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ABSTRACT 

A pressure transient technique for tracking 
the advance of cold.water fronts during water 
flooding and geothermal injection operations has 
been developed. The technique is based on the 
concept that the steady state pressure buildup in 
the reservoir region inside the front can be 
calculated by a fluid skin factor. By analyzing 
successive pressure falloff tests, the advance of 
the front in the reservoir can be monitored. 
The validity of the method is demonstrated by 
application to three numerically simulated data 
sets, a nonisothermal step-rate injection test, 
a series of pressure falloffs in a multilayered 
reservoir, and a series of pressure falloff tests 
in a water flooded oil reservoir. 

INTRODUCTION 

During both geothermal and water flooding 
operations it is important to know the<position 
of the interface or front between the injected 
and in situ fluids. Since the injected fluid 
usually has a different viscosity, density and 
relative permeability than that of the in situ 
fluid, injection creates a radially symmetric 
heterogeneity around the well. 

Pressure transients during injection and 
falloff, in systems with radial discontinuities 
created by fluid injection, have been studied by 
numerous researchersl-12. These studies have 
shown that under a variety of specific conditions, 
the reservoir properties and the skin factor 
can be determined from injection test or falloff 
data. Benson and Bodvarssonl3 showed that the 
region around the well created by cold water 
injection into a hot reservoir could be mathemat­
ically treated by a thermal skin factor. Bensonl4 
extended this concept to develop a method of 
front tracking during cold water injection 
into a hot water reservoir. A generalized 
formulation of the fluid skin factor and how it 
can be used for front tracking is developed in 
this paper. 

References and illustrations at end of paper. 

BACKGROUND 

Pressure transients during injection of fluids 
with different properties are characterized by one 
of two types of behavior: 

(l) Moving front-dominated behavior, during which 
the very early time pressure transients correspond 
to the properties of the reservoir fluid and the late 
time transients to the properties of the injected 
fluid9,10,13 

(2) Composite reservoir (stationary front) be­
havior which is characterized by two slopes, the 
first corresponding to the fluid properties of 
the region inside the front and the second to the 
properties of the reservoir fluid outside of the 
front.l3 

This study applies to pressure transients char­
acterized by the composite-reservoir behavior. 

The thermal skin factor, which can be gener­
alized to a fluid skin factor, is best explained 
by considering the pressure buildup and falloff 
due to nonisothermal injection. Figure 1 shows 
numerically simulated pressure buildup data for a 
step rate test during which 20°C water is injected. 
into a 2so·c reservoir (a mobility contrast of 
nearly 10). For comparison, isothermal injection 
at 20°C and 2so·c, for identical step rate tests, 
are also shown. Note that the magnitude of the 
pressure buildup for the nonisothermal test is 
less than that for 20°C isothermal injection 
and greater than that for isothermal 250°C 
LnJection. In other words, relative to the hot 
reservoir, the cold water creates an additional 
buildup component that depends on the mobility 
contrast between the two fluids. The thermal 
skin factor is derived in the same way as the 
mechanical skin factor and can be expressed 
as 

s = ....:. __£- 1 ln-
(

IJ. P ) rf 
t IJ p. r 

0 l w 

(1) 

The present study discusses a method of front 
tracking.which requires successive pressure fall­
off tests, or step rate injection tests be conducted. 

/ 
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Th~ method is based on the relationship between the 
increasing radial distance to the injection front and 
the resultant changes in the fluid skin factor 
(defined below). 

APPROACH 

An expression for the fluid skin factor can be 
derived analytically by considering the steady 
state pressur.e r.esponse in a two-fluid composite 
reservoir. In this paper, the fluid skin factor. 
is derived and then its use as a method of 
front. tracking is developed. The applicability 
and validity of the method is demonstrated by 
analyzing nume.rically simulated pressure falloff 
data :i.n both nonisothermal liquid water and 
oil-water systems. Two computer programs are 
used, PT and STMFLD. Both use the integral 
finite-difference method. for discretizing the 
medium and formulating the governing equations.l6 

PT solves both the mass and energy balance 
equa.t ions in a water-saturated porous and/or 
fractured medium. The fluid viscosity, density, 
compressibility, and thermal expansivity are all 
calculated internally as funct·ions of temperature 
and pressure to within 1% of their correct value. 
The code has been validated against many analytic 
solutions and fi~ ld data. ·A detailed description 
of PT is gi~en by Bodvarssonl7. 

STMFLD is a multidimensional, fully-implicit 
numerical model for simulating steam. and water 
flooding of hydrocarbon reservoirslB The 
model formulation includes two hydrocarbon com­
ponents, thus, three mass- and one energy-balance 
equations are solved. for each grid block. Both 
PT and STMFLD use an efficient, direct solution 
techniquel9. · . 

tHEORY 

The present study is applicable to. a reser­
.voir/well system which is shown schematically in 
Figure 2. .We assume that the reser-Voir is: 

Cl) uniform and has a constant porosity, perme­
ability, heat capacity, and thermal conductivity; 

(2) horizontal, infinite, and bounded above and 
below by impermeable and insulating strata; 

(3) fully saturated with one or more liquids; 

(4) fully penetrated with a finite radius well 
bore. 

The near-well region may have a different perme­
ability than the reservoir but it must remain 
unaltered throughout injection. 

The effects of gravity are neglected in the 
study. In later sections the possibility of 
applying this method to a layered or fractured 
reservoir is discussed. 

The front tracking methods discussed here 
are applicable to reservoirs described above 
when the pressure transients behave like thos.e of 
a composite reservoir system. A detailed discussion 

of when the pressure transients for·nonisothermal 
inject ion behave like those of a composite system 
is given by Benson and Bodvarssortl3. Pressure 
falloffs always behave according to'the composite 
sys.tem model (stationary front) therefore, the 
emphasis of this pape·r is on the analysis of 
pressure falloff tests' 

The steady-state pressure buildup in a two­
fluid composite system with a stationary front is 
given by 

~P _ o o ro 1 o Q II ~k II.P 
- 2nkk H k .11 P. 

ro r1 o 1 

By rearranging and adding and substracting the 
term ln rf/rw, equation (2) can be written 

(2) 

~p = Qollo [(krolliPo - 1) ln ~ + ln re ] (3) 
2 nkk H k . 11 p . r r ro r1 o 1 w w 

By analogy to the mechanical skin factor, the 
fluid skin factor can be defined 

s = ( :-k.;;..ro;;...ll...;;i;.,.P..;;.o - 1 ) 1 n rr f 
f k .II p. r1 o 1 · w 

(4) 

If there is a region of mechanical damage or 
enhancement around the wellbore, the steady-state 
pressure buildup has three components, one 
due to the mechanical skin, another due to 
the flooded region, and a third orte due to the 
reservoir. Assuming that the near-w:ell region 
has been flooded, the steady-state pressure drop 
can be expressed as 

Q II ~(k kii.P o o ro 1 o 
2nkk H k .. k II p, 

ro r1 s o 1 

(

k II.P ) r + ro 1 o _ 1 ln _i 
k .11 P. r r1 o 1 s 

For most practical cases, the term ln rf/rs 
can be approximated by rflrw and once again, 
the concept of a fluid skin factor can be used. 
It is also of. interest to note that the tot!ll 
apparent skin factor has two components, that 
is 

In this expression the true mechanical skin of 

(5) 

(6) 

the well is combined with fluid-related components. 

In order to use the fluid skin factor as a 
front tracking tool,· a test and analysis procedure 
must be developed that will allow differentiation 
between the mechanical and'fluid skin factors of 
a well. In cases where the fron.t between the 
injected and reservoir fluid moves as a function 
of tfr2, which is the case.for most processes 
considered in porous medium, such a procedure 
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can be developed as follows. The radial position 
of the front can be expressed as 

r =(aQt)l/2 
f 11H 

where a is a constant of proportionality that 
depends on the mass-and energy-balance equations 
governing the displacement process. For example, 

p c w w 
a = p c a a 

and 

1 
df 

w a 
cp d'S s wf w 

for nonisothermal injection and waterflood dis­
placement respectively.20,21 Noting that the 

(7) 

(Sa) 

(Sb) 

term Qt can be replaced by the cumulative injection 
C and substituting this expression into Equation 
(4), we see that 

sf= 1.151 (~i:~:r~ - 1 )·[log C + log ~J (9) 
o 1 r1 11Hr 

w 

Since the second logarithmic term is a constant, it is 
clear that a plot of the logarithm of the cumulative 
injection versus the fluid skin factor will result in a 
semilog straight line with a slope of 

( 

II.P k ) 
n = 1.151 l o ro - 1 

II p.k . o 1 r1 
(10) 

Until more than a single wellbore volume has been 
injected into the formation (C. = 'llrw2H) the 
fluid skin factor is zero. Therefore, if succes­
sive pressure falloff tests are conducted, after 
increasingly larger quantities of cumulative 
injection, the calculated apparent skin values, 
when plotted versus the logarithm of the cumulative 
injection, will result in a straight line of slope n. 
The intercept, evaluated when the fluid skin factor 
equals zero (C • 'llrw2H) will yield the apparent 
mechanical skin factor. 

( k ko o 
- }.:: ro 1 o 01) s 

k .k II P. ma 
r1 s o 1 

The fluid skin factor can then be evaluated from 

sf " s - s (12) a ma 

From the fluid skin factor, the radial distance to the 
front can be calculated 

r 
w 

e (1.151 Sf/n) 

In Table 1, the radial distance to the front 
~s given as a function of 1.15lsf/n. For small 
values of this term, there is good resolution of 

(13) 

the radial distance to the front. However, at large 

values of 1.151 Sf/n, small errors in the calculated 
fluid skin factor result in large errors in the 
computed radial distance to the front. Therefore, 
the front tracking method discussed in this paper 
is most useful for front tracking during the 
early phases of injection. 

EXAMPLES 

Examples are given which demonstrate the applica­
tion of this method to three different situations, 
(1) a step rate injection test when 20°C water is 
injected into a 25o•c reservoir, (2) three successive 
pressure falloff tests in a multilayer reservoir,and 
(3) two successive pressure falloff tests in a 
water-flooded reservoir. 

Step Rate Injection Test 

The following simulation was run to demonstrate 
front tracking during a step rate injection test. 
Three six-hour steps, with injection rates of .1 
kg/s, .2 kg/s, and .3 kg/s were followed by a complete 
shutin. The simulated pressure data are shown in 
Figure 1. Table 2 lists the reservoir and fluid 
properties used in the simulation. The pressure data 
from step 1 are not suitable for the type of analysis 
proposed in this paper because the moving thermal 
front dominates the pressure transientsl3, Data from 
steps 2, 3, and 4 (falloff) are suitable for this 
analysis. A semilogarithmic plot of the data from the 
pressure falloff are shown in Figure 3. Conventional 
multirate theory is used in the analysis. For comparison, 
data from identical step tests in isothermal 2o·c and 
250°C reservoirs are also shown. 

The time at which shutin occurs coincides with 
the left axis of the graph. At very early times 
after shutin the data follow a slope which corresponds 
to the properties of the injected 20•c fluid. At 
approximately 35 seconds the data begin to depart 
from the first slope and after several minutes become 
identical to the falloff in the isothermal 250°C 
reservoir. This two-slope behavior is typical of 
two-fluid composite reservoirs. The time at which 
the pressure transients depart from the first slope 
can be estimated from the radius of investigation 

t (14) 

For relatively small cold spots (up to 10 m) the first 
slope is usually masked by wellbore storage, hence 
the observed semilog straight line will correspond to 
fluid properties of the reservoir. It is this second 
slope which must be used to calculate the reservoir 
permeability and apparent skin factor. From this 
slope (M0 ) and its extrapolation to obtain 
Pls• the reservoir permeability and the apparent 
skin factor are calculated: 

.183Q II 
k = 0 0 

m k H o ro 
(15) 

( 

p f - pIs 
sa • 1.151 w mo -log .351) (16) 
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or in the case of a step rate test 

and 

s 
a 

k = .183 (17) 

Just prior to the pressure falloff, the front 
has advanced 1. 6 m into the formation. The calculated 
permeability is lo-14 m2 and the apparent skin 
factor, 19.8. A similar analysis of steps 2 and 3 
yielded the same transmissivity and apparent skin 
values of 14 and 18.9, respectively. These apparent 
skin values versus the logarithm of the cumulative 
injection are shown in the lowest curve of Figure 4. 
As expected, they fall on a straight line with a slope 
of 7.95, which is in good agreement with the 
value calculated by Equation (10), 8.05. The 
radial distances to the front were calculated for 
each step using Equation (13). The calculated 
values of .65 m, 1.2 m and 1.5 m agree well with 
the observed values of .7 m, 1.3 m and 1.6 m. 

Identical step tests were run for wells with 
mechanical skin factors of 2 and 5. The calculated 
apparent skin factors are also shown in Figure 4 and 
display similar behavior to that of the well with a 
skin factor of zero, except the intercepts at a 
cumulative injection of wrw2H are displaced. 
For both of these cases, the fluid factor. must be 
calculated from Equation (12). The remainder of the 
analysis is identical to that for a well with a 
mechanical skin factor of zero. 

lt is important to note that if the mechanical 
skin factor of a well changes in response to 
injection, the slope of the line on the sa versus C 
curve will not be equal to that given by Equation 
(10). Similarly, if the movement of-the front cannot 
be expressed as a'simple function of tfr2, the 
slope will also differ from that predicted by that 
equation. 

. Layered Reservoir 

In order to determine the applicability of the 
proposed front tracking method to a layered reservoir, 

'the pressure falloff following injection of 50"C 
! water into a 250"C three-layer reservoir was simulated. 
i The reservoir and fluid properties used are listed in 
I Table 2. A schematic of the -reservoir is shown in 
'Figure 5. 
I 

, Pressure falloffs were simulated after three 
1 

di:fferent periods of injection at a rate of 30 kg/s; 
'ro4 s, 2.5 X 104 s and 1Q5 s. Horner graphs of 
) each falloff are shown in Figure 6. Note that by 
. nondimensionalizing the data using (t + tJ.t)/tJ.t causes 
i a•l:l of the data to fall on one curve. All the data 

1 
d'i:splay typical two-fluid composite-reservoir 

:behavior. Also note that the values of Pls are 
~shown on the graph for each of the falloff tests. 

The data can be analyzed to obtain the average 
permeability (k) from the slope corresponding to the 

'. =:_e·servoir fluid fro~ert ies. The calculated value of 
1 k , 6. 7 x lo-1 m , is very close to the correct 

value of 6.66 x lo-14 m2. The apparent skin can 
also be calculated using Equation (16), if k 
is substituted for k. The calculated values of the 
apparent skin are 9.73, 11.23 and 13.44. A plot of 
the apparent skin values is shown in Figure 7. Once 
again, the data fall on a straight line. The slope 
of the line is 3.71, which is close to the value of 
3.61 computed using Equation (10). The line 
extrapolates to a value of zero when the cumulative 
injection equals wrw2H. This is consistent with 
the zero skin value used in the simulation. 

In Figure 8, the radial distance to the thermal 
front is shown in each of the three layers. Note that 
the front has extended farthest from the well in the 
most permeable layer. The radial distance to the 
front after each period of injection can be calculated 
from Equation (13). The respective values are 2.2 m, 
3. 5 m, and 7.1 m. Comparison between these values 
and those shown in Figure 7 indicates that the values 
predicted from Equation (13) are midway between the 
distance to the front in the more permeable stratum 
and the distance to the front in the less permeable 
strata. This cannot be considered a rigorous analysis 
of front penetration in layered formations. It does, 
however, indicate that the small-scale heterogeneity 
prevalent in most formations will not significantly 
reduce the effectiveness of this method for front 
tracking. 

Water Flood Falloff 

There are two major differences, important to 
pressure transient analysis, between cold water 
injection into a hot-water reservoir and cold water 
inject ion into an oil reservoir. First, irt general, 
the water has a higher mobility that the in situ oil, 
thus the fluid skin factor has a n~gative rather than 
a positive value. Second, water flooding usually 
results in a diffuse region behind the front where 
the water saturation varies from Sw = 1 - s0 r 
immediately adjacent to the well to another value at 
the front, which is governed by the relative mobilities 
and capillary pressure. In comparison, cold water 
injected into a hot reservoir results in a nearly 
uniform temperature around the well with a relatively 
small transition zone that separates the cold and hot 
regions • 

A numerica 1 simulation of the pressure falloff 
after isothermal water flooding of an oil reservoir 
demonstrates the applicability of the front tracking 
method discussed in this paper. The reservoir and 
fluid properties used are listed in Table 2. The 
relative permeability of the oil and water phases 
were calculated from simple X-curves as follows: 

k = k . = (s - .3)/.7 
rw r1 w 

09a) 

k - 1- s /.8 ( 19b) 
ro w 

The irreducible oil and water saturations are .2 and 
.3; respectively. Using the fluid properties listed 
in Table 2 and the relative permeability curves given 
above,. ·a Buckley-Leverett analysis of the flooding 
process predicts an average water saturation of 
approximately 0.45 behind the front and .38 at the 
front20. 

Horner plots of the simulated pressure falloffs 
aft-er 10S s and 106 s of water flooding at a rate 

(' 
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of .OS kg/s are shown in Figure 9. As expected, the 
same two-slope behavior, typical of a composite 
system, is observed. In this case however, the first 
slope is smaller than the second, indicative of a 
more mobile inner region. The slope of the first 
straight line corresponds to the fluid properties of 
the water for a relative permeability evaluated at 
the irreducible oil saturation. This results from 
the fact that the reservoir rock immediately adjacent 
to the wellbore is rapidly flooded by many pore 
volumes of water and consequently the oil saturation 
rapidly approaches the irreducible oil saturation. 
Since the region immediately adjacent to the well is 
so important to the pressure transients observed 
at the well, it is this fully swept region which 
controls the early-time transients and governs the 
steady-state pressure change associated with the 
fluid skin factor. 

The slope on the semilogarithmic straight line of 
the simulated data can be analyzed to determine the 
formation permeability. From Pls• kri evaluated 
at the irreducible oil saturation and kro evaluated 
at the oil saturation in the undisturbed reservoir, 
the apparent skin values can be calculated by Equation 
(16). Apparent skin values of -1.77 and -2.78 are 
calculated for the pressure falloffs following 10S s 
and 106 s of injection, respectively. The slope 
of the line on the apparent skin factor vs. cumulative 
injection curve is -1.01, which is in good agreement 
with the value of -1.05 calculated from Equation 
(lO). 

The radial distance to the front can be calculated 
from the apparent skin factor using Equation (13). 
Radial distances to the front of .9 m and 2.1 mare 
calculated after injection for 10S s and 106 s, 
respectively. The saturation profiles in the 
reservoir are shown in Figure 10. Note that in each 
instance, the calculated distance to the front 
occurs at a water saturation of approximately .55, 
nearly midway between the irreducible oil saturation 
and undisturbed reservoir saturation. This example 
demonstrates that even though the simple composite 
reservoir model is not strictly applicable to water­
flood displacement, the completely swept near-well 
region dominates the pressure response and therefore 
allows successful application of the front tracking 
technique. 

FRONT TRACKING IN FRACTURED RESERVOIRS 

In the above discussion we have only considered 
porous medium, single-phase reservoirs. However, most 
geothermal reservoirs, and many oil reservoirs, are 
fracture-dominated. Also, there may be the additional 
complexity of a gas phase flowing in the reservoir. 
Thus, the extent to which the methodology developed in 
this paper is applicable to these more complex 
situations needs to be examined. 

Bodvarsson et a1.22 and Bodvarsson and Benson23 
studied nonisothermal injection/falloff tests in 
reservoirs with horizontal fractures. In their 
studies fluid flow takes place in the fractures and 
the rock matrix conducts heat to the fracture fluids. 
In the case of injection tests, the pressure transient 
data can be analyzed using the conventional Theis-type 
methods, providing the average fluid properties (p, ~) 
are used (i.e., the fluid properties should be 
calculated based on the average temperature, Tave = 
l/2(Tin + Tr)). The reason for this is that in a 

fracture system, the speed of the cold water front is 
proportional to r4/t.24 The falloff data can be 
analyzed in the manner discussed above; however in 
estimating the radial distance to the cold water 
front one must consider the advancement rate of the 
cold water front along the fractures given by 
Bodvarsson and Tsang24 

In the case of a reservoir with an existing 
cold spot (i.e., after considerable injection) 
the injection/falloff test data should be analyzed 
using the fluid properties corresponding to the hot 
reservoir fluids.23 Therefore, with some modification, 
the proposed front tracking method should be applicable 
to fractured and/or fractured porous mediums. 

CONCLUSIONS 

A method for tracking fronts during waterflooding 
or geothermal injection operations has been developed. 
The method is based on the concept of a fluid skin 
factor. This front tracking method requires that 
conventional pressure falloff tests be conducted after 
increasing periods of injection. Three examples are 
given which demonstrate application of the method to: 
1) step-rate injection tests; 2) falloff tests in 
layered reservoirs, and 3) falloff tests in waterflooded 
reservoirs. 

The method is most successfully applied early 
during waterflood or geothermal injection operations 
when the resolution of the radial distance to the front 
is greatest. The technique is applicable to many 
two-fluid composite systems in which the movement of 
the front depends on t/r2. It may also be possible, 
with minor modifications, to extend this method to 
fractured systems where the front advances at a rate 
that is proportional to tfr4. 

NOMENCLATURE 

a 
c 
c 
fw 
H 
k 

~ 
k 
m 

constant of proportionality (-) 
heat capacity (J/kg. •c) 
cumulative injection (m3) 
fractional flow of water 
reservoir thickness (m) 
permeability ( m2) 
relative permeability (-) 
average permeability (m2) 
absolute value of the slope on the linear 
segment of the semilogarythmic plot (Pa/cy) 
pressure (Pa) 
flowing pressure prior to shut-in (Pa) 
extrapolated pressure at one second after 
shut-in (Pa) 
mass flow rate (kg/s) 
volumetric flow rate (m3/s) 
volumetric injection rate at step n(m3/s) 

radius of the cold spot (m) 

radial distance to constant pressure boundary (ml 
radial distance to the front (m) 
radius of the damaged or enhanced region (m) 
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r. -w 
well radius (m) 

s - skin factor (-) 
sa - apparent skin factor 
Sf - fluid skin factor (-) 
5 ma - apparent mechanical skin factor 
s -
or 

irreducible oil saturation 

St - thermal skin factor (-) 
Sw - water saturation (-) 
t - time (s) 
T - temperature <·c) 

GREEK LETTERS 

A 

u 

p 

total system compressibility (Pa-l) 
difference 
thermal conductivity U/s.m. "C) 
viscosity (Pa. s) 

density (kg/m3) 
porosity (-) 

Susbcripts 

a - aquifer 
f - front 
i - ins ide the front 
1n - inject ion 
'J - outside the front 
r - reservoir 
w - water 
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Table 1. Radial distances to the. front for several 
values of 1.15lstfn (well radius= .1m). 

.1 

.2 

.3 

.4 

.5 
1.0 
2.0· 
3.0 
4.0 
5.0 
6.0 

0.1i m 
0.12 m 
0.13 m 
0.15 in 

0.16 m 
Q.21 in 

0.74 m 
.2.~00 m 
s.A6 n1 

14.84 :m 
40.34 m 
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Table 2. Reservoir and fluid properties used ~n the numerical simulations. 
w-' 

,/ 

Parameter Step Rate Test Layered Reservoir Water Flood 

k (m2) lo-14 5 X lo-14 , lo-13 , s x Io-14 lo-13 

H (m) 1 10, 10, 10 10 

4> (-) .2 .2 .2 

Cr (J/kg°C) 1000 1000 1000 

Pr (kg/m3) 2200 2200 2200 
A (J/kg°C 0 s) 2.0 2.0 2.0 

Bt (Pa-l) 1 X 10-9 variable variable 

rw (m) .1 .1 .1 
s (-) 0, 2, 5 0 0 

Tin Cc) 20 so 20 

Tr (oC) 250 250 20 

kri (-) 1 1 .714 

Pi (kg/m3) 1005 996 1005 
).J• 
~ 

(Pa.s) 10-3 5.4 x Io-4 10-3 

kro (-) 1 1 .750 

Po (kg/m3) 800 800 800 

J.Jo (Pa.s) 10-4 10-4 10-2 

• 
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Figure 1. Simulated pressure buildup data during three steprate tests; 
isothermal 250°C inJection, nonisothermal injection of 20°C 
water into a 250°C reservoir and isothermal 20°C injection. 
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Figure 2. Schematic of well and reservoir system. 
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FALLOFF 
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Figure 3. Pressure falloff data following the step-rate inJection test 
shown in Figure 1. 
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Figure 6. Horner plots of pressure buildup data, in a 3-layer reservoir, 
following inJection of 50°C water into a 250°C reservoir. 
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Figure 8. Radial distance to the thermal front in a three layer 
reservoir after 104s, 2.5 x 104s and 10Ss of injection 
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