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The conceptual design of  sieve t rays  f o r  modifying the  
HCRF d i r e c t  contact heat exchanger was developed as f01lows. 
The models of  the  p r i o r  work, EG&G subcontract No. K-7752, 
were extended and modif ied so t he  predic ted heat t rans fer  
coincided w i th  the  experimental data of  t he  60 KW Raf t  River 
t e s t s  conducted by EGStG. Using these models, a ho le 
diameter of 0.25 inches and a hole ve loc i t y  o f  1.3 f t / s e c  or 
greater was selected t o  accomplish the  requi red heat 
t rans fer  whi le  minimizing mass t rans fer red  t o  the  geothermal 
f l u i d .  Using the  above information, a conceptual design f o r  
a s ieve t r a y  column was developed. It was determined t h a t  
the  column should operate as a working f l u i d  f i l l e d ,  
working f l u i d  dispersed column. This i s  accomplished by 
l e v e l  con t ro l  o f  t he  geothermal f l u i d  below the  bottom t ray .  
The dimensions and conf igurat ion of the  t rays  and 
downcomers, and the  number of  holes and t h e i r  diameters i s  
summarized i n  Wahl Company drawings 84144001 and 84144003 
submitted w i th  t h i s  repor t .  The performance of  t h i s  design 
is expected t o  be 12,000 lbs /h r  o f  geothermal f l u i d  f o r  
s ing le  component f l u i d s  and 11,800 t o  121000 lbs /h r  f o r  
mixed f l u i d s  a t  a working f l u i d  f low r a t e  of  71% of the  
geothermal f l u i d  f low rate.  The f low r a t e  l i m i t  o f  t he  
geothermal f l u i d  w i l l  vary from 9800 t o  13,000 lbs /h r  a5 the  
r a t i o  var ies  from 83% t o  62%. 
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INTRODUCTION 

I n  p r i o r  work,  EG&G s u b c o n t r a c t  No. K-7752, m o d e l s  
f o r  p r e d i c t i n g  t h e  amount of  working  f l u i d  d i s s o l v e d  
i n  t h e  g e o t h e r m a l  f l u i d  i n  a d i r e c t  contact h e a t  e x c h a n g e r  
w e r e  d e v e l o p e d  to p r e d i c t  m o d i f i c a t i o n s  t h a t  migh t  
a c h i e v e  t h e s e  changes .  The c u r r e n t  work is f o r  t h e  
c o n c e p t u a l  d e s i g n  of  a d i c r e c t  c o n t a c t  h e a t  e x c h a n g e r  
s i e v e  t r a y  c o l u m n  fat- t h e  60 KW HCRF d i r e c t  c o n t a c t  hest 
e x c h a n g e r  t h a t  wmdd d e m o n s t r a t e  or a l l o w  f o r  
E x p e r i m f n t a t i o n  l e a d i n g  t o  r e d u c e d  work ing  . f l u i d  1055e5 diie 
t o  s o l u t i o n  i n  t h e  g e o t h e r m a l  f l i t i d .  To d a  t h i s 3 ,  t h e  model.; 
are m o d i f i e d  and  e x t e n d e d  t o  match t h e  e x p e r i m e n t a l  
d a t a  and  p r e d i c t  t h e  d e s i r e d  r a n g e  of  o p e r a t i n g  c o n d i t i o n s  
The s x p e r i m e n t a l  f l o o d i n g  d a t a  f o r  mixed p a r t i a l  b o i l i n g  
f l u i d s  is r e v i e w e d  and  a model d e v e l o p e d  t o  p r e d i c t  t h i s  
b e h a v i o r .  Then using t h e s e  madefs; ,  the columr; and t r a y  
c x t c e p t u a l  d e s i g n  i s d e v e l  oped.  

/ \  
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SELECTION OF HOLE DIAMETER AND VELOCITY 

The p r e v i o u s  work'  w a s  e x t e n d e d  and  m o d i f i e d  t o  
c o v e r  t h e  r a n g e  of  c o n d i t i o n s  of  t h i s  p r o j e c t .  The m o s t  
s i g n i f i c a n t  m o d i f i c a t i o n  w a s  t h e  u s e  o f  a new correlation 
f o r  d r o p  s i z e  d e v e l o p e d  s p e c i f i c a l l y  f o r  t h e s e  c o n d i t i o n s .  
I n  a d d i t i o n  i t  w a s  f o u n d  t h a t  i t  w a s  n e c e s s a r y  t o  d e v e l o p  
t h e  c o n c e p t  o f  u p f l o w  f l o o d i n g  d e s c r i b e d  later t o  l i m i t  t h e  
t r a n s f e r  a c h i e v e d  a t  h i g h e r  rates. The l i t e r a t u r e  correla- 
t i o n s  f o r  e s t i m a t i n g  d r o p  s i z e  p r e v i o u s l y  r e p a r t e d  g a v e  
a b n o r m a l l y  l a r g e  d r o p  5 i z e .  When used t h e  r e s u l t 5  w e r e  
g r o c r l y  i n  errcir. C o n s e q u e n t l y  a new correlation was 
d e v e l o p e d  b a s e d  on t h e  d a t a  of Meisiter*. T h i s  and  o t h e r  
m o d i f i c a t i o n s  t o  t h e  mndel are d e s c r i b e d  i n  Appendix G- 
T h e s e  upgraded  m a t h m a t i c a l  mode l s  w e r e  t h e n  compared w i t h  
t h e  H a f t  R i v e r  e x p e r i m e n t a l  d a t a  and a d j u s t e d  so t h a t  the 
p r e d i c t e d  and  e x p e r i m e n t a l  t e m p e r a t u r e  p r o f  i 1 ~ s  c o i n c i d e d  
!Appendix BZ 

The d i s c r e t e  r e g i a n  model c a l c u l a t e s  t h e  h e a t  and  m a s s  
t r a n s f e r r e d  f o r  a t r a y  b a s e d  on t h e  s e p a r a . t e  e s t i m a t i o n  of  
h e a t  and  m a 5 5  t r a n s f e r r e d  i n  t h e  j e t t i n g ,  t h e  d r o p  far-ma- 
t i o n ,  and  t h e  d r o p  r i s i n g  r e g i o n  ( F i g u r e  1 ) .  T h i s  model 
w a s  a d j u s t e d  by v a r y i n g  a n  o v e r a l l  s c a l i n g  f a c t o r  t h a t  i n  
e f f e c t  a d j u s t e d  t h e  o v e r a l l  e f f i c i e n c y  o f  t h e  t r a y  so t h a t  
t h e  p r e d i c t e d  t e m p e r a t u r e  p r o f i l e  matched t h e  t e m p e r a t u r e  
p r o f i l e  of  t h e  e x p e r i m e n t a l  d a t a .  

The i n t e g r a t e d  model calculates  t h e  h e a t  and  m a s s  
t r a n s f e r e d  as t h e  s u m  of  c o n d u c t i v e  p l u s  c o n v e c t i v e  h e a t  
t r a n s f e r e d  t h r o u g h  an  i n t e r f a c e  w i t h  s o m e  boundary  l a y e r  
t h i c k n e s s ,  e f f e c t i v e  to ta l  s u r f a c e  area3 and e x p o s u r e  t i m e .  
The sur - facf  area and e x p o s u r e  t i m e  is t h e  s u m  of  t h e  v a l u e s  
e s t i m a t e d  f o r  t h e  i n d i v i d c t a l  r e g i o n s  by  t h e  c o r r p l a t i o n s  uf 
t h e  d i s c r e t e  model. T h i s  model w a 5  a d j u s t e d  so t h e  p r e d i t e d  
t e m p e r a t u r e  p r o f i l e s  c a i n c i d e d  w i t h  t h e  e x p e r i m e n t a l  d a t a  
by adjusting the boundary layer thic)crte=S and effective 
area. 

The5e  mode l s  w e r e  t h e n  r u n  for g i v e n  o p e r a t i n g  c n n d i -  
t i a n 5  t c  de t -e rmine  t h e  c o n d i t i o n s  which minimized  work ing  
f l u i d  d i s s o l v e d  i n  t h e  o u t l e t  g e o t h e r m a l  f l u i d  f o r  t h e  
r e q u i r e d  h e a t  t r a n s f e r r e d ,  The r e s u l t s  w e r e  a n a l y s e d  and  
o p e r a t i n g  c o n d i t i o n s  v a r i e d  t o  d e t e r m i n e  optimum t r a y  
c o n f i g u r a t i o n s  for o p e r a t i n g  c a n d i t i o n s  of i n t e r e s t .  O v e r  
290 ca5es w e r e  r u n ,  The c o n c l u s i o n s  f r o m  t h e  r e s u l t s  which 
a re  d e s c r i b e d  i n  Appendix B are  a5 f o l l o w s :  

1. The t r a n s f e r  d i s t a n c e ,  t h a t  is t h e  e x p o s u r e  
t i m e  of  a g i v e n  i n t e r f a c e  s h o u l d  b e  minimized .  
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2. The p r a c t i c a l  optimum h o l e  d i a m e t e r  is  (3.25". 

3. The pract ical  optimum hole v e l o c i t y  c a n  b e  E i t h e r  
a) l o w  - 0.3 f t / s e c .  (10 c m / s e c . )  oi- less, or 
b )  high - 1.2 f t j s e c .  (40 c m / s e c )  or greater. 

F u r t h e r  c o n d i t i o n s  d i s c u s s e d  later- s u g g e s t  t h a t  t h e  m o r e  
p r a c t i c a l  v e l o c i t y  is t h e  h i g h  v e l o c i t y  case. 

These c o n c l u s i o n s  c a n  be i n t e r p r e t e d  and e x p l a i n e d  i n  
t e r m s  o f  t h e  c o n c e p t u a l  mechanisms d e v e l o p e d  by t h e  
analysis of t h e  r e s u l t s  of  t h e  compute r  r u n s .  

- 4 -  



Mec han i st i c I n t er p r  et  a t  i on o f  Sel ec t i on 

The h e a t  and  m a s s  t r a n s f e r r e d  i n  t h e  column is t h e  sum 
of  t h a t  t r a n s f e r r e d  i n  e a c h  s t a g e .  The amount t r a n s f e r r e d  
i n  e a c h  s t a g e  is p r o p o r t i o n a l  t o  t h e  d r i v i n g  f o r c e ,  ie., t h e  
t e m p e r a t u r e  or c o n c e n t r a t i o n  d i f f e r e n c e ,  a n d  t h e  e x p o s u r e  
t i m e .  The  p r o p o r t i o n a l i t y  c o n s t a n t  is t h e  t r a n s f e r  
c o e f f i c i e n t  t i m e s  t h e  e f f e c t i v e  area a5 d i s c u s s e d  i n  t h e  
p r i o r  w o r k ,  and  is a f f e c t e d  by  t h e  t r a y  d e s i g n  and f l o w  
rates. The e x p o s u r e  t i m e  is t h e  t i m e  t h e  t w o  f l u i d s  are i n  
c o n t a c t ,  o n e  d i s p e r s e d  i n  t h e  o t h e r ,  a n d  a l s o  is a f f e c t e d  by  
t h e  t r a y  d e s i g n  and  f l o w  rates (see R e f e r e n c e  1). T h i s  is d i  
d i s c u s s e d  later w i t h  r e s p e c t  t o  s e l e c t i n g  t h e  t r a y  d e s i g n  
and  o p e r a t i n g  c h a r a c t e r i s t i c s .  

The d r i v i n g  f o r c e  d e c r e a s e s  w i t h  t i m e  as h e a t  and  m a s s  
are t r a n s f e r r e d  i n  a n y  o n e  s t a g e .  S i n c e  h e a t  is t r a n s f e r r e d  
a t  a m o r e  r a p i d  rate,  its d r i v i n g  f o r c e  d e c r e a s e s  m o r e  
r a p i d l y  t h a n  doe5 t h e  ma55 t r a n s f e r  d r i v i n g  f o r c e  . A s  a 
c u n s e q u e n c e  t h e  m o r e  f r e q u e n t  r e p l a c e m e n t  of f l u i d  a t  t h e  
i n t e r f a c e  a n d / o r  t h e  use of less e + f i c i e n t  s t a g e s  w i l l  
e f f e c t  a h i g h e r  a v e r a g e  t e m p e r a t u r e  d r i v i n g  f o r c e .  The 
a v e r a g e  m a s s  t r a n s f e r  d r i v i n g  f o r c e  is n o t  s i g n i f i c a n t l y  
a f f e c t e d  by  s u c h  a c h a n g e  s i n c e  o n l y  a s m a l l  p o r t i o n  is 
t r a n s f e r r e d  i n  e i t h e r  case. T h i s  is shown i n  F i g u r e  2 f o r  
t h e  case of  a jet  of f l u i d  i s s u i n g  f rom a h o l e .  A s  a u n i t  
of + l u i d  muves f rom t h e  h o l e  upward h e a t  and  m a 5 . s  are 
t r a n s f e r r e d  by co f iduc t ion  c r e a t i n g  t h e  t e m p e r a t u a r e  and  
m a s s  c a n c e n t r a t i o n  p r o f i l e s  shuwr! i n  F i g u r e  2. F l u i d  n e a r  
t h e  s u r f a c e  becomes s a t u r a t e d  w i t h  r e s p e c t  t o  t e m p e r a t u r e  
d u r i n g  t h e  f i r s t  i n t e r v a l  of  t i m e  b u t  n o t  w i t h  re5;pect t a  
m a s s  b e c a u s e  t h e  t i m e  scale f a r  e q u i v a l e n t  m a s s  sa t i t ra t ian 
c a n c e n t r a t i o n  i5  t e n  t i m e s  t h a t  of  h e a t  B r a n s f e r .  T h e  
c o n s e q u e n c e  of  t h i s  is t h a t  t h e  r a t e  of heat t r a n s f e r  
d e c r e a s e s  s i g n i f i c a n t l y  b u t  t h e  rate of  m i i s 5  t r a n s f e r  dce5. 
n ~ k .  T h i s  problem m+ saturation of h e a t  at the in ter face  can 
be overcame  by m i n i m i z i n g  t h e  e x p o s u r e  time b e f o r e  t h e  f l u i d  
is r e m i x e d  t o  f a r m  a new i n t e r f a c e .  T h i s  is e q u i v a l e n t  t a  a 
less e f f i c i e n t  t r a y .  The  c o n s e q u e n c e  of  t h i s  is t h a t  a l o w e r  
t r a y  e f f i c i e n c y  r e s u l t s  i n  t r a n s f e r  of  m o r e  h e a t  r e l a t i v e  t o  
ma55 t r a n s f e r r e d  t h a n  d o e 5  a m o r e  e f f i c i e n t  t r a y .  

A n a t h e r  way o f  ave rcoming  t h i s  is t o  create c o n v e c t i o n  
w i t h i n  t h e  f l u i d  t h a t  r e p l a c e s  t h e  f l u i d  a t  t h e  i n t e r f a c e  
w i t h  cooler f l u i d .  A l s o ,  a boundary  l a y e r  of: t h e  p r o p e r  
t h i c k n e s s  is a d v a n t a g e o u s  b e c a u s e  i t  d e c r e a s e s  t h e  
r e s i s t a n c e  t o  h e a t  t r a n s f e r  m o r e  t h a n  f o r  m a s s  t r a n s f e r ( s e e  
R e f e r e n c e  1 > I 
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and  mass t r a n s f e r .  
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The se lec t ion  of a h i g h  v e l o c i t y  a b o v e  1.3 f t / s e c  or 
l o w  v e l o c i t y  less t h a n  0.3 f t / s e c  b a s e d  a n  t h e  mode l s  
c a n  b e  compared w i t h  known s i e v e  p l a t e  e f f i c i e n c i e s  
f o r  m a s s  t r a n s f e r .  S i e v e  p l a t e  e f f i c i e n c i e s  are 
maximum f o r  a k i n e t i c  e n e r g y  f a c t o r  F b e t w e e n  0.5 and  
1.3. The k i n e t i c  e n e r g y  f a c t o r  F i5  Ub * D”.5  
where  

Ub = s u p e r f i c i a l  o v e r h e a d  v e l o c i t y ,  f t / s e c  

D = o v e r h e a d  v a p o r  d e n s i t y ,  # /cc t . f t .  

3 Above a n d  be low t h i s  v a l u e  t h e  e f f i c i e n c y  d r u p s  marked ly  = 

FOP- t h e  t r a y  d e s i g n  c o n f i g u r a t i o n  d e s c r i b e d  later w i t h  
a 1.3 f t / s e c  h o l e  v e l o c i t y ,  the v a l u e 5  of  F v a r y  f rom 1.2 
a t  t h e  b o t t u m  of  t h e  column t o  3 a t  t h e  b a i l i n g  s e c t i o n .  
T h i s  c o i n c i d e s  w i t h  t h e  above c o n s i d e r a t i o n  which state t h a t  
above 1.3 f t / s e c  t h e  e f f i c i e n c i e s  are  d e c r e a s e d .  A s  
d i s c u s s e d  thir i n  t u r n  r e s u l t s  i n  a h i g h e r  heat t a  maz.-s 
t r a n s f  erred. The l o w  vel oci t y  of  0.3 f t /sec c o r r e s p o n d s  
t c ?  ai7 F factor  of  0.3 which is helow the v a l u e  a t  which 
efficiency f a l l s  d r a m a t i c a l l y  w i t h  F w i t h  t h e  s a m e  
CanseqLiences  a5 atrove. 

O t h e r  Des ign  S t r a t e g i e s  

Eased  on t h e  f a c t o r s  i n  t h e  a b o v e  d i s c u s s i o n  and  u s i n g  
t h e  same l o g i c ,  t h e  f o l l o w i n g  a d d i t i o n a l  d e s i g n  s t r a t e g i e s  
can b e  e v o l v e d .  A l o n g  na r row b u b b l e  p a t h  across which 
g e o t h e r f i a l  f l u i d  f l o w s  on the t r a y  s h o u l d  b e  u s e d  t o  
i n c r e a s e  t h e  a v e r a g e  t e m p e r a t u r e  d r i v i n g  f o r c e .  I n  t h e  
l i q u i d / l i q u i d  p o r t i o n  of the column,  a l i m i t e d  t r a n s f e r .  
l e n g t h  and e i t h e r  a h i g h  v e l o c i t y  w i t h  accompanying mix ing  
ur a s m a l l  j e t  s h o u l d  b e  used .  I n  t h e  p a r t i a l  b o i l i n g  
region and the boiling region, the low heat capacity 
v a p a r  shou.ld b e  removed f r o m  t h e  t r a n s f e r  z o n e  and  
t h e  gecrthermal + l u i d  c o n t a c t e d  directly w i t h  t h e  higher 
h e a t  c a p a c i t y  l i q u i d  work ing  f l u i d .  
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FLOODING LXMITATXONS 

The data of Mines et a14 was reviewed to determine 
the conditions which were causing flooding and what 
these flow limitations were. This data and the associated 
observations were interpreted making use of the results 
of the above analysis together with the hydraulic design 
methodology for designing geothermal direct contact 
heat exchanger sieve tray column internals. 

Uof low Flaodino Limitation- 

Mines et a14 found experimentally that the use of 
trays designed for liquid-liquid transfer for handling mixed 
f lclids which exhibit partial separation worked successdully 
but at significantly reduced throughput. This is explained 
by- the upflow flooding model and correlating equation 
developed in this worl:: in extending the prior work for 
predicting mass and heat transfer in geothermal direct 
contact heat ~xchangers. 

I n  a geothermal fluid filled column, the working 
fluid flows through the hale forming a. jet which breaks 
inta drops. Conceptually, these dt-ops rise in the 
geothermal fluid at their terminal velocity. 
When thE working fluid flow rate is low so that there 
is no interaction between jets or drops, the upflow 
flooding limit will be given by the terminal velocity 
af the drops. When the throughput of working fluid 
reaches a rate such that the drops flowing upward cannot 
handle it, the column will become choked amd the work-ing 
fluid will be forced out the bottom of the column. 

In the practical range of flow'rates, there is 
considerab2e interaction between drops 
because t h s  volume ratio of w c s r b : i n g  -Fluid ta  total 
volume in the drop rising or bubbling region is 10 
to 3 3 % .  There will also be interaction between jets;, even 
if only indirectly because of the infuence of neighboring 
jets on the flow patterns. In such cases;, the fluid mixture 
above the tray will b r  turbulent (mixed). The ability 
of the cmllumn to seperate the two phases in this region 
will be reduced below that of the terminal velocity. 
Consequently the velocity flooding limit is given by 

lJ(flood,tr) = Cw * Utb f l )  

where 
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l J  < f 1 ood ? b 1 

cw 

Utb 

= the terminal velocity uf a rising 
drop in the bubbling region 

= a coefficient described below. 

= terminal velocity of a drop in the 
bubbling region 

In the case of a large volume of working Slitid, the 
gectherm;;l fluid will be carried upward with the working 
fluid. This is due to entrapment od geothermal fluid 
in the working fluid as the working fluid flows upward. 
This flooding mechanism will become important as the 
ratio Rvr of working fluid tG total volume in the drop 
rising region approaches one. For this limit the 
coefficient Cw will approach zero. 6s the ratio Rvr 
approaches zero, that is as the rising drops become 
far apart without interaction, the coefficient will 
approach one. In extending the analysis of the prisr 
work9 it was found that the coefficient should be 0.35.  

Fm- the case of mixed fluids;, with partial bailing, 
the volume of working fluid which must be handled rises 
dramatically. Consequently at a constant upf low velocity 
UC-Flood,b) flooding limit the mass throughput will be 
greatly reduced. Calculations for the conditions of the 
experimental column at Haft River using Equation 1 
predict.; flooding limits which coincide with the 
experimental results reported by Mines. The comparison 
shown in Table 1 is interpreted a5 follows. 

Since the fraction vaporization at the various 
experimental tray locations is not knownp this is 
calculated from Equation 1 using a flooding rate that 
matches the e x p e r i m e n t a l  +laading rate. The c a . 1 ~ ~ 3  aktzd 
values af the fraction vaporization are reas@nable and 
the t r e n d  i 5  what wcruld be expected. This flcmding would 
occur at the uppermost tray for partial vaporization. The 
flocding rates predicted b y  Equation 1 for the propane and 
isobutane mixed fluid are plotted versus percent 
vaporization in Figure 3. This shows that the flooding 
limit falls rapidly with a small fraction of vaporization 
and then levels. This is compatable with the flooding 
conditions observed in the Haft River mixed fluid rurzs. 
Further discussion of the derivation and use of this 
Equation is given in the next section. 
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TABLE 1. COMPARISON OF UPFLOW FLOODING LIMIT PREDICTIONS 
R a f t  R i v e r  E x p e r i m e n t a l  Data  Compared w i t h  E q u a t i o n  1. 

M i x t u r e  ComDosi t ion  R a t i o  

Components % Heavy 

C4/C6 5 
C4/C6 1 0  
C4/C6 15  

c3/c5 5 
c 3 / c 5  1 0  
c3/c5 1 5  

Rf 

1 . 9 8  

- 
1 .84  

1 . 9 0  

1 . 0 7  
1 . 1 9  
1 . 2 9  

F l o o d i n g  Rates 
E x p t ' l .  Ca lc ' d .  
(#/hr ) (#/hr) 

9200 9200 
7600 7600 
6580 6600 

4710 4700 
4640 4650 
4500 4500 

C a l c .  a 
Vapor 
( w t  % I  

1 2  
20 
24 

24 
30 
36 

a.  T h i s  i s  t h e  w e i g h t  p e r c e n t  v a p o r i z a t i o n  t h a t  g i v e s  t h e  
c a l c u l a t e d  f l o o d i n g  r a t e  u s i n g  E q u a t i o n  1. 
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f l u i d  f i l l e d  column. 
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Downcomer F1 oodi ng . 
Mines e t  a1 s t a t e  t h a t  the underflow gradual ly 

increased i n  dissolved working f l u i d  above 18 gpm. 
They a l so  stated t h a t  the column became unstable a t  a 
f looding l i m i t  usua l l y  associated w i t h  carryunder of 
working f l u i d .  They observed as we d i d  a lso  a t  East 
Mesa t h a t  the  geothermal f low r a t e  f looding l i m i t  
decreases gradual ly w i t h  increasing working f l u i d  
f lawrate. Since a small change i n  working f l u i d  
ho le v e l o c i t y  w i l l  not  dramat ical ly change the s i r e  
d i s t r i b u t i o n  of dropplets and cause the  sudden la rge  
amount o f  carryunder observed, the  mechanism of 
carryunder invo lv ing  the  terminal ve lac i  t y  ca lcu la t ion  
i n  the downcomer i s  not a v iab le  explanation. The 
mechanism described below explains the  observations. 

By Upflow f looding l i m i t  - High R f  

A s  the  working f l u i d  f low increases, i t  w i l l  reach 
a r a t e  such t h a t  the  terminal ve loc i t y  o f  the drops 
i s  l ess  than the  throughput. A t  t h i s  condit ion, the  working 
f l u i d  f low upward would cease and the column would 

"choke", t h a t  i s  the  working f l u i d  would be forced 
downward and out w i t h  the  geothermal f l u i d .  For very 
d i l u t e  bubble concentrations, t h i s  would correspond 
to the  upflow f looding l i m i t  and would be l i m i t e d  by 
Utb, the  terminal ve loc i t y  of a drop of working f l u i d  
i n  geothermal f l u i d .  The geothermal f l u i d  mass f low r a t e  
Mfd corresponding t o  t h i s  f looding condi t ion i s  given 
by 

where 

Ab = the  bubbling area 

R f  = mass f low r a t e  r a t i o ,  geothermal f l u i d  t o  
working f l u i d .  

D1 = densi ty o f  working f l u i d  

UDflow Floodina L i m i t  - Low R f  

However i n  p rac t ice  the  bubble concentrations are 10 
to 30% of the  t o t a l  volume, which i s  not d i l u t e .  
A s  the concentration of  bubbles increase they w i l l  
coalesce and drag w i t h  them the  geothermal f l u i d .  

- 12 - 



The geothermal f l u i d  m u s t  then f i n d  a path t o  f low 
back downward, thus decreasing the f lood ing  l i m i t .  
I n  pract ice,  however, the f l u i d  m i x t u r e  w i l l  be turbulent  
( large scale turbulent )  and the  t r a y  w i l l  be mixed. The 
a b i l i t y  of the  f l u i d  t o  separate before f lowing down the  
downcomer w i l l  depend on the  separating a b i l i t y ,  i.e. 
the  terminal v e l o c i t y  fo r  example, and the  volume f r a c t i o n  
of  working f l u i d  i n  the mixture. Consequently a t  h igh 
r a t i o s  o f  working f l u i d  to geothermal f l u i d  f l o w  rates, the  
downcomer f lood ing  which i s  l i m i t e d  by the  separating 
a b i l i t y  w i l l  be determined by the  upflow f looding mechanism 
described above. Thus the  geothermal mass f low r a t e  
a t  t h i s  f lood ing  l i m i t  i s  given by 

Mfd = R f  * Cw * Utb * Ab * D1 

Downf 1 o w  F1 ood i ng 

For h igh geothermal f l u i d  mass flowrates, the  
f lood ing  l i m i t  i s  reached when the v e l o c i t y  through the 
downcomer reaches a value s u f f i c i e n t  to sweep the  working 
f l u i d  downward. A t  very low working f l u i d  f low ra tes  
t h i s  depends on the lower drop s i z e  l i m i t ,  and i s  
convent ia l l y  taken t o  be 1/16 t o  1/32 inch  diameter. 
I n  such case the  mass f low r a t e  f looding l i m i t  i s  
given by 

Mfd = Utd Y Ad * Dw 

where 

Ad = area of  the  downcomer 

Utd = t e r m i n a l  v e l o c i t y  of a " d o w n c o m e r "  drop 
i n  the  geothermal f l u i d .  

Dw = densi ty of geothermal f l u i d  

Intermediate Range 

A s  the  f low r a t e  of  working f l u i d  increases, t he  
upflow f lood ing  mechanism combines w i t h  the  downflow 
mechanism t o  decrease the f looding l i m i t  below t h a t  
calculated by Equation 4. 

(3) 

(4) 

E n t i r e  Range 

The r e s u l t  of a l l  t h i s  i s  tha t  the  f lood ing  l i m i t  is 
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A) Terminal velocity limit ..-. ..-- = fC‘drop” size) 
ation of A and B 

a) upflow 
flooding Given by Eq 5 

\ limit 

Working fluid to geothermal fluid mass flowrate = 1/Rf 

Figure 4. Flooding observed as carryunder plotted 

versus working. 
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g i v e n  by a c u r v e  such  as shown i n  F i g u r e  4. How t h e s e  
are combined t o  c o r r e c t l y  p r e d i c t  downcomer f l o o d i n g  
i n  geo the rma l  d i r e c t  c o n t a c t  h e a t  exchange  columns 
r e q u i r e s  f u r t h e r  theoretical development.  P a r t  of t h e  
upper  r a n g e  of downcomer f l o o d i n g  is p r e d i c t e d  by a 
correlation developed  f o r  t h e  purpose:  

Mfd = Utd E l  - 0.628 ( 1  - Rf1.&07 1 3  * Dw * Ad ( 5 )  

f o r  R f  > 1.2. 

T h i s  correlation is based  o n  E a s t  Mesa e x p e r i m e n t a l  d a t a  
(see R e f e r e n c e  5 )  and was checked  a g a i n s t  t h e  R a f t  R i v e r  
data (see R e f e r e n c e  4). 
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CONCEPTUAL DESIGN 

To a r r i v e  a t  t h e  c o n c e p t u a l  d e s i g n  f o r  an optimtrm s i e v e  
t r a y  for a g e o t h e r m a l  d i r e c t  c o n t a c t  h e a t  e x c h a n g e r ,  
t h e  column must  b e  d e s i g n e d  f i r s t .  Thus  t h e  c o n c e p t u a l  
d e s i g n  of  t h e  t r a y  r e q u i r e s  t h e  c o n c e p t u a l  d e s i g n  of  
t h e  e n t i r e  column , i n c l u d i n g  f l o w  rates and  i n t e r n a l s .  
The d a t a  r e q u i r e d  and  t h e  s e q ~ i e ~ c e  i n  wftich i t  is t a  be 
o b t a i n e d  is a5 f o l l o w s :  

1. t h e  t h e r m a l  pe r fo rmance :  t h e  t e m p e r a t u r e  and  f l o w  r a t e  
s p e c i f i c a t i o n s  f o r  t h e  i n l e t  and o u t l e t  s t r e a m s ,  and  
t h e  t e m p e r a t u r e  d i s t r i b u t i o n  i n  t h e  column: 

c) L. t h e  optimam h o l e  d i a m e t e r  and h o l e  v e l o c i t y ;  

BGth t h e s e  i t e m s  w e r e  d e t e r m i n e d  f o r  t h i s  case i n  t h e  
5ection “ S e l e c t i o n  of Hole D i a m e t e r  ar;d V e l o c i t y .  ‘I 

7 .L.. t h e  f l u i d  w h i i c h  i 5  f i l l i n g  t h e  column,  or t h e  
i n t e i - f  ace l o c a t i o n :  and ,  

4. t h e  se lec t ion  be tween working  f l u i d  t o  b e  d i s p e r s e d  
or- ger i thermal  f l u i d  t o  be d i s p e r s e d .  

H y d r a u l i c  d e s i g n  and  o t h e r  p r a c e d u r e s  are t h e n  u t i l i i e d  
t o  a r r ive  at t r a y  t h e  l a y o u t .  

F l u i d  F i l l  f o r  t h e  C a l u m n  

The t e r m i n a l  v e l o c i t y  of a d r o p  ir pt -opor t i .ona l  ta t h e  
d e n s i t y  of  t h e  drop. The a b i l i t y  o+ a t r a y  t u  separate 
t h e  mixed f l u i d s  and  p r e v e n t  up f low f loc rd ing  is d i r e c t l y  
re la ted  to this. C o n s e q u e n t l y  the irre csd work:: ir ,q  f l u i d  
t o  f i l l  t h e  column means t h e  d e n s e r  g e o t h e r m a l  flc:.id w i l l  
be the drop phase .  T h i s  is p a r t i c u l a r l y -  i m p o r t a n t  
when t h e r e  is p a r t i a l  b o i l i n g ,  5u.ch a5 w i t h  mixed f l r_ ! ids .  
For e x a m p l e ,  f i v e  w e i g h t  p e r c e n t  v a p G r i i a t i o n  g i v e s  
a wm-king f l u i d  d e n s i t y  ane -ha l f  t h a t  of t h e  a l l - l i q u i d  
f l u i d .  T h i s  would r e s u l t  i n  a n  u p f l a w  f l o o d i n g  l i m i t  
of  7f)OO l b s / h r  f o r  a g e o t h e r m a l  f l u i d  f i l l e d  calurnn, r a t h e r  
t h a n  t h e  12,000 l b s / h r  p l u s  l i m i t  i f  t h e  f i l l  is working 
f l u i d ,  See t h e  f l o o d i n g  l i m i t  numbers  i n  p a r e n s  i n  
T a b l e  6 and  t h e  d i s c u s s i o n  i n  t h e  s e c t i o n  “ T r a y  L a y o u t  - 
F l o o d i n g  L i m i t s ” .  

C o n s e q u e n t l y  a working  f l u i d  f i l l e d  column is 
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c h o s e n  f o r  t h e  d e s i g n .  The i n t e r f a c e  a n d  l e v e l  c o n t r o l  
is l o c a t e d  be low t h e  b o t t o m  t r a y .  A t r a y  
f o r  a column w i t h  d i s p e r s e d  working  f l u i d  and  a w o r k i n g  
f l u i d  f i l l  is shown i n  F i g u r e  5. 

D i  s p e r s e d  F1 u i  d 

D i r e c t  contac t  h e a t  exchangers ;  f o r  g e o t h e r m a l  
a p p l i c a t i o n s  h a v e  been  o p e r a t e d  w i t h  t h e  working  f l u i d  
as t h e  d i s p e r s e d  phs .5~ .  T h i s  is t h e r e f o r e  t h e  p roven  
methad a n d  s h o u l d  be u s e d  u n l e s s  t h e r e  i5  an a d v a n t a g e  
o t h e r w i s e .  

S i n c e  m a s s  t r a n s f e r  r e s i s t a n c e  i n  t h e  work ing  f l u i d  
p h a s e  is z e r o ,  i t  is a d v a n t a g e o u s  t o  increase t h e  c o n v e c t i v e  
mix ing  and  m i n i m i i e  t h e  e;:pcr5,ure t i m e  of  t h e  work ing  f l u i d  
phase .  A d r o p  of w s r k i n g  f l u i d  r i s i n g  t h r o u g h  t h e  
g e o t h e r m a l  f l u i d  w i  1 f c o n t i n u a l l y  r e p l a c e  t h e  g e a t h e r m a ?  
f l u i d  p h a s e  diereas t h e  wcrt-king f l u i d  p h a s e  i 5  t r a p p e d  
w i t h i n  t h e  d rop .  I f  however t h e  g e o t h e r m a l  f l u i d  is t h e  
d i s p e r - s f d  p h a s e ,  t h e n  working  f l u i d  i 5  c o n t i n u a l l y  r e p l a c e d  
a t  t h e  i n t e r f a c e  i n c r e a s i n g  t h e  t r a n s f e r  i n  t h e  working  
f l u i d  p h a s e  r e l a t i v e  t o  t h e  t r a n s f e r  i n  t h e  g e o t h e r m a l  
phase. C o n s e q u e n t l y  t h e  amoun t  o f  h e a t  t r a n s f e r r e d  r e l a t i v e  
t~ t h e  amount of m a s s  t r a n s f e r r e d  is i n c r e a s e d .  I f  mix ing  
a b o v e  t h e  t r a y 5  is n o t  too s e v e r e ,  t h e n  t h i s  e f f e c t  on h e a t  
t r a n s f e r  w i l l  b e  s i g n i f i c a n t  anb  t h e r e  is an  a d v a n t a g e  t o  
t h e  g e o t h e r m a l  f l u i d  b e i n g  t h e  d i s p e r s e d  phase .  Even w i t h  
mix ing ,  t h i s  a d v a n t a g e  would p r o b a b l y  b e  s i g n i f i c a n t ,  b u t  
f u r t h e r  deve lopmen t  of  t h e  t h e o r e t i c a l  mode l s  is n e c e s s a r y  
t u  p r e d i c t  t h e  g a i n  t h a t  migh t  be a c h i e v e d  by d i s p e r s i n g  
t h e  g e o t h e r m a l  f l u i d  i n  t h e  working  f l u i d .  

Because  of t h e  n e c e s s i t y  f o r  s u c h  f u r t h e t -  s t u d y  
t o  p r e d i c t  t r a y  and  colcrmn b e h a v i o r ,  the u s e  o+ a g e o t h e r m a l  
+ l u i d  d i s p e r s e d  c o l u m n  is  n o t  - f u r t h e r  c a n s i d e r e d  in t h f - r  
work. The d e s i g n  o p t i n n s  are l i m i t e d  t o  a working  
f l u i d  d i s p e r s e d  p h a s e  which is t h e  s y s t e m  w i t h  which 
t h e r e  is d e s i g n  and  o p e r a t i n g  e x p e r i e n c e .  

I t  i=  w o r t h  n o t e  however ,  t h a t  t h e r e  is anci ther  
a d v a n t a g e  t o  a g e o t h e r m a l  d i s p e r s e d  f l u i d  f o r  t h e  case 
of  p a r t i a l  S o i l ' i n g  t r a y s ,  w h e t h e r  mixed f l u i d  QT n o t .  
F o r  5,uch t r a y s  t h e  g e o t h e r m a l  f l u i d  d r o p s  would p a s s  
r a p i d l y  t h r o u g h  t h e  working  f l u i d  vapor  d u r i n g  which 
t i m e  n o  h e a t  t r a n s f e r  is r e q u i r e d  and  t h e n  impinge  o n  
t h e  work ing  f l u i d  l i q u i d  l a y e r  a5 shown i n  F i g u r e  6 .  
Thereb-y m a s s  t r a n s f e r  is minimized .  
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/ 

F i g u r e  5. Working f l u i d  f i l l e d ,  working  f l u i d  d i s p e r s e d  

s i e v e  t r a y  s t a g e s .  
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Figure 6. Partial boiling, working fluid filled, 
geothermal fluid dispersed sieve tray 

stage. 
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Tray Layout 

The tray layouts are selected for optimum design 
for the temperature and fraction vaporization distribution 
in the column, flow rate ratio, and the specified hole 
diameter and velocity. The procedure is as follows. 

The downcomer area and bubbling region area are 
balanced so that each region is near its flooding limit. 
This maximizes mass flow rate. One particular tray 
will probably be limiting the mass flow rate so that 
other trays may have the same area ratios even though 
this is not optimum for the other trays. 

The other dimensions of the tray are determined 
so that the appropriate operating characteristics are 
achieved. These are 

H w  weir height 

Hwt weir overflow level 

Hdt liquid level in the downcomer 

Lc head loss across the holes 

Ha apron cl earante 

H tray spacing. 

The geothermal fluid level on the tray is the weir 
overflow level. This is adjusted by selecting a small 
weir height t o  minimize the transfer length but large 
enough t o  have a reasonably small cross flow rate, about 
0.5 to 1 ft/sec. 

Flooding Limits 

For a working fluid filled colum the flooding rate will 
be given by the upflow flooding or downcomer flooding 
mechanisms described above for the liquid/liquid portion of 
the column. At significant vapor fraction, the correlation 
f o r  flooding given by Perrytsee Reference 2) f o r  vapor 
disengagement would be expected to apply This flooding 
velocity U(flood,g) for vapor disengagement is 

U(flobd,g) = CC(SW/.OZ)~'* J C ( D W - D ~ ) / D ~ P - ~  ( 6 )  
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where 

dws C = coefficient determined qraphically4Refrence 2) 

Sw = surface tension of geothermal fluid 

Dw = density of geothermal fluid 

D1 = vapor density of overhead working fluid 

U(flood,g) = flooding velocity for vapor disengagement. 

Type of Tray 

The crossflow distance should be kept t o  a minimum in 
keeping with the principle of maintaining a low tray 
efficiency and minimizing the exposure time of the 
geothermal fluid t o  the working fluid on any given tray. 
Consquently a double pass tray would be advantageous t o  a 
single pass crossflow tray in minimizing dissolved working 
fluid. These trays are discribed later. The discusion that 
follows is for a crossflow tray, but applies equally well to 
a double pass t ray .  The details of a double pass tray are 
given, together with any differences from the single pass 
tray in the discussion. 

/ \  

(..-..4 Tray Specifications 

Conceptual designs are done for both the low 
(0.4 ft/sec) and high (1.2 ft/sec) velocity cases. 
cls discussed in the section on "Selecting Hole Diameter 
and Velocity", the high velocity case is expected t o  
yield better results, but the theory is inadequately 
developed to predict this. Consequently, conceptual 
d e s i g n s  are p r e s e n t e d  +or b o t h  cases. S i n c e  t h e  h i g h  
velocity case is preferred, it is given in detail whereas 
only the key features are presented for the low velocity 
case. 

Tray Details - Hiqh Velocity Case 
The crossflow tray dimensions are shown in Figures 7 

and 8 and tabulated in Table 2. The double pa55 flow 
configuration is shown in Figures 9 and 10. Tray dimensions 
are the same as in Table 2. The basic dimensional 
difference is that the downcomer and bubbling areas are in 
two halves. 
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/ Area betwef 
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downcomers 

F i g u r e  7. S i n g l e  p a s s  t r a y  - p l a n  view. 
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Working fluid 

1 Ub (based on Ab) 
1 H 

t 

"1" 

t 
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Ha 

F i g u r e  8. S i n g l e  pass t r a y  - e l e v a t i o n .  
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TABLE 2. TRAY SIZING DATA 

Tray Hole Number Open 
No. size of area 

On) holes (sq.in.) - -- - 
1 0.250 374 16.9 
2 0.250 158 7.7 
3 0.250 158 7.7 
4 0.250 197 9.7 
5 0.250 276 121 
6 0.250 276 121 
7 0.250 276 1 2 1  
8 0.062 3970 121 

Tray 
Width Dx 

On3 

4.6 
4.6 
4.6 
4.6 

5.2 
5.2 
5.2 
4.6 

% open 
area 

- 
38 
16  
16 
20 

25 
25 
25 
16  

Bubbling Tray Spacing 
area above Tray On) 

(sq.in3 minimum recom - - -  
48.3 
48.3 
48.3 
48.3 

48.3 
48.3 
48.3 
7 5.0 

8 
8 
8 
9 

9 
9 

12 
12 

16  
16  
16  
18 

18  
18 
2 4  
24  

Service 

Uquid/liquid 
Liquid/liquid 
Uquid/liquld 
10% vapor 

1 0-75% vapor 
10-75% vapor 
100% vapor 
100% vapor 
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F i g u r e  9. Double  pas s  t r a y  - p l a n  v i e w .  
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Working fluid 

Bubbling region I 1.5" 
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0.5" 

F i g u r e l o .  Double pass  t r a y  - e l e v a t i o n .  
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Bottom Tray. Since mass t rans fer  i s  not c r i t i c a l  
i n  the  lower t ray,  t he  bottom t r a y  i s  designed f o r  , 

reducing entrained working f l u i d  ra the r  than minimizing 
mass transport .  T h i s  i s  accomplished by reduing the  
number of  small s i t e  drops by decreased ho le  and apron 
v e l o c i t i e s  and consequently decreased energy ava i lab le  
f o r  producing smaller s i ze  drops. The ho le  ve loc i t y  
t o  minimize entrainment i s  0.5 f t / soc  through a 0.10 
t o  0.25 inch hole. The t r a y  design recomended t h a t  
w i l l  achieve th i s  ve loc i t y  i s  shown i n  Figure 11 and the  
pe r t i nen t  data given i n  Table 2. I f  the  column may be 
run a t  m a s s  throughputs much less  than the  design condit ion, 
then i t  may be necessary t o  reduce the  ho le  s i t e  t o  
create s u f f i c i e n t  back pressure under the  p l a t e  t o  
prevent weeping. 

L i  qui d / l  i qui d Trays<. The 1 i qui d / l  i qui d t r a y  d i  mensi ons 
are those t h a t  g ive  the  selected ve loc i t y  o f  1.2 f t / s e c  or 
greater and use-the desired 0.25 inch hoie. 
o f  the  l i q u i d  l eve l s  and v e l o c i t i e s  are shown i n  Figure 12 
and 13 f o r  t he  design f low r a t e  of  12,000 lbs /h r  o f  
geothermal f l u i d  and a f low r a t e  r a t i o  of 1.4. 

Typical values 

P a r t i a l l y  vaporized trays. These t rays  use the  desired 
0.25 inch  diameter holes, but the number of  holes i s  
increased t o  maintain a reasonable ho le ve loc i ty .  
v e l o c i t i e s  f o r  t y p i c a l  f r a c t i o n  vapor izat ion through t h i s  
sect ion f o r  design f low ra tes  i s  shown i n  Table 3. Also, 
the  bubbling area i s  increased by increasing t r a y  bubbling 
width Dx from 4.6 t o  5.2 inches. This decreases the  
downcomer area and reduces throughput capacity f o r  the  
s ing le  component a l l  l i q u i d  column from 13,000 lbs /h r  t o  
12,000 l b s / h r .  

Hole 

B o i l i n q  trays. For a s ing le  component working 
f l u i d  b o i l i n g  a t  constant temperature, a l l  vapor izat ion 
w i l l  take place on one or two trays. Special considerat ion 
needs t o  be given t o  t h i s  because of t he  l a rge  change 
i n  volume r a t i o  between the  i n l e t  and o u t l e t  working 
f l u i d  streams f o r  t he  t ray.  I f  a l l  b o i l i n g  takes 
place on the  upper t ray,  then the  only  considerat ion 
i s  tha t  t he  geothermal f l u i d  be proper ly  d i s t r i bu ted  
on t h i s  t r a y  and t h a t  a reservo i r  i s  provided f o r  
geothermal f l u i d  so t ha t  t he  l i q u i d  working f l u i d  on 
enter ing the  t r a y  makes adequate contact w i th  the  geothermal 
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Figure 11. Dimensions and operating conditions for 
bottom tray - single pass  configuration. 



I Bubbling region I r ,- 53 sq. in. 
83 sq. in. 

1 =l 

L 4. I t t I  

Figure 12. Design operating conditions and dimensions 
for liquid/liquid single pass tray- plan 
view. 
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Figure 13. Design operating conditions and dimensions 
for liquid/liquid single pass t r a y  - elevation. 
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TABLE 8, HOLE VELOCITIES FOR DESIGN CONDITIONS 

Tray  
No. 

Hole a rea  
(sq. i n . )  

V a p o r i z a t i o n  
( w e i g h t  % )  

Hole  v e l o c i t y  
( f t / s e c  1 

1 8 . 4  
7.7 
7.7 
9.7 

13.6 
13.6 
15.1 

0 
0 
0 
6 

25 
5 6  

1 0 0  

0.6 
1.4 
1.4 
2.3 
3.0 
3.9 
4.4 
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f l u i d .  I f  b o i l i n g  t a k e s  p l a c e  o n  t h e  s e c o n d  t r a y  f rom 
t h e  t o p ,  t h e n  p r o v i s i o n  must  b e  made f o r  a d e q u a t e l y  
s e p a r a t i n g  t h e  b o i l i n g  m i x t u r e .  T h i 5  means t h a t  t h e  
t r a y  s p a c i n g  s h o u l d  b e  i n c r e a s e d  t o  a l l o w  f o r  t h i s .  
The p r e f e r r e d  mode of o p e r a t i o n  is f o r  a l l  b o i l i n g  t o  
t a k e  p l a c e  on  t h e  u p p e r  t r a y .  

Top t r a y .  Because  of  t h e  p h a s e  c h a n g e  t h a t  is 
o c c u r i n g  on t h e  t o p  p l a t e ,  a l a r g e  s u r f a c e  area and 
s m a l l  d i a m e t e r  jets w i l l  p romote  f a s t e r  c o n v e r s i o n  
of l i q u i d  t o  vapor .  T h i s  w i l l  m i n i m i z e  m a s s  t r a n s f e r r e d .  
C o n s e q u e n t l y  t h e  t o p  t r a y  u s e s  0.062 (1/16) i n c h  d i a m e t e r  
h a l e s .  P r o v i s i o n  musit &e made for p r o p e r l y  d i s t r i b u t i n g  
t h e  i n l e t  g e o t h e r m a l  f l u i d  o v e r  t h i s  t r a y .  

T r a y  Details- Low V e l o c i t y  case. 

The d i m e n s i o n s  r e q u i r e d  to a c h e i v e  t h e  d e s i r e d  0.3 
f t / s e c .  h o l e  v e l o c i t y  i n  t h e  l i q u i d / l i q u i d  s e c t i o n  are shown 
i n  T a b l e  4a. T h e  h o l e  v e l o c i t i e s  t h a t  r e s u l t  f o r  a f l o w  rate 
of 8,000 l b s . / h r .  are  g i v e n  i n  T a b l e  4b. A t  t h i s  f l o w  rate 
a l l  l e v e l s  and  p r e s s u r e  d r o p s  f o r  a l l  t r a y s  are r e a s o n a b l e  
and  g i v e  p r o p e r  pe r fo rmance .  T h i s  r e d u c e d  f l o w  rate is 
n e c e s s a r y  t o  a c h e i v e  t h e  r e q u i r e d  h o l e  v e l o c i t y  i n  t h e  
a v a i l a b l e  area, w i t h  t h e  same downcomer area a s  f o r  t h e  
12,000 l b . / h r .  h i g h  v e l o c i t y  t r a y  d e s c r i b e d  above .  
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TABLE vp. SIZING DATA FOR LOW VELOCITY TRAY 

Service Tray Hole Number Open % open Bubbling Tray 
No. size of area area area spacing 

(sq.in.) (in) - (in) holes (sq.in.1 ----- 
0.1 25 1 7 7 3  21.8 45 
0.1 25 1 7 7 3  21.8 45 
0.1 25 1 7 7 3  21.8 45 
0.250 443 21.8 45 
0.250 443 21.8 45 
0.250 443 21.8 45 
0.250 443 21.8 45 
0.062 7 2 0 6  21.8 45 

48.3 
48.3 
48.3 
48.3 
48.3 
48.3 
48.3 
7 5.0 

6 
6 
6 
6 
9 
9 

1 2  
1 2  

Li qu i d/l i qui d 
LiquidAi quid 
Liqui d/liquid 
1 0% vapor 
1 0 - 7 5 %  vapor 
1 0 - 7 5 %  vapor 
1 00% vapor 
1 0 0 %  vapor 

TABLE 4B. HOLE VELOCITIES FOR DESIGN CONDITIONS - 

LOW VELOCITY TRAY. 

Tray 

No. 
Vaporization 

(weight % 1 
Hole velocity 

( f t/sec 1 

1 

2 

3 
4 
5 

7 

' 8  

0 

0 

0 

6 

25 

5 6  

100 

0.3 

0.3 

0.3 

0.7 
1.2 

1 . 6  

1.0 
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PERFORMANCE 

Calculations were run on the high velocity tray 
design specified above for a variety of operating 
conditions to determine the performance of the design. 
All items listed above in addition to others were 
calculated and checked to be certain that thE column 
would perform properly for the following conditions: 

hole velocities from 0 - 1  to 2 ft/sec 

geothermal ta working fluid mass flow rate ratios 
from iOO% propane to 100% pentane 

Mixed fluids with partial vaporization 

single component fluid with boiling 

supercri tical isabutane. 

Flow Rate Ratio 

The geothermal fluid flooding limit ma55 flowrate varies 
from 13,CKK) lbs/hr to 5’* t 3 3 C t  lbs/hr as the geothermal 
to working fluid mass flow rate ratio decreases from 
i . 5  ta 1-2. This is shown in Table 5 together with 
liquid level ranges a n d  the hole pressure losses. 
These values are all acceptable for- good operation. 

Flow Range 

The maximum flow rate is limited by floading and as 
s h a w r r  in Table5 5 and b is generally 12, OOrIr t c r  1 3 ,  CKjO 
lb5/hr except at high working fluid to geothermal fluid 
flow rate ratios. The minimum geathermal. fluid flow rate 
is that required to seal the apron clearance, and is 7,CK)O 
lbs- /hr. 

Fluid Tvoe with Partial Va~orization 

The performance of the column with a variety of mixed 
fluids ranging in average properties from that of  propane 
to pentane f o r  partial vaporization is shown in Table  6. 
the fl.ooding limit flcrw rate of geothermal fluid varies 
from l i , W X b  to 12,800 lbs/hr. 
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TABLE 5 .  D E S I G N  L I M I T S  AND LEVELS FOR VARIOUS GEOTHERMAL 

F L U I D  T O  WORKING F L U I D  FLOW RATE R A T I O S ,  R:. 

Hole 
R a t i o  G e o  F l o w ( l b / h r )  L e v e l s  ( i n )  a t  des ign  P r e s  L o s s  

L i m i t  D e s i g n  D o w n c o m e r , L d  W e i r , H w  Head ( i n )  -f- R a b 
-- 

1 . 2  1 0 ,  )OO 9 , 8 0 0  1.8 t o  2 . 1  1.0 . 0 .5  t o  0 . 8  

1 . 4  1 2 , 8 0 0  1 2 , 0 0 0  2.2 t o  2.5 - 1.0. 0.5 t o  0.9 

1 . 6  1 i ,  00 1 3 , 0 0 0  2.3 t o  2.6 1 .0  0.5 t o  0.8 

a. above geothermal l i q u i d  w e i r  l e v e l  Hw on t r a y  
b. t r a y  1 is 0 . 1  i n  head l o s s ,  1 .5  i n .  w e i r  h e i g h t  Hw 
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TABLE 6. LOWEST FLOODING RATES ( l b s / h r )  BY R E G I O N  FOR THE 

COLUMN AS DESIGNED USING ISOBUTANE 

------ Bubbl ing  (overhead)------  Column Limiting 

L i q u i d  P a r t i a l  v a p o r ' t n  Vapor Dwncmr Regn T r a y  Ra te  O%vapor 50 vol % vapora 100% Wvapr 
--- 

---- Minimum t r , a y  spacing----  

C3 1 7 , 7 0 0  15,OOQ) i 9 2 5 0 )  1 2 , 8 0 0  1 3 , 9 0 0  v a p o r  8 1 2 , 8 0 0  
i-C4 1 7 , 0 0 0  1 5 , 4 0 0  (Sll.50) 1 2 , 3 0 0  13,OCO a a p o r  8 1 2 , 3 0 0  

C 5  1 7 , 3 0 0  1 2 , 6 0 0  (€1240) 8 , 6 0 0  1 2 , 0 0 0  v a p o r  8 8 , 6 0 0  

---- Two times minimum t r a y  spacing----  

C3 1 7 , 7 0 0  1 5 , 0 0 0  (130001 20 ,300  1 3 , 9 0 0  dwncmr 1 1 3 , 9 0 0  
1-C4 1 7 , 0 0 0  1 5 , 4 0 0  ( 1 3 3 0 0 )  1 3 , 0 0 0  1 9 , 4 0 0  dwncmr 1 1 3 , 0 0 0  

C5 1 7 , 3 0 0  1 2 , 6 0 0  (12200)  1 3 , 9 0 0  1 2 , 0 0 0  dwncmr 1 1 2 , 0 0 0  

a .  The number i n  p a r e n t h e s i s  i s  t h e  f l o o d i n g  l i m i t  i f  t h e  
f l o o d i n g  mechanism c o r r e s p o n d i n g  t o  P e r r y ' s  c o r r e l a t i o n  
E q u a t i o n  6 were t o  a p p l y .  
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Si ngl e Component F1 ui d - 
A single component fluid will boil on the top tray 

and the remainder of the trays will be all liquid. Since 
trays 4 through 6 are designed for  partial vaporization, the 
hole velocities (Table 7) for all liquid operation will be 
less than the desired 1.3 ft/sec. Consequently a modified 
design as shown in Table 8 would provide higher velocities 
for this case, but at the expense of higher velocities than 
desired for the design operating conditions, also shown in 
Table 8. Also because trays 5-7 have smaller downcomers, 
the downcomer flooding limit is reduced from 13,000 lbs/hr 
to 12,000 lbs/hr for isobutane operating as all liquid 
through tray 7. 

Supercritical Operation - 
Operation with supercritical isobutane poses no 

special problems. The hole velocities and liquid heights 
are shown for this case in Table 8. This table shows that 
the comment regarding hole velocities for the single 
component fluid applie!; to this case also. 
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TABLE 7 HOLE VELOCITIES FOR ISOBUTANE BOILING ON TOP TRAY ONLY 

Tray 
No. 

Hole Velocity 
ft/sec 

0.6 
1.4 
1.5 
1.5 
1.2 
1.1 
1.1 
4.4 
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TABLE 8 HOLE VELOCITIES (ft/sec) OF STANDARD AND MODIFIED 
TRAY DESIGN FOR DESIGN, ALL LIQUID, AND SUPERCRITICAL 
OPERATING CONDITIONS 

Tray 

No 

Standard Design 
Open All 
area Design -. l i q  Supercrit 

Standard Design 
Open All 
area Design -. l i q  Supercrit 

16.9 0.6 0.6 0.6 
7.7 1.4 1.4 1.3 
7.7 2.9 1.5 1.4 
9.7 4.2 1.2 1.2 

12.1 4.4 1.1 1.1 
12.1 4.4 4.4 4.4 

Modified Design 
Open All 
Area Design liq Supercrit 

16.9 0.6 0.6 0.6 
7.7 1.4 1.4 1.4 
7.7 2.9 1.5 1.5 
8.7 4.7 1.4 1.4 
9.7 5.5 1.3 1.3 
12.1 4.4 4.4 4.4 
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RECOMMENDATIONS 

Column and Tray Modi f icat ions 

The recommended design i s  a working f l u i d  f i l l e d ,  
working f l u i d  dispersed column wi th  e igh t  t rays.  f i l l  o f  t he  
recommended t r a y  design informat ion i s  contained on Wahl 
Company drawings 84144001 f o r  the  s ing le  pass t r a y  and 
84144003 f o r  t he  double pass tray.  The double pass t r a y  i s  
prefer red over the  s ing le  pass t ray,  but  the  gain may not  be 
s ign i f i can t .  This inf:ormation is also given i n  the t e x t  f o r  
e i t he r  s ing le  pass i n  Figures 7 and 8 or  double pass i n  
Figures 8 and 9 w i t h  dimensions as shown i n  Table 2 f o r  both 
s ing le  and double pas.;. The number of  t rays  shown on the  
drawings i s  e igh t  w i th  serv ice as shown. This number can be 
var ied according t o  the  needs of  the t e s t  program. 

The t r a y  spacing of  twice the minimum as given i n  
drawing number 84144001 w i l l  assure tha t  t r a y  spacing i s  not  
l i m i t i n g  throughput and tha t  the  highest throughput i s  
achieved consistent w i th  other requirements. The minimum 
t r a y  spacing w i l l  provide experimental data tha t  w i l l  ass i s t  
i n  determining the  f lood ing  mechanism. 

Test Operations 

The p r i n c i p l e  ob jec t ive  i s  t o  demonstrate the  reduct ion 
i n  dissolbed working i l u i d  tha t  can be achieved w i th  the  use 
of a column designed +or the purpose. The recommended 
column design and operating condi t ions f o r  t h i s  purpose are 
given i n  Wahl Company Drawings 84144001 and 84144003 and the  
f i n a l  repo r t  on the  conceptual design study. Because of t he  
uncer ta in ty  i n  the  heat and mass t ran fe r  models a se t  of  
e x p e r i m e n t s  +or d i f f e r e n t  h o l e  v e l o c i t i e s  and hole 
diameters, as wel l  as ho le  spacing and mixing on the  t ray,  
should be run  t o  a1 low extension of  and increased confidence 
i n  these models. Because of  t he  lack of  f lood ing  
co r re la t i ons  and mode1.s f o r  p a r t i a l l y  vaporized working 
f l u i d  flow, a set  of  experiments f o r  d i f f e r e n t  t r a y  
conf igurat ions i s  reccmmended t o  provide a basis  f o r  these 
models and corre la t ions.  The hydraul ic  e f f i c i e n c y  of the  
t rays  and the  transfer- of working f l u i d  and heat w i l l  be 
more eas i l y  in te rpre ted  the  experimental r e s u l t s  i f  the  
column operation i s  not dominated by a sect ion w i th  low 
temperature dif ferences. Theref ore the  DCHE column should be 
tested w i th  l ess  than the  optimum number of  t rays.  This w i l l  
make i t  poss ib le  t o  be t te r  analyse the  experimental data, 
and i n t e r p r e t  t he  resu l ts .  It has been repeatedly 
demonstrated tha t  the  sieve t r a y  columns, w i th  a s u f f i c i e n t  
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number of trays, have a pinch temperature difference 
approaching zero, so t,hat it should not be of concern in 
studying the effect of mass transfer and hydraulics. 

Model Development for Interpreting Results 

Further development of the theory will result in 
the ability t o  better interpret experimental results, 
t o  better size and predict the performance of the existing 
design, t o  assist in the development of new conceptual 
designs, and t o  predic:t performance of commercial size 
units. The theoretical aspects that are relatively 
easily developed and would be particularly beneficial are: 

. regarding heat and mass transfer: 
1. development of the integrated and discrete models to 

use an exposure time and an effective area which 
correctly account:s for interaction between jet and drop 
streams from adjacent holes, and to account for bulk 
(low energy turbulent) mixing. 

2. development of the upflow flooding limit model and 
the associated reduction in effective area due to 
i n terac t i on . 

3. development of a mathematical model for predicting 
heat and mass transfer for a geothermal fluid 
dispersed, working fluid filled column. 

. regarding flooding and hydraulic design methodology: 
1. 

2. 

development of a downcomer flooding correlation 
t o  predict the e4:fect of working fluid flow rate 
and percent vaporization on mass flooding for 
m i x e d  + l u i d s .  The d e v e l o p m e n t  w o u l d  be based on 
the concept described in the section on "Downcomer 
Flooding" and will involve upflow-flooding mechanism 
combined with conventional downcomer flooding. 

development of hydraulic design methodology for 
heating and boiling in a geothermal direct contact 
heat exchanger. This is necessary because it is a 
special application and has different operating 
conditions and purpose from that of mass transfer 
applications with which the literature deals and 
for which the literature correlations apply. This 
involves mainly the documentation of procedures and 
models we are using together with calculations and 
refrences to substantiate their validity. 
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APPENDIX A. MODIFICATIONS TO THE DISCRETE REGION MODEL 

T o  e x t e n d  the mathnra t ica l  model d e v e l o p e d  u n d e r  t h e  p r i o r  
c o n t r a c t ( s e e  R e f e r e n c e  1) t o  c o v e r  c o n d i t i o n s  of i m p o r t a n c e  t o  
t h i s  p r o j e c t ,  t h e  fo l l c rwing  m o d i f i c a t i o n s  w e r e  made. T o  a c c o u n t  
far r e d u c e d  heat and mac.5 t r a n s f e r  i n  a l l  r e g i o n s  d u e  t o  
i n t i z r a c t i o n ,  t h e  o v e r a l l  s c a l i n g  f a c t a -  BO w a s  added  which 
scsles all h e a t  and  t r a n ~ f e r  c o e f f i c i e n t s  b y  t h i s  number. T h a t  
is 

where  

h e a t  of n i a s s  t r a n s f e r  c a e f f i c i e n t  i n  Ea.ch r e g i o n .  - - h 

The t i m e  s p e n t  i n  the j e t  r e g i o n  w a s  corrected t o  a c c o u n t  
f = r  a t a p e r e d  jet- Tha t :  is 

where  

t j  = 

L j  - - 

t2n = 

E j  = 

rather than 

t j  = L J / U n  

t i m e  i n  jet. r e g i o n  

l e n g t h  o f  j e t  

hole v e l a c i t y  

d i a m e t e r  of: jet 

as f o r m e r l y .  

A s  d r o p 5  became l a r g e  and  d i s t o r t e d ,  t e t e r a i n a l  
v e l a c i t y  decreasesm 
w e l l  f a r  l a r g e  diameters. T h e r e f o r e  t h e  t e r m i n a l  v e l a c i t y  
c a l c u l a t i o n  was mcldified t u  be i n d e p e n d a n t  of d r o p  d i a m e t e r  D a t  
l a r g e  D b y  

Tr -eyba l ’ s  c o r r e l a t i o n s ’  da n u t  w o r k  

Ut ( c o r r e c t e d > =  U t  / <I+riP-.5 ( A - 3 )  

w h e r e  
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Ut = terminal velucity of s. drop 

Since Ut i 5  prGportiana1 tc D, the corrected value of 
U t  approaches a constant as D approaches infinity. 

The d a t a  of Meister(see Reference 2 )  shuws that the 
velocity trnj at which jEbtt ing starts is given try 

Cinj = f 4 0 / ~ f i 1 0 - 5  

The mc?del w a s  modified to use this Equation. 

Crop prediction b y  prior methods in the literature 
could not be used becauc;e the drop size as well as the 
maximum hule velucity were not r e a s o n a b l e c l ) .  The data o+ 
Scheele and Meister can b e  correlated by 

where 

D = drop diameter., cm 

Dn = h a l e  diameter-, cm 

Lrrt = h u l e  velocity, cm/sec 

S = surface tension 

S' = surfare ten5ion at 25 C: 

V = viscosity, dynes/cn 

\.* 7 = v i s c c r s i t y  at 25 c 

V a l u e s  of drop diameter calculated by this equation a-e 
s h a ~ n  in Table B-l for various hole diameters and a temperature 
#+ 25 c. 
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TABLE A - 1  DROP SIZE PREDICTION BY CORRELATING EQUATION A - 1  

Hole diameter = 0.16 cm 

Hole v e l o c i t y  
cm/sec 

0 
1 0  
20 
30 
40 
50 
60 
70 
80 
90 

100  

Hole diameter = 0.254 c m  - 

0 
1 0  
20 
30 
40 
50 
60 
70 
80 
90 

100 

Drop Diameter 
c m  

0 .53  
0 .43  
0.34 
0.28 
0.26 
0.28 
0.34 
0 .43  
0.53 
0 . 6 1  
0 .67  

0.58 
0 .50  
0.43 
0 .38  
0 .36  
0.38 
0 .43  
0 . 5 1  
0 .58  
0.64 
0 . 6 9  
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APPENDIX B. ANAiLYSES OF HEAT AND M A S S  TRANSFER 

Two me thods  of  d e t e r m i n i n g  t h e  m a s s  t r a n s f e r r e d  t o  t h e  
g e o t h e r m a l  f l u i d  i n  a d i r e c t  contact  h e a t  e x c h a n g e r  w e r e  
d e v e l o p e d  i n  t h e  p r i o r  wor-k(see R e f e r e n c e  1). One method of 
a n a l y s i s  u s e s  t h e  d i s c r e t e  r e g i o n  mudel and  t h e  o t h e r  u5es t h e  
i n t e g r a t e d  r e g i o n  model. The f o r m e r  is a model o f  h e a t  and  m a s s  
t r a n s S ~ t -  f o r  a j e t ,  a d r o p  f a r m a t i o n ,  and a d r o p  r i s i n g  r e g i o n  
( F i c p r e  1). T h i s  is t h e  c lass ic  d e s c r i p t i o n  f a r  t h e  mechanism 
of t r a n s f e r  when n n e  f l u i d  is d i s p e r s e d  i n t o  a n o t h e r  by  f l o w  
t h r o u g h  a h o l e .  The s e c o n d  method, t h e  i n t e g r a t e d  model lumps  
t h e  i n d i v i d u a l  t r a n s f e r  mechanism i n t o  o n e  r e g i o n  i n  which h e a t  
and  m a s s  are t r a n s f e r r e d l  h y  c o n v e c t i o n  i n  t h e  b u l k  of t h e  f l u i d  
and  by  c o n d u c t i o n  t h r o u g h  d s t a g n a n t  boundary  l a y e r  a t  t h e  
t r a n s f e r  i n t e r f a c e .  Due t o  i n t e r a c t i o n  t h e  actual mechanism a f  
t r a n s f e r  is mare complex tha r ;  t h a t  of  t h e  d i s c r e t e  r e g i o n  model. 
Thtrs t h e  i n t e g r a t e d  model w i t h  p a r a m e t e r s  e x p e r i m e n t a l l y  
c o r r e l a t e d  may b e  b e t t e r  for p r e d i c t i n g  b e h a v i o r  t h a n  t h e  
d i s c r e t e  model .) 

The a n a l y s i s  f o r  t h e  d i s c r e t e  model w a s  mcrdified as d e s c r i b e d  
i n  Appendix A t o  e x t e n d  its r a n g e  of  a p p l i c a t i o n  t o  c o v e r  
t h e  h a l e  velocit ies,  d i a m e t e r s ,  t e m p e r a t u r e s ,  and  f l u i d  
p r o p e r t i e s  of  i n t e r e s t  i n  t h i s  c o n c e p t u a l  d e s i g n  s t u d y .  
Then t h e  a n a l y s e s  w e r e  r u n  and a d j u s t e d  so t h e  p r e d i c t i o n s  
matched  t h e  e x p e r i m e n t a l  d a t a  t a k e n  a t  R a f t  R i v e r  ( 4 ) .  

These a n a l y s e s  which p r e d i c t  t h e  R a f t  R i v e r  d a t a  w e r e  t h e n  
r u n  f o r  a l a r g e  v a r i e t y  of h o l e  s i z e s 9  h a l e  veloci t ies ,  
t r a y  s p a c i n g s ,  f r a c t i o n  b u b b l i n g  open  area, and  number of 
t r a y 5  t G  a r r i v e  a t  opt imim d e s i g n  v a l u e s .  I n  t h i s  case 
t h e  optimum i 5  a mininintum d i s s o l v e d  c o n c e n t r a t i o n  of  
working  f l u i d  i n  t h e  ou t l e t  g e o t h e r m a l  f l u i d  f o r  p r a c t i c a l  
p h y s i c a l  d e s i g n  conditions +or the tray and f o r  reasonable 
f l o w r a t e s  and  a c c o m p l i s h e d  t e m p e r a t u r e  c h a n g e s  ( h e a t  t r a n s f e r r e d  
by t h e  co lumn) .  

Comparison of  P r e d i c t i c n s  w i t h  Experimenta.1 D a t a  

The a n a l y s e s  w e r e  r u n  f a r  t h e  t r a y  c o n f i g u r a t i o n  and  o p e r a t i n g  
c o n d i t i o n = -  for selected r u n s  o f  t h e  R a f t  R i v e r  tests. The 
t e m p e r a t u r e  d a t a  t a k e n  f r o m  t h e  r e p o r t  by  Mines  e t  a l (see 
Refer-ence 4) which w a s  u s e d  t o  test t h e  mode l s  is shown i n  T a b l e  
B-1 I 
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. 

TABLE B - 1  EXPERIMENTAL TEMPERATURES USED FOR TESTING THE MODELS 

T e m p e r a t u r e  i n  9 6 ;  Data from Mines e t  a1  ( 3 )  
Run N o .  1 2 6 7 

- T r a y  N o .  - - - 
X a  1 2 1  1 1 0  8 8  6 6  

8 
1 0  
11 
1 2  
1 3  
1 4  
1 5  
W.F.M 

64.0 
8 5  62.5 
83.5 

1 1 9 . 5  1 0 7  80.5 58 .8  
77.8 
73.5 

1 1 3  91.8 63.5 48.4 
33  37.5 37 .0  36 .2  

Geo Mass 36363 6 2 8 2  8 3 2 5  8 8 8 7  
F l o w r a t e  

( l b s / h r )  

a. The g e o t h e r m a l  f l u i d  i n l e t  t e m p e r a t u r e  t o  t h e  t o p  of t h e  
l i q u i d / l i q u i d  p r e h e a t i n g  s e c t i o n .  
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Discrete Region Model 

The temperatures predicted by the  d i sc re te  model are shown i n  
Table B-2. I n  adjusting1 the  model t o  match the  experimental 
data an ove ra l l  sca l ing  fac to r  BO was used. T h i s  was se t  a t  
0.29 t o  match the  data. T h i s  gave p l a t e  e f f i c i e n c i e s  o f  0.75 t o  
0.79 which i s  somewhat higher than t h a t  determined by M i n e s  e t  
a l (see  Reference 4 ) .  The e f f e c t  of  dropping BO t o  0.25 has a 
n e g l i g i b l e  e f f e c t  on the  predicted concentrat ion o f  dissolved 
working f l u i d .  I n  a t e s t  case i t  var ied from 37.4 t o  37.8 ppm. 

Intearated Model 

The in tegrated model contains three unknown parameters, t he  
e f f e c t i v e  area, the t ime of  exposure, and the  e f f e c t i v e  
boundary layer  thicknesc;. These were adjusted t o  match the  
experimental data. 

More than one set  of parameters could be used t o  match t h e  
data, so t h a t  the r e l a t i v e  values of these parameters was 
not  established. The r e s u l t s  of computer runs f o r  var ious 
t r a y  design parameters showed l i t t l e  e f f e c t  on the  dissolved 
working f l u i d .  T h i s  i s  because the  p red ic t i on  of the  model 
i s  dominated i n c o r r e c t l y  by the  t ime fac to r  which i s  
ca lcu lated assuming no i n t e r a c t i o n  between j e t s  and associated 
bubbles. Design changes which r e s u l t  i n  increased convective 
t rans fer  and decreased c:onductive t rans f  e r  w i  11 decrease the  
mass t rans fe r  f o r  a given heat t rans fer  a5 shown i n  the  p r i o r  
work. T h i s  model can be f u r t h e r  developed t o  p red ic t  t he  
e f f e c t  by c o r r e c t l y  ca1c:ulating the  exposure t ime and 
e f f e c t i v e  area and then deternining the  e f f e c t i v e  boundary 
layer  thickness by matching experimental data. T h i s  m u s t  
be done by inc lud ing  the  i n t e r a c t i o n  o f  j e t s  which has no t  
yet  been completed. 

The pred ic t ions  o f  t he  in tegrated model are s h o w n  in 
Table B-3. The e f f e c t i v e  area was assumed t o  be the  area 
ca lcu lated by the  d i sc re te  region model m u l t i p l i e d  by an 
area f a c t o r  . The e f f e c t i v e  boundary layer  thickness was 
adjusted f o r  a given area fac to r  t o  match the  experimental 
data. The r e s u l t s  were: 

area fac to r  = 1.0 

boundary layer  thic:kness = 0.074 cm. 

The e f f e c t i v e  boundary layer  thickness of  0.074 cm i s  
q u i t e  l a rge  compared t o  what would be expected. However 
the  use of t h i s  makes the  condi t ions f o r  opt imizing the  
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TABLE 8-2 GEOTHERMAL FLUID TEMPERATURES PREDICTED BY DISCRETE 
REGION MODEL FOR RAFT RIVER TEST CONDITIONS 

Raft R i v e r  
Run No. 1 2 6 7 

Tray No. 
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TABLE B - 3  GEOTHERMAL FLUID TEMPERATURES PREDICTED BY INTEGRATED 
REGION MODEL FOR RAFT RIVER TEST CONDITIONS 

Tray 
No. 

8 
1 0  
11 
1 2  
1 3  
1 4  
1 5  

Raft River Run No. 
1 6 - 2 
- 

- - 7 - 
- - - 63.6  
- - 83.4 61.3 
- - 81.6 - 

1 2 0 . 3  1 0 7 . 5  7 9 . 1  57 .8  
- - 75.3 - 
- - 68.5 - 

112 .  !j 91.9 63.8 48 .1  
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d e z i g n  m o r e  s e v e r e  b e c a u s e  i t  p e n a l i z e s  t h e  h e a t  t r a n s f e r .  
A i t e r  t h e  optimum w a s  falund, t h e  boundary  l a y e r  t h i c k n e s s  
and area f a c t o r  w e r e a d j u s t e d  t o  t h e  m o r e  r e a s o n a b l e  v a l u e s  of 

area f a c t o r  = 0.25 
boundary  l a y e r  t h i c k n e s s  = C t . 0 3  e m  

to p r e d i c t  t h e  e x p e c t e d  c o n c e n t r a t i o n  of w a r k i n g  f l u i d  
i n  t h e  o u t l e t  g e o t h e r m a l  f l u i d .  

Des ign  C o n d i t i o n s  f o r  A n a l y s i s  

Because  m o s t  of  t h e  pcr tEmtial  e lec t r ica l  g e n e r a t i n g  c a p a c i t y  
is a c h i e v e d  when t h e  g e o t h e r m a l  f l u i d  is c o o l e d  t o  180 F (83 C) 
as  shown i n  T a b l e  B-4, this t e m p e r a t u r e  w a 5  c h o s e n  as  t h e  
d e s i g n  o u t l e t  t e m p e r a t u r e .  S i n c e  t h e  m a s s  t r a n s f e r r e d  i n  
t h e  l o w e r  p a r t  of  t h e  cclliimn is g e n e r a l l y  i n s i g n i f i c a n t ,  
t h e  minimu% ma55 t r a n s f w  c o n d i t i o n  is n o t  s e n s i t i v e  t o  
t h i s  v a r i a b l e .  Sa a f i x e d  o u t l e t  g e o t h e r m a l  f l u i d  t e m p e r a t u r e  
a+ 63 C w a s  u s e d  t h r a u g h a u t .  

The E a s t  M e s a  W e l l  6-2 t e m p e r a t u r e  is 315 F (157 C). 
F o r  a b o i l i n g  i scsbutane  working  f l u i d ,  t h e  b o i l i n g  t e m p e r a t u r e  
w i l l  g e n e r a l l y  b e  240 F (115 CS or l o w e r - .  C o n s e q u e n t l y  
t h e  p r e h e a t i n g  s e c t i o n  crf t h e  column w i l l  o p e r a t e  f rom 
l(34 F (40 C) t o  240 F (115 C). F o r  mixed f l u i d s  t h e  b o i l i n g  
s t a r t s  a t  a l o w e r  t e m p e r a t u r e  i n  t h e  column but; is c o m p l e t e d  
at a h i g h e r  t e m p e r a t u r e .  The models  h a v e  n o t  been  d e v e l o p e d  
f o r  mixed f l u i d s ; ,  c o n s e q u e n t l y  t h e s e  c o n d i t i o n s  w e r e  examined  
only c c i r s o r i l y ,  

To summar ize ,  t h e  c o n d i t i n n s  t h a t  w e r e  u s e d  f o r  d e t e r m i n i n g  
optimimum hale  52ze and  velacity i n  t h e  l i q u i d / l i q u i d  
preheating s e c t i o n  w e r e :  

. g e o t h e r m a l  f l u i d  i n l e t  t e m p e r a t u r e  120 c 

. work ing  f l u i d  i n l e t :  t e m p e r a t u r e  40 C 

. w o r k i  ng # 1 u i  d o u t 1  et t e m p e r a t u r e  115 c 

Opt i m i  z a t  i on 

B e c a u s e  of  t h e  comp1exit:y of  t h e  h e a t  and  m a s s  t r a n s f e r  
p r a c e s s  which is modeled, t h e  s e l e c t i o n  of  t r a y  d e s i g n  
r e q u i r e s  a n a l y s i s  of  t h e  mechanisms arid of  t h e  v a r i o u s  
t r a n s p o r t  modes;. T h e s e  factors  w e r e  a n a l y z e d  and a p p r o p r i a t e  
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TABLE B-4. EFFECT OF GEOTHERMAL FLUID DISCHARGE 

TEMPERATURE ON ITS ELECTRICAL POWER  POTENTIAL^ 

Discharge temperature 
( O F )  

1 5 0  

1 7 0  

1 8 0  

1 9 0  

2 0 0  

2 2 0  

a 
Increase in power per 1 0 ° F  

0.7 % 
1 . 2  % 
1 .5  % 
1 . 7  % 
2.0 % 
2.5 % 

a. The percent increase in power potential at 5 0  % 
efficiency for a 10 OF reduction in geothermal 

fluid discharge temperature. 
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change-, made t o  a r r ive  a t  optimum d e s i g n  c o n f i g u r a t i o n s .  
Over 2 0 C 1  compute r  r u n s  w e r e  made t o  s t u d y  t h e  e f f e c t  of 
t h e  v a r i o u s  v a r i a b l e s  i n  t h e  r e g i o n  o f  i n t e r e s t .  

T h e s e  a n a l y s e s  c o v e r e d  co lumns  t h a t  w e r e  a )  g e o t h e r m a l  
f l u i d  f i l l e d ,  working  f l u i d  
d i s p e r s e d ;  b, working  f l u i d  f i l l e d ,  l i g h t  f l u i d  d i s p e r s e d ;  
and c, working  f l u i d  f i l l e d ,  g e o t h e r m a l  f l u i d  d i s p e r s e d .  

The results w i t h  r e g a r d  tci m i n i m i z i n g  to ta l  working  f l u i d  
d i s s ;o Ivcd  i n  t h e  g e o t h e r m a l  f l u i d  f rom a n a l y s i s  of t h e  r u n s  
are a s  f o l f o w s .  A l l  r e s u l t s  are  f rom t h e  d i s c r e t e  r e g i a n  
model a n a l y 5 i s  e x c e p t  w h e r e  o t h e r w i s e  s t a t e d .  

1. The d r o p  f o r m a t i o n  r e g i o n  shows t h e  l a r g e s t  r a t i o  
o f  heat t o  m a s s  t r a , n s f e r r e d ,  being 3 t o  1 0  t i m e s  b e t t e r  
t h a n  t h e  o t h e r  r e g i o n s  as shawn i n  T a b l e  E-5. The 
e x p l a n a t i o n  f o r  t h i s  is t h a t  t h e  jet  r e g i o n  is p l u g  
f l o w  w i t h  c o n d u c t i v e  t r a n s f e r  d o m i n a t i n g ,  t h e  f o r m a t i o n  
r e g i o n  is c o n v e c t i v e  t r a n s f e r ,  and  t h e  d r o p  r i s i n g  
r e g i o n  is a m i x t u r t ?  of  t h e  t w o .  The m o d s l s  fat- t h e s e  
t r a n s f e r  mechanisms. w e r e  d e v e l o p e d  i n  o u r  p r i o r  w o r k  
(see R e f e r e n c e  1). 

2. The d i s s o l v e d  work ing  f l u i d  i s  p r o p o r t i o n a l  t o  t h e  t r a n s f e r  
l e n g t h  L t r  a s  shown1 i n  F i g u r e  F-1. The t r a n s f e r  l e n g t h  
is t h e  sum of  t h e  l e n g t h s  of  e a c h  of t h e  t h r e e  r e g i o n s  
as  shown i n  F i g u r e  1. 

5 
3 .  A d d i t i o n a l  downcomer l e n g t h  r e q u i r e d  f o r  10% a d d i t i o n a l  

f l o w  c a p a c i t y  t o  h a n d l e  t h e  d e e p e r  c o a l e s c e d  l a y e r  
may increase  t h e  t r a n s f e r  l e n g t h  3 t a  7 c m  and  i n c r e a s e  
t h e  d i s s a l v e d  working  f l u i d  4.5 ppm a t  d e s i g n  o p e r a t i n g  
candi  ti on5 - 

4. P l a t e  therma.1 e f f i c : i e n c e s  less than 70% and  p r e f e r a b l y  
less t h a n  5G%, however a c h i e v e d ,  w i l l  m a x i m i z e  h e a t  
t r a n s f e r r e d  w h i l e  m i n i m i z i n g  m a 5 5  t r a n s f e r r e d ,  This is 
due t a  t h e  r a p i d  t r a n s f e r  of  h e a t  r e l a t i v e  t a  m a s s  t r a n s f e r  
which r e s u l t s  i n  rate of h e a t  t r a n s f e r  d e c l i n i n g  b e f o r e  
t h e  m a s s  rate of t r a n s f e r  d e c l i n e s .  

c a. T h e r e  are t w c !  a p p r o a c h e s  t o  o p t i m i z i n g  t h e  t r a y  d e s i g n .  
One is t o  u s e  a low h o l e  v e l o c i t y  t o  a c h i e v e  a s h o r t  
jet a n d  a s h o r t  d r o p  r i s i n g  l e n g t h .  T h i s  m a : : i m i i e s  
t h e  u s e  of t h e  d r o p  S o r m a t i o n  r e g i o n  which h a s  t h e  
h i g h e s t  t e m p e r a t u r e  c h a n g e  f o r  a g i v e n  m a s 5  c o n c e n t r a t i o n  
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TABLE B-5.  RATIO OF TEMPERATURE CHANGE TO CONCENTRATION 
CHANGE I N  VARIOUS TRANSFER REGIONS AT NEAR OPTIMUM 
OPERATING CONDITIONS. 

Reg ion  (Temperature c h a n g e ) / ( c o n c e n t r a t i o n  c h a n g e )  

Top piate4115 C )  Mid-lower p l a t e ( 1 0 0  C )  

j e t  3 t o  4 35 

f orrnation 2 6  t o  35 300 

drop  rise 1 3  t o  20 90 
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6 8  

50 

40 

30 

2 8  
0 

/ 
Dns0.13 inches 
lin=18 ctm/sec 

Dn=0. 
Un=85 

Dn28.06 inches 
Un=85 cm/sec 

1 3 inches 
cm/sec 

2 0  

T r a n s f e r  length (cm) 
-. 

F i g u r e  -B-1. E f f e c t  of t r a n s f e r  l e n g t h  on  d i s s o l v e d  w o r k i n g  f l u i d .  
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c h a n g e f s e e  r e s u l t  .I a b o v e ) .  The o t h e r  a p p r o a c h  is t o  
u s e  a v e r y  h i g h  h o l e  v e l a c i t y  w i t h  a l i m i t e d  jet l e n g t h  
which a lso maximiitss t h e  h e a t  t r a n s f e r r e d  relative t o  
t h e  m a 5 5  t r a n s f e r r e d .  F i g u r e  F-2 shows t h e  d e c r e a s i n g  
m a s s  t r a n s f e r  a t  b o t h  h i g h  and  l o w  h o l e  velocit ies.  

6 -  For c o n s t a n t  t r a n s - F e r  d i s t a n c e  L t r  o f  t h e  work ing  f l u i d  
t h r o u g h  t h e  g e o t h e r m a l  f l u i d ,  t h e  optimum h o l e  d i a m e t e r  Dn 
and v e l o c i t y  Un is a b r o a d  f l a t  minimurr-, and  a good 
optimum c a n  be found  o v e r  a r a n g e  of h o l e  d i a m e t e r s .  
F i g u r e  E-3 thrcrugh B-5 show t h e  d i s s o l v e d  working  f l u i d  
c o n c e n t r a t i o n  p l a t t e d  v e r s u s  h o l e  v e l & c i t y  and  n o z z l e  
d i a m e t e r  fo r  v a r i o u s  v a l u e s  of t h e  h e a t  and  m a s s  t r a n s f e r  
e x p o n e n t .  Examina t ion  of  t h e s e  f i g u r e s  shows t h a t  a h a l e  
d i a m e t e r  of 0.25 i r sches  and  a v e l o c i t y  a f  40 t o  50 cm/sec 
g i v e s  a goad optimum. Al though l a r g e r  v e l o c i t i e s  g i v e  
a l o w e r  d i s s o l v e d  c o n c e n t r a t i o n ,  t h e s e  g a i n s  may n o t  
b e  r e a l i s e d  i n  prac : t ice .  One r e a s o n  i5  t h a t  t h e  t r a n s f e r  
l e n g t h  would h a v e  to i n c r e a s e  t o  a l l o w  f o r  s e p a r a t i o n  
of t h e  f l u i d s  and  +or a l a r g e r  v a r i a t i o n  i n  t h e  c o a l e s c e d  
1 a y e r  . 

7. R e s u l t s  f rom a n a l y s i s  a f  computer  r u n s  u s i n g  t h e  i n t e g r a t e d  
r e g i o n  model are as f o l l o w s .  

a. The c o n c e n t r a t i o n  is minimized  b y  l a r g e  hole;  d i a m e t e r s  
as shown i n  F i g u r e  B-5 and by h o l e  v e l o c i t i e s  of 
of 25 t o  40 cm/sec d e p e n d i n g  on h o l e  d i a m e t e r .  

b. A quad optimum h o l e  d i a m e t e r  is 0.25 i n c h e s  w i t h  
a h o l e  v e l # c i t : y  of 40 t o  50 c m / s ; e c  ( F i g u r e  F-6). 

c. A 50% d e c r e a s e  i n  l a m i n a r  l a y e r  t h i c k n e s s  and  
e f f e c t i v e  area decreases t h e  d i s s o l v e d  work ing  
f l u i d  15%. 

8.  f i e s c t l t s  far a w o r k i f i g  f l u i d  fillEd, g e o t h e r m a l  f l u i d  
d i s p e r s e d  column are a5 f c t l f O W 5 .  

a. The c o n c e n t r a t i o n  o f  working  - f l u i d  d i s s o l v e d  i n  
t h e  o u t l e t  gecl thermal  f l u i d  is r e l a t i v e l y  i n s e n s i t i v e  
t o  t h e  d e s i g n  and  o p e r a t i n g  c o n d i t i o n s .  

b. The o u t l e t  c o n c e n t r a t i o n  is g e n e r a l l y  a b a u t  42 ppm 
which camparer;. f a v o r a b l y  w i t h  t h e  38 ppm f o r  t h e  
g e o t h e r m a l  f l u i d  f i l l e d ,  work ing  f l u i d  d i s p e r s e d  
case w i t h  t h e  s a m e  p a r a m e t e r s  i n  t h e  model. 

c. A h o l e  d i a m e t e r  o f  0.25 i n c h e s  g i v e s  a f l a t  r e s p a n s e  
o v e r  a l a r g e  r a n g e  o f  h o l e  v e l o c i t y  a n d  g i v e s  
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exponent =: .20 .  

- 57 - 



c 
E 
P 
a 
n 

3 

Y 

v 

c 

c 

rn 
C 

s 
0 
3 
U 

- 
L 

$! 
c 

0 
H 
01 - 
n 

4 0  

20 
0 

38  

- 1 I I 

2 I3 

H o l e  dlarneter  (cm)  - 

20 
0 

-7 - '  

I I 

8 . 1 3  

4E 

n 
E 
P 
0, 

n 

J 

cc 
m 
C 

A 
i 
0 
3 

U 
0 > 
0 
cn 
cn 

v 

c 

c 

.- 

c 

c 

n 

Ho le ve 1 oc I ty(cm/s) 

8 8  cm/oec 

F i g u r e  B-4. E f f e c t  of ( a )  h o l e  v e l o c i t y  and  (b) h o l e  diameter on  

d i s s o l v e d  work ing  f l u i d  c o n c e n t r a t i o n  p r e d i c t e d  b y  

discrete  model, h e a t  and  mass t r a n s f e r  a n a l o g y  
e x p o n e n t  -- .24.  

- 5 8  - 



L 
0 
3 

U 
0 > 
0 
a 

R 

c 

a 
c 

n 
E 
0. 
P 

U 

51 

rc 
m 
C 

3 
L 
0 
3 

U 
0 > 
0 
r 
w 

Y 

c 

c 

c 

c 

L 

n 

n 

E 
n 
n 
Y 

U 
3 

rt 

m 
E 

c 

c 

c 

Y 40  

Ho 1 e d i ame t e r ( 1 nche s 1- 

0 . 3 7 ,  \ !  0 .  B6 

I I f 
30 L'  4 0  6 0  8 0  1 2 0  0 

Hole velocity(cm/s) 

sa 

3E 
I I 

. 2  . 4  

Hole diameter  ( i n c h e s )  

10 

F i g u r e  B-5. E f f e c t  o f  ( a )  h o l e  v e l o c i t y  and  (b) h o l e  diameter on 
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Gs 

minimum disso : lved  work ing  f l u i d  a t  a v e l G c i t y  o f  
40 c m / s e c  ( F i g u r e  E-7) .  f i t  v e r y  h i g h  and  v e r y  
l o w  U n ,  a s m a l L 1  h o l e  s u c h  a s  0-13 i n c h e s  g i v e s  a 
l o w e r  d i s s o l v e d  wark ing  f l u i d ,  b u t  f o r  p r a c t i c a l  
p u r p o s e s  t h e  0.25 h o l e  would be bes t .  

9. The e f f e c t  of  mix ing  i5 t o  d e c r e a s e  t h e  e f f e c t i v e  area 
f a c t o r  and  boundary  l a y e r  t h i c k n e s s  i n  t h e  i n t e g r a t e d  
model and  t o  d e c r e a s e  t h e  h e a t  and  m a s s  t r a n s f e r  a n a l o g y  
e x p o n e n t l l )  i n  t h e  d i s c r e t e  model. The e f f e c t  of  t h i s  
is shown i n  F igurer ;  B-9 and B-IO. 

The area f a c t o r  is d e c r e a s e d  b e c a u s e  t h e  mix ing  w i l l  
i nc rease  t h e  amount: of i n t e r a c t i o n  be tween r i s i n g  f l u i d  
s t r e a m s  r e s u l t i n g  i n  a decrease i n  e f f e c t i v e  area. 
The h e a t  and  m a s s  trr-ansf er e x p o n e n t  i5  d e c r e a s e d  b e c a u s e  
t h e  i n c r e a s e d  mix ing  c a u s e s  a l a r g e r  amount of  t r a n s f e r  
by  c o n v e c t i v e  mixing.  A s  shown p r e v i a u s l y l l ) ,  t h i s  
e x p o n e n t  v a r i e s  f ~ o m  0 , 5  f o r  p u r e  c o n d u c t i v e  t r a n s f e r  
t o  0.2 f o r  p u r e  c o n v e c t i v e  t r a n s f e r .  

10. F o i l i n g  or vapor  f o r m a t i o n  r e s G l t s  i n  i n c r e a s e d  warking 
f l u i d  vo lumetr ic  rate so t h a t  at c o n s t a n t  h o l e  v e l o c i t y  
t h e  g e o t h e r m a l  m a 5 3 ~ j  f l o w  rate d e c r e a s e s  p e r  hole. S i n c e  
s u r f a c e  area p e r  hcile is c o n s t a n t ,  t h e  m a s s  t r a n s f e r  
rate is c o n s t a n t ,  trut  rruch g r e a t e r  p e r  u n i t  m a 5 5  of 
g e o t h e r m a l  f l u i d .  This would result i n  g r e a t e r  
c o n c e n t r a t i o n s  of  c l i s s o l v e d  working  f l u i d .  However a5 
v a p o r  p a r t i o n  i n c r e a s e s ,  h o l e  v e l o c i t y  s h o u l d  increase 
so t h a t  t h e  g e o t h e r m a l  f l u i d  m a 5 5  f l o w  r a t e  p e r  h o l e  
r e m a i n s  c o n s t a n t .  T a b l e  €3-6 shows t h a t  f o r  1% v a p o r i z a t i o n  
t h e  d i s s o l v e d  work ing  f l u i d  is a p p r o x i m a t e l y  t h e  s a m e  as  
f o r  no v a p a r i i a t i o r t .  

C o n c l u s i o n s  

In c o n s q u e n c e  o f  t h e  a b o v e  r e s u l t s ,  the t r a y s  s h o u l d  
b e  d e s i g n e d  w i t h  minimum t r a n s f e r  d i s t a n c e  L t r .  A l though  
t h e  l o w  h o l e  v e l o c i t y  a p p r o a c h  may h a v e  s o m e  d e s i g n  a d v a n t a g e s ,  
t h e  h i g h  v e l o c i t y  a p p r o a c h  w i l l  r e s u l t  i n  i n c r e a s e d  t u r b u l e n c e  
and mix ing  and  t h e r e f o r e  t h e  c o n v e c t i v e  component of  t h e  
t r a n s f e r .  A l s o  t h e  f o r m a t i o n  r e g i o n  would b e  l a r g e r  a l t h o u g h  
t h i s  is n o t  i n c l u d e d  i n  t h e  model. The e f f e c t  o f  i n c r e a s e d  
t u r b u l e n c e  and  mix ing  i s  t o  d e c r e a s e  t h e  l a m i n a r  l a y e r  
t h i c k n e s s  and  t h e  e f f e c t i v e  i n t e r f a c e  area d u e  t o  c o a l e s c e n c e  
a s suming  t h a t  t h e  h o l e s  are i n  p r o x i m i t y  t o  o n e  a n o t h e r .  T h i s  
r e s u l t s  i n  l o w e r  c o n c e n t r a t i o n  of d i s s o l v e d  working  f l u i d .  
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TAELE E - 6  DISSOLVECl W O R K I N G  FLUID WITH A N D  WITHOUT 
V A P O R I Z A T I O N  DROPPING GEOTHERMAL FLUID 
TEMPERATURE FROM 1 2 0 " c  t o  8 4 " c  

Un=80-90 
Dn=0.13 

WF 
O u t l e t  

OC 

WF O u t l e t  
I n l e t  PPM 

111.8 N o  v a p o r i z a t i o n ,  c o n s t a n t  37 .8  40 .7  a n o z z l e  v e l o c i t y .  

1 1 1 . 8  1% v a p o r i z a t i o n ,  c o n s t a n t  43 51.9 
n o z z l e  v e l o c i t y .  

1% v a p o r i z a t i o n ,  c o n s t a n t  40 43 .6  
mass f l o w / n o z z l e  

a .  A l s o  a p p r o x i m a t e l y  c o n s t a n t  mass f l o w / n o z z l e .  
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