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In t roduc t ion  

I t  is  known t h a t  ho t  d i k e  complexes are one type  of h e a t  sou rces  
i n  a vo lcan ic  geothermal r e s e r v o i r .  To e x t r a c t  energy from a geo- 
thermal r e s e r v o i r ,  it i s  important t o  know t h e  coo l ing  ra te  of t h e  
i n t r u s i v e s  by groundwater. With a maximum temperature  of 1,200°C, the  
i n t r u s i v e s  are most l i k e l y  t o  be cooled by f i l m  b o i l i n g  du r ing  t h e  
i n i t i a l  s t a g e s  and by s ingle-phase  convect ion dur ing  t h e  l a t e r  s t a p c s  
when i t s  temperature  becomes lower t h a t  the s a t u r a t e d  tempera ture  c o r -  
responding t o  t h e  p r e s s u r e .  
Reservoi r  Engineer ing,  Cheng [ l ]  has r epor t ed  t h a t  t h e  coo l ing  r a t c  of 
a d i k e  by f ree  convect ion of s ing le-phase  groundwater can be  computed 
according t o  
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= 0.444 (Tw-T,) 3/2dkmK:rp , 
9, 

and t h e  t h i c k n e s s  of  t h e  hot  water  zone i s  

where g i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ;  qw and q\,, a r e  t h e  l o c a l  and 
t h e  average s u r f a c e  hea t  f l u x ;  Tw and T, a r e  t h e  tempera tures  of  t h e  
groundwater at the s u r f a c e  and a t  a great d i s t a n c e  from the s u r f a c e ;  I;, 
km and c1 are  t h e  pe rmeab i l i t y ,  t h e  equ iva len t  thermal c o n d u c t i v i t y ,  
and thermal d i f f u s i v i t y  of  t h e  formation;  cp ,  B ,  and v are  t h e  s p e c i f i c  
hea t ,  t h e  thermal expansion c o e f f i c i e n t ,  and t h e  kinematic  v i s c o s i t y  of 
t he  groundwater; L and x are t h e  he igh t  of  t h e  d i k e  and t h e  l o c a l i t y  
on t h e  d ike  measured from t h e  bottom; p, is  t h e  dens i ty  of t h e  groundwater 
at i n f i n i t y .  

t r a n s f e r  from a v e r t i c a l  i so thermal  s u r f a c e  i n  a porous medium f i l l e d  
with a subcooled l i q u i d  [2 ,3 ] .  In t h i s  paper  we s h a l l  b r i e f l y  summarize 
t h e  r e s u l t s  obtained,and c a r r y  out  numerical  computations o f  b o i l i n g  
hea t  t r a n s f e r  from a d ike .  

Recect ly ,  w e  have obta ined  an a n a l y t i c a l  s o l u t i o n  f o r  b o i l i n g  hea t  

F i l m  Boi l ing  from a V e r t i c a l  P l a t e  i n  a Porous Medium 

Consider t h e  problem of s teady  coo l ing  o f  an isothermal  v e r t i c a l  
sur face  embedded i n  a porous medium f i l l e d  with a subcooled l i q u i d  
as shown i n  F i g .  1 .  Nhen t h e  wal l  temperature  T,, i s  s u f f i c i e n t l y  
higher  than t h e  s a t u r a t i o n  temperature  Ts (corresponding t o  i t s  



-244- 

p r e s s u r e ) ,  a vapor f i l m  wi th  th i ckness  6, w i l l  form ad jacen t  t o  t h e  
ver t ical  sur face .  To i n v e s t i g a t e  t h e  hea t  t r a n s f e r  c h a r a c t e r i s t i c s  
of t h i s  problem, Cheng and h i s  co-worker [2 ,3]  have made t h e  fo l lowing  
assumptions: 
t h e  subcooled l i q u i d  with no mixed zone i n  between. 
face a t  y = 6v i s  smooth and s t a b l e ,  and i s  a t  a cons t an t  temperature  
Ts .  (3) Boundary l a y e r  approximations are app l i cab le .  (4) Bousinesq 
approximations are invoked i n  t h e  l i q u i d  phase so  t h a t  d e n s i t y  i s  
assumed t o  be cons t an t  except i n  t h e  buoyancy f o r c e  term where den- 
s i t y  i s  assumed t o  be l i n e a r l y  p ropor t iona l  t o  temperature .  
o t h e r  p r o p e r t i e s  of  t h e  l i q u i d  and vapor phases  and t h e  porous medium 
are cons t an t .  ( 6 )  Darcy 's  law is a p p l i c a b l e  t o  both phases .  I t  i s  
worth no t ing  t h a t  assumptions (1)-(5)  are t h e  usua l  approximations 
used i n  t h e  c l a s s i c a l  f i l m  b o i l i n g  l i t e r a t u r e .  Note t h a t  as a r e s u l t  
of t he  f i rs t  approximation, t h e  mathematical  formulat ion of  t h e  problem 
is cons iderably  s i m p l i f i e d .  
r e l a t i v e  pe rmeab i l i t y  no longer  comes i n t o  t h e  p i c t u r e  and t h a t  s i n g l e -  
phase equat ions  can be app l i ed  s e p a r a t e l y  t o  t h e  vapor and l i q u i d  
phases.  
l a r i t y  s o l u t i o n s  i n  terms of  t h e  dimensionless  boundary l a y e r  t h i c k -  
ness  parameter qv6 which is  def ined  as qV6 = - 3 v / ~ .  
meter i s  an i m p l i c i t  func t ion  of t h r e e  o t h e r  dimensionless  parameters :  
Shy Sc, and R ,  where Sh = c v(Tw-Ts)/hfg, Sc = cpL(Ts-T,)/h 

(1) A d i s t i n c t  boundary e x i s t s  between the  vapor and 
( 2 )  The i n t e r -  

(5) A l l  

This  i s  because t h e  complexity of  t h e  

As a r e s u l t ,  bo th  t h e  vapor and t h e  l i q u i d  phases  admit s i m i -  

Th i s  para- 

fg '  vLav (Pm-Pv) C,.,Lf/z 
R ;"[ 9cpL = kmL/P w L  a and c PV = kmV/p,av 

pw Pv"LP,BLhfg 
wi th  t h e  s u b s c r i p t  "v" denot ing  q u a n t i t i e s  a s s o c i a t e d  wi th  t h e  vapor 
phase while  t h e  subsc r ip t  "L"denoting q u a n t i t i e s  a s s o c i a t e d  wi th  
the  l i q u i d  phase.  
measure of degree of wall supe rhea t ing ) ,  Sc ( a  measure of t h e  e x t e n t  
of t h e  subcool ing of  t h e  surrounding f l u i d ) ,  and R ( a  p r o p e r t y  r a t i o )  
i s  i l l u s t r a t e d  i n  Fig.  2 .  

The f u n c t i o n a l  r e l a t i o n s h i p  between ov6, Sh (a  

The l o c a l  and average b o i l i n g  hea t  t r a n s f e r  rates from a heated 
s u r f a c e  i n  a geothermal r e s e r v o i r  can be shown t o  be 

Equations (4)  and (5) can be r e w r i t t e n  i n  dimensionless  form as 

Nux 1 
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where Nux and Nu are  t h e  l o c a l  .and average Nusse l t  numbers wh i l e  Rax,v 
and Ra are t h e  Rayleigh numbers based on x and L r e s p e c t i v e l y ,  i . e . ,  

- 

It  i s  convenient  t o  mul t ip ly  Eq. (6) by riv& and p l o t  t h e  q u a n t i t y  
Nuxnv6/- ve r sus  qv6 which i s  p resen ted  i n  F ig .  3 .  
hand, t h e  q u a n t i t y  Nux/(Rax,v) ve r sus  Sh a t  R = 0.5 and wi th  d i f f e r e n t  
va lues  of  Sc i s  p resen ted  i n  Fig.  4. 

On t h e  o t h e r  

Appl ica t ion  t o  Heat Trans fe r  from a Dike 

Consider a d i k e  100 m i n  he igh t  with an average s u r f a c e  tempera ture  

Suppose t h a t  
of 400°C i s  in t ruded  i n t o  an a q u i f e r  (wi th  K = 10-12m2, km,L = 2.65 
J/sec-K, and km,v = 1 .6  J/sec-K) a t  a tempera ture  of 20°C. 
t h e  mean s t a t i c  p r e s s u r ?  a long  t h e  d i k e  i s  a t  10 atmospheric p r e s s u r e  
and t h e  s a t u r a t e d  temperature  corresponding t o  t h i s  mean p r e s s u r e  i s  
1 8 O o C .  To apply t h e  theory  t o  t h i s  problem, we s h a l l  eva lua te  t h e  p r o -  
p e r t i e s  of t h e  vapor and l i q u i d  l a y e r s  a t  t h e i r  mean tempera tures .  
Thus, t h e  d e n s i t y ,  v i s c o s i t y ,  and s p e c i f i c  h e a t  o f  vapor w i l l  be  e v a l -  
uated a t  t h e  mean tempera ture  o f  (T,,,+TS)/2 = 290°C while  t h a t  of t h e  
l i q u i d  phase a t  (Ts+T,)/2 = 100°C. A t  t h e s e  tempera tures ,  w e  found t h a t  
pv = 0.004 g/cc,  cpv = 2.16 J /g-k ,  pv = 1.96 x 
4.22 J/g-K, p~ = 2.74 x LO- 3 g/cm-sec, p, - - 0.9574 g/cc and B L  = 
4.67 x lO-4/C, hfg  = 2019 J / g .  
Sc = 0.3323, and R = 0.565, and consequent ly  we can determine rlvg from 
Fig. 2 t o  g e t  nv6 = 0.49. With t h i s  va lue  o f  vvr; w e  ob ta in  Nux = 33.3 
a t  x = 100 m where Rax , \ r  = 258 and R a x , ~  = 425. The vapor f i l m  boundary 
l a y e r  t h i ckness  can be determined from t h e  d e f i n i t i o n  of U V 6  which g i v e s  
6, = 0 . 4 9 x / G  and t h e  vapor boundary l a y e r  t h i ckness  i s  given by 

Th i s  i s  p l o t t e d  i n  Fig.  5 where it is  shown t h a t  gV = 3 m 6 =  

and 6~ = 24.3 m a t  x = 100 m. 
vapor and t h e  l i q u i d  phases  a t  x = 100 m are p l o t t e d  i n  F ig .  6 .  I t  i s  
shown t h a t  t h e r e  i s  a v e l o c i t y  d i s c o n t i n u i t y  a t  t h e  vapor- l iqu id  i n t e r -  
face which i s  a consequence of  t h e  Darcy 's  law. The v e r t i c a l  v e l o c i t y  
i n  t h e  vapor phase i s  shown t o  be much h ighe r  than t h a t  i n  t h e  l i q u i d  
phase because buoyancy f o r c e  i s  l a r g e r  and v i s c o s i t y  i s  lower f o r  vapor.  

g/cm-sec; CPL = 

With t h e s e  va lues ,  we o b t a i n  Sh = 0.2364, 

. 5x 

L d i G - - - -  
x,L 

The v e r t i c a l  v e l o c i t y  p r o f i l e s  f o r  t h e  

Concludine Remarks 

The v a l i d i t y  of t h e  p re sen t  theory  depends c r i t i c a l l y  on t h e  assump- 
t i o n s  of (1) t h e  non-exis tence o f  a two-phase zone i n  t h e  boundary I ayc r ,  
and ( 2 )  t h e  vapor - l iqu id  i n t e r f a c e  be ing  s t a b l e  and smooth. For  t h c  
c l a s s i c a l  f i l m  b o i l i n g  problems, t h e  f i r s t  assumption has been widcly 
accepted while  t h e  second assumption i s  more d i f f i c u l t  t o  be met i n  
r e a l i t y  s i n c e  bubbles  nea r  t h e  i n t e r f a c e  may be formed ( r e s u l t i n g  in a 
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wavy shape) or detached ( r e s u l t i n g  i n  an unsteady behavior).  These 
assumptions a r e  c e r t a i n l y  p l a u s i b l e  f o r  t he  corresponding problems 
in  a porous medium. 
by f u t u r e  experiments. 

Its accuracy,however, can only be determined 
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Fig.  1 Coordinate  System 
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