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ABSTRACT 

When liquid is injected into a geothermal reservoir, 
a fraction of the liquid may vaporise if the reservoir 
is sufficiently hot. The vapour forms at  an approx- 
imately p1ana.r liquid-vapour interface and diffuses 
towards the far boundary of the reservoir. If vapour 
is extracted froin the far boundary, then once the 
new vapour has diffused across the reservoir, the 
rate of production of vapour at the liquid-vapour 
interface approximately balances the rate of extrac- 
tion. We find that if the pressure a.t the injection 
pump and extraction well is fixed, then the fraction 
of the liquid which vaporises a.nd the rate of ex- 
traction of vapour from the reservoir increase with 
time. However, the rate at which liquid is pumped 
into the reservoir inay initially decrease but subse- 
quently increases with time, if a sufficient fraction 
of the liquid va,porises. If the inass flux of liquid 
injected into the reservoir is fixed, then aga.in both 
the fraction of the liquid which vaporises and the 
inass flux of vapour which may be extracted in- 
crease with time. In this case, the pressure a t  the 

injection pump may increase but subsequently de- 
creases with time, again if a sufficient fraction of 
the liquid vaporisrs. 

INTRODUCTION 

Fluids extracted from vapour-dominated geother- 
mal reservoirs such as The Geysers, California and 
Larderello, Italy have for inany years been used to 
generate electricity. The successive developments 
of these geothermal reservoirs through the instal- 
lation of new power plants and wells has increased 
the rate of extra.ction of the hydrothermal fluids. 
However, the exploitation of these reservoirs and 

the subsequent decrease in fluid levels has caused 
the average vapour pressures to fall. Consequently, 
the rate of extraction of vapour from the wells to 
supply power plants has also decreased (Kerr, 1991; 
Enedy, 1989). The rate of vapour extraction can be 
enhanced through the injection of water (Schroeder 
e t  al. ,  1982; Bertrami e t  al.,  1965; Pruess e t  al., 
1987). Previous studies have investigated the pro- 
duction of vapour through the injection of water 
into an unbounded reservoir (Pruess e t  al., 1987; 
Woods & Fitzgerald, 1992). It has been shown that 
as the rate of injection of liquid increases, tlhe frac- 
tion of this liquid which can vaporise decreases but 
the total mass of vapour produced increases. 

In this paper, we examine the behaviour of water in- 
jected at one bouiiclary of a closed region as vapour 
is siniultaiieously extracted from a far boundary. 
Once the new vapour has diffused across the reser- 
voir, the system typically attains a quasi-steady 
state if the vapour produced iit the nioviiig liquid- 
vapour front migrates a.cross the reservoir more rapidly 
than the liquid-vapour front itself. We develop a 

simple model which may be used to investigate how 
the mode of injection of water affects the suhse- 
quent rate of extraction of vapour. We use this 
model to examine the long time response of the sys- 
tem if water is injected at. a constant ra.te or with 
a constant pressure. 

THE MODEL 

As a highly simplified model, we coiisider the in- 
jection of water from a planar source into a one- 

dimensional porous rock of length L ,  porosity 4 
and permeability k .  We restrict a.ttention to flows 
in which the imposed pressure gradients exert much 
larger forces than the gra.vitatioria1 acceleration. and 
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we also neglect the effects of surface tension. 
Just ahead of the point of injection, there is a liq- 
uid region of length l ( t )  (figure 1) which advances 
into the reservoir with mass flux Q per unit area 
according to Darcy's Lalv 

where Pp is the pressure at the pump, PI is the pres- 
sure at the liquid-vapour interface, p i  is the liquid 
viscosity, p tu  the liquid density and 11 1u the liquid 
velocity. 
Woods & Fitzgerald (1993) showed that the isotherms 
within the liquid region lag the advancing liquid- 
vapour interface so that the fluid is supplied to 
the liquid-vapour interface with the t,einperature of 
the interface. A fraction of this liquid vaporises 

at the interface and the vapour produced diffuses 
away from the migrating interface towards the far 
boundary where vapour is extracted (figure 1). We 
assume that the liquid and va.pour a.re in talierrno- 
dynamic equilibriunl at, the liquid-vapour interface 
and that the pressure and temperature are coupled 
by an empirical form of the Clausius Clapeyron re- 
1a.tion 

T,,,(P) = G.7P0.23 (2) 

in the temperature range 150 < T < 24OoC (Hay- 
wood, 1972). The fraction of injected water which 
vaporises, F, is given by the Stefan condition across 
the moving interface 

4 P w  ( l b ,  - CpwTt) 
4pW ( h o w  - CpwT,) + (1 - 4) P T C ~ ~  (T, - Ti) 

F = 1- 

(3) 
where 11 is taken to represent the specific enthalpy, 
C, the specific heat capacity, p density, T, the sat- 
uration tempera.ture associated with the pressure 

at  the liquid-vapour interface, subscript r a prop- 
erty of the rock and subscript rn to denote a prop- 
erty of the vapour at  the far boundary (Woods & 
Fitzgerald, 1993). Since a fraction F of the liquid 
vaporises, the liquid interface moves with velocity 
d l / d t  = (1 - F)u,. The maximum fraction of liq- 
uid which may vaporise occurs when the interfacial 
temperature attains the minimum value Tsat(P0) 
where Po is the pressure at  the site of extraction. 
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Woods and Fitzgerald (1993) have shown that ahead 
of the interface, the vapour is isothermal and of 

temperature equal to the fa.r field of the rock. By 
coupling the Darcy equation with the equation of 
state for the va,poui- (Young, 19SS), we obtain the 
nonlinear diffusion equation describing the vapour 
pressure 

Pt = O1(PPz), (4) 

where 01 = k / i $ p  and hi is the dynamic viscosity of 
the vapour (Elder, 19S1). Fitzgerald and Woods 
(1993a) have shown that for times longer than the 
typical diffusion time rrl = 4pL2 /kPr ,  where P, is a 

reference pressure, the vapour distribution through 
the rock becomes quasi-steady, with the rate of pro- 
duction of vapour approximately equal t,o the rate 
of extraction. Typically, rd is of the order of 1 day - 
1 month. In this quasi-st,eady regime, the mass flux 
of vapour produced from the vaporising liquid, FQ,  
is given by the first integral of the right hand side 
of (41, integrat,ed from the liquid-vapour interface 
5 = 1 to the far-liounclary of the reservoir, R: = L 
(figure 1): 

( 5 )  

Here p v  is the density of the vapour a.t pressure 

Po and at the temperature of the rock, T,. This 
quasi-steady model, which we in1:estigate below, is 

valid for times longer than the diffusion time r d .  

Furthermore, it requires t,liat the ra.te of migration 
of the liquid-vapour interface is much slower t,han 
the rate of migration of vapour 

In all the calculations we present, condition (6) is 
satisfied 

Water InJected l rom 
a planar source - 

Figure 1. Schematic showing the flow configuration 
considered. 
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INJECTION AT A CONSTANT RATE 

If water is injected at  a constant rate into a bounded 
domain while vapour is simultaneously extracted 
from the far bounda.ry at  a constant pressure then, 
as the liquid-vapour interface advances further to- 
wards the far boundary, the distance that the liquid 
has to traverse increases. As a result, the difference 
in pressure between the liquid-vapour interface and 
the point of injection increases. In fa.ct, the inter- 
facial pressure decreases, and so the fraction of the 
injected liquid which vaporises a.ctually increases, 
thereby producing a greater flux of vapour. This 
is a consequence of maintaining a fixed pressure at 
the point of extraction and may be understood in 
terms of the contradiction which arises if instead 
the interfacial pressure were to rema.in constant or 
increase - in this situation, the mass fraction of the 
injected liquid which va.porised would remain con- 
stant or decrease (equation 3); however, the flux 
of vapour required to satisfy Darcy’s Law mould in- 
crease, owing to the greater pressure gradient acting 
over the ever shrinking va.pour region. 
In figure 2 we show how the fraction of injected 
water which vaporises varies with time as water is 
injected at  three different rates. After the initial 
diffusion time r d ,  the quasi-steady model calcula- 

tions (solid lines) are iiiclistiiiguisliable from those 
obtained using a. full numerical model in which the 
time-dependent, diffusion equa.tion for the vapour 
has been solved (see Fitzgerald and Woods, 1993b) 
(&shed lines). At low rates of injection, the pres- 

sure required to drive the vapour away from the 
liquid-vapour interface is relatively small. Conse- 
quently, the fraction of water which vaporises is ini- 
tially larger than for high rates of injection. How- 
ever, at  high flow rates, the interfacial pressure falls 
more rapidly and so the mass fraction of water 
which vaporises increases towards the maximum value 
more rapidly. Eventually, there is a time at which 
a greater fraction of water vaporises a.t higher rates 
of injection. 

’7 

Figure 2. Mass fraction of injected water which va- 

porises as a function of time (hours). Water is in- 
jected from a planar source at a constant rate of 0.1, 
0.2 and 0.3 kg/ni2s into the liquid region, intially 
of length 1 m, of a bounded rock of length 10 ni 

while vapour is siinultaneously extracted from the 
far boundary at a pressure (of 6 bar. Quasi-steady 
model (solid) and full numerical model (dashed). 

0 3 

Figure 3. Rate of extraction of vapour (kg/m’s) as 
a function of time (hours). Water is injected from 
a planar source at, a constant rate of 0.1, 0.2 and 
0.3 kg/rn2s into the liquid region, intially of length 
1 m, of a bounded rock of length 10 in while vapour 
is simultaneously extracted from the far boundary 
at  a pressure of 6 bar. 

In our quasi-steady model, the mass flus of vapour 
extracted from the reservoir equals the rate of pro- 
duction of vapour at the liquid-vapour interface; 
this flux depends upon the rate of injection of m-ater 
and the fraction of the injected water which vapor- 
ises. In figure 3 we show how the rate of extrac- 
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tiori of vapour varies with time for the three injec- 
tion rates used in figure 2. The rate of extraction 
of vapour increases with time as the nmss fraction 
vaporising increases and is greater a.t higher flow 
rates, even though at early times, the mass frac- 
tion which vaporises is smaller (figure 2) .  Although 
the efficiency of injection may be low during early 
times, the rate of vapour production at the liquid- 
vapour interface is dependent prima.rily upon the 
rate of injection of wa.ter. 

The pressure at  the point of injection may vary noii- 
monotonically with time as shown in figure 4. Dur- 
ing early times, t - ~ d ,  the increase in pressure dif- 
ference across the liquid region occurs more rqlidly 

than the decrea.se in interfacial pressure. Conse- 

yuent,ly, tlie pressure at the plane of injection rises. 
However, for tiiiies t >> rd, the decrease in interfa- 
cial pressure is inore rapid than the increase in the 
pressure difference across the liquid region (as is 
required to maintain the constant liqiiid flow rate) 
and so the injection pressure falls. 

0 8  
(10 

0 0  0 2  0 .  0 8  0 
Time (hours) 

Figure 4. Pressure (MPa) as a function of time 
(hours). Water is injected from a planar source at 
a rate of 0.1 kg/m2s into the liquid region, initially 
of length 1 m, of a bounded rock of length 10 m 
while vapour is simultaneously extracted from the 
far boundary at a pressure of G lmr 

Note that in geotheriiial reservoirs of length scale 
lo3 m and diffusivity 10-lni2/s, the transient diffusion- 
controlled period may last for up to several months. 
In these cases, tlie evolution towards the quasi- 
steady state is also of interest and recourse to a 

full numerical model is necessary (Fitzgerald and 

Woods, 199311). During the transient period, the 
rate of extraction of vapour decreases significantly 
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with time if the pressure at the extraction well is 
lower than that originally in the reservoir. How- 
ever, as the new vapour advances into tlie reservoir 
and compresses tlie vapour originally in place, the 
rate of extraction increases towards those predicted 
by the quasi-steady model. 

INJECTION AT A CONSTANT PRESSURE 

The quasi-steady inodel of the simultaneous injec- 
tion of water and extraction of vapour may be used 
to investigate tlie situation in which wa.ter is in- 

jected at a constant pressure. We again consider 
the injection of water from a. planar source into 
a bounded domain. During early times, the pres- 
sure difference across tlie liquid region is relatively 
small and therefore, tlie interfacial pressure is a.p- 
proxiiiiately equal to the pressure a t  the point of 
injection. Consequent,ly, the energy available for va- 

porisation is relatively small and the mass fraction 

which vaporises is low (equation 3; figure 5 ) .  As 
in the previous case of injection at a constant rate, 

the mass fraction which vaporises increases as the 

size of the liquid region increases and the iiitei-facial 
pressure decreases. The mass fraction which vapor- 
ises during early times is lower when tlie pressure 
at the plane of injection is high. However, the rate 
of addition of water is greater when the injection 
pressure is high and thus the liquid-vapour interface 
advances inore rapidly. This causes the interfacial 
pressure to decrease more rapidly with time and 
the inass fraction which vaporises increases more 
rapidly at high injection pressures (figure 5 ) .  

0 5  I O  1.5 2 0  2 5  
Time (hours) 

0 0  

Figure 5 .  Mass fraction of injected water which 
vaporises as a function of time (hours). Water is 
injected froin a planar source at a. constant pressure 
of 2, 2.5 and 3 h4Pa into tlie liquid region, initially 
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of length 1 m, of a bounded rock of length 10 m 
while vapour is simultaneously extracted from the 
far boundary at  a pressure of 6 bar 

For injection at a large constant pressure, the rate 
of injection of water initially decreases with time 
as the size of tlie liquid region, and hence pres- 
sure difference across the liquid, increases (figure 6). 

“1 

I O  2 0  2 6  0 5  
Xme (hours) 

om 
0 0  

Figure 6. Rate of injection of water (kg/m2s) as a 

function of time (hours). Water is injected from a 

planar source at  a constant pressure of 2, 2.5 and 3 
MPa. into the liquid region: initially of length 1 m, 
of a bounded rock of length 10 ni while vapour is 
simultaneously extracted from the far boundary at  
a pressure of 6 bar. 

However, as the liquid-vapour interface approaches 
the far boundary, the interfacial pressure decreases 
rapidly since the ina.ss transfer ceases to be ra.te 
limited by the diffusion of vapour. This results in 
an increase in the flux of water into tlie system and 
also the mass fraction which vaporises. At low in- 
jection pressures, the flux of water injected into the 
reservoir increases inonot,onically with time because 
the transport of a relatively sinal1 flux of vapour 
across the reservoir does not suppress the vaporisa- 
tion process as much, and so the interface pressure 
is smaller ab initio. 

The rate of extraction of vapour is a function of 
both the rate of injection of water a.nd the mass 
fraction which vaporises (figure 7). It increa.ses 

iiioiiotonically with time for all cases considered. 

00  0 5  0 5 20 Z I  
l ime (hours) 

Figure 7. Rate of extraction of vapour (kg/ni2s) as 
a function of time (hours). Water is injected from 
a planar source at a constant pressure of 2, 2.5 and 
3 MPa into the liquid region, initially of length 1 
m, of a bounded rock of length 10 in while vapour 
is simultaneously extracted from the far boundary 
at a pressure of 6 bar. 

Again, these results are valid only for times greater 
than the timescale of diffusion of vapour across the 
reservoir. As in the case of injection a.t a constant 
rate, during the t.ransient period before the quasi- 
steady state has been attained, the rake of vapour 
extraction may decrease significantly with time if 

the pressure a.t the extraction well is lower than 
thatr originally i n  the rwervoir. 

CONCLUSIONS 

The rate of extraction of va.pour from a geot,hermal 
reservoir can be significantly increased through tlie 
injection of water. In quasi-steady state, the ra.te 

of production of vapour from the liquid is approx- 
imately equal to the rate of (extraction. If water is 
injected at  one point while vapour is simultaneously 
extracted from a. second point (figure l),  then the 
rate of production of vapour increases with time, 
particularly at high pressures or high rates of injec- 
tion. In contra.st, if liquid is injected into a. bounded 
reservoir and vapour is not extracted then the pro- 
duction of vapour is suppressed as  the interfacial 
pressure increa.ses. 
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The iiiass fraction which vaporises increases with 
time for both injection at  a. coiistaiit pressure and 
with a coiistaiit liquid flow rate. In both cases, 
the total flus of vapour extracted from the reser- 
voir increases with time. Initially, most, of the pres- 
sure drop across the reservoir occurs across tlie new 
vapour, since this must migrate across a large frac- 
tion of the reservoir; however, with time, the ever 
increasing efficiency of vaporisation causes a. rapid 
decrease in tlie interface pressure, changing the dy- 
namic response of the system. For injection at con- 
stant pressure, the iiiass flux of liquid may initially 
decrease but then increa.ses as the va.porisa.tion ef- 
ficiency increases. In contrast, for injection with 
constant liquid flux, the puiiip pressure may ini- 
tially increase but then decreases a.s tlie va.porisa- 
tion efficiency increases. O d y  in the estreme case 
in which a. very small fraction of tlie liquid vapor- 
ises is the process rate-limited by the migration of 

the liquid (Fitzgerald a n d  Woods, 1903) 
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