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ABSTRACT 

A c r i t i c a l  ope ra t ing  aspect  of Ocean Thermal Energy Con- 

ve r s ion  (OTEC) p l a n t s  i s  the  maintenance of c l ean  su r faces  on 

the seawater-side of the hea t  exchangers. The ob jec t ive  of t h i s  

program was t o  a s s e s s  the  s t a t e  of the  a r t  of b io fou l ing  c o n t r o l  

techniques and t o  eva lua te  the  p o t e n t i a l  of these  e x i s t i n g  meth- 

ods f o r  so lv ing  the  b io fou l ing  problems i n  the OTEC system. 

The f i r s t  t a s k  of the program involved an in-depth review 

and d i scuss ion  of var ious fou l ing  c o n t r o l  methods including water 

t reatment ,  sur face  condi t ioning  and c leaning  techniques.  The 

methods considered app l i cab le  t o  OTEC were i d e n t i f i e d  (1). 

This volume summarizes the  second t a s k  of the program. The 

compa t ib i l i ty  of the  var ious c leaning  and fou l ing  c o n t r o l  tech- 

niques wi th  the d i f f e r e n t  proposed hea t  exchanger designs and 

m a t e r i a l s  a r e  d iscussed .  Also provided a r e  conceptual i l l u s -  

t r a t i o n s  f o r  adapt ing and incorpora t ing  the methods i n t o  an 

OTEC power p l a n t .  

These conceptual designs suggest ~neans f o r  overcoming some 

of the  shortcomings of the  techniques which a r e  considered s u i t -  

ab le ,  however, d e t a i l e d  designs of the  modified systems a r e  

beyond the  scope of t h i s  r epor t .  

Chlorinat ion,  chemical cleaning, Amertap r e c i r c u l a t i n g  

sponge rubber b a l l s ,  and MAN flow-driven brushes a r e  the  methods 

considered app l i cab le  f o r  tubu la r  hea t  exchangers with seawater 

i n ~ i d e  the  tubes.  Water j e t s  a r e  suggested f o r  the open-cycle 

and the "trombone" (Applied Physics Laboratory) hea t  exchanger 

designs. Although none of the  methods a r e  immediately app l i cab le  
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t o  OTEC i n  t h e i r  p resen t  conf igura t ion ,  i n  s e v e r a l  cases  only 

minor developmental e f f o r t s  should produce designs which can 

s a t i s f y  the s t r i n g e n t  OTEC c l e a n l i n e s s  requirements. Fur ther  

r e sea rch  and development appear warranted f o r  a  number of o the r  

methods which i n d i c a t e  promise f o r  long-range a p p l i c a b i l i t y .  

S p e c i f i c  recommendations a r e  included i n  the  f i n a l  chapter  

o f  t h i s  r epor t .  
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I. SCOPE OF THE PROGRAM 

Ocean Thermal Energy Conversion (OTEC) i s  c r u c i a l l y  depen- 

dent upon the  maintenance of design h e a t - t r a n s f e r  c o e f f i c i e n t s  

i f  e f f e c t i v e  opera t ion  i s  t o  be achieved. O f  s p e c i f i c  i n t e r e s t  

i s  t h a t  p o r t i o n  of the  hea t  t r a n s f e r  r e s i s t a n c e  which r e s u l t s  

from the adherence of both  organic  and inorganic  mat ter  t o  the  

seawater s i d e  of the  hea t  t r a n s f e r  su r faces .  This adhering 

mat t e r  may be b i o l o g i c a l  organisms, chemical p r e c i p i t a t e s ,  de- 

b r i s  c a r r i e d  by the seawater, or  cor ros ion  products  formed a t  

the  seawater/heat-exchanger i n t e r f a c e .  

Under the  f i r s t  t a sk  of t h i s  program ( I) ,  a comprehensive 

survey was undertaken t o  i d e n t i f y  those chemical and/or mechan- 

i c a l  methods t h a t  might be app l i cab le  t o  cleaning OTEC heat  

exchangers. Although numerous methods were i d e n t i f i e d ,  i t  was 

d i f f i c u l t  t o  s c a l e  t h e i r  usage up t o  OTEC condi t ions  due t o  t h e  

v a s t  d i f f e r e n c e s  between O T E C  and the  conventional app l i ca t ions .  

Based upon the  f ind ings  of the  f i r s t  task ,  the  p resen t  e f f o r t  

involved conducting a conceptual study of mechanical and chem- 

i c a l  methods t h a t  a r e  p o t e n t i a l l y  s u i t a b l e  f o r  use i n  cleaning 

hea t  exchangers of t h e  types t h a t  a r e  under cons idera t ion  f o r  

OTEC power p l a n t s .  

The concep tua l i za t ions  discussed i n  t h i s  volume r e f l e c t  

the  p r e s e n t  s t a t e -o f - the -a r t  f o r  the  var ious  su r face  treatment,  

water t reatment ,  and c leaning  methods. Also included a r e  sug- 

ges t ions  f o r  overcoming some o f  the  problems and shortcomings 

of these  systems when incorporated and adapted i n t o  an OTEC 

p l a n t .  However, before  any of these  n e c e s s a r i l y  genera l  system 
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concepts can be reduced t o  d e t a i l e d  engineering designs,  answers 

must be obtained t o  the  major ques t ions  which a f f e c t  the  se lec -  

t i o n  and opera t ion  of  an OTEC hea t  exchanger c leaning  system: 

a .  What w i l l  be the  r a t e  of fou l ing  growth i n  the 

hea t  exchangers, i n i t i a l l y ,  and a f t e r  a  p o s s i b l e  
3C 

" i s l a n d  e f f e c t "  i s  e s t a b l i s h e d ?  

b. What w i l l  be the minimum e f f e c t i v e  l e v e l  o f  

t reatment  of  a given c o n t r o l  or  c leaning  method 

i n  o rde r  t o  maintain the  required surface 

c l e a n l i n e s s ?  

*An OTEC power p l a n t  may a c t  as an a r t i f i c i a l  i s l and ,  wherein 
a c c e l e r a t e d  b iofoul ing  could be experienced. 
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11. SUMMARY OF TASK 1 F3SULTS 

Background 

During the f i r s t  t a s k  of  t h i s  i n v e s t i g a t i o n ,  a  systematic  

s tudy was made of the  methods c u r r e n t l y  i n  commercial use t o  

c o n t r o l  fou l ing  i n  hea t  exchangers. The r e s u l t s  of t h i s  study, 

inc luding  d e t a i l e d  assessments of each method i d e n t i f i e d  a s  

being even remotely app l i czb le  t o  OTEC, a r e  contained i n  the  

Task 1 repor t  (1). Brief  reviews of these methods a r e  provided 

here  f o r  re ference  only. 

The methods c u r r e n t l y  a v a i l a b l e  f o r  b io fou l ing  c o n t r o l  can 

be divided i n t o  t h e  fol lowing three  ca tegor ies :  

1. Surface t rea tment  methods which a r e  appl ied  t o  

the  seawater/heat exchanger i n t e r f a c e s  t o  prevent  

the  adhesion of b io fou l ing  organisms, 

2. Water t reatment  methods, which a r e  chemical o r  

o p t i c a l  i n  na tu re  and render microorganisms 

incapable of a c t i v e  foul ing ,  and 

3. Chemical o r  mechanical c leaning  methods, which 

involve e i t h e r  u t i l i z a t i o n  of chemicals o r  

mechanical scrubbing t o  remove fou l ing  l a y e r s .  

A f o u r t h  category, t h a t  i s  no t  a  c o n t r o l  method, p e r  se, 

involves prevent ive  design, e i t h e r  through f l u i d  dynamics o r  

m a t e r i a l  p r o p e r t i e s  t h a t  a r e  designed i n t o  the  h e a t  exchanger. 

Cer ta in  copper a l l o y s ,  such a s  CA 706: and f o u l i n g  r e s i s t a n t  

p l a s t i c s  which a r e  c u r r e n t l y  under development may provide con- 

s i d e r a b l e  p r o t e c t i o n  a g a i n s t  macrofouling; however, t h e i r  

*A 90/10 Cu-Ni a l l o y .  
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effectiveness against microfouling, which is the chief concern 

in OTEC, has not been established. 

Within the three categories the following methods were 

investigated: 

Surface Treatment Methods 

o Low Surface Energy Coatings 

o Fouling Resistant Materials for Heat Exchanger 

Construction 

Water Treatment Methods 

o Chlorination 

o Deaeration 

o Debris Screening 

o Heat Treatment 

o Ozonation 

o Ultrasonic Biofouling Prevention 

o Ultraviolet Treatment 

Chemical or Mechanical Cleaning Methods 

o Air or Water Driven Plugs or Scrapers 

o Chemical Cleaning 

o Flow Driven Brushes 

o Helically Twisted Inserts 

o Recirculating Rubber Balls 

o Slurry Cleaning 

o Water Jet Cleaning 
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Review of  the  Fouling Control Methods 

I n  t h e  e a r l i e r  work of the p resen t  program, i t  was found 

t h a t  manyexist ing methods cannot be sca led  up d i r e c t l y  t o  meet 

OTEC requirements due t o  excess ive  head losses ,  c o s t ,  and en- 

vironmental  l i m i t a t i o n s .  However, i t  was necessary t o  under- 

take pre l iminary  c a l c u l a t i o n s  t o  determine a  given method's 

a p p l i c a b i l i t y  t o  OTEC. General d e s c r i p t i o n s  of each foul ing  

c o n t r o l  method a r e  given on the  fol lowing pages. The reader  i s  

encouraged t o  r e f e r  t o  Reference 1 i f  d e t a i l e d  information i s  

des i red .  

1. Lcw Surface Enerav Coatinns 

The concept behind t h i s  technique i s  the modif ica t ion  

of  the  su r face  c h a r a c t e r i s t i c s  of the hea t  exchanger s o  a s  t o  

discourage the  adherence of p ro te inac ious  f i lms  t o  the w a l l  

( t h e s e  a r e  be l ieved t o  be a  p r e r e q u i s i t e  f o r  the development of 

mic rob ia l  s l imes) .  A method was developed f o r  depos i t ing  a 

monomolecular l a y e r  of a  fluoropolymer, with a  sur face  energy 

o f  ' 5 -20  dyne/cm onto a metal  sur face ,  This method i s  i n  i t s  

e a r l y  developmental s t ages  and although i t  r e t a r d s  fou l ing  

appearance somewhat, the  l i f e  span of the  coa t ing  i s  c u r r e n t l y  

l i m i t e d  t o  1-2 weeks. 

2 .  Fouling Res i s t an t  Mater ia ls  f o r  Heat Exchanger Con- 
s t r u c t i o n  

This involves the  cons t ruc t ion  of hea t  exchangers 

from f o u l i n g  r e s i s t a n t  a l l o y s  such as CA 706 o r  the use of  

ex t rudable  thermoplas t ic  m a t e r i a l s  c u r r e n t l y  under development. 

The p l a s t i c s  have t h e  des i red  low sur face  energy, b u t  may requ i re  
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copper or other additives for enhancement of heat transfer 

coefficients. 

3. Chlorination 

On-site electrolytic generation of sodium hypochlorite 

from seawater is an established water treatment method in coastal 

power plants. These use shock treatment at 2 to 10 ppm, or a 

continuous dosage in the range of 0.2 to 1 ppm to discourage 

nacrofouling growth. Dosages as low as 0.02 ppm have also been 

reported, however, the inadequacy of measuring techniques would 

render these difficult to control. The minimum dosage and 

cptimum treatment schedule for control of microbial slimes have 

yet to be established. Another question requiring further re- 

search is how effectively can microbial slimes, which are 

already attached to the heat exchanger walls, be removed by 

sodium hypochlorite. See further discussion in Section 1II.A. 

4. Deaeration 

Seawater can be deaerated or deoxygenated through 

several chemical or physiczl precesses, thus preventing the 

growth and multiplication of aerobic organisms. However, the 

cost of deaerating the tremendous volu~es of water involved in 

tin OTEC plant is likely to be intolerably high, especially in a 

closed cycle OTEC. Furthermore, it is not known what percentage 

of the microbial foulants in the OTEC environment will be 

enaerobic and therefore unaffected by this technique. 

5. Debris Screening 

None of the existing mechanical heat exchanger clean- 

ing methods, such as the M.A.N. or the Amertap systems, will 
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opera te  without removal of l a r g e  f l o a t i n g  d e b r i s  and marine 

organisms. Furthermore, t h i s  d e b r i s  can s i g n i f i c a n t l y  shor ten  

the  hea t  exchanger l i f e  by damaging a?nd/or blocking the tubes.  

For these  reasons,  although i t  i s  n o t  c l a s s i f i e d  a s  a  b io fou l ing  

c o n t r o l  method, some form of d e b r i s  screening must be included 

a t  the  seawater i n t a k e s  of any OTEC p l a n t .  Screen designs should 

provide f o r  minimal head l o s s e s  and low in take  v e l o c i t i e s  t o  

p r o t e c t  marine l i f e .  

6 .  Heat Treatment 

0 0 
Steam and/or heated water (150 -200 F) a r e  used i n  

c o a s t a l  power p l a n t s  t o  prevent  and des t roy  macrofouling i n  the  

i n l e t  ducts  and hea t  exchanger water boxes. Although u s e f u l  i n -  

these  convent ional  p l a n t s ,  where ho t  water and steam a r e  abun- 

dant  and c2n e a s i l y  be r e d i r e c t e d  t o  the i n l e t  ducts ,  t h i s  

method i s  not  p r a c t i c a l  f o r  use i n  OTEC due t o  the  l a r g e  volumes, 

the  absence of high temperature water, and the  i n t o l e r a b l y  high 

c o s t  t h a t  would be requi red  t o  produce such temperatures. 

7. Ozonation 

Ozone or  a  combination of ozone and u l t r a v i o l e t  

r a d i a t i o n  a r e  very e f f e c t i v e  water t reatment  methods, with 

almost no permanent r e s i d u a l  t o x i c i t y .  Ozone can be generated 

on-s i te  from a i r  o r  oxygen. However, the  power requirements 

exceed those f o r  sodium hypochlor i te  genera t ion  by a  f a c t o r  of 

s i x  o r  seven. Thus, un less  new ozone genera t ion  techniques,  

now under development, can g r e a t l y  reduce t h e  power c o s t s ,  t h i s  

method w i l l  no t  be f e a s i b l e  f o r  OTEC. Although combining ozone 

and W may lower the requi red  ozone concent ra t ions ,  the  c u r r e n t  
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equipment, i n s t a l l a t i o n  and opera t ing  c o s t s  a r e  s t i l l  too  high 

t o  be competi t ive with ch lo r ina t ion .  

8. Ul t rasonic  B i o f o u l i n ~  Prevention 

Although the  high i n t e n s i t y  u l t r a s o n i c  energy now used 

t o  c l ean  and degrease components i s  n o t  p r a c t i c a l  f o r  OTEC, 

t h e r e  have been q u a l i t a t i v e  demonstrations of macrofouling pre- 

vent ion  a t  somewhat lower power l e v e l s .  If a  s i m i l a r  prevent ion  

of microfouling can be shown, u l t r a s o n i c s  might be p r a c t i c a l  f o r  

some OTEC designs.  Fur ther  study of  low l e v e l  u l t r a s o n i c s  t o  

v e r i f y  these  e f f e c t s  seems warranted. 

9. U l t r a v i o l e t  Treatment 
0 

The W wavelength of 2537 A causes d i s r u p t i v e  resonance 

i n  DNA and p r o t e i n  molecules, thus des t roying  l i v i n g  t i s s u e ,  a t  

adequate i n t e n s i t y  and exposure tirnes. W i s  commonly used f o r  

wastewater t reatment ,  alone and i n  combination with ozone. How- 

ever,  a s  i t  has n o t  been used by power plaxxts, i t s  performance 

i n  c o n t r o l l i n g  microfoul ing i n  seawater hea t  exchangers i s  

10. A i r  o r  Water Driven Pluss  o r  Scrapers  

This method requ i res  d ra in ing  of t h e  hea t  exchanger 

and i t s  water boxes so  t h a t  personnel  can "shoot" the  tubes with 

one of  a v z r i e t y  of p r o j e c t i l e s .  The method i s  l a b o r  in tens ive  

and i s  n o t  s u i t a b l e  i n  i t s  s t a t e -o f - the -a r t  form f o r  OTEC. How- 

ever,  automation o f  the  method t o  allow on-line opera t ion  might 

render  i t  app l i cab le .  
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11. Chemical Cleanin8 

This method requ i res  shutdown and i s o l a t i o n  of the  

h e a t  exchanger module t o  be cleaned, with subsequent foaming, 

r e c i r c u l a t i n g ,  soaking, o r  purging of  an a c i d i c  o r  b a s i c  clean- 

i n g  compound. The c leaning  compounds d i s so lve ,  decompose and/or 

loosen the  bonds between the fou l ing  l a y e r s  and the  hea t  ex- 

changer sur faces .  To conplete  the opera t ion  the hea t  exchanger 

i s  drained and r i n s e d .  Chemical c leaning  i s  one of the o l d e s t  

methods used i n  convent ional  power p l a n t s ,  and i t  i s  appl ied  

when fou l ing  accumulation becomes excessive (approximately every 

2 y e a r s ) .  

The main advantages a re :  a b i l i t y  t o  remove even t h e  , 

h e a v i e s t  fou l ing  down t o  base metal, and a p p l i c a b i l i t y  t o  any 

hea t  exchanger geometry. Although the e f f e c t i v e n e s s  of c e r t a i n  

c leaning  compounds i n  achieving the des i red  c l e a n l i n e s s  i s  known, 

the  economics and c o s t  e f f e c t i v e n e s s  of the  o v e r a l l  process  i n  

an OTEC a p p l i c a t i o n  needs f u r t h e r  s tudy.  To avoid adverse en- 

vironmental e f f e c t s  and waste of l a r g e  amounts of chemicals, t h e  

two p o t e n t i a l l y  app l i cab le  c leaning  modes f o r  OTEC would be: 

foaming wi th  subsequent c o l l e c t i o n  and t reatment  of  the  e f f l u -  

en t s ,  o r  r e c i r c u l a t i n g  the  c leaning  s o l u t i o n  with f a c i l i t i e s  f o r  

f i l t e r i n g  and r e s t o r i n g  the  s t r e n g t h  of the  chemicals. 

To incorpora te  a chemical c leaning  system i n t o  an OTEC 

operat ion,  the following design f e a t u r e s  a r e  required:  f u r t h e r  

modular izat ion of hea t  exchangers with s u f f i c i e n t  valving t o  

al low i s o l a t i o n  of these  submodules, t o  minimize ove'all shut-  

down times; a  p ip ing  network t o  connect a l l  submodules t o  the  
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s to rage  and t reatment  f a c i l i t i e s ;  proper  vent ing c a p a b i l i t i e s ,  

and l a r g e ,  acid/base r e s i s t a n t  s torage  and t reatment  tanks.  

Since chemical c leaning  involves removal of a  c e r t a i n  

amount of base metal ,  causing o r  exposing pin-hole l eaks  and 

reducing tube l i f e ,  i t  i s  n o t  recommended f o r  f requent  use, 

un less  with i n e r t  a l l o y s  such as  t i t an ium o r  AL-6~ s t a i n l e s s  
* 

s t e e l .  

12.  Flow-Driven Brushes (The American M.A.N.  Svstem) 

One of two automated methods f o r  c leaning i n t e r n a l  

tube sur faces ,  t h e  M.A.N. system uses p e r i o d i c  flow r e v e r s a l  t o  

d r ive  brushes through the  hea t  exchanger tubes .  Prel iminary 

es t ima tes  suggest t h a t  a  modified concept of t h i s  method could 

be c o s t  e f f e c t i v e ;  however, e ros ive /corros ive  e f f e c t s  of the  

brushes on aluminum sur faces  a r e  unknown. Furthermore, the  

M.A.  N. system r e q u i r e s  incorpora t ing  flow r e v e r s a l  f e a t u r e s  i n  

the  heat  exchanger designs.  The problems and c o s t s  a s soc ia ted  

wi th  t h i s  requirement need t o  be thoroughly inves t iga ted  (see  

a l s o  Sect ion  1II.A). 

13. H e l i c a l l y  Twisted I n s e r t s  

This technique, now i n  e a r l y  development, would 

u t i l i z e  a  twis ted  thermoplas t ic  tape i n s e r t  anchored a t  the  

upstream tube shee t .  The inventor  (12)  s t a t e s  t h a t  the  f r e e l y  

r o t a t i n g  i n s e r t s  may serve  the  dual  purpose of hea t  t r a n s f e r  

enhancement and b io fou l ing  c o n t r o l  through p e r i o d i c  i n t e r r u p t i o n  

of the  thermal and f l u i d  dynamic boundary l a y e r s .  The on-going 

s t u d i e s  of  t h i s  method must determine whether head l o s s e s  from 

such i n s e r t s  w i l l  be o f f s e t  by the  aforementioned poss ib le  gains. 

*An Allegheny Ludlum S t e e l  Company s t a i n l e s s  s t e e l .  
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14 .  Rec i rcu la t ing  Rubber B a l l s  ( m e  A m e r t s ~  System) 

This method c i r c u l a t e s  sponge rubber b a l l s  which wipe 

t h e  i n s i d e  sur face  of  the heat  exchmger tubes.  Although 

Amertap has had a l a r g e  amount of corn-xercial power p l a n t  experi-  

ence, the  vas t  d i f f e r e n c e s  between OmC and convent ional  power 

genera t ion  prevent  a  simple scaling-up of t h i s  method. Key 

problems include the need f o r  d e v e l o p ~ e n t  of low head-loss d e b r i s  

and b a l l - c o l l e c t i n g  screens;  p o s s i b l e  erosion/corrosion enhance- 

ment by the b a l l s ;  and the  complexity of automated b a l l  s o r t i n g  

and r e j e c t i o n  mechanisms a t  t h e  s c a l e  requi red  f o r  OTEC ( see  

a l s o  Sec t ion  1 I I . A ) .  

15. S l u r r y  Cleaning 

The method i s  n o t  an e s t a b l i s h e d  c l e m i n g  technique, 

bu t  i s  discussed here s ince  i t  shows p o t e n t i a l  f o r  f u t u r e  a p p l i -  

c a t i o n  t o  OTEC. Diatomaceous e a r  t h  s  l u  r r i e  s  viere s tud ied  

f o r  r e m o v i n g  f i l  m s  f r o m  a n d  d e c o n t a m i n a t i o n  

of meta l  sur faces  i n  nuc lea r  r e a c t o r s  (18, 19); however, t h e  

a v a i l a b l e  i n f o m a t i o n  i s  inadequate t o  c e r c i t  eva  l u a  t i oi-i f o r  

OTEC applications. Flyash i n  the  in take  cool ing water of some 

power p l a n t s  apparent ly  provided a  m i l d  abres ive  a c t i o n  which 

minimized foul ing .  Thus, i f  a r e a d i l y  ava i l ab le ,  inexpensive, 

nonpol lu t ing  s l u r r y  m a t e r i a l  could be developed, t h i s  could 

serve  a s  an on-l ine,  once-through c leaning  media f o r  OTEC hea t  

exchangers. 

I n  comparison t o  chemical c leaning  methods, s l u r r y  

c leaning  o f f e r s  the  p o t e n t i a l  advantages of m a t e r i a l s  which a r e  

s a f e  and easy t o  s t o r e ;  e l imina t ion  of r e c i r c u l a t i o n  and recovery 
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components, and f r e s h  water r i n s e s .  The mild abras ive  a c t i o n  of  

s l u r r i e s  should remove a l l  a n t i c i p a t e d  OTEC microfoul ing wi th  

minimal tube wa l l  e ros ion ,  and would be app l i cab le  t o  most hea t  

exchanger geometries without r equ i r ing  shutdown. 

The p o s s i b l e  disadvantages include l a r g e  s to rage  f a c i l -  
1 1  i t i e s ,  un less  on-s i t e  mining" i s  developed; clogging of  tubes,  

e s p e c i a l l y  those wi th  hea t  t r a n s f e r  enhancements such a s  f l u t e s  

o r  grooves; and tube eros ion .  

The b a s i c  problem with t h i s  method i s  t h a t  no s l u r r y  

m a t e r i a l  has y e t  been i d e n t i f i e d  which meets a l l  of the  necessary 

requirements.  The c o s t  of diatomaceous e a r t h  a t  $50 t o  $100 p e r  

ton i s  high, and the  e n t i r e  c u r r e n t  USA yea r ly  product ion of 

diatomaceous e a r t h  (about 750,000 tons )  would be needed t o  make 

a  1 percen t  s l u r r y  f o r  a  24-hour cycle  once-through c leaning  of  

a  100-bIW OTEC power p l a n t .  Thus, un less  an inexpensive recovery 

and r e c i r c u l a t i o n  procedure i s  developed, o r  a  m a t e r i a l  such a s  

sand i s  found t o  be acceptable ,  the re  does no t  seem t o  be nea r  

term a p p l i c a b i l i t y  of  s l u r r y  c leaning  f o r  OTEC hea t  exchangers. 

16. Water J e t  Cleaning 

I n  r ecen t  yea r s  t h i s  method has become widely used f o r  

the  c leaning  of  the water s i d e  of marine b o i l e r s .  I f  water j e t s  

a r e  used f o r  c leaning  OTEC hea t  exchangers, t h e i r  p r a c t i c a l  

a p p l i c a t i o n  would only be i n  l a r g e ,  m u l t i j e t  a r r a y s  which could 

be r a p i d l y  and automat ica l ly  moved about the  tube bundles. 

Ques t ions  of power requi red  p e r  u n i t  a r e a  t o  remove microfouling, 

and the  p o s s i b i l i t y  of  tube e ros ion  must a l s o  be answered. 
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111. CONCEPTUALIZATIONS OF FOULING CON'TROL METHODS 
FOR VARIOUS HEAT EXCHANGER DESIGNS 

A wide range of hea t  exchanger designs and cons t ruc t ion  

m a t e r i a l s  have been proposed f o r  O T E C .  Candidate m a t e r i a l s  

include t i tanium, aluminum, copper-nickel,  AL-GX s t a i n l e s s  s t e e l  

and p l a s t i c s .  Since the compa t ib i l i ty  of a  c leaning  method with 

a  p a r t i c u l a r  hea t  exchanger i s  determined by both  i t s  design and 

m a t e r i a l  of cons t ruc t ion ,a  l a r g e  matr ix  of design/mater ial  com- 

b i n a t i o n s  must be evalua ted .  To a i d  i n  t h i s  eva lua t ion  the  hea t  

exchanger designs have been grouped as:  

o  Smooth bore tube and s h e l l  designs with seawater 

i n s i d e  the  tubes,  

0 I n t e r n a l l y  o r  e x t e r n a l l y  enhanced-surface tube and 

s h e l l  designs with seawater i n s i d e  the tubes,  

o  Large diameter tube and s h e l l  designs with seawater 

on the  ou t s ide  of the tubes ("trombone" des ign) ,  

o  P l a t e - f i n  o r  extended sur face  designs,  and 

o  F a l l i n g  f i l m  p l a t e s  o r  o ther  p l a t e - l i k e  open-cycle 

concepts. 

Cleaning methods f o r  each of these  f i v e  c a t e g o r i e s  a r e  d i s -  

cussed below, wi th  cons ide ra t ion  given t o  candidate  m a t e r i a l s  

i n  each d i scuss ion .  I n  Table 1, a  ranking number i n d i c a t e s  the  

compa t ib i l i ty  of  a  given f o u l i n g  c o n t r o l  technique wi th  a  par-  

t i c u l a r  hea t  exchanger design t h a t  i s  f a b r i c a t e d  from a  s p e c i f i c  

m a t e r i a l .  Brief d i scuss ion  of the  conf igura t ions  of t h e  f i v e  

proposed hea t  exchanger types a re  provided i n  Appendix A. 



TABLE 1 

COMPATIBILITY OF METHODS WITH VARIOUS OTEC HEAT EXCHANGER DESIGN AND MATERIALS 

OTEC HEAT EXCHANGER TYPES: 
SMOOTH BORE 

TUBES, SEAWATER 
INSIDE 

COMPATIBILITY 

TREATMENT OR 

CLEANING METHODS 

I. SURFACE TREATMENT METHODS 

o. ANTIFOULING PAINTS 

b. LOW SURFACE ENERGY COATINGS 

II . WATER TREATMENT METHODS 

a. CHLORINATION 

b. CHLORINE DIOXIDE 

c.  DEAERATION 

d. DEBRIS SCREENING 

e. HEAT TREATMENT 

f. OZONATION 

g. ULTRASONIC BlOFOULlNG PREVENTION 

h. ULTRAVIOLET TREATMENT 

Ill. CLEANING METHODS 

a. AIK OR WATER DRIVEN PLUGS, ETC. 

b. CHEMICAL CLEANING 

c . FLOW-DRIVEN BRUSHES 

d .  HELICALLY-TWISTED TUBE INSERTS 

e. RECIRCULATING RUBBER BALLS 

f. SLURRY CLEANING 

g. WATER JET CLEANING 

INTERNALLY ENHANCED 
TUBES, SEAWATER 

INSIDE 

GENERAL 
A N Y  

MATERIAL 

LARGE DIAMETER 
TUBES, SEAWATER 

OUTSIDE 

PLATE-FIN, OR 
OTHER EXTENDED 
SURFACE DESIGNS 

a. The "GENERAL" factor i s  an overall roting, bosed on cost, practicality, and geometry; 
The RATING NUMBERS are: 1: Well Suited 2: Requirs further R D to determine compatibility, 3: N o t  Suited, - : No t  Applicable 

MATERIAL MATERIAL 

FALLING FILM, 
OR OTHER OPEN 
CYCLE DESIGNS 

b. Material ratings ore independent from the "GENERAL" roting. 

c. Copper n idte l  ol loy CA706 (90/10 Cu-Ni )  

d. Stainless steel al loy AL-6X 
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A. Fouling Control i n  Smooth Bore Tubes with Seawater Ins ide  

Smooth bore tube and s h e l l  designs with seawater flowing 

i n t e r n a l l y  a r e  common i n  c o a s t a l  power s t a t i o n s .  Experience i n  

power p l a n t  b io fou l ing  c o n t r o l  has been l i m i t e d  t o  ch lo r ina t ion ,  

the  Amertap system, the  M.A.N. system, chemical c leaning,  and 
11  I I p r o j e c t i l e  shooting. As ind ica ted  i n  Table 1, s e v e r a l  o the r  

techniques may p r e s e n t  long range p o t e n t i a l  a p p l i c a b i l i t y .  

Tables 2 and 3 show cos t  es t imates  f o r  seve ra l  of these  methods 

(1). These c o s t s  a r e  pre l iminary  and the  assumptions and 

approximations used t o  de r ive  these c o s t s  should be considered 

before  at tempting t o  use and compare the f i g u r e s  i n  these  t a b l e s .  

The t h r e e  ~ e t h o d s  which a r e  considered s u i t a b l e  f o r  s h o r t  

term incorpora t ion  i n  t h i s  type of OTEC neat  exchanger a re :  

o  The Amertap System 

o The M.A.N. System, and 

o Chlorinat ion.  

Cer ta in  combinations of these  three  methods may a l s o  be 

ccnsidered.  

The manual tube shooting method i s  considered t o  be i m -  

p r a c t i c a l  f o r  OTEC. Since the  t o l e r a b l e  fou l ing  f a c t o r  i n  an 
0 

OTEC power p l a n t  i s  minimal ( R  < 0.0005 h r - f t 2 -  F/BTU), and 

r e l a t i v e l y  f requent  a p p l i c a t i o n s  of any c leaning  method w i l l  be 

required,  i t  seems u n l i k e l y  t h a t  chemical c leaning w i l l  be a 

competi t ive method f o r  t h i s  type of hea t  exchanger when compared 

with the  methods discussed below. S imi la r ly ,  high c q s t  and l a c k  

of  experience i n  power p l a n t s  r u l e  out f u r t h e r  cons idera t ion  of 

ozonation, u l t r a s o n i c  prevent ion  and W-treatment.  



Table 2 

COMPARISON OF ESTIMATED COSTS FOR WATER TREATMENT 
I N  A 368 MW BASELlNE OTEC POWER PLANT" 

Notes: a .  
b. 

U l t r av io l e t  
Water 

Treatment 

2.3 

12.4 

Lockheed baseline d e s i ~ n ,  368 MW gross output, 280 MW net  output. 
See Reference 1 f o r  de t a i l ed  discussion of methods and cos t s .  
Current system i s  not  appl icable  due t o  the  high i n i t i a l  cos t  and impossible 
power requirements (2.3 times the  ne t  output of the  p l a n t ) .  
Not a l i c ab l e  ( see  c .  above1 
m e  e??ectiveness of t h i s  me hod f o r  biofouling prevention has no t  been es tabl ished.  
An hourly r a t e  of $10.00 e r  hour has been assumed. 
Based on 20 years plus  7$yearly i n t e r e s t  on bonds. 
Assuming a power requirement of 5 watts/ma a t  an  i n s t a l l e d  cos t  of $1.00/watt. 

Biof ouling 
Prevention 

11. oh 
1l .oh 

I 
CO 

t 

Ozonationc 
(1 PPm contlnuocs ) 

loG $/Year 

0.2 

2.6 

0.7 

' Elec t ro ly t i c  
Hypochlorination 

~ m m o r t i z a t i o n ~  
(over 20 years)  

Power Cost 
( a t  0.04 $/kwhr 

Materials  

P4aintenancef o 
Replacement Par t s  
~ o t o l  

1 ppm 

38.0 

87.4 

Projected 

125. 0 

232.0 

Current 

$/GPM/Y r . 0.25 

3 9 

2.7 

0.2 ppm 

7.6 

17.5 

I n i t i a l  Capi ta l  Cost 
i n  1976 $lo6 

Operating Power (m) 
0 
PC 

7.6 0.2 

2.5 

1.2 

2.0 

31.0 

58.0 

1000.0 

659.0 

120.0 

230.0 

0.9 

13.2 

3.7 

0.9 

6.1 

' ,  

A i r  

} 30.0 

380.0 

15.0. 

81. o 

Mills/kwhr 

ills/kwtir 

4.6 

30.6 

1.3 

3.8 

P ~ A ~  

A i r  

5 4.0 

100.0 

0.2 

4 .3  

cos t  of power excluded) 'lid 

Seawater - 

3.7 
3.7 

1.2.5 

3.5 

3.9 
42.6 

- 

3.7 

8.2 

0.7 
0.8 
8.5 
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Table 3 
MECHANICAL CIXANING SYSTEMS-PRELIMINARY COST 

ESTIIUTES FOR A 368 W e  OTEC PLANT" 

Notes: 

a. 

Alr or Water 
Propelled 
Projectiles 

0.5 

11.5 

I 

Mills/kWh (pow- 
er cost excluded) 

Lockheed baseline design, 368 MW gross output, 280 MW net 
output. 
See detailed discussions of methods and costs in Reference 1. 
Assuming semiautomated operation. 
Number of balls assumed to be 10% of the number of tubes. 
Ball replacement assumed once a month. 
Includes brushes, baskets and installation. Does not include 
flow reversal equipment and design. 
Does not include power losses during flow reversal. 
Labor cost assumed to be $10,00/hour. Living costs, overhead 
and benefits not included. 
Ammortization over 20 years plus 7% yearly interest on bonds. 
Including the cost of operating power at 0.040 $/kwh. 

M.A.N.Flow 
Driven Brushes 

5, 6e 

o.gf 

System I Amertap 
becirculating 

[ Initial Capital 
/ cost, in 1976,$106 
I : 

Operating Power 
Requirement(M3J) 

10" $/Year 

Rubber Balls 

50.0 

8.0 

1 

i 5: 
' 0  

0.11 

1 7 

0.4 

0.2 

3.1 

2.2 

0.05 

0.8 

0-7 

0.1 
h Ammortization 

(over 20 yrs) 

' Power cost (at 4.0 

} 1-3 
5.4 

6.0 

* ' 0.040 $/kwh) I 
/ ~aintenance~ I 2 Parts & Materi- 

0.7 

2.8 1 0.3 

I pi 

I * 

0.7' 
0.5~ 
10.0 

als 
Total 

0.7 
0.9 
2.6 
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Amertap System - A convent ional  Amertap system could be 

appl ied t o  OTEC hea t  exchangers i f  these a r e  broken i n t o  modules 

t h a t  correspond i n  s i z e  t o  those found i n  e x i s t i n g  power p l a n t s .  

This concept i s  shown i n  Figure 1. The convent ional  Amertap 

system c o n s i s t s  of b a l l  i n j e c t i o n  p o r t s  in  f r o n t  of the upstream 

tube shee t  and a c o l l e c t i o n  screen  beyond the  downstream tube 

shee t .  Rec i rcu la t ion  of b a l l s ,  b a l l  count ing and b a l l  s i z i n g  

funct ions  a re  accomplished by Amertap equipment i n s t a l l e d  out- 

s i d e  of the  h e a t  exchanger. B u t t e r f l y  valves should be provided 

i n  each subdiv is ion  of the  hea t  exchanger t o  allow f o r  r e p a i r s  

i n  the  Amertap screens  without  shutdown of the  e n t i r e  h e a t  

exchanger. 

Figure 2 i l l u s t r a t e s  conceptual ly  the  modified Amertap 

system suggested i n  the  TRW and Lockheed proposed b a s e l i n e  

designs (7,8)". This concept involves r e l a t i v e l y  small ,  funnel- 

shaped b a l l  i n j e c t o r s  and c o l l e c t o r s .  These coarse mesh basket  

devices would move synchronously over the  i n l e t  and o u t l e t  tube 

shee ts .  This modified system has a  nurnber of advantages, the  

ncre important of which a r e  the  a b i l i t y  t o  e a s i l y  vsry  t h e  clean-  

ing frequency and the  reduct ion  of head l o s s e s  due t o  the  col -  

l e c t i o n  screens  i n  the convent ional  design.  Furthermore, the  

proposed system would u t i l i z e  much of the  of f - the-shel f  equip- 

ment t h a t  i s  marketed by Amertap. Severa l  disadvantages include 

*TRW r e p r e s e n t a t i v e s  have s ince  ind ica ted  t h a t  they a r e  recon- 
sLdering t h i s  modified concept due t o  the  complex design prob- 
lems which would be involved. However, no a l t e r n a t i v e  designs 
were proposed. 



FIGURE 1 - RECIRCULATIN G RUBBER BALLS: Using a state-of-the-art conceptualization 
of  the Amertap System in  a 25 MWe heat exchanger module with f ive 
submodul es . 



END TUBE, L O O K I N G  AT THE 'TUBE SHEET SIDE VIEW 

RADIAL MOTION 

HEAT EXCHANGER 

\ /' \ I I  
CLEAN I N  G DEVICE 
INJECTOR BASK ET CLEAN I N  G DEVICE 

COLLECTOR BASKET 
CLEANING DEVICE , 
COLLECTION 
SORTING 

E R  
FLOW 

REPLACEMENT I I 
FIGURE 2 - SYNCHRONIZED INJECTOR A N D  COLLECTOR CONCEPT: Sweepins systematically 

over the entire tube sheet, but cleaning only a small area a t  a time. Could be used for 
various cleaning devices, e.g. ,Amertap balls, M.A.N . brushes, slurries, or chemical 
cleaning . 
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the  u n c e r t a i n t y  about whether adequate c leaning  can be achieved 

by the  Amertap b a l l s ,  the  need f o r  a complex indexing system 

with sensors  t o  insu re  synchronization, l o g i s t i c s  problems of 

c o l l e c t i n g ,  counting, s o r t i n g ,  and rep lac ing  the  b a l l s ,  and 

unanswered ques t ions  regarding the e ros ive  and/or cor ros ive  

e f f e c t s  of  Amertap b a l l s  on aluminum tubes .  

I I 
iC 

Although t h i s  pitch-and-catch" concept was proposed f o r  

use with Amertap sponge rubber b a l l s ,  the  concept may a l s o  lend  

i t s e l f  t o  s l u r r y  cleaning,  chemical c leaning,  o r  c leaning  using 

p r o j e c t i l e s .  An extens ive  and imaginative design e f f o r t  i s  

needed t o  t r a n s l a t e  t h i s  concept i n t o  r e a l i t y .  

1;1...4.TJ. System - The second candidate  system f o r  c leaning  

i n t e r n a l  tube su r faces  i s  the M.A.N.  system. As a l ready men- 

t ioned,  i t s  ope ra t ion  r e q u i r e s  pe r iod ic  flow r e v e r s a l  i n  the  

hea t  exchzngers. I n  l a r g e  i n s t a l l a t i o n s ,  t h i s  funct ion  i s  

accomplished by modularizing and revers ing  the  flow i n  each 

p o r t i o n  of the  hea t  exchanger sepa ra te ly ,  thus considerably 

reducing the s i z e  and c o s t  of the  reverse  flow equipment. How- 

ever ,  a  coxplex by-pass p ip ing  n e t w ~ ~ k  and valving system i s  

s t  ill required.  

Figure 3a i l l u s t r a t e s  a  conceptual adap ta t ion  of  the  M.A.N. 

system t o  OTEC condi t ions .  To u t i l i z e  t h i s  concept, i t  would 

probably be necessary t o  subdivide a 100 Md p l a n t  i n t o  about 

12 t o  16 submodules, ins t ead  of the  four  main modules which have 

been suggested ( 7 , 8 ) .  Each of these submodules would then be 

f u r t h e r  subdivided i n t o  the  two p a r t s  a s  seen i n  Fig.dre 3a. The 

normal seawater flow through the two adjacent  ha lves  would be i n  

*Synchronized i n j e c t o r  and c o l l e c t o r .  
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a ) Showing the components of this concept 

FIGURE 3 - FLOW DRIVEN BRUSHES: Using the M .A .N . system, with flow reversal 
by redirecting the opposing flow i n  subdivided sections o f  the heat exchanger. 
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opposi te  d i r e c t i o n s ,  dr iven  by separa te  impel le r  pumps (Fig- 

u r e  3b) .  I n  t h i s  noncleaning mode the conf igura t ion  of each 

submodule h a l f  i s  s i m i l a r  t o  t h a t  i n  a convent ional  power p l a n t  

design.  To i n i t i a t e  the cleaning cycle ,  Figure 3c, power t o  

the  impel le rs  would be momentarily c u t  while g a t e - l i k e  valves 

r e d i r e c t  the  i n l e t  water from each h a l f  i n t o  what had formerly 

been the o u t l e t  water box of the  adjacent  h a l f .  Concurrently, 

a  b u t t e r f l y  valve would be opened t o  complete the bypass c i r c u i t .  

The r e m a h i n g  momentum i n  the flow a f t e r  the power t o  

the impel le r  i s  c u t  w i l l  s t i l l  be l a rge ,  and a  design s tudy 

would be requi red  t o  determine whether the g a t e s  can be b u i l t  

t o  withstand t h e  water-hammer loads and t o  a l l s w  rapid  flow 

r e v e r s a l  with a  n e g l i g i b l e  l ~ s s  i n  hea t  t r a n s f e r .  The flow 

r e v e r s a l  may be maintained f o r  the required period (probably 

l e s s  than  30 seconds) before r e tu rn ing  t o  the  normal flow pa t -  

t e r n s .  The c leaning  frequency which w i l l  be requi red  i n  OTEC 

I s  unknown; however, i n  commercial power p l a n t s  the M.A.N.  sys- 

tem maintai,ns the  des i red  hea t  t r a n s f e r  with cleaning cycles  of 

once every e i g h t  hours. 

An a l t e r n a t i v e  adap ta t ion  i l l u s t r a t e d  schematical ly  i n  

Figure 4a("unfolded1'  view) proposes the  subdiv is ion  of each 25 

megawatt u n i t  i n t o  a,~  even nunber of smaller  hea t  exchanger sub- 

modules ( s i x  f o r  example). Each submodule would have an i m -  

p e l l e r  pump wi th  v a r i a b l e  p i t c h  ( r e v e r s i b l e )  b lades .  P a i r s  of 

ad jacent  hea t  exchangers could be i s o l a t e d  f o r  inspect ion ,  re- 

p a i r s ,  o r  t o  apply o the r  forms e f  c leaning.  To i n i t i a t e  t h e  

c leaning  cycle  i t  would be necessary t o  reverse  one of each p a i r  

of impel le r  b lades  and p o s s i b l y  reduce both  flows t o  h a l f  t h e i r  
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b ) Flow patterns during normal operation 

c ) Flow reversal patterns during cleaning operation 

FIGURE 3 - CONTINUED 
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FIGURE a ) Showing the components of this concept 

FIGURE 4 - FLOW DRIVEN BRUSHES: Using the M .A.N . system, with flow reversal 
within adjacent pairs o f  heat exchanger submodules 
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capac i ty  ( t o  avoid doubling the  volume flow in the uncleaned 

u n i t ) ,  a s  ind ica ted  i n  Figure 4c. I n  t h i s  manner, the  brushes 

i n  every o the r  submodule would be dr iven  through those tubes, 

and then re turned  t o  the downstrean baske t s  when the  flow i s  

re turned  t o  the  normal d i r e c t i o n  (Figure 4b) .  Note t h a t  the  

geometry of t h i s  concept would allow r e c i r c u l a t i o n  around ad- 

jacent  submodule p a i r s  without the  requirement f o r  c los ing  of 

the  b u t t e r f l y  va lves  ( t h e  a c t u a l  geometric conf igura t ion  would 

obviously be more compact than the "unfolded" view i n  Figure k). 
The above system w i l l  p resen t  s e v e r a l  problems inc luding  the  

increased  c o s t s  f o r  v a r i a b l e  p i t c h  impel le rs ,  the complex duct-  

ing f o r  the  submodules, and the  increased pressure  drops due t o  

co~pounding of the  flows i n  one of each submodule p a i r .  The 

modular izat ion hcwever, may permit  more f l e x i b i l t t y  i n  rout ine  

maintenance. Generally,  the  advantages of the  M.A.N. system 

a r e  a v a r i a b l e  c leaning  frequency which could be optimized by 

p l a n t  opera tors ,  a  l o n g - l i f e  cycle  (5 yea r s )  f o r  the c leaning  

elements . I n  a d d i t i o n  t o  flow rever sa l ,  the  

disadvzntages inc lude  l o s s  o f  the  temperature increment across  

hea t  exchangers which a r e  being cleaned, undeter:iined eros ive  

and/or cor ros ive  e f f e c t s  of the  brushes on aluvinum and the 

p o s s i b l e  need f o r  some form of c o n t r o l  of  the  working f l u i d  

flow s o  a s  t o  maintain a  balance with t h e  flow of the  cool ing 

( o r  hea t ing)  water.  The r e l a t i v e  advantages and disadvantages 

of the  c o ~ c e p t s  shown i n  Figures  3 and 4 would have t o  be 

c r i t i c a l l y  assessed t e c h n i c a l l y  and economically. 

Chlor ina t ion  - A s  discussed i n  d e t a i l  i n  Reference 1, the 

c h l o r i n a t i o n  of cool ing  water has been p r a c t i c e d  i n  th ree  forms: 



HYDRONAUTICS, INCORPORATED -29- 

OUTFLOW 

b ) Flow patterns during normal operation 

VJi th impeller blades 
reversed on # 18, 8 2 8  

nd impellers a t  half c 

c ) Flow patterns during the cleaning operotion: with flow reversal 
in one of each pair of submodules 

FIGURE 4 - CONTINUED 
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gaseous ch lo r ine ,  comnercial sodium hypochlor i te  so lu t ions ,  o r  

e l e c t r o l y t i c  on-s i te  hypochlori te  genera t ion .  Of these  three ,  

the  on-s i t e  genera t ion  of hypochlor i te  i s  considered t o  be the 

most p r a c t i c a l  -and economical water t r e a t n e n t  method. 

As shown i n  Figure 5, sodium hypochlori te  cen be generated 

e l e c t r ~ l y t i c e l l y  f r o n  seawater.  It can be app l l sd  continuously 

i n  low concent ra t ions ,  o r  i n t e r n i t t e n t l y  a s  a shock t reatment  

where h igher  concent ra t ions  a r e  required.  To increase  the  con- 

c e n t r a t i o n  of the  i n j e c t e d  so lu t ion ,  a  r e c i r c u l a t i o n  c a p a b i l i t y  

can be incorporated i n t o  the  genera t ing  system. Hydrogen i s  

formed as a  co-product of the  e l e c t r o l y t i c  process  and, i f  it 

can be  c o l l e c t e d  and p u r i f i e d ,  t h i s  could o f f s e t  a  p a r t  of t h e  

cover  c o s t s  of t h e  system. 

S o d i m  hypochlor i te  can be introduced i n t o  the system a t  

v a r i ~ u s  p o l n t s .  If i n l e t  conduit  f o u l i n g  c o n t r o l  i s  des i red ,  

i t  s z y  be poss lb le  t o  in t roduce  i t  i n  the  i n l e t  conduit  boundary 

l a y e r  where i t s  e f f e c t  w i l l  be maximized. To echieve foul ing  

c o n ~ r o l  wi th in  the hea t  exchangers, the hypochlori te  s o l u t i o n  

should be i n j e c t e d  i n  f r o n t  of the  i n l e t  tube shee t .  A recent  

General Dynarnics p a t e n t  (16) provides a  n ~ > ~ e l  i n j e c t i o n  concept, 

whereby the  e l e c t r o d e s  c o n s t i t u t e  a p a r t  of the  i n l e t  tube shee t  

and t h e  NaOCl i s  thus  formed a t  the  tube i n l e t .  However, f u r t h e r  

experience i s  needed before the  system can be adequately evalu- 

a ted.  It i s  necessary t o  demonstrate t h a t  fou l ing  a t  the tube 

shee t  cathode w i l l  be prevented by the  turbulence caused by the  

e l ec t rodes .  Also, c u r r e n t  r e v e r s a l  could in t roduce  n l e c t r o l y t i c  

co r ros ion  problems whenever the  tube shee t  cathode i s  a c t i n g  as 

an anode. A n  a d d i t i o n a l  problem may be the  p e r i o d i c  replacement 
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of  t h ~ s e  more complex e lec t rodes .  This process  confines  the  

ch lo r ine  a c t i v i t y  t o  the hea t  exchanger tubes only bu t  i t  

appears t o  be l e s s  power e f f i c i e n t  than e x i s t i n g  hypochlor i te  

generz t ion  c e l l s .  The conventional hypochlorinat ion systems, 

which provide more v e r s a t i l i t y  and a r e  backed by commercial 

experience,  may the re fo re  continue t o  be p r e f e r r e d .  

The optirnum concent ra t ion  of NaOCl requi red  f o r  b l o f o ~ l l i n g  

and e s p e c i z l l y  microfoul ing c o n t r o l  remains r e l a t i v e l y  unex- 

p lo red  d e s p i t e  nany years  of commercial experience.  Concentra- 

t i o n s  rznging from 0.2 ppm t o  s e v e r a l  p a r t s  p e r  m i l l i o n  have 
11 been used i n  continuous and shock t reatment  methods. ~xomot ive"  

concent rz t ions  a s  low a s  0.02 ppm have a l s o  been repor ted  e f -  

f e c t i v e  f o r  macrofouling c o n t r  01, b u t  inad2quate e x i s t i n g  c o n t r o l  

teckLrliques would make t h i s  of l i m i t e d  value f o r  GTEC. Further-  
11 more, the  so-cal led cleaning" e f f e c t s  of NaOCl have not  y e t  

been es t2b l i shed .  Thus, the  a b i l i t y  of c h l o r i n a t i o n  alone t o  

maintzin CtTEC hea t  exchanger c l e a n l i n e s s  i s  unkno7wn a t  t h i s  time. 

I n  sumary ,  the  advantages of t h i s  technique include:  ' 

v e r s a t i l e  ~ p p l i c a t i o n  modes and l e v e l s  of t reatment;  the on-line 

n a t u r s  ~f the  method; and the  s t a t e -o f - the -a r t  s t a t u s  of a l l  

comp~nent  s. Some of the  disadvantages a re :  poss ib le  degrading 

e f f e c t s  if used wi th  aluminum o r  p l a s t i c s ;  i n e f f e c t i v e n e s s  

a g a i n s t  any type of fou l ing  depos i t s  o the r  than those of bio-  

l o g i c s 1  na tu re ;  quest ionable  a b i l i t y  t o  remove a t tached foul ing;  

and adverse environmental e f f e c t s  and high c o s t s  i f  used a t  high 

concent ra t ions ,  
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Conbinations of Cleaning Methods - Although e l e c t r o l y t i c  

h y p o c h l ~ r i n a t i o n ,  the  M.A.N.  system o r  t h e  Arnertap system may 

i n d i v i d u a l l y  be s u f f i c i e n t  t o  maintain the c l e a n l i n e s s  of the  

seawater s i d e  of the  tube and s h e l l  designs under OTEC condi- 

t i o n s ,  t h e i r  v i a b i l i t y  cannot be assured without f i e l d  experi-  

ence. Furthermore, condi t ions  may be foreseen  where e i t h e r  

water t reatment  o r  m e c h a ~ i c a l  c leaning alone would not  be ade- 

quate f o r  maintaining the  OTEC design hea t  t r a n s f e r  c o e f f i c i e n t s .  

The convent ional  power indus t ry ,  which o f t e n  encounters very 

severe  b io fou l ing  problems, customari ly  u t i l i z e s  a  combination 

c f  var ious  techniques.  

Ca.lcareous depos i t s ,  or  cor ros ion  products,  i f  formed on 

the condznser wal l s ,  w i l l  n o t  be removed by ch lo r ina t ion .  Like- 

wise, i t  i s  conceivable t h a t  a very t h i n  but  a c t i v e  b i o l o g i c a l  

l a y e r  cam e x i s t  d e s p i t e  the  use of brushes o r  sponge rubber 

b a l l s ,  i n  which case a  chemical t reatment  would be required.  

Also, seasonal  changes i n  the  populat ion of foul ing  organisms 

o r  a p e r t u r b a t i o n  of  the l o c a l  biosphere by OTEC r e l a t e d  shipping 

uLd/or  p o l l u t a n t s  may aggravate the h io fcu l ing  problem a f t e r  a 

c e r t a i n  per iod  of operat ion,  when an " i s l a n d  e f f e c t "  i s  es tab-  

l i s h e d .  Thus, i f  economically f e a s i b l e ,  a c a p a b i l i t y  f o r  both  

m e c h a ~ i c a l  c leaning  and c h l o r i n a t i o n  i s  recommended a t  l e a s t  f o r  

the  f i r s t  genera t ion  of OTEC p l a n t s .  

B. F2uling Control i n  I n t e r n a l l y  Enhanced 'Tubes with Seawater 
I n s i d e  

There i s  r e l a t i v e l y  l i m i t e d  experience i n  opera t ing  in-  

t e r n a l l y  enhanced tubu la r  su r faces  i n  con tac t  with seawater. 
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Even l e s s  experience and performance d a t a  e x i s t  f o r  s u i t a b l e  

c l ean ing  techniques.  As shown i n  Table 1, only three  methods 

a r e  considered p o t e n t i a l l y  s u i t a b l e  f o r  t h i s  type of hea t  ex- 

chznger, namely: flcw-driven brushes,  ch lo r ina t ion ,  and chem- 

i c a l  c leaning .  Severa l  of t h e  o the r  methods such as  ozonation 

(Figure 6 )  and/or u l t r a v i o l e t  water treatment (FLgure 7) would 

requ i re  co r s ide rab le  R&D before  t h e i r  a c c e p t a b i l i t y  f o r  OTEC 

could be assessed .  Each of  these  have proven t o  be an e f f e c t i v e  

water t reatment  method; however, the condi t ions  t o  be encountered 

wi th in  an CTEC p l a n t  a r e  so  d i s s i m i l a r  t h a t  i t  i s  u n l i k e l y  t h a t ,  

without major improvements, e i t h e r  can be economlcally adapted 

f o r  t h t s  a p p l i c a t i o n .  Debris screening, a s  discussed i n  Sect ion  

II 5s recornended f o r  a l l  types of hea t  exchangers i n  conjunct ion 

with a l l  of the c leaning  methods. 

Ths 1.I.A.N. flow-driven brush  system has been used on tubes 

with i n t e r n a l  su r face  enhancement and on tubes with an oval  

c ross  s e c t i o n .  However, a s  no d a t a  on t h e i r  performance with 

these  non-stmdard conf igura t ions  a r e  a v a i l a b l e ,  t h e i r  e f f e c t i v e -  

ness  i s  unknovrn. Based on t h e i r  conf igura t ion ,  the  M.A.N. 

brushes a r e  compatible with tubes having shallow, sub-boundary 

l a y e r  f l u t e s .  A s  a r e s u l t  of the bo7mdary l a y e r  th ickness  

d i s t r i b u t i o n  ac ross  the  f l u t e d  surface,  the  g r e a t e s t  amount of 

fou l ing  m a t e r i a l  w i l l  accumulate i n  the  bottoms of t h e  troughs 

where t h e  shear  s t r e s s e s  a r e  t h e  weakest. Since the  brush 

b r i s t l e s  w i l l  n a t u r a l l y  seek the  grooves or  troughs,  these  a r e a s  

w i l l  be cleaned the  b e s t  i f  t he  b r i s t l e  dens i ty  i s  high enough. 

The conceptual  designs proposed f o r  smooth bore tubes (Sect ion  

1II.A) apply e q u a l l y  wel l  t o  the  enhanced su r face  tube and s h e l l  



FIGURE 6 - A N  OZONE WATER TREATMENT SYSTEM 



FIGURE 7 - ULTRAVIOLET WATER TREATMENT: An array of lamps 
in a removable section of the in1 et conduct. 
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designs.  One a o d i f i c a t i o n  would be i n  the  p r e s s  f i t  between the  

1.I.A.N. baske t s  and the  tubes which would have t o  be designed t o  

accommodate the  i n t e r n a l  f l u t i n g .  The advantages and disadvan- 

tages  of the 14.A.N. system a r e  discussed i n  Sect ion  1 I I . A .  

Chlorinat ion and chemical c lezning were discussed i n  Sec- 

t i o n s  1II.A and 11, respec t ive ly .  Since these  methods a r e  

r e l a t i v e l y  independent of t h e  heat  exchanger geometry, the above 

referenced d iscuss ions  apply t o  enhanced sur faces  a s  wel l .  

S l i g h t l y  higher  concent ra t ions  o f  hypochlor i te  may be requi red  

t o  acconixncdate the  l a r g e r  sur face  area  o f  zn enhanced tube; 

however, the t o t a l  amount of hypochlori te  should not change 

s i g n i f i c a n t l y  s ince  the  water v o l u ~ e  would be reduced. 

A s  d iscussed e a r l i e r ,  the  use of s l u r r i e s  has not  been 

t e s t e d  or docuqented s u f f i c i e n t l y  t o  allow a  d e f i n i t i v e  assess-  

ment o f  the 2ethod. However, i t  seems t h a t  the a p p l i c a t i o n  of 

s l u r r y  c l e ~ r l i n g  t o  enhanced tubu la r  su r faces  may lead  t o  accwnu- 

l a t i o n s  of p a r t i c u l a t e  m a t e r i a l s  i n  f l u t e s  or  grooves where 

water s t agna t ion  might be encomtered ,  The p o t e n t i a l  of s l u r r y  

cleaning,  however, seems promising enough t o  warrant f u r t h e r  

re search.  

A combination of low-level, continuous c h l o r i n a t i o n  a s  a  

prevent ive  measure, with i n t e r m i t t e n t  s l u r r y  cleaning may con- 

s t i t u t e  an adequate fou l ing  c o n t r o l  system f o r  a  f'uture OTEC 

p l a n t  with i n t e r n a l l y  enhanced tubes,  provided an appropr ia te  

s l u r r y  m a t e r i a l  can be i d e n t i f i e d ,  a n d  no clogging problems a re  

encountered. 
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If low i n t e n s i t y  u l t rasound can be proven e f f e c t i v e  i n  t h e  

i n h i b i t i o n  or  r e t a r d a t i o n  of microfouling ( a s  has been shown f o r  

rnacrofouling, see Sect ion  11), i t  may become a  valuable  preven- 

t i v e  t reatment  technique. Although the method may be u t i l i z e d  

f o r  most of the  hea t  exchanger designs,  i t  would be more a t t r a c -  

t i v e  f o r  the  ones wi th  enhanced su r faces  which cannot be t r e a t e d  

with the  more convent ional  techniques.  Moreover, s ince  these  

heat-exchangers w i l l  probably requ i re  s h o r t e r  tubes,  s h o r t e r  

u l t rasound propagat ion d i s t a n c e s  w i l l  be required.  Figure 8 

i l l u s t r a t e s  a  suggested arrangement wherein u l t r a s o n i c  t r a n s -  

ducers  w i l l  be a f f i x e d  t o  the  tube shee t s  which w i l l  t r a n s f e r  

the energy t o  the  hea t  exchanger tubes.  

The Arnertap sponge-rubber ba l l s ,  i n  t h e i r  c u r r e n t  roilnd 

shape, a.re c l e a r l y  n o t  app l i cab le  i f  the f l u t i n g  or  f i n s  a r e  

r e l a t i v e l y  l a r g e ,  s i n c e  the  b a l l s  would tend t o  br idge the  gaps 

between t h e  p ro t rus ions .  Furthermore, t h e  Amertap b a l l s ,  un l ike  

the  M.A.N.  brushes,  w i l l  e x e r t  a  g r e a t e r  c leaning shear  on the  

tops of f l u t e s  where the  b io fou l ing  i s  expected t o  be the  lowest.  
r- i'ilus, the use of Amertap b a l l s  f o r  c leaning tubes wi th  enhanced 

su r faces  i s  no t  considered f e a s i b l e  un less  new types of b a l l s  

(e.g. ,  t ex tured ,  or b r i s t l e d )  a r e  developed. 

I n  summary, the  c leaning  o f  i n t e r n a l l y  enhanced tubes might 

be accomplished through a  combination of  mechanical c leaning  and 

chemical water t reatment .  The only systems t h a t  appear promising 

i n  t h e i r  s t a t e -o f - the -a r t  form a re  hypochlorinat ion (on-s i t e  

geqera t ion) ,  and the  M.A.N. flow-driven brushes.  However, f i e l d  

s t u d i e s  a r e  needed t o  s u b s t a n t i a t e  the a p p l i c a b i l i t y  of these  
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fou l ing  c o n t r o l  concepts before  the  value of enhanced sur face  

tubes f o r  h e a t  exchangers can be es t ab l i shed .  Fur ther  research  

i n  key areas ,  a s  discussed i n  Sect ion  I V  may y i e l d  o the r  i m -  

proved techniques.  

C .  Fouling Control i n  Large Diameter Tubes with Seawater Out- 
I 1  s i de  ( ~romnbone" Design) 

No c leaning  method i n  i t s  cu r ren t ,  s t a t e -o f - the -a r t  design 

can be d i r e c t l y  appl ied  t o  the  cleaning of the trombone hea t  

exchanger design.  As discussed i n  e a r l i e r  sec t ions ,  water t r e a t -  

ment techniques a r e  app l i cab le  t o  a l l  c losed cycle designs.  How- 

ever ,  the  a b i l i t y  of  these techniques t o  remove slimes t h a t  a r e  

a t tached t o  a  su r face  i s  n o t  c l e a r l y  e s t a b l i s h e d .  The only 

cleaning methods with some promise f o r  use i n  the  trombone hea t  

exchanger design a r e  chemical c leaning,  s l u r r i e s ,  water j e t  

c leaning and mechanical c leaning (20) .  

Chemical Cleaning - A conceptual system f o r  chemical clean- 

ing was discussed i n  Sect ion  11, Two types of chemical c leaning  

conf igura t ions  which might be used i n  an OTEC p l a n t  a re  shown i n  

Figures 9 and 10. The corlcept i n  Figure 9 suggests  r e c i r c u l a t i o n  

of the  s o l u t i o n s  and recovery of the  chemicals by means of a  

s e t t l i n g  tank where the  fou l ing  m a t e r i a l s  removed from the  hea t  

exchangers w i l l  be separa ted  and discarded. 

The foaming technique a s  i l l u s t r a t e d  i n  Figure 10 may be 

p a r t i c u l a r l y  app l i cab le  t o  the trombone design.  A system employ- 

ing foam a s  the  chemical washing agent has the  advantage of  

occupying a smaller  s torage  volume a t  the  added c o s t  of foaming 

and defoaming equipment. I n  many cases  a c i d i c  c leaning  of hea t  
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exchangers could be hazardous due t o  the  accumulation of hydrogen 

which i s  formed a s  a  r e a c t i o n  product,  however, t h e  f a c t  t h a t  the  

seawater s i d e  of the trombone design i s  vented t o  the  atmosphere 

a l l e v i a t e s  t h i s  problem. Disadvantages may be r e l a t e d  t o  the 

following unanswered quest ions:  

a .  What i s  the  m i n i m  down-time requi red  f o r  a  f u l l  

c leaning  cycle? 

b .  W i l l  foam c leaning  alone, without a d d i t i o n a l  
11 mechanical "scrubbing, remove microfoulants  

t o  t h e  ex ten t  requi red  f o r  e f f e c t i v e  OTEC 

opera t ion?  

c.  Can any of the  a v a i l a b l e  c leaning  formulas be 

used f requen t ly  with aluminum without causing 

p i t t i n g  and l eaks?  

d.  What would be the  consequence of poss ib le  l eaks  

of c leaning  m a t e r i a l s  i n t o  the working f l u i d  

s ide?  

e .  W i l l  d r a in ing  of t h i s  f l u i d  be requi red  f o r  

c leaning? 

From the  a.bove, i t  i s  ev ident  t h a t  the technique of  foam 

chemical c leaning  r e q u i r e s  f u r t h e r  research  before  i t s  v i a b i l i t y  
I I f o r  the  trombone'' design o r  f o r  OTEC i n  genera l  can be assessed.  

S l u r r i e s  - The p o t e n t i a l  and problems f o r  the use of 

s l u r r i e s  t o  c l ean  OTEC hea t  exchangers was discussed i n  Sec t ion  

11. I f  and when an appropr ia te  m a t e r i a l  i s  indeed i d e n t i f i e d ,  

which w i l l  no t  damage aluminum, i t  may have some advantage over 
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chemical c leaning .  However, accumulation i n  s tagnant  a reas  may 

prove t o  be a  problem. 

Water J e t  Cleaning - Water j e t  c leaning  i s  n o t  p r a c t i c a l  

f o r  most of the proposed OTEC hea t  exchangers, however, with 

proper  design, water j e t t i n g  appears t o  be the  most economical 
I I method f o r  c leaning trombone" hea t  exchangers. Figures  l l a  and l l b  

show a conceptual design,  which has been proposed by HYDRO- 

NAUTICS, Incorporated f o r  use i n  the  Johns Hopkins Applied 

Physics  Labora tory ' s  b a s e l i n e  concept. A c leaning head with 

mul t ip le  nozzles  would be i n s e r t e d  between hea t  exchanger tubes 

and guided by a  t r a c k  i n  the  wa l l s  of the hea t  exchanger s t r u c -  

t u r e .  Water would be suppl ied through f l e x i b l e  hoses t o  the  

c leaning  head. 

If  the  ~ ~ ~ ~ ~ ~ ~ ' " a v i t a t i n ~  water j e t  method* i s  used, the 

cleaning a c t i o n  would r e s u l t  from c a v i t a t i o n  eros ion  a s  we l l  as 

high v e l o c i t y  f l u i d  shear  ( 1 7 ) .  Since f o r  metals  t h e r e  i s  a  
I t 11 f i n i t e  time known a s  the  incubat ion period,  wherein no mea- 

surable  macroscale damage occurs under exposure t o  low i n t e n s i t y  

c a v i t a t i o n ,  i t  should be p o s s i b l e  t o  t a i l o r  the pump pressure ,  

and hence the  j e t  ve loc i ty ,  so  a s  t o  avoid damage t o  the su r face  

of the s u b s t r a t e  ma te r i a l .  The l a r g e  d i f fe rence  between the  

e r o d i b i l i t y  of the  fou lan t s  and the s u b s t r a t e  should f a c i l i t a t e  

the empi r i ca l  s e l e c t i o n  of the  c o r r e c t  opera t ing  pressure .  With 

the CAVIJET method, r e l a t i v e l y  low pressures  ( l e s s  than 1500 p s i )  

a r e  requi red  t o  remove slime and the  n e t  fo rce  on hea t  exchanger 

tubing due t o  j e t  impact i s  the re fo re  minimized. Furthermore, 

t h i s  method can be operated on-line,  za.using no i n t e r r u p t i o n s  

of the  hea t  exchanger opera t ion .  Disadvantages inc lude  the  

*A method pa tented  by HYDRONAUTICS, Incorporated.  
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FRONT SECTION SIDE SECTION 

FIGURE 1 l a  - LARGE DIAMETER TUBE A N D  SHELL HEAT EXCHANGER: 
The "trornbo;le" design (after the Applied Physics Laboratory/ 
John Hopkins University concept) with seawater outside 
and the working fluid inside the tubes. 
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FIGURE 1 I b - WATER JET CLEANING: Applied to seawater ( external ) side 
of "trombone" heat exchanger (af ter  the Applied Physics 
Laboratory / ~ohns  Hopkins University concept ) 
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p o s s i b i l i t y  of long-term e r o s i v e  e f f e c t s  on aluminum and reso-  

nance problems. These ques t ions  w i l l  have t o  be answered b e f o r e  

the  value of c a v i t a t i n g  water  j e t s  can be e s t a b l i s h e d .  

Another mechanical  c l ean ing  method i s  being examined by 
I1  A.P.L.* ( 2 0 ) )  namely t h e  use of a r r a y s  of ~ c o t c h b r i t e "  sponges 

t o  wipe f o u l i n g  from t h e  tube w a l l s .  From p re l imina ry  t e s t s  

they  r e p o r t  t h a t  a l though the  sponges provide c l ean ing  a long t h e  

s i d e s  of t he  tubes  which were d i r e c t l y  wiped, they were unable 

t o  r each  t h e  r eg ions  between the  tubes .  Fu r the r  R&D i s  needed 

t o  determine whether t h i s  method w i l l  be p r a c t i c a l  and economical, 

and provide s u f f i c i e n t  c l e a n l i n e s s .  

I n  summary a  mechanical  c l ean ing  method, such a s  water j e t s  

o r  t he  A.P.L. sponges, appears  t o  be t h e  most c o s t - e f f e c t i v e  

approach i f  water  

( e .g . ,  l e s s  than  0  

main ta in ing  t h e  de 

chemicals t o  water  

t h e i r  c l ean ing  cap 

t rea tment  a t  very 

.2 ppm c h l o r i n e )  i 

s i r e d  c l e a n l i n e s s .  

j e t s  and thereby  

a b i l i t y  may a l s o  b  

low chemical concen t r a t ions  

s  found t o  be incapable  of 

The f e a s i b i l i t y  of adding 

exped i t ing  and imp roving 

e  worth explor ing .  As wi th  

a l l  h e a t  exchanger des igns ,  t h e r e  remain key ques t ions  t h a t  must 

be answered ( s e e  Sec t ion  I V )  be fo re  making the  f i n a l  s e l e c t i o n  

of a  t r ea tmen t  technique.  

D. Fouling Control  i n  P l a t e -F in  o r  Extended Sur face  Heat 
Exchangers 

This  h e a t  exchanger des ign  p rec ludes  the  use of  a  conven- 

t i o n a l  mechanical h e a t  exchanger c l ean ing  device  due t o  the 

l a r g e  number of narrow seawater-s ide  passages .  A p l a t e - f i n  

conf igu ra t ion ,  suggested by t h e  Un ive r s i ty  of Massachusetts  a t  

*The Johns Hopkins U n i v e r s i t y  Applied Physics  Laboratory.  
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Arnherst, i s  shown i n  Figure 12. This design, which permits  

cons iderable  hea t  t r a n s f e r  a r e a  i n  a small  space, a l s o  t y p i f i e s  

the  d i f f i c u l t  c leaning  problem f o r  t h i s  type of hea t  exchanger. 

I f  mechanical abras ion  i s  required t o  maintain hea t  t r a n s f e r ,  

the  c leaning  method f o r  t h i s  type of hea t  exchanger w i l l  probably 

involve some form of  ab ras ive  s l u r r y .  It may be poss ib le  t o  use 

a combination of prevent ive  water t reatment ,  such as  low-level, 

continuous ch lo r ina t ion ,  with i n t e r m i t t e n t  s l u r r y  cleaning a s  

requi red .  I f  s u f f i c i e n t l y  l a r g e  p a r t i c l e s  a r e  employed, a re-  

covery and recycl ing  technique might be used, analogous t o  the  

modified Amertap concept descr ibed i n  Sect ion  1 I I . A .  The use 

of ferromagnetic s l u r r y  p a r t i c l e s  might allow separa t ion  f o r  

r ecyc l ing  by the  use of a r o t a t i n g  e l e c t r o a a g n e t i c  drum. See 

the  d i scuss ion  i n  Sec t ion  I1 f o r  more information about the  

p o t e n t i a l  of s l u r r y  cleaning.  

Another method f o r  c leaning  the  uniquely shaped water 

passages i n  p l a t e - f i n  hea t  exchangers would required s p e c i a l  

brush conf igura t ions  and an adap ta t ion  of the M.A.N. system 

( s e e  Sect ion  1 I I . A ) .  

If a chemical c leaning  method compatible wi th  the  s e l e c t e d  

hea t  exchanger m a t e r i a l  can be developed, then e i t h e r  of t h e  

chemical c leaning  concepts ( s e e  Figures  9 and 10)  might be used. 

The advantages and disadvantages of chemical c leaning  a r e  

covered i n  Sec t ions  I1 and 1II.C. 

Heat t reatment ,  i f  e f f e c t i v e  i n  fou l ing  removal, might be 

used, depending upon the  f i n a l  design conf igura t ion .  I n  genera l ,  
1 I p l a t e - f i n  hea t  exchangers conta in  a smaller  a t  r e s t "  volume of 
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FIGURE 12- A PLATE-FIN HEAT EXCHANGER: The University o f  
Massachusetts-Amherst concept. 
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water than tube and s h e l l  designs.  As a r e s u l t ,  the  power 
0 

required t o  p e r i o d i c a l l y  r a i s e  the temperature t o  180 F may no t  

be p r o h i b i t i v e  i f  the  c leaning  frequency i s  low. 

Although l i t t l e  i s  known about the  poss ib le  b io fou l ing  

prevent ion  e f f e c t s  of u l t r a s o n i c s ,  the p l a t e - f i n  design may be 

compatible with t h i s  c leaning method due t o  i t s  phys ica l  con- 

f i g u r a t i o n .  As shown i n  Figure 12, the seawater and amnonia 

passages a r e  separa ted  by su r faces  t h a t  could be u l t r a s o n i c a l l y  

exci ted .  The major a n t i c i p a t e d  problem would be f a t i g u e  s t r e s s e s  

a t  the welds o r  s e a l s  between the  p l a t e s  and the  extended sur -  

f aces ;  considerable  R&D i s  requi red  t o  v a l i d a t e  t h i s  concept. 

3. Fouling Control i n  O~en-Cvcle Designs 

The evaporators  i n  the var ious open cycle  designs a re  per-  

haps the  l e a s t  l i k e l y  t o  s u f f e r  the e f f e c t s  of b i o l o g i c a l  f o u l -  

5ng due t o  the l a r g e  and rap id  pressure  reduct ion inherent  i n  

the process ,  and because much of the sur face  w i l l  be i n  con tac t  

with water which i s  mainly condensed ( o r  " d i s t i l l e d " ) .  Although 

bsc t e r i a  a r e  capable of surviving severe pressure  changes, i t  i s  

~ o s s i b l e  t h a t  some types would show decreases  i n  t h e i r  normal 

zttachrnent and reproduct ive r a t e s  immediately a f t e r  experiencing 

such changes. However, nonorganic fou l ing  such a s  calcareous 

d e p o s i t s  may be severe on a  f a l l i n g  f i l m  evaporator .  

An important advantage of t h i s  system i s  t h a t  the b iofoul -  

i n g  cont ro l .problem i s  n o t  a s  c r i t i c a l  a s  i n  the o the r  types of 

hea t  exchangers s i n c e  the fou l ing  does not  a f f e c t  t h e  h e a t  t r ans -  

f e r  process  i n  the open cycle  design. If a  c leaning  technique 

i s  required,  automated mechanical brushes o r  water j e t s  w i l l  be 
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the  most e f f e c t i v e  candida te  methods f o r  the f l a t  su r faces  of 

f a l l i n g  f i l m  evapora tors .  Fur ther  conceptua l iza t ions  of c lean-  

ing  methods must await  the  b a s e l i n e  designs of these types of 

evapora tors ,  
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CONCLUSIONS AND RECOMMENDATIONS 

A .  Conclusions 

Af te r  an in-depth review (1) of e x i s t i n g  fou l ing  c o n t r o l  

techniques,  i t  appears t h a t  none of these  methods, i n  t h e i r  

s t a t e - o f - t h e - a r t  conf igura t ion ,  can provide adequate a s  we l l  as 

economical fou l ing  c o n t r o l  f o r  any of the proposed OTEC hea t  

exchanger designs.  However, s e v e r a l  of the  methods may requ i re  

only minor developmental e f f o r t s  t o  achieve s a t i s f a c t o r y  per-  

formance and compat ib i l i ty  w i t h  the OTEC requirements.  The 

incorpora t ion  of most fou l ing  c o n t r o l  techniques i n t o  an OTEC 

system w i l l  r equ i re  s i g n i f i c a n t  design modif icat ions of the  hea t  

exchanger modules. It appears t h a t  f u r t h e r  modularization w i l l  

be a key requirement t o  allow economical and e f f i c i e n t  c leaning.  

E f f e c t i v e  d e b r i s  screening i s  a l s o  a p r e r e q u i s i t e  f o r  the  

opera t ion  of a l l  mechanical c leaning methods a s  wel l  a s  f o r  long 

tube l i f e .  

The i n c l u s i o n  of both  a fou l ing  prevent ion method and a 

stand-by cleaning method, a t  l e a s t  f o r  the  f i r s t  experimental  

genera t ion  of OTEC p l a n t s ,  i s  recommended. Although the i n i t i a l  

c o s t s  of such dual  fou l ing  c o n t r o l  systems may be very high, 

a f t e r  optimized l e v e l s  of a p p l i c a t i o n  a r e  e s t ab l i shed ,  t h i s  may 

become p r a c t i c a l  f o r  product ion vers ions  of OTEC p l a n t s .  

Surface t reatment  methods, a l though appeal ing i n  p r i n c i p l e ,  

a r e  a t  t h i s  time n e i t h e r  p r a c t i c a l  nor s u f f i c i e n t l y  developed 

f o r  the  f i rs t  genera t ion  of  OTEC p l a n t s .  Although continued 

resea rch  might even tua l ly  produce an i d e a l  su r face  t reatment  

c o n t r o l  method, the only conceivable near-horizon concept appears 



HYDRONAUTICS, Incorporated 

t o  be the use of fou l ing  r e s i s t a n t  m a t e r i a l s  f o r  hea t  exchanger 

cons t ruc t ion .  

Water t reatment  methods permit b io fou l ing  c o n t r o l  without 

shutdown or  major redes ign  of the heat  exchanger hardware. How- 

ever ,  a  s e r i e s  of ques t ions  regarding p r a c t i c a l  l e v e l s  of app l i -  

ca t ion ,  and the  e f fec t iveness  of the methods i n  removing a t tached 

b iofoul ing ,  must be s tud ied  under QTEC condi t ions  before  the  

v i a b i l i t y  of each technique can be e s t a b l i s h e d .  I n  the c u r r e n t  

s t a t e -o f - the -a r t ,  low l e v e l  c h l o r i n a t i o n  appears t o  be the  only 

immediate candidate .  

Among the  fouling-removal, o r  c leaning  methods, the ones 

considered near-term candida tes  a re  the Amertap system ( r e c i r c u -  

l a t i n g  sponge rubber b a l l s ) ,  the M.A.N. system (flow-driven 

brushes)  and chemical c leaning.  

The s e v e r a l  proposed hea t  exchanger designs w i l l  each re-  

qu i re  d i f f e r e n t  methods of c leaning.  Summarized below a re  spe- 

c i f i c  recommendations f o r  the  f i v e  design types.  

Smooth Bore Tubes, Scaxater  Ins ide  - For f i r s t  genera t ion  

OTEC power p l a n t s  the  i n s t a l l a t i o n  of a  mechanical c leaning 

method and a  c h l o r i n a t i o n  c a p a b i l i t y  i s  recommended. The me- 

chan ica l  method should be e i t h e r  the  Amertap o r  the  M.A.N. 

system; the  choice t o  be based on side-by-side comparisons 

under OTEC condi t ions ,  and the  c o n s t r a i n t s  imposed by the h e a t  

exchanger designers .  The recommended method f o r  c h l o r i n a t i o n  

i s  on-s i te  sodium hypochlor i te  genera t ion  with p rov i s ions  f o r  

e i t h e r  0.1 ppm continuous t reatment  o r  higher  shock concentra- 

t i o n s  a t  f requent  i n t e r v a l s .  The c o s t s  f o r  t h i s  combined 
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c a p a b i l i t y  i n  1976 d o l l a r s  can be est imated from Tables 2 and 3. 

The choice of f o u l i n g  c o n t r o l  methods f o r  the second genera t ion  

of OTEC hea t  exchangers would be based upon r e s u l t s  from f u r t h e r  

r e sea rch  and development of t h e  methods a s  recommended below. 

I n t e r n a l l y  Enhanced Tubes, Seawater Ins ide  - Recommendations 

f o r  c leaning  t h i s  type of h e a t  exchanger a re  somewhat dependent 

upon the  conf igura t ion  and amplitude of the  hea t  t r a n s f e r  en- 

hancement technique. For ins tance ,  a  very f i n e  s c a l e  enhance- 

ment such a s  a  porous su r face  could not  be cleaned by the mechan- 

i c a l  wiping of brushes o r  sponge b a l l s .  This type of sur face  

would requ i re  some form of chemical c leaning or  perhaps a  spe- 

c i a l l y  adapted u l t r a s o n i c  t reatment .  However, f o r  a  medium 

s c a l e  enhancement, such a s  r e l a t i v e l y  shallow f l u t i n g ,  e i t h e r  

t h e  Amertap o r  M.A.N.  systems might be e f f e c t i v e .  For l a r g e  

amplitude grooves o r  f l u t e s  the  M.A.N.  system, with brushes 

s p e c i f i c a l l y  designed f o r  the  enhancement, o r  Amertap with a 
I t  new type of spiky1'  tex tured  o r  b r i s t l e d  b a l l s  (poss ib ly  soaked 

i n  a  c leaning  s o l u t i o n )  would be an appropr ia t e  s e l e c t i o n .  In  

conjunct ion with any of the  mechanical c leaning  systems, in- 

s t a l l a t i o n  of a  sodium hypochlor i te  genera t ion  c a p a b i l i t y  i s  

again recommended. 

11 Large Diameter Tubes, Seawater Outside ( ~rombone" ~ e s i g n )  - 
The c leaning  of t h i s  type of hea t  exchanger cannot be accomp- 

l i s h e d  without developmental work on one of  the e x i s t i n g  methods. 

The most promising candidate  i s  water j e t  c leaning,  i f  i t  can 

be demonstrated t h a t  the  proposed aluminum a l l o y  w i l l  n o t  s u f f e r  

e ros ive  o r  co r ros ive  damage. An extens ive  developmental e f f o r t  

i s  requi red  i n  o rde r  t o  incorpora te  and automate a  water j e t  
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system f o r  OTZC condi t ions .  Another candidate  method i s  the  one 

proposed by the  A.P.L. team involving c leaning  by l a r g e  a r r a y s  

of scrubbing sponges. Fur ther  t e s t s  and development a r e  requi red  

before the  v i a b i l i t y  of t h i s  concept can be es t ab l i shed .  

Plate-Fin o r  Extended Surface Design - This c l a s s  of heat  

exchangers p r e s e n t s  the most d i f f i c u l t  conf igura t ion  f o r  fou l ing  

c o n t r o l .  The methods t h a t  r a y  be s u i t a b l e  a r e  e i t h e r  i n  the 

e a r l y  developrenta l  s t a g e s  (e .g . ,  u l t r a s o n i c s  o r  s l u r r y  c leaning)  

o r  have doubt fu l  performance c h a r a c t e r i s t i c s  whth respec t  t o  

OTEC microfouling which must be s tudied  (e .g. ,  ch lo r ina t ion :  

does i t  rexove a t tached fou l ing? ,  chemical c leaning:  what a r e  

the  requi red  concent ra t ions? ,  e t c .  ) . The use of foul ing  r e s i s -  

t a n t  m a t e r i a l s  f o r  hea t  exchanger cons t ruc t ion  may provide p a r t  

of the l o ~ g - t e r m  s o l u t i o n  t o  the fou l ingprob len  f o r  t h i s  form 

of hea t  exchanger. 

Open-Cycle Design - Cleaning of t h i s  form o f  hea t  exchanger 

can be r e a d i l y  accomplished by xechanica l  methods. E i t h e r  

brushes o r  water j e t s  could be automated t o  c lean  the  l a r g e  f l a t  

su r faces  t h a t  a r e  involved. 

B. Recon~enda t i cns  f o r  Fur ther  Research and Development 

For each of the more promising water t reatment  o r  c leaning  

methods s p e c i f i c  a spec t s  a r e  c i t e d  where f u r t h e r  research  o r  

development work i s  requi red  t o  meet OTEC requirements. A merit 

value on a s c a l e  of [1]-[lo] i s  assigned t o  each research  and 

development recomqended, with [ l o ]  as t h e  h i g h e s t  r a t i n g .  

1. Chlorinat ion:  Tes t ing  t o  de f ine  the  requi red  concen- 

t r a t i o n  of sod iu !  hypochlor i te  t o  c o n t r o l  and/or remove 
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b iofoul ing  under OTEC condit ions.  [ lo ]  

2.  Ozonation: Tes t ing  t o  def ine  the requi red  concentra- 

t i o n  of ozone t o  c o n t r o l  and/or remove b io fou l ing  under OTEC 

condi t ions ;  s tudy ozone/u l t rav io le t  combinations t o  determine 

p o s s i b l e  c o s t  savings wi th  t h i s  combination; developnent of  new, 

lower power ozone genera t ion  methods under OTEC condi t ions .  [ 2 ]  

3. Ul t rasonrc  Biofouling Prevention: Test ing t o  determine 

p o t e n t i a l  i n h i b i t o r y  e f f e c t s  of low l e v e l  ul t rasound on OTEC 

microfoul ing organisms, a s s e s s  hea t  t r a n s f e r  enhancement and 

head l o s s e s  and determine the c o s t s  involved. [3] 

4. U l t r a v i o l e t  Treataent :  Tes t ing  t o  def ine  the  i n t e n s i t y /  

dura t ion  exposure e f f e c t s  of W on the  microbia l  s l imes found i n  

the  OTEC environment. [l] 

5. Flo11~-9riven Brushes ( M . A . N .  System): Tes t ing  t o  de f ine  

the  requi red  c leaning  frequency under O T E C  condi t ions,  and f o r  

co inpat ib i l i ty  with aluminum; development of M.A.N. brushes f o r  

tubes wi th  enhanced i n t e r n a l  su r faces  and new f low-reversal  

methods. [g] 

H e l i c a l l y  Twisted I n s e r t s :  Test ing t o  determine the 

t rade-off  of head l o s s  a g a i n s t  b io fou l ing  c o n t r o l  and h e a t  t r ans -  

f e r  enhancement, and t o  e s t a b l i s h  the  e f f e c t  on aluminum and 

copper-nickel.  [4 "j 

7. Rec i rcu la t  ing Rubber Ba l l s  (Arnertap System) : Test ing  

t o  determine the  r e l a t i o n s h i p  between hea t  t r a n s f e r  r e s i s t a n c e  

and b a l l  usage, and f o r  compa t ib i l i ty  wi th  aluminum; development 

of new b a l l  recovery and r e c i r c u l a t i o n  methods, a n d  l e s s  c o s t l y  

b a l l s .  [g] 
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8. S l u r r y  Cleaning: Tes t ing  t o  determine the e f f e c t i v e -  

ness  and economics of var ious s l u r r y  ma te r i a l s ,  and t o  def ine  

t h e i r  compa t ib i l i ty  wi th  the  candidate  OTEC hea t  exchanger 

m a t e r i a l s .  [2] 

9. Water J e t  Cleaning: Development o f  l a r g e  s c a l e  auto- 

mated systems, capable of r ap id  deployment, p a r t i c u l a r l y  f o r  the  
lr  trombone'' o r  open cycle  designs; t e s t i n g  t o  determine r e l a t i o n  

between hea t  t r a n s f e r  r e s i s t a n c e ,  water j e t  exposure, and pos- 

s i b l e  e ros ive  e f f e c t s .  [7] 

10. Chemical Cleaning: Determine t h e  e f f e c t  of var ious  

a v a i l a b l e  chemical c leaning agents  on new candidate s u b s t r a t e  

m a t e r i a l s  ( e s p e c i a l l y  A 1 ,  CA 706 and A L - 6 ~  s t a i n l e s s  s t e e l )  a s  a 

funct ion  of c leaning  frequency. [ 6 ]  

11. Use of Fouling R e s i s t a n t  Mater ia ls :  Determine how 

r e s i s t a n t  a r e  these  m a t e r i a l s  t o  rnicrofouling. [7] 
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APPENDIX A 

HEAT EXCIIANGER DESIGN CONCEPTS 

A. Smooth Bore Tubes, Seawater Ins ide  

The smooth tube and s h e l l  concept with seawater flowing 

i n s i d e  the  tubes has  been proposed by both  Lockheed and TRW i n  

t h e i r  b a s e l i n e  concepts (7,8). Lockheed suggested tubes with a 

two-inch O.D. and a 50-foot length .  The TRW design uses  tubes 

with a 1.5" O . D .  and a 43-foot length.  Both organiza t ions  have 

s p e c i f i e d  t i t an ium pending f u r t h e r  i n v e s t i g a t i o n s  of aluminum 

a l l o y s .  The smooth bore design was considered t o  be s t a t e  of 

the a r t  and would r e q u i r e  l i t t l e  i f  any developmental work. 

Furthermore, both organiza t ions  recognized t h a t  the Amertap 

r e c i r c u l a t i n g  rubber b a l l  c leaning  system could be used on smooth 

bore tubes  i n  a manner s i m i l a r  t o  the  widespread commercial use 

of t h i s  c leaning  system i n  power p l a n t  condensers. The TRW 

b a s e l i n e  design has four  power modules, each conta in ing  a s i n g l e  

pass  condenser and evaporator .  Each power module has over 

140,000 tubes .  

The Lockheed design a l s o  has  four  power modules, hence a 

t o t a l  of four  condensers and four  evaporators .  The number of  

h e a t  exchanger tubes  i n  the Lockheed base l ine  design t o t a l s  

n e a r l y  one mi l l ion .  Both TRW and Lockheed have proposed modi- 

f i c a t i o n s  t o  the Amertap system t o  include a synchronous method 

f o r  i n j e c t i n g  and c o l l e c t i n g  Amertap sponge rubber b a l l s  over a 

l i m i t e d  p o r t i o n  of the  o v e r a l l  a r e a  of i n l e t  and o u t l e t  tube 

shee t s .  The advantages  an^ disadvantages of t h i s  "pi tch/catchl '  

concept a r e  discussed i n  Sect ion  111. 



HYDRONAUTICS, Incorporated 

B. In te rna , l ly  o r  Ex te rna l ly  Enhanced Tubes, Seawater Ins ide  

Tube and s h e l l  designs wi th  i n t e r n a l  (seawater  s i d e )  hea t  

t r a n s f e r  enhancement have been proposed (11,12,13) i n  order  t o  

increase  hea t  t r a n s f e r  c o e f f i c i e n t s  and thereby allow reduct ion  

of hea t  exchanger a reas .  Since a  l a r g e  p a r t  of t h e  i n i t i a l  OTEC 

c o s t  (50-60 pe rcen t )  i s  i n  the hea t  exchangers, reduct ion  i n  

t h e i r  a r e a  would p r e s e n t  an a t t r a c t i v e  economic b e n e f i t .  How- 

ever,  i t  must be remembered t h a t  su r face  enhancement may s e r i -  

ously aggravate the  b io fou l ing  c o n t r o l  problem. Unless s u i t a b l e  

c leaning  methods can be provided t o  keep the enhanced su r faces  

f r e e  of fou l ing  the value of t h i s  design i s  quest ionable .  Vari- 

ous seawater s ide  su r face  enhancement ideas  have been proposed: 

sub-boundary l a y e r  s i n u s o i d a l  f l u t i n g  (ll), h e l i c a l l y  twis ted  

hea t  exchanger i n s e r t s  (12) ,  h igh  f l u x  porous su r faces  (13), 

and tubes with l a r g e ,  f in- type  sur face  enhancements. 

The pena l ty  a s soc ia ted  wi th  a l l  forms of sur face  enhance- 

ment i s  the  increased  head l o s s  across  the  hea t  exchanger. A 

success fu l  form of su r face  enhancement must achieve economic 

and/or hea t  f l u x  improvements which outweigh t h e  pena l ty  imposed 

by t h e  increased  head l o s s e s .  Although the  d e t a i l s  of the f l u i d  

and thermodynamic phenomena involved a r e  no t  we l l  understood, 

the  r e l e v a n t  parameters inc lude  the  prime sur face  areas ,  the 

r e a l  sur face  area ,  the  f l u i d  dynamic boundary l a y e r  thickness ,  

the thermodynamic boundary l a y e r  thickness ,  the f l u t e  length,  

t h e  sur face  roughness, and, i f  an i n s e r t  i s  present ,  i t s  phys ica l  

c h a r a c t e r i s t i c s .  
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I 1  C. Large Piameter Tubes, Seawater Outside ( ~rombone" ~ e s i g n )  

I I Large diameter tubes  ( 4 "  t o  6" O . D . )  i n  a  trombone" con- 

f i g u r a t i o n  have been proposed f o r  use i n  the Johns Hopkins 

Applied Physics Laboratory concept (14) .  The working f l u i d  i s  

contained wi th in  the  tubes while seawater flows over the e x t e r -  

n a l  su r faces  of a  r e l a t i v e l y  c l o s e l y  spaced tube ar ray .  The 

systems proposed f o r  c leaning  t h i s  arrangement a re  a s e r i e s  of 

mechanically t r a n s l a t e d  cleaning heads conta in ing  e i t h e r  c a v i t a -  

t i n g  water j e t s  o r  a r r a y s  of l ' ~ c o t c h b r i t e "  sponges mounted on 

f l e x i b l e  holders .  The suggested tube m a t e r i a l  was one of s e v e r a l  

candidate  a l u ~ i n u ~  a l l o y s .  The d e t a i l e d  problems assoc ia ted  with 
11 c leaning  t h i s  trombone" tube a r r a y  a r e  reviewed wi th in  Sec t ion  

111. 

D. P l ~ t e - F i n  or Extended Surface Design 

This type of hea t  exchanger has been proposed i n  many 

forms (g,10). Suggested cons t ruc t ion  m a t e r i a l s  have ranged from 

extruded thermoplas t ics  (15) t o  s t a i n l e s s  s t e e l .  Although 

grouped together  because of geometric s imilarTty,  the  v a r i e t y  

of m a t e r i a l s  proposed would each requ i re  d i f f e r e n t  recommenda- 

t i o n s  f o r  b io fou l ing  con t ro l .  The Univers i ty  of I ~ ~ a s s a c h u s e t t s  

has  proposed a  p l a t e - f i n  concept which has a t r i a n g u l a r  seawater 

channel (9) .  Other p l a t e - f i n  concepts have been proposed by 

DSS Engineers (15) and So la r  Sea Power, Inc. (10) .  Of a l l  t h e  

proposed OTEC exchanger designs,  these  p r e s e n t  the  most chal-  

lenging b io fou l ing  c o n t r o l  problems. 
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E. O~en-Cycle Desian 

The g e n e r a l  concept of an open-cycle OTEC p l a n t  involves a 

" f a l l i n g - f i l m "  evaporator  wherein steam i s  f lash-evaporated from 

water f a l l i n g  over a  f l a t  p l a t e  a t  reduced pressures .  I n  t h i s  

process  the b io fou l ing  c o n t r o l  problem w i l l  be much l e s s  c r i t i c a l  

s ince  the  hea t  t r a n s f e r  process  i s  independent of t h e  fouled  

su r faces  and the re fo re  g r e a t e r  amounts of fou l ing  can be t o l e r -  

a t ed .  Also, the  r a t e  of b io fou l ing  i s  expected t o  be r e l a t i v e l y  

low due t o  the sudden p ressu re  reduct ion.  Furthermore, the  f l a t  

sur faces  and water passages t h a t  w i l l  be sub jec t  t o  fou l ing  w i l l  

be e a s i l y  cleaned wi th  convent ional  methods due t o  t h e i r  simple 

geometry. 
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