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ABSTRACT 

The Gulf Coast region of the United States 
is underlain by deeply buried sandstone reservoirs 
containing low sa,linity water at abnormal pressures 
and elevated temperatures. In addition, the water 
is believed to contain significant amounts of d,is
solved natural gas. This geothermal resqurce, if 
present in sufficient recoverable quantities, 118s 
great energy producing potential and is located in 
one of the nationis major energy consuming areas. 
Dorfman and Kehle estimate the energy contained 
within the geopressured aquifers of Texas may be as 
much as 20,000 MW centuries excluding the natural gas. 

A comprehensive theoretical formulation is pre
sented for the important thermomechanical processes 
operative in a geopressured geothermal reservoir. The 
formulation includes the effects of four major drive 
mechanisms (pore fluid compressibility, reservoir 
rock compaction, the evolution of dissolved natural 
gas and the influx of water from adjacent shale for
mations) expected to be operative during the pro
ductive life of the reservoir. Finite difference 
techniques were used to solve the governing equations 
describing mass conservation, momentum and energy 
t"ansport for two flowing phases in a multidimensional 
heterogeneous reservoir. Constitutive equations 
were used to describe the changes of fluid properties 
and reservoir parameters ldth changes in reservoir 
pressure and temperature. A series of test calcula
tions were performed to assess the sensitivity of 
reservoir performance to the gas in solution, sediment 
compaction and the reinjection of waste fluids. Based 
on these calculations, it is concluded that sediment 
compaction and water from interbedded shales cap be 
significant depletion drive mechanisms in geopressured 
aquifers. The natural gas drive will probably not 
exceed the water expansion unless there is a signifi
cant initial gas saturation. Costs permitting, rein
jection of produced fluids into geopressured geotherma 
aquifers will be desirable to both increase the recov
ery of thermal energy and natural gas. 

References and illustrations at end of paper. 

INTRODUCTION 

Geothermal energy is presently a small but 
viable contributor to tr.e United States' energy 
supply. In addition to known areas of geothermal 

reserves in the western United States, a unique 
form of potential geothermal energy exists at 

moderate to great depths in geopressured aquifers 
underlying the United States Gulf Coast. \Vater 
from such geopressured aquifers often contains 
natural gas in solution. The geothermal water may 
be converted into electrical energy after lowering 
the pressure to extract the natural gas content. 
Moreover, the fact that temperatures in geothermal 
reservoirs change very little ..... rith time makes geo
thermal geopressured reservoirs a potentially attrac
tive source of geothermal energy~ as there may exist 
sufficient pressure in these reservoirs to deliver 
SUbstantial amounts of fluid. 

The northern shoreline of the Gulf of Mexico 
extends more than 1,000 miles'2from the Rio Grande 
River to the Florida panhandle. Underlying a 
large portion of this shoreline area, both onshore 
and offshore, in a strip 200 to 300 miles wide are 
clastic sedimentary deposits of great thickness. 

The penetration of sands into underlying muds 
as a result of continuing deposition or faulting 
resulted in isolation of large sand members from 
continu~us permeability channels to the overlying 
strata. Above the intervals thus isolated, pressure 
throughout the basin approximate 0.465 psi/ft. This 
is considered normal hydrostatic pressure based on 
the fluid pressures exerted by a column of saline 
water. However, beneath the normally pressured 
zones·the isolated units of shales and sands contain 
press\!res far greater than n;'rmal. These abnormally 
pressllred zones are now c0lill!/0nly referred to as 1 
geopressured zones. Dickey and Dorfman and Kehle 
state that the generation of geopressure is primarily 
the result of compaction phenomena. Newly deposited 
sediments have high porosities and are saturated with 
water. As they are overlain by younger sediments 
and buried deeper, the pressure of overburden seeks 
to reduce the thickness and porosities of these deepe 
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sediments. As both the rock and water have very 1m, 
compressibilities, the only way the rock vol~~e can 
be appreciably reduced is by expelling water, with a 
consequent decrease in porosity. The rate of expul
sion of water is controlled by the permeability of 
the overlying rocks. If none of the water can escape 
then the weight of the overburden causes the fluids 
contained in the lower sediments to bear a portion 
of the overburden load. The result is an increase 
in sediment and fluid pressure. Pressure gradients 
in the geopressured regions often approach litho
static pressure, or 1 pSi/ft. 

Temperature is also important if the heat conten 
of produced water is to be utilized as an energy 
source. It is apparent from studies of well logs 
run in boreholes in the Gulf Coast that temperature 
gradients of approximately 1.5°F/IOO ft of depth are 
found in hydropressured sediments of the Gulf Coast 
Basiu. Gradients in excess of 3°F/IOO ft of depth 
are encountered in geopressured zones. Temperatures 
at depths of 10,000 feet often range from 225°P to 
300°F, and at depths of 15,000 feet it is not un
common to encounter temperatures in excess of 350oP. 

Source beds for most if not all hydrocarbons 
within the Cenozoic portion of the Gulf Coast Basin 
are believed to be the shales within the geopressured 
zones. These beds have provided adjacent sands 
within the geopressured regions with certain concen
trations of natural gas in solution, and great in
terest has been evidenced in the recovery of appre
ciable volumes of natural gas from geopressure water. 
Evidence of natural gas concentration in geopressured 
zones is based upon information obtained from 
drilling into geopressured sandstones. Timk05 found 
that most of these reservoirs do contain gas in soluD 7i?n •. Experimental studies by Culberson and /.IcKetta 

lndlcate that between 30 and 55 standard cubic 
feet per barrel of water may be contnined in solution 
in waters under high temperature and pressure encoun
tered i§ geopressured zones. Buckley, Hocott, and 
Taggart made extensive investigations into the dis
tribution of hydrocarbons dissolved in waters in the 
hydropressured regions of the Gulf Coast Basin. 
Several drill-stem tests on wells in the Frio Forma
tion indicated that the waters were essentially 
satur~ted at reservoir conditions. ~Iarsden and 
Kawai reported on "suiyosei-tennengosu," or natural 
gas dissolved in brine, found in over a dozen fields 
throughout Japan. At least two of these fields near 
Niigata and Tokyo produce gas commercially. There
fore, inferential evidence would indicate that waters 
in geopressured zones should be essentially saturated 
with methane. 

Hater salinity is also a parameter of interest 
in evaluating the geopressured resources. Empiricic 
evidence, together with laboratory studies by Burst 
indicates that water salinities within the geopres
sured zones are considerably lower than those found 
in normally pressured horizons. Low salinity waters 
can hold more methane in solution and may have direct 
usefulness for a variety of process heat or other 
applications. 

Duggan;-l Hallace;-2 and Harville and Hawkins,13 
gave possible explanations for the difference between 
volumetric calculations of initial gas in place in 
geopressured reservoirs and extrapolated p/z (or pres 
sure) data. Some of their explanations were: (a) 
shale dewatering; (b) change in reservoir compres-

sibility; and (ci2other possible sources of water 
influx. Hallace further advanced the theory of 
shale dewatering. The idea of changes in rock com
pressibility and porosity dUI~ng reservoir depletion 
was first presented by Hall. 

Potential exploitation of geopressured aquifers 
makes it important to be able to model geopressured 
geothermal systems so that extraction techniques can 
be improved, long-term forecasts can be made of 
-performance using various extraction strategies, and 
potential surface subsidence problems can be iden
tified. One of the most important aspects in devel
oping a reservoir model is the development of com
prehensive equations that describe the system. 

Several important drive mec£ay~sms in these 
reservoirs have been identified.' These mechan-
isms are (1) reservoir fluid expansion (2) formation 
compaction, (3) shale water influx, and (lJ) natural 
gas dissolved in geothermal waters. 

In this paper general balance laws and con
stitutive relations are developed for geothermal 
~eopressured reservoirs. An interacting rock-
fluid system is considered. Typical rock-fluid 
interactions involve momentum and energy transfer 
and the dependence of rock porosity and permeability 
upon fluid pressures and rock stresses. Finite 
difference techniques were employed to solve the 
partial differential equations. The relative con
tributions of the different reservoir mechanisms 
are presented for three illustrative reservoirs. 

PREVIOUS I·IORK RELATING TO THE DEVELOPMENT OF 

GEOPRESSURED GEOTHERMAL RESERVOIR SIMULATORS 

A number or studies have concentrated on the 
theoretical analysis of reservoir compaction, which 
is an important considerati~g in modeling under
compacted reservoirs. Biot first presented the 
general l~eory of three dimensional consolidation. 
He later developed a theory of elasticity and con
solidiiiion for a porous anisotropic solid. Van del' 
Knaap presented an analysis of changes in reservoir 
volumI9due to change in pore and overburden pressures 
Teeuw concluded that the interpretation of ex
perimental techniques is complicated by the non
linear compaction behavior of porous rocks. He 
derived theoretical expressions that interrelate 
uniaxial and hydrostatic compaction which enables 
the prediction of in situ reservoir compaction ~Oom 
hydrostatic cell compaction data. Garg and Nur 
made a detailed study of effective stress laws for 
fluid-saturated porous rocks. They explored the 
functional relationship between various definitions 
of effective stress, i.e., cOIlventional, Biot-vlillis
lIur-Byerlee, and theory of interacting continua 
(TINC). They used stress-strain data on dry and 
saturated l'Ieber sandstone to demonstrate that the 
convential effective stress law overestimates the 
pore pressure effect, Ilhereas the Biot-Hillis-Nur
Byerlee and TINe laws underestimate this effect. 

Fatt and Davis 2l found that an increase in over
burden pressure results in a reduction of absolute 
permeability. Youne: et al. (19611) reported a sub
stantial permeability reduction at only 1595 psi 
effective overburden pressure. 

Several studies have been made that are useful 
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for aiding in the development of a numerical model to 
simulate ~20~3essured geothermal reservoirs. Raats 
and Klute ' studied fluid transport in soils and 
developed mass balance equations ~lld momentum balance 
equations. Pinder and Bredehoeft described the 
application of digital 2~mputers for aquifer evalua
tion. Pinder and Frind later used the G~~erkin 
technique to simulate aquifers. Donaldson developed 
a two-phase one-dimensional geothermal reservoir 
steady state model, but his mO~71 did not simulate 
produc2~on. vlhi ting and Ramey and Brigham and 
Morrow developed geothermal models of vapor dom
inated2geservoirs using lumped parameter f'ormulations. 
Mercer used the finite element approach to simulate 
the \{airakai, New Zealand, hydrothermal system. He 
used partial differfential equations describing heat 
momentum transport for a single fJ,5id nhase in two 
dimensions. Finol and Farouq Ali developed two
phase simulators for two-dimensional oil flow in a

31 
§~mpacting reservoir, utilizing Geertsma I s theory. ' 

They adapted a rectangUlar system
3

£or predicting 
ground subsidence. Bourgoyne et a1. presented a 
one-pha'se, one-dimensional fluid equation used in the 
study of shale '\Vater as a pressure support mechanism. 

All the above-mentioned studies are useful in 
aiding the development of geothermal geopressurecl 
models. There is, however~ no study known that deals 
"ith the numerical simulation of geothermal geopres
sured reservoirs. Such a model should be able to 
incorporate all the important reservoir drive mechan
isms in geothermal geopressured aquifers such as 
sediment compressibility, shale "ater influx, natural 
gas in solution) and reservoir fluid expansion. 

MATHEMATICAL MODEL 

A mathematical formulation for modeling a geo
pressured geothermal reservoir is described in this 
section. The formulation includes the various phe
nomena of importance in the behavior of such reser
voirs. The resulting governing eQuations are similar 
to those for multiphase convective hydrothermal res
ervoirs except for t~!l presence of the )l~tural gas 
compon3~ts (Isokrari, Knapp & Isokrari and Garg 
et al. ). 

Balance Im·ts for a rock mixture are written 
subject to the follmring assumptions: (1) The 
fluids and the rock matrix are in local thermal 
equilibrium (2) The water and free-gas are in local 
thermal and capillary pressure equilibrium (3) As 
the pore pressure declines the reservoir compacts in 
a vertical direction, and (1,) Fluid motion i3 r;overn
ed by Darcy's Law. rrhe equations cxpressint{ mns~~ 
conservation can be \,n~itten as follows: 

\'Iater Component 

Gas Component 

- V - [pgVg + P V R I w wsw.) 

3 t 

rp cpS J () L:w YT ••• 1 

+ q 
€I 

Momentum conservation can be expressed using Darcy's 
La" for t"o phase flo". 

For the water phase: 

V 
-k k [Vp - Y VhJ 
-I::!. " w 

" 11 
(3) " 

}'or the gas phase: 

V 
k k [VPg - Yg 17h] 
=~ g 

llg •••••• _ (4) 

These equations m"y be combined by substituting 
equations (3 and il) in (1 and 2) to give: 

V- t" k k~Pw - V~ rw Yw +~ 
11 
" 

1 
= 5.615 3t ~w <PS,,] 

••••••• (5) 

rg 
k 

[VPg - vr~ + V - ~ k Yg llg 

r" 
k 

~ V - ~ R k [VPw - Yw + qg p sw 
" 

1 [CPP S + PwS"Rsw) = 5.615 3t g €I 
•• (6) 

The accumulation terms of (6) and (7) may be ex
panded using the chain rule for derivatives to 
obtain genera] equations describing the mass con
servation of the water component: 

V • r kl~l [ 8 "~ k VI'" - \, '7b + ~ 

1 (fs [3 pJ 
5.6J5 _" a~ 'r 

P S P <pI ] a P" 
as 

+ + <PPw 
w 

"w -a-iJ 3t 3t T-

+ ["w[':( · S p H~L] ii} "w •• (7) 
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l and of the gas component: 

<pp ~ P,,,Rs,,<P 
as 

+ + -3 
g 3 t 3 t 

+ Crr s [d~ + 6 [8 R [3 Ptf1 + s [~J J ',[ IV T P .. '..r sr,.r .. ...........--
gaT P (3 re 

P 

+ [R P S + P S ) P cpJ J d T} • S 1f 10f g g -:r;;;- (j-
T. pt .. (8) 

The energy transport equation expressed in terms of 
temperatures can be Hri t ten as: 

{ (l-<P) p C + IS p C + (1+R ) P S C Icp\ 3 'f 
rm vrm Lg g vg sw w ~{ vw) j at 

+ t( <pp S C 1i)+ q, 1.: 'v{ TN vr.:r w 
+SpH C 1i)l.\l'[' 

'iT ~..r sv vw w.0 

+ q •••••• (9) 

,;{here tht:., pl'eSSlU~e work teYlm.> have hel~n neglected. 
The velocities in the ellergy equation can be deter
mined uBin" equations (3 aLe! 4). 

'['he initial conditions are such that the pres
sure and temperature in the reservoir must be spe
cified. The reservoir distribution of all secondary
dependent variables can be c8..1culaterl from these. 
Independent parameters defining the aquii'er are 
specified for the sand sediment !:l.nd for the adjacent 
shales. For cl'oss-sectional studiES the reservoir 
is initially assumed to be in hydros t.atic and thermal 
equilibriwu. 

rphe momentum transport boundary- conditions used 
are no-flmr boundary co~cli tiODS for' both water and 
gas phases. The houndary corlditions for the heat 
transport equation can vary. For the studies des
cribed later, no heat transport across the boun
daries was allov-ed. This i~ a very conservative 
asswnption. 

A model has been developed where the proper
ties of rock and/or fluid are allo'Jed to vary in 
space as "ell as time. The resulting problem can 
only be solved numerically <l.i th the 8.i<1. of a com
puter. 

Consti tuti 'Ie Relations for [,;le pure 1"1 uid 

The difference in gas and ·vater phase pressures 

'-----.-------~-.------~---------' 

is t.ht: <.~apillary pressure. 

T'c == p~ - F\r ..•..• (10) 

Irhe phas(- saturations Sllm to one. 

Svl + ~)p; == 1.0 • ....• (ll) 

The water component in geopressured reservuirs is 
<expected to rema.in in the liquid state. The density 
of frer;l; water ca~6be c:st.imated llsing data from th~ 
ASHE Stea.m Taul.es. This can be corrected for total. 
disso~1cd 5o.lids using the correlation of Brill and 
Beggs and for the gas

3
§issolved ~n the watel' using 

the DodGon and StandIng 37or:celatlons extended Into 
the gcopressured regions 

Natural gases found in geopressured l'eservoirs 
have very high methane content. Therefol·e, gas de
viHtion i'a:;tor'-; for methane '{ETe used with the real 
g-'3.S l~JV to e~; tirnate f,UG densii~y. 

Data on the visCGsity of impure i.jater are meaGer. 
\'later viscos-L ty should gr;nc·ral1y lncre3se vi th in
Cl'easeS in pressure snd dissolved solids and should 
decrease 'Ylith increaser> in tt~mperature and gas in 
~olution. Ilat~1 on the effects of ga~ in solution on 
i,he visc-osi ty of \·rater arc 110'-:' aV:1:1 1 '1b le at this ttme. 
Hmrever, the effect 01' tempel~[ltUl'e c.!TI 39he viscosity 
of ;'Iat~o ,·ms reported by RRmey e-t al. and Van 
Hillgen. An expression vhictl can be used to aJlprox
jmate an average curve f~7 Van i-Tingen I s data is pro
vided by Brill and Beggs :13: 

lJ EXP ( 1.003 - 1. 4'{9 x 
w 

+ 1.983 x lO-5T- 2 ). , .•••• (1:') 

\fhere T is in °F. 

'Tan \'lingen' s data cn tL0 ViS~'(lSi -c.y of oil fj eld 
brines at pressures to 7100 psia and temperatures 
to 300°F suggest that dissolved se,lids (up to 60,000 
ppm) have only 0 small effect an the viscosity of 
saline brines. 

fJ.1he ',riscosi ty of gases undel' pressure can4£2 
estbla~-,ed ·u3jnf~ the correlation ty Le.e et [11. 

rIhl: Lee et al. correlation consists of a series 
of equations as follOl{G: 

and 

II = K • 10-
4 

EXP( xr1) g • , .•.•••• 

K 
(9)1 + 0.02I>i) T1. 5 

~)09 + 1911 + T . 

3.5 + 9~6 + 0.011-1 

y 2.4 - O.2X 

11 molecular "eight 

T temperature, OR 

(13) 

Under conditions of increasing pressure, water 
"ill absorb available gas into solut~o? Experimen-
tal studies by Culberson and McKetta' indicate that 

L 
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between 30 and 55 scf/bbl of water maY be contained 
in solution in waters under the high temperatures 
and pressures encountered in geoP37

ssured zones. 
Although s~hers, Brill and Beggs, ~arijafari and 
Campbell, and Dodson and Standing, have studied 
gas solubility in water, their investigations do not 
extend into the temperature and pressure ranges ex
pected in geopressured aquifers. There!'ore , It is 
probably best to accept the Culberson and McKetta data 
on methane solubility in studies of geopressured 
reservoirs at this time. 

The study by Dodson and 8tanding38 also inves
tigated solubility of the natural gas in two brines at 
a temperature range of 100° to 200°F. The concen
trations of the two brines were 8,630 ppm and 34,100 
ppm to dissolved solids respectively. They proposed 
a linear correction factor to solubility in fresh 
water. A more detailed graph of the li~7ar correc
tion factor is given by Brill and Beggs and has 
been used to correct for gas solubility in this 
study. 

Constitutive Relations for the Rock Matrix 

Several functions for the rock matrix need to be 
prescribed. 

Porosity is a function of position, the state 
of stress and temperature. If it is assumed that 
(1) the reservoir compaction is uniaxial and (2) the 
overburden remains essentially constant, then it can 
be shown that incremental changes in porosity are 15 
given by the fo~~owing expression(Knapp and Isokrari 
and Garg et al. ): 

where 

C 
m 

1 
K + 4/3 ]J 

p 

l1:} at 

••••• (14) 

In the above relationship for $, it is implicitly 
assumed that the bulk modulus of the porous rock K 
is much smaller than the bulk modulus of the rock 
grain Ks (K« Ks )' 

The rock permeability k is a complex function 
of the430ck and fluid 39resses as well as temperature 
(Brace, Ramey, et al. ). It is often postulated 
that this dependence is primarily exhibited through 
changes in porosity There exist in the literature 
numerous empirical expressions relating k to In 
the present study, we will employ the empirical ex
pression: 

(15) 

where kO is the permeability corresponding to the 
initial porosity ~O. 

At the present time, sufficient data are not 
available to determine the dependence of relative 
permeabilities on temperature; it will be, therefore, 
assumed that the relative permeabilities are func-

tions only of saturation. 
tive permeabilities ma*4be 
tions of Corey, et al.: 

k (8*)4 
rw w 

where 

S = 1 - S 

In particular, the rela
represented by the equa-

w g •••••• •• (16) 

Here S (S ) is irreducible water (gas) saturation, 
wr gr 

and S* is the volumetric liquid saturation normal
ized w with respect to the mobile fluid saturation 
in the pore space. 

Ramey, et al. 39 present a review of the measure
ments and empirical formulae for the thermal con
ductivity of dry and fluid-saturated rocks. The 
thermal conductivity of most rocks decreases with 
an increase in temperature. Thermal conductivities 
of fluid-saturated rocks are two to five times 
greater than those of dry rocks; this result suggests 
that the rule of mixtures formula is not generally 
valid. In the absence of detailed experimental data, 
K may be adequately approxim~~ed by the following 
r~lationship due to Budiansky: 

[ [2 1 I1:W]-l 
{l-S) 3' + 3' il:

m 

+ 1. 

••••• (17) 

The formation compaction may be calculated by 
multiplying the strain caused3~ production ~ the 
reservoir thickness, Geertsma and Isokrari: 

+ ~ d~l TIJ ..... (18) 

Ilumerical Solution 

The partial differential equations describing 
component and energy transport (Eqs.7 ,8 and 9 ) 
were solved using the finite difference method. 
Central difference approximations were used to rep
resent the spatial derivatives and backward differ
ences were used to represent the time derivatives. 
Interblock fluid properties were evaluated as arith
metic averages. Formation parameters such as thick
ness and permeability were evaluated using series 
weighting. Relative permeabilities and advection 
terms were determined by upstream weighting. 

The algebraic equations resulting from the finite 
difference approximations of the flow equations 
(7 and 8) were solved using the line successive48ver
relaxation technil!ye (ISOR) described by Hatts and 
Young and Gregory. Hhen these equations are written 
for each point on a line, they produce a bi-tridiag
onal matrix which g~n be solved using the algorithm 
of Douglas, et al. 1~is approach allows phase 
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pressures to be calculated directly. The phase 
pressures can then be used to evaluate pressure de
pendent terms as necessary. The program was written 
so that both implicit or explicit mobility techniques 
can be used depending on the problem to be solved. 
LSOR is also used to solve the energy transport 
equation. Variable grid block sizes and hetero
geneous reservoir properties may be used in any par
ticular problem. Material and energy balances were 
used as che~ks of the computational accuracy of the 
program. 

The solution procedures employed arc well known 
and details are given in Reference 34. 

RESERVOIR SIMULATION STUDIES 

In this section, a series of calculations design
ed to assess the effects of gas drive, reservoir com
paction, shale water influx and fluid reinjection on 
reservoir behavior are presented. Three conceptual 
reservoirs were studied. The first reservoir approxi
mates a prospective geothermal geopressured reservoir. 
The second reservoir is a cross-sectional study which 
demonstrates the effects of shale water influx and 
the third reservoir compares two different production 
strategies for the first reservoir. 

Consider a representative hypothetical bounded 
(no mass or energy flux across the boundaries) geo
pressured reserovir. The reservoir consists of a 
rectangular cube with the following dimensions: 
Length = 51,865 ft, Hidth = 23,650 ft, Thickness = 
162 ft, Depth = 13,000 ft. The reason for the un
usual choice of reserovir dimensions is that they 
approximate the reservoir volume of a prospective 
aquifer in Kenedy County, Texas. A two-dimensional 
areal representation of the reservoir is shown in 
Figure 1. An 11 x 9 grid was used to represent the 
sandstone part of the reservoir (11 x 13 if the shale 
sediments were included). The initial reservoir 
fluid temperature and pressure are assumed to be 300°F 
and 11,000 psia, respectively. Since the studies 
reported are for an areal configuration, the entire 
reservoir fluid is taken to be initially at a uniform 
pressure and temperature. The reservoir rock is 
assumed to have the properties given in Table 1. 

In the studies described below, a single well 
located at the center of the reservoir (block 5, 6) 
was produced at a constant rate of 40,000 bbl/day. 
For the purposes of simulation, production was con
tinued for 30 years or until the well-block pressure 
fell below 5,000 psia. 

Run 1 is the base case for these analyses. This 
run used only the energy contained in the compressed 
pure water. For subsequent runs other sources of 
reservoir energy were added. Hith only water expan
sion as a source of energy the resel~oir was depleted 
in about 8 years. Figure 2, Run 1 shows the well 
block pressure generated in this study. Vlithin 1 
year the well seems to be on volumetric depletion. 

Run 2 added the effect of dissolved natural gas. 
The water was assumed to be saturated with natural 
gas. As the pressure declines during production, 
natural gas evolves during production. The maximum 
gas saturation in the well block at the end of 11 
years is approximately 2 percent. The principal 
effect of the natural gas is to extend the reservoir's 
productive life as shown in Figure 2. 

Because geopressured geothermal reservoirs are 
undercompacted, these reservoirs are subjected to 
compaction as the reservoirs are depleted, 'l'hts 
formation compaction can be a significant source of 
energy. To account for this source of ener~6 a -1 
uniaxial compaction coefficient of 12.1 x 10 psi 
was used. [rhus, Run 3 of Figure 2 accounts for the 
reservoir water expansion of Run 1 as well as the 
effect of formation compaction. Notice that the 
wellbore block pressure does not drop below 9,000 
psi during the 30 year prodUcing life. 

For Run 4, a "band" of shale was placed off
shore (see Figur=41). Shale permeability was es
timated to be 10 rnd and the shale se~~ment com
pressibility was increased to 8.7 x 10 psia. This 
is a seven fold increase over sandstone compressi
hility. The porosity used ,ras the same as the 
sandstone (0.216). The well position was unchanged. 
'Phe well block pressure generated in RIm 4 is shown 
on Figure 2 and is slightly higher than that gener
ated in Run 3. A comparison of the curves shows that 
it '{QuId be difficult to distinguish effect of 
offshore shale water influx compared to sediment 
compaction. Even though the volume of shale added 
to the simulated aquifer is small, it was apparently 
adequate for the simulation because the pressure 
at t.he outside botmdary of the shale had not decreased 
from the initial pressure even after 30 years of 
production. In fact, most of the shale water influx 
has come from the first half mile of the shale. 

In Runs 1, 3 and 4 it was assumed that the 
reservoir contains no gns dissolved in the geotherm,q,l 
waters. Run 2 provides a demonstration of the drive 
effectiveness of the dissolved natural gas. Run 5 
includes the effects of all potential sources of 
reservoir drives for this particular reservoir. Frhe 
well block pressure generated is shown as Run 5 
in Figure 2. The maximum free gas saturation is 
approximately 1 per cent. A comparison of Runs 11 
and 5 shows that the pressures of RUn 5 are con
sistently but only slightly higher than those of 
Run 4. 

An inspection of Figure 2 shows that the most 
important source of reservoir energy is sediment 
compressibility. The effect of shale water influx 
does not appear to be quite clear and needs to be 
examined in greater detail since the most effective 
sources of shale water would be expected to be shales 
interbedded with the sandstone and those located 
bel.mr the sandstone. 

From Figure 2, it can be seen that only in the 
case of water expansion is the early transient 
behavior exceeded in less than I year. For the other 
cases it would take 5 to 10 years to establish 
semi-steady state decline. Therefore, it will be 
difficult to obtain information on reservoir limits 
from a short-term drawdown test in a system this 
large. To discern drive contribution of the dif
ferent sources it will be necessary to make all 
possible efforts to obtain independent estimates 
of reservoir parameters from sources of data other 
than well tests. 

In the five cases above, Run 1 waS subjected 
to the highest pressure drawdown. Therefore, Run 1 
",as used to examine the behavior of formation temper
ature under the assumption of no thermal energy gain 
from adjacent formations. The maxiumum temperature 
decrease was 1. 5°F and the pressure response is 
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indistinguishable from Run 1. 

Reinjection has been recoil~nzed by several 
autgar 51(see e.g., Garg,et a1. and Pritchett, et 
a1. ' ) as being highly des irable for (1) effi
ciently extracting heat energy from a geothermal 
reservoir, (2) disposing of large volumes of pro
duced fluids, and (3) preventing ground surface sub
sidence. In Run 6 (otherwise identical with Run 2), 
approximat ely half of the produced water was rein
jected iQto the reservoir, The geometry of the 
reinjection system is shmfn in Figure 1; the reinjec
ted fluid was pure water at approximately 77°F. It 
can be seen from Figure 2 that reinjection (even in 
the absence of sediment compaction) can be used to 
significantly extend the useful life and production 
of the reservoir. Rein,jection tends to raise pore 
pressures and to lower gas saturations in the reser
Voir. 

A second, cross-sectional, reservoir was studied 
to further investigate t.he effects of water influx 
from adjacent and underlying shales. The reservoir 
used has a length and width of 5200 feet respectively 

and a thickness of 300 feet. The base case has 
similar reservoir properties to Run 3 of the first 
reservoir except that gravity was considered in this 
case; thus pressure val'ies throug,h the thickness of 
the reservoir. The initial reservoir pressure waS 
11,000.psi at the midpoint of the formation anel the 
reservoir temperature vas held at 300°F for all 
cross sectional runs. The initial absolute per
meabili ty of the sandstone ,;as estimated to be 2.5 md. 
'rhe production line sink "as located 1,418 ft from 
the sand-shale boundary and produced 40,000 BID 
from throughout the sandstone formation. For the 
base case no water influx from shal e was allowed, 
The average sink block pressure as a function of 
time is shown in Figure !+ as Run 7. 

To examine the effect of ofi'shore shale 'Tater 
influx a "band" of 2,836 ft of shale was added to 
the edge of the reservoir (see Figure 3), The 
horizontal and ~qrtical sha~5 permeabi1ities was 
estimated as 10 md and 10 md respectively. The 
sink block pressure history generated is gi.ven in 
Figure 4 as Run 8. The curve generated was con
sistently higher than the curve of Run 7 and edge 
water shale could be asslmed to be a significant 
source of reservoir energy. 

The next run was made by eliminating the off
shore shale and considering only 2110 ft of under
lying shale. Shale properties were the same as Run 
8. IJ?he resulting pressure curve is shown in Figure 
4 as Run 9. Run 9 shovs that water from underlying 
(or interbedded shales) woulet be a more effective 
source of reservoir energy than shales at the edge 
of the reservoir. Hhen the effects of both under
lying and offshore shales 'Were considered the 
resulting decline curve, Run 10, sho;red shale water 
from botl1 sources could provide substantia] reser
voir energy for production. 

A decline curve Has then generated that considers 
gas in solution with simultaneous "Water influx from 
underlying and adjacent shales, (Run 11), The effect 
of the solution gas drive,~lhile recognizable, is not 
large. 

Tne temporal characteristics of the simulated 
responses due to shale water influx are the same 

as those due to expansion of the reservoir fluids 
and sediment compressibility. Further, the effects 
of offshore shale wlter influx could be easily con
fused ,,,ith those of underlying shale water influx, 
It would therefore not be possible to discriminate 
between these effects from i-{ell tests alone. 

A HYPO'fHETICAL PRODUCTION STRA'fEGY 

The geopressured reservoir geometry studied 
was very Gimilar to the first reservoir' described! 
the thickness was the same but both the length 
and .... ,idth 'Here reduced slightly for convenience. 
The rock properties considered vere essentiallY 
the same as in the pl'eceding prabl.ems except tl1at: 

em (sediment compressibility on loading) 

-6 .-1 
J?l x 10 pSI 

c~ (sediment compressibility on unloading) 

Ij.O x 10-6 psi-l 

G
wr 

(residual liquid saturation) = 0.3 

S (residual gas saturation) = 0,05 
gr 

Note that rock compaction depends upon the loading 
direction so that porosity depends'} in general, on 
P, T and the sign of a r 

3t 

The fluid within the pores was taken to be 
at the same pressure (11,000 psi) and temperature 
(3000F) everyvhere within the reservoir initially. 
'The system is also super-saturated with methane, 
'''ith a uniform initial gas saturation of 5 percent. 
rrhis free gas is inrrnobile initially, since 
S = 0,05 for these runs. 
gr 

In the preceding problems, the reservoir was 
penetrated by a single well. Clearly, a large 
number of veIls ,Till be required for efficient 
explOitation of a reservoir of this size. Accor
<lingly, t.he line drive well-placement layout 
illustrated in Figure 5 was adopted for study. This 
well arrangement consists of an array of 56 pro
duction Hells, 49 "high-rate" injection ,·rells and 
14 "IOH-rate" injection ,,,ells, for a total of 119 
,.re11s with 3,220 feet "ell separation, The "low
rate" injection wells inject fluid at exactly 
half the rate of the IIhigh-rate" ,,,ells. O\.ring to 
synunetry, the small rectangular region outlined in 
Figure 5 by a dotted liae is representative of all 
such elements in the reservoir. This region w'as 
simulated Ifi til a 'I x 14 grid ,d th an equal grid 
spacing of 230 ft in each areal (l.irection. 

Injec tiOD "lells were treated .os constant flow~ 
rate wellS, and injected pure (methane-free) vater 
at a tempe:ratul"e of '!7°F ~ '1\,0 cases were COD
sidered--onc in which the injection rate was taken 
as zero, and the other in which the intiection rate 
was 22,000 BID per "high-rate" well. The production 
vTells, on the other hand, \Tere treated as pressure
dependent. For the present runs, the flow rate 
per well was taken as linearly dependent on the 
pore pressure in the sink zone, equal to 40,000 
STB/day at the initial pressure of 11,000 psi but 
declining to zero as the pressure reaches the 
hydrostatic value of 5,100 psi. 
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1'ne c<llclilaho'ns indicated a drrunatic diffel'ence 
in the behavior of the pys~m between the no-injec
Mon cases, ds,II\;ight be expected. Generally, the 
results indicate enormbusly improved reservoir per
formance if ;lmjection is practiced. The no-injection 
c'ase,~ siIl1U1.Q.tedto a',point corresponding to 11.6 
years. At this time" fluid production rates had 
dropped to 1.325 B/D' pel' well. The injection case 
was run mU¢h longer, to about 56 years. 

Totaa flow ~ates per production well are shown, 
as functions of time, in Figure 6 for the two cases. 
As noted above, without injection the flow rate drops 
monotonically toward zer.o. VTithout the compaction 
drive, the lifetime 'of the system would have been 
even short$r. 'Hi th inj ection, on the other hand, 
flow rates stat-tat 40,000 bbl/day, drop to a min
imum at about 20 years, and then slowly increase 
toward 22,000 bbl/daJ at late times. Production 
rates of the natural gas also drop off rapidly , 
toward zero without injection. \O/ith injection, 
natural gas Jiroduction is maintained much lopger 
but does eventually decline. The differences between 
the two techniques as regards natural gas production 
are shown drrunatically in Figure 6, which illus
trates the cumulative production of methane as a 
function of time, expressed as a percentage of the 
total methane initially present in the reservoir. 
Hithout injection, less than 10 percent of the 
methane can be recovered. \o/ith injection, it seems 
clear that over 90 percent can be e1{tracted, even 
with the relatively simple well-pattern used. 

The temperature of the produced fluid is an 
important factor if the ,rater is to be used for 
geothermal applications. In the no-injection case, 
of course, temperatures remain essentially constant. 
"ith injection, temperature remains constant for 
14 years followed by a steady decline. The temper
ature of the produced fluid falls below 212°F (laOOC) 
at about 49 years. 

The results of this pair of calculations >Tould 
seem to make a strong case for reinjection into 
geopressured aquifers as production technique. Even 
though cold water breakthrough does eventually occur, 
the lifetime of the field is enormously prolonged. 
Even if the fluid's heat is considered useless below 
140°C (285°F, approximately 26 years production), the 
injection technique provides 5-·1/2 times as much 
useful fluid as no injection. If the temperature 
cutoff is 10aoC (212°F, approximately 49 years of 
pl'oduction), injection produces almost ten times 
more fluid than no injection. Also, as was seen 
earlier, over ten times as much methane is recovered 
if injection is practiced. It would therefore seem 
desirable to inject fluid into geopressured strata 
as a method of maintaining and stimulating production. 

Obstacles to reinjection into geopressured 
aquifers are the necessities of building the rein
jection network and of supplying power to the in
jection pumps. An accnrate comparison of the 
"energy cost" of reinjection compared to the "energy 
benefi t" associated with the improved reservoir per
formance depends strongly upon the details of the 
surface equipment and is therefore beyond the scope 
of this study. Reinjection clearly would be more 
advantageous as the permeability of the prospect 
increases, since pumping pressures required to 
maintain a given flow rate in the system decline with 
increasing permeability. If good reservoir per-

meability is present, prodtt'ction strategies in
volving reinjection may prove advantageous. 

CONCLUSIONS 

On the basis of our'study, and the simulat10ns 
conducted the follolfing conclimi0ns are cJ,eri ved. 

1. Multiphasefluid flow equationsc'and con
stitutive relati'0nships describing deformable, 
anisotropic, heterogeneous, and nonisothermal, , 
reservoirs such .if! the Gulf Coast'geoprilssurejl' 
goethermal aquifers hjiVe been presentech This 
mathematical'model has beell: numerically solved 
using a computer progr"!'l. ~'he major drive mechan
sims considered include fluid and sediment com
pressibilities, shale ifater influx and natnral gas 
in solut-j,on. Grayi ty, capillarity, and pressure 
and temperatnre dependence of fluid denslties, 
viscosities and natural gas solubility ill' water 
were also considered. 

2. It was found that sediment compressibility 
will be important depletion drive m~hanism8' in 
geopressured reservoirs. 

3. Based on the shale properties used and 
assuming stat.ic geopressured reservoirs t water 
influx from adjacent offshore shales into geo
pressured reservoirs d1U'ing production occurs 
mostly from the shales immediately adjacent to 
the sand-shale interface. 

4. Hater inflw:: into geopressured reservoirs 
from underlying or interbedded shales Ifill be more 
significant than influx from adjacent offshore 
shales. 

5. The effect of initially dissolved gas as 
a reservoir drive mechanism in geothermal geo
pressured reservoirs probably will not exceed 
that of the compressibility of the reservoir 
fluid. 

6. The depletion of geothermal geopressured 
reservoirs may be regarded as an isothermal process. 

7. Costs permitting, reinjection of produced 
fluids into geopressured geothermal aquifers will 
be desirable to both increase the recovery of 
thermal energy and natural gas. 

NO!4ENCLATURE 

C Uniaxial compaction coeffiCient, psia-l 
m 

CT Coefficient of thermal expansion, l/oF 

Cv Specific heat, Btu/lbop 

h Depth below a reference datum, ft 

K Bulk modulus of r.ock, psi 

k Absolute permeabi li'ty, tensor, Darcy x 1.127 

k 
r 

L 
x 

L 
z 

p 

P 
c 

Relative permeability fraction 

Reservoir length, ft 

Reservoir width (for horizontal studies), ft 
Reservoir thickness (for vertical studies), 
ft 

Molecular weight 

Pressure, psia 

Capillary press1U'e, psia 



R. M. KNAPP O. F. ISOKRARI S. K. GARG AND J. H. PRITCHETT 9 
SPE 6825 

q 

Q 

R sw 

S 
w 

t 

T 

V 

H 

y 

n 

¢ 

Fluid production rate, positive for 
injection, B/D-cu ft 

Heat source strength, Btu/D-cu ft 

Gas solubility in water, scf/STB 

Phase saturation, fraction 

Time, days 

Temperature, of 

/.jacroscopic velocity, B/D-sq ft of area 

Reservoir width (for vertical studies), ft 
thickness (for horizontal studies), ft 

Specific weight (pg/144gc )' psi/ft 

Reduction in reservoir thickness, ft 

Coefficient of linear thennal expaJlsion 
of porous rock, l/oF 

Coefficient of linear thermal expansion 
of rock grain, lieF 

Thermal conductivity, Btu/D-ftOF 

Viscosi ty, cp 

Roclt shear modulus, psi 

Density, Ib/cu ft 

Fractional porosity 

Subscripts 

0 Initial Conditions 

f Fluid 

g Gas 

m ~jixture (rock, water and gas) 

rm Rock matrix 

w I'later (wetting phase) 

x In x direction 

z In z direction 
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Side View of Cross-sectional 
Reservoir with Adjacent and 
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TABLE 1 

RESERVOIR ROCK PROPERTIES USED FOR EXAMPLE CALCULATIONS 

Rock grain density (p ) = 164.4 lbm/cu ft rm 

Heat capacity of rock matrix (Cvs ) = 0.826 Btu/lboF 

Rock grain thermal 
conductivity (Krm) = 1.566 x 10-10Btu/hr.ftOF 

Initial porosity (¢o) = 0.216 

Initial absolute permeability (ko) = 18 md 

Rock coefficient of linear 
thermal expansion (n) = 0 

Rock grain coefficient of 
linear thermal expansion (ns) = 0 


