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A h s t r a c t

An a p p a r a t u s  was d e s ig n ed  t o  s tu d y  t h e  e f f e c t  o f  h e a t  

t r a n s f e r  on c o r r o s i o n  i n  b o i l i n g  s o l u t i o n s .  T h i s  e n a b le d  th e  

s e p a r a t i o n  of  t h e  e f f e c t s  of h e a t  t r a n s f e r  and s u r f a c e  temp­

e r a t u r e .  P r e v i o u s  w orke rs  had s u g g e s te d  t h a t  s u r f a c e  tem p- 

u r a t u r e  was th e  im p o r t a n t  f a c t o r  r a t h e r  t h a n  h e a t  t r a n s f e r ,  

b u t  no work had been r e p o r t e d  which had made a s e p a r a t e  s t u d y .  

B o i l i n g  c o n d i t i o n s ,  however,  a l low ed  l a r g e  i n c r e a s e s  i n  h e a t  

t r a n s f e r  r a t e s  to  o cc u r  w i t h  o n ly  sm a l l  c h a n g e s i i n  s u r f a c e  

t e m p e r a t u r e .  Runs were i n i t i a l l y  c a r r i e d  o u t  u s in g  m ild  

s t e e l  spec im ens  i n  a e r a t e d  and deoxygenated  d i s t i l l e d  w a te r  

u s i n g  an  i n d u c t i v e l y  wound e l e c t r i c a l  h e a t e r .  P roblem s a r o s e  

due t o  in du ced  c u r r e n t s ,  b u t  t h e s e  were e v e n t u a l l y  overcome 

u s i n g  a n o n - i n d u c t i v e l y  wound f o rm e r .  A com par ison  of th e  

r e s u l t s  o f  ru n s  w i t h  v a r i o u s  forms o f  h e a t i n g  i n d i c a t e d  t h a t  

t h e  ind uced  c u r r e n t s  had l i t t l e  o r  no e f f e c t  on th e  c o r r o s i o n  

p r o c e s s e s  i n v o l v e d .  The main s e r i e s  of r u n s  was th e n  con­

t i n u e d  and e x p e r im e n ts  were per fo rm ed  w i th  t h e  same a g e n t s  

b u t  f o r  v a r y in g  t im e s  of e x p o s u re .  S i m i l a r  ru n s  were p e r fo rm ­

ed w i t h  coppe r  sp ec im en s ,  an  e l e c t r o p o s i t i v e  m e ta l  asopposed  

t o  s t e e l ,  w hich  was e l e c t r o n e g a t i v e .  Having drawn c o n c lu s io n s  

from a com par ison  o f  th e  two s e r i e s  of e x p e r i m e n t s ,  ru n s  were 

pe rfo rm ed  u s in g  copper  spec im ens  i n  d i f f e r e n t  c o n c e n t r a t i o n s  

o f  sodium c h l o r i d e  s o l u t i o n .  R e s u l t s  i n d i c a t e d  t h a t ,  f o r

s t e e l ,  w h i le  oxygen was p re sen t -  th e  c o r r o s i o n  r a t e  was9 T UMVERSITY,
I L1DRARY 1
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in d e p e n d e n t  of  h e a t  t r a n s f e r  r a t e s ,  and t h e r e f o r e  s u r f a c e  

t e m p e r a tu r e  was p ro b a b ly  t h e  c o n t r o l l i n g  f a c t o r #  However,

T /ith  co p pe r  i t  was found t h a t  th e  c o r r o s i o n  r a t e  v a r i e d  w i t h  

h e a t  t r a n s f e r  i n  th e  p r e s e n c e  o f  oxygen and t h i s  was th o u g h t  

t o  be due t o  t h e  fo r m a t io n  o f  s t a b l e  ox ide  f i l m s  on th e  s u r f a c e  

a t  h i g h e r  h e a t  f l u x  r a t e s ,  and t h e r e f o r e  b o th  h e a t  t r a n s f e r  

and s u r f a c e  t e m p e r a tu r e  were im p o r ta n t#  R e s u l t s  i n  c h l o r i d e  

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

th e  s u r f a c e  was a c o n t r o l l i n g  f a c t o r  i n  t h e  p r o c e s s e s  and a t  

h i g h e r  h e a t  t r a n s f e r  r a t e s  t h e  c o r r o s i o n  r a t e  i n c r e a s e d ,  due t o  

i n c r e a s e d  mass t r a n s f e r #



The A u th o r
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1 .  An I n t r o d u c t i o n  t o  C o r ro s io n

C o r ro s io n  has  been  d e f in e d  a s  t h e  d e s t r u c t i o n  of  a 

s u b s ta n c e  by c h e m ica l  or e l e c t r o c h e m i c a l  a g e n c i e s .  The 

d e s t r u c t i o n  o f  m e t a l s  -  such  a s  i r o n  or s t e e l s  -  a r e  p r o b ­

a b l y  th e  b e s t  known ex a m p le s .

To i l l u s t r a t e  t h e  mechanism of m e t a l l i c  c o r r o s i o n ,  con­

s i d e r  a m e t a l ,  m, immersed i n  an aqueous  e l e c t r o l y t e .  Due 

t o  v a r i o u s  f a c t o r s ,  some zones  o f  th e  m e t a l  w i l l  become a n o d e s ,  

some w i l l  become c a th o d e s .  The anode r e a c t i o n  w i l l  r e s u l t  

i n  th e  f o r m a t io n  o f  m e t a l l i c  i o n s  and a number of  e l e c t r o n s ,  

depend ing  on th e  v a l e n c y  o f  th e  m e t a l .  The r e a c t i o n  may be 

sym bo l ised  t h u s : -  

Z+
+ ZE 1 ( i )

The f o r m a t i o n  o f  anode a r e a s  i s  f a v o u re d  by th e  ab sen ce  

o f  d i s s o l v e d  oxygen i n  t h e  immedia te  a r e a  and th e  absence  of  

p r o t e c t i v e  o x id e  f i l m s  on th e  s u r f a c e .

F or  t h e  c a th o d e  r e a c t i o n s  t h e r e  a r e  a l t e r n a t i v e s .  I f  

no oxygen i s  p r e s e n t ,  hydrogen  gas  may be l i b e r a t e d ,  and t h e  

r e a c t i o n  sym bo l ised  t h u s : -

2H+ 4- 2E ^  H . . .  l ( i i )
2

I f  oxygen i s  p r e s e n t ,  h y d ro x y l  i o n s  a r e  p roduced  by th e  

c o m b in a t io n  o f  oxygen, w a te r  and a v a i l a b l e  e l e c t r o n s .  The
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r e a o t i o n  may be sy m b o l ised  t h u s : -

t
0 +■ H 0 +  ZE * = :  2(0H) . . .  l ( i i i )

2

A l th o u g h  some a u t h o r i t i e s  sym b o l ise  t h e  r e a c t i o n  a s : -

t
:| 0  +  H 0 ■+ 2E —i>2(OH) . . .  l ( i v )

■ & 2

The r e d u c t i o n  p r o c e e d s  i n  s t a g e s ,  hyd rogen  p e r o x id e  b e in g  

a n  i n t e r m e d i a t e  p r o d u c t .  The p r e s e n c e  o f  o x id e  f i l m s ,  d i s ­

s o lv e d  oxygen c l o s e  t o  t h e  s u r f a c e ,  and m e t a l  e l e c t r o l y t e  

i n t e r f a c e s  w i t h  t h e  power t o  c a t a l y s e  r e a c t i o n s  l ( i i )  and 

l ( i i i )  w i l l  f a v o u r  c a th o d i c  b e h a v io u r .

E l e c t r o n s  p ro du ced  by th e  an o d ic  r e a c t i o n  l ( i )  and r e ­

m a in in g  a t  t h e  m e ta l  s u r f a c e  w i l l  t r a n s f e r  t o  t h e  ca th o d e  

v i a  t h e  m e t a l  and t a k e  p a r t  i n  t h e  c a t h o d i c  r e a c t i o n  ( i i )  o r  

( i i i ) .  Due t o  t h e  p a s s a g e  of  t h i s  c u r r e n t  p o l a r i s a t i o n  may 

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

f o r  t h e i r  p o t e n t i a l s  t o  a p p ro a c h  e a c h  o t h e r .

E v id en ce  f o r  t h e  e l e c t r o c h e m i c a l  n a t u r e  o f  aqueous  c o r -
1

r o s i o n  was p r o v id e d  by T h o r n h i l l  and Evans • They d i s t i n ­

g u i s h e d  be tw een  a n o d ic  and c a th o d ic  a r e a s  on a p a r t i a l l y  

immersed z i n c  p l a t e  i n  N/100 sodium c h l o r i d e  s o l u t i o n ,  and 

o b se rv e d  t h a t  a t t a c k  o n ly  o c c u r re d  a t  a r e a s  w hich  were a t  

t h a t  t im e  a n o d i c .  A c c u ra te  m easurem ents  o f  t h e  c u r r e n t s

f lo w in g  on a s i n g l e  m e ta l  spec im en  were c a r r i e d  o u t  by Hoar 
2

and Evans u s i n g  s t e e l  spec im ens  i n  p o t a s s iu m  ch lo r ide - :
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s o l u t i o n s .  They a l s o  e s t a b l i s h e d  t h a t  c a l c u l a t i o n s  e x p e c te d

w eig h t  l o s s  from m easurem ents  o f  t h e  p o t e n t i a l  d i f f e r e n c e  and

c u r r e n t  f low  be tw een  t h e  anode and c a th o d e  were i n  v e r y  c l o s e
3

ag reem en t  w i t h  t h e  obse rved  w e igh t  l o s s *  Agar and Evans 

pe r fo rm ed  s i m i l a r  work w i t h  z in c  and came t o  t h e  same c o n c lu ­

s io n s*

F o r  a r e a c t i o n  t o  o c c u r  s p o n ta n e o u s ly  t h e r e  must be a 

d e c r e a s e  i n  t h e  f r e e  e n e rg y  between i n i t i a l  and f i n a l  s t a t e s *  

However bec au se  t h e r e  i s  a d e c r e a s e  i n  f r e e  e n e r g y ,  i t  does  

no t  n e c e s s a r i l y  f o l lo w  t h a t  t h e  r e a c t i o n  w i l l  o c c u r  s p o n ta n ­

e o u s l y .  There  may be an  i n t e r m e d i a t e  a c t i v a t e d  s t a t e  of  

h i g h e r  e n e rg y  c r e a t i n g  a b a r r i e r  which  must be overcome. 

C o n s id e r  t h e  r e a c t i o n : -  

Z4-
ZE . . .  1 ( i )

t o  be e x o th e r m ic .  G e n e ra l ly  h e a t i n g  su ch  a sys tem  

i n t r o d u c e s  two f a c t o r s ,  t h e  a d d i t i o n  o f  e n e rg y  t o  the  sys tem  

and an  i n c r e a s e  i n  t e m p e r a t u r e .  An i n c r e a s e  i n  t h e  en e rg y  

o f  t h e  s y s te m ,  by Le C h a t e l i e r f s P r i n c i p l e ,  would be e x p e c te d  

t o  move t h e  r e a c t i o n  e q u i l i b r i u m  t o  t h e  l e f t  -  c a u s in g  a 

r e d u c t i o n  o f  t h e  c o r r o s i o n .  An i n c r e a s e  i n  t e m p e r a tu r e  

would cau se  an  i n c r e a s e  i n  t h e  r e a c t i o n  r a t e  c a u s in g  an 

i n c r e a s e  i n  t h e  c o r r o s i o n  a t  a g iv e  t i m e .  G e n e ra l ly  sp e a k in g  

th e  e f f e c t  o f  t h e  i n c r e a s e d  r e a c t i o n  r a t e  i s  t h e  more
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i m p o r t a n t  f a c t o r *  and c o r r o s i o n  would i n c r e a s e  with, an  i n c r e a s e  

i n  h e a t  t r a n s f e r *  I f  t h e  r e a c t i o n  l ( i )  was e n d o th e rm ic  t h e  

a d d i t i o n  o f  e n e rg y  t o  t h e  sys tem  would cau se  a s h i f t  o f  t h e  

e q u i l i b r i u m  t o  t h e  r i g h t ,  i n c r e a s i n g  c o r r o s i o n *  An i n c r e a s e d  

t e m p e r a tu r e  would l e a d  t o  an  i n c r e a s e  i n  t h e  r e a c t i o n  r a t e ,  

and t h e  o v e r a l l  c o r r o s i o n  would be e x p e c te d  t o  be g r e a t e r .

B o i l i n g  p ro d u c e s  d i f f e r e n t  c o n d i t i o n s  from h e a t  t r a n s f e r  

w i th o u t  phase  chan ge ,  s i n c e  l a r g e  changes  i n  h e a t  i n p u t  

r e s u l t  i n  s m a l l  changes  i n  t e m p e r a tu r e  and t h e  i n c r e a s e  i n  

th e  r e a c t i o n  r a t e s  would be c o r r e s p o n d i n g l y  s m a l l e r .  Thus ,  

depend ing  on t h e  e x t e n t  of t h e  change o f  t h e  r e a c t i o n  r a t e s  

f o r  e x o th e rm ic  r e a c t i o n s  an  i n c r e a s e  i n  h e a t  t r a n s f e r  m ig h t  

r e s u l t  i n  a  d e c r e a s e  i n  c o r r o s i o n ,  and f o r  e n d o th e rm ic  r e a c ­

t i o n  an  i n c r e a s e  m igh t  be e x p e c t e d .

T h i s  c o n s i d e r s  o n ly  th e  an o d ic  h a l f  c e l l ^ t h e  c a t h o d i c  

r e a c t i o n  may a l s o  be a f f e c t e d  by h e a t  t r a n s f e r  depend ing  on 

th e  p r e v a i l i n g  c o n d i t i o n s .

Let  u s  now c o n s i d e r  t h e  modes o f  h e a t  t r a n s f e r  which  would 

r e s u l t  i n  t h i s  b o i l i n g  s t a t e .

2 .  An I n t r o d u c t i o n  t o  H eat  T r a n s f e r  and B o i l i n g

There  a r e  t h r e e  b a s i c  modes o f  h e a t  t r a n s f e r .  Namely:-

1 .  C onduc t ion

C o n d uc t ion  i s  t h e  t r a n s m i s s i o n  o f  h e a t  from one p a r t  o f



a homogeneous opaque s o l i d  t o  a n o t h e r ,  u n d e r  t h e  i n f l u e n c e  o f  

a  t e m p e r a tu r e  g r a d i e n t  w i th o u t  a p p r e c i a b l e  d i s p la c e m e n t  o f  

t h e  p a r t i c l e s *

£ .  C o n v ec t io n

C o n v ec t io n  i s  t h e  t r a n s m i s s i o n  o f  h e a t  by t h e  m ix ing  o f  

p a r c e l s  o f  f l u i d  a t  d i f f e r e n t  t e m p e r a t u r e s  w i t h  one a n o t h e r .  

T h i s  m ix ing  may be caused  n a t u r a l l y ,  su c h  a s  m ix ing  due t o  

d e n s i t y  d i f f e r e n c e s  r e s u l t i n g  from t e m p e r a tu r e  d i f f e r e n c e s  

w i t h i n  t h e  f l u i d ,  o r  m ix ing  by f o r c e d  means,  su c h  a s  mechan­

i c a l l y  s t i r r i n g .  H ea t  e n e rg y  may be t r a n s f e r r e d  s i m u l t a n ­

e o u s l y  by c o n d u c t io n ,  and i n  t r a n s p a r e n t  media by r a d i a t i o n .

3 .  R a d i a t i o n

R a d i a t i o n  i s  t h e  t r a n s m i s s i o n  o f  h e a t  by t h e  e m is s io n  o f  

r a d i a n t  e n e rg y  i n  a l l  d i r e c t i o n s .  , When t h i s  en e rg y  s t r i k e s  

a n o t h e r  body i t  may be r e f l e c t e d ,  t r a n s m i t t e d  o r  a b s o r b e d .

I n  t h e  ca se  o f  t h e  l a t t e r  t h e  amount o f  e n e rg y  ab so rb e d  i s  

t r a n s f e r r e d  q u a n t i t a t i v e l y  i n t o  h e a t .

F o r  th e  work i n  t h i s  t h e s i s  t h e  m ost  im p o r t a n t  mode o f  

h e a t  t r a n s f e r  i s  c o n v e c t i o n , \w h ie h  w i l l  be d e a l t  w i t h  i n  more 

d e t a i l *

H ea t  t r a n s f e r  r a t e s  from a  s o l i d  s u r f a c e  t o  a  f l u i d  have 
4

b een  d e f in e d  by t h e  e q u a t i o n

q •-= h  A( t w -  t )  
c m



7-

where q s  h e a t  t r a n s f e r  r a t e  
c

h  as c o e f f i c i e n t  of h e a t  t r a n s f e r  from t h e  s u r f a c e  o f  
m

t h e  s o l i d  t o  t h e  f l u i d ,  e x c lu d i n g  r a d i a t i o n .

tw -  s u r f a c e  t e m p e r a tu r e

t  s  b u lk  t e m p e r a tu r e  o f  f l u i d

The c o e f f i c i e n t  o f  h e a t  t r a n s f e r ,  h  , depends  on s e v e r a l
m

f a c t o r s ,  such  a s  t h e  p r o p e r t i e s  o f  t h e  f l u i d ,  th e  d im en s ion s

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

t e m p e r a tu r e  p o t e n t i a l ,  A t t These c o n d i t i o n s  may v a r y  a t

d i f f e r e n t  p a r t s  o f  th e  s u r f a c e  and t h e r e f o r e  t h e  h e a t  t r a n s f e r

r a t e  may a l s o  v a r y  from p o i n t  t o  p o i n t .  C o n s id e r  t h e  a s p e c t

o f  f l u i d  v e l o c i t y  p a s t  th e  s u r f a c e .  Under i s o t h e r m a l  cond-
5 ,6

i t i o n s  w o rk e rs  have shown th e  n a t u r e  o f  f low o f  f l u i d s

p a s t  c y l i n d r i c a l  m o d e ls .  E d d ie s  form a t  t h e  r e a r  of  t h e

c y l i n d e r ,  e v e n t u a l l y  become to o  l a r g e  and a r e  swept downstream .

An i d e a l i s e d  d raw ing  o f  t h e  f low  p a t t e r n  i s  shown i n  F i g . 1 . 1 .

From t h i s  i t  can be i n f e r r e d  t h a t  f o r  a f l u i d  f lo w in g  a t

r i g h t  a n g l e s  t o  a  h e a te d  tu b e  th e  c o e f f i c i e n t  o f  h e a t  t r a n s f e r

w i l l  n o t  be u n i fo rm  around  i t s  p e r i m e t e r .  Work by Drew and 
7

Ryan e s t a b l i s h e d  t h e  l o c a l  r a t e  of h e a t  f low  p l o t t e d  r a d i a l l y  

a round  a c y l i n d e r .  The p l o t  i s  shown i n  F i g . 1 . 2 .  From 

t h i s  i t  can  been  see n  t h a t  maximum h e a t  t r a n s f e r  o c c u r s  a t  

t h e  l e a d i n g  and t r a i l i n g  s e c t i o n s  o f  t h e  t u b e .  The v a lu e  

a t  t h e  s i d e s  b e in g  a p p r o x im a te ly  40% o f  t h e  maximum. For
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p r a c t i o a l  p u rp o s e s  an  a v e ra g e  c o e f f i c i e n t  i s  more c o n v e n ie n t  

b u t  t h i s  d i s t r i b u t i o n  shou ld  be borne  i n  mind*

4* B o i l i n g  L iq u id s

When t h e  v a p o u r  p r e s s u r e  o f  a l i q u i d  i s  e q u a l  t o  t h a t  of 

t h e  a tm osph e re  b u b b le s  o f  vap ou r  a r e  formed and t h e  l i q u i d  i s  

s a i d  t o  b o i l *  C o n s id e r  t h e  b o i l i n g  o f  a l i q u i d  a t  a h e a te d  

s u r f a c e  submerged i n  a p o o l  o f  t h e  l i q u i d .  S e v e r a l  w o rk e rs

ob se rved  th e  e x i s t e n c e  of  v a r i o u s  r e g im e s  o f  b o i l i n g .  Data
8

was p r e s e n t e d  by Drew and M e u l l e r  and can  be summarised i n  

F i g . 1*3* The re g im es  shown i n  t h e  d iag ram  may be d e f in e d  a s  

f o l l o w s .

AB N a t u r a l  c o n v e c t io n

The w a te r  i s  b e in g  s u p e r h e a te d  and e v a p o r a t i o n  o c c u rs  

o n ly  a t  t h e  s u r f a c e  o f  t h e  p o o l .

BC N u c le a te  b o i l i n g

B ubb les  of  s team  form a t  a c t i v e  s i t e s  on t h e  h e a te d  

s u r f a c e  and r i s e  t h r o u g h  t h e  p o o l .

C The c r i t i c a l  At

At t h i s  p o i n t  th e  h e a t  f l u x  goes  t h r o u g h  a maximum and 

i s  t h e  l i m i t  o f  t h e  n u c l e a t e  b o i l i n g  r e g im e .

CD P a r t i a l  f i l m  b o i l i n g

P a r t  o f  t h e  s u r f a c e  i s  i n s u l a t e d  w i t h  a v a p o u r  f i l m ,  t h e  

h e a t  f l u x  d e c r e a s e s  a s  At i n c r e a s e s  and more o f  t h e  s u r f a c e  

i s  i n s u l a t e d  by t h e  f i l m .
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D The L e i d e n f r o s t  p o i n t

The h e a t  f l u x  goes  t h r o u g h  a minimum a s  a l l  t h e  s u r f a c e  

i s  covered  w i t h  t h e  v ap o u r  f i l m .

DEF F i lm  b o i l i n g

H eat  i s  t r a n s f e r r e d  t h r o u g h  t h e  f i l m  by  c o n d u c t io n  and 

r a d i a t i o n .

F corresponds to  the m elting poin t o f  the Y/ire.

The d i f f e r e n c e  be tw een  f i l m  and n u c l e a t e  b o i l i n g  i s  shown i n  

F ig  . 1 * #

5# The Mechanism o f  I h c l e a t e  B o i l i n g

The v ap o u r  p r e s s u r e  o v e r  a s m a l l  concave l i q u i d  s u r f a c e ,  

su ch  a s  a s team  bu b b le  i n  w a te r  i s  l e s s  t h a n  t h a t  over  a 

f l a t  l i q u i d  s u r f a c e  a t  any g iv e n  t e m p e r a t u r e .  T h e r e f o r e  f o r  

a  g iv e n  p r e s s u r e  t h e  l i q u i d  must be h o t t e r  t o  e v a p o r a t e  i n t o  

a  s m a l l  v ap o u r  b u b b le  t h a n  i n t o  t h e  v a p o u r  sp ace  above t h e  

l i q u i d .  Due t o  t h i s  b u b b le s  ten d  t o  form a t  a c t i v e  s i t e s  on 

t h e  h e a t i n g  s u r f a c e  where c o n d i t i o n s  o f  t e m p e r a tu r e  and s u r ­

f a c e  a r e  f a v o u r a b l e .  Depending on t h e  n a t u r e  o f  t h e  s u r f a c e ,  

d i f f e r e n t  d e g r e e s  o f  s u p e r h e a t  w i l l  be r e q u i r e d *  The 

ro u g h e r  t h e  s u r f a c e ,  t h e  more s i t e s  t h e r e  a r e  a v a i l a b l e  and

t h e r e f o r e  t h e  lo w er  t h e  At r e q u i r e d .  I n  t h e  w a t e r  b o i l i n g
9

a t  a tm o s p h e r i c  p r e s s u r e  Gooper found t h a t  o v e r a l l  h e a t  

t r a n s f e r  c o e f f i c i e n t  i n  a  submerged tu b e  e v a p o r a t o r  was 

l a r g e r  w i t h  i r o n  t h a n  w i t h  copper  t u b e s ,  i n d i c a t i n g  th e
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i n c r e a s e  i n  number o f  s i t e s  on t h e ,  r o u g h e r ,  i r o n  tu b e  more 

t h a n  com pensated  f o r  th e  d e c re a s e d  t h e r m a l  c o n d u c t i v i t y .

The h e a t  t r a n s f e r  ran g e  o f  th e  work i n  t h i s  t h e s i s  f a l l s  

w i t h i n  th e  n u c l e a t e  b o i l i n g  re g io n *

3 .  An I n t r o d u c t i o n  t o  Heat  T r a n s f e r  and C o r ro s io n

The im p o r tan ce  of  th e  e f f e c t  o f  h e a t  t r a n s f e r  on c o r r o s i o n
10

p r o c e s s e s  h as  been  known f o r  some t im e* S p e l l e r  d i s c u s s e s

methods o f  p r e v e n t i n g  c o r r o s i o n  i n  h o t  w a t e r  h e a t i n g  s y s t e m s ,

a d v o c a t in g  su ch  t h i n g s  a s  t h e  c o n t r o l  of oxygen c o n c e n t r a t i o n

and t h e  pH o f  t h e  w ate r*  However l i t t l e  s y s t e m a t i c  s tu d y
11

was made u n t i l  t h e  work o f  Groves and E isenbrow n i n  1959*

I n  t h e i r  work an  e x t e r n a l  h e a t i n g  s o u rc e  k e p t  t h e  s u r f a c e  

t e m p e r a tu r e  o f  m e ta l  spec im ens  above t h a t  o f  th e  s o l u t i o n ,  

t h u s  t r a n s f e r r i n g  h e a t  from one t o  t h e  o th e r *  The a p p a r a t u s  

was a s  shown i n  F i g *1*5* The spec im ens  were i n  t h e  form of 

s t a i n l e s s  s t e e l  d i s c s  clamped t o  th e  base  o f  t h e  c o r r o s i o n  

v e s s e l  i n  c lo s e  c o n t a c t  w i t h  a f l a t  ground  s o l d e r i n g  i r o n  

e le m e n t  o f  550 w a t t*  The s o l u t i o n  u sed  were v a r i o u s  concen­

t r a t i o n s  of c h e m ic a l ly  p u re  s u l p h u r i c  a c id  -  t h e  b o i l i n g
o o

p o i n t s  r a n g in g  be tw een  215 F and 235 F* An e x t e r n a l  h e a t i n g  

c o i l  m a in ta in e d  t h e  t e m p e r a tu r e  w i t h i n  and a c o n d e n s e r  was 

used  above th e  s o l u t i o n  s u r f a c e .  M easurem ents  t a k e n  d u r in g  

t h e  r u n s  were s o l u t i o n  t e m p e r a tu r e  and m e t a l  t e m p e r a t u r e ,
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t h e  l a t t e r  b e in g  measured by means o f  a th e rm o -c o u p le  p l a c e d  

i n  a h o le  d r i l l e d  edge t o  c e n t r e  i n  th e  s p ec im en .  The 

s o l u t i o n  was changed e v e r y  f o r t y  e i g h t  h o u r s  d u r in g  a r u n  t o  

p r e v e n t  a c c u m u la t io n  of  t h e  c o r r o s i o n  p r o d u c t .  A f t e r  e a c h  

r u n  t h e  spec im ens  were rew eighed  and t h e  w e ig h t  l o s s  c a l c u l ­

a t e d .  The spec im ens  underw en t  s t r i n g e n t  p r o c e d u r e s  of p re  

ru n  p r e p a r a t i o n  t o  e n s u re  r e p r o d u c i b i l i t y ,  and ru n s  were of 

t e n  days d u r a t i o n .  The r e s u l t s ,  shown i n  F i g . 1 . 6 ,  were 

p l o t t e d  i n  t h e  form o f  g r a p h s  which i n d i c a t e d  an i n c r e a s e  

i n  c o r r o s i o n  w i t h  i n c r e a s i n g  m e ta l  s u r f a c e  t e m p e r a tu r e  f o r  

a g i v e n  a c i d  c o n c e n t r a t i o n ,  and an  i n c r e a s e  i n  c o r r o s i o n  w i t h  

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

Three  f u r t h e r  t y p e s  o f  a p p a r a t u s  f o r  s t u d y i n g  h e a t

t r a n s f e r  c o r r o s i o n  p rob lem s  were d i s c u s s e d  by F i s h e r  and 
12

W hitney . The f i r s t  a p p a r a t u s  was a s  shown i n  F i g . 1 . 7 .

The spec im en  was i n  t h e  form of  a c a s t  i r o n  rod  w hich  was 

clamped be tw een  two l a r g e ,  low r e s i s t a n c e  e l e c t r o d e s ,  conn­

e c t e d  t o  a h a l f  k i l o w a t t  t r a n s f o r m e r .  Thus h e a t  was g e n e ­

r a t e d  by p a s s i n g  an  e l e c t r i c  c u r r e n t  t h r o u g h  t h e  sp ec im en .

The c o r r o s i v e  media u sed  were m o l te n  i n o r g a n i c  s a l t s ,  

whose t e m p e r a t u r e s  were m a in ta in e d  by an  e x t e r n a l  h e a t i n g  

s o u r c e .  Mild s t i r r i n g  was p r o v i d e d .  The t e c h n iq u e  was 

s a t i s f a c t o r y  p r a c t i c a l l y ,  b u t  a c a d e m i c a l l y  i t  was l a c k i n g ,  

s i n c e  i t  c o n s id e r e d  o n ly  h e a t  t r a n s f e r  r a t e s  and n o t  s u r f a c e
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t e m p e r a t u r e ,  no a t t e m p t  b e in g  made t o  m easure  i t .  Other  

sh o r tc o m in g s  were

1 .  I n  a c o n d u c t iv e  env ironm en t  e l e c t r i c a l  l e a k a g e  would 

o c c u r .

2 .  H ea t  d i s t r i b u t i o n  was n o t  u n i f o r m ,  t h e  t e m p e r a tu r e  

b e in g  h i g h e r  a t  t h e  m id d le .

3 .  Y o l ta g e  c o r r e c t i o n s  were h i g h  i n  com par ison  w i t h  

c u r r e n t  c o r r e c t i o n s .

A l l  t h e  above l e a d  t o  i n a c c u r a c y  i n  t h e  h e a t  f l u x  c a l ­

c u l a t i o n s .  F a c t o r s  n o t  c o n s id e r e d  i n  th e  p a p e r  a r e  th o s e

o f  e l e c t r o n  e x c i t a t i o n  and th e  e f f e c t  o f  a l t e r n a t i n g  c u r r e n t
13

on t h e  s y s te m .  Evans s t a t e s  t h a t ,  o f t e n ,  a l t e r n a t i n g

c u r r e n t  a c t i n g  a lo n e  p ro d u c e s  l i t t l e  c o r r o s i o n ,  th e  c a th o d i c

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

d u r in g  th e  a n o d ic  h a l f  p e r i o d .  T h i s  i s  o n ly  t r u e  a t  h ig h

f r e q u e n c i e s ,  and a t  low f r e q u e n c i e s  t h e  damage due t o  a
14

g i v e n  c u r r e n t  i n c r e a s e s .  Hohn o bse rved  t h a t  i f  i m p u r i t i e s

were p r e s e n t  t h e s e  may w e l l  be d e p o s i t e d  d u r in g  th e  c a th o d ic

h a l f  p e r i o d  and t h e r e f o r e  t h e  damage done d u r in g  t h e  a n o d ic

h a l f  p e r i o d  would o n ly  be p a r t i a l l y  r e p a i r e d .  A lso  a s e l f

s t i f l i n g  p r o c e s s  m igh t  be d i s t u r b e d  by c o n t in u o u s  change

from o x i d a t i o n  t o  r e d u c t i o n ,  p ro d u c in g  volume changes  i n  th e

p ro d u c t  w hich  co u ld  l e a d  t o  p o r o s i t y  i n  a  n o rm a l ly  s t i f l i n g
15

f i lm .  T o r ig o e  making a s tu d y  o f  t h e  e f f e c t  o f  a l t e r n a t i n g
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c u r r e n t  on th e  c o r r o s i o n  p r o c e s s  o f  i r o n  found t h a t  f o r  s m a l l

im p re ssed  a l t e r n a t i n g  c u r r e n t s  th e  c o r r o s i o n  c u r r e n t  was

i n c r e a s e d  i n  a c i d  s o l u t i o n s ,  b u t  l i t t l e  ehanged i n  n e u t r a l

s o l u t i o n s .  Thus i t  can be s e e n  t h a t  u s i n g  d i r e c t  e l e c t r i c a l

h e a t i n g  i s  -  t o  say  t h e  l e a s t  -  s u s p e c t .

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

shown i n  F i g . 1 . 8 .  F i s h e r  and Whitney o b se rv e d  t h a t  t h e

h e a t  f l u x  was c r i t i c a l  a t  a p p r o x im a te ly  9 ,0 0 0  -  1 2 ,00 0  BTU/
2  o

h r . f t  when th e  s a l t  t e m p e r a tu r e  was 300 C. At a  s a l t
o

t e m p e r a tu r e  o f  265 C no c r i t i c a l  h e a t  f l u x  was o b s e rv e d .

T h i s  would t e n d  t o  im ply  t h a t  th e  s u r f a c e  t e m p e r a tu r e  r a t h e r  

t h a n  h e a t  f l u x  was th e  im p o r t a n t  f a c t o r  i n  c o r r o s i o n  c o n t r o l .  

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

c o r r e s p o n d s  t o  th e  b e g in n in g  o f  s a l t  d e h y d r a t i o n .

The second a p p a r a t u s  d e s c r i b e d  u s e s  a t u b u l a r  spec im en 

h e a te d  from w i t h i n  by a 300 w a t t  q u a r t z  h e a t e r  a s  shown i n  

F i g . 1 . 9 .  The h e a t i n g  sys tem  i s  much more s a t i s f a c t o r y .

The h e a t  f l u x  i s  e a s i l y  c o n t r o l l e d  and t h e r e  i s  no p rob lem  

from c u r r e n t  l e a k a g e  o r  e l e c t r o n  e x c i t a t i o n .  I t  a l s o  

s e r v e s  a s  a  q u ic k  and r e a d y  method o f  t e s t i n g  t u b u l a r  s t o c k .  

No s u r f a c e  t e m p e r a tu r e  m easurem ents  were t a k e n ,  which  was a 

s e v e r e  l i m i t a t i o n ,  b u t  i t  would have p roved  d i f f i c u l t  t o  

have made t h e  m easu rem en ts ,  r a d i a t i o n  from th e  q u a r t z  h e a t e r  

b e in g  t h e  m ain  o b j e c t i o n .  A lso  such  a heavy  spec im en ,
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a p p r o x im a t e l y  150 grams would r e n d e r  w e ig h t  l o s s  d e t e r m i n a t i o n s  

i n a c c u r a t e .  T e s t s  were c a r r i e d  ou t  on 316 S t a i n l e s s  S t e e l  

i n  p h o s p h o r i c  a c i d .  Once a g a in  th e  w o rk e rs  i n f e r r e d  t h a t  

s u r f a c e  t e m p e r a tu r e  was th e  i m p o r t a n t  f a c t o r ,  and s u g g e s te d  

t h a t  im m ers ion  t e s t s  a t  a  g iv e n  e l e v a t e d  t e m p e r a tu r e  would ^  

g iv e  u s e f u l  i n f o r m a t i o n ,  t h i s  th o u g h  seems t o  be r a t h e r  

b eg g in g  th e  q u e s t i o n  s in c e  from o b s e r v a t i o n s  i t  seems more 

l i k e l y  t h a t  i t  i s  t h e  s u r f a c e  t e m p e r a tu r e  r e l a t i v e  t o  th e  

b u lk  t e m p e r a tu r e  o f  t h e  s o l u t i o n  t h a t  i s  t h e  im p o r ta n t  f a c t o r .

The t h i r d  sy s tem  d e s c r i b e d  was t h e  m o d i f i e d  d i s c

a p p a r a t u s  shown i n  F i g . 1 . 1 0 .  The a p p a r a t u s  i s  b a s i c a l l y
11

s i m i l a r  t o  t h a t  o f  Groves and E isenbrow n , w i t h  some modi­

f i c a t i o n .  Two the rm oco up le  h o l e s  were d r i l l e d  i n  th e  head 

o f  t h e  s o l d e r i n g  i r o n  t o  e n a b le  h e a t  f lo w  c a l c u l a t i o n s  t o  

be made. A h o le  was a l s o  d r i l l e d  i n  t h e  spec im en  so t h a t  

m e ta l  s u r f a c e  t e m p e r a t u r e s  cou ld  be c a l c u l a t e d  from i t s  

t e m p e r a tu r e  a t  t h e  c e n t r e ,  t h e  h e a t  f l u x  t h r o u g h  i t ,  i t s  

t h i c k n e s s  and th e r m a l  c o n d u c t i v i t y .  F or  t h i s  t h e  s t a n d a r d  

F o u r r i e r  e q u a t i o n  f o r  h e a t  c o n d u c t io n  was u s e d .  The h e a t  

f l u x  was d e te rm in e d  e x p e r i m e n t a l l y  by c o o l i n g  and h e a t i n g  

c u r v e s  a t  v a r i o u s  s e t t i n g s  on t h e  v a r i a c .  H ead ings  from 

th e  th e rm o co u p le  i n  th e  head were a l s o  u sed  t o  c a l c u l a t e  

h e a t  f l u x  b u t  r e q u i r e d  c o r r e c t i o n  f o r  r a d i a t i o n  l o s s e s .

They p e r fo rm ed  t e s t s  i n  p h o s p h o r i c ,  n i t r i c  and s u l p h u r i c
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a c i d ,  and came t o  s i m i l a r  c o n c lu s i o n s  t o  t h e  p r e v i o u s  work, 

e s t a b l i s h i n g  s u r f a c e  t e m p e r a tu r e  a s  t h e  im p o r t a n t  f a c t o r .  

F i s h e r  and W hitney  c o n s id e r e d  t h a t  o f  t h e  t h r e e  sys tem s t h e  

m o d i f i e d  d i s c  a p p a r a t u s  was th e  most s a t i s f a c t o r y ,  s t a t i n g  

i t s  a d v a n ta g e s  a s

1 .  Speed

Specimens were s m a l l ,  t h e r e f o r e  q u ic k  a c c u r a t e  w e ig h t  

l o s s e s  d e t e r m i n a t i o n s  were p o s s i b l e .  Normal r u n s  were o f  

t e n  days  d u r a t i o n ,  t o  a l lo w  th e  deve lopm ent  o f  a  type  of 

a t t a c k ,  th o u g h  f o r  h i g h e r  h e a t  f l u x e s  tw e n ty  f o u r  h o u rs  

would have been  s u f f i c i e n t .

2 .  A ccu racy

The r e a c t a n t s  u sed  were p u r e ,  t h e r e f o r e  a c c u r a c y  depended 

on t h e  e q u ip m e n t .  U sing  e l e c t r i c a l  h e a t i n g  l e f t  t h e  h e a te d  

s i d e  o f  t h e  spec im ens  u n a f f e c t e d ,  and o n ly  t h e  t e s t  s i d e  

changed d u r in g  r u n s .  S team, o i l  and o t h e r  fo rm s o f  h e a t i n g  

p ro d uced  c o n t a m in a t io n  o r  c o r r o s i o n  i n  unwanted  a r e a s .

3 .  R e p r o d u c i b i l i t y

T h is  was of a h i g h  o r d e r ,  due t o  a c e r t a i n  e x t e n t  t o : -

4 .  S i m p l i c i t y

The a p p a r a t u s  was s im p le  t o  s e t  up and r u n .

5 .  P l a n t  s i m u l a t i o n

The method e s t a b l i s h e d  h e a t  t r a n s f e r  s u r f a c e s  w i t h i n  t h e  

c o r r o s i v e  media -  m i s s in g  i n  norm al  im m ers ion  t e c h n i q u e s .
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They c o n s id e r e d  i t s  main l i m i t a t i o n s  t o  be 

1* S u r f a c e  t e m p e r a tu r e

T h is  p roved  i m p r a c t i c a b l e  t o  m easure  and had t o  be 

c a l c u l a t e d ,

2 . V e l o c i t y

A l th o u g h  a g i t a t i o n  was p ro v id e d  t o  remove c o r r o s i o n

p r o d u c t  from th e  s u r f a c e ,  a  s y s t e m a t i c  s t u d y  o f  th e  e f f e c t

o f  v e l o c i t y  was n o t  p o s s i b l e ,
16

K e r s t  p e r fo rm ed  work w i t h  s t e e l  spec im ens  i n  p i l o t  p l a n t

c o o l i n g  to w e rs  and n o ted  t h a t  spec im ens  u n d e r  h e a t  t r a n s f e r

c o n d i t i o n s  c o r ro d e d  a t  more t h a n  e i g h t  t i m e s  th e  r a t e  o f  a

spec im en  m e re ly  immersed i n  t h e  same s o l u t i o n ,
17

G roves ,  E isen b row n  and S h a r f s t e i n  u s i n g  th e  d i s c

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

a c e t i c ,  fo rm ic  and p h o s p h o r i c  a c i d s ,  showed t h a t  some s t e e l s

were more a f f e c t e d  by h e a t  t r a n s f e r  t h a n  o t h e r s ,  and

s u g g e s te d  t h a t  t h i s  may be due t o  th e  n a t u r e  o f  th e  ox ide

f i l m s ,  h i g h  chromium and molybdenum c o n t e n t  i n  th e  f i l m  b e in g

most r e s i s t a n t ,
18

F i s h e r  i n  a  l a t e r  p a p e r  compared th e  m o d i f i e d  d i s c  

a p p a r a t u s  w i t h  f u r t h e r  a p p a r a t u s  u s i n g  much h i g h e r  s o l u t i o n  

t e m p e r a t u r e s  and h e a t  f l u x e s .  The t e m p e r a tu r e  s e n s i t i v i t y  

o f  t h e  p r o c e s s e s  was s t i l l  i n d i c a t e d  b u t  t h e  c h a r a c t e r  of  

t h e  c o r r o s i o n  ch ang ed ,  s e v e r e  p i t t i n g  b e in g  e x h i b i t e d .
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19

I l l i n g w o r t h  d e s ig n e d  an a p p a r a t u s  t o  s t u d y  s im u l t a n e o u s  

h e a t  t r a n s f e r  and flow* From th e  work i t  was s t i l l  im p oss ­

i b l e  t o  c o m p le t e ly  s e p a r a t e  t h e  e f f e c t s  of h e a t  f l u x  and 

s u r f a c e  t e m p e r a t u r e ,  b u t  c o n s id e r e d  a s  had  t h e  p r e v i o u s  work­

e r s  t h a t  t h e  s u r f a c e  t e m p e r a tu r e  r a t h e r  t h a n  t h e  h e a t  f l u x  

was t h e  c o n t r o l l i n g  f a c t o r *  The s i z e  o f  spec im en  u se d  

r e n d e r e d  i t  im p o s s ib l e  t o  e s t a b l i s h  t h e  t h e r m a l  boundary  

l a y e r  and i t  was t h e r e f o r e  im p o s s ib l e  t o  r e a c h  r i g i d  con­

c l u s i o n s  a s  t o  t h e  e f f e c t  o f  flow*
1 1 ,1 2 ,1 8 ,1 9

These w o rk e rs  p ro p o sed  t h a t  t h e  m e ta l  s u r f a c e

t e m p e r a tu r e  was t h e  c o n t r o l l i n g  f a c t o r  i n  t h e  c o r r o s i o n

p r o c e s s e s * .  O ther  w o r k e r s ,  i n  t h e  f i e l d  known a s  th e rm o -

g a l v a n i c  c o r r o s i o n ,  o b se rv e d  t h a t  t h i s  was n o t  n e c e s s a r i l y

t h e  case*  T h erm og a lv an ic  o r  fh o t  spo t*  c o r r o s i o n  r e f e r s

t o  c a s e s  where p o t e n t i a l  d i f f e r e n c e s  a r e  e s t a b l i s h e d  w i t h i n

a m e t a l  h a v in g  p a r t s  a t  d i f f e r i n g  t e m p e r a t u r e s  i n  c o n t a c t
2G 21

w i t h  a  s o l u t i o n .  B e r r y  and T y r e l l  w ork ing  w i t h  co p p e r

and s i l v e r  o b se rv e d  t h a t  t h e  c o l d e r  e l e c t r o d e  was t h e  euaode

of  t h e  c e l l  i n , e a r l y  work i n  t h i s  f i e l d *
2 2

B u f f i n g t o n  c o n s i d e r e d  th e  sys tem  a s  a n a la g o u s  t o  a  

th e rm o c o u p le  w i t h  t h e  e l e c t r o l y t e  a s  one h a l f  o f  t h e  c o u p l e ,  

and assum ing  t h i s  c a l c u l a t e d  from s t a n d a r d  d a t a  t h e  e x p e c te d  

th e r m o g a lv a n ic  p o t e n t i a l s  on v a r i o u s  m e t a l s ,  i n c l u d i n g  i r o n  

and n i c k e l .
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Work was p e r fo rm ed  on i r o n  i n  v a r i o u s  s o l u t i o n s  by 
23

U h l ig  , who n o ted  t h a t ,  i n  3$ sodium c h l o r i d e  s o l u t i o n s ,
o

th e  p o t e n t i a l  d i f f e r e n c e  was 24 mv f o r  a 75 C d i f f e r e n c e  i n  

t e m p e r a t u r e .  I n  s u l p h a t e  s o l u t i o n s  i t  was o b se rv e d  t h a t  

t h e  p o l a r i t y  o f  t h e  c e l l  depended on t h e  f e r r o u s / f e r r i c  io n  

r a t i o #  F o r  h i g h  f e r r o u s / f e r r i c  i o n  r a t i o s  t h e  h o t  e l e c t r o d e  

was a n o d ic  and v i s e  v e r s a .
24

B reckhe im er  and D’Ans d id  work w i t h  i r o n  i n  p o ta s s iu m

o h l o r i d e  s o l u t i o n s  and ob se rv ed  t h a t  t h e  h o t  e l e o t r o d e  was

a n o d ic  f o r  a l l  c o n c e n t r a t i o n s  from 0.001N t o  3N s o l u t i o n s .

The a d d i t i o n  o f  p o ta s s iu m  n i t r a t e  caused  p a s s i v e  f i l m s  a t

t h e  h o t  e l e c t r o d e  and a r e v e r s i o n  of p o l a r i t y  o c c u r r e d .
25

Gerasimov and R o zen fe ld  s t u d i e d  c o p p e r ,  i r o n ,  n i c k e l  

and l e a d  i n  v a r i o u s  sodium c h l o r i d e  s o l u t i o n s .  The e x p e r i ­

m e n ta l  v a r i a b l e s  in c lu d e d  pH, co ld  e l e c t r o d e  a r e a  and 

a g i t a t i o n  n e a r  th e  co ld  e l e c t r o d e .  I t  was n o te d  i n  a l l  

c a s e s  t h a t  t h e  h o t  e l e c t r o d e  was a n o d ic  and t h a t  th e  sys tem  

was u n d e r  c a t h o d i c  c o n t r o l .  T h e r e f o r e  i n c r e a s i n g  t h e  cold  

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

r a t e ,  i n  some c a s e s  by a s  much a s  1 0  -  1 0 0  f o l d .
26

B reckon and G i l b e r t  found no r e l a t i o n  be tw een  s e v e r i t y  

o f  a t t a c k  on A d m i r a l t y  B ra s s  and th e  h o t  s p o t  t e m p e r a tu r e

b u t  n o te d  t h a t  t h e  co ld  e l e c t r o d e  a r e a  was an  im p o r t a n t  f a c t o r
27

and i n  s i m i l a r  work Bern and Campbell a l s o  came t o  th e
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c o n c l u s i o n  t h a t  t h e  a r e a  r a t i o  was a c o n t r o l l i n g  f a c t o r .
28

S h a t a l o v ,  Marshakov and K a ln z h in a  p e r fo rm ed  work w i t h  

s e v e r a l  m e t a l s  and a l l o y s  i n  t h e i r  s u l p h a t e  s o l u t i o n s  and 

a t  v a r i o u s  pH v a l u e s .  I t  was ob se rv ed  t h a t  c a th o d i c  c o n t r o l  

p re d o m in a te d  i n  norm al (h o t  anode) c o u p le s  b u t  an o d ic  c o n t r o l  

was more c h a r a c t e r i s t i c  o f  r e v e r s e d  (c o ld  anode)  c o u p l e s .

I t  would t h e r e f o r e  a p p e a r  t h a t  w h a te v e r  t h e  p r o c e s s  t h e  co ld

e l e c t r o d e  i s  t h e  c o n t r o l l i n g  f a c t o r .
29

Boden i n  more r e c e n t  work a l s o  e s t a b l i s h e d  t h e  a r e a  

o f  t h e  co ld  e l e c t r o d e  a s  a c o n t r o l l i n g  f a c t o r ,  w h e th e r  a n o d ic  

o r  c a t h o d i c .  He d e r iv e d  e q u a t i o n s  from e l e c t r o c h e m i c a l  

t h e o r y  f o r  t h e  r e a c t i o n  mechanisms and compared t h e s e  w i t h  

t h e  p r a c t i c a l  work ,  and n o ted  t h a t  t h e  c o r r o s i o n  r a t e  o f  a 

g i v e n  co u p le  co u ld  be p r e d i c t e d  from t h e  e q u a t i o n s ,  th o u g h  

l o c a l  c e l l s  i n  any  one e l e c t r o d e  had a l s o  t o  be t a k e n  i n t o  

a c c o u n t •

The f i e l d  o f  c o r r o s i o n  and h e a t  t r a n s f e r  a p p e a r e d ,  t h e n ,  

t o  d i v i d e  i t s e l f  i n t o  two main s t u d i e s .  T herm og a lvan ic  

c o r r o s i o n  where t h e  m e ta l  s u r f a c e  t e m p e r a tu r e  v a r i e d  from 

p o i n t  t o  p o i n t  and l o c a l  c e l l  c o r r o s i o n  where a l l  t h e  

c o r r o d i n g  s u r f a c e  was a t  t h e  same t e m p e r a t u r e .  I t  was 

d e c id e d  t o  s tu d y  t h e  l a t t e r  and t o  u se  h e a t  t r a n s f e r  r a t e s  

such  t h a t  b o i l i n g  would o c c u r  on t h e  c o r r o d i n g  s u r f a c e .  

A l th o u g h  t h i s  i n t r o d u c e d  a n o t h e r  f a c t o r ,  t h a t  o f  v ap o u r
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b u b b le s  p ro d u c ed  on t h e  s u r f a c e ,  i t  p r e s e n t e d  th e  o p p o r t u n i t y  

t h e  e f f e c t s  of h e a t  t r a n s f e r  and s u r f a c e  t e m p e r a tu r e  s i n c e  

l a r g e  h e a t  f l u x  changes  would r e s u l t  i n  c o m p a r a t i v e l y  s m a l l  

s u r f a c e  t e m p e r a t u r e . c h a n g e s .  The r e m a in d e r  of  th e  t h e s i s  

i s  a  r e p o r t  o f  t h a t  work*
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C h a p te r  2

The d e s i g n  and method o f  o p e r a t i o n  o f  t h e  a p p a r a t u s



22

1 .  I n t r o d u c t i o n
11,12

P r e v i o u s  w o rk e rs  i n  t h i s  f i e l d  had a l l  u sed  a s  a

h e a t  s o u r c e ,  t h e  p r i n c i p l e  o f  a s o l d e r i n g  i r o n  e lem en t

clamped t o  th e  spec im ens  a t  t h e  bo t tom  o f  a v e s s e l .  I t  was

th o u g h t  t h a t  su ch  a p p a r a t u s  s u f f e r e d  from s e v e r a l  d i s a d v a n t -
11,12

a g e s .  F i r s t l y  i n  th e  ca se  o f  th e  d i s c  a p p a r a t u s  ,

l o c a t i o n  o f  th e  spec im ens  a t  th e  bo t tom  o f  t h e  v e s s e l  c o u ld

le a d  t o  a b u i l d  up o f  lo o s e  c o r r o s i o n  p r o d u c t  on th e  s u r f a c e

o f  t h e  sp ec im en ,  u n l e s s  a g i t a t i o n  was em ployed ,  which would

i t s e l f  i n t r o d u c e  a n o t h e r  v a r i a b l e .  S e c o n d ly ,  t h e  spec im ens

were no t  v e r y  r e p r e s e n t a t i v e  o f  h e a t  t r a n s f e r  s u r f a c e s  found

i n  i n d u s t r y .  T h i r d l y ,  t h e  spec im ens were i n a c c e s s i b l e  t o

p r o b e s  i n t e n d e d  t o  t a k e  m easurem ents  such  a s  e l e c t r o d e

p o t e n t i a l  and s u r f a c e  t e m p e r a t u r e .  The a p p a r a t u s  employed
19

by I l l i n g w o r t h  overcame t h e s e  p rob lem s  t o  a c e r t a i n  e x t e n t ,  

b u t  a l s o  assum ed,  a s  had o t h e r s ,  t h a t  a x i a l  h e a t  f low o cc ­

u r r e d  t h r o u g h  th e  sp ec im en s ,  and t h a t  a l l  t h e  s u r f a c e  was 

i s o t h e r m a l  u n d e r  c o n d i t i o n s  o f  c o n s t a n t  h e a t  f l u x .  T h is  

was c o n s id e r e d  t o  be u n l i k e l y ,  f o r  i t  i s  v e r y  d i f f i c u l t  t o

e n s u re  b o th  c o n d i t i o n s  s i m u l t a n e o u s l y .12
F i s h e r  and Whitney l i s t e d  t h e  a d v a n ta g e s  o f  th e  modi­

f i e d  d i s c  a p p a r a tu s *  and i t  was d e c id e d  t o  r e - d e s i g n  from 

f i r s t  p r i n c i p l e s  an a p p a r a t u s  which had t h e s e  a d v a n ta g e s  and 

a t  t h e  same t im e  e l i m i n a t e d  t h e  d i s a d v a n t a g e s  o u t l i n e d  ab o v e .
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One f e a t u r e  w hich  was c o n s id e r e d  t o  be e s s e n t i a l  was a 

method o f  d i r e c t l y  m ea su r in g  s u r f a c e  t e m p e r a tu r e s *  A n o th e r  

v a r i a b l e  o f  o b v io u s  im p o r tan ce  was oxygen c o n c e n t r a t i o n  o f  

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

a p p a r a t u s ,  i t  was a l lo w ed  f o r  i n  t h e  d e s i g n .

8 * The E e a t  S up p ly  System

One method o f  e n s u r i n g  c o n s t a n t  t e m p e r a tu r e  and h e a t  

f l u x  o ver  th e  s u r f a c e  o f  t h e  spec im ens was t o  have a h e a t  

s o u rc e  o f  l a r g e  t h e r m a l  c a p a c i t y  i n  co m p ar iso n  t o  th e  

s p e c im e n s .  Two r e a d i l y  a v a i l a b l e  h e a t  s o u r c e s  were^ con­

s i d e r e d  -  s team  and e l e c t r i c i t y *  The r e q u i r e m e n t s  were 

f o r  t h e  sys tem  t o  be a d a p t a b l e  c a p a b le  o f  ru n n in g  f o r  long  

p e r i o d s  w i t h  l i t t l e  a t t e n t i o n *  and c a p a b le  o f  p r o v i d i n g  h ig h  

h e a t  f l u x e s  w i t h  no unwanted s i d e  e f f e c t s  on t h e  specimens* 

The s team  l i n e s  a v a i l a b l e  were o f  i n s u f f i c i e n t  p r e s s u r e  f o r  

t h e  h e a t  f l u x  ra n g e  r e q u i r e d  and i t  was d e c id e d  t h a t  a  

s e p a r a t e  b o i l e r  would be an  u n n e c e s s a r y  c o m p l ic a t io n *  A lso  

t h e  u se  o f  s team  would n e c e s s i t a t e  a p r o t e c t i v e  t r e a t m e n t  

Of t h e  b ac k  s u r f a c e  o f  t h e  spec im ens i f  w e ig h t  l o s s  d e t e r s  

m i n a t i o n s  were t o  be o f  use*

E l e c t r i c a l  m ethods o f  h e a t i n g  p r e v e n t e d  a l l  b u t  th e  l a s t  

o f  t h e s e  p ro b le m s ,  and due t o  th e  e a s e  w i t h  w h ich  h i g h  

t e m p e r a t u r e s  can  be o b t a in e d  w i t h  t h i s  form o f  h e a t i n g  t h i s  ;
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prob lem  co u ld  be overcome* As a l r e a d y  s t a t e d  a l a r g e  b e a t  

s o u rc e  was t o  be u s e d ,  m a in ly  t o  o b t a i n  an  even d i s t r i b u t i o n  

o f  b e a t ,  b u t  a l s o  t o  a c t  a s  an  a u x i l i a r y  b e a t e r *  For  t h i s  

t h e  o b v io u s  method was a c o i l  which  had t o  be c o m p le te ly  

i n s u l a t e d  from t h e  c o r r o s i v e  s o l u t i o n s  t o  p r e v e n t  s h o r t  

c i r c u i t i n g .  T h is  was b e s t  done by some form o f  s h e a t h  

c o m p le te ly  c o v e r in g  t h e  c o i l ,  w i t h  t h e  s o l u t i o n  on th e  i n s i d e  

o r  o u t s i d e  o f  t h i s  sh ea th *

S in ce  i t  was r e q u i r e d  t o  p robe  t h e  c o r r o d i n g  s u r f a c e  

d u r in g  e x p e r im e n ts  i t  was d ec id ed  t h a t  th e  fo rm e r  method 

was u n s a t i s f a c t o r y ,  w h i l s t  i n  th e  l a t t e r  t h e  s h e a t h  cou ld  

e i t h e r  be t h e  spec im en  i t s e l f  o r  some i n e r t  s h e a t h  w i th  th e  

spec im ens  r e t a i n e d  on th e  o u t s i d e  o f  t h i s *  I f  t h e  s h e a t h  

s e rv e d  a s  a sp ec im en ,  h ig h  t e m p e r a tu r e  g r a d i e n t s  would 

o c c u r  a c r o s s  p a r t  o f  th e  t u b e ,  a l t h o u g h  t h e  spec im en would 

be so l a r g e  a s  t o  l e a d  t o  i n a c c u r a t e  w e ig h t  l o s s  d e t e r m in ­

a t i o n s .  An i n e r t  s h e a t h  would re d u c e  t e m p e r a tu r e  g r a d i e n t s  

and p r e s e n t  s e a l i n g  p rob lem s  f o r  t h e  s h e a t h  s i d e  o f  th e  

s p e c im e n s ,  b u t  th e  spec im ens  would be s m a l l ,  e a s y  t o  p r e p a r e  

and h a n d l e ,  and i n t e r n a l  o x i d a t i o n  would be p re v e n te d *

T r i a l s  were made o f  b o th  methods and t h a t  em ploying an 

i n e r t  s h e a t h  was found t o  be more s a t i s f a c t o r y *  The s h e a t h  

u sed  was a smooth s u r f a c e d  s i l i c a  g l a s s  t u b e ,  s i n c e  i t  f u l ­

f i l l e d  th e  r e q u i r e m e n t s  o f  w i t h s t a n d i n g  h ig h  t e m p e r a t u r e s ,
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was a good e l e c t r i c a l  i n s u l a t o r  and n o n -p o ro u s .

The t r i a l s  showed t h a t  i t  was u n n e c e s s a r y  t o  s e a l  beh ind  

t h e  s p e c im e n s ,  s i n c e  w i t h  th e  method u sed  l i t t l e  c o r r o s i o n  

o c c u r r e d  on t h e  r e a r  s u r f a c e .

The sys tem  u sed  may be summarised a s  f o l l o w s : -  

The e lem en t  u sed  was wound upon a f i r e  b a r  ty p e  fo rm e r  

o f  8 -̂” t o t a l  l e n g t h ,  3 /5"  o u t s i d e  d i a m e t e r ,  and 20 t u r n s / i n c h ,  

w i t h  Nichrome Y r e s i s t a n c e  w i r e ,  nominal  r e s i s t a n c e  2 ,9 8  

ohm s/yard  t o t a l  r e s i s t a n c e ,  2 8 ,2  ohms.

The end f i x i n g s  on th e  fo rm er  were a l l o y  caps  i n t e r ­

n a l l y  t h r e a d e d  t o  m atch  t h e  fo rm er  and machined t o  j u s t  

s m a l l e r  t h a n  t h e  i n t e r n a l  d ia m e te r  o f  th e  s i l i c a  t u b e ,  r e ­

d u c in g  h e a t  l o s s  p a s t  them .

The c o n n e c t io n s  were by ,  d i a m e te r  m ild  s t e e l  r o d ,  

b o l t e d  t o  t h e  end caps  on t h e  fo rm er  and p a s s i n g  th ro u g h  

caps  a t  e a c h  end o f  th e  s i l i c a  t u b e ,  f u r t h e r  r e d u c in g  h e a t  

l o s s e s .

The tu b e  was o f  Y i t r i o s i l  pu re  fu s e d  s i l i c a ,  s a t i n  

smooth f i n i s h ,  14^" t o t a l  l e n g t h ,  1 7 .5  mm i n t e r n a l  d i a m e t e r ,  

1 . 6  -  2 . 2  mm w a l l  t h i c k n e s s .

The sys tem  was a s  shown i n  P i g . 2 . 1 .  A v a r i a c  was used 

t o  c o n t r o l  t h e  h e a t  f l u x .

3 .  The Y e s s e l

The v e s s e l  had t o  be l a r g e  enough, so t h a t  d u r in g  a r u n
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c o n c e n t r a t i o n  changes  were n e g l i g i b l e #  A c o n d e n s e r  was 

a l s o  r e q u i r e d  t o  condense  s team  formed d u r in g  a run# The 

spec im en  tu b e  had t o  be p o s i t i o n e d  and s e a l e d .  Some p r o ­

v i s i o n  had t o  be made f o r  t h e  i n t r o d u c t i o n  o f  th e  s u r f a c e  

p r o b e s ,  and a l s o  p r o v i s i o n  made f o r  c l e a n i n g  t h e  i n s i d e  o f  

t h e  a p p a r a t u s #

F or  r e a s o n s  o f  a d a p t a b i l i t y  t h e  a p p a r a t u s  was assem bled  

from Q .Y .F .  g l a s s  w are ,  and a s  th e  e lem en t  was 7” i n  l e n g t h  

t h e  v e s s e l  was based  on 9" Q.Y.F# tu b in g *  A v e s s e l  con­

s t r u c t e d  o f  t h i s ,  g i v i n g  a r e a s o n a b l e  b o i l i n g  p o o l  above th e

spec im ens  would c o n t a i n  a p p r o x im a te ly  15 l i t r e s  o f  s o l u t i o n .  
30

U h l ig  s u g g e s te d  t h a t  f o r  th e  c o n c e n t r a t i o n  o f  c o r r o s i o n
2

p r o d u c t  t o  be n e g l i g i b l e  5 l i t r e s / d m  o f  t h e  specim en s u r ­

f a c e  a r e a  was r e q u i r e d #  I t  e i g h t  s p e c im e n s ,  d e s c r i b e d
2

l a t e r ,  were u sed  p e r  r u n  th e  r a t i o  would be 30 l i t r e s / d m  

and was c o n s id e r e d  t o  be s a t i s f a c t o r y #

The c o n d e n se r  f i t t e d  was a 1^M Q .Y .F .  c o n d e n s e r ,  w hich  

o p e r a t e d  a t  t o t a l  r e f l u x  and was open t o  th e  a tm o s p h e re .

The spec im en  tu b e  was p o s i t i o n e d  i n  two 1” Q.Y#F. b u t t r e s s  

ends  s e t  i n  t h e  9" Q#V#F# t u b e .  The tu b e  was s e a l e d  by a 

n eo p ren e  r u b b e r  g a s k e t ,  t i g h t l y  f i t t i n g  t o  t h e  s i l i c a  tu b e  

and clamped t o  t h e  b u t t r e s s  ends u s i n g  a b r a s s  b ac k in g  

f l a n g e  a s  shown i n  F i g . 2 . 2 .

Making f i x e d  e l e c t r i c a l  c o n t a c t  w i t h  e a c h  o f  th e



spec im ens  p ro v e d  i m p r a c t i c a b l e ,  The .m ethod u sed  employed a  

s u r f a c e  p r o b e ,  d e s c r i b e d  l a t e r ,  which, was p r e s s e d  a g a i n s t  

t h e  sp ec im en ,  p a s s i n g  th r o u g h  a r u b b e r  s e a l i n g  g l a n d ,  c o v e r ­

i n g  a  4M b u t t r e s s  end and clamped by a  b a c k in g  f l a n g e  a t  

t h e  f r o n t  o f  t h e  a p p a r a t u s  * The 4tf b u t t r e s s  end a l s o  

f a c i l i t a t e d  i n t e r n a l  c l e a n i n g  o f  t h e  a p p a r a t u s *  A s i d e  arm 

f o r  f i l l i n g  t h e  v e s s e l  and a t a p  f o r  d r a i n i n g  were a l s o  

i n c l u d e d .  - The v e s s e l , w a s  a s  shown i n  'Fig* 2 , 5 .

4 .  The Specimens

The f i r s t  e x p e r im e n ts  were co nd uc ted  u s i n g  m i ld  s t e e l  . 

s p e c im e n s ,  exposed  t o  d i s t i l l e d  w a t e r .  The spec im ens  had 

t o  be s m a l l  and e a s i l y  made f o r  r e p r o d u c i b i l i t y .  As men­

t i o n e d  b e f o r e  they^ were r e q u i r e d  e i t h e r  t o  f i t  c l o s e l y  t o  

t h e  s i l i c a  t u b e ,  o r  be s e a l e d  t o  i t  i n  some m anner ,  i n  o r d e r  

t o  p r e v e n t  seepag e  b eh in d  t h e  sp e c im e n s ,  so c a u s in g  u n ­

wanted c o r r o s i o n .  The method e v e n t u a l l y  found t o  be ex^- 

t r e m e l y  s a t i s f a c t o r y  employed spec im ens  i n  t h e  form of  a  

s p l i t  a n n u l u s ,  a s  shown i n  F i g .  2*4* I n  o r d e r  t o  o b t a i n  

a good ,  c l o s e  f i t  t o  t h e  tu b e  th e  spec im ens  were made o f  

s l i g h t l y  s m a l l e r  d i a m e t e r  t h a n  t h e  s i l i c a  tu b e  and when i n  

p o s i t i o n  v/ere l i g h t l y  s p ru n g ,  a c h i e v i n g  a  c l o s e  f i t .  S eep ­

age b eh in d  t h e  spec im ens  was t h e n  n e g l i g i b l e .

The spec im ens  were p r e p a r e d  from s o l i d  drawn m i ld  s t e e l
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t u b i n g ,  t o  e l i m i n a t e  c o m p o s i t io n  changes  w i t h i n  t h e  m e t a l ,  

t h e  c h e m ic a l  a n a l y s i s  o f  w h ich  was g i v e n  a s

Carbon 0 .13#

Manganese 0.36%

P ho sp ho ro us  0.039%

S i l i c o n  0.097%

S u lp h u r  0.04%

/I ro n  R em ainder ,  e x c e p t  f o r  t r a c e  amounts

o f  chromium and n i c k e l .

The tu b e  was o u t s i d e  d i a m e te r  o f  SO S.W.G. w a l l  and 

was b ro u g h t  t o  a  p o l i s h e d  f i n i s h  i n  a  l a t h e  u s i n g  medium and 

f i n d  g r a d e s  o f  emery c l o t h  and f o u r  grade® ( 1 0 0 , 2 2 0 , 440,  

600) o f  S t r e w e r s  p a p e r .  The p o l i s h e d  tu b e  was c u t  i n t o  

a p p r o x im a t e l y  l e n g t h s  on a  l a t h e ,  g round t o  e x a c t l y  

l e n g t h s  and s l i c e d  t o  g iv e  t h e  s p l i t  a n n u lu s  r e q u i r e d .

I n  t h i s  s t a t e  t h e  spec im ens  were to o  s m a l l  t o  f i t  o n to

t h e  s i l i c a  t u b e  and t h e y  had t o  be s t r e t c h e d  a c e r t a i n

am ount .  T h is  was done i n  c o n j u n c t i o n  w i t h  h e a t  t r e a t m e n t

i n  o r d e r  t o  remove s t r e s s e s  e t c *  caused  d u r i n g  m a n u fa c tu re

o f  t h e  tu b e  o r  p r e p a r a t i o n  o f  th e  s p e c im e n s .  The spec im ens

were p r e s s e d  o n to  a m i ld  s t e e l  b a r ,  d i a m e t e r  a p p r o x im a t e l y

Q.Gln s m a l l e r  t h a n  t h a t  o f  t h e  s i l i c a  t u b e .  A n o r m a l i s a t i o n

p r o c e s s  was t h e n  a p p l i e d .  T h is  in v o lv e d  h e a t i n g  th e  s p e e i -  
o

men t o  870 C f o r  t h r e e  h o u r s  i n  a  tu b e  f u r n a c e  u n d e r  a  n i t ­

ro g e n  a tm o s p h e re ,  shown i n  P i g . 2 . 5 .  The spec im ens  were k e p t
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away from t h e  t u b e  s u r f a c e  by f l a n g e s ,  one re m o v a b le ,  a t  

e a c h  end o f  t h e  m i ld  s t e e l  bar#  The b a r  was t a p e r e d  a t  

one end t o  a l l o w  t h e  spec im ens  t o  be p r e s s e d  on e a s i l y #

The b a r  was pushed  t o  t h e  c e n t r e  o f  t h e  f u r n a c e  by a d i a ­

m e te r  m i ld  s t e e l  rod  screwed i n t o  t h e  b a r .

A f t e r  h e a t  s o a k in g  f o r  t h r e e  h o u r s  t h e  spec im ens  were 

a i r  q u en ch ed ,  removed from th e  b a r  and p l a c e d  i n  a d e s i c c a t o r  

t o  a w a i t  f u r t h e r  t r e a t m e n t  im m e d ia te ly  p r i o r  t o  a run#

5# M easurement

A p a r t  from w e ig h t  l o s s  t h e  m easurem ents  t a k e n  d u r in g

t h e  i n i t i a l  e x p e r im e n ts  were s u r f a c e  t e m p e r a t u r e ,  e l e c t r o d e

p o t e n t i a l s  and t h e  pH o f  t h e  s o l u t i o n .

i .  M easurement o f  s u r f a c e  t e m p e r a tu r e
19

P r e v i o u s  w o r k e r s ,  e . g .  I l l i n g w o r t h  c a l c u l a t e d  m e t a l  

s u r f a c e  t e m p e r a tu r e  from t h e  e q u a t i o n

T -  T = q / h  . . .  2 ( i )
1  2

w h e r e :

T -  s u r f a c e  t e m p e r a tu r e
1

T -  b u lk  l i q u i d  t e m p e r a tu r e
2

q s  h e a t  f l u x

h  -  h e a t  t r a n s f e r  c o e f f i c i e n t
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The d i f f i c u l t y  w i t h  t h i s  method l i e s  i n  o b t a i n i n g  a 

s u i t a b l e  v a l u e  o f  t h f ; most o f  th e  e q u a t i o n s  p r e d i c t i n g  

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

h e a t  t r a n s f e r  and t h e i r  a p p l i c a t i o n  t o  s u c h  s m a l l  h e a t  

t r a n s f e r  s u r f a c e s  i s  i n v a l i d ,  a l t h o u g h  I l l i n g w o r t h  a d m i t t e d  

t h i s  and t o  a  c e r t a i n  e x t e n t  j u s t i f i e d  h i m s e l f  by c l a im in g  

t h a t  t h e  r e s u l t s  d id  g iv e  a n  i n d i c a t i o n  o f  s u r f a c e  te m p e r ­

a t u r e  »
12

F i s h e r  and W hitney i n  t h e i r  m o d i f ie d  d i s c  a p p a r a t u s  

u sed  F o u r i e r s  e q u a t i o n  t o  c a l c u l a t e  t h e  s u r f a c e  t e m p e r a tu r e

dQ _ kA dT . . * 2 ( i i )
ITc “ dx

w h e r e ;

dQ, = r a t e  of  h e a t  t r a n s f e r
d t

k  -  t h e r m a l  c o n d u c t i v i t y

A -  a r e a  p e r p e n d i c u l a r  t o  d i r e c t i o n  o f  h e a t  f lo w

dT -  t e m p e r a tu r e  g r a d i e n t
t x

Knowing t h e  h e a t  f l u x ,  t h e  t h e r m a l  c o n d u c t i v i t y  o f  t h e  

m e ta l  and i t s  t e m p e r a tu r e  a t  t h e  c e n t r e  t h e y  c a l c u l a t e d  t h e  

s u r f a c e  t e m p e r a tu r e *  T h i s  i s  f a r  more s a t i s f a c t o r y  b u t  

s t i l l  assumes i d e a l  c o n d i t i o n s ,  su ch  a s  a x i a l  h e a t  f lo w ,  

e t c *  C l e a r l y ,  d i r e c t  s u r f a c e  t e m p e r a tu r e  measurement would
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be a g r e a t  a d v a n ta g e ,  th o u g h  th e  d i f f i c u l t i e s  a r e  c o n s i d e r a b l e *

Methods o f  m e asu r in g  th e  s u r f a c e  t e m p e r a tu r e  o f  s o l i d s  a r e
31

re v ie w ed  by Coxon • For  low t e m p e r a tu r e  work ,  the rm o­

c o u p le s  a r e  s u g g e s te d  a s  th e  most s u i t a b l e *  The th e rm o ­

co u p le  must be i n  e q u i l i b r i u m  .w ith  t h e  s u r f a c e  o f  th e  h o t  

body and i t s  i n t r o d u c t i o n  must n o t  a l t e r  t h e  t e m p e r a tu r e  o f  

t h e  s u r f a c e *  Two m ethods o f  overcom ing t h e s e  p rob lem s  a r e  

w e l l  known*

F i r s t l y  t h e  m easu r in g  d e v ic e  i s  made t h i n  t o  r e se m b le  

p a r t  o f  th e  s u r f a c e ,  and h as  t h e  same e m i s s i v i t y  e t c * ,  and 

s e c o n d ly  th e  d e v ic e  i s  o f  s m a l l  a r e a ,  i n s u l a t e d  on t h e  o u t ­

s i d e ,  so  t h a t  a l t h o u g h  i t  changes  t h e  h e a t  l o s s  c o n d i t i o n s  

i n  i t s  im m edia te  n e ig h b o u rh o o d ,  l a t e r a l  c o n d u c t io n  i n  t h e  

body c a u s e s  a lm o s t  no t e m p e r a tu r e  d i f f e r e n c e *

As s e v e r a l  spec im ens  r e q u i r e d  t e m p e r a t u r e  measurement 

i n  a  s i n g l e  ru n  t h e  f i r s t  method i s  i m p r a c t i c a b l e .  Thus 

t h e  method employed must  b e ,  g e n e r a l l y ,  a  s m a l l  the rm ocou p le  

i n  c l o s e  c o n t a c t  w i t h  t h e  h e a te d  s u r f a c e *  A n o th e r  p o i n t  

i n  f a v o u r  o f  t h i s  method was t h a t  s i n c e  th e  s u r f a c e  was 

b e in g  s t u d i e d  from a c o r r o s i o n  a s p e c t  a s  l i t t l e  i n t e r f e r e n c e  

a s  p o s s i b l e  w i t h  t h e  s u r f a c e  i s  d e s i r a b l e *  F o r  t h i s  r e a s o n  

i t  i s  a l s o  im p o s s ib l e  t o  d r i l l  h o l e s  o r  make g ro o v e s  i n  

spec im en s  f o r  c o r r o s i o n  ex p e r im e n ts*  T ak ing  a l l  t h i s  i n t o  

a c c o u n t ,  t h e  b e s t  method ap p e a re d  t o  be a  s m a l l  th e rm o co u p le
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w hich  c o u ld  be p r e s s e d  a g a i n s t  t h e  s u r f a c e  when r e a d i n g s  were 

r e q u i r e d  and removed im m e d ia te ly  so  t h a t  no g a l v a n i c  c o u p le s  

were e s t a b l i s h e d ,  which  m igh t  a l t e r  t h e  c o r r o s i o n  p r e c e s s e s .  

I t  was t h e r e f o r e  d e c id e d  t o  u se  ’Thermocoaac* s h e a th e d  

Crom el/Alumel w ire  s e a l e d  i n  c a p i l l a r y  g l a s s  t u b i n g  and 

s e a l e d  w i t h  A r a l d i t e .  See F i g . 2 . 6 . The m e a s u r in g  c i r c u i t

was a s  shown i n  F i g . 2 . 7 ,

I t  was r e a l i s e d  t h a t  w i t h  t h i s  sys tem  some r a d i a l  h e a t  

t r a n s f e r  was bound t o  o c c u r  and t r u e  t e m p e r a tu r e  r e a d i n g s  

would n o t  be o b t a i n e d .  A method o f  c a l i b r a t i o n  o f  th e  

th e rm o co u p le  was deve loped  which  a l lo w e d  s u r f a c e  t e m p e r a tu r e  

t o  be c a l c u l a t e d  f o r  a g i v e n  th e rm o co up le  r e a d i n g .

Three  h o l e s  were d r i l l e d  l a t e r a l l y  i n  a spec im en ,  

a p p r o x im a t e l y  i n  d e p t h ,  one b e in g  n e a r  t h e  i n s i d e  s u r f a c e ,  

one i n  t h e  m id d le ,  and one n e a r  th e  o u t s i d e  s u r f a c e ,  a s  shown 

i n  F i g . 2 . 8 . , Thermocoaxf s h e a th e d  th e rm o co u p le  w i r e s  were 

i n s e r t e d  i n  t h e  spec im en ,  and s e a l e d  i n  A r a l d i t e  so t h a t  

t h e y  were e l e c t r i c a l l y  i n s u l a t e d  from t h e  m e t a l  sp ec im en .

From t h e s e  t h e  t e m p e r a tu r e  g r a d i e n t  a c r o s s  t h e  specim en 

t h i c k n e s s  co u ld  be d e te rm in e d  and by e x t r a p o l a t i o n  th e  

s u r f a c e  t e m p e r a tu r e  o b t a i n e d .  Used i n  c o n j u n c t i o n  w i t h  

t h e  th e rm o co u p le  p r o b e ,  a r e a d i n g  f o r  any g i v e n  s u r f a c e  

t e m p e r a tu r e  c o u ld  be o b t a i n e d .  C a l i b r a t i o n  f i g u r e s  a r e  

g i v e n  i n  ap p e n d ix  1 .
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i i .  Measurement o f  h e a t  t r a n s f e r  r a t e s

At t h e  t im e  when p r e l i m i n a r y  r u n s  were conduc ted  no 

s a t i s f a c t o r y  method o f  d e t e r m in in g  h e a t  t r a n s f e r  r a t e s  was 

e s t a b l i s h e d .  At a l a t e r  s t a g e  i n  t h e  i n v e s t i g a t i o n  a sys tem  

was p roved  t o  be s a t i s f a c t o r y  and w i t h  t e m p e r a tu r e  r e a d i n g s  

t a k e n  d u r in g  p r e l i m i n a r y  ru n s  i t  was p o s s i b l e  t o  c a l c u l a t e  

h e a t  t r a n s f e r  r a t e s .  The method i s  f u l l y  d e s c r i b e d  i n  

ap p e n d ix  1 .  The h e a t  i n p u t  t o  th e  w in d in g  was c a l c u l a t e d  

from th e  v o l t a g e  and amperage r e a d i n g s  a c r o s s  th e  w in d in g .

i i i .  Measurement of  e l e c t r o d e  p o t e n t i a l

I n  o r d e r  t h a t  t h e s e  m easurem ents  co u ld  be t a k e n  an  

e l e c t r i c a l  c o n t a c t  be tw een  t h e  spec im en  and th e  m easu r in g  

d e v ic e  was r e q u i r e d .  As s e v e r a l  spec im ens  were t o  be used  

i n  one r u n  i t  p roved  i m p r a c t i c a b l e  t o  have a d i r e c t l y  

a t t a c h e d  c o n t a c t  w i t h  e a c h  on e .  The method used  f o r  t h i s  

c o n t a c t  to o k  th e  form o f  a p ro b e ,  a s  shown i n  F i g . 2 . 9 .  I t  

c o n s i s t e d  o f  a m i ld  s t e e l  ro d  1 /16"  i n  d i a m e t e r  s e a le d  i n  a 

g l a s s  t u b e .  The p a r t  o f  th e  rod  p r o t r u d i n g  beyond th e  g l a s s  

was s e a l e d  w i t h  A r a l d i t e  so  t h a t  o n ly  t h e  end s u r f a c e  was 

ex p o s e d .  T h i s  cou ld  be p a s s e d  t h r o u g h  t h e  4" r u b b e r  

d iaphragm  and p r e s s e d  a g a i n s t  th e  s u r f a c e  o f  any o f  th e  

s p e c im e n s .

When r e a d i n g s  were n o t  b e in g  t a k e n  t h e  t i p  would have 

been  exposed  t o  t h e  c o r r o s i v e  media and co u ld  have formed a
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n o n -c o n d u c t iv e  f i l m  wM ch cou ld  have a l t e r e d  t h e  p o t e n t i a l  

r e a d i n g  o b t a i n e d  w i t h  th e  t im e  e x p o se d .  A method was 

t h e r e f o r e  d e v i s e d  i n  w hich  t h e  p robe  co u ld  be removed a f t e r  

e a ch  s e r i e s  o f  r e a d i n g s  so t h a t  i t  c o u ld  be c l e a n e d .  T h i s  

was a r r a n g e d  by means o f  a t a p  and s e a l i n g  g l a n d ,  a s  shown 

i n  F i g . 2 . 1 0 .  W ith  t h i s  method t h e  p ro b e  c o u ld  be i n t r o d u c e d  

w i t h  no l o s s  o f  w a te r  from t h e  sy s tem .

The r e f e r e n c e  h a l f - c e l l  was an  e x t e r n a l  s a t u r a t e d  

c a l o m e l  e l e c t r o d e  c o n n e c ted  by means o f  a l i q u i d  b r i d g e  

c o n t a i n i n g  th e  c o r r o s i v e  m e d ia .  The b r i d g e  c o n s i s t e d  o f  

a g l a s s  t u b e ,  drawn a t  t h e  specim en end t o  a f i n e  c a p i l l a r y .  

T h i s  tu b e  was co n n e c ted  t o  th e  g l a s s  f u n n e l  c o n t a i n i n g  th e  

s a t u r a t e d  ca lo m e l  e l e c t r o d e ,  by a p l a s t i c  tu b e  c o n t a i n i n g  

a w ic k ,  i n  o r d e r  t o  re d u c e  t h e  p o s s i b i l i t y  o f  a i r  b u b b le s  

i n t e r f e r i n g  w i t h  t h e  r e a d i n g s .  The p o t e n t i a l s  were 

m easured  w i t h  an  E . I . L .  23A h ig h  impedance m i l l i v o l t m e t e r , 

and t h e  f u l l  c i r c u i t  was a s  shown i n  F i g . 2 . 1 1 .  

i v .  Measurement o f  t h e  pH o f  t h e  s o l u t i o n  

The pH o f  t h e  c o r r o s i v e  m ed ia ,  d i s t i l l e d  w a te r  f o r  

p r e l i m i n a r y  r u n s ,  was measured  u s in g  an  E . I . L .  23A pH m e t e r ,  

w i th  a g l a s s  e l e c t r o d e  and a s a t u r a t e d  ca lo m e l  e l e c t r o d e  a s  

h a l f  c e l l s .  The m e te r  was s t a n d a r d i s e d  f r e q u e n t l y  u s i n g  

b u f f e r  s o l u t i o n s  o f  pH 4 .0 0  and pH 9 . 1 5 .  The e l e c t r o d e s  

were t h o r o u g h l y  washed i n  th e  c o r r o s i v e  media and t h e n  th e  

pH d e t e r m i n a t i o n s  made.
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C h a p te r  3

S t a r t - u p  and P r e l i m i n a r y  E x p e r im e n ts
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1 .  I n t r o d u c t i o n

The t r e a t m e n t  o f  spec im ens  im m e d ia te ly  p r i o r  t o  and 

a f t e r  r u n s  i s  d i s c u s s e d #

The equ ipm ent  was u s u a l l y  t e s t e d  u s i n g  t a p  w a te r  a s  t h e  

c o r r o s i v e  medium and a p rob lem  o f  t a k i n g  p o t e n t i a l  m easu re ­

m e n ts ,  due t o  t h e  h e a t i n g  m ethod ,  a ro s e #  T h i s  p rob lem  i s  

c o n s i d e r e d  and a t e m p o ra ry  method o f  t a k i n g  r e a d i n g s  was 

u se d  u n t i l  a  more s a t i s f a c t o r y  method o f  h e a t i n g  c o u ld  be 

found# A s o l u t i o n  t o  t h i s  h e a t i n g  p rob lem  i s  d i s c u s s e d .

The r e s u l t s  o b t a in e d  from th e  p r e l i m i n a r y  r u n s  u s i n g  

th e  o r i g i n a l  h e a t i n g  method a r e  r e c o r d e d  and s u g g e s t i o n s  

o f f e r e d  i n  e x p l a n a t i o n  o f  t h e  phenomena#

Specimen T re a tm e n t  

Specim ens were p r e p a r e d  a s  d e s c r i b e d  i n  an  e a r l i e r  

c h a p t e r ,  and a f t e r  t h e  n o r m a l i s a t i o n  p r o c e s s  t h e  sp e c im e n s ,  

now co v e red  w i t h  an  o x ide  f i l m ,  were s t o r e d  i n  a d e s s i c a t o r .  

T h i s  f i l m  had t o  be removed b e f o r e  c o r r o s i o n  t e s t s  co u ld  

commence# S i m i l a r l y ,  a f t e r  c o r r o s i o n  a method o f  removing 

th e  e o r r o s i o n  p r o d u c t  had t o  be u s e d ,  so  t h a t  w e ig h t  l o s s  

d e t e r m i n a t i o n s  c o u ld  be made# I n  t h e  l a t t e r  c a s e  i t  i s  

e s s e n t i a l  t h a t  m e ta l  i s  n o t  removed d u r i n g  t h e  p r o c e s s ,  o r  

a t  l e a s t  k e p t  t o  a minimum and a l lo w a n c e s  made i n  th e  w e ig h t  

l o s s  d e t e r m i n a t i o n s #  S e v e r a l  c h e m ic a l  m ethods  a r e  a v a i l a b l e
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32

f o r  rem oving  c o r r o s i o n  p r o d u c t s  , and t h e  method d e c id e d
33

upon was t h e  u se  o f  C l a r k e f s s o l u t i o n  . T h i s  i s  a  s o l u t i o n  

o f  2  gm s t a n n o u s  c h l o r i d e  and 2  gm a n t im o n io u s  ox ide  i n  

1 0 0  ml c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d ,  t h e  a d d i t i v e s  s e r v i n g  

a s  i n h i b i t o r s  t o  t h e  m e t a l  d i s s o l u t i o n  p r o c e s s .  I n  p r a c t ­

i c e  i t  was found t h a t  a l l  t h e  c o r r o s i o n  p r o d u c t  was removed 

by t h e  s o l u t i o n  i n  l e s s  t h a n  a m i n u t e • B lank  t e s t s  were 

p e r fo rm e d ,  im mersing t h e  spec im ens  f o r  up t o  f i f t e e n  m i n u te s ,  

and w e ig h t  l o s s  d e t e r m i n a t i o n s  were t h e n  made. The w e ig h t  

l o s s  d u r i n g  b l a n k  t e s t s  was n e g l i g i b l e  i n  com p ar iso n  t o  t h e  

l o s s  i n  a norm al c o r r o s i o n  r u n .

T h i s  m ethod, th o u g h ,  l e a v e s  a s m a l l  d e p o s i t  o f  an t im ony  

on th e  s u r f a c e ,  w h ich ,  w h i l e  h av in g  n e g l i g i b l e  e f f e c t  on 

w e ig h t  l o s s  d e t e r m i n a t i o n s  co u ld  a f f e c t  t h e  c o r r o s i o n  

p r o c e s s e s .  T h e r e f o r e  i t  was d e c id e d  t o  u se  c o n c e n t r a t e d  

h y d r o c h l o r i c  a c i d  t o  remove t h e  ox ide  f i l m  caused  by t h e  h e a t  

t r e a t m e n t  p r i o r  t o  a r u n ,  p ro d u c in g  a r e p r o d u c i b l e  e t c h e d  

s u r f a c e  on t h e  sp e c im e n s .  A f t e r  t r e a t m e n t  w i t h  th e  a c i d  

s o l u t i o n s ,  i n  e a c h  ca se  t h e  spec im ens  were washed i n  d i s ­

t i l l e d  w a t e r ,  rubbed  d ry  w i t h  a s o f t  c l o t h ,  immersed i n  

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

f u l l y  w e ig h e d .

Specim ens were t r e a t e d  im m e d ia te ly  p r i o r  t o  a r u n  and 

were t h e n  c a r e f u l l y  p l a c e d ,  w i t h  a s  l i t t l e  c o n t a c t  a s
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p o s s i b l e ,  on t h e  s i l i o a  shea th . .  -To p r e v e n t  c r a c k in g  o f  t h e  

s i l i c a  t u b e  t h e  spec im ens  were f i r s t  p l a c e d  on a  m i ld  s t e e l  

rod  f r a c t i o n a l l y  l a r g e r  t h a n  t h e  s i l i c a  tu b e  and from t h e r e  

moved o n to  t h e  s h e a t h .  The h e a t i n g  c o i l  was t h e n  f i x e d  

i n s i d e  t h e  s h e a t h  and t h e  whole b a r  f i x e d  i n t o  t h e  v e s s e l .

3• S t a r t - U p

Huns were i n i t i a l l y  c a r r i e d  o u t  u s i n g  t a p  w a te r  a s  t h e  

c o r r o s i v e  medium, w i t h  a s m a l l  number o f  spec im en s  and t h e  

s l i t  i n  t h e  spec im ens  i n  v a r i o u s  p o s i t i o n s .  Weight l o s s  

d e t e r m i n a t i o n s  i n d i c a t e d  t h a t  t h e r e  was no s i g n i f i c a n t  

d i f f e r e n c e  w i t h  r e s p e c t  t o  s l i t  p o s i t i o n .  T h e r e f o r e  t h e  

s l i t  was i n  f u t u r e  ru n s  a r b i t r a r i l l y  p l a c e d  a t  t h e  t o p .

During  t h e s e  r u n s  i t  p roved  d i f f i c u l t  t o  m easure  t h e  

s u r f a c e  p o t e n t i a l ,  and a b s u r d l y  h i g h  r e a d i n g s  were o b t a in e d  

when t h e  c u r r e n t  was f lo w in g  th ro u g h  t h e  h e a t e r .  R easonab le  

r e a d i n g s  were o b ta in e d  i f  t h e  c u r r e n t  was sw i tc h e d  o f f  

im m e d ia te ly  p r i o r  t o  any  r e a d i n g .  To f i n d  t h e  cause  of  t h i s  

e f f e c t ,  t h e  sy s tem  was s im u la te d  on bench  s c a l e  and s e v e r a l  

e x p e r im e n t s  were p e r fo rm e d .  The spec im ens  were r e p l a c e d  by 

a l e n g t h  o f  i r o n  w i r e ,  and th e  h e a t i n g  c o i l  was r e p l a c e d  by 

a l a r g e  number- o f  t u r n s  o f  copper  w i re  wound a round  th e  

spec im en .  These e x p e r im e n ts  e s t a b l i s h e d  t h a t ,  due t o  t h e  

h e a t i n g  c o i l ,  c u r r e n t s  were- b e in g  in d u c e d  i n  e i t h e r  th e
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spec im ens  o r  i n  t l ie  p r o b e s .  These c u r r e n t s  were b e in g  

t r a n s f o r m e d  i n t o  a D.C. s i g n a l  i n  t h e  f i r s t  v a lv e  s t a g e  o f  

t h e  m i l l i v o l t m e t e r . The most l i k e l y  p i c k - u p  p o i n t  was i n  

t h e  h i g h  r e s i s t a n c e  o f  th e  s o l u t i o n  be tw een  th e  spec im en  and 

r e f e r e n c e  e l e c t r o d e .

O b ta in in g  a  r e a s o n a b l e  r e a d i n g ,  i f  e l e c t r i c i t y  was t o  

r e m a in  th e  h e a t i n g  m ed ia ,  cou ld  be done i n  two ways .  The 

A .C. component i n  t h e  m ea su r in g  c i r c u i t  co u ld  be s h o r t e d  

p r i o r  t o  t h e  m i l l i v o l t m e t e r  o r  a  n o n - i n d u c t i v e  w ind ing  co u ld  

be u sed  f o r  t h e  h e a t i n g  c o i l .  The fo rm e r  method would 

m e re ly  mask t h e  e f f e c t  and i f  t h e  in d u ced  c u r r e n t s  had an  

e f f e c t  on th e  c o r r o s i o n  p r o c e s s e s ,  lYhich T o r ig o e  s u g g e s te d  

t h e y  may, t h e n  t h e  c o r r o s i o n  r e s u l t s  would be s u s p e c t .

U sing  a n o n - i n d u c t i v e  w ind ing  a s  th e  h e a t e r  was th o u g h t  t o  be 

t h e  b e t t e r  m ethod .  I n i t i a l l y  r u n s  were p e r fo rm e d  u s i n g  t h e  

i n d u c t i v e  w in d in g  u n t i l  t h e  o t h e r  was o b t a i n e d .  Compari­

sons  were made o f  t h e  r e s u l t s  w i t h  e a c h  w in d in g .  During 

t h e s e  r u n s  s u r f a c e  p o t e n t i a l  r e a d i n g s  were o b t a i n e d  by 

s w i t c h i n g  o f f  t h e  h e a t e r  im m e d ia te ly  p r i o r  t o  t a k i n g  a 

r e a d i n g .

4 .  E x p e r im e n t a l  P ro c e d u re  i n  P r e l i m i n a r y  Runs

D i s t i l l e d  w a t e r  was vised a s  t h e  c o r r o s i v e  medium.

E i g h t  spec im ens  were used  i n  e a c h  r u n .  S i x  u n d e r  c o n d i t i o n s



***4:0“'

o f  h e a t  t r a n s f e r ,  and two a s  b l a n k  sp ec im en s  r* n o t  on th e  

h e a te d  p a r t  o f  t h e  t u b e .  The spec im en  tu b e  was f i x e d  i n t o  

t h e  v e s s e l  and t h e .v e s s e l  f i l l e d  v i a  t h e  s i d e  arm u n t i l  t h e  

w a t e r  was a p p r o x im a t e l y  n in e  i n c h e s  above t h e  sp e c im e n s .

The w a t e r  t o  t h e  c o n d e n s e r  was t u r n e d  on ,  and t h e  h e a t i n g  

c u r r e n t  was sw i tc h e d  on and m a in t a in e d  a t  a s e t  v a l u e .

P o t e n t i a l  r e a d i n g s  were t a k e n  p e r i o d i c a l l y  th ro u g h o u t  

t h e  r u n  v i a  t h e  f r o n t  s e a l i n g  g l a n d .  They were t a k e n  f r e ­

q u e n t l y  a t  t h e  s t a r t  o f  any ru n  and e v e r y  h a l f  ho u r  once t h e  

sys tem  had. s e t t l e d  down w i t h . t h e  e x c e p t i o n  o f  t h e  o v e r n i g h t  

p e r i o d .

T e m p e ra tu re  r e a d i n g s  were t a k e n  p e r i o d i c a l l y  th ro u g h o u t  

th e  r u n , . a g a i n  a t  e v e ry  h a l f  hour  once t h e  sy s te m  had 

s e t t l e d  down.

Runs were o f r 24 h o u r s  d u r a t i o n  and a t  t h e  c o m p le t io n  o f  

a  r u n ,  t h e  spec im ens  were t r e a t e d  a s  d e s c r i b e d  e a r l i e r ,  

w e igh ed ,  and s t o r e d  i n  a d e s i c c a t o r  f o r  l a t e r  e x a m in a t io n *

5 ,  R e s u l t s  o f  P r e l i m i n a r y  Runs

i P o t e n t i a l  m easurem ents

At any  one t im e  w i t h i n  a  g i v e n  r u n  t h e  p o t e n t i a l s  o f  

d i f f e r e n t  spec im en s  were a lm o s t  e q u a l ,  t h e  two o u t e r  s p e c i ­

mens h a v in g  a l i g h t l y  low er  p o t e n t i a l  t h a n  t h e  o t h e r s .

T h i s  was i n  t h e  o r d e r  o f  2 - 3  mV d i f f e r e n c e  i n  600 mY and was
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t h o u g h t  t o  he n e g l i g i b l e .  P o t e n t i a l s  a r e  q u o te d  a s  n e g a t i v e  

t o  a  s t a n d a r d  ca lo m e l  e l e c t e o d e .

W i th in  a g iv e n  r u n  t h e  spec im en p o t e n t i a l  v a r i e d  w i t h  

t im e  i n  a .m an n e r  t y p i f i e d  by t h e  example shown i n  F i g . 5 . 2 .

The a v e ra g e  f i n a l  p o t e n t i a l  o f  a  r u n  showed an  i n c r e a s e  

w i t h  i n c r e a s e d  h e a t  t r a n s f e r  r a t e s .  See F i g . 3 , 3 .

i i . Weight l o s s  m easurem ents

W i th in  a g i v e n  r u n  t h e r e  a p p e a re d  t o  be some b i a s  w i t h  

r e s p e c t  t o  p o s i t i o n  on th e  spec im en t u b e .  The t r e n d  i s  

i n d i c a t e d  i n  F i g . 3 . 4 .  The w e ig h t  l o s s  by t h e  c e n t r e  and 

o u t s i d e  spec im ens  was l e s s  t h a n  t h e ~ r e g i o n s  b e tw e e n .  Due 

t o  t h e  s c a l e  u sed  t h e  e f f e c t  i s  e x a g e r a t e d  i n  t h e  d ia g ra m ,  

t h e  d e v i a t i o n  be tw een  maximum and minimum w e ig h t  l o s s  was 

i n  th e  o r d e r  o f  1̂ .  2 .€>%> uJovf&V' £&&£

The a v e ra g e  w e ig h t  l o s s  o f  b o t h  h e a t e d  and u n h e a te d  

spec im ens  p l o t t e d  v s  h e a t  t r a n s f e r  r a t e s  a r e  shown i n  

F i g . 3 . 5 .

i i i .  T em p era tu re  m easurement

The s u r f a c e  t e m p e r a tu r e  o f  t h e  m e t a l  i n c r e a s e d  r a p i d l y  

a t  t h e  s t a r t  o f  any  r u n  and t h e n  s t e a d i e d  down t o  a v a lu e  

h e ld  f o r  t h e  r e m a in d e r  o f  t h e  r u n .  A t y p i c a l  example i s  

shown i n  F i g . 3 . 6 .

i v .  pH measurement

The pH o f  t h e  s o l u t i o n  was m easured  p r i o r  t o  e a c h  r u n
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and was i n - t h e  o r d e r  o f  pH 5*3 t o  5*3* A f t e r  a r u n  a 

sample o f  w a te r  was r e t a i n e d ,  a l lo w ed  t o  o o o l  and i t s  pH 

m easured* T M s was found t o  v a r y  be tw een  pH $ . 8  and 7*1 

b u t  t h e  v a r i a n c e  was random and b o re  no r e l a t i o n  t o  b e a t  

t r a n s f e r  r a t e s *  T M s  was tb o u g h t  t o  be due t o  d i f f i c u l t i e s  

i n  o b t a i n i n g  a r e p r e s e n t a t i v e  sample from  su c h  a  m ass iv e  

l i q u i d  sou rce*  The r e s u l t s  a r e  i n c l u d e d  i n  Appendix  3 .

Y * V i s u a l  o b s e r v a t i o n s

P r i o r  t o  a r u n  a l l  spec im ens  had a  s i m i l a r  s u r f a c e ,  a 

d u l l  m a t t  sh een  on a smooth , r e g u l a r  s u r f a c e *  At c o m p le t io n  

o f  a  r u n  t h e  spec im ens  were a l l  c o a te d  w i t h  a  b l a c k  c o r r o s i o n  

p ro d u c t*  On t h e  spec im ens  w hich  had undergone  h e a t  t r a n s f e r  

were s c o r e s ,  made i n  t h e  same d i r e c t i o n  a s  t h e  b u b b le  p a t h s  

d u r in g  a run* T h i s  was much l e s s  n o t i c e a b l e  on t h e  b l a n k  

specim ens* B ubb les  were formed a t  v a r i o u s  p o i n t s  on th e  

s u r f a c e ,  t h e n  r o l l e d  up t h e  s i d e s  o f  t h e  sp ec im en ,  and l e f t  

t h e  s u r f a c e  n e a r  t h e  t o p ,  a s  shown i n  F i g * 3 .7 .  The s e v e r ­

i t y  o f  t h e  s c o r i n g  was g r e a t e r  w i t h  low er  h e a t  a s  shown i n  

t h e  p h o to g ra p h  P ig * 5 * 8 .  P i t t i n g  a l s o  o c c u r r e d  a t  t h e  

b o t to m  o f  spec im ens  where numerous b u b b le s  formed and r e ­

mained s t a t i o n a r y  f o r  some t i m e ,  p a r t i c u l a r l y  d u r in g  t h e  

f i r s t  p a r t  o f  runs*  P i t t i n g  was a l s o  g r e a t e r  a t  low er  h e a t  

f l u x e s ,  see  p h o to g ra p h  F ig * 3 * 9 .

As s t a t e d  t h e  spec im en s u r f a c e  a t  t h e  b e g in n in g  o f  a
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r u n  was a  m a t t  s h e e n .  As soon  a s  t h e  r u n  s t a r t e d  b u b b le s  

formed on t h e  s u r f a c e  and r o s e  up t h e  s i d e s  m ark ing  t h e  

s u r f a c e .  A f t e r  a  w h i le  a  brown d e p o s i t  d ev e lo p e d  o v e r  t h e  

s u r f a c e  w hich  s l o w l y ,  a s  t h e  r u n  p r o g r e s s e d  became d a r k e r  

u n t i l  i t  became t h e  b l a c k  p r o d u c t  m en t io n ed  a b o v e .  At low 

h e a t  f l u x e s  t h e  brown d e p o s i t  p e r s i s t e d  f o r  much l o n g e r  t h a n  

a t  h i g h e r  h e a t  f l u x e s .

As b o i l i n g  commenced a h o t / c o l d  w a te r  i n t e r f a c e  d e v e l ­

oped a ro u n d  th e  h e a t e r  tu b e  and s p r e a d  a s  b o i l i n g  became 

e s t a b l i s h e d  u n t i l  i t  was a f l a t  l a y e r  j u s t  below th e  s p e c i ­

men t u b e .  As b o i l i n g  c o n t in u e d  t h e  l a y e r  p r o g r e s s e d  down 

th e  v e s s e l  and a f t e r  a  t im e  -  w hich  v a r i e d  w i t h  t h e  h e a t  

f l u x  -  r e a c h e d  t h e  b o t tom  o f  th e  v e s s e l .  The d a r k e n in g  o f  

t h e  c o r r o s i o n  p r o d u c t  c o in c id e d  a p p r o x im a t e l y  w i t h  t h e  

f o r m a t i o n  and movement o f  t h i s  l a y e r .

6 . C o n c lu s io n s  and D i s c u s s i o n s

i*  P o t e n t i a l  t im e c u r v e s

The p o t e n t i a l  t im e c u r v e s  seem t o  d i v i d e  th e m s e lv e s  

i n t o  t h r e e  d i s t i n c t  s e c t i o n s  -  see  P i g . 5 . S .  B e fo re  th e  

h e a t e r  c u r r e n t  was s w i tch ed  on th e  sp ec im ens  m a i n t a in e d  a 

p o t e n t i a l  o f  350 mV n e g a t i v e  t o  a s t a n d a r d  c a lo m e l  e l e c t r o d e .  

When h e a t i n g  commenced t h e  p o t e n t i a l  changed im m e d ia te ly  t o  

550 mV and s t e a d i l y  d e c r e a s e d  w h i le  d e a e r a t i o n  o c c u r r e d ,



-44-

w i t h o u t  b o i l i n g ,  and" s e c t i o n  AB may be c o n s i d e r e d  t o  be 

e s s e n t i a l l y  a d e a e r a t i o n  s e c t i o n .  At p o i n t  B t h e  ho t  c o ld  

i n t e r f a c e  p r e v i o u s l y  m en t ion ed  formed and a t  P o i n t  C had 

f l a t t e n e d  ou t  be low  t h e  spec im en  t u b e .  By p o i n t  C b o i l i n g  

was w e l l  d ev e lo p e d  and t h e  p o t e n t i a l  c o n t in u e d  t o ' f a l l  and 

a t  p o i n t  D a p p e a re d  t o  be a t t a i n i n g  a  r e a s o n a b l y  s t e a d y  

v a l u e .  At t h i s  p o i n t  t h e  h o t  c o ld  i n t e r f a c e  re a c h e d  t h e  

b o t to m  o f  t h e  v e s s e l ,  w h ich  i n  t h e  r u n  on w h ich  F i g . 3 . 2  i s  

b a se d  o c c u r r e d  a f t e r  a p p r o x im a t e l y  f i v e  h o u r s .  The 

p o t e n t i a l  s u d d e n ly  d e c r e a s e d  and a t t a i n e d  a f t e r  a  s h o r t  t im e 

a  p o t e n t i a l  w h ich  was m a in t a in e d  f o r  t h e  r e m a in d e r  of  t h e  r u n .

i i .  pH chan ges

The i n c r e a s e  i n  pH, w hich  o c c u r r e d  i n  a l l  c a s e s ,  co u ld  

be due t o  two d i s t i n c t  e a u s e s .  At t h e  commencement o f  a 

r u n  t h e  d i s t i l l e d  w a te r  u s e d  had a p o t e n t i a l  o f  a p p r o x im a t e l y  

5 . 2 ,  p r o b a b ly  due t o  d i s s o l v e d  g a s e s  su c h  a s  c a rb o n  d i o x i d e .  

As t h e  r u n  p ro c e e d e d  th e  ca rb o n  d io x id e  would be d e so rb e d  and

t h e  pH^of t h e  w a te r  sh o u ld  t h e n  be a p p r o x i m a t e l y  7 . 0 .

B o i l i n g  s e p a r a t e  sam ples  o f  w a te r  showed t h i s  t o  be th e  c a s e .

In  some c a s e s  however pH v a l u e s  g r e a t e r  t h a n  7 .0  were

o b se rv e d  w h ich  must be due t o  some o t h e r  c a u s e .  The most 

l i k e l y  e x p l a n a t i o n  i s  t h a t  a  r e a c t i o n  w h ich  e i t h e r  p rod uced  

h y d ro x y l  i o n s  o r  removed hydrogen  i o n s  was i n v o lv e d  i n  th e  

c o r r o s i o n  p r o c e s s *



-45-

i i i .  Weight l o s s  v s  h e a t  f l u x

The p l o t  o f  w e ig h t  l o s s  v s  h e a t  f l u x  i s  shown i n  F i g . 3 . 5 .  

T h i s  i n d i c a t e s  a d e c r e a s e  i n  c o r r o s i o n  w i t h  i n c r e a s e d  h e a t

t r a n s f e r *  and i s  a c o n t r a d i c t i o n  t o  t h e  o b s e r v a t i o n s  o f  
1 1 ,1 2 ,1 9

o t h e r  w o rk e rs  i n  non b o i l i n g  r e g i o n s .  From the rm o­

dynamic c o n s i d e r a t i o n s  i t  was s t a t e d  i n  c h a p t e r  1  t h a t  

b o i l i n g  c o n d i t i o n s  o f f e r e d  d i f f e r e n t  c i r c u m s t a n c e s  t o  non 

b o i l i n g  h e a t  t r a n s f e r  c o n d i t i o n s  i n  a s  much t h a t  l a r g e  

changes  i n  h e a t  t r a n s f e r  r a t e s  p roduced  r e l a t i v e l y  s m a l l  

changes  i n  s u r f a c e  t e m p e r a t u r e .  The d i s s o l u t i o n  and 

o x i d a t i o n  o f  i r o n  i n  aqueous  media a r e  e x o th e rm ic  p r o c e s s e s ,  

t h u s  by Le C h a t e l i e r s  p r i n c i p l e  t h e  i n t r o d u c t i o n  o f  h e a t  

e n e rg y  t o  th e  sy s tem  would s h i f t  t h e  r e a c t i o n  e q u i l i b r i u m  

i n  su c h  a  way a s  t o  cau se  l e s s  m e ta l  t o  r e a c t .  The i h e r e a s e  

i n  t e m p e r a tu r e  a s s o c i a t e d  w i t h ^ i n  i n c r e a s e  i n  h e a t  t r a n s f e r  

i s  shown t o  be s m a l l  -  see  a p p e n d ix  1  and i t  c o u ld  be 

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

n o t  s u f f i c i e n t  t o  o f f s e t  t h e  s h i f t  i n  e q u i l i b r i u m  and t h e r e ­

f o r e  lo w er  c o r r o s i o n  r a t e s  o c c u r re d  a t  h i g h e r  h e a t  f l u x e s .

A n o th e r  e x p l a n a t i o n  f o r  t h i s  phenomenon c o u ld  be oxygen 

a v a i l a b i l i t y  a t  t h e  surface,*  At low h e a t  f l u x e s  com ple te  

d e a e r a t i o n  o f  t h e  s o l u t i o n  was a s low p r o c e s s  and c o n t in u e d  

f o r  s e v e r a l  h o u r s  a s  t h e  h o t  &old w a te r  i n t e r f a c e  moved down 

th e  v e s s e l  and t h e r e f o r e  a t  low h e a t  f l u x e s  oxygen was
i

a v a i l a b l e  a t  t h e  s u r f a c e  f o r  l o n g e r  p e r i o d s  t h a n  a t  h i g h e r
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h e a t  f l u x e s ,  where d e a e r a t i o n  was more r a p id #  I t  h a s  been  
34

s u g g e s t e d  t h a t  a t  low oxygen c o n c e n t r a t i o n  oxygen w i l l  a c t  

a s  an  a c c e l e r a t o r  f o r  t h e  c o r r o s i o n  p r o c e s s e s  in:' i r o n  i n  h i g h  

t e m p e r a tu r e  w a t e r s ,  and t h u s  th e  p r e s e n c e  o f  oxygen f o r  

l o n g e r  p e r i o d s  a t  lo w er  h e a t  f l u x e s  would l e a d  t o  t h e  h i g h e r  

r a t e  o f  c o r r o s i o n  obse rved#

A t h i r d  p o s s i b i l i t y  was t h a t  i n  some manner t h e  s team  

b u b b le s  p ro du ced  on t h e  s u r f a c e  d u r in g  b o i l i n g  p r o t e c t e d  t h e  

m e t a l  s u r f a c e  and ? ; i th  g r e a t e r  c o v e r in g  by t h e  s team  b u b b le s  

a t  h i g h e r  h e a t  f l u x e s  c o r r o s i o n  i s  reduced#

i v .  G en e ra l  D i s c u s s i o n

Of t h e  e x p l a n a t i o n s  o f f e r e d  above i t  was th o u g h t  t h a t

t h e  second  was t h e  most im p o r tan t . ,  and when t h e  w e ig h t  l o s s

v s  h e a t  f l u x  c u r v e s  a r e  c o n s id e r e d  t o g e t h e r  w i t h  t h e  v i s u a l

o b s e r v a t i o n s  and t h e  p o t e n t i a l  t im e  c u r v e s  t h i s  e x p l a n a t i o n

i s  s u p p o r te d #  The s o l u t i o n s  u sed  were o f  n e u t r a l  pH, p r i o r

t o  a r u n  h av in g  a pH o f  a p p r o x im a te ly  5 .2  and a f t e r  a r u n  a
35 ,36

v a lu e  o f  a p p r o x im a t e l y  7 .0#  I t  h a s  b een  s u g g e s te d  t h a t

i n  a e r a t e d  n e u t r a l  s o l u t i o n s  t h e  p re d o m in a n t  c a th o d e  r e a c t i o n  

i s  t h e  oxygen r e d u c t i o n  r e a c t i o n

0 •+• 1 0  +  2E —^  2 ( OH) ’ . . . K i l l )
8

The c o r r e s p o n d i n g  anode r e a c t i o n  was t h e  d i s s o l u t i o n  

o f  i r o n  t o  f e r r o u s  i o n s .
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2+
F e ^ ;Fe +■ 2 e . , . 3 ( i )

A t  t h e  boundary  o f  a n o d ic  and c a t h o d i c  a r e a s  f e r r o u s  

i o n s  r e a c t  w i t h  t h e  h y d ro x y l  i o n s  t o  p ro d u ce  f e r r o u s  

h y d r o x i d e ,

F e* '  + 2 ( OH) * — Fe (OH) . . . 3 ( 1 1 )
2

I n  th e  p r e s e n c e  o f  d i s s o l v e d  oxygen t h e  f e r r o u s  h y d ro ­

x id e  i s  oxy.dised t o  th e  f e r r i c  s t a t e

4 Fe (OH) + 0  +  2H 0 — 2 Fe 0 .H 0 . . . 3 ( 1 1 1 )2 2 2 2 3 2

T h is  p r o d u c t ,  f e r r i c  h y d r o x id e ,  i s  u s u a l l y  r u s t  or brown 

i n  c o l o u r  and was p r o b a b ly  t h e  p r o d u c t  formed on th e  s p e c i ­

mens i n  t h e  e a r l y  p a r t  o f  a l l  r u n s .  The oxygen c o n t e n t  o f  

t h e  h e a t e d  w a te r  would be r e p l e n i s h e d  from th e  c o ld  w a te r  

below t h e  h o t / c o l d  w a te r  i n t e r f a c e  a s  i t  moved down th e  

t u b e ,  and t h e  r e a c t i o n  p o t e n t i a l  would r e m a in  r e a s o n a b l y  

c o n s t a n t  once t h e  r e a c t i o n .m e c h a n i s m  was e s t a b l i s h e d ,  d e ­

c r e a s i n g  s l i g h t l y  a s  t h e  oxygen c o n t e n t  d e c r e a s e d .  T h is  

was i n  ag reem en t  w i t h  th e  p o t e n t i a l  t im e  c u r v e s  o b t a i n e d  

d u r i n g  r u n s  a s  shown i n  s e c t i o n  D,E, i n  E i g , 5 , 2 *

A ls o  a s  t h e  r u n  p ro c e e d e d  t h e  d e c r e a s e  i n  oxygen con­

c e n t r a t i o n  would change t h e  mechanism o f  t h e  r e a c t i o n s .

The m e t a l  d i s s o l u t i o n  r e a c t i o n ,  3 (1 )  and t h e  f e r r o u s  h y d ro x id e
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f o r m a t i o n  3 ( i i )  would, r e m a in  u n a f f e c t e d  by th e  o x i d a t i o n  

r e a c t i o n  would be m o d i f i e d  t o

6  Fe ( OH) 4  0 -----*-4 H 0 +  2 Fe O H O  * **3( iv )
2 2 2 3 4  2

Fe 0 *H 0 ---- ^ Fe 0 4  H 0 * . . 3 ( v )
3 4 2 3 4 2

Thus w i t h  r e s t r i c t e d  oxygen a v a i l a b i l i t y  t h e  c o r r o s i o n  

p r o d u c t  would be b l a c k  m a g n e t i t e *  The d a r k e n in g  o f  t h e  

c o r r o s i o n  p r o d u c t  o b se rv e d  a s  th e  r u n  p r o g r e s s e d  would be 

e x p l a i n e d  by t h i s  m o d i f i c a t i o n  i n  t h e  mechanism*

At p o i n t  D i n  F i g . 3 ,2*  The h o t / c o l d  w a te r  i n t e r f a c e  

r e a c h e d  th e  b o t tom  o f  t h e  v e s s e l  and no more oxygen was 

a v a i l a b l e  f o r  e i t h e r  anode o r  ca th o d e  r e a c t i o n  and an  

a l t e r n a t i v e  c a th o d e  was r e q u i r e d  i f  c o r r o s i o n  was t o  con­

t i n u e *  Under t h e s e  c o n d i t i o n s  th e  most l i k e l y  r e a c t i o n  

would be a h y d ro g en  e v o l u t i o n  r e a c t i o n

H 0 -+- H*~— +  OH* . . . 3 ( v i )
z  2

o r  2 H*~ -+■ 2 e — . . . l ( i i )
Z

The p o t e n t i a l  o f  t h i s  r e a c t i o n  i s  lo w er  t h a n  t h a t  o f  

t h e  oxygen r e d u c t i o n  r e a c t i o n  and t h e r e f o r e  a  f a l l  i n  th e  

e l e c t r o d e  p o t e n t i a l  o f  t h e  sys tem  would be e x p e c t e d .  T h i s  

i s  i n  ag reem en t  w i t h  o b se rv e d  r e s u l t s  w h ich  i n d i c a t e d  a



-49-

sudden  f a l l  i n  t h e  p o t e n t i a l  a s  t h e  l a s t  o f  t h e  oxygen was

d e s o r b e d .  The p o t e n t i a l  s t e a d i e d  and m a in t a in e d  t h e  v a lu e

u n t i l  t h e  end o f  t h e  r u n ,  i t  was t h e r e f o r e  assumed t h a t

t h e r e  were no f u r t h e r  changes  i n  th e  p r o c e s s  m echan ism s.
37

P o t t e r  h a s  o b se rv e d  t h a t  m i ld  s t e e l  sx>ecimens immersed

i n  h i g h  t e m p e r a t u r e  oxygen f r e e  w a te r  d e v e lo p e d  a m a g n e t i t e ,

Fe 0 , f i l m  on t h e  s u r f a c e .  The s u g g e s t e d  mechanism, h as  
3 4

a s  b e f o r e  f e r r o u s  h y d ro x id e  a s  an i n t e r m e d i a r y .

F e H '.+ 2 OH*  > F e  (OH) 3 ( v i l )
2

SFe ( OH)  > I e . O .  -t- 21  0 +  H 3 ( v i i i )
2 3 4 2 2

The e x p e r i m e n t a l  o b s e r v a t i o n s  were i n  ag reem en t  w i t h

t h i s  mechanism* The b l a c k  c o r r o s i o n  p r o d u c t ,  w h ich  d e v e l ­

oped $ s  d e a e r a t i o n  p ro c e e d e d ,  p e r s i s t e d  u n t i l  t h e  end o f  

t h e  r u n s .

A n o th e r  f a c t o r  i n  s u p p o r t  o f  t h i s  was t h e  w e ig h t  l o s s  

o f  t h e  b l a n k  spec im ens  w h ich  fo l lo w e d  a s i m i l a r  t r e n d  i n  

w e ig h t  l o s s  t o  th e  h e a te d  s p e c im e n s .  S in c e  t h e  b l a n k  

spec im ens  were n o t  b e in g  h e a te d  i t  would im p ly  t h a t  a f a c t o r  

o t h e r  t h a n  h e a t  t r a n s f e r  was t h e  c o n t r o l l i n g  f a c t o r .  The 

oxygen c o n c e n t r a t i o n  and a v a i l a b i l i t y  would e x p l a i n  t h i s  

c o m p l e t e l y .
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The d i v i s i o n  o f  t h e  s u r f a c e  i n t o  a n o d ic  and c a t l io d ie

s i t e s  -  t h e  p i t s  and s c a r s  m en t ioned  p r e v i o u s l y  -  can be

e x p la in e d *  B u bb les  o f  g a s  or v ap o u r  formed i n  a  l i q u i d
38

t e n d  t o  form a t  a c t i v e  s i t e s  where c o n d i t i o n s  o f  t e m p e r ­

a t u r e  and s u r f a c e  a r e  i d e a l *  Thus b o t h  i n  d e a e r a t i o n  and

i n  b o i l i n g ^ o x y g e n  and s team  b u b b le s  a r e  formed a t  t h e s e  

s p e c i f i c  p o i n t s *  T h is  was n o te d  d u r i n g  ru n s*  Where s team

b u b b le s  formed .an a r e a  o f  d i f f e r e n t i a l  a e r a t i o n  would be 
39

e s t a b l i s h e d  and t h e  a r e a  b e n e a t h  t h e  b u b b l e ,  s t a r v e d  o f  

oxygen , would become a n o d ic  t o  t h e  r e s t  o f  t h e  s u r f a c e ,  

and a  p i t  would fo rm . P i t s  were o b se rv e d  b o t h  a t  t h e  

bo t tom  o f  t h e  spec im en  where many b u b b le s  were formed and 

f o r  a t im e  were s t a t i o n a r y ,  and a t  t h e  t o p  where t h e  b u b b le s  

l e f t  t h e  s u r f a c e .  S i m i l a r l y  a s  th e  b u b b le s  r o s e  ux> t h e  

s i d e s  o f  t h e  spec im en  t h e  bubb le  p a t h  would be a n o d i c ,  

w h ich  would e x p l a i n  t h e  v e r t i c a l  s c a r s  on t h e  s u r f a c e *

The s m a l l  p e a k ,  BO, i n  t h e  p o t e n t i a l  t im e  c u r v e ,  was 

t h o u g h t  t o  be due t o  a  change of  mechanism . I n i t i a l l y  

c o ld  w a te r  was b e in g  h e a t e d ,  and oxygen d e s o rb e d  on th e  

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

would e s t a b l i s h  t h e m s e lv e s  a t  th e  a c t i v e  s i t e s .  At an 

a c t i v e  s i t e  t h e  b u b b le  formed would remove oxygen from i t s  

im m edia te  e n v i ro n m e n t ,  and t h u s  t h e  a r e a  would t e n d  t o  

become a n o d i c ,  s ee  F i g . 3 .1 0 ,  s i n c e  oxygen i s  r e q u i r e d  f o r
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t h e  o a t l io d io  r e a c t i o n .  Most o f  t h e  b u b b le s  t e n d e d  t o  

r e m a in  on th e  s u r f a c e  u n t i l  t h e  s m a l l  p ea k  BC F ig .5 * £  was 

re ach ed *  j At t h i s  p o i n t  b u b b le s  s t a r t e d  t o  r i s e  up t h e  

s i d e s  o f  t h e  spec im en  l e a v i n g  d a rk  s c o r e s  i n  t h e i r  p a th *

As t h e y  moved t h e  a r e a  i n  t h e  p a t h  would have oxygen a v a i l
/

a b l e  and t h e  c a t h o d i c  r e a c t i o n  would be d e p o l a r i s e d  i n  t h e
40

a r e a s  a round  t h e  b u b b le  t h u s  c a u s in g  a n  i n c r e a s e  i n  th e  

p o t e n t i a l  s ee  Fig* 3*11* As t h e  h o t / c o l d  w a te r  i n t e r f a c e  

became e s t a b l i s h e d ,  a t  p o i n t  C F i g . S . S ,  t h e  oxygen a v a i l ­

a b i l i t y  a t  t h e  s u r f a c e  would d e c r e a s e  due t o  th e  lo w er ,  

s o l u b i l i t y  o f  o x y g e n . in  h o t  w a te r  and t h e  rem o v a l  o f  t h e  

p r e v i o u s l y  s t a t i o n a r y  a i r  b u b b le s  on t h e  s u r f a c e .  T h is  

would cau se  p o l a r i s a t i o n  o f  t h e  c a t h o d i c  r e a c t i o n  and t h e  

p o t e n t i a l  would d e c r e a s e  once m ore ,  and would c o n t in u e  t o  

do so  u n t i l  p o i n t  F ,  when, p re su m a b ly  t h e  h yd rogen  e v o l u ­

t i o n  r e a c t i o n  became t h e  c a th o d i c  r e a c t i o n  i n  t h e  a b se n c e  

o f  oxygen*

These e x p l a n a t i o n s  s a t i s f y  a l l  t h e  e x p e r i m e n t a l  o b s e r  

v a t i o n s ,  and so i t  was d e c id e d  t o  f i n d  t h e  e f f e c t  o f  p e r ­

fo rm in g  r u n s  i n  oxygen f r e e  s o l u t i o n s .  T h i s  would be a  

f u r t h e r  check  on th e  e x p l a n a t i o n ,  and would a t , t h e  same 

t im e  e l i m i n a t e  a n o t h e r  v a r i a b l e ,  i n  p a r t i c u l a r  a  v a r i a b l e  

w hich  was n o t  c o n s t a n t  th ro u g h p u t  any g i v e n  r u n .
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C h ap te r  4

E x p e r im e n ts  i n  d e -o x y g en a ted  s o l u t i o n s
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1* I n t r o d u c t i o n
y

Tlx© d e s i g n  and c o n s t r u c t i o n  o f  t h e  m o d i f i c a t i o n s  t o  t h e  

o r i g i n a l  a p p a r a t u s  a r e  d i s c u s s e d ♦ The method o f  m easu r in g  

t h e  oxygen c o n c e n t r a t i o n  of  the  s o l u t i o n s  i s  shown. The 

method o f  o p e r a t i n g  t h e  a p p a r a t u s  i s  d e s c r i b e d ,  where i t  

d i f f e r s  from th e  p r e l i m i n a r y  e x p e r i m e n t s .  The r e s u l t s  and 

c o n c l u s i o n s  from t h e  e x p e r im e n ts  a r e  d i s c u s s e d  and s u g g e s t i o n s  

made f o r  f u t u r e  work.

S. The d e s ig n  and c o n s t r u c t i o n  of t h e  m o d i f i c a t i o n s

i .  The Packed  Tower

M o d i f i c a t i o n s  were made w i t h  a s  l i t t l e  d i s t u r b a n c e  of  

t h e  o r i g i n a l  a p p a r a t u s  a s  p o s s i b l e ,  t h e  s i d e  arms i n c lu d e d  

i n  t h e  f i r s t  d e s i g n  making t h i s  p o s s i b l e .  A c o n v e n ie n t  

method of d e - o x y g e n a t in g  t h e  s o l u t i o n s  was by s c ru b b in g  w i t h  

an i n e r t  oxygen f r e e  g a s ,  such  a s  n i t r o g e n ,  i n  a packed 

column. During t h e  d e - o x y g e n a t io n  i t  had t o  be a r r a n g e d  

t h a t  t h e  spec im ens  d id  n o t  come i n t o  c o n t a c t  w i t h  the  

s o l u t i o n s ,  b u t  d u r in g  t h i s  s e c t i o n  o f  t h e  ru n  t h e  spec im ens  

had t o  be s e a l e d  i n t o  t h e  c o r r o s i o n  v e s s e l ,  and t h e  sys tem  

made a i r t i g h t  b e f o r e  d e - o x y g e n a t io n  commenced, so t h a t  t h e  

sy s tem  could be p u rged  o f  oxygen. For t h i s  r e a s o n  t h e  

s o l u t i o n  coming from th e  packed column was fe d  i n t o  a  con­

t a i n i n g  v e s s e l  above th e  c o r r o s i o n  c e l l ,  w i t h  a n  o v e r f lo w
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t o  t h e  l a t t e r  so  t h a t  t h e  s o l u t i o n s  c o u ld  c i r c u l a t e  c o n t i n u a l l y .  

At t h e  end o f  d e - o x y g e n a t io n  t h e  c o r r o s i o n  c e l l  was f i l l e d  

from t h e  v e s s e l  above and t h e  c o r r o s i o n  s e c t i o n  of th e  

e x p e r im e n t  was s t a r t e d #

One p rob lem  o f  d e - o x y g e n a t in g  t h e  s o l u t i o n s  was i n  

r e d u c i n g  t h e  p o s s i b i l i t y  of  oxygen a d s o r b t i o n  by t h e  s o l u t i o n s

from t h e  s u r r o u n d in g  a tm o sp h e re  v i a  r u b b e r  t u b i n g  e t c .
41

P o t t e r  i n  a s t u d y  on t h i s  p rob lem  came t o  t h e  c o n c l u s i o n  

t h a t  n eo p ren e  ru b b e r  would p r e v e n t  most of  t h i s  a d s o r b t i o n  

and t h e r e f o r e  t h e  Q#V#F# g a s k e t s  u sed  were made of t h i s #  

E lsew h e re  r u b b e r  was k e p t  t o  a  minimum# As a  f u r t h e r  p r e ­

c a u t i o n  t h e  c i r c u l a t i o n  o f  t h e  s o l u t i o n  was by n i t r o g e n  l i f t  

pumps, w h ich  k e p t  t h e  whole sys tem  u n d e r  a  s l i g h t  p o s i t i v e  

p r e s s u r e  o f  n i t r o g e n .  The n i t r o g e n  was p a s s e d  th ro u g h  t h e  

whole sy s tem  p r i o r  t o  p a s s i n g  th r o u g h  t h e  column t o  e n s u re  

t h a t  oxygen was pu rged  from a l l  p a r t s  *

A r i g i d  d e s i g n  o f  t h e  column was n o t  c o n s id e r e d  n e c e s s a r y  

and was c o n s i d e r a b l y  ov er  d e s ig n e d  t o  e n s u r e  a s  com ple te  

d e - o x y g e n a t io n  a s  p o s s i b l e #  . The c a l c u l a t i o n s  a r e  shown i n  

A ppendix  5# The column was t h r e e  i n c h e s  i n  d ia m e te r  and two 

f e e t  s i x  i n c h e s  i n  h e i g h t  packed w i t h  If" ce ram ic  R asch ig  r i n g s #  

The l e v e l  o f  t h e  s o l u t i o n  i n  t h e  c o r r o s i o n  v e s s e l  was t o  

be k e p t  below t h e  spec im en  tu b e  t o  a v o id  w e t t i n g  and t h e r e ­

f o r e  t h e  s o l u t i o n  from t h e  column was f e d  t a  a EO l i t r e



a s p i r a t o r  above t h e  c o r r o s i o n  v e s s e l .  C o n n ec t in g  t h i s  v e s s e l

t o  t h e  G o r r o s io n  v e s s e l  was an  o v e r f lo w  sy s tem  which  r e t u r n e d

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

a v o id  s p l a s h i n g .  At t h e  end o f  d e - o x y g e n a t i o n  th e  s o l u t i o n

was f e d  i n t o  t h e  c o r r o s i o n  v e s s e l  by o p en in g  a  t a p  i n  t h e

o v e r f lo w  sy s tem  ( s e e  F i g . 4 . S . )
42

Badger and Banchero  s u g g e s te d  t h a t  f o r  a i r  (o r  n i t r o g e n )

l i f t  pumps t h a t  t h e  r a t i o  R s h o u ld  be no t  l e s s  t h a n

1 +s +• H0

0 . 6 6 , i f  r e a s o n a b l e  e f f i c i e n c y  i s  t o  be o b t a i n e d  where

H s  submerged h e i g h t ,
s

H s  l i f t  h e i g h t ,  a s  shown i n  F i g . 4 . 1 .  T h e r e f o r e ,  s i n c e
e

t h e  lo w e s t  l e v e l  was f i x e d  a t  below t h e  spec im en  t u b e ,  t h r e e  

s t a g e s  were r e q u i r e d  t o  o b t a i n  t h e  n e c e s s a r y  l i f t *  The 

a s p i r a t o r  i n t o  w hich  one l i n e  d i s c h a r g e d  a c t i n g  a s  th e  su b ­

merged l i n e  f o r  t h e  n e x t  s t a g e .  The n i t r o g e n  s u p p ly  was 

from w h i t e  s p o t  g ra d e  compressed  n i t r o g e n  c y l i n d e r s .

S e p a r a t e  l i n e s  went t o  e a c h  o f  t h e  l i f t ; .  The n i t r o g e n  

e f f l u e n t  from  t h e  f i r s t  two s t a g e s  p a s s e d  from  t h e  pumps i n t o  

t h e  c o r r o s i o n  v e s s e l  t o  p u rg e  a l l  t h e  oxygen p r e s e n t .  From 

t h e  v e s s e l  i t  was p a s s e d  c o u n te r  c u r r e n t  t o  t h e  s o l u t i o n s  

t h r o u g h  t h e  packed  column and d i s c h a r g e d  t o  t h e  a tm osphere  

v i a  a b u b b l e r  a t  t h e  to p  o f  t h e  column. The n i t r o g e n  from
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t h e  t h i r d  s t a g e  was d i s c h a r g e  d i r e c t l y  v i a  t h e  b u b b le r*  Thus 

t h e  whole sys tem  was pu rged  w i th  n i t r o g e n  and t h e r e  was . l i t t l e  

o p p o r t u n i t y  f o r  oxygen t o  e n t e r  t h e  system * The a i r t i g h t n e s s  

o f  t h e  sys tem  was t e s t e d  by c o m p le te ly  f i l l i n g  w i t h  w a t e r  

and a l l  l e a k s  were s e a l e d  u n d e r  t h e s e  c o n d i t i o n s *  The 

com ple te  f lo w  sy s tem  i s  shown i n  F i g . 4 . 2 .  

i i • Oxygen c o n c e n t r a t i o n  measurement 

The oxygen c o n c e n t r a t i o n  was m easured  by a t  Magna 

C o p o ra t io n  Oxymeter,  model 1070, w hich  u sed  a s  i t s  w orking  

p r i n c i p l e  t h e  e l e c t r o c h e m i c a l  r e d u c t i o n  of oxygen .  The 

c u r r e n t  be tw een  anode and ca th o d e  b e in g  a m easure  o f  t h e  

c o n c e n t r a t i o n *  The s e n s o r  a s sem b ly  c o n s i s t e d  o f  an  anode 

and c a th o d e  mounted on an  i n e r t  p l a s t i c  body* T h is  was 

d ip p ed  i n t o  an  e l e c t r o l y t e  and co v e red  w i t h  a p l a s t i c  mem­

b ra n e  w hich  would a l lo w  o n ly  oxygen and some o t h e r  g a s e s  t o  

p e r m e a t e .  The membrane was smoothed c a r e f u l l y  over  t h e  

e l e c t r o d e s  t h a i  s e a l e d  by means o f  an  " 0 " r i n g  and s l e e v e ,  

a s  shown i n  F i g . 4 . 3 .  T h i s  was d i r e c t l y  c o n n e c te d  t o  t h e

i n d i c a t o r  w h ich  c o n s i s t e d  o f  a  m e te r  and two c o n t r o l s *  One, 

t h e  ra n g e  c o n t r o l ,  a l lo w ed  t h e  s e l e c t i o n  o f  t h e  d e s i r e d  

m ic ro a m e te r  s c a l e ,  a b i t a r i l y  g r a d u a te d  from "O-SO" and 

T,0 -100 ,T* The o t h e r ,  t h e  a d j u s t  c o n t r o l ,  was u sed  f o r  

c a l i b r a t i n g  t h e  s y s te m .  C a l i b r a t i o n  o f  t h e  sys tem  and t h e  

c a l c u l a t i o n  of  oxygen c o n c e n t r a t i o n  from  t h e  r e a d i n g s  a r e  

shown i n  Appendix  4 .  Samples o f  t h e  s o l u t i o n  were t a k e n  

v i a  t h e  4 " s e a l i n g  g la n d  t h r o u g h  a c o o l i n g  c o i l  t o  th e
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oxym eter  f i x e d  i n  a  v e s s e l  shown i n  F i g . 4 . 4 .  The s o l u t i o n  

t e m p e r a tu r e  i n  t h e  v e s s e l  was m e a s u re d .

A p h o to g r a p h  o f  t h e  whole a p p a r a t u s  i s  shown i n  F i g . 4 . 5 .

3 .  Method o f  o p e r a t i o n  o f  th e  a p p a r a t u s

Specim ens were t r e a t e d ,  p r i o r  t o  r u n s ,  i n  e x a c t l y  t h e  

same manner a s  i n  th e  p r e l i m i n a r y  r u n s .  A f t e r  s e a l i n g  th e  

spec im ens  i n  t h e  v e s s e l ,  a s  d e s c r i b e d  i n  c h a p t e r  2 , t h e  

s o l u t i o n ,  once a g a i n  d i s t i l l e d  w a t e r ,  was poured  i n t o  t h e  

f i l l i n g  v e s s e l  and from t h e r e  a l lo w ed  t o  f i l l  t h e  c o r r o s i o n  

v e s s e l  u n t i l  t h e  l e v e l  was j u s t  belpw t h a t  o f  t h e  sp ec im en .  

The f i r s t  l i f t  pump was t h e n  t u r n e d  on and t h e  s o l u t i o n  

pumped t o  t h e  f i r s t  a s p i r a to r . , .  More s o l u t i o n  was f e d  i n t o  

t h e  c o r r o s i o n  v e s s e l  t o  m a i n t a i n  th e  l e v e l .  When t h e  f i r s t  

a s p i r a t o r  was f u l l  t h e  second l i f t  pump s t a g e  was s t a r t e d  and 

c o n t r o l l e d  su c h  t h a t  t h e  l e v e l  i n  t h e  f i r s t  a s p i r a t o r  was 

m a i n t a i n e d .  S i m i l a r l y  when th e  second  a s p i r a t o r  was f u l l  

t h e  t h i r d  s t a g e  was s t a r t e d .  The s o l u t i o n  a f t e r  t h e  t h i r d  

s t a g e  was p a s s e d  down t h e  packed  column, c o u n t e r  c u r r e n t  t o  

t h e  n i t r o g e n  f l o w .  The s o l u t i o n  was t h e n  c o l l e c t e d  i n  t h e  

l a r g e  a s p i r a t o r  u n t i l  t h e r e  was s u f f i c i e n t  i n  t h e  sys tem  f o r  

t h e  c o r r o s i o n  s e c t i o n  o f  t h e  r u n .  The f e e d  v e s s e l  was t h e n  

I s o l a t e d  and t h e  sys tem  r u n  f o r  s i x  h o u r s ,  s o l u t i o n  b e in g  

r e t u r n e d  t o  t h e  c o r r o s i o n  v e s s e l  from t h e  m ain  a s p i r a t o r .



FI6 . 4 .5 . Gfcnfc<gl view of



-58-

A f t e r  s i x  h o u r s  t h e  l i f t  pumps were s to p p e d ,  and t h e  s o l u t i o n  

f e d  i n t o  t h e  c o r r o s i o n  v e s s e l .  A sample was p a s s e d  th r o u g h  

t h e  oxygen m easurement v e s s e l  and was a l lo w ed  t o  o v e r f lo w  

f o r  a  t i m e .  The m e te r  was t h e n  f i x e d  i n  p o s i t i o n  and t h e  

s o l u t i o n  r u n  t h r o u g h  t h e  sys tem  u n t i l  a  s t e a d y  r e a d i n g  was 

o b t a i n e d ,  w h ich  was r e c o r d e d .  The l e v e l  o f  t h e  s o l u t i o n  

i n  t h e  c o r r o s i o n  v e s s e l  was a d j u s t e d  t o  n in e  i n c h e s  above

t h e  spec im en  t u b e  and th e  p ro c e d u re  d e s c r i b e d  i n  c h a p t e r  2
/

was c o n t in u e d  f o r  t h e  c o r r o s i o n  s e c t i o n  o f  t h e  r u n .

H e s u i t s

i*  P o t e n t i a l - t i m e  c u rv e s

As i n  p r e v i o u s  e x p e r im e n ts  th e  p o t e n t i a l s  o f  a l l  spec im ens  

a t  any  one t im e  were e q u a l .  The p o t e n t i a l s  v a r i e d  w i t h  t ime 

i n  a g i v e n  r u n  i n  th e  manner shown i n  F i g . 4 . 6 . Comparison 

w i t h  F ig .3 .2 n sh o w e d  th e  spec im ens  t o  be a t  a lo w er  p o t e n t i a l  

f o r  th e  f i r s t  few h o u rs  o f  t h e  r u n  and a l s o  t h e  l a c k  o f  an 

e q u i v a l e n t  p ea k  t o  BG i n  F i g . 3 . 2 .  The a v e ra g e  f i n a l  p o t e n ­

t i a l  a g a i n  d e c re a s e d  w i t h  i n c r e a s e d  h e a t  t r a n s f e r ,  see  

F i g . 4 . 7 ,  h a v in g  s i m i l a r  v a l u e s  t o  t h e  c o r r e s p o n d in g  a e r a t e d  

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

i i .  W eight l o s s  measurement

The w e ig h t  l o s s  i n  a l l  c a s e s  was low er  t h a n  t h a t  i n  t h e  

c o r r e s p o n d in g  r u n  i n  a e r a t e d  s o l u t i o n s .  W ith  r e s p e c t  t o  

h e a t  t r a n s f e r  r a t e s  t h e  w e ig h t  l o s s  v a r i e d  l i t t l e ,  d e c r e a s i n g
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s l i g h t l y  w i t h  i n c r e a s e d  h e a t  t r a n s f e r  a s  shown i n  F i g . 4 . 8 .

i i i .  pH m easurement

Samples o f  s o l u t i o n  were t a k e n  a f t e r  d e - o x y g e n a t io n  and 

were found t o  have pHs o f  6 .9  -  7 . 0 .  Samples t a k e n  a t  t h e  

end o f  a  r u n  were c o o le d ,  and th e  pH m e a su re d .  V a lu es  of  

a p p r o x im a t e l y  pH 7 .0  were o b t a in e d  i n  a l l  c a s e s .

i v .  V i s u a l  I n s p e c t i o n

P r i o r  t o  a  r u n  a l l  spec im ens  were i n  t h e  same c o n d i t i o n  

a s  i n  a e r a t e d  s o l u t i o n s .  At low h e a t  f l u x e s  some s t r e a k i n g  

o cc u r re d ,  th o u g h  v e r y  l i t t l e .  The s u r f a c e  was d u l l e r  t h a n  

a t  t h e  s t a r t  o f  a r u n  b u t  c o r r o s i o n  p r o d u c t  was s l i g h t .  At 

h i g h  h e a t  f l u x e s  a s m a l l  amount of  a g r e y / g o l d  d e p o s i t  was 

n o te d  on t h e  s u r f a c e ,  w hich  was s l i g h t l y  d a r k e r  a t  th e  

b o t to m  o f  t h e  s p e c im e n s .

v * Oxygen c o n c e n t r a t i o n  measurement

Oxygen c o n c e n t r a t i o n  was m easured  a f t e r  d e - o x y g e n a t io n  

and a t  t h e  end o f  e a c h  r u n .  P r i o r  t o  h e a t i n g  t h e  oxygen 

c o n c e n t r a t i o n  was a p p r o x im a te ly  0 .0 5  p .p .m .  At t h e  end of 

e a c h  r u n  t h e  oxygen c o n c e n t r a t i o n  was h a r d l y  m e a s u ra b le  b u t  

c e r t a i n l y  l e s s  t h a n  0 . 0 2  p .p .m .

v i • S u r f a c e  t e m p e r a tu r e  m easurement

The s u r f a c e  t e m p e r a tu r e  v e r s u s  t im e  c u r v e s  fo l lo w e d  

a lm o s t  i d e n t i c a l  t r e n d s  t o  t h e  p r e l i m i n a r y  r u n s ,  r e a c h i n g  t h e  

same f i n a l  t e m p e r a tu r e  f o r  t h e  c o r r e s p o n d in g  h e a t  f l u x
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( c a l i b r a t e d  a t  a  l a t e r  d a t e } .

The f u l l  r e s u l t s  o f  d e -o x y g e n a te d  r u n s  a r e  shown i n  

Appendix  5*

O o n o lu s io n s  and D i s o u s s io n

The co m p ar iso n  o f  t h e  w e i g h t l e s s  o f  t h e  f i r s t  and second 

s e r i e s  o f  ru n s  shows a marked d e c r e a s e  i n  t h e  d e -o x y g e n a te d  

s o l u t i o n s ♦ Thus i t  would ap p e a r  t h a t  t h e  s u g g e s t i o n  i n  

c h a p t e r  3 ,  t h a t  oxygen was a n  im p o r t a n t  f a c t o r ,  was c o r r e c t .  

The p o t e n t i a l  h e ld  by t h e  spec im ens was a lm o s t  t h e  same a s  

t h e  p o t e n t i a l  o f  t h e  spec im ens  i n  t h e  l a t t e r  s t a g e s  o f  t h e  

c o r r e s p o n d in g  a e r a t e d  r u n .  I t  i s  t h e r e f o r e  th o u g h t  t h a t  t h e  

mechanism i s  t h e  same. As s u g g e s t e d ^ i n  t h e  a b se n c e  of 

oxygen, w hich  i n  t h e  second  s e r i e s  o f  r u n s  i s  e s t a b l i s h e d  and 

i n  p r e l i m i n a r y  r u n s  assum ed, t h e  mechanism would b e .

The a n o d ic  r e a c t i o n ,  t h e  d i s s o l u t i o n  o f  i r o n : -

Fe ----- j> Fe"** +  Se . . . 3 ( i )

The c a t h o d i c  r e a c t i o n ,  a h y d rogen  e v o l u t i o n  r e a c t i o n : -

SE 4 - Se ----- . * • 1 ( i i }
S

t
o r  H 0 -t- H+  H OH . . . 3 ( v i )

8 8

The r e a c t i o n  a t  t h e  boundary  be tw een  a n o d ic  and
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c a t h o d i c  a r e a s : -

Fe4*  -t- 2 ( OH) 1 ------ > F e ( OH) . . . 3 ( v i i )
2

and p o s s i b l y  c o n t i n u i n g  t o ; -

3Fe ( OH) — ->Fe 0 +  SH 0 t H  . . . 3 ( v i i i )
Z 3 4 Z 2

The l a s t  two r e a c t i o n s  p ro d u c in g  t h e  c o r r o s i o n  p ro d u c t

n o t i c e d  i n  t h e s e  e x p e r i m e n t s .

The w e ig h t  l o s s  v e r s u s  h e a t  f l u x  c u r v e s  i n d i c a t e  i n  t h i s

s e r i e s  o f  r u n s  t h a t  t h e  change i n  h e a t  t r a n s f e r  r a t e s  has

l i t t l e  e f f e c t  on t h e  c o r r o s i o n  r a t e ,  a s  shown i n  F i g . 4 . 8 .

I t  h a s  a l r e a d y  been  shown t h a t  th e  s u r f a c e  t e m p e r a tu r e  v a r i e s

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

may w e l l  be t h e  c o n t r o l l i n g  f a c t o r  i n  t h e  c o r r o s i o n  p r o c e s s e s
19

i n v o lv e d  w i t h  h e a t  t r a n s f e r .  The work of  I l l i n g w o r t h

showed an i n c r e a s e  i n  c o r r o s i o n  w i t h  i n c r e a s e d  h e a t  t r a n s f e r

o ver  a  s i m i l a r  r a n g e  o f  h e a t  t r a n s f e r  r a t e s  t o  t h e  p r e s e n t

w o r k . , However t h e  s u r f a c e  t e m p e r a tu r e  changed i n  non b o i l i n g
o

c o n d i t i o n s  by 150 ?  o ver  t h e  h e a t  t r a n s f e r  r a n g e ,  w h e re a s ,
o

o ver  a  s i m i l a r  r a n g e  t h e  change i s  6  F u n d e r  b o i l i n g  

c o n d i t i o n s .  Thus i f  s u r f a c e  t e m p e r a tu r e  were t h e  c o n t r o l l i n g  

f a c t o r ,  l i t t l e  change i n  t h e  c o r r o s i o n  r a t e  u n d e r  b o i l i n g  

condit ions  would be e x p e c t e d ,  th o u g h  i f  i t  were t h e  o n ly  

f a c t o r  a  s l i g h t  i n c r e a s e  r a t h e r  t h a n  d e c r e a s e  i n  c o r r o s i o n
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r a t e  would be e x p e c te d  w i t h  i n c r e a s e d  h e a t  t r a n s f e r .  The 

o t h e r  f a c t o r  i s  p o s s i b l y  t h e  i n t r o d u c t i o n  o f  e n e rg y  t o  th e  

sy s tem  a l t e r i n g  t h e  r e a c t i o n  e q u i l i b r i u m  a s  s u g g e s te d  i n  

c h a p t e r  3 .

From th e  f i r s t  and second s e r i e s  o f  r u n s  i t  i s  i n d i c a t e d  

t h a t  oxygen p l a y s  an  im p o r t a n t  r o l e  i n  t h e  c o r r o s i o n  p r o c e s s .  

Though i n  a e r a t e d  ru n s  i t s  e x t e n t  c a n n o t  be e s t i m a t e d  w i t h o u t  

f u r t h e r  e x p e r im e n t s  s i n c e  oxygen c o n c e n t r a t i o n  i s  n o t  con­

s t a n t  t h r o u g h o u t  t h e  r u n s .  T h e r e f o r e  t h e  f i r s t  two s e r i e s  

o f  r u n s  were r e p e a t e d ,  w i t h  t im e a s  a  p a r a m e t e r ,  t o  s e p a r a t e  

t h e s e  e f f e c t s .
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O hap te r  5

The change of  c o r r o s i o n  r a t e  w i t h  t im e
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! •  I n t r o d u c t i o n

P r i o r  t o  t h i s  s e r i e s  o f  ru n s  t h e  non i n d u c t i v e l y  g rooved  

fo rm er  was a v a i l a b l e  and t r i a l s  w i t h  v a r i o u s  fo rm s of 

h e a t i n g  were p e r fo rm ed  and c o n c lu s i o n s  drawn. The e x p e r i ­

m ents  w i t h  t im e  a s  a f u r t h e r  p a r a m e te r  a r e  r e c o rd e d  and t h e  

r e s u l t s  a r e  d i s c u s s e d .

2 .  E x p e r im e n ts  w i t h  v a r i o u s  form s of  e l e c t r i c a l  h e a t i n g

I t  was m en t io ned  i n  c h a p t e r  3 t h a t  a  p ro b lem  had a r i s e n  

i n  t a k i n g  s u r f a c e  p o t e n t i a l  m easu rem en ts .  I f  t h e  h e a t e r  

c u r r e n t  was sw i tc h e d  on a b s u rd  r e a d in g s ,  i n  t h e  o r d e r  o f  4 v o l t s  

n e g a t i v e  t o  a  s a t u r a t e d  ca lo m e l  e l e c t r o d e ,  were o b t a i n e d .

The method u se d  f o r  th e  f i r s t  two s e r i e s  o f  ru n s  was t o  

s w i t c h  o f f  th e  h e a t e r  c u r r e n t  im m e d ia te ly  p r i o r  t o  any 

p o t e n t i a l  r e a d i n g .  T r i a l s  were made, and i t  was e s t a b l i s h e d  

t h a t  t h e  r e a d i n g s  were due t o  c u r r e n t s  in du ced  i n  e i t h e r  t h e  

spec im ens  or t h e  p r o b e s  t o  t h e  s u r f a c e .  These c u r r e n t s  

were b e in g  r e c t i f i e d  i n  t h e  f i r s t  v a lv e  s t a g e  o f  t h e  m i l l i -  

v o l t m e t e r ,  c a u s in g  t h e  a b s u rd  r e a d i n g s .  These s i g n a l s  cou ld  

be s h o r t e d  o u t ,  b u t  t h i s  was th o u g h t  t o  be m asking  t h e  

p ro b lem ,  s i n c e  t h e  c u r r e n t s  would s t i l l  be f lo w ing  w i t h i n  

t h e  c o r r o s i o n  c e l l  and may be a f f e c t i n g  t h e  c o r r o s i o n  

p r o c e s s e s .  A method was t h e r e f o r e  r e q u i r e d  t o  remove or 

c a n c e l  t h e s e  c u r r e n t s .  Two methods were c o n s i d e r e d  a s
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f e a s i b l e ,  t h e s e  b e in g  t h e  u se  o f  a n o n - i n d u c t i v e  w i n d i n g ,w i t h  

e i t h e r  a l t e r n a t i n g  or  d i r e c t  c u r r e n t , a s  t h e  h e a t e r .  W ith  

a l t e r n a t i n g  c u r r e n t  t h e  c u r r e n t s  sh ou ld  c a n c e l  e a c h  o t h e r  

and t h e  n e t t  in d u c e d  c u r r e n t  would be ze ro ' .  , Using  d i r e c t  

c u r r e n t  i n  t h e  form o f  a  c o i l  would p ro d u ce  a  m a g n e t ic  f i e l d ,  

b u t  w i t h  a non i n d u c t i v e  w ind ing  t h e  f i e l d s  would c a n c e l  

and t h e  n e t t  f i e l d  would be z e r o .  The non i n d u c t i v e  fo rm er  

was c o n s t r u c t e d  o f  a s t a r  shaped s e c t i o n  a l i m in o u s  p o r c e l a i n  

r o d ,  16mm i n  **d i a m e t e r 1*, 8 ** i n  o v e r a l l  l e n g t h ,  w i t h  t h e  

c e n t r a l  7** i n c h e s ,  g rooved  e x t e r n a l l y  a t  t e n  t u r n s  p e r  i n c h  

w i t h  a two s t a r t  t h r e a d ,  t h e  g ro o v e s  a p p r o x im a t e l y  0.75mm 

wide and 1.0mm d ee p .  The Nichrome Y r e s i s t a n c e ,  a s  u sed  

f o r  t h e  p r e v i o u s  e x p e r i m e n t s ,  was wound i n  one d i r e c t i o n  f o r  

t h e  t o t a l  l e n g t h  o f  t h e  fo rm e r ,  f i x e d  a t  t h e  e n d ,  and t h e n  

wound b ac k ,  a s  shown i n  F i g . 5 . 1 .  The r e s i s t a n c e  o f  t h e  

c o i l  was 3 0 .5  ohms. F in e  bo re  s t e e l  t u b i n g  was pushed  

ov er  t h e  w i re  u se d  a s  l e a d s  t o  t h e  c o i l  and cr im ped o n to  i t ,  

r e d u c i n g  t h e  r e s i s t a n c e  o f  t h e  l e a d s ,  and t h e  whole system  

was co v e red  w i t h  s i l i c a  cement and baked i n  an  oven .  A 

s i m i l a r  s i l i c a  tu b e  was u sed  a s  i n  t h e  p r e l i m i n a r y  e x p e r i ­

m e n ts ,  b u t  s i n c e  b o t h  e l e c t r i c a l  c o n n e c t io n s  were a t  one 

en d ,  t h e  o t h e r  end o f  t h e  t u b e  was s e a l e d ,  w hich  g r e a t l y  

f a c i l i t a t e d  p l a c i n g  t h e  spec im ens  on t h e  t u b e .  The t u b e ,  

a p a r t  from th e  s e c t i o n  occup ied  by t h e  fo rm e r  was f i l l e d
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with, a s b e s t o s  w oo l ,  t o  r e d u c e  l iea t  l o s s  a lo n g  t h e  t u b e .

The spec im en tu b e  i n  t h i s  form was u sed  f o r  b o t h  a l t e r n a t i n g  

and d i r e c t  c u r r e n t ,

i .  A l t e r n a t i n g  c u r r e n t  e x p e r im e n ts

The c i r c u i t  was t h e  same a s  f o r  t h e  p r e v i o u s  s e r i e s  o f  

r u n s ,  w i t h  t h e  e x c e p t i o n  o f  t h e  h e a t e r ,  a s  d e s c r i b e d .  The 

v o l t a g e  a c r o s s  t h e  h e a t e r  was c o n t r o l l e d  by t h e  v a r i a c  and 

th e  s y s tem  was a s  shown i n  F i g . 2 , 1 .  Runs were p e r fo rm ed  a t  

v a r i o u s  h e a t  f l u x e s  i n  a e r a t e d  s o l u t i o n s  f o r  tw e n ty  f o u r  

h o u r s  and t h e  w e ig h t  l o s s  r e s u l t s ,  and p o t e n t i a l  r e s u l t s  

compared w i t h  t h o s e  u s i n g  th e  i n d u c t i v e  w in d in g .  P o t e n t i a l  

m easu rem en ts  were s t i l l  s l i g h t l y  s e n s i t i v e  t o  t h e  s w i t c h i n g  

o f f  and on o f  t h e  h e a t e r  * v a r y in g  by 2-3mv. 

i i • D i r e c t  c u r r e n t  e x p e r im e n ts

F o r  t h e  power r e q u i r e m e n t s  i t  was d e c id e d  t h a t  t h e  b e s t  

method would be to .  r e c t i f y  m ains  AG, u s i n g  a f u l l  wave 

r e c t i f i e r .  The D.G. r i p p l e  was removed u s i n g  e l e c t r o l y t i c  

c o n d e n s e r s  a c r o s s  t h e  r e c t i f i e r  o u t p u t .  The r e c t i f i e r  was 

a s i l i c o n  b r i d g e  r e c t i f i e r ,  r a t e d  a t  400 P . I . Y .  and 10 amps 

maximum c u r r e n t .  The sm ooth ing  c o n d e n s e r ,  was a bank o f  

e i g h t  500/ui? e l e c t r o l y t i c  c o n d e n s e r s ,  r a t e d  a t  350 v .  The 

v o l t a g e  and c u r r e n t  o f  b o th  r e c t i f i e r  i n p u t  and o u tp u t  

beyond t h e  sm ooth ing  c o n d e n s e r s  was m e a s u re d .  The f u l l  

c i r c u i t  i s  shown i n  F i g . 5*2. Runs were p e r fo rm ed  a t  v a r ic m s
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h e a t  f l u x e s ,  th o u g h  due t o  t h e  power d i s s i p a t e d  i n  t h e  con -  

d e n s e r s  t h i s  was k e p t  t o  low er  r a t e s *  Weight l o s s  and 

P o t e n t i a l  r e a d i n g s  were t a k e n  and compared w i t h  p r e v i o u s  

e x p e r i m e n t s .  The h e a t e r  had no e f f e c t  on t h e  p o t e n t i a l  

m easu rem en ts .

i i l .  R e s u l t s

W eight l o s s  v s  h e a t  f l u x  c u rv e s  f o r  t h e  v a r i o u s  r u n s  

a r e  shown i n  F i g . 5 . 3 .  The c u rv e s  a r e  compared w i t h  t h e

cu rv e  o b t a i n e d  from t h e  i n d u c t i v e  w in d in g  and i t  was found 

t h a t  t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  b e tw een  t h e  h e a t i n g  

m e th o d s .  T h i s  would i n d i c a t e  t h a t  t h e  in d u ced  c u r r e n t s  

were h a v in g  l i t t l e  o r  no e f f e c t  on t h e  c o r r o s i o n  p r o c e s s e s .

S i m i l a r l y  t h e  p o t e n t i a l  t im e  c u r v e s  were compared .

The r e a d i n g s  o b t a in e d  u s i n g  t h e  non i n d u c t i v e  A .C. c i r c u i t  

were s l i g h t l y  h i g h e r  t h a n  r e a d i n g s  o b t a i n e d  w i t h  t h e  h e a t e r  

s w i tc h e d  o f f  and compared w e l l  w i t h  t h e  r e a d i n g s  o b t a in e d  

i n  p r e v i o u s  r u n s ,  see  F ig * 5 .4 *  The d i f f e r e n c e  i n  r e a d i n g  

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

i n p u t  t o  t h e  m i l l i v o l t m e t e r • T h i s  s u g g e s t i o n  was r e j e c t e d  

i n  c h a p t e r  3 s i n c e  i t  was th o u g h t  t h a t  t h i s  was m e re ly  

m ask ing  t h e  p ro b le m ,  b u t  a s  i t  had now b een  shown t h a t  t h e  

in d u ced  c u r r e n t s  were h av in g  l i t t l e  o r  no e f f e c t ,  i t  was 

d e c id e d  t h a t  s h o r t i n g  t h e  A.C?. component was j u s t i f i e d ,  i n  

o r d e r  t o  o b t a i n  a c o n t in u o u s  c o r r e c t  r e a d i n g .  For  t h e  

r e m a in d e r  o f  t h e  r u n s  i t  was d e c id e d  t o  u se  t h e  non i n d u c t i v e
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w ind ing  b e c a u se  c o n t in u o u s  p o t e n t i a l  r e a d i n g s  c:ould be t a k e n .  

A l t e r n a t i n g  c u r r e n t  was u sed  b ec au se  i t  bad g r e a t e r  r a n g e  

t l ia n  d i r e c t  c u r r e n t .

3 .  E x p e r im e n ts  with, t im e  a s  a p a r a m e te r  

i*  E x p e r im e n ta l

The same p r o c e d u r e  was u sed  a s  i n  p r e v i o u s  e x p e r i m e n t s ,  

d ep en d in g  upon w h e th e r  a e r a t e d  or d e - o x y g e n a te d  s o l u t i o n s  

were u s e d .  The.:;;nse. .cf t h e  -.new h e a t e r  a l lo w e d  c o n t in u o u s  

p o t e n t i a l  r e a d i n g s  t o  be t a k e n  howeyer and t h e s e  were r e c o r d e d  

on a sh n v ib  h i g h  impedance r e c o r d e r  w i t h  a n  e x t e r n a l  r h e o s t a t  

f o r  c a l i b r a t i o n  p u r p o s e s .  A r e a d i n g  was o b t a i n e d  on t h e  

m e te r  and t h e  r h e o s t a t  a d j u s t e d  u n t i l  t h e  same r e a d i n g  was 

i n d i c a t e d  on t h e  r e c o r d e r  and a check  r e p e a t e d  a t  t h e  o t h e r  

end o f  t h e  s c a l e .

The sp ec im en s  were exposed  t o  t h e  s o l u t i o n s  f o r  a  g i v e n  

l e n g t h  of  t i m e ,  w h ich  was r e c o r d e d .  They were removed and 

w e ig h t  l o s s  d e t e r m i n a t i o n s  made. P o t e n t i a l ,  t e m p e r a tu r e  

and oxygen c o n c e n t r a t i o n  r e a d i n g s  were t a k e n  and co m p ar iso n s  

made w i t h  p r e v i o u s  r u n s ,

i i .  R e s u l t s  

P o t e n t i a l  R ead in gs

The r e a d i n g s  compared s a t i s f a c t o r i l y  w i t h  r e a d i n g s  from 

th e  c o r r e s p o n d in g  r u n s  from th e  p r e v i o u s  s e r i e s ,  and a r e



69-

shown i n  F ig * 5 .4 *

W eight l o s s  c u r v e s

W eight l o s s  v s  h e a t  f l u x  f o r  tw e n ty  f o u r  h o u r  ru n s  

compared s a t i s f a c t o r i l y  w i t h  p r e v io u s  r e s u l t s ,  which  was an  

i n d i c a t i o n  o f  t h e  r e p r o d u c i b i l i t y  o f  t h e  system * Comparisons 

a r e  shown i n  Fig*5*3* ?7eight l o s s  v e r s u s  t im e  c u r v e s  a r e  

shown i n  F i g * 5 ,5 * .  F or  a l l  h e a t  f l u x e s  i n  a e r a t e d  s o l u t i o n s ,  

t h e  i n i t i a l  r a t e  of  c o r r o s i o n  was t h e  same* At a t i m e ,  

w h ich ,  f o r  any  g i v e n  h e a t  t r a n s f e r  r a t e  c o i n c i d e d  a p p r o x i ­

m a t e l y  w i t h  t h e  h o t  c o ld  i n t e r f a c e  r e a c h i n g  t h e  bo t tom  o f  

t h e  c o r r o s i o n  v e s s e l ,  Ijhe c o r r o s i o n  r a t e  a l t e r e d  t o  a  low er  

v a l u e ,  w h ich  was once a g a i n  a p p r o x im a t e l y  t h e  same f o r  a l l  

h e a t  f l u x e s *  Comparison showed th e  c o r r o s i o n  r a t e s  d u r i n g  

l a t t e r  p a r t  o f  r u n s  i n  a e r a t e d  s o l u t i o n s  t o  be a p p r o x im a te ly  

t h e  same a s  t h e  c o r r o s i o n  r a t e  th ro u g h o u t  d e -o x y g e n a te d  runs*  

Oxygen c o n c e n t r a t i o n  m easurem ents

Once a g a i n ,  a s  i n  t h e  ca se  o f  pH, d i f f i c u l t y  was e x p e r i ­

enced i n  o b t a i n i n g  a  r e p r e s e n t a t i v e  sam p le^ b u t  t r e n d s  were 

i n d i c a t e d  a s  shown i n  F i g *5*6 . I n i t i a l l y  oxygen concen ­

t r a t i o n  i n  a e r a t e d  r u n s  d e c re a s e d  from th e  i n i t i a l  v a lu e  t o  

a  v a lu e  w hich  was h e ld  f o r  some t im e  and t h e n  t h e  oxygen 

c o n c e n t r a t i o n  d e c r e a s e d  a lm o s t  t o  ze ro*

F u l l  r e s u l t s  a r e  shown i n  Appendix  6 .
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C o n c lu s io n s  and D i s c u s s i o n s

From F i g .5 * 5 .  i t  would a p p e a r  t h a t  t h e  p r o c e s s  i n  t h e

f i r s t  p a r t  o f  t h e  r u n s  i n  a e r a t e d  s o l u t i o n s  was in d e p e n d e n t

o f  t h e  h e a t  t r a n s f e r  r a t e .  I n c r e a s i n g  t h e  h e a t  t r a n s f e r

had no e f f e c t  on t h e  c o r r o s i o n  r a t e .  Oxygen c o n c e n t r a t i o n

m easu rem en ts ,  a l t h o u g h  f a r  from a c c u r a t e ,  i n d i c a t e d  t h a t  f o r

a l l  r u n s  t h e  oxygen c o n c e n t r a t i o n  i n  t h e  s o l u t i o n s  was t h e  
t h e

same d u r i n g / e a r l y  p a r t .  See F i g * 5 . 6 . T h i s  would be t h e

oxygen c o n c e n t r a t i o n  o f  t h e  s o l u t i o n  a t  b o i l i n g  t e m p e r a t u r e s  

i n  e q u i l i b r i u m  w i t h  t h e  c o ld  s o l u t i o n  below t h e  i n t e r f a c e .

Once t h e  i n t e r f a c e  r e a c h e d  t h e  bo t tom  o f  th e  v e s s e l  t h e  oxygen 

c o n c e n t r a t i o n  would f a l l ,  s i n c e  no more oxygen would be a v a i l ­

a b l e .  Thus s i n c e  t h e  oxygen c o n c e n t r a t i o n  was a lm o s t  t h e  

same i r r e s p e c t i v e  of h e a t  f l u x  i t  was th o u g h t  f a i r  t o  com­

p a r e  t h e  c o r r o s i o n  r a t e s  d i r e c t l y ,  and i t  c o u ld  be s e e n  from 

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

i n  h e a t  f l u x  had a  n e g l i g i b l e  e f f e c t  yon t h e  c o r r o s i o n  r a t e .  

T h i s  had a l r e a d y  been  shown t o  be t h e  c a s e  i n  deox y g en a ted  

s o l u t i o n s  where a  s m a l l  d e c r e a s e  i n  c o r r o s i o n  r a t e  was 

n o t i c e d  w i t h  i n c r e a s i n g  h e a t  t r a n s f e r .

Thus i t  i s  co n c lu d e d  t h a t  t e m p e r a tu r e  r a t h e r  t h a n  t h e  

t r a n s f e r  o f  h e a t  i s  t h e  i m p o r t a n t  f a c t o r  i n  h e a t  t r a n s f e r  

and c o r r o s i o n  o f  m i ld  s t e e l s  i n / d i s t i l l e d  w a t e r .  The s l i g h t  

d e c r e a s e  i n  t h e  c o r r o s i o n  r a t e  cou ld  be e x p l a i n e d  by t h e
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change o f  e q u i l i b r i u m  o f  an  e x o th e rm ic  r e a c t i o n  due t o  t h e  

e n e rg y  i h t r o d u c e d  t o  t h e  sys tem  by h e a t  t r a n s f e r *

W ith  t h i s  i n  mind i t  was d e c id e d  t o  b r o a d e n  t h e  f i e l d  

o f  s t u d y  by p e r fo rm in g  e x p e r im e n ts  w i t h  a n o t h e r  m e t a l ,  and 

a s s e s s i n g  t h e  e f f e c t  o f  t h i s  change*



Chapter 6

Runs u s i n g  co p p e r  spec im ens  i n  v a r i o u s  s o l u t i o n s
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1 .  I n t r o d u c t i o n

M ild  s t e e l  spec im ens  were u sed  i n  a l l  t h e  p r e c e d i n g  

e x p e r im e n t s  a n d ,  h a v in g  drawn c e r t a i n  c o n c l u s i o n s  a b o u t  th e  

p r o c e s s e s  i n v o l v e d ,  i t  was d e c id e d  t o  change t h e  m e ta l  u sed  

f o r  t h e  sp ec im ens  , M ild  s t e e l  i s  an e l e c t r o n e g a t i v e  m e ta l  

and i t  was d e c id e d  t o  u se  a m e t a l  somewhat d i f f e r e n t  i n  c h a r ­

a c t e r ,  The c o r r o s i o n  p r o c e s s e s  o f  c o p p e r ,  a n  e l e c t r o p o s i t i v e  

m e t a l ,  v a r y  from t h e  p r o c e s s e s  o f  i r o n  and s t e e l ,  and i t  i s  a 

w id e ly  u s e d  m e t a l .  I t  was t h e r e f o r e  d e c id e d  t o  u se  co p p e r  

sp ec im en s  f o r  f u t u r e  work#

The p r e p a r a t i o n  o f  t h e  spec im ens  i s  d i s c u s s e d #  E x p e r i ­

m en ts  were p e r fo rm ed  i n  a e r a t e d  d i s t i l l e d  w a t e r  and i n  a e r a t e d  

c h l o r i d e  s o l u t i o n s #  The r e s u l t s  a r e  g i v e n  and t h e  c o n c l u s i o n s  

d i s c u s s e d #

2* The spec im ens

The co pp e r  spec im ensw ere  made from co p p e r  t u b i n g  § ,f i n  

i n t e r n a l  d i a m e t e r  and 19 SWG- w a l l  t h i c k n e s s *  The co p p e r  was 

m a n u fa c tu re d  t o  B .S .  659 and B .S .  1172, h a v in g  a n  a n a l y s i s : -  

an t im o n y  >  0 ,005$

a r s e n i c  >  0 ,0 5$

b is m u th  > 0 . 0 0 5 $

i r o n  >  0*03$

l e a d  >  0 #0 1 %

n i c k e l  ^  0 . 1 $
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t e l l u r i u m ,  s e le n iu m  

p h o sp h o ro u s

t i n ^O .O lfo  

+  0 . 0 2 #

+  0 .080#  & <fc0.015#

T o t a l  i m p u r i t y  e x e lu d i n g  s i l v e r ,  n i c k e l ,  a r s e n i c  and ph osp h o ro u s

0*060$. The r e m a in d e r ,  n o t  l e s s  t h a n  99*85$ c o p p e r ,  s i l v e r

c o u n t in g  a s  c o p p e r .

The m e c h a n ic a l  p r e p a r a t i o n  o f  t h e  sp ec im en s  was t h e  same

a s  f o r  t h e  s t e e l  s p e c im e n s .  The spec im ens  were t h e n  s t r e t c h e d

and h e a t  t r e a t e d  s i m u l t a n e o u s l y  bu t  a t  a  lo w er  t e m p e r a tu r e
o

t h a n  f o r  s t e e l * 440 0 ,  f o r  t h r e e  h o u r s  u n d e r  a n i t r o g e n  a tm os­

p h e r e ,  fo l lo w e d  by a n  a i r  quench* The ox id e  f i l m ,  caused  by 

th e  quen ch ,  was removed w i t h  50$ h y d r o c h l o r i c  a c i d .  F o r  

rem oving  t h e  c o r r o s i o n  p r o d u c t  a f t e r  e x p o s u re  i t  was found 

t h a t  50$ h y d r o c h l o r i c  a c i d  was once more s u i t a b l e ,  s i n c e  b l a n k  

t e s t s  showed t h a t  i t  removed n e g l i g i b l e  cop pe r  i n  th e  t im e  

r e q u i r e d  t o  remove t h e  c o r r o s i o n  p r o d u c t .  A f t e r  c l e a n i n g  

w i t h  a c i d  t h e  spec im ens  were r i n s e d  i n  d i s t i l l e d  w a t e r ,  d r i e d ,  

washed i n  c a rb o n  t e t r a c h l o r i d e ,  rubbed  d ry  w i t h  a s o f t  c l o t h ,  

and t h e n  w e ig h ed .

3 .  E x p e r im e n ts  i n  a e r a t e d  d i s t i l l e d  w a te r

Runs were p e r fo rm ed  i n  e x a c t l y  t h e  same manner a s  f o r  

s t e e l  s p e c im e n s ,  f o r  v a r i o u s  h e a t  t r a n s f e r  r a t e s  and t i m e s  o f  

e x p o s u r e .  R ead ings  su c h  a s  p o t e n t i a l  m easu rem en t ,  pH o f  t h e  

s o l u t i o n s ,  oxygen c o n c e n t r a t i o n  and w e ig h t  l o s s  d e t e r m i n a t i o n s  

were made a s  w e l l  a s  v i s u a l  i n s p e c t i o n  o f  t h e  s p e c im e n s .
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i .  B e s u i t s

a# P o t e n t i a l  m easurement

The p o t e n t i a l  o f  t3ie spec im ens  w as ,  b e f o r e ,  h e a t i n g  

a p p r o x im a t e l y  50 mY n e g a t i v e  t o  th e  s a t u r a t e d  ca lo m e l  e l e c t r o d e *  

Upon h e a t i n g  t h e  p o t e n t i a l  i n c r e a s e d  r a p i d l y ,  t h e  r a t e  depend­

in g  on t h e  h e a t  f lu x *  At h i g h  h e a t  f l u x e s  t h e  p o t e n t i a l

i n c r e a s e d  more r a p i d l y  t o  a maximum and t h e n  d e c r e a s e d  t o  a 

v a lu e  which became s t e a d y  a f t e r  a number o f  h o u rs*  At low er  

h e a t  f l u x e s  t h e  r a t e  o f  i n c r e a s e  was l e s s  b u t  t h e  maximum was

a t  a h i g h e r  p o t e n t i a l  t h a n  a t  h i g h e r  h e a t  f l u x e s .  The

spec im en  p o t e n t i a l  t h e n  d e c r e a s e d  a s  f o r  h i g h  h e a t . f l u x e s  b u t  

t h e  f i n a l  v a lu e  was; h ig h e r*  The p l o t s  a r e  shown i n  f i g s *

6 * 1  and 6 *2 *

b* Oxygen c o n c e n t r a t i o n

As f o r  s t e e l  t h e  m easurem ents  were n o t  c o n s i s t e n t  b u t  

showed v e r y  s i m i l a r  t r e n d s  * T:he p l o t  i s  shown i n  f i g . 6 ,3* 

c* Weight l o s s  d e t e r m i n a t i o n s

The w e ig h t  l o s s  c u rv e s  a r e  shown i n  f igs.* 6 .4  and 6*5 .

As f o r  s t e e l  i n  a e r a t e d  s o l u t i o n s  i n c r e a s i n g  t h e  h e a t  f l u x  

d e c r e a s e d  t h e  amount o f  c o r r o s i o n ,  b u t  w i t h  co p p e r  th e  c o r r o s i o n  

r a t e  was d i f f e r e n t  f o r  d i f f e r e n t  h e a t  f l u x e s  t h r o u g h o u t  t h e  

r u n ,  w h ereas  Y/ith s t e e l  t h e  c o r r o s i o n  r a t e  was t h e  same, 

in d e p e n d e n t  o f  t h e  h e a t  f l u x ,  f o r  a  c o n s i d e r a b l e  t im e  w i t h i n  

a  r u n  ( c . f *  f i g .  6 .4  and 5 . 5 ) .
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d .  V i s u a l  o b s e r v a t i o n s

At t h e  s t a r t  o f  any  r u n  th e  spec im ens  p o s s e s s  a  smooth, 

m a t t  sheened  s u r f a c e .  As h e a t i n g  p ro c e e d e d  t h e  spec im ens  

became co v e red  w i t h  a d r a k  f i l m  w hich  was r e t a i n e d  even  a f t e r  

tw e n ty  f o u r  h o u r s .  Specimens when removed a f t e r  a  s h o r t  t im e  

of  e x p o s u re  h ad ,  a t  low ;hpat  f l u x e s ,  s m a l l  r e d  d e p o s i t s  on 

b a r e  m e t a l  a t  t h e  bo t tom  o f  t h e  s p e c im e n s ,  and t h e  d a r k  

d e p o s i t s  on t h e  s i d e s .  A f t e r  l o n g e r  p e r i o d s  o f  e x p o s u re  t h e  

r e d  d e p o s i t s  were l a r g e r  and t h e r e  was 3e s s  b a r e  m e t a l .  At 

h i g h e r  h e a t  f l u x e s  t h e  d a r k  d e p o s i t  was more g e n e r a l  and o n ly  

s m a l l  amounts  o f  t h e  re d  d e p o s i t  and b a r e  m e t a l  were o b s e r v e d .  

The d e p o s i t s  on t h e  spec im ens  a r e  shown i n  f i g .  6 . 6 , 

pH m easurem ent

The m easurement o f  pH once a g a i n  p ro v e d  d i f f i c u l t  t o  

p e r fo rm  a c c u r a t e l y  s i n c e  t h e  sam pling  method was no t  s a t i s ­

f a c t o r y .  T ren d s  however were o bse rv ed  w hich  a s  b e f o r e  i n ­

d i c a t e d  a n  i n c r e a s e  i n  t h e  pH from an  i n i t i a l  v a lu e  o f  a p p r o x ­

i m a t e l y  5 .5  t o  a v a lu e  o f  a p p r o x im a te ly  7*1 a f t e r  b o i l i n g  had 

beoome e s t a b l i s h e d .

The r e s u l t s  a r e  shown i n  Appendix  7.

C o n c lu s io n s  and D i s c u s s i o n

As i n  t h e  c a s e  o f  s t e e l  sp e c im e n s ,  t h e  c o r r o s i o n  o v e r  a 

p e r i o d  of  tw e n ty  f o u r  h o u rs  d e c re a s e d  w i t h  i n c r e a s e d  h e a t  

t r a n s f e r ,  b u t  a  breakdown o f  t h e  c o r r o s i o n  r a t e  w i t h  t im e
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i n d i c a t e d  a d i f f e r e n c e  i n  t h e  p r o c e s s e s *  A co m p ar iso n  o f  

f i g s .  5*5 and 6 .4  shows, t h i s  d i f f e r e n c e *

I n i t i a l l y  s t e e l  spec im ens  i n  a e r a t e d  s o l u t i o n s  c o r ro d e d  a t  t h e  

same r a t e  i r r e s p e c t i v e  o f  t h e  h e a t  f l u x ,  b u t  w i t h  co p p e r

spec im ens  t h e  c o r r o s i o n  r a t e  v a r i e d  w i t h  h e a t  f l u x  from t h e
43

b e g i n n i n g  o f  a l l  ru n s*  Brown, R o e t h e l i  and F o r r e s t  s t a t e  

t h a t  t h e  i n i t i a l  r a t e  o f  c o r r o s i o n  o f  an  e l e c t r o p o s i t i v e  m e ta l  

su c h  a s  c o p p e r ,  i n  a g i t a t e d  a e r a t e d  s o l u t i o n s  of  g i v e n  oxygen 

c o n c e n t r a t i o n  v a r i e s  w i t h  t h e  n a t u r e  o f  t h e  m e ta l  and t h e  

c o r r o s i o n  r a t e s  a r e  low. F or  e l e c t r o n e g a t i v e  m e t a l s  however,  

such  a s  s t e e l  h i g h  c o r r o s i o n  r a t e s  a r e  o b se rv e d  a f t e r  a  b r i e f  

p e r i o d  and t h e  c o r r o s i o n  r a t e  i s  in d e p e n d e n t  o f  t h e  n a t u r e  of  

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

w h ich  oxygen can  be s u p p l i e d  t o  t h e  c a t h o d e .  Thus ,  c o n s i d ­

e r i n g  t h i s  r e l a t i v e  t o  t h e  p r e s e n t  w ork ,  i n  t h e  c a s e  o f  s t e e l ,  

d u r in g  t h e d e a e i r a t i o n  .of t h e  s o l u t i o n  t h e  s t i r r i n g  of th e  

s o l u t i o n  due t o  t h e  c o n v e c t io n  c u r r e n t s  w i l l  a s s i s t  t h e  

p r o v i s i o n  o f  oxygen a t  .the s u r f a c e #  The h e a t  t r a n s f e r  w i l l  

c a u se  two oppos ing  e f f e c t s ,  f i r s t l y  a t  h i g h  h e a t  f l u x e s  t h e  

s t i r r i n g  e f f e c t  w i l l  be g r e a t e r  w hich  w i l l  r e p l e n i s h  t h e  

oxygen a t  t h e  s u r f a c e  more r e a d i l y  t h a n  a t  low er  h e a t  f l u x e s ,  

and s e c o n d ly  t h e  i n c r e a s e d  t e m p e r a tu r e  o f  t h e  s o l u t i o n  w i l l  

cau se  a d e c r e a s e  i n  t h e  oxygen c o n c e n t r a t i o n  n e a r  t h e  surface . , ,  

t h u s  i t  c o u ld  be s u g g e s t e d  t h a t  oxygen a v a i l a b i l i t y  a t  t h e  

m e t a l  s u r f a c e  w i l l  be a p p r o x im a te ly  t h e  same f o r  a l l  h e a t
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f l u x e s , p ro v id e d  t h a t  oxygen i s  a v a i l a b l e  from t h e  h u lk  o f  t h e

s o l u t i o n .  T h i s  s u g g e s t i o n  i s  s u p p o r t e d  by t h e  r e s u l t s  o b t a in e d

f o r  s t e e l  spec im ens  where t h e  i n i t i a l  c o r r o s i o n  r a t e ,  d epend en t

on oxygen a v a i l a b i l i t y ,  i s  t h e  same f o r  a l l  h e a t  t r a n s f e r

r a t e s .  I n  t h e  c a s e  o f  cop pe r  t h e  c o n t r o l l i n g  f a c t o r  o f  t h e

i n i t i a l  r e a c t i o n  i s  t h e  n a t u r e  o f  th e  m e t a l  r a t h e r  t h a n  oxygen 
43 44

a v a i l a b i l i t y  • I t  h a s  been shown t h a t  on t h e  im m ers ion  o f

co p p e r  spec im ens  i n  a e r a t e d  s o l u t i o n s  a  c u p ro u s  o x id e  f i l m  i s

formed on t h e  s u r f a c e ,  t h i s  f i l m  t e n d i n g  t o  e x h i b i t  i n h i b i t i v e

p r o p e r t i e s ,  and th e  s u r f a c e  i s  d i v id e d  i n t o  a n o d ic  and c a th o d i c

a r e a ' s ,  t h e  a n o d ic  a r e a s  b e in g  p o r e s ,  e x p o s in g  b a r e  m e t a l  i n  t h e

o x id e  f i l m ,  t h e  c a t h o d i c  a r e a .  A t  h i g h  h e a t  f l u x e s  i t  was

th o u g h t  t h a t  t h e  h i g h e r  m e ta l  s u r f a c e  t e m p e r a t u r e  r e l a t i v e  t o

t h e  s o l u t i o n  d u r i n g  t h e  f i r s t  few m in u te s  o f  an y  r u n  would

r e s u l t  i n  a f a s t e r  r e a c t i o n  r a t e  t o  p ro d u c e  t h i s  i n h i b i t i v e

f i l m  on t h e  anode a r e a s .  T h i s  i s  s u p p o r t e d  by th e  more r a p i d

i n c r e a s e  i n  p o t e n t i a l  a t  h i g h  h e a t  f l u x e s ,  d u r i n g  t h e  e a r l y

s t a g e s  o f  r u n s .  T h i s  r a p i d l y  foxmied f i l m  would i n h i b i t  f u r t h e r

c o r r o s i o n  o f  t h e  spec im ens  and t h e r e f o r e  t h e  c o r r o s i o n  r a t e

a t  h i g h  h e a t  f l u x e s  would be low er  t h a n  a t  lo w er  h e a t  f l u x e s .

T h i s  e x p l a n a t i o n  s a t i s f i e s  t h e  e x p e r i m e n t a l  o b s e r v a t i o n s .  As

oxygen i s  removed from t h e  s o l u t i o n  by b o i l i n g ,  i t  would n o t

be p r e s e n t  t o  m a i n t a i n  t h e  o x id e  f i l m  and t h e  p o t e n t i a l  would
t

become more anodic- .  As i n  th e  ca se  of e x p e r im e n t s  w i t h  s t e e l

spec im ens  t h e  rem o va l  of oxygen o c c u r r e d  more r a p i d l y  a t  h i g h e r
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h e a t  f l u x e s  and t h e r e f o r e  t h e  p o t e n t i a l  would d e c r e a s e  e a r l i e r  

t h a n  a t  low h e a t  f l u x e s .

The s u g g e s t e d  p r o c e s s e s  a r e : -

The c a t h o d i c  r e a c t i o n  -  t h e  oxygen r e d u c t i o n  r e a c t i o n

0 +  H 0 *  3e  ---- ^ 3  0Ef . . . l ( i i i )
3

The a n o d ic  r e a c t i o n  -  t h e  d i s s o l u t i o n  o f  m e t a l  t o  i t s

i o n s

Gu— Cu*~ h- e . . . 6 . 1

The p r e s e n c e  o f  oxygen i n  t h e  s o l u t i o n ,  a p a r t  from i t s  

r e a c t i o n  a t  t h e  c a t h o d i c  a r e a s * w i l l  f a v o u r  t h e  o x i d a t i o n

Gu*-  G u ^  +  e . . . 6 . 3

T h i s  r e a c t i o n  can  t a k e  p l a c e  i n  s o l u t i o n ,  oxygen a c t i n g  

a s  t h e  e l e c t r o n  a c c e p t o r .  Thus w h i le  oxygen i s  p r e s e n t ,  a 

g r e a t e r  c o r r o s i o n  r a t e  would he e x p e c t e d ,  due t o  t h i s  d e p o l a r ­

i s a t i o n  and s i n c e  oxygen i s  p r e s e n t  f o r  l o n g e r  p e r i o d s  a t  low 

h e a t  f l u x e s ,  t h e  w e ig h t  l o s s  from t h e  sp ec im en s  would he 

g r e a t e r • Oxygen would t h e n ,  a c t  a s  h o t h  an  a n o d ic  and c a t h o d i c  

d e p o l a r i s e r ,  and t h i s  would e x p l a i n  t h e  l a c k  o f  s t r e a k i n g  on 

t h e  spec im en s  s i n c e  t h e  p r e s e n c e  of oxygen i t s e l f  would n o t  

d e te r m in e  w h e th e r  an  a r e a  was a n o d ic - ’ o r  c a t h o d i c .

The u s e  o f  a e r a t e d  d i s t i l l e d  w a te r  had t h e  d i s a d v a n t a g e
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o f  p r e s e n t i n g  a medium w hich  was n o t  c o n s t a n t  t h r o u g h o u t  t h e  

r u n ,  t h e  main c o r r o s i v e  a g e n t ,  t h e  d i s s o l v e d  oxygen , b e in g  b o i l e d  

o u t  o f  s o l u t i o n *  A l s o ,  a s  shown f o r  t h e  c a s e  o f  s t e e l  spec im ens  

two o p p o s in g  e f f e c t s  due t o  h e a t  t r a n s f e r  o c c u r ,  ( i )  i n c r e a s e d  

mass t r a n s f e r  due t o  c o n v e c t io n ,  and s t i r r i n g  by t h e  b u b b le s  

and ( i i )  t h e  d e c r e a s e  i n  s o l u b i l i t y  o f  oxygen n e a r  t o  t h e  

s u r f a c e ,  a t  h i g h e r  h e a t  f l u x e s *  I t  was t h e r e f o r e  d e c id e d  t o  

i n t r o d u c e  a v a r i a b l e  w hich  would a l t e r  t h e s e  f a c t o r s .  E x p e r i ­

m en ts  were pe r fo rm ed  i n  sodium c h l o r i d e  s o l u t i o n s ,  whose 

s o l u b i l i t y  n e a r  t o  t h e  m e t a l  s u r f a c e  would i n c r e a s e  a t  h i g h e r  

t e m p e r a t u r e s ,  and t h e r e f o r e  an i n c r e a s e  i n  t h e  h e a t  t r a n s f e r  

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

by b o t h  m echan ism s .

4* E x p e r im e n ts  i n  aqueous  sodium c h l o r i d e  s o l u t i o n s

Runs were p e r fo rm ed  i n  a e r a t e d  sodium c h l o r i d e  s o l u t i o n s  

a t  two c o n c e n t r a t i o n s j  1 g r / l t r  and 10 g r / l t r *  A n a la r  g ra d e  

sodium c h l o r i d e  was weighed and mixed i n  t h e  c o r r e c t  p r o p o r ­

t i o n s  i n  d i s t i l l e d  w a te r*  T h is  was t h e n  i n t r o d u c e d  t o  t h e  

sy s tem  i n  t h e  manner u sed  i n  p r e v i o u s  r u n s .  E x p e r im e n ts  were 

t h e n  p e r fo rm e d  a t  v a r i o u s  h e a t  f l u x e s  and f o r  v a r i o u s  t i m e s  

o f  e x p o s u r e .  The m easurem en ts  t a k e n  i n  p r e v i o u s  r u n s  were 

a l s o  t a k e n  i n  t h i s  s e r i e s .
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i • R e s u l t s

a .  P o t e n t i a l  measurem ent

I n i t i a l l y  t h e  p o t e n t i a l  o f  t h e  spec im ens  a l t e r e d  from a 

v a l u e  -of a b o u t  50 mV n e g a t i v e  t o  a s a t u r a t e d  ca lo m e l  e l e c t r o d e  

t o  a  v a lu e  w hich  was d epend en t  on t h e  h e a t  t r a n s f e r  r a t e ,  t h i s  

change o c c u r r e d  i n  a few m i n u t e s . The h i g h e r  t h e  h e a t  f l u x  

used  th e  h i g h e r  t h e  v a lu e  o f  th e  p o t e n t i a l ,  a s  shown i n  

F i g . 6 .7  and 6*9* As th e  r u n  p ro c e e d e d  t h e  p o t e n t i a l  d e c r e a s e d  

a t  a r a t e  d e p e n d en t  on th e  h e a t  t r a n s f e r  r a t e ,  h i g h e r  h e a t  

f l u x e s  l e a d i n g  t o  a g r e a t e r  r a t e  o f  d e c r e a s e  o f  t h e  p o t e n t i a l .  

The p o t e n t i a l  l e v e l l e d  o u t  a s  t h e  r u n s  p r o g r e s s e d  and i n  th e  

ca se  o f  h i g h e r  h e a t  f l u x e s  a s l i g h t  i n c r e a s e  was o b s e r v e d .

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

shown i n  P i g s .  6 . 8  and 6 . 1 0 .  I n c r e a s i n g  t h e  sodium c h l o r i d e  

c o n t e n t  of  t h e  s o l u t i o n s  caused  a d e c r e a s e  i n  t h e  p o t e n t i a l  

a t  a l l  s t a g e s  o f  t h e  ru n s  a s  a  co m p ar iso n  o f  t h e  r e s u l t s  w i l l  

i n d i c a t e .

h .  Weight l o s s  d e t e r m i n a t i o n s

The w e ig h t  l o s t  by t h e  spec im ens  w i t h  r e s p e c t  t o  h e a t  

t r a n s f e r  r a t e s  showed d i f f e r e n t  t r e n d s  t o  a l l  p r e v i o u s  r u n s .  

I n c r e a s i n g  h e a t  t r a n s f e r  r a t e s  from low v a l u e s  i n i t i a l l y ,  

a s  I n  p r e v io t i s  r u n s ,  caused  a d e c r e a s e  i n  t h e  c o r r o s i o n  r a t e  

b u t  a s  t h e  h e a t  f l u x  was f u r t h e r  i n c r e a s e d  a minimum w e ig h t  

l o s s  was r e a c h e d  and t h e  c o r r o s i o n  r a t e  i n c r e a s e d .  F u r t h e r  

i n c r e a s e  i n  h e a t  f l u x  caused  a f u r t h e r  i n c r e a s e  i n  th e  w e ig h t  

l o s s .  I n c r e a s e d  sodium c h l o r i d e  c o n c e n t r a t i o n  caused  an
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i n c r e a s e  i n  t h e  c o r r o s i o n  r a t © ,  The t r e n d s  a r e  shown i n  

F i g s .  6 . 1 1 ,  6 .1 2  and 6 . 1 3 .

c .  V i s u a l  o b s e r v a t i o n s

The d a r k  f i l m ,  n o te d  i n  c h l o r i d e  f r e e  s o l u t i o n s ,  was 

o b s e rv e d  i n  b o t h  c o n c e n t r a t i o n s  o f  sodium c h l o r i d e .  The 

a t t a c k  was much more g e n e r a l  t h a n  i n  p r e v i o u s  r u n s  and no 

s t r e a k i n g  was o b se rv e d  on any  of  t h e  specimens,,The f i l m  was

formed a lm o s t  im m e d ia te ly  and p e r s i s t e d  f o r  some t i m e ,  b u t

was s lo w ly  rem oved , p a r t i c u l a r l y  a t  h i g h  h e a t  f l u x e s ,  a s  t h e  

r u n s  p r o g r e s s e d .

d .  pH d e t e r m i n a t i o n s

S i m i l a r  t r e n d s  and v a l u e s  t o  t h o s e  o f  p r e v i o u s  r u n s  were 

o b t a i n e d ,  r e a c h i n g ,  a f t e r  tw e n ty  f o u r  h o u r s ,  a  v a lu e  of  

a p p r o x im a t e l y  7 .3  a t  a l l  h e a t  t r a n s f e r  r a t e s .

The f u l l  r e s u l t s  a r e  shown i n  a p p e n d ix  7 .

2 .  C o n c lu s io n s  and d i s c u s s i o n

The w e ig h t  l o s s  v e r s u s  h e a t  f l u x  cu rv e  i n d i c a t e d  a  t r e n d  

n o t  o b s e rv e d  i n  p r e v i o u s  e x p e r i m e n t s .  Between low and 

i n t e r m e d i a t e  h e a t  f l u x e s  t h e  w e ig h t  l o s s  d e c r e a s e d  w i t h  

i n c r e a s e d  h e a t  t r a n s f e r ,  A minimum v a l u e  o c c u r r e d  and a t  

h i g h e r  h e a t  f l u x e s  w e ig h t  l o s s  i n c r e a s e d  w i t h  i n c r e a s e d  h e a t  

t r a n s f e r .  I n c r e a s i n g  t h e  sodium c h l o r i d e  c o n c e n t r a t i o n  o f  

t h e  s o l u t i o n  i n c r e a s e d  t h e  w e ig h t  l o s s  a t  any  g i v e n  h e a t  f l u x ,  

and t h e  minimum w e ig h t  l o s s  o c c u r re d  a t  a lo w er  h e a t  f l u x .
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I n  t h i s  sy s tem  t h e r e  were two f a c t o r s .  I n i t i a l l y  oxygen was 

a v a i l a b l e  a t  t h e  s u r f a c e  and a s  t h e  r u n s  p r o g r e s s e d  t h i s  was 

removed by d e a e r a t i o n ,  t h e  r a t e  o f  rem ova l  b e in g  d epend en t  

on t h e  h e a t  t r a n s f e r  r a t e .  The c h l o r i d e  i o n s  however were 

n o t  removed by t h e  h e a t  t r a n s f e r ,  and were p r e s e n t  th ro u g h o u t  

t h e  r u n .  I t  can  be s e e n  from F i g s .  6 .1 1  and 6 . IS  t h a t  t h e  

i n i t i a l  r a t e  o f  c o r r o s i o n  v a r i e d  c o n s i d e r a b l y  w i t h  h e a t  

t r a n s f e r .  T h i s  was a l s o  t h e  c a se  i n  c h l o r i d e  f r e e  s o l u t i o n s ,  

b u t  u n d e r  t h o s e  c o n d i t i o n s  t h e  r a t e  o f  c o r r o s i o n  d e c r e a s e d  

w i t h  i n c r e a s e d  h e a t  t r a n s f e r ,  t h r o u g h o u t  t h e  h e a t  t r a n s f e r  

r a n g e .  I n  c h l o r i d e  s o l u t i o n s ^ h o w e v e r , t h e  c o r r o s i o n  r a t e  

decreased;  w i t h  i n c r e a s i n g  h e a t  t r a n s f e r  a t  low h e a t  f l u x e s  

b u t  a t  h i g h e r  r a t e s  t h e  c o r r o s i o n  r a t e  i n c r e a s e d .  The su g ­

g e s t i o n  p u t  fo rw a rd  f o r  t h i s  phenomena i n  c h l o r i d e  f r e e  s o l ­

u t i o n s  was t h a t  a t  h i g h  h e a t  f l u x e s  more oxygen was a v a i l a b l e ,  

due t o  d e a e r a t i o n  d u r in g  t h e  f i r s t  few m in u te s  o f  t h e  r u n ^ th a n  

a t  lo w e r  h e a t  f l u x e s ,  and t h i s  caused  m ost  o f  t h e  s u r f a c e  

t o  be co v e red  by an  ox id e  f i l m  e x h i b i t i n g  i n h i b i t i v e  p r o p e r t i e s .  

T h is  f i l m  would be m a i n t a in e d  by t h e  oxygen i n  t h e  s o l u t i o n

and c o r r o s i o n  would be d e c r e a s e d .  The p r e s e n c e  o f  c h l o r i d e
45

a l t e r s  t h i s  s i t u a t i o n .  G a t ty  and Spooner  s t a t e  t h a t  

c h l o r i d e  i o n s  i n  t h e  s o l u t i o n  w i l l  have t h e  e f f e c t  o f  b r e a k i n g  

down t h i s  o x id e  f i l m  and r e n d e r i n g  t h e  c o p p e r  a v a i l a b l e  f o r  

a t t a c k *  The breakdown i s  more s e v e r e  i n  a c i d  s o l u t i o n s  s i n c e  

i n  n e u t r a l  s o l u t i o n s  t h e  h i g h e r  pH h e l p s  t o  m a i n t a i n  t h e  o x id e
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f i l m ,  b u t  u n d e r  t h e  s e v e r e  c o n d i t i o n s  i n  t h e  a p p a r a t u s  i t  i s  

p o s s i b l e  t h a t  t h i s  m igh t  o c c u r .  At h i g h e r  h e a t  f l u x e s  t h e  

mass t r a n s f e r  o f  c h l o r i d e  i o n s  t o  t h e  s u r f a c e  would be g r e a t e r  

b o th  due t o  a g i t a t i o n  caused  by c o n v e c t io n  and b u b b l i n g ,  and 

due t o  t h e  h i g h e r  s o l u b i l i t y  o f  c h l o r i d e  i o n s  a t  t h e  i n t e r -  

p h a s e .  Thus a t  low h e a t  f l u x e s  t h e  o x id e  f i l m  would form 

s lo w ly  and c o r r o s i o n  would o c c u r ,  a t  i n t e r m e d i a t e  h e a t  f l u x e s  

t h e  o x id e  f i l m  would form f a i r l y  r a p i d l y  and have an  i n h i b i t i v e  

e f f e c t ,  y e t  t h e  breakdown due t o  c h l o r i d e  i o n s  i s  n o t  a p p r e ­

c i a b l e ,  and a t  h i g h  h e a t  f l u x e s  t h e  i n h i b i t i v e  o x id e  f i l m  i s  

d e s t r o y e d  by t h e  c h l o r i d e  i o n s .  Two o t h e r  f a c t s  s u p p o r t  

t h i s  e x p l a n a t i o n .  F i r s t l y ,  a f t e r  oxygen h a s  been  d e so rb e d  

from t h e  s o l u t i o n  a c o r r o s i o n  r a t e  i s  e s t a b l i s h e d  which  

i n c r e a s e s  w i t h  i n c r e a s i n g  h e a t  t r a n s f e r ,  t h i s  can  be shown 

by c o n s i d e r i n g  t h e  s l o p e s  o f  t h e  w e ig h t  l o s s  v e r s u s  t im e  c u r v e s  

F i g s .  6 .1 1  and 6 . 1 2 .  From t h i s  i t  can  be i n f e r r e d  t h a t  t h e  

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

t r a n s f e r  and t h a t  t h e  a t t a c k  i s  more s e v e r e  a t  h i g h  h e a t  

f l u x  r a t e s .  S e c o n d ly ,  a s t u d y  o f  t h e  e f f e c t  o f  sodium 

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

t h e  minimum i n  t h e  w e ig h t  l o s s  v e r s u s  h e a t  f l u x  cu rv e  o c c u r s  

a t  lo w er  h e a t  f l u x e s .  I f  t h e  e f f e c t  were due t o  t h e  mass 

t r a n s f e r  o f  c h l o r i d e  i o n s  t o  th e  s u r f a c e  t h e n  t h i s  would be 

t h e  e x p e c te d  r e s u l t ,  s i n c e  a t  h i g h e r  c o n c e n t r a t i o n s  l e s s  

a g i t a t i o n  would be r e q u i r e d  t o  t r a n s p o r t  t h e  i o n s  t o  t h e
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m e t a l  s u r f a c e *  F u r t h e r  s u p p o r t  was t h e  a p p a r e n t  rem o va l  o r  

a t  l e a s t  l e s s e n i n g  o f  t h e  f i l m  a s  t h e  r u n s  p r o g r e s s e d .  From 

t h e s e  c o n s i d e r a t i o n s  i t  was th o u g h t  t h a t  h e a t  t r a n s f e r  d i r e c t l y ,  

r a t h e r  t h a n  j u s t  t h e  i n c r e a s e  i n  t e m p e r a t u r e  a s s o c i a t e d  w i t h  

i t ,  was a n  im p o r t a n t  f a c t o r  i n  t h e  p r o c e s s e s *



Chapter 7

O v e r a l l  C o n c lu s io n s  and D i s c u s s i o n
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S e v e r a l  f a c t o r s  have been  s t u d i e d  i n  t h i s  work .  P r e v i o u s  

w o rk e rs  i n  t h i s  f i e l d  d id  n o t  s e p a r a t e  t h e  e f f e c t s  o f  h e a t  

t r a n s f e r  and spec im en  s u r f a o e  t e m p e r a t u r e .  T h is  h as  been 

done t o  a c e r t a i n  e x t e n t  s i n c e  b o i l i n g  c o n d i t i o n s  p r e s e n t e d  

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

w i t h  o n ly  s m a l l  i n c r e a s e s  i n  s u r f a o e  t e m p e r a t u r e .  These 

s e p a r a t e d  e f f e c t s  have been  a p p l i e d  t o  b o t h  e l e c t r o p o s i t i v e  

and e l e c t r o n e g a t i v e  m e t a l s  and c o n c l u s i o n s  have been  drawn a s  

t o  v/hich f a c t o r  i s  t h e  more i m p o r t a n t .  I t  was found t h a t  

f o r  an  e l e c t r o n e g a t i v e  m e t a l ,  such  a s  s t e e l ,  and i n  t h e  

oxygen c o n c e n t r a t i o n s  ra n g e  u s e d ,  t h e  r a t e  o f  c o r r o s i o n  was 

in d e p e n d a n t  o f  h e a t  t r a n s f e r  r a t e s  p r o v i d i n g  t h a t  oxygen was 

a v a i l a b l e  a t  t h e  s u r f a c e  f o r  t h e  c a th o d e  r e a c t i o n .  P r e v i o u s  

w o rk e rs  had found t h a t  i n  s i m i l a r  e n v i ro n m e n ts  i n c r e a s i n g  t h e  

s u r f a c e  t e m p e r a t u r e  i n c r e a s e d  th e  c o r r o s i o n  and i t  was t h e r e ­

f o r e  i n d i c a t e d  t h a t  s u r f a c e  t e m p e r a tu r e  r a t h e r  t h a n  h e a t  

t r a n s f e r  i s  t h e  more im p o r t a n t  f a c t o r .  F o r  a n  e l e c t r o p o s i t i v e  

m e t a l ,  su c h  a s  co p p e r  on t h e  o th e rk h a n d ,  t h e  c o r r o s i o n  r a t e  

i n  a e r a t e d  d i s t i l l e d  w a t e r ,  seemed t o  be d ep en d en t  on h e a t  

t r a n s f e r  s i n c e  t h e  c o r r o s i o n  r a t e  ov er  t h e  f i r s t  few h o u r s  

o f  t h e  r u n  d e c r e a s e d  w i t h  i n c r e a s e d  h e a t  t r a n s f e r .  However, 

t h i s  was f i n a l l y  th o u g h t  t o  be a t e m p e r a t u r e  e f f e c t ,  t h e  

h i g h e r  s u r f a c e  t e m p e r a t u r e s  i n  h ig h  oxygen c o n c e n t r a t i o n s  i n  

t h e  f i r s t  few m in u te s  o f  a  r u n  fo rm ing  a  more i n h i b i t i v e  f i l m  

on t h e  m e t a l  s u r f a c e  a t  h i g h e r  h e a t  f l u x e s .  T h i s  e f f e c t  was
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34
a l s o  o b s e rv e d  on i r o n  . where a t  h i g h  t e m p e r a t u r e s  and oxygen 

c o n c e n t r a t i o n s  i n h i b i t i v e  f i l m s  were fo rm ed .  The t w o - f o l d  

r o l e  o f  h e a t  t r a n s f e r ,  w h ich  t e n d e d  t o  i n c r e a s e  th e  s u r f a c e  

t e m p e r a tu r e  o n ly  s l i g h t l y  i n  t h e  ca se  o f  b o i l i n g  c o n d i t i o n s ,  

and t h e  i n c r e a s e  i n  th e  mass t r a n s f e r  t o  and from t h e  s u r f a c e  

by c o n v e c t io n  and a g i t a t i o n ,  would c a u s e ,  i n  t h e  ea se  o f  

d i s s o l v e d  oxygen, l i t t l e  change i n  i t s  a v a i l a b i l i t y  a t  t h e  

s u r f a c e .  The i n c r e a s e d  t e m p e r a tu r e  would c a u se  a d e c r e a s e  

i n  t h e  oxygen c o n c e n t r a t i o n  n e a r  t h e  s u r f a c e  due t o  i t s  lo w er  

s o l u b i l i t y ,  i n c r e a s e d  a g i t a t i o n  would ca u se  more oxygen t o  

be t r a n s p o r t e d  t o  t h e  s u r f a c e ,  and t h e  e f f e c t s  would t e n d  t o  

c a n c e l .  I t  would t h e r e f o r e  be e x p e c te d  t h a t  u n l e s s  a 

p a r t i c u l a r l y  i n h i b i t i v e  f i l m  was formed t h e  c o r r o s i o n  r a t e s  

would v a r y  l i t t l e  w i t h  i n c r e a s e d  h e a t  t r a n s f e r #  Large 

i n c r e a s e s  i n  t e m p e r a t u r e ,  o b se rv e d  i n  n o n - b o i l i n g  c o n d i t i o n s  

woiild c a u se  c o n s i d e r a b l e  i n c r e a s e s  i n  r e a c t i o n  r a t e ,  a g a i n  

assum ing  no i n h i b i t i v e  f i l m  t o  be fo rm e d .  Thus i t  i s  t h o u g h t  

t h a t  t e m p e r a t u r e ,  r a t h e r  t h a n  h e a t  t r a n s f e r  a s  su ch  i s  t h e  

i m p o r t a n t  f a c t o r  i n  t h e  c o r r o s i o n  o f  m e t a l s  i n  o xygena ted  

w a t e r s .

As i n d i c a t e d  t h e  s o l u b i l i t y  o f  oxygen d e c r e a s e s  w i t h  

i n c r e a s e d  t e m p e r a t u r e ,  w hereas  t h e  s o l u b i l i t y  o f  su ch  s a l t s  

a s  sodium c h l o r i d e  in c re a s e - :  w i t h  i n c r e a s e d  t e m p e r a t u r e .

Thus t h e  tw o - f o l d  e f f e c t s  o f  h e a t  t r a n s f e r  would b o t h  t e n d  

t o  i n c r e a s e  t h e  t r a n s p o r t  o f  i o n s  t o  t h e  s u r f a c e ,  and t h e
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r e a c t i o n  r a t e  would be e x p e c te d  t o  a l t e r  w i t h  h e a t  t r a n s f e r  

i f  a v a i l a b i l i t y  was a c o n t r o l l i n g  s t e p .  E x p e r im e n ts  i n  

c h l o r i d e  s o l u t i o n s  showed t h i s  t o  be t h e  c a s e ,  and i t  i s  

th o u g h t  t h a t  b o th  h e a t  t r a n s f e r  and t e m p e r a t u r e  a r e  im p o r t a n t  

f a c t o r s .

S u g g e s t i o n s  f o r  f u t u r e  work

I t . w a s  th o u g h t  t h a t  t h e  r e a s o n  f o r  t h e  i n i t i a l  d e c r e a s e  

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

s o l u t i o n s  was due t o  t h e  f o r m a t i o n  o f  a i n h i b i t i v e  o x id e  f i l m .  

Runs co u ld  be pe r fo rm ed  i n  more a c i d i c . s o l u t i o n s  where t h i s  

f i l m  would be l e s s  s t a b l e ,  and more a l k a l i n e  s o l u t i o n s  where 

i t  would be more s t a b l e  and a  s tu d y  made o f  t h e  minimum p o i n t  

i n  t h e  w e i g h t - l o s s  v s  h e a t - f l u x  cu rv e  r e l a t i v e  . t o  th e  pH of  

t h e  s o l u t i o n .  Huns w i t h  s a l t s  o f  o x y d i s in g  a c i d s ,  s u c h  a s  

n i t r a t e s  cou ld  be u se d  t o  e s t a b l i s h  t h e  im p o r ta n c e  o f  t h e  ox id e  

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

t h e  f i l m .  The above s u g g e s t i o n s  a r e  work w hich  co u ld  be 

c a r r i e d  o u t  w i t h o u t  chang ing  th e  b a s i c  a p p a r a t u s .  A change 

w hich  would be o f  f u r t h e r  i n t e r e s t  would be t o  e x te n d  t h e  

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

o f  t h i s  a s s e s s e d ,  where t h e  same h e a t  t r a n s f e r  r a t e  cou ld  

r e s u l t  in .  d i f f e r e n t  s u r f a c e  t e m p e ra tu r e s *
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A ppendix  1

The d e t e r m i n a t i o n  o f  s u r f a o e  t e m p e r a tu r e  

and h e a t  t r a n s f e r  r a t e s
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1 .  I n t r o d u c t i o n

The a p p a r a t u s  d e s c r i b e d  b r ^ f l y  i n  C h a p te r  2 was, a s  

s t a t e d  n o t  u sed  a t  t b a t  t i m e ,  a l though ,  th e  sys tem  i s  m en t io n ed  

t h e r e  f o r  th e  sake  o f  c o m p le t e n e s s .  S u r f a c e  th e rm o co u p le  

p ro b e  r e a d i n g s  were t a k e n  d u r in g  t h e  p r e l i m i n a r y  r u n  and v/ere 

c o n v e r t e d  t o  s u r f a c e  t e m p e r a tu r e s  and h e a t  t r a n s f e r  r a t e s  a t  

a l a t e r  d a t e ,  and t h e s e  a r e  t h e  f i g u r e s  u sed  i n  t h e  g r a p h s .

A c r o s s  check  u s i n g  t h e  s i l i c a  tu b e  was made, w hich  a s  shown, 

j u s t i f i e s  t h e  a c t i o n .

2 * Measurement o f  t h e  s u r f a c e  t e m p e r a tu r e

The sys tem  was d e s c r i b e d  i n  C h ap te r  2 • The spec im en

d r i l l e d  l a t e r a l l y  a t  t h r e e  p o i n t s ,  and c o n t a i n i n g  th e rm o c o u p le s

was h e a t e d  i n  t h e  c o r r o s i o n  c e l l  i n  d i s t i l l e d  w a t e r .  R ead ing s

were t a k e n ,  f o r  v a r i o u s  h e a t  f l u x e s ,  o f  b o t h  th e  th e rm o c o u p le s

s e t  i n  t h e  spec im ens  and t h e  s u r f a c e  p r o b e ,  p r e s s e d  a g a i n s t

t h e  spec im en s  and s i l i c a  t u b e .  These r e a d i n g s  a r e  shown i n

T a b le  1 .  The h e a t e r  u sed  f o r  th e  c a l i b r a t i o n  was t h e  non-

i n d u c t i v e l y  wound fo rm e r  u se d  i n  a l l  l a t e r  work .  R ead in gs

were t a k e n  on t h r e e  s e p a r a t e  o c c a s i o n s  u s i n g  d i s t i l l e d  w a te r

a s  t h e  s o l u t i o n .  The a v e ra g e  o f  t h e  t h r e e  r u n s  was t h e

v a l u e  u s e d .  C o n v e rs io n  t o  d e g r e e s  F a h r e n h e i t  from m i l l i v o l t s
46

w a s ■due t o  c h a r t s  by Leeds and N o r th ro p  • A l l  r e a d i n g s  

were made r e l a t i v e  t o  c o ld  j u n c t i o n s  immersed i n  m e l t i n g  i c e .  

The t h i c k n e s s  o f  t h e  spec im en  and t h e  d i s t a n c e  be tw een



Table 1
T em p era tu re  m easurem ent o f  m i ld  s t e e l  sp ec im en s  a t  y a r i o u s

h e a t  t r a n s f e r  r a t e s #
0

R ead in gs  i n  mV and F .

H eat  f l u x  Sunken th e rm o co u p le  r e a d i n g s Frobe r e a d i n g s

v o l t s amps

i n n e r m idd le o u t e r Spec S i l i c a

mV
0

F mV
0
F mV

0
F mV mV

4 .3 1 4 4 .3 1 2 4 .3 1 0 4*304
1 0 0 5 .4 4 .5 1 5 22 1 .5 3 4 .3 1 2 221 .39 4 .3 0 9 2 2 1 .2 8 4 .3 0 5 4 .3 1 3

4 .5 1 4 4 .3 1 3 4 .3 1 0 4 .3 0 4

4 .5 6 4 4 .3 5 7 4 .3 4 7 4 .3 3 0 4 .3 4 0
1 2 0 4 • 0 4 .5 6 6 223^69 4 .3 5 7 223 .36 4 • 348 2 2 2 .9 0 4 .3 2 8

* 4 .3 6 5 4 .3 5 8 4 .3 4 6 4 .322

4 .4 0 5 4 .3 9 0 4 .3 7 3 4 .3 5 0 4 .3 6 4
150 5 . 0 4 .4 0 5 2 2 5 .4 4 4 .3 8 7 2 2 4 .8 0 4 .3 7 4 2 2 4 .0 4 4 .3 5 5 ■ •

4 .4 0 4 . 4 .3 9 1 4 .3 7 4 4 .349

4 .4 4 7 4 .4 2 6 4 .4 0 3 4 .3 7 1
170 5 .7 4 .4 4 9 227 .26 4 .4 2 5 226 .35 4 .4 0 3 225* 36 4 .3 7 4

4 .4 4 5 4 .4 2  6 4 * 402 4 .3 7 0 4 .3 8 2

4»484 4 • 462 4 .4 2 9 4 .3 8 4
2 0 0 6 .7 4 • 434 2 29 .05 4 * 462 227 .89 4 .4 2 8 2 2 6 .5 0 4 .3 8 3 4*4 03

4 .4 8 6 4 .4 6 3 4 .4 2 8 4 .3 8 4

4 .4 5 1 8 4 .4 8 4 4 .4 4 7 4 .3 9 7
2 2 0 7 .4 4 .4 5 2 0 2 31 .40 4 .4 8 5 2 2 8 .3 7 4 .4 4 8 227 .25 4 .39 6 4 .4 1 6

4 .4 5 2 0 4 .4 86 4 .4 4 6 4 .3 9 8
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t h e  th e rm o co u p le  p o s i t i o n s  were m easured  w i t h  a  t r a v e l l i n g  

m i c r o s c o p e .  The d i s t a n c e s  a r e  shown i n  F i g . A . l l *  From t h e  

above m easu rem en ts  a  t e m p e r a tu r e  p r o f i l e  a c r o s s  t h e  t h i c k n e s s  

o f  t h e  spec im ens  co u ld  be e s t a b l i s h e d  f o r  any  g i v e n  h e a t  f l u x  

u n d e r  s t e a d y  c o n d i t i o n s .  A th e rm o co u p le  r e a d i n g  had been  

o b t a i n e d  by t h e  s u r f a c e  p ro b e  s i m u l t a n e o u s l y  and from t h i s  i t  

was p o s s i b l e * t o  c a l i b r a t e  t h e  s u r f a c e  p r o b e .  The c a l i b r a t i o n  

cu rv e  i s  shown i n  F i g . A . 1 . 3  t o g e t h e r  w i t h  t h e  s t a n d a r d  curve*  

c o n s t r u c t e d  f o r  more a c c u r a t e  d e t e r m i n a t i o n  o f  th e  sunken  , 

th e rm o c o u p le  t e m p e r a tu r e s * .  From t h i s  c u rv e  t h e  s u r f a o e  

t e m p e r a tu r e s ,  d u r i n g  r u n s  cou ld  be e s t a b l i s h e d .  The, d i s c r e p ­

ancy  b e tw een  a c t u a l  and e x p e c te d  r e a d i n g s  i s  p r o b a b ly  due t o  

c o o l i n g  o f  t h e  th e rm o co u p le  p robe  bead t e n d i n g  t o  r e s u l t  i n  a  

low r e a d i n g .

3 .  The c a l c u l a t i o n  o f  h e a t  t r a n s f e r  r a t e s

From F i g . A . 1 . 2 ,  by e x t r a p o l a t i o n ,  t h e  t e m p e r a tu r e  d rop  

a c r o s s  t h e  whole t h i c k n e s s  o f  t h e  spec im en  c o u ld  be fo u n d ,  

t h u s  t h e  t e m p e r a tu r e  g r a d i e n t  a c r o s s  t h e  spec im en  was c a l c u l ­

a t e d .  U sing  FouS^riers E q u a t io n

Q, -  -kA d t
35E

where Q a r a t e  o f  h e a t  t r a n s f e r  BTU/hr

k  s  t h e r m a l  c o n d u c t i v i t y  BTU/far /f t  / ° F

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

f low  f t 2



FIG A.1.1. Position of ItermoGOtffte. Wfclls in *{>fcc.imcn
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d t  = ra t©  o f  change o f  t e m p e r a tu r e  w i t h  d i s t a n c e  ° F / f t  
dx

F or  t h e  c o n d i t i o n s  t h e  t h e r m a l  c o n d u c t i v i t y  o f  t h e  s t e e l  was

2 6 .0  BTTj/lir/f t / F / f t .

C o n s id e r  1 s q . f t .  The spec im en  t h i c k n e s s  was m easured

( F i g . A . 1 .1 )  and found  t o  be 1*12 mm*

T hus ,  Q, s  - 2 6 . 0 . 1 .  A t  x  2 .5 4  x  12
0 .112

s  -7 08 0  A t B T U /h r / f t

T h e r e f o r e  f o r  any  g i v e n  t e m p e r a tu r e  d r o p ,  th e  h e a t  t r a n s f e r  

r a t e  c o u ld  be c a l c u l a t e d .  The r e s u l t s  a r e  shown i n  T ab le  3 .

T ab le  3

C a l c u l a t i o n  o f  H ea t  T r a n s f e r  R a te s

H e a t e r  A t _________ &

V o l t s Amps
0

F
2

B T U /l i r / f t

1 0 0 3 .4 1 .2 7
4

0 .9 0  x  10A
1 2 0 4*0 1 .5 3 1 .2 5  x  101
150 5 .0 2 .5 7 1.89. x  10A
170 5 .7 3 .5 0 2 .4 8  x  10*
2 0 0 6 .7 4 .7 5 3 .36  X 10A
2 2 0 * 7 .9 5 .8 5 4 .1 3  x 10*

The h e a t  t r a n s f e r  r a t e s  c a l c u l a t e d  have a  c o r r e s p o n d in g  

s u r f a o e  t e m p e r a t u r e .  Thus a  g r a p h  can  be p l o t t e d  o f  h e a t  

f l u x  vs  s u r f a c e  t e m p e r a tu r e  and from t h e  s u r f a c e  t e m p e r a tu r e  

m easu rem en ts  t a k e n  d u r i n g  r u n s  i t  was p o s s i b l e  t o  e s t a b l i s h
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tli© v a l u e  o f  t l ie  h e a t  t r a n s f e r  r a t e s .  Tlie p l o t  i s  shown i n  

F i g .  A . 1*4 .

Tlie a p p a r a t u s  u sed  f o r  t h e s e  c a l c u l a t i o n s  was n o t  w ork ing  

s a t i s f a c t o r i l y  a t  t h e , t i m e  o f  t h e  p r e l i m i n a r y  r u n s .  The 

th e rm o c o u p le  p ro h e  „was., however, s a t i s f a c t o r y  and a  c r o s s  check  

was u se d  ,t o  e n a b le  t h e  r e s u l t s  o b t a i n e d  l a t e r  t o  be j u s t i ­

f i a b l y  u sed  t o  d e te rm in e  t h e  h e a t  t r a n s f e r  r a t e s  i n  e a r l y  r u n s .  

S u r f a c e  t e m p e r a tu r e  m easurem en ts  of  t h e  s i l i c a  t u b e  were made 

d u r in g  t h e  p r e l i m i n a r y  r u n s .  F o r  t h e  t u b e  i t  was assumed 

t h a t  a t  t h e  c e n t r e  t h e  h e a t  f l u x  co u ld  be c a l c u l a t e d  from t h e  

e l e c t r i c a l  e n e rg y  i n p u t  t o  t h e  h e a t e r  and t h a t  no l o s s  

occuirred..  A t e m p e r a tu r e  p r o f i l e  showed no t e m p e r a tu r e  v a r i ­

a n c e  f o r  t h e  c e n t r a l  s i x  i n c h e s  o f  th e  s e v e n  i n c h e s  h e a t e d ,  

t h e r e f o r e  t h e  a s s u m p t io n  was r e a s o n a b l e .  Thus a p l o t  of 

h e a t  t r a n s f e r  r a t e s  v s  s u r f a c e  t e m p e r a tu r e  c o u ld  be o b t a i n e d  

f o r  t h e  s i l i c a  t u b e .  A s i m i l a r  cu rv e  was o b t a i n e d  a t  t h e  

t im e  o f  h e a t  t r a n s f e r  d e t e r m i n a t i o n s .  The two a r e  p l o t t e d  

i n  F i g . A . 1 . 4 .  The ag reem en t  be tw een  them i s  s a t i s f a c t o r y  

and t h e r e f o r e  i t  was t h o u g h t  t h a t  u s i n g  t h e  t e m p e r a tu r e  v s  

h e a t  f l u x  cu rv e  f o r  p r e l i m i n a r y  r u n s  was j u s t i f i e d .  The v o l t ­

age  v s  c u r r e n t  c u r v e s  u sed  i n  t h e  c a l c u l a t i o n s  a r e  shown i n  

F ig  .A . 1 . 5 .
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Appendix 2

R e s u l t s  o f  p r e l i m i n a r y  r u n s



-97

1* General
E i g h t  spec im ens  were u sed  i n  e a c h  r u n ,  s i x  u n d e r  c o n d i t i o n s

o f  h e a t  t r a n s f e r ,  and two beyond t h e  h e a te d  s e c t i o n .  The

c o r r o s i v e  s o l u t i o n  was d i s t i l l e d  w a t e r .  The exposed  a r e a  o f
2t h e  spec im en  was 1 .2 6 3  i n  • 

r e s u l t s  m a r k e d ^  •

Blank  (u n h e a te d )  spec im en

2 .  P a r t i c u l a r  R e s u l t s

Run 4

H e a t e r : -  v o l t a g e  220v 

c u r r e n t  7.QA 

Weight l o s s : -  1 *  2

p H :-  i n i t i a l  5 .2  

f i n a l  7 .0

5 6  7

• mg. 8 . 6  9 .9 1 1 .9  1 1 .1 1 1 . 0  1 1 . . 2 1 1 .4  I

A verage  l o s s : * h e a te d 1 1 .3  mg 139 mdd

b la n k 8 . 3  mg 1 0 2  mdd

H ea t f l u x : - 4 .7 0 i  10 B T U / h r / f t 2

P o t e n t i a l ( -v e t o  s a t d  c . e . ) T em p era tu re (TXT2 .mV re

t im e P o t t im e P o t t im e P o t  t im e  Temp tim e Temp
mins mV m ins mV h r s mV min mV h r s mV

0 350 35 640 3 780 8 1 .7 0 1 1 4 .3 9 6
1 450 40 650 3 i 790 13 1 .7 2 3 2 4 .3 9 8
5 500 45 660 4 800 18 2 .9 0 4 4 4 .399

1 0 550 60 680 5 800 23 3 .8 25 6 4 .4 0 2
15 580 1 2 0 715 7 805 28 4 .2 8 0
2 0 640 135 720 8 800 33 4 .3 8 5
25 655 150 730 38 4 .3 9 0
30 630 165 760 24 800 43 4 .3 9 0 24 4 .4 0 1

0°C)
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Run 5
H e a t e r : -  v o l t a g e  170v

c u r r e n t  6.1A

H ea t  f l u x : -

9.75mg ISO mdd 
2

p H :-  i n i t i a l  5 .2  

f i n a l  6 . 8

Weight l o s s : -  1* 2 3 - 4 , 5 . 6  7  8

mg. 9 .7  1 5 .7  17 *2 1 6 .5  1 5 .8  1 7 .0  1 5 .4  9 . 8

A verage l o s s : -  h e a te d  16.3mg 200 mdd

b l a n k

2 .7 5  B T U /h r / f t '

P o t e n t i a l T e m p e r a t u r e : -

t im e
mins

P o t
mV

tim e
mins

P o t
mV

tim e
h r s

P o t
mY

tim e
mins

tem p.
m¥

t im e
mins

temp
my

0 350 35 635 720 8 1 .6 9 8 48 4 .3 6 2
1 450 40 625 5§ 745 13 1 .9 8 3 53 4 .3 6 2
5 495 45 640 5 f 765 18i 2 .5 4 1 58 4 .36 6

1 0 500 60 660 6 775 . 23 2 .8 1 4 1 2 0 4 * 364
15 560 1 2 0 690 e i 780 28 3 .327 150 4 .3 7 0
2 0 595 180 700 7 780 33 3 .7 4 4 240 4 .3 7 4
25 630 240 705 8 780 38 3 .752
30 650 300 . 710 24 780 43 4 .3 5 4 2 4 h rs 4 ,3 7 5

Run 6

i n i t i a l  5 .5  

f i n a l  7 .1

H e a t e r : -  v o l t a g e  150v pH:-

c u r r e n t  )i5.5A

W eight l o s s : -  3* 2 3 4 5 ; 6  7 8 ^

mg 1 0 .2  1 7 .0  1 7 .7  1 7 .3  1 7 .0  1 7 .7  1 6 .9  9 .8

A verage  l o s s : -  h e a t e d  1 7 .3  mg 212 mdd

b la n k  1 0 . 0  mg 123 mdd

H eat  f l u x : -  2 .2  B T U / h r / f t S



P o t e n t i a l :

- 9 9 -

T em p era tu re ••

t im e P o t t im e P o t t im e P o t t im e temp tim e temp
mins mT mins mV h r s mT mins my mins my

0 350 55 640 7^ 695 8 1 .59 2 6 8 4 .3 3 3
1 420 60 625 7-| 700 13 1 .8 7 6 90 4 .3 42
5 470 75 635 7 | 720 23 2 .0 4 2 1 2 0 4 .3 5 4

15 540 90 650 ' 8  ' 840 33 2 .7 5 1 240 4 .3 6 0
25 580 2 660 ©i 860 43 3 .0 04 360 4 .3 6 3
40 635 4 685 e f 865 53 3 .742
45 645 6 690 9 870 58 4 .0 0 2
50 645 7 695 24 870 63 4 .3 2 8 2 4 h rs 4 .3 6 4

Run r7

H e a t e r : -  v o l t a g e 12 0V p H :-  i n i t i a l 5 .3

c u r r e n t 45A f i n a l 6 .9

W eight l o s s : - 1 * 2 3 4 5 6 7 8 *

mg .>—ii—i 4 2 3 .0 2 4 .1  2 2 .6  2 2 .8  2 3 .0 2 1 . 1 1 1 . 6

A verage  l o s s • M• h e a te d 2 2 . 8  mg 280 mdd

b la n k 1 1 .5  mg 142 mdd

H ea t  f l u x : - 1 .4  x 10 B T U / h r / f t 2

P o t e n t i a l : - T em pera tu re « _

t  ime F o t  t im e P o t t im e P o i  t im e  temp tim e temp
mins my mins my h r s my mins my h r s my

0 350 55 635 5 675 8  1 .5 4 7 2 4 .3 2 4
1 400 60 640 6 680 28 2 .2 6 1 4 4 .3 3 1
5 450 65 635 8 685 .48 3 .31 7 6 4 .3 3 8

1 0 480 70 630 6 8  3 .839
15 520 75 625 73 4 .1 9 1
30 580 90 635 78 4 .2 8 0
45 620 1 2 0 650 83 4 .3 0 2
50 625 180 665 24 750 90 4 .3 2 2 24 4 .3 3 7
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Run 8
p H :-  i n i t i a l  5*2

f i n a l  7*1

Heater:** v o l t a g e  lOOv 

c u r r e n t  4.QA 

Weight l o s s : -  1*  2 3 4 5 6  7 8 "

mg 1 3 .3  3 6 .7  3 7 . 2  2 6 .5  2 6 .9  2 7 .1  2 6 .9  1 2 .3

A verage  l o s s : -  Heated  26*9 rag 329 mdd

blanlc 12*3 rag 152 mdd

Heat f l u x : - 1 . 0 2  x  1 0 4  B T U / h r / f t 2

P o t e n t i a l ; - T e m p e r a tu r e : -

t im e
m ins

t o t
raY

t im e
mins

P o t
mY

tim e
h r s

Po t
mY

tim e
mins

temp
mY

time
mins

temp
mY

0 350 70 630 8 1 .4 1 1 98 4 .2 8 1
1 390 75 635 28 2 .0 1 4 1 2 0 4 .2 9 9
5 440 80 635 48 2 .9 0 7 240 4 .3 1 4

1 0 470 90 630 6 8 3 .4 1 0 360 4 .3 1 5
15 500 1 2 0 640 78 4 .1 0 1
30 560 180 650 83 4 .1 6 5
60 620 300 660 8 8 4 .1 4 3
65 625 480 665 24 735 93 4 .2 6 4 24hr 4 .3 1 8

Run 9

T h is  r u n  was below th e  b o i l i n g  range*

H e a t e r : -  v o l t a g e  80v p H : - .  i n i t i a l  5 .2

c u r r e n t  3*0A f i n a l  6 .9

Weight l o s s : -  1^ 2 3 4 5 6  7 8 ^

mg 1 2 .3  2 9 .4  3 1 .3  3 0 .4  3 0 . 6 . 3 1 . 1  3 0 .3  1 2 .4
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A verage l o s s : -

H ea t  f l u x : 7

F o t e n t i a l : -  t * T e m p e r a tu r e : -

t im e P o t t im e P o t t im e temp time temp
mins mY mins mY mins mY mins mY

0 350 85 625 8 1 .4 2 0 108 4 .1 7 4
1 380 90 630 28 2 . 0 0 1 123 4 .2 7 7
5 420 95 625 48 2 .6 3 2 1 2 0 4 .279

15 450 1 0 0 625 6 8 3 .1 5 7 240 4 . 280
30 550 1 2 0 640 8 8 3 .6 2 4 360 4 .2 8 1
60 600- 240 650 93 3 .816
75 615 480 655 98 3 .90 1
80 620 24hr 725 103 4 .0 6 0 24hr 4 .2 8 1

h e a te d  3 0 .5  mg 374 mdd

b la n k  1 2 .3  mg 152 mdd

0 . 8 0 ,  x  104  B T U / h r / f t 2



Appendix 3

The d e s i g n  o f  t h e  packed  column



D esign  o f  t h e  packed  column

SinGe b o t h  t h e  c o l l e c t i n g  v e s s e l  from t h e  column and t h e  

column i t s e l f  had t o  be above t h e  c o r r o s i o n  v e s s e l ,  h e i g h t  

was l i m i t e d .  The maximum h e i g h t  o f  t h e  column was S . 5 f t .  

R asch ig  r i n g s  were t o  be u s e d ,  and -j5-tf r i n g s  were a v a i l a b l e  

and t h e r e f o r e  u s e d .

Assume t h e  w a te r  t o  be s a t u r a t e d  w i t h  oxygen a t  commence­

ment
• o -5  .

. .  At e n t e r i n g  oxygen c o n c e n t r a t i o n  a t  25 C = 1 ,6 5  x  10 molfo

The maximum oxygen c o n c e n t r a t i o n  o b t a i n a b l e  by s c ru b b in g

w i t h  w h i te  s p o t  n i t r o g e n  i s  d e f in e d  by t h e  oxygen c o n c e n t r a t i o h
-5

i n  t h e  n i t r o g e n  w hich  i s ,  maximum SO p .p . m .  -  2  x  10
o —4H en ry ’ s c o n s t a n t  f o r  oxygen a t  25 C = 4 .0 1  x  10

Oxygen c o n c e n t r a t i o n  co u ld  be r e d u c e d  t o

4 .0 1  X 10~ 4  x  2 . 0  x  10 " 5  s  8 .0 2  x  10
**8L e t  u s  assume a  r e a s o n a b l e  f i g u r e ,  1 x 10 

C o n s id e r  two l i q u i d  p a s s e s  p e r  h o u r  = 34 g a l l s / h r

= 4 , 9 0 0 1 b / h r / s q . f t .
47

Due t o  C h i l t o n

K e  D cL L
l - n rr* ■ —

L
a n  lpH

D = d i f f u s i v i t y  = 4 .6 4  x  10 f t  / h r

a r  s p e c i f i c  a r e a  a 115 f o r  p a c k in g
3L a f lo w  r a t e .  = 4 , 9 0 0 l b / h r / f t
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jCl = v i s c o s i t y  = 2*43 f t * l b / h r
3

p  a d e n s i t y  * 0*0892 l b / f t

K s  mass t r a n s f e r  c o e f f i c i e n t  
L

47
F or  t h e  p a c k in g  u s e d ,  due t o  Norman 

cJL m 280

n ss 0*35

0*65 0 .5
- 4

/ .  ^  a » 4*64 x  10 . 280
’T‘'l

4 ,9 0 0 2 .4 2
L

2 .4 2 0 .0892
—

a 433

48
Now due t o  Norman

Z m Ifltt (2L -  X j  
1  . 2

The change i n  oxygen c o n c e n t r a t i o n  f rom , 1 -2  i s  n e g l i g i b l e  

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

Z -  Lm

pmK^a I n  Xg

X
1
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*\ s u b s t i t u t i n g  and r e a r r a n g i n g

I n  ZL
1  as 13*7

From t h i s  i t  can be s e e n  t h a t  t h e  c o n c e n t r a t i o n  r e q u i r e d  co u ld  

be o b t a i n e d  from one p a s s ,  b u t  t o  e n s u r e  t h e  c o n c e n t r a t i o n  

t h e  a p p a r a t u s  was r u n  f o r  s i x  h o u r s ,  o r  tw e lv e  p a s s e s *



Appendix 4

C a l i b r a t i o n  o f  t h e  Oxymeter



The meter seal© u n i ts  wore a rb l ta ry ,  but the readings 

obtained, fo r  any p a r t ic u la r  s e t t in g  of the *ad just’ con tro l 

wore p roportiona l to  the p a r t i a l  p ressure of oxygen in  the 

flu id#  The p a r t i a l  pressure,-. in  turn* i s  re la te d  to  the • 

oxygen concentra tion  and the re la t io n sh ip  i s  fixed fo r  a 

p a r t ic u la r  so lu tio n  a t  a given temperature and pressure-* An 

obvious method of c a l ib ra t in g  the meter was to  In se r t  the 

sensor in  a f lu id  of known coneantr&tioii of oxygen and to  

ad ju s t  the meter to  a convenient m ultip le  or,, f r a c t io n  of th a t  

value* One re a d i ly  av a ilab le  f lu id  of r e l a t iv e ly  constant 

and knov/n oxygon concentra tion  i s  a ir*  The p a r t i a l  pressure  

of a i r  is  nearly  always approximately 30*9$ of the to ta l  

atmospheric* pressure*- The p a r t i a l  p ressure  of .oxygen in  a i r  

i s  a lso  equal to the p a r t i a l  p ressure of oxygen i n 'a  l iq u id  

sa tu ra ted  'M th  a i r  * Thus i t  was thought to  be a convenient 

c a l ib ra t in g  flu id*  The s a tu ra t io n  concentra tion  of so lu tions  

v a r ie s  w ith  temperature-^ ha shown in  Flg*Ai4*X* th e re fo re  

the temperature of the a i r  had to  be known when c a l ib ra t io n  

was made*

A© an example the a i r  sa tu ra ted  oxygen eoneentra t 1on in

fre sh  water a t  30^0 i s  7*7 p.p.m* as ind ica ted  by Fig*A*<Ul*

I f  the Instrument la  ca lib ra te d  to  77 on the 10-100 scale
owhen the sensor assembly i s  exposed to  a i r  a t  30 0, any 

subsequent determ ination in  f re sh  water would Ind ica te  a 

concentration  of one-tonth of the reading on the motor*
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I f  t h e  f l u i d  t o  be m easured  f o r  oxygen was a t  a d i f f e r e n t  

t e m p e r a tu r e  t h a n  t h e  a i r  u sed  f o r  c a l i b r a t i o n  a c o r r e c t i o n  

was n e c e s s a r y  and was o b t a i n e d  f ro m F ig  .A .4 .2 *  F or  example

t o  c o r r e c t  a r e a d i n g  of  5*0 o b ta in e d  a t  50°C, t o  a  c a l i b r a t i o n  

t e m p e r a tu r e  o f  30°G, t h e  i n t e r s e c t i o n  o f  t h e  r e a d i n g  l i n e  and 

m e a s u r in g  t e m p e r a t u r e  l i n e .  (1) was found and moved p a r a l l e l  

t o  t h e  d i a g o n a l  c u r v e ,  tow ard  t h e  c a l i b r a t i o n  t e m p e r a t u r e ,  

t h e  i n t e r s e c t i o n  (3) g 'ave t h e  c o r r e c t e d  r e a d i n g ,  (1 * 0 ) .

T h is  was t h e n  u sed  i n  th e  c a l c u l a t i o n .

The g e n e r a l  e q u a t i o n  f o r  t h e  c a l c u l a t i o n  was

C — Rc . 8

M

where G a  oxygen c o n c e n t r a t i o n  ( p .p .m . )

Res c o r r e c t e d  m e te r  r e a d i n g  

M a m e te r  r e a d i n g  a t  c a l i b r a t i o n

S «* oxygen c o n c e n t r a t i o n  i n  c a l i b r a t i n g  g l u i d  ( p .p .m . )

Thus i f  t h e  m e te r  was c a l i b r a t e d  to  100 a t  50°C and a r e a d i n g  

o f  5 . 0  was o b ta in e d  a t  50°G i n  t h e  s o l u t i o n  t o  be m easu red ,  

t h e  c o n c e n t r a t i o n  would be

Rc s  1 . 0  ( F ig .A . 4 . 2 )

8 -  7 .7  ( F i g .A . 4 .1 )

M a 100

G s  1*0 x  7 .7  = .077 p .p .m .

100



Appendix 5

R e s u l t s  o f  e x p e r im e n ts  w i th  Deoxygenated S o l u t i o n s
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1* General
F iv e  spec im ens  were used  i n  e a c h  run* Four  u n d e r  

c o n d i t i o n s  o f  h e a t  t r a n s f e r ,  and one b l a n k  specimen# The

c o r r o s i v e  s o l u t i o n  was deoxygena ted  d i s t i l l e d  w a te r*  The

t e m p e r a tu r e  r e a d i n g s  were t h e  same a s  t h e  c o r r e s p o n d in g  r u n  

i n  a e r a t e d  s o l u t i o n s ,  t h e r e f o r e  o n ly  t h e  f i n a l  t e m p e r a tu r e  i s  

r e c o r d e d »

2• P a r t i c u l a r  R e s u l t s

Run 10

H e a t e r : -  v o l t a g e  200v 

c u r r e n t  7 .2A 

W eight l o s s : -  I4*5 3

mg 1# 7 2 .7

Average  l o s s : -  h e a te d

b l a n k

H ea t  f l u x : -  3 .6  x

Oxygen c o n c e n t r a t i o n : -

P o t e n t i a l ; -

t im e
mins

P o t
mY

tim e
mins

P o t
mY

0 350 2 750
15 490 4 775
30 555 6 785
45 580 8 790
60 620
90 695 24 800

p H ;-  i n i t i a l  

f i n a l

3 4 5

3 .9  2 .8  2 . 8

2 .8  mg 3 4 .4  mdd

1 .7  mg 2 1 .0  mdd

104 B T U / h r / f t S 

i n i t i a l  0#03 p .p .m .  

f i n a l  n o t  m e a su ra b le  

T em pera tu re

f i n a l  4 .3 9 0  mY 

3 2 5 .4 °F

6 .9

7 .0
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Run 11
H e a t e r : v o l t a g e  lOOv 

c u r r e n t  4.GA

p H ;-  i n i t i a l  7 .0  

f i n a l  7 .1

Weight l o s s : -  1* 2 3 4 5

mg 1 .6  5 .4  3 .0  2 .9  3 .4

Average  l o s s : -  h e a te d  3 .2  mg 3 9 .3  mdd

b la n k  1 .6  mg 1 9 .8  mdd

H ea t  f l u x ; -  . 1 . 0 8  B T U / h r / f t 2 

Oxygen c o n c e n t r a t i o n : -  i n i t i a l  0 .0 3  p .p .m .

f i n a l  no t  m e a su re a b le

P o t e n t i a l : -

t im e  P o t  
mins mY

tim e
h r

P o t
mY

0 350 2 640
15 440 4 720
30 500 6 745
45 525 8 750
60 540
90 585 24 765

T e m p e r a tu r e : -

f i n a l  4 .3 1 8  mY 

8 3 0 . 0°F

Run 12

H e a t e r ; -  v o l t a g e  12Ov 

c u r r e n t  4.5A 

Weight l o s s ; -  1*

p H ;-  i n i t i a l  7 .0  

f i n a l  7 .0

8 3 4 5

mg 1 .9  4 .9  4 .9  4 . 5  4 . 8

A verage  l o s s ; -  h e a t e d  4 . 8  mg 5 9 .0  mdd

b l a n k  1 .9  mg 8 3 .8  mdd
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H eat  f lux :-*  1*4 x  10^ B T U /h r / f t ^

Oxygen c o n c e n t r a t i o n : -  i n i t i a l  0 .0 4  T e m p e ra tu re : -

f i n a l  0 .02  f i n a l

Run IS

p H :-  i n i t i a l  6< 

f i n a l  7,

H e a t e r : -  v o l t a g e  170v 

c u r r e n t  6.1A 

W eight l o s s : -  1 ^  2 3 4 5

mg 1 .7  2 .9  5 .0  2 . 8  2 .9

A verage l o s s : -  h e a te d  2 .9  mg 3 5 .7  mdd

b la n k  1 .7  mg 2 1 .0  mdd

H ea t  f l u x : -  S . 75 B T U /b r / f t2 

Oxygen c o n c e n t r a t i o n : -  i n i t i a l  0 .0 3

f i n a l  n o t  m e a s u ra b le

T e m p e r a tu r e : -P o t e n t i a l

'time
mins

P o t
mfr

t im e
h r

Pot
mY

0 350 2 735
15 495 4 770
30 555 6 775
45 590 8 770
60 635
90 685 24 790

f i n a l  4 .3 7 4  mY 

S S 4 .6 0!’

Run 14

4.338mV 

2 2 2  * 8 °F

9

0

H e a t e r : -  v o l t a g e  15Qv 

c u r r e n t  5• 5A

p H :-  i n i t i a l  6 .9  

f i n a l  7 .0
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W eight l o s s : -  1 2  3 4 5

mg , 1 . 6  3 .2  2 .8  2 .9  3 .1

Average  l o s s : -  heatecl 3 .0  mg 3 7 .0  mdd

b l a n k  1 .6  mg 1 9 .8  mdd

H ea t  f l u x : -  2 .2  x  104 B T U /h r / f t

Oxygen c o n c e n t r a t i o n : -

P o t e n t i a l : -

t im e
mins

P o t
mY

tim e
h r

P o t
mY

0 350 2 675
15 470 4 745
30 505 6 760
45 540 8 770
60 575
90 630 24 785

Run 15

H e a te r : . -  v o l t a g e  150v 

c u r r e n t :  5 . 5A 

W eight l o s s : -  1* 2

mg 1*7 2*9

A verage  l o s s : -  h e a te d

b la n k

H ea t  f l u x : -  2 .2  x 

Oxygen c o n c e n t r a t i o n ; -

i n i t i a l  0 .0 3  

0 .0 1  

T em p era tu re

’ f i n a l  4 .3 6 3  mY 

2 2 4 , 1°F

p H :-  I n i t i a l  7 .0  

f i n a l  7 .0

3 4 5

2 . 8  2 . 8  2 . 8

2 . 8  mg 3 4 .4  mdd

1 . 7  mg 2 1 .0  mdd

104 B T U / t o / f t 2 

i n i t i a l  0 .0 3  

f i n a l  not  m e a s u ra b le
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Run 16
H e a t e r : -  v o l t a g e  220v 

c u r r e n t  7.8A 

WeigHt l o s s : -  1* 2

mg 1 .6  . 2 . 8

A verage  l o s s : -  Heated

b la n k

H eat  f l u x : -  4 .7  x 

Oxygen c o n c e n t r a t i o n ; -

P o t e n t i a l : -

t im e  P o t  t im e  P o t
m ins mY Hr:;. mY

0 350 2 765
15 510 4 785
30 580 6 790
45 605 8 790
60 650
90 720 24 803

Run 17

H e a t e r : -  v o l t a g e  120v 

c u r r e n t  4.5A 

WeigHt l o s s : -  2

mg 1 .6 -  2*9

A verage  l o s s : -  Heated

b l a n k

p H :-  i n i t i a l  7 .0  

f i n a l  7 .0

3 4 5 *

2 .4  2 .7  2 .9

2 .7  mg 3 3 .2  mdd

1 .6  mg 1 9 .8  mdd

10 BTtr/lir/ftS

i n i t i a l  0 .0 2 ,

f i n a l  n o t  m e a s u ra b le

T e m p e r a tu r e : -

f i n a l  4 .4 0 0  mY 

2 2 5 . 9°F

p H i-  I n i t i a l  6 .9  

f i n a l  7 .0

3 4 5

3 . 0  3 .1  2 .9  

3 .0  mg 3 6 .9  mda

1 .6  mg 1 9 .8  maa
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H eat f l u x : -  1 . 4  x 104 B T U /H r / f t2

Oxygen c o n c e n t r a t i o n ; -  i n i t i a l  0 .0 4

f i n a l  0 .0 1

P o t e n t i a l

"time
mins

P o t
mY

tim e
Hr

P o t
mY

0 350 2 655
15 455 4 735
30 500 6 750
45 550 8 755
60 560
90 605 24 765

T e m p e r a tu r e : -  

- f i n a l  4 .3 5 6  mY 

'2 2 2 .7 ° F

Hun 18

p H :-  i n i t i a l  7 .0  

f i n a l  7 .0

H e a t e r : -  v o l t a g e  220v 

c u r r e n t  7.8A 

Weigiit l o s s : -  1 ^  S 3 4 5

mg 1 . 7  2 . 8  2 .6  2 . 6  2 . 7

A verage  l o s s ; -  Heated  2 .7  mg

b la n k  1 .7  mg

H ea t  f l u x ; -  4*75 x  104 B T U /H r/f t

Oxygen c o n c e n t r a t i o n : -  i n i t i a l  0 .0 5

f i n a l  n o t  m e a s u r a b le  

T e m p e r a t u r e ; -  4 .40 2  mY 2 2 5 . 9°F

3 5 .2  mdd

2 1 . 0  mdd 
2

Hun 19

H e a t e r :  v o l t a g e  200v

c u r r e n t  7.2A

p H :-  i n i t i a l  6 .9  

f i n a l  7 .0
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WeigHt l o s s : -  1^  2 5 4 5

mg 1 . 7  2 .9  2 .7  2 . 7  2 . 8

A verage l o s s : -  Heated  2 . 8  mg 3 4 .5  mdd

b l a n k  1 .7 .  mg 2 1 .0  mdd

H ea t  f l u x : -  3 .6  x  104 B T U / h r / f t S

Oxygen c o n c e n t r a t i o n : -  i n i t i a l  0 .0 3

f i n a l  0 .0 1

T e m p e r a t u r e : r  4 .3 9 2  mY

f i n a l 2 2 5 .4  F

Run 20

p H ;-  i n i t i a l  6 .9  

f i n a l  7 .0

H e a t e r : -  v o l t a g e  lOOv 

c u r r e n t  4.0A 

W eigkt l o s s ; . -  I*  2 3 4 5

mg 1 .7  3 .3  3 .0  3 .1  3 .1

A verage  l o s s ; -  Heated 3 .1  mg 38 .2  mdd

b l a n k  1 .7  mg 2 1 .0  mdd

H ea t  f l u x : -  1 .0 2  x  104 B T U /h r / f t

Oxygen c o n c e n t r a t i o n : -  i n i t i a l  .0 .04

f i n a l  n o t  m e a s u ra b le

T e m p e r a t u r e : 

f i  n a l

4 .3 2 0  mY 

2 2 0 .0°F
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Run 21

H e a t e r :  v o l t a g e  170v p H :-  i n i t i a l  7 .0

c u r r e n t  6.1A f i n a l  7*0

Weight l o s s : -  1 ^  2 3 4 5

mg 1 .6  3 .0  2 . 8  2 .9  3 .0

A verage  l o s s : -  h e a te d  2 .9  mg 3 6 .7  mdd

b l a n k  1 .6  mg 1 9 .8  mdd

H eat  f l u x : -  3 .7 5  x  104 B T U /h r / f t  

Oxygen c o n c e n t r a t i o n : -  i n i t i a l  0 .0 3

f i n a l  n o t  m e a s u ra b le

T e m p e r a t u r e : -  4 .3 7 4  mY

3 3 4 . 6°F
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R e s u l t s  o f  r u n s  with, t im e  a s  a p a r a m e t e r
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!

j

1 .  Huns w i t h  v a r i o u s  form s o f  h e a t i n g

i«  A l t e r n a t i n g  c u r r e n t  -  84 h r s  d u r a t i o n  

P o t e n t i a l  r e a d i n g s  made w i t h  c o n d e n s e r  a c r o s s  in p u t*

Hun 88
4H e a t e r : -  v o l t a g e  100v, c u r r e n t  3 .4A , H ea t  f l u x  0*9 x  10 

B T U / h r / f t 8 .

A verage w e ig h t  l o s s : -  8 7 .6  mg; 350 mdd 

F i n a l  p o t e n t i a l  755 mV* non b o i l i n g  

Hun 85
4H e a t e r :v o l t a g e  ISOv, c u r r e n t  4.QA, H eat  f l u x  1 .8 5  x 10 

B T U / h r / f t 8 .

A verage  w e ig h t  l o s s : -  8 8 .6  mg; 887 mdd 

F i n a l  p o t e n t i a l  745 mV 

Hun 84
4H e a t e r :  v o l t a g e  150v, c u r r e n t  5 .0A, Heat  f l u x  1 .8 9  x  10 

B T U / h r / f t 8 .

A verage w e ig h t  l o s s : -  1 8 .9  mg; 840 mdd 

F i n a l  p o t e n t i a l  760 mV 

Run 85
4

H e a t e r :  v o l t a g e  17Ov, c u r r e n t  5 .6A, Heat f l u x  8 .4 8  x 10 

B T U / h r / f t 8 .

A verage  w e ig h t  l o s s : -  16 .9  mg; 814- mdd 

F i n a l  p o t e n t i a l  775 mV 

Hun 86
4

H e a t e r :  v o l t a g e  800v, c u r r e n t  6 .7A, H ea t  f l u x  3 .36  x  10 

B T U /h r / f t ?
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A verage w e ig h t  l o s s : -  1 4 .5  mg; 183 mdd 

F i n a l  p o t e n t i a l  790 mY 

Run 27
4H e a t e r :  v o l t a g e  220v, c u r r e n t  7;4A, H ea t  f l u x  4 .1 3  x  10 

B T U / h r / f t 2 .

A verage  w e ig h t  l o s s : -  1 2 .1  mg; 153 mdd 

F i n a l  p o t e n t i a l  795 mY 

i i .  D i r e c t  c u r r e n t  -  24 h r s  d u r a t i o n  

Run 28
4

H e a t e r :  v o l t a g e  100, c u r r e n t  2 .4A, H eat  f l u x  0 .7 0  x 10 

B T U /h r / f t  .

A verage  w e ig h t  l o s s : -  30*7 mg; 587 mdd 

F i n a l  p o t e n t i a l  720 mV non b o i l i n g  

Run 29
4

H e a t e r : v o l t a g e  150v,.'  c u r r e n t  3 .6A, H eat  f l u x  1 .3 8  x 10 

B T U / h r / f t S .

A verage  w e ig h t  l o s s : -  2 2 .5  mg; 286 mdd 

F i n a l  p o t e n t i a l  745 mY 

Run 50
4H e a t e r :  v o l t a g e  200v, c u r r e n t  1 4 . 5A, Heat  f l u x  2*59 x 10 

B T U /h r / f t  .

A verage  w e ig h t  l o s s : -  1 7 .1  mg; 217 mdd 

F i n a l  p o t e n t i a l  770 mY 

Run 51
i 4H e a t e r :  v o l t a g e  220v, cux^rent 4 .8A , H ea t  f l u x  2 .8 0  m 10 

B T U / h r / f t 2 .
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2 .  Runs w i t h  t im e  a s  a p a ra m e te r  

1* A e ra te d  s o l u t i o n s

a .  Weight l o s s
2Weight l o s s  (mg/dm ) f o r  a t ime o f  e x p o su re  ( h r s )  a t  a 

g i v e n  h e a t  f l u x  ( B T U /h r / f t 2 ) .

Time
h r s

Heat f l u x B T U /h r / f t 2 4
’ x 10

O.90 1 .2 5 1 .89 CD.CM 3 .36 4 .1 3

1 27 25 K

2 - 54 - 52 - 53
3 - - 77 - 80 -

4 104 109 - 99 — 103
5 - - 132 - 124 -

6 - 156 - 153 141 127
7 - - 176 - - —

8 219 208 195 — — -

10 258 244 - 186 157 140
12 283 - 214 - - -

13 309 263 - - - -

18 343 277 225 202 167 151
20 342 - — - - —

24 350 287 240 214 183 153

b .  Oxygen c o n c e n t r a t i o n . C o n c e n t r a t i o n s  ( p . p . m . )

Time _________ H eat  f l u x  B T U /h r / f t 2 x 104
h r s  0 .9 0  1 .2 5  1 .8 9  2 .4 8  3 .3 6  4 .1 3

1 7 .3
2 - 1 .4
4 0 .7 1 .0
8 1 .1 0 .7

10 1 .4 0 .9
18 0 .0 3 NM
24 NM NM

- - 5 .0
- 1 .3 -

- 1 .8 -

0 .4 - -

- 0 .1 1 .2
NM 0 .0 8 NM
0 .0 1 NM NM

1 .2
0 .5  N.M. = no t  

m ea su ra b le
NM
0.01
NM
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EtecucygQflated s o l u t i o n s  

Weight l o s s

Weight l o s s  (mg/dm ) f o r  a t im e  o f  e x p o s u re  (h r )  a t  a  

g i v e n  h e a t  f l u x  ( B T U /h r / f tS )

Time Heat f l u x B T U /h r / f t x  104
h r s 0*90 1 .2 5 1 .89 CO•

02 3 .36 4 .1 3

8 15 mm 14 12 «•»

12 - 20 - - 23 20
18 33 — 30 — 29 -

20 — 37 36 — 34
24 40 40 39 37 36 37

Oxygen c o n c e n t r a t i o n

As f o r  p r e v i o u s  r u n s ,  i n  deoxygena ted  s o l u t i o n ,  r e a d i n g s  

were e x t r e m e ly  low and a r e  n o t  r e c o r d e d .



Appendix 7

R esults  of runs using copper specimens
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R e s u l t s  o f  r u n s  u s in g  co p p e r  spec im ens 

I  A e r a t e d  s o l u t i o n s
g

i .  Weight l o s s  .mg/dm

tim e H eat f l u x 4
X 10 • B T U /h r / f t^

h r 0 .9 1 .2 5 1 .89 2 *48 3.:

1 _ mm 10
4 — - 19 13
5 37 32 - 10 mm

8 63 49 31 25 19
18 83 68 45 39 33
24 94 75 52 46 36

i i .  Oxygen c o n c e n t r a t i o n  p .p .m .

4 2
t im e  H ea t  f l u x  x  10 ., B T U /h r / f t
h r G.90 1 .2 5 1 .89 2 .4 8 3.3(

1 *p* f* mm 4 . 1 mm

4 — - 2 .1 - 1 .2
5 0 .5 1 .4 - 0 .9 -

8 1 . 8 0 .9 1 .3 1 .1 1 .6
18 0 .5 m m WL m
24 HM m m • m m

WL -  n o t  m e a su ra b le
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I I  1 g r m / l t r  Sodium C h lo r id e  s o l u t i o n s  

W eight l o s s  mg/dmS

tim e Heat f l u x 4x  10 . B T U / h r / f t 3
h r 0 .9 1 .2 5 1 .8 9 2 .4 8 3 .3 6

4 75 55 33 44 148
8 123 89 62 78 269

18 184 134 117 146 491
24 203 160 136 180 590

I I I  10 g r m / l t r  Sodium C h lo r id e  s o l u t i o n s

t im e
h r

H eat f l u x
4

x 10 . B T U /h r / f t
2

0 .9 0 i * 2 T 1 .8 9 2 .4 8 3.3f

4 96 57 51 72 167
8 158 78 77 125 296

18 100 109 214 4N»

20 231 - - «■» 597
24- 248 108 120 271 679
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