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INTRODUCTION T h e  Ginyu reservoir ,  loca ted  wi th in  t h e  
Kirishima thermal area in southern Japan, is 

Many eothermal reservoirs contain two-phase characterized by a natural  two-phase region 
(waterfsteam) flow regions under natural-state below a caprock layer which is locally penetrated 
conditions. Vapor-dominated resetvoirs are by a fractured zone through which steam flows 
characterized by the  predominance of such upward to  supply surface fumaroles (Kodma and 
regions (and occasionally dry steam zones), but Nakaj ima,  1988). T h e  effect ive ve r t i ca l  
even liquid-dominated reservoirs frequently permeabi l i ty  of t h e  f r ac tu red  a rea  which 
contain two-phase regions which overlie part or penetrates the caprock must be at least ten 
a l l  of t h e  l i q u i d  f i l l e d  v o l u m e  be low.  millidarcies based upon measured fumarole heat 
Production-induced reservoir pressure decline will output and observed underground pressures. 
cause the two-phage flow region to grow. Owing Despite the relatively small volume of the two- 
t o  compress ib i l i t y  e f fec ts ,  t h e  r e s p o n s e  phase region, i t s  presence has a profound 
characteristics of two-phase regions and of liquid influence upon the response of the reservoir to a 
zones are very different. Consequently, it is four-year history of well discharge (Kitamura, et  
i m p o r t a n t  t o  p r o p e r l y  u n d e r s t a n d  t h e  d., 1988). The role of the fissured zone as it 
development and flow characteristics of reservoirs inf luences t h e  two-phase reg ion  a n d  t h e  
containing two-phase zones. underground pressure distribution proved to  a 

critical issue in a recent numerical modeling 
The  purpose of this paper  is t o  s tudy  the  study of the natural state of the Ginyu.reservoir 
conditions required for the development of a two- (Maki, et d., 1988). 

reservou. 
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T . = 1O'C. In t h e  uppermost  block 
co%\&ining the fissure itself, we used L = 10 m 
and T . = 1OO'C t o  maintain two-phase 
conditio%$! 

Numerical calculations were all performed using 
the THOR reservoir simulator (Pritchett, 1988), 
which is designed to solve multidimensional 
unsteady multi-phase problems in geothermal 
reservoir flow. Calculations were carried out 
using the CRAY computer system located at the 
RIPS computer center at Tsukuba. 

NUMERICAL RESULTS 

Figures 2 and 3 illustrate the computed results 
for a case in which the deep inflow rate was 
prescribed as 100 kg/s. The internal energy of 
the inflowing fluid is 1130 k J  kg, corresponding 
to liquid water at 260'C. 4 hese illustrations 
show the situation at t = 4986 years, by which 
time a nearly steady state is reached. A small 
two-phase zone with high steam saturations has 
formed within the fissure and extends into the 
upper part of the reservoir. A less pronounced 
two-phase zone is also present near the surface 
below the lower-topography area to the left. 

Presumably, if the deep inflow is insufficient, 
surface waters will flow downward through the 
fissure and escape from the system through the 
horizontal conduit. This critical flow rate may 
be estimated as: 

khoriz%oriz(pa -'b) 1 (" Lhoriz) (3 )9  

where k A and  L are the  
.ermeabilhs.'%oss-s&%!R area anhOfehth of the 
horizontal -conduit. The kinematic v&cosity of 
water is represented by Y. P is the boundary 

is the initial hydrostatic 
pressure below thebsure  at the elevation of the 
conduit (8.5 MPa). For kinematic viscosity, a 
va lue  a p p f o y i a t e  fo r  w a t e r  a t  20O'C 
(1.5 x 10 m /I) was assumed. It may 
reasonably be assumed that, if the deep inflow 

M ) exceeds the above "escape" rate 
, h e n  fluid will flow upwards into the 

otherwise, downflow will occur. Using 

) applied at the cknduit outlet (see 
bnd P 

the above numerical values, a critical flow rate 
of 47 kg/s may be obtained; in the present 
calculation, Mo = 100 kg/s, resulting in upflow 
in the fmsure. 

The stable steam zone should increase in size if 
the inlet flow (M ) is reduced. To investigate 
this possibility, w? carried the above numerical 
calculation further in time, but reduced this 
parameter to 80 kg/s for the interval 5000 - 
10,000 years and then imposed an additional 
reduction (to 60 kg/s) for the interval 10,000 - 
15,000 years. The distribution of the two-phase 
region a t  about this point (14,960 years) is 
shown in Figure 4. As expected, two-phase flow 
has become more extensive. Further reductions 
in flow rate were imposed thereafter; M was 
reduced by 6 kg/s every 1000 years, reac$fing a 

final value of 30 kg/s at 19,000 years. Prior to 
17,000 years, the input rate exceeds the above 
critical rate (47 kg / s  required to  maintain 

grow. After this time, however, cold water 
begins to flow downward through the fissure 
collapsing most of the two-phase zone. Figure 5 
shows the shrunken two-phase zone at 17,590 
years (at which time Mo = 42 kg/s). 

In the preceding calculations, the internal energy 
of the fluid entering the system at depth 
(1130 kJ/kg) was relatively low, corresponding to 
liquid conditions at about 260'C. Under these 
circumstances, as discussed above, the M o w  rate 
must exceed a critical value (47 kg/s) to avoid 
downflow of cold groundwater into the reservoir 
through the vertical fwsure. If, however, the 
deep recharge fluid is sufficiently energetic, it 
may be possible to sustain a stable two-phase 
region even at lower recharge rates. 

To investigate this possibility, a calculation was 
performed with relatively low inflow ra te  
(30 kg/s) but with a much higher inflow fluid 
internal energy (1810 kJ/kg). This value 
corresponds to saturated liquid water at near- 
critical conditions (20.3 MPa, 367'C). Since the 
pressure at the bottom ofathe computing volume 
is substantially lower, this condition amounts to 
the introduction of a two-phase mixture directy 

volume. As Figure 6 shows, by 4954 years a 
stable situation was reached with a huge two- 
phase region filling much of the upper portion of 
the volume and extending downward to the hot 
fluid source. 

upflow, and the two-p h ase region continues to 

into the bottom surface of the computation t 1 

Thus, if the input power is sufficient, a stable 
two-phase zone can occur even if the inflow rate 
is less than the critical value given by Equation 
(3). The reason is simply that, in the high- 
energy case, steam saturations become so high in 
the upper part of the two-phase region that the 
liquid phase becomes nearly immobile and the 
pressure distribution approaches vapor-static 
(instead of hydrostatic, as in the low-energy 
case). The effect is to reduce P in Equation 
(3) substantially, reducing the minium flow rate 
required to sustain fmsure discharge. 

CONCLUSIONS 

A two-phase zone may form in the upper part 
of a geothermal reservoir even if the caprock is 
penetrated by a vertical fissux, so long as either 
(1) sufficient deep fluid mass recharge is present, 
or (2) the deep input power is great enough. 
Two-phase zones sustained by high mass flow 
rates are qualitatively dfierent from those created 
by high heat flow. In the high-mass-flow case, 
the two-phase zone is relatively small in size, 
and decreases in- size as recharge rate increases 
above a certain critical value. So long as the 
inflowing fluid enthalpy is relatively modest 
(consistent with single-phase flow at depth), flow 
rates below the critical value wilI fd to create a 
two-phase region and cold water will flow 
downward through the fmsure into the reservoir. 
The critical mass flow rate may be estimated 
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using a simple algebraic model. he other 
hand, if the  inflowing fluid is sufficiently 
energetic (such that steam is injected directly 
into the reservoir from below), M extensive two- 
phase region may result even if the inflow rate 
is significantly less than the critical value; in this 
case, the two-phase region will be characterized 
by relatively low pressures, approaching vapor- 
static conditions. 
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entire system: 
reservoir( A): 
vertical conduit: 
horizontal conduit: height=100m, center depth=450m from surface 

width=2850m, height=1900m right edge), thickness=SOOm 
width=1050m, height=SO(m t along edge) 
width=l00m, center location=95Om from right end 
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Figure 1. Two-dimensional model used for numerical simulation. 
D indicate the rock type. 

Letters A,B,C and 
See Table 1 for formation parameters. 

Figure 2. Computed temperatures at 4986 years for Mo = 100 kg/sec. 
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Figure 3. Computed steam saturation at 4986 years for Mo = 100 kg/see. 

interval is 0.05. 
Contour 
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Figure 5. Steam saturation at 17,590 years. 

Figure 6. Computed steam saturation at 4954 years with small mass input 
(Mo = 30 kg/sec) of high internal energy (1810 kJ/kg) fluid. 
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