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A B S T R A C T  

A previously published approximate solution by 
Garg is used to develop a practical procedure for 
analyzing pressure interference (drawdown) da ta  
from a hot-water geothermal reservoir which 
evolves into a two-phase system as a result of 
f luid p roduc t ion .  T h e  obse rva t ion  well  is 
assumed t o  remain in the  single-phase (liquid) 
part of the reservoir. A numerical geothermal 
reservoir simulator is employed in a series of 
calculations to test the limits of applicability of 
t he  in te rpre ta t ion  procedure. T h e  numerical 
r e s u l t s  s u g g e s t  t h a t  t h e  a c c u r a c y  of t h e  
c o m p u t e d  reservoi r  t r a n s m i s s i v i t y  d e p e n d s  
somewhat on the size of the induced two-phase 
region. Even if the two-phase zone is extensive, 
the method can still be used to  provide a good 
f i r s t  a p p r o x i m a t i o n  f o r  t h e  r e s e r v o i r  
transmissivity; forward modeling with a numerical 
reservoir simulator may then  be employed to 
refine t h e  la t te r  es t imate  for t ransmiss iv i ty .  
Numerical results also show that the observation 
well  p r e s s u r e  b u i l d u p  d a t a  wi l l  o b e y  t h e  
superposition principle after t he  r e tu rn  of t h e  
reservoir to Single-phase conditions. 

I N T R O D U C T I O N  

A geothermal system may be two-phase before 
production begins or  may evolve in to  a two- 
phase system as a result of fluid production. 
Theoretical analyses of pressure drawdown and  
pressure buildup data for such systems have been 
published by Grant  (1978), Garg (1980), Garg 
and  P r i t che t t  (1984), Moench a n d  Atk inson  

and Sorey, et al. (1980); Riney and Garg 11978) 1985) appl ied  these  theore t ica l  me thods  t o  
analyze pressure buildup data from several wells 
which produced two-phase fluids. In cont ras t  
with these analyses of pressure drawdown and  
pressure buildup data from single wells, analysis 
of pressure interference data observed in nearby 
shut-in wells for two-phase (water/steam) systems 
has not yet been treated in the literature. 

P re s su re  interference t e s t s  a r e  essent ia l  fo r  
e s t ab l i sh ing  reservoi r  connec t iv i ty  a n d  fo r  
computing interwell transmissivity. Planning and 
executing pressure interference tests in two-phase 
systems requires special  considerations.  As  
d iscussed  by  G r a n t  a n d  Sorey  1979), t h e  
effective compressibility of a two-p h ase system 

can be 100 t o  10,000 times greater t h a n  t h e  
compressibilities of either water or steam alone; 
conversely, the  effective diffusivity for a two- 
phase  sys tem is some  100 t o  10,000 t imes  
smaller than that for single phase systems. This 
implies t ha t  it will t ake  an  inordinately long 
time to propagate pressure signals th rough a 
r e se rvo i r  wh ich  i s  t w o - p h a s e  e v e r y w h e r e .  
Consequently, a pressure interference test in a 
system which is initially two-phase may well be 
impractical. A more interesting and tractable 
situation occurs when a n  initially single-phase 
reservoir evolves into a two-phase system as a 
result of fluid production. In the latter case, a 
bo i l ing  f r o n t  p r o p a g a t e s  o u t w a r d  ( d u r i n g  
drawdown) from the producing wellbore; for all 
practical  purposes, t h e  boiling f ron t  may  be 
treated as a constant pressure boundary ( p  = 
saturation pressure corresponding t o  t h e  local 
reservoir temperature). The two-phase region is 
restricted to the neighborhood of the production 
well. Provided that the initial reservoir pressure 
is sufficiently high and that the two-phase region 
created during the  drawdown phase is not too 
extensive, t he  en t i re  reservoir will r e t u r n  t o  
single-phase cond i t ions  s o m e t i m e  a f t e r  t h e  
cessation of fluid product ion  (see Garg  a n d  
Pritchett, 1984). 

In this paper, we restrict our attention to  an  
initially single phase reservoir which evolves into 
a t w o - p h a s e  s y s t e m  as a r e s u l t  of f l u i d  
production. In addition, it will be assumed that 
t h e  two-phase  r e g i o n  i s  r e s t r i c t e d  t o  t h e  
neighborhood of t he  production well such tha t  
the observation well remains in the single-phase 
part  of the  reservoir. Our goal is t o  examine 
t h e  cha rac t e r  of t h e  p re s su re  s i g n a l  t o  be  
expected at the observation well, and to develop 
p r a c t i c a l  m e t h o d s  fo r  t h e  ana lys i s  of t h i s  
pressure signal t o  yield reservoir transmissivity 
and compressibility. 

M A T H E M A T I C A L  M O D E L  

Garg (1980) considered the pressure response of 
a n  initially single-phase reservoir which evolves 
into a two-phase system on production. In this 
case, the reservoir is two-phase for r > R [R = 
R(t) denotes the location of the flash front] and 
is single phase for r > R. Consider a fully 
penetrating well located in an infinite reservoir of 
thickness h. Assuming tha t  the  skin factor is 
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zero: the pressure response for flow at a constant u t v i scos i ty  = 
mass r a t e  of product ion  is given by (Garg ,  
1980): 

The liquid-region diffusivity D, is given by: 

O < r < R : p = p  s +- 4 r h k  M v t  (.i [&] k 
DL = 0 p, u, c (5)  

- Ei ( - A 2 ) ]  

where 

(1) # = porosity 

p, = liquid density and 
c = Cm/# + c, 

P, - Pi 
C = uniaxial formation compressibility 

C, = liquid compressibility. 

r > R : p = p . +  
Ei ( - A 2  Dt/DJ m 

x E i  [&J T h e  effective d i f fus iv i ty  fo r  t h e  two-phase  
reservoir region can be written as: ( 2 )  

k 
where Dt = # p ,  Ut ct ’ 

R = 2X [Dt tI1/’ (3 )  where pt a n d  C t  denote  t h e  dens i ty  of t h e  
flowing mixture and the  compressibility of the 
two-phase region respectively. Given the flowing 
enthalpy Ht,  the density of the flowing mixture 
pt can be evaluated from: 

and X is the root of 

ve (- X 2 1  -- 
- 4 r  h k exp 

1 - Ht Ht - He 
P, L P, L Pg 

+- - -  - ( 7 )  

where 

Hg (He) = Steam (liquid) enthalpy corresponding 
to the measured bottomhole pressure, 
and 

(4)  

= Heat of vaporization. In Equations (1) to (4),  we have employed the  
following notation: 

DL 

Dt 
h 

k 

krt(krg) 
M 

P 

Pi 

PS 
r 

t 

= diffusivity for the liquid region 

= diffusivity for the two-phase region 

= formation thickness 

= absolute permeability 

= liquid (gas) relative permeability 

= rate of mass production 

= pressure 

= initial formation pressure 

= saturation pressure 

= radius 

= time 

= liquid (gas) kinematic viscosity 

F o r  p r a c t i c a l  p u r p o s e s ,  t h e  t w o - p h a s e  
compressibility Ct is given sufficiently accurately 
by the following approximate expression (Grant  
and Sorey, 1979) 

2 
# Ct = <pc>[ - (T + 273.15) (8 )  

p, pg 
where 

< P C >  2 (1 - 4) Pr cr + # Pe c, (9) 

= Intrinsic formation density Pr 
c r 
T = Reservoir temperature. 

For 4t D /rw2 > 100 (here rw denotes the well 
radius), hquation (1) can be approximated to  
give t h e  following expression for bo t tomhole  
pressure, p (t): 

(c,) = Specific heat for rock (liquid), and 

W 
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pw(t) = p, - Ut Ei (-A2) 

Equation (10) implies that  a plot of p versus 
loglo t should be a straight line and y h a t  t he  
two-phase kinematic mobility k/ut is given by: 

1 .15  M 
2 n  h m  k/ut = - 

where m denotes the slope of the straight line. 

In deriving the  above-described solution, Garg  
(1980) assumed that the two-phase region can be 
characterized by a constant kinematic mobility 
k/vt and a constant diffusivity Dt. In reality, 
the situation is much more complex. Both the  
k i n e m a t i c  m o b i l i t y  a n d  d i f f u s i v i t y  v a r y  
throughout  t h e  two-phase  region. Af te r  a n  

approximated by Equation (1). The situation is, 
however, completely different for large r (r < R); 
la(k/vt)/arl  and  la D / & I  remain finite near 
the flash front. I t  is thus not a priori obvious 
if Equation (1) provides an accurate solution for 
all values of r less t h a n  R.  In  t h a t  D t  is 
variable in the  two-phase region, Equation (2) 
gives only a n  approx ima te  so lu t ion  fo r  t h e  
pressure response in the  single-phase region of 
the reservoir. Finally, it should be noted tha t  
Garg's solution is only valid for the drawdown 
phase. Because of nonlinear effects in two-phase 
flow, superposition cannot be used to  compute 
the buildup response. 

Despite the above-mentioned limitations, Garg's 
solution serves as a convenient point of departure 
for analyzing the observed pressure interference 
signal. In the following, it will be assumed that 
the reservoir fluid remains single-phase liquid in 
the  vicinity of t he  observation well, a n d  t h a t  
in 8 i h  boiling is limited to  a region surrounding 
the production well. Comparison of Equation (2) 
with the line source solution for a well producing 
a single-phase liquid ( cons t an t  r a t e  of mass  
production = M) shows tha t  the t y o  solutions 
become identical if [p - 
Equation (2) is replaczd b ~ i ~ ~ ~ ~ :  kFt/%tc$ 
somewhat differently, the pressure response in the 
single-phase region (Equation 2) can be computed 
from the  single-phase line source solution by 
replacing the actual flow rate M by an apparent 
flow rate M . 

aPP' 

P, - Pi 4n k h 
"e 

- 0 -  

Mapp - Ei [ - A 2  Dt/DJ 
( 1 2 )  
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The apparent mass flow ra t e  M is always 
less than  the  actual flow ra te  d.PPBecause of 
the vast difference in the single- and two-phase 
compressibilities, a disproportionate share of the 
produced fluid comes from the two-phase region 
of the reservoir. This in turn  implies t ha t  for 
i d e n t i c a l  r a t e s  of p r o d u c t i o n  t h e  p r e s s u r e  
drawdown at the observation well in the presence 
of in eitu flashing will be less than that obtained 
in a liquid reservoir. 

T h e  preceding discussion sugges ts  t h a t  t h e  
observed pressure interference signal may  be 
analyzed in a straightforward manner provided a 
method was available for estimating the apparent 
mass  flow r a t e  M U n f o r t u n a t e l y ,  t h e  
calculation of M aPPequires a knowledge of 
single-phase and &$@phase diffusivities and the  
format ion  permeabi l i ty .  I n  t h a t  t h e  l a t t e r  
quantities are the unknown parameters, it is not 
feasible t o  e s t ima te  M p r io r  t o  so lv ing  
Equations (1) through (11Ywr D,, Dt and k. 

A pe rusa l  of Garg ' s  s o l u t i o n  sugges t s  t h e  
following procedure for analyzing t h e  pressure 
interference data: 

1. M a t c h  t h e  o b s e r v e d  p r e s s u r e  
interference signal to the line source 
type  c u r v e  ( see  e .g .  Ea r loughe r  
(1977)  f o r  a d i s c u s s i o n  of t h e  
matching procedure). The matching 
procedure essentially involves (1) 
plotting observed pressure change Ap 
(= p. - p) versus time t on a log- 
log bcale a n d  (2) overlaying t h e  
latter plot on the  line source type 
curve. The type curve is a log-log 
plot of nondimensional pressure pD 
versus a yndimens iona l  similari ty 
variable rD /tD, 

2 pD = -0.5 Ei [-rD /4 tD]. 

2. Se ly t  a match point (p  Ap) and  
(rD /$,, t),  and solve tg following 
equations for X and D,: 

(13) 

t d r D 2  = DL t / r  2 

where 

X = A2 DJD, 

14b) 

14c) 

and  r denotes the  distance of t he  
observation well from the production 
well. Here, it  is assumed tha t  the  
reservoir temperature T (and hence 
saturation pressure p,) and  initial 
pressure pi a re  known from other  
measurements. 



3. C a l c u l a t e  t w o - p h a s e  k i n e m a t i c  
mobili ty k /v t  from t h e  observed 
pressure response in the production 
well. Compute two-phase diffusivity 
from Equat ions  (6) th rough  ( 9 ) .  
Note t h a t  t h e  ca l cu la t ion  of D t  
requires a knowledge of the enthalpy 
of the produced fluid in addition to 
f o r m a t i o n  po ros i ty  a n d  t h e r m a l  
capacity. 

Given X, D, and D,, X is computed 
from Equation (14c). 

5. Formation transmissivity khlv, is 

4.  

then calculated from 

kh/v, = M exp(-X2) exp(X) . AP 
(15) 

An examination of the above-described procedure 
shows that the analysis of pressure interference 
d a t a  f r o m  t w o - p h a s e  r e s e r v o i r s  r e q u i r e s  
in format ion  f rom b o t h  t h e  p r o d u c t i o n  a n d  
observation wells. 

NUMERICAL RESULTS 

In order to define the limits of applicability of 
t h e  preceding  t h e o r y ,  t h e  T H O R  rese rvo i r  
simulator (Pritchett, 1982) was exercised in one- 
dimensional radial configuration t o  generate a 
series of d rawdown/bu i ldup  h is tor ies .  T h e  
radially infinite reservoir is simulated using a 100 
zone (AT1 = Ar2 = ... - - Arlo = 0.1 m, Ar = 
1.15 Aria? Prlz = 1.15 Ar ..., Ar ='1.15 
Ar ) ra la grid. The out>; radius 'oythe grid 
is9i)22,542 m and is sufficiently large such tha t  
no signal reaches this boundary during the time- 
scale of interest. We consider a fully penetrating 
well located in a reservoir of th ickness  h = 
100 m. The well is represented as an integral 
part of the grid by assigning to  the  well-block 
(Zone 1) sufficiently high permeabi l i ty  a n d  
porosity; fluid production is specified as a mass 
sink in the well-block. ?io attempt is made here 
to treat wellbore storage effects; proper treatment 
of these effects would require the  coupling of 
t r a n s i e n t  wel lbore  flow w i t h  t h e  r e se rvo i r  
simulator. The reservoir rock properties selected 
are given in Table 1. The mixture (rock/fluid) 
t h e r m a l  c o n d u c t i v i t y  i s  a p p r o x i m a t e d  b y  
Budiansky's formula ( P r i t c h e t t ,  1982).  T h e  
initial fluid state for the three cases considered is 
shown in Table 2. The reservoir is produced at 
constant ra te  $j (see Table 2 for values of M 
used) fRr t =10 s and is then shut in for At = 
2 x 10 s.  In all three cases, the  reservoir is 
assumed initially to  contain single-phase fluid at 
a temperature of 300'C; t h e  initial formation 
pressure, however, varies from case to case. The 
s a t u r a t i o n  p r e s s u r e  c o r r e s p o n d i n g  t o  a 
temperature of 300'C is 8.5917 MPa. Thus, the 
in i t ia l  p ressure  differs f rom t h e  s a t u r a t i o n  
pressure by 8.3 kPa, 108.3 kPa, and 408.3 kPa 
f o r  C a s e s  1, 2 a n d  3 r e s p e c t i v e l y .  T h e  
observation well is assumed to be located at r = 
192.202 m (center of grid zone 50). 

TABLE 1 

ROCK PROPERTIES EMPLOYED IN 
NUMERICAL SIMULATION 

Wellblock Rock Matrix 
(i = 1) 2 S i 5 100 

Porosity, 0.9999 0.1000 

Permeability k, m 5 10-l~ 5 1 0 - l ~  

Uniaxial Formation 
Compyessibility Cm, 
MPa- 0 0 

Rock Grajn Density 
Prl kg/m 1 2650 

Rock Grain Thermal 
Conductivity Kr, 
W/m"C 0.00 5.25 

Heat Capacity cr, 

Relative Permeabilities Straight- Straight- 
krt9 krg line* line* 

Residual Liquid 
0.00 0.30 Saturation S 

Residual Gas 
Saturation S 0.00 0.05 

kJ/kg'C 0.001 1 .oo 

e 

gr 

* Kr, = (S, - sh) / ( l  - Se) for S, 2 Sh 

Krg = (S - S )/(1 - S ) for S 2 S 
g gr gr g gr' 

TABLE 2 

MASS PRODUCTION RATE M AND 
INITIAL FLUID STATE 

Case Production Rate Pressure Temperature 
No. M (kg/s) MPa 'C 

1 10 8.600 300 
2 10 8.700 300 
3 20 9.000 300 

Along the  saturation line, ASME Steam Tables 
(ASME, 1967) give t h e  following values for 
liquid-water and steam density and enthalpy: 

Liquid-water density pe 

Steam density p 

Liquid-water enthalpy H, 

= 712.5 kg/m 3 

3 = 46.20 kg/m 

= 1345 kJ/kg 
g 
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Steam enthalpy H 

Latent heat of vaporization L 

Assuming that the specific heat for liquid water 
at initial reservoir conditions is N 5.2 kJ/kg'C, 
and employing the rock properties given in Table 
1, we have: 

= 2749 kJ/kg 

= 1404 kJ/kg 
g 

3 <pc> = 0.9 ~ $ 6 5 0  x lo6 + 4 1  x 712.5 x 
5.2 10 2.76 10 J / m  'C, 

and 

2 

#Ct = <pc> [ "IL - '.'I (T + 273.15) 
PIL pg 

- 712.5 - 4 6 . 2  ] '(573.15) - 2'76  11404 x 712.5 x 4 6 . 2  

-7  - 1  
= 3.29  10 Pa 

Simulated drawdown histories at the production 
well for the three cases considered are shown in 
Figures 1 through 3. The drawdown da ta  are 
seen to closely fit a straight-line in every case. 
The two-phase kinematic mobilities calculated 
from the slope of the straight line and Equation 
( 1 1 )  a r e  l isted in Tab le  3.  T h e  s imula t ed  
flowing en tha lp ies  H were used along wi th  
Equations (6) through [8)  to compute the flowing 
fluid densities pt and two-phase diffusivities Dt 
(see Table 3 for numerical values). 

F igures  4 t h rough  6 d i sp lay  t h e  s i m u l a t e d  
pressure drawdown (i.e. pressure interference) at 
t he  observation well; t he  s imula ted  pressure  
interference d a t a  a re  seen t o  match  t h e  line- 
source solution closely. The match point in each 
case was used to  compute the nondimensional 
parameter X (Equation 14a) ,  t he  single-phase 
d i f f u s i v i t y  D ( E q u a t i o n  14b), a n d  t h e  
nondimensional %arameter X (Equation 14c); t he  
calculated values are displayed in Table 3. 

E q u a t i o n  ( 3 )  imp l i e s  t h a t  t h e  f l a s h - f r o n t  
propagates into the reservoir according to 

0.5 R = A t  , 
where 

(16) 
0.5 A = 2X Dt . 

Figures 7 through 9 show tha t  tgegflash-front 
radius is indeed proportional t o  t ' . Table 3 
compares the calculated values of A (Equation 
16) with those obtained directly from Figures 7 
t h r o u g h  9. T h e  d i v e r g e n c e  b e t w e e n  t h e  
computed (cf Equation 16) and actual values for 
A provides a measure of the  adequacy of t h e  
theoretical solution. In view of the  relatively 

F i g u r e  1 .  S i m u l a t e d  d r a w d d o w n  h i s t o r y  
( p r o d u c t i o n  well)  for  Case  N o .  1 .  In i t i a l  
reservoir pressure and mass production rate are 
8.600 MPa and 10 kg/s respectively. 

F i g u r e  2 .  S i m u l a t e d  d r a w d o w n  h i s t o r y  
(p roduc t ion  well)  f o r  Case  N o .  2 .  In i t i a l  
reservoir pressure and mass production rate are 
8.700 MPa and 10 kg/s respectively. 

F i g u r e  3 .  S i m u l a t e d  d r a w d o w n  h i s t o r y  
( p r o d u c t i o n  well)  for  Case  N o .  3 .  I n i t i a l  
reservoir pressure and mass production rate are 
9.000 MPa and 20 kg/s respectively. 
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TABLE 3 

COMPUTATION OF RESERVOIR TRANSMISSIVITY kh/ve AND 
APPARENT MASS FLOW RATE Mapp. 

Amt. Single-phase 
Kinematic 

Two-Phase Flowing Flowing Two-Phase Single-Phase X Acalc. 
Kinematic Enthalpy Density Diffusivity Diffusivity X2Dt/fe 

D, Nondim. ( m / ~ " ~ )  ( m / ~ " ~ )  Transmissivity M aPP /M 
pt Dt b kh/u 

Mohility Ht 
Case k/vt 
No. (s) (kJ/kg) (kg/m3) (m2/d (m2/s) * Nondim. * *  (m-se * * *  

1 3.33 16' 1374.3 547.7 1.85 2.364 0.235 lo-' 1.733 0.149 0.140 2.61 0.05 
2 3.43 16' 1360.0 617.4 1.69 2.364 0.356 0.7057 0.0580 0.0510 3.29 0.61 
3 3.46 1346.5 701.7 1.50 2.438 0.1622 0.1624 0.0126 0.0114 3.97 0.97 

* 
* *  

* * *  Equation (12) 

See Equations (148) and (14c) 

Acal, = 2 b D:'5 

Figure 4.  Match  of t h e  s imula t ed  pressure  
response at the observation well (r = 192.202 m) 
to the line-source solution (Case 1). 

Figure 5.  Match  of t h e  s imula t ed  pressure  
response at  the observation well (r = 192.202 m) 
to the line-source solution (Case 2). 

Figure 6. Match  of t h e  s imula t ed  pressure  
response at the observation well (r = 192.202 m) 
to the line-source solution (Case 3). 

E 10' ? 

10 lo= 104 106 108 

Figure 7. 
time for Case No. 1. 

Flash-front radius versus drawdown 
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Figure 8. Flash-front radius versus drawdown 
time for Case No. 2. 

0.1 
103 104 106 108 

nma ( 8 )  

Figure 9. Flash-front radius versus drawdown 
time for Case No. 3. 

small error in A (10 4 percent), one may be 
tempted  t o  conclude t h a t  t he  linear solution 
should  be sufficient fo r  ana lyz ing  p res su re  
interference data. This is, however, not always 
true. In that the nondimensional parameter X 
occurs in the exponential term in Equation (15), 
a small error in A (and hence A )  can lead to  a 
relatively large error in the calculated reservoir 
transmissivity. 

Finally,  t he  kinematic transmissivit ies kh /ve  
(Equation 15) and the  ra t io  of apparent  flow 
rate M to the actual flow rate (Equation 12) 
are als8p&ven in Table 3. A comparison of the 
calculated t ransmiss iv i t iy  (Table  3) with the  
input value of 4.02 10- m-s shows t h a t  t he  
agreement between the computed and the  input 
values gets progressively worse as the two-phase 
effects become more pervasive. In Case 1,  the  
computed value is only two-thirds of the actual 
t r a n s m i s s i v i t y ;  n o t e  t h a t  i n  t h i s  c a s e  t h e  
a p p a r e n t  mass  flow r a t e  M is on ly  5 
percent of the input mass r a t t P k .  The latter 
results are to be contrasted with those for Case 
3 wherein M /M - 0.97, and the  computed 
value of kh/bP% in close agreement with the  
input value. %'hese numerical results suggest 
t ha t  the  theoretical method of Section I1 can 
always be used (even in the presence of a large 
two-phase zone) to provide a first estimate for 
reservoir transmissivity. In cases wherein a n  
extensive two-phase zone develops as a result of 
fluid production, it would seem prudent to check 
t h e  computed  value of kh /ve  by a fo rward  
simulation using a numerical reservoir simulator. 

For a single-phase reservoir, superposition can be 
uti l ized t o  cons t ruc t  so lu t ions  for  p re s su re  
buildup response. Thus, for a constant rate of 
mass production, the  shutin pressure Ap at a 
t i m e  A t  a f t e r  t h e  c e s s a t i o n  of p r o d z c t i o n  
operations is given by: 

Aps = Ap (t + A t )  - Ap (At), (17) 

where Ap ( t  + A t )  and Ap At) are the  pressure 
d r a w d o w n s  a t  t i m e s  I t + A t )  a n d  A t ,  
respectively,  computed  f rom t h e  l ine-source 
so lu t ion .  Assuming  t h a t  a m a t c h  of t h e  
drawdown da ta  to  the  line source solution is 
available, Equation (17) implies that 

Ap (At) = Ap (t + A t )  - Aps . (18) 

s h o u l d  a l so  l ie on  t h e  l i ne  s o u r c e  c u r v e .  
Because of nonlinear effects in two-phase f low, 
superposition does not, strictly speaking, apply. 
Nevertheless, we decided to  compute Ap (At) 
(Equation 18) and to test the  applicability (or 
lack t h e r e o f )  of supe rpos i t i on  empi r i ca l ly .  
Figures 5 and  6 (Cases 2 and  3) show t h a t  
about  one-half log cycle a f te r  t h e  r e tu rn  of 
reservoir to single-phase conditions, the  buildup 
data are closely approximated by the line-source 
solution. ( In  Case 1, t h e  reservoir did no t  
return to single-phase conditions during the time 
scale of interest. As a matter of fact, the two- 
phase zone advanced farther into the  reservoir 
and engulfed the observation well. The buildup 
pressures in this case are quite different from 
those implied by Equation (18).) These results 
suggest that  superposition may be used to model 
t he  pressure response of t he  observation well 
after t h e  r e tu rn  of reservoir t o  single-phase 
conditions. 
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CONCLUDING REMARKS 

The principal purpose of this paper is to develop 
a practical  procedure for ana lyz ing  pressure  
interference data from a two-phase (water/steam) 
geothermal reservoir. I t  is assumed t h a t  t h e  
geothermal reservoir is initially all liquid and  
that the two-phase zone is created on initiation 
of production operations. The observation well 
is, however, assumed to  always remain in t h e  
single-phase region of the reservoir. Garg (1980) 
derived an approximate solution for the pressure 
(drawdown) response of hot water  reservoirs 
which unde rgo  f l a sh ing  on  p r o d u c t i o n .  A 
numerical reservoir simulator was employed to  
test t he  applicability of the latter solution for 
analyzing pressure interference data. Application 
of the analysis procedure discussed in this paper 
requires pressure data from both the production 
a n d  t h e  o b s e r v a t i o n  wel l s  i n  a d d i t i o n  t o  
information regard ing  t h e  thermomechanica l  
p rope r t i e s  ( i . e .  specific h e a t ,  t e m p e r a t u r e ,  
porosity, density, etc.) of the reservoir rocks. As 
far as the  pressure drawdown response of t h e  
observation well is concerned, the effect of the  
two-phase zone can be represented by a reduced 
(or apparent) mass flow rate. The calculation of 
this apparent mass flow rate can, however, only 
be made after solving for reservoir transmissivity 
and diffusivity. If the  two-phase zone created 
d u r i n g  d r a w d o w n  i s  v e r y  l a r g e ,  t h e n  t h e  
apparent mass flow rate will be a small fraction 
of the actual production rate. In the latter case, 
t h e  analytical  method will yield only a f i r s t  
rough estimate of reservoir transmissivity; a more 
accurate e s t ima te  may then  be ob ta ined  by 
forward modeling (history-matching) using a 
numerical reservoir simulator. 

Because of nonlinear effects in two-phase flow, 
the superposition principle does not usually apply 
in two-phase problems. More specifically, Garg 
and  Pritchett  (1984) showed tha t  t he  buildup 
response of t h e  p r o d u c t i o n  well  c a n n o t  be 
constructed from the  drawdown solution. The 
numerical results in this paper, however, suggest 
that the buildup response of the observation well, 
subsequent t o  t h e  re turn  of t h e  reservoir t o  
s i n g l e - p h a s e  c o n d i t i o n s ,  d o e s  o b e y  t h e  
superposition principle. The buildup da ta  can, 
therefore, be used t o  check the  consistency of 
formation properties derived from an analysis of 
drawdown pressures. 
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