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We would l i k e  t o  r e p o r t  t h a t ,  a t  t h i s  time, we have coded and tes ted  a 
model t h a t  s imulates the  behavior o f  a geopressured geothermal a q u i f e r  as 
i t  i s  subjected t o  p roduc t ion  from one o r  more we l l s .  
s imu la to r  by checking i t s  computed responses against  r e s u l t s  repor ted f o r  
systems t h a t  span the  range o f  the a b i l i t i e s  o f  the s imu la to r .  

We have tes ted  t h i s  

The general o b j e c t i v e  o f  our  work was t c  develop and t e s t  a s imu la to r  
f o r  geopressured geothermal aqu i fe rs .  The s imu la to r  considers the  e f f e c t s  o f  
heterogeneous and a n i s o t r o p i c  porous media, and the  presence o f  two f l u i d  
phases, water and na tu ra l  gas. The na tu ra l  gas can e x i s t  e i t h e r  i n  s o l u t i o n  
o r  as a separate and d i s t i n c t  f l ow ing  phase. The model inc ludes severa l  
d r i v e  mechanisms which we f e e l  w i l l  be s i g n i f i c a n t :  these inc lude the  water 
c o m p r e s s i b i l i t y ,  t he  rock m a t r i x  compress ib i l i t y ,  the  changes t h a t  occur i n  
pore volume as the  a q u i f e r  i s  compacted, the  i n f l u x  o f  water from adjacent  
shales e i t h e r  a t  the  edge o f  the sandstone body o r  immediately above i t  o r  
below i t ,  and the  expansion of t he  na tu ra l  gas e i t h e r  i n  s o l u t i o n  o r  as a 
free-phase. We fee l  t h a t  such a model can be used for d e p l e t i o n  s tud ies .  
Wi th  the  a d d i t i o n  o f  thermal e f f e c t s  i t  can be used t o  study the  f e a s i b i l i t y  
o f  r e i n j e c t i o n  o f  ' 'cool"  used water. 

The s imu la to r  i s  t he  r e s u l t  o f  combining the  momentum t ranspor t  equat ion 
f o r  water and gas w i t h  c o n s t i t u t i v e  equat ions desc r ib ing  t h e  changes o f  
f l u i d  p r o p e r t i e s  w i t h  pressure and the  changes o f  format ion parameters, 
such as p o r o s i t y ,  pe rmeab i l i t y  and format ion th ickness w i t h  decreasing pore 
pressure.  The r e s u l t i n g  equat ions,  shown i n  the  appendix, a r e  solved us ing  
f i n i t e  d i f f e r e n c e  methods t o  o b t a i n  pressure d i s t r i b u t i o n s  w i t h i n  the  a q u i f e r .  
The energy t ranspor t  equat ion can be added t o  the  se t  o f  equat ions and solved 
t o  o b t a i n  temperature d i s t r i b u t i o n s .  A t  the  U n i v e r s i t y  o f  Texas, we have 
done t h i s  i n  a decoupled fash ion  i n  order  to  examine long-term e f f e c t s .  We 
do no t  f e e l  t h a t  t h i s  i s  adequate f o r  t he  thermodynamically demanding case of 
water r e i n j e c t i o n .  

The goal o f  t he  model development was t o  have a mechanism f o r  per forming 
r e s e r v o i r  engineer ing s tud ies  on p o t e n t i a l  geopressured geothermal aqu i fe rs .  
The f i - r s t  example o f  t h i s  was performed on a prospect i n  eastern Kenedy 
County, Texas, (Knapp and I s o k r a r i ,  1976). An 'isopachous map o f  the prospect 
was used t o  cons t ruc t  a rec tangu lar  cube o f  equal volume and area. This  
resu l ted  i n  a r e s e r v o i r  4 .5 m i les  by 9 m i les  t h a t  was 162 f e e t  t h i c k .  A t  
t he  expected i n i t i a l  pressure o f  11,000 ps ia ,  the  average fo rmat ion  p o r o s i t y  
was est imated t o  be 0.216 and the  average pe rmeab i l i t y  was est imated t o  be 

.C 

" D r .  l s o k r a r i  i s  now w i t h  Amoco Product ion Company, P. 0.  Box 591, Tulsa,  
Oklahoma 74102. 
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18 m i l l i d a r c i e s  based on w e l l  l og  and core data. The r e s e r v o i r  f l u i d  was 
assumed t o  be f r e s h  water a t  30OoF. 
we l l  producing 40,000 BBLS/day were made t o  i n v e s t i g a t e  the e f fec t i veness  
o f  var ious  d r i v e  mechanisms. These a r e  shown i n  Fig.  1 .  i n  the  f i r s t  case, 
the  on ly  a c t i v e  producing mechanism was the  expansion o f  the  water. 
w i l l  be noted t h a t  t he  producing w e l l  pressure drops t o  5,000 ps i  i n  about 7 
years. We stopped the  c a l c u l a t i o n s  a t  t h a t  p o i n t  because 5,000 ps i  i s  
approximately the  h y d r o s t a t i c  pressure a t  the  expected w e l l  depth o f  13,000 
f e e t .  For Case I I ,  a rock m a t r i x  c o m p r e s s i b i l i t y  o f  7.5 x lom6 ps i - ’  was 
added. i t  can be seen t h a t  the  w e l l  pressure dropped t o  j u s t  below 8,000 
p s i a  a f t e r  30 years o f  product ion.  
p s i - l  was added f o r  Case I l l .  I n  t h i s  instance, t he  w e l l  pressure remains 
above 9,000 p s i a  f o r  t he  f u l l  t h i r t y - y e a r  producing per iod.  To s imu la te  
the  e f f e c t s  o f  shale water i n f l u x  from o f f - sho re  shales, a shale sec t i on  
was added which has a w i d t h  o f  2.5 m i les  and a l eng th  and th ickness i d e n t i c a l  
t o  t h a t  o f  t h e  sandstone format ion.  The shale p o r o s i t y  a t  11,000 ps ia  was 
assumed t o  be the  same as the  sandstone p o r o s i t y ,  o r  0.216; the  i n i t i a l  shale 
pe rmeab i l i t y  was est imated t o  be m i l l i d a r c i e s  and the  shale m a t r i x  
c o m p r e s s i b i l i t y  was assumed t o  be 7.5 x psi‘’. The shale u n i a x i a l  
compaction c o e f f i c i e n t  was assumed t o  be 4.6 x p s i - l .  Th i s  run i s  
shown as Case I V .  The w e l l  b lock  pressure i s  susta ined a t  a h igher  l e v e l  
than i n  the  o ther  runs a l though the  amount o f  support due t o  shale water 
i n f l u x  i s  not  g r e a t l y  enhanced. Other runs, on a reduced system, show t h a t  
the  e f f e c t s  o f  under ly ing  sediments a r e  much grea ter  (Knapp and I s o k r a r i ,  
1976). F i n a l l y ,  t he  e f f e c t s  o f  adding 44.1 scf/STB o f  na tu ra l  gas t o  the  
fo rmat ion  water a r e  shown as Case V i n  F ig .  1. The small amount o f  gas 
a long w i t h  i t s  very  small s a t u r a t i o n  combine t o  p rov ide  o n l y  a small amount 
o f  a d d i t i o n a l  pressure support  f o r  product ion.  

F i ve  dep le t i on  s tud ies  us ing  a s i n g l e  

I t  

A compaction c o e f f i c i e n t  o f  4.6 x 

Since one w e l l  would no t  produce enough water f o r  s i g n i f i c a n t  e l e c t r i c  
power product ion,  t he  d e p l e t i o n  o f  the  a q u i f e r  us ing  eleven 40,000 BBLS/day 
w e l l s  was simulated. The average r e s e r v o i r  pressure f e l l  below 7,000 ps i  i n  
about ten  years. The s i n g l e  sand u n i t  could no t  support a power generat ion 
p l a n t  f o r  a long enough pe r iod  o f  t ime t o  deprec ia te  i t .  There are ,  
however, o the r  sand bodies o f  a s i m i l a r  s i z e  i n  t h i s  prospect t h a t  could 
a l s o  be produced, which would extend t h e  use fu l  l i f e  o f  the  system. 

The model was next used t o  study the  produc t ion  o f  na tu ra l  gas from 
geopressured geothermal aqu i fe rs ,  ( I s o k r a r i  and Knapp, 1976). We c l a s s i f i e d  
such a q u i f e r s  i n t o  th ree  types based on the  na tu ra l  gas content .  I n  Type 1 ,  
t he  r e s e r v o i r  water i s  undersaturated w i t h  na tu ra l  gas. However, i t  cou ld  
s t i l l  con ta in  more than 40 standard cub ic  f e e t  o f  na tu ra l  gas per  r e s e r v o i r  
ba r re l  o f  water a t  r e s e r v o i r  cond i t ions .  I n  Type 2 rese rvo i r s ,  t he  r e s e r v o i r  
water i s  f u l l y  saturated w i t h  na tu ra l  gas and the  r e s e r v o i r  may con ta in  a 
small gas cap. Type 3 i s  a geopressured gas r e s e r v o i r .  The water i s  nea r l y  
immobile i n  the  r e s e r v o i r  bu t  t he  adjacent and under ly ing  shales con ta in  
water w i t h  gas i n . s o l u t i o n ,  t h a t  may move i n t o  the  rese rvo i r .  

Computer runs were made t o  generate a v a r i e t y  o f  data.  For Type 1 and 
Type 2 rese rvo i r s ,  r e s e r v o i r  pressure v a r i a t i o n s  w i t h  na tu ra l  gas and water 
p roduc t ion  were generated. I t  was found t h a t  subs tan t i a l  amounts o f  
na tu ra l  gas can be produced over  a long pe r iod  o f  time. 
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Figure 1 

PRESSURE WELL BLOCK PORE PRESSURE OF VARIOUS RESERVOIR DRIVES WITH TIME 
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The model was used t o  make a rea l  s tud ies  o f  a bounded hypothe t ica l  
geopressured gas rese rvo i r ,  w i t h  no shale water i n f l u x  us ing  d i f f e r e n t  
compaction c o e f f i c i e n t s .  I t  was found the  P/Z  (average r e s e r v o i r  pressure 
d i v i d e d  by gas d e v i a t i o n  f a c t o r )  versus cumulat ive product ion  curve 
changes s i g n i f i c a n t l y  w i t h  an increase i n  compaction c o e f f i c i e n t s .  

The model was a l s o  used t o  make c ross-sec t iona l  s tud ies  t o  assess the  
e f f e c t s  o f  shale water i n f l u x  from adjacent and under ly ing  shales. 

F i n a l l y ,  the  model was used t o  s imu la te  the  repor ted produc t ion  h i s t o r y  
o f  the  Anderson 'L' zone, a geopressured F r i o  (Oligocene) gas r e s e r v o i r  
i n  South Texas descr ibed by Duggan (1972). Good agreement was obta ined 
between the  observed and ca l cu la ted  pressures and water p roduc t ion  versus 
cumulat ive gas product ion.  
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APPEND1 X 

The b a s i c  equa t ions  f o r  a deformable heterogeneous,  a n i s o t r o p i c  and 

nonisothermal r e s e r v o i r  a s  presented by Knapp and I s o k r a r i  (1976) a r e :  

Momentum Transpor t  i n  Water Phase: 

Momentum Transpor t  i n  Gas Phase: 

Rw q w  wsc sc 
vP* 

K(fP - !kL Vh)) + v ( p  - K,W RSwK(vPw - - pw 9, vh)) + 
w Pw 144 gc g 144 - 

9, 

. . . . . . . . . . . . . . . . . . . . .  . ( 2 )  

Energy Transpor t :  

qwCvwT 
vP* 

+ S w p w R S w C v w ~ w ) ]  - V T  = V * [K,] V T  + 

q c  T 
+q+Q vP  . . . . . . . . . . . . . . . . . . . . . . . . . . . - ( 3 ,  
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Note t h a t  equat ions ( 1 )  t o  ( 3 )  assume t h a t  f l u i d  i s  homogeneous. 

Vp* = AXi AZ. W .  / 5.6146 BBLS 
3 1  

-1 Cm i s  t h e  u n i a x i a l  compaction c o e f f i c i e n t ,  p s i a  , d e f i n e d  as: 

A 

K 1-77 

K r m  

K + p p  

c =  m 4 A  

where: 

A 

i s  t h e  shear modulus o f  t h e  porous r o c k  

k(krm) i s  t h e  b u l k  modulus o f  t h e  porous r o c k  ( b u l k  modulus o f  t h e  r o c k  

m a t r i x )  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . (  5 )  s w + s  = 1  
9 

P - P w = P ( S )  9 c w . . . . . . . . . . . . . . . . . . . . . . . . . . . ( 6 )  

Cons t i t u t i  ve Re1 a t  i o n s  h i  ps : 

1. P o r o s i t y  - Pressure/ temperature r e l a t i o n s h i p  f o r  s a t u r a t e d  r o c k :  

+n+ l  n n [Tn+l n 
-T I I P  ( 7 )  = @n + ( I -+  )(Crm+Cm) [pn+l-p"l I T  + ( 1 4  )CTrm . . . .  

where: 

i s  o f  t h e  w e t t i n g  phase 



2. Permeability - Pressure/temperature relationship for saturated rock 

-n+l -n 'Trm n+l n c +c 
rm) (P -P ) + ( y ) ( T  -T ) I  (8) Kn+' = Kn [ l a 0  + ( . . . . . . .  1 - (pn 1- @ 

where: 

Kn+'(Kn) = new value of permeability ( o l d  value o f  permeability) 
Equation (8) can be shown to be equivalent to: 

n+l n 
K"' = Kn EXP [$ 1 

. . . . . . . . . . . . . . . . . .  * ( 9 )  
(l-& ( l-(pn+l) 

3. Compaction of a geologic medium due to fluid withdrawal 

. . . . . . . . . . . . . . . . . . . . .  - ( 1 0 )  
A Z  = c m A P L ~  + cTT A T L ~  

where: 

A 

- - 3CTrmK 
'TT A 4 

K+?'IP.. . . . . . . . . . . . . . . . . . . . . . . . . .  (11) 
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NOMENCLATURE 

cm 

c V  

'Trm 

9 

gc 

h 

K 

Kr 

Km 
P 

P 

pC 

q 

0 

RSw 

S 

T 

t 
- 
V 

X,Z 

w 

Greek 

A X ,  AZ 

P 

Q 

IJ 

-1 Rock matrix compressibility, psia 

Coefficient of thermal expansion (T' l )  

Specific heat of f l u id ,  BTU/lb-'F 

Acceleration o f  gravity 

Acceleration constant (32.12 f t /sec/sec)  

Depth below a reference datum, f t  

Absolute permeability, tensor (.001127 x rnd) 

Re1 a t i  ve permeabi 1 i ty  , f ract ion 

Thermal conductivity of saturated rock, BTU/D-ft-'F 

Pressure, psia 

Wetting phase pressure, psia 

Capillary pressure, psia 

Source - s i n k  volumetric flow ra t e ,  STB/D 
3 Heat source strength,  BTU/Day-ft 

Gas so lub i l i t y  i n  water (lbs/lbs) 

Saturation , f ract ion 

Temperature, O F  

Time, days 

Macroscopic velocity, BBLS/D- f t  

X,Z direct ion,  f t  

Width  (for ver t ical  s tud ies ) ,  thickness fo r  horizontal studies 

2 

Block dimensions 

Phase density, 1 bm/ f t  

Porosity 

Viscosity 

3 
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Operators 

V. 

0 .  

Divergence o f  a vector in fixed coordinate 

Divergence o f  a vector i n  deforming coordinates 
- 

Subscripts 

C Constant 

g Gas 

i X direction node index 

j Z direction node index 

rm Rock mat r ix  

W Water 

Superscripts 

n Old time level 

n + l  New time level 
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