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F. L. LaQue 

EXECUTIVE SUMMARY 

l.* Aluminum can n e i t h e r  be q u a l i f i e d  nor d i s q u a l i f i e d  f o r  u se  a s  tubes  i n  
OTEC h e a t  exchangers on t h e  b a s i s  of a v a i l a b l e  d a t a  on r e s i s t a n c e  t o  cor- . 
r o s i o n  e s p e c i a l l y  by p i t t i n g  or  c o r r o s i o n  i n  c r ev i ce s .  Alloys i d e n t i f i e d  
a s  being worthy of a d d i t i o n a l  s t u d i e s  under cond i t i ons  p rope r ly  r e l a t e d  t o  . 

OTEC s e r v i c e  a r e  Alclad (7072) 3003 o r  3004 and 'A l  5052. I n  view of t h e  
t h i n  w a l l s  of .heat-exchanger tubes ,  t h e  prime requirement  i s  r e s i s t a n c e  t o  
p e n e t r a t i o n  by p i t t i n g .    his sugges t s  Alclad would have a  cons ide rab l e  
advantage,  based on t h e  a b i l i t y  of t h e  c ladding  t o  a r r e s t  p e n e t r a t i o n  of t h e  
co re  a l l o y ,  s o  long a s  a  s u b s t a n t i a l  a r e a  of c ladding i s  a b l e  t o  su rv ive .  

A p r i n c i p a l  t a r g e t  of f u r t h e r  t e s t i n g  should be t o , e s t a b l i s h  whether 
p e r i o d i c  c lean ing  w i l l  i n c r e a s e  t h e  l o s s  of c ladding  above t h e  'approximately 
1 m i l  pe r  year  i n d i c a t e d  by behavior  i n  t h e  absence of any e f f e c t s  of c lean-  
ing .  Avai lab le  d a t a  sugges t  a  p o s s i b l e  l i f e  of about 10  years** f o r  Alclad ' 

tubes  w i th  . l 0  m i l s  of c ladding .  This  assumes t h e  development of e f f e c t i v e  
c lean ing  t rea tments  t h a t  would n o t  s e r i o u s l y  impair  r e s i s t a n c e  t o  co r ros ion .  

2. Corrosion t e s t i n g  programs t h a t  w i l l  c l a r i f y  t h e  s u i t a b i l i t y  of aluminum 
f o r  OTEC heat-exchanger tubes  a r e  being o r  w i l l  be c a r r i e d  o u t  i n  Hawaii., 
Puer to  Rico, Gulf of Mexico, Harbdr I s l a n d ,  North Ca ro l ina ,  and poss ib ly  a t  
o the r  l o c a t i o n s .  These tests on t h e  Alclad 3003 and 5052 a l l o y s  w i l l  be 
under cond i t i ons  of f low,  c lean ing  , to  remove f o u l i n g ,  and t r ea tmen t s  t o  pre-  
v e n t  f o u l i n g  t h a t  may be encountered i n  OTEC hea t  exchangers.  

3. The danger of c r e v i c e  co r ros ion  w i l l  have t o  be  taken i n t o  account  i n  
connect ion wi th  t h e  u se  of aluminum i n  des igns  where c r e v i c e s  cannot be  
avoided,  such a s  p la te - type  hea t  exchangers,  o r  may be  d i f f i c u l t  t o  s e a l ,  a s  
a t  tube  suppor t s  i n  hea t  exchangers w i t h  water  o u t s i d e  t h e  tubes.  Crev ice  
co r ros ion  seems l i k e l y  t o  be more s e v e r e  i n  condensers handl ing water  from 
g r e a t  dep ths .  

4. A des ign  v e l o c i t y  of flow of water below 8 f t l s e c  i s  not .  expected t o  , 

r e s u l t  i n  i n t o l e r a b l e  e r o s i o n  of aluminum. Crevice co r ros ion  i s  a c c e l e r a t e d  
by movement of water .  This  could be more of a  problem i n  p l a t e - type  h e a t  
exchangers and i n  those  wkth water  o u t s i d e  t h e  tubes.  

p- - -  

* For d e t a i l s  i n  suppor t  of t h i s  and o t h e r  conc lus ions  i n  th i ' s  Summary, see 
corresponding ' i tems i n  t h e  t e x t  d i s cus s ion .  

**Representat ives  of t h e  a l u ~ a i a ~ n  i n d u s t r y  have suggested t h a t  t h e  e s t i m a t e  
'of 1 0  y e a r s  a s  t h e  l i f e  of 'Alclad t ubes  i s  t o o  conse rva t ive  because i t  does  
n o t  g i v e  s u f f i c i e n t  c r e d i t  t o  t h e  s u r v i v a l  of t h e  c o r e  a l l o y  a f t e r  t h e  
c ladding  i s  gone. I n  view of u n c e r t a i n t i e s  r e l a t i v e  t o  t h e  e f f e c t s  of 
c leanfng on t h e  l i f e  of t h e  c ladding  and p o s s i b l y  h igh  rates of subsequent 

\J 
., p i t t i n g  of t h e  co re  a l l o y ,  t h e  au tho r  i s  i n c l i n e d  t o  s t i c k  t o  h i s  e s t i m a t e  

of a  10-year l i f e ,  pending development of d a t a  from new t e s t s  t h a t  could 
suppor t  an expec t a t i on  of' a  longer  l i f e .  



5. The v u l n e r a b i l i t y  of aluminum t o  a c c e l e r a t i o n  of co r ros ion  by g a l v a n i c  
a c t i o n  i n  con tac t  wi th  most o t h e r  me ta l s  needed f o r  OTEC system components 
and by e f f e c t s  of heavy metals (copper) from co r ros ion  upstream of aluminum 
w i l l  l i m i t  cho ices  of m a t e r i a l s  f o r  such components. 

Th i s  could i n c r e a s e  c o s t s  of such components and l i m i t  means of avoid ing  
f o u l i n g  i n  p ip ing ,  s c r e e n s ,  and water  boxes by use of copper a l l o y s  n a t u r a l l y  
r e s i s t a n t  t o  f o u l i n g  by ba rnac l e s ,  e t c .  

E l e c t r i c a l  i n s u l a t i o n  of d i s s i m i l a r  me ta l s  a n d . e l i m i n a t i o n  of' heavy- 
me ta l  c o r r o s i o n  p roduc t s  i n  t he  seawater  s t ream a r e  important., I n  t h i s  con- 
t e x t ,  avoidance of sou rces  of copper i s  l i k e l y  t o  be more impor tan t  than 
avoidance of sou rces  of i r o n .  

6. The f e a r  of p o s s i b l e  e f f e c t s  of l eakage  of ammonia i n  acce l e r a t i r l g  cor- 
r o s i o n  of aluminum.has been found t o  be less s i g n i f i c a n t  than a more d r a s t i c  
e t t e c t  of ammonia leakage  i n  t r i g g e r i n g  i n t o l e r a b l e  d e p o s i t i o n  of carbonate  
s c a l e  from water  l i k e l y  t o  be sugersaturat .ed w i t h .  calcium carbonate .  This, 
p l u s  t h e  economic p e n a l t y  of l o s s  of ammonia by leakage ,  w i l l  r e q u i r e  ex t r a -  
o rd ina ry  s t e p s  t o  p reven t ,  d e t e c t  and c o r r e c t  even s l i g h t  leakage of ammonia 
i n  OTEC'heat exchangers ,  i r r e s p e c t i v e  of t h e  me ta l  t o  be used. 

The danger  of s c a l i n g  a s s o c i a t e d  w i th  leakage  of ammonia w i l l  be much 
g r e a t e r  i n  p la te - type  h e a t  exchangers.  Leakage through a s i n g l e  p l a t e  could 
t r i g g e r  d e p o s i t i o n  of s c a l e  on t h e  s u r f a c e s  of many p l a t e s  downstream of t h e  
o r i g i n a l  source  of a nuc l ea t i ng  p r e c i p i t a t e .  

There i s  a l s o  t h e  p o s s i b i l i t y  t h a t  s c a l e  d e p o s i t i o n  could be t r i g g e r e d  
by n u c l e i  c a r r i e d  i n t o  t h e  main body of water  by brushes or  b a i l s  used f o r  
mechanical  cleanixlg . 

There i s  what may be no more than  a temporary impediment t o  t h e  u s e . o f  
aluminum i n  con tac t  w i th  ammonia. Such u s e  is  p r o h i b i t e d  current1.y hy TI. S t  
Coast Guard Regulat ion CG-257. However, aluminnm is  permi t ted  by a pending 
IMCO (Inter-Governmental Maritime Consu l t a t i ve  Organizat ion)  Standard. The 
l a t t e r  may be t aken  i n t o  account ,  a long wi th  new d a t a  showing aluminum t o  
be s a t i s f a c t o r i l y  r e s i s t a n t  t o  a t t a c k  by ammonia, i n  a c t i o n  t h a t  mag be 
taken  by t h e  Coast Guard t o  waive t h e i r  p r o h i b i t i o n  of aiilrnin~~m a s  app l i ed  
t o  O'I'EC systems. 

7. ~ x ~ k r i e n c e  has  shown t h a t  t h e  p o s s i b i l i t y  of encounter ing harmful v ib ra -  
t i o n  of tubes  i n  h e a t  exchangers w i l l  r e q u i r e  c a r e f u l  a t t e n t i o n  i n  des ign  t o  
avoid t r o u b l e  from t h i s  source .  A proper  des ign  w i l l  i nvo lve  such consid,era- 
t i o n s  a s  f l u i d  v e l o c i t y ,  t h e  dimensions of tubes ,  t h e  phys i ca l  p r o p e r t i e s  of 
t h e  tube  m a t e r i a l  and p rope r ly  r e l a t e d  spacing of tube  suppor t s .  Despi te  
t h e  r e l a t i v e l y  low c o r r o s i o n  f a t i g u e  s t r e n g t h  of aluminum, exper ience24  
sugges t s  t h a t  f a i l u r e  of aluminum tubes  by c o r r o s i o n  f a t i g u e  need n o t  p r e s e n t  
a problem i n  p rope r ly  designed h e a t  exchangers.  

8. Records of s e r v i c e  a p p r o p r i a t e l y  r e l a t e d  t o  OTEC h e a t  exchangers are 
n o t  s u f f i c i e n t  t o  e i t h e r  q u a l i f y  o r  d i s q u a l i f y  aluminum f o r  t h i s  use.  They 
do  n o t  q u a l i f y  Alclad 3003 o r  3004 and t h e  5052 a l l o y  a s  candida tes  worthy of 
con t inu ing  eva lua t ion .  Of t h e  two, t h e  performance r eco rds  f o r  ~ l c l a d  g i v e  
i t  an  advantage over t h e  5052 a l l o y  f o r  s h e l l  and tube h e a t  exchangers.  



The s i t u ' a t i o n  w i t h  r e s p e c t  t o  p l a t e - t y p e  h e a t  exchangers  i s  clouded by 
r e p o r t e d  f a i l u r e s  of aluminum by c r e v i c e  c o r r o s i o n  i n  d e s a l i n a t i o n  s e r v i c e  
and by e x p e r i e n c e  r e p o r t e d  by m a n u f a c t u r e r s  of t h i s  t y p e  of h e a t  exchanger .  
Alc lad  would appear  t o  b.e t h e  b e t t e r  c h o i c e  i n  any f u r t h e r  e f f o r t s  t o  q u a l i f y  
aluminum f o r  t h i s  a p p l i c a t i o n .  S p e c i a l  a t t e n t i o n  shou ld  be  p a i d  t o  t h e  c h o i c e  
of a d h e s i v e  t o  s e a l  c r e v i c e s  under g a s k e t s .  

9.  There  shou ld  be no problem of s t r e s s - c o r r o s i o n  c r a c k i n g  of aluminum i n  
e i t h e r  s e a  water o r  ammonia. 

10. There  i s  no problem of supp ly  of aluminum o r e  and of aluminum m e t a l  t h a t  
would r e s t r a i n  t h e  u s e  of aluminum i n  any p r o b a b l e  s c a l e  of OTEC o p e r a t i o n s .  
There  may be  r e s t r i c t i o n s  on t h e  extended s u r f a c e  c o n f i g u r a t i o n s  a v a i l a b l e  
i n  Alc lad  o r  5052 a l l o y  e s p e c i a l l y  i n  t h e  form of welded t u b i n g .  





QUALIFI CAT1 ON OF ALUMINUM FOR OTEC HEAT EXCHANGERS 

- F. L. LaQue 

ABSTRACT 

This  paper reviews t h e  b a s i s  f o r  q u a l i f i c a t i o n  of aluminum 
a s  a  m a t e r i a l  f o r  u se  a s  tub ing  i n  Ocean Thermal Energy Conversion 
h e a t  exchangers.  

Reference is made t o  compendia of d a t a  from t e s t s  of a lu -  
minum a l l o y s  i n  n a t u r a l  s e a  water and t o  a p p l i c a b l e  s e r v i c e  
r eco rds .  Data from t h e s e  sources  were found t o  be inadequate  t o  
e i t h e r  q u a l i f y  o r  d i s q u a l i f y  aluminum. They s e r v e  only t o  
i d e n t i f y  t h e  5052 a l l o y  and Alclad 3003 o r  3004 a s  being worthy 
of a d d i t i o n a l  t e s t i n g  under cond i t i ons 'more  d i r e c t l y  r e l a t e d  
t o  what w i l l  be encountered i n  OTEC h e a t  exchangers.  

The p r i n c i p a l  d e f i c i e n c y  of d a t a  from long-time tests 
i n  n a t u r a l  s e a  water  i s  t h a t  i n  a lmost  a l l  of t h e s e  t e s t s  
t h e  specir,iens were exposed under s t a t i c  c o n d i t i o n s  t h a t  caused 
t h e  s u r f a c e s  t o  be covered by marine f o u l i n g  organisms t h a t  
would n o t  be p r e s e n t  i n  h e a t  exchanger tubes.  The t e s t s  d i d  
n o t  t ake  i n t o  account p o s s i b l e  e f f e c t s  of p e r i o d i c  mechanical 
o r  chemical t rea tments  t o  remove f o u l i n g  o r  chemical t r ea tmen t s  
( c h l o r i n a t i o n )  t o  prevent  f o u l i n g .  A c u r r e n t  t e s t i n g .  program 
sponsored by t h e  Department of Energy through Argonne Nat iona l  
Laboratory is designed t o  provide  t h e  needed da t a .  

Limited tests i n  h igh  v e l o c i t y  s e a  water have i n d i c a t e d  
t h a t  aluminum tubes  would t o l e r a t e  t h e  v e l o c i t i e s  under 10  f t  
( 3  m) per second l i k e l y  t o  be used i n  OTEC h e a t  exchangers.  

S u s c e p t i b i l i t y  t o  c r e v i c e  co r ros ion  i n  f lowing s e a  water 
may p re sen t  problems a t  tube suppor t s  i n  s h e l l - l e s s  h e a t  ex- 

. changers  wi th  water o u t s i d e  t h e  tubes.  

I t  w i l l  be necessary  t u  avuirl I reLt l r rg  c u r r u s l o n  r e s u l t -  
ing  from v i b r a t i o n  of tubes  a t  tube  suppor t s  i n  s h e l l  and' 
tube  hea t  exchangers.  There may a l s o  be problems of cor- 
r o s i o n  f a t i g u e  a s soc i a t ed  w i t h  v i b r a t i o n .  

Experience showing seve re  c r e v i c e  co r ros ion  of aluminum 
i n  p la te - type  h e a t - r e j e c t i o n  h e a t  exchangers i n  d e s a l i n a t i o n  
p l a n t s  wduld appear t o  d i s q u a l i f y  aluminum f o r  t h i s  type  o f '  
h e a t  exchanger. 

8 '  

The s u s c e p t i b i l i t y  of aluminum t o  a c c e l e r a t e d  co r ros ion  
i n  ga lvan ic  couples  w i t h  t h e  o t h e r  me ta l s  l i k e l y  t o  be used 
i n  OTEC systems w i l l  r e q u i r e  s p e c i a l  a t t e n t i o n  t o  avoid d i f -  
f i c u l t i e s  from thi.s sourc.e. This  i nc ludes  the  need t o  avoid 
t h e  use  of me ta l s ,  p a r t i c u l a r l y  copper a l l o y s ,  t h a t  could 
contaminate  t h e  water  wi th  cvcn cmnll t r a c e 6   part^ pcr  b i l l i o n )  
of c o r r o s i o n  products  ups t ream-of  h e a t  exchangers w i t h  aluminum 
tubes.  



Poss ib l e  e f f e c t s  of ammonia leakage i n t o  s e a  water and 
v i c e ' v e r s a  a r e  being i n v e s t i g a t e d .  Ear ly  t e s t  r e s u l t s  sug- 
g e s t  t h a t  t he  e f f e c t  of ammonia leakage i n  t r i g g e r i n g  
d e p o s i t i o n  of calcium s c a l e s  from supe r sa tu ra t ed  s e a  water 
i s  l i k e l y  t o  be more important  than e f f e c t s  on cor ros ion .  
Th i s ,  p lus  t he  c o s t  of even s l i g h t  ammonia leakage w i l l  
r e q u i r e  ex t r ao rd ina ry  s t e p s  t o  avoid and d e t e c t  leakage of 
ammonia. 

. A poss ib ly  more d r a s t i c  inipedintent: p resented  by ammonia 
i s  a c u r r e n t  U. S. Coast Guard Regulat ion t h a t  p r o h i b i t s  t h e  
u s e  of aluminum i n  con tac t  w i th  ammonia. Resu l t s  of c u r r e n t  
t e s t s  may provide  d a t a  Chat would enable  t h e  Coast Guard t o  
waive t h i s  p r o h i b i t i o n .  

Records of s e r v i c e  of aluminum i n  h e a t  exchangers using 
s e a  water a r e  n o t  s u f f i c i e n t  t o  q u a l i f y  aluiiinum I u r  OTEC heat 
exchangers. This  i nc ludes  l imi t ed  experience i n  d e s a l i n a t i o n  
p l a n t s  i n  which only t h e  hea t - r e j ec t ion  exchangers a r e  p e r t i n e n t .  

I. INTRODUCTION 

A t  t h e  r eques t  of t he  Cen t r a l  Solar  Technology Divis ion  of t h e  ~ e p a r t m e n t  
of Energy (DOE) through Argonne Nat iona l  Laboratory (ANL), t h e  w r i t e r  has 
reviewed background informat ion  on t h e  co r ros ion  of aluminum under condi t ions  
t o  be encountered i n  Ocean Thermal Energy Conversion (OTEC) hea t  exchangers.  
The o b j e c t i v e  was t o  determine whether any aluminum a l l o y  could be q u a l i f i e d  
f o r  t h i s  s e r v i c e  on the  b a s i s  of a v a i l a b l e  d a t a . f r o m  co r ros ion  t e s t s  and 
s e r v i c e  experience.  

S ince  d a t a  w i l l  cont inue  t o  become a v a i l a b l e  from c u r r e n t  i n v e s t i g a t i o n s ,  
i t  may be necessary i n  t h e  f u t u r e  t o  modify conclus ions  i n  t h i s  paper based 
on t h e  d a t a  a l r eady  i n  hand. The p r i n c i p a l  missing f a c t o r  i s  p o s s i b l e  e f f e c t s  
of necessary  p e r i o d i c  mechanical,  or  possibly chemical,  c l e a n i n g  t n  remnvp 
o rgan ic  and ino rgan ic  f i lms .  Any such e f f e c t s  can be expected t o  a f f e c t  
e s t i m a t e s  of t h e  l i f e  of aluminum based on r e s u l t s  of t e s t s  on specimens not .  
sub jec t ed  t o  p e r i o d i c  c leaning .  The same missing f a c t o r  c louds conclus ions  
from s e r v i c e  exper ience ,where  p e r i o d i c  c leaning  has no t  been involved. 

11. DETAILS PERTINENT TO QUALIFICATION OF ALUMINUM FOR OTEC 
SYSTEMS COMPONENTS AND, PARTICULARLY, HEAT EXCHANGERS 

Although ex tens ive  h i s t o r i c a l  d a t a  a r e  a v a i l a b l e  from co r ros ion  t e s t s  i n  
s e a  water ,  t he se  t e s t s  on aluminum, as well as o ther  me ta l s ,  were nnt  mad^ 
under environmental cond i t i ons  p e r t i n e n t  t o  OTEC h e a t  exchangers. 

The probable p r o t e c t i v e  e f f e c t  of t he  ex t ens ive  accumulations of fou l ing  
organisms, such a s  occurred i n  s t a t i c  t e s t s  i n  near-surface waters ,  makes t h e  
r e s u l t s  of such t e s t s  i n a p p l i c a b l e  t o  p r e d i c t i o n  of co r ros ion  behavior  i n  
OTEC s e r v i c e  where i t  w i l l  be necessary  t o  prevent  s i m i l a r  accumulation of 
f o u l i n g  o r  remove i t  by p e r i o d i c  c leaning .  



Under c o n t r a c t  w i t h  B a t t e l l e - P a c i f i c  Northwest Labora to ry  on b e h a l f  of 
t h e  U. S. Department of Energy, t h e  Alcoa L a b o r a t o r i e s  of t h e  Aluminum Company 
of America p repared  "Catalog I n f o r m a t i o n  on t h e  Performance of Aluminum i n  
Sea water." '  The r e a d e r  is  r e f e r r e d  t o  t h i s  c a t a l o g  f o r  t h e  d e t a i l e d  i n f o r -  
mat ion.  

The d a t a  on c o r r o s i o n  rates were supplemented i n  t h i s  r e p o r t  by con- 
c l u s i o n s  r e l a t e d  t o  t h e  c a t a l o g e d  d a t a  and by r e f e r e n c e s  t o  t h e  s o u r c e s  o f  
t h e s e  d a t a .  The p r i n c i p a l  c o n c l u s i o n s  covered i n  t h e  a b s t r a c t  of t h i s  r e p o r t  
were t h e  f o l l o w i n g :  

" P i t t i n g  and c r e v i c e  c o r r o s i o n  proved t o  b e  t h e  t y p e s  of 
a t t a c k  t h a t  predominated.  The c a t a l o g e d  d a t a  a r e  t h e  r e s u l t s  of 
many s t a t i c  t e s t s  conducted under n a t u r a l  c o n d i t i o n s  of mar ine  
f o u l i n g ,  hence,  t h e y . m u s t  be used c a r e f u l l y  i n  q u a l i f y i n g  a l u -  
minum f o r  OTEC purposes .  These d a t a  can s e r v e  t h e  OTEC program 
b e s t  a s  a b a s i s  f o r  s e l e c t i n g  aluminum a l l o y s  t h a t  appear  pro- 
mis ing  a s  c a n d i d a t e s  f o r  f u r t h e r  e v a l u a t i o n .  The aluminum 
a l l o y s  5052 and Alclad (7072) 3003 f a l l  i n t o  t h i s  ca tegory . "  

It i s  g e n e r a l l y  agreed  from r e s u l t s  of c o r r o s i o n  tests on aluminum t h a t  
t h e  r a t e  of a t t a c k  d e c r e a s e s  markedly as t h e  d u r a t i o n  of exposure  i n c r e a s e s .  
T h i s  i s  d i s c u s s e d ,  t o r  example, i n  t h e  book by Godard, e t  a1 .2  and i s  con- 
f i rmed  by r e s u l t s  of more r e c e n t  t e s t s  t o  b e  d e s c r i b e d  i n  t h i s  paper .  

I n  s e v e r a l  t e s t s ,  i t  was found t h a t  t h e  maximum p i t  d e p t h  v a r i e d  w i t h  
i .  

t h e  cube r o o t  of t ime. It h a s  been sugges ted  t h a t  t h e  i n d i c a t e d  r e l a t i o n s h i p  
could  be  accounted f o r  by assuming a  mature  p i t  h a s  a  h e m i s p h e r i c a l  shape  and 
t h e  e x t e n t  of c o r r o s i o n  i n  terms of weight  l o s s  o r  t h e  volume of t h e  p i t  
i n c r e a s e s  l i n e a r l y  w i t h  t i m e .  S i n c e  t h e  volume v a r i e s  w i t h  t h e  cube of t h e  
r a d i u s  of t h e  p i t ,  t h e  d e p t h  of t h e  p i t  o r  i t s  r a d i u s  would be  t h e  one- th i rd  
power of t h e  volume and would i n c r e a s e  w i t h  t h e  same one- th i rd  power of t ime. 

The o b s e r v a t i o n s  on which t h i s  t ime  e f f e c t  l ias been based  have been on 
specimens exposed f o r .  long  p e r i o d s  w i t h o u t  d i s t u r b a n c e  of t h e  m e t a l  s u r f a c e .  
It  d o e s  n o t  f o l l o w  t h a t  a similar r e l a t i o n s h i p  of p r o g r e s s  of p i t t i n g  w i t h  
t ime  should be  expec ted  under c o n d i t i o n s  where p e r i o d i c  c l e a n i n g  might  expose 
f r e s h  s u r f a c e s  s o  as t o  r e i n i t i a t e  c o r r o s i o n  a t  f r e q u e n t  i n t e r v a l s .  

On t h e  o t h e r  hand, c l e a n i n g  would r e d u c e  t h e  i n i t i a t i o n  of p i t t i n g  by 
p r o v i d i n g  a  more uniform s u r f a c e  f r e e  from d e p o s i t s  t h a t  might  o t h e r w i s e  pro- 
mote p i t t i n g  by c r e v i c e  e f f e c t s .  Uniform c o r r o s i o n  d a t a  more d i r e c t l y  
a p p l i c a b l e  t o  p e r i o d i c a l l y  c leaned  OTEC h e a t  exchangers  have 'been p rov ided  
from r e c e n t  t e s t s  of t h e  5052 a l l o y  by ~ i e b e r t ~  and by S c h r i e b e r ,  e t  a1 .4  

L i e b e r t  t e s t e d  t h e  5052 a l l o y  i n  s e a  w a t e r  f lowing  a t  3 . t o  6 f t / s e c  a t  
Keahole P o i n t ,  Hawaii  f o r  t e s t  p e r i o d s  from 3  h o u r s  t o  8 months. 

S c h r i e b e r  t e s t e d  t h e  a l l o y  i n  sea wate r  f lowing  a t  5  f t / s e c  a t  F r e e p o r t ,  
Texas f o r  t e s t  p e r i o d s  from 1 5  t o  59 days .  



I n  both t h e  Schr ieber  and L iebe r t  t e s t s ,  t h e  co r ros ion  was uniform wi th  
n e g l i g i b l e  p i t t i n g .  For t h e  purpose of t h i s  paper ,  ~ i e b & r t  p l o t t e d  t h e  
r e s u l t s  of t h e s e  t e s t s  a s  i nd ica t ed  i n  F igure  1. The exposure cond i t i ons  a t  
F reepor t  were e v i d e n t l y  more aggres s ive  than a t  Keahole Poin t .  . , 

An important  c h a r a c t e r i s t i c  of t h e ' r e s u l t s  of both programs w a s  t h a t  t h e  
r a t e s  of co r ros ion  decreased a s  t h e  du ra t ion  of exposure increased.  The pro- 
g r e s s  of co r ros ion  was p ropor t iona l  t o  t h e  square  r o o t  of time. Such behavior 
was c o n s i s t e n t  w i th  h i s t o r i c a l  d a t a  from t e s t s  of much longer  du ra t ion  a t  
s e v e r a l  l o c a t i o n s  as descr ibed  by Godard, e t  (Table 123, page 130). 

The curve i n  Figure.  1, based on d a t a  from Schr i ebe r ,  e t  a1. (Table IX-2) 
covers  t e s t s  a t  an  ambient temperature of about 21°C. The d a t a  from Table IX-8 
a r e  from t e s t s  a t  about  2g°C. This  d i f f e r e n c e  i n  temperature would account 
f o r  t h e  h igher  r a t e s  i n  t h e  l a t t e r  t e s t .  It can be expected t h a t  aluminum 
w i l l  be  corroded a t  lower r a t e s  i n  condensers than  i n  -evapora,t.ors. 

It is  possi'ble from Figure  1 t o  e s t ima te  t h e  r a t e s  of co r ros ion  of t h e  
5052 aluminum a l l o y  and poss ib ly  o ther  aluminum al..l.nys s i ~ c h  a s  Alclad 3003 
t h a t . m i g h t  be encountered i n  O'i'EC h e a t  exchangers subjec ted  t o  pe r iod ic  
c l ean ing  t o  main ta in  h e a t  t r a n s f e r .  

With such c l ean ing  a t  a p p r o p r i a t e  i n t e r v a l s ,  t h e  s i g n i f i c a r ~ l :  rate uf 
c o r r o s i o n  would be t h a t  which would apply t o  a  success ion  of pe r iods  between 
c l ean ings .  Such r a t e s  would be a f f e c t e d  by t h e  s e v e r i t y  of t h e  e f f e c t  of 
c l ean ing  on p re se rva t ion  of p r o t e c t i v e  f i l m s  formed p r i o r  t o  o r  dur ing  t h e  
i n t e r v a l s  between c l ean ings .  

It may be p o s s i b l e  t o  d e v i s e  a  c leaning  t rea tment  and c leaning  c y c l e  
t h a t  would be a b l e  t o  main ta in  h e a t  t r a n s f e r  a t  t h e  des i r ed  l e v e l  without  
removing a  p r o t e c t i v e  f i l m  formed p r i o r  t o  cleaning.  Under such circum- 
s t ances ,  t h e  c r i t i c a l  co r ros ion  r a t e  would be t h a t  e s t a b l i s h e d  b y ' t h e  t ime of 
t h e  f i r s t  c leaning  and poss ib ly  reduced somewhat dur ing  per iods  between suc- 
c e s s i v e  c leanings .  

S tud ie s  of e f f e c t s  of f o u l i n g  on h e a t  t r a n s f e r  have ind ica t ed  t h a t  i t .  
might be p o s s i b l e  t o  main ta in  h e a t  t r a n s f e r  a t  t h e  d e s i r e d  l e v e l  by c leaning  
a t  i n t e r v a l s  a s  long as two weeks or  one month. 

Un t h e  b a s i s  ok t h e  d a t a  i n  F igure  1, i f  t he  c leaning  t rea tment  d i d  no t  
remove t h e  p r o t e c t i v e  f i l m  t h a t  had formcd i n  30 days, t h e  ratPs nf  rnrrnsion 
t h a t  would occur dur ing  succes s ive  30-day per iods  would be from 2 t o  3 m i l s  
per  year  based on Schr i ebe r ' s  r e s u l t s  and ahout  1 mil per  year based on 
L i e b e r t  's da ta .  

I f  t h e  c leaning  t rea tment  should be s u f f i c i e n t l y  d r a s t i c  t o  r e s t o r e  cor- 
r o s i o n  t o  i t s  i n i t i a l  r a t e ,  even a  30-day i n t e r v a l  between c leanings  could 
r e s u l t  i n  an i n t o l e r a b l e  r a t e  of cor ros ion .  More f r equen t  c l ean ing ,  e.g., 
more o f t e n  than once a  week, could be c a t a s t r o p h i c .  

It seems ev iden t  t h a t  c a r e f u l  a t t e n t i o n  w i l l  have t o  be pa id  t o  t h e  . 

development of e f f e c t i v e  c leaning  t rea tments  t h a t  w i l l  n o t  remove p r o t e c t i v e  
f i l m s  and t o  make the  i n t e r v a l s  between c l ean ings  a s  long a s  hea t - t r ans fe r  



Figure 1. Effect of Time of Exposure on Corrosion of 5052 Aluminum 
in Sea Water Flowing at 3 to 6 feet per second. 

' 1 3 .  



requirements  w i l l  permi t .  Experience wi th  e f f e c t s  of r a t h e r  d r a s t i c  mechanical 
c l ean ing  of aluminum pip ing  has i nd ica t ed  t h a t  e f f e c t s  of c leaning  methods 
under cons ide ra t ion  f o r  OTEC, such a s  M.A.N. brushes and Amertap b a l l s ,  can 
be t o l e r a t e d .  This  expec ta t ion  needs t o  be confirmed by an  appropr i a t e  t e s t -  
i ng  program. 

I n  t h e  meantime, i t  may be noted t h a t  i n  L i e b e r t ' s  t e s t s  a  c leaning  
t rea tment  using 20 passes  of a  M.A.N. b r u s h . a t  t h e  end of 13 ,  22, and 29 
weeks had a  n e g l i g i b l e  e f f e c t  on t h e  progress  of cor ros ion .  

I n  Sch r i ebe r ' s  t e s t s ,  specimens were cleaned wi th  6 passes  of brushes t o  
s i m u l a t e  c leaning  by M.A.N. brushes a f t e r  per iods  of exposure of 1, 2, 3 ,  and 
7 months and then  reexposed f o r  a  t o t a l  of 10  months. The specimens sub- 
j e c t e d  t o  t h i s  p e r i o d i c  c leaning  were corroded uniformly a t  a  r a t e  of 1 .5 m i l s  
per  year .  This  r a t e  was only  s l i g h t l y  higher  than  of uncleaned c o n t r o l s .  

Sch r i ebe r ' s  t e s t s  included e f f e c t s  of va r ious  methods of chemical clean- 
ing.  The most e f f , e c t i v e  of t hese  was c l ean ing  w i t h  10% (by volume) s u l f u r i c  
ac id  p l u s  2% (by weight)  chromic a c i d  f o r  4 hours a t  ambient temperature.  
However, t h i s  a c i d  t rea tment  increased  co r ros ion  t o  about 2-112 t imes t h a t  
o f ' unc l eaned  specimens. It might be expected t h a t  a c i d  c leaning  could r e s u l t  
i n  r e s t a r t i n g  c o r r o s i o n  a t  a n  i n i t i a l  r a t e  a f t e r  each c leaning  t reatment .  

Occasional c l ean ing  could reduce t h e  i n i t i a t i o n  of p i t t i n g  by providing 
a  more uniform s u r f a c e  f r e e  from d e p o s i t s  t h a t  might otherwise promote p i t -  
t i n g  by c r e v i c e  e f f e c t s .  This  would be more important  wi th  r e s p e c t  t o  50.52 
than  Alc l ad .  

Unfor tuna te ly ,  Alclad 3003 w a s  n o t  included i n  L i e b e r t ' s  t e s t s  nor i n  
S c h r i e b e r ' s  t e s t s .  However, i n  t h e  absence of more s p e c i f i c  d a t a ,  i t  seems 
reasonable  t o  assume t h a t  t h e  r a t e  of uniform co r ros ion  of t h e  c ladding  a l l o y  
is  no t  g r e a t l y  d i f f e r e n t  from t h a t  of t he  5052 a l l o y .  

The important  cons ide ra t ion  wi th  respect t o  p i t t i n g  of Alclad i s  t h e  
l i f e  of a  s u f f i c i e n t  a r e a  of c ladding t o  provide ca thod ic  p r o t e c t i o n  a g a i n s t  
f u r t h e r  p e n e t r a t i o n  of t he  co re  a l l o y .  The p e r t i n e n t  s e r v i c e  r eco rds  t o  be 
descr ibed  suggest  s u r v i v a l  of e f f e c t i v e  cladding f o r  about  1 yea r  pe r  m i l  
(25 PM) o£ c ladding  th ickness .  

A t  t h e  p re sen t  t ime,  t h e  a v a i l a b l e  d a t a  on uniform co r ros ion . suppor t  t he  
p v s s i b i l i t y  t h a t  ~ l c l a d  aluminum tubes  wi th  10  m i l s  of c ladding  could su rv ive  
f o r  .about 10 y e a r s  i n  a n  OTEC h e a t  exchanger w i th  c leaning  a t  30-day i n t e r v a l s  
t o  remove'foiillrig. This  is .based on the  assumption t h a t  s o  long a s  a sub- 
s t a n t i a l  a r e a  of c ladding  remains t h e r e  would be no p e n e t r a t i o n  of t h e  3003 . 

a l l o y  core .  It  . a l so  assumes t h a t  t h e  c leaning  t rea tment  w i l l  n o t  e l i m i n a t e  
p r o t e c t i o n  provided by f i lms ' formed p r i o r  t o  each c leaning .  

The 5052 a l l o y  might a l s o  have a s i m i l a r  l i f e  with r e s p e c t  t o  uniform 
c o r r o s i o n  but  would be more vu lne rab le  t o  p e n e t r a t i o n  by p i t t i n g .  



111. PITTING 

For t h e  two a l l o y s  of p a r t i c u l a r  i n t e r e s t  (5052 and Alclad 3003), t h e r e  
was a  ve ry  wide s c a t t e r  of d a t a  i n  t h e  Alcoa Catalog on dep ths  of p i t t i n g  i n  
both s u r f a c e  and deep waters .  

Those concerned wi th  p r e d i c t i n g  t h e  l i f e  of aluminum tubes  i n  OTEC hea t  
exchangers have e v i d e n t l y  been fo rced  t o  dec ide  which d a t a ,  from t h i s  and 
o the r  p o s s i b l e  sources , .  should be used a s  a  b a s i s  f o r  t h e i r  e s t i m a t e s  of dur- 
a b i l i t y  based on r a t e s  of p i t t i n g .  

The confusion generated by t h e  need t o  make such choices  i s  i l l u s t r a t e d  
by t h e  d a t a  i n  Table  I. This  shows the  d i s p a r i t y  among t h e  choi'ces by t h r e e  
des igne r s  from presumably t h e  same sources  of d a t a .  These cho ices  a r e  com- 
pared wi th  what t h e  p re sen t  au thor  has  a b s t r a c t e d  from t h e  Alcoa Catalog. '  

The d a t a  i n  Table  I a r e  presen ted  simply t o  i l l u s t r a t e  t h e  wide range  of 
r epo r t ed  r a t e s  of p i t t i n g .  They a r e  n o t  intended t o  be  used a s  a  b a s i s  f o r  
e s t i m a t i n g . t h e  probable  l i f e  of aluminum i n  OTEC hea t  exchangers.  

The .author.  has  rece ived  some unpublished d a t a  through t h e  cou r t e sy  of 
T. E. Wright of Al-can Research ~ a b o r a t o r ~ . ~  This  covers  r e s u l t s  of tests of 
Alcan IS-1200 f o r  3  yea r s  a t  Harbor I s l a n d ,  North Caro l ina .  The t e s t s  were 
made on p ipes  arranged i n  a  t e l e scop ing  series from 3-inch d iameter  t o  . 

112-inch.diameter  so  a s  t o  g ive  a  range  of v e l o c i t i e s .  The a c t u a l  v e l o c i t i e s  
va r i ed  cons iderab ly ,  s i n c e  t h e  r a t e  of f low d i d  n o t  remain c o n s t a n t  through- 
ou t  t h e  test per iod.  The a c t u a l  range  was from 0.17 t o  1.6 f t l s e c  f o r  t h e  
3-inch p i p e  and from 4.0 f t l s e c  t o  38 f t l s e c  f o r  t h e  112-inch p ipe .  

Af t e r  t e s t ,  t h e  p ipes  l a r g e r  than  2  inches  i n  diameter  were found t o  be 
covered wi th  "mossy" marine organisms and sma l l  barnac les .  The e f f e c t  of 
t h e s e  would have been t o  reduce t h e  v e l o c i t y  t o  e s s e n t i a l l y  ze ro  a t  t h e  me ta l  
s u r f a c e  beneath t h e  organisms. The range  of v e l o c i t y  i n  t h e  p i p e s  1-112 
inches  i n  diameter  and smal le r  i n  which t h e r e  had been r e l a t i v e l y  l i t t l e  
p e r s i s t e n t  f o u l i n g  by marine organisms was from 0.6 t o  5.6 f t l s e c  i n  t h e  
1-112-inch-diameter p ipe ,  from 1.6 t o  15  f t / s e c  i n  t h e  1-inch-diameter 
p ipe ,  from 3.5 t o  21 f t l s e c  i n  t h e  314-inch-diameter p ipe ,  and from 6.3 t o  
38 f t / s e c  i n  t h e  112-inch-diamcter pipe.  

The r e l a t i o n  between f o u l i n g  and v e l o c i t y  observed i n  t h i s  test sugges t s  
t h a t  a  s u s t a i n e d  v e l o c i t y  i n  excess  of 2.5 f t l s e c  can be expected t o  minimize 
p e r s i s t e n t  f o u l i n g  by macromarine organisms. This  is  c o n s i s t e n t  i n  o rde r  of 
magnitude w i th  r e s u l t s  of o the r  obse rva t ions  of t h e  e f f e c t  of f low v e l o c i t y  
on mac ro fou l ing , ' . i nd i ca t i ng  a  c r i t i c a l  v e l o c i t y  somewhere around 4  f t l s e c .  

This  c r i t i c a l  v e l o c i t y  does no t  apply  t o  f o u l i n g  by microorganisms such 
a s  b a c t e r i a l  s l imes .  Recent s t u d i e s  of e f f e c t s  of such s l imes  on h e a t  t r ans -  
f e r  have shown t h a t  b a c t e r i a  s l i m e s  can adhere a t  v e l o c i t i e s  up t o  a t  l e a s t  . 6 f t l s e c .  

Corrosion w i t h i n  t h e  complete range  of f low v e l o c i t i e s  was predominantly 
i n  t h e  form of mu l t i t udes  of r a t h e r  deep p i t s .  The maximum dep th  occur red  
a t  t h e  lowest and h i g h e s t  v e l o c i t i e s ,  a s  shown i n  Table  11. 



TABLE I. Reported Rates  of Pene t r a t ion  of Aluminum 
Alloys i n  Sea .Water i n  M i l s  per  Year 

-- -. Maximum mriaum 
Source* Surface  Water Deep Water Surface Water Deep Water 

Alclad 3003 

*A T,ockheed, 1978 Conceptual Design Reporr. 
B Westinghouse, 1978 ~ o n c e p t u a l  Design Report. 
C TRW, 1978  Conceptual Design Keport. 
D Alcoa, Abs t rac ted  from Aloca Catalog by p re sen t  au thor .  

**Depth of p i t t i n g  was 20 m i l s  i n  123 days a t  which time a l a r g e  a r e a  
of c ladding  was gone. 



TABLE 11. Maximum Depths of P i t t i n g  of Aluminum 1200 i n  Sea Water 
Flowing Through p i p e s  a t  Ambient Temperature f o r  Three . . 

. Years a t  Harbor I s l a n d ,  North Caro l ina  ' ' 

Range of Flow 
Nominal P ipe  Veloc i ty  du r ing  Tes t  P i t  Depths 

. S i z e  ( inches)  ( f t l s e c )  (mi l s )  Foul ing ' 

3 .  0.17 t 0 1 . 6  . .58 ' Considerable  
2-112 0.26 t o  2.4 54 Considerable  
2 0.36 t o  3.4 35 , Considerable  
1-112 0.6 t o  5.6 3 4 None 
1 1.6 t o  1 5  3 4 None 

3;/4 . .  2.3 t o  .21 4 6 None 
112 4.0 t o  38 109" None 

*Perf o r a t ed .  



It would appear  from t h e s e  d a t a  t h a t  t h e r e  was no c o n t r o l l i n g  e f f e c t  of 
t h e  marine growths on t h e  e x t e n t  of p i t t i n g  and t h a t  a  v e l o c i t y  i n t e rmed ia t e  
between t h e  lowest  and h i g h e s t ,  e.g. ,  around 5  f t / s e c ,  was less agg re s s ive  
t han  h ighe r  or lower v e l o c i t i e s .  

The r e s u l t s  of t h i s  test program have probably l i m i t e d  a p p l i c a t i o n  t o  
t h e  q u a l i f i c a t i o n  of aluminum a l l o y s  f o r  OTEC hea t  exchangers because of 
u n c e r t a i n t i e s  r e l a t e d  t o  t h e  wide ranges  of f low r a t e s  i n  t h e  d i f f e r e n t  s i z e  
p i p e s  and i n t e r r e l a t e d  e f f e c t s  of f o u l i n g  organisms t h a t  would n o t  e x i s t  i n  
OTEC s e r v i c e .  

~ d d i t i o n a l  d a t a  have been provided by another  t e s t  of aluminum i n  t h e  
form of p ipes  a t  Harbor I s l and .  Th i s  was undertaken i n  an e f f o r t  t o  q u a l i f y  
aluminum f o r  u s e  i n  seawater  p ip ing  systems by t h e  U. S. Navy. 7 

~ h s  ~ p e s i r n e n ~  ware i n  t h a  fsrm of 1-inch p i p e  with a wal l  thickness of 
0.133 inch .  The a l l o y s  t e s t e d  were 3003, Alclad 3003, and 5052. 

'1b0 32-fnch l e n g ~ l i s  of each a l l o y  were assembled i n  l i ne s  conealil ing a 
. 90' s h o r t  r a d i u s  Saran elbow t o  induce a  tu rbulence  e f f e c t .  The f low v e l o c i t y  

- was 10  f t l s e c .  The assembl ies  were downstream o f ,  but i n s u l a t e d  from, a  
system con ta in ing  copper-nickel  a l l o y s .  The t e s t s  were run  from 30 t o  42 
months f o r  t h e  3003 p i p e s  and 1 2  and 24 months f o r  t h e  Alclad 3003 and 5052 
a l l o y s .  Apparent ly  t h e r e  was no f o u l i n g  of t h e  p ipes  i n  t h i s  test.  

Corrosion was i n  t h c  form of p i t t i n g  no t  i n i t i a t e d  by i n t e r g r a n u l a r  
a t t a c k .  There was e r o s i o n  of t h e  i n l e t  edges. This  d i d  n o t  occur downstream 
of t h e  elbows. The e x t e n t  of p i t t i n g  is  shown i n  Table  111. 

The i n v e s t i g a t o r s  concluded t h a t  e i t h e r  3003 or  Alclad 3003 p ip ing  w i t h  
a  0.133-inch w a l l  might have a  l i f e  expectancy of 10  years .  The 5052 a l l o y  
w a s  considered t o  be i n f e r i ~ r .  

Kecent d e s i g n e r s  of OTEC hea t  exchangers have reached vary ing  conc lus ions  
as t o  t h e  expected l i f e  of aluminum tubes  i n  OTEC s e r v i c e .  One des igner  c a l -  
c u l a t e d  t h a t  aluminum tubes  would have t o  be rep laced  a t  l e a s t  once i n  30 
yea r s .  Another des igne r ,  us ing  a  more conserva t ive  es t imated  l i f e  of 1 0  y e a r s ,  
f i g u r e d  on two replacements  i n  t h e  same per iod .  The c o s t  of such replacements  
w i l l  have t o  be  f a c t d r e d  i n t o  comparisons of t h e  t o t a l  c o s t  of aluminum a s  
compared w i t h  m a t e r i a l s  t h a t  a r e  expected t o  s u r v i v e  f o r  30 yea r s  wi thout  
replacement .  The p r e c i s i o n . o f  such economic comparisons w i l l  b e n e f i t  from 
a d d i t i o n a l  r e sea rch  be ing  undertaken t o  provide  an  improved b a s i s  f o r  esti- 
mating t h e  probable  l i f e  of aluminum i n  OTEC h e a t  exchangers.  

I V .  CURRENT CORROSION RESEARCH 

The c u r r e n t  r e s e a r c h  program on c o r r o s i o n  of aluminum inc ludes  an  
e f f o r t  t o  account  f o r  t h e  s eve re  p i t t i n g  of some aluminum a l l o y s  a t  dep ths  
from which condenser coo l ing  water  may be taken.8 

~ e x t e r ~  has  g iven  s p e c i a l  a t t e n t i o n  t o  i n d i v i d u a l  and poss ib ly  s y n e r g i s t i c  
e f f e c t s  of c r i t i c a l  l e v e l s  of .pH and oxygen concent ra t ion .  The r e s u l t s  of 
t h i s  r e sea rch  w i l l  a i d  i n  t h e  c h a r a c t e r i z a t i o n  of t h e  water  a t  proposed OTEC 
p l a n t  l o c a t i o n s  wi th  r e s p e c t  t o  t h e  p o s s i b i l i t y  of encounter ing water  t h a t  
might have excep t iona l  c a p a c i t y  t o  promote p i t t i n g  of aluminum. 



TABLE 111. p i t t i n g  of ~ l u m i n ~  P i p e s  i n  Sea Water 
Flowing a t  1 0  f t / s e c  a t  Ambient Temperature 

a t  Harbor I s l a n d ,  North C a r o l i n a  . . 

Maximum Dep t h  
o f .  P i t t i n g  Dura t ion  of Exposure 

Al loy  ( m i l s )  (lilonths) 

3003 4 0 4 2 
. . A l c l a d  3003 . . 19 * 24 

5052 4 1  24 

. *Pit , t . ing was conf ined  t o  t h e  c l a d d i n g  and d i d  n o t  p e n e t r a t e  
i n t o  . the  ,3003 core .  



Programs c a r r i e d  o u t  a t  Keahole P o i n t ,  Hawaii and S t .  C ro ix , .V i rg in  
I s l a n d s ,  were designed t o  s tudy  t h e  e f f e c t s  of f o u l i n g  on h e a t  t r a n s f e r  a t  
f low v e l o c i t i e s  t h a t  might be  .encountered i n  OTEC exchangers.  Unfor tuna te ly ,  
t h e  6061 aluminum a l l o y  used i n  t h e s e  tests was chosen by those  concerned 
p r i m a r i l y  wi th  h e a t  t r a n s f e r  because of i t s  e a s e  of machining f o r  use  i n  t h e  
h e a t - t r a n s f e r  test  device .  The co r ros ion  r e s i s t a n c e  of t h i s  a l l o y  is w e l l  
below t h e  l e v e l  of t h e  5052 a l l o y  o r  Alclad 3003, t h e  p r e f e r r e d  cand ida t e s  
f o r  OTEC s e r v i c e .  

v. RESULTS OF TESTS I N  HAWAII 

Aluminum 6061 a l l o y  tubes  t h a t  had been used i n  CMU devices1°  f o r  heat-  
t r a n s f e r  s t u d i e s  o f f  a  v e s s e l  moored i n  250 f e e t  of water  off  Keahole P o i n t ,  

' Hawaii a t  24OC were examined f o r  co r ros ion  e f f e c t s  a t  B a t t e l l e - P a c i f i c  North- 
west Laboratory. '' One s e t  of specimens was from hea t - t ransf  e r  dev ices  
crpenai:ir.~.g at 3 'ft/sec f o r  10.1 weelr~ and a t  6 f t / s e c  for 5.4 weeks, Another 
set was t h e  p ipes  upstream of rhe heat- t r .ausfrL devices .  

A l l  specimens s u f f e r e d  a t t a c k  a t  g r a i n  boundaries.  There was no d i f -  
f e r e n c e  between t h e  a t t a c k  on t h e  hea t - t r ans fe r  p i p e s  and t h e  upstream p ipes .  
The maximum dep th  of i n t e r g r a n u l a r  a t t a c k  was 7.9 m i l s  i n  t h e  10-week t e s t s  
a t  3 f t l s e c  and 2 m i l s  i n  t h e  5-week t e s t s  a t  6  f t / s e c .  

S imi l a r  i n t e r g r a n u l a r  a t t a c k  would n o t  be  expected f o r  t he  more cor ros ion-  
r e s i s t a n t  5052 and Alclad 3003 a l l o y s .  

More p e r t i n e n t  tests on t h e  5052 a l l o y  a t  Keahole p o i n t  were r epo r t ed  by 
~ i e b e r t ~  a s  d i scussed  prev ious ly .  

Other t e s t s  a t  Keahole P o i n t  s imula ted  ope ra t i ons  of a  s h e l l - l e s s  h e a t  - 
exchanger using Alclad 3004 tubes  wi th  t h e  water o u t s i d e  t h e  tubes.  The 
obse rva t ions  were concerned p r i n c i p a l l y  wfth measucea~eu~s  of r educ t ion  of 
h e a t  t r a n s f e r  by f o u l i n g  organisms and e f f o r e s  t o  rauovr f o u l i n g  by periodic 
scrubbing .  

A "dummy" Alclad 3004 tube ,  made from s t r i p  by welding, included i n  t h e  
test  a r r a y  was examined f o r  c o r r o s i o n  by L iebe r t .  Af t e r  exposure f o r  12 
weeks, p i t t i n g  had extended r a t h e r  g e n e r a l l y  t o  t h e , d e p t h  of t h e  c ladding ,  
which was about 0.001 inch  th i ck .  The same depth  of accsck  over I I I O L . ~  ~x tendcd  
areas was found by ~urnrnerson '~  on s i m i l a r  tubes  t h a t  had been i n  t e s t  f o r  fou r  
months. 

Examination of t h e  weld me ta l  showed t h a t  it was f r e e  from p i t s ,  having 
been p ro t ec t ed  by t h e  adjacenr:  c l a d d i ~ l g .  Olie s e c t i o n  of r h e  weld tcx11ibite.d 
what was desc r ibed  a s  " a typ i ca l "  i n t e r d e n d r i t i c  co r ros ion  t o  a  depth  of .about 
5  m i l s .  

The r e s u l t s  of t h i s  t e s t  a r e  clouded by t h e  f a c t  t h a t  t h e  s e a  water i n  
c o n t a c t  w i th  t h e  aluminum tubes  came through a  c a s t  i r o n  pump which inlruduced 
i r o n  c o r r o s i o n  p roduc t s  such a s  were found by L iebe r t  i n  h i s  examination of 
t h e  p i t s  t h a t  had formed. 



V I .  TESTS AT ST. CROIX 

A s  was t h e  case  i n  t h e  Hawaii t e s t s ,  t h e  co r ros ion  s t u d i e s  a t  S t .  Croix 
were i n  conjunct ion wi th  hea t - t r ans fe r  s t u d i e s .  The t e s t  assemblies  were 
mounted on a  barge moored o f f sho re  of S,t. Croix. Water was taken from a 
depth of 60 f t .  

Here aga in ,  t h e  a l l o y  was 6061-T6, i n  t h e  form of p ipe ,  e i t h e r  CMU u n i t s  
or  independent of t h e s e  u n i t s  bu t  subjec ted  t o  t h e  same r a t e s  of flow, 3 and 
6  f t / s e c ,  ~ d d i t i o n a l  specimens were exposed t o  qu ie scen t  water a t  t h e  same 
l o c a t i o n .  Two specimens of t he  5052 a l l o y  were a l s o  t e s t e d  f o r  2 weeks. 

The co r ros ion  experiments  were under t h e  supe rv i s ion  of Munier and Craig 
of t h e  Un ive r s i t y  of Miami. 

The sea-water cond i t i ons  were a s  fo l lows:  

Temperature 28" C 

S a l i n i t y  35-36 

Dissolved O2 4.3 t o  4.8 ppm 
. . 

Specimens f o r  examination f o r  co r ros ion  were removed a t  t ime i n t e r v a l s  
from. 2  t o  72 days. 

The t e s t  system included devices  f o r  e lec t rochemica l  measurements of 
co r ros ion  p o t e n t i a l s  and f o r  e s t ima t ing  r a t e s  of co r ros ion  assumed t o  be 
uniform f o r  such c a l c u l a t i o n s .  

None of t h e  p i p e  specimens o u t s i d e  t h e  CMU devices  o r  t h e  specimens 
exposed i n  quiescent  water su f f e red  any measurable p i t t i n g .  

The specimens from t h e  CMU devices  su f f e red  p i t t i n g ,  which was most 
s eve re  i n  t h e  t e s t  a t  3  f t / s e c .  

The p i t s  i n  t h e  CMU specimens a t  6  f t / s e c  f low v e l o c i t y  were ve ry  shal low,  
1 mrn i n  d iameter ,  and d i s t r i b u t e d  randomly. The p i t t i n g  of CMU specimens a t  
3 f t / s e c  flow v e l o c i t y  was r e l a t i v e l y  severe  i n  bands i n  t h e  d i r e c t i o n  of 
e x t r u s i o n  and l e s s  s eve re  elsewhere i n  random d i s t r i b u t i o n .  The depth  w a s  
shal low but  t h e  p i t s  were l a r g e r  i n  diameter ,  2-5 mm, than  i n  t h e  6 f t / s e c  
specimens. The p i t s  had become f i lmed over and appa ren t ly  were no longer  
ac t i v c  . 

It was suggested t h a t  t he  p i t t i n g  of t h e  specimens i n  t h e  CMlJ devices  
may have been due t o  leakage of c u r r e n t  from some u n i d e n t i f i e d  s o u r c e . i n  
t h e  e l e c t r i c a l  system on t h e s e  devices .  No e f f o r t  was made t o  t r a c e  t h e  pa th  
of any such " s t r a y  cu r r en t "  leakage. 

No s i m i l a r  d i f f e r e n c e  i n  e x t e n t  of co r ros ion  w a s  observed i n  s i m i l a r  t e s t  
a r r a y s  i n  Hawaii. 



The CMU specimens a t  S t .  Croix were from a d i f f e r e n t  source  and were 
g iven  d i f f e r e n t  s u r f a c e  prepara t ions .  This  could account f o r  t h e  d i f f e r e n c e  
i n  co r ros ion ,  such a s  t h e  concen t r a t ion  of p i t s  i n  t h e  d i r e c t i o n  of ex t rus ion  
on CMU specimens. 

There was no p i t t i n g  of t h e  quiescent  specimens of t h e  6061 a l l o y .  

There was no p i t t i n g  of t h e  5052 a l l o y  p ipe  specimens i n  t h e  2-week t e s t .  

P o t e n t i a l  measurements were s a i d  t o  be c o n s i s t e n t  wi th  t h e  absence of 
p i t t i n g  on the  specimens o u t s i d e  t h e  CMU devices .  There w e r e  no p o t e n t i a l  
measurements f o r  t h e  CMU specimens t h a t  had p i t t e d .  

The est imated r a t e  of uniform cor ros ion  f o r  t h e  .6061 a l l o y ,  based on 
p o t e n t i a l  measurements, was 1.5 m i l s  per  year .  

The fnves r iga ru r s  cuncludecl t h a t  the r e s u l t 3  of t h e s e  t e s t s  would ql.lsl.ify 
aluminum a l l o y s  6061-T6 and 5052 a s  candida tes  f o r  OTEC heat-exchanger s e rv i ce .  

V I I .  TESTS I N  THE GULF OF MEXICO 

Addi t iona l  t e s t s  arc ,,rider way i n  t h e  Gulf of ~ e x i c 0 . l ~  One p r o j e c t  
i nvo lves  a  set-up on a  l a r g e  buoy opera ted  by t h e  National  Data Buoy Off ice .  
The o t h e r  i s  a t  a  s t a t i o n  on shore  a t  Panama Ci ty ,  F lo r ida ,  c a r r i e d  out  by 
t h e  Naval Research and Development Center.  

These p r o j e c t s  involve  measurements of co r ros ion  a s  w e l l  a s  e f f e c t s  of 
f o u l i n g  on h e a t  t r a n s f e r  and va r ious  means of prevent ing f o u l i n g  o r  removing 
i t  by c leaning .  

There have been no d e t a i l e d  r e p o r t s  on co r ros ion  e f f e c t s  a t  e i t h e r  of . 
t h p s p  C ~ l ' l t  of; Mexico t e s t  Iocations. 

Addi t iona l  c o r r o s i o n  t e s t s  of candida te  aluminum a l l o y s  under OTEC s e r -  ' 

v i c e  cond i t i ons  w i l l  be made a t  o the r  l o c a t i o n s  i n  t h e  f u t u r e .  

VTZT.  CREVICE CORROSION 

Aluminum i s  sub3 ec  t t o  c r e v i c e  co r ros ion  under conditlunb: L l l a ~  exist 
i n  0TEC.heat exchangers. This  is  more l i k e l y  t o  be encountered i n  des igns  
such a s  s h e l l - l e s s  h e a t  exchangers wi th  waCer o u t s i d e  the tubes where crevlces 
may be formed by tube  suppor t s ,  and i n  p la te - type  h e a t  exchangers a t  p o i n t s  

. o f  c o n t a c t  between o v e r l a p p i n g . p l a t e s  and under gaske ts .  
. , .  

The danger of s e r i o u s  co r ros ion  i n  p la te - type  h e a t  exchangers is i l l u s -  
t r a t e d  by experience wi th  such a n  exchanger operated i n  a  f r e e z i n g  p roces s  
d e s a l i n a t i o n  u n i t  us ing  f r e o n  a t  t h e  Of f i ce  of Water Technology demonstrat ion 
p l a n t  a t  Wrightsv i l le ,Beach ,  North Carol ina.  This  h e a t  exchanger w a s  used t o  
p recoo l  incoming s e a  water wi th  product  water o r  br ine .  Typical  p l a t e s  made 
of t h e  3003 a l l o y  0.025 inch  t h i c k  were removed f o r  examination a f t e r  s e r v i c e  
f o r  about  3  yea r s  and a c t u a l  con tac t  w i th  s e a  water f o r  about  h a l f  t h a t  per iod.  



Crevice co r ros ion  t o  a  depth  of about 12  m i l s  had occurred a t  s e v e r a l  
p o i n t s  of con tac t  between overlapping p l a t e s .  I n  a d d i t i o n ,  t h e r e  was one 
p e r f o r a t i o n  of a  0.025-inch-thick p l a t e ,  aga in  a t  a  con tac t  po in t .  

S imi la r  c r ev ice  co r ros ion  was s a i d  t o  be r e s p o n s i b l e  f o r  f a i l u r e  of 
aluminum ( a l l o y  not  i d e n t i f i e d )  i n  p la te - type  hea t - r e j ec t ion  condensers i n  
a  d e s a l i n a t i o n  p l a n t  i n  I s r a e l ,  which was descr ibed  by ~ r i e d r n a n l ~  as fol lows:  

"The (aluminum) p l a t e s  were a t t acked  mainly by c r e v i c e  
co r ros ion ,  a s  aluminum p l a t e s  could no t  s tand  up t o  t h e  s e v e r e  
cond i t i ons ,  t i t an ium p l a t e s  a r e  now ins t a l l ed . " ;  

Crevice co r ros ion  of Alclad 3003 was observed i n  t h e  deep submergence 
t e s t s  r epo r t ed  by Reinhart .  * The most s eve re  c r e v i c e  a t t a c k  t o  a depth of 
15  m i l s  wi th  most of t h e  c ladding  gone occurred i n  exposure f o r  123 days a t  
a  depth  of 5460 f e e t .  This  was accompanied by p i t t i n g  t o  a  maximum depth  of 
18 m i l s .  

Crevice co r ros ion  of Alclad d i d  n o t  occur i n  s u r f a c e  water  over a  per iod . of . 588 . days,  bu t  t h e r e  was p i t t i n g  t o  a depth of 17 m i l s  i n  t h i s  t e s t .  

The 5052 a l l o y  i s  a l s o  s u b j e c t  t o  c r e v i c e  cor ros ion .  I n  ~ e i n h a r t ' s  t e s t s ,  
specimens were a t t acked  t o  a  depth  of 65 m i l s  i n  123 days a t  a  dep th  of 5640 
f e e t .  . There was no p i t t i n g  o u t s i d e  t h e  c rev ice .  

I n  s u r f a c e  water ,  t h e  maximum depth  of c r e v i c e  co r ros ion  was 5 m i l s  i n  
366 days wi th  p i t t i n g  t o  t h e  same depth  o u t s i d e  t h e  c r ev ice .  

A s  w a s  t h e  c a s e  wi th  t h e  Alclad 3003 a l l o y ,  t h e  r e s u l t s  of t h e s e  tests 
suggest  t h a t  c r e v i c e  co r ros ion  may be more seve re  i n  condensers  u s ing  deep 
water than  i n  evapora tors  us ing  s u r f a c e  water.  The r e v e r s e  may be  t r u e  wi th  
r e s p e c t  t o  p i t t i n g .  

I n  any Fveat,  Alclad would be expected t o  have a  b e t t e r  chance than  unclad 
a , l loys  i n  r e s i s t i n g  co r ros ion  i n  c r ev ices .  

Crevice-corrosion t e s t s  of t h e  aluminum 6061 a l l o y  by Pe te r son  and 
~ e n n o x l ~  a t  Key Wesc, F l o r i d a ,  showed t h a t  a  modest i n c r e a s e  i n  v e l o c i t y  of 
movement of s e a  water g r e a t l y  increased  t h e  s e v e r i t y  of c r e v i c e - c o r r o s i o n .  

Specimens of t h e  6061 a l l o y  s u f f e r e d  c r e v i c e  co r ros ion  t o  a  depth  of 
8 m i l s  i n  2  yea r s  i n  q u i e t  s u r f a c e  water.  S imi la r  specimens exposed t o  water 
flowing i n  a  flume a t  a  v e l o c i t y  of 0.75 f t l s e c  were p e r f o r a t e d  (0.0625 in .  
dur ing  t h e  2-year t e s t  per iod) .  

Comments on c r e v i c e  co r ros ion  i n  t h e  Alcoa ca t a log1  included t h e  
fvl lowing:  

"The e x i s t i n g  d a t a  do not  show t o  what e x t e n t  c r e v i c e  co r ros ion  would be 
encountered on aluminum i n  OTEC power p l a n t  h e a t  exchangers. OTEC h e a t  ex- 
changers should be designed t o  avoid c rev ices ."  It was suggested t h a t  c r e v i c e s  



might be avoided "through t h e  use  of a p p r o p r i a t e  gaske t s  and s e a l a n t s  and 
i n c r e a s i n g  t h e  t i g h t n e s s  of j o in t s . "  In t h i s  contex t  i t  w i l l  be necessary  
t o  ensure  t h a t  t h e  gaske t  or  s e a l a n t  be f i r m l y  and cont inuously bonded t o  t he  
me ta l  so  a s  not t o  c r e a t e  another  c r ev ice .  

I X .  EFFECTS OF FLOW VELOCITY 

The oxide f i l m s  on which aluminum depends f o r  r e s i s t a n c e  t o  co r ros ion  
c o u l d ' b e  eroded by shear  f o r c e s  r e s u l t i n g  from flow over t h e . s u r f a c e  above 
some c r i t i c a l  v e l o c i t y .  A l imi t ed  amount of da ta ,18  inc luding  those  from 
t h e .  Navy Engineering Experiment S t a t i o n ,  i n d i c a t e  t h a t  such a  c r i t i c a l  
v e l o c i t y  is l i k e l y  t o  be  over 10 f t / s e c  and, t he re fo re , , above  t h e  6 f t / s e c  
proposed f o r  OTEC s h e l l  and tube h e a t  exchangers and t h e  lower v e l o c i t y  i n  
t h e  s h e l l - l e s s  h e a t  exchangers proposed by t h e  Johns Hopkins Applied Physics  
Laborntory. 

The manner by which t h e  v e l o c i t y  of flow is achieved i n  a LesL call 11ave 
a  cons ide rab le  i n f l u e n c e  on i t s .damaging  e f f e c t .  A un i form'h igh  v e l o c i t y  
over t h e  e n t i r e  t e s t  s u r f a c e ,  such a s  e x i s t e d  i n  t h e  t e s t  r e f e r r e d  to18 is  
l i k e l y  t o  be l e s s  damaging than  a  l o c a l i z e d  h igh  v e l o c i t y  such a s  achieved 
by a  submerged j e t .  

The l o c a l  removal of a  p r o t e c t i v e  f i l m  ad jacen t  t o  fi lmed s u r f a c e s  can 
s e t  up l o c a l  co r ros ion  c e l l s  causing a c c e l e r a t e d  a t t a c k  where t h e  f i l m  has 
been removed. 

Such l o c a l i z e d  v e l o c i t y  e f f e c t s  could very  w e l l  r e s t r a i n  t h e  u s e  of 
submerged j e t s  f o r  c leaning  t h e  o u t e r  s u r f a c e s  of aluminum tubes  i n  s h e l l -  
l e s s  h e a t  exchangers wi th  t h e  water o u t s i d e  t h e  tubes.  

The r e a l i t y . o f  t h i s  p o s s i b l e  r e s t r a i n t  on t h e  use  of j e t s  f o r  c l ean ing  
should bc established by a n  a p p r o p r i a t e  t e s t  program. 

A s i m i l a r  l i m i t a t i o n  may be imposed on t h e  use  of high-frequency v i b r a t i o n  
f o r  cleaning.. This  could r e s u l t .  i n  c a v i t a t i o n  e ros ion  such' a s  is  c rea t ed  by 
t e s t s  us ing  high-frequency v ib ra t ion19  t o  eva lua t e  r e s i s t a n c e  t o  c a v i t a t i o n  
e ros ion .  Aluminuin has  been found t o  have a very  low r e s i s t a n c e  t o  c a v i t a t i o n  
e r o s i o n  by t e s t s  of t h i s  kind.20, 

I n  t h e  absence of a b r a s i v e  m a t e r i a l  i n  suspension,  i t  i s  conceivable  t h a t  
a  modestly high v e l o c i t y ,  e.g., t h e  6 f t / s e c  proposed f o r  OTEC h e a t  exchangers, 
could be f avo rab le  t o  a  good performance of aluminum a s  w e l l  a s  o t h e r  metals .  
The b e n e f i c i a l  e f f e c t  would be t h e  prevent ion ,  o r  removal, of v a r i o u s  d e p o s i t s  
t h a t  might o therwise  promote l o c a l i z e d  a t t a c k  i n  c r e v i c e s  under sucli d r p u s i ~ s .  

The a d d i t i o n a l  co r ros ion  t e s t s  being c a r r i e d  out  a t  s e v e r a l  l o c a t i o n s  
w i l l  permit  obse rva t ions  of e f f e c t s  of f low v e l o c i t y  t h a t  were n o r  involved 
i n  t h e  t e s t s  which have provided most of t h e  h i s t o r i c a l  d a t a  on co r ros ion  
of aluminum a s  d i scussed  elsewhere . i n  t h i s  r e p o r t .  

An i n c r e a s e  i n  flow v e l o c i t y  would be  expected t o . a g  r a v a t e  c r e v i c e  cor- 
1  r5 ro s ion ,  a s  observed i n  t h e  t e s t s  by Pe terson  and Lennox. 

, \ 



X. GALVANIC EFFECTS 

The v u l n e r a b i l i t y  of aluminum t o  a c c e l e r a t i o n  of co r ros ion  by ga lvan ic  
a c t i o n  i n  con tac t  wi th  most o the r  meta ls  needed f o r  OTEC system components 
and by e f f e c t s  of heavy meta ls  (copper) from co r ros ion  upstream of aluminum 
components w i l l  l i m i t  choices  of m a t e r i a l s  f o r  such components. This  could 
i n c r e a s e  c o s t s  of such components and l i m i t  means of avoiding f o u l i n g  i n  
p ip ing ,  s c reens ,  and water  boxes by use  of a n t i f o u l i n g  coa t ings  con ta in ing  
copper o r  of copper a l l o y s  n a t u r a l l y  r e s i s t a n t  t o  fou l ing  by ba rnac l e s ,  e t c .  
I f  a n t i f o u l i n g  coa t ings  a r e  t o  be used, they  should be based on t r i b u t y l  t i n  
r a t h e r  than  copper. 

S t e e l  p ip ing  and water boxes could be coated t o  avoid ga lvanic  and i r o n  
co r ros ion  product ,  inc luding  detached s c a l e ,  and e f f e c t s  on a s s o c i a t e d  a lu -  
minum. ?Ipoxy formula t ions  have been proposed a s  being a p p r o p r i a t e  coa t ings .  
These should be supplemented by ca thodic  p r o t e c t i o n  t o  t ake  c a r e  of p o s s i b l e  
ba re  spots .    here have been r e p o r t s  of adverse  e f f e c t s  of 'detached p a r t i c l e s  
of coa t ings .  

Cathodic p r o t e c t i o n  a t  much h igher  c u r r e n t  d e n s i t i e s  could conceivably 
be e f f e c t i v e  wi th  ba re  p i p e s  and water  boxes. 

There have been r e p o r t s  of d i f f i c u l t i e s  wi th  r e l a t i v e l y  t h i c k  e l a s tomer i c  
o r  s i m i l a r  coa t ings  a s  a r e s u l t  of l o s s  of adhesion wi th  subsequent c logging 
of downstream components by detached coa t ings .  

Coating of s t e e l  w i t h  aluminum has been proposed a s  a more ' cos t - e f f ec t ive  
a l t e r n a t i v e .  Cons idera t ion  would be given,  a l s o ,  t o  t h e  use  of s o l i d  aluminum 
f o r  water .boxes  and tube  p l a t e s .  

X I .  EFFECT OF CHLORINATION 

It seems l i k e l y  t h a t  c h l o r i n a t i o n  w i l l  be used a s  a supp lemen t ' t o  mechan- 
i c a l  c lqaning  t o  main ta in  t h e  d e s i r e d  l e v e l  of h e a t  t r a n s f e r .  Ch lo r ina t ion  

. w i l l  a l s o  be, necessary  t o  c o n t r o l  macrofouling, e s p e c i a l l y  i n  conjunct ion  
wi th  t h e  use'  of aluminum i n  h e a t  exchangers,  which would r e s t r i c t  t h e  u s e  of 
copper a l l o y s  f o r  components upstream of t h e  aluminum. 

The concen t r a t ion  of c h l o r i n e  l i k e l y  t o  be used, e.g., l e s s  than  0.2 ppm, 
is not  expected t o  aggrava te  co r ros ion  of aluminum. 

X I I .  EFFECTS OF AMMONIA 

The p o s s i b i l i t y  of s e r i o u s  co r ros ion  of aluminum as a r e s u l t  of leakage 
of ammonia i n t o  s e a  water w a s  suggested by r e s u l t s  of t e s t s  w i t h ' v e r y  d i l u t e  
concen t r a t ions  of ammonia i n  pure water . l  I n  t hese  t e s t s ,  mix tures  w i th  s e a  
water were found t o  be l e s s  aggress ive .  

Such p o s s i b l e  e f f e c t s  have been i n v e s t i g a t e d  i n  a program undertaken by 
Schr ieber  and a s s o c i a t e s 4  a t  Freepor t ,  Tekas. These t e s t s  covered a range  of 
ammonia a d d i t i o n s  from 8 t o  800 p a r t s  per  m i l l i o n  a t ' 5  and 30°C and flow 
v e l o c i t i e s  of 2.5 and 5.6 f t l s e c .  



The 8 ppm concen t r a t ion  of ammonia was most agg res s ive  i n  i nc reas ing  t h e  
e x t e n t  of p i t t i n g  a t  both 5 and 30°C as compared wi th  s e a  water conta in ing  no 
ammonia. I n  t h e  c a s e  of t h e  3003 a l l o y ,  p i t t i n g  a t  30°C increased  from p r a c t i -  
c a l l y  ze ro  t o  14 m i l s  i n  64 days a t  t h e  2.5 f t / s e c  v e l o c i t y .  With t h e  5052 
a l l o y ,  p i t t i n g  increased  t o  21 m i l s  i n  64 days under t h e  same t e s t  condi t ions .  

The e f f e c t  of 8 ppm of ammonia was l e s s  a t  t h e  5.6 f t / s e c  v e l o c i t y .  
Ammonia concen t r a t ions  g r e a t e r  than  8 ppm were l e s s  damaging under a l l  t h e  
t e s t i n g  condi t ions .  

The presence  of ammonia d id  n o t  i n c r e a s e  r a t e s  of uniform cor ros ion .  

The observed e f f e c t s  of ammonia on co r ros ion  of aluminum a r e  much l e s s  
s e r i o u s  than  t h e  much more important  e f f e c t  of ammonia i n  p r e c i p i t a t i n g  
calcium carbonate  t ha t .wou ld  s e r v e  a s  n u c l e i  f o r  t h e  f u r t h e r  p r e c i p i t a t i o n  
of s c a l e  from water  l i k e l y  t o  be supe r sa tu ra t ed  i n  calcium carbonate ,  Such 
d e p o s i t i o n  of s c a l e  was observed i n  t h i s  t e s t  program. Since t h e  s c a l e  re -  
s u l t i n g  from such p r e c i p i t a t i o n  would be i n t o l e r a b l e  i n  OTEC hea t ' exchangers ,  
t h e r e  w i l l  be a need, f o r  t h i s  reason,  t o  avoid even s l i g h t  lea'kage of ammonia, 
i r r e s p e c t i v e  of p o s s i b l e  e f f e c t s  on co r ros ion  of aluminum. 

This  need t o  t a k e  ex t r ao rd ina ry  s t e p s  t o  avoid,  d e t e c t ,  and c o r r e c t  
leakage of ainmonia extends a s  w e l l  t o  h e a t  exchangers us ing  any o the r  meta l  
f o r  tubing.  

The e f f e c t  of ammonia leakage i n  forming s c a l e s  would b e  most c r i t i c a l  
i n  p la te - type  h e a t  exchangers i n  which n u c l e i  o r ig , i na t ing  from a ' l e a k  i n  one 
p l a t e  could r e s u l t  i n  p r e c i p i t a t i o n  of s c a l e  on a l l  downstream p l a t e s .  

It is  poss ib l e ,  a l s o ,  t h a t  s c a l e  p r e c i p i t a t i o n  n u c l e i  could be t r ans -  
po r t ed  by M.A.N. brushes o r  Amertap b a l l s  from a l o c a l  source i n  a  t u b e ,  
t o  t h e  main body of water  i n  a  water box. 

The t e s t s  by Schr ieber  , e t  a1. extended t o  . p o s s i b l e  e f f e c t s  of leakage 
of s e a  water  i n t o  ammonia t o  t h e  e x t e n t  of 0.14%. Thei r  r e s u l t s  i nd ica t ed  
t h a t  such leakage would no t  p re sen t  a  problem of a c c e l e r a t e d  co r ros ion  of 
aluminum nor d e p o s i t i o n  of s c a l e .  

Economic c o n s i d e r a t i o n s  w i l l  a l s o  r e q u i r e  avoidance of even s l i g h t  ammonia 
leakage ,  f o r  example, l eakage  s u f f i c i e n t  t o  add 1 ppm t o  t h e  s e a  water  i n  a  
250-megawatt OTEC p l a n t  would r e s u l t  i n  an  i n t o l e r a b l e  l o s s  of 20 tons  of 
ammonia per  day. 

Curren t ly  t h e r e  i s  a  poss i 'b le  o b s t a c l e  t o  t h e  use  oi-.aluminum i n  a  system 
invo lv ing  ammonia. U. S. Coast Guard Regulat ion CG-257 p r o h i b i t s  t h e  use  of 
aluminum f o r  components t h a t  come i n  con tac t  w i th  ammonia. The b a s i s  f o r  t h i s  
exc lus ion  i s  obscure. It i s  p o s s i b l e  t h a t  t h e  Coast Guard could be persuaded 
t o  waive t h i s  p r o h i b i t i o n  on t h e  b a s i s  of e x i s t i n g  d a t a  and experience p l u s  
t h e  r e s u l t s  of t h e  a d d i t i o n a l  co r ros ion  t e s t s  undertaken by Schrieber., e t  a l a 4  



A pending I M C O  (Inter-Governmental Maritime Consul ta t ive  Organizat ion)  
Standard (Sec t ion  154, 1700, Table 4 )  does not  p r o h i b i t  t he  u se  of aluminum ' 

i n  con tac t  wi th  ammonia. This  c o n f l i c t  wi th  t h e  Coast Guard Regulat ion would 
presumably be taken i n t o  account by t h e  Coast Guard i n  reaching  a  f i n a l  dec i s ion  
on waiving t h e i r  p r o h i b i t i o n  of aluminum i n  OTEC ammonia systems. 

X I I I .  EFFECTS OF VIBRATION 

A. Corrosion Fa t igue  

The r e l a t i v e l y  low cor ros ion  f a t i g u e  s t r e n g t h  of aluminum a l l o y s ,  e.g., 
from 3000 t o  8000 p s i  a s  sho$'by convent ional  r o t a t i n g  beam t e s t s  i n  sea- 
water ,21  has l e d  t o  a t t e n t i o n  t o  c a l c u l a t i o n  of t h e  e x t e n t  of danger from 
t h i s  source. These s t u d i e s  have ind ica t ed  t h a t  co r ros ion  f a t i g u e  of tubes  i n  
h e a t  exchangers need 'no t -  p re sen t  a problem wi'th proper  spac ing  of tube  suppor ts .  

B. - F r e t t i n g  

There have been in s t ances  of s eve re  d e t e r i o r a t i o n  of aluminum tubes  a s  a  
r e s u l t  of v i b r a t i o n  i n  tube  suppor t  p l a t e s .  The Alcoa ca t a log1  drew a t t e n t i o n  
t o  t h i s  with a  photograph of a  p a r t i c u l a r l y  s eve re  example along wi th  e ros ion  
by h igh-ve loc i ty  steam i n  t h e  same i n s t a l l a t i o n .  They concluded t h a t  t h e  need 
t o  minimize v i b r a t i o n  w a s  r e l a t e d  more t o  avoid ing  damage by f r e t t i n g  than  by 
co r ros ion  f a t i g u e .  

XIV.  SERVICE RECORDS 

There a r e  not  many r eco rds  of s e r v i c e  r e l a t e d  t o  OTEC h e a t  exchangers. 
The s i t u a t i o n  was summarizkd i n  t h e  Alcoa Catalog of d a t a 1  by t h e  fo l lowing  
quota t ion :  

"Avai lable  s e r v i c e  h i s t o r i e s  a l s o  proved inadequate  f o r  , 

q u a l i f y i n g  aluminum a l l o y s  f o r  t h e  OTEC a p p l i c a t i o n ,  b u t  they do 
suppor t  t h e  s e l e c t i o n  of Alclad (7072) 3003 as a  tubing a l l o y  
worthy of f u r t h e r  cons idera t ion .  Performance d a t a  covering 
a r e a s ' o f  i n v e s t i g a t i o n  p e c u l i a r  t o  OTEC power p l a n t s  is  needed 
t o  permi t  a  f i rm  d e c i s i o n  f o r  o r  , aga ins t  aluminum a l l o y  tubes." 

Exclusion of r e f e r e n c e  t o  t h e  5052 a l l o y  i n  t h i s  quo ta t ion  from t h e  Alcoa 
r e p o r t  may have been inadve r t en t ,  s i n c e  elsewhere i n  t h e  r e p o r t  t he  5052 
a l l o y  was i d e n t i f i e d  a s  a  "promising candida te  f o r  f u r t h e r  evaluat ion."  

More r e c e n t l y ,  r e p r e s e n t a t i v e s  of t h e  aluminum i n d u s t r y  have i d e n t i f i e d  
Alclad 3003 o r  3004 a s  being t h e  most l i k e l y  t o  q u a l i f y  as economical mater- 
i a l s  for tubes  i 1 1  OTEC hear: exchangers. 

Thcre i s  a n s e d , . a l s u ,  Lur an  evafuar ion  of t h e  r e l a t i v e  c o s t  of r o l l -  
formed and welded Alclad tubes  a s  compared wi th  extruded m a t e r i a l .  The r o l l -  
formed tubing could be cons iderably  cheaper. It is  a v a i l a b l e  i n  enhanced 
s u r f a c e  conf igura t ions .  

. 
Reference was made p r e v i o u s l y . t o  f a i l u r e  of aluminum i n  p la te - type  heat-  

se j  ec t inn  r.nn.densers i n  l s r a e l l  €, d e d a l i n a t i o n  p l a n t s .  



The most p e r t i n e n t  s e r v i c e  r e c o r d s  a r e  t h e  fol lowing:  

Alclad 3003 tubes  314-inch OD w i th  a  0.064 inch  w a l l  were used i n  a n  o i l  
cooler  on the  S. S. Alcoa c l ippe r . '  A f t e r  10 years ,  24 percent  of t h e  0.01 
inch  7072 cladding'  remained wi th  no p e n e t r a t i o n  i n t o  t h e  3003 core.  

A g e n e r a l l y  s i m i l a r  l i f e  was shown by Alclad used f o r  sa l t -water  p ip ing  
i n  t h e  Royal Canadian Navy as descr.ibed by Rogers and ~ h i n n . ~ ~  Se rv ices  
involved c i r c u l a t o r y  l i n e s  t o  t h e  main engines,  s a n i t a r y  l i n e s ,  and a u x i l i a r y  
equipment with f low v e l o c i t i e s  from 5 t o  10 f t l s e c .  Experience wi th  Alclad 
3003 showed gradual  l o s s  of l a r g e  a r e a s  of c ladding  0.013 inch  t h i c k  a f t e r  
s e r v i c e  f o r  8 years .  

Despi te  l o s s  of l a r g e  a r e a s  of c ladding ,  t h e r e  was no p e n e t r a t i o n  i n t o  
the.  3003 a l l o y  core .  

The au tho r s  es t imated  t h a t  a  10-year l i f e  would be expected froin 4-inch 
p i p e  wi th  0.013-inch cladding i n  t h i s  s e rv i ce .  

The i n s t a l l a t i o n s  i n  t h e  Royal Canadian Navy a l s o  included p ip ing  of the '  
5052 a l l o y  i n  t h e  same s e r v i c e  a s  t h e  Alclad 3003. The performance of t h e  
5052 a l l o y  was q u i t e  u n s a t i s f a c t o r y .  F a i l u r e s  by p e r f o r a t i o n  were experienced 
i n  l e s s  than  2 years .  

XV. EXPERIENCE I N  OTHER HEAT EXCHANGERS 

It is  d i f f i c u l t  t o  r e l a t e  exper ience  wi th  aluminum i n  h e a t  exchangers i n  
o t h e r  s e r v i c e s  such a s  i n  power p l a n t s  t o  q u a l i f i c a t i o n  of alumfnum f o r  OTEC 
a p p l i c a t i o n s .  Water-side damage t h a t  occurred could have been from e f f e c t s  
of suspended sediments  and c o r r o s i v e  c o n s t i t u e n t s  t h a t  would no t  be p r e s e n t  
i n  c l e a n  s e a  w a t e r .  The s i t u a t i o n  is  i l l u s t r a t e d  by a t tempts  s e v e r a l  y e a r s  
ago t o  u s e  aluminum tubes  i n  condensers i n  n i n e  power p l an t s .23  The perf or- 
mance of t h e  aluminum was gene ra l ly  u n s a t i s f a c t o r y  because of steam e ros ion ,  
water  e ros ion ,  and p i t t i n g .  

A t t en t ion  to .problems d i sc losed  by e a r l y  exper ience  r e s u l t e d  . i n  improved 
performance i n  l a t e r  power p l a n t  i n s t a l l a t i o n s  most ly us ing  f r e s h  water f o r  

2  4 cool ing.  These were d iscussed  i n  a  paper  by Horst  and Marchese. . 

XVT., S T M A R Y  nF SERVTCE RECORDS 

The exppripnr.e w i t h  t h e  n i l  cooler on t h e  Alcoa Clipper  and wi'th t h e  
p ip ing  i n  the  Royal Canadian Navy, a l though n o t  d i r e c t l y  r e l a t e d  t o  OTEC 
h e a t  exchangers,  subjec ted  t o  p e r i o d i c  mechanical c leaning ,  suppor ts  t h e  
p o s s i b i l i t y  t h a t  Alclad 3003 tubes could su rv ive  f o r  10  years  i n  OTEC h e a t  
exchangers.  This  e s t i m a t e  i s  supported by test d a t a  i n  t h e  p re sen t  paper on 
t h e  p rog res s  of uniform co r ros ion  wi th  time. 

The d a t a  w i th  r e s p e c t  t o  t he  5052 a l l o y  a r e  l e s s  encouraging. This  i s  
i l l u s t r a t e d ,  f o r  example, by the  performance of t h e  5052 a l l o y  i n  comparison 
wi th  Alclad 3003 i n  t h e  p ip ing  i n s t a l l a t i o n s  i n  t h e  Royal Canadian Navy. 



The. a b i l i t y  of c ladding  t o  a r r e s t  p i t t i n g  p e n e t r a t i o n  of t h e  . core  should 
be p a r t i c u l a r l y  a t t r a c t i v e  f o r  thin-wal l  heat-exchanger tub ing  where r e s i s t a n c e  
t o  l o c a l  p e n e t r a t i o n  is  e s p e c i a l l y  important .  

Never the less ,  t h e  5052 a l l o y  should remain a  cand ida t e  f o r  f u r t h e r  eval-  
u a t i o n  i n  t e s t  programs. But, i f  l i m i t a t i o n s  of funds o r  f a c i l i t i e s  f o r  
f u r t h e r  eva lua t ion  should r e q u i r e  a  choice  between t h e  5052 a l l o y  and Alclad,  
t h e  p re fe r ence  should be g iven  t o  Alclad. 

There is  a  p o s s i b i l i t y  t h a t  t h e  l i f e  of c ladding  could be extended by 
t h e  .development of a  less a c t i v e  c ladding  a l l o y ,  e.g., one w i th  a  lower z inc  
content .  There appears  t o  be less scope f o r  f i n d i n g  an  e f f e c t i v e  c ladding  
a l l o y  f o r  use  over the .5052  composition, which has  a  h igher  c o r r o s i o n  p o t e n t i a l  
than t h e  3003 a l l o y .  
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