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exchangers,  and replaced t h e  l a r g e  vapor t u r b i n e  wi th  
a hydrau l i c  t u r b i n e ,  w e r e  proposed i n  1975 by Beck ( 3 ) ,  
and Zener and Fetkovich ( 4 ) .  The l i q u i d  w a s  t h e  con- 
t inuous  phase over  much o r  a l l  of t h e  l i f t  i n  t h e s e  
concepts .  The M i s t  L i f t  p rocess ,  a vapor l i f t  concept 
i n  which t h e  vapor is  t h e  cont inuous  phase,  w a s  i n t r o -  
duced by Ridgway (5) t o  t h e  OTEC community i n  1977. 
In t h i s  concept,  vapor f l a shed  from a sp ray  of ve ry  
f i n e  warm water d r o p l e t s  l i f t s  t h e s e  d r o p l e t s  t o  sub- 
s t a n t i a l  he igh t s .  The two-phase m i s t  f low regime is 
e s t a b l i s h e d  a t  t h e  beginning of t h e  l i f t .  Af t e r  t h e  
l i f t  i s  accomplished, t h e  vapor is then  condensed i n  a 
d i r e c t  c o n t a c t  condenser.  The warm water i s  passed 
through a convent ional  hydrau l i c  t u r b i n e  t o  provide  t h e  
d e s i r e d  power output  from t h e  cyc le .  

essential  t o  t h e  process  was demonstrated wi th  f r e s h  
water and ice i n  t h e  proof- of- principle  experiments 
accomplished i n  1980-81, and r epor t ed  i n  Zidgway, e t  
a l . ,  ( 6 ) ,  and f u r t h e r  analyzed i n  Lee and Ridgway ( 7 ) .  
Continuous ope ra t ion  on t h e  a c t u a l  ocean r e source  was 
demonstrated i n  experiments conducted i n  t h e  summer of 
1983 a t  t h e  Na tu ra l  Energy Laboratory  of Hawaii (8) .  

OVERVIEW OF THE MIST LIFT OTEC 

The coupl ing between t h e  vapor and t h e  l i q u i d  

The gene ra l  arrangement of a M i s t  L i f t  OTEC power 
p l a n t  is shown i n  Figure  1. The c e n t r a l  s t r u c t u r e  i s  
the  l a r g e  evacuated duc t  i n  which t h e  warm water is  
l i f t e d  a d i s t a n c e  of about 60 m by t h e  convers ion of 
some of i t s  hea t  energy i n t o  work. The w a r m  ocean sur-  
face  water e n t e r s  through t h e  f i l t e r  a t  t h e  l e f t  of t h e  
diagram, and then descends t o  t h e  water  t u rb ine .  Most 
of t he  g r a v i t y  head is removed from t h i s  water by t h e  
t u r b i n e  t o  produce t h e  d e s i r e d  ou tpu t  power. The water 
i s  then sprayed upward i n t o  t h e  bottom of t h e  duc t  wi th  
t h e  remaining head. S u f f i c i e n t  vapor f l a s h e s  from t h e  
warm water a t  a p res su re  of about 2400 p a s c a l s  i n  t h e  
m i s t  format ion r eg ion  t o  provide  a vapor flow a few 
meters per  second faster than t h e  v e l o c i t y  of t h e  
i n j e c t e d  m i s t  d r o p l e t s .  A va lve  is  provided t h a t  can 
bypass t h e  t u r b i n e  dur ing s t a r t- up ,  and f o r  power con- 
t r o l .  

The bottom 20 m of t h e  d u c t ,  more o r  less, com- 
p r i s e s  t h e  m i s t  a c c e l e r a t i o n  zone, and a p r e s s u r e  of 
about 1250 pasca l s  is  maintained a t  i t s  top  by t h e  con- 
densa t ion  of t h e  vapor with t h e  co ld  water t h a t  is 
in t roduced i n  t h e  form of a c i r c u m f e r e n t i a l  spray.  A 
vacuum pump removes noncondensibles.  The p res su re  d i f -  
fe rence  between t h e  bottom and t h e  top  of t h e  m i s t  
a c c e l e r a t i o n  zone d r i v e s  t h e  m i s t  t o  a v e l o c i t y  of 
n e a r l y  50 m / s .  
wi th  t h e  a c c e l e r a t e d  m i s t  t o  form a s i n g l e  j e t  which 
c o a s t s  upward a g a i n s t  g r a v i t y  almost t o  a s t o p ,  and 
then d r a i n s  i n t o  t h e  ocean. Momentum t r a n s f e r  from t h e  
m i s t  t o  t h e  cold  water s u p p l i e s  t h e  k i n e t i c  energy 
needed t o  c a r r y  t h e  cold  water t o  t h e  barometr ic  l e v e l ,  
from which i t  can d r a i n  back i n t o  t h e  ocean a g a i n s t  
atmospheric p res su re .  Th i s  arrangement t u r n s  ou t  t o  be 
a more e f f i c i e n t  and less c o s t l y  way t o  pump t h e  co ld  
water than a r o t a t i n g  impe l l e r  pump d r i v e n  by t h e  
hydrau l i c  t u r b i n e .  I t  i s  a p p r o p r i a t e  t o  emphasize he re  
t h a t  t h e  m i s t  l i f t  power p l a n t  has  n e i t h e r  a warm water 
c i r c u l a t i n g  pump, nor a co ld  w a t e r  c i r c u l a t i n g  pump, 
which is  a cons ide rab le  c o s t  saving.  

The converging co ld  water sp ray  merges 
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Figure 2 .  P-V Diagram for M i s t  L i f t  Process 

a p l o t  of t h e  p r e s s u r e  volume i s e n t r o p e  f o r  t h e  expan- 
s i o n  of l i q u i d  water from t h e  vapor- l iquid  s a t u r a t i o n  
l i n e  i n t o  t h e  two-phase region.  The i n i t i a l  s ta te  is 
taken as s a t u r a t e d  l i q u i d  water a t  25OC and a p r e s s u r e  
of 3.17 k i l o p a s c a l s .  The water becomes a two-phase 
mixture  which expands t o  do e x t e r n a l  work. A t  t h e  end 
of t h e  expansion, t h e  cold  water is  in t roduced t o  con- 
dense t h e  vapor ,  and t h e  m i s t  volume c o n t r a c t s  back t o  
l i q u i d  d e n s i t y  a t  c o n s t a n t  p r e s s u r e  and abso rbs  work. 
The n e t  work t h e o r e t i c a l l y  a v a i l a b l e  is rep resen ted  by 
t h e  t r i a n g u l a r  a r e a  bounded by t h e  expansion l i n e ,  t h e  
condensat ion l i n e ,  and t h e  y axis. Th i s  n e t  work pe r  
u n i t  q u a n t i t y  of warm w a t e r  i n c r e a s e s  as t h e  squa re  of  
t h e  temperature  d i f f e r e n c e  between t h e  warm water supp 
temperature  and t h e  condensat ion temperature .  The c o l  
to-warm water r a t i o  and t h e  condenser e f f e c t i v e n e s s  
determine t h e  condenser temperature .  I f  one varies t h  
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per  u n i t  co ld  water, t h e  optimum co ld /warm. ra t io  is 1.0 ,  
and i f  t h e  ou tpu t  is maximized pe r  u n i t  t o t a l  water, 
t h e  optimum r a t i o  is 2 . 0 .  The cold/warm r a t i o  f o r  prac-  
t i c a l  des igns  t ends  t o  f a l l  between t h e s e  va lues .  

In t h e  m i s t  gene ra t ion  r eg ion ,  t h e  ambient p r e s s u r e  
is  apprec iab ly  less than  t h e  s a t u r a t i o n  p r e s s u r e  of t h e  
i n j e c t e d  water. The vapor  coming o f f  t h e  d r o p l e t s  does  
work a g a i n s t  t h i s  ambient p r e s s u r e  r a t h e r  than  t h e  



equ i l ib r ium p res su re .  Th i s  work d i f f e r e n c e  is a loss 
w e  cal l  t h e  flashdown l o s s ,  and is shown as t h e  small I n 
t r i a n g u l a r  area i n  t h e  upper l e f t  of F igure  2 f o r  a 
flashdown i n  t h e  m i s t  gene ra to r  to 17OC from 25OC. 

p rocess  is c e n t r a l  t o  t h e  m i s t  l i f t  concept.  
water jets  i n  t h e  m i s t  gene ra to r  are spaced so t h a t  t h e  
vapor generated i n  t h e  flashdown w i l l  adequa te ly  sep- 
arate t h e  m i s t  d r o p l e t s  and de lay  d r o p l e t  coalescence.  
Based on analysis  of the expected d rop le t- drop le t  
c o l l i s i o n  ra te  i n  t h e  i n i t i a l  s t a g e s  of  t h e  m i s t  accel- 
e r a t i o n ,  w e  a n t i c i p a t e  t h a t  a temperature  drop of 
5-7OC i n  t h e  i n i t i a l  flashdown w i l l  provide  a m i s t  w i th  
a good coupl ing t o  t h e  vapor t h a t  w i l l  p e r s i s t  through 
t h e  a c c e l e r a t i o n  process .  

PLANT OPTIMIZATION 

Taking t h i s  flashdown loss  in  t h e  m i s t  gene ra t ion  
The warm 

Prel iminary  cost e s t i m a t e s  showed t h a t  approx- 
imately  one-half t h e  c o s t  of a m i s t  l i f t  p l a n t  would be 
i n  t h e  evacuated upward m i s t  l i f t  d u c t  which a l s o  
serves as t h e  pla t form.  Th i s  h u l l  f l o a t s  most ly  sub- 
merged, and t h e r e f o r e  i t s  weight is equa l  t o  t h a t  of an  
equal  volume of seawater. S ince  c o s t  w i l l  be propor- 
t i o n a l  t o  weight,  i t  is c l e a r l y  d e s i r a b l e  t o  minimize 
t h e  volume of t h i s  f l o a t i n g  duct .  

The c o l d  water r e source  is not e a s i l y  obta ined.  
The c o s t  of  t h e  co ld  water p i p e  is unce r t a in ,  and 
l i k e l y  t o  be l a r g e .  Therefore ,  a t t e n t i o n  w a s  focused on 
minimizing t h e  p l a n t  volume and t h e  co ld  w a t e r  usage by 
varying t h e  p l a n t  parameters  t h a t  are a t  t h e  d i s p o s a l  
of t h e  des igne r .  Fo r tuna te ly ,  i t  t u r n s  ou t  t h a t  t h e  
co ld  water usage and t h e  p l a n t  volume minimize f o r  
n e a r l y  i d e n t i c a l  parameter choices .  
eters under t h e  c o n t r o l  of t h e  p l a n t  des igne r  are: 

The major param- 

1. Cold/warm water f low r a t i o .  

2 .  ?list i n j e c t i o n  v e l o c i t y .  

3. Height of a c c e l e r a t i o n  zone. 

4 .  Divergence of a c c e l e r a t i o n  zone. 

5. Warm water i n j e c t i o n  rate per  u n i t  i n j e c t o r  

I n  o r d e r  t o  proceed w i t h  t h e  c o s t  minimizat ion 

area. 

process ,  one needs a model of t h e  vapor l i q u i d  coupl ing 
t h a t  can be  used t o  p r e d i c t  t h e  behavior  of t h e  m i s t  as 
a f u n c t i o n  of t h e  a v a i l a b l e  parameters.  We appea l  t o  
experiment.  

func t ion  of t h e  vapor- l iquid  s l i p  v e l o c i t y  observed 
under OTEC temperature  c o n d i t i o n s  i n  t h e  proof-of- 
p r i n c i p l e  experiments t h a t  w e r e  accomplished i n  1980-81 
(6 ) .  The s o l i d  l i n e  w a s  s e l e c t e d  as g iv ing  a conserva-  
t i v e  estimate of t h e  vapor- l iquid  coupl ing t h a t  could be 
achieved wi th  i n j e c t i o n  p r e s s u r e s  i n  t h e  range from 3 t o  
4 ba r s .  

s t a n t  r e l a t i v e  s l i p  v e l o c i t y  between t h e  m i s t  and t h e  
vapor ,  and c o n s t a n t  acceleration of the m i s t  i n  t h e  l i f t  
column. We have a l s o  i n t e g r a t e d  t h e  d i f f e r e n t i a l  equa- 
t i o n s  governing t h e  flow without  t h e s e  assumptions up a 
p r e s p e c i f i e d  duc t  contour  wi th  a p p r o p r i a t e  i n i t i a l  and 
t e rmina l  cond i t ions .  The r e s u l t s  of t h i s  more e l a b o r a t e  
c a l c u l a t i o n  v e r i f i e d  t h a t  t h e  s i m p l i f i e d  model is accu- 
rate enough f o r  t h e  p resen t  purpose. 

t h e  f o r c e  ( a  + g) on t h e  element t imes  t h e  d i s t a n c e  i t  
t r a v e l s  i n  t h e  p rocess  of being acce le ra t ed .  For a m i s t  
volume element of u n i t  mass: 

I n  Figure  3 is  p l o t t e d  t h e  m i s t  a c c e l e r a t i o n  as a 

For s i m p l i f i c a t i o n  of t h e  a n a l y s i s ,  we assume con- 

The work done on a volume element of t h e  m i s t  is  

W m i s t  . = t(Vi + a t / 2 ) ( a  + g) (1) 
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(‘Vapor Droplets - v  ) 

The work removed from t h e  vapor is  t h i s  same f o r c e  
( s i n c e  a c t i o n  equa l s  r e a c t i o n )  t i m e s  t h e  d i s t a n c e  t h a t  
t h e  vapor moves i n  t h e  a c c e l e r a t i o n ,  which is  g r e a t e r  
because of t h e  i n t e r p h a s e  s l i p .  

w = t ( v i  + Vs + a t / 2 ) ( a  + g) vapor 

The d e r i v a t i o n  of t h e  work a v a i l a b l e  from t h e  vapor i n  
an  i s e n t r o p i c  expansion from t h e  l i q u i d  s tate  a t  abso- 
l u t e  temperature  T t o  a two-phase mixture  a t  an  abso- 
l u t e  temperature  T is reproduced i n  t h e  Appendix from 
Reference 9 ,  and t h e  r e s u l t  is: 

W 

‘vapor = c p (T w - T ) ’ / ( T ~  + T) ( 3 )  

The work a v a i l a b l e  i n  an  i s e n t r o p i c  expansion t o  t h e  
flashdown temperature  Tf is: 

( 4 )  

which is l o s t  t o  t h e  l i f t  p rocess ,  and must be  sub- 
t r a c t e d  from t h e  expres s ion  (3) t o  o b t a i n  t h e  n e t  work 
a v a i l a b l e  from t h e  vapor:  

(5) 

Then t h e  q u a d r a t i c  equa t ion  (2)  is solved f o r  t h e  
a c c e l e r a t i o n  time t which is then s u b s t i t u t e d  i n t o  (1) 
t o  g i v e  t h e  work done on t h e  m i s t .  The f i n a l  v e l o c i t y  
is  given by: 



v2  = Vi + a t  (6)  

The average v e l o c i t y  du r ing  a c c e l e r a t i o n  i s  

va = Vi + a t / 2  (7) 

The height of the acceleration zone i s  

za = V a t  (8)  

Knowing t h e  v e l o c i t i e s  and m i s t  s p e c i f i c  volumes, 
t h e  dimensions of t h e  duc t  and t h e  n e t  power ou tpu t  
can then  be c a l c u l a t e d  i n  a s t r a i g h t f o r w a r d  manner. 
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Figure 4 .  Power  Yield and P l a n t  Volume 
as Funct ion of Condenser 
Temperature 

A flashdown temperature ,  m i s t  a c c e l e r a t i o n ,  and 
i n j e c t i o n  v e l o c i t y  were s e l e c t e d .  The evacuated volume 
of t h e  p l a n t  and t h e  cold  water usage were computed as 
a func t ion  of t h e  condenser temperature .  Resu l t s  a r e  
p l o t t e d  i n  Figure  4 f o r  a flashdown t o  2OoC, a m i s t  
a c c e l e r a t i o n  of 30 m / s 2 ,  an  i n j e c t i o n  v e l o c i t y  of 24 
m / s  and a s l i p  of 4 m / s .  
condenser temperature  of 13.5'C, and t h e  co ld  water 
usage minimizes a t  a condenser temperature  of 12.5OC. 
Both q u a n t i t i e s  a r e  near t h e i r  minima i n  t h e  range 12 .5  
t o  13.5OC. 
t h i s  range w i l l  minimize t h e  cold  water usage and the  
h u l l  c o s t .  

The p o s i t i o n  of t h i s  minimum w a s  t h e  same f o r  an 
i n j e c t i o n  v e l o c i t y  of 28 m / s  and s l i p  v e l o c i t y  of 6 
m f s .  The p o s i t i o n  of t h e  minimum w a s  lowered by about 
a degree  by s e t t i n g  t h e  flashdown temperature  t o  1 8 O C .  
Th i s  temperature  change inc reased  t h e  volume of t h e  
p l a n t  by about 20 pe rcen t ,  and t h e  cold  water r equ i red  
by about  24 pe rcen t ;  consequent ly ,  i t  is  a d v i s a b l e  t o  
t ake  no more flashdown than i s  necessary  t o  ensu re  t h a t  
coalescence i n  d rop le t- drop le t  c o l l i s i o n s  is s l o w  

The p l a n t  volume minimizes a t  

Any cho ice  of a condenser temperature  i n  

enough so t h a t  t h e  vapor- drople t  coup l ing  p e r s i s t s  
throughout t h e  l i f t .  

STRUCTURE COST 

The parameters  of  a M i s t  L i f t  power p l a n t  t o  
generate 4 Mw of net electrical  output based on the 
op t imiza t ion  i n  the p rev ious  s e c t i o n  are g iven  i n  
Table  1. 

waterline determines  t h e  h e i g h t ,  and, t h e r e f o r e ,  t h e  
s t r u c t u r e  c o s t .  L e t  Wair be t h e  weight of s t r u c t u r e  
and equipment above t h e  w a t e r l i n e ,  D be t h e  d e n s i t y  of  
t h e  submerged concre.ts- (3.68 T/m3), grid D, t h e  d e n s i t y  
of seawater (1.03 T/m ). Then: 

The evacuated volume of t h e  power p l a n t  below t h e  

'air + 'cDc = Dw(Vevac + 'c) 

Vc (DwVevac - Wair)/(Dc - Dw) (9)  

The volume of t h e  a c c e l e r a t i o n  r e g i o n  works o u t  t o  
be 3890 cub ic  meters, and t h a t  of t h e  c o a s t  r e g i o n  
below t h e  w a t e r l i n e  is 6740 cub ic  meters. Selow t h e  
a c c e l e r a t i o n  r e g i o n  is 

TABLE 1 

Warm water temperature  
Flashdown temperature  
Condenser temperature  
Cold water temperature  
Cold/warm r a t i o  
Condenser e f f e c t i v e n e s s  . 
Cold water f low 
Warm water f low 
M i s t  i n j e c t i o n  v e l o c i t y  
Vapor l i q u i d  s l i p  v e l o c i t y  
M i s t  i n j e c t o r  area 
M i s t  a c c e l e r a t i o n  
I n j e c t o r  d iameter  
Height of a c c e l e r a t i o n  zone 
Maximum cross- sec t iona l  duc t  area 
Maximum d u c t  d iameter  
Coast d i s t a n c e  
I d e a l  work of c y c l e  
Flashdown l o s s  
Net work i n t o  m i s t  
Noncondensible removal work a t  50 pe rcen t  

e f f i c i e n c y  from: ( a )  warm water 
(b) co ld  water 

Cold water pumping allowance 
Turbogenerator e f f i c i e n c y  

25OC 

1 3 O C  
2O0C 

5OC 
1.67 
0.9 

13.0 T / s  
7.8 T / s  

24 mfs 
4 mls 

137 m2 
30 m / s 2  
13.2 m 

l8 2 306 m 
19.7 m 
64 m 

969 k J / T  
166 k J / T  
683 

1 3  k J / T  
28 kT/T 
71 kJ/T 

.90 

a hemispher ica l  volume of 600 cub ic  meters f o r  t h e  
tu rbogene ra to r ,  m i s t  g e n e r a t o r ,  and sump pump. Th i s  
t o t a l s  t o  11,230 cub ic  meters. We i n c r e a s e  t h i s  v a l u e  
by 5 pe rcen t  t o  provide  f o r  c l e a r a n c e  i n  t h e  c o a s t  
r eg ion  between t h e  f low and t h e  w a l l ,  and recesses i n  
t h e  w a l l  f o r  t h e  sp ray  nozz le s  t h a t  i n t r o d u c e  t h e  cold  
water i n t o  t h e  condensing r eg ion .  The f i n a l  estimate of 
t h e  volume below t h e  w a t e r l i n e  is  11,790 cub ic  meters. 
The s t r u c t u r e  and equipment above t h e  w a t e r l i n e  w i l l  
have a weight of about  660 T.  From (9) is  de r ived  a 
submerged c o n c r e t e  volume of 4333 cub ic  meters. The 
s t r u c t u r a l  c o n c r e t e  above t h e  w a t e r l i n e  is 265 cubic  
meters. The s t r u c t u r e  has  been in fo rma l ly  quoted by a 
sh ipbu i ld ing  and o f f s h o r e  eng inee r ing  f i r m  a t  $743 pe r  
cubic  m e t e r  u s ing  high- densi ty  r e i n f o r c e d  conc re t e .  The 
s t r u c t u r e  c o s t  estimate i s  $3,420,000 which is $854 p e r  
k i l o w a t t .  
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The amount of conc re t e  r equ i red  t o  b a l l a s t  t h e  
s t r u c t u r e  down i n  t h e  water exceeds by a f a c t o r  of 
t h r e e  t h a t  needed t o  provide  s u f f i c i e n t  s t r u c t u r a l  
s t r e n g t h  t o  resist t h e  e x t e r n a l  p r e s s u r e  f o r c e s  on t h e  
h u l l .  Therefore ,  i t  is c o r r e c t  t o  count conc re t e  used 
i n  t h e  warm water p ip ing ,  t h e  co ld  water plumbing next  
t o  t h e  p l a n t ,  and t h e  d i scha rge  l i n e  as p a r t  of t h e  
weight requirement ,  and so they have a l r e a d y  been 
included i n  t h e  c o s t  estimate as p a r t  of t h e  s t r u c t u r e .  

We have no t  had t h e  oppor tun i ty  t o  exp lo re  t h e  
sav ings  t h a t  might r e s u l t  from us ing  less conc re t e  and 
providing a con ta ine r  f o r  inexpensive  b a l l a s t  material .  
The des ign  is made d i f f i c u l t  by t h e  problem of t r ans-  
m i t t i n g  t h e  b a l l a s t  load t o  t h e  buoyant h u l l  wi thout  
spending more money on s teel  than  is  saved i n  concrete .  

THE COLD WATER PIPE 

I n  t h e  p l a n t  op t imiza t ion ,  3.5 meters of head were 
allowed f o r  co ld  water pumping. I f  t h e  f r i c t i o n  f a c t o r  
is a d i r t y  . 0 2 ,  t hen  a 900-m-long p ipe  needs t o  be 8 
f e e t  i n  d iameter  t o  be a b l e  t o  d e l i v e r  t h e  needed water 
wi th in  t h e  a l lowab le  head loss. I f  t h e  f r i c t i o n  f a c t o r  
i s  a c l e a n  .012, then  t h e  p r e s s u r e  drop i n  a 900-m-long 
pipe  w i l l  be 1.8-m g r a v i t y  head. Thus, 8 f e e t  d iameter  
is  s u f f i c i e n t .  
b u i l t  under a NOAA c o n t r a c t  as a f ibreglass- epoxy 
syntactic- foam sandwich and t e s t e d  i n  a 400- ft l e n g t h  
l a s t  yea r .  From d i s c u s s i o n s  of t h e  c o s t  of t h i s  p ipe  
wi th  NOAA, Ersh igs ,  and TRW, w e  have chosen $1,50O/foot 
f o r  t h e  assembled c o s t  of  such a pipe  a t  t h e  p l a n t .  
The Mini-OTEC experiments i n  1979 found 6OC water a t  a 

Th i s  is  t h e  diameter  t h a t  was r e c e n t l y  

A s  t h e  mixture  of vapor and water  c o o l s ,  more vapor 
evapora te s  from t h e  water and becomes a v a i l a b l e  t o  
expand and do work on t h e  water d r o p l e t s .  
temperature  and p res su re  range i n  OTEC i s  small, most 
of t h e  thermal p r o p e r t i e s  of water are s u f f i c i e n t l y  
cons tan t  so  t h a t  a s imple  a n a l y t i c a l  formula w i l l  g ive  
t h e  ou tpu t  work. 

S t a r t  w i th  u n i t  mass of s a t u r a t e d  l i q u i d  water  a t  
a b s o l u t e  temperature  T . Expand t h i s  water i s e n t r o p i -  
c a l l v  t o  some lower a b s o l u t e  temperature  T doing exter- 
n a l  work, and forming a l a r g e  volume of vapor l i q u i d  
mixture .  Condense t h e  vapor a t  t h a t  temperature  T ,  
ob ta in ing  u n i t  mass of l i q u i d  water a t  temperature  T .  
The entropy of t h e  water has  been decreased by t h e  
amount C,-ln!T /T).  Th i s  ent ropy went i n t o  t h e  h e a t  
s i n k  t h a t  condznsed t h e  vapor .  The hea t  r e j e c t e d  i n  
t h e  condenser a s s o c i a t e d  wi th  t h i s  ent ropy is  TAS o r  
C -T- ln(Tw/T) .  The d i f f e r e n c e  between t h e  h e a t  removed 
fgom t h e  w a r m  water, C (T -T), and t h e  hea t  r e j e c t e d  t o  
t h e  condenser is t h e  w8rkWoutput of t h e  i s e n t r o p i c  
expansion. 

Since  t h e  

W 

w = C [T - T - T.ln(Tw/T)] 
P W  

For T 
approgimated t o  b e t t e r  than a pe rcen t  by 

- T less than 20°C, t h i s  expres s ion  may be 

The work ou tpu t  i s  p r o p o r t i o n a l  t o  t h e  squa re  of t h e  
temperature  drop: For Tw = 298OK, T = 283OK, W = 1 .6  
joules /gram,  which corresponds  t o  a p o t e n t i a l  l i f t  of 

depth  of 670 meters 2 m i l e s  o f f s h o r e  a t  Keahole P t .  on 
H a w a i i ,  and had a temperature  d i f f e r e n t i a l  of 20.9OC 
a c r o s s  t h e  c y c l e  (10).  The co ld  water p ipe  w i l l  a t t a c h  Coast and Condense 
t o  t h e  Mist L i f t  p l a n t  about 100 m below t h e  s u r f a c e ;  
so t o  d u p l i c a t e  t h e  Mini-OTEC opera t ing  cond i t ions ,  a 
cold-water-pipe l e n g t h  of 570 meters i s  needed, which has  no t  y e t  been expe r imen ta l ly  demonstrated, s i n c e  
would c o s t  $2,800,000 o r  $700/kw. do so r e q u i r e s  e s s e n t i a l l y  a f u l l - s c a l e  appa ra tus .  

i 64  meters. 

The o p e r a t i o n  of t h e  coast and condense p rocess  
t o  

TABLE 2 COST SUMMARY 

Subsystem - c o s t  Cost/kw 

S t r u c t u r e  
Cold water p ipe  
M i s t  g ene ra to r  
Hydraul ic  t u r b i n e  
A l t e r n a t o r  
Vacuum pump 
Cold and w a r m  water va lves  
Warm w a t e r  f i l t e r  
Aux i l i a ry  power system 

$3,420,000 $ 854 
2,800.000 700 

300,000 7 :  

400,000 
200,000 
160,000 
100,000 
100,000 
500,000 - 

t i o n  of hea t  t r a n s f e r  and e lementary  b a l l i s t i c s  t h a t  
are i n d i v i d u a l l y  w e l l  unders tood,  and it  is expected 
t h a t  t h e r e  w i l l  be  few s u r p r i s e s  when t h e  complete s y s  
t e m  is  put  t oge the r .  

The condensat ion p rocess  is  b e s t  d iv ided  i n t o  two 
-Le--- T- C i . .  C - . - " c  ci,. ...... ..+ 170, ...... Ci.. 

T o t a l  of subsystems $7,980,000 $1,995 
System i n t e g r a t i o n  . 2,000,000 500 

SUMMARY 

t h i s  f i r s t  phase where it  accomplishes t h e  bulk  of t1 
condensat ion a t  an  approximately  c o n s t a n t  vapor temp, 
a t u r e .  By t h e  end of t h i s  phase,  95 pe rcen t  of t h e  
vapor has  been condensed and t h e  vapor temperature  h< 
f a l l e n  0.4OC as t h e  c o n c e n t r a t i o n  of noncondensibles  
rises. Th i s  temperature  drop is  5 percen t  of t h e  t o  
p o s s i b l e  temperature  rise i n  t h e  co ld  water. I f  t h e  

I J  

100 
50 
40 
25 
25 

125 - 
. . . . . . . . .  r .  - .  . .  

The c o s t  of a 4-MW M i s t  L i f t  power p l a n t  w i l l  be 
$10,000.000 o r  $2,500 kw. 

APPENDIX 

L i f t  as a Function of Temperature Drop 
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condenser i n  p a r a l l e l  f low t o  t h e  co ld  water spray.  
Ninety- f ive  percent  of t h e  co ld  water is  supp l i ed  t o  

h e  
er-  

a s  

t a l  

i n d i v i d u a l  e t f e c t i v e n e s s  or  the  c o l a  w a t e r  a r o p l e t s  is 
95 pe rcen t ,  i .e. ,  t h e  average d r o p l e t  temperature  rises 
t o  95 pe rcen t  of t h e  rise t o  t h e  l o c a l  vapor tempera- 
t u r e ,  then t h e  o v e r a l l  e f f e c t i v e n e s s  f o r  t h i s  p a r t  of 
t h e  condensat ion w i l l  be 0.90. 

The flow of h e a t  from condensing vapor i n t o  a d r o  
1 . r 5 ,  ~~~ ~. ~~~~ . ~ . 1 - - - - ,  1- n . c . - - - - ~  n .~ ~ . _ L  

P- 
ier: or c o l a  wacer w a s  anaivzea  i n  ne re rence  o as uarr: , 

J of t h e  p rocess  of des ign ing  a t h r e e- e f f e c t  cross-f lo i  
condenser f o r  t h e  M i s t  L i f t  experiment a t  Keahole P t  
i n  1983. Turbulent  f low and convect ion c u r r e n t s  intc 

. .  . . .  - .  e- 
r i o r  t o  t h e  drop were neg lec ted  i n  t h a t  a n a l y s i s ,  and 
t h e  h e a t  f low a s c r i b e d  t o  conduction. The r e s u l t s  are 
thus  a lower l i m i t  t o  t h e  h e a t  t r a n s f e r  e f f e c t i v e n e s s .  
F igu re  2 of t h a t  r e f e r e n c e  shows t h a t  1-mm r a d i u s  d rops  
wi th  two-second c o n t a c t  time w i l l  have t h e  d e s i r e d  
e f f e c t i v e n e s s  of .95. The c o n t a c t  t i m e  i n  t h e  p r e s e n t  
condenser c o n f i g u r a t i o n  is over  t h r e e  seconds,  and l-mm 

I n  t h e  M i s t  L i f t  OTEC p rocess ,  t h e  warm water is 
in t roduced i n t o  t h e  bottom of t h e  l i f t  t ube  as a f i n e  
spray. Some of t h i s  w a t e r  f l a s h e s  i n t o  vapor,  and t h e  
expansion of t h i s  vapor l i f t s  t h e  water t o  t h e  condenser.  
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r a d i u s  drops  are easy  t o  prepare .  
be d e s i r a b l e  t o  moderate t h e  ra te  of i n i t i a l  condensa- 
t i o n  of t h e  vapor ,  t h e  co ld  water converging sp rays  
could be  d i s t r i b u t e d  among several g a l l e r i e s  a t  d i f -  
f e r e n t  elevations t o  g i v e  a more p r e c i s e  match t o  t h e  
requi rements  of t h e  nist flow. Details are given i n  
Reference 11. 

I f  i t  tu rns  o u t  t o  

A second s t a g e  counterflow, o r  two- effect  c ro s s -  
f low condenser is then  provided t o  s t r i p  as much vapor 
from t h e  ven t  ga se s  as p r a c t i c a b l e .  Th i s  condenser is  
supp l i ed  w i th  t h e  remaining 5 pe rcen t  of t h e  co ld  
water, and f o r  2 t r a n s f e r  u n i t s  occupies  a modest vol- 
ume s i n c e  t h e  co ld  water and vapor f low is  low. The 
o v e r a l l  e f f e c t i v e n e s s  of t h e s e  combined condensers is  
0.90, which w a s  t h e  va lue  assumed i n  t h e  power p l a n t  
de s ign  a n a l y s i s .  

second condenser is  pumped up t o  atmospheric p re s su re  
and exhausted by a vacuum pump. The energy and cap- 
i t a l  c o s t s  of t h i s  pump were es t imated  from t h e  anal-  
y s i s  by Westinghouse (121, pages 4-160 t o  4-174. 
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