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XBSTRACT 

This  r e p o r t  d e s c r i b e s  t h e  work done by. t h e  Biofou l ing  Xesearzh Group 

a t  Camegie-Mellon U n i v e r s i t y  (CbllJ) du r ing  t h e  p e r i o d  Nay 1 ,  19-6 t o  

December 31,  1977. Th is  work was c a r r i e d  ou t  f o r  t h e  Energy Research and ' 

Development Admin is t ra t ion  under t h e  Ocean Thermal Energy Conversion (OTEC) 

program. During t h i s  p e r i o d  t h e  U n i v e r s i t y  o f  Hawaii was a s u b c o n t r a c t o r  

t o  CW and c o n t r i b u t e d  t o  o u r . f i e l d  exper iments  a t  Hawaii. Three s e t s  

(.seven t o t a l )  o f  b i o f o u l i n ~  exper iments  were conducted.  T \ ~ o  o f  t h e s e  

s e t s  were done i n  t h e  P a c i f i c  Ocean a t  Keahole P o i n t ,  Hawaii ,  and one was 

i n  t h e  Caribbean a t . S t .  Cro ix ,  Vi rg in  I s l ands :  Data and r e s u l t s  from 

t h e s e  exper iments  a r e  p r e s e n t e d  and d i s c u s s e d .  , H e a t  t r a n s f e r ,  b i o l o g i c a l ,  

and m e t a l l u r g i c a l  measurements a r e  p r e s e n t e d .  A b r i e f  account of t h e  d a t a  

a n a l y s i s  p rocedures ,  and an assessment o5 t h e  hardware performance a r e  

given.  We. conclude ' the  r e p o r t  w i t h  s u g g e s t i o n s  and recommendations t o  i m -  

prove t h e  q u a l i t y  o f  t h e  c u r r e n t  e f f o r t s  i n  t h e  OTEC B i o f o u l i n g ,  Corrosion 

and Mat e r i a  1s  program. 



Ti:is rff?or'L s ~ ~ ~ m a r i  :es t h e  r e s u l r s  and recommendations o f  r h e  grou? 

5, oased  on :he 8.i0rk c s r r i e d  Out f o r  t h e  Energy Research and Developmect 

. - \aminis t ra t ion  (ERD.4) d u r i n g  t h e  p e r i o d  !lay 1 ,  1976 t o  December 31 , I?-- .  

Under n o r n a l  o p e r a t i n g  c o n d i t i o n s ,  bo th  i n  t h e  evapura ro r  and i n  t h e  i o n -  

denso r  o f  an OTEC p l a n t ,  t h e r e  w i l l  be a  t empera tu re  drop  o f  about  i°C 

between t h e  f l o ~ i n g  sea w a t e r  an? t h e  hear exchnngcr s u r f a c e .  I t  i s  es-  

pec t ed  c h a t  t h e  s e a  wa te r  s i d e  o f  t h e  h e a t  exchanger  s u r f a c e  w i l l  s u f f e r  

b i o i o u l i n g ,  cilemical c o r r o s i o n  and s c a l i n g ,  P r i o r  t o  this work, no d a t a  

r e l e v a n t  t o  t h e s e  problems e x i s t e d  under  c o n d i t i o n s  c l o s e l y  approximat ing  

t h o s e  i n  an OTEC h e a t  exchanger .  Ke had deve10,pedanovel  t echn ique  t o  

measure t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  w i th  a  sma l l  AT ( % l a c )  and wi th  h igh  

p r e c i s i o n  ( b e t t e r  t h a n  1'5). P a r t  o f  t h e  power o f  t h i s  t e c h n i q u e  i s  t h a t  

it does n o t  i nvo lve  a b s o l u t e  c a l i b r a t i o n  o f  thermometers  o r  power s o u r c e s .  

Thus ,  i t  can be used i n  remote l o c a t i o n s  f o r  long p e r i n d s  o f  t ime .  The 

n e c e s s a r y  a p p a r a t u s  and procedures  were s u b j e c t e d  t o  e x t e n s i v e  l a b o r a t o r y  

t e s t s  and found i t  t o  h e  s a t i s f a c t o r y .  T h i s  was t h e  s i t u a t i o n  a t  rhe be- 

g inn ing  o f  t h e  c o n t r a c t  p e r i o d .  

By December 31 ,  1977,  f i e l d  exper iments  had been s u c c e s s f u l l y  com- 

p l e t e d  i n  t h r e e  independent  o p e r a t i o n s :  two i n  t h e  P a c i f i c  and nnc in. ' 

t h e  Car ibbean .  In t h e s e  e x p e r i m e n t s ,  cnnducted f o r  p e r i o d s  up t o  20 

weeks, v a r i o u s  pa rame te r s  , such a s  geograph ica l  l o c a t  i o n ,  h e z t  eschanger  

m a t e r i a l ,  h e a t  exchanger  s u r f a c e  p r e p a r a t i o n  and f low v e l o c l ~ y  were v a r i e d .  

The f i r s t  c l e a n i n s  expe r imen t s  were ' c a r r i ed  out  a s  u e l l  . To d a t e  t h e s e  

r e s u i t s  f o m  r5e  core  of t h e  a v a i l a b l e  thermal  d a t a  r e l e v a n t  :o zne CTEC 



Some progress has been made in  understanding the  na tu re  and o r i g i n  

of t he  foul ing  f i lm causing the  thermal r e s i s t a n c e .  However, t he re  i s  

no consensus about the  na tu re  of the  f i lm.  ?lore coordinated thermal ,  

b io log ica l  and meta l lurg ica l  i nves t iga t ions  a r e  needed. 

During t h i s  per iod we a l s o  played a  major r o l e  i n  preparing and d i s -  

.seminat ing informat ion about t h i s  device and t r a i n i n g  o t h e r  i n t e r e s t e d  

research groups. These included personnel of t h e  Univers i ty  of Hawaii, 

t h e  Pac i f i c  Northwest Laborator ies  (PNL) of B a t t e l l e ,  t he  National Data 

Buoy Office (NDBO) of t h e  National Oceanic and Atmospheric Administration 

(YOU), the David Taylor Naval Ship Research and Development Center (KSRDC) 

of t h e  U.S. Navy and Tracor Marine. 

In t h i s  document we d iscuss  t h r e e  s e t s  of experiments: aboard t h e  ',.: 

moored research ves se l  NO11 a t  Keahole 'Point ,  Hawaii, on a  submerged buoy 

. a t  ~ e a h o l e  Po in t ,  and aboard a  navy barge o f f  S t .  Croix,  Virgin I s l ands .  

Two kinds of simulated hea t  exchanger tubes were used: aluminum and 

t i tanium. Two nominal flow v e l o c i t i e s  were used: 3 f t / s e c  and 6 f t / s e c .  

We r e f e r  t o  t hese  experiments by t h e  shorthand no ta t ion :  xyn, where x 

is a  l e t t e r  ( N ,  B o r  S) represent ing  t h e  ' loca t ion  of t h e  experiment,  y  i s  

a l e t t e r  ( A  o r  T) represent ing  the  mater ia l  of t h e  heat exchanger t ube ,  

and n i s  a  number ( 3  o r  6) represent ing  t h e  nominal flow v e l o c i t y .  Thus, 

e-xperiment BAS r e f e r s  t o  t h e  run on t h e  submerged buoy - using an - aluminum 

heat  exchanger tube with a.nomina1 flow v e l o c i t y  of - 3 f t / s e c .  



The satisf~ctory performance of the CZlU heat cransfer monitoring device 

under extensive laboratory tests indicated that this technique could be em- 

ployed in the field to evaluate the effects of fouling, corrosion and scaling 

on the thermal performance of the simulated OTEC heat exchangers. Xt this 

stage, it was desired to develop a field version of this device which would be 

easier to use than the laboratory test unit. However, ERDA pressed for bio-- 

fouling data urgently to meet the program goals, so the laboratory version was 

used in the field. The first opportunity to conduct field experiments was rea- 

lized in collaborative efforts with the University of Hawaii in early 1976. 

2.1. Experimental Data. The experiments were conducted in the Pacific Ocean 

off the coast of Keahole Point on the leeward side of the Big Island of Hawaii. 

The site is 'about. 1100 feet from .shore.'where the depth is about 250 feet (Fig. . 

2.1). Because of the location (close to the beach and on the leeward side of 

the island), the water is not believed to be typical of open ocean waters1. The 

level of biological activity in these waters is high. In one water characteriza- 
3 

tion measurement, the bacterial count was 20,00O/ml'. 

2.1.1. Noiti Data. In early 1976, attempts were made to lay a submarine cable 

between submerged, buoy-mounted experimental units and a shore-based data acquisi- 

tion system. However, an accident destroyed the cable and the attempt was aborted. 

It was found that the acquisition of a new submarine cable with the required 

properties would take many months. Because of ERDAts expressed urgency in acquir- 

ing the initial biofouling data, it was decided to run a preliminary experiment 

using equipment mounted on a vessel moored at the same site, thus eliminating the 

need of the submarine cable. 

In the summer of 1976, the research vessel Xoi'i of the University of Hawaii 

:+as moored at :he site with two QKJ heat transfer units set up as sholun 'in Fig. 2 . 2 .  



T::leje hea: t r s n s f e r  s o n i r o r  u n i t s ,  designed t o  measure r e c i s e l ! -  the  :henr,z! r e -  

< '  q " ? P O  -,- ,A ,,,, R,, o f  t h e  fauiins ia!-er i n  3 simulated OTEC hear escnazger t u j e ,  s r e  
& 

1 
doscr i5ed i n  j o t a i l  i n  anorher zepor t  . Each u n i t  was designed araund a s i o u i a t c d  

hea t  exchanger cube 1  inch  i n  diameter and 6-1/2 f e e t  i n  length  (Fig .  2 . 3 ) .  Each 

uni: %as  connected t o  a  pun? which was loca ted  on t h e  downstream s i d e  of  tne  neat  

exchanger p i p e  (Fig .  2 . 4 ) .  The sea  \ < a t e r  was brought t o  t h e  experimental  u n i t s  

through approximately 40 f e e t  o f  2 inch re in fo rced  p l a s t i c  hose, from a  depth of 

20 f e e t .  Both hea t  exchanger p ipes  were A1 6061-T6. One p i p e ,  used with a flow 

v e l o c i t y  of  6  f t / s e c ,  was used a s  r ece ived  from t h e  s u p p l i e r ,  except t h a t  t h e  s u r -  

f ace  was g e n t l y  swabbed with acetone t o  remove grease  and d i r t .  The o t h e r ,  used 

with a  3 f t / s e c  f low,  was scrubbed c lean  with a nylon b r i s t l e  brush and commercial 

c l e a n s e r  (100 s t r o k e s ) .  The flow through t h e  hea t  exchanger p ipes  %as continuous 

except dur ing c e r t a i n  maintenance opera t ions  a s  t a b u l a t e d  i n  Tables 2.6 and 2 . 7 .  

These pwnp shut-downs were t y p i c a l l y  an hour long.  In a d d i t i o n ,  on da ta - t ak ing  

days (Tables 2.1 and 2 . 2 )  , t h e  flow was stopped i n  t h e  appropr ia te  u n i t  f o r  3 

p e r i o d  of about 20 minutes (made up of f o u r  f ive-minute periods! t o  measure the  

zero read ing  of t h e  flow meter.  

The e 'qer iment  involved measuring t h e  hea t  t r a n s f e r  c o e f f i c i e n t *  from the  

i n s i d e  wall of  t h e  hea t  exchanger p ipe  t o  t h e  flowing sea  water about once a  

week. This measurement i s  accomplished by r e p e a t i n g  zhe measurements about 16 

i imes on a  t y p i c a l  da ta - t ak ing  day. Such r e p e t i t i o n  he lps  t o  check t h e  reproduc- 

i b i l i t y  of t h e  r e s u l t ,  t o  a s s e s s  t h e  s i z e  o f  t h e  random e r r o r  and t o  i m ~ r o v e  che 

? r e c i s i o n  or' t he  measured vaiue .  The analyzed r e s u l t s  a r e  presented i n  Tables 

1 . 1  and 2 : : .  The same d a t a  a r e  presented g r a p h i c a l l y  i n  Fig .  1 . 3  where t h e  

-4-. t h e m a l  r e s i s t a n c e  of t h e  fou l ing  l a y e r  is  p l o t t e d  as  a  func t ion  o f  r ime.  ~ n e  

t?-? ics i  ? r e c i s i o n  i n  rhe meuurcacn t  o f  5 dur ing t h e  N o i ' i  opera t ion  i s  ;hour 

. - C. 
---:  {Tabies 2 . 1  and 2 . 1 ; .  

. .  . 
-See 2ef .  L f o r  i .2fa i is  an 3 3 ; ~  t n i s  15 d c n r .  



In a  c l ean  t u b e ,  the  value  of  h  depends on t h e  f i o ~  v e l o c i t y  ss wel l  a s  on 

water temperature.  For ease  of  comparison, each va lue  of  h  i s  normalized i o  a  

nominal temperature (TOOF) and flow v e l o c i t y  ( t h e  v e l o c i t y  corresponding t o  t h e  

chosen nominal va lue ) .  The measured thermal r e s i s t a n c e  ( i / h )  i s  c a l c u l a t e d  and 

t h e  d i f f e r e n c e  between ( l / h )  and t h e  i n i t i a l  va lue  of  ( l / h )  g ives  R f .  This  is  

a measure of t h e  thermal r e s i s t a n c e  on t h e  seawater s i d e  of  t h e  heat  exchanger 

p ipe  dGe t o  b i o l o g i c a l  f o u l i n g ,  chemical p r e c i p i t a t i o n  from seawater ( s c a l e )  and 

cor ros ion  products. .  The t a b l e s  conta in  a  column labeled t f  which i s  an average 

th ickness  of  t h i s  l a y e r  c a l c u l a t e d  assuming t h a t  it has t h e  same thermal conduc- 

t i v i t y  a s  sea  water.  

7.1.2. Buoy Data. A s  soon a s  a  replacement submarine cab le  was ob ta ined ,  prep- 
'':. 

a r a t i o n s  f o r  sub-surface  buoy experiments were s t a r t e d .  The buoy was pos i t ioned  

about 50 f e e t  under t h e  s u r f a c e  i n  about 150 f e e t  of  water a t  about t h e  same 

l o c a t i o n  a's t h e  N o i ' i  experiments were done. Fig.  2.6 shows t h e  buoy i n  p l a c e .  

while d i v e r s  a r e  mounting t h e  experimental  u n i t s  on it.  Also mounted on t h e  buoy 
L 

is t h e  requ i red  e l e c t r o n i c s ,  such a s  swi tching r e l a y s  and s i g n a l  a m p l i f i e r s .  Th i s  

e l e c t r o n i c s  package a c t s  a s  a s l a v e  t o  t h e  master  e l e c t r o n i c s  p laced i n  a  s h e l t e r  

on t h e  shore .  Armored c a b l e  about 15001 f e e t  long connects t h e  beach-based e l e c -  

t r o n i c s  t o  t h e  buoy e l e c t r o n i c s .  

2 .1 .3 .  Cleaning T e s t s .  

In  February 1977, t h e  Buoy S e r i e s  I e q e r i m e n t s  were s t a r t e d  with t h r e e  simu- 

l a t e d  hea t  exchanger tubes .  Two of  t h e s e  were A 1  6061-T6 and one was T i  Grade 2. 

One A 1  6061-7'6 was opera ted a t  a  nominal flow of 3 .  f t / s e c  and another  a t  6 f t / s e c  

( a c t u a l l y  about 7 I t / s e c ) .  The t i t an ium p ipe  was opera ted a t  a  nominal fioic o f  

6 f t / s e c  ( a c t u a l l y  about 6 . 4  f t / s e c ) .  Before submersion, t h e  wa te r s ide  s u r f a c e s  

of a l l  t h e  ~ i p e s  were t r e a t e d  i n  t h e  same manner, i . e . ,  scrubbed wi:h a  nylon 

b r i s c l e  brush and commercial c l e a n s e r  (100 s t r o k e s ) .  In :he e x p e ~ i m e n t s ,  :he 

sea wa:er was zaken d i r e c t l y  i n t o  t h e  ? ipe  through a  f i s h  screen.  Thus t h e  . 



? r e s s u r e  ~ r o p  e x ~ e r i e n c e d  by t h e  fou l ing  organisms be fore  they encountered :he 

:?rat t r a n s f e r  s u r f a c e  i s  only t n e  f r i c t i o n a i  head of t h e  flow and i s  about 3 

f e e t  o f  water .  

.Is i n  t h e  X o i ' i  esper iments ,  we took 16 h measurements from each exper i -  

mental u n i t  once a week. Tzbles  2 . 3 ,  2.1 and 3.5 summarize t h e  d a t a  f o r  

t h e s e  t h r e e  e q e r i r n e n t s .  The corresponding thermal r e s i s t a n c e  va lues  a r e  

p l o t t e d  i n  F ig .  2.9.  For each of t h e  e n t r i e s  under column (h) i n  Tables 2.3,  

2 . 4  and 2 . 5 ,  two e r r o r s  a r e  quoted. The values  given i n  parentheses  a r e  t h e  

statistical e n v r s  on t h e  mean n f  t h e  accepted cool ing cunres. Thus these  

numbers r e p r e s e n t  what t h e  apparatus  i s  capable o f  i n  r e l a t i v e  p r e c i s i o n .  

The o t h e r  e r r o r  is  an es t ima te  of  t h e  sys temat ic  e r r o r  i n  v e l o c i t y  measurement. 

I t  i s  s e t  a t  1% based on c a l i b r a t i o n  experiments on t h e  Ramapo Mark V flow 

meters  used i n  t h e  appara tus .  A11 subsequent e r r o r  c a l c u l a t i o n s  ( the  e r r o r s  

quoted on Rf and t ) a r e  based on t h i s  ass igned e r r o r  o f  1%. 
f 

As Fig. 2.9 shows, t h e  T i  u n i t  funct ioned f o r  10.6 weeks u n t i l  i t s  pwnp 

f a i l e d .  'She remaining two pumps stopped for an unknown period of t ime hetween 

11.4 and 17.6 weeks. These pump stoppages apparen t ly  caused t h e  s t r u c t u r e  ex- 

h i b i t e d  by r h e  d a t a  between 11 .4  weeks and 16 weeks. The pr~blems r e l a t e d  t o  

t h e s e  flow sxoppages a r e  d iscussed i n  Sec t ion  6.4 and 7 . 4 .  Also, a s  shown i n  

F i g .  2 . 9 ,  t h e  two A 1  6061-T6 p ipes  were cleaned a t  16.1 weeks and then allowed 

ro r e f o u l .  

The c lean ing  r e s u l t s  a r e  presented i n  F i g .  2 .9 .  First con'sider t h e  6 ft/ 

sec  e q e r i n e n ~ a l  u n i t .  .At week 16.3,  j u s t  be fo re  c lean ing ,  R was 25.0 5 1 . 1  f 

' ( i n  u n i t s  o f  F i g .  2 . 9 ) .  Af ter  one (back-and-forth) pass  of  t h e  M.X.S.  brush,  

. . Rc f e l l  t o  - 2 . 7  = i .  2 .  After  a t o t a l  o f  s i x  p a s s e s ,  Rf was reduced t o  -S.  Z r 

i . 2 .  The apparenc nega t ive  v a l l i e ~  o f  P. a r e  due t o  equipment f a i l u r e  causing f - 
3 uncer ta in t> '  i n  =he Ziow ve ioc izy  . Sex: cons ide r  :he 3 r ' t / sec  u n i t .  I t  had 

?, = 51. - = 2 . :  before  tic an in^ ... .Afrtr one p a s s  of  t h e  bm:s:h, RF was re tucea  - 



t o  44.6 2 6.6 and a f t e r  11 ?asses  t o  29.5 r 2 . 7 .  I t  was noted by t h e  d i v e r s  t h a t  

t h e r e  were barnacles  v i s i b l e  i n s i d e  t h i s  9 ipe .  The c leaning was ha l t ed  by t h e  

d i v e r s  f o r  f e a r  t h a t  one of t h e  barnacles  might be dis lodged and damage t h e  flow 

meter and t h e  pump. 

A s  Fig. 2.9 shows, R increased r a p i d l y  and roughly l i n e a r l y  i n  both u n i t s  
f  

a f t e r  cleaning.  I t  should be noted tkiat t h e  c leaning d a t a  were obta ined a f t e r  

pump stoppages f o r  lengths  of time on t h e  o rder  of a few days.  These stoppages 

might have a f f e c t e d  t h e  fou l ing  f i lm and thus  t h e  p re l iminary  c leaning r e s u l t s  

presented here  should be viewed with caut ion.  

2 . 1 .  Biological  Study. George Harvey of Pan P a c i f i c  Laborator ies  l ed  a bio- 
A c " ~  

fou l ing  s tudy a t  Keahole Point  t h a t  centered on d i r e c t  observat ions  of t h e  "foul-  

ing l ayer . "  This work was arranged t o  be done i n  conjunct ion with our  heat  t r a n s -  

f e r  measuring experiments on board t h e  N o i ' i .  Examined were: sea  water samples; 

t h e  A 1  p ipes  used f o r  our e-yer iments  on board t h e  N o i ' i ;  g l a s s  s l i d e s  t h a t ' w e r e  
:: 

submerged f o r  d i f f e r e n t  lengths  of t ime; g l a s s  s l i d e s  and s e c t i o n s  o f  X 1  and T i  
j. 

pipe  t h a t  were i n  t h e  flow downstream of  t h e  t e s t  ' u n i t s  f o r  d i f f e r e n t  lengths  of 
. . 

time . 
The s tudy i n d i c a t e s  t h a t  b a c t e r i a  and diatoms were t h e  main components o f  

t h e  e a r l y  b io fou l ing  i n  t h e s e  t e s t s .  On t h e  i n t e r i o r  of t h e  aluminum pipes  used 

I i n  t h e  thermal experiments,  t h e r e  appear t o  be two l a y e r s  o f  fou l ing .  The l a y e r  

c l o s e r  t o  t h e . p i p e  is. s c a l e  which may have some b a c t e r i a  i n  it. The l a y e r  c l o s e r  

t o  t h e  flowing water i s  made of l i v i n g  organisms, t h e i r  products ,  and p a r t i c u l a t e  
I 

inorganic  m a t e r i a l .  A l a r g e  amount of g l a s s  i n  t h e  folm of fragments,  f i b e r s  

and spheres was found i n  these  depos i t s .  Local volcanic  a c t i v i t y  i s  bel ieved t o  

be t h e  source of t h i s  g l a s s .  The s e c i i o n  of titkniui p ipe  shoxed only one l aver  o f  

foulin.g, of b i o l o g i c a l  m a t e r i a l .  



The r e p o r t  by George Harvey I s  Appendix X of t h i s  r e p o r t .  

S imi la r  s t u d i e s  were conducted during our Buoy S e r i e s  I  e .rperinents,  j u t  Ke 

a r e  not  i n , a  p o s i t i o n  t o  r e p o r t  on t h e  r e s u l t s  o f  t h a t  work. 

2 . 2 .  Hardware. 

2 . 2 . l .  Basic Hardware Fea tu res  - Design Document. During l a t e  1976, an exten- 

t s i v e  document4 was prepared f o r  ERD.4 on t h e  theory and p r a c t i c e  of  t h e  high pre-  

c i s i o n  heat  t r a n s f e r  mo'nitor developed by our  group. This  documenz covers a l l  

5 t h e  b a s i c  des ign  d e t a i l s  of  t h e  mechanical and e l e c t r i c a l  a spec t s  of  t h e  device .  
- -  - - * - -  - - 

I t  a l s o  covers t h e  des ign d e t a i l s  of  ' t h e  buoy-based s l a v e  e l e c t r o n i c s  and t h e  

shore-based master  e l e c t r o n i c s  used i n  t h e  buoy experiments. The document i n -  

c ludes  i n d u s t r y  s t a n d a r d  drawings, which d e t a i l  t h e  cons t ruc t ion  procedures ,  

m a t e r i a l  requirements ,  recommended s u p p l i e r s ,  q u a l i t y  assurance t e s t s  and assem-. 

b l y  c h e c k l i s t s .  The des ign document i s  t h e  primary source  f o r  d e t a i l s  on t h e  

hardware. 

2 . 2 . 2 .  Manual Data Acqu is i t ion  System. A manual d a t a  a c q u i s i t i o n  system* f o r  

hea t  t r a n s f e r  monitoring device  was des i ,med ,  t e s t e d  and ex tens ive ly  uscd i n  

t h e  l a b o r a t n ~ .  I t  was deqignccl t o  be usirful i n  a laboratory-l ike application, 

i . e . ,  non-remote o p e r a t i o n ,  and t o  be used a s  a  back-up system i f  t h e  primary 

d a t a  a c q u i s i t i o n  system should malfunction.  

The system i s  shown i n  block-diagram form i n  F i g .  2.12. The t h r e e  d a t a  

s i g n a l s ,  namely thermopi le ,  the rmis to r  and flow meter vo l t ages  from the  exper i -  

menrai u n l t  a r e  a v a i l a b l e  a t  t h e  inpu t  end o f  t h e  scanner,,  Under t h e  con t ro l  

. o f  t h e  t e l e t y p e  i n t e r f a c e  (PS 91), t h e  scanner  s e q u e n t i a l l y  switches t h e s e  t h r e e  

s i g n a l s  to  t h e  low v o l t a g e  D i g i t a l  hlultimeter (DbM) . The output  of t h e  Dhit.1 i s  

channelled t o  t h e  t e i e t ) ~ e  through t h e  i n t e r f a c e .  The t e l e t y p e  genera tes  a  

p r i n t o u t  and a paper t ape .  

- - - - - - - - - -  

*Xpperidis D of  Reference 1 discusses  t h i s  svstem i n  d e t a i l .  



2 . 3 .  Automated Data .-\couisition System. From early 19T6,'it was planned to 

design and build an automated data acquisition system to be operated ~i:h the . 

neat transfer monitoring device. The designed system Kas based on an Intel 80SO 

microprocessor (2P). Here, we give a brief overview of this microprocessor-based 

system. 

Under program control, the 2P can run a series of cooling curves, acquire 

the raw data, dump it out on command and do preliminary analysis of the r'gw data. 

This automated system is shown in block diagram form in Fig. 2.15. The three 

data signals (namely thermocouple, thermistor and flow meter signals) arrive 

from the buoy electronics (Buoy Control*) to the shore-based beach electronics 

(Beach Control*) in the form of frequency-modulated pulses. The three counters 

shown' count the signals simultaneously for a period of 1 second every 2 seconds,. 
V" 

Each datum so digitized requires 2 bytes (8 bit long byte) of memory for storage. 

The UP system has SK (5 x 1024) of random-access memory (my) and is adequate to 

store the data collected during one cooling curve. 

Further, the UP system has SK of read-only memory (ROM). The program that 

performs tasks such as controlling the e-xperiment, acquiring.the data, and re- 

ducing the data is stored in a little over 2K of RON. The Intel 8080 monitor" 

. system and the floating-point arithmetic package (for real arithmetic), each re- 
quires 1K of ROM. The semi-processed data and the results of preliminary analysis 

are output to the teletype yielding a printout and a punched paper tape for fur- 

ther analysis .. 
Collecting the data using this facility proceeds as follows. 'Ihe operator 

selects with the beach control the e-xperimental unit he wants to run. Using =he 

teletype, the operator types in the starting address of the program in the L?,  

=hen types in citle and date, desired option to have a rax data dump, nuqber of 

times cooling curve neasurements are =o be repeated, coefficients required :a 

*See Xef. 4 for detailed desisn. 



convert the flo\i merer data co f!o~ ~reiociiy and them.istor data to ttmperarur?, 

and an a~~rosimate value for the ::me conscant. The :F, through a I-bit con~rcl 

signal to the beach elecrronics, :urns on the heater. The heater is ke?t on for 

a period of about 10 time constants. Then ihe ~ I P ,  through the same i-bit conzrol 

signal, turns off the neater. The signals are sampled once in 7 seconds and 

stored in RAM. The temperature of the block and the operating sequence during 

the cooling curve are as indicated in Fig. 2.14. Data are collected and stored 

during the 10eh time constant [which is also the last) of the heating period and 

for the ten subsequent time constants (during thermal decay). After a long time, 

the thermopile output reaches an asymptotic value corresponding to a :ero temper- 

ature differential between the reference and heater blocks. 

The "analysis window" szarts ten seconds after the heater is turned off and 

lasts one time constant. The time slots during the 9th and 10th time constants 

durin.g decay are designated as the 1st and ??d "asymptotic windows." The pro- 

gram averages the thermocouple reading during the 2nd asynptotic window, subtracts 

.this value from each thermocouple reading during the analysis window, and computes 

the natural logarithm of each of these values. These zero-corrected logarithms 

of thermocouple decay data are later analyzed to yield a time constant. The UP . 

Trogram also computes the averages and m s  deviations oithe velocity and the 

temperature during the analysis window and the 1st and 2nd asynptotic windo\is. 

This temperature and velocity information is needed for normalization of results. 

This infomation is also useful In assessing the reliability of the time constant 

evaluated from the cooling curve. The UP also outputs an approximate tine con- 

stant .(based on just two decay points in the analysis ~indow) to nelp the opera- 

tor check the operational status of the experimental =nit. The :? then :e?eats 

chis process of running cooiing curves, collecting, semi-?recessing and output;ing 

the dais a specific nun~er of rimes. 



ir'ter laboratory tests, the auromated system was in-czallcd during September 

1977, at Leahole Point and field tested. Data acquisition proceeded with the 

manual DbEl-based system and the automated up-based sysiem being used in parallel. 

These data were independently least-squares fitted to evaluate the time 

constant, T. A rough estimate of T is also available from the two-point evalu- 

ation mentioned above. All three of these values of T agree within the errors. 

For example, in one test, involving ten cooling curves, the average and the 

error on the average for the time constants are ( 2 2 . 9 3  = 0.19) seconds, ('3.50 
2 0.35) seconds, and ( 2 3 . 3 8  5 0.34) seconds, respectively. Since September 191:, 

the UP system has been in operation and is performing satisfactorily. 

This automated data acquisition system has many advantages over the manual 

one. Acquiring about 16 cooling curves from an e-xperimental unit using the' 
1 

manual data acquisition system used to tie up five to eight hours of operator 

time. Tf: automated system reduces the$amount of operator time needed to less 

than an hour. Furthermore, automated operation has increased the reliability 

and quality of the data because it has essentially eliminated human error 

ticularly the errors related to repetitious operations). 
, . .. li .. , 
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Figure 2 . 6  ~ i v e r s  mounting esperimcnt:11 units to 

submerged buoy. 
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Sominal  F low V e l o c i t y :  5 . 0  Ir 'sec 

S t a r t i ng  Tine: , July 13, 1976 
Data S o n a l i z e d  t o  ;O'F, 3 l i / s e c  

Time < h >  I A <  (,) > = R  
r! f 

(weeks j 

* The s r r u r b  uuoLed 011 ~ 1 1 2  are  url ~ i ~ e  rneiill iu~d based on i11e ~~eg~~uducilility 
of the measurement. 
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S'J?DLU?' OF D.AT.I\ FOR SX3 ElTERI!EST 

Time 

(Weeks) 

Nornixal Flow Veloc i ty :  3 . 0  f t / s e c  

S t a r t i n g  Time: February 1; 19:: 
Data Normalized t o  ~ O ' F ,  3 f t , / sec  

16 .1  432 r 4 ( 2 )  
( b e f o r e  c leaning)  

16.3 522 2 1 s  
( a f t e r  1 pass)  

16.3  366 i: S 
( a f t e r  11 passes ]  

* The e r r o r s  quoted on c h >  ar,e c1.1 5;le mezr~ .  The ::slues ~i: .en i2 the  rarent:?eses 
a r e  based on :he r e s r o d u c i b i l i r y  of r h e  measurerent .  The o t h e r  ? r r o r  is 2: 

ass igned ' ~ a l u e  z f  LCj  and due :o t h e  f a c t  t h a t  our  knoliiedge cf f l o \ i  ?:el.~cit:: 
is l i m i t e d .  E r ~ o r s  on  3: and :, a r e  compuroa based on tk 1':j ass i s -ec  zrrsr 
on .-i . & -. 



Time 

(Weeks) 

0 . 4  

1 . 1  

3 .1  

5 . 4  

4 . 6  

5 . 4  

Nominal Fiov Velocit!-: . 0.0 i r / s e c  

S t a r t i n g  Time: February-  12 ,  19-7 
Data Normalized t o  T O O F ,  6 f t / s e c  

13 .7  

14 .4  

16 .1  

1 6 . 3  
( b e f o r e  c l e m i n g )  

1 6 . 5  
( a f t e r  1 p a s s )  

16.3 
( a f t e r  6 ? a s s e s )  

16 .4  

is . ;  
1263 5 13 (:) 

1019 10 (6)  

9 i t  t 9 (5)  

SO3 S ( I j  

- The z r r o r s  quoted on < + a r e  on t h e  a e a n .  The v a i u e s  g iven  i n  t h e  garen7hese.s  
a r e  based az' t h e  r e ? r o d u c i b i l i i y  35 t h e  measureneni .  The o t h e r  e r r o r  i s  22 
s s s i g n e a  va ixo  o f  iS  anc! due t o  t h e  fact  t h a t  c u r  k n o ~ c i e t g e  o f  f low velocir : .  
i s  l i x i c c d .  Errors on i7= a i c i  I= z r e  computed bared  cn =he iai z s s i g n e c  c r o r  

I - 
cr. h .  



Tine  

Nominal Flo\~ Velocizy : o .  0 <:,!set 

>laterial : Titanium (Grade 2) 

Starting Time: February 12, 19-7 
Dara Xcmalized to -O°F, 6 f:/sec 

* The errors quoted are on the mean. The values given in the parentheses are 

based on the reproducibility of the measurement. The other error is an assigned 

value of 1% due to the limits on our knowledge of flow velocity. Errors on R, 
t 

and t, are computed based on.the 1% assigned error on h. 
L 



J u l y  15 

J u l y  15 

J u l y  15 

July 20 

j u l y  2 4  . 
j u l y  75 

J u l y  30 

xug. 1 

.iug. 2 

Xug. 13 

Xug. 2; 

Sept .  2 

Sepz. 13 

Sep t .  22 

Sep t .  2 7  

TABLE 2 . 6  

L3G OF ?L!P STOPPAGES FOR-S.13 EXPERI?EhT 

-. 
; m e  Length of  T ine .  

{!$eeks) Pumping Kas Stopped Reason 

0 .3  , - 
o: min. o i l  change 

0 . 3  1-30 min. extension cord t o  pump disconneczed 

0.7 43 min. genera to r  off 

45 min. 

00 min. , 

30 min. 

3 h r .  

20 min. 

30 min. 

60 min. 

70 min. 

60 min. 

? 

<30 min. 
9 

o i l  change-generator 

genera to r  r e p a i r s  

genera to r  r e p a i r s  

tank rep laced ;  e-xhaust 1 i n e  
n a p p e d  

out  of f u e l  

r e p l a c e  leaking tank 

o i l  and f i l t e r  change-generator 

o i l  check-generator 

o i l  change-generator 

breaker  t r i p p e d  ' ' 

g e n e r a t o r  t r i p p e d  o u t  

o i l  change 



TXBLE 2 .  - 
LOG OF PW:P STOPPAGES FOR X.16 ESPERI\EST 

Date Tino Length o f  Time 
1976 ( \ ieeks)  Pumping was Stopped 

.\ug. 2 7  ' 1 . 1  70 n i n .  o i l  check-gene ra to r ;  nececs?r:. '  
LU reprime pmp 

; ! M E ,  iO 1 . 6  bU m i l l .  flow valve  l e f t  r l l i s ~ d  

S e p r .  2 1 . 0  

S e p t .  15 3.6 

S e p t .  15 3 . 6  

S e p t .  22 3.9 

60 rnin. 

9 

o i l  ~ h k ~ e - ~ e n e r a t o r  

b r e a k e r  t r i p p e d ;  n e c e s s a r y  t o  
reprirne ?ump 

e 

l o s t  pr ime d u r i n g  FFE r e a d i n g  

c 4 0  rnin. g e n e r a t o r  t r i p p e d  o u t ;  neces -  
sary t o  reprime pump 

S e p t .  2 6  5 . 4  520 rnin. l o s t  prime when t a k i n g  inflaw 
samples 

S e p t .  37 5 .6  3 O i l  change 
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In t h e  sim;ner of ioT- ,  h i  n t ' n ~ i l i n g  s t u ~ i s s  wcrc czqr icd '  out 01: Luarr! a U.  5 .  

Salr?- Research and Development barge moored i n  about 12,000 f e e t  of water ,  rougnly 

seven miles  nor th  of  t h e  coas t  of  S t .  Croix i n  t h e  U.S. Virgin  I s l ands  ( F i g .  3.1 j . 
The x a t e r  he re  was c h a r a c t e r i s t i c  of t r o p i c a l  v a t e r  i n  t h e  rnised l a y e r .  Unlike 

nea r  Keanole P o i n t ,  t h e  S t .  Croix s i t e  was b i o l o g i c a l l y  t y p i c a l  of  t h e  open ocean. 

Kater  samples c o l l e c t e d  during t h e  experiments showed b a c t e r i a l  popula t ions  be lo^ 

10 c e l l s / m l l ,  much l e s s  than a t  Keahole Po in t .  

The St. e r o i x  opera t ion  was a c~llaborative e f f o r t  among Carnegie-Mellon 

Univers i ty ,  t h e  Univers i ty  of Miami and Tracor  hlarine. Our group was respons ib le  

f o r  t h e  hea t  t r a n s f e r  measurements. Tracor  Slarine opera ted t h e  barge f o r  t h e  U.S. 

Saw and provided t h e  genera l  f i e l d  f a c i l i t i e s  and suppor t .  The Univers i ty  of  
7 - - 

liaqi conducted t h e  cor ros ion  s tudies ' ,  microbiological  s t u d i e s 3  and water charac - 
3 t e r i z a t i o n  measurements . In t h i s  s e c t i o n ,  we w i l l  r e p o r t  on t h e  thermal measure- 

ments. 

3 .1 .  Esperimental Data. Heat t r a n s f e r  measurements were taken from two hea t  ex- 

changer p i p e s ,  each of  A 1  6061-T6 (1 inch inner  d iameter ,  sch 10). Fig .  3 . 2  shows 

t h e  e .qer iments  i n  progress  with t h e  two experimental  u n i t s  i n  t h e i r  p r o t e c t i v e  

housings and mounted on t h e  barge.  Water was pumped t o  t h e  u n i t s  .through f l e x i b l e  

p l a s t i c  tub ing  from a  depth  of 50 f e e t  a t  nominal v e l o c i t i e s  o f  3 f t / s ec  for  one 

e.periment and 6 f t / s e c  f o r  t h e  o t h e r .  The pumps were loca ted  on t h e  domstream 

s i d e  o f  t h e  nea t  €xchanger ,p ipes .  Before i n s t a l l a t i o n ,  t h e  i n t e r i o r  su r face  of 

each .\I p ipe  was ?repared by c r e a t i n g  it w i t h  a lo9; s o l u t i o n  of  YaOH &t ambient 

temperature and then thorougnly r i n s i n g  t h e  su r face .  I t  may be noted t h a t  t h i s  

\<as a  d i f f e r e n t  method of su r face  p repara t ion  compared t o  those  used i n  Hawzii. 

.", i n i s  sechod of su r face  ? r e p a r a t i o n  is  bel ieved t o  remove the  h e s t  t r e a t e d  oxiue 

la \ -er  5702 zhe hear exchanger pi?e s u r f a c e  and t o  enable :he f o r n a t i o n  of  a 

. - i u n l z o h  ox ide  layer .  3nae.r conzroiied.  cond i t ions  . 



iyater temperature a t  :he s i t e  during t h e  10-week e ~ ~ e r i m e n t a i  ?er iod iias 

beiween 2 S C  and 23.6C as shorn i n  Fig. 3.3.  Short- term temperature f luczua-  

c ions  [rms deviazion)  were o f  t h e  o r d e r  of  0.01C. The S o w  through each o f  rhe  

heat  eschanger p ipes  was continuous dur ing t h e  10-week e-xperimenral pe r iod .  I t  

uas ad jus ted  once,  a s  shown i n  Fig.  3.A, which shows t h e  flow v e l o c i t y  through- 

out  t h e  10-week experimental  per iod.  Short- term v e l o c i t y  f l u c t u a t i o n s  were o f  

the  o r d e r  of  0.2 f t / s e c  and 0.3 f t j s e c  f o r  nominal flow .of 3  f t / s e c  and 6  f t / s e c ,  

r e s p e c t i v e l y .  The shor t - term v e l o c i t y  v a r i a t i o n s  experienced i n  t h e s e  e q e r i -  

ments were h igher  than those  i n  t h e  sub-surface  buoy experiments a t  Hawaii (t?.-p- 

i c a l l y  0.01 f t / s e c  f o r  a  nominal flow of  6  f t / s e c ) .  . 

.4s i n  Hawaii, 16 hea t  t r a n s f e r  r a t e  measurements were taken f o r  each exper i -  

mental u n i t  about once a  week. The va lues  o f  h  were then normali=ed to.  T o C F  and 

t o  t h e  appropr ia te  nominal flow v e l o c i t y .  Table 3 .1  summarizes h  and R va lues  f 

f o r  t h e  6  f t / s e c  alumin& pip6 and Table 3.2 f o r  t h e  3 f t / s e c  p ipe .  As seen from 

Tables 3.1 and 3.2,  t h e  p r e c i s i o n  of  measurement of  h  i s  wi thin  lDi. The Rf d a t a  

a s  a  func t ion  of time a r e  presented i n  a  g raph ica l  form i n  F i g .  5.5. 

3 . 2 .  Hardware. The hea t  t r a n s f e r  devices  used i n  t h e  S t .  Croix opera t ion  were 

s i m i l a r  t o  those  em~loyed  i n  Hawaii. However, c e r t a i n  new f e a t u r e s  were incor -  

pora ted t o  improve t h e  modulari ty o f  t h e  equipment and t h e  q u a l i t y  of  s i g n a l s  from 

thcm. Each pipe  l i o u ~ i l ~ g  was f i t r e d  wlrh a "pipe  e l e c t r o n i c s "  u n i t  whicn con ta ins  

p re -ampl i f i e r s  and power s u p p l i e s  i n  o rde r  t o  b r ing  t h e  low l e v e l  s i g n a l s  from 

t h e  thermopile,  flow meter and the rmis to r  t o  t h e  0-10 V l e v e l  before  t r ansmiss ion .  

Once t h e  hea t  t r a n s f e r  experimental  u n i t  i s  assembled and put i n t o  o p e r a t i o n ,  

one has no access  t o  t h e  p ipe  e l e c t r o n i c s  without i n t e r r u p t i n g  t h e  experiment. 

Therefore ,  high r e l i a b i l i t y  \<as a  major d e s i b  c r i t e r i o n .  

Another f e a t u r e  was the  improved d a t a  a c q u i s i t i o n  system. I t  i s  very s i n i -  

:ar t o  the  manual d a t a  acquisition sysren discussed i n  Sec. 2 . 2 . 2 .  Design d e i a i l s  



of both the pipe electronics and the data acquisition syste3 are given in a 

3 
separate reporc . 

The syscem performed satisfactorily during the entire esperinental period. 

So flow stoppages occurred during the experiments at St. Croix and no problems 

arose with the flow meters. Upon disassembly the units were found to be Free 

oi macrofoulers. Presumably the constant flow prevented macrofoulers from 

attaching, as happened during the Buoy Series I experiments, where flow stop- 

pages d i d  .nct.lrr. 



3 . 1  I.ocnt ion o f  t l ~ c  t e s t  sj t e  for  tllc S t .  ( : m i x  o j ) c r i ~ c i o n  

-.I8 
L I 
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St .  Croix B a r g e  D a t a  
30 

Water Temperature versus Time 

Ex.per~ment Stor ted J u l y  19, 1977 

i i v e  ( w e e k s )  
[ July I August September I I 

3 . 3  Nazer  Temperature v s .  Time f o r  St. C x i s  exper ixen t s  . 



I 
i St .  Croix 6 a r g e  D a t a  

1 Worer  Veloci ty  versus T ~ m e  

' I E x p e r ~ m e n t  S t a r t e d  July 19, 1977 

1 e Aluminum (6061 - 7 6 )  at  - 6 f t  /sec 

t 
V e l o c ~ t y  readjusted to 
-6 f t / s e c  o t te r  t h ~ s .  p o ~ n t  

V 

0 9 
L 4 6 8 10 

Time ( w e e k s )  
J u l y  I August 1 September 



I I I I I I I I I 

- 
St. Cfo ix  Barge Data  

Foulinq Resistonce versus Time 
- Experiment Started J -u ly  19, 1977 

0 - - -  Aluminum ( 6 0 6 1 - ~ 6 ) o t  -- 6 f t / s e c  

1- 
- A- Aluminum ( 6 0 6 1 - ~ 6 )  at -- 3 f t  /sec 

- -. 

- - 

- - 

1 1 I 1 

0 8 12 .I 6 2 0  

T ~ m e  (weeks )  

3 .  5 'I'lrerrlinl Itcsi stilnce ( I t f )  vs. 'l'ilne for  S t .  (:ro i x  cxpct~ . ia~cr~ts  



Sominal Flow Veloc i ty :  6 . 0  f t / s e c .  

S t z r z i n g  Tine:  J u l y  19 ,  1977 
Da:a Normalized t o  7OeF, 6 f t / s e c .  

T ine  < h ?  * Lic l / h~  5 R, 

* Errors  quoted on h a r e  on t h e  mean and based on ;he repeatability of the 
ncasuie~~lel!i:. Errots on R, and t a r e  computed from these  e r r o r s  on h .  

rC f 



TXBLZ 3 . 2  

SU?FL4RY OF DXTX FOR S.13 ESPERI?EST 

Xominal Flow V e l o c i t y :  3 . 0  f z j s e c .  

S t a r r i n g  Time: J u l y  19,  1977 
Data Normalized t o  70°F,  5 f t j s e c .  

Time <h> * 

BTU ', 

{Weeks) ( h r  f t Z  O F ]  ' 

1 . 7  

2 . 6  

4 . 3  

5 . 1  

6.0 

6 . 9  

7 .9  

9 .0  

io. o 

( h r  f t i  OF\ 
A - 

\ n u  X l o =  

* E r r o r s  quoted  on h  a r e  on t h e  mean and based on t h e  r e p e a t a b i l i r y  o f  t h e  
measurement. E r r o r s  on R and tf a r e  computed from t h e s e  e r r o r s  on h. f 
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in  !zce lc;', !+P c o n d u ~ t e c  some 3e tz i lu r ; i c31  xeasurensnis  on hea t  ex- 

changer p ipe  sainples from t h e  X o i ' i ,  3uo)- S e r i e s  I ,  and S t .  Cro i s  es?eriments.  

Some of t h e  o b j e c t i v e s  of  t h i s  s tudy !<ere ro  understand the  na tu re  of  :he 

"foul ing fi lm"; i t s  composition, i t s  o r i g i n  and i h e  g r a i n  boundary s t r u c t u r e  

a t  the  in t , e r face  of  the  " fou l ing  film" and t n e  heat  excnanger p ipe .  Two d i f -  

f e r e n t  m a t e r i a l s ,  .A1 6061-T6 and T i  (Grade 2 )  , were s t u d i e d .  3 le ta l lu rg ica l  

techniques employed were metallography and t h e  a s s o c i a t e d  o p t i c a l  microscopy, 

scnnning e l e c t r o n  microscopy (SEN) and t h e  a s s o c i a t e d  e l e c t r o n  exc i t ed  x-ray 

energy a n a l y s i s  (E/EDAX) , x-ray d i f f r a c t i o n  (XRD) and secondary ion  mass spec- 

troscopy (SIMS) . 
A more d e t a i l e d  yeport  covering t h i s  i n v e s t i g a t i o n  appears a s  Appendix B .  

In t h i s  s e c t i o n ,  we p resen t  a  b r i e f  overview. 

4.1.  Samples. Samples from seven f i e l d  e?cperiments were s t u d i e d .  S ix  of  t h e '  

samples were A 1  6061-T6 and one was T i  (Grade 2 ) .  There was one A 1  sample from 

each o f  t h e  following e-qer iments :  KX3, SX6, BX3, BA6, S.43, and SA6. The Ti  

sample was from t h e  BT6 experiment. I t  was not i n v e s t i g a t e d  i n  a s  much d e t a i l  

a s  t h e  A 1  samples. A t  t h e  conclus ion o f  t h e  experilcents mentioned above, t h e  

heat  exchanger p ipes  were dra ined and allowed t o  d ry  i n  t h e  a i r .  Samples were 

sect ioned from t h e  pipes  and preserved i n  p l a s t i c  bags u n t i l  s t u d i e d ;  

4 . 2 .  Fouling F i l m  Thickness. For meta l lographic  examination, approximately 

0 .25  i n  long seczions  of  t h e  heat  exchanger p ipe  samples were  c u t .  An approxi-  

0 
inately 400.4 t h i c k  f i l m  of Xu - 10% Pd a l l o v  was deposi ted  by vacuum depos i t ion  

cn these  ring-shaped s e c t i o n s  of ? i p e .  This  u2s followed by e l e c t r o d e p o s i t i o n  

of -20  xi of X i .  These s e c t i o n s  were then ground, pol ished and o p t i c a l l y  exam- 

-. iried under a  s t e r e o  xisroscope.  ~ n e  th ickness  of t h e  " fou l ing  film" was measured 

5och -maer  t h e  microscope 2nd fram t h e  ~ h o t o g r n p n i c  rece rd .  For each s m ~ p l e ,  

s ~ p r n \ - i n a t e i : .  25 readings  were  rakcn riruund ;he r ing  sna averaged. Tzble 4 . 1  * 



?resents the resulzs of ihe fouling fiim thickness messuremencs iron the micro- 

graphs as well ss values calculated from the themai nezsurenents. The optical 

measurements are in rough agreenent wirh the thermal measurements in mosr csses. 

However, Craig et 31. re?orted a fouling film thickness of 1 to 6 Jm for their 
4 

analysis of St. Croix samples* using a weight loss technique. This differs 

seriously with our thickness measuremenrs and points to the need to identify 

satisfactory techniques for such investigation. Further, there is an unreso11:ed 

issue of relating dry-film thickness (obtained by metallurgical techniques) to 

that of wet-film (the thickness that actually exists during thefmal measutemencs). . 

4 . 3 .  Xature of Fouling Film. Since it is anticipated that corrosion of the 

metal surface will be related to its grain structure, all samples were treated 

with an etchant to develop the grain boundary structure. Subsequently, they 

were examined optically. Although all the .41 samples meet the standard specifi- 

cations for 6061-T6 pipe, there were considerable variations in their response 

to the etchant, in the distribution and the size of grains and in the impurity in- 

clusions. It was felt that such large variations are more closely related TO the 

variations in the manufacturing procedures of A1 6061-T6 pipes than to any differ- 

ences in their corrosion history. 

The deposit material was studied using SEFl over a wide range of magnifica- 

tions. The "fouling film" exhibited typically a cracked, loosely adheren: struc- 

ture. Fipurcs 4.1 and k . 2  show the typical matrix structure at tuo different 

magnifications. Biological materials such as diatoms, mollusk shells and 

stringy amorphous material seem to be anchored onto the matrix coating. Fig- 

ures 4.3 and 4 .4  show such bio-mass attachment. 

.As the samples were exainined under SDI,  the deposi't material \\;as analyzed 

by E/ED.AS. Elemenis from Na and above on che ?eriodic table were icentifi?~ 

by chis technique and zheir relative strengths were deremined semi-quantitscivel!- 

-. .All .A1 samples sncw that ihe "fouling tllrn" has a high X 1  contlnt, strongly 
4 
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indicating that the filn! nay have a chemical, rather than biologicsl, origin. 

!+o~ever, there is evidence to support the alte-rnative view that the "fouling 

1.. 

film" is biological in origin. This is discussed in Section 7 . 3 .  - 

*J-i, ;!-& '7 

%.& g In an atteqt to identify the chemical constizuents of the "fouling layer," 
">.I  8 p I -  b 

, . ggglft, 92 samples were subjected to SIMS. Also, some deposit material was 
,p,, 1; - 1  - , ' , - & = L  

3 . . 'T ,-Irrl': 

carefully scraped off the pipe surfaces and analyzed by XRD using a Debye- 
A+,,<-! i 

= .-I 4 
. 2- - 

J, -& , Schemer camera. The XRD work revealed a low degree of crystallinity for the 
L I 1 ,.'q sp:$ . v  tv.q.%.<:-r ..--- - material. The results of EDAX, SDlS and XRD, taken together, indicate that for 

' L -  
4 '  

,,A,,., the A1 samples, the average deposit has A1 and Ca as major components, Ng and 
I _ - -  
I _ .*,F;, 

* 
- 7  - .  organic material as minor components, and Si, Ja and C1 as trace elements. 

4.4. Recommendations. This investigation suggests some improvements needed in 

biofouling experiments and some features one would like to include in similar 

metallurgical investigations in the future. 

. There is a great need to select alloys of A1 that have better material 

control during the manufacturing process in t e n s  of their resistance 

to corrosion. 

. One would like to include within the realm of biofouling research a 

method to estimate the rate of metal loss in the heat exchanger pipes 

due to corrosion and erosion. It may be necessary to maintain control 

cross-sections cut from the heat exchanger pipe prior to the beginning 

of thermal measurements. 

, Post-e-qerimental techniques for measuring the thickness of the dry 

film need to be reviewed and correct techniques identified. 

. The relation of dry-film thickness to wet-film thicbess has to be 

resolved . 
. .4n effort to assess the maximum rate of etch pit penetration must be 

instituted. 



Figure 4.1 Typical A l  6061-76 heat exchanger Figure 4.2 Fouled heat exchanger pipe 
pipe surface under SEM at a magnification surface un&r SEM at a magnification of 
of 100. The sample i s  from NA6 experiment. 1000. The sample is  from NA6 experiment. 



Figure 4.3 Biological material attached 
to the fouled heat exchanger surface. 
SEM picture of a sample from BA3 
experiment at a magnification of , 100. , 

Figure 4.4 Biological material attached 
lo the fouled heat exchanger pipe ;~ i : :~  , - 

surface. SEM picture of a sample from 
BP3 experiment at a magnification of 
3000. . .  .- - -. $5.- .. - -7. 
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4 L ? L ' -  
t .d ,~r- -  



COZIP.lRISOS OF 31ICROGRVH .XU THER LZL ?lE.GUREPIEhT 

OF FOULISG LAYER THIcKYEss:' AL 6961-T6 S.UEJLES 

F i l m  Thickness 
(? l i  c r o g r a ~ h )  

'J m* 

F i l m  Thickness 
(Thermal) 

.;m** 

Samples dried before examination 

** Calculated from f ina l  value af R assuming that the thermal conductivity 
of fouling f i l m  is s . w  as  r k t  6f water. 

+ Sample handling after removal from buoy may have removed significant 
amounts o f  fouling material, 
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The thermal r e s i s t a n c e  o f  t h e  fou l ing  f i lm i s  determined a t  an;: time by J 

neclsuring the  heat  t r a n s f e r  c o e f f i c i e n t  jh) and comparing w i t h . h  a r  t h e  begin- 

ning of  t h e  experimental  per iod (ho) .  The thermal r e s i s t a n c e  i s  rnen computed 

a s  R, = l / h  - l /ho .  In t h i s  s e c t i o n ,  \*.e w i l l  d i s c u s s  da ta - t ak ing  and a n a l y s i s .  
& 

1 Taking Data. A t  t h e  beginning of t h e  experiment,  t h e  hea t  t r a n s f e r  co- 

e f f i c i e n t  t o  t h e  flowing sea  water i s  determined a t  va r ious  v e l o c i t i e s ,  u s u a l l y  

i n  . the range of  2 f t / s e c  t o  10 f t / s e c .  These d a t a  a r e  used t o  cons t ruc t  t h e  

Wilson p l o t  ( l / h  us.  v-.') f o r  t h e  experimental  u n i t .  Th i s  he lps  t o  a s s u r e  

the  i n t e g r i t y  o f  t h e  experimental  u n i t ,  and it a l s o  y i e l d s  a  value  f o r  the  

hea t  t r a n s f e r  c o e f f i c i e n t  a t  time t = Ox(ho) . 
Afte r  t h e  flow has  begun through t h e  heat  exchanger p i p e ,  t h e  normal pro- 

cedure f o r  t ak ing  heat  t r a n s f e r  d a t a  proceeds i n  t h e  fo l lowing manner. ' H e a t e r  

power i s  appl ied  t o  hea t  t h e  h e a t e r  blocks (Fig.  2 . 3 )  f o r  a  per iod of  about 

t e n  thermal time cons tan t s  of  the  system. This r a i s e s  t h e  temperature of  t h e  

copper c y l i n d e r  t o  i t s  asymptotic value  (-1°C above t h e  temperature o f  t h e  

flowing wa te r ) .  The h e a t e r  power i s  then turned o f f .  The output  of  t h e  thermo- 

p i l e ,  the rmis to r  and t h e  flow meter a r e  then recorded a s  func t ions  of  t ime f o r  

about t e n  time cons tan t s .  This  time record of  t h e  hea t  decay i s  def ined a s  a  

cool ing cunie .  During t h i s  t ime,  almost  a l l  of  t h e  hea t  s t o r e d  i n  t h e  h e a t e r  . 

c y l i n d e r  i s  removed through t h e  i n s i d e  s u r f a c e  o f  t h e  hea t  exchanger p ipe  t o  

t h e  flowing water ,  and t h e  output  o f ' t h e  thermopile reaches  i t s  as \mptot ic  

value .  .This  procedure i s  repeated a  number of  t i n e s  (usua l ly  16) i n  success ion 

.on t h e  same day, t o  inc rease  t h e  p r e c i s i o n  of t h e  r e s u l r .  Tinis forms rhe  core  

of t h e  b io fou l ing  dara .  The a n a l y s i s  procedures used t o  i ieteznine t h e  r i z e  

coilstant from the  cool ing curve ,  the  neat  t ~ a n s f e r  c o e f f i i i e n t  from t h e  t i n e  

; m s r z n t  and :he z h e n a l  r e s i s r s n c e  from z h e ' h e a t  t r a n s f e r  d a t a  a r e  presenzec 

ileS:. 



- m . .?inalazins Darz. P rocess ing  t h e  hea: t r a ~ s i e r  da:a proceeds  rhrough 

many s t a g e s .  Even b e f o r e  t h e  e k ~ e r i i u e n t  is  s t a r t e d ,  t h e  r e l a t i o n s h i p  t h a t  

c o n v e r t s  t h e  t ime c o n s t a n t ,  r ,  t o  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  h ,  i s  aevel -  

1 oped f o r  a n  expe r imen ta l  u n i t .  Th i s  is accomplished by t h e  program bITAU . 
The i n p u t  t o  t h i s  program is of  two k inds :  t n e  geometr ic  d e t a i l s  (such a s  

t h e  i . d .  of  t h e  n e a t  exchanger p i p e ,  t h e  o,d. of  t h e  h e a t  exchanger p i p e  a t  

t h e  l o c a t i o n  where t h e  h e a t e r  c y l i n d e r s  a r e  clamped, and t h e  0.d.  of t h e  

h e a t e r  c y l i n d e r s )  and t h e  p h y s i c a l  p r o p e r t i e s  (such as h e a t  c a p a c i t y ,  thermal  . 

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

The o u t p u t  of t h i s  program is t h e  f u n c t i o n a l  r e l a t i o n s h i p  between T and h 

f o r  t h a t  p a r t i c u l a r  expe r imen ta l  u n i t ,  assuming a  s i n g l e  p a t h  f o r  h e a t  f low 

(namely from t h e  i n s i d e  s u r f a c e  o f  t h e  h e a t  exchanger p i p e  t o  t h e  f lowing 

w a t e r ) .  T h i s  program needs  t o  be run  o n l y  once f o r  an expe r imen ta l  u n i t  and 

is done b e f o r e  any c o o l i n g  cu rves  a r e  analyzed,.  
* 

E s t r a c t i n g  a  t i m e  c o n s t a n t  from t h e  c o o l i n g  cu rve  is  done nex t .  Here 

w e  u se  two d i s t i n c t  p rocedures :  a  two-parameter tit and a three-parameter  

f i t .  The program package, HTCOEF, u s e s  t h e  two-paruoeter  f i t .  

I n  t h e  absence  of  any f l u c t u a t i o n s  i n  t h e  t empera tu re  of t h e  f lowing 

water, t h e  o u t p u t  of t h e  the rmop i l e  du r ing  thermal  decay h a s  t h e  e x p o n e n t i a l  

S t r ' u C t u l ' C ,  

krnere. P ( t -0 )  and V (t=m) a r e  t h e  o u t p u t  vo lcages  of t h e  the rmop i l e  a t  che 
T C T C 

beginning  of h e z t  decay and i n  t h e  asympotot ic  r e g i o n ,  r e s p e c c i v e l p .  Thus 

Ea. 5 . 1  h a s  t h r e e  unknokn Tarameters ,  VTC(t=O), V (c=w) and r. I n  t h e  two- T C 

. ? a rame te r  f i t ,  t h e  p a r m e t e r  V, ( t=-) i s  d e t e m i n e d  e x 7 e r i n e n t a l l y  bv aver -  
LC 

a g i n g  -,he ou t?u t  of t h e  t h e n o p i l e  i n  t h e  asymptot ic  regioi i  l e a v i n g  VTC(t-9) 

- ant T zs u n ~ n o k n  p i i r ane te r s  t o  be a e r e n A i n e c  from :be coo i ing  c u n r e .  ~ h u s ,  
.: ' 



~ranring V it=-) ta be a :Ecnown paraneter, Za. 5.1 ca? be rewritten as, TC ' 
I 2  [VTC(:) - C (;==)I = ;n [\1 (:=O) - VTC(t==)] - t::. TC TC ( 5  ..1) 

Equation 5 . 2  has the strxccure of a linear'equation, and a simple linear re- 

gression of the heat decay data (suitably weighted) yields the desired parane- 

ter T. 

However, the experimental determination of V, (t==) could be in error 
1 C 

for the following two'reasons. Fluctuations in the temperature of the flow- 

ing water before and during the asymptotic region would introduce uncertain- 

ties in the V (tom) as seen in Fig. 5.3. . A  cooling curve that was teminated T C 

early would.also yield an unreliable estimate of VTC(t==). Situations like 

these can be handled with the three-parameter fit in which all three parame- 
..%. 

ters, V (t=O), VTC(t==) and T, are treated as unknowns. The heat decay data" TC 

are analyzed by a ~ultiparameter minimization procedure, and this is accom- ' 

plished by the program packa.ge PETITE. 

The quanrity x2 is defined as follows: 
n expt. fit 2 

x = 4 [VTc(t) - VTC(t) I 
1 

expt fit . 
where V, (t) and VTC(r) are the experimental and fitted values of the thermo- 

& c 
7 

pile vo'ltage, and n is the number of experimental points. The function X' is 
7 

considered as a continuous function of the three unknown' parameters. This X- 

space is searched to find a minimum. The search procedure is initiated by 

supplying initial guess values for.each of the unknown parameters. In practice 

the results obtained fron the previously described 2-parameter fit are used 

as the starting values. The program package first uses the efficient 'Gradient 

7 2 
Search" technique unti:: a minimum of x isapproached. Then i: switches over 

7 2 
.to the 'Grid Search" technique until x is ininhized to the required accuracy. 

In our routine data reduction, the cooiing curves are processed by the 

2 paranetzr and the 3 paramefar procedures successiveiy and :he results are - 

checsed one against the other. 



- .- . The e x t r a c t e d  time cons tan t  : is rnen c o n ~ e r r e d  t o  a heat  t r a n s f e r  soerr.;- 

c i e n t  us ing rhe  T-h  r e l a t i o n s h i p  f o r  znaz experimental u n i t  der ived by FZ.:?. 

Then t h i s  va lue  of h  i s  co r rec ted  f o r  nea t  i o s s e s  co t h e  a i r  and up and dohn 

rhe  w a l l s  or' t h e  hea t  exchanger p ipe .  The cor rec ted  value  of  h is  normalized 

t o  a  nominal temperature  (70°F) and t h e  nominal flow v e i o c i t y .  This  i s  repeated 

f o r  a l l  t h e  cool ing curves  f o r  t h a t  day and t h e  r e s u l t s  a r e  s t o r e d .  The mean 

and t h e  e r r o r  on t h e  mean f o r  va r ious  e - y e r i m e n t a l l y  measured q u a n t i t i e s  l i k e  

h, 'I' and V src computed. Nexr, based on prescribed ~ r . i L e i . ~ k ,  the r e s u l t s  of 

i n d i v i d u a l  coolrng curves  a r e  acecpted o r  r e j e c r e d .  The accrpcance c r i i e r i a  

a r e  d i scussed  below. The mean and t h e  e r r o r  on t h e  mean f o r  t h e  g u a n t i t i e s  h ,  

T and V a r e  once again  computed us ing on ly  t h e  accep ted ,coo l ing  curves .  

- - 
3 . 3 .  Acceptance C r i t e r i a .  We expect  (and have observed i n  t h e  l abora to ry )  

. t h a t  such coo l ing  curves  w i l l  be p r e c i s e l y  exponent ia l  i n  t h e  absence of v a r i -  

a t i o n  i n  ambient c o n d i t i o n s .  However, i f  water temperature o r  flow v e l o c i t y  

should vary  r a p i d l y  enough, d e v i a t i o n s  from exponent ia l  behavior w i l l  occur ,  

and w i l l  a f f e c t  t h e  measured va lues  o f  h, and thus  of  R f .  We have found t h a t  

v a r i a t i o n  v a r i a t i o n s  of v e l o c i t y ,  of  t h e  magnitude e -qe r ienced  i n  t h e  f i e l d ,  

have l i t t l e  e f f e c t .  Water temperature f l u c t u a t i o n s ,  however, a r e  more of  a 

problem . 
The thermal t ime cons tan t s  o f  t h e  re fe rence  and h e a t e r  c y l i n d e r s  a r e  de- 

s igned t o  be approximately t h e  same ( d i f f e r e n c e s  i n  t h e i r  cons t ruc t ion  d e t a i l s  

and variations i n  t h e i r  assembly ~ r o c e d u r e s  in t roduce  small  d i f f e r e n c e s ) .  

P e r f e c t  equalit? of t h e  two t ime cons tan t s  would y i e l d  t h e  d e s i r a b l e  f e a t u r e  

of  immunity of  t h e  thermopile output  t o  t h e  temperature f l u c t u a t i o n s . i n  t h e  

f lowing water .  This.makes t h e  t h e n o p i l e  output  obey a  pure e-xponential func- 

:ion dur ing t h e  chernal  decay. Ho\~ever ,  i r  i h e  re fe rence  and h e a t e r  cylif lders 

3 r e  not  ? r e c i s e l ?  tuned,  changes in t h e  t s n p e r a i x r e  of the  f lowinz sea  \carer  

tanse changes i n  <he, thermopile ou t?u t .  The r g l a t i o n s n i ?  between t,hese changes 
. . 



- - and the fl~ctuations in the vater cegpsratcre are complicated. This e:;ect is 

illustrated in Fig. 5.1 for one of the cooling curves collected during the Xoi'i 

operation. Figure 2 shows the output of the inemistor and the thenopile for 

a cooling curve taken during the St. Croix operation. Here, the output of the 

thermopile, in spite of large fluc~uation~ in the themistor voltage, is rela- 

tively steady. In this case, the two cylinders are tuned well. The ratio of 

the time constants for the heater and reference cylinders is r / r  = 0 . 9 i .  
H R 

Fig. 5.3 shows similar data taken using one of our devices at Keahole Point, 

during the Buoy Series I operation. As the figure .shows, the output of the 

thermopile is more sensitive to water temperature fluctuations. The ratio of 

the two time constants in this case is T /T = 1 . 4 2 .  
H n I ,  pk 

.. :. 
Methods of determining the extent of detuning and procedures for tuning 

3 the device have been discussed in greater detail in the design document . 
Since not all test units are perfectly tuned, it is desirable to define 

an objective set of criteria which will discriminate against data which are 

seriously influenced by water temperature fluctuations. We expect that the 

"goodness of fit" of the fitted exponential curve to the experimental data . . 

points will be sensitive to this problem. To find out, we compute, for each 

cooling curve, the FITTiMS as a measure of the goodness of fit. Its defini- 

tion is 

2 where x is def ined in Eq. 5.3. The FI.TR!!S for a typical data set are tabu- 

lated in Table 5.3 and plotted in Fig. 5.5. From Fig. 5.5 it is rather clear 

that there is a well defined grouping with FITR!S just less than ? aV. and 

that the point at G.2 mV should be rejected. it is not clear, however, pre- 

cisely whets to draw the line, i.e., should some or all of the ?oic:s between 

1 and 2 ziP be rejected? 

The situat:on is clarifisd consiaerably if ve look at a second paramet~r. 

3efine V-(fit) - to 5e the fitzed value, and Vm(zeas) to be tke zezsured value 



of the thermocouple output in the asgptotic region (the second asymptotic 

vinaov of Fig. 2.1G). Then let 

Ke expect LV- also to be affected by water temperature variations in a de- 

runed system. The values of AVm are also tabulated in Table 5.3 and plotted 

in Fig. 5.6 for the same data set. 

Again we Gee 3 cluttering at AV- = 0, but we do not oec clcar cut-off 

points in Fig. 5.6 where acceptance criteria might be set. However, a two- 

dimensional scatter plot of AV- vs. FfTRlYS for the individual points of Table 

5.3 shows a clearer separation. This scatter plot, shown in Fig. 5.4, shows 

a well defined cluster of s i x  points at the lower left, and four points which, 

are, to varying degrees, affected by water temperature variations. This plot 

shows that, for 'this particular unit, data points should be accepted if 

(approximately) -25<AVaD<10, and FITRMS'<1.3. 

It should be noted that suitable two-dimensional acceptance criteria on 

LV- and FITRMS will be different for different units because of differences 

in degrees of detuning. Therefore, when a new experiment is started, a scatter 

plot like that of Fig. 5.4 should be made for each unit being used (but using 

more data; perhaps 32 to 64 points). Scrutiny of this scatter plot will allow 

reasbnable limits to be set. Furthermore, observation of the scatter plots 

early in the experiment will be useful for detecting major problems in the 

apparatus or procedures. That is, if the acceptable zroup of points is very 

much more spread out than those of Fig. 5.4, or if they do not cluster around 

the point (1, 0). it is a sign that something is seriously wrong. 

We point out that most of the data presented in this report were not 

subjected :o the criteria described above because the analysis was not done 

until after 3 large amount of data had Seen analyzed. For these data, C5auv- 

net's criterion was used. This crizsrion is that if one is averaqing S data 



?oin:s, one should reject those \$hose probability of occurrence is less than 

1 Since we took, t:pical!?-, 16 points per day, this corresponds to a 

jOi probabi:ity of occurrence \<hich is equivalent to rejecting those further 

than two standard deviations from the mean. (It .is :he 20 cut which was 

actually applied.) The effects of applying this cut are shown in 'Tables ' 

5.1 and 5.2 for the Buoy I and the St. Croix experiments, respectively. 

5 . 4  Errors. The random error on a typical day1 s measurement 6f h (average 

of 16 measurements) are expected to be less than 15, as indicated in Tables 

5.1 and 5.2. We expect even more precision if the acceptance criteria of 

Sec. 5.3 are used br if the units are precisely tuned. The limitations on 

the accuracy of the results (h) are due to the systematic errors. We believe 
.,- 

the most serious systematic error to be due to the calibration of the flow- - 
meters). Other systematic errors should be well below this. In all cases, - 
therefore, where the random error is less than 1% (almost always) we assign 

an error of 1% to each measured value of h due to the flowmeter systematics. 

Clearly, there is no point in taking more than 16 cooling curves per day since 

doing so would only reduce the random error (which. is already small) and woul% 

have no effect on the systematic error (which dominates). 



t (sec ) 

3.1 C o r r e l a t i o n  between Water Temperature ~ l u c t u a t i o n s  and 
Deviations of  t h e  ~ h e r m o p i l e  Decay Data from t h e  F i t r e d  Csr1:e 



Time ( s e c )  
5 . 2  (:orrcla t ion Iketwcen tllcra~opi l c  ancl thermistor outp~~t.  i n  the nsy~lllitot i c  

1 . c ~  ion for a \ ~ c l  1 ' t~~nccl'  Ilci~t tl.ansfer unit : SAG cxl)crin~e~~ t 
h; 
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Keoho le  Point, H o w o i i  ' -1 
l l 0  - Buoy S e r i e s  I 

A l  6 0 6 1 - T 6 ,  
90 - Nominal Velocity = 6 f t  /sec 

5.1 .J, sca t ter  ? l o r  correlating i V o  w i z h  F1TKY.S: 5.i6 exserimen: 



5.5 D I S T R I B U T I O N  OF FITRMS: B A 6  EXPERIMENT 





TXBLE 5. i 

3.4T.A OX TIE PERFORLiUCE OF TIE IhTERII1 CRITERIOX 
FOP. .4C~ZE?TING A COOLING CJR\:E : S.J.6 ESPE.PI?EIT , 

:E.ViOLE POIST, BUOY SERIES I 

Bate T o t a l  :hnbes Ymber of ch? . < h >  
* 

ot' CCU'S CCU' s a ~ ~ e p t c d  E u ~  a l l  r : r : r . r 1 ~  +or a,:t:*u&+~d -.--. 2~319" " '  

Mar 8 ' 7 7  16 15 1119.0 2 1.3 1118.3 2 1.0 

i a r  16 ' 7 7  16 15 1118.4 2 3.5. 1116.5 2 7.3 

Mar 29 ' 7 7  15 14 1031.8 2 9.8 1040.6 2 1.3 

Apr 5 ' 77  14 1 ? 971.8 r 1.4 974.9 2 0.9 

* Thc acceptance criterion has been t o  a.ccept a value of  h if it does not 
differ from the mean by more than 2 0 .  



D.iT.4 OX T!4E PERFOWLkYCE OF THE IhTERI\l CRIXSION 
FOR ACCEPTING .A COOLIXG CUR\'E: 5.46 ESPERI.\EST 

ST. CROIS, U.S. VIRGIS ISLi'iDS 

Date 
* 

Tota l  Number Nuinber o f  <h> <h>  
of CCU's CCU's accepted f o r  a l l  CCU's f o r  accepted C C U ' s  

14 J u l y  19 '77 

J u l y  24 '77 1 3  12 1117.6 2 6.0 1121.8 2 4 . 6  . 
J u l y  30 '77 14 11 1107.0 r 5 .7  1107.0 + 8.7  

Aug 5 '77 14 1 3  1095.3 r 8.2 1089.7 + 6.5 

The acceptance - c r i t e r i o n  has been t o  accept  a va lue  o f  h if it does no t  
' 

d i f f e r  from t h e  mean by more than 2c.  



TABLE 5.3 

I-V- X,\P FITRMS: BX6 L P E R E E Y T  ICEAHOLE POIXT, BUOY SERIES I 



1.  J. S. i e tkov icn ,  C .  I$. F e t t e ,  S. K .  Findley,  G .  X .  Granesanr i ,  L .  \I. 
lahalingam, D.  L.  l e i e r  and P .  D. Runco, "A System l o r  ? l e a s u r i n ~  t h e  
E f f e c t  of Fouling and Corrosion on Heat Trans fe r  Under Simulated OTEC'  
Condit ions," DOE Report No. COO-404'1-10, (1976),  pp. 19-20, lS1-204. 

1. P .  R. Bevington, Data Reduction and Error  .Analysis f o r  t h e  Physicai  
Sciences ,  (McGraw-Hill Book Co., Xew York, 1963),  p.  ZOJ-246. 

3 .  J. 5. Fetkovich,  C. N. F e t t e ,  R.  11'. Findley,  G .  S .  Granneaann, L .  11. 
?lahalingam, D. L.  bleier and P .  Runco, ".I\ System f o r  :.leasuring the  E f f e c t  
o f  Fouling and Corrosion on Heat Transfe r  Under S i n u l z t e a  OTEC Condi- 
t i o n s , "  Di)E Report No. COO-4041-10, (19T6), ~ p .  21-27. 



5. CIil\R\CTERISTICS .LXD ?t,RFOR;4LYCE OF T i i  E A T  

TRLXSFER MOSITORING DE\:ICE 

The design docme.nti ?repared during late 1976 discusses in detail ?he 

theory, construction, assembly, and operating procedures of the heat trans- 

fer monitoring device. This document includes results of many of the exten- 

sive laboratory tests and some preliminary tests in the ocean. Thus it is 

the primary source on the hardware features and performance characterisrics 

of the device. I 

In the last two years, many field experiments have been carried out 

using these devices, which has increased our understanding of both the char- 

acteristics of the device and the biofouling problem. During this period, 

a considerable effort was made to ?repare and disseminate information about 

this device and to train other groups such as Pacific Northwest Laboratory 

of Battelle, NSRDC of the U.S. Navy, NDBO of N O M  and the Natural Energy Lab 

of the University of Hawaii. .4s new users have come to operate these devices, 

there is a need to clarify a few of the characteristics. 

6.1. Tuning and Immunity to Temperature Fluctuations. In Section 5.5, we 
. - 

discussed how the output from a detuned heat transfer monitoring device would 

be impaired in the presence of temperature fluctuations. Since temperature 

fluctuations are prevalent in the ocean, it is natural to ask whether there 

are ways to obtain reliable measurements in spite of them. . There are three 

ways to handle the problem. 

After assembling the device, it is relatively easy'to determine the dif- 

ference between the time constants of the too sets of cylinders (reference 
1 

and heater). This procedure has been described in the design document'. 

Once the amount of tuning necessary has been determined, it can be achieved 

in one of many ways. The chemal capacicy of the reference cylinder could 

be changed by using r i n g s  of copper that could be clanped to. the reference 
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t::lizder. The themal resistance of the concacc bezween the pipe and the 

cylinders could be changed in severai ways. Tnese include ?reparing the 

contact areas of the heat exchanger pipe and the cylinders to different 

degrees of smoothness, and using varying amounts of high thermal conauc:iv- 

ity grease between copper cylinders and the heat exchanger pipe. In general, 

we do not recommend these procedures since they are an inconvenience and it 

has been demonstrated that the system, when properly assembled, works quite 

well as is. NSRDC, in their experiments, have slanipulated the torque values 

with which the cylinders are clamped to the pipe. We most stronelv advise 

against this. There i s  reason to believe that differential expansien o r  

contraction due to long-term water temperature variations and/or vibrations 

can cause unseen changes in the thermal resistance of the contact between 

cylinders and pipe if the cylinders are clamped with a torque less than the 

design value. Of course, using much greater than the design-value torr-le 

risks damage to the apparatus. 
b 

Another scheme involves analytically handling the temperature fluctva- 

tions in the thermal decay equation. We present the equations below. Let 

T (t), T (t) and TG(t) be the temperatures at ~ L n e  t of che heater cylinders, H R 

the reference cylinder, and the flowing seawater. Let tH and T~ be the ther- 

nal time constants of the heater cylinder set and the reference cylinder 

respectively. Then Equations 6.1 and 6.2 describe the time dependent behav- 

ior of Ty(t) and Tx(t) in the presence of temperature.fluctuations in the 

seawater. 

Solutions to these first order differemial equati~ns can be written 2s 



u 

where Tg and TR are ;he temperatures of the heater cylinders and the refer- 
0 0 

ence cylinder at time t=O. Since the o.utput of the thermopile is proportional 

to the difference in the temperature between the heater and refsrence cylinders, 

we can write 

where AT(t) is TH(t) - TR(t), 
K is a constant of proportionality and V offset 

T C 
is the thermopile off set vo1tag.e. ..",. . % 

For the determination of Tk,(t), the thermistor data acquired during thermai 
,. .. 

decay is used. The cooling curve data could thus be fitted to Eq. 6.3. This 

involves a five parameter fitting procedure. We have not attempted to use 

this procedure. 

As indicated above, we do not recommend that any turning procedures be ,; 
.(r 

used as standard practice. Our experience has shown that, because the two 

cylinders were designed to be approximately tuned, water temperature fluctua- 

tions are not a serious problem. Sinec typically only a few of each day's 

16 measurements usually need to be rejected, such rejection of bad data is 

by far the easiest solution. 

6.2. Velocicv Fluctuations and Their Effects. In operating the device in 

the field, anotner potential problem was encountered: fluc:uations in the 

velocity of flow through the heat eschanger pipe due to wave action in the 

ocean. The size of rhe fluctuations depends both on the roughness of the 

sea and :he.moce of operation of the device (sub-surface or above-surface, 

with or zizhout velocity resulators, et2.1. For the experiments atcachet  to 



tne buoy (at Kesnole Point, Hawaii), the fluctuations were small, of the order 

of O . 2 O O  foi t n e  6 f t / sec  cxpesialent as shown in Fig. 6.1. The ex~eriments oper- 

ated on board the ship Noi'i and on board the moored barge had higher velocity 

fluctuzrions. They were largest for the St. Croix experiments, of the order 

of 55 for the 6 ft/sec experiment and 7% for the 3 ft/sec e-xperiment and are 

shown as histogram plots in Fig. 6.1. 

It is relevant to ask whether these velocity fluctuations registered by 

the flow meter are real and in what way they impair the quaiicy nf the hcnt 

trunsfcs data. The flow meter employed in this investigation employs a target 

on the end of an arm whose fle-wre in response to ?low velocity is measured 

by a strain gauge. Flexure due to inertial forces arising from.motion of the 

device could cause apparent velocity fluctuations. The measured average veloc- 

ity should not be seriously affected by such an effect. That this is happening 

is indicated by two pieces of evidence. Using a large number of cooling curves 

collected during buoy experiments and S t .  Croix experiments, we carried out a 

correlatioi-1 srudy. It showed no cnrrcla%ion between the size of the velocity 

fluctuations and the deviations in the measured tnermal time constants. Thus 

the apparent flow fluctuations do not seem to affect the average. 

Figure 6.3 features scatter plots of h before and after velocity normaliza- 

tion for a set of cooling curves collected on one day on board the barge at St. 

Croix. As seen, there is a great dispersion (about a factor of 21  in the plot 

of ii a f r e t  velocity normalization. This implies that the true flow velocity is 

nore constant in time than the flow meter indicates. 

6.3. Integritv and Durabilitv of the System Hardware. blast mechanical, elec- 

crical, and electronics hardware used in the biofouling scudies performed s a t -  

isfactorily. There were a few failures due to poor ~erformance of the aazerial 

and poor design features. Solutions vere developed to handle zhese failures 



?olyvinyl chloride (PCC) as a zaterial for building the housing For cne 

neat eschanger pipe unit and for the pump unit ?roved to be very reliable in 

all sub-surface experiments. The housings were designed-to work at a submer- 

gence depth of up to 100 feet, but in all buoy experiments they were subjected 

to only about 50 feet of water.. In above-surface applications, if desired, 

the protective housings.could be built at a lower cost and designed for easier 

. assembly since pressure requirements are absent. 

In the assembly of the protective. housings and in the plumbing of the heat 

transfer measuring device, three different make-and-break seals (neoprene gas- 

. kets, rubber '0' rings, and teflon '0' rings) were used. k'hen these seals were 

made with care, they perforned very reliably. No one of the seven biofouling 

experiments conducted during this period had any problems resulting from these 

seals. 

Flaterials, design, and construction of the heater (to elevate the temper- . 

ature of the copper block), the thermopile (to monitor the te6perature differ- 

ential) and the thermistor (to monitor the temperature of seawater) skem satis- 

factory. 

In the original design, the reference cylinder also served the function 

of clamping the heat exchanger pipe to the top plate of the protective housing 

(see Fig. 2.3). Later, a separate cylinder of the same dimensions as the refer- 

ence cylinder was installed as a clamp. This helps to improve the reliability , 

.of the thermopfle by reducing mechanical handling. 

In the Noi'i and Buoy Series I experiments, low level (uV and nV) data 

signals were handled. Subsequently, each experimental unit was fit;ed with 

"pipe electronics" to convert all the data signals to :he 0-10 V level before 

handling. This was put into practice for the St. Croix operation and subse- 

quently has besn a standard practice. This feature has nade eacn experimental 

unit more modular and improved the n n i s e  quality of the data signals. 



During =he repcrring Feriod, ::?ree data acquisition systems vere c,on- 

strucred and operated in conjunction with the biofouling experimests. Tuo 

of these were manual. One was operatzd as a back-up system at Keahole Point 

and the other was operated at St. Crois. The third one was a microprocessor- 

based system operated with the Buoy Series 11 experiments (which began during 

December 1977). Each of these systems performed well. 

Joule heating generated in the motor windings of the pump while it is 

in continuous operation is removed by,tapping part of the seawater from the 

discharge end of the pump and circulating it through a copper cooling coil 

wound around the motor (see Dvg. 403 of Ref. 1). The original selection for 

this cooling coil was 114 in i.d. and 1/16 in wall copper tube. Erosion1 

corrosion in the copper cooling coil caused leaks resulting in two pump 

failures in the Buoy Series I experiments, one after 10.6 weeks and another 

after 20.3 weeks of operation. Later, design changes were m d e  to use slightly 

larger diameter (0..175 in i.d.) copper tube of greater wall thickness (0.100 

in.) to reduce the possibility of such failures. 

subsequent to the Buoy Series I experiments, a second series was begun 

on the submerged buoy at Keahole Point'in September 1977. 1.t was very soon 

aborted partly du'e to two pump failures. Both of these pump fgilures were 

related to poor performance of some of the materials of construction. Inside 

the pump housing, both at the inlet and the discharge end, clear Tygon tubing 

(of 1-114 in i.d. x 1j4 in wall) vere used in the plumbing. (Refer to Dwg. 

D-403 of Ref. 1). In one of the pumps, the Tygon tubing ruptured, flooaina 

the pump housing. Figure 6.6 snows this failure as it was Found on disassenbly. 

hlso, reinforced ( i . e . ,  braided) Tygon tubing (112 in i.d. x 3/32 in wall) 

vas used in the cooling coil loop. The second pump failure occurred due :J 

failure in chis braided Tyqon tubing. In all subsequent work, Xeroquip hoses 

(CWO layers of rubber vizh Fiber i=piegnatioc) replaced both the clear and 

reinforced T?-zon:tub$rig. This i ~ l ~ ~ . d  rhe probien of hose ruptures. 



At Kzahole Poin:, Xavaii, operator-controlled, "master" beach e1sctror.i~~ 

and the remote, "slave" buoy electronics are interconnected by a 1,500 f c .  long 

suomarine cable. This cable carries powereand control signals to the buoy fron 

the beach, and bringi data signals from the buoy to the beach. During the Buoy 

Series I experhents, pro~leuk. of cross-talk arose. Control pulses to step 

the flow meter circuit and step the thermopile circuit are carried as differ- 

ential signals in untwisted unshielded pairs. In close proximity to them is 

the conductor carrying ac power to the heater. Transiants, generated while 

the heater is switched on, caused transmission of sharp pulses do,wn, the above 

mentioned control lines. This sometimes resulted in unwanted switching of 

. the thermopile circuitry and/or the flow meter circuitry. This was solved by 

incorporating a .O1 vf capacitor after the line receiver, one each for the ':-. 

step flow meter circuitry and the step thermopile circuitry. The capacitor -. 

shunted the high frequency'noise to the ground; 

For each of the biofouling experiments, the flow velocity of seawater 
. . 

through the.heat exchanger pipe was measured by a target-type flow meter 

(?lark V) by brnapo Instrument Co. In the first application of this kind of .' 

flow meter (on board Noi'i), the flow meter body was made of SS 316 while 
" 

the flow sensing part, namely target and lever am,  was of 17-PH. This led 

to severe galvanic and crevice corrosion underneath the teflon '0' ring seal 

where the lever arm is coupled to the body of the .flow meter. Luckily this 

didn't cause a water leak in the system. In later work, all SS 316 flow 

aeters were used to avoid galvanic corrosion. As a further improvement, the 

?VC was selected for the body of the flow meterand' Hastalloy C for the lever 

a m  and the flow-sensing target. These changes have aade the flow xerers 

quite durable in seawater applications. 

- - 
ii sacrofoulers attach to the target or the space around it, they can 

niter the calibration constant of the flow seter. The Bh6 eqerimenr is an 

esafi?ls of this problzn. At 11.G veeks, flow stopped .for a .period of a few 



iays. The Flow velocity monitored 5y :he f l o ~  neter subsequently could xoc 

>* interpre~ea uniquely as shown i: Fig. 6.5. The fiow xeter on disassembly 

is shown in Fig. 7.6, where we see macrofoulers (barnacles) attached io the 

flow meter body. There is no evidence in all our work for the attachment 

and grovth of macrofoulers as long as flow is maintained without long inter- 

rup t ions. 



Keaho le  Po in t ,  Hawa i i  

Buoy S e r i e s  II A1 5 0 5 2  
Nominal Veloc i ty  6 f t  / s e t  

6 .  Hiscogram 3f v e l o c i t y  ~ ! u c r x a c i o n s  f o r  sub-rur5acs o y e r a t i z n :  
5 X o  ( S e r i e s  11: ?s?e r inen t  



St. Cro ix  B a r g e  D a t a  

Norninol V e l o c i t y  3 f t  / s e c  

5 .  Hisrograms of velocity fluczuations for above-surface operation: 
SA3 and 3,A6 exleriments 



- h A f t e r  Velocity Norma l i za t ion  

. 
- 

. . - p < h >  

( 557.5  2 1.9 ) 
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C o o l i n g  C u r v e  Number 

- h Be fo re  Velocity Normol izo t ion 

Cool ing C u r v e  N u m b e r  

6 .3  Sca t t e r  ? l o t s  of  n before and a f t e r  ~ e l o c i t : . ~  n o m a l i z a t i o n :  
SA3 ex~er iment  



Figure 6.4 Pump failure due to failure of the 
clear Tygon tubing i n  the plumbing. Subsequently 
Tygon tubing has been replaced by Aeroquip 
hoses. 



- 
Keahole Point Buoy Data 

- Flow Velocily versus Time 

( t = 0 is February 12,1977 ) 

4 . ..... Velocily assumed lo be 7 f t /'sec 

. I A --- Velocily computed using ( FMR - FMZ ) 

Velocily computed using ( FMR - historical FMZ ) 

Time ( w e e k s )  

I I March 1 April 1 MOY I June 
I .  \V;lt cl: vcloc it.g v s .  'l'illle for t l ~ c  R A 6  cxlrorill~ont w i t 1 1  d i  l'fcreot ~ I S S I I I I I O ~  i o ~ ~ s  ; I ~ I U I I ~  i11s1: I . I I I I I C I I ~ ; I ~  i O I I  

lllliclllc i ,~ l to~- l ) t . c t i~ t ion  o f  Flow va loc i ty  was nut ~)oss i l~ l 'c  s ~ ~ l ) s e r ~ ~ e n t  to t l ~ e  lol~l: tcnn f l o w  
s I O ~ I ~ ~ ; I ! : ~ . :  I I I ; I I  occ~~l.l .ctl ; ~ t  1 1  . 4 weeks. 
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7 .  DISCUSSIOX - .  

In t h e  l a s t  two years  of opera t ion ,  t h e  heat  t r a n s f e r  monitoring device  

has been employed i n  t h e  f i e l d  under va r ious  cond i t ions  t o  measure t h e  "bio- 

fouling" p o t e n t i a l  i n  t h e  warm mixed l a y e r s  of t h e  ocean. In t h i s  s e c t i o n ,  

we w i l l  f i r s t  b r i e f l y  enumerate some of t h e  parameters t h a t  have been v a r i e d  

i n  t h e  course o f  these  experiments. Then, we w i l l  p resen t  t h e  common f e a t u r e s  

observed i n  t h e  thermal da ta .  Two d i f f e r e n t  views a r e  presented o f f e r i n g  pos- 

s i b l e  explanat ions  f o r  t h e  o r i g i n  and t h e  na tu re  o f  t h e  "foul ing layer ."  I t  

is followed by some i n t e r e s t i n g  observat ions  t h a t  bear  some importance i n  t h e  

design and opera t ion  o f  OTEC heat  exchangers. 

7.1.  Parameters and The i r  Var ia t ions .  Thermal measurements were conducted 

a t  two d i f f e r e n t  geographical  loca t ions .  Experiments on board t h e  resea rch  

v e s s e l  Noi ' i  and on t h e  submerged buoy were o f f  t h e  coas t  o f  t h e  Big I s l and  

o f  Hawaii a t  1 9 ' ~ ~  156°1J.in t h e  P a c i f i c  Ocean (Fig. 2.1). Those aboard t h e  

moored barge a t  S t .  Croix were o f f  t h e  coas t  o f  t h e  Virgin I s l ands  a t  l a O N ,  

65'W i n  t h e  Caribbean Sea (Fig. 3.1) . 
Both of t h e s e  waters  a r e  genera l ly  c l a s s i f i e d  a s  t r o p i c a l .  However, t h e r e  

a r e  d i f f e r e n c e s - i n  t h e i r  c h a r a c t e r i s t i c s  including t h e i r  chemical n a t u r e  and 

b i o l o g i c a l  a c t i v i t y .  The experiments a t  Keahole Point  were about 1100 f e e t  

away from t h e  seashore i n  about 150 f e e t  o f  water.  During t h e  Noi ' i  experiments 

t h e  water samples c o l l e c t e d  i n  t h a t  region ind ica ted  high b i o l o g i c a l  a c t i v i t y  

with 20,000 bacteria/rnl  of water'. A t  t h i s .  experimental s i t e ;  t h e  water i s  i n -  
7 

f luenced i n  i t s  c h a r a c t e r  by t h e  nearby land mass'. In c o n t r a s t ,  t h e  experimen- 

t a l  s i t e  a t  S t .  Croix was seven miles nor th  o f  t h e  i s l a n d  ( t h e  n e a r e s t  land 

mass) i n  about 12,000 f e e t  of water.  The water i s  more l i k e  open ocean 2nd 

t h e  b i o l o g i c a l  a c t i v i t y  o f  rhe water i s  lower than t h a t  a t  Keanole Po in t .  Dur- 

ing t h e  S t .  Croix opera t ion ,  the  b a c t e r i a l  populat ion was measured t o  be 10/ml 
- 
3 of s e a  water . 



The e - ~ e r i r n e n t s  were operated i n  two m j o r  modes - one above t h e  sea  sur-  

f ace  and t h e  o t h e r  submerged i n  the  ocean. In  t h e  N o i ' i  opera t ion ,  two esper i -  

s e n t a l  u n i t s  were mounted and operated on board the  moored research v e s s e l  Noi ' i .  

In t h e  case  of t h e  S t .  Croix opera t ion ,  two experiments were operated on board 

a moored barge.  I n  both of these  opera t ions ,  vann water from t h e  mixed l a y e r s  

of t h e  ocean was brought t o  the  experimental  apparatus  through f l e x i b l e  PVC 

hose. In  t h e  c a s e  of t h e  buoy experiments,  t h r e e  heat  t r a n s f e r  monitoring 

devices  were a t t ached  t o  a submerged buoy and operated a t  a depth of about 

GO f e e t .  Seawater en te red  t h e  h e a t  exchanger p i p e  a f t e r  passing through a 

f i s h  screen.  For each of these  seven experiments,  t h e  pump w a s  loca ted  on t h e  

downstream s i d e  and hence t h e  v i a b i l i t y  of organisms was n o t  impaired t o  any 

degree.  But due t o  t h e  plumbing arrangements, t h e  organisms were sub jec ted  t o  

d i f f e r e n t  p ressure  drops before  they reached t h e  experimental  s e c t i o n .  The 

p ressure  drops  were of t h e  o r d e r  of 35 f e e t  of water  f o r  t h e  Noi ' i  experiments,  

70 f e e t  of water f o r  t h e  S t .  Croix experiments and about 3 feet of water f o r  

the  buoy experiments.  

There have been seasona l  v a r i a t i o n 0  dur ing the course  of opera t ion  of 

t h e s e  experiments.  Both the  NoI'd and S t .  Croiu cxperimancs were c a r r i e d  out  . 

during the  summer. The Buoy S e r i e s  I experiments were s t a r t e d  dur ing e a r l y  

s p r i n g  and continued through she middle uf summer. 

Twu d i f f e r e n t  heat  exchanger pipe  m a t e r i a l s  were employed. Most of the  

experiments (two on S o i ' i ,  two on t h e  buoy and both a t  S t .  Croix) were c a r r i e d  

out  w i t h  At. GOGlaT6 a l l a y .  Une experiment on t h e  buoy used t i t an ium (grade 2 ) .  

The water-side su r faces  of these  pipes  were prepared d i f f e r e n t l y  p r i o r  t o  

the  experiments. I n  one of the  X o i ' i  experiments,  t h e  i n t e r i o r  s u r f a c e  was 

swabbed with acetone t o  remove grease  and d i r t .  For  the ochet K o i ' i  exper i -  

ment and f o r  a l l  t h r e e  z p e r i m e n t s  i n  Buoy S e r i e s  I ,  the  pipes were cleaned 

with a nylon brush and h o u s e h o l d ~ c l e a n s e r .  30th S t .  Crois  hea t  exchanger pipes 



\;ere t r e a t e d  by a much more aggress ive  process .  Ten percent  SaOH a t  ambient 

tempers ture  was used a s  an etchanc t o  s t r i p  t h e  oxide la!-er f r o n  t h e  .-\1 0061-T6 
I 

s u r faces .  This was followed by a thorough rinsing' .  This nethod i s  be l i eved  

t o  p repare  a uniform oxide l a y e r  under c o n t r o l l e d  cond i t ions .  

The flow v e l o c i t y  has been va r ied  too.  One N o i l i ,  one buoy and one S t .  

Croix experiment were run a t  a nominal flow o f  3  f t / s e c .  One N o i l i ,  two buoy 

and one S t .  Croix experiment were a t  a  nominal flow of  6 f t / s e c .  

F luc tua t ions  i n  t h e  flow v e l o c i t y  dur ing s h o r t  t ime spans (of t h e  o rde r  

o f  a thermal t ime constant  o f  t h e  u n i t )  were lower f o r  t h e  subsurface  than. 

f o r  t h e  above-surface opera t ions .  A t  6 f t / s e c  flow, t h e  t y p i c a l  f l u c t u a t i o n s  

were 0.25 f o r  t h e  buoy experiments (Fig.  6.1) and 5% f o r  t h e  S t .  Croix barge 

experiment (Fig. 6.2) . 
. : ,  

* 
The o v e r a l l  water temperature a t  t h e  buoy s i t e  was i n  t h e  range o f  21.2"C- . 

26.6OC (Fig.  2.10). A t  t h e  S t .  Croix s i t e ,  t h e  temperature was i n  t h e  range o f  

28OC - 28.S°C (Fig.  3 .3 )  ; 

For a quick r e f e r e n c e ,  Table 7.1 l i s ts  t h e s e  parameters t h a t  have been 

v a r i e d  i n  t h e  b io fou l ing  .experiments. 

7 . 2 .  Common Fea tu res  i n  t h e  Thermal d a t a .  'To f a c i l i t a t e  t h e  d i s c u s s i o n ,  t h e  

R ( t )  d a t a  a r e  reproduced from previous  s e c t i o n s  i n  Figures 7 .1  through 7 . 3 .  f  

Figure 7.1 f e a t u r e s  t h e  R ( t )  data for tlie C w u  experiments of  Noi'i. The f  

R f ( t )  d a t a  f o r  each of  t h e  t h r e e  experiments o f  Buoy S e r i e s  I a r e  i n  Figures  

7 .2a ,  7 .  l b  axid ,7.2c. The same d a t a  f o r  a l l  t h r e e  e -pe r iments  on t h e  buoy a r e  

f e a t u r e d  i n  Figure  7.2d. Figure 7 . 3  d i s p l a y s  t h e  Rf ( t )  d a t a  f o r  t h e  two S t .  

Croix e-qer iments  . 

7 . 5 .  Xature of  t h e  "Fouling Layer." S e x t ,  we would l i k e  t o  i n q u i r e  about t h e  

na tu re  of  t h e  mate r i a l  composition of :he fou l ing  and t h e  phenomena thac  cause 

i t .  I t  i s  g e n e r a l l y  bel ieved t h a t  t h e  l a y e r  is composed of  b i o l o g i c a l  f o u l i n g  

(mic ro iou l ing) ,  chemical co r ros ion ,  and s c a l e  depos i t ion .  The thermal measure- 



ments measure t h e  o v e r a i l  e f f e c t  of t h e  f o u l i n g  l a v e r  and cannot d e t e r n i n e  i t s  

cr ig in . .  However, t h e  thermal d a t a ,  toge the r  with microscopic obse rva t ions ,  

h e l p  t o  c o n s t r u c t  a  coherent  p i c t u r e .  

On one extreme is  t h e .  view t h a t  t h e  "foul ing l aye r"  is mostly b i o l o g i c a l  

i n  na tu re .  It is w e l l  known t h a t  a  m a t e r i a l  s u r f a c e  exposed t o  b i o l o g i c a l l y  

a c t i v e  water  (such a s  t h e  hea t  exchanger p ipe  i n  seawater)  is coated wi th  a  

5 s l i m e  l a y e r  in,  a  few hours t o  a  few days . The s l ime l a y e r  c o n s i s t s  of poly- 

sacchar ides  wi th  low s o l u b i l i t y  i n  water, These a r e  e x c r e t i o n s  by organisms 

such a s  b a c t e r i a .  The thermal r e s i s t a n c e s  f o r  a i l  seven curves  shown i n  Figures  

7 . 1  through 7 . 3  show only  a  smal l  change i n  R ' s  va lue  i n  t h e  f i r s t  few days t o  
f 

few weeks. It is specu la ted  t h a t  t h i s  " induct ion period" i n  t h e  f o u l i n g  curves 

corresponds  t o  t h e  i n i t i a l  cond i t ion ing  of t h e  hea t  &changer s u r f a c e s  by the  

- d e p o s i t i o n  of non-l iving o rgan ic  m a t e r i a l .  subsequent ly  t h e r e  is  a  l i n e a r  

growth per iod.  

Some q u a n t i t a t i v e  b i o l o g i c a l  s t u d i e s  were c a r r i e d  o u t  by G. Harvey dur ing 

t h e  N o i ' i  o p e r a t i o n  (Appendix A ) .  This  s tudy  i n d i c a t e s  t h a t  " the re  appear t o  

be two l a y e r s ,  a  s c a l e  l a y e r  poss ib ly  con ta in ing  b a c t e r i a  which may o r  nay not  

be  v i a b l e ,  and a  l a y e r  over t h i s  composed of l i v i n g  organisms, t h e i r '  products ,  

p a r t i c u l a t e  inorgan ic  m a t e r i a l  and i n e r t  b i o l o g i c a l l y  der ived m a t e r i a l s  such 

a s  diatom f r u s t u i e s . "  A hea t  exchanger p i p e  sample from the ~oi'i experiment 

( N U  experiment)  preserved i n  2.5% glutara ldehyde s o l v c i ~ n  was analyzed f o r  i ts  

f o u l i n g  l a y e r  d e p o s i t s  by co l lod ion  f i lm.  A va lue  of about 23 pn measured bv 

t h i s  technique may b e  compared wi th  a  va lue  o t  70 urn deduced from t h e  thermal 

da ta .  Deposits  removed (us ing a  co l lod ion  f i lm)  from preserved s e c t i o n s  o i  

t h e  %A6 experiment (from the  N o i ' i  opera t ion)  conta ined inany S a c t s r i a  and 

bur ied  diatom irus:ules. Titanium ?ipe sampies t h a t  were kept i n  the  flow 

( -6  i t / s e c )  f o r  a  per iod of  5 . i  weeks dur ing the  N o i ' i  e x p e r h e a t s  v e r e  a l s o  

analyzed.  .The d e p o s i t s  conta ined mn;: b a c r e r i a  aca sone diatoms. Thiclk;?ess 



zeasurements of these deposits yielded values in the range of 1 . 7  to 8.5 am. 

-. -nis thickness nap be conpare'd to chat deduced as 9.5 un i r on  rne t h e m 1  data 

f o r  the Ti pi?e during the buoy ex-perinen:~ (at ihe same site aftsr 5 . G  weeks 

of operation. 

!!ore eiaborate and quantitative biology work was conducted by Barry Taylor 

2t ai. on neat exchanger samples from the St. Croix operation. Based on a pre- 

liminary study,they state that the live biological contribution.to the "fouling 

6 layer" is about 1 urn . This may be compared with a value in the range of 30-50 

urn expected from the thermal data. However,.the biologists working on the St. 

Croix samples caution that "an extremely expanded film of live'organisms could 

trap and bind a considerable volume of water." If such were the case, a thin 

film of bioiogical material could yield a thermal resistance that is many times 
.-?. 
0.- 

more than that deduced from the biological contents alone. 

O n  the other extreme is the view that 'tne thermal resistance is mostly due 

to processes that are non-biological in nature and in fact is due to scaling 

and chenical corrosion. . This suggestion is based on the analysis of heat ex- 

. changer pipe samples from Noi'i, Buoy Series I and St. Croix experiments. Yetai- 

lurgical techniques such as optical microscopy, scanning electron microscopy, 

x-ray spectroscopy, secondary ion mass spectroscopy, and x-ray diffraction were 

employed in this study. A brief account of this study is described in Section 4 

and the details are given in Appendix 5. These studies indicate that in the case 

of A1 heat exchanger pipes, the major components of the "fouling layer" are .U 

.and Ca. Thus the metallurgical studies suggest that corrosion and scaling may 

be zajor pnenomena in the formation of the "fouling layer" for A l  heat exchanger 

pipes. 

The various aethods for determining the nature of the Foulins layer do not 

lead to a cocsistent piccure. Even the thickness deteminations .vary widely 

de?enains on nethoa. It is possibl~ that a very low-densifp or spongy o r g a n i c  

fsuiing Laver which traps scagnant water is :he cause of the.neasured ?.=. 



Depending on t h e  method of p rese rva t ion  of t h e  samples, such a mate r ia l  could 

show up a s  3 very t h i n  organic  l ayer  upon l a t e r  examination. 

. 
7 . .  Flow ~ t d ~ p a g e s .  In t h e  S t .  Croix experiments, t h e r e  were no flow i n t e r r u p -  

t i o n s ,  while t h e  K O 1 1  experiments su f fe red  many "shor t  term" stoppages ( i . e . ,  

l e s s  than - 2  h r s .  each) .  The e f f e c t s  o f  these  shor t - term i n t e r r u p t i o n s  a r e  being 

s t u d i e d  f u r t h e r  and w i l l  be repor ted on i n  t h e  fu tu re .  

The Buoy 1 e.xperiments s u f f e r e d  long-term flow i n t e r r u p t i o n s  (at  least a 

day) .  These e v i d e n t l y  al low macrofoulerr t o  a t t a c h  s u f f i c i e n t l y  f i rmly  so t h a t  

they a r e  n o t  washed away when t h e  flow is r e s t a r t e d .  Figures  7.5 and 7.6 show 

such macrofoulers a f t e r  disassembly o f  t h e  BA3 and BA6 experimental  u n i t s .  

7 . 5 .  Cleaning t h e  Fouled Heat Exchanger Surfaces .  For t h e  continued operat ion 

o f  t h e  h e a t  exchangers i n  an a c t u a l  OTEC p l a n t ,  t h e  thermal r e s i s t a n c e  due t o  

t h e  ' l foul ing layer"  needs t o  be kept below a c e r t a i n  acceptable  l e v e l .  Thus 

dur ing t h e i r  l i f e t i m e ,  t h e  OTEC h e a t .  exchangers must be cleaned p e r i o d i c a l l y  . 
The f i r s t  c i ean ing 'exper iments  were conducted on two A 1  hea t  exchages  pipes  

a s  a l r e a d y  descr ibed i n  Sect ion 2.1.3. Af te r  16.1 weeks of opera t ion ,  it was 

found t h a t  c lean ing  t h e  fouled heat  exchanger p ipes  was r e l a t i v e l y  easv.  Figures  

7.2a and 7.2b d i s p l a y  t h e  r e s u l t s  of c leaning experiments. 

I t  is  r e l e v a n t  t o  a s k  how o f t e n  one should c lean  the  heat  exchanger su r faces  

and t o  ask i f  t h e r e  is  any answer t o  t h i s  quest ion t o  be found i n  t h e  R f ( t )  d a t a .  

Indeed t h e  s lope  o f  t h e  l i n e a r  por t ion  of t h e  f o u l i n g  curve w i l l  p l ay  an important 

r o l e  i n  a r r i v i n g  a t  a . c l e a n i n g  schedule.  A t  t h i s  p o i n t ,  we w i l l  make a d i s t i n c -  

t i o n  between "new pipe" and "cleaned pipe." 

A "new pipe" w i l l  go through t h e  i n i t i a l  condi t ioning of i t s  sur face  as  

seen by t h e  "induction period" i n  each o f  t h e  fou l ing  curves.  .h aggress ive  

c leaning process  may t a k e  t h e  p ipe  si lrface Sack t o  t h e  "new ?ipel'  condi t ion.  

However, such a c lean ing  process  may remove a s i g n i f i c a n t  amount of t h e  pipe 

n a t e r i a l  over  t h e  l i f e  of t h e  pipe  a s  an OTEC heat  exchanger su r face .  X l e s s  



a g g r e s s i v e  c l e a n i n g  t echn icue ,  such a s  t h e  one t e s t e d  i n  ou r  c l s a n i n g  e ~ ? e r - ~ e n t s ,  

would l e a v e  t h e  p i p e  s u r f a c e  i n  a  s i a t u s  . c l o s e  t o  t h a t  a f t e r  t h e  i n i t i a l  "induc- 

t i o n  per iod ."  Thus c l e a n i n g  metnods t h a t  would be used i n  t n e  OTEC program a r e  

more l i k e l y  t o  l e a v e  t h e  p i p e  i n  a  "c leaned pipe" c o n d i t i o n ,  and OTEC h e a t  ex- 

changers  w i l l  always be f o u l i n g  a long  t h e  l i n e a r  p o r t i o n  of t h e  f o u l i n g  curve .  

-5 . Using a n  ave rage  v a l u e  of  6.4 x 10  h r  f t 2  OFIBTU week f o r  rhe  e l o p e  of  

t h e  l i n e a r  p o r t i o n  of  t h e  f o u l i n g  cu rve ,  we can de termine  t h e  c l e a n i n g  schedu le .  

- 5 For  example, i f  t h e  d e s i g n  attempts t o  keep R. s 10  x 10  h r  i t2 0 ~ ~ ~ ~ ,  t h e  

h e a t  exchanger s u r f a c e s  must be c l eaned  once i n  1 .6  weeks o r - e v e r y  7.8 weeks t o  

keep Rf 6 50 x 10'~ h r  f t 2  O ~ ~ ~ ~ ~ .  
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Figure 7.5 Macrofouler (barnacle) attached to 
the body of the flow meter on  the downstream 
side, from the BA3 experiment. ' 

Figure 7.6 Macrofoulefs (barnacles) attached to 
the body of the flow meter on the upstream side. 
from the BA6 experiment. 
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TABLE 7 . 2  

W C T E R I S T I C S  OF THERMAL RESISTXUCE CURVES FOR 

CMU OTEC BIOFOULING EXPERIME.XTS 

Conditioning 
Period 
(weeks) 

Slope o f  
l i n e a r  por t ion  

h r  f t 2  O F  5 
(BTU week ) ' lo 

+ During t h e  course  o f  t h i s  experiment t h e r e  were more s h o r t  tsxm flow 
stoppages than o t h e r  experiments. Fur the r ,  t h e r e  was an i r o n  f o o t  va lve  
a t  the  water i n t a k e .  

++ E-xperiment d i d  not nm long enough t o  determine a s lope .  
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S. ?IISCELLLYEOUS 
I 

During this contract period, 3 good deal of our effort and time liere 

di~ected to~ard tasks sucn as preparing and disseminating information about 

the heat transfer measurements, producing, testing and deploying equipment 

for different field operations, consulting and training personnel of other 

interested research groups and drawing up plans for improvements in the bio- 

fouling research. blany of these activities do not conveniently fall under 

the previous sections. Vie briefly discuss them in here. 

1 Design Document and Industry Standard Drawings. As already mentioned, 

our research group developed this technique of high precision heat transfer 

measurement suitable for assessing the biofouling potential and accumulated 

considerable expertise in constructing, testing, and operating this device 

and in analyzing, interpreting, and correlating the data. 

In an attempt to make available this expertise to the OTEC community, 

we prepared an extensive design document in late 1976 (Ref. 2.4). This doc- 

ument describes in detail the theory, mechanical, electrical and electronics 

design, assembly, testing and operating procedures, data analysis programs, 

and some laboratory and field results. 

8.2. Equipment. During the contract period, we constructed and tested var- 

ious items of equipment required for the performance of the experiments reported 

herein. These included the heat transfer monitoring devices for all the eqeri- 

ments. Both for the Noi'i and the buoy operation, we also constructed the hard- 

ware necessary for the pumping. The manual data acquisition systems used with 

Yoi'i e-yeriments, Buoy Series I eqeriments and :he St. Crols e-qeriments were. 

designed and constructed by us as well as a microprocessot-based automated data 

acquisition svstem for the buoy oper'ation. 



All t h e  hardware p ieces  produced f o r  f i e l d  experiments were subjected 

t o  appropr ia te  t e s t s  before  deployment. For example, equipment const ructed 

f o r  t h e  sub-surface  a p p l i c a t i o n  were subjected t o  ex tens ive  t e s t s  f o r  any 

4 
poss ib le  l eaks  us ing  t e s t  procedures such as  He leak t e s t i n g ,  i n f l a t i o n  

t e s t i n g  and water p ressure  t e s t i n g .  Each of t h e  hea t  t r a n s f e r  u n i t s  deployed 

dur ing t h i s  per iod a l s o  underwent extensive  Wilson p l o t  t e s t s  t o  a s s u r e  t h e i r  

i n t e g r i t y .  

8 . .  Information Dissemination,  Consul t a t i o n  and Training.  Another impor- 

t a n t  a c t i v i t y  dur ing t h e  con t rac t  per lod was to he lp  d i f f u s e  t h e  technology 

and e x p e r t i s e  accumulated wi thin  our groups, a s  d i r e c t e d  by t h e  P r o j e c t  O f f i c e ,  

through t e c h n i c a l  d i scuss ions ,  l e t t e r s ,  and telephone consu l ta t ions .  In par-  

t i c u l a r ,  we expended cons iderab le  e f f o r t  i n  t r a i n i n g  groups a t  t h e  P a c i f i c  

Northwest Laborator ies  of B a t t e l l e ,  t h e  David Taylor Naval Ship Research and 

Development Center of t h e  U.S. Navy, t h e  National Data Buoy O f f i c e  o f  NOW 

and t h e  Natural  Energy Laboratory of t h e  Univers i ty  of Hawaii. 

9.4. Plans fay Great ei Automation. The i n i t i a l  b io fou l ing  e.qeriments were 

done with a  d a t a  a c q u i s i t i o n  system r e q u i r i n g  manual c o n t r o l .  The e-qerimen- 

t a l  procedure involved a  g r e a t  deal  o f  r e p e t i t i o u s  work by t h e  o p e r a t o r .  This  

has a  tendency t o  degrade t h e  q u a l i t y  o f  t h e  d a t a ,  due t o  opera to r  mistakes.  

A s  a l readv  desc r ibed  i n  Sect ion 2 . 2 . 3 ,  we designed a ~ ~ d  deployed a microprocessor- 

basea da ta  a c q u i s i t i o n  system which r e l i e v e s  t h e  opera to r  of t h i s  burden. This 

f a c i l i t y  a l s o  reduced t h e  volume'of t h e  raw da ta .  

In 197:, we d r e w  ~sp  plans f o r  :e',al automation. Th.c p r n ~ n s c : i  ~ y s t t m  was 

based on 3 DEC ( D i g i t a l  Equipment Corporation) LSI 11/05 with f loppy disk  fac -  

1 Each i n s t a i  l a t i o n  opera t ing  sany biofou l ing  e - ~ e r i i n e n t s  would have m e  

zr' t hese  compurtrs. C ~ n t r o l i i n g  and ~ z - n i n g  t 3e  e n e r i 3 e n t s  uculd 5e cone m a e r  

saff-~a:e c a n t ~ 3 i .  T:?e z c = ~ i ~ o c i  r3\i i z f 3  ~ o c i c  be s ~ a r e d  on iis;rtec?es. Such 



diskettes would be sent t~ a central cocputer u'nich wocld a~ain be an LSI 11!03 

- .,;rh .- greater fsatures for software developcent rhan zhe field ccmputer. 

Such an appioach b - i l l  have many advantases. Since the field and centrai 

cmputer will be basically identical, any software developed in the central 

computer c~uid be easily hpiemented in the field computer. Thus any new 

control features needed for the field experbents could be developed.and im- 

pleaented easily. The central computer could specialize in developing soft- 

ware features to reduce, analyze and interpret the data. It would make it 

vorthwnile to develop certain sophisticated data analysis procedures and cor- 

relation studies. Such features would improve the quality of the acquired 

infornation and would make possible bet:er use of it. Further, if there is 

a need to upgrade a field computer to the status of .a stand-alone facility, 
* 

, it would be straightforward to transfer the software developed for the cen- 

tral facility to the field computer. 

Our efforts toward these plans included a detailed layout of various 

system components, a market search for cost and availability of various -. 
hardware and software components, and firm quotations on these items. !<e 

submitted these plans during April of 1977 to Battelle, the Project Office, 

wno later took part of our proposed plans and asked SSRDC of the U.S. Navy 

to inplzment it in connection with planned cleaning tescs.  
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.It the beginnins of the conrrac: period, the Siofoaling 3asgarch Sroup 

ar  CK.had developed and tested a nethod to measure rhe beat transfer co- 

- - ezricient under a low temperature differential (-1°c) with a v e v  high ?re- 

cision (better than 1:). This device vas approved as suitabie for s=utying 

the severity oi biofouling in OTEC heat exchangers. During the cantract ?er- 

iod covered by this report, the group successfully ajplied this t+cnciaue in 

three different field experinents, two at Hawaii and one at St, Croix, to 

evaluate the performance df heat transfer surfaces in the wars seauater. Lx- 

perinents were conducted with various combinations of relevant parameters 

such as geographical location, biological and chemical characteristics of the 

water, season, heat exchanger pipe material, surface preparation, flow velocity, 

ambient watsr temperature, and mode of operation with the consequent pressure 

drop. Before these experiments, it was generally assumed that heat exchanger 

fouling would be a complex function of all the'above (and other) parameters. 

On the contrary, thethernal resistance due to the fouling layer seems 

to have' a simple and predictable pattern. A newly deployed heat transfer 

surface area first passes through the initial conditioning period. This say 

last a few days to a few weeks, until the thermal resistance grows to about 

20x10-' hr f i 2  OFIBTU. Subsequently, the fouling curve is linear. The rate 

of change of the thermal resistance during this period does not seen to be a 

function of any of the parameters previously mentioned. 

We also carried out the first cleaning c~periments (using X . A . N .  brushes). 

The cleaning experinents were encouraging in that the foulins layer could be 

cieaned relatively easily. R e  cleaned surfaces'then refoul alon~ a linear 

curve without again passing through a conditioning period. These resnlts, 

~hich i o n  the core of the therzal data available t o  date, ;iave tire=: rele- 

vance to the czslgn of che evaporator  of an OTEC >over ?!.an=. 



The simple structure of the fouling cunres suggests the possibility 

that the phenomena causing the thermal resistance may also be simple. To 

understand these phenomena would be of great use to the OTEC program. It 

will enable solutions for the biofouling problem in OTEC heat exchangers 

to be found at 1esse.r costs and in a shorter time. Xacroscopic measurements 

such as the measurement of the thermal resistance of the fouling layer can- 

not reveal the microscopic structure (the nature) of the fouling layer. To 

accomplish the tasks of identtfying the compositinlr of fouling film, "1 

understanding the processes responsible for it and of correlating these with 
. - - 

the observed thermal data, more detailed thermal, biological and metallurgi- 

cal studies must be done with coordination. 

To date, all the biofouling experiments conducted are of direct rele- 

vance to the evaporator of an OTEC plant. It is usually presumed that the 

condensers will be affected.to a much lesser degree. However, it is.possible 

that the condensers may have a severe scaling problem. Furthermore, the bio- 

fouling may. be equally serious, Thus there i s  an urgent need co begin toul- 

ing ekperiments with deep cold ocean water, as we have often recommended. 

Our exper4eece with the he=t transfer mcmicor is that the flowmeter 

limits its precision. Also, the target-type flowpeter used is susceptible ' 

to nacrofouler attachment during long-term flow.stoppages. It would be use- 

ful to replace this flowmeter by a aore precise nsn-coneact type, if p69sible. 

The preparation of the simulated he.at axchanger ~ u b e  has vatied in these 

s-qer-hents. The nost vigorous cleaning procedure was that used in the S c .  

Croix run, which included 4iimersion in'an ecching solution. Since this is 

unlikslp ta be done with actual OTEC heat exchangers, a nore realistic proce- 

ihr2 jrobablv should ;te devised. 

. - 
. b e  s:r~r.gI:.- recommecd against at:eqts :a "rune" the heater and relzrtcce 

:..- . llnders 4 . =o *qua1 tize conszancs by aeans of va~~ing the appiizC corque cn the 



clamping b o l t s .  T i i s  i s  l i k e l y  t o  l e a d  :o n o r e  s e r i o u s  ? r o b l e n s  zhan t h e  one 

be ing  so lved .  I:. is such  s i n p l e r  and s a f e r  n e r e l y  =c r e j e c t  . da t z  a f f e c r e c  by 

l a r g e  seawa te r  tempera ture  f l u c t u a t i o n s  by means o i  t h e  c r i t e r f a  d i scussed  in 

t h i s  r e p o r t .  We have found t h e  l o s s  of  p r e c i s i o n  by such r e j e c t i o n s  t c  be 

n e g l i g i b l e .  
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INTRODUCTION ' 

These studies are related t o  a broad area of marine microbiology involving 
hundreds of species that were involved in biofouling during the Keahole Point 
experiment, b u t  are concerned here w i t h  direct observations of microorganisms 
found in the flow system and in the seawater near the experiment intake region. 

,The organisms observed within the flow system include those in deposits on the 
interior of system pipes, oi glass surfaces inserted in the flow within a " 

1 1/4-inch PVC pipe, and on short sections of aluminum and titanium pipe inserted 
i n  the flow within a similar pipe. 

The organsims ranged in size from.0.1 micrometer to somewhzt more than 100 micro- 
meters. The most numerous, of course, rere the bacteria; as time progressed, a 
substantial biomass composed of larger organisms developed on the exposed surfaces. 

I t  has been known for a t  least  45 years that bacterial act ivi ty  in seawater i s  
greatest a t  surfaces, and that clean glass rapidly becomes covered with a veriety 
of bacteria and other kinds of particulate material, and f inal ly  w i t h  fouling 
organisms easily visible to  the eye (ZoBell 1933; 1435). The materials deposited 
by bacteria on surfaces submerged in seawater have been called bacterial sl imes, 
b u t  these matsrials, as dis t inct  iron the organisms included with them,  are 
probably better thought of as bacterial polysaccharides. I t  has been thought 
that bacterial populations and the films that they form by means of extracel lular 
products my be necessary precursors of heavy fouling growths of larger organisms, 
b u t  no definitive tes t s  of this  hypothesis have been conducted. There i s  
substantial evidence that such precursors are not necessary (Wood 1967). 

idany investigators have observed bacterial growzh on caroiully prepared glass . 

nicroscope slides immersed in seawater for various lengtns of  time, and there 
i s  general agreement, based upon work carried o u t  a t  various nearshore locations, 



that significant numbe~s of bacteria usually attach to glass surfaces within ~ U S +  

a few hours (Corpe 1974). 

The development of "bacterial slimes" on several types of t e s t  surtaces has been 
studied in some detail  by Waksman and others (1940; 1941 ) in 'work that  was not 
published. I t  was found that bacterial populatiorsdoubled in about four hours, 
and that w i t h i n  30 days the d r y  weight of the organic material in "slime films" 
reached as much as 500 micrograms per square centimeter in the summer season. 
The insoluble mineral materials in the film reached as much as 2000 micrograms 
per square centimeter. ZoBell (1 939) found that the primary film in water near 
La Julld, California was made u p  minly  of bacteria. Wood (1950) fnund that in 
other local i t ies  diatoms could make up a large portion of the primary film, along 
w'ltft orher organisms, ar~d Chey wi"a resistant t o  eogpcr and copper sal ti. Some 
marine algal f lagel la tes  can live' in seawater that i s  practically saturated w i t h  

copper, and since they are closely .related to some bacteria-consuming flagel la tes ,  
i t  seems possible that copper tolerance may also exis t  in that group, and that 
they could be involved in biofoul ing c o m n i  t i e s  on metals. Corpe (1974) and. 
Sieburth e t  a1 (1974) have recently studied detai ls  of primary marine fouling 
and microbial film formation i n  waters rich in bacterial nutrients. Firm attach- 
ment of bacteria to  glass surfaces occurred within 6 to 12 hours. Many bacteria 
form substantial quanti t ie$ o f  pol ysaccharides and related materials that are 
deposited on surfacesimersed in seawater. A wide range of bacteria IS Involved 
in primary fouling, including very small cocci and -large stalked forms. 

~ec 'hler  and Gundersen (1972) studied the fonat40n o f  primary films un glass, 
plexiglass, stainless s tee l ,  aluminum, monel, and phosphcr bronze, held in glass 
racks irmnersed in Kaneohe Bay, Hawaii a t  a depth of 3 meters. The populations 
sf k ~ t e r f a  and diatoms on metals were generally in proportion to galvanic act ivi ty .  
Aluminum was the m s t  galvanically active metal among those tested, and by the 
f i f t h  day of immersion had extremely large colonies of microorganisms. 

Ttie,effects of vel.ocity on fouling of surfaces by.marine diatoms was studied 
by h a d  (1967), who found that diatoms *muld form "felt?" about 1 centimeter thick 
a t  f l o w  velocities of 5.7 meters per second, and that these ofyered protectfon 
to organisms as large as skeleton shrimps a t  these velocities. Conventionai 
power plant condenser velocities l i e  in the range o f  1.5 i s  2.5 ineters per second, 
while naval designs go as h i g h  as 5.5 rnetzrs per szccnd. Diat?m populations 
undoubtzdi y harbor large numbers of jactoria i n  flowing systms,  but aetai i s o? 



the relationships involved have not been worked out. 

Corrosion of metal s in seawater is strongly influenced by microbial populdtions. 
These populations can raise the pH,during the day time in volumes of seawatgr 

exposed to light, and can reduce it at night, producing variations that have often 

been observed to vary between pH 9 and pH 7.6. Lower pH values can be produced 

locally on surfaces by bacterial populations. Redox values can also be altered 

by bacterial populations so that ordinary solubilities of metals do not apply in 
areas heavily populated. Marine bacteria can corrode iron by the formation of 

sulfides or other sulfur cowpounds, and aluminum can be corroded in the same way 

except that aluminum hydroxide is formed instead of a sulfide (Wood 1967). I t  
is c o m o n  knowledge that metals can also be precipitated in seawater in the form 

of oxides, as for example ferrous and manganous oxides that have been oxidized by 

bacteria to the ferric and manganic oxides. 



METHODS AND MATERIALS 

Sections of 1-inch aluminum pipe, 33.58 mn 0.0.  X 26.24 I . D . ,  removed from the 
flow experiment 'units 11 and 111 a t  the end of the tes t s  a t  Keahole Point were 
sawed into convenient pieces for examination. The interior surfaces were 
examined without further preparation, a f te r  biological staining, a f te r  mounting 
in glycerine je l ly ,  and af ter  removal of surface deposits by film stripping and 
by scraping. These surface deposits, a f t e r  removal, were mounted for microscopy 
using No. 1 Corning coverglasses. These treatments were applied to two sets  of 

pipes, one that had been air-dried imediately upon removal from the expeflment, 
and one that had been preserved in glutaraldehyde-seawater 2.5% solution. 

Sections of the same kind of aluminum pipe, 37 n long, with the 0.0. reduced 
for clearance, were placed in a PVC 1. 114-inch pipe which was inserted into the 
experiment flow system. These sections were removed' a t  different times, and 
preserved in 2.5% glutaraldehyde-seawater sol utlon except for one that  was a i r -  
dried imnediately upon removal. These were treated and observed in . the . same 
way as were the other pipe sections. 

A section of titanium pipe, 26.4 mm I.D., 32 mn long, with the 0.0. reduced for 
clearance was inserted i n  the 1 1/4-Inch PVC p i p e  dlong with the 37 mn long 
aluminum pipe sections, a t  the end of the string, so that i t  could be l e f t  in 
place u n t i l  the end of the experiment. T h i s  section %das preserved I n  2.5% 
glutaraldehyde-seawater solution, and treated in the same way as the aluminum 
sections except that deposits were not scraped off because there were practical ly 
none l e f t  a f te r  film stribping. 

Eight microscope' sl  ides, 25 m X 75 mm X 1 mm (Corning No. 2948), were placed in 
:fie .flow within a 1 1/4-inch PVC pipe.. These were cemented with narrow Strips of 
silicone rubber cment a t  each end, f o u r  sl ides o'n either side, to a stainless 
steel s t r ip  running down the center of the PVC plpe. The slides were renoved'after 
different lengths of time i n  the flow, and inmediately preserved i n  2.5% g l u % r -  

aldehyde-seawater solution. They were then stsined an3 mounted f o r  i n fc r~s~opy  
using Corning 30. 1 coverglass~s.  



? - - ,.. 

Forty paired microscope slides, 25 mn X 75 nm,X 1 
- -  placed in Wheaton glass staining trays, which were in turn held in groups in a ;:, )f 

polymethylmethylmethacrylate frame that was submerged at approximately the deptn q. - <=, 
A . , ;:-: 7rq of the experiment intake. Slides were removed at various times and inmediately I . :  

preserved in 2.52 glutaral dehyde-seawater solution. These were subsequent1 J . 
1 j' 

. - stained and mounted for microscopy using No. 1 Corning coverglasses. ,:. , - . F'O 
. . 

Seawater smpl es were col 1 ected by means of a hose and be1 lows assembly, or by means 
of a Van Dorn sampler, f rom the experiment intake depth and from other depths, and 
imnediately preserved by adding glutaraldehyde to make a 2.5% solution. These 
were filtered through membrane filters whf ch were then stained and mounted for 
microscopy using No. 1 Corning coverglasses. 

The pi pe inner surfaces, glass sl ides, membrane fil ters, preserved seawater samples , 
and surface deposits on the pipe surfaces were examined by neans or' microscopes 
that included a Bausch and Lonb metallographic microscope, a Leitz dissecting 
microscope (8 X to 216 X ) ,  and a Leitz inverted phase contrast microscope with 
0.65 NA and 1.32 NA objectives. Photomicrographs were taken with a Microflex 
unit. To simp1 ify enumeration, bacteria with dimensions below 1 micrometer were 
grouped under "small bacteria"; those above 1 micrometer were classed as "large 
bacteria". For each visual ly observed mi croscapic field, many image planes were 
utilized so that the smallest bacteria could be detected. 





RESULTS 

8 - -  " . j  
LTA : T< ': Examination of qlass surfaces imnersed near experiment intake 

The particulate material found on the glass slides with the shortest immersion 
time (1 day) was composed mostly of small bacteria, as shown in Figure 1. There 
were no large particles, a1 though a very few glass flakes and mineral grains 

approaching 5 micrometers in size were present. No organisms larger than bacteria 
were found, a1 though a more extended observation of glass surfaces imersed for 
one day or less probably would disclose diatoms. 

Slides with a 4 4 a y  imnersion time had incraased numbers of small rod bacteria, 
a few large rod bacteria, fewer inorganic particles than the 1-day slides, and 

1 . 1  

considerable numbers of large diatoms. The numbers of the various typesgf t .- 

organisms are shown in Figure 2. Although all the organisms in the largif than 

.:a 
5 micrometers category are large pennate diatoms, ill'ustrated as being present in 
numbers of 10,000 per square centimeter, a more extensive study of this material 

C 

would probably show far fewer of these along wi th other kinds of organi sins not 4 
3- 

indicated in the illustration. Large numbers of diatoms often accumulate in g J 
bp 

localities with very few individuals outside the groups. Many pennate diatoms can 8 . 
-a ' 

"crawl" rapidly over surfaces, and can adhere quite firmly either while at rest or ~ i ,  f . 
.... x. while moving. Those found on 4-day slides are shown in Figure 5. 

Slides with an eight-day imnersion time were still more heavily populated by small 
rod bacteria (Figure 3). The numbers of large dot bacteria and smll dot bacteria 
had increased, as had diatoms. The species composition of the diatom population 
was different from that of the 4-day slides, being made up mostly of Nitzschia, 
many of which were dl viding (figure 6 a ) .  In some areas on these sl ides, there 
were clusters of the same large diatoms as found on the 4-day sl ides, but with 
other species of diata~s and additional small particles and organisms included in 
the diatom clusters (Figure 6 b, Figure 6 c). =lagellates smaller than 6 or 7 
micrometers were also present, but in smaller numbers than the diatoms. Inorganic 

particles were fewer than on the earlier s f  ides. 

The numbers of mrine bacteria populating these slides were far icwer than tncse 







FIGURE 4 

NUMBERS OF MARINE BACTERIA PER SQUARE 

CENTIMETER AlTACHING TO GLASS SLIDES 
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INSTITUTION OF OCEANOGRAPHY PIER 
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FIGURE 5. Cluster of large pennate 
diatoms found on glass slide ininersed 

, ;. I!, 7: 
3 , : ~ ;  ..3 for 4 days in seawater near experiment 

,.A:( . . , _ -- intake. 
s2& 



FIGURE 6. Diatoms found on glass 

s l  ides immersed for  8 days i n  sea- 
water near experiment intake. 
a,  pennate diatoms (Nitzschia) i n  
process o f  division. These are 
typical o f  the many found on the slides. 
b, and c, Clusters o f  pennate diatoms 

w f  th an accumulation o f  orher organisms 
and part icles.  



found a t a c h i n g  t o  g l a s s  s l i d e s  i n  nearshore water a t  La J o l l a ,  Ca l i forn ia  i n  
a study ca r r i ed  ou t  by Corpe (1974). The numbers found a t  d i f f e r e n t  times ranging 
from 24 t o  144 hours of innersion a r e  shown i n  Figure 4. The water a t  this locar ion 
i s  t u rb id ,  w i t h  a very h i g h  bac t e r i a l  population accompanied by bac t e r i a l  v i ru se s  
and bacteria-consuming protozoa in  l a rge  numbers, and conta ins  a high leve l  of 
bac t e r i a l  nu t r i en t s .  Pr inary foul ing f i lm formation cannot be d i r e c t l y  compared 
a t  La J o l l a  and a t  Keahole Point  although s i m i l a r  g l a s s  sur faces  and immersion 
times were employed a t  both loca t ions .  The d i f f e r ences  in  water q u a l i t y  and 
temperatures a r e  f a r  t oo  g r e a t  t o  a1 low a d e t a i l e d  pred ic t ion  based on one l o c a l i t y  
t o  be used f o r  the o the r .  

Examination of  g l a s s  sur faces  e x ~ o s e d  t o  flow in  p i ~ e s  

S l ide  exposed t o  flow f o r  6 days: There were very few p a r t i c l e s  o r  organisms on 
the slide, but widely s ca t t e r ed  groups of  bac t e r i a  were presen t .  The numbers of 
bac te r ia  and o ther  p a r t i c l e s  a r e  shown in  Figure 7. There were a l s o  s i g n i f i c a n t  
numbers of f l a t t ened  nucleated c e l l s  15 micrometers across .  These very t h i n  c e l l s  
were not  encountered on t h e  o ther  slides. 

-4 

Sl ides  exposed t o  the flow f o r  32 days presented a very d i f f e r e n t  appearance from 
the e a r l i e r  s l i d e s .  A t  low magnif icat ions,  t h e  most s t r i k i n g  f e a t u r e  was a s t rong ly  
developed pa t te rn  al igned w i t h  the pipe a x i s .  This pa t t e rn  was due t o  s t r i n g s  of 
bac t e r i a ,  var ious fi lamentous organisms, and a v a r i e t y  of  p a r t i c u l a t e  mater ia l  t h a t  
included g l a s s  f l a k e s  and f i b e r s .  Several kinds of diatoms were presen t .  There 
was a s t rong development of  amebas, probably ameboid f l a g e l l a t e s .  The su r i ace  of 
the g l a s s  was covered, e n t i r e l y ,  by a welT developed film containing n u ~ h  f i n e  and 
u1 t r a f i n e  granular  mater ia l .  This  film was very dense, and contained var ious 
kinds of bac te r ia  including fi lamentous types.  Sane of t he  fi lamentous organisms 
a r e  shown i n  Figure 8 a ,  which a l s o  9hows the dense f i lm.  In the  a rea  pnotographed, 
t he  f i  lm var ied from 1 micrometer t o  about 2.5 micrometers i n  th ickness ,  and i s  
r ep re sen t a t i ve  of the film on this slide a s  well a s  on the  o the r s  w i t h  s imi l a r  
exposure times. Typical amebas found on this group of s l i d e s  a r e  shown i n  Figuro 
8 b and c. 

One of the 3 2 4 a y  s l i d e s  was extensive1:t covered by a co lonia l  hydrotoan, shown i n  

Figure 9. T h i s  colony gram on the sur face  of the primary fou l ing  fiim, anc was 





FIGURE 8. Primary foul ing f i l m  and 

filamentous organisms (a ) ,  and amebas 

(b, c )  found on glass surfaces exposed 

t o  f low f o r  32 days 



Figure 9. Colonial hydroid extending over a large area of a glass slide exposed 
flow for 32 days. a, b, c, portions of branching colony growing on primary iouli 
film. d, chitinous hydrotheca and perisarc of individual zooid. The pattern 
induced by flow and resulting microbial growth lies beneath hydroid colony. 



in the process of budding when removed from the  flow. Many of the zcoids haa 
accumulations of la rge  pennate diatoms around them. i n  Figure 9 a and 9 b,  the 
pat tern of bacteria ,  filamentous organisms, and other part icles ,  induced by the 
flow, can be c l e a r l y  seen beneath the  hydroid colony. Figure 9 d shows the chit inous 
hydrotheca and perisarc of an individual zooid. A1 though some very long d i a t m s  
a r e  present (1 ength about 230 micrometers), the organisms largest in volume a r e  
the hydroids . 

Exami nation of seawater sampl es 

The seawater samples co1 lected near the experiment intake,  and a t  "New Si t e n  and 
"Buoy S i t e"  a f t e r  completion of the flow experiment were examined qua l i t a t ive ly .  
Quant i ta t ive  determinations of bacteria ,  protozoa, phytoplankton, and inorganic 
pa r t i cu la te  material s were not car r ied  out  because of the necersi t y  t a  economize. 
By f a r  the most numerous organisms were bacteria ,  w i t h  small rod and coccus forms 
predominating. Small diatoms (Nitzrchia) ,  small heterotrophic f l a g e l l a t e s ,  a d  
diioflagellates of several species were camurn, but a l i  combined made up only 
1/100th of the  numbers of t o t a l  bacteria .  There 14 times a s  many bacteria  a s  
there were p a r t i c l e s  of debr is  and inorganic materials .  

In some seawater samples there  were r e l a t i v e l y  la rge  quan t i t i e s  of plant  f i b e r s  
t h a t  may have orfginated in runoff from land, .or from sewage. 

In many of the  seawater somples there were g lass  f i b e r s  typical  of "glass wool" 
o r  "rock wool", a s  we1 1 a s  fragments of g las s  in  the fcrm of chips. There were 
a i s o  small spheres of various s i zes  t h a t  appeared t o  be of g lass .  The g lass  
f i b e r s  could form a s igni f icantper t ion  of deposi ts  on surfaces i n  the seawater 
because of entrapment by biological materials .  Typical g las s  f i b e r s  a r e  shown 
in Figure 10, a and b. 

Total bacteria i n  many of the seawater sampies were on the order of 20,000 per 
mill i t e r  of seawater, w i t h  small rod bacteria  making up about 432, s m l l  cocci 
making up  about 39%, and large  rods and large  cocci contributfng equally t o  
the reminder .  
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FIGURE 10. Glass fibers typical o f  those found i n  

seawater samples and on surfaces i n  f l o w  



Aluminum pipe labeled 11-F was removed a t  the end of the experiment a t  Keahole 
Point; there were two sets of these pipes, one that had been air  dried imnediately 
upon removal, and one that had been preserved i n  2.52 glutaraldehyde-seawater solution. 
These 1-inch.schedule 40 pipes were of Type AL 6061 T6, 33.58 m 0.0. X 26.24 ma 1.0. 

The inner surface of the dried section was covered w i t h  an orange-yellow colored 
deposit t h a t  had a fibrous, ropy appearance under the microscope. The major features 
of the deposit paralleled the axis of the pipe, b u t  other ran a t  an ongle t o  the axis. 
The surface of the fouling layer was very irregular, with many ridges and mounds, 
a s  shown i n the photographs in Figure 11. Some whitish aluminum corrosion products 
can be seen in the photographs. There were a few mounds outside of the area 
photographed that were a brick red color. The rough-structured surface of the 
deposit could be sneared without breaking, and could be scraped off w i t h  heavy< 
pressure from a fingernail, leaving a denser, smoother "pavement" on the aluminum 
surface which had a cracked and checked appearance. This in turn, could be scraped 
off with a boar's tusk; i t  was very brit t le and easily broken up  w i t h  a steel probe. 
Some of the scale was carefully scraped off the aluminum surface, and mounted for 
microscopy. The inclusions in this scale, and the brittle fracttrre are shown in 
the photomicrographs in Figure 12. - A few small pits were found under the deposits. 

The inner surfaces of the preserved portions of the aluminum pipes were very similar 
i n  .appearance t o  those of the dried ones, b u t  more detai l could be observed. i n  . 
order t o  facilitate measurement of deposit thickness and observation of particulate 
materials within the deposit, the entire deposit was rfloved by means of collodion 
films and mounted for observation w i t h  high resolution optics. The average heighr 
of the deposits, from 10 measurements a t  randam. was 22.9 micrometers. The thickest 

PI" of these was i n  a "ridge" area, and measured 34.8 micrometers. There were occ3sionai 

fi, , 
portions of the deposits t h a t  were much thicker-tip to 87 ricrometers his". 
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FIGURE 11. Inner surfaces of 
aluminum pipe 11-F, a i r  dried 
a f t e r  removal from flow. The 
white spots are  aluminum corrosion 
products. The metal part icles,  
which could not be removed without 
disturbing the res t  o f  the material,  

i are from the saw cuts. 



FIGURE 12. Scale material scraped 

from inner surface of a1 uminum 

pipe 114. a, b, and c are under 

d i f fe ren t  phase contrast conditions 

to show inclusions and b r i t t l e  

fracture. 



FIGURE 13. Inner surfaces of  alkntnum pipe 11-F preserved 
I n  glutaraldehyde-seawater solution a f ter  removal from flow. 
Photographed while submerged i n  preserving solution to 
show typical bliofouling deposits. The metal chips from 

sawing the pipe could not be removed \~ i  thuut dl  sturbing 
the deposit. 



FIGURE 14; Same as i n  i i g u r e  13 but illuminates 

from a di f ferent  angle t o  show ridges i n  the aluminum 



strings and filaments of bacteria and some o f  the pennate diatoms. Typical 
portions of the deposits are shown in Figure 13. The photographs in Figure 14 
were taken w i t h  illumination a t  an  angle different from that used i n  the photographs 
in Figure 13 in order to show the underlying ridges in the a1 uminum pipe. 

A portion of the preserved pipe was washed and dried, and the deposit removed from 
i t  by careful scraping. Microscopic examination of this deposit showed the thickness 
t o  be from 6.5 micrometers t o  24 micrometers within the small area observed. This 
material contained pennate diatoms, glass fibers, and other filamentous material. 
A portion of the deposit was orange colored and contained filaments, b u t  individual 
bacteria could not be resolved because of the density of  the material. A colorless 
portion appeared to be full of bacteria, b u t  many of these particles could be 
other than bacteria since they were not tested by characteristic staining properties. 

Aluminum pipe labeled 1114, with the same dimensions and treatments as pipe 114, 
was removed a t  the end of the experiment and observed in a fashion similar t o  t h a t  
employed for 114. 

Figure 15 shows air  dried inner surfaces of pipes IS-f and 111-f together f o r  
comparison. Figure 16 shows the inner surface of pipe 111-F that had been preserved 
in glutaraldehyde mrmtediately after removal from the flow. The i nncr surface 
was grayish, with a faint yellowi sh tinge, in contrast t o  the 11-F section with 
an orange calfired deposit. The deposits were uneven, in streaks, b u t  the thickness 
when examined over a wide area appeared t o  be rather unifom. A stained and dried 
layer when examined in place had the cracked and checked appearance noticed i n  

the layer of scale on the 11-F section. Some of this material, scraped from the 
a1 uminum and mounted for microscopic observatf on, was examined for thickness. The 
thicknesses of 10 fragments were nearly the same, varying from 9.9 t o  10.2 micrometers, 

Oewsits removed from the preserved sections by means oT collodion ff lms, and 

stained, t b n t d f  ned mny stal k e d  and branching bdc trafia ( f i  gure 1 7 )  many f f  lsment~us 
bacteria (Figure 181, and buried diatom frustules. Some of tbis deposit d i d  not 
s x f  n; :he color was sl igntly ye1 lowisn, the appearance ffnely granular. These 
unsainea aorzions ton+~ined nany angular ,  opaque, Siack or 3rown incissions 1 t3 

3 xicrc~e t t r s  across, and mny s;;lali particles i n  fne 3 .  l-micrcmeier s ize  rance j n  

wnfcn snase a m  c3lar cauia no t  3e distinguisnei. 
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FIGURE 17. Portion of stained 
3 .  

e . .  . .. biofouling layer removed f rom inne 

a s  ;%,* I -  A *  surface o f  aluminum pipe 111-F-fop 
p i  * ' - t that had been preserved in glutar- 
kkf. 1 aldehyde-seawater solution after 

h-3 T 
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b removal from flow. Dense bacteria 
' ? a  

mass with numerous stalked bacteri 
i .  ' . '  ,..-..C... 
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Figure I .  Same layer as in Figur 
17. Bacterial mass containing 

- .*u m n y  branching bacteria and long, 

.'q t f i lamentous bacteria. 
' :. && --*-a L"' ' 



The deposit on the interior surface was yellowish orange, very similar in color 
to that of the deposit in aluminum pipe 114, but thinner. The greatest difference 
between thiq section and similar aluminum pipe sections in the PVC pipe is that 

. . - - 
there was no layer of colorle-st material about 10 micrometers thick underlying L; 1 . 

the colored material. Because of this, the titanium section appeared bright. . 

However, at the end next to the aluminum pipe section which preceded it, there 
was a small amount of the same white amorphous material as found on the aluminum 
surface in pits beneath deposits of organic material. This seems likely to be 
aluminum hydroxide. Figure 19 shows the deposits in the titanium section under 
different conditions of illumination. It was difficult to measure the thicknesses 
of these irregular deposits with the metal lographic microscope because of diffract4 on 
from raised crystal surfaces in the metal, but a few points gave the following 
measurements: 5.5 micrometers; 13 micrometers; 2.6 micrometers; 7.8 micrometers. 
In order to provide additional measurements, thicknesses were determined at 10 
points in a "peeled" deposit using the inverted microscope. These varied from 
1.7 to 8.5 micrometers, with an average of 4.0 micrometers. Living in the deposit 
were many branching bacteria and some diatoms, including large Nitzschia that 
measured 4.5 X 112 micrometers. 

The heaviest of the colorless deposits removed by collodion films were made up 
predominantly of bacteria and their extracellular products, with scattered naviculoid 
diatoms in the size range 7 micrometers X 60 mfcromqters. The biofouling deposit 
could be scraped from tbe titanium with a fingernail using as much pressure as 
possible. 

Smai 1 bits of material washed from portions of the metal surface contained nany 
bactgria o f  large and medium sizts, including same iilamentous f o m s  (figures 29 
and 21). In these loase portlons of the deposiz, there were pieces of yellcwish 
orange mttrial conuining more or less para? lei filaments 3f sinall diameter and 
cansidertoi e l tnoth ~nich clostl:~ resembled "-,fiose in the aeposi ts fotlnd in t5e 

-. i:~ninum 2ipes. Scme diatoms were :r%sent (navie~loids). inere *Here no stslkzs 
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FIGURE 19. Inner surfaces o f  ritarrium pipe secrion 
preserved i n  gl  utaral dehvde-seawater sol u t i  on af ter  
removal fran flow. Photographed with i 1 lumina t i~n  
from different directions wni 1 e Submerged i n  preserving 

solution to show typical biofouling deposits. 
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FIGURE 20. Material washed from 

t i tanium pipe section during handl ing. 

Loose aggregates attached t o  f iber  

contain many bacteria, only a few 
o f  which are i n  focus i n  a s ingle 

image plane. Several kinds o f  

bacteria are present i n  the mass. 

Figure 21. Material washed from 

ti tanium pipe section during handl ing . 
The small , loose aggregates of 

organic material containing bacteria 

are typ ica l  o f  the por t ion o f  the 

deposi t extending away From the 

surface, 



DISCUSS ION 

The large numbers of bacteria and the relatively large biomass of diatoms that  
developed w i t h i n  a short time on surfaces w i t h i n  the flow system and on the imnersed 
glass slides i n  t h i s  experiment indicate that  these organisms w i  l l  be substantial 
early contributors to  bfofouling i n  fu l l  scale OTEC heat exchangers. Although 
growth of populations of these organisms was rapid during this  experiment, the 
growth rates were considerably less  than i n  locations where most previous work 
on pr:mary biofoul ing has been carried out. For example, a t  La Jolla the numbers 
a+ bacteria and other organisms in the water, the level o f  dissu lvd  dnd micro- 
particulate nutrients was much higher, and bacterial growth rates  were higher; 
organism~ Such as bryoroans were much more plentiful than i n  clean ocean water 
around Hawai i . 

The t e s t  a t  Keahole Point i s  the f i r s t  to  be carried out as a biofoul ing study in 
relatively clean seawater; the t e s t s  of Sechler and Gundersen were carried o u t  i n  
Kaneohe Bay where the nutrient and particulate content o f  t he  water was higher than 

-.4d--B,z-= . LL a t  Keahole Point, and the flow patterns quite different. Foul i ng studies such as  
t- ! L ,- _,._ ,:-. .,;+ those i n  Pearl Harbor and Honolulu Harbor that  have been conzarned w i t h  the larger  

1, 3 <> 
- 1'3 fouling organisms would not correspond to  those a t  Keahole Point because of the 
;> - -+ 

f a r  higher pol-lution in these harbors. However, the glass slides used in th i s  
study provide infarmation that i s  to  some extent comparable to  that obtained i n  
several other studies, because the mechanisms involved are  practical ly the same. 

In biologfcal cmnuni t i e s ,  the predominant ~opulations w i  11 he t h n c ~  oi species 
that  have developed large numbers because of a growth advantage over other forms. 
#here favorable temperatures$ water qua1 i t y ,  and nutrients are readi ly  sviiilsble, 
very inany different kinds of organisms can grow, b u t  as soon as nutrients become 
I i m i t i n g ,  those organisms w i t h  a growth advantage, no m t t e r  how sl ight ,  will grcw 
the fastest  and eventual 1 y ?redominate. Another principle that s t r ic t1  y control s 
t h e  growth rates of most ocsanic bacteria and microalgae t ha t  are Pree 1 i v i n g  is  

:5at of nutrient transfer from water to wganisn which i s  roughly ?roportionate ts 
?he flow of mt2r  gast  c?ie surfaces of the organisas (otherwise staiod as sinkins 
r a t s ) .  3acteria f ixed ta  suriaces can a t ta in  faster flow rates in open ocean wazer 
2eclusc ? ar:er 3articl es have f a s t t r  sinking ratss .  The same advantaoe apul i es 
:acrtr'a znc 23 7ar:er sr:anisns sucn as Ciatcms anc zarnacles f i x t d  t a  siirfacos 
sf =ices. :n 3 :mt inuous ; ;~  ficwing syszam, sucn at-~cnea organisins have s ;re=: 



advantage over unattached forms because the supply of nutrients i s  "unl imi ted" 
i n  the sense that over long periods of time tons of nutrients will pass by and 
thus be made available to fixed organisms that can extract them. 

Diatoms are usually thought of in simple terms as organisms that require l ight  
because they are plants. However, some species grow quite well in the dark when 
supplied with adequate nutrients, and can become significant in heterogeneous 
populations of fouling organisms. Those species best adapted t o  the specific 
conditions prevailing in a given environment will become dominant, the time required 
for domination depending upon a number of factors including competition for 
nutrients and space. As population. species ratios change in an assemblage of 
organisins, conditions favor different species.so that there i s  usually a succession 
of species during buildup of populations of foul ing organisms. The surface a,rea 
avai lab1 e to microorganisms . in conditions such as those in the present experiment 
becomes greatar very rapidly as the in i t ia l  surface i s  covered with irregular. 
projecting degosits of organisms, their extracel lular products, and other materials 
trapped i n  the resulting matrix. This results in a potential increase in the 
fcul i ng  ra te ,  and in the diversity of species and sizes of organi.sins in the foul.ing 
c omnu.n i  t y  . 

As was mentioned in the introduction, diatoms can adhere to surfaczs immersed in 
seawater flowing a t  velocities of more than 5 meters Fer second, and can protect 
larger organisas from flow effects so that sooner or la ter  large fouling organisms 
nay become a part of the fouling population. Since standard industrial practice i s  
i o  1 ini t flow velocities t o  0.6 t o  2.5 meters per second i n  order t o  decrarse 
inpingemont attack by particulate materials t o  practical levels, there i s  no hop2 
of el i3inating a1 1 possible diatom attachment by increasing velocities when 
ccnven:ional heat exchanger materials are employed. I n  the case of aluminum, which 
j 5  very sensitive t o  this  type of attzck, t o  pitting and crevice ccrrosion, and t o  
cavi:ation, flow velocities in seawater would nave t o  be k e ~ t  i n  the i o w  range 

-, even for reiatively short, geriods of service. I nus, both bacteria and diatoms 
<an 52 sxzecftd t o  rapidly build u p  p r i ~ z r y  fouiing films that i n  turn wii1 123d 

t z  pr3cn of l a r ~ e r  organisi-ns sac3 as the hyar3ids that crew . i n  ths f l s w  s: /st t!  
' n  t z e  ; rostnz sxreriment. 



These tests did not provide the resolution necessary t o  determine either short or- 
long t e n  rates of buildup of fouling layers in the piping, so that they can not 
be used to predict the relative importance of scale deposits as dis t inct  from 
biofouling deposits in regard t o  possible effects on heat exchanger performance. 
However, the tes t s  did establish the order of magnitude of fouling rates and the 
general types of organisms involved in primary biofoul ing in nearshore waters 
a t  Keahole Point. 

There i s  no industrial experience with aluminum pipes of the type used in this  
experiment for heat gxchangers in seawater. The closest comparison that could bc 
made would be that of operating installations where 25 rm diameter aluminum bronze 
tubes with a wall thickness of 1 .n6 m, and 1.3 m support centers wcrc used. With 

these material s ,  which have a Brine11 hardness of about 82, there i s  usually a 
. continued scale buildup from corrosion products in seawater so that t h i s  deposit 

alone can be responsible for about 50 percent of the total resistance to heat flow. 
Biological processes can increase the rate  of buildup of this  layer, and contribute 
additionally t o  a complex layer that  seriously impedes the flow of heat. After 
cleaning, the heat flow resistance due to  fouling may drop to  only about 3 percent 
Of that prior to cleaning. Harder materials would allow higher flow velocities 
to be used, with less overall fouling, b u t  aluminum will not withstand high 
velocities. 

In  the case of the branze- pipe from the in i t ia l  flow experiment a t  Makapuu Point 
that was briefly examined earl ie r  , the extensive calcareous and other biological 
products deposited on the inner surface were underlain by a scale that looked very 
nuch like :hat within the aluminum p i p e  sections in this  experiment. The most 
apparent difference was t h a t  i s  the case of the bronzc pipe smai 1 areas of the seal@ 

and the overlying deoosit had become detached, and a new growth  of microor~anisins 

had begun t o  cover the freshly exposed metal surface. The few pirs observed wer? 
s h a l l o ~  and relatively broad. The growth of microorcjanisins on the surfaces of rne 
two kinas of ?ipes cannot be compared due t o  the quite diiferent condit'ons o f  

&.cosur?. %%ever, i t  could be guessed that the scale obs'erved on b o t h  the aluninun 
7ipes and an tbe bronze 7 i ~ e  -doula eontri bute resistances ts the flow o f  nest tha: 

-dcu!a be s f  same or5er of na~nj tyce .  



The predominant ly m i c rob ia l  depos i t s  found i n  the aluminum p ipe  11-F were s u f f i c i e n t l y  

t h i c k  and i r r e g u l a r  t h a t  they cou ld  c o n t r i b u t e  s i g n i f i c a n t l y  on a m ic rosca le  t o  

the stagnant l a y e r  near the  p i pe  surface, and thus t o  the  t o t a l  res tance t o  heat  

f low. There appear t o  be two layers ,  a  sca le  l a y e r  p o s s i b l y  con ta i n i ng  b a c t e r i a  

which may o r  may n o t  be v i ab le ,  and a l a y e r  over t h i s  composed o f  l i v i n g  organisms, 

t h e i r  products, p a r t i c u l a t e  ino rgan ic  m a t e r i a l ,  and i n e r t '  b i o l o g i c a l l y  de r i ved  

ma te r i a l s  such as  diatom f r u s t u l e s .  Included i n  these depos i t s  was a l s o  an appa ren t l y  

s i g n i f i c a n t  amount o f  g lass fragments and g lass  f i b e r s ,  presumably f rom l o c a l  

vo lcan ic  a c t i v i t y ,  e i t h e r  undersea o r  on land, a long w i t h  what appear t o  be g l ass  

spheres of , s i m i l a r  o r i g i n .  When at tempts were made t o  scrape the  d e p o s i t  from t h e  

pipes w i t h  a  ny lon  scraper,  some o f  these hard p a r t i c u l a t e  m a t e r i a l s  l e f t  new 

scratches on the  sur face  o f  the  aluminum. These would acce le ra te  t he  wear produced 

by c lean ing  systems such as t he  Amertap system. I n  v iew o f  the  hard sca le  i n  t he  

aluminum pipes, and t h e  sof tness o f  t he  aluminum beneath (Br ine11 hardness of 95), 

t he  Pmertap system would poss ib l y  n o t  be ab le  t o  n ia in ta in  s a t i s f a c t o r y  sur faces 

on heat exchanger tubes even though these m a t e r i a l s  posed no problem, as they:perhaps 

would n o t  due t o  t h e i r  smal.1 quant i t ies . ,  

Because t he re  has been l i t t l e  experience w i t h  alumjnum i n  i n d u s t r i a l  heat  exchangers 

used w i t h  seawater, i t  was des i r ab le  t o  i nc i ude  a standard re fe rence  m a t e r i a l ,  

t i t an ium,  which has been f o r  the pas t  twenty years the  ma te r i a l  o f  cho ice f o r  

f lowing seawater systems. Aluminum i s  one o f  t he  poorest  meta ls  i n  regard t o  

co r ros ion  res i s t ance  under b i o f o u l i n g  depos i t s  i n  seawater, as w e l l  as t o  e ros ion  

and c a v i t a t i o n ,  and w i l l  va ry  tremendously i n  a t t a c k  r a t e s  i n  res?onse t o  b i o l o g i c a l  

and o ther  v a r i a t i o n s .  Titarilum, on the other  hand, does n o t  p i t  and has c o n p l e t t  

res is tance  t o  co r ros i on  under b i o f o u l i n g  depos i ts ,  and i s  one o f  the most unc5anging 

metal s  ahen exposed t o  seawater a t  o rd i na ry  temperatures . L i  ke a1 uminum, t i  t a n i  urn 

r e a d i l y  becomes covered w i t h  f ou l  i n g  organi  sns i n  the  usual seawat2r envi  ronmen~s  . 
I n  q u i e t  water, where f o u l i n g  i s  worst ,  i t  does no t  appear tc~ accunula te  fou l  jng 

o r ~ a n i s a s  as r a p i d l y  as aluminum, bbut i n  t h i s  resGect ; t  i s  f a r  i n f e r i o r  t o  5 0 i 1 3  

cuprsn icke i ,  and i s  a l i t t l e  worse than alumjnun b r o n i ~ .  !n f a s t - f i o w  c o n a i t i c n s ,  

f i x n i u m  i s  r e l a t i v e l y  fr?e i r zm  i c u l i n c  srob lz i?s ,  anc i s  h icn! :~ r e s i s t a s t  ca 

i b r3s i cn ,  g a r t l y  Gue t o  i t s  haraness (215  S r i n s i ; ) .  Tisznium iz r re rcz i  i n  sz2Lvaszr 
. . =2r ZC ye:rs 'shc~s no aeacursc l t  ca r ros ion ,  ~ c d  l cnc  s . ~ s e r i s n c r  , ~ i t h  incus:?;:: 

A P ne2r ?xcxnSers  m c l a y i n g  se2L~a:tr *,4:n L: m t25es i a v i n s  i , N Z ; ;  th ickn2ss 2f  1.-5 - - .m ,2sinc stzndarz C e s i ~ n c  :u: r?.izc'nc 3'cminl;;;i 2rZnzP z38es L: :~i;! 2 . 2 .  ji . 2 6  ~ r :  
-. - . . - .  .,"a! ! T ~ ? c ~ ? = s s )  3c i  invo;*:ing .Ne. 1 . j vs r  ; 7: ; ; :cn .ze:ers ;f ::~inc, izdif::t: :nz: 



titanium should remain serviceable for a t  least  15 years. 

The titanium reference pipe section used in this  t e s t  showed no change on the surface 
of the metal except for the accumulation of the biofoul ing layer. The surface 
deposits-were rather loose except for the portions made u p  primarily of bacteria 
adhering to  the metal surface.. There was' no scale .as on the aluminum and bronze 

. Pipes. This would be an excel lent material for use in developing antifouling 
measures of several types. 

Biofouling in flowing seawater systems such as will be uscd i n  OTEC ~ y s t m s  e b n  

not be avoided, h u t  there appears to be a good possibility of preventing excessive 
early buildup of microfouling layers. Even this  early stage fouling appears 
to be capable of interfering w i t h  heat flow in heat exchangers to an important 
degree. Because of the excellent potential of ocean thermal energy, a substantial 
emphasis should be placed on prevention and control of primary marine biofoul ing. 
The very early development of strongly adherent bacterial deposits observed d u r i n g  

the 1976 Keahole Point experiments indicates the possible advantages of applying 
antifouling measures before extensive buildup of thicker deposits has occurred. 
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APPENDIX 

AODITIONAL REFERENCES 

The following references do not represent a comprehensive bibliography, but 

were selected for initial consultation during the biofoul ing ,studies at Keahole 
Point. The emphasis in these studies has been on the primary foulinq layer 

and on the layers imediately following it because of their additive effects, 

which can significantly increase thermal resistance. Another important .aspect 

is that of fouling prevention and removal, which must be accomplished during 

relatively early stages of fouling development if satisfactory efficiency of 
OTEC heat exchangers is. to be maintained. 

, Most of the references are concerned with the organisins that are in the size 
range of the bryozoans and hydroids to the smaller bacteria; these colonize 
new surfaces very rapidly and have long been know to be important in the 

development of biofoul ing , but have not been investigated as thorough1 y as 

have the larger for%$. There is a need for additional investigations of 
primary biofoul ing and its prevention; the additional references are intended 

as an aid in these studies. 
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INTRODUCTION 

Four s e t s  of hea t  exchanger ? ipe  samples a r e  t o  be r e ~ o r t e d  on i n  t h i s  

i n v e s t i g a t i o n .  The purpose o f  t h e  s tudy  i s  t o  c h a r a c t e r i z e  the  depos i t  l a y e r  

and i t s  e f f e c t  on t h e  i n n e r  s u r f a c e  o f  t h e  p ipe .  To do t h i s  it  w i l l  be 

necessa ry  t o  measure t h e  th ickness  of  the  l a y e r ,  e s t a b l i s h  i t s  composition 

and inspec t  the  layer-meta l  i n t e r f a c e .  ?lot inc luded i n  t h e  i n v e s t i g a t i o n  is  

a  measure .of  t h e  l o s s  o f  metal by cor ros ion  except  a s  might be i n f e r r e d  by 

a  measurenent o f  t h e  p i p e  wall dimension. 

The p i p e s  a r e  sf two m a t e r i a l s :  A 1  bUb1 -'l'b a d  '1'1; t ram three iacatians: 

t h e  s h i p  X o i ' i  a t  Keahole Point ,  Hawaii, Buoy S e r i e s  I (submerged) a t  Keahole 

Po in t  and t h e  barge  a t  S t .  Croix i n  t h e  Caribbean Sea: Runs were taken a t  

two opera t ing  water flow v e l o c i t i e s :  3 f t / s e c  and 6 f t / s e c .  The samples a r e  

i d e n t i f i e d  by t h e  fo l lowing code: 

L e t t e r  f o r  l o c a t i o n  N f o r  N o i ' i ,  B f o r  B U O ~ '  and S  f o r  
S t .  Croix  

L e t t e r  f o r  Mate r i a l  A .  f o r  Aluminum and T f o r  Titanium 

Number f o r  water f low v e l o c i t y  3 f o r  3 f t / s e c  and 6 f o r  6 f t / s e c  . . 

L e t t e r  f o r  s e c t i o n  of  p ipe  A ,  B ,  C .  .. 
More d e t a i l e d  h i s t o r y  of the  hea t  exchanger prpes  is  given in  .lpDendix B . 1 .  

I I .  TYPES OF .WXLYSES, \.!E.GURE?ENTS ' .WD INVESTIGATIONS 

A .  2.letalloprauhic 

! Lch  a f  the  information sought i n  this i n v e s t i g a t i o n  can be obta ined 

~ , . o ? t i c a l  examiiiacion of a  c r o s s - s e c t i o n  o f  the  h e a t  exchmger  ? i p e .  

* . :a  z x s  snd a  s l i c e  f o m  the  ? i?e  n u s t  be rncunzed i n  n o m t i n g  n e d i s  i n  such 

a  xay t h a t  t h e  deposit i a v e r  and t h e  ex?osed edges o f  the  x e t a i  I r e  ?To- 

:?crsc . 5 ~ r k g  rke  ~ r k d i n g  ma ; o i i r k i > z  a y e r s ~ i o n s  . 



Under :he nicroscope the  nean wall  th ickness  and i t s  va r iance  and t h e  

3ean de?os i t  t h i c h e s s  and i t s  var iance  can be measured. The e x t e n t  of 

corros ion '  and t h e  depth  o f  co r ros ion  p i t s  can be. observed and measured. 

Since  i t  is  a n t i c i ? a t e d  t h a t  ca r ros ion  of  t h e  &face may be r e l a t e d  

t o  the  g r a i n s  i n  the  aluminum meta l ,  an e t c h a n t  which develops the g r a i n  

boundary s t r u c t u r e  provides  a  mechanism f o r  inves t i 'ga t ing g r a i n  boundaries 

and gra.in s i z e .  

8 .  Scanning E lec t ron  .hlicroscogy (SEN) 

The SEM can be used t o  observe,  over  a  wide range of  m a g n i f i c a t i o n s ,  

the  appearance of  t h e  exposed s u r f a c e  o f  the  deposi ted  m a t e r i a l .  The l a r g e  

depth o f  f i e l d  t h a t  i s  an inheren t  p roper ty  of  a  focused e l e c t r o n  beam 

2rovides  e x c e l l e n t  imaging o f  rough s u r f a c e s .  Xlzhough s tudy  o f  the  appear-  

ance o f  the  depos i t  is  no t  a  primary purpose of  t h i s  i n v e s t i g a t i o n ,  an:. . - 

s i g n i f i c a r l t  d i f f e r e n c e s  between t h e  va r ious  d e y o s i t s  a r e  r e a d i l y  i d e n t i f i a b l e .  - 
Q u a l i t a t i v e  i n f o m a t i o n  on the  composiiion o f  the  d e p o s i t s  i s  pro-  

vided by tne  energy-dispers ive  X-ray a n a l y s e s .  Elements i n  t h e  p e r i o d i c  

t a b l e  above oxygen a r e  d e t e c t a b l e .  Th i s  X-rzy s?ec t rograph i t  anal;,.sis 

i s  extremely u s e f u l  when combined with X-ray d i f f r a c t i o n  r e s u l t s  s i n c e  t h e  

' chen ica l  i n f 3 m a t i o n  i t  provides ,  a l b e i t  q u a l i t a t i v e ,  i s  u s u a l l y  adequate ; 

t o  provide p o s i t i v e  i d e n t i f i c a t i o n  or' t h e  crys:al!ine compou?ds ? r e s e n t .  

,. -&eser,c= - md r?!sriy:e a , o m t  or' c r y s t a l l i z e  ? n a s t s .  S u c c z s s f ~ l  ? a = t e ~ :  



D. Other Analyses 

Auger E lec t ron  Spectroscopy (XS) i s  f requen t ly  capable o f  providing 

q u a n t i t a t i v e  informat ion on t h e  chemical composition of the  su r face  l a y e r  

o f  a sample. This  technique has b e t t e r  s e n s i t i v i t y  f o r  t h e  l i g h t e r  e l e -  

ments of t h e  p e r i o d i c  t a b l e .  In order- t o  ob ta in  s u i t a b l e  s p e c t r a ,  t h e  

sample must be a b l e  to .  conduct e l e c t r o n s  t o  a degree.  P r a c t i c a l l y  speak- 

ing t h e  sample must n o t  be an i n s u l a t o r ,  but  have r e s i s t a n c e s  i n  t h e  range 

a s s o c i a t e d  with semi-conductors. 

Secondary Ion Mass Specfroscogy (SIINSI i s  a second technique designed 

t o  e s t a b l i s h  t h e  chemical composition o f  a su r face .  In a d d i t i o n ,  s i n c e  it 

can ,measure t h e  mass o f  molecular fragments, many .organic m a t e r i a l s  a r e  
. . .  -. 

i d e n t i f i a b l e  , 

I I I .  SAMPLE PREPARATION PROCEDURES 

From each sample p ipe  two :sect ions  were cu t  t o  th icknesses  o f  .25 i n .  and 

.4O i n .  These were c u t  using a p a r t i n g  t o o l  and l a t h e  wlthout l u b r i c a t i o n  

bo as t o  avafd iri SO f a r  a s  p o s s i b l e  any contamination o r  d i s tu rbance  o f  t h e  

deposi ted f i l m s .  . 

The . 2 5  i n .  r h g s  were placed in a vacuum coa t ing  f a c i l i t y  where a 

"thic.." l a y e r  of .U - 1 0 W d  a l l o y  was deposi ted on them. Th is  procedure 

i s  i d e n t i c a l  t o  t h a t  given t o  specimens t h a t  require a conducting sur face  

before  exaniqat ion in  t h e  scanning e l e c t r o n  microscope (SEN) except t h a t  

t h e  amount 02  metal used i n  t h e  deposi t ion was about twice t h a t  used f o r  

rou t ine  SEN s a q l e  soat i i igs .  I t  i s  es t imated t h a t  the th ickness  o f  t h e  ".Vi" 
0 

f i l m  i s  of rhe o r d e r  o f  100 .: ? 100 .4. The purpose of  :his s t e p  was t o  ?ro-  

=.iCe a~ ? i o c = r i c s l l y  eanducting s u r f a c e  so t h a t  e l e c t =  deposi7ion a f  n i c k e l  

zn :s? sf the de?osit  l s y e r  could :a!!s ?lace,. 



The mounting, g r ind ing ,  and p o l i s h i n g  o p e r a t i o n  on seven aluminum 

samples were done by h l r .  R. $1. S l ep ian  of  Westinghouse Research Labora to r i es .  

The s t eps .  c a r r i e d  o u t  i n  h i s '  l abora to ry  were: 

1 Nickel depos i t ion  a t  room temperature us ing a n i c k e l  su fana te  b a t h ,  

nm a t  20 v o l t s  a ~ d  2 amperes f o r  approximately 18 hours .  

2 ;  Slounting t h e  r i n g s  i n  Technovit 4000. Th i s  is  a r e l a t i v e l y  new 

mountiyg medium developed and s o l d  by Kulzer and Co., Bereich 

Technik, D638 Bad Homburg, Germany. I t  i s  a t h r e e  component r e s i n  

wi th  e x c e p t i o n a l l y  good molding, adhesion and p o l i s h i n g  charac -  

t e r i s t i c s .  

2 .  G r ~ b d i n g  through s i x  papers us ing  water  a s  l u b r i c a t i o n .  

4 .  Automet p o l i s h i n g  with 3 u m  diamond p a s t e  and o i l  base l u b r i c a n t .  

. . 
5 .  Automet po l i sh ing  with .06 um cerium oxide  and water  a s  l u b r i c a n t .  

A f t e r  t h e  f i r s t  s e t  o f  meta l lographic  measurements were c a r r i e d  o u t  on 

these  samples, they were etched us ing a w a r m  s o l u t i o n  o f  5 p a r t s  HF (38%),  

10 p a r t s  HZS04, 85 p a r t s  H,O from 30 s e c s .  t o  3 min. 
0 

The po l i shed  s u r f a c e s  were given a nominal (100-200A) Xu-Pd coa t ing  

. : 
f o r  SEN examination.  

The .40 i n .  r i n g  was converted t o  a r e g u l a r  hexagon us ing a m i l l i n g  

machine. I t  was then d iv ided  i n t o  s i x  segments. One segment from each sample 

was coated wi th  .\u-Pd f o r  SEY examination o f  t h e  cop o f  t h e  d e p o s i i  l a y e r .  

Another segnent was sub jec ted  t o  u l t r a s o n i c  c lean ing  o r  enzyme a t t a c k  m.d 

.dt;.asonic c l e a n i i g  before  .Au-Pd coa t ing  f o r  SEY examination o f  :he mezal- 

Z e ~ o s i t  !ayei i i ~ i e r i s c = .  

-. 1 . ~ 0  . s o g e n t s  -&ere i e s i h ~ a z e d  fa? Auger Elecxron S ~ e c z r o s c o g y  (.lES) 3ur 

. - ;<,art ,c= r;r -;: ,..Ah - p u ~ o s z  jecause 3 i l ~ ~ c g s r z x ~  - .  ~?ec=:3 2321i 20t  ?e  G C -  

. . -  
:z:zez rzsz :he i r ~ o s i :  :3!-t?r. 



The samples submitted f o r  X-ray d i f f r a c t i o n  examination by  Mate r ia l s  

Consul tants  and Laborator ies  (IrfCL) were t h e  r i n g s  remaining from t h e  o r i g i n a l  

p i e c e s .  The X-ray examination was o f  t h e  depos i t  l a y e r s  only .  These were 

"...removed by c a r e f u l l y  sc rap ing  with a toothpick under a low power s t e r e o  

l i g h t  microscope ." Some of  t h i s  d e p o s i t  ma te r ia l  was mounted on ". . . high 

p u r i t y  g r a p h i t e  wafers with Duco cement, coated with approximately 200 o f  

carbonu f o r  examination in t h e  SEM. 

IV. RESULTS 

A. T h i c h e s s  Measurements 

1. Wall Thickness 

Thickness measurements were performed on t h e  specimens prepared by 

R. .\1. S l e p i a n ,  Westinghouse Research Laborator ies .  They were measured in  

the  "as polished" s t a t e .  They were measured on a measuring microscope with 

t h e  samples b e h g  mounted in a ho lder  devised t o  accommodate t h e  mounted 

specimen. The r e p r o d u c i b i l i t y  of the  measurement us ing t h i s  system is  

s l i g h t i y  b e t t e r  than 0.01 m when performed on an unexposed p iece  o f  tubing 

a t  a s i n g l e  p o s i t i o n .  Thus t h e  s t m d a r d  dev ia t ions  on the  measured wall  

th ickness  r e p r e s e n t  v a r i a t i o n s  dtx t o  out-of-roundness o f  t h e  c ross - sec t ion  

o r  t o  d i f f e r i n g  amounts of cor ros ion  around :he s e c t i o n .  Three measure- 

inents were made a t  each of e i g h t  l o c a t i o n s  around t h e  s e c t i o n  t o  determine 

~ a l ?  t h i c h e s s .  The r e s u l t s  a r e  t abu la ted  i n  columns' 1 and 2 or' T a b l e  B .  a .  



, Tubing ::'all Tnickness  and S c a l e  n i c k n e s s  i n  mm. 
1 2 3 I 5 .  6 7 8 

S c a l e  k a l e  S c a l e  p l u s  S c a l e  
Wall S t d .  Thick-  S t d .  Thick-  N i  l a y e r  R i c k -  S t d .  
Thick-  Dev. n e s s  Dev. n e s s  from nes  s Qev.  
n e s s  1st Run from micro-  2nd Run 

micro  - graph  
graph  



1. Sca le  Thickness 

Scale  th ickness  measurements were performed twice ,  f i r s t  i n  t h e  "as 

pol ished"  s t a t e ,  and l a t e r  a f t e r  t h e  sample s u r f a c e  had been etched and 

repo l i shed .  In  t h e  f i r s t  measure of s c a l e  th ickness ,  seven readings  were 

taken around the  i n s i d e  diameter ;  These r e s u l t s  a r e  l i s t e d  i n  Table B.1, 

columns 3 and 4 f o r  the  average th ickness  and s tandard d e v i a t i o n  r e s p e c t i v e l y .  

X photographic record  o f  t h e  s c a l e  th ickness  was made o f  each sample a t  

a magnif icat ion o f  140 X .  Measurements o f  t h e  average th ickness  o f  t h e  de- 

p o s i t  l a y e r  taken from t h e  photographs a r e  l i s t e d  i n  column 5 o f  Table B . 1 .  

Because these  measurements a r e  n o t  in very good agreement wi th  those  i n  

column 3,  t h e  width o f  t h e  depos i t  p l u s  t h e  n i c k e l  coa t ing  has a l s o  been 

es t imated ,  and these  va lues  a r e  l i s t e d  i n  c o l m  6.  After e tch ing ,  t h e  

samples were repo l i shed  and remeasured. Approximately 25 read ings  were 

made around t h e  r i n g s .  The average th ickness  and t h e  s tandard dev ia t ion  

a r e  l i s t e d  in Table B. 1 in columns 7 and 8 r e s p e c t i v e l y .  When t h e  d e p o i s t  

l a y e r s  were remeasured a f t e r  e tch ing  and repo l i sh ing  o f  the  samples, t h e  

average d e p o s i t  thick-nesses were n o t  i n  very good agreement wi th  the  o r i g i -  

n a l  va lues .  However, it was observed under a h igher  power microscope t h a t  

in sany  p l a c e s ,  f o r  some of t h e  s imples ,  the depos i t  l a y e r  had been 

p u l l e d  a1::ay from the  p ipe  wal l  c r e a t i n g  the  appearance o f  a t h i c k e r  

depos i t  l a y e r .  There io re ,  t h e  values  i n  column 4 most p roper ly  represen t  

an upper liinit t o  t h e  d e a o s i t  th ickness .    he va lues  o f  d e p o s i t  l a y e r  

~ 5 i c . b . e ~ ~  l i s t e d  i n  c o l m  5 '  a re  t h e  most probable measurenents. I: 

s n o u l i  be poL?,?ted out  cha t  :he photographs from which these  values  h a v e  

See? obtained uers  n o t  :aken f o r  the ?u.z.zose or' a b t k n i n g  t h e s e  measure- 

z:.sr.ts, 5ur zzzher  zs  show i - - e g ~ l = i t i ~ s  LT =he appearmce 3f :he ae?cs i r  



l a y e r  as  seen in  cmss-section.  They do s e r v e ,  however, t o  r e c a l l  the  appear-  

. ance of  the samples, and e s t , i n a t e s  o f  "average". deposi t  th icknesses  can be ' 

deduced from them. 

3 .  Opt ica l  >l icroscopic  Survey 

.A11 samples were immersed i n  & ? e t c h i n g  s o l u t i o n  o f  5 p a r t s  H F  (388), 

10 p a r t s  H,S04 and 85 p a r t s  H,O, f o r  t imes of  30 seconds t o  3 minutes,  - - 
t o  develop the  g ra in  boundary s t r u c t u r e .  T h i i  was done t o  determine t h e  

e x t e n t  t o  which p i t t i n g  r e l a t e s  t o  t h e  g ra in  boundaries.  The f i r s t  ' r e s u l t  

of t h i s  p a r t  o f  the  i n v e s t i g a t i o n  was the  obse rva t ion  t h a t  t h e r e  was 

considerable  d i f f e r e n c e  i n  sample ' response t o  the  e t c n a n t .  Some samples 

e tched qu ick ly  and e z s i l y ,  showing a  c l e a r  g r a i n  boundary s t r u c t u r e .  Others  

d i d  n o t .  The d e t a i l s  f o r  each specimen a r e  l i s r e d  below along with o t h e r  *.._ 

observat ions  about t h e  mic ros t ruc tu re  a s  wel l  a s  :he n a t u r e  o f  the  ? i t t i r i g .  :" 

The d i f f e r e n c e s  i n  etching behavior a r e  most probably r e l a t e d  t o  v a r i a t i o n s  

- i n  ? i?e  composition and t h e r i n a l . h i s t o r y .  . .Although a l l  t h e . p i p e s  undoubtedly . 

rneet the  s tandard s p e c i f i c a t i o n s  f o r  6061-T6 p i? ing ,  p l a n t  procedures may . . 

vary i i i  anneal ing temperatures and t imes and coo l ing  r a t e s  so  a s  t o  produce 

d i z f e r e n t  inc lus ion  d i s t r i b u t i o n s .  The amount and d i s t r , i b u t i o n  of i ~ u r i t i e s  -. 

i n  g r a i n  boundaries w i l l  Se a f f e c t o d  by these  theqnal  t r e a t x e n t s  and obvious- 

i v  have a  narked e f f e c t  on corros ion behavior  a s  x e l l  a s  ecching behavior .  

1.  SX3I 

T h i s  sample shows a  !<el l  developed g ra in  b o ~ n a a r : ~  ? a t t e r n  z f t e r  30 s e c s .  

? c t h .  Some t e s t a r e  v a r i a t i o n  among t h e  g r a i n s .  The e tch ing  i s  along g ra in  

-,,.- . A"..; a - Considersbls  z r a i n  s i z e  variz:ion ~bser1:ec . rroin - i n s i d e  Co o u t -  

s i i e  ~5 ? i ? e .  Grain s i z e  t e c r e a s e s  ; + i t 5  d i s t a n c e  frsn i n s i d e  s u r f a c e  oxcs;: 

-..A - . . . . .  
L;i;i S J C ~  I - P P ~  sns;; yraizs a r e  jeer! 3t :;;Sl;e 5 2 ; s .  



Corrosion appears  t o  be along g r a i n  boundaries with l o s s  o f  smal le r  

g r a i n s  a t  i n n e r  su r face .  Pene t ra t ion  i s  smal l ,  u s u a l l y  only  one g ra in .  

P i t t i n g  is f requent  and more o r  l e s s  uniform i n  d i s t r i b u t i o n .  

Shows poor ly  developed g r a i n  boundary p a t t e r n  a f t e r  40 s e c s .  e t c h  in  

heated e t c h i n g  s o l u t i o n .  Extensive 2 i t t i n g  a t  what appears t o  be i n c l u -  

s ions , '  a l though they  a r e  n o t  a,lways observable .  One type o f  i n c l u s i ~ n  does 

n o t  etch!! Var ia t ion  of g r a i n  s i z e  ac ross  pipe s e c t i o n  hard t o  e s t a b l i s h .  

: >lay have larger grain si:es n e a r  inner s~lrfa.cn. as above. 

Almost n e g l i g i b l e  cor ros ion ,  and apparent ly  l i t t l e  t o  no g r a i n  boundary 

a t t a c k .  Occas iona lverysmal l  g r a i n  missing along s u r f a c e .  

5.  SA3H 

bloderate g r a i n  boundary pattern a f t e r  40 s e c s .  e t c h .  Some a t t a c k  a t  

i n c l u s i o n  l o c a t i o n s .  Well developed inc lus ion  d i s t r i b u t i o n .  Grain s i z e  

more. o r  l e s s  uniform with  l a r g e r  size d i s t r i b u t i o n  towards i n n e r  s u r f a c e ,  

Moderate corros ion more o r  l e s s  uniformly d i s t r i b u t e d  along surface. 

Some clear  oxamplet; o f  g ~ a i n  boundary attack, usll;illy w i ~ l l  uut! or more 

"grains" s i s s i n g .  Xot a l l  t h e  p i t s  have appearance o f  a t t a c k  v i a  g r a i n  

boundaries. This sample shows most ex tens ive  p i t t i n g .  

Good gra in  boundary p a t t e r n  revealed by v a r i a t i o n  o f  e t c h i n g  r a t e s  of 

g r a i n s ,  not. by grain boundary s t t a c k .  Attack around i n c l u s i o n s  s e l e c t i v e  
. , .  . . 

Sane g ~ a h  s i z e  v a r i a t i o n  as f c r  S G H .  

S s r o s i o n  benavior n o t  r e l a t e d  t o  grain boundar ies .  Only a few noderate-  

1:; .ice? =\i-,s. No reason evidcnz f a r  p i c  f o a a t l o n  aC "clese si=es. General, 

.si..r;liov r1.75, ?i : t i .~ ii s l i g h t ,  b u t  n o t  n e g l i g i j i e .  



Good gra in  boundary p a t t e r n ,  but n o t  a l l  g ra in  boundaries e tched 

equa l ly .  Some boundaries revealed by p r e c i p i t a t e s  and some by 2 i f f e r e n c e s  
. % 

i n  e tch ing  r a t e s .  Some bocndaries a r e  ha rd ly  v i s i b l e .  General - .  heavy 

~ i t t i n g  on etched sur face ,  p r i m a r i l y  a t  inc lus ions .  Yost i n c l u s i o n s  e t c h  

t o  some e x t e n t .  Does n o t  look l i k e  a  double populat ion,  one t h a t  ? i ts  and 

one non-p i t t ing .  

Corrosion a t t a c k  i s  moderately ex tens ive ,  l o c a l i z e d ,  o f  varying sever-  

i t y  and n o t  g ra in  boundary induced. Yet much o f  t h i s  s u r f a c e  shows no 

evidence o f  a t t a c k .  

6 .  BA6D I . .  

Grain boundarycontras t  is poor with many boundaries n o t  ev iden t  a t  a l l .  

No c o n t r a s t  due t o  d i f f e r e n t i a l  e tch ing  r a t e s .  :.lany boundaries ev iden t  by ' 

decorat ing p r e c i p i t a t e s :  Surface  p i t t i n g  v a r i e s  from region t o  region.  

Corrosion is in f requen t .  Some small  ? i t s  develo?ed. Grain b u n d a r y  

Trocess no t  p a r t i c u l a r l y  ev iden t ,  . bu t  can n o t  be ' exc luded .  Two l a r g e  ? i t s  

a r e  p resen t .  ?lost of s u r f a c e  (edge) shows u n i f o m  t g e  o f  a t t a c k ,  p o s s i b l y  

r e l a t e d  t o  presence o f  inc lus ions  xhich a r e  both numerous and unifoml::  

d i s t r i b u t e d ,  

The- preceeding ~ b s e r v a t i o n s  a r e  n o t  based on tne  sicrogra;hs taken 

or' the  etched sur faces  but on sxtsndea s tudy o f  t h e  e n t i r e  s u r f a c e  o f  eaci? 

sa;nple a t  3 variety of x a g n i f i c a t i o n s  m d  l i g h t i n s  :ondi:ions. The o p i i ~ ~ l  
' . 

aicrograpns  rsere zsken a s  e x m p l c s  0 5  both e t c h i n c  j enav ior  and i n s i i ?  



C.. SE31 Results - --...-" .-.. --- - .-- 
. . The SE>l study was conducted by hkr t in  Hal ler  using a JEOL JSM-I1 scan- 

ning microscope equipped with an EDM so l id  s t a t e  energy d ispers ive  X-ray 

detect ion system. A l l  samples . - .  were coated with a t h in  (100-200 i) l ayer  

of .Au-Pd before introduct ion i n t o  the microscope. In t h e  repor t  the  

samples a r e  i d e n t i f i e d  by numbers 1 through 6. The r e l a t ion  t o  t he  number- 

ing system being used here is as follows: 

. . - . . . . . . - -- . 

The various SEAM microsaphs a r e  i den t i f i ed  by a number-letter combination. 

Table B.2l is ts  the  micrographs, i d e n t i f i e s  the  subject  and gives the  mag- 
' 

n i f i c a t i o n .  

The following general izat ions were made: 

YA3E: Sample contained many c r y s t a l s ,  p a r a l l e l  r idges and inclusions.  

SX3H:' Samp1e:ontains no c r y s t a l s ,  few inclusions ( -  Z%/area) 
. . 

:{AGO: S u e  marrix as SXsH, many cfysea ls  on surface,  a few X l / C l  p a r t i c l e s .  

S..\dH: Mostly cracked ,matrix with a few large inclusions ( ~ 1 % )  

B X ~ D :  Same mztrix a s  others ,  heavi ly covered v i t h  s t r i ngy  mater ial  (-50%) 

BXdD: ,\latx5x has th inner ,  l a rger  ch ips .  Few inclusions.  ' 

The following comments by Mr. Haller  a re  observations o f  both  appear- 

ance and cornpasition. 

.A11 samples are t 9 i f i e d  a s  having a cracked, 1oosel:f adherent coacing 

( I d e n t i Z i s ~  as matrix) of l a r ~ e  (>IOU) thickness.  This mater ial  looks as  

=yough it d g n t  3e sn a m o ~ h o u s  t i t c t r o - d e p o s i x d  s l z  layer  vnic:? s o w s  



Lis t  o f  SE:.! Photo !Iicrographs 
, . 

Sanole No. F i l m  No. Subject  . Magnif ica t ion 

NX3E 1  -4 Large, non- typical  i n c l u s i o n  100 X 
NA3E 1  B ~ ; h i c a l  a r e a ,  no l a r g e  i n c l u s i o n s  100 X 
N.43E 1 C  Typical  a r e a ,  no l a r g e  i n c l u s i o n s  1000 X 
Y.43E 1 D  Typical a r e a ,  s a l t  c r y s t a l s  3000 X 
NX3E l E  Lath t)ye c r y s t a l s  (?)  1000 X 
N.GE 1 F ? l a t e r i a l  i n  r i d g e s  on s u r f a c e  1000 X 
NX3E 1 G  Typical  r idge  on amoqhous background 600 X 
NX3E 1H .A1 X-ray nap o f  1 G  600 X 
SX3H 2 X T-ical a r e a  con ta in ing  an i n c l u s i o n  group 100 X 
SX3H 2 B Inc ius ions  1000 X 
S.43H Z C  T j ~ i c a l  a r e a  wi th  s p a l l e d  matr ix  100 X 
SX3H . 2 D De ta i l  i n  s p a l l e d  region 1000 X 
SX3'i 2E Vat r ix  d e t a i l  1000 X 
SX3H 2 ,C Watrix d e t a i l  3000 X,, 
N.46G 3X T>?ical inatr ix a r e a  . 100 X" 
S .A6 G 3  B De ta i l  of ma t r ix  1000 X 
X.46 C 3C C r y s t a l s  1000 X 
NX6G 3  D Deta i ls -  o f  d e b r i s ,  c r y s t a l s  and non c r y s t a l s  . 600 X 
S.46H . J X  T c i c a l  ma t r ix  a r e a  100 S 
SX6H 4B Typical  matr ix  a r e a  3000 X 

. SX6H J C Inclus ion ( d e n d r i t i ;  c r y s t a l  growth) ZOO X.' 
3X6H J3 Inclus ion ( a e n d r l t i c  c r y s t a l  growth d e t a i l )  . 1000 X 
BX3D 5 A Typical  n a t r i x  s t r u c t u r e  p l u s  a t t a c h e d  m a t e r i a l  100 X 
B.12 D 5 2 T ) ~ i c a l  matr ix  s t r u c t u r e  1000 X 
BX3 D 5 C Diaton 5000 X '  
BX3D 5D Diatom 300OX . 
3XjD 5 E 3io-mass at tachment . 100 X 
BX3D . 3 F 320-aass at tachment d e t a i l  - - 300 X 
S .I3 D . JC, Ca oxide ske le tons  (t) 300C S 
BX38 Sii Bi-valve mollusk s h e l l  600 S 
j.40 D 6 .4 T>-pical n a t r i x  a r e s  100 N 
BXoD 6 8 !.latr:s d e t a i l  1000 S 
3.403 6C Reverse s i d e  o f  detac5ed n a t r i x  f l a k e  100 N 
3.402 09 Dets i l  of  bi, 300 S 

. - 3.46 3 3 r Jubsc r s te  revealed by i l a k e  removal 1000 S 
3-46 3 6 F . Dets i l  o f  dC, a e . t s ~ l e d  f lak* !OGO :< 

' i? . . i 3  scens a s s a c i a t e a  '.ii=h t i j a log ica l  ~ 3 t ~ r i z l )  ?13033l). i n  t h e  f 3 n  o f  i n t e r n a i  
s k z l e t a  szF:cture ar' zhe t r i w . g l s s  ,. e t c .  aro  :he P - ~ o s e d  s k e l e t o n s .  
3ia:oms see? to Se ccm?osea 2f 513- onl;:. S io iog ica?  z a t z r i a l  ap?ears t o  5e' - ~ t = s n c ?  a d  v 3 - - - - ~  c,iL;;ea ' = 3  a a t r l x .  



on the pipe surface. ,\!easurements with the EDAX u n i t  show a very high A 1  

content f o r  t h i s  phase s t rongly ind ica t ing  chemical i n t e r ac t ion  between 

t h i s  l aye r  and the  pipe surface.  In addi t ion ,  an excrescence o r  growth 

(2 -A and 2-8 typ ica l )  i s  seen i n  a l l  samples, cons is t ing  of  Al and C 1 ,  t h i s  

is  probably a d i r e c t  corrosion product. In frequency, about 1% of the 

areas  examined cons i s t  of t h i s  phase. Further evidence of corrosion and 

electro-chemical deposition a r e  seen in  sample 6. Here, several chips of 

the  matrix mater ial  have spal led o f f ,  reveal ing the matr ix/metal interface 

(6-E) . The reverse s ide of one of these chips ( 6 - C ,  D, F) f a i t h f u l l y  

r e p l i c a t e s  the  in te r face ,  showing what appear t o  be etched gra ins  o f  A 1  

covered with a coating of alumina (probably not  a-alumina). For these 

reasons, it i s  t e n t a t i v e l y  concluded t h a t  the coatings shown a re  not  

b io logica l  ( i .  e .  organic) , but a r e  electro-deposi ted inorganic s a l t s  and 

corrosion products,  

Only two of the s ix  samples examined had i d e n t i f i a b l e  b io logica l  

mater ial .  Tne s t r i ngy  mater ial  seen in  1 - X  and 1-F  (about 20% of the  t o t a l  

sample a rea ) ,  and t h e  diatoms, mollusk s h e l l s ,  and s t r i ngy  amorphous mater ial  

in sample 6 a re  typical .  This mater ial  looks t o  be anchored onto (not - 
below) the mtrix coating. as can be c l e a r l y  seen in  5-E and 5-F. These 

mater ials  are highest  i n  S i ,  Ca, and C l  , . due a t  l e a s t  ii part t o  the 

Liclusion o f  fragments of  diatom, shel ls , ,  e t c .  'the author S~eCUlates then 

t h a t ,  based on these samples the b io logica l  material  has grohn on. (or.  

s t tached i t s e l f  to)  a ?reviously ' ex i s t i ng  s a l i  l aver .  

::-ray s?ectra  were obtained on the n a t r i x  and other  t ' e a t x e s  f o r  a i l  

- s i x  saa?les.  Table 8 . 3  i d e n t i f i e s  each s?ec=rm.  ihe s?ecrya =?resent -  

ed 3s 3 ?nootogz3~n ar' the icunis  rocoried i n  =he EDA': ?ultic:?a?ne? analvser .  



List o f  EDAX SPECTRA 

- - . 
Sample No. Spectrum No. Sub j e c t  

YA3E 1- A24 Xrno&hous backgrpund m a t e r i a l  

4- E 
I- X i n c l .  

3 - 
5 - 
5 -  Ca oxide 

6-.!-I 
6- Chip R 
6- S u b s t r a t e  

Matrix 
Inclus ion 

blatrix 
Crys ta l  . 

Matrix . 
Inclus ion 

Bio-mass 
blatrix 
Inclus ion 

Matrix 
Reverse s i d e  o f  ch ip  
A f t e r  ch ip  removal 



Location 

!13 Inclusion on inicro 1 A  
3150 Chtrix-spot lnade 
,819 Mctal 'substrate, edge of sample 

4670 Lath type c r y s t a l s ,  ~ ~ i = r o  11; 
3252 Matrix-ainorphous backgrotu~d iiilrterial 
9250 Material in  surface r iJges ,  i~iicro 1F 

369 Matrix 
366 I ~ ~ c l u s i o n , ,  micro 28 

1 4  Matrix ! 
3 7  Crystals ,  ~ i ~ i c r o  3C 

292 Matrix 
37 Inc lus io~ l ,  inicro 4C 

288 hlatrix 
490 Hio-r~as% 11iic:-os 5 A ,  5(:; SF 
233 inclus ions ,  il~icros I;G, 511 

1 2 2  Matrix 
250 Substrate, ii~icro 6 C ,  6E 
311 Overtu~iled c l ~ i p ,  tricro bC, 61) 



:.lany more s p e c t r a  were obta ined than were recorded i n ~ h o t o g r a p h i c  f o m .  

These neasurements a r e  , l i s t e d  i n  Table 8 . 4 ,  which p resen t s  t h e  number o f  

.counts  obtained f o r  f ixed  inc iden t  beam c u r r e n t  and f i x e d  counting times 

f o r  each of t e n  elements. These r e s u l t s  can be .cons idered  as  q u a l i t a t i v e  

only ,  s i n c e  topography and e l e c t r i c a l  c o n a u c t i v i t y  ? l a y  an important r o l e  

in  c o n t r o l l i n g  X-ray generat ion and d e t e c t i o n .  The major c o n s t i t u e n t s  

i n  the  d e p o s i t s ,  including c r y s t a l s ,  i n c l u s i o n s ,  e t c .  a r e  .U, C 1 ,  and Ca. 

Slinor amounts o f  Na, !4g, S i ,  & S a r e  p r e s e n t .  The presence o f  a  l a r g e  

amount of Fe i n  NA3 sample is knorm t o  be due t o  t h e  experimental  se t -up .  

There a r e  a l s o  t r a c e  amounts of P and K a s  well  a s  o t h e r s  n o t  s p e c i f i c a l l y  

i d e n t i f i e d .  These r e s u l t s  agree reasonably weli  with 3 s i m i l a r  scudy by 

\ l a t e r i a l s  Consultants ( X L )  . 
D. .XS Resul ts  

This p a r t  of t h e  s t d y  was n o t  p o s s i b l e  due t o  excess ive  charging by 

t h e  samples. The deposi ted l a y e r s  appeared as i n f i n i t e l y  t h i c k  t o  t h e  i n -  

c i d e n t  e l e c t r o n  beam, with very high r e s i s t a n c e .  No s p e c t r a  could be ob- 

t a ined .  

E .  !.lCL Resul ts  
. - - - -. . . . 

For t h e  r e p o r t  from WCL, s e e  Appendix 3.2. In t h e i r  s tudy ,  t h r e e  t echn i -  

ques were used : X-ray' d i f f r sc t i ' on  (XRD) , scanning e l e c t r o n  a icroscopy (SE31) 

:;it;l EDiLY m a l y s i s  and secondary ion mass spectrosco?y (SI3IS). 

Not a1.l sainples :$eye analyzed i n  t h i s  stl;d>-. The following had de- 

? w i t s  rem~ved  f o r  SRD: BX6D (two types of deposit), BAZD,  SA3II and DT6D. 

In s l ?  c3szs the m o u n t  or' c r l ; s t a l l ine  x a t o r l a i  :;as a sazll ? a r t  of  t h e  

i e z ~ s l t  2 . n ~  t h e  deo--e a-& ar' c ~ s t a l l i r , i t ) -  vas ?oar. In  50ne c3ses C ~ ~ ? O U C  



i den t i f i ca t ion  was .mrginal and only possible  because the  .major elements 

present were known. Table B ..S i i s  t s  the s-amples and the compounds ' . idei l t i f ied.  - -  . . .-- 

The SEN s tud ie s  were not  as extensive a s  those performed by M. Hal ler .  

The r e s u l t s  were not  s ign i f i can t ly  d i f f e r e n t .  

m e  SIMS study confinned the presence o f  organic mater ials .  The 

sample s tudied was BX6D, two separate  areas .  The operators  reported,  based 

on t h e i r  experience t h a t  t h e  organic content was estimated t o  be 5% i n  one 

area and 10% in the other.  This technique ektabl ished the presence o f  

owgen, as expected, but also showcd somc f lwrine,  an element not  i den t i f i ed  

i n  the EDAY s tudies .  

In conclusion these studjes  a t t r i b u t e  the 'composition of the average 

deposit  a s  being: . . 

blinor Al, (SO4) H20, COj and organic matter - 
S i O ,  and NaCl - 

Obviously in  some other  sanples,  such a s  SX6G, XaC1 would be a major 

cons t i tuent .  



' TABLE 8.5 

Resul ts  o f  MCL X-Ray Study 

Sample 

BA6D I ih i te  i s o l a t e d  m a t e r i a l  .A1 (OH) .412 (SO,) ;.H20 

Yellowish mat r ix  A 1  [OH) .412 (SO,) 3'H,0 
a. 

SA3H Matrix 

BT6D Matrix 

CaC0 S i 0 2 .  

Ca.MgC0; 

CaCO ' CaJlgC03 

SiO, .. 
.A 1 NaCl 

no c r y s t a l l i n e  p a t t e r n  



V. STATE OF THE UUMINUFI PIPES 

The appearance of the etched cross-sect ions of  the aluminum pipes shows 

t h a t  important 'differences ex i s t  from one pipe to  another in  terms of compo- 

s i t i o n  and/or age hardening treatment.  The 6061 a l loy  i s  no t  one where com- 

pos i t i on  is careful ly-control led.  I t  i s  frequent ly used in  many melt shops 

as the  a l loy  t o  use up ex t r a  amounts of  sc rap .  That may s ign i f i can t ly  change - - 

the amount of some t r a c e  elements such as  Cr o r  Cu. The age hardening 

elements in 6061 are hlg and S i .  So the concentrations of these are ca re fu l ly  

control led.  The T-6 temper i s  ~ c h i e v a b l e  by severai  heating and age harden- 

ing programs. However the  p rec ip i t a t i on  d i s t r i bu t ion  and concentration of 

impurity elements i n  the grain boundaries may vary considerably a s  a r e s u l t .  - - -  .- - 

Since corrosion by seawater and the bio-mass i s  a process r a t h e r  s imi l a r  t o  

etching,  it is  important that  f o r  the purposes of a s tudy ,o f  t h i s  kind the 

s t a r t i n g  pipes a l l  be i den t i ca l .  -4s a consequence it i s  no t  useful  t o  t r y  

t o  i n t e r p r e t  the r e s u l t s  of the  metallographic inves t iga t ion  of  the deposi t -  

metal pipe in t e r f ace  .as seen in cross-sectlon. The differences i n  the 

corrosion behavior a s  described in  IV B may be ju s t  a s  l i k e l y  d u e ' t o  

differences i n  the metal as t o  d i f fe rences  in the deposit-seawater environ- 

ment. 

VI . CONCLUSIONS .&VD RECOMMENDATIONS 

These inves t iga t ions  have shown t h a t  run of the m i l l  6061-T6 aluminum a l loy  

pipes '= hot su i t ab l e  f o r  a study of t h i s  kind as  it is not  a well enough 

c c n t w l l e d  material in terms 3f iss.rosistance t o  c h e ~ i c a l  a t t a c k ,  The-. 

a r e  other  aluminum a l loys  of ecual o r  bec ter  res i s tance  to  s a l t  va te r  

ccmrosicn. 



I t  was no t  poss ib le  t o  es t imate  the  r a t e  of metal l o s s  due t o  cor ros ion  

i n  these  s t u d i e s .  For t h i s  t o  be done, a  measurement o f  b a l l  th ickness  of 

s ' s e c t i o n  ad jacen t  t o  t h e  t e s t  p iece  would have t o  be ? o s s i b l e .  The v a r i a -  

t i o n  i n  average wall  th ickness  from 3.19 mm t o  3.49 rnm more probably repre -  

s e n t s  v a r i a t i o n s  i n  s t a r t i n g  wall  th ickness  than i t  does i n  l o s s  of metal 

through corros ion.  This program was s t a r t e d  before  t h e  n e c e s s i t y  o f  c o n t r o l -  

l i n g  i n i t i a l  wall th ickness  was e s t a b l i s h e d .  

The sample mounting procedure used f o r  the  metal lographic  s tudy  can 

be improved by i n s e r t i n g  a  metal d i s c  approximately an inch i n  diameter  

i n s i d e  each p ipe  s e c t i o n  dur ing mounting i n  t h e  mounting compound. Xhile 

.,.:, 
the  mounting nedium used i n  t h i s  s tudy  (Technovit 4000) is s e r y  low i n  

shrin!;age dur ing cur ing,  it i s  n o t  n e g l i g i b l e .  A reduct ion i n  t h e  amount o f  

mounting dium by a  metal. p l u g  w i l l  c e r t a i n l y  e l i m i n a t e  any shr inkage 

problem. 

The measurement o f  t h e  th ickness .  o f  t h e  depos i t ed .  l a y e r  involved some 
_.a. 

s u b j e c t i v i t y .  A photographic approach looks t o  be more pnident than t h e  
+i 

one o r i g i n a l l y  chosen here ,  us ing a  r e l a t i v e l y  low power t r a v e l i n g  micro- 

scope. I f  samples a r e  repol ished and remeasured, i f  :nore than one 

jerson makes t h e  measurements, meaningful comparisons may then be p o s s i b l e .  

In t!+is i n v e s t i g a t i o n ,  t h e  photographs t h a t  were taken t o  show excep t iona l  

Sestures  along the  deposit-metal  i n t e r f a c e  ?laved a  s ignif ican:  r o l ~  i:: 

c s : s b l i ~ h i n ' ~  t h e  depos i t  l a y e r  t h i c h e s s .  I t  shou la .be  noted that  the  

e r ' f ? ~ ?  05 z r ina ing  and pol ishing.  of the  p ipe  sec t ion  on the  th ickness  ~f 

she i e p o s i c  :<as n o t  clearl!- e s z a b l i s h e t .  2 3 t  i s ,  zc - n - r ? a ~ c i b i l i t y  . - . ,a -  r;r;d - 



appearince and hence the thickness of the deposited sca le .  To the extent  

t h a t  s ca l e  thickness i s  a c ruc i a l  parameter i n  these-s tudies ,  such re -  

2 r o d u c f i i l i t y  t e s t s  should be performed. Final ly  i t  should be noted t h a t  

theze was c l e a r  agreement between the metallographic measurements of sca le  

thickness and est imates  of the same from the scanning e lec t ron  microscopist  

Deposit thickness on these samples a r e  in the range of 10 t o  50 microns, 

primarily.  S ign i f i can t  va r i a t i ons  around these numbers a r e  poss ib le ,  

espec ia l ly  t o  l a rge r  values,  when l a rge r  b io logica l  e n t i t i e s  were located 

o r  extensive corrosion took place. 

The problem of es tab l i sh ing  the  maximum r a t e  of e tch p i t  penetrat ion 

has not been d e a l t  with i n  t h i s  study. No sampling procedure based on 

a r b i t r a r i l y  se lec ted  cross-sections can loca te  the "deepest" p i t .  This 

pa r t  of the study must of necess i ty  cons is t  of a t  l e a s t  two stages.  The 

f i r s t  would be t o  find out,  i f  possible,  the  corrosion mechanisms. The 

second t o  measure the frequency o f  the exceptional mechanisms. The 

c r i t i c a l  question t o  answer i s  whether a f a s t  corrosion (or  e tch)  r a t e  is  

determined bv a unique loca l  surface chemistry, o r  a p a r t i c u l a r  surface 

defec t ,  o r  the chance combination of both. The r e s u l t s  of the s t u d i  t o  

a a t ~  has not  c a s t  any l i g h t  on t h i s  problem. 



NA3E lA 100 x 
Large, non-typical inclusion 

, NA3E 18 100 x 
Typical area. no large inclusions :F -,A 
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Nb3E 1C 1.000~ 
Typical area. no large inclusions 

NA3E I D  3,000 x 
Typical area, salt crystals 
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NA3E 1E 1,000 x 
'Lath type crystals (?I 
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Material 
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NA3E l G  600x 
Typical rUge on amorphous 

background 

NA 3E 1H 600x  
map of 1G . 
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SA3H 2C 100 x 
Typical area with spalled- matrix 

SA3H 20 1,000 x 
Detail i n  spalled region 



SA3H 2E 1,000~ 
Matrix detail 

SA3H 2F 3,000 x 
Matrix detail 



NA6G 3A 1DD x 
Typical matrix area 

NAbG 36 1,000 x 
Detail of matrix 



NA6G 3C 1,000~ 
Crystals . 

NA6G 3D 600x 
Details of debris, crystals 

A$, - 1 and non cryslals 
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SAM 419 100 x 
Typical matrix area 

L I .  . , 7%: - ~h SA6H ‘ i 4B 3 , 0 0 0 ~  
Typical matrix area 



SA6ti 4C 300 x 
Inclusion (dendritic crystal 

growth) 

SA6H 40 i, W x 
l nclusion (dendritic crystal 

growth detail) 



BA3D 5A 100x ; 

Typical matrix strudu re plus 
attached material 

BA3D 56 1,000~ 
Typical matrix structure 





BA3D 5E 100 x. 
Bio-mass attachment 

BA3D 5F 300 x 
B ~ Q - ~ s s  attachment detail 



BA3D 5G 3,000 x 
Ca oxide skeletons ('1 

BA3D 5H 600 x 
Bivalve mollusk shell 

(1) CP S C ~ I I I S  associated with biological  material, probably i n  t h e  form of internal 
skeletal  structure of  wlricll the triangles,  e t c .  arc the e q o s e d  skeletons. 
1)iatoss s cc s  t o  bc coll~yoscd o f  Sia2 only. Biological material appears t o  be 
strcllgly i~ttachcd t o  matrix. 



BA6D ' 613, 100 x 
Typical matrix area 

BA6D 6B 1,000 x 
Matrix detail 



BA6D 6C 100 x 
Reverse side of detached 

matrix flake 

BA6D 6D 300 x 
Detail of 6C 



BA6D 6E 1,000 3( 

Substrate rzvealed by flake 
removal 

BA6D 6F 1,000 x 
Detail of 6C. detached flake - - 
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C lystal 4-E 
Matrix 



BA3D 
Matrix I nclusion 

BA6D 6-M 
Matrix 

BA6B &Chip R - 

Reverse side of chip 



BA6D 6-S ubstrate 
After chip removal 



APPEND I  X B .1 

HISTORY OF HEAT EXCHANGER PIPE SAMPLES 

NOI'I Samples: 

Two A 1  6061-T6 p ipes  (nominal 1  i n .  id )  were run on board t h e  s h i p  

NOI' I dur ing ~ u l y - s e p t e m b e r  1976 a t  Keahole' P o i n t ,  Hawaii. One u n i t  

was opera ted . a t  a flow v e l o c i t y  of - 3  f t / s e c  and the  o t h e r  a t  -6 f t / s e c .  

Water was taken from depths  o f  20 f t  us ing f l e x i b l e  PVC p ipe  a s  feed l i n e .  

The t ~ o  hea t  exchanger p i?es  were prepared p r i o r  t o  the  experiment i n  

the  following way. The i n s i d e  of the  p ipe  t h a t  was opera ted  a t  6  f t / s e c ,  

was cleaned by a c lean  r a g  wet i n  acetone.  The p ipe  t h a t  was opera ted  a t  

3 f t / s e c ,  was cleaned by c l e a n s e r  (household X j a x )  and b o t t l e  brush (nylon 

b r i s t l e  - 1 i n  s i z e ) .  The brush was passed 100 t imesthrough t h e  p ipe .  
Q 

During t h e  e x ~ e r i m e n t a l  pe r iod ,  flow stoppage occurred on ly  dur ing 

f low meter zero measurements and o i l  change f o r  t h e  s h i p ' s  g e n e r a t o r .  

The 3 f t / s e c  u n i t  had an i r o n  foo t  value  i n  i t s  flow path .  which caused 

a r u s t y  c o l o r a t i o n  on t h e  p i p e t s  inner s u r f a c e .  

A t  t he  end of  the  experimental  p e r i o d ,  the  hea t  exchanger p ipes  were 

dra ined o f f  seawater and l e t  d ry  i n  a i r .  

!ie have a  supply o f  t h r e e  %l i n .  ' long se.ct ions ( taken from var ious  l o c a t i o n s  

along the  S.1/2 f t .  length)  from cach u n i t .  

Suoy S a ~ 3  l es  : 

Tuo X i  606:-T6 and one T i  h e a t  exch&ger ? i p e s  :<ere o?era ted a t  Keshoi2 

3 ~ i ~ - t .  Hawaii. The - a i r s  xe re  submerged a t  a  de?th o f  50 f t  and ooera iea  



Both A 1  p ipes  and t h e  T i  p ipe  were prepared by t h e  c l e a n s e r  brush method 

? r i o r  t o  t h e  experiment. 

.I1 6061-T6: One u n i t  was run a t  a  flow v e l o c i t y  o f  \ 3 f t / s e c  and t h e  

o t h e r  a t  % 6 f t / s e c .  

. Short  d u r a t i o n  flow stoppage occurred dur ing flow meter zero  measurements. 

Pumps f a i l e d  dur ing  Nay 6-11 and t h e  p ipes  were i n  s t agnan t  water dur ing 

t h i s  time. Pumps were r e s t a r t e d  on May 11. 

On June 6, t h e  thermal r e s i s t a n c e  i a y e r  (due t o  b io fou l ing ,  cor ros ion  

and sca l ing)  was c leaned f u l l y  f o r  t h e  6 f t / se 'c  u n i t  and p a r t i a l l y  f o r  t h e  

.z f t / sec  u n i t  by M.A. N .  brush (nylon b r i s t l e  b r u s h  t r g v e r s i n g  rq and rinm 

t h e  pipe) . 
90th p ipes  continued t o  opera te  till J u l y  11, 19i7 .  From J u l y  11 till 

J u l y  16 t h e  p ipes  remained in  s tagnan t  water.  OniJuly 16 the  p ipes  were 
. . 

removed, d ra ined  o f f  t h e i r  seawater and l e t  d ry .  

Between J u l y  17 and August 1, 1977, t h e  p ipes  were exposed t o  f r e s h  

water  f o r  flow meter c a l i b r a t i o n .  Th is  f r e s h  water  bathing was i n t e r m i t t e n t  

in na tu re .  

Ayaixi  he pipes  were drained o f f  f r e s h  warer and l e t  d r y  in  air. 

T i :  The uni t  was operated from February till April  27. I t  remained - 
in s t a m a n t  water from Apri l  27 t i l l  June 6. 

On June 6,  it was ?u l led  ou t ,  d ra ined  o f f  seawater and l e t  d ry .  Between 

J u l y  17 and . \ u p s t  1, it was exposed t o  f r e s h  water as were t h e  .A1 p i7es .  

For each of tho above ehrce heat exchanger p i p s ;  a s w p l e  l eng th  was 

C x t  k-hile :he pipes  were s t i l l  submerged in t h e  sea ;  rhese samples were s t o r e c  

i n  Giutsraldehyde solucion f o r  b i o l o g i c a l  work and a r e  witn Dr. Harvey o f  

3aliaii . 



S t .  Croix SZZ;!?~: 

TKJ Xl 606:-T6 .hear s s c h a ~ g e r  p i . ~ . e s  were run i n  t h e  Car ibbean  Sea 

in  t h e  p e r i o d  a f  Jui:.:-Sest?aber i .37, .  Theswere rnoimted on board  a  ba rge  

i n  t h e  open ccean .  Ses\co:er \<as taken  from a dep th  o f  60 f t  w i th  f l e x -  

i b l e  ?\:C ? i ? e  as  f e e d l i n e .  One lmit vas  o p e r a t e d  a t  - 3  f t / s e c  and t h e  

30:h A1 y i ~ e s  icere pre?ared  p r i o r  t o  t h e  exper iment  by t h e  f o l l o w -  

i z g  ? rocedure .  I z z e r i o r  c f  t h e " ? i p e s  were t r e a t e d  wi th  10% (by \v.eigllt) 

SaCH s o l ~ t i o n  a t  acbisn:  t z x e e r a t u r e .  The r e a c z i o n  be ing  e x o t h e r n i k  

t h e  p i p e  becomes hot  and r eaches  a t empera tu re  of  -150°F d u r i n g  t h i s  

p rocedure .  Subseauen:l:, t h e  p i p e s  \<ere  r i n s e d  wi th  f r e s h  wa te r ;  then  

~ : : i k e d  ( - 4 0  t i rnes)  5). a c l e a n  r ag  ( \ < e t  i n  d ishwashing  l i q u i d  s o l u t i c n )  
. ,  

:J rtncve sny r e s i d u e .  

At t h e  e ~ d  sf t h e  expe r imen ta l  p e r i o d ,  t h e  p i p e s  were d r a i n e d  c f f  

t h e  S??:i3:OT jp.5 l ? t  dr!. i n  a i r .  
. .. . .- 

lie : .  '12\? . f l1:e 1 i n  3 i e c e s  from each  expe r imen ta l  g i p e  t aken  from 

v a r i c u s  l s c 3 z i 3 n s  nlon; :he 8-!/? f z  l e n g t h .  





MCL 
X-Ray Diffraction-Scanning & Transmission Electron Microscopy 

. 

December 30, 1977 
JOB NO 7712055 

Scanning e lec t ron  microscopy (SEX) , Electron- 
exc i ted ,  energy-dispersive x-ray ana lys is  (WEDAX) , 
X-ray d i f f r a c t i o n  (XRD) and Secondary Ion Xass 
Spectroscopy (SIMS) analyses of the  depos i t s  
forming on the  i n t e r i o r  surfaces of severa l  
aluminum tubes and one ti tanium tube through which 
s a l t  water had been pumped, f o r  the  purpose of 
chemically and s t r u c t u r a l l y  charac te r iz ing  the  
d e ~ o s i t s .  

Sample P r e ~ a r a t l o n  - The deposi ts  from the  i n t e r i o r s  of eke tubing wers 
removed by ca re fu l ly  scraping with 'a toothpick under a low power s t e r eo  l i g h t  
microscope. The SIPAS sample was sectioned from tubing +BA6D and was examined 
i n  the as-received condition. 

SZY and S/EDAX - The deposi t  samples were mounted on hiqh ?u r i ty  graphi te  
wafers with Duco cement, coated with approximately 200g of carLon and examined _in 
the SZY using a 20 KV acce lera t ing  vol tage and a tilt angle of approxinately 45". 

. (The carbon coating provides an " invis ib le"  e l e c t r i c a l l y  conducting surface 
which is  necessary f o r  e f f i c i e n t  SEY examination, and does not i n t e r f e r e  wit;? 
the SEM o r  E/EDAX r e s u l t s .  The samples were examined using both secondary and 
back-scattered e lec t ron  emission. 

A l l  elements with atomic nwnbers g rea t e r  than e ight  (cxyaen) a r e  detected 
sLnu1:aneously with E/EDAX; elenents  with lower atomic numkers are not de tec ted .  
This enables Lie detec t ion  of elements not necessar i ly  e p e c t e d  ~ o n c . ~ r e n t l y  
w i t h  t!!e elements of p r inc ipa l  i n t e r e s t .  

The S/P3AK r e s u l t s  a r e  summarized i n  the  enclosed t a b l e .  

XRD (Debve Scherrer) - The deposi t  samples were mounted on g l a s s  f i b e r s  w i t ; ?  
Canadian Salsam and exposed t o  n i cke l - f i l t e r ed ,  copper K-alpha rad ia t ion  in  114.6 
m diameter Debye Scherrer cameras f o r  3 hours. The r e su l t i n?  ?atcerns wers very! 
Cifr'used ind ica t iag  :hat the  samples were not well  c rys t a l l i zed .  The Sracg 
r e r ' l e c t ~ o n s  were conpat f i le  wit!? the  followina stnc==lres : 

MATERIALS CONSULTANTS d UBORATORIES. INC. / : 567 Ola ..\hen C i e e ~  9oaa. Monroeviile. a n .  : 57 '6 / :+: 2! 27.2 -752: / 12: 2; :;f -: ' ?: 
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BA6D (white i so l a t ed  matar ia l )  - 
major - Al(0R) #7-324 

3 
minor - A1-SO -H 0 #11-475 

4 2 

BA6D (yellowish continuous f i lm) - 
major - #7-324 

(OH) 3 #5-586 CaC03 

minor - 'Al-SO -H 0 #11-475 - 
GI0 2 US-490 

111-78 

major - CaCO #5-586 
3 

major - A 1  #4-787 (from subs t ra te )  

The l eve l s  of t he  c r y s t a l l i n e  f r a c t i o n  shown above were estimated from the  
i n t e n s i t i e s  of the  p r inc ipa l  Bragg r e f l ec t ions .  I t  should be emphasized t h a t  
because of the low degree of crystallinity of che material &o CaCOg, CsMgCO and 
S i O  phases a r e  considered conclusive i d e n t i f i c a t i o n s ,  t he  o thers  are p r o b a d e  but  
nat2tonclusive. 

SLXS - The SIAMS surface ana lys is  was conducted on axeas A and B of micrograph - 
#5468 wit!! a 3M Secondary Ion !4ass Spectrometer equipped w i t ?  an ion  inaging package, 
charge neu t r a l i za t ion  system and a ras te r -qa t ing  system t o  reduce background l e v e l s .  
The S L !  quadragtole mass analyzer is mounted on a Cambridqe ~ Y y k  Zf;A Storooscan 
scanning e lec t ron  microscope which enables a de t a i l ed  three-dimensional examination 
of :he sample and t he  surface a rea  se lec ted  f o r  ana lys is .  
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Posi t ive and negative SI-W spectra  were generated from the  surfaces by 
boxrbaraing them wib& an i n e r t  beam, approximately 0.5 mm i n  diameter,  of 2.5 El 
.argon ions f o r  300 seconds. The removal r a t e  of s y f a c e  atoms was approximately 
20x/minute (ion cur ren t  densi ty  = 100 micro amps/cm 1 .  The r a s t e r  q e a  was 2x2 m. 
Scans were taken over 0-100 and 100-200 atomic mass un i t s  ( a m )  f o r  pos i t i ve  ions . . ' 

and 0-50 amu f o r  negative ions.  The r e s u l t s  may be summarized a s  follows: --- .. 

- Organics were detected i n  both areas  A and B. We est imate 
(from ion y i e ld  vaiues) the organic content of area A t o  be 
about 5% and area B t o  be about 10% of the  t o t a l  depos i t  present .  

- Area A contains p r inc ipa l ly  calcium and oxygen with intermediate  
leve ls  of sodium, f luo r ine ,  magnesium, s u l f u r ,  chlor ine a n l  
aluminum while area B contains  p r inc ipa l ly  sodium and oxygen.with 
intermediate leve ls  of f l uo r ine ,  s u l f u r ,  ch lor ine ,  aluminum and 
potassium. 

- Area A a l s o  confains minor l e v e l s  of potassium, i ron  and 
carbon, t r ace  l eve l s  of s i l i c o n  and area  B contains minor l eve l s  - 

of magnesium, i ron  and carbon and t r a c e  leve ls  of s i l i c o n .  

CCNCLUSIONS 

Because of the  very poor c r y s t a l l i n i t y  of the mater ial  the XRD pa t t e rns  were 
v e r l  d i f f i c u l t  t o  index. However, with the a i d  of t he  S/E3kY and SIX5 da ta  the  
X S D  r e s u l t s  were determined. The following is a synt!!esized composition represent ing 
an average of a l l  of the  da ta  taken for t he  aluminum tubing deposi t .  

Average degosi t  - Aluminum tubina 
. -- -- 

major CaC03 

A 1  (OH) 

minor Al-SO ' -H20 
4 

organic ccnponent 



E/EDAX Results of Tubing D e ~ o s i t s  

BA6D BA6D BA3D SA3H 
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E/EDAX-Exposed m e t a l  surface 

Area A in ii5468 

E q a d e d  
Vertical 
Scale 



E m A X  o f  corroded surface 

Area B in b5468 

-Pad& 
Vert ica l  
Scale 





SEM MTCROGRAeHS OF SAMPLE BA6D (YELLOW MATERIAL) 





A 1  (SO 1 3.H-0 
+13-442 



Crystallographic Data 

CaCO 
#5-536 



E/EDAX OF SAMPLE BA6D (WHITE ANATERIAL) 

Expanded Varticra 
S f  ale 





SEM MICmGRAPHS OF SAMPLE SA3H . 
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Scale 



E/EDAX OF SAMPLE SA3H 

Expandec! Vertical 
Scale 



E/EDAX OF SAMPLE BA3D 

Zxpanded Vertica 
Scale 
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E/EDAX OF SRMPLE BAGD (YELLOW XATERIAL) 

Expaded Vsrzical 
Scaie 




