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ABSTRACT 

T h i s  r e p o r t  i nc ludes  a p r o j e c t  summary, cop ie s  of two papers  
r e s u l t i n g  from t h e  work and t h e  Ph.D. D i s s e r t a t i o n  of Dr. Mehdi 
Golafshani  e n t i t l e d ,  " S t a b i l i t y  of a Direct Contact  Heat Exchanger". 
S p e c i f i c a l l y ,  t h e  work deals w i t h  t h e  o p e r a t i o n a l  s t a b i l i t y  of a spray  
column t y p e  heat exchanger s u b j e c t  t o  d i s tu rbances  t y p i c a l  of t hose  
which can .occur  f o r  geothermal a p p l i c a t i o n s .  A computer program was 
developed t o  s o l v e  the  one-dimensional t r a n s i e n t  two-phase flow 
problem and it  was app l i ed  t o  t h e  des ign  o f  a s p r a y  column. 

The o p e r a t i o n  and des ign  o f  the  East Mesa 500Kwe d i rec t  con tac to r  
was assessed. I t  is shown t h a t  t h e  heat t r a n s f e r  is governed by t h e  
i n t e r n a l  r e s i s t a n c e  of  the  d i spe r sed  phase. I n  fact ,  the performance 
is wel l - represented  by d i f f u s i o n  of heat w i t h i n  t h e  drops. 
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SUMMARY 

i. J u s t i f i c a t i o n  f o r  Modeling Technique 

The des ign  of  a d i rec t  c o n t a c t  heat exchanger p r i o r  t o  t h e  
p r e s e n t  work was based e n t i r e l y  upon empi r i ca l  c o r r e l a t i o n s .  These 
des ign  methods p red ic t ed  the  s i z e  o f  heat exchanger necessary t o  meet 
g iven  requirements  f o r  s t e a d y  s ta te  ope ra t ion ;  however, they  could no t  
b e  used t o  e v a l u a t e  p o t e n t i a l  t r a n s i e n t  behavior .  

I n  t h e  u s e  o f  d i r ec t  c o n t a c t  heat exchangers f o r  geothermal 
a p p l i c a t i o n s ,  one must be  aware of p o t e n t i a l  d e s t a b i l i z i n g  in f luences .  
Many geothermal f i e l d s  are gassy and must be depressur ized  t o  release 
the  d isso lved  gas.  T h i s  is done i n  a f l a s h  tank. Thus, i f  t he  
geothermal w e l l  burps a l a r g e  amount of  gas, i t  may b e  necessary t o  
lower the  d e l i v e r y  pressure .  
b r i n e  f low ra te ,  b r i n e  tempera ture ,  etc.,  o r  even changes i n  working 
f l u i d  condi t ions .  It  is p o s s i b l e  t h a t  any of t h e  above may have 
nega t ive  effects on t h e  o p e r a t i o n  o f  t he  d i rec t  con tac to r  which is r u n  
c l o s e  t o  t h e  f looding  p o i n t  a t  some l o c a t i o n  wi th in  t h e  column. Thus, 
it is desirable t o  have a model t o  p r e d i c t  t h e  column's t r a n s i e n t  
behavior.  

extremely d i f f i c u l t .  
c o n t a c t  heat exchanger is no except ion .  I n  a dipect  contac t  heat 
exchanger ope ra t ing  without  a phase change, one f l u i d  is a continuous 
phase and the  o t h e r  immiscible f l u i d  is a d i spe r sed  phase. I d e a l l y ,  
t h e  two f l u i d s  flow i n  a counter -cur ren t  manner due t o  a d i f f e r e n c e  i n  
dens i ty .  However, due t o  d i f f i c u l t i e s  i n  des igning  the cont inuous 
f l u i d  i n j e c t o r  l a r g e  r e c i r c u l a t i o n  r e g i o m  can occur.  If the  
d ispersed  phase i n j e c t o r  p l a t e  is large,  there a l s o  may be a dead flow 
area above it. This  dead f low reg ion  may result i n  a f r a c t i o n  of the 
t o t a l  column volume where no heat t r a n s f e r  can take place.  I d e a l l y ,  
however, one s t y i v e s  f o r  counter -cur ren t  flow. When t h e  he igh t  t o  
diameter r a t i o  f o r  a column exceeds e ight ,  t h e  l i terature  i n d i c a t e s  
t h a t  r e c i r c u l a t i o n  r eg ions  are decreased. 
a p p l i c a t i o n s ,  cu r ren t  p r a c t i c e  has been t o  des ign  systems f i t t i n g  t h i s  
l e n g t h  requirement.  
due t o  throughput requirements ,  i t  is p o s s i b l e  t o  u t i l i z e  i n t e r n a l  
v e r t i c a l  baffles so as to ,  i n  fact, main ta in  an equ iva len t  8:l r a t i o  
t o  provide f o r  t h e  needed hydrodynamics. 

I n  a d d i t i o n ,  there may b e  v a r i a t i o n s  i n  

The s o l u t i o n  of heat t r a n s f e r  problems f o r  mult iphase flows are 
The p r e d i c t i o n  of t h e  performance of a direct  

For geothermal 

For  s i t u a t i o n s  where l a r g e r  diameters are needed 

A t  p r e sen t ,  the s t a t e -o f - the -a r t  of s o l v i n g  problems of  
mult iphase f low is such tha t  two and three-dimensional problems cannot 
be so lved  u n l e s s  the d i s t r i b u t e d  phase merely t r a v e l s  a long the 
s t r e a m l i n e s  f o r  the cont inuous phase. While t h i s  is a reasonable  
assumption f o r  modeling extremely s m a l l  l oad ing  of the d ispersed  phase 
and is reasonable  f o r  co-current  f lows ,  it is no t  appropr i a t e  f o r  
counter -cur ren t  Plows. Thus, a t  p r e s e n t ,  counter -cur ren t ,  
multi-dimensional,  mult iphase f low problems are i n t r a c t a b l e .  T h i s  is 
e s p e c i a l l y  t r u e  f o r  high d i spe r sed  phase loadings .  
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Unfor tuna te ly ,  t h e  problems we wish t o  cons ide r ,  t h o s e  of  d e n s i t y  
d r iven  mul t iphase  f lows are ones  where the  flow is counter  c u r r e n t .  
F u r t h e r ,  we wish t o  deal w i t h  h igh  d e n s i t y  load ings  of t he  d i spe r sed  
phase y e t  avoid  f looding .  ( I n  t h i s  way, w e  can o b t a i n  c l o s e  approach 
tempera tures  between t h e  two streams.) For these s i t u a t i o n s ,  there 
can be  a s t r o n g  i n t e r a c t i o n  between t h e  f lows of t h e  two media. Thus, 
the problem is no t  tractable u n l e s s  a super  computer is used and t h e  
problem is posed i n  terms of  Lagrangian coord ina tes .  For these 
r easons ,  our  problem of t r a n s i e n t  performance of a d.c.h.x. has no t  
been dea l t  w i t h  prev ious ly .  However, f o r  geothermal a p p l i c a t i o n s ,  t h e  
l e n g t h  of t h e  p rehea te r  is normally f a i r l y  long  when us ing  l i g h t  
o rgan ic s  such a s  i sobutane ,  o r  pentane w i t h  moderate temperature  
b r i n e s .  For t h i s  a p p l i c a t i o n ,  t hen ,  t h e  assumption of a 
one-dimensional model should be reasonable .  

ii. Resu l t s  

The two papers  and thes i s  i n  t h e  Appendix p resen t  the  work 
carried out  under t h i s  c o n t r a c t .  The work has concent ra ted  on the  
a n a l y s i s  of the  prehea ter  s e c t i o n  o f  a sp ray  column. Resu l t s  are 
presented  which are compared wi th  experimental  data from t h e  500KWe 
f a c i l i t y  a t  East Mesa. 

I n  o rde r  t o  develop t h e  t r a n s i e n t  model, i t  was important  t o  
understand t h e  steady-state ope ra t ion  of a d i rec t  con tac t  
l i q u i d - l i q u i d  spray  column. Unfor tuna te ly ,  nea r ly  a l l  such work is 
based on empi r i ca l  c o r r e l a t i o n s  t o  p r e d i c t  ei ther volumetr ic  heat 
t r a n s f e r  c o e f f i c i e n t s  or heat t r a n s f e r  t o  s i n g l e  drops w i t h  the l a t t e r  
a l s o  being p r i m a r i l y  empir ica l .  

The best c o r r e l a t i o n  t o  describe volumetr ic  heat t r a n s f e r  
c o e f f i c i e n t s  f o r  o rgan ic  d r o p l e t s  i n  a cont inuous b r i n e  o r  water phase 
is tha t  due t o  Plass,  Jacobs and Boehm(1) which was developed under 
t h i s  con t r ac t .  Heat t r a n s f e r  c o e f f i c i e n t s  f o r  s i n g l e  drops are 
described by Sideman i n  a survey art icle.(*) 
f o r  e x t e r n a l  heat transfer c o e f f i c i e n t s ,  and i n t e r n a l  hea t  transfer 
c o e f f i c i e n t s  f o r  s i n g l e  drops as well as c o r r e l a t i o n s  f o r  volumetr ic  
heat t r a n s f e r  c o e f f i c i e n t s  f o r  some of the  data used f o r  t he  P-J-B 
c o r r e l a t i o n .  (1) 

He p resen t s  t h e  r e s u l t s  

I n  c a r r y i n g  o u t  t he  a n a l y s e s  r e p o r t e d  i n  t h e  Appendix, we s t u d i e d  
s i t u a t i o n s  where t h e  drops were i n t e r n a l l y  p e r f e c t l y  mixed and 
p e r f e c t l y  r i g i d  as well as us ing  the volumetr ic  c o r r e l a t i o n s  o f  
Reference 1. 
mixed, s i n c e  then ,  t h e  heat t r a n s f e r  should  be  wel l - represented by the  
heat t r a n s f e r  c o e f f i c i e n t  e x t e r n a l  t o  the drops.  This  d r a s t i c a l l y  
under-predicted the  r equ i r ed  heat exchanger length .  

It was easi ly  clear tha t  the drops were not  p e r f e c t l y  

The hea t  transfer was reasonably  wel l - represented by the e a r l y  
c o r r e l a t i o n  developed i n  our  l abora to ry .  However, s i g n i f i c a n t  
d i f f e r e n c e s  i n  t he  accuracy of p r e d i c t i n g  the experimental  results 
from t h e  East Mesa 500KWe f a c i l i t y  i n d i c a t e d  t h a t  a l t e r n a t e  means of' 
desc r ib ing  the heat t r a n s f e r  needed t o  be  examined. 
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When a l i q u i d  is i n j e c t e d  from a nozz le  i n t o  a second immiscible 
l i q u i d  t h e  l i q u i d  can e n t e r  as either discrete drops o r  je ts .  
je ts  l a t e r  b r e a k  down t o  form drops.  The drop diameters can vary 
depending upon t h e  nozz le  s i z e  and cons t ruc t ion ,  t h e  i n t e r f a c i a l  
t ens ion  between t h e  two l i q u i d s ,  t h e  j e t  v e l o c i t y ,  d i f f e r e n c e  i n  the 
two f l u i d s '  d e n s i t i e s ,  etc. The drops  may remain s p h e r i c a l ,  b e  
e l l i p s o i d a l  o r  take on a hemispherical  cap geometry. I n  des igning  a 
d i rec t  con tac t  heat exchanger i t  is desirable f o r  t h e  drop shapes  t o  
be p r e d i c t a b l e .  Thus, when des igning  the  500KWe d.c.h.x. f o r  East 
Mesa, experiments  were carried o u t  t o  i n s u r e  tha t  t h e  i n j e c t o r  p l a t e  
produced the  t y p e  and s i z e  of drops f o r  which they  were designed. 
experiments  were carried o u t  i n  t h e  l a b o r a t o r y  a t  t h e  Univers i ty  of 
Utah us ing  pentane  and water. A t  the des ign  flow cond i t ions ,  pentane 
drops of 3.2 mm diameter +lo% were produced. 
s p h e r i c a l  and showed no tendency toward wobbling. This  is c o n s i s t e n t  
wi th  t h e  behavior  of drops w i t h  l i t t l e  o r  no i n t e r n a l  c i r c u l a t i o n .  
However, i t  is  i n c o n s i s t e n t  w i t h  the behavior redicted by the  mapping 

a r t ic le  on t h e  hydrodynamics of  l i q u i d  drops i n  immiscible l i q u i d s .  

Weber .(5) 
systems whereas Bhagi and Weber s t u d i e d  on ly  a i r  bubbles i n  l i q u i d s .  
"The regimes are, of course ,  somewhat a r b i t r a r y  because t h e  
t r a n s i t i o n s  tend  t o  be g radua l ,  rather than sharp ,"  s ta tes  Grace. The 
regime map from Grace is shown i n  F igure  1. As can b e  seen  t h e  

The 

The 

These drops were 

of drop shape regimes presented  by J. R .  Grace P 3) i n  h i s  r e c e n t  survey  

Grace's map is based on t h e  work of Wairegi('l) and Bhagi and 
Wairegi dealt  w i t h  both l i q u i d - l i q u i d  and gas- l iqu id  

regime mapping 

and t h e  EoTmos 

'cdeUD 
1.I- 

depends upon the  drop Reynolds number,-Re = 

4 c  

zu3 
gllc A P  

PC 

2 
APgde 

Eo - U 
- and t h e  M-group, M = number, 

For i sobutane  i n  water, .6 6 Eo 5 1.1, 500 5 Re 5 1500 and l o g  
M = t o  Thus, the  map would i n d i c a t e  t h a t  t h e  drops f o r  
t he  500KWe f a c i l i t y  would be i n  the wobbling e l l i p s o i d a l  regime. 
However, our  experiments  i n d i c a t e d  otherwise.  Thus, one would expec t  
that t h e  map should no t  be t aken  t o  be exact as was ind ica t ed  by Grace. 
Nonetheless ,  i t  is clear that  s l i g h t l y  larger drops could well b e  i n  
the wobbling regime as  Eo a de2. 

The heat t r a n s f e r  model assuming t r a n s i e n t  conduction wi th in  t h e  
d r o p l e t s  and account ing  f o r  drop growth due t o  d e n s i t y  changes gave 
very  good agreement w i t h  the experimental  data under a l l  steady-state 
o p e r a t i n g  condi t ions .  It  was t h u s  argued, h e u r i s t i c a l l y ,  tha t  t h e  
conduct ion heat t r a n s f e r  model of r ig id  drops should be used. It was 
t h i s  model that was, thus ,  used t o  c a r r y  o u t  t h e  s t a b i l i t y  ana lyses .  

A s  examples, t h e  s t a b i l i t y  ana lyses  were carried o u t  f o r  t y p i c a l  
o p e r a t i n g  c o n d i t i o n s  f o r  t h e  500KWe f a c i l i t y  a t  East Mesa. 
results i n d i c a t e d  tha t  modest f l u c t u a t i o n s  i n  inpu t  condi t ions  could 
cause  t h e  p rehea te r  l e n g t h  t o  change by as much as  1.1 meters 

The 
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(3.5 f t . )  and t h a t  t h e  time cons tan t  f o r  reaching  a new steady-state 
was three minutes. 

I t  is clear tha t  i f  l a r g e r  drop  s i z e s  had been genera ted  i n  t h e  
500KWe f a c i l i t y  t h a t  a s h o r t e r  p r e h e a t e r  l e n g t h  could have resulted 
and t h u s ,  a lower time cons tan t .  Larger c i r c u l a t i n g  spheres no t  on ly  
would have reduced i n t e r n a l  r e s i s t a n c e  t o  heat t r a n s f e r ,  but  could 
have reduced d r a g ( 3 )  r e s u l t i n g  i n  a h igher  r ise  v e l o c i t y .  T h i s  would 
a l s o  reduce t h e  response  time t o  changes i n  ope ra t ing  parameters. 

i ii .  Recommendations and Conclusions 

The program developed i n  t h i s  work is r e a d i l y  altered t o  accept 
d i f f e r e n t  drag  c o e f f i c i e n t s  and heat t r a n s f e r  models. F u r t h e r  s t u d i e s  
are warranted t o  e v a l u a t e  such models. I n  p a r t i c u l a r ,  s t u d i e s  should 
b e  carried o u t  f o r  e l l i p s o i d a l  drops  which are f l u c t u a t i n g .  The 
hydrodynamics from Reference 3 and i n t e r n a l  heat t r a n s f e r  c o e f f i c i e n t s  
from Reference 2 f o r  f l u c t u a t i n g  e l l i p s o i d a l  drops could b e  used t o  
a s c e r t a i n  t h e  expected results. Such a s tudy  could result i n  an 
op t imiza t ion  of drop s i z e s .  However, care would have t o  be  taken  as  
i n c r e a s i n g  the  drop diameters could r e s u l t  i n  uns t ab le  behavior  and 
enhance secondary c i r c u l a t i o n s  i n  t h e  column i t se l f .  These, of 
course ,  could lead t o  degraded performance o f  t h e  d.c.h.x. 

Although the present  work is not  d i r e c t l y  app l i cab le  t o  o t h e r  
t y p e s  of direct  con tac t  heat exchangers ,  much of t h e  work could b e  
adapted.  For example, t he  work is a p p l i c a b l e  t o  s i e v e  t r a y  towers 
d i r e c t l y  only  i n  terms of  determining a drop heat t r a n s f e y  model. Fo r  
drops of the  same s i z e  range ,  t h e  basic heat t r a n s f e r  model of a 
non-c i rcu la t ing  drop should describe t h e  heat t r a n s f e r  between trays. 
The hydrodynamics, of course ,  are d i f f e r e n t .  Thus, f o r  a s i e v e  t r a y  
column, one would have t o  ana lyze  the heat t r a n s f e r  i n  such a way as 
t o  d e p i c t  t h e  hydrodynamics. Such a device would be i d e a l i z e d  as a 
cross-f low heat exchanger f o r  each t r ay .  The buildup of t he  d i s p e r s e d  
phase below each t r a y  would be modeled as  an isothermal  process  above 
each heat t r a n s f e r  zone. Thus, a t r a y  model composed of two p a r t s  
could be made. One p a r t  would describe t h e  heat t r a n s f e r ,  t he  second 
a mass conserva t ion  t o  d e p i c t  t h e  mass buildup. 
done f o r  each t r a y .  Such a model is being developed f o r  t h e  
con t inu ing  work under Cont rac t  DE-AS07-84ID12552 a t  The Pennsylvania  
State Univers i ty .  

Th i s  would have t o  be  
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A HEURISTIC EVALUATION OF THE CIVERNING MODE OF HEAT TRAN!lFER 
I N  A IJOUID-LIQUID SPRAY COLWN 
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ABSTRACT 

A nteady n t a t e  one-dlmennlonnl multi-phann flow 
model l a  developed to  describe t h e  characteristics of 
a npray column t y p e  dlrect c o n t a c t  l l q u i d - l i q u l d  heat 
exchanger. S e v e r a l  modela a r e  annumed t o  describe the 
I n t e r p h a s e  heat exchange between water as the cont ln-  
uous phase  and o r e a n l c  l l q u l d s  an  t h e  dlspernrnf phane. 
For mal l  diameter d r o p l c t n ,  I t  1s nhown that e x l s t i n e  
exper lmenta l  data i n  b e n t  dencr lhed  by a model whlch 
ansumen t h e  heat t r a n s f e r  i n  c o n t r o l l e d  by cotlductiotl 
w i t h i n  the  drops.  

NOMENCLATURE 

Drag C o e f f i c i e n t  

S p e c i f i c  heat 

Volumetric flow r a t e  

Cravl t y  

Ent ha1 py 

Mean surface h e a t  t r a n a f e r  c o e f f i c i e n t  

Thermal c o n d u c t i v i t y  

I n t e r p h a s e  f r i c t i o n  f a c t o r  

Log mean tmpera t i i r -e  d l f f e r e n o e  

Masn f low rate 

Average S u r f a c e  Nusnel t  Number 

Number of d r o p l e t s  of d i s p e r s e d  phase  

P r e a s u r e  

P r a n d t l  Number 

Heat t r a n n f e r  r a t a  

r 

Rd 

ReDc 

t 

t 1 

T 

U V  

V 

Vol 

X 

+ 
P 

)r 

a 

Mohtl I Go1 nfahnri 1 
T h l o k i i l  Covpornt l o n  
nrlgtinm C l t y ,  Utah 

Radlal  c tmrdl rmte  

Radlus of dr-oplets 

Reyrloldn nimtior po I (Vc-Vd) I D/pc 

Time 

T l m  for a drwplet to  r l n e  throueh  t h e  column, 
X/V,i 

Temperature -. 
Volumetric httnt t r n n n f e r  c o e f f i c l e n t  

V e l o c l t y  l n  X d l r m t i o n  

Volume 

Vertical coorillnattl mennured from t h e  bottom of 
t he  column 

Holdup, f r a c t l o n  of volhime occupied by t h e  
dinparsed phnno 

Denslty 

Dynamic v l s c o r ~ l  t y  

Thermal d l f f u n l v i t y  

S u b s c r i p t s  
C Cont 1 nuoiin phnse 

d Disperse phasn ' 

1 A t  t h e  l n t e r f n c e  hotween t h e  d r o p l e t s  and 
contlnuoua phnne 

A t '  e n t r a n c e  ootid1 t I on8 0 

INTRODUCTION 

Direct c o n t a c t  linat f-xchniiters of t h e  spray  
column t y p e  have many p o t n n t i a l  usen i n  i n d u s t r y .  



Among them is the  e x t r a c t i o n  of heat from low temper- 
ature s o u r c e s  such as geothermal br ines .  S i n c e  the 
1960'8, a number of i n v e s t i g a t o r s  have proposed corre- 
l a t i o n s  to  p r e d i c t  the volumetr ic  heat t r a n s f e r  rate 
i n  such  devices .  

Spray column l i q u i d - l i q u i d  heat exchanger exper i -  
ments hare been conducted i n  l a b o r a t o r y  scale equip- 
ment for the  fo l lowing  f l u i d s  as t h e  d i s p e r s e d  phase 
wi th  water as the cont inuous  phase: 
t o l u e n e ( 2 )  

R-113 and i n s u l a t i n g  o i l (8)  and also pentane I n  r e c e n t  
des ign  s t u d i e s  carried o u t  a t  t h e  Univers i ty  of U t a h .  
Defining a v o l t m e t r i c  heat t r a n s f e r  c o e f f i c i e n t  as  

benzene(' I ,  
CClq(3). S h e l l  O i l  A and s p r a y  base and 

mercury(5). I sobutane(6) ,  hexane(7) ,  

gy 
f? 1 &, 2 

s e v e r a l  d i f f e r e n t  c o r r e l a t i o n s  have been p r o p w e d ,  
based on moderate tempera ture  changes and o v e r a l l  
column heat t r a n s f e r .  
g e n e r a l l y  been w r i t t e n  as a f u n c t i o n  of holdup, +, and 
t h e  r a t io  of t h e  volumetr ic  f low rates of t he  d i s -  
persed and cont inuous  phJIle9, cD/cC. (~  *4*8) 
of the  experiments  the actual holdup was not  measured, 
b u t  was i n s t e a d  c a l c u l a t e d  based on drop s i z e ,  and 
r e l a t i v e  bouyanc as well as f low r a t e s  and r a t i o s  for 

making a c t u a l  holdup measurements. 

These c o r r e l a t i o n s  for Uv have 

I n  many 

a g iven  column.( il ) T h i s  was due t o  t h e  d i f f i c u l t y  i n  

Garwin and Smith( l )  presented  two c o r r e l a t i o n s  
for t h e i r  experiments  for benzene dispersed i n  water. 
For the benzene be lng  heated their data showed 

Btu uV = 1.09 x 104+ - 
wit3 OF 

and for benzene baing  cooled 

Btu 
h r f t 3  O F  

uV = 1.67 x 104+ - (3) 

However, t h e i r  experiments  were conducted w i t h  two 
d i f f e r e n t  size drops.  For t h e  benzene be ing  heated 
the drops were 7.34 mm i n  diameter and for the benzene 
b e i n g  cooled t h e  diameter of the drops was 6.71 mm. 
R o ~ e n t h a l ' s ( ~ )  data for t o l u e n e  shows a similar t r e n d .  
Rosenthal  used two d i f f e r e n t  o r i f i c e  diameters for h i s  
i n j e c t i o n  p l a t e s ,  7.2 mm and 3 mm. Higher heat t rana-  
fer was achieved wi th  the smaller drops. 

W o o d ~ a r d * s ( ~ )  data for Shel l  O i l  A. s p r a y  bane 
and kerosene  was accumulated for a s i n g l e  volumetr ic  
f low ratio,  GO/% - 2.5 and a s i n g l e  drop size, 3.5 mm. 
For t h i s  oondi t ion ,  the  data correlates a8 

Btu 
h r f t 3  OF 

uV = 1.2 x 104* - 

I n  1979, a research team a t  t h e  U n i v e r s i t y  of 
U t a h  carried o u t  a s t u d y  of l i q u i d - l i q u i d  heat t rans-  
fer characteristics of a 6'  x 6" diameter  s p r a y  column 
u s i n g  water as the  cont inuous  phase and i n s u l a t i n g  o i l  
as  the d i s p e r s e d  phase.(8) An o r i f l c e  p l a t e  was 
chosen which y i e lded  3.5 - 4.0 mn diameter  drops. 
Data was acqui red  for very small holdups up to  near  
the  f looding  l i m i t .  
e x i s t i n g  data for o r g a n i c  l i q u i d s ,  t h e y  a r r i v e d  a t  t h e  
fo l lowing  c o r r e l a t i o n s  

Using t h e i r  d a t a  and a l l  of t h e  

Btu 
h r d  OF 

uv = 1.2 x 104+ - 
(for + < 0.05) 

and 

uV I [4.5 x 1 0 4 , ( + - 0 . 0 5 ) e - ~ ' ~ ~ ~ D / ~ +  6001 ( 6 )  
wrt3 OF 

(for + > 0.05) 

The above c o r r e l a t i o n s  y ie lded  c o n s e r v a t i v e  
r e s u l t s  and appeared t o  be a c c u r a t e  to w i t h i n  k205 n o t  
only for thoae  o r g a n i c  f l u i d s  l l g h t e r  than  water, b u t  
alao for t h e  d a t a  for R-113 which is 1.4 times as 
heavy as  water. 
c o r r e l a t i o n s  for the  e x i s t i n g  l i q u i d  setal-water 

No a t t e m p t  was made to  u s e  the 

s y s t e m ( 5 )  

Attempts to r a t l o n a l l z e  t h e  o r g a n i c  l i q u i d  data 
on t h e  basis  of s i n g l e  drop a t u d i e a  even for low 
hold-up proved unsuccessfu l ,  thun Letan and Kehat(10) 
tried t o  develop a model baRed upon hydrodynamic 
o b s e r v a t i o n s  i n  a g l a n s  column. They pointed o u t  t h a t  
when a d r o p  Is  first released i t  undergoes a wake 
forming phase,  then  a wake shedding phase and f i n a l l y  
an agglomerat ion pha.se a t  t h e  t o p  of t h e  column where 
t h e  drops coa lesce .  S i n c e  i t  is g e n e r a l l y  necessary 
to  have a t a l l  column I n  order t o  prevent  back 
mixing(9)  t h e  heat t r a n s f e r  is g e n e r a l l y  dominated by 
the  wake-shedding reelme. If t h i a  were true, Letan 
and Kehat argued t h a t  a c o n s t a n t  va lue  of Uv would be 
achieved through mmt of the column. T h i s  would, it 
appeared,  j u s t i f y  the we of e x p e r l n n k l l y  determined 
Uv oorrelatim. 

I n  1980. Barber-lichols Engineer ine ,  under U.S. 
Department of Energy fundlng,  began c o n s t r u c t i o n  of a 
direct c o n t a c t  geothermal demonstrat ion power p l a n t  a t  
East Mesa, C a l i f o r n i a .  The direct c o n t a c t  heat 
exchaneer for t h i s  system was designed by the first 
author .  The column (see Figure 1) combined a boiler 
s e c t i o n  a t  t h e  t o p  of t h e  column w i t h  a l i q u i d - l i q u i d  
p r e h e a t e r  s e c t i o n .  I sobutane  wan i n j e c t e d  a t  t h e  
bottom of the  column a s  the dispersed phase and t h e  
geothermal b r i n e  a t  t h e  top. 
f l o o d i n g  wi th  a pinch p o i n t  tempera ture  of 5OF 
(2.8oC). Eq. ( 6 )  i n d i c a t e d  a p r e h e a t e r  ( l i q u i d - l i q u i d )  
l e n g t h  of about  22 feet (6.7 m) above t h e  i sobutane  
d i s t r i b u t o r  p l a t e  assuming 3.5 mn diameter drops. The 
n a t u r e  of the p o t e n t i a l  d rop  behavior  was studied 
u s i n g  a small d i s t r i b u t o r  p l a t e  i n  a glass column wi th  
normal pentane as t h e  working f l u l d  inn tead  of 
iaobutane.  T h i s  waa done so t h a t  the experiments  
could be conducted near  a t m m p h e r l c  pressure .  
of 3.2 mn diameter f0.2 nun were formed. They 
maintained a n e a r l y  n p h e r i c a l  shape wi th  no 
f l u c t u a t i o n  or m c i l l a t i o n  which is c o n t r a r y  to  the  
empirical curve  of J. R. Crace.(l1) The column was 
s u c c e s s f u l l y  opera ted  over  a 2.5 year  per iod.  
However, t empera ture  p r o f i l e s  measured i n  the  
p r e h e a t e r  s e c t i o n  appeared t o  be  anomalous from t h a t  
expected f o r  a c o n s t a n t  value of Uv. 

For o p e r a t i o n  a t  90% of 

Drops 

I n  o r d e r  t o  g a i n  some i n s i g h t  i n t o  t h e  opera- 
t i o n a l  c h a r a c t e r i s t i c s  of t h e  E a s t  Mesa Column, t h e  
largest  s p r a y  column y e t  c o n s t r u c t e d ,  t h e  U.S. 
Department of Energy funded the  p r e s e n t  a u t h o r s  t o  
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F i g u r e  1. Schematic oC 500KpIe 
d i r c c t  c o n t n c t  heat 
exchanger.  

c a r r y  o u t  t h e  s t u d y  described h e r e i n .  I n  t h i s  paper ,  
we c o n c e n t r a t e  on t h e  p r e h e a t e r  s e c t i o n  of t h e  coluen. 
Rather t h a n  u s i n g  the s i m p l e  c o r r e l a t i o n  e q u a t l o n s  
t h a t  have normally been used for d e s i g n  for both the  
hydrodynamics and heat t r a n s f e r  we have formula ted  the 
problem i n  terms of t h e  basic conserva t ion  e q u a t i o n s  
for mul t iphase  flows. We t h e n  I n v e s t i g a t e  s e v e r a l  
models for the  i n t e r p h a s e  h e a t  t r a n s f e r .  

MATHEMATICAL MODELING 

I n  a s p r a y  column, where t h e  column diameter is 
very  much l a r g e r  t h a n  t h e  d r o p l e t  .size. and If the  
cont inuous  phafie does n o t  have s i g n i f i c a n t  r e c l r c u l a -  
t i o n  zones,  t h e  flow can be assmed to  be e f f e c t i v e l y  
one dimensional.  

Assuming s t e a d y  s t a t e ,  t h e  OIIC dimensional c o n t i -  
n u i t y  e q u a t i o n s  for t h e  cont inuous  phase and dlspersed 
phase  are r e s p e c t i v e l y ,  

and 

( 7 )  

The c o n s e r v a t i o n  of momentum e q u a t i o n s  for a 
two-component system of imisciblr f l u i d s  can h e  
w r i t t e n  i n  teraLq of the c o n s e r v a t i o n  of momentun of 
one f l u i d  and f o r  t h e  m i x t u r e  as a whole. Thus, w e  
have for the  d i s p e r s e d  phase  

( 9 )  

where is t h e  i n t e r p h a s e  f r i c t i o n  f a c t o r .  Note t h a t  
t h e  i n t e r p h a s e  f r i c t l o n  f a c t o r  d o e s  not  occur  i n  the 
mixture  e q u a t i o n  as  I t  acta w i t h  e q u a l  magnitude but  
o p p m i t e  d i r e c t i o n  on each of t h e  two phases.  

The energy equat ion  for t h e  d r o p l e t s  is 

and for the mixture  

where Oi Is t h e  rate of i n t e r f a c i a l  heat t r a n s f e r  per  
u n i t  volune. As wa8 t h e  case for t h e  i n t e r f a c i a l  fr ic- 
t i o n ,  no i n t e r r a c i a l  heat t r a n s f e r  term o c c u r s  i n  the  
mixture  equat ion .  

The set of d i f f e r e n t l a 1  e q u a t i o n s  g iven  i n  
E q s .  (7-12) ha8 t o  be solved i n  c o n j u c t i o n  w i t h  
observance of v a r l a b l e a  r e p r e s e n t e d  by a l g e b r a i c  
r e l a t i o n s .  The d e n s l t y  and temperature for each f l u i d  
must be r c p r e s e n t e d  by a n  e q u a t l o n  of state w r i t t e n  i n  
term of that f l u i d ' s  en tha lpy  and p r e ~ a u r e . ( ~ ~ ~ ~ 3 )  

The i n t e r f a c i a l  f r i c t l o n  fac tor ,x ,  may be  
w r i t t e n  a n  

(13) 

where the number of d r o p l e t s  per  u n i t  volume, Nd, is 

S u b s t i t u t i n g  Eq. (13) i n t o  Eq. ( 1 4 )  y i e l d s  

(15) 

The drag c o e f f l c l e n t ,  Cg, is i n  g e n e r a l  a func- 
t i o n  of t h e  Reynolds number of t h e  d rop le t ,  which i n  
t u r n  is a f u n c t i o n  of the  d r o p l e t  r a d i u s ,  k inemat ic  
v inca- i ty  or the  cont lnuous  phase and t h e  r e l a t i v e  
v e l o c l t y  between phases. However, i n  t h e  p r e s e n t  
a n a l y s t s .  the drag c o e f f l a l e n t  can be  assumed to  be  of 
a c o m t a n t  v a l u e  of 0.4 which is approximately v a l i d  
for  a d r o p l e t  Reynolds number i n  t h e  range  of lo3  - 
105. 
rise of hydrocarbon l i q u i d  d r o p l e t s  I n  water or geo- 
thermal br ine .  

This range  is t y p i c a l  of t h a t  c a l c u l a t e d  for t h e  

There are s e v e r a l  ways of e s t a b l i s h i n g  t h e  
l n t e r f a c l a l  heat t r a n s f e r  pe r  u n i t  volume, Qi/Vol. 
U t i l i z i n g  t h e  concept  of R volumetr ic  heat t r a n s f e r  
coefficient, U v ,  we could  write 

3 



(16) 

i n  Eq. (11). I n  no doing,  we would be able t o  u t i l t z e  
any of t h e  c o r r e l a t i o n s  found i n  t h e  l i t e r a t u r e .  The 
correlations m o s t  r e p r e s e n t a t i v e  of a l l  e x i s t i n g  data 
are those g iven  i n  Eqs. ( 5 )  and ( 6 ) .  As these c o r r e l a -  
t i o n s  w e  not  based on a c t u a l l y  measured v a l u e s  of 
holdup, b u t  rather on e m p i r i c a l  c o r r e l a t i o n ,  we could 
uae that c o r r e l a t i o n  i n s t e a d  of t h e  c a l c u l a t e d  valuen 
of 6 frola t h e  governing equat ions .  

A th i rd  pocrnible way t o  e v a l u a t e  Uv is to anaume 
that the h e a t  t r a n n f e r  to  t h e  working f l u i d  d r o p l e t n  
is oontrolled by t h e  conveot lve  h e a t  t r a n n f e r  o u t s i d e  
of t h e  drop. Thln in e n n e n t i a l l y  t h e  name an assuming 
no i n t e r n a l  to t h e  d r o p  r e n i n t a n c e  to  heat t r n n n f e r .  
(While t h i s  m y  be accurf l te  for l l q u i d  metal drops. 
o r g a n i c  I i q u i d a  nuch a n  r e f r i g e r a n t s .  o i l3  or 
hydroaarbonn normally havo very low thermal 

t h e  fo l lowing  c o r r e l a ~ I o n  f o r  the s u r f a c e  heat 
t r a n s f e r  c o e f f i c i e n t  h. 

- 
NUD - 2.0 + 0.6 ReD1l2 P r  l / 3  (17)  

c DC 

The r e l a t i o n s h i p  between Uv and &, can be shown t o  be 

(18) 

A final method for e s t a b l i s h l n g  Oi/Vol  which w e  
w i l l  c o n s i d e r  for e s t a b l i s h i n g  t h e  mechani.sm of heat 
transfer between the  phanen in t o  annume that the 
outalde heat t r a n n f e r  c o e f f i c i e n t  in large and t h a t  
the heat t r a n s f e r  l M l d 0  the drop  la the c o n t r o l l i n g  
mechanim. S l n c e  the d r o p l e t s  remain s p h e r i c a l  as 
noted earlier, the i n t e r n a l  c i r c u l a t i o n  should be 
mall. For  such fluids an  r e f r i g e r a n t s  and hydro- 
carbons which are n o t o r l w n l y  poor conductors ,  a 
small radius could well caune conduct ion t o  dominate 
a t  ReD above 500. (Note: T h i s  would r e q u i r e  o n l y  
'a nmalf s h i f t  i n  the boundary of the  empirical curves  
of Orace(11)  which are uaed to  d e f l n e  drop behavior . )  
I n  order to facl l i ta te  the  u s e  of t h i s  idea, one could 
u s e  t h e  one-dlmennlonal t r a n s i e n t  s p h e r i c a l  conduct ion 
e q u a t i o n  wi th  a time dependent boundary condi t ion .  
T h i s  equat ion  1s 

Here tl is def ined  an  the e l a p s e d  time from t h e  p o i n t  
of o r i g i n  t o  x which is equal  t o  x/vd. 
c i a t e d  i n i t i a l  and boundary c o n d i t i o n s  are 

The asso- 

Tdo is t h e  tempera ture  of  t h e  droplets  a t  t h e  l n j e c -  
t i o n  poin t .  

I n  order t o  solve Eq. (19)  subJec t  t o  the  
condi t ionn  g iven  i n  Fq. (20), one may aanume two 
d l f f e r e n t l a l  approaahen. 
change s i g n i f i c a n t l y  t h e m  would r e s u l t  an a n a l y t i c a l  
n o l u t l o n  fa the  menn tempera ture  of t h e  d r o p l e t  
u t i l i z i n g  the Duhamel superponi t lon  i n t e g r a l  

If pd. cpd and kd do n o t  

(21)  

Obta in ing  the n o l u t l o n  of Bq. (19)  i n  t h i s  manner 
precluden the  s o l u t l o n  of Eq. (11). However, Eq. (19)  
munt be  aolved nubJeot to  n inul taneounly  s a t i s f y i n g  
Eqn. (7, 8, 9,  10, arid 13). 

.small s t e p s  i n  time, t l ,  then  Tc could b e  conaidered 
conatan t  d u r i n g  each of ttiene I n t e r v a l s  and t h e  
r e a u l t i n g  express ion  for T d  would be  

If t h e  i n t e g r a t l o n  In  dono a l o n g  n u f f i c l e n t l y  

.. 
1 - d  1 (Tc'Tdo) 

a 
Tdm * Tdo + 

~2 n-1 n 
(22)  

where A t  - time s t e p  equnl to 4x/Vw and I4 - number of 
time ntepn to  reach time tl. 

the  c o n d i t i o n s  of Eq. ( 2 0 )  in to account  for t h e  
change of the diapernod phase p r o p e r t i e s  pd, cpd and 
kd as the  d r o p l e t  t ravernnn thn  height of t h e  column. 
When t h i n  in r e q u i r e d  due to  n d e m i t y  change, t h e n  
the droplet r a d i u s  alno changes. 

The aecond method for solviie Eq. (19)  s u b j e c t  t o  

(23)  

The change i n  rndiun  leads t o  changes i n  drag ,  
holdup, and phane v e l o c l t y  a long  t h e  l e n e t h  of t h e  
column r e s u l t i n g  i n  a cornputat tonal ly  much more d i f f i -  
c u l t  problem. 

dea len  of a direct c o n t a c t  l i q u i d - l i q u i d  heat 
exchanger, the two r l u i d n ,  t h e l r  maan flow rates and 
t h e i r  tempera tures  an they e n t e r  t h e  c o l w n  are spec i -  
f i ed  an  well as the presnirre a t  the  t o p  of- t h e  column. 
The column diameter Is a l n o  n p e c l f i e d  i n  such a way as 
to  i n a u r e  that f l o o d l n g  would n o t  take p lace  i n  a n  
isothermal column. Next one can npec i fy  t h e  e x i t  
t empera ture  of one of tho  f l u l d n  or the  l e n g t h  of the 
column. T h i s  is, of coul'ne, analogous t o  t h e  proce- 
d u r e s  used i n  de3lgtilng nt ie l l  And t u b e  heat exchangers. 
For t h e  qase of t h e  I f l t t w ,  otin must worry a6out  
excesaive p r e s s u r e  drop;  Iiowevnr, for direct c o n t a c t  
heat exchangers  one munt concwn  himnelf w i t h  f looding .  
If such a c o n d i t i o n  e x i s t a ,  one muat either change the  

T y p i c a l l y  i n  c a r r y i n g  o u t  An a n a l y s i s  for the  

. .  . 

I 
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flow r a t e s  or t h e  column diameter. Although i n  an 
isothermal column i t  is o n l y  necessary  to  check tha 
f l o o d i n g  c o n d i t i o n  a t  one a x i a l  l o c a t i o n .  I n  n column 
w i t h  h e a t  exchange t h e  holdup may change anywhere 
a l o n g  Its l e n g t h .  Thus, one does n o t  d e s i e n  a t  t h e  
f l o o d i n g  p o i n t  a l though t h e  c o r r e l a t i o n s  for U v  would 
i n d i c a t e  t h e  h i g h e r  t h e  v a l u e  of holdup t h e  h l g h e r  t h e  
heat t r a n s f e r .  T y p i c a l l y ,  one d e s l g n s  for 901 of 
holdup as  a maximum w i t h  t h e  column. 

For s t e a d y  s ta te  o p e r a t i o n  of a s p r a y  column w i t h  
i n l e t  and o u t l e t  t empera tures  s p e c i f i e d  t h e  unknowns 
are t h e  l e n g t h  of the column and the holdup, tampera- 
t u r e  d i s t r i b u t i o n s  and p r e s s u r e  a long  t h e  l e n g t h  of 
t h e  column. 

NUMERICAL SOLUTION 

I n  c a r r y i n g  o u t  t h e  numerical  s o l u t i o n s  t h e  
governing e q u a t i o n s  are first conver ted  i n t o  a set of 
a l g e b r a i c  e q u a t i o n s  u s i n g  a n  upwind d i f f e r e n c i n g  
technique. As t h e  f i n i t e  d i f f e r e n c e  e q u a t i o n s  are 
s t r o n g l y  coupled and non- l inear  they  have t o  be s o l v e d  
by an i t e r a t i v e  guess  and correct technique. The 
method used close1 f o l l o w s  t h a t  of Spald ing  and 
coworkers. ( 1 5 e 1  6 *  f)  An o u t l i n e  of t h e  procedure 
follows. Details of t h e  programming ma be found i n  
t h e  d l a a e r t a t l o n  of the second author.(r8) 

Determine t h e  boundary c o n d i t i o n s  a t  t h e  
upper and lower llmlts of t h e  s o l u t l o n  
domaln. Ea t imate  a lerieth for t h e  
exchanger.  

S e l e c t  a p p r o p r i a t e  guesses  for a l l  
dependent v a r l a b l e s .  

Determine t h e  p r e s s u r e  d i s t r i b u t i o n  which 
is a p p r o p r i a t e  t o  t h e  f l n l t e  d i f f e r e n c e  
e q u a t i o n  of the mixturc  momentum equat ion .  

Solve  t h e  energy e q u a t l o n s  for t h e  
d i s p e r s e d  phase and t h e  mlxture  and update  
t h e  d e n s i t i e s  of the f l u i d s .  

Using t h e  p r e s s u r e  d l s t r * l b u t l o n ,  s o l v e  for 
t h e  v e l o c i t y  of t h e  working f l u l d  d r o p l e t s .  

Check for c o n t i n u i t y  of t h e  two f l u i d s .  
Assume any error Is due to  pressure .  The 
n e t  error when t h e  two f l u l d  c o n t i n u i t y  
e q u a t i o n s  arb added together Is a "nource 
term". T h i s  term la used t o  m o d i f y  the 
p r e s s u r e  so t h a t  c o n t i n u i t y  is assured .  

C o r r e c t i o n s  are made t o  t h e  v e l o c l t l e s  and 
d e n s i t i e s  u s i n g  t h e  p r e s s u r e  correctlorn 
and t h e  two momentm equat ions .  

Uning t h e  corrected d e n s i t i e s  and ve loc l -  
ties t h e  holdup 1s c a l c u l a t e d  alone the 
column u s l n g  the c o n t i n u i t y  e q u a t i o n  for 
t h e  d i s p e r s e d  phase. 

A second phase  of c o r r e c t i o n  is ln t roduced  
by u s i n g  t h e  cont inuous  phase c o n t i n u i t y  
e q u a t i o n  t o  f i n d  Vc(x). 

S t e p s  (3)-(9)  are r e p e a t e d  u n t i l  the con- 
t l n u l t y  errors computed a t  s t e p  ( 6 )  are 
s u f f i c i e n t l y  small. 

The f l n i t e  d l f fe rencc!  eqi int lons for a g iven  v a r l -  
a b l e .  o v e r  the l n t e g r a t l o n  domain, a t  a g iven  stage of 
the whole s o l v i n e  procedur-e are so lved  u s i n g  a trl- 
d iagonal  a l g o r 1  t h .  

RESULTS AND DISCUSSION 

I n  order t o  e v a l u a t e  the flve methods of 
p r e d i c t i n g  t h e  h e a t  t r a n n f e r  in a d i r e c t  c o n t a c t  
p r e h e a t e r  d i s c u s s e d  l n  thls paper ,  I t  1s necessary  t o  
compare t h e  p r e d l c t i o n s  w l t h  exper imenta l  d a t a .  The 
f l n a l  r e p o r t  on t h e  o p e r a t i o n  of t he  500KWe f a c i l i t y  
a t  East blesa(l9) provides  .such Information. 

The 500KWe dlroct c o n t a c t  heat exchanger.  shown 
a c h e m a t i c a l l y  i n  Flgur-e 1 1s a 40 i n c h  l n s l d e  diameter 
s p r a y  column. The E a s t  Mesa b r l n e  c o n t a i n s  t y p i c a l l y  
less t h a n  200Opfnn d inso lved  so l ids  and a smal l  amount 
of C02 gan. 
m o s t  of tlie C02 p r i o r  to  e n t e r i n g  t h e  heat exchanger. 
The p e r f m a t e d  p l a t e  d i s t r i b u t o r  was designed t o  
d e l i v e r  t h e  i sobutano  as 3.2 m dlameter  drops.  
Laboratory experlmentn u s l n g  pentane  i n d i c a t e d  t h a t  
for a range  of f l o g  of dcs lgn  flow r a t e s  t h a t  t h i s  
d lameter  was obta ined  for v i r t u a l l y  a l l  of t h e  
droplets .  

The b r l n e  wan p r e f l a s h e d  t o  d r i v e  off 

The column was opera ted  a s  a comblned preheater--  
boller. T n l e t  and o u t l e t  t empera tures  f o r  t h e  two 
f l u l d s  as well an flow r a t e s  arid p r e s s u r e  were 
repor ted .  I n  a d d i t i o n ,  t m p e r n t u r e s  were recorded 
u s i n e  r e a l s t a n c e  thermometers a l o n e  t h e  l e n g t h  of t h e  
column. An adequate  heat t r a n s f e r  model should be 
able t o  p r e d i c t  t h e m  t e m p e r a t u r e s  as w e l l  as h e i g h t s  
of the p r c h e a t e r  u s l n g  only  the i n l e t  parameters.  

F1gur.e.s 2-0 show d a t a  from three d i f f e r e n t  opera- 

F i g u r e  2 compares t h e  three p o s s l b l e  
t i n g  c o n d l t l o n s  of the 500KWe direct c o n t a c t  h e a t  
exchanger. 
methods d e s c r i b e d  e a r l i e r  for c a l c u l a t l n g  Uv. 
I u t l l i z e s  Eqs. ( 5  and 6 )  w i t h  t h e  holdup c a l c u l a t e d  
from 

Method 

o.8l(m+l)(( l -o)vc-ovd)o + 0.09(m*2)Vd$-Vd = 0 (24) 

where m - 1.39 for dr*oplet  ReD 

u t i l i z e s  Eqs. ( 5  and 6 )  w l t h  t h e  holdup as  c a l c u l a t e d  
frm t h e  mri l t iphase Plow e q u a t i o n s .  Method 111 
r e s u l t s  from t h e  u s e  of Eqs. ( 1 7  and 18) and l a  
app l i cab le  to  a p e r f n c t l y  mixed drop. I t  1s c l e a r  
from P i y r e  2 t h a t  thc l a t t e r  model la unacceptab le  a s  
i t  o v e r p r e d i c t s  t h e  heat t r a n s f e r .  Thin Is l l l u s -  
t r a t e d  by t h e  f a c t  that the e b u l l i t i o n  tempera ture  Is 
reached f a r  below t h e  l e n c t h  r e q u i r e d  exper lmenta l ly .  
Thus. Model I11 was ellrnlriated from f u r t h e r  
cons1 d e r a  t i on. 

> 500, w h i l e  method 11 
C 

If one looked orily a t  F i e u r e a  2 and 3 h e  would 
think t h a t  the  e n t i r e l y  e m p i r i c a l  Model I would best 
describe t h e  heat tmnsfer . ;  however, F l y r e  4 i n d l -  
cates t h a t  Model I1 best f i ts  t h e  da ta .  The primary 
d i f f e r e n c e  between the o p e r a t i n g  c o n d l t l o n s  for 
Flgurea  2 and 3 as  opposed t o  F i g u r e  4 is i n  t h e  flow 
rate. 
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F i m r e  3. T e v c r a t u r e  p r o f i l e  of t h e  b r i n e  and t h e  
working f l u i d  along t h e  l e n g t h  of tlic 
column for comparinq models I and 11, 
i c  = 12.387 Kg/scc, i d  = 11.109 Kc/scc. 

I I I 1 I I 1 I I 1 

-I 

AR the heat t r a n o f e r  was c l e a r l y  n o t  governed by 
the  e x t e r n a l  heat t r n n o f e r  c o e f f i c i e n t ,  a t  least as 
deacrlbed by Eqn. (17 and 18). a f o u r t h  model was 
Introduced.  If one p o n t u l a t e s  t h a t  the  d i s p e r s e d  
phase was made up of d r o p l e t s  which had no i n t e r n a l  
c l r c u l a t i o n ,  t h e n  t h o  heat t r a n s f e r  could be dominated 
by i n t e r n a l  conduct ion.  The heat t r a n s f e r  would t h e n  
be  described by a t r a n s l e n t  conduct ion model such as 
t h e  one described by Eqa. (19  and 20). I n i t i a l l y  such 
a model was developcri by assuming t h e  d r o p l e t s  would 
be of c o n s t a n t  diameter even though i t  was known t h a t  
a c o n s i d e r a b l e  change i n  d e n s i t y  would be exper ienced  
by t h e  l sobutane  f o r  t h e  o p e r a t i n g  c o n d i t i o n s  of the 
500KWe dlrect c o n t a c t  h e a t  exchanger. The reaaon for  
t h i s  aaaunpt ion  was to  c u t  down on the computer time 
of the  s o l u t i o n ,  s i n c e  an  a n a l y t i c a l  n o l u t l o n  was 
a v a i l a b l e  as  i n d i c a t r d  by Equat ions 21 and 22. I n  
Reference 16, more t h a n  n l n e  d i f f e r e n t  experiments  
were analyzed a n s w i n g  cormtant  drop radii of  1.6*11m1 
and 2.0 m. F i g u r e s  5 and 6 i l l u s t r a t e  t y p i c a l  
r e s u l t n .  I t  is clear that ' to approach d u p l i c a t i n g  a l l  
of the data n e i t h e r  choico of c o n s t a n t  r a d i u s  is 
always acceptab le .  Flgure 7 i l l u s t r a t e s  a clear 
example where t h e  h e a t  t r n n a f e r  n e a r  t h e  bottom of t h e  
column was well r e p r e s e n t e d  by the smaller r a d i u s ,  y e t  
t h e  total  p r e h e a t e r  l e n g t h  and temperature  
d i n t r l b u t l o n  a t  t h e  t o p  was better r e p r e s e n t e d  by the  
larger r a d i u s .  S lncc  both t h e  hlgher  temperature  and 
lower p r e s s u r e  which occur  as  t h e  i sobutane  d r o p l e t s  
approach t h e  t o p  might .explain t h l a  behavlor ,  t h e  
f l f t h  model trled was the v a r l a b l e  proper ty ,  v a r i a b l e  
r a d l u s  conduct ion model. F i g u r e s  8-10 are t h e  same 
cases as presented  I n  F i g u r e s  5-7. I t  1s clear that 
t h i s  latter model a c c u r a t e l y  p r e d i c t s  the  p r e h e a t e r  
l e n g t h  as w e l l  as the  tempera ture  except  for  the  
depress ion  of tempera ture  near  t h e  t h r e e  meter 
l o c a t l o n .  Thio d e p r r s a i o n  appears  i n  a l l  of the Bast 
Mesa 500Kve direct c o n t a o t o r  data. 
r e c i r c u l a t l o n  w i t h i n  the colunn or tempera ture  
depress ion  due  t o  t h e  masnlve c e h t r a l  f l a n g e  located 
j u n t  above it. I n  order to a s c e r t a i n  which, it would 
be neceusary t o  carry o u t  two-dlmensional mul t iphase  
ana lyses .  

I t  could be due to 

---I I I 1 I I 

4- 1 

I.'ic!ure 5 .  Tempcrntrlrc (irofilc of t h e  b r i n e  and t h e  
working fluid alony! t h e  l c n p t h  of t h e  
colrtmn i is ing c o n s t a n t  d iameter  model, 
hc = 11.698 Kg/sec, hd = 12.259 Kp,/sec. 
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F i w r e  8.  Temncrature profile o f  t h e  b r i n c  and t h c  
workinp, f lu id  a l d n c  tlic l e n g t h  o f  t h c  
foliimn u s i n ?  v a r i a b l c  r a d i u s  n o d c l ,  
lll~ = 11.698 Kg/scc, md = 12.259 Kq/sec. 

0 K X ~ I Y L N T A L  DATA Cl7Y "I: 
=-I--I-.I.- I-- ao 1.0 1.0 so 4 0  k-0 Tn a0 mn 

Hclenr (nt 

F i p r e  9.  Tcmpcratiirc n r o f i l c  of t h c  b r i n e  and tlie 
workinl: fliiicl alonfi t h e  l c n z t h  oC t h e  
colitnn us lnf f  v:irinl)le r a d i u s  model, 
mc = 12.387 Kc/sec. &l = 11.109 Kg/sec. 
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F i h u r e  10. T a p c r a t i i r e  p r o f i l e  of t h e  b r i n e  and 

tlic working fltiitl nlonE t h e  l e n c t h  of 
tlic colrimn u s i n g  v a f i a b l e  r a d i u s  model, 
mc = 12.f12 K!:/sec, md = 11.819 Kg/sec. 

CONCLUSIONS 

Previous  i n v e s t l e a t o r s ,  i n c l u d i n g  t h e  first 
a u t h o r ,  havc a t tempted  to  argue  t h a t  t h e  r a t e  of h e a t  
t r a n a f e r  from water to  d i s p e r s e d  o r g a n i c  l i q u i d s  or 
viaa-versa i n  a s p r a y  coltrmn wan eoverned p r i m a r i l y  by 
flow phenomena. The c u r r e n t  s t u d y ,  however, c l e a r l y  
I n d i c a t e s  t h e t  t h e  c o n t r o l l i n g  mechanltrm for  small 
d iameter  d r o p s  is t h e  l n t c r n a l  t r a n a f e r  of heat. For 
d r o p s  which remain s p h e r i c a l  l l t t l e  c l r c u l a t i o n  takes 
p lace .  Thua, the mectianirrm is probably c o n t r o l l e d  by 
conduction. Varlablc p r o p e r t i e s  as a f u n c t i o n  of 
tempera ture  and p r e s n u r e  must be accounted for i n  
o r d e r  t o  a c c u r a t e l y  p r e d i c t  p r e h e a t e r  l e n e t h  i n  iso- 
butane  ayatems. 

S i n c e  i n  large d r o p s  I n t e r n a l  c i r c u l a t i o n  can 
t a k e  p l a c e ,  i t  may be posD1ble t o  r e d u c e  t h e  p r e h e a t e r  
l e n e t h  I n  s p r a y  columna by e o i n e  t o  l a r e e r  d r o p  s i z e s  
t h a n  t h e  3-11 w diameter c u r r e n t l y  be ing  used i n  t h e  
d e s i e n  of d i r e c t  c o n t n c t o r s  f o r  eeothermal or s o l a r  
a p p l l c a t l o n n .  Care would have to  b e  t a k e n  to  i n s u r e  
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t h a t  drop i n t e g r i t y  is maintained.  
of  i n t e r n a l  drop  h e a t  t r a n s f e r  are warranted. 

modeling are recatmended so a s  t o  i n v e s t i g a t e  t h e  p r c  
v a l e n t  tempera ture  depreas ion  i n  t h e  middle  o f  t h e  
E a s t  Mesa 500Kwe d i r e c t  c o n t a c t  heat exchanger. 
a model should i n v e s t i g a t e  the  Pole o f  the man8 of t h e  
d i r e c t  contactor, and t h e  e x t e r n a l  environment aa well 
as p o t e n t i a l  i n t e r n a l  r e c i r c u l a t i o n  and d r o p l e t  
agglomerat ion and r e d i v i a i o n  as p o s s i b l e  s o u r c e s  OF 
the  anomaly. 
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STABILITY OF A DIRECT CONTACT SPRAX COLUMN HEAT EXCHANGER 

Mehdl Golafshanl  
Thiokol Corpora t lon  
Brigham C l t y ,  Utah 

ABSTRACT 

The governing e q u a t i o n s  for t h e  t r a n s i e n t  
mul t lphase  flow i n  a l i q u i d - l l q u l d  s p r a y  column a r e  
developed. Uslng t h e  model, numerlcal  c a l c u l a t i o n s  
are p r e s e n t e d  whlch r e p r e s e n t  t y p i c a l  f l u c t u a t l o n a  
observed I n  t h e  o p e r a t i o n  of the direct c o n t a c t  tower 
of t h e  U.S. Department or Energy's 500Kwe geothermal 
power p l a n t  a t  E a a t  Mesa, C a l i f o m l a .  The time 
c o n s t a n t  1s determined for  t h e  column and c o n d l t l o n s  
l e a d i n g  t o  local f l o o d l n g  are determined. 
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Tlme 

Time for a d r o p l e t  to  r lae  through t h e  column, 
x/vd 

Temperature 

Veloc i ty  i n  X d l r e c t l o n  

Volme 

V e r t i c a l  coordlnate measured rrom t h e  bottom of 
the column 

Holdup, f r a c t l o n  of volume occupied by t h e  
d i n p e r s e  phase 

Dens1 t y  

Dynaml c- v i  scosi t y  

Thermal d l f f u s l v l t y  

S u b s c r i p t s  
b B r  1 ne  

C Continuous phaae 

d Dlnperse  phase  

r Condi t ions  a t  f l o o d i n g  

1 A t  t h e  I n t e r r a c e  between the  d r o p l e t s  and 
cont inuous  phase  

0 A t  e n t r a n c e  c o n d l t l o n s  

W Working f l u i d  

INTRODUCTION 

The d e s i g n  of direct c o n t a c t  heat exchange (dchx)  
equlplnent has been a a u b j e c t  of Increased  l n t e r e s t  



since the mid-l960*s. T h i s  i n t e r e s t  o r g i n a t e d  i n  the 
need for l o r c o s t  sys tems for t h e  d e s a l i n a t i o n  of sea 
water . (1 ,2*3)  
a t  the U n i v e r s i t y  of Utah i n i t i a t e d  i n v e s t i g a t i o n s  
i n t o  their u s e  a8 primary heat exchangers  for 
recover ing  heat from high  s c a l i n g ,  h i g h  s a l i n i t y  
geothermal b r i n e s .  More r e c e n t l y  dchx 's  have been 
proposed for  we wi th  solar and waste heat 
recovery systems.(T)  
cons idered  for we i n  apace  power systems: a l though,  
t h e  latter r e q u i r e s  the development of an a r t i f ic ia l  
g r a v i t y  as a means of s e p a r a t i n g  t h e  two immisc ib le  
f l u i d s  which would be used.(8) 

I n  t h e  197OVs,  Jacobs and B0ehm,(~*5) 

Today, t hey  are even be ing  

A s p r a y  column is a t y p e  of direct c o n t a c t  hea t  
exchanger  that  has attracted c o n a i d e r a b l e  i n t e r e s t .  
T h i s  device  is made up  of an i n j e c t o r  for a cont inuoua 
p h a w  and an  injector for either a less cr g r e a t e r  
d e m i t y  d i s p e r s e d  phase i n  an  otherwise open v e r t i c a l  
colun having exit p o r t s  as shown I n  F igure  1. T h i s  
t y p e  of device  first r e c e i v e d  a t t e n t i o n  for mass 
t r a n s f e r  a p p l i c a t i o n s .  The cont inuous  phase for 
example might c o n t a i n  a s u b s t a n c e  s o l u b l e  i n  both it 
and the  d i s p e r s e  phase which is immiscible w i t h  t h e  
cont inuous phase. Reduction of t h e  s o l u t e  i n  t h e  
cont inuous  phase s o l v e n t  is achieved by a b s o r p t i o n  
i n t o  t h e  d ispersed  phase.(g)  
t r a n s f e r  a t tempted  t o  u t i l l z e  t h e  heat t r a n s f e r  - mass 
t r a n s f e r  a n a l o g l e s .  ( 9 )  
equipment for u s e  a s  heat t r a n s f e r  equipment c l e a r l y  
i n d i c a t e d  t h e  preference  of a s p r a y  column when t h e  
cont inuous  phase was either h i g h l y  s c a l i n g  or 
corroslve an m l e h t  be the cane w i t h  sane eeothermal 
br ines .  
however, a l l  s t u d i e s  of d i r e c t  c o n t a c t  heat exchange 
u s i n g  s p r a y  columns were carried o u t  with only  mall 
l a b o r a t o r y  equipment (3" - 6" diameter), 7.6 to  15.2 
cm diameter c 0 l r n m . ( 5 ~ ~ ~ )  

Ear ly  i n t e r e s t  l n  heat 

S t u d i e s  of mass t r a n s r e r  

P r i o r  t o  t h e  work of Letnn and Kehat,(l0) 

The work  po ln ted  o u t  t h a t  

F igure  1. Schcmntic o f  R counter  
c u r r e n t  spray  column hea t  
exchanger. 

t o  e l i m i n a t e  back-mixing t h a t  column h e i g h t  to  
diameter r a t i o n  of g r e a t e r  than e i g h t  were r e q u i r e d  
and that even wi th  t h i s  ratio.  care must be taken  i n  
des igning  t h e  i n j e c t o r a .  E l imina t ion  of back-mixing 
is of course ,  necessary  i f  one wishes t o  achieve  near  
counter  c u r r e n t  o p e r a t i o n .  

A s  noted i n  the  paper by P lans  e t  a l . ( l l ) ,  
experimental  data e x i s t s  for a v a r i e t y  of  f l u i d s  
i n c l u d i n g  benzene, t o l u a n c ,  C C l 4 ,  kerosene,  Shel l  011 
A ,  spray  base, hexane, i sobutane  i n s u l a t i n g  o i l ,  R-113 
and mercury a8 tho d i s p e r s e d  phase wi th  water as  the 
cont inuous phase. Plass e t  a l .  were able to  correlate 
t h e  preponderence of data to  k202 i n  term of a 
v o l u m e t r i ~  heat t r a n n f e r  c o e f f i c i e n t  for l i q u i d - l i q u i d  
opera t ion .  
heat t r a n n f e r  c o e f f i c i e n t  as 

I n  their work t h e y  d e f i n e  t h e  v o l t m e t r i c  

Q/Vol uv = - LUCD (1) 

where Q is the total  heat t r a n s f e r r e d  per  u n i t  time, 
Vol Is tho volume of the column between l n j e a t o r  
p l a t e s ,  and LWD is t h e  l o g  mean tempera ture  
d i f f e r e n c e  based on e x i t  and e n t r a n c e  tempera tures  of 
t h e  f l u i d s  to  the column. 

The c o r r e l a t i o n  of P l a n s  e t  al .  is 

B t U  uv  = 1.2 x 104 4 - 
hrf't' O F  

for  0 < 0.05 

and 

(2)  

( 3 )  uv - [4.5 x i o ~ ( ~ - 0 . 0 5 ) e - ' ~ ~ ~ ~ / ~ *  6001 - h r f t 3  Btu OF 

for 4 > 0.05)  

where 0 l a  the holdup. 

When us ing  t h e  c o r r e l a t i o n ,  it was recommended 
t h a t  0 be selected an sane f r a c t i o n  of t h e  holdup a t  
f looding .  
from the  exper imenta l ly  der ived  c o r r e l a t i o n  (I2) 

The holdup a t  f l o o d i n g  #f can be c a l c u l a t e d  

( m + l )  ( l - ~ D / q )  + (m+2) - GD $1 - - GD - o (4) 
GC GC 

where m = 1.39 for ReD > 500. 
C 

Although i t  is clear that the heat t r a n s f e r  would 
be a t  a maximum for o p e r a t i o n  near  t h e  f l o o d i n g  l i m i t ,  
t h e  u n c e r t a i n t y  i n  the exper imenta l ly  der ived  
r e l a t i o n s h i p  demands t h a t  a sp ray  column be opera ted  
a t  a lower value.  
mended where $f is calculated from Eq. (4).(5) 

Thus, + = 0 . 9 0 ~  has  been recom- 

Using Eqs. ( 2 ,  3, and 41, the  second a u t h o r  
c a r r i e d  o u t  the preheater s i z i n g  for t h e  East Mesa 
DCHX Binary Cycle  Geothermal F a c i l i t y  for Barber- 
Nichols Engineer ing.  T h l s  heat exchanger ,  the  
schematic of whlch 1s shown i n  F igure  2, combined a 
p r e h e a t e r  and boiler i n  a s i n e l e  column. The boiler 
volume was s i z e d  us ing  t h e  s imple  c o r r e l a t i o n  

2 



- 45,000 + - Btu , g i v e n  i n  Reference 5 .  

uV h r l t 3  OF 

-. I%- mmI(L 

F i g u r e  2. Schematic of SOOKWe 
d i r e c t  contact h e a t  
exchanger.  

The dchx is the  l a r g e s t  such  d e v i c e  that has been 
b u i l t .  
three y e a r s  by Barber-Nichols Engineering for t h e  U.S 
Department of Energy.(l3) The column was des igned  t o  
o p e r a t e  w i t h  a minimum approach tempera ture  between 
t h e  low s a l i n i t y  geothermal b r i n e  (<  2000 ppm) and t h e  
i s o b u t a n e  working f l u i d  of 5OF (-2.8OC). T h i s  minimum 
approach tempera ture  occurred  w i t h i n  t h e  p r e h e a t e r .  
Data a c q u i r e d  d u r i n g  t h e  o p e r a t i o n  of the s y s t e m  
i n d i c a t e d  t h a t  its performance wan equal  t o  or greater 
than  expected. However, the tempera ture  profiles 
along t h e  l e n e t h  of t h e  column did no t  roilow clmely 
those p red ic t ed  from the  c o r r e l a t i o n s  uqed i n  lts 
des ign .  Due t o  t h i s  it was reconraended t h a t  reaearch 
be  conducted t o  better unders tand  t h e  a c t u a l  
mechanisms of heat t r a n s f e r  w i t h i n  the column. 

I t  was c o n s t r u c t e d  and operated for n e a r l y  

I n  an  a t t e m p t  t o  b e t t e r  understand the  o p e r a t i o n  
of a direct c o n t a c t  l i q u i d - l i q u i d  s p r a y  coluan. it was 
decided t o  f o r m u l a t e  t h e  problem i n  terms of the 
govern ing  e q u a t i o n s  for mul t iphase  flow. T h i s  was 
done assuming s t e a d y  state o p e r a t i o n  i n  a c o m p a i o n  
paper.(14) The r e s u l t s  of t h e  steady state a n a l y s i s  
i n d i c a t e d  t h a t  l o r  the  E a s t  Mesa column the heat 
t r a n s f e r  t o  t h e  .mall d r o p s  (3.2 - 4.0 ms diameter )  
was c o n t r o l l e d  by t h e  conduct ion  w i t h i n  t h e  drops.  
t h e  o r g a n i c  f l u i d / w a t e r  systems used i n  t h e  
c o r r e l a t i o n  of P l a s s  et a1.(l1), a l l  had s i m i l a r  
p r o p e r t i e s  and were of approximately t h e  same n i z e  
(3.0 - 7.0 mm diameter) i t  was n o t  s u r p r i s i n g  t h a t  
t h e y  c o u l d  t h u s  be correlated as a f u n c t i o n  of only  
flow parameters.  

A s  

Attempts t o  de termine  a p h y s i c a l  model t o  
describe t h e  heat t r a n s f e r  d u r i n g  direct c o n t a c t  
b o i l i n g  have not met w i t h  much succeas.(5) I n  fact ,  a 
r e c e n t  Ph.D. d i s s e r t a t i o n ( l 5 )  concludes,  "There 
appears t o  be no way t o  c n l c u l a t e  a heat t r a n s f e r  
c o e f f i c i e n t . "  Thus, t h e  s i m p l e  c o r r e l a t i o n  of 
Reference 5 remalns t h e  b e s t  a v a i l a b l e ,  a t  least  for 
b o i l i n g  of an o r g a n i c  l i q u i d  i n  water or b r i n e .  

S i n c e  dchx ' s  a r e  des igned  t o  o p e r a t e  near  
f l o o d i n g  c o n d i t i o n s ,  i t  1s impor tan t  t o  determine how 
changes i n  o p e r a t i n g  c o n d i t i o h q  m i g h t  i n f l u e n c e  t h e  
columnls performance. This is p a r t i c u l a r l y  t r u e  i n  
geothermal systems where changes i n  t h e  w e l l  head 
c o n d l t l o n s  are beyond t h e  c o n t r o l  of the  operator. 
F l u c t u a t i o n s  i n  b r i n e  flow rate,  p r e s s u r e  and 
tempera ture  can a l l  occur .  Adjustments must be  made 
before the column goes u n s t a b l e .  I n  a d d i t i o n .  for a 
combined preheater-boiler s p r a y  column such  as a t  East 
Mesa, i t  is necessary  t o  a s c e r t a i n  how such  changes 
a f f e c t  t h e  needed l e t i g t h  of t h e  p r e h e a t e r  so t h a t  
c a r r y o v e r  of l i q u i d  b r i n e  w i t h  t he  working f l u i d  vapor 
does n o t  occur  as t h 1 s  could  damage t h e  working f l u i d  
t u r b i n e .  Based on t h i s  need to underatand t h e  
t r a n s i e n t  o p e r a t l o n ,  the  p r e s e n t  s t u d y  was under taken  
u t i l i z i n g  a t r a n s l e n t  m u l t i p h a s e  model. 

I n  modeling t h e  d,irec:t c o n t a c t  p r e h e a t e r - b o i l e r  
combination used a t  East Mesa. we n o t e  t h a t  t h e  bo i le r  
volume is very small compared t o  t h a t  of t h e  prehea ter .  
T h i s  is, of course ,  due t o  t h e  i n t e n s i t y  of t h e  heat 
t r a n s f e r  i n  the boiler as  compared t o  t h e  p r e h e a t e r  
and t h e  l a r g e  tempera ture  i n c r e a s e  t h a t  is r e q u i r e d  
across the p r e h e a t e r .  T y p i c a l l y  t h e  v a p o r i z a t i o n  
process is completed i n  less t h a n  a meter of column 
h e i g h t  whi le  t h e  p r e h e a t i n g  takes n e a r l y  seven meters. 
Thus, as a first approximntion, i t  is r e a s o n a b l e  t o  
assume a r a p i d  ad jus tment  i n  t h e  boiler while  t h e  
preheater provides  t h e  major time delay. ( I t  s h o u l d  
be  noted that for solar pond a p p l i c a t i o n s ,  t h e  low 
tempera ture  i n c r e a s e  a c r o n s  t h e  preheater would make 
t h e  boiler and preheater sect1on.s n e a r l y  i d e n t i c a l  i n  
length . )  I n  t h e  p r e s e n t  s t u d y ,  we restrict o u r s e l v e s  
to  a s i t u a t t o n  where t h e  boi ler  s e c t i o n  a d j u s t s  n e a r l y  
i n s t a n t a n e o u s l y  t o  t h e  c o n d i t l o n s  of t h e  r l u l d s  
e n t e r i n g  it. Thus, we can c o n c e n t r a t e  on t h e  r e s p o n s e  
of the p r e h e a t e r  s e c t i o n .  

MATHEMATICAL MODELING 

Consider t h e  column shown i n  F l e u r e  1. It is of 
c o n s t a n t  diameter and i d e a l l y  t h e  d i spe r sed  phase,  
which we assume is l i g h t e r  t h a n  t h e  cont inuous  phase,  
rises i n  cont inuous  s t r e a m s  from t h e  i n j e c t o r  nozz les .  
Unless  s t r o n g  r e c l r c u l a t i o n  r e g i o n s  occur  due t o  
improper des ign  of t h e  cont inuous  phase i n l e t ,  i t  is 
clear t h a t  the flow is e s n e n t i a l l y  one-dimensional. 
However, for o u r  problem there is t h e  p o s s i b i l i t y  of . 
t i m e  dependence. Thus. t h e  c o n t i n u i t y  e q u a t i o n s  for 
t h e  cont inuous  phane and d i s p e r s e d  phase are 
r e s p e c t i v e l y ,  

and 

( 5 )  
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For each p h a s e  the  c o n s e r v a t i o n  of manentum can 
be w r i t t e n :  however, i n  a two-component s y s t e m  i t  is 
o n l y  n e c e s s a r y  to write the momentum e q u a t i o n  for one 
phase  and for t h e  mixture.  Thus, for t h e  d i s p e r s e d  
phase  

where is the i n t e r p h a s e  f r i c t i o n  factor. 

For t h e  m i x t u r e  as  a whole, we have 

2 
aPd$vd 

+ - .  - ax 

Note i n  Ea. 

t h e  heat t r a n s f e r  1s governed by conductlon w i t h i n  t h e  
drop8 and that, a t  least for i sobutane ,  d rop  growth 
due to  decreased d e n s i t y  when the drops  are belng 
heated must be t a k e n  l n t o  account.  Thus. for the  
d r o p l e t s ,  i t  is also r e q u i r e d  t o  s o l v e  the t r a n s i e n t  
conduct ion  problem 

(12)  

where here tl  is def ined  as t he  e l a p s e d  time from t h e  
p o i n t  of o r i g i n  of t h e  d r o p  t o  x ,  or 

t l = j  
0 

The associated i n i t i a l  and boundary c o n d i t i o n s  are (8)  

Td = Tdo a t  tl 0 

Td is f i n i t e  a t  r = 0 

(8 ) .  t h a t  t h e  1nterDhase f r i c t i o n  
term d i s a p p e a r s  as the i n t e r p h a s e  forces on each phase 
a r e  e q u a l  and o p p o s i t e .  Note a l so  t h a t  we write the  
p r e s u r e  g r a d i e n t  an a p a r t i a l  d e r i v a t i v e .  T h i s  is due 
t o  t h e  fact  t h a t  d u r i n g  a t r a n s i e n t  t he  amount of mass 
of each f l u i d  can v a r y  i n  t h e  column and t hus  t h e  
h y d r o s t a t i c  p r e s s u r e  can  vary w i t h  time as well as 
a x i a l  location. A s  the  c o n t l n o u s  phase flows 
downward, Vc is a n e g a t i v e  value.  

The energy e q u a t i o n s  a1.w need o n l y  be w r i t t e n  
for t h e  d i s p e r s e d  phase  and t h e  n i x t u r e  as a whole, 
t h u s  for the  d i s p e r s e d  phase  

apd'hd aCd'hdVd - - + - =  a t  ax a t  VOl 

and for the  m i x t u r e  

a[  ( i - e ) ~ ~ h ~ l  a[  w d h d  

a t  ax a t  + + -  

a'pdvdhd aP 
- I -  

ax a t  

( 9 )  

(10) 

The set of partial  d i f f e r e n t i a l  e q u a t i o n s  g tven  
i n  Eqs. (5-10) has  t o  be so lved  I n  c o n j u n c t i o n  w i t h  
e q u a t i o n s  of state for t h e  two f l u i d s  and u s i n e  
a p p r o p r i a t e  r e l a t i o n s  for t h e  i n t e r p h a s e  f r i c t i o n  
factor, 1, and t h e  i n t e r P a c i a 1  heat t r a n s f e r ,  Oi/Vol. 
Reference 1 4  g i v e s  for E, 

(11) 

For an  o r g a n i c  f l u i d  as  a d i s p e r s e d  phase  i n  
water or b r i n e ,  Jacobs and Golafshani (14)  have shown 
that for  drople t s  of -3.0 - 4.0 mm i n  diameter t h a t  

(13) 

(14)  

and Td = Tc a t  r = Rd 

I t  shou ld  be noted  that s i n c e  t h e  d e n s i t y  of the 
d r o p s  changes that 

(15) 

I t  is clear t h a t  even for s t e a d y  state o p e r a t i o n  
t h a t  the  above dascrlbed e q u a t i o n s  must be so lved  
numer ica l ly  s i n c e  Tc v a r i e s  w i t h  x as does vd. 
t r a n s l e n t  behavior  of t h e  column, u e  have a doubly 
complex problem. However, for a g i v e n  sys tem of 
d r o p l e t s  released a t  a specified time, t h e  problem is 
i n  fact  no woree i n  regards to s o l v i n g  Eqs. (12-15). 

A t  each l o c a t i o n  a l o n g  the column t h e  droplets'  
mean tempera ture  is found after s o l v i n g  Eqs. (12-15). 
From t h i n  t h e  v a l u e  of the d i s p e r s e d  phase  en tha lpy  
can be o b t a i n e d ,  and from t h e  m i x t u r e  energy e q u a t i o n ,  
Eq. ( l o ) ,  t h e  en tha lpy  of t h e  cont inuous  phase. 
Eq. ( 9 ) .  therefore, la  o n l y  used t o  check convergence. 
Thus, t h e  actual govern ing  e q u a t i o n 8  for s o l u t i o n  of 
t h e  problem are Eqs. (5-8) and Eqs. (10-15) s u b j e c t  t o  
t h e  c o n s t r a i n t s  of t h e  e q u a t i o n s  of state  for the  two 
f l u i d s  and the imporred boundary c o n d i t i o n s .  

NUMERICAL SOLUTION 

For 

I n  c a r r y i n g  o u t  t h e  numerical  s o l u t i o n s .  t h e  
governing e q u a t i o n s  a r e  first conver ted  l n t o  a set of 
a l g e b r a i c  e q u a t i o n s  u s i n e  a spncewise.upwind 
d i f f e r e n c i n g  technique  w l t h  t h e  e x c e p t i o n  of t h e  
d r o p l e t  conductlon equat lona  where c e n t r a l  
d i f f e r e n c i n g  is used. T h e  t r a n s i e n t s  a r e  expressed  i n  
an i m p l i c i t  formula t ion .  As t h e  f i n i t e  d i f f e r e n c e  
e q u a t i o n s  a r e  s t r o n g l y  coupled and n o n l i n e a r  t h e y  have 
to be  s o l v e d  by an i t e r a t i v e  gueas  and correct 
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technique a t  each time ste The method used c l o n e l y  
fo l lows  t h a t  of Spalding(l!j and is described i n  
de ta i l  i n  the  d i s s e r t a t i o n  of t h e  first author . ( lT)  
Details of the programmine can be found there as well. 

T y p i c a l l y  i n  c a r r y i n g  o u t  an a n a l y s i s ,  due t o  the 
added complexi ty  of having t o  solve t h e  d r o p l e t  
conduct ion problem s imul taneous ly ,  we i n i t i a t e d  our 
a n a l y s e s  by first s o l v i n g  for a s t eady  state s o l u t i o n  
around which we wished t o  s t u d y  a t r a n s i e n t  response.  
I n  c a r r y i n g  o u t  an a n a l y s i s  for t h e  des ign  of a s p r a y  
column, t h e  two f l u i d s ,  their maas flow rates and 
their  tempera tures  as t h e y  e n t e r  t h e  coluan are 
s p e c i f i e d  as well a8 t he  p r e s s u r e  a t  the t o p  of the 
column. The column diameter is a l s o  s p e c i f i e d  i n  such  
a way as to i n s u r e  that f l o o d i n g  would n o t  t a k e  p l8ce  
i n  an isothermal c o l m n .  T h i s  is normally done 
u t i l i z i n g  Eq. (4) or a s i m i l a r l y  def ined  e m p i r i c a l  
formula. Next one can s p e c i f y  the exit  tempera ture  
desired f o r  one of the f l u i d s  or the column length .  
I t  is, of course.  much easier t o  do t h e  latter s i n c e  
d e f i n i n g  one e x i t  t empera ture  i n  fact d e f i n e s  the 
o t h e r .  However, t h e  l e n g t h  would be unknown. Thus, 
i n i t i a l l y  a l e n e t h  would be guessed. 
could be obta ined  by u s i n g  an e m p l r i c a l  e x p r e s s i o n  for 
a volumetr ic  heat t r a n s f e r  c o e l f i c i e n t  such  as given 
i n  Reference 11. I n  t h i s  case. Eq. ( 9 )  could be used 
i n  p l a c e  of Eqs. (12-14) i n  s o l v i n e  the problem. Even 
g r e a t e r  s i m p l i f i c a t i o n  could  r e s u l t  by assuming t h e  
f l u i d  p r o p e r t i e s  p and Cp  c o n s t a n t  a t  i n l e t  
c o n d i t l o n s ;  however, f o r  many systems such as 
isobutane-water t h e  r e s u l t a  could be q u i t e  e r roneous  
and lead t o  a long  i t e r a t i o n  time t o  converge t o  the  
actual l e n g t h  r e q u i r e d  f o r  t h e  v a r i a b l e  p r o p e r t y  
conduct ion  model. 

Such a euesa  

After o b t a i n i n g  a s t e a d y  a t a t e  s o l u t i o n  far the  
column o p e r a t i o n ,  t h e  t r a n s i e n t  behaviw can be 
obta ined  by iaponing  a change i n  one of the i n p u t  
Varl41ble6 or i n  t h e  co luan  pressure .  I n  t h e  work  
presented  i n  Reference 17. changes i n  m a s s  f low rates, 
p r e s s u r e  and tempera ture  w e r e  considered.  

RESULTS AND DISCUSSION 

The t r a n s i e n t  response  a n a l y s e s  reported h e r e i n  
corres ond to  o p e r a t i n g  c o n d i t i o n s  r e p o r t e d  by Olander  
e t  a l . f13)  for the  500KYe Direct Contact  G e o t h e r m a l  
Power P l a n t  a t  E a s t  Hesa, C a l i f o r n i a .  The s p r a y  
column, as shown i n  F i g u r e  2,  is a combined 
preheater-boiler arrangement. The des ign  is such t h a t  
l i q u i d  l e v e l  is c o n t r o l l e d  p r i m a r i l y  by a d j u s t i n g  Plow 
rates. The b o i l i n g  s e c t i o n  is r e l a t i v e l y  short, i n  
the  range  of 1.0 - 1.5 q (3-5 f t . )  w i t h  t h e  greater 
p o r t i o n  of t h e  l e n g t h  be ing  the prehea ter .  
F l u c t u a t i o n a  i n  f lows ,  tempera tures  and column 
p r e s s u r e  can occur  as t h e  oont lnuous phase is b r i n e  
and the  d i s p e r s e d  phase is isobutane.  Althoueh t h e  
sys tem i d e a l l y  should  o p e r a t e  i n  a s t e a d y  s ta te  mode, 
the  geothermal  mlla a t  East Hesa produce time vary ing  
amounts of C02 as well as hot  br ine .  The COP n w d a  to  
be purged by f l a s h i n g  which can induce changes i n  
b r i n e  tempera ture  and flow rate and even p r e s s u r e  
a l though the wells are pumped. 
t h e  condenser can also cause  f l u c t u a t i o n s  i n  i sobutane  
i n l e t  temperature .  Thus. a t  leaat S m a l l  f l U C t U a t i O M  
can occur  a t  r e g u l a r  i n t e r v a l s  and t h e  column must 
a d j u s t  t o  them. S i n c e  t h e  column o p e r a t i o n  attempts 
t o  c o n t r o l  f l u i d  h e i g h t ,  and t h e  preheater r e q u i r e d  
l e n g t h  can vary,  i t  is p o s s i b l e  t o  c a u s e  bui ldup  of 
i sobutane  i n  t he  boiler s e c t i o n  of t h e  colunn s i n c e  as  

Carryover  of C02 to  

the p r e h e a t e r  l e n g t h e n s ,  there may n o t  be a u f P i c i e n t  
boiler l e n g t h  or c o n t a c t  time between t h e  s a t u r a t e d  
i sobutane  drops  and the b r i n e .  T h i s  can cause  a drop 
i n  column p r e s a u r e  as  less vapor is generated.  
Adjuttments would t h u s  have t o  be made t o  the  t u r b i n e  
c o n t r o l s ,  etc., u n t i l  t h e  column r e - e q u i l i b r i a t e d .  I t  
is t h u s  necessary t o  de termine  t h e  time c o n s t a n t  for 
t h e  c o l m n  as well as changes i n  holdup and r e q u i r e d  
preheater l e n g t h  t o  reach the s a t u r a t i o n  c o n d i t i o n s  
far the iaobutane.  

F igures  3 and 4 p r e s e n t  the s t e a d y  state 
preheater tempera ture ,  vold f r a c t i o n  or holdup and t h e  
v e l o c i t i e s  p r e d i c t e d  throughout  t h e  500KWe spray  
c o l m n .  I n  F i e w e  3, there are also presented  
temperature  measurements m a t h  w l t h  r e s i s t a n c e  
thermometers located i n  t h e  columnnn.(l3) The h i g h e r  ' 

t empera ture  curve  is for t h e  b r i n e  and t h e  lower 
tempera ture  curve  is,for t h e  isobutane.  The 
experimental  data appear  to  r e p r e s e n t  t h e  i sobutane  
d r o p s  i n  t h i s  case, except  a t  x - 0 which is the  
e x t r a c t i o n  tempera ture  of the b r i n e .  T h i s  uas  not  
always the  case, however. Usual ly  t h e  experimental  
data lies between the two c u r v e s  i n d i c a t i n g  t h a t  
normally some sort of weighted average  is meaaured. 

"Y 
QO LO u) 3D 4.0 80  60 7.0 a0 SI) 

HCIOHT (a11 

Figure  3. Tcmperntcire P r o f i l e  of t h e  b r i n e  and 
t h e  working f l u i d  a l o n g  t h e  l e n g t h  of 
t h e  column u s i n g  v a r i a b l e  r a d i u s  model, 
kb = 11.70 Kg/sec. mw 12.26 Kg/sec. 

OoeL 

nrirnt 

Piwrc 4 . .  V a r i a t i o n  of v e l o c i t y  o f  tlic b r i n e  
aiici t h o  working f l u i d  as well as 
holdup a!onK t h e  length  of t h e  
column, nh = 11.70 Kp./sec, 
mw = 12.2G Kg/sec. 
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,,IC..ISaw-hll.LIWr Change i n  I n p u t  C h a r a c t e r l s t l c  
-h#*.alm 

2 2 - - 1 - - -  

- 
g.0 10 2.0 51) 40 60  Lo T.0 a0 00 6b increased  by 1 kg/nec 

increased  by 1 ke/nec 

-3 

HEIBHT (n) j b  decreased by 1 ke/nec 

Bw decreased by 1 ke/nec 
P t o p  increased  by 5% 

Figure  6. E f f e c t  o f  changc i n  mass Plow ratc and 
column p r e s s u r e  on tlic workina f l u i d  
tempera ture  mb = 11.70 Kg/sec, Tbin decreased by 5OC 
mw = 12.26 Kg/sec. 

F i g u r e s  5-7 i n d i c a t e  changen observed a P t e r  180 
seconds  f o r  t h e  b r i n e  temperature ,  i sobutane  
tempera ture  and holdup Por s t e p  changes i n  masa Plow 
rates or column pressure .  I t  18 clear t h a t  t h e  
p r e h e a t e r  is r e l a t i v e l y  i n s e n s i t i v e  t o  p r e s s u r e  
whereas changes i n  t h e  mass f l o u  rates as low as 
i l k g / s e c  can y i e l d  tempera ture  v a r i a t i o n s  w i t h i n  t h e  
column of f2OC. 
decrease i n  b r i n e  i n l e t  temperature .  Near t h e  bottom 
oP t h e  column t h e  tempera tures  remain unchanged, b u t  
near  t h e  top  changes of each f l u i d  are seen.  For the 
E a s t  Meaa column, a l l  such  changen i n  flow rates and 
b r i n e  i n l e t  t empera ture  can occur ,  and t h e y  can occur  
r a p i d l y  a s . t h e  c o n t r o l l e m  were n o t  s u f f i c i e n t l y  
s e n s i t i v e  t o  respond. Thus, i t  is imposs ib le  t o  atate 
tha t  s t eady  atate o p e r a t i o n  l a  ever r e a l l y  achieved.  
Due t o  t h i s  i t  was remarkable that Jacobs and 
Colafahani  (is) were able t o  a c h i e v e  t h e  comparison 
shown i n  F i g u r e  3 and better i n  many cases(l7) between 
their  model and measured temperatures .  Table  1 
i n d i c a t e s  how each v a r i a t i o n  d iscussed  inPluencea t h e  
p r e h e a t e r  l e n g t h  requirement .  

F i w e  8 shows t h e  e f f e c t  of a 5 O C  

, H(t-180) - H ( t - 0 )  (a) 

-0.87 
0.1 
0.04 

-0.04 
0.9 
1.04 

- 3.0 1.I -1- - J.. IIId 
00 f.0 2.0 3.0 4.0 RO Lo 7.0 a0 Ro 

MLfOHl (I) 

F i w r e  5. Effect of change i n  mass f low r n t c  and 
column p r e s s u r e  on t h e  b r i n e  tempcra turc  
i b  a 11.70 Kg/sec, hw = 12.26 Kp/sec. 

I I t 1 1 *-.---.- R I 

" c 

HLfQHl ( m l  

F i m r e  7. E€€cct o f  change i n  mass flow rate and 
column p r c s s u r e  on holdup 
blb - 11.70 Kg/sec, ib - 12.26 Kg/sec. 

F igure  8. Effcct of chnnge i n  t h e  b r i n e  i n l e t  
t empera ture  on tempera ture  p r o f i l e  a t  
fhc  b r i n c  and t h e  working f l u i d ,  
mb a 11.698 Kg/sec, hw - 12.259 Kg/sec. 
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Figures  9 and 10 i l lustrate  ano the r  steady state 
c a l c u l a t i o n  f o r  an  a d d i t i o n a l  o p e r a t i n g  cond i t ion .  
Fieures 11-15 show the responne of Tu to  chanees  i n  
mass flows and i n l e t  b r i n e  tempera ture  as a f u n c t i o n  
of time. The t r e n d s  are a l l  a8 expec ted  excep t  for 
t h e  i n c r e a s e  i n  working f l u i d  flow rate. The e a r l y  
time response  i n d i c a t e s  an l n c r a a s e  i n  tempera ture  a t  
t h e  bottom of t h e  column. T h i s  l a  due t o  t h e  time 
t h a t  i t  takes t h e  mass f l u x  wave t o  t r a v e r s e  t h e  
column he igh t .  
d r o p l e t s  p e r  u n i t  volume w i l  b e  occupying a g r e a t e r  
f r a c t i o n ,  i.e., w i l l  be h i e h e r  and the d rag  on the 
drops  g r e a t e r .  There  w i l l  be  a longe r  exposure  to  a 
hotter b r ine .  However, as  the h i ehe r  mass f l u x  w o r k s  
its way up the column t h e r e  w i l l  be a coo l ing  of t h e  
cont inuous  f l u i d  approaching  t h e  b o t t m  and t h e  
t empera tu res  w i l l  be  depressed. I t  is clear t h a t  a 
l o n e e r  p rehea te r  l e n g t h  w i l l  be  r equ i r ed  t o  b r i n e  the 
l sobu tane  up t o  its s a t u r a t i o n  tempera ture  as w a n  
i n d i c a t e d  by the p r e v i a  case s tud ied .  

A t  45 seconds  the inc reased  number o f  

f.0 I I I I 1 I 1 1 

t Is3 YD 1. 1w an * l S . l 4 b m  *r -11.14 k g f n e  

- 

- 

I I .. OD I I I  I I I 
Qo u) PD 30 40 u) a0 1.0 a0 80 

HlfOHl (4 

Piqure  11. Trans ion t  r c s w n s e  of t h e  working f l u i d  
tempera ture  after an  i n c r e a s e  i n  mass 
flow rate of t h e  b r ine .  

I I I ao I 

Figure  12. T rans i en t  response  of t h e  workinr f l u i d  
tempera ture  nF tc r  a dec rease  i n  mass 
flow rate of t h e  b r i n e .  

F igu re  9. Temperature p r o f i l e  o f  t h e  b r i n e  and t h c  
working f l u i d  a long  tlic l eng th  of t h c  
column u s i n g  v a r i a b l e  r a d i u s  model, 
mb - 13.14 Kg/sec, hw = 11.14 Kg/sec. 

&.IS14 *,.r 
k . l l . l 4  b e # m  

l*.WS -2 
P,,, *.eo m - 
M t U L D l D I U t Y l Y I . L . N  

m L o ~ ~ 4 o w m m ~  
mnnt (I) 

V a r i a t i o n  o f  v e l o c i t y  of t h e  b r i n e  
and t h e  working f l u i d  as well as 
holdup and drop  rnclius a long  t h e  
l e n g t h  o f  t h e  column. 

F igure  10. 

0.6 I I 1 1 I 1 I 1 

D 

Pip.ure 13. Trans i en t  response  of t h e  working f l u i d  
tempcratrire nfter an i n c r e a s e  i n  mass 
flow rate o f  t h e  working f l u i d .  
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ABSTRACT 

Direct contact heat exchangers have received consider- 

able attention in recent years for application in alternate 

energy systems. One version of a direct contact heat ex- 

changer is a spray column. This device brings into contact 

a higher temperature fluid with cooler immiscible liquid. 

Fluctuations in the input characteristics of either 

fluid can upset the operation of the column and affect 

the overall system design. This dissertation formulates 

the two-phase flow and heat transfer equations to describe 

the dynamics of a spray column direct contact heat exchanger. 

Further, the protocol is developed for numerically solving 

the governing equations and example results are presented. 

The solution-demonstrates the effects of mass flow rate, 

and incoming temperature of either fluid as well as the 

operating pressure on the overall performance of the column. 

The dissertation also focuses attention to the mech- 

anism of heat transfer .. in such a device. Various models 

of heat transfer are incorporated into the solution routine 

and the validity of each model is examined by comparison 

to experimental data. 
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CHAPTER 1 

INTRODUCTION 

The shortage of potable water i n  many of t h e  deve lop -  

i n g  n a t i o n s  s t i m u l a t e d  i n t e r e s t  i n  t h e  a p p l i c a t i o n  of d i r -  

ect  c o n t a c t  heat  exchange i n  the 1960s [l] for  use  i n  

water d e s a l i n a t i o n  sys tems.  More r e c e n t l y  a d w i n d l i n g  sup- 

p l y  of c o n v e n t i o n a l  e n e r g y  r e s o u r c e s  s u c h  as  o i l ,  coal and 

n a t u r a l  gas, coup led  w i t h  a n  i n c r e a s i n g  need fo r  e n e r g y  i n  

a l l  areas of society prompted a search fo r  economica l  a l t e r -  

n a t e  e n e r g y  resources. One such  a l t e r n a t i v e  is geothermal 

ene rgy .  Geothermal' e n e r g y  is a v a i l a b l e  i n  l i i i t e d  amounts 

i n  t h e  form of d r y  steam. Low and moderate temperature 

geothermal b r i n e s  are more t h a n  twenty  times as p r e v a l e n t .  

This abundance h a s  led researchers to  c o n s i d e r  t h e  use of 

these l i q u i d  b r i n e s  as a s o u r c e  of heat t o  p roduce  e lectr i -  

c i t y  12, 3 , ' 4 1  as well as  for process h e a t .  

The s y s t e m s  of u t i l i z a t i o n  of t h e  l i q u i d  dominated 

r e s o u r c e s  a r e  t e c h n o l o g i c a l l y  more complex t h a n  t h e  s y s  tems 

n e c e s s a r y  for the u t i l i z a t i o n  of d r y  steam r e s e r v o i r s ,  

where  f i l tered steam c a n  be d i r e c t l y  expanded t h r o u g h  a l o w  

p r e s s u r e  t u r b i n e .  The b i n a r y  cycle h a s  been developed  t o  

e l i m i n a t e  t h e  i n e f f i c i e n c i e s  i n h e r e n t  i n  steam f l a s h i n g  

w i t h  low t e m p e r a t u r e  l i q u i d  dominated r e s o u r c e s .  I n  t h i s  

. .- - . 
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c y c l e ;  t h e  p r o d u c t i o n  w e l l  may be pumped i n  order t o  pre- 

v e n t  steam f l a s h i n g  a t  t h e  s u r f a c e .  Heat is t r a n s f e r r e d  

from t h e  h o t  water to  a secondary  f l u i d  t h a t  has  a lower 

b o i l i n g  p o i n t .  High p r e s s u r e  vapor  produced  i n  t h e  secon-  

dary f l u i d  boiler is expanded th rough  a t u r b i n e  which 

d r i v e s  a g e n e r a t o r .  The t u r b i n e  e x h a u s t  vapor  is t h e n  con- 

densed  and pumped back to t h e  h e a t  e x c h a n g e r  t o  complete 

t h e  s e c o n d a r y  f l u i d  cycle. 

Direct c o n t a c t  heat e x c h a n g e r s  have r e c e i v e d  c o n s i -  

derable  a t t e n t i o n  i n  r e c e n t  y e a r s  for  a p p l i c a t i o n  i n  al- 

t e r n a t e  e n e r g y  sys t ems ,  such  as geothermal and so l a r  pond 

power p l a n t s .  The primary r e a s o n s  for this i n t e r e s t  are t h e  

a d v a n t a g e s  of t h e s e  direct  c o n t a c t  h e a t  e x c h a n g e r s  o v e r  t h e  

t h e  c o n v e n t i o n a l  processes u s i n g  metallic t r a n s f e r  s u r -  

f aces. T h e s e  aavaritages are : 

(1) Simple d e s i g n ,  compactness  and r e l a t i v e l y  in -  

expens  i v e  equ ipment  ; 

( 2 )  Low ma in tenance  due  t o  a b s e n c e ,  or r e d u c t i o n  of 

scale f o r m a t i o n  on sol id  s u r f a c e s ;  

( 3  1 The o b t a i n a b l e  close temperature approaches. 

These a d v a n t a g e s  can  l e n d  themse lves  to  p r o d u c i n g  econo- 

mica1 process systems i n  i n s t a n c e s  where t h e  u s e  of con- 

v e n t i o n a l  heat  exchange r s  would make t h e  process econo- 

mically i n f e a s i b l e .  I t  shou ld  be mentioned t h a t  i n  geo- 

thermal application of d i rec t  contact heat exchangers, 

t h e  o n l y  d i s a d v a n t a g e  is the loss of working'. f l u i d  due 

t o  d i s s o l u t i o n  i n t o  t h e  b r i n e .  

- - c 

- 

_ -  
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There  are b a s i c a l l y  s e v e r a l  t y p e s  of direct  c o n t a c t  

c o u n t e r  c u r r e n t  hea t  exchange r s .  They i n c l u d e  s p r a y  towers, 

b a f f l e  towers, perforated p l a t e  towers, packed towers and 

wet ted  w a l l  towers. All of t h e  f irst  f o u r  b r i n g  i n t o  con- 

t ac t  a h i g h e r  temperature f l u i d  w i t h  a cooler immiscible 

l i q u i d .  The immisc ib l e  cooler l i q u i d  can  be i n j e c t e d  as 

a sys t em of discrete d rops .  If t h e  f l u i d  t o  be heated is  

of lower d e n s i t y  t h a n  t h e  h i g h  t e m p e r a t u r e  f l u i d ,  it is 

i n j e c t e d  a t  t h e  bottom'of t h e  column and t h e  drops r i se  

d u e  t o  g r a v i t y .  The f i f t h  keeps t h e  phases s e p a r a t e d  ex- 

cept a t  c y l i n d r i c a l  i n t e r f a c e .  The advan tage  of t h e  former 

is a h i g h  h e a t  t r a n s f e r  area w i t h i n  t h e  c o n t a c t i n g  vol- 

ume, w h i l e  t h e  advan tage  of t h e  l a t t e r  is i n  m a i n t a i n i n g  

s e p a r a t i o n  and perhaps e l i m i n a t i n g  or reducing  t h e  need 

for  t h e  s e p a r a t i o n .  sys tem.  

The d e v i c e  which h a s  r e c e i v e d  the most a t t e n t i o n  a s  

a direct  c o n t a c t  heat exchange r  for g e o t h e r m a l  power a p p l i -  

cation is t h e  spray tower. One big .advantage  of a spray 

tower o v e r  t h e  p r e v i o u s l y  mentioned towers is t h a t  it is 

free from h e a t  t r a n s f e r  enhancement d e v i c e s  which are 

s u b j e c t  to  s c a l i n g .  A t y p i c a l  s p r a y  tower i s -  depicted i n  

F igu re  1. I t  c o n s i s t s  of a v k i c a l  column, an  i n j e c t i o n  

n o z z l e  for  each f l u i d  and e x i t  ports. This d e v i c e  has  

- .. 

been used bo th  as a p r e h e a t e r  and as a boiler. Recen t  

d e s i g n s  of spray columns as h e a t  e x c h a n g e r s  have i n c o r p o r -  

ated both a p r e h e a t i n g  s e c t i o n  and a b o i l i n g  section when 
- 

a p p l i e d  t o  e n e r g y  sys t ems .  
. .- - . 
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Some d e s i g n s  of s p r a y  tower l i q u i d - l i q u i d  heat ex- 

c h a n g e r s  have  been carried o u t  by t h e  method proposed by 

L e t a n  [SI. L e t a n ' s  work is based on t h e  supposed hydro- 

dynamics of t h e  spray column. The d e s i g n  method requires 

o n l y  t h a t  t h e  Reynolds  number f o r  t h e  drops be less t h a n  

2300. For Reynolds  numbers greater t h a n  2300, the f low 

is t u r b u l e n t  and s c a l i n g  of t h e  s i z e  is n o t  possible. 

S p r a y  column direct  c o n t a c t  h e a t  e x c h a n g e r s  are de- 

s i g n e d  to operate n e a r  t h e  f l o o d i n g  p o i n t ;  i .e . ,  where  it 

is possible t h a t  t h e  i n j e c t e d  medium may be swept o u t  t h e  

bottom of t h e  column by t h e  downward f l o w i n g  h e a v i e r  medium. 

The r e a s o n  f o r  o p e r a t i n g  n e a r  t h e  f l o o d i n g  p o i n t  is t h a t  

t h e  h e a t  t r a n s f e r  h a s  been shown e x p e r i m e n t a l l y  t o  b e  h igh-  

est  u n d e r  these c o n d i t i o n s .  F l u c t u a t i o n s  i n  i n p u t  charac- 

t e r i s t ics  of t h e  h e a t i n g  f l u i d ,  for  example,  i n  geothermal 

a p p l i c a t i o n s  f l u c t u a t i o n s  i n  pressure, d i s s o l v e d  g a s ,  f low 

rates ,  s a l i n i t y ,  etc., can  upset t h e  o p e r a t i o n  of t h e  col- 

umn and can induce  l o c a l i z e d  f l o o d i n g  at some p o i n t  a l o n g  

t h e  column he igh t .  This b e h a v i o r  can  a d v e r s e l y  a f f e c t  t h e  

overal l  system d e s i g n .  Thus, it is n e c e s s a r y  t o  d e v e l o p  a 

n u m e r i c a l  model to describe t h e .  phenomena and to  i n v e s t i -  

gate what  t h e  practical  l i m i t a t i o n s  of approach to  flood- 
- - 

m. 

i n g  are, based on a s s e s s m e n t s  of t h e  types of d i s t u r b a n c e s  

t h a t  might  be ' encoun te red  . 
I n  a c t u 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 s ,  h e a t  trans- 

f e r  data  are norma l ly  reported i n  terms of v o l u m e t r i c  hea t  

t r a n s f e r  c o e f f i c i e n t ,  d e f i n e d  a s  
. .- - 
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i 
uv = . 

volume LMTD ( 1 0 )  

S p r a y  column l i q u i d - l i q u i d  h e a t  exchange r  e x p e r i m e n t s  

have  been conducted  for t h e  f o l l o w i n g  f l u i d s  as t h e  d i s -  

persed p h a s e  w i t h  water as t h e  c o n t i n u o u s  phase :  benzene 

[ 6 1 ,  t o l u e n e  [71, CCl4 [81, S h e l l  O i l  A and spray base [91 ,  

gas-oil [81 I k e r o s e n e  (91 I mercury (101 8 i s o b u t a n e  [ll] , 
and also p e n t a n e  i n  r e c e n t  d e s i g n  for  t h e  Solar Energy 

Resea rch  I n s t i t u t e  ( S E R I )  a t  t h e  U n i v e r s i t y  of Utah. 

The v o l u m e t r i c  h e a t  t r a n s f e r  data from these experi- 

ments  have, i n  g e n e r a l ,  been p r e s e n t e d  as a f u n c t i o n  of 

holdup.  For example,  Garwin and S m i t h ' s  [61 data for  a 

benzene d i s p e r s e d  i n  water system c a n  be t r e a t e d  s t a t i s -  

t i ca l ly  to  show 

Uv - 1.09 x 104  4 B'N/hr f t 3  OF 

( h o t  water t o  benzene )  (1) 

Uv =' 1.67 x l o 4  (0 BTU/hr f t 3  O F  - 

( h o t  benzene t o  water) . 
The d i f f e r e n c e  seems to  correlate w i t h  drop diameter as t h e  

average"drop - s i z e  was 7.34  MI) for the hot water r u n s  and 

6.71 mm for t h e  h o t  benzene  r u n s .  

R o s e n t h a l ' s  171 work d e a l t  w i t h  t h e  t o l u e n e  d r o p s  

e m i t t e d  from o r i f i c e s  7.2 mm and 3.0 .mm i n  d i a m e t e r .  

These d a t a  were- reduced  i n  terms of t h e  v o l u m e t r i c  flow 

ra t io  and t h e  v o l u m e t r i c  flow rate  o f  t h e  c o n t i n u o u s  p h a s e  
. .- - . 
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as 

Gd 1.17 
Uv = 4.28 Gc '*l3 ( - ) ,  BTU/hr ft3 OF 

GC 

(7.2 mm orifice) 

Gd 1.13 
Uv = 5.25 Gc 1.17 (-) BTU/hr ft3 OF 

GC 

(3 mm orifice) 

( 4 )  

( 5 )  

For this system it was recommended that the best performance 

was obtained with Gd/Gc = 2.87. 

Woodward's [91 data are reported primarily at a single 

the volumetric flow ratio, Gd/Gc = 2.5. For this condition, 

data correlate as 

Uv = 1.2 x lo4 (b BTU/hr ft3 O F .  . 
In 1979, Jacobs et al. 1121 carried out a study of 

liquid-liquid heat transfer characteristics for a 6 ft x 6 

in diameter spray column using water as the continuous 

phase and insulating oil as the dispersed phase. Heat 

transfer results were presented as a function of the ratio . 

of the 'volumetric flow-rates ,and hoIdup and a correlation . 

of the data was proposed . .  in the form of 

Gd 
-0.57 G 

uv = 45000 (0 -0.05) e C + 600 BIU/hr ft3 O F  

(for 0 > 0.05) (7) 

and 



Uv = 12000 4 B!FU/hr ft3 OF 

. .  

In Equations (2) - (61 ,  4 represents the dispersed phase 

holdup and Gd and Gc repre'sent volumetric flow rate of 

dispersed phase and continuous phase respectively. 

Of all the he.at transfer coefficients represented by 

Equations ( 2 )  - (8) . ,  Equations ( 7 )  and ( 8 )  best represent 

the actual heat transfer characteristics of the heat ex- 

changer over a wide range of parameters. This is due to 

the fact that the correlation was based on all of the then 

existing data. 

It is now realized that each of the above correlations 

has its own limitation and as of now there is not a sinqle 

unified model to describe -the mechanism of heat transfer 

in a spray type direct contact heat exchanger. Thus, one 

of the objectives of this dissertation is to achieve a 

reliable and accurate means of predicting the heat trans- 

fer coefficient between the two immiscible liquids. -\. 

The second objective of this dissertation is to formu- 

late the two-phase flow .. and heat transfer .equations to 

describe the preheater dynamics, so that the instabilities 
8. 

of such devices could be better investigated. Although 

similar types of governing equations have been employed to 

investigate nuclear reactor thermal hydraulics, which is a 

concurrent two-phase flow problem, no attempt his been made 

in the past to use the same principles for direct contact 
..- - .  
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hea t  exchange r  dynamics.  

The main characterist ics of such  flows, and t h e  o n e s  

which create t h e  special d i f f i c u l t i e s  which  t h e  n u m e r i c a l  

a n a l y s t  must  overcome, are: 

(1) TWO f l u i d s  are dispersed w i t h i n  t h e  column and 

so, "share," t h e  same space. Each t h u s  d e n i e s  t o  t h e  o t h e r  

t h e  volume which it o c c u p i e s  i t s e l f ;  

( 2 )  These f l u i d s  engage i n  f r i c t i o n a l ,  thermal  and 

m a s s - t r a n s f e r  i n t e r a c t i o n s  w i t h  each other ,  

depend upon t h e  local r e l a t i v e  v e l o c i t y ,  

a t  ra tes  w h i c h  

t e m p e r a t u r e  d i f -  

f e r e n c e s ,  etc.; 

( 3 )  There are twice the u s u a l  number of e q u a t i o n s  

t o  s o l v e  f o r  momentum and fo r  t e m p e r a t u r e ,  and t h e  volume 

f r a c t i o n  of t h e  t w o  phases must also be computed a t  each 

p o i n t  w i t h i n  t h e  f i e l d .  

The i n c r e a s e  i n  t h e  number of e q u a t i o n s  affects  t h e  

d i f f i c u l t y  of s o l u t i o n ;  for it r u i n s  s o l u t i o n  a lgor i thms 

which are sat isfactory for  s i n g l e - p h a s e  flows. I n  fac t  i n  

e a r l y  stages of n u m e r i c a l  deve lopment ,  it was t h o u g h t  t h a t  

these problems were i n h e r e n t l y  i n t r a c t a b l e ,  and many p u b l i -  

cations d u r i n g  - t h e  period .. 1974-1979 d i s c u s s e d  t h e  so called 

"ill-posed" n a t u r e  of the problem p r e s e n t e d  by t h e  govern-  

i n g  d i f f e r e n t i a l  e q u a t i o n s .  Later, it was d e m o n s t r a t e d  

. ' k h a t  t h e  e q u a t i o n s  do p r e s e n t  "well-posed" problems, t h e  

s o l u t i o n s  do ex i s t  and can be found numerically. The f i n a l  

- c  

c 

-- . - 
t a sk  of t h i s  d i s s e r t a t i o n  is to  p u t  together . a  r e l i ab le  
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numerical technique for solving these nonlinear transient 

equations. 

. .. 

.- - . 



CHAPTER 2 

MATHEMATICAL MODELING 

2.1. Nature of Multiphase Flows 

A multiphase system consists of a fluid phase or fluid 

medium-and a particulate phase of any number of chemical 

components. When the fluid medium is a gas, the particulate 

phase may consist of solid particles or liquid droplets or 

both. When the fluid medium is a liquid, the particulate 

phase may consist of solid particles, gas bubbles, or liquid 

droplets immiscible to the fluid phase. 

The dynamics of multiphase systems include momentum, 

energy, mass and charge transfers between the phases, depend- 

ing on whether or not the process is influenced by the 

presence of a potential field. 

Multiphase systems are of frequent occurrence in nature 

and among engineering equipment and processes. Some examples 

from nature include rainfall, snowdrifts, sandstorms and 
- .  - 

silted rivers. The list- of multiphase systems which appear 

in engineering equipment and processes is immensely long. 

Here are a few examples [161: 

(1) Gas-solid particle systems: pneumatic conveyors, 

dust collectors,-fluidized beds, heterogeneous reactors, me- 

tallized propellant rockets, aerodynamic' ablation, xero- 
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graphy, cosmic dusts, nuclear fallout problems. 

(2) Gas-liquid droplet systems: atomizers, scrubbers, 

dryers, absorbers, combustors, agglomeration, air pollu- 

tion, gas cooling, evaporation, cryopumping. 

(3) Liquid-gas bubble systems: absorbers, evaporators, 

heat exchangers, scrubbers, air lift pump, cavitation, flo- 

tation, aeration. 

(4) Liquid-liquid droplet systems: heat exchangers, 

settling tanks, emulsifiers, extraction, homogenizing. 

(5) Liquid-solid particle systems: fluidized beds, 

flotation, sedimentation. 

A multiphase flow, in the context of this dissertation, 

is one which requires for its definition more than one set 

of velocities, temperatures, masses per unit volume, etc., 

at each location in the calculation domain. The material 

associated with each set of variables is what is meant by a 

"phase," in this connection. 

2.2. Necessity of One-Dimensional 

no-phase Flow Modeling for 

Spray Column Preheater - -  
AS mentioned prevAously,* multiphase flow and heat 

transfer phenomena occur in many kinds of engineering equip- 

ment. Spray columns are typical of such equipment. They 

have received, recently, considerable attention for use 

as direct contact heat exchangers for geothermal power 

application. The ability to predict the detailed flow 

... .. 
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fields in such equipment, as influenced by geometrical 

configuration and both normal and abnormal operating condi- 

tions, would assist both designers and operators of the 

equipment. 

A one-dimensional two-phase flow model has been de- 

veloped which allows various aspects of spray column pre- 

heater operation to be studied. One-dimensional two-phase 

flow models are useful tools, but only if the assumption of 

negligible variation of phase properties across the plane 

normal to the flow direction can be maintained. Virtually 

no theoretical results can be found which predict the tran- 

sient behavior of a spray column. Although there are some 

experimental results on the heat transfer characteristics of 

spray column t6-121 

cal model to describe the mechanism of heat transfer in a 

there is not a single unified theoreti-. 
- - _ _  

spray column direct contact heat exchanger. Part of the rea- 

son for the lack of theoretical studies is due to the rela- 

tively short time that spray columns have been considered 

as primary heat exchangers. 'The one-dimensional two-phase 

flow model is a first step for studying the transient beha- 

vior and the-mechanism .. of heat transfer in -such a device. 
e. 

2.3. One-Dimensional Two-phase Flow 

.Governing Equations Formulation 

The governing equations for one-dimensional two-phase 

flow are presented in this section in the primitive variable 

form. This allows the boundary conditions to be formulated 
. .- - . 
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in a fairly simple form. A typical spray column preheater 

for geothermal application was shown in Figure 1 in which 

working fluid droplets are' injected from a series of ori- 

fices at the bottom and brine (essentially water) is in- 

jected at the top. Thus, the two phases are the working 

fluid droplets and brine. 

The main features and assumptions of the present for- 

mulation are as-follows: 

(1) The flow is one-dimensional and transient. 

(2) The cross sectional area and periphery of the column 

are taken as independent of both distance and time. 

( 3 )  The dependent variables are velocity, void fraction, 

temperature and density for each phase, and the pressure, 

which is taken as common to both phases. 

(4) The interphase friction is accounted for according 

to a linear law, whereas the frictional force exerted by the 

solid wall is neglected due to the large diameter of the 

column. 

( 5 )  The momentum diffusion terms representing the vis- 

cous force exerted by neighboring fluid elements have been 

neglected, because they-are, at c least in this-situation, of 

much smaller magnitudes than those representing the pressure, 

gravity and interfluid frictional forces. However, if de- 

sired, they could be included. 
- 

( 6  1 The conversion of mechanical and potential energy 

to thermal energy is neglected due to their small magnitude. 

(7) Agglomeration of the work.ing fluid droplets is ne- 
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glected due to exis.tence of impurities. 

For each phase, we have one equation of continuity which 

gives the conservation of mass of that phase. The continuity 

equation for the brine is 

a a - ( E  pb Vb 1 0 

at 
- ( E  Pb) + a x  

where 

t = time 

x = vertical coordinate measured from the bottom 

Vb = vertical velocity of brine 

pb = density of brine 

E = void fraction of brine 

Similarly, the continuity equation for the working fluid 

droplets is 

where 

Vw- - vertical velocity ofcworking fluid droplets 
PW = density of working fluid droplets 

0 = void fraction of working fluid droplets. 

For each phase, the conservation of momentum gives the 

corresponding equations of motion for that phase. The equa- 
- 

tion' of motion for the brine is 
..- - .  



ap a a 
a t  a x  ax  e -  - ( e  p b  V b )  + - ( e  p b  Vb2)  - 

where 

P - p r e s s u r e  

- K = i n t e r p h a s e  f r i c t i o n  f a c t o r  

g = v e r t i c a l . f i e l d  a c c e l e r a t i o n ,  

- 

and t h e  e q u a t i o n  of mot ion  for t h e  working  f l u i d  droplets 

is 

a a ap 

a t  a x  + a x  - ( +  pw VW) + - (+ PW VW2) - - 
- iT (VW - V b )  - + PW 9. ( 1 2 )  - 

I f  w e  add E q u a t i o n s  (11) and (121 ,  w e  o b t a i n  t h e  e q u a t i o n  

of mot ion  f o r  t h e  m i x t u r e  a s  a whole: 

a a 
a t  .ax 
- ( e  p b  V b )  + - ( e  p b  Vb2) 

Note t h a t  t h e  i n t e r p h a s e  f r i c t i o n  force has disappeared 

s i n c e  it ac ts  w i t h  e q u a l  magni tude  t o  both phases. 

, ._ - . 



6 

17 

Again, for each phase the conservation of energy 

gives the corresponding equation of energy of that phase. 

The equation of energy for the brine is 

a 
at 

= - ( e  P) - uv (Tb - m )  
(14) 

where 

Hb = thermodynamic enthalpy of brine 

Uv =I interphase volumetric heat transfer coefficient 

Tb = temperature of brine 

TW = temperature of working fluid droplets. 

The corresponding equation of energy for working fluid drop- 

lets is 

a 
= -(+ P) - UV (TW - Tb) 

at (15) 

where 

Hw = thermodynamic enthalpy of working fluid droplets. 

Once again, from - the addition of Equation- (14) and (15) we 

obtain the equation of energy for the mixture =as a whole 

which does not include the interphase - .  heat transfer term: 
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. .. 

a 
= - ( ( e  + + )PI . a t  ( 1 6 )  

2.4 .  A u x i l i a r y  R e l a t i o n s  

The se t  of p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  p r e s e n t e d  i n  

t h e  p r e v i o u s  s e c t i o n  o r d i n a r i l y  has  t o  be s o l v e d  i n  con- 

j u n c t i o n  w i t h  o b s e r v a n c e  of c o n s t r a i n t s  on t h e  v a l u e s  of 

t h e  v a r i a b l e s  r e p r e s e n t e d  by a l g e b r a i c  r e l a t i o n s .  These aux- 

i l i a r y  r e l a t i o n s  express p h y s i c a l  laws of v a r i o u s  k i n d s .  The 

a u x i l i a r y  r e l a t i o n s  which are n e c e s s a r y  for s o l u t i o n  of t h e  

problem a t  hand are a s  follows: 

(1) The t w o  phases together occupy t h e  whole  of. t h e  

space, t h u s  

e + +  = 1  . ( 1 7 )  

( 2 )  For e a c h  phase  w e  r e q u i r e  one e q u a t i o n  o f  s ta te  
. .  

which relates the d e n s i t y .  t u  thermodynamic e n t h a l p y  and 

p r e s s u r e ,  t h a t  is 

and 

..- - .  
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( 3 )  In addition we require for each fluid an equation 

which relates the temperature to thermodynamic enthalpy and 

pressure 

(4) A suitable relation for interphase friction is 

(22) - K = Nw t Rw2 Cd 1/2 p b  IVW - Vbl - 

where 

Nw = number of working fluid droplets per unit volume 

Rw - radius of each droplet 
Cd = drag coefficient 

IVw -,Vbl = relative velocity between the two phases. 

Nw is related to the void fraction and radius of working 

fluid droplets as 

0 Nw = b 

3 
- 4 %  &73 (23) 

Substituting Fquation (2'3) inte (221,  we obtain the following 

expression for the interphase friction coefficient 

3 0  = - Cd pb IVW - Vbl. - 8 Rw (24) 

The drag coefficient is in general a function of the Rey- 

. .- - . 
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n o l d s  number of t h e  droplet ,  which i n  t u r n  is a f u n c t i o n  of 

t h e  droplet  r a d i u s ,  b r i n e  k i n e m a t i c  v i s c o s i t y  and t h e  rela- 

t i v e  v e l o c i t y  between t h e  phases .  However, i n  t h e  p r e s e n t  

a n a l y s i s  t h e  drag c o e f f i c i e n t  is a s s i g n e d  a c o n s t a n t  v a l u e  

of 0.4 which is a p p r o x i m a t e l y  v a l i d  fo r  a Reynolds  number 

r a n g e  of 103 - 105. T h i s  r a n g e  is typical of t h a t  calculated 

fo r  t h e  r ise of hydrocarbon l i q u i d  droplets i n  water or  geo- 

thermal b r i n e .  

( 5 )  There are s e v e r a l  ways of e s t a b l i s h i n g  t h e  i n t e r -  

phase v o l u m e t r i c  h e a t  t r a n s f e r  c o e f f i c i e n t .  One approach  

is t o  u s e  the v o l u m e t r i c  heat t r a n s f e r  c o e f f i c i e n t  o b t a i n e d -  

e x p e r i m e n t a l l y  by Jacobs e t  al. [12], which is 

uv = 45000(C1 - 0.05)e -0057R + 600 (C1>O.OS) 

uv f 12000 c 1  (C1<0.051 

where  

R = the r a t i o  of v o l u m e t r i c  f l o w  rates e q u a l  to  

(0 vw/e vb 

C1 - e x p e r i m e n t a l l y  d e t e r m i n e d  c o n s t a n t  . 
. , .- . . .  

, -  .. 
c 

The e x p r e s s i o n  for t h e  d e t e r m i n a t i o n  of C1 is 

where  

m = c o n s t a n t  e q u a l  t o  1.39 for  droplet  R e i n o l d s  num- 

..- - .  
ber grea te r  t h a n  500. 



The second method f o r  e v a l u a t i o n  of Uv is t o  u s e  a s i m -  

i l a r  e x p r e s s i o n  t o  Equa t ion  (251 ,  e x c e p t  t h a t C 1  is  replaced 

by t h e  a c t u a l  vo id  f r a c t i o n  of t h e  working f l u i d  d rop le t s  

The t h i r d  possible way f o r  e v a l u a t i o n  of Uv is t o  as- 

sume t h a t  t h e  h e a t  t r a n s f e r  to working f l u i d  droplets  is 

d u e  to  c o n v e c t i o n  on  t h e  o u t s i d e  of t h e  f l u i d  spheres and 

t h a t  t h e  i n t e r n a l  r e s i s t a n c e  is n e g l i g i b l e  ( i . e . ,  t h e  t e m -  

p e r a t u r e  i n s i d e  t h e  f l u i d  sphere is u n i f o r m ) .  For t h i s  me-  

thod  t h e  v o l u m e t r i c  heat t r a n s f e r  c o e f f i c i e n t  is 

Uv = 4 Nw 1 Rw2 'iim ( 2 8 )  

where 

- 
hm = mean h e a t  t r a n s f e r  c o e f f i c i e n t  . 

The mean heat t r a n s f e r  c o e f f i c i e n t  is related to  d rop le t  

local a v e r a g e  N u s s e l t  number as 

- - NuD Kb 
hm. = 

- 2  Rw - . .  - .  - . .  
* 

where 
. I  . 

Kb = thermal c o n d u c t i v i t y  of b r i n e ,  t e m p e r a t u r e  

dependen t  

- 
NuD = a v e r a g e  N u s s e l t  number . 

. .- - 

( 2 9 )  
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S u b s t i t u t i n g  E q u a t i o n s  ( 2 9 )  and (23) i n t o  Equa t ion  ( 2 8 )  

would  r e s u l t  i n  

. .  

3 4  - 
Uv = - 7 k b  NuD . 

2 Rw (30) 

A s u i t a b l e  empirical r e l a t i o n  for  a v e r a g e  N u s s e l t  number is 

g i v e n  by [ l l  

( 3 1 )  - NuD = 2.0 + 0.6 ReD1fl Prb1/3 

where  

R e D  = droplet  Reynolds  number e q u a l  t o  

2 RW p b  IVW - V b L  
lJb 

Cpb vb 
kb P r b  = P r a n d t l  number of b r i n e  equal t o  

Cpb = specific heat  of b r i n e ,  t e m p e r a t u r e  d e p e n d e n t  

p b  = dynamic v i s c o s i t y  of b r i n e ,  t e m p e r a t u r e  

d e p e n d e n t  . 
The f i n a l  method fo r  e s t a b l i s h i n g  t h e  mechanism of heat 

t r a n s f e r  between t h e  phases is c to  assume t h a t  t h e  o u t s i d e  

hea t  t r a n s f e r  c o e f f i c i e n t  is v e r y  large and t h a t  c o n d u c t i o n  

i n s i d e  t h e  f l u i d  sphere is t h e  domina t ing  mechanism of hea t  

t r a n s f e r .  I n  order to  f ac i l i a t e  t h e  u s e  of t h i s  idea,  one 

could  u s e  t h e  one -d imens iona l  t r a n s i e n t  spherical  conduc- 

t i o n  e q u a t i o n  w i t h  t i m e  dependen t  boundary c o n d i t i o n .  This 

e q u a t i o n  is . .- - . 



am a w  a am 
- 3  -(2 -1 a tl 7 ar ar. 

where 

23 

( 3 2 )  

r - r a d i a l  c o o r d i n a t e  

a w  = t h e r m a l  d i f f u s i v i t y  of working f l u i d ,  which is 

almost c o n s t a n t  

ti = e l a p s e d  t i m e  from i n j e c t i o n  p o i n t  e q u a l  t o  x/Vw. 

The associated i n i t i a l  and boundary c o n d i t i o n s  are  

Tw = Two a t  ti = 0 

Tw = f i n i t e  a t  r = 0 

Tw = Tb a t  r = Rw ( 3 3 )  

where 

Two = t e m p e r a t u r e  of working f l u i d  droplets  a t  t h e  

i n j e c t i o n  p o i n t .  

When t h e  time comes for s o l v i n g  Equa t ion  ( 3 2 )  s u b j e c t  t o  . 

c o n d i t i o n s  ( 3 3 ) ,  one  may u s e  t w o  d i f f e r e n t  approaches. The - 

first is to assume that the r a d i u s  of t h e  working f l u i d  

droplet$ does- n o t  change' s i g n i i i c a n t l y  (Rw r ema ins  c o n s t a n t  

t h r o u g h o u t  t h e  column).  For this an  a n a l y t i c a l  s o l u t i o n  

of E q u a t i o n s  (32 )  and (33)  is possible by u s i n g  t h e  method 

of Duhamel 's  s u p e r p o s i t i o n  i n t e g r a l .  This s o l u t i o n  t u r n s  
. -  o u t  t o  be 



Now, t h e  mean t e m p e r a t u r e  of t h e  droplet  is 

Twm= 1 rRW 4 n r* rn d r  . ( 3 5 )  

When E q u a t i o n  ( 3 4 )  is s u b s t i t u t e d  i n t o  ( 3 5 )  and t h e  i n t e -  

g r a t i o n  is carried o u t ,  .one o b t a i n s  

6 aw Rwz 

Rw n = l  
rnJm = Two +,T C e 

a w  n2 2 ,  
S 

(Tb - TWO) ds. re- Rw2 . 
0 

( 3 6 )  

If, the.  i n t e g r a t i o n  i n  Equa t ion .  (36) is done a l o n g  small 

steps i n  t i m e ,  Tb ( b r i n e  t e m p e r a t u r e )  c o u l d  t h e n  be con- 

s ide red  c o n s t a n t  d u r i n g  this i n t e r v a l  and the r e s u l t i n g  

- 
0. 

e x p r e s s i o n  f o r  Twm would be 

.. . 
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where  

A t  = t i m e  s tep  equal t o  Ax/Vw 

M = number of t i m e  s t e p s  r equ i r ed  to  r e a c h  t i m e  tl. 

The second method fo r  s o l v i n g  E q u a t i o n s  ( 3 2 )  and ( 3 3 )  

is to  a c c o u n t  for  t h e  change of t h e  working f l u i d  d r o p l e t s  

r a d i u s  through t h e  column. S i n c e  no mass t r a n s f e r  is t a k i n g  

p l a c e  i n  t h e  column, t h e  r a d i u s  of a d r o p l e t  is governed  by 

p w o  113 
Rw = Rwo (-1 

PW 
( 3 8 )  

where 

Rwo 

P W  

For t h i s  

s o l u t i o n  

t h e  mean 

c a l l y .  

= r a d i u s  of droplet  a t  i n j e c t i o n  p o i n t  - d e n s i t y  of droplet  .. e. a t . i n j e c t i o n  p o i n t .  

method, there . is  no a n a l y t i c a l  s o l u t i o n .  Thus ,  t h e  

of Equa t ion  ( 3 2 )  and ( 3 3 )  and t h e  c a l c u l a t i o n  of 

t e m p e r a t u r e  of d r o p l e t s  have  t o  be performed numeri-  
- 

Once t h e  mean t e m p e r a t u r e  of t h e  droplets is calcu- 
..- - .  
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lated, a temperature-pressure equation is used to find the 

corresponding enthalpy of the working fluid droplets, which 

in turn is used to find the *enthalpy of the brine from Equa- 

tion (16). 

2.5. Solution of the Governing Equations 

In Sections 2.3. and 2.4. ,  the governing partial dif- 

ferential equations and required auxiliary relations were 

discussed. In order to represent a complete mathematical 

problem, the partial differential equations and auxiliary 

relations must be supplemented by initial and boundary con- 

ditions, expressing the particular situation to be investi- 

gated . 
The first step in the solution is to convert the govern- 

ing equations Lnto a set of algebraic equations: This is 

accomplished by an implicit, upwind differencing technique. 

The resulting finite difference equations are strongly cou- 

pled and nonlinear. They, therefore, have to be solved by 

means of an iterative, guess and correct technique. A scheme 

has been devised which is similiar to the procedure of Refer- 

ences (13-15 J . 

- ._ 

. .  
An outline of this procedare, representing what must be 

done to advance the solution by a single time intervals is 

.- .. provided below: 

(1) Determine the boundary conditions at the upper and 

lower limits of the solution domain. 

(2) Select appropriate guesses to all the dependent 
- .  
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variables. 

( 3 )  Determine the pressure distribution which is appro- 

priate to the finite difference equation of the equation of 

motion of the mixture as a whole. 

( 4  1 Solve for the equations of energy of the two phases, 

after which the densities are updated using the equations 

of state. 

( 5 )  Using the pressure distributionr solve for the velo- 

city of the working fluid droplets. 

( 6 )  The error in the continuity equation for the two 

phases added together is computed, and thus the "source 

term" in the pressure-correction equation is generated. 

(7) The pressure corrections are solved by a tridia- 

gonal algorithm and the resulting correctionsr proportional 

to pressure-correction differences are applied to the velo- 

cities and densities. 

( 8 )  The void fraction of the working fluid droplets 

is calculated using the equation of continuity for the work- 

ing fluid droplets and the necessary correction is applied 

so as to insure that this value does not exceed the range 

from zero to unity (this limitation is 

solution is far from convergence). 
- .. * 

(9) The void fract'ion of the brine is 

tion (17). 

(10) A second phase of correction is 
- 

necessary when the 

obtained from Equa- 

introduced by find- 
ing the velocity of the brine from its continuity equation. 

(11) Return to Step ( 3 )  and repeat the cycle of compu- 
- .  
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tations until the continuity errors computed at Step ( 6 )  are 

sufficiently small. 

This concludes the description of the solution routine 

I implemented in the one-dimensional modeling of a spray col- 
I 

umn preheater. The next chapter outlines these topics in de- 

tail as well as discussing the grid assignment and the bound- 

ary conditions. 

. .  

..- - .  
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CHAPTER 3 

NUMERICAL MODELING 

A f i n i t e  d i f f e r e n c e  n u m e r i c a l  method w i l l  be used t o  

o b t a i n  a s o l u t i o n  t o  E q u a t i o n s  ( 9 ) - ( 1 6 )  a l o n g  w i t h  t h e  appro-  

p r i a t e  a u x i l i a r y  r e l a t i o n s  described i n  S e c t i o n  2 . 4 .  The 

flow f i e l d  is d i s c r e t i z e d  i n t o  a f i n i t e  number of computa- 

t iona l  cel ls  s u i t a b l e  to  t h e  b o u n d a r i e s  u n d e r  c o n s i d e r a t i o n .  

The govern ing  e q u a t i o n s  are t h e n  cast  i n  discrete form t o  

conform to  t h e  mesh. A p p r o p r i a t e  boundary c o n d i t i o n s  are spe -  

cified on  a l l  free f l u i d  s u r f a c e s .  The a l g o r i t h m  advances  i n  

t i m e  u s i n g  an  i n i t i a l  c o n d i t i o n  which is o b t a i n e d  t h r o u g h  t h e  

s o l u t i o n  of t h e  s t e a d y  s ta te  v e r s i o n  of t h e  g o v e r n i n g  equa- 

t i o n s  u n t i l  the desired t i m e  l i m i t  has  been obtained.  

Section 2.5 o u t l i n e d  t h e  s o l u t i o n  p r o c e d u r e ,  wh ich  w i l l  

be t h e  guide f o r  t h e  development  of t h e  f i n i t e  d i f ference 

e q u a t i o n s  p r e s e n t e d  h e r e .  A v a r i e t y  of methods are a v a i l a b l e  

for s o l v i n g  t h e  g o v e r n i n g  e q u a t i o n s ,  b u t  as s t a t ed  ear l ie r ,  

t h e  method employed h e r e  is s4milar to  t h a t  of  R e f e r e n c e s  

[13-151 . . .  

The r e l a t i v e l y  simple geometry  of t h e  f low domain is 

e a s i l y  approximated  w i t h  a r e c t a n g u l a r  g r i d  as shown i n  

F i g u r e  2. With t h e  e x c e p t i o n  of t h e  v e l o c i t i e . s ,  a l l  t h e  

dependen t  v a r i a b l e s  ( i .e . ,  p r e s s u r e ,  v o i d  f r a c t i o n ,  d e n s i t y ,  

. .- - 
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t e m p e r a t u r e  and e n t h a l p y )  are located a t  t h e  g r i d  nodes in -  

d icated by index  "I." The v e l o c i t i e s ,  however,  are staggered 

i n  t h e i r  own d i r e c t i o n  a n d ' l i e  midway between g r i d  nodes.  

These v e l o c i t y  nodes are ind ica ted  by index  "IV." It  s h o u l d  

be mentioned t h a t  i ndex  *N" r e p r e s e n t s  t h e  number of f i n i t e  

d i f f e r e n c e  cells .  T h i s  s t a g g e r e d  g r i d  sys tem has  two main 

advan tages :  

(1) The c a l c u l a t i o n  of c o n v e c t i o n  f l u x e s  for  a v a r i a b l e  

s ta t ioned a t  t h e  g r i d  nodes  is s i m p l i f i e d ;  

( 2 )  The p r e s s u r e  g r a d i e n t s  which d r i v e  t h e  v e l o c i t i e s  

can be e v a l u a t e d  more e a s i l y .  

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

which  w i l l  be d i s c u s s e d  employs a n  implici t ,  upwind d i f f e r -  

e n c i n g  t e c h n i q u e .  This t e c h n i q u e  has  t w o  main a d v a n t a g e s :  

(1) I t  is i n h e r e n t l y  more s t ab le  for  t h i s  t y p e  of pro- 

blem; 

( 2 )  A r e l a t i v e l y  l a r g e  t i m e  s t e p  could be  employed fo r  

s t u d y i n g  t h e  t r a n s i e n t  b e h a v i o r :  

3.1. Mass C o n s e r v a t i o n  E q u a t i o n s  

C o n s i d e r  t h e  c o n t i n u i t y  c o n t r o l  volume shown i n  F i g u r e  

2 ,  which encloses a t y p i c a l  ndde (I). The c o n t i n u i t y  equa- 

t i o n  for  f low of b o t h  phases th rough  t h i s  c o n t r o l  volume 

- 

can  be e x p r e s s e d  as  

. -  a 
Gout  G i n  + - ( m )  o a t  

..- - .  

(39) 
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where 

Gout = mass flux out of the control volume 

Gin = mass flux into the control volume 
a 
at 
- (m) = rate of mass accumulation within the 

control volume. 

For the brine phase, the corresponding terms in Equa- 

tions (39) are ' 

Gin = A c I+lPbI+l IVb1V+1I 

a AAx - (m) = -  ( E  
at At 

where 

A = cross sectional area of the cell 

Ax = vertical.node spacing 

At = time increment 

0 = signifies the previous time values. 

(41) 

(42) 

Substituting the finite'-difference equations' for mass flux 

and mass accumulation (i.e., Equations (40) - (42)) into 

Equation (39) .yields the following finite difference equa- 

tion for the brine: 
. -  

. ._ - . 
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1+1 -(pbl+l JVbIV+l I )  = 

The finite difference equations for mass flux and mass 

accumulation of the working fluid droplets are 

Gout = A 9, PWI vtJIv+l 
(4.4) 

Gin = A 6 PW VW 
1-1 1-1 IV 

a AAX 
at At 
- (m) = - 

(45) 

(46) 

Substituting these equations into Equation (39) gives the 

finite difference equation for the mass conservation of 

the working fluid droplets 

Ax 
+I (- p w  + PW vw 

At I I IV+1 

Equations (43) and (47) are valid for a general interior 

node. Separate expressions must be obtained for the boundary 

nodes (i.eot node (I=1) and node (I=N+l))..At the inlet port 

for each phase, the mass flux is a known quantity and as a 

result, the finite difference form of the continuity equa- 
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t i o n  for  nodes  r e p r e s e n t i n g  t h e  i n l e t .  port of each phase 

becomes simple. For t h e  b r i n e  phase one  o b t a i n s  

. .. 
Ax 
2At P b N + l  N + l  

+ p b  IVb 1 )  c 
N+l N + 1  

(- 

mb Ax = - +  - (E@ 1 
A 2At N + 1  N + l  

w h e r e  

i b  = i n l e t  mass f l u x  of t h e  b r i n e .  

S i m i l a r l y ,  f o r  t h e  working  f l u i d  droplets,  w e  have 

( 4 8 )  

where 

kw - i n l e t  mass f l u x  of t h e  working  

f l u i d  droplets. 
. .  - - 

e . .  

The nodes  r e p r e s e n t i n g  t h e  e x i t  por t  of e a c h  phase con- 

t a i n  o n l y  one v e l o c i t y  node and therefore, t h e  i n g o i n g  and 
. .  

o u t g o i n g  f l u x e s  have a. common v e l o c i t y .  With t h i s  obse rva -  

t i o n ,  t h e  mass c o n s e r v a t i o n  e q u a t i o n  of ' t h e  b r i n e  a t  its 

e x i t  node is 

, ._ - . 
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The c o r r e s p o n d i n g  e q u a t i o n  for t h e  working f l u i d  becomes 

Ax 
p w  N + l  + pwN+lvwN+l)  'N+1 

(- 
. 2 A t  

3.2 Momentum E q u a t i o n s  

The cel ls  fo r  t h e  c o n t i n u i t y  e q u a t i o n s  are located so 

as t o  e n c l o s e  t h e  noda l  p o i n t ;  however, t h e  cel ls  for  t h e  - 

momentum e q u a t i o n s  must be located between t h e  nodes.  Re- 

f e r r i n g  t o  F i g u r e  2 r  one  n o t e s  t h a t  t h e  v e l o c i t y  i n  t h e  con- 

t i n u i t y  e q u a t i o n  is n o t  t h e  v e l o c i t y  a t  t h e  n o d a l  p o i n t  

b u t  t h e  v e l o c i t y  ha l fway between nodes.  Thus, t h e  c o n t r o l  

volume used to  solve for v e l o c i t y  is d i s p l a c e d  from t h a t  

used  for t h e  c o n t i n u i t y  e q u a t i o n  and l i es  between g r i d  

l i n e s  ( 1 )  a n d  (1-1). .. 
0. 

The momentum e q u a t i o n  for f l o w  of both phases th rough  

t h i s  c o n t r o l  volume r e q u i r e s  t h a t  

._ - . 
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where  

M o u t  = momentum f l u x  o u t  of t h e  c o n t r o l  

volume 

Min = momentum f l u x  i n t o  t h e  c o n t r o l  

v o l u m e  
a - (mo) = rate of momentum a c c u m u l a t i o n  a t  

w i t h i n  t h e  c o n t r o l  volume 

C F = sum of t h e  forces a c t i n g  on . t he  c o n t r o l  

volume. 

The forces a c t i n g  on t h e  c o n t r o l  volume c o n s i s t  of 

t h e  forces due  to p r e s s u r e ,  g r a v i t y  and t h e  drag. Wi th  

t h i s  i n  mind the c o r r e s p o n d i n g  terms i n  Equa t ion  ( 5 2 )  

fo r  t h e  b r i n e  phase are: 

a AAx Vb - eQ pb O Q  Vb } 
-(mol a t  =---(eIV A t  pIV IV IV IV IV ( 5 5 )  

IV PbIV 
C F = A c  (P - P ) - AAXg e 

IV 1-1. . I 

+ A Ax.E (VW - Vb 
IV IV IV 

where . -  

( 5 6 )  

E = ' i n t e r p h a s e  f r i c t i o n .  
-1v 
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Some of the properties. and velocities in the finite 

difference relations presented were stated at off-location 

and Vb for example, are not ex- points. That is 

actly defined at these identical locations. This will occur 

also for the other finite difference equations to be pre- 

The method of hand- 

ling these quantities is shown below and is readily seen 

to be a simple averaging across the desired location from 

IV' pbIv - i  

and Vw sented later (ioe*8 +Iv ' pwIv 
I 

locations that have 

1 
e = -  ( e  + 

IV 2 1-1 

1 
= - ( +  + 

+ I V  2 1-1 

been exactly defined. 

c )  
I 

-. A 
pbIV = - (pbI-l+ Ob 

2 I 

1 
IV 2 

+ p w  1 
I 

pw = - (PwI-l  

+ Vb 1 
1 

Vb = - (VbIV 
I 2  

1 vw. = - 
IV+1 

(VW + vw 1 
I 2 -  IV IV+1 *C 

-_ . -  

( 5 7 )  

( 5 8 )  

( 6 2 )  

Substituting the finite difference equations for momen- 

tum flux8 momentum accumulation and forces into Equation 

, -  

1 5 2 )  yie lds  . -  
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+ AX VW 
IV (pI-l I IV PbIV fV Iv* (63) 

- P ) - Axg E + e  

For the working fluid phase, the corresponding ex- 
\ 

pressions f o r  terms in Equation ( 5 2 )  are 

@ 0 V W O )  -(mol = - (0 PW vw - 0 PW a t- At IV IV IV N IV IV 
a AA X 

+ A  AX^ (Vb - VW 
-1v IV IV 

( 6 6 )  

( 6 7 )  

Substitution of these expressions into Equation (52) yields 

the finite difference - equation for the momentum conservation 
.. 

0. 

of the working fluid droplets. 

Vw + Ax Vw Ax 
( -  At 0 IV PW IV + 0,, PWIV I -1v IV 

. -  

- - x 0 0  *we V W Q )  
IV IV vw vw IV-1 At IV - ( 4  PW 1-1 1-1 1-1 

. .- - . 
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E q u a t i o n s  (63) and ( 6 8 )  are v a l i d  f o r  a g e n e r a l  i n t e r i o r  

v e l o c i t y  node as w e l l  a s  t h e  v e l o c i t y  node t h a t  r e p r e s e n t s  

t h e  e x i t  port of each phase. A t  the i n l e t  port of each 

phase ,  once  a g a i n ,  t h e  mass f l u x  is a known q u a n t i t y  and 

t h e  f i n i t e  d i f f e r e n c e  form of t h e  momentum e q u a t i o n  i s  s i m -  

p l i f i e d .  F o r  t h e  b r i n e ,  w e  w i l l  have  

+ &  IVb I Ax 
(-- A t  I V = N + l  b IV=N+l  I = N  P b I = N  I =N 

6b  
- - )  V b  

I V = N + l  
+ Ax E 

-IV=N+l A 

+ Ax vw 
-IV=N+1 I V = N + l  . ( 6 9 )  

F o r  t h e  working f l u i d ,  one o b t a i n s  

+ Ax - -1 vw = -  Ax (+e p 0 vw@ ) I i W  

-1V-2 A I V = 2  A t  I V = 2  I V = 2  I V = 2  

- P  ) - A x g o  PW 
I = 2  IV=2 IV=2 (P 1v=2- 1=1 

+ o  

+ Ax Vb 
-1v-2 IV-2 . ( 7 0 )  _ _  ~ . 
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D u r i n g  t h e  course of computa t ion ,  F q u a t i o n s  (63 1 ,  (681,  

( 6 9 )  and ( 7 0 )  c o u l d  be used t o  o b t a i n  t h e  v e l o c i t y  of each 

phase .  However, t h e  recommended procedure is t o  u s e  o n l y  

one  of t h e  phases' momentum e q u a t i o n s  and t h e  combined mo- 

mentum e q u a t i o n  of t h e  m i x t u r e  of t h e  t w o  phases. I n  t h i s  

way, t h e  i n t e r p h a s e  f r i c t i o n  would o n l y  a p p e a r  i n  one 

of t h e s e  e q u a t i o n s  and  t h e  s t a b i l i t y  of t h e  n u m e r i c a l  scheme 

is enhanced.  The combined momentum e q u a t i o n  is o b t a i n e d  by 

simply adding t h e  t w o  momentum e q u a t i o n  and n o t i n g  t h a t  t h e  

sum of t h e  t w o  v o i d  f r a c t i o n s  add t o  u n i t y  ( i . e O t  E + 4 = 1). 

3.3 Enerqy E q u a t i o n s  

I n  o r d e r  t o  o b t a i n  f i n i t e  d i f f e r e n c e  e q u a t i o n s  f o r  t h e  

c o n s e r v a t i o n  of ene rgy ,  one must ,  first,  e s t a b l i s h  which  

cel ls  to use .  These  cells  are t h e  same as t h e  ones used 

for d e r i v a t i o n  of  t h e  c o n t i n u i t y  f i n i t e  d i f f e r e n c e  equa-  

t i o n s .  Depending on which method of heat  t r a n s f e r  is em-  

p l o y e d ,  t h e  c o r r e s p o n d i n g  e n e r g y  q u a t i c r n  w o u l d  a p p e a r  to 

be d i f f e r e n t .  B u t ,  what is common to  a l l  t h e  metliods is 

t h e  combined e n e r g y  e q u a t i o n ,  which is a lways  v a l i d  regard- 

less of t h e  n a t u r e  of t h e  hea t  t r a n s f e r  mechanism. Thus ,  

t h i s  r e l a t i o n  is derived f i rL t .  O n c e  a g a i n ,  r e f e r e n c e  i s  

made t o  a t y p i c a l  c o n t i n u i t y  c o n t r o l  volume which e n c l o s e s  

- - 

a t y p i c a l  node ( I ) .  The energy e q u a t i o n  for flow of both  

phases th rough  t h i s  c e l l  requires t h a t  



6 = h e a t  t r a n s f e r  ra te  i n t o  each p h a s e  . 
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where 

E o u t  = ene rgy  f l u x  o u t  o f  t h e  c o n t r o l  

volume 

E i n  = e n e r g y  f l u x  i n t o  t h e  c o n t r o l  

volume 
a 
at 
- (E) = ra te  of e n e r g y  accumula t ion  

w i t h i n  t h e  c o n t r o l  volume 

As s t a t ed  ear l ie r ,  t h e  h e a t  t r a n s f e r  is from one  phase  t o  

t h e  o t h e r .  Thus,  when Equat ion  ( 7 1 )  is used  t o  o b t a i n  t h e  

e n e r g y  e q u a t i o n  o f  t h e  m i x t u r e ,  t h e  6 term w i l l  d i s a p p e a r .  

F o r  t h e  m i x t u r e ,  the '  c o r r e s p o n d i n g  terms i n  Equat ion  ( 7 1 )  

a re  - ._ 
- 

U P )  
I I '  

uw - 4: P W  
A A X  - 
A t  I 

+ - (+I OWI 
( 74  1 
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I n  Equa t ion  ( 7 4 )  U b  and Uw a re  t h e  i n t e r n a l  ene rgy  of t h e  

b r i n e  and t h e  working f l u i d  r e s p e c t i v e l y .  The i n t e r n a l  

e n e r g y  could  be re la ted t o  e n t h a l p y  and p r e s s u r e  as 

P 
U w - H w -  - 

PW (75  1 

P 
P b  

U b s H b -  - .  (76 )  

S u b s t i t u t i o n  o f  Equa t ions  ( 7 2 )  - ( 7 6 )  i n t o  E q u a t i o n  ( 7 1 )  

w i l l  y i e l d  t h e  f i n i t e  d i f f e r e n c e  e q u a t i o n  for  t h e  conse r -  

v a t i o n  of e n e r g y  of t h e  m i x t u r e  i n  t h e  form 

I+1 
I Pb IV+1 I )  - %+1 pbI+l 

Ax 
) HwI + 'at 0 1  pw I + $1 I I V + 1  

pw vw 

vw ) H W .  
1-1 

- P W  
($1-1 1-1 I V  

.. 
A X  p - p@-  p p9 . 

+-(E A t  I P + O I  f I I 1  1 1  
( 7 7 )  

Once a g a i n ,  t h i s  e q u a t i o n  is v a l i d  for a g e n e r a l  i n -  

t e r i o r  node. The. boundary c o n d i t i o n s  for  t h i s  equation are 

t h a t  t h e  e n t h a l p y  of t h e  b r i n e  is f i x e d  a t  its incoming lo- 
..- ~. 
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cation (i.e., node (I = N+1)) and the enthalpy of the work- 

ing fluid is known at its respective incoming location (i.e.# 

node (I = 1)). At the outlet port of the brine, zero gra- 

dient is assumed for the enthalpy of the brine. 

We now have to turn our attention to the second enthalpy 

equation, which as stated earlier, would have a different 

look depending upon the method chosen to evaluate the heat 

transfer coefficient. If the interphase heat transfer is 

assumed to be either -described by the experimentally de- 

termined volumetric heat transfer coefficient or where the 

heat transfer is limited by outside convection, all that 

is needed is an enthalpy equation for the brine phase alone. 

In this connection, the appropriate terms in Equation (71) 

are 

a AAX ( e  p b  Ub - pb- o e  Ub 1 
at At I 1 1  I I 1  - (E) = - ( 8 0 )  

where depending on the method employed for heat transfer, 

the expression for Uv is obtained from one of the equa- 

tions ( 2 5 )  - (31). Substitution of Equations (76)'and (78) - 
(81) into Equation (71) will yield-the brine's finite dif- 

I 
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f e r e n c e  form of t h e  e n e r g y  e q u a t i o n ,  which  is 

. .  

I +1 
1 )  Hb - ( E I + l P b I + l  I V b I V + 1  

@ OHb') - Ax Uv (Tb  - Tw ) 
Ax 

= - ( E  I A t  I pbI I I 1  

0 PO) 0 

Ax 
I 1  

+ - ( E  P - E  
A t  I 1 ( 8 2 )  

For t h e  case where h e a t  t r a n s f e r  is c o n t r o l l e d  by con- 

d u c t i o n  w i t h i n  t h e  d r o p s ,  assuming no change i n  t h e  drop 

r a d i u s ,  Equa t ion  (37) is s o l v e d  for t h e  mean t e m p e r a t u r e  

of t h e  droplets i n  t h e  column. Once t h i s  t e m p e r a t u r e  is 

found,  u s e  is made of t h e  t e m p e r a t u r e  - e n t h a l p y  r e l a t i o n  

t o  o b t a i n  t h e  e n t h a l p y  of t h e  working f l u i d  d rople t s ,  

a f t e r  which Equa t ion  ( 7 7 )  is used t o .  g i v e  t h e  e n t h a l p y  of 

t h e  b r i n e .  

3 . 4  F i n i t e  D i f f e r e n c e  Formula t ion  fo r  

- t h e  S o l u t i o n  o f . t h e  Conduc t ion  

Equa t ion  for t h e  Expanding 

Droplet 

The e x p r e s s i o n  f o r  t h e  h e a t  d i f f u s i o n  w i t h i n  t h e  drop- 

l e t s ,  Equa t ions  -(32), ( 3 3 )  and ( 3 8 1 ,  is i n  t h e  form of a 

p a r t i a l  d i f f e r e n t i a l  e q u a t i o n ,  and has  t o  be s o l v e d  numeri- 

c a l l y  u s i n g  f i n i t e  d i f f e r e n c e s .  Th-is is done by d i v i d i n g  



t h e  r a d i u s  i n t o  small i n c r e m e n t s  A r  I w i t h  a n o d a l  p o i n t  
IR 

a t  t h e  b e g i n n i n g  and end of each increment .  F o u r i e r ’ s  law 

of h e a t  c o n d u c t i o n  and c o n s e r v a t i o n  of e n e r g y  are a p p l i e d  

t o  t h e  i n c r e m e n t a l  volume around each n o d a l  p o i n t .  

a t i c  of a f e w  n o d a l  p o i n t s  is shown i n  F i g u r e  3. 

Apply ing  t h e  l a w  of c o n s e r v a t i o n  of e n e r g y  on  

ume s u r r o u n d i n g  t h e  c e n t r a l  node i n  F i g u r e  3 g i v e s  

a 
= -  (E) 9 -  i n  90ut  a t  

where  

= heat f l u x  i n t o  t h e  c o n t r o l  volume 
‘in 

= heat  f l u x  o u t  of t h e  c o n t r o l  volume. 

The e x p r e s s i o n  for  t h e  h e a t  f l u x  i n t o  t h e  c o n t r o l  

A schem- 

t h e  vo l -  

( 8 3 )  

volume is 

( 8 4 )  

whereas? t h e  e x p r e s s i o n  for  t h e  hea t  f l u x  o u t  of t h e  c o n t r o l  

volume would be .. 
c 

where 

Kw = t h e r m a l  c o n d u c t i v i t y  of t h e  working f l u i d .  
. ._ - . 
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r - Ar r r + Ar 
1 R-1 

Tw 
I R-1 

CI- Ar -.IIIC 
I R-1 

~r- Ar 
IR 

IR 

b Tw 
I R+l 

I R+l 

F i g u r e  3 .  S c h e m a t i c  of nodes  for f i n i t e  d i f f e r e n c e  s o l u -  
t i o n  of t h e  t r a n s i e n t  s p h e r i c a l  h e a t  c o n d u c t i o n  
e q u a t i o n  w i t h i n  an expanding d r o p l e t .  
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The e x p r e s s i o n  f o r  t h e  r a t e  of ene rgy  accumulation is 

1 
+ - A r  1 

1 
2 I R - 1  2 I R  

a 
a t  

- pw cpw 4 w r*' ( -  A r  - ( E )  - 

where 

Cpw = s p e c i f i c  h e a t  o f  t h e  working f l u i d  

A t 1  = time inc remen t  based  on ti. 

I n  d e r i v i n g  Equa t ions  ( 8 4 )  - ( 8 5 1 ,  c e n t r a l  d i f f e r e n c i n g  i s  

used f o r  t h e '  h e a t  f l u x  terms; however, upwind d i f f e r e n c i n g  

is employed f o r  t h e  e n e r g y  s torage-rate .  S u b s t i t u t i n g  Equa- 

t i o n  ( 8 4 )  - ( 8 6 )  i n t o  Equat ion  ( 8 3 )  y i e l d s  t h e  f i n i t e  d i f -  

f e r e n c e  e q u a t i o n  f o r  t h e  h e a t  d i f f u s i o n  w i t h i n  t h e  d r o p l e t  

2 1  
) -  

I R  

1 2 

A r  
A r  

1 - {  ( r - -  
2 I R - 1  A+ + (r + 2 brIR 

IR-1  

.. 1 1- ' n J I R  
+ - A r  - 1 -  1 

aw 2 I R - 1  2 I R  A t 1  
. + - r 2  (- A r  
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T h i s  e q u a t i o n  is v a l i d  for  e v e r y  i n t e r i o r  node. A t  t h e  

droplet  c e n t e r ,  t h e  c o n d i t i o n  is s i m p l y  

Tw = T w  
I R  = 1 I R = 2  ( 8 8 )  

A t  t h e  droplet  s u r f a c e  

m = T b  
I R = N I R + l  fV ( 8 9 )  

where  index  "NIR" r e p r e s e n t s  t h e  number of i n c r e m e n t s  be- 

tween r = 0 and r - Rw, which is i n c r e a s i n g  a l o n g  t h e  col- 

umn due  t o  e x p a n s i o n  of t h e  droplet  r a d i u s .  

A t  t h i s  p o i n t  a t t e n t i o n  is t u r n e d  t o  t h e  way i n  which  

these e q u a t i o n s  are s o l v e d .  The s o l u t i o n  always s t a r t s  a t  

t h e  bottom of t h e  column where t h e  t e m p e r a t u r e  and r a d i u s  

are  known. The s o l u t i o n  is t h e n  advanced t o  a new l o c a t i o n  

i n  t h e  column. Once t h i s  is done,  t h e  mean temperature of 

t h e  droplets  is o b t a i n e d  from numer ica l  i n t e g r a t i o n  of 

Equa t ion  ( 3 5 ) .  The radius is expanded by an  amount e q u a l  

t o  RW R W  ( t h e s e  v a l u e s  are o b t a i n e d .  from Equa t ion  

( 3 8 )  based on a guessed  d e n s i t y  f i e l d )  and t h e  t e m p e r a t u r e  
I V  IV-1 .. .. 

v a l u e s  of each node is s h i f t e d  outward t o  t h e  p r e v i o u s  

node. The v a l u e  a t  t h e  c e n t e r  of t h e  droplet  is assumed 

t o  be t h e  o l d  v a l u e  w h i c h  e x i s t e d  a t  t h e  c e n t e r .  
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3.5 The Pressure-correction Equation 

The pressure-correction procedure adopted in t h i s  work 

is .a very important part of the whole solution routine. After 

a cycle of calculation, there is found to be a net accumu- 

lation or loss of mass from each cell. Thus, a technique 1 

must be developed to eliminate these errors as the solution 

advances. Once these errors are eliminated, the solution 

to the problem is assumed to be complete. The first s tep  

in devising the pressure-correction equation is to add the 

two continuity equations (i.e., Equation (43) and ( 4 7 ) .  

Thus 

IV+l) €1 +.1 
+ pbI (-Vb I ]  e - { ~ b ~ + ~  (-Vb 

IV I 

Ax vw + ( -  At PW I + OWI vwIv+l I - {PW 1-1 IV) @ I 4  

Since the brine velocity is negative with respect to the 

coordinate chosen, the absolute values appearing in the 

brine continuity equation are 'replaced by a negative sign 
.. 

multiplied by the velocity of the brine. After each cycle 

of calculation; the values of the density, velocity and 

volume fraction are inserted into this equation to find 

the resulting error in each continuity cell. .This error 

is denoted by the symbol ERI. It is now assumed that all the 

pressures in the field will be modified so as to change- the 
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densities and the velocities, and thereby to bring about 

the elimination of the errors. Thus, from Equation (90) 

the corrections to the densities and velocities resulting 

from the corrections to the pressures are governed by 

AX 4 - I @bI+l (-Vb' IV+1 h + 1  + pwI vw IV+l)Of 

= - ER 
(91) 

where the primed quantities are the corrections that have 

to be made to the stored values. These primed quantities 

can all be expressed linearly in terms of the pressure 

corrections at in cell and neighbor grid points. Thus, for 

example 

I 
vw ' 

1-1 IV} %-l - {PW 

a vw avw 

1 aVb 
IV p' + Iv Vb' 

avw 

IV 
IV p' + -  

1-1 a P  
vw' = 

IV I 
IV ap 

1-1 ( 9 2 )  

a v b  a v b  

1-1 - ap I. avw 
IV p' + IV vw' 

fV 
+ I 

aVb 
Vb' = fV P 

I '  IV 
ap 

1-1 (93) 

.- - . 



. -  . .  .. .. . . . .  
- . .. . 

. .  
... 

. . .. . . -~ ~ 

. . .  . 

51 

The d i f f e r e n t i a l  c o e f f i c i e n t s  associated w i t h  t h e  v e l o c i t y  

changes  resul t  from d i f f e r e n t i a t i o n  of t h e  f i n i t e  d i f f e r -  

e n c e  momentum e q u a t i o n s  and t h e  ones associated w i t h  t h e  

d e n s i t y  changes  are o b t a i n e d  from a l e a s t  s q u a r e  c u r v e  

f i t  t o  t h e  tabula ted  v a l u e s  of d e n s i t y  v e r s u s  p r e s s u r e  i n  

t h e  pressure r e g i o n  of i n t e r e s t .  The resul t .  of combining 

E q u a t i o n s  ( 9 1 )  - ( 9 5 )  is a sys t em of s i m u l t a n e o u s  e q u a t i o n s  

for  t h e  p c ' s ,  t h e .  s o l u t i o n  of which could be used to- f i n d  

t h e  c o r r e c t i o n s  t o  t h e  d e n s i t i e s  and t h e  v e l o c i t i e s ,  w h i c h  

i n  t u r n  could be added t o  t h e  stored v a l u e s  of these quan- 
t 

t i t i es .  The r e s u l t  is a set of d e n s i t i e s  and v e l o c i t i e s  

which  s a t i s f y  o v e r a l l  c o n t i n u i t y  a t  e v e r y  p o i n t .  The f i n a l  

n o t e  is to  remember t h a t  one h a s  t o  combine E q u a t i o n s  ( 9 2 )  

and (93) so t h a t  Vw' and Vb '  each a p p e a r  s e p a r a t e l y .  I t  
IV IV 

is these r e s u l t i n g  e x p r e s s i o n s  for Vw' and V b '  I V  wh ich  
IV 

s h o u l d  be employed i n  t h e  d e r i v a t i o n  of t h e  p r e s s u r e - c o r -  

r ec t ion  e q u a t i o n .  

The changes  to  t h e  velocities and t h e  d e n s i t i e s  which  

have  r e s u l t e d  from t h e  p r e s s u r e  c o r r e c t i o n s ,  though t h e y  

have  sat isf ied overa l l  c o n t i n u i t y ,  w i l l  have. thrown most - 
c 

of t h e  other e q u a t i o n s  out of ba lance .  I t  is therefore 

n e c e s s a r y  t o  repeat t h e  cycle, so as to undo t h e  damage. 

As s ta ted  ear l ier ,  what is to be hoped is t h a t ,  a t  each 

r e p e t i t i o n  of t h e  c y c l e ,  t h e  errors which  are to  be cor- 

rected become smaller and smaller. 
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3.6 Outl_ine of the-Procedure 

The task, for a typical problem, is to determine sets 

of values, for all the points of the grid, for all the time 

instants considered. The finite difference equations, to- 

gether with the auxiliary relations are equal to the number 

of unknowns. 

Because of the high degree of nonlinearity and inter- 

phase coupling of the equations, the task must be performed 

by iterative means. As stated earlier, the procedure adop- 

ted in this dissertation is similar to that of References 

[13-151. T h i s  procedure w a s  outlined in Section 2.5. 

Finally, it should be mentioned that all the thermo- 

dynamic properties are evaluated using the subroutines of 

References [18-191 . 
- __ 

. .  . .  . .  .. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1. Steady S ta t e  S o l u t i o n  

Prior t o  e v a l u a t i n g  t h e  t r a n s i e n t  b e h a v i o r  of a d i rec t  

c o n t a c t  h e a t  exchanger ,  it is n e c e s s a r y  t o  a s c e r t a i n  w h a t  

t y p e  of h e a t  t r a n s f e r  model best describes t h e  a c t u a l  per- 

formance of s u c h  a device.  Steady s t a t e  or a t  l eas t  quas i -  

s teady  s t a t e  da t a  are  ava i lab le  for t h e  o p e r a t i o n  of t h e  500 

kWe direct  c o n t a c t  heat exchanger  c o n s t r u c t e d  by Barber 

N i c h o l s  for  t h e  U.S. Department  of Energy [17]. Thus ,  a 

data  base e x i s t s  f o r  comparison w i t h  v a r i o u s  models. 

The 500 kWe direct  c o n t a c t  hea t  exchange r  is a 4 0  i n c h  

(1 meter) diameter spray column type direct  c o n t a c t  h e a t  

exchanger. It is shown schematically in F i g u r e  4 .  I t  was 

operated as a combined preheater, boiler and  used  East Mesa 

geothermal b r i n e  as t h e  c o n t i n u o u s  phase and  i s o b u t a n e  a s  

t h e  disperse# phase. Ialet  and  o u t l e t  t e m p e r a t u r e s  for t h e  

t w o  f l u i d s  a s  w e l l  as flow rates and  p r e s s u r e  are reported. 

I n  a d d i t i o n ,  t e m p e r a t u r e s  are recorded a l o n g  t h e  l e n g t h  of 

t h e  column. An a d e q u a t e  h e a t  t r a n s f e r  model s h o u l d  be ab le  

t o  predict  t h e s e  t e m p e r a t u r e s  as w e l l  as t h e  h e i g h t s  of 

t h e  column u s i n g  o n l y  t h e  i n l e t  parameters. I n  a l l  t h e  tem- 

p e r a t u r e  v e r s u s  h e i g h t  f i g u r e s  t o  . be .- - p r e s e n t e d  i n  t h i s  sec- 
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t i o n ,  t h e  c u r v e s  w i t h  h i g h e r  temperature p r o f i l e  be long  t o  

t h e  b r i n e  w h i l e  t h e  c u r v e s  w i t h  lower t e m p e r a t u r e  p r o f i l e  

be long  t o  t h e  working f l u i d .  

F i g u r e s  5 th rough 8 show data from f o u r  d i f f e r e n t  

o p e r a t i n g  c o n d i t i o n s  of t h e  500 kWe direct c o n t a c t  h e a t  

exchanger .  F i g u r e  5 compares t h e  -first t h r e e  possible 

methods fo r  d e s c r i b i n g  t h e  hea t  t r a n s f e r  d i scussed  i n  Chap- 

t e r  2. Method I u t i l i z e s  t h e  c o r r e l a t i o n  of P l a s s ,  Jacobs, 

and Boehm (121 and a n  empirical  e q u a t i o n  f o r  holdup (see 

Equa t ion  ( 2 5 ) ) .  Method I1 u t i l i z e s  t h e  same c o r r e l a t i o n ,  

b u t  u s e s  local ho ldup  v a l u e s  c a l c u l a t e d  from t h e  two-phase 

flow e q u a t i o n s  deve loped  h e r e i n .  Method Iff u s e s  Equa t ion  

( 3 1 )  which describes t h e  e x t e r n a l  h e a t  t r a n s f e r  t o  a t o t a l l y  

mixed drop. I t  is clear from F i g u r e  5 t h a t  t h e  l a t t e r  model 

is u n a c c e p t a b l e  a s  it o v e r p r e d i c t s  t h e  h e a t  t r a n s f e r ,  t h a t  

is, it predic t s  f a r  too s h o r t  of a preheater. Thus, Model 

111 was e l i m i n a t e d  from f u r t h e r  c o n s i d e r a t i o n .  

I f  o n e  looked  only a t  F i g u r e s  5 and 6 ,  one  would t h i n k  

t h a t  t h e  empirical Model I would best describe t h e  h e a t  

t r a n s f e r ;  however, F i g u r e s  7 and 8 i n d i c a t e  t h a t  Model I1 

best fits the data. The primary d i f f e r e n c e  between t h e  

o p e r a t i n g  c o n d i t i o n s  for F i g u r e s  5 and 6 and F i g u r e s  7 and 

8 is i n  t h e  f l o w  rate. 

A s  t h e  h e a t  t r a n s f e r  was clearly not governed  by t h e  

e x t e r n a l  h e a t  t r a n s f e r  c o e f f i c i e n t s ,  a t  l e a s t  as  descr ibed 

by Method 111, and n e i t h e r  Methods I nor  I1 gave  t o t a l l y  

acceptable r e s u l t s ,  a f o u r t h  model kias i n t r o d u c e d .  I f .  o n e  



130. 

120. - -- Model I 

Model I 1  

Model 111 
110. --- 

I 

hb = 11.698 Kg/sec Ib * /  

70.41 k = 12.259 Kq/sec 

6o*wy 50. 

40 - -I // 

- 

= 111.883 Deg C 

= 27.33 Deg C 
Tbi" 

Twin 
ptop = 2.3918 MPa 

30. 
- - -  I// Ik-oplet Radius = 2.0 mn 

0 Experimental Data 1171 
20. I 1 '  I 1 I 1 I I I 0.0 1.0 . 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 

Height ( I ) 

F i g u r e  5 .  Temperature profi le  of t h e  b r i n e  and t h e  working 
f l u i d  a l o n g  t h e  l e n g t h  of t h e  column for com- 
p a r i s o n  of models  I ,  I1 and 111. 
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F i g u r e  6 .  Temperature p r o f i l e  of t h e  b r i n e  and t h e  working 
f l u i d  a l o n g  t h e  l e n g t h  of t h e  column f o r  com- 
par ing  models  I and 11, hb = 1 2 . 3 8 7  Kg/sec, 
fiw = 1 1 . 1 0 9  Kg/sec. 
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p a r i n g  models  I and 11, Ab = 7 . 6 2 3  Kg/sec, 
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F i g u r e  8 .  Temperature p r o f i i e  o f  t h e  b r i n e  and t h e  working 
f l u i d  a l o n g  t h e  l e n g t h  o f  t h e  column f o r  com- 
narinq mode l s  I and 11, hb = 9 . 0 3 2  Kg/sec, hw = 8 . 2 9 3  Kg/sec. 



t h u s ,  seem t h a t  t h e  change  i n  drop diameter t h a t  could o c c u r  

is i m p o r t a n t .  F u r t h e r ,  it is clear t h a t  t h e  i n t e r n a l  

r e s i s t a n c e  t o  h e a t  t r a n s f e r  is domina t ing  t h e  r e s p o n s e  of 

t h e  column. 

F i g u r e s  19 through 28 were obt-ained u s i n g  a v a r i - a b l e  

60 

p o s t u l a t e d  t h a t  t h e  dispersed phase was made up of drops 

which had no i n t e r n a l  c i r c u l a t i o n ,  t h e n  t h e  heat t r a n s f e r  

c o u l d  be dominated  by i n t e r n a l '  conduc t ion .  The hea t  t r a n s -  

fer  would t h e n  be described by a t r a n s i e n t  c o n d u c t i o n  model 

s u c h  as t h e  o n e  described by Equa t ion  (32). I n i t i a l l y  

such  a model was developed  by assuming t h e  drops would be 

of c o n s t a n t  diameter even  though it was known t h a t  a con- 

s iderable  change  i n  d e n s i t y  would o c c u r  for t h e  o p e r a t i n g  

c o n d i t i o n s  of t h e  500 kWe direct c o n t a c t  hea t  exchanger .  

The r e a s o n  fo r  t h i s  a s sumpt ion  was to  c u t  down on t h e  com- 

p u t e r  t i m e  of t h e  s o l u t i o n ,  s i n c e  as stated earlier, an 

a n a l y t i c a l  s o l u t i o n  was avai lable  for t h i s  p a r t i c u l a r  case. 

F i g u r e s  9 t h r o u g h  18 show r e s u l t s  c a l c u l a t e d  for t h e  con- 

s t a n t ' d i a m e t e r  model for t e n  d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s  

assuming drop r a d i i  of 1.6 and 2.0 mm. The 1.6 mm d imens ion  

was t h e  supposed  d e s i g n  c o n d i t i o n  for t h e  i n l e t  n o z z l e  of 

t h e  500 kWe direct  c o n t a c t  h e a t  exchanger .  It  is clear 

for  F i g u r e s  9 t h rough  17 t h a t  sometimes t h e  da ta  are best 

f i t  by t h e  1.6 mm d imens ion  and sometimes by t h e  2.0 nun 

dimension.  On F i g u r e  18 t h e  bottom h a l f  of t h e  column 
. .  

is bes t  f i t  by t h e  smarler drop s i z e  w h i l e  t h e  top of t h e  

column is best  described by t h e  larger s i z e .  I t  would, 
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f l u i d  a l o n g  t h e  l e n g t h  of t h e  column u s i n g  con- 
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F i g u r e  20. Temperature profile of t h e  b r i n e  and t h e  working 
f l u i d  along t h e  l e n g t h  of t h e  column u s i n g  varia- 
b l e  r a d i u s  model ,  hb = 12 .387  Kg/sec, ihw '=  11.109 
Kg/sec. 
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F i g u r e  22.  Temperature profile of t h e  b r i n e  and t h e  working 
f l u i d  a l o n g  t h e  l e n g t h  of t h e  column u s i n g  v a r i a -  
b l e  r a d i u s  model ,  fib = 9.032' K g / F e c ,  fiw = 8 .293  
Kg/sec. 
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Figure  2 3 .  Temperature profile of t h e  b r i n e  and t h e  working 
f l u i d  a l o n g  t h e  l e n g t h  of t h e  column u s i n g  v a r i a -  
b l e  r a d i u s  model ,  hb = 1 3 . 1 4 2  Kg/sec, hw = 1 1 . 1 3 9  
Kq/sec. 
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r a d i u s  c o n d u c t i o n  model for  t h e  same t e n  c o n d i t i o n s  g i v e n  

f o r  t h e  c o n s t a n t  diameter conduc t ion  model. The c u r v e s  

show e x c e l l e n t  agreement  w i t h  t h e  da ta  e x c e p t  a t  approx- 

imately 3 meters. A t  t h i s  l o c a t i o n  t h e  co lumn 's  two 

major h a l v e s  (see F i g u r e  4 )  are j o i n e d  by mass ive  f l a n g e s .  

The thermocouple  a t  3.2 meters is j u s t  below t h e  f l a n g e  

and t h a t  a t  4.3 meters is j u s t  above it. I t  is p o s s i b l e  

t h a t  t h e  e x i s t e n c e  of t h i s  mass of  material  s u p p r e s s e s  

t h e  temperatures by a c t i n g  as b o t h  a hea t  s i n k  and as a n  

ex tended  hea t  t r a n s f e r  s u r f a c e .  As t h e  c u r r e n t  s t a t e  of  

two-phase f low a n a l y s e s  does n o t  a t  t h i s  t i m e  allow f o r  

a n  a c c u r a t e  c o m p u t a t i o n a l  e v a l u a t i o n  of  t r a n s i e n t  m u l t i -  

d i m e n s i o n a l  f l o w s  ( a l t h o u g h  some have  been  t r i e d ) ,  t h e  o t h e r  

p o s s i b i l i t y  o f  back mixing  c a n n o t  be assessed. 

F i g u r e s  29 and 30 show a d d i t i o n a l  o u t p u t  t h a t  can  be 

o b t a i n e d  from t h e  two-phase model developed h e r e i n .  They 

c o r r e s p o n d  t o  t h e  t e m p e r a t u r e  p r o f i l e s  shown i n  F i g u r e s  19  

and 20, r e s p e c t i v e l y .  These figures show the change in 

v e l o c i t i e s  of t h e  p h a s e s  as  w e l l  as t h e  holdup.  I t  is c lea r  

t h a t  t h e  d i s p e r s e d  phase  accelerates as it moves up t h e  

column;' w h i l e  t h e  br ine- 's  v e l q c i t y  r ema ins  n e a r l y  c o n s t a n t .  

The combina t ion  of i n c r e a s i n g  drop v e l o c i t y  and i n c r e a s i n g  

drop diameter leads t o  t h e  i n c r e a s e d  holdup.  

F i g u r e  31 c o r r e s p o n d s  t o  t h e  case shown i n  F i g u r e  23. 

Here a r e ' p r e s e n t e d  t h e  v e l o c i t y  of t h e  t w o  p h a s e s ,  t h e  hold-  

up  and t h e  i n c r e a s e  i n  drop r a d i i  predicted by' t h e  model. 

I t  is s e e n  t h a t  t h e  drops increased .from 1.6 to  1.8 
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mm i n  r a d i u s .  The v e l o c i t y  of t h e  d r o p s  i n c r e a s e d  from 

0.18 t o  0.23 m/sec. The c o r r e s p o n d i n g  i n c r e a s e  i n  ho ldup  

was from 0.14 t o  0.165. 

4.2. T r a n s i e n t  S o l u t i o n  

As a r e s u l t  o f  t h e  s teady s t a t e  a n a l y s e s ,  it was deci- 

ded to  carry o u t  a l l  t r a n s i e n t  a n a l y s e s  u t i l i z i n g  t h e  vary-  

i n g  r a d i u s  c o n d u c t i o n  model for  i n v e s t i g a t i n g  t h e  t r a n s i e n t  

r e s p o n s e  of a di rec t  c o n t a c t  h e a t  exchanger .  The a n a l y s e s  

t h a t  were conducted were carried for t h e  i sobu tane -wa te r  

system c o r r e s p o n d i n g  t o  t h e  Barber N i c h o l s  500 kWe u n i t .  

I n  c o n s i d e r i n g  t h e  t r a n s i e n t  r e s p o n s e  of t h e  column, 

s t u d i e s  were f i r s t  conducted  t o  f i n d  t h e  e f f e c t  of changing  

t h e  f l o w  ra te  for one  of t h e  t w o  f l u i d  streams. Both in-  

creases and decreases were c o n s i d e r e d .  Also c o n s i d e r e d  

was a change  i n  t h e  p r e s s u r e  a t  t h e  top o f  t h e  column and 

a decrease i n  t h e  t e m p e r a t u r e  of t h e  incoming b r i n e .  

F i g u r e s  32-34 show t h e  r e s u l t s  o b t a i n e d  from changes  i n  

t h e  f l o w  rates by 1 kg/sec and i n  column p r e s s u r e  by 5%. 

F i g u r e  32 i n d i c a t e s  t h e  change  from t h e  s t e a d y  s t a t e  b r i n e  

t empera tu re :  F i g u r e  33 i n d i c a t e s  t h e  change  from t h e  s teady 

s ta te  working f l u i d  temperatire; and F i g u r e  34 i n d i c a t e s  

t h e  change  i n  ho ldup  a f t e r  t h e  column h a s  a p p r o x i m a t e l y  

- - 

r eached  t h e  new q u a s i - s t e a d y  s ta te  c o n d i t i o n s .  These changes  

r e q u i r e  a p p r o x i m a t e l y  180 seconds .  Note t h a t  t h e  s teady 

s t a t e  c o n d i t i o n s  pr ior  to t h e  assumed changes  ..were t h o s e  

shown i n  F i g u r e  21. I t  is s e e n  t h a t  a d e c r e a s e  i n  b r i n e  f low 
. ._ - . 
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r a t e  decreases t h e  working f l u i d  t e m p e r a t u r e  th roughou t  

t h e  column w h i l e  a n  i n c r e a s e  i n  b r i n e  flow ra te  h a s  ne- 

g l i g i b l e  e f f e c t .  A decrease i n  working f l u i d  f low r a t e  

leads t o  a n  i n c r e a s e  i n  working f l u i d  temperature which 

would s h o r t e n  t h e  p r e h e a t e r  s e c t i o n .  An i n c r e a s e  i n  work- 

i n g  f l u i d  flow ra te  i n c r e a s e s  t h e  p r e h e a t e r  l e n g t h .  An 

i n c r e a s e  i n  sys tem p r e s s u r e  by 5% r e q u i r e s  a h i g h e r  p re -  

h e a t e r  working f l u i d  e x i t  t empera tu re .  For no change i n  

t h e  f low ra tes  t h i s  r e s u l t s  i n  a r e q u i r e d  i n c r e a s e  i n  t h e  

p r e h e a t e r  l e n g t h  o f  approx ima te ly  1 meter o r  13%. Hold- 

up changes  are o n l y  a b o u t  0.01: however, o p e r a t i o n  c lose 

to  t h e  f l o o d i n g  l i m i t s  c o u l d  c a u s e  complete u n s t a b i l i z a t i o n  

of t h e  column i f  l a r g e r  changes  i n  f low rates or p r e s s u r e  

occurred.-,me r e s u l t i n g  preheater l e n g t h  changes  corres- 

ponding  t o  t h e  cases s t u d i e d  i n  F i g u r e s  32-34 are g i v e n  i n  

Table 1. 

F i g u r e  35 i l l u s t r a t e s  t h e  e f f e c t  o f  a 5°C decrease i n  

b r i n e  i n l e t  t e m p e r a t u r e  from the conditions for Figure 21. 

I t  is s e e n  t h a t  t h i s  r e s u l t s  i n  a change i n  t h e  working 

f l u i d  t e m p e r a t u r e  of -3OC a t  t h e  top of t h e  p r e h e a t e r  and 

would r e s u l t -  i n  a c o r r e s p o n d i n g  decrease i n  p r e s s u r e .  The 

t i m e  c o n s t a n t  t o  r e a c h  a new q u a s i - e q u i l i b r i u m  s t a t e  is 

again a b o u t  180  seconds .  

F i g u r e s  3 6  th rough 39 i l l u s t r a t e  t h e  e f f e c t s  o f  t h e  

same type of changes  t h a t  were shown i n  F i g u r e s  32-35; 

however, t h e  i n i t i a l  c o n d i t i o n s  co r re spond  t o  t h e  h i g h e r  

f l o w  rates for  t h e  s teady  s t a t e  case o f  F i g u r e  19 .  
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Tab le  1 

Changes i n  column h e i g h t  a f t e r  a sudden change i n  i n p u t  
c h a r a c t e r i s t i c  of t h e  column. S t e a d y  s t a t e  c o n d i t i o n s  
are: mb = 7.623 kg/sec ,  mw = 2.379 kg/sec ,  Thin = 108.176 
Deg C, W i n  =I 28.28 Deg C, P t o p  = 2.2546 Mpa and i n i t i a l  
d r o p l e t  r a d i u s  = 1.6  m. 

change  i n  I n p u t  c h a r a c t e r i s t i c  

Ab i n c r e a s e d  by 1 kg/sec  

Ab decreased by 1 kg/sec  

Aw i n c r e a s e d  by 2 kg/sec  

kw d e c r e a s e d  by 2 kg/sec  

P top  i n c r e a s e d  by 5% 

Tbin d e c r e a s e d  by 5 Deg C 

- . 0 2  

0 . 0 8 7  

0.047 

-0 .04  

1 .0  m 

0.81 m 
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Figure  3 6 .  Effect o f  change i n  mass f l o w  r a t e  and column 
p r e s s u r e  on the  b r i n e  temperature hb = 11.698 
Kg/sec, hw = 12.259 Kg/sec. 
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F i g u r e  3 8 ,  Effect of change i n  mass flow rate and column 
p r e s a u r e  o n  holdup hb = 1 1 , 6 9 8  Kg/sec, lhw = 
12.259 Kg/sec. 
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Table 2 shows t h e  c o r r e s p o n d i n g  changes  i n  t h e  h e i g h t  

of t h e  preheater.  

F i g u r e s  40 t h rough  44 i l l u s t r a t e  t h e  t r a n s i e n t  r e s p o n s e  

of a p r e h e a t e r  a t  discrete times a f t e r  a change i n  e i t h e r  

kb, kw or Tb. The shapes of t h e  c u r v e s ,  Tw ( t )  - Tw ( t = O )  , 
remain similar fo r  changes  i n  bb o r  Tb b u t  are v a r i a b l e  i n  

s h a p e  for  changes  i n  mw as viewed w i t h  r e s p e c t  to  t i m e .  

I n  order t o  u n d e r s t a n d  better t h e  effects  of changing  

t h e  f l o w  ra tes ,  F i g u r e s  45 th rough 52 were g e n e r a t e d .  

F i g u r e s  45-48 r e p r e s e n t  t h e  effect  of a decrease i n  i b  and 

Figures 49-52, an  i n c r e a s e  i n  'mw. When t h e  b r i n e  f low 

ra te  is d e c r e a s e d ,  t h e  working f l u i d  d r o p s  a t  f i r s t  i n c r e a s e  

i n  v e l o c i t y  t h r o u g h o u t  t h e  e n t i r e  column as t h e  s u p e r f i c i a l  

v e l o c i t y  of t h e  b r i n e  decreases. This leads to  a shorter 

c o n t a c t  t i m e  and smaller heat t r a n s f e r .  This i n  t u r n  

leads t o  a smaller d e n s i t y  change i n  t h e  working f l u i d  

making t h e  drops b e i n g  less buoyant .  Thus,  t h e  working  

f l u i d  momentum th rough  the b r i n e  is decreased as shown 

i n  F i g u r e  46. This i n c r e a s e  i n  d e n s i t y  and t h e  n e c e s s i t y  

o f  a l o n g e r  column to  reach t h e  b o i l i n g  p o i n t  is also s e e n  

i n  terms of - a h ighe r  - p r e s s u , r e .  t h roughou t  - t h e  l e n g t h  of 

t h e  preheater as i l l u s t r a t e d  i n  F i g u r e  47. The change 

i n  v e l o c i t y  of t h e  d r o p s  as  t h e y  move th rough  t h e  column 

leads t o  a g r a d u a l  decrease i n  holdup as - shown i n  F i g u r e  

. 

48 . . -  

An i n c r e a s e  i n  working f l u i d  flow ra te  slows t h e  drops, 

of the column, which a t  first,  d r a s t i c a l l y  n e a r  t he  bottom . ._ . 
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TABLE 2 

C h a n g e s  i n  c o l u m n  h e i g h t  a f t e r  a s u d d e n  c h a n g e  i n  i n p u t  
c h a r a c t e r i s t i c  of t h e  column. S t e a d y  s t a t e  c o n d i t i o n s  
are: & - 11 .698  k g / s e c ,  &W = 1 2 . 2 5 9  k g / s e c ,  T b i n  - 
111.883 Deg C ,  W i n .  = 27.33  Deg C ,  P t o p  = 2 ,3918  Mpa a n d  
i n i t i a l  d r o s l e t  r a d i u s  = 1.6 mm. 

- 

C h a n g e  i n  Ir .F:ut C h a r a c t e r i s t i c  

k b  i n c r e a s e d  b y  1 k; / sec  

kb d e c r e a s e d  b y  1 k g / s e c  

kw i n c r e a s e d  b y  1 k g / s e c  

i w  d e c r e a s e d  b y  1 k g / s e c  

P t o p  i n c r e a s e d  by 5% 

Tbin d e c r e a s e d  b y  5 Deg C 

-0.87 

0 . 1  

0 .04 

-0.04 

0.9 

1 . 0 3 7  
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Figure  4 1 ,  Trans ient  r e s p o n s e  of t h e  working f l u i d  tempera- 
t u r e  a f t e r  a d e c r e a s e  i n  inass flow rate of 
t h e  b r i n e .  
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F i g u r e  4 3 .  Trans ient  r e s p o n s e  of thtt working f l u i d  tempera- 
t u r e  a f t e r  a decreasc? In mass flow r a t e  of 
t h e  working f l u i d .  
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F i g u r e  4 6 .  T r a n s i e n t  r e s p o n s e  of t h e  d r o p l e t  v e l o c i t y  
after a d e c r e a s e  i n  mass flow rate of t h e  
b r i n e .  
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an i n c r e a s e  i n  mass flow r a t e  of t h e  working 
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allows f o r  l o n g e r  h e a t i n g  times. Thus, as  shown i n  F i g u r e s  

49 and 5 0 ,  there is a t  f i rs t  an  i n c r e a s e  i n  t e m p e r a t u r e  

n e a r  t h e  bot tom of t h e  column. A s  t i m e  i n c r e a s e s  t h e  b r i n e  

coming down is cooled and t h e r e  is lower p o t e n t i a l  f o r  h e a t  

t r a n s f e r ;  t h u s ,  as shown i n  F i g u r e  49,  t h e  working f l u i d  

a t  t h e  bottom of t h e  column g r a d u a l l y  cools. The drops 

remain smaller i n  s i z e  and t h e i r  r e s u l t i n g  reduced d r a g  

allows f o r  a n  i n c r e a s e  i n  v e l o c i t y ,  b u t  n o t  as  h i g h  as t h e  

o r i g i n a l  v a l u e s .  A t t empt ing  to  ge t  a h i g h e r  f low ra te  of 

working f l u i d  through t h e  column leads t o  lower p r e s s u r e s  

i n  t h e  column, s i n c e  t h e  column c o n t a i n s  more working f l u i d  

and c o r r e s p o n d i n g l y  h i g h e r  ho ldup  as s e e n  i n  F i g u r e s  51 

and 52.  

F i g u r e s  53 and 54 i l l u s t r a t e  t h e  t r a n s i e n t  e f f e c t  of 

a decrease i n  b r i n e  i n l e t  t empera tu re .  The droplets  grad-  

u a l l y  cool i n c r e a s i n g  t h e i r  d e n s i t y  and t h u s  r e d u c i n g  t h e  

d r a g  d u e  to  s h r i n k a g e  i n  s i z e .  T h i s  leads t o  a decrease 

i n  h o l d u p  a t  t h e  top of t h e  column and would, of course, 

c a u s e  a n  i n c r e a s e  i n  the column p r e h e a t e r  h e i g h t .  

. ._ - 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

The o p e r a t i o n a l  c h a r a c t e r i s t i c  of a spray column hea t  

exchange r  was s t u d i e d  u s i n g  a one-dimensional  t r a n s i e n t  

two-phase f l o w  and h e a t  t r a n s f e r  model. A f i n i t e  d i f f e r -  

e n c e  scheme was s u c c e s s f u l l y  applied so as to s o l v e  f o r  

t h e  local  v a r i a t i o n  of properties a l o n g  t h e  l e n g t h  of t h e  

column. T h i s  allowed for thorough examina t ion  of t h e  be- 

h a v i o r  of t h e  column i n  s teady s ta te  as w e l l  a s  t h e  t r a n -  

s i e n t  mode of o p e r a t i o n .  The s o l u t i o n  scheme p r o v i d e d  a 

means whereby mass, momentum and e n e r g y  c o u p l i n g  between 

phases c o u l d  b e  a d e q u a t e l y  treated. 

V a r i o u s  models of heat t r a n s f e r  were i n c o r p o r a t e d  

i n t o  t h e  s o l u t i o n  r o u t i n e  and t h e  v a l i d i t y  of each model 

was examined by compar ison  t o  e x p e r i m e n t a l  data.  F u r t h e r ,  

t h e  s o l u t i o n  r o u t i n e  was developed  which- c o u l d  h a n d l e  t h e  

changes  i n  droplet  s i ze .  The s o l u t i o n  clearly demons t r a t ed  

t h e  effects of mass flow rate', p r e s s u r e  and incoming b r i n e  

t e m p e r a t u r e  on  t h e  ' o v e r a l l  per formance  of t h e  column. 

Base on ' t h i s  s t u d y ,  which is t h e  first to  u t i l i z e  

t h e  two-phase model for s t u d y i n g  t h e  b e h a v i o r  of t h e  spray 

column direct  c o n t a c t  h e a t  exchange r ,  t h e  f o l l o w i n g  conclu-  

- - 

s i o n s  are made: 
. .- - . 
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Comparison o f  t h e  p r e s e n t  s t u d y  and a v a i l a b l e  ex- 

p e r i m e n t a l  d a t a  s u g g e s t s  t h a t  c o n d u c t i o n  i n s i d e  t h e  working 

f l u i d  d rople t  is t h e  dominat ing  hea t  t r a n s f e r  mechanism. 

( 2 )  V a r i a t i o n  i n  f l o w  rates of  e i t he r  stream, pres- 

s u r e  and incoming b r i n e  t e m p e r a t u r e  can  a d v e r s e l y  a f f e c t  

t h e  o p e r a t i o n  of t h e  column. 

(1) 

( 3 )  The t i m e  c o n s t a n t  for  t h e  t r a n s i e n t  r e s p o n s e  can  

be assessed. F o r  t h e  500 kWe Barber -Nichols  d i r ec t  con- 

t ac to r  is a b o u t  3-4 minu tes .  

( 4 )  Tko phase model ing p r o v i d e s  a more a c c u r a t e  des -  

c r i p t i o n  o f  f low and t e m p e r a t u r e  f i e l d s  and therefore  s h o u l d  

be employed i n  f u t u r e  d e s i g n s  of spray t y p e  direct  c o n t a c t  

h e a t  exchange r s .  

( 5 )  For t h e  500 kWe Barber -Nichols  d i rec t  c o n t a c t o r ,  

it appears t h a t  a t  t h e  p o i n t  where t h e  two mafor s e c t i o n s  

of t h e  column are j o i n e d ,  some c i r c u l a t i o n  o r  e x t e n d e d  s u r -  

f a c e  e f f e c t  is t a k i n g  place. 

- _ _  

A s  f a r  as t h e  f u t u r e  is concerned,- there is a l o t  t o  

be done i n  t h e  area of rnu l t iphase  f l o w  and h e a t  t r a n s f e r .  

However, as an  e x t e n s i o n  t o  t h e  problem 

t h e  f o l l o w i n g  recommendations are made: - * 
(1) T h i s  type of model ing  should be 

types of direct  c o n t a c t  h e a t  exchange r s  

C h a p t e r  1 

( 2 )  A thorough i n v e s t i g a t i o n  shou ld  

s t u d i e d  h e r e i n ,  

applied t o  o t h e r  

as d e s c r i b e d  i n  

be made i n t o  t h e  

mechanism o f  h e a t  t r a n s f e r  i n  t h e  boiler s e c t i o n  of t h e  

s p r a y  column which would t h e n  allow one t o  u t i l i z e  t h i s  
. .- - . 
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model for complete study of the boiler section or perhaps 

the combined preheater-boiler unit. 

( 3 )  The model should he made multidimensional so that 

the wall effects may be examined. 

.. 

. .  

. .  - .  - . . .  
e. 

. .- - . 
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PROGRAM DETAILS 
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A.1 .  S u b r o u t i n e s  

The TOSC program is a computer  code capable of ana lyz -  

i n g  t h e  s t e a d y  s t a t e  or t r a - n s i e n t  o p e r a t i o n  of a spray 

column preheater. The program c a n  be used for s t u d y i n g  

t h e  effects of change  i n  mass flow rate of b r i n e ,  mass f l o w  

ra te  of working f l u i d ,  p r e s s u r e  a t  top of t h e  column and 

incoming b r i n e  t e m p e r a t u r e  on o p e r a t i o n  of t h e  column. 

The program is w r i t t e n  i n  s u b r o u t i n e  form such  t h a t  each  

s u b r o u t i n e  performs a specific task.  Each s u b r o u t i n e  is 

l i s ted  here w i t h  a brief d e s c r i p t i o n  of its major f u n c t i o n .  

TOSC (main program) 

(I) c o n t a i n s  t h e  c a l l i n g  s e q u e n c e s  t o  t h e  o t h e r  sub- 

r o u t i n e  and t h u s  p r o v i d e s  cyclic c o n t r o l  o v e r  t h e  c a l c u l a -  

t i o n .  

( 2 )  t t + DT. 

, p r o v i d e s  a shutdown p r o c e d u r e  i n  t h e  e v e n t  t h a t  a 

s o l u t i o n  c a n n o t  be Obta ined  t h a t  satisfies mass conse rva -  

t ion .  

BRENT (BRine ENThalpy) 

( 3 )  

(P) C a l c u l a t e s  t h e  e n t h a l p y  of t h e  b r i n e .  
b. 

BRPRO (BRine PROperty)  

(1) F i n d s  t h e  d e n s i t y  and t e m p e r a t u r e  of t h e  b r i n e  

u s i n g  its p r e s s u r e  and e n t h a l p y .  

BRVOI (BRine V O I d )  

(1) C a l c u l a t e s  t h e  corrected v e l o c i t y  of' t h e  b r i n e  

based on  its c a l c u l a t e d  v o i d  f r a c t i o n .  . .- - . 
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COEFF (COEFFicient 1 

(1) Performs a least square curve fit in the pressure 

range of interest to find the coefficients of a linear re- 

lation for density of each phase as a function of pressure. 

ERROR (continuity ERROR) 

(1) Finds the continuity error for each cell. 

FPRIN (Final PRINt out) 

(1) Outputs data. 

KDRAG (interphase friction coeffcient) 

(1) Finds the interphase drag coefficient. 

PCORR (Pressure CORRection) 

(1) Finds the pressure correction so that the con- 

tinuity equation is satisfied. 

PRESS (PRESSure) 

(1) Finds the pressure distribution throughout the 

column using the mixture’s momentum equation. 

SETPR (SETup the PRogram) 

(1) Reads the input data. 

( 2 )  Assigns initial guess to all variables. 

TRIDA ( TRIDiAgonal matrix solver 1 

(1) Solves a tridiagonal. system-of linear equations. 

VCORR (Velocity CORRection) . .  

(1) Finds the velocity correction to both phases based 

on pressure correction to satisfy the continuity equation. 

VELVA (VELocity -VAriations) 

(1) Calculates the velocity variation of each phase 

with respect to pressure. _ -  
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WFPRO (Working F l u i d  PROperty)  

(1) F i n d s  t h e  e n t h a l p y  and d e n s i t y  of t h e  working f l u i d  

u s i n g  i ts  t e m p e r a t u r e  and p ' ressure .  

WFTEM (Working F l u i d  TEMperature) 

(1) C a l c u l a t e s  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  w i t h i n  a n  

expanding  droplet  s u b j e c t  t o  variable s u r f a c e  t empera tu re .  

WFVEL (Working F l u i d  V E L o c i t y )  

(1) F i n d s  t h e  v e l o c i t y  of t h e  working f l u i d .  

WFVOI (Working F l u i d  V O I d  f r a c t i o n )  

(1) F i n d s  t h e  void  f r a c t i o n  of t h e  working f l u i d .  

A.s. Basic I n p u t  Variables  

The f o l l o w i n g  is a list of a l l  t h e  i n p u t  v a r i a b l e s  and 

a d e s c r i p t i o n  of each. 

ALPG 

ALP HA 

DIAM 

DT 

FTIME 

FTYPE 

HEIG 

N 

NPRIN 

PTOP 

PTYPE 

RMDB 

. RMDW 

Guessed v a l u e  of working f l u i d  v o i d  f r a c t i o n  

Thermal d i f f u s i v i t y  of working f l u i d  

Diameter of t h e  column 

Time s tep  

Problem t i m e  t o  end c a l c u l a t i o n  

Working f l u i d  type 

He igh t  of t h e  column 

Number of f i n i t e  d i f f e r e n c e  cel ls  

Computer u n i t  number for o u t p u t  

P r e s s u r e  a t  top of t h e  column 

Mode of o p e r a t i o n  ( i .e .*  t r a n s i e n t  or s t e a d y )  

S teady-s ta te  v a l u e  of b r i n e  mass flow ra te  

S t e a d y  s ta te  v a l u e  of wroking f l u i d  mass f l o w  

- 

- .  

\ 

ra te  



1 2 1  

RWI I n i t i a l  r ad ius  of working f l u i d  d rople t s  

T B I N  Incoming temperature of b r i n e  

TMDB T r a n s i e n t  v a l u e  of.  b r i n e  mass f low r a t e  

?MDW T r a n s i e n t  v a l u e  of working f l u i d  mass f low r a t e  

'IDL P r e s s u r e  i t e r a t i o n  convergence  c r i te r ion  

TPTOP T r a n s i e n t  v a l u e  of pressure a t  top of t h e  column 

TTBT T r a n s i e n t  v a l u e  of incoming b r i n e  temperature 

TWIN Incoming t e m p e r a t u r e  of -work ing  f l u i d  

A.3. Variables and Arrays L i s t e d  i n  

COMMON Blocks 

The v a r i a b l e s  and a r r a y s  c o n t a i n e d  i n  COMMON b locks  

are g i v e n  below w i t h  a br ie f  d e s c r i p t i o n  of each one.  V a r -  

iables  a l r e a d y  d e f i n e d  i n  t h e  i n p u t s  are omitted from t h i s  

l ist.  

AB apb/aP 

ALP(1) Void f r a c t i o n  of working f l u i d  a t  p r e s e n t  t i m e  

l e v e l  

ALPO(1)  Void f r a c t i o n  of working  f l u i d  a t  p r e v i o u s  t i m e  

l eve l  

AREA _. Area - of t h e  column - 

DCON Engl i sh -me t r i c  c o n v e r i s o n  for d e n s i t y  

DX Vertical node s p a c i n g  

E ( 1 )  

E P S ( 1 )  Void f r a c t i o n  of b r i n e  a t  p r e s e n t  t i m e ' . l e v e l  

C o n t i n u i t y  error for each ce l l  

E P S O ( 1 )  Void f r a c t i o n  of b r i n e  a t  p r e v i o u s  t i m e  l e v e l  
- .  



HCON 

PCON 

ROB0 ( I 

ROW(1) 

ROWO(1) 
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En tha lpy  of b r i n e  a t  p r e s e n t  t i m e  l e v e l  

En tha lpy  o f  b r i n e  a t  p r e v i o u s  t i m e  l e v e l  

E n g l i s h - m e t r i c  c o n v e r s i o n  for  e n t h a l p y  

En tha lpy  of working f l u i d  a t  p r e s e n t  time l e v e l  

E n t h a l p y  of working f l u i d  a t  p r e v i o u s  t i m e  l e v e l  

Pressure a t  p r e s e n t  t i m e  l e v e l  

E n g l i s h - m e t r i c  c o n v e r s i o n  for p r e s s u r e  

Pressure a t  p r e v i o u s  t i m e  l e v e l  

C o r r e c t i o n  t o  p r e s s u r e  

R a d i u s  of working f l u i d  droplets  

Interphase friction coefficient 

D e n s i t y  of b r i n e  a t  p r e s e n t  t i m e  l e v e l  

D e n s i t y  of b r i n e  a t  p r e v i o u s  t i m e  l e v e l  

D e n s i t y  of working f l u i d  a t  p r e s e n t  t i m e  leyel 

D e n s i t y  of  working f l u i d  a t  p r e v i o u s  t i m e  l e v e l  

Temperature of b r i n e  

An array for temporary  storage of b r i n e  t e m p e r a t u r e  

T r a n s i e n t  v a l u e  of working f l u i d  sa tura t ion  t e m -  

p e r a t u r e  

Temperagure of working f l u i d  

V e l o c i t y  of b r i n e  a t  present time v a l u e  

Off-location . .  v e l o c i t y  of b r i n e  

avb/aP 

V e l o c i t y  of b r i n e  a t  p r e v i o u s  t i m e  l e v e l  

V e l o c i t y  of working f l u i d  a t  p r e s e n t  time l e v e l  

C o r r e c t i o n  t o  working f l u i d  v e l o c i t y  

O f f - l o c a t i o n  v e l o c i t y  of w m k i n g  f l u i d  
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VWPC (I I avw/ap 

WO(1) V e l o c i t y  of working f l u i d  a t  p r e v i o u s  time level 

A . 4 .  Comments on  Coding,  S t a b i l i t y  and 

Execu t ion  of t h e  Proqram 

The TOSC program is w r i t t e n  i n  F o r t r a n  77. I n  w r i t i n g  

t h e  program, a r e p e t i t i o u s  cod ing  s t y l e  h a s  been used for  

c l a r i t y  of logic. The program is free from any n u m e r i c a l  

i n s t a b i l i t y  due  to  employment of imp l i c i t  upwind d i f f e r e n c -  

i n g  t echn ique .  F o r  e f f i c i e n t  e x e c u t i o n  of t h e  program, t h e  

f o l l o w i n g  g u i d e l i n e s  must  be obse rved :  

(1) The number of f i n i t e  d i f f e r e n c e  cel ls  shou ld  be 

restricted t o  65 or less. 

( 2 )  The convergence  t o l e r a n c e  for  pressure i t e r a t i o n  

s h o u l d  be of t h e  order 'of 10° j .  

( 3 )  The t i m e  s tep  for t r a n s i e n t  c a l c u l a t i o n  s h o u l d  be 

a b o u t  30 s e c o n d s  o r  more. T h i r t y  s e c o n d s  is t h e  approx ima te  

t i m e  r e q u i r e d  for the working f l u i d  droplets to  t r a v e l  

from bottom to  top of t h e  column. 

A l l  computer  r u n s  were performed u s i n g  65 f i n i t e  d i f -  

f e r e n c e  cells w i t h  a convergence  t o l e r a n c e  e q u a l  t o  0 .001  

(i.e.,  N - 65 and mL-= 0.0Ul). Under t h e s e  c o n d i t i o n s ,  

t h e  steady s ta te  c a l c u l a t i o n s  r e q u i r e d  a b o u t  1 hour  of CPU 

time on a VAX 11/750 computer.  The s o l u t i o n  r e q u i r e d  

- 

40-50 i t e r a t i o n s  to converge.  A major p o r t i o n  of the  CPU 

t i m e  was r e q u i r e d  for c a l c u l a t i o n  of t h e  propert ies  of t h e  

phases. 
- .  
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-- A.5. Sample T e s t  Problem 

To h e l p  t h e  u s e r  of t h e  TOSC code, t h i s  s e c t i o n  con- 

t a i n s  a l i s t i n g  from a simple test  problem. The problem 

is t o  s t u d y  t h e  t r a n s i e n t  b e h a v i o r  of t h e  column when 

sudden changes  o c c u r  i n  mass flow rate o f  b r i n e ,  mass flow 

rate of t h e  working f l u i d ,  p r e s s u r e  a t  top o f  t h e  column 

and b r i n e  i n l e t  t e m p e r a t u r e .  The column is i n i t i a l l y  oper- 

a t i n g  a t  s t e a d y  state.  A complete l i s t  of i n p u t  pa ra -  

meter is: 

PTYPE = TRANSIENT, FTYPE = I S O B  

NPRIN = 6 ,  ALPG = 0.1, ?WIN = 20.0 ,  TBIN = 90.0 

RMDB - 9.0,  RMDW = 7.0 

PTOP = 2300000.0, EIEIG = 1.5, DIAM = 1 .0  

N 31 15, TOL = 0.001, ALPHA = 7.0 E-08, RWI =L 0.0016 

D T  = 35.0, FTIME = 70.0 

TMDB = 8.5 ,  'IMDW = 7.5, TPTOP = 2100000.0, TTBT = 110.0 

The o u t p u t  from t h e  computer program is p r e s e n t e d  

i n  t h e  fol lowing pages. 

. -  . . .  
b- 

. .- - . 



125 

._ - . 



~- ~~ 

1.50 , 0.91 24 

1.40 0.9129 

1.30 0*931 

1.20 0.91 33 

1.10 0.9135 

1 .OO 0.9137 

0.9 0.939 
0.80 .0.9141 

; 0.70 

0.60 

0.50 

* 0.40 

O*W 

0.20 ' 

0.10 

0.00 

0.944 

0.9146 

0.91 49 

0.91 51 

0.9155 

0.9159 

0.91 63 

0.9176 

9.00 

89.16 

88.27 

m.34 
86.35 

. €530 
84-17 

a.95 
81 m63 

80.16 

70.49 

76-56 

, 74.12 
I 

1 71.29 

64.33 

64.33 

75-54 

74.m 

72.44 

70.74 

m.93 

67.00 

64.93 
62.69 

60.24 

57i7.54 

54.53 

51 *crl 
47.01 

41 .n 
35.61 

200.00 

- 0 . 0 1 ~  

-0.01299 

-0.01298 

-0.01297 

-0.01 2% 

-0.01294 

-0.01m 

-0.01292 

-0.01290 

-0.01289 

-0.01 2frl 

-0.01285 

-0.01 2t3 

-0.01 28l 

-0.o1m 

-0.01274 

0.20948 

0.2091 1 

O . Z W 3  

O.ZW!% 

0.20665 

0.20576 

0.- 

0.- 

0.20200 

O.ZOl69 

0 . m 9  

0.19916 

O.lW62 

0 . 1 m  

Oelbl5 

001939 



127 

-
.

 - 
. 

.
-

 



1.50, 

1.40 
1 *?Q 

1 .a0 

1.10 

1 .oo 
0 . 9  

0.80 

0.70 

0.60 

0.50 . 
0.40 

0.30 
0: 20 

0.10 

0.00 

0.- 

0.9046 
0.- 

0.9057 

0.9061 
0.9066 

0. m 
0 . m  

0.977 

0.9080 

0.- 

0 . W  

0.9091 

0.9096 

0.91 01 

0.916 

0.Ogse 

0.W 

0.0948 

0-3 

0.0939 
0.0931 

bo!m 
O.Ci9Zl 

0.W 

0.09eO 

0.0916 

0.912 

0.Ogog 

0.090) 

O.O@B 

0.0884 

951.m 
953.83 

956.00 

w.22 

960.39 
962-47 
964.43 
966.29 
w.06 

969.77 

971.49 

973.25 

975.24 
m7.31 
gel .n 
gel .n 

459.52 

*.e9 
472933 
4788 9 

484.42 
49.m 
4s.B 
500.84 

506.10 

51 1.41 

516.9 

522.72 

529.05 

536.67 

544.92 

563.83 

1 110.00 

i 101.50 
lcul.42 

101.45 

s.40 
95.44 
92.59 

eg.84 
. 81.16 

84.52 

81 -83 

79.00 

75.74 
72-23 

64-30 

64-30 

86-85 

84.00 

81 0 0 4  

78.04 

7543 

72.m 
68.99 

65.9 

62.74 

59.42 

55.87 

51 -95 
47 51 

41 093 
35.60 
20.00 

-0.01259 

4.olm 
4.01255 

4.01253 

-0.01251 

-0.01249 

-0.01 247 

4.01245 

4.01243 

4.01241 

-0.01 239 

-0.01237 

4.01235 

4.01232 

-0.01227 

-0.01224 

0.21468 

0.21387 

0.21225 

0.21067 

0. m17 
0.2Wl4 
0.20636 

0.20502 

0.mjSe 

0.20232 

0.2Wl 

0.19942 

0.1m 

0.1591 

0.19322 

0-1949 

2,1000 

2.1009 

2.1018 

2.1027 

2.1036 

2.1045 

2.1w 

2.1063 

2.1m 

2.1m 

2.1090 

2.1099 

2.1108 

2.1118 

2.1127 

2.1136 



. -  

APPENDIX B 

PROGRAM LISTING 

.. . .  
c 

, ._ - 



130 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 

10 

C 

* 
* 
* 

* 
* 
* T O S C  

* 'MIS PROGRAM IS SETUP-TO Do AN ANALYSIS OF !DE STEADY * 
* STATE OR TRANSIENT OPXRATION OF A SPRAY COLUMN PREEUNTER. * * IT IS A DRIVING PROGRAM RESPONSIBLE FOR CALLING OTm * 
* SUBROU'l!INEs WHICH WIJ3 D m  STAGES OF THE SOUrmION * * 
* ROUTINE. * * 

CAIiL mPR 

I F ( m  .EQ. 'TRANS-') CAIJJ cmFF 
IGOI?=O 
I C ~ = X C ~ + l  
IF(ICON.GE.150) GO To 200 

cm SBRENT 

cm BRPRO 

.. * 

. ._ - . 
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20 
C 

C 

C 

C 

C 

30 

40 
C 

C 

C 

50 
C 

C 

60 

70 

80 

TB(I)=!l!Bo(I) . 
CONTINUE 

C A U  SPEZESS 

C A U  DRAG 

CAI& SERROR 

C0NTiNl.E 
GO11070 
CAI& SVELVA 

c m  PCORR 
CALL VCORR 

CAY, mm0I 

Do 60 I=2,NPl 
VB ( I 1 =-RMDB/ROB ( I /EPS (I /AREA 

CONTINUE 
Go To 10 
Do 80 I=l,NPl 

rF(I.EQ.1) !mmI 
VWH I)=W 2) 
VBII I t  I)=vB 2) 

vwB(I)=vw(NPl) . -  
VBEI(I)=vB(NPl) - c 

E m  
VWEf I 30.5+(.w I +vw(I+l ) 
VBH 1 1  I =0*5*(vB I1 I +vB(I+l 1 ) 

rn=!l!rnPCrn 
CALL CARBON( 'Px' ,m,O.O,F!mE,I,s,m,!rF, m;o,sL,HL, 

vL.SV,HV, W,QUAL) 1 
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90 

C 

C 

95 

100 

110 

c .  
C 

TB'EZJ-e"l 8t.32 
CAIL WATER( ' T P ' , = , m , 9 , 1  ,O,Q,S,~,~,U,TF,PR,SL,HL, 

1 v L , a , s v t H V , W , W t ~ ~ m )  
HB(NP1 )=EIBw/HCON 

ENDIF 

CALL FPFUN 

IF(m .EQ. 'STEADY') Go To 210 
P(NPl )=l!rnP 
TsA!l!- 
TIME-JTIME+Dl! 
Do loo I=l,NPl 
EPSO ( I )  =Em ( I  ) 
ALP0 (I)=ALP ( I )  
vBo(I)=vB(I) 
vwo( I)=vw( I )  
Po ( I  )=P ( I )  
HBo(I)=HB(I) 
Hwo ( I )  =Hw ( I  ) 

RWO ( I) a w  ( I) 
ROB0 ( I )=ROB( I ) 

CONTINUE 
ICrn=O 
Icm=Icm+l 

CALL m01 

CALL mv01 

IF(ICO[N.oE.150) Go 'Po xx)  

C 

120 cmm 
Do 120 1=1 NPl 
P (I )=P (I )+PP(I) 

Do 1'30 I=NPl,l,-l 
IF(I.W.l)  !Em 
m I)=Vw(I+l) 

D(I.EQ.mP1) !c€IEN 

m I I)=vB(I+l) 

. - m(l)=wtl) vBH(I)=vB I )  - 

HSE 

c 

E r a  

mIF 

m( I ) =  (vw ( r)+vw( 1+1 ) ) /2 
vBH(I)=(vB( I)+vB(I+l ) )/2 

mIF 

CAI& BFZENT 
CALL BRm 

. -  
1% cmm 
C 

C 

C .._ - .  
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C 

C 

140 

CALL WFm 

Do 140 I=l,NPl 
TB( I) =TBo (I ) 

CONTINUE 
C 

C 
CALL DRAG 

C 

C 
CALL 'EIRROR 

C 
DO 150 I=NPI,I,-I 
TlF(I.EQ.1) THEN 

vwH( I)=vw( I+1) 
VBE(I)=vB(I+l) 

D(I.EQ.rn1) THEN 
vwH( I)=W( I) 
vBH(I)=vB(I) ' 

ErsE 
vwH(I)=(vw(I)+vw(I+1))/2 
VBB(I)=(vB(I)+vB(I+l) )/2 

150 

160 

C 
1 70 
C 

C 

C 

180 

C 
190 
C 

CALL VELVA 

IF(TIME .GE. ITLME) GO To 210 
GOT095 
wRIm(NmIN,1ooo) m . .- 



... 
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210 STOP 
loo0 

1 
FORMAT( 1 OX, 'SOUPTION FAILED TO CONVERGE IN 150 ITERATIONS ' , 

lox, 'DURING THE ' ,A9, ' ROUTINE') 
END 

. .. 

. .  
. *  . .  - 

c 

. .- - 
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C 

10 

Do 10 I=N,2,-1 
DENO=DX/DT*~ ( I ) =B( I ) +EPS ( I )*ROB( I ) * ~ m  ( VB ( I ) ) 
RNUM==(I+l )m(I+1 )*DABS(VB(I+l ))WB(I+l) 

1 -(DX/D!C*ALP ( I)*ROW( I )+ALP (I ) +EIoW (I) *VW( 1+1 ) ) *Ed ( I ) 
2 -(I-1 )-(Io1 )*vw(I)YHw(I-l) 

4 +Dxm*(P(I)-m(I) 1 

HB( 1 )a( 2) 

3 + D X / ~ * (  m( I)+EMIIK)( I)-( I )+m ( I)*ROWO( I)*HWO ( I) ) 
HB( I)=RNUM/DENO 

CONTINUE 

RETURN 
C 

C 

Do 20 I=N,Z,-l 
HB(I)=.cRAMD+(Ew(I)-Hw(I-l ))+HB(I+l) 

END . -  

. .  

.- - . 
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C 

10 

20 

-- wHelHt- 

* B R P R O  

* THIS SUE?ROU!PINB C m  T H E . ~ 4 P E R A ! C ~  AND DENSITY * 

* 
* 
* 

* 
* 

* 
* "OFTHEBRINEUSING ITS mANDpKEssW. * 

Do 20 I=l,NPl 

1 a,m,HV,w,m,NEIRIZOR) 

HE3N=HB( 1 ) W O N  
r n = P  ( I) *Pcm 
cI;L WA!ER('P€I',PEN,HEEN,10,1,0,Q,S,H,VIBEN,U,TF,PR,SL,HL, 

'pBo(I)=(TF42. j/108 
ROB(I)=l m/DC(X 

CON!?= 
RETURN 
END 

. .  

. .  . . .  .. 
8. 
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C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

10 
C 

* 
* * 

* B R V O I  * * 
* !CHIS SUElOUTINE FINDS'TtIE COERECTED VELOCITY OF * * 
* ERINE BASED ON ITS VOID FRACTION. * 

202) 
202) 

Do 10 1=2,m1 
A(I)=O.O 
IF(I.EQ.NP1) !Em 
B (I) -EPS (I ) W B  ( I ) 
D ( I) zIIMDB/AREA--DX/D!J/2*( EPS ( I) W B (  I)-EPSO ( I) *3OBO ( I ) ) 

ELSE 
=-EPS(I)WB(I) 
=EPS(I+l)+I#IB(I+l) 

D( I ) = - D x ~ (  ms (I ) WB( I )-m ( I )*ROBO ( I ) 1 
ENDiF 

COITFINIIE 

CALL TRIDA(2,NPl ,A,B,C,D,VB) 
€lm!uRN m 

._ - . 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

10 

20 

30 

* 
* 

* 
* 
* C O E F F  * 
* THIS SUBROUTINE m R M S  A LEAST S Q U m  CURVE FIT IN * 
* PRESSUIE M G E  OF INTWEST 'TO FIND THE COEFFICIEN!l!S * 
* OF A LINEAR KELATION FOR DENSITIES OF THE BRWE AND THE * * * W m  FLUID AS A FUNCTION OF pR1E s s u f l E o  k * * 

DP=PDIF/ (NCl -1 ) 
20 I=l,NCl 
pTEM(I)--s11oP+(I-l )*DP 

._ . . 



C 
C 
C 
C 
C 
C 
C 
C 
C 

139 *- * 

E R R O R  * 

* CONTINUITY FINITE D-CE * 

* 
* 
* 
* 
* T H I s s u B R o u T w E ~  'TEE. CONTINUITY ERROR RIR EACH * * 
* 

C 
Do 10 I&,N 
E( I)=ALP (I )*ROW (I )*W( 1+1 )-ALP (1-1 )*ROW( 1-1 )*W( I)+ 

1 

3 

DX/DT* (ALP ( I ) WOW ( I ) -m (I) *ROWO ( I ) ) - 
DX/DT* (EPS ( I 1 m ~ (  I )-EPSO ( I ) ~ O B O  ( I ) ) 

2 EPS ( I )+ROB( I ) *VB( I )+EPS ( I+1 )*ROB( 1+1 ) *VB( 1+1 ) + 
10 

C 

C 

20 

wpip m m  
Do 20 I=N,23 -- - - 
E ( I )=(ALP (I) *ROW ( I ) *W( 1+1 )-ALP ( 1-1 )%OW ( 1-1 ) *VW ( I ).) + 

(-EPS ( I) *mB ( I)*- ( I) +EPS (I+1 )*ROB (1+1) *VB (I+l ) ) 1 
comm 
RmmN 
END 

. ._ - 



140 

* 
* C 

C 

C * 
* 
* F P R I N  * C 

C * !ELIS SUBFtOU!l!INE IS I N  CHARGE OF PRIN!I!ING rpIIE WITY * 
C * AND !l!HE PROPERTIES OF !l!HE BRINE AND !ElE WORKING FLUID IN * * 
C * !FHl3 CAUULATION DOMAIN. * 
C 
C 
C 

C 

C 

C 

lo00 

1100 
1 2 0  

suBRouTm FPRIN 
IMPLICIT REAL%(A-H,O-Z) 
CHARACTER FPYPEWG 
CHARACTW PTmW 
COMQN/EXO/;FTys'E, pTypE,AW, AB, PTOP , TSAT 
COMMON/arx.1 /AKEA,DX,N,NP1 ,DT,DIAM,EIEIG 
COIWOaT/BlQ/ROB( 202) ,ROW( 202) ,ROBO( 202) ,RoWO( 202) 
comON/~/RMDB,RMDW 
c~oN/B.rrc4/m(202) ,EPs(202) ,m(202) ,EPso(202) 
COMON/BLKG/P ( 202) , Po (202) 
C~oN/BII(10~,ToL,'IIIME ETIME 
coMMm/BIx12/TB(202),~(~j 
cmm~14/Dcc%?,~oN,pcoar 
C W O a T ~ l  s/ATsHA,m,RI (202) 
COMMON/BIK16/VBH(202),VWE(~) 
COMCN/BUc.17/TMDB, TMDW, TPTOP, nrsll, !CSATNW 

IF(pTppE.m. '-' ) !rHEN . 
WRI'l!E(NPRIN,1700) TIME 

mIF 

m4AT ( 1 Ox, 'MODE OF OPERATION 
FORMAT(lQX,'TYPE OF WORKING FLUID 

1 loM,'CoIJJMN PRmNRE OUT 
lrn,'BRINE MASS mw RATE 
lozE,'wcwKING rn EPASS mw 2 %  

3 
4 lQX,'BRINE TzwEElA!J!uRE IN 
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zoRMAT( 
1 
2 
3 
A 



C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

10 

1 4 2  

* 
* * 

* K D R A G  * 
* THIS SUEROU!l!INE FINDS TEE FRICTION BASED ON * * 
* 

* A LINEAR MOD=. * * 

Do 10 I=2,NP1 m=( m( 1-1 )+AT9 (I ) ) /2 
RW= (ROB (1-1 )+ROB( I) ) /2 
RK(Ik3. /8. *AIiEWROBElW<DABS (VW(I)-VB(I ) ) /€U (I ) cmm- . 

I?lnJRN 
END 

.. .. 
. . .  

- .  
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* 
* 
* 

* C 
C 
C * P C O R R  

Y 

* 

C 
PP 1)lo.O 
PP t NPl)=O.O 
Do 10 Id,N 
Bl-LP(1-1 )*ROW(I-l )*=(I) 

C1 -EPS (I )*ROB( I) *VBX (I ) 
A1 =AI9 (I )*ROW( I)*VWFC (I+l) 
Dl=EPS(I+l )m(I+1 )*VBX(I+I ) 

10 
C 

IF(* .E& "Srn' )  !Em 
M =~/WLP(I)*AW 
Fl =DX/DT*EPS( I)*AB 

BISE 
El =O.O 
Pi 4.0 

mIF 
A ( I ) =BI +ci 
B( I)=Al -B14 +1)1 +El +Fl 
C.(I)-Al-Dl .. 

0. D (I-) -E( I ) 
CONTINUE 

CAI& =A(2,N,A,B,CrD,PP) 
FmUm 
END 



1 4 4  

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

10 

. c  

* 
* 
* 

* 
* P R E S S  

* TMS SuBROuTINX FINDS !I333 PRESSURE DISTRIBUTION FROM * 
* COMBINED MOMENTUM EQUATION BASED ON GUESSFS V A I U B  OF !CHE * * 
* 

* WITmPDFINSITIES AND VOID FRACTIONS. * * 

CrnON)BX6/P (202), Po (202) 
COMMON/BLK16/VEI(202),WH(202) 
C O M M O N / ~ l 7 / T M D B , ~ , T P r o P , ~ , ~  

Do 10 I=rn,2,-1 

IF(I.EQ.2) TEEN 
ljuJxIwm*vw( I) -*m ( I)WROB( I)*DAES (m( I ) ) *VB( I+I ) 

ELSE 
IP(I.EQ.NP1) TBFIN 
FIuxxw-~*~(I-l ).YiOW(I-l )*WH(I-1 )*VW(I-1 ) 
mJJxIB=mwvB( I) 

EISE 
3WJXN=ARBA*AD(I-1 )*ROW(I-l )*WH(I-1 )*W(I-1 ) 
lmmHREA*EPS (I)*FiOB( I)*DAB (VBH( I) )*VB( I+!) 

- -ENDIF - c 
ENDIF 

STORAW=AKE%*DX/DT*( AUPBOWH*W( I )-AUOH*ROW~*WO 
STORAB=AREA*DX/DT*( EPSH*ROBH*VB( I )-EPSOH*ROEOH*VBO 
TERM1 =ITUXOW+FUXOB-FLUXIW-~TaRAW+STORAB 
TERM2=m*DXq. 81 * ( EPSH*ROBR+AI~EI*ROWH) 

Fwxow=AKEA+AIs I)*Row(I)*vwH(I)*vw( I) 
FUJXCB=AKE%*EPS 1-1 )*ROB(I-l )*DABS(VXI(I-l ))*VB(I) 

P ( I-l*)=P (I )+pmM1 +TERM2) /AREA 
CONTINUE 
RE!ruRN 

ENTRY SPmSs ..- - .  



I 

1 4 5  

C 
w 20 I-aP1.2.-1 

FuTxcB=RMDwvB( 2) 
PUTMBcRMDWWV(3) 

IF(I*IQ*rnl) !rHm 
HSE 

FIxKow=RMDw*W(NPl) 
laJxrwm*w 
z!uJxoB=RMDPvB 
3TmmFMDWvB(NPl) 

F I x T x o w ~ * v w (  I) 
m--RMw*vw( 1-1 ) 

FILJXnkrnWvB( I+1) 

Elm 

FUJXOB=RMDB*VB(I) 

ENDIF 
mIF 

-= (0*5* (EPS (1-1 )+EPS ( I) ) W 5* (FOB ( 1-1 )+ROB ( I ) ) + 
m l = m - m + r n O % ~  . 

P ( 1-1 ) =P (I )+( TERM1 +TwM2) /ARM 

1 

. 2 0  CONTINUE 

0.5*( ALP (1-1 )+AT9 (I ) )XI 5" (ROW ( 1-1 )+ROW ( I ) ) ) * 
2 AREX*DXq.81 

l ? m ! u R N .  
Em 

. -  . .  
c 



. 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 

10 

L 4 H H w  

* 
* 
* 

* 
* S E T P R  * * * TmSSUBROU!l!WEISIN&ARGEOFREADING~INPUT 
* PARAMETERS AND SET!l!ING UP THE INITIAL GUESSES FOR AIL THE * * 
* v m .  * * 

CAARACm- 
czARAmpTypE"9 

mIF 

m =H+l 
DX=HEIGD 
AFzEA=4.*A!€AN(l .)*(DIAE1/2.)- . ' 

-i!iE%=iTop.PcOX 
CALI, C~(~€X',PTEN,O.O,F!EPE,H,S V,TSAT,PR,O, 

1 SL,HL,VL,SV,W,W,Qd 
' TSAT= ( T S A T 3 2 )  /l 8 
m(m1 )=TBIN 
!5IN=TBIN*1.8t32 
CAI,& WAllER( 'TP' , TBIN, PTEN, 1 0, 1 ,0, Q,S,HBEN,VBEN,U, T, PFt, SL,HL, 

1 VL.UL.SV,W,W,W,NERRCJR) 
'~(NPI )=HBEN/HCON- 

Do 20 I=l,NPl ..- - .  
ROB(NP1)=1 /VKEN/DCON 



1 4 7  

P( I)=rnP 
ROB(I)=ROB(N€"l) 

VB( I =-RMDB/ROB ( 1 /AREA- ( 1 

30 CONTINUE 
Do 40 I=NP1,2,-1 

vW(I)=~/RoW(I-1 )/AREA/ALp(I-l) 
40 c m m  

ROWHI=(ROW(I )+1iow(2))/2 
Do 50 I=2,NPl 
ROW= (ROW ( 1-1 )+ROW( I) ) /2 
RI(I)~+(ROWH1~)~(1*/3*) 

50 CONlINuE 
lo00 lQRMA!F(Ag,lX,A6) 

-FiEruRN 
END 

. -  . . .  

.- - . 



1 4 8  

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

10 

- 2 0  

* * 
T R I D A  * 

* * 
* 
* l!KIS suEwouTINE FINDS !EE SOUJ!FION TO A SEY! OF LINEAFl * 
* SIMULTANEOUS ACC;EBRAIC EQUATIONS WHIm ARE IN TRIDIAGONAt * * 
* m4. * * 

IHPYZCIT HNL%(A-H,O-Z) 
DIMENSION A(L) ,B(L) ,C(L) ,D(L) ,V(L) ,BE!CA(202) ,GAMMA(x)2) 

BmA( IF)=B( IF) 
GAMMA( IF) =D ( IF) /BETA ( IF) 
IFn =IF+1 
Do 10 I=IFPl,L 
BETA( I)=B( I )-A( 1)- (1-1 ) /mA( 1-1 ) 
GAMMA ( I )= (D (I )-A ( I ) 1-1 /BEMI 1 

.. 
c 

. .  

1- - 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

10 

20 

30 

* 
* 
* 

* 
* V C O R R  
Y " 

* 
* C-TIONS TO EUNG ABOUT A BALANCE IN CONTINUITY. 

5 s  SuBROuTINE FINDS !HE C O ~ I O N  TO VELQCITIES OF * * 
* 

i k  TBE BRIm AND rn WORJum FUTLD BASED ON TBE p€msuKE * 
Y " 

s[wz(xpTm VCORR 
IMPLICIT RE4L%(A4I,O-Z) 
CHARAcm mWE% 
CHARACTEzi pTypE+s 
COMMON/BIKO/ETYPE,P,AW,AB,Pl!OP,TSAT 
COMMON/BTd(l /AREA,DX,N,NPl ,DT DIAM,mG 
CoMM(R?/MX2/ROB(202) ,FiOW(202j,ROBO(2O2) ,ROWO( 
coMMQN/BIK5/VB(2m) ,w(m) ,VBo(202) ,vw0(202) 
CoMr4rn/BIK9/PP (202) 
COMMrn/BLKll /vBc(202) ,vwc(202) 
COMMON/BX18/VBPC( 202) ,VWPC(202) 

Do 10 I=2,NP1 
vwc ( I ) =vwpc ( I )* ( PP (1-1 )-PP (I ) ) 

VBC (I)=vBPc (I)*( PP( 1-1 )-PP( I) ) 
COlNTINUE 
Do 20 I=2,NP1 

w( I)=vw( I)+W (I) 
vB(I)=vB(I)+vBc(I) 

~ Do 9 I=l,NPl 
1 ROB( I)=ROB( I)+AB*PP(I 

ROW ( I) =OW ( I )+AW*PP( I 
CONTrn 

mIF 
KfiDRN 
m 

. -  . .  
b. 
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C 

* * 
* 
* 
* V E L V A  * 
* EACH PHASE WIm m m  PREmRE. * 
* THIS SUEROUTINE FINDS !CHE VARWION OF lQZOCITIES OF * * * 

SUBROUTINE VELVA 
IMPLICIT KEAL"8(A4,O-Z) 
C@lMON/BIK1 /ARE4,DX N,NPl ,M! DIAM,EEIG 
C ~ ~ ~ ( 2 0 e j , ~ ( m ; z l , R O ~ ( ~ ) , ~ 0 ( 2 0 2 )  
C O M M W B S X 3 ~ B , ~  c m m ~ / A L P  (202 ) , EPS (202 ) , AT90 (202) ,EPso (202) 
m O N / = r n ( X M )  
COMM~/BIK16/VBH( 202) ,WE€( 202) 
COMMOS/BLK17/TMDB, TMDW, TPlllOP , T!CB!l 
COMMQN/BIKlB/VBPC (202) ,vwpC (202) 

1 
m i  . / ( D x ~ * ~ ~ ~ + ~ ( I ) + R o w ( I ) * ~ ( I ) + D x ~ ( I ) -  

1 TMDW/ARM)*DX~(I) 
VBP=1 / (DXmEPSHmOBI+EPS ( 1-1 ) *ROB (1-1 )*DABS (VBH ( 1-1 ) ) + 
M = 1  / (DX/D!C*EF'SH%OBH+EPS (1-1 )*ROB ( 1-1 )*DABS (VEH( 1-1 ) ) + 

1 

1 

D X m  (I ) ) *EPSE 

D X m (  I) ) *DX"RK( I ) 
n4SE 

IF(1.m.m) !c€m 
w=i . / ( ~xmmmw+m( ~)*m( I)*VWH( I)+ 

vwmi . / ( D x ~ ~ ~ ~ + ~ ( I ) * ~ ( I ) * ~ ( I ) +  
1 Dx"RK( I) )*m 
1 .  

1 Dxx( I)-TMDB/AREA)*EpsH 
1 D X * ~ (  I)-TMDB/AREA)*DX*~( I)  

D X ~  ( I) ) qxm ( I ) 
VBP=l / (DX/DT*EPSEWER+~ (1-1 )*ROB( 1-1 )*DABS (VBH( 1-1 ) )+ 

VBW=l ./(DX/D!PEPSHWOBX+3PS(I-l )*ROB(I-1 )*DAB(VBH(I-l))+ 

1 . ' -'Dx~K(I) )*Dx*~(I) 
VBP=1 . / ( DX/D!I*EPSHWOBH+EPS ( 1-1 ) *ROB ( 1-1 )*DABS (.VBH ( 1-1 ) ) + . .  

1 

1 DXW(I))*DX*RK(I) ..- - .  

D X U ~  ( I ) ) *- 
m=i ./(DX/DT*EPSHY(I-I )*RoB(I-~ )*DABS(VBH(I-I ) )+- 



151 

mzF 
mIF 
vwpc(I)=(VWP+VWVB*VBP)/( 1 .-m*m> 
VBPC ( I)= (vBP+rn*VwP) / ( 1. . -vBvw*m) 

10 CONTINUE 

C 

C 

€mruRN 
EN!J!RY SVELVA 

Do x) I=2,NP1 
AISEII(ALp(I-l)+ALp 
~=(EpS(I-l)+EPs 

VBP=I . /(RMDB+AFEA*DXW(I) ) *AREA*EPSE 
VBvW=l. / (RMDB+AlUU*DXW( I) )*AREA*DXW( I) 

Em3 
IF(I.EQ.NP1) !mEN 
w=i . / (FMDW+AREA*DXS( I))*~*ALPE 
VWVBCI . / ( ~+AREA*RX%(  I ) )*AREA*DX~ ( I ) 
VBP=I / ( AFUN*DXX+RK( I) ) *AREA*EPSH 
vBVw=l.O 

W=I . / ( RMDW+AREA*DXYRK( I) ) *w*m 
VWVBCI . / (~+AREA+DXWRK( I ) )*AREA*DX*RK( I) 

m=i ./(RMDB+AFEA*DXWX(I))*ARBWX++RK(I) 

Elm 

VBP=1 ./(RMDB+AKEA*DXYRK(I))*AFUN*m . 

ENDIF 
ENDIF 
vwPc( I)=(VWP+VWVB)(VBP)/( 1 .-wm) 
vBFc(I)=(vBP+VBVWwVWP)/( 1 .-VBVw*m) 

20 CONTINUE 
REruRN 
EM) 

. ._ - . 



C 

10 
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* 
* * 

* 
* W F P R O  * 
* !IKIS SUEROUTIN3 CAICTJLATE3 TcE% ENTWU?Y AND DENSITY OF * 
*OFTBEWORKINGEuTIDUSR?G ITS ! F B P E R A ! N F U 3 A N D ~ . *  * * 

CHARAcm m 
COMMON/BIKO/FWPX , FIYFE,AW,AB, 'pToP,!l!SA!l! 
CO~ON/BIXl /AF@A,DX,N,NPl ,DT DIAM,HEIG 
COMMON/BLK2/ROB( 202 ) , ROW ( 202 5 , ROB0 ( 202) , ROW0 ( 202 ) 
COMMON/BIK6/P( 202), PO( 202) 
CoMMcW)BIxl2/TB( 202) ,Tw( 202) 
Co~~oN/m13/m(2a) ,EW(202) ,m(202) ,Hw0(202) 

..- - .  



C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

5 

10 

20 

30 

* 
* 
* 
* 
* 
Y 

* 
* 

153 

* 
W F T E M  * 

* 

* 

smm!l!INE WFTm 
IMpI;ICIT REAL%(A4,OIZ) 
CHARACTW pIIypE+6 
CHARAcm mYPP9 
~OMMON~O/FTypE, P!l!YFE,AW,AB,PTOP,TSA!l! 
COMMON/BIKl /AREA,DX,N,NPl ,D!l!,DIAM,HEIG 
C O M M O N / E U 5 ~ ( x ) 2 )  VW(202) VBO(202),VW0(202) 

CoMlvrcar/Bucl ~/ALPHA,RwI,RI(~O~) 
DIMENSION TO (202) DR( 202), A( 202) ,B( 202) , C ( 202 
COMMON/BLKl2/TB(202) ,w(202) 

1 FAC(X~~,WX)~) ,T(=) 

. .  

CONTINUE 
IF(JJ.EQ.NT)' 
FAC( 1 )=(DR( 1 )/2)-3 
FAC (IR) = (R+DR( IR) /2)*3-( R-DR (IR-1) /2)-3 

ENDIF 
A( IR) = (R-DR( IR-1) /2)")2/DR ( IR-1) 
B(IR)=-(R-DR( I R - l ) / 2 ) W / D R (  IR-1 )-(R+DR( IR)/2)*2/DR( IR)- 

C (IR)= (R+DR( IR) /2)4W/DR( IR) 
D ( IR ) =- (DR ( IR-1) /2+DR ( IR ) /2) *RH2/D!FD/ALPEA4YCO ( IR ) 

1 (DR ( IR-1) /2+DR ( IFt ) /2)*R*2/DTD/ALPHA .. 

CONTINUE . .- - 
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IF(JJ.W.m) !l!HEN 
FAC ( m 1 )  =FU (I ) w3-( FiI (I )-DR (NIR) /2 ) *3 

ENDIF 

40 
50 

60 

70 

80 

90 

.- - . 
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C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

1 0  

C 

C 

1 5 5  

* 
* 

* 
* 
* W F V E L  * 
* !THIS SUBROU!L!INE C- lIfE vXL0CITY OF !DB WEKING * * 
* YWID DFUIPIIGPS. * * 

SUBOZOUTmWFlEL 
IMPLICIT FUUL%(A-H,O-Z) 
COIWON/BIXl / W , D X  N,Np1 ,M1 D M , H E I G  
COMMON/BLK2/ROB(2j ,RW(202),RoBo(202),€W0(202) 
C W ~ D W W B , -  
c o M M a N ~ / A I s  (202) ,m( 202), A m (  202), Epso (202 ) 
coMMa?/Buc5/vB(202) ,vw(202) ,VB0(202) ,vwo(x>2) 

COI4MON/BIKs/RK(202j 
C M O N / B X 6 / P (  202) Po( 202) 

COI~ON/BLK16/VBH(202),VWH(202) 
COMMON/BLK17/TMDB, TMDW, TPTOP, TTBT , TSATNW 
DIMII!ISION A (202), B ( 202 ) , C ( 202) , D (202) 

Do 10 I=2,NP1 
r n = ( A L P ( I - l  )+ALP 
ROWH=(ROW(I-l )+Raw 
AI4FoH=(AIso( 1-1 )+ALP0 (I) ) /2 
moH= (FUYWO (1-1 )+Row0 (I) ) /2 

IF(I.EQ.2) !am 
1 m/= 

A(I)=4IiP(I- l  )*ROW(I-1 )*VWH(I-l) 

B( I ) = ~ ~ p m r i w m m  ( I ) *mw ( I ) *m( I )+DXUUC( I ) - 

B(I)=DX/D!C*AWH~+AIZ(I)+ROW(I)+VWH(I)+DX*RK(I) 
ELSE 

mrF 
C(I)=o.O 
D ( I ) =~~prn -*m ( I )+m*( P ( 1-1 )-P (I ) ) - 

1 Dxq. 81 *ALPH*RowEwx~( I )*vB( I ) - 
CONTINUE 
CAI& !lRIDA(2,NPl~,A,B,C,D,VW) 

Do 20 1=2,m 
AB=o* 5+(ALP (1-1 
DH=0*5* (ROW (1-1 

IF(I.rn.2) 
A( I)=-MDW 

B( I ) = ~ ~ x w  ( I ) 
EISE 

B(I>=RMDW+AREWDX%(I) 
ENDiF .._ - .  
C(I)=o.O 



D (I ) =AFUW*AH*( P ( 1-1 )-P (I ) )-AFU3A*DXq 81 *AH*DH+ 
1 NUU*DX~ ( I ) *VB( I ) 

20 cmm 
CAIJJ TRIDA( 2,NPl ,A,B,C ,D, W) 
FumFu? m 
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C 
C 
C 
C 

C 

10 

20 

C 

C 

* 
* 

* 
* 
* W F V O I  * 
* THIS s[IBRouTINE FINDS !fE€E VOID FRACTION OF ME WCEUNG * * 
* FLUID DROPIErs BASED m ITS CORRECTED VELOCITY. * * 

SUBRmINE WFVOI 
IMPLICIT RBAIM(A4,O-2) 
COMMON/BIKl /AFtEA,DX 10,NPl ,M1 DIAM,EEIG 
COMMCIN/BLK2/ROB(202),EEdJ(~) ,ROBO(202) ,Row0(202) 
COMMON/BIK3WB,~ 
COMMON/BlX4/ALP(202),EPS(202),ALPO(202),EPSO(202) 

COMMON/BIK17/”blDB, TMDW, TPTOP, TTBT, TSATNW 
DIKE2lSION A(202),B(X)2),C(202),D(202) 
DATA ALPHIG,ALP~W/O.~,O.Ol/ 

coMMm/~/vB( 202), vw (a), vBo( 202), vwo (202) 

Do 10 I=l,NPl 
IF(I.EQ.1) !rHm 

=DX/DT/2W( I)-( I)*VW( I+1) 
=DX/D!T/2*ALpo (I)*mO (I)+IIMDW/MEA 

ElsE 
TP(1.EQ.m) !Em? 
A(I)==ROW(I-l )*W(I) 
B ( I ) = D X / M 1 / 2 W (  I )+ROW ( I ) *W ( I) 
D ( I ) =~x/rm/rcm ( I)*RWO (I) 

B(I)=Dx/DT+E#~W(I)+F~OW(I)*VW(I+I ) 
D ( I)=DX/DT*W ( I)*RWO ( I ) 

ELSE 
A(I)=-ROW(I-l )*VW(I) 

ENDIF 
mIP 
C(I)=O.O 

CONTINUE 
CAI& puDA( 1 ,NPl ,A,B,C,D,AIS) 
Do 20 1=1 ,m 

CONTINUE 
RGlluRN 

BEKY SWFVOI 

I)=w1 (ALPHTGVml -. (AIsI13w,AIs(I))) - 
I)=l.-ALP(I) L 

Do rn I=l,mpl 
c (I)=O.O 
IF(I.EQ.l) !!HEN 
B(I)=ROW(I)*W(I+I ) 

IF(I.EQ.NP1) ’MEN 

D( I)=RMDW/AREA 
EJm 

. ._ - . 



A(I)=-ROW(I-l )*W(I) 
B(I)=ROW(I)*VW(I) 

A( I )=-ROW (1-1 )*vw ( I) 
B(I)=RW(I)*W(I+I ) 

D(1)rO.O 
ELSE 

D(1)rO.O 
ENDIF 

mIF 
30 cmm 

CALL IIRIDA(1 ,Np1 ,A,B,C,D,ALP) 
Do 40 I=l,NPl . 
ALP (I )=DMINl( ALPHIG, DMAXl (ALPIN, ALP (I) ) ) 
EPS(I)=l .-ATs(I) 
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