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ABSTRACT

Thermal consolidation due to vapor production
from a vapor-dominated geothermal reservoir with
natural recharge from an overlying liquid layer
is examined. When the vapor is extracted, the
pressure declines and the liquid vaporizes as the
liquid layer descends into the vapor zone. It is
shown that the flow-induced pressure change is
comparable to the hydrostatic profile for a typ-
ical production rate and that the subsidence is
mainly from thermal compaction in the liquid-
invaded zone. The total subsidence in the reser-
voir increases as the production rate increases but
decreases as porosity decreases. The permeabil-
ity variation only affects the reservoir life in such
a manner that the processes are inversely propor-
tional to the permeability change.

INTRODUCTION

Geothermal reservoirs are usually categorized as
either liquid-dominated or vapor-dominated de-
pending on steam saturation. The Wairakei field,
New Zealand is a typical example of a liquid-
dominated type where the maximum subsidence
of 4.5m has been recorded (Bixley, 1984). The
Larderello, Italy and ‘Geysers, California are the
largest geothermal fields of ‘a vapor-dominated
type. In the Geysers, only 14em of subsidence has
been measured(Lofgren, 1978). However, in: the
Travale field near Larderello, subsidence values of
more than 40cm were observed(Di Filippo et al.,
1995).

For thermal consolidation in liquid-saturated
porous media, the governing equations have been
derived with or without the coupling effects among
the fluid, solid and heat (Brownell et al., 1977;
Bear and Corapcioglu, 1981; Kurashige, 1989).
These are based on the phenomenological relations
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for the behavior of the fluid and solid matrix. Lee
and Mei(1995a,b) employed the theory of homoge-
nization to deduce the governing laws for thermal
consolidation in a liquid-saturated medium. Un-
der the assumptions of the existence of disparate
length scales and the periodicity of the medium,
the global scale constitutive coefficients are deter-
mined by solving certain microcell boundary value
problems for a given cell geometry (empirical or
closure assumptions are not required). The gov-
erning equations are applied to the extraction of
the fluid from a reservoir(Lee and Mei, 1996). In
two dimensions, it is shown that the flow instabil-
ity can be triggered at a Rayleigh number below
the theoretical threshold for natural convection.

When vapor is extracted from a vapor-
dominated reservoir through production wells, the
pressure declines and regeneration of vapor is
needed for continued exploitation. This can be
achieved by either natural recharge from an over-
lying liquid layer or water injection. As water
invades the hot vapor zone, vaporization of the
liquid occurs at the interface. An important phe-
nomenon during this process is reservoir deforma-
tion, which results in the subsidence. The reser-
voir may experience both swelling due to the buoy-
ancy effect caused by liquid invasion and com-
paction due to thermal cooling of the rock matrix.

For cold water injection, Woods and Fitzger-
ald(1993) have studied the effects of the injection
rate and the geometry of injection on the vaporiza-
tion of a liquid front moving through hot porous
rock. They showed that as the injection rate in-
creases the vapor pressure and the temperature at
the front increase, and the vaporizing fraction de-
creases. They also showed that, for a constant in-
jection rate, the vaporizing fraction of water stays




at the maximum level for a point source, reaches

a constant value for a line source, and decreases

to a very small value for a planar source. The
vaporization of water in bounded and unbounded
systems for water injection and/or vapor produc-
tion has also been investigated by Fitzgerald and
Woods(1995a). The vaporization of water in an
one-dimensional vapor-dominated reservoir with
natural recharge of vapor from a descending lig-
uid layer has been considered by Fitzgerald and
Woods(1995b) to study the variation of the va-
por pressure, the vaporizing fraction at the in-
terface and the downward movement of the in-
terface. For higher vapor temperature, both the
reservoir life(i.e., the time for the water-vapor in-
terface reaches the reservoir bottom) and the va-
porizing fraction become greater.

Fitzgerald and Woods(1995b) assumed that the
pressure in the liquid region is hydrostatic. This
assumption is valid only for production rates with
an induced pressure gradient much smaller than
the hydrostatic pressure gradient and might be too
restrictive an assumption. We consider the sim-

ple model of an one-dimensional vapor-dominated

geothermal reservoir considered by Fitzgerald and
Woods(1995b) (shown in Fig. 1) with a vapor zone
of thickness ¥ and a liquid and condensate zone of
thickness (D — 7) at the initial equilibrium state.

Vapor
Extraction ?

Ground Surface

Watertable z=D

Vapor Region

Impermeable Bedrock

Fig. 1. A vapor-dominated geothermal reservoir with
vaporization from an overlying liquid layer.
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In this paper, we allow the production rate to be
finite so that the induced pressure gradient in the
liquid is not necessarily small compared to the hy-
drostatic value. Schubert and Strauss(1980) have
shown by a linear stability analysis that the heav-
ier liquid can exist above the vapor region if the
medium permeability is sufficiently small. Suppos-
ing that the vapor is extracted from the reservoir
through distributed wells, the pressure is assumed
to be uniform in the vapor region. It is a fairly
good approximation since the time scale for pres-
sure diffusion is much smaller than the time scale
for the interface to move across the vapor region,
as will be shown below.

We assume that the liquid is incompressible,
whereas the vapor obeys the equation of state
for an ideal gas. The reservoir rock matrix is
assumed to be relatively hard e.g., the consol-
idation equation(Lee and Mei, 1995a) becomes
a steady form because the consolidation time is
much smaller than the heat convection or diffu-
sion times. Specifically, we examine the effects of
the production rate, porosity, and permeability on
the reservoir pressure and temperature, the vapor-
izing fraction, and the subsidence.

THE GOVERNING EQUATIONS AND
BOUNDARY CONDITIONS

Let ¢ and k denote the porosity and the per-
meability of the medium. Also let p.,, p and
U, be the density and viscosity of the fluid and
the seepage velocity, respectively, in the liquid re-
gion and, similarly, p, p, and w, in the vapor
region. The location of the interface I' is de-
noted by z = r(¢). The initial liquid zone, the
liquid-invaded zone, and the vapor zone are de-
noted by 0, (F < z < D), Qu,(r(t) < z < ) and
2,(0 < z < r(t)), respectively. Initially the pres-
sure is hydrostatic in the liquid zone and uniform
in the vapor zone(e.g., p = p,g(D — 2) for z € Q,,
and p = p,g(D —7) for z € Q,). In Q,, and Quw,
the flow-induced pressure is denoted by p. The to-
tal liquid pressure pT is equal to p + p in Q,, and

10 F+ pwi + P in y,, where py; = po,g(F — 2) is

the hydrostatic pressure due to water invasion.
Boundary Conditions on the Interface

The mass flux continuity at I' requires (Fitzger-
ald and Woods, 1994):

(1)

where the seepage velocities are given by Darcy’s

dr
Puwlhy — Pplly = (pw - pv)‘ﬁ;ﬁﬂ
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Let F' be the vaporizing fraction at I' and M the

vapor extraction rate from the vapor zone per unit

~ time and unit area. From its definition, F' is re-

lated to u., by

U,y =

¢ dr

Combining (1), (2), and (3) we obtain
__pukOp _ pud dr
Pute = = S, T1-Fdt (4)
pul +pu(1 = F) dr
yly = _M = T
pott T—F Y&

The heat flux continuity at T' requires that the
heat supplied to the interface from the liquid phase
be equal to the heat carried away from I" and the
heat to cool down the rock invaded by the moving
interface. At equilibrium the temperature profile
with depth usually shows a linear increase in Q,,
and a uniform distribution in ,. This implies
convective transfer from €, to ., as in some con-
ceptual models{Grant et al., 1982). However, the
time scale for such balance to take place will be
comparable to the diffusion time. It is thus ig-
nored in the present case of a moving interface. It
then follows that

dr dr
pwhw (uw s ¢E> - pvhv (u'u - ¢a>

_(1 - @)y — dr

hrl)pr dt’

where hy = CpuTi, Iy, ey = CpeTy and Ay =
CprT; are the enthalpies of water, vapor, rock in
Q,, and rock at I', with T, and T; being the tem-
peratures of the superheated vapor and the inter-
face I, respectively. After invoking the mass flux
continuity (4), it becomes(Woods and Fitzgerald,
1993) ‘

1_ 1+ ¢ pw (hy — CpuTi)

Fo' T G- O

For saturated liquid and vapor, the temperature is
related to the pressure by the Clausius-Clapeyron
relation (Look and Sauer, 1988). The following
equation will be used for T5:

T, = —a/n(pifb) (6)
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where @ = 4.71 x 10%°K and b = 3.23 x 10*M Pa
for T; in the range 373 - 746 ° K (Tabor, 1969; De-
laney, 1984). As will be shown later, the variation
of T; on descending I" is significant. In this pa-
per, unlike in Fitzgerald and Woods(1995b) who
assumed that h, — Cp,,T; is constant, h, is deter-
mined from thermodynamic tables by using the
pressure and temperature of the vapor. T; is de-
termined by (6) for the vapor pressure.

Scale Estimates

The pressure change P is O{p,,¢7) caused by water
invasion across ,. From Darcy’s law the seepage
velocity in 0, and €, is Uy, = O(k/u.(P/D)).
Assuming that the three terms in (1) are com-
parable, we estimate the time scale of interface
movement as T, = O(¢D?u,,/(kP)). The time
scale for pressure diffusion in the vapor zone can
be estimated from the equation of mass conserva-
tion (Carman, 1956) as Tp, = O(¢D?p,/(kP)) =
(1o [11y)T» & T,. Thus the pressure distibu-
tion in ©, will be assumed to be uniform. The
consolidation time in the liquid zone is given by
Tew = pwD?/kD where D is the elastic modu-
lus of the medium. It is thus related to 7, by
Tew/Tr = P/(D¢) and is very small for typical
vaues of P = O(10°Pa) and D = O(10'°Pa).
Hence, the consolidation equation in the liquid
zone is of steady form without local terms(Lee and
Mei, 1996). The consolidation time in the vapor
zone is much less than T,,,.

From (1) the heat convection time in the liquid
zone is estimated as Ty, = O{D /U, ) = O(T./¢)
which is large since ¢ < 0.1. The heat diffusion
time Ty = D?/ay, where o is the thermal dif-
fusivity of water, is much larger than 7., because
Tow/Taw = af/UywD= py,ozp/kP < O(1073).
This implies that thermal changes due either to
convection or to diffusion in ., and Qu, over T, are
small and can be ignored. The medium tempera-
ture at any location in §),, is approximately time-
independent and is determined by the Clausius-
Clapeyron relation when the descending interface
I’ passes that location.

* The scale of vertical deformation W is estimated
from Hooke’s law as O(PD/D), which is typically
of the order of 10cm. Obviously, T’ determines the
life span of a vapor-dominated geothermal reser-
voir with natural recharge and is chosen as the
reference time scale.

Normalized Equations

Based on the scale estimates, the variables are nor-




malized as follows:

z=Dz* t=T¢", p=DPp*
Uy = Upttl,, (7)
w=Wuw*, TYT,-T)+T:=T

where the symbols with an asterisk are dimension-
less and T; is the initial interface temperature.

The governing conditions are summarized in di-
mensionless variables. We impose that the devia-
tions of the pore pressure, temperature, and solid
stress on the watertable at z* = 1 are zero.

The consolidation equation in €, and ., with
negligible effects of solid deformation becomes

aZﬁ*
0z*?

*®
ou,

Pl =0 2z€ 8y + Q.

(8)

The total pressure p? * is equal to p*+5* in (2, and
7+ pl, + 7" in Q, where pl, = (F* — r*(t*))/7*
is the liquid pressure due to water invasion. With
the boundary conditions (4) and §*|,«=1 = 0, (8)
gives
1 dr*
— 9
1 F dt* )
Combining (4) and (5) the equation describing
r*(t*) is given by

ij*lr*(t*) - [1 - T*] .

A= prl—20 1-T¢ pv | dr*
T e ho—CpuwTi _ Cpw Dy | dt*
O v o il et S

(10)

where A = M/(p,U,) is the normalized extrac-
tion rate of vapor, M being the steam mass pro-
duction rate per unit area, and p,U,, is the wa-
ter seepage rate. For Larderello and the Geysers
the production rates are between 0.2 and 0.5(Lip-
man et al., 1978; Narasimhan and Goyal, 1984).
The density ratio p,/p., which is usually small, is
given by the equation of state as

1- P

Pu pv Pa ~k
b= e By o S| (D)

Pw B p_w P 1-
where p, and P = p,g(D — 7) are the atmo-
spheric pressure and the initial vapor pressure.
The Clausius-Clapeyron relation (6) becomes

+£~*|
Pp T

(12)
The reservoir deformation is governed by the
equilibrium equation(Lee and Mei, 1995a). The

P
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stress deviation from the initial state o* is gov-
erned by
do* 7] (aw*

— = | — — ap* =B

82+ 9z \ 0z P + G) (13)
where Hooke’s law has been used and the stress
component C' and the body force B are zero in

., and 2, and are given in Q,, as

¥y ’F*—Z*_ﬁt(Tv—Ti)
C(z")=-a = Iz

B =¢/F

(T - 1)
(14)

due to water invasion and thermal cooling from
T, to T; as the interface descends. Since the time
scale T, is much smaller than the heat convection
and diffusion times, 7*(r*) is given by T (r*){cf.
(12)).

The following conditions are additionally im-
posed:

c*(z*=1)=0, w'(z*=0)=0 (15)

Integrating (13) across the reservoir depth and
invoking the stress and displacement continuities
at z* = r* and z* = 7*, we obtain the vertical
subsidence

*

W = / ap*dz* — ¢
0

,,'T*
=%

7 FE o g
T*:/ a(;ﬁ*+7 — )dz*
o *

” ﬁt(Tv_Ti) * T — 2" *
Dy o]

ok *
T *

w*IF* —w*

*

W em1 — W

1 *
1—2z
*'F‘: ~*r*d* 16
/pl—r*pl z* (16)

Note that the deformation in Q, is caused by the
pressure change and the weight change in the over-
lying layer €., (due to water invasion). In Q,,
pressures p* and pj,;, thermal shrinking and in-
crease of body force contribue(cf.(13) and (14)).
In Q,, only the flow-induced pressure 7* is respon-
sible for deformation. After (9) to (12) are solved
for r*, p*|;~, pu/pw and T;(r*) by an iterative
scheme, the reservoir deformation is determined
from (16).

APPLICATIONS

One-dimensional thermal consolidation is applied
to the extraction of vapor from a geothermal reser-
voir with natural recharge. The fluid and reservoir
properties are summarized in Table 1.




Description Value

total reservoir thickness(D) 500m

initial thickness of vapor zone(7) | 400m
porosity(¢) 0.1, 0.02
permeability(k) ImD = 10~ 15m?
elastic modulus of rock(D) 1010 Pq
density of rock(p,) 2600 kg/m3
density of water(p. ) 1000 kg/m?
initial vapor density at I'(py) 5.3 kg/m3
specific heat of rock(Cpr) 850 J/kg° K
specific heat of water(Cpu ) 4200 J/kg®

1.3x107%kg/ms
1.6x1075%kg/ms
300°C, 250°C

viscosity of water(pw )
viscosity of vapor(uy)
vapor temperature(Ty )

initial interface temperature(T;) | 176°C
initial reservoir pressure(p) 108 Pa
pressure coefficient(c) 0.6
pressure variation scale(P) 4x10%Pa
production rate ratio(.4) 0.2,0.4, 0.6

1.0(T, = 300°C)

0.60 (T, = 250°C)
21.9 (T, = 300°C)
35.0 (T, = 250°C)

thermal stress ratio( Be(Ty - (T}'J‘Ti))

. he=CpuTy
enthalpy ratio( o (TTs
e (Tw =T

Table 1. Physical Parameters.

In order to examine the effects of different poros-
ity and vapor production rate, $=0.1 and ¢=0.02
have been chosen for which .A=0.2, 0.4 and 0.6 are
considered. The initial temperature of the inter-
face T; is calculated from (6) as 176°C for p =
10°Pa. Two vapor temperatures are considered,
T, = 250°C and 300°C. For superheated steam,
the enthalpy h, is obtained from thermodynamic
tables for steam (e.g., Haywood, 1990). If the
Rayleigh number defined by Ra = kgBrOL/va.n,
is larger than the critical value of 40, natural con-
vection of the liquid may occur(Nield and Bejan,
1992) where Sr, © and o, are the thermal expan-
sion coefficient of water, temperature difference
across the liquid layer of thickness L, and ther-
mal diffusivity of the water-saturated medium. By
using fr = O(10~*°C-1), © = T, = 176°C,
L = 500m, a, = O(107"m?/s), and the values
in Table 1, Ra is estimated as O(1). Therefore
the liquid zone is stable throughout the reservoir
life.

Porosity ¢ = 0.1. This corresponds to a typical
sedimentary rock reservoir. For T, = 300°C, the
time variations of r(t) and F at the interface are
shown in Fig. 2(a). The flow-induced pressure 5
and the total pressure p7|, at " are shown in Fig.
2(b).
from 7 to the bottom obviously decreases(e.g., 87,
52 and 43 years for .A=0.2, 0.4 and 0.6). For larger
A the overall F is larger, too, and this slows down
the descending movement of I". For example, when

As A increases, the time for T to descend -
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r = 200m, £=>50, 28 and 22 years and p|,=-1, -1.8

and -2.3M Pa, implying that the temperature at

r = 200m decreases with A(cf.(12)) because the
initial pressure § and the pressure due to water
invasion p,; are the same. The total pressure,
which includes p and py;, shows pT |,=200m=2, 1.1
and 0.6M Pa. The values of T;(r = 200m) are
calculated as 212, 183 and 147°C for A=0.2, 0.4
and 0.6 when t is 50, 28 and 22 years. Therefore,
more liquid vaporizes as it descends for higher A.
Fig. 2(a) shows F(r = 200m)=0.45, 0.5 and 0.57
for A=0.2, 0.4 and 0.6. This is seen over the en-
tire range: 0 < »(t) < 7 in Fig. 2(a). In Fig. 2(c),
the total subsidence in the reservoir is shown. The
amount increases as-11, -17 and -23¢m for A=0.2,
0.4 and 0.6.

As mentioned earlier, the reservoir deforma-
tion is caused by the pressure changes $ and
Pwi(denoted with @ in (16)), the body force in-
crease due to water invasion, and the thermal com-
paction. Among these, the thermal compaction
is the most dominant component and increases
with A because, as T;(r(t)) decreases with A,
the temperature drop (T,-T;(r(t))) increases and
thus thermal compaction increases. The pressure
change may generally cause swelling for moderate
production rate. However, when the production
rate increases, the pressure change itself can turn
out to be compaction, if p in Fig. 2(b) exceeds
pwi'due to water invasion. At the same time, the
lower pressure with larger A causes lower T;(r(t))
and larger thermal compaction. All together the
subsidence increases with the production rate.

If p is ignored, as in Fitzgerald and Woods
(1995b), the results are very different. First, the
responses follow an identical pattern except the
difference in the reservoir life, since the produc-
tion rate A is directly proportional to the descent
velocity dr*/dt*(cf.(10)). The pressure at I' and
T; are overestimated, which results in an underes-
timated "F.because the degree of superheating is
reduced: - Therefore, the descending velocity of "
is overestimated and the reservoir life is underesti-
mated. -We have calculated the present case with

.p ignored and the result shows that I" touches the

bottom after 70, 35 and 23 years for A=0.2, 0.4
and 0.6, which is precisely inversely proportional
to A: The total pressure p”|, becomes 5M Pa uni-
formly, which corresponds to the hydrostatic pres-
sure for thickness 500m. There is no difference in
the reservoir response for different 4. We also




‘note that T;(r(t)) variation over depth 7 is 60, 50

and 40°C for A=0.2, 0.4 and 0.6 and is significant.

When this is ignored, h, — CpT; is overestimated
and leads to underestimated F'(cf.(5)) and overes-
timated dr*/dt*. The reservoir subsidence with p
ignored reached uniformly -7.5¢m with no regard
to A4, since the temperature drop is identical for
all of the production rates.

Porosity ¢ = 0.02. This corresponds to reservoirs
in igneous({e.g., granite) or metamorphic rocks
where the porosity is primarily due to fractures.
The results for the case of T, = 300°C are shown
in Figs. 3(a)-(c). As compared to the case with
¢ = 0.1(Fig. 2(a)), the reservoir life is slightly re-
duced but F is increased by 60% or more. This
implies physically that the descending water is ex-
posed to a much larger volume of rock with tem-
perature 7., and thus vaporization is much more
enhanced. Greater vaporization results in smaller
magnitude of p|., i.e. larger p7|, as seen from
Figs. 3(b) and 2(b). This is due to the increase in
F. The density ratio of the vapor to the liquid is
intially 1/200 and increases somewhat with time.
For larger F' the amount of newly produced vapor
is substantial due to large density contrast. To
balance the pressure drop in ,,, the magnitude of
P in Q. should increase and thus pT|, increases.
Accordingly, T;(7(t)) becomes larger than the case
with ¢ = 0.1. The reservoir compaction is smaller
than the case with ¢ = 0.1 because of increased
Ti(r(t)) e.g., the magnitude of temperature drop
(To-T3(r(t))) is reduced. The overall reservoir sub-
sidence is reduced to -8, -11 and -14cm for A=0.2,
0.4 and 0.6 as compared with -11, -17 and -23cm
in the case of ¢ = 0.1.

The results for the case with T, = 250°C are
shown in Figs 4(a)-(c). The differences from T, =
300°C case are similar to the case with ¢ = 0.1.
Due to a lower degree of superheating in §2,, the
reservoir life and F' are reduced. Because of re-
duced F, p|, attains greater magnitude, which
results in lower T;(r(¢)), but not as large as the
difference in T,. As a result, the reservoir com-
paction in Fig. 4(c) is smaller than that in Fig.
3(c);-it is only -3, -6 and -9cm for A=0.2, 0.4 and
0.6.

Effects of Permeability Variation. As shown in the
scale estimates, the permeability affects only the
interface movement time scale 7T, and the seep-
age velocity. Therefore, when k is increased(or
decreased), the discussions so far are valid ex-
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cept that the transient processes take place at a
faster(or slower) time proportional to the change
in k.

CONCLUSIONS

The one-dimensional thermal consolidation in a
vapor-dominated geothermal reservoir, with a
recharge that maintains a constant watertable, is
analyzed. We showed that the induced pressure
is not necessarily small and causes a considerable
deviation from the hydrostatic value. In addition,
the most dominant mechanism of land subsidence
is thermal contraction in the water-invaded region.

As the production rate increases for constant
vapor temperature, the descending velocity of the
interface, the vaporizing fraction, and the magni-
tude of flow-induced pressure drop increase. Ac-
cordingly, the interface temperature decreases and
the thermal compaction in the water-invaded zone
increases. This results in an increased land subsi-
dence. For a lower vapor temperature, the reser-
voir life and vaporizing fraction decrease, but
the production-induced pressure drop increases to
compensate for the reduced vaporizing fraction.
The subsidence also decreases due to less degree
of superheating in the vapor zone.

When the porosity decreases, the vaporizing
fraction increases substantially due to the greater
rock volume at vapor temperature available for va-
porization. Due to a greater vaporizing fraction,
the flow-induced pressure drop decreases and the
interface temperature increases, which leads to re-
duced subsidence. When the medium permeabil-
ity is changed, the processes occur in thé manner
inversely proportional to the permeability change:
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Fig. 2(a)-(c). Time variations of (a) the vaporizing

fraction F and the interface location r(t)/D, (b) the flow-
induced pressure p|, and the total pressure pT\r at the
interface, and {c) total subsidence w(z = D) for the case
with ¢ = 0.1 and T}, = 300°C. The numbers by each curve
denote the production rate A.
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Fig. 3(a)-(c). Time variations of (a) F and r(t)/D, (b) Fig. 4(a)-(c). Time variations of (a} F and r(t)/D, (b)
Blr and pT|., and (c) w(z = D) for the case with ¢ = 0.02 Blr and pT|,, and (¢) w(z = D) for the case with ¢ = 0.02

and T, = 300°C. See the caption of Fig.2. and Ty, = 250°C. See the caption of Fig.2.
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