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ABSTRACT 

Waste heat rejection systems for  geothermal power s tat ions have 
a s ignif icant ly greater influence on plant operating performances and 
costs than do corresponding systems in fossi  1- and nucl ear-fuel ed 
s tat ions.  W i t h  thermal efficiencies of only about lo%, geothermal power 
cycles can r e j ec t  four times as much heat per kilowatt of output. Geo- 
thermal sites i n  the United States tend to  be i n  water-short areas tha t  
could require use of more expensive wet/dry or  dry-type cool i n g  towers. 
Wi th  re lat ively 1 ow-temperature heat sources, the cycl e economics a re  
more sensi t ive to  diurnal and seasonal variations in sink temperatures. 
Factors such as the necessity for  hydrogen sulf ide scrubbers i n  off-gas 
systems or  the need to  t r e a t  cooling tower blowdown before reinject?on 
can add-to the cost and complexity of geothermal waste hea,t rejection 
sys tems . 

I * Working f l  uids most commonly considered fo r  geothermal cycles a re  
water, ammonia, Freon-22, isobutane, and isopentane. Both low-level 
and barometric-leg direct-contact condensers a re  used, and reinforced 

, concrete has been proposed fo r  condenser vessels. Mu1 ti pass surface 
condensers a1 so have wide appl ication. Corrosion probl ems a t  some 
locations have led to  increased interest  i n  titanium tubing. Studies 
a t  ORNL indicate tha t  fluted vertical tubes can enhance condensing 
film coefficients by factors of 4 t o  7. 

Once-through cooling of geothermal power plants i s  not l ikely,  and 
cooling lakes and ponds will probably have limited application. Spray 
ponds and canals can be considered, b u t  cooling towers will more than 
l ike ly  find the widest use. These will be mechanical-draft types because 
natural -draft  towers do not function we1 1 in areas of high dry-bul b 
temperatures and low relat ive humidity. Most U.S. geothermal s i t e s  
a r e  i n  areas where maximum system e lec t r ic  loads occur i n  the summer. 
months when tower cooling capacity i s  restr ic ted and water supplies a re  
more scarce. A1 though capital costs can be significantly higher, 
shortage of water will undoubtedly lead to  increased use of wetldry 
and dry-type cool ing towers. Wetldry towers a re  probably best arranged 
w i t h  the a i r  flow in  parallel through the wet and dry sections b u t  w i t h '  
the water flow i n  se r ies  and entering the dry section f i r s t .  Deluge 
cooling of dry-type towers to  meet peak loads has suff ic ient  merit t o  
warrant more study and development. Phased cool ing, whereby storage 
capacity i s  provided for  warmed circulating water until nighttime 
conditions a re  more favorable for  heat rejection, may have application 
a t  some locations. - 
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.I 
INTRODUCTION ! 

The waste hea t  r e j e c t i o n  system f o r  a  geothermal power s t a t i o n  

i s  o f  much g r e a t e r  impor tance than  a r e  t h e  cor responding systems i n  

n u c l e a r  and f o s s i l  f u e l e d  power p l a n t s .  

F o s s i l - f u e l e d  p l a n t s  p r e s e n t l y  waste about 60% o f  t h e i r  hea t  i n p u t ,  

n u c l e a r - f u e l e d  p l a n t s  about 70%, and geothermal power p l a n t s ,  because 'o f  

t h e  l ow  thermal e f f i c i e n c y  i n h e r e n t  t o  r e l a t i v e l y  low- temperature hea t  

sources, 85% o r  more. F i gu re  1  shows t h e  r a t i o  between t h e  amount o f  

hea t  r e j e c t e d  . f rom a  power c y c l e ,  a t  va r i ous  thermal e f f i c i e n c i e s  . . and . . t h e  
; < 

.... 
. amount . r e j e c t e d  .. - f rom -- a  power c y c l e  hav ing an e f f i c i e n c y  o f  35%':. The amount . : 

o f  hea t  r e j e c t e d  f rom a  geothermal s t a t i o n  p e r  k i l o w a t t  o f  o u t p u t  w i l l  . 

thus  be t h r e e  t h r e e  t o  s i x  t imes g r e a t e r  than t h a t  0 f . a  n u c l e a r  p l a n t .  

Because geothermal . - . -. . . s t a t i o n s  wi l .1  t end  t o  . - be 

. s m a l l e r  i n  s i ze ,  equipment cos t s  per  k i l o w a t t  w i l l  be g r e a t e r .  The 

a u x i l i a r y  power requi rements ,  such as pumping, w i l l  tend t o  be propor-  - 
t i o n a t e l y  h i ghe r .  I f  d r y  o r  w e t l d r y  c o o l i n g  towers a r e  r equ i r ed ,  t h e  

c o s t  o f  t h e  waste hea t  r e j e c t i o n  system can be s u b s t a n t i a l l y  h igher .  I t  

i s  t o o  e a r l y  t o  t e l l  how much t h e  use o f  b i n a r y  cyc l es  w i l l  add t o  t h e  

c o s t  o f  geothermal s t a t i o n s ,  b u t  t h i s  c o s t  may be s i g n i f i c a n t .  The 

prgsence o f  hydrogen s u l f i d e - i n  $he o f f -gases  can r e q u i r e  more expensive 
, 

- 
. . . ..I 

m a t e r i a l s  t o  combat c o r r o s i o n  and may n e c e s s i t a t e  o f f - g a s  scrubbers  i n  

t h e  waste hea t  r e j e c t i o n . s y s t e m .  i.Joncondcnsable gases may be h i g h e r  than  

i n  conven t iona l  systems, a f f e c t i n g  hea t  t r a n s f e r  area r e q u i  rements and gas- 

h a n d l i n g  cos t s .  

Because o f  t h e  r e l a t i v e l y  l a r g e  amounts o f  c o o l i n g  wa te r  needed per  

k i l o w a t t  generated, geothermal power p l a n t s  a r e  p a r t i c u l a r l y  sens i  t i  ve , 

t o  t h e  adequacy o f  t h e  wa te r  supply .  U n l i k e  conven t iona l  s t a t i o n s ,  geo- 

thermal p l a n t s  must be l o c a t e d  where t h e  energy i s  fo,und, and a t  t h e  

p resen t  t ime,  t h e  g r e a t e s t  U.S. p o t e n t i a l  f o r  geothermal energy i s  i n  

- -  - 1 -  t h e  r e l a t i v e l y  ho t ,  wa te r - sho r t  areas o f  t h e  I m p e r i a l  Val l e y  o f  Southern 
$+%.:;a; 5 %  

a:. := -d;g;d~zsa C a l i f o r n i a .  Th i s  prob lem can e x i s t  even i f  condensate f rom a  f l ashed -  

,steam geothermal c y c l e  i s  used f o r  c o o l i n g  tower  makeup because an equiva-  
I 
,lent a~nuu r~ t  o f  wa te r  may be needed from some o t h e r  sou rce  t o  be r e i n j e c t e d  
1. 
i n t o  t h e  ground t o  p reven t  subsidence. It shou ld  be noted t h a t  economic I 
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CYCLE THERMAL EFFICIEFICY.  % 

F i g .  1  .. Cyc le  hea t  r e j e c t i o n  vs thermal  e f f i c i e n c y  compared t o  a 
c y c l e  hav ing  an e f f i c i e n c y  o f  35%. 



o p e r a t i o n  o f  sma l l - sca le ,  demonst ra t ion geothermal power p l a n t s  w i t h  
- .  

s u f f i c i e n t  wa te r  a v a i l a b l e  f o r  c o o l i n g  tower  makeup i s  m i s l ead ing  i f  

amounts o f  makeup wate r  needed f o r  a  l a r g e  power s t a t i o n  a t  t h e  same 

': l o c a t i o n  a r e  n o t  a v a i l a b l e .  

The hea t  t o  be d i s s i p a t e d  f r om a  geothermal power c y c l e  c o n s i s t s  

a lmost  e n t i r e l y  o f  t h e  hea t  o f  condensat ion o f  t h e  t u r b i n e  exhaust vapor. 

The condensers w i l l  be e i t h e r  d i r e c t - c o n t a c t  o r  sur face types. The c i r -  

c u l a t e d  c o o l a n t  w i l l  i n  mos t -cases  be water ,  which w i l l  g i v e  up i t s  heat  

i n  a  spray pond o r  c o o l i n g  tower.  The towers w i l l  be e i t h e r  wet, d r y ,  o r  

a comb ina t ion  o f  t h e  two, and, a l t hough  n a t u r a l - d r a f t  towers may be con- 

s i d e r e d  f o r  l a r g e r  s t a t i o n s ,  t h e  f l o w  o f  a i r  w i l l  p robab ly  be induced by . . . -. 

fans.  D i r ec t . condensa t i on  o f  the'- steam i n  a i r - c o o l e d  c o i l s  may be f e a s i b l e  

f o r  some i n s t a l l a t i o n s .  Simple schematic f l o w  diagrams o f  t y p i c a l  p o s s i b l e  

hea t  r e j e c t i o n  system arrangements f o r  a  f lashed-steam c y c l e  w i t h  su r f ace  

condenser and wet  mechan i ca l - d ra f t  c o o l i n g  tower  a r e  shown i n  F ig .  2 ! 

~ i ~ b r e  3 / e x h i b i t s  b i n a r y  c y c l e s  us i ng  wet mechanical - d r a f t  towers, and 1. 
i F ig .  4 / shows t h e  He1 l e r - t y p e  c y c l e  u s i n g  a  d i r e c t - c o n t a c t  condenser i n  

c o n j u n c t i o n  w i t h  a i r - c o o l e d  c o i l s .  F i gu re  5 \ e x e m p l i f i e s  t h e  a i r - c o o l e d  
I 
3 
I 

c o i l  w i t h  d i r e c t  condensat ion o f  t he  exhaust steam. 
. . 
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F ig .  i 2. Flashed-steam c y c l e  us i ng  su r f ace  condenser and wet 

mechanical - d r a f t  coo l  i n g  tower .  
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F i g .  . I :  3. B inary  c y c l e  us ing s u r f a c e  condenser and we t  mechanical  - 
d r a f t  c o o l  i ng tower .  
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F i g .  : '.4. H e l l e r - t y p e  c y c l e  u s i n g  c l osed  heat-exchangsr, d i r e c t -  
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F i g .  1,5. Flashed-steam c y c l e  w i t h  d i r e c t  condensat ion o f  steam i n  

d r y  coo l - ing  tower.  
, . i 
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S tudy ing  t r ends  i n  waste h e a t '  r e j e c t i o n  system des igns by examining 

e x i s t i n g  o r  planned geothermal power s t a t i o n s  ' i s  n o t  conc lus i ve  a t  t h i s  

t ime.  Examples o f  a lmost  a l l  k inds  can be found. For  ins tance ,  The 

Geysers f i e l d  i n  C a l i f o r n i a  uses d i r e c t - c o n t a c t  condensers i n  con junc t i on  

w i t h  wet  mechan i ca l - d ra f t  coo l  i n g  towers.  Both baromet r i c  1  eg and low- 

l e v e l  types o f  condensers a r e  used, t h e  l a t t e r  be ing  t he  most r e c e n t l y  

i n s t a l l e d .  The C e r r o . P r i e t o  S t a t i o n  i n  Mexico uses d i r e c t - c o n t a c t  con- 

densers w i t h  baromet r i c  l e g s  and wet mechan i ca l - d ra f t  c o o l i n g  towers.  A 

Bech te l  s tudy  f o r  5 0 - M w ( ~ )  s t a t i o n s  a t  Heber and N i land ,  C a l i f o r n i a ,  d i f f e r  
- . - - . - - - . . - . . 

I 
i n  t h a t  t h e  former  i s  a  f lashed-s team system .us ing  a  d i r e c t - c o n t a c t  con- I 

denser and t h e  l a t t e r  i s  ' a  b i n a r y  ( i sopen tane)  c y c l e  w i t h  a ho r i zona l  

she1 1  -and-tube condenser 1.' b o t h  c y c l  es employ wet mechanical - d r a f t  coo l  i n g  

towers.  There a r e  many examples i n  Europe o f  a i r - c o o l e d  c o i l s  used 1 
e i t h e r  f o r  d i r e c t  condensat ion o f  t h e  t u r b i n e  exhaust steam o r  f o r  c o o l -  l 
i n g  t h e  c i r c u l a t e d  condenser coo lan t .  The o n l y  cons i s t ency  noted thus  I 
f a r  a t  t h e  va r i ous  s t a t i o n s  i s  t h a t  t he  U.S.  geothermal a p p l i c a t i o n s  have 

been t o o  smal l  i n  s i z e  o r  l o c a t e d  i n  a  c l  imate t oo  d r y  t o  encourage use 

o f  n a t u r a l - d r a f t  c o o l i n g  towers.  



This paper i s  concerned only with the waste heat rejected from 

the power cycles of geothermal power s tat ions;  the broader subject of 

thermal uses for  geothermal energy will not be 'discussed. 

There a re  many examples of multipurpose, or cogeneration, power 

s tat ions tha t  par t ia l ly  expand steam in a turbine generator and then use 

the relat ively high-temperature exhaust steam for  industrial purposes, 

space heating, e tc .  Because geothermal power plant steam turbines wi 11 

generally be supplied with re la t ive ly  low-temperature saturated steam and 

because other higher-temperature heat sources may be available from the 

geothermal f lu id ,  i t  seems doubtful that  multipurpose cycles of th i s  kind 

would have s ignif icant  use a t  geothermal instal la t ions.  The following 

comments are  i i rec ted  t o  the use .of waste heat a t  conventional turbine 

di scharge temperatures. 

There -- i s  continuing in teres t  in the u t i l iza t ion  of the waste heat 

from power s ta t ions . '  Because the amounts rejected are  so large,  the use 
. . . - -  -- . -. - . .-.- .. . .- 
: of even a small percentage of i t  would represent important energy savings. 

There have been relat ively few useful applications of the waste heat. to  

date ,  however, primarily because of ,poor economics. I t  i s  usually 

uneconomical to  convey the heat f o r  several miles, e i ther  as very low- 
-- pressure, high-specific-volume steam or as warm water only a few degrees 

above ambient temperature, because of pumping, p'iping, and right-of-way 

costs.  The u t i l iza t ion  factor ( i  . e . ,  the r a t io  of actual heat use to 

.design capacity) i s  of particular importance in the cost ana lys is . .  The , 

r e l i a b i l i t y  of the waste heat supply i s  also an important consideration,' 
.. . 

In discussinq why there has been re la t ive ly  l i t t l e  use of central po\.,cr - 

stat ion waste heet, sea1 1 stated that  the absence of an' organized e f fo r t  

in th i s  respect by the u t i l i t i e s  industry and the lack of profi t  incentives 

for  a u t i l i t y  (other than those that  accrue from good pub1 i c  relations 

or from rental of ,unusedd lands) may be the reason why present-day appl i -  

cations are primarily of a demonstration nature. 
- -.-- .. -- . 

Some of the best geothermal s i t e s  in the United States are in the 

lower Imperial Valley of California where many food crops are  grown. I t  

may be that  food drying, green'house heating, and canning operations would 

prof i t  from use of the waste heat from geothermal power cycles rather than 



u s i n g  pr ime hea t  f rom t h e  geothermal w e l l s .  The temperature o f  t h e  steam 

exhaus t ing  f rom the  t u r b i n e  o f  a  s t a t i o n  us ing  d r y  c o o l i n g  towers would be 

h i g h  enough f o r  abso rp t i on  r e f r i g e r a t i o n  system, such as those ope ra t i ng  

on t he  l i t h i um-b rom ide  cyc le .  Th i s  r e f r i g e r a t i o n  cou ld  f r eeze  food, pro-  

v i d e  c o l d  s torage,  and be used f o r  a i r  c o n d i t i o n i n g .  The steam temperature 

would a l s o  be h i g h  enough f o r  use i n  wa te r -desa l t i ng  p l an t s ,  which may 

become p r o f i t a b l e  i n  t h e  Impe r i a l  V a l l e y  because of t h e  shor tage o f  

po tab le  water .  

I n  1972 Congress enacted amendments t o  t h e  Federal  Water Pol  1  u t i  on 

Cont ro l  A c t  (FWPCA), which g e n e r a l l y  r e q u i r e d  t h e  use o f  t h e  b e s t  a v a i l -  

a b l e  technology t o  d i s s i p a t e  heat  produced i n  t h e  genera t ion  o f  e l e c t r i c  . a 

power. Subsequent gu ide l i nes ,  proposed by t h e  EPA i n  1974, found t h a t  

t h i s  goal  cou ld  be met. o n l y  by , c l osed  r e c i r c u l a t i n g  c o o l i n g  systems. I 
I 

. . A1 though use o f  c o o l i n g  towers f o r  hea t  d i s s i p a t i o n  would reduce I 
' I  

t h e  sometimes severe environmental  impacts assoc ia ted  w i t h  once-through 

c o o l i n g  systems, i t  i s  recognized t h a t  wet c o o l i n g  towers a r e  n o t  w i t h -  
? o u t  t h e i r  drawbacks. As ide f rom increased cos ts ,  towers can cause 

d ischarges o f  vapor plumes, ground l e v e l  f og ,  undes i rab le  aerosol  d r i f t  

( e s p e c i a l l y  when s a l  i n e  water  i s  used . f o r  makeup) and can generate no ise,  

be v i s u a l l y  conspicuous, and l a s t ,  b u t  perhaps most i m p o r t a n t l y  i n  water-  

s h o r t  areas, consumpt ive ly  evaporate s i g n i f i c a n t  q u a n t i t i e s  o f  water .  A  

50-MW(e) geothermal power s t a t i o n  w i t h  an o v e r a l l  thermal e f f i c i e n c y  o f  

10% and a  concen t ra t i on  f a c t o r  o f  2 i n  t h e  c o o l i n g  towers would r e q u i r e  

abgut 0.4 m3/sec (6000 gpm) o f  make& water .  

Expa,nsion o f  e l e c t r i c  power a t  t oday ' s  growth r a t e s  i n d i c a t e s  
. .  . .  . . . - - - - . . . . - . 

a  f u t u r e  need f o r  c o o l i n g  tower makeup water  t h a t  w i l l  f u r t h e r  s t r e s s  an 

i n t e n s e l y  compe t i t i ve  s i t u a t i o n  w i t h  regard  t o  water  a v a i l a b i l i t y .  Water 

q u a l i t y  as w e l l  as q u a n t i t y  i s  a l s o  now a  ser ious  issue.  Wet c o o l i n g  

towers n o t  o n l y  consume water,  b u t  i f  t h e  un t rea ted  blowdown i s  r e tu rned  

t o  a  d im in ished  stream, t he  concen t ra t i on  o f  s o l i d s  and i m p u r i t i e s  i s  

increased downstream. 



I . > 
i ssues.  Each s t a t e  has i t s  own laws and r e g u l a t i o n s  concern ing waJer use, 

I and a l t hough  t h e r e  has been much progress i n  ach iev ing  u n i f o r m i t y ,  t he  

d i s p a r i t i e s  a r e  s t i l l  s u f f i c i e n t  t o  make a  d e t a i l e d  t rea tment  o f  t he  
-. - - - -- - - .. . . .. 

s u b j e c t  beyond t h e  scope 'o f  t h i s  d iscuss ion .  The l e g a l  aspects a re  

I , thus ~ o m p l  ex 'and t h e  s u b j e c t  o f  much 1  i ti ga t i on .  Despi t e  t he  we igh t  

I g i ven  t o  precedent by t h e  cou r t s ,  l e g a l  dec i s i ons  

I a r e  i n f l u e n c e d  by changing s o c i e t a l  pressures, and i n  no area i s  t h i s  

more ev iden t  perhaps than i n  water  r i g h t s  r u l i n g s .  Decis ions handed down 

a  few years  ago may no l onge r  seem proper  when viewed i n  t h e  1  i g h t  o f  

I t o d a y ' s  water  demands. Courts wi  11 become i n c r e a s i n g l y  i n v o l v e d  i n '  eva l  u- 
' I 

a t i o n  o f  t h e  r e l a t i v e  m e r i t s  o f  water  uses, such as i r r i g a t i o n  vs c o o l i n g  

tower makeup. The s takes a r e  v e r y  high, and t h e  t e c h n i c a l  and economic 

aspects i n  such' cont rov.ers ies may tend t o  g e t  l o s t  i n  t h e  i n t e n s e l y  po-. - 

l i t i c a l  c l i m a t e s  i n  which t he  i ssues  w i l l  be s e t t l e d .  
. . .  

I 
I 



I 

CONDENSERS / 
! 

To o b t a i n  good Rankine c y c l e  e f f i c i e n c i e s  t h e  t u r b i n e  exhaust 

I p ressure  must be as low as can economica l l y  be a t t a i n e d .  Table  1  1  i s t s  

1 t h e  condensing p ressure  assoc ia ted  w i t h  t h e  condensing temperatures o f  

work ing  fl u i  ds commonly used i n  geothermal power c y c l e s  : water ,  

ammonia, Freon-22, isobu'tane, and isopentan;. 1. 
The exhaust p ressure  of a  h i g h - e f f i c i e n c y  steam t u r b i n e  must be 

I w e l l  below atmospher ic.  The vacuum i s  ach ieved by condensing t h e  exhaust 

1 steam, which a l s o  serves t h e  impo r tan t  f u n c t i o n  i n  c l osed  cyc l es  o f  

a1 l ow ing  recovery  o f  t h e  condensate. The degree o f  vacuum ob ta i ned  

depends on t h e  t u r b i n e  1  oading, the'-amounts of noncondensabl e  gases 

I p resen t  i n  t h e  condenser because o f  i n leakage  and o t h e r  sources, t h e  

I c l e a n l i n e s s  o f  t h e  condenser tube  sur face ,  and most i m p o r t a n t l y  t h e  
1 1 condensing temperature o f  t h e  steam as i n f l u e n c e d  by t h e  temperature o f  - 

I t h e  coo l  i n g  wa te r  ( o r  o t h e r  hea t  s i n k )  a v a i l a b l e .  The condensing tem- I 
I I 

\ pe ra tu re  i.s u s u a l l y  i n  t h e  range o f  3-  t o  6°C ( 5  t o  10°F) above t h e  .I 
average temperature o f  t h e  c o o l i n g  water  used as t h e  hea t  s i n k  o r  about  

8°C (15°F) above t h e  average d r y -bu lb  temperature o f  t he  ambient a i r  i f  

d r y  coo l  i n g  t owe rs .  a r e  used. / 
, .. . . 

The amount o f  m o i s t u r e  p resen t  i n  t h e  l a s t  stages o f  t h e  t u r b i n e  i s  
~ o f t e n  t h e  l i m i t i n g  f a c t o r  i n  t h e  expansion process. The optimum des ign  I 

I 

exhaust c o n d i t i o n s  , w i l l '  t hus  va r y  w i t h  t h e  steam and coo l  i ng -wate r  
1 

cos t s .  I 
The .. amount o f  noncondensable gases p resen t  i n  t h e  condenser i s  

dependent on t h e  t i g h t n e s s  o f  t h e  system a g a i n s t  a i r  in leakage,  t h e  

I amounts o f  gases e n t r a i n e d  o r  d i s s o l v e d  i n  t h e  steam supp ly  t o  t h e  1 
t u r b i n e ,  and t h e  amounts o f  gases re leased  by chemical  r e a c t i o n s  i n  t h e  

water .  Thermal power s t a t i o n s  u t i l i z i n g  steam f l a s h e d  f r om a  geothermal 

f l u i d  may have t o  contend w i t h  r e l a t i v e l y  l a r g e  amounts of noncondensable 
I 

gases be ing  swept th rough  t h e  t u r b i n e  and i n t o  t h e  condenser. The non- 

condensable gases, even i n  amounts o f  l e s s  than  1% o f  t h e  t h r o t t l e  

* 
Where f e a s i b l e ,  t h i s  s tudy  g i v e s  S I  u n i t s  f o l l o w e d  i n  parentheses by  

t h e  commonly used E n g l i s h  u n i t s .  Conversions were made by u s i n g  t h e  
f o l l o w i n g  accepted re fe rence :  American Soc ie t y  f o r  Tes t i ng  and M a t e r i a l  s, 
Standard f o r  Metric Practice, E 380-76, Phi  1  adel  ph i a  ( 1  976).  The met hod 

I 

t o  show f a c t o r s  f o r  c o n v e r t i n g  u n i t s  i s  i l l u s t r a t e d  by t h e  f o l l o w i n g  
example: B t u l h r - f t *  O F  = W-m/m2-K x  0.577789. T h i s  convers ion  s t a t e s  t h a t ,  
t o  o b t a i n  t h e  u n i t s  o f  B tu /h r - f t a °F ,  va lues expressed i n  ~ - m / m ~ * K  should  be 
m u l t i p l i e d  by 0.577789.- 



Table  . 1 .  S a t u r a t i o n  p r e s s u r e  of common working f l u i d s  a s  a  f u n c t i o n  o f  t empera tu re  

Wa t e r a  ~rnmon i  ab  reo on-22' lsobutaned Isopentane d  

" C " F k Pa p s i a e  k Pa p s i a  kPa p s i a  kPa p s i a  kPa p s i a  

65 149 25.030 3.6303 2953 428.2 2507 378.1 967 140.2  31 2  45.2 ' 1 

70 158 31 . I 9 0  4.5237 3317 481 . I  2996 434.5  1080 156.6  355 51.5  

a ~ .  H .  Keenan and F.  G .  Keyes, Steam Tables  -.lVetrie Units,  Wiley New York, 1969. 

b ~ .  L. Mi 1 o r a  and S. K .  Combs, Thermodynamic R e p r e s e n t a t i o n s  of A m o n i . ~  and  Isobutane,  
ORNL/TM-5847 (May 1977) .  

c Handbook of Fundamentals, American S o c i e t y  of Heat ing,  R e f r i g e r a t i o n ,  and Air-Condi t ioning 
Engineers ,  New York', 1972. 

d K.  E .  S t a r 1  i ng , F l u i d  Thermodynamic P r o p e r t i e s  f o r  L i g h t  Petrolewn Systems, Gulf Pub1 i s h i  nq 
Ccmpany , Houston, 1973. 

e kPa ( k i l o p a s c a l )  = p s i a  x 6.894757. 



steam flow, can reduce markedly t h e  performance o f  t h e  condensing equip-  
: 

ment un less  adequate p r o v i s i o n s  t o  accommodate and remove these gases 

a r e  prov ided.  The hydrogen s u l f i d e ,  which may make up a h i gh  percentage 

of  t h e  noncondensable gases, i s  t o x i c  and c o r r o s i v e  and has an o b j e c t i o n -  

a b l e  odor even i n  very  smal l  concen t ra t ions .  Means w i l l  be r e q u i r e d  a t  

most i n s t a l l a t i o n s  t o  c o l l e c t  and d ispose o f  t he  condensables i n  an 

approved manner. Cool ing-system equipment p robab ly  w l l l  r e q u i r e  spec ia l  

c o r r o s i o n  p r o t e c t i o n .  The system des igner  must keep i n  mind t h e  t ime 

r e q u i r e d  t o  lower  t h e  condenser p ressure  t o  .the des ign t u r b i n e  back 

p ressure  f o r  s t a r t u p .  Spec ia l  h i gh -capac i t y  pumping equipment, c a l l e d  . .. 
.- 

t h e  "hogging" s y s t e ~ i ~ ,  i s  needed i f  the  t ime i s  kep t  t o  w i t h i n  reasonable 

1 i m i  t s  (about  30 min  t o  1  h r ) .  Many power s t a t i o n s  have two-stage pumps 

o r  e j e c t o r s ,  and some arrange t he  f i r s t  s tage f o r  hogging. 
-- 

The above comments app l y  t o  condensing systems fo; steam t u r b i n e s .  

I n  c o n t r a s t ,  work ing f i u i d s  o t h e r  than water  r e s u l t  i n  cyc les  hav ing 

pressures g r e a t e r  than atmospheric throughout,  and a i r  i n leakage i n t o  

t h e  systems i s  n o t  as g r e a t  a  problem. I n  f a c t ,  t he  condensing pres-  

sures a r e  h i g h  enough i n  Freon-22 and ammonia systems t o  make i t  more 

economical a t  t imes t o  use severa l  smal l  condensers r a t h e r  than a s i n g l e  

l a r g e  s h e l l  designed t o  w i t hs tand  t h e  pressure.  Another d i s t i n c t  d i f f e r -  

ence between t h e  use o f  water  and o t h e r  work ing f l u i d s  i s  t h a t  a l though 
1 .  

t h e  thermodynamic p r o p e r t i e s  of  water  r e s u l t  i n  a  t u r b i n e  exhaust i n  t he  

sa tu ra ted  vapor reg ion ,  t h e  exhausts a r e  i n  t h e  superheated r e g i o n  when 

u s i n g  i sobutane, Freon-22, o r  ammonia/ 



S i n g l e - f l u i d  d i r e c t - c o n t a c t  condensers 

I n  a  t y p i c a l  d i r e c t - c o n t a c t  condenser, t h e  vapor i s  condensed by  - 
sp ray ing  t h e  subcooled 1  i q u i d  o f  t h e  same ,fl u i d  i n t o  it. Condensation 

occurs  on t h e  f a l l i n g ,  r e l a t i v e l y  coo l ,  1  i q u i d  d r o p l e t s .  The most common 

forms a r e  t h e  l ow - l eve l  and ba rome t r i c - l eg  types used t o  condensate t h e  

t u r b i n e  exhaust i n  steam power p l a n t s .  Another form bubbles t h e  vapor t o  

be condensed through a  pool  o r  stream o f  t h e  l i q u i d .  Both o f  these types, 

hav ing  o n l y  a  s i n g l e  f l u i d  present ,  a re  termed " s i n g l e - f l u i d "  condensers. 

( D i r e c t - c o n t a c t  condensers a r e  a1 so be ing  i n v e s t i g a t e d  f o r  b i n a r y  

geothermal power c y c l e s  where t h e  t u r b i n e  exhaust i s  condensed by 

d i r e c t  c o n t a c t  w i t h  a  d i f f e r e n t  i m m i s c i b l e  f l u i d .  Th i s  t y p e  o f  con- 

denser i s  c a l l e d  a  " t w o - f l u i d "  t ype  and i s  d icussed be low) .  
. . -_______ _ _ 

D i r e c t - c o n t a c t  condensers tend t o  be s imp le r  i n  des ign  than s u r f a c e  

condensers, and they  have app rec i ab l y  l owe r  i n i t i a l  cos t s ,  p a r t i c u l a r l y  

i n  geothermal power a p p l i c a t i o n s  where t h e  d i r e c t - c o n t a c t  condensers do 

n o t  r e q u i r e  complex i n t e r n a l s .  There a r e  n o t  as many leakage problems 
\" 

w i t h  spray condensers as w i t h  t h e  m u l t i p l i c i t y  o f  tube j o i n t s  i n  su r f ace  

condensers. U n l i k e  t h e  l a t t e r ,  t h e  spray condensers r e q u i r e  l i t t l e  
. . . . . . . - . . - . - . - . . 

maintenance o r  c lean ing ,  and t h e  hea t  t r a n s f e r  performance does n o t  

d e t e r i o r a t e  w i t h  t ime.  Spray condensers may occupy about  o n e - t h i r d  t h e  

space o f  a su r f ace  condenser f o r  t h e  same du ty ,  and t h e r e  w i l l  be a  

cor responding r e d u c t i o n  i n  cos t s  o f  t u r b i n e  pedes ta ls  and o t h e r  concre te  

work. 

The disadvantages o f  d i r e c t - c o n t a c t  condensers a r e  ma in l y  assoc ia ted  

w i t h  t h e  f a c t  t h a t  t h e  condensate i s  mixed w i t h  t h e  c o o l i n g  water .  The 

contaminated condensate would- r e q u i r e  deae ra t i on  and t rea tment  b e f o r e  i t  

cou ld  aga in  be used as b o i l e r  feedwater.  Th i s  f a c t o r  o f  wa te r  q u a l i t y  

prevented widespread use o f  d i r e c t - c o n t a c t  condensers i n  l a r g e  steam. 

power s t a t i o n s  f o r  severa l  decades. I t  was n o t  u n t i l  t he  r e l a t i v e l y  

r ecen t  i n t e r e s t  i n  d r y  c o o l i n g  towers and t h e  H e l l e r  system t h a t  t h e  

d i r e c t - c o n t a c t  condensers have aga in  come i n t o  l i m i t e d  use. I n  t t - ] i s  

-.. 
system, as was i n d i c a t e d  i n  F i g .  . 4, t h e  condenser wa te r  i s  coo led  i n  a - 

c l osed  l o o p  i n  an a i r - c o o l e d  c o i l  so t h a t  i t  can be ma in ta ined  a t  a h i g h  

q u a l i t y  and w i t h  low gas con ten t .  Geothermal power c y c l e s  have a l s o  



g i ven  impetus t o  t h e  use o f  d i r e c t - c o n t a c t  condensers because t he  con- 

densate i s  n o t  recovered i n  many ins tances .  I f  deaera t ion  o f  t he  con- 

densate and minimum subcool i n g  t i re  n o t  o f  p e r t i c u l a r  i n t e r e s t ,  condensers 

do n o t  need a  compl i c a t e d  i n t e r n a l  arrangement o f  nozz les,  b a f f l e s ,  and 

trays'. 
. .... -. . .. .. . -. . .  . .- -- 

A f uc the r  disadvantage o f  d i r e c t - c o n t a c t  condensers i s  t h a t  near  

s a t u r a t i o n  c o n d i t i o n s  a t  t h e  hot-we1 1  pump i n l e t  necess i t a te  t h a t  t h e  

coo l ing-wate r  pumps operate w i t h  l ow-ne t -pos i t i ve  s u c t i o n  heads i f  

f l a s h i n g  i s  t o  be avoided. The pumps t h a t  c i r c u l a t e  c o o l i n g  water  t o  

t h e  condensers may a l s o  operate a t  a  h i ghe r  head than  pumps t h a t  supply  
. . . . 

wa te r  t o  a  su r f ace  condenser. I n  t he  l a t t e r ,  t h e  o n l y  pumping head i s  

due t o  f l u i d  f r i c t i o n ,  and t h e  whole system operates above atmospheric 

pressure.  I n  d i r e c t - c o n t a c t  condensing systems used i n  con junc t i on  w i t h  

a i r - c o o l e d  c o i l s  (as i n  t h e  H e l l e r  arrangement), ope ra t i on  o f  the c o i l  

p o r t i o n  of t h e  system above atmospheric p ressure  t o  min imize a i r  i n l e a k -  

age i s  d e s i r a b l e .  I n  t h i s  case, t h e  wate r  pumps must supply  t h i s  head 

p l u s  t h e  pressure drops a t  t h e  spray nozz les.  [The l a t t e r  i s  u s u a l l y  i n  

t h e  range o f  about 34.5 kPa ( 5  p s i ) ] .  I n  theory ,  a  h y d r a u l i c  tu.rbine 
.. - - .- --- - -  - -  ... 

cou ld  be used between t he  c o i l s  and t h e  condenser as a  p ressure  le tdown 

dev'ice t o  recover  a  p o r t i o n  o f  t he  pumping head, b u t  t h i s  system may be 

marg ina l  and each p a r t i c u l a r  case needs t o  be s tud ied .  To p reven t  

f l o o d i n g  of  t h e  condenser i n  t h e  ~ e l l e r  system i n  t h e  event  o f  f a i l u r e  

o f  t h e  w a t e r - c i r c u l a t i n g  pumps, s low-c los ing  s top  va lves a re  needed i n  

t h e  supply  l i n e  t o  t h e  water  spray nozz les.  The a i r - c o o l e d  c o i l s  a l s o  

need t o  be p r o t e c t e d  f rom any excess ive pressure surges i n  t h e  con- 

denser.'+ M ix ing ,  o r  d i r e c t - c o n t a c t ,  condensers can be c l a s s i f i e d  as 

e i t h e r  ( 1  ) baromet r i c  o r  ( 2 )  l ow - l eve l  types:  
I .  

1 .  A baromet r i c  condenser i s  shown i n  F ig .  6 ,.. The t u r b i n e  

exhaust en te r s  a t  t h e  t op  o f  t h e  mix ing  chamber where i t  meets t he  

c o o l i n g  water,  which i s  e i t h e r  i n j e c t e d  by  spray nozz les o r  a l lowed t o  

sp lash  t o  form c u r t a i n s  through which ' t he  steal11 must pass. The condensed 

steam and c o o l i n g  water  c o l l e c t  i n  t h e  bot tom o f  t he  vessel  and d r a i n  

i n t o  a  t a i l  p i p e  [10.4 m  (34 f t )  o r  more i n  he igh t ] ,  which a c t s  a s  n 
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F i g .  6. /. Schematic o f  f l o w  arrangement i n  d i r e c t - c o n t a c t  con- ' 

densers:  ( a ) '  c o u n t e r f l o w  and ( b )  para-1 1 e l  f l ow .  Source: H.. R. Jacobs 
and Heimer Fannar, Direct Contact Condensers - A  Literature Sunrey, 
06/1523-3 ,  UTEC 77-081 , Mechanical Eng ineer ing  Dept. , U n i v e r s i t y  o f  Utah, 
S a l t  Lake City, (February  1977),  F i g .  2.A (2 -1 ) .  Repr in ted  b y  permiss ion .  



. . 
ba rome t r i c  l e g  o r  column t o  a l l o w  t h e  condensate t o  f l o w  o u t  by  g r a v i t y  

th rough  a wa te r  sea l ,  o r  a i r  t r a p .  T h i s  arrangement e l i m i n a t e s  t h e  need 

f o r  t h e  condensate Gmp, vacuum breaker ,  and pressure- re1 i e f  dev ices  b u t  

has t h e  d isadvantage o f  r e q u i r i n g  12 m (40 f t )  o r  more o f  headroom. The 

m i x t u r e  o f  noncondensable gases and wate r  vapor c o l l e c t s  a t  t h e  t o p  o f  

t h e  vesse l  a f t e r  be ing  i n  cowtac t  w i t h  t h e  c o o l e s t  water,  and t h e  gas i s  

removed by  e i t h e r  vacuum pump o r  steam e j e c t o r .  M i x i ng  condensers can 

(. d i f f e r  i n  des ign  accord ing  t o  whether t h e  steam f l o w  i s  c o u n t e r c u r r e n t  

t o  t h e  wa te r  spray, as i n  F i g .  6 ( a )  1, o r  p a r a l l e l  t o  t h e  spray,  as i n  

' F i g .  6 (b)  / , b u t  t h e  performance c h a i a c t e r i s t i c s  a r e  s i m i l a r .  

2. A l ow - l eve l  d i r e c t - c o n t a c t  condenser may be e s s e n t i a l l y  t h e  . .-. . 

same as a baromet r i c  condenser except  t h a t  t h e  condensate i s  removed by 

pumping r a t h e r  than  by g r a v i t y  f l ow th rough  t h e  baromet r i c  l e g .  E l im ina -  

t i o n  o f  t h e  t a i l  p i p e  u s u a l l y  makes i t  p o s s i b l e  t o  i n s t a l l  t h e  condenser .: 
i n  t h e  optimum p o s i t i o n  d i , r e c t l y  coupled t o  t h e  t u r b i n e  exhaust.  The 

space requ.irements a r e  no more than  those f o r  a su r f ace  condenser. The 

condensate removal can be e f f e c t e d  by e i t h e r  c e n t r i f u g a l  pumps, t h e  

k i n e t i c  energy o f  wa te r  j e t s ,  o r  a combinat ion o f  t he  two. 

A v a r i a t i o n  o f  t h e  l ow - l eve l  d i r e c t - c o n t a c t  condenser i s  t h e  m u l t i -  

j e t  e j e c t o r  condenser.  ere, t h e  c o o l i n g  wa te r  f lows a t  h i g h  v e l o c i t y  

f rom converg ing j e t s  i n t o  a Ven tu r i  s e c t i o n  t h a t  a s p i r a t e s  t h e  exhaust 

steam i n t o  t h e  t h r o a t  and condenses i t .  Th i s  arrangement has t h e  

advantage of removing t h e  noncondensable gases a long  w i t h  t h e  vapor and 

can ach ieve  h i g h  vacuums. The coo l ing -wate r  consumption i s  h i g h e r  than  

t h e  consumption f o r  t h e  m i x i n g  chamber t ype  o f  condenser. However, f o r  

r e l a t i v e l y  smal l  geothermal a p p l i c a t i o n s  (such as w e l l  head i n s t a l l a t i o n s )  

where t h e  amount o f  noncondensable gases a r e  r e l a t i v e l y  h i g h  and unpre- 

d i c t a b l e ,  t h e  e j e c t o r  condenser may be cons idered.  

The s h e l l s  f o r  d i r e c t - c o n t a c t  condensers have t y p i c a l l y  been made 

of carbon s t e e l .  However, t he  Bechte l  Corpora t ion  s tudy  f o r  a 50-MW(~)  

geothermal power p l a n t  a t  Heber, Cal i f o r n i a ,  proposed t h a t  t h e  l ow - l eve l  

d i r e c t - c o n t a c t  condenser s h e l l s  be f a b r i c a t e d  o f  r e i n f o r c e d  concre te  de- 

s igned f o r  517 kPa (75 p s i a )  and f u l l  vacuum.5 A condenser of s i m i l a r  

des ign i s  be ing  i n s t a l  l e d  d t  Hatchobaru, Japan.  he i n t e r i o r  su r f ace  



of t h e  conc re te  would be impregnated w i t h  an epoxy m i x t u r e  t o  seal  

a g a i n s t  a i r  i n l eakage  th rough  h a i r l i n e  c racks .  S a t i s f a c t o r y  o p e r a t i n g  

exper ience w i t h  s i m i l a r l y  sea led concre te  vesse ls  i n  d e s a l t i n g  p l a n t s  i s  

c i t e d  by Bechte l  . The we igh t  o f  t h e  concre te  she1 1  s  i s  s u f f i c i e n t  t o  

. . 
anchor t h e  condensers even where groundwater e l e v a t i o n s  a re  r e l a t i v e l y  

h igh .  . .. . .. . . 
. . 

I n  a  t y p i c a l  s i n g l e - f l u i d  d i r e c t - c o n t a c t  condenser, c o o l i n g  wa te r  

i s  sprayed i n t o  t h e  t u r b i n e  exhaust steam, and condensat ion occurs on 

t h e  wate r  d r o p l e t s .  The sp lash ing  a c t i o n  a t  s a t u r a t i o n  temperature 

p rov ides  good deaera t ion .  The t e rm ina l  temperature d i f f e r e n c e  ( i . e . ,  

t h e  temperature d i f f e r e n c e  between t h e  l e a v i n g  wate r  and t h e  condensing 

steam temperature)  t h e o r e t i c a l  l y  cou ld  be zero,  b u t  i n  a c t u a l  p r a c t i c e  

may be as h i g h  as 6OC ( lO°F) .  For  a  g iven  coo l  i ng -wate r  i n l e t  ternpera- 

t u re ,  t h e  d i r e c t - c o n t a c t  condenser w i l l  p r o v i d e  lower  t u r b i n e  back, I 
pressures than  would a  su r f ace  condenser. 

. .  - -.... -. - . . 
The hea t  t r a n s f e r  processes i n  t h e  condenser a r e  complex and h i g h l y  

dependent upon t h e  phys i ca l  dimensions o f  t h e  system. Devel opment ,,of i 
I 

mathematical  models f o r  spray condensers would depend on knowing s t r i p p i n g  . 
and d i f f u s i o n  c o e f f i c i e n t s .  Much o f  t h i s  i n f o r m a t i o n  i s  cons idered  p ro -  

p r i e t a r y .  The two parameters t h a t  p robab ly  have t h e  g r e a t e s t  i n f l u e n c e  1 
on t h e  performance a r e  t h e  su r f ace  area o f  t h e  condensing wate r  i n  con- ! 

i 

t a c t  w i t h  t h e  steam and t h e  r e l a t i v e  v e l o c i t y  between t h e  steam and t h e  I 

condensing water .  There i s ,  then, an advantage t o  sma l l e r  wa te r  d r o p l e t s  
I 

and l onge r  f a l l  t imes.  A t e rm ina l  temperature d i f f e r e n c e  o f  about  3OC 

(5°F) i s  common p r a c t i c e ,  a1 though t h i s  i s  dependent on t h e  amount o f  ! i 
noncondensable gases p resen t .  The E l e c t r i c  Power Research I n s t i t u t e  1 i 

has i n v e s t i g a t e d  t h e  model ing o f  d i r e c t - c o n t a c t  condensers so t h a t  t h e  I 

dimensions and cos t s  can be rough l y  est imated.  The model makes assump- I 

t i o n s  such as t h e  ho les  i n  t h e  t r a y s  a r e  1.27 cm (0.5 i n . )  i n  d iameter ,  

t h e  h e i g h t  o f  t h e  wa te r  i n  t h e  t r a y  i s  s i x  t imes t h e  h o l e  d iameter ,  and ! 

t h e  h e i g h t  o f  t h e  condenser f rom t h e  bot tom o f  t h e  f i r s t  t r a y  t o  t h e  
I 

-. wa te r  o u t l e t  i s  t w i c e  t h e  d i a r~ l e te r  o f  t h e  t r a y .  Such r u l e s  o f  thumb 

a r e  s u f f i c i e n t  f o r  t h e  model ing purposes in tended  b u t  are,  o f  course, 
- .  

n o t  r e1  i a b l e  des ign  guides. I n  des ign  o f  t h e  u n i t s ,  ma jo r  manufacturers  

r e l y  h e a v i l y - o n  p rev ious  exper ience and e x p e r i -  
. - 

mental  t e s t i n g  programs. There i s  ve r y  l i t t l e  s p e c i f i c  des ign  in fo rma-  
I.' 

t i o n  i n  t h e  l i t e r a t u r e ,  
. .. 



Two-f l  u i d  d i  r e c t - c o n t a c t  condensers 
. . 

I n  geothermal b i n a r y  power c y c l e  a p p l i c a t i o n s ,  t h i s  . type o f  con- i I 
denser would condense t h e  t u r b i n e  exhaust vapor m i x t u r e  by d i r e c t  c o n t a c t  

w i t h  a  c o o l i n g  f l u i d  t h a t  i s ' i m m i s c i b l e  w i t h  t h e  work ing f l u i d .  The 

': vapor . may . be condensed by c o n t a c t  w i t h  sprayed d r o p l e t s  f rom t h e  c o o l i n g  
, ' .  , . f l u i d ,  by b r i n g i n g  t h e  vapor i n t o  c o n t a c t  w i t h  a  f i l m  o f  t h e  c o o l a n t  , . 

' . : . . l i q u i d ,  o r  by bubb l i ng  t h e  vapor th rough  a  pool  o f  t h e  c o o l i n g  f l u i d .  

The work ing f l u i d s  g e n e r a l l y  cons idered  f o r  t h i s  t ype  o f  geothermal 

c y c l e  a r e  1  i g h t  hydrocarbons and ha1 ogenated hydrocarbons, and t h e  

obv ious s e l e c t i o n  f o r  t h e  coo lan t  i s  water  because o f  i t s  s u p e r i o r  

thermal  p r o p e r t i e s ,  l ower  pumping energy requi rements ,  and lower  cos t .  

A  t y p i c a l  b i n a r y  geothermal cyc l e ,  d i r e c t - c o n t a c t  condenser a p p l i c a t i o n  

would condense a  m i x t u r e  .of about 90 t o  95% work ing f l u i d  (such as 

i sobu tane  o r  isopentane)  and about 5% steam by t r a n s f e r r i n g  heat  ( 1  ) 

i n t o  wa te r  d r o p l e t s  th rough  a  water  f i l m  o r  ( 2 )  f rom c o l l a p s i n g  vapor 

bubbles i n t o  a  water  poo l .  

U n l i k e  d i r e c t - c o n t a c t  b o i l e r s  o r  heat  exchangers, which a r e  o f  p r i -  

mary i n t e r e s t  i n  yeothermal c y c l e s  because t hey  reduce t h e  s c a l i n g  and 

f o u l i n g  problems, d i r e c t - c o n t a c t  condensers would be j u s t i f i e d  m a i n l y  on I 
t h e  bas i s  o f  l ower  c a p i t a l  cos ts ,  c l o s e r  approach temperature,  and more 

e f f i c i e n t  sepa ra t i on  o f  t h e  two f l u i d s .  D i r e c t - c o n t a c t  condensers 

b r i n g i n g  t h e  work ing f l u i d  vapor i n t o  c o n t a c t  w i t h  f a l l i n g  water  d r o p l e t s  

would n o t  be u n l  i ke t h e  s i n g l e - f l u i d  d i r e c t - c o n t a c t  t ypes  descr ibed  i n  

Sect .  2.3.2. F i lm - t ype  d i r e c t - c o n t a c t  t ypes  would use a  packed be.d o f  

r i n g s  o r  saddles.  Bubble-type condensers have been o f  i n t e r e s t  p r i m a r i l y  
! 

as open feedwater hea te rs  and vapor suppress ion systems i n  r e a c t o r  con- i 
ta inments  and i n  condensers f o r  seawater d i s t i l l a t i o n .  

C ' 
Jacobs and ~ a n n a k ~ l  have reviewed t h e  s t a t e  o f  t h e  a r t  of d i r e c t -  

c o n t a c t  . condensers . . .  . .  . and have pub l i shed  a  comprehensfve l i t e r a t u r e  survey I--. 
on t h e  sub jec t ,  cove r i ng  bo th  U.S. and B r i t i ' s h  sources. Many o f  t h e  

above comments on d i r e c t - c o n t a c t  condensers were e x t r a c t e d  f rom t h e i r  

work. Work i s  i n  progress a t  t h e  U n i v e r s i t y  o f  U tah ' s  Mechanical 

Eng ineer ing  Department on d i r e c t - c o n t a c t  hea t  exchangers. 8' These t e s t s  
a re  r e l a t e d  t o  those now be ing  conducted a t  E a s t  Mesa, Cal i f o r n i a ,  by 

DSS Engineer i 'ng ( F t .  Lauderdal e, F l o r i d a )  on m ix i ng - t ype  hea t  exchangers. 

The DOE-sponsored t e s t s  a t  The Great  Lakes Chemical Company i n  E l  Dorado, 

Arkansas, w i l l  a l s o  i n v e s t i g a t e  d i r e c t - c o n t a c t  b o i l e r s  and condensers. 
. .. . . 



Surface condensers 

In binary geothermal power cycles a surface condenser i s  commonly 

used to  separate the working f1ui.d and the condenser coolant. The con- 

densers are the shell-and-tube type, .and almost without exception the con- 

densing vapor i s  on the shell side and the coolant flows through the tubes. 

Surface condensers are widely used in steam power s tat ions and the con- 

struction features. and heat t ransfer  relationships are well documented 

in the l i te ra ture .  Some selected properties of 1 iquid ammonia, -Freon-22, 

isobutane and water are given i n  Table 2 .  



Table 2. . Selected properties of liquid.ammonia, Freon-22, 
isobutane, and water at temperatures of 15, 40, and 60°C 

- - 

Properties for given temperatures 

Fluid 

Ammon i a 
Freon-22 
I sobutane 
Water 

Ammon i a 
Freon-22 
Isobutane 
Water 

Ammon i a 
Freon-22, 
Isobutane 
Water 

Ammon i aC 
Freon-2Ze 
lsobutaneC 
~a terd 

ka = thermal conductivity, ~ . m / m * . ~ ~  

u = absolute viscosity, Pa-sec or kg/rn-sec h 

c = specific heat, J/kg-K or W.sec/kg-K b 
P 

P = density, kg/m3 ..+ 

hf9 
= latent heat vaporization, MJ/kg or MW-sec/kg 

Ammon i aC 1.21 
Freon-22' 0.193 
Isobu aneC 2 0.337 
Water 2.47 

a Conversion factors: k: (W/m-K) x 0.577789 = Btulhr-fto0F; U: 
(Pa-sec) or (kg/m-sec) x 2419.09 lbm/ft-hr; c : (J/kg-K) or (W=sec/kg*K) 
x 0.0002388 = Btu/lbme0F; p :  (kg/m3) x 0.062$28 = 1bm/ft3; h : (Jlkg) 
or (W-sec/kg) x 429.5911 = Btu/l bm. f9 

b~hermophysical Properties of Refrigerants, Ameri can Soc i e ty of 
Heating, Refrigeration, .and Air-Conditioning Engineers, New York, 1976. 

C Handbook of Fundamentals, American Society of Heating, Refrigera- 
tion, and Air-Conditioning Engineers, New York, 1972. 

d ~ .  H. Keenan et a1 . , Steam Tables, Thermodynamic .Properties of . 

Water, Including Vapor, Liquid and Solid Phases, Wi 1 ey , New York , 1969. 



~ .' Noncondensable gases 

The pe rcen t  o f  noncondensable gases i n  geothermal steam v a r i e s  f r om  

w e l l  t o  w e l l  b u t  averages l e s s  than  1% by weight .  Typ i ca l  ranges o f  

concen t ra t i ons  of t h e  va r i ous  gases i n  geothermal steam a t  The Geysers 

a r e  shown i n  Tab le  3 .  1 Carbon d i o x i d e  i s  by f a r  t h e  ma jo r  c o n s t i t u e n t ,  

I 
amounting t o  7 5  t o  95%. o f  t h e  noncondensabl es. The f l  ashed-steam system 

a t  Cerro P r i e t o ,  Mexico, has steam e n t e r i n g  t h e  t u r b i n e s  which con ta i ns  

i m p u r i t i e s  i n  t h e  f o l l o w i n g  average amounts: C02, 14,000 ppm; H2S, 

1500 ppm; NHb, 110 ppm; c h l o r i n e ,  0.8 pprn; sodium, 0.4 ppm; S i02,  
_ '* . 0.2 ppm.9) A l though  hydrogen s u l f i d e  (H2S), a h i g h l y  t o x i c  gas, i s  

I '  : p resen t  i n  much s m a l l e r  amounts, i t  can be de tec ted  by smel l  a t  such low 

concen t ra t i ons  t h a t  a layman's impress ion i s  t h a t  i t  e x i s t s  i n  l a r g e  

amounts at .geotherma1 power i n s t a l l a t i o n s .  I t s  odor  i s  a nuisance a t  

c o n c e n t r a t i o n s  as low as 0.07 ppm, and i t  causes eye' i r r i t a t i o n  a t  

1 ppm. Pro longed exposure a t  concen t ra t i ons  o f  300 ppm can be f a t a l ,  
' L. 

and about 1 h r  o f  exposure t o  concen t ra t i ons  above 600 ppm i s  f a t a l . ' .  

The p o t e n t i a l  hazard o f  H2S i s  inc reased  because i t  cannot  be de tec ted  

by smel l  a t  t h e  h i g h e r  concen t ra t i ons .  Mercury and radon, which may be 

p resen t  i n  t r a c e  amounts a t  some w e l l s ,  a r e  o f  p a r t i c u l a r  concern 

because t hey  a r e  a l s o  t o x i c  a t  ve r y  low concen t ra t i ons .  1 Ammonia i s  a 

p o t e n t i a l  hazard, b u t  i t  u s u a l l y  e x i s t s  a t  t o o  low a concen t ra t i on  t o  be 

a % o f  concern. 101 
~eo th ' e rma l  power systems, p a r t i c u l a r l y  those u t i  1 i z i n g  steam 

f l a s h e d  f rom geothermal f l u i d s ,  may have t o  contend w i t h  s i g n i f i c a n t  

amounts o f  noncondensable gases be ing  swept th rough  t h e  system and in . to  

t h e  t u r b i n e  condenser. The gases reduce t h e  t u r b i n e  e f f i c i e n c y  by 
, -- , ./ e x p a n d i n g  w i t h  l e s s  en tha lpy  drop than  s teamy5 bu t ,  perhaps more 

i m p o r t a n t l y ,  t h e  gases can reduce t h e  condensing c o e f f i c i e n t  on t h e  

s h e l l  s i d e  by f a c t o r s  o f  2 o r  more. The e f f e c t s  o f  t h e  gases on t h e  

condensing process can be exp la i ned  as f o l l o w s :  



I 

Tab le  3. / Pe rcen t  b y  w e i g h t  o f  c o n s t i t u e n t  gases i n  
geothermal steam a t  The Geysers 

Gas Low High Design . 

. ... . -. 
Carbon d i o x i d e  0.0884 1.90 0.79 

Hydrogen s u l f i d e  0.0005 0.160 0.05 I 
Methane 0.0056 0.132 0.05 ,. 

Ammonia 0.0056 0.106 0.07 I 
N i t r o g e n  0.0016 0.0638 0.03 I 
Hydrogen 0.001 8 0.0190 0.01 I 
Ethane 0. 0003 0.0019 

T o t a l  0.120 2.19 1 .OO 

Source: J. P. Finney,  The Design and Operation of 
The Geysers Power Plant, Geothermal Energy, ed. by  
Paul Kruger  and Care1 O t t e ,  S t a n f o r d  U n i v e r s i t y  Press, 
Stanford ,  C a l i f s . ,  1973, Tab le  1, p. 148. 



1. As t h e  wate r  vapor proceeds th rough  t h e  condenser s h e l l ,  w i t h  

o n l y  a  r e l a t i v e l y  smal l  p ressure  drop due t o  f l ow f r i c t i o n ,  condensat ion 

causes t h e  p r o p o r t i o n  o f  t h e  noncondensable gases t o  i nc rease  and t h e  

p a r t i a l  p ressure  o f  t h e  wa te r  vapor t o  decrease. The condensing tempera- 

t u r e  o f  t h e  wa te r  vapor i s  the reby  reduced, as w e l l  as t h e  e f f e c t i v e  

temperature d i f f e r e n c e s  f o r  hea t  t r a n s f e r .  I nc reas ing  amounts o f  non- 

condensable gases t h e r e f o r e  reduce t h e  temperature d i f f e r e n c e  across t h e  

tube  w a l l .  

2. The wate r  vapor, d r i v e n  by t h e  p a r t i a l  p ressure  d i f f e r e n c e ,  

w i l l  move toward t h e  c o o l e r  w a l l s  o f  t h e  tubes and i n  do ing  so w i l l  

c a r r y  t h e  noncondensable gases w i t h  i t  t o  t h e  tube w a l l  s.  The gas f i l m  

sur round ing  t h e  tubes, un less  adequate ly  swept away by t h e  s t ream 

v e l o c i t i e s ,  a c t s  as a  b a r r i e r  th rough  which t h e  wate r  vapor must d i f f u s e .  

The r a t e  o f  condensat ion i s  thus  c o n t r o l l e d  by t h e  laws o f  vapor d i f f u -  

& 11 
s i o n  th rough  d - f i  l m  o f  noncondensable i r a t h e r  than  t h e  usual  1  aws 

o f  hea t  t r a n s f e r  by conduc t ion  and convec t ion .  Th i s  e f f e c t  can cause a  

s i g n i f i c a n t  r e d u c t i o n  i n  t h e  o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t .  
'i.' 

\ 3. The wate r  vapor p ressure  d i f f e r e n c e  t h a t  must e x i s t  t o  cause 

' d i f f u s i o n  of  t h e  vapor th rough  t h e  gas f i l m  causes a  f u r t h e r  r e d u c t i o n  

o f  t h e  e f f e c t i v e  temperature d i f f e r e n c e  f o r  hea t  t r a n s f e r .  

4 .  The i n c r e a s e , i . n  t h e . t o t a 1  b u l k  p ressure  i n  t h e  condenser caused 

by t h e  presence o f  t h e  noncondensable gases represen ts  a  cor responding 

i nc rease  i n  t h e  t u r b i n e  exhaust p ressure  and a  r e d u c t i o n  i n  t h e  en tha lpy  

d rop  exper ienced by  t h e  steam i n  expanding through t h e  t u r b i n e .  Con- 

sequen t l y  t h e  thermal e f f i c i e n c y  o f  t h e  power c y c l e  i s  reduced. 

5.  The steam j e t  e j e c t o r s ,  o r  t h e  vacuum pumps, necessary t o  remove 

t h e  noncondensable gases f r om t h e  condenser t o  p reven t  a  b u i l d u p  of t h e  

gases r e q u i r e  an energy i n p u t  t h a t  i s  l a r g e  enough t o  have an impo r tan t  

e f f e c t  on t h e  thermal e f f i c i e n c y  o f  t h e  c y c l e .  Increases i n  t h e  r a t e  

a t  which noncondensable gases e n t e r  t h e  system thus demand cor respond ing ly  

g r e a t e r  energy expend i tu res  f o r  t h e  gas removal .  



- 

6. I n  conven t iona l  power cyc les ,  t h e  noncondensable gases can be 

vented f r om t h e  system t o  t h e  atmosphere w i t h o u t  i n c u r r i n g  s i g n i f i c a n t  

env i ronmenta l  problems. Most geothermal power cyc l es ,  however, may 

have hydrogen s u l f i d e  o r  o t h e r  o b j e c t i o n a b l e  noncondensable gases t h a t  

w i l l  r e q u i r e  c a p i t a l  expend i tu res  f o r  scrubbers .  1 
. . - - -- - - . . . . . . - . . .  . -  . - .  

Noncondensable gases a r e  c o n v e n t i o n a l l y  removed f r o n  condensers 

by  e i t h e r  s team- je t  e j e c t o r s  o r  by vacuum pumps. S ing le -s tage  u n i t s  

can opera te  a t  condenser pressures down t o  100 t o  200 mm ( 4  t o  8 i n . )  

mercury abso lu te ,  b u t  two stages o r  more a r e  needed f o r  lower  pressures.  

The gas-water vapor m i x t u r e  e n t e r i n g  an e j e c t o r  o r  pump t y p i c a l l y  w i l l  

c o n t a i n  about 30% gas and about  70% wate r  vapor by we igh t .  As t h e  con- 

dens ing temperature increases,  t h e  wa te r  vapor p o r t i o n , i n c r e a s e s .  An ... 

i n t e r c o o l e r  between t h e  stages i s  advantageous i n  reduc ing  t he  gas tem- 

p e r a t u r e  and t h e  power requi rements ,  and s u b s t a n t i a l  amounts o f  wa te r  can 

be removed i n  t h e  i n t e r c o o l e r .  

F requen t l y  t h e  f i r s t  s tage  o f  a  two-stage e j e c t o r  o r  vacuum pump 

u n i t  has a  h i g h  c a p a c i t y  and i s  used a lone  d u r i n g  s t a r t u p  as a  hogger t o  

reduce t h e  condenser p ressure  t o  t h e  o p e r a t i n g  range. Another common 

arrangement i s  t o  p r o v i d e  two u n i t s  (one o f  which i s  f o r  s tandby) ,  and 

i n t e r c o n n e c t i o n s  'a1 low t h e  f i r s t  stages o f  b o t h  u n i t s  t o  opera te  t oge the r  

f o r  hogging. Even w i t h  such spec ia l  p r o v i s i o n s ,  i t  may r e q u i r e  30 min 

t o  an hour  t o  pump t h e  condensing system down s u f f i c i e n t l y  f o r  s t a r t u p .  

Steam- je t  e j e c t o r s  have t t i e  advantage over  vacuum pumps o f  hav ing  

no moving p a r t s ;  t he re fo re ,  they  r e q u i r e  l e s s  maintenance, do n o t  need 

l u b r i c a t i o n ,  have lower.  i n i t i a l  cos ts ,  a re  n o t  th rea tened  by s l ugs  o f  

wa te r  i n  t h e  suc t i on ,  and tend t o  produce h i ghe r  vacuums. Vacuum pumps 

have s i g n i f i c a n t l y  l owe r  o p e r a t i n g  cos t s ,  g e n e r a l l y  do n o t  generate  as 

much no ise,  and l e n d  themselves b e t t e r  t o  compute r -con t ro l led  systems. 

Some systems may use a  combinat ion of t h e  two, w i t h  t h e  e j e c t o r s  used f o r  

t h e  f i r s t  s tage  and f o r  hogging. Wi th  inc reased  f u e l  c o s t s  i n  power 

s t a t i o n s ,  o p e r a t i n g  cos t s  a r e  becoming more impo r tan t ,  and t h e r e  i s  a  

t r e n d  i n  modern stcam-power s t a t i o n s  t u  use pumps r a t h e r  than e j e c t o r s .  



i 
' ~ a h l ~ ~ h a s  c a l c u l a t e d  t h e  steam consumption f o r  one- and two-s tage 

e j e c t o r s  f o r  va r i ous  amounts o f  gas p resen t .  F i gu re  7 1 shows steam 

requi rements  a t  690 kPa (1  00 p s i  ) absol  u t e  o p e r a t i n g  steam. Adjustment 

f a c t o r s  for o t h e r  steam supply  c o n d i t i o n s  a re  g i ven  i n  F i g .  7 . L /  
The e j e c t o r  steam consumpti on a t  va r i ous  o p e r a t i n g  geothermal power 

. .  . 

i n s t a l l a t i o n s  i s  shown by ~ a h l ' ~ !  i n  F i g .  8 I. About 5% o f  t he  t o t a l  

steam f l o w  i s  t y p i c a l  o f  t h e  amount needed t o  opera te  t he  e jec$ors  a t  

most s t a t i o n s ;  however, a t  Cerro  Pr ie t ' o ,  Mexico, t h e  consumption r a t e  

i s  15%. 
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F i g .  7 /. Steam requ i rement  f o r  e j e c t o r s  as a  f u n c t i o n  o f  t h e  
amount o f  noncondensable gases p r e s e n t  and e j e c t o r  s u c t i o n  p ressure  
when u s i n g  690 kPa (100 p s i a )  o f  s a t u r a t e d  steam supply .  Adjustment 
f a c t o r s  f o r  o t h e r  steam pressures  a r e  g i v e n  i n  t h e  t o p  graph. Source:  
C l i f f o r d  Mah, " E f f e c t  o f  Noncondensable Gases on t h e  Performance o f  
Rankine Cycles," p resen ted  a t  t h e  E i g h t h  CATMEC Meet ing,  San Diego, 
C a l i f . ,  Feb. 21, 1978. P e p r i n t e d  by permiss ion  o f  t h e  A e r o j e t  Energy 
Convcrs i  on Compdily ( A e r o j e t  Code PKA-SA 1 November 1978). 
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F i g .  8 E j e c t o r  steam consumpt ion a t  some o p e r a t i n g  geothermal I 

power s t a t i o n s .  Source: C l i f f o r d  Mah, " E f f e c t  o f  Noncondensable Gases 
on t h e  Performance o f  Rankine Cycles,"  p resen ted  a t  t h e  E i g h t h  CATMEC 
Meet ing,  San.Diego, C a l i f . ,  Feb. 21, 1978. R e p r i n t e d  by p e r m i s s i o n  o f  
t h e  A e r o j e t  Energy Conversion Company ( A e r o j e t  Code PRA-SA 1 November 
1978). 



2.4.5 Condenser tube f o u l i n g  

I n  s e l e c t i n g  t h e  s i t e  f o r  a  power s t a t i o n ,  much emphasis i s  p laced  

on ach iev i ng  t h e  l owes t  a v a i l a b l e  average s i n k  temperature because t h i s  

temperature has a  d i r e c t  i n f l u e n c e  on t h e  thermal e f f i c i e n c y  o f  t h e  

Rankine cyc l e .  Equal a t t e n t i o n  shou ld  be g iven,  however, t o  t h e  q u a l i t y  

o f  t h e  c o o l i n g  wa te r  because r e d u c t i o n  o f  sur face condenser c a p a c i t y  

th rough  f o u l i n g  o f  t h e  tubes can a l s o  have a  d i r e c t  b e a r i n g  on t h e  c y c l e  

e f f i c i e n c y  and t h e  u s e f u l  l i f e  o f  t h e  equipment. I f  p e r i o d i c  p l a n t  

shutdowns a r e  r e q u i r e d  f o r  c l e a n i n g  of condenser tubes, f o u l i n g  r a t e s  
. .. .-. can have a  s i g n i f i c a n t  impact on t h e  cos t s  o f  p roduc ing  e l e c t r i c  power. 

Geothermal power s t a t i o n s  w i l l  p robab ly  use wet c o o l i n g  towers t o  

t h e  e x t e n t  t h a t  makeup wate r  i s  a v a i l a b l e .  A wide v a r i e t y  o f  ' s i t u a t i o n s  

w i l l  e x i s t  a t  geothermal s i t e s  r ega rd i ng  t h e  q u a l i t y  o f , t h e  water .  A t  .- 

. . . - 
geothermal s t a t i o n s  u s i n g  stsam f l a s h e d  f rom a  geothermal f l u i d ,  t h e  

. . . - 

condensate can be used as makeup f o r  t h e  c o o l i n g  towers.  A l though t h e  q u a l i t y  o f  
- -. . . , 

t h e  makeup wate r  w i l l  be r e l a t i v e l y  h i g h  i n  such systems, t h e q u a l i t y  

o f  t h e  wa te r  c i r c u l a t e d  th rough  t h e  condensers w i l l  be dependent on t h e  I 

c yc l es  of concen t ra t i on  i n  t h e  towers and on t he  amounts o f  dust ,  fumes, 

i nsec t s ,  and o t h e r  atmospher ic p o l l u t a n t s  washed f rom the  a i r  t h a t  passes i 
th rough  t h e  c o o l i n g  towers.  Makeup water  taken f rom groundwater o r  

su r f ace  wate r  supp l i es  may be so h i g h  i n  d i s s o l v e d  o r  suspended s o l i d s  

t h a t  c l a r i f i e r s  and o t h e r  t rea tment  would be necessary. Genera l l y ,  t h e  

l a r g e  q u a n t i t i e s  o f  water  needed f o r  c o o l i n g  tower makeup make i t  

uneconomi'cal t o  p r o v i d e  ex tens i ve  t reatment ,  b u t  where t h e  o n l y  a: t e r -  

n a t i v e  i s  t h e  use o f  d r y  c o o l i n g  towers,  r e l a t i v e l y  e l a b o r a t e  wa te r  

t r ea tmen t  f a c i l i t i e s  may be more economical .  For  example, t he  proposed 

Sundesert  Nuc lear  Power S t a t i o n  near B l y t he ,  C a l i f o r n i a ,  would have 

cleane'd up h i g h  s a l i n i t y  wa te r  taken f r o n  t h e  Pa lo  Verde O u t f a l l  D r a i n  

f o r  use as c o o l i n g  tower  makeup. 
. - .  

The use o f  r e l a t i v e l y  d i r t y  water  w i l l  cause depos i t s  such as 

sediments, sca le ,  a lgae,  and s l i m e  on t h e  condenser tube sur faces  and 

markedly reduce t h e  condenser hea t  t r a n s f e r  c o e f f i c i e n t .  The amount of 

deposits p resen t  w i l l  obv i ous l y  depend upon t h e  d e p o s i t i o n  r a t e  and t h e  

t ime  e lapsed s i nce  t h e  l . a s t  c l ean ing .  Bu i l dup  o f  depos i t s  can be r a p i d  



. ~ - -  - when using water of poor quality;  instances causing a 15 to  20% reduc- 
. .. . ., I t ion in condenser capacity a f t e r  10 hr of operation have been cited.13 1 

Factors influencing the rate  of fouling 'and the types of deposits are  

the kind of metal used for  the tubes, the character of the tube surface, 

the water velocity through .the tubes, and cool ing-water properties such 

as temperature, dissolved sol ids ,  pH, and bacterial content. In the absence of 

def ini t ive information on the average amount of 'deposi ts ,  a factor of 

0.80 to  0.85 i s  commonly applied t o  the overall heat transfer coefficient 

to  take care of fouling and other uncertainties. A common design f a u l t  

i s  not to  allow enough excess area. On the other hand, care should be 

taken not to  be too generous with th i s  excess capacity because i t  i s  

expensive. Furt'hermore, when commencing operation with clean tubes 

in an oversized condenser, the plant operator ma.y cut back on the coolant 

flow ra t e ,  thereby reducing the water velocity through the tubes and 

increasing the wall temperatures. B o t h  of these processes tend to hasten 

the buildup of fouling deposits. 
. - . . :. . , - .. 

I ' ,/ 

'C 
Condenser tube f a i lu re  ! 

I .  

A comprehensive study of 30 power s tat ions disclosgd that  the 

major impact of surface condenser tube leakage i s  the value of the 

e l ec t r i c  power generation los t  when the uni.t i s  taken off- l ine to repair 
,. ,:. - .  . the leaks.14 1 In the main condensing section in 

freshwater-cooled condensers, a l l  the commonly used materials have a 

high probability of lasting the l ifetime of the plant. I n  the a i r -  

removal section, however, Admiral ty metal tubes gave 1 ess sat isfactory 

service. In the saltwater-cooled condensers, i t  was found tha t ,  of 

a l l  the materials surveyed, only titanium had a high probability of 

las t ing the lifetime of the plant without the need for  retubing. 

Aluminum-brass, aluminum bronze, and 90-10 copper-nickel have less  than 

a 50% probability of lasting 40 years with only 10% of the tubes plugged. 

The study was less  def ini t ive in evaluating materials used in wet cooling 

tower systems. Stainless steel tubes appear to  give good service in 



-- - b o t h  once-through and c o o l i n g  tower  systems. The Bechte l  p u b l i c a t i o n ,  

S teah  Plan t  Sur face  Condenser Leakage S tudy ,  l 4  i con ta i  ns an ex tens i ve  

b i b l i o g r a p h y  on condenser tube  m a t e r i a l s ,  f a i l u r e  modes, and c l e a n i n g  

methods. 

Approx imate ly  one -ha l f  o f  t h e  f a i l u r e s  o f  t u b i n g  a re  d i r e c t l y  

a t t r i b u t a b l e  t o  v i b r a t i o n  damage.14 1 Tube v i b r a t i o n  i s  u s u a l l j  caused 

by h i g h  s h e l l - s i d e  c ross - f l ow  steam v e l o c i t i e s  i n  t h e  upper p o r t i o n s  o f  

t h e  tube bundle o r  a t  p o o r l y  b a f f l e d  d r a i n  l i n e s .  Improper suppor t  

p l a t e  spac ing o r  steam f l o w  d i s t r i b u t i o n  o r  unusual condenser o p e r a t i n g  

c o n d i t i o n s  a r e  t y p i c a l  sources o f  v i b r a t i o n  problems./ Chenoweth 

has prepared a  comprehensive r e p o r t  on t h e  s t a t e  o f  t h e  a r t  on t h e  p r e - ,  
. . . . 

. . 

d i c t i o n  o f  f l ow- induced  v i b r a t i o n s  i n  she1 1  -and-tube heat  exchangers .I5 - 

T i t an i um f o r  condenser tube  s e r v i c e  ! 
: 

There w i l l  be an i n c e n t i v e  t o  use t i t a n i u m  f o r  condenser tubes a t  

some geothermal p l a n t s  because o f  r e l a t i v e l y  severe o p e r a t i n g  c o n d i t i o n s .  

A l though t h e  s u p e r i o r  r e s i s t a n c e  o f  t i t a n i u m  t o  c o r r o s i o n  and 'e ros ion  

has been known s i nce  the,1950s, i t s  use has been l i m i t e d  because o f  i t s  

comparat ive h i g h  cos t .  However, t he  decreas ing  p r i c e  o f  t i t a n i u m  i n  

t h e  1970s, t h e  i n c r e a s i n g  cos t s  o f  o t h e r  t u b i n g  m a t e r i a l s ,  and t h e  

inc reased  wor th  of reduc ing  p l a n t  downtime f o r  condenser maintenance 

have a l l  brought  t i t a n i u m  i n t o  a  more c o m p e t i t i v e  p o s i t i o n .  

T i t an i um i s  equal i n  s t r e n g t h  and toughness t o  s t a i n l e s s  s t e e l s  

and has b e t t e r  r e s i s t a n c e  t o  c o r r o s i o n  i n  severe a p p l i c a t i o n s .  Table  

2.9 shows t h a t  i t  has good abras ion  res i s t ance ,  i s  n o t  s u b j e c t  t o  s t r e s s  

c o r r o s i o n  c r a c k i n g  o r  c r e v i c e  co r ros i on ,  and w i l l  n o t  co r rode  i n  t h e  

presence o f  s u l f i d e s ,  c h l o r i d e s ,  fi iercury, and o t h e r  man-made p o l l u t a n t s  

i n  t h e  c o o l i n g  water .  On t h e  steam s ide,  t i t a n i u m  t u b i n g  i s  n o t  a t t acked  

by noncondensable gases such as carbon d i ox i de ,  ammonia, and oxygen. 

It i s  a l s o  r e s i s t a n t  t o  t h e  e r o s i v e  a c t i o n  o f  t h e  h i g h - v e l o c i t y  steam 

e n t e r i n g  from t h e  t u r b i n e  exhaust.  

Because t i t a n i u m  tends t o  r e t a i n  a  smooth su r face ,  i t  r e s i s t s  

b i o l o g i c a l  f o u l i n g  t o  a  b e t t e r  degree than  t h e  commonly used t u b i n g  

m a t e r i a l s .  Clean1 iness  f a c t o r s  f o r  t i t a n i u m ,  1  i ke s t a i n l e s s  s t e e l ,  



a r e  i n  t h e  0.9 t o  1 .0  range as compared t o  a  va lue  o f  0.85 commonly used 

f o r  o t h e r  m a t e r i a l s .  

The thermal  c o n d u c t i v i t y  o f  t i t a n i u m  i s  about 16 t o  20 W/m-K 

(109 t o  1 3 8 . B t ~ / i n : h r . f t ~ . ~ ~ ) ,  as shown i n  Table 2.3, which i s  about 

t h e  same as t h e  thermal  c o n d u c t i v i t y  o f  t he  304, 316, and 347 s t a i n l e s s  

s t e e l s  b u t  l e s s  than  t h a t  o f  410 o r  501 s t a i n l e s s .  The c o n d u c t i v i t y  i s  

l e s s  than  t h a t  o f  t h e  copper -n icke l  a l l o y s  by a  f a c t o r  o f  about 2, l e s s  

than  t h a t  o f  A d m i r a l t y  meta l  by a  f a c t o r  o f  about  7, and l e s s  than  t h a t  

o f  aluminum by a  f a c t o r  o f  about  10. I n  hea t  t r a n s f e r  th rough  condenser 

tubes, however, t h e  r e s i s t a n c e  o f  t h e  w a l l  i s  u s u a l l y  r e l a t i v e l y  smal l  i n  

comparison t o  t h e  f i l m  c o e f f i c i e n t s  and f o u l i n g  r es i s t ances .  Fu r t he r ,  

t h e  h i g h e r  s t r e n g t h  o f  t i t a n i u m  and t h e  e s s e n t i a l l y  zero a l lowance needed 

f o r  c o r r o s i o n  and e r o s i o n . a l l o w  use o f  No. 22 BWG t u b i n g  r a t h e r  than  t h e  

No. 18  BWG u s u a l l y  used f o r  o t h e r  m a t e r i a l s .  Because t h e  r e s i s t a n c e  t o  

c a v i t a t i o n  and e r o s i o n  i s  good, i t  may be economical t o  des ign f o r  

h i g h e r  v e l o c i t i e s  i n  t h e  tubes, perhaps 2.4 t o  3  m/sec ( 8  t o  10 fpq,), 

which can improve t h e  i n s i d e  f i l m c o e f f i c i e n t  by 25 t o  30% over  those 

ob ta i ned  w i t h  more conven t iona l  l o w e r  v e l o c i t i e s .  F i gu re  g ( shows t h e  

r e l a t i v e  hea t  t r a n s f e r  performance o f  t i t a n i u m  tubes compared t o  o t h e r  

m a t e r i a l s  i f  c r e d i t s  a r e  taken f o r  f o u l  i n g  f a c t o r s ,  wa te r  v e l o c i t i e s ,  

and w a l l  th i ckness .  On t h i s  bas is ,  t i t a n i u m  compares f a v o r a b l y  w i t h  t h e  

c o e f f i c i e n t s  o f  some o f  t h e  o t h e r  commonly used t u b i n g  m a t e r i a l s ,  a l . though 

s t i l l  f a l l i n g  s h o r t  o f  aluminum o r  A d m i r a l t y  meta l .  
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Fig. 9 1. Overall heat t r ans fe r  coef f i c ien t  as a  function of water 
veloci ty  in 2.5-cm (1- in . )  OD tubes. The values shown a r e  the r e s u l t  
of applying appropriate fouling factors ,  and adjustments f o r  wall thermal 
conduct iv i t ies  t o  the heat t r ans fe r  coef f i c ien t s .  Source: Titaniwn 
Tubing for Surface Condenser Heat Exchanger Serzlice, Timet Bullet in SC-4, 
Titanium Metals Corporation. Reprinted by permission. 



2.4.8 Enhanced-surface condenser tubes 

The Oak Ridge h a t i o n a l  Labora to ry  has i n v e s t i g a t e d  t he  performance 

o f  v e r t i c a l  condenser tubes w i t h  f l u t e d  o u t s i d e  sur faces .  The s tud ies ,  

i n i t i a t e d  i n  1964 t o  improve t h e  performance o f  wa te r -desa l t i ng  p l a n t s ,  

were encouragi'ng and thought  t o  have appl  i c a t i o n  i n  o b t a i n i n g  power f rom 

geothermal sources and ocean temperature g rad ien t s .  The mechanism by 

which f l u t e d  sur faces improve t h e  condensat ion heat  t r a n s f e r  performance 

o f  a  v e r t i c a l  tube i s  i l l u s t r a t e d  i n  F ig .  10 1: The su r face  t ens ion  

f o r ces  i n  t h e  cor~.densate f i l m  a c t  t o  draw the  l i q u i d  f rom t h e  c r e s t s  

i n t o  t h e  t roughs,  thereby  reduc ing  t he  res i s tance  t o  hea t  t r a n s f e r  i n  

t h e  c r e s t  areas. A l though t h e  res i s tance  i s  inc reased  somewhat i n  t h e  

t r ough  areas, t he  n e t  e f f e c t  i s  an improvement i n  t h e  heat  t r a n s f e r  

performance over  t h a t  a t t a i n e d  w i t h  convent ional  smooth tubes .I6 . 

Exper imental  s t u d i e s  have been made o f  t he  performance o f  v e r t i c a l  

tubes w i t h  enhanced sur faces  on which var ious  f luo rocarbons ,  ammonia, 

' and  isobutane were condensed. The tubes were 2.21 cm (718 i n . )  t o  

2.54 cm (1 i n . )  OD and had t h e  c ross -sec t i ona l  p r o f i l e s  shown i n  F ig .  11 . 
Most o f  t h e  tubes t e s t e d  were o f  alumjnum, b u t  o t h e r  m a t e r i a l s  were 

I 
s tud ied  a l s o  (F ig .  11 . i ) .  I The hea t  f l u x e s  f o r  ammonia v a r i e d  f rom about 

5000 t o  50,000 W/m2 (1 600 t o  16,000 B t u / h r - f t 2 ) .  When condensing f l  uoro- 

carbons o r  isobutane, t h e  hea t  f l u x e s  v a r i e d  f rom 5000 t o  30;000 W/m2 

(1600 t o  10,000 B t u / h r - f t 2 ) .  The condensing c o e f f i c i e n t  was found t o  

improve by f a c t o r s  o r  4  t o  7  t imes over  t h a t  o f  a  smooth tube, depending 

on t h e  heat  f l u x  and t h e  geometry o f  t h e  f l u t es .171  The condensing f i l m  

c o e f f i c i e n t s  ob ta ined  when condensing ammonia a r e  shown i n  ~ i ~ . '  12 1, and 

t h e  c o e f f i c i e n t s  f o r  condensing isobutane a re  shown i n  F ig .  13  . The 

most e f f i c i e n t  f l u t e  geometry depends on t h e  sur face  t e n s i o n  o f  t h e  con - '  

densed l i q u i d ,  on t he  f l u t e  e f f i c i e n c y  f o r  condensate dra inage,  and 

p o s s i b l y  i n  some s i t u a t i o n s ,  on t h e  c o n d u c t i v i t y  o f  t h e  tube w a l l .  When 

condensing ammonia ( ~ i g .  12 :), t h e  tube w i t h  60 square r i d g e s  (Tube E )  

gave somewhat lower  condensing c o e f f i c i e n t s  than t h e  tube w i t h  48 corruga-  

t i o n s  (Tube F ) .  When condensing isobutane, however, Tube E gave a h i ghe r  
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F i g .  10 1. F l u t e d  tube  p r i n c i p l e  o f  o p e r a t i o n  (condensat. ion mode). 
Sur face t e n s i o n  f o r c e s  a c t  t o  push condensate f rom c r e s t s  i n t o  t roughs .  
Source: S .  K. Combs, An Experimental Study of Heat Transfer Enhancement 
for Ammonia Condensing on Vert ical  Fluted Tubes, ORNL-5356 ( A p r i  1 1978).  



Fig. 71 1. Characteristics of fluted tubes. Source: J. W. Michel 
et a1 . , Energy Div. Annu. Prog. Rep. Period Ending Sept. 1977,  ORNL-5364, 
Table 5.2, p. 182. 
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Cross section hl;~tcrial perimeter surlacc area estcrnal intcrn;~l 
designation. 

. (cm) (m') flutes nute; 

0 --. 1) CuSi (YO 10) S.90 0.0967 26 3 6 

Aluminum 14.00 0. IS22 4 2 34 

Aluminum 26.61 8.00" 0.31 10 0.0973" 3 6 0 

":\ duplicate of tuhc A. n i t l i  ?(I \ l :~ i l i l c \ \  LICTI hl:~tlc\ Io~xcI!. ;~tt;icIicJ 
"Su~nur;l~nr i n \ : l ~~ l l ~ : \  hl.~Jc,; d c ~ ~ u i ~ ~ i t ~ i l ~ o r  i s  b:i,c lube only. 
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F i g .  , 12 1. Composite condensing h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  
ammonia u s i n g  enhanced-surface tubes.  Source: S. K. Combs, An Experi- 
mental Study of  Heat Transfer Enhancement for Amonia Condensing on 
Vert ical  Fluted Tubes, ORNL-5356 ( A p r i  1 1978). 



O R N L - O W G  77 -21093  

Q/A, HEAT FLUX ( w / m 2  ) 

0 5000 10,000 45.000 20.000 25,000 30.000 
4400 a I \ I FLUID R-6000 1 

0 .TUBE A (SMOOTH TUBE) 

- 0 TUBE E (60 SQUARE RIDGES)  
TUBE F (48 CORRUGATIONS 
TUBE F-3  (48 CORRUGATIONS AND 3 SKIRTS I 

Q/A. HEAT FLUX (Btu/hr- f t2)  

F i g .  13 1. 'condensat ion heat  t r a n s f e r  c o e f f i c i e n t  f o r  isobutane 
u s i n g  enhanced-surface tubes. Source: J. W. Miche l  e t  a1 ., Energy 
Div. Annu. Prog. Rep. Period Ending S e p t .  1977, ORNL-5364, F i g .  5.4, 
p. 185. 

.. . . . . 
: composi te condensing c o e f f i c i e n t  (Fig.. 13  ) . The condensing c o e f f i c i e n t s  

shown a r e  based on t h e  a c t u a l  area o f  t h e  tube sur faces .  Even though 

t ype  F tubes gave h i ghe r  c o e f f i c i e n t s  f o r  condensing ammonia, t h e  f a c t  

t h a t  t ype  E t u b e s  have more su r f ace  area p e r  u n i t  l e n g t h  (F i g .  11 1 )  . . 

would make t h i s  tube  outper form t h e  t ype  F tubes w i t h  ammonia on a 

u n i t - l e n g t h  bas i s .  l 7  / I n  measur ing t he  f i l m  c o e f f i c i e n t s  when us i ng  

isobutane,  t h e  r e s i s t a n c e  o f  t h e  tube  w a l l s  i s  n e g l i g i b l e  i n  comparison 

t o  t h a t  o f  t h e  l i q u i d  f i l m :  I n  t h e  case o f  ammonia, however, t h e  r e l a -  

t i v e l y  h i g h  c o e f f i c i e n t s  o f  t h e  ammonia add importance t o  t h e  tube w a l l  

c o n d u c t i v i t y ,  and as a r e s u l t  t h e  hea t  t r a n s f e r  performance i n  those 



s t u d i e s  i s  r e p o r t e d  i n  F i g .  2.17 on t h e  bas i s  o f  a  composi te c o e f f i c i e n t *  

- : t h a t  i n c l u d e s  b o t h  t h e  l i q u i d  f i l m  and t h e  tube w a l l  res is tances.17.  1 
Condensate f l o w i n g  down t h e  v e r t i c a l  tubes inc reases  t h e  l i q u i d  

f i l m  t h i ckness  i n  t h e  l owe r  s e c t i o n s  t o  cause " f l o o d i n g "  and a  marked 

r e d u c t i o n  i n  t h e  hea t  t r a n s f e r  performance. 'Th is  e f f e c t  i s  l e s s  p ro -  

nounced when condensing ammonia r a t h e r  than  isobutane, p o s s i b l y  because 

t h e  h i g h e r  l a t e n t  hea t  o f  v a p o r i z a t i o n  o f  t h e  ammonia r e s u l t s  i n  l e s s  

condensate. The f l o o d i n g  e f f e c t  when condensing isobutane can be 

s i g n i f i c a n t l y  improved by equ ipp ing  t h e  tubes w i t h  d r a i n - o f f  s k i r t s  

l o c a t e d  .about every  30 cur (12 i n .  ) a l ong  t h e  tube  l eng th .  The . s k i r t s  

d i v e r t  t h e  condensate away f r om t h e  tube  w a l l  and r e s u l t  i n  t h e  improved . 

performance i n d i c a t e d  i n  F i g .  2.18. When t h i s  e f f e c t  i s  combined w i t h  

t h e  improvements caused by  t h e  enhanced sur faces,  t h e  r e s u l t  i s  s t r i k i n g l y  

b e t t e r  performance f o r  t he . sys tem ove r  t h a t  ob ta i ned  w i t h  n o n s k i r t e d  

smooth v e r t i c a ,  tubes. 171 

F o u l i n g  o f  enhanced tube  sur faces  has a  more pronounced e f f e c t  on 

t h e  hea t  t r a n s f e r  c o e f f i c i e n t  than  f o u l i n g  o f  smooth tubes. F i gu re  14 i, 
shows t h e  d e t e r i o r a t i o n  o f  t h e  o v e r a l l  hea t  t r a n s f e r  performance on t h e  

enhanced Tube F ( w i t h  d r a i n - o f f  s k i r t s )  and a  smooth tube, t ype  A, as 

t h e  f o u l i n g  r e s i s t a n c e  i s  increased.  Wi th  r e l a t i v e l y  c l ean  wate r  and 

occas iona l  c l ean ing ,  t h e  f o u l i n g  r e s i s t a n c e  w i l l  no rma l l y  f a l l  i n  t h e  

0.00009-0.0002 m2.K/W (0.0005-0.001 h r - f t 2 . " ~ / B t u )  range. The e f f e c t  on 

enhanced sur faces  would be s i g n i f i c a n t  i f  t h e  f o u l i n g  r e s i s t a n c e  were 

about f i v e  t imes  h' igher, as may be encountered w i t h  r e l a t i , v e l y  d i r t y  

c o o l i n g  wa te r  o r  i n f r e q u e n t  c l ean ing .  The mechanical c l ean ing  systems 

w i l l  t hus  p robab l y  be p a r t i c u l a r l y  impo r tan t  f o r  enhanced tube systems. 

To date,  t h e  comparat ive e f f e c t s  o f  noncondensable gases on t h e  per form- 

ance o f  enhanced- and smooth-surfaced tubes have n o t  been s t u d i e d  

e x t e n s i v e l y .  

The enhanced-surface t u b i n g  can be formed t o  U-tubes i f  f i l l e d  

w i t h  a  low- temperature a l l o y  d u r i n g  t h e  bending process. An exper imenta l  

four -pass 40-tube, v e r t i c a l  condenser o f  U-tube des ign  has been f a b r i c a t e d  

* 
I - No compl e t e l  y s a t i  s f a c t o r y  method has been devel  oped t o  comp~~ t .~ !  

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



1  I  I I I I I I I  I  I  I I  I  I l l  

=---- HEAT FLUX = 19.000 w!m2 
\ 

(6.000 ~tulhr-ft21 ' - 

- 

- 

- 
- 

TUBE A (SMOOTH) 

- 
- 

--. 

I I  I I  I I I I I  I  I ! I I [ I l l  

FOULING RESISTANCE, m 2 . ~ / w  . 

' <. 

F i g .  14 I E f f e c t  o f  f o u l i n g  r e s i s t a n c e  on o v e r a l l  condensing " 

hea t  t r a n s f e r  c o e f f i c i e n t  o f  enhanced-surface tubes. 

and w i l l  be t e s t e d  a t  Eas t  Mesa i n  t h e  Ca1, i forn ia  I m p e r i a l  Va l l ey .  The 

u n i t  w i l l  condense i sobu tane  c o n t a i n i n g  a  smal l  percentage o f  wa te r  

vapor and noncondensable gases. The neoprene d r a i n - o f f  s k i r t s  a r e  

sea led t o  t h e  tubes w i t h  an adhesive t h a t  i s  compat ib le  w i t h  i sobu tane  

and o t h e r  m a t e r i a l s  i n  t h e  system. The s k i r t s  w i l l  a l s o  se rve  as c ross -  

ba f f l es  t o  d i r e c t  t h e  f l o w  o f  vapor across t h e  tube  bundle  and t o  a c t  as 

v i b r a t i o n  dampers. 171 

~ a n u f a c ' t u r i n ~  f a c i l i t i e s  a r e  c u r r e n t l y  a v a i l a b l e  f o r  p r o d u c t i o n  o f  

' enhanced-surface t u b i n g  i n  q u a n t i t y ,  g e n e r a l l y  by e x t r u s i o n  o r  by drawing. 

., . I f  manufactured i n  l a r g e  q u a n t i t i e s ,  t h e  inc rementa l  f a b r i c a t i o n  c o s t  

f o r  fo rm ing  t h e  s p e c i a l  su r f ace  becomes sma l l .  Enhanced-surface tubes 

' c o n t a i n  about  20% more m a t e r i a l  than  p l a i n  tubes o f  t h e  same i n s i d e  

d iameter  and w a l l  thicknes;, and l a r g e - o r d e r  p r i c e s  -would  p robab ly  be 

i n  about t h i s  same p r o p o r t i o n .  
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COOLING TOWERS 

I' Because o f  t h e  d e c l i n e  i n  use o f  once-through c o o l i n g  systems, most 

l a r g e  power s t a t i o n s  i n s t a l l e d  r e c e n t l y  i n  t h e  U.S. r e l y  on evapora t i ve  

c o o l i n g  f o r  waste heat  r e j e c t i o n .  A1 though spray ponds and canals have 

some use, t h e  g r e a t e r  p r o p o r t i o n  o f  o f  evapo ra t i ve  c o o l i n g  i s  accomplished 

i n  c o o l i n g  towers.  A1 1  e v a p o ~ a t i v e ,  o r  wet, c o o l i n g  towers operate on t h e  

same b a s i c  p r i n c i p l e  o f  b r i n g i n g  t h e  wate r  t o  be coo led  i n t o  i n t i m a t e  con- 

t a c t  w i t h  a  moving a i r  stream where about 75% o f  t he  wa te r - coo l i ng  process 

takes p l ace  by evapora t ion  and t he  remainder by conduct ion t o  r a i s e  the  

d r y -bu lb  temperature o f  t h e  a i r .  The a i r  stream u s u a l l y  leaves thetower  very  
I . . . . c l o s e  t o  t h e  a t u r a t e d  c o n d i t i o n .  . . . . . - - - . . . . . - . - . . . , - . . . . . .-a- 

- 1 .  
L-,. 

S e l e c t i o n  o f  t h e  optimum design f o r  a  c o o l i n g  to.wer i s  very  s i t e  

s p e c i f i c  and i s  i n f l uenced  by a  1  arge number o f  factors , ,  such 3s. l and  

area requirements,  qua1 i t y  o f  makeup water,  environmental  , cons idera t ions ,  I 
cos t s  o f  l .abor and m a t e r i a l s ,  wor th  o f  e l e c t r i c i t y ,  c a p i t a l i z a t i o n  cos ts ,  

e t c .  The l a r g e  number of va r i ab les ,  i n c l u d i n g  t he  i n p u t  o f  h i s t o r i c a l  
I meteoro log ica l  data f o r  t h e  s i t e ,  as w e l l  as the, i ' t e r a t i v e  na tu re  o f  

t he  s o l u t i o n s ,  has l e d  t o  cons iderab le  re1  iance  on computer analyses. 

-. . The . . computer models, t oge the r  w i t h  necessary performance i . i i format ion,  
. --.. 

,.,. - .. ... a re  cons idered p r o p r i e t a r y  by most manufactu'rers. . ' 

Wet mechan ica l -d ra f t  c o o l i n g  towers 
- .- - -. -- - - - -- - -. -. . - - - - -. -- :- 
Mechan ica l -d ra f t  c o o l i n g  towers employ motor -d r i ven  . fans t o  p rov ide  ; 

a  p o s i t i v e  a i r  ' f low through t he  tower f i l l .  The u n i t s  may be designed 
I 

f o r  t h e  fans  t o  p rov ide  e i t h e r  f o r ced  o r  induced d r a f t ,  b u t  t he  l a t t e r  1 
i s  more commonly used i n  l a r g e r ,  present-day towers. ~ i e  water  t o  be 

I 
I 
I 

coo led  i s  pumped t o  t h e  t o p  o f  t h e  tower, d i s t r i b u z d - t h r o u g h  headers, 
',. 

t hen  f a l l s  t o  t h e  bas in  a t  t h e  bottom over  a  s e r i e s  o f  s p l a s h i T a r d s ,  
\ 

o r  s l a t s .  The d i r e c t i o n  o f  t h e  a i r  f l o w  r e l a t i v e  t o  t he  f a l l i n g  water  

d r o p l e t s  may be e i t h e r  coun te rcu r ren t  o r  c ross  f low.  Typ ica l  induced- 
. . . . -  



. . 

d r a f t ,  c r o s s f l o w  and coun te r f lbw,  wet mechan ica l -d ra f t  c o o l i n g  tower  

modules a r e  shown i n  F i g .  15, 1 The p r i n c i p a l  advantages o f  coun te r f low 

towers a r e  t h a t  t h e  process i s  more e f f i c i e n t  and t h a t  they  can be 

adapted b e t t e r  t o  r e s t r i c t e d  spaces. The more w i d e l y  used c r o s s f l o w  

t ype  has t h e  advantages o f  l ower  a i r - s i d e  pressure drops and more un i f o rm  

d i s t r i b u t i o n  o f  b o t h  a i r s t r eams  and wate r  streams. Each module, o r  c e l l ,  
.. . . i s  a  separate  u n i t  w i t h  i t s  own fan, and t h e  louvered  openings a r e  on 

o n l y  two s i des  - p e r m i t t i n g  t h e  ' c e l l s  t o  be ar ranged s i d e  by s i d e  i n  
. - - . . - . . . . -. . - - . .. 

l o n g  rows i n  a  s o - c a l l e d  r e c t a n g u l a r  l a y o u t .  The s loped  
. .. - . . .  . 

t r a p e z o i d a l  s i des  o f  t h e  tower conform t o  t h e  pa th  o f  t h e  f a l l i n g  wa te r  .' 

p r o f i l e  as i t  i s  p u l l e d  toward t h e  c e n t e r  by t h e  a i r s t r e a m  t h a t  i s  

f l ow ing  h o r i z o n t a l l y .  Th i s  shape e l i m i n a t e s  unused f i l l  space and 

reduces t h e  b a s i n  s i z e  and cos t .  The geometry a l s o  f a c i l i t a t e s  i c e  
..- . 

m e l t i n g  because, w i t h  t h e  fans tu rned  o f f ,  t h e  warm water  w i l l  s p i l l  , 

down ove r  t h e  l ouve rs .  

I n t e r n a l  suppor ts  may be redwood, t r e a t e d  fir, concrete ,  o r  cas.!,. 

i r o n .  The fill hangers i n  which t h e  ' s l a t s  a r e  rnaunted a re  o f t e n  g lass -  

r e i n f o r c e d  po l yes te r .  The sp lash  boards, o r  s l a t s ,  may be p o l y v i n y l  

ch l o r i . de  (PVC). , asbestos cement board (ACB) ,  , o r  p l a s t i c .  The tower  

bas in  i s  r e i n f o r c e d  concrete .  Concrete may a l s o  be used t o  a  g r e a t e r  

e x t e n t  i n  t h e  f u t u r e  f o r  t h e  suppor t  s t r u c t u r e s .  A l though they  have 

an i n i t i a l  c o s t  of about  1.5 t imes t h a t  o f  wood towers,  t h e  improved 

f i r e  r e s i s t a n c e  of t h e  concre te  towers b c t h  e l  im ina tes  t h e  need for 

s p r i n k l e r  systems and lowers t h e  insurance  r a t e s .  The growing t r e n d  

toward use of  concre te  and p l a s t i c s  i n  c o o l i n g  towers  w i l l  produce l o n g e r  

l i f e  and l e s s  maintenance. Th i s  aspect  i s  o f  p a r t i c u l a r  importance i n  

geothermal power s t a t i o n s  where t h e  presence o f  hydrogen s u l f i d e  can 

cause r e l a t i v e l y  severe c o r r o s i o n  o f  meta l  c o o l i n g  tower f i t t i n g s .  For  
t h i s  reason, s t a i n l e s s  s t e e l  w i l l  a l s o  p robab ly  be used i n c r e a s i n g l y  

f o r  t h e  hardware i n  c o o l i n g  towers f o r  geothermal p l a n t s .  
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F i g .  15 i M e c h a n i c a l - d r a f t  c o o l i n g  towers .  Source: J. D. Holmberg 
and 0. L. Kinney, Dri f t  Technology for Cooling Towers, The M a r l e y  Company, 
M iss ion ,  Kans., 1973. R e p r i r ~ t e d  by permiss ion .  



Large present-day mechan ica l -d ra f t  towers may have fans w i t h  h igh-  

t e n s i l e - s t r e n g t h  f i b e r g l a s s  blades up t o  8.5 m (28 f t )  i n  d iameter  t h a t  

opera te  a t  t o p  speeds o f  60 m/sec (12,000 fpm) and a r e  d r i v e n  by 150-kW 

(200-hp) motors .  A gear reducer  and an ex tens ion  s h a f t  a re  p rov ided  

so t h a t  t h e  d r i v e  motor operates ou t s i de  t h e  m o i s t  a i rs t ream.  Even 

l a r g e r  towers, w i t h  300-kW (400-hp) motors d r i v i n g  fans w i t h  blades 

12 m (40 f t )  i n  diameter,  may p o s s i b l y  be developed i n  t h e  near f u t u r e .  

Each f an  d ischarges i n t o  a  premolded f i b e r g l a s s  ven t  s tack  designed t o  

recover  up t o  about 75% o f  t h e  v e l o c i t y  head. The a i r  t y p i c a l l y  exhausts 

f rom t h e  s tack  a t  about 10 m/sec (30 f p s ) .  

The r e i n f o r c e d  concre te  bas in  a t  t h e  bottom o f  t h e  tower c o l l e c t s  

t h e  coo led  water  and a c t s  as a  sump f o r  t h e  c i r c u l a t i n g - w a t e r  pumps. 

The bas in  i s  s i z e d  t o  ho ld  severa l  hours o f  i n v e n t o r y  i n  t h e  event  t h a t  

t h e  makeup supply  i s  l o s t .  A d r a i n  i s  p rov ided  f o r  removal o f  s i l t  and 

i s  combined w i t h  an over f low p ipe.  Screens a r e  p rov ided  a t  t he  pump 

suc t i on .  i. 
. . . . . . . . . . -. 

The d r i f t  e l i m i n a t o r s ,  i n d i c a t e d  i n  F ig .  3.7, c o n s i s t  o f  b a f f l e s  

arranged t o  change t h e  d i r e c t i o n  o f  a i r  f l o w  and ca t ch  most o f  t he  water  

d r o p l e t s  en t ra i ned  i n  t h e  .a i rs t ream by impingement on t he  b a f f l e s .  More 
1 

complex b a f f l i n g  p rov ides  lower  d r i f t  r a t e s  b u t  adds t o  t h e  i n i t i a l  c o s t  

and t he  a i r - s i d e  f r i c t i o n  losses.  D r i f t  r a t e s  f o r  mechan ica l -d ra f t  

c o o l i n g  towers a r e  t y p i c a l l y  i n  t h e  range o f  0.05 t o  0.2%, b u t  because 

o f  present-day concerns f o r  t h e  environmental  impacts o f  d r i f t  depos i t i on ,  

d r i f t  r a t e s  as low as 0.001% have been s p e c i f i e d .  /" 
- . . . . -. 

Mechan ica l -d ra f t  c o o l i n g  towers a r e  t y p i c a l l y  designed f o r  wet-bu lb  

temperatures o f  19 t o  28°C (66 t o  82"F), ranges o f  7 t o  17°C (12 t o  30°F), 

approaches of 6  t o  11 "C (1 0  t o  20°F), evapora t ion  losses  o f  1.5 t o  2.5%, 

d r i f t  l osses  o f  0.02 t o  0.2%, and blowdown r a t e s  o f  0.5 t o  3% o f  t h e  

water  c i r c u l a t i o n  ra te . ' '  j The wet-bu lb  temperature i s  t he  most impo r tan t  

parameter i n  des ign ing  a  wet c o o l i n g  tower f o r  a  g iven  s i t e .  Because 

t he  maximum wet-bu lb  temperature t h a t  has h i s t o r i c a l l y  occur red  a t  a  

g iven  l o c a t i o n  w i l l  p robab ly  exceed g r e a t l y  t h e  average va lue,  des ign ing  

f o r  t h e  maximum would r e s u l t  i n  an overs ized  tower.  S e l e c t i o n  o f  a 

d e s i y r ~  wet-bu lb  temperature t h a t  w i l l  n o t  be exceeded more than 2  o r  3% 

o f  t he  t ime i s  customary. Design ing f o r  t he  minimum wet-bu lb  tempera- 
.- -- . . -  

t u r e  can a l s o  be cons idered ,  as w i l l  be d iscussed subsequent ly.  



* 

M u l t i p l e - c e l l  towers a're v e r s a t i l e  i n  t h a t  they  can be designed f o r  

l a  broad range o f  c a p a c i t i e s  by v a r y i n g  t h e  number o f  c e l l s  used. A 

I broad v a r i e t y  of c o o l i n g  system requi rements  can be met by v a r y i n g  t h e  

I f a n  speed and o t h e r  o p e r a t i n g  parameters.  D r i f t - r a t e  s p e c i f i c a t i o n s  can 

I . ,  
be met by arrangement o f  t h e  d r i f t  e l i m i n a t o r s  and f i l l - p a c k i n g  m a t e r i a l s  

I and c o n f i g u r a t i o n s ;  fill h e i g h t  and pack ing  depths can be op t im i zed  f o r  

s p e c i f i c  des ign  requi rements .  The modular arrangement o f  mechanical-  

d r a f t  towers has ano ther  d i s t i n c t  advantage i n  t h a t ,  i f  t h e  , i n s t a l l e d  

I c a p a c i t y  i s  l a t e r  demonstrated t o , b e  inadequate,  i t  i s  r e l a t i v e l y  s imp le  

I t o  add more c o o l i n g  c a p a c i t y .  

I The a i r -wa te r  vapor m i x t u r e  l e a v i n g  mechanica l . -dra f t  c o o l i n g  towers I 
I may a t  t imes be c o o l e r  than  t h e  a i r  e n t e r i n g ;  t h a t  i s ,  t h e  plume f r om I 

t h e  tower  may have nega t i ve  buoyancy. The o r i e n t a t i o n  o f  t h e  tower 

w i t h  r espec t  t o  t h e  p r e v a i l i n g  wind d i r e c t i o n ' c a n  have an impo r tan t  I 
I i n f l u e n c e  on r e c i r c u l a t i o n ,  areas o f  d r i f t  depos i t i on ,  i c i n g ,  and ground- I 

I l e v e l  fogg ing .  I n  genera l ,  r e c i r c u l a t i o n  w i l l  be a t  a  minimum i f  t h e  1 
I row o f  c e l l s  i s  a t  r i g h t  ang les t o  t h e  w i n d - d i r e c t i o n  and l o c a t e d  w e l l  i 

away from s t r u c t u r e s ,  t r e e s ,  o r  t e r r a i n  f ea tu res  t h a t  cou ld  r e s t r i c t  o r  , 

d e f l e c t  a i r  movements i n t o  and away f rom t h e  u n i t s .  R e c i r c u l a t i o n  w i l l  i 

I tend t o  be a t  maximum when t h e  wind i s  b low ing  a long  t h e  l i n e  of towers.  

On t h e  o t h e r  hand, l a r g e r  plumes tend t o . b e  l o f t e d  t o  h i ghe r  a l t i d u d e s  I' 
I I 

t han sma l l e r  ones because o f  t h e  en t ra inment  e f f e c t ,  and a  wind b low ing  

a long  t h e  l i n e  o f  c e l l s  tends t o  combine t h e  e f f l u e n t  i n t o  a  l a r g e r  

I plume. Th i s  e f f e c t  may h e l p  w i t h  problems o f  g round- leve l  fogging 

d u r i n g  c e r t a i n  months o f  t h e  p e a r  b u t  may o r  may n i t  h e l p  d r i f t  depos i -  

t i o n  problems i n  t h a t  i t  may be p r e f e r a b l e  f o r  t h e  ma jo r  amount o f  t h e  

1 d r i f t  t o  be depos i ted  w i t h i n  t h e  p l a n t  boundar ies r a t h e r  than  on p u b l i c  I 1 
o r  p r i v a t e  lands  

. . . - . /' . . -- - . . . . - 

~owe r - i nduced  i c i n g  and snow fa l l  e f f e c t s  on p l a n t  s t i -uc tures,  nearby 

I highways, e t c . ,  must a l s o  be taken i n t o  c o n s i d e r a t i o n  when s i t i n g  and ; I  i 
o r i e n t i n g  t h e  c o o l i n g  towers.  Because t h e  ground e f f e c t s  o f  t h e  r e l a -  

t i v e l y  s h o r t  mechan ica l -d ra f t  towers a r e  g r e a t e r  than  those o f  t h e  much 

t a l l e r  n a t u r a l  - d r a f t  towers,  t h e  mechan i ca l - d ra f t  types may have t o  be 

l o c a t c d  a t  a g r e a t e r  d i s t ance  f rom t h e  t u r b i n e  b u i l d i n g  and perhaps 

spread over  a  g r e a t e r  area, r e s u l t i n g  i n  a  p r o p o r t i o n a t e  i nc rease  i n  

l a n d  and p i p i n g  cos t s .  

1 -- -- -- - - - - - -- 



The construction time f o r  large  wet mechanical-draft cooling towers 

1 may be about s i x  months. Field erection costs  can vary widely depending 

on the tower s i z e  and geographical location but may be roughly estimated 
- . . -  . . .  . .. -- .----.--A 

a t  about one-fourth of the t o t a l  tower cost .  Fire protection systems, 

1 .. i f  required, can add about 15% t o  the capi ta l  cos t .  In 1974;some 

I adjusted cos t s  of large  mechanical-draft towers were reported as varying 

1 t o  $2 .23  per kilowatt of f o s s i l - f i r ed  steam s t a t i on  

If  adjusted to  a geothermal s t a t ion  having only 10% thermal 

i eff ic iency and t o  1978 costs  with an average in f la t ion  r a t e  of 7% per 

annurn, the  costs  could range between about $10 to  $20 per kilowatt of 

ins ta l  led capaci t .y.  

Circular  mechanical-draft cooling towers 

A r e l a t i ve ly  recent configuration f o r  wet cooling towers i s  the 

cross-flow, c i r cu l a r  mechanical -d ra f t  type developed by Marl ey. An over- 
a l l  view and a half-section of t h i s  type of tower a r e  shown in F ig . ,  16. ! 
The tower f i l l  i s  arranged in a large  annular area ,  as i n  a  natura l -draf t  

tower, with an array of induced-draft fans clustered in the center  t o  
, replace the  chimney of the  natura l -draf t  type. The advantages of the 

arrangement over a rectangular mechanical-draft layout a r e  t h a t  rec i rcu-  

-.. - 
l a t ion  e f f ec t s  a r e  reduced and t h a t  the plume from the  c i r cu l a r  tower wil l  

1 

be lof ted  t o  greater  heights t o  reduce ground-level fogging and d r i f t  

problems. The c i r cu l a r  layout a l so  wil l  probably reduce the ground 

area needed, circulat ing-water  piping cos t s ,  and fan power requirements. 

The advantages of the c i r cu l a r  tower over the natura l -draf t  type include 

a lower p ro f i l e  t ha t  makes i t  l e s s  v i s ib le ,  a  lower capi ta l  cos t ,  and 

probably a greater  a b i l i t y  t o  r e s i s t  seismic disturbances. I t  wil l  a l so  

operate in meteorological conditions t h a t  would not be to le rab le  f o r  a 

natura l -draf t  tower. 

As with natura l -draf t  towers, the c i r cu l a r  mechanical-draft type 

wil l  be most economical in larger  s i zes .  The f i r s t  fu l l - sca le  i n s t a l l a t i on  
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Fig. 16 ! Circular mechanical -draft cool ing towers. Source: Round 
Towers, p u b  l ication RT-75, The Marley Company, Mission, Kans. Reprinted 
by permission. 



o f  t h i s  tower  t ype  was i n  1973-74 a t  t h e  500-MW(e) Jack Watson S t a t i o n  

I o f  t h e  M i s s i s s i p p i  Power Company a t  G u l f p o r t .  The plume behav io r  o f  

I t h e  o p e r a t i n s  tlower has conformed w e l l  w i t h  t h e  p r e d i c t i o n s  ob ta i ned  f r o m  

I I 

model t e s t s .  2 0  / Th i s  c i r c u l a r  t y p e  o f  tower  has been s p e c i f i e d  f o r  

I severa l  power s t a t i o n  p r o j e c t s  now planned o r  under c o n s t r u c t i o n .  The 

I ; 

c o s t s  of t h e  towers w i l l  p robab ly  n o t  be s i g n i f i ' c a n t l y  g r e a t e r  than  

I t h a t  o f  mechan i ca l - d ra f t  towers i n  a  r e c t a n g u l a r  l a y o u t ,  p a r t i c u l a r l y  

I :: 
when l a n d  and p i p i n g  cos t s  a r e  cons idered.  

I The c i r c u l a r  mechan i ca l - d ra f t  c o o l i n g  tower  w i l l  p robab ly  f i n d  

a p p l i c a t i o n  f o r  l a r g e  geothermal power s t a t i o n s .  I t  w i l l  f u n c t i o n  i n  

a r i d  r eg ions  where t h e  n a t u r a l - d r a f t  type w i l l  no t ,  may h e l p  w i t h  d r i f t  

I problems a t  c e r t a i n  s i t e s ,  and w i l l  o f f e r  economies i n  l a n d  c o s t s  and 

f a n  power consumption. 
-- 

'\ 
; Wet n a t u r a l - d r a f t  c o o l i n g  towers !\ 

- -- - . . . . , 

N a t u r a l - d r a f t  c o o l i n g  towers may have l i m i t e d  use i n  geothermal 

power p l a n t  a p p l i c a t i o n s  because they  a r e  b e s t  s u i t e d  f o r  ve r y  l a r g e  

i n s t a l l a t i o n s  and they  do n o t  f u n c t i o n  w e l l  i n  c l i m a t e s  hav ing  h i g h  

wet-bu lb  temperatures and low r e l a t i v e  h u m i d i t i e s ,  such as occur  i n  t h e  

I m p e r i a l  V a l l e y  r e g i o n  o f  sou thern  Cal i f o r n i a .  The se ismic  a c t i v i t y  

I ' . . and ground subsidence tendenc ies o f t e n  assoc ia ted  w i t h  geothermal s i t e s  . . 
. 

may a1 so be a  d e t e r r e n t  t o  t h e i r  use. Never the less,  because a  100-MW(~)  
-.-L__ . . 

. . power p l a n t  may r e j e c t  as much hea t  as a  600-MW(e) f o s s i l - t y p e  

I s t a t i o n  and p o t e n t i a l  geothermal r esou rces .a re  n o t  n e c e s s a r i l y  con f i ned  

I t o  a r i d ,  se i sm ica l  l y  a c t i v e  r eg ions ,  n a t u r a l  - d r a f t  c o o l i n g  towers cannot 

be comple te ly  e l i m i n a t e d  f rom cons ide ra t i on .  a .  
,. - 

. - . 
. . 

As i n  mechanical - d r a f t  towers, t h e r e  a r e  two b a s i c  types, t h e  'c ross-  

. f l o w  and t h e  coun te r f l ow .  I n  t h e  former,  t h e  f i l l  o r  packing, i s ' l o c a t e d  

I i n  a  r i n g  o u t s i d e  t h e  base of  t h e  tower and t h e  i n s i d e  serves p r i m a r i l y  

I as a  chimney. I n  t h e  coun te r f low type, t h e  f i l l  i s  i n s i d e  t h e  base 

l and e l eva ted  so t h a t  t h e  a i r  e n t e r i n g  around t h e  pe r i phe ry  moves upward 

I through t h e  f a l l i n g  wa te r  d r o p l e t s .  The coun te r f l ow  des ign  p rov i des  

I more e f f i c i e n t  hea t  t r a n s f e r  because t h e  c o o l e s t  wa te r  con tac t s  t h e  

I c o o l e s t  a i r .  I n  t h e  c r o s s f l o w  arrangement, t he  a i r  and water  a r e  d i s -  

I t r i b u t e d  more un i f o rm l y ,  and t h e r e  i s  l e s s  a i r - p r e s s u r e  drop across t h e  

fi 11 . Sketches o f  bo th  types o f  towers a r e  shown i n  F i g .  17. 1 
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Fig. ' 17  1 !.Jet n a t u r a l - d r a f t  cool ing towers. ." Source: J .  B .  Dickey 
and R.  E .  Ca Les, Managing Waste Heat wi th  the Water Cooling Tower, 2d ed . ,  
The Marley Company, Mission, Kans., ,1970. Reprinted by permission,. 



The hyperbo l  i c  shape o f  a  n a t u r a l - d r a f t  c o o l i n g  tower matches t h e  

n a t u r a l  a i r  f low through t h e  u n i t ,  bu t ,  perhaps more i m p o r t a n t l y , ' i t  

has s t r e n g t h  c h a r a c t e r i s t i c s  t h a t  p e r m i t  economizing on m a t e r i a l s  of 

c o n s t r u c t i o n .  The s h e l l  o f  a  n a t u r a l - d r a f t  c o o l i n g  tower may be f a b r i c a t e d  

o f  r e i n f o r c e d  concrete ,  o f  s t r u c t u r a l  s t e e l  w i t h  aluminum s k i n ,  o r ,  as 

a t  Schmehausen, Germany, o f  a  suspended cab le  n e t  w i t h  an aluminum 

sk i n .  2 1  / Re in fo rced  concre te  has been used a lmost  e x c l u s i v e l y  i n  t he  

Un i t ed  S ta tes .  Concrete s h e l l s  a r e  poured by l e a p f r o g g i n g  forms and 

con 's t ruc t ion  p la t fo rms  up t h e  s t r u c t u r e  and u s u a l l y  r e q u i r e  about two 

years  f o r  complet ion.  The s h e l l s  must be designed f o r  t h e  dead we igh t  

o f  t h e  tower p l u s  loads  r e s u l t i n g  f rom buck l i ng ,  v i b r a t i o n s ,  wind, 

se ismic  forces, and thermal s t resses .  Induced s t resses  due t o  poor 

subso i l  o r  nonuni form s e t t l i n g  must a l s o  be cons idered  and may t ake  on 
--- 

more importance i n  geothermal areas s u b j e c t  t o  subsidence. The s h e l l s  

a r e  s u r p r i s i n g l y  t h i n  and, in .some towers,  a r e  o n l y  about 15 cm ( 6  i n . )  

i n  t h i c kness  a t  t h e  w a i s t .  Models have been developed f o r  ana1ysi.p o f  

t h e  membrane s t r e s s  t o  m in im ize  t h e  she1 1 t t ~ i c k n e s s  requ i r ed .  2 2  The 

des ign wind l oad  i s  u s u a l l y  161 kmlhr  (100 mph). 

The s h e l l s  o f  n a t u r a l - d r a f t  towers .are more s u b j e c t  t o  se ismic  

damage than mechan i ca l - d ra f t  towers,  p a r t i c u l a r l y  those o f  wooden cons t ruc -  

t i o n .  Micro-earthquakes, t h a t  i s ,  earthquakes w i t h  magnitudes o f  l e s s  

than  4 on t h e  R i c h t e r  sca le ,  have been observed near  many geothermal 

areas around t h e  wor ld ,  i n c l u d i n g  The Geysers and t h e  I m p e r i a l  V a l l e y .  

However, earthquakes hav ing  magnitudes g r e a t e r  than 4.5 and t h e  p o t e n t i a l  

t o  cause s i g n i f i c a n t  su r f ace  damage have r a r e l y  been observed i n  geo- 

thermal  areas. One p o s s i b l e  exp lana t i on  i s  t h a t  t h e  f r equen t  micro-  

earthquakes i n  geothermal areas may tend t o  r e l i e v e  r e g i o n a l  t e c t o n i c  

s t r e s s ,  thus  r educ ing  t h e  p o s s i b i l i t y  o f  a  major  earthquake. Earthquakes 

have been assoc ia ted  w i t h  t h e  i n j e c t i o n  o f  f l u i d s  i n t o  o i l  f i e l d s ,  'and 

i t  i s  hypothes ized t h a t  s i m i l a r  events  cou ld  occur  as a  r e s u l t  o f  geo- 

thermal development. Much remains t o  be l ea rned  i n  t h i s  area, and 

d e t a i l e d  se ismic  m o n i t o r i n g  i s  be ing  conducted a t  The Geysers and i n  t h e  

I m p e r i a l  Val l e y .  2 3  j 
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A v a r i a t i o n  o f  t h e  n a t u r a l - d r a f t  tower  i s  t he  f an -ass i s t ed  type .  

The tower  f i l l  arrangement i s  much t h e  same as f o r  a  coun te r f l ow  type,  

b u t  fans  a r e  ar ranged around t h e  pe r i phe ry  t o  f o r c e  a i r  i n t o  t he  tower 

and thereby  reduce t h e  s tack  h e i g h t  r equ i r ed .  The c a p a c i t y  o f  t h e  tower  

becomes l e s s  dependent upon t h e  me teo ro l og i ca l  c o n d i t i o n s ,  and t h e  

tower  h e i g h t  may be l e s s  o b t r u s i v e .  The reduced tower h e i g h t  makes 

t h e  u n i t  pe r fo rm i n  a  manner s i m i l a r  t o  t h e  c i r c u l a r  mechan i ca l - d ra f t  
. . .  

t y p e  d i  scussed p r e v i o u s l y .  \ I 

Concen t ra t ion  r e l a t i o n s h i p s  i n . w e t  c o o l i n g  towers . .. 

The r a t e  t h a t  makeup wate r  must be added t o  a  wet c o o l i n g  tower i s  

t h e  sum o f  t h e  r a t e s  a t  which water  i s  l o s t  f rom t h e  tower system by 

evapora t ion ,  blowdown, d r i f t ,  and leakage. The blowdown , r a t e  determines .' 

t h e  l e v e l  t o  which t h e  concen t ra t i on  o f  d i s s o l v e d  s o l i d s  i n  t h e  wa te r  

a re  a l lowed t o  accumulate. The concen t ra t i on  f a c t o r ,  o r  c yc l es  of 

concen t ra t i on ,  i s  d e f i n e d  as t h e  r a t i o  o f  t he  t o t a l  d i s s o l v e d  s o l i d s  

(TDS) i n  t h e  c i r c u l a t i n g  ( o r  blowdown) wa te r  t o  t h e  TDS i n  t h e  makeup 

water .  Where t h e  env i ronmenta l  impacts o f  t he  blowdown'may be a  se r i ous  

problem and ample makeup wa te r  i s  a v a i l a b l e ,  t h e  concen t ra t i on  f a c t o r  

may be as low as 2 t o  4. The proposed Sundesert Nuc lear  S t a t i o n  near  

B l y t h ,  C a l i f o r n i a ,  was an example o f  t h e  o t h e r  extreme, where even low- 

qua1 i t y  makeup wate r  would have been scarce. The blowdown would have 

been so laden  w i t h  s a l t  t h a t  i t  was t o  have been d isposed o f  by evapora- 

t i o n .  A c o n c e n t r a t i o n  f a c t o r  o f  about 20 was proposed, and s ide-s t ream 

c l a r i f i e r s  were t o  have been used i n  t h e  c i r c u l a t i n g  system. The 

Sundesert c o n d i t i o n s  may be t y p i c a l  of those f o r  l a r g e  geothermal power 

p l a n t s  l o c a t e d  i n  t h e  I m p e r i a l  V a l l e y  o f  southern C a l i f o r n i a .  

The r e l a t i o n s h i p s  between t he  mass f l o w  r a t e  per  u n i t  t ime  o f  

makeup, blowdown, evapora t ion ,  and d r i f t  r a t e s  can be fo rmu la ted  i n  

terms o f  t h e  c o n c e n t r a t i o n  f a c t o r  (on a  we igh t  b a s i s ) .  



Let: 

M = makeup r a t e ,  

B = blowdown r a t e ,  

E = evaporation r a t e ,  

n = d r i f t  r a t e ,  

C = concentrat ion of s o l i d s  in  stream, l b / l b ,  

CF = concentrat ion f a c t o r ,  o r  cycles of concentrat ion.  

Then, i f  leakage i s  ignored, 

M Z B + E + D ,  

CF = CB/CM , , 

c# = CBB + CBD , j 
CM = cB(B + D)/M , r 

..- ! 
i 

CF = C B / D B ( ~  + D)/M] . 
- . . .  . . . .. . . . . - . - - - - . 

I 

I t  then follows t h a t  1 
. c. i 

i 
I 

i 
CF = M / ( B  + D) , I I I 

! 
f 

B = [E/(cF- I ) ]  - D  , i i 
M = CF[E/(CF - I ) ]  , i 
E = (CF - 1 ) ( ~  + D)  . I t 



3.5.9 D r i f t  f rom wet c o o l i n g  towers 

D r i f t  i s  t h e  p o r t i o n  o f  t h e  spray pond o r  c o o l i n g  tower  c i r c u l a t i n g  

wa te r  t h a t  becomes e n t r a i n e d  i n  t h e  moving a i r  stream and i s  c a r r i e d  o u t  

o f  t h e  system i n  d r o p l e t  form. The amount o f  d r i f t  i s  commonly expressed 

as a  percentage o f  t h e  c i r c u l a t i n g - w a t e r  f l o w  r a t e  on a  we igh t  bas i s .  

However, t h e  amount o f  d r i f t  f rom a  tower  i s  n o t  a  s t r ong  f u n c t i o n  o f  

t h e  wa te r  l o a d i n g  b u t  i s  p r i m a r i l y  dependent on a i r  f l o w  r a t e s  and 

v e l o c i t i e s .  D r i f t  may a l s o  be expressed as t h e  we igh t  o f  t h e  d r o p l e t s  

pe r  u n i t  we igh t  o f  a i r ,  i n  p a r t s  pe r  r r i i l l i v r i  (pprn): 

where LIG i s  t h e  we igh t  r a t i o  o f  t h e  wa te r  and a i r  f l o w  r a t e s .  Coo l ing  

tower d r i f t  r a t e s  va r y  over  a  wide range, f rom about  0.001 t o  0.2%. A t  

a  t y p i c a l  L/G r a t i o  o f  1.5, t h i s  amount i s  e q u i v a l e n t  t o  15 t o  3000 ppm 

o f  d r i f t  i n  t h e  a i r  stream. 

The percentage o f  d r i f t  i s  smal l ,  and t h e  wate r  l o s t  f rom t h e  tower 

due t o  d r i f t  i s  i n s i g n i f i c a n t  i n  comparison t o  t h a t  l o s t  by evapora t ion .  

D r i f t  does n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  v i s i b i l i t y  o f  c o o l i n g  

tower plumes. The p r ima ry  concerns w i t h  regard  t o  d r i f t  a re  t h e  env i r on -  

mental impacts o f  t h e  s a l t s  t h a t  a r e  d i s s o l v e d  i n  water  d r o p l e t s  be ing  

depos i ted  i n  t h e  v i c i n i t y  o f  t h e  c o o l i n g  tower, and the  p o s s i b i l i t y  f o r  

i c i n g  o f  nearby roads and equipment d u r i n g  t h e  w i n t e r  months. S a l t  

d e p o s i t i o n  due t o  d r i f t ,  f o r  example, i n  t h e  power s t a t i o n  e l e c t r i c a l  

sw i tchyard  can a f f e c t  i n s u l a t o r  e f f i c i e n c y  and a c c e l e r a t e  co r ros i on .  A  

f r e q u e n t  comp la in t  i s  s a l t  s p o t t i n g  o f  windows and f i n i s h e s  o f  automobi les 

parked near  t h e  c o o l i n g  towers.  More i m p o r t a n t l y ,  some forms o f  vegeta- 

t i o n  may be damaged by t h e  c h l o r i d e s  and o t h e r  s a l t s  d i s s o l v e d  i n  t h e  

, c i r c u l a t i n g  water .  P l a n t s  d i f f e r  markedly i n  t h e  amount o f  s a l t  they  

can t o l e r a t e  a t  va r i ous  t imes i n  t h e  growing season. Th is  aspect  i s  o f  



cons ide rab le  concern and i s  o f t e n  one o f  t h e  env i ronmenta l  impacts t h a t  

i s  an i s s u e  i n  t h e  g r a n t i n g  o f  c o n s t r u c t i o n  pe rm i t s  f o r  power p l a n t s  

us i ng  spray ponds o r  c o o l i n g  towers f o r  waste hea t  r e j e c t i o n .  

The magnitude o f  t h e  d r i f t  problem can be app rec i a ted  by cons ider -  

i n g  t h a t  i f  a  coo l  i n g  tower  f o r  a  5 0 - M W ( ~ )  geothermal power s t a t i o n  had 

a  thermal e f f i c i e n c y  o f  l o%,  an 11 " C  (20°F) water  temperature range, 

c o o l i n g  tower  makeup wate r  having, 500 ppm TDS, a  c o n c e n t r a t i o n  f a c t o r  o f  

5  i n  t h e  towers,  a  tower  d r i f t . r a t e  o f  0.005%, and a  p l a n t  c a p a c i t y  

f a c t o r  o f  0.8, then  a  t o t a l  o f  about  3.0 x l o 4  kg ( 6 . 7  x 104 l b )  o f  s a l t  

and o t h e r  d i s s o l v e d  s o l i d s  would leave  t h e  tower each y e a r  and be depos i ted  

w i t h i n  a  few m i l e s  o f  t h e  tower.  I f  t h e  wind tends t o  be f rom t h e  same 

q u a r t e r  a l l  year ,  t h e  annual d e p o s i t i o n  r a t e  would be concen t ra ted  i n  a  

sma l l e r  area than i f  t h e  wind d i r e c t i o n  were more v a r i a b l e .  Flaximum 

d e p o s i t i o n  r a t e s  t end  t o  be w i t h i n  about 1 .6  km ( 1  m i l e )  o f  mechanica l -  
.' 

d r a f t  towers and can amount t o  10 o r  more g/m2.year (100 l b / ac re . yea r ) .  

As a  genera l  r u l e ,  g r e a t e r  amounts cause concern f o r  t h e  b i o t a ,  depending 

on t h e  k i nds  of  v e g e t a t i o n  i nvo l ved ,  t h e  season o f  t h e  year ,  and t h &  

amount o f  r a i n f a l l  a v a i l a b l e  t o  wash t h e  p l a n t s  and t o  l each  t h e  s a l t  

f rom t h e  s o i l .  

Dur ing  t h e  p a s t  few years ,  improvements i n  t e c h n i q u e s . f o r  measur ing 

d r i f t  con f i rmed t h a t  a c t u a l  d r i f t  r a t e s  f rom towers were s u b s t a n t i a l l y  

below t h e  va lues o f  about 0.2% t h a t '  manufacturers  had been c i t i n g  up t o  

t h a t  t ime . '  Guaranteed d r i f t  r a t e s  o f  0.05% a re  now commonplace, and 

va lues as low as 0.001% may now be s p e c i f i e d .  Improvements i n  measure- 

ment techniques have a l s o  c o n t r i b u t e d  t o  t h e  d r i f t  e l i m i n a t o r  des igns i n  

t h a t  t h e  performance o f  va r i ous  arrangements can be more mean ing fu l l y  

t es ted .  



Dry coo l  i ng towers I 
! 

I n  d r y  c o o l i n g  towers t h e  hea t  t o  be r e j e c t e d  f rom t h e  power c y c l e  

i s  t r a n s f e r r e d  th rough  t h e  w a l l s  o f  an a i r - c o o l e d  hea t  exchanger t o  r a i s e  

t h e  d r y - b u l b  temperature o f  t h e  a i r  stream. Power c y c l e s  using. d r y  c o o l i n g  

towers a re  i l l u s t r a t e d  i n  F igs .  4 and 5. 

Unfavorab le  economics i n  t h e  p a s t  have r e s u l t e d  i n  r e l a t i v e l y  

l i t t l e  i n t e r e s t  i n  d r y  c o o l i n g  towers i n  t h e  Un i t ed  S ta tes .  Rather than  

use d r y  towers where conven t iona l  sources o f  wa te r  a r e  n o t  a v a i l a b l e ,  . .. . -. 

t h e  e l e c t r i c  u t i l i t i e s  have found t h a t  i s  g e n e r a l l y  more economic t o  

f i n d  wa te r  by some means (such as buy ing a g r i c u l t u r a l  l a n d  f o r  t h e  wa te r  . . 

r i g h t s ,  p i p i n g  sewage t r ea tmen t  p l a n t  e f f l u e n t ,  us i ng  s a l t  water ,  o r  

pumping groundwater) .  The growing s c a r c i t y  o f  even these >wate r  sources, . . 

however, and t h e  unacceptable environmental .  impacts t h a t  may be a t t e n d a n t  . . . . 
, . 

t o  t h e i r  use a r e  now drawing more a t t e n t i o n  t o  use o f  d r y  c o o l i n g  methods. 

The Department of Energy (DOE) has sponsored severa l  s t u d i e s  o f  bo th  d r y  
f ' 

and w e t l d r y  towers.  These sub jec t s  cover  t h e  s t a t e  o f  t h e  a r t ,  economics, 

and p r o j e c t e d  f u t u r e  needs i n  l i g h t  o f  a v a i l a b l e  wa te r  supp l i es  i n  t h e  

U n i t e d  S ta tes .  

Dry c o o l i n g  tower's have been used i n  Europe f o r  15 years  o r  more, 

as l i s t e d  by ~i 1 iarasd2' 1 \ I n  t h e  Un i t ed  States,  t h e  Wyodak 

p l a n t  - a  j o i n t  p r o j e c t  a t  G i l l e t t e ,  Wyoming, o f  t h e  B lack H i l l s  Power 

and L i g h t  Company and t h e  P a c i f i c ,  Power and L i g h t  Company - i s  t h e  most 

n o t a b l e  example a t  t h e  p resen t  t ime. Th is  330-MW(e) s t a t i o n  i s  t h e  

l a r g e s t  i n  t h e  w o r l d  us i ng  d r y  c o o l i n g  towers.  A power s t a t i o n  us i ng  a  

d r y  a i  r - coo l  ed condenser suppl i e d  by CE-Lummus, has a1 so been .completed 

r e c e n t l y  a t  Valdez, Alaska. 25 / Dry c o o l i n g  towers a r e  o f  two types, 

d i r e c t  and i n d i r e c t .  



I n  t h e  d i r e c t  arrangement, t h e  t u r b i n e  exhaust i s  

duc ted  t o  an extended-surface, a i r - c o o l e d  heat  exchanger. I n  conven t iona l  

steam-power cyc les ,  t h e  condensate i s  c o l l e c t e d  and re tu rned  t o  t h e  

b o i l e r  v i a  t h e  feedwater h e a t i n g  system. l h e n  t h e  vapor i s  condensed a t  

pressures l e s s  than atmospher ic,  p r o v i s i o n s  must be made f o r  pu rg i ng  o f  

noncondensable gases. I'f t h e  condensing vapor i s  steam, then  t h e  exhaust 

d u c t i n g  must be r e l a t i v e l y  l a r g e  [e.g., about 2 m ( 6  f t )  i n  d iameter  f o r  

a 40-MW(e) t u r b i n e ]  t o  keep exhaust pressure-drop losses  accep tab ly  low 

bu t ,  a t  t h e  same t ime,  s u f f i c i e n t l y  f l e x i b l e  t o  accommodate t h e  p i p e  

s t resses .  Mechan i ca l - d ra f t  i s  used on most d r y - t ype  towers cons t ruc ted  t o  

da te ,  b u t  s t u d i e s  have i n d i c a t e d  t h a t ,  a l though  t h e  i n i t i a l  cos t s  a r e  more 

t han  t w i c e  t h a t  o f  mechanical - d r a f t  types ,26 ; n a t u r a l  - d r a f t  towers may a1 so 

be f e a s i b l e .  - .  

The a i r - c o o l e d  c o i l s  a r e  u s u a l l y  made up o f  pa ra l l e l - connec ted  

banks (commonly ar ranged i n  a " W "  fo rm)  w i t h  t h e  fans  l o c a t e d  underneath. 

The vapor i s  d i s t r i b u t e d  t o  t h e . h e a t  exchangers through headers, which,,. 

may be ar ranged t o  d e l i v e r  t h e  steam e i t h e r  t o  t h e  t o p  o r  t o  t h e  bot tom 

o f  t h e  extended-sur face c o i l s .  W i t h  t o p  d e l i v e r y ,  i n  what i s  c a l l e d  t he  

u n i f l o w  arrangement, t h e  condensate f l ows  down t h e  i n s i d e  w a l l s  o f  t h e  

tubes i n  t h e  same d i r e c t i o n  as t h e  vapor f l ow ,  and t h e  p ressure  drop caused 

by t h e  f l o w  w i l l  r e s u l t  i n  a s a t u r a t i o n  temperature f o r  t h e  condensate 

severa l  degrees below t h e  e n t e r i n g  vapor temperature.  Wi th  t h e  vapor 

d e l i v e r e d  t o  t h e  bot tom o f  t h e  exchangers, i n  a coun te r f l ow  arrangement, 

t h e  vapor f l ows  upward a g a i n s t  t h e  down-f lowing condensate. A l though t h e  

condensate leaves  a t  t h e  e n t e r i n g  steam temperature,  t h e  coun te r f l ow  

arrangement i s  n o t  as e f f i c i e n t  i n  terms o f  hea t  t r a n s f e r  and r e q u i r e s  more 

area.  A combinat ion o f  t h e  u n i f l o w  and coun te r f l ow  arrangements can a l s o  

be used. 
. I I n  t h e  i n d i r e c t  system, t h e  exhaust vapor from 

. 
t h e  t u r b i n e  i s  condensed by a c o o l a n t  c i . r cu l a ted  th;ough t h e  condenser 

and t o  t h e  d r y  c o o l i n g  tower  where t h e  hea t  i s  t r a n s f e r r e d  i n  extended- 

su r face ,  a i r - c o o l e d  .heat exchangers. The condensers can be e i t h e r  t h e  

su r f ace  o r  d i r e c t - c o n t a c t  type.  An i n d i r e c t  system us ing  a d i r e c t -  

c o n t a c t  condenser, c a l l e d  t h e  H e l l e r  system, i s  i l l u s t r a t e d  i n  F i g .  4.. .... . - - .  . - .  .. 

A l though a su r f ace  condenser cou ld  be used w i t h  t h e  i n d i r e c t  system, 



a1 1  u n i t s  up t o  t h e  p resen t  t ime  have .used d i r e c t - c o n t a c t  condensers i n  

a  H e l l e r - t y p e  system. Th i s  usage pe rm i t s  a  condensing steam temperature 

l owe r  by t h e  amount o f  t h e  t e rm ina l  temperature d i f f e r e n c e  t h a t  would 

have been r e q u i r e d  f o r  t h e  su r f ace  condenser, r e s u l t i n g  i n  lower  p l a n t  

hea t  r a t e s  and c a p i t a l  cos ts .  However, a  1973 s tudy  made by Beck and 

~ s s o c i a t e s ~ ~  / f o r  1000-MW(e) f o s s i l  and nuc lea r  power p l a n t s ,  i n  which 

b o t h  mechan i ca l - d ra f t  and n a t u r a l - d r a f t  d r y  c o o l i n g  towers were con- 

s ide red ,  i n d i c a t e d  t h a t  t h e  c o s t  o f  produc ing e l e c t r i c i t y  us ing  surface 

condensers' was c o m p e t i t i v e  w i t h  t h e  d i  r e c t - c o n t a c t  condensers and t h a t  

t h e  su r f ace  condensers o f f e r e d  s i g n i f i c a n t  ope ra t i ng  advantages. 

A l though t h e  s tudy was based on p l a n t  s i zes  much l a r g e r  than those 

p r e s e n t l y  cons idered  f o r  geothermal power i n s t a l l a t i o n s ,  on meteoro logy 

t y p i c a l  o f  t h e  eas te rn  Un i t ed  S ta tes ,  and on f u e l  cos t s  t h a t  a re  no 

l o n g e r  a p p l i c a b l e ,  t h e  f a c t o r s  i n v o l v e d  i n  t h e  assessment a re  o f  i n t e r e s t  
. . .  . . . .  . . . . . . .  - . .  ........ . . - -. . - - - - - 

To m a i n t a i n  a i r  i n - leakage  i n t o  t h e  work ing  f l u i d  (steam) w i t h i n  

p r a c t i c a l  l i m i t s ,  t h e  wa te r  t h a t  i s  i n s i d e  t h e  d r y  c o o l i n g  c o i l s  shou ld  

opera te  above atmospher ic pressure.  When us ing  sur face- type  condensers, 

t h i s  requi rement  can be e a s i l y  accomplished. When us i ng  d i  r e c t - c o r l t a c t  

condensers, however, t h e  condenser e f f l u e n t  must be pumped up t o  p ressure  

f o r  passage th rough  t h e  a i r - c o o l e d  sur faces  and then l e t  down i n  p ressure  

be fo re  i t  i s  sprayed i n t o  t h e  d i r e c t - c o n t a c t  condenser ( F i g .  1 . 4 ) .  The 

p ressure  r e d u c t i o n  can be e i t h e r  through a  t h r o t t l i n g  va lve  o r  through a  

h y d r a u l i c  t u r b i n e  d i r ec t - coup led  t o  t h e  condensate pump where about 80 

t o  90% of t h e  pressure head can be recovered. However, t h i s  aspect  adds 

t o  t h e  c o s t  and comp lex i t y  o f  t h e  d i r e c t - c o n t a c t  condenser system. A  

f u r t h e r  o p e r a t i n g  advantage o f  t h e  su r f ace  condenser i s  t h a t ,  because 

t h e  c o o l a n t  and t h e  work ing f l u i d  do n o t  mix,  i t  can be used i n  cyc l es  

where t he  work ing  f l u i d  i s  n o t  water  o r  where a  f l u i d  o t h e r  than  wate r  

i s  used as t h e  coo lan t .  For  example, a  g l y c o l  s o l u t i o n  can be used as 

t h e  c o o l a n t  t o  p r o t e c t  t h e  a i r - c o o l e d  c o i l  f rom f r e e z i n g .  The ~ e c k ~ . ~  I 

s tudy  cons idered a  30% (by volume) i n h i b i t e d  e thy l ene  g l y c o l  s o l u t i o n  

and an inc rease  i n  e l e c t r i c a l  p roduc t i on  cos t s  o f  0.07 t o  0.17 rn i l ls /kWhr 

ove r  t h e  cos t s  when us i ng  p l a i n  water .  Ammonia has a l s o  been cons idered 

as  a heat  t.ranspnrt. f l ~ l i d  ( t o  be d iscussed subsequent ly ) .  



One o f  t h e  d i s t i n g u i s h i n g  f ea tu res  o f  a l l  d r y - t ype  coo l i ng ,  towers i s  

t h a t  t h e  temperature a t  which t h e  t u r b i n e  exhaust steam i s  condensed i s  

dependent on t h e  ambient d r y -bu lb  temperature r a t h e r  than  p r i m a r i l y  on t he  

wet -bu lb  temperature,  as i n  evapora t i ve - type  c o o l i n g  towers.  T y p i c a l l y ,  

t h e  condensing p ressure  f o r  a  d r y - t y p e  c o o l i n g  tower system w i l l  be i n  t he  

o r d e r  o f  203 mm (8 i n . )  o f  mercury abso lu te  as compared t o  64 t o  102 mm 

(2 .5  t o  4 i n . )  o f  mercury abso lu te  f o r  a  wet c o o l i n g  tower.  The h i g h  back- 

p ressure  w i l l  n e c e s s i t a t e  a  d i f f e r e n t  des ign  f o r  t h e  t u r b i n e  i f  t h e  s i z e  
--.s -. 

. o f  t h d  tower  and t h e  ' c a p i t a l  cos t s  a r e  t o  be. k e p t  t o  a.minimum. A1 though 

1I.S. manufacturers  ' s t a t e  t h a t  t hey  c o u l d  supp ly  h i g h  back-pressure t u r -  , 
26 ' 

b ines  , they  r e p o r t  t h a t  t h e r e  has been l i t t l e  i n t e r e s t  t o  da te  i n  them. 
.. 1-.. . --. . . . .- . - .  

A lso  r e s u l t i n g  f rom t h e  dependency o f  d r y  c o o l i n g  towers on t h e  i 

d ry -bu lb  temperature o f  t h e  ambient a i r  i s  t h a t  one must e i t h e r  ( 1 )  des ign - -. I 
f o r  h i g h  d r y -bu lb  temperatures and opera te  a t  e f f i c i e n c i e s  s i g n i f i c a n t l y  

l e s s  than  t h e  p l a n t  would be capable  o f  i f  designed f o r  lower  d r y -bu lb  

o r  ( 2 )  s u f f e r  .a l o s s  i n  c a p a c i t y  when t h e  ambient d r y -bu lb  temperatures I '  
exceed t h e  des ign  va lue.  Th i s  e f f e c t  i s  p a r t i c u l a r l y  disadvantageous i n  l i  
r eg ions  where a i r - c o n d i t i o n i n g  loads  cause peaks on t h e  system t o  occur  I1 
a t  t imes o f  maximum d r y - b u l b  temperature.  Two ways t o  o f f s e t  t h i s  

s i t u a t i o n  a re  t o  use a  combinat ion o f  wet and d r y  c o o l i n g  towers (Sect .  

3.5.7) o r  t o  wet  t h e  o u t s i d e  su r f ace  o f  t h e  d r y  c o o l i n g  tower  d u r i n g  

pe r i ods  . . .  o f  h i g h  . .  . d r y -bu l  b  temperature and peak loads,/'. Bo th  ways r e q u i r e  t h e  .: . - 

consumpt ive~use  o f  wa te r  d u r i n g  t h e  h o t  season when wate r  supp l i es  tend  I 
I 

t o  be r e s t r i c t e d .  
. -- -. - . .-.. . .. - - -- . - -  

The p rospec t  o f  f u t u r e  e l e c t r i c  power gene ra t i on  depending h e a v i l y  

.on d r y  c o o l i n g  towers has l e d  t o  s t u d i e s  o f  methods of improv ing  t h e  

performance and reduc ing  t h e  c o s t  o f  t h e  extended-sur face hea t  exchangers. 

These s t u d i e s  have i n c l u d e d  methods f o r  fo rm ing  extended metal  sur faces,  

such as t h e  C u r t i s - W r i g h t  c o n f i g u r a t i o n  w i t h  which i t  i s  c la imed t h a t  

manufac tu r ing  c o s t s  a r e  s u b s t a n t i a l l y  l e s s  and t h a t  a  lowered p ressure  

drop o f  t h e  f l u i d  th rough  t h e  exchanger can l e a d  t o  s i g n i f i c a n t  sav ings 

i n  pumping cos ts .  28 I "  



As mentioned above, a  surface condenser used in conjunction with a  

dry cooling tower offers the possibil i ty of a  f luid other than water 

being used as the heat transport  medium. A study by Franklin Ins t i tu te ,  

Battelle-Northwest, and Union Carbide under grants from DOE and the . I : 
Electric Power Research Ins t i tu te  (EPRI )  determined that  ammonia was the 

.. . most economical transport f lu id .  25i  The system would condense the turbine 

exhaust steam by use of ammonia, which would be evaporated in the pro- 
'.- cess. The ammonia vapor would then be condensed in a  dry cool ing tower 

and recycled. The arrangement with the lowest cost uti l ized water 

deluge on  the tower during the hottest ambient conditions t o  e f fec t  

.- - water sayings of 80% over the amount of makeup water required for an 

all-evaporative cooling system. The estimated cost of the system i s  15 
to  30% lower than for  a  conventional wetldry tower arrangement. 2 8 :  The 

.- 

major advantages of the ammonia system are that  ( 1  ) less surface area i s  

required, reducing the tower s ize and cost;  ( 2 )  smal l e r  transfer 1 ines 

are'needed between the tower and the turbine condenser; ( 3 )  freezing 
problems in the air-cooled exchanger are eliminated; and ( 4 )  no pumping 

power i s  required to  move the vapor from the condenser-boiler to the 

tower and very l i t t l e  power i s  needed to return the liquid ammonia for  

recycl e .  

Wetldry cooling towers ' 

Wetldry cooling towers combine evaporative and - . . . . . .- . - . - . . . . - -  . 

dry cooling of the circulating water. A typical wet/dry tower with the 

a i r .  flowing in parallel through the wet a n d  dry sections i s  shown in 

Fig. 18 / (Wetldry cooling towers are sometimes reffered t o  as parallel - 

path towers. ) The dry portion handles essent ial ly  a1 1 the cooling load 

when dry-bulb temperatures are low, and the wet portion serves as 

supplemental' capacity when needed, such as in the summer months when 

dry-bul b temperatures are high. Wetldry towers have a  significantly 

higher cost than a  wet or dry tower alone b u t  offer  the following 

advantages: 

1. The v i s  i b  i 1 i ly i f  l h e  effluer~t. pl U I I I ~  c d r ~  be co11tro.l lee1 and 

essent ial ly  eliminated, i f  desired. 
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F i g .  1'8 1. Wet/dry mechanical-draft cooling tower. Source: J .  D. 
Holmberg and 0.  L .  Kinney, D r i f t  TechnoZogy for CooZing Towers, The Marley j 
Company, Mission, Kans., 1973. Reprinted by permission. I 

I 

. c.. 
\. 

2. The water temperature leaving the cooling tower can be maintained 

a t  a  suff ic ient ly  low value.year-round to permit use of a  low back- 
! I 

pressure turbine. . 

3. The evaporative loss of cooling water can be reduced substantially 

below that required i f  wet cooling alone were used. 

4. The system i s  better able to  meet peak loads than i f  dry cooling 

towers  alone were used. 

The relat ive importance of these factors i s  s i t e  specific,  b u t  a t  most 

geothermal power instal la t ions,  the water consumption ra te  and the 
I 
I 
I 

. ab'ility to  meet summertime peak loads will probably be the major i 

considerations. 
_ - - - - - - .  . ... 

. - .  . Wet/dry towers . may . be I 
I 

.- 

arranged with the circulating water flowing in parallel or in ser ies ;  in 

the ser ies  arrangements, e i ther  the wet or the dry section can be upstream 

of the other.. The performance of the various arrangements can be corn- 



pared i n  terms of c o o l i n g  capac i t y ,  wa te r  evapo ra t i on  r a tes ,  c a p i t a l  and 

o p e r a t i n g  cos t s ,  and env i ronmenta l  impacts.  A1 though a1 1  these f i g u r e s  

o f  m e r i t  a r e  impor tan t ,  i t  seems c e r t a i n  t h a t  wa te r  conse rva t i on  w i l l  

have p r i o r i t y  a t  most geothermal power i n s t a l l a t i o n s  i n  t h e  Southwest. 

To o b t a i n  t h e  l owes t  evapora t ion  r a tes ,  t h e  d r y  c o o l i n g  s e c t i o n  should  

c a r r y  as much of  t h e  hea t  r e j e c t i o n  l o a d  as poss ib l e .  A  g r e a t e r  mass 

f l o w  r a t e  o f  a i r  i s  needed th rough  t h e  d r y  s e c t i o n  than  th rough  t he  wet 

sec t i on ;  a  s e r i e s  f low p a t h  f o r  t h e  a i r  r e s u l t s  i n  a  s i g n i f i c a n t  mismatch 

i n  t h i s  regard .  Fu r t he r ,  a g r e a t e r  i n i t i a l  temperature d i f f e r e n c e  ( I T D )  

i s  ob ta i ned  when a i r  a t  ambient c o n d i t i o n s  en te r s  bo th  t h e  wet and d r y  . .-. .. . 

s ec t i ons ,  the reby  i n c r e a s i n g  t h e  c a p a c i t y  and m in im i z i ng  t h e  evapora t ion  

r a t e .  A  p a r a l l e l  pa th  f o r  t h e  a i r  f low i s  thus a  common p r a c t i c e  f o r  

w e t i d r y  coo l  i n g  towers.  

Conclusions cannot  be as r e a d i l y  drawn w i t h  r ega rd  * t o  t h e  wate r  

path.  ~ ~ s c u t o f f  2 9  b t u d i e d  t h i s  aspect,  and a l though  h i s  work was pre-  

l i m i n a r y  and concerned p r i m a r i l y  w i t h  comparat ive performances and 

evaporat ion.  r a t e s ,  t h e  p r i n c i p l e s  invo' l  ved a r e  o f  s i g n i f i c a n c e .  
. . .  

~ o s c u t o f f  2P tonc luded  t h a t ,  f rom t h e  s tandpo in t  o f  
. . . . . . . . . . . . . 

capac i t y ,  s e r i e s  f l o w  i n  t h e  wa te r  pa th  i s  b e t t e r  than  p a r a l l e l  f l ow.  Also, 

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

f i r s t  when ambient d r y -bu lb  temperatures a r e  low and s l i g h t l y  b e t t e r  i f  

t h e  wet s e c t i o n  comes f i r s t  when ambient we t -bu lb  temperatures a re  h igh .  

The d i f fe rences  were ve ry  smal l ,  though, and do n o t  appear t o  be conc lus ive .  

The evapora t ion  r a t e s ,  however, a r e  s i g n i f i c a n t l y  l e s s  w i t h  t h e  s e r i e s  

arrangement and w i t h  t h e  c i r c u l a t i n g  wa te r  f l o w i n g  f i r s t  th rough  t h e  d r y  

s e c t i o n .  

Wi th  t h e  s e r i e s  f l o w  path,  i f  t he  f u l l  f l o w  o f  t h e  c i r c u l a t i n g  wa te r  

i s  f i r s t  th rough  t h e  d r y  s e c t i o n  and then  t h e  wet sec t i on ,  t h e  temperature 

range f o r  t h e  wa te r  i n  t h e  wet s e c t i o n  w i l l  be sma l l e r  than  o r d i n a r i l y  

ach ieved i n  wet c o o l i n g  towers.  By reduc ing  t h e  s i z e  o f  t h e  wet tower 

and i n c r e a s i n g  t h e  range by bypassing a  p o r t i o n  o f  t h e  wa te r  f l o w  around 

it, t h e r e  would g e n e r a l l y  be a  c o s t  savings. 

An advantaqe o f  t h e  para l le l -pa t .h  arrangement i s  t h a t ,  by usc o f  

separa te  o r  dua l - se r v i ce  condensers, t h e  c o o l a n t  f l o w  paths through t h e  
- .  . 



dry and wet sections can be kept ent i rely separate. Some considerations 

in th i s  regard are as fol'lows: 

The relat ively d i r ty ,  oxygen-laden, and chemically treated water 

from the wet cooling towers will present more corrosion problems 

to  the materials commonly used for  extended-surface heat exchangers 

than would the water that  could be circulated in a closed loop through 

the dry coi ls .  An antifreeze solution or other coolant f luid could 

be circulated through the dry section. 

If separate or,dual-service condensers are used, the condenser tubes 

cooled by the f lu id  circulated in the closed dry section loop will 

be significantly less  subject to  foul ing. (Nitrogen-blanketing i s  

sometimes used to  protect extended-surface heat exchangers from 

corrosion when the system i s  drained for  shutdown). 

3 .  T h e  additional circulating pumps and piping required for separate 

systems i s  offset  t o  some extent by the by-pass and flow-regulating 

valves needed in a series-connected system. 

4. I n  a parallel-connected system, the greater flow through the 'by 
section when the wet section i s  removed from service will improve the 

water-side heat transfer coefficient,  lower the cooling range, and 

increase the temperature difference in the condenser. , One ' resu l t  of 

t h i s  i s  that  the wet tower can be removed from service a t  a higher 

ambient dry-bulb temperature and thus conserve makeup water in the 

wet section. 
I 

Deluge cooling for dry towers. 
- -  . I 

. - 
A variation of the wetidry 

. i _ _  . I 
.-kower, which has promise as a method o f  increasing the capacity of dry 

cooling towers during peak loads or periods of high ambient dry-bulb 

temperatures, involves the wetting of a portion of the dry surface. I 
This method, called deluge cooling, i s  a compromise between wet cooling I 
avd dry cooling methods and minimizes water consumption while reducing the I 
performance penal t i e s  associated with a1 1-dry systems. I 

In deluge cooling, an excess of water i s  used to  wet the surface, and I 
I 

the runoff i s  collected and recirculated. The transfer of heat i s  greatly I 
enhanced. Factors of 2 . 5  are cited as commonly at ta inable ,30 b u t  much I 



higher factors are menticned for certain conditions. 4 0  The wetted coi 1 s  

ac t  much as a wet cooling .tower, and although the heat transfer augmenta- 

tion i s  greatest  for  higher a i r  flow ra tes ,  i t  may be advantageous to  

reduce the rate  of a i r  flow to resemble more closely the L / G  rat ios  

commonly used in wet towers. There are added problems from corrosion and 

deposition of solids on the intermittently wetted surfaces, however, and 

these have yet t o  be resolved sa t i s fac tor i ly .  

a , .  . of Pacific Northwest ~ a b o r a t o r ~  31 ihave made a detailed 

cost analysis of a deluge wet/dry cooling system. In the system studied, 

ammonia was selected to  transport  the heat from the turbine exhaust to  

the ambient a i r .  The system uses a horizontal-tube, .ver t ical ,  plate- 
. - . _ _ . . .  .- - . . -. . . _ . - 

finned heat exchanger / The cost savings using 
. . . .  . . - -.. .. . .. 

deluge cooling resul t  primarily from specifying a smaller'heat exchanger ,- 

and from 1 ower turbine exhaust pressures (Fig. 3.13). 

The '  potential advantages of deluge cooling in achieving the water 

conservation of dry towers without the high cost of wet/dry towers and 

i n  meeting peak load conditions appears suff ic ient  to warrant continued 

research and development in th i s  area. 



62. 

PHASED COOLING 
I 

In power s t a t i ons  with evaporative cooling ponds o r  towers having 

a s ign i f ican t  diurnal difference in cooling capab i l i ty ,  s ign i f ican t  

reductions in water consumption may be possible by s tor ing a portion of 

the  warmed circ.ulat ing water f o r  nighttime heat d iss ipat ion.  This arrange- 

ment has been termed "phased cooling." , 3 2 
MacFarl ane, Good1 i  ng , and Maples . stud'i ed a phased-cool i  ng concept 

in which two storage ponds were proposed, one t o  s t o r e  cooled water to  

supply the  condenser during hot daytime temperatures and the other t o  

s t o r e  the  e f f luen t  warmed water. During the night,  when conditions a re  

more favorable fo r  cooling, the warmed water i s  cooled and returned t o  

the  f i r s t  pond. I t  was concluded t ha t  phased cooling might cu t  evapo- 

ra t ion losses  about in ha l f ,  depending on the storage capacity provided 
..-. 

in the ponds. The analysis  was based on meteorological conditions in  

the  southeastern United S ta tes ,  and allowance was made fo r  about 1 .3  mlyear 

(52 in. /year)  of r a in f a l l  in to  the ponds and into  the  evaporatioq,. basin 

used fo r  heat dissipa, t ion.  

With phased cooling, essen t ia l ly  the same to t a l  amount of heat must 

be diss ipated,  b u t  by postponing the heat re lease ,  the  duty of the  cooling 

equipment i s  increased accordingly. Costs, however, a r e  not necessari ly 

increased in d i r e c t  proportion because of the s i ze  fac tor  and because 

of the  advantageous nighttime cooling conditions. Depending on the 

ava i l ab i l i t y  of land and on other construction costs  of the water storage 

basins,  phased cooling, might reduce water consumption with l e s s  expense 

than would be required fo r  e i t he r  wetldry or dry cooling towers. Phased 

cooling would have another important economic advantage in t h a t  the stored 

cooled water would increase the s t a t i o n ' s  a b i l i t y  to  meet peak daytime 

1 oads. 
- .  . . . - . - . . . . , . .. . _ 



- i ' 
i 
!VARIABLE, OR "FLOATING," POWER COOLING CONCEPT 1 

A power p l a n t  i s  c u s t b m a r i l y  designed f o r  t h e  h i g h e s t  cons tan t  

power o u t p u t  t h a t  can be assured year-round, as determined by t h e  ca- 

p a c i t y  o f  t h e  heat  r e j e c t i o n  system a t  reasonable  worst-case ambient 

c o n d i t i u n s .  However, i n  some spec ia l  cases i t  may be more economical 

t o  des ign  f o r  a  power o u t p u t  t h a t  w i l l  v a r y  as t he  c a p a c i t y  o f  t h e  

waste hea t  r e j e c t i o n  system i s  a f f e c t e d  by ambient c o n d i t i o n s .  The 

, c o o l i n g  system would opera te  a t  f u l l  c a p a c i t y  a1 1  t h e  t ime,  and t he  

t u r b i n e  exhaust p ressure  would va r y  t o  a l l o w  t h e  t u r b i n e  t o  generate  t h e  

maxi umum amount o f  power p o s s i b l e  under t h e  p a r t i c u l a r  c i rcumstances.  

I n  e f f e c t ,  t h e  system would be designed f o r  lowes t  w i n t e r t i m e  ambient 

temperatures r a t h e r  than  h i g h e s t  summertime temperatures.  A l thouyh  

something o f  a  misnomer, t h i s  concept o f  v a r i a b l e  power ou tpu t  has been 

termed " f l o a t i n g "  power. 

If t h e  equipment i s  s i z e d  f o r  t he  maximum a t t a i n a b l e  power ou tpu t ,  

i t  w i l l  opera te  a t  o n l y  p a r t i a l  c a p a c i t y  much o f  t he  t ime.  The p e n a l t y  

i n  c a p i t a l  c o s t  charges w i l l ,  however, tend  t o  be o f f s e t  by t he  g r e a t e r  

amount o f  power produced. Advant.ages o f  t he  v a r i a b l e  powcr o u t p u t  con- 

c e p t  w i l l  be g r e a t e r  a t  p l a n t  l o c a t i o n s  where t h e r e  a re  wide swings i n  

t h e  a v a i l a b l e  coo l i ng -wa te r  tempera tu re ,as  a  r e s u l t  o f  d i u r n a l  and 

seasonal changes. Use of  d r y  c o o l i n g  would enhance t h i s  e f f e c t  because 

t h e  wate r  temperature would be dependent on t he  ambient d r y -bu lb  r a t h e r  

than wet-bu lb  temperature.  The advantages a l s o  tend t o  be g r e a t e r  f o r  

p l a n t s  w i t h  h i ghe r  average condensing temperatures,  which, aga in ,  i s  a  

c h a r a c t e r i s t i c  o f  systems us i ng  d r y  c o o l i n g .  The concept a l s o  f a v o r s  

power c y c l e s  t h a t  have o n l y  moderate thermal e f f i c i e n c i e s ,  such as those 

dependent on r e l a t i v e l y  low- temperature hea t  sources. Geothermal power 

s t a t i o n s  u s i n g  d r y  c o o l i n g  a r e  ve r y  l i k e l y  cand ida tes  f o r  t he  v a r i a b l e  

power o u t p u t  concept.  
3 3 

Pines, Green, Pope, and Doyle made a  s tudy o f  v a r i a b l e  power ou tpu t  

, . f o r  a  50-MW(e) b i n a r y  .geothermal power s t a t i o n  concept f o r  Heber, C a l i -  
----_._ _ - -. , 

f o r n i a .  . - Both evapo ra t i ve  
-- . - - -  

and d r y  c o o l i n g  systems were cons idered.  The s tudy  made use o f  i h e  com- 

p u t e r  model GEOTHM t o  op t im i ze  t h e  system des ign parameters i n  each case 



f o r  minimum e l e c t r i c a l  energy p roduc t i on  cos ts .  The power p roduc t i on  cos ts  

o f  base-loaded ( cons tan t  power o u t p u t )  p l a n t s  were compared t o  v a r i a b l e  

power o u t p u t  p l a n t s .  The equipment e f f i c i e n c i e s  and cos t s  used as i n p u t  . ' 

parameters were ob ta i ned  by app l y i ng  s c a l i n g  f a c t o r s  t o  i n f o r m a t i o n  taken ". 
f rom a s tudy  made f o r  t h e  E l e c t r i c  Power Research I n s t i t u t e  (EPRI') by. 

~ o l  t - ~ r o c o n ~ ~ d f  a  50-MW(e). b i  na ry -cyc l  e  s t a t i o n  l o c a t e d  a t  Heber. I s o -  

butane was used as t h e  work ing  f l u i d ,  and t h e  d r y  c o o l i n g  concept  assumed 

d i r e c t  condensat ion o f  t h e  i sobu tane  i n  an a i r - c o o l e d  c o i l .  I t  was as- 

sumed t h a t  t h e  a d d i t i o n a l  power generated by t h e  v a r i a b l e  power ou tpu t  

concept  had t h e  same monetary wor th  as tha.'t generated by t h e  tjase-loaded 

p l a n t .  Seasonal s h i f t s  i n  t h e  d r y  c o o l i n g  cyc l e  performance, based on 

t h e  meteoro logy a t  Heber, were taken i n t o  account.  

The r e s u l t s  o f  t h e  s tudy  a re  su~~~,~mar ized i n  F i g .  19 / and  20. / I n  

comparison t o  t h e  50 MW(e) o f  n e t  power produced by t h e  base-loaded p l a n t  
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Fig.  1.9' 1 Seasonal v a r i a t i o n  o f  n e t  o u t p u t  o f  " f l o a t i n g "  evapo ra t i ve  
and d ry -coo led  b i n a r y  geothermal power p l a n t s  a t  Heber, C a l i f o r n i a ,  which 
would generate  50 MW(e) ( n e t )  i f  designed on 1% bas i s .  Source: H. S. 
P i  nes e t  a  1  . , Floating Dry Cooling, A Cornpetititre A Zternatizle t o  Evapora- 
t i t le  Cooling i n  a Binary Cycle Geothermal Power Plant, LBL-7087, Lawrence 
Berke l  ey Labora to ry  ( J u l y  1978), paper *. presented a t  t h e  American 
Soc ie t y  o f  Mechanical Engineers '  1978 Win te r  Annual Meet ing a t  San 
Francisco, December 111-'15, '1978. Repr in ted  by permiss ion.  ' 
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(based on des ign  c o n d i t i o n s  t h a t  would e x i s t  99% o f  t h e  t i m e ) ,  t h e  average 

annual n e t  power o u t p u t  o f  t h e  v a r i a b l e  power concept  u s i n g  wet c o o l i n g  

towers i s  abou t  61 MW(e). . When u s i n g  d r y  c o o l  i n g ,  t h e  annual average 

n e t  o u t p u t  i s  about  81 MW(e), as shown i n  F i g .  5.1. The average power 

o u t p u t  i s  g r e a t e r  than  50 MW(e) because t h e  month ly  mean ambient tempera- 

t u r e s  a r e  always l o w e r  than  t h e  des ign  va lue.  The e l e c t r i c i t y  p r o d u c t i o n  

(busbar)  c o s t s ,  compared i n  F i g .  5.2, show about a  10% l o w e r  c o s t  f o r  

the '  v a r i a b l e  power-output  concept .  The s t u d y  concluded t h a t '  geothermal 

power s t a t i o n s  o p e r a t i n g  on t h e  b i n a r y  c y c l e  and u s i n g  d r y  c o o l i n g  can 

be as economical as base- loaded p l a n t s  u s i n g  wet c o o l i n g  towers.  
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~ i ~ .  20 P l a n t  c a p i t a l  c o s t s  and busbar energy c o s t s  o f  base- 
loaded evapora t i ve -coo led  and " f l o a t i n g "  d r y - c o o l e d  p l a n t s  as a  f u n c t i o n  
o f  t h e  annual average power o u t p u t .  Source:  V .  14. Rober ts ,  Geothermal 
Energy Conzjersion and Economic Case Studies,  EPRI-301, H o l t I P r o c o n  . . 
(November 1976).  R e p r i n t e d  by permiss ion .  
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