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CYCLIC INJECTION, STORAGE, AND WITHDRAWAL OF HEATED WATER
IN A SANDSTONE AQUIFER AT ST. PAUL, MINNESOTA

FIELD OBSERVATIONS, PRELIMINARY MODEL ANALYSIS,
AND AQUIFER THERMAL EFFICIENCY

By R.T. MiLLER and G.N. DELIN

ABSTRACT

In May 1980, the University of Minnesota began a project to evaluate
the feasibility of storing heated (150 degrees Celsius (°C)) water in the
deep (180 to 240 meters (m)) Franconia-Ironton-Galesville aquifer and
later recovering it for space heating. The Aquifer Thermal-Energy
Storage (ATES) system was a doublet-well design in which the
injection and withdrawal wells were spaced approximately 250 m apart.
High-temperature water from the university’s steam-generation facil-
ities supplied heat for injection. Water was pumped from one of the
wells through a heat exchanger, where heat was added or removed.
Water then was injected back into the aquifer through the other well.
The experimental plan for testing the ATES system consisted of a
series of short-term hot-water injection, storage, and withdrawal
cycles. Each cycle was 24 days long, and each injection, storage, and
withdrawal step of the cycle was 8 days.

The Franconia-Ironton-Galesville aquifer is a consolidated sand-
stone, approximately 60 m thick, the top of which is approximately
180 m below the land surface. It is confined above by the St. Lawrence
Formation—a dolomitic sandstone 8 m thick—and below by the Eau
Claire Formation—a shale 30 m thick. Initial hydraulic testing with
inflatable packers indicated that the aquifer has four hydraulic zones
with distinctly different values of relative horizontal hydraulic condue-
tivity. The thickness of each zone was determined by correlating data
from geophysical logs, core samples, and the inflatable-packer tests.

A comprehensive network for data collection, storage, and analysis
was designed to monitor temperature and pressure changes during the
ATES test cycles. A total of 22 pressure transducers and 56 thermo-
couples monitored pressures and temperatures in the aquifer and in the
upper and lower confining units.

Temperature and pressure measurements were collected in observa-
tion well nests at distances of approximately 7 and 14 m from the
production wells. All pressure and temperature data were transmitted
through buried cables to a central data logger, where the measure-
ments were viewed independently or stored on computer magnetic tape
for later analysis. Interactive computer programs were available to
display data stored on magnetic tapes as individual measurements or as
plots of pressure and temperature versus time.

Analyses of step-drawdown and constant-discharge aquifer tests
indicate that the Franconia-Ironton-Galesville aquifer is anisotropic in
the horizontal plane. Major and minor transmissivities are 101.5 and
44.6 m*/d (square meters per day), respectively, for the Ironton and
Galesville Sandstones and 40.0 and 24.0 m%d, respectively, for the
upper part of the Franconia Formation. The average transmissivity of

the entire Franconia-Ironton-Galesville aquifer is about 98 m?/d. Effec-
tive porosity ranges from 0.25 to 0.31, and the average storage
coefficient is 4.5x107°.

Two computer models were constructed to simulate the movement of
ground water and heat. The first was a nonisothermal, isotropic,
single-phase, radial, ground-water flow and thermal-energy-transport
model that was constructed to examine the sensitivity of model results
to various hydraulic and thermal properties. The model also was used
to study the potential for buoyancy flow within the aquifer and the
effect of various cyclic injection and withdrawal schemes on the relative
thermal efficiency of the aquifer. The second model was a three-
dimensional ground-water flow and thermal-energy-transport model
that was constructed to incorporate the anisotropy of the aquifer.

In the first model, the sensitivity analysis assumed 8 days of injection
of 150°C water at 18.9 liters per second (L/s), 8 days of storage, and 8
days of withdrawal of hot water at 18.9 L/s. The analysis indicates that,
for practical ranges of hydraulic and thermal properties, the ratio of
horizontal to vertical hydraulic conductivity is the least important
property and thermal dispersivity is the most important property used
to compute temperature and aquifer thermal efficiency.

Buoyancy flow was examined for several values of hydraulic conduc-
tivity and ratios of horizontal to vertical hydraulic conductivities. For
the assumed base values of hydraulic and thermal properties, buoyancy
flow was negligible. The greatest simulated buoyancy flow resulted
from simulations in which horizontal hydraulic conductivity was
increased to ten times the base value and in which the vertical
hydraulic conductivity was set equal to the horizontal hydraulic con-
ductivity.

The effects of various injection and withdrawal rates and durations
on computed values of aquifer relative-thermal efficiency and final
well-bore temperature were studied for five 1-year hypothetical test
cycles of injection and withdrawal. The least efficient scheme was 8
months injection of 150°C water at 18.9 L/s and 4 months of withdrawal
of hot water at 18.9 L/s. The most efficient scheme was obtained with
6 months of injection of 150°C -water at 18.9 L/s and 6 months of
withdrawal of hot water at 37.8 L/s. The hypothetical simulations
indicate that the calibrated model of the doublet-well system would be
a valuable tool for use by the university in selecting a highly efficient
system operation.

In the second model, analytical solutions of anisotropic hydraulic flow
around the doublet-well system were obtained to provide fluid-flux
boundary conditions around the heat-injection well in three dimensions.
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This information simplified simulation of the doublet-well system
because only the heat injection well needed to be simulated.

This second model was calibrated with data from an 8-day ambient-
temperature injection test at 18.9 L/s. Boundary-flux conditions were
examined for nonisothermal conditions by simulating 8 days of injection
of 150°C water at 18.9 L/s.

Results of simulations using both models indicate that the flux-
boundary conditions are adequate for simulations of short-term heat-
injection testing.

INTRODUCTION

During the past decade, the concept of Aquifer
Thermal-Energy Storage (ATES) has received increas-
ing attention regarding its potential to decrease energy
consumption and environmental pollution. Kazmann
(1971), Meyer and Todd (1973), Hausz (1974), and Meyer
and others (1976) were among the first to discuss the
ATES concept. Most of these discussions, however,
were restricted to economic and institutional concerns.
Injection of heated or cooled fluids into aquifers had been
practiced for many years (Leggette and Brashears, 1938;
Guyton, 1946), but field experiments designed to evalu-
ate the feasibility of the ATES concept for long-term,
large-scale energy storage were not described until 1975
(Werner and Kley, 1977), and the first demonstration
project in the United States did not begin until 1976
(Molz and others, 1978). There have been many other
contributions to understanding and evaluating the ATES
concept and they are described or summarized in Mercer
and others (1980), Tsang (1979), and Lawrence Berkeley
Laboratory (1978).

In May 1980, the University of Minnesota started a
project to evaluate use of a deep, confined sedimentary
bedrock aquifer located beneath the St. Paul Campus for
thermal-energy storage. The project was funded by the
U.S. Department of Energy through Battelle Pacific
Northwest Laboratories. Other participants in the
project included the Minnesota Geological Survey, the
Minnesota Energy Agency, Orr-Schelen-Mayeron and
Associates, National Biocentrics, Inc., and the U.S.
Geological Survey (USGS). The project was designed to
evaluate the feasibility and effects of storing high-
temperature (150°C) water in the Franconia-Ironton-
Galesville aquifer beneath the St. Paul Campus, and to
later recover the heat for water and space heating.

The University of Minnesota test facility was a
doublet-well system with a spacing of approximately
250 m. Initial testing of the ATES system was with a
series of hot-water injection, storage, and withdrawal
cycles. Each cycle was 24 days long and the injection,
storage, and withdrawal steps of the cycle were each 8
days long. During the injection and withdrawal steps,
water was pumped from the Franconia-Ironton-
Galesville aquifer from one of the wells, transported
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through a heat exchanger where it was heated or cooled,
and then injected back into the aquifer through the other
well. The underlying geology at the ATES site is shown
in figure 1.

The objectives of the USGS in evaluating the ATES
concept were to (1) develop an understanding of the
ground-water-flow system in the vicinity of the site, (2)
identify the hydraulic properties of the ground-water-
flow system that are most important with respect to
thermal-energy storage and identify data-collection
needs for monitoring and evaluation of aquifer-system
performance, (3) develop a method to evaluate flow and
thermal-energy transport for various cyclic injection and
withdrawal schemes and aid selection of an efficient
well-system design, and (4) aid in the collection of
hydraulic and thermal data during injection and with-
drawal tests and aid in the design of a data-processing
system to facilitate entry of the data into computer
storage.

PURPOSE AND SCOPE

This report describes the (1) analysis of field observa-
tions for aquifer characterization and observation net-
work design, (2) preliminary model analysis to determine
model sensitivity to hydraulic and thermal characteris-
tics and to facilitate final model design, and (3) aquifer
thermal efficiency.

This report is the first of three reports that describes
the potential for thermal-energy storage within the
Franconia-Ironton-Galesville aquifer located beneath the
St. Paul campus of the University of Minnesota.

METHODS

To meet the objectives described in this report, data
from previous studies were collected and the analytical
solutions to ground-water flow and thermal-energy
transport were used to design the production and obser-
vation well network. Geophysical logging, packer test-
ing, aquifer tests, step-drawdown tests, and injection
tests were conducted in the production well, and in some
observation wells, to obtain information on aquifer
hydraulic properties.

A nonisothermal, isotropic, single-phase, radial-flow,
ground-water flow and thermal-energy transport model
was constructed to (1) examine the sensitivity of various
hydrologic and thermal properties of the aquifer and (2)
investigate the relative efficiency of the ATES system
for different injection and withdrawal rates and duration.
A three-dimensional, anisotropic, single-phase, noniso-
thermal ground-water flow and thermal-energy trans-
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fine- to medium-grained arkosic sandstone interbedded
with mudstone and is dark red to pink. The top of the
aquifer is approximately 271 m below land surface, and
the aquifer is approximately 60 m thick. The transmis-
sivity is approximately 250 m?/d and the storage coeffi-
cient is about 6x107° (Norvitch and others, 1973). The
porosity averages 0.25, the hydraulic gradient is 0.0025,
and the pore velocity is approximately 0.03 m/d (Nor-
vitch and others, 1973).

AQUIFER SELECTION

The selection of an aquifer for heat-storage testing was
based on the following criteria: (1) minimal water use
from the aquifer in the Twin Cities area, (2) adequacy of
the confining units above and below the aquifer to
contain the injected heated water, and (3) the hydroge-
ologic properties and natural gradients occurring within
the aquifer and their effect to control the movement of
heat.

The Franconia-Ironton-Galesville aquifer was selected
based on the above criteria for the following reasons: (1)
the aquifer is little used in the St. Paul area for water
supply owing to its relatively low transmissivity and the
availability of adequate supplies at shallower depths, (2)
it is well confined above by the St. Lawrence Formation,
a shale approximately 8 m thick, and below by the Eau
Claire Formation, a siltstone and shale approximately
30 m thick, and (3) natural ground-water movement is
slow due to low hydraulic gradients and transmissivity.
Thus the potential is good for heat in the aquifer to be
contained near the injection well.

LOCATION OF PRODUCTION AND OBSERVATION WELLS

The minimum spacing between injection and with-
drawal wells in a doublet-well energy-storage system is
directly related to the farthest distance heat will move
from the injection well. If breakthrough of the thermal
front from the injection well to the withdrawal well
occurs during injection, the efficiency of the system will
be reduced because the heat being injected simply will be
circulated within the aquifer system and will not be
stored.

Gringarten and Sauty (1975) describe an analytical
solution for determining the minimum well spacing for
temperature breakthrough in a doublet-well system as a
function of injection rate, duration, thermal properties of
the aquifer and the confining units, and porosity of the
aquifer. They used the following assumptions in their
solution:

1. The aquifer is of infinite areal extent, oriented hori-
zontally, and of uniform thickness. It is confined
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above and below by layers that are impermeable
and of infinite vertical extent.

2. Flow is steady, with a constant injection rate equal to
the withdrawal rate, and all wells fully penetrate
the aquifer.

3. Initially, the water and rock in all layers are at the
same temperature. At time {=0, the temperature of
the injected water is set equal to T, and maintained
constant thereafter. Thermal equilibrium is
assumed to take place instantaneously between
rock and water.

4. There is no heat transfer by conduction in the hori-
zontal directions in the aquifer or confining layers.
All heat transport is by forced convection in the
horizontal direction in the aquifer and by vertical
conduction above and below the aquifer.

5. Aquifer thermal and hydraulic characteristics are
constant and differences in viscosity between
injected and native water are insignificant.

Gringarten and Sauty (1975, p. 4962) express the
minimum distance (D) between the two wells as

1/2
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-where
Q =injection rate [1*/t] (cm®/s),
At =duration of injection [¢] (s),
¢ =aquifer porosity [dimensionless],
prCr =heat capacity of upper confining layer
[(E/)T) ((cal/lem®)/°C),
pwCw =heat capacity of water [(E/I*)/T] ((cal/em®)/°C),
Ky, =thermal conductivity of upper confining layer
[(CEDIT)] (((cal/em)/s)/°C), and
h =aquifer thickness [I] (cm).

The unit of energy used by Gringarten and Sauty
(1975) in equations 1 and 4 is calories, which will be used
in this part of the report to remain consistent with their
original work. To convert to the more commonly used
energy unit, joule, which is used in the remainder of this
report, multiply calorie by 4.187.

The minimum doublet-well spacing for the Franconia-
Ironton-Galesville aquifer was determined for an injec-
tion rate of 75.6 liters per second (L/s) and duration of 4
months. This injection rate corresponds to an operational
rate four times the short-term testing rate. The duration
is the approximate time that surplus heat energy would
be available from the wuniversity’s steam-generating
plant. The hydraulic and thermal properties needed for
equation 1 are listed in table 1. The thermal properties
were obtained from Clark (1966).

Substituting values from table 1 into equation 1 results
in a minimum well spacing of approximately 150 m. To
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TABLE 1.—Hydraulic and thermal properties for determination of
minimum doublet-well spacing and observation well locations

Porosity of Franconia-Ironton- = 0.25

Galesville aquifer

Heat capacity of Franconia-Ironton-
Galesville aquifer

Heat capacity of St. Lawrence
Formation

Heat capacity of water

= 0.5743 (cal/lem®)/°C
= 0.43824 (cal/em®)/°C

= 1.00 (cal/em®)/°C

Thermal conductivity of St. Lawrence = 6.5x1073
Formation ((cal/em)/s)/°C
Thickness of Franconia-Ironton- =6lm

Galesville aquifer

accommodate physical restrictions of well locations and
to take advantage of existing underground utility corri-
dors at the test site, the final production well spacing was
chosen as 250 m. With this spacing, temperature break-
through described by Gringarten and Sauty (1975) did
not reduce aquifer efficiency.

Observation wells were located by assuming that the
injected water flowed radially outward from the produc-
tion wells. The shape of the flow resembles a cylinder
whose volume is

V=Qt=nr*hd 2)

where

V =volume [[*] (m®),

Q =rate of injection [[*/t] (m®fs),

t =duration of injection [¢] (s),

r =distance of injected water from well bore [I]

(m),
h =aquifer thickness [I] (m), and
¢ =aquifer porosity [dimensionless].
Assuming heat is transported mainly by convection

with the injected water, the approximate location of the
temperature front can be calculated from equation 2 by

solving for »
172
w{ﬁ%) ®

Substituting the test-injection rate of 18.9 L/s and the
aquifer thickness and porosity from table 1, equation 3
was solved for the approximate location of the tempera-
ture front for various times during the proposed test
cycles. The temperature fronts were calculated to be
approximately 11.7 m and 16.5 m from the injection well
for times of 4 days and 8 days respectively. Based on
these distance approximations and physical space limita-
tions around the test site, radial distances of 7 m and
14 m from the injection well were proposed for observa-
tion well locations.

CYCLIC INJECTION, STORAGE, AND WITHDRAWAL OF HEATED WATER, ST. PAUL, MINNESOTA

Although equation 3 indicates that temperature fronts
may pass the proposed 7- and 14-m observation well
locations, the equation gives no indication of the magni-
tude of temperature that might be observed. Gringarten
and Sauty (1975, p. 4958) give an analytical solution for
one-dimensional heat flow within a streamtube in a
doublet-well flow field. The assumptions in their equa-
tion are the same as those described earlier for calculat-
ing the minimum well spacing for a doublet-well system.
The water temperature within the streamtube may be
described as

T,—T(S,1)
To_ Ti

(pWCW)Z{ qz)( PaC4 hS)]_llz
em[KRPRCR\S pwCw ¢ @

where
T(S,t) =temperature of the aquifer within a stream-
tube at some time (¢) after injection started
[T] C),
T, =initial aquifer and confining layer tempera-
tures before injection [T (°C),
T; =temperature of injected water [T] (°C),
q =flow rate within streamtube [%/t] (m®/hr),
S =area of streamtube [[?] (m?),
paC4 =heat capacity of aquifer [(E/)/T] ((cal/em®)/
°C), and
erfc =error function = (1-erf)

and the remaining variables have been defined previ-
ously. Assuming that flow near the injection-well bore is
radial, and that the drawdown effects of the withdrawal
well are negligible near the injection well, the area of a
streamtube at the two proposed observation well dis-
tances of 7 m and 14 m can be solved as part of the area
of a circle

P
&%¢ (5)

where
S =area of streamtube [I?] (m?),
r =radial distance from well [I] (m), and
N =total number of streamtubes [dimensionless].

Equation 4 was solved for temperatures at radial
distances of 7m and 14 m for injection times of 4 days and
8 days, an injection rate of 18.9 L/s, (68 cubic meters per
hour (m%hr)) and a temperature of 150°C. Variables for
equation 4 are listed in table 1. The number of stream-
tubes for equation 5 was selected as 68, which reduces
the flow rate per streamtube (g) to 1 m%hr. The initial
aquifer and confining layer temperature is assumed to be
10°C. The calculated values are shown in table 2.

Table 2 indicates that appreciable temperature
changes will occur at the two selected observation well
distances during the 8-day injection test. Therefore,













































































































































FIELD OBSERVATIONS, PRELIMINARY MODEL ANALYSIS, AND AQUIFER THERMAL EFFICIENCY

Temperature and pressure within the aquifer and the
overlying and underlying confining units were measured
at four monitoring wells, two at distances of 7 m and two
at distances of 14 m. During testing, pressure at 22
points and temperatures at 56 points were recorded
automatically by a central data logger and stored on
magnetic tape.

Methods to determine the hydraulic characteristics of
the aquifer included packer testing, borehole geophysical
logging, core sampling, step-drawdown tests, constant-
rate aquifer tests, laboratory tests on core samples for
permeability and effective porosity, and ambient-
temperature water-injection testing. Packer-test results
indicate that the aquifer is divided into four zones based
on values of relative horizontal hydraulic conductivity.
The aquifer is anisotropic. Major and minor transmissiv-
ities are 101.5 and 44.6 m?d, respectively, for the
Ironton and Galesville Sandstones and 40.0 and
24.0 m?/d, respectively, for the upper part of the Fran-
conia Formation. The average effective porosity for the
Franconia-Ironton-Galesville aquifer ranges from 25 to
31 percent and the average storage coefficient is
4.5x107°,

Results of ambient-temperature water-injection tests
indicate that the aquifer approaches steady-state condi-
tions within 1 day for an injection rate of approximately
19 L/s.

A preliminary radial-flow model for ground-water flow
and thermal-energy transport was constructed using a
code developed for waste-injection problems. Vertically,
the model consists of six layers ranging from approxi-
mately 6 m to 30 m thick; these layers simulate the
aquifer and the confining units.

Sensitivity analysis was performed on the preliminary
radial-flow and thermal-energy-transport model for
hydraulic conductivity, porosity, ratio of horizontal
hydraulic conductivity (Kj) to vertical hydraulic conduc-
tivity (Ky,), rock-thermal conductivity, rock-heat capac-
ity, and thermal dispersivity. Each simulation consisted
of 8 days of injection of 150°C water at 18.9 L/s, 8 days of
storage, and 8 days of withdrawal at 18.9 L/s for one
complete 24-day cycle. Individual model properties were
varied from the assumed base values, and plots of
model-computed temperature versus time were con-
structed at a radial distance of approximately 6.5 m from
the well bore. The resultant curves then were compared
with each other and with those for other model proper-
ties to determine model sensitivity in terms of calculated
temperature and aquifer thermal efficiency. Model
results indicate that hydraulic and thermal properties
may be ranked in terms of increasing model sensitivity as
follows: ratio of Ky to Ky, rock-thermal conductivity,
hydraulic conductivity, porosity, rock-heat capacity, and
thermal dispersivity.

Ab3

The preliminary radial-flow and thermal-energy-
transport model was used to study the potential effects of
thermal convection, termed buoyancy flow, that are due
to density differences between the cooler ambient-
temperature ground water and the heated injection
water. Eight-day injection of 150°C water at 18.9 L/s,
storage, and withdrawal at 18.9 L/s were simulated.
Values of hydraulic conductivity and the ratio of horizon-
tal to vertical hydraulic conductivity were individually
varied by an order of magnitude. Vertical profiles of
temperature were constructed at the end of injection,
storage and withdrawal at a radial distance of 6.5 m.
Tilting of the thermal front caused by buoyancy flow was
not apparent in the temperature profiles at the end of
injection, storage, or withdrawal for the assumed base
values of hydraulic and thermal properties. The simula-
tion of horizontal hydraulic conductivity at 10 times the
base value and K equal to Ky resulted in significant
tilting of the thermal front at the end of storage and
withdrawal, indicating the importance of accurate data
collection and analyses for these two hydraulic proper-
ties.

The preliminary radial-flow and thermal-energy-
transport model also was used to examine the effects on
aquifer thermal efficiency of hypothetical test cycles that
consisted of various periods and rates of injection and
withdrawal of hot water. Simulations consisted of five
injection and withdrawal cycles of 1-year duration rep-
resenting a total of 5 years of system operation. In all
simulations, injection was 18.9 L/s of 150°C water.
Aquifer thermal efficiency was calculated as total energy
withdrawn divided by total energy injected. The least-
efficient cycle simulated consisted of 8 months of injec-
tion at 18.9 L/s and 4 months of withdrawal at 18.9 L/s.
The aquifer efficiency calculated at the end of the fifth
cycle was 39 percent and the final well-bore temperature
was 105°C. The most efficient simulation consists of
6-months injection at 18.9 L/s and 6-months withdrawal
at 37.8 L/s. The calculated efficiency after five cycles was
84 percent, and the final well-bore temperature was
45°C.

A three-dimensional, nonisothermal, ground-water-
flow and thermal-energy-transport model was con-
structed to account for the anisotropic characteristics of
the Franconia-Ironton-Galesville aquifer. The model con-
sisted of 27 columns, 22 rows, and 6 layers and covered
about 4,800 m? The six model layers represented the
four hydraulic zones in the aquifer and the upper and
lower confining units.

Equipotentials and streamlines from a flow-net analy-
sis of a doublet-well system in an infinite, isotropic
aquifer were modified to account for field conditions. The
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modifications of the radial flow model included rotation of
coordinate axes and transposition from an isotropic to an
anisotropie condition.

Examination of a flow net for the Ironton and Gales-
ville Sandstones indicates that approximate symmetry is
not available to reduce the size of the finite-difference
model grid and that a model of the entire doublet-well
system would be costly. An alternative method was
utilized by designing a model grid for the area near the
injection well where significant heat transport occurred,
and to specify water fluxes at the model boundary to
simulate the effects of the remaining flow field.

A method for calculating water flux in the center of the
flow field combined with known steady-state heads was
used to calculate model-boundary fluxes. The model
boundary then was subdivided into equal-flux segments,
and water flux at each boundary cell was computed based
on the number of stream tubes that intersect each cell.

The validity of model-boundary fluxes determined
from flow-net analyses was tested by simulation of an
ambient-temperature injection test. The model satisfac-
torily simulated field-reported pressure changes meas-
ured in two piezometers for 8 days of ambient-
temperature injection at 18.9 L/s. Applicability of the
model boundary fluxes to nonisothermal flow was exam-
ined by simulating 8 days of injection of 150°C water at
18.9 L/s and comparing the resultant 10-m equipotential
with that from flow-net analysis. The shape and location
of the equipotentials were not significantly changed for
the period of simulation and, thus, the fluxes across the
boundary were considered to be adequate for represen-
tation of the large-scale flow field. The finite-difference
grid and the boundary fluxes could be modified to
simulate other injection and withdrawal conditions for
the doublet-well system as needed.
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