
CHAPTER II 
LITERATURE REVIEW

2.1 Flow-Assisted Corrosion (FAC) of CANDU Feeder Pipe

CANDU reactor is a Canadian-designed Pressurized Heavy Water Reactor 
(PHWR) which uses heavy water, Deuterium (D2O), as a moderator and coolant.

Figure 2.1 Schematic of primary coolant in CANDU reactor

As describe in Figure 2.1, fuel channels are fixed horizontally in a tank 
called a calandria. Heavy water coolant is pumped through the channels containing 
the fuel assemblies to pick up the heat generated from the nuclear reaction. Then the 
coolant moves to the steam generators to produce steam from ordinary water and 
then returns to the reactor. The heavy water is expensive but it permits the use of 
natural uranium as fuel.

After the inspection of the outlet feeders at Point Lepreau during 1995-1996 
at places close to the reactor face, it was found that excessive thinning of the first few 
meters of the outlet feeders was widespread due to FAC. Since the discovery there 
have been many attempts to understand the mechanism of this FAC and correlate the 
corrosion rate with operating variables. (Lister, 1997)
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F lo w - A s s i s te d  C o r r o s io n  (F A C )  -  s o m e t im e s  c a l le d  e r o s io n - c o r r o s io n  - is  a  
m ix tu r e  o f  s u r f a c e  d is s o lu t io n ,  w h ic h  is  a n  e le c t ro c h e m ic a l  p r o c e s s ,  a n d  e ro s io n  
in d u c e d  b y  f lo w . T h e  o u t le t  f e e d e r  is  s u s c e p tib le  to  c o r r o s io n  b e c a u s e  th e  
t e m p e r a tu r e  o f  th e  c o o la n t  in c re a s e s  a f te r  p a s s in g  th r o u g h  th e  r e a c to r  c o r e ,  w h ic h  
c a u s e s  a  h ig h e r  s o lu b i l i ty  o f  th e  n o r m a l ly  p ro te c t iv e  o x id e .  T h e  h ig h  tu r b u le n c e  
w i th in  th e  f i r s t  f e w  m e te r s  a f te r  th e  e n d  f i t t in g  p ro m o te s  F A C .

T h e  th in n in g  ra te  d u e  to  F A C  d e p e n d s  o n  m a n y  f a c to r s  s u c h  a s  c o o la n t  
v e lo c i ty ,  g e o m e t r y ,  w a te r  c h e m is t ry ,  s u r f a c e  c o m p o s i t io n ,  t e m p e r a tu r e .  T h e  
a c c e le r a te d  th in n in g  c a n  le a d  to  a  s c a l lo p e d  s u r f a c e  w h ic h  h a s  a  d is t in c t iv e  w a v e - l ik e  
a p p e a r a n c e  w i th  a  s m o o th  b o t to m  a n d  s h a rp  c re s ts .  T h e  s c a l lo p e d  s u r f a c e  s u p p o r t in g  
a  th in  o x id e  l a y e r  is  o b s e r v e d  in  m a n y  s i tu a t io n s  in v o lv in g  F A C . F ig u r e  2 .2  s h o w s  a  
s c a l lo p e d  s u r f a c e  o n  th e  in n e r  s u r f a c e  o f  a  c a r b o n  s te e l f e e d e r  p ip e .

Figure 2.2 S c a l lo p in g  o n  th e  in n e r  s u r f a c e  o f  a  c a r b o n  s te e l  f e e d e r  p ip e
(V i l l ie n ,  2 0 0 1 )
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2.2 Scalloping Phenomena

2 .2 .1  S c a llo p s
S u r f a c e  s c a l lo p in g  is  ty p ic a l  o f  th e  a t ta c k  b y  F A C  o f  c a rb o n  s te e l.  I t  is  

a ls o  f o u n d  in  th e  s c u lp t in g  o f  c la y ,  m u d  o r  ro c k  r iv e r  b e d s  b y  f a s t  f lo w in g  s tr e a m s  
(A l le n ,  1 9 7 1 ) . In  g e n e r a l ,  th e  c r e s t - to - c r e s t  s p a c in g  is  e ig h t  t im e s  lo n g e r  th a n  th e  
p e a k - to - v a l le y  h e ig h t  o f  s c a l lo p s .

T h e  in v e s t ig a t io n  o f  th e  S 0 8  f e e d e r  o f  P L G S  a t  th e  in t r a d o s  o f  th e  f ir s t  
b e n d ,  w h ic h  w a s  a t t a c k e d  b y  F A C  , s h o w e d  th a t  th e  s c a l lo p  s iz e  a r e  r o u g h ly  0 .5 -0 .7 5  
m m  a c r o s s  a n d  a p p e a r  to  b e  in  a n  o v e r la p p in g  p a t te r n  th a t  f o l lo w s  th e  p r in c ip a l  
d i r e c t io n  o f  th e  f lu id  f lo w . T h is  t y p e  o f  s c a l lo p  m a y  b e  in i t ia te d  b y  o x id e  s p a l l in g ,  
w h ic h  is  o c c u r r in g  r a n d o m ly  o v e r  th e  s u r f a c e  in  s m a l l  p a tc h e s .  A s  th e  c o r ro s io n  
p r o c e s s  p r o c e e d s ,  th e  o x id e  f i lm  is  p r o g r e s s iv e ly  w e a k e r  e v e n  th o u g h  th e  th ic k n e s s  is  
in c r e a s e d  w i th  t im e . E v e n tu a l ly  w h e n  f lu id  s h e a r  fo r c e  o v e r c o m e s  th e  c o h e s iv e  fo rc e , 
th e  s p a l l in g  o c c u rs .  T h is  ty p e  o f  a t t a c k  c a n  g iv e  r i s e  to  a  s c a l lo p e d  s u r fa c e . (L is te r ,  
1 9 9 7 )

V i l l ie n  a t  e l. ( 2 0 0 1 )  f o u n d  th a t  th e  in d iv id u a l  s c a l lo p s  a re  in i t i a te d  a t 
s u r f a c e  d e fe c ts .  T h e y  b e g in  u p s t r e a m  a n d  p r o g r e s s iv e ly  fo rm  d o w n s t r e a m  w ith  
c h a r a c te r is t ic s  th a t  d e p e n d  o n  th e  f lo w . T h e  n u m b e r  o f  s c a l lo p s  in c re a s e s  w i th  th e  
f lo w  ra te  w h e r e a s  th e  a v e r a g e  s iz e  o f  a  s c a l lo p  d e c r e a s e s  w i th  f lo w  ra te .  S o m e  
d e f e c t s  a re  e r a s e d  f r o m  th e  s u r f a c e  a f te r  a  c e r ta in  p e r io d  o f  t im e .  O n ly  th e  s c a l lo p s  
th a t  a re  l a r g e r  th a n  th e  c r i t ic a l  s iz e  s e t  b y  th e  f lo w  c o n d i t io n  r e m a in  a t th e  s u r fa c e . 
A n o th e r  im p o r ta n t  f in d in g  is  th a t  th e  r a te  o f  d is s o lu t io n  o f  p la s t e r  in  a  la b o r a to r y  
e x p e r im e n t  w a s  fo u n d  to  b e  p r o p o r t io n a l  to  th e  w a te r  f lo w  ra te .

B u r r i l l  ( 1 9 9 8 )  c o m p a r e d  th e  c h a r a c te r i s t ic s  o f  s c a l lo p s  f o r m e d  o n  
c o r r o d e d  m e ta l  w i th  th o s e  fo rm e d  o n  p la s te r  o f  P a r is .  D u e  to  t h e  s im i la r  p r o f i le ,  h e  
c o n c lu d e d  th a t  th e  s c a l lo p in g  is  th e  re s u l t  o f  h y d r o d y n a m ic  p h e n o m e n a  w i th  l i t t le  
i n f lu e n c e  f ro m  th e  p r o p e r ty  o f  th e  s o lid .  F lo w e v e r ,  r e c e n t  r e s e a r c h  f o u n d  th a t  
d i f f e r e n t  m e ta l  c o m p o s i t io n s  m a y  le a d  to  d i f f e r e n t  f e a tu re s  o f  th e  s c a l lo p s .  M o re  
in v e s t ig a t io n  is  n e e d e d  to  v e r i f y  th is .  (L is te r ,  2 0 0 6 ,  p r iv a te  c o m m u n ic a t io n )
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2 .2 .2  G e o lo g ic a l  S tu d y
S in c e  s c a l lo p e d  s u r f a c e  is  a l s o  o b s e rv e d  in  th e  n a tu r e  s u c h  a s  ic e ,  m u d  

a n d  l im e s to n e ,  s o m e  g e o lo g ic a l  s tu d ie s  h a v e  b e e n  d o n e .
A  f lu te  is  a  tw o - d im e n s io n a l  (2 D ) ,  s ta b le  p e r io d ic  d is s o lu t io n  p r o f i le  

r e s u l t in g  f ro m  in te r a c t io n s  b e tw e e n  a d ja c e n t  t u r b u le n c e s ,  a s  s h o w n  in  F ig u re  2 .3 .  I t  is  
m u c h  e a s ie r  to  s tu d y  th e  t r a n s p o r t  p r o p e r t ie s  f ro m  a  f lu te  r a th e r  th a n  f ro m  3 D  s c a l lo p  
d ir e c t ly .

4. Reatucbrwnt รุ! R scircuUtloq flew6, tee  slope boundary Uyer7. Streetward slope boundary layerร! te e  slope boundary layer separation; s ta l l  eddies

Figure 2 .3  F lu te  h y d r o d y n a m ic s  (B lu m b e r g ,  1 9 7 0 )

B lu m b e r g  ( 1 9 7 0 )  s tu d ie d  t h e  h y d r o d y n a m ic  f a c to r s  a f f e c t in g  th e  
o r ig in  a n d  p r o p a g a t io n  o f  a  f lu te .  H e  t r ie d  to  o b ta in  a  s ta b le  f lu te d  s u r f a c e  a n d  f o u n d  
th a t  b y  u s in g  a  k n if e  to  c r e a te  a  s e r ie s  o f  g r o o v e s  p e r p e n d ic u la r  to  th e  f lo w  d ir e c t io n ,  
th e  s ta b le  d i s s o lu t io n  p r o f i le  f lu te  c a n  b e  c r e a te d .

W h e n  th e  f l o w  e n te r  th e  s c a l lo p e d  s u r f a c e ,  f lo w  is  s e p a ra te d  a n d  th e  
r e c i r c u la t io n  z o n e  i s  c r e a te d  d u e  to  th e  e x i s ta n t  o f  l a m in a  f re e  s h e a r  la y e r .  A t  a  
c e r t a in  d is ta n c e  d e te r m in e d  b y  th e  f lo w  h y d r o d y n a m ic s ,  th e  l a m in a  f re e  s h e a r  s ta r t  to  
b e  w e a k  a n d  f in a l ly  d is a p p e a r .  S in c e  th e r e  is  n o  l a m in a  s h e a r  la y e r ,  th e  f lo w  th e n  
im p in g e  o n  to  th e  s u r f a c e  a t  r e a t t a c h m e n t  z o n e  w h ic h  h a s  th e  h ig h e s t  c o r r o s io n  ra te . 
T h e  d is ta n c e  o f  im p in g e m e n t  c a n  d e te r m in e  t h e  s iz e  a n d  s h a p e  o f  th e  s c a l lo p .
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In  1 9 7 1 , A l le n  fo u n d  th a t  f lu te  is  g e n e ra te d  f ro m  th e  d e fe c t  o n  th e  
s u r f a c e  th a t  e x c e e d  a  c e r ta in  c r i t ic a l  d im e n s io n  s e t  b y  f lo w  c o n d i t io n s .  T h e  d e fe c t  
th e n  g r o w s  la r g e r  a n d  b e c o m e  a  f lu te .  F ig u re  2 .4  s h o w s  i ts  s te p s  o f  d e v e lo p m e n t .

Figure 2.4 S ta g e s  in  th e  d e lo p m e n t  o f  e x p e r im e n ta l  F lu te s  (a -e )  a n d  g ro o v e s  ( f ) ,  (g )  
f ro m  d e f e c t s  in t r o d u c e d  in to  P la s te r  o f  P a r is  b e d s  F lo w  f ro m  b o t to m  to  to p . (e )  is  10  

c m  w id e .  ( A l le n ,  1 9 7 1 )
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F lu te  c o n tin u e  g ro w in g  a n d  e v e n tu a l ly  th e  o v e r l a p  p a t te r n  o f  f lu te  w ill  
g iv e  r i s e  to  s c a l lo p  s u r fa c e . F o r  th e  d e fe c t  t h a t  d o e s n ’t  e x c e e d  th e  c r i t ic a l  s iz e ,  it  
g r o w  in i t i a l ly  in  l e n g th  a n d  w id th  to  g iv e  a  lo n g  n a r r o w  g r o o v e  ly in g  p a r a l l e l  to  th e  
f lo w  b u t  f in a l ly  b e  r e m o v e d  f ro m  th e  b e d  a f te r  a  s u f f ic ie n t  t im e .  T h e  s k in  f r in t io n  o f  
f lu te  is  s h o w n  in  F ig u re  2 .5  (A l le n ,  1 9 7 1 )

Figure 2.5 S c h e m a t ic  f lo w  f ie ld s  ( s k in - f r ic t io n  l in e s  a n d  s t r e a m l in e s  a s s o c ia te d  w ith  
(a )  m a tu r e  f lu te s  a n d  (b )  m a tu r e  g ro o v e s )

H e  s u g g e s te d  th a t  s e p a r a t io n  o f  f lo w  m a y  b e  a  p h e n o m e n o n  n e c e s s a ry  
fo r  m a in ta in  o f  s c a l lo p in g  a n d  in  th e  c a s e  o f  f lu te ,  p e rh a p s  a l s o  f o r  t h e i r  o r ig in .

B lu m b e r g  a n d  C u r l  ( 1 9 7 4 )  f o u n d  th a t  th e re  is  a  s ta b i l i ty  w a v e le n g th  
R e y n o ld s  n u m b e r  f o r  f lu te  s ta b i l i ty ,  w h ic h  i s  a b o u t  2 3 0 0 0  ( B lu m b e r g  a n d  C u rl, 
1 9 7 4 ) , w h ic h  a g r e e s  w i th  th e  v a lu e  o b ta in e d  f r o m  ic e  a n d  l im e s to n e .  T h e y  s u g g e s te d
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th a t  th e  n u m b e r  2 3 0 0 0  c o u ld  b e  a  u n iv e r s a l  R e y n o ld s  n u m b e r  f o r  a n  e q u i l ib r iu m  
e r o s io n a l  s u r fa c e . S u c h  a  R e y n o ld s  n u m b e r  m e a n s  th a t  th e  ty p e  o f  s u r f a c e  m a te r ia l  
a n d  th e  d i s s o lu t io n  ra te  w i l l  n o t  a f f e c t  th e  s c a l lo p e d  s u r f a c e  c h a r a c te r is t ic s .  R e c e n t ly ,  
a  f u r th e r  s tu d y  s h o w e d  th a t  th e  id e a  o f  u n iv e r s a l  w a v e le n g th  R e y n o ld s  n u m b e r  
d o e s n ’t  a p p ly  to  a  m e ta l  c o r r o d in g  s u r f a c e .  ( P r iv a te  C o m m u n ic a t io n  , L is te r ,  2 0 0 6 )

2.3 Roughness and Pressure Drop

Y o n g  S h a o  ( 2 0 0 6 )  s tu d ie d  th e  e f f e c ts  o f  s c a l lo p in g  o n  p r e s s u r e  d ro p .  T h e  
r e s u l t  i s  s h o w n  in  F ig u re  2 .4 .
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Figure 2.6 T h e  p r e s s u r e  d ro p  v s .  t im e  ( Y o n g  2 0 0 6 )

T h e s e  tw o  ru n s  u s e d  th e  s a m e  o p e r a t in g  c o n d i t io n s  w i th  d if f e r e n t  t y p e s  o f  
s u r f a c e  m a te r ia l .  R u n  1 u s e d  p u re  p la s t e r  o f  P a r is  a s  a  s u r f a c e  w h i le  R u n  2  u s e d  
c o m m e r c ia l  p la s t e r  o f  P a r is  c o n ta in in g  m a n y  im p u r i t i e s  s u c h  a s  s a n d .
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W h e n  s c a l lo p in g  w a s  d e v e lo p in g ,  th e  s u r f a c e  o f  R u n  1 s e e m e d  to  b e  s ta b le  
b u t  t h e  s u r f a c e  s e e m e d  to  b e  s m o o th e r  in  R u n  2 . F u r th e r  e x p e r im e n ts  a re  n e e d e d  to  
o b ta in  a  m o r e  c o m p r e h e n s iv e  u n d e r s ta n d in g  o f  th e  s u r fa c e  b e h a v io r .

Y o n g  S h a o  ( 2 0 0 6 )  a ls o  p r o p o s e d  th a t  i f  th e  s c a l lo p in g  c a n  m a k e  th e  s u r f a c e  
s m o o th e r ,  a  s c a l lo p e d  s u r f a c e  c o u ld  b e  th e  b e s t  c a n d id a te  to  g iv e  th e  h ig h e s t  r a t io  o f  
k / f  ( m a s s  t r a n s f e r  c o e f f ic ie n t  to  f r i c t io n  fa c to r )  f o r  a  g iv e n  r o u g h n e s s  h e ig h t .  T h is  
h ig h e s t  r a t io  c a n  m a k e  th e  s c a l lo p e d  s u r fa c e  a  p o te n t ia l  c h o ic e  fo r  in d u s t r y  th a t  
d e s i r e s  a  h ig h  m a s s  t r a n s f e r  w i th  a  lo w  p re s s u r e  d ro p .

2.5 Computational Fluid Dynamics (CFD) and Viscous Model

T h e  C F D  s o f tw a r e  u s e d  in  th i s  s tu d y  is  F L U E N T  6 .0 . F L U E N T  is  a  w o r ld ­
w id e  p r o v id e r  o f  c o m m e r c ia l  c o m p u ta t io n a l  f lu id  d y n a m ic s  ( C F D )  s o f tw a r e  a n d  
s e r v ic e s .  T h e  s o f tw a r e  is  c a p a b le  o f  m o d e l l in g  f lu id  f lo w  in  c o m p le x  g e o m e tr ie s .  It 
p r o v id e s  c o m p le te  m e s h  f l e x ib i l i ty  to  m a x im iz e  th e  e f f i c ie n c y  o f  c r e a t in g  c o m p le x  
g e o m e try .

2 .3 .1  S im u la t io n  P r o c e d u r e
T h e  s im u la t io n  c o n s is t s  o f  s ix  m a in  s te p s :
1. D e f in e  th e  m o d e l l in g  g o a ls .
2 . C r e a te  th e  m o d e l  g e o m e t r y  a n d  g r id .
3 . S e t  u p  th e  s o lv e r  a n d  p h y s ic a l  m o d e ls .
4 . C o m p u te  a n d  m o n i to r  th e  s o lu t io n .
5. E x a m in e  a n d  s a v e  th e  r e s u l ts .
6 . C o n s id e r  r e v i s io n s  to  th e  n u m e r ic a l  o r  p h y s ic a l  m o d e l  p a ra m e te r s .
T h e s e  s te p s  c a n  b e  d iv id e d  in to  th r e e  p a r ts .  S te p s  1 a n d  2  a re  in  p r e ­

p r o c e s s in g  p a r t .  In  th is  p a r t ,  th e  p u r p o s e  o f  th e  s im u la t io n  s h o u ld  b e  p r o p e r ly  
d e f in e d .  T h e  g r id  o f  a n y  g e o m e t r y  th a t  w e  s tu d y  is  m e s h e d  in  th i s  s te p  a n d  m a d e  
r e a d y  to  b e  re a d  in to  th e  s o lv e r .  G A M B I T  s o f tw a r e  w h ic h  c o m e s  w i th  th e  F L U E N T  
p a c k a g e  is  u s e d  f o r  g r id  p ro c e s s in g .

T h e  s o lv e r  p a r t ,  c o n s is t in g  o f  s te p s  3 a n d  s te p s  4 ,  is  a b o u t  s o lv in g ,  
c o m p u t in g  a n d  m o n i to r in g  t h e  s o lu t io n .  T h e  S o lv in g  p a r a m e te r s  c a n  b e  d e f in e d  in
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th i s  p a r t .  T h e  n u m b e r  o f  i te r a t io n s  c a n  b e  s p e c if ie d  a n d  th e  c o n v e r g e n c e  o f  th e  
c o m p u ta t io n  c a n  b e  m o n i to r e d .

T h e  la s t  p a r t  is  p o s t - p r o c e s s in g ,  s te p s  5 a n d  6 . In  th i s  p a r t ,  th e  r e s u l t  
w i l l  b e  d is p la y e d  g r a p h ic a l ly  b y  m a n y  to o ls .  T h a t  g r id  a n d  m o d e l  c a n  b e  a d a p te d  to  
im p r o v e  th e  q u a l i ty  a n d  a c c u r a c y  o f  th e  r e s u l ts .  S in c e  e v e r y  s te p  is  im p o r ta n t  to  th e  
a c c u r a c y  a n d  r e l i a b i l i ty  o f  th e  r e s u l ts ,  a  g o o d  u n d e r s ta n d in g  o f  th e  p r o b le m  a n d  th e  
p r o g r a m  a r e  b e n e f ic ia l .

2 .3 .2  T u r b u le n c e  V is c o u s  M o d e l
T u r b u le n c e  is  c h a r a c te r iz e d  b y  f lu c tu a t in g  v e lo c i ty  f ie ld s .  V is c o u s  

m o d e ls  a r e  u s e d  to  d e c r e a s e  th e  c o m p u ta t io n a l  e x p e n s iv e  b y  r e m o v in g  s m a l l  
f l u c tu a t io n  u s in g  t im e - a v e r a g e d ,  e n s e m b le - a v e r a g e d ,  o r  o th e r w is e  m a n ip u la te d  to  
r e m o v e  th e  s c a le s .  In  s o m e  s i tu a t io n ,  th e  c h o ic e  o f  v is c o u s  m o d e l  c a n  s ig n i f ic a n t ly  
c h a n g e  th e  s o lu t io n .  I t  is  b e n e f i t  to  u s e  th e  a p p r o p r ia te  m o d e l  fo r  s p e c i f ic  ty p e  o f  
p ro b le m .

S in c e ,  th e r e  is  n o  u n iv e r s a l  tu r b u le n c e  v is c o u s  m o d e l ,  th e  c a p a b i l i ty  
a n d  l im i ta t io n  o f  th e  m o d e l  n e e d  to  b e  u n d e r s to o d .  T h e  tu r b u le n c e  m o d e ls  a re  l is te d  
b e lo w .

- S p a la r t - A l lm a r a s  m o d e l
- k-co m o d e ls

S ta n d a r d  k -  (0 m o d e l
S h e a r - s t r e s s  t r a n s p o r t  (S S T )  k-co m o d e l

- k - s  M o d e ls
S ta n d a r d  k -  8 m o d e l  
R e a l iz a b le  k -  8 m o d e l  
R e n o r m a l iz a t io n - g r o u p  (R N G  - k -e  M o d e l)

-  V 2 - f  m o d e l
- R e y n o ld s  S t r e s s  M o d e l  (R S M )  m o d e l
- D e ta c h e d  e d d y  s im u la t io n  (D E S )  m o d e l
- L a rg e  e d d y  s im u la t io n  ( L E S )  m o d e l
D u e  to  th e i r  h ig h  c o m p u ta t io n a l  c o s t  b u t  n o  g u a r a n te e d  fo r  b e t te r  

r e s u l ts ,  R S M , D E S  a n d  L E S  a r e  n o t  u s e d  in  th is  w o rk .  S p a la r t - A l lm a r a s  m o d e l  a n d  
V 2 -  f  m o d e l  a r e  n o r m a l ly  u s e d  fo r  q u ic k  a n d  r o u g h  s im u la t io n  in  s p e c if ic  ty p e  o f
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p r o b le m . S in c e  h ig h  a c c u r a c y  is  n e e d e d ,  th e s e  tw o  m o d e ls  a re  n o t  u s e d .  S ta n d a rd  
m o d e l  o f  k -  8 a n d  k-co m o d e l  a re  p r o v e d  to  b e  l e s s  s u p e r io r  to  th e  m o d i f ie d  o n e . T h e  
m o d e ls  to  b e  t e s te d  in  th is  w o rk  c o n s is t  o f  3 m o d e ls  b e lo w .

1) S h e a r - s t r e s s  t r a n s p o r t  (S S T )  k-co m o d e l
2 )  R e a l iz a b le  k -  8 m o d e l
3 )  R N G - k - s  M o d e l
T h e  r e s u l ts  a re  p r o p o s e d  in  c h a p te r  4 .
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