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. ABSTRACT.

Pressure-transient testing of a hydraulically fractured geothermal:
reservoir in low-permeability crystalline basement rock has involved
constant rate injection and pressure buildup tests under a wide range of
field conditions for a number of fractured regions.  Following conventional
reservoir analysis methods, data are treated in terms of a transient dif-
fusion equation that relates fluid flow and pressure levels in the main
fracture system, associated joints, and the matrix permeability. Pressure-

- flow data are compared to type curve solutions of the diffusion equation

for various flow geometries. The following points are considered in detail:

1) The 1imits on the fracture geometry, aperture and,diffusin? areas as

determined from the diffusion parameters. 2) The parameters (flow impedance,
diffusivity) of the flow-through systems are related to those governing

the pressure inflation of the main fractures. . 3) The relationship of the
rock properties to the reservoir compressibility, effective porosity and
permeability are discussed. In particular, laboratory experiments show

that the flow properties of all sizes.of cracks from large single frac-

. tures to the microstructure are pressure dependent if the fluid pressure is
" near the confining stress. 4) The competition of flow into the varjous
- types of porosity (main fractures, joints, and microstructure) and the
.effect on the interpretation of type curves are discussed.

- INTRODUCTION - -

AYHot Dry Rocéf(HDR) geéthérméfvfésérQOfr consisting of fractures con-

| necting two wellbores (GT-2 and EE-1) at Fenton Hill, New Mexico was first

established in October, 1975. The fracture system, which is located in low-

- permeability granite at a depth of approximately 2900 meters, has been

altered since then by two redrilling operations in the production hole
(GT-2) and subsequent hydraulic fracturing attempts in both EE-1 and GT-2.

*Work performed under the auspices of the U.S. Department of Energy.
-113~-




-114~-

Many experiments involving the pressurization of one or both boreholes from
which the fracture originates have also changed the flow characteristics

of the system. These experiments have continued to give information on

the permeation flow into the surrounding rocks, the properties of the
reservoir rock, the geometry and extent of the main fractures, and the -
flow through properties of the heat exchange paths. '

The field reservoir is shown schematically in Fig. 1. Detailed descrip-
tions of the drilling history are provided in refs. 1 through 5. Briefly,
the chronology is as follows. GT-2 was drilled first to a depth of 2.929 km
and cased t0.2.917 km. Hydraulic fracturing experiments produced a fracture
system with the main exit from the wellbore at 2.81 km. EE-1 was drilled
to a depth of 3.06 km but did not intercept the main fracture system of
GT-2 because of directional drilling problems. Subsequent hydraulic frac-
turing of EE-1 produced several injection zones with the main exit at 2.76
km, but did not produce a low impedance connection to GT-2. Two further
attempts to obtain a low impedance (<15 bar-s/%) connection were made by
cementing off and redrilling GT-2A and GT-2B (Fig. 1). Hydraulic fractur-
ing experiments in GT-2A again did not produce the desired impedance.
However, GT-2B did produce a connection with a low enough impedance to
permit long-term heat extraction and flow tests under a variety of borehole
pressurization conditions. : :

The data available is from two main types of experiments. Injection
tests were done on the four wellbores with the other active well shut in.
These consist mainly of constant flow or step flow tests; and, the majority
were injection into EE-1. They include the attempts at massive hydraulic
fracturing. Second, circulation tests were usually performed by pumping into
EE-1 and producing through the active branch of GT-2 (see Fig. 1). The GT-2

wellhead pressure was most often maintained near zero (hydrostatic); the notable.

exceptiqn was a high back-pressure flow test between EE-1 and GT-2B with GT-2B
pressurized to near the effective confining stress. ‘

Pressurization of the reservoir can result in water storage in or
permeation through several different types of pores or fractures. The
small scale porosity associated with the grain boundaries has been ex-
amined using core specimens in the laboratory (Refs. 6 through 8) with
Hassler-type equipment. These core or matrix-?orositiei arE of the order
10-3 and the associated permeabilities from 10~ 9 to 1040 m2 (0.1 to 0.01
udarcy) under the confining stresses typically encountered in the reservoir.

Considerable natural jointing is observed in the cores and in well-
bores (Refs. 1 and 4). These joints have many orientations and spacing of

centimeters to meters and are usually sealed with calcite in the normal
condition. Possibly, opening of thes?7joints by pressurization can increase .

the effective permeability to 2 x 10~!7 mZ (Ref. 3). This and the small
scale porosity could be initially homogeneous throughout the reservoir;

but there is no certainty, especially for the large scale jointing. Flow
in the naturally occurring porosity may also be anisotropic. The orientation



‘The fluid density can be expanded as,
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of the large Joints is not necessarily isotropic and anisotrop1c earth
stresses can induce anisotropic flow properties. e

The naturally occurring porosity and jo1nts can be altered by the

gressurization and flow of the system and new fractures can bé created.
- The extent to which altered existing joints and new fractures compete to

determine the dominate characteristics of the system is not yet known.
However, new fractures are expected to be perpendicular to the minimum
earth stress and the existing fractures that are nearly perpendicular

to the minimum earth stress are expected to open most readily under pres-
sure and may become important flow paths. In any event, the pressurization
of the four wellbores produced an extensive, anisotropic, and heterogeneous
reservoir. The inflation, and possibly the flow-through characteristics,
of the EE-1/GT-2B system, were determined in part by the presence of the
GT-Z and GT-2A fractures and their connections to EE-1. - ,

As in conventional reservoir analysis, the model describing the system
is based on a diffusion equation for pressure derived from a Darcy-type
flow law and the conservation of mass. The early in situ data (Refs. 3, 4,
and 5) and laboratory experiments on sma]l scale porosity (Refs. 6, 7,and 8)
and on large single fractures (Refs. 9, 10 and 11§ necessitated the use of

ressure-dependent permeabilities and system compressibilities. This model
as provided reasonable fits to the data examined thus far (Refs. 4 and 5).

MATHEMATICAL MODEL

- It 'is assumed here that the average flow velocity 1s determined by the
Darcy equation, ,

Few gt h e e ey
H :

-where k is the permeabi]ity tensor, u- the fluid viscos1ty and P the pore

pressure. The cont1nu1ty equation 1s

oo, @

with p the fluid density and 6 the porosity Equation (2) can be rewritten
using Eq (1) to obtain the diffusional form of the pressure equation

@)y

?(1+8 P); and by using the com-
pressibility of water B, ~ 5.0 x 10-4 MPa , the fo]low1ng simp11f1catlon
results,
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Here, do/dP depends on the bulk properties of the rock, which is about
twenty times less compressible than water. So it is not clear which term,
if either, of Eq. (4) will dominate depending on the magnitude of 6.
Similar considerations hold for the left hand side of Eq. (3). Because
of the low-porosities expected, the term 68,0, in Eq. (4) should not
dominate and that p can be considered constant. This assumption must be
Justified later. These assumptions result in a simplification of Eq (3)
to: ' '

v p) =u F | o (5)

The related quantities k, 6, and B = d6/dP, and in particular their depend-
ence on pressure cannot be determined exactly since they also depend on the
pore volumes, shapes, orientations, and distribution in space, which are,
in general, not known. In addition, each depends on the three components
of stress, which in turn are determined by the in situ earth stresses and,
to some extent, the pore pressure.

Equation (5) has been solved numerically with the finite element
AYER code (Ref. 12). The in situ data were matched by developing empirical
equations to describe the pressure-dependences of 6, k, and 8 (Ref. 3 and
4). The pressure-dependence of these empirical expressions also fit labora-
tory data on the GT-2 cores reasonably well (Refs. 4 and 5).

The porosity is assumed to be controlled by the minimum earth stress o3,

e*
0 = 2 : (6)
[1-C(o5+P) I '

The permeability tensor is assumed to have three non-zero components. The
two components perpendicular to the least horizontal stress are

%
kO

kq = (7)
3 [T-C(o3+P)]3a
The component parallel to the least stress is
K | .
. 0 : - | (8)

S,
2 D-clopn) T

where 6% and k% are evaluated at o3+P=0.

-
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4where o% is the intermediate horizontal stress. For the data'considered
h

P<S e minimum principle earth stress and the fol]owing approximations
provide accurate fits to the data:
a) o3 53, the minimum earth stress
b) oy Sz, the intermediate earth stress
" ¢) an 0.6 (determined parametrically).
This reduces eqs (6)," (7) and (8) to:

e'=.___;_26;__ R : R e T (9)
(1-c4p)0-8 ' | LI
,k ko ‘ ' ' -( )
B e s A . : ) ; 10
3 (e T e |
ok, T - ,
kp=—2—g » - T
, (l—CZP).' TR _ o i
and- |
de _ a6 0 , e . SR v
—=—=B=——T§’ . _ . i . (]2)
. dP 3? . (1_C3P). » | ; o B o e
Here,
S
3 ‘T:f§§ : .
¢ (13)
Cz bt 1_C§“_ 2 ’

and eo’ k , and’ B are evaluated at p=0 (the hydrostatic condition)
~IN-SITU DATA FITS ‘ ’ | Co

The first detailed computer fits to the Fenton HiTl pressure and flow
data were -produced with AYER using solutions to Eq (5; on a two-dimensional
grid with the diffusional properties given by Eqs. (9)-(11). ‘As longer

flow periods were examined, however, it was found that two-dimensional effects

were not observed. Also, no flow dependence was included with only linear,
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- Darcy-1ike effects modeled. Only recently has the role of flow dependence

been apparent, after the accumulation of much data.

These circumstances have resulted in the determination of the character-
istics of a limited number of flow parameters. The early-time inflation
data is determined entirely by the parameter o = A/KB . This parameter
results from fits during the one-dimensional, 1inear flow period where pres-
sure varies directly with the /T at constant injection rate or injection
rate decreases linearly with 1//t at constant injection pressure. In this
case, the pressure dependence of k and g is only seen in the initial values
of k(P(t=0)) and g(P(t=0)). The time constant for the conversion from one-
dimensional to multidimensional flow, tp = AuB/k, has not been measured but

‘lower Timits have been obtained. For interference or flow-through tests,

the time constant for flow gr pressurization between wells, 1y = 2%uB/k, and
the flow impedance, I = AP/Q = 2u/Ak, are determined. The discussion of how
important fracture or rock properties are in determining these parameters

~ is discussed later in the paper. For now, we examine only numerical fits
'to a few selected sets of data to determine the parameter magnitudes and

their pressure and flow dependences.

Experiment 111 (Fig. 2) consisted of a pressurization of the injection
hole (EE-1) in steps, in constant flow and constant pressure phases (upper
curve of Fig. 2). The flow and pressure were recorded in EE-1 and the
pressure was recorded in the production hole {GT-2) which was shut in.

The fits to the GT-2 pressure (lower curve of Fig. 2) verifies the pressure
dependence of B/k. The fits to the EE-1 pressure for the constant flow
phases (Fig. 3) give the pressure dependence of A/kE. However, unless it

'{s assumed that the reservoir is homogeneous, the inflation and flow-through

properties are not the same. Because the reservoir is clearly heterogeneous
with both fracture and matrix flow important to different sections these
parameters are not expected to be measuring the same properties (Ref. 13).

Figure 3 is an example of a pressurization of EE-1 with GT-2 shut-in,
first at 2.14 /s (34 gpm) then at 0.56 /s (9 gpm). This and longer
pressurizations established a lower 1imit to the time constant for the con-
version from one to multidimensional flow.

The same model was used to obtain fits to the water loss data for a 75~
day heat extraction experiment (Ref. 13). In this test, the injection well-
head pressure was maintained between 86 and 55 bar while the injection
flow rate increased from 7.5 to a maximum of 15.0 liter/sec at the end of
the 75-day period. Fluid was continuously produced in GT-2B with a constant
surface pressure of ¢10.0 bar. Fiqure 4 compares the data for the integrated

flow into all permeation with the calculated results.

DISCUSSION

Even though the mathematical model provides good fits to much of the
data, the resulting empirical diffusion parameters cannot be interpreted

P
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in terms of a unique flow or fracture geometry. From the time of the
formation and activation of the first fractures at Fenton Hill it has been

assumed that the early time pressure and flow history of the fracture

system was‘determined by permeation flow out of a large Tow impedance
(infinite conductivity) main fracture into the surrounding matrix or joints.
Considerable evidence now suggests that much of this early time data can

-also be adequately characterized by linear flow into and inflation of dis-

crete fractures of moderate impedance. .

Consequently, the early time period may be dominated by flow in dis-
crete fractures, whereas at later times flow into the reservoir is con-
trolled by matrix and/or joint permeation. Some of the characteristics
of the system that support this view are as follows:

1) No large zero-imbedance fracture volume has been detected.

2) The 1inflation parameters and flow-through parameters can come from
fractures that have the same dimensions. ~

- 3) The pressure dependence of the inflation anddflow-through para-
~meters are the same and agree with those of large fractures
examined in the laboratory in other rocks (Ref. 9, 10, and 11).

'_ 4) The longéterm water loss data implies a large inflated fracture
~ area and small total matrix and joint permeability.

In Fig. 5§ an attempt has been made to estimate the average fracture.
width (small dimensfon perpendicular to the flow) and the average fracture
height (large dimension perpendicular to the flow) for all the fractures
connected directly to EE-1 after the 75-day experiment (Ref. 13). A1l -
calculations are for a fracture compressibility obtained from the pressure

. dependence of the:imﬁedancel The vertical 1ine labeled /A is the square

root of the heat exchange area. ‘The lines labeled V,=1 m3 and V=50 m3 are,
respectively, an estimate of the maximum zero impedance fracture volume and

- the flow-through volume obtained from the dye tracer studies (Ref. 14). The

line labeled as=300 cm3 . {s obtained from a nominal value of the inflation

- parameter Az f8f for fracture flow. The dashed 1ines are obtained from the

flow-through fmpedance for a low EE-1 pressure (Exp. 184) and a high EE-1

pressure (Exp. 190).

. Approximate 1imits can also be obtained for those parameters that
determine- the long-term water losses of the system. By assuming that the
small scale ?ermeability limits the size of the system and by assuming a
canonical value of pore compressibility as obtained in the laboratory
(B = 4.0 x 10-5 MPa-1), an upper limit on the permeating area and on the
effective value of permeability can be:determined.  Figure 6 is a plot of
effective permeability confining the system versus the square root of the
permeating area. Each straight line represents a 1imit set by some meas-
ured parameter, the allowable portion of the graph is indicated by the
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direction of the arrow. The parameters and 1imits annotated on the figure
are: : - B

1) ’”QTA: 1imits set by one-dimensional nature of the flow. .
- 2) 6: limit set by small value of long-term water loss rate.
3) -4Ff£ limit set by assuming that the permeating area is larger
than the heat exchange area. ' -
4) k: Timit set by smallest laboratory permeability.
- 5) A/kB: 1limit set by assuming that this parameter is determined

only by the small scale porosity.
6) Vy: 1imit set by approximate venting volumes.

CONCLUSIONS

What we have tried to present in this paper is an objective discussion
of a classic non-uniqueness problem that faces us in the intepretation of
our pressure-transient data. The deployment of infinite and finite fracture
conductivity models with linear flow and pressure-dependent properties is
a departure from the more conventional reservoir engineering approaches
which assume homogeneous and constant properties for k, 6, and B. Type-
curve fits from such approaches are inadequate, causing us to develop
n:?erica1-simu1ations with empirical representations of pressure-dependent
effects.
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