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ABSTRACT:

Two, 3-km-deep boreholes have been drilled into
hot (~ 200°C) granite in northern New Mexico

in order to extract geothermal energy from hot
dry rock. Both boreholes were hydraulically
fractured to establish a flow connection.
Presently this connection has a large flow
impedance which may be improved with further
stimulation. Fracture-to-borehole intersection
Tocations and in situ thermal conductivity were

{determined from flowing temperature logs. In
situ measurements of permeability show an
extremely strong dependance upon pore pressure --
the permeability increased by a factor of 80 as
the pressure was increased 83 bars (1200 psi).

An estimate of the minimum herizontal earth
stress was derived from fracture extension
pressures and found to be one-half the overburden
stress. .

INTRODUCTION:

A program designed to demonstrate the feasi-
bility of extracting energy from hot dry rock
has been initiated at the Los Alamos Scien-
tific Laboratory. Basically, it is proposed
that man-made geothermal energy reservoirs can
be created by drilling into relatively im-
permeable rock to a depth where the temperature
is high enough to be useful; creating a

References and_illustrations at end of paper

reservoir by hydraulic.fracturing; and then
completing the circulation loop by drilling a
second hole to intersect the hydraulically
fractured region, or by drilling into the
immediate vicinity of the first fracture and
then creating a second fracture that inter-
sects the first one.

Thermal power would be extracted from this
system by injecting cold water down the first
hole, forcing the water to sweep by the freshly
exposed hot rock surface in the reservoir/
fracture system, and then returning the hot
water to the surface where the thermal energy
would be converted to electrical energy or

used for other purposes. System pressures
would be maintained such that only one phase,
liquid water, would be present in the reservoir
and the drilled holes. The concept is
described in more detail by Smith, et al! and
the mechanics of the heat extraction process
have been reported by Harlow and Pracht,® and
McFarland and Murphy.?

The hot dry rock concept is being investigated
in a series of field experiments at a site
called Fenton Hill, located on the west flank
of a dormant volcano, the Valles Caldera, in
the Jemez mountains of northern New Mexico.

In December 1974, the first deep borehcle,
GT-2, was completed to a depth of 2.929 km
(9609 ft) in granite, where the temperature
was 197°C (386°F). A hydraulic fracture was
then created close to the bottom of this
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borehoTe.” A second borehole, EE-1, was then
drilled to complete the circulation loop, but

it failed to intersect the GT-2 fracture by
approximately 6 m (20 ft}. Communication
between the wellbores was then established by
initiating a fracture from EE-1. This fracture
is located an average distance of approximately
6 m (20 ft) from the GT-2 fracture. Due to
uncertainties in fracture orientation measure-
ments, it is not known whether the two fractures
intersect. A series of flow experiments was
then conducted to determine the nature of this
circulation path, and to measure fracture
properties necessary to complete the design of

a demonstration heat extraction experiment. The
results of these experiments are described in
the following sections.

ANALYSIS OF TRANSIENT WELLBORE PRESSURES:

By assuming constant, one-dimensional, per-

1 meable flow into a homogeneous porous media

with constant properties, and by also assuming
that the hydraulic conductivity of the fracture:
is very large compared to that of the rock, it
can be shown that if water is injected into a
fracture at a constant rate, g, the change in
fracture pressure, P, is:%? 5

_2ugq [kt
P-mﬂ\[; ........ (1)
Because the hydraulic diffusivity, k, is
K'_‘k/UE .« (2)

the product of the fracture area times the
square root of permeability, A/k, is given by
rewriting Eq 1.

~ \t
A/E-zjﬂ:‘é%—... (3)

Downhole pressure changes at the fracture face
are estimated by correcting the measured surface
wellhead pressure for pressure losses. These
pressure losses consist of frictional losses in
surface piping, flowing friction in the well-
bore and, as the flow enters the fracture, an
additional wellbore-to-fracture impedance
(analogous to a skin effect). Since the flow
rate is constant and wellbore storage effects
are not significant, the total pressure loss
due to these effects is also constant, and can
be estimated by extrapolating the pressure
curves back to zero time.

Typical data for the EE-1 fracture are pre-
sented in Figure 1. The experiment was conduct-
ed by pumping into the EE-1 wellbore at a con-
stant rate of 2.1 2/s (34 gal/min), corrected to
downhole conditions. A good linear fit to the
data is obtained on P versus ¢t coordinates.
Deviation of the later time data from the linear
fit is thought to be due to pressure dependent
permeability, or a "leak" from the EE-1 fracture
to the GT-2 fracture via a flow connection; as
will be discussed.

Since the porosity of the granite is less than
1%, the mean compressibility. B, is essentially

that of the rock which, based upon the results
of sonic velocity logs, is estimated to be

2.7 x 107% bar "* (1.9 x 1077 psi’'; 1 bar =
10° N/m? = 14.5 psi). Using available properties
of water at 200°C,® and the above values of B
and q, it can be shown that the Avk value for
the EE-1 fracture at the time this experiment
was conducted was 2.2 x 10 °m® (7.8 x 10" cu
ft). Since this result was obtained with an
jnitial pore pressure of zero (taking hydrostatic
pressure as the baseline), the Avk derived is
more properly designated as (A/K)., where the
subscript represents the change in the initial
pore pressure.

An extrapolation of the linear fit in Fig. 1
back to zero time provides an estimate of 2.8
bars (40-psi) for the pressure losses between
the surface and the fracture. Although this

‘I pressure loss is probably not linear with flow

rate, especially at much higher flow rates, it
is instructive, for purposes of comparison, to
divide it by.the flow rate to yield a specific
impedance.’ This specific impedance from the
surface to the EE-1 fracture is 1.3 bar-sec/
liter (1.2 psi-min/gal) which, as we will show,
is small compared to the overall circulation
impedance. Similar results with the GT-2
fracture indicate that its (AVk), is 5.2 x 10 5m?
(1.8 x 1073 cu ft) and the surface to GT-2
fracture impedance is 3.9 bar-sec/liter

(3.5 psi-min/gal). Potter et al’ report that
the permeability of GT-2 core specimens is 0.01
to 0.1 micro-darcy at downhole conditions of
temperature and pressure, while West et al®
report that, based upon drill-stem testing at a
depth of 1.5 km (5000 ft) in GT-2, the permea-
bility of a similar granite is approximately

one micro-darcy. Taking the latter result as
perhaps more representative of heterogenous rock
conditions suggests that the area of the GT-2
fracture is approximately 5.2 x 10*m?

(5.6 x 105 sq ft), and if circular, has a radius
of 90 m (300 ft). This is a rough estimate of
course, but Albright® reports, on the basis of
microseismic acoustic techniques, that the
radius of the GT-2 fracture must be at least

50 m (160 ft).

It is found that values of (A/k), are most use-
ful when they are interpreted as a parameter
which characterizes a fracture. Changes in
{A/K)o indicate irreversible changes in a
fracture, examples being fracture extension due
to pressurization or changes in k due to
potential geochemical effects such as the
formation and precipitation of rock-water inter-
action products or the dissolution of rock
mineral components, particulariy silica (Si0,).

A historical summary of the (A/k)., for both
fractures is presented in Figure 2. At the top
of this figure are identified the various flow
experiments (which are discussed in more detail
in reference 10), while near the bottom, the
maximum EE-1 wellhead pressure achieved during

o
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each experiment is indicated. Since the
creation of the EE-1 fracture in October, 1975,
its (A/k). has increased during several of these
flow experiments. Furthermore, these increases
have been observed only when the EE-1 pressure
has exceeded 90 to 94 bars (1300 to 1360 psi).
Thus, it is believed that these increases in
(AVK}, are due to increases in A (fracture ex-
tensions) and that the fracture extension
pressure, Po, is approximately 92 bars (1330 psi)
above hydrostatic. Since its creation, (AvKk),
of the GT-2 fracture has not changed signifi-
cantly. The maximum sustained pressure ever
reached at the GT-2 wellhead was 91 bars (1320
psi), i.e., below Pe. The permeability of the
rock surrounding the GT-2 fracture has apparent-
1y not changed, in spite of the potential
geochemical effects cited above.

DETERMINATION OF MINIMUM EARTH STRESS:

Based upon a theory of fracture mechanics, Sack!!
has shown that the difference between the
fracture extension pressure and the earth stress
perpendicular to the fracture plane, Si;, (the
least compressive principal stress) is:

Pe - Sa =\/§%¥:577§. N ()

Aamodt“has reported values of the properties for
a granite similar to that found in EE-1 and
GT-2; v = 100 J/m® (6.8 1b/ft), E = 3.8 x 10°
bars (5.5 x 10° psi) and v = 0.3. Substituting
these values and supposing that either fracture
radius, R, is presently as small as 50 m (160
ft), it can be shown that Pe - S3 is only 3.6
bars (53 psi). Thus the minimum earth stress,
Ss, in the EE~1 fracture is approximately 88
bars (1280 psi) above hydrostatic. As will be
shown, the EE-1 fracture is roughly centered
about a depth of 2.95 km (9670 ft), so that the .
absolute value of S3 is 375 bars (5440 psi) or
50% of the overburden pressure, S;, (the maximum
compressive principal stress). As expected,
these fractures are vertically oriented.

PORE PRESSURE DEPENDENT PERMEABILITY:

The effects of pore pressure upon A/k are
indicated in Figure 3. The results were obtain-
ed from an experiment (No. 111) in which the
sequence of operations was to first inject water
into the EE-T fracture at a constant rate until
a pressure of 28 bars (400 psi) above hydro-
static was reached, and then adjust the flow
rate such that this pressure was maintained
constant for two hours. In such a manner a new
pore pressure was established in the rock
adjacent to the fracture face. Following the
two-hour "soak" the procedure was repeated at
the additional pressure levels shown on the
figure. The start of each new change in
pressure level was taken as a new zero time and
the results, when plotted versus vt, yielded
straight lines as shown. Using a modified
principle of superposition, the A/k for each
increment of pressure can be calculated and the

resulls are indicated on the figure. As can be
seen, increasing the pore pressure from 0 to 69
bars (1000 psi) above hydrostatic resulted in a
factor of 3.8 increase in A/k. Since A did not
change (pressure levels were below the fracture
extension pressure) the permeability apparently
increased by a factor of 15.

Additional results, obtained from another flow
experiment (No. 114), presented in Figure 4
indicate that the permeability increases even
more sharply {up to a factor of 80!) as the pore
pressure increases to 83 bars (1200 psi) above
hydrostatic. These results are qualitatively
similar to those of Brace, et al!® for westerly
granite and to those of Potter, et al’ for GT-2
core specimens. If one interprets the "ef-
fective"” stress hoiding microcracks closed as
simply the difference between the earth strass
and the pore pressure, then Brace, et all® have
shown that reducing the effective stress by
increasing the pore pressure tends to open the
microcracks, leading to large changes in the
effective permeability of the rock.

Figure 5 presents a summary of all the data we
have measured pertaining to pore-pressure-
dependent permeability. Included are data from
the EE-1 fracture, the present GT-2 fracture
(roughly centered at 2.81 km) and an early, now-
inactive fracture in GT-2. Empirically we have
found that the square root of the ratio of the
permeability at zero wellhead pressure to the
permeability at elevated pressures, vko/k, is
reasonably linear with pressure as shown. A’
value of zero for the ratio vk./k at the inter-
cept with the abscissa mathematically implies
infinite permeability at the face of the fracture
plane. A reasonable interpretation would be
that when the pressure approaches the maximum
horizontal component of earth stress, S.,, {the
intermediate earth stress, aligned horizontally
and parallel 1o the fracture plane} the effective
stress in the S, direction approaches zero with
concomitant opening of microfractures. The
least squares line using the entire data set has
the equation: ‘

k
\[;;~ = 1.00 - 0.0098 P(Bars) . 5)

and the extrapolated pressure, at vke/K = 0, of
102 bars (1480 psi) above hydrostatic is
believed to be an estimate of S,

ANALYSIS OF FLOWING TEMPERATURE LOGS:

In Situ Thermal Conductivity. The equation des-

cribing the heat transfer in the rock surround-
ing a wellbore is:

2T , 19T _pc aT
TRl ol PP (6)

and the equation for the flowing fluid in the
wellbore is:
: an ,an_ 2

3F ¢t 'F_--pfcf . (7)

o) e=a.
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In the derivation of Egs. 6 and 7 it has been
assumed that the properties of the rock and the
water are constant and that the turbulent mix-
ing that occurs in the flowing water results in
negligibly small radial temperature gradients
in the water. If these equations are nondimen-
sionalized, it can be shown'® that a dimension-
less temperature difference is a function of a
dimensionless time and the ratio of the
volumetric heat capacity of the rock to that of
the fluid:

2 (T, -T,) \

of f (2L ). ylee) . (e
pfcfaZU dTe/dz \po c a’ PeCe

where T. = fluid temperature at time t, depth z

Tof = initial fluid temperature at depth z

Equation 8 is valid when both the fluid velocity
U, and the temperature gradient dT7./dz do not
vary significantly with time. The latter
condition requires that the following dimension-
less grouping be less than 0.3'*

pfcfauﬁif/kz_i 0.3 ... ...... (9)

A wellbore heat transmission computer pr‘ogram"5
was used to generate the functional form of Eq 8
for a value of pc/pfcf appropriate for granite

and 200°C water. The computed curve is shown

in Fig. 6. This curve is essentially a type
curve, and is the thermal analog to the type
curve developed by Ramey'® for pressure analysis
of a single well in an infinite reservoir with
wellbore storage.

A1l parameters except temperature and time, in
Eq. 8, are assumed constant so if experimental
values of log (Tof-Tf) are plotted against log
(t), the plot should have the same shape as

Fig, 6. The data from the temperature logs

taken in the GT-2 wellbore, at a depth of
approximately 2.77 km (9100 ft), injecting at a
constant rate of 0.6 liter/sec (9 gal/min) with
conditions satisfying equation (9), were plotted
on log-log coordinates and the results are
overlayed on the type curve of Figure 6. A
match of curve shape occurs and a match point

at an experimental time of 10,000 seconds
corresponds to a dimensionless time of 1.4. The
wellbore radius is 0.087 m. Using a value of
2700 kg/m® for the rock density, p, and a value
of 1050 Jd/kg-K for the heat capacity c, the
calculated value of the in situ thermal con-
ductivity of the rock is 3.0 W/m-K (1.7 BTU/hr-
ft-°F). This is in excellent agreement with

the laboratory results reported by Sibbitt!? for
core specimens taken from GT-2.

As a check, the temperature difference at 10,000
seconds is 2.8°C and using values: ‘

pg = 950 kg/m® (59.2 ]b/fta)
Cg = 4184 J/kg-K (1.0 BTU/Ib—°F)
q =6 x 10 "m3/sec (9 gpm)

SPE 609

A = 3.0 Wm-K (1.7 BTU/hr-ft-°F)
AT (dimensionless) = 0.66

a value of 32°C/km (0.017 °F/ft) is calculated
for the average temperature gradient de/dz.
This is in excellent agreement with the local
measured temperature log in the interval of the
wellbore near 2.77 km (9100 ft). Average
measured gradients from 1 to 2.9 km (3050 to
9600 ft) depths in GT-2 are between 50 and 60°C/
km (0.027 and 0.032°F/ft).

’ betérminéfibﬁ'df Wélibofé-tb-Ffacturé Connection
| Depths.

By assuming constant rock properties
and a constant wellbore radius, the ratio of the
water velocity U, (at some depth z, and time .t)
to the velocity U; at a reference depth z, is
related to the water temperature changes and
water temperature gradients, G,at these depths
and time as:

U_Z - Tf(Zz) - Tof(.zé) G (ZZ) .

Uy Tf(21) - T0;121) G (z,)
It should be noted that the gradient, G =
an/az, is no lTonger required to be constant in
Eq. 10 and in fact, the gradient to be used,
G, is an "effective average" gradient. For
short time tests with insignificant wellbore
heat storage (l<at/a2<10), a useful approxi-
mation for G is:!*

& = /6t - Lfs(de . .. ()

.. (10)

The results of temperature logs taken while
injecting at a constant rate into the GT-2
wellbore are shown in Figure 7. These logs were
taken under conditions satisfying the short time
criterion Eq. 9. The data ¢7 Figure 7 were
analyzed per Egs. (10) and (11) and Figure 8
presents the relative velocity as a function of
depth. The depth intervals at which water is
being lost to the surrounding rock are
exceptionally well defined by this technique.
Furthermore, Figure 8 indicates that 80% of the
water is flowing into a fracture over a more -
narrow interval (~ 40 m) than is suggested by
the depression in the logs of Figure 7. The
relative velocities plotted in the intervals
where the relative velocity changes from 1.0

to 0.2 and 0.2 to 0.05 may not be significant,
since in these intervals water is flowing into
the rock formation, and the rock energy
equation, Eq. 6, should therefore incorporate

an additional convective mode of heat transfer.
From Figure 8 it appears that the main connection
between the GT-2 borehole and fracture is )
centered at 2.81 km (9220 ft), with a secondary
connection at 2.87 km (9420 ft). The main
connection occurs where the casing was damaged
while "milling out" a packer and the secondary
connection occurs where the casing was jet-
perforated. A similar analysis of flowing
temperature logs taken in the EE-1 borehole
indicates that it is connected to its fracture
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at 2.95 km (9670 ft). Attempts to determine
these fracture-to-wellbore connection points
with spinner surveys have been unsuccessful
because of the high temperatures at these depths.

IMPEDANCE TO FLOW CIRCULATION:

The circulation of flow through the present down-

hole system is characterized by high impedance.
Figure 9 presents results of an experiment in
which water was injected into EE-1 while GT-2
was vented. Since bucyancy effects due to
temperature differences are not important in
short term experiments the net pressure dif-
ference is simply the EE-1 pressure; while the
net, circulated flow is simply the flow rate
measured at the surface outlet at the GT-2
wellbore  As can be seen, a linear relationship
exists between the pressure difference and the

circulated flow (at least at these low flow rateg)

and the slope of -the line yields the specific
impedance, which for this experiment was 142
bar-sec/liter (130 psi-min/gal).

The results of many flow circulation tests
indicate that flow appears at the venting well-
bore in two or more stages suggesting that two
or more paths of communication exist between
the fractures. In the first stage, flow
appears at the venting wellbore less than ten
minutes after the stzrt of pumping into the
other welibore This response is so fast com-
pared to the calculated response time for the
low permeability granite between the two
fractures, which are estimated to be 6 m (20 ft)
apart, that we conclude that this early-stage
of flow must be via a set of natural fissures,
or a zone of locally very high permeability,

or even possibly by means of an intersection of
the two hydraulic fractures.

Following this early-arriving flow, a slowly
increasing flow rate is observed, possibly
caused by permeatijon of water through the rock
separating the two hydraulic fractures. As
expected, this additional increment of flow
rate varies with time and the pressure levels
at the two boreholes as well as the size of the
fractures. Because permeability so greatly
increases with pore pressure, (see Figure 4)
this second path of communication controls the
major flow fraction,particularly for long-term
tests where both wellbores are pressurized to
high-Tevels.

Figure 10 summarizes the impedance data to date.
The circled data points represent the initial
(first stage) impedance while the vertical bars
represent the full range of transient impedance
exhibited during each long-term test.

Anomalous transient pressure curves obtained.
during experiments 102 and 106 suggest that the
declines in initial impedance observed during
these experiments are due to the removal of
impedances in the fractures; possibly a

“flushing out" of rock/water/drilling fluid
interaction products which had partlally closed
the fractures to flow.

Figure 10 indicates that the lowest impedance
measured to date is approximately 28 bar-sec/
liter (25 psi-min/gal). Because of uncertainties
in the area of overlap of the two fractures,
and the distance between the two fractures,

and the extreme variation of permeability with
pore pressure, it is difficult to estimate the
minimum value of impedance attainable with the
present system. However, very approximate -
calculations suggest that if both boreholes
were maintained at 90 bars (1300 psi), i.e.,
slightly below Pp, the impedance of the rock
between the two fractures might ultimately drop
to 5 bar-sec/liter (5 psi-min/gal), i.e.,
comparable to the other impedances in the
system.

DISCUSSION:

System Potential As A Demonstration Heat
Extraction Experiment. The measured in situ
permeability, even at high pressures is low
enough that "leak off,"” requiring the continuous
replenishment of water to the system, is not a
serious problem. Both fractures appear to be
Tocated deep enough so that their temperatures
should exceed 185°C (364°F). At the present
time both fractures have a computed radius of
90 m (300 ft) or more. The in situ thermal
conductivity is 3 W/mK, which is as high as
can be expected from competent granite.}’

Calculations of the sort described in reference
3 indicate that with the conditions described
above either one of the two fractures could
provide enough energy for a demonstration heat
extraction experiment. Initially, 10 MW
(thermal) power could be extracted, but the
power would decline in a short period of time
(v~ months). A relatively fast drawdown of
power is actually preferred, since this results
in cooler rock temperatures, with subsequent
contraction and cracking of the rock, and,
hopefully,enhancement of the heat transfer area.
Field measurements of the effects of thermal
stress cracking are particularly desirable,
since at present, we have available only the
theoretical results of Harlow and Pracht? to
guide us in the design of high performance

(~ 100 MU(t) for ~ 30 years) reservoirs which
continuously grow due to thermal stress crack-
ing.

Unfortunately, a 10 Md (thermal) demonstration
heat extraction experiment would require a flow
rate of 15 liters/second (240 gal/min) so that
even if the present total circulation impedance
was approximately 10 bar-sec/f (9 psi-min/gal)
as a result of very high permeabiiity, the
pressure loss would be 150 bars (2200 psi).
This is not realistic since the injection well-
bore would be pressurized above the fracture
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extension pressure while the other would be
operated at low pressure, with a lower permeabil-
ity and higher impedance effect.

Flow Impedance. The explanation we have offered
for the observed impedance behavior is a simple
one, and therefore appealing. Nature is not
“often so simple however, and therefore other
theories can rightfully be proposed. One
alternative theory maintains that flow communica-
tion is by means of two intersecting fractures
and that the observed flow impedance is primar-
ily due to fractures which are collapsed or
nearly closed.

The fractures can stay closed, near the wellbore
even at pressures above Sj because of stress
concentrations at the wellbore. Changes in
impedance are effected by pressurizing the
fractures, forcing them to open somewhat. Such
a theory is not in accord with the observed
transient pressure data, which depends, for its
validity, upon an infinite conductivity fracture;
unless it is assumed that the permeability in
question is not that of the rock, but that of
the fracture. If the latter case were true,
then one calculates from the apparent (A/k)_ of

| the fracture, that the fracture aperture must

be so large that it should be considered to
have an infinite hydraulic conductivity com-
pared to the granite rock. Unfortunately,
there are enough uncertainties that these
calculations cannot be performed with complete
confidence and it is difficult to unequiv-
ocally verify one model or the other.

Propping the fractures open with suitable
particles, which have high strength and are
resistant to 200°C water, is being considered
as a technique for reducing the flow impedance.
An alternate possibility is chemical treatment
with an aqueous solution of sodium carbonate
(Na,C0;) to preferentially dissolve the quartz
component of the granite reservoir and thus
increase the rock matrix permeability and
fracture conductance and hopefully reduce the
total impedance. Should neither of these
techniques work, a redrilling operation to
actually intersect one of the fractures will
be necessary.

CONCLUSIONS:

Two vertical hydraulic fractures have been
created in hot, dry granite. The fracture
initiated from the EE-1 borehole has been
extended on several occasions so that presently
both fractures are approximately 90 m (300 ft)
or more in radius. In situ measurements of
the effect of pore pressure upon rock permea-
bility confirm, qualitatively, laboratory
studies on core specimens, and suggest that
large increases in permeability occur as the
pore pressure approaches the 1ntermed1ate
principal earth stress, S,.

< ably with laboratory measurements on competent

‘quickly into one in which heat is being removed

The two horizontal principal stresses, S, and Sj,
differ only by 14 bars (200 psi), but they both
differ considerably from the vertical stress; so
that 1ithostatic conditions do not prevail at
this depth, at this site.

Both fractures are situated deep enough (2.8 km)
so that the rock temperature exceeds 185°C
(364°F), high enough to be useful for energy
extraction. The in situ thermal conductivity is
3 W/mK (1.7 BTU/hr-ft-°F) which compares favor-

granite core specimens. This combination of
favorable rock temperatures, thermal conductiv-
ity and fracture radii is sufficient that either
fracture could serve as a demonstration heat
extraction experiment. Before this is accom-
plished however, the borehole which is not
directly connected to the chosen fracture will
have to be cemented off and redrilled so as to
directly intersect the fracture selected for
exploitation; or else further stimulation
{propping or leaching) will be required to
attain a Tow impedance path between the two
fractures, in which case heat can be extracted
from parts of both fractures. The latter
situation may be more advantageous, since, with
thermal fracturing, this system may evolve more

by the water from a rock volume, rather than a
planar fracture.

NOMENCLATURE ;

Area (both sides) of fracture

<}
o n

wellbore radius

C specific heat capacity at constant
pressure of the rock

Cg = specific heat capacity at constant
pressure of the water

E = Young's modulus of elasticity for the rock

§ = "effective average" water temperature
gradient

k = permeability of rock

P = pressure "change in the fracture

Pe = fracture extension pressure

q = volumetric flow rate entering the fracture

r = radius coordinate

R = maximum fracture radius

Si1, S2, S3 = maximum, intermediate and minimum

" compressive earth stress,
respectively

T = rock temperature

Tf = water temperature

Tof = initial (before start of flow) water
temperature

t = time

U = velocity of water in the wellbore

z = depth

o = thermal diffusivity of rock (=A/pc)

B = mean compressibility (=¢B¢ + (1 - ¢)B))

g = compressibility of rock

B; = compressibility of water

k = hydraultic diffusivity (= k/uB)

¥ - = fracture surface energy

A = thermal conductivity of rock
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u = viscosity of water 9.
v = Poisson's ratio

p = density of rock

pe = density of water 10.
T =.dummy variable of integration

¢ = porosity 11.
¢, ¥= functions of nondimensional groupings
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