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FOREWORD 

It i s  suggested t h a t  t h i s  programmed t e x t  be  used as a n  a i d  i n  t h e  

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

t h a t  t h e  t e x t  b e  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  

bo th  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 f o r  s tudy  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 e x 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, o r  t o  update  t h e  r e a c t o r  

technology. I f  t h e  t e x 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  conjunct ion  

wi th  o t h e r  s tudy  h e l p s ,  i t  can b e  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  p a 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  Version)  

VOLUME I V .  HEAT THEORY AJ!ID n U I D  FLOW 

A s  a p a r t  of t h e  Reactor  Operator  Tra in ing  Program of Operat ions 

D i v i s i o n ,  Oak Ridge Nat iona 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 tudy .  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  Physics  

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 Cont ro ls  

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

t h a t  i n c l u d e s  classwork,  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  course ,  t h e  o p e r a t o r  t r a i n e e  is  t e s t e d  f o r  competence i n  a l l  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  be ing  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  is suggested t h a t  t h e  programs be  s t u d i e d  i n  t h e  sequence g iven  

above; however, s e q u e n t i a l  dependence h a s  been minimized s o  t h a t  they may 

b e  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  as a n  i n t e g r a t e d  group. 

The a u t h o r  and e d i t o r  would l i k e  t o  e s p e c i a l l y  acknowledge t h e  

p a t i e n c e  and a s s i s t a n c e  o f  t h e  members of  t h e  Operat ions D i v i s i o n  c l e r i ca l  

s t a f f  who worked on t h i s  r e p o r t ;  namely, Barbara Burns, Gladys Carpenter ,  

Mil inda Compton, Linda Comstock, and Joanne Nelson. 



INSTRUCTIONS 

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

n ique  c a l l e d  "programmed i n s t r u c t i o n " ,  

c o n s i s t s  o f :  

This  technique  of i n s t r u c t i o n  

1. P r e s e n t i n g  i d e a s  o r  i n fo rma t ion  i n  small, e a s i l y  d i g e s t i b l e  

s t e p s  c a l l e d  'I frames" 

2. Allowing you t o  set your  own pace.  

3 .  Encouraging response  i n  an a c t i v e  way so  t h a t  you have a 

s t r o n g e r  impress ion  of t h e  i d e a  p re sen ted ,  

4 .  L e t t i n g  you know immediately i f  your answer is r i g h 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 a r r i v e  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 lues  is 

reduced ) 

A few sample  frames are found on t h e  n e x t  page, These will be  used 

t o  i l l u s t r a t e  t h e  p rope r  use  of "programmed i n s t r w t i o n " .  

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 l ank ,  o r  blanks, t o  complete 

a sen tence .  A 

few frames are f o r  i n f o r m a t i a 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 iven  frame is  always found on the 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  fo l lowing  frame, When r ead ing  a frame, a 

s h e e t  ( o r  s t r i p )  of paper should  be  used to cover t h e  area below t h e  

d o t t e d  l i n e  which fo l lows  t h e  frame, 

you should  w r i t e  your response  on a p i e c e  of paper .  

down the page u n t i l  you r e a c h  the next d o t t e d  l i n e  GY t u r n  the pagen 

This  w i l l  uncover t h e  next: frame and the  c o r r e c t  r e sponse  for the frame 

you have j u s t  completed. 

I f  they  do no t  match, r ead  t h a t  frame a g a i n  b e f o r e  moving can to t h e  nex t  

one; do n o t  proceed u n t i l  you unders tand  t h e  in fo rma t ion  i n  the  frame YOU 

are read ing .  I f  t h e  responses  do match, proceed t o  the frame you have 

j u s  t uncovered. 

Moat frames 

Other frames w i l l  g i v e  you. a cho ice  of several  responses ,  

A f t e r  completely r ead ing  a frame, 

Next, move rhe  paper 

Compare your response  wi th  t h e  c o r r e c t  response.  
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A t  t h e  end o f  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 m i s s  one of t h e  s e l f - t e s t  q u e s t i o n s ,  r e p e a t  t h e  p e r t i n e n t  frames. 

I 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  material; 

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 l a t e 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  

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

Tnese - 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  grasp.  

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  response frames 

and t o  w r i t e  t h a t  on a p i e c e  of paper ,  

you t a k e  an a c t i v e  p a r 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 .  

- - - - - - - - -  

iii. This  method of i n s t r u c t i o n ,  c a l l e d  response  

, a l lows  you t o  proceed w i t h  t h e  

material a t  a r a t e  which you determine f o r  y o u r s e l f .  

- - - - - - - - -  

iv .  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  

response immediately and thus  shou ld  r e i n f o r c e  

t h e  s t u d e n t ' s  I 

- - - - - - - - -  

programmed 
i n s t r u c t i o n  

l e a r n i n g  



VOLUME I V .  HEAT THEORY AND FLUID PLOW 

The purpose o f  t h i s  s t u d y  i s  t o  i n t r o d u c e  t h e  o p e r a t o r  t o  some 

g e n e r a l  p r i n c i p l e s  of b o t h  h e a t  theory  and t h e  p r i n c i p l e s  of f l u i d  flow. 

I n  t h e  o p e r a t i o n  of  n u c l e a r  r e a c t o r s ,  t h e  a p p l i c a t i o n s  of t h e s e  two sets 

of  p r i n c i p l e s  a re  i n s e p a r a b l y  connected s i n c e  f i s s i o n i n g  uranium produces 

h e a t  and f lowing f l u i d s  are used t o  d i s p o s e  of the h e a t .  

I n  t h i s  s t u d y  w e  s h a l l  d e f i n e  t h o s e  terms and d i s c u s s  t h o s e  p r i n c i p l e s  

t h a t  w e  f e e l  w i l l  be  of g r e a t e s t  b e n e f i t  t o  o p e r a t o r s  of n u c l e a r  r e a c t o r s .  

SECTION I V - 1  

HEAT 

1.1. I n t r o d u c t i o n  

1. I n  a s t u d y  of h e a t  i t  i s  o f t e n  h e l p f u l  t o  s t a r t  w i t h  

something w e l l  known l i k e  combustion, commonly c a l l e d  

burn ing .  

- - - - - - - - -  

2.  Combustion o r  burn ing  i s  a chemical r e a c t i o n  i n  which 

oxygen combines r a p i d l y  w i t h  some material which i s  

flammable, such as paper ,  wood, o i l ,  o r  n a t u r a l  gas ,  

t o  name a few. 

3 .  If t h e  o x i d a t i o n  of a p i e c e  o f  paper is  r a p i d  enough, 

combustion t a k e s  p l a c e  and h e a t  and l i g h t  are emi t ted .  

We s a y  the  paper  

- - - - I - - - -  

4 .  If t h e  o x i d a t i o n  i s  s low,  t h e  paper  w i l l  n o t  burn  b u t  burns 

may become yel low and b r i t t l e .  

i s  e m i t t e d  SO s lowly  t h a t  w e  do n o t  n o t i c e  i t .  

Any heat. g iven  o f f  
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5. 

6 .  

7 .  

a. 

9 .  

10. 

11. 

12 - 

Not a l l  o x i d a t i o n  r e a c t i o n s  ( t h e  r u s t i n g  of i r o n  i s  

another  good example) produce burning.  When i r o n  

r u s t s ,  t h e  o x i d a t i o n  i s  ( t o o  r a p i d ,  t o o  slow) f o r  

burning t o  t a k e  p l a c e .  

I - - - - - - - -  

I f  o x i d a t i o n  i s  r a p i d  enough f o r  d e t e c t a b l e  h e a t  

and l i g h t  t o  b e  e m i t t e d ,  t h e  r e a c t i o n  i s  c a l l e d  

combus t i o n  o r  

_ - - - - - - - -  

Some of t h e  e f f e c t s  o f  burning are t h e  l i g h t  and 

t h a t  are  emi t ted .  

_ - - - _ _ _ I _  

t oo  slow 

burning 

We hope t h a t  you w i l l  n o t  cons ider  i t  a n  i n s u l t  t o  h e a t  

your i n t e l l i g e n c e  t o  a sk ,  how do w e  know t h a t  l i g h t  

and h e a t  are g iven  o f f ?  

- _ - - - - - - -  

The s i m p l e s t  answer would b e  t h a t  w e  - see t h e  l i g h t  

and f e e l  t h e  h e a t .  

- I - - - - - - -  

I f  something burns  n e a r  you, you see some l i g h t  and 

f e e l  some 

How do you f e e l  h e a t ?  Normally t h e  sensory  nerves  h e a t  

i n  your s k i n  d e t e c t  a change i n  t h e  tempera ture  of 

whatever they  touch, t h e  a i r ,  t h e  f l o o r ,  t h e  w a l l .  

You n o t i c e  h e a t  because i t  produces a change i n  t h e  

o f  t h i n g s  which you touch. 

- - I - - - - - -  
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13. I f  a body absorbs  some h e a t ,  w e  normally expec t  i t s  

tempera ture  t o  i n c r e a s e .  

- - - - - - - - -  

14. Conversely,  i f  a body loses h e a t ,  w e  expec t  i ts  

tempera ture  t o  

- - - - - - - - -  

15. A good example i s  a cup  of c o f f e e .  I€ t h e  c o f f e e  i s  

too  h o t ,  l e t  i t  s i t  f o r  a few minutes and i t  w i l l  g i v e  

up some of i t s  h e a t  t o  t h e  a i r  (we w i l l  d i s c u s s  t h i s  

h e a t  t r a n s f e r  l a t e r ) .  The c o f f e e ,  having l o s t  h e a t ,  

w i l l  have a tempera ture .  

- - - - - - - - -  

16. One of t h e  p r o p e r t i e s  of h e a t ,  t hen ,  is  i t s  c a p a c i t y  

t o  cause  a change i n  

- - - - - - - - -  

1 7 .  Perhaps i t  would be  b e t t e r  t o  say t h a t  t h e  tempera- 

t u r e  of a body i s  one measure of its h e a t  c o n t e n t .  

- - - - - - - - -  

18. I f  a c o n t a i n e r  Q E  water is  p laced  on a s t o v e  where 

i t  can absorb  h e a t ,  i t s  tempera ture  w i l l  

- - - - I - - - -  

19 .  The tempera ture  t h a t  t h e  water has  a t  any moment is  

one measure of i ts  c o n t e n t  a t  t h a t  

moment . 

t empera ture  

dec rease  

lower 

tempera ture  

r ise  
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212O 

32" 

1 . 2 .  Temperature Uni t s  

100 O 

0" 

20. Temperature changes are measured i n  u n i t s  c a l l e d  h e a t  

"degrees". 

b u t  t h e  two most common are  t h e  Fahrenhei t  scale,  

t h e  scale  commonly used i n  t h e  United States,  and 

t h e  Cent igrade  o r  C e l s i u s  scale  which i s  t h e  one 

used by most of t h e  rest of t h e  world.  More h e a t  

i s  r e q u i r e d  t o  produce a one-degree change i n  

Cent igrade  than  f o r  a one-degree change i n  Fahren- 

h e i t .  

There are a number o f  temperature  scales;  

- - - - - - - - -  

21. The p r i n c i p a l  d i f f e r e n c e  between t h e  Fahrenhei t  and 

t h e  Cent igrade scales i s  i n  t h e  amount of h e a t  

necessary  t o  produce a temperature  change o f  one 

22, I n  F i g .  1.1, w e  see t h e  two temperature  scales 

compared, w i t h  t h e  f r e e z i n g  and b o i l i n g  p o i n t s  of 

water used as r e f e r e n c e  p o i n t s ,  

- - - - - - - - -  
Fahrenhei t  C e l s i u s  

B o i l i n g  p o i g t  of water a t  I___ 

one atmosphere of p r e s s u r e  

__I__ F r e e z i n g  - p0111t of w a t E  at- 
one atmosphere of p r e s s u r e  

degree 

Fig.  1.1. Fahrenhei t  and Cent igrade  S c a l e s  Compared 

- - - - - - - - -  



5 

2 3 .  You w i l l  n o t e  t h a t  t h e r e  are 280 Fahrenhe i t  degrees  

between t h e  f r e e z i n g  and b o i l i n g  p o i n t s  of water a t  

s t anda rd  a tmospher ic  p r e s s u r e  wh i l e ,  on t h e  Ce l s ius  

s c a l e ,  t h e r e  are only  degrees  between 

t h e  two r e f e r e n c e  p o i n t s ,  

- - - e - - - - -  

2 4 .  I f  a temperature  change of 180°F (Fahrenhe i t )  is  t h e  

e q u i v a l e n t  of 1OO"G (Cen t ig rade ) ,  a change of 18°F 

would be  t h e  e q u i v a l e n t  of "C e 

- - - - - - - - -  

100 

25. Thus, t he  degree  on t h e  Fahrenhe i t  s c a l e  i s  a l i t t l e  10 
over one-half as large as t h e  degree  on t h e  Cent igrade  

scale e Actua l ly ,  

o r  

26.  I€ t h e  two drawings below r e p r e s e n t  degree  marks on 

thermometers,  t h e  deg ree  on the ( l e f t ,  r i g h t )  s i d e  

should  b e  marked Fahrenhe i t ;  and t h e  o t h e r  should  

b e  marked Cen t ig rade ,  
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27. However, O°C, t h e  f r e e z i n g  p o i n t  of water, i s  32°F; r i g h t  

so i n  o r d e r  t o  change from a temperature  on t h e  

Fahrenhei t  scale t o  a temperature  on t h e  Cent igrade  

scale,  we must u s e  an e q u a t i o n  such as 

5 
9 c = - ( F  - 32)  . 

28.  While t h e  above e q u a t i o n  a l lows  a person t o  s o l v e  

f o r  " C  when you know O F ,  i t  may be  r e v i s e d  w i t h  

s imple  a l g e b r a  t o  s o l v e  f o r  O F  when you know "C. 

_ - _ - - - _ - -  

29. I f  a room h a s  a temperature  of 77°F and you wish 

t o  know t h e  temperature  i n  "C, you s u b t r a c t  32" from 

77" t o  g i v e  3 5 " ;  t hen ,  m u l t i p l y  t h e  35" by 519. The 

Cent igrade  temperature  which i s  t h e  e q u i v a l e n t  of  

77°F i s  

- - - - - - - - -  

30.  I f  you are c o n s i d e r i n g  j u s t  a change i n  temperature  

(AT) such as t h e  AT of t h e  c o o l a n t  water through a 

r e a c t o r  c o r e ,  you would cons ider  only t h e  f a c t  t h a t  

a degree F is  519 as l a r g e  as a degree  C. 

t h e r e  would b e  (more, fewer) degrees  C than  degrees  F. 

25°C 

Thus 

_ _ _ - _ - - - -  

31, For example, i f  t h e  AT a c r o s s  a r e a c t o r  c o r e  i s  from fewer 

95°F t o  140"F,  t h a t  i s  4 5 " F ,  t h e  same AT i n  "C would 

be 

5 
AT("C) = qAT(OF) 

and 



32. I n  o r d e r  t o  f u r n i s h  more p r a c t i c e  than  t h e  above two 

examples, w e  have i n s e r t e d  Table  1.1 wi th  b lank  

spaces  provided €or  you t o  f i l l  i n  t h e  answers.  

Table  1.1. Temperature Equiva len ts  

a.  -22'F = O @  ; 
b o  14'F = "c ; 

d. = 20°C ; 

e. 98.6"F = "c ; 

C. "F = 5'C ; 

f .  OF = 150°C . 

33. The AT between t h e  tempera tures  g a n d b  i n  Table  1.1 

is  36°F. I f  you s o l v e  f o r  AT i n  O C  by t h e  equa t ion  

"C. 
5 

AToC = -AT, AToC = 
9 F' - - - - - - - - -  

34. Note t h a t  t he  AT of  20°C t h a t  you j u s t  c a l c u l a t e d  is  

t h e  d i f f e r e n c e  between -30°C and -10°C as shown i n  

t h e  Table  1.1. 

- - - - r ( - - - -  

3 5 .  The AT i n  " C  between i t e m s  d and f i n  Table  1.1 is 

O F .  
5 
9 F' 

130°C. I f  AToC = -AT, AToF i s  

1 .3 .  Heat Un i t s  

25 

a. -30 ; 

c .  +41 ; 
d. +68 ; 
e ,  +37 ; 
f .  +302 , 

20 

b .  -10 ; 

36.  W e  have mentioned t h a t  one of t h e  ways w e  de te rmine  234 

t h a t  matter has  been hea ted  i s  t h a t  w e  n o t e  a change 

i n  temperature .  And, w e  have d i scussed  two tempera- 

t u r e  s c a l e s  by which w e  measure t h e s e  changes.  
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37. I n  a d d i t i o n  t o  t h e  temperature  changes of matter,  

t h e r e  are two o t h e r  f a c t o r s  t h a t  we must c o n s i d e r  

i n  o r d e r  t o  measure t h e  amount of h e a t  t h a t  causes  

t h e  temperature  change. 

- - - _ - - _ _ -  

38. Ear ly  experimenters  noted t h a t  t h e  amount of  a 

subs tance  ( t h e  number of pounds) t h a t  they hea ted  

w a s  one f a c t o r  and t h e  k ind  of subs tance  w a s  t h e  

o t h e r  f a c t o r .  Some subs tances  would absorb more 

h e a t  than  o t h e r s  f o r  a g iven  temperature  change. 

39. The amount o f  h e a t  t h a t  a subs tance  w i l l  absorb t o  

produce a g iven  temperature  change depends on both  

t h e  amount of t h e  s u b s t a n c e  and t h e  

of subs tance .  

- - - - - I - - -  

40. I n  t h e  United S t a t e s ,  e n g i n e e r s  use  t h e  " B r i t i s h  

thermal  u n i t "  ( a b b r e v i a t e d  Btu) t o  measure h e a t .  

The Btu i s  d e f i n e d  as t h e  amount of  h e a t  necessary  

t o  ra ise  t h e  temperature  of one pound of water one 

degree  F a h r e n h e i t ,  

_ I - - - - - - -  

41. I f  t h e  temperature  o f  a pound of water i s  r a i s e d  

one degree F a h r e n h e i t ,  t h e  water has  absorbed an 

amount o f  h e a t  e q u a l  t o  e 

- - - - - - - - -  

4 2 .  I f  t h e  temperature  o f  5 l b  of water i s  r a i s e d  

20"F, each pound of water w i l l  r e q u i r e  20 Btu of  

h e a t  s o  t h e  5 l b  w i l l  r e q u i r e  of h e a t .  

1 Btu 

k ind  



9 

43. The amount of  h e a t  ( t h e  number of Btu) t h a t  a 100 Btu 

subs t ance  must absorb i n  o r d e r  t o  raise t h e  tempera- 

t u r e  of a pound of i t  one degree  Fahrenhe i t  v a r i e s  

from one subs t ance  t o  ano the r .  

4 4 .  The amount of h e a t  t h a t  one pound of a material  

such as copper must abso rb ,  i n  o r d e r  t o  ra ise  i t s  

tempera ture  one degree  F, is c a l l e d  i t s  s p e c i f i c  

h e a t .  S p e c i f i c  h e a t  h a s  t h e  u n i t s  Btu 
l b  "F' _I 

45. By d e f i n i t i o n ,  t h e  s p e c i f i c  h e a t  of water is 
B tu 

l b  " F  * 

4 6 .  We would expec t  t h e  s p e c i f i c  h e a t  of copper t o  (be ,  

n o t  be)  t h e  same as t h e  s p e c i f i c  h e a t  of water. 

Table  1 . 2 .  S p e c i f i c  Heats of Subs tances  
w i t h i n  t h e  Temperature Range I n d i c a t e d  

S p e c i f i c  Temperature 
Substance Heat In t e m a l  

Aluminum 0 ,217  17-100 C 

Brass 0 . 0 9 4  15-100 c 
Copper 0.093 15-POO"C 
Glass 0 . 1 9 9  20-100 c 
I r o n  0,113 18-100°C 

Lead 0.031 20-100"c 

S i l v e r  0.056 15-EOOOC 
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47 .  I n  o r d e r  t o  c a l c u l a t e  t h e  amount of  h e a t  r e q u i r e d  

t o  ra ise  t h e  temperature  of a given amount of a 

subs tance  a g iven  number of  degrees ,  w e  use  t h e  

equat ion  

n o t  be  

Q ( f o r  h e a t )  = mcAT 

where 

Q = h e a t ,  i n  t h e  u n i t  

m = amount of t h e  subs tance ,  i n  pounds 

c = s p e c i f i c  h e a t  ( t h e  u n i t  i s  ____- lb .. OF 
AT = t h e  temperature  change i n  t h e  u n i t  

) 
Btu 

- - - - - - - - -  

4 8 .  The equat ion  Q = mcAT could b e  w r i t t e n  as a word Btu,  
OF 

equat ion:  Btu of h e a t  = of a s u b s t a n c e  

t i m e s  t h e  s p e c i f i c  h e a t  of t h e  subs tance  t i m e s  t h e  

temperature  change i n  degrees  

_ - _ - I - - - -  

4 9 .  I f  20 l b  o f  water are hea ted  from 90°F t o  140°F, t h e  pounds 
F 

water must absorb Btu of h e a t .  

Btu x 50°F 
lb OF 

1000, because Btu = 20 l b  x 

50. I f  t h e  

heat o 

temperature  

iron is  0. 

t o  140"F, t h e  i r o n  

of h e a t  a 

of  a 20-lb i r o n  tank  ( s p e c i f i c  

i s  r a i s e d  from 90°F 
l3 l b  - "F 
must have absorbed Btu 

Btu 



11 

51. Note,  from the  above problems, t h a t  water w i l l  absorb 113 

(more, less) h e a t  p e r  pound pe r  O F  than i r o n ,  

Engineers  i n  o t h e r  c o u n t r i e s  u s u a l l y  use  a 
h e a t  u n i t  c a l l e d  t h e  c a l o r i e .  Where t h e  
h e a t  u n i t  i s  t h e  c a l o r i e ,  t he  amount of t h e  
subs t ance  hea ted  i s  measured i n  grams, t h e  
s p e c i f i c  h e a t  is  i n  the u n i t  and 
t h e  tempera ture  change is i n  Fgnt igrade  
degrees .  The c a l o r i e  i s  de f ined  as t h e  
amount of h e a t  t h a t  must be absorbed by 
one gram of  water i n  o r d e r  t o  ra ise  i t s  
tempera ture  one Cent igrade  degree.  

1 . 4 ,  Thermal Energy and Power 

5 2  a 

53. 

54.  

While h e a t  has  been used f o r  thousands of y e a r s  f o r  

warmth and t h e  cooking of food,  i t  has  been only i n  

t h e  l as t  200 y e a r s  t h a t  men have recognized t h a t  

h e a t  i s  a c t u a l l y  a form of energy. 

- - - - - - - - -  

Energy i s  t h e  c a p a c i t y  t h a t  something has  t o  do work; 

and i t  w a s  on ly  a f t e r  steam engines  were made p r a c t i -  

c a l  t h a t  i t  w a s  recognized t h a t  t h e  working component 

of steam w a s  i t s  h e a t .  

- - - - - - - - -  

There are many forms of energy such as muscular 

energy,  e lec t r ica l  energy,  and l i g h t  energy,  These 

are a l l  energy forms because they have t h e  c a p a c i t y  

t o  do 

_ - _ I - _ _ _ -  

more 



55. Heat is o f t e n  c a l l e d  thermal  energy. "Thermal" i s  work 

a word t h a t  comes from t h e  Greek word "therme" which 

means h e a t .  

56. While t h e  common u n i t  f o r  measuring h e a t  o r  

energy is  t h e  Btu,  w e  o f t e n  measure t h i s  energy i n  

t h e  u n i t  foot-pound, of mechanical energy,  o r  t h e  

u n i t  watt-hour,  of  e l ec t r i ca l  energy. 

_ - - - I _ _ _ _  

57. You may n o t  be  f a m i l i a r  w i t h  t h e  energy u n i t  

foot-pound, b u t  you s u r e l y  recognize  t h e  u n i t  of 

e l ec t r i ca l  energy,  t h e  watt-hour o r  ki lowatt-hour ,  

because you buy e l e c t r i c i t y  from TVA f o r  a few 

c e n t s  per  -hour e 

- - - - - _ I - -  

thermal. 

58. It i s  common p r a c t i c e  t o  measure t h e  thermal energy k i l o w a t t  

produced i n  n u c l e a r  r e a c t o r s  i n  t h e  u n i t  megawatt- 

days (mega means one m i l l i o n ) .  A m i l l i o n  w a t t s  of 

energy produced o r  expended i n  one day is  a - 

day. 

59. The power leve l  of t h e  O R R  i s  30 Mw (megawatts). I f  

t h e  ORR o p e r a t e s  f o r  7 days a t  t h i s  power leve l ,  i ts  

meg awa t f 

-energy product ion  is  Mw-days 

- - - - - - - - -  

60.  Note t h a t  i n  Frame 59 w e  spoke of t h e  power l e v e l  of 

t h e  ORR be ing  30 Mw. No t i m e  element was mentioned, 

thermal 
210 
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61. Power is  d e f i n e d  as t h e  r a t e  at which work is done 

o r  energy is  produced. 

Ener 
Power = 5 

When an  engine  can do work a t  t h e  r a t e  of 
33,000 f t  pounds pe r  min, i t  i s  g iven  a 
power r a t i n g  of one horsepower. L 

62. I f  t h e  thermal  energy o u t p u t  of t h e  ORR i s  30 Ffw-days 

and Power = Energy/Time, t h e  thermal-power l e v e l  of _. 

t h e  ORR i s  30 Mw days = 30 Mw. 
1 day 

63. The amount of thermal produced by t h e  

ORR i s  30 Mw. 

6 4 .  W e  have s a i d  t h a t  thermal  energy ,  i n  Btu,  can b e  

c a l c u l a t e d  by knowing m ,  c y  and AT. We can use  t h e  

same equa t ion ,  Q = mcAT, f o r  c a l c u l a t i n g  power by 

making t h e  equat ion:  

Q i s  the symbol f o r  Btu of thermal  energy. - Q i s  t h e  
t 

symbol f o r  B tu / t ime  of thermal 

- - - - - - - - -  

power 

65. I n s t e a d  of measuring pounds of water, w e  measure power 

pounds/sec o r  ga l lons /min  of c o o l a n t  w a t e r .  The 

s p e c i f i c  h e a t  does not change, and w e  measure t h e  

AT a c r o s s  t h e  r e a c t o r  c o r e  in Fahrenhe i t  deg rees .  
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6 6 .  When the  H F I R  o p e r a t e s  a t  f u l l  power, t h e  coo l ing  

water f lows through t h e  r e a c t o r  c o r e  a t  about  

1 6 , 0 0 0  gal /min.  

pounds ( a t  8.25 l b / g a l )  and t i m e  i n  minutes  t o  

hour s ,  w e  c a l c u l a t e  t h a t  about  7,920,000 l b  of 

water are hea ted  each hour .  

By conve r t ing  g a l l o n s  of water t o  

- - - - - - - - -  

67. I f  t h e  AT a c r o s s  t h e  reactor co re  i s  about  43°F:  

Btu 
x 43°F = 340.6 x l o 6  . l b  = 7.92  x l o 6  

x 1 Ib . O F  t 

I f  

3 . 4 1  Btu = 1 Mw , 
h r  

t h e  power of t h e  H F I R  i s :  

68. Thus, g iven  a l i t t l e  t i m e ,  w e  can c a l c u l a t e  thermal  

power by s t a r t i n g  wi th  t h e  h e a t  energy equa t ion  

Q z  

_ - _ - - - - - -  

6 9 .  I f  t h e  o p e r a t o r  had t o  u s e  t h i s  system every  hour mcAT 

t o  c a l c u l a t e  t h e  thermal  power, h e  would have l i t t l e  

t i m e  f o r  anyth ing  else. 

I - - - - - - - -  



15 

70. So, w e  combine a number of t h e  convers ion  f a c t o r s ,  

such as those  changing g a l l o n s  t o  pounds and 

seconds t o  hour s ,  i n t o  one convers ion  f a c t o r  

(1.465 x l o e 4 ) .  
megawatts by t h e  equa t ion :  

Now w e  can c a l c u l a t e  power i n  

Mw = gal x AT x 1.465 x ~ 

m m  

71. The o p e r a t o r  can use  t h e  equa t ion  

Mw = water flow i n  ga l /min  x AT x 1.465 x 

t o  c a l c u l a t e  t h e  thermal  power ve ry  qu ick ly .  

72. If t h e  c o o l i n g  water f l o w  is 16,000 gpm and t h e  AT 

is abou t  43"F, t h e  thermal  power i n  Mw = 16,000 gpm x 

43'F x 1.465 x = Mw . 

73. It must b e  remembered t h a t  t h e  c o n s t a n t  (1.465 x I O e 4 )  100 

can be  used on ly  when t h e  c o o l a n t  is l i g h t  water, t h e  

c o o l a n t  f low i s  measured i n  / , and t h e  

tempera ture  change i s  measured i n  degrees  

- - - - - - - - _  

74. The c o o l a n t  a t  t h e  ORR i s  l i g h t  water and t h e  ga l /min  , 
c o o l a n t  f low i s  about  18,000 gpm. If t h e  AT a c r o s s  

Fahrenhe i t  

t h e  r e a c t o r  i s  11 .4"F ,  t h e  power l e v e l  is  
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1 .5 .  Thermal S t r e s s  

7 5 .  Heat produces a number of phenomena i n  a material  i n  

a d d i t i o n  t o  a temperature  change. The phenomenon w e  

w i l l  d i s c u s s  now i s  thermal  expansion. 

30 MW 

- - - - - - - - -  

76. I n  most cases, when a subs t ance  i s  hea ted ,  i t  g e t s  

l a r g e r ;  i t  

- . . . - - - - - - -  

7 7 .  I f  you f i l l  your g a s o l i n e  tank  f u l l  on a summer day 

and then a l low t h e  c a r  t o  s i t  i n  t h e  sun ,  t h e  g a s o l i n e  

w i l l  overflow because when i t  absorbs  h e a t  i t  

expands 

78. S ince  t h e  expansion of t he  g a s o l i n e  is  i n  t h r e e  

dimensions,  w e  c a l l  i t  volume expansion. 

- - - - - - - - -  

79. I f  t he  expansion were p r i m a r i l y  i n  only  one d i r e c t i o n ,  

such as i n  t h e  case  of a long w i r e  o r  rod ,  w e  would 

be  i n t e r e s t e d  only  i n  t h e  change i n  l e n g t h  ( l i n e a r  

change) caused by t h e  h e a t i n g  o r  cool ing  of t h e  

material. 

- - _ - - _ _ _ -  

80. Linear  expansion i s  t h e  change i n  when 

t he  subs t ance  i s  heated.  

- - - - _ - - - -  

81. W e  must b e  concerned wi th  both  l i n e a r  and volume 

expansion because a l l  s t r u c t u r a l  materials expand 

o r  c o n t r a c t  when they are  hea ted  o r  cooled.  

- - - - - - - - -  

expands 

l eng th  
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82. Experimenters  have found t h a t  few materials expand 

t h e  same amount wi th  a g iven  temperature  change. 

- - - - I - - - -  

83.  The c o e f f i c i e n t  of  l i n e a r  expansion of a subs t ance  

is  t h e  amount t h e  l e n g t h  w i l l  change, p e r  u n i t  l e n g t h ,  

f o r  a temperature  rise of one degree  Cent igrade.  

84.  The c o e f f i c i e n t  of volume expansion is  t h e  amount 

t h e  w i l l .  change, p e r  u n i t  volume, f o r  

a temperature  change of one degree  Cenrigrade.  

- - - - - I - - -  

85.  The c o e f f i c i e n t  of l i n e a r  expansion f o r  s teel  i s  volume 

12 x p e r  "C. This  means. t h a t  a s tee l  r a i l  

w F l l  expand 1 2  m i l l i o n t h s  of a f o o t  f o r  every f o o t  

of length, when i ts  tempera ture  is  inc reased  

86. The equa t ion  f o r  f i n d i n g  t h i s  change i n  l e n g t h  is: 1°C 

AR = R CXAT 
0 

where 

A2 is  t h e  change i n  l e n g t h  

R is t h e  o r i g i n a l  l e n g t h  

a is  t h e  c o e f f i c i e n t  of l i n e a r  expansion 

AT is t h e  tempera ture  change i n  OC 

0 
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87. If a 30 ft railroad rail changes temperature from 

2 0 ° C  t o  35°C on a summer day, it will expand 

ft. 
- - _ - _ _ I - _  

1o.0054 ft, because AR = 30 ft x 1 2  x 10-6/"C X 15°C 1 
88. If you change 0,0054 ft t o  inches, you w i l l  find 

that the rail expands about 1/16 in. 
- I - - - - - - -  

89. The equation for volume expansion is very similar to 

the linear-expansion equation. It is: 

AV = VoBAT 

where : 

AV is the change in volume 

V is the original volume 

B is the coefficient of  volume expansion 

AT is the temperature change in "C .  

0 

- - - - - - - - I  

90. The coefficient of volume expansion for petroleum is 

8.99 x 1 0 " ' t / o C .  

1 8 ° C  (about 6 4 O F )  in your car and it sits in the sun 

until the temperature of the gasoline rises to 38°C 

(about 100°F), the gasoline will expand gal e 

If you put 20 gal of gasoline at 

- - - - - - - - -  

because AV = 20 g a l  x 8.99 x 10-4/oC x 2 0 ° C  

- - - - - - - - -  
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91. While most of our  d i s c u s s i o n  h a s  been about  t h e  amount 

of expansion we may expec t  w i t h  a g iven  temperature  

change, w e  need a l s o  t o  c o n s i d e r  t h e  amount of f o r c e  

t h a t  can be  e x e r t e d  by s t r u c t u r a l  components of a 

r e a c t o r  when they  are i n  such a p o s i c i o n  t h a t  they  

cannot f r e e l y  expand o r  c o n t r a c t  w i t h  changes i n  t e m -  

p e r a t u r e .  

- - - - - - - - -  

9 2 .  The f o r c e  t h a t  i s  e x e r t e d  when a s u b s t a n c e  wants t o  

expand o r  c o n t r a c t ,  and cannot ,  i s  c a l l e d  thermal  

stress -- 
I - - - - - - - _  

93.  I f  a steel beam 10 f t  l o n g  and 5 i n . 2  i n  c r o s s  s e e t i o n  

i s  f i x e d  at: each end and then  i t s  tempera ture  is 

i n c r e a s e d  200"C, i t  w i l l  t r y  t o  expand f t ,  

- - I - - - - - -  

9 4 ,  I f  t h e  beam cannot  expand, the p l a c e s  where i t  is  0.024 

f i x e d  must have e x e r t e d  a f o r c e  OR t h e  beam g r e a t  

enough t o  cause  i t  t o  c o n t r a c t  as much as i t  would 

l i k e  t o  expand. We w i l l  n o t  ask you t o  c a l c u l a t e  

th i s  fo]Tce, b u t  it would amount t o  about  250,000 

l b s .  

- - - - - - - - -  

95. Even i f  t h e  beam i n  Frame 93 had had a tempera ture  

i n c r e a s e  of o n l y  5"C, t h e  f o r c e  necessary  t o  keep 

i t  f r o m  expanding would b e  almost  4.5 tons.  

- - - - - - - - _  
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96. You have, undoubtedly,  observed t h a t  when c o n c r e t e  

highways are b u i l t ,  a c u t  i s  made through t h e  

c o n c r e t e  p e r i o d i c a l l y  f o r  an expansion j o i n t .  This  

space  i s  f i l l e d  w i t h  a material t h a t  w i l l  a l low t h e  

c o n c r e t e  t o  expand and r e l i e v e  t h e  thermal  

caused by hea t ing .  

97 .  I t  is i n t e r e s t i n g  t o  n o t e  t h a t  bo th  s tee l ,  a good stress 

s t r u c t u r a l  material ,  and c o n c r e t e ,  a good s t ruc-  

t u r a l  material ,  have t h e  same c o e f f i c i e n t s  of 

l i n e a r  expansion. Thus w e  can use s tee l  t o  r e i n -  

f o r c e  c o n c r e t e  w i t h o u t  f e a r  t h a t  expansion o r  

c o n t r a c t i o n  of t h e  s tee l  w i l l  produce 

t h a t  w i l l  b reak  t h e  concre te .  

- - - - I - - - -  

1.6.  S e l f  T e s t  thermal stress 

98. When o x i d a t i o n  is  r a p i d  enough t o  produce l i g h t  and 

h e a t ,  t h e  r e a c t i o n  i s  c a l l e d  . ( I f  you 

made a n  i n c o r r e c t  response ,  r e p e a t  Frames 1-3.) 

99. You n o t i c e  h e a t  because i t  produces a change i n  t h e  combus t i o n  o r  
burning 

of t h i n g s  which you touch. ( I f  you made 

an i n c o r r e c t  response,  r e p e a t  Frame 12.)  

100. The temperature  o€ a body i s  one measure of i t s  t emp er a t  u r  e 

c o n t e n t .  ( I f  you made a n  i n c o r r e c t  

response ,  r e p e a t  Frames 16-17 . )  



2 1  

101. The common tempera ture  s c a l e  used i n  t h e  United h e a t  

States i s  t h e  scale,  ( L E  you made a n  

i n c o r r e c t  r e sponse ,  r e p e a t  Frame 20,) 

102. The degree  on t h e  Fahrenhe i t  s c a l e  r e p r e s e n t s  a Fahrenhe i t  

(smaller , l a r g e r )  amount of tempera ture  change 

than  the  degree  on t h e  Cent igrade  scale,  ( I f  you 

made an  i n c o r r e c t  r e sponse ,  r e p e a t  Frames 22-26.) 

- - - - - - - - -  

103. A t empera ture  of 20°C i s  t h e  e q u i v a l e n t  of a tempera- 

t u r e  Of OF. ( I f  you made an  i n c o r r e c t  

r e sponse ,  repeat Frame 27,) 

smaller 

104, I n  o r d e r  t o  c a l c u l a t e  the amount of h e a t  ( i n  Btu) 68 

absorbed by a body, w e  must: know t h e  weight  of 

t h e  body i n  , i t s  s p e c i f i c  h e a t ,  and t h e  

tempera ture  change i n  degrees ,  ( I f  you 

made a n  inco r rec t :  r e sponse ,  r e p e a t  Frames 38-47.) 

105, How much h e a t  mumt be  added t o  a quart: (about pounds, 
Fahrenhe i t  

2 l b s )  of water a t  60°F i n  o r d e r  co raise its 

t empera ture  t o  200*F? 

response ,  r e p e a t  Frames 47-50.) 

( I f  you made a n  i n c o r r e c t  

106. The thermal  energy produced by n u c l e a r  r e a c t o r s  is  280 B t u  

normally measured i n  t h e  unit: - . (If 

you made an i n c o r r e c t  r e sponse ,  r e p e a t  Frame 58.) 
- _ I - _ - - - -  
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109.  I n  o r d e r  t o  c a l c u l a t e  t h e  thermal  power of t h e  ORR Megawatt-day 

o r  t h e  HFIR,  t h e  o p e r a t o r  must know t h e  f low rate 

o f  t h e  c o o l a n t  i n  t h e  u n i t  Per  Y 

t h e  AT a c r o s s  t h e  r e a c t o r  c o r e  i n  degrees ,  

and a c o n s t a n t ,  1.465 x loe4.  ( I f  you made an 

i n c o r r e c t  response ,  r e p e a t  Frames 7 1 - 7 4 . )  

108. One o f  t h e  e f f e c t s  o f  h e a t i n g  is t h a t  t h e  hea ted  

body . ( I f  you made a n  i n c o r r e c t  

response ,  r e p e a t  Frame 76.)  

- - - - - - - - -  

g a l l o n s  
minute ,  
Fahrenhei t  

109. I f  a body i s  f i x e d  i n  p l a c e  s o  t h a t  i t  cannot  expand 

a r  c o n t r a c t ,  t h e  f o r c e  i t  e x e r t s  when i t  tries t o  

expand o r  c o n t r a c t  i s  c a l l e d  

( I f  you made a n  i n c o r r e c t  response,  r e p e a t  Frame 92 . )  

expands 

- - - - - - - - -  

thermal  stress 
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SECTION I V - 2  

HEAT TRANSFER 

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  some of t h e  methods b y  which h e a t  

i s  t r a n s f e r r e d .  

t o  the  o p e r a t i o n  o f  nuelear  r e a c t o r s .  

S p e c i f i c a l l y ,  w e  wish t o  s tudy  h e a t  t r a n s f e r  as i t  a p p l i e s  

2 .1 .  Sources of Heat 

1. A s  w a s  mentioned i n  S e c t i o n  I V - l ?  one of t h e  mast common 

sources  of h e a t  is t h e  burn ing  of some combust ible  

mater i a l  

- - - - I - - - -  

2 .  Other  sou rces  of h e a t  which might b e  thought  of as 

be ing  less common than combus t i o n  are e l e c t r i c i t y  

f r i c t i o n ,  l i g h t  ( r a d i a n t  ene rgy) ,  and nuc lea r  energy. 

- - - - - - I - -  

3 .  I n  o r d e r  t o  unders tand  how h e a t  is  produced by most 

of t h e s e  methods, l e t  us review t h e  nature of matter. 

4 .  Matter i s  found i n  one of t h r e e  forms, I t  i s  e i t h e r  

a g a s ,  a l i q u i d ,  o r  a s o l i d ,  

- - - - - - - - -  

5. The p r i n c i p a l  d i f f e r e n c e  between t h e  t h r e e  forms of 

matter is  t h e  d i f f e r e n c e  i n  d i s t a n c e  between t h e  

pa r t i c l e s  (atoms o r  molecules)  of which t h e  matter 

is  made. 
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6. I n  a g a s ,  t h e  p a r t i c l e s  are r e l a t i v e l y  f a r  a p a r t ,  

are moving a t  a h igh  speed ,  and thus  do n o t  s t a y  

c l o s e  t o  each o t h e r  very  long. 

7 .  The f o r c e s  which could bind t h e  molecules  t o g e t h e r  

are g r e a t e s t  a t  s h o r t  range ,  s o  gases  remain gaseous 

because of t h e  d i s t a n c e  between t h e  molecules and t h e  

h igh  _- o f  t h e  molecules.  

- - - - - _ - _ -  

8. The molecules of l i q u i d s  arc much c l o s e r  t o g e t h e r  and speed 

are moving a t  s lower speeds.  The molecules of s o l i d s  

are so  c l o s e  t o g e t h e r  t h a t  bonds develop between them 

which hold them i n  r a t h e r  d e f i n i t e  p o s i t i o n s ,  as 

i l l u s t r a t e d  i n  F ig .  2 . 1 .  

- - - - - - - - -  

Arrows Represent  

D i r e c t i o n  o----, 

of Molecule 

Molecules F r e e  Molecules Close Molecules Fixed i n  
To Move and F a r  b u t  Free To Move P o s i t i o n ,  V i b r a t i n g  
Apart  Motion Only 

Gas Liquid S o l i d  

Fig.  2 . 1 .  Three Forms of Matter 

- - I - - - - - - 
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9.  P h y s i c i s t s  have found t h a t  h e a t  i s  t h e  f a c t o r  t h a t  

determines t h e  form i n  which matter i s  found. 

- - - - - - - - -  

10. As a subs t ance  absorbs  h e a t ,  i t s  molecules  i n c r e a s e  

i n  speed and i t s  tempera ture  rises. I f  t h e  subs t ance  

l o s e s  h e a t ,  i t s  molecular  motion slows down and w e  

n o t i c e  t h e  h e a t  l o s s  because it r e s u l t s  i n  a 

tempera ture ,  

- - . - . - - - - - -  

11. When the  tempera ture  of water drops t o  32QF and then  lower 

it l o s e s  more h e a t ,  bonds form between t h e  water 

molecules  and they are no longer  as free t o  move as 

they are i n  a l i q u i d .  

c a l l e d  ice. 

The water is now a 

1 2 .  I f ,  on t h e  o t h e r  hand, ice is  hea ted ,  t h e  bonds 

between t h e  molecules  b reak  and t h e  molecules  can 

move f r e e l y .  I n  t h i s  form, water i s  a 

- - - - - - - - -  

s o l i d  

13. A s  water i s  h e a t e d ,  t h e  thermal  energy of t h e  molecule l i q u i d  

is  inc reased .  One effect: O f  t h i s  energy i n c r e a s e  i s  

t h e  i n c r e a s e d  speed of t h e  molecules ,  an e f f e c t  t h a t  

is observed as a tempera ture  

- - - - - - - - -  

14. All of the  molecules  of a subs t ance  do n o t  have t h e  i n c r e a s e  

s a m e  speed ,  Ac tua l ly ,  t h e  tempera ture  of  a body i s  

a measure of t h e  average  speed of i t s  molecules .  

- - - - - - - - -  
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15. A s  t h e  molecular  speed increases, t h e  average d i s t a n c e  

between molecules  i n c r e a s e s ;  and w e  say  t h a t  t h e  

l i q u i d  h a s  expanded. 

- - - s - - - - -  

16 .  The thermal  expansion of a body can be expla ined  i f  

w e  a c c e p t  t h e  theory  t h a t  when a body i s  h e a t e d ,  

t h e  average of i t s  molecules i n c r e a s e s  

and they c o l l i d e  w i t h  each o t h e r  more o f t e n  which 

f o r c e s  them f a r t h e r  a p a r t .  

17. A s  water i s  h e a t e d ,  some of i t s  molecules achieve  speed 

speeds g r e a t  enough t o  a l low them t o  break  through 

t h e  s u r f a c e  and leave t h e  l i q u i d ,  

- _ - - - _ - - -  

18. Water molecules  w i t h  speeds g r e a t  enough t o  a l l o w  

them t o  leave t h e  l i q u i d  become i o s t  from t h e  l i q u i d  

and form water vapor ,  i n  o t h e r  words, a gas ,  

- - - - - - - - -  

1 9 ,  Evaporat ion i s  t h e  l o s s  of l i q u i d  when f a s t e r  

mc.lecules, because of t h e i r  g r e a t e r  3 

l.eave t h e  l i q u i d .  

20, When water absorbs  enough h e a t  t o  g i v e  l a r g e  numbers speed 

of molecules enough speed t o  break  through t h e  

s u r f  ace t h e  water b a i l s .  

- _ - - - - - - _  

21 .  When water i s  h o t  enough t o  b o i l ,  t h e  molecules have 

enough thermal  energy t o  remain i n  t h e  form t h a t  w e  

c a l l  water vapor ,  which i s  a 

l - . - - - l - . . l - .  
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gas 22,  These few examples i l l u s t r a t e  t h a t  t h e  amount of 

thermal  energy conta ined  i n  a body determfnes 

whether t h a t  body has  t h e  form c a l l e d  s o l i d ,  l i q u i d ,  

or gas ,  and t h a c  t h e  average speed of t h e  molecules 

is a measure of t h e  amount of thermal. energy conta ined  

i n  t h a t  body, 

- - - - - - I - -  

23. We might now d e f i n e  a h e a t  source  as anyth ing  which 

can  act  upon a body t o  cause t h e  average speed o f  t he  

molecules  of t h a t  body t o  be  

24" For example, If t h e  sun s h i n e s  i n c o  your car on a i nc reased  

co ld  w i n t e r  day, t h e  r a d i a n t  energy from the sun  

s t r i k e s  t h e  i n t e r i o r  of t h e  car and causes  t h e  mole- 

c u l e s  t o  i n c r e a s e  t h e i r  speed.  Thus, t h e  

of t he  i n t e r i o r  of t h e  c a r  i s  i n c r e a s e d ,  

- - - - - - - - -  

t empera ture  25, Radiant  energy from t h e  sun is a 

sourpce. 

26. Hot coffee added t o  half  a cup of lukewarm c o f f e e  h e a t  

causes  t h e  average  speed of  t h e  molecules  of lukewarm 

cof fee  t o  be  inc reased ,  In t h i s  c a s e ,  t h e  

i s  a hear. source .  

- - - - - - - - -  

27. When atoms of * 3 5 U  f i s s i o n ,  t h e  f i s s i o n  fragments  are 

r e p e l l e d  a t  g r e a t  speed,  When t h e s e  f i ss ion- f ragment  

atoms s t r i k e  o t h e r  atoms, they i n c r e a s e  t h e  speeds  of 

t h e  atoms t h a t  they c o l l i d e  w i t h ,  thus r a i s i n g  the 

average speed o€ all of t h e  atoms, 

t h e r e f o r e ,  is  a 

h o t  c o f f e e  

F i s s i o n i n g  2 3 5 U ,  

source .  

- - - - - - - - -  
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28. I n  t h e  same way t h a t  r a d i a n t  energy from t h e  sun h e a t  

s t r i k e s  o b j e c t s  and causes  them t o  be h e a t e d ,  gamma 

r a d i a t i o n  from e i t h e r  f i s s i o n i n g  2 3 5 U  o r  from 

r a d i a t i v e  decay causes  i n c r e a s e d  moleculrir motion 

whenever i t  i n t e r a c e s  w i t h  matter. Thus, w e  have 

t h e  t e r m  "gamma heat ing".  

- I - .- - - - I 

2,9, Gamma r a d i a t i o n  i s  a of h e a t .  

_ - - - - - - - -  

30.  Gamma h e a t i n g  i s  t h e  increased. molecular  motion i n  s o u r c e  

a subs tance  r e s u l t i n g  from c o l l i s i o n s  of 

r a y s  w i t h  atoms o r  molecules of that: subs tance ,  

2 2 .I Heaz Conduction 

31, By our d e f i n i t i o n ,  a n y t h i n g  i s  a h e a t  source  which gamma 

causes  t h e  average molecular  speed of a body t o  b e  

32 e We used t h e  example of pouring h o t  coffee i n t o  

Lukewarm c o f f e e  to raise i t s  average molecular  

speed,  which w e  observed as a n  increase i n  tempera- 

t u r e .  The ho t  c o f f e e  molecules t r a n s f e r r e d  

energy t o  t h e  cooler c o f f e e  mole- 

c u l e s  0 

i n c r e a s e d  

3 3 ,  The h e a t  exchange w a s  e f f e c t e d  when the  hor  c o f f e e  h e a t  o r  
thermal  

molecules c o l l i d e d  w i t h  t h e  cooler c o f f e e  molecules.  

The t r a n s f e r  of h e a t  by molecular  c o l l i s i o n s  i s  

c a l l e d  h e a t  conduction. 

I - - - - - * - -  
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34. I f  a cook leaves a metal spoon i n  a con ta ine r  of 

b o i l i n g  soup,  i n  a f e w  minutes t h e  handle  of t h e  

spoon i s  too h o t  to touch. 

35. The high-speed soup molecules  c o l l i d e  w i t h  t h e  metal 

molecules  of t h e  bowl of t h e  spoon and cause them 

t o  speed up, The h e a t  i s  t r a n s f e r r e d  from t h e  soup 

t o  t h e  bowl of t h e  spoon by 
I_ 

- - - - - - - - -  

3 6 .  The faster moving molecules  in t h e  bowl of t he  spoon conduc t i o n  

c o l l i d e  w i t h  t h e  nearby molecules  i n  t h e  handle  

caus ing  t h e  h e a t  t o  be  g r a d u a l l y  

t o  t h e  molecules  of t h e  handle ,  

37, I n  a few minutes  t h e  hand le  of t h e  spoon could become t r a n s f e r r e d  

too  h o t  t o  touch because h e a t  is  moved by 

from t h e  soup t o  t h e  bowl of t h e  spcon and from the  

b o w l  of t h e  spoon t o  t h e  handle  of t h e  spoon, 

conductfon 38. The a b i l i t y  of a subs t ance  t o  conduct h e a t  seems t o  

depend, i n  p a r t ,  on i t s  molecular  s t r u c t u r e .  

- - - - - - - - -  

39. Normally, t h e  a b i l i t y  t o  conduct h e a t  is  h i g h e s t  

f o r  s o l i d s  and lowest f o r  gases ,  w i r h  l i q u i d s  

somewhere between. 

4 0 ,  Most gases  are good insulators (poor conduc to r s ) ,  

w h i l e  many s o l i d s ,  e s p e c i a l l y  metals, are 

conductors .  

- - - - - - _ - I  
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41.  However, even among t h e  s o l i d s  t h e r e  is a wide range good 

i n  a b i l i t y  t o  conduct h e a t .  

t o r s ,  and many nonmetals such as wood, p l a s t i c s ,  

ceramics, and g l a s s  are poor conductors .  

Metals are good conduc- 

- - - - - - _ - -  

42.  Wooden handles  are p laced  on many cooking u t e n s i l s  

because wood i s  a conductor  of h e a t .  

- - - - - - - - -  

43.  Most g a s e s ,  i n c l u d i n g  a i r ,  are good i n s u l a t o r s .  I f  poor 

a subs tance  is  a good i n s u l a t o r ,  i t  is  a poor 

44.  Woolen c l o t h e s  are good f o r  w i n t e r  wear because conductor 

woolen c l o t h  t r a p s  a i r  i n  t h e  weave. 'The entrapped 

a i r  acts  as a l a y e r  of 

h e a t  is  n o t  e a s i l y  away. 

s o  t h a t  body -____ 

- - - I - - - - -  

4 5 .  Heat i s  produced i n  t h e  f u e l  of a r e a c t o r  when t h e  i n s u l a  t i o n ,  

f u e l  atoms f i s s i o n .  I n  o r d e r  t o  avoid  a hazardous 

h e a t  b u i l d u p ,  t h e  f u e l  element i s  designed w i t h  a 

metal l ic  c l a d d i n g  n o t  on ly  t o  p r o t e c t  t h e  Euel b u t  

a lso t o  t r a n s f e r  t h e  h e a t  through t h e  c ladding  and 

i n t o  t h e  c o o l a n t .  This  h e a t  t r a n s f e r  i n t o  the 

coolant  i s  by 

_ _ - - - - - - -  

2.3 .  Heat T r a n s f e r  by Convection 

conducted o r  
t r a n s f e r r e d  

46.  Another important  method of h e a t  t r a n s f e r  f s  convec- conduct i on  

t i o n ,  of which t h e r e  are two k i n d s ,  n a t u r a l  convec t ion  

and f o r c e d  c o n v e c t i 3 .  

- I - - - - - - _  
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47 .  Convection i s  t h e  t r a n s f e r  of h e a t  by a moving 

subs t ance  which absorbs  h e a t  f r o m  a sou rce  and then  

moves away c a r r y i n g  t h e  h e a t  w i th  i t .  

4 8 ,  N a t u r a l  convec t ion  i s  convect ion  t h a t  i e  caused 

by t h e  n a t u r a l  motion of a l i q u i d  o r  a gas when i t  

is  hea ted .  

4 9 .  To i l l u s t r a t e ,  when you s t r i k e  a match, i t  burns  

s t e a d i l y  w i t h  most of t h e  f lame moving up from t h e  

matchs t ick .  The flame h e a t s  t h e  a i r ,  t h e  a i r  

expands,  becomes l i g h t e r ,  and f l o a t s  up through 

t h e  c o o l e r  a i r  around it, 
- - - - - - - - -  

50. The hea ted  a i r  moves up because t h a t  i s  t h e  

motion f o r  a material  which is  l i g h t e r  

t han  i t s  sur roundings ,  

- - - - - - - - -  

51. Many homes are  hea ted ,  as shown i n  F i g o  2 .2 ,  by t h i s  n a t u r a l  

method of h e a t  transfer which w e  c a l l  

7 
Hot 
A i r  

F i g ,  2,2, Room Heat ing by Na tu ra l  Convection Curren ts  



32 

52. na  t u r d  
convect ion 

Most h o t  water h e a t e r s  have t h e  hearr source  n e a r  

t h e  bottom of t h e  tank. The water n e a r  t h e  bottom 

i s  hea ted  and becomes l i g h t e r  ( l e s s  dense) .  The 

warmer, less , water f l o a t s  t o  t h e  top 

of t h e  tank;  and t h e  c o o l e r ,  more dense water moves 

down t o  become hea ted ,  

53. The convect ion of t h e  water upward dense 

and t h e  water downward forms a c u r r e n t  

c a l l e d  a c u r r e n t .  

5 4 .  The movement of smoke and hea ted  a i r  up a chimney w a r m  $ 

i s  h e a t  t r a n s f e r  caused by 
c o o l  p 

convect ion 

55. Fuel  e lements  i n  pool-type r e a c t o r s  have w a t e r - f i l l e d  n a t u r a l  
eonv ec t i o n  

c o o l a n t  channels  between t h e  f u e l  p l a t e s .  This  

water i s  hea ted  by conduct ion because i t  is  i n  con tac t  

w i t h  t h e  f u e l  p l a t e s ,  The h e a t e d  water rises and 

carries t h e  h e a t  up and i n t o  t h e  pool  surrounding t h e  

co re .  

56. I n  t h e  above case, t h e  f u e l  e lements  are  cooled by  

convect ion.  

- - - - - - - - -  

57. Forced convection is used t o  transfer heat when n a t u r a l  

n a t u r a l  convect ion might move t h e  h e a t  i n  t h e  W K O ~ ~  

d i r e c t i o n  o r  might n o t  move t h e  h e a t  fas t  enough. 
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58, 

59. 

60. 

61. 

62. 

6 3 .  

6 4 .  

When a l i q u i d  o r  gas  i s  f o r c e d ,  by u s e  of pumps o r  

blowers ,  t o  c a r r y  h e a t  away from a source ,  t h e  

t r a n s f e r  method is  c a l l e d  

- I  - - _ - - - _  

I f  h o t  a i r  is  blown i n t o  a room through v e n t s  nea r  

t h e  c e i l i n g  and coo l  a i r  i s  removed through v e n t s  

fo rced  
convec t ion  

nea r  t he  f l o o r ,  t he  room i s  hea ted  by 

convec t ion  c u r r e n t s .  

- - - - - - - - -  

fo rced  The convec t ion  c u r r e n t s  i n  t h e  room mentioned i n  

Frame 59 (do, do n o t )  move h e a t  i n  t h e  same d i r e c -  

t i o n  as n a t u r a l  convec t ion  c u r r e n t s  would. 

- I - - - - - - -  

The o p e r a t i o n  of an a t t i c  f a n  produces ( fo rced ,  

n a t u r a l )  Convection c u r r e n t s  which are i n  t h e  

(same, oppos i t e )  d i r e c t i o n  as n a t u r a l  convect ion 

c u r r e n t s  

- - - - - - - - -  

do n o t  

When the  amount of thermal  energy produced by a 

r e a c t o r  i s  low, as a t  t h e  PCA, t h e  coo l ing  produced 

by n a t u r a l  convec t ion  i s  o f t e n  s u f f i c i e n t .  

fo rced  , 
same 

- - - - - - - - -  

A t  h i g h e r  power l e v e l s  (above 300 kw a t  t h e  O R R ) ,  

h e a t  p roduc t ion  is  g r e a t  enough t h a t  n a t u r a l  con- 

v e c t i o n  w i l l  n o t  remove t h e  h e a t  fast enough. 

I n  r e a c t o r s  such as t h e  ORR and the HFIR,  o p e r a t i o n  

a t  h igh  power l e v e l s  is  dependent on h e a t  

by fo rced  convec t ion .  
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65. Although w e  have d i scussed  conductfon,  n a t u r a l  t r a n s f e r  o r  

convect ion,  and fo rced  convect ion separately,  most 

h e a t  t r a n s f e r  systems use  combinations of conduc- 

t i o n  and both  n a t u r a l  and fo rced  convect ion.  

removal 

_ - I - _ - _ _ -  

66. I f ,  f o r  example, a room is  hea ted  by steam r a d i a t o r s ,  

t h e  steam u s u a l l y  moves from t h e  b o i l e r  t o  the  

r a d i a t o r  because i t  i s  under p r e s s u r e .  

be convect ion.  

This  would 

- - - - - - _ - -  

67. The ho t  steam molecules come in c o n t a c t  w i th  the  fo rced  

coo le r  r a d i a t o r  molecules  and t r a n s f e r  t h e i r  h e a t  

t o  t h e  r a d i a t o r  by 

- - - - - - - - -  

68. The h o t  metal  o f  t h e  r a d i a t o r  i s  i n  c o n t a c t  w i th  conduct ion 

c o o l e r  molecules of a i r .  The a i r  i s  hea ted  by 

con tac t  w i th  the  r a d i a t o r  and t h i s ,  t oo ,  i s  h e a t  

by conduction. 

- - - - - - - - -  

69. A s  t h e  a i r  i s  hea ted ,  i t  becomes less dense and 

f l o a t s  up, b e i n g  d i s p l a c e d  by cooler  a i r  which i n  

t u r n  i s  hea ted  and moves up. The c u r r e n t s  formed 

i n  t h e  room, which even tua l ly  h e a t  t h e  whole room, 

a re  convec t ion  c u r r e n t s .  

- I - - - - - - -  

t r a n s f e r  
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70. Most r e a c t o r s  r e q u i r e  a coo lan t  system i n  two p a r t s .  

The primary system uses  pumps t o  c i r c u l a t e  t h e  

c o o l a n t  through t h e  r e a c t o r  co re  and through h e a t  

exchangers which t r a n s f e r  t h e  h e a t  t o  a secondary 

sys tem,  a n  open system, where a coo l ing  tower is  

used t o  t r a n s f e r  t h e  h e a t  t o  t h e  a i r  i n  which i t  

i s  d i s s i p a t e d ,  

is  shown i n  F i g .  2,3. 

n a t u r a l  

A s imple  diagram of such  a system 

- - - - - - - - -  

Fig .  2.3. Diagram of  a Coolant System i n  Two Parts 

I - - - - - - - ^  

71,  Here, too ,  all.  h e a t  t ransfer  methods are  used. Heat 

produced by f i s s i o n i n g  f u e l  atoms is t r a n s f e r r e d  t o  

t h e  c o o l a n t  by because f i s s i o n  

fragments h e a t  t h e  f u e l ,  t h e  f u e l  h e a t s  t h e  c l add ing ,  

and t h e  c l add ing  h e a t s  t h e  c o o l a n t  molecules which 

i t  tQuCbeS. 

72. The coolant  is  pumped through the core, cooling i t  

bY convec t ion ,  

conduction 

- - - - - - - - -  
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73. I n  t h e  primary-to-secondary h e a t  exchanger,  t h e  

t r a n s f e r  i s  by conduct ion because of molecular  

c o n t a c t ,  through t h e  metal p i p i n g  of t h e  systems,  

of t h e  h o t  primary c o o l a n t  molecules wi th  t h e  

c o o l e r  secondary c o o l a n t  

- - - - - - - - -  

forced  

7 4 .  I n  t h e  h e a t  exchanger,  t h e  molecules of t h e  primary molecules 

coolan t  ( l o s e ,  ga in )  h e a t  and t h e  molecules of t h e  

secondary c o o l a n t  ( l o s e ,  ga in )  h e a t .  

- - - - _ _ _ _ _  

75. The pumps of t h e  secondary system f o r c e  t h e  h o t  l o s e ,  
g a i n  c o o l a n t  t o  t h e  top of a cool ing  tower where i t  i s  

allowed t o  f a l l  through r i s i n g  c u r r e n t s  of a i r .  

- - - - - .- - - D 

7 6 .  I n  t h e  c o o l i n g  tower,  t h e  water - to-a i r  h e a t  t r a n s f e r  

i s  from molecules of water t o  molecules  of a i r .  This  

i s  t r a n s f e r  by 

- - - - - - - - -  

7 7 .  I n  t h e  c o o l i n g  tower,  t h e  n a t u r a l  upward-rising 

c u r r e n t s  caused by t h e  hea ted  a i r  would n o t  be  

enough t o  c a r r y  away t h e  h e a t  i n  t h e  secondary 

system; s o ,  l a r g e  f a n s  are used t o  move t h e  a i r  

through t h e  c o o l i n g  tower e 

- - _ - - _ _ _ _  

78.  So a g a i n ,  when i t  i s  necessary  t o  move l a r g e  amounts 

conduct ion 

of h e a t  quickly, convect ion  i s  a 

necessary  p a r t  o f  t h e  t r a n s f e r  system. 
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2.4.  Se l f  Test 

79. Matter i s  found in one of t h r e e  forms, a gas ,  a 

, o r  a . ( I f  you made 

an i n c o r r e c t  response ,  r e p e a t  Frame 4 , )  

80. Molecules of matter in gaseous form are moving a t  

(h igh ,  low) speeds.  ( I f  you made an i n c o r r e c t  

response ,  r e p e a t  Frames 6-7.) 

- - - - - - - - -  

81. Molecules are c l o s e r  t o g e t h e r  i n  l i q u i d s  o r  s o l i d s .  

t han  i n  . ( I f  you made a n  i n c o r r e c t  

response ,  repeat Frame 8.) 

82. When a subs t ance  is  h e a t e d ,  t h e  thermal  energy of 

i ts  molecules  i n c r e a s e s .  The e f f e c t  of t h i s  thermal  

energy i n c r e a s e  i s  observed as a 

i n c r e a s e .  ( I f  you made an  i n c o r r e c t  response ,  r e p e a t  

Frame 13.) 

83, When t h e  f a s t e r  molecules  of a l i q u i d  are a b l e  t o  

b reak  through t h e  s u r f a c e  of the l i q u i d  and g e t  

completely away, w e  c a l l  t h e  e f f e c t  l o s s  of l i q u i d  

by . ( I f  you made an i n c o r r e c t  

response ,  r e p e a t  Frames 18-19.) 

- - - I - - - - -  

84. The average  speed of t h e  molecules  of a body i s  a 

measure of t h e  energy conta ined  i n  

t h a t  body. 

r e p e a t  Frames 22-23. ) 

( I f  you made an i n c o r r e c t  r e sponse ,  

fo rced  

l i q u i d  
s o l i d  

h igh  

gases  

temperature  

evapora t ion  
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85. Anything t h a t  can ac t  upon a body t o  cause  an 

i n c r e a s e  i n  t h e  average  speed of t h e  molecules 

of t h a t  body can be  c a l l e d  a source  . 
( I f  you made an i n c o r r e c t  response ,  r e p e a t  Frame 23 . )  

thermal 

84. When fragments from f i s s i o n i n g  atoms of 235U s t r i k e  h e a t  

o t h e r  atoms, t h e  c o l l i s i o n s  i n c r e a s e  t h e  average 

speed of  a l l  of t h e  acorns. Therefore ,  f i s s i o n i n g  

2 3 5 ~  is a source  of . ( I f  you made an 

i n c o r r e c t  response,  r e p e a t  Frames 26-30.) 

_ - _ - - - - - -  

87. The t r a n s f e r  of h e a t  by molecular c o l l - i s i o n s  i s  

c a l l e d  . ( I f  you made a n  i n c o r r e c t  

response ,  r e p e a t  Frame 33. )  

h e a t  

88. Usual ly ,  gases  are ( b e t t e r ,  poorer )  conductors  of conduct ion 

h e a t  than  s o l i d s .  ( I f  you made an i n c o r r e c t  

response ,  r e p e a t  Frame 39.)  

_ - _ - - I - - -  

89. Among s o l i d s ,  metals are u s u a l l y  t h e  ( b e t t e r ,  poorer )  poorer  

conductors .  

r e p e a t  Frame 41. )  

( I f  you made a n  i n c o r r e c t  response,  

90. A subs tance  which i s  a v e r y  poor conductor of h e a t  b e t t e r  

energy i s  c a l l e d  an . ( I f  you made a n  

i n c o r r e c t  response ,  r e p e a t  Frames 40-43.) 

_ - - - _ _ _ _ _  
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91. I f  a subs t ance  absorbs  h e a t  from a source  and then  

moves away from t h e  sou rce  wi th  t h e  h e a t ,  t h e  h e a t  

i s  t r a n s f e r r e d  by . ( I f  you made an 

i n c o r r e c t  response ,  r e p e a t  Frames 46-47 , )  

9 2 .  I f  t h e  c a r r i e r  of t h e  thermal  energy is  fo rced  t o  

move, as wi th  a pump o r  blower,  t h e  h e a t - t r a n s f e r  

i s  convect ion ,  ( I f  you made an 

i n c o r r e c t  response ,  r e p e a t  Frames 57-58,) 

93.  Smoke and h e a t  from a campf i re  are  c a r r i e d  upward 

by t h e  n a t u r a l  motion of t h e  a i r  t h a t  i s  hea ted .  

This  form of h e a t  t r a n s f e r  is  c a l l e d  

. ( I f  you made an  i n c o r r e c t  

response ,  r e p e a t  Frames 48-50.) 

i n s u l a t o r  

eo nvec t ion  

fo rced  

94.  Cooling a house w i t h  an  a t t i c  f a n  i s  n a t u r a l  
convec t ion  coo l ing .  ( I f  you made an i n c o r r e c t  convec t ion  

response, r e p e a t  Frame 61. ) 
- - - - - - - - -  

95, I n  reactors such as t h e  ORIP and the HFIR, o p e r a t i o n  

a t  h igh  power l e v e l s  i s  dependent on h e a t  t r a n s f e r  

by ( I f  you made an 

i n c o r r e c t  response ,  r e p e a t  Frame 6 4 . )  

forced  

96. Most h e a t i n g  or coo l ing  systems make use of (only  one, fo rced  
convec t ion  

one o r  two, a l l )  h e a t - t r a a s f e r  methods. (I€ you made 

an i n c o r r e c t  response, repeadl Frame 65.) 
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97. Heat t r a n s f e r  i n  a water-to-water h e a t  exchanger i s  a1 1 

by . ( I f  you made an  i n c o r r e c t  response ,  

r e p e a t  Frame 73.)  

98. When i t  is  necessary  t o  move large amounts of h e a t  conduct ion 

qu ick ly ,  convec t ion  i s  a necessary  

p a r t  of t h e  t r a n s f e r  system. 

i n c o r r e c t  response ,  r e p e a t  Frame 78.) 

( I f  you made an 

- - - - - - - - -  

forced 
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SECTION IV-3 

FLUID MECHANICS 

F l u i d s ,  which may be desc r ibed  as t h o s e  subs t ances  which flow, are 

used i n  many ways i n  t h e  c o n t r o l  and o p e r a t i o n  of n u c l e a r  r e a c t o r s .  I n  

t h i s  s e c t i o n  w e  s h a l l  s t u d y  t h e  l a w s  and p r i n c i p l e s  which d e s c r i b e  t h e  

a c t i o n s  of f l u i d s  under both  s t a t i c  and dynamic cond i t ions .  

3 , l .  Hydraul ic  and Pneumatic P r e s s u r e  

1. When a l i q u i d  e x e r t s  p r e s s u r e ,  w e  c a l l  i t  a h y d r a u l i c  

p r e s s u r e .  

water. However, t h e  t e r m  h y d r a u l i c  p r e s s u r e  has  been 

used t o  i n d i c a t e  t h e  p r e s s u r e  e x e r t e d  by any l i q u i d .  

The word hydro i s  a Greek word meaning 

2.  The word p r e s s u r e  r e f e r s  t o  a f o r c e  be ing  e x e r t e d  on 

an  area of u n i t  s i z e  such as one squa re  f o o t  o r  one 

squa re  inch .  

- - - - - - - - -  

3. we u s u a l l y  measure p r e s s u r e  i n  pounds per  squa re  f o o t  

( l b / f t 2  o r  p s f )  o r  pounds pe r  squa re  inch  (Eb/ in .*  o r  

p s i )  a 

4 .  When p r e s s u r e  is  e x e r t e d  on a conf ined  l i q u i d ,  t h e  

p r e s s u r e  i s  t r a n s m i t t e d  by t h e  l i q u i d  t o  a l l  of t h e  

w a l l s  of t h e  c o n t a i n e r ,  as shown i n  F i g ,  3.1, 

- - - - - - - - -  



42 

Fig.  3 . 1 .  P r e s s u r e  T r a n s f e r  by Use of a Liquid  

5. The p r e s s u r e  e x e r t e d  on t h e  w a l l s  i n  t h e  s m a l l  c y l i n d e r  

of F ig .  3 .1  i s  t h e  same as t h a t  on t h e  s m a l l  p i s t o n ,  

p s i .  

_ - - I - - - - -  

6. The p r e s s u r e  e x e r t e d  on t h e  w a l l s  of t h e  l a r g e  c y l i n d e r  15 

of F ig .  3 .1  is  

7 .  The t o t a l  f o r c e  e x e r t e d  on a s u r f a c e  i s  the. p r e s s u r e  1 5  p s i  

m u l t i p l i e d  by t h e  area, F = PA. So, i f  t h e  area of 

t h e  l a r g e  p i s t o n  is  20 i n a 2  and t h e  p r e s s u r e  i s  

15  l b  pe r  each squa re  i n c h ,  t h e  t o t a l  f o r c e  exe r t ed  

by t h e  o i l  on t h e  p i s t o n  i s  20 i n . 2  x 1 5  l b / i n .  2 

_ - - - - _ _ - -  

8. The h y d r a u l i c  j a c k  u t i l i z e s  t h i s  p r i n c i p l e  in a 300 l b  

manner s i m i l a r  t o  t h a t  i l l u s t r a t e d  by F ig .  3 . 1 .  A 

15-lb "push" on t h e  smaller p i s t o n  w r i l l  lift a 

300-lb we igh t  s i t t i n g  on t h e  l a r g e r  p i s t o n ,  
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9. S ince  t h e  p r e s s u r e  on t h e  small p i s t o n  of t h e  j a c k  

is  t r a n s m i t t e d  t o  t h e  l a r g e  p i s t o n  by t h e  o i l ,  t h e  

j a c k  i s  c a l l e d  a j a c k .  

- - - - - - - - -  

10. Auto l i f t s  (used i n  s e r v i c e  s t a t i o n s  t o  ra ise  h y d r a u l i c  

automobiles s o  t h a t  they  can be  s e r v i c e d  more 

e a s i l y )  u t i l i z e  t h e  p r e s s u r e  e x e r t e d  by o i l  on a 

main p i s t o n ;  they  are c a l l e d  l i f t s .  

- - - - - - - - -  

11. Probably t h e  b e s t  known example of a h y d r a u l i c  system h y d r a u l i c  

is the b rak ing  system used on most au tomobi les ,  The 

p r e s s u r e  e x e r t e d  an  the  b rake  peda l  i s  t r a n s m i t t e d ,  

by way of the b r a k e  f l u i d  ( a  l i q u i d )  t o  the p i s t o n s  

whish f o r c e  the f i b e r  s u r f a c e s  of t h e  b rake  shoes  

a g a i n s t  t h e  r o t a t i n g  drums of t h e  wheels. 

12, The f r i c t i o n  of t h e  b r a k e  shoes a g a i n s t  t h e  b rake  

drums causes  t h e  au tomobi le  t o  slow down, The 

system is  c a l l e d  a h y d r a u l i c  system because t h e  

p r e s s u r e - t r a n s f e r  medium i s  

I - - - - - - - -  

13. When a gas e x e r t s  p r e s s u r e ,  w e  c a l l  i t  a pneumatic 

p r e s  s u r  E.  

a l i q u i d  - 

1 4 .  When d r i l l s ,  hammers, wrenches,  motors ,  and o t h e r  

t o o l s  are  ope ra t ed  by a i r  p r e s s u r e ,  w e  call them 

t o o l s  4 

- - - - - - - - -  
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15. Many process  ins t ruments  which measure p r e s s u r e s ,  pneumat i c 

f l o w  ra tes ,  e t c . ,  use  pneumatic l i n e s  t o  t r a n s m i t  

t h e  informat ion  t o  remote s t a t i o n s .  

- - - - - - - - -  

16. S ince  t h e  tires of automobiles ,  t r u c k s ,  buses ,  and 

o t h e r  v e h i c l e s  are f i l l e d  w i t h  a i r ,  they are c a l l e d  

t i res ,  

- - - - - - - - -  

1 7 .  I f  you should measure t h e  area i n  conbact w i t h  t h e  pneuma %i 6 

ground o f  each of YOUK a u t o  t ires,  you would probably 

f i n d  t h a t  each t i r e  touches t h e  ground i n  a n  area of 

about 32 i n . 2  (roughly 4 i n ,  x 8 i n . ) .  

18. I f  t h e  a i r  p r e s s u r e  i n  each t i r e  is  30 l b / i n ,  , t h e  

f o r c e  e x e r t e d  by each t i r e  on t h e  ground is  

l b  30 1 b / i n e 2  x 32 i n n 2  = - 

19. S ince  each of t h e  f o u r  t f r e s  exerts a f o r c e  of 960 l b  960 

against t h e  ground, t h e  weight  of t h e  car ,  i n  t h i s  

case, i s  4 t i m e s  960 l b  o r  l b  I 

20. The weight  of a n  automobile is  e x a c t l y  equal  t o  t h e  3840 

e x e r t e d  by t h e  tires on the ground. 

2 1 .  The f o r c e  e x e r t e d  by t h e  tires on t h e  ground, f o r c e  

according t o  the  equat ion  F = PA, i s  t h e  product  of 

t h e  a i r  i n  t h e  tires and t h e  I 

of t h e  tires i n  c o n t a c t  w i t h  t h e  ground. 
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3 . 2 .  S t a t i c  P r e s s u r e  and Force 

2 2 ,  P r e s s u r e s  and f o r c e s  can b e  e i t h e r  s t a t i c  o r  dynamic. 

The word s t a t i c  means t h a t  t h e  material is not moving, 

i t  i s  a t  rest, 

p r e s s u r e ,  
area 

- - - - - - - - -  

2 3 .  Water is a f l u i d ,  and a bucket  of water s i t t i n g  on 

t h e  € 1 0 0 ~  is  water i n  a cond i t ion .  

c - - - - - - - -  

24. The word dynamic u s u a l l y  has  t o  do w i t h  t h i n g s  i n  s t a t i c  

motion. Water f lowing through a p i p e  is  water i n  

a cond i t ion .  

- - - - - - - - -  

25, The c o n d i t i o n  of t h e  a i r  i n  t h e  t i r e s  of a parked 

automobile  i s  

dynamic 

- - - - - - - - I  

26, The c o n d i t i o n  of t h e  a i r  i n  a h u r r i c a n e  i s  descr ibed  s t a t i c  

as 

27. I n  o rde r  t o  see how p f e s s u r e s  and f o r c e s  i n  t h e  dynamic 

s t a t i c  c o n d i t i o n  are r e l a t e d ,  let us b u i l d  a 

swimming POOP i n  your backyard,  

- - - - - - - - -  

28. We w i l l  b u i l d  t h e  p o o l  50 f t  long,  30 f t  wide,  and 

an average  of 4 ft deep,  When w e  f i l l  t h e  poo l ,  t h e  

f o r c e  on the bottom of t h e  pool w i l l  be the weight 

of t h e  water. 
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29. I n  t h i s  case, t h e  c o n c r e t e  bottom of t h e  pool  must 

resist t h e  s t a t i c  of t h e  water 

on i t .  

- - - - - - - - -  

30. The volume of  water i n  t h e  pool  i s  50 f t  x 30 f t  x f o r c e  o r  
weight  

4 f t ,  which i s  6000 ft3. 

weighs 62.4 l b ,  t h e  c o n c r e t e  on t h e  bottom of t h e  

pool  must resist  a f o r c e  of 6000 f t 3  x 62.4 l b / f t 3 ,  

o r  l b .  (The pound is  one of t h e  u n i t s  

by which w e  measure f o r c e  o r  weight . )  

I f  each c u b i c  f o o t  

- - - - - - - - -  

31. S ince  t h e  water i s  n o t  moving, i t  e x e r t s  a 374,400 

f o r c e  of 374,400 l b .  

s t a t i c  32. The s t a t i c  f o r c e  on t h e  bottom of t h e  p o o l  i s  

merely t h e  o f  t h e  water i n  t h e  pool .  

- - - - - _ I - -  

33. Weight o r  f o r c e ,  i n  t h e  United S ta tes ,  is  most weight  

commonly measured i n  t h e  u n i t  

- - - - - - - - -  

34 .  Most o f  you a l r e a d y  know t h a t  p r e s s u r e  h a s  a 

d i f f e r e n t  u n i t  o f  measure. I n  t h e  United S t a t e s ,  

some common u n i t s  of p r e s s u r e  are pounds p e r  square  

i n c h  ( p s i )  and pounds p e r  s q u a r e  f o o t  ( l b / f t 2  o r  

p s f )  * 

- - - - - - - - -  

35, P r e s s u r e  i s  o f t e n  d e s c r i b e d  as a f o r c e  p e r  u n i t  
F 
A 

area P = -. I f  t h e  u n i t  of area i s  t h e  square  

i n c h ,  t h e  p r e s s u r e  u n i t  i s  

- - - - - I - - -  

pounds 
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3 6 .  I f  t h e  u n i t  o f  area i s  t h e  s q u a r e  f o o t ,  t h e  p r e s s u r e  p s i  o r  
l b r i n .  u n i t  i s  

37,  Since  w e  a l r e a d y  know t h e  s t a t i c  f o r c e  on the bottom 

of our  poo l ,  we can c a l c u l a t e  t h e  average  s t a t i c  

p r e s s u r e  by d i v i d i n g  che s t a t i c  f o r c e  by t h e  

of t h e  bottom of  t h e  pool .  

I b / f t 2  

- - - - - - - - -  

38. The area of t h e  bottom of t h e  p o o l ,  which is 

50 f t  x 30 f t  x 4 f t  deep, i s  t h e  product  of t h e  

l e n g t h  and the wid th ,  o r  f t 2 .  

- - - - - - - - -  

area 

39. The ave rage  s t a t i c  p r e s s u r e ,  i n  l b / f t 2 ,  e x e r t e d  by 1500 

t h e  water on t h e  bottom of t h e  pool  can be  c a l c u l a t e d  

by the e q u a t i o n  P = F/A. P = 

- - - - - - - - . . .  

40. Since  t h e  w a t e r  e x e r t s  t h i s  p r e s s u r e  wh i l e  i t  i s  249.6 l b / f t 2  

a t  rest, w e  c a l l  t h e  p r e s s u r e  a 

p r e s s u r e .  

- - - - - - s - -  

4 1 ,  The only  e q u a t i o n ,  thus  f a r ,  t h a t  w e  have f o r  

p r e ~ s u r e  (P = F/A) ,  i s  n o t  as useful, as ano the r  

which w e  should  develop from t h e  equa t ion  P = F/A. 

- - . . . - - - - - -  

s t a t i c  

4 2 ,  You may recall  t h a t  i n  Frame 30 w e  multiplied the 

weight  of a c u b i c  f o o t  of water ( i t s  d e n s i t y )  by 

t h e  t o t a l  volume of w a t e r  t o  f i n d  t h e  s t a t i c  f o r c e  

i t  e x e r t e d ,  
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43 .  The f o r c e  e x e r t e d  by any subs tance  a t  rest ,  because 

of i t s  weight ,  i s  t h e  product  of  i t s  d e n s i t y  and 

44.  If w e  u s e  F f o r  f o r c e ,  D f o r  d e n s i t y ,  and V f o r  

volume, t h e  e q u a t i o n  f o r  c a l c u l a t i n g  f o r c e  would 

b e  

- - - - - - - - -  

volume 

F = DV 45.  I f  w e  s u b s t i t u t e  DV f o r  F i n  t h e  e q u a t i o n  P = F/A, 

w e  have P = DV/A. But volume, which is  t h e  l e n g t h  x 

width x h e i g h t ,  d iv ided  by area, which i s  t h e  l e n g t h  x 

width ,  g i v e s  a q u o t i e n t  which i s  h e i g h t .  I f  w e  

u s e  h f o r  h e i g h t ,  our  new equat ion  f o r  p r e s s u r e  is  

P = Dh. 

- - - - - - _ - -  

4 6 .  This  means t h a t  w e  can c a l c u l a t e  t h e  s t a t i c  p r e s s u r e  

of a f l u i d  i f  we know t h e  h e i g h t  ( o r  depth)  of t h e  

f l u i d  and t h e  

_ _ _ - _ - - - -  

47 .  The s t a t i c  p r e s s u r e  e x e r t e d  by any l i q u i d  a g a i n s t  d e n s i t y  

t h e  bottom and s i d e s  of i t s  c o n t a i n e r  can b e  found 

by m u l t i p l y i n g  t h e  of t h e  l i q u i d  by 

t h e  of t h e  l i q u i d .  

- - - - - - - - -  



To de termine  t h e  t o t a l  f o r c e  a g a i n s t  t h e  s i d e  
of a con ta ine r  (swimming poo l ,  t ank ,  dam, e t c . ) ,  
we use t h e  same equa t ion  F = PA, However, s i n c e  
t h e  p r e s s u r e  i s  zero  a t  t h e  s u r f a c e  of t h e  
l i q u i d  and maximum a t  t h e  g r e a t e s t  dep th ,  w e  
must use  t h e  average  p r e s s u r e  i n  t h e  p r e s s u r e  
equa t ion  P = Dh. 
average P = D x average  dep th ,  - and average 
depth is  

The equa t ion  thus  becomes 

min f max 
2 

o r ,  i n  our e a s e ,  

O + h  h - - -  - 
2 2 "  

Thus, 

Dh 
average  P = - 

2 

and t h e  f o r c e  e x e r t e d  on t h e  side of a con ta ine r  
is 

5 -  Dh x A 
F s i d e  2 

PA = -  
F s i d e  2 ' 

depth  , 
dens i t y  

48,  The depth of 5% c a u s t i c  s o l u t i o n  i n  an open tank  is  

f o u r  ft. I f  t h e  d e n s i r y  of t h e  c a u s t i c  s o l u t i o n  i s  

65,8 l b / f t 3 ,  the p r e s s u r e  on the  bottom of t h e  tank  

49.  I f  you want p r e s s u r e  i n  pounds pe r  i n s 2  ( p s i ) ,  d i v i d e  

l b / f t 2  by 144  i n e a 8 f t 2 .  

p r e s s u r e ,  i n  p s i ,  on t h e  bottom of t h e  tank i s  

243.2 

In t h e  above problem, t h e  

263.2 l b / f t 2  t 144  inO2/ft which equa l s  p s i  D 

- - - - - - - _ _  



3 . 3 .  Dynamic P r e s s u r e s  and Forces  

50. A s  w a s  s t a t e d  ea r l i e r ,  dynamic f o r c e s  are those  

f o r c e s  which r e s u l t  from f l u i d s  i n  motion. 

- _ - - - - - - -  

1.83 

51. The f o r c e  t h a t  a r i v e r  e x e r t s  a g a i n s t  a b o a t  t o  

cause i t  t o  move downstream i s  a f o r c e .  

I - - - - - - - -  

52. S ince  t h e  c a l c u l a t i o n s  of dynamic f o r c e s  and dynamic 

p r e s s u r e s  are much more complicated than  t h e  cal- 

c u l a t i o n s  of s t a t i c  f o r c e s  and p r e s s u r e s ,  w e  s h a l l  

mention only  t h a t  dynamic f o r c e s  are i n f l u e n c e d  by 

both  t h e  v e l o c i t y  and t h e  d e n s i t y  of t h e  f l u i d .  

53. As t h e  v e l o c i t y  of a f l u i d  i n c r e a s e s ,  t h e  f o r c e  that: 

i t  e x e r t s  a l s o  

- - - - - I - - -  

5 4 .  A dense material l i k e  mercury f lowing i n  a p i p e  i n c r e a s e s  

would produce (more, less) f o r c e  on elbows, valves, 

e t c . ,  than  a material l i k e  water f lowing a t  t h e  

same v e l o c i t y .  

55. Some r e a c t o r  b u i l d i n g s ,  such as those  housing t h e  more 

ORR and t h e  HFIR,  have dynamic containment;  blowers 

are cont inuous ly  removing t h e  a i r  from t h e  b u i l d i n g ,  

This  causes  t h e  p r e s s u r e  i n s i d e  t o  b e  s l i g h t l y  less 

than  t h e  p r e s s u r e  o u t s i d e  s o  t h a t  a i r  l e a k s  i n t o  t h e  

b u i l d i n g  r a t h e r  than  o u t  of i t .  

_ I - - - _ - - -  



51 

56. The in l eakage  i s  t o  i n s u r e  t h a t  i f  t h e  a i r  i n s i d e  

should  become contaminated,  i t  would be  c leaned  by 

t h e  a i r  exhaus t  system and,  because of t h e  p r e s s u r e  

d i f f e r e n c e  between i n s i d e  and o u t s i d e ,  c l e a n  a i r  

would l e a k  i n  r a t h e r  than  Contaminated a i r  l eak ing  

ou t .  

- - - - - - - I -  

57. Such containment i s  c a l l e d  dynamic containment 

because t h e  a i r  i s  

58. F l u i d s  i n  motion e x e r t  f o r c e s  on whatever they 

c o l l i d e  wi th ,  If you have e v e r  waded a s w i f t l y  

moving stream, you know t h a t  t h e  g r e a t e r  t h e  velo-  

c i t y  of t h e  water t h e  g r e a t e r  t h e  

t h a t  i t  w i l l  e x e r t .  

moving o r  
i n  motion 

59. While dynamic f o r c e s  and p r e s s u r e s  are sometimes f o r c e  

d i f f i c u l t  to c a l c u l a t e ,  once you have calculated 

one of them, t h e  o t h e r  i s  c a l c u l a t e d  i n  the same 

way t h a t  s t a t i c  f o r c e s  or p r e s s u r e s  are c a l c u l a t e d .  

When you have c a l c u l a t e d  dynamic pressure, dynamic 

force i s  p r e s s u r e  times area. I n  equa t ion  form 

i t  is:  

F =  x 

- - - - - - - - -  

60, For example, l e t  us s a y  thac  t h e  wind blowing a g a i n s t  P Y A 

t h e  s i d e  of a car e x e r t s  a p r e s s u r e  of on ly  5 1 b / f t 2 "  

I f  t h e  car i s  roughly 4 f r  h igh  and 15 f t  long ,  t he  

f o r c e  e x e r t e d  by t h e  wind is  F = PA = l b  e 



61, The dynamic containment of t h e  ORR produces a p r e s s u r e  

d i f f e r e n c e  between i n s i d e  and o u t s i d e  of about  0 .3  i n ,  

of water which is  a p r e s s u r e  of about  0.011 p s i .  I f  

a personnel  door i s  30 i n .  by 80 i n , ,  a person opening 

t h e  door w i l l  need t o  e x e r t  a f o r c e  of l b  t o  

open t h e  door .  

300 

62. These f o r c e s  have t o  do w i t h  t h e  e f f e c t s  observed 26.4 

when t h e  f o r c e  is  measured i n  t h e  d i r e c t i o n  t h a t  t h e  

f l u i d  i s  moving, 

- - - - - I _ _ -  

63, There are a l s o  important  f o r c e s  e x e r t e d  t h a t  are 

roughly perpendicular  &s t h e  d i r e c t i o n  of f l u i d  motion. 

- - - - - - _ _ -  

6 4 ,  The flow o f  a f l u i d  i n  a p i p e  a f f e c t s  t h e  f o r c e  

a g a i n s t  t h e  p i p e  w a l l  as w e l l  as caus ing  the  f o r c e  

a g a i n s t  valves, elbows, and o t h e r  p i p e  f i t t i n g s ,  

_ - - - - - - - -  

65. I f  can b e  shown t h a t  i f  a p i p e  has  a c o n s t r i c t i o n  

such as t h a t  shown i n  Fig.  3 .2 ,  t h e  p r e s s u r e  a g a i n s t  

the  p i p e  w a l l  decreases  a t  t h e  c o n s t r i c t i o n  because 

the  v e l o c i t y  i s  g r e a t e r  t h e r e .  

- - - - - - - - -  

Fig .  3 , 2 ,  Pressure V a r i a t i o n  at a C o n s r r i c f i o n  
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66. While t h e  p r e s s u r e  a t  G I  i s  a l i t t l e  l a r g e r  than  

t h e  p r e s s u r e  a t  G 3 ,  t h e  p r e s s u r e  a t  G, i s  less than 

a t  e i t h e r  G I  o r  G 3  because t h e  of t h e  

f l u i d  i s  g r e a t e r  a t  G 2 .  

- - - - - - - - -  

67, S ince  t h e  v e l o c i t y  of  t h e  f l u i d  i n  t h e  p i p e  i s  

g r e a t e s t  a t  G2 ,  t h e  p r e s s u r e  a t  G2 must be  

than  a t  G I  o r  G 3 .  

- - - - - - I - -  

68, The p r i n c i p l e  i l l u s t r a t e d  i n  F ig .  3 .2 ,  known as 

B e r n o u l l i ' s  p r i n c i p l e ,  is  o f t e n  used i n  flow- 

moni tor ing  systems.  

- - - - - _ _ _ _  

69. Flow rate can be  c a l c u l a t e d  by t h e  equa t ion  

where : 

F is  t h e  f low r a t e ,  

C is  a cons t an t  determined by t h e  kind 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  c o n s t r i c t i o n ,  and 

t h e  change i n  f l u i d  v e l o c i t y  a t  t h e  
c o n s t r i c t i o n  - 

Ah i s  t h e  d i f f e r e n c e  i n  p r e s s u r e  caused by 

v e l o c i t y  

less 

70, Where t h e r e  i s  a d i f f e r e n c e  in f l u i d  v e l o c i t y  a long  

a p i p e ,  a d i f f e r e n c e  i n  can be 

measured e 

- - - - - - - - -  



54 

71. 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  can be  produced i n  a 

p i p e  i n  two ways: 

(an cpening of a p r e c i s e l y  determined s i z e )  between 

t h e  f l a n g e s  of a p i p e ,  and (2) by t h e  i n s e r t i o n  of a 

v e n t u r i  f l o w  m e t e r ,  shown i n  Fig’s. 3.3 and 3 . 4 ,  

p r e s s u r e  

(1) by t h e  i n s e r t i o n  of a n  o r i f i c e  

P i g .  3 . 3 .  O r i f i c e  Flow-Measuring Device 

F i g .  3 , 4 ,  A Ventur i  Flow Meter 

- - - - - - - - -  

7 7 .  I f  a d i f f e r e n c e  i n  p r e s s u r e  can b e  measured a c r o s s  

an o r i f i c e  o r  a v e n t u r i ,  the  f l u i d  can 

b e  c a l c u l a t e d ,  
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v e l o c i t y  73. A t  bo th  the ORR and t h e  HFIR,  o r i f i c e s  and v e n t u r i s  

rates i n  are used t o  measure water 

c e r t a i n  systems. 

- - - - - - - - -  

7 4 .  While b o t h  o r i f i c e s  and v e n t u r i s  are used f o r  

f low-ra te  measurements, t h e  v e n t u r i  a l lows  smoother 

flow and, consequent ly ,  pumping power i s  less. 

Thus, a v e n t u r i  i s  o f t e n  used i n  a system where t h e  

use  of an  s r f f i c e  f o r  a flow d e t e c t i o n  would r e q u i r e  

a more powerfu l  pump. 

75. B e r n o u l l i ' s  p r i n c i p l e  states t h a t  t h e  f o r c e  perpen- 

d i c u l a r  t o  t h e  p i p e  w a l l ,  e x e r t e d  by a f l u i d  flowing 

through a c o n s t r i c t i o n ,  is  g r e a t e s t  where t h e  f l u i d  

v e l o c i t y  is  ( g r e a t e s t ,  l e a s t )  and least where t h e  

f l u i d  v e l o c i t y  is  ( g r e a t e s t ,  l e a s t ) .  

- - - - - - - - -  

76. All f o r c e s  caused by the motion of f l u i d s  are 

c a l l e d  f o r c e s  

- - - - - - - - -  

flow 

least  , 
g r e a t e s t  

77 .  Dynamic f o r c e s  produce stresses which, when they dynamic 

are caused by flowing liquids, are c a l l e d  

stresses, 

- - - - - - - - -  

78, Excessive v i b r a t i o n  of r e a c t o r  components, r e s u l t i n g  h y d r a u l i c  

from h y d r a u l i c  

even f a i l u r e  of t h e s e  components, 

, may cause  weakening o r  
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79.  Thus f a r  w e  have descr ibed  t h e  e f f e c t s  of  moving 

f l u i d s  i n  terms of p r e s s u r e s  and f o r c e s  e x e r t e d  

both  i n  t h e  d i r e c t i o n  of motion and perpendicular  

t o  t h e  d i r e c t i o n  of  motion. 

- - - - - _ - - -  

s tresses 

80. These p r e s s u r e s  and f o r c e s  must be  cons idered  i n  

t h e  des ign  of any machine which u s e s  a moving f l u i d  

as a h e a t - t r a n s f e r  agen t .  

- - - _ - _ _ _ _  

3.4.  Laminar and Turbulent  Flow 

81. The e f f i c i e n c y  of  h e a t  t r a n s f e r  from a p i p e  w a l l  o r  f u e l  

p l a t e  t o  t h e  f l u i d  c o o l a n t  depends upon whether o r  

n o t  t h e  flow i s  laminar o r  t u r b u l e n t .  

- - - - - _ _ - -  

82. Laminar f l o w  i s  s o  c a l l e d  because t h e r e  i s  very  

l i t t l e  mixing a c t i o n  caused by t h e  motion. 

- - I - - - - - -  

83. Turbulent  f low causes  much mixing a c t i o n ,  as shown 

i n  F ig .  3 . 5 .  

- - - - - - - - -  
O R N L - D W G  63-170 

DIRECTION OF FLOW + 

( a )  L A M I N A R  FLOW 

DIRECTION OF FLOW --.+. 
__ -  

( 6 )  TURBULENT FLOW 

F i g .  3.5. Mixing of a Dye i n  Laminar and Turbulent  Flow 
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84. Laminar f low is  u s u a l l y  a s s o c i a t e d  wi th  s low moving 

f l u i d s .  Higher v e l o c i t i e s  tend  t o  produce turbulence .  

- - I - - - - - -  

85, F l u i d  flow t h a t  produces v e r y  l i t t l e  mixing is  c a l l e d  

flow. 
- - - - - - - - -  

86.  Since  n a t u r a l  convec t ion  c u r r e n t s  u s u a l l y  move 

s lowly ,  t h e s e  c u r r e n t s  u s u a l l y  produce 

f l o w  * 

l aminar  

87, Smoke r i s i n g  s t r a i g h t  up from a chimney on a day laminar  

when there is  no wind i s  an example of laminar  

f l o w  because t h e r e  is  mixing w i t h  

t h e  a i r .  

88. A r i v e r  i n  f l o o d  s t a g e  is  u s u a l l y  muddy because  of l i t t l e  o r  no 

t h e  mixing a c t i o n  caused by t h e  flow. 

89, I f  water flows s w i f t l y  i n  a p i p e  o r  o t h e r  d u c t ,  t h e  t u r b u l e n t  

h igh  v e l o c i t y  causes  t h e  flow t o  be  

- - - - - - - - -  

90, I n  o r d e r  t o  b e t t e r  a p p r e c i a t e  the h e a t  t r a n s f e r  

c h a r a c t e r i s t i c s  of laminar  and t u r b u l e n t  flow, 

let u s  c o n s i d e r  F i g .  3 . 6 .  

- - - - - - - - -  

t u r b u l e n t  
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ORNL- DWG 63-159 

APLATES 
J t  

WATER- 
*....- FUEL PLATE 

+ vl+ 
FLOW CHANNEL FREE 

FLOWING 'VELOCITY I S  VERY LOW IN 
REGION NEXT TO WALL 

( b )  PART OF "0" 
MAGNIFIED 

Fig .  3 . 6 .  P a t t e r n  of Flow Over a Sur face  

91 .  When there i s  a laminar  flow i n  a channel ,  t h e  

coo lan t  v e l o c i t y  i s  ve ry  l o w  i n  t h e  r eg ion  nex t  

t o  t h e  d u c t  w a l l .  I n  t h i s  r eg ion  of l o w  v e l o c i t y ,  

t h e  h e a t  t r a n s f e r  t o  t h e  f a s t e r  moving coo lan t  i s  

s l o w .  

- _ - - - - - - -  

92. If t h e  h e a t  t r a n s f e r  from f u e l  p l a t e  t o  coo lan t  i s  

s l o w ,  t h e  temperature  i n  the f u e l  p l a t e  cou ld  b e  

much h ighe r  than  the  tempera ture  of the coo lan t .  

- - - - - - . - - -  
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93 .  The cool ing  produced by Laminar flow i s  n o t  very  

e f f i c i e n t  a t  least p a r t i a l l y  because of t h e  (low, 

h igh )  v e l o c i t y  of t h e  f l u i d  nea r  t h e  f u e l  p l a t e ,  

- - - - _ - - - -  

9 4 ,  Even when t h e r e  is t u r b u l e n t  f low i n  a coo lan t  low 

channel ,  t h e  f low becomes laminar  n e a r  t h e  channel  

w a l l .  However, t h e  th i ckness  of t h e  laminar  r eg ion  

becomes smaller as t h e  tu rbu lence  i n  t h e  c e n t e r  of  

t he  channel  i n c r e a s e s ,  

95. The v e l o c i t y  of t h e  f l u i d  i n  t h e  c e n t r a l  r eg ion  of 

a p i p e  o r  o t h e r  channel  is  ( g r e a t e r ,  l e s s )  than  i t  

is  nea r  t h e  w a l l  of the  channel ,  

- - - - - - I - _  

96, Even when t h e  coo lan t  f low i s  t u r b u l e n t  i n  t h e  g r e a t e r  

c e n t r a l  r eg ion  of t h e  channel ,  t h e r e  is  a t h i n  f i l m  

of f l u i d  nea r  t h e  channel  w a l l  that has 

f low 

9 9 ,  Since  t h e  removal of h e a t  by t h e  Laminar f i l m  i s  laminar  

s lower  than. removal i n  the  t u r b u l e n t  r eg ion ,  t h e r e  

i s  a cons ide rab le  tempera ture  change from t h e  laminar  

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

coo lan t  r eg ion ,  

98. The tempera ture  s f  the coo lan t  i n  t h e  c e n t r a l  p o r t i o n  t u r b u l e n t  

of the coo lan t  channel is sometimes cal led the bulk  

tempera ture ,  The tempera ture  of  t h e  coo lan t  i n  t h e  

p o r t i o n  near  t he  channel  w a l l  i s  called t h e  f i l m  

tempera ture .  

- 
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9 9 .  When t h e  h e a t  i s  be ing  t r a n s f e r r e d  from t h e  f u e l  

t o  t h e  c o o l a n t ,  t h e  f i l m  tempera ture  i s  

than  t h e  b u l k  temperature.  

_ - - - - - - - -  

h ighe r  100. I f  t h e  f i l m  i s  t h i c k ,  as i n  laminar flow, t h e  h e a t  

t r a n s f e r  t o  t h e  coo lan t  i n  t h e  c e n t r a l  p o r t i o n  of 

t h e  channel i s  slow and t h e  f i l m  tempera ture  may 

be much h i g h e r  than t h e  b u l k  temperature.  T h i s  

would cause  ( e f f i c i e n t ,  i n e f f i c i e n t )  coo l ing .  

101. When t h e  c o o l a n t  flow i s  t u r b u l e n t ,  t h e  slow-moving i n e f f i c i e n t  

f i l m  n e a r  t h e  f u e l  p la tes  becomes ve ry  t h i n  and 

h e a t  conduct ion  through t h e  f i l m  is  much f a s t e r .  

- - - - - - - - -  

102. S ince  h e a t  is moved from t h e  s u r f a c e  of t h e  f u e l  

p l a t e  t o  t h e  t u r b u l e n t  c o o l a n t  much f a s t e r ,  h e a t  

bu i ldup  i n  t h e  f u e l  p l a t e  i s  less and t h e  tempera- 

t u r e  change from f i l m  t o  bu lk  tempera ture  i s  

103, When t h e  c o o l a n t  flow i s  t u r b u l e n t ,  h e a t  t r a n s f e r  less 

i s  (poore r ,  b e t t e r )  t han  when t h e  c o o l a n t  f l o w  i s  

laminar .  
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3.5. S e l f  T e s t  

104.  A h y d r a u l i c  p r e s s u r e  i s  a p r e s s u r e  e x e r t e d  o r  

t r a n s m i t t e d  by a . ( I f  you made an  

i n c o r r e c t  response ,  r e p e a t  Frame 1.) 

- - - - - - - - -  

b e t t e r  

105. P r e s s u r e  i s  de f ined  as pe r  u n i t  area. l i q u i d  

( I f  you made an  i n c o r r e c t  response ,  r e p e a t  Frame 2 . )  

- - - - - - - _ _  

106. .Hydrau l i c  t ubes  a t  t h e  ORB and a t  t h e  H F I R  use  

p r e s s u r e  t o  i n s e r t  and remove 

samples from t h e  core .  (If you made an i n c o r r e c t  

r e sponse ,  r e p e a t  Frames 4-7. )  

f o r c e  

- - - - - - - - -  

water o r  
h y d r a u l i c  

107. When a i r  o r  ano the r  gas  is  used t o  o p e r a t e  a t o o l ,  

t h e  t o o l  is s a i d  t o  be  a 

( I f  you made an i n c o r r e c t  response ,  r e p e a t  

Frames 13-15. ) 

powered t o o l .  

- - - - - - - - -  

108, A b r i c k  l y i n g  on t h e  ground exerts a 

p r e s s u r e  on t h e  ground. (If you made an i n c o r r e c t  

response ,  r e p e a t  Frames 22-23.)  

pneuma t f c a l l y  

109. The f o r c e  e x e r t e d  by t h e  wind is an example of a s t a t i c  

f o r c e .  

response ,  r e p e a t  Frames 24-26.) 

( I f  you made a n  i n c o r r e c t  
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110. The most common u n i t  of f o r c e  o r  weight  used i n  dynamic 

t h e  United States is  t h e  . (If you 

made an i n c o r r e c t  response ,  r e p e a t  Frames 33-34.)  

111. A r e c t a n g u l a r  tank i s  20 f t  long and 5 f t  wide. I f  pound 

t h e  depth of water i n  t h e  tank  i s  10  f t  and water 

has a d e n s i t y  of 6 2 . 4  l b / f t 2 ,  t h e  s t a t i c  f o r c e  on 

t h e  bottom of t h e  tank  i s  l b .  ( I f  you 

made a n  i n c o r r e c t  response ,  r e p e a t  Frames 30-37.)  

1 1 2 .  C a l c u l a t e  t h e  p r e s s u r e  on t h e  bottom of t h e  above 

The p r e s s u r e  

62,400 

tank by u s e  of t h e  equat ion  P = Dh, 

is . (If you made a n  i n c o r r e c t  response,  

r e p e a t  Frames 44-47. ) 

113, I f  you are measuring the force on t h e  s i d e  of a 

c o n t a i n e r ,  you must u s e  t h e  

p r e s s u r e  i n  t h e  c a l c u l a t i o n  because t h e  exac t  

p r e s s u r e  varjles from t h e  top of t h e  l i q u i d  t o  t h e  

bottom. 

see t h e  i n s e r t  between Frames 47 and 4 8 . )  

624 l b / f t 2  

( I f  you made an  i n c o r r e c t  responses 

114, When a f l u i d  i s  flowing i n  a p i p e ,  i t  e x e r t s  a average 

f o r c e  on valves,  elbows, e t c . ,  t h a t  depends upon 

t h e  and a l s o  on t h e  d e n s i t y  of t h e  

f l u i d .  

r e p e a t  Frame 5 2 . )  

( I f  you made a n  i n c o r r e c t  resporrse, 
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vel0 c i  t y  115. Dynamic f o r c e s  produce stresses which, when they  

are caused by f lowing l i q u i d s ,  are c a l l e d  

stresses. (If you made a n  i n c o r r e c t  

response ,  r e p e a t  Frames 76-78.) 

116. Smoke r i s i n g  s t r a i g h t  up from a f i r e  on a day when h y d r a u l i c  

t h e  wind is  calm is  an i l l u s t r a t i o n  of ( laminar ,  

t u r b u l e n t )  f low. ( I f  you made an i n c o r r e c t  response,  

r e p e a t  Frame 87.)  

- - - - - - I - -  

117. Laminar f low produces (much, very  l i t t l e )  mixing laminar 

a c t i o n  w i t h i n  t h e  f l u i d .  ( I f  you made a n  i n c o r r e c t  

response ,  r e p e a t  Frames 83-87.) 

- - - - - - - - -  

118, Turbulent  f low is  u s u a l l y  a s s o c i a t e d  w i t h  (h igh ,  low) very l i t t l e  

(If you made a n  i n c o r r e c t  response,  v e l o c i t i e s .  

r e p e a t  Frames 88-89.) 

- - . . - - - - - - -  

119. The r e g i o n  of low c o o l a n t  v e l o c i t y  i n  a p i p e  i s  h igh  

( l a r g e r ,  s m a l l e r )  where t h e  f low is  laminar  than  

where t h e  f low i s  t u r b u l e n t .  ( I f  you made an 

i n c o r r e c t  response ,  r e p e a t  Frame 94 . )  

120, Heat t r a n s f e r  from f u e l  p l a t e  t o  c o o l a n t  is  more l a r g e r  

e f f i c i e n t  when t h e  c o o l a n t  f low i s  ( laminar ,  

t u r b u l e n t ) .  

r e p e a t  Frames 101-103,) 

(If you made an i n c o r r e c t  response,  

- - - - - I - - -  

t u r b u l e n t  



S E C T I O N  IV-4 

HEAT PRODUCTION AND CONTROL I N  NUCLEAR REACTORS 

I n  o r d e r  t o  b e t t e r  understand how t o  apply t h e  p r i n c i p l e s  of h e a t  

product ion  and h e a t  t r a n s f e r  t o  r e a c t o r  coolan t  systems,  w e  must cons ider  

how t h e  h e a t  i s  produced and t h e  product ion r a t e ,  t h e  h e a t  f l u x ,  and t h e  

h e a t - t r a n s f e r  c o e f f i c i e n t s  of t h e  system, With t h i s  b a s i c  knowledge, 

w e  s h a l l  b e  a b l e  t o  c l a r i f y  a few of t h e  s p e c i f i c  problems encountered by 

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

4.1, Fission-Produced Heat ing  

1. The thermal  power level  a t  which a n u c l e a r  r e a c t o r  

o p e r a t e s  is  def ined  by t h e  ra te  a t  which h e a t  i s  

produced e 

- - - _ - - - - -  

2. While t h e  r e a c t o r  is  o p e r a t i n g ,  most of t h e  h e a t  

( r v92 .5%)  i s  produced by t h e  f i s s i o n i n g  of f u e l  atoms. 

3 .  The heat: produced by b e t a  p a r t i c l e s  and gamma r a y s  from 

decaying f i s s i o n  products  amounts t o  only  ~ 6 ~ 5 %  of t h e  

t o t a l  h e a t  produced i n  an o p e r a t i n g  r e a c t o r .  A lesser 

amount, %l%, r e s u l t s  from t h e  decay of induced radfo-  

a c t i v i t y  i n  s t r u c t u r a l  materials in t h e  r e a c t o r .  These 

tmo h e a t  sources  w i l l  be  d i s c u s s e d  i n  a la ter  s e c t i o n  

on "af te rhea t" .  

4 ,  T h e  r a t e  a t  which h e a t  i s  produced i n  a n u c l e a r  r e a c t o r  

i s  c a l l e d  the thermal  l e v e l  of t h e  

r e a c t o r  
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5. You may recal l  t h a t  i n  S e c t i o n  I V - 1  (Frames 52 t o  62)  

w e  d i scussed  energy and power and s a i d  t h a t  power is  

energy pe r  u n i t  t i m e .  

power 

Energy 
T i m e  Power = 

6 .  W e  d i scussed  power i n  terms of megawatts (Mw) and energy 

i n  terms of Btu because t h e  Btu i s  a measure of thermal  

o r  energy 

- - - - - - - - -  

7. I n  Sec t ions  1 and 2 of Volume 111, Reactor  Phys ics ,  w e  h e a t  

d i scussed  t h e  r e l a t i o n s h i p  of pcwer t o  t h e  f i s s i o n  

rate of t h e  fuel. atoms and now we can show t h a t  t h e  

terms power,  f i s s i o n  ra te ,  and h e a t  product ion  rate 

are c l o s e l y  r e l a t e d ,  

- - - - - - - - -  

8 .  Power is  r e l a t e d  t o  f i s s i o n  r a t e  by t h e  equat ion:  

atoms of 2 3 5 ~  x of  x Q, 
Power (Mw) = 

f i s s i o n s  watts 
3 0 2  lo" ( w a t t ) ( s e c )  x 106 7 

where : 

Atoms of  2 3 5 U  refers t o  t h e  amount of f u e l .  

CI -€ 
Q, i s  t h e  neut ron  f l u x  i n  n/(cm2 x s e c ) .  

3 , 2  x l o 1  

is the microscopic  f i s s i o n  c r o s s  s e c t i o n  i n  ern2* 

is the  number of f i s s i o n s  pe r  second 

per  w a t t  of power. 

- - - - - _ _ _ - -  
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9. The numerator,  2 3 5 U  x u 

conta ined  i n  any g iven  amount of f u e l  t h a t  f i s s i o n  

each second i d  the p a r t i c u l a r  neut ron  f l u x  r e p r e s e n t e d  

x $, i s  t h e  ntimber of atoms 
f 

by 4 -  

10. Atoms o f  2 3 5 U  i s  c a l c u l a t e d  as fol lows:  

grams of 23513. 

atomic weight  of L35U A t o m s  of 235U = x 6 . 0 2 3  x (Avogadro's Number) . 

With t h i s  s u b s t i t u t i o n  w e  could c a l c u l a t e  t h e  power 

l e v e l  produced when a g iven  number of grams of f u e l  

i s  placed i n  a g iven  neut ron  f l u x ,  $. 
- - - - _ - - - -  

11, A "rule-of-thumb" i s  t h a t  i f  one gram of f u e l  f i s s i o n s  

p e r  day,  t h e  power leve l  produced i s  roughly lo6 watts 

o r  one 

- - -  - - - - - -  

1 2 .  L e t  us  check t h i s  "rule-of-thumb": There are Mw o r  
neg aw a t  t 

8 . 6 4  x l o k  sec i n  a day. One gram of 2 3 5 U  c o n t a i n s  

- x 6 . 0 2 3  x = 2.56 x l o 2 '  atoms . 
235 

I €  2 , 5 6  1O2I atoms of 235U f i s s i o n  p e r  day,  then  

Then 

= 0.925 x l o 6  w a t t s  = 1 Mw. 
2 97 x 1 0 1 6  fissionslsec 

3.2 x 10'" € i s s i o n s / ( w a t t )  ( s e c )  
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13. So, you can see t h a t  t h e  "rule-of-thumb'' i s  no t  exac t  

b u t  can b e  used i n  making approximations.  

- - - - - - - I -  

14 .  I n  o rde r  f o r  t h e  ORR t o  o p e r a t e  a t  a power level of 

30 Mw, t he  burnup of 2 3 5 U  m u s t  be ,  roughly,  

grams p e r  day. 

- - I - - - - - -  

15. I f  w e  relate f u e l  burnup t o  h e a t  produced, w e  must 30 

use  t h e  r e l a t i o n s h i p :  

3 , 4 1  x l o 6  - Btu = 1 Mw . 
h r  

16. Thus, i f  one gram of f u e l  f i s s i o n s  p e r  day, i t  w i l l  

produce h e a t  a t  the  ra te  of about  3.41 m i l l i o n  

1 7 .  I f  w e  wish t o  make a rough c a l c u l a t i o n  of t h e  h e a t  B t u / h r  

product ion  of t h e  ORR and w e  use  the approximation of 

30 grams p e r  day f u e l  burnup t h a t  w e  mentioned i n  

Frame 1 4 ,  t h e  h e a t  product ion  r a t e  of t h e  O R R  i s  

about  B t u / h r  a 

- - - - - - - - -  
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4 . 2 ,  Temperature and Heat T r a n s f e r  i n  Reactors  

18. 

19. 

20 n 

21. 

22 c 

I n  o r d e r  t o  i n c r e a s e  t h e  power level  of a r e a c t o r ,  

w e  must i n c r e a s e  t h e  r a t e  a t  which i s  

produced 

T'ne h e a t  product ion  ra te  of a r e a c t o r  depends on t h e  h e a t  

number of f i s s i o n s  p e r  second because most of t h e  

h e a t  r e s u l t s  from f i s s i o n  fragments h i t t i n g  a d j a c e n t  

atoms and i n c r e a s i n g  t h e i r  energy of motion ( k i n e t i c  

energy) .  

- - - - - - - - -  

You w i l l  r eca l l  t h a t  atoms i n  r a p i d  motion can h i t  

a g a i n s t  surrounding atoms and increase t h e i r  ( t h e  

surrounding atoms')  motion, t hus  i n c r e a s i n g  t h e  

average temperature  of a l l .  We c a l l e d  t h i s  heat-  

energy t r a n s f e r  by conduction. 

- - - - - _ - _ _  

Thus,  when atoms f i s s i o n ,  t h e  f i s s i o n  products  h i t  

a g a i n s t  the surrounding f u e l  and s t r u c t u r a l - m a t e r i a l  

atoms and t h e  average temperature  of t h e  t o t a l  c o r e  

i s  i n c r e a s e d  by t h i s  product ion  and t r a n s f e r  of 

I f  t h e  f i s s i o n  ra te  i s  c o n s t a n t ,  t h e  h e a t  product ion  energy 

rate i s  
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23. I f  t h e  h e a t  product ion  r a t e  i s  c o n s t a n t ,  and t h e  cons t an t  

tempera ture  of t h e  co re  is  t o  remain c o n s t a n t ,  i t  

i s  impera t ive  t h a t  t h e  h e a t  removal system be  adequate ,  

I t  must remove h e a t  a t  t h e  same ra te  t h a t  t h e  h e a t  

is produced, 

24 .  The h e a t  product ion  r a t e  and t h e  h e a t  removal rate must 

b e  the  same i f  t h e  of t h e  heat-producing 

system i s  t o  remain cons t an t .  

25.  The f u e l  tempera ture  of a r e a c t o r  w i l l  r each  e q u i l i -  

brium when t h e  power l e v e l  i s  ( g r e a t e r  t han ,  less 

than ,  equa l  t o )  t h e  h e a t  removal rate. 

tempera ture  

- - - - - - - - -  

26 .  Now l e t  us cons ide r  t h e  causes  of tempera ture  changes equa l  t o  - 
i n  a r e a c t o r  core .  What can cause t h e  f u e l  tempera- 

t u r e  t o  i n c r e a s e ?  

27. A r a t h e r  obvious cause of a tempera ture  i n c r e a s e  would 

be  a power i n c r e a s e .  I f  t h e  h e a t  product ion  ra te  

i n c r e a s e s ,  t he  f u e l  w i l l  i n c r e a s e .  

- - - - - - - - -  

28. A c t u a l l y ,  Frame 27 is r a t h e r  s i m p l i f i e d .  I f  t h e  h e a t  temperature  

product ion  r a t e  i n c r e a s e s ,  t h e  tempera ture  of t h e  

coo lan t  w i l l  a l so  i n c r e a s e  because i t  is moving more 

h e a t  p e r  u n i t  volume. A s  has  a l r e a d y  been s t a t e d ,  

t h e  tempera ture  of a subs t ance  i s  a measure of i t s  

eonten  t e 

- - - - - - - - -  
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29. The f u e l  temperature  w i l l  a l s o  i n c r e a s e  u n t i l ,  a t  

some h igher  tempera ture ,  t h e  h e a t  product ion  ra te  

and t h e  h e a t  removal r a t e  w i l l  once more become 

. We s a y  t h e  system is  a g a i n  

i n  equi l ibr ium.  

h e a t  

30. A r e a c t o r  c o o l a n t  system is  designed such t h a t  when e q u a l  

t h e  r e a c t o r  i s  o p e r a t i n g  a t  t h e  designed power l eve l ,  

t h e  f u e l  w i l l  n o t  exceed a c e r t a i n  

upper l i m i t .  

31. Another cause  of f u e l  temperature  i n c r e a s e  i s  a 

decrease  i n  t h e  h e a t  removal e f f i c i e n c y .  Such a 

decrease  could b e  caused by e i t h e r  a change i n  t h e  

h e a t  conduct ion p r o p e r t i e s  of t h e  system o r  a change 

i n  t h e  r a t e  of loss  of h e a t  t o  t h e  c o o l a n t  stream. 

- - - - - - - - -  

3 2 .  For example, f u e l  elements are u s u a l l y  c l a d  w i t h  some 

m e t a l  t o  keep t h e  f u e l  from c o n t a c t i n g  t h e  c o o l a n t ,  

I f  a low-heat-conducting c o a t i n g  should b u i l d  up on 

t h e  c ladding ,  heat conduct ion would b e  less e f f i c i e n t  

and f u e l  temperature  would 

- - - I - - - - -  

33. A t  the OKK and t h e  R F I R ,  t h e  c o o l a n t  pH i s  k e p t  a t  

about  5 t o  minimize an oxide  bui ldup  on t h e  aluminum 

cladding.  This  p a r t i c u l a r  ox ide  has  poorer  hea t -  

t r a n s f e r  p r o p e r t i e s  than  t h e  aluminum and would cause 

an i n  t h e  f u e l  temperature .  

- - - - - I - - -  

temperature  

i n c r e a s e  
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34.  I n  ano the r  s i t u a t i o n ,  l e t  us say  t h a t  w h i l e  t h e  i n c r e a s e  

r e a c t o r  is  o p e r a t i n g  a t  i ts  des ign  power l e v e l  a 

f a n  motor i n  t h e  coo l ing  tower ove rhea t s  and must 

b e  s topped .  This  w i l l  cause  t h e  i n l e t  primary 

coo lan t  tempera ture  t o  i n c r e a s e .  

35. I f  t h e  power level of t h e  r e a c t o r  does n o t  change, 

a cha in  of c i rcumstances  produces a h i g h e r  f u e l  

temperature .  

- - - - - - - - -  

36. The i n l e t  coo1ar.t t empera ture  w i l l  b e  h ighe r  because 

less h e a t  i s  d i s s i p a t e d  i n  t h e  coo l ing  tower. 

- I - - - - - - -  

37. The c o o l a n t  w i l l  t r y  t o  remove as much h e a t  as 

b e f o r e ,  and i t s  o u t l e t  t empera ture  w i l l  rise. 

- - - - - - - I -  

38. Heat conduct ion from t h e  f u e l  w i l l  become less f o r  

a s h o r t  t i m e  because of t h e  h ighe r  tempera ture  of 

t h e  coo lan t  and t h e  h e a t  r e s i d u e  i n  t h e  f u e l  will 

cause i ts  tempera ture  t o  

39. The tempera ture  of bo th  the  coo lan t  and t h e  f u e l  w i l l  r ise 

change u n t i l  new temperatures  are reached a t  which, 

once a g a i n ,  h e a t  removal equa l s  h e a t  product ion.  

The system reaches  a new s t a t e  of 

- - - - - - - - -  

40,  I n  the  above case ,  t h e  t r a n s i e n t  h e a t - t r a n s f e r  

imbalance ( u n t i l  t h e  new e q u i l i b r i u m  was reached)  

w a s  caused by t h e  i n c r e a s e  i n  t h e  coo lan t  

tempera ture ,  

- 

- - - - - - - - -  

ba lance  o r  
e q u i l i b r i u m  
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41 .  A similar  s i t u a t i . o n  could b e  caused by l o s s  of c o o l a n t  i n l e t  

v e l o c i t y .  I f  t h e  coolan t  v e l o c i t y  i s  reduced,  i t s  

average temperature  i n c r e a s e s  and a g a i n  t h e  f u e l  

temperature  

- - . - - - - - - -  

4 2 ,  The most obvious way t o  cope w i t h  each of t h e  above i n c r e a s e s  

problems is  t o  reduce t h e  amount of h e a t  produced by 

lowering t h e  r e a c t o r  power level.  

43.  A t  t h e  ORR, i f  t h e  coolan t  flow drops from 18,000 gpm 

t o  17,000 gpm, t h e  i n s t r u m e n t a t i o n  i s  programmed t o  

reduce t h e  power t o  less than  60% of f u l l  power. 

- - - - - - - - -  

44.  Such a r e d u c t i o n  i n  power a l lows  o p e r a t i o n  of t h e  

r e a c t o r  below t h e  maximum d e s i g n  f u e l  temperature  even 

w i t h  a lower c o o l a n t  f l o w  ra te .  

1 - - - - - 1 - -  

45, Before w e  s t u d y  t h e  f a c t o r s  t h a t  inEluence t h e  s e t t i n g  

of maximum and minimuin o p e r a r i n g  tempera tures ,  c o o l a n t  

f low ra tes ,  and o t h e r  parameters ,  w e  need t o  d e f i n e  

a few mare h e a t - t r a n s f e r  terms. 

- - - - - - - - -  

-_.- [ i o ? ,  H e a t  T r a n s f e r  R a s  

4 6 .  You will r eca l l  t h a t  ea r l ie r  i n  t h i s  s t u d y  w e  d e t e r -  

mined t h a t  t h e  amount of h e a t  (Q) e i t h e r  absorbed o r  

given out ( r a d i a t e d )  by a body can b e  measured i f  

w e  know t h e  amount of material  (m) i n  t h e  body, i t s  

s p e c i f i c  heat (c) ,  and t h e  temperature  change (AT) 

r e s u l t i n g  from t h e  heac exchange 

Q = mcAT 
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47. The - rate a t  which h e a t  (Q)  can b e  e i t h e r  absorbed by 

o r  removed from a body i s  our  nex t  cons ide ra t ion .  

- - - - - - - - -  

48. It i s  r a t h e r  obvious t h a t  t h e  rate a t  which h e a t  can 

be  removed from a small  r a d i a t o r  i s  n o t  as g r e a t  as 

t h e  rate a t  which i t  can b e  removed from a l a r g e  

r a d i a t o r .  W e  d e f i n e  h e a t  f l u x  as t h e  ra te  of h e a t  

flow through a s u r f a c e  of u n i t  area. 

- - - - - - - - -  

49. The h e a t  f l u x  of your car's r a d i a t o r  is  a measure of 

t h e  speed wi th  which h e a t  i s  from t h e  

r a d i a t o r .  

50. The symbol f o r  h e a t  f l u x  i s  t h e  Greek l e t te r  4 
(pronounced f e e ) .  

rate a t  which a body can e i t h e r  absorb o r  r a d i a t e  

h e a t  through a s u r f a c e  of areas 

Heat f l u x  i s  a measure of t h e  

_ - - - - - - - -  

51. The equa t ion  f o r  c a l c u l a t i n g  h e a t  f l u x  i s :  

where : 

removed 

u n i t  

Q has  t h e  u n f t  Btu 

t is  t i m e ,  u s u a l l y  i n  hours  

A i s  t h e  a r e a  of t h e  s u r f a c e ,  u s u a l l y  i n  ft2 . 
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5 2 .  Using t h e  dimensions i n  t h e  above frame, h e a t  f l u x  

h a s  t h e  dimensions : 

Btu 
h r  €t2 

53. I f  5,000 R t u  are removed each minute from a metal 

c o n t a i n e r  of h o t  water which has a s u r f a c e  area of 

100 ft?, 

Btu 
h r  f t ”  0 =- 

5 4 .  I f  a h e a t  exchanger t r a n s f e r s  2,000 Btu of h e a t  from 3,000 

a primary c o o l a n t  system t o  a secondary c o o l a n t  

system each minute ,  Btu w i l l  b e  t r a n s f e r r e d  

p e r  hour ,  

55. I f  the sur face  area of t h e  p i p e s  i n  the above h e a t  120,000 

exchanger i s  1,000 f t 2 ,  + of t h e  h e a r  exchanger i s  

BtU 

hr f t ’  . --....__I_ - 

_--I__DI 

120,000 B t u  - - 120 Lr 
I 
10 = 1 2 0 ,  b e c a u s e ,  

n r  1000 f t 2  

- - - _ _ _ _ _ -  

56. L e t  us assume !hat a r e a c t o r  c o r e  is composed of 20 fuel 

elements ,  each of which has a s u r f a c e  area of 40 f t 2 .  If 

h e a t  i s  t r a n s f e r r e d  t o  t h e  c o o l a n t  at: t h e  ra te  of 

1 - 3 6  A 108 __- t h e  average h e a t  f l u x  of t h e  r e a c t o r  c o r e  

is 

- Btu 
h r ’  
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57. Heat f l u x  i s  a measure of how f a s t  h e a t  is  moved 

through a s u r f a c e  of u n i t  area, b u t  i t  te l ls  us 

noth ing  about  why t h e  h e a t  t r a n s f e r  ra te  is  l a r g e  

o r  s m a l l  i n  any g iven  s i t u a t i o n .  

- - - - - - - - -  

Btu 
h r  f t 2  

1 . 7  x 1 0 5  

58. The "why" i n  t h e  above frame may b e  answered when 

w e  know t h e  meanings of t h e  terms s u r f a c e  tempera ture  

and b u l k  tempera ture ,  

- - - - - - - - -  

59. "Surface temperature" i s  t h e  tempera ture  a t  t h e  

s u r f a c e  of t h e  h e a t  sou rce .  For example, when 

hand l ing  a bowl of h o t  food,  you f e e l  t h e  tempera- 

t u r e  a t  t h e  bowl 

_ - - - - - - - -  

60. The s u r f a c e  tempera ture  normally is n o t  t h e  same as s u r f  ace 

t h e  i n t e r n a l  tempera ture  of t h e  h e a t  source .  

- - - - - - - - -  

61. I f  w e  u se  a r e a c t o r  as an  example, t h e  tempera ture  

of t h e  f u e l  p l a t e ,  where i t  c o n t a c t s  t h e  c o o l a n t ,  

would b e  t h e  tempera ture  ., 

- - - - - - - - -  

62,  The f n t e r n a l  tempera ture  of t h e  f u e l  might be  many s u r f a c e  

degrees  h i g h e r  than  t h e  s u r f a c e  tempera ture  of t h e  

f u e l  p l a t e .  

- - - - - - I - -  

6 3 .  The t e r m  b u l k  tempera ture  means t h e  tempera ture  one 

would measure i f  a thermometer w e r e  immersed i n  t h e  

c e n t e r  of t h e  c o o l a n t  stream. 
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64. The f i l m  temperature  i s  t h e  temperature  of  t h e  slow- 

moving f i l m  of c o o l a n t  near  t h e  s u r f a c e  of t h e  

c o o l a n t  d u c t .  

- _ - - - - - - -  

65. The d u c t s  through which a r e a c t o r  c o o l a n t  f lows are 

the channels  between f u e l  p l a t e s .  The temperature  

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

c a l l e d  t h e  temperature .  

- - .I .- _D - - - - 

66. Because of t h e  proximity of  t h e  coolan t  f i l m  t o  t h e  f i l m  

duct  s u r f a c e  and a l s o  because i t  moves s lowly ,  t h e  

f i l m  temperature  i s  h i g h e r  than  t h e  c o o l a n t  

temperature .  

- - - - . . " _ - - I  

67.  As a b a s i s  f o r  our d i s c u s s i o n  of h e a t  t r a n s f e r  I_____ 

- c o e f f i c i e n t ,  l e t  us  s a y  t h a t ,  f o r  a given c o o l a n t  

v e l o c i t y  i n  a given system, t h e  h e a t  t h a t  can b e  

removed, f o r  each O F  o f  d i f f e r e n c e  between t h e  

s u r f a c e  temperature  and the  b u l k  temperature ,  i s  

a c o n s t a n t .  

68. This  means t h a t  t h e r e  i s  a cons~ant. .  amount of h e a t  

be ing  t r a n s f e r r e d  p e r  "F d i f f e r e n c e  between surface 

and bulk temperatures  € o r  a given 1 1 ~  

of c o o l a n t ,  

69. Many engineers  use the l e t t e r  "h" t o  r e p r e s e n t  

t h i s  c o n s t a n t  and call. i t  t h e  "heat t r a n s f e r  
I 1  

b u l k  

v e l o c i t y  
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_I_ 

fie fo l lowing  mathematics i s  j u s t  t o  d e r i v e  
some equa t ions  t h a t  w e  may b e  a b l e  t o  use  
to advantage.  We can  w r f t e  what w e  s a i d  i n  
the above frames i n  equa t ion  form as: 

9 
t 0 A *  A T '  

h =  

fiis equa t ion  s a y s  t h a t  t h e  h e a t  t r a n s f e r  
Z o e f f i c i e n t  (h)  is t h e  h e a t  t r a n s f e r r e d  pe r  
iour  ( t)  through a u n i t  area ( f t 2 >  f o r  each 
'F of tempera ture  d i f f e r e n c e  between T 
s u r f a c e  and T bu lk  (Ts - Tb o r  AT) .  Since  

then 

I f  you wish t o  know t h e  s u r f a c e  tempera ture  
$hen h ,  0, and Tb are known, t h e  equa t ion  i s  
ne re ly  r ea r r anged  as: 

70. The h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  any system i s  a 

c o n s t a n t  t h a t  i s  determined exper imenta l ly .  However, 

a f t e r  - h has  been determined,  it may be  used i n  a 

v a r i e t y  of ways t o  de te rmine  o t h e r  c h a r a c t e r i s t i c s  

of t h e  system. 

- - - - - - - - -  

c o e f f i c i e n t  
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71. For example, suppose t h a t  by experiment you have 

determined t h a t  - h f o r  a c e r t a i n  system i s  

Btu 
'Then, when t h e  h e a t  f l u x  i s  200,000 hr . f t 2  and 

t h e  b u l k  temperature  of t h e  coolan t  i s  130"F, you 

can determine t h a t  t h e  s u r f a c e  temperature  of t h e  

h e a t  source  i s  O F .  

I - - _ _ - - - -  

4 . 4 .  Determinat ion of Operat ing Parameters -.- 

72, 

73. 

74. 0 

There i s  no f i x e d  r u l e  f o r  t h e  de te rmina t ion  of 

maximum o r  minimum temperatures  allowcd dur ing  t h e  

o p e r a t i o n  oE a l l  r e a c t o r s ,  However, t h e r e  are some 

g e n e r a l  c r i t e r i a  which i n  Eluence t h e  a r b i t r a r y  

s e l e c t i o n  of t h e s e  tempera tures ,  

- - - - - I - - -  

For h e a t i n g  systems i n  gerrer-a1 (we cou ld  use YOUK 

automobile  engine  f o r  an example),  t h e  cool ing  

system i s  designed t o  remove h e a t  a t  such a ra te  

t h a t  t h e  maximum temperature  a l lowable  w i l l  n o t  

be  exceeded at: t h e  maximum h e a t i n g  ra te ,  

- - - - - - - _ _  

This  means t h a t ,  w i t h  a new c a r ,  i n  h o t  summer 

weather ,  and w i t h  h igh  f u e l  consumption (high s p e e d s ) ,  

t h e  engine  temperature  should n o t  exceed t h e  

..-- 1 i . m i t .  

I_ - - - - - - - - 
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75. I f  any of t h e  coolant-system cond i t ions  should  

change, such as when d r i v i n g  i n  bumper-to-bumper 

t r a f f i c  where t h e  a i r f l o w  through t h e  r a d i a t o r  

is lower,  a new set of equ i l ib r ium cond i t ions  w i l l  

b e  set up. 

- - - - - - - - -  

des ign  o r  
maximum 

76. Lower a i r  flow through t h e  r a d i a t o r  r e s u l t s  i n  a 

smaller volume of a i r  t r y i n g  t o  remove t h e  same 

amount of h e a t  from t h e  r a d i a t o r .  The a i r  c o n t a i n s  

more h e a t  p e r  u n i t  volume and i t s  average  tempera- 

t u r e  is  

- - - -  - - - -  

77. The tempera ture  of t h e  r a d i a t o r  s u r f a c e  i n c r e a s e s  h ighe r  o r  
i nc reased  

because t h e  h e a t  f l u x  (Btu /hr  9 ft’)  has  no t  changed 

b u t  t h e  a i r  tempera ture  is h i g h e r ,  making t h e  AT 

(from r a d i a t o r  s u r f a c e  t o  t h e  a i r )  lower,  u n t i l  t h e  

r a d i a t o r  s u r f a c e  t e m p e r a t u r e  i s  h igh  enough f o r  t h e  

hea r  be ing  brought  t o  t h e  r a d i a t o r  by t h e  coo lan t  

t o  b e  d i s s i p a t e d  i n t o  t h e  a i r  as f a s t  as i t  w a s  

b e f o r e  t h e  a i r - f low l o s s .  

- - - - - - - - -  

78. As a r e s u l t  of t h e  a i r  tempera ture  i n c r e a s e  and t h e  

r a d i a t o r  s u r f a c e  tempera ture  i n c r e a s e ,  t h e  r a d i a t o r -  

t o - a i r  AT i s  r e - e s t a b l i s h e d  a t  a h ighe r  level ,  

producing a new se t  of 

f o r  t h e  h e a t  t r a n s f e r  

cond i t ions  

79. This  same l i n e  of reasoning  may b e  cont inued t o  show equ i l ib r ium 

t h a t ,  as t h e  r a d i a t o r  s u r f a c e  tempera ture  rises, t h e  

coolant  tempera ture  must r ise because i t  l eaves  t h e  

r a d i a t o r  a t  a h i g h e r  tempera ture  than  be fo re .  

- - - - - - - - -  
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80 a While t h e  new e q u i l i b r i u m  c o n d i t i o n s  ( c o o l a n t  t o  

r a d i a t o r )  are be ing  produced, t h e  h e a t  load  remaining 

i n  t h e  c o o l a n t  l e a v i n g  t h e  r a d i a t o r  is  h i g h e r  

causing i t s  temperature  t o  

- - - - - - - - -  

81, The c o o l a n t  temperature  w i l l  i n c r e a s e  u n t i l ,  a t  some i n c r e a s e  

new AT, t h e  amount of h e a t  removed by t h e  r a d i a t o r  

i s  t o  t h e  amount of h e a t  brought  

t o  t h e  r a d i a t o r  by the c o o l a n t .  

- - _ - - - _ _ -  

82.  While t h e  c o o l a n t  temperature  is r i s i n g ,  t h e r e  w i l l  equa l  

b e  a n  i n t e r v a l  of t i m e  dur ing  which t h e  AT from t h e  

engine t o  t h e  coolan t  w i l l  become (more, l e s s ) .  

s - - - - .C I I - 

83. The temporar i ly  lower AT (engine t o  c o o l a n t )  w i l l  

a l low less h e a t  t o  b e  removed from t h e  engine and 

i t s  temperature  w i l l  __I.-__..-__ u n t i l  t h e  

o r i g i n a l  A T  (engine t o  c o o l a n t )  i s  re-es t a b l i s h e d  

w i t h  the  engine  temperature  a t  some h igher  l e v e l .  

less 

84.  The above example i l l u s t r a t e s  a s i t u a t i o n  t h a t  may i n c r e a s e  

happen o f t e n  b u t  i s  a s e r i o u s  problem only  when t h e  

f i n a l  e q u i l i b r i u m  c o n d i t i o n s  r e s u l t  i n  maximum c o o l a n t  

and engine temperatures  too h igh  f o r  proper  o p e r a t i o n  

oE t h e  engine.  

- - - - - - - - -  



81 

85, Low air  flow through t h e  r a d i a t o r  was t h e  cause; t h e  

e f f e c t  w a s  i nc reased  temperatures  of t h e  a i r ,  

r a d i a t o r  s u r f a c e ,  c o o l a n t ,  and engine.  I n  a l l  eases 

a maximum tempera ture  was reached when t h e  AT was 

such t h a t  t he  h e a t  removed by t h e  coo l ing  system 

w a s  e x a c t l y  equa l  t o  t h e  h e a t  by t h e  

engine.  

- - - - I - - - -  

86 Usual ly ,  coo l ing  sys tems f o r  automobile  engines  are genera ted  
o r  produced 

designed t o  remove h e a t  a t  t he  maximum h e a t  producing 

rate of t h e  engine.  

87. With n u c l e a r  r e a c t o r s ,  such a des ign  i s  no t  p o s s i b l e ,  

The maximum p o s s i b l e  h e a t  product ion  rate of a r e a c t o r  

i s  many t i m e s  g r e a t e r  t han  t h e  h e a t  

rate of t h e  coo lan t  system. 

- - - - - -  - - -  

88. It  would b e  d i f f i c u l t ,  i f  n o t  imposs ib le ,  t o  des ign  removal 

a coo l ing  system t o  remove h e a t  from a n u c l e a r  

r e a c t o r  a t  i t s  p o s s i b l e  h e a t i n g  ra te ,  

- - - - - - - - -  

89. When n u c l e a r  r e a c t o r s  are des igned ,  t h e  f i r s t  dec i -  maximum 

s i o n  t o  be  made i s  what t h e  maximum a l lowab le  

h e a t i n g  rate (power l e v e l )  w i l l  be ,  Then t h e  coo l ing  

system i s  designed t o  d i spose  of a l l  h e a t  produced 

a t  t h a t  maximum power l e v e l .  

90. The maximum a l lowab le  power l e v e l  i s  chosen such a l lowab le  or  
des ign  

t h a t  t h e  r e a c t o r  f u e l  and f u e l  c l add ing  w i l l  no t  b e  

damaged by reaching  maximum tempera tures  t h a t  are 

too  h igh  e 

- - - - - - - - -  
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91.  I n  o r d e r  t o  adequate ly  c o n t r o l  a r e a c t o r ,  w e  must 

use f a s t - a c t i n g  neut ron-sens i t ive  c o n t r o l  systems 

( s a f e t y  systems)  t o  l i m i t  t h e  f i s s i o n  r a t e  (hea t  

product ion  r a t e )  t o  such a leve l  t h a t  t h e  maximum 

- f u e l  temperature  w i l l  n o t  be  

exceeded. 

92.  It  is  d i f f i c u l t ,  i f  n o t  imposs ib le ,  t o  measure 

i n f e r n a l  f u e l  temperatures  r o u t i n e l y ,  s o  w e  must 

use  i n d i r e c t  measures and c a l c u l a t i o n s  f o r  t h e  f u e l  

and f u e l  c ladding  temperatures .  

I - - - .I I - I - 

a 1 lowab I_ e 

93.  W e  can measure such parameters as b u l k  i n l e t  and 

o u t l e t  c o o l a n t  temperatures;  and,  by knowing t h e  

h e a t  conduct ion p r o p e r t i e s  of t h e  f u e l  and f u e l  

c ladding  as w e l l  as the h e a t  t r a n s f e r  c o e f f i c i e n t  

from t h e  c ladding  t o  t h e  c o o l a n t ,  w e  can 

t h e  i n t e r n a l  f u e l  temperature ,  

9 4 .  I f  w e  d e s i g n  a c o o l i n g  system t o  main ta in  prede ter -  

mined b u l k  i n l e t  and o u t l e t  c o o l a n t  tempera tures ,  

w e  can s a f e l y  assume that: t h e  i n t e r n a l  

temperatures  w i l l  n o t  exceed t h e  d e s i r e d  level .  

c a l c u l a t e  

- I - - - - - - -  

95. The parameters  w e  measure are . i n l e t  and o u t l e t  bu lk  f u e l  

coolan t  temperatures  and t h e  coolan t  f low ra te .  The 

power level  of the r e a c t o r  may b e  c a l c u l a t e d  when 

w e  know t h e  AT a c r o s s  t h e  c o r e  and t h e  coolan t  f l o w  

rate.  
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96,  I f  on ly  coo l ing  a s p e c t s  are cons ide red ,  t h e  a l lowable  

i n l e t  t empera ture  can va ry  cons ide rab ly ;  b u t  w e  t r y  

t o  keep i t  above t h e  f r e e z i n g  p o i n t  and h igh  enough 

t o  minimize thermal  cyc l ing  of s t r u c t u r a l  pa r t s .  

Thermal c y c l i n g  causes  expansion and c o n t r a c t i o n  

which, i n  t u r n ,  causes  r epea ted  bending,  l ead ing  t o  

p o s s i b l e  f a i l u r e  of t h e s e  p a r t s ,  

97. Other  t han  t o  prevent  f r e e z i n g ,  when t h e  coo lan t  is  

water, t h e r e  i s  no p h y s i c a l  reason  t o  keep t h e  i n l e t  

t empera ture  above ambient (room temperature)  except  

t o  minimize cyc l ing .  

- - - - - - - - -  

98. I n  many cases, t h e  AT between t h e  i n l e t  and o u t l e t  thermal 

coo lan t  i s  a c o n t r o l  parameter .  Then t h e  i n l e t  

t empera ture  must b e  k e p t  cons t an t  t o  prevent  t h e  

f a l s e  i n d i c a t i o n  of h igh  power l e v e l  which would 

occur  i f  t h e  i n l e t  t empera ture  should drop and 

cause AT t o  i n c r e a s e .  

- - - - - - - - -  

99. The AT a c r o s s  t h e  r e a c t o r  c o r e  can b e  inc reased  i n  

e i t h e r  of two ways. A drop i n  t h e  i n l e t  t empera ture ,  

as mentioned in Frame 98, produces only  a t r a n s i e n t  

(not: l a s t i n g )  e f f e c t  on t h e  AT. 

100. When a mass of c o o l e r  water a r r i v e s  a t  t h e  i n l e t  coo lan t  

monitor ,  t h e  tempera ture  t h e s e  drops w h i l e  t h e  tempera- 

t u r e  a t  t h e  o u t l e t  monitor  does not: change. Thus, t h e  

AT EX~QSS the r e a c t o r  c o r e  i s  - 
- - - - - - - - -  
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1-01. As t h e  c o o l e r  water  passes  through t h e  r e a c t o r ,  l a r g e r  

i t  can absorb only t h e  amount of heat produced by 

t h e  c o r e ;  and thus i t s  temperature  can r i se  only 

a n  amount e q u a l  t o  t h e  AT b e f o r e  t h e  c o o l  water 

was in t roduced  i n t o  t h e  system. (The h e a t  c o n t e n t  

gained p e r  u n i t  volume of water does n o t  change.)  

102.  The AT i n  t h e  above i l l u s t r a t i o n  i s  l a r g e r  only 

u n t i l  t h e  c o o l e r  mass o f  water can reach  t h e  o u t l e t  

monitor .  For t h i s  reason ,  t h e  e f f e c t  i s  s a i d  t o  

b e  a e f f e c t  - 
_ - - - - - - - -  

103. The second way t o  raise t h e  AT i s  t o  ra ise  t h e  t r a n s  i e n c  

power l e v e l  of t h e  r e a c t o r .  This  i n c r e a s e  i n  AT 

i s  n o t  a t r a n s i e n t  e f f e c t  u n l e s s  t h e  power i n c r e a s e  

i s  t r a n s i e n t  I 

104. When t h e  power level  of t h e  r e a c t o r  i s  r a i s e d ,  

more h e a t  i s  produced i n  t h e  core  and more h e a t  i s  

t r a n s f e r r e d  t o  t h e  c o o l a n t ,  i n c r e a s i n g  i t s  heat: 

load  

_ - - _ - I _ - _  

105. The o u t l e t  temperature  of t h e  c o o l a n t  w i l l  i n c r e a s e  

because t h e  h e a t  load o f  t h e  coolan t  h a s  

- - I - - - ^^ I - 

106. The AT w i l l  i n c r e a s e  u n t i l  a new v a l u e  of AT i s  

reached where t h e  h e a t  product ion r a t e  and t h e  

h e a t  removal ra te  are equa l .  

_ _ _ _ - - - - -  

incweased 
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107. There are t h r e e  p r i n c i p a l  b a s e s  f o r  choosing an upper 

l i m i t  f o r  t h e  o u t l e t  temperature .  

a. To prevent  b o i l i n g .  

b. To p r o t e c t  t h e  system from h i g h  temperature  

damage 

c. To l i m i t  t h e  i n t e r n a l  temperature  of t h e  

f u e l  e lements ,  

Any one o r  a l l  t h r e e  may b e  used as a b a s e  f o r  choosing 

t h i s  upper l i m i t .  

- - - -  - -  - - -  

108. B o i l i n g  can  b e  b o t h  an asset and a hazard depending 

on i t s  e f f e c t  on h e a t  conduct ion a t  t h e  coolant-  

c ladding  s u r f a c e  i n t e r f a c e .  

- - - - - - - - -  

109. You w i l l  r eca l l  t h a t  t u r b u l e n c e  i n  t h e  c o o l a n t  

stream produces more e f f e c t i v e  c o o l i n g  than  laminar  

flow and t h a t ,  as t u r b u l e n c e  becomes g r e a t e r ,  t h e  

t h i c k n e s s  of t h e  laminar  stream near  t h e  c ladding  

s u r f a c e  becomes less, 

110. There i s  a form of b o i l i n g  c a l l e d  n u c l e a t e  b o i l i n g  

where s m a l l  bubbles  of steam cont inuous ly  form 

and c o l l a p s e  around t i n y  p a r t i c l e s  of  s o l i d s  and 

gases  t h a t  adhere  t o  t h e  c ladding  s u r f a c e .  

- - - - - - - - -  

111. This n u c l e a t e  b o i l i n g  h e l p s  t o  d e s t r o y  t h e  laminar  

f low of t h e  f i l m  and i n c r e a s e s  t u r b u l e n c e ,  thereby  

( i n c r e a s i n g  decreas ing)  t h e  h e a t  t r a n s f e r  t o  t h e  

c o o l a n t  
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112. Nucleate  b o i l i n g  h e l p s  t h e  h e a t  t r a n s f e r  because i n c r e a s i n g  

i t  both  breaks  up t h e  laminar  f i l m  and i n c r e a s e s  

i n  t h e  main c o o l a n t  stream. 

- _ -  - - _ - I  I 

113. However, t he  change i n  temperature  a t  t h e  c ladding  turbulence  

s u r f a c e ,  necessary  t o  cause t h e  n u c l e a t e  bubbles  

t o  c o a l e s c e  i n t o  a f i l m  of steam, i s  r a t h e r  s m a l l .  

- - - - - - - - -  

114. Sfnce steam is  a g a s ,  i t  i s  a much poorer  conductor 

of h e a t  than  a l i q u i d ,  Where f i l m s  of steam form, 

heat t r a n s f e r  ( i n c r e a s e s ,  decreases)  cons iderably .  

- - - - - - - - -  

115. Although n u c l e a t e  b o i l i n g  i s  a n  asset ,  a s l i g h t l y  decreases  

h i g h e r  temperature  may produce f i l m s  of steam on 

t h e  c ladding  which d e c r e a s e  h e a t  

- - - - - - - I -  

116. The l o s s  of  h e a t  t r a n s f e r  caused by f i l m  b o i l i n g  t r a n s f e r  o r  
conduction 

can b e  g r e a t  enough t o  cause i n t e r n a l  f u e l  tempera- 

t u r e s  t o  reach  t h e  mel t ing  p o i n t  of t h e  f u e l ,  a 

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

l l 7 ,  Thus, a l though n u c l e a t e  b o i l i n g  might be  considered 

t o  
______l_ 

a n  asse t ,  E i l m  b o i l i n g  i s  a 

t h e  o p e r a t i o n  of r e a c t o r s  such as the ORR and HFIR, 

- - - - - - - - -  

118. The upper l i m i t  f o r  t h e  o u t l e t  temperature ,  t h e n ,  hazard 

may be  s e t  t o  prevent  t h e  o n s e t  of - 
b o i l i n g .  

I - - - .- - - - - 
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119. When w e  speak of t h e  need t o  prevent  high-temperature  film 

damage ( o t h e r  t h a n  m e l t i n g ) ,  w e  u s u a l l y  are concerned 

about  damage such as c o r r o s i o n  o r  thermal  c y c l i n g  of 

s t r u c t u r a l  materials. 

120. S ince  c o r r o s i o n  i s ,  a t  l ea s t  p a r t i a l l y ,  a chemical 

r e a c t i o n  and r e a c t i o n  speed i n c r e a s e s  as temperature  

i n c r e a s e s ,  t h e  speed w i t h  which c o r r o s i o n  can damage 

s t r u c t u r a l  materials a t  h i g h  temperatures  i s  g r e a t l y  

- - - - - - - - -  

121. Aluminum is  e x t e n s i v e l y  used as a f u e l  c ladding  

material because of i t s  d e s i r a b l e  p r o p e r t i e s ,  

e s p e c i a l l y  a t  lower temperatures .  However, a t  

e l e v a t e d  tempera tures ,  400°F and above, aluminum 

i s  a t t a c k e d  by water and a l s o  i t  begins  t o  l o s e  

s t r u c t u r a l  s t r e n g t h .  

122. Thus, where aluminum is used,  e i t h e r  as a c ladding  

o r  as a s t r u c t u r a l  material, e l e v a t e d  temperatures  

can g r e a t l y  speed up t h e  of t h e  

metal. 

123. A t  temperatures  above 400"F,  aluminum begins  t o  

l o s e  much of i t s  s t r e n g t h  

- - - - - - - - -  

i n c r e a s e d  

c o r r o s i o n  
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1 2 4 .  Although b o i l i n g  might b e  more of a hazard than  

c o r r o s i o n  a t t a c k  when t h e  b o i l i n g  p o i n t  i s  a t  

212°F; w i t h  p r e s s u r i z e d  systems such as t h a t  a t  

t h e  HFIQ t h e  b o i l i n g  p o i n t  might b e  h i g h  enough 

t o  be  of lesser importance than  o t h e r  considera-  

t i o n s  such as thermal c y c l i n g  o r  - 
of t h e  s t r u c  t u r d  materials. 

s t m c  r u r a l  

125. The t h i r d  reason  t h a t  w e  mentioned, f o r  l i m i t i n g  s t r e n g t h  o r  
c o r r o s i o n  

t h e  o u t l e t  coolan t  temperature ,  was t o  l i m i t  t h e  

i n t e r n a l  f u e l  temperature.  

126 .  The f a c t  t h a t  f i s s i o n i n g  2 3 5 U  i s  a source  of h e a t  

has  been d iscussed  ear l ie r  and need n o t  b e  cont inued 

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

b e  no h o t  s p o t s  w i t h i n  fuel. elements a t  or  above 

t h e  mel t ing  p o i n t .  

- 1 - - - - - 1 -  

127.  A h o t  s p o t  i s  a p o i n t  i n  t h e  f u e l  p l a t e  where t h e  

temperature  i s  h i g h e r  t h a n  the average f u e l - p l a t e  

temperature .  

_ - - _ - _ _ - - _  

128. A l o c a l i z e d  h igh  f i s s i o n  r a t e ,  p o s s i b l y  caused by 

non-unif orm f u e l  d i s  t . r i b u t i o n  could produce a 

l o c a l i z e d  h igh  temperature  and thus b e  r e s p o n s i b l e  

f o r  a 
-_lll 
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129. Even w i t h  a uniform d i s t r i b u t i o n  of f u e l ,  a peaking h o t  s p o t  

of t h e  neu t ron  f l u x ,  caused by a dropped c o n t r o l  

rod i n  ano the r  r e g i o n  o r  an experiment r i g  l o c a t e d  

nea r  t h e  e lement ,  could  cause  a h ighe r  h e a t  produc- 

t i o n  ra te  and a t o  develop. 

- - - - - - - - -  

130. Thus, w e  need t o  keep t h e  c o o l a n t  tempera ture  low h o t  s p o t  

enough and t o  o p e r a t e  t h e  r e a c t o r  a t  a low enough 

power l e v e l  t h a t  t h e  maximum hot -spot  tempera ture  

w i l l  n o t  c o n s t i t u t e  a hazard .  

131. Another r eason  f o r  l i m i t i n g  i n t e r n a l  f u e l  tempera- 

t u r e s  is  t o  minimize t h e  p o s s i b i l i t y  of a r u p t u r e  

of t h e  fuel-element c l add ing  from t h e  p r e s s u r e  of 

f i ss ion-produced  gases .  

- - - - - - - - -  

132. High f u e l  tempera ture  could  cause  t h e  f u e l  c l add ing  

t o  from i n c r e a s e d  gas  p re s su re .  

- - I - - - - - -  

133. Any one o r  a l l  of t h e s e  r easons  are  s u f f i c i e n t  t o  rup  t u r  e 

i l l u s t r a t e  t h e  importance of a s s i g n i n g  an  upper 

l i m i t  € o r  t h e  o u t l e t  coo lan t  

- - - - - . . , - - -  
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4 . 5 .  A f t e r h e a t  

1 3 4 ,  The term a f t e r h e a t  reEers t o  t h e  h e a t  genera ted  by temperature  

t h e  decay of f i s s i o n  products  and r a d i o a c t i v e  atoms 

i n  s t r u c t u r a l  materials and by some f i s s i o n i n g  t h a t  

cont inues  a f t e r  t h e  r e a c t o r  i s  s h u t  down due t o  t h e  

neutron-producing r e a c t i o n  of high-energy gamma 

photons w i t h  v a r i o u s  materials i n  t h e  r e a c t o r .  This  

l a t t e r  source  of h e a t  i s  u s u a l l y  unimportant.  

- - - - _ - - - -  

I__ I 

During t h e  f i r s  t few seconds a f t e r  shutdown, 
a s i g n i f i c a n t  amount of f i s s i o n i n g  c o n t i n u e s ,  
caused by t h e  delayed neutrons.  These,  
however, decay away w i t h  an average h a l f  l i f e  
oE about 8 . 7  sec. Other s h o r t - l i v e d  f i s s i o n  
products  p a r t i c u l a r l y  2 4 N a  [from 2 7 A l  
( n , a >  24Na], emit gamma photons w i t h  h igh  
enough e n e r g i e s  t o  knock neut rons  o u t  of  
such l ight-weight  atoms as Re, i n  r e f l e c t o r s ,  
D ,  i n  water, B ,  i n  c o n t r o l  r o d s ,  and o t h e r s .  
These neutrons cause  f i s s P o n  J u s t  as any 
o t h e r  neut rons  do; however, t h e  amount of 
h e a t  produced by t h e s e  f i s s i o n  r e a c t i o n s  i s  
i n s i g n i f i c a n t  when compared t o  t h e  h e a t  
produced by t h e  decay of f i s s i o n  products  
and r a d i o a c t i v e  acorns i n  s t r u c t u r a l  materials. 

135. Most of t h e  atoms prodnced when 235U f i s s i o n s  are 

themselves r a d i o a c t i v e  and most of them produce both  

b e t a  p a r t i c l e s  and garnma r a d i a t i o n  as they decay. 

136. The b e t a  p a r t i c l e s ,  though they are q u i t e  e n e r g e t i c ,  

l o s e  most of t h e i r  energy through c o l l i s i o n s  in t h e  

co re .  
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137. The range of b e t a  p a r t i c l e s  keeps most of them 

i n  t h e  core .  Thus, most of t h e  a f t e r h e a t  genera ted  

w i t h i n  t h e  r e a c t o r  co re  is caused by c o l l  s i o n s  of 

t h e s e  par t ic les  w i t h  t h e  materials 

of t h e  core .  

- - - - - - - - -  

138. S ince  gamma r a d i a t i o n  is  uncharged, i t  can p e n e t r a t e  b e t a  

deeper  i n t o  t h e  r e a c t o r  s t r u c t u r e  sur rounding  t h e  

core .  

t h e  f u e l  and most of t h e  h e a t i n g  o u t s i d e  of t h e  

co re .  

It i s  r e s p o n s i b l e  f o r  I_ some of t h e  h e a t i n g  i n  

- - - - - - - - -  

139. A s i g n i f i c a n t  amount of  t h e  a f t e r h e a t  genera ted  i n  

t h e  r e a c t o r  s t r u c t u r a l  components i s  t h e  r e s u l t  of 

hea t ing .  

- - - - - - - - -  

140. A s i g n i f i c a n t  p a r t  of t h e  a f t e r h e a t  produced i n  t h e  gamma 

r e a c t o r  f u e l  and f u e l  c l add ing  i s  caused by b e t a  

par t ic les  r e l e a s e d  when f i s s i o n  products  

- - - - - - - - -  

141.  Heat produced i n  t h e  r e a c t o r  components af ter  t h e  decay 

r e a c t o r  i s  s h u t  down is c a l l e d  

1 4 2 .  Most of t h e  a f t e r h e a t  is  caused by f i s s ion -p roduc t  af t e r h e a t  

and d iminishes  as t h e  s h o r t e r  

h a l f - l i f e  products  e i t h e r  decay t o  s t a b l e  atoms o r  

decay t o  long h a l f - l i v e d  r a d i o i s o t o p e s .  

- - - - - - - - -  



9 2  

1 4 3 .  Most of t h e  h e a t i n g  i s  caused by 

p a r t i c l e s  and r a d i a t i o n  which are 

r e l e a s e d  when t h e  f i s s i o n  products  decay. 

144. The problem i s  t h a t  t h e  h e a t i n g  i s  g r e a t  enough t o  

cause  s e r i o u s  overhea t ing  i n  t h e  f u e l  and o t h e r  

r e a c t o r  components i f  cool ing  i s  d iscont inued  

immediately a t  shutdown . 
- - - - - - - - -  

145. A f u e l  meltdown i s  p o s s i b l e  i f  adequate  - 
i s  n o t  provided t o  remove t h i s  a f t e r h e a t ,  

- - - - - - - - -  

146. The u s u a l  s o l u t i o n  t o  t h e  problem, under normal 

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

system a t  f u l l  f low f o r  some t i m e  a f t e r  shutdown 

al though t h e  f low could s a f e l y  b e  reduced t o  about  

10% of f u l l  flow. 

- - - - - - - - -  

147. For example, a f t e r  a normal shutdown a t  t h e  ORR, t h e  

c o o l a n t  i s  kept: a t  f u l l  f low f o r  a t  l eas t  30 minutes.  

During t h i s  i n t e r v a l ,  h e a t  remcval i s  maximum and 

h e a t  g e n e r a t i o n  d e c l i n e s  as t h e  f i ss ion-product  

decay r a t e  ( i n c r e a s e s ,  d e c r e a s e s ,  remains c o n s t a n t )  

as t h e  s h o r t - l i v e d  r a d i o a c t i v e  f i s s i o n  products  

decay away. 

decay 

beta  
gamma 

c o o l i n g  
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148. A f t e r  about  30 minutes  of coo l ing  a t  f u l l  coo lan t  decreases  

f low,  t h e  a f t e r h e a t  gene ra t ion  has  decreased  t o  

such a level t h a t  t h e  primary pumps can be s h u t  o f f ,  

The shutdown pump (1000 gpm) then  produces enough 

coo lan t  f low t o  remove any a d d i t i o n a l  

149.  If t h e  r e a c t o r  shutdown i s  due to an e lec t r ica l  power h e a t  o r  
a f  t e r h e a t  

ou tage ,  e l a b o r a t e  back-up systems (diesel-powered 

gene ra to r s  o r  even b a t t e r i e s )  are used t o  power pump 

motors f o r  a u x i l i a r y  cool ing .  

- - - - - - - - -  

150. Shu t t ing  down of t h e  r e a c t o r  (does,  does n o t )  mean 

t h a t  fo rced  convec t ion  cool ing  is no longer  needed. 

- - - - - - - - -  

151. When a r e a c t o r  i s  s h u t  down from an  a p p r e c i a b l e  power does n o t  

level,  coo l ing  of t h e  co re  must cont inue  long  enough 

t o  d i spose  of t h e  

- - - - - I - - -  

4 , 6 .  S e l f  T e s t  

152, The thermal  power a t  which a n u c l e a r  r e a c t o r  o p e r a t e s  afterheat 

i s  de f ined  by t h e  rate a t  which i s  

produced. ( I f  you made an i n c o r r e c t  response ,  repeat 

Frame 1. ) 
- - - - - - - - -  

153, More than 90% of t h e  h e a t  produced i n  a n u c l e a r  

r e a c t o r  is  produced by t h e  of f u e l  

atoms. ( I f  you made an i n c o r r e c t  response ,  r e p e a t  

Frame 2.)  

- - - -  - - - _ _  

h e a t  
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154. In t h e  o p e r a t i o n  of n u c l e a r  r e a c t o r s ,  power, f i s s i o n  f i s s i o n i n g  

ra te  are - ra te ,  and 

c l o s e l y  r e l a t e d .  

r e p e a t  Frame 7 . )  

( I f  you made a n  i n c o r r e c t  response ,  

I - - - - - - - -  

155. When one gram of f u e l  f i s s i o n s  per  day, t h e  power h e a t  
produced i s  approximately . ( I f  you product ion 

made an i n c o r r e c t  response ,  r e p e a t  F r a m e  11 . )  

156. The h e a t  product ion r a t e  of a n u c l e a r  r e a c t o r  and 1 0 6  w a t t s  
o r  1 Mw 

t h e  h e a t  removal r a t e  of i t s  c o o l a n t  system must be  

equal  i f  t h e  of t h e  f u e l  is t o  

remain c o n s t a n t .  

r e p e a t  Frames 23-25.) 

( I f  you made a n  i n c o r r e c t  response ,  

157. A n u c l e a r  r e a c t o r ' s  c o o l a n t  system is  designed such t elnp e r  a t u r  e 

t h a t  when t h e  r e a c t o r  i s  o p e r a t i n g  a t  t h e  designed 

power l eve l ,  t h e  f u e l  w i l l  n o t  

exceed a c e r t a i n  upper l i m i t ,  ( I f  you made a n  

i n c o r r e c t  responses  r e p e a t  Frame 30.)  

158. I t  i s  necessary  t h a t  a r e d u c t i o n  i n  power fo l low a temperature  

r e d u c t i o n  i n  c o o l a n t  f low i n  o r d e r  f o r  t h e  r e a c t o r  

t o  o p e r a t e  w i t h  f u e l  temperatures  

maxiiiium d e s i g n  f u e l  temperature .  ( I f  you made an 

i n c o r r e c t  response ,  r e p e a t  Frame 4 4 . )  
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below 159. The "rate of h e a t  f low through a s u r f a c e  of u n i t  

area" i s  t h e  d e f i n i t i o n  of 

( I f  you made an  i n c o r r e c t  response ,  r e p e a t  Frame 4 8 . )  

160. The equa t ion  f o r  c a l c u l a t i n g  h e a t  f l u x ,  I$, is: h e a t  flux 

and has  t h e  dimensions 

( I f  you made an i n c o r r e c t  response ,  r e p e a t  Frames 50-52.) 

- - - - - - -  - - 

Btu 
(hour) ( f t 2 >  161. I f  5,000 Btu are t r a n s f e r r e d  each minute  through a 

r a d i a t o r  t h a t  has  a s u r f a c e  area of 250 ft', the 

h e a t  f l u x  of t h e  r a d i a t o r  w i l l  be  * ( I f  

you made an  i n c o r r e c t  response ,  r e p e a t  Frames 52-56.) 

Btu 
' f t L  

162 .  The tempera ture  that.  one would measure i f  a thermo- 1200 hr 

meter were immersed i n  t h e  middle  of t h e  coo lan t  

stream is c a l l e d  t h e  coo lan t  

temperature .  

r e p e a t  Frame 6 3 . )  

( I f  you made an i n c o r r e c t  response ,  

163. For a g iven  coo lan t  v e l o c i t y  i n  a g iven  system, t h e  bulk 

amount of h e a t  be ing  t r a n s f e r r e d  from t h e  s u r f a c e  

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

and b u l k  tempera tures ,  i s  ( v a r i a b l e ,  c o n s t a n t ) ,  ( I f  

you made an i n c o r r e c t  response,  r e p e a t  Frames 67-68.) 

- - - - - - - - -  
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164. 

16.5. 

166. 

1 6 7 .  

16s. 

When n u c l e a r  r e a c t o r s  are  des igned ,  t h e  f i r s t  cons tan t  

d e c i s i o n  t o  b e  made is  what t h e  maximum a l lowable  

power leve l  w i l l  be .  Then t h e  cool ing  system i s  

designed t o  d i s p o s e  of  a l l  h e a t  produced a t  t h a t  

maximum power l e v e l .  ( I f  you 

made an i n c o r r e c t  response ,  r e p e a t  Frame 89 . )  

I f  w e  d e s i g n  a cool ing  system t o  main ta in  prede ter -  a l lowable  

mined adequate ly  low b u l k  i n l e t  and o u t l e t  coolan t  o r  des ign  

tempera tures ,  w e  can s a f e l y  assume t h a t  t h e  i n t e r n a l  

temperatures  w i l l  no t  exceed t h e  

( I f  you made an i n c o r r e c t  response ,  d e s i r e d  level .  

r e p e a t  Frame 9 4 . )  

- - - - - - - - a  

The parameters  t h a t  w e  measure f o r  c a l c u l a t i n g  power f u e l  

l e v e l  are and b u l k  

coolan t  temperatures  and 

rate.  ( I f  you made an i n c o r r e c t  response ,  r e p e a t  

Frame 95. ) 

I 

Other than  t o  prevent  f r e e z i n g  when t h e  c o o l a n t  i s  i n l e t  , 
water, t h e r e  i s  no p h y s i c a l  reason t o  keep t h e  i n l e t  

temperature  above ambient except  t o  minimize 

o u t l e t ,  
coolant. flow 

- c y c l i n g .  ( I f  you made a n  i n c o r r e c t  response ,  

r e p e a t  Frames 96-97.) 

- - - - - - - - -  

A type of b o i l i n g  where s m a l l  bubbles  of steam con- t h e  rim 1 

t i n u o u s l y  form and c o l l a p s e  around t i n y  p a r t i c l e s  of 

s o l i d s  and gases  on a fuel-element: s u r f a c e  i s  c a l l e d  

b o i l i n g ,  ( I f  you made a n  i n c o r r e c t  response,  

r e p e a t  Frames 108-111.) 
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169. Nuclea te  b o i l i n g  h e l p s  t h e  h e a t  t r a n s f e r  because n u c l e a t e  

i t  bo th  breaks  up t h e  laminar  f i l m  and i n c r e a s e s  

i n  the  main coo lan t  stream. ( I f  

you made an  i n c o r r e c t  response ,  r e p e a t  Frame 1 1 2 . )  

- - - - - - - - -  

170.  In a d d i t i o n  t o  p o s s i b l e  f u e l  meltdown from h igh  

f u e l  t empera tu res ,  h igh  f u e l  c ladding  tempera tures  

( e s p e c i a l l y  when t h e  c ladding  is  aluminum) could 

cause  decreased  s t r e n g t h  of t h e  

c ladding .  ( I f  you made an i n c o r r e c t  response ,  

r e p e a t  Frames 121-132.) 

tu rbulence  

171. The h e a t  genera ted  by t h e  decay of f i s s i o n  products  

and r a d i o a c t i v e  atoms i n  s t r u c t u r a l  materials af ter  

t h e  r e a c t o r  is s h u t  down i s  c a l l e d  

( I f  you made an i n c o r r e c t  response ,  repeat Frame 134. )  

s t r u c t u r a l  

172 .  Most of t h e  a f t e r h e a t  genera ted  i n  the core  is  caused a f t e r h e a t  

by e n e r g e t i c  p a r t i c l e s  c o l l i d i n g  

wi th  t h e  materials of the c o r e ,  ( I f  YOU made an 

i n c o r r e c t  response ,  r e p e a t  Frames 135-137. )  
- - - - - - - - -  

173.  A s i g n i f f c a n t  amount of t h e  a f r e r h e a t  genera ted  i n  b e t a  

t h e  r e a c t o r  s t r u c t u r a l  materials is  t h e  r e s u l t  of 

h e a t i n g .  (If  you made an i n c o r r e c t  

response ,  r e p e a t  Frame 139.) 

- - - - - - - - -  
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174. Afterheat can cause serious overheating in the gamma 

fuel if is discontinued immediately 

after shutdown. 

repeat Frame 144.) 

(If you made an incorrect response, 

cooling 
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SECTION IV-5 

MISCELLANEOUS ITEMS 

This  s e c t i o n  i s  devoted t o  a b r i e f  d i s c u s s i o n  of some misce l laneous  

items t h a t  are impor tan t  t o  the  o p e r a t i o n  of water-cooled nuc lea r  r e a c t o r s .  

5.1. Water Hammer 

1. "Water hammer" is  t h e  name g iven  t o  t h e  e f f e c t  produced 

when a v a l v e  i s  c losed  qu ick ly  and t h e  energy of t h e  

moving water is d i s s i p a t e d  a g a i n s t  t h e  va lve .  

- - - - - - - - -  

2. When f lowing water is  caused t o  s t o p  qu ick ly ,  as when 

a valve i s  c l o s e d ,  t h e  rush ing  water tries t o  move t h e  

va lve .  The sound produced by t h e  water h i t t i n g  t h e  

valve is c a l l e d  water 

3.  The water n o t  on ly  tries t o  move t h e  v a l v e ,  i t  may hammer 

cause h y d r a u l i c  stresses a l l  a long  t h e  p ipe  as t h e  

k i n e t i c  energy of t h e  water i s  d i s s i p a t e d .  

4 .  I n  the  b u i l d i n g  of most r e s i d e n c e s ,  an a i r  t r a p  is  

b u i l t  i n t o  t h e  plumbing nea r  each v a l v e  s o  t h a t  t h e  

k i n e t i c  energy of t h e  water i s  d i s s i p a t e d  by 

compressing t h e  a i r  i n  t h e  t r a p ,  as shown i n  Fig.  5.1. 
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1 
Ais -z Trap 

Water 
P l O W  

L 

---"I Pipe  Cap 

Valve 

F i g .  5.1. A i r  T r a p  t o  Con t ro l  Water Hammer i n  House Plumbing 

. . . _ _ - - - - - -  

5. I n  F i g .  5 .1 ,  t h e  normal flow of  the water  i s  as shown 

by t h e  arrow. When t h e  v a l v e  i s  c l o s e d ,  t h e  surge of 

t h e  water i s  cushioned by the  a i r  i n  the t r a p ,  so  t h a t  

t h e  v a l v e  and p i p i n g  are  p r c t e c t e d  from h y d r a u l i c  

5 ,  I n  commercial i n s t a l l a t i o n s ,  where a s i m p l e  a i r  t r a p  stresses 

may n o t  b e  p r a c t i c a l ,  water  hammer may be c o n t r o l l e d  

by c o n t r o l l f n g  t h e  s p e e d  wi th  which a v a l v e  i s  c losed .  
- - - - - - - - -  

7 .  When a va lve  i s  c losed  s lowly ,  water speed dec reases  

s l o w l y  and there is 1Little or no w a t e r  ... 

_ - - - - - - - -  
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8. Look a t  t h e  c o o l a n t  loop  i n  F ig .  5,2. When t h e  one hammer 

pump is  s h u t  o f f ,  t h e  flow w i l l  c o a s t  t o  a s t o p  as 

t h e  pump i m p e l l e r  c o a s t s  down, and t h e  check valve 

w i l l  c l o s e  s lowly  w i t h  no water hammer r e s u l t i n g .  

- - - - - - _ _ -  

Check 
V a  l v e  

\ - 
Pump Manual 

Valve 

Fig .  5.2. Coolant Loop w i t h  One Pump 

- - - - - - - - -  

9. When two pumps are i n  p a r a l l e l  as shown i n  F ig .  5.3, 

a water-hammer problem can occur.  If one pump (A)  i s  

s h u t  o f f ,  pump (B)  w i l l  produce enough p r e s s u r e  t o  

s l a m  check v a l v e  (A) c l o s e d ,  producing a 

- - - - - - - - -  

Fig .  5.3. Coolant Loop w i t h  Two Pumps i n  Parallel 

- - - - - - - - -  
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10. This  may seem t o  b e  a minor item, b u t  when l a r g e  

volumes of water are be ing  pumped, a s t r o n g  water 

hammer can do c o n s i d e r a b l e  damage. 

- - - - - - - _ -  

11. A few y e a r s  ago a water hammer i n  t h e  ORR primary 

c o o l a n t  system caused a r u p t u r e  of t h e  reac tor - tank  

gaske t .  

- - - _ _ _ _ _ _  

12, Whatever t h e  problems w i t h  water hammer, sound 

o p e r a t i o n a l  procedures  t o  guarantee  t h e  proper  

sequence of s t a r t i n g  o r  s topping  pumps and opening 

o r  c l o s i n g  v a l v e s ,  coupled w i t h  reasonable  care i n  

t h e  o p e r a t i o n  of manually opera ted  v a l v e s ,  should 

do much t o  s o l v e  them. 

5.2.  Coolant P u r i t y  

13. The problem of coolan t  p u r i t y ,  e s p e c i a l l y  when t h e  

coolan t  is water, i s  n o t  d i r e c t l y  r e l a t e d  t o  h e a t  

removal b u t  i s  a concern i n  main ta in ing  t h e  q u a l i t y  

of t h e  c o o l a n t  

1 4 .  The f i r s t  concern,  e s p e c i a l l y  i n  pool-type r e a c t o r s  

such as t h e  ORR and t h e  H F I R ,  i s  t h a t  t h e  water 

s h a l l  be  c lear  so  t h a t  underwater p a r t s  can b e  e a s i l y  

seen. 

^ _ I _ - - _ _ _  

water hammer 



10 3 

15. Much of t h e  r o u t i n e  work, such as r e f u e l i n g  and the  

i n s e r t i o n  and removal of experiment r i g s ,  i s  done 

wi th  20 f t  o r  s o  of water as a r a d i a t i o n  s h i e l d  

between the  r e a c t o r  vessel and t h e  ope ra to r .  

1 6 .  The water i n  both  t h e  r e a c t o r  pool  and i n  t h e  r e a c t o r  

v e s s e l  must b e  t o  make such work p o s s i b l e ,  

1 7 .  To achieve  such c l a r i t y  and t o  keep t h e  water p u r e 9  c l e a r  

a system of demine ra l i ze r s  and f i l t e r s ,  similar t o  

t h a t  shown i n  Fig.  5 . 4 ,  i s  used. 

18. S t r a i n e r s  ( la rge-pore ,  wire-mesh b a s k e t s  p laced  i n  

the  coo lan t  s t ream)  are used t o  remove l a r g e  p i e c e s  

of matter ( p i e c e s  of g a s k e t s ,  smal l  b o l t s ,  washers ,  

e t c . )  which might e n t e r  t h e  system whi l e  maintenance 

work is  be ing  performed, 

- - - - - - - - -  

19 .  Large pieces of matter i n  t h e  primary coo lan t  system 

could iodge a g a i n s t  a f u e l  p i e c e  and r e s t r i c t  t h e  

flow of eoolane through t h e  f u e l .  They could  a l s o  

damage t h e  pumps o r  h e a t  exchangers.  

- - - - - - - - -  

20. S t r a i n e r s ,  t hen ,  are  used t o  remove from t h e  

coo lan t  stream pieces of matter Large enough t o  b lock  

t h e  coo lan t  f low through t h e  

- - - - - - - - -  
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21. A few y e a r s  ago a f u e l  p i e c e  i n  t h e  ORR s u f f e r e d  a fuel 

p a r t i a l  meltdown when a p i e c e  of a rubber  gaske t  

lodged w i t h i n  t h e  upper end of a f u e l  p i e c e  and 

r e s t r i c t e d  t h e  flow. 

- - - - - - - - -  

22. Such a meltdown i s  hazardous n o t  on ly  because of 

t h e  damage t o  t h e  r e a c t o r  b u t  a l s o  because of t h e  

r a d i o a c t i v e  contaminat ion of t h e  coo lan t  system and 

t h e  pe r sonne l  hazard  of a p o s s i b l e  release of radio-  

a c t i v e  materials t o  t h e  environment.  

23.  F i l t e r s  are p laced  in t h e  coo lan t  stream t o  remove 

very  s m a l l  p a r t i c l e s  o f  matter from t h e  coo lan t ,  

- - - - - - - - -  

24.  F i l t e r s  i n  r e a c t o r  coo lan t  systems are o f t e n  made up 

of groups of s i n t e r e d  (porous)  s t a i n l e s s - s t e e l  tubes .  

The f i l t e r s  are  p laced  i n  t h e  coo lan t  stream in such  

a way as t o  cause  t h e  coo lan t  t o  flow through t h e  

pores  of  t h e  tubes ,  c l ean ing  t h e  coo lan t  of any p a r t i -  

c u l a t e  matter l a r g e r  t han  t h e  pores .  

- - - - - - - - -  

25. The s i n t e r e d  s t a i n l e s s - s t e e l  tubes  o f  one set  of 

f i l t e r s  a t  t h e  HFIR has  pore  openings o f  20 microns,  

20 m i l l i o n t h s  of a meter i n  diameter .  

- - - - - - - - -  

26. Algae and c o r r o s i o n  p roduc t s ,  such as aluminum 

ox ides ,  are some of the p a r t i c u l a t e  materials t h a t  

are removed from t h e  coo lan t  stream by t h e s e  

coo lan t  
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27. Algae are most o f t e n  found i n  t h e  secondary c o o l a n t  f i l t e r s  

systems s i n c e  t h e s e  c o n t a i n  more minera l  s a l t s .  

However, c e r t a i n  types of a l g a e  may grow i n  s h e l t e r e d  

p o r t i o n s  of t h e  pool  c o o l a n t  system and e v e n t u a l l y  

g e t  i n t o  o t h e r  reg ions .  

I - - _ - - _ - _  

28. B a c t e r i c i d e s  are u s u a l l y  used t o  c o n t r o l  a l g a e  growth 

i n  secondary systems. However, s i n c e  i t  i s  n o t  

recommended t h a t  b a c t e r i c i d e s  be  used i n  e i t h e r  t h e  

r e a c t o r  o r  pool  primary c o o l a n t  systems,  t h e  

is  a necessary  p a r t  of t h e s e  cleanup systems. 

_ _ - _  - I - - -  

29.  To h e l p  keep a l l  c o o l a n t  systems c l e a n ,  b o t h  b a c t e r i -  f i l t e r  

c i d e s  and f i l t e r s  are used t o  keep t h e  c o o l a n t  f r e e  

O f  

_ - - - - - - - -  

30. Ln t h e  primary coolan t  system, a cause o f  c loudiness  a l g a e  

i n  t h e  water i s  t h e  meta l l ic  oxide which forms on the 

f u e l  c ladding  and s t r u c t u r a l  components of t h e  core  

and f l a k e s  o f f  i n t o  t h e  coolan t  system. 

- - - - - - - - -  

31. Aluminum oxide  b u i l d s  up on t h e  s u r f a c e  of aluminum- 

c l a d  f u e l  e lements  and, under ~ e ~ t a i n  c o n d i t i o n s ,  

f l a k e s  o f €  o r  e rodes  o f f  i n t o  t h e  c o o l a n t  producing 

a which can b e  remedied by f i l t e r i n g  

t h e  w a t e r .  

_ _ - - - - I - -  
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32. In extreme cases of aluminum oxide  b u i l d i n g  up i n  c loud iness  

t h e  water, t h e  water may become so  cloudy t h a t  

underwater work i s  imposs ib le  u n t i l  t h e  oxide  has  

been removed wi th  an adequate  system of 

- - - - - - - - -  

33.  Contro l  of t h e  pH of t h e  water h e l p s  to minimize the  

bui ldup  of t h e  oxide  scale on aluminum. 

f i l t e r s  

34. The bui ldup  of ox ide  scale i n  t h e  primary coo lan t  

streams of both  t h e  ORR and t h e  HFIR i s  minimized by 

keeping t h e  of t h e  water a t  about  5.0. 
- - - - - - - - -  

35. A t  t h e  HFIR, a c i d  i s  added a u t o m a t i c a l l y ,  as needed, PH 

t o  t h e  pr imary-coolant  head tank  t o  keep t h e  system 

pH a t  

- - - - - - - - -  

36. Thus, t h e  p u r i t y  of t h e  water i s  g r e a t l y  inc reased  5.0 

by us ing  chemicals  t o  i n h i b i t  tlhe growth of a l g a e  

and t h e  format ion  of ox ide  scale and by p h y s i c a l l y  

removing p a r t i c u l a t e  m a t t e r  from t h e  water through 

t h e  use  of and 

- - - - - - - - -  

37. Although f i l t e r s  and s t r a i n e r s  can remove p a r t i c u l a t e  s t r a i n e r s ,  
f i l t e r s  matter from t h e  coo lan t  water, d i s so lved  contaminants  

must be  removed chemica l ly  by demine ra l i ze r s .  

38. Deminera l izers  u s e  ion-exchange r e s i n s  t o  remove 

contaminants  from the water.  
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39. We do n o t  wish t o  probe deeply i n t o  t h e  chemical 

n a t u r e  of ion-exchange r e s i n s ,  s o  w e  s h a l l  j u s t  

mention t h a t  t h e r e  are c e r t a i n  chemical r e s i n s  which 

have a g r e a t e r  a f f i n i t y  f o r  one type  of  i o n  than f o r  

another  type  of i on .  

d i s s o l v e d  

40.  When a r e s i n  i s  a t t a c h e d  t o  one type of i o n  (A) and 

i t  comes i n  c o n t a c t  w i t h  an i o n  f o r  which i t  has  a 

g r e a t e r  a f f i n i t y  ( R ) ,  i t  w i l l  exchange i o n  (A) f o r  

i o n  ( B ) .  Thus t h e  r e s i n s  are c a l l e d  ion- 

r e s i n s .  

41. Most p o t a b l e  water (water  t h a t  i s  pure  enough f o r  exeh ang e 

d r i n k i n g  purposes)  has  d i s s o l v e d  minera ls  i n  i t  such 

as calcium, i r o n ,  magnesium, and sodium, 

- - - - - - - - -  

42. Since  t h e s e  d i s s o l v e d  minera ls  become r a d i o a c t i v e  i n  

r e a c t o r  systems o r  c o n t r i b u t e  t o  t h e  c o r r o s i o n  of  

t h e  r e a c t o r  components, they must be  removed from 

t h e  water .  

- - - - - - - - -  

43 .  To remove t h e s e  m i n e r a l s ,  two types of 

d e m i n e r a l i z e r s  are used. 

4 4 .  T h e  f i r s t  d e m i n e r a l i z e r  i s  f i l l e d  w i t h  a "cat ion" d i s s o l v e d  

r e s i n  which w i l l  exchange t h e  hydrogen i o n  normally 

a t t a c h e d  t o  i t  f o r  o t h e r  c a t i o n s  ( m e t a l l i c  i o n s  such 

as sodium, calcium, i r o n ,  e t c . ) .  I n  t h i s  exchange, 

t h e  o r  m e t a l l i c  i o n s  are removed from 

t h e  water.  
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45. L e t  us  use  f o r  an example a c a t i o n  r e s i n  t h a t  

normally has  a hydrogen i o n  a t t a c h e d  t o  i t .  A s  

water wi th  d i s so lved  calcium i n  i t  flows through t h e  

r e s i n ,  t h e  r e s i n  releases t h e  hydrogen and r e t a i n s  

t h e  calcium. This  i s  u s u a l l y  a d e s i r a b l e  exchange. 

- - - - - - - - -  

c a t i o n s  

46.  I f  d i s so lved  calcium i n  t h e  water i n c r e a s e s  s c a l e  

format ion  and d i s so lved  hydrogen does n o t ,  t h e  

above exchange of i o n s  is 

47. A s  t h e  c a t i o n  r e s i n  r e t a i n s  more and more calcium, des  i r  ab 1 e 
o r  good 

f o r  example, i t s  e f f e c t i v e n e s s  dec reases .  When t h e  

r e s i n  reaches  a c e r t a i n  minimum s ta te  of e f f e e t i v e -  

n e s s ,  i t  must b e  r egene ra t ed ,  a p rocess  by which t h e  

calcium i s  removed and t h e  o r i g i n a l  i o n  ( i n  t h e  

above case, hydrogen) i s  r ep laced  on t h e  r e s i n .  

48.  When t h e  a b i l i t y  of a r e s i n  t o  t ake  u n d e s i r a b l e  i ons  

from t h e  water i s  d e p l e t e d ,  t h e  r e s i n  must be  

49. A common r e g e n e r a t i n g  chemical f o r  t h e  c a t i o n  r e s i n s  r egene ra t ed  

used a t  t h e  ORR and t h e  HFIR i s  n i t r i c  a c i d .  

50. The hydrogen from the  n i t r i c  a c i d  a t t a c h e s  i t s e l f  t o  

t h e  r e s i n  q u i t e  e a s i l y  when t h e  c o n c e n t r a t i o n  of 

n i t r i c  a c i d  i n  the r e g e n e r a t i n g  s o l u t i o n  is  about  

5%. When t h i s  exchange i s  completed,  t h e  r e s i n  has  

been 
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51, Because t h i s  a c i d  i s  a n  e a s i l y  o b t a i n e d ,  r e l a t i v e l y  regenera ted  

inexpensive s o u r c e  of hydrogen i o n s ,  many c a t i o n  

resins are regenera ted  w i t h  a 5% 

s o l u t i o n .  

I 

- - - - - - - - -  

52.  In o r d e r  t o  completely deminera l ize  t h e  water, 

unwanted an ions  (non-metal l ic  i o n s  such as s u l f a t e  

and carbonate  i o n s )  must b e  removed. 

- - - - - - - - -  

n i t r i c  a c i d  

5 3 .  A r e s i n  which exchanges one type of an ion  f o r  another  

type of an ion  i s  c a l l e d  a n  -exchange res  in .  

- - - - - _ - I -  

5 4 ,  An anion  r e s i n  i s  d e p l e t e d  i n  much t h e  same way t h a t  an ion  

a c a t i o n  r e s i n  i s  d e p l e t e d ;  t h a t  i s ,  t h e r e  comes a 

t i m e  i n  t h e  l i f e  of t h e  r e s i n  when t h e r e  are too  

few of t h e  an ions  a v a i l a b l e  which can be  

€ o r  u n d e s i r a b l e  an ions .  

5 5 ,  When t h e  anion r e s i n  i s  d e p l e t e d ,  i t ,  too,  may be  exchanged 

56, The r e g e n e r a t i n g  chemical f o r  many an ion  r e s i n s  i s  regenera ted  

a c a u s t i c  such as sodium hydroxide which i s  used a t  

a c o n c e n t r a t i o n  of about  5%. 
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57. As t he  5% c a u s t i c  s o l u t i o n  flows through t h e  res in ,  

the  undes i r ab le  an ions  t h a t  are a t t a c h e d  t o  t h e  r e s i n  

are r ep laced  by t h e  an ions  of t he  c a u s t i c .  Then t h e  

u n d e s i r a b l e ,  o f t e n  r a d i o a c t i v e ,  an ions  are f lu shed  

ou t  of t h e  system through a waste system d r a i n ,  l eav ing  

t h e  r e s i n  i n  a cond i t ion .  

- - - - - - - - -  

58. S ince  many of t h e  undes i r ab le  ions  t h a t  are  removed regenera ted  

from t h e  coo lan t  by t h e  demine ra l i ze r s  are rad io-  

a c t i v e ,  one test t o  determine the  need f o r  regenera-  

t i o n  of t h e  r e s i n  i s  t o  check t h e  r a d i o a c t i v i t y  

l e v e l  of t h e  coo lan t .  

- I - - - - - - -  

59. Samples are taken  p e r i o d i c a l l y  O f  t h e  r e a c t o r  i n l e t  

coo lan t  stream, and t h e  l e v e l  of t h e  

coo lan t  (measured i n  d i s i n t e g r a t i o n s  pe r  minute  p e r  

m i l l i l i t e r ,  . ml, of s o l u t f s n )  is  determined. 

- - I - - - - - -  

60. S ince  many f a c t o r s  o t h e r  than  demine ra l i ze r - r e s in  r a d i o a c t i v i t y  

e f f e c t i v e n e s s  ( a  l eak ing  f u e l  e lement ,  f o r  example) 

may cause  t h e  r a d i o a c t i v i t y  l e v e l  of t h e  coo lan t  t o  

i n c r e a s e ,  t h i s  i s  only  one of a t  least  t h r e e  tests 

used t o  determine t h e  need t o  t h e  

demine ra l i ze r  r e s i n .  

61. Another tes t  i s  t h e  pH of t h e  coo lan t  water. The pH r e g e n e r a t e  

of che water should  change as t h e  water f l o w s  through 

t h e  demine ra l i ze r s .  

- - - - - - - - -  
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62.  A t  t h e  HFIR,  t h e  p1-I of t h e  primary coolan t  water i s  

maintained a t  5.0 by adding a c i d ,  as needed, a f t e r  

t h e  water leaves t h e  deminera l izers .  Thus, t h e  pR a t  

t h e  i n l e t  t o  t h e  deminera l izers  i s  near  5.0 and t h e  

e f f l u e n t  i s  h i g h e r ,  near  6 .0 ,  when t h e  r e s i n  has  j u s t  

been regenera ted .  

63. As t h e  above r e s i n  i s  cl$-pleted,  t h e  pH of  t h e  e f f l u e n t  

stream decreases  u n t i l  t h e r e  i s  l i t t l e  o r  no d i f f e r e n c e  

between t h e  pH of the deminera l izer  i n l e t  and e x i t  

streams. L i t t l e  o r  no change i n  t h e  pH between t . 3 ~  

i n l e t  and e x i t  coolan t  streams can i n d i c a t e  t h a t  t h e  

deminera l izer  r e s i n  i s  __l__l__ . 
- I _ - _ - _ _ -  

6 4 .  The t h i r d  t e s t ,  and i n  many cases  t h e  most important  denle ted  

test of deminera l izer  e f f i c i e n c y ,  i s  t h e  r e s i s t i v i t y  

of t h e  water. A given  volume of water  i s  measured 

t o  determine how much o p p o s i t i o n  i t  o f f e r s  t o  t h e  

f low of  an e l ec t r i c  c u r r e n t .  The r e s i s t a n c e  o f f e r e d  

by a 1 cm’ column of w a t e r ,  per  c m  of i t s  l e n g t h ,  i s  

c a l l e d  i t s  r e s i s t i v i t y  and i s  measured i n  - ohm- 

c e n t i m e t e r s .  
- L - ~  

- - - I - - - - -  

65. As t h e  p u r i t y  of water increases, t h e  amount of o p m -  

s i t i o n  t h a t  i t  o f f e r s  t o  t h e  flow of an e lectr ic  

c u r r e n t  a l s o  i n c r e a s e s ;  t h a t  i s ,  i t s  _ _ _  
i n c r e a s e s .  



66.  Dissolved mine ra l s  i n  water make i t  a b e t t e r  conduc- r e s f s t i v i t y  

t o r  (a  poorer  r e s i s t o r )  so  such mine ra l s  cause i ts  

r e s i s t i v i t y  t o  ( i n c r e a s e ,  dec rease ) .  

I - - - - - - - -  

67, When a demine ra l i ze r  r e s i n  i s  " f resh"  (newly regen- dec rease  

e r a t e d ) ,  i t  should remove most of t h e  d i s so lved  

minera ls  i n  t h e  water. The r e s i s t i v i t y  of such water 

should b e  (h igh ,  low) 

68. When a p a i r  of demine ra l i ze r s  ( c a t i o n  and anion)  i s  h igh  

r egene ra t ed  a t  t h e  ORR o r  H F I R ,  t h e  p a i r ,  working as 

a u n i t ,  are expected t o  produce water of such h igh  

p u r i t y  t h a t  i t s  r e s i s t i v i t y  i s  around 2 o r  2.5 rnilPion 

ohm-centimeters. 

_ _ - - - - - - -  

69, Water which has  a r e s i s t i v i t y  of 2 m i l l i o n  ohm- 

cen t ime te r s  o r  g r e a t e r  i s  cons idered  t o  b e  water of 

very p u r i t y ,  

- - - - - - - - -  

SO. A s  a demine ra l i ze r  r e s i n  becomes d e p l e t e d ,  i t  i s  

unable  t o  remove, as e f f i c i e n t l y  as b e f o r e ,  t h e  

d i s so lved  i n  the  water, 

h igh  

71. Thus, as t h e  r e s i n  becomes d e p l e t e d  and the  concentra-  materials, 
m i n e r a l s ,  
o r  s o l i d s  

t i o n  of d i s s o l v e d  materials i n c r e a s e s ,  t h e  resis- 

t i v i  t y  



114 

72. When t h e  r e s i s t i v i t y  oE t h e  deminera l izer  e f f l u e n t  decreases  

a t  t h e  ORR OK H F I R  drops t o  800,000 OK 900,000 ohm- 

c e n t i m e t e r s ,  t h e  r e s i n  is  considered t o  b e  d e p l e t e d  

and must b e  regenera ted ,  

- - - - - - - - -  

73. I f  t h e  r e s i s t i v i t y  of t h e  water decreases  f a s t e r  than  

i t  normally should ,  i t  may a l s o  i n d i c a t e  t h a t  t h e r e  

i s  i n c r e a s e d  c o r r o s i o n  somewhere i n  t h e  system, 

something i s  a l lowing  d i s s o l v e d  materials t o  l e a k  i n t o  

t h e  system, o r  t h e  r e s i n  has  l o s t  i t s  a b i l i t y  t o  b e  

regenera ted  and i t  should b e  rep laced  w i t h  new r e s i n ,  

- - - - - - - - -  

74.  L e t  us  summarize by say ing  t h a t  t h e  h igh  degree  of 

p u r i t y  t h a t  must be  maintained,  if water i s  t o  b e  

used as a r e a c t o r  c o o l a n t ,  depends on: 

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

matter. 

b .  t o  reinove a l g a e  and o t h e r  s m a l l  

p a r t i c u l a t e  matter, 

- c,  Demineral izers  t o  remove 

materials and thus  keep t h e  r e s i s t i v i t y  of t h e  

water high.  

5 , 3 .  Sel f  Test  

75. When a v a l v e  t h a t  c o n t r o l s  water f l o w  i s  c l c s e d  s t r a i n e r s  , 
f i l t e r s  
d i sso lved  

q u i c k l y ,  the sound produced  as t h e  energy of the 

moving water i s  d i s s i p a t e d  i s  c a l l e d  

. (If you made an i n c o r r e c t  response ,  

r e p e a t  Frame 2 . )  



76. Not only  may v a l v e s  be  damaged by water hammer, b u t  

a s t r o n g  water hammer causes  h y d r a u l i c  

a long  t h e  p ipe .  

r e p e a t  Frame 3 ,  ) 

water hammer 

( I f  you made an  i n c o r r e c t  response ,  

77. When a va lve  i s  c l e s e d  s lowly ,  water speed dec reases  stresses 

s lowly  and t h e r e  i s  l i t t l e  ~r no 

( I f  you made an i n c o r r e c t  response ,  r e p e a t  Frame 7 . )  

- - - - - - - - I  

78, Most problems of water hammer can be  so lved  by sound water hammer 

o p e r a t i o n a l  procedures  and r easonab le  c a r e ,  e s p e c i a l l y  

i n  the  o p e r a t i o n  sf manually ope ra t ed  

(If you made an i n c o r r e c t  response ,  repeat Frame 1 2 . )  

- - - - - I - - -  

79. In o r d e r  t o  remove l a r g e  p i e c e s  o f  matter, which 

might e n t e r  t h e  coo lan t  system when maintenance 

work is  be ing  done, are used. ( I f  YOU 

made an i n c o r r e c t  response ,  repeat Frame 1 8 . )  

v a l v e s  

80, While a l a r g e  piece. of f o r e i g n  matter i n  t h e  coo lan t  s t r a i n e r s  

stream might no t  i n h i b i t  t h e  c l a r i t y  ef t h e  water, 

i t  might cause  a fuel-element  i f  i t  

should  lodge  a g a i n s t  t h e  fuel-element  coo lan t  channel  

and rest r ic t  coo lan t  f low through i t ,  

an i n c o r r e c t  response ,  r e p e a t  Frames 20-23.) 

( I f  you made 

81. Algae is a common contaminant ,  e s p e c i a l l y  i n  t h e  m e 1  tdown 

secondary s e c t i o n s  of coo lan t  sys tems,  and i s  u s u a l l y  

c o n t r o l l e d  by adding t o  t h e  water. ( I f  

you made an i n c o r r e c t  response ,  r e p e a t  Frames 28-29.) 
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8 2 .  The growth of a l g a e  can b e  i n h i b i t e d  by t h e  use  of b a c t e r i c i d e s  

b a c t e r i c i d e s ;  b u t  when a l g a e  do g e t  i n t o  t h e  c o o l a n t ,  

they  must be  removed by t h e  use of 

( I f  you made an i n c o r r e c t  response,  r e p e a t  Frames 25-29 . )  

8 3 .  F i l t e r s  are a l s o  used t o  remove t h e  c loudiness  o f  t h e  f i l t e r s  

water caused by metal l ic  which form on 

f u e l  e lements  and r e a c t o r  s t r u c t u r a l  components and 

f l a k e  o f f  i n t o  t h e  water. ( I f  you made an i n c o r r e c t  

response ,  r e p e a t  Frames 3 0 - 3 3 , )  

8 4 .  A t  t h e  ORR and t h e  H F I R ,  t h e  formation of aluminum oxides  

oxide  on f u e l  e lements  is  i n h i b i t e d  by keeping the 

of the  primary coolan t  water a t  about  

5.0.  ( I f  you made a n  i n c o r r e c t  response,  r e p e a t  

Frames 34-35 e ) 
- - - - - - - _ -  

8 5 .  Dissolved contaminants i n  t h e  coolan t  must be  removed pH 

. (If by ion-exchange columns c a l l e d  __.- 

you made an i n c o r r e c t  response,  r e p e a t  Frames 3 7 - 3 9 - )  

- - - - - - - - -  

86. Demineral izers  c l e a n  t h e  water of d i s s o l v e d  eonfami- deminera l izers  

n a n t s  by exchanging i o n s ,  r e l e a s i n g  ions  which cause 

no problems, and r e t a i n i n g  - i o n s .  ( I f  you 

made a n  i n c o r r e c t  response,  r e p e a t  Frames 40-46 . )  
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87. Most demine ra l i ze r  systems make use  of two types  of u n d e s i r a b l e  

ion-exchange r e s i n s .  One r e s i n  c l eans  the  water of 

undes i r ab le  a n i o n s ,  and t h e  o t h e r  r e s i n  c l eans  t h e  

water  of u n d e s i r a b l e  . ( I f  you made an 

i n c o r r e c t  r e sponse ,  r e p e a t  Frames 4 5 - 5 4 . )  

88. When t h e  ion-exchange r e s i n s  are s a t u r a t e d  wi th  

u n d e s i r a b l e  i o n s ,  they may b e  r e t u r n e d  t o  t h e i r  

o r i g i n a l  c a p a c i t y  t o  demine ra l i ze  the  water by a 

process  c a l l e d  . ( I f  you made an  

i n c o r r e c t  response ,  r e p e a t  Frames 42-57.)  

c a t i o n s  

89. One of t h e  tests which i n d i c a t e s  whether  o r  no t  a r e g e n e r a t i o n  

demine ra l i ze r  r e s i n  needs r e g e n e r a t i n g  is  i t s  a b i l i t y  

t o  change t h e  pH of t h e  water. I f  t h e  pH does no t  

change, t h e  r e s i n  probably (needs,  does no t  need) t o  

be  regenera ted .  ( I f  you made an  i n c o r r e c t  response ,  

r e p e a t  Frames 61-63.) 

- - - - - - _ _ -  

90.  I f  t h e  r e s i s t i v i t y  a f  the demine ra l i ze r  e f f l u e n t  is  needs 

h igh  (around 2-milPion ohm-cm), t h e  demine ra l i ze r  

r e s i n  (dces ,  does not) need t o  b e  regenera ted .  ( I f  

you made an  i n c o r r e c t  r e sponse ,  repeat Frames 64-71.)  

- - - - - - - _ _  

does n o t  





INTERNAL DISTRIBUTION 

1. 
2. 
3 .  

4-53. 
54 .  
55 e 

56. 
57. 
58. 
59. 
60. 
61. 
62. 

63-162. 
163-164. 

165,  
166. 
167 .  

168-182 

C .  D. Cagle 
W, R. Cas to  
D. I?. Cope, AEC 
3 .  A.  Cox 
E. N. Cramer 
S. S. Hurt, I11 
E. M. King 
R. V. McCord 
H. M. Roth, AEC 
R. L. Scott, Jr. 
S. D. Sheppard 
W. H. Tabor 
E. J. Witkowski 
Laboratory Records 
Central Research Library 
Document Reference Section 
Laboratory Records, ORNL R. C. 
O W L  Patent Office 
Division of Technical 

Information Extension 

EXTERNAL DISTRIBUTION 

183. R. J. Bursey, Douglas  United Nuclear, Inc. 
184. F. R. Keller, Idaho Nuclear Corporation 
185. R. W. PsweI.1, Brookhaven National Lab. 
186. E. H. Smith, Idaho Nuclear Corporation 
187. E. A. Wimunc, Argonne National Lab. 


