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ABSTRACT 

Production and injection data from slim holes and largediameter wells at the Oguni Geothermal 
Field, Japan, were examined in an effort to establish relationships (1) between productiw of 
largediameter wells and slim holes, (2) between injectivity and productivity indices and (3) 
between productivity index and borehole diameter. The production data from Oguni boreholes 
imply that the mass production from largediameter wells may be estimated based on data from 
slim holes. Test data from both large- and smalldiameter boreholes indicate that to first order the 
productivity and the injectivity indices are equal. Somewhat surprisingly, the productivity index 
was found to be a strong function of borehole diameter; the cause for this phenomenon is not 
understood at this time. 
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Abstract 

Production and injection data from slim holes and large-diameter wells 
at the Oguni Geothermal Field, Japan, were examined in an effort to establish 
relationships (1) between productivity of largediameter wells and slim holes, 
(2) between injectivity and productivity indices and (3) between productivity 
index and borehole diameter. The production data from Oguni boreholes im- 
ply that the mass production from large-diameter wells may be estimated based 
on data from slim holes. Test data from both large- and small-diameter bore- 
holes indicate that to first order the productivity and the injectivity indices are 
equal. Somewhat surprisingly, the productivity index was found to be a strong 
function of borehole diamem, the cause for this phenomenon is not under- 
stood at this time. 
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1 Introduction 
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UI 
v) 

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 slim holes (S 15 cm diam- 
eter) for geothermal exploration and d e f ~ t i v e  reservoir assessment. Garg 
and Combs (1993) presented a review of the publicly available Japanese data 
regarding slim holes. Slim holes have been successfdly used in Japan (Garg 
and Combs, 1993) for (1) obtaining core for geological studies and delineat- 
ing the subsurface stratigraphic structure, (2) characterizing the geothermal 
reservoir fluid state, and (3) as shutin observation boreholes in pressure inter- 
ference tests. In order to establish the utility of slim holes for definitive reser- 
voir assessment, it is also necessary to be able to predict the discharge 
characteristics of large-diameter wells based on injectioddischarge tests on 
small-diameter slim holes. At present, there do not exist sufficient published 
data, either in Japan or elsewhere, to establish a statistically meaningful rela- 
tionship between the injectivity/productivity of small-diameter slim holes and 
of largediameter production and/or injection wells. 

The U.S. Department of Energy (DOE) through Sandia National Labo- 
ratories (Sandia) has initiated a research effort to demonstrate that slim holes 
can be used (1) to provide reliable geothermal reservoir parameter estimates 
comparable to those obtained from large-diameter wells, and (2) to predict 
the discharge behavior of large-diameter wells (Combs and Dum, 1992). As 
part of its research program, DOWSandiaplans to drill and test pairs of small- 
diameter slim holes with existing large-diameter production wells in several 
geothermal fields in the western United States; the first of these tests was 
recently completed in mid-1993 at the Steamboat Hills Geothermal Field, 
Nevada (Finger et aL, 1994). Because of fiscal constraints, it is unlikely that 
sufficient U.S. data will become available in the near future. Fortunately, the 
Japanese geothermal industry has had extensive experience in the use of slim 
holes for geothermal exploration and reservoir assessment. Most of the Japa- 
nese slim hole data are proprietary. However, assuming that data ownership 
issues can be resolved, the existing Japanese data in conjunction with planned 
field tests in the United States should help in establishing 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 several Japanese geothermal developers for release 
of their proprietary data for use in DOWSandia’s slim-hole program. As a 
result of these negotiations, S-Cubed was fortunate to obtain permission from 
Electric Power Development Company (EPDC) for use of pertinent data from 
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the Oguni Geothermal Field. The Oguni Geothermal Field, Kumamoto 
Prefecture, Kyushu, Japan, is a particularly good candidate for a case history 
on the use of slim holes in geothermal exploration and reservoir assessment. 
Since 1983, EPDC has canied out an extensive exploration and reservoir as- 
sessment program in the area. As of mid-1993, EPDC had drilled and tested 
more than twenty boreholes ranging in depth from 500 to 2000 meters. EPDC 
has utilized slim holes not only for selecting large-diameter well locations, 
but also for predicting the production capacity of the large-diameter wells 
beiig drilled. The article by M. Abe of EPDC, reproduced in Appendix A of 
this report, explains in some detail EPDC's approach towards the use of slim 
holes in geothermal exploration and reservoir assessment. 

In the present report, we examine data from eleven slim holes and ten 
large-diameter wells at the Oguni Geothermal Field. A brief overview of the 
Oguni Geothermal Field is presented in Section 2. The drilling information 
and downhole pressure, temperature and spinner surveys are analyzed in 
Section 3 to determine feedzone locations, pressures, and temperatures, erc. 
Injectivity indices and estimates of reservoir permeability-thickness product 
(kh) obtained from injection and fall-off data are discussed in Section 4. The 
discharge test data, productivity indices, and estimates of kh product given by 
pressure buildup data are presented in Section 5. In Section 6, we discuss the 
(1) variation of discharge rate, productivity index, and injectivity index with 
borehole diameter, (2) relationship between productivity and injectivity indi- 
ces, and (3) kh determined from short-term injection and longer-term discharge 
tests. Our recommendations for future work are also outlined in Section 6. 
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2.1 Introduction 

The Oguni and the Sugawara Geothermal Fields together comprise the 
northwestern Hohi geothermal region, Kumamoto and Oita Prefectures, 
Kyushu, Japan (see Figure2.1. In this report, we use the Central Kyushu 
Co-ordinate System (CKCS). The origin of CKCS is located at 33' 0' north 
latitude and 131'0' east longitude.). An area of numerous hot springs, it is 
approximately 40 km southwest ofthecoastal resort of Beppu, and some 20 km 
north of Mt. Aso, an active caldera. The New Energy and Industrial Technology 
Development Organization (NEW) carried out a regional (200 km2 area) 
exploration program in the Hohi area during the years 1979-1985; this work 
resulted in the identification of a high permeability geothermal area in the 
northwestern Hohi area. EPDC initiated a geothermal exploration program in 
the Oguni area in 1983. The Oguni field is located at the northeast end of 
Kumamoto prefecture; Oita Prefecture is to the north and northeast of the 
Oguni area. The Sugawara field, to the north of the Oguni area, is being sur- 
veyed by NEDO as a possible site for the demonstration of a binary power . 
plant.Although the northern Hohi area has been subdivided into two separate 
geothermal fields (Oguni, Sugawara), the area constitutes a single hydrologi- 
cal unit. 

The topography of the Oguni field is dominated by Mt. Waita (Figure 2.1), 
which rises to an elevation of about 1500 m ASL (meters above sea level) to 
the southeast of the field. Many of the boreholes are located on the flanks of 
Mt. Waita. The Oguni boreholes are in Kumamoto prefecture. Striking WNW- 
ESE is the valley containing the hot spring areas (and towns) of Takenoyu and 
Hagenoyu. To the north of the valley is the Sugawara plateau (in Oita fiefec- 
ture) where NEDO has drilled a number of boreholes (BS series, Figure 2.1) 
for a binary power plant. The TakenoydHagenoyu valley forms a natural di- 
vision of the field into two parts, north and south of the valley. 

2.2 Subsurface Stratigraphic Structure 

The subsurface stratigraphic structure in the northern Hohi area is shown 
in Figures 2.2 to 2.4. The granitic basement (not shown in Figures 2.2 to 2.4) 
was encountered in only two boreholes (DW-7 and DY-2) at about -960 m ASL 
in the Oguni area, and drops off steeply to the northeast in the Sugawara area. 
The stratigraphic sequence above the basement consists of the Pliocene Taio 
formation, the late Pliocendearly Pleistocene Shishimuta formation (pre-Kusu 
group), the lower to middle Pleistocene Hohi and Kusu formations, and the 
upper Pleistocene Kuju formation. The Nogarni mudstones (part of the Kusu 

Continued on page 2-6 
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Figure 2.1. The northern Hohi geothermal area, Kyushu, Japan. The inset map of Japan (lower 
left hand corner) shows the location of the Hohi geothermal area (dark rectangle). 
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Figure 2.2. Stratigraphic cross section striking north along east-west CKCS co-ordinate 13. The 
ordinate is meters north from north-south CKCS co-ordinate 14. The following 
abbreviations are used for formation names: KJ (Kusu); Kun (Kusu/Nogami mudstone); 
Klm (KusuFlachida lava); OH (Hohi); OHk (HohiKotobakiyama lava); OHm (Hohi/ 
Nambira lava); OHh (HohikIatchobaru lava); SH (Shishimuta); TA (Taio). 
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Figure 23. Stratigraphic cross section striking north along east-west CKCS co-ordinate 14. The 
ordinate is meten north from north-south CKCS co-ordinate 15. The following 
abbreviations are used for formation names: KJ (Kusu); Kun (Kusu/Nogami mudstone); 
Klm (Kusu/Machidalava); OH (Hohi); OHh (Hohi/Hatchobaru lava); SH (Shishimuta); 
TA (Taio). 
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Figure 2.4. Stratigraphic cross section striking east along north-south CKCS co-ordinate 16. The 
ordinate is meters east from east-west CKCS co-ordinate 12. The following 
abbreviations are used for formation names: KJ (Kuju); Kun (Kusu/Nogami mudstone); 
OH (Hohi); OHk (HohiKotobakiyama lava); OHm (Hohi/Nambiralava); OHh (Hohi/ 
Hatchobam lava); SH (Shishirnuta); TA (Taio). 
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An Overview of Oguni Geothermal Field 

group) and the Kuju volcanics appear to function as a caprock for the geother- 
mal system. Based upon feedpoint locations, it appears that the Hohi foma- 
tion and the upper part of the Shishimuta formation constitute the principal 
geothermal aquifers. I. 

The upper interface of the Taio formation (ie., the contact between Taio 
and Shishimuta formations) is found in the Oguni area at elevations between 
-200 a n d m  m ASL. In the northern part of the field (Le., Sugawara area), 
this interface was encountered in boreholes DY-1 and DW-7 at much deeper 
elevations (-1320 and -825 m ASL, respectively). 

The elevation of the top of the Shishimuta formation varies between 
about 50 and 150 m ASL except in the Takenoyu-Hagenoyu area. In this area, 
penetrated by boreholes GH-8, HH-3, K-6, TY-1 and TY-2, the top of the 
Shisbuta formation has a much higher elevation (about 500 m ASL). This 
local rise in the formation is interpreted to be a small upthrown block 

The Hohi and Kusu formations are interfhgered in a complicated man- 
ner. Both of these groups are interrupted in the vicinity of the uplift of the 
Shishimuta rocks in the Takenoyu-Hagenoyu area. 

f 

2.3 Fluid State 

23.1 Resenrdr Pressures 

Garg, et al. (1993) have analyzed drilling information, and downhole 
pressure, temperature, and spinner surveys for 45 boreholes in the northern 
Hohi area in an effort to deduce feedzone depths and pressures. The feedzone 
pressures imply that the northern Hohi region consists of two pressure zones 
(a high pressure zone in the area of boreholes GH-15, GH-19, GH-6, HH-2, 
N2-KW-3 and DY-2 in the southern part of the Oguni field; a low pressure 
zone in the central and northern parts of the area shown in Figure 2.1). At 
present, the reasons for the existence of two pressure regions in close proxim- 
ity to each other (within at most a few hundred meters) are poorly understood. 

The feedzone pressures for the “low-pressure zone” boreholes can be fit 
by the following correlation: 

P = 56.0888 -0.085312 * 
Z* = z + 7.6 1 9 ( ~ N  - 15) 

where P is in bars (absolute), z* and z are in m ASL, and xN is the distance in 
kilometers from the origin of the Central Kyushu Co-ordinate System. As can 
be seen from Figure 2.5, the pressure correlation agrees closely with a l l  the 
pressure measurements for low-pressure zone boreholes. The pressures for 
“high-pressure zone” boreholes (GH-6, GH-15, GH-19, HH-2, DY-2, 
N2-KW-3) do, however, lie considerably above the straight line in Figure 2.5, 
as do those from the shallow boreholes (Mw-5, DB-9, DB-10) which do not 
penetrate the deep reservoir. 
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Figure 2.5. Correlation of pressure with equivalent feedpoint elevation of low-pressure zone 
boreholes (A). Also shown as Oare boreholes (DB-10, MW-5, DB-9, GH-15, N2-KW-3, 
GH-19, GH-6, HH-2, DY-2) not included in the pressure correlation. 

23.2 

The vertical pressure gradient in the Oguni/Sugawara area is 853 1 Wdm 
and corresponds to a hydrostatic gradient at - 195OC. This implies fluid upflow 
in regions of the reservoir where temperature exceeds 195°C. The pressure 
correlation also implies that pressures decrease to the north; the pressure gra- 
dient is - 0.65 bardan. Thus, in the natural state there exists a regional flow 
(to the north) in the northern Hohi area. 

Reservoir Temperatures 

The stable preproduction temperature measurements in the Ogunil 
Sugawm boreholes were used to estimate the natural subsurface temperature 
distribution in the area. The inferred temperature distribution along a north- 
south vertical plane is shown in Figure 2.6. The temperature contours in Fig- 
ure 2.6 were drawn by interpolating and extrapolating between the 
measurements. The temperatures undergo a steep decline to the south of bore- 
holes HH-2, GH-7 and GH-6. Furthermore, the temperatures exhibit a gradual 
decline to the north of GH-series boreholes. 
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Figure 2.6. Subsurface temperature distribution along a south-north vertical plane in the northern 
Hohi area. 
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An Ovenriew of Oguni Geothermal Field 

The temperature distribution along an east-west plane in the Oguni area 
is shown in Figure 2.7.. The temperature decline rapidly to the east and west of 
Oguni boreholes GH-4, GH-10, GH-11 and GH-12. The maximum tempera- 
ture (- 2 4 0 O C )  in the area occus near Oguni boreholes GH-4, GH-10, GH-11, 
and Kumamoto Prefecture well K-7. 

233 Fluid Salinity and Gas Content 

The Oguni reservoir fluid appears to be a relatively homogenous so- 
dium-chloride brine of moderate salinity (average chloride concentration - 1100 k 100 m a ) .  carbon-dioxide constitutes the bulk of non-condensable 
gases in the reservoir fluid. The average carbon-dioxide content is about 700 
m a ,  which is equivalent to a partial pressure of CO, of about 1.65 bars. Thus, 
for practical reservoir engineering purposes, the Oguni reservoir fluid may be 
treated as pure water. 

The Oguni reservoir fluid is single-phase liquid. The geothermal bore- 
holes do not provide any direct evidence of a two-phase zone at depths greater 
than 300 meters in the Oguni area. (The feedzones for all of the Oguni bore- 
holes are deeper than 400 meters.) The presence of boiling at shallow depths 
(i.e., depths less than 300 meters) is, however, suggested by the occurrence of 
warm and boiling steam-heated sulfate and bicarbonate spring waters in the 
Takenoyu and Hagenoyu areas. 

2.4 Reservoir Permeability 

EPDC has performed numerous pressure transient tests to define the 
detailed permeability structure in the Oguni/Sugawaraarea. The available data 
set includes (1) cold fluid injection and fall-off tests in single boreholes, 
(2) pressure drawdown (Le., production tests) and buildup tests in single bore- 
holes, and (3) pressure interference tests involving multiple boreholes. The 
injection and production test data from single boreholes will be discussed in 
detail in Sections 4 and S,iespectively, of this report. Adetailed consideration 
of pressure interference data is, however, outside the scope of this report. 
Analyses of pressure interference data from the low-pressure zone boreholes 
imply that the northern Hohi reservoir has a transmissivity of about 1W250 
darcy-meters (Garg, et af., 1993). In contrast to the high transmissivity ob- 
tained in the low-pressure zone, the high pressure zone has only a modest 
transmissivity (- 15 darcy-meters). 
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Figure 2.7. Temperature distribution along a west-east vertical plane in the northern Hohi area. 
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‘ 3  Analysis of Downhole Data 
0 
w 
tn 

As par& of its drilling and testing program, EPDC has drilled both small- 
diameter core holes (9 GH-series and 3 HH-series) and large-diameter pro- 
duction size wells (8 GH and 2 IH-series). In addition, NED0 has drilled three 
small-diameter core holes (32-KW-1, N2-KW-2 and N2-KW-3) in the Oguni 
area. With the exception of four core holes (GH-1, GH-2, HH-1 and HH-3). 
some production and/or injection data are available for all of the Oguni bore- 
holes. In this section, we will analyze available drilling (circulation loss, bore- 
hole completion and geologic data) and downhole PTS (Le., pressure, 
tempemture and spinner) surveys to obtain feedzone depths, pressures and 
temperatures for the 21 boreholes listed in Table 3.1. The essential drilling 
and completion data, required in the interpretations, are given in Appendix B. 
Since most of the Oguni boreholes were deviation drilled, measured depths 
along the wellbore (MD) must be comcted to obtain true vertical depths 
0). In this report, depths are also sometimes given in terms of elevations 
(meters) above sea level (meters ASL). Thus, -800 m ASL denotes a location 
800 meters below sea level. Casing, liner and wellbore dimensions are given 
in mm for slim holes (borehole diameter < 100 mm) and in inches for large- 
diameter (borehole diameter > 100 mm) wells. 

Table 3.1. List of Oguni boreholes with production or injection data. 

Depth . DePh 
MeaSUred Vatical FeedzoIR Final Downhole Productionl 

Diamerer FlowingTemp Injection m Data Borehole Name (mem) (mTvD) (m TVD) (mm) 
Depth 

A. Low-Pressure Reservoir 
GH-3 1500 1498 1030 7 9  214 P 
GH-4 1001 1001 900 76 235 P 
GH-5 1501 1421 1100 76 . 187 P 
GH-7 1547 1442 980/1400 98 220 P 
GH-8 1300 1255 1220 78 212 P.1 
GH-10 1063 1027 1010 159 241 P.1 
GH-11 1381 1143 1140 216 237 P.1 
GH-12 1100 1045 750 216 232 P.1 
GH-17 1505 1354 760 216 
GH-20 1790 1576 1560 216 241 . . P.1 

I - 
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Analysis of Downhole Data 

3.1 Slim Hole GHS 

Heatup surveys (profiles 1,2,3 and 6, Figure 3.1) for slim hole GH-3 
show (1) extremely rapid temperature recovery at - 570 m TVD, and (2) per- 
sistent temperature depressions at - 610 m TVD and - 1050 m TVD. Inter- 
estingly, major circulation losses were encountered near all of these horizons. 
T e m p e m  profile 9, taken during a production test, has an isothermal zone 
over the depth interval - 500-1030 m TVD. It is, therefore, likely that the 
major feedzone for GH-3 is located at a 1030 m TVD. Temperature survey 8, 
taken after a long shutin interval, shows a clear temperature inversion; maxi- 
mum temperature (- 224°C) occurs at - 560 m TVD. The flowing tempera- 
ture at the main feedzone (1030 m TVD) is 214°C. 

Pressure profiles, computed from water level and temperature data, form 
a pivot at - 1020-1040 m TVD (Figure 3.2); the pressure at 1030 m TVD 
(- -249 m ASL) is - 75 bars. The latter estimate for feedpoint pressure is 
Virtually idkntical with that recorded by a downhole gauge on January 29, 
1987 (Figure 3.3). 

3.2 Slim Hole GH-4 

Heatup surveys for slim hole GH-4 (profiles 1,3,5 and 6, Figure 3.4) 
show either a large change in temperature gradient or a temperature depres- 
sion at - 900 m TVD; this denotes the major feedpoint for slim hole GH-4. 
Flowing temperature survey 8 (Figure 3.4) is consistent with a liquid entry 
(temperature - 235°C) at 900 m TVD. 

Static pressure profiles, computed from water level and temperature data, 
form a pivot at 850-900 m TVD (Figure 3.5); the pressure at 900 m TVD 
(- -40 m ASL) is  - 59 bars. The latter pressure value is in good agreement 
with that (- 58.5 bars) recorded by a downhole survey on February 7,1986 
(Figure 3.6). 

3.3 Slim Hole GH-5 

Heatup surveys (profiles 1, 3, and 5, Figure 3.7) for slim hole GH-5 
show arapid temperature recovery at - 980 m TVD (Le., just below the 4-inch 
casing shoe at - 964 m TVD). This indicates the presence of a feedzone at 
this depth. A large change in temperature gradient at - 1270 m TVD implies 
that little or no permeability is present below this depth. All the temperature 
profiles (see e.g., profile 9, Figure 3.7) recorded under flowing conditions dis- 
play a change in temperature gradient at - 1100 m TVD and an isothermal 
zone from - 500 m TVD to - 1100 m TVD; these observations suggest that 
the major feedpoint for GH-5 is located at - 1100 m TVD. The long time 
shutin temperature survey 11 (Figure 3.7) indicates a clear temperature inver- 
sion; the maximum temperature (- 215°C) was recorded at - 700 m TVD. 
The flowing temperature at the major feedzone (1100 m TVD) is 187°C. 

Continued on page 3-1 0 
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Figure 3.1. Selected temperature profiles for slim hole GH-3. 

Productionllnjection Data from Slim Holes and Production Wells at the Oguni Geothermal Field 3-3 



f 

Analysis of Downhole Data 

0 

200 

n 

a 600 c 

Y E 
c 5 800 
n - .- s 
3 1000 
r 

1200 

1400 

1600 

Vertical Depth (meters) vs. Pressure (calculated) 
~ " " ' ' ' " " " ' ' " ' ' ' ~ ' ' ' 1  

1 : 11/06/84, ST -4 hours 

7: 01/28/86, ST -448 days 

3: 11/07/84, ST -24 hours 
5: 11/1O/84, ST -96 hours 

0 20 40 60 80 100 120 
Pressure (bars) 

Figure 33. Pressure profiles, computed from water level and temperature data, for slim hole GH-3. 

34 Productiodlnjection Data from Slim Holes and Production Wells at the Oguni Geothermal Field 



Analysis of Downhole Data 

0 

200 

400 

600 

800 

1200 

1400 

1600 

Vertical Depth (mete&) vs. Pressure (bars) 

- 1  1: 01/29/87, ST -795 days - 
\ 

1 " ' 1 " ' 1 " ' 1 " ' 1 " '  

1 2: 02/18/87, Producing 
- 

- 

- 

1 
- 

\ 
2 

\ 
\ 

- - 

- - 

- - 

, I , * 8 * I * t * l  I I , I t l I 1 I !  

0 20 40 60 80 100 120 
Pressure (bars) 

Figure 33. Pressures (bars, gauge) recorded by downhole gauges in slim hole GH-3. 
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. Figure 3.4. Selected temperature profiles for slim hole GH-4. 
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Figure 3.5. Pressure profiles, computed from water level and temperature data, for slim hole GH-4. 
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Figure 3.6. Measured pressure (bars, gauge) profiles in slim,hole GH-4. 
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Figure 3.7. Selected temperature surveys for slim hole GH-5. 
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Pressure profiles, computed from water level and temperature data, are 
plotted in Figure 3.8; the pressure at 1100 m TVD (- -210 m ASL) is - 74.5 
bars. The latter pressure value is in good agreement with that (- 74 bars) re- 
corded by a downhole gauge in March 1987 (see profile 5, Figure 3.9). The 
pressure profile recorded in February 1986 (profile 1, Figure 3.9) gave, how- 
ever, a substantially lower pressure value (- 71.5 bars) at 1100 m TVD; this 
lower pressure value is most likely the result of an error in gauge calibration. 

3.4 Slim Hole GH16 

Heatup surveys taken shortly after cold water circulatiodinjection (sur- 
veys 1,2,3, and 5 in Figure 3.10) in slim hole GH-6 all show a rapid tempera- 
ture recovery at 760-780 m TVD; this denotes the major feedpoint for this 
slim hole. An essentially isothermal temperature profile below - 780 m TVD 
in temperature surveys 1,2, and 3 implies some liquid downflow in the slim 
hole and the possible presence of a minor feedzone towards the bottom of the 
. slim hole. Temperature survey 10, taken during a production test extends to 
only - 770 m TVD, and supports the location of the major feedzone for GH-6 
at - 770 m TVD (temperature - 215°C). Long time shutin survey 6 shows a 
temperature inversion in GH-6; the maximum temperature (- 220°C) occurs 
at about 500 m TVD. 

Pressure profiles, computed fiom water level and temperature data, are 
shown in Figure 3.11; the pressure at 770 m TVD (134 m ASL) is 54 bars. 
The latter pressure value is in good agreement with that (- 53 bars) recorded 
by a downhole gauge (profile 1, Figure 3.12) in GH-6. 

3.5 Slim Hole GH-7 

3-10 

Short shutin time heatup surveys for slim hole GH-7 (profiles 3,5,7,  
and 8, Figure 3.13) show a rapid temperature recovery at - 990 m TVD; this' 
indicates the presence of a major feedzone at about this depth. Persistent low 
temperatures at and below - 1370 m TVD (survey 3,5,  and 7, Figure 3.13) 
imply the location of another feedzone at this depth. A more definitive identi- 
fication of feedzone locations is provided by the flowing temperature surveys 
(see e.g., survey 12, Figure 3.13); these surveys show that the major feed- 
zones for slim hole GH-7 are located at 960-1OOO mTVD and at - 1400 
m TVD. The temperature at the deeper feedzone (1400 m TVD) is - 230°C. 
The long shutin time temperature survey 9 (Figure 3.13) indicates that the 
shutin temperature at 1400 m TVD is substantially lower than that indicated 
by the flowing surveys (- 230°C). It is likely that the shutin temperatures in 
the depth interval below lo00 m TVD are affected by internal flow in the 
wellbore (downflow from lo00 m TVD). The flowing temperature above the 
upper feedzone (980 m TVD) is - 220°C. 

Conrinued on page 3-17 
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Figure 3.8. Pressure profiles, computed from water level and temperature data, for slim hole GH-5. 
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Figure 3.10. Selected temperature surveys for slim hole GH-6. 
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Figure 3.11. Pressure profiles, computed from water level and temperature data, for slim hole GH-6. 
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Figure 3.12. Measured pressure (bars, gauge) profiles for slim hole GH-6. 
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Figure 3.13. Selected temperature profiles for slim hole GH-7. 
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Pressure profiles, computed from water level and temperature data, are 
illustrated in Figure 3.14. The pressure at 980 m TVD (-121.5 m ASL) is - 64.5 bars, and the pressure at 1400 m TVD (-541.5 m ASL) is - 101 bars. 
These estimated feedzone pressures are in good agreement with those (- 64 
and - 100 bars) given by a downhole survey taken in December 1986 (sur- 
vey 1, Figure 3.15). The downhole pressure survey recorded on July 9,1990 
(survey 5, Figure 3.15) is, however, in substantial disagreement with the 
December 1986 pressure @ this discrepancy is most likely the result of an 
error in gauge calibration. 

3.6 Slim Hole GH-8 

Heatup surveys 1,3 and5 (Figure 3.16) for slim hole GH-8, taken shortly 
after circulatiodinjection of cold water, show rapid temperature recovery at - 1220 m TVD; this implies the location of a fluid entry at this depth. Tem- 
perature survey 9 (Figure 3.16), recorded during a production test, supports 
the conclusion that the major feedpoint for GH-8 is located at about 1220 
m TVD. Long shutin time temperature survey 6 shows a temperature inver- 
sion in GH-8; the maximum temperature (- 223°C) occurs around 800 m TVD. 
The feedzone temperature is - 212°C. 

Pressure profiles, computed from water level and temperature data, are 
plotted in Figure 3.17; the pressure at 1220 m TVD (412.5 m ASL) is esti- 
mated to be 89.5 bars. The latter pressure value is virtwlly identical with that 
(89.3 bars) recorded by a downhole survey (profile 1, Figure 3.18) in August 
1987. 

~~ ~~ 

3.7 Slim Hole GH-9 

The heatup surveys for slim hole GH-9 (Figure 3.19) provide no indica- 
tion of permeability below the bottom of the 4-inch casing at - 950 m TVD. 
Significantly, no circulation losses were recorded while drilling below - 598 m MD. The maximum temperature (- 243°C) in GH-9 was observed 
towards the bottom of the slim hole. 

3.8 Well GH-10 

Short shutin time heatup surveys 2 and 4 (Figure 3.20) for well GH-10 
exhibit anegative temperature gradient in the depth interval 800-1010 m TVD; 
major circulation losses were recorded while drilling through this depth inter- 
val. A sharp break in temperature gradient is present in temperature survey 5 
at - 1010 m TVD. Flowing temperature survey 7 is consistent with the 
hypothesis that the major entry for GH-10 is located at about 1010 m TVD. 
The feedzone temperature is - 241 "C. 

Continued on page 3-25 
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Figure 3.14. Pressure profiles, computed from water level and temperature data, for slim hole GH-7. 
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Figure 3.15. Measured pressure (bars, gauge) profiles for slim hole GH-7. 
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Figure 3.16. Selected temperam suweys for slim hole GH-8. 
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Figure 3.17. Pressure profiles, computed from water level and temperature data, for slim hole GH-8. 
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Figure 3.18. Measured pressure (bars, gauge) profiles for slim hole GH-8. 
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Figure 3.19. Available temperam surveys for slim hole GH-9. 
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Pressure profiles, computed from water level and temperature data, are 
plotted in Figure 3.21; the estimated pressure at 1010 m TVD (-145 m ASL) 
is - 68.5 bars. The latter pressure value is in good agreement with downhole 
pressure (68.6 i 0.3 bars) measurements (profiles 1 and 2, Figure 3.22). 

3.9 Well GH-11 

Heatup surveys 1,2, and 4 (Figure 3.23) for well GH-11 show a persis- 
tent temperature depression at - 1120 m TVD. The available PTS surveys 
(Figure 3.23, temperature profile 7; Figure 3.24, pressure profile 3; Figure 3.25, 
spinner profiles 1 and 2) indicate the presence of a liquid entry (temperature . 
- 237°C) at about 1140 m TVD. A circulation loss zone was recorded nearby 
at - 1137 m TVD. We conclude that the major permeable zone for well GH-11 
is located at 1140 m TVD. The long shutin time temperature survey 5 (Fig- 
ure 3.23) exhibits an isothermal profile below - 1020 m TVD; this indicates 
internal flow (upflow?) in the wellbore between the feedzone at 1140 m TVD 
and another (possibly minor) permeable horizon at - 1020 m TVD. The latter 
permeable horizon is most likely associated with a minor circulation loss zone 
at - 1029 m TVD. 

Pressufe profiles, computed from water level and temperature data, are 
plotted in Figure 3.26; the pressure at 1140 m TVD (-282 m ASL) is - 80 
bars. The latter pressure value is in good accord with that (- 80 bars) recorded 
by a downhole gauge in January 1990 (Figure 3.24). 

3.10 Well GH-12 

Heatup surveys 1,2  and 4 (Figure 3.27) for well GH-12, taken shortly 
after cold water injectiodcirculation, show a persistent temperature depres- 
sion at - 750 m TVD; a major circulation loss zone was encountered nearby 
at - 744 m TVD. Temperature surveys recorded during a production test in 
1991 (profiles 6 and 7, Figure 3.27) show an isothermal temperature profile 
between - 750 m TVD and 960 m TVD; an isothermal profile implies per- 
meability at both its end points. The corresponding spinner surveys 
(Figure 3.28) do not, however, give any indication of a significant fluid entry 
at 960 m TVD. We, therefore, conclude that the principal feedzone for GH-12 
is located at 750 m TVD. The liquid entering the wellbore at 750 m TVD is at 
a temperature of - 232°C. The long shutin time temperature survey 5 (Fig- 
ure 3.27) exhibits a temperature inversion; the maximum temperature occurs 
at about 730 m TVD. 

* 

Pressure profdes, computed from water level and temperature data, are 
displayed in Figure 3.29; the feedzone (750 m TVD = 114 m ASL) pressure is - 46 bars. A downhole pressure survey taken in January 1990 (Figure 3.30) 
indicates that the feedzone pressure may be slightly lower (- 45 bars). 

Continued on page 3-36 
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Figure 3.21. Pressure profiles, computed from water level and temperature data, for well GH-10. 
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Figure 3.22. Measured pressure (bars, gauge) profiles for well GH-10. 
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Figure 3.23. Selected temperature surveys for well GH-11. 
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Figure 3.24. Selected pressure (bars, gauge) surveys taken in well GH-11. 
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Figure 3.25. Spinner surveys recorded in well GH- 11. 
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Figure 3.26. Pressure profiles, computed from water level and temperature data, for well GH-11. 
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Figure 3.27. Selected temperature profiles for well GH-12. 
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Figure 3.28. Spinner surveys taken during a production test in well GH-12. 
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Figure 3.29. Pressure profiles, computed from water level and temperature data, for well GH-12. 

3-34 Productiodlnjection Data from Slim Holes and Production Wells at the Oguni Geothermal Field 



Analysis of Downhole Data 

0 

200 

400 
n 

a f! 
CI 

U i! 
E 600 
n 
.- 8 
3 
r 

800 

1000 

1200 
0 10 20 30 40 50 60 70 

Pressure (bars) 

Figure 330. Available pressure (bars, gauge) surveys for well GH- 12. 
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3.11 Well GH-15 

Heatup surveys 1,2 and 4 (Figure 3.31) for well GH-15, taken shortly 
after well completion, exhibit (1) a temperature depression at - 560 m TVD, 
(2) an isothermal zone from - 610 m TVD to - 680 m TVD, and (3) a change 
in temperature gradient at - 690 m TVD. Temperam and pressure surveys 
(Figures 3.32 and 3.33) recorded during a production test indicate the pres- 
ence of a two-phase entry at - 680 m TVD. On shutin, a rapid temperature 
recovery is observed in the depth interval - 560-680 m TVD (profde 7, Fig- 
ure 3.32). A study of pressure and temperature profiles taken during the 
production test (Figures 3.32 and 3.33) shows the existence of single-phase 
(liquid) conditions below - 700 m TVD. The latter fact taken together with 
non-isothermal conditions below 680 m TVD would tend to argue against the 
presence of any fluid entries deeper than - 700 m TVD. Temperature surveys 
8 and 9 (Figure 3.31), taken during an injection test, imply that the injected 
fluid is lost in the depth interval 680-700 m TVD. We, therefore, suggest that 
the principal feedpoint for GH-15 is located at 680 m TVD. 

- 

Pressure profiles, computed from water level and temperature data, are 
displayed in Figure 3.34; the pressure at 680 m TVD (178 m ASL) is - 50.5 
bars. The latter pressure value is in substantial disagreement with that (- 46.5 
bars) recorded by a downhole pressure gauge on November 16, 1990 (pro- 
file 3, Figure 3.33). We suggest that the pressure value recorded on November 
16,1990 is too low and does not represent the reservoir pressure in the vicin- 
ity of well GH-15; insuilicient buildup time after the production test and/or 
an error in gauge calibration may be responsible. 

3.12 Well GH-17 

Heatup surveys 1 4  (Figure 3.35) in well GH-17, recorded shortly after 
well completion, show a persistent temperature depression at - 760 m TVD. 
A total circulation loss zone was encountered at 753 m TVD, and blind drill- 
ing was used below the latter depth. Therefore, it appears that the principal 
feedzone for well GH-17 is located at 760 m TVD. 

Pressure profiles, computed from water level and temperature data, are 
plotted in Figure 3.36; the pressure at 760 m TVD (25 m ASL) is about 53 
bars. 

3.13 Well GM-19 

Heatup surveys i , 2  and 4 (Figure 3.37) in well GH-19, taken shortly 
after well completion, show fast temperature recovery at - 760 m TVD. Tem- 
perature survey 6, recorded during an injection test, indicates fluid losses at 
746 m TVD and at 758 m TVD. We, therefore, conclude that the principal 
fluid entry for well GH-19 is at 750 (do)  m TVD. 

~~ ~~ ~ ~ 

Continued on page 3 4 4  
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Figure 331. Selected heatup surveys for well GH-15. 

Productionllnjection Data from Slim Holes and Production Wells at the Oguni Geothermal Field 3-37 



f 

Vertical Depth (meters) vs. Temperature ("C) 
l " ' l " ' I " ' ~ " ' ~ " '  

A 
- \  

- 

- 

- 
\ - 
\ 
\ 
\ 

J - 
I 
J 

(LI-- 

- - 
- 5: 11/12/90, Producing 
1 6: 11/13/90, Producing 
- 7: 1111 6/90, ST -36 hours 

t * t l * * *  

Analysis of Downhole Data 

0 

100 

200 

300 
h 

2 a c. - E 400 
5 a 

- 500 
0" 
.- t! s > 

600 

700 

800 

900 

3-38 

\ 
\ 

7 
\ 
\ 
\ 

120 140 160 180 200 220 240 
Temperature ("C) 

Figure 332. Selected temperature profiles for well GH-15. 
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Figure 3.33. Selected pressure (bars, gauge) surveys recorded for well GH-15. 
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Figure 3.34. Pressure profiles, computed from water level and temperature data, for well GH-15. 
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Figure 335. Selected heatup surveys for well GH-17. 
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Presslue profiles, computed from water level and temperature data, are 
displayed in Figure 3.38; the pressure at 750 m TVD (154 m ASL) is - 52.5 bars. The latter pressure value is in good agreement with that recorded 
by a downhole gauge (52 bars) I .  on December 25,1991 (Figure 3.39). 

3.14 Well GH-20 

Heatup surveys 3 and 6 (Figure 3.40) in well GH-20, recorded shortly 
after well completion, show rapid temperature recovery at - 980 m TVD and 
at 1440-1560 m TVD. Temperature surveys 8 and 9, taken durhig a produc- 
tion test, have an isothermal profiIe above 1560 m TVD; this implies that the 
major feedzone for well GH-20 is located at 1560 m TVD. The feedzone tem- 
perature is about 241°C. Pressure surveys 3 and 5 (Figure 3.41), recorded 
concurrently with temperature surveys 8 and 9 (Figure 3.40) indicate that the 
fluid entering the wellbore at 1560 m TVD is single-phase liquid. 

Pressure profiles, computed from water level and temperature data, are 
displayed in Figure 3.42; the pressure at 1560 m TVD (-702 m ASL) is about 
114.5 bars. The latter pressure value is in good agreement with that (- 114 bars) 
recorded by a downhole gauge on April 28,1991 (profile 6, Figure 3.41). 

3.15 Well GH-21 

Temperature survey 1 (Figure 3.43) taken while injecting cold fluid on 
November 16,1992 in well GH-21, shows large changes in temperature gra- 
dient at - 650 m TVD and at - 780 m TVD; apparently, cold fluid is being 
injected in the depth interval from 650 m TVD to - 780 m TVD. The injec- 
tion of cold fluids is most likely responsible for the depressed temperatures 
seen in profile 2 (Figure 3.43) in the depth interval 650-780 m TVD. Aslightly 
negative temperature gradient below 650 mTVD in profile 10 (Figure 3.43) 
suggests downflow of hot fluid between 650 m TVD and 780 m TVD. It, there- 
fore, appears that the major feedzone for GH-21 is located at about 650 m TVD. 

Pressure profiles, computed from water level and temperature data, are 
plotted in Figure3.44. The pressure at 650mTVD is estimated to be - 38.5 bars. 

3.16 Slim Hole HH-2 

3-44 

Slim hole HH-2 was initially drilled (November 1984) to a total depth of 
700 meters. It was subsequently deepened to loo0 meters in October 1986. 
Temperature profiles in the original hole (see e.g., profile 1, Figure 3.45) pro- 
vide no clues regarding permeability. The water level (and computed pressures) 
in the 700 meter hole continued to decline (see profiles 5 and 6, Figure 3.46) 
for a long period of time after shutin; this indicates poor formation permeability. 

Continued on page 3-54 
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Figure 3.38. Pressure profiles, computed from water level and temperamre data, for well GH-19. 
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Figure 3.42. Pressure profiles, computed from water level and temperature data, for well GH-20. 
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Figure 3.43. Selected temperature surveys for well GH-21. 
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Figure 3.44. Pressure profiles, computed from water level and temperature data, for well GH-21. 
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Figure 3.46. Pressure profiles, computed from water level and temperature data, for slim hole HH-2. 
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Heatup surveys 7, 8 and 10 in the deepened slim hole HH-2 show 
a persistent temperature depression at - 850 m TVD (Figure 3.45); a 
major circulation loss zone was encountered at about this depth. Tem- 
perature and pressure surveys (profile 12, Figure 3.45 and profile 2, 
Figure 3.47), taken during a production test, show the presence of two- 
phase fluid in the slim hole above - 850 m TVD; the fluid is single-phase 
(liquid) below - 880 m TVD. These production data imply that the ma- 
jor feedzone for slim hole HH-2 is located at about - 850 m TVD. 
Temperature profile 11 (Figure 3.43, taken after nearly two months of 
shutin, shows a temperature inversion in HH-2. The maximum tempera- 
ture (- 228°C) occurs at about 700 m TVD. 

The water level (and hence computed pressures) in the deepened 
slim hole continued to decline during the 48-hour shutin period (profiles 
8, 9, and 10; Figure 3.46); these data imply that the pressure at 850 
m TVD (110 m ASL) is less than 61.5 bars. A downhole pressure sur- 
vey taken after nearly two months of shutin (profile 1, Figure 3.47) gave 
a pressure of - 60.5 bars at 850 m TVD. 

3.17 Well IH-1 

Heatup surveys for well IH-1 (Figure 3.48) show a persistent tem- 
perature depression centered at about 590 m TVD. A circulation loss zone 
was encountered near the latter depth. It is therefore, likely that the major 
feedzone for IH-1 is located at - 590 in TVD. 

Pressure profiles, computed from water level and temperature data 
are shown in Figure 3.49. The stable feedpoint (590 m TVD = 163 
m ASL) pressure is estimated (profiles 3 and 4, Figure 3.49) to be - 42.5 
bars. 

In an attempt to increase injectivity, the casing in well IH-1 was 
gun perforated (June 1988-February 1989) at 313 m MD (311.5 m TVD). 
During a downhole survey on December 11, 1991, it was found im- 
possible to lower the Kuster gauge below 495 m MD. It is likely that the 
principal feedzone for the recompleted IH-1 is at some depth (311.5 m 
TVD?) other than 590 m TVD; the available data are, however, insuffi- 
cient for determining the new feedzone depth. 

3.18 Well IH-2 

Heatup surveys for well IH-2 show arapid temperature recovery at - 550 
m TVD (profiles 1 and 4, Figure 3.50); a total circulation loss was recorded 
nearby during drilling. Temperature survey recorded on March 2,1990 (pro- 
file 6, Figure 3.50) during a production test shows an isothermal zone over 
the depth interval 500-550 m TVD. It appears that liquid water (temperature 

Continued on page 3-59 
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Figure 3.47. Selected measured pressure (bars, gauge) profiles for slim hole HH-2. 
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Figure 3.49. Pressures profiles, computed from water level and temperature data, for well IH-1. 
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Figure 350. Selected temperature profiles for well IH-2. 
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(- 226°C) enters the well at 550 m TVD and flows upwards in the well. The 
corresponding pressure profile (profile 2, Figure 3.51) implies that the flash 
point is located at - 500 m TVD. 

Pressures computed from water level and temperature data are displayed 
in Figure 352; the pressure at 550 m TVD (= 235 m ASL) is approximately 
35.5 bars. The latter pressure value is significantly higher than the one (- 32 
bars) recorded by a downhole pressure survey (profile 3, Figure 3.51). The 
discrepancy between the measured and the computed pressure values is most 
likely the result of an error in gauge calibration. 

3.19 Slim Hole N2-KW-I 

Heatup surveys 1-3 (Figure 3.53) indicate rapid temperature recovery 
at 680-740 m TVD and below a depth of - 860 m TVD. Temperature sur- 
vey 4, recorded during an injection test, shows evidence of fluid loss at - 680 m TVD and at - 860 m TVD; the fluid loss at - 680 m TVD is, how- 
ever, not confirmed by injection survey 5 (Figure 3.53). We will, therefore, 
tentatively assume that the major feedzone for slim hole N2-KW-1 is at 
860mTVD. 

Pressure profiles, computed from water level and temperature data, are 
shown in Figure 3.54; the pressure at 860 m TVD (-39 m ASL) is - 57.5 bars. 
The latter pressure value is somewhat higher than that (56 bars) recorded by a 
downhole gauge on February 7,1991 (Figure 3.55); we suggest that a gauge 
error (or calibration) is responsible for this discrepancy. 

3.20 Slim Hole N2-KW-2 

Temperature surveys 1 and 2 (Figure 3.56) recorded during an injection 
test show abrupt changes in temperature gradient at 810 m TVD and at 
910 m TVD. Comparison of injection pressures at 810 m TVD and 910 m 
TVD (Figure 3.57) with shutin pressures at these depths (Figure 3.58) implies 
that the injected fluid is lost at both the depths. Heatup surveys 4 and 6 (Fig- 
ure 3.56) show a temperature depression at 910 m TVD; this confrms the 
existence of a fluid entry at this depth. The available data are, however, insuf- 
ficient to determine the principal feedzone for slim hole N2-KW-2. 

Pressure profdes, computed from water level and temperature, are dis- 
played in Figure 3.58; the pressure at 860 m TVD (-80 m ASL; middle of 
two feedzones) is about 61.5 bars. 

Continued on page 3-68 
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Figure 3.52. Pressure profiles, computed from water level and temperature data, for well IH-2. 
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Figure 3.53. Available temperature surveys for slim hole NZKW- 1. 
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Figure 3.54. Pressure profiles, computed from water level and temperature data, for slim hole 
NZKW-1. 
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Figure 356. Selected temperature surveys recorded in slim hole N2-KW-2. 
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Figure 3.58. Pressure profiles, computed from water level and temperature data, for slim hole 
N2-KW-2. 
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3.21 Slim Hole N2-KW-3 

3-68 

Heatup surveys 4 and 6 (Figure 3.59) in slim hole N2-KW-3 display an 
isothermal temperature profile from - 750 m TVD to - 850 m TVD; an iso- 
thermal temperature profile implies permdie  zones at both its end points. 
Profile 2, taken during an injection test, indicates that most of the fluid is lost 
at about 860-870 m TVD. Temperature and pressure surveys (profiles 7 and 9, 
Figure 3.59; profides 3 and 5, Figure 3.60) recorded during a production test, 
show clear evidence of liquid entries at 860-870 m TVD and at 750-770 m 
TVD. The temperature of the lower feedzone is - 211OC; the upper feedzone 
temperature exceeds 227°C. These feedzone temperatures imply the exist- 
ence of a temperature inversion in the vicinity of slim hole N2-KW-3. 

Pressure profiles, computed from water level and temperature data, are 
shown in Figure 3.61; the pressure at 810 m TVD (= 158 m ASL, middle of 
two feedzones) is 52 bars. The latter pressure value is slightly higher than that 
(51 bars) recorded by a downhole gauge on February 24,1991 (Figure 3.60). 
This discrepancy between measured and computed pressures is most likely 
due to an error in gauge calibration. (Note that measured feedzone pressures 
during the production test exceed the shutin pressures recorded on February 24, 
1991!) 
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Figure 359. Selected temperature surveys for slim hole N2-KW-3. 
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Injection Tests 

It ii common practice at Oguni to conduct a short term (a few hours) 
injection test soon after the drilling and completion of a borehole. The injec- 
tion test consists of injecting cold water into the borehole and simultaneously 
recording pressure and temperature downhole. Measurements taken during 
the injection tests of Oguni boreholes are shown in Figures 4.1 to 4.15. In a 
few cases (see e.g., Figure 4.1 for slim hole GH-8 and Figure4.3 for well GH- 
lo), the pressdtemperature tool was placed substantially above the feedzone; 
these pressure measurements are dominated by thermal effects and are not 
useful for inferring formation properties. However, the pressure and tempera- 
ture tool in most of the injection tests was placed either near or beneath the 
principal feedzone; measurements made during the injection test of well GH- 
11 (Figure 4.4) are typical of downhole pressudtemperature data. After start 
of injection in well GH-11 (Figure 4.4), the pressure at first rapidly rises and 
then slowly falls. As soon as injection is terminated, the pressure begins to 
decline very rapidly. The rapid fall-off at shutin is not unusual, but the rise 
and subsequent fall in pressure which accompany injection in well GH-11 
(e.g., Figure 4.4) need to be explained. Since most of the Oguni injection tests 
were performed right after borehole completion, it is likely that fractures were 
still laden with cuttings andor drilling mud at the time of the injection tests. 
Injection tests presumably washed these cuttingdmud away from the bore- 
hole, and thus improved the near wellbore permeability. Strictly speaking, 
injection does not cause borehole stimulition in the usual sense (ie.,  by frac- 
turing the formation); it merely accomplishes an effective washing of the bore- 
hole. Based on this interpretation, the three pressure fall-offs for GH-11 in 
Figure 4.4 represent the real response to changes in injection rate; the pres- 
sure records during the injection phase for GH-11 (as well as most other Oguni 
boreholes) merely reflect the washing of the wellbore. The fall-off data from 
injection tests may be analyzed to obtain foxmation transmissivity (ie., per- 
meability x effective formation thickness). 

Although pressure data recorded during the injection phase are not gen- 
e d l y  useful for determining formation transmissivity, these data are required 
for evaluating the injectivity index (11). II is defined as follows: 

M I I = -  
Pf -Pi 

. .  

where M is the mass rate of injection, P,is the flowing pressure and Pi is the 
initial (or static) pressure. It was noted earlier that the flowing pressure P,was 
observed to fall in many of the Oguni injection tests; in such cases, the com- 
puted injectivity index represents a lower limit. 

. Analyses of injection data for individual Oguni boreholes are discussed 

Continued on page 4-24 
in the following subsections. 
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Figure 4.1. Downhole pressure and temperature (gauge depth = ?; feedzone depth = 1220 m TVD) 
recorded during the injection test of slim hole GH-8 in March 1987. 
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Figure 4.2. Downhole pressure and temperature (gauge depth = 950 m TVD; feedzone depth = ?) 
recorded during the injection test of slim hole GH-9 on March 22,1987. 
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Figure 43. Downhole pressure and temperature (gauge depth = 689 m TVD; feedzone depth = 
1010 m TVD) recorded during the injection test of well GH-10 in March 1987. 

4-4 Productiodnjection Data from Slim Holes and Production Wells at the Oguni Geothermal Field 

. 



Injection Tests 

110 

105 

100 

95 

90 

05 

00 

75' 
70 

n 

0 
.cl 
2 
U 

I I I I I 1 

I f  - :+ 
+ +  + 
+ +  

+ '  + + +  

- 
- 

+ + +  + - + + +  + 

F+L; i j  ; 
c 
t 

I I I 1 I I I I 

I I I I I 1 I - 
- 
- 
- 
- 

ooo~o*  - 
oOOO - 00 

- 
20 
0 

- - 
I I I I I I I 

+ 
+ 
+ + 
$ 
+wwu+++++++++++++ 

3000 
C 

*E 2500 

2 2000 

a 
p 1500 

g 1000 

2 500 n Ir v-- - .  
0 100 200 300 400 500 600 700 

TIME (rnin) 

Figure 4.4. Downhole pressure and temperature (gauge depth = 1121 m TVD; feedzone depth = 
1140 m TVD) recorded during the injection test of well GH-11 on March 30,1988. 
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Figure 4.5. Downhole pressure and temperature (gauge depth = 990 m TVD; feedzone depth = 
750 m TVD) recorded during the injection test of well GH-12 on February 14,1989. 
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Figure 4.6a. Downhole pressure and temperature (gauge depth = 678 m TVD; feedzone depth = 
680 m TVD) recorded during Injection Test No. 1 of well GH-15 on October 12, 
1990. 
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Figure 4.6b. Downhole pressure and temperature (gauge depth = 686 m TVD; feedzone depth = 
680 m TVD) recorded during Injection Test No. 2 of well GH-15 on November 18, 
1990. 

4-8 Productionllnjection Data from Slim Holes and Production Wells at the Oguni Geothermal Field 

P 



Injection Tests 

52 I I 1 It 1 

51 - ++ + + 

50 - 
49 - 

+ - + - 
+ - 
+ 
+ + + 

- 48 - 
\ 47 - 

46 - % 
45 - 
44 

- 
- 

++ ++ ++ - 
I 1 1 I I 

n 

0 
z 
n 
W 

5 500 
400- 

a 
E 300 
3 9 200 
LL 100- 

0- 

W 
E 
3 
v) 
0 
W 
E a 

- 
- 
- 

I 

900 1 I 1 1 1 1 1 

0 100 200 300 400 
TIME (min) 

500 
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in well GH-15 during Injection Test No. 3 on October 24,1991. 
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Figure 4.9a. Downhole pressure and temperature (gauge depth = 1550 m TVD; feedzone depth = 
1560 m TVD) recorded during Injection Test No. 1 of well GH-20 on April 1,1991. 
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Figure 49b. Downhole pressure and temperature (gauge depth = 1550 m TVD; feedzone depth = 
1560 m TVD) recorded during Injection Test No. 2 of well GH-20 on April 2,1991. 
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Figure4.10a. Downhole pressure (gauge depth = 804 m TVD; feedzone depth = 650 m TVD) 
recorded in well GH-21 during Injection Test No. 1 on November 18,1992.’ 
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Figure4.10b. Downhole pressure (gauge depth = 804 m TVD; feedzone depth = 650 m TVD) 
recorded in well GH-21 during Injection Test No. 2 on November 19,1992. 
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Figure 4.11. Downhole pressure and temperature (gauge depth = 563 m TVD; feedzone depth = 
590 m TVD) recorded in well IH-1 during an injection test on March 25,1988. 
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Figure 4.12. Downhole pressure and temperature (gauge depth = 581 m TVD; feedzone depth = 
550 m TVD) recorded during an injection test of well IH-2 on January 26,1990. 
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Figure 4.13a. Downhole pressure (gauge depth = 858 m TVD; feedzone depth = 860 m TVD) 
recorded in slim hole N2-KW-1 during Injection Test No. 2 on February 8, 1991. 
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Figure 4.13b. Downhole pressure (gauge depth = 873 m TVD; feedzone depth = 860 m TVD) 
recorded in slim hole N2-KW-1 during Injection Test No. 3 on March 2,1991. 
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Figure 4.14a. Downhole pressure and temperature (gauge depth = 765 m TVD; feedzone depth = 
860 m TVD) recorded during Injection Test No. 1 of slim hole N2-KW-2 on 
February 5,1991. 
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Figure4.14b. Downhole pressure (gauge depth = 840 m TVD; feedzone depth = 860 m TVD) 
recorded during Injection Test No. 2 of slim hole N2-KW-2 on February 6,1991. 
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Figure 4.15. Downhole pressure (gauge depth = 1288 m TVD; feedzone depth = 810 m TVD) 
recorded during an injection test of slim hole N2-KW-3 on March 7,1991. 
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4.1 Slim Hole GH-8 

Slim hole GH-8 exhibits an anomalous pressure response. The pressures 
decline during injection and increase during fall-off phases (see Figure 4.1). 
This anomalous response is most likely themult of the pressudtemperature 
tool being located several hundred meters above the feedzone depth (The gauge 
depth is not known to the authors.). Because of wellbore cooling caused by 
cold water injection, pressures at shallow depths (depths <c feedzone depth) 
can fall even while the feedzone pressure is increasing. Wellbore heating dur- 
ing the fall-off phase will result in an opposite effect (Le., an increase in shal- 
low pressures even in the presence of declining feedzone pressures). The 
pressure data for GH-8 (Figure 4.1) are thus dominated by thermal effects, 
and are consequently useless for infening formation transmissivity and injec- 
tivity index. 

4.2 Slim Hole GH-9 

4-24 

The feedzone depth for slim hole GH-9 is not known, and the slim hole 
has poor permeability. A pressure of 95.8 bars(a) was recorded at gauge depth 
of 950 m TVD prior to the start of cold water injection on March 22,1987. At 
the end of first injection period (duration = 119 minutes, injection rate 
S 120 kg/min), the pressure at 950 m TVD was 119.4 bars(a). This yields an 
injectivity index of - 0.08 kg/s-bar. No significant temperature change (at 
gauge depth) was observed during the first injection and subsequent fall-off 
phases (Figure 4.2). After the fall-off phase (50 minutes), injection was re- 
sumed at a relatively high rate (952 kg/min + 840 kg/min). This time cold 
water injection was accompanied by a steep drop in temperature. The second 
injection test lasted for only five minutes. The brief duration of this test makes 
pressure data recorded during the injection phase of questionable value for 
evaluating the injectivity index. 

The pressure transient analysis methods for multiple rate flow tests are 
discussed by Matthews and Russell (1967). A convenient technique is to plot 
shutin pressure p versus a reduced time (multi-rate Homer time). 

1 

Here Mi denotes the constant mass flow rate during thej’” flow period (q, e t 9, M,, is the final flow rate prior to shutin, andMo and to are taken to be zero. 
Ideally, the plot should give a straight line with slope m such that 

kh 1.15Mn 
v 2mn 

-=- 
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Here k is the average formation pemeabiity, h is the effective formation thick- 
ness, and vis the kinematic viscosity of the in situ (Le., reservoir) fluid (see 
also Garg and Pritchett, 1990). 

The Homer plots of pressure fall-off data for slim hole GH-9 are dis- 
played in Figures 4.16a and 4.16b. The late-time fall-off data can be approxi- 
mated by straight lines with slopes of 18.7 bardcycle (Figure 4.16a) and 113.2 
badcycle (Figure 4.16b).Assuming akinematic viscosity vof 1.44~ W m V  
s (corresponding to liquid water at a temperature of 225OC), the formation 
transmissivity (kh) is estimated as follows: 

Fall-Off Test 1: kh = 0.03 darcy-m 
Fall-Off Test 2: kh = 0.03 darcy-m 

These low kh values are in conformity with heatup and cuculation loss data 
which indicated little or no permeability in slim hole GH-9. 

4.3 Well GH-IO 

The pressure response during fall-off in well GH-10 is anomalous (Fig- 
ure 4.3). The rise in downhole pressure during fall-off is most likely due to 
heating of the water column between the gauge depth (689 m TVD) and the 
feedzone depth. The fall-off data cannot be used to infer formation transmis- 
sivity (kh). 

During each of the injection phases, the pressure at first increased 
abruptly, and then declined slowly. This fall in pressure may be due to (1) cool- 
ing of liquid in the interval between the pressure gauge and the feedzone, and 
(2) hole cleanup. With an initial pressure of 39.3 bars(a) at gauge depth and 
using the last flowing pressure for each injection interval, weeobtain the fol- 
lowing estimates for the injectivity index: 

= 0.74 kg/S-bX 200 
60(43.8 - 39.3) 

700 
60( 45.2 - 39.3) 

Injection Test 1: ZZ= 

Injection Test 2 ZI = = 1.98 kg/s-bar 

= 2.45 kg/s-bar 2500 Injection Test 3: ZZ = 
60(56.3 -39.3) 

Injection Test 4: ZZ = l2Oo = 3.39 kg/s-bar 
m(45.2 - 39.3) 

Apparently, the injectivity index increases with each injection episode; this 
indicates aprogressive hole cleaning. The injectivity index for GH-10 is, there- 
fore, estimated to be at least 3.39 kgls-bar. 

Continued on page 4-28 
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Figure 4.16a. Homer plot of pressure fall-off data no. 1 for slim hole GH-9 (March 22,1987). The 
flow rate prior to shutin was 120 kgimin The gauge depth is 950 mTVD. The feedzone 
depth for slim hole GH-9 is unknown. 
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Figure 4.16b. Homer plot of pressure fall-off data no. 2 for slim hole GH-9 (h4arch 22,1987). The 
flow rate prior to shutin was 840 k&fmin. The gauge depth is 950 m TVD. The feedzone 
depth for slim hole GH-9 is unknown. 
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4.4 Well GH-11 

During injection testing of well GH-11, the pressure gauge was located 
within 20 meters of the principal feedzone; the pressure drop in the injection 
phases is very likely due to hole cleanup. Apressure of 765 bars was recorded 
at the gauge depth prior to the start of cold water injection (Figure 4.4). The 
pressure measurements taken at the end of each injection interval were used 
to compute the injectivity index. 

4.5 Well GH-12 

= 1.03 kg/s-bx loo0 
60(92.7-76.5) 

Injection Test 1: ZZ = 

= 1.28 kg/s-bar 2000 
60( 102.6 - 76.5) 

Injection Test 2 ZZ = 

Injection Test 3 ZZ = 3000 = 1.53 kg/s-bar 
a(109.2 -76.5) 

The injectivity index increases with each increase in the injection rate. The 
best estimate for ZZ is 1.53 kg/s-bar. 

The pressure fall-off data recorded after each of the three injection tests 
are displayed in Figures 4.17(a)-(c). At small shutin times (At c 15 minutes), 
the pressure falls rather rapidly; after a shutin time of about 15 minutes, the 
pressure fall-off slows down considerably. The late shutin time (A?> 15 min- 
utes) fall-off data are replotted in Figures 4.17(d)-(f). These late-time fall-off 
data can be approximated by straight lines (Figure 4.17 d-f). Because of in- 
sufficient gauge resolution (Figures 4.17 d-f), there is considerable uncer- 
tainty associated with the slope m of each of these straight line fits. With a 
kinematic viscosity v of 1.44 x lo-' m2/s (corresponding to liquid water at a 
temperature of 2Z0C), we obtain the following estimates for formation trans- 
missivity: 

Fall-Off No. 1: kh = 3.7 darcy-m 
Fall-Off No. 2: kh = 9.0 darcy-m 
Fall-Off No. 3: kh = 8.1 darcy-m 

The average value of kh obtained from the three fall-off tests is thus 
6.9 darcy-m. 

The pressure and temperature tool in well GH-12 was located about 240 
meters below the main feedzone. The temperature at the gauge depth displays 
a slight increase (Figure 4.5) during the injection tests. These temperature 
data indicate that the injected fluid is being lost above the gauge depth. Prior 
to the start of cold water injection, the pressure at gauge depth was 69.1 bars(a). 
The pressure record for each of the three injection rates was used to compute 
the injectivity index. 

Continued on page 4-35 
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Figure 4.17a. Homer plot of pressure fall-off data no. 1 for well GH-11 (March 30,1988). 
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Figure 4.17b. Homer plot of pressure fall-off data no. 2 for well GH-11 (March 30,1988). 
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Figure 4.17~ Homer plot of pressure fall-off data no. 3 for well GH-11 (March 30,1988). 
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Figure 4.17d. Homer plot of pressure fall-off data no. 1 (late shutin time) for well GH-11 (March 
30,1988). 
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Figure 4.17e. Homer plot of pressure fall-off data no. 2 (late shutin time) for well GH-11 (March 
30,1988). 
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Figure 4.17f. Homer plot of pressure fall-off data no. 3 (late shutin time) for well GH-11 march 
30,1988). 
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Injection Test 1: ZZ= 'Oo0' = 7.58 kg/s-bar 
60(7 1.3 - 69.1) 

Injection Test 2 ZZ = 2000 = 3.83 kg/s-bar 
m(77.8 - 69.1) 

Injection Test 3 ZZ = 4300 = 3.96 kg/s-bar 
m(87.2 - 69.1) 

The average value of the injectivity index is 5.12 kg/s-bar. 

The Homer plots of pressure fall-& data for the three injection tests are 
displayed in Figures 4.18(a)-(c). In each case, the late shutin time fall-off 
data can be approximated by a straight line. Assuming that kinematic viscos- 
ity v is 1.44 x le7 m2/s (liquid water at a temperature of 225"C), we obtain 
the following estimates for formation kh. 

Fall-Off Test 1: kh = 5.4 darcy-m 
Fall-OETest 2: kh = 4.8 darcy-m 
Fall-Off Test 3: kh = 5.1 darcy-m 

The average value of formation transmissivity is 5.1 darcy-m. 

4.6 well GH-15 

Well GH-15 was injection tested on three separate occasions in October 
1990, November 1990, and October 1991. In the October 1990 and Novem- 
ber 1990 injection tests, the pressure/temperature tool was placed within a 
few meters of the principal feedzone for Well GH-15 (see Figures 4.6a and 
4.6b). Using the pressures recorded both prior to and during these injection 
tests, we obtain the following estimates for formation injectivity: 

Injection Test No. 1 (October 12,1990) 

M = 500 kg/min, ZZ = 500 =1.81 kg/s-bar 

M = 800 kg/min, ZZ = =1.80 kg/s-bar 

60(56.4 - 5 1.8) 

60(59.2 - 5 1.8) 

Injection Test No. 2 (November 18,1990) 

= 1.63 kg/s-bU 470 

840 

M = 470 kg/min, ZZ = 

M = 840 kg/min, ZI = 

60(54.0 -49.2) 

= 1.77 kg/s-bar 
60(57.1-49.2) 

Continued on page 4-39 
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Figure 4.18a. Homer plot of pressure fall-off data no. 1 for well GH-12 (February 14,1989). 
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Figure 4.18b. Homer plot of pressure fall-off data no. 2 for well GH-12 (February 14,1989). 
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Figure-4.1% Homer plot of pressure fall-off data no. 3 for well GH-12 (February 14,1989). 
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In the October 1991 injection test, no continuous pressure recording was made 
during the injection phase; instead, a pressdtemperatudspimer tool was 
used to make two separate downhole rum. Since no downhole pressure re- 
cordings were made prior to this injection test, the pressure prior to the injec- 
tion test was assumed equal to the stable feedzone pressure (50.5 bars). Using 
the pressures recorded by the PTS tool, the injectiviw index is estimated as 
follows: 

M = 610 kg/min, IZ = 'lo =1.38 kg/s-bar 

M=820 kg/min, I .  = 820 =1.42 kg/s-bar 

a(57.9 - 50.5) 

m(60.1- 50.5) 

Since the initial pressure (i.e., pressure prior to the injection test) was not 
recorded during the October 1991 test, the above estimates for the injectivity 
index are not as reliable as those obtained from the two 1990 tests. The aver- 
age value of the injectivity index from the two 1990 tests is 1.75 kg/s-bar. 

After the October 1991 injection test, the pressure fall-off data were 
monitored by a downhole gauge placed at 5% m TVD (Le., approximately 84 
meters above the main feedzone). Because of the heatup of the fluid column 
in the depth interval from 596 m TVD to 680 m TVD, the pressure fall-off at 
the gauge depth is likely to be slower than at the feedzone depth. Homer plots 
of pressure fall-off data for the three injection tests are shown in Figures 
4.19 (a-c). In each case, a straight line can be fit to the fall-off data. With a 
kinematic viscosity v of 1.44 x lO-' m2/s (liquid water at a temperature of 
225"C), the following estimates for kh are obtained: 

. Fall-Off Test No. 1: kh = 0.93 darcy-m 
Fall-Off Test No. 2: kh = 0.91 darcy-m 
Fall-Off Test No. 3: kh = 1.9 darcy-m 

Because of the gauge location in the October 1991 test, the kh value from this 
test (Fall-Off Test No. 3) is not considered to be reliable. The best estimate for 
kh (0.92 darcy-m) is obtained by averaging kh values from the first two fall- 
off tests. 

~~ 

4.7 Well GH-17 

No downhole temperature data are available for the two injection tests 
of well GH-17. The pressure tool was placed (at - 810 m TVD) about 50 meters 
below the principal feedzone at 760 m TVD during the injection test of 
November7,1991. Using Pi= 61.2 bars(a) and Pf=75.6 bars(a), the injectiv- 
ity index i s  given by 

= 0.12 kg/s-bX 106 
60(75.6 - 61.2) 

zz = 

Continued on page 4-43 
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Figure 4.19a. Homer plot of pressure fall-off data no. 1 for well GH-15 (October 12,1990). 
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Figure 4.19b. Homer plot of pressure fall-off data no. 2 for well GH-15 (November 18,1990). 
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Figure 4.19~ Homer plot of pressure fall-off data no. 3 for well GH-15 (October 24,1991). 
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The gauge depth for the injection test of November 22,1991 is not known. 
Judging from the measured pre-injection pressures (61.2 bars on November 7, 
1991 Venus 68.0 bars on November 22,1991), it would appear that the gauge 
depth for the November 22,1991 test is deeper than 880 m TVD (Le., more 
than 120 meters below the principal feedzone for GH-17). The injectivity 
index for the second injection test is 

113 II = ~ 0 . 4 6  kg/s-bX 
60(72.1- 68.0) 

The above results imply that the injectivity index increased substantially dur- 
ing the two injection tests. The best estimate for the injectivity index is given 
by the second injection test (ZZ = 0.46 kg/s-bar). 

. 

Homer plots of pressure fall-off data from the two injection tests of well 
GH-17 are shown in Figures 4.20 (a) and (b); the late shutin time fall-off data 
do asymptote to straight lines. Using akinematic viscosity of 1.44 x 107m2/s, 
we obtain for w1: 

Fall-Off Test 1: kh = 0.04 darcy-m 
Fall-Off Test 2 kh = 0.14 darcy-m 

Like the injectivity index, the formation transmissivity appears to have irn- 
proved considerably between the two tests. This increase in kh is most likely 
associated with hole cleanup and a reduction in near wellbore formation dam- 
age. In any case, the formation transmissivity in the vicinity of well GH-17 is 
rather low. 

4.8 Well GH-19 

No continuous recordings of downhole pressure and temperature were 
made during the injection test of well GH-19 on December 26 and 27,1991. 
A PTS tool was run in the hole once during each of the two constant rate 
injection periods shown in Figare 4.8. Prior to the start of injection test, a 
pressure of 52.22 bars(a) was measured on December 25,1991 at 755 m TVD. 
Using the pressures measured with the PTS tool, the injectivity index is com- 
puted as follows: 

= 23.3 kg/s-bat 67000 M = 67 tons/hour, ZZ = 
3600(53.02-52.22) 

= 28.2 kg/S-bS 136000 M = 136 tons/hour, ZZ = 
36Oo(53.56 - 52.22) 

The average value of the injectivity index is 25.7 kg/s-bar. 
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Figure 430a. Homer plot of pressure fall-off data no. 1 for well GH-17 (November 7,1991). 
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Figure 430b. Homer plot of pressure fall-off data no. 2 for well GH-17 (November 22,1991). 

Productionllnjection Data from Slim Holes and Production Wells at the Oguni Geothermal Field 445 



i 

Injection Tests 

Following cold fluid injection, the pressure fall-off response of GH-19 
was recorded by placing a pressure tool at 755 m TVD (i.e., within a few 
meters of the principal feedzone at 750 m TVD). A Homer plot of the pres- 
sure fall-off data is shown in Figure 4.21. For some unknown reason, the 
pressures fall below the pre-injection pressure (52.22 bars(a)) recorded at the 
gauge depth. We are unable to identify a straight line segment of sufficient 
duration (about 1 log cycle) on the Homer plot. Accordingly, we suggest that 
the pressure fall-off data cannot be interpreted to yield an estimate for foxma- 
tion transmissivity. 

4.9 Well GH-20 

The downhole pressures and temperatures recorded during the two in- 
jection tests of well GH-20 are displayed in Figure 4.9 (a) and (b). Prior to the 
low rate(1000kg/min)injectiontestofAprill, 1991,apressureof 111 bars(a) 
was recorded at 1550 m TVD (Le., - 10 meters above the feedzone); the pres- 
sure in well GH-20 was increasing slowly at this time. Towards the end of the 
injection period on April 1,1991, the pressure was declining slowly (Figure 
4.9a). Using P,= 116.7 bars(a), a lower limit on the injectivity index is calcu- 
lated as f0Uows: 

4-46 

= 2.98 kgls-bm lo00 
m(116.7 - 11 1.1) 

zz = 

According to EPDC, the pressure readings taken during the second injection 
test on April 2, 1991 may be suspect. (The pressure tool employs a strain 
gauge type pressure transducer; the response of this tool depends on the rate 
of change of temperature. A large rate of change of temperature introduces an 
error of unknown magnitude in the pressure readings.) A pressure of 112.8 
bars(a) was recorded at 1550 m TVD before the start of the second injection 
test. With a final flowing pressure value of 120.9 bars(a), the injectivity index 
is given by: 

= 7.82 kgls-bx 3800 ZI = 
m(120.9-112.8) 

The improvement in injectivity index with an increase in injection rate is most 
likely due to a cleanup of the borehole. The best estimate for the injectivity 
index is 7.82 kg/s-bar. . 

Homer plots of pressure fall-off data from the two injection tests are 
displayed in Figures 4.22 (a) and (b). The pressure fall-off data in Figure 4.22 
(b) exhibit an anomalous behavior (an increase in pressure) at very large shu- 
tin times; we suspect that a gauge malfunction is involved. Using the straight 
line approximations to fall-off data shown in Figures 4.22 (a) and (b) and 

Continued on page 4-50 

Productiodlnjection Data from Slim Holes and Production Wells at the Oguni Geothermal Field 

----,- --I_ 



Injection Tests 

54 

53 

52 
.Fs 
5 
E 
v) 
v) 
0)  51 

50 

I I I 1 .  1 1 I 1 

x 

X 

X 
X 

x x  
X 

X 
X 

t 10 min. 
X 

25 min. 
X 

X 

X 

1 1 1 1 I 1 1 1 

1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 49 

Multi-Rate Dimensionless Horner Time 

Figure 421. Homer plot of pressure fall-off data for well GH-19 (December 27,1991). 
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Figure 4.22a. Homer plot of pressure fall-off data no. 1 for well GH-20 (April 1,1991). 
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Figure 4.22b. Homer plot of pressure fall-off data no. 2 for well GH-20 (April 2,1991). 
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putting kinematic viscosity v = 1.44 x le7 m2/s, formation transmissivity is 
given by: 

Fall-Off Test 1: kh = 4.7 darcy-m 
Fall-Of€Test 2 kh.= 7.5 darcy-m 

The average value for kh is 6.1 darcy-m. 

4.10 Well GH-21 

No downhole temperature measurements are available for the two injec- 
tion tests of well GH-21 (Figure 4.10). The pressure gauge during the injec- 
tion tests was located at 804 m TVD (Le., - 150 meters below the principal 
feedzone at 650 m TVD). A pressure of 48.74 bars(a) was recorded at the 
gauge depth prior to the start of cold water injection on November 18,1992. 
Using the last flowing pressures during the injection phases, the injectivity 
indices are: 

= 12.6 kgls-bz 2000 
60(5 1.39 - 48.74) 

Injection Test 1: ZZ = 

= 11.6 kg/s-bat 3000 
60(53.05 -48.74) 

Injection Test 2 ZZ = 

The average value for the injectivity index is 12.1 kg/s-bar. 

The Homer plots of pressure fall-off data are shown in Figures 4.23 (a) 
and (b). The pressures do not appear to asymptote to the pre-injection pres- 
sure (48.74 bars). Furthermore, the pressure fall-off rate increases sharply at 
late times. The apparent increase in pressure fall-off rate and the failure of 
pressure to return to its pre-injection value is most likely caused by interzonal 
flow between the principal feedzone at 650 m TVD and the secondary feed- 
zone at 780 m TVD (see Section 3.15). Using the straight line approximations 
shown in Figures 4.23 (a-b) and v= 1.44 x lW7 m2/s, the formation transmis- 
sivity is given by: 

Fall-Off Test 1: kh = 13.6 darcy-m 
Fall-Off Test 2 kh = 14.4 darcy-m 

The average value of kh is thus 14 darcy-m. 

4.11 Well IH-1 

4-50 

During the injection testing of well IH-1 on March 25, 1988, the pres- 
surejtemperature tool was placed about 27 meters above the main feedzone at 
590 m TVD. Before the start of cold water injection, a pressure of 46.4 bars(a) 

Continued on page 4-53 
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Figure 423a. Homer plot of pressure fall-off data no. 1 for well GH-21 (November 18,1992). 
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Figure 4.23b. Homer plot of pressure fall-off data no. 2 €or well GH-21 (November 19,1992). 
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was measured at the gauge depth. Using the final flowing pressures recorded 
for the two injection rates (Figure 4.11), the injectivity index is given by: 

=0.89 &IS-bat 40 
rn(53.9-46.4) 

M=400kg/min 11= 

= 0.79 kgls-bat 600 
a(59.1- 46.4) 

M = 6 0 0  kglmin 11= 

The average value for the injectivity index is 0.84 kg/s-bar. 

The Homer plot of pressure fall-off data (Figure 4.24) suggests a classi- , 

cal double-porosity behavior (two parallel straight lines separated by a transi- 
tion line with a lower slope). The slope of the late-time fall-off data can be 
used to determine the formation transmissivity. With kinematic viscosity v = 
1.44 x lO-' m2/s (liquid water at a temperature of 225OC), we obtain a forma- 
tion transmissivity of 0.73 dany-m. 

4.12 Well IH-2 

During the injection testing of well IH-2 on January 26,1990, the pres- 
surdtemperature tool was placed about 30 meters beneath the main feedzone 
at 550 m TVD. The rather small temperature drop at the gauge depth (Figure 
4.12) implies that practically all of the injected fluid enters the formation at 
some place above the gauge depth. A pressure of 42.1 bars(a) was measured 
at the gauge depth prior to the start of the injection test. Using the final flow- 
ing pressures during the three constant rate injection periods, we obtain the 
following values for the injectivity index: 

M = lo00 kglmin II = 'OoO . =42 kg/s-bar 
60(42.5 - 42.1) 

M=2000kg/min 11= '00° =56 kgls-bar 
60(42.7-42.1) 

=33 kgls-bar 3000 
60(43.6 - 42.1) 

M = 3000 kglmin II = 

Because of the extremely small changes in pressure associated with the first 
two injection tests, the values of injectivity index obtained from these tests 
may not be reliable. The best estimate for the injectivity index is 33 kg/s-bar. 

The Homer plots of pressure fall-off data for the three injection periods 
are shown in Figures 4.25 (a)-(c); it is apparent from these figures that gauge 
resolution is insufficient for resolving details of the fall-off behavior of IH-2. 
In any event, the fall-off data (Figures 4.25 a-c) can be approximated by straight 
lines. The slopes of these straight lines together with V =  1.44 x lo-' m2/s 

Continued on page 4-58 
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Figure 4.24. Homer plot of pressure fall-off data for well IH-1 (March 25,1988). 
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Figure 4.2%. Homer plot of pressure fall-off data no. 1 for well M-2 (January 26,1990). 
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Figure 425b. Homer plot of pressure fall-off data no. 2 for well IH-2 (January 26,1990). 
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Figure 4.2%. Homer plot of pressure fall-off data no. 3 for well M-2 (January 26,1990). 
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(liquid water at a temperature of 225OC) were used to compute the following 
values for formation transmissivity: 

Fall-Off Test 1: kh = 13 darcy-m 
Fall-OffTest 2 kh = 35 darcy-m 
Fall-OffTest 3: kh = 28 darcy-m 

The average vale of kh is 25 darcy-m. 

4.14 Slim Hole N2-KW-1 

No downhole data are available for this study for the first injection test 
of slim hole N2-KW-1 on January 31, 1991. In the injection test run on 
February 8,1991 (InjectionTest 2), the pressudtemperahue tool was placed 
at 858 m TVI) (Le., within 2 meters of the feedzone at 860 m TVD); the pre- 
injection pressure was 55.44 bars(a). For the third injection test conducted on 
March 2,1991, the pressurehemperahue tool was located at 873 m TVD; a 
pressure of 55.71 bars was recorded before the injection test. Using the pres- 
sures measured during the injection phases, the following values for injectivity 
index are obtained: 

Injection Test 2: 

=2.11 kg/s-bX 200 
a(57.02 -55.44) 

380 

M=200kg/min ZZ= 

M = 380 kg/min ZZ = = 2.12 kg/s-bX 
a(58.43-55.44) 

Injection Test 3: 

= 1.32 kg/s-bX 160 
60(57.73-55.71) 

560 
60(58.93 - 55.7 1) 

M=160kg/min ZZ= 

M=560 kg/min ZZ= =2.90 kg/s-bm 

The average value for the injectivity index is 2.11 kg/s-bar. , 

The Homer plots of pressure fall-off data from injection tests 2 and 3 
are shown in Figures 4.26 (a) and (b). Poor gauge resolution makes these fall- 
off data less than ideal for inferring formation properties. With a kinematic 
viscosity of v =  1.44 x 107' m%, we obtain the following values for kh: 

Fall-Off Test 2: kh = 1.7 darcy-m 
Fall-Off Test 3: kh = 16.9 darcy-m 

The two estimates of kh differ by an order of magnitude! The average kh 
value is 9.3 darcy-m. 

Continued on page 4-61 
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Figure 4.26a. Homerplot ofpressure fall-off test no. 2 for slim holeN2-KW-1 (February 8,1991). 
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Figure 436b. Homer plot of pressure fall-off test no. 3 for slim hole N2-KW-1 (March 2,1991). 
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4.14 Slim Hole N2-KW-2 

During the first injection test of slim hole N2-KW-2 on February 5,1991, 
no downhole pressure measurements were made. After cold water. injection, 
fall-off response was recorded by lowering'a pressuxdtemperature tool to a 
depth of 765 m TVD (i.e., about 95 meters above the nominal feedzone depth 
of 800 m TVD). In the second injection test run on February 6, 1991, the 
pressure gauge was located at 840 m TVD; the pre-injection pressure was 
64.99 bars. Using the pressures recorded during the three constant rate injec- 
tion periods (see Figure 4.14b), we obtain the following estimates for the 
injectivity index. 

=0.72 kgls-bu 100 
60(67.32-64.99) 

200 
60(68.41-64.99) 

466 
60(73.77 - 64.99) 

M=100kg/min ZZ= 

M=200kg/min ZZ= 

M=466kg/min ZZ= 

=0.97 kgls-bz 

= 0.88 kgls-bx 

The average value for the injectivity index is 0.86 kg/s-bar. 

The Homer plots of pressure fall-off data are displayed in Figures 4.27 
(a) and (b). With v= 1.44 x lo-' m21s (kinematic viscosity for liquid water at 
a temperature of 225OC) and using the straight line approximations shown in 
Figures 4.27 (a) and (b), we have the following estimates for kh: 

Fall-Off Data No. 1: kh = 0.36 darcy-m 
Fall-Off Data No. 2: kh = 0.79 darcy-m 

The average value of kh is 0.58 darcy-m. 

4.15 Slim Hole N2-KW-3 

During the injection test of slim hole N2-KW-3 on March 7,1991, the 
pressure gauge was located at 1288 m TVD (Le., about 480 meters below the 
main feedzone at 810 m TVD). The pre-injection pressure at 1288 m TVD 
was 91.19 bars(a). With a final flowing pressure of 92.50 bars(a), the injectivity 
index becomes: 

= 6.49 kgls-bar 510 ZI = 
60(92.50 - 9 1-19) 

On February 28,1991, a pressure/temperature survey was run while injecting 
cold water at a rate of 500 kg/min; a pressure of 52.1 bars(a) was measured at 
810 m TVD. A static pressure of 50.5 bars was recorded at 810 m TVD in 

Continued on page 4-64 
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Figure 4.27a. Homerplot of pressure fall-off datano. 1 for slim holeN2-KW-2 (February 5,1991). 
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Figure 4.27b. Homer plot of pressure fall-off data no. 2 for slim hole N2-KW-2 (February 6,1991). 
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another pressure survey made on February 24, 1991. These pressudflow 
measurements yield the following value for the injectivity index: 

= 5.21 kg/s-b= 500 
a(52.1-50.5) 

I .  = 

The above two determinations for the injectivity index yield an average value 
of 5.85 kgls-ba. 

Thefall-off responserecodedaftertheMarch7,lWl indextestisshown 
in Figures 4.15 and 4.28. The pressure fall-off data (Figure 4.28) lack suffi- 
cient resolution for evaluating formation transmissivity. An examination of 
Figure 4.15 indicates that at the end of the fall-off period, the pressure does 
not retum to its pre-injection value. We suggest that a cooling of the fluid 
column between the gauge and feedzone depths is responsible for the ob- 
served pressure behavior. 
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Figure 4.28. Homer plot of pressure fall-off data for slim hole N2-KW-3 (March 7,1991). 
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Discharge Tests 

5.1 Characteristic Tests 

A borehole must be discharged to ascertain its productive capacity. A 
total of eight slim holes and six large-diameter Oguni wells have been dis- 
charged at one time or another. With the exception of two boreholes in the 
high pressure reservoir (boreholes HH-2 and GH-15), all-liquid conditions 
prevail at the feedzone depth in Oguni boreholes under discharge conditions. 
The feedzone temperatures for Oguni boreholes producing from liquid 
feedzones are given in Table 3.1. As part of the discharge tests of Oguni bore- 
holes, the characteristic output curves (Le., mass and enthalpy versus well- 
head pressure) were also obtained. An oddity of the ‘Well Characteristic” 
data set from Oguni boreholes is that the “measured wellhead enthalpies” 
often exceed downhole enthalpies computed from downhole (feedzone) tem- 
peratures. Because there is no ,evidence for a two-phase or a steam feed in 
most Oguni boreholes, it would appear that the “measured enthalpies” may be 
in error. The “measured enthalpies” are computed from measured water and 
steam flow rates at the surface. It is, therefore, likely that there is a systematic 
error in water-flow (underestimate?) or steam-flow (overestimate?). As far as 
the total discharge rate is concerned, the errors in water and steam flow rates 
would tend to cancel each other out. The mass output curves for the various 
Oguni boreholes are shown in Figures 5.1 through 5.14. It is apparent from 
Figures 5.1 through 5.14 that the wellhead pressure corresponding to the maxi- 
mum discharge rate varies from borehole-to-borehole. The maximum discharge 
rates for the various Oguni boreholes are given in Table 5.1. 

During all of the discharge tests, pressure and temperature (or pressure, 
temperature and spinner) surveys were run. The pressure and temperature data 
from these surveys are tabulated in Appendix C. These pressurdtemperature 
surveys are used to calculate the productivity indices for the Oguni boreholes 
in Subsection 5.2. Following the discharge tests (varying in duration from a 
few days .to several months) pressure buildup was recorded by lowering a 
gauge (usually Kuster) into the borehole. The pressure buildup data are ana- 
lyzed in Subsection 5.3. 

5.2 Productivity Indices 

Productivity index, PI, is defined as follows: 

M PI = 
pns -p.@ 

Continued on page 5-16 
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Figure 5.1. Discharge rate versus wellhead pressure for slim hole GH-3 (February 1987). 
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Figure 5.2. Discharge rate versus wellhead pressure for slim hole GH-4 (February and March 
1986). 
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Figure 53. Discharge rate versus wellhead pressure for slim hole GH-5 (February and March 
1986). 
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Figure 5.4. Discharge rate versus wellhead pressure for slim hole GH-6 (March 1986). 
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Figure 5.5. Discharge rate Venus wellhead pressure for slim hole GH-7 (January 1987). 
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Figure 5.6. Discharge rate versus wellhead pressure for slim hole GH-8 (September 1987). 
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Figure 5.7. Discharge rate versus wellhead pressure for well GH-10 (July and August 1987). 
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Figure 5.8. Discharge rate versus wellhead pressure for well GH-11 (June and July 1991). 
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Figure 5.9. Discharge rate versus wellhead pressure for well GH-12 (September and October 1991). 
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Figure 5.10. Discharge rate versus wellhead pressure for well GH-15 (October and 
November 1990). 
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Figure 5.11. Discharge rate versus wellhead pressure for well GH-20 (April 1991). 
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Figure 5.12. Discharge rate versus wellhead pressure for slim hole HH-2 (December 1986). 
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Figure 5.13. Discharge rate versus wellhead pressure for well IH-2 (February and March 1990). 
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Figure 5.14. Discharge rate versus wellhead pressure for slim hole N2-KW-3 (March 1991). 
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f 

Borehole Name 

\ 

FinalDiameter MeasuredDischarge 
(mm) (tons/hr) 

Discharge Tests 

GH-3 79 
GH-4 76 
GH-5 76 
GH-7 98 
GH-8 78 
GH- 10 159 
GH-11 216 
GH-12 216 
GH-20 216 
IH-2 216 

Table 5.1. Measured maximum discharge rates for Oguni boreholes. 

20 
27 
22 
30 
36 

164 
279 
279 
369 
3 16 

GH-6 76 
GH-15 216 
HH-2 76 
N2-KW-3 76 

5-1 6 

24 
36* 
5* 

28 

where M is the discharge (i.e., mass production) rate, P, is the stable (static) 
feedzone (or gage depth) pressure, and P is the flowing feedzone (or gauge 
depth) pressure. As remarked earlier, dow&ole pressure and t e m p e m  (under 
discharge conditions) are available for all the Oguni boreholes that have been 
discharged. These pressure surveys can be used for estimating flowing feedzone 
pressures. 

A comparison of the measured pressure and temperature values in the 
two-phase zone of the borehole with the corresponding steam table values 
revealed significant discrepancies for most of the boreholes (pressure/ 
temperature data for wells GH-11, 12 and 20 are the only exceptions). n e  
measured pressures are compared with saturation pressures (for the measured 
temperam) in Appendix C. It has been our experience that the pressure gauges 
are often out of calibration. Accordingly, measured pressure values were cor- 
rected using the measured temperatures (in the two-phase zone) and the cor- 
responding saturation pressures. In the single-phase liquid zone of the wellbore, 
a constant value4etermined from measurements in the two-phase zone- 
was added to (or subtracted from) the measured pressure values. The stable 
feedzone pressure P, was calculated using the pressure correlation for low- 
pressure reservoir boreholes. For high pressure reservoir boreholes, measured 
values for P, were used. 

listed in Table 5.2. 
The computed productivity indices for the various Oguni boreholes are 
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Production 
Survey Rate 
Dilk (tons/h) 

Flowing 
Feedme 
Pressure PI 
(b) (kp/s-bar) Comments 

1030 75.0 
(Pressure 
Correlation) 

14.0 
20.5 
21.4 

20.6 
17.0 
12.7 

30.7 
23.2 
18.7 

56.9 1.85 
54.8 1.36 
53.6 1.10 

69.9 1.24 
70.2 1.10 
71.6 1.22 

55.75 0.97 
58.25 1.03 
59.95 1.14 

1100 

980 
(Shallow 
Feedzone) 

74.5 
(Pressure 
Correlation) 

64.5 
(Pressure 
Correlation) 

Table 5.2. Productivity indices for Oguni boreholes. 

Static 

I Depth 
Borehole Name 
and Final 
Diameter (mm) 

Low Pressure Reservoir 

0.50 
ii .3 69.2 0.54 

GH-3 
79 

02- 18-87 
02-19-87 
02-20-87 

Add 0.8 bars to measured flowing pressures. 
Add 1.0 bars to measurrd flowing pressures. 
Add 1.0 bars to measured flowing pressures. 
$PI ) avg = 0.53 kds-bar. 
Subtract 1.5 bars from measured flowing pressures. 
Add 1.4 bars to measured flowing pressures. 
Add 1.5 bars to measured flowing pressurrs. 
$PI ) avg = 1.44 kds-bar. 

Add 1.2 bars to measured flowing p k w ~ r e .  
Add 1.0. bars to measured flowing pressure. 
Add 1.0 bars to measured flowing pressure. 
(PI) avg c: 1.19 kds-bar. 

Add 0.65 bars to measured flowing pressure. 
Add 0.75 bars to measured flowing pressure. 
Add 0.75 bars to measured flowing pressure. 
IPI ) avg = 1.05 kds-bar. 

No correction applied to flowing pressures. Measured 
temperatures in the two-phase zone imply that the 
pressures may be in substantial error. 
(PI) avg = 1.0lkgls-bar. 

1.4 barsadded to measured flowing pressure: 
2.4 bars added to measured flowing pressure. 
2.0 bars added to measured flowing pressure. 
(PI ) avg = 3.88 kds-bar 

i 

02-27-86 
02-28-86 
03-01-86 

900 59.0 
(Pressure 
Correlation) 

GH-4 
76 

02- 17-87 
02-18-87 
02- 19-87 

GH-5 
76 

01-2 1-87 
01-22-87 
01-23-87 

GH-7 
98 

1220 89.5 
(Pressure 
Correlation) 

09- 1 1-87 
09-12-87 
09- 17-87 

23.8 
29.9 
24.8 

GH-8 
78 

80.7 
81.8 
83.7 

0.75 
1.08 
1.19 

~~ 

08-q6-87 
08-13-87 
08- 15-87 

GH- IO 
I59 

1010 68.5 
(Pressure 
Correlation) 



and Final 

Flowing 
Production Feedme 

(tonslh) ) 
~ Rate PreSSUre 

GH-11 
216 

PI 
(kds-bar) Comments 

GH-12 
216 

188.8 71.4 
244 67.0 

236 33.1 
269 30.5 

2 16.4 110.3 
251.6 109.3 

1282.9 108.6 ' 164.1 31.8 
l 232.4 29.9 
I *  

, 

I 

I 
GH-20 I1560 

6.10 
5.21 

6.01 
5.53 

16.25 
14.87 
14.55 
12.32 
11.33 

(PI) avg = 5.65 kgls-bar 

(PI) avg = 5.77 kds-bar 

(PI ) avg'= 15.2 kds-bar. 
1.1 bar added to measured flowing pressure. 
1.9 bar added to measured flowing pressure. 
(PI) avpr c 11.8 kds-bar 

M-2 
216 

80.0 
(Pressure 
Correlation) 
44.0 
(Pressure 
Correlation) , 
114.0 
(Pressure , Correlation) 

' 35.5 
1 (Pressure 
~ Correlation) 

~~ 

GH-6 
76 

07- 19-9 1 
07-20-9 1 

10-19-91 
10-20-91 

04-24-91 
04-25-9 I 
04-26-91 
03-0 1-90 
03-02-90 

GH-15 
216 
HH-2 
76 
N2-KW-3 
76 

770 

680 

850 

8 10 

Table 5.2. Productivity indices for Oguni boreholes (con't). 

static 

Pressure Survey 



Discharge Tests 

5.3 Pressure Buildup Tests 

Pressure buildup data are available for all of the Oguni boreholes that 
have been discharged. In all cases, the pressu~.e buildup responses were re- 
corded by lowering a mechanical pressure gauge (usually a Kuster tool) into 
the borehole, either just before or right after, the completion of the discharge 
test. Because of instrument limitations, it was in several cases necessary to 
pull (and reinsert) the gauge out of the hole after a few hours; this resulted in 
a gap in the pressure buildup record. The relevant dischargdpressure buildup 
data are summarized in Table 5.3. 

Multi-rate Homer plots of pressure buildup data for thirteen Oguni bore- 
holes are shown in Figures 5.15 through 5.27. For slim holes GH-4, GH-6 and 
N2-IW-3, the relatively small change in pressure make the buildup data un- 
suitable for inferring formation properties. No pressure buildup data are avail- 
able for this study for slim hole GH-8; the kh value for GH-8 listed in Table 
5.3 is from an EPDC document. 

Pressure buildup data for slim holes GH-3, GH-5, GH-7, and wells 
GH-IO, GH-11, GH-12, GH-20 and M-2 can be approximated by straight 
lines on the multi-rate Homer plots (see Figures 5.15-5.27). The slope rn of 
the straight line can be used to estimate the formation transmissivity from the 
following relationship: 

1.15Mv &=- 
2 m  

where Mis the last flow rate prior to shutin and vis the kinematic viscosity of 
the reservoir liquid. The kh values obtained from the Homer plots are given in 
Table 5.3. Pressure buildup data for slim hole GH-7 recorded prior to and 
afcer the gap in pressure data (90 to 238 minutes) yield different slopes on the 
Homer plot. Possibility of intertonal flow between the tU;o feedzones of slim 
hole GH-7 (980 m TVD and 1400 m TVD) during shutin cannot be ruled out. 
Therefore, the listed kh value for GH-7 may not be reliable. 

Production from boreholes GH-15 and HH-2 was accompanied by in 
situ boiling. In the case of well GH-15, the wellbore (at feedzone depth) re- 
turned to single-phase liquid conditions within a few minutes after the well 
was shutin. The late-time pressure buildup data from well GH-15 were, there- 
fore, analyzed using conventional single-phase analysis methods (e.g., see 
analysis above for other Oguni boreholes). Slim hole HH-2, however, did not 
return to single-phase conditions within the pressure observation period (0 to 
507 minutes). The pressure buildup data for slim hole HH-2 were accordingly 
interpreted using two-phase analysis methods (see, e.g., Garg, 1980; Grant, 
1978). The total kinematic mobility (permeabilityk x thickness h / total kine- 
matic viscosity vt) for slim hole HH-2 is given in Table 5.3; note that no 
estimate of kh is available for HH-2. 
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Bble 53. Summary of pressure buildup data for Oguni boreholes. 

iingle-phue liquid flow. . 
J h g  T = 21S°C, 
;h = 0.44 darcy-m 

L14T 

1100 74.5 btn 
18pc 

SiBle-phrre liquid flow. 
Jsing T =187Dc 
th=45drrcy-m 

no GH-6 535 bpn 
21sT 

545/1005 bus  
c 219oc12upC 

QWM6 10.58 32&561 m h  

GH-7 

1220 Single-phw Iiquid flow. 
Using T = 215% 
ch = 28.6 darcy-m (Analysis by Em. 

09/01/87 11.304 ? ? 
olv22187 10% 

- 
1010 
: 

S i g I C - p h a s c  Iiquid flow. 
Using T = 241°C. 
kb = 92 drrcy-m 

GH-10 

- 
1140 Using T = 236OC. 

kh = 83 dpcy-m 
OK11 

750 455 bps 
232T 

Using T = 232°C 
kh = 32 darcy-m 

GH-l2 

680 505 bars 
230% 

Two-phasc flow. 
kb 0.47 darcy-m (SCC text) 

1560 1145 bpJ 
% l T  

04/15/91 15:OS-t 1750 m MD 0-256 min 
04/27/91 1l:W (1542 m TVD) I I Using T = 241°C 

kb = 55 darcy-m 

HH-2 m 1210186 1416-1 835 m MD 0-150 min 
12/26/86 1056 I )237-~07min 

61 ban 
219-2 

Twepharc flow. 
wv, = 3.4 x 104 m-s. (see tcxt.) 

~~ ~ ~~~ ~ ~~ 

02/21/90 11:30-, 570 m MD 0-309 min . 
03/03/90 1331 (546mTVD) 

OY18/9109:46+ 910mMD 0-255min 
03/29/91 11:OO (886mTVD) 

Using T = 226°C 
kh=44darcy-m 

IH-2 550 355 bars 
226T 

Pressure data lack suffcicnt resolution 
for analysis 

N2-KW-3 810 52 ban 
227T 
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Figure 5.15. Multi-rate Homer plot of pressure buildup data for slim hole GH-3. Pressures were 
recorded at lo00 m MD from A? = 0 minutes to A? = 140 minutes, and from At = 253 
minutes to At = 528 minutes. To remove an offset in the pressure data, 0.69 bars were 
subtracted from late time (At = 253 to 528 minutes) pressure data. 
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Figure 5.16. Multi-rate Homer plot of pressure buildup data for slim hole GH-4. The pressure data 
lack sufficient resolution to identify the appropriate straight line. 
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Figure 5.17. Multi-rate Homer plot of pressure buildup data for slim hole GH-5. Pressures were 
recorded at 1150 m MD (1097 m TVD) from Ar = 0 minutes to At = 240 minutes, and 
from At = 330 minutes to Ar = 569 minutes. Note the offset between the early-time (Ar 
=O to 240 min) and late-time (At= 330 to 569 minutes) pressure data. The straight line 
used for computing kh extends over less than one log-cycle; hence, the estimate for kh 
may not be too reliable. 
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Figure 5.18. Multi-rate Homer plot of pressure buildup data for slim hole GH-6. The pressure data 
lack sufficient resolution to identify the proper straight line. 
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Figure 5.19. Multi-rate Homer plot of pressure buildup data for slim hole GH-7. Pressures were 
recorded at 1500 m MD (1400 m TVD) from Ar = 0 to 90 minutes and from Ar = 238 
to 458 minutes. Note that the pressure buildup data recorded prior to and after the gap 
(90 to 238 minutes) yield different slopes on the Homer plot. 
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Figure 5.20. Multi-rate Homer plot of pressure buildup data for well GH-10. Pressures were recorded 
at loo0 m MD (968 m TVD) from At = 0 to 146 minutes and from At = 371 to 540 
minutes. 
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Figure 531. Multi-rate Homer plot of pressure buildup data for well GH-11. Pressures were recorded 
at 1377 m MD (1 140 m TVD) for 240 minutes after shutin. The reasons for a sudden 
jump in pressure at about 128.5 minutes are unknown. 
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Figure 532. Multi-rate Homer plot of pressure buildup data for well GH-12. Pressures were recorded 
at 765 m MD (746 m TVD) for 300 minutes after shutin. The reasons for a sudden 
jump in pressure at about 169 minutes are unknown. Since the straight line extends 
over less than one log-cycle, the computed kh value (32 darcy-m) may not be reliable. 
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Figure 5.23. Multi-rate Homer plot of pressure buildup data for well GH-15. Pressures were recorded 
at 800 m MD (727 m TVD) from A? = 0 to 300 minutes and from 360 to 600 minutes. 
To remove the offset in pressure data at 360 minutes, 1.6 bars were subtracted from all 
late-time (At = 360 to 600 minutes) buildup data. 
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Figure 5.24. Multi-rate Homer plot of pressure buildup data for well GH-20. Pressures were recorded 
at 1750 m MD (1542 m TVD) for 256 minutes following well shutin. 
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Figure 5.25. Multi-rate Homer plot of pressure buildup data for slim hole HH-2. Pressures were 
recorded at 835 m MD (835 m TVD) from At = 0 to 150 minutes and from 237 to 507 
minutes. To remove the offset in pressure data at 237 minutes, 0.174 bars were subtracted 
from all  late-time (At = 237 to 507 minutes) pressure data. 

Productionllnjection Data from Slim Holes and Production Wells at the Oguni Geothermal Field 5-31 



Discharge Tests 

30.0 

29.8 

29.2 

29.0 

X x\ 

X 

X 

X 

1.2 1.6 2.0 2.4 
Multi-Rate Dimensionless Homer Time 

2.8 

Figure 536. Multi-rate Homer plot of pressure buildup data for well IH-2. Pressures were recorded 
at 570 m MD (546 m TVD) for 309 minutes following well shutin. 
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’ Figure 5.27. Multi-rate Homer plot of pressure buildup data for slim hole N2-KW-3. The pressure 
data lack sufficient resolution for analysis purposes. 
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6 Discussionand 
Conclusions 0 w 

u) 

Final Diameter Production kh 
Borehole Name (mm) (*Y-m) 

6.1 Formation Transmissivity 

Injection* kh 
( h y - m )  

EPDC has carried out a number of pressure interference tests on the 
boreholes in the Oguni Geothermal Field. Analyses of pressure interference 
data from the low-pressure reservoir boreholes indicate that the northern Hohi 
areahas good permeability (kh = 100 to 250 darcy-meters); the transmissivity 
(kh) value for the high-pressure reservoir is of the order of 10 darcy-meters 
(Garg, etd., 1993). Permeability-thickness values inferred from pressure fall- 
off (see Section 4) and pressure buildup data (Section 5) from individual Oguni 
boreholes are listed in Table 6.1. Pressure buildup data from individual "low- 
pressure reservoir" boreholes (Table 6.1) yield kh values in the range 0.4 to 92 
darcy-meters; interestingly, smaller kh values are generally associated with 
smalldiameter slim holes. For large-diameter wells, kh values inferred from 
buildup tests vary from 32 to 92 darcy-meters. The kh values obtained from 
short-term injection tests range from 0.1 and 25 darcy-meters for all the low- 
pressure zone boreholes; the kh values for large-diameter wells (excluding 
well GH-17) vary from 5 to 25 &y-meters. 

76. 
76. 
98. 
78. 

159. 
216. 
216. 
216. 
216. 
216. 
159. 
216. 
76. 
76. 

Table 6.1. Permeability-thickness (kh) inferred from pressure fall-off (injec- 

- 
4.5 
1.3 

29 
92. 
83. 
32. 

55. 
- 
- - 

44. - - 
- GH-6 

GH- 15 
GH- 19 
HH-2 

GH-9 77:: - 
216. 0.47 
216. - 

- 76. 
N2-KW-3 76. - 

GH-3 

GH-5 
GH-7 
GH-8 
GH-10 
GH-11 
GH-12 
GH-17 
GH-20 
GH-2 1 
IH- 1 
IH-2 
N2-KW-1 
N2-KW-2 

GH-4 

- 
0.03 
0.92 - 
- 
- 

- 
- 
- 

6.9 
5.1 
0.14 
6.1 

0.73 

9.3 
0.58 

14 

25 
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Discussion and Conclusions 

Analyses of pressure transient data from the boreholes in the Oguni G e e  
thermal Field indicate that (1) the kh values inferred from pressure interfer- 
ence and pressure buildup tests are significantly greater than those derived 
from pressure fall-off tests, and (2) the slim holes yield kh values which are 
smaller than those obtained from large-diameter wells.. 

In fhctured gmthermal reservoirs, interference tests commonly yield 
higher kh values than those given by pressure buildup (and pressure fall-off) 
tests. An individual borehole intersects at most a few major fractures. These 
major fractures join the fracture network at some distance from the borehole. 
The reservoir radius investigated during a borehole test is roughly propor- 
tional to the square root of time. A pressure buildup test generally samples a 
smaller region of the reservoir than that investigated by an interference test. 
The kh values obtained from pressure buildup tests (32 to 92 darcy-meters) 
for large-diameter wells at Oguni are smaller by a factor of about three from 
those given by pressure interference tests (100 to 250 darcy-meters). In con- 
trast with longer term discharge tests (days to months in duration), short term 
injection tests (a few hours) sample only the near wellbore region. The pres- 
sure fall-off data yield kh values (5 to 25 darcy-meters for large-diameter 
wells) which are much smaller than those obtained from pressure buildup and 
pressure interference tests. These results suggest that short term injection tests 
are likely to yield a lower bound on reservoir transmissivity. 

We speculate that the differences in w1 values inferred for slim holes and 
large-diameter wells may be caused by the differences in drilling techniques 
(Le., core drilling versus rotary drilling). The core drilling is more likely to 
plug the near wellbore fractures with rock flour and/or mud than with rotary 
drilling. At Oguni, the formation permeability is mainly associated with a 
horizontal fracture zone located in the lower Hohi and upper Shishimuta for- 
mations. Many of the slim holes were drilled with a complete loss of circula- 
tion fluid (see Appendix B). The circulation fluid, in most cases, consisted of 
a dilute (mud density - 1.00 to 1 .OS gm/cm*) bentonite based mud. In contrast 
with slim holes, blind drilling was rarely used for rotary drilled large-diam- 
eter wells. It is thus possible that core drilling (at least in the case of Oguni 
Geothermal Field) causes greater formation plugging than that resulting from 
rotary drilling. Our speculation regarding formation plugging can only be 
verifkd by comparing “kh” values obtained from a large number of core- and 
rotary-drilled boreholes in several different geothermal fields. 

6.2 Productivity and lnjectivity Indices 

Ignoring pressure transient effects, the flow resistance (i.e. pressure 
losses) of the reservoir rocks can be represented by the productivity (or injec- 
tivity) index. The productivity and injectivity indices (see Sections 4 and 5 )  
for the various Oguni boreholes are listed in Table 6.2. Both the productivity 
and injectivity indices are available for seven of the Oguni boreholes 
(Table 6.2); these data are displayed in Figure 6.1. It appears from Figure 6.1 
that to first order the productivity and injectivity indices for the Oguni bore- 
holes are equal. The latter observation is at variance with the results of the 
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I Final PrOdUCtivity 
Diameter h d e X  

Table 63. Productivityhjectivity indices of Oguni boreholes. 

Injectivity 
Index 

BoreholeName I I &&-bar) I (kg/s-bar> 
A. Low-Pressure Reservoir 

CiH-3 

GH-5 
GH-7 
GH-8 
GH-10 
GH-11 
GH-12 
GH-17 
GH-20 
GH-2 1 
IH- 1 
IH-2 
N2-KW-1 
N2-KW-2 

GH-4 
79 

76. 
76. 
98. 
78. 

159. 
216. 
216. 
216. 
216. 
216. 
159. 
216. 
76. 

:z 
1.19 
1 .05 
1.01 
3.88 
5.65 
5.77 - 

15.2 - - 
11.9 - - 76. 

B. High-Pressure Reservoir 

GH-19 216. 25.7 
HH-2 0.03 
N2-KW-3 . 3.85 5.85 

- - - - - 
3.39 
1.53 
5.12 
0.46 
7.82 

0.84 

2.1 1 
0.86 

12.1 

33. 

. .  
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8 
8 

8 
8 

Figure 6.1. Productivity versus injectivity index for low-pressure reservoir Oguni boreholes. 

6 4  

classical porous-medium flow analyses (see e.g., Garg and hitchett, 1990) 
which suggest that the injectivity index should be a strong function of the 
sand face injection temperature. Grant et aZ. (1982), however, maintain that 
the classical analyses do not apply to geothermal systems which are mostly 
associated with fractured formations; and that injectivity is at least as great as 
productivity in discharge tests. The Oguni data are consistent with Grant, et 
aZ.3 viewpoint and imply that in the absence of productivity data, injectivity 
index may be used to characterize the flow resistance of the reservoir rocks. 

Theoretical considerations (Pritchett, 1992 and Hadgu et aZ., 1994) sug- 
gest that apart from any differences associated with differences in wellbore 
skin (Le., near borehole formation damage or stimulation), the productivity 
(or injectivity) index should exhibit only a weak dependence on borehole 
diameter. The available productivityhnjectivity index data for low-pressure 
zone boreholes (see Table 6.2) are displayed in Figures 6.2a and 6.2b. Both 
the productivity and injectivity indices (and hence wellbore skin) display a 
strong dependence on borehole diameter. At present, the exact cause for the 
latter phenomenon remains unknown We speculate that like the apparent de- 
pendence of formation transmissivity on borehole diameter (see Section 6.1), 
the apparent variation of productivityfmjectivity indices with borehole diam- 
eter is caused by differences in drilling techniques (Le., rotary versus corehole 
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1 1 1 I 1 1 

A 
A 

A 
A 

Well Diameter, mm 

Figure 6.2a. Productivity index vems diameter for low-pressure reservoir Oguni boreholes. 
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Well Diameter, mm 

Figure 6.2b. Injectivity index versus diameter for low-pressure reservoir Oguni boreholes. 
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drilling). Clearly, there is a need to better quantify the foxmation damage @e., 
fracture plugging) caused by core and rotary drilling techniques. 

6.3 Effect of Borehole Diameter on Discharge Rate 
Production characteristics of a geothermal borehole are in the main de- 

termined by (1) pipe friction and heat losses in the wellbore, and by (2) pres- 
sure losses associated with flow in the reservoir rocks. At Oguni, the formation 
permeability (and productivity indices) is sufficiently high such that the pres- 
sure losses in the reservoir are insignificant compared to pressure losses in the 
borehole. Stated somewhat differently, the discharge behavior of Oguni bore- 
holes is principally determined by pipe friction and heat losses in the well- 
bore. As discussed by Pritchett (1992), both frictional pressure gradient and 
heat loss effects are more signficant for the small-diameter slim holes than for 
the large-diameter wells. The differences in heat loss effects is probably re- 
sponsible, at least in some cases, for the difficulty encountered in inducing 
deep slim holes (depths >> 300 meters) to discharge. 

. 

To compare the fluid carrying capacity of boreholes of varying size, it is 
.useful to introduce the “area-scaled discharge rate” M* as follows: 

M* = Mo (d / do 

where M j s  the actual borehole discharge rate; and d and do are the internal 
borehole diameters (mm). Based on numerical simulation of fluid flow in 
boreholes of varying diameters, Pritchett (1992) suggests that the maximum 
discharge rate M, will increase at a rate somewhat greater than the square of 
diameter. 

The exact value of n will of course depend on the downhole conditions 
(e.g., feedzone depth, flowing pressure and enthalpy, and gas content of the 
fluid). For the conditions assumed by Pritchett (feedzone depth = 1500 meters, 
feedzone pressure = 80 bars, feedzone temperature = 25OoC, single-phase liq- 
uid-water at feedzone, uniform wellbore diameter), n is equal to 0.56. (Hadgu, 
et al. (1994) have considered single-phase (liquid) adiabatic flow (no heat 
loss) up a wellbore, and suggest that rn equals 0.62. The importance of boiling 
in the borehole and of heat loss to the formation cannot be overstressed.) With 
the exceptiofi of two boreholes (GH-15 and HH-2) in the high pressure zone, 
all of the Oguni boreholes have single-phase liquid conditions at their princi- 
pal feedzones. On average, the Oguni feedzones are shallower and the feedzone 
temperatures are somewhat lower than that assumed by Pritchett (1992) for 
his computations. 

Both the “area-scaled” and “scaled maximum (n = 0.56)” discharge rates 
for the Oguni boreholes are presented in Table 6.3. For the low-pressure zone 
large-diameter (216 mm) wells (GH-11, GH-12, GH-20 and IH-2), the aver- 
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Table 63. Measued and predicted discharge rates for Oguni boreholes. 

ARa scaled 
Final MeasUred scaled Maximum 

Name (mm) (tons/hr) (tons/hr) (to&) 
Borehole Diameter Discharge Discharge? Dischargev 

A. Low-Pressure Reservoir 
1-3 I 79 I 20 I 151 I 266 

B. HiPh-Pressure Reservoir 
GH-6 I 76 I 24 I 194 I 348 

216 
76 36* 5* I 40 I 72 I GHL15 

HH-2 
N2-KW-3 76 I 28 I 226 I 4 0 6 1  

? Area-ScaledDischaqjeRate=MeasuredDischargeRatex 

tt Scaled Maximum Discharge Rate = Measured Discharge Rate x 

* Two-PhaseFlow 

(216/well dia. in mm)2 

(216/well dia in mm)2-56 . 

6-8 

age measured maximum discharge rate (311 tonshour) is bracketed by the 
averaged “area-scaled” (194 tonshour) and averaged “scaled maximum” (338 
tonshour) discharge rates. Furthermore, using the slim hole data, the pre- 
dicted M* and M,, for GH-10 (159 mm diameter) are 105 tonshour and 155 
tonshour, respectively. By comparison, the measured discharge rate for GH-10 
is 164 tonshour. Despite differences between the conditions assumed by 
Pritchett (1992) and the actual conditions existing in the Oguni.boreholes, it 
would appear that the “scaled maximum discharge rate” provides a reason- 
able prediction of the discharge performance of large-diameter geothermal 
wells. 

The above analyses of the Oguni borehole data are thus consistent with 
the premise that it should be possible to forecast the discharge performance of 
large-diameter production wells using production data from slim holes. This 
conclusion must, however, be tested with discharge data from a statistically 
significant collection of slim holes and production wells from a number of 
geothermal fields. Ideally, the set of geothermal fields should include both 
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large and moderate tmsmissivity geothermal fields; a wide range of reser- 
voir permeabilities is needed to characterize the effect of pressure losses in 
the reservoir on the discharge characteristics of both slim holes and large- 
diareter production wells. 
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Reevaluation of all available data and acquisi~on 
of additional geophysical survey data for a new 
P O S p e d  - I 
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It was found that (he existing model was not 
appmpdalc snd that it was necusary to conslrud 
a new model. 

0 

2. 
0 c 

2 
a 

Stage I 
Scope of Survey Suwey Method 

Verification of geolhcrmal system model 
constructed on the basis of past s w e y  data 

Core drilling to & h e  geolOgtcal stmclure 
* GH-1 well ('ID: 1950 m) was dxilled to confirm a 

I 
gcothCrmd rwerV& dOng Ihe nCWly deteded 
Ts~mi-Miyanoharu line" fault zone. 

Survey and Evaluation Resulta 

* GH-I was drilled to basement. but did no1 
m u n t e r  either high ttmpualure or 
lost drculalion zanes. 

I 

Misea-la-masse survey 
* Survey ma: 3 kmz, 100 points using well K-7 
as a current electrode 

1 

I Schlumbergcr resistivity survey 
* S w e y  area: 6 lines. 30 km, 102pohts 

A new low resistivity awa was conlimed in thc deep 
@on beneath the westem foot of Mt. Walta (le., 
thc d c a s t  side of Talrtnoyu hot spring am). 
Production of hot cothermal fluid from all wells 
drilled (e.g., K-6, k-7) in ulis ~ l u l  indicated thc 
existence of an extensive geoulamal reservoir in Uds 
mw. 

m e  I * IIH-1, HH-2 and HH-3 wells (lD: 500-700 m) 

* Soil gas ((2%. Rn, Hg) and 1 m deplh temperature 

Tempaaluns of 231T i n h - 2  and 2100C in HH-3 
wmmeawrred. 

only laleral flow area was indicated. 
Geochemical survey 

* Survey area: 9 kmz, 661 points 

I 

I TDEM survey 1 
* 16 kmz. 48 points No useful results wen? obtained 

Existence of high temperatun? cnea adequate for 
conventional flashsteam power generation WM 

of hi& temuemtm BM. 
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Ty Existence of a rtsavoir havin enough 
(ctmpcrature, pcrmeabitity ani size) for tdric 
p o w a  gemration waa confirmed. 

Stage II 
Scope of Survey Survey Method 

Verification of gbolhermal reservoir and 
estimation of resmoir extent S ( N c I u I c  1 Slim hole (con) drilling to dehe gmlogfcal 

* GH-3 (ID: 1500 m, 76 mm din) * GH-4 (ITk loo0 m, 76 mm din) 

I 
Survey and Ev~lu~tion Results 

Wuun: 5 ton/hr, Hot nata: 15 tcq/ltr was dischrrged. * Steam: 6 ton/hr, Hot wata. 18 tcq/ltr was discharged. * Satisfadory dischargeratts. flowfngtanperaturcs and 
produdvity indias WQt oblained. 

I 
Minisosic seismic rclledion sunrey 
* Swey ana: 6 lines, 15 km 

I 

I 
I 

Heat flow survey 

Rcs*voir extent WM edmaled using GH-3 well. 

Feult(8) contributing nuid production was(wae) ihlified. 

Htal discharge ra(e was mcasuruf for purposes of 
estimaling reservoir size. 

Estimation of resetvoir exm. Udchcss, etc. 
Estimation of well produdion ma 

1 I '  
Calcullllion of nservoir capacity by volumdrlc 
mclhod 

I 1 
I 

It was confirmed that the rtservofr extends over 
a large arca in the Kumamoto and OIh 
pfectures and has m u  h capacity for a 

various constraints such as environmental 
protection of National Pa& area, developable 
capadt of the gcolhcnnal reservoir was not 
defined[ 

g c o t h a l  power plant. however, bccaust of 
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Stage 111 

Largediameter exploratory well drilling for 
defining reservoir chmderistics 

X 
f 

Scope of Survey 

I Verification of reservoir extent by slim hole I drilling 

s. 
0 
3 

Survey Method 

Slim hole drlllIng 
* GH-5 ('ID: 1500 m, 76 mm dial * GH-6 ('ID: lo00 m, 76 mm dia) * GH-7 (ID: 1550 m, 98 mm dia) * GH-8 ('ID: 1300 m, 78 mm dia) * GH-9 ('ID: 1600 m, 80.5 mm dia) 

Survey and Evaluatlon Rerultr 

* Steam: 2 tm/br, Hot warn. 17  ton,^¶^, Max. temp: 235°C * Steam: 8 I&, Hot water: 28 tonhr, Max. tcmp: 222 "C * Steam: 6 tonlhr, Hot watcr: 20 tonlhr, Max. temp: 230°C 
Steam: 7 lon/hr, Ho! wattr: 28 tonhr, Max. temp: 223°C * Not discharged, Max. temp: 243°C 

The sucassful disdmge of dim holes indicated that the 

de%led. Geological and thamal structure werc clarifed. 
Conceptual modd of the geo(hmal system was refined. 
Rodudion rate for a h  
estimated by using a w % b  simulator. 

ex lorelion surveys wtr t  v a y  effective. Reduction a!W was 

thelical largediameter well was 

Fluid and h; flow simulation was canid out by 
a distributed parameter model 

Satisfactoxy matddng betwm measurcd and calculated 
temperature and pressm was obtaimd. 

It waa confmed that the area Nfilled 
requircmmts for geothermal developmmt. 

I ~ a r g e  diameter well drilling I 
* GH-10 (ID: I060 m, 216 mm dia) * GH-11 ('ID: 1380 m, 216 mm dia) * IH-1 ('ID: 900 m, 159 mm dia) * GH-12 ('ID: 1100 m, 216 mm dia) * IH-2 (TD: 650 m, 216 mm dia) * GH-I5 ('ID: 1190 m, 216 mm dia) * GH-20 (ID: 1790 m, 216 mm dia) 

(Numerical simulation based on detailed data I 
* The model was refied and calculations lo 

forecast reservoirperformance wmcanied out. 

Steam: 49 ton.hr, Hot water: 119 ton.Jhr, Max. temp: 239°C * Stcam: 45 ton/hr, Hot water: 166 ton/hr, Max. temp: 235 "C * Injection capacity: 118 ton/lu, Max. temp: 181 "C * Steam: 45 ton/hr, Hot watec 152 ton/hr, Max. temp: 230°C * Steam: 65 ton/hr, Hot watk 238 t&, Max. temp: 216°C * Steam: 9 ton/hr, Hot w a h  28 tonhr, Max. temp: 232°C * Stcam: 82 I&, Hot water: 287 I-, Max. temp: 248°C 

High produdlvity and high reservoir tempentture werc 
obtained as expected 

Information to defm appqriate productionfinjtdion area 
and electric power gareralion capacity was obtained. 
Economic analysis was also camed out. 
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Stage IV 
Survey Method Scope of Survey 

Planning of field development 

Total (field-wide) Bschnrge I t s t  

br i i t i on  of reservoir h-1 

Drilling of additional exploralion wells 

I 

1 ~ 

I 

I 

I 
Decision rtgardmg sizc of gcohumal power plant 

I 
Estimation of conslsudion and clechic p w t r  
generating costs 

I 
Negoliations and agreement with local 
communitics and (private) eledric power company - 
Environmental assessment. Constmdion of cltdric powaplmt I 
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