a t i o n  d e t e c t o r s  des igned  t o  b e  o p e r a t e d  
i n  t h e  " p r o p o r t i o n a l  reg ion"  are no longer ,  
s t r i c t l y  speaking ,  s i m p l e  " i o n i z a t i o n  cham- 
bers"  s i n c e  t h e  ava lanche  e f f e c t  h a s  been 
added. They are more commonly c a l l e d  "pro- 
p o r t i o n s 1  counters" .  - - 

a v a  1 ancb.e s 

- - - - - - -  
31.  A s  thc a p p l i e d  v o l t a g e  i s  i n c r e a s e d ,  t h e  ava lanches  

grow l a r g e r .  This  makes t h e  i o n  p o p u l a t i o n  i n c r e a s e  

i n  p r o p o r t i o n  t o  t h e  a p p l i e d  . 
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32. 

33 .  

3 4 .  

35.  

3 6 .  

A s  t h e  a p p l i e d  v o l t a g e  i s  i n c r e a s e d  f u r t h e r  to about  v o l t a g e  

1000 v o l t s  (F igure  V - 4 2 )  t h e  ava lanches  have i n -  

c r e a s e d  u n t i l  t h e  chamber volume becomes f i l l e d  w i t h  

- i o n s  each  t i m e  a r a y  (photon) o r  p a r t i c l e  of r a d i a -  

t i o n  e n t e r s  t h e  . This Region V i s  c a l l e d  t h e  

"Geiger" r e g i o n .  

I n  t h e  Geiger  r e g i o n ,  r a d i a t i o n  producing a l a r g e  chamber 

amount of pr imary i o n i z a t i o n  w i l l  produce no g r e a t e r  

secondary i o n i z a t i o n  e f f e c t  t h a n  r a d i a t i o n  producing 

a small amount of pr imary i o n i z a t i o n .  The i o n  c u r -  

r e n t  from t h e  ava lanche  e f f e c t  i s  p r a c t i c a l l y  t h e  

m, r e g a r d l e s s  of t h e  amount of i o n i z a t i o n .  

The term " i o n i z a t i o n  chamber" i s  g e n e r a l l y  used t o  pr imary 

refer  t o  t h o s e  chambers o p e r a t i n g  i n  t h e  ion-chamber 

r e g i o n  of F i g u r e  V - 4 2 .  Chambers o p e r a t i n g  i n  t h e  

Geiger r e g i o n  are c a l l e d  "Geiger -Mueller tubes"  o r  

s imply "G-M tubes".  

I o n i z a t i o n .  chambers are used t o  monitor  h i g h -  

i n t e n s i t y  r a d i a t i o n  where many r a d i a t i o n  par t ic les  

e n t e r  t h e  chamber e v e r y  second c a u s i n g  a cont inuous  

e l e c t r i c a l  c u r r e n t  t o  f low through t h e  chamber. 

When t h e  amount of r a d i a t i o n  i n c r e a s e s ,  t h e  c u r r e n t  

f low i n c r e a s e s ;  and when t h e  amount of r a d i a t i o n  

d e c r e a s e s ,  the c u r r e n t  f low . 

When the amount of  e n t e r i n g  an i o n i z a t i o n  d ec r e a.s e s 

chamber i n c r e a s e s ,  t h e  through t h e  chamber 

i n c r e a s e s .  
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37. Geiger-Mueller  t u b e s  are used t o  monitor  E- 

i n t e n s i t y  r a d i a t i o n  when only  a few r a d i a t i o n  p a r -  

t i c l e s  e n t e r  t h e  chamber e a c h  second o r  even fewer 

t h a n  one p e r  second. S ince  e a c h  r a d i a t i o n  pa r t i c l e  

can produce a large ava lanche  o f ~ i o n i z a . t i o n ,  i t  2s 

p o s s i b l e  t o  d e t e c t  each of r a d i a t i o n .  

3 % .  S i n c e  b o t h  high-energy and low-energy par t ic les  of 

r a d i a t i o n  e n t e r i n g  a G-M t u b e  produce about  t h e  same 

amount of i o n i z a t i o n ,  a G-M t u b e  c a n  only  monitor  

t h e  number of r a d i a t i o n  p a r t i c l e s  e n t e r i n g  i t  p e r  

second i n s t e a d  of t h e  of t h e  par t ic les  

3 9 .  Geiger-Mueller  t u b e s  are used t o  monitor  (low- 

i n t e n s i t y ,  h i g h - i n t e n s i t y )  r a d i a t i o n .  I o n i z a t i o n  

chambers are used t o  moni tor  - i n t e n s i t y  r a d i a -  

t i o n .  

r a d i a t i o n ,  
c u r r e n t  

p a r t  i c  l e  

energy 

40. Chambers opera ted  i n  t h e  p r o p o r t i o n a l  r e g i o n s  can  l o w - i n t e n s i t y ,  
h i g h  - a l s o  b e  used t o  monitor  s i n g l e  p a r t i c l e s  of r a d i a -  

t i o n .  These  have a n  advantage  over  G-M t u b e s  

because t h e y  can  be used t o  d i s t i n g u i s h  high-energy 

pa r t i c l e s  from pa r t i c l e s .  

41. A high-energy  r a d i a t i o n  p a r t i c l e  p a s s i n g  through a low-energy 

p r o p o r t i o n a l  chamber produces more i o n i z a t i o n  t h a n  a 

low-energy p a r t i c l e  would. T h i s  means t h e r e  would 

b e  a p u l s e _  of e l e c t r i c  c u r r e n t  through t h e  

chamber f o r  a h igh-energy  p a r t i c l e  than  f o r  a &- 
energy  p a r t  ic l e  e 
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42.  An a p p r o p r i a t e  e l e c t r o n i c  system c a n  d i s t i n g u i s h  

between a l a r g e  pu l se  of electric c u r r e n t  and a 

small p u l s e  from a n  i o n  chamber working i n  t h e  

r e g i o n .  

4 3 .  A r a d i a t i o n - m o n i t o r i n g  system which u s e s  a n  i o n i z a -  

t i o n  chamber o p e r a t i n g  i n  t h e  p r o p o r t i o n a l  r e g i o n  

o r  range i s  g e n e r a l l y  r e f e r r e d  t o  as a p r o p o r t i o n a l  

c o u n t e r .  

44. P r o p o r t i o n a l  c o u n t e r s  can  be used t o  d i s t i n g u i s h  

be tween -energy r a d i a t i o n  and low- 

e n e r  gY 9 

45. Now l e t  us r e t u r n  t o  t h e  s u b j e c t  of what happens t o  

t h e  e l e c t r o n s  and gas  i o n s  as t h e y  are s w e p t  t o  t h e  

46. When a p a r t i c l e  o r  r a y  (photon) of r a d i a t i o n  e n t e r s  

a n  i o n i z a t i o n  chamber, t h e  gas  becomes a conductor  

because of t h e  pairs formed. 

4 7 .  The movement of p a i r s  toward b o t h  t h e  c e n t e r  

w i r e  and t h e  can s u r f a c e  makes t h e  chamber a c t  as a 

conductor  t o  produce a i n  t h e  e x t e r n a l  c i r c u i t .  

l a r g e r  o r  
h i  gh e r 

p r o p o r t i o n a l  

h igh ,  
par  t i c ,  les, 
r a d i a t i o n  p a r -  
t i c les  

e l e c t r o d e s  

i o n  



113 

48.  Even w1iE.n t h e r e  i s  no i o n i z i n g  r a d i a t i o n ,  t h e  b a t -  

t e r y  keeps t h e  c e n t e r  w i r e  d e f i c i e n t  i n  e l e c t r o n s .  

Thus, when t h e  f r e e  e l e c t r o n s  i n  t h e  chamber c o n t a c t  

t h e  c e n t e r  w i r e ,  t h e y  become a p a r t  of t h e  t o t a l  . 

c i r c u i t  c u r r e n t  and move through t h e  r e s i s t o r  toward 

t h e  b a t t e r y  and t h e  can  s u r f a c e  where t h e  b a t t e r y  

m a i n t a i n s  (a d e f i c i e n c y ,  a n  excess) of e1.ectrons.  

49. A t  t h e  same t i m e ,  t h e  p o s i t i v e l y  charged i o n s  move 

toward t h e  charged can  s u r f a c e .  

r e a c h  t h e  can  s u r f a c e ,  they  9- 

b i n e  w i t h  free e l e c t r o n s  t h e r e  and become uncharged 

-II_ 

50. As t h e  

atoms a g a i n .  T h i s  a c t i o n  completes  t h e  c i r c u i t .  

- - - - - - -  
- I 

The same number of e l e c t r o n s  must be taken  
1 from the n e g a t i v e l y  charged e l e c t r o d e  t o  

n e u t r a l i z e  t h e  p o s i t i v e  i o n s  as w a s  l o s t  by 
them t o  t h e  p o s i t i v e l y  charged c e n t e r  w i r e .  
The atoms become i o n i z e d  ( lose  e l e c t r o n s  
which go t o  t h e  c e n t e r  w i r e )  and t h e n  go t o  
t h e  c a n  w a l l  f o r  a new supply  which a g a i n  
w i l l  be  l o s t  t o  t h e  c e n t e r  w i r e  by i o n i z a -  - t i o n .  In c o n t i n u i n g  t h i s  a c t i o n ,  t h e y  . 

could be  c o n s i d e r e d  as a c t i n g  something 
l i k e  f e r r y  b o a t s  h a u l i n g  e l e c t r o n s  from t h e  
n e g a t i v e  e l e c t r o d e  to t h e  p o s i t i v e  e l e c -  
t r o d e  * - 7 

51. When r a d i a t i o n  s t o p s  p a s s i n g  through t h e  chamber, 

all. of t h e  gas  molecules  r e t u r n  t o  t h e i r  uncharved 

s t a t e  and the  g a s  becomes nonconducting, so t h e  

chamber a g a i n  ac t s  as a u n t i l  more r a d i a t i o n  

comes through.  

ion ,  
c u r r e  t i t  

a n  e x c e s s  

n e g a t i v e  l y  

p o s i t i v e  i o n s  
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52. When t h e  gas i n  t h e  chamber (F igure  V - 4 1 )  i s  

i o n i z e d ,  t h e  b a t t e r y  c a u s e s  c u r r e n t  t o  f low through 

t h e  chamber and t h e  r e s i s t o r ,  R, making p o i n t  %'I 

n e g a t i v e  w i t h  respect t o  t h e  poiti t  "A". The p o t e n -  

t i a l  d i f f e r e n c e  i s  p r o p o r t i o n a l  t o  t h e  c u r r e n t  f low 

which is ,  i n  t u r n ,  p r o p o r t i o n a l  t o  t h e  amount of 

i n  t h e  chamber. 

53. When r a d i a t i o n  c a u s e s  t h e  g a s  i n  t h e  chamber t o  

become conduct ing  , a i s  developed a c r o s s  t h e  

r e s i s t o r ,  R (F igure  V - 4 1 ) .  

54. W e  should  n o t e  t h a t  w h i l e  t h e  i o n i z a t i o n  chamber & 
nonconduct ing  t h e r e  i s  no p o t e n t i a l  d i f f e r e n c e  

a c r o s s  t h e  r e s i s t o r ,  R, s i n c e  t h e r e  i s  no 

through t h e  chamber t o  c a u s e  t h e  p o t e n t i a l  d i f f e r -  

ence.  - 

55. The w l t a g e  a c r o s s  R i s  produced when r a d i a t i o n  

p a s s i n g  through t h e  chamber ma.kes i t  a conductor  and 

a l l o w s  an  e l e c t r o n  t o  f low.  

56. Thus, t h e  e x t e r n a l  s i g n a l  t h a t  h a s  caused 

i o n i z a t i o n  i n  t h e  G-M t u b e  i s  t h e  p u l s e  of v o l t a g e  

a c r o s s  R .  

5 7 .  The term " s i g n a l  v o l t a g e "  i s  o f t e n  used t o  d e s i g n a t e  

the voltage developed a c r o s s  t h e  r e s i s t o r ,  R, (P ig -  

u r e  V-41) by t h e  " s i g n a l  c u r r e n t "  produced by 

i n  t h e  i o n  chamber. 

nonconductor 

i o n i z a t i o n  

volta.ge o r  
p o t e n t i a 1  d i f  - 
f e r e n c e  

c u r r e n t  

c u r r e n t  

r a d i a t i o n  
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58. When a p a r t i c l e  o r  photon of r a d i a t i o n  goes through r a d i a t i o n  or 
i o n i z a t i o n  

a G-M chamber, t h e r e  i s  a p u l s e  of  

a c r o s s  t h e  r e s i s t o r ,  R .  

59. From t h e  preceding  s t a t e m e n t ,  w e  might  t h i n k  t h a t  s i g n a l  v o l t a g e  

e v e r y  p a r t i c l e  o r  photon t h a t  goes through t h e  G-M 

chamber produces . T h i s  i s  n o t  s t r i c t l y  t r u e .  

There i s  always t h e  chance t h a t  t h e  G-M chamber i s  

a l r e a d y  c o n d u c t i n g w h e n  t h e  r a d i a t i o n  e n t e r s  and t h e  

n e w _ i o n i z a t i o n  i s  masked by t h e  i o n i z a t i o n  of t h e  

preceding  r a d i a t i o n .  

60. If t h e  s i g n a l  v o l t a g e  developed a c r o s s  t h e  r e s i s t o r ;  i o n i z a t i o n  

R,  (Figure V - 4 1 )  i s  c o n s t a n t ,  t h e  i o n  chamber i s  i n  

a r a d i a t i o n  f i e l d  of i n t e n s i t y .  

61. S i g n a l s  from G-M t u b e s  and p r o p o r t i o n a l  c o u n t e r s  c o n s t a n t  

of c u r r e n t .  (chambers) are i n  t h e  form of 

S i g n a l s  from o r d i n a r y  i o n  chambers, as t h e y  are c u s -  

t o m a r i l y  used,  are of v a r y i n g  magni- 

tudes .  

62. One of t h e  s i m p l e s t  ways t o  d e t e c t  a p u l s e  of s i g n a l  

c u r r e n t  i s  through t h e  movement of t h e  p o i n t e r  of a 

very  s e n s i t i v e  cur ren t -measur ing  i n s t r u m e n t  o r  

"galvanometer" connected i n  place of t h e  r e s i s t o r  

(F igure  V - 4 1 ) .  Each u p - s c a l e  movement of t h e  

p o i n t e r  would be a n  i n d i c a t i o n  t h a t  a p a r t i c l e  of 

- had passed through t h e  chamber L. 

p u l s e s ,  
d i r e c t  CUI- r e n t s  
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63. R e f e r r i n g  t o  Frame 62, t h e  movement of t h e  g a l v a -  r a d i a t i o n  

nometer p o i n t e r  i s  a n  i n d i c a t i o n  t h a t  r a d i a t i o n  h a s  

produced i n  t h e  chamber. 

64.  There i s  a c u r r e n t  i n  t h e  e x t e r n a l  c i r c u i t  o n l y  i o n i z a t i o n  

when r a d i a t i o n  p a s s i n g  through t h e  chamber i o n i z e s  

t h e  g a s .  So, a movement of t h e  galvanometer p o i n t e r  

means t h a t  h a s  passed through t h e  chamber ; 

t h a t  t h e  g a s h a s  been , complet ing t h e  c i r c u i t ;  

and t h a t  a f low h a s  d e v e l o p e d - - r e s u l t i n g  i n  

t h e  ins t rument  i n d i c a t i o n  

65. Although galvanometers  c a n  b e  made s e n s i t i v e  enough r a d i a t i o n ,  
i o n i z e d ,  
c u r r e n t  

t o  measure f a i r l y  small  c u r r e n t s ,  such as t h o s e  

obta ined  from i o n  chambers as o r d i n a r i l y  used,  they  

are u n s a t i s f a c t o r y  f o r  h a n d l i n g  s i g n a l s  from p u l s e  

chambers. The p r e s e n t  p r a c t i c e  i s  t o  employ elec- 

t r o n i c  t y p e  c u r r e n t  a m p l i f i e r s  r a t h e r  t h a n  g a l v a -  

nometers w i t h  c u r r e n t  chambers and t o  employ v o l t a g e  

a m p l i f i e r s  w i t h  p u l s e  chambers. The o u t p u t s  from 

t h e  a m p l i f i e r s  may t h e n  b e  fed  t o  o r d i n a r y  i n d i c a -  

t i n g  and r e c o r d i n g  i n s t r u m e n t s .  

66. There are s e v e r a l  t y p e s  of i o n i z a t i o n  chambers; 

t h e s e  v a r y  as t o  s i z e ,  shape,  materials, and t h e  gas  

which f i l l s  t h e  chamber. However, t h e y  a l l  d e t e c t  

r a d i a t i o n  as a r e s u l t  of t h e  f a c t  t h a t  r a d i a t i o n  

c a u s e s  when it  passes through t h e  
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67. And, a l t h o u g h  a l l  i o n i z a t i o n  chambers are des igned  i o n i z a t i o n ,  
c hambe r t o  d e t e c t  r a d i a t i o n ,  n o t  a l l  d e s i g n s  w i l l  d e t e c t  - a l l  

t y p e s  of . 

68. The materials and d e s i g n  of a n  i o n i z a t i o n  chamber 

d e t e r m i n e  t h e  t y p e  of which i t  can d e t e c t .  

r a d i a t i o n  

69. Gamma and b e t a  r a d i a t i o n  are d e t e c t e d  by i o n i z a t i o n  r a d  i a  t i o n  

chambers which are f i l l e d  with g a s e s  such as air, 
n i t r o g e n ,  o r  argon.  However, b e t a  r a d i a t i o n  i s  not 
as p e n e t r a t i n g ,  as gamma r a d i a t i o n ;  and s o ,  t o  d e t e c t  

beta par t ic les  i n  a d d i t i o n  t o  gamma r a d i a t i o n ,  t h e  

chamber walls must b e  t h i n  enough f o r  t h e  

t o  p e n e t r a t e  them. 

70.  The w a l l s  of t h e  i o n i z a t i o n  chambers must b e  t h i n n e r  b e t a  par t ic les  

r a d i a t i o n  because t h e  b e t a  - f o r  t h a n  f o r  

p a r t i c l e s  are not as p e n e t r a t i n g  as gamma r a y s .  

7 1 .  If you have a G-M survey  meter, n o t e  t h a t  t h e  s h i e l d  b e t a ,  
gamma around t h e  probe of t h e  meter i s  s o l i d  on one s i d e  

and s l o t t e d  on the o t h e r .  Hold t h e  s o l i d  s i d e  of 

t h e  probe a g a i n s t  a l u n i n o u s - d i a l  w a t c h  f a c e  and 

n o t e  t h a t  t h e  count  i s  about  background. Then t u r n  

t h e  s l o t t e d  s i d e  t o  t h e  watch and n o t e  the i n c r e a s e d  

c o u n t i n g  ra te .  The luminous d i a l  emits a l o t  of 

b e t a  r a d i a t i o n  and very l i t t l e  gamma. 
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72 .  When t h e  s o l i d  s i d e  i s  toward t h e  watch f a c e ,  v e r y  

few of t h e  many par t ic les  e m i t t e d  can pene-  

t r a t e  t h e  s o l i d  s h i e l d .  

7 3 .  When t h e  s l o t t e d  s i d e  i s  toward t h e  watch f a c e ,  b e t a  b e t a  

p a r t i c l e s  p e n e t r a t e  t h e  t h i n  w a l l  of t h e  G-P1[ t u b e  

and t h e  meter reading  ( i n c r e a s e s ,  d e c r e a s e s ,  remains 

t h e  same).  

74.  Alpha p a r t i c l e s ,  which are  even l e s s  p e n e t r a t i n g  

t h a n  beta p a r t i c l e s ,  would r e q u i r e  t h a t  t h e  i o n i z a -  

t i o n  chamber wal l s  be ( t h i c k e r ,  t h i n n e r )  t h a n  are 

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

75 .  You w i l l  r e c a l l  from your s t u d i e s  of r a d i a t i o n  t h a t  

t h e  i o n i z a t i o n  produced by a charged p a r t i c l e  i s  

r e l a t e d  t o  i t s  charge ,  mass, and energy .  I n  a d d i -  

t i o n  t o  b e i n g  r e l a t i v e l y  heavy, a n  a l p h a  pa r t i c l e  

has  two p o s i t i v e  charges  and, t h u s ,  would b e  

expected t o  l e a v e  a v e r y  dense  t r a i l  of p a i r s  

when it  t r a v e l s  through any material. 

i n.c re as e s 

t h i n n e r  

76. So, if a l p h a  par t ic les  could g e t  i n s i d e  t h e  chamber, i o n  

t h e y  would produce (more, less) i o n  pairs  p e r  d i s -  

t a n c e  t r a v e l e d  t h a n  beta  r a d i a t i o n  because their  

c h a r g e  i s  g r e a t e r .  

... 
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77. Neutrons a.re v e r y  p e n e t r a t i n g ,  b u t  the.y are u n l i k e l y  more 

t o  c a u s e  i o n i z a t i o n  e x c e p t  when t h e y  c o l l i d e  d i d  

r e c t l y  w i t h  a n  atom. S ince  t h e  d e n s i t y  of gas  i n  a n  

i o n i z a t i o n  chamber i s  a n e u t r o n  would be v e r y  

l i k e l y  t o  p a s s  through t h e  chamber w i t h o u t  c a u s i n g  

and t h u s  would go undetec ted  

78. To d e t e c t  slow n e u t r o n s ,  t h e  i n s i d e  of t h e  w a l l s  of i o n i z a t i o n  

some i o n i z a t i o n  chambers are  c o a t e d  w i t h  a n e u t r o n -  

a b s o r b i n g  material such as 'OB or 235U; t o  d e t e c t  

f a s t  n e u t r o n s ,  a hydrogen-r ich  material such as 

p a r a f f i n  may be used. 

79. You w i l l  r e c a l l  t h a t  t h e  hydrogen atom c o n s i s t s  of 

a nuc leus  of one pro ton  and one o r b i t a l  e l e c t r o n .  

Thus, a hydrogen-r ich  material? such as p a r a f f i n ,  

would have a l o t  of pro tons  (hydrogen n u c l e i )  w i t h  

which the fast could c o l l i d e .  

SO. Although t h e  neut rons  would n o t  be a f f e c t e d  by t h e  

charge  of t h e  hydrogen nuc leus ,  t h e r e  i s  a 

good chance t h a t   me n u c l e i  w i l l  b e . h i t  by t h e  fas t  

n e u t r o n s  a 

neut rons  

81. A hydrogen nuc leus  can  be knocked comple te ly  out  of p o s i t i v e  

t h e  p a r a f f i n  i f  i t  i s  h i t  by a n e u t r o n  
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82. The speed of a f a s t  n e u t r o n  (1 t o  2 M e V )  i s  about  f a s t  

t e n  t o  twenty m i l l i o n  meters per second. I f  a f a s t  

n e u t r o n  should  c o l l i d e  w i t h  a p r o t o n  a t  rest, i t  can 

b e  shown t h a t  t h e  pro ton ,  on t h e  average ,  w i l l  be  

g i v e n  enough e n e r g x t o  g i v e  i t  h a l f  t h e  speed of t h e  

n e u t r o n - - f i v e  t o  t e n  m i l l i o n  meters per second. 

8 3 .  While t h i s  i s  n o t  proof t h a t  e v e r y  p r o t o n  h i t  by a 

f a s t  n e u t r o n  w i l l  l e a v e  t h e  p a r a f f i n  (some w i l l  go 

deeper  i n t o  t h e  p a r a f f i n  a f t e r  t h e  c o l l i s i o n ) ,  i t  

does i n d i c a t e  t h a t  a p r o t o n  near  t h e  edge of t h e  

p a r a f f i n  c a n  b e  p r o p e l l e d  i n t o  t h e  chamber gas when 

s t r u c k  by a . 

84. The p o s i t i v e l y  charged pro tons  t h a t  are p r o p e l l e d  f a s t  n e u t r o n  

i n t o  t h e  chamber gas can have enough energy  t o  pro- 

duce pairs  a long  t h e i r  p a t h s .  

85. I f  f a s t  neut rons  are allowed t o  bombard a hydrogen- i o n  

r i c h  material such as p a r a f i i n ,  t h e r e  i s  a good 

p r o b a b i l i t y  t h a t  some w i l l  be  knocked o u t  of 

t h e  p a r a f f i n .  

86. Some of t h e s e  charged p a r t i c l e s  (pro tons)  w i l l  have pro  t oils 

enough energy t o  produce pairs  a l o n g  t h e i r  

p a t h s  e 

87.  Thus, a p a r a f f i n - c o a t e d  i o n i z a t i o n  chamber can  be i o n  

u s e d  as a d e t e c t o r  of n e u t r o n s .  
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f a s t  
10 

88. When a B atom absorbs  a slow n e u t r o n ,  i t  o f t e n  

becomes e n e r g e t i c  enough t o  e j e c t  t h e  e x c e s s  energy 

a s  an  alpha p a r t i c l e .  When t h i s  happens near  t h e  

boron s u r f a c e  i n  a n  i o n i z a t i o n  chamber, t h e  a l p h a  

parzlicle can e n t e r  t h e  gas i n  t h e  chamber and pro;- 

duce a long  i t s  pa th .  

l o  
89 .  A B-coated i o n i z a t i o n  chamber can be used t o  i o n  p a i r s  

d e t e c t  n e u t r o n s  a 

90. Uranium-235 coa ted  on t h e  i n s i d e  of a n  i o n i z a t i o n  slow 

chamber w i l l  a l s o  absorb  slow n e u t r o n s  and then 

f i s s i o n .  I n  t h i s  c a s e ,  t h e  h i g h l y  charged,  very 

e n e r g e t i c  f i s s i o n  fragments  e s c a p e  from t h e  chamber 

w a l l  and cause  . 

91. An i o n i z a t i o n  chamber which u s e s  - 235U as a c o a t i n g  

t o  d e t e c t  neut rons  i s  u s u a l l y  r e f e r r e d  t o  as a 

" f i s s i o n  chamber". 

i o n i z a t i o n  

10 
92. A B-coated chamber would not be c a l l e d  (an i o n i z a -  

t i o n ,  a f i s s i o n )  chamber. 

93. I o n i z a t i o n  chambers which have t h e i r  i n n e r  s u r f a c e s  a f i s s i o n  
10 

c o a t e d  w i t h  p a r a f f i n ,  

d e t e c t  . 
B, o r  235U are a l l  used t o  

9 4 .  However, on ly  t h e  chamber coated w i t h  235U i s  called 

a _ _ _ _  chamber. 

neu tr o m  
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95. Now le t  us  r e t u r n  t o  t h e  c i r c u i t r y  a s s o c i a t e d  w i t h  f i s s i o n  

t h e  d e t e c t i o n  of r a d i a t i o n .  When passes 

through a. chamber o p e r a t i n g  i n  e i t h e r  t h e  i o n i z a -  

- t i o n  o r  t h e  p r o p o r t i o n a l  rang.e, i t  c a u s e s  ioniza;. 

t i o n ,  which a l l o w s  a t o  f low i n  t h e  c i r c u i t .  

96. The number of i o n  pairs produced per second d e t e r -  rad  i a t  ion ,  
c u r r e n t  mines t h e  s t r e n g t h  of t h e  c u r r e n t  th rough an  i o n i z a -  

t i o n  chamber. Many i o n  pa i r s  produced per second i n  

t h e  chamber w i l l  r e s u l t  i n  a ( s t r o n g ,  weak) c u r r e n t  

i n  t h e  e x t e r n a l  c i r c u i t .  

97. Sfnce  t h e  v o l t a g e  drop  a c r o s s  t h e  r e s i s t o r  i n  t h e  s t r o n g  

c i r c u i t  i s  p r o p o r t i o n a l  t o  t h e  c u r r e n t  s t r e n g t h ,  a 

s t r o n g  c u r r e n t  i n  t h e  c i r c u i t  w i l l  produce a re la -  

t i v e l y  ( l a r g e ,  small) v o l t a g e  drop  a c r o s s  t h e  

r e s i s t o r  a 

98. The preceding  frame s t a t e d  t h a t  t h e  v o l t a g e  d r o p  l a r g e  

would b e  r e l a t i v e l y  large. I n  p r a c t i c e  i n  ORNL 

r e a c t o r  n u c l e a r  ins t rument  systems,  t h e  i o n  chambers 

t y p i c a l l y  pass c u r r e n t s  of 30 pa when t h e  r e a c t o r  i s  

o p e r a t i n g  a t  f u l l  power. The r e s i s t o r  through which 

t h i s  c u r r e n t  f lows is ,  t y p i c a l l y ,  330,000 n. From 

E =; I R ,  t h e  s i g n a l  v o l t a g e  developed is t h e r e f o r e  

v o l t s .  
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99. S tandard  por ta .b le  and panel-mounted v o l t m e t e r s  

r e q u i r e  1 ma of c u r r e n t  o r  more t o  produce f u l l -  

s c a l e  r e a d i n g s .  Even t h e  most s e n s i t i v e  of these 

ins t rumen t s  r e q u i r e  a t  least  50 pa. Such i n s t r u -  

ments c l e a r l y  are not  s u i t a b l e  f o r  measuring i o n -  

chamber s i g n a l s  d i r e c t l y  s i n c e  i n s u f f i c i e n t  c u r r e n t  

i s  a v a i l a b l e .  Recourse  must be t aken  t o  u s i n g  re la -  

t i v e l y  compl ica ted  e l e c t r o n i c  a m p l i f i e r s  and G- 
c u i t r y  s i n c e  t h e s e  systems can  be  des igned  t o  

r e q u i r e  on ly  a v e r y  small s i g n a l  f o r  normal 

opera  t i o  11 

l o  

100. The impor tan t  t h i n g  t o  remember is  t h a t  when t h e  cu r  r e n t  

chamber i s  i n  a s t r o n g  r a d i a t i o n  f i e l d  and a l a r g e  

number of i o n  pairs  i s  b e i n g  con t inuous ly  produced 

i n  i t  a r e l a t i v e l y  v o l t a g e  i s  developed a c r o s s  

t h e  r e s i s t o r .  

101. You w i l l  r eca l l  tha t  the f i s s i o n  chamber i s  unique l a r g e  
235u 

i n  t h a t  i t s  e l e c t r o d e s  are coa ted  wf th  

Although i t  o p e r a t e s  i n  t h e  ion-chamber p o r t i o n  of 

i t s  range  (F igu re  V - 4 2 ) ,  i t  i s  des igned  t o  d e t e c t  

s i n g l e  r a d i a t i o n  par t ic les .  The v o l t a g e  s i g n a l  from 

such a chamber i s  not  cont inuous  bu t  c o n s i s t s  of a 

series of . 

102. A gamma photon which l o s e s  l i t t l e  ene rgy  i n  t h e  v o l t a g e  p u l s e s  

chamber w i l l  c ause  only  a small amount of i o n i z a t i o n .  

i n  the chamber and t h u s  a small s i g n a l  pu . l se .  An 

alpha p a r t i c l e  which. normally expends a l l  of i t s  

ene rgy  i n  t h e  chamber w i l l  produce a larger amount 

of i o n i z a t i o n  and thus  the s i g n a l  p u l s e  w i l l  be 
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103. The s t r o n g e s t  s i g n a l  r e s u l t s  when a neut ron  c a u s e s  a l a r g e r  

- 235U atom t o  f i s s i o n .  

b o t h  h e a v y  and charged;  t h u s ,  t h e y  are c a p a b l e  of 

producing ( l a r g e ,  small) numbers of i o n  p a i r s ,  a 

l a r g e  c u r r e n t ,  and a p u l s e  of s i g n a l  v o l t a g e .  

The f i s s i o n  fragments  are 

104. If you are u s i n g  a chamber c o a t e d  w i t h  235U s o  t h a t  

neut rons  as w e l l  as b e t a ,  gamma, and a l p h a  r a d i a t i o n  

can  be d e t e c t e d ,  which of t h e s e  t y p e s  of r a d i a t i o n  

d o  you t h i n k  w i l l  c a u s e  t h e  l a r g e s t  v o l t a g e  pulse  

l a r g e ,  
l a r g e  o r  s t r o n g  

a c r o s s  t h e  r e s i s t o r  i n  t h e  e x t e r n a l  c i r c u i t ?  

105. A neut ron  c a u s e s  t h e  l a r g e s t  v o l t a g e  drop  a c r o s s  t h e  neut ron  

r e s i s t o r  because t h e  heavy and h i g h l y  charged f i s - ’  

s i o n  fragments  produce t h e  amount of i o n i z a -  

t i o n  i n  t h e  chamber g a s .  
I_ 

g r e a t e s t  106. Now w e  have a new problem. If a l l  t y p e s  of r a d i a -  

t i o n  produce i o n i z a t i o n  i n  a f i s s i o n  chamber, how d o  

w e  d i s t i n g u i s h  one type of from a n o t h e r ?  

1.07. Chamber d e s i g n  a l lows  u s  t o  make some s e p a r a t i o n s .  r a d i a t i o n  

F o r  example, a t h i c k - w a l l e d  chamber can  keep a l p h a  

and b e t a  par t ic les  from o u t s i d e  s o u r c e s  from e n t e r -  

i n g  the . 
- 

... 
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108. We are p r i m a r i l y  concerned w i t h  d e t e c t i n g  r a d i a t i o n  chamber 

s o u r c e s  t h a t  are o u t s i d e  t h e  chamber. A t h i c k -  

w a l l e d  f i s s i o n  chamber w i l l  e f f e c t i v e l y  e l i m i n a t e  

and from s o u r c e s  out- t h e  d e t e c t i o n  of 

s i d e  t h e  chamber b u t  cannot  e l i m i n a t e  t h e  a l p h a  and 

b e t a  r a d i a t i o n  a r i s i n g  from t h e  nwnmal decay of t h e  

uranium which i s  used w i t h i n  t h e  f i s s i o n  chamber. 

a l p h a ,  
b e t a  

109. F i g u r e  V - 4 3  i s  a p l o t  of t h e  o u t p u t  of such a cham- 

b e r  showing t h e  h e i p h t  o f  neutron-induced v o l t a g e  

p u l s e s  r e l a t i v e  t o  t h e  s h o r t e r  pulses caused by t h e  

i n t e r n a l l y  produced a l p h a  and b e t a  r a d i a t i o n  and t h e  

gamma r a d i a t i o n  from b o t h  e x t e r n a l  i n t e r n a l  

- - - - - - -  
F i s s i o n  fragment  

/-pulses 

R e l a t i v e  . I  
p u l s e  
s t r e n g  t h  

he igh  t ) 
(or  

0 

F i g .  V - 4 3 .  

d .. Beta and 
g a m a  
p u l s e s  

1 
T i m e  ____) 

Current  P u l s e s  from F i s s i o n  Chambers 
. ,  

I 



12 6 

110. Such a chamber w i l l  a l l o w  u s ,  w i t h  t h e  proper  e lec-  s o u r c e s  

t r o n i c  c i r c u i t r y ,  t o  select  f o r  o b s e r v a t i o n  only  t h e  

l a r g e  p u l s e s  produced by t h e  caused by f i s s i o n  

fragments ,  which were produced by e n t e r i n g  t h e  

chamber. 

111. R e l a t i v e l y  s i m p l e  e l e c t r o n i c  c i r c u i t s  are a v a i l a b l e  i o n i z a t i o n ,  
n e u t r  on6 t h a t  w i l l  pass large s i g n a l s ,  such as t h o s e  

r e s u l t i n g  from n e u t r o n  c a p t u r e  i n  t h e  f i s s i o n  cham- 

b e r ,  b u t  w i l l  b l o c k  t h e  smaller ones caused by o t h e r  

r a d i a t i o n .  Such a combinat ion of chamber and c i r -  

c u i t  makes i t  p o s s i b l e  t o  d e t e c t  o n l y  i n  t h e  

presence  of a l p h a ,  b e t a ,  and gamma r a d i a t i o n .  

112. The s i g n a l  p u l s e s  i n  F i g u r e  V - 4 3  could b e  t h e  o u t p u t  neut rons  

from a f i s s i o n  chamber as d i s p l a y e d  on a n  o s c i l l o , -  

scope ,  Because t h e  h e i g h t  of t h e  l i n e s  depends on 

t h e  s i z e s  of t h e  c u r r e n t  p u l s e s  from t h e  chamber, 

t h e  term "pulse-he ight"  i s  o f t e n  used i n s t e a d  of 

p u l s e  s i z e ,  The p u l s e  h e i g h t  is dependent on t h e  

amount of i o n i z a t i o n  produced by t h e  p a r t i c l e s  

e n t e r i n g  t h e  chamber. 

113. The e l e c t r o n i c  a p p a r a t u s  t h a t  i s  used t o  a n a l y z e  t h e  i o n i z i n g  or  

p u l s e  s i z e s ,  a l l o w i n g  l a r g e  p u l s e s  t o  pass w h i l e  

b l o c k i n g  small ones ,  i s  c a l l e d  a "pulse-he ight  

r a d i a t i o n  

s e l e c t o r " .  

114. By u s i n g  a It - 'I, t h e  l a r g e  p u l s e s  

g e n e r a t e d  by n e u t r o n s  can b e  s e l e c t e d  from t h e  rest 

of t h e  p u l s e  s i g n a l s  and t r a n s m i t t e d  t o  a c o u n t i n g  

a p p a r a t u s .  Thus t h e  count ing  s i g n a l  w i l l  be due t o  

only .  
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115. Knowledge of t h e  n e u t r o n  f l u x  i n  t h e  r e a c t o r  i s  pu Is e -he i g h  t 

s e l e c t o r  
n e u t r o n s  

n e c e s s a r y  a t  a l l  times. The f i s s i o n  chamber and 

p u l s e - h e i g h t  c i r c u i t r y  are used g e n e r a l l y  t o  f u r n i s h  

t h i s  i n f o r m a t i o n  w h i l e  t h e  r e a c t o r  i s  shutdown or 

i s  b e i n g  s t a r t e d  UE. A t  t h e s e  times t h e  gamma f l u x  

i s  g u i t e  s t r o n 6  compared t o  che n e u t r o n  f l u x .  

2 .2 .  Count ing Systems 

116. F i g u r e  V-44 shows a s i m p l i f i e d  p u l s e  c o u n t i n g  s y s -  

t e m .  It depends f o r  i t s  o p e r a t i o n  on a n  “ i n t e g r a -  

- t o r ”  or i n t e p r a t i n g  c i r c u i t  which c o n s i s t s  of a 

c a p a c i t o r  and a r e s i s t o r  i n  p a r a l l e l .  

P u l s e  chamber 

-LJ 

1- 

.... 

2 v o l t m e t e r  

I l l  ..-.-.- 
I n t e g r a t o r  

F i g .  V-44. Counting System 

1 1 7 ,  When r a d i a t i o n  _. e n t e r s  t h e  chamber, each p u l s e  of 

c u r r e n t  from t h e  chamber p l a c e s  a small charge  on 

t h e  p l a t e s  of the c a p a c i t o r .  Between (and d u r i n g )  

p u l s e s  t h e  charge  lealcs o f f  ( d i s c h a r g e s )  through t h e  

r e s i s t o r ,  R .  
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118. I f  t h e  p u l s e s  are c l o s e  enough t o g e t h e r  i n  time, t h e  

c a p a c i t o r  w i l l  have i n s u f f i c i e n t  t i m e  t o  b e  - 
tween p u l s e s  and t h e  charge  w i l l  b u i l d  up on t h e  

c a p a c i t o r .  

119. As t h e  c h a r a e  b u i l d s  up on t h e  c a p a c i t o r ,  s o  does d i s c  h a r g  e 

t h e  v o l t a g e  a c r o s s  i t .  The h i g h e r  t h e  v o l t a g e  

a c r o s s  t h e  r e s i s t o r ,  t h e  h i g h e r  t h e  through 

i t .  

120. When t h e  charge  added t o  t h e  c a p a c i t o r  j u s t  e q u a l s  c u r r e n t  

t h e  c h a r g e  t h a t  l e a k s  off  t h e  c a p a c i t o r  through t h e  

r e s i s t o r  i n  any g i v e n  t i m e ,  t h e  v o l t a g e  a c r o s s  t h e  

c a p a c i t o r  s t o p s  r i s i n q .  The s t e a d y  v o l t a g e  f i n a l l y  

reached  i s  a measure of t h e  i n t e n s i t y  of t h e  

i n  c o u n t s  p e r  u n i t  of t i m e .  

121 .  I f  t h e  r a d i a t i o n  i n t e n s i t y  d e c r e a s e s ,  t h e  number of r a d i a t i o n  

c u r r e n t  p u l s e s  p e r  second goes down, t h e  number of 

c h a r g e s  p e r  second added t o  t h e  c a p a c i t o r  goes down, 

and t h e  v o l t a g e  a c r o s s  t h e  r e s i s t o r  a l so  goes . 

122. On t h e  o t h e r  hand, if t h e  r a d i a t i o n  i n t e n s i t y  i n -  down 

creases, so does  t h e  charge  on t h e  c a p a c i t o r .  The 

v o l t a g e  a c r o s s  t h e  r e s i s t o r  goes . The v o l t a g e  

a c r o s s  t h e  r e s i s t o r  i s  a measure of t h e  s t r e n g t h  of 

t h e  r a d i a t i o n  
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1 2 3 .  I f  t h e  number of p u l s e s  p e r  second o r  per minute  U P ,  
f i e l d  

( o f t e n  r e f e r r e d  t o  as t h e  "count ing  rate") goes down 

f a r  enough, t h e  c a p a c i t o r  c h a r g e  w i l l  have time 

enough t o  l e a k  o f f  comple te ly ,  o r  n e a r l y  so ,  between 

p u l s e s .  The p o i n t e r  of t h e  c o u n t i n g - r a t e  i n d i c a t o r  

(vol tmeter  i n  F i g u r e  V - 4 4 )  would jump up and down 

once for .  each r a d i a t i o n  par t ic le  d e t e c t e d .  

1 2 4 .  For example? when u s i n g  a G-M survey  meter on i t s  

lowest  scale,  you can e a  n e e d l e  movement f o r  each 

r a d i a t i o n - i n d u c e d  p u l s e  which occurs .  I f  you u s e  a n  

earphone, you h e a r  each . 

125. Because of t h e  ava lanche  e f f e c t  i n  a G-M t u b e ,  t h e  p u l s e  

v a r i o u s  p a r t i c l e s  of r a d i a t i o n  d e t e c t e d  produce ( t h e  

same, d i f f e r e n t )  s i z e d  s i g n a l  p u l s e s .  

t h e  same 1 2 6 .  I n  F i g u r e  V - 4 4  t h e  c h a r g e  on t h e  c a p a c i t o r  depends 

n o t  on ly  on t h e  number of p u l s e s  d e t e c t e d  p e r  second 

o r  per minute ,  bu t  a l s o  on t h e  s i z e  of t h e  pulses .  

The system i n  F i g u r e  V - 4 4  probably (would, would . 

n o t )  i n d i c a t e  t h e  same f i e l d  s t r e n g t h  i f  a propor-  

t i o n a l  c o u n t e r  were used i n  one c a s e  and a @-M t u b e  

i n  a n o t h e r  t o  measure t h e  same r a d i a t i o n  f i e l d .  

1 2 7 .  I n  F i g u r e  V - 4 3  t h e  f i s s i o n  fragment  p u l s e s ,  which would n o t  

r e p r e s e n t  t h e  d e t e c t i o n  of , are n o t  a l l  of t h e  

same h e i g h t .  

s i o n  chambers r e q u i r e  "pulse-shapind:"  c i r c u i t s  i n  

a d d i t i o n  t o  p u l s e - h e i g h t  s e l e c t o r s  and i n t e g r a t o r s  

f o r  measuring n e u t r o n  f l u x .  

Count ing- ra te  systems employing fis- 
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128. The p u l s e  shaping c i r c u i t r y  produces p u l s e s  of only  

one s ize  from p u l s e s  of s i z e s  coming from t h e  

p u l s e - h e i g h t  s e l e c t o r  a 

neut rons  

129. Even i n  what are c a l l e d  s t e a d y  o r  c o n s t a n t  r a d i a t i o n  all or d i f -  
f e r e n t  

f i e l d s  t h e  p a r t i c l e s  enter  t h e  chambers of d e t e c t i n g  

i n s t r u m e n t s  i n  a random f a s h i o n .  T h i s  means t h a t  

t h e  c u r r e n t  p u l s e s  from t h e  chambers are not  u n i -  

formly spaced i n  t i m e .  

130. F i g u r e  V - 4 5  i l l u s t r a t e s  t h e  v a r i a t i o n  i n  t h e  occur-  

r e n c e  of c u r r e n t  p u l s e s  from a chamber i n  a s o -  

c a l l e d  "cons tan t"  r a d i a t i o n  f i e l d .  Because of t h i s  

v a r i a t i o n  i n  t h e  number of p u l s e s  p e r  second, t h e  

i n t e n s i t y  of t h e  r a d i a t i o n  i s  a p p a r e n t l y  not uniform 

or c o n s t a n t .  The c a p a c i t o r ,  C ,  i n  F i g u r e  V-44 a l s o  

t e n d s  t o  smooth o u t  t h e s e  random v a r i a t i o n s .  

Medium r a t e  Low r a t e  High r a t e  

T i m e  e 

F i g .  V-45. D i s t r i b u t i o n  of P u l s e s  i n  T i m e  

131. The p u l s e s  of c u r r e n t  f r o m , a  chamber i n  a c o n s t a n t  

f i e l d  of r a d i a t i o n  are spaced (uniformly,  randomly) 

i n  time. 
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132. I n  a d d i t i o n  t o  summing t h e  p u l s e s  from a G-M tube ,  rand om 1 y 

t h e  c a p a c i t o r  i n  t h e  i n t e g r a t i n g  c i r c u i t  t e n d s  t o  

t h e  v a r i a t i o n s  i n  t h e  i n d i c a t e d  c o u n t i n g  

r a t e  due t o  t h e  random occurrence  of p u l s e s  i n  time. 

II_- 

133. P u l s e s  may a l s o  occur  so c l o s e  t o g q t h e r  i n  time t h a t  smooth out  

t h e y  are p r a c t i c a l l y  c o i n c i d e n t .  Two gamma r a y s ,  

f o r  example, a r r i v i n g  a t  a G-M t u b e  a t  t h e  same time 

would produce only  one p u l s e  of c u r r e n t  from i t .  

T h i s  p u l s e  would b e  ( t w i c e  as l a r g e ,  t h e  same s i z e )  

as t h e  p u l s e  produced by a s i n g l e  gamma r a y .  

134. The s t r o n g e r  t h e  f i e l d  of r a d i a t i o n  b e i n g  measured, t h e  same s i z e  

t h e  more t h e  p a r t i c l e s  o r  r a y s  w i l l  t end  t o  e n t e r  

t h e  d e t e c t o r  c o i n c i d e n t a l l y .  For  t h i s  r e a s o n ,  

c o u n t i n g  systems are (more, less) a c c u r a t e  a t  h i g h  

count ing  rates t h a n  a t  lower ones.  

135. The s i z e  of a p u l s e  from a f i s s i o n  chamber, which less  

o p e r a t e s  i n  t h e  p r o p o r t i o n a l - v o l t a g e  r e g i o n ,  depends 

on t h e ,  energy  and c h a r g e  of t h e  p a r t i c l e s  (see 

Frames 102-105). Two c o i n c i d e n t  par t ic les  would 

produce a p u l s e  i n  a f i s s i o n  chamber t h a t  i s  ( twice  

as l a r g e ,  t h e  same s i z e )  as one p a r t i c l e .  

136. Frames 110-115 e x p l a i n e d  t h a t  t h e  p u l s e - h e i g h t  i o n i z i n g  or 
r a d  i a t  ion ,  
twice  as l a r g e  

s e l e c t o r  used w i t h  a f i s s i o n  chamber could  b e  a d -  

j u s t e d  t o  pass  only  p u l s e s  which r e s u l t  when 

n e u t r o n s  e n t e r  t h e  chamber. 
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137.  F i s s i o n  chambers f r e q u e n t l y  are  used t o  d e t e c t  w e a k  l a r g e  

n e u t r o n  f l u x e s  i n  the  presence  of s t r o n g  gamma 

f l u x e s .  

e n t e r  t h e  chamber p r a c t i c a l l y  s i m u l t a n e o u s l y .  The 

I n  s t r o n g  gamma f l u x e s ,  many r a y s  o f t e n  

sum o r  "p i l e  up" of p u l s e s  from t h e s e  c o i n c i d e n t  - 
gamma r a y s  may b e  a p u l s e  as l a r g e  as some of t h e  

-caused p u l s e s .  - 

138. A t  l o w  count ing  ra tes  i n  t h e  presence  of a heavy 

gamma f l u x ,  gamma p i l e - u p  i n  f i s s i o n  chamber count -  

i n g  systems may c a u s e  t h e  apparent  neut ron  f l u x  t o  

be  (lower, h i g h e r )  t h a n  i t  a c t u a l l y  i s .  

n e u t r o n  

139. A f i n i t e  l e n g t h  of t i m e ,  a l t h o u g h  s h o r t ,  i s  r e q u i r e d  h i g h e r  

t o  c o l l e c t  t h e  i o n i z a t i o n  formed i n  a chamber. This  

means t h a t  even i n  complete  absence  of any c o i n c i -  

dence e f f e c t s  t h e r e  i s  a maximum c o u n t i n g  rate 

beyond which a c o u n t e r  i s n ' t  r e l i a b l e .  A t  some ra te  

t h e  p u l s e s  r u n  t o g e t h e r  and under such c i rcumstances  

t h e r e  i s  a cont inuous  c u r r e n t  from t h e  chamber and 

no p u l s e s .  The c o u n t i n g - r a t e  r e a d o u t  t h u s  becomes 

z e r o  and t h e  chamber i s  s a i d  t o  b e  " s a t u r a t e d "  o r  

"over loaded".  
- 

... 
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.). . 
140. I n  the f i s s i o n  chamber c o u n t i n g  system, t h e  p u l s e  

s h a p e r ,  i n  e f f e c t ,  s t r e t c h e s  t h e  l e n g t h  of t h e  cham- 

b e r  p u l s e s .  The maximum c o u n t i n g  rate i s  t h e r e f o r e  

(lower, h i g h e r )  t h a n  w i t h o u t  i t .  Counting channels  

are never  used f o r  r e a c t o r  p r o t e c t i o n  i n s t r u m e n t s  

because t h e y  become p a r t i a l l y  o r  comple te ly  s a t u -  

r a t e d  i n  t h e  h i g h  neut ron  f l u x e s  which may occur 

under abnormal o p e r a t i n g  c o n d i t i o n s .  The ins t rument  

i s  sometimes s a i d  t o  " f o l d  over" s i n c e  t h e  o u t p u t  

goes dawn w i t h  i n c r e a s i n g  i n p u t  above i t s  working  

range .  

141. When good a c c u r a c y  i s  r e q u i r e d ,  many f iss ion-chamber lower 

c o u n t i n g  channels  ( o r d i n a r i l y  s imply c a l l e d  

"count ing channels")  are l i m i t e d  t o  a maximum of 

10,000 c o u n t s  p e r  second. When some e r r o r  i s  

a c c e p t a b l e ,  t h i s  may go t o  100,000 c o u n t s / s e c .  

(Some newer systems provide  good r e s u l t s  up t o  about  
6 

10 cps.)  

142. Counting systems (are, are n o t )  s u i t a b l e  f o r  r e a c t o r  

p r o t e c t i o n  i n s t r u m e n t s .  

143. Counting systems a r e  f r e q u e n t l y  i n t e r f e r r e d  w i t h  by are noz 

II e lec t r i ca l  noise" .  

l i s t e n i n g  t o  t h e  r a d i o  r e c e i v e r ,  through c e r t a i n  

areas or  under power l i n e s  and observed t h e  c o n s i d -  

e r a b l e  i n c r e a s e  i n  t h e  f r y i n g  sounds from t h e  

r e c e i v e r .  You were l i s t e n i n g  t o  e l e c t r i c a l  

picked up by our c a r  an tenna .  

You have d r i v e n  your car,  w h i l e  
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144. E l e c t r i c a l  n o i s e  comes from e l e c t r i c  c u r r e n t s  

l e a k i n g  a c r o s s  o r  through i n s u l a t i o n ,  from l i g h t -  

n i n g ,  and from r e l a y s ;  swi t ches ,  and c o n t a c t o r s  

t u r n i n g  e l ec t r i c  c u r r e n t s  on and o f f .  T h i s  n o i s e  

f o l l o w s  e l e c t r i c  conduc to r s  and a l s o  r a d i a t e s  i n t o  

space l i k e  r a d i o  waves. There  i s  always much 

of t h i s  s o r t  around r e a c t o r  i n s t a l l a t i o n s .  

145. A s  observed on a n  o s c i l l o s c o p e ,  n o i s e  i s  a series 

of s p i k e s  o r  p u l s e s  v e r y  similar t o  f i ss ion-chamber  

p u l s e s .  No method has been developed f o r  separa t ing ,  

n o i s e  p u l s e s  from chamber by spec ia l  e l e c t r i c  

c i r c u i t r y .  

n o i s e  

e l e c t r i c a l  
n o i s e  

146. Counts r e s u l t i n g  from e l e c t r i c a l  n o i s e  i n  a c o u n t i n g  p u l s e s  

sys tem are g e n e r a l l y  r e f e r r e d  t o  as f a l s e  o r  

r iotls  . 

147. When t h e  n o i s e  p u l s e s  picked up by a coun t ing  system 

are smaller than ,  most of the "neutron" p u l s e s ,  t h e  

no i se  can  b e  p r a c t i c a l l y  or comple te ly  e l i m i n a t e d  by 

p r o p e r l y  a d j u s t i n g  t h e  - . 

2 . 3 .  Cur ren t  Chambers 

pu 1 s e -he i gh t 
s€!l.!?ctor 

148. Earl ier  w e  exp la ined  t h a t  a f i s s i o n  chamber, when 

, p u t s  o u t  a cont inuous  c u r r e n t .  Th i s  type  

chamber may be  ope ra t ed  i n  e i t h e r  of two ways or 

"modes"--pulse o r  c u r r e n t .  I n  ORNL in s t rumen t  s y s -  

t e m s ,  fission chambers are u s u a l l y  ope ra t ed  on ly  i n  

t h e  p u l s e  mode. 
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149. I o n  chambers are normally o p e r a t e d  i n  t h e  c u r r e n t  

mode and boron- l ined  chambers of t h i s  t y p e  are used 

a lmost  e x c l u s i v e l y  a t  QRNL f o r  measuring t h e  n e u t r o n  

- f l u x  (or  power) i n  a r e a c t o r  when i t  i s  o p e r a t i n g  i n  

the ''power range" (from about  1% t o  100% of f u l l  

power). 

150. A t  ORNL, f i s s i o n  chambers are normally opera ted  i n  

t h e  mode and i o n  chambers are opera ted  i n  t h e  

mode. 

2.4 .  NeutronJDetec t ion  Problems 

s a t u r a t e d  

151. A t  t h i s  rime w e  s h a l l  d i s c u s s  b r i e f l y  some problems p u l s e ,  
c u r r e n t  r e l a t e d  t o  n e u t r o n  d e t e c t i o n  through t h e  whole range  

of r e a c t o r  o p e r a t i o n s  from s t a r t u p  t o  f u l l  power. 

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

when w e  d i s c u s s  all c o n t r o l  i n s t r u m e n t s  i n  S e c t i o n  

v-4. 

152.  The neut ron  i n t e n s i t y  a t  f u l l  r e a c t o r  power may b e  

10'' o r  more times greater t h a n  b e f o r e  s t a r t u p .  

153. Because t h e r e  i s  such a great i n c r e a s e  i n  t h e  neu- 

t r o n  i n t e n s i t y  from t o  fu l l -power  opera-  

t i o n ,  a t  least  t h r e e  t y p e s  of n e u t r o n - d e t e c t i n g  

chambers may have t o  be used t o  cover  t h i s  wide 

range  
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154. I n  t h e  low range  of n e u t r o n  i n t e n s i t y ,  o r d i n a r y  fis- b e f o r e  s ta r tup  

s i o n  chambers are  used with p u l s e - t y p e  c i r c u i t r y ,  

I n  t h i s  low range ,  neut ron  product ion  is s m a l l  

enough f o r  i n d i v i d u a l  neut rons  t o  b e  counted i f  

p u l s e - h e i g h t  s e l e c t o r s  are used t o  select  

induced p u l s e s  and t o  re jec t  p u l s e s  caused by , 
- 

r a d i a t i o n .  > and 

155. I n  t h e  low range of neut ron  i n t e n s i t y  (when t h e  n e u t r o n  , 
gamma, 
b e t a ,  

r e a c t o r  i s  s h u t  down), gamma i n t e n s i t y  may be so  

h i g h  t h a t  a f i s s i o n  chamber must b e  used w i t h  - a l p h a  

t y p e  c i r c u i t r y  and a p u l s e b h e i g h t  s e l e c t o r  t o  sep-  

arate  t h e  l a r g e r  -induced p u l s e s  from t h e  more 

numerous b u t  smaller -induced p u l s e s .  

156. I n  t h e  of n e u t r o n  i n t e n s i t y ,  a p u l s e  , 
neut ron ,  
gamma 

chamber c a l l e d  a “compensated i o n i z a t i o n  chamber’’ 

(abbrevia ted  CIC) i s  used as a c u r r e n t  chamber, f o l -  

lowed by a s p e c i a l  t y p e  of c u r r e n t  a m p l i f i e r .  I n  

t h i s  r a n g e ,  i o n i z a t i o n  caused by gama r a d i a t i o n  and 

i o n i z a t i o n  induced by n e u t r o n s  may be,  r e l a t i v e l y ,  

about  e q u a l .  

157. CountinP systems u s i n g  f i s s i o n  chambers o p e r a t e  s a t -  
4 5 

i s f a c t o r i l y ,  up t o  10 o r  10 c o u n t s l s e c .  T h i s  i s  

e q u i v a l e n t  t o  a power increase of I O 4  o r  lo5. 
s t i l l  leaves about  a 10 or 10 i n c r e a s e  i n  power t o  

be covered.  The CIC’s can b e  des igned  so t h a t  w i t h  

s p e c i a l  c u r r e n t  amplif  iers  t h e y  w i l l  r e a d  n e u t r o n  

f l u x  from 10 of f u l l  power t o  somewhat more t h a n  

f u l l  power. 

T h i s  
5 6 

-6  
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158. The above-mentioned two t y p e s  of i n s t r u m e n t a t i o n  
10 

used t o g e t h e r  (can,cannot) be used t o  cover  t h e  10 

range of n e u t r o n  f l u x  encountered  i n  r e a c t o r  opera-  

t i o n ,  

159. The f i s s i o n  chanber  of t h e  c o u n t i n g  system could  be,  c a n  

and o f t e n  i s ,  withdrawn i n t o  s h i e l d i n g  when t h e  

c o u n t i n g  ra te  r e a c h e s  10 c p s ,  t h u s  b l a c i n g ' i t  where 

t h e  f l u x  i s  much and, t h e r e f o r e ,  t h e  system i s  

back i n t o  i t s  working ra.nge. 

4 

160. I n  t h e  i n t e r m e d i a t e  ranpe  of n e u t r o n  i n t e n s i t y ,  

neutron-to-gamma r a t i o  h a s  i n c r e a s e d  such t h a t  the 

i o n i z a t i o n  caused by neut rons  i s  about  e q u a l  t o  t h a t  

caused by gamma r a d i a t i o n .  Compensated cham- 

b e r s  and a m p l i f i e r s  are used from t h i s  power 

l e v e l  upward because such i n s t r u m e n t  channels  ( sys-  

t e m s )  are more a c c u r a t e  and are not s u b j e c t  t o  " f o l d  

over" o r  s a t u r a t i o n  as are c o u n t i n g  systems.  

less 

161. Now f o r  gama compensation: A gama-compensated i o n i z a t i o n ,  
c u r r e n t  i o n i z a t i o n  chamber (CIC) i s  a c t u a l l y  two chambers o r  

chamber s e c t i o n s  i n  one assembly,  as shown i n  F i g u r e  

V - 4 6 .  T h i s  d e s i g n  may c o n s i s t  of a small hollow 

c y l i n d e r  i n s i d e  a l a r g e r  hol low c y l i n d e r .  

- - - - - - -  

. .. 
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N e t  ou tput  s i g n a l  

Coated w i t h  on 
b o t h  s u r f a c e s  

.- . . .  

F i g .  V - 4 6 .  Gamma-Compensated I o n i z a t i o n  Chamber 

162. The w a l l s  of pne of t h e  chamber s e c t i o n s  :(volume$), 

u s u a l l y  t h e  o u t e r ,  are coa ted  w i t h  5 s o  t h a t  i t  i s  

s e n s i t i v e  t o  n e u t r o n s ,  as w e l l  as t o  gamma r a d i a -  

t i o n .  The o t h e r  chamber s e c t i o n  i s  uncoated s o  t h a t  

i t  i s  s e n s i t i v e  t o  r a d i a t i o n  only .  

163.  When a g a m a  r a y  goes through, i t  produces i o n  pairs gamma 

i n  b o t h  chambers i n  about  e q u a l  numbers because t h e  

volumes of t h e  chambers are e q u a l .  Equal  numbers of 

i o n  p a i r s  w i l l  produce n e a r l y  e q u a l  i n  t h e  

e x t e r n a l  c i r c u i t s .  These n e a r l y  e q u a l  c u r r e n t s  t r y  

t o  f low i n  o p p o s i t e  d i r e c t i o n s  through t h e  r e s i s t o r  

which, of c o u r s e ,  i s  n o t  p o s s i b l e .  This  c a u s e s  t h e  

s i g n a l s  from t h e  two chamber s e c t i o n s  t o  c a n c e l  or 

g i v e  a n  approximate ly  z e r o  n e t  v o l t a g e  a c r o s s  t h e  

and no a p p r e c i a b l e  gamma-signal n e t  o u t p u t .  



139 

164. Neutrons w i l l  i n t e r a c t  on ly  w i t h  t h e  boron-coated 

chamber l i n i n g  t o  produce only i n  t h a t  cham- 

E. 
i o n i z a t i o n  is not c a n c e l l e d  by a n  e q u a l  opposing 

c u r r e n t  and so produces a n  o u t p u t  s i g n a l  which can 
be d e t e c t e d .  

The c u r r e n t  caused by t h e  neutron-induced 

165. I n  t h e  intermediate-power range,  neutron-induced 

i o n i z a t i o n  i s  ( f a r  more t h a n ,  about  e q u a l  t o ,  f a r  

less than)  t h e  gamma-induced i o n i z a t i o n .  

c u r r e n t s ,  
r e s i s t o r  

i o n i z a t i o n  

166. I n  t h i s  range ,  a - type c i r c u i t  and chamber may about  e q u a l  t o  

become s a t u r a t e d  u n l e s s  t h e  chamber can be r e p o s i -  

t ioned . 

167. I n  t h i s  range ,  a - type  c i r c u i t  and chamber are p u l s e  

used .  

168. A l s o ,  a d i f f e r e n t  chamber, c a l l e d  a - 
i o n i z a t i o n  chamber, i s  used. 

169. The gamma-compensated i o n i z a t i o n  chamber (CIC)  i s  

a c t u a l l y  chambers i n  one. The i n t e r i o r  s u r -  

f a c e s  of one of t h e  chambers i s  coa ted  w i t h  B s o  

t h a t  i n  a d d i t i o n  t o  t h e  i o n i z a t i o n  produced by gamma 

r a d i a t i o n  w i l l  produce a l p h a  p a r t i c l e s ,  which, 

i n  t u r n ,  produce i o n i z a t i o n .  

10 

170. The o t h e r  chamber is  uncoated .  I o n i z a t i o n  i n  t h i s  

chamber i s  produced only  by r a d i a t i o n .  

c u r r e n t  

gamma - 
compensated 

two, 
neut rons  
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171. 

172 

173. 

174. 

The c u r r e n t  produced by gamma r a d i a t i o n  i n  one cham- 

ber compensates f o r  t h e  same amount of c u r r e n t  pro-  

duced by gamma r a d i a t i o n  i n  t h e  o t h e r  chamber s o  

t h a t  t h e  n e t  o u t p u t  s i g n a l  v o l t a g e  caused by gamma 

r a d i a t i o n  i s  n e a r l y  o r  approximate ly  c a n c e l l e d .  

gamma 

- - - - - - -  
To s a y  t h a t  on ly  gamma r a d i a t i o n  and n e u t r o n s  are 

p r e s e n t  i s  n o t  e x a c t l y  t r u e .  The e f f e c t s  of o t h e r  

t y p e s  of r a d i a t i o n ,  however, are o r d i n a r i l y  too 
small t o  be of concern . .  - 

z e r o  

10 
S i n c e  neutron-induced a l p h a  p a r t i c l e s  (from B) 

cause  i o n i z a t i o n  i n  only  one chamber, t h e r e  i s  no 
compensating c u r r e n t  from t h e  o t h e r  chamber; t h e r e -  

f o r e ,  t h e  = o u t p u t - s i g n a l  v o l t a g e ,  p r a c t i c a l l y  

speaking ,  i s  t h e  s i g n a l  produced by only .  

- - - - - - -  
I n  t h e  h i g h e s t  power range  ( t h a t  i s ,  a f t e r  the  r e a c -  neut rons  

t o r  r e a c h e s  a n e u t r o n - f l u x  l e v e l  of approximately 1% 

of f u l l  power), t h e  r e l a t i v e  amount of i s n i z a t i o n  

produced i n  a chamber by g a m a  r a d i a t i o n  i s  so  much 

less t h a n  t h a t  due t o  n e u t r o n s  t h a t  compensation f o r  

gamma r a d i a t i o n  i s  n o t  n e c e s s a r y .  Thus, a boron-  

c o a t e d ,  uncompensated i o n i z a t i o n  chamber--the 

p a r a l l e l - c i r c u l a r  -plate (PCP) t y p e  chamber (F igure  

V - 4 7 )  --becomes u s e f u l  a t  t h i s  l e v e l .  

- 

... 
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C y l i n d r i c a l  chamber 
f 

B-coated c i r c u l a r  plates 
Net o u t p u t  s i g n a l  

F i g .  V-47. S i m p l i f i e d  Diagram of a P a r a l l e l - C i r c u l a r  
P l a t e  (PCP) Ionization-Chamber C i r c u i t  

175. The PCP chamber, used a t  h i g h e r  power l e v e l s ,  i s  

uncompensated because t h e  amount of i o n i z a t i o n  

caused by neut rons  i s  so  much greater t h a n  t h e  

amount caused by r a d i a t i o n  t h a t  i s  n o t  

n e c e s s a r y .  

176. Another r e a s o n  t h a t  gamma compensation i s  n o t  nec-  

e s s a r y  a t  h i g h e r  r e a c t o r  power  l e v e l s  i s  t h a t  t h e  

gamma r a d i a t i o n  a l s o  becomes e s s e n t i a l l y  propor-  

t i o n a l  t o  t h e  r e a c t o r  power l e v e l .  T h e r e f o r e ,  t h e  

combined gamma and neut ron  s i g n a l s  can be used t o  

monitor  t h e  r e a c t o r  ~ . 

gamma, 
compensation 

177. A t  power l e v e l s  greater t h a n  1% of f u l l  power,  com- power l e v e l  

pensa ted  i o n i z a t i o n  chambers are (used almost  e x c l u -  

s i v e l y ,  no t  needed) t o  monitor  t h e  r e a c t o r  power 

l e v e l .  
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178. Although power (neut ron  f l u x )  measurements above 

about  1% of f u l l  power are normally made w i t h  

i n s t r u m e n t a t i o n  employing uncompensated chambers, 

t h e  i n t e r m e d i a t e - r a n g e  i n s t r u m e n t a t i o n  i s  u s u a l l y  

kept  i n  service because i t s  measurements are s t i l l  

r e l i a b l e  also.  

179. 

180. 

181. 

1 

not needed 

A s  w e  have s a i d ,  p a r a l l e l - c i r c u l a r - p l a t e  (PCP) cham- 

b e r s  c u s t o m a r i l y  are used  t o  measure n e u t r o n  f l u x  i n  

t h e  power range of r e a c t o r  o p e r a t i o n .  The c u r r e n t  

o u t p u t  of t h e s e  chambers i s  a m p l i f i e d  and used t o  

d r i v e  l i n e a r  r e c o r d e r s  i n  t h e  range  of opera-  

t i o n .  These l i n e a r  r e c o r d e r s  are o f t e n  c a l l e d  

" s a f e t y "  r e c o r d e r s .  (These are d i s c u s s e d  f u r t h e r  i n  

t h e  f o l l o w i n g  s e c t i o n s . )  

The l i n e a r  r e c o r d e r s  t h a t  r e a d  t h e  o u t p u t  of t h e  PCP power 

chambers are c a l l e d  r e c o r d e r s .  These r e a d  t h e  

r e a c t o r  power l e v e l  i n  t h e  range  . 

F i g u r e  V-48  compares a l i n e d r  and a l o g a r i t h m i c  

scale. The l o g a r i t h m i c  s c a l e  may b e  r e a d  more 

a c c u r a t e l y  (above, below) 20% of f u l l  power (NF) .  

T h i s  i s  d i s c u s s e d  f u r t h e r  i n  a la ter  s e c t i o n .  

s a f e t y ,  
power 

- - - - I - -  

2 5 10 50 100 150 300 

F i g .  V-48. Comparison of Logar i thmic  and L i n e a r  S c a l e s  
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... 

182.  Of t h e  two s c a l e s  i n  F i g u r e  V - 4 8 ,  t h e  one may be low 

F' be r ead  more a c c u r a t e l y  a t  powers above 20% N 

2.5.  Se l f  T e s t  

183. I n  a n  i o n i z a t i o n  chamber, a g a s  i s  i o n i z e d  when 

passes through the  chamber. (Frame 2 )  

1 i n e  ar  

r a d i a t i o n  184. An " ion  p a i r "  c o n s i s t s  of a p o s i t i v e l y  charged 

and a n e g a t i v e l y  charged . (Frames 2 

and 3 )  

185. I n  a n  e l ec t r i c  f i e l d ,  t h e  p o s i t i v e l y  charged atom of atom, 
e l e c t r o n  an  i o n  p a i r  w i l l  be  a t t r a c t e d  t o  t h e  charged 

e l e c t r o d e  and t h e  n e g a t i v e l y  charged e l e c t r o n  w i l l  

be a t t r a c t e d  t o  t h e  charged e l e c t r o d e .  

(Frames 4 and 5) 

186. When t h e  gas  i n  a n  i o n i z a t i o n  chamber becomes 

" ionized" ,  i t  w i l l  a n  e l e c t r i c  c u r r e n t .  

(Frames 6-10) 

n e g a t i v e l y ,  
p o s i t i v e l y  

187. A s  t h e  v o l t a g e  i s  i n c r e a s e d  a c r o s s  an  i o n i z a t i o n  conduct  

chamber o p e r a t i n g  i n  t h e  p r o p o r t i o n a l  range  i n  a 

r a d i a t i o n  f i e l d ,  t h e  gas  becomes more conduct ing  

because  of a n  i n c r e a s e  i n  t h e  number of i o n s  

produced by t h e  pr imary i o n s .  (Frames 27-30) 
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188. When t h e  v o l t a g e  a c r o s s  a n  i o n i z a t i o n  chamber i s  secondary 

h i g h  enough, e a c h  p a r t i c l e  of r a d i a t i o n  i n i t i a t e s  

enough i o n i z a t i o n  t o  " s a t u r a t e "  t h e  chamber and pro-  

duce a l a r g e  p u l s e  of c u r r e n t .  Chambers t h a t  oper -  

a t e  i n  t h i s  v o l t a g e  r e g i o n  are c a l l e d  t u b e s  

or chambers e (Frames 31-33)  

189. The r e s u l t  of a b e t a  p a r t i c l e  moving through a n  

i o n i z a t i o n  chamber i s  a p u l s e  of a c r o s s  a 

G-M o r  
Geiger  -Mue 1 ler 

r e s i s t o r  i n  t h e  e x t e r n a l  c i r c u i t .  (Frames 52-57) 

190. A b e t a  pa r t i c l e  e n t e r i n g  a n  i o n i z a t i o n  chamber oper-  v o l t a g e  

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

(h igher ,  lower) p u l s e  t h a n  one caused by a f i s s i o n  

fragment .  (Frames 103 and 104) 

191. The d e s i g n  of a n  i o n i z a t i o n  chadber ,  i n  l a r g e  meas- lower 

u r e ,  de te rmines  t h e  type  of , . that i t  w i l l  

d e t e c t .  (Frames 57-82 and 106-107) 

r a d  i a  t i o n  192. When the i n s i d e  w a l l s  of a n  i o n i z a t i o n  chamber are 

coa ted  w i t h  a material such  as 'OB, t h e  chamber w i l l  

d e t e c t  . (Frames 78-88) e 

193 .  An i o n i z a t i o n  chamber coa ted  w i t h  235U is  c a l l e d  a neut rons  

chamber and i s  used t o  d e t e c t  ( f a s t ,  thermal )  
_c_ 

n e u t r o n s .  (Frames 78,  90, and 91) 
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194. An e l e c t r o n i c  d e v i c e  which w i l l  conduct e l ec t r i ca l  

p u l s e s  above a s e l e c t e d  energy  l e v e l  and b l o c k  t h o s e  

of lower energy  l e v e l s  i s  c a l l e d  a 

s e l e c t o r .  (Frames 112-114) 
, - 

195. The number of e lec t r ica l  pulses produced by an  i o n i -  

z a t i o n  chamber and i t s  a s s o c i a t e d  c i r c u i t r y  per 

l e n g t h  of t i m e  ( p e r  second or p e r  minute)  i s  ca l l ed  

t h e  'I rate*'. (Frame 123) 

1.96. Spur ious  c o u n t s  i n  a count ing  system can be caused 

by e l e c t r i c a l  . (Frames 143-146) 

197 .  Pulsed- type  r a d i a t i o n - d e t e c t i o n  c i r c u i t s  are most 

e f f e c t i v e  i n  the range of r e a c t o r  o p e r a t i o n .  

(Frames 115, 154, and 155) 

198. Above t h e  s t a r t u p  range  of: a r e a c t o r ,  cham- 

b e r s  and a m p l i f i e r s  are used.  (Frames 156-165) 

199. Compensated i o n i z a t i o n  chambers are used i n  t h e  

range  of r e a c t o r  n e u t r o n  f l u x .  (Frames 156- 

165) 

200. Compensated i o n i z a t i o n  chambers are  s o  c o n s t r u c t e d  

t h a t  t h e  o u t p u t  v o l t a g e  from r a d i a t i o n  i s  

minimized. (Frames 161-165) 

f i s s i o n ,  
thermal  

p u l s e  h e i g h t  

c o u n t i n g  

!Joist? 

s t a r t u p  

c u r r e n t  

i n t e r m e d i a t e  
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201. I n  t h e  "power'' r ange ,  neut ron  f l u x  i n t e n s i t y  is  such gamma 

t h a t  t h e  i o n i z a t i o n  chamber which d e t e c t s  n e u t r o n  

f l u x  {does,  does  n o t )  need t o  be gamma compensated. 

(Frames 174-178) 

202. P a r a l l e l - c i r c u l a r - p l a t e  t y p e  i o n i z a t i o n  chambers does no t  

u s u a l l y  used i n  t h e  "power" range  (are, are n o t )  

gamma compensated. {Frames 174, 175, and 179) 

- - - - - - -  
203. The power-range i n s t r u m e n t  c h a n n e l s  ( s a f e t y  c'nan-- are not  

n e l s )  g i v e  more precise r e a d o u t  i n f o r m a t i o n  begin-  

n i n g  about  20% NF because t h e  scales are . 
(Frames 181 and 182) 

l i n e a r  
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V - 3 .  REACTOR OPERATION SYSTEM 

3 . 1 .  General  Phi losophy 

1. The r e a c t o r  y e r a t i o n  system i n c l u d e s  those  groups  

of d e v i c e s  whose f u n c t i o n s  a re  t o  s ta r t  t h e  r e a c t o r  

p l a n t ;  t o  monitor  i t  and t o  e x e r c i s e  c o n t r o l  d u r i n g  

s t a r t u p ;  t o  o p e r a t e  i t  r o u t i n e l y  w i t h i n  i t s  d e s i g n  

l i m i t a t i o n s  f o r  i t s  in t ended  purpose ;  t o  reduce  the  

gower l e v e l  when a monitored v a r i a b l e  exceeds  a pre- 

se t  l i m i t  (which is  below t h a t  of t h e  scram s e t p o i n t  

of t he  r e a c t o r  p r o t e c t i o n  sys t em) ;  and t o  s h u t  down 

t h e  r e a c t o r  f o r  such purposes  as r o u t i n e  maintenance,  

r e f u e l i n g ,  e t c .  (The term c o n t r o l  system i s  o f t e n  

used t o  d e s i g n a t e  t h e  r e a c t o r  o p e r a t i o n  system.)  

The r e a c t o r  o p e r a t i o n  system r e o u l a t e s  r e a c t o r  power 

and p rocess  v a r i a b l e s  and p r o v i d e s  in fo rma t ion  of 

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

( r eadou t  d e v i c e s  and a n n u n c i a t o r s ) .  

2 .  Although not  pa r t  of t h e  o p e r a t i o n  system, t h e  f a s t -  

shutdown ( p r o t e c t i o n )  system needs mentioning f o r  

c l a r i t y .  

system, h a s  a s i n g l e ,  d i s t i n c t  purpose- - to  p r o t e c t  

t h e  r e a c t o r  by s h u t t i n g  i t  down a u t o m a t i c a l l y  and as 

r a p i d l y  as p o s s i b l e  upon d e t e c t i o n ,  by i t s  i n s t r u -  

men ta t ion ,  t h a t  t h e  r e a c t o r  o p e r a t i n g  c o n d i t i o n s  

have s t r a y e d  o u t s i d e  des ign  l i m i t s  

channe l s ,  d i s c u s s e d  la ter ,  scram ( f a s t e s t  p o s s i b l e  

T h i s  sytem, sometimes c a l l e d  t h e  "safety ' '  

The " sa fe ty"  

shutdown) t h e  r e a c t o r  i f  t h e  gower exceeds  a n  estab- 

l i s h e d  s a f e  maximum l e v e l .  

e x i s t  which a l s o  c a l l  f o r  fas t  shutdowns. 

Other c o n d i t i o n s  may 
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R e a c t o r s  are normally o p e r a t e d  a t  some max- 
imum p e r m i s s i b l e  power l e v e l  known t o  be 
w e l l  below t h a t  l e v e l  a t  which t h e  f u e l  
might b e  damaged by h igh  t e m p e r a t u r e s .  To 
g u a r a n t e e  t h a t  t h e  power l e v e l  never  reache  
t h i s  danger  l e v e l ,  t h e  r e a c t o r  s a f e t y  s y s -  
t e m s  are  des igned  t o  scram t h e  r e a c t o r s  a t  
some l e v e l  between t h e  maximum o p e r a t i n g  
l e v e l  and t h e  danger  l e v e l .  A t  t h e  ORR -7 

t h e  scram l e v e l  i s  4 3 . 5  Nd (145% of f u l l  
power) and a t  t h e  H F I R  i t  i s  130 Md (130% 
of f u l l  power). Also a t  l e v e l s  between 
t h e  o p e r a t i n g  and scram leyel ,  c o n t r o l  pro-  
v i s i o n s  are made t o  lower t h e  power by 
au tomat ic  r e d u c t i o n  of t h e  s e r v o  demand 
(se tback)  o r  by au tomat ic  i n s e r t i o n  of t h e  
c o n t r o l  r o d s  ( r e v e r s e )  t o  avoid  a scram i f  
some abnormal c o n d i t i o n  should c a u s e  t h e  
power l e v e l  t o  s t a r t  r i s i n g .  The scram 
a c t i o n  of t h e  s a f e t y  i n s t r u m e n t s  i s  accom- 
p l i s h e d  i n  ORNL r e a c t o r s ,  f o r  example, by 
e l e c t r o n i c  r e d u c t i o n  of t h e  c o n t r o l - r o d  
magnet c u r r e n t s ;  t h e  power 
t r o l )  f u n c t i o n s  are i n i t i a t e d  by s w i t c h e s  
i n  t h e  power- level  ( s a f e t y )  r e c o r d e r s .  

I__ 

- I_ 

3. F i g u r e  V - 4 9  i s  a b l o c k  diagram t h a t  shows how b o t h  

t h e  o p e r a t o r  and t h e  i n s t r u m e n t s  co-opera te  t o  con- 

t r o l  t h e  r e a c t o r ;  i t  a l so  shows t h e  "outs ide"  fac-  

t o r s  t h a t  must be c o n s i d e r e d  i n  any problem of 

con t r  01. 

4 .  Although & o f  t h e  feedback p a t h s  o r  loops  shown 

are impor tan t ,  t h e  two w i t h  which w e  are  most con- 

cerned  are t h e  one t o  t h e  o p e r a t o r  and t h e  au tomat ic  

0n.e t o  t h e  i n s t r u m e n t s .  
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Opera tor  feedback 
1 

r -  ---- + -------- ~ 

F i g .  V-49. Genera l  Block Diagram of Reac tor  O p e r a t i o n  System 

3 . 2 .  O p e r a t  o r  Dcc i s  ions  

5. L e t  u s  d i s c u s s  f i r s t  t h e  o p e r a t o r  loop. I n  t h i s  

case t h e  r e a c t o r  produces e f f e c t s  which are sensed 

and d i s p l a y e d  by t h e  i n s t r u m e n t s .  The o p e r a t o r  

r e a d s  t h e  and from t h e i r  i n f o r m a t i o n  d e c i d e s  

what s o r t s  of c o n t r o l  a c t i o n s  t o  a d m i n i s t e r  t o  t h e  

r e a c t o r .  

- 

6 .  The o p e r a t o r  g e t s  from t h e  i n s t r u m e n t s  and i n s t r u m e n t s  

f e e d s  s i g n a l s  i n t o  t h e  c o n t r o l  b l o c k  f o r  any a d j u s t -  

ments t h a t  are n e c e s s a r y  and t h u s  completes  t h e  

"loop". 

7 .  I n  a d d i t i o n  t o  g e t t i n g  i n f o r m a t i o n  from t h e  i n s t r u -  i n f o r m a t i o n  

ments,  t h e  o p e r a t o r  must e v a l u a t e  t h e  and make 

d e c i s i o n s  a s  t o  t h e  c o n t r o l  measures.  
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8. The key p a r t  of t h i s  loop  i s  t h a t  t h e  o p e r a t o r )  as a i n f o r m a t i o n  

r e s u l t  of h i s  e v a l u a t i o n ,  must make a as t o  

what t o  do .  

d e c i s i o n  9. Of c o u r s e ,  t h e  o p e r a t o r  has  h e l p  w i t h  t h e  d e c i s i o n s  

through a d m i n i s t r a t i v e  c o n t r o l .  An a d m i n i s t r a t i v e  

c o n t r o l  i s  one i n  which t h e  o p e r a t o r  i s  t a u g h t  which 

d e c i s i o n s  are t h e  proper  ones t o  make i n  a g i v e n  se t  

of c i r c u m s t a n c e s .  

- - - - - - -  
10. Many of t h e  r e s p o n s e s  of t h e  o p e r a t o r  are set  by 

c o n t r o l .  By s t u d y i n g  l i s t s  of procedures  and 

a l s o  by e x p e r i e n c e ,  t h e  o p e r a t o r  l e a r n s  t h a t ,  t o  a 

g i v e n  s i g n a l ,  a s p e c i f i c  r e s p o n s e  must b e  made--not 

may be nor should  be,  b u t  m u s t  be  made. 

11. Responses n o t  se t  by a d m i n i s t r a t i v e  c o n t r o l  c a l l  f o r  a d m i n i s t r a t i v e  

t h e  u s e  of t h e  o p e r a t o r ' s  s c h o o l i n g ,  e x p e r i e n c e ,  and 

good common s e n s e .  There  are times when t h e s e  d e c i -  

s i o n s  might be v e r y  impor tan t  t o  t h e  cont inued  s a f e  

o p e r a t i o n  of t h e  r e a c t o r .  

12 .  D e c i s i o n s  t o  be made by t h e  o p e r a t o r  are (always,  

n o t  a lways,  never )  set by a d m i n i s t r a t i v e  c o n t r o l .  

1 3 .  For example, i f  t h e  ORR i s  o p e r a t i n g  a t  f u l l  power n o t  always 

and a s e t b a c k  o c c u r s ,  t h e  o p e r a t o r  must n o t i f y  t h e  

s h i f t  e n g i n e e r .  He should a lso do o t h e r  t h i n g s  such 

as withdraw t h e  o t h e r  rods t o  hold  t h e  power leve l  

a t  NL and announce t h e  power- level  change t o  t h e  

e x p e r i m e n t e r s .  
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1 7 .  

18. 

19. 

I n  t h e  preceding  i l l u s t r a t i o n ,  t h e  n o t i f i c a t i o n  of 

t h e  s h i f t  e n g i n e e r  of t h e  s e t b a c k  i s  a response  t h a t  

i s  r e q u i r e d  by . 

Also i n  t h a t  same i l l u s t r a t i o n ,  t h e  o p e r a t o r  should a d m i n i s t r a t i v e  

b o t h  withdraw t h e  c o n t r o l  r o d s  t o  hold  t h e  power 

l e v e l  a t  N and n o t i f y  t h e  exper imenters  of t h e  

change i n  power Level.  The d e c i s i o n  as t o  which t o  

d o  f i r s t  o r  whether  t o  d o  b o t h  a t  t h e  same time i s  

made by t h e  . 

c o n t r o l  

L 

A b e t t e r  i l l u s t r a t i o n  of o p e r a t o r  d e c i s i o n  might be: o p e r a t o r  

a n  o p e r a t o r  n o t  a t  t h e  c o n t r o l  d e s k  i s  g iven  a l i s t  

of pumps, motors ,  and t a n k s  t o  check. Whether or 

n o t  t o  empty a t a n k  today o r  tomorrow i s  a d e c i s i o n  

he might make. 

- - - - - - -  
I n  o r d e r  t o  make d e c i s i o n s  i n t e l l i g e n t l y ,  whether by 

h imsel f  o r  w i t h  t h e  a i d  of con t r  01, t h e  

c o n t r o l - d e s k  o p e r a t o r  must o f t e n  depend on i n s t r u -  

ments f o r  i n f  ormat ion .  

The c o n t r o l - d e s k  o p e r a t o r  can g e t  i n f o r m a t i o n  about  adm.inis t r a t i v e  

t h e  n e u t r o n  f l u x  a t  any g iven  moment o n l y  from t h e  

( s h i f t  e n g i n e e r ,  n u c l e a r  i n s t r u m e n t a t i o n ,  CAM). 

The o p e r z t o r  must b e  a b l e  t o  respond i n t e l l i g e n t l y  n u c l e a r  i n s t r u -  

t o  t h e  ins t rument  i n f o r m a t i o n  i n  o r d e r  t o  ( c o n t r o l  

t h e  r e a c t o r  , unders tand  a m p l i f i e r s ,  r e a d  t h e  d a i l y  

l o g  of o p e r a t i o n s ) .  

men t a t  i o n  
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2 0 .  The o p e r a t o r  must have cont inuous  i n f o r m a t i o n  about  c o n t r  01 t h e  
r e a c t o r  

t h e  r e a c t o r  t h a t  o n l y  ( i n s t r u m e n t s ,  g u e s s i n g ,  t h e  

d i v i s i o n  head)  can g i v e  him. 

21. We have been t r y i n g  t o  emphasize t h a t ,  a l t h o u g h  w e  i n s t r u m e n t s  

are v e r y  much indebted  t o  t h e  e x p e r i e n c e ,  knowledge, 

and common s e n s e  of t h e  r e a c t o r  o p e r a t o r ,  w i t h o u t  

adequate  i n s t r u m e n t a t i o n  t h e  c o n t r o l  of a n u c l e a r  

c h a i n  r e a c t i o n  would be (easy,  d i f f i c u l t ,  imposs i -  

b l e ) .  

3 . 3 .  C o n t r o l  I n s t r u m e n t a t i o n  

2 2 .  Now let  us  look  a t  F i g u r e  V-49 a g a i n .  Complete con-  imposs ib le  

- t r o l  of t h e  r e a c t o r  by o p e r a t o r  response  only  would 

b e  q u i t e  d i f f i c u l t .  When immediate r e s p o n s e  i s  nec-  

e s s a r y ,  people  are much t o o  slow. 

2 3 .  The a u t o m a t i c  loop sends  s i g n a l s  d i r e c t l y  t o  t h e  

r e a c t o r  c o n t r o l  b l o c k  and bypasses  t h e  

2 4 .  The a u t o m a t i c  loop handles  c o n t r o l  i n f o r m a t i o n  t h a t  o p e r a t o r  

c a l l s  f o r  a n  ( ins t rument  r e s p o n s e ,  o p e r a t o r  response,  

a d m i n i s t r a t i v e  r e s p o n s e ) .  

2 5 .  Many c o n t r o l  responses  must be made much t o o  q u i c k l y  ins t rument  
o r  a d m i n i s t r a t i v e  re- response  

t o  depend upon e i t h e r  

sponse.  These c o n t r o l  responses  which must be very  

f a s t  are c a l l e d  "automatic"  r e s p o n s e s  and are made - 
by t h e  * .  
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26. Although i t  i s  t r u e  t h a t  a n  ins t rument  response  i s  o p e r a t o r ,  

f a s t e r  t h a n  a human response ,  w e  must r e a l i z e  t h a t  

t h e  ins t rument  response  is  l i m i t e d .  

2 7 .  The i n s t r u m e n t  can  exercise o n l y  two p r e r o g a t i v e s  

i n  most c a s e s .  It can a t t e m p t  t o  c o n t r o l ,  and i t  

c a n  f o l l o w  a programmed s a f e t y  a c t i o n  i f  t h e  proper  

response  t o  t h e  a t tempted  c o n t r o l  f a i l s .  

23. The o p e r a t o r  m a i n t a i n s  s u r v e i l l a n c e  over  t h e  i n s t r u -  

menta t ion  and e v a l u a t e s  i t s  performance. Thus, t h e  

pr ime c o n t r o l  of t h e  r e a c t o r  i s  always e x e r c i s e d  by 

t h e  . 

i n s t r u m e n t a t  ion 

29. The c o n d i t i o n s  i n  F i g u r e  V - 4 9  l a b e l e d  " n o i s e  o r  o p e r a t o r  

d i s t u r b a n c e "  i n c l u d e s  a l l  of t h a s e  f a c t o r s  t h a t  

i n f l u e n c e  t h e  r e a c t o r  power t o  produce t h e  random 

f l u c t u a t i o n s  and slow changes which make cont inuous  

c o n t r o l  n e c e s s a r y .  Some of t h e s e  f a c t o r s  are xenon 

growth, fue l  burnup, and c o o l a n t - f l o w  v a r i a t i o n s .  

3 0 .  The term "noise  o r  d i s t u r b a n c e "  i n c l u d e s  a number of 

f a c t o r s  which make cont inuous  necessary .  

31. Xenon growth would be cons idered  a p a r t  of t h e  

I' b l o c k .  11 

I 

c o n t r  o l  
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n o i s e  or 
d i s t u r b a n c e  

32. The ' ' e x t e r n a l  c o n d i t i o n s "  b l o c k  i s  made up of t h o s e  

nonnuclear  f a c t o r s ,  such as c o o l a n t ,  which cause  

changes i n  t h e  c o n d i t i o n  of t h e  r e a c t o r .  

33.  The p r o c e s s  p o r t i o n s  of t h e  r e a c t o r  system, such as 

( f u e l ,  moderator ,  c o o l a n t )  would be a p a r t  of t h i s  

" e x t e r n a  1 condi t ions ' '  b l o c k  . 

3 . 4 .  Nuclear  I n s t r u m e n t a t i o n  

34. Our d i s c u s s i o n  t h u s  far h a s  g iven  u s  some informa- c o o l a n t  

t i o n  about  c o n t r o l  loops. Npw w e  wish  t o  d i s -  

cuss  t h e  "automatic  loop" f u r t h e r .  

35. In  o r d e r  t o  unders tand  b e t t e r  t he  f u n c t i o n s  of t h e  

v a r i o u s  n u c l e a r  and p r o c e s s  i n s t r u m e n t s ,  le t  u s  d i s -  

c u s s  t h o s e  f u n c t i o n s  as t h e y  a p p l y  t o  b o t h  t h e  con- 
- t r o l  and s a f e t y  systems.  

- 
I n  f o r m a l l y  worded documents it is  becoming 
customary t o  r e f e r  t o  c o n t r o l  systems as 
"opera t ions"  systems and t o  s a f e t y  systems 
as " p r o t e c t i o n "  systems - 

3 6 .  For  t h e  p r e s e n t  w e  s h a l l  l i m i t  our s t u d y  t o  t h e  

i n f o r m a t i o n  needed f o r  optimum o p e r a t i o n  of t h e  

r e a c t o r .  I n  a later s e c t i o n  w e  s h a l l  s t u d y  t h e  

i n s t r u m e n t s  used i n  t h e  s a f e t y  system. 
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3 7 .  I n  o r d e r  t o  c o n t r o l  t h e  ORR. a d e q u a t e l y ,  f o r  example, 

t h e  o p e r a t o r  must have knowledge oE t h e  n e u t r o n  f l u x  

from about  10 n / c m  / s e c  t o  about  n/cm-2/ 
4 -2 -1 

-1 
sec . 

... 

38 .  Neutron f l u x  i n f o r m a t i o n  i s  n e c e s s a r y  over  

s t a r t u p  and o p e r a t i n g  r a n g e s  of t h e  r e a c t o r  because 

t h e  power l e v e l  i s  p r o p o r t i o n a l  t o  t h e  

of t h e  r e a c t o r .  I n  n u c l e a r  r e a c t o r s  t h e  power level 

can change so  r a p i d l y  t h a t  tempera ture  moni tors  are 

t o o  slow t o  be used f o r  c o n t r o l ;  on ly  by knowing t h e  

n e u t r o n  f l u x  can t h e  o p e r a t o r  o r  t h e  a u t o m a t i c  c o n -  

t r o l s  know how w e l l  t h e  

t r o l l e d .  

i s  b e i n g  con- 
-_I_ 

39 .  I f  t h e  n e u t r o n  f l u x  i s  e, t h e  pmer l e v e l  of t h e  neut ron  f l u x ,  
power l e v e l  

r e a c t o r  i s  a l s o  . 

-2 -1 
1OW 

4 
40.  If t h e  n e u t r o n  f l u x  i n c r e a s e s  from 10 n c m  s e c  

by a f a c t o r  of one b i l l i o n  ( t h a t  would b e  n i n e  

decades) ,  t h e  power l e v e l  of t h e  r e a c t o r  i s  rela- 

t i v e l y  ( low,  h i g h ) .  (To i n c r e a s e  o r  t o  d e c r e a s e  a 

number by one decade,  m u l t i p l y  o r  d i v i d e  i t  by l0, 

r e s p e c t i v e l y .  Two deeddes i s  10 x 10 o r  10 ; t h r e e  

decades  i s  10 , e t c . )  

2 

3 

41. I n  o r d e r  t o  c o n t r o l  a r e a c t o r  r e l i a b l y  over  a wide high 

f l u x  range from s t a r t u p  t o  f u l l  power (-10 decades) ,  

i t  i s  customary a t  ORNL t o  b r e a k  t h e  span  i n t o  t h r e e  

r a n g e s  and t o  provide  a s e p a r a t e  s e t  of ins t rumext t s  

f o r  each range .  (The HFIR, which u s e s  a wide-range 

c o u n t i n g  channel ,  is a n  e x c e p t i o n . )  
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42.  The t h r e e  ranges  covered by t h e  n u c l e a r  ins t rumen-  

t a t i o n  f o r  r e a c t o r  c o n t r o l  are: (1) the lower s t a r t u p  

range of about  f i v e  decades ,  (2) t h e  i n t e r m e d i a t e  o r  

upper s t a r t u E  range of about  t h r e e  decades,  and 

(3)  t h e  power o r  o p e r a t i n g  range  of about  two dec-  

a d e s .  Because t h e  s o - c a l l e d  i n t e r m e d i a t e - r a n g e  

i n s t r u m e n t a t i o n  h a s  a u s a b l e  range  of f i v e  decades  

or  s o ,  i t  remains a c t i v e  i n  t h e  range  a l s o .  

4 3 .  These t h r e e  ins t rument  r a n g e s ,  t h e  , , and power 

ranges ,  are t h o s e  used a t  r e a c t o r s  such as t h e  

QRR and BSR. 

I o n  chambers, as a c lass  of r a d i a t i o n  detpc- 
t o r s ,  d e t e r i o r a t e  w i t h  u s e .  To g e t  maximum - l i f e  from t h e s e  expens ive  d e v i c e s ,  t h e i r  
o p e r a t i o n  i n  a l o w - i n t e n s i t y  neut ron  f l u x  
i s  d e s i r a b l e .  I n  t h e  ease of c u r r e n t  cham- 
b e r s ,  t h e  a s s o c i a t e d  e l e c t r o n i c s  de te rmine  
t h e  minimum u s e f u l  c u r r e n t s  which must be 
f u r n i s h e d .  I n  l i g h t  of t h e s e  and o t h e r  
f a c t o r s ,  ORNL i n s t a l l s  i t s  r e a c t o r  chambers 
i n  n e u t r o n  f l u x e s  which produce from 30 t o  
50 microamperes a t  f u l l  r e a c t o r  power. 
These chambers are used o n l y  f o r  i n t e r m e d i -  
ate and power-ranpe measurements. I n  
c o u n t i n g  i n s t r u m e n t a t i o n ,  t h e  e l e c t r o n i c s  
de te rmine  t h e  maximum r a t h e r  t h a n  t h e  m i n i -  
m u m  n e u t r o n  f l u x  t h a t  may b e  measured. 
Because c o u n t i n g  i n s t r u m e n t s  w i l l  measure 
v e r y  weak n e u t r o n  f l u x e s ,  t h e y  a r e  t h e  most 
p r a c t i c a l  of i n s t r u m e n t s  f o r  u s e  i n  the 
lower s t a r t u p  range of r e a c t o r s .  S i n c e  
t h e y  are opera ted  only  i n  r e l a t i v e l y  weak 
n e u t r o n  f l u x e s ,  t h e  f i s s i o n  chambers from 
which t h e  c o u n t i n g  p u l s e s  are r e c e i v e d ,  
d e t e r i o r a t e  v e r y  s lowly  due t o  n e u t r o n  ab-  
s o r p t i o n .  
_p I_ 

s t a r t u p ,  
intermediate . ,  
power 
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I 1 I I I I I  I I I 1 1 1 1  

4 4 .  I n  the lower s t a r t u p  range  a t  t h e  BSR, PCA, and ORR, 

the neu t ron -coun t ing  rate may v a r y  from one o r  two 

coun t s  p e r  second t o  10,000 o r  more p e r  second.  

This means t h a t  t h e  c o u n t i n g - r a t e  r eadou t  i n s t r u -  

ments w i l l  need t o  be  able t o  span  about  or 

decades .  

45. S i n c e  the range  would be  d i f f i c u l t  t o  r eco rd  on a f o u r ,  
f i v e  

l i n e a r  s c a l e ,  w e  u s e  a coun t ing  in s t rumen t  w i t h  a 

l o g a r i t h m i c  s c a l e .  Such a n  in s t rumen t  would have a 

s c a l e  as shown i n  F i g u r e  V-50. T t  i s  commonly 

c a l l e d  a l o g - c o u n t i n g - r a t e  meter. 

F i g .  V-50. L o g a r i t h m i c a l l y  C a l i b r a t e d  S c a l e  
f o r  a Counting-Rate Meter 

4 6 .  The ins t rumen t  s c a l e  shown above would encompass 

decades  

47 .  An ins t rumen t  w i t h  a l o g a r i t h m i c  s c a l e  would be  f i v e  

needed i n  t he  r ange .  



48. A t  t h e  HPIR,  when t h e  c o u n t i n g - r a t e  meter (CIPM) s t a r t u p  

r e a c h e s  10,000 c o u n t s / s e c ,  t h e  l i s s i o n  chamber & 
r e t r a c t e d  a u t o m a t i c a l l y  by a p r e c i s i o n  d r i v e  t h a t  

p o s i t i o n s  t h e  chamber so t h a t  t h e  CRN always r e a d s  

a s e t  amount--10,000 c o u n t s / s e c .  

i n s t r u m e n t  t h e n  combines t h e  10,000 cownts/sec and 

t h e  chamber-dis tance f a c t o r  t o  a r r i v e  a t  a n  i n d i c a -  

- t i o n  of t h e  r e a c t o r  power.  

moni tor  t h e  from s t a r t u p  t o  Eul l  power.  

An e l e c t r o n i c  

Thus, t h e  CRM i s  used t o  

4 9 .  You w i l l  r e c a l l  from S e c t i o n  V-2 t h a t  t h e  p u l s e -  r e a c t o r  
power 

h e i g h t  s e l e c t o r  makes it p o s s i b l e  t o  d i s t i n g u i s h  

between t h e  n e u t r o n -  and t h e  Samma-induced p u l s e s  i n  

t h e  o u t p u t  of a f i s s i o n  chamber. T h i s  a l l o w s  t h e  

h i g h e r  -induced p u l s e s  t o  b e  counted and t h e  

lower -induced p u l s e s  t o  be ignored .  
- .... 

50. P u l s e s  from t h e  p u l s e - h e i g h t  s e l e c t o r  are counted,  neut ron ,  
gama  and t h e  c o u n t i n g  ra te  i s  recorded  on a s t r i p - c h a r t  

r e c o r d e r .  The n e u t r o n  c o u n t i n p  ra te  i s  a measure of 

t h e  n e u t r o n  f l u x  (or power) i n  t h e  r e a c t o r .  The 

c o u n t i n g  r a t e  u s u a l l y  i s  t h e  only  measure of r e a c t o r  

power a v a i l a b l e  i n  t h e  lower p a r t  of t h e  range  

of t h e  r e a c t o r .  

51. A s  r e a c t i v i t y  i s  i n c r e a s e d  i n  a s u b c r i t i c a l  r e a c t o r ,  s tar  tup  

t h e  n e u t r o n  m u l c i p l i c a t i o n  ra te  i n c r e a s e s .  During 

s t a r t u p  t h e  u p e r a t o r  must know t h e  c o u n t i n g  rate a t  

all t i m e s  s o  h e  can  de termine  t h e  i n c r e a s e  i n  t h e  

m u l t i p l i c a t i o n  ra te  = 
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52. The rate of i n c r e a s e  i n  t h e  n e u t r o n - m u l t i p l i c a t i o n  

7 r a t e  i n d i c a t e s  whether  o r  not  r e a c t i v i t y  i s  b e i n g  

P i n  s m a l l  enough o r  l a rge  enough increments .  

53. I n  a d d i t i o n  t o  knowing t h e  approximate power a t  

which t h e  r e a c t o r  i s  o p e r a t i n g  d u r i n g  s t a r t u p ,  i t  i s  

impor tan t  t o  know whether  t h e  r e a c t o r  i s  s u b c r i t i c a l  

o r  s u p e r c r i t i c a l  f o l l o w i n g  each  r e a c t i v i t y  i n c r e a s e .  

The c o u n t i n g - r a t e  p e r i o d  meter f u r n i s h e s  t h i s  i n f o r -  

m a t  i o n .  

54. You w i l l  r eca l l  t h a t  t h e  r e a c t o r  per iod  i s  t h e  

l e n g t h  of t i m e  d u r i n g  which t h e  n e u t r o n  p o p u l a t i o n  

o r  f l u x  i n c r e a s e s  o r  d e c r e a s e s  by a f a c t o r  of e 
(e = 2.718) .  

55. I f  t h e  per iod  meter i n d i c a t e s  a 100-sec p o s i t i v e  

p e r i o d ,  a t  t h e  end of e v e r y  100 seconds t h e  n e u t r o n  

p o p u l a t i o n  w i l l  have by a f a c t o r  of . 

56. I f  i t  t a k e s  50 see f o r  t h e  n e u t r o n  p o p u l a t i o n  t o  

i n c r e a s e  by a f a c t o r  of 2.718, t h e  p e r i o d  i s  

s e c  ond s . 

57. I f  t h e  n e u t r o n  p o p u l a t i o n  i n c r e a s e s  very  s lowly ,  

t h e  r e a c t o r  per iod  w i l l  be ( long,  s h o r t )  and w i l l  

b e  p o s i t i v e .  

neut ron  

increased 

i n c r e a s e d ,  
e or 2 .718  

50 



58. I f  t h e  r e a c t o r  i s  i u s t  c r i t i c a l ,  t h a t  i s ,  t h e  

n e u t r o n  f l u x  i s  n e i t h e r  i n c r e a s i n g  nor  decrea.s inq,  

t h e  r e a c t o r  is  s a i d  t o  have a n  " i n f i n i t e  per iod"  

because  i t  would t ake  a n  i n f i n i t e  l e n s t h  of t i m e  f o r  

t h e  f l u x  t o  change by a f a c t o r  of 2. T h i s  i s  t o  s a y  

that  there w i l l  be  no change i n  t h e  neu t ron  popu- 

l a t i o n  u n t i l  i s  inc reased  OK dec reased .  

- - 
You w i l l  p robably  hear it  s a i d  that  one 
"adds" r e a c t i v i t y  t o  a r e a c t o r  o r  "removes" 
r e a c t i v i t y .  It i s  a l s o  s a i d  t h a t  one 
"adds'l p o s i t i v e  o r  n e g a t i v e  r e a c t i v i t y  t o  
cause  a p o s i t i v e  o r  n e g a t i v e  p e r i o d .  T h i s  
i s  e x a c t l y  l i k e  s a y i n g  that  one "adds" 
speed o r  "removes" speed from a moving 
v e h i c l e  o r  t h a t  one "adds" p o s i t i v e  o r  
n e g a t i v e  speed ,  R e a c t i v i t y  i s  a c o n d i t i o n  
of a r e a c t o r  l i k e  a c c e l e r a t i o n  and d e c e l -  
e r a t i o n  are c o n d i t i o n s  of a v e h i c l e  i n  
motion.  I f  t h e  a c c e l e r a t i o n  of a moving 
car i s  z e r o ,  i t  i s  t r a v e l i n g  a t  a c o n s t a n t  
g e e d .  
r e a c t o r  i s  z e r o ,  i t  i s  o p e r a t i n g  a t  a con- 
s t a n t  ( s t eady)  power l e v e l .  The r e a c t i v i t y  
of a r e a c t o r  can  be i n c r e a s e d  o r  decreased  
by a d d i n g  o r  removing f u e l ,  by removing or 
a d d i n g  neu t ron  "poisons",  or  by making 
o t h e r  t y p e s  of changes w i t h i n  o r  near  t h e  
c o r e .  

I f  the  r e a c t i v i t y  of a n  o p e r a t i n g  

- - 

59. I f  the n e u t r o n  p o p u l a t i o n  i s  n e i t h e r  i n c r e a s i n g  nop 
d e c r e m i n g ,  the r e a c t o r  per iod  i s  . 

1.0Ikg 

react i v i t g  

60. I f  t h e  n e u t r o n  popu la t ion  i s  d e c r e a s i n q ,  t h e  r e a c t o r  i nf i n  i t e 

per iod  i s  n e i t h e r  i n f i n i t e  n o r  p o s i t i v e ;  i t  i s  . 
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.*. 
61. When t h e  pe r iod  r e c o r d e r  i s  showing a p o s i t i v e  

pe r iod ,  t h e  r e a c t o r  power w i l l  c o n t i n u e  t o  

w i t h o u t  t h e  r e a c t i v i t y  be ing  f u r t h e r  i n c r e a s e d  i f  

t h e r e  were no t empera tu re  e f f e c t s  and no f i s s i o n -  

product  "poisoning" * 

62. However, ?s t h e  t empera tu re  i n s i d e  t h e  r e a c t o r  

i n c r e a s e s ,  i t  u s u a l l y  has t h e  e f f e c t  of d e c r e a s i n g  

r e a c t i v i t y  so  t h a t  t h e  o p e r a t o r  must con t inue  t o  

ad j u s t  the t o  overcome t h i s  d e c r e a s e .  

negac i v e  

i n c r e a s e  

6 3 .  T h i s  e f f e c t  i s  due t o  what  i s  c a l l e d  n e a a t i v e  t e m -  r e a c t i v i t y  

p e r a t u r e  c o e f f i c i e n t .  

as t h e  t empera tu re  i n c r e a s e s ,  t h e  tempera ture  i s  

s a i d  t o  have a e f f e c t  on r e a c t i v i t y .  

When t h e  r e a c t i v i t y  d e c r e a s e s  

6 4 .  Two k inds  of i n fo rma t ion  are supp l i ed  by t h e  coun t -  n e g a t i v e  

i n g  i n s t r u m e n t a t i o n .  One k ind ,  t h e  coun t ing  ra te ,  

i s  a measure of t h e  i n  t h e  r e a c t o r  from 

i t s  shutdown l e v e l  upward. 

- - - - - - -  
65. The in fo rma t ion  abou t  the neu t ron  popu la t ion  i s  d i s -  neu t ron  f l u x  

o r  popu l a  t i on 
played i n  t h e  u n i t s  ( r e a c t o r  pe r iod ,  coun t s  per s e c -  

ond, k i l o w a t t s ) .  

66. The o t h e r  i n f o r m a t i a n  f u r n i s h e d  t e l l s  how f a s t  t h e  coun t s  per  s e c -  
o nd 

r e a c t o r  power is  changing.  The ins t rument  d e t e r -  

mines and d isp la .ys  in fo rma t ion  c a l l e d  t h e  r e a c t o r  
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I_ I 
A system of e l e c t r o n i c s  w i t h  i t s  d e t e c t o r  
o r  s e n s o r ,  such as a n  i o n  chambcr, f o r  
supply ing  t h e  s i g n a l  and any n e c e s s a r y  
r e a d o u t  d e v i c e s  ( i n d i c i i t i n g  o r  r e c o r d i n g  
i n s t r u m e n t s )  i s  o f t e n  r e f e r r e d  t o  as a n  
" ins t rument  channel"  f o r  convcnience.  A 
se t  of c o u n t i n g  i n s t r u m e n t a t i o n ,  such as 
t h a t  be ing  d i s c u s s e d ,  t o g e t h e r  w i t h  t h e  
f i s s i o n  chamber, c o u n t i n g - r a t e  and p e r i o d  
i n d i c a t o r s  a n d  r e c o r d e r s ,  c o n s t i t u t e  R 

"count ing channel" .  
I_ - 

67.  A t  t h e  BSR, PCA, and QRR, t h e  e l e c t r o n i c s  l i m i t  t h e  

c o u n t i n g  r a t e  t o  a maximum of about  10,000 c o u n t s /  

s e c .  ,This  means t h e  channel  h a s  a r a n g e  of a p p r o x i -  

mate l y  decades .  If t h e  range of t h e  r e a c t o r  

from shutdown t o  f u l l  power i s  10 decades and t h e  

i n t e r m e d i a t e  range ins t rument  channel  i s  l i m i t e d  t o  

about  5 decades ,  t h e n  t h e r e  remains of 

range  t h a t ,  s o  f a r ,  i s  E i n s t r u m e n t e d ,  

per iod  

68. The s o l u t i o n  i s  t o  withdraw t h e  f i s s i o n  chamber i n t o  f o u r ,  
one decade 

a. n e u t r o n  s h i e l d  f a r  enough t h a t  t h e  c o u n t i n g  ra te  

i s  reduced t h r e e  decades  o r  so.  o p e r a t i o n  i s  

done a u t o m a t i c a l l y ,  normally,  and i s  r c p c a t e d  a t  t h e  

h i g h e r  power l e v e l s  t o  keep t h e  count ing  channel  

w i t h i n  i t s  -decade working range e 
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69. When t h e  power of t h e  QRR i s  d e c r e a s i n g ,  t h e  per iod  f o u r  

i n d i c a t o r  shows a p e r i o d .  While t h e  f i s s i o n  

chamber i s  b e i n g  withdrawn ( t o  change t h e  opEra t ing  

range  oE t h e  count ing  channel ) ,  t h e  f l u x  i t  measures 

i s  going from some h i g h e r  v a l u e  t o  a lower v a l u e .  

The rea.ctor  power seems t o  be ( i n c r e a s i n g ,  remaining 

c o n s t a n t ,  d e c r e a s i n g )  s o  t h e  p e r i o d  meter shows a 

per iod  Ij 

- - - - - - -  
70. The i n f o r m a t i o n  r e c e i v e d  from t h e  count ing  channel  n e g a t i v e  I 

d e c r e a s i n g ,  
n e g a t i v e  w h i l e  i t s  f i s s i o n  chamber i s  moving, ( is ,  i s  n o t )  a 

t r u e  measure of t h e  c o n d i t i o n s  i n  t h e  r e a c t o r  c o r e .  - 

- 7 
The c o u n t i n g  rate, and more p a r t i c u l a r l y  
th.e p e r i o d  i n f o r m a t i o n  developed i n  t h e  
c o u n t i n g  channel ,  i s  a f f e c t e d  a p p r e c i a b l y  
by t h e  randomness of t h e  s i g n a l  p u l s e s  
r e c e i v e d  from t h e  f i s s i o n  chamber. F o r -  
t u n a t e l y ,  power changes a t  l o w - r e a c t o r -  
power l e v e l s  occur  s lowly  s o  t h e  c o u n t i n g  
channel  need n o t  have a h i g h  response  ra te  
and thus  can  i n c l u d e  f i l t e r i n g  t o  reduce  
t h e  e f f e c t s  of t h e  f l u c t u a t i n g  s i g n a l .  
Never thekss ,  under o p e r a t i n g  c o n d i t i o n s  t h e  
p o i n t e r s  of r e a d o u t  d e v i c e s  u s u a l l y  are i n  
cont inuous  and errat ic  motion and thus  are 
d i f f i c u l t  t o  r e a d .  The s i t u a t i o n  improves 
a t  t h e  h i g h e r  count ing  rates b u t ,  even s o ,  
t h e  Channel ' s  i n f o r m a t i o n  is c o n s i d e r e d  t o  
b e  of poorer  q u a l i t y  t h a n  t h a t  o b t a i n e d  
from t h e  c h a n n e l s  having c u r r e n t  chambers. 
T h i s  l a t t e r  type  of i n s t r u m e n t a t i o n  i s  n o t  
s u i t a b l e  f o r  o p  r a t i n g  a t  power l e v e l s  
below about  LO-' ", (NF i s  " E u l l  power") 
because of t h e  h i g h  gamma and v e r y  l o w  neu- 
t r o n  f Lux., however. 
c - 

i s  n o t  
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.^.. 
7 1 .  Reactor  n e u t r o n - f l u x  i n f o r m a t i o n  i s  needed over  t h e  

whole range  of o p e r a t i o n  from shutdown t o  

. P e r i o d  i n f o r m a t i o n  i s  o f t e n  s u p p l i e d  over 

t h i s  same ranpe ,  bu t  i t  i s  u s u a l l y  cons idered  most 

v a l u a b l e  a t  f l u x  l e v e l s  below t h e  power range  (below 

about  1 t o  5% NF) . 

72.  A t  about  NF ( f i v e  decades  down from f u l l  power) f u l l  power 

t h e  n e u t r o n  f l u x  i s  s t i l l  h i g h  enough t h a t  a compen- 

s a t e d  i o n  chamber ( c u r r e n t  chamber) w i l l  supply  u s e -  

f u l  s i g n a l  c u r r e n t s  from which and 

i n f o r m a t i o n  may be o b t a i n e d .  

7 3 .  Because t h e  s ignal .  from t h e  compensated i o n  chamber power 

(CPC) i s  a c u r r e n t  s i g n a l  and not a. series of pu lses ,  

v e r y  l i t t l e  f i l t e r i n g  i s  used i n  t h e  a s s o c i a t e d  

e l e c t r o n i c s .  Both t h e  power- level  and p e r i o d  i n f o r -  

mat ion developed r e p r e s e n t  t h e  c u r r e n t l y  e x i s t i n g  

c o n d i t i o n s  i n  t h e  c o r e .  The per iod  c i r c u i t r y  i s  

f a s t - a c t i n g  and c a p a b l e  of d e t e c t i n g  very s h o r t  

p e r i o d s  even a t  low power l e v e l s .  

per iod  

The C I C  and i t s  

e l e c t r o n i c s  are c a p a b l e  of c o v e r i n g  more t h a n  s i x  

decades  of range  of r e a c t o r  power s o  i t s  power r e a d -  

o u t  i n s t r u m e n t a t i o n  h a s  a l o g a r i t h m i c  scale.  

74.  F i g u r e  V - 5 1  shows t h e  CIC and t h e  i n p u t  c i r c u i t  t o  

i t s  e l e c t r o n i c s .  The d i o d e  i n  t h e  c i r c u i t  c o n v e r t s  

t h e  chamber c u r r e n t  i n t o  a v o l t a g e  p r o p o r t i o n a l  t o  

t h e  l o g a r i t h m  of t h e  c u r r e n t .  
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7 5 .  

76.  

7 7 .  

I n  log-N a m p l i f i e r  Jc- - - - -_ - .... 

c hamb e T 

F i g .  V - 5 1 .  Log-N Ampl i f ie r  I n p u t  C i r c u i t  

Thus t h e  o u t p u t  v o l t a g e  v a r i e s  i n  p r o p o r t i o n  t o  t h e  

l o g a r i t h m  of t h e  -induced c u r r e n t  from t h e  

chamber. 

The i n s t r u m e n t  t h a t  uses  t h i s  s i g n a l  i s  c a l l e d  a 

log-N a r n p l i f i e r  because i t s  o u t p u t  i s  p r o p o r t i o n a l  

t o  t he  of t h e  n e u t r o n  f l u x .  

A s  shown i n  F i g u r e  V-52, t h e  log-N a m p l i f i e r  sends  

a s i g n a l  t o  t h e  p e r i o d  r e c o r d e r ,  as w e l l  as t o  a 

- f l u x  (or  power )  r e c o r d e r  c a l l e d  t h e  "log-N r e c o r d e r " .  

n e u t r o n  

l o g a r i t h m  
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A 

i-----l Compensated 

Log-N r e c o r d e r  

Log -N 
___) 

i o n i z a t i o n  
c hamb e r 

- 

P e r i o d  r e c o r d e r  

meter 

i o n i z a t i o n  
c hamb e r 

- 

P e r i o d  r e c o r d e r  
meter 

Log -N 
meter 

F i g .  V-52. The Log-N Channel 

78. S i n c e  b o t h  t h e  p e r i o d  and n e u t r o n - f l u x  i n s t r u m e n t a -  

t i o n  u s e  s i g n a l s  from t h e  l o g 4  a m p l i f i e r ,  t h e  whole 

i n s t r u m e n t  channel  i s  c a l l e d  t h e  - chan - 
n e l .  

79. The ins t rument  i n  t h e  log-N channel  t h a t  i n d i c a t e s  

t h e  n e u t r o n - f l u x  l e v e l  u s e s  t h e  pr imary  o u t p u t  of 

t h e  log-N a m p l i f i e r ,  and t h a t  o u t p u t  i s  proport iona.1 

t o  t h e  l o g a r i t h m  of  t h e  f l u x .  

80.. The i n s t r u m e n t  i n  t h e  log-N channel  t h a t  i n d i c a t e s  

t h e  r e a c t o r  per iod  uses t h e  r a t e  of change of t h e  

o u t p u t  o€  t h e  log-N a m p l i f i e r  t o  show t h e  rate a t  

which t h e  n e u t r o n  f l u x  i s  changinx.  

c a l l e d  the -. p e r i o d  meter. 

T h i s  meter i s  

log-N 

aeu t r on 
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81. S i n c e  t h e s e  two i n s t r u m e n t s  are t h e  most impor tan t  

n u c l e a r  i n s t r u m e n t s  of the i n t e r m e d i a t e  range ,  t h i s  

range  i s  o f t e n  c a l l e d  t h e  log-N range .  

82 .  Log-N meters o r  r e c o r d e r s  could  b e  c a l i b r a t e d  i n  

many ways, b u t  a t  ORWL t h e y  are c a l i b r a t e d  i n  per- 

c e n t  of f u l l  power ( a b b r e v i a t e d  % N ).  
F 

-6 
83. The log-N i n s t r u m e n t s  are c a l i b r a t e d  from 10 N t o  

3, W r i t t e n  i n  7, N t h i s  range  i s  from 0.0001% F’ 

log -N 

84. A t  t h e  lowest  neutron-induced c u r r e n t s  (correspond-  300% 

i n g  t o  from 0.0001% t o  about  0.001% N F ) ,  i t  i s  

d i f f i c u l t  t o  a t t a i n  and m a i n t a i n  c o r r e c t  pamma com- 

p e n s a t i o n .  

less d i f f i c u l t  t o  compensate, b u t ,  even so,  t h e  o u t p u t  

o f t e n  i n c l u d e s  a p p r e c i a b l e  gamma-induced c u r r e n t s  i n  

t h e  lowest  decade .  Thus t h e  s i g n a l  i s  n o t  as accu-  

rate a measure of neut ron  f l u x  i n  t h i s  range  as i t  

i s  over  the remainder  of t h e  range .  

R e c e n t l y  developed ORNL CIC chambers are 
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.- 
85. The f i s s i o n  chamber of t h e  c o u n t i n g  channel  i s  usu-  

a l l y  r e t r a c t e d  t o  i t s  second o p e r a t i n g  p o s i t i o n  

b e f o r e  t h e  n e u t r o n  f l u x  bas r i s e n  h i g h  enough t o  be 

r e a d  by t h e  log-N c h a n n e l .  T h e r e f o r e ,  it w i l l .  be 

supply ing  f l u x  i n f o r m a t i o n  a t  t h e  t i m e  t h e  log-N 

comes "on s c a l e " .  The o p e r a t o r  w i l l  observe  b o t h  

t h e  log-N a n d  e o u n t i n g - r a t e  r e a d i n g s  as  t h e  power 

i n c r e a s e s  t o  see i f  t h e  two channels  are  " t r a c k i n g "  

each o t h e r ,  t h a t  i s ,  i f  t h e y  agree on t h e  change i n  

F' f l u x  l e v e l  as t h e  power i n c r e a s e s .  Near 0.001% N 

i t  should  be p o s s i b l e  t o  compare t h c  log-N and 

c o u n t i n g - r a t e  p e r i o d  i n d i c a t i o n s  f o r  g e n e r a l  con- 

c u r r e n c e .  I f  t h e  two channcls  t r a c k ,  t h e  o p e r a t o r  

c a n  b e  c o n f i d e n t  t h a t  t h e  log-N channel  i s  o p e r a t i n g  

sat  i s f  a c  t o r i  1 y. 

86. I f  t h e  two channels  d o  not  t r a c k ,  t h e  o p e r a t o r  should 

( c a l l  t h i s  t o  t h e  a t t e n t i o n  of t h e  s h i f t  e n g i n e e r  

promptly,  i g n o r e  t h e  log-N channel  r e a d i n g s ,  i g n o r e  

the. counting-channel.  r e a d i n g s ) .  

87 .  When t h e  r e a c t o r  power has  reached 0.001% N or c a l l  s h i f t  
e n g i n e e r  

F 
s l i g h t l y  above t h i s , .  a s w i t c h  i n  t h e  log-N r e c o r d e r  

i s  a u t o m a t i c a l l y  a c t u a t e d ;  and t h i s  s i g n a l s  t h e  x- 
t r o l  system t h a t  log-N "confidence" h a s  been 

a c h i e v e d ,  The c o n t r o l  system t h e r e a f t e r  w i l l  u se  

log-N r a t h e r  t h a n  c o u n t i n g - r a t e  i n f o r m a t i o n  f o r  

11 making d e c i s i o n s " .  
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88. As t h e  r e a c t o r  power i s  b e i n g  i n c r e a s e d ,  c o n t r o l  

f u n c t i o n s  are a u t o m a t i c a l l y  s h i f t e d  from t h e  c o u n t -  

i n g  channel  or  channels  t o  t h e  log-N channel  when 

log-N i s  e s t a b l i s h e d .  

89. The two i n s t r u m e n t  channels  so f a r  d i s c u s s e d  are conf idence  

pa r t s  of t h e  r e a c t o r  o p e r a t i o n  ( c o n t r o l )  system. 

The c o u n t i n g - r a t e  r e c o r d e r ,  f o r  example, i s  f i t t e d  

w i t h  a c o n t r o l  s w i t c h  t h a t  i s  a c t u a t e d  by t h e  pen 

d r i v e  when appro'ximately 1 . 5  t o  2 c o u n t s l s e c  are 

reached.  U n t i l  t h i s  s w i t c h  i s  a c t u a t e d ,  wi thdrawal  

of c o n t r o l  r o d s  i s  p r o h i b i t e d  and s t a r t u p s  cannot  be 

i n i t i a t e d .  Other  s w i t c h e s  i n  t h F s  r e c o r d e r  are 

r e s p o n s i b l e  f o r  t h e  au tomat ic  wi thdrawal  o r  i n s e r -  

_c t i o n  of t h e  f i s s i o n  chamber t o  keep t h e  channel  

w i t h i n  i t s  opera.t ing range .  

90. The log-N and c o u n t i n g  c h a n n e l s  are c o n s i d e r e d  p a r t  

of t h e  r e a c t o r  system. 

91. Usual ly  t h e r e  i s  a t  least one a c t i v e  c o u n t i n g  and o p e r a t i o n  or 
cont  r o 1 one a c t i v e  log-N channel  i n  each r e a c t o r  system. To 

minimize p o s s i b l e  d e l a y s  i n  s t a r t i n g  due t o  i n s t r u -  

ment t r o u b l e s ,  t h e  O s  (a p r o d u c t i o n  r e a c t o r )  h a s  a 

b u i l t - i n  spare channel  of each t y p e .  Only one of 

each i s  a v a i l a b l e  a t  t h e  BSR o r  PCA, however. 
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92. The HFTR o p e r a t i o n  system i n c l u d e s  t h r e e  c o u n t i n g  

channels ,  of which are normally used i n  s t a r t u p s .  

O p e r a t i o n  i s  p o s s i b l e  w i t h  only  two a c t i v e  channels .  

The r e a c t o r  h a s  no log-N channel  so  t h e  c o u n t i n g  

channels  have been g i v e n  a d d i t i o n a l  f u n c t i o n s .  

9 3 .  The O x  r e q u i r e s  (no, one, two) a c t i v e  count ing  

channe Is f o r  star tup .  

94. The (has a, h a s  no) b u i l t - i n  spare c o u n t i n g  one 

channe 1. 

95. The MFIR o p e r a t i n g  system i n c l u d e s  (no, one, t h r e e )  h a s  no 

log-N channels .  

96. A t h i r d  t y p e  of n u c l e a r  i n s t r u m e n t a t i o n  i s  used i n  

t h e  power range (from about  1% NF t o  NF and above) .  

I t s  pr imary f u n c t i o n  i s  r e a c t o r  p r o t e c t i o n ,  and i t  

p r e v e n t s  t h e  r e a c t o r  f l u x  from r e a c h i n g  l e v e l s  a t  

could damage or d e s t r o y  t h e  

f u e l  e lements .  It a l s o  h a s  c o n t r o l  f u n c t i o n s  and 

s u p p l i e s  a r e a d o u t  of t h e  r e a c t o r  power on l i n e a r  

scales.  The c o n t r o l  and t h e  power r e a d o u t  f u n c t i o n s  

of t h e s e  " s a f e t y "  , c h a n n e l s ,  however, are s t r i c t l y  of 

secondary importance and are n o t  p e r m i t t e d  t o  i n t e r -  

f e r e  i.n any way w i t h  t h e i r  primary o r  p r o t e c t i v e  

f u n c t i o n s .  

97. T o  g u a r a n t e e  a v a i l a b i l i t y ,  on cal.1, t h r e e  i d e n t i c a l  

s a f e t y  c h a n n e l s  are used i n  each r e a c t o r  i n s t a l l a -  

t i o n .  

no 
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98. I n  t h e  p r o c e s s  of  r e a c t o r  s t a r t u p ,  t h e  r e a c t o r  power 

l e v e l  i s  u s u a l l y  i n c r e a s e d  smoothly through t h e  lower 

s t a r t u p  range  and i n t e r m e d i a t e  range w i t h o u t  a pause.  

99. The i n t e r m e d i a t e  range  i n  s t a r t u p  t e r m i n a t e s  a t  a 

power l e v e l  d e s i g n a t e d  as N T h i s  l e v e l  i s  t h e  

same i n  p e r c e n t  of N i n  a r e a c t o r s  s i n c e  i t s  

v a l u e  i s  determined by t h e  d e s i g n  of t h e  au tomat ic  

power-Level c o n t r o l  system ( s e r v o ) .  

1% N 

i t  i s  t h e  lowest  power l e v e l  a t  which t h e  s e r v o  w i l l  

c o n t r o l  r e a c t o r  power. 

5" 

F - 

It v a r i e s  from 

a t  t h e  PCA t o  10% NF a t  t h e  H F I R .  I n  any c a s e ,  
F 

LOO. The lowest power l e v e l  a t  which t h e  s y s  - 

h -  
tern w i l l  f u n c t i o n  i s  N 

101. During s t a r t u p  when t h e  power l e v e l  r e a c h e s  N a au tomat ic  or 
s e r v o  c o n t r o l  

L' 
r e g u l a t i n g  rod i s  a d j u s t e d ,  u s u a l l y  by t h e  au tomat ic  

c o n t r o l  o r  servo system, t o  hold  t h e  p m e r  l e v e l  

c o n s t a n t  u n t i l  a l l  systems are  checked and t h e  r e a c -  

t o r  i s  ready  t o  be raised t o  f u l l  power. (Control  

of the r e a c t o r  by s e r v o  w i l l  be d i s c u s s e d  i n  S e c t i o n  

v -4 ) .  

1.02. During r e a c t o r  s t a r t u p s 2  t h e  power level  i n c r e a s e  i s  

a u t o m a t i c a l l y  s topped a t  t o  a l l o w  a check of 

a l l  sys tems b e f o r e  i n c r e a s i n g  t h e  power f u r t h e r .  
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NL 
103. When a l l  systems have been checked and t h e  o p e r a t o r  

i s  c o n f i d e n t  t h a t  t h e  r e a c t o r  i s  i n  c o n d i t i o n  t o  b e  

t a k e n  t o  f u l l  power, r e a c t i v i t y  i s  i n c r e a s e d  by 

i n c r e a s i n g  t h e  "servo  demand" s e t t i n g ,  c a u s i n g  t h e  

s e r v o  system t o  withdraw t h e  r e g u l a t i n g ,  rod as 

r e q u i r e d .  The "servo  demand" governs t h e  l e v e l  t o  

which t h e  s e r v o  a u t o m a t i c a l l y  b r i n g s  and h o l d s  r e a c -  

t o r  power. I f  i t  i s  s e t  a t  100% N i t  w i l l  

i n c r e a s e  t h e  power t o  t h a t  l e v e l  and keep i t  t h e r e .  
F' 

104. The s e r v o  system u s e s  t h e  rod t o  a d j u s t  t h e  

r e a c t o r  power l e v e l  t o  t h e  s e r v o  s e t t i n g  

s e l e c t e d  by t h e  . 

.- ..... 

105. Dur 

- - 
The s e r v o  system i s  des igned  t o  s u i t  t h e  
c h a r a c t e r i s t i c s  of t h e  r e a c t o r  i t  i s  t o  
c o n t r o l .  The s e r v o  demand i s  des igned  t o  
c a l l  f o r  changes i n  power l e v e l  a t  rates 
which are c o n s i s t e n t  w i t h  t h e  c a p a b i l i t i e s  
and l i m i t a t i o n s  of t h e  r e a c t o r  and are per- 
f e c t l y  s a f e .  I n  changing power l e v e l s ,  t h e  
s e r v o  demand i s  s imply r u n  f u l l  speed t o  
t h e  d e s i r e d  l e v e l  and t h e  c o n t r o l  s w i t c h  
ha.ndle r e l e a s e d .  The s e r v o  w i l l  change t h e  
power l e v e l  a u t o m a t i c a l l y  and e x p e d i t i o u s l y  
Changing power by changing t h e  s e r v o  demand 
i n  s h o r t  s t eps  s imply works b o t h  t h e  demand 
set and s e r v o  e x c e s s i v e l y  and i n  no way 
c o n t r i b u t e s  t o  o p e r a t i n g  s a f e t y .  O p e r a t i o n s  
s u p e r v i s i o n  may e l e c t  t o  o p e r a t e  d i f f e r -  
e n t l y  under  special .  c o n d i t i o n s  as set  f o r t h  
i n  o p e r a t i n g  procedures .  - - 

g t h e  time t h e  r e a c t o r  i s  o p e r a t i n g  i n  i t s  

r e g u l a t i n g ,  
demand 
o p e r a t o r  

power range ,  power - l e v e l  i n f o r m a t i o n  i s  obta ined  

from t h e  r e c o r d e r s ,  a l t h o u g h  such  i n f o r m a t i o n  

i s  a l s o  provided by the log-N r e c o r d e r .  
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106. The o p e r a t o r  changes t h e  power l e v e l  a t  which t h e  

r e a c t o r  i s  o p e r a t i n g  by changing t h e  s e t t i n g  of t h e  

. Power i s  changed and t h e n  h e l d  a t  t h e  
IIL_- 

new l e v e l ,  a u t o m a t i c a l l y ,  by t h e  . 

3 . 5 .  S e l f  Tes t  

107. The f u n c t i o n  of t h e  r e a c t o r  o p e r a t i o n  system i s  t o  

s t a r t ,  s t o p ,  and o p e r a t e  t h e  r e a c t o r  w i t h i n  i t s  

and f o r  i t s  purpose.  (Frame 1) -- 

s a f e t y  

s e r v o  demand, 
s e r v o  

108. The f a s t  shutdown system ( s a f e t y  or scram system) d e s i g n  l imita-  
t i o n s ,  
intended 

( i s ,  i s  n o t )  p a r t  of t h e  o p e r a t i o n  system. (Frame 

2) 

109. T h e  o p e r a t o r  o b t a i n s  i n f o r m a t i o n  from t h e  i n s t r u -  i s  n o t  

ments t h a t  a s s i s t s  him i n  making about  what 

c o n t r o l  a c t i o n s  t o  a d m i n i s t e r  t o  t h e  r e a c t o r .  

(Frames 4 ,  7 ,  and 8) 

110. When a n  o p e r a t o r  i s  i n s t r u c t e d  t o  perform c e r t a i n  d e c i s i o n s  

p r e s c r i b e d  a c t i o n s  i n  response  t o  a p a r t i c u l a r  con- 

d i t i o n ,  h i s  a c t i o n s  are s a i d  t o  be se t  by con- 

t r o l .  (Frames 9, 10, and 12) 

111. Though t h e  response  of a n  i n s t r u m e n t  i s  f a s t e r  t h a n  adminis  t r a.t ive 

t h a t  of a human, t h e  p r i m e  c o n t r o l  of t h e  r e a c t o r  i s  

always e x e r c i s e d  by the  . (Frames 26-28) 



174 

112. Although t h e  r e a c t o r  o p e r a t i o n  system w i l l ,  by 

r e q u e s t  of t h e  o p e r a t o r ,  s ta r t  and o p e r a t e  t h e  reac- 

t o r  and s h u t  i t  down s a f e l y  ( t h e  o p e r a t o r ,  adminis -  

t r a t i o n ,  t h e  o p e r a t i o n  system) i s  r e s p o n s i b l e  f o r  

o r d e r l y  and s a f e  o p e r a t i o n .  (Frame 28) 

o p e r a t  o r  

113. Neut ron- f lux  i n f o r m a t i o n  of two k inds  i s  u s u a l l y  o p e r a t o r  

f u r n i s h e d  a t  a l l  power l e v e l s :  n e u t r o n  f l u x ,  which 

i s  an  i n d i c a t i o n  of l e v e l ,  and t h e  t i m e  d u r i n g  

which t h e  n e u t r o n  f l u x  changes by a f a c t o r  of e ,  

known as r e a c t o r  . Of t h e s e ,  i n f o r m a t i o n  

i s  t h e  more impor tan t  and i s  always f u r n i s h e d .  

(Frames 3 7 ,  38, 53, 5 4 ,  7 1  and 96)  

114. The  c o u n t i n g - r a t e  i n s t r u m e n t a t i o n  of t h e  lower power, 
p e r i o d ,  
f l u x  or  power s t a r t u p  range u s u a l l y  u s e s  a p u l s e  c o u n t e r  w i t h  a 

p u l s e - h e i g h t  s e l e c t o r  t o  s o r t  o u t  - induced 

p u l s e s  from - r a d i a t i o n - i n d u c e d  p u l s e s .  (Frames 

43  -50) 

115. I n  t h e  lower s t a r t u p  range ,  t h e  i o n i z a t i o n  chamber 

u s u a l l y  used i s  c a l l e d  a chamber. (Frames 

42 -47) 

neut ron ,  
gamma 

116. Reac tor  per iod  i n s t r u m e n t a t i o n  i n d i c a t e s  t h e  i n t e r -  f i s s i o n  

v a l  of t i m e  d u r i n g  which t h e  n e u t r o n  p o p u l a t i o n  

i n c r e a s e s  o r  d e c r e a s e s  by a f a c t o r  of (Frames 

5 4 - 5 8 )  
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1 1 7 .  A p o s i t i v e  per iod  i n d i c a t e s  t h a t  t h e  r e a c t o r  power 

l e v e l  i s  - a n e g a t i v e  per iod  i n d i c a t e s  t h a t  t h e  

power l e v e l  i s  9 and an i n f i n i t e  per iod  i n d i -  

cates t h a t  t h e  power l e v e l  i s  . (Frames 59-61) 

e o r  2 . 7 1 8  

118. I n  t h e  i n t e r m e d i a t e  s t a r t u p  range ,  t h e  i o n i z a t i o n  i n c r e a s i n g  , 
d e c r e a s i n g ,  
c o n s t a n t  

chamber i s  u s u a l l y  gamma- t o  c a n c e l  t h e  gamma- 

r a d i a t i o n  c o n t r i b u t i o n s  t o  t h e  chamber c u r r e n t .  

(Frames 74-76)  

119. The n e u t r o n - f l u x - l e v e l  i n s t r u m e n t a t i o n  of t h e  i n t e r -  compensated 

mediate  range  i s  o f t e n  c a l l e d  t h e  - chan- 

n e 1  because of t h e  l o g a r i t h m i c  a m p l i f i e r s  used.  

(Frames 74-76 and 81). 

120, During r e a c t o r  s t a r t u p s ,  c o n t r o l  f u n c t i o n s  are  a u t o -  log-N 

m a t i c a l l y  switched from t h e  c o u n t i n g  channel  o r  

c h a n n e l s  t o  t h e  log-N channel  when log-N i s  

o b t a i n e d  (Frames 87 and 88) 

1 2 1 .  Power e s c a l a t i o n  i n  the i n t e r m e d i a t e  range i s  

u s u a l l y  te rmina ted  a t  a power l e v e l  c a l l e d  . 
(Frame 99) 

122.  Log-N i n s t r u m e n t a t i o n  (is, i s  n o t )  r e l i a b l e  i n  t h e  

power range .  (Frames 4 1 ,  73, 83, and 105) 

con€ i d e  nce 

NL 
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( is ,  i s  n o t )  t h e  lowest  l e v e l  i s  
NL’ 123. The power l e v e l ,  

i n  t h e  power range  a t  which t h e  se rvo  w i l l  ho ld  t h e  

F r e a c t o r  a u t o m a t i c a l l y .  I t s  va lue  may be from 1% N 

N depending on t h e  r e a c t o r .  (Frame 99) F to - 

i s ,  
1 0% 



1 7 7  

V - 4 .  CONTROL INSTRUMENTAT I O N  

I n  t h i s  s e c t i o n  w e  wish  t o  emphasize (1) t h e  c o n t r o l  f e a t u r e s  of the. 

s t a r t u p  n u c l e a r  i n s t r u m e n t a t i o n ,  (2)  an  a u t o m a t i c  c o n t r o l l i n g  system 

c a l l e d  a “ s e r v o ” ,  and (3)  c e r t a i n  pa r t s  of t h e  process  system which have 

some c o n t r o l  a c t i o n s .  

4 .1 .  C o n t r o l  During S t a r t u p  

1. The s t a r t u p  of most r e a c t o r s  i s  d i v i d e d  i n t o  a t  

least  two s t a g e s  based upon t h e  r e l a t i v e  power l e v e l  

and t h e  t y p e s  of c o n t r o l l i n g  i n s t r u m e n t a t i o n .  The 

f i r s t  s t a g e  i s  done w i t h  t h e  i n s t r u m e n t a t i o n  i n  a 

c o n d i t i o n  o f t e n  c a l l e d  t h e  “ s t a r t  mode” and ex tends  

from f i r s t  rod wi thdrawal  t o  N The second s t a g e  

i s  accomplished w i t h  t h e  i n s t r u m e n t a t i o n  i n  what i s  

c a l l e d  t h e  “ r u n  mode” and e x t e n d s  from N t o  f u l l  

L’  

L 
power .  

.- ..... 

2 .  I n  t h i s  p a r t  w e  s h a l l  d i . scuss  c o n t r o l  actions- d u r i n g  

t h e  f i r s t  sta.~ of s t a r t u p ,  w h i l e  t h e  r e a c t o r  i s  

b e i n g  r a i s e d  t o  t h e  power l e v e l  c a l l e d  

3 .  L e t  us  d e f i n e  a c o n t r o l  a c t i o n  as any a c t i o g w h i c h  

e i t h e r  c a u s e s  o r  i n h i b i t s  c o n t r o l - r o d  a d j u s t m e n t ?  - 
W e  w i l l  u s e  t h e  word "adjustment' -- t o  d i f f e r e n t i a t e  

between movement of a c o n t r o l  rod f o r  c o n t r o l  and 

t h e  f a s t  i n s e r t i o n  t h a t  i s  a s a f e t y  a c t i o n .  

__I-- 

4 .  You w i l l  r e c a l l  t h a t  i n  ORNL r e a c t o r s  t h e  c o n t r o l  

- r o d s  a r e  normally moved by e l e c t r i c - m o t o r - o p e r a t e d  

d r i v e s  which a r e  c l u t c h e d  t o  t h e  r o d s  by  e l e c t r o -  

magnets and t h a t  t h e  r o d s  can be dropped i n t o  t h e  

NL 

r e a c t o r  by t u r n i n g  01f  t h e  c u r r e n t  t o  t h e  I 
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5. N o w  l e t  u s  d i s c u s s  t h e  c o n t r o l  actions- which occur  

d u r i n g  t h e  s t a r t u p  and o p e r a t i o n  of two ORNL r e a c -  

t o r s ,  t h e  ORR and t h e  HFIR. 

6. Most r e a c t o r s  have a s t a r t u p  c h e c k l i s t  which i s  a n  

a d m i n i s t r a t i v e  c o n t r o l  t o  e n s u r e  t h a t  a l l  systems 

n e c e s s a r y  f o r  s t a r t u p  a r e  o p e r a t i v e .  

7 .  These checks should i n c l u d e  having a l l  r e c o r d e r s  

c a l i b r a t e d  and se t  on "operate" ,  r o d - r e l e a s e  times 

checked and approved, s t a r t u p  i o n i z a t i o n  chambers 

checked and o p e r a t i v e ,  c o o l a n t  systems checked and 

o p e r a t i v e ,  and o t h e r s  t h a t  w e  w i l l  not  t a k e  t i m e  t o  

ment ion h e r e .  

8. The a b o v e - l i s t e d  c o n t r o l  f u n c t i o n s  w e  c a l l  

c o n t r o l s  because  t h e y  a r e . t h e  r e s u l t  of procedures  

e s t a b l i s h e d  by a d m i n i s t r a m  as minimum s t a r t u p  

requi rements .  

9 .  These p a r t i c u l a r  a d m i n i s t r a t i v e  requi rements  are 

c a l l e d  t h e  __ c h e c k l i s t .  

y_ - 
O p e r a t o r s  who are i n t e r e s t e d  i n  t h e  ORR 
c o n t r o l s  systems should  c o n t i n u e  t o  s t u d y  
t h e  fo l lowing  frames.  Those i n t e r e s t e d  
only  i n  t h e  HFIR c o n t r o l  systems should  
s k i p  t o  Frame 95. - I_ 

e lee t romagne t s 

a d m i n i s t r a t i v e  

s tar t u p  
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4 , 2 .  S t a r t u p  C o n t r o l s  - OKR 

Under s p e c i a l  c o n d i t i o n s  and f o r  t h e  bene-  
f i t  of s p e c i a l  t es t s ,  t h e  QRR can be 
s t a r t e d  up t o  
c o o l a n t  f low o r  w i t h  low c o o l a n t  f l o w .  
Also,  i t  is p o s s i b l e  t o  s t a r t  u p  t h e  reac- 
t o r  and c o n t r o l  t h e  power manual ly  w i t h o u t  
b e n e f i t  of au tomat ic  c o n t r o l .  These s- 
W m o d e s  of s t a r t u p  and o p e r a t i o n  are 
n o t  d i s c u s s e d  i n  t h i s  work b u t  a re  l e f t  t o  
on-the - = t r a i n i n g .  
-- - 

10. Normally, t h e  _I- c o u n t i n g - r a t e  meter (CRM) h a s  t o  show 

a minimum of 1 .5  c o u n t s / s e c  ( a t  t h e  QRR) b e f o r e  t h e  

c o n t r o l  r o d s  can  be withdrawn. This  requi rement  i s  

e n f o r c e d  b y a  s w i t c h  i n  t h e  CRM set  a t  about  1.5 

c o u n t s  / s e c  which l1 i n h i b i  t s" t h e  rod - d r i v e  mot o r  s 

from be ing  e n e r g i z e d  i n  t h e  rod-withdraw d i r e c t i o n  

below t h a t  p o i n t  e 

- -u_ 

11. This  " i n h i b i t "  e n s u r e s  t h a t  t h e  f i s s i o n  chamber i s  

p o s i t i o n e d  (away from, n e a r  t o )  t h e  r e a c t o r  c o r e  

d u r i n g  s t a r t u k  

12. The 1 . 5 - c o u n t s / s e c  zwLt_c_h_ i n  t h e  c o u n t i n g - r a t e  near  t o  

r e c o r d e r  e n s u r e s  t h a t  t h e  count ing  channel  i s  o p e r -  

a t i n g .  It would be u n s a f e  t o  i n c r e a s e  r e a c t i v i t y  

i f  t h e  

t o r  about  - changes i n  t h e  n e u t r o n  p o p u l a t i o n .  

- meter could not  t e l l  t h e  opera-  
-+- - 

13. Thus, i f  the CRM shows no counts  (even a t  shutdown 

w i t h  t h e  chamber -- f u l l y  i n s e r t e d ) ,  something i s  e 
r i g h t  and c o n t r o l - r o d  w i t h d r a w a l  should  be . -_ - 

count . ing- ra te  
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- ..... 

14. As mentioned ea r l i e r ,  t h e  r e a c t i o n  time of t h e  

i n s t r u m e n t a t i o n  used i n  t h e  lower s t a r t u p  range 

(below 0.001 N o r  log-N conf idence)  i s  r e l a t i v e l y  

( s h o r t ,  long) .  
L 

prevented o r  
i nh i b i t e d 

15. It i s  impor tan t ,  t h e r e f o r e ,  t h a t  r e a c t i v i t y  be 1 ong 

i n c r e a s e d  s lowly  d u r i n g  s t a r t u p ;  s o ,  i n  t h e  s t a r t u p  

mode, a t iming  d e v i c e  i s  connected t o  t h e  r o d - d r i v e  

motor c i r c u i t s .  T h i s  timer c a u s e s  t h e  r o d s  t o  w i t h -  

draw as a group f o r  on ly  1 sec i n  each 6 s e c .  ( T h i s  

i s  t h e  only  group-rod-withdrawal  ra te  a v a i l a b l e  

below "log-N conf idencef t  .) F u r t h e r ,  i f  t h e  count ing  

channel  d e t e c t s  a p e r i o d  s h o r t e r  t h a n  30 s e c ,  i t  

w i l l  a u t o m a t i c a l l y  b l o c k  f u r t h e r  rod wi thdrawal  

u n t i l  a longer  p e r i o d  ex i s t s .  

16.  T h i s  " i n t e r m i t t e n t "  group-rod wi thdrawal  i s  neces-  

s a r y  only  below conf idence .  

1 7 .  I n t e r m i t t e n t  rod wi thdrawal  i s  accomplished by u s i n g  log-N 

a -  d e v i c e  which a l l o w s  t h e  r o d - d r i v e  motors t o  

be e n e r g i z e d  only  15-20% of t h e  t i m e .  

L 
18. You w i l l  r e c a l l  t h a t  a t  a power l e v e l  of 0.001 N 

you should have conf idence .  

t iming 
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20. 

21. 
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When log-N conf idence  i s  reached ,  t h e  i n t e r m i t t e n t  log-N 

rod-withdrawal  requirement  i s  a u t o m a t i c a l l y  dropped 

o u t  by a s w i t c h  i n  t h e  log-N r e c o r d e r .  A t  t h a t  

time, & r o d s  be withdrawn , i f  t h e  opera-  

t o r  so  d e s i r e s ,  by bypass ing  the  t i m i n g  d e v i c e .  

- - 
There i s  a s p r i n g - l o a d e d ,  manually opera ted  
s w i t c h  which may be used t o  bypass  t h e  30- 
second-period group-rod -withdraw i n h i b i t .  
T h i s  i s  used by exper ienced  o p e r a t o r s  when 
a f a s t  s t a r t u p  i s  n e c e s s a r y  t o  avoid  xenon 
poisoning .  I f  t h e  o p e r a t o r  removes h i s  
hand from t h e  swi tch ,  t h e  s p r i n g  r e t u r n s  
t h e  swi tch  t o  i t s  n e u t r a l  p o s i t i o n ,  re- 
e s t a b l i s h i n g  t h e  i n t e r m i t t e n t  wi thdrawal  
ra te .  - - 

continuous1.y 

When a l l  r o d s  a r e  withdrawn c o n t i n u o u s l y ,  l a r g e  

i n c r e a s e s  i n  r e a c t i v i t y  may be made r a t h e r  q u i c k l y ;  

and t h e  r e a c t o r  p e r i o d  c a n  become q u i t e  ( long,  

s h o r t ) .  

To c o n t r o l  t h e  r a n i d  i n c r e a s e  i n  r e a c t i v i t y ,  s h o r t  

s w i t c h e s  a t  t h e  30-sec-per iod  marks i n  t h e  p e r i o d  

r e c o r d e r s  i n h i b i t  group wi thdrawal  of t h e  c o n t r o l  

r o d s  

2 2 .  A s  long as t h e  r e a c t o r  p e r i o d  i s  (more than ,  less 

than)  30 s e c ,  t h e  i n h i b i t  i s  i n  e f f e c t .  
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... 

2 3 .  When t h e  per iod  becomes longer  t h a n  30 s e c ,  t h e  

group-withdrawal p e r m i t  s w i t c h  m u s t  b e  reset  by t h e  

o p e r a t o r  ( t h e  o p e r a t o r  a t  t h e  QRK t u r n s  t h e  " i n t e r -  

m i t t e n t ' l  s w i t c h  t o  "normal" and  t h e n  back t o  i n t e r -  

m i t t e n t )  b e f o r e  t h e  r o d s  can a g a i n  b e  withdrawn.  

less t h a n  

24. A t  t h e  QRR, should t h e  30-se,c i n h i b i t  m a l f u n c t i o n ,  

o t h e r  s w i t c h e s  a t  both  t h e  20-sec and 10-sec marks  

should i n h i b i t  rod wi thdrawal  and a s w i t c h  a t  t h e  

5-sec mark should  c a u s e  i n s e r t i o n  of a l l  r o d s .  I f  

a l l  s w i t c h  c o n t a c t s  should f a i l ,  a 1-sec p e r i o d  s&- 

- nal. from t h e  log-N channel  would scram the r e a c t o r .  

25. I f  t h e  p e r i o d - r e c o r d e r  rod-withdrawal  i n h i b i t  

s w i t c h e s  should f a i l  d u r i n g  a s t a r t u p ,  a p e r  i - 
od w i l l  c a u s e  a r e a c t o r  scram. 

26. Although t h e  20-sec and 10-sec i n h i b i t s  have o t h e r  

s p e c i f i c  f u n c t i o n s ,  t h e i r  a c t i o n  i s  t y p i c a l  of what 

h a s  been c a l l e d  a "backup" a c t i o n .  The term i s  

l a r g e l y  s a l f - e x p l a n a t o r y .  Backup i n s t r u m e n t s  are 

t h o s e  which o p e r a t e  t o  i n i t i t a t e  a n  a c t i o n  i f  t h e  

f i r s t  ins t rument  t h a t  i s  supposed t o  i n i - t i a t e  t h e  

a c t i o n  f a i l s .  Thus, t h e  20-see-  and 10-sec-per iod  

i n h i b i t s  and t h e  5-sec-rod r e v e r s e  a re  s a i d  t o  

t h e  30-sec i n h i b i t .  

1 - s e c  

27 .  Throughout the i n t e r m e d i a t e  range ,  t h e  neut ron  f l u x  back up 

l e v e l  should i n c r e a s e  smoothll. w i t h  t h e  30-sec 

p e r i o d  i n h i b i t  t o  keep rod wi thdrawal  i n  check.  
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28. Below N c o n t r o l  a c t i o n s  o t h e r  t h a n  t h e  30-sec 
L' 

i n h i b i t  of c o n t r o l - r o d  wi thdrawal  are made a t  t h e  

d i s c r e t i o n  of t h e  o p e r a t o r  through t h e  use  of manual 

s w i t c h e s .  One of t h e s e  i s  a " reverse"  s w i t c h  which 

i s  used t o  inser t  a l l  c o n t r o l  r o d s  s imul taneous ly  

a t  t h e  f u l l  speed of t h e  r o d - d r i v e  motors.  Although 

t h e  " reverse"  i s  a v a i l a b l e  a t  any power l e v e l ,  i t  

w i l l  be needed, i f  a t  a l l ,  on ly  d u r i n g  f a s t  restarts. 

For t h i s  r e a s o n ,  t h e  same s w i t c h  i s  made t o  c o n t r o l  

b o t h  c o n d i t i o n s ,  "bypass" (30 -second -withdraw i n  - 
h i b i t )  and " reverse" .  The o p e r a t o r  u s i n g  t h e  bypass  

w i l l  a l r e a d y  have h i s  hand on t h e  c o r r e c t  s w i t c h  

should he d e c i d e  h e  needs t h e  r e v e r s e  when h e  i s  

making a f a s t  r e s t a r t .  

29 .  When a n  o p e r a t o r  u s e s  t h e  r e v e r s e  swi tch ,  he c a u s e s  

t h e  r o d - d r i v e  motors  t o  o p e r a t e  a t  f u l l  speed t o  

t h e  r e a c t i v i t y  of t h e  reac t .or .  

30.  The r e v e r s e  s t o p s  r e a c t o r  a lmost  reduce o r  

immediately and,  i f  cont inued ,  c a u s e s  t h e  r e a c t o r  t o  

become s u b c r i t i c a l  i n  a m a t t e r  of seconds.  Should 

t h e  o p e r a t o r  d e c i d e  t h a t  prompt power r e d u c t i o n  i s  

n e c e s s a r y ,  t h e  r e v e r s e  i s  p r e f e r a b l e  t o  t h e  scram 

s i n c e  t h e  r e a c t o r  can be r e t u r n e d  t o  power w i t h  

l i t t l e  d e l a y  f o l l o w i n g  a r e v e r s e ,  The scram s i g n a l  

d e - e n e r g i z e s  t h e  rod , dropping t h e  r o d s .  A 

res ta r t  t h e n  r e q u i r e s  t i m e  f o r  t h e  d r i v e s  t o  r u n  i n  

t o  p i c k  up  t h e  r o d s  a f t e r  which t h e  s t a r t u p  program 

must a g a i n  be fol lowed t o  g e t  back t o  power. 

d e c r e a s e  
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31.  When t h e  r e a c t o r  reaches  a power l e v e l  of N a n  
L.' 

a u t o m a t i c  c o n t r o l  system c a l l e d  t h e  "servo" t a k e s  

L '  
over t h e  c o n t r o l  and h o l d s  t h e  power l e v e l  a t  N 

The o p e r a t o r  w i l l  check a11 systems f o r  proper  con- 

d i t i o n s  b e f o r e  proceeding t o  ra ise  t h e  power. The 

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

o p e r a t o r  t o  make t h e  . 

3 2 .  The ORR normally remains i n  t h e  "s tar t  mode" u n t i l  

i t  r e a c h e s  . A t  t h i s  p o i n t ,  i f  s ta r t -mode  

checks are completed and a l l  c o n d i t i o n s  are normal, 

t h e  r e a c t o r  c o n t r o l s  may t h e n  ( fo l lowing  adminis -  

t r a t i v e  procedures)  be p laced  i n  t h e  "run mode" by 

p r e s s i n g  t h e  "E'' b u t t o n .  

3 3 .  When t h e  r e a c t o r  power r e a c h e s  N i t  i s  customary 
L' 

t o  keep t h e  r e a c t o r  a t  t h a t  power l e v e l  u n t i l  a l l  

1 1  -mode" checks are completed and t h e  r e a c t o r  i s  

r e a d y  t o  b e  p laced  i n  t h e  "run mode" and brought  t o  

f u l l  power. 

3 4 ,  I n t e r l o c k s  w i l l  keep t h e  r e a c t o r  from b e i n g  placed 

i n  t h e  "run node" i f  e i t h e r  (1) t h e  p e r i o d  i s  less 

t h a n  30-sec,  ( 2 )  t h e  power l e v e l  i s  less t h a n  0.6 N 
L 

or g r e a t e r  t h a n  1.8 NL, o r  ( 3 )  t h e  c o o l a n t  system i s  

not  o p e r a t i n g  a t  f u l l  f low.  

35. While  t h e  r e a c t o r  power i s  a t  N t h e  p e r i o d  should 
L' 

be i n f i n i t e ;  however, i f  something should c a u s e  a 

r e a c t i v i t y  i n c r e a s e  s u f f i c i e n t  t o  produce a r e a c t o r  

p e r i o d  s h o r t e r  t h a n  30 s e c ,  t h e  c o n t r o l  system (can, 

c a n n o t )  b e  placed  i n  t h e  r u n  mode. 

magnets 

checks 

NL 

s t a r t  
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_I 

The run-mode i n h i b i t  below 0 .6  NL and above 
1.8 NL i s  an  a d m i n i s t r a t i v e  c o n t r o l  t o  e m -  
p h a s i z e  t h e  pause a t  NL f o r  a g e n e r a l  
checkout  of a l l  sys tems.  - 

36. When t h e  r e a c t o r  i s  ready  t o  go t o  f u l l  power, t h e  

"run" b u t t o n  i s  pushed and t h e  o p e r a t o r  may t h e n  

i n c r e a s e  t h e  power l e v e l  by i n c r e a s i n g  t h e  demand t o  

t h e  s e r v o  system. The s e r v o  power demand o p e r a t e s  

over  t h e  range N 

a u t o m a t i c a l l y  change t h e  r e a c t o r  power t o  t h e  demand 

through N p  and t h e  s e r v o  w i l l  L 

l e v e l  and hold  i t  t h e r e .  

- 1  4 . 3 .  The ORR Servo System 

3 7 .  I n  t h e  power ranpe  of r e a c t o r  o p e r a t i o n ,  m a i n t a i n i n g  

t h e  power a t  a d e s i r e d  l e v e l  i s  accomplished more 

a c c u r a t e l y  and more smoothly i f  a n  au tomat ic  system 

is  used.  So, let  u s  c o n s i d e r  a t y p i c a l  a u t o m a t i c  

c o n t r o l  system, c a l l e d  a s e r v o  system. 

cannot  

38. A b l o c k  diagram of a n  ORR-type se rvo  system i s  shown 

i n  F i g u r e  V-53. 
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- ..... 

I on i z  a t  i o n  
chamber , ,  l-----I A m p l i f i e r  Amp 1 i f  ier  

r---l r-----l 

PP" 

Logar i thmic  
poten t iometer  

F i g .  V-53. One Type of Servo  System 

3 9 .  The s e r v o  c o n t r o l  s i g n a l  i s  t a k e n  from a n e u t r o n -  

s e n s i t i v e  i o n i z a t i o n  chamber which may be e i t h e r  

compensated or uncompensated. 
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40. The chamber s i g n a l  i s  a m p l i f i e d  and impressed a c r o s s  

t h e  demand p o t e n t i o m e t e r .  A f r a c t i o n  of t h i s  v o l t -  

age  i s  tapped o f €  a n d  senr: t o  t h e  s e r v o  a m p l i f i e r  

which C O I T ~ K ~ S  i t  t o  a r e f e r e n c e  v o l t a g e  (demand 

s i g n a l ) .  The "d i f  ferer ice  v o l t a g e "  ( e r r o r  s i g n a l )  

c o n t r o l s  t h e  r e g u l a t  ing- rod-dr ive  motor through 

"withdraw" and " i n s e r t "  r e l a y s  

The v o l t a g e  a p p l i e d  t o  t h e  s e r v o  a m p l i f i e r  
i n p u t  by t h e  r e f e r e n c e  v o l t a g e  supply  i s  
c o n s t a n t  (at t h e  s e l e c t e d  v a l u e ) .  The 
v o l t a p e  a p p l i e d  t o  t h e  s e r v o  a m p l i f i e r  from 
t h e  ion iza t ion-chamber  a m p l i f i e r  v a r i e s  
w i t h  t h e  r e a c t o r  n e u t r o n  f l u x  and i s  o p p o -  
s i t e  i n  p o l a r i t y  t o  t h e  r e f e r e n c e  v o l t a g e .  
Thus, when t h e s e  v o l t a g e s  a.re numer ica l ly  
e q u a l ,  they  c a n c e l  and t h e  s e r v o  i n p u t  
v o l t a g e  i s  z e r o  ( z e r o  e r r o r ) .  Under t h e s e  
c o n d i t i o n s ,  t h e  r e a c t o r  -power l e v e  1 (neu- 
t r o n  f l u x )  a t  t h e  chamber is  a t  t h e  demand 
v a l u e .  I f  t h e  demand i s  lowered (moved 
toward wL), a v o l t a g e  l a r g e r  t h a n  t h e  new 
r e f e r e n c e  v o l t a g e  w i l l  be s u p p l i e d  by t h e  
i o n i z a t i o n  chamber a m p l i f i e r .  Thus, a net 
n e p a t i v e  v o l t a g e  ( s e r v o - e r r o r  s i g n a l )  w i l l  
be  a p p l i e d  t o  t h e  s e r v o - a m p l i f i e r  i n p u t  
( se rvo  e r r o r  = r e f e r e n c e  v o l t a g e  d- 
i o n i z a t i o n - c h a m b e r - a m p l i f i e r  ou tput  v o l t -  
a g e ) ,  c a u s i n g  t h e  s e r v o  t o  i n s e r t  r o d s  t o  
reduce the n e t  v o l t a g e  t o  z e r o .  Remember 
t h a t  t h e s e  v o l t a g e s  are always of o p p o s i t e  
p o l a r i t y  s o  t h e  s e r v o  e r r o r  i s  t h e  d i f f e r -  
ence i n  t h e  two voltage:;. Thus  t h e  e r r o r  
v o l t a g e  may b e  p l u s  or  minus. 
-. 
u_ - 

41. The e r r o r  s i g n a l  c a u s e s  t h e  s e r v o - c o n t r o l l e d  (regu-  

l a t i n g  rod t o  move i n  t h e  c o r r e c t  d i r e c t i o n  t o  

a d j u s t  t h e  r e a c t o r  t o  vmke the chamber s i g n a l  

e q u a l  the  r e f e r e n c e  v o l t a g e  ( t h e  error v o l t a g e  

becomes z e r o ) .  
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42. The s t r e n g t h  of t h e  ion iza t ion-chamber  power 

w i t h  t h e  r e a c t o r  n e u t r o n  f l u x  (puwer l e v e l )  An 

i n c r e a s e  i n  n e u t r o n  f l u x  produces .a ( s t r o n g e r ,  

weaker) ion iza t ion-chamber  s i g n a l .  

4 3 .  I f  t h e  chamber s i g n a l  i s  greater t h a n  t h e  r e f e r e n e e  

v o l t a g e ,  t h e  r e g u l a t i n g  rod i s  t e m p o r a r i l y  moved t o  

(decrease ,  i n c r e a s e )  t h e  r e a c t i v i t y  u n t i l  t h e  r e a c -  

t o r  power d e c r e a s e s  and t h e  chamber s i g n a l  becomes 

( less,  more)-- thus approaching  t h e  r e f e r e n c e  v o l t a g e .  

s t ronger  

d e c r e a s e ,  
less 

4 4 .  I f  t h e  chamber s i g n a l  i s  less t h a n  t h e  r e f e r e n c e  

v o l t a g e ,  t h e  r e g u l a t i n g  rod i s  t e m p o r a r i l y  withdrawn 

and t h e  n e u t r o n  f l u x  (decreases ,  i n c r e a s e s ) ,  making 

t h e  chamber s i g n a l  i n c r e a s e  and approach t h e  refer-  

ence  v o l t a g e .  

4 5 .  Because of t h e  energy i n  t h e  rod and d r i v e  due t o  i n c r e a s e s  

motion, t h e s e  c o a s t  a l i t t l e  a f t e r  t h e  e r r o r  v o l t a g e  

goes t o  z e r o .  In o t h e r  words, t h e r e  i s  a tendency 

t o  "overcor rec t11 ,  w i t h  the. r e s u l t  t h a t  t h e  d r i v e  

moves t h e  rod i n  and o u t  a b o u t  the c o r r e c t  rod p o s i -  

t i o n  ( h u n t s ) ,  The r e a c t o r  power i s  caused t o  o s c i l -  

- la te  about  t h e  d e s i r e d  l e v e l .  Because of s t o r e d  

energy  i n  t h e  d r i v e  system, t h e  s e r v o  system, as 
d e s c r i b e d ,  (does,  does n o t )  h o l d  r e a c t o r  power a t  

t h e  d e s i r e d  l e v e l .  
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46.  The tachometer  i n  F i g u r e  V - 5 3 ,  a l s o  d r i v e n  by t h e  

r e g u l a t i n g - r o d - d r i v e  motor,  f u r n i s h e s  a voltage.  

whose p o l a r i t y  i s  determined by t h e  d i r e c t i o n  i n  

which t h e  r e g u l a t i n g  rod  i s  moving, A p o r t i o n  of 

t h i s  v o l t a g e ,  t a k e n  from a p o t e n t i o m e t e r  connected 

a c r o s s  t h e  tachometer ,  i s  fed  back t o  t h e  se rvo  

a m p l i f i e r  (Eeedback s i g n a l )  where it i s  combined 

w i t h  t h e  e r r o r  s i g n a l .  T h e  feedback and e r r o r  s i g -  

n a l s  are ar ranged  t o  always b e  i n  o p p o s i t e  p o l a r i t y .  

For proper  s e r v o  o p e r a t i o n ,  t h e  feedback s i g n a l  i s  

a d j u s t e d  s o  t h a t  i t  c a n c e l s  t h e  e r r o r  s i g n a l  j u s t  

b e f o r e  t h e  s e r v o  h a s  brought: t h e  r e a c t o r  power t o  

t h e  l e v e l  c a l l e d  f o r  by t h e  s e r v o  demand. Because 

of t h e  energy  s t o r e d  i n  t h e  mechanism and rod,  t h e y  

c o a s t  t h e  remaining d i s t a n c e  needed t o  b r i n g  t h e  

r e a c t o r  j u s t  t o  t h e  d e s i r e d  power l e v e l .  

- - - - - - -  
47. The tachometer-feedback arrangement  provides  a means 

f o r  Compensating f o r  t h e  e f f e c t  of t h e  i n  t h e  

moving r e g u l a t i n g  rod and i t s  d r i v e  mechanism, 

48. The servo  s e n s e s  t h e  r e a c t o r  power l e v e l  only 

through t h e  f l u x  a t  i t s  i o n i z a t i o n  chamber 

p o s i t  i o n .  

does n o t  

energy 

4 9 :  I f  a n y t h i n g  happ_ens t o  t h i s  n e u t r o n  f l u x ,  t h e  s e r v o  

i n t e r p r e t s  i t  as a power change and t r ies  t o  o f f s e t  

t h e  change by a d j u s t i n g  t h e  - p o s i t i o n .  

ne u t r 0 n 
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50. The s e r v o  system can f a i l  i n  several ways, One 

f a i l u r e  i s  lo s s  of s e n s i t i v i t y  of t h c  servo  i o n  

chamber o r  t h e  e q u i v a l e n t ,  due t o  a change i n  con-  

d i t i o n s  i n  t h e  v i c i n i t y  of t h e  chamber i n  such a way 

t h a t  t h e  r e d c t o r  € l u x  seems t o  d e c r e a s e .  I f  the  

chamber s i g n a l  i n d i c a t e s  t h e  power l eve l  i s  t o o  l a w ,  

t h e  s e r v o  w i l l  (withdraw, i n s e r t )  t h e  r e g u l a t i n g  rod  

t o  Compensate. The power w i l l  t h e n  be changed t o  a 

l e v e l  (below, above) t h e  cor rccL onc. 

51. The o p e r a t i o n  system t a k e s  c o r r e c t i v e  a c t i o n  auto- 
m a t i c a l l y  i f  t h e  c o n d i t i o n s  o u t l i n e d  i n  Frame 50 

a l l o w  t h e  pmer t o  r i s e  t o  1 , 1  N { 1 L o %  of f u l l  

power) o r  h i g h e r .  A t  1.1 N t h e  o p e r a t o r  i s  warned 

by a n  a n n u n c i a t o r  t h a t  t h e  power i s  t o o  h i g h  and a t  

the  same time t h e  s e r v o  demand i s  a u t o m a t i c a l l y  

reduced o r  "set back". Thc s e t b a c k  a c t i o n  c o n t i n u e s  

o n l y  as long as t h e  power i s  a t  o r  above 1.1 N 

P 

- P  

F' 

52. The a u t o m a t i c  causes t h e  r e a c t o r  power t o  b e  

reduced by a c t i o n  of t h e  s e r v o  system t o  a l e v e l  

below 1.1 NF.  

53. R e f e r r i n g  t o  F i g u r e  V - 5 3 ,  you can see t h a t  when t h e  

s e r v o  demand i s  lowered {moved toward N ) a (smaller, 

l a r g e r )  v o l t a g e  i s  developed from t h e  demand t o  

&round and i s  f e d  t o  t h e  s e r v o  a m p l i f i e r .  T h i s  

l a r g e r  v o l t a g e  r e p r e s e n t s ,  t o  t h e  s e r v o  a m p l i f i e r ,  a 

h i g h e r - t h a n - d e s i r e d  power l e v e l .  Thc e r r o r  s i g n a l ,  

t h u s ,  i s  such t h a t  t h e  s e r v o - c o n t r o l l e d  rod i s  

i n s e r t e d  t o  (raisc,  lower) t h e  power l e v e l .  

L 

r e g u l a  t ing-rod 

w it h d r  aw 
above 

s e t b a c k  



191 

54 .  L e t  us  repeat what h a s  j u s t  been s a i d .  i f  t h e  power l s r g e r ,  
loiicr 

l e v e l  i s  i n c r e a s e d  t o  ( o r  above) NF,  which a t  

t h e  OK3 would be 3 3  Mw, t h e  o p e r a t i o n  system w i l l  

a u t o m i t i c a l l y  i n i t i a t e  a . The s e r v o  demand i s  

a u t o m a t i c a l l y  ( r a i s e d ,  lowered) which r e s u l t s  i n  

s e r v o  a c t i o n  t o  ( i n c r e a s e ,  reduce)  t h e  power l e v e l .  

55. The s e r v o  system may f a i l  i n  such a way t h a t  i t  s- 1.1, 

lowered ;1 
s e t b a c k ,  

t i d u a l l y  c a l l s  f o r  e i t h e r  a r e d u c t i o n  o r  a n  i n c r e a s e  

i n  r e a c t o r  power r e g a r d l e s s  of the s i g n a l  from t h e  reduce  

s e r v o  chamber. If t h e  r e q u e s t  i s  f o r  a d e c r e a s e  i n  

power, i t  i s ,  a t  w o r s t ,  o n l y  a n  o p e r a t i n g  inconven- 

i e n c e .  The s e r v o  nay  be turned  o f f  and o p e r a t i o n  

cont inued  manual ly .  A d m i n i s t r a t i v e  procedures  cover  

such  o p e r a t i o n ;  t h e r e  i s  no a u t o m a t i c  c o r r e c t i o n  f o r  

such a r e d u c t i o n  i n  power. 

56. The o p e r a t i o n  system i s  des igned  t o  t a k e  proper  

c o r r e c t i v e  a c t i o n  a u t o m a t i c a l l y  should t h e  s e r v o  

f a i l  i n  such a way t h a t  i t  c o n t i n u e s  t o  a s k  f o r  

r e g u l a t i n g  rod wi thdrawal  (power i n c r e a s e ) .  This  

f a i l u r e ,  however, cannot  b e  c o r r e c t e d  by c3 s e t b a c k  

s i n c e  t h e  s e r v o  i s  not  be ing  c o n t r o l l e d  by t h e  e r r o r  

s i g n a l .  The power w i l l  r i se  p a s t  1.1 N t r i p p i n g  

t h e  s e t b a c k  a n n u n c i a t o r  and i n i t i a t i n g  a n  i n e f f e c  - 
t u a l  s e t b a c k  r e q u e s t  and t h e n  rise on t o  1 . 2  N a t  

which l e v e l  a second a n n u n c i a t o r  i s  t r i p p e d  and the  

r e a c t o r  c o n t r o l  sys tem i s  put  i n t o  r e v e r s e  (see 

Prams 2 8 ) .  

F’ 

F’ 

57. A r e v e r s e  i s  a u t o m a t i c a l l y  i n i t i a t e d  i n  t h i s  ca.se 

when t h e  p w e r  l e v e l  r e a c h e s  



19% 

58. An automat ic  r e v e r s e  c a l l e d  f o r  by t h e  o p e r a t i o n  

s y s t e n  c o n t i n u e s  o n l y  s o  long as t h e  c o n d i t i o n  i n i -  

t i a t i n g  i t  c o n t i n u e s .  For t h e  c o n d i t i o n  d e s c r i b e d  

i n  Frame 55, as  SQOR as t h e  power d r o p s  below 1.2 N 

t h e  r e v e r s e  w i l l  b e  s topped a u t o m a t i c a l l y .  The 1.2 

N r e v e r s e  ends as  soon a s  t h e  r e a c t o r  power i s  

reduced be low 
F 

59. The r e a c t i v i t y  under s e r v o  c o n t r o l  i s  l i m i t e d  t o  

0.5% Ak/k, so  t h e  s e r v o  cannot  make t h e  r e a c t o r  

prompt c r i t i ca l " .  The opera.t ion s y s t e m ' s  a u t o m a t i c  11 

r e v e r s e  a t  '1.2 N e a s i l y  t e r m i n a t e s  and t u r n s  back 

any power e x c u r s i o n  which might b e  i n i t i a t e d  by a 

run-away s e r v o  (sudden u n c o n t r o l l e d  a d d i t i o n  by t h e  

s e r v o  of a l l  r e a c t i v i t y  worth a v a i l a b l e  t o  i t ) .  The 

1 . 2  NF is t o  p r e v e n t  a n  e x c e s s i v e  power 

i n c r e a s e  t h a t  might r e s u l t  from a servo-system f a i l -  

u r e  (run-away). 

F 

SO. E lec t r i ca l  c o n t a c t s  i n  t h e  power- level  s a f e t y  

r e c o r d e r s ,  which i n d i c a t e  and r e c o r d  r e a c t o r  f l u x  

i n  t h e  power r a n g e ,  i n i t i a t e  t h e  1 1 - N  alarm and 

s e t b a c k  and t h e  1.2-N,  alarm and r e v e r s e .  There are 

t h r e e  such  r e c o r d e r s ,  e a c h  w i t h  one set of c o n t a c t s  

f o r  each type  of c o n t r o l  a c t i o n .  Bccause t h e  t h r e e  

power- level  i n s t r u m e n t  c h a n n e l s  are independent  of 

each  o t h e r ,  any t h a t  d e t e c t s  a n  e x c e s s i v e l y  hi.gh 

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

a c t i o n .  Automatic r e v e r s e  i s  i n i t i a t e d  a t  t h e  CRR 

( i f  any one, on ly  i f  any two, on ly  i f  a l l  t h r e e )  

level channels  d e t e c t  a 1 . 2 - N  power l e v e l  of t h e  

r e a c t o r .  

+ 
I' 

Ip 

1.2 NF 

F 1.2 M 

r eve 1: se 
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61. I n  a d d i t i o n  t o  i n i t i a t i n g  o. r e v e r s e ,  t h e  1 . 2 - N  C O R -  i f  any one P 
t a c t s  also t u r n  t h e  s e r v o  "off" .  I f  t k a  power l e v e l  

h a s  reached  1 . 2  N t h i s  is proof  t h a t  t h e  s e r v o  h a s  

probably  f a i l e d .  Tha servo  i s  a E t o m a t i c a l l y  turned  

o f f  s o  i t  can  i n t e r f e r e  no f u r t h e r  w i t h  r e a c t o r  

o p e r a t i o n  

P' 

62. A r e v e r s e ,  r e g a r d l e s s  of i t s  o r i g i n ,  may be expected 

t o  make t h e  r e a c t o r  s u b c r i t i c a l .  When a r e a c t o r  

t h a t  was o p e r a t i n g  a t  f u l l  power i s  made s u b c r i t i c a l ,  

t h e  power l e v e l  d r o p s  q u i c k l y  t o  N and beyond. 

Opera t ing  procedures  i n c l u d e  i n s t r u c t i o n s  t o  be f o l -  

lowed i n  h a n d l i n g  such s i t u a t i o n s .  

L 

4.4. C o n t r o l  by P r o c e s s  I n s t r u m e n t a t i o n  

63. Other  s u b j e c t s  of i n t e r e s t  i n c l u d e  t h e  "scrams" and 

t h e  c o n t r o l  a c t i o n s  of t h e  process i n s t r u m e n t a t i o n .  

A s e t b a c k  lowers  t h e  power level ,  and a r e v e r s e  

makes t h e  r e a c t o r  s u b c r i t i c a l  by a s o d - d r i v e  i n s e r -  

- t i o n  of all t h e  r o d s ;  b u t  a s o - c a l l e d  "slow" scram 

c a u s e s  a complete  shutdown when, by r e l a y  a c t i o n ,  

the rods  are r e l e a s e d  (by l o s s  of t h e i r  magnet c u r -  

r e n t s )  t o  f a l l  i n t o  t h e  r e a c t o r  c o r e .  

64. A s low scra.m i s  i n i t i a t e d  by a n  e l e c t r i c a l  s i g n a l  

which , t h r  odgh a c t i o n ,  causes t h e  magnet CUP-  

rent t o  be t u r n e d  "off" .  
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65. I n  comparison w i t h  a scram, a r e v e r s e  reduces  reac- r e l a y  

t i v i t y  a t  a r e l a t i v e l y  slow speed,  i .e . ,  t h e  speed 

a t  which t h e  r o d - d r i v e  motors move. t h e  . 

66. When a n  i n s t r u m e n t  c a u s e s  a r e l a y  t o  t h e  c i r -  

c u i t  t o  t h e  c o n t r o l - r o d  magnets, a 

r e s u l t s .  T h i s  scram i s  so  named because an  a p p r e -  

c i a b l e  amount of t i m e  (200 m i l l i s e c o n d s  o r  longer )  

i s  needed f o r  r e l a y s  t o  o p e r a t e  and, t h u s ,  t o  t u r n  

t h e  magnet a m p l i f i e r s  o f f  . 

67. When a n e u t r o n - d e t e c t i n g  i n s t r u m e n t ,  through &- 
t r o n i c  a c t i o n ,  d e c r e a s e s  the. magnet c u r r e n t  t o  t h e  

rod-drop p o i n t ,  t h e  r e s u l t i n g  shutdown i s  c a l l e d  a 

" f a s t "  scram. The t i m e  d e l a y  i n  t h i s  c a s e  i s  s h o r t  

(200 m i l l i s e c o n d s  or  l e s s )  compared t o  t h a t  r e q u i r e d  

t o  e f f e c t  a slow scram. 

68. Now l e t  us  d i s c u s s  t h e  more common c o n t r o l  a c t i o n s  

Experiments  have t h e i r  2 con- of o t h e r  systems.  

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

t i o n  i s  t i e d  i n t o  t h e  r e a c t o r  c o n t r o l  system so t h a t  

experiment  c o n d i t i o n s  p o s s i b l y  hazardous  t o  person - 
n e l ,  t h e  exper iment ,  o r  t h e  r e a c t o r  w i l l  c a u s e  a 

r e d u c t i o n  of t h e  r e a c t o r  power o r ,  i n  extreme cases, 

w i l l  a c t u a l l y  i n i t i a t e  a slow scram. 

c o n t r o l  r o d s  

slow scram 

69. S i n c e  most r e a c t o r - c o n t r o l  a c t i o n s  from o t h e r  t h a n  t h e  

t h e  n u c l e a r  i n s t r u m e n t a t i o n  a r e  i n i t i a t e d  by t h e  

c o o l a n t  i n s t r u m e n t s ,  le t  u s  t a k e  c o o l a n t  f low f i r s t .  
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70. I f  t h e  ORR i s  o p e r a t i n g  a t  f u l l  power and the c o o l -  

a n t  f low i s  d e c r e a s e d  from t h e  normal 18,000 gpm t o  

17,000 gpm as i n d i c a t e d  by f low and p r e s s u r e - d r o p  

i n s t r u m e n t s ,  a s e t b a c k  i s  i n i t i a t e d  which reduces  

t h e  power t o  less t h a n  60% N F .  

t h e r  reduced t o  14,000 gpm, a s l o w  scram is i n i t i -  

a t e d .  

- 

I f  t h e  f l o w  i s  f u r -  - 

7 1 .  The c o o l a n t  f l o w  is s o  impor tan t  f o r  t h e  ORR t h a t  

on ly  a small d e c r e a s e  t o  gpm w i l l  cause  a 

s e t b a c k  

72.  I f  t h e  f l c w  d r o p s  t o  14,000 gpm o r  lower,  t h e  reac- 17,000 

t o r  power must be reduced d r a s t i c a l l y  s o  t h a t  f low 

i n s t r u m e n t a t i o n ,  by r e l a y  a c t i o n ,  i n i t i a t e s  a ( f a s t ,  

slow) scram. 

73. C l o s e l y  a s s o c i a t e d  w i t h  t h e  c o o l a n t  f l o w  i s  t h e  slow 

p r e s s u r e  change a c r o s s  t h e  c o r e .  

nP ( i n c r e a s e s ,  d e c r e a s e s )  and,  thus ,  c a n  be used as 

a c o n t r o l  parameter. A t  t h e  ORR, a s e t b a c k  occurs  

i f  t h e  nP d e c r e a s e s  t o  about  21.4 ps i .  

If flow d e c r e a s e s ,  

d e c r e a s e s  74. The o n l y  o t h e r  c o o l a n t - i n s t r u m e n t a t i o n  c o n t r o l  

parameter i s  tempera ture .  A t  t h e  ORR, b o t h  t h e  o u t -  

l e t  tempera ture  (from the c o r e )  and t h e  A t  a c r o s s  

t h e  c o r e  are used as c o n t r o l s .  Both r e c o r d e r s  (At 

__. 

and o u t l e t  t empera ture)  have s w i t c h e s  t o  i n t t i a t q  

s e t b a c k ,  r e v e r s e ,  and -scram a c t i o n  i f  e i t h e r  

becomes t o o  h i g h .  
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75.  The most a c c u r a t e  method of de te rmining  r e a c t o r  slow 

power i s  t h e  use  o f  h e a t - t r a n s f e r  c a l c u l a t i o n s .  You 

w i l l  r e c a l l  f rom your s t u d y  of h e a t  t r a n s f e r  t h a t  

you need t o  know t h e  f low rate  o f  t h e  c o o l a n t ,  A& of 

t h e  c o o l a n t ,  and t h e  s p e c i f i c  h e a t  of t h e  c o o l a n t  i n  

o r d e r  t o  c a l c u l a t e  thc  h e a t  power. 

76. Thus, t h e  c o n t r o l  of t h e s e  parameters ,  f low 

ra te  and change i n  , i s  n e c e s s a r y  i n  o v e r a l l  

r e a c t o r  c o n t r o l  

I_ 7 
Due t o  t h e  s i z e  and i n e r t i a  of t h e  r e a c t o r  
c o o l a n t  system, flow and p r e s s u r e  changes 
cannot  b e  made i n s t a n t a n e o u s l y .  Also,  
changes i n  tempera ture  are. secondary 
e f f e c t s  r e s u l t i n g  from o t h e r  changes such 
as coolant - f low changes or  n e u t r o n -  
i n t e n s i t y  changes.  G e n e r a l l y  speaking ,  
p r  oc e s s i n s  t rumen t s exhib  i t  a p  p r  ec i a b  l e  
d e l a y s  (one second o r  more) i n  responding  
t o  changes i n  t h e  parameters b e i n g  moni- 

~ t o r e d .  On t h e  o t h e r  hand (a t  l e a s t  i n  t h e  
1 power range) ,  t h e  response  of n u c l e a r  
i n s t r u m e n t a t i o n  i s  e s s e n t i a l l y  i n s t a n t a n e -  
ous * - 

I__. - 

77 .  The s lowness  of r e s p o n s e  of t h e s e  i n s t r u m e n t  chan-  

n e l s  l i m i t s  t h e i r  c o n t r o l  and p r o t e c t i v e  ass ignments  

t o  t h o s e  c o n d i t i o n s  o r  s i t u a t i o n s  which can be han- 

d l e d  by s e t b a c k s ,  r e v e r s e s ,  o r  scrams. 

c o o l a n t ,  
t empera ture  

78. IC i s  impera t ive  t h a t  when f a s t  a c t i o n  i s  needed t h e  slow 

a c t i o n  must b e  i n i t i a t e d  by e l e c t r o n i c  c i r c u i t s  and 

n o t  by r e c o r d e r  s w i t c h e s  and r e l a y s .  Thus, t h e  

power- level  s a f e t i e s  and r e a c t o r  p e r i o d  c i r c u i t s  

(nuc1ea.r i n s t r u m e n t s )  i n i t . i a t e  scrams. 



197 

4 . 5 .  Review of ORR C o n t r o l  Systems 

79. The f i r s t  s t a g e  of a r e a c t o r  s t a r t u p  when r e a c t i v i t y  f a s t  

increases must be kept  s m a l l  due t o  slow ins t rument  

response  i s  c a l l e d  t h e  mode. The la te r ,  

h i g h e r  power s t a g e  when ins t rument  saEeguard 

response  i s  f a s t  i s  c a l l e d  t h e  mode. (Frame 

1) ' 

80. Slow i n c r e a s e  of  r e a c t i v i t y  d u r i n g  s t a r t u p s  i s  

accomplished by t h e  u s e  of a timer which c a u s e s  

wi thdrawal  of t h e  c o n t r o l  r o d s ;  t h i s  makes 

a c t u a l  motor speed r e d u c t i o n  unnecessary .  (Frames 

15-17) 

81. Above about  0.001 N "confidence" i s  s a i d  t o  have 
L' 

been e s t a b l i s h e d  i n  t h e  channel  and from t h i s  

l e v e l  through t h e  power range i t  e x e r c i s e s  i t s  con-  

t r o l  f u n c t i o n s .  (Frames 85-87, S e c t i o n  V - 3 ,  and 

Frames 18 and 19, above) 

82. Cont ro l - rod  wi thdrawal  d u r i n g  t h e  s t a r t u p  phase i s  

i n h i b i t e d  when t h e  r e a c t o r  per iod  i s  (more than ,  

less t h a n )  30 sec. (Frames 21-23)  

s ta r t ,  
r u n  

i n t e r m i t t e n t  

l o g  N 

83. The same s w i t c h ,  on t h e  c o n t r o l  desk ,  t h a t  a l lows  less t h a n  

t h e  o p e r a t o r  t o  bypass  t h e  30-sec per iod  i n h P b i t  on 

rod wi thdrawal  w i l l  produce a i f  tu rned  i n  the 

o p p o s i t e  d i r e c t i o n .  (Frame 28)  
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84.  Below 0.001 N , group c o n t r o l - r o d  wi thdrawal  i s  
L 

l i m i t e d  t o  a l l  r o d s  (cont inuous ly ,  i n t e r m i t t e n t l y ) .  

(Frames 15-17) 

r e v e r s e  

85. One f u n c t i o n  of t h e  20-sec-  and 10-sec-per iod  i n h i b -  i n t e r m i t t e n t l y  

i t s  i s  t o  provide  a c t i o n  i n  c a s e  t h e  30-sec- 

p e r i o d  i n h i b i t  f a i l s .  (Frame 269 

86, A f a s t  i n s e r t i o n  of t h e  c o n t r o l  r o d s ,  e i t h e r  a u t o -  

m a t i c a l l y  o r  by t h e  o p e r a t o r ,  t o  reduce  t h e  r e a c t o r  

power l e v e l  i s  c a l l e d  a . (Frames 28-30) 

backup 

87. I n  t h e  power range  of r e a c t o r  o p e r a t i o n ,  t h e  c o n t r o l  r e v e r s e  

of power 'Level i s  assumed by an  a u t o m a t i c  system 

c a l l e d  the system. (Frames 31 and 37) 

88. The am0un.t of r e a c t i v i t y  change which can  be made by s e r v o  

s e r v o  a c t i o n  i s  (unl imi ted ,  l i m i t e d ) .  (Frame 59) 

89. Normally, t h e  s e r v o  i s  o p e r a t i v e  only  b e t w e e n ,  I. i m  i. t ed 

and N (Frames 3 1  and 36) 
F '  

% 90. A s e t b a c k  i s  a s e r v o - c o n t r o l l e d  ( i n c r e a s e ,  reduc-  

t i o n )  of r e a c t o r  power. One of t h e  c o n d i t i o n s  which 

c a u s e s  i i  s e t b a c k  i s  f o r  t h e  p o w e r - l e v e l - s a f e t y  

r e c o r d e r s  t o  "see" a power l e v e l  of 

(Frame 51) 
NF ' 
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91. From t h e  process  i n s t r u m e n t a t i o n ,  you might expec t  a r e d u c t i o n ,  
1 .1  

slow scram t o  be i n i t i a t e d  by e i t h e r  low c o o l a n t  

o r  h i g h  c o o l a n t  . (Frames 70-74) 

92. Scrams i n i t i a t e d  by t h e  p r o c e s s  i n s t r u m e n t a t i o n  are  flow, 
t ern p e r  a t u r  e c a l l e d  (slow, f a s t )  scrams because of t h e  response  

t i m e  of t h e  i n s t r u m e n t  c h a n n e l s .  (Frames 6 3 - 6 6 )  

9 3 .  C o n t r o l  a c t i o n ,  o p e r a t i n g  through s w i t c h e s  and 

r e l a y s ,  c a u s e s  r e d u c t i o n s  of t h e  r e a c t o r  power 

(when r e q u i r e d )  by , by , or by 

scrams.  (Frames 63-67) 

94. Scrams i n i t i a t e d  by t h e  s a f e t y  i n s t r u m e n t a t i o n  are 

ca 1 l e d  scrams because t h e y  are accomplished 

e l e c t r a n i c a l l y  r a t h e r  t h a n  by t h e  s lower a c t i o n  of 

and . (Frames 67 and 78)  

slow 

s e t b a c k s ,  
r e v e r s e s  
slow 

4 . 6 .  S t a r t u p  C o n t r o l s  - HFIR 

95. O p e r a t o r s  who a r e  i n t e r e s t e d  only  i n  t h e  ORR c o n t r o l  f a s t ,  
s w i t c h e s  I 

re  l a y s  
system may t u r n  t o  S e c t i o n  V - 5 .  Those who skipped 

t h e  ORR i n f o r m a t i o n  w i l l  s t a r t  h e r e .  

96. The H F I R  h a s  t h r e e  s t a r t u p  and o p e r a t i n g  modes. 

Mode 1 i s  t h e  normal s t a r t u p  mode when proceeding 

d i r e c t l y  t o  t h e  fu l l -power  l e v e l .  Modes 2 and 3 are 

s p e c i a l  modes t o  a l l o w  low-power o p e r a t i o n  w i t h  no 
c o o l a n t  f low or  low c o o l a n t  f low.  Only Mode 1 oper -  

a t i o n  w i l l  be d i s c u s s e d  i n  t h i s  work. O p e r a t i o n s  ’ 

i n  Modes 2 a.nd 3 w i l l  be  l e f t  t o  on- the- job  t r a i n -  

i n g .  
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97.  As we mentioned earlier,  t h e r e  are some c o n t r o l s  

which m y  n o t  b e ' b u i l t  i n t o  t h e  i n s t r u m e n t a t i o n .  We 

c a l l e d  t h e s e  a d m i n i s t r a t i v e  c o n t r o l s  because  t h e y  

are set: a c c o r d i n g  t o  p r o c e d u r e s ,  

98. Some of t h e  checks on t h e  s t a r t u p  c h e c k l i s t  could be a d m i n i s t r a t i v e  

c o n s i d e r e d  c o n t r o l s  

99. A f t e r  t h e  comple t ion  of t h e  s t a r t u p  c h e c k l i s t ,  t h e  a d m i n i s t r a t i v e  

o p e r a t o r  should  have conf idenee  t h a t  t h e  "wide-range 

c o u n t i n g  channel" i s  ready  f o r  s t a r t u p  i f :  

a .  The c o u n t i n g - r a t e  chambers are f u l l y  i n s e r t e d  

and t h e  count ing  ra te  i s  more t h a n  10 c o u n t s l s e c  

and less t h a n  20,000 c o u n t s / s e c .  

b .  The f i ss ion-chamber  d r i v e  i s  s e t  f o r  

o p e r a t i o n .  

c .  The p u l s e  a m p l i f i e r  ( p u l s e - h e i g h t  s e l e c t o r )  i s  

se t  on "opera te" .  

This i s  u s u a l l y  r e f e r r e d  t o  as having " c o u n t i n g - r a t e  

confidence" . 

100. I f  t h e  p u l s e - h e i g h t  s e l e c t o r  i s  p r o p e r l x  set ,  t h e  

o p e r a t o r  i s  c o n f i d e n t  t h a t  t h e  channel  i s  c o u n t i n g  

only  neut rons  and n o t  both and gammas. 

101. I f  t h e  c o u n t i n g  ra te  i s  a t  l eas t  10 c o u n t s / s e c ,  t h e  

o p e r a t o r  i s  a l s o  c o n f i d e n t  t h a t  t h e  chamber, 

from which t h e  c o u n t i n g - r a t e  meter (CRM) g e t s  i t s  

s i g n a l ,  i s  p o s i t i o n e d  p r o p e r l y  ( f u l l y  i n s e r t e d ) .  

neut  ronS 
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102. When t h e  o p e r a t o r  i s  a s s u r e d  t h a t  t h e  CEW i s  r e a d i n g  f i s s i o n  

p r o p e r l y ,  t h a t  t h e  f i ss ion-chamber  d r i v e  w i l l  o p e r -  

a t e  a u t o m a t i c a l l y ,  and t h a t  t h e  p u l s e  arnplif i e r  i s  

se t  on "operate" ,  he i s  s a i d  t o  have " c o u n t i n g - r a t e  

" and i s  ready  f o r  r e a c t o r  StartuE. 

103. When s t a r t u p  i s  i n i t i a t e d ,  t h e  shim plates are w i t h -  confidence 

drawn s i m u l t a n e o u s l y  and c o n t i n u o u s l y  r a t h e r  than 

i n t e r m i t t e n t l y  as a t  some r e a c t o r s .  

104. T h e r e  i s  no t i m e d  sequence of i n t e r m i t t e n t  w i t h -  

drawal .  The shim plates  are withdrawn . 

105. A s  t h e  plates  are  withdrawn, r e a c t i v i t y  i s  increased ,  c o n t i n u o u s l y  

and t h e  r e a d i n g  of t h e  CRM . 

106. When t h e  CRM r e a c h e s  10,000 c o u n t s / s e c ,  t h e  f i s s i o n -  i n c r e a s e s  

chamber d r i v e  auFomat ica l ly  begins  t o  move t h e  

f i s s i o n  chamber f a r t h e r  from t h e  core- .  The a u t o -  

m a t i c  d r i v e  t h e n  keeps t h e  f i s s i o n  chamber p o s i -  
- 

t i o n e d  s o  t h a t  t h e  CRM count ing  ra te  i s  maintained 

a t  10,000 c o u n t s / s e c .  

... 
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107. The au tomat ic  f i ss ion-chamber  d r i v e ,  t h e  c o u n t i n g -  

ra te  channel ,  and a special  o p e r a t i o n a l  a m p l i f i e r  

are components of what i s  c a l l e d  a "wide-range 

c o u n t i n g  channel".  These components work t o g e t h e r  

t o  t a k e  t h e  c o n s t a n t  10,000 c o u n t s l s e c  r e a d i n g  of 

t h e  c o u n t i n g - r a t e  meter and m u l t i p l y  this r e a d i n g  by  

a f a c t o r  which r e p r e s e n t s  t h e  d i s t a n c e  t h e  f i s s i o n  

chamber i s  from t h e  c o r e .  From t h i s  p r o d u c t  t h e  

r e a c t o r  power can  be de te rmined .  

108. The f i ss ion-chamber  d r i v e  must o p e r a t e  a u t o m a t i c a l l y  

t o  move t h e  chamber away from t h e  c o r e  when the 

c o u n t i n g  ra te  r e a c h e s  . 

109. A s  t h e  f i s s i o n  chamber moves away from t h e  c o r e ,  i t  

"sEes" a smaller percentage  of t h e  t o t a l  

p o p u l a t i o n .  

110. T h i s  d i s t a n c e  f a c t o r  and the 10,000 countslsec 

recorded  by t h e  CRM are combined by a n  e l e c t r o n i c  

i n s t r u m e n t  t o  g i v e  a n  output r e a d i n g  i n  u n i t s  of 

react o r  over  a wide range  of power l e v e l s .  

7 I 
The " d i s t a n c e  f a c t o r ' '  w a s  f i r s t  determined 
by c a l i b r a t i n g  t h e  d i s t a n c e  t h e  fission 
chambers were withdrawn a g a i n s t  t h e  a c t u a l  
r e a c t o r  power c a l c u l a t e d  from t h e  h e a t  o u t -  
p u t .  T h i s  was done d u r i n g  t h e  i n i t i a l  
s t a r t u p  tests of t h e  r e a c t o r  and i s  updated 
as n e c e s s a r y .  

- 

10 000 e oun t s 1 see 

n e u t r o n  

I I 

.... 
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111. The count ing  c h a n n e l s  a t  t h e  HFIR make s a t i s f a c t o r y  

measurements of r e a c t o r  flux over  t h e  whole s t a r t u p  

and power range  o€ t h e  r e a c t o r .  T h i s  i s  t h e  r e a s o n  

f o r  c a l l i n g  t h e n  t h e  c o u n t i n g  channels .  

112. The wide-range c o u n t i n g  channels  are most relied 

upon d u r i n g  s t a r t u p ;  i . e . ,  t o  10 Mw. However, 

s i n c e  t h e y  are  r e l i a b l e  t o ' 1 0 0  Mw, t h e y  are used a s  

t h e  power- level  r e c o r d e r s  a t  f u l l  power. 

113. The wide-range c o u n t i n g  channel  i s  used t o  compute 

t h e  r e a c t o r  power a u t o m a t i c a l l y  throughout  t h e  

s t , a r t u p  range  and up t o  MW * 

114. For  e a c h  wide-range count ing  c h a n n e l  t h e r e  i s  a n  

a s s o c i a t e d  c o u n t i n g - r a t e  p e r i o d  channel .  'Thgse 

t h r e e  p e r i o d  c h a n n e l s  g e t  t h e i r  s i g n a l s  from t h e  

t h r e e  chanber s . 

115. I n s t r u m e n t a t i o n  of t h e  g r e a t e s t  r e l i a b i l i t y  i s  

n e c e s s a r y  f o r  t h e  high-performance HFIR. For  t h i s  

reason ,  three independent  w i d e  - range c o u n t i n g  chan- 

n e l . ~  were i n c l u d e d .  A c t u a l l y ,  o n l y  two are con-  

s i d e r e d  n e c e s s a r y ;  b u t ,  w i t h  only  two i n s t a l l e d ,  t h e  

chances  of having  t o  s h u t  down because of a f a i l u r e  

of one are h i g h e r  t h a n  t h e  d e s i g n e r s  l i k e d .  With 

t h r e e  channe 1s i n s t a l l e d  and o p e r a t i n g  t h e  chance 

of two f a i l i n g  d u r i n g  a r u n  i s  so small t h a t  t h e  

d e s i r e d  r e l i a b i l i t y  i s  a c h i e v e d .  

wide -range 

100 

:E i s  s ion 
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116. I n  most cases of e l e c t r o n i c  c o n t r o l  a t  t h e  HFIR, a 

c o n t r o l  a c t i o n  i s  i n i t i a t e d  only  when a t  least  two 
of t h r e e  ins t rument  c h a n n e l s  r e c o g n i z e ,  a t  t h e  same 

time, t h e  need f o r  c o n t r o l  a c t i o n .  These systems 

are c a l l e d  "two-of - t h r e e  (or two-out: - o f - t h r e e )  

co inc idence"  systems.  

1 1 7 .  T h i s  method of c o n t r o l ,  where in  two c h a n n e l s  must 

r e c o g n i z e  t h e  need f o r  c o n t r o l  b e f o r e  any a c t i o n  i s  

taken ,  i s  c a l l e d  
-I__ 

118. There are t h r e e  s t a r t u p  i n s t r u m e n t  channels  which 

measure and r e c o r d  t h e  r e a c t o r  p e r i o d  and f l u x ,  but 

t h e i r  c o n t r o l  a c t i o n s  d o  not depend on c o i n c i d e n c e  

i n  a l l  cases. 

two-of -threE. 
c o i n c i d e n c e  

119. These i n s t r u m e n t s  are s i m i l a r ,  i n  most r e s p e c t s ,  t o  

p e r i o d  i n s t r u m e n t s  of o t h e r  ORNL r e a c t o r s .  They 

r e c o r d  t h e  t i m e  i n t e r v a l  d u r i n g  which t h e  n e u t r o n  

p o p u l a t i o n  i n c r e a s e s  by a f a c t o r  of e .  This  time 

i n t e r v a l  i s  c a l l e d  t h e  r e a c t o r  

120. These i n s t r u m e n t  channels  are equipped w i t h  e l e c t r i -  per iod  

ca l  s w i t c h e s  t o  i n h i b i t  c o n t r o l - p l a t e  wi thdrawal  i f  

t h e  per iod  becomes too s h o r t .  

121 .  During s t a r t u p ,  i f  per iod  channel  i n d i c a t e s  a 

p e r i o d  less t h a n  30 s e c  c o n t r o l - p l a t e  withdrawal i s  

i n h i b i t e d .  
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122.  T h i s  a c t i o n  (is, i s  not )  cons idered  t o  b e  two-out- 

o f - t h r e e  c o i n c i d e n c e .  

123. A l l  c o n t r o l - p l a t e  withdrawal. (shim p l a t e s  and rcgu-  i s  n o t  

l a t i n g  c y l i n d e r )  i s  i n h i b i t e d  i f  ( a l l  t h r e e ,  any 

two, any one) p e r i o d  channel  i n d i c a t e s  a p e r i o d  of 

(less than ,  more than)  30 sec.  

- - - - - - -  
124. T h i s  i n h i b i t  h o l d s  only  as l o n g  as t h e  p e r i o d  i s  

less t h a n  30 sec. When t h e  p e r i o d  becomes longer  

t h a n  , c o n t r o l - p l a t e  wi thdrawal  may c o n t i n u e .  

125. I f  a sudden i n c r e a s e  i n  r e a c t i v i t y  should  c a u s e  a t  

least  two per iod  r e c o r d e r s  t o  see p e r i o d s  as  s h o r t  

as 5 sec, c o n t r o l - p l a t e  d r i v e s  would i n s e r t  t h e  

plates  a t  f u l l  speed.  T h i s  i s  c a l l e d  a "reverse" .  

any o m ,  
less than 

30 ssc. 

126. When t h e  i n s t r u m e n t a t i o n  c a u s e s  a l l  c o n t r o l  p l a t e s  

t o  be i n s e r t e d ,  t h e  a c t i o n  i s  c a l l e d  a . 

127.  A r e v e r s e  a t  t h e  H F I R ,  d u r i n g  s t a r t u p ,  w i l l  be  i n i -  r e v e r s  e 

t i a t e d  i f  a t  least two p e r i o d  c h a n n e l s  "see" a 

p e r i o d  of less t h a n  

128.  Reverse a c t i o n ,  i n i t i a t e d  by  a p e r i o d  of 5 s e c  or  

less, i s  a n  example of a c t i o n  caused by t h e  c o i n c i -  

dence of a t  least  ins t rument  signals o u t  of 

5 sec 

.... 
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129. When s t a r t u p  of t h e  r e a c t o r  i s  i n i t i a . t e d ,  i t  u s u a l l y  two, 
t h r e e  

c o n t i n u e s  u n i n t e r r u p t e d  t o  a power l e v e l  of PO-Mw 

( t h i s  i s  N a t  t h e  BFIR) ,  a t  which l e v e l  t h e  power 

i s  h e l d  c o n s t a n t  u n t i l  a l l  systems are checked. 
L 

130. A t  t h e  & of t h e  s t a r t u p  range a t  N a n  au tomat ic  
L' 

c o n t r o l  system ( t h e  s e r v o  system) which o p e r a t e s  t h e  

c e n t e r  c o n t r o l  c y l i n d e r  ( t h e  r e g u l a t i n g  c y l i n d e r )  

assumes c o n t r o l  and h o l d s  t h e  power l e v e l  c o n s t a n t  

131. The r e a c t o r  power i s  h e l d  a t  10 Mw by t h e  con- l o  
t r o l  system u n t i l  systems are checked and t h e  

r e a c t o r  i s  ready  t o  go t o  f u l l  power. 

.- ..... 

132.  When t h e  r e a c t o r  i s  c o n s i d e r e d  r e a d y  f o r  fu l l -power  s e r v o  

o p e r a t i o n ,  t h e  o p e r a t o r  i n c r e a s e s  t h e  "demand" sig- 

n a l  t o  t h e  s e r v o  which t h e n  a d j u s t s  t h e  r e a c t o r  

power t o  match t h e  power l e v e l  r e p r e s e n t e d  by t h e  

s e l e c t e d  "demand" s i g n a l .  

I_ 

4 . 7 .  The H F I R  Servo System (see F i g u r e  V - 5 4 )  

133. The s e r v o  system i s  used t o  c o n t r o l  t h e  movement of 

t h e  r e g u l a t i n g  c y l i n d e r  a u t o m a t i c a l l y  i n  o r d e r  t o  

i n c r e a s e  o r  d e c r e a s e  t h e  r e a c t i v i t y  as needed t o  

keep t h e  power l e v e l  c o n s t a n t .  It i s  a l s o  used t o  

i n c r e a s e  t h e  power from 10 Mw t o  100 Mw ( f u l l  power) .  

The power i n c r e a s e  i s  accomplished by i n c r e a s i n g  t h e  

s e r v o  "demand". 

... . .  
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134, The s e r v o  system, then ,  i s  a system f o r  au tomat ic -  

a l l y  c o n t r o l l i n g  changes i n  t h e  of t h e  r e a c t o r .  

135. I n  o r d e r  t o  change t h e  r e a c t i v i t y  of t h e  s a f e l y  

as needed, t h e  s e r v o  system must b e  a b l e  t o  monitor  

t h e  f l u x  of t h e  c o r e .  

136. S i g n a l s  t o  t h e  t h r e e  channels  of t h e  s e r v o  

are  i n i t i a t e d  by t h r e e  i o n i z a t i o n  chambers 

moni t o r  t h e  f l u x .  

sys  ten 

which 

137.  E& of t h e  t h r e e  i o n i z a t i o n  chambers produces a 

v o l t a g e  s i g n a l  which e v e n t u a l l y  c o n t r o l s  one of t h e  

t h r e e  motors of t h e  system. The e l e c t r o n i c  equip-  

m s w h i c h  i s  t h e  s i g n a l  p a t h  from i o n i z a t i o n  cham- 

b e r  t o  servo motor i s  c a l l e d  the s e r v o  channel .  

138. A s e r v o  channel  i s  t h e  ins t rument  channel  which con-  

ver t s  t h e  v e r y  weak chamber s i g n a l  i n t o  one l a r g e  

enough t o  c o n t r o l  a motor.  

139. The s e r v o  s i g n a l  i s  i n i t i a t e d  by a n  

n e a r  t h e  reae t o r  c o r e .  

140. A s  noted i n  F i g u r e  V - 5 4 ,  t h i s  r a w  s i g n a l  i s  f i r s t  

a m p l i f i e d  by t h e  f l u x  a m p l i f i e r .  

r e a c t i v i t y  

react o r ,  
n e u t r o n  

n e u t r o n  

3ervo 

i o n i z a t i o n  
chamber 
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141. The f l u x  a m p l i f i e r  a l s o  compares t h e  s t r e n g t h  of t h e  

s i g n a l  w i t h  t h e  computed h e a t  power and a d j u s t s  t h e  

s i g n a l  s t r e n g t h  t o  agree w i t h  t h e  a c t u a l  power l e v e l  

i n d i c a t e d  by t h e  h e a t  power. 

The t r u e  power l e v e l  of t h e  r e a c t o r  as 
i n d i c a t e d  by t h e  amount of h e a t  be ing  re- 
moved from t h e  r e a c t o r  by t h e  c o o l a n t  can  
be determined only  by c o r r e l a t i n g  c o o l a n t -  
f low and tempera ture  measurements ,, The - 
c o r r e l a t i n g  p r o c e s s  i s  t o o  slow f o r  t h e  s o -  
c a l l e d  “ h e a t  power” t o  be used f o r  d i r e c t  
c o n t r o l  a c t i o n .  Therefore ,  t h e  n e u t r o n  
i n t e n s i t y  as measured by i o n i z a t i o n  eham- 
b e r s  must be used t o  i n i t i a t e  c o n t r o l  
a c t i o n .  This  i s  t h e  customary procedure i n  
all n u c l e a r  r e a c t o r s .  I n  t h e  HFIR, t h e  
neut ron  s i g n a l  i s  a u t o m a t i c a l l y  and c o n t i n -  
uous ly  c a l i b r a t e d  a g a i n s t  t h e  o u t p u t  of t h e  
heat-power moni tor .  I n  o t h e r  r e a c t o r s ,  
c a l i b r a t i o n  i s  done by t h e  o p e r a t o r  r e p o s i -  
t i o n i n g  i o n i z a t i o n  chambers o r  a d j u s t i n g  
t h e  v a l u e  o f  t h e  ion iza t ion-chamber  r e a d -  
ou t s  e 

142. T h i s  r e v i s i o n  or reset  of t h e  f l u x  s i g n a l  i s  made 

because t h e  power- level  determined by t h e  s lower 

heat-power c a l c u l a t i o n  i s  t h e  o n l y  c o r r e c t  i n d i c a -  

t i o n  o f  t h e  a c t u a l  power l e v e l  over  t h e  f u l l  l i f e  of 

a c o r e ,  

143. Thus,  t h e  o u t p u t  of t h e  f l u x  a m p l i f i e r  i s  t h e  

r e v i s e d  s i g n a l  c a l l e d  t h e  f l u x .  

144. This reset f l u x  s i g n a l  i s  s e n t  t o  t h e  s e r v o  a m p l i -  

uI_ f i e r ,  where i t  i s  compared w i t h  s i g n a l s  from both  

t h e  c o o l a n t  f low monitor and t h e  power- leve l  demand. 

reset 
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145. The s e r v o  a m p l i f i e r  does two jobs .  It a m p l i f i e s  and 

i t  s i g n a l s  from t h r e e  s o u r c e s .  

146. Prom t h i s  comparison comes a v o l t a g e - d i f  f e r e n c e  s i g -  compares 

n a l  c a l l e d  a n  e r r o r  s i g n a l .  

147. When t h e  s e r v o  a m p l i f i e r  compares t h e  reset f l u x  

w i t h  t h e  s e r v o  demand and t h e  c o o l a n t - f l o w  informa- 

t i o n ,  it produces a n  o u t p u t  c a l l e d  a n  s i g n a l .  

148. The d e s i g n  of t h e  s e r v o  sys tem i s  d i f f e r e n t  e r r o r  

from t h a t  of t h e  system i n s t a l l e d  i n  t h e  O x .  It i s  

i d e n t i f i e d  as a " p r o p o r t i o n a l "  s e r v o  because  t h e  

speed a t  which t h e  s e r v o  motor r u n s  i s  p r o p o r t i o n a l  

t o  t h e  s i z e  of the e r r o r  between t h e  demanded and 

measured r e a c t o r  power l e v e l s .  I f  t h e  e r r o r  i s  

small, c o r r e c t i o n  i s  made s l o w l y ;  b u t ,  i f  i t  i s  

l a r g e ,  t h e  c o r r e c t i o n  b e g i n s  r a p i d l y ,  s lowing  down 

as z e r o  e r r o r  i s  approached. As i n  t h e  case of 

o t h e r  s e r v o s ,  t h e  d i r e c t i o n  of motor r o t a t i o n  i s  

determined by t h e  (+ o r  -> of t h e  e r r o r  s i g n a l .  

149. The e r r o r  s i g n a l  c a u s e s  t h e  e l e c t r i c a l  power sup-  

p l i e d  t o  each  s e r v o  motor t o  v a r y  i n  v o l t a g e  and 

p o l a r i t y ,  p l u s  o r  minus, and t h e s e  v a r i a b l e s  d e t e r -  

mine t h e  d i r e c t i o n  of r o t a t i o n  and a l s o  t h e  

w i t h  which t h e  motor t u r n s .  
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150. The d i r e c t i o n  and t h e  speed w i t h  which t h e  s e r v o  

motor r o t a t e s  are determined by t h e  p o l a r i t y  and 

s i z e  of t h e  s i g n a l  t h a t  comes from t h e  a m p l i -  

f ier . - 

speed 

151. I f  t h e  demand s i g n a l  t o  a s e r v o  a m p l i f i e r  i s  h i g h e r  s e r v o  

t h a n  t h e  reset f l u x  s i g n a l ,  the s e r v o  motor w i l l  

move t h e  r e g u l a t i n g  c y l i n d e r  so  as t o  ( i n c r e a s e ,  

d e c r e a s e )  t h e  r e a c t i v i t y .  

152. The a c t i o n  of a s e r v o  channel  i s  always t o  change 

t h e  r e a c t i v i t y  i n  such a d i r e c t i o n  t h a t  t h e  e r r o r  

s i g n a l  w i l l  become zero. 

153. I n  t h e  above-mentioned c a s e ,  t h e  s e r v o  channel  w i l l  

t e m p o r a r i l y  i n c r e a s e  t h e  r e a c t i v i t y  u n t i l  t h e  reset  

f l u x  i s  t h e  same as t h e  demand s i g n a l  and t h e  e r r o r -  

s i g n a l  v o l t a g e  becomes . 

i n c  r eas e 

154. The o t h e r  two s e r v o  c h a n n e l s  also produce e r r o r  z e r o  

s i g n a l s  which r e g u l a t e  t h e  power t o  t h e i r  i n  

t h e  same manner. 

155. A s  noted i n  F i g u r e  V - 5 4  t h e  t h r e e  motors are 

a t t a c h e d  t o  the d r i v e  mechanism oE t h e  r e g u l a t i n g  

c y l i n d e r  through a system of d i f f e r e n t i a l  g e a r s  

which make up a “ v e l o c i t y  adder“ .  

motors 
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156. E& motor t r ies t o  p o s i t i o n  t h e  r e g u l a t i n g  c y l i n d e r  

through t h i s  system of d i f f e r e n t i a l  g e a r s  c a l l e d  a 

157. The v e l o c i t y  adder  works i n  such a way t h a t  when any v e l o c i t y  adder  

two motors t u r n  i n  t h e  same d i r e c t i o n  t h e y  overpower 

a n  o p p o s i t e  motion of t h e  t h i r d  and d r i v e  t h e  r e g u -  

l a t i n g  c y l i n d e r  i n  t h e  c o r r e c t  d i r e c t i o n  t o  

( i n c r e a s e ,  d e c r e a s e )  t h e i r  e r r o r  s i g n a l .  

_p 

158. The t r i p l e  s e r v o  i s  not an  example of a two-of - t h r e e  

c o i n c i d e n c e  system b u t ,  l i k e  t h e  t h r e e  c o u n t i n g  

c h a n n e l s ,  makes f o r  i n c r e a s e d  r e l i a b i l i t y  of opera-  

t i o n .  A c o i n c i d e n t  s e r v o  system i s  n e c e s s a r y  t o  

match t h e  c o i n c i d e n t  s a f e t y  system. (True, F a l s e ) .  

d e c r e a s e  

159. A s  long as any two s e r v o  c h a n n e l s - a r e  o p e r a t i n g  . f a l s e  

p r o p e r l y  t h e r e  w i l l  be  no a p p a r e n t  o r  real degreda-  

t i o n  i n  t h e  performance of t h e  s e r v o  system. 

s i n g l e  channel  (may, may n o t )  be taken  out  of ser- 

v i c e  f o r  repair  d u r i n g  r e a c t o r  o p e r a t i o n .  

Any 

160. I n  f a c t ,  two channels  of t h e  s e r v o  system may f a i l  may 

s i m u l t a n e o u s l y  i n  a number of ways and t h e  remaining 

channel  w i l l  c o n t i n u e  t o  c o n t r o l  t h e  r e a c t o r  sa t is-  

f a c t o r i l y .  The t h r e e - c h a n n e l  s e r v o  system ( i s ,  i s  

n o t )  a h i g h e r  performance s y s t e n  than  t h e  s i n g l e -  

channel  t y p e .  



161. 

162. 

163. 

164. 
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I f  some p e r t u r b a t i o n  should  c a u s e  t h e  neut ron  f l u x  

i n  t h e  v i c i n i t y  of s e r v o  chamber t o  i n c r e a s e ,  

t h e  s i g n a l  from t h a t  chamber w i l l  be  (smaller, 

l a r g e r )  t h a n  t h e  s i g n a l s  from t h e  o t h e r  two s e r v o  

chambers 

The e r r o r  s i g n a l  would be such  as t o  make t h i s  chan-  

- n e l  of t h e  s e r v o  t r y  t o  ( i n c r e a s e ,  d e c r e a s e )  the  

r e a c t i v i t y  by moving t h e  r e g u l a t i n g  rod .  

The o t h e r  two s e r v o  channels  d e t e c t i n g  t h e  beginning  

of a d e c r e a s e  i n  r e a c t o r  power would promptly b r i n g  

t h e  power back toward  t h e  demand p o i n t  by ( inser t ing, ,  

wi thdrawing)  t h e  r e g u l a t i n g  rod as needed 

- - - - - - -  
_I I 

Before t h e  s e r v o  system can ac t ,  i t  must 
d e t e c t  a n  e r r o r  between t h e  a c t u a l  and 
demanded power l e v e l ,  Of c o u r s e ,  i n  t h e  
t r i p l e  s e r v o  system i n  which each  channel  
i s  independent ,  any e r r o r  d e t e c t e d  by one 
channel  w i l l  cause  i t  t o  ac t  whether  t h e  
e r r o r  r e s u l t e d  from real  o r  s p u r i o u s  c o n d i -  
t i o n s .  The o t h e r  two c h a n n e l s ,  which would 
not  be a f f e c t e d  by t h e  same s p u r i o u s  c o n d i -  
t i o n s ,  would b e g i n  c o u n t e r a c t i n g  t h e  rea l  
e r r o r  i n t r o d u c e d  by t h e  _one channel  as soon 
as t h a t  e r r o r  w a s  d e t e c t e d .  The ne$ p e r -  
t u r b a t i o n  i n  t h e  f l u x  would b e  a p p r e c i a b l y  
smaller, however, t h a n  t h a t  which would 
have occurred  had t h e r e  been only  a s i n g l e  
s e r v o  system. - 

When t h e  r e a c t o r  power r e a c h e s  10 Mw d u r i n g  s t a r t u p ,  

the servo system assumes control and s t o p s  t h e  power 

from i n c r e a s i n g  f u r t h e r  by i n s e r t i n g  t h e  r e g u l a t i n g  

c y l i n d e r  as needed t o  (lower, raise,  hold  c o n s t a n t )  

t h e  power l e v e l .  

i s  

l a r g e r  

dec  r ease 

withdrawing 
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165. A t  t h i s  time the  h e a t  power i s  allowed t o  r e a c h  

e q u i l i b r i u m ,  and i n s t r u m e n t s  are a g a i n  checked 

b e f o r e  r a i s i n g  t h e  power l e v e l  t o  N which i s  I?' 

166. When a l l  checks are  complete ,  t h e  "run" b u t t o n  i s  

pushed and t h e  o p e r a t o r  raises t h e  s e r v o  demand t o  

i n c r e a s e  t h e  power l e v e l .  

167. The a t  which r e a c t i v i t y  can  be i n c r e a s e d  by 

s e r v o  c o n t r o l  i s  l i m i t e d  by t h e  speed of t h e  s e r v o  

motors .  The motor speeds  normally l i m i t  t h e  power 

change t o  a r a t e - o f - r i s e  of 1 .5  Mw/sec. 

168. The s e r v o  system o p e r a t e s  only  t h e  r e g u l a t i n g  c y l i n -  

der, and t h e  rate t h a t  t h e  r e a c t i v i t y  c a n  be i n -  

c r e a s e d  i s  c o n t r o l l e d  by t h e  of t h e  s e r v o  

motors .  

- - - - - - -  
169. The s e r v o  motors normally l i m i t  t h e  power r a t e - o f -  

r ise  t o  Mw/sec i f  t h e  shim plates  are n o t  

moved e 

hold  c o n s t a n t  

speed 

170. The t o t a l  amount of r e a c t i v i t y  t h a t  t h e  s e r v o  sys tem 1 . 5  

i s  al lowed t o  c o n t r o l  i s  t h e  r e a c t i v i t y  wor th  of one 
l i n e a r  i n c h  of t h e  r e g u l a t i n g  c y l i n d e r .  

1 7 1 .  Mechanical s t o p s  are p laced  s o  t h a t  t h e  s e r v o  system 

c a n  i n c r e a s e  r e a c t i v i t y  only by a n  amount e q u a l  t o  

t h e  r e a c t i v i t y  wor th  of of t h e  r e g u l a -  

t i n g  c y l i n d e r .  
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1 7 2 .  When one of t h e s e  s.top$ i s  reached ,  t h e  shim plates  one inch  

are a d j u s t e d  by t h e  o p e r a t o r  t o  increase o r  d e c r e a s e  

r e a c t i v i t y ,  as needed, i n  o r d e r  t h a t  t h e  s e r v o  s y s -  

t e m  w i l l  move t h e  r e g u l a t i n g  c y l i n d e r  back t o  t h e  

c e n t e r  of i t s  o p e r a t i n g  r a n g e  when i t  compensates 

f o r  t h e  change made by t h e  shim p la tes .  

173. When t h e  s e r v o  system a d j u s t s  t h e  r e g u l a t i n g  c y l i n -  

dey t o  compensate f o r  t h e  r e a c t i v i t y  change caused 

by moving t h e  shim p la t e s ,  i t  moves away from t h e  

s t o e ;  and once a g a i n  t h e  s e r v o  i s  a b l e  t o  t h e  

power l e v e l  a ,u tomat ica l ly .  

174. By withdrawing b o t h  t h e  shim p la t e s  and t h e  r e g u l a -  c o n t r o l  or 
a d j u s t  

t i n g  c y l i n d e r ,  t h e  r e a c t i v i t y  can b e  i n c r e a s e d  f a s t  

enough t o  b e  a h a z a r d .  So, t h e  r a t e - o f - r i s e  of t h e  

power l e v e l  by group automatic-shim wi thdrawal  i s  

l i m i t e d  by a "group-withdraw i n h i b i t "  w h i c h  i s  i n i -  

t i a t e d  i f  any two of t h e  t h r e e  s e r v o  channels  see a 

r a t e - o f - r i s e  g r e a t e r  t h a n  5 Wdlsec. 

I 

175. I f  t h e  r e a c t i v i t y  should suddenly b e  i n c r e a s e d  

enough t o  c a u s e  a power r a t e - o f - r i s e  (less, g r e a t e r )  

t h a n  5 Mw/sec as determined by t h e  s e r v o  channels ,  

wi thdrawal  of a l l  c o n t r o l  p la tes  would b e  i n h i b i t e d .  

4.8. C o n t r o l  a t  F u l l  Power 

176. The c o n t r o l  of t h e  r e a c t o r  n e u t r o n - f l u x  l e v e l  i n  t h e  g r e a t e r  

power r a n g e  i s  t h e  j o b  of the  system. There 

are,  however, l i m i t s  p laced  on o p e r a t i o n  by o t h e r  

ins t rument  channels .  
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17'7. Because t h e  b u i l d u p  of xenon and samarium poisons s e r v o  

i s  r e l a t i v e l y  h i g h  i n  t h e  HFIR, a restart  f o l l o w i n g  

a scram is ,  a t  the. least ,  d i f f i c u l t  t o  a c h i e v e  and 

may be i m p o s s i b l e ,  even i f  a t tempted  immediately.  

178. 

179. 

180. 

It is  of (more, less, e q u a l )  importance t o  avoid  

scrams i n  t h e  HFIR tha.n i n  o t h e r  ORNL r e a c t o r s .  

A t  f u l l  power, t h e  HPIR i s  running  much n e a r e r  core more 

burnout  c o n d i t i o n s  t h a n  are o t h e r  ORNL r e a c t o r s .  A 
r e l a t i v e l y  s m a l l  i n c r e a s e  i n  n e u t r o n  f l u x  o r  d e -  

c r e a s e  i n  c o o l a n t  f low could r e s u l t  i n  burnout  

(breach  of f u e l  c l a d d i n g  by m e l t i n g ) .  

The H F I R  ( w i l l ,  w i l l  n o t )  t o l e r a t e  a c o n s i d e r a b l e  

i n c r e a s e  i n  f l u x  o r  d e c r e a s e  i n  c o o l a n t  f low w h i l e  

o p e r a t i n g  a t  f u l l  power. 

I n  t h e  HFIR it  i s  advantageous t o  c o n t i n u e  
o p e r a t i o n  a t  a power l e v e l  c o n s i s t e n t  w i t h  
t h e  a v a i l a b l e  c o o l a n t  f low r a t h e r  t h a n  t o  
scram. T h i s  i s  so  because of t h e  r a p i d  
b u i l d u p  of xenon and t h e  subsequent  b u i l d -  
up of s t a b l e  samarium (poisons) .  Coolant  
f low m u s t  c o n t i n u e  i n  o r d e r  t o  avoid  c o r e  
meltdown from a f t e r h e a t .  I f  a f t e r h e a t  i s  
I_ not  removed, a scram can do L i t t l e  more 
t h a n  postpone a melt-down. To avoid  unnec- 
e s s a r y  scrams, when most of t h e  c o o l a n t  
f low i s  l o s t  b u t  a f t e r h e a t  c o o l a n t  f low i s  
s t i l l  a v a i l a b l e ,  t h e  power of t h e  r e a c t o r  
i s  a u t o m a t i c a l l y  reduced under s e r v o  con- 
t r o l  t o  a v a l u e  cor responding  t o  t h e  
reduced f low.  The s a f e t y  system, meanwhile, 
r e - a d j u s t s  i t s e l f  t o  p r o t e c t  t h e  r e a c t o r  
a g a i n s t  power  i n c r e a s e s  above t h a t  c o r r e -  
sponding t o  t h e  heat-removal  r a t e  provided 
w i t h  t h e  c o o l a n t  f low a v a i l a b l e .  - I 

w i l l  not  
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181. Scramming the HFLR ( is ,  is n o t )  t h e  most d e s i r a b l e  

c o r r e c t i v e  measure f o r  an  e x c e s s i v e l y  h i g h  power 

l e v e l  

182. Scramming t h e  HFIR (is, i s  n o t )  always d e s i r a b l e  o r  i s  n o t  

n e c e s s a r y  f o l l o w i n g  loss of e l ec t r i ca l  power t o  t h e  

pr imary c o o l a n t  pumps. 

183. W i t h i n  t h e  des igned  o p e r a t i n g  r a n g e  of t h e  H F I R ,  t h e  i s  n o t  

a l l o w a b l e  power l e v e l  i s  determined by t h e  c o o l a n t  

f low r a t e .  The c o n t r o l l i n g  ins t rument  s i g n a l  i s  

c a l l e d  t h e  f l u x - t o - f l o w  r a t i o .  The p e r m i s s i b l e  

o p e r a t i n g  power l e v e l  of t h e  HFIR i s  determined by 

t h e  of r e a c t o r  f l u x  t o  c o o l a n t  f low a t  t h a t  

p a r t i c u l a r  tine. 

184. The power l e v e l  a t  which t h e  HFIR a u t o m a t i c a l l y  r a t i o  

scrams (does,  does n o t )  depend on t h e  c o o l a n t - f l o w  

ra te  a t  t h e  t i m e .  - 

4.9 .  Power-Level S a f e t y  

185. Unlike o t h e r  OIPNL r e a c t o r  systems,  t h e  HFIR system does 

does not  u s e  t h e  power- level  s a f e t y  r e c o r d e r s  as t h e  

p r i n c i p a l  power r e c o r d i n g  i n s t r u m e n t s  Each of t h e  

t h r e e  r e c o r d e r s  does ,  however, t a k e  i t s  s i g n a l  from 

a separate. i o n i z a t i o n  chamber; b u t  t h e  chamber s i g -  

n a l  h a s  f i r s t  been c o r r e c t e d  t o  a power c o r r e s p o n -  

d i n g  t o  t h e  e x i s t i n g  h e a t  power. 

a c t i o n s  o r i g i n a t e  from s i g n a l s  from t h e s e  recorders . )  

(No c o n t r o l  
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. 

186. A s  at  t h e  o t h e r  BRNL r e a c t o r s ,  t h e r e  are 

power- level  s a f e t y  channels  a t  t h e  HE'ZR. 

'The same i n s t r u m e n t s  are r e f e r r e d  t o  b o t h  
a s  "f l u x - l e v e l "  and a s  "power-level" s a f e t y  L i n s t r u m e n t s .  

187. The power- level  s a f e t y  channels  g i v e  t h e  o p e r a t o r  

i n f o r m a t i o n  as  t o  t h e  power l e v e l  above a p p r o x i -  

mate ly  10 Mw. 

188. The l i n e a r  r e c o r d e r s  of t h e  s a f e t y  channels  r e a d  t h e  

reset f l u x  l e v e l  (or  v a l u e )  from about  5 Mw t o  more 

th.an Mw, which i s  f u l l  power. 

189. The " f a s t  t r i p  comparators" (FTC's) of t h e  f l u x -  

l e v e l  s a f e t y  channels  are e l e c t r o n i c  d e v i c e s  t h a t  

monitor  t h e  reset f l u x  and t r i p  a t  1.1 N (110 Mw) 

t o  i n i t i a t e  a r e v e r s e ,  t h u s  r e d u c i n g  r e a c t o r  power 

i f  i t  should  tend  t o  r ise t o o  h i g h  f o r  any r e a s o n .  

F 

190. A t  l eas t  t w o  wf t h e  t h r e e  FTC's i n  t h e  f l u x - l e v e l .  

s a f e t y  channels  must d e t e c t  a power l e v e l  of 1.1 N 

i n  o r d e r  f o r  t h e  r e v e r s e  t o  b e  i n i t i a t e d .  The 

c o i n c i d e n c e  arrangement  e n s u r e s  t h a t  s p u r i o u s  

a c t i o n s  o f  one i n s t r u m e n t  or  cha.nne1 w i l l  not  i n t e r -  

f e r e  w i t h  r e a c t o r  o p e r a t i o n s ;  b u t ,  and more impor- 

tan tLy,  the Coincidence system p e r m i t s  o n - l i n e  

t e s t i n g  and maintenance of t h e  equipment.  

F 

- - - - - - -  

t h r e e  

100 
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.I*. 

191.  I f  something should happen t o  cause  t h e  power l e v e l  two-of - t h r e e  o r  
two-out-of - t h r e e  

t o  s u r g e  t o  1 . 3  N ( Mw), t h e  s a f e t y  channels  

would c u t  o f f  t h e  c u r r e n t  t o  che c o n t r o l - r o d - d r i v e  

magnets,  c a u s i n g  t h e  r o d s  t o  d r o p  i n  what i s  c a l l e d  

a ' ! fas t  scram." 

F 

The HFIR sh im-safe ty  plates  a r e  suppor ted  
on t h e  d r i v e  rods  by b a l l  l a t c h e s  which are 
opera ted  by s h a f t s  t h a t  ex tend  down t o  
e l e c t r o m a g n e t s  l o c a t e d  i n  t h e  s u b p i l e  room. 
When e n e r g i z e d ,  t h e s e  e l e c t r o m a g n e t s  ho ld  
t h e  l a t c h  s h a f t  i n  t h e  cLutch p o s i t i o n  and 
p r e v e n t  t h e  s h i m - s a f e t y  plates from drop-  
ping.  I f  a s  much a s  t w o - t h i r d s  of t h e  c u r -  
r e n t  t o  t h e  e l e c t r o m a g n e t s  i s  lost, t h e y  
allow t h e  l a t c h  s h a f t  t o  release t h e  shim- 
s a f e t y  plates s o  t h a t  t h e  p la tes  drop and 
c a u s e  a scram. E A  of t h e  e l e c t r o m a g n e t s  
i s  equipped w i t h  t h r e e  e n e r g i z i n g  c o i l s - -  
each c o i l  c o n t r o l l e d  by o n l y  one 0.f t h e  
" f a s t - t r i p  comparatorsi '  i n  t h e  s a f e t y  s y s -  
- t e m .  Thus, i f  two FTC'S r e d u c e  t h e  c u r r e n t  
i n  t h e  c o i l s  t h e y  c o n t r o l ,  a scram w i l l  - occur .  I f ,  however, only one FTC r e d u c e s  
t h e  c u r r e n t  i n  its c o i l ,  scram w i l l  
r e s u l t .  - - 

130 

192.  Again,  t h e  two-of - three  c o i n c i d e n c e  p r e v a i l s  so t h a t  

i n  o r d e r  € o r  t h e  r e a c t o r  t o  be s h u t  down w i t h  a fast 
scram a t  least  power- level  s a f e t y  channels  

would have t o  "see" a power l e v e l  of Mi4 . 



220 

193. A power s u r g e  t o  130 Mw i s  t h e  o n l y  cause  of a two, 
130 

f a s t  scram. I n f o r m a t i o n  from seven  d i f f e r e n t  

s o u r c e s  p e r  channel  i s  f e d  i n t o  i n d i v i d u a l  F T C ' s ,  as 

shown i n  F i g u r e  V-55. Each of t h e s e  i n s t r u m e n t s  

compares t h e  composi te  s i g n a l  Erom i t s  s o u r c e s  w i t h  

a r e f e r e n c e  v o l t a g e  and sends  t h e  d i f f e r e n c e  o r  

" e r r o r  s i g n a l "  t o  t h e  "OR" I c i r c u i t ,  which e i t h e r  

a l l o w s  magnet c u r r e n t  t o  flow when a l l  c o n d i t i o n s  

are normal o r  does n o t  a l l o w  magnet c u r r e n t  t o  f l o w  

when any one c o n d i t i o n  changes beyond t o l e r a n c e  e 

194. Each of t h e  t h r e e  s a f e t y  channels  h a s  a n  "OR" n e t -  

work which a c c e p t s  s i g n a l s  from,= of t h e  seven  

- comparators .  -- 

195. Normally, t h e  "OR" c i r c u i t  r e c e i v e s  a 1 0 - v o l t  s i g n a l  f a s t - t r i p  

from t h e  f a s t - t r i p  comparator .  I f  Lhe "OR" network 

i n  any channel  r e c e i v e s  a z e r o  e r r o r  v o l t a g e  (condi-  

t i o n  beyond t o l e r a n c e ) ,  which means t h a t  a f a s t  

scram r e q u e s t  has come from one of t h e  seven  compara- 

t o r s ,  i t  t u r n s  o f f  t h e  magnet c u r r e n t  t h a t  i t  con-  

t r o l s  * 

196. Then, i f  = of t h r e e  "OR" networks b o t h  c u t  o f f  t h e  

- c u r r e n t  they c o n t r o l ,  t h e  r o d s  drop-and s h u t  

down t h e  r e a c t o r .  

- - - - - - -  
197.  The two-of-three arrangement  i s  used i n  t h e  

c o n t r o l  c h a n n e l s  as w e l l  as i n  t h e  s a f e t y  channels  

t o  keep s p u r i o u s  s i g n a l s  from i n t e r f e r i n g  w i t h  r e a x -  

t o r  o p e r a t i o n  and t o  p e r m i t  o n - l i n e  t e s t i n & .  

m a  gne t 
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4.10. Review of HFIR C o n t r o l  Systems 

198. The HFIR has  o p e r a t i n g  modes (Frame 96) 

199. When t h e  o p e r a t o r  a t  t h e  HFIR i s  a s s u r e d  t h a t  t h e  

CRM i s  r e a d i n g  p r o p e r l y ,  t h a t  t h e  f iss ion-chamber 

d r i v e  w i l l  o p e r a t e  a u t o m a t i c a l l y ,  and t h a t  t h e  p u l s e  

a m p l i f i e r  i s  r e a d y  t o  o p e r a t e ,  he i s  s a i d  t o  have 

c o u n t i n g  -rate and i s  ready  f o r  r e a c t o r  11 

s t a r t u p .  (Frames 99-102) 

200. A t  t h e  HFIR,  t h e  c o n t r o l  plates are withdrawn 

( i n t e r m i t t e n t l y ,  c o n t i n u o u s l y )  d u r i n g  s t a r t u p .  

(Frames 103 and 104) 

201. The a u t o m a t i c  f i ss ion-chamber  d r i v e  keeps t h e  f i s -  

s i o n  chamber p o s i t i o n e d  s o  t h a t  t h e  CEW count  i s  

main ta ined  a t  c o u n t s / s e c .  (Frame 106) 

202.  The power l e v e l ,  d u r i n g  s t a r t u p ,  i s  c a l c u l a t e d  and 

d i s p l a y e d  by t h e  - c o u n t i n g  channel .  

(Frames 107 -110) 

203. I n  most cases of e l e c t r o n i c  c o n t r o l  a t  t h e  HFIR, a 

c o n t r o l  a c t i o n  i s  i n i t i a t e d  o n l y  when i n s t r u -  

m e n t a t i o n  channels  r e c o g n i z e ,  a t  t h e  same t i m e ,  t h e  

need f o r  c o n t r o l  a c t i o n .  (Frames 115 and 116) 

c0incide.nc.e 

t ,hree 

c onf idence. 

c o n t i n u o u s l y  

10,000 

wide -range 
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204. When a t  Least two s i g n a l s  are r e q u i r e d  from a group 

of t h r e e  i n s t r u m e n t s  t o  produce a c o n t r o l  o r  s a f e t y  

a c t i o n ,  the  a c t i o n  is  c a l l e d  . (Frames 

115-117) 

- - - - - - -  
205. The 30-sec-per iod  i n h i b i t  d u r i n g  s t a r t u p  i s  a c a s e  

i n  which two-of - three  co inc idence  ( is ,  i s  n o t )  u s e d ,  

(Frames 118-122)  

206. During s t a r t u p  when t h e  power r e a c h e s  , a n  

a u t o m a t i c  c o n t r o l  system c a l l e d  t h e  system 

assumes c o n t r o l  of t h e  r e a c t o r  and w i l l  hold t h e  

power a t  any s e l e c t e d  l e v e l  w i t h i n  t h e  a l low-  

a b l e  range .  (Frames 130-132) 

207. The s e r v o  system (does,  does n o t )  u s e  t h e  two-of- 

t h r e e  c o i n c i d e n c e  system f o r  i t s  c o n t r o l l i n g  

a c t  i o n s  e (Frames 157 -160) 

208. The n e u t r o n - f l u x  s i g n a l  t o  t h e  f l u x  a m p l i f i e r  of the  

s e r v o  system i s  au tomat ica . l ly  r e v i s e d  t o  be t h e  same 

as t h e  - measure of power l e v e l .  T h i s  

r e v i s e d  s i g n a l  i s  c a l l e d  t h e  f lux  signa.1. 

(Frames 141-144) 

209. The c o r r e c t i v e  a c t i o n  of a s e r v o  channel  i s  always 

i n  a d i r e c t i o n  t h a t  w i l l  produce a z e r o  s i g -  

m.1. (Frames 150-152> 

two 

two-of - three 
c o i n c  i d  e nc e 

i s  not, 

10 Mw, 
s e r v o  
c on s t a n  t 

does not  

h e a t  -power, 
reset  
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210. The s e r v o  normally l i m i t s  a power change t o  a ra te-  e r r o r  

o f - r i s e  of Mw/see. (Frame 167) 

211. Power i n c r e a s e s ,  r e s u l t i n g  from group a u t o m a t i c -  

shim-withdrawal are s topped by a "group-withdraw- 

i n h i b i t "  which i s  i n i t i a t e d  i f  t w o  f l u x - l e v e l  s a f e t y  

channels  "see" a r a t e - o f  -r ise g r e a t e r  t h a n  

Mw/see. (Frames 174 and 175) 

2 1 2 .  The f l u x - l e v e l  s a f e t y  r e c o r d e r s  are ( l o g a r i t h m i c ,  

l i n e a r )  i n s t r u m e n t s .  (Frame 188) 

213.  I f  two o u t  of the  t h r e e  f l u x - l e v e l  s a f e t y  channels  

"see" a power l e v e l  of 110 Mw, a i s  i n i t i a t e d .  

(Frames 189-190) 

214 .  Dropping of t h e  s h i m - s a f e t y  p l a t e s  caused by a s i g -  

n a l  from the s a f e t y  channels  i s  c a l l e d  a " f a s t "  

. (Frame 191)  

1.5 

5 

l i n e a r  

r e v e r s e  

215. The s a f e t y  channels  i n i t i a t e  a f a s t  scram i f  two o u t  scrim 

of t h e  t h r e e  s e n s e  a power l e v e l  of Mw 

(Frame 191)  

130 
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V - 5 .  I N S T R m N T  BE€UVI@R D U R I N G  AN BDERKY REACTOR STARTUP 

The purpose of t h i s  s e c t i o n  is  t o  d e T c r i b e  a n  o r d e r l y  r c a z t o r  y_ 

s t a r t u p .  We s h a l l  l i s t  tlke sequence of e v e n t s  from t h e  b e g i n n i n g  of t h e  

s t a r t u p  u n t i l  f u l l  power i s  a t t a i n e d  ahd e x p l a i n  e v e n t s  t h a t  have n s  

a l r e a d y  been e x p l a i n e d .  B r i e f l y ,  an o r d e r l y  r e a c t o r  s t a r t u p  c o n s i s t s  

of withdrawing t h e  c o n t r o l  rods  s lowly  u n t i l  t h e  r e a c t o r  i s  c r i t i c a l ,  

withdrawing the r o d s  a l i t t l e  more t o  make t h e  r e a c t o r  s l i g h t l y  s c l p e r -  

c r i t i c a l  s o  t h a t  t h e  power i n c r e a s G ,  s t o p p i n g  t h e  i n c r e a s e  a t  N 

(from 1% t o  10% of f u l l  power,  depending on which r e a c t o r )  when t h e  

S ~ K V O  assumes c o n t r o l ,  c h e c k i n q  chat  a l l  systems are f u n c t i o n i n g  prop- 

e r l y ,  and, f i n a l l y ,  i n c r e a s i n g  t h e  power l e v e l  t o  - 100% of t h e  o p e r a t i n g  

l e v e l  by r a i s i n g  t h e  s e r v o  demand. 

be s l a n t e d  toward i n s t r u m e n t a t i o n  behavior  d u r i n g  t h e  s t a r t u p .  

I__El 

The d i s c u s s i o n  here  w i l l  prirnar i l y  

5.1. P r e s t a r t u p  I n f o r m a t i o n  R.eview 

1. I n  o r d e r  f o r  t h e  f i s s i o n  c h a i n  r e a c t i o n  t o  b e g i n  i n  

a r e a c t o r ,  neut rons  must b e  p r e s e n t  t o  be c a p t x r e d  

by t h e  f u e l  atoms and c a u s e  of t h e  f u e l  atoms. 

2 .  Some f i s s i o n s  t a k e  p l a c e  i n  a new s u b c r i t i c a l  r e a c -  f i s s i o n i n g  

t o r  c o r e  ( c a l l e d  a c o l d ,  c l e a n  c o r e )  due  t o  small 

numbers of n e u t r o n s  b e i n g  produced by cosmic r a d i a -  

P t i o n  r e a c t i n g  w i t h  atoms and due t o  t h e  spontanc.ona 

f i q s i o n i n g  of 238U.  Depending on n e u t r o n s  produced 

i n  t h e s e  ways t o  s t a r t  a r e a c t o r  i s  u n s a t i s f a c t o r y  

€or  a number of r e a s o n s .  F o r  example, t h e r e  would 

be no way of p r e d i c t i n g  when a r e a c t o r  would s t a r t ,  

a s i t u a t i o n  not conducive t o  o r d c r l y  o p c r a t i o n .  

Measurement shows t h a t  t h c  low, nA.tura l l y  o c c u r r i n g  

n e u t r o n  f l u x  f l u c t u a t e s  u n p r e d i c t a b l y  i n  s p i t e  of 

a l l  e f f o r t s  t o  c o n t r o l  i t .  
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3 .  C o n t r o l  of a r e a c t o r  d u r i n g  s t a r c u p  r e q u i r e s  having  

a s t a b l e  n e u t r o n  s o u r c e  which produces a n  a p p r e c i -  

a b l e  q u a n t i t y  of n e u t r o n s .  The s t r e n g t h  of t h e  

s o u r c e  i s  s e l e c t e d ,  among o t h e r  t h i n g s ,  t o  produce 

a s u f f i c i e n t  n e u t r o n  f l u x  t o  be e a s i l y  measurable  

w i t h  ord i n a r x  r a t h e r  t h a n  l a b o r a t o r y  - t y p e  i n s  t TU- 

m e n t a t i o n .  F u r t h e r ,  t h e  f l u x  i s  made h i g h  enough t o  

b e  m o n i t o r a b l e  even when t h e r e  i s  no f u e l  i n  the 

r e a c t o r  so t h a t  t h e  e f f e c t s  of t h e  a d d i t i o n  of each  

unit of f u e l  c a n  b e  observed .  

4 ,  Proper  c o n t r o l  of a r e a c t o r  d u r i n g  s t a r t u p  r e q u i r e s  

a ( l a r g e r ,  s m a l l e r )  q u a n t i t y  of n e u t r o n s  t h m  can be 

s u p p l i e d  by cosmic r a . d i a t i o n  o r  t h e  spontaneous f i s -  

s i o n i n g  of "38v so  t h a t  t h e  n e u t r o n  f l u x  can  b e  

a t  a l l  times. 

5. An adequate  s o u r c e  of neut rons  f o r  r e a c t o r  s t a r t u p  l a r g e r  , 
mo n i  t o  r ~ i i  i s  s u p p l i e d  from e i t h e r  of two s o u r c e s :  (1) photo-  

n e u t r o n s  from high-energy gamma r a d i a t i o n  r e a c t i n g  

w i t h  s t r u c t u r a l  materials, moderator ,  and r e f l e c t o r  

i n  a n  ''2'' r e a c t o r ;  and (2) a s p e c i a l  ' ' nonf i ss ion ' l  

n e u t r o n  s o u r c e  i n  a "new" r e a c t o r .  

- ..... 
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I n  t h e  frame above, t h e  term "old" r e a c t o r  
r e f e r s  t o  any r e a c t o r  t h a t  h a s  r e c e n t l y  
been opera ted  a t  an a p p r e c i a b l e  power l e v e l  
f o r  a n  a p p r e c i a b l e  l e n g t h  of t i m e .  Such a 
r e a c t o r  w i l l  c o n c a i n  r a d i o a c t i v e  n u c l e i  i n  
i t s  s t r u c t u r a l  m a t e r i a l s  and i n  i t s  f u e l  
e lements .  Some of t h e s e  r a d i o a c t i v e  atoms 
emit gamma r a y s  (photons) t h a t  are s- 
g e t i c  enough t h a t  when t h e y  s t r i k e  c e r t a i n  
o t h e r  atoms normally i n  t h e  r e a c t o r  t h e y  
cause  n e u t r o n s  t o  be e x p e l l e d .  
r e a c t o r  would n a t u r a l l y .  not c o n t a i n  such  
r a d i o a c t i v e  atonis--nei ther  would an  ' 'old" 
r e a c t o r  which had been r e c e n t l y  oper -  
a t ed .  

A "new" I_ 

- - 

6 .  High-energy gamma photons i n  an "old" water- 

moderated r e a c t o r  c o r e  produce "photoneutrons" from 

t h e i r  c o l l i s i o n s  w i t h  t h e  n a t u r a l l y  o c c u r r i n g  d e u t e -  

r ium i n  t h e  water. There may b e  enough of t h e s e  

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

n o t  n e c e s s a r y .  

- - - - - - -  
7 .  When a r e a c t o r  i s  E, a n e u t r o n  s o u r c e  i s  kept  near photoneutrons 

t h e  c o r e  t o  provide ,  as  a minimum, a r e a d i l y  d e t e c t -  

a b l e  number of neut rons  p e r  second.  Such a neut ron  

s o u r c e  may be  made of a small b e r y l l i u m  s h e l l  f i l l e d  

w i t h  r a d i o a c t i v e  antimony. 

8. I n  new r e a c t o r s ,  b e r y l l i u m  and r a d i o a c t i v e  antimony 

are o f t e n  used as a n o n f i s s i o n  source, of . 
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9 .  One r e a s o n  f o r  s t a r t i n g  w i t h  a d e t e c t a b l e  neu t ron  - 
f l u x  i s  that  on ly  t h e n  are w e  a b l e  t o  measure,  w i t h  

a s s u r a n c e ,  t h e  i n c r e a s e  i n  neu t ron  f l u x  caused by 

the f i s s i o n i n g  of f u e l  atoms as t h e  r e a c t o r  i s  made 

more n e a r l y  c r i t i c a l .  Only then  can  proper  c o n t r o l  

be e x e r c i s e d .  (Each f i s s i o n  r e t u r n s  two o r  three 

neu t rons  f o r  each  neu t ron  absorbed.)  

10. The f a c t o r  by which the neu t ron  f l u x  i n c r e a s e s  above 

source  l e v e l  as a r e s u l t  of  t h e  f i s s i o n i n g  of f u e l  

atoms (when f u e l  i s  p resen t )  i s  c a l l e d  the  n e u t r o n  

m u l t i p l i c a t i o n .  

11. I f  w e  know t h e  neu t ron  f l u x  due t o  t h e  sou rce  only  

and c a n  measure t h e  i n c r e a s e  i n  neu t ron  m u l t i p l i c a -  

t i o n  a t  any  time d u r i n g  s t a r t u p ,  w e  c a n  c a l c u l a t e  

how n e a r l y  t h e  r e a c t o r  i s  as e i t h e r  more fuel 

i s  added o r  as t h e  c o n t r o l  r o d s  are  withdrawn.  

1 2 .  Each c o n d i t i o n  shown i n  F i g u r e  V-56 i s  a s t e a d y -  

s t a t e  c o n d i t i o n .  The i n c r e a s e  i n  neu t rons  above 

source  l e v e l  s e e n  by t h e  d e t e c t o r  and caused b y  t h e  

presence  of f u e l  i s  the  neu t ron  . 

neu t rons  

c r i t  i c a. 1 

13 .  From t h e  d e t e c t o r ' s  p o i n t  of view, t h e  f u e l  a m p l i -  

f i e s  t he  number of neu t rons  r e l e a s e d  by t h e  n o n f i s -  

m u  1 t i. p 1 i c  n t i o n  

- 
II s i o n  neu t ron  source .  
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only)  

Detect or 

and F U ~ L ~ )  
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No n e u t r o n s  rir 

\ I /  
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-0- 4 

Neutrons 
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f ue 12) 
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F u e l  , f u e l 2 '  
and l u e l 3 )  

.... 
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...-... 
14. A s  more € u e l  i s  added t o  t h e  c o r e  o r  as n e u t r o n  poi- 

son i s  removed from t h e  c o r e ,  t h e  neut ron  f l u x  . 
A comparison of t h e  neut ron  f l u x  w i t h  no f u e l  p r e s -  

e n t  t o  t h e  neut ron  f l u x  when f u e l  i s  p r e s e n t  allows 

u s  t o  compute t h e  n e u t r o n  t h a t  the  f i s s i o n i n g  

of E u e l  c a u s e s  e 

15. A s  more € u e l  i s  added or as more n e u t r o n  poison i s  i n c r e a s e s ,  
mu 1 t i p  l i c  a t  ion 

removed, the  n e u t r o n  m u l t , i p l i c a t i o n  ra te  i n c r e a s e s .  

16. A s  t h e  r e a c t o r  n e a r s  c r i t i c a l i t y  due t o  f u e l  a d d i -  

t i o n s  o r  due t o  poison removal,  t h e  n e u t r o n  m u l t i -  

p l i c a t i o n  ra te  becomes v e r y  l a r g e  and i t s  r e c i p r o c a l  

approaches z e r o .  Thus, a graph  of t h e  r e c i p r o c a l  of 

t h e  m u l t i p l i c a t i o n  ra te  v e r s u s  f e u 1  c o n t e n t  of t h e  

- c o r e  can be used t o  p r e d i c t  t h e  t o t a l  amount of f u e l  

r e q u i r e d  t o  make t h e  r e a c t o r  c r i t i c a l  e 

1 7 .  I n  o r d e r  f o r  a r e a c t o r  t o  a c h i e v e  a s e l f - s u s t a i n i n g ,  

c h a i n  r e a c t i o n  independent  of t h e  n o n f i s s i o n  n e u t r o n  

s o u r c e ,  t h e  c o r e  must c o n t a i n  a c r i t i c a l  mass of 

18. The c r i t i c a L  i s  t h e  smallest amount of f u e l  i n  f u e l  

a g i v e n  r e a c t o r  c o r e  of a c e r t a i n  s i z e  and shape i n  

which a s e l f - s u s t a i n i n g  f i s s i o n  c h a i n  r e a c t i o n  w i l l  

o c c u r .  

19 .  The s m a l l e s t  amount of f u e l  which will suppor t  a 

s e l f - s u s t a i n i n g  f i s s i o n  c h a i n  r e a c t i o n  i n  a r e a c t o r  

core  i s  c a l l e d  t h e  mass .) 

mass 
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20. I f ,  however, w e  s t a r t e d  o p e r a t i n g  t h e  r e a c t o r  w i t h  

e x a c t l y  a c r i t i c a l  mass, t h e  c h a i n  r e a c t i o n  could 

2 1  

- not  be s u s t a i n e d  long because t h e  f i s s i o n i n g  of t h e  

atoms of 235U would soon reduce  t h e  amount of 
2 35u 

t o  below t h e  c r i t i c a l  mass. 

Thus, i n  o r d e r  f o r  a r e a c t o r  t o  a c h i e v e  and s u s t a i n  

c r i t i c a l  

a n  a p p r e c i a b l e  l e v e l  of power product ion ,  t h e  reac- 

t o r  must have more f u e l  than  j u s t  t h e  . 

c r i t i c a l  mass 22 .  I n s t e a d  of d i s c u s s i n g  t h i s  excess amount of f u e l  i n  

terms of ki lograms or pounds, w e  re la te  t h e  e x c e s s  

t o  t h e  number of f i s s i o n s  i t  can  produce and speak  

of t h e  r e a c t o r ' s  e x c e s s  k. The c o n t r o l  r o d s  are 

used t o  "cancel"  t h i s  u n t i l  i t  i s  needed. 
- ..... 

_I 

 will r e c a l l  t h a t  "k" s t a n d s  f o r  t h e  I r a t i o  of t h e  number of f i s s i o n s  caused by 
n e u t r o n s  i n  o s ,  g e n e r a t i o n  t o  t h e  number of 
f i s s i o n s  caused by t h e  preceding  g e n e r a t i o n  
of n e u t r o n s .  

23. I€ a r e a c t o r  h a s  more t h a n  enough f u e l  t o  make i t  

c r i t i c a l ,  i t  i s  s a i d  t o  have k. 

24. A r e a c t o r  w i t h  e x c e s s  k must a l s o  have a method of 

c o n t r o l l i n g  t h e  u s e  of t h a t  e x c e s s .  

method of c o n t r o l  i s  t o  p l a c e  n e u t r o n  a b s o r b e r s  

(poisons)  i n  t h e  form of c o n t r o l  r o d s  w i t h i n  t h e  

f u e l  c o n f i g u r a t i o n  s o  t h a t  e x c e s s  n e u t r o n s  are 

absorbed and are n o t  a v a i l a b l e  t o  c a u s e  . 

The u s u a l  

e x c e s s  k 

excess 
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..... 

25. To keep t h e  r e a c t o r  a t  a g i v e n  power l e v e l ,  t h e  f i s s i o n  

r o d s  are a d j u s t e d  so t h a t  t h e y  a b s o r b  j u s t  

enough neut rons  t o  make t h e  f i s s i o n s  caused by _one 
g e n e r a t i o n  of n e u t r o n s  e q u a l  t o  t h e  number caused by 

t h e  p r e c e d i n g  g e n e r a t i o n  of neut rons  

26.  When each g e n e r a t i o n  of n e u t r o n s  i s  e q u a l  i n  number c o n t  r o 1 

t o  t h e  l a s t  g e n e r a t i o n ,  t h e  r e a c t o r  i s  . 

2 7 .  When a r e a c t o r  is  c r i t i c a l ,  k = 1 and t h e  r a t i o  of c r i t i c a l  

f i s s i o n s  caused by one g e n e r a t i o n  of n e u t r o n s  t o  t h e  

f i s s i o n s  caused by t h e  next  g e n e r a t i o n  i s  . 

28 .  I n  o r d e r  t o  c o n t r o l  t h e  e x c e s s  k,  neut ron  a b s o r b e r s  1:l or  o n e - t o -  
one are p laced  c lose  t o  t h e  f u e l  t o  n u l l i f y  t h e  e f f e c t  

of t h e  e x c e s s  k.  These a b s o r b e r s  a r e  u s u a l l y  c a l l e d  

r o d s .  

2 9 .  These c o n t r o l  r o d s  are such s t r o n g  n e u t r o n  

t h a t ,  when t h e y  are  f u l l y  i n s e r t e d  i n t o  t h e  c o r e ,  a 

s e l f - s u s t a i n e d  c h a i n  r e a c t i o n  i.s n o t  p o s s i b l e .  I n  

t h i s  c o n d i t i o n  t h e  r e a c t o r  i s  s a i d  t o  be s u b c r i t i c a l .  

c o n t r o l  

30. When t h e  c o n t r o l  rods  are withdrawn (poison i s  a b s o r b e r s  

removed), t h e  k of t h e  r e a c t o r  ( i n c r e a s e s ,  decreases ,  

remains t h e  same). 

31. When t h e  c o n t r o l  rods a r e  inser tedQpoison  i s  added) ,  i n c r e a s e s  

t h e  e x c e s s  k of t h e  r e a c t o r  i s  ( i n c r e a s e d ,  

d e c r e a s e d ) .  
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5.2.  S t a r t u p  

32.  With t h e  f o r e g o i n g  review f o r  bsckground, l e t  US 

d e s c r i b e  a n  o r d e r l y  s t a r t u p  w i t h  f i r s t  emphasis on 

t h e  c o n d i t i o n s  i n  the r e a c t o r ,  as d e s c r i b e d  by t h e  

i n s t r u m e n t a t i o n ,  from shutdown c o n d i t i o n  t o  c r i t i -  

c a l i t y ,  t h e  c o n d i t i o n  a t  which a f i s s i o n  c h a i n  r e a c -  

t i o n  is s e l f -  . - 

decreased  

33 .  P r i o r  t o  s t a r t u p  and a t t a i n i n g  t h e  c o n d i t i o n  c a l l e d  s u s t a i n i n g  

c r i t i c a l i t y ,  w e  d e s c r i b e  t h e  r e a c t o r ' s  c o n d i t i o n  as 

b e i n g  . However, w e  s h a l l  assume t h a t  i t  

a l r e a d y  c o n t a i n s  s u f f i c i e n t  r u e 1  t o  become s u p e r -  

c r i t i c a l  when t h e  c o n t r o l  r o d s  a r e  withdrawn s u f f i -  

c i e n t l y .  

34.  During s t a t u e ,  t h e  c o n t r o l  r o d s  are be ing  moved 

( u s u a l l y  b e i n g  withdrawn--poison i s  be ing  removed) 

s o  as t o  ( i n c r e a s e ,  d e c r e a s e )  t h e  k of t h e  c o r e .  

35. A s  i n c r e a s e s ,  t h e  number of neut rons  b e i n g  

d e t e c t e d  by t h e  c o u n t i n g - r a t e  meter . 

s u b c r i t i c a l  

i n c z e a s e  

3 6 .  Since  t h e  n e u t r o n  s o u r c e  i s  producing n e u t r o n s  a t  a k, 
i ncreas  t? 5 c o n s t a n t  r a t e ,  a c o n t i n u o u s l y  i n c r e a s i n g  count on 

t h e  c o u n t i n g - r a t e  meter i n d i c a t e s  t h a t  t h e  n e u t r o n  

i s  increas i .ng  . 

3 7 .  Before c r i t i c a l i t y  i s  a t t a i n e d ,  the r e a c t o r  i s  mu 1 t i p  1 icat ion 

r e f e r r e d  t o  as be ing  s u b c r i t i c a l ,  and s o  t h e  n e u t r o n  

m u l t i p l i c a t i o n  i s  c a l l e d  _- neut ron  m u l t i p l i c a -  

t i o n .  
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38. Dur ing  t h e  t i m e  when t h e  r e a c t o r  i s  s u b c r i t i c a l ,  t h e  s u b c r i t i c a l .  

o p e r a t o r  Looks t o  two types  of i n s t r u m e n t s  f o r  i n -  

format ion .  These a r e  che c o u n t i n g - r a t e  meters and 

t h e  c o u n t i n g - r a t e  r e a c t o r - p e r i o d  meters, b o t h  be ing  

r e a d o u t s  of  t h e  c o u n t i n g - r a t e  channels .  

Perhaps i t  should be mentioned t h a t  w h i l e  
w e  use t h e  e x p r e s s i o n  " c o u n t i n g - r a t e  
meters", w e  could a l s o  add "and r e c o r d e r s "  
because t h e y  are b o t h  used;  and, a f t e r  a l l ,  
a r e c o r d e r  i s  a r e c o r d i n g  meter. We hope 
t h e r e  w i l l  b e  no c o n f u s i o n  i f ,  a t  times, w e  
use  t h e  terms i n t e r c h a n g e a b l y .  
p_I _I 

39 .  A s  t h e  c o n t r o l  r o d s  are withdrawn d u r i n g  an  o r d e r l y  

s t a r t u p ,  t h e  count ing  ra te  w i l l .  s t e a d i l y  u n t i l  

t h e  c o u n t i n g - r a t e  meter  i n d i c a t e s  an  i n c r e a s e  of 

about  f o u r  decades .  ( I n  t h e  HFIR,  t h e  c o u n t i n g  ra te  

r e a c h e s  and remains a t  10,000 c p s  because t h e  cham- 

b e r  p o s i t i o n  a d j u s t s  t o  keep t h i s  va lue  once i t  i s  

a t t a i n e d  .> 
- - - - - - -  

40.  You w i l l  r e c a l l  t h a t  t h e  c o u n t i n g - r a t e  meter u s u a l l y  i n c r e a s e  

can  count  a c c u r a t e l y  over  a range of about  f o u r  

decades .  Except f o r  t h e  H F I R  i n s t a l l a t i o n ,  0R.m 

c o u n t i n g - r a t e  r e c o r d e r s  r e a d  from 1 c o u n t / s e c  t o  

10,000 c o u n t s / s e c .  

41. As t h e  c o u n t i n g  r a t e  i n c r e a s e s  beyond 10,000 p e r  

sec ,  t h e  s t a t i s t i c a l  f l u c t u a t i o n s  i n  t h e  neut ron  

f l u x  b e g i n  t o  a f f e c t  t h e  c o u n t i n g  . 
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42. You w i l l  r e c a l l  t h a t  once the  coun t ing  channel  has  accuracy  

reached t h e  end of i t s  o p e r a t i n g  range  d u r i n g  r e a c -  

t o r  s t a r t u p  t h e  f i s s i o n  chamber i s  withdrawn t o  a 

r e g i o n  of much weaker f l u x  thus  p l a c i n g  t h e  channel  

back i n t o  i t s  o p e r a t i n g  range .  A t  t he  beginning  of 

a s t a r t u p ,  t h e  f i s s i o n  chamber must be  r e t u r n e d  t o  a 

p o s i t i o n  near  t h e  c o r e  where i t  can d e t e c t  t h e  small 

number of due t o  t h e  sou rce .  

4 3 .  I n  some ORNL coun t ing  systems,  when t h e  neu t ron  

count  r eaches  about  10,000 coun t s / sec  c o n t r o l - r o d  

wi thdrawal  i s  s topped and the  chamber i s  withdrawn 

t o  a p o s i t i o n  where t h e  neu t ron  f l u x  i s  lower and 

t h e  charqber d e t e c t s  only a few p e r  s e c  once 

more. 

neu t rons  

4 4 .  When t h e  f i s s i o n  chamber has been r e p o s i t i o n e d ,  neut rons  

c on t  r o l  -rod may be cont inued  i f  o t h e r  c a n d i -  

t ions  p e r m i t .  

45. A t  some moment d u r i n g  t h i s  s t a r t u p ,  t h e  neu t ron  pop- wi thdrawal  

u l a t i o n  w i l l  have grown enough and t h e  k of t h e  c o r e  

w i l l  be g r e a t  enough (k = 1) t h a t  t h e  c h a i n  r e a c t i o n  

becomes s e l f  - s u s t a i n i n g .  We s a y  t h a t  a t  t h i s  moment 

t h e  r e a c t o r  i s  . 

4 6 .  Although source-neut ron  m u l t i p l i c a t i o n  s t i l l  e x i s t s  c r i t i c a l  

I after t h e  r e a c t o r  is c r i t i c a l ,  t h e  pe rcen tage  of 

neu t rons  c o n t r i b u t e d  by t h e  becomes i n s i g n i f i -  

-’ c a n t .  and w e  d e s c r i b e  t h e  c o n d i t i o n  of t h e  r e a c t o r  

i n  terms of i t s  s e l f - s u s t a i n e d  neu t ron  f l u x .  
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47. The moment of c r i t i c a l i t y  may n o t  be long,  f o r  as 

soon as k i s  i n c r e a s e d  f u r t h e r  t u  t h e  power 

l e v e l ,  t h e  r e a c t o r  becomes s u p e r c r i t i c a l .  

s o u r c e  

48. When t h e  r e a c t o r  i s  s u p e r c r i t i c a l ,  t h e  c o u n t i n g - r a t e  ra i se  or  
increase 

r e c o r d e r  w i l l  show a cont inuous  i n c r e a s e  i n  t h e  

count ing  rate even a f t e r  t h e  wi thdrawal  of t h e  con-  

t r o l  r o d s  h a s  been s topped .  Also ,  t h e  r e a c t o r -  

p e r i o d  r e c o r d e r  w i l l  i n d i c a t e  a s u s t a i n e d  p o s i t i v e  

p e r i o d .  

49. You w i l l  r e ca l l  t h a t  t h e  r e a c t o r  p e r i o d  i s  t h e  

l e n g t h  of t i m e  d u r i n g  which t h e  n e u t r o n  f l u x  changes 

by a f a c t o r  of . 

50. When t h e  n e u t r o n  f l u x  i s  i n c r e a s i n q ,  t h e  r e a c t o r  

p e r i o d  i s  ( n e g a t i v e ,  p o s i t i v e ) .  When t h e  n e u t r o n  

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

e 

51. U n t i l  c r i t i c a l i t y  i s  reached ,  t h e  per iod  i s  i n f i n i t e  p o s i t i v e ,  
n e g a t i v e  

except w h i l e  k i s  b e i n g  i n c r e a s e d  by c o n t r o l  rod 

52. Each i n c r e a s e  i n  k c a u s e s  a momentary p o s i t i v e  withdrawa l 

per iod  even w h i l e  the r e a c t o r  i s  s t i l l  s u b c r i t i c a l ;  

however, i f  t h e  r e a c t o r  i s  s t i l l  s u b c r i t i c a l ,  t h e  

p e r i o d  meter soon r e t u r n s  t o  a n  -per iod  r e a d i n g  

i f  c o n t r o l - r o d  motion i s  s topped because t h e  n e u t r o n  

f l u x  remains c o n s t a n t  a t  t h e  h i g h e r  m u l t i p l i c a t i o n  

l e v e l  u n t i l  t h e  next k i n c r e a s e  i s  made. 
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.^ ...... 

. -  

5 3 .  When the  r e a c t o r  becomes c r i t i c a l ,  a f u r t h e r  i n -  

c r e a s e  i n  k w i l l  c a u s e  t h e  p e r i o d  meter t o  i n d i c a t e  

a _  -per lod  "spike" as  b e f o r e ;  b u t  i n s t e a d  of 

r e t u r n i n g  t o  a n  i n f i n i t e  per iod ,  i t  w i l l  show a w- 
t a i n e d  p o s i t i v e  per iod ,  i n d i c a t i n g  t h a t  t h e  r e a c t o r  

i s  s u p e r c r i t i c a l .  

54.  When t h e  per iod  meter shows a s u s t a i n e d  p o s i t i v e  

per iod ,  t h e  r e a c t o r  i s  . 

55. Any i n c r e a s e  i n  k above c r i t i c a l i t y  (when k = 1) 

c a u s e s  t h e  r e a c t o r  t o  become . I n  t h i s  c o n d i -  

t i o n ,  each g e n e r a t i o n  of n e u t r o n s  i s  l a r g e r  t h a n  t h e  

p r e c e d i n g  one and t h e  n e u t r o n  f l u x  c o n t i n u e s  t o  

, even when t h e r e  i s  no a d d i t i o n a l  i n c r e a s e  i n  

k.  

56. During t h i s  e a r l y  p a r t  of a n  o r d e r l y  s t a r t u p ,  t h e  

o p e r a t o r  depends e n t i r e l y  on t h e  c o u n t i n g - r a t e  

meters and t h e  c o u n t i n g - r a t e  p e r i o d  meters f o r  r e a c -  

t o r  f l u x  informat ion .  

57. The meters t h a t  g i v e  t h e  o p e r a t o r  i n f o r m a t i o n  about  

t h e  n e u t r o n  f l u x  level are t h e  - meters o r  

i n d i c a t o r s .  

i n f i n i t e  

p o s i t i v e  

s u p e r c r  i t i c a l  

s u p e r c r  i t i c a l  
i n c r e a s e  

58 ,  The meters t h a t  i n d i c a t e  t h e  t i m e  lapse d u r i n g  which c o u n t i n g - r a t e  

t h e  n e u t r o n  f l u x  changes by a g i v e n  amount are t h e  

c o u n t i n g - r a t e  meters. 
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per iod  59. A f t e r  t h e  r e a c t o r  becomes s u p e r c r i t i c a l ,  t h e  opera-  

t o r  n o t e s  t h a t  w i t h o u t  a f u r t h e r  i n c r e a s e  i n  k t h e  

r e a c t o r  per iod  remains ( n e g a t i v e ,  i n f i n i t e ,  p o s i -  

t i v e ) ,  showing t h a t  t h e  c h a i n  r e a c t i o n  i s  d e f i n i t e l y  

s e l f  - s u s t a i n i n g .  

6 0 ,  As t h e  power l e v e l  i n c r e a s e s ,  e f f e c t s  such  as t h e  

n e g a t i v e  tempera ture  c o e f € i c i e n t  and t h e  b u i l d u p  of 

xenon-135 i n  t h e  f u e l  tend  t o  reduce  t h e  e x c e s s  k so 

t h a t  t h e  power- increase u s u a l l y  d i m i n i s h e s  - 

61. I n  o r d e r  t o  a c h i e v e  a h i g h e r  power l e v e l ,  t h e  opera-  

t o r  u s u a l l y  must c o n t i n u e  t o  i n c r e a s e  t h e  k i n  small 

increments  t o  overcome t h e  and -poisoning  

e f f e c t s  so  t h a t  t h e  per iod remains p o s i t i v e  and t h e  

power l e v e l  c o n t i n u e s  t o  r i se .  

62. A s  t h e  n e u t r o n  f l u x  g e t s  h i g h e r ,  t h e  o p e r a t o r  can 

b e g i n  t o  s h i f t  h i s  a t t e n t i o n  t o  a n o t h e r  ins t rument  

t h a t  i s  o f t e n  used i n  t h e  upper s t a r t u p  or  i n t e r -  

media te  range of r e a c t o r  o p e r a t i o n .  T h i s  i s  t h e  

log-N channel  which s u p p l i e s  i n f o r m a t i o n  r e a d o u t  on 

t h e  log-N and t h e  log-N per iod  meters o r  i n d i c a t o r s ;  

t h e r e f o r e ,  t h e  upper s t a r t u p  range i s  sometimes 

r e f e r r e d  t o  as t h e  log-N ra.nge. The log-N meter i s  

s o  named because i t s  o u t p u t  v a r i e s  w i t h  t h e  loga-  

r i t h m  of i t s  i n p u t  s i g n a l .  - 

6 3 .  The n u c l e a r  ins t rument  of the u p p e r  s t a r t u p  or 

range of o p e r a t i o n  s u p p l i e s  i n f o r m a t i o n  by r e a d o u t s  

on t h e  meter and the log-N meter II 

p o s i t i v e  

temper a t u r  e 
xenon 
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6 4 .  A t  r e a c t o r s  i n  which t h e  power l e v e l  i s  r e f e r r e d  t o  i n t e r m e d i a t e  

i n  terms of N 
L 1og-N) 

i n t e r m e d i a t e  range b e g i n s  a t  about  0.001 N , about  per iod  

(0.01 NF) and NF ( f u l l  power), t h e  
log-N, 

L '  
deca.des below N 

65. The log-N channel  i s  nortnally used as a c o n t r o l l i n g  3 

i n s t r u m e n t  throughout  on ly  4 decades of n e u t r o n  f l u x  

l e v e l .  However, t h e  i n f o r m a t i o n  i s  u s e f u l  through 3 
decades or more or  from 0.001 N t o  beyond 100 N 

L L 
(100 NL i s  a l s o  c a l l e d  1. 

NF 
66. One of t h e  r e a s o n s  f o r  n o t  u s i n g  t h e  log-N meters 

a l o n e  f o r  o p e r a t i n g  i n  t h e  power range i s  t h a t ,  

s i n c e  t h e  readout  s c a l e  i s  l o g a r i t h m i c ,  i t  i s  t o o  

d i f f i c u l t  t o  r e a d  t h e  power l e v e l  p r e c i s e l y  a t  t h e  

upper  end of a l o g a r i t h m i c  scale (from 10% N t o  

100% N F ) .  
F 

67. The log-N channel  i s  most u s e f u l  f o r  power measure- 

ments up t o  a power l e v e l  of . 

NL 
68. As t h e  s t a r t u p  p r o g r e s s e s  through t h e  i n t e r m e d i a t e  

range,  t h e  o p e r a t o r  reads t h e  power l e v e l  i n  p e r c e n t  

of f u l l  power on t h e  - meter. 
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69. When t h e  power l e v e l  r e a c h e s  N (which may be e i t h e r  log-N 
L 

1% o r  10% Np, depending on t h e  r e a c t o r ) ,  a n  E- 
matic c o n t r o l  system c a l l e d  t h e  s e r v o  assumes con-  

- t r o l  and i n s e r t s  a r e g u l a t i n g  rod t o  s t o p  t h e  

r e a c t o r  power i n c r e a s e  a t  N The s e r v o  t h e n  h o l d s  --=-Le 
t h e  power a t  t h i s  l e v e l  by  making small a d j u s t m e n t s  

w i t h  t h e  r e g u l a t i n g  rod as needed. 

70. The i n s t r u m e n t a t i o n  d i s c u s s e d  t h u s  f a x  h a s  been 

re la ted t o  two r a n g e s - - t h e  lower s t a r t u p  range and 

t h e  upper s t a r t u p  range .  The u g p e r  s t a r t u p  range  i s  

a l s o  c a l l e d  t h e  i n t e r m e d i a t e  or - range  . 

71.  The two s t a r t u p  r a n g e s  a r e  o f t e n  combined and s imply log-N 

c a l l e d  t h e  s t a r t u p  range .  

72. The two s t a r t u p  ranges  i n c l u d e ,  a t  most ORNL reac-. 

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

73. S t a r t u p  i n s t r u m e n t a t i o n  a t  t h e  HFIR i s  d i f f e r e n t  

from t h a t  a t  many r e a c t o r s ,  b u t  t h e  t h e o r y  of opera-  

t i o n  i s  much t h e  same as  t h a t  d i s c u s s e d  i n  t h e  above 

frames.  

- 

.- 

74. The s t a r t u p  range a t  zlhe H F I R  i s  up t o  10 Mw, which 

i s  % o f  t h e  f u l l  100-Mw power l e v e l .  I n  t h i s  

case, N i s  NF ra thmr than 0.01 NF as a t  o t h e r  

ORNL r e a c t o r s .  
z 
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7 5 .  A t  t h e  WIR, t h e  s t a r t u p  range i s  from z e r o  power t o  0.1 

Mw . 

76. The reason  t h e  c o u n t i n g - r a t e  meter (CRM) of t h e  KFIR 10 

may be used through t h e  i n t e r m e d i a t e  range  i s  t h a t  

when t h e  CRM r e a c h e s  L0,OOO c o u n t s / s e c  t h e  f i s s i o n  

chamber i s  a u t o m a t i c a l l y  moved f a r t h e r  and f a r t h e r  

f rom t h e  c o r e  s o  t h a t  i t  i s  kept i n  a n e u t r o n  f l u x  

t h a t  c a u s e s  a c o u n t i n g  ra te  of c o u n t s / s e c .  

T h i s  f e a t u r e  a l l o w s  t h e s e  same i n s t r u m e n t s  t o  be 

used a l l  t h e  way from z e r o  t o  f u l l  power. - 

77. A s  t h e  i s  a u t o m a t i c a l l y  moved away from 10,000 

t h e  c o r e ,  t h e  d i s t a n c e  from t h e  c o r e  a t  which 

10,000 c o u n t s / s e c  o c c u r s  i s  a measure of t h e  r e a c t o r  

power. T h i s  d i s t a n c e  i s  i n d i c a t e d  on t h e  power 

meter i n  u n i t s  of p e r c e n t  of f u l l  power. 

78. T h i s  ins t rument  system i s  c a l l e d  t h e  “wide-range f i s s i o n  chamber 

c o u n t i n p  channel”  because i t  c o v e r s  about  10 decades 

of p o w e r .  

79 .  High a c c u r a c y  i s  n o t  ex t remely  impor tan t  i n  a 

c o u n t i n p  channel  as long as i t s  c o u n t i n g  e r r o r  i s  

known. It is ,  t h e r e f o r e ,  e n t i r e l y  s a t i s f a c t o r y  t o  

o p e r a t e  t h e  HFIR c o u n t i n g  channels  a t  R c o n s t a n t  

lO,OOO-counts/sec ra te .  The c o u n t i n g  ra te  i s  kept  

a t  t h i s  v a l u e  i n  t h e  wide-range count ing  channels  

d u r i n g  s t a r t u p s  and a t  fu l l -power  o p e r a t i o n  by a u t o -  

m a t i c a l l y  r e p o s i t i o n i n g  t h e  as needed. 

. .  
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80. A t  t h e  HFIR t h e  s t a r t u p  i n s t r u m e n t s ,  t h e  - f i s s i o n  chambers 

c o u n t i n g  channels ,  supply  power - l e v e l  informa.tion 

from source  l e v e l  t o  . 

81. During a n  o r d e r l y  s t a r t u p ,  t h e r e  i s  u s u a l l y  no b r e a k  wide-range,  
N o r  f u l l  
power 

i n  t h e  procedure from t h e  b e p i n n i n g  of s t a r t u p  t o  

NL 

F 

82. B e l o w  N n u c l e a r  h e a t i n g  i s  g e n e r a l l y  not a n  impor- L 
t a n t  c o n s i d e r a t i o n ,  b u t  above N forced-convect ion  

c o o l i n g  of t h e  r e a c t o r  c o r e  i s  u s u a l l y  a n e c e s s i t y .  
L 

83 .  During t h e  pause a t  N t h e  power l e v e l  i s  kept  con-  
L’ 

s t a n t  by t h e  a u t o m a t i c  c o n t r o l  system, c a l l e d  t h e  

84 .  The i n s t r u m e n t s  which r e c o r d  t h e  t e m p e r a t u r e  changes s e r v o  

i n  t h e  r e a c t o r  respond more s lowly  t o  a power- level  

change t h a n  do t h e  n u c l e a r  i n s t r u m e n t s .  Thus, a 

power- level  i n c r e a s e  may be noted on a n u c l e a r  

ins t rument  ( b e f o r e ,  on ly  a f t e r )  i t  i s  d i s p l a y e d  on a 

heat-measuring i n s t r u m e n t .  

85. When a l l  checks have been made and t h e  r e a c t o r  i s  b e f o r e  

L’ 
r e a d y  f o r  t h e  power l e v e l  t o  b e  i n c r e a s e d  above N 

t h e  o p e r a t o r  u s e s  t h e  s e r v o  system t o  raise t h e  

power l e v e l .  The s e r v o  sys tem i s  an  (au tomat ic ,  

manual) power- level  c o n t r o l l i n g  system t h a t  w a s  d i s -  

cussed i n  S e c t i o n  V - 4 .  



86. 

87. 

88.  

89. 

90. 
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The o p e r a t o r  i n c r e a s e s  t h e  power l e v e l  by i n c r e a s i n g  au tomat ic  

t h e  demand t o  t h e  s e r v o  system. The s e r v o  system 

u s e s  t h e  r e g u l a t i n g  rod t o  make t h e  power l e v e l  

match t h e  . 

Before  r a i s i n g  t h e  power l e v e l  t h e  way t o  N a demand 
F' 

"heat  balance" ( h e a t - p r o d u c t i o n  d e t e r m i n a t i o n )  may 

b e  made a t  some i n t e r m e d i a t e  power l e v e l ,  such as 

0.6 N o r  0.75 NF.  

power i n c r e a s e  a t ,  say ,  0 .6  N and w a i t i n g  u n t i l  t h e  

c o o l a n t  tempera ture  r e a c h e s  e q u i l i b r i u m  a t  a f i x e d  

flaw rate. From t h e  h e a t  o u t p u t  of t h e  c o r e ,  t h e  

t r u e  power l e v e l  i s  c a l c u l a t e d .  

T h i s  i s  done by s t o p p i n g  t h e  
F 

F 

Before i n c r e a s i n g  t h e  r e a c t o r  power- level  demand t o  

t h e  heat-power l e v e l  may be checked by measuring 

o u t p u t  of t h e  c o r e  a t  a power l e v e l  
NF , 
t h e  

between N and N . 
L F 

- - - - - - -  
I f  t h e  heat-power l e v e l  matches t h e  power l e v e l  h e a t  

i n d i c a t e d  by t h e  n e u t r o n - d e t e c t i n g  i n s t r u m e n t s ,  t h e  

power i s  i n c r e a s e d  t o  N 
F '  

I f  t h e  heat-power l e v e l  d i f f e r s  a p p r e c i a b l y  from t h e  

power l e v e l  i n d i c a t e d  by t h e  - inst ruments ,  

t h e  i n s t r u m e n t s  u s u a l l y  are a d j u s t e d  so t h a t  t h e i r  

r e a d o u t s  match t h e  h e a t  p o w e r  l e v e l  b e f o r e  t h e  power 

i s  r a i s e d  t o  N Wide v a r i a t i o n s  should be looked 

on w i t h  s u s p i c i o n  s i n c e  t h e y  m a y b e  i n d i c a t i v e  of a n  

abnormal c o n d i t i o n .  

F' 



91. Before  t h e  power l eve l  i s  r a i s e d  t o  N , t h e  r e a d o u t s  

on t h e  i n s t r u m e n t s  must be made t o  match t h e  

power l e v e l .  

92.  The " t r u e "  power l e v e l  of t h e  r e a c t o r  i s  c a l c u l a t e d  

from t h e  o u t p u t  of t h e  c o r e .  

93.  I n  t h e  power range,  i n s t r u m e n t s  w i t h  l i n e a r  s c a l e s  

are used because  they  can be read  w i t h  greater p r e -  

c i s i o n  t h a n  t h o s e  having  scales.  

94. The i n s t r u m e n t s  w i t h  s c a l e s  used i n  t h e  power 

range are of t e n  c a l l e d  t h e  " s a f e t y "  i n s t r u m e n t s  o r  

j u s t  " s a f e t i e s " .  This ,  of c o u r s e ,  i s  not because of 

t h e  scales b u t  because t h e i r  i n p u t s  come from t h e  

s a f e t y  ins t rument  channels. .  

95. The n u c l e a r  i n s t r u m e n t s  on which t h e  o p e r a t o r  w i l l  

be  most dependent  w h i l e  t h e  r e a c t o r  power i s  between 

N and N are t h e  . 
L F 

96. A f t e r  t h e  power l e v e l  i n d i c a t e d  by t h e  s a f e t y  . 

i n s t r u m e n t s  h a s  been shown t o  a g r e e  w i t h  t h e  e a l c u -  

l a t e d  h e a t  power,  t h e  o p e r a t o r  i n c r e a s e s  t h e  power 

l e v e l  t o  NF by r a i s i n g  t h e  t o  t h e  s e r v o .  

97. When t h e  r e a c t o r  r e a c h e s  f u l l  p o w e r ,  t h e  s y s  - 
t e m  h o l d s  t h e  power l e v e l  c o n s t a n t  by a d j u s t i n g  t h e  

r e g u l a t i n g - r o d  p o s i t i o n .  

neut ron-  
d e t e c t i n g  

h e a t  o r  " t rue"  

h e a t  

l o g a r i t h m i c  

l i n e a r  

s a f e t i e s  

demand 
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5.3. S e l f - T e s t  

98 ,  To h e l p  e n s u r e  s a f e  and o r d e r l y  r e a c t o r  s t a r t u p s ,  a s e r v o  

n e u t r o n  of s u i t a b l e  s t r e n g t h  must be p r e s e n t  

a t ,  o r  w i t h i n ,  t h e  c o r e .  "Sui tab le"  s t r e n g t h  i s  

t h a t  which produces a f l u x  t h a t  i s  r e a d i l y  

d e t e c t a b l e  by the  r e a c t o r  s t a r t u p  i n s t r u m e n t a t i o n  

w i t h o u t  b e n e f i t  of t h e  a f f o r d e d  by t h e  f u e l .  

(Frames 2-5,  10, and 11) 

------3 

99. I n  o r d e r  t o  make o r d e r l y  measurements of changes i n  source  
n e u t r o n  , n e u t r o n  m u l t i p l i c a t i o n ,  a i s  used which m u l t i p l i c a t i o n  

produces a measurable  neut ron  f l u x .  (Frames 9-11) 

100. A comparison of t h e  n e u t r o n  f l u x  w i t h  no f u e l  i n  t h e  neut ron  s o u r c e  

c o r e  t o  t h e  neut ron  f l u x  when f u e l  i s  p r e s e n t  allows 

us  t o  compute t h e  n e u t r o n  t h a t  the  f i s s i o n i n g  

f u e l  c a u s e s .  (Frame 14) 

101. A r e a c t o r  must have more f u e l  t h a n  j u s t  a c r i t i c a l  mu 1 t i p 1 i c  a t  i o n  

mass i n  o r d e r  t o  have k. (Frames 16-19) 

102. P r i o r  t o  s t a r t u p  and a t t a i n i n g  the c o n d i t i o n  c a l l e d  e x c e s s  

c r i t i c a l i t y ,  w e  d e s c r i b e  a r e a c t o r  as be ing  . 
(Frame 2 9 )  

103. I n  t h e  s t a r t u p  range ,  t h e  ins t rument  t h a t  i n d i c a t e s  s u b c r i t i c a l  

t h e  n e u t r o n - f l u x  l e v e l  i s  t h e  - m e t e r .  

(Frames 34-42) 
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104. When t h e  f i s s i o n  c h a i n  r e a c t i o n  i s  j u s t  se l f -  

s u s t a i n e d  i n  a r e a c t o r ,  t h e  r e a c t o r  i s  s a i d  t o  be 

. (Frame 45) 

count  i n g - r a t e  

105. The meter i n d i c a t e s  t h e  t ine  r e q u i r e d  f o r  t h e  c r i t i c a l  

n e u t r o n  f l u x  t o  change by a f a c t o r  of e .  (Frames 48 

and 49) 

106. The i n s t r u m e n t a t i o n  o f t e n  used i n  t h e  upper s t a r t u p  per iod  

range  i s  t h e  log-N channel  which s u p p l i e s  informa- 

t i o n  by way of r e a d o u t s  on the log-N meter and t h e  

l o g  -N meter. (Frames 62 -65) 

107. The i n t e r m e d i a t e  s t a r t u p  range i s  a l s o  c a l l e d  t h e  

r a n g e  because  t h e  n e u t r o n  i n s t r u m e n t  i n  u s e  

d i s p l a y s  t h e  n e u t r o n  l e v e l  on a l o g a r i t h m i c  scale.  

(Frames 62 - 6 6 )  

per iod  

108. O r d i n a r i l y ,  t h e  log-N i n s t r u m e n t a t i o n  i s  g i v e n  re la -  log-N 

t i v e l y  l i t t l e  a t t e n t i o n  above . (Frames 64-66) 

- NL 109. The HFIR u s e s  a n  i n s t r u m e n t  system c a l l e d  t h e  

c o u n t i n g  channel  f o r  power l e v e l  and per iod  

i n f o r m a t i o n  from s t a r t u p  t o  f u l l  power .  (Frames 7 3 -  

8 0 )  

110. The i n s t r u m e n t s  which r e c o r d  t h e  tempera ture  changes wide-range 

i n  a reactor r e s p o n d  (more q u i c k l y ,  more s lowly)  

t h a n  t h e  n u c l e a r  i n s t r u m e n t s .  (Frame 84) 
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111. I n  t h e  power range  of o p e r a t i o n ,  most r e a c t o r  opera-  more slowly 

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

These i n s t r u m e n t s  o f t e n  g e t  t h e i r  s i g n a l s  from t h e  

c h a n n e l s .  (Frames 93 and 94) 

112. During normal Eull-power o p e r a t i o n  of a r e a c t o r ,  a n  l i n e a r ,  
s a f e t y  

a u t o m a t i c  c o n t r o l  system c a l l e d  a keeps t h e  

power l e v e l  c o n s t a n t .  (Frame 97)  

s e r v o  

- ..... 
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- ..... 
SECTION V - 6 .  PROCESS INSTRUMENTATION 

6.  I. Tnt r odu.c t i  on 

P r o c e s s  i n s t r u m e n t s  a r e  t h o s e  i n s t r u m e n t s  which measure s p e c i f i c  

For  example, i'f w c  were manu- parameters  i n  a manufactur ing p r o c e s s .  

f a c t u r i n g  steans i n  a c o a l - f i r e d  p l a n t ,  w e  would want t o  know t h e  watpr 

l e v e l  i n  t h e  b o i l e r s ,  t h e  steam p r e s s u r e ,  e t c a  The i n s t r u m e n t s  used 

t o  measure and/or  m a i n t a i n  c o n t r o l  of a p r o c e s s  would be c a l l e d  p r o c e s s  

i n s t r u m e n t s .  

I n  t h e  b u s i n e s s  of o p e r a t i n g  n u c l e a r  r e a c t o r s ,  t h i s  d e f i n i t i o n  i s  

modif ied j u s t  a l i t t l e  b i t .  We t h i n k  of p r o c e s s  i n s t r u m e n t s  as t h o s e  

i n s t r u m e n t s  which measure and/or  c o n t r o l  parameters  having  t o  do w i t h  

a l l  p r o c e s s e s  o t h e r  t h a n  n u c l e a r  p r o c e s s e s .  - 
I n  t h i s  s e c t i o n ,  w e  s h a l l  d i s c u s s  t h e  p r i n c i p a l  methods of m-- 

u r i n g  t h e  parameters of i n t e r e s t  i n  such areas as t h e  c o o l a n t  loops ,  

w a s t e  systems,  containment ,  and r a d i a t i o n  c o n t r o l .  Much of t h e  proces,s 

i n f o r m a t i o n  i s  read  out  e i t h e r  l o c a l l y ,  remotely i n  t h e  c o n t r o l  roomp 

o r  b o t h  on e l e c t r i c a l  o r  pneumatic i n d i c a t o r s  o r  r e c o r d e r s .  However, 

i n  t h e  c a s e  of t h e  l i q u i d  l e v e l  i n  a tank ,  t h e  l o c a l  ins t rument  may b e  

a s i g h t  g l a s s  and t h e  remote i n d i c a t o r  may be a l i v h t  and/or  a n  alarm 

a c t u a t e d  by some o t h e r  t y p e  moni tor .  We s h a l l  n o t  b e  as i n t e r e s t e d  i n  

t h e  c i r c u i t r y  and method of d i s p l a y  of i n f o r m a t i o n  as w e  are i n  t h e  

i n s t r u m e n t  t h a t  o r i g i n a t e s  t h e  s i g n a l .  L e t  u s  b e g i n  w i t h  a d i s c u s s i o n  

of v a r i o u s  ways of measuring p r e s s u r e ,  flow, and t e m p e r a t u r e .  

6 . 2 .  P r e s s u r e  Sensors  

1. We s h a l l  d i s c u s s  p r e s s u r e  i n s t r u m e n t s  f i r s t  s i n c e ,  

q u i t e  o f t e n ,  f l o w  i s  determined by p r e s s u r e  d i f f e r -  

enef. 

... 



249 

.-.. 

..-.. 

2 .  Two common p r e s s u r e - m e a s u r i n g  i n s t r u m e n t s  are t h e  

manometer and t h e  Bourdon gauge. The manometer i s  

merely a U-shaped tube f i l l e d  w i t h  a l i q u i d  a s  shown 

i n  F i g u r e  V - 5 7 .  

a b 

F i g .  V-57. The Manometer 

3 ,  I n  par t  a - of t h e  f i g u y e ,  t h e  l i q u i d  l e v e l  i s  t h e  

same i n  b o t h  l e g s  of t h e  t u b e .  T h i s  F70Uld be t h e  

case when t h e r e  i s  l i t t l e ,  i f  any, p r e s s u r e  d i f f e r -  

ence  between t h e  two l e g s .  

7 

- 

4 .  In p a r t  b of t h e  f i g u r e ,  t h e r e  i s  m o r c , p r e s s u r e  on - 
t h e  l i q u i d  i n  t h e  l e f t  l e g  t h a n  on t h e  l i q u i d  i n  t h e  

r i g h t  l e g .  This  added i n  t h e  left l e g  f o r c e s  

t h e  l i q u i d  t o  a h i g h e r  l e v e l  i n  t h e  r i g h t  leg. 

-- 

5. The d i f f e r e n c e  i n  t h e  h e i g h t s  of t h e  l i q u i d  l e v e l s  p r e s s u r c  

i n  t h e  two l e g s  i s  caused by t h e  d i f f e r e n c e  i n  

e x e r t e d  on t h e  l i q u i d s  i n  t h e  two l e g s .  
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6 .  To u s e  t h i s  ins t rument  t o  measure p r e s s u r e ,  w e  m u s t  pres 3u re 

know t h e  l i q u i d  used ( so  w e  can determine. i t s  den-  

s i t y )  and t h e  d i f f e r e n c e  i n  t h e  of t h e  l i q u i d  

i n  t h e  two l e g s .  

h e i g h t  7 .  A l - f t  column of water exerts a p r e s s u r e  of 0 . 4 3 3  
2 l b / i n .  ; s o 9  i f  t h e  l i q u i d  i n  t h e  manonieter i s  water 

and t h e  d i f f e r e n c e  i n  l i q u i d  l e v e l ,  h ,  i s  2 f t ,  t h e  

manometer i s  measuring a p r e s s u r e  of 0.433 

x 2 f t =  p s i .  

l b  

i n .  x f t  
2 

8. If t h e  l i q u i d  i n  a manometer i s  mercurx  (a l - f t  c o l -  0.866 

umn of mercury exerts a p r e s s u r e  of 5.9 p s i )  and h 

i s  2 f t ,  t h e  manometer i s  measuring a p r e s s u r e  of 

5 .9  . lb x 2 f t  = p s i .  
i n i 2  x f t  

9 .  I n  o r d e r  t o  c a l c u l a t e  how much p r e s s u r e  i s  e x e r t e d  11.8 

on t h e  l i q u i d  i n  one l e g  of a manometer as r e l a t e d  

t o  t h e  p r e s s u r e  on t h e  l i q u i d  i n  t h e  o t h e r  l e g ,  t h e  

o p e r a t o r  must know t h e  l i q u i d  i n  t h e  manometer and 

t h e  d i f f e r e n c e  i n  t h e  ( d e n s i t y ,  h e i g h t ,  c r o s s  sec- 

t i o n )  of t h e  l i q u i d  i n  t h e  t w o  manometer l egs ,  

- - - - - - -  
h e i g h t  10. It i s  o f t e n  unnecessary  t o  know a p r e s s u r e  d i f f e r -  

ence i n  pounds p e r  s q u a r e  inch .  I n  many cases a 

p r e s s u r e  may b e  s t a t e d  merely as a c e r t a i n  number of 

i n c h e s  of water o r  c e n t i m e t e r s  of mercury.  

- ..... 
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11. A mercury barometer  i s  a special  type  of manometer,. 

We are accustomed t o  h e a r i n g  a tmospher ic  p r e s s u r e  

expres sed  a3 a c e r t a i n  number of c e n t i m e t e r s  o r  

i n c h e s  of mercury.  

1 2 .  A pressure-measur ing  d e v i c e  t h a t  u s e s  the  d i f f e r e n c e  

i n  t h e  h e i g h t s  of two l i q u i d  columns i s  commonly 

c a l l e d  a 

13. Some r e a c t o r  b u i l d i n g s  use  dynamic conta inment .  A t  ma.n ome t e r 

t h e  ORR, f o r  example, the b u i l d i n g  conta.inment s y s -  

t e m  s e e k s  t o  keep t h e  p r e s s u r e  i n s i d e  t h e  b u i l d i n g  

about  0 . 3  i n .  of water less t h a n  t h e  p r e s s u r e  G- 
- s i d e .  Of t en ,  t h e  i n s t r u m e n t s  used t o  check t h i s  

p r e s s u r e  d i f f e r e n c e  are the t y p e  mentioned above, 

, f i l l e d  w i t h  water and p l aced  i n  a s l a n t e d  

p o s i t i o n  t o  make them casier t o  read  w i t h  p r e c i s i o n .  

S l a n t i n g  t h e  tube  c a u s e s  t h e  l i q u i d  t o  move a long  a 

greater d i s t a n c e  of t h e  tube  f o r  any g iven  change i n  

t h e  h e i g h t  of  the l i q u i d  column. 

1 4 .  The Bourdon p r e s s u r e  gauge i s  used e x t e n s i v e l y  as a manometer 5 

d i r e c t  r e a d i n g  gauge.  

c o i l e d  tube  as shown i n  F i g u r e  '67-58. 

It makes use o f  a p a r t i a l l y  
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F i g .  V-58. Bourdon Gauge 

15.  When a f l u i d  p r e s s u r e  i s  e x e r t e d  i n  t h e  tube ,  i t  

beg ins  t o  u n c o i l  and moves a n e e d l e  a long  a s c a l e  

c a l i b r a t e d  t o  r ead  p s i  d i r e c t l y .  

- ..... 

16. A Bourdon gaupe i s  u s u a l l y  c a l i b r a t e d  t o  r ead  p r e s -  

s u r e  i n  u n i t s  of . . 

2 
1 7 .  Although p r e s s u r e 2  are o f t e n  g iven  i n  u n i t s  of p s i  or 

l b / i n .  pounds p e r  i n . 2 ,  a v a l i d  r e a d i n g  of p r e s s u r e  from a 

manometer cou ld  be of water. 

18. Our d i s c u s s i o n  t h u s  fa r  has been concerned w i t h  two i n c h e s  

t y p e s  of "sensors"  which would probably  be  used as 

l o c a l  i n d i c a t o r s  Although t h e  and 

gauge could  probably  be equipped w i t h  e l e c t r i c a l  

c o n t a c t s ,  more compl ica ted  d e v i c e s  a r e  u s u a l l y  

necessa ry  when remote readout.; are  r e q u i r e d  
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19.  F i g u r e  V-59 i s  a b l o c k  diagram of a t y p i c a l  c i r c u i t  manometer, 
Bourdon 

f o r  remote d i s p l a y  ( s u d ~ a s  i n  t h e  c o n t r o l  room) of 

p r o c e s s  i n f o r m a t i o n .  

May or  may not 
i n  c o n t r o l  

e t c . )  

F i g .  V-59. Block Diagram of a P r o c e s s  Ins t rument  Channel 

20. A s e n s i n g  element ,  o f t e n  c a l l e d  j u s t  a "sensor",  i s  

t h e  i n s t r u m e n t  t h a t  does t h e  m o n i t o r i n g  of a param- 

e ter  and can b e  equipped t o  f u r n i s h  a s i g n a l  f o r  

remote r e c o r d i n g  o r  r e a d o u t .  

21. The element  provides  a s i g n a l  (which may be  

e l e c t r i c a l ,  h y d r a u l i c ,  o r  pne.umatic) f o r  a t r a n s -  

mit ter .  The t r a n s m i t t e d  s i g n a l  then may be used t o  

d r i v e  a r e c o r d e r  o r  p o s s i b l y  a c o n t r o l l e r  f o r  n- 
o t h e r  system. 

22 .  The w e n t -  which d e t e c t s  t h e  c o n d i t i o n  o f ,  

a n d / o r  changes i n  t h e  s d i t i o n  o f ,  a parameter i s  

c a l l e d  a e l e m e n t  or . T h i s  i n s t r u m e n t  

can  be equipped t o  provide  a signal t o  a which 

can, i n  t u r n ,  send a s i g n a l  t o  a remote readout  

ins t rument  or  a c o n t r o l  d e v i c e .  

s e a s i n g  
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6 . 3 .  Flow Systems 

2 3 .  F l u i d  f low i s  o f t e n  determined by measuring p r e s s u r e  s e n s i n g ,  
5: ens o r ,  
t r a n s m i t t e r  

d i f f e r e n c e s  a l o n g  a p ipe  o r  a c r o s s  a n  o r i f i c e  i n  a 

p i p e ,  L e t  us  look  a t  F i g u r e  V-60 t o  see how t h i s  

might be done.  The l i n e s  i n d i c a t e  t h e  f l u i d - f l o w  

p a t h  

G e n e r a l l y  speaking ,  a n  o r i f i c e  i s  j u s t  a n  
openin% o r  v e n t .  Our u s e  o€ t h e  term i s  a 
l i t t l e  more s p e c i f i c  i n  t h a t  w e  mean a v e n t  
o f  p r e c i s e l y  determined s i z e .  through which 
t h e  f l u i d  i n  a p i p e  f l o w s .  I 

c 

C i r c u l a r  o r i f  i c e  

F i g .  V-60. L o n g i t u d i n a l  S e c t i o n  of a P i p e  
Showing a n  O r i f i c e  Between Two F l a n g e s  a t  a P i p e  J o i n t  

24. You may r eca l l  from your s t u d y  of h e a t  t r a n s f e r  and 

f l u i d  f low t h a t ,  i n  a c o n s t r i c t e d  p i p e ,  a t  the place  

where t h e  f l u i d  v e l o c i t y  i s  greatest  t h e  p r e s s u r e  a t  

r i g h t  a n g l e s  t o  t h e  flow i s  l ea s t .  Note i n  F i g u r e  

V-60 t h e  resemblance of an  o r i f i c e  t o  a c o n s t r i c t i o n  

i n  a p i p e .  A t  A ,  t h e  v e l o c i t y  is low s o  a p r e s s u r e  

gauge at & would read  ( h i g h e r ,  lower) t h a n  a gauge 

a t  B where t h e  v e l o c i t y  i s  h i g h e r .  

- 

_Iu 
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25. 

26 .  

27. 

A manometer a t  would i n d i c a t e  a (lower,  h i g h e r )  

p r e s s u r e  t h a n  one a t  e i t h e r  A o r  C. - 
h i g h e r  

- - - - - - -  

So, w i t h  a manometer a t  & r e a d i n g  a h i p h e r  p r e s s u r e  lower 

t h a n  a manometer a t  I33,it i s  p o s s i b l e  t o  t a k e  t h e  

d i f f e r e n c e ,  between t h e  two r e a d i n g s  and c a l c u l a t e  

t h e  f l o w .  The formula used i s  - 
F = C - f K -  

where i s  t h e  f low ra te ,  A& is  t h e  p r e s s u r e  d i f f e r -  

ence  (or d i f f e r e n c e  i n  h e i g h t s  of t h e  l i q u i d  i n  t h e  

manometer), and C i s  a c o n s t a n t  determined by t h e  

type  of f l u i d ,  t h e  s i z e  of t h e  p i p e ,  and t h e  s i z e  of 

t h e  o r i f i c e .  

CI 

- - - - - - -  
Now, i n s t e a d  of u s i n g  =manometers,  l e t  u s  connect  

one manometer tube  as shown i n  F i g u r e  V-61 and t h e  

Ah can  b e  read  d i r e c t l y .  

- 
S i n c e  Ah i s  r e a l l y  a p r e s -  . -  - 

s u r e  d i f f e r e n c e  

symbol, Q. 
F = C v-* 

i n  t h i s  case, l e t  us  use  a more com- 

Our e q u a t i o n  i s  now 
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F i g .  V-61. Or i f ice-Type  Flow Measuring Device 

28. When t h e r e  i s  a d i f f e r e n c e  i n  f l u i d  v e l o c i t y  a long  a Ap 

p i p e ,  a d i f f e r e n c e  i n  can be measured. 

2 9 .  I f  a p r e s s u r e  d i f f e r e n c e  can be nieasured a c r o s s  a n  

o r i f i c e ,  t h e  f l u i d  can b e  c a l c u l a t e d  

from t h i s  i n f o r m a t i o n ,  

30. The ra te  of f low of a f l u i d  can  be c a l c u l a t e d  by 

measuring t h e  p r e s s u r e  drop  a c r o s s  a n  . 

p r e s s u r e  

f low ra te  

31.  Another f low element  t h a t  depends upon t h e  p r e s s u r e  o r i f i c e  

d r o p  across t h e  ins t rument  t o  measure flow i s  t h e  

"ventur i" .  You w i l l  n o t e  from F i g u r e  V-62 t h a t  t h e  

v e n t u r i  looks ,  even  more than t he  o r i f i c e ,  l i k e  j u s t  

a c o n s t r i c t i o n  i n  a p i p e .  
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P i p e  V e n t u r i  -t-- Flow P i p e  

Ah o r  Ap 

I M 
The f l u i d  used i n  t h e  
manometer must no t  mix 
w i t h  t h e  f l u i d  i n  t h e  p i p e  

F i g .  V-62. V e n t u r i  Flow Meter 

The f l u i d  used i n  the  manometers of b o t h  
t h e  o r i f i c e  flow meter and t h e  v e n t u r i  f low 
meter must be. such t h a t  i t  i s  no t  a f f e c t e d  
e i t h e r  chemica l ly  or p h y s i c a l l y  by t h e  
f l u i d  i n  t h e  p i p e .  For example, i f  t h e  
f l u i d  i n  t h e  p ipe  i s  water, mercury would 
be a good l i q u i d  f o r  t h e  manometer ( f o r  
some sys tems) .  

32. When u s i n g  trhe v e n t u r i ,  f l o w  i s  c a l c u l a t e d  by t h e  

same e q u a t i o n  t h a t  w a s  used when w e  t a sk  Ap r e a d i n g s  

a c r o s s  t h e  . 

33. The v e n t u r i  a l l o w s  smoother fLow t h a n  t h e  o r i E i c e  

a l l o w s  and, f o r  t h i s  r e a s o n ,  pumping power ( t o  d r i v e  

t h e  f l u i d  through t h e  o r i f i c e )  i s  _less. Thus, a 

v e n t u r i  i s  o f t e n  used i n  a s y s t e m  where u s i n g  an  

o r i f i c e  as a f low d e t e c t o r  would r e q u i r e  a m s -  

powerful  pump a 

o r  if ice 
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34. When u s i n g  e i t h e r  an  o r i f i c e  o r  a v e n t u r i ,  f low 

measurements are  dependent  on a d i f f e r e n c e  i n  . 

35. I n  a v e n t u r i ,  where t h e  v e l o c i t y  o f  t h e  f l u i d  i s  

g r e a t e s t ,  t h e  s idewise  p r e s s u r e  i s  ( g r e a t e s t ,  least ,  

t h e  same). 

3 6 .  Two ins t rumen t s  that  are o f t e n  used f o r  f low meas- 

,- urements  a re  t h e  and t h e  

37. I f  a p r e s s u r e  d i f f e r e n c e  can  be measured i n  a f l u i d  

stream, a ra te  can  be c a l c u l a t e d .  

I n  t h e  fo rego ing  d i s c u s s i o n ,  s imple manom- 
e ters  were used i n  c o n j u n c t i o n  w i t h  a n  &- 

‘=and u_ a v e n t u r i  t o  g i v e  a good v i s u a l  
I i l l u s t r a t i o n  of t h e  p r e s s u r e  d i f f e r e n c e  
~ developed by f lowing  f l u i d s .  Although m a -  
nometers are a c t u a l l y  used i n  s i m p l e  s y s -  
yl_ tems when on ly  l o c a l  r e a d i n g s  are r e q u i r e d ,  
remote r e a d o u t s  are necessa ry  i n  r e a c t o r  
sys tems s i n c e  t h e  c o o l a n t  f l u i d  may be  
r a d i o a c t i v e .  Complex pneumatic o r  e l e c t r i c  
i n s t rumen t s  are  i n s t a l l e d  i n  place of t h e  
manometers t o  d e t e c t  t h e  p r e s s u r e  d i f f e r -  
ence and t r a n s l a t e  i t  i n t o  pneumatic or 
e l ec t r i ca l  s i g n a l s  f o r  t h e  remote r e a d o u t s .  
The readout  meters a r e  u s u a l l y  c a l i b r a t e d  
d i rec t .1y  i n  u n i t s  of f low.  
I_ - 

p r e s  s u r e  

l eas t  

o r i f  i c e  
v e n t u r i  

f l o w  
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38.  The l a s t  f low ins t rumen t  w e  w i l l  d e s c r i b e  i s  t h e  

r o t a m e t e r .  T h i s  v e r s a t i l e  l i t t l e  ins t runien t  i s  

w i d e l y  used as a l o c a l ,  d i r e c t - r e a d i n g  senso r  f o r  

bo th  l i q u i d s  and gases; b u t  i t  can  also be des igned  

$0 t r a n s m i t  a s i g n a l  t o  a remote r eadou t  i n s t r u m e n t .  

39.  Very s imply,  the ro t ame te r  i s  a n  " i n - l i n e "  i n s t r u -  

ment w i t h  a v e r t i c a l  s ec t ion .  of t r a n s p a r e n t  t u b i n g  

t a p e r e d  s l i g h t l y  outward from bottom t o  t o p  (F igure  

V-63). I n s i d e  t h e  t a p e r e d  s e c t i o n  i s  a weighted 

plummet o r  bob which i s  l i f t e d  by t h e  fo rce  of t h e  

f l u i d  moving up i n  t h e  tube .  As t he  plummet i s  

c a r r i e d  up, t h e  outward taper  of t h e  tube  a l lows  

more f l u i d  t o  f low around i t .  For  a g i v e n  f l u i d  

_I f l o w ,  t h e  plummet i s  r a i s e d  u n t i l  i t s  weight  i s  

e q u a l  t o  t h e  f o r c e  e x e r t e d  by t h e  moving f l u i d  on 

t h e  plummet. For  l o c a l  r e a d o u t ,  e t ched  c a l i b r a t i o n  

marks on t h e  t r a n s p a r e n t  tube  a l low a d i r e c t  r e a d i n g  

of f l o w .  

F i g .  V-63 o Rotameter 

marks 
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40. For  f l u i d  flow, t h e  plummet w i l l  b e  near  t h e  

( top ,  bottom) of the c a l i b r a t e d  t u b e .  

41. The r o t a m e t e r  b a l a n c e s  the f o r c e  e.xerted by the 

f l u i d  a g a i n s t  the  ( s i z e ,  weight )  of t h e  plummet. 

42.  The r o t a m e t e r  can b e  des igned  t o  measure t h e  f low 

__p ra te  of e i t h e r  a l i q u i d  o r  a 

43. Around t h e  HPIR and ORR, rota .meters  are normally 

used only  f o r  l o c a l  r e a d o u t s .  

44.  The o r i f i c e ,  v e n t u r i ,  and r o t a m e t e r  are i n s t r u m e n t s  

usEd t o  measure . 

6.4.  Temperature Sensors  

45. We have d i s c u s s e d  some p r e s s u r e - s e n s i n g  and f low- 

s e n s i n g  d e v i c e s .  Now,  l e t  us  look  a t  a number of 

d e v i c e s  used t o  measure t e m p e r a t u r e s .  

4 6 ,  A thermometer i s  probably t h e  least  complicated and 

b e s t  known of a l l  temperature-measuring d e v i c e s .  

However, i t s  u s e  around a r e a c t o r  i s  q u i t e  l i m i t e d ;  

so  a v a r i e t y  of o t h e r  t y p e s  of tempera ture-sens ing  

d e v i c e s  must be used .  

bottom 

weight  

f l u i d  flow ra te  
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47. A more v e r s a t i l e  s e n s o r  i s  t h e  thermocouple which, 

i n  p r i n c i p l e ,  o p e r a t e s  as shown i n  F i g u r e  V - 6 4 .  A 

p o t e n t i a l  d i f f e r e n c e  i s  dcvelopc*d a t  each j u n c t i o n  

and i s  p r o p o r t i o n a l  t o  t h e  tampera ture  a t  t h e  j u n e -  

t i o n .  The p o t e n t i a l  developed a t  t h e  c o l d  j u n c t i o n  

i s  less t h a n  t h a t  a t  t h e  h o t  j u n c t i o n .  Because t h e  

v o l t a g e s  (emf 's)  are i n  sericis b u t  of opposi t -e  

polarity, t h e r e  w i l l  b e  a c u r r e n t  i n  t h e  c i r c u i t  due 

t o  t h e  d i f f e r e n c e  of t h e  e m f ' s .  

'I 

A thermocouple " j u n c t i o n "  i s  t h e  p o i n t  a t  
which t h e  two wires ,  made of d i f f e r e n t  
m a t e r i a l s ,  are j o i n e d .  1 c 

- - - - - - -  
Wire A 

Hot 
E l e c t r o n  movement j u n c t i o n  

( u s u a l l y  
s e n s o r )  

High r e s i s t a n c e  

Co Id 
junc t i  on 
(usua 1 l y  
i n  readou 
i n s t r u m e n t  

F i g .  V - 6 4 .  Thermocouple C i r c u i t  

48.  If two wires of d i f f e r e n t  m a t e r i a l s  (Chrome1 and 

Alumel are commonly used a s  thermocouple m a t e r i a l s )  

a r e  j o i n e d  t o  form a cont inuous  loop  and connec- 

t i o n  is h e a t e d  w h i l e  t h e  o t h e r  c o n n e c t i o n  i s  k e p t  

=I., e l e c t r o n  movement t a k e s  p l a c e  from one w i r e  t o  

t h e  o t h e r  producing a p o t e n t i a l  d i f f e r e n c e  a c r o 5 s  a 

s e r i e s - c o n n e c t e d  h i g h  r e s i s t a n c e  which ean be 

measured by a s u i t a b l e  i n s t r u m t n t .  

t h e  



49. The amount of v o l t a g e  measured v a r i e s  d i r e c t l y  w i t h  

t h e  tempera ture  d i f f e r e n c e  bctween t h e  c o l d  and hot 
j u n c t i o n s  01: coupLes. I f  the tempera ture  d i r f e r e n c e  

i n c r e a s e s ,  t h e  v o l t a g e  i n c r e a s e s ;  i f  the tempera ture  

d e c r e a s e s ,  t h e  v o l t a g e  . 

50. A s  the tempera ture  d i f f e r e n c e  (At between t h e  two 

j u n c t i o n s )  i n c r e a s e s ,  t h e  meter  r e a d i n g  . 
d e c r e a s e s  

51 .  I f  t h e  c o l d  j u n c t i o n  i s  kept  a t  a c o n s t a n t  tempera- i n c r e a s e s  

t u r e  and t h e  tempera ture  of t h e  h o t  j u n c t i o n  &- 
c r e a s e s  50", t h e  A t  w i l l  i n c r e a s e  d e g r e e s  and 

the meter r e a d i n g  w i l l  a p r o p o r t i o n a l  amount. 

. 

52. Now, a l l  w e  need t o  do i s  t o  c a l i b r a t e  t h e  meter i n  50, 
i n c r e a s e  

d e g r e e s  of tempera ture  r a t h e r  t h a n  i n  v o l t s  o r  

amperes 

53, The thermocouple p r i n c i p l e  i s :  i f  you "couple" t h e  

ends  of two w i r e s  made of d i f f e r e n t  materials and 

make one c o u p l e  hot and t h e  o t h e r  a, a n  

c u r r e n t  w i l l  f low i n  t h e  wires. 

54. The c u r r e n t  produced, and t h u s  t h e  v o l t a g e  d r o p  e 1.e e t r  i e  

a c r o s s  R (Figure V - 6 4 1 ,  depends on t h e  d i f f e r e n c e  i n  

between t h e  t w o  c o u p l e s  
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55. 'If t h e  h o t  j u n c t i o n  (or  couple)  i s  i n  t h e  r e a c t o r  

and t h e  c o l d  j u n c t i o n  i s  i n  t h e  c o n t r o l  room, the 

meter  r e a d i n g  w i l l  i n c r e a s e  as t h e  r e a c t o r  tempera-, 

y_ t u r e  ( d e c r e a s e s ,  i n c r e a s e s )  

- I 

t empera ture  

i n c r e a s e s  56. The ou tpu t  of a thermocouple system i s  gm& a d i r e c t  

t empera ture  measurement; i t  i s  a n  e l e c t r i c a l  po ten-  

t i a l .  - 

57. However, t h e  v o l t a g e  ou tpu t  changes w i t h  tempera ture .  

So,  i f  w e  measure t h e  ou tpu t  w i t h  a s e n s i t i v e  v o l t -  

meter, t h e  meter need le  w i l l  show a n  ( i n c r e a s e d ,  

dec reased )  v o l t a g e  as t h e  t empera tu re  goes  up and 

( i n c r e a s e d ,  dec reased )  v o l t a g e  as t h e  t empera tu re  

goes down. 

i n c r e a s e d ,  
dee r  eased  

58. T h u s ,  w e  can  c a l i b r a t e  t h e  meter  t o  r ead  d e g r e e s  of 

t empera tu re  r a t h e r  t h a n  m i l l i v o l t s  of e l e c t r i c i t y .  

59. Although the ou tpu t  o f  a thermocouple i s  an e l e c t r i -  

c a l  s i g n a l ,  t h e  meter r e a d o u t  i s  normally c a l i b r a t e d  

t o  r ead  i n  e i t h e r  F a h r e n h e i t  o r  Cen t ig rade  

d e g r e e s .  

60. Another  i n s t rumen t  which produces an  e l e c t r i c a l  sig- tempera ture  

n a l  v a r i a t i o n  t h a t  i s  l i n e a r  over  a w i d e  t empera ture  

range  i s  t h e  r e s i s t a n c e  thermometer .  It i s  a long 

l e n g t h  of i n s u l a t e d  f i n e  w& wound on a. s p o o l .  

- 
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62 e 
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A r e s i s t a n c e  thermometer o p e r a t e s  because t h e  

r e s i s t a n c e  of a metal i n c r e a s e s  as i t s  t e m p e r a t u r e  

i n c r e a s e s .  It, t h e n ,  i s  a r e s i s t o r  whose r e s i s t a n c e  

w i l l  increase n e a r l y  l i n e a r 1 2  as i t s  tempera ture  

- - . - - - - -  

I f  a g i v e n  r e s i s t a n c e  thermometer h a s  a r e s i s t a n c e  i n c r e a s e s  

of 100 ohms when t h e  tempera ture  i s  50OP and 200 

ohms when the  tempera ture  i s  100°F, i t s  r e s i s t a n c e  

w i l l  be about  300 ohms when t h e  tempera ture  i s  

O F .  

N i c k e l ,  copper ,  and p la t inum are t h e  most 

materials used f o r  t h e  r e s i s t a n c e  wire i n  

ance thermometers.  

common 

res is t -  

- - - - - - -  

The approximate ly  l i n e a r  tempera ture  range  f o r  

n i c k e l  i s  from -150°F t o  +300°F, w e l l  w i t h i n  t h e  

range  of many r e a c t o r  c o o l a n t  t e m p e r a t u r e s .  

- - - - - - -  
One metal t h a t  might be used i n  a r e s i s t a n c e  t h e r -  

mometer f o r  measuring a r e a c t o r  c o o l a n t  tempera ture  

i s  . 

For  b e t t e r  p r e c i s i o n  i n  measuring as w e l l  as f o r  

measurement of h i g h e r  t e m p e r a t u r e s  (up t o  lOOO@F), 

p la t inum i s  used as the r e s i s t o r  wi re .  

150'F 

n i c k e l  
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67. When p r e c i s i o n  i s  of prime importance,  t h e  res is t -  

ance  thermometer i s  used r a t h e r  t han  thermocouples  

o r  o t h e r  temperature-measuring d e v i c e s .  From t h i s  

one would expec t  tha t  a (thermocouple,  r e s i s t a n c e  

thermometer) would be r e q u i r e d  f o r  making t h e  

c o o l a n t  tempera ture  measurements f o r  a r e a c t o r .  

68. We should  d i s c u s s  one o t h e r  temperature-measuring r e s i s t a n c e  
thermometer 

dev ice - - the  g a s - f i l l e d  bu lb .  

f i l l e d  b u l b s  are used t o  measure t h e  i n l e t  and 5 x 2  

primary c o o l a n t  t empera tu res  of t h e  r e a c t o r  f o r  u s e  

by t h e  s e r v o  sys tem* 

A t  t h e  H m ,  m- 

69 .  G a s - f i l l e d  b u l b s  may be used as t empera tu re -  

measuring d e v i c e s  because when a = i s  placed i n  a 

c l o s e d  c o n t a i n e r  t h e  p r e s s u r e  i t  e x e r t s  on t h e  wal l s  

of t h e  c o n t a i n e r  v a r i e s  a t  a known r a t e  w i t h  temper- 

a t u r e  changes.  

70.  I f ,  a t  t h e  HFPR, the g a s  p r e s s u r e  i n  the g a s - f i l l e d  

bu lb  i n c r e a s e s ,  i t  i s  an i n d i c a t i o n  that  t h e  primary 

c o o l a n t  has inc reased .  

71. T h i s  p r e s s u r e  change may be used t o  d r i v e  a u- 
matic t r a n s m i t t e r  f o r  remote d i s p l a y  of t h e  *--. 

72.  Tn t h e  e a r l y  p o r t i o n  of t h i s  qect ion: ,  w e  s t a t e d  

t h a t  i n fo rma t ion  concern ing  c o o l a n t  f low and m- 
p e r a t u r e  i s  necessa ry  f o r  c a l c u l a t i n g  h e a t  power.  

These,  however, are n o t  t h e  only  parameters  t h a t  

need t o  be monitored.  

--* 

t emp  e r a t IS r c 

t ern p e  r a t  iir e 
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73. We need p r o c e s s  in fo rma t ion  of many k inds ,  f o r  

example, pump-bearing t empera tu res  and l i q u i d  l e v e l s  

i n  s t o r a g e  t a n k s .  In s t rumen t s  f o r  moni tor ing  v a r i -  

ous t empera tu res  may be t h e  same, fundamenta l ly ,  a s  

t hose  a l r e a d y  d i s c u s s e d .  The measurement of l i q u i d  

l e v e l s  w i l l  be d i s c u s s e d  nex t .  

6 .5 .  L iqu id  Leve l  

74 .  One of t h e  s i m p l e s t  i n s t r u m e n t s  f o r  measuring l i q u i d  

l e v e l s  i n  tanks  i s  the s i g h t  glass ,  used as shown 

below (Figure  V-65). 

S t e e l  t a n k  

Liquid  l e v e l  

T ranspa ren t  t u b e  

F i g .  V-65. L iqu id  Leve l  Measure by S i g h t  Glass 

75. Normally,  t h i s  t ype  of ins t rument  would be  used on ly  

t o  d i s p l a y  i n f o r m a t i o n  l o c a l l y .  

76. For  a l i q u i d - l e v e l  i n d i c a t o r ,  a s i g h t  g l a s s  i s  s u i t -  

a b l e  f o r  ( l o c a l ,  remote)  r e a d o u t .  
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7 7 .  Another common type  of i n d i c a t o r  makes use of a 

f l o a t  arrangement ,  such as t h a t  shown below (Figure  

V-661, f o r  local r e a d o u t .  

l o c a l  

I Tinge, 

a b 

F i g .  V-66. Float-Type. Local  I n d i c a t o r s  
. .. 

78. F i g u r e  V-66 h a s  been s i m p l i f i e d  f o r  our purpose,  b u t  

i t  does  r e p r e s e n t  two methods of u s i n g  a f l o a t  t o  

measure t h e  i n  a t a n k ,  

7 9 .  The drawings i n  F i g u r e  v -66  show t h e  use  of f l o a t  l i q u i d  l e v e l  

mechanisms f o r  (remote,  l o c a l ,  e l e c t r i c a l )  d i s p l a y  

of l i q u i d - l e v e l  i n fo rma t ion .  

80 .  A f l o a t  may a l s o  be  used i n  a n o t h e r  way t o  measure 

l i q u i d  l e v e l .  T h i s  method i s  sometimes c a l l e d  t h e  

d i sp lacemen t - fo rce  ba lance  e T h e  f l o a t  i s  essen-  

t i a l l y  f i x e d  i n  p o s i t i o n  and the W h L  of t h e  

l i q u i d  above the f l o a t  de t e rmines  t h e  amount of 

upward f o r c e  on t h e  f l o a t .  

l o c a l  
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- ..... 

81. You have probably n o t i c e d  t h a t  a f l o a t  ( i n n e r  tube ,  

p l a s t i c  f l o a t ,  empty o i l  drum, e t c . )  may be pushed 

down i n t o  t h e  water i€ enough f o r c e  i s  e x e r t e d .  Thc  

deeper  t h e  f l o a t  i s  pushed, t h e  , t h e  f o r c e  

n e c e s s a r y .  

- 

82.  The amount of f o r c e  t h e  water e x e r t s  on t h e  f l o a t  i s  g r e a t e r  

p r o p o r t i o n a l  t o  t h e  amount of water d i s p l a c e d  by t h e  

f l o a t  and t o  t h e  d e p t h  of water above t h e  part  of 

t h e  f l o a t  which i s  submerged. 

83. So, if you had a long v e r t i c a l  E l o a t  i n  a f i x e d  

e o s i t i o n  i n  a tank ,  t h e  d e p t h  of t h e  l i q u i d  would 

de te rmine  n o t  on ly  how much l i q u i d  was d i s p l a c e d  by 

t h e  f l o a t ,  b u t  a l s o  how much f o r c e  was e x e r t e d  up-  

ward on t h e  f l o a t  by t h e  l i q u i d .  The f o r c e  e x e r t e d  

on t h e  f l o a t  would be c a l l e d  the d isp lacement  . 

84. I f  i t  should  t a k e  a small f o r c e  t o  b a l a n c e  t h e  &- f o r c e  

p l a c e n e n t  f o r c e ,  you would s u s p e c t  a (high,  low) 

l i q u i d  l e v e l  i n  t h e  t a n k .  

85. The mapnitude of the b a l a n c e  f o r c e  would i n d i c a t e  

t h e  of t h e  l i q u i d  i n  t h e  t a n k .  

86. It may n o t  be obvious a t  t h i s  time b u t ,  w h i l e  t h e r e  l e v e l  o r  
h e i g h t  seems t o  be l i t t l e  d i f f e r e n c e  i n  t h e  q u a l i t y  o r  

q u a n t i t y  of i n f o r m a t i o n  displayed locally by the  

s i p h t  g l a s s  and t h e  f l o a t  i n d i c a t o r ,  i t  i s  much 

s i m p l e r  t o  a d a p t  t h e  f l o a t  mechanism- f o r  a remote 

r e a d o u t  of t a n k  ‘Level. 
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I .... 
8 7 .  You may r e c a l l  our  d i s c u s s i o n  of t h e  po ten t iome te r  

( f r e q u e n t l y  a b b r e v i a t e d  "pot  .") . 
memory, i t  l o o k s  l i k e  t h i s  s c h e m a t i c a l l y  (F igure  

V-67) 

To r e f r e s h  your  

Movable c o n t a c t  

Inpu t  v o l t a g e  

Output  v o l t a g e  

F i g .  V-67. Poten t iome te r  

88. The po ten t iome te r  i s  a p o t e n t i a l  o r  v o l t a g e  (d iv ider ,  

g e n e r a t o r ,  a m p l i f i e r ) .  

89. I f  t h e  inpu t  v o l t a g e  t o  the po ten t iome te r  i s  10 
v o l t s ,  t h e  ou tpu t  v o l t a g e  may be anywhere between 

v o l t s  and v o l t s ,  depending on t h e  p o s i -  

I_ t i o n  of the movable c o n t a c t .  

90. The preceding  frame w a s  i n s e r t e d  here merely t o  

check t o  see i f  you remembered. I f  you d i d  no t  

answer c o r r e c t l y ,  you may want t o  review S e c t i o n  

V - 1  e 1 e 1, Frames 97 through 108 e 

91. NOW a t tach  t h e  po ten t iome te r  t o  the f l o a t  mechanism 

s o  t h a t  t h e  f l o a t  moves the. s l i d i n g  c o n t a c t  of t h e  

y__ . F i g u r e  V - 6 8  i s  a simplified drawing of how 

t h i s  could  be done.  

d i v i d e r  

z e r o q  
10 
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F1 

F i g .  V-68. S i m p l i f i e d  L iqu id  Level  Ins t rument  w i t h  Remote Readout 

92.  In look ing  a t  F i g u r e  V-68 you w i l l  n o t e  that as t h e  poten t iometer  

l i q u i d  l e v e l  d e c r e a s e s  t h e  v o l t a g e  ou tpu t  from t h e  

po ten t iome te r  a l s o  . 

93.  A s  the l i q u i d  l e v e l  i n c r e a s e s ,  the s i g n a l  v o l t a g e  d e c r e a s e s  

t o  the ins t rumen t  ( i n c r e a s e s ,  d e c r e a s e s ,  remains t h e  

same). 

9 4 ,  By d e s i g n i n g  t h e  system c o r r e c t l y ,  the v o l t a p e  t o  i n c r e a s e s  

t h e  ins t rument  can  be  made t o  be  p r o p o r t i o n a l  t o  t h e  

i n  the t ank ,  t h u s  a l lowing  a cont inuous  
-_I_ 

d i s p l a y  of l i q u i d - l e v e l  i n fo rma t ion .  

95. The f l o a t - i n d i c a t o r  mechanism may a l s o  b e  des igned  l i q u i d  l e v e l  

t o  c o n t r o l  t h e  l i q u i d  l e v e l .  
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96. I n  o r d e r  t o  c o n t r o l  over  a range having  both  h i g h -  

l e v e l  and low- leve l  l i m i t s ,  t h e  €Loat  could be 

a t t a c h e d  t o  s w i t c h e s  which would e n e r g i z e  a f i l l  

a t  a d e s i g n a t e d  low l e v e l  and d e - e n e r g i z e  t h e  

pump a t  a d e s i g n a t e d  u. Thus, of 

b o t h  h i g h  and & l e v e l s  could  be  a c h i e v e d ,  

97.  One o t h e r  l i q u i d - l e v e l - m e a s u r i n g  and l i q u i d - l e v e l -  c o n t r o l  

c o n t r o l l i n g  d e v i c e  measures t h e  l e v e l  of a l i q u i d  

by t h e  p r e s s u r e  i t  exerts a t  a chosen depth .  

98, You may r e c a l l  t h a t  t h e  p r e s s u r e  e x e r t e d  by a l i q u i d ,  

depends & on i t s  d e n s i t y  and d e p t h .  

t h a t  i f  you. have a t a n k  of f u e l  o i l  ( d e n s i t y  0.7 

T h i s  means 

g m / c m  3 9 and a t a n k  of w a t e r  ( d e n s i t y  1 .0  gm/cm 3 ) of 

t h e  same depth  t h e  (water, f u e l  o i l )  w i l l  e x e r t  t h e  

most p r e s s u r e  on t h e  bottom of t h e  tank .  

99. Another  i l l u s t r a t i o n  i s  two t a n k s  of f u e l  o i l ,  same water 

d e n s i t y ,  w i t h  t h e  d e p t h  of t h e  o i l  i n  one t a n k  a t  

10 f t  w h i l e  t h e  d e p t h  of t h e  o i l  i n  t h e  o t h e r  t a n k  

i s  o n l y  5. 
t o  t h e  d e p t h ,  t h e  1 0 - f t  d e p t h  of  o i l  w i l l  exe r t  

(one-ha l f ,  t w i c e ,  f o u r  times) as much p r e s s u r e  on 

t h e  bottom as t h e  5 - f t  depth .  

If t h e  p r e s s u r e  i s  p r o p o r t i o n a l  Only 

- - - - - - -  
100. The name e n g i n e e r s  ha.ve g iven  t h i s  p r e s s u r e  i s  

h y d r o s t a t i c  p r e s s u r e .  Hydro r e f e r s  t o  t h e  f a c t  

t h a t  i t  i s  a l i q u i d ,  and s t a t i c  means i t  i s  " ~ _ t  

caused by motion of t h e  f l u i d .  

tw i.c e 
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.... 

101. So, w e  can measure t h e  l i q u i d  l& above a c e r t a i n  

dep th  i n  a t ank  by measuring i t s  p r e s s u r e  a t  

t h a t  dep th .  

102. I n  a very  s i m p l i f i e d  s i t u a t i o n ,  w e  could  say  t h a t  

t h e  h i g h e r  t h e  l i q u i d  l e v e l ,  the t h e  hy d r o - 
s t a t i c  p r e s s u r e .  

103. A s i m p l e  p r e s s u r e  gauge, c a l i b r a t e d  t o  read  i n  

l i q u i d - l e v e l  u n i t s  ( i nches ,  f e e t ,  g a l l o n s ,  e tc . )  

would be  adequa te  f o r  a ( l o c a l ,  remote)  r eadou t .  

104. For  remote d i s p l a y  of i n f o r m a t i o n  o r  f o r  l i q u i d -  

l e v e l  c o n t r o l ,  p r e s s u r e - a c t u a t e d  swi t ches  would be  

used t o  i n i t i a t e  t he  in fo rma t ion  s i g n a l  o r  c o n t r o l  

a c t i o n .  More s o p h i s t i c a t e d  in s t rumen t s  can  g i v e  a 

d i r e c t  r eadou t  of p r e s s u r e  which c a n  be t r a n s m i t t e d  

t o  remote in s t rumen t s  - 

6 . 6 .  Water P u r i t y  

105. It i s  v e r y  impor t an t - - fo r  r e a c t o r s  t h a t  use  water 

f o r  moderat ing,  c o o l i n g ,  or s h i e l d i n g - - t h a t  t h e  

p u r i t y  of t h e  water be main ta ined  a t  a h igh  l e v e l .  

By h igh  p u r i t y ,  w e  mean t h a t  m i c r o b i o l o g i c a l  growths 

and the amount of d i s s o l v e d  s o l i d s  must be kept  a t  a 

minimum l e v e l ,  and t h e  pH must be main ta ined  a t  a 

p r e s c r i b e d  l e v e l .  The meaning and s i g n i f i c a n c e  of 

pH w i l l  b e  d i s c u s s e d .  

h y d r o s t a t i c  

h i g h e r  

l o c a l  

..... 
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106. The growth of b i o l o g i c a l  organisms i s  usua . l ly  i n h i b -  

i t e d  by the  a d d i t i o n  of b a c t e r i c i d e s  accord ing  t o  a 

p a t t e r n  s e t  by a d m i n i s t r a t i v e  a c t i o n .  I n  s y s -  

tems, t h e  chemica ls  a r e  added by o p e r a t o r s ;  i n  

o t h e r s ,  t h e  chemicals  are  added by meter ing  pumps. 

I n  e i t h e r  c a s e ,  t h e r e  i s  no need f o r  i n s t r u m e n t s  

t h a t  have not  a l r e a d y  been d i s c u s s e d .  

107. U s u a l l y ,  t h e  pr imary c o o l a n t  system of a r e a c t o r  i s  

a c l o s e d  system; and t h e r e  i s  small cbance of growth 

of micro-organisms - Secondary c o o l a n t  systems,  w i t h  

t h e i r  c o o l i n g  towers and a c c e s s o r y  equipment,  are 

very  s u s c e p t i b l e  t o  such growths;  and SO i t  i s  i n  

t h e s e  systems t h a t  are most o f t e n  used .  

- ..... 
108. B a c t e r i c i d e s  are most o f t e n  needed i n  c o o l a n t  s y s -  

tems t h a t  are ( c l o s e d ,  open) .  

bac t er i c  i d e s  

109. Pr imary c o o l a n t  systems u s u a l l y  depend on deminer- open 

a l i z a t i o n  t o  keep t h e  p u r i t y  of t h e  water a t  a h i g h  

l e v e l .  D e m i n e r a l i z a t i o n  s e r v e s  b o t h  t o  remove 

unwanted i o n s  and t o  keep t h e  r e s i s t i v i t x  of t h e  

water h i  gh . 

110. The only  ins t rument  used f o r  w a t e r  p u r i t y  c o n t r o l  

t h a t  i s  d i f f e r e n t  from i n s t r u m e n t s  a l r e a d y  mentioned 

i s  t h e  meter t h a t  measures t h e  pH of t h e  water. 



2 74 

111. For our  purposes ,  w e  can  t h i n k  of & as a numbered 

s c a l e  from 1 t o  14 i n  which t h e  numbers from 7 d a m  

t o  1 r e p r e s e n t  i n c r e a s i n g  a c i d i t y  of t h e  water and 

numbers from 7 up t o  14 r e p r e s e n t  i n c r e a s i n g  a l k a -  

l i n i t y  of t h e  water .  

-- 
_I_ 

112. Thus, water t h a t  is n e i t h e r  a l k a l i n e  nor a c i d i c  

( p e r f e c t l y  n e u t r a l )  w i l l  have a pEi of (1, 7 ,  14) .  

113. 'Water w i t h  a pH of 7.5 i s  (more, l e s s )  a l k a l i n e  t h a n  7 

water w i t h  a pH of 9.0. 

114. Water w i t h  a pH of 4.5 i s  more t h a n  water w i t h  less 

a pH of 6.0. 

... 

115, Meters used f o r  pH measurements make u s e  of a z- 
cia1 e l e c t r o d e  which i s  placed i n  t h e  s o l u t i o n  

(water) t o  be checked. 

116, The v o l t a g e  produced a t  t h i s  e l e c t r o d e  i s  compared 

w i t h  a c o n s t a n t  r e f e r e n c e  v o l t a g e  i n  t h e  i n s t r u m e n t .  

117. The v e r y  s e n s i t i v e  vol tmeter  t h a t  i n d i c a t e s  t h e  d i f -  __. 

f e r e n c e  v o l t a g e  i n  t h i s  comparison i s  c a l i b r a t e d ,  

n o t  i n  v o l t s  b u t  i n  pH u n i t s  from 1 t o  14. 

.- 

- I - - - - -  

118. If t h e  meter i n d i c a t e s  a number such as =, t h e  

sample s o l u t i o n  is  ( a l k a l i n e ,  a c i d i c ,  n e u t r a l )  

because 5 .5  i s  less t h a n  7 .  

a c i d  ic. 
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119. 

120 0 

121. 

122 I 

123 .  

Tf t h e  meter  i n d i c a t e s  a pH of 7 ,  t h e  s o l u t i o n  i s  

( a l k a l i n e ,  a c i d i c ,  n e u t r a l ) .  

a c i d i c  

I f  t h e  meter i n d i c a t e s  a pH of 9 . 3 ,  t h e  s o l u t i o n  i s  n e u t r a l  

( a l k a l i n e ,  a c i d i c ,  n e u t r a l ) .  

Although t h e  pH meter i s  u s u a l l y  used f o r  a n a l y s i s  

of i n d i v i d u a l  samples, i t  can  be adapted t o  g i v e  a 

cont inuous  a n a l y s i s  f o r  e i t h e r  l o c a l  o r  remote d i s -  

p l a y  by p l a c i n g  t h e  e l e c t r o d e  f o r  t h e  unknown sample 

i n  a spec ia l  c o n t a i n e r  through which a s a m p l e  stream 

of water f l o w s ,  

- - - - - - -  
You may wonder why we need t o  monitor  t h e  pH c o n t i n -  

uous ly .  The p r e s c r i b e d  pH f o r  a system i s  d e t e r -  

mined by t h e  s t r u c t u r a l  components of t h e  system and 

t h e  changes tha.t may t a k e  p l a c e  i n  t h e  water because 

of i t s  d i s s o l v e d  m i n e r a l  c o n t e n t .  

e i t h e r  t o o  l o w  o r  t o o  h i g h ,  c o r r o s i o n  of s t r u c t u r a l  

materials may b e  a c c e l e r a t e d .  

I f  the pH i s  

For example, t h e  water i n  a secondary c o o l a n t  system 

i s  u s u a l l y  kept  about  n e u t r a l  (pH a t  t h e  ORR i s  7 t o  

7 . 5 ;  a t  t h e  HFTR i t  is  6.6). One r e a s o n  f o r  t h e  

s l i g h t l y  greater a c i d i t y  a t  t h e  H F I R  is t h a t  t h e  

ra te  of water e v a p o r a t i o n  is  such t h a t  t h e  ca lc ium 

- 
c o n c e n t r a t i o n  i n  

extra a c i d i t y  i s  

from forming and 

t h e  w a t e r  b u i l d s  up f a s t e r .  The 

t o  p r e v e n t  c e r t a i n  c a l c i u m  s a l t s  

d e p o s i t i n g  i n s i d e  the p i p e s  

a 1 ka 1 i ne 
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124. T t  i s  impor tan t  t o  keep t h e  pH of a water c o o l a n t  

system a t  a g i v e n  l e v e l  t o  prevent  such t h i n g s  as 

( n i t r o g e n ,  ca lc ium,  hydrogen) d e p o s i t s  i n  t h e  p i p e s .  

T h i s  would be t r u e  e s p e c i a l l y  i n  an  open system i n  

which w a t e r  e v a p o r a t i o n  from a c o o l i n g  tower i s  

a p p r e c i a b l e  

125. The c o n t r o l l i n g  pH meters i n i t i a t e  s i g n a l s  which 

cause  t h e  s t r o k e s  of a c i d - m e t e r i n g  pumps t o  b e  

a d j u s t e d  t o  keep t h e  pH of t h e  system a t  a c o n s t a n t  

v a l u e .  Longer s t r o k e s  would i n c r e a s e  t h e  a c i d  fed  

t o  t h e  system; s h o r t e r  s t r o k e s  would d e c r e a s e  t h e  

amount of a c i d  f e d  t o  t h e  system. The s i g n a l  can 

a l s o  be used t o  c o n t r o l  t h e  pumping speed of a 

v a r i a b l e  speed pump, when t h i s  i s  t h e  method of 

d e t e r m i n i n g  t h e  r a t e  of a c i d  a d d i t i o n  t o  a system. 

126. If  t h e  p& of t h e  HFIR secondary c o o l a n t  becomes 

greater t h a n  6 ,6 ,  l e t  u s  say  7 .0 ,  t h e  system needs 

(more, less)  a c i d ,  

127. The s i g n a l  from t h e  pH meter i s  conver ted  t o  a n  

e r r o r  s i g n a l  which c a u s e s  t h e  s t r o k e  of t h e  a c i d -  

meter ing  pump t o  become ( l o n g e r ,  s h o r t e r )  t o  put  

more a c i d  i n t o  t h e  system. 

128. L e s t  we leave  t h e  impress ion  t h a t  t h e  ca lc ium con- 

t e n t  of t h e  secondarywwater i s  t h e  a l l - i m p o r t a n t  

reason f o r  d e t e r m i n i n g  pH, w e  should mention t h a t  

t h e r e  are o t h e r  impor tan t  c o n s i d e r a t i o n s  i n c l u d i n g  

t h e  f a c t  t h a t  t h e r e  i s  an -timum p'H f o r  t h e  &- 
t e r i c i d e s  used t o  p r o t e c t  t he  s t r u c t u r a l  par ts  of 

t h e  c o o l i n g  towers.  

ca IC ium 

mor e 

longer  
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129.  Experiments  have shown t h a t ,  a t  h i g h  t e m p e r a t u r e s ,  

c o r r o s i o n  of aluminum f u e l  c l a d d i n g  is  l e a s t  when 

t h e  pH- of t h e  pr imary c o o l a n t  water i s  kept  a t  about  

5.0.  - 

130, S i n c e  t h e  f u e l  e lements  a t  b o t h  t h e  HFPR and t h e  - 
are  c l a d  w i t h  aluminum, t h e  pH of t h e  pr imary c o o l -  

a n t  water i s  ke.pt a t  about  

1.31. rf t h e  f u e l  e lements  were c l a d  w i t h  s t a i n l e s s  steel  

r a t h e r  t h a n  aluminum, t h e  of t h e  c o o l a n t  s y s -  

t e m  might need t o  be d i f f e r e n t .  

5.0 

6 .7 .  R a d i a t i o n  Moni tor ing  

132. The Last i n s t r u m e n t s  w e  sha l l  c o n s i d e r  are no t  PI-I 

e x a c t l y  p r o c e s s  i n s t r u m e n t s  and are not  e x a c t l y  i n  

the n u c l e a r  i n s t r u m e n t a t i o n  c a t e g o r y .  They a r e  t h e  

r a d i a t i o n - d e t e c t - i o n  i n s t r u m e n t s  which monitor t h e  

r a d i o a c t i v i t y  of t h e  c o o l a n t  systems and t h e  s- 
ta inment  and  v e n t i l a t i o n  sys tems,  as well as t h o s e  

p o r t a b l e  i n s t r u m e n t s  used f o r  g e n e r a l  r a d i a t i o n  

moni tor ing .  

133.  Norma.lly, r a d i a t i o n - d e t e c t i o n  i n s t r u m e n t s  f o r  e- 
- era1 moni tor ing  are  p o r t a b l e ;  and t h o s e  t h a t  monitor 

s p e c i f i c  systems,  such a s  c o o l a n t  o r  v e n t i l a t i o n ,  

are s t a t i o n a r y  so  t h a t  t h e i p  o u t p u t s  can  b e  t i e d  

i n t o  a n  alarm o r  s a f e t y  system. 



278 

134. From a l l  of t h e  p o r t a b l e  in s t rumen t s  a v a i l a b l e ,  we 

s h a l l  p i c k  f o r  d i s c u s s i o n  on ly  t h e  G-N survey  meter 

and t h e  c u t i e - p i e  because  they  are most o f t e n  used 

f o r  g e n e r a l  mon i to r ing .  

1 3 5 ,  The G-M su rvey  meter u s e s  f o r  a d e t e c t o r  a n  a rgon-  

f i l l e d  i o n i z a t i o n  chamber which h a s  a p o t e n t i a l  d i f -  

f e r e n c e  a c r o s s  i t s  e l e c t r o d e s  of from 800 v t o  1500 
I v. An a p p l i e d  v o l t a g e  i n  t h i s  range (you may r e c a l l  

t h a t  t h i s  v o l t a g e  range i s  c a l l e d  the Geiger  range)  

produces a s t r o n g  o u t p u t  pu l se  t h a t  needs l i t t l e  

e l e c t r o n i c  a m p l i f i c a t i o n  i n  o r d e r  f o r  i t  t o  b e  

d e t e c t e d  by e i t h e r  earphones o r  a s e n s i t i v e  volt- 
meter (d i scussed  i n  S e c t i o n  V - 2 ,  Frames 3 2 - 4 0  and 

,55 -73)"  

I 1 

You w i l l  r e c a l l  t h a t  t he  r a d i a t i o n  d e t e c t o r  
used by t h i s  meter is  c a l l e d  a Geiger -  
Muel le r  t ube  i n  honor of the men who d e v e l -  
oped i t .  From t h e  combina t ion  Geiger -  
Muel le r ,  we g e t  t h e  G-M f o r  t h e  name of t h e  
su rvey  meter .  - - 

136. The G-M survey  meter u s e s  a n  a r g o n - f i l l e d  

Eor a r a d i a t i o n  detectror .  

137. I n  t h e  "Geiger region",  t he  a p p l i e d  v o l t a g e  a c r o s s  i o n i z a t i o n  cham 
13er 

v o l t s .  to  - t h e  i o n i z a t i o n  chamber i s  
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- .. .. 

138. The s t r e n g t h  of t h e  o u t p u t  p u l s e  of t h e  G-M t u b e  i s  808 t o  1500 

such t h a t  (much, l i t t l e )  e l e c t r o n i c  a m p l i f i c a t i o n  i s  

needed t o  d i s p l a y  t h e  s i g n a l .  

139. The G-M survey  meter i s  used f o r  b e t a  and gamma 

r a d i a t i o n  d e t e c t i o n  and measurement i n  r e l a t i v e l y  

low i n t e n s i t i e s  of r a d i a t i o n  where a v e r y  p r e c i s e  

measure of dose r a t e  i s  n o t  e s s e n t i a l .  

140. The c u t i e  p i e ,  normally needed f o r  t h e  d e t e c t i o n  and 

measurement of h i g h e r  i n t e n s i t i e s  of gamma r a d i a -  

t i o n ,  u s e s  a n  a i r - f i l l e d  i o n i z a t i o n  chamber f o r  a 

d e t e c t o r .  A t  ORNL, t h e  c u t i e  p i e ' s  i o n i z a t i o n  cham- 

b e r  has a c u t  o u t  s e c t i o n  i n  t h e  d e t e c t o r  h o u s i n g  

which has been r e p l a c e d  w i t h  a t h i n  f i l m .  T h i s  

a l l o w s  t h e  meter t o  be used t o  d e t e c t  h igh-energy  

b e t a  p a r t i c l e s  as w e l l  as r a d i a t i o n .  

l i t t l e  

141. The c u t i e  p i e  i s  normally used t o  measure ( h i g h e r ,  gamma 

lower)  r a d i a t i o n  dose  rates than  t h o s e  f o r  which t h e  

G-M survey  meter i s  a p p l i c a b l e .  

142. The r a d i a t i o n  d e t e c t o r  of the c u t i e  p i e  i s  a n  a i r -  h i g h e r  

f i l l e d  -- (d iscussed  i n  S e c t i o n  V - 2 ,  Frames 

1-25, 45-55,  and 65-70). 

1 4 3 .  The c u t i e  p i e  is used f o r  r e l a t i v e l y  i n t e n s e  gamma i o n i z a t i o n  el-lam- 
b e r  r a d i a t i o n ;  and, i f  i t  has  a very  t h i n - w a l l  window, 

i t  can b e  used t o  d e t e c t  high-energy p a r t i -  

c l e s  . 
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144. The ion iza t ion-chamber- type  r a d i a t i o n  d e t e c t o r s  w e  b e t a  

have j u s t  d i s c u s s e d ,  e s p e c i a l l y  t h e  Geiger-Mueller  

t u b e ,  are w i d e l y  used i n  b o t h  p o r t a b l e  and s t a t i o n -  

% i n s t r u m e n t s .  

C e r t a i n  m a t e r i a l s  c a l l e d  phosphors emit 
l i g h t  ( s c i n t i l l a t i o n s )  when t h e y  are 
exposed t o  r a d i a t i o n .  When t h e  l i g h t  from 
such a material f a l l s  on a photocathode (a 
m a t e r i a l  which w i l l  e m i t  p h o t o e l e c t r o n s  
when s t r u c k  by l i g h t ) ,  e l e c t r o n s  are  e m i t -  
t e d  t o  a n  a m p l i f i e r  c a l l e d  a p h o t o m u l t i p l i -  
e r  which h a s ,  f o r  i t s  o u t p u t ,  a r e l a t i v e l y  
l a r g e  e l e c t r i c a l  p u l s e  (see F i g u r e  V-69).  

145. There i s  a n o t h e r  d e t e c t o r  which, due t o  i t s  conven- 

i e n c e ,  e f f i c i e n c y ,  and r e l i a b i l i t y  a t  h i g h  c o u n t i n g  

ra tes ,  i s  used f o r  measuring t h e  r a d i a t i o n  from such 

t h i n g s  as water samples and t h e  smear papers  used 

for Contaminat ion d e t e c t i o n .  This  i s  t h e  s c i n t i l l a -  

t i o n  c o u n t e r .  
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f o i l  

thode 

F i g .  V-69. Diagram of t h e  D e t e c t o r  Tube 
of a S c i n t i l l a t i o n  Counter 

146. T h i s  type of d e t e c t o r  i s  c a l l e d  a s c i n t i l l a t i o n  

c o u n t e r  because when a p u l s e  of r a d i a t i o n  e n t e r s  t h e  

phosphor ( o f t e n  a sodium i o d i d e  c r y s t a l )  t h e  c r y s t a l  

emits a f l a s h  of . 

147. The f l a s h  of l i g h t  i s  i n t e n s e  enough t o  remove 

( e l e c t r o n s ,  p r o t o n s ,  n e u t r o n s )  from a m a t e r i a l  

c a l l e d  a photoca thode .  

l i g h t  

148. E l e c t r o n s  are  e m i t t e d  when a f l a s h  of l i g h t  from t h e  e l .ec t rons  

phosphor s t r i k e s  a m a t e r i a l  c a l l e d  a 
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149,  The e lec t rons ,  from t h e  photocathode a r e  a t t r a c t e d  t o  photocathode 

t h e  p la tes  of a p h o t o m u l t i p l i e r  where t h e  number of 

e l e c t r o n s  i s  i n c r e a s e d  when they  c o l l i d e  w i t h  a 

s e r i e s  of p l a t e s  and knock more. e l e c t r o n s  loose  w i t h  

each  c o l l i s i o n .  One t y p e  of photomult ipl . ier  oper - 
a tes  as shown i n  F i g u r e  V - 7 0 .  

Y Phosphor 

I Photocathode - 

E l e c t r o n  e m i t t i n g  
p l a t e s  I 

C o l l e c t  or  

F i g .  V - 7 0 .  P h o t o m u l t i p l i e r  

150. Many p h o t o m u l t i p l i e r s  have a m u l t i p l i c a t i o n  f a c t o r  

of a m i l l i o n  o r  more. Thus, each time r a d i a t i o n  

produces a s c i n t i l l a t i o n  

p h o t o m u l t i p l i e r  tube produces a r e l a t i v e l y  ( s t r o n g ,  

weak) e l e c t r i c a l  i n  t h e  output  of t h e  t u b e .  

i n  t h e  phosphor,  t h e  

. 
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151. When a r a d i o a c t i v i t y  a n a l y s i s  i s  needed i n  which 

g r e a t e r  e f f i c i e n c y  i s  d e s i r e d  than  can  be achieved  

coun te r  i s  o f t e n  used.  w i t h  a G-M probe,  t he  
P 

152. When samples of r e a c t o r  c o o l a n t  w a t e r  are t aken  t o  

de t e rmine ,  f o r  i n s t a n c e ,  t h e  decontaminat ion  f a c t o r  

of t h e  d e m i n e r a l i z e r  system, they  are u s u a l l y  

counted w i t h  a coun te r  

153.  The beta-gamma and a l p h a  c o u n t e r s ,  used by  h e a l t h  

p h y s i c i s t s  t o  count  "smear" samples, u s e  d e t e c t o r s  

of t h e  s c i n t i l l a t i o n  t y p e .  T h i s  i s  because  t h e  

s c i n t i l l a t i o n - t y p e  d e t e c t o r s  are more e f f i c i e n t  and 

g i v e  g r e a t e r  ( r e s o l v i n g  time, p r e c i s i o n ,  t o l e r a n c e )  

i n  t h e  d e t e r m i n a t i o n  of t h e  dose  r a t e .  

s t r o n g  

s c i n t i l l a t i o n  

s c i n t i l l a t i o n  

- - - - - - -  
154. Since  a l l  of t h e  d e t e c t o r s  w e  have d i s c u s s e d  produce p r e c i s i o n  

a n  e l e c t r i c a l  p u l s e  o r  c u r r e n t  as a n  ou tpu t ,  any  of 

them may be used,  w i t h  s u i t a b l e  i n s t r u m e n t a t i o n ,  f o r  

e i t h e r  l o c a l  o r  remote r e a d o u t .  However, 6-N t ubes  

are the d e t e c t o r s  most o f t e n  used t o  monitor  c o o l a n t  

sys tems and l i q u i d  waste systems. Because t h e  

r a d i a t i o n  l e v e l s  are u s u a l l y  l o w ,  the probes  may be  

decontaminated e a s i l y ,  the  a s s o c i a t e d  in s t rumen ta -  

t i o n  i s  n o t  compl ica ted ,  and t h e  h i g h e r  e f f i c i e n c y  

of t h e  s c i n t i l l a t i o n  coun te r  i s  n o t  n e c e s s a r y .  

.... 
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155 

156. 

157. 

158. 

159. 

160 s 

Geiger-Mueller  probes are  a l s o  used t o  monitor  e- 
eous  waste sys tems and v e n t i l a t i o n  systems.  The 

in s t rumen t  most o f t e n  used t o  monitor  t h e  a i r b o r n e  

r a d i o a c t i v i t y  i n  the  work areas of t h e  r e a c t o r  

b u i l d i n g  i s  the con t inuous  a i r  m m i t o r ,  c a l l e d  a 

- CAM. It is  c a l l e d  cont inuous  because  i t  moni tors  

con t inuous ly ,  as  opposed t o  a monitor  which w i l l  

monitor  a sample of a i r  p e r i o d i c a l l y .  

The con t inuous ly  draws a s a m p l e  of a i r  through a 

f i l t e r - p a p e r  taEe and u s e s  a G-M tube  t o  ana lyze  the 

r a d i o a c t i v i t y  of t h e  a i r b o r n e  p a r t i c u l a t e  matter 

which i s  caught  by t h e  . The airstream t h e n  

f lows  p a s t  t h e  G-M tube  so t h a t  t h e  n o n f i l t e r a b l e  

gaseous r a d i o a c t i v i t y  can  a l s o  be d e t e c t e d .  

The air i n  work areas,  such  as t h e  r e a c t o r  bay and 

experiment  rooms, i s  c o n t i n u o u s l y  ana lyzed  f o r  

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

, a b b r e v i a t e d  CAM'S. 

Cont inuous a i r  moni tors  moni tor  a i r  f o r  b o t h  r a d i o -  

a c t i v e  p a r t i c u l a t e  matter and r a d i o a c t i v e  

mat ter ,  

The CAM uses a as a d e t . e c t o r .  

The C& analyzes the  a i r  by c o n t i n u o u s l y  drawing a 

sample  o f  t h e  a i r  through a f i l t e r  which s t o p s  much 

of t h e  m a t t e r .  

f i l te r  

cont inuous  
a i r  moni tors  

gaseous 

G-M t u b e  



161. Rad ioac t ive  p a r t i c u l a t e  matter which is  caught  by 

the  f i l t e r  p a p e r  i s  analyzed f o r  and 

r a d i a t i o n  by t h e  G-M tube .  

p a r t i c u l a t e  

162. Gaseous m a t t e r ,  which i s  no t  s topped  by t h e  f i l t e r ,  be ta ,  
gamma 

i s  ana lyzed  f o r  b e t a  and gamma as t h e  gaseous 

material flows p a s t  t h e  d e t e c t o r .  

163. The "Monitron" i s  a t y p e  of s t a t i o n a r y  in s t rumen t  

placed i n  w o r k  a r e a s  t o  d e t e c t  gamma r a d i a t i o n  and 

t o  sound an alarm when r a d i a t i o n  exceeds  a g i v e n  

l e v e l .  These in s t rumen t s  use  i o n i z a t i o n  chambers 

as d e t e c t o r s .  

r a d i o a c t i v i t y  

164. Monitrons use  ion iza t ion-chambers  t o  monitor  work 

areas f o r  r a d i a t i o n .  

165. Work areas around a r e a c t o r  are c o n t i n u o u s l y  checked gamma 

fo r  gamma r a d i a t i o n  by i n s t r u m e n t s  c a l l e d  . 
- - - - - - -  

166. Monitrons use  (G-M t u b e s ,  i o n i z a t i o n  chambers, 

s c i n t i l l a t i o n  counters)  t o  de te rmine  t h e  i n t e n s i t y  

i n  the r e a c t o r  work areas. of _I_ 

6.8. S e l f  Test 

167. A dev ice  t h a t  i n d i c a t e s  a p r e s s u r e  d i f f e r e n c e  (ias) 

by the  d i f f e r e n c e  i n  t h e  l i q u i d  levels i n  t h e  t w o  

arms of a U-tube i s  c a l l e d  a . (Frames 2-6)  

Monitrons 

i on iz  at i on 
chambers, 
r a d i a t i o n  

._ , . . . . . . . . . . . . . . . . . .... . 
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168. Flow meters oEten make u s e  of  the d i f f e r e n c e  i n  

across a n  o r i f i c e  o r  v e n t u r i  f o r  measuring 

f low,  (Frames 2 3 - 3 6 )  

- - - - - - -  
169. The ra te  o f  f low of a f l u i d  i s  o f t e n  de te rmined  by 

measuring t h e  p r e s s u r e  d rop  a c r o s s  an or 

. (Frames 23-36).  

170. A ro t ame te r  i s  a n  in s t rumen t  that  g i v e s  a d i r e c t  

r ead ing  of ra te .  (Frames 3 8 - 4 4 )  

171. A temperature-measuring d e v i c e  t h a t  u t i l i z e s  a h o t  

j u n c t i o n  and a c o l d  j u n c t i o n  of two d i f f e r e n t  mate- 

r i a l s  (wires) i s  c a l l e d  a . (Frames 4 7 - 5 9 ) .  
.... 

172. Chrome1 and Alurnel are conduc to r s  commonly 

_y_ . (Frame 4 8 )  

- - - - - - -  
173. A r e s i s t m c e  thermometer r e l a t e s  change i n  

t u r e  t o  a change i n  . (Frames 60-67) 

ma nome t er 

p r e s s u r e  

o r i f i c e ,  
v e n t u r i  

f low 

used i n  thermocouple 

tempera - t hemioc ou p l e  s 

174.  The t h r e e  metals most commonly used i n  r e s i s t a n c e  

thermometers are  n i c k e l ,  coppe r ,  and . 
(Frame 633 

175 .  S ight  g l a s s e s  and Eloat  a r rangements  are used t o  

nie asur  e i n  t a n k s .  (Frames 73-79> 

r e s i s t a n c e  

p l a  t in.um 
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176. Liquid  l e v e l s  i n  t a n k s  can  a l s o  be measured by 

gauges which r e a d  t h e  h y d r o s t a t i c  . (Frames 

97 ~ 104) 

177. The number read on a pH meter i s  a n  i n d i c a t i o n  of 

Or -* whether  a s o l u t i o n  i s  n e u t r a l ,  

(Frames l1 I. -120) 

1 7 8 .  I f  t h e  pIJ. of a s o l u t i o n  i s  8.5, t h e  s o l u t i o n  i s  

( a c i d i c ,  a l k a l i n e ,  n e u t r a l ) .  (Frames 111-120) 

179. I f  t h e  pH of a s o l u t i o n  i s  7 ,  t h e  s o l u t i o n  i s  

( a c i d i c ,  a l k a l i n e ,  n e u t r a l ) .  (Frames 111-112) 

180. A G-M survey  meter i s  used t o  d e t e c t  and measure 

and r a d i a t i o n .  (Frame 139) 

181. A c u t i e  p i e  i s  normally used t o  measure b e t a  and 

gamma r a d i a t i o n  l e v e l s  which are (lower,  h i g h e r )  

t h a n  those normally measured w i t h  a G-M survey  

m e t e r .  (Frame 140) 

182. Ai rborne  r a d i o a c t i v i t y  may b e  d e t e c t e d  by  i n s t r u -  

ments c a l l e d  . (Frames 155-160) 

183. Monitrons de te rmine  t h e  i n t e n s i t y  of i n  t h e  

work areas around a r e a c t o r .  (Frames 163-166) 

l i q u i d  l e v e l s  

pres s u r e  

a c i d i c ,  
a 1 ka l i n e  

a l k a l i n e  

n e u t r a l  

b e t a ,  
gamma 

h i g h e r  

cont inuous  
a i r  m o n i t o r s  
o r  C A M ' s  

- .... 

r a d i a t i o n  
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