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ABSTRACT 

A mater ia l  balance equation (MBE) i s  
developed ' f o r  geopressured reservo i rs  which 
takes i n t o  account t h e  water and rock 
expansion and pore volume reduct ion as 
pressure dec l ines i n  t h e  reservo i r .  

Data from a t y p i c a l  geopressured 
r e s e r v o i r  was used both i n  the  MBE and i n  a 
f o u r  component , three-dimensional r e s e r v o i r  
s imulator  developed by ARC0 O i l  & Gas Co. 
which waslmodified f o r  use i n  a geopressured 
r e s e r v o i r  . Few example problems f o r  
d i f f e r e n t  c r i t i c a l  gas saturat ions are 
presented. The r e s u l t s  of the  proposed MBE 
a re  w i t h i n  4% o f  those predic ted,  a f t e r  27 
years o f  product ion by the  r e s e r v o i r  
s i mu 1 a t o r i  

Ignor ing t h e  rock and f l u i d  
compressi b i l  i t i e s  reduces the new MBE t o  the 
one in t roduced by s c h i l t h u i s .  Using 
s c h i l t h u i s  equation i n  a geopressured 
r e s e r v o i r  g ives mis leading r e s u l t s  o f  up t o  7 
t imes h igher  gas and water in-place, o r  much 
1 ower recovery fac to rs .  

INTRODUCTION 

Geopressured b r i n e s  i n  the  Gu l f  Coast 
area o f  the Uni ted States e x i s t  a t  depths o f  
greater  than 8000 ft. The pressure gradients  
i n  these Cenozoic and Mesozoic sedimentary 
rocks are h igher  than hydros ta t i c  (0.465 
p s i / f t ) ,  and w i t h  increas ing depth they 
approach t o  1 i t h o s t a t i c  pressure gradient  
(1 .O p s i / f t ) .  The temperature gradients  i n  
geopressured zones a r e  a l s o  h igher  than the 
gradients  i n  normally pressured zones. These 
geopressured formations are p o t e n t i a l  sources 
f o r  d isso lved methane r y o v e r y  , thermal 
energy, and h y d r a u l i c  energy . 
The economics o f  methane recovery from 
geopressured-geothermal aqui fers  i n  the  Texas 
and Louisiana g u l f  c o a y  area has been 
evaluated by Doscher e t  all. 

I n  an e a r l i e r  study , t h e  performance 
c h a r a c t e r i s t i c s  o f  these reservo i rs  were 
analyzed by a d e t a i  1 ed r e s e r v o i r  model i ng . 

I n  p a r t i c u l a r ,  s e n s i t i v i t y  studies were made 
t o  determine e f f e c t s  o f  various parameters 
t h a t  might  enhance t h e  economic production of 
methane from such aqu i fe rs .  

M a t e r i a l  Balance Equation 

de f ined as 
The e f f e c t i v e  rock compress ib i l i t y  i s  

From above equation an expression f o r  pore 
volume can be obta ined a f t e r  some f l u i d  i s  
produced from the  formation. 

vp = v . ( l - c f  *P) 
P l  

I n  a normally pressured reservo i r  the change 
i n  pore volume, V . c AP, i s  n e g l i g i b l e  
s ince t h e  pressure'hrod i s  no t  too grea t  t o  
a f f e c t  the  very low value ,of c , b u t  i n  
formations w i t h  f l u i d  pressures hfgher than 
h y d r o s t a t i c  , especia l  l y  t h e  ones w i t h  
pressures c lose t o  l i t h o s t a t i c ,  t h e  
f r a c t i o n a l  change i n  pore volume can reach up 
t o  5%. 

According t o  Ha l l4  the rock 
compressibi l  i ty  decreases a g  p o r o s i t y  
increases. A range o f  3-5 x 10- ps i  f o r  c 
should be reasonably accurate s incg  
geopressured r e s e r v o i r s  have high f l u i d  
pressure5 and h i g h  poros i t ies .  According t o  
Geerstma , the  e f fec t i ve  value o f  
compress ib i l i t y  should be o f  the  order o f  
one-ha1 f t h a t  measured i n  the labora tory  
under t r i a x i a l  loading. A1 though no 
labora tory  data on t h e  compress ib i l i ty  of 
cores from geopressured r e s e r v o i v  a rp  
a v a i l a b l e  i n  the  l i t e r a t u r e ,  10 x 10- p s i -  
i s  t h e  h ighest  va lue f o r  most repor ted 
1 ab.oratory measurements. 

The expansion of water ins ide  t h e  
a q u i f e r  a t  lower pressures can be shown as 

V, cw *P = (W-W )B c *P 
P W W  

( 3 )  

The c o m p r e s s i b i l i t y  of water i s  a f u n c t i o n  
o f  pressure, temperature, the amount of 
i m p u r i t i e s  ( s a l t s )  d isso lved i n  water, and 
the  s o l u b i l i t y  of gas (assumed t o  be a l l  
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methane) i n  water. The s o l u b d l i t y  o f  methane 
i n  water a t  h igh pressur'es were used t o  
ext rapolate the avai.,lable format ion volume 
f a c t o r  data f o r  water t o  t h e  requi red h igher  
pressure ranges. From which t h e  water 
compress ib i l i t y  were c a l x u l a t e d  by the  
fo l low ing  equation 

- Bw-Bwi 
'w = Bwi AP 

(4)  

The i n i t i a l  cond i t ion  f o r  a l l  t h e  s imulat ion 
studies were assumed t o  have no f r e e  gas i n  
the r e s e r v o i r  and the  water  t o  be a t  bubble 
p o i n t  i n s i d e  the aqu i fe r .  then t h e  i n i t i a l  
volume of water in-p lace i s  t h e  same as the 
i n i t i a l  pore volume a v a i l a b l e  i n  t h e  
reservo i  r. 

Vwi = Vpi = W Bwi 
' 

(5)  . 

. -  A f t e r  some water and s o l u t i o n  gas are .  
produced the  pressure i n s i d e  t h e  format ion 
decl ines and f ree  gas comes o u t  o f  so lu t ion .  . 

vw = Vp-Vf (6 1 
It ' can be assumed t h a t  V , t h e  present 
volume o f  water i n s i d e  tht? porous media, 
w i l l  expand i n s i d e  t h e  r e s e r v o i r  a t  lower 
pressures , o r  

Vw = (W-Wp)Bw ( 7 )  

Vf ,  the f r e e  gas volume can be expressed as 

The Scf of free gas i n s i d e  t h e  aquifeF i s  
equal t o  Scf o f  gas i n i t i a l l y  in-p lace minus 
the  Scf of gas present ly  i n  s o l u t i o n  minus 
the Scf of gas produced. 

Gf = W RSwi - (W-W )R - W R (9) 
P sw P P W  

s u b s t i t u t i n g  Eqs. 2, 7, 8, and 9 i n t o  Eq. 6 
gives: 

(W-W !B = V . ( l - c f  A'P) - 
P w P l  

BgEW R s w i - f . W - W  ) R  -W R ] (10) P sw P P W  
using Eq. 5 i n  10 and a f t e r  some manipulat ion 
and s i m p l i f i c a t i o n  t h e  f o l l o w i n g  w i l l  be 
obta i ned : 

o r  by applying Eq. 4 i n  11 

The recovery f a c t o r  f o r  water can be found 
from 

The recovery f a c t o r  f o r  gas can be found from 

(14) R 
= r  2 r r : P =  G wp Rpw 

8 Gswi " Rswi Rswi , 

By c'g(y knowing t h e  PVT o f  water and gas (Bw, 
R ), some product ion data ( W  , G , bP) an 
as#owledge o f  formation compPessbi1 i t y  (c  
= f ( 4 ) )  then W, the  water in -p lace  can bg 
estimated from Eqs. 11 o r  12, from which t h e  
Scf o f  i n i t i a l  gas in-place can be found from 

(15) G s w i  = Rswi . .  

The amount o f  gas l e f t  i n  t h e  r e s e r v o i r  a t  a 
lower pressure can be estimated from 

Eq. 11 reduces t o  the S c h i l t h u i s  MBE i f  
format ion compress ib i l i t y  i s  ignored. 

1 The r e s u l t s  o f  the s imu la t ion  study 
conf i rm t h a t  c r i t i c a l  gas s a t u r a t i o n  was t h e  
most i n f l u e n c i n g  parameter i n  t h e  economical 
product ion o f  methane. Table 1 shows t h e  
product ion and reservo i r  p r g p e r t i e s  of a 
t y p i c a l  geopressured aqu i fe r  used i n  t h e  
s imu la t ion  study. Figs. 1 and 2 i n d i c a t e  
t h a t  f o r  the  t y p i c a l  parameters used t h e  
c r i t i c a l  gas sa tura t ion  must be l e s s  than 
0.5% before any increased gas product ion i s  
obtained. 

The i n i t i a l  producing GWR i s  t h e  
s o l u t i o n  value o f  34 Scf/STB f o r  a l l  c r i t i c a l  
gas saturat ions.  This ind ica tes  t h a t  t h e  gas 
produced i n i t i a l l y  i s  only t,he d isso lved gas. 
As t ime progresses , formation pressure drops, 
gas i s  l i b e r a t e d  and accumulates w i t h i n  t h e  
r e s e r v o i r  rocks, and t h e  producing GWR 
decreases. For a c r i t i c a l  gas s a t u r a t i o n  of 
0.1%, the  average gas s a t u r a t i o n  i n  t h e  
producing w e l l  b lock reaches 0.1% a t  t h e  end 
of 3 years, and the  f ree  gas begins t o  be 
produced. A f t e r  6 years, the  gas s a t u r a t i o n  
has exceeded t h e  c r i t i c a l  gas s a t u r a t i o n  
throughout the  reservo i r ,  and t h e  producing 
GWR increases l i n e a r l y  w i t h  t ime u n t i l  P 
f a l l s  t o  6000 p s i a  ( the l i m i t  o f  BHP). A f f z r  
10 years of product ion P has decreased t o  
6000 p s i  f o r  c r i t i c a l  gad'%aturations o f  0.5% 
and more b u t  s t i l l  the l i b e r a t e d  gas ( f r e e  
gas) i n s i d e  the aqui fer  has n o t  reached t h e  
c r i t i c a l  value. 

Fig. 3 shows the  dec l ine i n  average 
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r e s e r v o i r  pressure w i t h  gas product ion f o r  
d i f f e r e n t  c r i t i c a l  gas saturat ions.  The 
pressure dec l ines l i n e a r l y  as long as the  
f r e e  gas i s  immobile wh i le  t h e  water volume 
i s  expanding and the pore volume i s  
decreasing w i t h  pressure. Once t h e  f r e e  gas 
s t a r t s  t o  move, due t o  i t s  h i g h  r e l a t i v e  
permeabi.1 i ty i t  reduces t h e  product ion o f  
water and hence keeps the r e s e r v o i r  pressure 
high. 

For strong water-dr ive r e s e r v o i r s  , where 
pressures remain above the bubble p o i n t  o f  
t h e  gas i n  water, o r  when t h e  c r i t i c a l  gas 
sa tura t ion  i s  more than one percent, the gas 
recovery f a c t o r  w i l l  be the same as t h a t  f o r  
water. - 

The f o l l o w i n g  i n i t i a l  cond i t ions  and the  
data presented i n  Table 1 were used i n  t h e  
r e s e r v o i r  simulator. 

P = 11043 p s i a  
Ri = 0.034 Mcf/STB 

swi= 1.0434 bbl/STB B w i  

For the  case of S = 0.1%, a f t e r  27 years o f  
product ion the  f8 f lowing data were obtained 
from the  s imulator .  

P = 5524 ps ia '  
P = 3086 p s i a  
Swf= 0.62% i n  t h e  center g r i d  
Wg = 182 x lo6 SgB 
GF = 16.646 x 10 Mcf 

- 

The PVT used a t  above pressure are: 

R = 0.02343 Mcf/STB 
Bsw= 1.0427 bbl/STB 
B: = 0.68219 bbl/Mcf 

The cummulative gas-water r a t i o  and the t o t a l  
pressure drop i n s i d e  the formation are 
ca lcu la ted  from: 

= (16.646 x lo6) / f182 x 106) = 
Rpw 0.0915 Mcf/STB 

A P  = 11043 - 5524 = 5519 p s i  
Using above data i n  Eqs. 11, 13, 14, and 15 

(182~10~) [ 1.0427+0.68219(0.0915-0,0234) J 

1.0427, - 1.0434( 1-5~10-~~5519) + 0.68219(0.034-0,0234) 

= 5614 x lo6 STB 
182 x lo6 

5614 x lo6 = 3.24% rw = 

r = (0.0324)(0.0915 / 0.034) = 
8 

6 .Gswi = 5614 x 10 x 0.034 = 191 

8.7% 

6 x 10 Mcf 

Above data were obtained by us ing  t h e  
modif ied MBE; t h e  r e s e r v o i r  s imulator  gave 
the  fo l low ing  r e s u l t s :  . 

W = 5857 x lo6 STe 
Gswi = 199.5 x 10 

r = (182 x lo6) / (5857 x lo6) = 3:11% 

r = (16.646 x lo6) '/ (199.5 x lo6) = 
.g 8.34% 

e r r o r  = (5857-5614)/5857 = 4.1% 

Mcf 

W 

I f  format ion compress ib i l i t y  i s  ignored and 
the  general s c h i l t h u i s  MBE i s  used then: 

, (182x106)[ 1.0427+0.~68219(0.0915-0.0234) J 
1.0427 - 1.0434 t 0.68219(0.034-0.0234) W =  

= 30. 41xlO9STB 

which overestimates t h e  water and s o l u t i o n  
gas i n - p l a c e .  and underestimates the  
f r a c t i o n a l  gas recovery by a f a c t o r  o f  5. 

-same PVT and. reservo i r  data were 
used i n  t h i s  run, on ly  S was 2%. A f t e r  14 
years o f  product ion t h e  %l lowing data were 
obtained from t h e  s imulator .  

= 8024 p s i a  
W9 = 97.97 x lo6 STB 

Gp = 2.98 x 10 Mcf '  

Rsw = 0,0288 Mcf/STB 

Bw = 1.0431 bbl/STB 

= 0.5439 bbl/Mcf 

6 

The PVT used a t  above pressure were 

Bg 
The cummulative gas-water r a t i o  and t h e  t o t a l  
pressure drop i n s i d e  the formation are 
ca lcu la ted  from 

= (2.98 x lo6) / (97.97 x lo6) = 
. Rpw 0.0304 Mcf/STB 

AP = 11043-8024 = 3019 p s i  

Using above data i n  Eq. 11 

(97 .97rlO6) [ 1.0431i-O. 5439( 0.0304-0.0288) ] .w = . 
1.0431-1.0434( 1-5~10-~x3019)+0.5439( . .  0.034-0.0288) 

= 5596x10 STB 

Ignor ing t h e  formation compress ib i l i t y  gives: 
(97.97~10~) [ 1 .0431+O. 5439 (0.0304-0.0288 1 ] 

" =- 
~.O431-1.0434+O.5439(0.034-0.0288) 

= 40.45~109 STB 
which i s  7 t imes h igher  than the  va lue 
obtained by t h e  mod i f ied  MBE. 
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. Table 1 
The Base Case Parameters 

A, sq m i l e .  40 

cf, ps ia  

D, f t  13,000 

5 x -1 

h, f t 162 

k, md 20 

pi, psis 11,000 

PwhY psis 500 

qws B/D 20,000 

rw, ft 0.2 

S g i '  % 0 .oo 
C Y  PPm 30,000 

Try O F  240 

9 0.18 

Nomenclature 

A 

Bg' Bw 

C .  S a l i n i t y  of s a l t ,  ppm 

cf, cw Formation and water 
compress ib i l i t i es ,  ps i "  (KPa'l) 

D Depth o f  w e l l  from midpay zone t o  
surface, f t(m) 

Free gas volume i n s i d e  t h e  
Gf reservo i r ,  Mcf (Std m3) 

Cummulative produced gas , Mcf (Std 

Drainage area, sq. m i les  (Km2) 

Formation v0h.m fac tor  f o r  gas and 
water, bbl/Mcf & bbl/STB 
(mj/stock-tank m3) 

GP m3 1 

GSW 

h 

K 

- 
P 

pwf 

'wh 

9, 

rg, rw 

RPw 

RSW 

Tr 

vf 

vP 

vw 

W 

wP 

Volume o f  gas d isso lved i n  water, 
Mcf (Std m3) 

Net formation thickness , f t ( m )  

Single-phase format ion 
permeabi 1 i ty , md 

Average format ion pressure , p s i  
( KPa 1. 
Bottomhole f 1 owing pressure , p s i  
( KPa 

We1 1 head pressure , p s i  (KPa) 

Water f low ra te ,  B/D (m3/d) 

Recovery f a c t o r  f o r  gas and water, 
% 

Cummul a t i v e  produced gas-water 
r a t i o ,  Mcf/STB (Std m3/stock-tank 
m3 1 
So lu t ion  gas-water r a t i o ,  Mcf/STB 
(Std m3/stock-tank m3) 

Gas saturat ion,  % 

Reservoir temperature, OF ("C) 

Free gas volume i n s i d e  t h e  
reservo i r ,  b b l  (m3) 

Reservoir pore volume, bb l  (in3) 

Volume o f  water i n s i d e  the  
reservo i r ,  b b l  (m3) 

I n i t i a l  volume o f  water i n s i d e  the  
reservo i r ,  STB (stock-tank m3) 

Cumula t ive  produced water, STB 
(stock-tank m3) 
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Porosity, % ' 4 
b Difference 

Subscripts . 

i Initial 

9 . Gas 

W Water 

F i g .  1 - Effect of c r i t i c a l  gas saturation on producing gas-water rat io .  
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0 .  ix 

0.5% 

0 5 10 
t . YEARS 

15 

Fig. 2 - Effect of c r i t i c a l  gas saturation on cumulative gas recovery. 

q = 20, 000 B/D 

K = 20 md 

I I I I I I t 
2 4 6 8 10 12 14 

Gp , Bcf  

Fig. 3 - Effect of c r i t i c a l  gas saturation on reservoir pressure. 
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