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EXECUTIVE SUMMARY 

Shell-and-tube h e a t  exchangers w i l l  l i k e l y  r ep resen t  some of the  

most c o s t l y  components of geothermal b ina ry  (o rgan ic  Rankine) c y c l e  and f u t u r e  

geothermal steam power p l a n t s .  These exchangers w i l l  be used a s  condensers i n  

most f u t u r e  geothermal steam power p l a n t s ,  a s  secondary working subs tance  

v a p o r i z e r s  and condensers i n  b ina ry  p l a n t s ,  and f o r  numerous o t h e r  a n c i l l a r y  

s e r v i c e s  i n  both types  of p l a n t s .  

The c o s t l y  na tu re  of these  shell-and-tube exchangers i s  due t o :  

1) t h e  l a r g e  s i z e  requirements  compared t o  convent ional  f o s s i l - f i r e d  power 

p l a n t s ,  2 )  t h e  requi rements  f o r  co r ros ion  r e s i s t a n t  a l l o y s  t o  r e s i s t  t h e  gen- 

e r a l l y  aggres s ive  wa te r s  u t i l i z e d ,  and 3 )  t he  f r equen t  requirement f o r  an  

extremely high l e v e l  of i n t e g r i t y .  

The l a r g e  s i z e  i s  important from a co r ros ion  s t andpo in t  because the  

probable  time t o  f a i l u r e  by p i t t i n g  dec reases  exponen t i a l ly  w i t h  inc reased  

su r face  a rea .  Thus, l a rge  components w i l l  f a i l  more r a p i d l y  by p i t t i n g  than  

smal le r  ones. Add i t iona l ly ,  t h i n  tube  w a l l s  a r e  d e s i r e d  f o r  high h e a t  

t r a n s f e r ,  but  t h i n  w a l l s  a l s o  reduce t h e  time t o  co r ros ion  r e l a t e d  f a i l u r e .  

Despi te  t h e  l i m i t e d  amount of co r ros ion  d a t a  a v a i l a b l e  from geo- 

thermal power p l a n t  h e a t  exchangers and t e s t  s imu la t ions ,  some conclus ions  can 

be reached. A t  t he  r e sources  of near-term i n t e r e s t  f o r  b ina ry  power p l a n t  

development--East Mesa. IIeber. Raf t  River--uniform co r ros ion  r a t e s  on t h e  

o rde r  of  3-7 mpy ( m i l l y r )  can be expec ted  f o r  carbon s t e e l .  However, even 

under cond i t ions  which appear t o  r i g o r o u s l y  exclude oxygen, carbon s t e e l  p i t -  

t i n g  r a t e s  of up t o  46 mpy have been observed. Some o r  a l l  of these  g e o f l u i d s  

can cause p i t t i n g  of  carbon s t e e l  even i n  t h e  absence of oxygen. I n  a d d i t i o n ,  

bo th  uniform c o r r o s i o n  and p i t t i n g  of carbon s t e e l  h e a t  exchanger t u b e s  a r e  

g r e a t l y  a c c e l e r a t e d  by even t r a c e s  of  oxygen in t roduced  du r ing  shutdown. The 

r igo rous  and complete exc lus ion  of oxygen from l a r g e  h e a t  exch,angers a t  a l l  

t imes,  whether o r  not t h e  system i s  ope ra t ing ,  appears  t o  p re sen t  tremendous 
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p r a c t i c a l  problems. For these  reasons,  i t  i s  concluded t h a t  carbon s t e e l  w i l l  

not  be v i a b l e  i n  many c a s e s  a s  a geothermal power p l a n t  h e a t  exchanger tube  

m a t e r i a l  u n l e s s  f requent  r e t u b i n g  i s  planned. 

It appears  t h e r e f o r e  t h a t  h e a t  exchanger t u b e  a l l o y s  capable of 

r e s i s t i n g  both  normal opera t ing  c o n d i t i o n s  and a e r a t e d  g e o f l u i d  a r e  l i k e l y  t o  

be required.  Curren t ly  the prime candida tes  appear t o  be Allegheny-Ludlum 

Alloys 29-4 and 29-4C (29Cr-4Mo f e r r i t i c  s t a i n l e s s  s t e e l s )  and TiCode 12 (a  

t i t an ium a l l o y ) .  Other a l l o y s  such a s  SeaCure 26-3 and E-bri te  26-1 have not  

been t e s t e d  under c o n d i t i o n s  s imula t ing  geothermal b inary  evaporator  s e r v i c e ,  

bu t  may a l s o  be shown t o  be of some u s e f u l n e s s  a f t e r  t e s t i n g .  S e l e c t i o n  be- 

tween t h e  29Cr-4Mo a l l o y s  and t h e  t i t an ium a l l o y  is l i k e l y  t o  be d i c t a t e d  by 

economic f a c t o r s  s i n c e  t h e i r  cor ros ion  performance i s  l i k e l y  t o  be comparable 

under most condi t ions .  

The experience t o  d a t e  h a s  i n d i c a t e d  t h r e e  major f o u l a n t s  of geo- 

f luid/working f l u i d  h e a t  exchangers : c o r r o s i o n  products ,  calcium carbonate ,  

and s i l i c a .  Experience a t  Beber has shown t h a t  t he  f o u l i n g  of carbon s t e e l  

tubes  (which corrode i n  Heber geof lu id)  was th ree  t o  f i v e  t imes g r e a t e r  than 

t h e  f o u l i n g  of t i t an ium tubes (which do not corrode i n  t h i s  environment).  Use 

of highly c o r r o s i o n  r e s i s t a n t  tub ing  is c l e a r l y  a key t q  f o u l i n g  c o n t r o l .  

A t  East  Mesa and Heber calcium carbonate  s c a l i n g  i s  a major concern. 

It has  been shown t h a t  main ta in ing  g e o f l u i d  pressure  t o  keep the carbon 

dioxide i n  s o l u t i o n  p r e v e n t s  s i g n i f i c a n t  d e p o s i t i o n  of  calcium carbonate.  

Avai lable  d a t a  i n d i c a t e  t h a t  i f  t he  g e o f l u i d  p r e s s u r e  i s  maintained,  then  h e a t  

exchanger o p e r a t i o n  wi th  annual c leaning  i s  f e a s i b l e .  

S i l i c a  f o u l i n g  can occur  when g e o f l u i d  from high temperature  

resources  i s  cooled below t h e  s i l i c a  s a t u r a t i o n  temperature.  I n  c a s e s  where 

t h i s  occurs  f o u l i n g  i s  more r ap id .  I n  a d d i t i o n ,  s i l i c a  s c a l e  i s  p a r t i c u l a r l y  

d i f f i c u l t  t o  remove. 

v i i i  



The condensers and a n c i l l a r y  cool ing  loop h e a t  exchangers of 

geothermal b i n a r y  power p l a n t s  f a c e  severe  m a t e r i a l s  problems s i n c e  most 

p l a n t s  w i l l  be l o c a t e d  i n  a r i d  o r  semi-arid reg ions  where vigorous competi t ion 

f o r  water-use r i g h t s  i s  l i k e l y .  These p l a n t s  a r e  l i k e l y  t o  be f o r c e d  t o  use 

poor q u a l i t y  water f o r  cool ing  water  make-up. Water t rea tments  designed t o  

p r o t e c t  carbon s t e e l  have not been s a t i s f a c t o r y  because the system i s  made 

i n h e r e n t l y  s e n s i t i v e  t o  c o n t r o l  u p s e t s  which would f o r c e  several-week-long 

shutdowns f o r  c leaning  and r e p a s s i v a t i o n  of the condenser. Fouling c o n t r o l  

h a s  a l s o  not been demonstrated. 

Based on experience t o  da t e ,  h ighly  a l loyed  f e r r i t i c  s t a i n l e s s  

s t e e l s  (such a s  Allegheny-Ludlum 29-4, 29-4-2, and 29-4C, and SeaCure 26-3) 
and t i t an ium appear t o  be prime candida tes  f o r  t h i s  a p p l i c a t i o n .  

Shell-and-tube h e a t  exchangers i n  the cool ing  loop of geothermal 

steam power p l a n t s  a r e  a l s o  s u b j e c t  t o  cor ros ion ,  and Type 304 s t a i n l e s s  s t e e l  

h a s  shown t o  be problemat ica l  a s  tub ing  i n  t h i s  s e r v i c e .  The c o r r o s i v i t y  of  

t h e  geothermal steam condensate/cool ing water  i s  increased  by a c t i o n  of sul-  

f i d e  o x i d i z i n g  b a c t e r i a  and chemical a d d i t i v e s  such a s  f e r r i c  i o n  and hydrogen 

peroxide added f o r  primary or  secondary abatement of hydrogen s u l f i d e .  Type 

316 may have adequate p i t t i n g  r e s i s t a n c e ,  but s t r e s s  cor ros ion  cracking may 

a l s o  be a f a c t o r ,  p a r t i c u l a r l y  i f  high temperature  steam is vented t o  t h e  con- 

denser  during t u r b i n e  t r i p s .  The h ighly  a l l o y e d  f e r r i t i c  s t a i n l e s s  s t e e l s  

d i s c u s s e d  above may be d e s i r a b l e  and c o s t  e f f e c t i v e .  
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1 .o INTRODUCTION 

Shell-and-tube h e a t  exchangers--both working f l u i d  v a p o r i z e r s  and 

condensers--will r ep resen t  t h e  most c o s t l y  components of most geother- 

mal b i n a r y  power p l a n t s .  In a d d i t i o n ,  hydrogen s u l f i d e  abatement technology 

a t  The Geyers r e q u i r e s  t h a t  some c u r r e n t  and a l l  f u t u r e  u n i t s  o p e r a t e  wi th  

su r face  c o n t a c t  condensers.  The same c o n s t r a i n t  i s  l i k e l y  i n  flashed-steam 

p l a n t s  a t  o t h e r  s i t e s  a s  we l l .  A t  The Geysers, t hese  condensers a r e  shell-and- 

tube.  Because of t h e  huge h e a t  r e j e c t i o n  loads  of geothermal p l a n t s ,  these  

shell-and-tube condensers a r e  q u i t e  l a r g e .  F i n a l l y ,  r e g a r d l e s s  of t he  power 

cyc le  and type of condenser used, a l l  geothermal power p l a n t s  employ a number 

of a n c i l l a r y  h e a t  exchangers i n  the  cool ing  water  loop t o  a l low f o r  h e a t  

r e j e c t i o n  from l u b r i c a t i n g  o i l ,  gene ra to r  coo lan t  (hydrogen),  and p o s s i b l y  

o t h e r  s e r v i c e  streams. In geothermal steam power p l a n t s ,  m a t e r i a l s  problems 

w i l l  be exacerba ted  by chemicals such a s  f e r r i c  s u l f a t e  and hydrogen peroxide 

added f o r  hydrogen s u l f i d e  abatement. These chemicals i n c r e a s e  c o r r o s i v i t y .  

Many geothermal b ina ry  p l a n t s  w i l l  have t o  use ve ry  poor q u a l i t y  cool ing  

water ,  l ead ing  t o  severe  m a t e r i a l s  c o n s t r a i n t s  t o  avoid  co r ros ion .  

The shell-and-tube h e a t  exchangers used i n  geothermal power p l a n t s  

have a number of i nhe ren t  c h a r a c t e r i s t i c s  which make them p a r t i c u l a r l y  suscep- 

t i b l e  t o  c o r r o s i o n  f a i l u r e .  The f i r s t  of t hese  f a c t o r s  i s  s i z e .  For example, 

t he  tubes  of t h e  i sobutane  v a p o r i z e r s  a t  t he  Magma Binary Power P l a n t  (Eas t  

Mesa) have a mean s u r f a c e  a r e a  of 25,325 f t z ,  or  2,025 fta/GEIW (gross mega- 

watt ) .  The tubes of the shell-and-tube condenser of the R a f t  River Binary 

Power P l a n t  have a t o t a l  su r f ace  a rea  of approximately 57,000 f t 2 ,  o r  7,600 

ftZ/GMW. T h i s  l a r g e  s i z e  i s  important from a c o r r o s i o n  s t andpo in t  because the  

probable time t o  f a i l u r e  by p i t t i n g - i f  t h i s  c o r r o s i o n  mode occurs--decreases 

exponen t i a l ly  wi th  inc reas ing  a rea .  Th i s  means t h a t  l a r g e  components w i l l  

f a i l  much more r a p i d l y  by p i t t i n g  than  w i l l  sma l l e r  ones, a l l  o t h e r  f a c t o r s  

being equal .  
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The second major f a c t o r  c o n t r i b u t i n g  t o  t h e  c o r r o s i o n  v u l n e r a b i l i t y  

of geothermal power p l a n t  h e a t  exchangers i s  the  th inness  of the tube w a l l s .  

Tho t h i n n e s t  p o s s i b l e  w a l l s  a r e  d e s i r e d  t o  maximize h e a t  t r a n s f e r .  

The t h i r d  f a c t o r  o o n t r i b u t i n g  t o  v u l n e r a b i l i t y  i s  the  minimum accep- 

t a b l e  i n t e g r i t y  of t he  h e a t  exchangers. Some leakage i s  probably acceptab le  

i n  shell-and-tube s u r f a c e  condensers i n  geothermal steam (Rankine and flashed- 

steam c y c l e )  power p l a n t s ,  s ince  such leakage would impair hydrogen s u l f i d e  

obaternent, bu t  would not endanger p l a n t  equipment. On the o t h e r  hand, the  

working subs tance  (probably l i g h t  hydrocarbon) v a p o r i z e r s  and condensers of a 

geothermal b ina ry  p l a n t ,  a s  we l l  a s  the  gene ra to r  hydrogen c o o l e r s  of l a r g e  

power p l a n t s ,  r e q u i r e  complete l eak - t igh t  i n t e g r i t y  t o  prevent r e l e a s e  of 

gaeeous--and p o t e n t i a l l y  flammable or  explosive--working subs tance .  The h igh  

degree  of l e a k - t i g h t  i n t e g r i t y  of both t h e  b inary  cyc le  vapor i ze r  and conden- 

ser is a l s o  important t o  prevent c o r r o s i v e  geothermal f l u i d  from con tac t ing  

b ina ry  loop components which a r e  not in tended  f o r  such exposure. Radian h a s  

ana lyzed  s e v e r a l  b ina ry  loop component f a i l u r e s  which were due--at l e a s t  i n  

part--to such contamination. These a r e  d i scussed  i n  a s e p a r a t e  p u b l i c a t i o n ,  

t h e  &i&&d.m .t o Me ; e e r G h e r m w i l i z s  

[smith and E l l i s  19831. 

Thus, the f a c t  t h a t  geothermal power p l a n t  h e a t  exchangers a r e  

l i k e l y  t o  be shell-and-tube dev ices  wi th  extremely l a r g e  s u r f a c e  a r e a s  of t h i n  

wa l l ed  tubing, r e q u i r i n g  v i r t u a l l y  n i l  cross-leakage, makes them a major 

m a t e r i a l s  s e l e c t i o n  problem, a s  we l l  a s  a p o t e n t i a l  cause of fo rced  outage and 

prolonged shut-down. This  e x p l a i n s  why carbon s t e e l  w i l l  i n  many cases  no t  be 

v i a b l e  a s  a geothermal power p l a n t  h e a t  exchanger tube m a t e r i a l  un le s s  f r e -  

quent r s t u b i n g  i s  planned. 

Fouling (depos i t i o td  i n  t h e  h e a t  exchangers w i l l  a l s o  have a s i g n i f i -  

can t  impact on p l a n t  des ign  and economics. Current exper ience  i n d i c a t e s  t h a t  

m a t e r i a l  s e l e c t i o n  is one f a c t o r  determining t h e  f o u l i n g  tendencies  of geo- 

2 



thermal b inary  hea t  exchangers.  Also, s e l e c t i o n  of a n t i f o u l i n g  measures (such 

a s  main ta in ing  d i s so lved  carbon d ioxide  p re s su re )  may s i g n i f i c a n t l y  a l t e r  

ma t e r i  a1 s performance s, requi  r i n g  a 1 t e rna  t e  ma t e r i  a1 s s e l e c t  i ons. 

1 *1 

"his t o p i c a l  r e p o r t  i s  a review of experience gained t o  d a t e  i n  t h e  

co r ros ion  and f o u l i n g  of hea t  exchangers used i n  geothermal power p l a n t s .  

T h i s  r e p o r t  c o n s i d e r s  only the  geo f lu id  o r  cool ing water  side--usually the  

tubeside--of t hese  h e a t  exchangers.  With one except ion ,  a1 1 of the t e s t s  

desc r ibed  involved a c t u a l  heat  exchangers,  and a l l  were conducted us ing  a c t u a l  

geothermal f l u i d s  r a t h e r  than s y n t h e t i c  l abora to ry  s o l u t i o n s .  

The broader  sub jec t  of geothermal m a t e r i a l s  s e l e c t i o n  has  been con- 

s i d e r e d  i n  depth by Radian i n  t h r e e  major r e p o r t s  f o r  the Department of 

Energy. These r e p o r t s  a r e :  

e M a t e r i a l s  Sele-n Guide1 ines  F.Qr Geo.th_ermal Energy 
-on S y s m ,  NTIS Pub. Code DOE/RA/27026-1, 
January 1981. 

Addendum t.Q Mate r i a l s  S e l e c t i o n  Guide l ines  For  Geothennaa 
EnerRY U u i z a t i o n  Systems, NTIS Pub. Code 
DOE/RA/27026-2, May 1983. 

a Corros ion  Refs rence  Fer Geothermal D o d o l e  k t e r i a h  
-n, NTIS Pub. Code DOE/SF/11503-1, March 1983. 

The f i r s t  two documents a r e  concerned p r i m a r i l y  with corrosion of 

above ground components, while  t he  t h i r d  p e r t a i n s  t o  geothermal w e l l s  and t h e  

components which a r e  used downhole. 

1.2 O u . e . t v i e W  

Heat exchangers  f o r  ho t  geofluid/working subs tance  v a p o r i z e r s  f o r  

b ina ry  power p l a n t s  a r e  cons idered  i n  S e c t i o n s  2,  3, and 4 .  A b r i e f  descr ip-  

t i o n  of the phys ica l  t e s t  appara tus  and t h e  geo f lu id  chemistry f o r  each of the  
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s e v e r a l  hea t  exchanger t e s t s  i s  presented  i n  S e c t i o n  2 .  Sect ion  3 summarizes 

t h e  f o u l i n g  da ta  developed from these t e s t s ,  i n  most cases  present ing  a mathe- 

m a t i c a l  express ion  f o r  t h e  i n c r e a s e  i n  f o u l i n g  f a c t o r  w i t h  time. Sect ion 4 

e x p l o r e s  the  m a t e r i a l s  performance d a t a  developed from these same t e s t s .  This  

o r g a n i z a t i o n a l  approach serves  t o  concent ra te  t h e  r e s u l t s  i n t o  two d i s t i n c t  

s e c t i o n s ,  undi lu ted  by d i s c u s s i o n s  of t e s t  method. 

S e c t i o n  5 cons iders  t h e  performance of shell-and-tube h e a t  exchan- 

ge r s  used a s  condensers and a n c i l l a r y  c o o l e r s  i n  the power p l a n t  h e a t  re jec-  

t i o n  system. 

4 
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2 .o G E O F L U I D  HEAT EXCHANGER TEST C O N D I T I O N S  

This  s e c t i o n  p r e s e n t s  a b r i e f  d e s c r i p t i o n  of the phys ica l  appa ra tus  

and o p e r a t i n g  c o n d i t i o n s  f o r  a number of geo f lu id  h e a t  exchanger exper iences  

a t  f i v e  r e s o u r c e s :  East  Mesa, IIeber, and S a l t o n  Sea ( C a l i f o r n i a ) ,  and 

Svar t sengi  and Hveragerdi ( I c e 1  and).  The fou l  ing r e s u l t s  a r e  p r e s e n t e d  i n  

S e c t i o n  3 and the co r ros ion  r e s u l t s  a r e  i n  Sec t ion  4 .  

2.1 Eas t  MeAa 

Three exper iences  a t  East  Mesa a r e  cons idered ,  a s c a l e  model t e s t  of 

geof lu id lhydrocarbon evapora tors  and condensers ,  a co r ros ion  t e s t  of two 

h igh ly  a l loyed  f e r r i t i c  s t a i n l e s s  s t e e l s ,  and two y e a r s  of o p e r a t i n g  exper i -  

ence a t  the Yagma Power Company's l O M W  b inary  p l a n t .  

The two t e s t s  were performed us ing  g e o f l u i d  produced by a downwell 

pump from wel l  Mesa 6-2, whi le  the  Yagma p l a n t  was supp l i ed  w i t h  pumped pres-  

s u r i z e d  g e o f l u i d  from f i v e  w e l l s .  Calcium carbonate  s c a l i n g  i s  a major pro- 

blem a t  t h i s  r e source  i f  the g e o f l u i d  i s  allowed t o  f l a s h ,  evolv ing  carbon 

d ioxide .  Therefore ,  t he  geo f lu id  p r e s s u r e  was main ta ined  above t h e  gas  break- 

out  p r e s s u r e  throughout the t e s t s  t o  prevent  calcium carbonate  p r e c i p i t a t i o n .  

Table  2-1 p r e s e n t s  a summary of t he  co r ros ive  and s c a l i n g  chemis t ry  of t h e  

unf lashed  Mesa 6-2 g e o f l u i d  and of the Magma Power P lan t  g e o f l u i d  supply.  

2.1.1 &percritical Heat  Exchanger Field Test (SHEFU 

I n  o rde r  t o  ob ta in  performance da ta  t o  support  des ign  of a l a r g e  (50  

MW) geothermal b ina ry  power p l a n t ,  a 1 : l O O  s c a l e  model t e s t  loop  was con- 

s t r u c t e d  a t  the DOE Geothermal Tes t  F a c i l i t y  ( G T F )  a t  East  Mesa, and t e s t s  

were conducted from June 1980 through March 1981. The primary o b j e c t i v e  of 

the  t e s t i n g  was measurement of s u p e r c r i  t i c a l  performance of geof lu id lhydrocar -  

bon h e a t  exchangers wi th  t h r e e  secondary working f l u i d s :  commercial iso- 

bu tane ,  90110 i sobu tane l i sopen tane ,  and 80120 i sobutanef  i sopentane .  
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TABLE 2-1. CHEMISTRY OF MESA 6-2 GEOFLUID AND TEE GEOFLUID SUPPLY OF TEE 
MAGMA lOMW BINARY POWER PLANT 

e___-- 

Component 
except pH) Concentration &mu 

Mesa 6-28 Magma6 

PH 6.15 5.2-5.9 

Chloride 21 50 3 6 80-6 270 

S a l f  a t  e 113 6 8- 86 

Bicarbonate 5 80 216-3 67 

Carbon Dioxide (Tota l )  2230 15 80-20 90 

Hydrogen S a l f  ide 0.91 0.7-1.6 

Ammonia (0.02 14-23 

S i l i c a  209 201-278 

Calcium 16 20-81 

Magne simn 1.3 0.3-2.9 

====--=== ===.-=--- ----=----=- - 

E l l i s  and Anliker 1982 a 

bShannon e t  a 1  1981 
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The t e s t  loop  i s  shown schemat ica l ly  i n  F igure  2-1. The u n i t  con- 

s i s t e d  of t h r e e  f l u i d  loops :  geo f lu id ,  hydrocarbon, and cool ing  water .  The 

t h r e e  loops were in t e rconnec ted  through t h e  primary geof lu id lhydrocarbon h e a t  

exchanger t r a i n  and condenserlsubcooler t r a i n .  The h e a t  l oad  was r e j e c t e d  t o  

the  atmosphere through a wet cool ing  tower. The h igh  p r e s s u r e  ( h e a t e r )  por- 

t i o n  of t he  hydrocarbon loop was sepa ra t ed  from t h e  low-pressure (condenser) 

p o r t i o n  by an expansion va lve  i n  l i e u  of a tu rb ine .  

The primary geof la id lhydrocarbon h e a t  exchanger t r a i n  c o n s i s t e d  of 

s i x  exchangers, both s i d e s  i n  s e r i e s ,  wi th  b r ine  i n  t h e  tubes  and hydrocarbon 

i n  the s h e l l s .  The primary h e a t  exchangers a r e  l a b e l e d  B-1 through B-6 i n  

F igure  2-1. Table 2-2 l i s t s  t h e  main f e a t u r e s  of t he  exchangers. Exchangers 

B-1 through B-5 were i d e n t i c a l ;  exchanger B-6 had double-segmented b a f f l e s  

with a l l  o t h e r  s p e c i f i c a t i o n s  a s  l i s t e d  i n  Table 2-2. 

Unflashed p res su r i zed  b r i n e  e n t e r e d  B-6, B-5, o r  B-4 depending on 

t he  o p e r a t i o n  of t he  i n l e t  va lv ing .  The exchangers B-4 through B-6 spanned 

the near-cri  t i c a l  region. The b r i n e  va lv ing  connecting these  exchangers t o  

the  b r i n e  supply allowed t h e  temperature-pressure p r o f i l e  of t he  h e a t i n g  curve  

t o  be a d j u s t e d  so t h a t  d a t a  would be more r e a d i l y  ob ta ined  throughout the near- 

c r i t i c a l  region. Spent b r ine  e x i t e d  B-1 then  flowed t o  the  GTF s i l e n c e r  where 

i t  was f l a shed  t o  the  atmosphere. 

Superheated hydrocarbon e x i t e d  B-6, flowed through t h e  pressure-  

reducing valve,  then e n t e r e d  the condenser. The condenser was a two-pass u n i t  

w i t h  v e r t i c a l  pass l a n e s  and e x t e r n a l  va lv ing  t h a t  allowed t h e  tube bundle t o  

be halved. Table 2-2 a l s o  l i s t s  t h e  main f e a t u r e s  of the  condenser. The con- 

densed hydrocarbon was f u r t h e r  cooled t h e  subcooler t o  about 12o0F, then  

e n t e r e d  the  hydrocarbon f eed  pump, P-1, where i t  was p r e s s u r i z e d  t o  supe rc r i -  

t i c a l  p re s su re  and d ischarged  i n t o  B-1 t o  be hea ted  upon passage t o  t h e  e x i t  

of B-6. 

cool ing  tone r  [ S i l v e s t e r  and Doyle 19821. 

Cooling wa te r  €or  the condenser/subcooler was supp l i ed  by t h e  GTF 
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Hydrocarbon 
feed pump 

Figure  2-1. Schematic Diagram of the S u p e r c r i t i c a l  Beat  Exchanger 
F i e l d  Tes t  (SHEFT) F a c i l i t y  [ S i l v e s t e r  and Doyle 19821 



TABLE 2-2. SFIEFT BEAT EXCHANGER DETAILS -- l=f==-c----==----==---sI------. 

Hydrocarbon Heaters  

No. of tubes  pe r  exchanger: 
No. of passes :  
Tube length :  
Tube s i z e :  
Tube m a t e r i a l  : 
Tube p i t c h :  
S h e l l  I . D . :  
B a f f l e  spacing:  
B a f f l e  c u t :  

Area pe r  exchanger: 
Number of exchangers:  
Nominal d i a .  s h e l l  s ide  nozz les :  
Nominal d i a .  tube s i d e  nozz les :  
She1 1 : 

Exchangers : 
Flow o r i e n t a t i o n :  
B a f f l e  c u t :  
Cross flow a r e a :  
Net window a r e a :  

Exchanger: 
Flow o r i e n t a t i o n :  
B a f f l e s :  
Center  b a f f l e  cu t :  
Outer b a f f l e s  cu t :  
Cross flow a rea :  
Outer n e t  window a rea :  
Inner  n e t  window a rea :  

Condenser 

No. of tubes :  
No. of passes :  
Tube l eng th :  
Tube s i z e :  
Tube m a t e r i a l :  
Tube p i t c h :  
S h e l l  I.D.: 
B a f f l e s :  

62 
1 s h e l l  s i d e ,  1 tube s i d e  
24 f t  
3 /4  i n  O.D., 16  BWG 
carbon s t e e l  (SA-214) 
15/16 in . ,  t r i a n g u l a r  a r r a y  
8.625 in .  
12 in .  
h o r i z o n t a l  cu t  segmental b a f f l e s ,  

13/16 in .  from c e n t e r  l i n e  

292 f t 2  

6 
6 in .  
3 in .  
TEM A v p e  E 

B-1 through B-5 
300 
13/16 in .  from c e n t e r  l i n e  
20.3 sq. in .  
11.8 sq. in. 

B-6 
600 
V e r t i c a l  c u t  double segmental 
2-11/32 in .  from c e n t e r  l i n e  
1-13/32 in .  from c e n t e r  l i n e  
20.3 sq. in. 
10.6 sq. in. 
9.9 sq. in .  

a 332 
1 s h e l l  s i d e ,  1 tube s i d e  
24 f t  
3 /4  in. O.D., 14 BWG 
carbon s t e e l  (SA-214) 
15/16 in .  , t r i a n g u l a r  a r r a y  
22 in .  
suppor t s  ~----- _-- -- P 

Side by s i d e  a 

Source: S i l v e s t e r  and Doyle 1982 
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A l l  hc-u c e ~ r l ~ ~ l ~ ~ d ~  air< p lp tng  were  chemically cleaned p r i o r  t o  

t e s t i n g ,  and the  hydrocarbon working subs tance  was cont inuous ly  f i l t e r e d  t o  
remove p a r t i c u l a t e s  l a r g e r  than  0.5 micrometer i n  s i z e .  

2.1.2 

Specimens of two me ta l s ,  Allegheny-Ludlum Allay 29-4 and 29-4C, were 

exposed a t  t he  GTF under cond i t ions  s imula t ing  flow i n  a geothermal h e a t  

exchanger tube [ E l l i s  and Anl iker  19821. 

a s  determined dur ing  the t e s t ,  i s  given i n  Table 2-1. The specimens were 

s h o r t  l e n g t h s  of welded tubing. They were e l e c t r i c a l l y  i s o l a t e d  and suppor ted  

by machined Tef lon  s l eeves .  The bores  of the specimens and the s l e e v e s  fonned 

a smooth tube; t h e  e x t e r i o r  su r f  aces  of the  specimens were completely covered 

by the  s l eeves .  R S t r i n g s n  of 18  specimens, nine of each a l l o y ,  were i n s e r t e d  

i n t o  f l anged  s t e e l  p ipe  h o l d e r s  and compressed between t h e  f l anges .  

f l anges  connected t o  the g e o f l u i d  supply and d ischarge .  The t e s t  appa ra tus  

was so designed t h a t  t he  i n t e r i o r  su r f ace  was exposed t o  flowing g e o f l u i d  a t  

1.2 t o  5.4 f t / s e c  whi le  the e x t e r i o r  s u r f a c e  was exposed t o  the s tagnant  geo- 

f l u i d  which became t rapped  i n  t h e  t i g h t  c r e v i c e s  between t h e  specimens and t h e  

Tef lon  s l eeves .  Nine specimens of each a l l o y  were exposed t o  each of two 

s e p a r a t e  environments. This  number of specimens allowed a s t a t i s t i c a l  evalu- 

a t i o n  of r e s u l t a n t  co r ros ion  d a t a .  

The chemistry of t h e  geo f lu id  used, 

These 

One s e c t i o n  of specimens was exposed t o  349.50F g e o f l u i d  f o r  1032.25 

hours.  There were two shutdown pe r iods ,  one of 15 minutes  and one of 45 

hours.  During t h e  45-hour shutdown t h e  s e c t i o n  was i s o l a t e d  by valves .  The 

o t h e r  s e c t i o n ,  exposed t o  349.5OF geof lu id ,  was a l s o  sub jec t ed  t o  12  s imula ted  

shutdown cyc le s .  The average cyc le  cons i s t ed  of 25.4 hours exposure t o  flow- 

ing  geof lu id ,  followed by a 4.2-hour p r e s s u r i z e d  cooldown pe r iod ,  followed by 

56.2 hours i n  which the  chamber was open t o  t h e  a i r  and t h e  specimens were 

p a r t i a l l y  f i l l e d  wi th  geof lu id .  

Table  2-3 p r e s e n t s  a summary of t h e  phys ica l  t e s t  cond i t ions .  
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TABLE 2-3. PHYSICAL CORROSION TEST CONDITIONS DURING 
TBE SIMULATED HEAT EXCHANGER 

Continuous Flow T e s t  min 330 2 41 3.49 1.9 1 .2  
1032.25 h r s  max 350 375c 10.02 5.4 3.5 

avg 349.5b 293 6.6 3.5 2.3 

Cyc l i c  Exvosure T e s t  
Per Cyclea 

Flow = 25.4 h r s  min 330 2 47 3.49 1.9 1.2 
max 350 37 5 10.02 5.4 3.5 
avg 349.5 293 6.8d 3.6 2.4 

Cooldown = 4.2 h r s  Chamber cooled under p r e s s u r e  t o  nea r  ambient 
temperature.  

Open = 56.2 h r s  Chamber opened t o  a i r .  Geofluid p a r t i a l l y  f i l l e d  
t h e  t u b u l a r  c o r r o s i o n  specimens. 

%pica1  cyc le .  
each of t h e  s t a g e s ,  

b85 d a t a  p o i n t s .  

81 d a t a  p o i n t s .  

d34 d a t a  po in t s .  

Twelve such c y c l e s  occurred ,  with some v a r i a t i o n  i n  l e n g t h  i n  8 

C 

Source: E l l i s  and Anl iker  1982 
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2.1.3 &&I&- na P1 

Figure  2-2 is a f lowchar t  f o r  Magma E l e c t r i c  Company's 1 0  MW(e) geo- 

thermal b inary  p l a n t  a t  East  Mesa, CA. I n  t h i s  b inary  design, g e o f l u i d  a t  

about 350°F i s  pumped from t h e  w e l l s  t o  t h e  p l a n t  us ing  downhole c e n t r i f u g a l  

pumps. The h e a t  from the  g e o f l u i d  i s  t r a n s f e r r e d  t o  i sobutane  which i s  

heated,  vaporized, and superhea ted  i n  shell-and-tube h e a t  exchangers. The 

superheated isobutane passes  through a knockout drum and i s  suppl ied  a t  350°F 

and 500 p s i a  through a "y' connec t ion  t o  t h e  two tandem-mounted t u r b i n e s .  

A f t e r  the expanded i sobutane  l e a v e s  the t u r b i n e s ,  r e s i d u a l  h e a t  i s  

t r a n s f e r r e d  t o  a propane loop which powers a tu rbogenera tor  designed t o  pro- 

v ide  the p a r a s i t i c  l o a d  f o r  o p e r a t i n g  the p l a n t .  The isobutane i s  then con- 

densed t o  l i q u i d  i n  shell-and-tube condensers which a r e  cooled wi th  t r e a t e d  

water  from a l a r g e  spray  pond system. The cooled i sobutane  i s  r e p r e s s u r i z e d  

by a b o i l e r  f e e d  pump and r e t u r n e d  t o  t h e  h e a t  exchangers f o r  rehea t ing .  

The h e a t  exchangers a r e  i n d i c a t e d  a s  s i x  h e a t e r s ,  two b o i l e r s ,  and 

two s u p e r h e a t e r s  i n  t h e  f lowchart  of Figure 2-2. Each h e a t  exchanger con- 

t a i n e d  109 carbon s t e e l  tubes  t h a t  were 77 f e e t  long and o r i g i n a l l y  had 0.035 

inch (nominal) wal l s .  The 1 3/16 inch diameter tubes were bundled and sup- 

por ted  i n  the exchangers by a unique design which incorpora ted  deformed s h o r t  

t u b e s  shaped t o  f i t  w i t h i n  each c l u s t e r  of seven t u b e s  a s  spacers .  These 

s p a c e r s  were h e l d  i n  p l a c e  by the clamping a c t i o n  of a s t r a p  around each 

c l u s t e r .  The exchanger tube bundle was made up by i n t e r l a c i n g  t h e  tube 

c l u s t e r s  along t h e i r  l e n g t h  a s  w e l l  a s  l a t e r a l l y  a c r o s s  the tube bank [Dambly 

19781. 

I n  a l l  h e a t  exchangers,  t h e  isobutane was on t h e  tube s i d e ,  and t h e  

geothermal f l u i d  was on the s h e l l  s i d e .  The geothermal f l u i d  e n t e r e d  h e a t  

exchanger 10 a t  35OOF and e x i t e d  h e a t  exchanger 1 a t  1670 t o  1760F. 
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Figure 2-2. Flow Chart of the Magma lOMW Geothermal Binary Plant  
[ E l l i s  and Anliker 19821 



The p l a n t  s t a r t e d  o p e r a t i o n  i n  November 1979, and shu t  down i n  

November 1981 f o r  r e t u b i n g  of t he  h e a t  exchangers. During t h i s  per iod ,  the 

p l an t  was ope ra t ed  about 50 percent  of the  time. Daring p e r i o d s  of shutdown, 

t h e  h e a t  exchangers were dra ined ,  but geothermal f l u i d  was not completely 

removed from the  bottom of the  s h e l l s .  Add i t iona l ly ,  t h e  exchangers were l e f t  

open t o  the  a i r  f o r  days a t  a time. Tubes from the  bottom r e g i o n s  of t h r e e  

exchangers were immersed i n  geothermal f l u i d  dur ing  shutdowns, whi le  t h e  upper 

r eg ions  were exposed t o  r e f l u x i n g  geothermal vapors  [Anliker and E l l i s  19821. 

2.2 fJebnx 

Two sepa ra t e  h e a t  exchanger performance t e s t s  have been executed a t  

Heber, us ing  e s s e n t i a l l y  the same equipment i n  each t e s t .  The f i r s t  t e s t  was 

a c t u a l l y  a s e r i e s  of short-term t e s t s  i n  1974 and 1975, hencefor th  i d e n t i f i e d  

a s  the "Heber 560hr t e s t s "  [Lombard 19751. The second t e s t  was a longer  term 

( a c t u a l l y  2023hr) t e s t  beginning l a t e  i n  1976, des igna ted  a s  t h e  "Heber 2000hr 

t e s t "  CHolt 19781. 

Both of these t e s t s  used t h e  same Heat Exchanger Tes t  Un i t  ( H E T U ) ,  

designed and cons t ruc t ed  by t h e  Ben Holt  Company. The HEW c o n s i s t e d  of f o u r  

twenty-foot long h e a t  exchangers i n  s e r i e s .  Each h e a t  exchanger conta ined  

fou r  t u b e s  0.75 inch  i n  d iameter  w i t h  16 BWG t ube  w a l l s  (nominal t h i ckness  

0.065 inch) .  Geofluid flowed tubes ide .  

Heat was e x t r a c t e d  from the  geo f lu id  by d i s t i l l e d  water  t r e a t e d  wi th  

c o r r o s i o n  i n h i b i t o r s  c i r c u l a t i n g  i n  a c losed  loop. Heat was r e j e c t e d  from t h e  

d i s t i l l e d  water  loop  v i a  another  h e a t  exchanger se rv i ced  wi th  evapora t ive ly  

cooled i r r i g a t i o n  water.  

During t h e  560hr t e s t s ,  each of t h e  fou r  h e a t  exchangers were tubed 

wi th  the same meta l .  Three d i f f e r e n t  alloys--carbon s t e e l ,  90/10 Cupronickel 

(CA 7061, and titanium--were t e s t e d  a t  geo f lu id  v e l o c i t i e s  of 5 ,  10 ,  and 15 

f t / s e c .  Geof lu id  f o r  these  t e s t s  was provided by a downwell pump i n  Nowlin 

No. 1 wel l .  P re s su re  was main ta ined  a t  195 p s i g  t o  prevent any f l a s h i n g  o r  

breakout of d i s so lved  carbon d ioxide .  
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During t h e  2000hr t e s t s ,  h e a t  exchangers E-1 and E-3 were equipped 

wi th  ASTM A-179 carbon s t e e l  tubes ,  whi le  exchangers E-2 and E-4 were tubed 

wi th  ASTM B-338 t i tan ium.  During t h i s  t e s t ,  geo f lu id  was produced from Nowlin 

No. 1 by n a t u r a l  flow. Flow volumes were reduced so t h a t  the product ion  pres- 

su re  would remain above the  carbon d iox ide  breakout p re s su re ,  keeping a l l  

carbon d iox ide  i n  s o l u t i o n .  Th i s  l i m i t e d  the g e o f l u i d  v e l o c i t y  t o  5 f p s .  

Carbon d iox ide  was not  vented  from the  system dur ing  t h e  t e s t .  To t h e  b e s t  

knowledge of t h e  2000hr t e s t  ope ra to r ,  carbon d iox ide  evo lu t ion  d i d  not  occur 

[Hol t 19821 . 
During t h e  560hr t e s t s ,  t h e  geo f lu id  TDS was 14,500 ppm. No o t h e r  

d a t a  were repor ted .  Table 2-4 p r e s e n t s  a summary of co r ros ion  and s c a l i n g  

chemistry da t a  from an a n a l y s i s  made on 1 9  January 1977 dur ing  t h e  2000hr 

t e s t .  

2.3 

This t e s t  was conducted 17-21 June 1973 us ing  geof lu id  from Magmamax 

No. 1 wel l  i n  the  S a l t o n  Sea resource .  The purpose of the t e s t  was t o  de t e r -  

mine h e a t  t r a n s f e r  deg rada t ion  i n  h e a t  exchangers s e r v i c e d  wi th  hot  S a l t o n  Sea 

g e o f l u i d  a s  proposed i n  the  i n i t i a l  p l a n s  f o r  t he  Geothermal Loop Experimental 

F a c i l  i t y  (GLEF) [ F e l s i n g e r  19731. 

The h e a t  exchanger used i n  t h i s  t e s t  c o n s i s t e d  of a ten-foot long, 4- 

inch diameter s t e e l  s h e l l  equipped w i t h  f l a n g e s  f o r  connection t o  the geo f lu id  

l i n e .  The two tubes  were 9.5 f t  long, 1 inch OD t i t an ium secured i n  t h e  tube- 

shee t s  by swagelok f i t t i n g s  w i t h  Te f lon  f e r r u l e s .  

t i l l e d  water i n  a c losed  loop. 

Heat was exchanged t o  d i s -  

P r i o r  t o  e n t e r i n g  t h e  h e a t  exchanger, t h e  geo f lu id  was f l a s h e d  t o  a 

p re s su re  and temperature of 150 p s i g  and 3750F, and the steam f r a c t i o n  was 

separa ted .  Table 2-5 is  a r e p r e s e n t a t i v e  a n a l y s i s  of  f l a s h e d  Magmamax NO. 1 
geof lu id ,  though the  cond i t ions  under which the samples were c o l l e c t e d  a re  n o t  

n e c e s s a r i l y  those o p e r a t i v e  dur ing  t h e  h e a t  exchanger t e s t .  
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TABLE 2-4. CEEMISTRY OF NOWLIN NO. 1 GEOFLUID AS MEASURED DURING THE 
H B E R  2000HR TEST 

Component Concentration (ppm except pH) - 

pH ( f i e l d )  5.5-5.6 

Chloride 

Su1 f a t e 

Bicarbonate 

7700 

75 

40 

180 

<2 

9.2 

253 

840 

0.6 

Carbon Dioxide (Total) 

Hydrogen Sul f i d e  

Ammonia 

S i l i c a  

Calcium 

Magnesium 

TDS 13,900 

-- - 
Source : Shannon 197 8 
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TABLE 2-5. REPRESmTATIVE CHEMISTRY OF IXASBED GEOFLUID FROM 
MAGMAMAX NO. 1 

--P --,==t=---===-- e 
-=--=====.=-=- 

Component Concentration ( p p  except pH) ----- ---------- -e---- 

PH 

Chloride 

6.1 

120,374 

Sulfate 10 

Bicarbonate 

Carbon Dioxide (Total) 

Hydrogen Sulfide 

Ammonia 

Si1 ica 

- 
441 2 

16 

558 

42 6 

Calcium 23,090 

Magnesium 

TDS 

10 8 

203,406 

Source: Ellis and Conover 1981 
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2.4 

I n  o rde r  t o  eva lua te  the  p a t t e r n  of d e p o s i t i o n  i n  geothermal h e a t  

exchangers i n  Ice land ,  some f i e l d  t r i a l s  were c a r r i e d  out  u s ing  s imula t ed  h e a t  

exchanger tubes .  These s t u d i e s  a r e  of p o t e n t i a l  i n t e r e s t  s ince  cond i t ions  may 

r e f l e c t  co ld  end c o n d i t i o n s  i n  some geothermal power p l a n t s .  Fouling s t u d i e s  

were c a r i e d  o u t  a t  Svar t sengi  and Hveragerdi, bo th  s i t u a t e d  i n  the southwest 

of Ice land .  A t  Hveragerdi t h e  geothermal f l u i d  i s  of r a i n  water o r i g i n  but a t  

Svar t sengi  t h e  f l u i d  o r i g i n a t e s  from sea  water [Bott  and Gudmundsson 1978; 

1979; Gudmundsson 19791. 

The h e a t  exchanger used c o n s i s t e d  of a 78.75 inch l e n g t h  of 0.50 

inch  OD Type 316 s t a i n l e s s  s t e e l  tub ing .  59.0 inches  of t h i s  l e n g t h  were 

enclosed i n  a s t a i n l e s s  s t e e l  water j a c k e t  and t h e  e n t i r e  u n i t  was i n s u l a t e d .  

The assembly was o r i e n t e d  v e r t i c a l l y  dur ing  the t e s t s .  Geof lu id  flow was 

tubes ide ,  with coun te rcu r ren t  cool ing  water  flow i n  t h e  j a c k e t .  

The g e o f l u i d  used i n  the  Svar t sengi  t e s t s  was de r ived  from a w e l l  

w i t h  a base temperature of 414OF. The two-phase flow was sepa ra t ed  a t  atmos- 

p h e r i c  p r e s s u r e  i n  a cyc lon ic  s e p a r a t o r .  A small p o r t i o n  of the sepa ra t ed  

l i q u i d  a t  195OF was supp l i ed  t o  t h e  t e s t  h e a t  exchanger. 

was l o c a t e d  c l o s e  t o  the  wellhead so t h a t  the sepa ra t ed  water ,  s u p e r s a t u r a t e d  

w i t h  s i l i c a ,  passed  through the  h e a t  exchanger seconds a f t e r  s epa ra t ion .  

The h e a t  exchanger 

A t  Hveragerdi, the  geothermal wa te r  was taken  from the d i s t r i c t  

h e a t i n g  mains. The mains a r e  provided wi th  geothermal water s epa ra t ed  a t  

atmospheric p r e s s u r e  from two-phase flow produced from two w e l l s  about 0.3 m i  

from town. The r e source  temperature i s  about 392OF. "he sepa ra t ed  geothermal 

water  a t  1770F a r r i v e d  a t  the experimental  h e a t  exchangers about 20-30 minutes 

a f t e r  s epa ra t ion .  

thermal water supp l i ed  t o  the t e s t  h e a t  exchangers a t  each s i t e .  

Table 2-6 prov ides  da t a  on t h e  c h e m i s t r i e s  of t h e  geo- 
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TABLE 2-6, COMPOSITIONS OF GEOTAmMAL WATERS USED I N  THE ICELANDIC 
HEAT EXCKANGER TRIALS 

Comp one n t 
Con c e n t r a tAos-,heALe&&H!.)--- 

Sv ar t seng i &era gerd i  
- - ~~ 

7 .5  9 .46  PB 

Chloride 16,125 126 

S o l f  a t e  37.6 5 4 . 9  

--- --- Bicarbonate 

Carbon Dioxide (Tota l )  1 9 . 3  1 1 9  

Hydrogen S u l f i d e  0 . 1  4 .7  

--- Ammonia 

S i l i c a  581  305  

Calcium 1227 3 . 2  

Magnesium 5 . 9  0 . 3  

29 ,642  --- TDS 

-=--A=’ --f=:t--tf---S--II------~=fl===.E--=- _-I_--- --f 

-- data not  a v a i l a b l e  

Source: Gudmundsson 1979 

19 





3 .O m I N G  Q F m E R  PL-OFLUID H E A T S  

This  s e c t i o n  c o n s i d e r s  t h e  r e s u l t s  of f o u l i n g  t e s t s  a t  a number of 

geothermal l o c a t i o n s .  A b r i e f  d e s c r i p t i o n  of each of these t e s t s  was pre- 

sen ted  i n  S e c t i o n  2 .  This  s e c t i o n  is  d iv ided  i n t o  two p r i n c i p a l  p a r t s .  Sec- 

t i o n  2 . 1  p r e s e n t s  a summary of f o u l i n g  f a c t o r  da t a  from a l l  of t h e  f o u l i n g  

f a c t o r  t e s t s ,  whi le  S e c t i o n  2 . 2  p r e s e n t s  more d e t a i l  f o r  each t e s t .  

3 . 1  &erv.iew P f c t o r  Datq 

The f o u l i n g  f a c t o r  i s  def ined by: 

eq 3.1 

where: R f  = f o u l i n g  f a c t o r  i n  ( h r ) ( f t z ) ( ° F ) / B t u  

Uf = heat  t r a n s f e r  c o e f f i c i e n t  of fou led  h e a t  exchanger i n  

B t u / ( h r )  ( f t 2 )  (OF) 

Uc = heat  t r a n s f e r  c o e f f i c i e n t  of c lean  h e a t  exchanger 

I n  t h e  r e p o r t  of t h e  Heber 560hr T e s t s  [Lombard 19751 i t  was shown 

t h a t  the p l o t s  of t h e  logari thm of t he  f o u l i n g  f a c t o r  were l i n e a r  w i t h  r e s p e c t  

t o  t h e  logari thm of e lapsed  time ( t )  o r  

I n  Rf = I n  b + n I n  t eq 3.2 

and t h a t  the c o r r e l a t i o n  c o e f f i c i e n t  was extremely high 00.99) ( t h e  square Of 

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

accounted f o r  by s c a t t e r  i n  t ) ,  and a c o r r e l a t i o n  c o e f f i c i e n t  of 2 1.0 repre- 

s e n t s  p e r f e c t  c o r r e l a t i o n .  This  c l o s e  c o r r e l a t i o n ,  i n d i c a t i n g  l i t t l e  un- 

accounted f o r  s c a t t e r  i n  the d a t a ,  was demonstrated whether o r  no t  the decay 

i n  h e a t  t r a n s f e r  c o e f f i c i e n t  i t s e l f  was l i n e a r  w i t h  time. 
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The above equat ion  i s  of course the  loga r i thmic  form of the  power 

curve equat ion,  which expressed i n  terms of Rf and t r  has the  form 

n 
R f = b t  eq 3.3 

The Heber 2000hr s tudy [Bol t  19781 produced a lgor i thms f o r  predic-  

t i n g  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  passage of t ime, as d i scussed  i n  Sec- 

t i o n  2.2. These a lgor i thms were used t o  gene ra t e  14 s y n t h e t i c  h e a t  t r a n s f e r  

c o e f f i c i e n t s  a t  25 day i n t e r v a l s .  These s y n t h e t i c  da ta  were then f i t t e d  t o  

equat ion  3.2 with a c o r r e l a t i o n  c o e f f i c i e n t  of 20.96. The r e p o r t  of t h i s  

s tudy d id  no t  p re sen t  an expres s ion  f o r  the  composite h e a t  t r a n s f e r  coe f f i -  

c i e n t  of t he  f o u r  s e p a r a t e  s t ages .  A composite was c rea t ed  from a weighted 

average of t h e  p r e d i c t e d  h e a t  t r a n s f e r  c o e f f i c i e n t s  of t he  i n d i v i d u a l  s t ages .  

These c o e f f i c i e n t s  were weighted i n  p ropor t ion  t o  t h e  c o n t r i b u t i o n  of each 

s t age  t o  t h e  t o t a l  hea t  t r a n s f e r  when c lean  (un fou led ) .  

p o i n t s  25 days a p a r t  were computed and f i t t e d  t o  equation 3 . 2  with a correla- 

t i o n  c o e f f i c i e n t  of 0.98. 

Twenty s y n t h e t i c  

In t he  case of the  S a l t o n  Sea fou l ing  d a t a ,  publ i shed  experimental  

va lues  [Fe l s inge r  19731 of the  hea t  t r a n s f e r  c o e f f i c i e n t  wi th  inc reased  t e s t  

d u r a t i o n  were converted t o  Rf va lues  and f i t t e d  t o  equa t ion  3.2, aga in  wi th  a 

c o r r e l a t i o n  c o e f f i c i e n t  of 20.98. 

Thus, i t  appears  t h a t  the  power curve expres s ion  of equa t ion  3.3 i s  

a good d e s c r i p t o r  of t he  time dependence of t h e  f o u l i n g  f a c t o r  i n  each of t h e  

14 cases  i n  which t h i s  a n a l y t i c a l  approach was t r i e d .  

Table  3-1 p r e s e n t s  a summary of the  r e s u l t s  of t h i s  f o u l i n g  f a c t o r  

a n a l y s i s  f o r  t he  a v a i l a b l e  f i e l d  t r i a l  da t a .  This t a b l e  i n d i c a t e s  t h e  t r i a l  

hea t  exchanger i n l e t  and o u t l e t  temperatures ,  f l u i d  v e l o c i t y ,  and t e s t  dura- 

t i o n .  

and e lapsed  t ime, a s  w e l l  a s  t he  p ro jec t ed  t ime r equ i r ed  t o  reach  a fou l ing  

f a c t o r  of 0.002 ( h r ) ( f t Z ) ( O F ) / B t u ,  a common design va lue  recommended by the  

Also p resen ted  a r e  the  power curve r e l a t i o n s h i p s  between f o u l i n g  f a c t o r  
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TABLE 3-1. OVERVIEN OF POWERF'LANT GEOFLUID HEAT EXCHANGER FOULING EXPERIENCE 

I 

Re source Heat Exchanger Foulina Data 

Appro.. Fouling Factor (Rf) Hours 
Geofluid Temp. Fluid Test Ar Function of Required Calcu- 

Test Temp. Chemistry Stage Tube Inlet Outlet Velocity Duration Time (t) [in hrrl to Reach lation Key in 

Identification (OF) re Table or Pass Material (OF) (OF) (ft/sec) (hrs) Foulant (hr)(@F)(ft')/Btu Rf=0.002 Method Fig. 3-1 

N 
W 

Heber 560hr -356 2-4 Compor- Steel 
Teat' ite of 

four 

atages 

Compor- Titanium 

ite of 

four 
stager 

Compos- CAI06 

ite of 
four 

stages 

357 150 5 

351 150 10 

351 150 20 

351 150 5 

357 150 10 

351 150 20 

351 150 5 

351 150 10 

357 150 20 

425 Iron 

320 Oxide 

320 

425 Iron and 
320 Copper 

320 from 

Upr t ream 

Compnn t s 

200 Copper 

178 Corrosion 

118 Products 

Rf = 1.53~10-'t''~' 1.09~10' 1 K 
Rf = 2.18x10-'tm''' 1.3~10' 1 M 
Pf = 5.94x10-' to *'' 6.7.10' 1 I 

Rf - 1 .lxlO-'t''a' 1.21~10' i 

Rf - 8.34x10-'t0"' 4.12~10' 1 

Rf = 5 .50x10-'ta "' 2.58~10' 1 

L 
H 
J 

Rf 1 .OlxlO-' ta *'' 2.78~10' 1 E 
Rf = 1.63xiO-' t"" 2.25.10' 1 N 
Rf - 1.0Ix10-'ta''' 2.45~10' 1 F 

(Continued) 



TABLE 3-1. OVmIEW OF POWERPLANT GEOFLUID HEAT EXCHANGER FOULING EXPERIENCE (Continued) 

Re source Heat Exchanner Fouling Data 
Approx . Fouling Factor (Rf) Hours 

Geoflnid Temp. Fluid Test As Function of Required Calco- 

Test Temp. Chemistry Stage Tube Inlet Outlet Velocity Duration Time (t) [in hrsl to Reach lation Key in 

Identification (OF) re Table or Pass Material (OF) (OF) (ft/sec) (hrs) Foulant (hr)(oP)(ftz)/Bto Rf=0.002 Method Fig. 3-1 

Heber 2000hr -356 2-4 First Steel 350 235 5 2034 Corrosion Rf = 1.48x10-'t0'*' 1.17~10' 2 R 
Products 

and 

Minerals 

b Test 

Second Titanium 235 180 5 2034 Antimony Rf = 1.58x10-'t0''' 3.41~10' 2 
SUI f ide 

Third Steel 180 145 5 2034 Corrosion Bf = 5.9IxIO-' to"' 4.18~10' 2 
Products 

and 

Minerals 

Fourth Titanium 145 130 5 2034 Antimony Rf = l.l2~lO-'t~''~ I .86x10' 2 P 
Sol f ide 

Compos- 350 130 5 2034 
ite 

Rf = 4.58x10-'t0"0 2.93~10' 2 Q 

(Continued) 



TABLE 3-1. OVERVIEW OF POWERPLANT GEOFLUID EXCHANGER FOULMG EXPERIENCE (Continued) 

Fouling Data Resource Heat Exchanger 
Approx. Fouling Factor (af) Hours 

Geofluid Temp. Fluid Test As Function of Required Calcu- 

Test Temp. Chemistry Stage Tube Inlet Outlet Velocity Duration Time (t) [in hrsl to Reach lation Key in 

Identification (OF) re Table or Pass Material (OF) (OF) (ft/sec) (hrs) Foulant (hr)(OF)(fts)/Btu Rf=0.002 Method Fig. 3-1 

East Mesa 350 2-1 Six 

Test' stages 

Salton Sea 2-5 Single 

Test d 

Svartsengi 415 2-6 Single 

(Iceland) Teste Single 

Everagerdi 392 2-6 Single 

(Iceland) Test' Single 

Steel 

Ti taniw 

Type 316 

Type 316 

Type 316 

Type 316 

340 150 4 1112 None No statistically significant change in heat 

Reported transfer coefficient detected during the Test 

375 342 5 1400 Silica B - 2.54~10-'t''~' I.5x1O1 3 A 

D 2.82x10' 4 195 163 4.6 191 Silica R~ = i.ogxio-'t 

196 156 4 .O 766 Silica Rf = 4.26xlO-'t 4.69110' 4 G 

111 154 4.5 2035 Silica Rf=1.82x10-'(t-650) 1.75210' 4 C 

116 144 2.3 2035 Silica R =2.27x10-'( t-650) 1 .53x10' 4 B 

Calculation Methods: 

1. 

2. 

3. 

4. 

Curve fitting of published values of Fouling Factor after different service periods 

Curve fitting of Rf values based on published algorithms for prediction of heat transfer coefficient with time 

Curve fitting of R 
Published relationship of Rf as a function of service period 

values calculated from published fouled heat transfer coefficients 
f 

'Lombard 1915 

%olt 1978 

'Silvester and Doyle 1982 

dFelsinger 1913 

'Bott and Gndmundsson 1918; 1919; Gudmundsson 1979 



Tubular Heat Exchanger Manufacturers '  Assoc ia t ion  (TEMA) [F i sche r  &JJ 

19751.  However, some cau t ion  should be used i n  e x t r a p o l a t i n g  the  r e s u l t s  of 

s h o r t  t e s t s  t o  p r e d i c t  f o u l i n g  f a c t o r s  a f t e r  exposures more than  a n  o rde r  of 

magnitude longer  than the  a c t u a l  t e s t  per iod .  

F igure  3-1 p r e s e n t s  t h e  same time dependence of f o u l i n g  f a c t o r  da ta  

i n  g raph ica l  form, and the same c a v i a t  a p p l i e s  regard ing  e x t r a p o l a t i o n .  

A t  Heber and East Mesa, t he  primary expected minera l  d e p o s i t i o n  i s  

calcium carbonate.  However, simply lowering the temperature cannot p rec ip i -  

t a t e  t h i s  compound. An i nc rease  i n  pH, r e s u l t i n g  from e v o l u t i o n  of carbon 

d iox ide  from s o l u t i o n ,  i s  r equ i r ed .  I n  the t e s t s  a t  these  r e sources  (which 

a r e  p re sen ted  i n  Table  3-11, t he  geo f lu id  supply was ope ra t ed  a t  s u f f i c i e n t  

p re s su re  t o  prevent  carbon d iox ide  evolu t ion .  The th ree  t e s t s  showed no s i g -  

n i f  i can t  d e p o s i t i o n  of calcium carbonate,  demonstrating t h a t  p reven t ing  

' f l a s h i n g "  of the g e o f l u i d  w i l l  indeed prevent  calcium carbonate  f o u l i n g  of 

b ina ry  power p l a n t  h e a t  exchangers a t  t hese  resources .  

Also worthy of no te  i n  these  r e s u l t s  a r e  the  d i f f e r e n c e  i n  f o u l i n g  

between carbon s t e e l  and cupronicke l  tubes which corrode, and t i t an ium tubes  

which a r e  h igh ly  c o r r o s i o n  r e s i s t a n t .  The da ta  show t h a t  carbon s t e e l  and 

cupronicke l  can be expec ted  t o  f o u l  much more r a p i d l y  than  an  i n e r t  a l l o y .  A 

s i g n i f i c a n t  p o r t i o n  of the  d e p o s i t s  on carbon s t e e l  were found t o  be co r ros ion  

products.  

The l i m i t e d  a v a i l a b l e  da ta  i n d i c a t e  t h a t  i n  t h e  cases  where calcium 

carbonate  i s  t h e  major p o t e n t i a l  f o u l a n t ,  maintenance of p re s su re  t o  keep the  

carbon d iox ide  i n  s o l u t i o n  w i l l  probably allow ope ra t ion  wi th  only annual 

c leaning .  Sca l ing  i s  l i k e l y  t o  be a more severe  problem a t  r e sources  where 

s i l i c a  i s  t h e  major f o u l a n t .  Depos i t ion  r a t e s  appear g r e a t e r  and t h e  s c a l e  i s  

more d i f f i c u l t  t o  remove. 
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3.2 &&&& of w d y .  

3.2.1 &&$- 

These t e s t s  showed an  e s s e n t i a l l y  l i n e a r  decrease i n  U with  t ime f 
f o r  s t e e l ,  t i t an ium,  and CA 706 (90/10 cupronicke l )  when the  g e o f l u i d  v e l o c i t y  

was 5 fps .  The o v e r a l l  hea t  t r a n s f e r  f o r  the  f o u r  s t ages  of hea t  exchanger 

were f i t t e d  t o  the  fo l lowing  equat ion  [Lombard 19751: 

u = u  - n t  t C 
eq 3.4 

where: U = t he  h e a t  t r a n s f e r  equa t ion  a t  time t t 
U = a s  prev ious ly  de f ined  

t = e lapsed  t ime i n  hours  

m = r a t e  of change of hea t  t r a n s f e r  c o e f f i c i e n t  

C 

with t he  fo l lowing  v a l u e s  f o r  s t e e l ,  t i t an ium,  and cupronicke l :  

Carbon S t e e l  5 91 0.045 

Titanium 529 0.061 

CA 706 615 0.295 

The decrease of t he  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  time was non- 

l i n e a r  a t  10 and 20 f p s  f o r  a l l  t h ree  m e t a l s  w i t h  the  r a t e  of decrease slowing 

and appa ren t ly  becoming l i n e a r  a f t e r  an i n i t i a l  pe r iod  of more r a p i d  foul ing .  

Lombard [19751 found t h a t  f o r  e lapsed  t imes g r e a t e r  than the time r equ i r ed  f o r  

l i n e a r  degrada t ion  of hea t  t r a n s f e r  t o  begin  ( t  1, the  fou led  hea t  

t r a n s f e r  c o e f f i c i e n t  could be p red ic t ed  by: 
1 i n e a r  

u = u  - m ( t  - t l i n e a r  1 
t l  i nea r  t 

f o r  geo f lu id  * and t l i n e a r  with the  fo l lowing  v a l u e s  f o r  m ,  Ut  

v e l o c i t i e s  of  10 and 20 f p s :  
1 inear  

eq 3.5 
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10 Carbon S t e e l  71 
10 Ti tanium 100 
10 CA 706 74 

20 Carbon S t e e l  111 
20 Titanium 13 8 
20 CA 706 106 

84 0 
6 40 
805 

9 90 
7 15 
9 06 

0.232 
0.113 
0.408 

0.421 
0.286 
1.026 

Afte r  324 h r s  o f  ope ra t ion  a t  10 fps  and wi th  i n l e t  and o u t l e t  tem- 

p e r a t u r e s  of 3530F and 2500F, the  t i t an ium tubes  showed a f i l m  0.6-0.7 m i l s  

t h i c k  (1 m i l  = 0.001 inch) .  Energy d i s p e r s i v e  X-ray spectroscopy showed t h a t  

t he  f i l m  on the  t i t an ium contained about 8 w t  pe rcen t  i ron ,  a s  we l l  a s  t r a c e s  

of s u l f u r ,  s i 1  icon, calcium, copper, magnesium and alminum. 

Af te r  s i m i l a r  exposure,  the carbon s t e e l  tubes  were found t o  have 

d e p o s i t s  0.9 m i l s  t h i c k .  These d e p o s i t s  were found t o  be predominantly i r o n  

oxide,  de r ived  from cor ros ion  of the carbon s t e e l  s u b s t r a t e .  

The ch 706 tubes  fouled  much more r ap id ly ,  with a s c a l e  th i ckness  

3-4 m i l s  a f t e r  on ly  200 h r s  of o p e r a t i o n  a t  the  above cond i t ions .  This  s c a l e  

w a s  r epor t ed  t o  be most ly  copper oxide co r ros ion  products .  

3.2.2 w e r  2000hr .Test 

A s  d i scussed  p rev ious ly ,  t he  f o u r  hea t  exchangers  i n  t h i s  t e s t  were 

des igna ted  E-1 through E-4. 

c i e n t s  ( U c )  of 890, 639, 741, and 553 B t u / ( h r ) ( f t 2 ) ( 0 F ) ,  r e spec t ive ly .  

c o e f f i c i e n t s  were used wi th  experimental  da t a  t o  c a l c u l a t e  equa t ions  which 

b e s t  desc r ibe  the change i n  h e a t  t r a n s f e r  c o e f f i c i e n t  a s  a f u n c t i o n  of time. 

A number of d i f f e r e n t  curves  were f i t t e d  m o l t  19781. The bes t  f i t  was given 

by curves  of t he  form: 

These u n i t s  had unfouled h e a t  t r a n s f e r  coe f f i -  

These 
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Y = X(AX + B) 

wi th  t h e  s p e c i f i c  r e s u l t s  l i s t e d  below: 

eq 3.6 

- Unit 

E-1 

E-2 

E-3 

E-4 

Eaua t i o n  

Ut = X/(0.00184 X - 0.0363) 

= X/(O.O019 X - 0.0268) 

Ut = X/(0.0028 X - 0.1203) 

Ut = X/(0.0027 X - 0.0881) 

Ut 

eq 3.7 

eq 3.8 

eq 3.9 

eq 3.10 

where : Ut = 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 in 
Btu/ ( h r )  ( f t 2 )  (OF) 

X = (n + 86) days 

Bol t  [19781 used t h e s e  equa t ions  t o  c a l c u l a t e  t he  va lues  of Rf after 
365 days. 

s t a g e  in t he  previous Heber t e s t  (Sec t ion  3.2.11, assuming t h a t  f o a l i n g  was 

l i n e a r  w i th  r e spec t  t o  t ime,  The r e s u l t s  a r e  presented  below: 

Holt  a l s o  p ro jec t ed  the  f o a l i n g  f a c t o r s  f o r  each hea t  exchanger 

n e a t  
Exchanner 

E-1 

365 Day Foul ing Fac to r  

Ranne _(- ea 3.7-10 560hr t e s t  
Geofluid Temp. ( h r ) ( f t Z ) ( O F ) / B t u  

3 50-23 5 0.000576 0.0001 

E-2 23 5-1 80 0.000280 0.0011 

E-3 180-14 5 0.001182 0.0011 

E-4 145-13 0 0.000679 0.0033 

Note t h a t  carbon s t e e l  tubes  were used i n  each hea t  exchanger i n  the  560hr 

t es t ,  while  t he  tubes  of E-2 and E-4 were t i t an ium i n  the  2000hr t e s t .  The 

s t e e l  tubes  show good agreement i n  c a l c u l a t e d  f o u l i n g  f a c t o r s  [Holt  19781. 
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Table 3-2 p r e s e n t s  a summary of energy d i s p e r s i v e  spectroscopy ana- 

l y t i c a l  r e s u l t s  from the  s c a l e  d e p o s i t s  i n  the  v a r i o u s  tubes .  These ana lyses  

i n d i c a t e  t h a t  t he  d e p o s i t s  on t he  t i t an ium tubes  were p r imar i ly  antimony sul-  

f i d e ,  though t h e r e  a l s o  were l i k e l y  t o  be a s i g n i f i c a n t  amount of oxides  o r  

carbonates  of some metal .  Conspicuous by i t s  absence i s  calcium, demonstrat- 

ing t h a t  main ta in ing  adequate  p re s su re  can m i t i g a t e  calcium carbonate  sca l ing .  

In t he  s t e e l  tubes,  t h e  primary de tec t ed  element was i r o n ,  and i t  i s  

deduced t h a t  t he  p r i n c i p a l  d e p o s i t  was i r o n  oxide and/or  i r o n  carbonate  corro- 

s i o n  products .  

i s  conspicuous by i t s  r epor t ed  absence [Holt  19781. 

Some s i l i c a  p r e c i p i t a t i o n  was a l s o  ev iden t ,  but  aga in  calcium 

3.2.3 Sa l ton  Sea T e s t  

This  t e s t  showed t h a t  a geo f lu id  hea t  exchanger a t  the  S a l t o n  Sea 

resource  would l o s e  60 percent  of i t s  hea t  t r a n s f e r  capac i ty  and f a l l  below a 

"design" fou l ing  f a c t o r  of 0.0035 ( h r ) ( f t a ) ( O F ) / B t u  i n  l e s s  than 92 h r s  of 

s t eady- s t a t e  opera t ion .  

out  t he  t e s t .  

t h e  fol lowing r e l a t i o n s h i p :  

The degrada t ion  i n  h e a t  t r a n s f e r  was l i n e a r  through- 

Linear  r eg res s ion  of t he  publ ished d a t a  [Fe l s inge r  19731, shows 

Ut  = 445-2.8t eq 3.11 

where Ut and t have been previous ly  def ined .  

The s c a l e  formed was predominantly s i l i c a .  Hourly thermal shocking 

d i d  not  se rve  t o  r e t a r d  s c a l e  depos i t i on .  

3.2.4 T e s t s  a t  Sva r t sena i  and Hveraaerdi  

The publ i shed  r e p o r t s  of t hese  t e s t s  [Bo t t  and Gudmundsson 1978; 

1979; Gudmundsson 19791 do not  provide d a t a  on t h e  r a t e  of degrada t ion  of hea t  

t r a n s f e r  c o e f f i c i e n t  wi th  time. Rather ,  the  time dependence of t he  fou l ing  
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TABLE 3-2. ANALYSIS OF SCALE SCRAPED FROM TUBE WALL 

w 
N 

Sca le  
Heat Thickness ~ C o n s t i t s e m e n t  (wtW) 

Exchanger ( m i l s )  S Zn si Fe CU N i  C r  As Sb Othera 

S t e e l  Tubes 

E-1 
I n 1  e t  
O u t l e t  

E-3 
In1  e t  
O u t l e t  

2 .o 
3 . 7  

1 . 9  
4 .3  

5 . 8  2.1b 1 3 . 2  34.9 1 . 1  0.5 0 . 4  9 . 0  1.0 
8 .6  -- 1 4 . 0  37 .4  0 .9  0 . 4  0 . 2  --- -- 

4 . 9  4 .gb 1 6 . 2  30 .9  0 .2  0 . 3  0 .3  nd 2 . 0  
6 .7  -- 10 .5  2 4 . 4  3 . 0  1 .2  2 . 8  0 . 5  -- 

Titanium Tubes 

E-2 
1 5 . 4  

3 . 9  48 .2  
I n l e t C  0.2 2 1 . 4  -- 11 .3  3 . 8  1 . 3  -- -- -- 
ou t  1 e t 0 . 5  20 .2  --- 3 . 4  0 .8  1 . 0  - - 

E-4 
In1 e t  0 . 5  1 9 . 0  1 .7b  1 . 6  0 . 8  2 .6  -- 0.2b 2 . 5  5 5 . 0  
Out le t  0 . 9  1 2 . 7  --- 0 . 4  -- 0 . 5  -- -- 2 . 5  41 .2  

30.3 
3 8 . 4  

51.3 
50.0 

46 .8  
22 .5  

1 7 . 9  
42 .8  

Data n o t  a v a i l a b l e  or none d e t e c t e d  

p1 Value obta ined  by d i f f e r e n c e ,  r ep resen t ing  elements with atomic number l e s s  t h a n  n ine  ( f l u o r i n e ) ,  
which a r e  not  d e t e c t a b l e  by the a n a l y t i c  technique used. 

bNot de t ec t ed  i n  a l l  samples 

C I n s u f f i c i e n t  m a t e r i a l  ob ta ined  f o r  bu lk  a n a l y s i s .  
ana lyses .  

The r epor t ed  r e s u l t s  a r e  from in - s i tu  su r face  

Source: Hol t  1978 



1 

f a c t o r  i t s e l f  was publ i shed ,  and i s  s e t  f o r t h  i n  Table  3-1 f o r  each of t he  

fou r  t e s t  s . 

7 

The r e s u l t s  from Hveragerdi a r e  i n t e r e s t i n g  because the  d e p o s i t s  

formed a r i p p l e  p a t t e r n  on t he  i n s i d e  of t h e  tube,  and i t  was concluded t h a t  

t h i s  p a t t e r n  r e s u l t e d  from mass-transport  phenomena. 

I n i t i a l l y ,  t h i s  r i p p l e  p a t t e r n  caused enhanced h e a t  t r a n s f e r ,  pro- 

ducing negat ive  f o u l i n g  f a c t o r s .  

about 300 h r s  of opera t ion .  A t  650 h r s  of o p e r a t i o n  t h e  enhancement i n  hea t  

t r a n s f e r  due t o  roughness became equal  t o  the  r educ t ion  due t o  depos i t i on ,  and 

l i n e a r  i nc rease  i n  the  fou l ing  f a c t o r  began and cont inued throughout t he  r e s t  

of t he  t e s t .  A t  S v a r t s i n g i ,  t h e r e  was no de tec t ed  pe r iod  of enhanced h e a t  

t r a n s f e r .  

Fouling r e s i s t a n c e  reached a minimum a t  

A t  Svar t sengi  and Hveragerdi,  t h e  p r i n c i p a l  fou lan t  was s i l i c a  

sca l e .  
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4 .O CORROSION OF POWER PLANT GEOFLUID HEAT EXCIIANGERS 

The amount of q u a n t i t a t i v e  documented c o r r o s i o n  exper ience  from 

a c t u a l  o r  s imula ted  geof lu id lhydrocarbon h e a t  exchangers i s  q u i t e  l i m i t e d  

l a r g e l y  because of two f a c t o r s .  

h e a t  exchangers have been performed, and second, because most of t h e  t e s t s  

which have been done had measurement of fou l ing  a s  t h e i r  major or s o l e  objec- 

t i v e .  "his small  da t a  base can be supplemented however, wi th  the  l a r g e  amount 

of compiled c o r r o s i o n  t e s t  d a t a  taken under c o n d i t i o n s  which do not  involve  

h e a t  t r a n s f e r  [ E l l i s  and Conover 19811. Bowever, c a u t i o n  must be used i n  

apply ing  t h i s  da t a  s i n c e  c o r r o s i o n  i s  o f t e n  i n t e n s i f i e d  under h e a t  t r a n s f e r  

cond i t ions ,  due t o  inc reased  mass t r a n s p o r t  and th inn ing  of  the  boundary 

l a y e r .  

F i r s t ,  few t e s t s  of such a c t u a l  o r  simulated 

Despi te  t h e  l i m i t e d  d a t a ,  some conclus ions  can be reached. A t  t h e  

r e sources  of near-term i n t e r e s t  f o r  b ina ry  power p l a n t  development--East Mesa, 

Heber, Raf t  River--uniform c o r r o s i o n  r a t e s  on t h e  o rde r  of 3-7 mpy ( m i l / y r )  

can be expected f o r  carbon s t e e l .  In a d d i t i o n ,  even under c o n d i t i o n s  which 

appear t o  r i g o r o u s l y  exclude oxygen, carbon s t e e l  p i t t i n g  r a t e s  of up t o  46 

rnpy have been r epor t ed ,  though o t h e r  t e s t s  show l i t t l e  o r  no p i t t i n g .  

a l l  of t hese  g e o f l u i d s  can cause p i t t i n g  of cnrbon s t e e l  even i n  t h e  absence 

of oxygen. 

Some o r  

Both uniform c o r r o s i o n  and p i t t i n g  of carbon s t e e l  h e a t  exchanger 

tubes  a r e  a l s o  g r e a t l y  a c c e l e r a t e d  by even t r a c e s  of oxygen in t roduced  dur ing  

shutdowns. 

a t  a l l  t imes ,  whether or no t  t he  system i s  ope ra t ing ,  appears t o  p r e s e n t  t r e -  

mendous p r a c t i c a l  problems f o r  a l a r g e  power p l a n t .  

The r igo rous  and complete exc lus ion  of oxygen from h e a t  exchangers 

It appears  t h e r e f o r e  t h a t  h e a t  exchanger tube a l l o y s  capable of 

r e s i s t i n g  bo th  normal ope ra t ing  c o n d i t i o n s  and a e r a t e d  g e o f l u i d  a r e  l i k e l y  t o  

be r equ i r ed .  

Alloys 29-4 and 29-4C (29Cr-4Mo f e r r i t i c  s t a i n l e s s  s t e e l s )  and TiCode 12 ( a  

t i t an ium a l l o y ) .  

Cur ren t ly  t h e  prime cand ida te s  appear  t o  be Allegheny-Ludlum 

Other a l l o y s  such a s  SeaCure 26-3 and E-br i te  26-1 have not  
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been t e s t e d  under cond i t ions  s imula t ing  geothermal b ina ry  evaporator  s e rv i ce ,  

bu t  may a l s o  be shown t o  be of some use fu lness  a f t e r  t e s t i n g .  

between t h e  29Cr-4bIo a l l o y s  and t h e  t i t an ium a l l o y  ' i s  l i k e l y  t o  be d i c t a t e d  by 

economic f a c t o r s  s i n c e  t h e i r  co r ros ion  performance i s  l i k e l y  t o  be comparable 

under most cond i t ions .  

S e l e c t i o n  

4 .I Heber 

A t  t h e  end of  560hr t e s t s ,  p i t s  3 m i l s  deep were measured i n  the  

carbon s t e e l  tubes  [Lombard 19751. Though i t  i s  r i s k y  t o  e x t r a p o l a t e  p i t  

depths  i n t o  l i n e a r  p e n e t r a t i o n  r a t e s  ( s i n c e  p i t  p e n e t r a t i o n  r a t e  may no t  be 

l i n e a r ) ,  the  annual ized p e n e t r a t i o n  r a t e  was c a l c u l a t e d  t o  be about 45 mpy. 

The presence of i r o n  oxide a s  t he  major depos i t  c o n s t i t u e n t  i n d i c a t e s  ongoing 

cor ros ion .  However, t h e  average measured w a l l  t h i ckness  of 66 m i l s  exceeds 

t h e  nominal t h i ckness  of 16BWG, t h e  tube s p e c i f i c a t i o n .  Therefore ,  a corro-  

s i o n  r a t e  based on post-exposure w a l l  t h i ckness  cannot  be c a l c u l a t e d .  

The t i t an ium tubes  showed no evidence of cor ros ion ,  while  CA706 (90/ 

10 cupronicke l )  t ubes  showed s i g n i f i c a n t  (bu t  unquan t i f i ed )  c o r r o s i o n  a f t e r  

200 hrs .  This  c o r r o s i o n  was r epor t ed  t o  be more severe  than the  carbon s t e e l  

a f t e r  560 h r s  [Lombard 19751. 

An independent l abora to ry  a n a l y s i s  of carbon s t e e l  tube samples from 

t h e  2000hr t e s t  concluded t h a t  t h e r e  was evidence of p i t  growth, but  t h a t  t he  

propagat ion  r a t e  was probably not  g r e a t e r  than 0.3 mpy CHolt 19781, which 

equates  t o  a depth  of only 0.07 m i l s  a t  t he  end of t he  t e s t .  Tbis  i s  

extremely s l i g h t  cor ros ion ,  and whether or  no t  i t  c o n s t i t u t e s  p i t t i n g  o r  

uniform co r ros ion  i s  debatable .  

The 2000hr t e s t  appears  t o  have been designed p r imar i ly  t o  measure 

much-needed h e a t  exchanger fou l ing  f a c t o r s .  In add i t ion ,  an e s t ima te  of t h e  

co r ros ion  r a t e  was made by determining t h e  mass of i r o n  i n  the  s c a l e  a t  two 

p o i n t s  on t h e  carbon s t e e l  heat  exchanger tubing and a t t r i b u t i n g  t h i s  i r o n  t o  

t h e  co r ros ion  of the  s t e e l  tubing.  Thus, t he  amount of i r o n  corroded from the  
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tubing was equated t o  t h e  amount of i r o n  i n  t h e  sca l e .  T h i s  method neces- 

s a r i l y  assumes t h a t  t h e  s c a l e  measured f o r  t he  e s t i m a t e  r e p r e s e n t s  a l l  of t h e  

s c a l e  formed a t  t h e  l o c a t i o n s  s e l e c t e d  f o r  c o r r o s i o n  r a t e  measurements [Holt  

19781. 

However, s tereomicroscopic  examination of t h e  s c a l e  d e p o s i t s  l a t e r  

used i n  t h e  c o r r o s i o n  r a t e  e s t i m a t e s  showed t h e s e  s c a l e s  t o  be porous; com- 

posed of p l a t e s  wi th  r idges ;  mechanically b r i t t l e ;  and e a s i l y  broken or 

crumbled. The examination showed t h a t  p i e c e s  of t h e  s c a l e  had " f laked"  o r  

"chunked" away and t h a t  new d e p o s i t s  were growing on t h e  f r a c t u r e  s u r f a c e s .  

The regrowth of new d e p o s i t s  on t h e  f r a c t u r e s  i n  t h e  s c a l e  demon- 

s t r a t e s  t h a t  t h e  "chunking" or "f lak ing"  o f f  occurred during t h e  t e s t ,  n o t  

a f t e r  t h e  tubes  were removed, and c l e a r l y  e s t a b l i s h e s  t h a t  p i e c e s  of t he  s c a l e  

were broken away from t h e  d e p o s i t  and c a r r i e d  away by t h e  geof lu id .  

f o r e ,  t h e  mass of i r o n  present  i n  t h e  s c a l e  cannot r e p r e s e n t  t h e  t o t a l  amount 

of i r o n  corroded from t h e  tube a t  t h a t  s i t e ,  and t h e  c o r r o s i o n  r a t e  (0.3 mpy) 

es t imated  by t h i s  method must be low by some unknown but  p o t e n t i a l l y  s i g n i f i -  

can t  f a c t o r .  

There- 

Several  o t h e r  d a t a  can bc used t o  b r a c k e t  t h e  probable  carbon s t e e l  

c o r r o s i o n  r a t e  a t  Beber. Concurrent ly  with the 2000hr t e s t ,  a 42-day (approx- 

imately 1000hr) coupon (weight- loss)  c o r r o s i o n  t e s t  was performed i n  t h e  

g e o f l u i d  supply l i n e  a s h o r t  d i s t a n c e  upstream of t h e  RETU [ S y r e t t  e t  a 1  

1977; Underh i l l  19821. 

from t h e  coupons wi thout  removal of t h e  s c a l e  d e p o s i t s  was e q u i v a l e n t  t o  a 

c o r r o s i o n  s a t e  of approximately 2.7 mpy. T h i s  r e p r e s e n t s  a minimuni c o r r o s i o n  

r a t e ,  a s  removal of t h e  s c a l e  would have shown a more accurate--and greater--  

weight loss, and t h u s  a h igher  c o r r o s i o n  r a t e .  

ASTM-type coupons of s t e e l  were used and weight- loss  

Corrosion t e s t s  were a l s o  performed according t o  ASTM p r a c t i c e s  a t  

Eas t  Mesa w e l l  6-1 i n  1977 .  The unf lashed  b r i n e  used i n  t h i s  t e s t  was com- 

p a r a b l e  i n  terms of carbon s t e e l  c o r r o s i v i t y  chemistry t o  t h e  EIeber case.  

measured c o r r o s i o n  r a t e  f o r  carbon s t e e l  was around s i x  mpy [Shannon 19771. 

The 
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Long-term (109 day) co r ros ion  t e s t s  were a l s o  performed a t  Ra f t  

River ,  whose carbon s t e e l  c o r r o s i v i t y  chemistry i s  mi lde r  than t h a t  of Heber 

or East  Mesa. Twelve carbon s t e e l  coupons showed c o r r o s i o n  r a t e s  of 1.2-3.4 

mpy. 
t r a t i o n  r a t e  of 18 mpy and a maximum of 43 mpy. These t e s t s  were performed 

wi th  the  c a r e f u l  exc lus ion  of oxygen, making oxygen a t t a c k  an u n l i k e l y  explan- 

a t i o n  f o r  the  s e r i o u s  p i t t i n g  [Mi l l e r  19771. 

Eleven of t he  12  coupons a l s o  experienced p i t t i n g  wi th  an average pene- 

Thus, it seems reasonable  t h a t  a lower bound f o r  the  "uniform" cor- 

rosion of carbon s t e e l  a t  Heber i s  around t h r e e  mpy, while  t e s t s  a t  a q u i t e  

s i m i l a r  resource  suggest  t h a t  a "uniform" co r ros ion  r a t e  of around s i x  mpy i s  

l i k e l y .  Tbis  r e s u l t  is c lose  t o  the  e i g h t  mpy es t ima te  de r ived  by F l u o r ' s  

independent consu l t an t  [Meiran 19821 f o r  design of the  SDG&E 50MW b ina ry  

p l a n t .  

I f  it O O C U r S ,  p i t  t ing-rather  than "uniform" corrosion-- is  t h e  cor- 

r o s i o n  mode which determines the  u s e f u l  l i f e  of thin-walled components such a s  

h e a t  exchanger tubing.  The i s s u e  of p i t t i n g  r e s i s t a n c e  i s  unresolved. The 

carbon s t e e l  tubes  in t he  2000hr t e s t s  were r epor t ed  t o  have p i t  p e n e t r a t i o n  

of about 0.3 mpy [Holt  19781, which equates  t o  a depth of -0.07 m i l s  a t  t h e  

end of t h e  t e s t .  However, t he  e a r l i e r  560hr pumped geof lu id  HETO t e s t  a t  

Heber showed p i t s  about t h r e e  m i l s  deep f o r  an annual ized r a t e  of 46 mpy, and 

a s  s t a t e d  p rev ious ly ,  t e s t s  a t  Ra f t  River  showed comparable a t t a c k .  Since the  

l a t t e r  t e s t  c a r e f u l l y  excluded a i r ,  i t  does not  seem t h a t  a l l  such p i t t i n g  

a t t a c k  can be a t t r i b u t e d  t o  a i r  inleakage dur ing  upse t s .  Some, o r  a l l ,  of 

t hese  geo f lu ids  can cause p i t t i n g  of carbon s t e e l  i n  the  absence of oxygen. 

4.2 Eas t  Mesa 

Magma Power Comuany's lOMW P l a n t  

As discussed  in Sect ion  2,  t he  Magma P l a n t  has  t e n  hea t  exchangers 

i n  i t s  hydrocarbon evapora t ion  system. These exchangers,  wi th  carbon s t e e l  
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tubes ,  r ece ive  3500F geof lu id  a t  the  i n l e t  of the  f i r s t  h e a t  exchanger,  and 

exhaust 1670F f l u i d  a t  the  end of t he  t r a i n .  

P l a n t  o p e r a t i o n  began i n  November 1979 and cont inued f o r  about two 

y e a r s ,  a t  which time the  tubes  i n  t h e  geofluidlhydrocarbon h e a t  exchangers had 

f a i l e d  by p i t t i n g .  

o p e r a t i v e  about 50 percent  of t he  time. 

exchangers were dra ined ,  bu t  geo f lu id  was not  completely removed from the  bot- 

toms of the  s h e l l s  ( t h e  f l u i d  was s h e l l s i d e  con t r a ry  t o  common p r a c t i c e ) .  

Add i t iona l ly ,  the  exchangers were l e f t  open t o  the  a i r  f o r  days a t  a time. 

Tubes from the  lower r eg ions  were immersed i n  geo f lu id  dur ing  shutdowns, whi le  

those i n  upper r eg ions  were exposed t o  r e f lux ing  geothermal vapors and 

mois ture  [Anliker  and E l l i s  19821. 

During the  f i r s t  two yea r s  of ope ra t ion ,  t he  p l a n t  was 

During shutdown per iods ,  t he  h e a t  

Af t e r  15 months of ope ra t ion ,  a number of u l t r a s o n i c  measurements of 

tube wa l l  t h i ckness  were made [Shannon e t  a 1  19811. Twenty-eight of 29 
r epor t ed  tube w a l l  t h i cknesses  were s t a t i s t i c a l l y  eva lua ted  (by Radian) t o  

determine the  average remaining th i ckness  (one po in t  was excluded a s  i t  was 

t h e  s i t e  of mechanical wear).  The average remaining w a l l  t h i ckness  was 

26.821.2 m i l s  (95 percent  confidence i n t e r v a l ) .  The maximum and minimum 

va lues  were 30 and 20 m i l s  r e s p e c t i v e l y  [Smith and E l l i s  19831. 

Assuming t h a t  the  a c t u a l  o r i g i n a l  wal l  t h i ckness  was the  nominal 35 

m i l s ,  then t h e  average th i ckness  l o s s  was 7.0-9.4 m i l s  a f t e r  15 months, f o r  an 

approximate c o r r o s i o n  r a t e  of 5.6-7.5 mpy. These e s t ima tes  probably r e p r e s e n t  

an "averaging" of metal  t h i ckness  i n  p i t s  and u n p i t t e d  a r e a s ,  s i n c e  most p i t s  

were probably sma l l e r  i n  a r e a  than the  u l t r a s o n i c  probe a rea .  

measurements i n d i c a t e d  p i t s  up t o  20 m i l s  deep. 

Four of t h e  

P-fter f a i l u r e  a t  t he  end of two y e a r s ,  some of t he  carbon s t e e l  

tubes  were subjec ted  t o  f a i l u r e  a n a l y s i s  [Anliker  and E l l i s  19821. A l l  tube 

s e c t i o n s  analyzed were coated on i n t e r i o r  and e x t e r i o r  s u r f a c e s  wi th  a tena- 

c ious  dark d e p o s i t  3 t o  6 m i l s  t h i ck .  

brown powdery d e p o s i t  s eve ra l  m i l s  t h i ck .  

Covering t h i s  d e p o s i t  was a reddish- 

The reddish-brown d e p o s i t s  from the  
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interior and exterior of several tubes were analyzed separately by energy 

dispersive X-ray spectroscopy for elemental identification and by X-ray dif- 

fraction for compound identification. 

iron oxide/sulfide/carbonate scale. 

They were all determined to be the same 

The tubes had suffered from three corrosion mechanisms: "uniform" 

corrosion, crevice corrosion, and pitting. Wall thickness was estimated by 

averaging over 200 optical metallograph readings from unpitted areas. Uni- 
form corrosion appeared to be about 2-5 mpy, assuming that the initial tube 

wall was 35 mils. Since some of the post-esposure wall thickness measurements 

exceeded 35 mils, the original wall was obviously greater than 35 mils. 

Therefore, the actual corrosion rate was greater than 2-5 mpy. Crevice corro- 

siob to a depth of 4 mils appeared where spacers and bands contacted the 
tubes; it had not caused any perforations. 

Pitting of tubes was determined io have caused the failure of the 

heat exchangers. There was about one perforated pit for each two linear feet 

of exchanger tubing. Exposure to oxygen allowed to enter during downtimes and 

to carbon dioxide during normal operation were apparently the major causes of 

the pitting. Much of the damage likely occurred during shutdown periods. 

Simulated Heat Exchanger Tube Corrosion Test 

This test was designed to compare the performance of two alloys, 

Allegheny-Ludlum 29-4 and 29-4C under flow conditions simulating a geofluid/ 

hydrocarbon heat exchanger. The test conditions were discussed in some detail 

in Section 2. 

One section of specimens was exposed to 349.5OF geofluid for 1032.25 

hours. There were two shutdown periods, one of 15 minutes and one of 45 

hours. During the 45-hour shutdown the section was isolated by valves. The 

other section was subjected to 12 simulated shutdown cycles, the average cycle , 
I 
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c o n s i s t i n g  of 25.4 hours exposure t o  349.50F g e o f l u i d  flow, a 4.2-hour pres- 

su r i zed  cooldown per iod ,  then 56.2 hours i n  which the  chamber was open t o  the  

a i r  and t h e  coupons were p a r t i a l l y  f i l l e d  wi th  geo f lu id .  

Upon completion of t he  t e s t ,  a l l  36 specimens were covered by tena- 

c ious  d e p o s i t s ,  determined by energy d i s p e r s i v e  spectroscopy t o  be i r o n  wi th  a 

t r a c e  of calcium, i n d i c a t i n g  t h a t  t he  d e p o s i t s  were mostly i r o n  oxides .  It 

was concluded t h a t  t hese  d e p o s i t s  came from elsewhere i n  the  system. Exami- 

n a t i o n  of r e s u l t a n t  weight- loss  d a t a  showed no s t a t i s t i c a l l y  s i g n i f i c a n t  

weight- loss  during t h e  t e s t .  Even i f  t he  worst  case were assumed--that the  

coupon wi th  the  g r e a t e s t  weight- loss  (an Alloy 29-4 coupon) l o s t  a l l  of i t s  

weight from the  i n t e r i o r  surface--then the  c a l c u l a t e d  c o r r o s i o n  r a t e  would be 

only 0.045 mpy. 

Stereomicroscopic ,  meta l lographic ,  and scanning e l e c t r o n  microscopic  

examination showed no evidence of p i t t i n g ,  c r ev ice  cor ros ion ,  s t r e s s  co r ros ion  

c racking ,  o r  p r e f e r e n t i a l  a t t a c k  of the  base meta l ,  t he  weld metal  o r  the  heat-  

a f f e c t e d  zone. There was no s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  between the  

performances of the  two a l l o y s .  These t e s t  r e s u l t s  support  t he  s e l e c t i o n  of 

e i t h e r  a l l o y  a s  h igh ly  s u i t a b l e  f o r  geofloid/hydrocarbon h e a t  exchangers when 

t h i s  o r  s i m i l a r  g e o f l u i d  i s  used. 

a l l o y s  i n d i c a t e  t h a t  they probably could wi ths tand  a h ighe r  ch lo r ide  concen- 

t r a t i o n .  However, much longer  exposure than t h i s  t e s t ,  perhaps even yea r s  

du ra t ion ,  would be r equ i r ed  t o  completely v e r i f y  the  co r ros ion  performances of 
these  a l l o y s  [ E l l i s  and Anl iker  19821. 

The chromium and molybdenum con ten t s  of t he  
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5 .o CONDENSERS AND ANCILLARY BEAT EXCHANGERS 

The hea t  r e j e c t i o n  system of any geothermal power plant--with the  

except ion  of atmospheric backpressure d ischarge  steam systems--contains one or  

more l a r g e  condensers which condense the  working subs tance ,  e i t h e r  steam o r  

organic  vapor.  The hea t  r e j e c t i o n  system a l s o  inc ludes  a v a r i e t y  of sma l l e r  

h e a t  exchangers which provide cool ing  f o r  s e r v i c e  s t reams such as l u b r i c a t i o n  

o i l  and hydrogen f o r  l a r g e  gene ra to r s .  

Almost a l l  geothermal steam p l a n t s  ope ra t iona l  today, whether the  

steam is der ived  form a vapor-dominated resource  o r  by f l a s h i n g  from a l i q u i d -  

dominated resource ,  used d i r e c t  con tac t  condensers t o  provide vacuum a t  t he  

t u r b i n e  exhaust  [ E l l i s  and Conover 19811. However, a l l  domestic geothermal 

steam p l a n t s  commissioned s ince  1980 have had su r face  con tac t  condensers a s  a 

p a r t  of t h e i r  hydrogen s u l f i d e  abatement system [DiPippo 19801, and i t  is 

l i k e l y  t h a t  most i f  no t  a l l  f u t u r e  p l a n t s  w i l l  be so equipped. 

Some leakage of steam condenser tubes  may be acceptab le .  Though i t  

would degrade t u r b i n e  e f f i c i e n c y  by inc reas ing  exhaust backpressure  and would 

a l s o  impair  t h e  hydrogen s u l f i d e  abatement process ,  a small  leakage would 

probably no t  f o r c e  a p l a n t  outage.  

Most near-term geothermal b ina ry  p l a n t s  w i l l  a l s o  have su r face  con- 

t a c t  condensers.  

severe s i n c e  l i t t l e  i f  any leakage of working substance can be t o l e r a t e d .  In 

a d d i t i o n  these  p l a n t s  w i l l  no t  have a v a i l a b l e  a s  cool ing  water  makeup t h e  

l a r g e  q u a n t i t i e s  of high q u a l i t y  condensate produced by geothermal steam 

p l a n t s ,  l ead ing  t o  use of poorer  q u a l i t y  water  and inc reased  c o r r o s i o n  and 

f o u l i n g  p o t e n t i a l .  

The m a t e r i a l s  problems f ac ing  these  condensers a r e  a l s o  more 
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5.1 Geothermal Steam Power P l a n t s  

P l a n t s  wi th  steam condensate a v a i l a b l e  f o r  cool ing  water  make-up 

have an abundant supply of good q u a l i t y  water  f o r  t h i s  purpose. The q u a l i t y  

of t he  water  c i r c u l a t e d  through the  condensers w i l l  be dependent on t h e  cyc le s  

of concen t r a t ion  i n  t h e  cool ing  tower ope ra t ion ,  and on t h e  amounts of d u s t ,  

fumes, i n s e c t s ,  and o t h e r  atmospheric p o l l u t a n t s  washed from the  a i r  t h a t  

pas ses  through the  cool ing  towers.  Table 5-1 p r e s e n t s  a sampling of cool ing  

water  chemis t r i e s  from four  geothermal steam power p l a n t s .  These ana lyses  a r e  

probably t y p i c a l  of t he  ranges of cool ing  water  chemistry which a r e  l i k e l y  t o  

be encountered a t  such p l a n t s .  

A t  Cerro P r i e t o  t h e r e  was ex tens ive  c o r r o s i o n  on t h e  water-side of 

t he  o r i g i n a l  aluminum o i l  coo le r  tubes  of Un i t s  1 and 2 and a f t e r  f i f t e e n  days 

ope ra t ion ,  a l a r g e  percentage were p e r f o r a t e d  and a l l  showed s i g n s  of p i t t i n g .  

The o i l  coo le r  tubes were rep laced  wi th  Type 304.  A f t e r  s e v e r a l  months, p i t -  

t i n g  of some of t hese  tubes  was a l s o  observed. The primary cause appears  t o  

be occ lus ion  c e l l  co r ros ion  and c o r r o s i o n  by microorganisms dar ing  pe r iods  of 

shut  down. Current  p r a c t i c e  c a l l s  f o r  d ra in ing  and c a r e f u l  dry ing  of  the  o i l  

c o o l e r s  during shu t  down. La te r  u n i t s  were tubed wi th  t i t an ium [ E l l i s  and 

Conover 19811. 

O r i g i n a l l y  t h e  tubes  of t he  hydrogen coo le r  were a l s o  aluminum. 

Like the  o i l  c o o l e r  tubes  they wereaseverely a t t acked  a f t e r  15  days of oper- 

a t i o n ,  but  due t o  t h e i r  t h i c k e r  w a l l s ,  none were pe r fo ra t ed .  These tubes  were 

r ep laced  wi th  t i t an ium which showed no s i g n s  of c o r r o s i o n  i n  fou r  yea r s  of 

ope ra t ion  [ E l l i s  and Conover 19811. 

The su r face  condensers a t  The Geysers a r e  tubed wi th  Type 304 s t a in -  

l e s s  s t e e l .  D e f i n i t i v e  d a t a  on t h e  c o r r o s i o n  performance of these  tubes  a r e  

no t  a v a i l a b l e .  However, p r i o r  experience wi th  s t a i n l e s s  s t e e l s  i n  cool ing 

systems a t  The Geysers i n d i c a t e s  t h a t  p i t t i n g  and c rev ice  co r ros ion  may be a 

problem. Long-term (more than 550 day) c o r r o s i o n  t e s t s  i n  c i r c u l a t i n g  cool ing  

44 
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TABLE 5-1. EXAMPLES OF COOLING WATER CHEMISTRY FROM GEOTHERMAL POWER PLANTS 
USING STEAM CONDENSATE WITHOUT HYDROGEN SULFIDE ABA'lTdtENT AS 
COOLING WATER MAKE-UP (ppm except pH) 

PA 

To ta l  A l k a l i n i t y  ( a s  CaCO3) 

S u l f a t e  

Chl or i de 

Sal  f ide  

Ammonia 

Si1 i ca  

Calcium 

Ma gne s ium 

TDS a t  220°F 

-7 

4 82 

229 

(1 .o 

-1 

53-339 

1.5 

<1 

<1 

111 

6.7-7.8 

-.- 

50-300 

1-7 5 

-- 
190-3 10 

Trace 

2-4 

0.2-0.5 

500-800 

6.8-8.4 

15-205 

122-168 

21-52 

--- 
-- 

1.7-3.6 

2.5-7.7 

0 .l-0.3 

--- 
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water  a t  t h i s  s i t e  showed t h a t  Type 304 was s u b j e c t  t o  some p i t t i n g ,  a t  an 

annual ized r a t e  of 1.1 mpy, a s  w e l l  a s  c r e v i c e  cor ros ion .  Type 316 showed no 

l o c a l i z e d  cor ros ion .  

The c o r r o s i v i t y  of t h e  cool ing  water  a t  The Geysers i s  increased  

because ppm c o n c e n t r a t i o n s  of f e r r i c  i o n  a r e  added t o  c a t a l y z e  t h e  o x i d a t i o n  

of s u l f i d e  i n  t h e  condensate.  This  i s  t h e  p r i n c i p a l  method of  hydrogen sul-  

f i d e  abatement i n  Uni t s  1-12, which have d i r e c t  c o n t a c t  condensers.  Though 

t h e  l a t e r  u n i t s  have s u r f a c e  c o n t a c t  condensers and S t r e t f o r d  Process  systems 

f o r  hydrogen s u l f i d e  removal, some hydrogen s u l f i d e  remains i n  t h e  condensate 

and e n t e r s  t h e  cool ing  w a t e r  stream. Therefore ,  some f e r r i c  i o n  i s  a l s o  added 

t o  t h e  cool ing  water  of t h e  u n i t s  wi th  s u r f a c e  c o n t a c t  condensers.  With the  

a d d i t i o n  of about 30 ppm f e r r i c  ion,  t h e  p i t t i n g  c o r r o s i o n  r a t e  f o r  Type 304 

increased  almost ten-fold,  f o r  an annual ized r a t e  of 9.3 mpy. The r a t e  of 

p e n e t r a t i o n  increased  wi th  time. Again, Type 316 d i d  n o t  show p i t t i n g  [ E l l i s  

and Conover 19811. 

The onse t  of p i t t i n g  and c r e v i c e  c o r r o s i o n  of s t a i n l e s s  s t e e l s  i n  

a e r a t e d  w a t e r s  i s  a f u n c t i o n  of t h e  chromium and molybdenum content  of t h e  

a l l o y  and t h e  c h l o r i d e  conten t  and temperature  of t he  water .  I n c r e a s e s  of 

chromium and molybdenum increase  the  threshold  temperature  above t h a t  a t  which 

p i t t i n g  or c r e v i c e  c o r r o s i o n  occurs .  I n c r e a s i n g  c h l o r i d e  conten t  lowers t h e  

t h r e s h o l d  temperature .  In t h e  range 4 t o  8, pH probably has  l i t t l e  e f f e c t  on 

t h e  t h r e s h o l d  temperature ,  a l though an a c i d i c  pH favors  more numerous p i t s  

w i t h  more r a p i d  p e n e t r a t i o n  r a t e s .  

Once p i t t i n g  c o n d i t i o n s  have been obtained,  i n i t i a t i o n  t y p i c a l l y  

occurs  w i t h i n  hours.  Once t h i s  has  occurred,  an a u t o c a t a l y t i c  p r o c e s s  ( p i t -  

t i n g )  i s  e s t a b l i s h e d  and i n  many c a s e s  w i l l  be s e l f - s u s t a i n i n g  even when pro- 

c e s s  c o n d i t i o n s  moderate. For t h i s  reason, t h e  upper l i m i t s  of  temperature  

and c h l o r i d e  t o  which a component w i l l  be exposed a r e  of p a r t i c u l a r  i n t e r e s t .  

P i t  p e n e t r a t i o n  r a t e s  a r e  extremely d i f f i c u l t  t o  p r e d i c t ,  s i n c e  they may 
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i nc rease  o r  decrease  wi th  time, and c o r r o s i o n  allowances cannot be r e l i a b l y  

def ined .  

a gofno-go p i t t i n g  c r i t e r i a  may be prudent f o r  m a t e r i a l  s e l e c t i o n .  

E s p e c i a l l y  f o r  t h i n  wal led  components, such a s  h e a t  exchanger tubes ,  

The th re sho ld  temperature f o r  l o c a l i z e d  c o r r o s i o n  of Type 304 and 

Type 316 a s  a f u n c t i o n  of c h l o r i d e  c o n c e n t r a t i o n  was explored by E f i r d  and 

Moller 119783. Figure  5-1 shows t h e  r e s u l t s  of t h e i r  work. Localized corro- 

s i o n  may i n i t i a t e  i f  t h e  upper l imits  of cool ing  water  c h l o r i d e  and tempera- 

t u r e  a r e  above the  d iagonal  l i n e s .  bu t  a r e  not  l i k e l y  t o  i n i t i a t e  i f  a l l  oper- 

a t i n g  c o n d i t i o n s  l i e  below these  l i n e s .  

which may i n i t i a t e  p i t t i n g  o r  c r e v i c e  co r ros ion ,  bu t  does no t  p r e d i c t  t he  

s e v e r i t y  of a t t a c k .  

This  f i g u r e  i n d i c a t e s  t h e  c o n d i t i o n s  

Another p o t e n t i a l  concern wi th  a u s t e n i t i c  (AIS1 300 s e r i e s )  s t a i n -  

l e s s  s t e e l s  i s  c h l o r i d e  s t r e s s  c o r r o s i o n  c racking  (chloride-SCC). The phenom- 

enon i s  a f u n c t i o n  of pH. c h l o r i d e  concen t r a t ion ,  oxygen concen t r a t ion ,  and 

temperature.  F igu re  5-2 shows t h e  th re sho ld  temperature f o r  chloride-SCC of 

Type 304L s t r e s s e d  nea r  the  y i e l d  p o i n t  a s  a f u n c t i o n  of c h l o r i d e  concentra- 

t i o n  i n  a i r - s a t u r a t e d  sodium c h l o r i d e  b r i n e .  It i n d i c a t e s  t h a t  t he  th re sho ld  

temperature f o r  chloride-SCC of Type 304L a t  y i e l d  s t r e s s  i s  g r e a t e r  than  

1400F. However, t e s t s  a t  Wairakei [ E l l i s  and Conover 19811 s e t  t he  th re sho ld  

f o r  Type 304 under p l a s t i c  s t r e s s  a t  1210F. 

molybdenum con ten t  w i l l  have a h ighe r  chloride-SCC th resho ld  temperature than  

Type 304, whi le  Type 317LM i s  r e s i s t a n t  t o  chloride-SCC i n  t h e  wick t e s t ,  a 

r e l a t i v e l y  severe  t e s t  [ E l l i s  and Conover 19811. 

Type 316 wi th  i t s  inc reased  

I f  Type 304 and Type 316 a r e  judged n o t  t o  have s u f f i c i e n t  probable 

c o r r o s i o n  r e s i s t a n c e ,  a v a r i e t y  of "super f e r r i t i c "  s t a i n l e s s  s t e e l s  a r e  com- 

m e r c i a l l y  a v a i l a b l e  a s  a l t e r n a t i v e s .  

4, 29-4-2, and 29-4C, a s  we l l  a s  SeaCure 26-3. These a l l o y s  a r e  h igh ly  r e s i s -  

t a n t  t o  chloride-SCC. Because of t h e i r  i nc reased  chromium and molybdenum ( t h e  

f i r s t  two numbers i n  t h e  d e s i g n a t i o n  r e f l e c t  t h e  percent  C r  and Mol, they a r e  

These inc lude  Allegheny-Ludlum Alloys 29- 
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much more r e s i s t a n t  t o  l o c a l i z e d  co r ros ion  than  a r e  Type 304 and Type 316. 

They con ta in  l i t t l e  or no n i c k e l ,  and a s  of 1982 t h e i r  c o s t  was competi t ive 

wi th  Type 304. Titanium would provide another  e x c e l l e n t  a l t e r n a t i v e .  

5.2 Geothermal Binarv P l a n t s  

Geothermal b ina ry  p l a n t s ,  and o t h e r s  which do n o t  have access  t o  

l a r g e  amounts of steam condensate  f o r  cool ing  water  make-up, w i l l  have t o  use 

whatever water  i s  a v a i l a b l e  f o r  cool ing  water .  Most such p l a n t s  w i l l  be lo- 

c a t e d  i n  a r i d  and semiar id  reg ions ,  where vigorous compet i t ion  f o r  water-use 

r i g h t s  i s  l i k e l y .  Therefore  these  p l a n t s  a r e  l i k e l y  t o  be fo rced  t o  use poor 

q u a l i t y  water  f o r  cool ing.  In some cases ,  such a s  Raf t  River ,  i t  was neces- 

s a ry  t o  use t r e a t e d  cooled geothermal f l u i d  f o r  t h i s  purpose. 

The Raf t  River  b ina ry  p l a n t  i s  a 5 MWe ( n e t )  dua l  b o i l i n g  cyc le  geo- 

thermal power p l a n t  intended t o  demonstrate  t h e  f e a s i b i l i t y  of t h e  b i n a r y  

cyc le  f o r  i n t e rmed ia t e  temperature  r e sources ,  The p l a n t  was i n i t i a l l y  

intended t o  be  a simple thermal loop wi th  an expansion device s imula t ing  a 

tu rb ine .  During t h e  des ign  phase the  p l a n t  was modif ied t o  inco rpora t e  a dua l  

e n t r y  turbogenera tor .  

The power cyc le  i s  dua l  b o i l i n g  wi th  i sobutane  a s  t h e  working f l u i d .  

, Geofluid a t  290°F e n t e r s  a s e r i e s  of four  s h e l l  and tube  h e a t  exchangers. I n  

one p a i r ,  i sobutane i s  prehea ted ,  vaporized a t  240'JF and 381.6 p s i a ,  then  

routed  t o  the  h igh  p r e s s u r e  i n l e t  of t h e  tu rb ine .  In t h e  o t h e r  two h e a t  

exchangers--supplied wi th  geof l u i d  from the  f i r s t  p a i r - i s o b n t a n e  i s  pre- 

heated,  vapor ized  a t  180°F and 203.0 p s i a ,  then  routed  t o  the  low p r e s s u r e  

i n l e t  of t h e  tu rb ine .  

The i sobutane  from t h e  t u r b i n e s  i s  condensed in a s i n g l e  57,000 f t a  

carbon s t e e l  tubed condenser. The cool ing  water  system was designed t o  use 

about 350 gpm su r face  water  f o r  make-up ISuciu and M i l l e r  19801. Partway 
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through c o n s t r u c t i o n  of t h e  p l a n t ,  a f t e r  the major carbon s t e e l  components had 

been de l ive red ,  it became necessary  t o  use cooled geothermal water  for cool ing  

tower make-up. 

Since t h i s  water  c o n t a i n s  about 700-1000 ppm c h l o r i d e ,  65 ppm sul- 

f a t e ,  60-120 ppm calcium and 140-155 ppm SiOa, s i g n i f i c a n t  water  t rea tment  

problems were encountered when t h e  cool ing  water  was a e r a t e d  and concent ra ted  

i n  cool ing  tower opera t ion .  

t o  use do lomi t i c  l ime (58 w t  percent  Ca(OH)a and 37 w t  percent  MgO) t o  remove 

s i l i c a  and a chromate-zinc system f o r  co r ros ion  c o n t r o l ,  

Cocbrane UNIPAC I chemical d e s t r u c t  unit ,  us ing  s u l f u r i c  ac id ,  sodium b i s u l -  

f i t e ,  and l ime, was t o  be used t o  remove chromium and z inc  from the  blowdown 

water  p r i o r  t o  i t s  d ischarge .  

reduoe t he  inaoming s i l i c a  l e v e l  t o  10-15 ppm t o  provide make-up r equ i r ed  f o r  

t e n  ayo le s  of concent ra t ion .  The system could t r e a t  346 gprn of make-up water  

and 32 gpm of blondown water .  

The i n i t i a l  water t rea tment  system was designed 

In a d d i t i o n ,  a Crane- 

The i n i t i a l  make-up system was intended t o  

J a r  tests on t he  p r e c i p i t a t i o n  of s i l i c a  from Raf t  River geothermal 

water  showed t h a t  r educ t ion  of s i l i c a  d i d  no t  occur t o  t h e  ex ten t  p red ic t ed .  

It was conoladed t h a t  t h e  d a t a  upon which the  5 MW(e) water  t rea tment  system 

had been designed could no t  be ex t r apo la t ed  t o  p r e d i c t  p r e c i p i t a t i o n  of s i l i c a  

from geothermal water ;  t h e r e f o r e ,  s eve ra l  o the r  chemicals were t e s t e d  t o  

determine t h e i r  a b i l i t y  t o  p r e c i p i t a t e  s i l i c a .  

In a d d i t i o n ,  coupon co r ros ion  t e s t s  showed t h a t  though the  chromate 

co r ros ion  i n h i b i t o r ,  a t  l e v e l s  of about 400 ppm chromate ( a s  Cr+*), c o n t r o l l e d  

t h e  "uniform" c o r r o s i o n  of carbon s t e e l  t o  about 1-2 mpy, s e r i o u s  p i t t i n g  a t  

about 1-2 mils/neek d i d  occur [Suoiu and M i l l e r  19801. 

a n a l y s i s  showed t h a t  t h e  worst  p i t s  i n  the  condenser would be 5.4 t o  7.7 m i l s  

deep a f t e r  one week [ E l l i s  19801. 

m i l s  t h i c k ,  no l e v e l  of chromate could suppress  p i t t i n g  i n  the  a e r a t e d  10,000 

ppm c h l o r i d e  r e c i r c u l a t i n g  cool ing  water ,  and a s e r i o u s  problem ex i s t ed .  

An extreme va lue  

Since t h e  condenser tube w a l l s  were only  85 
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A water  t reatment  development program t o  c o n t r o l  the  s i l i c a  i n  the  

make-up water ,  and t o  develop a chromate-free phosphate-based t reatment  system 

t o  c o n t r o l  t h e  p i t t i n g  c o r r o s i o n  of t h e  carbon s t e e l  condenser tubes,  was 

undertaken. The f i n a l  r e s u l t  of t h i s  e f f o r t  was the  t rea tment  program sum- 

marized i n  Table 5-2. 

The condenser was cleaned and pass iva t ed  i n  J u l y  1980 with  the  solu- 

t i o n s  i n d i c a t e d  i n  Table 5-2. Phosphoric a c i d  was used. In spec t ion  a f t e r  t h e  

second of two a t tempts  showed a gene ra l ly  good f i l m  wi th  a few r u s t  spots .  

The condenser was placed i n  wet lay-up, f i l l e d  wi th  p a s s i v a t i n g  s o l u t i o n ,  from 

August i n t o  October 1980. I n  October the  p a s s i v a t i n g  s o l u t i o n  was c i r c u l a t e d  

f o r  one week, then drained.  

r u s t  spo t s  noted i n  August. The condenser was d r i e d  and kept  under n i t rogen  

b l anke t  [Suciu and Wikoff 19811 u n t i l  p l a n t  s t a r t -up  i n  the  f a l l  of 1982. 

Inspec t ion  showed a good f i l m  wi th  hea l ing  of t he  

Not long a f t e r  the  p l a n t  s ta r t -up ,  an upse t  lowered the  cool ing 

water  pH t o  4.  A r i s e  i n  the  i r o n  content  of t he  cool ing  water  i nd ica t ed  t h a t  

t h e  p a s s i v a t i o n  l a y e r  had been destroyed.  lbo a t t empt s  were r equ i r ed  t o  

r e p a s s i v a t e  the  condenser. The p l a n t  then opera ted  from mid-January t o  mid- 

June 1982. C a l c u l a t i o n s  based on t he  i r o n  conten t  of the  condenser i n l e t  and 

o u t l e t  s t reams i n d i c a t e d  a c o r r o s i o n  of 2-4 mpy, assuming only  uniform corro- 

sion. No tube samples were obta ined  a f t e r  the  p l a n t  was shut  down i n  June, so 

t h e  a b i l i t y  of t h e  t rea tment  program t o  c o n t r o l  p i t t i n g  of the  carbon s t e e l  

tubes  cannot be v e r i f i e d  [Suciu 19831. 

It i s  c l e a r ,  however, t h a t  t he  t rea tment  program i s  no t  an i d e a l  

so lu t ion .  The chemical requirements  a r e  l a r g e  and t h e r e f o r e  c o s t l y ,  and the  

system i s  made inhe ren t ly  s e n s i t i v e  t o  c o n t r o l  upse t s  which would f o r c e  sev- 

eral-week-long shutdowns f o r  c leaning  and r e p a s s i v a t i o n  of t he  condenser.  

EGW [Suciu and Wikoff 19821 a l s o  t e s t e d  a number of a l l o y s  t o  

determine t h e i r  co r ros ion  r e s i s t a n c e  in high-sal ine ae ra t ed  water  such as  t h a t  

found i n  evapora t ive  cool ing  systems which use geo f lu id  f o r  makeup. Because 
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TAB1.P 5-2. SUMMARY OF FINAL WATER TRFAWWT FOR THE 
RAFT R I V E R  CCNR rM; w A r f t i  I O O P  

Average 
Daily 

Nominal Dose Consumption 
Cons t i t nen t IAdd i t ive  ( m m )  ( l b s ) '  Func t i on1 Cornme n t  s 

Warm Lime Sof t ene r  

Magnesian ch lo r ide  

L h e  

Soda ash 

Po 1y e l  e c t r o  ly  t e 

S u l f u r i c  a c i d  (96%) 

Coo l in i  Water Trea tment  

Phosphate 

Z inc  s u l f a t e  

Bet r  562-C 

Bet. 2020 

Betz  426 

Bet. C-30 and 508 

Blordorn  Treatment 

Fer rous  s u l f a t e  

Line  

P o l y e l e c t r o l y t e  

Prcoleaninn  and P a a r i v a t i o n  

S t e p  1: 5 rt% c a u s t i c ,  1 rt% TSP 
( t r i sod ium phoaphate) .  
s u r f  a c t a n t  

21 w t S  phosphor ic  a c i d  
o r  7.5 rt% hydroch lo r i c  
ac id ,  double i n h i b i t e d  

3 rtS Nalprep 331 

S t e p  2 :  

S t e p  3: 

o S i l i c a  removal, t r e a t e d  r a t e r  c o n t a i n s  4-5 ppm 455  1871 
s i l i c a  

1330 o pE con t ro l ,  s o f t e n e r  ptl must be 10.2 minimum 3 20 

230 93 6 o Calcium removal, t r e a t e d  r a t e r  t o t a l  hardness  
= 20-30 ppm as  CaCOa 

2 9.8 o S e t t l i n g  agent 

300 1231 o Post  a c i d i f i c a t i o n  t o  prevent  p lugging  of 
s a n d / a n t h r a c i t e  f i l t e r s .  E f f l u e n t  r a t e r  pH 
7.1-7.6 

40 2 5 44 

3 4.6 

100 38 

150 60 

100 38 

28 

150 

2 

78  

55 

0.9  

o Cathodic co r ros ion  i n h i b i t o r  

o Cathodic co r ros ion  i n h i b i t o r  

o Copper co r ros ion  i n h i b i t o r  

o Dirpe r san t  

o Dispersant  

o Bioc ides  sho t  f ed  0.5 p i n t  t r i c e / r k  

o pE range 6.8-7.4 

o Phosphate removal 

o pE adjus tment  t o  p r e c i p i t a t e  me ta l s  and 
phosphate 

o S e t t l i n g  agent  

o Degreasing 

o Removal of aca l e  and co r ros ion  p roduc t s  

o Form p r o t e c t i v e  gamma i r o n  o r ide  f i l m  

$.sed on  nominal make-up and b l o r d o w n  r a t e s  of 346 and 32 gpm. 

Source: Suc iu  and  'Ulkoff 1981. 
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t h e  g e o f l n i d  i s  concent ra ted  2 t o  1 0  t imes i n  such systems, Raft  River geo- 

thermal water was so f t ened  wi th  warm lime and magnesium ch lo r ide ,  then spiked 

wi th  vary ing  amounts of sodium c h l o r i d e  f o r  t hese  t e s t s .  

In pre l imina ry  t e s t s ,  coupons of t h e  v a r i o u s  me ta l s  were exposed i n  

a e r a t e d  sp inne r  j a r s  f o r  about 30 days a t  a cons t an t  temperature of 950F. The 

p€I was maintained a t  6.8 t o  7.2. Chloride c o n c e n t r a t i o n  was v a r i e d  from 

10,000 t o  200,000 ppm. R e s u l t s  of t hese  p re l imina ry  t r i a l s  a r e  r epor t ed  e l se -  

where [Smith and E l l i s  19831. 

Those me ta l s  which showed good c o r r o s i o n  r e s i s t a n c e  i n  the  sp inner  

t e s t s  and which were cons idered  moderately p r i c e d  were t e s t e d  f u r t h e r  i n  p i l o t  

cool ing  tower t e s t s .  The t e s t  u n i t s  were designed t o  s imula te  a c t u a l  oper- 

a t i n g  cond i t ions .  The cool ing  water  c i r c u l a t i o n  r a t e  was maintained a t  5 f p s  

on t h e  s h e l l  s i d e  of a shell-and-tube h e a t  exchanger; geothermal water cooled 

t o  1400F flowed on t h e  tube s ide .  Flow was c o n t r o l l e d  so t h a t  t he  h e a t  

exchanger e f f l u e n t  was maintained a t  95OF. The chemistry of the  c i r c u l a t i n g  

water  is given in Table  5-3. The r e s u l t s  a r e  given i n  Table 5-4. 

The m a t e r i a l s  and t h e i r  uses  a s  recommended by Suciu and Wikoff 

[19821 a t  t h e  conclus ion  of t hese  t e s t s  a r e  g iven  below ( t h e  c o r r o s i o n  allow- 

ance used i n  t h e  tube l i f e  e s t i m a t e  was no t  r e p o r t e d ) :  

0 F e r r i t i c  s t a i n l e s s  s t e e l s  (such a s  SeaCure 26-3 and t h e  
29Cr-410 a l l o y s )  used f o r  condenser tub ing  have an 
expected l i f e  of 4 1  t o  70 years .  

0 The cupronicke l  a l l o y s  used a s  condenser tub ing  m a t e r i a l  
i n  h i g h - s a l i n i t y  water have an expected l i f e  of 22 t o  40 
years .  The use of a copper i n h i b i t o r  may be r equ i r ed .  

e Altbough seve ra l  a u s t e n i t i c  s t a i n l e s s  s t e e l s  and n icke l -  
based a l l o y s  e x h i b i t e d  good c o r r o s i o n  r e s i s t a n c e ,  p re l imi-  
nary c o s t  comparisons i n d i c a t e  t h a t  t hese  meta ls  a r e  more 
expensive than  t h e  f e r r i t i c  m a t e r i a l s .  

0 Carbon s t e e l  i s  adequate f o r  s h e l l  m a t e r i a l  i f  those por- 
t i o n s  exposed t o  t h e  b r i n e  (water  boxes) a r e  o r g a n i c a l l y  
coated o r  c l a d  wi th  a c o r r o s i o n - r e s i s t a n t  m a t e r i a l .  
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TABLE 5-3. TYPICAL ANALYSIS OF THE CIRCULATING WATER 
IN PILOT COOLING TOWER CORROSION TESTS -- --__ ---== ==s=r --- ------- -- - I_ 

6.8 t o  7.2 PH 

Temperature (OF) 75 t o  95 

Chemical SDecies (PPm): 

Chlor ide  

F luo r ide  

S u l f a t e  

Sodium 

Calcium a s  Calcium Carbonate 

Magnesium a s  Calcium Carbonate 

S i l i c a t e  ( t o t a l )  

Add i t i v s a  ( ppm) : 

Betz 2020 

35,000 

23 

3,500 

15,000 

100 

20 

100 

75 

Betz 426 40 

Bets  562-C 50 
--- --==~---~==~==c---4= = =i-- === y-== = ===r=========-z= = = = = = -=z== = =z 

'Betz 2020 and 426 a r e  d i s p e r s a n t s .  Betz 562-C is a copper c o r r o s i o n  
inhibitor u s e d  t o  prevent d i s s o l u t i o n  of t he  spray nozz le s  and f l o a t s .  

Source: Suciu and Wikoff 1982 
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TABLE 5-4. RESULTS OF THE PILOT COOLING TOWER TESTS 
AT RAFT RIVER, I D  

70130 Cupronickel 10 

90110 Cupronickel 4 

Admiralty Brass  6 

Carbon S t e e l  4 

12 C r  S t a i n l e s s  6 
S t e e l  

Allegheny 6X 4 

Allegheny-Ludlum 4 
29-4C 

Monel 400 4 

0.19 No p i t t i n g  or  c r e v i c e  
cor ros ion .  No e v i d e n t  
change i n  s u r f a c e .  

0.30 

0.25 

4 .O 

1.76 

0.60 

0.29 

0.63 

Dealloying and p i t t i n g  
(depth not  q u a n t i f i e d )  . 
De a1 loy ing 

Crevice and p i t t i n g  
cor ros ion .  P i t s  )0.25 i n .  
d i a .  and >30 mils deep. 

Crevice and p i t t i n g  
cor ros ion .  P i t s  )0.25 in.  
d i a .  and >SO m i l s  deep. 

P i t t i n g  c o r r o s i o n  
( s c a t t e r e d  p i t s  0.25 i n ,  
d i a .  and 16 m i l s  deep) .  

No p i t t i n g  o r  c r e v i c e  
c o r r o s i o n ,  No e v i d e n t  
change i n  s u r f a c e .  

P i t t i n g  c o r r o s i o n  
s c a t t e r e d ,  p i t s  v i s i b l e  
w i t h  low m a g n i f i c a t i o n  
(no  depth d a t a )  

7-A1 Bronze 4 1.08 Severe general  corrosion 

Ferral ium 255 2 0.49 No p i t t i n g  or c r e v i c e  
cor ros ion .  No evident  
change i n  s u r f a c e .  

----I---- ------- ---_̂ I_--- ---- ------- ---.--- --------+- ---- ___ ____-- 
Source: Suciu and Wikoff 1982 
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Carbon s t e e l  p i p i n g  should be coated or e l s e  rep laced  w i t h  
p l a s t i c  pipe.  

Despi te  t h e i r  good performance i n  t h i s  t e s t ,  cons iderable  c a u t i o n  

The should be used i n  applying t h e  r e s u l t s  t o  cupronicke ls  a t  o t h e r  s i t e s .  

Raf t  River  g e o f l u i d  c o n t a i n s  l e s s  than  1 ppm hydrogen s u l f i d e  or ammonia. 

l o c a t i o n s  where t h e  make-up water  c o n t a i n s  s i g n i f i c a n t  amounts of t hese  

species--or where they  may e n t e r  t h e  cool ing  water  v i a  a b s o r p t i o n  from t h e  

atmosphere i n  t h e  cool ing  towers,  t h e  performance of cupronicke ls  may be much 

worse. For example, seawater h e a t  exchanger experience has shown t h a t  hydro- 

gen s u l f i d e  c o n c e n t r a t i o n s  of only 7 ppb can cause severe  p i t t i n g  of t h e s e  

a l l o y s  [ E l l i s  and Conover 19811. 

A t  

F.ven where sur face  water  i s  used f o r  cool ing  water  make-up, problems 

During g e o f l u i d l  w i t h  water  t reatment  have occurred i n  geothermal opera t ions .  

hydrocarbon evapora tor  t e s t s  a t  Eas t  Mesa (descr ibed  i n  S e c t i o n  2) t h e  hydro- 

carbon condensers were cooled w i t h  t r e a t e d  s u r f a c e  water  i n  a cool ing  tower 

system. 

and i s  presumed t o  have come from a n e a r l y  Imperial  I r r i g a t i o n  D i s t r i c t  ( I ID) 

cana l .  Table 5-5 is a t y p i c a l  a n a l y s i s  of  t h a t  water ,  which o r i g i n a t e s  from 

t h e  Colorado River .  

The make-up water had a TDS of 1400 ppm [ S i l v e s t e r  and Doyle 19823, 

The number of c y c l e s  of c o n c e n t r a t i o n  a r e  n o t  known. 

The make-up water  was t r e a t e d  by t h e  a d d i t i o n  of 600 ppm phospho- 

n a t e s  and a d d i t i o n  of s u l f u r i c  a c i d  t o  main ta in  pH 7 .  Scal ing  of  t h e  

condenser lsubcooler  was a c o n t i n u a l  problem. 

o p e r a t e  a t  h igh  condensing p r e s s u r e s  (-245 p s i a ) ,  and high condensing tempera- 

t u r e s  (-200°F). T h i s  was done t o  reduce the head requirements  of t h e  hydro- 

carbon r e c i r c u l a t i o n  pump. Since t h e  h igher  condensing p r e s s u r e  means a 

h i g h e r  condensing temperature,  a smal le r  condenser could be b u i l t  f o r  t h e  o r i -  

g i n a l  hea t  load. 

concomitant ly  a l a r g e r  temperature  r i se  (-3OOF) i n  t h e  cool ing  water  than  i s  

common p r a c t i c e  (-10-15OF). These f a c t o r s  exacerbated t h e  f o u l i n g  problem 

s i n c e  most chemical t rea tments  a r e  designed f o r  c o o l e r  water  temperatures  

[ S i l v e s t e r  and Doyle 19821 and adequate  c o n t r o l  of s c a l i n g  was never  obtained.  

The condenser was designed t o  

However, t h i s  r e s u l t e d  i n  h igh  tube w a l l  temperatures  and 
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PH ( f i e l d )  

Chl ori de 

Sal f a t e  

Bicarbonate 

Carbon Dioxide (Tota l )  

Ifgdrogen S u l f i d e  

h o n i a  

S i l i c a  

Calcium 

Jkgnssiam 

TDS 

8.2 

200 

33 5 

140 

16.4 

I-- 

0.03 

--- 
102 

22 

1052 

Source : Fluor  1981 

. ^  
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Measurements of the fouling factor (Rf) as a function of time were 
made during 198 hrs of testing. During this time, three different hydrocar- 

bons--commercial isobutane, nominal 90/10 isobutane/isopentane, and nominal 

80/20 isobutane/isopentane--were circulated on the hydrocarbon side. From the 

composite data, it was found that: 

- 5  
Rf = 0.0005 + 1.03~10 t eq 5.1 

where Rf = fouling factor in (hr)(ft2)("F)/Btu 
t = elapsed time in hours. 

The correlation coefficient was ).99 indicating extremely good fit of the 
above equation to the data. This indicates that with the water treatment 

used, a design fouling factor of 0.002(hr)(ft2)(OF)/ Btu would be reached in 
only about 145 hours. 
0.091 ( hr 1 ( f t 2 1 ( OF) /Btu. 

After one year the fouling factor would be about 
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