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DETERMINATION OF PERMEABILITY
OF GRANITIC ROCKS IN GT-2 FROM HYDRAULIC FRACTURING DATA

Georg Delisle

ABSTRACT

The Los Alamos Scientific Laboratory is currently conducting a
study to determine the feasibility to extract geothermal energy from
dry hot rock. The investigated concept calls for the creation of a
hydraulic fracture in hot, impermeable rock. Heat will be exchanged
subsequently at the fracture surface between the rock and a circulating

fluid.

The successful creation of hydraulic fractures in the granitic
section of exploratory holes GT-1 and GT-2 yielded sufficient data to
calculate the average permeability of the rock next to a fracture by
means of the mathematical model presented in this report. The cal-
culated permeabilities were found to be in the microdarcy range and
prove the granitic rock penetrated by GT-1 and GT-2 to be sufficiently

impermeable to test the above concept.

I. INTRODUCTION

A research program to investigate the feasibil-
ity to extract geothermal energy from dry hot rock
is presently being carried out by the Los Alamos
Scientific Laboratory. The current efforts concen-
trate on the creation of a large fracture in a hot
granitic body in the Jemez Mountains near Los Alamos,
New Mexico. The fracture is intended to serve as a
heat-exchanging surface when cool water is forced in-
to the fracture. This concept requires that the rock
from which heat will be extracted be essentially im-
permeable to limit the loss of water into the rock.

From the successful creation of several fractures
in granitic rock in the boreholes GT-1 and GT-2,
which served primarily for experimental purposes,
sufficient data have been colleéted to permit the ap-
proximate determination of the in situ permeability
of the rock prior to fracturing. For this purpose,
a mathematical method, which takes into account the
time dependence of the fracture growth and of the
pore pressure buildup in the rock adjacent to the

fracture, is presented below.
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This mathematical method is applicable for cases
where a constant flow rate of fluid into the opening
fracture during the hydraulic-fracturing operation
is maintained. The amount of fluid returning from
the fracture upon venting must be accurately shown.

Furthermore, the method assumes that the nec-
essary overpressure to maintain a constant flow rate
has not changed significantly after fracture initi-
ation. This effect has been observed in all hydrau-
lic fracturing experiments in GT-1 and GT-2, which
indicates that the fractured rock possesses a rather
uniform permeability.

After fracture initiation, a censtant flow rate
of fluid into the fracture causes a growth and widen-
ing of the crack. The amount of newly created frac-
ture surface per unit of time depends on the fluid
flow rate minus the quantity of fluid which pene-
trates into the rock. We assume in this mathematical
model that an idealized, Sneddonl-Sack,2 penny-shaped
fracture is created whose radius R is given by an

equation proposed by Aamodt3




Qt 0,4
R = 757.5 [ L ] [em] , (1)

37.85

where:

t = time, sec

Qr = fluid-flow rate minus fluid-loss rate into rock,
liters/sec.

The surface area of the fracture can be calculated as

Qt 0.8
A= 5.74 x 10%% 37f85 [cm?] . 2)

As a fresh fracture surface is generated, water will
penetrate the rock immediately, due to. the water-
pressure gradient between the fracture and the rock.
The water-pressure distribution in the rock next to
the fracture as a function of distance and time is

given by

P(x,t) = P + AP erfc X [bars] , (3)
° 2/vt

assuming one-dimensional, laminar flow through an

isotropic, porous medium perpendicular to the faces of

the fracture, where:

P = pore fluid pressure existing in rock prior to
fracturing, bars;

AP = overpressure applied during fracturing, bars;

x = distance from fracture, cm;

v o= a%$'= hydraulic diffusivity, cm?/sec;

k = permeability of rock, darcys or cm?;

U = viscosity of water, centipoise (0.0l g/cm-sec);

¢ = mean compressibility of rock and water combined,
bars™! or (dynes/cmz)"l;

¢ = porosity of rock.

The velocity of water penetrating the rock is given

by Darcy's law:

k 9P
V—E "&'

(4)
At the fracture-water interface, x = 0, the velocity

of water is obtained by combining Eqs. (3) and (4)

. APVcedk

[em/sec] . (5)
° Ve

" The total amount Q of water lost from the fracture

into the rock for any area A is given by

1

t
Q=2 f AVodt [em3/sec] ,
0

where Vo is the penetration rate of water at the in-
terface x = 0 and t) is the time which elapsed be-
tween opening of the area A by hydraulic fracturing
and venting of the crack. As venting occurs it can
be expected that some of the water forced into the
pore spaces of the rock during fracturiﬁg will flow
back into the fracture due to the reversal of the

pressure gradient. However, the return flow of water

" within a closing fracture is a much more efficient

‘procéés than the removél of pore fluids from nearly

impermeable rock through a rapidly closing fracture
into the borehole. Consequently, the amount of re-
turning water after venting, subtracted from the vol-
ume oﬁ fluid forced into the opening crack, gives a
fairly accurate estimate of the quantity of water
that has penetrated into the rock. Figure 1 shows
the history of a pressurization experiment in Zone 7
6600 ft (“v2012 m) of GT-2. The pressure applied to
grow the fracture equals approximately 2250 psi
(157.5 bars) above the hydrostatic pressure. After
extending the crack for 8.5 min at a flow rate of

25 gal/min (94.6 liters/min), the fracture was vented
immediately and yielded 72.4 gal (274 liters) of
return flow within 2 min, whereby the overpressure
observed at the surface decayed to approximately 261
psi (18 bars). We assume that the recovered amount,
after being corrected for decompressional effects in
the pressure line, represents roughly the portion of
the water which existed in the fracture prior to
venting.

To describe mathematically the total amount of
fluid lost from the fracture into the rock through
any given area, we define as follows:

The time between the onset of fracture initiation
(t = 0) and venting of the crack (t = tt) will be

divided in a time steps, dt.

(ad
(nd

dt =

P
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Fig. 1. Pressure and flow history for a hydrauli-
cally fractured region of GT-2 (Zone 7,
6500 to 6701 ft [1981 to 2042 m]).

Then

-ndt
t

t
An f Vn(t)dt l<n<a
0

a
Q=2

n=1
where An is the area generated at time ndt and Vn(t)

is the penetration rate of water at the interface

x = 0 for the given area An,

Q nde %8 Q_(n-1)de %8
- N (s i St
An = 5.74 x 10 n<(37.85) - ( 37.85 ) . (6)

The total amount of water penetrating the rock then

amounts to

a 0,8

Q .
Q=2 E 5.74 x 1051r( L )
= 37.85

t ~ndt

t
x <(ndc)°-° - ((n—l)d:)°-‘>f v, (e)de
0

and by rearranging,

a Q 0,8
Q=2 D 5.7« 10511(371'85) Apvek
n=1 : um
t, -ndt
& nt 0.8 (-1, 0.8 t 1
x z (T) - <—a ) —dt
A=1 A Yt
which can be simplified to
Q 0,8 Sk (08
Q= 4x 574 x100(5s)  AREEk (Ct) e
. /ﬁ t
2 n 1/2
x z (n°-° - (n-1)°-°) (1 - Z) . (N
n=1

The value of Qr is somewhat time dependent as

n
Q =q - APYdcka jz éi
Tt Vome = /A

t

Q = initial flow rate.
1

The value of the summation expression increases
after a short period of time very slowly, Qr stays

in essence constant and, on the average, equals

Qr n Q injected ; Q lost into rock , [liters/sec].
t

Since the total fracture area At is given by,

8
r t

2
37.85 [em®]

Qt, '
A= 5.74 x 105n( )




4 APVCPKE .
Q =_t__uT__t (%)° s
< 1/2
x <nZl (noee - (1)) (1 - 2) > . )

The series

& 1/2
Lo e

ab.®

can be shown to be convergent and to approach the
value 0.70747 as a + ». The permeability of the
rock adjacent to the fracture can now be evaluated

from Eq. (8).

2

K = Q/pm : (9
4A BP/SHE_ 0.70747 :

Equation (9) can be applied to evaluate the in situ
permeability of the granitic rock section in Zone 7
of GT-2 from experiment GT-2-7-258 (see also Fig. 1).
In the time interval of 106 to 118.5 min after the
beginning of the experiment, a total of 300 gal
(1136 liters) was injected into the borehole. 1In the
first 4 min, 100 gal (379 liters) of water flowed in-
to the borehole with no fracture present. Thirty-two
gal (121 liters) of this amount can be attributed to
the compression of the water column in the pipe
string. Sixty-eight gal (258 liters) were lost into
the side walls of the open hole and possibly by leak-
ing. During fracture propagation, a comparable
amount of water loss must be expected. Then the to-
tal quantity of fluid injected into the fracture
amounts to 300 gal - 2.13 x 68 gal - 32 gal = 123.5
gal (467 liters).

have been recovered.

After venting, 72 gal (273 liters)
Since 32 gal (121 liters) must
be attributed to the decompression of the water col-
umn, a maximum of 40 gal (151 liters) could have
originated from the fracture., From these data, the
permeability of the rock can be calculated using con-
sistent units to amount to 4.1 x 10~°% darcy (v =
0.0002 Pa-sec, c¢ = 3 x 107! Pa-l, tt = 510 sec,

AP = 20.5 MPa, A_ = 5.455 x 10° m® for Q_t, = 151

liters, and Q = 0.316 m?).

4

'II. DISCUSSION

The calculated permeability is in close agree-
ment with reported values ranging from several micro-
darcys to a fraction of a microdarcy, derived inde-
pendently by other means from closeby rock sections

in GT-2.%93

Nevertheless, the proposed mathematical
model needs further refinement, especially in the
determination of the amount of fluid rejected from
the fracture upon venting. It might prove useful to
determine the time of fracture closure from seismic
data or from the termination of the natural oscilla-
tion of the fracture during venting. Alternatively,
an accurate determination of the return flow of water
after venting should reveal changing flow rates with
time, which can be attributed to the decompression

of the water column in the pressure line, the return
flow of water from the fracture, and finally, from
the rock itself. From these data, an accurate esti-
mation of the amount of fluid rejected from the frac-
ture will be obtainable after correcting for the ef-
fects of decompression and pore fluid flow.

The above model may prove to be one of several
ways to confirm the validity of the concepts by which
the total area of a created fracture is calculated.
Any large deviation of the calculated area At from
the actual surface area of the crack should cause
Eq. (9) to yield values of k which are in serious
disagreement with values obtained by other methods,
(i.e., by measurement of k in the laboratory on core

samples).

IIT. CONCLUSION
The granitic rocks penetrated by GT-2 and sub-
jected to hydraulic fracturing were found to possess

permeabilities in the microdarcy range.
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