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I n t r o d u c t i o n  

A n a t u r a l  geothermal  r e s e r v o i r  i s  an a q u i f e r  g e n e r a l l y  i n  l i q u i d  
phase conf ined  between two impermeable l a y e r s  of rock. 
r e s e r v o i r s  causes  a decompression which a l lows  t h e  i n- s i t u  v a p o r i z a t i o n  
of some water and t h e  development of a dual- phase flow. 

D r i l l i n g  of such 

Dual-phase f low is  d i r e c t e d  by t h e  f r a c t u r e s  of t h e  r e s e r v o i r ;  energy 
e x t i n c t i o n  i s  mainly determined by h e a t  and mass t r a n s f e r s  between t h e  
rock  and t h e  f l u i d s .  A l a r g e  p a r t  of t h e  energy s t o r e d  i n  t h e  r e s e r v o i r  
i s  t h e  h e a t  of t h e  rock ,  s o  t h e  knowledge of t h e s e  two in t e rconnec ted  
mechanisms is  ve ry  important  t o  a p p r e c i a t e  t h e  behavior  of geothermal  res- 
e r v o i r s .  

Mathematical Model ( i n s p i r e d  by Luikov's  model) 

AS SUMPT I ONS 

a .  The porous medium is homogeneous and deformable.  
b .  F l u i d s  and porous medium are supposed t o  b e  a f i c t i t i o u s  equ iva l en t  

c .  Viscous works are neg lec t ed .  
d .  C a p i l l a r i t y  e f f e c t s  are neg lec t ed .  

cont inuous  medium. 

LOCAL EQUATIONS 

With t h e s e  

Cont inui ty :  

Flow: 

a - 
a t  

Enthalpy : 

hypotheses t h e  fol1owin.g equa t ions  are a v a i l a b l e :  
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A d e f i n i t e  f l u i d  h e a t  and m a s s  t r a n s f e r s  w i l l  depend on: 

0 p o r o s i t y ,  

0 n a t u r e  and granulometry of t h e  porous medium, 

i n i t i a l  thermodynamic cond i t i ons ,  

0 l i q u i d  s a t u r a t i o n ,  

0 e x p l o i t a t i o n  cond i t i ons .  

Experimental  Apparatus (F ig .  1 )  

The s i m u l a t i o n  of a u t o  v a p o r i z a t i o n  phenomena w a s  made on a s imple  
geomet r i ca l  shape of t h e  porous medium i n  which h e a t  and mass t r a n s f e r s  
are mono- direct ional .  

The exper imenta l  i n s t a l l a t i o n  w a s  set up wi th  t h e  fo l lowing:  

1. A c y l i n d r i c a l  c e l l  

P = 10 .5  b a r s .  The problem of t h e  c o n c i l i a t i o n  o f  good performances i n  
p r e s s u r e  and low thermic p e r t u r b a t i o n s  caused by t h e  envelope i n  c o n t a c t  
wi th  t h e  porous medium w a s  so lved  by us ing  two concen t r i c  t ubes ,  t h e  in-  
t e r n a l  i n  epoxy r e s i n  and t h e  e x t e r n a l  induraluminum. The e x t e r n a l  t ube  
can b e  hea t ed  by electric r e s i s t a n c e s  c o n t r o l l e d  by an e l e c t r o n i c  r egu la-  
t i o n  cha in  which can work a t  two l e v e l s :  

It a l lows  t h e  average  thermodynamic c o n d i t i o n s  of  T = 180°C and 

0 i n  r e l a t i o n  w i t h  a f i x e d  tempera ture  t o  o b t a i n  a r e g u l a r  h e a t i n g  of 
t h e  porous medium, o r  

0 t o  minimize t h e  gap of tempera ture  between t h e  a x i s  of t h e  porous 
medium and t h e  e x t e r i o r .  The h e a t  l o s s e s  i n  t h i s  p o s i t i o n  can b e  
assumed t o  b e  equa l  t o  zero .  

2 .  F l u i d  a l i m e n t a t i o n  

It is  made by a n i t rogen- pres su r i zed  r e s e r v o i r  con ta in ing  a deform- 
a b l e  envelope.  Water goes t o  t h e  ends of t h e  c y l i n d r i c a l  c e l l  through 
porous p laques .  
c i r c u l a t i o n .  

3. Flu id  product ion  

condensor.  This  condensor a l lows  t h e  access t o  t h e  en tha lpy  of t h e  pro- 
duced f l u i d .  

4 .  Measurements 

Ends of t h e  ce l l  are kept  at: cons t an t  tempera ture  by o i l  

This  i s  i n i t i a t e d  by opening a micrometr'ic valve a t  t h e  end of t h e  

The flow r a t e  is  determined by weight ing  t h e  condensed f l u i d s .  

There are 24 thermocouples and 12 p r e s s u r e  gauges d i s t r i b u t e d  a long t h e  
The s o u r c e  is  1 Ci  c e l l ;  l i q u i d  s a t u r a t i o n  i s  measured by Y-ray abso rp t ion .  

of AM241. The accuracy of t h e  method is  around 5%.  

5. Porous media 

A t  t h e  beginning of experiments  g l a s s  b a l l s  were used.  A f t e r  many 
problems wi th  t h e  s i l ica te  
gave complete s a t i s f a c t i o n .  

d i s s o l u t i o n ,  a q u a r t z  sand w a s  u t i l i z e d  and 
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Experimental  R e s u l t s  

A.  I n f l u e n c e  of some parameters  

1. P o r o s i t y  

The f r a c t i o n  produced i n  vapor phase i s  more impor tan t  a t  low 
p o r o s i t y  (F ig .  2 ) .  However, w i t h  t h e  h o r i z o n t a l  c o n f i g u r a t i o n  t h e  t o t a l  
massic-produced f r a c t i o n  is  n o t  a f f e c t e d  by p o r o s f t y .  The f a c t  t h a t  t h e  
en tha lpy  of produced f l u i d s  is b e t t e r  a t  low p o r o s i t y  shows c l e a r l y  t h e  
importance of t h e  s o l i d  matrix h e a t  i n  t h e  v a p o r i z a t i o n  p roces s .  

2 .  Speed of decompression (F igs .  3 and 4 )  
I f  t h e  decompression i s  t o o  f a s t ,  a g r e a t  q u a n t i t y  of water i n  

l i q u i d  phase i s  expulsed.  
t h e  s o l i d  m a t r i x  cannot  b e  used f o r  v a p o r i z a t i o n .  

Then a l a r g e  f r a c t i o n  of t h e  energy s t o r e d  i n  

3 .  I n i t i a l  l i q u i d  s a t u r a t i o n  

When t h e  i n i t i a l  l i q u i d  s a t u r a t i o n  i s  low, t h e  produced f r a c t i o n  
is low, b u t  t h e  en tha lpy  and vapor q u a l i t y  of t h e  produced f l u i d s  a r e  b e t t e r .  
The r e s u l t s  a g r e e  w i t h  t h e  numerica.1 s t u d i e s  of Toronyi and Mar t in  (F igs .  5 
and 6) .  

4 .  Heat i n f l u x  o r  h e a t  l o s s e s  

Heat i n f l u x  o r  h e a t  l o s s e s  have a s t r o n g  e f f e c t  on t h e  behavior  of 
t h e  model; some c r i t i c a l  s t u d i e s  were made t o  estimate t h e  envelope cont r ibu-  
t i o n  t o  t h e  phenomena. 
accuracy of t h e  measurements. 

Such e f f e c t s  must b e  c a r e f u l l y  checked t o  i n s u r e  

B .  Energy e x t r a c t i o n  e f f i c i e n c y  

Energy e x t r a c t i o n  e f f i c i e n c y  i s  de f ined  by r) = E /Ei, where Ep is  

We can see i n  F ig .  7 

n(P/Po) 

P t h e  produced energy and 
them are c a l c u l a t e d  from a tempera ture  l e v e l  of 100°C. 
t h a t :  

A l l  t h e  runs  have t h e  same shape  of t h e  graphs of 

0 r) is maximum f o r  t h e  r u n s  w i t h  S o l  = 1 and i n- s i t u  v a p o r i z a t i o n  

Ei t h e  i n i t i a l  energy of t h e  r e s e r v o i r ;  bo th  of 

(H5, H6). The r u n  H 1  (high-speed run)  shows an  i n i t i a l  expuls ion  of 
l i q u i d  water producing a l a r g e  d e p l e t i o n  wi thout  any energy e x t r a c t i o n  
by i n- s i t u  v a p o r i z a t i o n .  
t h e  behavior  of low i n i t i a l  1i.quid s a t u r a t i o n  runs .  

t i o n  runs .  
vapor-dominated o r  v e r y  low- porosi ty r e s e r v o i r s .  

Then. t h e  behavior  of t h i s  r u n  is  s i m i l a r  t o  

A l a r g e  p a r t  of t h e  energy remains i n  t h e  r e s e r v o i r  f o r  t h e  low s a t u r a-  
This  r e s u l t  shows c l e a r l y  t h e  i n t e r e s t  of r e i n j e c t i o n  f o r  

C.  "Black box" model based on mass and e n e r n  ba l ances  

A comparison of numerical  and exper imenta l  d a t a  shows e x c e l l e n t  r e s u l t s  
(F ig .  8 ) .  
Morrow d e s c r i b e s  an exper imenta l  s imu la t ion  ve ry  w e l l .  

A model s i m i l a r  t o  t h o s e  of Whiting and Ramey and of Brigham and 
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Conclusions 

Th i s  s tudy  shows some q u a l i t a t i v e  r e s u l t s  on t h e  problem of i n- s i t u  
v a p o r i z a t i o n  i n  porous media; however, t h e s e  r e s u l t s  cannot  b e  app l i ed  
d i r e c t l y  f o r  r e s e r v o i r  e x p l o i t a t i o n .  Among t h e  problems remaining w e  can 
show t h e  improvement of some numerical  models based on l o c a l  equa t ions ,  
t h e  de t e rmina t ion  of t h e  r e l a t i v e  p e r m e a b i l i t i e s  cu rves ,  and t h e  behavior  
of geothermal  r e s e r v o i r s  a t  ve ry  low i n i t i a l  l i q u i d  s a t u r a t i o n  wi th  t h e  
i n f l u e n c e  of c a p i l l a r i t y  e f f e c t s .  
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FIGURE 4 - 
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FIGURE 5 - 
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FIGURE 6 - 
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FIGURE 7 - 

ENERGY EFFICIENCY 
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