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Fig. 7. 	Temperature-pressure relation of the 
fluid of Well 128 as a function of 
wellhead pressure. 

The pressure and temperature were measured as functions of depth and wellhead pressure in 
Wells 128 and 129. The results are shown in Figs. 5 and 6 as well as the data under the static 
condition, respectively. Under the static condition, the temperature of Well 128 gradually 
increases with the depth. The lost circulation was observed only at the depth of 1141 m (-442 m 
above the sea level). These facts indicate that the fluid is supplied from the point. On the 
contrary, the mud water lost at many points during the drilling of Well 129. The static tempera­
ture of this well is oscillated. These imply that the hot fluid flows in the well from the 
deepest lost circulation point (1451 m; -639 m above the sea level), and that the cold fluid 
flows in the well from fractures occurring near the middle point of this well. 

The temperature-pressure relation of Well 128 fluid (Fig. 7) is reduced from the data shown 
in Fig. 5. The temperature-pressure curve almost coincides with the vapor-pressure curve of pure2water. When the wellhead pressure is 20.1 kg/cm • the fluid ~oils at -140 m; On the other hand, 
the boiling level is -431 m, when the pressure is 16.6 kg/cm • The2feed point and the operating 
wellhead pressure of this well are -442 m (Fig. 3) and 11.5 kg/cm, respectively. These data 
imply that the two-phase fluid is supplied from the reservoir to the well. The temperature­
pressure relation of We~l 129 is shown in Fig. 8. The fluid boils at -566 m under the wellhead 
pressure of 6.9 kg/cm. On the con~rary. the fluid consists of two phases through the whole 
well, when the pressure is 5.0 kg/cm. The feed point of this well is -693 m (Fig. 3). Accord­
ingly, the two-P2ase fluid is also supplied in this well, because the operating wellhead pres­
sure is 4.5 kg/cm (Fig. 4). 

The above stated facts suggest that the fluid of the Onikobe geothermal field boils in the 
reservoir, and that it flows into the production well as two-phase fluid. 
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I. INT~ODUCTION 

Many geothermal reservoirs contain two-phase flow region under natural-state 
condi Lions. Vapor-dominated reservoirs are characterized hy predominance of soch regions 
(and occasionally dry steam zones). but even liquid-dominated reservoirs frequenLly con­
tain two-phase regions which overl ie part or all of the liquid fi lied volume below. 
Production-induced reservoir pressure decl ine wi I I result in the growth of the two-phase 
flo'tl region. O'tling to compressibi I ity effects. the response characteristics or two-phase 

'regions and of liquid zones are very different. Consequently. it is important to properly 
understand the development and flo'tl characteri~tics of reservoirs containing two-phase 
zones. 

The pur~ose of this paper is to study the conditions required for the development of 
a t'tlo-phase zone in a typical Japanese geothermal reservoir. The compl icated behavior of 
t ... o-phase systems may no... he treated using numerical simulation technique. 
Ingebritsen(1987) examined three different kinds of vapor dominated reservoirs ... hich can 
evolve in the natural state. He suggested that there are several basic types of ho-phase 
zones 'tIhich have different sizes and characteristic pressure profi les. The difference 
arise from differences in the formation properties. 

2. EVOLUTION OF A TWO PHASE ZONE 
As Ingebritsen(1987) demonstrated. even though small-scale t'tlo-phase regions may 

develop naturally in the absence of overlying confining beds. a caprock layer to prevent 
cold-'tIater do'tlnflo'tl is an essential pr~requisite for the formation of large-scale t'tlO­
phase regions. Hence. it is important to incorporate confining caprock layers in 
theoretical studies of the development of ho-phase geothermal reservoirs. 

In Japan. crustal motions and volcanic activity have created nomeroos faults and 
fracture zones in geothermal areas. If a vertical fracture penetrates the caprock overly­
ing a t'tlo-phase region. steam may flo'tl up ... ard through the crack and create a fumarole at 
the surface. The liquid 'tIater 'tIithin the t'tlo-phase region may flo'tl either op... ard or 
do ... n... ard. depending on the natural deep recharge rate ... hich suppl ies the reservoir. 

3. MODEL DESC~IPTIO~ 
Figure I sho ... s the particular geological setting selected for our numerical simola­

tion study. The overall reservoir geometry. rock properties. boundary conditions. 
sink/source distributions and initial conditions used are summerized in Table I. 

The so-cal led "convective-radiative" houndary condition 'tIas imposed on heat flo ... 
along the upper surface. This ...as accompl ished hy imposing a volumetric energy sink in 
each uppermost grid block of strength: 

( 1> • 

'tIhere Tb is the instantaneous block temperature in degrees Celsius. This is intended to 
represent an up'tlard heat flux of: 

(2) • 

'tIhere L is the thermal houndary layer thickness. Kill is the houndary layer thermal 
conductivity(taken as:' ... atts/m'O. and Tair is air temperature. For most of the upper 
blocks. 'tie adopted the particular values L = 1 meter. = 10 t. In the uppermost blockTair 
containing the fissure itself ....e used L = 10 m and Tair = 100 t to maintain t'tlo-phase 
conditions. 

Numerical calculations 'tIere al I performed using the THO~ reservoir simulator 
(Pritchett.1988) ....hich is designed to solve multidimensional unsteady multi-phase 
problems 'in geothermal reservoir flo .... Calculations 'tIere carried out using the C~AY com­
puter system located at the ~IPS computer center at Tsukuba. 

~.NUMEnICAL nESULTS 
Figure 2 illustrates the computed results for a case in ... hich the deep inflow raLe 

(MO) 'tIas prescribed as 100 kg/so InitiallY. no steam is present; as Figure 2 shows. the 
inflo'tling fluid flo'tls uP'tlard into both the horizontal conduit and into the upper vertical 
conduit ... hich represents the fissure through the caprock. This situatiun represents the 
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Fig.1 Two dimensional model used for numerical 
simulation. Letters A,B,C and I) indicate the rock 
type. See table I for formation parameters. 

I Itt 	tit '11'111 
Mo 

GEOHETRY 
entire system: widt.h=2850m. height=1900m(right edge). thickness=500m. 
reservoir(A): width=I050m, height=800m(along edge). 
vertical conduit: width=LOOm, center location=950m from right end. 
hori7.0ntal condui t: height=lOOm, cen'ter depth=4501B from surface. 
fissure: width=50m. 

ROr,K PROPERT1ES(symbo!s A-D arc shown in Fig. Ii 
absolute permeability(m2)[A:1O-13, 8:4.0xI0- ~. C:iO-15 , D:2.0xlO-17 ) 
relative permeability(Jinear functions with residual saturation=0.3. residual 

steam saturation=O.OS. 

rock grain heat capacity(joules/kg C) = 1000(all). 

rock grain thermal conductiv i ty( watts/m ·C)= 2.5(all). 

rock grain dcnsity(kg/mJ ) = 2700(all) 

porosity A=B:O.I, C=O:O.OI ' 


IIOUHOARY CONDITIONS ANI) SOURCE/SINK 
sides: insulated for both hcgt and mass exp.ept for horizontal conduiL 

PI in Fig.1 is 4.6xLO pascals 
surface: convective-radiative cgndi tion(see text) 

pressure = 1.013x10· pascals 
bottom:heat flux (2I1FU for left 1lO0m, 511FU for right [750m except for 

vertical eondui tJ 
hot water supply into vertical condni I.: fluid enthalpy=I.13xI06 

(kJ/kg). see text for mass(MO) 
IN I Tl AI. 	COND ITl ONS 

pressure: hydrostat.ic pressure 
temperature: conductive profile according 1.0 heat flux from bottom 

Table 1 Parameters used for the numerical simulat.ion. 

o
\\\ \ 
Fig.2 Computed temperatures at 186 years for "0 = Fig.3.1 Computed temperatures at 4986 years for "0 
100 kg/sec. The contour interval(bold lines) is 50 = 100 kg/sec.
'c. 
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Fig.3.2 Computed pressure distribution at 4,986 Fig.3.3 Computed steam saturation at 1\,986 years 
years for KO = lOOkg/see. Contour interval is I for KO = 100 kg/sec. Contour interval is 0.05. 
MPa. 

rigA Computed steam .saturation at 14,960 years 
with reduced mass input(MO 60 kg/sec). 

Fig.5.1 Computed temporatures at 17,590 years with 
mass input "0 = 42 kg/sec. 

Pressure ("Pal ]0 17 

Fig.5.2 Steam saturation at 17,590 years. 
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lOOO 

2000 

t=O(along 

bo nom or two-phase .one 
(t= l.1960 and 16680 years) 

Fig.6 Vert.ical pressure profi les at. the location 
of the fissure for t = 0, 4,986, 14,960 and 16,680 
years. !lydrostatie pressure along left boundary 
of the model also illustrated. 



slale after 186 years; by this time. a small t~o-phase region has already formed ~ilhin 
lhe fissure. 

If there is no deep inflo~(i .e. MO =0). lhen surface ~aters ~il I flo~ do~n~ard 
through the fissure and escape from the syslem through the horizontal conduit. This flo~ 
rate may be estimated as: 

(3) • 

~here khoriz' Ahoriz and Lhoriz are the permeabi lity. cross-section area and leneth of 
the horizontal conduit. The kinematic viscosity of ~ater is represented by V. Pb is the 
houndary pressnrelPI' applied at the conduit oullel<see Figure \l and is the initialPa
hydrostatic pressure helo~ the fissure at the elevation of the conduitl8.5 MPa). For 
kinematic viscosity. a value appropriate for vater at 200 t (1.5xI0-7 m2/s) ~as assumed. 
Nnv. il may reasonably he assumed thaI. if the deep inflo~ rale (MO) exceeds the ahove 
"escape" rale (Mesc )' then fillid ~i I I flo~ IIp~ards into the fissure; other~ise. do~nflo~ 
~ill occur. Using the ahove numerical valnes. a critical flo~ rate of H kg/s may he 
ohtained; in the present calculation. MO = 100 kg/so resulting in upflo~ in the fissure. 

After about 5000 years. a nearly steady state is reached (Figures 3.1-3.3). A smal I 
t~o-phase zone ~ith high steam saturations has been formed ~ithin the fissure and extends 
into lhe upper part of the reservoir. A less pronounced t~o-phase zone is also present 
near the surface belo~ the lo~er-topography area. At this point. 20.7 kg/s of ~ater and 
5.6 kg/s of steam are flo~ing out tbe top of the fissure: 47.2 kg/s of ~ater is als~ ex­
iting through the horizontal conduit. These outflo~s represenl 74 percent of the deep 
inflo~(IOO kg/s). 

We expected that the steam zone created by 5000 years ~ould increase in size if the 
inlet flo~ (MO) ~ere reduced. Hence. ~e changed this parameter to 80 kg/s for the inter­
val 5.000 - 10.000 years and then imposed an additional reduction ( to 60 kg/s ) for lhe 
interval 10,000 - 15.000 years. The distribution of the two-phase region at ahollt this 
point (14.960 years) is sho~n in Figure 4. As expected. two-phase flow has hecome more 
extensive. 

Fur ther reducli ons in f I ()~ ra te were imPllsed therea fler; MO ~as reduced hy 6 kr./s 
every 1000 years. reaching a final volume of 30 kg/s at 19.000 years. Prior to 17.000 
years. the input rate exceeds lhe critical rate estimated ahove(47 kg/s) required to 
mainlain upflow. and the two-phase region continues to grow. After this lime. however. 
cold water hegins to flow downward through the fissure collapsing mosl of the t~o-phase 
zone. Figure 5 shows the shrunken two-phase zone at 17.590 years (at which time MO =42 
kg/s) . 

Pressure-depth profiles below the fissure are shown in Figure 6. At 5.000 years. 
pressures ~ithin the two-phase region exceed initial pressures. At 14.960 and 16.680 
years. however. lhe pressure has decreased relative to initial pressure even ~ithin the 
t~o-phase regions. owing to reduced inflow. 

5. CONCLlIS IONS 
It has heen shown that an extensive two-phase region may form at the top of a 

geothermal reservoir even if the caprock is penetrated hy a permeahle fissure. so long as 
sufficient IIpflow of hot ~ater from helow is present. At exceedingly high upflow rates. 
the two-phase region wi II be relatively small in size; if the upflow rate is less. the 
~~o-phase lone wi I I he more extensive. If. however. the npflow rale is less than a cer­
tain critical value. the t~o-phase region vanishes and cold-water downflow wil I occur 
through lhe fissure. Simple algehraic models may be used to estimate this critical urflow 
ra te. 
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