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. Introduction

Pressure-transient testing of wells is the standard procedure for estimating the
“transmissivitly structure of geothermal reservoirs. While long-term discharge/buildup tests
involving dovnhole pressure measurements in both the flowing wells and nearby shut-in ob-
servation wvells are to be preferred, relatively short-term cold-waler injeclion tests are
routinely carried out shortily after well completion in Japan. Typically, substantial
amounts of data of this type are obtained before long-term discharge tests are performed
during the exploration and preliminary development of a nev geothermal prospect. In recent
years it has become common practice to employ dovnhole instruments which record the pres-
sure (and occasionally temperature) of the well feedzone during and after injection test-
ing.

2. Interpretation of Injection-Test Pressures

~ For a variely of reasons, the hest way to establish the transmissivity {permeability-
thickness product) from a test of this type is to examine the pressure history during fal-
loff (after injection ceases). Sometimes hovever, falloff data are not available or are of
dubious quality. iIn any case, it would clearly be desirable to be ahle to analyze the
pressire buildup history during injection in order to verify the results of the falloff
analysis.

Interpretation of the buildup pressure history for such a test is difficult for
several reasons. First, injection rate history may be irregular and/or poorly known.
Second, previous aclivities associated vith dritling or prior injection episudes may have
created a "bank" of cold fluid around the we!l feedzone; the present of such a pre-cooled
region will influence the pressure response on buildup, but not on fallnff (see Cox and
Bodvarsson, 1985). Third, the character of the buildup response vill often depend upon
vhether the system is most accurately regarded as a "porous medium" or a "fracture
netwvork™. Again, on falloff, these ambiguities are absent.

In this paper, an additional complication is examined. Cold water injection tests are
~usually of only a few hours duration, and the total guantity of injected fluid may repre-
sent only a few wellbore volumes. For example, a vell 1500 meters deep lined with 9 §5/8"
casing will hold about 60 tons of cold water. At injection rates typically employed in
preliminary vell testing, this quantity of fluid would require 1 hour or more to inject.
The difficulty is that the standing valer vithin the wvell prior to the test has presumably
had some substantial period of time to healt up by heat Lransfer from the surrounding
geothermal reservoir. ¥hen injection beging and cold water starts to enter the vellhead,
the fiuid entering the formation at boltombhole will not cool to wellhead temperature until
a quantity of flwid comparable Lo the the borehole capacity has been injected. Therefore,
for a period of time which may not be negligible compared to the total test duration. hot
water vill be injected into the reservoir. This paper discusses some of the consequences
concerning pressure-transient interpretation of buildup data from injection tests.

3. Typical Pressure-Buildup Sclutions )

To examine this problem, ve consider a very idealized sitvation. ¥e viil treat an
aquifer of constant thickness (H), horizontal orientation, uniform formation properties,
and unbounded lateral extent. The aquifer is bounded above and below by impermeable sur-
faces, and contains a single fully-penetrating vertical vell of radius Ry. Thus. the
problem is one-dimensional in space. [nitially, the pressure (Pg) and temperature (Tg) are
uniform. At t = 0, injeclion begins (at a constant flov rate Mgy, bult the temperature of
the injected fluid is initially equal to the reservoir temperature. This continues until
t=1*, at which time the temperature of the injecled fluid changes to T; (the cold waler
injection temperature). The initial pressure (Pg) is sufficient that the flow remains
single~phase liquid throughout.

While an appruximate analylical solution for lhe above problem may be developed if
the reservoir consists of a classical porous medium, the probiem is much more complex if
the reservoir made up of refatively impermeable country rock penetrated by a fracture nel-
wvork. Here ve consider both cases. Solutions were obtained numerically teven for the
porous medium case, to facilitate comparison of results) using the TOUGH reservoir
simulator (K.Pruess, 1985). For the porous-medium case, thermal equilibrium was assumed
bhetveen rock and fluid. To represent fractured systems. ve assume that the system consists
of regularly spaced horizontal fraclures as indicated in Figure 1. In these cases, the
porous counlry rock was assumed to occupy 99% of the system volume, and the highly permea-
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ble fractured zone the remaining 1%. Cases were run with fracture separations (D) of 0.im,
0.3, and 1.0m for comparison with the porous-medium case (equivalent to D=0). The frac-
tured system calculations were carried out by the MINC method (Pruess and Narasimhan,
1982y . The overall radial transmissivity and storativity were Lhe same in all cases., for
simplicity, the wvell skin factor and the compressibility of the rock vere taken as zero.
The initial reservoir temperature was 270°C; after t = t* = 1 hour the temperature was
changed to 100°C. Other pertinent problem paramelers are listed in Table |. The first grid
block in the numerical grid (0.lm in space’ represents the well itself, and is charac~
terized by very high porosity and permeability. The grid block size increases geometri-
cally, with rj+; = 1.2 rj, so that the euter radius of the grid (50 blocks) exceeds three
kilometers. This is sufficient ‘that no pressure signal reached the outer boundary during
the 24-hour period studies.

Figure 2 shows the pressure-buildup history for all four cases (D = 0, 0.1, 0.3, 1.0
meters), the vertical axis represents the increase in the well-block pressure relative to
the initial value, and the horizontal axis measures the logarithm of time since injection
began. The classical line-source solution indicates that the solution for constant injec-
tion temperature will be a straight line vith slope; .

dP/d(logoty = 2.303 MgV / 47T kH

vhere Mg is injection rate, kH is the permeabitity-thickness product, and U is a kinenmatic
viscosity. For a porous-medium reservoir, the proper value to use for v is that for the
injected cold fluid ( poord?. Cox and Bodvarsson(1985) have shown that, for fractured
reservoirs at late times, the proper value of Vis given by the average of injected and
reservoir fluid viscosities. For Lhe present case, the various kinematic viscosities of
wvater are;

P catd(100°C) = 3.0 x 1677 n2/s
U hot(270°C) = 1.3 x 10-7 m2/s
-V avg = 2.2 x 1077 m2rs .
These computations (Figure 2) shov that, with the injection temperature changing from
270°C to 100°C at t = t* = 1 hour, the solutions are characterized by these distinct

regions. Prior to t = 1 hour, of course, a constant slope region associated with D=Dpgt
is observed. Then, pressures increase very rapidly for a short time in all cases. Finally,
another straight-line region is approached. For the porous-medium and T = 0.Im cases
{which are essentially indistinguishable), this asymplotic slope is associated with D =
Vegid- For B = 1 m, on the olher hand, the fluid slope is associated with D =D ,4yg. For B
= 0.3m, transition between D = Vgyg and UV=Vcq1g behavior is observed; at intermediate
times, the asymptotic siope is associated withp =pPavg but the final siope is associated
vithD = Ucold. The time required for the transilion between the two slopes in the frac-
tured cases seems to increase vith fracture spacing (D). For small fracture separations,
the Lime of transition is small compared to t*,

4. Conclusion

The calculations presented here have shown that, for practical test durations, the
dovnho le pressure response to a cold water injection test (into a hot aquifer) vill con-
sist of three portions vhen pressure disturbance is plotted as a function of the logarithm
of time. The first is a straight-line portion of which the slope is dictated by the vis-
cosity of hot water. This initial period lasts until approximately one wellbore volume bhas
been injected. Next, vhen cold water begins to enter the formation, pressure hegins to in-
crease very rapidly. The siope of the [P - log(i)I curve becomes very steep. Finally. at
later times, another asymptolic straight-tine region is approached. In the porous-medium
case, or the fractured-medium case vhen its fracture spacing is not too &reat, the slope
of this late-time asymptotic region will be roverned by the viscosity of cold wvater. Fur
larger fracture separations, the average viscosity should be used.

Of these regionsg, only the first and the last have any potential utility for practi-
cal test interpretation. Furthermore, in practice the first straight-line region may not
provide good resull owing to thermal wellbore storage effects which may make the actual
injection.rate history (into the formation) difficult to relate to the vellhead injection
rate.

It appears thatl only the final asymptotic straight-line region is likely to provide a
reasonable basis for buildup~phase injection test interpretation. It is very important to
notice, however, that in both the porous-medium and fracture~netvork cases, the slope of
the asymptotic region does not begin to become apparent until at least ten welihore
velumes of fluid have heen injected. This means that it is essential to inject at least
this much cold water (and preferably more) to have any hope vhatever of interpreting the
buildupportion of the injection test. [f insufficient fluid is injected. it is quite
likely that the steeply-siope iransition region vill be mistaken for the asymptotic-slope
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partion, resulting in erronecus (and very pessimistic) estimales of reservoir per-

meability.
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Tahle | Paranmeters used in simnlations

initial Conditions Porous reservoir
Pressure, MWPa 10.0 Porosily 0.1
Temperature, °C 270 “permeability, m? to-13d
‘Fixed Rock Properties . Fractured reservoir
Grain density, kg/md 2650 Porosity of fracture block 0.595
Thermal conductivity, W/i(kg"C) 2.0 Porosity of matrix block 0.095
Specific hest, J/(kg°C) . 1000 Permeability of fracture biock, m2  1o-1l
’ permeability of matrix block, m? jo-18
Well parameiers
Porosity 0.99
Permeability, mn? 10-12

injection rate, kg/sec
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Fig.l Fractured reservoir model geometry {(lefl diagram)
and MiINC-mesh (right diagram) for radial fliov problens.
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Fig.2 Computed pressure buildup history.
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