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To date, ou r  research has cons is ted  o f  designing rese rvo i r  s imu la to rs  
capable o f  modeling the behavior  o f  geopressured geothermal reservo i rs .  The 
on l y  model we c u r r e n t l y  have opera t iona l  i s  a s i n g l e  phase (water) m u l t i -  
dimensional s imu la to r  of  such reservo i rs .  The model i s  a f i n i t e  d i f f e r e n c e  
s o l u t i o n  o f  the  momentum t ranspo r t  equat ion f o r  water. The model i s  two- 
dimensional ,  and e i t h e r  a rea l  o r  c ross- sec t iona l  s tud ies  can be run. The 
model a l lows f o r  heterogeneous, a n i s o t r o p i c  porous media. The e f f e c t s  o f  
pore pressure reduc t ion  on f l u i d  p rope r t i es  and r e s e r v o i r  parameters are 
included. Reservo i r  parameters inc lude  po ros i t y ,  permeab i l i t y ,  and format ion 
thickness. Even though the presence o f  d isso lved  gas i s  no t  inc luded i n  t h i s  
model, i t s  e f f e c t s  on momentum t ranspo r t  can be approximated by modi fy ing the  
f l u i d  compress ib i l i t y .  

We p lan  t o  use the model t o  examine the  e f f e c t s  o f  rock compression and 
shale water i n f l u x  on the  performance o f  a w e l l  completed i n  a represen ta t i ve  
Gu l f  Coast geopressured geothermal r ese rvo i r .  Th is  w i l l  be done t o  a i d  i n  
p lann ing  w e l l  design and p roduc t ion  t e s t s  f o r  an expected p i l o t  w e l l  d r i l l e d  
i n t o  such a r ese rvo i r .  

A t  t h i s  t irne, we v i s u a l  i ze t h a t  a geopressured geothermal reservo i  r 
might  appear l i k e  F ig .  1. A massive undercompacted sandstone body i s  bounded 
on the landward s i de  by a growth f a u l t .  Seaward the format ion grades i n t o  an 
undercompacted shale. A t  the  top, the sandstone i s  bounded by a shale t h a t  
a l lows  no v e r t i c a l  movement o f  f l u i d .  Below the  sandstone t he re  i s  an under- 
compacted shale. The f l u i d  contained w i t h i n  t he  r e s e r v o i r  i s  a r e l a t i v e l y  
f resh water.  Hopefu l ly ,  i t  i s  contaminate-d w i t h  na tu ra l  gas i n  s o l u t i o n .  

The sandstone body tends t o  be elongated i n  the d i r e c t i o n  p a r a l l e l  t o  
The body w i l l  be an anc ien t  sandbar or d e l t a  made up the  anc ien t  seacoast. 

of  sediments deposi ted by the  anc ien t  r i v e r s .  

We f e e l  t he  f o l l o w i n g  phenomena w i l l  be important cons idera t ions  i n  the 
development o f  reservo i  r s imu la to rs  f o r  the  geopressured geothermal r ese rvo i r s :  

Because o f  the  depos i t i ona l  cond i t ions ,  t he  rese rvo i r s  are hetero-  
geneous. There i s  cons iderable evidence t h a t  shale  water i n f l u x  has played 
a r o l e  i n  the maintenance of r e s e r v o i r  pressures i n  gas w e l l s  completed i n  
geopressured formations. The f i r s t  at tempts t o  examine shale water i n f l u x  
w i l l  be done by extending the  modelled r e s e r v o i r  volume t o  inc lude  the o f f -  
shore shales. Both the shales and the  sandstones w i l l  probably be aniso-  
t r o p i c  as w e l l  as heterogeneous. 

Since the format ions a re  undercompacted, as f l u i d  i s  removed the reset-- 

I t  w i l l  
v o i r  w i l l  compact as the  rock m a t r i x  assumes the overburden load. Th is  com- 
pac t i on  w i l l  p rov ide  a source of  dep le t ion  energy f o r  the  rese rvo i r .  
a l s o  reduce the c ross- sec t iona l  area a v a i l a b l e  f o r  f l u i d  movement and decrease 
the p o r o s i t y  and pe rmeab i l i t y  of  the format ion. 
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The pr imary r e s e r v o i r  f l u i d  i s ,  o f  course, water.  The temperature i s  

Therefore,  
expected t o  range from 300 t o  400" F (150 to  200" C). 
be a t  about 14,000 fee t  (4,200 meters) i n  the Texas Gu l f  Coast. 
h y d r o s t a t i c  cond i t ions  w i l l  be s u f f i c i e n t  t o  keep the format ion water i n  the 
l i q u i d  s t a t e  du r i ng  product ion.  

The format ions w i l l  

The d isso lved  gas i s  an i n t e r e s t i n g  compl icat ion.  The mass o f  d i s -  
solved gas per u n i t  mass o f  water i s  q u i t e  smal l  a t  f u l l  sa tu ra t i on  even a t  
the e leva ted  pressures and temperatures assoc ia ted w i t h  geopressured reser-  
vo i r s .  I f  the format ion water i s  f u l l y  sa tu ra ted  w i t h  na tu ra l  gas, as soon 
as product ion begins t h i s  gas w i l l  evo lve from the water.  I t  i s  c l e a r  t h a t  
t o t a l  removal o f  the gas i n  s o l u t i o n  w i l l  no t  r e s u l t  i n  a large gas satura-  
t i on .  The m o b i l i t y  o f  t h i s  gas coming o u t  o f  s o l u t i o n  i s  no t  known. For 
the purposes o f  r e s e r v o i r  s imulat ion,  the prudent approach appears t o  be t o  
prov ide f o r  the t r anspo r t  o f  the na tu ra l  gas specie as e i t h e r  s o l u t i o n  gas 
o r  as " f ree"  gas. 

I f  the rese rvo i r s  were simply t o  be depleted, the s o l u t i o n  o f  the d i f -  
f e r e n t i a l  equat ions descr ib ing  momentum t ranspo r t  f o r  the format ion f l u i d s  
would be s u f f i c i e n t  t o  model the behavior o f  geopressured geothermal reser-  
vo i rs .  However, i t  i s  c e r t a i n  t h a t  one o f  the e x p l o i t a t i o n  schemes cons i-  
dered f o r  such rese rvo i r s  w i l l  be the r e - i n j e c t i o n  o f  the produced water i n t o  
the  r e s e r v o i r  a f t e r  i t  has been "cooled" and " st r ipped"  o f  the na tu ra l  gas 
by the sur face  i n s t a l l a t i o n .  

The r e - i n j e c t i o n  o f  the "cooled" water  makes i t  necessary t o  inc lude  
the e f f e c t s  of  thermal energy t ranspor t  i n  the rese rvo i r .  We assume t h a t  the  
r e s e r v o i r  f l u i d s  and the rock m a t r i x  w i l l  be i n  thermal equ i l i b r i um .  With 
r e s e r v o i r  temperature as a var iab le ,  f l u i d  and rock p rope r t i es  w i l l  e x h i b i t  
complex behavior. 

The d i f f e r e n t i a l  equat ions we f e e l  descr ibe the behavior o f  geopres- 
sured geothermal r ese rvo i r s  are g iven as Appendix A a t  the end o f  t h i s  paper. 

The boundary condi t i  ons f o r  these equat ions deserve some commen t. They 
w i l l ,  o f  course, depend on the modeling study performed and the choice o f  the  
system t o  be represented. 

A t  the  top o f  the r e s e r v o i r  the v e r t i c a l  pe rmeab i l i t y  o f  the  shales 
w i l l  be extremely smal l .  Over the  p roduc t i ve  l i f e  o f  the rese rvo i r ,  f l u i d  
movement i n  o r  o u t  of  the rese rvo i r  can be neglected a t  t h i s  boundary. A t  
the bottom of the  r e s e r v o i r  the re  may be shale water  i n f l u x .  
handled i n  one of two ways. 
extend the r e s e r v o i r  system f a r  enough i n t o  the  shales t h a t  a s p e c i f i e d  poten- 
t i a l  o r  no- f low boundary might  be spec i f ied .  Th is  w i l l  requ i re  a la rge  com- 
p u t i n g  g r i d .  To reduce computer storage, i t  may be des i rab le  t o  con f ine  the 
computing g r i d  t o  the  sand body i t s e l f .  I n  t h i s  case, the p o i n t  source terms 
i n  the d i f f e r e n t i a l  equat ions can be used t o  represent f l u i d  i n f l u x .  A t  the 
o f f sho re  boundary s i m i l a r  cond i t ions  can be appl ied.  Along the growth f a u l t ,  
we expect t ha t  the boundary w i l l  be sealed. I f  p roduc t ion  seems t o  i n d i c a t e  
otherwise, we f e e l  we can use the source terms t o  represent water i n f l u x .  
We a n t i c i p a t e  handl ing the energy equat ion boundary cond i t ions  i n  a s i m i l a r  
f ash ion.  

Th is  can be 
The most s t r a i g h t f o r w a r d  scheme would be t o  
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APPENDIX A 

DIFFERENTIAL EQUATIONS OF FLOW IN GEOPRESSURED GEOTHERMAL RESERVOIRS 

Moment um Cons e r  va t i on 

a 

a t  
+ Q g = - (  1 

Energy Balance 

Variable Definitions 

krw) krg = relat ive permeability to  i th  phase. 

i = g (gas) ,  i - w (water), i - r (rock) 
- - 
K = local rock permeability tensor 

PW’ P g  = f l u i d  density 

= f luid viscosity 9 PW’ u 

pw, pg = pressure 
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9 = gravitational acceleration 

h = local elevation above a reference datum 

= p o i n t  source 
QW, Qg 

sw, sg 

Rs 

Hw' Hg 

a 

0 = porosity 

= fraction o f  pore volume occupied by phase 

= gas i n  solution per unit mass of water 

= internal energy o f  i th  phase 

= superficial (Darcy) velocity 

= rock-fluid mixture thermal conductivity 

- -  
uw, "g 

T rock-fl u i d  temperature 
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Figure 1 Cross-section and P l a n  
View of Geopressured 

Reservoir 

-134- 


