
CHAPTER III 
EXPERIMENTAL

3.1 The Experimental Loop

T h e  m o d e l  d e v e lo p e d  is  u s e d  to  p r e d ic t  th e  c o r r o s io n  r a te  o f  9 5  f e e d e r  

p ip e s  o f  th e  n u c le a r  r e a c to r  a t P o in t  L e p r e a u  N u c le a r  G e n e r a t in g  S ta t io n . T h e  

d ia g r a m  o f  f e e d e r s  i s  s h o w n  in  F ig u r e  3 .1 .  T h is  m o d e l  i s  a l s o  u s e d  to  p r e d ic t  

c o r r o s io n  r a te  o f  th e  p r o b e s  in  th e  t e s t  l o o p  a s  i l lu s tr a t e d  in  F ig u r e  3 .2 .
T h e  p u r p o s e  o f  th is  t e s t  e x p e r im e n t a l  l o o p ,  i s  to  s tu d y  f l o w - a s s i s t e d  

c o r r o s io n  s o  i t  i s  c a l le d  th e  F A C  lo o p .  T h e  F A C  l o o p  s im u la t e s  th e  p r im a r y  

c o o la n t  l o o p  o f  a  C A N D U  r e a c to r , s o  th e  c o n d i t io n s  in  th e  e x p e r im e n t a l  l o o p  

a n d  in  th e  C A N D U  r e a c to r  a t th e  p la n t  a re  a s  s im i la r  a s  p o s s i b l e .  T e m p e r a tu r e  

i s  265°c a n d  3 10°c fo r  in le t  a n d  o u t le t  f e e d e r s ,  r e s p e c t iv e ly .
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REACTOR OUTLET HEADER 
REACTOR INLET HEADER 
FEEOER TUOE SPRING HANGERS 
CALANOHIA END SHIELD FACE 
SUPPORT BRACKETS 
WALKWAY 
END FITTINGS 
BOILERS
INSULATION CABINET 
BOILER SUPPORT COLUMN

F i g u r e  3 .1  D ia g r a m  o f  f e e d e r s  in  t h e  C A N D U  r e a c to r .
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Reservoir

F ig u r e  3 .2  E x p e r im e n t a l  lo o p .

T h e  c o o la n t  i s  p u m p e d  fr o m  th e  r e s e r v o ir  to  th e  h e a t e r  a n d  th e  

te m p e r a tu r e  in c r e a s e s  to  265°c ( th e  s a m e  t e m p e r a tu r e  a s  a t th e  in le t  f e e d e r s ) .  

T h e  c o o la n t  f l o w s  to  th e  ss  u n it  w h ic h  s a tu r a te s  th e  c o o la n t  in  d i s s o lv e d  ir o n .  
T h e  H C  h e a t e r  i s  a n  in e r t  u n it  a n d  a c ts  a s  th e  r e a c to r  c o r e  in  th e  p la n t , s o  th e  

c o o la n t  t e m p e r a tu r e  i s  3 1 0 ° c  a f te r  p a s s in g  t h is  u n it . T h e  c o o la n t  w h ic h  h a s  th e  

s a m e  c o n d i t io n s  a s  th e  c o o la n t  in  o u t le t  f e e d e r s  f l o w s  fr o m  H C  h e a t e r  u n it  to  

th e  t e s t  lo o p .  In  th e  t e s t  lo o p ,  th e r e  a re  th r e e  k in d s  o f  p r o b e  th a t  r e p r e s e n t  

o u t l e t  f e e d e r  p ip e s  in  th e  C A N  D U  r e a c to r :  1) tu b e  p r o b e s ,  2 )  w ir e  r e s i s t a n c e  

p r o b e s  a n d  3 )  u l t r a s o n ic  p r o b e s .  A l l  p r o b e s  a re  A 1 0 6 - B  s t a in le s s  s t e e l ,  th e  

s a m e  m a te r ia l  a s  f e e d e r s  in  C A N D U  r e a c to r .

1) T h e  tu b e  p r o b e  h a s  a  g e o m e t r y  c l o s e  to  th e  f e e d e r  p ip e s .  T h e r e fo r e ,
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th e  tu b e  p r o b e  is  b e t te r  th a n  fo r  d e m o n s t r a t io n s  g e o m e t r i c  e f f e c t s .  T h e  m e ta l  

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

c a lc u la t io n  b y  E q .3 .1 .

F i g u r e  3 .3  T h e  tu b e  p r o b e  in  th e  t e s t  lo o p .

K = £ j -  (3.1)

w h e r e R =  e l e c t r i c  r e s i s t a n c e

p =  r e s i s t iv i t y  o f  th e  p r o b e
1 =  th e  le n g th  fo r  tu b e  p r o b e

A =  c r o s s  s e c t io n a l  a r e a .

F o r  tu b e  p r o b e ,

A = 7 T ( r * -

w h e r e r0 =  o u t s id e  d ia m e te r

fi =  in s id e  d ia m e te r .
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F r o m  E q .3 .1 ,  th e  r e s i s t a n c e  i s  in v e r s e ly  p r o p o r t io n a l  to  th e  c r o s s
s e c t io n a l  a r e a  o r  th e  tu b e . E le c t r ic a l  r e s i s t a n c e  c a n  b e  d ir e c t ly  r e la t e d  to  m e ta l

lo s s .
2 ) T h e  w ir e  r e s i s t a n c e  p r o b e  is  a  c a r b o n  s t e e l  w ir e  f i x e d  in s id e  a  

z ir c o n ia  tu b e  g iv i n g  a n  a n n u lu s . T o  e v a lu a t e  m e ta l  l o s s ,  th e  s a m e  m e t h o d  a s  

f o r  th e  tu b e  p r o b e s  is  u s e d  a n d  m e ta l  l o s s  c a n  b e  d ir e c t ly  r e la te d  to  c h a n g e  in  

r e s i s t a n c e .
y to Mcttr

F i g u r e  3 .4  T h e  w ir e  p r o b e  in  th e  t e s t  lo o p .

3 )  T h e  u l t r a s o n ic  p r o b e  in  th e  F A C  lo o p  is  s h o w n  in  F ig u r e  3 .5 .  T h e  

c o o la n t  f l o w s  in  th e  t i ta n iu m  tu b e , a n d  p a s s e s  a  j e t  o r i f i c e  w h ic h  s tr ik e s  th e  

A 1 0 6 - B  c a r b o n  s t e e l  c o u p o n .  T h e  t h ic k n e s s  c h a n g e  o f  th e  c o u p o n  is  m e a s u r e d  

b y  a  d e v i c e  c a l le d  a  tr a n sd u c e r . T h is  t e c h n iq u e  i s  a l s o  u s e d  a s  a n  o n - l in e  

d e v ic e  to  m e a s u r e  th e  t h ic k n e s s  o f  f e e d e r s  o f  th e  C A N D U  r e a c to r s  in  th e  p la n t .
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Coolant
๒

F ig u r e  3 .5  T h e  u l t r a s o n ic  p r o b e  in  th e  t e s t  lo o p .

3 .2  M o d e l  a n d  M e c h a n i s m s

In th is  m o d e l ,  th e r e  a r e  m a n y  m e c h a n i s m s  a f f e c t in g  f e e d e r  t h in n in g .

Coolant
1 - corrosion
2 - precipitation at M/O interface
3 - Fe:* diffusion
4 - Ho evolution at M/O interface
5 - H2 diffusion
6 - oxide dissolution
7 - Fc2* transport to the bulk coolant8 - precipitation at o/s interface9 - Ho evolution at o/s interface
10 - H: transport to the bulk coolant
11 - erosion
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3 .2 .1  C o r r o s io n
A t  th e  m e t a l  s u r f a c e ,  th e r e  i s  th e  c o r r o s io n  o f  c a r b o n  s t e e l .  Iron  

m e ta l  i s  c h a n g e d  in t o  ir o n  io n  fo r m . T h e r e  i s  c u r r e n t  f l o w in g  b e c a u s e  o f  th is  

c h a n g e .  T o  e v a lu a t e  th e  c u r r e n t, It i s  n e c e s s a r y  to  d e v e lo p  th e  e le c t r o c h e m ic a l  

e q u a t io n s .
F e  + H 20  F e ( O H \  +  2e~ +  2 H +

£ 1 =  0 .1 4  - 1 .98  X 1 O'4 T  - p H  + 4 .3 1  X 1 c r 5 T  - In [ F e ( O H ) 2 ]

l ° 1 =  n F  h  T e x p ^  A G ^  IF‘ I R T ^ Fe{oH>2 exp V R T e,l ร

( 3 .3 )

( 3 .4 )

( 3 .5 )

(l -  p ) n F  
R T

( 3 .6 )

3 .2 .2  P r e c ip i t a t io n  o f  D i s s o l v e d  Iron
T h e r e  is  d i s s o lv e d  ir o n  a f te r  c o r r o s io n  ta k e s  p la c e .  S o m e  o f  

d i s s o lv e d  ir o n  p r e c ip i t a t e s  a n d  f o r m s  m a g n e t i t e  a t th e  m e t a l /o x id e  in te r fa c e .  

T h is  o x id e  r e p la c e s  th e  v o lu m e  o f  c o r r o d e d  m e ta l .  T h e  r e m a in e d  o f  d i s s o lv e d  

ir o n  d i f f u s e s  th r o u g h  th e  o x id e  a n d  fo r m s  o u te r  o x id e  a t th e  o x id e / s o lu t io n  

in te r fa c e .

F e(O H \ -+ ^ F e 30 4 + ^ H + + | e "  + 1 # 210  

£ 62 = - 0 .7 5 - 1 .9 8  X 10^ T - pH  - \  .292 X 10 “4 T  - In [F e(O H \]

^ ^ 0» , e x p ( A p ,é?,2

12 =  1 0.2 exp /3 n F  
R T (e  -  E 6,2 )] -  exp ^ - {e  -  £ 6 2 ) j

( 3 .7 )

( 3 .8 )

( 3 .9 )

( 3 .1 0 )

A t  th e  m e t a l /o x id e  in t e r f a c e ,  th e  v o lu m e  o f  o x id e  r e p la c e s  th e  

v o lu m e  o f  m e ta l  l o s s .  T h u s ,

T h e  a m o u n t  o f  o x id e  th a t  f o r m s  a t th is  in t e r f a c e  =  m  — ( l - ฬ  ( 3 .1 1 )
p m e ta l



T h e  a m o u n t  o f  ir o n  in  th e  o x id e  =  f ' m ( 3 .1 2 )- ^ - ( 1 - , )

" m e t a l

w h e r e  m

Pox

P m e ta l

<1)
f

=  th e  a m o u n t  o f  m e t a l  l o s s  p e r  u n it  a r e a  ( g / c m 3)  

=  d e n s i t y  o f  o x id e  ( 5 .2  g / c m 3)

=  d e n s i t y  o f  m e ta l  ( 7 .8 6  g / c m 3)

=  p o r o s i t y

=  m a s s  f r a c t io n  o f  ir o n  in  o x id e  ( 0 .7 2 3 ) .

H e n c e ,

th e  r e m a in d e r  o f  d i s s o lv e d  ir o n  -  m  -  0 .4 7 6 /w ( 3 .1 3 )

3 .2 .3  D i s s o l v e d  Iro n  D i f f u s io n

T h e  d i s s o lv e d  ir o n  th a t  d o e s  n o t  fo r m  o x id e  a t th e  m e t a l /o x id e  

in t e r f a c e  w i l l  d i f f u s e  th r o u g h  th e  p o r e s  o f  th e  o x id e  f i lm  to  th e  o x id e / s o lu t io n  

in te r fa c e .

F ic k ’s la w ,  g iv e n

'  1 “

( C พ C o s l ( 3 .1 5 )

F o r  d i f f u s io n  th r o u g h  th e  p o r o u s  m e d ia ,
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In  th is  c a s e ,  th e r e  a re  t w o  la y e r s  o f  o x id e  w i t h  d i f f e r e n c e  in  

p o r o s i t i e s .  T h e  a m o u n t  o f  m a s s  f l u x  (J )  th r o u g h  e a c h  la y e r  i s  e q u a l .
c - cJ

$eff,o
D  „  D  ศ<#.' eff.o

( 3 .1 7 )

^eff - ,0-ฬ
F r o m  E q s .3 .1 3  a n d  3 .1 4 ;

0.476^(1.101 + 0) = ^ ะ - 
d t  โ

P o J ,  p  oJo(l-</>o)

( 3 .1 8 )

(cw- c j  ( 3 .1 9 )

w h e r e  J
d m
d t

D eff

f^Fe
T

4>

Seff

5

c w

=  m a s s  f l u x  ( g / c m 2 ร)

=  m e ta l  l o s s  r a te  p e r  a r e a  ( g / c m 2 ร)

=  e f f e c t i v e  d i f f u s iv i t y  ( c m 2/ s )
=  ir o n  d i f f u s iv i t y  ( c m 2/ s )

=  t o r t u o s i t y  fa c to r  

=  p o r o s i t y

=  e f f e c t i v e  p a th  le n g t h

=  th e  a m o u n t  o f  o x id e  in  o x id e  la y e r  p e r  u n it  a r e a  ( g / c m 2) 

=  d i s s o lv e d  ir o n  c o n c e n t r a t io n  a t w a l l  ( c m V s )
=  d i s s o lv e d  ir o n  c o n c e n t r a t io n  a t o x id e / s o l u t i o n  in t e r f a c e

( c m V s ) .

3 .2 .4  H? E v o lu t io n

H 2 e v o lu t io n  ta k e s  p la c e  a t b o th  th e  m e t a l /o x id e  in t e r f a c e  a n d  

th e  o x id e / s o l u t i o n  in te r fa c e .

2H ¥ + 2e~ - > / / 2
E eA = -1.98 X 10“4 T • p H  -  4.31 X 10 5 r  ■ ln[//2 ]

( 3 .2 0 )

( 3 .2 1 )
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K ,  = n F k- T ^ ( - A G - Hi111. IRTb „ ,  e x p [ -  

(e  -  £ , 4 ) j  -  e x p ( -  % ^  -  £ , 4 )j/ 4 ^0,4 P * F  1
R T

( 3 .2 2 )

( 3 .2 3 )

A t  th e  m e t a l /o x id e  in t e r f a c e ,  H 2 e v o lu t io n  c a n  b e  c a u s e d  b y  

c o r r o s io n  a n d  p r e c ip i ta t io n .

T h e  a m o u n t  o f  H 2 f r o m  c o r r o s io n  = — T r ~ ~ -  -  3 .5 8  X 10-2 ^  ( 3 .2 4 )M W Fe d t  d t

T h e  a m o u n t  o f  H 2 f r o m  p r e c ip i t a t io n  =  -2" (l -  ^ )
P fü d t

=  5 .6 6  X 1 0 ~3 - ^ - (l -  (f)  ( 3 .2 5 )
d t

w h e r e  M W h2 =  m o le c u là r  w e i g h t  o f  h y d r o g e n  ( 2 )
M W Fe =  m o le c u la r  w e i g h t  o f  ir o n  ( 5 5 . 8 5 )

M W oxide =  m o le c u la r  w e i g h t  o f  o x id e  ( 2 3 1 .5 5 ) .

T o ta l  H 2 a t m e t a l /o x id e  in t e r f a c e  =  3 .5 8  x 1 0  2 ^ -  + 5.6Ô X 10 3 —  ( l - <h)
d t  d t  v ’

=  5 .6 6 x  1 0 “3 (7 .3 2  - ( f )
d t ( 3 .2 6 )

3 .2 .5  H? D i f f u s io n

It i s  a s s u m e d  th a t 9 0 %  o f  th e  p r o d u c e d  H 2 a t  th e  m e t a l /o x id e  

in te r fa c e  d i f f u s e s  th r o u g h  th e  m e t a l ( T o m l in s o n ,  1 9 8 1 ) .  T h e r e f o r e ,  o n ly  10%  o f  

th e  g e n e r a t e d  H 2 a t th is  in t e r f a c e  d i f f u s e s  th r o u g h  th e  o x id e  la y e r  to  th e  

s o lu t io n .

T h e  a m o u n t  o f  H 2 d i f f u s in g  th r o u g h  th e  f i lm  = 0 1 x 5  66x 10 3 (7 . 3 2 - ç )
d t

( 3 .2 7 )
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T h u s ,

5 .6 6  x lO '4 ^ ( 7 . 3 2 - 0 )  =  d t
2 __________

ร ’ +  8 0
PoA ( i- <t>, ) + P o A o ^ - k ) ,

( 3 .2 8 )

3 .2 .6  M a s s  T r a n s fe r  o f  H ? to  B u lk
T h e  a m o u n t  o f  H 2 d i f f u s in g  to  o x id e / s o l u t i o n  in t e r f a c e  w i l l  

tr a n s fe r  to  th e  b u lk  c o o la n t .

4 C - < ,  - C „ > 5  6 6 x ] < r 4 ^ ( 7 . 3 2 - ( ! S )

F r o m  E q .3 .2 9 ,

c „ „ ,  =  c „ 1 5 . 6 6 x 1 0 - ^ ( 7 . 3 2 - * )

( 3 .2 9 )

( 3 .3 0 )

F r o m  E q .3 .2 8  a n d  3 .3 0 ,

C™, =  c \ „  +  5 .6 6  x l 0 ‘4 ^ ( 7 . 3 ๙ 2  - ฬ f |  +  — ------------ -----------\ ( 3 .3 1 )

F e r r e ll  a n d  H i m m e lb la u ( 1 9 6 7 )  m e a s u r e d  th e  d i f f u s iv i t y  o f  H 2 

at t e m p e r a tu r e s  b e t w e e n  10°c to  55°c. F r o m  th e ir  w o r k , th e  d i f f u s iv i t y  o f  H 2 

c a n  b e  o b t a in e d  b y  E q .3 .3 2 .

f  1 2 4 0 0 ^D h =  2 .2  x l 0 “5r  e xp
T  ) ( 3 .3 2 )

w h e r e  D H2 =  d i f f u s iv i t y  o f  h y d r o g e n
R  =  g a s  c o n s t a n t  ( 8 .3 1 4  J /m o l  K )  

T  =  a b s o lu t e  t e m p e r a tu r e  (K ) .

T h e  m a s s  t r a n s fe r  c o e f f i c i e n t  (h )  fo r  h y d r o g e n  in  p ip e  f l o w  c a n  b e  

d e t e r m in e d  b y  E q .3 .3 3 .

1Sh  =  0 .0 2  R e "83 S c % ( 3 . 3 3 )
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3 .2 .7  O x id e  D i s s o lu t io n
W h e n  th e  s y s t e m  IS u n s a tu r a te d  a s  fo r  th e  o u t l e t  f e e d e r s ,  o x id e  

w i l l  d i s s o lv e  in t o  th e  s o lu t io n .  T o  c a lc u la t e  th e  d i s s o lu t io n  r a te , E q .3 .3 4  is  

u s e d .
d i s s o lu t io n  r a te  =  k dF * (C sat-C os) ( 3 .3 4 )

w h e r e  F* =  s u r f a c e  a r e a  fa c to r
C sat =  s o lu b i l i t y  c o n c e n t r a t io n
Cos =  c o n c e n t r a t io n  a t o x id e / s o l u t i o n  in te r fa c e .

T h e  v a lu e  o f  th e  d i s s o lu t io n  r a te  c o n s t a n t  v a r ie s  w ith  

te m p e r a tu r e . U s in g  T r e m a in e  a n d  L e b l a n c ( 1 9 8 0 )  a s  w e l l  a s  B a la k r is h n a n  

( 1 9 7 7 ) ’ร w o r k , th e  e x p r e s s io n  f o r  k d c a lc u la t io n  a s  a  f u n c t io n  o f  t e m p e r a tu r e  is  

o b t a in e d  a t p H 25°c o f  10 .2 .
k d = e x p ( - 3 5 6 9 / T  +  0 .0 8 7 9 )  ( 3 .3 5 )

T h e  s o lu b i l i t y  o f  m a g n e t i t e  i s  th e  m a x im u m  a m o u n t  o f  

m a g n e t i t e  th a t  c a n  d i s s o lv e  in to  th e  s o lu t io n .  T h e  s o lu b i l i t y  i s  a  f u n c t io n  o f  

t e m p e r a tu r e  a n d  p H . T h e  v a lu e  o f  s o lu b i l i t y  c a n  b e  o b t a in e d  b y  T r e m a in e  a n d  

L e b la n c ’s w o r k ( 1 9 8 0 ) ,  F ig u r e  3 . 7 .
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F i g u r e  3 .7  S o lu b i l i t i e s  a t 5 2 3 K  a n d  4 7 3 K  ( T r e m a in e  a n d  L e b la n c ,  1 9 8 0 ) .

3 .2 .8  M a s s  T r a n s fe r  o f  D i s s o l v e d  Ir o n  to  B u lk

D i s s o l v e d  ir o n  a t th e  o x id e / s o l u t i o n  in t e r f a c e  w i l l  d i f f u s e  to  

th e  s o lu t io n  w h e n  th e r e  is  a c o n c e n t r a t io n  g r a d ie n t  b e t w e e n  th e  o x id e / s o lu t io n  

in t e r f a c e  a n d  th e  b u lk  s o lu t io n .
r a te  o f  d i s s o lv e d  ir o n  tr a n sp o r t  to  b u lk  =  h { c 0s -cb) ( 3 .3 6 )

w h e r e  h  =  m a s s  tr a n s fe r  c o e f f i c i e n t .

th e  c o r r e la t io n  fo r  th e  m a s s  t r a n s fe r  c o e f f i c i e n t  fo r  p ip e  f l o w  w i t h  a  

d i f f u s iv i t y  o f  4 .1  X KT4 c m 2/s  is  e v a lu a t e d  b y  E q .3 .3 7 .
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h  = 6 . 3 7 x 1 0 ' บ 0*2
“TÔTF ( 3 .3 7 )

w h e r e  บ  =  v e l o c i t y  ( m / s )
d  =  d ia m e t e r  o f  p ip e  (m ) .

I r o n  a t th e  o x id e / s o l u t i o n  in t e r f a c e  i s  t r a n s fe r r e d  t o  th e  b u lk  

s o lu t io n .  T h is  r e s u lt s  in  a  b u lk  c o n c e n t r a t io n  c h a n g e  a lo n g  th e  f e e d e r s .
T h e  b a la n c e  f o r  ir o n  in  a  c y l in d r ic a l  p ip e  s h e l l ;

+ 7๗A x h ( c  0S - C b)  ( 3 .3 8 )d 2 8C. (  d 2 .  dท - — A x — -  - ทC b — U - n C b — บ
4 dt 4 b 4 x + à x  J

D i v i d in g  E q .3 .3 8  b y  ท — A x ;

^ -  =  Æ - ^ ( c „ - c , )ôt  d x  d  v 01 bJ
( 3 .3 9 )

3 .2 .9  E r o s io n

F i g u r e  3 .8  E r o s io n  o f  o x id e .

T h e  e r o s io n  o f  o u t l e t  f e e d e r s  i s  c a u s e d  b y  th e  v e l o c i t y  o f  

c o o la n t .  T h e  h ig h  v e l o c i t y  a f f e c t s  h ig h  w a l l  s h e a r  s t r e s s  in  th e  f e e d e r s .  
T h e r e f o r e ,  t im e  fo r  th e  s p a l l in g  o f  p a r t ic le s  fr o m  th e  o x id e  IS  s m a ll .  T h e  o x id e  

t h ic k n e s s  i s  l o w e r  w h e n  th e  v e l o c i t y  i s  h ig h e r . T h e  t im e  fo r  e r o s io n  e v e n t s  

d e p e n d s  n o t  o n ly  o n  v e l o c i t y  o r  s h e a r  s t r e s s  b u t  a l s o  o n  th e  s i z e  o f  th e  p a r t ic le
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a n d  th e  p o r o s i t y  a s  w e l l  a s  d i s s o lu t io n .  T h e  c o r r e la t io n  o f  th is  t im e  is  

e x p r e s s e d  in  E q .3 .4 0 .
sd

v 2<f>kdAC ( 3 .4 0 )

w h e r e  ร =  p r o p o r t io n a l i t y  s p a l l in g  ( e r o s io n )  c o n s t a n t

d =  d ia m e te r  o f  p a r t ic le  to  b e  r e m o v e d  ( p m )

V =  v e l o c i t y  ( c m /s )

4> =  p o r o s i t y

kd =  d i s s o lu t io n  r a te  c o n s t a n t  ( c m /s )

A C =  c o n c e n t r a t io n  d i f f e r e n c e  b e t w e e n  s o lu b i l i t y

c o n c e n t r a t io n  a t s u r f a c e  ( g / c m 3).

In  th e  s a tu r a te d  s y s t e m  a s  fr o m  in le t  f e e d e r s ,  th e r e  i s  n o  

d is s o lu t io n .  T h u s ,  th e  E q .3 .4 0  is  r e w r it t e n  fo r  s a tu r a te d  s y s t e m  a s ,
sdt = v2(f) ( 3 . 4 1 )

F o r  th e  s i z e  o f  s p a l le d  p a r t ic le ,  L a n g  ( 2 0 0 0 )  p r o p o s e d  a  

r e c ip r o c a l  d is t r ib u t io n  o f  p a r t ic le  s iz e .  A  s m a ll  p a r t ic le  i s  r e m o v e d  fr o m  th e  

o x id e  la y e r  m o r e  o f t e n  th a n  a  la r g e  p a r t ic le .
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Particle Size (pm)

F ig u r e  3 .9  S i z e  d is t r ib u t io n ( L a n g , 2 0 0 0 ) .

PotltkMi along Tha Tuba (mm.)

F i g u r e  3 . 1 0  S h e a r  s t r e s s  fo r  tu b e  p r o b e  w i t h  f lu id  v e l o c i t y  o f  1 0 m /s ,  fr o m  

F L U E N T  ( S u p a - A m o m k u l ,  2 0 0 1 ) .
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Position along Tha Tubs (mm.)
จ

F ig u r e  3 .1 1  S h e a r  s t r e s s  fo r  tu b e  p r o b e  w it h  f lu id  v e l o c i t y  o f  2 0 m /s ,  fr o m  

F L U E N T  ( S u p a - A m o m k u l ,  2 0 0 1 ) .

T h e  t im e  f o r  e r o s io n  e v e n t  i s  a ls o  a f f e c t e d  b y  th e  v e l o c i t y  th a t  

c a u s e s  th e  s h e a r  s tr e s s  in  th e  f e e d e r s .  F L U E N T , t h e  C o m p u t a t io n a l  F lu id  

D y n a m ic s  ( C F D )  c o d e ,  i s  u s e d  to  d e t e r m in e  w a l l  s h e a r  s t r e s s  a lo n g  o u t le t  

f e e d e r s  a n d  p r o b e s  in  th e  t e s t  lo o p .
F ig u r e s  3 . 1 0  a n d  3 . 1 1  a r e  th e  s h e a r  s t r e s s  d is t r ib u t io n  a lo n g  th e  

tu b e  p r o b e  a t  f lu id  v e l o c i t i e s  o f  lO m /s  a n d  2 0 m /s ,  r e s p e c t iv e ly .  T h e s e  

d is t r ib u t io n s  w e r e  c o m p u t e d  b y  u s in g  F L U E N T  c o d e  ( S u p a - a m o m k u l ,  2 0 0 1 ) .  
It is  in d ic a t e d  th a t  th e  h ig h  w a l l  s h e a r  s t r e s s  ta k e s  p la c e  a t th e  e n tr a n c e  f o r  b o th  

t u b e s ,  d u e  to  th e  h ig h  v e l o c i t y  g r a d ie n t s  in  th is  r e g io n .  T h e  h ig h e r  w a l l  s h e a r  

s t r e s s  in  F ig u r e  3 . 1 1  th a n  in  F ig u r e  3 . 1 0  in d ic a t e s  th a t  h ig h e r  v e l o c i t y  y i e ld s  in  

h ig h e r  s h e a r  s tr e s s .  F r o m  th e  d i f f e r e n c e  in  w a l l  s h e a r  s t r e s s  a t d i f f e r e n t  a r e a s
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th e  s h e a r  s t r e s s  e n h a n c e m e n t  i s  a d d e d  in  th e  d e n o m in a t o r  o f  E q s .3 .4 0  a n d  3 . 4 1 .  

T h is  e n h a n c e m e n t  i s  th e  r a t io  o f  th e  l o c a l  s h e a r  s t r e s s  to  th e  s h e a r  s t r e s s  a t f u l ly  

d e v e lo p e d  f l o w .

3 . 2 . 1 0  O v e r a l l  E q u a t io n s
T h e  o x id e  la y e r  w i l l  p r o t e c t  th e  m e t a l  s u r f a c e  f r o m  c o r r o s io n ,  

th e r e fo r e ,  a  t h ic k  o x id e  la y e r  r e d u c e s  th e  c o r r o s io n  r a te  o f  th e  m e t a l .
T h e  in n e r  o x id e  t h ic k n e s s  i s  o b t a in e d  b y  a n  ir o n  b a la n c e  o n  th e

in n e r  la y e r .

O x id e  g r o w t h  =  p r e c ip i t a t io n  -  d i s s o lu t io n  -  r e m o v a l  te r m

0.723 ^  =  0 .4 7 6 ^ ( 1  -  # ) -  l , k dF ' { C sat -  c j - B p  H.10,บ 2

( 3 .4 2 )

( 3 .4 3 )

w h e r e  5i =  th e  a m o u n t  o f  o x id e  in  in n e r  p e r  u n it  a r e a

A,j =  1 w h e n  C sa ^ C o s a n d  8j *  0

=  0 o t h e r w is e

B  =  r e m o v a l  c o n s t a n t  ((gFe/gH2 o) s /c m )
บ  =  v e l o c i t y  ( c m /s ) .

F o r  th e  o u te r  o x id e  la y e r  t h ic k n e s s ;

O x id e  g r o w t h  =  - d i s s o l u t i o n  -  r e m o v a l  te r m

0 .7 2 3 ^ -  = - X°k«F -  o - B pH20บ '-:

( 3 .4 4 )

( 3 .4 5 )

w h e r e  5 0

A.0

=  th e  a m o u n t  o f  o x id e  in  o u te r  p e r  u n it  a r e a  

=  0  w h e n  C sat> C 0ร a n d  80=0 

=  1 o t h e r w is e

C o n c e n t r a t io n  a t th e  o x id e / s o l u t i o n  in t e r f a c e  c a n  b e
d e t e r m in e d  fr o m  E q . 3 . 2 8 ;
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c „ = c . -0 .476^(1 .101  + ̂
F e P a t t i b - h ) *  P c x t o b - t o ) .

( 3 .4 6 )

A t  th e  o x id e / s o l u t i o n  in t e r f a c e ,  th e  ir o n  b a la n c e  i s  a s  E q .3 .4 7 ;
d i f f u s io n  +  d i s s o lu t io n  =  m a s s  tr a n s fe r

0 . 4 7 6 ^ ( 1 . 101 +  ^  +  4 , F - ( C „ , - C „ ) =  / 1 ( C „ - Q )

F r o m  E q .3 .4 8 ;

c  =
h  +  k . F *dr  V̂

0.476^(1. l o i + ^ j + ^ r c .  1+ h e 'at

( 3 .4 7 )

( 3 .4 8 )

( 3 .4 9 )

E q .3 .4 9  c a n  b e  u s e d  to  c a lc u la t e  C os, th e  s a m e  a s  E q .3 .4 6 .  L e t  

E q .3 .4 6  e q u a l  E q .3 .4 9 ,  th e n  th e  c o r r o s io n  r a te  e x p r e s s io n  i s  o b t a in e d  a s

1 ’ (  * \
w ~ l  + : v kd F c *°> + h C b '

d̂ _  ___________________________\ h + k d F / _________________________________________ ( 3 .5 0 )

0.476^1.101 + <2ร)
T

(
ร . ร O
/ \  + /  \ + *

๕Q___
1 K P a x + i V  -  *1)  p m *o V  -  K  ) ) * + k d F  J

S in c e  th e  m o d e l  m e n t io n e d  a b o v e  i s  c o m p l i c a t e d  w i t h  e le c t r o c h e m ic a l  

c a lc u la t io n .  T h e r e  a r e  m a n y  id e a s  a b o u t  e l e c t r o c h e m ic a l  e f f e c t .  T h e  n e w  

m o d e l  th a t  b a s e d  o n  r e a c t io n  a n d  m a s s  tr a n s fe r  w a s  p r o p o s e d  ( S t e w a r d ,  2 0 0 0 ) .  

T h is  n e w  m o d e l  d id  n o t  c o n c e r n  w i t h  e l e c t r o c h e m ic a l  c a lc u la t io n .  It is  

d e s c r ib e d  in  a p p e n d ix  E.

3 .3  C o m p u t a t i o n

T h e  p r im a r y  c o o la n t  lo o p  is  d iv id e d  in to  s e g m e n t s  T h e  b o u n d a r y  o f  

e a c h  s e g m e n t  is  c a l le d  a  n o d e .  F o r  th e  o u t l e t  f e e d e r ,  th e r e  a re  s e v e n  n o d e s  fo r
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th e  e n tr a n c e  s e c t io n ,  th e  f ir s t  b e n d , d o w n  s tr e a m  o f  t h e  f i r s t  b e n d , a n d  fo u r  

n o d e s  a lo n g  th e  s t r a ig h t  p ip e ,  F ig u r e  3 . 1 2 .

O u tlet

S tartin g  p o in t

F i g u r e  3 .1 2  C o m p u t a t io n a l  s e g m e n t s  in  t h e  lo o p .

T h e  p r o b e  in  th e  t e s t  l o o p ,  c a n  b e  d iv id e d  in to  t w o  n o d e s  fo r  th e  o u t le t  

a n d  n o n e  fo r  th e  in le t .  T h is  i s  d u e  to  th e  le n g th  p r o b e  a n d  th e  l e s s  c o m p l ic a t e d
g e o m e t r y .

In  t h is  c o m p u t a t io n ,  th e  t im e  d e p e n d e n c e  o f  th e  b u lk  c o n c e n t r a t io n  c a n  

b e  n e g l e c t e d  b e c a u s e  th e  c o o la n t  f l o w s  a r o u n d  th e  l o o p  in  a  s h o r t  p e r io d  o f  

t im e . F u r th e r m o r e , th e  c o r r o s io n  o f  c a r b o n  s t e e l  i s  n o t  s e n s i t i v e  to  t im e  

in c r e m e n t s  o f  s e c o n d s ,  e x c e p t  in  th e  in i t ia l  s t a g e  w h e n  th e  c o r r o s io n  r a te  is  

v e r y  h ig h .  T h e  d a ta  in p u t  f o r  f e e d e r s  a n d  v a r ia b le s  a r e  a t ta c h e d  in  a p p e n d ix  A . 
V is u a l  B a s i c s  in  M ic r o s o f t  E x c e l s  p r o g r a m  is  u s e d  f o r  c o m p u t a t io n .  T h e  

p r o g r a m  c o d e  i s  in  a p p e n d ix  B . T h e  p r o g r a m  f o r  th e  p r o b e  i s  a t ta c h e d  in  

a p p e n d ix  c .
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