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Union Geothermal Company of New Mexico

4100 Southern Blvd. SE - Suite 180C

P.O. Box 15225

Rio Rancho, New Mex;co¢871744 gt R T
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SANTA FE

"October 9, 1981

Carl Ulvog

State of New Mexico

0il Conservation Division
P.0. Box 2088

Santa Fe, New Mexico 87501

Dear Mr. Ulvog:

Enclosed please find a copy of the Baca Geothermal
Demonstration Project Jemez Watershed Monitoring Program for
water year 1979-1980. Chapter 2 contains a description of
equipment in the Redondo Creek monitoring station.

Since the publication of the report, one additional ISCO unit
has been installed to collect a 100 ml sample from Redondo

Creek every eight hours. The ISCO set to collect only during
increased flow has been set to collect with an increase of 0.1l
cfs. Water year 1980-1981 did not experience the variability
of flow related to the spring runoff that 1979-1980 experienced.

Recording pH and conductivity meters are presently being
reviewed and a meter to backup the Anlaytical Measurements
meter will be purchased to decrease downtime.

I hope the report will be useful to you.

Sincerely,

LylJe Rae Berge

Ecblogist

LRB/dp
Enclosure



BACA GEOTHERMAL DEMONSTRATION PROJECT

JEMEZ WATERSHED MONITORING PROGRAM

WATER YEAR 1979-1980

L. R. BERGER JANUARY, 1981




oai

JEMEZ WATERSHED MONITORING PROGRAM
WATER YEAR 1979-1980

The Jemez River watershed monitoring program was designed to make monthly
checks on water from seven sites located either upstream or downstream
from Redondo Creek and the Baca Project. Location of the seven sites is
designated by number on the map in Figure 1.

Monitoring was begun August 24, 1979 and has been conducted monthly since
then.

SAMPLING PROCEDURE:

At each sample site, water temperature and pH are measured using a Beckman
Chem-Mate pH Meter with a futura combination field electrode. Temperature
is checked with a hand held thermometer. Conductivity is measured using a
YSI field conductivity meter. Flow rate is calculated by measuring the
time it takes a plastic cup filled with water to pass through a measured
volume of stream. A sample of water is collected for transmittal to a local
analytical laboratory. ’

Field data plus pertinent weather and activity information are logged at each
site. Figure 2 is a sample log sheet.

Initially, raw water was collected, held at 4°C and taken to a laboratory for
analysis within six hours. All seven sites were visited in one day.

In February of 1980 a routine check on the laboratory used at the time re-
sulted in the project changing laboratories. The "new" laboratory requested
samples be filtered. A1l water was filtered from May 13 until July 23, 1980
because project policy requires a laboratory receive samples in the condi-
tion it requested. Filtering samples increased collection time from one day
to two to four days. Since fewer samples were submitted each day, the
laboratory was not providing a discount promised for seven samples. The
result was a 10% cost increase for analysis and one to three additional days
pay for technician services for Tess useful water quality data.

The problems of increased time elapsed between site collections and increased
cost were discussed with the laboratory. It was agreed that raw water from
such a source as the Jemez watershed would be acceptable. From August 1980,
all water_has been collected without filtering. The water has always been
held at 4°C and transported within six hours of collection.
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JEMEZ WATERSHED MONITORING PROGRAM
WATER YEAR 1979-1980 2.

DATA COLLECTION HISTORY:

Initially, water was collected by supervisory personnel. A field technician
was hired to collect watershed samples in conjunction with maintaining
Redondo Creek monitoring station in December 1979. Scheduling problems
arose from only one person being available which resulted in no water col-
lection for April 1980.

One additional person has been trained to collect samples so that scheduling
problems should not occur again. Additionally, backup technical help allows
two people to make collections in winter months and during periods of runoff
when wading some streams is hazardous.

Two sites, east fork of the Jemez River (7) and Sulfur Creek at Union Gate
(2) could not be sampled some winter months because they freeze over.

Flow data could not be collected for any stream some winter months because
of ice buildup in the stream course.

Most data collection problems are technician related and involve the Beckman
pH meter probe.

COLLECTION PROCEDURE:

A. Collection of a Grab Sample

1. A container, usually of a plastic, is rinsed several times in the
water to be sampled and the rinse water is discarded downstream.

2. The rinsed container is then submerged, if possible, into the
stream flow and a volume of water is collected.

3. The full container is lifted quickly from the stream and the water
is poured carefully into clean bottles supplied by the laboratory.

4. 1If the sample requires no acidification or other preparation, the
cap to the bottle is filled with sample water then carefully sealed
to the bottle.

5. If the sample requires acidification, careful measurement of the
volume of acid is required. This measurement will be used to cali-
brate the actual volume of water left in the sample. When the
sample has been appropriately treated, the bottle cap is rinsed and
sealed to the bottle.
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JEMEZ WATERSHED MONITORING PROGRAM
WATER YEAR 1979-1980

COLLECTION PROCEDURE (Cont'd)

6.

7.
8.

2.
3.
4.

—t
.

AW N
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The bottle should have the following information placed on its
surface:

sample site

date and time of day

sample temperature (taken in stream)

sample pH (taken in stream or bottle)

1. If sample was acidified, "natural" pH
should be distinguished from acidified
and both should be indicated.

e. flow rate at sample site

f. conductivity at sample site

o0 oo

A11 samples should be kept cool (40C) and out of the sun.

Samples should be collected at same site each sample period.

Collection of Field Temperature

1.

Place a field thermometer well into the stream for several
minutes.

Read thermometer directly.
Replace thermometer into stream for several more minutes.

Read thermometer again.

Collection of Field pH

Calibrate pH meter.

Rinse electrodes with stream water.

Insert electrodes well into stream for several seconds.
Read pH.

Rinse electrodes with stream water.

Reinsert into stream several seconds.

Read pH.

Rinse electrodes well with distilled water.



JEMEZ WATERSHED MONITORING PROGRAM
WATER YEAR 1979-1980

COLLECTION PROCEDURE (Cont'd)

D. Collection of Field Conductance

1.

Same procedure as field pH using conductivity meter.

E. Collection of Flow Rate

1.
2.

Select a fairly uniform site.
With a tape measure average width of stream.
Measure average depth of stream.

Measure a given distance on stream bank -- example,
3 feet between point A and B.

Drop a floatable object at point A and measure time
it takes object to reach point B with a stop watch.

Repeat several times.
Calculate volume of water measured.

Calculate CFS using average time for water to move
from A to B and volume of water between points A and B.

F. Collection of Small Flow Rate - Springs

1.

If flow is small enough, collect all water flowing in
a large container whose volume is known.

Measure time to fill the container using a stop watch.
Repeat several times.

Calculate CFS using volume and average time needed to
fill the volume.
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BACA SURFACE WATER MONITORING PROGRAM
SAMPLING SITES
JEMEZ WATER SHED

BACA LOCATION BOUNDARY

AL AMOD
CANYON VALLES
CALDERA

REDONDO
CANYON

REDONDO

® JEMEZ SPRINGS

FIGURE 1



“FTGURE 2:

IRFACE WATER QUALITY SUMMARY SHEETS

LCA PROJECT, JEMEZ WATERSHED
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~ate: Weather Conditions:
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JEMEZ WATERSHED MONITORING PROGRAM '
WATER YEAR 1979-1980 5.

Tables 1-7 outline chemical constituents measured in water samples and values
of those constituents for each monitoring site. Monthly water quality data
sheets are received from the laboratory by Union and copies are submitted to
WESTEC and PNM.

Redondo Creek water quality data (Table 1) shows a marked difference from
other collection periods November 1979 and August 1980. There is a marked
rise in field conductivity; boron levels, sodium, calcium, chloride, sulfate
and magnesium ions and a decrease in bicarbonate ions and pH in November 1979.

August 1980 data show similar elevation in chloride and sodium concentrations,
a potential elevation in sulfate concentrations and conductivity. Less
significant jon concentration elevations occur in January 1980.

The November 1979 data, and possibly the January and August 1980 data, probably
reflect contribution to Redondo Creek from temporary drain lines in the geo-

thermal well field. Such a potential contribution will be eliminated with in-
stallation of permanent pipelines in 1981-82.

Water quality data from Sulfur Creek at Union Gate (Table 2) demonstrates a
great deal of variability between monthly collections. The variability pro-
bably reflects the percent contribution Sulfur receives from hot springs located
one mile upstream from the collection site. The site was selected because it

is the first point where Sulfur Creek waters enter public land, and it is above
the confluence of Sulfur and Redondo Creeks. The variability of the quality

of the waters makes comment difficult.

Table 3 1lists water quality data for Sulfur Creek about one mile below the
confluence with Redondo Creek. Sulfur and Redondo contribute approximately
equal volumes to the sampling site. The water quality excursions discussed
for Redondo Creek (Table 1) are not reflected in water quality data for Sulfur
at La Cueva. The low SO, reading of November 1979 is probably a typographical
error from the lab (undoéumented by the lab).

February BOD. reading on Table 3 is extremely high. Succeeding readings indi-
cate that thg source of pollution was probably ephemeral.

Water quality data for San Antonio Creek above La Cueva may be found in Table
4. Dilution effect due to increased flow is the most probable explanation for
the major water quality excursion for this site which occurred in May 1980
during spring runoff.

Increased BOD. readings for June and July 1980 could indicate contamination
from local sewage facilities, possibly from the San Antonio Campground.

Table 5 Tists water quality data for San Antonio Creek about 100 yards below
its confluence with Sulfur Creek. Sulfur contributes = 10% of San Antonio's
volume at. this point.



JEMEZ WATERSHED MONITORING PRCGRAM
WATER YEAR 1979-1980 6.

Cloride appears to be the only chemical constituent that changes in the
water quality of San Antonio Creek below its confluence with Sulfur. No
other clear contribution by Sulfur appears when Tables 3, 4 and 5 are com-
pared.

San Antonio Creek and the East Fork of the Jemez (see Table 7) contribute
approximately equal volumes to form the Jemez River at Battleship Rock (see
Table 6).

Table 5 shows San Antonio Creek samples to have slightly elevated flourine
concentrations when compared to Tables 6 and 7.

Table 7 shows East Fork waters consistently to have lower concentrations of
bicarbonate, calcium, sodium and sulfate ions than either San Antonio Creek
or Jemez River below Battleship Rock. Conductivity of East Fork samples is
also lower than the other two sites. Boron concentration is consistently
higher in East Fork samples and Jemez River at Battleship Rock than waters
of San Antonio Creek when Tables 5, 6 and 7 are compared.

STightly elevated BOD. concentrations from East Fork samples during June and
July may indicate fecgl contamination from cattle.

The extremely high BOD. concentration recorded in February at the Jemez River
site at Battleship Rocé could indicate a camper had illegally emptied sanitary
tanks recently or that some other témporary pollution source was present near
the collection site. Both sites in Tables 6 and 3 are near roads which could
be used as illegal dumping points. Such extreme values for BOD. should be
reflected in other tables if the samples had been improperly haﬁd]ed during
the February collection or analysis.
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SURFACE WATER MONITORING DATA, REDONDO CREEK
WATER YEAR 1979-1980

The Redondo Creek water quality monitoring station is located about 1.5
miles downstream from the Baca project. The station consists of a steel
Parshall measuring flume with a 30" throat, 24" depth and a listed 23.94
cfs capacity maximum set into the creek bed. A shelter covers the flume
and its attached stilling well to protect monitoring equipment from
temperature extremes and weather. The station cannot be held at constant
temperature or humidity. A butane heater and a backup electric heater
prevent the recorders from freezing. Flow rate, pH and water temperature
are recorded continuously at the station from the stilling well. Flow
increase triggers collection of up to 28 aliquots directly from Redondo
Creek. A field technician is required to ensure that all equipment is
functioning and that collected samples are processed in a timely manner.
The instruments are checked at least once each week, charts are collected
and transported to Union's Rio Rancho office each Friday.

Flow is recorded on a Stevens type F meter with an 8 day hand wind clock,
5" float, 1.2" per day time scale and a 1:1 English gauge scale. The
Stevens recorder was selected because of its long history of durability
and dependability under field operating conditions.

Selection of a field operable pH/temperature recorder required extensive
research. Temperature and pH are recorded by an Analytical Model 30 AC
pH/temperature recording meter with ranges of 2-12 pH, 00-500C. The in-
strument carries an automatic temperature compensation, gear train set
for 1/4" per hour and is run by electric hook-up. Although Analytical
Instruments are a relatively new firm, this instrument appeared to have
the sturdiness necessary for field conditions that other instrumentation
lacked without exorbitant cost.

A Barton temperature meter with a 7 day hand wind clock and a range of
0-100°F serves as a backup for the Analytical instrument. There is no
backup pH recording unit.

Samples of water from Redondo Creek are collected automatically by an
ISCO Model 2100 Sampler. Samples are collected by a peristaltic pump
with a self purging mode between sample collections and a precollection
wash mode. ISCO is run by direct electric hook-up but may be battery
operated. ISCO is set to collect samples during increased flow only and
to shut off after flow has decreased. It is capable of collecting up to
28 sequential samples of predetermined volume at predetermined frequency.
Considerable variation in trigger levels and collection frequency have
occurred over the year; to be discussed later.
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DISCUSSION

The Parshall flume was installed into Redondo Creek August 14, 1979.

The instrument stand was installed over the stilling basin and the
shelter built by August 24, 1980. On August 24th the Stevens flow
meter and ISCO were installed. ISCO was run by battery. The Analytical
temperature meter had not yet been purchased. pH and temperature were
collected at the site as frequently as a technician was present. A
flow rate was measured regularly to calibrate the readings from the
flume. The Analytical meter was installed November 30, 1979 when
electricity was available to the water shelter. From that time ISCO was
also run by electricity. The instruments are calibrated with field
measurements regularly. The station has been fully operational since
December 1, 1979.

Data is collected on continuous graph charts that must be tabulated.
Table 1 has hourly averages of water temperature and pH from December 1,
1979 through September 30, 1980. Blank spaces following a value for pH
or temperature indicate that no change occurred. Sections of the table
that reflect periods where no data were collected are marked "no data".
Loss of data usually occurred because of improper placement of the paper
roll in the instrument. Additional admonishment of field technicians
resulted in a decrease in the frequency of this type of loss. Data loss
for the period from May 29 to July 30, 1980 resulted from periods when

a Tocal electric company was working on wires in the area, which resulted
in power surges or cutoffs to the water station. ISCO was set to battery
operate during the problem period but the Analytical meter had to be shut
off. Contiguously, a short in the Analytical pH probe cable was dis-
covered and the cable had to be replaced. Data was lost from August 1 to
August 8, 1980. Additional probes have been purchased to eliminate future
problems.

The Barton temperature meter collected temperature data for part of the
time the Analytical meter was down. Barton data from June 26 through
July 31, 1980 and from August 1 through August 8, 1980 may be found in
Table 2. (OF have been converted to 0C.)

Flow data may be found in Tables 3 and 4. Table 3 Tists daily average
flows after the style of USGS Water Resources data for New Mexico. Pos-
sible explanation for certain flow changes have been listed. Those days
for which data are not available are marked by a blank space. Data was
usually Tlost because a technician was not available to change charts as
frequently as necessary. Additional technicians have been trained in
monitoring the water station to prevent such losses in the future.

Figures ] thru 14 graph hourly water temperature, pH and flow available
with ambient temperatures and precipitation data collected 1.5 miles
above Redondo Station. Blanks in graphs indicate no data.
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Table 4 indicates hourly flow changes in Redondo Creek. Total daily

flow change is recorded as an activity index (sum of changes without re-
gard to sign x 100). The activity index pinpoints those days of peak
activity. Field notes and the station log can be checked or interviews
of field personnel conducted to determine the cause of activity. Activity
during June through October can usually be traced to precipitation in
Redondo Canyon. Data from the 200' MET tower rain gauge have not been
compared to flow data for analysis. Activity November through February/
March are typically caused in early mornings by ice buildup below the
station and in mid-day by snow melt. Sunny days all winter produced run-
off from south facing slopes. Beginning in March through June spring
runoff produced very large activity indexes due to almost hourly flow
changes.

The magnitude of fluctuations in flow due to runoff caused problems with
setting the ISCO sampler.

The ISCO is triggered by a transducer placed above ambient water level.
As water touches the transducer an electric impulse triggers the sampler
to begin collecting. As water subsides, the trigcer stops the sampler.
Fregquency of collection is determined by a clock inside the sampler.

The trigger was set during the winter months at a point about .05 feet
above the stream on the flume scale. During periods of runoff, the trigger
and timer were moved regularly in an attempt to be sensitive to flow in-
creases without being overly sensitive. ISCO sample collections are in-
dicated on Table 4.

Representative aliquots were regularly selected from the sampler and
analyzed for the following constituents:

DS (mg/1)
TSS (mg/1)
pH
Conductivity umhos/cm
S0y (mg/1)
C1 "

B H

BY. "

As "

Hg n

S'I "

Grab samples were taken from Redondo Creek between periods of peak flow
n an attempt to characterize Redondo's waters. Table 6 1lists the con-
stituents tested for in samples and values for each. 1SCO samples are
indicated by an ISCO # in the table. If no number is present, the values
represent a grab sample collected at Redondo Station. Possible reasons
ISCO was triggered are listed below specific samples.
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The only convenient way to ensure that potential samples from a geo-
thermal spill are collected during periods of runoff would be to set
a series of samplers with triggers set at increasing distances above
base flow. A single sampler may be set so it is filled before such a
spill would reach it, or that samples might not be collected from a
small spill.

Ensuring against the first case with a single sampler would require a
full time 24 hour surveillance. Ensuring against the second case could
produce the first case.

During spring runoff for 1980, the field technician regularly checked the
ISCO no more than once a week. The sampler frequently was full and out

of operation for over half a week at a time. Increasing the number of
sample bottles available and training additional staff should prevent such
problems in 1981. A laboratory will be available in Redondo Canyon from
spring 1981 so that ISCO sample bottles may be cleaned on site. Turbidity
measurements could also be made of samples on site. '

The majority of problems with data collection at the Redondo Creek Station
are technician related. The work supports only a part time position which
1imits the availability of personnel. Initially, the technician in charge
of the WSST air quality MET towers was to check the water station. Problems
arose when the technician was called away frequently without notifying
supervisors that the water station would not be monitored.

It was decided to hire a technician to strictly work with the water
station and collect monthly water shed samples. The technician selected
was a UNM student who had several years experience collecting water samples.

Problems again arose from periods when the technician was not available to
monitor the station when charts required change. Two additional people
have, therefore, been hired to monitor the station on a more regular basis.
Both persons work at other activities in the vicinity of the water station.
Since the additional personnel have been acquired, data loss is expected
to drop significantly.

CONCLUSION

Since the Redondo Creek Station has been operational all equipment at the
station has had some down time, but generally equipment has operated satis-
factorily for the first year. The companies selling equipment, with the

exception of Beckman, have been helpful and have provided speedy assistance
when necessary.
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The major problems with operating the water station relate to the
difficulty of finding a qualified technician to monitor the station
daily. Two technicians are presently monitoring the station. One
checks the instruments nearly daily. A second is available to bring
samples to Albuquerque.

The thorniest problem with the collection of data is the setting of the
ISCO sampler so that critical samples are not missed.

The water budget for 1980 was overrun. Analysis of ISCO samples
accounted for about 1/3 of the total cost of water analysis. Runoff
water has been sufficiently analyzed so that analysis of few ISCO
samples should be necessary for 1981.

The critical questions that water samples should clarify are whether flow
increase in Redondo Creek carries geothermal water, and secondly whether
runoff is carrying an increased salt load over time. Silt load changes
in Redondo Creek should also be monitored. A technique that samples all
increased flows, allowing for analysis of any sample, has yet to be
successfully worked out.
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ABSTRACT

A geothermal reservoir simulator has been employed in a
series of calculations which describe the response of geothermal
reservoirs to fluid production/injection from a single well. The
numerical solutions were analyzed to generate interpretation
techniques for pressure transient data from either single-phase or
two-phase geothermal reservoirs. The investigations include (1) the
drawdown/buildup response of hot water wells, (2) the drawdown/
buildup behavior of initially two-phase (liquid water/steam) reser-
voirs, (3) the drawdown/buildup response of initially single-phase
reservoirs which undergo flashing as a result of fluid production
and (4) the effect of cold water injection into single-phase and
two-phase reservoirs,
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SECTION 1: INTRODUCTION

1.1 Introduction

The 1ine source solution (or Theis solution) has been
traditionally used in hydrology and petroleum engineering to analyze
pressure transient data from isothermal single-phase (water/oil/gas)
and isothermal two-phase (oil with gas in solution, free gas)
reservoir systems. For a constant flow rate well test, a plot of
pressure drop versus logarithm of time asymptotes to a straight line
after a short initial period. The slope and intercept of this line
yield the mobility-thickness product and the total formation
compressibility. The total formation compressibility depends upon,
among other variables, fluid compressibility. Although very often
it is not explicitly stated, the fluid compressibility in
traditional applications is the one measured at constant temperature.

Extension of the Theis solution to analyze pressure
transient data from geothermal reservoirs involves several
difficulties. Geothermal reservoirs by their very nature contain
fluid at elevated temperatures. Very often the in situ fluid is
either boiling or near boiling. For single-phase hot 1liquid
reservoirs, it is not self-evident whether or not the isothermal
fluid compressibility is the appropriate one. (This question will
be examined in detail in Section 2, and it will be shown that the
isothermal fluid compressibility should be replaced by isenthalpic
fluid compressibility at elevated temperatures.) In recent years,
several investigators (Garg [1978], Grant [1978], Moench and
Atkinson [1977]) have examined the production (or drawdown) behavior
of two-phase geothermal reservoirs. The geothermal reservoir may be
initially two-phase or may evolve into a two-phase reservoir as a
result of fluid production. The plot of oressure drop versus
logarithm of time asymptotes to a straight line after an initial
non-linear period; the slope of the straight Tine can be used to
calculate the kinematic mobility-thickness product. The intercept



of the straight line, however, provides a very poor approximation of
the total formation compressibility which is primarily governed by
phase change effects. Sorey, et al. [1980] have also numerically
examined the buildup behavior in initially two-phase reservoirs; the
plot of pressure versus log [(t+at)/at] (t = production time, At =
shutin time) gives a straight line. The slope of this straight line
again can be related to the kinematic mobility-thickness product;
the kinematic mobility-thickness product calculated from buildup
data is, however, different from that obtained from drawdown .-data
due to nonlinear effects in two-phase non-isothermal flow. These
nonlinear effects imply that the superposition principle does not
apply in two-phase geothermal systems. As the present time, there
exists little or no information in the literature on either the (1)
buildup response of initially single-phase reservoirs which undergo
flashing as a result of fluid production, or (2) the effect of cold
water fluid injection into two-phase geothermal reservoirs.

The numerical results presented in the report form a
theoretical framework which will be used in interpreting the flow
data from the production/injection wells at the Baca Geothermal
Demonstration Power Plant (GDPP) Project. The application of the
techniques to the data from the Baca wells will be the subject of a
separate topical report. The results contained herein, however, are
of fundamental interest to geothermal reservoir engineers and
applicable to other geothermal systems.

1.2 Scope of the Report

The main purpose of this report is to develop interpretation
techniques for pressure transient data from either single-phase or
two-phase geothermal reservoirs. More specifically, the Systems,
Science and Software (53) reservoir simulator CHARGR (Pritchett
[1980]) will be employed in a series of one-dimensional radial flow
problems to investigate (1) the drawdown/buildup response of hot
water wells, (2) the drawdown/ buildup behavior of initially two-
phase reservoirs, (3) the drawdown/buildup response of initially



single-phase reservoirs which undergo flashing as a result of fluid
production and (4) the effect of fluid injection into single-phase
and two-phase reservoirs. The numerical results are employed to
generate gquidelines for calculating mobility-thickness product from
pressure transient data.

1.3 Summary and Conclusions

The numerical simulations presented herein demonstrate some
of the difficulties associated with analyzing pressure transient
data from hot water and two-phase geothermal reservoirs. It is
demonstrated that production data (drawdown/buildup) from
single-phase hot water and initially two-phase reservoirs may be
analyzed in the wusual manner to yield absolute permeability/
kinematic mobility provided the total formation compressibility is
defined differently from its conventional wusage in petroleum
engineering and hydrology. Drawdown data from initially
single-phase reservoirs which undergo flashing during production can
be made to give two-phase kinematic mobility; the buildup data from
such reservoirs offers the possibility of determining absolute
formation permeability. It is further shown that injection data for
single-phase and two-phase reservoirs can be interpreted in a
straightforward manner to give absolute formation permeability; the
fall-off data (especially in two-phase systems) appear, however, to
be of lesser utility.

1.4 Recommendations for Future Study

This report contains the results of theoretical calculations
simulating transient production and injection testing of
single-phase and two-phase reservoirs. The simulations provide a
quantitative understanding of the phenomena which may be expected to
occur during the pressure testing of wells in such a reservoir. The
results are of direct relevance to the Baca reservoir system and
will be used by 53 in evaluating the available flow test data for

the Baca wells.



SECTION 2: THEORETICAL PRODUCTION BEHAVIOR ANALYSES

2.1 Introduction

In this section numerical simulations are presented which
describe the production data (drawdown/buildup) for a single well
producing fluid from a geothermal reservoir. The S3 geothermal
reservoir simulation CHARGR is used to study all-liquid reservoirs,
initially two-phase reservoirs and initially single-phase reservoirs
which undergo flashing as a result of fluid production.

2.2 Summary

It is demonstrated that production data from single-phase
hot water and initially two-phase reservoir may be analyzed,
respectively, to yield absolute formation permeability and two-phase
kinematic mobility. Drawdown data from initially single-phase
reservoirs which undergo flashing during production can be made to
give kinematic mobility; the buildup data may be used to determine
absolute permeability.

2.3 Production Behavior of Hot Water Reservoirs

The classical methods of analyzing groundwater and petroleum
fluid production data may be extended to interpret single-phase
geothermal fluid production data. However, the extension requires a
careful examination of the fluid compressibility factor which occurs
in the classical solution. In this section it is shown that for hot
water reservoir flow data it is necessary that the isoenthalpic
fluid compressibility be used instead of the isoenergetic or
isothermal fluid compressibility. Both drawdown and buildup flow
tests are simulated.



2.3.1 Background of Theory

In groundwater hydrology and petroleum engineering, the line
source solution to the linearized diffusivity equation is used to
interpret pressure transient data. For constant rate of mass
production M, the pressure at the bottom of the well pw(t) is

given by

2
r-ogelev
My . w T
p,(t) =p; * o B [‘ T ] , (2.1)

where

= 1initial reservoir pressure
= kinematic fluid viscosity
formation thickness

M I < O
il

= well radius

= fluid density

= absolute formation permeability
porosity

= time

C = total formation compressibility

+ & X ©
[

(= 5c, +0)

]

unjaxial formation compressibility

fluid compressibility

4tk

If > 100, Equation (2.1) can be approximated as follows:

1.15 wM kt .
pw(t) = p1 - -—Z-r-mz——' ]Og ¢r2v0CT 0.351 (2.2)
w

Equation (2.2) implies that a plot of p, versus log t should be a
straight line. If m denotes the slope of this straight line, then

1.15 oM
K= (2.3)



kt . 1
p;-p,(t) ' 2
antilog -l-ﬁ!—-— - 0.354 gr o (2.4)

CT'

Superposition can be utilized to construct solutions for buildup
(i.e., shutin after production for time t). The solution implies
that a plot of p versus log(t+at/at) (at = shutin time) should be a
straight 1ine. The slope of the straight line can be used, together
with Equation (2.3), to calculate formation permeability. (In the
above, consideration of skin effect and well storage have been
ignored. These effects, while important in practical well testing,
are not germane to the present discussion.)

The fluid compressibility C can be defined in a number of
ways (at constant internal energy CE; at constant temperature

C,; at constant enthalpy Ch).

t;
Ce = 5 (3’8‘) ¢ (2.5)
Cy = & (2—;) : (2.6)
C, =§(§-§->h (2.7)

Table 2.1 gives 1liquid water compressibilities as a function of
pressure and temperature. (Note that the data in Table 2.1 are
based on S3 CHARGR equation-of-state for water (Pritchett [1980]),
and may be in error by a few percent. Nevertheless, it is believed
that the relative values of CE’ Ct and Ch are approximately
correct.) At 0°C, all three compressibilities are practically
identical; thus for groundwater or petroleum reservoirs it is of
1ittle concern as to which fluid compressibility is used. However,
at elevated temperatures characteristic of geothermal systems,
substantial differences do exist between the different
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compressibilities. One may speculate that for hot water reservoirs,
isenthalpic fluid compressibility Ch is the appropriate one to use
in the definition for total formation compressibility.

Hot water flow in geothermal reservoirs follows a complex
thermodynamic path. Although the variations in internal energy,
temperature, and enthalpy are small, they do nevertheless occur.
The fluid flow cannot be simply treated as isoenergetic, isothermal
or isenthalpic. The flowing enthalpy does, however, approach a
definite limit as r » 0 or t » » . (It is worth emphasizing that
the constancy of enthalpy means that internal energy and temperature
must be varying.) The equations governing one-dimensional radial
flow will now be considered to prove that

1im hfah

r>0
or tr>ew

fo

Assuming that (1) the rock porosity depends only on the fluid
pressure, (2) the rock matrix and the fluid are in local thermal
equilibrium (3) the global heat conduction is negligible, and (4)
the fluid flow is governed by Darcy's law, the balance equations for
mass and energy in radial geometry can be written as follows:

Mass (liquid)

3 13 |rkap

3T (Be) - 757 {v ar] =0 (2.8)
Energy

3 La jrkyap)_

T [(l'¢)°rhr + goh - ¢p] - 55 [v h ar] =0 (2.9)
where

Pn = rock grain density,

hr = rock enthalpy.



The differential equations (2.8) and (2.9) are subject to the
following boundary and intial conditions:

Boundary Conditions

. p _ Mv
lim r ar = m (2.10)
r>0
Tim p = pi’ h = hi (2-11)
r>»x0

Initial Conditions

t=0: p=p;, h=h (2.12)

Following 0'Sullivan [1980], the similarity variable n is
introduced:

no= root (2.13)

Substituting from (2.3) into (2.8)-(2.12), one obtains the following
transformed equations:

Mass
n
Energy
&[0t s o] L g [Em ] (2.15)

Boundary and Initial Conditions

. dp My
1im n a‘- = —m- (2.16)
n>0
Tim p = pi, h = hi . (2.17)
n» = '

10



Also, note that

d¢
& - (1-9)C . (2.18)
h = CFT (2.19)

where T is the common local temperature of the rock matrix and the
pore fluids, and . is the rock grain heat capacity.

Regarding p and h as independent thermodynamic variables and
utilizing (2.18) and (2.19), Equations (2.14) and (2.15) may be
algebraically manipulated to yield:

(19) o, () |, - (10) Cto.n 4p) - 8
c () + 0+ % (k/v) %%

(i>n %E}. 0 (2.20)
v n

dh {(1-¢) p.Ch (EI) n = (1=8) C (o h *p) - ¢§.
3

2. Lot e e
n - al & (kyap n
(1-4) o c. (37 )p T * 3 (v) an
Equations (2.16) and (2.21) can be combined to give:
1im 0 _ o (2.22)

n>0 dn

Equation (2.22) demonstrates that the fluid enthalpy approaches a
constant value in the limit n»0 (i.e., in the limit r>»0 or ts>w).

Since

Tim nq
n>0

ajla

S8
T~
O

11



Equation (2.22) also implies that internal energy E and temperature
T are varying even as tao.

Although Equation (2.22) is only valid as n»0, it is now
assumed that dh/dn = 0 is a reasonable approximation to use in
interpreting pressure transient data. With Equation (2.22) and
taking k/v to be constant, Equation (2.21) 1leads to the wusual
diffusivity equation:

dp ., 2 k d dp _
¢OCTa;+:2- S dn "dn < 0 (2.23)
with
1-¢
CT =5 Cm + Ch (2.24)

The solution of Equation (2.23) subject to the boundary conditions,
Equations (2.16 and (2.17), is identical with the classical Theis
solution.

2.3.2 Single-Phase Reservoir Production Behavior

To test the validity of the preceding theory, the S3
reservoir simulator CHARGR was exercised in 1its one-dimensional
radial mode. The radially infinite reservoir was simulated using a
60-zone [Arl = 0.11 m; ar, = 1.2 Ari; Ary = 1.2 Arys  eees
Areq = Ar59] radial grid. The outer radius of the grid is
25,825 m and is sufficiently large such that no signal reaches this
boundary for production/shutin periods. The formation thickness is
H = 250 m. The well is assumed to be coincident with Zone 1. (In
the CHARGR code, a well can be represented as an integral part of
the grid by assiagning to the well-block sufficiently high per-
meability and porosity.) The reservoir rock is assumed to be a
typical sandstone. The relevant rock properties are given in Table
2.2. (Although the present problem is purely single-phase, Table
2.2 also Tlists relative permeabilities, and residual 1liguid and

12



Table 2.2
ROCK PROPERTIES EMPLOYED IN NUMERICAL SIMULATION

Well-Block Rock Matrix
(i =1) (2 <i<60)
Porosity, ¢ 0.9999 0.1
Permeability, k(m2) 50 x 10-12 5 x 10-14
Uniaxial Fonpation Compressibility, 0 0
CpiMPa=!)
Rock Grain Density, pr(kg/m3) 1 2650
Grain Thermal Conductivity, 0 5.25
Heat Capacity, c¢p(kJd/kg"C) 0.001 1
Relative Permeability Straight Line* Corey**
(kl"l’ kr‘g)
Residual Liquid Saturation, 0 0.3
Ser
Residual Gas Saturation, Sgr v 0.05

* keg = Sy, keg = Sg = 1-9,, $,(Sg) = liquid (gas) volume
fraction.

*x

key o= (SPA keg = (1-S7)(1-SpE, sy -
(5,-S1r)1 (1-5 ;0257 ). -

13



vapor saturations for later use in sections on two-phase flow.) The
mixture (rock/fluid) thermal conductivity is approximated by
Budiansky's formula (Pritchett [1980]).

The initial formation pressure and temperature are 9.3917 MPa
and 300°C respectively. The reservoir is produced at a constant
rate of 35 kg/s for t = 5.868 x 105 s, and is then shutin for At =
1.3932 «x 106 s”. Figures 2.1 and 2.2 show the calculated
drawdown and buildup response of the well, The drawdown curve has a
slope m of 0.0644 x 10° Paj~. With v = 1.244 x 107 ml/s (=
kinematic viscosity of fluid at initial reservoir pressure and

temperature), we obtain for formation permeability k

-7
;M _1.15 x 1.244 x 35 x 106 ~ 4.95 x 10-14 m2
2m x 250 x 0.0644 x 10

The slope of the buildup curve (~ 0.0653 x 108 Pa/~) yields k =
4.88 x 10'14 m’. Both drawdown and buildup data thus yield
permeability values in close agreement with the actual permeability
of 5.00 x 107* ml. With o = 713.9 kg/m® (fluid density at
initial reservoir conditions), the following is obtained for total
formation compressibility CT (= fluid compressibility C since Cm

=0):

T®" 2 D.-p (L)
dr o antilog ['l-ﬁ!__-J' v.351
. 1 4.95 x 1072% x 5 x 10°
0.1 (0.11)° 1.244 x 10~/ x 713.9 antilog 9'39é7524§49° - 0.351
= 1.93 GPa~!
+ For the various cases discussed in the following sections, the

grid, formation properties, production (injection) rate,
drawdown (injection) time and shutin (falloff) time specified
in this section will be used. The initial fluid state will,
however, vary from case to case.

14
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The <calculated fluid compressibility value 1is in reasonable
agreement with the disenthalpic fluid compressibility (~ 2.01
GPa'l) but .is considerably different from the isoenergetic (~ 1.24
GPa~l) and isothermal (~ 2.49 GPa~!) compressibilities.  This
verifies the speculation that the isenthalpic fluid compressibility
should be used in the definition for total formation compressibil-~
ity. Finally, for the sake of completeness, Figure 2.3 shows the
enthalpy variation with 1/n2. Although max |ah/hl (0.20/1344 ~ 1.5
X 10'4) is very small, the fluid does undergo enthalpy changes.
Furthermore, ah (and hence h) approaches a constant value for l/n2

> 104 (or n < 10-2).
2.4 Production Behavior of Initially Two-Phase Geothermal
Reservoirs

Approximate analytical solutions of limited applicability
have been presented for cases in which a geothermal reservoir,
initially boiling everywhere is produced at a constant rate. “In
this section detailed numerical results are presented for two cases
simulating the response of such two-phase geothermal reservoirs.
The bottomhole fluid pressure and temperature variations with time
are examined as well as the radial distributions of flowing
kinematic viscosity and steam saturation at selected times. Both
drawdown and buildup flow tests are simulated.

2.4.1 Background of Theory

Recently Garg [1978], Grant [1978] and Moench and Atkinson
[1977] have examined the drawdown response of initially two-phase
geothermal reservoirs. The plot of pressure drop versus logarithm
of time asymptotes to a straight line after an initial nonlinear
period; the slope m of the straight line is related to the kinematic
mobility as follows:

(k/v)y = PR (2.25)

where
17
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(kiv)y = Klvy (2.26)

K k
1 _rt,.rg (2.27)
Vt \3! Vg

Given flowing enthalpy hf, it also 1is possible to obtain the
separate liquid- and vapor-phase kinematic mobilities.

kk h_-nh 13 he = h
re - g fi. rg f 1

—= = (k/v), ; = (k/v) — (2.28)
v, t hg - h, Vg t hg ﬁl

The intercept of the straight line can be used to calculate an
effective total formation compressibility CT; however, as noted by
Garg [1978] and Sorey, et al. [1980], the inferred value often
provides a very poor approximation to the actual value.

Sorey, et al. [1980] have numerically investigated the
buildup behavior in initially two-phase reservoirs; the plot of
pressure versus logarithm of time gives a straight line. The slope
of the straight 1line can be used to calculate total kinematic
mobility from Equation (2.25). The kinematic mobility inferred from
the buildup data is, however, different from the one given by
drawdown data; this illustrates the nonlinear nature of two-phase
flow in porous media. Sorey, et al. also observed over-recovery of
liquid saturation near the wellbore during buildup.

2.4.2 Two-Phase Reservoir Production Behavior

In the following, two cases will be considered in which the
reservoir, initially boiling everywhere, is produced at a constant
rate. The initial fluid state is given in Table 2.3.

Table 2.3
INITIAL FLUID STATE FOR TWO-PHASE CASES

Case No. Pressure, MPa Steam Sat. Enthalpy (kJ/ka)
A.l 8.5917 0.28 1466
A.2 8.5917 0.05 1345

19



Figures 2.4 and 2.5 show the drawdown and the flowing
enthalpy data. The drawdown data closely fit a straight line; the
slope of the straight line m yields the flowing kinematic viscosity

\)t-

v = & ATk (2.29)
The inferred values of Vi (Figures 2.4 and 2.5) are representative
of a large region surrounding the producing well (see Figures 2.8
and 2.9) wherein aSg/ar is small (Figures 2.10 and 2.11). After
an initial nonlinear period, the flowing enthalpy approaches a more
or less constant value (Figures 2:4 and 2.5) as predicted by the
linear theory of Grant [1979a]; the flowing enthalpy does, however,
undergo small fluctuations even at late times. With h, = 1345 kJ/kg
and hg = 2749 kdJ/kg (values corresponding to 8.5917 MPa), the
separate 1liguid- and vapor-phase relative permeabilities as
calculated from Equation (2.28) are given in Table 2.4.

The calculated relative ~ permeability values are
representative of the reservoir region wherein 3aS_/ar is small.
Agreement between the calculated and inferred values (especially
gas) could be improved by evaluating ) and vg at actual bottom-
hole conditions.

The pressure and temperature buildup data are given in
Figures 2.6 and 2.7. For the high saturation case (case A.l),
pressure buildup data fit a straight 1line; the inferred Vi from
the straight line is characteristic of the two-phase region (see
Figure 2.8). In the low-saturation case (case A.2), more than one
straight line can be fit to the pressure buildup data indicating a
nonlinear buildup response; the calculated vt's can, however,
still be identified with those obtained in the two-phase region
(Figure 2.9). Figures 2.10 and 2.11 show the vapor saturation
distribution at different times; during buildup substantial Tiquid
over-recovery is seen. The condensation front (Figures 10 and 11)
eventually enqulfs most of the reservoir region affected during the

20
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drawdown period. The reason for liguid-phase over-recovery during
buildup is fairly straightforward. Ouring drawdown, a decrease in
pressure  is accoﬁpanied by a corresponding reduction in
temperature. (Note that pressure and temperature in two-phase flow
are not independent.) On shutin, the pressure tends to recover to
the initial formation pressure. The temperature recovery beyond the
saturation point at 1local reservoir conditions occurs on a much
longer time scale than the one for pressure recovery. (Temperature
recovery is mainly governed by heat conduction.) A puzzling aspect
of pressure recovery is that it appears to be essentially governed
by the two-phase region in the reservoir. The reason for the latter
behavior must be sought in the great difference between the liquid-
and two-phase compressibilities. Since the ligquid compressibility
is much smaller (by 2 to 3 orders of magnitude) than the two-phase
compressibility, the 1ligquid-phase will reach pressure equilibrium
(i.e., zero pressure gradient) on a much faster time scale than the
two-phase region. Numerical calculations show that the
liquid-region pressure gradients are essentially zero for the entire
buildup period. Finally, it is noted that the condensation front
does not obey the law (R « tl/z); this demonstrates that the
similarity solution (see e.g., 0'Sullivan [1980]) does not apply to
buildup in two-phase reservoirs.

2.5 Production Behavior of Hot Water Reservoirs which Flash on
Fluid Withdrawal

In this section the response of an initially single-phase
reservoir which undergoes flashing on fluid production is
considered. Detailed numerical results are presented which simulate
both the propagation of the flash front during production and the
propagation of a condensation front, during buildup. The presence
of these fronts is shown to greatly complicate the interpretation of
the well test data.

30



2.5.1 Background of Theory

Garg [1978] has considered the drawdown response of an
initially single-phase reservoir which undergoes flashing on fluid
production. In this case, the reservoir exhibits single-phase
response until some time te when the well pressure falls below the
saturation pressure at the 1local reservoir temperature; for t >
tf, a flash front starts propagating into the formation. The
reservoir (for t > tf) is two-phase for r < R [R = R(t) denotes
the location of the flash front], and is single-phase for r > R.
The drawdown curve (t »> tf) asymptotes to a straight line; the
slope of the straight line yields the total kinematic mobility
(k/v)t (c.f., Equation (2.25)). The buildup behavior of such
reservoirs has apparently not been previously investigated.

2.5.2 Hot Water Reservoirs which Undergo Flashing

To study tke drawdown/buildup behavior of hot water
reservoirs which undergo flashing on production, two cases will be
considered. The initial fluid-state for these cases is given in
Table 2.5.

Table 2.5
INITIAL FLUID-STATE FOR HOT-WATER RESERVOIRS WHICH UNDERGO
FLASHING ON PRODUCTION

Case No. Pressure, MPa Temperature, C
8.1 8.7917 300
8.2 8.9917 300

Figures 2.12 and 2.13 show the simulated drawdown histories
for the two cases; these figures show only the two-phase part of the
drawdown response. In case B.l (low pressure case), the flash front
propagates to approximately 20 m at the end of the drawdown period
(Figure 2.18); for the high-pressure case (B.2), the flash front

31
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advances to only 1 m (Figure 2.19). The drawdown data closely fit
straight 1lines; the slopes of the straight lines yield flowing
kinematic viscosities which are representative of the two-phase part
of the reservoir wherein aSg/ar is small (see Figures 2.12, 2.13,
2.16 and 2.17).

The buildup behavior is shown in Figures 2.14 and 2.15.
Referring to Figure 2.14, it may be seen that in the low pressure
case, the initial buildup behavior is governed by the two-phase
region of the reservoir; the slope of this curve yields Vi which
is characteristic of the two-phase region created during drawdown
(see Figure 2.14 and 2.16). The pressure buildup is accompanied by
the propagation of a condensation front, originating at the well,
into the formation (Figure 2.18); the condensation front eventually
engulfs the entire two-phase region after which the buildup behavior
is essentially that of a single-phase fluid. The two-buildup
segments (single-phase and two-phase) are separated by approximately
one log cycle (Figure 2.14). The single-phase buildup behavior
(Figure 2.14) extends over less than one-half cycle; the slope of
tgis straight line yields a kinematic viscosity v, ~ 1.73 x 10”7
m-/s which is approximately 40 percent larger than the actual
value of 1.245 x 10~/ mZ/s. The divergence between the inferred
and actual values of Vi is really not surprising in view of the
fact that single-phase buildup response in this particular instance
is observed for less than one-half log cycle. In the high pressure
case (B.2), the two-phase buildup behavior lasts for only a very
brief period (at most a few minutes, see Figures 2.17 and 2.19); the
single-phase buildup, however, lasts for approximately two-log
cycles (Figure 2.15). The slope of the straight line in case B.2
yields a Vi in good agreement with the actual value of 1.245 «x

10'7 m2/s.

The above discussion of buildup behavior illustrates the
importance of selecting the correct straight line. If sufficiently
long (at least one-log cycle) straight 1line segments can be
identified, then the buildup data may ope interpreted to give both
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single- and two-phase kinematic mobilities. In many practical
situations, however, it is likely that the buildup data will not be
such as to make possible the unambiguous determination of both
single- and two-phase mobilities.
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SECTION 3: THEORETICAL INJECTION BEHAVIOR ANALYSES

3.1 Introduction

In this section numerical simulations are presented which
describe the injection data for a single well injecting into a

3

geothermal reservoir. The S geothermal reservoir simulator

CHARGR is used to analyze single-phase and two-phase reservoirs.
3.2 Summary

It is demonstrated that injection data for single-phase and
two-phase geothermal reservoirs can be interpreted to yield absolute
formation permeability. The pressure fall-off data subsequent to

injection are of lesser utility.

3.3 Cold Water Injection into a Hot Water Well

In this section, a case is considered wherein cold water is
injected into a single-phase (all 1liquid) hot water well. The
initial formation pressure and temperature are 8.7917 MPa and 300°C
respectively; the temperature of the injected fluid (injection rate
= 35 kg/s) is approximately 151°C. The pressure buildup (Injection)
data are seen to fit a straight line (Figure 3.1); the slope of this
straight 1ine yields vp ~ 1.985 «x 10_7 m2/s which 1is in good
agreement with the kinematic viscosity of the injected fluid (-~
1.955 x 107/
Vi and temperature T at the end of the injection period (~ 5.868 x
10°
6 m into the formation. The fall-off (shutin) data are plotted in

mzls). Figure 3.2 shows the radial distribution of
s); the thermal front is seen to have propagated approximately
Figure 3.3; the fall-off data asymptote to a straight line whose

¢~ 1.20 x 10"7 m2/s which 1is in good
agreement with the kinematic viscosity of hot water (~ 1.25 x 10-7

slope yields a value of v
mzls). No straight 1line corresponding to cold water pressure
fall-off can, however, be identified on Figure 3.3; the reason for

this is tied to the relatively small radius (~ 6 m) affected by cold
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water injection. The time to investigate a particular radius r
during fall-off is approximately given by (see e.g., Matthews and
Russell [1977]): '

at = r‘gv i : ‘1 (3.1)

where

at = Fall off time-in sec

riny = Radius of investigation in meters

n = Dynamic fluid viscosity in Pa-s

Cq = Total formation compressibility in pa~!

k = Formation permeability in m2
with ro = 6 m § = 0.1, u ~ 1.8 x 107" Pa-s, Cp ~ 0.075 x
10'8 Pa"i (n and CT = Ch are evaluated at 151°C), we have at

~ 2.4 s. The first point on the fall-off curve corresponds to a at
of 14 s.

3.4 Cold Water Injection into Two-Phase Reservoirs

Although cold water injection into two-phase reservoirs has
been suggested by several investigators for evaluating formation
properties (see e.g., Grant [1979b]), yet theoretical analyses of
pressure buildup/fall-off data are currently unavailable in the
published literature. In order to investigate the effects of cold
water injection into two-phase reservoirs, two cases will be
considered. The initial fluid state for these cases is given in
Table 3.1; the fluid injection rate (35 kg/s) and the injected fluid
temperature, are identical with those employed in the preceding
section.
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Table 3.1
INITIAL FLUID STATE FOR COLD WATER INJECTION INTO
TWO-PHASE RESERVOIRS

Case No. Pressure, MPa Temperature, C Steam Sat.
Cc.1 8.5917 MPa 300 0.28
C.2 8.5917 MPa 300 0.05

The pressure buildup (injection) data (Figures 3.4 and 3.5)
closely fit straight lines with identical slopes. The slope implies
a flowing kinematic viscosity of 2.02 «x 1077 m2/s which 1is 1in
good agreement with the kinematic viscosity of the cold injected
water (v ~ 1.96 «x 107 m2/s). Figures 3.6 and 3.7 show the
radial distribution of steam saturation and temperature at the end
of the injection period (t ~ 5.868 x 105 s). The condensation
front (especially in the Tow steam saturation case C.2) is seen to
have advanced further into the formation than the edge of the
thermal front. The latter effect is due to the fact that pressure
changes are experienced over a much larger portion of the reservoir

than tne one undergoing cooling as a result of cold fluid injection.

Horner plots of pressure fall-off data are given in Figures
3.8 and 3.9. Three regions can be identified on these plots:

(1) for large (t + at)/at (i.e., small shutin times),
pressure falls off relatively rapidly

(ii) for moderate wvalues of (t + at)/at, pressure is
essentially constant

(iii) for small values of (t + at)/at (i.e., large buildup
times), pressure again starts to fall rather rapidly.

The first region (i.e., (t + at)/at Tlarge) of the fall-off

curve is governed by the pressure response of the condensed fluid

region. Due to the large contrast in single-phase and two-phase

compressibilities, the two-phase region remains practically

unaffected during this time period (see e.g., steam saturation
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profiles in Figures 3.6 and 3.7). The condensed fluid region
behaves 1ike a reservoir with a constant pressure (= pressure at the
edge of the condensation front) boundary. These early pressure
fall-off data are replotted in Figures 3.10 and 3.11; these figures
clearly demonstrate that the early fall-off behavior in the present
cases resembles that of a reservoir with a constant pressure
boundary. The condensation front radius, res can, therefore, be
calculated from the formula (Earlougher [1977]):

k8t ) 0.5

Te = (IT§§“¢ u Cr (3-2)

where

k = formation permeability

Ats = time to startup of semi-steady reservoir behavior
(time at which pressure curve bends over)

u = viscosity of injected 1iquid water

CT = Total formation compressibility in the condensed

region.

The condensation front radii inferred from Equation (3.2) and data
of Figures 3.10 and 3.11 are compared with the actual values in
Table 3.2.

Table 3.2
CONDENSATION FRONT RADII
(w=1.8 x 107 Pa=s; C; = 0.075 x 1070 pa™})
Case No. 533 re (inferred) re(actual)
.1 72 s 14.6 m (15.5 + 1.5) m
C.2 753 s 47.2m (57.1 +5.2) m

Although the inferred values for re are in reasonable agreement
with the actual values, a note of caution is in order here. In
practical situations, the early fall-off data (such as that utilized
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in the above calculation for re) are liable to be dominated by
wellbore storage, and it may well be impossible to identify the time
at which the well starts exhibiting "semi-steady" response.

An examination of the numerical results shows that at the end
of the first part of the fall-off curve, the pressure gradient in
the single-phase (condensed) region is essentially zero whereas the
pressure at the edge of the condensation front remains at its value
at at = 0 (start of shutin period). Also, the edge of the
condensation front is stationary throughout this initial period
(Figures 3.6 and 3.7 - See steam saturation profiles for t = 5.868 x
10° s to (t + at)/at - (2610 in Figure 3.6, and 653 in Figure
3.7)).

During the middle fall-off period, the condensation front
starts moving towards the wellbore. This part of the well response
is characterized by an essentially constant pressure. At the end of
this period, the condensation front becomes coincident with the edge
of the thermal front (see e.g., steam saturation curve labeled (t +
at)/at ~ 3.43 in Figure 3.7). The condensation front once again
becomes stationary at this point.

For large fall-off times (i.e., for the third fall-off
period), the well response is governed by the two-phase region. As
can be seen from Figures 3.8 and 3.9, the pressure fall-off data do
not, however, asymptote to a straight line. It is convenient to
plot the fall-off data in a somewhat different manner. Figures 3.12
and 3.13 are plots of log ap (ap = [pw(At) - Pel where Pe is
the last flowing pressure) versus log at. Referring to Figure 3.13,
it may be seen that the two-phase fall-off data lie on the unit
slope line. A unit slope line can also be identified on Figure
3.12. It is well known that the presence of a unit slope line
indicates that the well response is controlled by storage effects;
this part of the fall-off data is useless for analysis purposes in
the absence of data regarding the location of the condensation front
(~ effective wellbore radius for two-phase fall-off regime). For
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single-phase flow, a rough rule of thumb is that the semi-log
straight line starts at a time which is one and one-half log cycles
removed from the time at which the pressure data begins to deviate
from the unit slope straight line. Utilizing the latter criterion,
it is seen from Figure 3.12 that only the last point or two may be
expected to lie on the semi-log line. In view of the nonlinear
nature of two-phase flow in porous media, especially prior to the
start of semi-log straight line, it would very likely be futile to
try to analyze the two-phase fall-off data of Figure 3.12 to derive
kinematic mobility.
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Union Geothermal Company of New Mexico

4100 Southern Bivd. SE

P. O. Box 15225

Rio Rancho, New Mexico 87174

Telephone (505) 897-1776 ROE9-089

uni@n

October 15, 1979

Mr. Carl Ulvog

New Mexico Energy Resources Board
O0il Conservation Commission

P.O. Box 2088

Santa Fe, New Mexico 87501

Dear Mr. Ulvog:
Enclosed are location data, lithologic summaries, and geophysical
logs for our wells in the Redondo Creek area of the Valles Caldera.
These data may be made available upon request to interested parties
as per Union's agreement with the U. S. Department of Energy. Data
for two wells outside Redondo Creek, Baca 7 and Baca 8, are also
included.

Very truly yours,

R. 0. Engebretsen
Area Manager

RD:dp

Enclosure

[pe



Operator:
Lease:
Well No.:

Location:

Union Geothermal Company of New Mexico

Baca

Baca 4

1,778,980'N 404,915'E NM State Plane Co-ordiantes

Lithologic Units

Elevation: 9318'

County: Sandoval

Total Depth of Well: 6376
Formation Age
Caldera Fill Quaternary
Bandelier Tuff Quaternary
Paliza Canyon Tertiary

Interval - Feet

Measured Depth

0-200
200-5980

5980-6376

Elevation Abcve
__Sea Level

9318-9135
9135-3355

3355-2959



Operator: Union Geothermal Company of New Mexico

Lease: Baca

Well No.: Baca 5A

Location: 1,774,670'N 403,285'E NM State Plane Co-ordinates
Elevation: 9320°

County: Sandoval

Total Depth of Well: 6973"

Lithologic Units

Formation Age Interval - Feet
Elevation Above
Measured Depth Sea Level
Caldera Fill Quaternary 0~-450 9320-8870
Bandelier Tuff Quaternary 450-6610 8870-2710

Paliza Canyon Tertiary 6610~6973 2710-2347



Operator: Union Geothermal Company of New Mexico

Lease: Baca

Well No.: Baca 6

Location: 1,778,490'N 401,580'E NM State Plane Co-ordinates

Elevation: 8726

County: Sandoval

Total Depth of Well: 4810"

Lithologic Units

Formation Age

Caldera Fill Quaternary
Bandelier Tuff Quaternary

Paliza Canyon Quaternary

Interval - Feet

Measured Depth

Elevation Above
Sea Level

0-500

500-4750

4750-4810

8726-8226

8226-3976

3976-3916



Operator:

Lease: Baca
Well No.: Baca 7
Location:

Elevation: 8724"
County: Sandoval

Total Depth of Well: 5532

Union Geothermal Company of New Mexico

Lithologic Units

Formation Age

Valles Rhyolite Quaternary
Caldera Fill Quaternary
Bandelier Tuff Quaternary
Sediments-Undivided Tertiary
Red Beds Permian
Limestone,

Sandstone Pennsylvanian
Granite Pre-Cambrian

Projected: NEl1/4, SE1/4, NW1l/4 Sec 26; T20N; R 3E NMPM

Interval - Feet

Measured Depth

Elevation Above

Sea Level

0-1400
1400-2300
2300-3300
3300-3960

3960-4840

4840-5460

5460-5532

8724-7324
7324-6424
6424-5424
5424-4764

4764-3884

3884-3264

3264-3192



Operator:

Union Geothermal Company of New Mexico

Lease: Baca

Well No.: Baca No. 8

Location: Projected NE %, SE %, SW % Sec 35; T20N; R3E NMPM
Elevation: 8631’

County: Sandoval

Total Depth of Well: 4384"

Formation

Caldera Fill
Bandelier Tuff
Sediments-Undivided

Red Beds

Lithologic Units

Age
Quaternary
Quaternary

Tertiary

Permian

Interval - Feet
Elevation Above

Measured Depth Sea Level
0-580 8631-8070
580-3100 8070-5550
3100-4000 5550-~4650

4000-4384 4650-4226



Operator: Union Geothermal Company of New Mexico

Lease: Baca

Well No.: Baca 9

Location: Approximately 1,776 ,400'N 400,270'E NM State Plane Co-oriinates
Elevation: 8605

County: Sandoval

Total Depth of Well: 5303

Lithologic Units

Formation Age Interval - Feet
Elevation Above
Measured Depth Sea Level
Caldera Fill Quaternary 0-80 8605-8525

Bandelier Tuff Quaternary 80-5303 8525-3302



Operator: Union Geothermal Company of New Mexico
Lease: Baca
Well No.: Baca 10

Location: 1,777,860'N 400,715'E NM State Plane Co-ordinates
Elevation: 8735'
County: Sandoval

Total Depth of Well: 6001'

Lithologic Units

Interval - Feet
Elevation Above
Sea Level

Formation Age

Measured Depth

Caldera Fill Quaternary 0-520 8735-8235
Bandelier Tuff Quaternary 520-5220 8235-3555
Paliza Canyon Tertiary 5220-5390 3555-2848
Sediments-Undivided Tertiary 5390-6001 2848-2777
Geophysical Logs
Type Interval (ft. KB) Date
Temperature 50~2421 9-14-79
Gamma Ray 2445-surface 9-12-79



Operator: Union Geothermal Company of New Mexico

Lease: Baca
Well No.: Baca 11
Location: 1,781,120'N 403,450'E NM State Plane Co-ordinates

Elevation: 9065
County: Sandoval

Total Depth of Well: 6924’

Lithologic Units

Formation Age Interval - Feet
Elevation Above
Measured Depth Sea Level
Caldera Fill Quaternary 0-320 9605-8765
Bandelier Tuff Quaternary 320-5300 8765-3811
Paliza Canyon Tertiary 5300-6560 3811-2585

Sediments-Undivided Tertiary 6560-6924 2585-2239



Operator:

Union Geothermal Company of New Mexico

Lease: Baca
Well No.: Baca 12
Location: 1,773,160'N 399,360'E
Elevation: 8430'
County: Sandoval
9212'

Total Depth of Well:

Formation

Caldera Fill
Bandelier Tuff
Paliza Canyon
Abiquiu Tuff

Red Beds

Type

Temperature

Lithologic Units

NM State Plane Co=-ordinates

Age Interval - Feet

Measured Depth

Elevation Above
Sea Level

Quaternary 0-160

Quaternary 160-6460
Tertiary 6460-7380
Tertiary 7380-7575
Permian 7575-9210

Geophysical Logs

Interval (ft. KB)

1453-3495

8430~-8290
8290-1998
1998-1080
1080-886

886~ (-)750

Date

7-7-74



Operator: Union Geothermal Company of New Mexico

Lease: Baca

Well No.: Baca 13

Location: 1,781,685'N 405,725'E NM State Plane Co-ordinates
Elevation: 9292'

County: Sandoval

Total Depth of Well: 8228"'

Lithologic Units

Formation Age Interval - Feet
Elevation Above
Measured Depth Sea Level
Caldera Fill Quaternary 0-560 9292-8752
Bandelier Tuff Quaternary 560-5712 8752-3686
Paliza Canyon Tertiary 5712-8090 3686-1340
Red Beds Permian 8090-~8228 1340-1204

Geophysical Logs

Type Interval (ft. KB) Date
Induction 3485-1470 9-18-~-74
Induction 6813-3494 10-28-74
Temperature 1150-3499 9-18~74
Temperature 2640-8228 10-27~-74
Sonic 7240-3494 10-28~-74

Neutron/Density 6809-3494 10-28-74



Operator:
Lease:

Well No.:
Location:
Elevation:

County:

Total Depth of Well:

Formation

Union Geothermal Company of New Mexico

Baca
Baca 14
1,776 ,450'N 400,320'E NM State Plane Co-ordinates
8605
Sandoval
6824"

Lithologic Units

Age Interval - Feet
Elevation Above
Sea Level

Measured Depth

Caldera Fill Quaternary 0-280 8605-8345

Bandelier Tuff Quaternary 280-5800 8345-3060

Paliza Canyon Tertiary 5800-6140 3060-2736

Undivided-Sediments Tertiary 6140-6700 2736-2204

Red Beds Permian 6700-6824 2204-2085

Geophysical Logs
Type Interval (ft. KB) Date

Temperature 470-5300 10-7-75
Neutron/Density 5830-3068 2-10-75



Operator: Union Geothermal Company of New Mexico

Lease: Baca
Well No.: Baca 15
Location: 1,780,590'N 402,160'E

Elevation: 9117'

County: Sandoval

Total Depth of Well: 5505

NM State Plane Co-ordinates

Lithologic Units

Formation Age
Caldera Fill Quaternary
Bandelier Tuff Quaternary

Paliza Canyon Tertiary

Interval - TFeet

Measured Depth

Elevation Above
Sea Level

0-140
140-5300

5300-5505

9117-8997
8997~-4003

4003-3833



Operator: Union Geothermal Company of New Mexico

Lease: Baca

Well No.: Baca 16

Location: 1,784,290'N 405,630'E NM Plane Co-ordinates
Elevation: 9622'

County: Sandoval

Total Depth of Well: 7002’

Lithologic Units

Formation Age Interval - Feet
Elevation Above
Measured Depth Sea Level
Caldera Fill Quaternary 0-380 9622-9242
Redondo Creek Quaternary 380-880 9242-8742
Rhyolite

Bandelier Tuff Quaternary 880-5560 8742-4155
Paliza Canyon Tertiary 5560-6880 4155-2931

Undivided-Sediments Tertiary : 6880-7002 2931-2820



Union Geothermal Company of New Mexico

Operator:

Lease: Baca

Well No.: Baca 17

Location: 1,782,690'N 402,980'E
Elevation: 9361'

County: Sandoval

Total Depth of Well:

Redrill:

Original Hole:
6254"

NM State Plane Co-ordinates

5791'

Lithologic Units

Formation Age

Original Hole:

Redondo Creek Quaternary
Rhyolite

Caldera Fill Quaternary

Bandelier Tuff Quaternary

Paliza Canyon Tertiary

Redrill:

Bandelier Tuff Quaternary

Paliza Canyon Tertiary

Type

Induction
Induction
Induction
Induction (Redrill)
Temperature
Temperature
Borehole Geometry
Caliper

Interval - Feet

Measured Depth

Elevation Above
Sea Level

0-400

400-980
980-5500
5500-5791

3175-5520
5520-6254

Geophysical Logs

Interval

(ft. KB)

1168-238
2763-1171
5801-3000
6270-3000
250-2755
100-4615
2755-1181
3500-3000

9361-8982

8982-8402
8402-3931

3931-3647

6211-3949
3949-3266

Date

8-31-78
9-22-78
10-12-78
11-10-78
9-22-78
10-12-78
9-22-78
10-12-78



