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ABSTRACT

Production and injection data from nine slim holes and sixteen large-diameter wells at the
Takigami Geothermal Field, Kyushu, Japan were analyzed in order to establish
relationships (1) between injectivity and productivity indices, (2) between
productivity/injectivity index and borehole diameter, and (3) between discharge capacity
of slim holes and large-diameter wells. Results are compared with those from the Oguni
and Sumikawa fields. A numerical simulator (WELBOR) was used to model the available
discharge data from Takigami boreholes. The results of numerical modeling indicate that
the flow rate of large-diameter geothermal production wells with liquid feedzones can be
predicted using data from slim holes. These results also indicate the importance of proper
well design.
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Section1

Introduction

Since a major impediment to the exploration
for and assessment of new geothermal areas
worldwide is the high cost of conventional rotary
drilling, it would be desirable to be able to utilize
low-cost small-diameter (diameter < 15 cm) slim
holes for definitive reservoir assessment. As a part
of its geothermal research program, the U.S.
Department of Energy (DOE) through Sandia
National Laboratories (Sandia) initiated a research
effort to demonstrate that slim holes can be used (1)
to provide reliable geothermal reservoir parameter
estimates and (2) to predict the behavior of large-
diameter geothermal wells (Combsand Dunn, 1992).
To date, the DOE/Sandia slim-hole technology
program has consisted of two primary elements, i.e.,
(1) examination and analysis of slim hole and large-
diameter well data from Japanese geothermal fields
and (2) drilling of slim holes in several geothermal
fields in the western United States to compare with
offset large-diameter production wells.

Studies of production and injection data from
slim holes and large-diameter wells from two
Japanese geothermal fields (i.e., Oguni and
Sumikawa) have previously been carried out by
Garg, et al. (1994a, 1994b, 1995a) and by Garg and
Combs (1994, 1995). As of mid-1995, DOE/Sandia
had funded the drilling of three slim holes in three
different geothermal fields in the western United
States. The first of the latter series of slim holes was
drilled as an offset borehole to an existing large-
diameter well at the Steamboat Hills Geothermal
Field, Nevada (Finger ¢t al., 1994; Combs and
Goranson, 1995). Production and injection data from
the Oguni, Sumikawa, and Steamboat Hills
geothermal fields have recently been summarized
by Garg and coworkers (1995b). While the
aforementioned studies have provided valuable
insights into the production/injection characteristics
of slim holes and large-diameter wells, additional
data are needed to establish a statistically valid

relationship between the injectivity / productivity of
slim holes and of large-diameter wells.

During the past year, S-Cubed—under a
contract with Sandia National Laboratories—
approached Idemitsu Geothermal Company Ltd.
(Idemitsu) for release of their proprietary data for
use in DOE /Sandia’s slim-hole technology program.
As a result of these negotiations, Idemitsu kindly
agreed to let S-Cubed use pertinent data from the
Takigami Geothermal Field. Like the Oguni
Geothermal Field, the Takigami Geothermal Field
is located within the Hohi geothermal region,
Kyushu, Japan. Since 1979, Idemitsu has carried out
an extensive exploration and reservoir assessment
program in the area. As of early 1995, Idemitsu had
drilled more than thirty-five boreholes (including
redrills and side-tracks); the deepestboreholein the
Takigami field (large-diameter well TT-1) has a total
depth of about 3000 meters. The reservoir fluid in
the Takigami field is single-phase liquid; discharge
from both the slim holes and large-diameter wells
does not lead to in situ boiling. With the availability
of data from the Takigami Geothermal Field, it is
now possible to draw firm conclusions regarding
the relationship between the discharge/injection
characteristics of slim holes and of large-diameter
wells with liquid feedzones. '

In the present report, we examine data from
nine slim holes and sixteen large-diameter wells at
the Takigami Geothermal Field. A brief overview of
the Takigami Geothermal Field is presented in
Section 2. The drilling information and downhole
pressure and temperature surveys are analyzed in
Section 3 to determine feedzone locations, pressures
and temperatures. The feedzone pressures (and
temperatures) for individual boreholes are then
synthesized (Section 3) to determine the fluid state
in the reservoir. Estimates of injectivity and
productivity indices are presented in Section 4.

A Study of Production/Injection Data from Slim Holes and Large-Diameter Wells 1-1
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Relationship between the productivity and
- injectivity indices of slim holes and of large-diameter
wells is also explored in Section 4. Characteristic
discharge data and variation of maximum discharge
rate with borehole diameter are discussed in

Section 5. Finally, in Section 6, the conclusions and
recommendations for geothermal reservoir
evaluation using discharge and injection data from
slim holes are presented.




Section 2

An Overview of Takigami Geothermal Fiéld

2.1 Introduction

The Takigami Geothermal field is located in
northeastern Hohi geothermal region, Oita
Prefecture, Kyushu, Japan. The Otake and
Hatchobaru geothermal power stations are situated
about 15 km to the southeast of the Takigami area
(see Figure 2.1). The Hohi geothermal region also
includes the Oguni and Sugawara Geothermal
Fields. Although the Hohi region contains numerous
hot springs, fumaroles and hydrothermal alteration
halos, no surface geothermal manifestations are
present in the Takigami area. Since 1979, Idemitsu

Geothermal Company has carried out extensive
geological, geochemical, and geophysical surveys,
as well as a comprehensive well drilling program
in the area. Because of the lack of surface
manifestations, the boreholes were sited on the basis
of magnetotelluric, remote sensing, and other
geophysical surveys (Takenaka and Furuya, 1991).
As of early 1995, Idemitsu had drilled more than
thirty-five boreholes (including redrills and side-
tracks) in the area. Idemitsu and Kyushu Electric
Power Company (KEPCO) plan to commission a
25 MWe power plant at Takigami some time in 1996.

Otake

£ o

Aso’Caldera

A Mt. Aso

O Kumamoto

Mt. Tsurumi
Mt. Yufua 4 O

]
Hatchobaru @ 4 Mt. Kuju

Oita
Takigami Area

ol

0 10 20 30

kilometers

Figure 2.1.

Map of the Hohi region, northeast Kyushu, Japan, showing the location of the Takigami

Geothermal Field (adapted from Takenaka and Furyua (1991)).
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An Overview of Takigami Geothermal Field

2.2 Geological Setting and Subsurface
Stratigraphic Sequence

The Takigami borefield is shown in Figure 2.2;
the area depicted is about 24 km?. The terrain is
highest in the southwest, and drops off to the north
and to the east. Idemitsu has used numerous drilling
logs to delineate the geological sequence which
underlies the Takigami area. In order of increasing
depth, these formations are (Furuya, 1988):

Noinedake volcanics: Late Pleistocene (0.4-0.7 Ma)
volcanics from Mt. Noine (mainly andesite).

Kusu formation: Late Pleistocene volcanics.

Ajibaru formation: Late Pleistocene (0.7 Ma)
volcanics (mainly andesite).

Takigami formation: Early Pleistocene volcanic
rocks. Takigami formation is subdivided into upper
(dacites), middle (andesites) and lower (dacites)
parts.

Usa group: Tertiary rocks comprised of altered
andesite lava flows and pyroclastics.

The Usa group is the deepest so far reached
by drilling; the deepest borehole at Takigami (TT-1)
bottomed in this formation at <2293 m ASL. The pre-
Tertiary granitic basement has yet to be encountered
at Takigami.

Borehole-to-borehole stratigraphic correlations
indicate that a NW-SE striking fault (Noine fault,
see Figure 2.2) bisects the Takigami Geothermal
Field into a western and an eastern part. The dip on
the Noine fault is to the west; the Usa group drops
almost 1000 meters to the west of the Noine fault
(Figure 2.3). The Takigami formation overlying the
Usa group is quite thick on the western side; it is
rather thin on the eastern side of the Noine fault.
The absence of large offsets in the Ajibaru formation
implies that the faulting took place prior to the
deposition of the Ajibaru formation (0.7 Ma). A study
of surface lineaments indicates the existence of
several E-W striking faults (Takenaka and Furuya,

1991); these faults are, however, accompanied by
small displacements.

2.3. Hydrothermal Alteration and
Feedzone Locations

Drill core and cuttings have been studied by
x-ray diffraction to identify hydrothermal alteration
minerals in the Takigami area. The hydrothermal
alteration zones are classified by Yamamoto (1988)
as either acidic (pyrophyllite, dickite, alunite,
kaolinite) or as intermediate (montmorillonite,
mixed layer, and sericite-chlorite). The low-
permeability acidic alteration zone is located in the
western part of the Takigami formation and along
the Noine fault zone (Figure 2.4). The acidic
alteration zone and intermediate alteration zone
overlap each other. The montmorillonite zone is
located about 300—700 meters below the surface and
has a thickness of 220-790 meters (Yamamoto, 1988).
The Noinedake volcanics and other Quaternary
rocks overlying the montmorillonite zone show little
or no hydrothermal alteration; these rocks are quite
permeable. The upper surface of the sericite-chlorite
zone is located within the lower Takigami and the
Usa formations. The montmorillonite zone is more
or less impermeable and acts as a cap rock for the
geothermal system. By way of contrast, the low
content of expandable and plastic montmorillonite
in the sericite-chlorite zone contributes to the higher
permeability of this layer (Yamamoto, 1988).

A detailed analysis of downhole data
(Section 3) has been carried out by the authors; the
feedzones for most Takigami boreholes are located
within the lower Takigami formation and the Usa
groups (see Table 2.1). Production wells TT-2, TT-7,
an TT-8S3 produce from fractures in the Usa
formation; the remaining production wells TT-14R,
TT-16S and TT-13S derive hot fluid from the lower
Takigami formation. The good correlation between
the sericite-chlorite zone and feedzones for Takigami
boreholes emphasizes the importance of geological
studies in formulating conceptual models of
geothermal systems.

Continued on page 2-6

2-2
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Figure 2.2. A topographic map of Takigami borefield. The origin of the local co-ordinate system is located
at 33°11° latitude and 131°16" longitude. The northwest-southeast trending Noine fault (dashed
line) bisects the Takigami field into a western and an eastern part.
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An Overview of Takigami Geothermal Field

Table 2.1. Correlation of feedzones for Takigami boreholes with formations.

NE-2R 746.0 1800. Undefined
NE-3(i) 694.0 1680. Lower Takigami
NE-3 694.0 2275. Lower Takigami
NE+4 707.0 2230. Usa Group
NE-5(i1) 874.0 1080. Upper Takigami
NE-5(i2) 874.0 1180. Usa Group
NE-5 874.0 1660. .| Usa Group
NE-6(i1) 897.0 700. Usa Group
NE-6(i2) 897.0 740. Usa Group
NE-6 897.0 1630. Usa Group
NE-9 914.0 1115. Lower Takigami
NE-10 832.0 1650. Lower Takigami
NE-11 825.5 1340. Middle Takigami
NE-11R 825.5 1850. Usa Group

TP-1 824.5 1820. Lower Takigami
TT-1 708.5 2970. Usa Group
TT-2 708.5 : 1580. Usa Group
TT-3 - 708.5 1880. Undefined

TT-7 872.5 1070. Usa Group
TT-8() 764.0 840. Upper Takigami
TT-851(j) 764.0 1050. Usa Group
TT-853 764.0 1870. Usa Group
TT-10 700.0 1275. Lower Takigami
TT-135 824.5 2100. Lower Takigami
TT-14R 824.5 1730. Lower Takigami
TT-16 756.5 2300. Usa Group
TT-16S 756.5 1740. Lower Takigami
TT-18 664.0 1300. Undefined
TT-19 667.5 1350. Middle Takigami
TT-23 667.5- 1420. Lower Takigami

A Study of Production/Injection Data from Slim Holes and Large-Diameter Wells
at the Takigami Geothermal Field, Kyushu, Japan




An Overview of Takigami Geothermal Field

2.4 Fluid State

At Takigami, subsurface temperatures are
highest in the south and southwest, and decline to
the north and to the east. The highest temperature
(250°C) so far measured at Takigami is in borehole
NE-10 at -1330 m ASL in the southern part of the
field. Temperatures in excess of 240°C have been
recorded in southern boreholes NE-4, TT-13S, TT-
14R and TT-16S. In Section 3, the authors have
performed a detailed examination of feedpoint

. pressures for Takigami boreholes. The stable shutin
pressures are closely fit by the following empirical
correlation (Section 3.2):

P =51.144 -0.08651 (Z + 25.52 X)).

Here P is the feedzone pressure in bars, Z is the feed-
zone elevation in meters above sea level (m ASL),
and X, is the distance to the east in kilometers from
the origin (33°11’ latitude, and 131°16’ longitude).

The vertical pressure gradient in the Takagami
Geothermal Field is 8.651 kPa/m and corresponds
to a hydrostatic gradient at about 185°C. This implies
fluid upflow in regions of the subsurface where
tempreatures exceed 185°C. The pressure correlation
indicates a regional pressure gradient (and hence
fluid outflow) to the east. The Takigami
temperatures and pressures are such that the
reservoir fluid is single-phase liquid in the natural
state. Furthermore, production from all the existing

Takigami boreholes is not accompanied by in situ
boiling.

The reservoir fluids are of the Na-Cl type with
a near neutral pH. The fluid salinity is quite low,
and varies from about 600 ppm Cl in the western
part to about 300 ppm Cl in the eastern part of the
reservoir (Takenaka and Furuya, 1991). The non-
condensable gas contents of fluid discharged from
Takigami boreholes is less than 0.3 mmol/mol -
(Takenaka and Furuya, 1991); CO, constitutes the
bulk (68% to 85% by volume) of non-condensable
gases.

2.5 Reservoir Permeability

As discussed earlier in Section 2.3, most of the
feedzones for Takigami boreholes are located in the
lower Takigami formation and Usa group.
Permeability in the Takigami Geothermal Field, like
other volcanic geothermal areas, is due primarily to
the pervasive network of fractures. Idemitsu has
performed several long-term pressure interference
tests; data from these tests have been analyzed by
Shimada (1988), by Gotoh (1990), and by Itoi et al.
(1990). The transmissivity (i.e., permeability-
thickness product) for the southwestern part of the
field (i.e., production area) is estimated to be ~50
darcy-meters (Shamada, 1988). Analyses of pressure
interference data also indicate (Gotoh, 1990) that the
transmissivity in the northern sector of the field
(injection area) is much higher (200 to 300 darcy-
meters).
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As of early-1995, Idemitsu had drilled eleven
(including two redrills) slim holes (diameter < 15
cm) and twenty-seven (including one redrill and
seven side tracks) large-diameter (> 15 cm) wells.
No useful injection and/or production data have
been made available to the authors for two slim
holes (NE-1, NE-2) and eleven large-diameter welis
(TT-4, TT-4S, TT-8S2, TT-11, TT-13, TT-14, TT-15,
TT-17, TT-17S, TT-20, TT-22). In this section, we will
analyze available drilling (circulation loss, well
completion and geologic data) and downhole PT
(i.e., pressure, temperature and water level) surveys
to obtain feedzone depths, pressures and
temperatures for the twenty-five (9 slim holes, 16
large-diameter wells) boreholes listed in Table 3.1.
The essential well completion and drilling data
required in the interpretations, are presented in
Appendix A.

At the Takigami Geothermal Field, most of the
downhole pressure measurements are made with
Kuster tools. Since these Kuster gauges are not
usually recalibrated in the field, it is highly desirable
to have repeat measurements with different tools.
The importance of ensuring the accuracy and
reliability of measuring tools cannot be over
emphasized. It appears that many of the pressure
measurements made with Kuster tool KPG-24021
are incorrect. The water level and temperature data
can be used to calculate the downhole pressure
distribution in the borehole; this pressure
distribution can in turn be used to verify the
accuracy of downhole pressure measurements.

All except four of the Takigami boreholes were
directionally drilled. Because of borehole deviation,
the measured depths along the borehole (MD) must
be corrected for borehole deviation to derive true
vertical depths (TVD) from the surface. Depths will
also be sometimes given in terms of elevations
(meters) above sea level; thus —-800 ASL denotes an
elevation of 800 meters below sea level. Casing, liner

and borehole dimensions are generally given in mm
for slim holes (borehole diameter < 15 cm) and in
inches for large-diameter (borehole diameter >
15 cm) wells. ‘

3.1 Feedzone Locations, Pressures, and
Temperatures :

Slim Hole NE-2R

Slim hole NE-2R was drilled with total
circulation loss below a depth of ~1605m TVD. The
section of the borehole open to formation extends
from ~1686 m TVD to 2010 m TVD. Selected
temperature surveys for NE-2R are displayed in
Figure 3.1. The temperature survey of January 21,
1983, recorded about a month after a discharge test,
shows a temperature inversion; the maximum
temperature (~194°C) occurs at about 1600 m TVD.
Alater temperature survey (see temperature survey
of November 8, 1985) indicates that the temperature
at 1600 m TVD is ~198°C. The temperature survey
of September 21, 1984, taken several months after
an injection test, implies that the injected water was
lost below a depth of ~1685 m TVD (i.e. in the open
part of the borehole). During a discharge test
performed in November and December 1982, the
measured wellhead enthalpy was about 753 k] / kg;
this corresponds to a liquid temperature of 178°C.
Since a temperature of 180°C was recorded at
~1800 m TVD on January 21, 1983, it is reasonable
to assume that the major feedpoint for NE-2R is
located at ~1800 m TVD (-1054 m ASL).

A pressure survey recorded in slim hole NE-2R
on March 9, 1985 is displayed in Figure 3.2; the
pressure (extrapolated) at 1800 m TVD (-1054 m
ASL) is about 128 bars. The latter pressure value is

-not considered to be reliable in that the measured

pressure gradient in the hole implies the presence
Continued on page 3-5
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Table 3.1. Takigami boreholes with production or injection data.

NE-10 2174 2164 79 I
NE-11 1448 1382 100 Pl
NE-11R 2000 1889 100 Pl
TP-1 2151 2031 216 I
TT-1 3003 3001 216 Pl
TT-2 1668 1609 216 PI
TT-3 2811 2736 216 I
TT-7 1115 1109 216 Pl
TT-8 1105 1105 311 Pl
TT-8S1 2203 1963 311%, 216 PI
TT-8S3 1950 1876 216 PI
TT-10 1285 1285 159 I
TT-135 2707 2582 216 PI
TT-14R 2114 1961 216 Pl
TT-16 2537 2461 311 I
TT-165 2157 1850 216 PI
TT-18 1500 1372 159 I
TT-19 1429 1377 311 I
TT-23 1740 1632 216 .

*Test at Intermediate Depth

3.2
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Figure 3.1. Temperature surveys in slim hole NE-2R.
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of a much hotter liquid (average temperature greater
than 260°C) than that actually present (temperature
~190°C) in the borehole at the time of the pressure
survey.

Slim Hole NE-3

Slim hole NE-3 was discharged in October 1982
after the borehole had been drilled to a depth of
1688.8 m TVD (open hole: 1675 m TVD to 1688.8 m
TVD ?; open hole diameter: 101 mm). During the
latter discharge test, the borehole discharged a
mixture of liquid water and steam with an enthalpy
equal to that of liquid water at a temperature of
~192°C. A temperature survey run in the well after
the discharge test on October 17, 1982 (Figure 3.3)
indicated a temperature of 192°C at 1680 m TVD.

The completed hole (total depth: 2303 m TVD,
open hole below 1675 m TVD) was first discharged
in January and February 1983. The enthalpy of the
discharged fluid during the January/February 1983
test was essentially the same as that for the October
1982 test. Temperature surveys of September 25,
1984 and March 12, 1985, taken after an injection
test, show a persistent cold zone below a depth of
~2000 m TVD; this implies that the principal
feedzone for NE-3 is located below 2000 m TVD. A
temperature survey taken during a discharge test
in May 1983 (Figure 3.3) shows an essentially
isothermal profile above the measurement depth
(~2275 m TVD). The latter temperature survey
suggests that NE-3 discharges liquid water
(temperature ~197°C) from a feedzone at ~2275 m
TVD (-1581 m ASL).

Selected pressure surveys recorded in NE-3 are
displayed in Figure 3.4. The static pressure at 2275
m TVD (~1581 m ASL) is ~186.5 bars. The latter
pressure value is identical with that (186.5 bars)
computed from water level and temperature survey
taken on December 18, 1982 (Figure 3.5).

Slim Hole NE4

Temperature profiles recorded on January 18,
1986 and January 27, 1986 (Figure 3.6) during a

discharge test show an essentially isothermal profile
extending from 2230 m TVD to about 1000 m TVD.
A total circulation loss was encountered at ~2228 m
TVD (2390.6 m MD). Thus, it is likely that the
principal feedzone for NE-4 is located at about 2230
m TVD. The discharge témperature surveys indicate
that the feedzone temperature is 242(+5)°C. A shutin
temperature survey taken on April 11, 1986 (shutin
time 65 days) gave a temperature of ~244°C at
2230 m TVD.

A pressure survey taken on January 27, 1987
(Figure 3.7) indicates a pressure of 186.5 bars at 2230
m TVD (-1523 m ASL). The latter pressure value is
not too different from that (184.5 bars) computed
from water level and temperature survey taken on
April 11, 1986 (Figure 3.8).

Slim Hole NE-5

Slim hole NE-5 was discharged on February
15-16, 1985 and on March 15-17, 1985 after the
borehole had been drilled to 1109 m MD (open hole
below 997 m MD) and 1427.6 m MD (open hole
below 997 m MD), respectively. Temperature
surveys in the partially-drilled hole are displayed
in Figure 3.9. During the February 1985 test, the
borehole produced liquid water (temperature =
209°C) from a feedzone at or below 1080 m TVD.
The principal feedzone during the March 1985 test
was apparently located at ~1180 m TVD; the
feedzone temperature is about 205°C. A temperature
survey taken during an injection test on March 18,
1985 shows that all of the injected fluid enters the
formation above 1420 m TVD. Pressure surveys in
the partially-drilled hole are shown in Figure 3.10.
Apparently, no static pressure surveys were taken
either prior to or after the February 1985 discharge
test. A comparison of pressure surveys taken on
March 16,1985 (during discharge) and March 19,
1985) indicates a very small (~0.2 bars) pressure drop
at 1180 m TVD due to well discharge. The static
pressure at 1180 m TVD (-306 m ASL) is about
74 bars.

Attempts to discharge the completed hole
(total depth: 2003.1 m MD, uncemented liner/open
hole below 1428.3 m MD) were unsuccessful.

Continued on page 3-14
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Temperature surveys in the completed hole
(Figure 3.11) show a distinct temperature inversion.
The maximum temperature (~214°C) occurs at about
1100 m TVD; the bottomhole temperature is a little
more than 185°C. Temperature survey of May 19,
1985, taken shortly after an injection test, shows an
isothermal zone from ~1530 m TVD to ~1850 m
TVD; this isothermal zone (depth interval: 1480 m
TVD to 1850 m TVD) is also present in the
temperature survey of June 8, 1985. An isothermal
zone indicates permeability at both its end points.
Since NE-5 was drilled with total loss of circulation
below a depth of 1077 m TVD, mud loss data are
not useful for locating the principal feedzone. In the
absence of any other data, it will be assumed that
the principal feedzone for NE-5 is located at about
- 1660 (£190) m TVD. Static pressure surveys in the
completed hole are shown in Figure 3.12; the
pressure at 1660 m TVD (-786 m ASL) is about 114
bars. The latter pressure value is close to that (116
bars) computed from water level and temperature
data taken on June 8, 1985 (Figure 3.13).

Slim Hole NE-6

e tests on NE-6 were performed on
February 14-15, 1985 and on March 14-17, 1985 after
the borehole had been drilled to 763.5 m TVD (open
hole below 685 m TVD) and 1403 m TVD (open hole
below 685 m TVD), respectively. A temperature
survey taken during the February 1985 discharge
test (Figure 3.14) shows an isothermal zone above
~700 m TVD; this implies the discharge of liquid
water (temperature ~192°C) from a feedzone at
about 700 m TVD. The latter feedzone location most
likely corresponds to the complete circulation loss
horizon at 704 m TVD. The temperature survey of
March 14, 1985—taken during the March 1985
discharge test—shows two isothermal zones (950 m
TVD-760 m TVD, above 740 m TVD); this indicates
the presence of feedzones at 950 m TVD (tem-
perature ~161°C) and ~740 m TVD. A comparison
of the temperature profile taken during the March
1985 test with that recorded on February 14, 1985
suggests that the feedzone at 740 m TVD provided
the bulk of liquid during the March 1985 test. A

temperature survey recorded on March 17, 1985
during an injection test indicates that all of the
injected fluid is lost at or above 950-1100 m TVD.

Available pressure surveys for NE-6 are shown
in Figure 3.15. Apparently, no static pressure surveys
were taken either prior to or after the February 1985
test. A comparison of pressure surveys taken on
March 15 (during discharge), and March 17, 1985
(shutin and injection) indicates a rather small change
in pressure at 740 m TVD due to discharge or
injection. The static pressure at 740 m TVD (157 m
ASL) is ~34 bars.

Attempts to discharge the completed hole
(total depth: 1881.7 meters, 2'/2-inch uncemented
liner in NQ hole below 1400 meters) were
unsuccessful. The temperature survey of April 24,
1985 was taken shortly after the termination of
bailing operations; this temperature survey shows
an isothermal zone from ~1390 m TVD to ~1870 m
TVD. In the absence of other data, it will be assumed
that the principal feedzone for NE-6 is at ~1630
(£240) m TVD. The feedzone temperature is ~186°C.
The pressure at 1630 m TVD (-733 m ASL) , as
estimated from the pressure survey of April 24, 1985,
is ~110.5 bars.

Slim Hole NE-9

Temperature survey of February 12, 1986 ,
taken shortly after reaching target depth, shows
depressed temperatures in the depth interval from
~1105 m TVD to ~1130 m TVD (Figure 3.16). Slim
hole NE-9 was drilled with total circulation loss
below a depth of 1107 m TVD. Thus, the principal
feedzone for NE-9 is located at about 1115 m TVD
(201 m ASL). The stable feedzone temperature (see
temperature survey of April 11, 1986) is about 185°C.

A pressure survey taken on February 22, 1986
(shutin time = 2 hours) gave a pressure of 63.5 bars
at 1115 m TVD (Figure 3.17). Pressures computed
from water level and temperature data are displayed
in Figure 3.18; the pressure at 1115 m TVD is about
64.5 bars.

Continued on page 3-23
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Slim Hole NE-10

Temperature surveys in both the partially-
drilled (depth: 1841.9 m MD) and the completed
(depth: 2174.0 m MD) borehole exhibit depressed
temperatures at about 1650 m TVD (Figure 3.19).
Slim hole NE-10 was drilled with a total circulation
loss below a depth of ~1640 m TVD. It is likely that
a zone centered at 1650 m TVD accepted a large
quantity of cold water during drilling and injection
tests. We conclude that the principal feedzone for
NE-10 s located at about 1650 m TVD (-818 m ASL).
The feedzone temperature is around 220°C. The
maximum temperature occurs towards bottom hole,
and is ~250°C.

Two shutin pressure surveys for NE-10 are
shown in Figure 3.20; the pressure at 1650 m TVD is
124(+2) bars. The latter pressure value is 3.5 bars
higher than that (120.5 bars) computed from water
level and temperature data recorded on February 4,
1986 (Figure 3.21).

Slim Hole NE-11

All the available temperature surveys (Figure
3.22) for NE-11 were taken during a discharge test
in September 1986; the presence of an essentially
isothermal zone above the measurement depth
(~1336 m TVD) implies the existence of a liquid
feedzone (temperature ~196°C) at or below this
depth. Slim hole NE-11 was drilled with total
circulation loss below a depth of ~1180 m TVD. In
the absence of other data, it will be assumed that
the principal feedzone for NE-11 is located at about
1340 m TVD (-514.5 m ASL).

The single available shutin pressure survey

(Figure 3.23) does not extend to the feedzone depth. |

Extrapolating the pressure survey of September 7,
1986, the pressure at 1340 m TVD (-514.5m ASL) is
estimated to be 90 bars; the latter pressure estimate
may be in substantial error.

Slim Hole NE-11R

Slim hole NE-11R was drilled as a side track
from slim hole NE-11 with total circulation loss
below a depth of about 1398 m TVD (1475 m MD).
Temperature surveys taken during an injection test
on January 6, 1987 (Figure 3.24) clearly indicate loss
of some injected fluid at ~1400 m TVD; rest of the
fluid travels down the borehole and is injected into
the formation at ~1850 m TVD. The feedzones at
1400 m TVD and 1850 m TVD are confirmed by a
heatup survey (shutin time: 14 hours) recorded on
December 25, 1986; the latter temperature survey
also indicates internal flow (inflow at 1400 m TVD
and outflow at 1850 m TVD) in the borehole at the
time of the temperature survey. The temperature
survey of February 18, 1987 implies that NE-11R
discharges liquid water (temperature ~183°C) from
the feedzone at 1850 m TVD. The long shutin
temperature survey of November 30,1987 indicates
that the feedzone temperature may be somewhat
higher (187°C) than that measured during the
February 1987 discharge test. A temperature
inversion is clearly seen in the November 30, 1987
temperature record; the maximum temperature
(213°C) occurs at a depth of ~1240 m TVD.

A pressure survey taken on February 19, 1987
(Figure 3.25) after the discharge test indicates that
the pressure at 1850 m TVD (-1024.5 m ASL) is ~135
bars. The latter pressure value is about 2 bars higher
than that (133 bars) computed from water level and
temperature profile of fanuary 6, 1987 (Figure 3.26).

Well TP-1

A temperature survey taken during an
injection test on November 20, 1993 (Figure 3.27)
implies that the injected fluid is lost at about
1820 m TVD. The latter location for the feedzone is
also confirmed by a change in temperature gradient
at this depth in the two heatup profiles shown in
Figure 3.27.

Continued on page 3-33
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Pressures computed from water level and
temperature data are displayed in Figure 3.28; the
pressure at 1820 m TVD (-995.5 m ASL) is about 134
bars.

Well TT-1

A temperature survey taken during an
injection test on November 16, 1983 displays a large
change in temperature gradient at ~2970 m TVD
(Figure 3.29); this identifies the principal feedzone
for well TT-1. The feedzone temperature is about
202°C. The maximum temperature (215°C) occurs
at a depth of about 2200 m TVD.

Selected pressure profiles for TT-1 are shown
in Figure 3.30. The static pressure measurements in
TT-1 exhibit a great variability. The pressure at 2970
m TVD (-2261.5 m ASL) is ~244(+4) bars.

Well TT-2

The temperature survey taken on January 25,
1984 after an injection test (Figure 3.31) shows a cold
zone centered at ~1580 m TVD; this identifies the
principal feedzone for TT-2. A total circulation loss
zone was encountered nearby at a depth of ~1607
m TVD. The feedzone location at 1580 m TVD is
confirmed by a change in temperature gradient at
this depth in the temperature survey of April 18,
1984. Although the temperature survey of june 3,
1984 during a discharge test extends to a depth of
only ~1545 m TVD, these temperature data are
consistent with the production of liquid
(temperature: ~200°C) from the feedzone at 1580 m
TVD. The long shutin time temperature survey
recorded on August 23, 1993 indicates that the
feedzone temperature may be somewhat higher
(~205°C) than that indicated by the June 3, 1984
temperature survey.

A shutin pressure survey recorded with Kuster
gauge 24021 on March 8, 1985 (Figure 3.32) gave a
pressure of 119.5 bars at 1580 m TVD. There are

indications (see preceding discussion for slim hole
NE-2R) that pressures surveys taken with this
particular gauge in March 1985 are not reliable.
Pressures computed from water level and
temperature data of August 23, 1993 are shown in
Figure 3.33; the pressure at 1580 m TVD (-871.5 m
ASL) is 122.5 bars.

Well T1-3

Temperature surveys recorded on April 11,
1984 (shutin time: 12 hours) and April 12, 1984
(shutin time: 8 hours) show a cold zone centered at
~1880 m TVD (Figure 3.34). A major circulation zone
was encountered nearby at ~1870 m TVD. In the
absence of other data, it will be assumed that the
major entry for TT-3 is located at 1880 m TVD.

A pressure survey taken on April 19, 1984 is
shown in Figure 3.35; the pressure at 1880 m TVD
(-1171.5m ASL) is about 149 bars. The latter pressure
value is in good agreement with that (150 bars)
computed from water level and temperature data
(Figure 3.36).

Well TT-7

Well TT-7 was drilled with a large circulation
loss below a depth of ~1070 m TVD. A temperature
survey recorded on December 16, 1990 (Figure 3.37)
exhibited a large change in temperature between
~1065 m TVD and ~1076 m TVD. The authors do
not know if cold water was being injected into well
TT-7 on December 16, 1990. The temperature survey
recorded on August 29, 1986 extends to a depth of
only ~700 m TVD; these temperature data are
consistent with the discharge of liquid water
(temperature > 206°C) from a feedzone deeper than
700 m TVD. In the absence of other data, it shall be
assumed that the principal fluid entry for TT-7 is
located at about 1070 m TVD. The maximum
temperature occurs towards bottomhole and is
~217°C.

Continued on page 3-44
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Figure 3.31. Temperature surveys in well TT-2.
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The pressure survey taken on August 22, 1986
(Figure 3.38) does not extend to the feedzone depth;
extrapolating the pressure data, the feedzone
pressure (feedzone depth= 1070 m TVD= -197.5m
ASL) is estimated to be 64 bars. The latter pressure
value is in good agreement with that (~64.5 bars)
computed from water level and temperature data

(Figure 3.39).

Well TT-8

After the well was drilled to a depth of 854.4
m MD (854.2 m TVD; open interval below 822.3 m
TVD), both injection and discharge tests were
performed in late August and early September 1986.
Available temperature and pressure surveys are

shown in Figures 3.40 and 3.41, respectively.
Pressure and temperature surveys taken during the
discharge test on August 31, 1986 imply that the well
produces from a liquid feedzone (temperature
~180°C) located below the measurement depth
(791.3 m TVD). Well TT-8 was drilled with a large
circulation loss over the depth interval from ~840
m TVD to ~854.5 m TVD. In the absence of other
data, it will be assumed that the principal feedzone
for TT-8 (at the time of August/September 1986
tests) is at ~840 m TVD (-76 m ASL).

A pressure profile computed from water level
and temperature data is shown in Figure 3.42; the
pressure at 840 m TVD (=76 m ASL) is 55.5 bars.

Well TT-851

Well TT-851 was drilled as a sidetrack from
well TT-8. After TT-851 was drilled to a depth of 1224
m MD (=1212.6 m TVD; 12-!/4 inch open hole below
822.3 m TVD), both injection and discharge tests
were performed from October 4, 1986 to October 9,
1986. Drilling was then resumed and TT-85S1 was
drilled to a final depth of 2202.8 m MD (1963.2 m
TVD). In the depth interval from 820 m TVD to 1220
m TVD, large circulation losses were encountered
at 840-913 m TVD and at 1200-1220 m TVD. The
temperature survey recorded on December 1, 1986

(Figure 3.43) shows cold zones centered at ~870 m
TVD and at ~1230 m TVD. An isothermal zone
extending from ~900 m TVD to ~1210 m TVD can
be seen in the temperature survey taken on
October 9, 1986 after the discharge test; these
temperature data imply permeability at 850-900 m
TVD and at 1210-1220 m TVD. Although the
temperature survey taken during the discharge test
on October 7, 1986 does not extend below 800 m
TVD, these temperature data are consistent with the
production of liquid water (temperature ~162°C)
from a feedzone (or feedzones) below 800 m TVD.
Thus, itis likely that at the time of October 1986 test,
the major feedzone for well TT-851 was located at
1050 (+ 180) m TVD.

Available pressure surveys for TT-851 are
displayed in Figure 3.44; the pressure at 1050 m TVD
(—286 m ASL) is estimated to be ~70.5 bars.

Well TT-8S3

Well TT-8S3 was drilled as a sidetrack from
well TT-8. Temperature surveys taken during well
discharge on May 1, 1987 and April 6, 1988 (Figure
3.45) indicate that the well produces liquid water
from a feedzone at or below ~1837 m TVD (depth
of temperature surveys). Since a total circulation loss
zone was encountered at 18759 m TVD (i.e. at
bottomhole), it will be assumed that the principal
feedzone for TT-8S3 is located at ~1870 m TVD. The
feedzone temperature (see temperature surveys of
April 6,1988, October 22, 1988, and August 23, 1993)
is ~214°C. A temperature inversion is seen in long
shutin time temperature surveys; the maximum
temperature (~224°C) occurs at a depth of ~1620 m
TVD.

Available pressure surveys in well TT-8S3 are
displayed in Figure 3.46. Extrapolating the pressure
survey of November 25, 1987, the stable feedzone
(at 1870 m TVD or -1106 m ASL) is estimated to be
142 bars. The latter pressure value is in good
agreement with the pressure obtained (142.5 bars)
from water level and temperature data (Figure 3.47).

Continued on page 3-55
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Well TT-10

In the well interval open to formation (1196.8
mTVD to 1284.5 m TVD), total circulation loss was
encountered below a depth of ~1275 m TVD. The
temperature survey of July 27, 1987 (Figure 3.48),
taken shortly after an injection test, shows a rapid
warmup at 1275 m TVD. Thus both the temperature
and circulation loss data suggest that the principal
feedzone for TT-10 is located at ~1275 m TVD. The
maximum temperature (168°C) occurs at the bottom
of the well.

Available pressure surveys for TT-10 are
displayed in Figure 3.49; the pressure at 1275 m TVD
(=575 m ASL) is about 98 bars (see pressure survey
of September 22, 1986 in Figure 3.49). The latter
pressure value is in excellent agreement with that
(97.5 bars) computed from water level and
temperature data (Figure 3.50).

Well TT-13S

Temperature surveys taken during and after
an injection test on September 12, 1987 (Figure 3.51)
indicate that at least part of the injected fluid is lost
at about 2100 m TVD. Unfortunately, none of the
other temperature surveys extend to a depth much
below 2100 m TVD; thus, it is not possible to either
confirm or deny the presence of fluid entries deeper
than 2100 m TVD. All of the temperature surveys
taken while the well was discharging are consistent
with the production of liquid water from a
permeable zone at or below 2100 m TVD. Based on
temperatures measured in the discharging well,
estimates of feedzone temperature range from a low
of 230°C to a high of 245°C. Several shutin
temperature surveys have recorded a temperature
of ~245 to 250°C at 2100 m TVD. The discharge test
of January 1988 was initiated after an injection test;
itis possible that the feedzone temperature (~230°C)
had not fully recovered at the time the temperature
survey of January 19, 1988 was taken. Modeling of
characteristic test data from several discharge tests
(Section 5.2) indicates that the feedzone temperature
is ~236 (£1)°C.

Downhole pressure surveys for TI-13S are
shown in Figure 3.52; the stable pressure at 2100 m
TVD (-1275.5 m ASL) is ~158 bars. Since the pressure
profile computed from water level and temperature
data does not extend to the feedzone depth, it is
necessary to extrapolate the profile shown in Figure
3.53 in order to estimate the feedzone pressure (158
bars). The agreement between the measured and
computed (extrapolated) values must be regarded
as fortuitous.

Well TT-14R

The temperature survey of November 20, 1986
(Figure 3.54) , taken 9 hours after an injection test,
shows a sharp change in temperature gradient at
about 1730 m TVD; this probably indicates the major
feedzone for well TT-14R. The temperature survey
recorded on November 7, 1988 during a discharge
test extends to a depth of ~1680 m TVD; these
temperature data are consistent with the production
of liquid (temperature ~236°C) from a feedzone
deeper than 1680 m TVD. In the absence of other
data, it will be assumed that the principal feedzone
for TT-14R is located at ~1730 m TVD. The
maximum temperature (~238 to 240°C) occurs
towards the bottom of the borehole.

Available pressure surveys for well TT-14R are
displayed in Figure 3.55; the stable pressure at 1730
m TVD (-905.5 m ASL) is ~131.5 bars. The latter
pressure estimate is in good agreement with that
(~131 bars) obtained by extrapolating the pressure
profile shown in Figure 3.56.

Well TT-16

A temperature survey taken on January 6, 1988
(Figure 3.57) shows a sharp change in temperature
gradient at ~2300 m TVD; this identifies the major
fluid entry for well TT-16. The long term shutin
temperature survey of November 3, 1988 shows a
temperature inversion; the maximum temperature
(~245°C) occurs at about 2060 m TVD. The feedzone
temperature is ~215 (+)°C.

Continued on page 3-66
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Available pressure surveys for TT-16 are
displayed in Figure 3.58; the pressure at 2300 m TVD
(-1543.5 m ASL) is estimated (by extrapolation) to
be 184.5 bars.

Well TT-16S

A temperature survey taken on February 6,
1989 during an injection test (Figure 3.59) shows a
large change in temperature gradient at ~1740 m
TVD; this identifies the major feedzone for well TT-
16S. The isothermal zone below ~1500 m TVD in
the shutin temperature profile of February 6, 1989
most likely represents the effects of well cooling as
a result of mud circulation during drilling. The
location of the feedzone at 1740 m TVD is confirmed
by the temperature survey taken during the
preliminary discharge test on February 16, 1989. The
pressure ( see Figure 3.60) and temperature surveys
of February 16, 1989 imply the production of liquid
water at a temperature of ~212°C. Later temperature
surveys (see, e.g., temperature surveys of June 13,
1989 and October 18, 1990) indicate that the feedzone
temperature may be considerably higher (~230°C).
It is likely that the feedzone temperature had not
fully recovered at the time of the February 1989
discharge test. The maximum temperature occurs
towards bottomhole and is ~240°C.

A pressure profile computed from water level
and temperature data recorded on February 6, 1989
is displayed in Figure 3.61. Extrapolating the
computed pressure profile, the stable pressure at
1740 m TVD (-983.5 m ASL) is estimated to be ~131
bars.

Well TT-18

Well TT-18 was drilled from a pad northwest
of well TT-19. A large (and continuous) circulation
loss occurred below a depth of 1372 m MD (~1267
m TVD). The temperature survey of January 10; 1988
(Figure 3.62) shows an isothermal zone from 1290
m TVD to 1330 m TVD; an isothermal zone implies
permeability at both of its end points. A cold zone

is present below ~1300 m TVD in the temperature
survey recorded on August 24, 1993; this cold zone
is, however, absent in the temperature survey of
January 23, 1989. It is possible that the temperature
survey of August 24, 1993 was taken shortly after
an injection test; the present authors do not,
however, have any knowledge of such an injection
test. In the absence of other data, it will be assumed
that the principal feedzone for TT-8 is at ~1300 m
TVD. A maximum temperature of ~160°C was
recorded on January 23, 1989 at 1330 m TVD.

Several pressure surveys for TT-18 are shown
in Figure 3.63. None of the available pressure
surveys extends below a depth of ~875 m TVD.
Because of the divergence between these pressure
surveys, it is not possible to extrapolate measured
pressures to estimate the feedzone pressure. A
pressure profile computed from water level and

temperature data is plotted in Figure 3.64; the
pressure at 1300 m TVD (636 m ASL) is 102.5 bars.

Well TT-19

Well TT-19 was completed with a 9-°/s inch
uncemented liner in a 12-!/4 inch hole from 564 m
MD to 1411 m MD. The shoe of the 13-*/s inch
cemented casing is at 601.4 m MD (~601.3 m TVD).
The temperature survey recorded on August 25,
1993 (Figure 3.65) shows a discontinuity in
temperature gradient at ~570 m TVD (i.e., at about
the top of the 9-°/s inch uncemented liner). The
discontinuity in temperature gradient at ~570 m
TVD does not indicate a feedzone. In the
uncemented part of the borehole, a total circulation
loss was observed from ~1348 m TVD to ~1377 m
TVD. In the absence of other data, it will be assumed
that the principal feedzone for TT-19 is located at
~1350 m TVD. Wells TT-18, TT-19, TT-22 and TT-23 -
were used as injection wells during the long-term
field-wide discharge test from November 1991 to
February 1992. A bottomhole temperature of 90°C

-was recorded in well TT-19 on August 25, 1993

(Figure 3.65). Because of injection induced cooling
in the wellbore, it is likely that the stable bottomhole
temperature is higher than 90°C.

Continued on page 3-75
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Available pressure records for TT-19 are
displayed in Figure 3.66. The pressure surveys do
not extend below a depth of ~580 m TVD. Because
of the divergence between the two pressure surveys
in Figure 3.66, it is not feasible to extrapolate the
measurements to estimate the feedzone pressure. A
pressure profile computed from water level and
temperature data is shown in Figure 3.67; the
pressure at 1350 m TVD (-682.5 m ASL) is 107 bars.

Well TT-23

Well TT-23 was drilled from a location close to
the welthead for TT-19. A temperature survey taken
during injection on September 15, 1988 (Figure 3.68)
shows a sharp change in temperature gradient at
~1420 m TVD; this identifies the major feedzone for
TT-23. The latter feedzone location is confirmed by
the presence of a cold zone centered at 1420 m TVD
in all other temperature surveys shown in Figure
3.68. A maximum temperature of ~160°C was
recorded on August 25, 1993 at 1563 m TVD (bottom
of temperature survey).

A pressure profile computed from water level
and temperature data is plotted in Figure 3.69; the
pressure at 1420 m TVD (-752.5 m ASL) is 113 bars.

3.2 Reservoir Pressures and
Temperatures

In this subsection, we synthesize the results of
Section 3.1 to deduce the pre-production subsurface
pressure distribution in the Takigami geothermal
reservoir. The feedpoint pressures for the various
Takigami boreholes (Section 3.1) are listed in
Table 3.2. For a reservoir system with good
horizontal and vertical permeabilities, feedpoint
pressure should principally depend upon feedpoint
elevation. If a regional pressure gradient is present,
then the feedpoint pressure will also exhibit a
dependence on horizontal distance (measured with
respect to some suitable origin). The Takigami

feedpoint pressures are best fitted by a correlation
of the form:

P=P,+aZ*

where Z* (equivalent or effective feedpoint eleva-
tion) is given by:

Z*=Z+bXg

Here Z denotes the actual feedpoint elevation
(m ASL), and X; is the distance (kilometers) to the
east. For convenience, the origin for X, is taken to
be at 33°11’ latitude and 131°16’ longitude.

A least-squares procedure was used to
determine the three unknowns g, b, and P . Results
of the least-squares fit are:

P =51.144-0.08651 Z *
Z*=Z+25.523 X

where P is in bars (absolute); Z* and Z are in m ASL
(meters above seal level), and X is in kilometers.
The root-mean-square error of the above fit is 1.66
bars. As can be seen from Figure 3.70, the least
squares fit agrees closely with all of the pressure
measurements.

The vertical pressure gradient in the Takigami
Geothermal Field is 8.651 kPa/m and corresponds
to a hydrostatic gradient at about 185°C. This implies
fluid upflow in regions of the reservoir where
temperature exceeds 185°C. The pressure fit also
indicates that the pressure decreases to the east; the
pressure gradient is ~2 bars /km. Thus, in the natural
state there exists a regional flow to the east. The latter
observation is in accord with the conceptual model
of the Takigami Geothermal Field proposed by
Idemitsu engineers (see Section 2).

The reservoir pressure extrapolates to
atmospheric pressure ( ~1 bar) at

Z*=7Z+25.523 X =579.6 m ASL.

Continued on page 3-82
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Figure 3.66. Pressure surveys in well TT-19.
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Table3.2.  Stable feedpoint pressures for Takigami boreholes. The feedpoint depth is measured with
respect to the wellhead. The feedpoint co-ordinates are with respect to origin at 33°11 latitude

and 131°16’ longitude.
NE-3 694 2275 -1581 3.523 1.094 186.5
NE-4 707 2230 -1523 2943 0315 185.5
NE-5(i2) |874 . 1180 -306 2368 1.872 74
NE-5(2) | 874 1660 -786 2.377 1.908 115
NE-6(2) | 897 740 157 3.411 2713 34
NE-6 897 1630 -733 3.411 2713 1105
NE-9 914 1115 -201 4109 1.898 64
NE-10 832 1650 -818 2.047 0.919 1225
NE-11 825.5 1340 -5145 1.500 1.644 90
NE-11R | 8255 1850 -1024.5 1.541 1.855 134
TP-1 824.5 1820 9955 1.990 0.980 134
TT-1 708.5 2970 22615 3.390 1.238 244
TT-2 708.5 1580 -871.5 3.226 1.434 1225
TT-3 708.5 1880 -1171.5 3.532 1.201 1495
TT-7 872.5 1070 -1975 2.373 1.871 64.5
TT-8() = | 764 840 -76 2.802 1.606 55.5
TT-851(i) | 764 1050 -286 2.810 1.597 70.5
TT-853 764 1870 -1106 2.965 1.367 1425
TT-10 700 1275 -575 4.266 1.232 98
TT-135 824.5 2100 -12755 1.733 0.710 158
TT-14R 824.5 1730 -905.5 1.786 0.624 131.5
TT-16 756.5 2300 -15435 2512 0.545 1845
TT-165 756.5 1740 -983.5 2.233 1.302 131
TT-18 664 1300 -636 4.684 0.981 102.5
TT-19 667.5 1350 -682.5 4203 0.949 107
TT-23 667.5 1420 -752.5 4583 0.868 113

(i), (i2): intermediate depth completions
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The nominal piezometric surface thus varies from
579.6 m ASL at X; =0 to 503.0 m ASL at X, = 3 kmn.
An examination of Table 3.2 reveals that the nomi-
nal piezometric surface lies substantially below the
local ground surface in the drilled area.

The stable feedzone temperatures for Takigami
boreholes are listed in Table 3.3. The highest
temperatures (240°C to 250°C) at Takigami are
observed in boreholes (NE-4, NE-10, TT-13S, TT-14R,
TT-16, TT-16S) located in the southwestern parts of
the Takigami Geothermal Field. The temperatures
decline rather rapidly to the north and the east of
Takigami boreholes NE-4 and TT-16S. Temperature
inversions are seen in boreholes NE-2R, NE-5,
NE-11R, TT-1, TT-8S3 and TT-16; all of these
boreholes are located to the north or to the east of
the group of high-temperature boreholes (NE-4,
NE-10, TT-13S, TT-14R, TT-16 and TT-16S). A

temperature inversion generally indicates an
outflow zone. It is likely that the hot fluid source
for the Takigami Geothermal Field is located in the
southwestern part of the field; the hot fluid rises to
about -1300 m ASL and then flows laterally to the
east and to the north.

The reservoir temperatures and pressures at
Takigami are such that the reservoir fluid is
single-phase liquid. Stable feedzone pressures for
Takigami boreholes exceed the saturation pressures
(corresponding to stable feedzone temperature) by
a substantial amount (see Table 3.4); the reservoir
fluid in the natural state is far removed from the
saturation line for pure water. Furthermore,
production from Takigami boreholes is unlikely to
induce in situ boiling. The production-induced
pressure drop will have to exceed (50 to 120) bars
for in situ boiling to take place.
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Table 3.3. Stable feedpoint temperatures for Takigami boreholes.

NE-2R -1054 2.839 1.182 180 198 -8;4.‘
NE-3(i) -986 3.523 1.094 192 - -

NE-3 -1581 3.523 1.094 197 - -

NE-4 -1523 2943 0.315 244 - -
NE-5(i1) -206 2.369 1.867 209 - -
NE-5(i2) -306 2.368 1.872 205 - -

NE-5 -786 2377 1.908 185 214 -226.*
NE-6(il1) 197 3.411 2713 192 195 147
NE-6 -733 3411 2713 186 - -

NE-9 -201 4.109 1.898 185 - -
NE-10 -818 2.047 0.919 220 250 -1330
NE-11 -514.5 1.500 1.644 196 - -
NE-11R -1024.5 1541 1.855 187 213 ~414.*
TP-1 -995.5 1.990 0.980 - - -

TT-1 -2261.5 3.390 1.238 202 215 -1490.*
TT-2 -871.5 3.226 1.434 205 - -

TT-3 -1171.5 3.532 1.201 - - -

TT-7 -197.5 2373 1.871 >206. 217 ~242
TT-8(i) -76 2.802 1.606 180 - -
TT-851(i) -286 2.810 1.597 162 - -
TT-8S3 -1106 2.965 1.367 214 224 -856.*
TT-10 -575 4.266 1.232 168 - -
TT-13S -1275.5 1733 0.710 236 . 245 ?
TT-14R -905.5 1.786 0.624 236 240 -1136
TT-16 -1543.5 2.512 0.545 215 245 -1304.*
TT-16S -983.5 2.233 1.302 230 240 -1093
TT-18 -636 4.684 0.981 160 - -

TT-19 -682.5 4.203 0.949 90 - -

TT-23 -752.5 4.583 0.868 - 160 -896

*Denotes depth for temperature inversion in the borehole.

A Study of Production/ Injection Data from Slim Holes and Large-Diameter Wells
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Table34.  Comparison of saturation pressure (corresponding to stable feedzone temperature) with stable
feedzone pressure for Takigami boreholes.

NE-3 -1581 197 186.5 146
NE-4 -1523 244 1855 359
NE-5(i2) -306 205 74 1722
NE-5 -786 185 115 112
NE-6 733 186 110.5 115
NE-9 -201 185 64 . 11.2
NE-10 -818 ) 220 1225 232
NE-11 -514.5 19 90 14.3
NE-11R -1024.5 187 134 11.7
TT-1 -2261.5 202 244 16.2
TT-2 -871.5 205 122.5 17.2
TT-7 -197.5 206 64.5 17.6
TT-8(i) -76 180 55.5 10.0
TT-851(i) -286 162 70.5 6.5
TT-853 -1106 214 1425 20.6
TT-10 -575 168 98 7.5
TT-13S -1275.5 236 158 312
TT-14R 905.5 236 131.5 312
TT-16 -1543.5 215 184.5 210
TT-165 -983.5 230 131 _ 28.0
TT-18 -636 160 102.5 6.2
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Injection and Production Tests

Injection tests have been performed on seven
(7) slim holes and sixteen (16) large-diameter wells
at Takigami. It is a standard practice at Takigami to
perform a short (a few minutes to a few hours)
injection test either prior to or soon after the drilling
and completion of a borehole. A typical injection test
at Takigami consists of injecting cold water into a
borehole at a fixed rate and simultaneously
monitoring pressure downhole. In several cases,
injection was performed using two or more different
rates. During the injection tests, the downhole
pressure tool (Kuster gauges), in many cases, was
placed substantially above the feedzone depth.
Because of wellbore cooling due to injection of cold
fluid, the measured change in pressure (= flowing
pressure — static pressure prior to injection) at the
gauge depth (gauge depth << feedzone depth) will
underestimate the change in pressure at the
feedzone depth. The discrepancy in rates of pressure
change at the gauge and feedzone depths will
decline with continued injection. After the injection
of a few wellbore volumes (say 2 or 3), the
temperature in the depth interval between the gauge
and feedzone depths should approach a stable
value; hence, the rates of pressure change at the two
depths will be similar.

After the cessation of cold water injection, the
wellbore will heat up with time. This heat up should
be much slower than the wellbore cooling due to
injection of cold water. For the latter reason, it is
preferable to use the shutin pressure at the end of
the injection test to estimate the pressure change at

the feedzone depth. The injectivity index (II) is

defined as follows:

M

=
P flowing — Ustatic

4.1)

where M is the injection rate (single rate test), Py ...
is the flowing pressure (at gauge depth) during colé

water injection, and P, . is the shutin pressure at

the gauge depth. For multi-rate injection tests, Equa-
tion (4.1) can be rewritten as follows:

AM
=P 4.2)
where AM /AP is the slope of the straight-line fit to
the multi-step injection rate versus injection pres-
sure (at gauge depth) data.

The determination of injectivity indices for
individual Takigami boreholes is described in
Section 4.1. The injectivity data are summarized in
Table 4.1. For several Takigami boreholes (e.g., NE-5,
NE-6, TT-7, TT-18), the computed injectivity indices
are very large; the measured downhole pressure
change in these cases is rather small (less than 1 bar).
The Kuster gauges used in Takigami tests have a
resolution of 0.1 bars. Furthermore, the two Kuster
tools (tools 29651 and 29652) used in most of the tests
gave pressures that differed from each other by as
much as 0.5 bar. Because of gauge placement and
inherent limitations of Kuster tools (resolution,
accuracy) used at Takigami, the computed injectivity
indices for high-permeability boreholes may be in
substantial error.

Seven (7) slim holes and nine (9) large-
diameter wells have been discharged at one time or
another. All of the Takigami boreholes produce from
liquid feedzones. As part of the discharge tests, the
characteristic output curves (i.e., mass and enthalpy
versus wellhead pressure) were also obtained; these
characteristic test data are discussed in Section 5.
With the exception of one (1) slim hole (NE-2R) and
one (1) large-diameter well (TT-1) downhole
pressure and temperature surveys were run during
the discharge tests of various Takigami boreholes.
These pressure and temperature surveys are used
to calculate the productivity indices for the Takigami
boreholes in Section 4.1. Productivity Index, PI, is
defined as follows:

Continued on page 4-4
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Table 4.1. Injectivity Indices for Takigami Boreholes.

NE-4 79 2230 01-28-86 |2198 0.22 Static pressure measured 01-27-87.
. 02-12-85 990 12 Analysis by Idemitsu.
NE-5() | 98 1080 02-17-85 |1050 20 Analysis by Idemitsu.
. , Analysis by Idemitsu.
NE-5(i2) | 98 1180 02-26-85 |1110 28 Hole depth ~1229 m TVD.
NE-5 79 1660 05-19-85 |1399 1.7
NE-6 (i1) |100 700 02-11-85 650 4.0 Analysis by Idemitsu.
NE-6 (i2) }100 740 03-17-85 740* 6.9 *Pressure gradient survey.
NE-6 81 1630 04-24-85 11390 0.36
NE-9 60 1115 02-21-86 |1126 0.09
NE10 |79 1650  |12:0085 [1641 017
NE-11 100 1340 09-07-86 867 0.55
NE-11R 100 1850 12-25-86 1375 27
TP-1 216 1820 11-14-93 |1716 11 Two-rate test.
TT-1 216 2970 11-16-83 | 2649 0.58
TT-2 216 1580 01-21-84 1550 25 Two-rate test.
T1-3 216 1880 04-12-84 11489 0.19
08-22-86 898 24 Static pressure measured prior to test.
TT-7 216 1070 03-14-91 945 110 Two pressure gauges; maximum
pressure change ~0.2 bars.
. 08-25-86 800 10 Analysis by Idemitsu.
LR O B 840 09-03-86 | 800 14 Analysis by Idemitsu.
TT-8S1(i) |311 1050 10-04-86 800 7.5 Analysis by Idemitsu.
05-03-87 | 1494 1.3
06-16-87 11494 1.7 After fracturing.
TT-853 216 1870 06-18-87 11494 23 After second fracturing.
06-20-87 11494 23 After third fracturing.
06-21-87 1494 2.3
07-20-86 | 1190 21 Pressure change ~0.8 bars.
TT-10 159 1275 07-26-86 |1190 47 Pressure change ~ 0.5 bars.
04-06-88 | 1275* 16 *Pressure gradient survey; 2 gauges.
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Table 4.1. Injectivity Indices for Takigami Boreholes (continued).

11-19-87 | 1796 0.98
12-22-87 |1796 3.4 After six days of hot water injection.
01-06-88 |1796? 21

TT-135 216 2100 01-28-88 During the three-day injection test, the

to 17967 1936 injection pressure declined by ~12 bars.

01-31-88
07-22-88 {1778 4.0

TT-14R  |216 1730 11-03-86 ? 20 Analysis by Idemitsu.
02-05-88 }1970 0.40
03-15-88 |1970 0.15

Tre 31 2300 06-06-88 |2264 013
06-28-88 12264 0.11

TT-165 216 1740 01-29-89 |1724 1.4 Two-rate test.

. Hole depth ~1360 m TVD. Maximum

TT-18() |159 1300 12-15-87 | 869 23 pressure change ~0.3 bars.

TT-19(1)) |311 1350 03-02-88 |581 5.0 Hole depth ~1362 m TVD.

TT-23 216 1420 09-19-88 1282 11 Two-rate test.

(i) = intermediate depth

(i1) = intermediate depth 1

{12) = intermediate depth 2
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where M is the mass discharge rate, P, is the stable
(static) feedzone (or gauge depth) pressure and P,
is the flowing feedzone (or gauge depth) pressure.
The static feedzone (or gauge depth) pressure was
estimated from shutin pressure surveys (or tempera-
ture and water level data) discussed in Section 3. The
flowing pressures were obtained from the pressure
surveys in the discharging boreholes. The produc-
tivity indices for the Takigami boreholes are sum-
marized in Table 4.2.

A limited amount of pressure fall off (following
injection tests), pressure buildup (following
discharge tests), and pressure interference data for
some of the Takigami boreholes have been made
available by Idemitsu; these data may be analyzed
to obtain formation transmissivity. Because of
funding limitations, the authors did not attempt to
analyze these pressure transient data.

4.1 Injectivity and Productivity Indices

Injection rates for Takigami boreholes are
usually given as volume injection rates (m®/s or
liters/s). For present purposes, it suffices to assume
that the density of injected water is 1000 kg/m3;
therefore, a volume flow rate of 1 liter/s equals a
mass flow rate of 1 kg/s.

Slim Hole NE-3

Slim hole NE-3 was discharged for several
days in January and February 1983. The slim hole
produces from a liquid feedzone (temperature
~197°C) at 2275 m TVD. Pressure surveys in the
discharging well were run on January 27, 1983
(survey depth: 1800 m TVD), January 28, 1983
(survey depth: 1995 m TVD), and February 9, 1983
(survey depth: 1995 m TVD). There is something
wrong with the pressure survey recorded on
January 27, 1983; the pressures in the discharging
borehole (above 1800 m TVD) are greater than these

recorded under shutin conditions on December 29,
1982. By way of contrast, the pressure surveys of
January 28, 1983 and February 9, 1983 imply a small
pressure drop (< 2 bars) compared to the shutin
pressure survey of December 29, 1982. Using the
pressure surveys of January 28, 1983 and February 9,
1983, the productivity index for NE-3 is estimated
to be 3.4 (+0.2) kg/s-bar.

Slim Hole NE4

An injectivity test was run on slim hole NE-4
on January 28, 1986. During the injection test, the
pressure gauge was set at ~2198 m TVD (i.e., about
30 meters above the feedzone at 2230 m TVD). The
flowing pressure at 2198 m TVD was 206.8 bar.
Using an injection rate of 4.92 kg/s and a static
pressure of 184.4 bars (pressure measured on
January 27, 1986), the injectivity index is estimated
to be 0.22 kg/s-bar.

Slim hole NE-4 was discharged on two
separate occasions (January 16-20, January 25-27)
in 1986. The slim hole produced a single-phase
liquid (temperature ~244°C) from a feedzone at
~2230 m TVD. The stable feedzone pressure is 185.5
bars. Two pressure surveys were run in the
discharging borehole on January 18, 1986 and
January 27, 1986; these pressure data yield rather
low (0.05 and 0.08 kg/s-bar) values for the pro-
ductivity index. As a matter of fact, NE-4 has the
lowest productivity index of all the boreholes
discharged at Takigami.

Slim Hole NE-5(i1)

Both discharge and injection tests were
performed on slim hole NE-5 after the borehole had
been drilled to a depth of ~1109 m TVD. The
principal feedzone for NE-5(il) is located at
1080 m TVD.

Two injection tests were run in slim hole
NE-5(i1). For the February 12, 1985 test, injection rate
was (13.5 to 38.1) kg/s, and the pressure gauge was
set at 990 m TVD (i.c., 90 meters above the feedzone).

Continued on page 4-6
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Table 4.2. Productivity Indices for Takigami Boreholes.

2 01-28-83 5.01 . 161.8* 3.6 *Pressure at 2000 mTVD. Static pressure measured
NE3 ol 275 lozoo83 | em  |'3F e |32 12/29/82.
01-18-86 2.89 130.0 0.05
NE-4 79 2230 o1-2786 | 303 |®5 |18 0.08
NE-5(i1) 98 1080 02-16-85 10.2 ? 66.1 ? Hole depth ~1109 m TVD
NE-5(2) | 98 1180 03-16-85 8.64 742 740 43 Static pressure measured 03-19-85. Hole depth
03-17-85 735 12 ~1426 m TVD.
NE-6 (i1) |100 700 02-14-85 7.44 ? 317 ? Hole depth ~ 764 m TVD.
NE.A (3 03-14-85 7.03 34.2 33.6 12 Hole depth ~1403 m TVD.
NE-6(i2) |100 740 03-15-85 339 23 Static pressure measured 03-17-85.
NE-11 100 1340 09-16-86 517 90.0 829 0.73 Static pressure measured 09-07-86.
NE-11R 100 1850 02-18-87 3.46 135.2 1343 38 Static pressure measured 02-19-87.
TT-2 216 1580 06-03-84 63.9 1225 116.7 1 Static pressure measured 08-23-93.
Static pressure measured 08-20-93; flowing pressure
TT-7 216 1070 08-29-86 ]129. 64.5 59.6 26 extrapolated below 700 m TVD.
TT-8(i) 311 840 08-31-86 544 55.5 486 79 Hole depth ~854 m TVD. Static pressure measured
08-29-86.
Hole depth ~1215 m TVD. Flowing pressure
TT-851(1) |311 1050 10-07-86 |27.2 70.5 68.0 11 extrapolated below 800 m TVD. Static pressure
measured 10-09-86. |
5 06-23-87 ]48.1 127.0 31 .
TT-853 216 1870 04-06-88 |51.7 1425 116.0 20 Flowing pressure extrapolated below 1494 m TVD.
01-20-88 ]48.1 103.5 0.88 Flowing pressure extrapolated below 1933 m TVD.
TT-135 216 2100 01-21-88 494 158.0 101.5 0.87 Flowing pressure extrapolated below 1796 m TVD.
08-04-88 1489 112.6 1.1
TT-14R 216 1730 11-0786 |778 1315 78.2 15 Test conductgd prior to installation of 7-inch
uncemented liner.
TT-165 216 1740 021689 1153 131.0 1123 082 Feedzone temperature had not fully recovered at

the time of the test.

(i) = intermediate depth

(i1) = intermediate depth 1
(i2) = intermediate depth 2
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During the injection test performed on February 17,
1985, the pressure gauge was set at 1050 m TVD,
and the injection rate was 38.0 kg/s. Pressure data
from these injection tests were not made available
to the authors. Injectivity index values listed in
Table 4.1 for NE-5(i1) were computed by Idemitsu
engineers.

Slim hole NE-5(i1) was briefly discharged on
February 15 and February 16, 1985. The borehole
produced from a liquid feedzone (temperature
~209°C) at 1080 m TVD. The flowing pressure at
1080 m TVD (as measured on February 16, 1985) is
66.1 bars. It appears that no pressure surveys in the
shutin well were taken either before or after the
February 1985 discharge test. The absence of stable
pressure data makes it impossible to compute a
productivity index for NE-5(i1). The flowing
feedzone pressure recorded on February 16, 1985 is
actually higher than the stable feedzone pressure
(~65 bars) estimated from a fit to the Takigami
pressure data (Section 3); this implies a large
productivity index for NE-5(i1).

Slim Hole NE-5(i2)

Slim hole NE-5 was discharged for approx-
imately two days in mid-March 1985 after the
borehole had been drilled to ~1426 m TVD. During
the March 1985 discharge test, NE-5(i2) produced
from a liquid feedzone (temperature ~205°C) at
~1180 m TVD. No injection tests were performed
on the 1426 m TVD borehole. An injection test was,
however, run on February 26, 1985 with a borehole
depth of ~1229 m TVD. Since the borehole depth on
February 26, 1985 was greater than 1180 m TVD (i.e.,
feedzone depth for the March 1985 discharge test),
the injection test of February 26, 1985 may be used
to estimate the injectivity index for NE-5(i2).

During the injection test of February 26, 1985,
the Kuster tool was set at ~1110 m TVD (i.e.,, 70
meters above the feedzone), and the injection rate
varied between 25.6 kg/s and 50 kg /s. Pressure data
for this injection test were not made available to the
authors. The injectivity index for NE-5(i2) (Table 4.1),
computed by Idemitsu engineers, is 28 kg/s-bar.

During the March 1985 discharge test, two
pressure surveys were run in NE-5(i2). Both of these
pressure surveys indicated a rather small pressure
drop (0.2 to 0.7 bars) at the feedzone. Because of the
small pressure change, individual productivity
index values listed in Table 4.2 may not be too
reliable, howeer, the average of the two values, 27.5
kg/s-bar, is essentially the same as the injectivity
index.

Slim Hole NE-5

A single injection test ( three hours in duration)
was run on the completed borehole on May 19, 1985.
The Kuster tool was placed at ~1399 m TVD (ie., .
about 260 meters above the feedzone), and the
injection rate was 4.17 kg/s. After the injection test,
a shutin pressure of 89.9 bars was recorded at the
gauge depth. Using an injection pressure of 92.3
bars, the injectivity index for NE-5 is estimated to
be 1.7 kg/s-bar. The injectivity index for the
completed borehole is much smaller than that for
NE-5(i1) and NE-5(i2).

Slim Hole NE-6(i1)

Injection and discharge tests were performed
on NE-6 after the borehole had been drilled to
~764 m TVD. During the injection test carried out
on February 11, 1985, the pressure tool was set at
650 m TVD (i.e., 50 meters above the feedzone at 700
m TVD); the injection rate was (4.64 to 23.2) kg/s.
Pressure data for the February 1985 injectivity test
have been analyzed by Idemitsu engineers; the
injectivity index is estimated to be 4.0 (30.7) kg/
s-bar.

Slim hole NE-6(i1) was discharged for about
36 hours on February 14 and 15, 1985. A pressure
survey run in the discharging well on February 14,
1985 indicated a pressure of 31.7 bars at the feedzone
depth. Unfortunately, the absence of a shutin
pressure profile for NE-6(il) renders it impossible
to compute a productivity index. The flowing
feedzone pressure (31.7 bars) is higher than the
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stable feedzone pressure obtained from a fit to the
Takigami feedzone pressures (Section 3); this implies
that production from NE-6(i1) is accompanied by
little or no pressure drop. It is thus likely that
NE-6(i1) has a rather large productivity index.

Slim Hole NE-6(i2)

Both discharge and injection tests were
performed on slim hole NE-6 after the borehole had
been drilled to a vertical depth of ~1403 m TVD. A
pressure survey run while injecting cold water
(injection rate ~8.33 kg/s) indicated a pressure of
354 at the feedzone depth (740 m TVD). Using a
shutin pressure of 34.2 bars (measured on March 17,
1985), the injectivity index is 6.9 kg /s-bar.

During the three-day discharge test carried out
in March 1985 (March 14-17), pressure surveys were
run in the discharging well on March 14 and
March 15, 1985. Both of the latter pressure surveys
imply that production from NE-6(i2) was accom-
panied by a small pressure drop (0.6 bars on March
14 and 0.3 bars on March 15). Because of the small
magnitude of the pressure drop and problems with
gauge resolution/calibration (see introduction to
Section 4), we do not attach any significance to the
difference in the computed values for the pro-
ductivity index (Table 4.2).

. Slim Hole NE-6

Despite repeated attempts, it proved im-
possible to discharge slim hole NE-6. A brief (30
minutes in duration) injection test (injection rate =
3.33 kg/s) was performed on April 24, 1985. The
pressure gauge was set at 1390 m TVD (ie., about
240 meters above the feedzone at 1630 m TVD); the
flowing pressure at gauge depth was 100.6 bars.
Using a static pressure of 91.4 bars (measured after
the injection test), the injectivity index is estimated
to be 0.36 kg/s-bar. The latter injectivity index value
is only a small fraction of the injectivity (pro-
ductivity) indices for NE-6(i1) and NE-6(i2).

Slim Hole NE-9

An injection test (injection rate: 3.47 kg/s) was
performed on slim hole NE-9 on February 21 and
22, 1986 with the Kuster tool set at 1126 m TVD (i.e.,
11 meters below the feedzone at 1115 m TVD).
During the injection phase, the pressure at gauge
depth was 102.8 bars. By comparison with stable
feedzone pressure (Section 3), the static pressure at
1126 m TVD is ~65.0 bars. The calculated injectivity
index for NE-9 (Table 4.1) is rather small (~0.09 kg/
s-bar).

Slim Hole NE-10

An injection test was performed on the
completed slim hole NE-10 on December 9, 1985
with the Kuster pressure gauge set at 1641 m TVD
(i.e., 9 meters above the feedzone at 1650 m TVD).
The cold water injection rate during the latter test
was 5.0 kg/s. The pressure (at gauge depth) during
the injection phase was ~153.3 bars. By comparison
with the stable feedzone pressure (Section 3), the
static pressure at 1641 m TVD is ~123 bars. The
injectivity index for NE-10 is, therefore, ~0.17 kg/
s-bar.

Slim Hole NE-11

The injectivity test of September 7, 1986 was
performed with the Kuster pressure tool set at ~867
m TVD (i.e., about 500 meters above the feedzone at
1340 m TVD). Cold water was injected at a rate of
9.0 kg/s for 30 minutes; the injection pressure (at
gauge depth) was 62.6 bars. Using a post-injection
shutin pressure of 46.3 bars (The pre-injection shutin
pressure at gauge depth was 47.9 bars.), the
injectivity index for NE-11 is computed as 0.55 kg/
s-bar.

Slim hole NE-11 was discharged for about
seven days (September 12-19) in September 1986. A
pressure survey run in the discharging well
{discharge rate ~5.17 kg/s) on September 16, 1986

A Study of Production/Injection Data from Slim Holes and Large-Diameter Wells 1-7
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gave a pressure of 82.9 bars at 1340 m TVD. With a
stable feedzone pressure of 90 bars (Section 3), the
productivity index for NE-11 is estimated as 0.73 kg/
s-bar.

Slim Hole NE-11R

During the injection test performed on Decem-
ber 25, 1986, the Kuster pressure tool was set at
~1375 m TVD, i.e., about 500 meters above the
feedzone at 1850 m TVD. Cold water was injected
at a rate of 9.0 kg/s for 30 minutes; the injection
pressure at gauge depth was 95.3 bars. Using the
post-test static pressure of 92.0 bars (The pre-test
static pressure was 92.3 bars.), the injectivity index
for NE-11R is obtained as 2.7 kg /s-bar.

Slim hole NE-11R was discharged for about
eighteen days in February 1987. A pressure survey
run in the borehole on February 18, 1987 indicated
a pressure of 134.3 bars at 1850 m TVD. With a
discharge rate of 3.46 kg/s and a static pressure of
135.2 bars (survey made in shutin hole on Feb-
ruary 19, 1987), the productivity index for NE-11R
is estimated as 3.8 kg/s-bar.

Large-Diameter Well TP-1

. A two-rate injection test (total injection time
~3 hours) was performed on November 14, 1993
with two Kuster pressure tools set at ~1716 m TVD
(i.e., about 100 meters above the feedzone at 1820 m
TVD). The pressure (average of two Kuster gauges)
and injection rate data are displayed in Figure 4.1.
The injectivity index for well TP-1 is ~1.1 kg/s-bar.

Large-Diameter Well TT-1

During an injection test performed on Novem-
ber 16~-17, 1983, the Kuster pressure tool was set at
~2649 m TVD, i.e., about 300 meters above the
feedzone at 2970 m TVD. The shutin and flowing
pressures (at gauge depth) were 211.9 and 233.8 bars,

respectively. With an injection rate of 12.8 kg/s, the
injectivity index for TT-1 is computed as 0.58 kg/
s-bar.

Well TT-1 was discharged briefly (total
discharge time < 2 days) prior to the injection test
on November 16, 1983. The well would discharge
only at wellhead pressures less than 0.5 bars (gauge).
No downhole pressure surveys were carried out in
the discharging well. Although it is not possible to
compute a productivity index for TT-1, the inability
to discharge TT-1 at wellhead pressures greater than
0.5 bars (gauge) is consistent with its poor injectivity.

Production Well TT-2

A two-rate injection test for TT-2 was per-
formed on January 21, 1984 after the well had been
drilled to a depth of ~1607 m TVD. The pressure
gauge was set at 1550 m TVD. The total injection
period was less than one hour; injection at the higher
of the two rates (~46.7 kg/s) was carried out for only
eight minutes. Pressure versus injection rate data are
displayed in Figure 4.2; the injectivity index for TT-2
is about 25 kg/s-bar.

During a discharge test in June 1984, a pressure
survey was run on June 3, 1984. The flowing
feedzone pressure was 116.7 bars. With a total
discharge rate of 63.9 kg/s and a stable feedzone
pressure of 122.5 bars (Section 3), the productivity
index for TT-2 is computed to be ~11 kg/s-bar.

Injection Well TT-3

An injection test was performed on the
completed borehole on April 12, 1984. During the
four-hour injection test, the injection rate was 5.17
kg/s. The Kuster tool was set at ~1489 m TVD, i.e.,
about 400 meters above the feedzone at 1880 m TVD.
The static pressure (prior to test ?) at gauge depth
was 114.7 bars. With an injection pressure (at gauge
depth) of 142.6 bars, the injectivity index for TT-3 is
0.19 kg/s-bar.

Continued on page 4-11
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Figure4.1 Injectivity test for well TP-1 performed on November 14, 1993. Two Kuster pressure tools

were set at ~1716 m TVD.
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Figure 4.2  Injectivity test for production well TT-2 performed on January 21, 1984. The pressure tool was
set at ~1550 m TVD.
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Production Well TT-7

TT-7 is the most productive well at Takigami.
During a 30-minute injection test on August 22, 1986,
a Kuster tool was set at 898 m TVD. The injection
rate and pressure were 33.3 kg/s and 47.9 bars,
respectively. The pre- and post-test static pressures
(at gauge depth) were 46.5 bars and 47.4 bars,
respectively. Using the pre-test static pressure value
of 46.5 bars, the injectivity index is obtained as 24
kg/s-bar. The latter value for the injectivity index
represents a lower bound in that the use of post-
test static pressure yields a value of 67 kg/s-bar.

An additional injection test was performed on
March 14, 1991 with two Kuster tools set at 948 m
TVD (ie., ~120 meters above the feedzone at 1070
m TVD). Cold water was injected at a rate of 21.4
kg/s for 30 minutes; the injection rate was then
increased to 35.8 kg/s for another 30 minutes. The
injection pressure (average of two gauges) was
identical (52.5 bars) for both the injection rates. The
injection pressure is lower than the reported pre-
injection pressure of 52.8 bars. The post-injection
pressure was 52.3 bars; thus, the maximum change
in pressure was 0.2 bars. Using an injection rate of
21.4 kg/s (i.e., the smaller of the two rates), the
injectivity index is estimated to be at least 110 kg/
s-bar.

During the preliminary discharge test (August
1986) of TT-7, a pressure survey was run to a depth
of ~699 m TVD. Extrapolating the single-phase
(liquid) part of the measured pressure profile, the
flowing feedzone pressure is obtained as 59.6 bars.
The static feedzone pressure (see Section 3) is 64.5
bars. With a discharge rate of 129 kg/s, the
productivity index for TT-7 is computed as 26 kg/
s-bar. The latter value for the productivity index is
not too different from that (30 kg/s-bar) obtained
from a numerical simulation (Section 5.2) of the
various discharge tests of well TT-7.

Large-Diameter Well TT-8

Injection and production tests were performed
on well TT-8 in August and September 1986 after

the borehole had been drilled to a depth of ~854 m
TVD. During injection tests on August 25, 1986
(injection rate ~10 kg/s) and September 3, 1986
(injection rate ~14.2 kg/s), the Kuster tool was set
at 800 m TVD (i.e., ~40 meters above the feedzone
at 840 m TVD). Detailed pressure data for these tests
have not been made available to the authors. The
injectivity indices listed in Table 4.1 were calculated
by Idemitsu engineers.

A short term (< 48 hours) production test was
performed with 4!/:-inch drilling pipe in the
borehole from 15:00 LT August 31, 986 to 13:00 LT
September 2, 1986. The discharge rate was ~54.4
kg/s. A pressure survey was run in the discharging
well on August 31, 1986 to a depth of ~791 m TVD;
extrapolating the measured pressures, the flowing
feedzone pressure is estimated to be ~48.6 bars.
Assuming a stable feedzone pressure of 55.5 bars,
the productivity index is computed to be 7.9 kg/
s-bar.

Large-Diameter Well TT-851

After the borehole had been drilled to a depth
of ~1213 m TVD, both injection and discharge tests
were performed in October 1986. During the
injection test on October 4, 1986, the Kuster gauge
was set at a depth of 800 m TVD (i.e., 250 meters
above the feedzone at 1050 m TVD). The injection
rate was 50.8 kg/s. The pressure data have been
analyzed by Idemitsu engineers; the injectivity index
is 7.5 (£1.9) kg /s-bar.

A short term discharge test was performed
from October 5, 1986 to October 9, 1986 with 4'/2-
inch drill pipe in the borehole. Downhole pressure
surveys were recorded on October 5, October 6 and
October 7, 1986. The pressure survey of October 6
was taken during airlift. There is something wrong
with the pressure survey of October 5 since the
measured pressure gradient is less than the
hydrostatic gradient. The pressure survey of
October 7, 1986 was measured to a depth of 800 m
TVD; extrapolating the data, the flowing pressure
at 1050 m TVD is ~68.0 bars. The static feedzone
pressure (see Section 3) is 70.5 bars. Using a
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discharge rate of 27.2 kg/s, the productivity index
is ~11 kg/s-bar.

Production Well TT-853

During the preliminary injection test on May 3,
1987, two Kuster tools were set at ~1494 m TVD.
Cold water was injected at a rate of 33.3 kg/s for 61
minutes; the injection pressure was 131.4 bars. With
a static pressure (measured after the test) of 106.7
bars, the injectivity index is 1.3 kg/s-bar. In an
attempt to enhance injectivity, several fracturing
operations were carried out in June 1987. Injectivity
index apparently increased to 2.3 kg/s-bar after the
first two attempts at fracturing (Table 4.1, and
Figures 4.3 and 4.4). No additional enhancement in
injectivity index (see Table 4.1 and Figures 4.5 and
4.6) was obtained with further attempts at stimu-
lating the well.

Flowing pressure surveys were recorded
during discharge tests in April 1987, June 1987 and
April 1988. The pressure survey of April 30, 1987
was run during air lift; these data are not useful for
determining the productivity index. Pressure survey
of June 23, 1987 (discharge rate ~48.1 kg/s) was run
to a depth of 1494 m TVD; extrapolating the data,
the flowing feedzone pressure is estimated to be
127.0 bars. The static pressure at 1870 m TVD
(feedzone depth) is 142.5; therefore, the productivity
index (as obtained from June 23, 1987 survey) is 3.1
kg/s-bar. The pressure survey of April 6, 1988
indicated a flowing feedzone pressure of 116.0 bars.
With the measured discharge rate of 51.7 kg/s, the
productivity index (April 1988 test) is ~2.0 kg/s-bar.
It is perhaps worth noting here that the measured
feedzone temperature (190°C) on June 23, 1987 was
substantially less than that (214°C) recorded on
April 6, 1988. Since the June 23, 1987 pressure survey
was run shortly after cold water injection tests, it is
likely that the feedzone temperature had not fully
recovered at the time of this (June 1987) temperature
survey.

Injection Well TT-10 -

Two short-term injection tests of well TT-10
were performed on July 20, 1986 (injection rate ~16.9
kg/s) and July 26, 1986 (injection rate ~23.3 kg/s)
with the pressure tooLset at 1190 m TVD (i.e., about
85 meters above the feedzone at 1275 m TVD). The
injection and static (prior to test) pressures for the
July 20, 1986 test were 89.0 bars and 88.2 bars, re-
spectively; these data yield an injectivity index of
21 kg/s-bar. For the July 26, 1986 test, the injection
and static (after the test) pressures were 88.1 bars
and 87.6 bars, respectively; the injectivity index is,
therefore, ~47 kg/s-bar.

An additional injectivity test (injection rate
~41.7 kg /s) was undertaken on April 6, 1988; during
this test, a pressure gradient survey was run using
two pressure tools. The flowing feedzone pressure
(average of two pressure gauges) was 100.6 bars.
With a stable feedzone pressure of 98.0 bars (see
Section 3), the injectivity index is computed as 16
kg/s-bar.

Production Well TT-13S

Both short (a few hours) and long-term
(several days) injection tests have been performed
on well TT-13S. Three short-term multi-rate injection
tests were performed on November 19, 1987,
December 22, 1987 and January 6, 1988 (see Figures
4.7-4.9); the injectivity index computed from these
tests varied from a low of 0.98 kg/s-bar (November
19, 1987) to a high of 3.4 kg/s-bar (December 22,
1987). Interestingly, the December 1987 injectivity
test was performed after hot water had been injected
into TT-13S for about six(6) days.

A three (3) day injectivity test was carried out
towards the end of January 1988 (Table 4.1). During
the latter test, the injection rate was held more or
less constant (~50 kg/s); the injection pressure (at
gauge depth), however, decreased from 155.0 bars

Continued on page 4-20
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Figure4.3. Injectivity test for production well TT-8S3 performed on June 16, 1987. Two pressure tools
were set at ~1494 m TVD.
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Figure4.4. Injectivity tet for production well TT-853 performed on June 18, 1987. Two pressure tools were

set at ~1494 m TVD.
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Figure 4.5. Injectivity test for production well TT-853 performed on June 20, 1987. The pressure tool was
set at ~1494 m TVD.
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Figure 4.6. Injectivity test for production well TT-853 performed on June 21, 1987. Two pressure tools
were set at ~1494 m TVD.
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Figure 4.7. Injectivity test for production well TT-13S performed on November 19, 1987. The Kuster tool
was set at 1796 m TVD.
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Figure 4.8. Injectivity test for production well TT-13S performed on December 22, 1987. The Kuster tool
was set at 1796 m TVD.
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Figure 4.9. Injectivity test for production well TT-13S performed on January 6, 1988. The Kuster tool was
setat 1796 m TVD (?).
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(at the start of the test) to 143.2 bars (at the end of
the test). The static pressure (at gauge depth) prior
to the test was 129.2 bars. These data imply that the
injectivity index increased substantially (from 1.9
kg/s-bar to 3.6 kg/s-bar) during the course of the
injection test.

An additional short-term (30 minutes) injec-
tion test was run on July 22, 1988 with the pressure
tool set at 1778 m TVD. The injection rate and
pressure were 30.6 kg /s and 138.0 bars, respectively.
With a static pressure (post-test) of 130.3 bars, the
injectivity index is 4.0 kg /s-bar.

Four pressure surveys are available for the
discharging well. The pressure survey of October 15,
1987 extends to a depth of only ~1479 m TVD; all
the pressure measurements were made in the two-
phase part of the borehole. Consequently, these
pressure data cannot be extrapolated to obtain the
feedzone pressure (feedzone depth = 2100 m TVD)
and to compute the productivity index. The reported
discharge rates on January 20, 1988 and January 21,
1988 were 48.1 kg/s and 49.4 kg /s, respectively; the
corresponding flowing feedzone pressures (ex-
trapolated from measurements) were 103.5 bars and
101.5 bars, respectively. The static feedzone pressure
is 158.0 bars (Section 3). The productivity index
values (0.88 kg/s-bar and 0.87 kg/s-bar) obtained
from January 20, 1988 and January 21, 1988 tests are
virtually identical. The pressure survey of August 4,
1988 was carried out to a depth of ~2070 m TVD;
the flowing feedzone pressure was ~112.6 bars. With
a discharge rate of 48.9 kg /s, the productivity index
for the August 1988 test is computed to be 1.1 kg/
s-bar. Downhole temperature surveys in the
discharging well imply that the feedzone tem-
peratures had not fully recovered at the time of the
January 1988 tests. Consequently, it is possible that
the August 1988 test provides a better measure of
the productivity index for well TT-13S.

Production Well TT-14R

Both injection and discharge tests were
performed on well TT-14R in early November 1986
prior to the installation of the 7-inch liner. A short-
term injectivity test (injection rate ~25.8 kg/s) was

carried out on November 3, 1986; pressure data from
this test have not been made available to the authors.
The injectivity index, computed by Idemitsu
engineers, is 2.0 kg/s-bar.

A downhole pressure survey was run in the
discharging well (discharge rate ~77.8 kg/s) to a
depth of 1683 m TVD; extrapolating the data, the
flowing feedzone pressure is estimated as ~78.2 bars.
Using a static feedzone pressure of 131.5 bars
(Section 3), the productivity index for TT-14R is 1.5
kg/s-bar.

Large-Diameter Well TT-16

A long-term (four days?) injection test (injec-
tion rate ~9.44 kg/s) was performed in February
1988 with the Kuster gauge set at 1970 m TVD (i.e.,
about 330 meters above the feedzone at 2300 m
TVD). The injection pressure was 192.7 bars. A
shutin pressure of 169.0 bars was recorded four
hours after stopping cold water injection. By
comparison with feedzone pressure (184.5 bars at
2300 m TVD), it appears that the measured shutin
pressure (169.0 bars) does not represent a stable
value; therefore, the calculated injectivity index (0.40
kg/s-bar) is not reliable.

.Subsequent short-term injection tests per-
formed on March 15, 1988, June 6, 1988 and June 28,
1988, yield similar values (0.15, 0.13 and 0.11 kg/
s-bar) for the injectivity index. For the March 15, 1988
test (injection rate ~4.00 kg/s), the pressure tool was
set at 1970 m TVD; the static (prior to test) and
injection pressures were 154.7 bars and 181.3 bars,
respectively. The pressure gauge was set at 2264
TVD for both the June 6, 1988 and June 28, 1988 tests.
For the June 6, 1988 test (injection rate ~3.89 kg/s),
the static (prior to test) and injection pressures were
181.8 bars and 211.1 bars, respectively. The injection
rate during the June 28, 1988 test was 2.67 kg/s; the
static and injection pressures were 181.0 bars and
206.2 bars, respectively. The three short-term
injection tests imply that well TT-16 has poor
injectivity (~0.1 kg/s-bar); for this reason, Idemitsu
decided to use the upper part of TT-16 to drill a new
well (TT-16S).

Continued on page 4-22
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Figure 4.10. Injectivity test for production well TT-16S performed on January 29, 1989. Two Kuster gauges
were set at ~1724 m TVD; plotted pressures represent the average of the two gauges.
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Production Well TT-16S

A two-rate injection test was performed on
January 29, 1989 with two Kuster tools set at 1724
m TVD (i.e., 16 meters above the feedzone at 1740
m TVD). The slope of the pressure versus injection
rate data (Figure 4.10) implies that the injectivity
index for TT-16S is 1.4 kg/s-bar.

During the preliminary discharge test on
February 16, 1989, a downhole pressure survey was
run with two Kuster tools; the flowing feedzone
pressure (average of two gauges) was 112.3 bars. The
discharge rate was 15.3 kg /s. With a stable feedzone
pressure of 131.0 bars, the productivity index is 0.82
kg/s-bar. As remarked in Section 3, at the time of
the February 1989 test, the feedzone temperature
had not recovered fully. The discharge rate from the
well increased substantially (from 15.3 kg/s to ~25.0
kg/s) during later discharge tests. It is, therefore,
likely that the February 1989 data yield too low an
estimate of the productivity index for well TT-16S.

Injection Well TT-18

An injection test was performed on December
15, 1987 after the borehole had been drilled to 1485
m MD (the final well depth was 1500 m MD). During
the 30-minute injection test, two Kuster tools were
set at 869 m TVD (i.e., about 330 meters above the
feedzone at 1300 m TVD). The injection rate and
pressure were 6.75 kg/s and 57.3 bars, respectively.
With a static (pre-test) pressure of 57.0 bars, the
injectivity index is computed as 23 kg/s-bar. Because
of gauge location, short test duration (~30 minutes),
and small pressure change (~0.3 bars), the computed
injectivity index for TT-18 (23 kg/s-bar) is not
considered to be reliable.

Injection Well TT-19

A short-term (total injection time = 25 minutes)
injection test was run on March 2, 1988 after the
borehole had been drilled to ~1362 m TVD (the final
hole depth is ~1377 m TVD). Two Kuster tools were
set at a depth of ~581 m TVD (i.e., about 800 meters

above the feedzone at 1350 m TVD). The injection
pressure and injection rate were 40.4 bars and 22.2
kg/s, , respectively. Using a pre-test static pressure
of 36.0 bars, the injectivity index is computed as 5.0
kg/s-bar. Because of the short test duration and
shallow gauge location, it is likely that the actual
injectivity index for TT-19 is lower than 5.0 kg /s-bar.

Injection Well TT-23

A two-rate injection test (total injection time =
3 hours) was performed on September 19, 1988. Two
Kuster gauges were set at ~1282 m TVD, i.e., about
140 meters above the feedzone at 1420 m TVD. The
injection pressure and flow rate data are shown in
Figure 4.11; these data imply that the injectivity
index for TT-23 is ~11 kg/s-bar.

4.2 Comparison of Productivity and
Injectivity Indices

Discharge capacity of a geothermal borehole
is principally determined by pressure losses
associated with flow (1) in the reservoir rocks, and
(2) in the wellbore. Given mass flow rate and
feedzone pressure and flowing enthalpy, equations
governing mass and energy transport in the
wellbore may be solved to obtain the wellhead
conditions (pressure and flowing enthalpy). At
present, two-phase fluid flow. in the wellbore (a
common condition in geothermal wells) is not
amenable to rigorous analytical treatment; instead,
empirical correlations for flowing steam quality,
friction factor and heat loss must be used. Un-
fortunately, utilization of different empirical
correlations does not always lead to comparable
results. Despite the uncertainties associated with the
modeling of two-phase flow in geothermal wells,
the available correlations are adequate for com-
puting a first approximation to the pressure losses
in the wellbore.

Ignoring pressure transient effects, the flow
resistance (or pressure losses) of the reservoir rock
can be characterized by the productivity index.

Continued on page 4-24
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Figure 4.11. Injectivity test for injection well TT-23 performed on September 19, 1988. Two Kuster tools
were set at 1282 m TVD.
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Prediction of the mass output of a large-diameter
well based on discharge data from a slim hole
requires, among other things, a relationship between
productivity index and borehole diameter.

Because of the increased importance of
frictional and heat losses in small-diameter bore-
holes, it is often difficult to discharge slim holes.
There is, however, no problem with performing
injection tests (and determining injectivity index) on
slim holes. If a relationship can be established
between injectivity and productivity indices, then
it should be possible to use injection tests on slim
holes to predict the probable discharge char-
acteristics of large-diameter wells.

Based on theoretical considerations, Pritchett
(1993) and Hadgu, ¢t al. (1994) have suggested that
the productivity (or injectivity) index should exhibit
only a weak dependence on borehole diameter. The
productivity and injectivity indices for Takigami
boreholes (see Tables 4.1, 4.2) do not exhibit any
systematic dependence on borehole diameter. The
latter result is in agreement with the results for
Sumikawa boreholes, but is at variance with the
injectivity / productivity indices for Oguni boreholes
(Garg and Combs, 1995; Garg, et al.. 1995a,b). Unlike
Takigami and Sumikawa boreholes, both the
productivity and injectivity indices for Oguni
boreholes display a strong dependence on borehole
diameter. Garg, et. al. (1995a) ascribed the apparent
variation of productivity/injectivity indices with
borehole diameter to differences in drilling tech-
niques (i.e., core drilling versus rotary drilling). Most
of the Oguni slim holes were drilled with complete
loss of circulation fluid (dilute bentonite based
mud). In contrast with Oguni slim holes, drilling
fluid circulation was maintained for Sumikawa slim
holes and for rotary drilled large-diameter wells at

Oguni and Sumikawa. Garg, et al. (1995a) suggested
that in the Oguni Geothermal Field, core drilling
may have caused greater formation plugging than
that resulting from rotary drilling. Like the Oguni
slim holes, most of the slim holes at Takigami were
also drilled with a complete loss of circulation. The

. Takigami productivity/injectivity data, however,

indicate that core drilling (with complete circulation
loss) did not result in any impairment of borehole
injectivity / productivity. The contradictory trends in
the relationship between productivity /injectivity
indices and borehole diameter at the Oguni and
Takigami Geothermal Fields indicate that enhanced
formation plugging in boreholes drilled with coring
rigs may not be a pervasive phenomenon. Data from
additional geothermal fields would be useful to
characterize enhanced formation plugging in core-
drilled slim holes.

Both productivity and injectivity indices are
available for five slim holes and eight large-diameter
wells at Takigami (Table 4.3). Productivity and
injectivity indices for Takigami boreholes are cross-
plotted in Figure 4.12. For comparison purposes,
data for Oguni and Sumikawa boreholes with liquid
feedzones are also shown in Figure 4.12. Like the
Sumikawa and Oguni Geothermal boreholes with
liquid feedzones, the productivity and injectivity
indices for Takigami boreholes are equal to first
order. The latter result is especially significant in that
the inability to discharge slim holes does not
necessarily render the use of slim holes to predict
the behavior of large-diameter wells impractical. In
the absence of discharge testing and the resultant
productivity index, the injectivity index may be used
to characterize the flow resistance of reservoir rocks,
and to compute (in conjunction with a wellbore flow
simulator) the probable discharge characteristics of
large-diameter geothermal wells.
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Table 4.3. Comparison of Productivity and Injectivity Indices for Takigami Boreholes.

l

NE-+4 79 2230 0.22 0.08. Productivity In;;ex of 01-27-86

NE-5(i2) 98 1180 28 28 Productivity Index: average of two values

NE-6(i2) |100 740 6.9 18 Productivity Index: average of two values

NE-11 100 1340 0.55 0.73

NE-11R {100 1850 27 38

TT-2 216 1580 25 11

TT-7 216 1070 24 26 Injectivity Index of 08-22-86

TT-8(i) m 840 12 79 Injectivity Index: average of two values

TT-851(i) |311 1050 7.5 11

TT-853  |216 1870 23 26 ;‘;‘:;‘;“;‘Ké’;f?é::‘zﬁgfgm‘f
Productivity Index: average of three values.

TT-135 216 2100 3.2 0.94 Injectivity Index: average of 12/22/87,
01/06/88,07/22/88

TT-14R 216 1730 20 15

TT-165 216 1740 14 0.82

A Study of Production/Injection Data from Slim Holes and Large-Diameter Wells

at the Takigami Geothermal Field, Kvushu, Japan
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Figure 4.12. Productivity Index versus Injectivity Index for Takigami (A) boreholes. For comparison, data

for Oguni (O) and Sumikawa (Q) boreholes with liquid feedzones are also shown.
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‘Section 5 ¢

Discharge Capacity and Borehole Diameter

5.1 Characteristic Tests

A total of seven slim holes (NE-2R, NE-3, NE+4,
NE-5, NE-6, NE-11, and NE-11R) and nine large-
diameter wells (TT-1, TT-2, TT-7, TT-8, TT-851,
TT-8S3, TT-13S, TT-14R, and TT-16S) have been
discharged. Several boreholes (NE-3, NE-5, NE-6,
TT-8 and TT-851) were discharged at intermediate
depths (i.e., prior to reaching target depth). The
discharge data are required to define the char-
acteristic output curves (i.e., mass and enthalpy
versus wellhead pressure). Wellhead enthalpy
measurements and downhole pressure/
temperature surveys indicate that all of the Takigami
boreholes produce from liquid feedzones; pro-
duction does not induce in situ boiling. The mass
output curves for the various Takigami boreholes
are shown in Figures 5.1 through 5.19; tables of the
data are given in Appendix B. The measured
maximum discharge rates for the various Takigami
boreholes are presented in Table 5.1. Since large-
diameter wells TT-8 and TT-8S1 were tested with
the 4-! /2 inch drill pipe in the borehole, the discharge
rates for these wells listed in Table 5.1 were restricted
and, therefore, are most likely on the low side. In
the following discussion, we will not further
consider discharge data for the latter two boreholes
(TT-8 and TT-851).

To determine the fluid carrying capacity of
geothermal boreholes of varying sizes, Pritchett
(1993) conducted numerical simulations assuming
that (1) boreholes are of uniform size, (2) pressure
losses in the formation are negligible, and (3)
boreholes produce from a liquid feedzone. Based on
these numerical simulations, Pritchett (1993) found
that the maximum discharge rate of a borehole,

M_ ., increases at a rate somewhat greater than the
square of borehole diameter, i.c.,
d 2+n
Max =My — n>0
dO

Here M_,, (M) is the discharge rate of a borehole
with internal diameter d (d). The area-scaled dis-
charge rate M* is defined as follows:

2
ol

The value of n may be expected to vary with feed-
zone conditions (depth, pressure, temperature, gas

" content) and well completion (uniform or non-uni-

form internal diameter). For the conditions assumed
by Pritchett (feedzone depth = 1500 m, pressure =
80 bars, single phase liquid at 250°C, uniform bore-
hole diameter), 7 is approximately equal to 0.56. In
a similar theoretical study, Hadgu, et al. (1994) have
considered single-phase (liquid) adiabatic flow (no
heat loss) up a wellbore and suggest that  equals
0.62.

Garg et al. (1995b) have examined production
data from slim holes and large-diameter wells in
three geothermal fields (Oguni, Japan; Sumikawa,
Japan; and Steamboat Hills, U.S.A.) to determine the
effect of borehole diameter on the discharge rate. For
boreholes with liquid feedzones in these three
geothermal fields, the “scaled maximum discharge
rate” provides a reasonable estimate of the max-
imum discharge rate of large-diameter geothermal
wells based on discharge data from slim holes.

The “area-scaled” and “scaled maximum
(n =0.56)" discharge rates for the Takigami slim
holes are compared with measured discharge rates
for large-diameter wells at Takigami in Table 5.2. The
average discharge rate for large-diameter wells is
significantly greater than the average “scaled
maximum” discharge rate computed from slim hole
data. The latter result is at variance with the data
for Oguni, Sumikawa and Steamboat Hills Geo-
thermal Fields. For these three geothermal fields,
“scaled maximum” discharge rate provides an
upper bound on the average measured discharge
rate for large-diameter wells.

Continued on page 5-23
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Figure 5.1. Discharge rate versus wellhead pressure for slim hole NE-2R (November and December 1982).
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Figure 5.2. Discharge rate versus wellhead pressure for intermediate depth slim hole NE-3(i) (October
1982). The hole depth at the time of the test was ~1689 m TVD.
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Figure 5.3. Discharge rate versus wellhead pressure for slim hole NE-3 (January and February 1983).
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Figure 5.4. Discharge rate versus wellhead pressure for slim hole NE-4 (January 1986).
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Figure 5.5. Discharge rate versus wellhead pressure for intermediate depth slim hole NE-5(i1) (February
1985). The hole depth at the time of the test was 1109.5 m TVD.

5-6




Discharge Capacity and Borehole Diameter

T —

35 | -

w
o
1
|

n
(&)
I
|

Discharge Rate, tons/hour

20 .

15 . , . . } . L | | { | . N | { | | , , |
2.4 2.8 3.2 3.6 4.0 4.4
Wellhead Pressure, bars

Figure 5.6. Discharge rate versus wellhead pressure for intermediate depth slim hole NE-5(i2) (March
1985). The hole depth at the time of the test was 14264 m TVD.
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Figure5.7. Discharge rate versus wellhead pressure for intermediate depth slim hole NE-6(i1) (February
1985). The hole depth at the time of the test was 763.5 m TVD.
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Figure 5.8. Discharge rate versus wellhead pressure for intermediate depth slim hole NE-6(i2) March
1985). The hole depth at the time of the test was 1403.0 m TVD.
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Figure 5.9. Discharge rate versus wellhead pressure for slim hole NE-11 (September 1986).

2.6

5-10




Discharge Capacity and Borehole Diameter

15 e

14 }

13 |

Discharge Rate, tons/hour

1 |

il —— . |

1.0 1.1

1.2 1.3
Wellhead Pressure, bars

1.4

1.5

Figure 5.10. Discharge rate versus wellhead pressure for slim hole NE-11R (February 1987).
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Figure 5.11. Discharge rate versus wellhead pressure for large-diameter well TT-1 (November 1933).
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Figure 5.12. Discharge rate versus wellhead pressure for large-diameter production well TT-2 (January
1984, May-June 1984, November 1991-February 1992).
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Figure 5.13. Discharge rate versus wellhead pressure for large-diameter production well TT-7 (August
1986, December 1991 and February 1992).
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Figure 5.14. Discharge rate versus wellhead pressure for intermediate depth large-diameter well TT-8(i)
(August 1986). The borehole depth at the time of the test was 854.2 m TVD. The discharge test
was performed with 4-'/1 inch drill pipe in the borehole.
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Figure 5.15. Discharge rate versus wellhead pressure for intermediate depth large-diameter well TT-851(i)
(October 1986). The borehole depth at the time of the test was 1212.6 m TVD. The discharge
test was performed with 4-'/: inch drill pipe in the borehole.
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Figure 5.16. Discharge rate versus wellhead pressure for large-diameter production well TT-853 (June
1987, April 1988, November-December 1991).
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Figure 5.17. Discharge rate versus wellhead pressure for large-diameter production well TT-135 (October
1987, January 1988, August 1988, December 1991, and February 1992).
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Figure 5.18. Discharge rate versus wellhead pressure for large-diameter production well TT-14R (November

1986, December 1991, and February 1992).
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Figure 5.19. Discharge rate versus wellhead pressure for large-diameter production well TT-16S (January
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Table 5.1. Measured maximum discharge rates for Takigami boreholes.

NE-2R 2010.0 1685.6 79 1800 180 17
NE-3(i) 1688.87 1675.0 101 1680 192 32
NE-3 2303.1 1675.0 101 275 2o 23
NE-4 22433 1379.8 79 2230 244 11
NE-5G1) |11095 996.9 98 1080 209 36
NE-5(2) | 14264 996.9 98 1180 205 31
NE-6(il) 763.5 685.0 100 700 192 26
NE-6(2) | 1403.0 685.0 100 740 187 25
NE-11 1381.6 868.2 100 1340 196 20
NE-11R | 18893 1377.3 100 1850 187 12
TT-1 3001.4 1624.2 216 2970 202 75
TT-2 1608.6 1553.3 216. 1580 205 260
TT-7 1108.9 949.4 216 1070 215 490
TT-8(i) 854.2 822.3 311 840 180 220
TT-851G) | 12126 822.3 311 1050 162 100
TT-8S3 1875.9 1555.1 216 1870 214- 180
TT-13S 2582.3 17247 216 2100 - 236 200
TT-14R 1960.6 1690.5 216 1730 236 280
TT-16S 1849.5 1316.6 216 1740 230 90

A Study of Production/Injection Data from Slim Holes and Large-Diameter Wells
at the Takigami Geothermal Field, Kyushu, Japan
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Table 5.2. Measured and predicted discharge rates for Takigami boreholes.

NE-2R 79 17 127 223
NE-3(i) 101 32 146 224
NE-3 101 23 105 161
NE-4 79 1 - 82 144
NE-5(i1) 98 36 175 272
NE-5(i2) 98 31 151 234
NE-6(il) 100 26 121 187
NE-6(i2) 100 25 117 180
NE-11 100 20 93 144
NE-11R 100 12 56 86
Average (NE-2R to NE-11R) 118 186
TT-1 216 75
TT-2 216 260
TT-7 216 490
TT-853 216 ' 180
TT-13S 216 200
TT-14R 216 280
TT-165 216 90
Average 225

* Area Scaled Discharge Rate = Measured Discharge Rate x (216/well
diameter in mm)?

*+Scaled Maximum Discharge Rate = Measured Discharge Rate x
(216/well dia. in mm)>™* '
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Most large-diameter wells at Oguni and at
Sumikawa geothermal fields are completed with a
9-/s inch (intemal diameter = 224 mm) cemented
casing and a 8-/2 inch ( = 216 mm) open hole (In
some cases, the open hole is lined with a 7-inch
uncemented liner.). Thus, most Oguni and
Sumikawa large-diameter wells have a more or less
uniform internal diameter (= 22 cm), and satisfy one
of the key assumptions (i.e., uniform wellbore
diameter) made by Pritchett in his analysis.

By way of contrast, Takigami large-diameter
wells have non-uniform internal diameter. Most
large-diameter production wells at Takigami are
completed with 13-*/s inch cemented casing
(internal diameter = 318 mm) in the upper part, 9-°/s
inch cemented casing (internal diameter = 224 mm)
in the middle part, and 8-!/z inch open hole (internal
diameter = 216 mm) in the lower part of the
borehole. For well TT-7, the diameter of the
cemented casing in the upper part of the borehole
is 16 inches (internal diameter = 381 mm). The
Takigami production wells do not have uniform
internal diameters; therefore, we do not expect
Pritchett’s scaling rule to apply to Takigami
boreholes.

To explore the relationship between the
discharge capacity of siim holes and large-diameter
Takigami wells, it is necessary to numerically
simulate the production characteristics of large-
diameter, non-uniform diameter, Takigami wells.
The numerical parameters derived from a fit to
actual production data (for large-diameter wells) can
then be used to calculate the probable discharge rate
for a uniform-diameter (i.e., an Oguni/Sumikawa
type) well. Lack of a productivity index for well TT-
1. and the presence of drill pipe in wells TT-8(i) and
TT-8S1(i) makes it impossible to perform mean-
ingful numerical simulations for these three wells.
However, numerical simulations for all other large-
diameter Takigami wells (TT-2, TT-7, TT-8S3, TT-13S,
TT-14R and TT-16S) are presented in Subsection 5.2.

5.2 Mathematical Modeling of Fluid
Flow in Takigami Boreholes

To model the flow characteristics of Takigami
boreholes, the wellbore computer simulation

program WELBOR (Pritchett, 1985) was employed.
The WELBOR code treats the steady flow of water
and/or steam up a borehole. The user provides
parameters describing the well geometry (inside
diameter and angle of deviation with respect to
vertical along the hole length), a stable formation
temperature distribution with depth, and an
“effective thermal conductivity” representing the
effects of conductive heat transfer between the fluid
in the wellbore and the surrounding rock formation.
Values must also be specified for the flowing
feedpoint pressure (or alternately stable feedpoint
pressure and productivity index) and enthalpy (or
alternately temperature for wells producing from a
single-phase liquid zone). Since all the existing
Takigami boreholes produce from liquid feedzones,
the feedzone fluid state can be prescribed by stable
feedzone pressure, productivity index, and feedzone
temperature.

In WELBOR, the frictional pressure gradient
is treated using Dukler’s correlation (Dukler et al.,
1964) and a user prescribed roughness factor. The
relative slip between the liquid and gas phases is
treated using a modified version of the Hughmark
liquid holdup correlation (Hughmark, 1962). The
slippage rate may vary between the value given by
the Hughmark correlation and no slip at all,
according to the value of a user-supplied holdup
parameter which varies between zero (no slip) and
unity (Hughmark). For all of the calculations
presented in this subsection, the Hughmark cor-
relation was used.

Given the downhole (usually at feedzone
depth) values for mass flow, pressure and tem-
perature (or flowing enthalpy for wells producing
from a two-phase zone), the WELBOR code can be
used to compute the conditions along the wellbore
and at the wellhead (pressure, flowing enthalpy,
etc.). The principal parameters that may be varied
to match the measured conditions in the wellbore
and at the wellhead are (1) holdup parameter,
(2) effective thermal conductivity and (3) interior
roughness factor. As mentioned earlier, for the
Takigami boreholes, it was not necessary to vary the
holdup parameter, and the Hughmark correlation
was employed in all cases. Numerical experimenta-
tion revealed that several of the Takigami slim holes
are simply incapable of transmitting the reported
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discharge rates to the wellhead; it is likely that a part
of the flow is diverted to the annulus (bad cement?)
behind the casing. For the latter boreholes, the
diameter of the cemented section was taken to be a
free parameter.

For both the slim holes and large-diameter
production wells at Takigami, WELBOR was used
to match the downhole pressure/temperature
profiles and the results of characteristic tests. The
model parameters derived from fits to actual
discharge test data (for both the slim holes and large-
diameter production wells) were used to calculate
the discharge characteristics of an “Oguni/
Sumikawa type” well (9-°/s inch cemented casing
with an internal diameter of 224 mm, and a 216 mm
open hole). Detailed results of these calculations
follow.

Slim Hole NE-3

The principal feedzone for slim hole NE-3 is
located at 2275 m TVD. No pressure/temperature
surveys in the discharging well were run below a
depth of 2000 m TVD; therefore, the pressure data
" at 2000 m TVD were used to determine the pro-
ductivity index for slim hole NE-3. The stable
pressure at 2000 m TVD is 163.2 bars; using the
flowing pressure recorded on February 9, 1983, the
productivity index is estimated to be ~3.2 kg/s-bar
(see Section 4).

The well geometry is as follows:

Angle
Measured Vertical with Internal
Depth Depth Vertical Diameter
(meters) {meters) {degrees) (cm)
0.0—1675..0 0.0-1675.0 0.00 104
1675.0-2000.0 | 1675.0-2000.0 0.00 101

The stable formation temperature was approx-
imated by the following temperature distribution

using linear interpolations between tabulated
points:

Vertical Depth Temperature
(meters) (Celsius)
0 20
500 50
1000 155
1600 190
2000 196

The flowing temperature (i.e., temperature of the lig-
uid in the discharging well) at 2000 m TVD is 194°C.

The characteristic test data (i.e., discharge rate
versus wellhead pressure, Figure 5.20) and
downhole profiles (Figures 5.21 and 5.22) recorded
during a discharge test in early 1983 were fitted
using the following two alternate sets of parameter
values:

Model L:
Effective Thermal Conductivity, K = 1.0 W/m-°C
Roughness Factor, € = 0.36 mm

Model II:
Effective Thermal Conductivity, K = 3.6 W/m-°C
Roughness Factor, € = 0.00 mm

Neither of the above two models provides a totally
satisfactory fit to the temperature profile. Model I
yields a good fit in the single-phase region (below
~300 meters); however, the fit in the two-phase re-
gion (above 300 meters) is unsatisfactory. Model II
on the other hand gives a good fit in the two-phase
region and a poor fit in the upper part of the single-
phase region. Attempts to improve the fit to tem-
perature data using other parameter (K, ¢) values
were not successful. As far as the characteristic test
data (Figure 5.20) are concermed, Model II yields a
superior fit than Model 1. Accordingly, Model Il was
used for purposes of calculating the discharge

Continued on page 5-28
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Figure 5.20. Discharge rate versus wellhead pressure for slim hole NE-3 (January and February 1983). The
dashed lines are the computed characteristic curves.
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characteristics of a hypotheticél “Oguni/Sumikawa
type” well with the following geometry:

Angle
Measured Vertical with Internal
Depth Depth Vertical Diameter
{meters) (meters) (degrees) (cm)
0.0-1675.0 0.0-1675.0 0.00 244
1675.0~2275.0 | 1675.0-2275.0 0.00 21.59

The stable feedzone (2275 m TVD) pressure and tem-
perature are 186.5 bars and 194°C, respectively. The
remaining parameters for the hypothetical well (..,
productivity index, roughness parameter, effective
thermal conductivity) are taken to be the same as
those for the slim hole (Model II).

The computed discharge characteristics for the
hypothetical “Oguni/Sumikawa type” well are
displayed in Figure 5.23; the maximum discharge
rate is ~168 tons/hour. The latter value for the
discharge rate is not too different from the scaled
maximum discharge rate (~151 tons/hour) given in
Table 5.2.

Slim Hole NE4

The principal feedzone for NE-4 is located at
2230 m TVD. The stable feedzone pressure and
flowing temperature (as determined from the
temperature survey of January 18, 1986) are 185.5
bars and 247°C, respectively. After cold water
injection and well cleaning on January 21-22, 1986,
a discharge test was performed on January 27, 1986.
The feedzone temperature of 236°C during the latter
discharge test is 11°C lower than that recorded
during the discharge test on January 18, 1986. It is
likely that feedzone temperature had not fully
recovered at the time of the discharge test on
January 27, 1986. In the following, only the pressure
and temperature surveys recorded on January 18,
1986 will be considered. The productivity index for
NE-4 as obtained from the pressure survey of
January 18, 1986 is ~0-.052 kg /s-bar.

The well geometry is as follows:

- Angle
Measured Vertical with Internal
Depth Depth Vertical Diameter
(meters) (meters) (degrees) (cm)
0.0-1456.8 0.0-1348.8 2220 10.1
1456.8-2392.6 | 1348.8-2230.0 19.67 79

The stable formation temperature was approxi-
mated by the following temperature distribution
using linear interpolations between tabulated data:

Vertical Depth Temperature
(meters) (Celsius)
0 20
600 50
1400 200
2230 247

The characteristic test data taken during the
two January 1986 discharge tests (Figure 5.24) and
downhole profiles (Figures 5.25 and 5.26) of
January 18, 1986 were fitted using the following two
alternate models:

Model I:
Roughness Factor, € = 0.0 mm
Effective Thermal Conductivity, K = 2.6 W/m-°C

Model II:
Roughness Factor, € =0.2 mm
Effective Thermal Conductivity, K = 2.0 W/m-°C

Model I provides a somewhat better fit to the down-
hole pressure/temperature data (Figures 5.25 and
5.26). The characteristic test data are, however, bet-
ter approximated by Model II.

Continued on page 5-33
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Figure 5.23. Computed discharge characteristics for the hypothetical “Oguni/Sumikawa type” well using

model parameters for slim hole NE-3.
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Model II parameters (K, €) were used to
calculate the discharge characteristics of the
following hypothetical “Oguni/Sumikawa type”
well:

Angle
Measured Vertical with Internal
Depth Depth Vertical Diameter
(meters) (meters) (degrees) (cm)
0.0-1456.8 0.0-1348.8 2220 224
1456.8-2392.6 | 1348.8-2230.0 19.67 21.59

The computed discharge characteristics for the hy-
pothetical well are shown in Figure 5.27. The maxi-
mum computed discharge rate of ~18 tons/hour is
only a small fraction of the scaled maximum dis-
charge rate (144 tons/hour) givern in Table 5.2. The
very small productivity index for NE-4 causes most
of the pressure drop to take place in the formation.
Since the pressure drop in the wellbore is a small
fraction of the total pressure drop (i.e., the pressure
drop between the reservoir and the wellhead), in-
creasing the borehole diameter does not lead to a
large increase in the discharge rate. Slim hole NE-4
is located close to the unsuccessful large-diameter
well TT-16. Apparently, the western part of the Taki-
gami Geothermal Field, which contains both NE-4
and TT-16, is characterized by poor productivity.

Slim Hole NE-5(i1)

The principal feedzone for slim hole NE-5(i1)
is located at 1080 m TVD. Slim hole NE-5(i1) was
briefly discharged on February 15 and 16, 1985. The
flowing feedzone temperature and pressure, as
measured on February 16, 1985, were ~209°C and
66.12 bars, respectively. As noted in Section 4,
absence of shutin pressure data makes it impossible
to compute a productivity index for NE-5(il1). For
present purposes, it is assumed that the productivity
index for NE-5(i1) can be approximated by the
injectivity index (= 20 kg/s-bar) obtained from an
injection test performed on February 17, 1985 (ie.,
after the production test). With P, . = 66.12 bars,
M =10.08 kg/s, and PI = 20 kg/s-bar, the stable
feedzone pressure is estimated to be ~66.62 bars.

The nominal well geometry for NE-5(il) is as
follows:

Angle
Measured Vertical with Internal
Depth Depth Vertical Diameter
(meters) (meters) (degrees) (cm)
0.0-997.0 - 0.0-996.9 0.81 10.4
997.0-1080.1 | 996.9-1080.0 0.00 9.8

Numerical experimentation showed that the above
well geometry is incapable of transmitting the dis-
charge rates measured during the February 1985
discharge test. It is likely that flow behind the cas-
ing is involved. Based on numerical experiments,
the well geometry for NE-5(i1) was modified as fol-
lows:

Angle
Measured Vertical with Internal
Depth Depth Vertical Diameter
(meters) (meters) (degrees) (cm)
0.0-997.0 0.0-996.9 0.81 123
997.0-1080.1 | 996.9-1080.0 0.00 9.8

The effective diameter for the upper section must
be at least 12.3 cm to accommodate the reported dis-
charge rates.

The stable formation temperature was
approximated by the following temperature

distribution using linear interpolations between
tabulated data:

Vertical Depth Temperature
(meters) (Celsius)
0 15
500 50
900 185
1080 210

Continued on page 5-35
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Except for the temperature at 1080 m TVD, the above
temperature data are derived from temperatures

recorded in nearby large-diameter production well
TT-7. :

The characteristic test data and downhole
pressure/temperature profiles taken during the
February 1985 test were simulated using the
following model parameters:

Effective Thermal Conductivity, K =4 W/m-°C
Roughness Factor, £ = 0.00 mm

The computed characteristic curves are shown for
both the nominal and modified well geometries in
Figure 5.28. The maximum discharge rate for the
nominal geometry is ~7.6 kg/s (~27 tons/hour). The
modified geometry curve closely approximates the
three data points at high flow rates (~35 tons/hour);
no attempt was made to modify the well parameters
(geometry, K, €) to match the single data point at
~20 tons/hour. Comparison between the computed
and measured downhole temperature / pressure pro-
files is shown in Figures 5.29 and 5.30, respectively.
Apparently, the downhole pressure/temperature
profiles are insensitive to well geometry. Good
agreement is obtained for both the nominal and
modified well geometries.

The fitted model parameters (K, €) for slim hole
NE-5(i1) were employed to compute the discharge
characteristics for the following hypothetical
“Oguni/Sumikawa type” well:

hour) is about 20 percent smaller than the scaled
maximum discharge rate (~272 tons/hour) given in
Table 5.2; the difference between the two discharge
rates is linked to flow behind the casing in NE-5(il).
Scaled maximum discharge rate calculation assumes
a uniform internal diameter for the slim hole. Slim
hole NE-5(i1) (modified geometry) does not meet
this uniform diameter wellbore requirement.

Slim Hole NE-5(i2)

The principal feedzone for slim hole NE-5(i2)
is located at 1180 m TVD. The stable feedzone
pressure is ~74.2 bars. During a short-term discharge
test (March 15, 1985 14:30 LT to March 17, 1985 22:00
LT), two pressure surveys were run in the borehole; .
the average flowing feedzone pressure was ~73.72
bars. Using the reported discharge rate of 31.1 tons/
hour (~8.64 kg/s), the productivity index is
estimated to be ~17 kg/s-bar (see also Section 4).
The flowing feedzone temperature was ~205°C. The
latter temperature is 4°C lower than that reported
for NE-5(i1).

The nominal well geometry for NE-5(i2) is as
follows:

Angle
Measured Vertical with Internal
Depth Depth Vertical Diameter
(meters) (meters) (degrees) (cm)
0.0-997.0 0.0-996.9 0.81 10.4
997.0-1180.3 996..9-1180.0 2.68 9.8

Angle
Measured Vertical with Internal
Depth Depth Vertical Diameter
(meters) (meters) (degrees) (cm)
0.0-997.0 0.0-996.9 0.81 2.4
997.0-1080.1 | 996..9-1080.0 0.00 21.59

The computed discharge characteristics for the hy-
pothetical well are displayed in Figure 5.31. The
maximum computed discharge rate (~210 tons/

In common with slim hole NE-5(il), the nominal
well geometry for NE-5(i2) is incapable of support-
ing the reported discharge rate (8.64 kg/s). Appar-
ently, part of the discharge takes place behind the
casing. Numerical experimentation showed that the
effective diameter for the upper section must be at
least 12.3 cm (same as for NE-5(i1)) to accommodate
the reported discharge rate. Accordingly, the well
geometry for NE-5(i2) was modified as follows:

Continued on page 5-40
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Angle
Measured Vertical with Internal
Depth Depth Vertical Diameter
(meters) (meters) (degrees) (cm)
0.0-997.0 0.0-996.9 0.81 123
997.0-1180.3 | 996.9-1180.0 2.68 9.8

The stable formation temperature was
approximated by the following temperature
distribution using linear interpolations between
tabulated data: '

Vertical Depth Temperature
(meters) (Celsius)
0 15
500 50
900 185
1080 210
1180 205

Except for the temperature at 1180 meters, the above

temperature distribution is identical with that as-

sumed for slim hole NE-5(i1).

The characteristic test data and downhole
pressure/temperature profiles taken during the
March 1985 test were simulated using the following
model parameters:

Effective Thermal Conductivity, K =4 W/m-°C
Roughness Factor, € = 0.00 mm

The computed characteristics curves for both the
nominal and modified well geometries are shown
in Figure 5.32. The maximum discharge rate for the
nominal geometry is ~6.5 kg/s (23.4 tons/hour).
Comparison between the computed and measured
downhole temperature/pressure profiles is dis-
played in Figures 5.33 and 5.34, respectively. Good
agreement is obtained for both the nominal and
modified well geometries.

The model parameters (K, ¢) for slim hole
NE-5(i2) were employed to compute the discharge
characteristics for the following hypothetical
“Oguni/Sumikawa type” well:

i Angle
Measured Vertical with Internal
Depth Depth Vertical Diameter
(meters) (meters) (degrees) (cm)
0.0-997.0 0.0-996.9 0.81 2244
997.0-1180.3 | 996..9-1180.0 268 21.59

The computed discharge characteristics for the hy-
pothetical well are shown in Figure 5.35. The maxi-
mum computed discharge rate (~188 tons/hour) is
about 80 percent of the scaled maximum discharge
rate (~234 tons/hour) given in Table 5.2.

Slim Hole NE-6(il1)

The principal feedzone for slim hole NE-6(il)
is located at 700 m TVD. The borehole was dis-
charged for a brief period on February 14, and 15,
1985. The flowing feedzone temperature and
pressure, recorded on February 14, 1985, were
~192°C and 31.7 bars, respectively. As remarked in
Section 4, a lack of shutin pressure data makes it
impossible to compute a productivity index for
NE-6(i1). For present purposes, it is assumed that
the productivity index for NE-6(i1) equals the
injectivity index (~4 kg/s-bar) obtained on Feb-
ruary 11, 1985. With P owing ~31.7 bars, M ~7.44
kg/s, and PI ~4 kg/s-bar, the stable feedzone
pressure is estimated as 33.6 bars.

The nominal well geometry for NE-6(il) is as
follows:

Angle
Measured Vertical with Internal
Depth Depth Vertical Diameter
(meters) (meters) (degrees) (cm)
0.0-684.0 0.0-684.0 0.00 104
684.0-700.0 684.0-700.0 0.00 100
Continued on page 5-45
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lines are the computed temperature profiles.
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Figure 5.34. Pressure profiles recorded in discharging NE-5(i2) on March 16 and 17, 1985. The dashed lines

are the computed pressure profiles.
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Figure 5.35. Computed discharge characteristics for the hypothetical “Oguni/Sumikawa type” well using
model parameters for slim hole NE-5(i2).

5-44




Discharge Capacity and Borehole Diameter

The above well geometry is incapable of transmit-
ting the reported discharge rates for the February
1985 test. Based on numerical experiments, the well

geometry for NE-6(i1) was modified as follows:

Angle
Measured Vertical with Internal
Depth Depth Vertical Diameter
(meters) (meters) (degrees) (cm)
0.0-684.0 0.0-684.0 0.00 24
684.0-700.0 684.0~700.0 0.00 21.59

Angle
Measured Vertical with " Internal
Depth Depth Vertical Diameter
(meters) (meters) (degrees) (cm)
0.0-684.0 0.0-684.0 0.00 12.6
684.0-700.0 684.0-700.0 0.00 100

The effective diameter of the upper section must be
at least 12.6 cm to accommodate the reported dis-
charge rates.

The stable formation temperature was approx-
imated by the following temperature distribution
using linear interpolations between tabulated data:

Vertical Depth Temperature
(meters) (Celsius)
0 15
700 192

The characteristic test data and downhole
pressure/temperature profiles taken during the

February 1985 discharge test were simulated using
the following model parameters:

Effective Thermal Conductivity, K =4 W/m-°C
Roughness Factor, € = 0.00 mm

The computed characteristic curve is compared with
the measurements in Figure 5.36; considering the
large scatter in measured pressure data, the agree-
ment is satisfactory. Comparison between the com-
puted and measured temperatures/pressures is
shown in Figures 5.37 and 5.38, respectively. The
agreement between measurements and calculated
curves is good.

The model parameters (K, €) for slim hole
NE-6(i1) were employed to compute the discharge
characteristics for the following hypothetical
“Oguni/Sumikawa type” well:

The computed discharge characteristics for the hy-
pothetical well are plotted in Figure 5.39. The maxi-
mum computed discharge rate (~118 tons/hour) is
about ~60 percent of the scaled maximum discharge
rate (~187 tons /hour) given in Table 5.2. The differ-
ence between the two discharge rates (118 tons/hour
versus 187 tons/hour) is linked to (1) a small pro-
ductivity index and (2) flow behind the casing. Both
of these factors cause the predicted discharge rate
for the large-diameter well to be smaller than the
scaled maximum discharge rate.

Slim Hole NE-6(i2)

The major feedpoint for slim hole NE-6(i2) is
located at 740 m TVD. The stable feedzone pressure
is ~34.2 bars. During a short-term discharge test in
March 1985, two pressure surveys were run in the
borehole on March 14 and 15, 1985; the average
flowing feedzone pressure was ~33.74 bars. Using
the reported discharge rate of 25.3 tons/hour (= 7.03
kg/s), the productivity index is ~15 kg/s-bar (see
also Section 4). The flowing feedzone temperature
in March 1