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ABSTRACT 

T h i s  r e p o r t  o u t l i n e s  t h e  c u r r e n t  methods be ing  used I n  t h e  

thermal and h y d r a u l i c  des ign  o f  spray column t y p e ,  d i r e c t  c o n t a c t  heat 

exchangers.  It  p rov ides  a p p r o p r i a t e  r e fe renced  e q u a t i o n s  f o r  both 

p re l imina ry  des ign  and de ta i led  performance. The des ign  methods are  

p r i m a r i l y  empirical and are applicable f o r  use i n  t h e  des ign  of  such 

u n i t s  f o r  geothermal a p p l i c a t i o n  and fo r  a p p l i c a t i o n  w i t h  solar ponds. 

Methods f o r  des ign ,  f o r  bo th  prehea ter  and b o i l e r  s e c t i o n s  of  t he  

primary h e a t  exchangers ,  f o r  d i rec t  c o n t a c t  b ina ry  powers p l a n t s  are 

included.  

I N T R O D U C T I O N  

The sp ray  column has been w i d e l y  s t u d i e d  i n  t h e  chemical i ndus t ry  

f o r  many yea r s  due t o  i ts  inhe ren t  s i m p l i c i t y  as  a counter -cur ren t  

device  f o r  heat or mass t r a n s f e r .  Developments were enhanced i n  the 

1960 ' s  due t o  inc reased  i n t e r e s t  i n  d e s a l i n a t i o n  sys t ems .  ( '  

r e c e n t l y ,  i n  t h e  1970's, Jacobs  and Boehm(2) sugges ted  t h e i r  use f o r  

e x t r a c t i n g  heat from moderate temperature  geothermal  b r i n e s .  They and 

a number of o t h e r  i n v e s t i g a t o r s  have carried o u t  a wide range  of 

s t u d i e s  under U.S. Department o f  Energy funding f o r  n e a r l y  t en  years .  

Th i s  work culminated i n  t h e  c o n s t r u c t i o n  o f  the 500 KWe Geothermal 

Direct Contact  Binary C y c l e  Power P l a n t  a t  East Mesa, C a l i f o r n i a ,  by 

Barber-Nichols Engineer ing  under U.S.D.O.E. funding.  { 3 )  The 500 KWe 

direct  con tac to r  was designed by the p r e s e n t  au tho r  as  a combined 

working f l u i d  p rehea te r -bo i l e r .  The working f l u i d  was i sobutane  w i t h  

t h e  cont inuous  f l u i d  be ing  the immiscible geothermal  b r ine .  

More 
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Based upon the  r e l a t i v e  s u c c e s s  o f  t h i s  a p p l i c a t i o n ,  a number of  

o t h e r  a p p l i c a t i o n s  have been spawned. Most c l o s e l y  r e l a t e d  

is t h e  u s e  of  a modified s p r a y  t y p e  d i rec t  con tac to r  f o r  t h e  

e x t r a c t i o n  o f  heat from a s a l t  s t r a t i f i e d  solar pond. The low 

tempera ture  des ign  cond i t ions  f o r  a solar pond d i c t a t e  t h e  use  of 

pentane as t h e  working f l u i d  i f  i t  is desired t o  u t i l i z e  t h e  working 

f l u i d  vapor t o  gene ra t e  e l e c t r i c i t y .  

Although both geothermal and solar pond a p p l i c a t i o n s  have the  

same u l t i m a t e  purpose, t o  g e n e r a t e  e l e c t r i c i t y  from a moderate t o  low 

t empera ture  source  and t o  o b t a i n  t h e  energy exchange a t  small approach 

tempera ture  d i f f e r e n c e s ,  many sou rce  re la ted charac te r i s t ics  cause 

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 i r  design.  For t h e  geothermal 

a p p l i c a t i o n ,  it has gene ra l ly  been conceded t h a t  the  most economical 

des ign  is t o  u t i l i z e  as much heat as p o s s i b l e  from each uni t  mass of 

goethermal  br ine .  This  l e a d s  t o  near  equa l  mass f low r a t e  o f  t h e  

working f l u i d  and br ine .  For the case of solar ponds, with much lower 

peak tempera tures  and concerns about  r e t u r n i n g  too  c o l d  a f l u i d  back 

t o  t he  pond, t h e  mass flow r a t e  of  b r i n e  f a r  exceeds t h a t  of  t he  

working fluid. 

For a combined bo i l e r -p rehea te r ,  it is clear tha t  f o r  

h igh-pressure ,  high-temperature vapor gene ra t ion  ( such  as for  

geothermal  a p p l i c a t i o n s )  the  heat d u t y  of the  p rehea te r  can great ly  

exceed tha t  o f  thg b o i l e r .  For s o l a r  pond a p p l i c a t i o n s ,  where the  

vapor is genera ted  a t  tempera tures  as low as 67OC, t h e  b o i l e r  du ty  can 

be two t o  three times t h a t  o f  the p rehea te r .  Thus, des ign  phi losophy 

can be  cons ide rab ly  d i f f e r e n t .  Never the less ,  i n  t h i s  design manual, 

an a t t empt  is made t o  provide informat ion  f o r  g e n e r a l  purpose des ign  
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of  s p r a y  column t y p e  d i rec t  con tac to r s .  As n e a r l y  as p o s s i b l e ,  t h e  

in format ion  provided h e r e i n  is c u r r e n t  and provides  t h e  best  a v a i l a b l e  

informat ion .  

SPRAY COLUMN DESCRIPTION 

A sp ray  column is one of  t h e  o l d e s t  known devices f o r  con tac t ing  

two immisc ib le  f l u i d s  i n  o rde r  t o  t r a n s p o r t  e i t h e r  h e a t  o r  some 

chemical subs t ance  from one f l u i d  t o  t h e  o the r .  I t  is b a s i c a l l y  an 

empty v e r t i c a l  column w i t h  i n j e c t i o n  dev ices  f o r  each f l u i d  and 

o u t l e t s  f o r  each f l u i d .  I n  most common a p p l i c a t i o n s ,  each f l u i d  is i n  

a l i q u i d  phase; however, f o r  use  wi th  b ina ry  power c y c l e s ,  a s i n g l e  

column can inc lude  a l i q u i d - l i q u i d  p rehea t ing  zone and a b o i l i n g  or 

evapora t ion  zone. 

When only  l i q u i d - l i q u i d  heat exchange is desired,  t h e  column mus t  

have a disengagement zone a t  bo th  t h e  top  and bottom o f  t h e  column 

( s e e  F igure  1). A prope r ly  designed column needs only  t o  c o n t r o l  t h e  

flow rates  of  t h e  two l i q u i d  streams t o  i n s u r e  a pseudo-steady 

ope ra t ion .  

A column i n  which both p rehea t ing  and b o i l i n g  takes p lace  

requires t h a t  there be a disengagement s e c t i o n  a t  t he  bottom o f  t he  

column, a l e v e l  c o n t r o l  device  t o  i n s u r e  t h a t  the column is n o t  

completely f looded  w i t h  l i q u i d s ,  and a vapor r e s e r v o i r  a t  t h e  t o p  of 

the  column f o r  the genera ted  vapors.  The vapor r e s e r v o i r  must be 

s u f f i c i e n t l y  l a r g e  t o  i n s u r e  t h a t  a l i q u i d  phase does  n o t  e x i t  as a 

mist w i t h  t he  vapor mixture .  Thus, m i s t  e l i m i n a t o r s  may a l s o  be 

r e q u i r e d  (see Figure  2 ) .  
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D E S I G N  OF DISPERSED PHASE FLUID INJECTORS 

I n  o r d e r  t o  des ign  a direct  con tac t  heat exchanger of t h e  spray 

column type ,  i t  is necessary  t o  des ign  a d i s t r i b u t o r  which can produce 

r e g u l a r  uniform-sized drops of one of  t h e  two f l u i d s .  Normally t h i s  

is t h e  l i g h t e r  f l u i d .  Thus,  for geothermal or  solar a p p l i c a t i o n s ,  

t h i s  would be  t h e  hydrocarbon working f l u i d .  T h i s  is achieved by 

des ign ing  a d i s t r i b u t o r  which uses  a pe r fo ra t ed  p l a t e  o f  a m a t e r i a l  

n o t  wetted by t h e  f l u i d  t o  be d ispersed  t o  form t h e  drops.  Typ ica l ly ,  

punched h o l e s  which l eave  a s l i g h t  nozz le  a t  t h e  surface exposed t o  

t h e  cont inuous  phase are used. For geothermal a p p l i c a t i o n s ,  a m i l d  

s t e e l  p l a t e  p i ck led  i n  s u l f u r i c  a c i d  provides  c l ean  j e t s  and 

well-formed drops.  

Actua l  des ign  o f  t h e  holes  is no t  c r i t i c a l  as long  a s  t h e  flow 

r a t e  through them is equal  t o  t he  j e t t i n g  v e l o c i t y ,  bu t  less  than  t h e  

c r i t i c a l  j e t t i n g  v e l o c i t y .  Exceeding o r  equa l ing  t h e  j e t t i n g  v e l o c i t y  

is impor tan t  due t o  the f a c t  t h a t  lower v e l o c i t i e s  can l e a d  t o  

s i t u a t i o n s  where n o t  a l l  of the  nozz le s  are f lowing and due t o  t h e  

f a c t  t h a t  drops  formed when VJ is exceeded are very r e g u l a r  i n  s i z e .  

Regular s i z e  drops  are important i n  o rde r  t o  p r e d i c t  column 

performance. 

v e l o c i t y  be c a l c u l a t e d  from 

S t e i n e r  and Har t l and(4 )  recommend t h a t  t h e  j e t t i n g  
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where u is t h e  i n t e r f a c i a l  t ens ion* ,  dn is t h e  nozz le  diameter. 

I t  i s  a l s o  necessary  not  t o  exceed the  c r i t i ca l  j e t t i n g  v e l o c i t y .  

Above t h i s  v e l o c i t y  the l eng th  o f  j e t  dec reases  d r a m a t i c a l l y  followed 

quick ly  by a tomiza t ion  of the  d i spe r sed  phase.  T h i s  r e q u i r e s  a l a r g e  

p re s su re  drop a c r o s s  the  nozz le  and is g e n e r a l l y  u n d e s i r a b l e  f o r  spray  

columns. The c r i t i c a l  v e l o c i t y  and cor responding  c r i t i c a l  drop 

diameter can be  c a l c u l a t e d  according t o  Skel land  and Johnson(5)  as 

fo l lows  

f o r  K < 0.785 dn d =  
J c  0.485K2+ 1 

o r  

f o r  K - > 0.785 dn d =  
J c  1.51K + 0.12 

where 

dn K =  

V j c  = 2.69 JL’ Jdjc(0.514pd + 0 . 4 7 2 ~ ~ )  
dn 

( 4 )  

( 5 )  

* I n t e r f a c i a l  t ens ion  is  no t  surface t ens ion .  It can be p red ic t ed  by 
Antonoff’s  r u l e  which s ta tes  t h a t  fo r  two saturated l i q u i d  l a y e r s  
i n  equ i l ib r ium,  the  i n t e r f a c i a l  t ens ion  is equal t o  t h e  d i f f e r e n c e  
between t h e  two i n d i v i d u a l  surface t e n s i o n s  o f  t h e  two mutual ly  
saturated phases  under a common vapor or gas,  u - ads - ucs. 
t he  above va lues  are not known sa tura ted-phase  s u r f a c e  t ens ions  
can be used. Accuracy wi th in  15% is claimed f o r  organic-water and 
organic-organic  systems fo r  the  l a t te r  estimate. 
g i v e s  va lues  f o r  o rgan ic  f l u i d s  and water and b r i n e  under a i r .  
These p r o p e r t i e s  should be used.  

If 

Reference 1 
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A t  t h i s  c r i t i ca l  v e l o c i t y ,  T reyba l (6 )  recommends t h e  fo l lowing  

equa t ions  f o r  t h e  c r i t i c a l  drop s i z e  

2. 07dn 
.L f o r  E: < 0.615 dDC 0.485 Eo+ 1 

and 

2.07d 
f o r  E: > 0.615 - I 

dDC 1 .51  E O  + 0.12 

where E: is t h e  E h v k  number, def ined  as 

2 
y APgdn 

EO = 
a 

For c o n d i t i o n s  between the j e t t i n g  v e l o c i t y  and the  c r i t i c a l  

j e t t i n g  v e l o c i t y ,  the  fo l lowing  c o r r e l a t i o n  is t o  

determine the  drop  s i z e .  

V V 
j c  dD = d (2.06 - - 1.47 In 2) 

j c  'n 'n 

Reference 4 recommends maintaining a minimum Weber number 

( d e f i n e d  w i t h  nozz le  v e l o c i t y  and t h e  d e n s i t y  of the  d i s p e r s e d  phase,  

2 vn d P 
i .e.,  We = d, g r e a t e r  than  two t o  prevent  seeping  a long  the  

U 

surface and s e c u r e  drop  formation on a l l  openings.  Experience i n  t he  

l a b o r a t o r y  i n d i c a t e s  t h a t  nozz le  or p e r f o r a t i o n  spac ing  should not  be 

Closer  t han  1.5 dD t o  in su re  t h a t  j e t  or drop coa lescence  does n o t  

occur. 
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BEHAVIOR OF DROPS 

Drops formed Prom je t s  or n o z z l e s  may behave d i f f e r e n t l y  

acco rd ing  t o  t he i r  d e n s i t y ,  i n t e r f a c i a l  t e n s i o n ,  volume, and whether 

heat or mass t r a n s f e r  takes p l ace  between them and t h e  sur rounding  

cont inuous  phase. For a drop r i s i n g  due t o  g r a v i t y  i n  an immiscible 

l i q u i d ,  there are f i v e  dimensionless  groups t h a t  govern t h e  motion of  

t h e  drop: 

PC~D’D 

% 
Reynolds number Re = 

2 
APgdD 

EO = E&& number 0 

4 
glJc A P  

lJ3 
P C  

M =  M - group 

V i s c o s i t y  r a t i o  K I  pd’pc 

and Dens i ty  r a t i o  = Pd’Pc 

For any p a r t i c u l a r  l i q u i d - l i q u i d  combination M ,  K ,  Y a r e  cons t an t  

i n  an i so the rma l  system. Thus, Grace(?) c o r r e l a t e d  drop behavior by 

p l o t t i n g  Re v e r s u s  Eo f o r  cons t an t  values of  M f o r  a l a r g e  number of 

l i q u i d  p a i r s .  

c a t e g o r i z e s  drop  i n t o  three regimes: 

E l l i p s o i d a l  regime and the  S p h e r i c a l  Cap regime. 

is shown which s e p a r a t e s  the  former two regimes.  

conducted a t  t h e  Univers i ty  of Utah a t  h igh  va lues  of Re f o r  Eo of 

K1 and Y play  a smal l  r o l e  i n  t h e  results. F igure  3 

the S p h e r i c a l  regime, the  

An approximate curve  

(Experiments 

near  one i n d i c a t e  t h a t  t he  s p h e r i c a l  regime ex is t s  longer  than shown.) 
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The s p h e r i c a l  regime c o n t a i n s  t h a t  r e g i o n  where drops  are 

s p h e r i c a l ,  or nearly so. For spherical  drops ,  l i t t l e  or no i n t e r n a l  

c i r c u l a t i o n  takes p lace .  

Somewhat l a r g e r  drops o b t a i n ,  on a mean time bas is ,  a shape l i k e  

t h a t  of an o b l a t e  e l l i p s o i d  of r evo lu t ion .  

may d e p a r t  r a d i c a l l y  and undergo wobbling which, of  course ,  would 

cause s i g n i f i c a n t  i n t e r n a l  c i r c u l a t i o n .  

The in s t an taneous  shape 

When Eo 2 40 f o r  a l l  M l o 2  d r o p l e t s  have a l ead ing  s u r f a c e  

which l o o k s  s p h e r i c a l ,  b u t  t h e  r e a r  may be f l a t  or  concave. These 

drops  may move randomly and the i r  behavior  is hard t o  c o r r e l a t e .  

Thus, t hey  should be avoided i n  t h e  des ign  o f  a s p r a y  column. 

For s p h e r i c a l  drops,  t he  t e rmina l  v e l o c i t y  i n  a qu ie scen t  f l u i d  

can be c a l c u l a t e d  by a s i m p l e  balance of  t h e  g r a v i t y  f o r c e  by the  d rag  

y i e l d i n g  

If it is assumed t h a t  t h e  drops  behave l i k e  r i g i d  smooth sphe res ,  then 

f v a r i e s  as fo l lows  

Rec < 0.1 

2 < Rec < 500 

500 < Rec < 2 x lo5 

2 x lo5 < Rec 

More r e c e n t l y  RivkinL anc 

c o e f f i c i e n t  : 
I- 

f = 24/Rec 

f = 18.5/Rec 

P = 0.44 

f = 0.2 

Ryskin(8) have proposed f o r  t h e  d r  

1 

14.9 
f = ~ + 1  1 L K ( 3  ReC + 0.781 

s 

(17) 
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which accounts  f o r  t he  r e l a t i v e  motion of t h e  i n t e r f a c e  due t o  the  

d i f f e r e n c e s  i n  f l u i d  v i s c o s i t i e s .  I t  should  be  no ted ,  however, t h a t  

t h e  presence  of contaminants such as  found i n  geothermal b r i n e s  or 

s a l t  pond b r i n e s  tend t o  make t h e  i n t e r f a c e  more immobile. However, 

data is miss ing  on t h e  in f luence  o f  s u r f a c t a n t s  and impur i t i e s .  

For e l l i p s o i d a l  drops Grace(7)  recommends t h a t  t h e  te rmina l  drop 

v e l o c i t y  be c a l c u l a t e d  from 

I- ( J  - 0.857) 

where 

J = 0 . 9 4 ~ ~ ~ ~ ~ ~  f o r  2 < H < 59.3 

J = 3.42H0'"' f o r  H > 59.3 

w i t h  

-0.149 'C 1-0.14 
(0.0009 H = 3  Ir Eo M 

(18) 

I n  t h e  above equa t ions  pc is i n  kglmsec. 

VELOCITY OF DROPS I N  SWARMS 

Drops i n  a s p r a y  column, depending upon t h e  holdup, may move i n  

dense swarms. As t h e  drops  get closer t o g e t h e r  t hey  i n t e r a c t  changing 

no t  on ly  t h e i r  own v e l o c i t i e s  but  a l so  tha t  o f  t h e  cont inuous phase. 

S t e i n e r  and H a r t l a r ~ d ( ~ )  recommend 

A n/ 2 R(1-a)) 
E 

(1 + (1 + 

(22)  
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t o  p r e d i c t  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  cont inuous phase. T h i s  

compares w i t h  

m+ 1 VT E ( 1 - E )  
GC - =  
A ( ~ - E ) R + E  ( 2 3 )  

which has been used by Letan,  e t  a l . ( 9 s 1 0 )  and by the  p r e s e n t  

a u t h o r ( 2 ) .  I n  Equation 22, recommended v a l u e s  f o r  k and n are 2.725 

and 1.834 r e s p e c t i v e l y .  The v a l u e  of  m i n  Equation 23 is a f u n c t i o n  

of t h e  d rop  Reynolds number based on t e r m i n a l  v e l o c i t i e s ,  as f o l l o w s :  

Rec < 0.2 

0.2 < Rec < 1.0 

= 3.65 

m = 4.35 Rec -0.03 - 

-0.1 1 < Rec < 500 m = 4.45 Rec - 1  

Re& 500 m = 1.39 

I n  t h e  above equa t ions ,  E is the  holdup. 

I n  low holdup s i t u a t i o n s ,  t h e  r e l a t i v e  v e l o c i t y  between t h e  d rops  

and t h e  cont inuous  phase is e q u a l  t o  the  t e r m i n a l  rise v e l o c i t y  of a 

s i n g l e  drop. 

Gd 
A ( ~ - E )  A €  

+ -  GC v r = v  = 
DT 

However, a t  higher  holdup t h e  c l o s e  proximi ty  of ad jacen t  d rops  

i n f l u e n c e s  t h e  terminal  v e l o c i t y  of a t y p i c a l  drop w i t h i n  the  swarm, 

t h u s ,  V * V i  . r K u m a r ( l l )  recommends for  t h i s  s i t u a t i o n  t h a t  
T 
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22 was developed. Comparison of Equation 26 w i t h  exper imenta l  data 

from o t h e r  i n v e s t i g a t o r s  i n d i c a t e  mixed r e s u l t s  especial ly  a t  low 

holdup. Never the less ,  i t  is recommended by S t e i n e r  and H a r t l a r ~ d ( ~ ) .  

Devia t ion  from V r  = VT,  however, is small u n l e s s  dense packing is 

achieved.  Thus, Equation 23 is preferred u n l e s s  h igh  holdups are  

encountered.  

HOLDUP OF THE DISPERSED PHASE 

The holdup is t h e  f r a c t i o n  of t he  t o t a l  volume occupied by t h e  

d i spe r sed  phase. I n  an i so thermal  spray column, it is c o n s t a n t  a long  

the  column l e n g t h .  However, when heat t r a n s f e r  occurs ,  t h e  holdup can 

vary  a long  the  column l eng th .  Whereas f o r  many a p p l i c a t i o n s  t h e  

v a r i a t i o n  may be small, i n  a geothermal a p p l i c a t i o n  us ing  i sobutane  as 

t h e  working f l u i d ,  changes i n  holdup must  be taken  i n t o  account  i n  t h e  

preheater much less t h e  b o i l e r  ( i f  a bo i l e r -p rehea te r  combination is 

used) .  T h i s  is due t o  the fac t  t h a t  d e n s i t y  changes of 25% can 

r e a d i l y  occur  i n  t he  preheater. 

If the  cont inuous  phase flow rate is held  c o n s t a n t  and the 

d i s p e r s e d  phase flow r a t e  is g radua l ly  inc reased ,  a cond i t ion  known as 

f l o o d i n g  can e v e n t u a l l y  occur.  ( S i m i l a r l y ,  f l o o d i n g  w i l l  e v e n t u a l l y  

occur  if the d i spe r sed  phase flow rate is held  c o n s t a n t  and the 

cont inuous  phase flow is increased . )  A t  t h i s  p o i n t ,  it is imposs ib le  

t o  cont inue  pass ing  more of t he  d ispersed  f l u i d  through t h e  column and 

a f r a c t i o n  would then  be washed o u t  of the column w i t h  t h e  cont inuous 

phase o r  t h e  drops  might a l l  coa lesce ,  changing e i the r  the  drop s i z e  

o r  which f l u i d  is dispersed .  A s  t h i s  cannot be r e a d i l y  p r e d i c t e d ,  
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f lood ing  is t o  be avoided. We, t h u s ,  must  be able  t o  p r e d i c t  t h e  

f lood ing  po in t .  

There is n o t  much d a t a  on f looding  i n  t h e  l i t e r a t u r e ( 4 ) .  Based 

on t h e  r e l a t i o n s h i p  of  Richardson and Z a k i ( 1 2 ) ,  L e t a n ( l 0 )  recommends 

t h a t  

( m + l >  ( ~ - R ) E ~  (27 1 2 
+ ( m + 2 ) R ~ ~  - R = 0 

be used t o  calculate t h e  holdup a t  f l ood ing  where m is given i n  

Equat ion 24 and R = G d / G c ,  t h e  r a t i o  of vo lumetr ic  flow r a t e s .  

s t a b l e  flow o p e r a t i o n  

For 

E: < 0.9 E f  (28 1 

is advised .  

I t  should be  no ted ,  t h a t  i t  is p o s s i b l e  t o  o p e r a t e  a t  a holdup 

g r e a t e r  t han  the  f lood ing  poin t .  

what is c a l l e d  t h e  dense packing regime. Operat ing below t h e  

so -ca l l ed  f lood ing  p o i n t  is called the  d i spe r sed  packing regime. 

T h e o r e t i c a l l y  i t  is p o s s i b l e  t o  opera te  a spray  cclumn i n  each regime 

for a g i v e n  p a i r  of flow rates. Although cons iderable  w o r k  has been 

d i r e c t e d  toward dense packing,  i n  practice it i s  d i f f i c u l t  t o  achieve .  

I t  does have advantages  over  the comon o p e r a t i o n  w i t h  loose  packing. 

Th i s  t ype  of o p e r a t i o n  occur s  i n  

The i n t e r f a c i a l  area can be three t o  f i v e  times higher and back mixing 

is cons ide rab ly  reduced. The dense d i s p e r s i o n  can be c o n t r o l l e d  so 

t h a t  its i n t e r f a c e  is 30-50 mm above t h e  d i spe r sed  phase d i s t r i b u t o r .  

However, i f  t h e  j e t s  from the d i s t r i b u t o r  p l a t e  e n t e r  i n t o  the dense 

packing,  it can lead t o  coa lescence  o f  t he  drops.  

starts, it con t inues  through the column he igh t  and o p e r a t i o n  cannot be 

Once coa lescence  
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maintained.  T h i s  coa lescence  is t h e  main danger  i n  o p e r a t i n g  i n  the  

dense packing regime. 

Not much is known about  ei ther t h e  hydrodynamics or the  heat  

t r a n s f e r  i n  t he  dense packing regime. Thus, a l though  i t  is p o s s i b l e  

t o  o p e r a t e  i n  t h i s  manner, prudent  d e s i g n e r s  have s t u c k  t o  d i s p e r s e  

packing ope ra t ion .  F u r t h e r ,  research t o  c o u n t e r a c t  coalescence by t h e  

adding o f  s u r f a c t a n t s  t o  t he  drops  could  r e s u l t  i n  p r a c t i c a l  dense 

phase o p e r a t i o n  of  a sp ray  column. The i n f l u e n c e  of  t h e  s u r f a c t a n t s  

on heat and mass t r a n s f e r  would a l s o  have t o  be s t u d i e d .  

A X I A L  M I X I N G  

Spray  columns are designed w i t h  the  i n t e n t  t o  f a c i l i t a t e  

c o u n t e r c u r r e n t  c o n t a c t  between two immiscible f l u i d s .  The degree  t o  

which t h i s  is achieved  depends upon t h e  des ign  o f  t he  i n j e c t o r s  f o r  

the two f l u i d s .  The des ign  for  t h e  d i s p e r s e d  phase is reasonably  

s t r a i g h t f o r w a r d  and is e s s e n t i a l l y  a p e r f o r a t e d  p l a t e  cover ing  a 

manifold.  The l i m i t i n g  factors on nozz le  j e t  v e l o c i t y  have a l r e a d y  

been d i scussed .  The i n j e c t i o n  o f  t h e  cont inuous  phase is more 

d i f f i c u l t  and flaws i n  i ts  des ign  are probably  the  l ead ing  cause of 

a x i a l  c i r c u l a t i o n  i n  a l i q u i d - l i q u i d  s p r a y  column. However, i t  should  

be noted  t h a t  l i t t l e  research on i n t e r n a l  back mixing or  a x i a l  mixing 

has been done. 

I n  the a n a l y s e s  of sp ray  columns, models used are normally 

one-dimensional and t r a n s i e n t  or  s t eady  state. Back mixing can be 

in t roduced  by i n t r o d u c i n g  s i n g l e  d i s p e r s i o n  c o e f f i c i e n t s ,  E,, and Ed 

which may be c o r r e l a t e d  by comparing column o p e r a t i n g  r e s u l t s  a g a i n s t  

d i f f e r e n t  o p e r a t i n g  parameters .  P r i n c i p a l l y ,  it is assumed t h a t  an  
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a d d i t i o n a l  f l u x  e x i s t s  i n  t h e  o p p o s i t e  d i r e c t i o n  t o  t h e  main flow of 

each o f  t h e  phases.  The magnitude of t h e  back flow i s  assumed t o  be 

p r o p o r t i o n a l  t o  t h e  nega t ive  g r a d i e n t  o f  t h e  parameter  i n  ques t ion  

( t empera tu re ,  concen t r a t ion ,  v e l o c i t y ,  e tc . ) .  For example, f o r  mass 

t r a n s f e r ,  t h e  conserva t ion  equat ions  t a k e  t h e  fo rm(4)  

k a  
C - (x-x*> v c z  + 1- E 

- -  a x  a x  
a t  
- =  

f o r  t h e  cont inuous  phase,  and 

kCa i 
2 

= -V a + E d 2  + - (x-x ) 
E az a t  d az  

(29) 

(30 1 

f o r  t h e  d i s p e r s e d  phase. 

on column geometry, i n j e c t o r  des ign ,  etc.,  as well as the f l u i d s  being 

used. These p o i n t s  a r e  d iscussed  by Reference 4. They c a r r i e d  o u t  

expe r imen t s  i n  a sp ray  column without  any d i s p e r s e d  phase p re sen t .  

They noted  s t r o n g  c i r c u l a t i o n  i n  the cont inuous  phase only .  Other 

back mixing can be caused by t h e  fact  t h a t  t h e  drops carry wakes t h a t  

are p e r i o d i c a l l y  shed as  they  rise. As poin ted  o u t  by L e t a n ( g ) ,  i n  a 

s u f f i c i e n t l y  tall column, t h i s  effect can even o u t  a long  the l e n g t h  of 

t he  column. I n  her  heat t r a n s f e r  work t h i s  r e s u l t e d  i n  long columns 

o p e r a t i n g  w i t h  a n e a r l y  cons tan t  va lue  o f  t h e  volumetr ic  heat t r a n s f e r  

a long  the  column l eng th  for  columns w i t h  l e n g t h  t o  diameter r a t i o s ,  

L/Dc,  greater than  eight. 

The va lues  f o r  E, and  Ed w i l l  be dependent 

I n  small diameter columns, bulk c i r c u l a t i o n  can occur  due t o  the 

fact  t h a t  drops concen t r a t e  i n  t h e  middle of the column. I n  l a r g e r  

diameter columns, t h i s  can lead t o  more d i f f i c u l t i e s  as it  has been 

proposed tha t  the a x i a l  d i s p e r s i o n  is p r o p o r t i o n a l  t o  t h e  diameter 

raised t o  a power ( E  - D n ) .  However, i t  is bel ieved  t h a t  t h i s  is 
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a g a i n  caused by t he  d i f f i c u l t y  i n  des igning  an a p p r o p r i a t e  cont inuous 

phase i n l e t .  

s p r a y  column d i rec t  con tac to r  a t  East Mesa. 

o p e r a t i n g  c o n d i t i o n s  were a l s o  made a t  t h e  same time as t h e  i n j e c t o r  

was changed. 

mod i f i ca t ion  a lone  l e d  t o  improved ope ra t ion .  However, t e s t i n g  wi th  

cont inuous  phase nozzle  des ign  p ro to types  a t  t h e  Un ive r s i ty  of Utah i n  

its s i x  inch diameter u n i t ,  seemed t o  i n d i c a t e  s i g n i f i c a n t  r educ t ion  

i n  back mixing. Thus,  i t  is be l i eved  t h a t  a p p r o p r i a t e  des ign  can 

s i g n i f i c a n t l y  reduce back mixing. 

Such was t h e  problem, it is be l i eved ,  w i t h  t h e  500 KWe 

However, changes i n  o t h e r  

Thus, no one knows for s u r e  whether t h e  i n j e c t o r  

No g e n e r a l  r u l e  is a v a i l a b l e  t o  des ign  t h e  cont inuous phase 

i n j e c t o r .  The fol lowing r u l e s  of thumb are proposed: 

1) The cont inuous phase i n j e c t o r  should  no t  r e l e a s e  a s t r o n g  

j e t  of f l u i d .  

r eg ions  about it. If the  f l u i d  is i n j e c t e d  downward, s t r o n g  

a x i a l  r e c i r c u l a t i o n  ce l l s  may develop. Fu r the r ,  a s t r o n g  j e t  

can lead t o  l o c a l  f l ood ing  and p o t e n t i a l  breakup of  t he  

A l o c a l  s t r o n g  j e t  produces r e c i r c u l a t i o n  

drops. 

2 )  Lateral r e l e a s e  of the  cont inuous  phase is desirable;  

however, aga in ,  s t r o n g  f lows can lead t o  drop breakup.  While 

t h i s  i a y  be t o l e r a t e d  i n  a bo i l e r -p rehea te r  combination where 

the  nozz le  is i n  t h e  b o i l e r  r eg ion  it cannot be t o l e r a t e d  i n  

the  prehea ter  where coun te rcu r ren t  flow i s  s t r o n g l y  desired. 

Mul t ip l e  spaced i n l e t s  can insure low speeds and small 

v e l o c i t i e s ,  t he reby ,  minimizing any j e t  l eng ths  and t h u s  

r e c i r c u l a t i o n  zones. No o the r  gu ides  are a v a i l a b l e ,  a l t hough  

examples of i n l e t s  are provided i n  t he  l i t e r a t u r e .  

3 )  
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HEAT TRANSFER C O R R E L A T I O N S  

Liquid-Liquid Heat Trans fe r  

Direct c o n t a c t  heat t r a n s f e r  between t h e  drops  o f  t he  d i s p e r s e d  

phase and t h e  cont inuous phase is complex. I t  depends not  on ly  on t h e  

thermal p r o p e r t i e s  o f  each phase,  bu t  a l s o  on t h e  dynamics o f  t h e  

drops  themselves.  A s  was noted ear l ie r ,  t h e  drops can be s p h e r i c a l ,  

e l l i p s o i d a l  or cap shaped depending upon t h e i r  Reynolds number, t h e i r  

E&.vb's number and t h e i r  M-group. To d a t e ,  most exper iments  f o r  s p r a y  

columns were carried o u t  w i t h  drops  whose diameters were less  than 

7.5 mm w i t h  most heat t r a n s f e r  s t u d i e s  being carried o u t  f o r  drops 

w i t h  2.0 mm L dD 2 4 . 0  mm. 

b r i n e s  or water as t h e  cont inuous phase,  t he  drops  are nominally 

s p h e r i c a l  w i t h  t he  p o s s i b i l i t y  o f  being i n  t h e  f l u c t u a t i n g  e l l i p s o i d a l  

regime. For hexane, pentane or  i sobutane ,  expe r i ence  a t  t he  

U n i v e r s i t y  o f  Utah i n d i c a t e s  t h a t  t h e  drops  are  s p h e r i c a l .  I n  t h e  

presence  of  i m p u r i t i e s ,  such  as occur  in geothermal b r i n e s ,  there  is 

fur ther  j u s t i f i c a t i o n  t o  presume t h i s  behavior .  T h i s  is due t o  t h e  

f a c t  t h a t  i m p u r i t i e s  tend t o  immobilize the  i n t e r f a c e .  Thus, i t  is 

be l i eved  tha t  l i t t l e  o r  no c i r c u l a t i o n  will take p lace  i n  drops  o f  

l i g h t  hydrocarbons i n  water, or b r i n e  f o r  diameters less than 4 mm. 

Fur ther ,  i n  s w a r m s ,  t h e  t e r m i n a l  v e l o c i t i e s  o f  drops are decreased 

which makes it less probable  t h a t  t hey  are i n  t h e  f l u c t u a t i n g  

e l l i p s o i d a l  regime. 

I n  t h i s  range f o r  use  w i t h  geothermal  

When the  drops  have low thermal conduc t iv i ty ,  as is t h e  case w i t h  

hydrocarbons,  i t  is l i k e l y  tha t  the governing r e s i s t a n c e  t o  heat 

t r a n s f e r  is i n t e r n a l  t o  t he  drops.  However, un t i l  t h e  r e c e n t  work of 
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Jacobs  and G o l a f s h a n i ( l 3 ~ ~ ~ ) ,  it was g e n e r a l l y  assumed t h a t  e x t e r n a l  

r e s i s t a n c e s  were governing. L e t a n ( 9 ~ ~ ~ )  and coworkers p o s t u l a t e d  

models based pure ly  on t h e  hydrodynamics o f  t h e  drops.  Noting t h a t  a t  

moderate Rec, Rec > 500, t h a t  t h e  drops  p e r i o d i c a l l y  shed t h e i r  wakes, 

Letan,  e t  a1 . (9 )  pos tu l a t ed  t h a t  t h e  reduced heat t r a n s f e r  as compared 

t o  s i n g l e  drops  was re la ted t o  t he  shedding frequency and wake  s i z e .  

They argued t h a t  f o r  l ong  columns most of t h e  heat t r a n s f e r  occur red  

i n  t h e  w a k e  shedding regime. Allowing for  some e m p i r i c a l  cons t an t s  i n  

the model, they  were able t o  f i t  t he i r  own and some o t h e r  data. 

F u r t h e r ,  f o r  l ong  columns they  could  j u s t i f y  t h e  use  of a cons t an t  

vo lumetr ic  heat t r a n s f e r  c o e f f i c i e n t .  As t h e i r  experiments  were 

conducted a t  small temperature  d i f f e r e n c e s  between t h e  incoming 

f l u i d s ,  t hey  d i d  not  worry about  temperature  dependent f l u i d  

p r o p e r t i e s .  

Following t h e  lead of Letan and earlier i n v e s t i g a t o r s ,  Plass, 

Jacobs  and Boehm(l5) r a n  a series of exper iments  t o  determine a 

volumetr ic  heat t r a n s f e r  c o e f f i c i e n t ,  Uv.  They c o r r e l a t e d  both t h e i r  

own data and t h a t  of  o t h e r  i n v e s t i g a t o r s  f o r  o rgan ic  f l u i d s  d i spe r sed  

i n  water o r  geothermal br ine .  They claim an accuracy of i209 f o r  t he  

fo l lowing  c o r r e l a t i o n  

Btu ( f o r  E. < 0.05) 4 uv = 1.2 x 10 E. 

hrf t3  O F  

-0*57G~’Gc + 6001 Btu ( f o r  E. > 0.05) (32)  = [4.5 x 10 ( ~ - 0 . 0 5 ) e  4 

uV hrft3 O F  

where 

=I i 
‘v Vol LMTD (33) 
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The above e q u a t i o n  was used  i n  e s t ima t ing  t h e  preheater l e n g t h  

requirement  f o r  t h e  500 KWe East Mesa combined b o i l e r l p r e h e a t e r  s p r a y  

column. 

For d rops  o r i g i n a l l y  o f  3.0 - 3.5 mm i n  diameter, Jacobs  and 

G o l a f s h a n i ( l 3 )  showed t h a t  t h e  heat t r a n s f e r  is reasonably  

wel l - represented  by Equat ions 31-32 when a c t u a l  l o c a l  ho ldup  va lues  

are used. However i n  de r iv ing  Equations 31-32, Plass, e t  u s e d  

the c o r r e l a t i o n  o f  Johnson,, et  a1.(16) fo r  holdup. 

l a t t e r  c o r r e l a t i o n  gave "sometimes agreement" w i t h  t h e  data from East 

Mesa(l0) .  

approximately k208 depending upon how the  holdup was c a l c u l a t e d .  The 

c a l c u l a t e d ,  detailed temperature p r o f i l e s  d i d  n o t  compare as wel l  w i t h  

t he  experiments .  Jacobs  and Go la f shan i ( l3 )  a l s o  i n v e s t i g a t e d  a model 

us ing  the  assumption o f  no drop 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  

and one where the  heat t r a n s f e r  was governed by d i f f u s i o n  w i t h i n  the 

drop. T h i s  l a t te r  model showed better agreement,  especial ly  when it  

accounted f o r  drop  growth. 

The use of t h e  

The degree o f  accuracy i n  p r e d i c t i n g  preheater l e n g t h  was 

For d rops  less than  4.0 mm i n  diameter, it is t h u s  recommended 

t h a t  f i n a l  preheater sp ray  column s i z i n g  be done u s i n g  t h e  conduct ion 

drop  growth model of  References 13 and 23. Pre l imina ry  s i z i n g  can be 

carried o u t  u s ing  Equation 33. 

For d rops  greater than  4 mm i n  diameter, it is h i g h l y  probably 

t h a t  t h e  drops  w i l l  be i n  the f l u c t u a t i n g  e l l i p s o i d a l  regime. For 

t h i s  regime, both  i n t e r n a l  and e x t e r n a l  r e s i s t a n c e s  t o  heat f low would 

have t o  be cons idered .  For s i n g l e  drops,  Sideman(l7)  g i v e s  

Nud 
0.7 = 50 + 8 . 5  x Rec P r  (34 1 
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for  the external  surface coefficient for osc i l la t ing  drops for  

150 < Rec < 700. A maximum deviation of 12% was reported. No 

r e l i ab le  expression is available for Re > 700. 

The in te rna l  resistance to  heat t ransfer  can be calculated by 

Equation 28 of Reference 14 .  I t  gives 

T h i s  equation is reported t o  be accurate t o  +20%. 

I t  is not clear from the studies conducted to  date whether 

increases i n  the surface heat transfer due t o  in te rna l  circulation 

w i l l  o f f se t  reduced surface area by going to  larger  drops. Before 

s e t t l i n g  on a drop s ize  for a given application, however, such a s t u d y  

is warranted. 

Direct Contact Boiling Heat Transfer 

The s iz ing  of the boiler for the 500 KWe uni t  a t  East Mesa was 

a l so  done using an estimated value for the volumetric heat transfer 

coeff ic ient .  Based on a l l  available data for  l i gh t  hydrocarbons and 

freons boiling i n  water, it was observed tha t  

B t u  
h r f t3  O F  

Uv = 48,000~ 

where E is estimated a t  the value j u s t  below the boiler i n  the 

preheater section. Although t h i s  yielded a reasonable estimate and 

appears t o  agree well wi th  the 500 KWe f a c i l i t i e s  operation, it has no 

basis  i n  t h e  physics of the boiling phenomenon. However, no 

correlat ion yet proposed does. 

d i sser ta t ion  a t  the University of Tennessee concludes, "There appears 

Fur the r ,  Walter(18), i n  a recent Ph.D. 
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t o  be no way t o  c a l c u l a t e  a hea t  t r a n s f e r  c o e f f i c i e n t " .  For t h e  lack 

of  anyth ing  better,  Equation 36 is recommended. 

DESIGN APPROACH FOR GEOTHERMAL APPLICATION 

Based on l a b o r a t o r y  and f i e l d  expe r i ence  w i t h  the  500 Kwe u n i t  a t  

East Mesa, it is clear t h a t  we can s a f e l y  d e s i g n  a dchx f o r  approach 

or p inch  t empera tu res  of 2.5OC (4.5OF). The p inch  temperature  is a 

necessary  parameter  i n  ca r ry ing  o u t  the  thermodynamic ana lyses  t o  

select  t h e  optimum d i rec t  contac t  b ina ry  c y c l e  f o r  a g iven  geothermal 

resource .  It  w i l l  s e t  t h e  flow rates o f  t he  two f l u i d s ,  b r i n e  and 

working f l u i d  once t h e  working f l u i d  is selected. The complete power 

system can be chosen u t i l i z i n g  the  computer program D I R G E 0  (descr ibed  

i n  Reference 2 and p r i o r  r e p o r t s  developed under t h i s  contract)(19-22)  

or s i m i l a r  programs. 

On the basis o f  t he  system thermodynamic analyses,  t h e  mass flow 

ra tes  of  b r i n e  and working f l u i d  would be a v a i l a b l e  f o r  a given 

geothermal r e source .  The d i rec t  con tac to r  p r e s s u r e ,  working f l u i d  

b o i l i n g  p o i n t ,  and t h e  i n l e t  and o u t l e t  t empera tures  f o r  both the  

b r i n e  and  working f l u i d  would be es tabl ished.  

u t i l i z i n g  t h i s  in format ion ,  proceed t o  des ign  the d i rec t  con tac to r .  

One could  now, 

The first t h i n g  t h a t  must be done is t o  decide on the  drop s i z e  

fo r  t h e  d i s p e r s e d  phase. Typica l ly  the  n o z z l e  diameter, dn, w i l l  be 

from one h a l f  t o  two t h i r d s  as large as dD. A s  the equat ion  f o r  the 

drop s i z e ,  Equat ion 9 ,  depends upon the cr i t ical  j e t t i n g  v e l o c i t y  as 

well as t h e  c r i t i ca l  j e t  diameter, which i n  t u r n  depend on dn, we mus t  

select  dn first.  

than  1.58 mm (1/16 i nch )  should r e s u l t  i n  drops  from 3.0 t o  3.2 mm 

For l i g h t  hydrocarbons i n  b r i n e  va lues  of d, less 
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(-1/8 i n c h )  i n  diameter. Such drops s h o u l d  remain n e a r l y  spherical  

w i t h  l i t t l e  i n t e r n a l  c i r c u l a t i o n .  A larger nozz le  diameter w i l l  

resul t  i n  f l u c t u a t i n g  drops whose behavior  a t  h igh  holdup could l e a d  

t o  an u n s t a b l e  column. T h i s ,  of course ,  would need t o  be examined f o r  

t h e  a c t u a l  f l u i d s  s e l e c t e d  i n  l i g h t  o f  Figure 3. 

After s e l e c t i n g  dn, t h e  j e t t i n g  v e l o c i t y ,  V J ,  can be c a l c u l a t e d  

from Equat ion 1. T h i s  is t h e  minimum v e l o c i t y  f o r  t h e  i n j e c t i o n  

nozz les .  Next t h e  c r i t i c a l  j e t t i n g  v e l o c i t y  and j e t  diameter are 

determined from Equations 2-5. 

cannot  be exceeded. A t  t h e  c r i t i c a l  j e t t i n g  v e l o c i t y ,  t h e  drops 

formed w i l l  be given by either Equat ion 6 or 7 depending upon t h e  Eo 

number. One can o p e r a t e  t he  i n j e c t o r  a t  any v e l o c i t y  between t h e  

j e t t i n g  v e l o c i t y  and the  c r i t i c a l  j e t t i n g  v e l o c i t y  a t  long as  the  

Weber number is greater than two. 

s eep ing  . 

The c r i t i ca l  j e t t i n g  v e l o c i t y ,  V j c ,  

T h i s  is necessary  t o  prevent  

Knowing the  desired drop diameter, Equation 9 can be used t o  

A s  l ong  as t h e  c r i t e r i a  mentioned c a l c u l a t e  t h e  nozz le  v e l o c i t y ,  Vn. 

above is s a t i s f i e d ,  we w i l l  have selected the  nozz le  s i z e .  We can now 

proceed t o  determine t h e  r e q u i r e d  number of  p e r f o r a t i o n s ,  or nozz le s ,  

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

A s  t he  t o t a l  mass flow rate o f  t he  d i spe r se  phase is known, as 

w e l l  as i ts  temperature and pressure, w e  can c a l c u l a t e  the  volumetr ic  

u f low rate ,  Gd = -. The number of  nozz le s  r e q u i r e d  is 
'd 

Gd n =  
r 2  - d  V 4 n n  

(37) 
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The number of  nozz le s ,  of course ,  must  be a whole number. We round 

o f f  t h e  c a l c u l a t i o n  t o  t h e  n e a r e s t  one, making sure we do not  cause a 

problem by exceeding t h e  va lue  of  VJc .  

c a l c u l a t e  a new va lue  o f  Vn from Equation 37. 

from Equat ion 9. T h i s  is then t h e  drop diameter. 

Using t h e  whole number, we 

We then  r e c a l c u l a t e  dD 

Depending upon whether or not  t he  drops are s p h e r i c a l  or wobbling 

e l l i p s o i d a l ,  which can be  checked roughly from Figure  3, w e  are  r eady  

t o  c a l c u l a t e  t he  drop te rmina l  v e l o c i t y  us ing  e i the r  Equat ion 15 or 

18, as is a p p r o p r i a t e .  

Next t he  f lood ing  holdup,  E f ,  should be c a l c u l a t e d  from Equation 

27. The des ign  va lue  of holdup f o r  t he  column should  be selected as 

0.9Ef or less as poin ted  o u t  i n  Equation 28. 

amount o f  mass of geothermal b r i n e  t h a t  is vaporized i n  the b o i l e r  

w i t h  the  working f l u i d ,  t he  mass e n t e r i n g  the p r e h e a t e r  i s  determined 

p r i o r  t o  t h e  a c t u a l  c a l c u l a t i o n  of  E f .  

the  b r i n e ,  the  vo lumet r i c  flow r a t e  Gc is determined. 

both Gd and Gc. 

c a l c u l a t i n g  Re, f o r  the drop  we o b t a i n  m. E f  is t h e  small p o s i t i v e  

r o o t  o f  Equation 27. 

C o r r e c t i n g  fo r  the 

Knowing the  e x i t  c o n d i t i o n s  of 

We now know 

Their r a t i o  Gd/Gc = R. Using equa t ion  24 and 

Having e s t ab l i shed  t h e  holdup f o r  t h e  bottom o f  t h e  p r e h e a t e r ,  we 

can now c a l c u l a t e  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  cont inuous  phase a t  

the  bottom o f  the  column above t h e  d i spe r sed  phase i n j e c t o r .  E i t h e r  

Equation 22 or 23 can be used. Equation 23 is s u f f i c i e n t  u n l e s s  the  

holdup is very  h i g h ,  i.e., > 0.35. The s u p e r f i c i a l  v e l o c i t y  is 

def ined  as t h e  mean v e l o c i t y  of t h e  cont inuous phase a c r o s s  t h e  e n t i r e  

column. Thus, 
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g ives  the needed diameter of  t h e  column j u s t  above t h e  d i spe r sed  phase 

i n  j e c  t o r .  

I f  t h e  column was i so the rma l ,  s e l e c t i n g  t h e  diameter j u s t  

c a l c u l a t e d  would i n s u r e  its holdup being cons t an t  a long  i ts  e n t i r e  

l eng th .  With heat t r a n s f e r ,  t h e  holdup may vary .  T h i s  is due t o  t h e  

f ac t  t h a t  t h e  d e n s i t y  of t h e  b r i n e  and s e l e c t e d  working f l u i d  can vary  

cons ide rab ly  w i t h  temperature if the column p r e s s u r e  is s u f f i c i e n t l y  

high. If t h e  working f l u i d  d e n s i t y  v a r i e s ,  t h e  drop diameters w i l l  

va ry  and t h u s  the i r  t e rmina l  v e l o c i t y ,  e t c .  No where a long  the  column 

l e n g t h  shou ld  t h e  holdup exceed 0.9tzf. Thus, we should next  c a l c u l a t e  

the c o n d i t i o n s  a t  the  t o p  o f  t he  p rehea te r  i n  a manner similar t o  what 

was done a t  t he  bottom. The column diameter should be which ever  is 

l a r g e r .  

Having determined t h e  column diameter, we should  n e x t  check the  

o v e r a l l  s i z e  of t h e  d i spe r sed  phase d i s t r i b u t i o n  p l a t e .  The nozzle 

holes s h o u l d  n o t  be placed on a c e n t e r  t o  c e n t e r  d i s t a n c e  less than 

1.5 dD. 

i n j e c t o r  should  n o t  be larger i n  diameter than the column. T h i s  w i l l  

i n s u r e  tha t  the drops  can rise v e r t i c a l l y .  

With t h i s  t y p e  of l a y o u t ,  t h e  o v e r a l l  d i s t r i b u t o r  p l a t e  

The columns shown i n  F igu res  1 and 2 both have a c o n i c a l  s e c t i o n  

References 2 and 6 i n  which t h e  d i spe r sed  phase i n j e c t o r  is located. 

i n d i c a t e  t h a t  t h e  cone half  angle should  be about  16O. 

d i s t r i b u t o r  p l a t e  should be so located that the  annular  r i n g  of open 

space  around it should equa l  t h e  c ros s - sec t iona l  area o f  t h e  column. 

The 
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T h i s  w i l l  i n s u r e  t h a t  there is no undercar ry  o f  t h e  d i spe r sed  phase 

and t h a t  there is  good s e p a r a t i o n  o f  t h e  phases.  

We are now ready t o  proceed w i t h  t h e  c a l c u l a t i o n  of  t h e  l e n g t h  of 

t h e  preheater p a r t  o f  t he  column. I f  t he  thermodynamic p r o p e r t i e s  o f  

t h e  working f l u i d  l i q u i d ,  and b r i n e  do n o t  vary s i g n i f i c a n t l y  w i t h  

tempera ture ,  i t  is p o s s i b l e  t o  c a l c u l a t e  the  l e n g t h  o f  t h e  preheater 

from 

kd(hb - hinId 
LP.H. 

U ~ ( ~ D ~ ) L M T D  
(39)  

where hbp is t h e  enthalpy of  the working f l u i d  l i q u i d  a t  the  b o i l i n g  

p o i n t ,  h i n  is i ts  entha lpy  a t  the  i n l e t ,  U v  is the  volumetr ic  heat 

t r a n s f e r  c o e f f i c i e n t  and LKTD is t h e  log  mean tempera ture  d i f f e r e n c e  

a c r o s s  t he  p rehea te r  assuming counterf low.  Unfor tuna te ly  f o r  f l u i d s  

l i k e  i sobu tane ,  t he  s p e c i f i c  heat v a r i e s  cons ide rab ly  w i t h  tempera ture  

as was noted i n  the  des ign  of  the  500 Kwe u n i t  a t  East Mesa. Thus, i t  

is necessa ry  t o  eva lua te  t h e  heat t r a n s f e r  i n  a number of s t eps  a long  

t h e  p r e h e a t e r  l eng th .  

the  500 KWe uni t . (3)  

s t e a d y  s ta te  computer program described i n  Reference 23 be used t o  

de te rmine  t h e  prehea ter  length .  The computer program is e a s i l y  

modif ied t o  inc lude  a v a r i e t y  o f  methods f o r  e s t i m a t i n g  the heat 

t r a n s f e r  rate. For s p h e r i c a l  drops,  it is recommended tha t  the 

v a r i a b l e  diameter drop conduction model descr ibed  i n  References 10 and 

23 be used t o  determine t h e  p rehea te r  l eng th .  For f l u c t u a t i n g  

e l l i p s o i d a l  drops,  Equat ions 34 and 35 can be used.  

T h i s  was done by hand us ing  Equat ions 31-33 f o r  

For design s t u d i e s  it i s  recommended t h a t  t he  
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The l e n g t h  o f  t h e  b o i l e r  s e c t i o n  can be calculated us ing  t h e  

va lue  o f  U v  g iven  i n  Equation 36. 

as d i s c u s s e d ,  i t  is  not  warranted t o  d i v i d e  t h e  b o i l e r  i n t o  segments. 

Thus the l e n g t h  o f  the  b o i l e r  should be c a l c u l a t e d  as 

Due t o  t h e  n a t u r e  o f  t he  equat ion  

I '(hexit- hb.p. )d  

%I2 u LMTD Lb 
4 c  v 

where LMTD is based on counterf low tempera tures  a c r o s s  t h e  b o i l e r .  

Based on resu l t s  of  the 500 KWe design,  t he  l e n g t h  o f  t h e  s p r a y  

column shou ld  s t a r t  a t  the  t o p  o f  t he  c o n i c a l  s e c t i o n  housing the  

d i s p e r s e d  phase d i s t r i b u t o r .  

It  is recommended t h a t  t h e  cont inuous  phase i n j e c t o r  o r  i n j e c t o r s  

be l o c a t e d  i n  t h e  m i d d l e  of t h e  b o i l e r  s e c t i o n  t o  i n s u r e  maximum heat 

t r a n s f e r  ra tes .  

A disengagement s e c t i o n  a t  the t o p  o f  t he  column needs t o  be 

inc luded  as shown i n  Figure 2. This  should be  s u f f i c i e n t l y  l a rge  t o  

i n s u r e  no l i q u i d  car ryover  w i t h  t h e  e x i t i n g  vapor.  

A s e n s i t i v i t y  a n a l y s i s  should be made t o  determine p o s s i b l e  i n p u t  

v a r i a t i o n s  and t h e  time cons tan t  f o r  the  column such as was done i n  

Reference 23 f o r  t he  500 KWe u n i t .  

be des igned  based on t h i s  information and the  r e s u l t i n g  information 

i n d i c a t i n g  p o s s i b l e  preheater and b o i l e r  l e n g t h  excurs ions .  

The c o n t r o l s  f o r  t h e  column should  

Following the  above procedures  i t  is p o s s i b l e  t o  des ign  a h igh ly  

r e l i ab le  s p r a y  column f o r  geothermal power a p p l i c a t i o n s .  

t echniques  posed appear t o  be conserva t ive  based on expe r i ence  w i t h  

t h e  500 KWe East Mesa u n i t .  

The 

Fur ther  r e f inemen t s  w i l l  r e q u i r e  
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a d d i t i o n a l  l abora to ry  s t u d i e s  as mentioned i n  t h e  d i s c u s s i o n s  i n  t h i s  

manual. 

APPLICATIONS OF THE MANUAL TO ISOBUTANE-WATER SYSTEMS 

I sobu tane  has been shown(2) t o  be an e x c e l l e n t  choice as a 

working f l u i d  f o r  geothermal b r i n e s  when t h e  b r i n e  temperature  is 

above 30OoF (-149OC). T h i s  s e c t i o n  p r e s e n t s  some c a l c u l a t i o n s  us ing  

the  methods d iscussed  i n  t h e  manual t o  show t h e  inf luence  of va r ious  

parameters on spray  column design.  

E s t a b l i s h i n g  Drop S i z e  

I n  des igning  a spray column, i t  is  necessary  t o  choose t h e  drop 

s i z e  i n  o r d e r  t o  es tab l i sh  t h e  column hydrodynamics. F i g u r e  4 was 

developed for t h e  isobutane-HzO system u t i l i z i n g  Equations 1-5. For a 

smal l  nozz le  diameter, i t  is clear t h a t  a wide  range of nozzle  

v e l o c i t i e s  are p o s s i b l e  between the  working limits of V j  and V j c .  

However, as t h e  nozzle  diameters i n c r e a s e ,  the range of pe rmis s ib l e  

v e l o c i t i e s  decrease.  Thus, it would appear  safer t o  design us ing  

n o z z l e s  o f  < 3.0 mm i n  diameter if one wished t o  provide fo r  

s i g n i f i c a n t  v a r i a t i o n s  i n  v e l o c i t y .  However, s i n c e  t h e  area o f  t h e  

n o z z l e s  is propor t iona l  t o  the i r  diameter squared ,  near  equ iva len t  

volume flow changes may occur for much smaller changes i n  v e l o c i t y  f o r  

t h e  larger nozzles .  

If one cons ide r s  the a c t u a l  drop  s i z e s  as a func t ion  o f  t he  

nozz le  v e l o c i t i e s ,  it is clear from F igure  5 t h a t  n e a r l y  t he  same 

v a r i a t i o n  i n  drop diameters is possible over  a l l  nozz le  s i z e s  shown. 

However, t h e  approximate nozz le  diameter l i m i t  f o r  non-c i rcu la t ing  

d rops  is less than 2.5 mm (7164 i n c h )  and a t  v e l o c i t i e s  near  t h e  
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j e t t i n g  ve loc i ty .  

columns f o r  s f t u a t i o n s  where the d rops  behave as r i g i d  spheres,  

t y p i c a l  nozz le  d iameters  of 1.5 - 2.0 mm are normally chosen. 

Plugging or p a r t i a l  plugging o f  some h o l e s  can lead  t o  v e l o c i t i e s  

exceeding t h e  c r i t i c a l  j e t t i n g  v e l o c i t y .  

f low r a t e  can cause drop diameters t o  exceed t h e  l i m i t  f o r  r i g i d  

sphe re  behavior.  Thus, f l u c t u a t i o n s  i n  sp ray  column o p e r a t i o n  can 

occur  even without  r e c i r c u l a t i o n .  Nonetheless ,  t h e  advantages of 

s p r a y  column d i rec t  c o n t a c t  heat exchange make  them a t t r a c t i v e  t o  

pursue.  It  should a l s o  be noted t ha t  the  limits f o r  r i g i d  drop 

behavior  and c r i t i c a l  j e t t i n g  v e l o c i t y  are exper imenta l ly  e s t a b l i s h e d  

and a re ,  i n  gene ra l ,  conse rva t ive .  

As i t  is  most easy t o  hydrodynamically des ign  sp ray  

Reductions i n  working f l u i d  

F igure  6 shows the  t e r m i n a l  v e l o c i t i e s  calculated us ing  Equat ion 

15 f o r  r i g i d  drops and Equat ion 18 f o r  f l u c t u a t i n g  drops. 

d rops  formed between the  l i m i t s  on Weber number and Vjc f o r  t h e  nozz le  

dimensions considered,  i sobutane  drops  i n  H20 f a l l  wi th in  e i the r  t h e  

s p h e r i c a l  or f l u c t u a t i n g  e l l i p s o i d a l  regime shown i n  F igure  3 as  log M 

is  approximately -12.16 and . 7  LEO - < 2.6. I t  should f u r t h e r  be  noted 

t h a t  t h e  t e rmina l  v e l o c i t y  is h i g h e r  f o r  drops  w i t h  i n t e r n a l  

c i r c u l a t i o n  by up t o  50%. 

throughput  by inc reas ing  drop  size.  However, as t h e  pa th  o f  l a r g e r  

d rops  is not  v e r t i c a l ,  coa lescence  is more l i k e l y  t o  occur. 

The re fo re ,  a t  t h i s  time, i t  does n o t  appear  prudent t o  s i g n i f i c a n t l y  

i n c r e a s e  drop size  without  f u r t h e r  exper imenta l  data on drop 

hydrodynamics, e s p e c i a l l y  that  for  drop  s w a r m s .  

For a l l  

Thus, it should  be p o s s i b l e  t o  i n c r e a s e  t h e  
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E s t a b l i s h i n g  Flooding L i m i t s  

Data on f looding  i n  sp ray  columns has p r imar i ly  been determined 

i n  small diameter  columns where change of phase of  t h e  v o l a t i l e  f l u i d  

does n o t  occur .  T h i s  has been noted i n  t h e  preceding s e c t i o n s ,  and is 

the case f o r  Equation 27. T h i s  c o r r e l a t i o n  was developed f o r  t h e  

s p h e r i c a l  drop regime. Equation 23 p r e s e n t s  a c o r r e l a t i o n  f o r  t h e  

cont inuous phase s u p e r f i c i a l  v e l o c i t y  a l s o  f o r  t he  r i g i d  sphe re  regime. 

U t i l i z i n g  t h e s e  two c o r r e l a t i o n s ,  t he  nondimensional,  cont inuous  

phase,  s u p e r f i c i a l  v e l o c i t y  as a f u n c t i o n  of holdup, E ,  f o r  a range of  

t h e  vo lumet r i c  flow r a t i o ,  R ,  is shown i n  F igure  7. Note t h e  f looding  

l i m i t ,  E f ,  and 0.9Ef and 0 . 8 ~ f  are a l s o  shown. The r ange  of R is 

c o n s i s t e n t  w i t h  t h e  use  of  dchx systems w i t h  moderate tempera ture  

geothermal b r i n e s  and solar ponds. For t h i s  range,  t h e  f lood ing  

c o n d i t i o n  corresponds t o  a n e a r l y  maximum value  o f  cont inuous  phase 

s u p e r f i c i a l  v e l o c i t y .  

an R of  2.25 t o  0.25 f o r  R = 0.5. I n  each case, the  s u p e r f i c i a l  

v e l o c i t y  only  undergoes a small change i n  o rde r  t o  reduce  t o  0 . 8 ~ f  or 

The peak va lue  of E f  v a r i e s  from n e a r l y  0.34 a t  

0.9Ef. 

The advantage f o r  h e a t  t r a n s f e r  of  o p e r a t i n g  c l o s e  t o  t he  

f l o o d i n g  p o i n t  is shown i n  F igu re  8. 

R ,  as is the  case  f o r  solar ponds, t h e  c o r r e l a t i o n  of Reference 15 

i n d i c a t e s  volumetr ic  heat t r a n s f e r  c o e f f i c i e n t s  of n e a r l y  8,000 

B t u / h r f t 3  O F  (148.8 K w / m 3 O K )  when ope ra t ed  near  f lood ing .  

i t  should  be noted t h a t  i n  t he  l i q u i d  p r e h e a t i n g  regime, such a low 

va lue  of R leads t o  low u t i l i z a t i o n  of t h e  h e a t i n g  c a p a c i t y  o f  the  

cont inuous  phase br ine .  I n  t y p i c a l  geothermal a p p l i c a t i o n s ,  i t  is 

d e s i r e d  t o  u t i l i z e  a cons ide rab le  p o r t i o n  o f  t he  thermal capacity of  

For t h e  case of small va lues  of 

O f  course ,  
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t h e  h o t  l i q u i d  b r ine .  With an o r g a n i c  working f l u i d  s u c h  as 

i sobu tane ,  a t y p i c a l  value f o r  R would be around two. The c o r r e l a t i o n  

of  Reference 15 i n d i c a t e s  a decrease  i n  Uv w i t h  i n c r e a s i n g  R ,  b u t  an 

i n c r e a s e  w i t h  E. Since  t h e  r a t e  o f  i n c r e a s e  o f  U v  wi th  inc reas ing  E 

is l e s s  f o r  h ighe r  va lues  of R ,  o p e r a t i n g  f u r t h e r  away from t h e  

f l o o d i n g  p o i n t  does n o t ,  as s i g n i f i c a n t l y ,  a f f e c t  Uv as  i t  would a t  

lower R ,  more t y p i c a l  of solar pond a p p l i c a t i o n s .  

F igu re  8 can be used  f o r  p re l imina ry  des ign  a p p l i c a t i o n s  provided 

w e  keep i n  mind t h e  data from which it was determined. The 

l i m i t a t i o n s  are: ( a )  t h e  d i spe r sed  phase is an organic  f l u i d ;  ( b )  t h e  

cont inuous  phase is b r i n e  o r  water; ( c )  the  drops  are less than 

5.0 mm i n  diameter; and ( d )  t h e  c o r r e l a t i o n  is good t o  only  wi th in  

+20%. 

EXAMPLE OF DCHX DESIGN 

Consider  t h e  des ign  of a dchx p r e h e a t e r - b o i l e r  f o r  b r i n e  e n t e r i n g  

a t  a r a t e  of 85,840 lbm/hr .  I sobutane  a t  a flow ra te  o f  91,434 l b / h r  

e n t e r s  t h e  dchx a t  86OF. These mass f low rates  correspond t o  

327.9 gpm of  IC4 and 192 gpm of b r ine .  

is 244.5OF (cor responding  t o  a vapor p r e s s u r e  o f  400 p s i ) ,  and t h e  

tempera ture  of t h e  b r i n e  e n t e r i n g  t h e  p r e h e a t e r  is 251OF. The b r i n e  

e x i t s  t h e  column a t  129.5OF. 

The b o i l i n g  p o i n t  of the I C 4  

The change i n  en tha lpy  of t h e  i sobu tane  a c r o s s  t h e  p rehea te r  is 

10.332 x lo6 Btu/hr.  

choose t h e  s i z e  drops we desire. 

en t r ance .  T h i s  size can be achieved f o r  nozz le  diameters less  than  

1.95 mm (see Figure  5 ) .  

I n  o rde r  t o  s i ze  t h e  column, we must first 

Let us choose 3.5 mm diameter a t  

The maximum v e l o c i t y ,  Vjc, w i l l  be 540 mm/sec 



(1.772 f t / s ec )  f o r  t h i s  s i z e  nozzle.  Let u s  choose a smaller nozz le  

diameter. One-sixteenth inch diameter h o l e s  can be d r i l l e d  (1.587 mm) 

t o  form nozz le s .  For t h i s  s i z e  nozz le ,  t h e  c r i t i c a l  j e t t i n g  v e l o c i t y  

is  630 mm/sec and t h e  c r i t i c a l  drop diameter dDC = 2.5 mm. 

Equat ions  2 and 9 ,  we can so lve  f o r  d j c  and Vn, t h e  nozz le  v e l o c i t y .  

The e q u a t i o n s  y i e l d  d j c  = 1.46 mm and Vn = 430 mm/sec 

(1.47 f t l s e c ) .  

and We = 2.0 l i m i t s .  

Using 

This  v e l o c i t y  is i n  t h e  midpoint  range between the  Vjc 

The number o f  ho le s  r e q u i r e d  f o r  t h e  d i s t r i b u t o r  

p l a t e  can be c a l c u l a t e d  from Equation 37. The n e a r e s t  whole number 

y i e l d s  23,328 nozz les .  

0.0462 m2. 

The area of t h e  nozz le s  is 0.497 f t 2  o r  

Next w e  must c a l c u l a t e  t h e  t e r m i n a l  v e l o c i t y  o f  t h e  drops.  As 

t hey  are i n  the  s p h e r i c a l  regime (see F igure  61 ,  t h e  te rmina l  v e l o c i t y  

can be c a l c u l a t e d  from Equation 15. The t e r m i n a l  v e l o c i t y  a t  t h e  

bottom o f  t h e  column is 280 mm/sec o r  0.919 f t l sec .  Before 

de te rmining  the  s u p e r f i c i a l  v e l o c i t y  o f  e i ther  phase,  we must  nex t  

calculate  t h e  holdup a t  f looding .  

Using t h e  t e rmina l  v e l o c i t y ,  t he  Reynolds number of a drop is 

T h i s  is necessary t o  es tab l i sh  t h e  Rec regime. c a l c u l a t e d .  

Re, is g r e a t e r  than  500, Rec = 2212, we o b t a i n  m = 1.39. From 

As t h e  

Equat ion 27,  w e  nex t  f i n d  t h e  va lue  o f  t h e  holdup a t  f looding ,  E f .  

Given the  r a t i o  of flow rates  R = 1.708 and m = 1.39, E f  is 0.326. 

we choose t o  des ign  f o r  0.9Ef, then  E = 0.2934. From Equation 23, w e  

can c a l c u l a t e  the s u p e r f i c i a l  v e l o c i t y  a t  the  bottom o f  t h e  column. 

The chosen c o n d i t i o n s  y i e l d  Gc/A = 0.0784 f t /sec o r  23.88 mm/sec. 

S i n c e  we know t h e  volumetr ic  f low rate  of t h e  b r i n e  Gc,  t h e  

diameter o f  t h e  column proper a t  its base can be c a l c u l a t e d ,  from 

If 
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Equat ion 38, t o  be 2.80 f t  or 0.855 m. Although t h i s  would be  an 

a p p r o p r i a t e  diameter f o r  t h e  dchx column for c o n d i t i o n s  near  t h e  e n t r y  

of  t h e  working f l u i d ,  l a r g e  changes i n  t h e  d e n s i t y  of  i sobu tane  can 

occur a t  p r e s s u r e s  near  400 p s i  as i t  is heated t o  its s a t u r a t i o n  

temperature .  

several  l o c a t i o n s  a long  the  column l e n g t h  i n  t he  preheater s e c t i o n .  

A t  t h e  t o p  o f  t h e  p r e h e a t e r  s e c t i o n ,  t h e  3.5 mm drops  w i l l  have grown 

t o  a d iameter  o f  n e a r l y  4.0 mm. The t e rmina l  v e l o c i t y  w i l l  i n c r e a s e  

and g e n e r a l l y  t h e  d e v i a t i o n  i n  holdup w i l l  be  t o  one f u r t h e r  from t h e  

f l o o d i n g  po in t .  

Thus, t he  f lood ing  cond i t ions  w i l l  have t o  be checked a t  

I n  order t o  e s t ab l i sh  t h e  approximate l e n g t h  o f  t h e  preheater,  

Equat ions 32 and 39 can be used. From Equation 32, Uv is 

approximately 4,650 B t u / h r f t 3  O F  or 86.5 Kw/m3OK. 

p r e h e a t e r  is 21.8OF. Thus, from Equation 39, t h e  approximate l e n g t h  

o f  t h e  p r e h e a t e r  is  16.55 f t  o r  5.04 m. 

The LMTD fo r  t h e  

I n  t he  b o i l e r  s e c t i o n ,  5.85 x l o 6  B t u / h r  w i l l  be t r a n s f e r r e d  t o  

t h e  i sobutane .  

LMTD a c r o s s  t h e  b o i l e r  is 31.5OF. Thus,  the b o i l e r  volume is 

13.19 f t3 .  

Equation 36 y i e l d s  a Uv = 14,083 B t u I h r f t 3  OF. The 

The b o i l e r  l e n g t h  is 2.14 f t  o r  0.65 m. 

We now have a p re l imina ry  s i z i n g  of t h e  column proper .  The 

diameter is 2.8 f t  (0.855 m) and the  combined l e n g t h  o f  t h e  p rehea te r  

and b o i l e r  is 18.7 f t  (5.70 m ) .  Using these p re l imina ry  dimensions,  

the  steady s ta te  computer program descr ibed i n  Reference 23 can be  

used t o  r e f i n e  the  s i z e  f o r  the  prehea ter .  Such a c a l c u l a t i o n  y i e l d s  

an o v e r a l l  l e n g t h  of 1 9  f t  (5.8 m ) .  

For a vapor-mist disengagement s e c t i o n ,  a h e i g h t  o f  two d iameters  

is sugges ted  (5.6 f t  or 1.71 m ) .  Two rows of chevron mist e l i m i n a t o r s  
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l o c a t e d  mid-way i n  t h e  disengagement s e c t i o n  would e l i m i n a t e  any 

d r o p l e t  carry-over.  The chevrons should b e  two inches  h igh  and 

i n c l i n e d  a t  60° from t h e  v e r t i c a l .  

The b r i n e  i n j e c t o r  would be  loca t ed  near  t h e  midpoint  o f  t h e  

b o i l e r  s e c t i o n .  An i n j e c t o r  might be designed t o  d i s t r i b u t e  t h e  b r i n e  

h o r i z o n t a l l y  from a s i n g l e  t u b e .  It  should y i e l d  a h o r i z o n t a l  

v e l o c i t y  no g r e a t e r  than Cc/A a t  t h e  wall of t h e  column. 

r e q u i r e  the  i n j e c t o r  d i s t r i b u t i o n  over  a he igh t  o f  7.4 inches  or  

18.9 cm. 

described i n  Reference 3,  would be s a t i s f a c t o r y .  

T h i s  would 

A des ign  such as u s e d  fo r  t h e  500 ?We East Mesa DCHX u n i t  

The isobutane d i s t r i b u t i o n  p l a t e ,  as noted,  would r e q u i r e  23,328 

1/16 inch  diameter h o l e s  spaced over  6.16 f t 2 .  Th i s  i s  e q u i v a l e n t  t o  

one ho le  every 0.038 squa re  inches ,  or 0.22 inches  o r  5.59 mm between 

c e n t e r s .  The d i s t r i b u t o r  shou ld  be loca ted  i n  t h e  c o n i c a l  f r u s t r u m  

s e c t i o n  below the  column proper  where t h e  diameter  is 3.96 f t .  

I d e a l l y ,  the  f r u s t r u m  112 a n g l e  would be 15O. T h i s  w i l l  a l low f o r  the  

b r i n e  t o  pass  by the I C 4  d i s t r i b u t o r  w i t h  no i n c r e a s e  i n  t he  

cont inuous  phase s u p e r f i c i a l  v e l o c i t y .  The b r i n e  e x i t  would be 

l o c a t e d  on t h e  p r e s s u r e  head below t h e  column i n  a manner similar t o  

t h a t  shown on the  schematic o f  F igure  1. 

T h i s  design example used flow c o n d i t i o n s  i d e n t i c a l  t o  t hose  f o r  

the  East Mesa DCHX observed on November 12, 1980(3) .  

DCHX had a diameter of  3.67 f t .  Under these flow c o n d i t i o n s  the  

holdup, E ,  for t he  East Mesa DCHX was on ly  0.227, which was o n l y  70% 

The East Mesa 

of t h e  f lood ing  value.  

would have been 2,718 B t u / h r f t 3  OF. 

The r e s u l t i n g  Uv c a l c u l a t e d  from Equat ion 32 

The experiment i n d i c a t e d  a U, of  
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2,390 B t u I h r f t 3  OF. 

Reference 15. 

The comparison is  wi th in  t h e  i20% claimed by 

NOME NCL AT U RE 

A 

dD 

dDC 

d j c  

dn 

AP 

DC 

, Ed 

Eo 

E 

E f  

f 

g 

GC 

Gc/A 

GD 

hbP 

hex i  t 

I n t e r n a l  c ros s - sec t iona l  area o f  t h e  column 

Drop diameter 

Cr i t i ca l  drop s i z e  accord ing  t o  T r e y b a l  

Drop diameter a t  c r i t i c a l  j e t t i n g  v e l o c i t y  

Nozzle diameter  

I (pc  - p d )  I 
Column diameter  

Dispers ion  c o e f f i c i e n t s ,  e m p i r i c a l l y  determined c o n s t a n t s  

used i n  one dimensional  conserva t ion  equa t ions  t o  account 

for  backmixing 

Eotvos number, def ined  by Equation 8 and 11 

Void f r a c t i o n ,  l o c a l  g l o b a l  f r a c t i o n  of  volume occupied by 

t h e  d i spe r sed  phase 

Void f r a c t i o n  a t  t h e  f lood ing  p o i n t  

Drag c o e f f i c i e n t  de f ined  by Equation 1 6  f o r  r i g i d  sphe res  

and Equation 17 for surface mobile  s p h e r e s  

Gravi ty  

Volumetric flow r a t e  o f  cont inuous  phase 

S u p e r f i c i a l  v e l o c i t y  of the cont inuous  phase 

Volumetric flow rate  of d i spe r sed  phase 

Enthalpy o f  l i q u i d  a t  the  b o i l i n g  p o i n t  

Enthalpy a t  e x i t  from the  column 
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h i n  

H 

J 

LP.H. 

m 

VC 

M- gr ou p 

n 

Nud 

P r  

Q 
v 01 - 

I n l e t  value o f  en tha lpy  

Defined by Equat ion 21  

Defined by Equat ion 19 and 20 

Constants  i n  Equat ion 22 

Defined by Equation 4 

Defined by Equat ion 1 3  

Length of  column 

Log mean tempera ture  d i f f e r e n c e  f o r  coun te rcu r ren t  

flow 

Preheater l e n g t h  

Constant i n  Equat ion 23 def ined  by Equation 24 

Dynamic v i s c o s i t y  o f  cont inuous  phase 

Defined by Equat ion 12 

I n  Equation 37, t he  number o f  nozz le s  r equ i r ed  i n  

the  d i spe r s ion  p l a t e  

Nusse l t  Number de f ined  on the  basis of drop diameter 

P r a n d t l  number 

To ta l  l o c a l  heat t r a n s f e r  between phases  per  u n i t  volume 

Continuous phase d e n s i t y  

Dispersed phase d e n s i t y  

cD’GC 

Reynolds number, de f ined  by Equation 10  

I n t e r f a c i a l  t e n s i o n  

Volumetric heat t r a n s f e r  c o e f f i c i e n t  def ined  by 

Equation 33 
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Vn 

VT 

Maximum v e l o c i t y  i n  nozz les  t o  i n s u r e  near  uniform 

drop format ion  

J e t t i n g  v e l o c i t y ,  minimum v e l o c i t y  i n  nozz le  t o  i n s u r e  

a l l  nozz le s  are flowing 

Actual nozz le  v e l o c i t y  corresponding t o  dn, actual  nozz le  

diameter  and flow r a t e  of  d ispersed  p h a s e  

Terminal drop v e l o c i t y  f o r  surface mobile sphe res  t h i s  

is calculated from Equation 18 

2 2  
'n dn 'd Weber number, 

U 
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Figure 2.  Direct Contact Spray Tower for ?reheating 
and Boiling DisFersed Phase. 
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