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ABSTRACT

Numerical studies of the effects of injection on
the behavior of production wells completed in frac-
tured two-phase geothermal reservoirs are presented.
In these studies the multiple-interacting-continua
(MINC) method is employed for the modeling of ideal-
ized fractured reservoirs. Simulations are carried
out for a five-spot well pattern with various well
spacings, fracture spacings, and injection fractions.
The production rates from the wells are calculated
using a deliverability model. The results of the
‘studies show that injection into two-phase fractured
reservoirs increases flow rates and decreases enthal=-
pies of producing wells. These two effects offset
each other so that injection tends to have small
effects on the usable energy output of production
wells in the short term. However, if a sufficiently
large fraction of the produced fluids is injected, the
fracture system may become liquid-filled and an in-
creased steam rate is obtained. Our studies show that,
injection greatly increases the long-term energy out-
put from wells, as it helps extract heat from the
reservoir rocks. If a high fraction of the produced
fluids is injected, the ultimate energy recovery will
increase manyfold.

INTRODUCTION

At present reinjection of geothermal brines is .
employed or being considered at most high-temperature
geothermal fields under development. At many geother-
mal fields, primarily those in the U.S. or Japan,
reinjection is a necessity because environmental
considerations do not permit surface disposal of the
brines (unacceptable concentrations of toxic minerals).
At other fields, e.g., The Geysers, California,
reinjection is used for reservoir management to help
maintain reservoir pressures and to enhance energy
recovery from the reservoir rocks. The effectiveness
of injection in maintaining reservoir pressures has
been illustrated at the Ahuachapdn geothermal field
in El Salvador (Cuellar, 1981).

During the last decade various investigators have
studied the effects of injection on pressures and over—=
all energy recovery from geothermal fields. Theoreticall

References and illustrations at end of paper.

studies have been carried out by Kasameyer and
Schroeder (1975), Lippmann et al. (1977), O'Sullivan
and Pruess (1980), Schroeder et al. (1982), and Pruess
(1983a), among others. Site—-specific studies were
reported by Morris and Campbell (1979) on East Mesa,
California; Schroeder et al. (1982) and Giovannoni -et
al. (1981) on Larderello, Italy; Bodv son et al.
(1983) on Baca, New Mexico; Tsang et al. (1982) on
Cerro Prieto, Mexico; and Jonsson (1979) ‘and Pruess
et al. (1983) on Krafla, Iceland. ' These studles have
given valuable insights into physical processes and
reservoir response during injection. However, there
is limited understanding of injeetion effects in
fractured reservoirs, especially high-temperature
two-phase systems. Fundamental studies and quantita-
tive results for the design of injection programs in
such systems are greatly needed.

The objectives of the present work are to inves-
tigate the effects of injection on the behavior of
fractured two-phase reservoirs. Some of the questions
to be addressed are:

(1) How will injection affect flow rates and
enthalpies of the production wells?

(2) Can injection increase the short-term usable
energy output of wells?

(3) what are the long-term effects of injection?

(4) How is the efficiency of injection dependent

on factors such as well spacing and fracture

spacing?

Reliable answers to these questions should be valuable
for field operators in the design of injection systems
for two-phase fractured reservoirs.

APPROACH

In the present work we consider wells arranged in
a five-spot pattern (Figure 1). Due to symmetry we
only need to model 1/8 of a basic element as shown in
Figure 1; however, our results are always presented for
the full five-spot. The "primary" (porous medium) mesh
shown in Figure 1 consists of 38 elements; some of the
smaller ones close to the wells are not shown. The
mesh has a single layer, so that gravity effects are
neglected. The fractured reservoir calculations are
carried out by means of the "multiple interacting
continua®™ method (MINC; Pruess and Narasimhan, 1982),
which is a generalization of the double-porosity con=-
cept introduced by Barenblatt et al. (1960) and Warren
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and Root (1963). The basic reservoir model consists
of rectangular matrix blocks bounded by three sets of
orthogonal infinite fractures of equal aperture b and
spacing D (Figure 2a). In the mathematical formula-
tion the fractures with high transport and low storage
capacity are combined into one continuum and the low
permeability, high storativity matrix blocks into
another. The MINC method treats transient flow of
fluid (steam and/or water) and heat between the two
continua by means of numerical methods. Resolution of
the pressure and temperature gradients at the matrix/
fracture interface is achieved by partitioning of the
matrix blocks into a series of interacting continua.
These are defined on the basis of distance from the
nearest fracture, giving rise to a set of nested vol-
ume elements, as shown schematically in Figure 2b. A
partitioning procedure analogous to the idealization
in Figure 2b can be carried out for each of the grid
blocks of the "primary" five-spot mesh, resulting in a
"secondary” mesh which includes global ("interblock")
flow through the fracture network, while matrix and
fractures can exchange fluid and heat locally within
the grid blocks of the primary mesh ("intrablock flow").
Quantitative details on the mesh construction are given
in Pruess and Narasimhan (1982). The MINC method has
been validated against a number of analytical solutions
(Pruess and Narasimhan, 1982; Lai, Bodvarsson, and
Pruess, 1983). The present work employs a schematic
reservoir model with regularly shaped matrix blocks
(see Figure 2), but realistic irregular fracture dis-
tributions can also be handled with the MINC method
(Pruess and Karasaki, 1982).

The injection and production wells are assumed to
be open only to the fracture system. The production
wells are modeled using a deliverability model that
allows flow rates to decline realistically with time
as the reservoir is depleted. The flow rate g produced
from a well completed in a two-phase reservoir is cal-
culated from:

L2 v v
ul + v (P wa) (1)
v

[
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q

where P is the pressure of the two-phase fluid in the
grid block containing the well, Py} is the flowing
bottomhole pressure, and PI is the productivity index.
Other symbols are defined in the Nomenclature. The
flowing enthalpy, h, is given by:
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where hy and h, are the saturated enthalpies of liquid
and vapor at reservoir conditions, respectively.

The injection rate qj is taken to be a pre-
scribed fraction f of the production rate

Q= £ q. (3a)

The parameter f, which expresses the ratio of injec-
tion rate to production rate, will be referred to as
"injection fraction" or "injection factor."™ 1In the

numerical simulation we use the approximation

k+1 k
9 =f°q, (3b)

i.e., the injection rate during time step k+1 is spec-
ified as a fraction of the production rate for the
previous time step. This approximation introduces
negligible inaccuracy, while giving a substantial
improvement in calculational efficiency over the more
rigorous prescription gf*! = £  gk*1

The calculations were carried out with LBL's
general-purpose simulator MULKOM (Pruess, 1983b). 1In
its geothermal mode, MULKOM is similar to SHAFT79,
against which it has been thoroughly validated (Pruess
and Schroeder, 1980; Pruess, 1983a). The reservoir
fluid is assumed to be pure water substance. The
thermophysical properties are represented by the
steam-table equations, as given by the International
Formulation Committee (1967).

The enthalpy of produced fluids generally changes
with time, which will affect wellbore pressure drop
and bottomhole pressure, and in turn the flow rate
(Equation 1). In the simulations these effects are
neglected, and a constant flowing bottomhole pressure,
Pybs is assumed. For a more rigorous calculation of

| the flowrate one must employ a wellbore model. How-

ever, this causes further computational difficulties
as well as introducing the arbitrary choice of param-
eters such as depth to the producing interval, casing
structure, slotted interval, well diameters, friction
factors, etc. In many cases the wellbore effects may
not be significant. Otherwise a wellbore model should
be used with the appropriate site-specific parameters.

MODEL PARAMETERS

Values chosen for the well and reservoir param-
eters correspond to low-permeability two-phase frac-
tured reservoirs such as those at Baca, New Mexico;
Krafla, Iceland; and Olkaria, Kenya. Table 1 gives
values for fixed parameters; values for those param-
eters that were varied are given in Table 2. Values
for the thermal and hydraulic parameters of the rock
matrix (given in Table 1) are typical for fractured
volcanic rocks. The fracture porosity was chosen as
0.01 on the basis of a recent report by Weber and
Bakker (1981). The linear relative permeability
curves used gave reasonable results in the modeling of
the natural state of the Krafla geothermal field in
Iceland (Bodvarsson et al., 1982). Similarly, the
values chosen for the productivity index (PI) and the
bottomhole pressure (P,p) are typical for Krafla wells
(Pruess et al., 1983).

In the present work we studied injection effects
in dependence upon well and fracture spacing, initial
vapor saturation, and injection fraction. The values
used for these parameters are given in Table 2.

RESULTS

Using the parameter values given in Tables 1

and 2, a series of simulations were carried out. 1In
most cases the reservoir system was simulated for a
time of 15 years, which is sufficient for investigat-
ing shorter~term effects of injection. 1In a few cases
the simulations were carried out for much longer times
in order to study the long-term effects of injection
on the thermal and hydrologic depletion of a fractured
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reservoir. In the following discussion the short- and
long-term effects of injection will be considered in
separate sections. '

The simulations generated large amounts of data
on production rates and enthalpies, injection pres-
sures, thermal sweep, reservoir depletion, migration
of thermal and hydraulic fronts in fractures and
matrix, etc. In the present work we are primarily
interested in the effects of injection on the behavior
of the production wells, especially the usable steam
rate produced. The usable steam rate at the separ-
ators is given by the following expression:

. h - n® :
§=ax —= o (4)

where h§ and h§ are the saturated liquid and vapor
enthalpies, respectively, at separator conditions.
Equation (4) approximates the two-phase flow from
the wellbottom to the separators as an iso-enthalpic
expansion. In the present work we use a separator
pressure of 9 bars. As the enthalpy of saturated
steam does not vary much with pressure, a different
separator pressure will not significantly alter the
results. ' :

SHORT-TERM EFFECTS OF INJECTION

First, let us consider the case of large produc-
tion well .spacing (1000 m), large fracture spacing
(250 m), and én initial vapor saturation of 10%. Fig-
ures 3-5 show the production rate, enthalpy, and steam
rate at the separators (hereafter referred to as steam
rate} as a function of time, respectively. Figures 3
and 4 show that in the no-injection case the flow rate
declines and the enthalpy increases monotonically with
time as is to be expected. The enthalpy does not reach
a stable value as in the case of an infinite reservoir
system (O'Sullivan, 1981) because of the bounded
drainage area. Figures 3 and 4 also show that injec-
tion has large effects on the flow rates and enthalpies
of the production wells, even for the large well spac-
ing (1000 m) in this case. The flow rates increase
markedly in response to injection and much more so for
the 100% injection case than the 50% one. After 15
years of production the flow rate is 32 and 83% higher
than in the no-injection case, for injection fractions
of 0.5 and 1.0, respectively. However, injection also
causes an enthalpy decline (Figure 4) and after 15
years the enthalpy is 11 and 20% lower than in the no-
injection case for injection fractions of 0.5 and 1.0,
respectively.

In order to determine the net effect of flow rate
increase and enthalpy decline on the usable thermal
power output of the production well, one must consider
the steam rate obtained after flashing at the separ-
ators. Figure 5 shows that there is little difference
in steam rate between the injection cases and the no-
injection case at all times. The differences, however,
gradually increase with time, suggesting that in the
long run, injection may significantly increase the
energy output of the well. In the short run the bene-
fits of the large flow rate increases due to injection
are almost entirely offset by the accompanying decline
in enthalpy of the produced fluids. It should be
emphasized that, if the effects of enthalpy changes on
the bottomhole pressure are taken into account, the
slight differences in steam rates will decrease even
further.

It can be shown analytically that, as long as
production wells remain in two-phase conditions, there
is a general tendency for flow rate and enthalpy
effects of injection to compensate each other, yield-
ing remarkhbly small net change in usable steam rate
produced.” Substituting Equations (1) and (2) into (4),
the steam rate at the separators can be written:

g PI(®R =P ) Py . o, .
QL ="% 5 [kl ;Z (hy, - hz) + kv ;; (hv - hlﬂ

-1 -1
h,-n 15)

v £

Equation (5) shows that for given well and separator
conditions, the steam rate depends primarily upon (i)
reservoir pressure P, and (ii) relative permeabilities
kg and ky (or liquid and steam mobilities). In two-
phase systems, pressures are controlled by, tempera-
tures, which tend to change slowly with time due to
the large heat capacity of the reservoir.rocks.: . Our
simulations have shown that injection has little
effect on temperatures and pressures in reservoir re-
gions which remain in two-phase condition. Injection
does increase pressures in the flooded (single-phase)
regions, but production wells tend to remain in two-
phase or slightly subcooled liquid conditions in -most
cases, even when injection fraction approaches 100%:
Therefore, pressure effects from injection tend to be
small near production wells. Changes in production :
rates as a consequence of injection are almost entire-
ly due to mobility effects, i.e., variations in rela-
tive permeabilities to vapor and liquid in dependence
upon vapor saturation.

Mobility effects are represented by the terms in
square brackets in Equation (5). To analyze these
effects we have investigated the dependence of the
steam rate on vapor saturation for different relative
permeability curves. We selected the relative permea-
bility curves shown in Figure 6, as these are the
curves most frequently employed in the numerical simu-
lation of geothermal reservoirs. Furthermore, we use
the well and separator parameters given in Table 1 and
a reservoir temperature of 300°C (Pgyy = 85.9 bars).

Figure 7 shows the steam rate at the separators
versus vapor saturation for the different relative
permeability curves. The figure shows that for curves
which have the characteristic that kg + ky = 1 for all
saturations (x-curves and Grant's (1977) curves), the
steam rate at the separators is practically independent
of the vapor saturation. The reason for this is that

v s

%2 -1n%) = (h. = 1?) (6)
(hy = hy) v T Py

He v

for most practical values of reservoir temperature
(200-325°C) and separator pressure (5-9 bars), so that
the term in square brackets in Equation (5) is approx-
imately given by (kg + ky¢)(Pg/Hg)(hg - h§). In the
case of the linear relative permeability curves (the
ones used in the injection simulations) there is a
rather weak dependence of the steam rate on vapor sat-
urations, because kg + ky < 1 for 0 < 8 < 1. At lower
vapor saturations the steam rate increases slightly
with decreasing vapor saturation, which is the reason
that the steam rate is slightly higher in the injection
cases than in the no-injection case discussed above.
Note that for the linear relative permeability curves
the steam rate increases with increasing vapor satura-
tion when the liquid phase is immobile (S > 0.7).

[SYN
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This will have some implication in simulations dis-
cussed in later sections. Figure 7 shows that for the
Corey curves the steam rate is strongly dependent upon
the vapor saturation, giving rise to favorable effects
of injection on the short-term steam rates. However,
there is growing evidence that the Corey curves are
not applicable to fractured geothermal reservoirs (see
for example Bodvarsson et al., 1982).

Plots of flow rate (Equation (1)) and flowing
enthalpy (Equation (2)) versus vapor saturation show
that the flow rate will increase drastically and the
enthalpy will decrease with decreasing vapor satura-
tion for all of the relative-permeability curves.

One can therefore safely conclude from these analytic
considerations that the flow rate increases and
enthalpy declines exhibited in the simulations are
simply mobility (relative permeability) effects. Fig-
ure 7 shows that impacts on usable power output from
injection can be expected to be small, as long as the
fracture system around the production well remains in
two~phase conditions.

EFFECTS OF WELL SPACING

Figures 8-10 show the results of a series of sim-
ulations with the same parameters as before, but a
smaller production well spacing (250 m). In this case,
the production rate is at all times smaller and the
enthalpy rise more rapid for no-injection than in the
case of larger well spacing. Superheated steam is
produced after only 4 years of production. This is a
result of the small drainage area and the associated
boundary effects. Figures 8 and 9 also show that the
mobility effects (rise in flow rate and decline of
enthalpy) due to injection are much stronger for the
100%-injection case than for the 50%-injection case.

When 50% of the produced fluids are injected, the
enthalpy rises gradually, but two-phase fluids are
produced at all times. The flow rates are only slight-
ly higher than those in the no-injection case. In the
100%-injection case, the flow rates arxe only weakly
dependent on the well spacing; the flow rate increases
at early times due to mobility effects, but after the
injected fluid has flooded the fracture system, a
quasi-steady state flow field develops with a near-
constant production rate of 20 kg/s. The slight de-
crease at later times is due to the decline in fluid
temperature and increase in viscosity.

The enthalpy of the produced fluids in the 100%-
injection case reflects thermal interference of the
colder injected fluids as the enthalpy declines below
the saturated liquid enthalpy at reservoir conditions
(hg = 1340 kJ/kg at T = 300°C) after only 3 years.

The enthalpy decline continues thereafter as more
colder fluids migrate to the production well. The
early breakthrough of the injected water at the pro-
duction well is caused by a combination of the small
well spacing (the distance from the injection well to
the producer is only 250//5 = 177 m), the high flow
rates, and the large fracture spacing. For large
fracture spacing, there is a relatively small surface
area between the fractures and the rock matrix, and
consequently heat flow to the colder injected water is
limited (Bodvarsson and Tsang, 1982). The Kakkonda
geothermal field in Japan has shown thermal interfer-
ence in production wells that are located less than
200 m from the injector (Horne, 1981). Simulation
studies for this case have predicted thermal interfer-
ence in agreement with the field observations (Wither-
spoon et al., 1982).

In spite of the large decline in enthalpy due to
thermal interference, the 100%~injection gives consid-
erably higher steam rate at the separator than the no-
injection case (50% higher after 15 years; Figure 10).
The reason for these beneficial shorter-term effects
of injection is that the fracture system was flooded
by the injected fluid, and single-phase liquid con-
ditions developed everywhere, causing increases in
reservoir pressure near the producers. Note that in
the 50%-injection case the fractures feeding the
production well remain in two-phase conditions during
the simulation (Figure 9) and consequently there is
little or no gain in the net usable energy. The peak
in the flow rate and steam rate curves in the no-
injection case after 9.5 years is due to the relative
permeability curves used (in the linear curves the
steam mobility increases as S * 1 after the liquid
phase has become immobile, see Figure 6).

EFFECTS OF FRACTURE SPACING

In all of the simulations we use the same average
fracture permeability to allow direct comparison
between all cases. The fracture spacing affects the
surface area between the rock matrix and the fractures,
with smaller fracture spacing yielding larger fluid
and heat transfer between matrix and fractures. In
the case of no-injection, a decreased fracture spacing
gives rigse to higher recharge of fluids from the rock
matrix into the fracture system, so that the boiling
zone around the production well is less localized.
This in turn results in higher flow rates and lower
enthalpies at any given time. In Figure 11 the steam
rate at the separator is shown for the case of 250 m
production well spacing and fracture spacings of 10
and 250 m. To avoid overcrowding the figure, we omit
the results for the 50%-injection case. The figure
shows that in the case of no-injection the steam rate
is at most times considerably higher for the small
fracture spacing. This is a consequence of the higher
recharge rate from the rock matrix when the fracture
spacing i1s smaller. At late times (12-15 years), how=-
ever, the steam rate drops drastically in the case of
10 m fracture spacing, as the entire reservoir system
has dried up to single-phase steam conditions, and
reservoir pressures fall rapidly. In the case of the
larger fracture spacing, the flow rates are lower so
that single-phase vapor conditions are not reached
within the 15-year simulation time. The kinks in the
curves in the no-injection cases are again due to the
peculiar characteristics of the relative permeability
curves used.

Fracture spacing affects injection response in
several ways. For smaller fracture spacing, the
matrix/fracture interface area is enhanced, so that
more injected fluid is lost from the fractures to the
rock matrix, while more matrix f£luid can be tapped at
the production wells. The matrix/fracture heat trans-
fer area is of crucial importance, especially for
small spacing between producers and injectors. Fig-
ure 11 shows that enhancement of energy recovery for
100% injection is more pronounced when fracture spac-
ing is small. The steam rate for the small fracture
spacing and 100% injection remains practically con-
stant at approximately 6 kg/s over 15 years, whereas
the steam rate drops rapidly for the case with the
larger fracture spacing. This is a result of the
thermal breakthrough of the injected water into the
production well in the case of 250 m fracture spacing
and the associated continual decline in enthalpy (see
Figure 9). 1In contrast, in the case of 10 m fracture
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spacing, produced enthalpy initially falls rapidly to
the liquid enthalpy at reservoir conditions (about

1340 kJ/kg), ‘and is subsequently maintained at this ‘
value due to efficient heat conduction from the matrix.

EFFECTS OF INITIAL VAPOR SATURATION

In addition to the series of simulations using an

initial vapor saturation of 0.1, several cases were
simulated with an initial vapor saturation of 0.3.

The results showed the same general trends as we have
discussed for 10% initial vapor saturation. 1In the
cases without injection, flow rates were generally
lower and the enthalpies of the produced fluids higher
at all times. The smaller initial fluid mass in the
reservoir also caused a more rapid reservoir depletion.

The mobility effects due to injection were
stronger for the cases with higher initial vapor sat-
uration, as is to be expected. However, the effects
of injection on the steam rate at the separators were
generally weaker since it took longer for the injected
water to flood the fracture system.

LONG-TERM EFFECTS OF INJECTION

It is of interest to investigate the long-term
effects of injection, and especially how injection
affects the ultimate energy recovery from the reser-
voir system. Several of the cases shown in Table 2
were simulated until the energy output of the produc+
tion well became negligibly small, as the reservoir
system was depleted thermally or hydrologically. 1In
the following discussion we will consider the case of
250 m well spacing, 250 m fracture spacing, and an
initial vapor saturation of 10%. This case was selec-

ted as it represents rather unfavorable conditions for °

injection, with thermal breakthrough experienced after
only 3 years of production/injection. In cases of
larger well spacing and smaller fracture spacing, the
long~term effects of injection will be far more favor-
able than in the present case.

The trends of flow rate decline shown in Figure 8
continued after 15 years, with the production rate
becoming negligibly small after 50 and 150 years for
the no-injection and 50%-injection cases, respectively.
The flow rate in the 100%-injection case continued to
decline gradually due to the enthalpy decline, but
reached a steady-state value of 29.6 kg/s after 80
years of simulation. The enthalpy in the 100%-injec-
tion case declined monotonically towards the enthalpy
of the injected water (632 kJ/kg). The enthalpy of the
produced fluids in the 50%-injection case increased
monotonically, with saturated steam produced after 80
years of simulation.

The steam rate at the separators is shown in
Figure 12 for the three cases. The steam rate de-
clines rapidly in the no-injection and 50%-injection
cases as the reservoir approaches fluid depletion.
The more gradual decline of the steam rate in the
100%-injection case is caused by the slower thermal
depletion (enthalpy decline). The enthalpy in the
100%~injection case approaches that of liquid water
at separator conditions after 220 years of simulation.

The total original heat in place in the reservoir
is 2.48 x 1016 y-g per production well, relative to
the injection temperature of 150°C. Of this heat,
fractions of 29.2%, 44.8%, and 96.0% were recovered as
usable thermal energy (steam at separator conditions)

for the cases with injection factors of 0, 50, and
1008, respectively. This result clearly demonstrates
the potentially large long-term benefits of full rein-
jection. At the end of the simulations, the reservoir
has an average temperature of 280 and 258°C for the no-
injection and 50%-injection cases, respectively. 1In
these fluid-limited cases there is a vast amount of
energy remaining, but the reservoir pressure has
declined to 20-bars at the production well, with pro-
duction rate approaching zero. On the other hand, at
the end of the 100%-injection simulation, the reser-
voir pressure and production rate are still high, but
the temperature has declined to that of the injected
water (150°C) in most of the reservoir, with separator
temperature (Tg = 175.4°C at p; = 9 bars) reached near
the production well. The cumulative net energy output ’
of the production well is plotted versus time for the
three cases in Figure 13. The steam rate was con-
verted to electric power using a realistic conversion
factor of 2.2 kg/MW*s. The figure shows that the
total electric energy output of the well is 38, 58,
and 125 MWweyears, for injection fractions of 0, 50%,
and 100%, respectively.

FIELD EXAMPLE

Injection test data that verify some of the anal~
ysis presented in this paper have been reported by
Armannsson et al. (1982) and Stefansson et al. (1982).
The data are from two wells at the Krafla geothermal
field (wells 7 and 13). The wells are approximately
200 m apart and both are completed in the lower two=-
phase reservoir (well 7 is also open in the upper
liquid reservoir; Stefansson, 1981). Both wells have
scaling problems that require periodical cleaning;
during the cleaning operation cold water is injected
into the wells. Figure 14 shows the response of well
13 to the cold-water injection into well 7. In late
August 1980, well 13 was producing approximately
6 kg/s of almost pure steam (enthalpy of 2660 kJ/kg).
The injection into well 7 started in early September
and on September 5 an increase in the water production
was noticed (Stefansson et al., 1982). Repeated flow
tests were conducted after that until the well was
connected to the steam lines. The flow rate, enthalpy,
and steam rate behavior shown in Figure 14 displays
features which agree very well with the theoretical
studies presented above. The mobility effects due to
injection cause large increases in the flow rate and
decreases in enthalpy, but the steam rate remains
practically unchanged. This indicates that the sum
of liquid and vapor relative permeabilities changes
little with vapor saturation in this case, i.e.,
kg + ky ® 1. Similar behavior has alsc been observed
in well 7 when well 13 was cleaned. As other wells at
Krafla are not affected, it is probable that wells 7
and 13 intersect the same fracture or fracture system
(Stefansson et al., 1982).

CONCLUSIONS

The primary conclusions of our studies of injec-
tion into fractured two-phase reservoirs are:

1. Injection tends to reduce vapor saturations in
the fracture system by flooding of fractures and steam
condensation. This in turn increases the mobility of
the fluids, which results in increased flow rates and
decreasing enthalpies at the production wells. The
short-term enthalpy decline is not due to thermal
breakthrough of the colder injected water. '
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2. If the production wells remain in two-phase con-
ditions, injection will generally have small effects
on usable heat output in the short run.

3. If the injected water floods the entire fracture
system so that single-phase liquid is produced, the
usable thermal power output (flashed steam rate at the
separators) can increase by 50% or more.

4. Injection effects increase strongly when an
increased fraction of the produced fluids is injected.

5. In the long run, injection can increase the
‘usable energy output of wells manyfold, as it helps
to extract energy from the reservoir rocks, and to
maintain high flow rates.

6. Field data from wells at the Krafla geothermal
field in Iceland verify some of the results obtained
in this study.

NOMENCLATURE
£ injection fraction (fraction of production rate
) injected) ' .

h flowing enthalpy (kJ/kg)

hg specific enthalpy of B phase (kJ/kg)

hﬁ specific enthalpy of B phase at separator
conditions (kJ/kg)

k timestep counter
kg _'relative permeability of B phase
P reservoir pressure (pascals)

PI ~productivity Index (m3)

‘Pg separator pressure (pascals)

Pgat saturation pressure (pascals)

Pyp Dbottomhole pressure (pascals)

‘g . production rate (kg/s)

| @i injection rate (kg/s)

‘| 'q§ steam rate at separators (kg/s)

'S vapor saturation (dimensionless)

Sgy irreducible liquid saturation (dimensionless)
Sgy Airreducible steam saturation (dimensionless)
Ty separator temperature (°C)

8 phase (B = &: liquid; 8 = v: vapor)

.ug  viscosity of B-phase (kg/m°s)

T density of B-phase (kg/m3)
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Table 1. Fixed Parameters

Table 2., Variable Parameters

Rock Matrix

Grain Density
Specific Heat
Thermal Conductivity
Porosity
Permeability
Reservoir Thickness

Fractures
Average Porosity

Average Permeability x Thickness 2 x 1

Relative Permeability
Linear Curves

Initial Conditions
Temperature

Well Parameters

Productivity Index
Bottomhole Pressure
Injection Enthalpy

Separator Conditions
Pressure
Temperature

Production Well Spacing (&) 250, 500, 1000 m

2650 kg/m3 Fracture Spacing : 10, 50, 250 m
1000 J/kg*°C Initial Vapor Saturation 0.1, 0.3
2.0 W/m*°C Injection Factor 0, 0.5, 1.0
0.05
10-17 2 (a) The distance between production and injection
1000 m wells is a factor 1/Y2 = .71 smaller.
0.01 )

0-12 m3
Sge = 30
Sgy = 05
300°C
7.5 x 10=14 m3
2.0 MPa

6.32 x 10° J/kg

0.9 MPa
175.4°C

Figure 1.

? Production well
é Injection well

XBL 8010-12543

Porous media mesh for five-spot well
pattern.
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(a) Idealized model of a fractured porous’

medium; (b) Schematic computational mesh
(two-dimensional case).
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Flowing enthalpy for 1000 m production
well spacing, 250 m fracture spacing,
and initial vapor saturation of 10%.
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Figure 5. Steam rate at the separators for 1000 m
production well spacing, 250 m fracture
spacing, and initial vapor saturation of 10%.
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Figure 6. Relative permeability curves used in the
analytical study.
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Figure 8. Production rate for 250 m production
well spacing, 250 m fracture spacing,
and initial vapor saturation of 10%.
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Figure 9. Flowing enthalpy for 250 m production
well spacing, 250 m fracture spacing,
and initial vapor saturation of 10%.
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Figure 12. Steam rate at the separators for 250 m
production well spacing and 250 m fracture
spacing.
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