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LOW PERMEABILITY SUBTERRANEAN
FORMATION TESTING METHODS AND
APPARATUS

This application is a continuation-in-part of applica-
tion Ser. No. 07/870,546 filed Apr. 17, 1992.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to low permeability subterra-
nean formation testing methods and apparatus, and
more particularly, to methods and apparatus for testing
core samples of low permeability formations to deter-
mine the gas permeabilities thereof and the gas permea-
bility reducing effects of injecting one or more treat-
ment fluids therein.

2. Description of the Prior Art

Various methods and apparatus have heretofore been
developed for testing core samples of subterranean for-
mations to determine various properties thereof includ-
ing the permeabilities of the formations and the permea-
bility reducing effects of injecting treatment fluids into
the formations. Such methods and apparatus have in-
cluded the use of a core sample test container known as
a “Hassler sleeve” in which a core sample is confined
and pressure is applied to the periphery thereof to simu-
late the confining stress of the formation from which the
core sample was taken. The permeability of the core
sample is determined, a treatment fluid is injected into
the core sample and after the removal of treatment
fluid, the permeability of the core sample is again deter-
mined. A comparison of the core sample permeabilities
before and after the injection of the treatment fluid is
then made to determine the reduction, if any, in the
permeability of the core sample caused by the treatment
fluid.

U.S. Pat. No. 4,842,073 issued on Jun. 27, 1989 to
Himes et al. discloses such a core sample testing method
and apparatus. As shown in the drawing, the apparatus
of Himes et al. includes a Hassler sleeve and means for
injecting nitrogen through a core sample confined
within the Hassler sleeve to simulate the production of
gas from the formation. Means for injecting a treatment
fluid through the core sample in the opposite direction
are also provided to simulate the injection of a treat-
ment fluid into the formation. The percent of permeabil-
ity recovery of the core sample after injecting a treat-
ment fluid therein is determined by comparing the nitro-
gen permeability of the core sample before and after the
treatment fluid injection.

While the prior methods and core sample testing
apparatus have been utilized successfully in testing core
samples of subterranean formations having normal per-
meabilities, such methods and apparatus have been un-
successful in testing subterranean formation core sam-
ples of extremely low gas permeabilities, e.g., gas per-
meabilities in the range of from about 13X 103 to about
1x 10—3 micro-darcies. Thus, there is a need for im-
proved test methods and apparatus which can be uti-
lized for determining the gas permeabilities of such
subterranean formations as well as the effects of treat-
ment fluids thereon.

SUMMARY OF THE INVENTION

The present invention provides improved methods
and apparatus for determining the gas permeabilities of
low permeability subterranean formations which meet
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the above described need and overcorE&leQHbcﬁl-

ings of the prior art.

The methods of the present invention for determining
the gas permeability of a subterranean formation
wherein such permeability is in the range of from about
1 103 to about 1X 10—3 micro-darcies basically com-
prise confining a core sample of the formation within a
test container and applying pressure on the periphery of
the core sample to simulate the confining stress of the
formation and to seal the sides of the core sample
whereby fluid injected into one end of the core sample
is forced to flow through the core sample to the other
end. A gas is injected into the core sample by way of a
first end thereof at a selected substantially constant
pressure, and the injection is continued into the core
sample at the selected pressure for a time period in the
range of from about 1 hr. to about 30 days to insure that
steady state flow conditions are reached. The tempera-
ture of the gas as it flows through the core sample is
measured as is the very low flow rate of gas exiting the
core sample. After steady state flow conditions are
reached, the gas permeability of the core sample based
on the gas injection pressure and the steady state gas
temperature and flow rate is calculated.

Methods of determining the gas permeability reduc-
ing effect of injecting one or more treatment fluids into
a subterranean formation having a very low permeabil-
ity are also provided. Such methods basically comprise
determining the initial gas permeability of a core sample
of the subterranean formation as described above. After
the initial gas permeability is determined, commonly
referred to by those skilled in the art as the “native state
permeability”, a treatment fluid is injected into the core
sample by way of the second end thereof until the core
sample is saturated with the treatment fluid. Thereafter,
the steps of injecting a gas into the core sample by way
of the first end thereof at a selected substantially con-
stant pressure and continuing such injection for a long
period of time in the range of from about 1 hr. to about
30 days to obtain a steady state flow condition while
measuring the temperature and flow rate of the gas
exiting the core sample are repeated. The gas permea-
bility of the core sample is then again calculated based
on the gas injection pressure, the flow rate and the
temperature of the gas, and the gas permeabilities of the
core sample before and after injecting the treatment
fluid are compared to determine if the injection of the
treatment fluid caused permeability damage to the core
sample whereby the permeability was reduced.

Apparatus for carrying out the methods of the pres-
ent invention are also provided which basically com-
prise the above mentioned core sample container for
confining a core sample and applying peripheral pres-
sure thereon to simulate formation stress, means con-
nected to the container for injecting a gas at a selected
pressure into the container and through the core sam-
ple, means for measuring the temperature of the gas
injected into and through the core sample and means for
measuring the flow rate of gas injected into and through
the core sample capable of continuously measuring flow
rates in the range of from about 1Xx10-7 to about 0.1
cubic centimeters per second.

It is, therefore, a general object of the present inven-
tion to provide methods and apparatus for determining
the gas permeabilities of very low permeability subter-
ranean gas formations and for determining the permea-
bility reducing effects of injecting treatment fluids into
such formations.
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Other and further objects, features and advantages of
the present invention will be readily apparent to those
skilled in the art upon a reading of the description of
preferred embodiments which follows when taken in
conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of one form of test
apparatus of the present invention.

FIG. 2 is a side cross-sectional view of the core sam-
ple test container utilized in the apparatus of FIG. 1.

DESCRIPTION OF PREFERRED
EMBODIMENTS

Subterranean formations formed of very low permea-
bility porous rock often contain substantial reserves of
hydrocarbon gas. Typically, such formations have per-
meabilities of less than 1 milli-darcy and are associated
with relatively low reservoir pressures, e.g., less than
about 1000 psi, and low reservoir temperatures, e.g.,
about 100° F. Heretofore, it has been impossible to
accurately determine the gas permeabilities of such
formations with regard to the permeability damage
effects of treatment fluids on the formations due primar-
ily to the extremely low gas flow rates produced when
core samples of the formations are tested.

The production of hydrocarbon gas from very low
permeability subterranean formations can often be in-
creased by stimulation procedures such as creating frac-
tures in the rock making up the formations. However, if
the fracturing and/or other treatment fluids utilized to
perform the stimulation procedures reduce the perme-
abilities of the treated formations increases in produc-
tion will not be realized. Heretofore, instead of stimulat-
ing the production of hydrocarbons from such forma-
tions, stimulation procedures have often resulted in
losses of production.

The present invention provides methods and appara-
tus for accurately and reliably determining the gas per-
meabilities of low permeability subterranean forma-
tions, i.e.,, subterranean formations having permeabili-
ties in the range of from about 1 X 103 to about 1 x 10—3
micro-darcies. This invention also provides methods of
determining the gas permeability reducing effect of
injecting one or more treatment fluids into a low perme-
ability formation so that treatment fluids having little or
no such effect can be selected prior to carrying out a
stimulation procedure in the formation.

THE METHODS

The methods of the present invention for determining
the gas permeability of a subterranean formation
wherein the permeability is in the range of from about
1 103 to about 1X 10~3 micro-darcies comprising the
steps of:

(a) confining a core sample of the low permeability

formation within a test container;

(b) applying pressure on the periphery of the core
sample to simulate the confining stress in the for-
mation and to seal the sides of the core sample
whereby fluid injected into one end of the core
sample is forced to flow through the core sample
and out the other end thereof;

(c) injecting a gas into the core sample by way of said
first end thereof at a selected substantially constant
pressure in the range of from about 10 psig to about
1000 psig;
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(d) continuing the injection of the ggm lnltoﬁ

sample at the selected constant pressure for a time
period in the range of from about 1 hr. to about 30
days to thereby insure a steady state flow condition
is reached while measuring the temperature of the
gas as it flows through the core sample and the
flow rate of the gas exiting the core sample by way
of the second end thereof; and
(e) calculating the gas permeability of the core sample
based on the gas injection pressure of step (c) and
the flow rate and temperature measured in step (d).
The step of calculating the gas permeability of the
core sample as described in step (e) above is performed
using the following relationship:

o _@x 109BQuL
T KP+ B? — BA

wherein

K represents the permeability of the core sample in

micro-darcies;

B represents the barometric pressure in atmospheres;

Q represents the gas flow rate at the barometric pres-

sure in cubic centimeters per second;

u represents the gas viscosity at the measured tem-

perature of the gas in centipoises;

L represents the length of the core sample in centime-

ters;

A represents the cross-sectional area of the core sam-

ple in square centimeters; and

P represents the selected constant gas injection gauge

pressure in atmospheres.

While various gases including methane can be uti-
lized for conducting the methods of this invention, inert
gases such as argon and nitrogen are generally preferred
with nitrogen being the most preferred.

Examples of the magnitude of the various factors in
the above relationship when nitrogen is utilized to test a
very low permeability core sample are as follows:

Q=1.0%10-5cc/sec

P =100 psig which converts to 6.8046 atm

B=27.65 inches of Hg which converts to 0.9281 atm

u=0.018325 cps (nitrogen)

L=2.54 cm

A=5.067t cm?

Substituting the above values in the above equation
results in the calculation set forth as follows:

(2 % 10%) (0.9281 aim) (1.0 X 105 cc/sec)
(0.018325 cps) (2.54 cm)

K =
[(6.8046 atm + 0.9281 atm)? — (0.9281 atm)?] (5.0671 cm?)

K =2.893 x 10—3 micro-darcies.

Once the initial nitrogen gas permeability (native
state permeability) of the core sample is determined as
above, the core sample can be saturated with a treat-
ment fluid and the effect of the treatment fluid on the
formation can be determined. That is, the following
additional steps can be carried out.

(f) Injecting or imbibing the treatment fluid into the
core sample by way of the second end thereof at a
selected substantially constant pressure in the range
of from about 0 psig to about 2000 psig until the
core sample is saturated with the treatment fluid or
a desired injection time has elapsed or a desired
volume has been imbibed. When the treatment
fluid is injected and/or imbibed into the core sam-
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ple, the injection or imbibition rate and the injected
and/or imbibed treatment fluid volume can be
measured by noting the rate and volume of gas and
treatment fluid displaced from the core sample.

(8) Repeating steps (c), (d) and (e). That is, once the

core sample has been invaded with the treatment
fluid, a gas is again injected into the core sample by
way of the first end thereof at the substantially
constant pressure utilized in determining the native
state permeability, and the injection is continued
for a long time period in the range of from about 1
hr. to about 30 days until a steady state flow condi-
tion is reached. The temperature of the gas and the
flow rate thereof are measured, and the gas perme-
ability of the core sample is again calculated as
described above. The gas permeabilities of the core
sample before and after the treatment fluid was
injected into the core sample are then compared to
determine if the core sample was appreciably dam-
aged by the treatment fluid.

The selected constant pressure at which the gas is
injected into the core sample used to determine the
native state permeability is generally a pressure which
simulates the flowing pressure of gas through the sub-
terranean formation from which the core sample was
taken. As mentioned above, such flowing pressures are
generally low, e.g., 10 to about 1000 psig, most often
about 100 psig as used in the above permeability calcu-
lation example. The same pressure is utilized in deter-
mining the permeability of the core sample after satura-
tion with the treatment fluid. However, in order to
duplicate actual subterranean formation conditions, it is
preferred that the gas injection be initially started at a
higher pressure, e.g., 500 psig to simulate reservoir
displacement pressure. The high pressure is preferably
held for an initial period of time, e.g., 1 to 2 hours, and
then lowered to the same pressure used in determining
the native state permeability, e.g., 100 psig.

In both the native state gas permeability determina-
tion and the gas permeability determination after treat-
ment fluid saturation, the gas injection is continued for
long periods of time at the selected constant injection
pressure, e.g., a time in the range of from about 1 hr. to
about 30 days, to insure that steady state flow rate and
equilibrium conditions have been reached in the core
sample. After treatment fluid saturation, the gas injec-
tion brings about at least a partial removal of the treat-
ment fluid from the core sample and the long term gas
injection is required for steady state flow conditions to
again be reached.

The comparison of the gas permeabilities of the core
sample before and after saturation with a treatment fluid
shows the reduction in the permeability caused by the
treatment fluid. The gas permeability of the core sample
following treatment fluid saturation and after having
gas flow therethrough for a significantly long period of
time demonstrates the ability of the treatment fluid to be
recovered from the core sample and the rate at which
such recovery can be achieved as well as the reduction
in permeability caused by the treatment fluid.

Treatment fluids which are commonly used in stimu-
lating subterranean formations include liquids, gelled
liquids, foams and emulsions. In carrying out fracturing
techniques in very low permeability subterranean for-
mations, aqueous fracturing fluids are commonly uti-
lized.
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THE APPARATUS

Referring now to the drawings and particularly to
FIG. 1, a presently preferred apparatus of this invention
for carrying out the methods described above is sche-
matically illustrated and generally designated by the
numeral 10.

The apparatus 10 includes a core sample test con-
tainer 12 which is preferably of the Hassler sleeve type
and includes an internal bladder to which hydraulic
fluid pressure is applied to exert peripheral pressure on
a core sample confined therewithin. As mentioned
above, both radial and axial pressure are applied on the
core sample which simulates formation stress and seals
the sides of the core sample whereby fluid injected into
one end of the core sample is forced to flow through the
core sample to the other end. The container 12 has a
first end 14 which is provided with an inlet for injecting
a gas into one end of the core sample. The other end 16
of the container 12 includes an outlet through which gas
exiting the core sample flows and an inlet through
which one or more treatment fluids can be injected into
the core sample in a direction opposite to that of the gas
injection.

A conduit 18 connected to a source of pressurized gas
such as methane, argon, nitrogen or other inert gas,
preferably nitrogen, leads pressurized gas to a three-
way valve 20. A two-way shut off valve 22 is disposed
in the conduit 18 between the three-way valve 20 and
the source of the gas. While the valves 20 and 22 and the
other valves to be described hereinbelow can be hand
operated, they are preferably motor operated as shown
in FIG. 1 whereby a computer operated control system
can be utilized to automatically open and close them in
accordance with a predetermined sequence. One of the
outlet ports of the three-way valve 20 is connected to
the pressurized gas inlet in the end 14 of the container
12 by a conduit 24. The other outlet port of the three-
way valve 20 is connected to an inlet port of a three-
way valve 26 by a conduit 28.

The gas outlet in the end 16 of the container 12 is
connected by a conduit 30 to an inlet port of a three-
way valve 32. A port of the three-way valve 32 is con-
nected to a port of the three-way valve 26 by a conduit
34 and another port of the valve 32 is connected by a
conduit 36 to a drain or other waste disposal location.
The remaining port of the three-way valve 26 is con-
nected by a conduit 38 to the inlet port of a four-way
valve 40. The four outlet ports of the valve 40 are each
connected to traveling oil meniscus flow meters, i.e.,
volume graduated pipettes containing oil meniscuses.
Each of the four pipettes may be of different sizes so
that a range of very low flow rate continuous measure-
ments can be made. The traveling meniscus flow meters
are capable of continuously measuring low flow rates in
the range of from about 1X10-7 to about 0.1 cubic
centimeters per second over long periods of time, e.g.,
up to about 30 days.

More specifically, a first outlet port of the three-way
valve 40 is connected by a conduit 42 to a flow rate
measurement pipette 44 which is, for example, of a 0-0.1
cc size. A second outlet port of the valve 40 is con-
nected by a conduit 46 to another pipette 48 which may
be of the same or a different size than the pipette 44,
e.g., a 0-0.5 cc size. The next port of the valve 40 is
connected by a conduit 50 to a pipette 52 which may be
of yet a larger size, e.g., a 0-1.0 cc size. The last port of
the valve 40 is connected by a conduit 44 to another

Exhibit 5



5,263,360

7

larger pipette, e.g., a 0-2.0 cc size. During testing, the
valve 40 can be switched to an appropriate size pipette
to measure the gas flow rate produced. The pipettes
measure flow rate by the travel of the oil meniscus
contained within the pipettes down the length thereof
as a function of time. The number of pipettes and the
size arrangement of the pipettes is not critical to the
function of the apparatus 10.

One or more treatment fluids to be tested are con-
tained within three piston displacement accumulators
690, 62 and 64. Prior to use, the accumulators are filled
with the fluid or fluids to be tested, and O-ring sealed
pistons are placed above the fluid levels in the tops of
the accumulators. Displacement fluid, e.g., oil or water
is pumped into the accumulators above the pistons by a
special continuous syringe pump 66 which is capable of
accurately pumping extremely low flow rates of fluid at
either constant pressure or constant flow rate. A partic-
ularly suitable such pump capable of operating at pres-
sures up to about 3,750 psi and producing constant flow
rates from about 0.1 micro-liter per minute to about 170
milli-liters per minute is a model 500D syringe pump
marketed by ISCO, Inc. of Lincoln, Neb.

The inlet connection of the pump 66 is connected by
a conduit 68 to a source of displacement fluid and the
outlet is connected by a conduit 70 to three conduits 72,
74 and 76 having shut-off valves 78, 80 and 82 disposed
therein, respectively. The conduits 72, 74 and 76 are
connected to inlet connections in the tops of the piston
accumulators 60, 62 and 64, respectively. The outlet
connections at the bottoms of the piston accumulators
60, 62 and 64 are connected by conduits 84, 86 and 88,
respectively, to a conduit 90 which is in turn connected
to the treatment fluid inlet in the end 16 of the core
sample test container 12. The conduits 84, 86 and 88
have shut-off valves 92, 94 and 96 disposed therein,
- respectively, and the conduit 90 includes a shut-off
valve 98 disposed therein. The various gas and treat-
ment fluid conduits are preferably formed of a low
dead-volume tubing such as 1/16 inch diameter chro-
matographic tubing.

A differential pressure transducer 100 is operably
connected between the conduits 24 and 90, and cali-
brated high resolution pressure gauges 102 and 104 are
connected to the conduits 24 and 90, respectively.

An electrically powered and controlled heater 106
may be connected to the core sample test container 12
for controlling the temperature of the core sample and
the gas flowing therethrough during testing. A temper-
ature transducer 108 and temperature indicator 110 are
operably connected to the heater 106.

A hydraulic fluid reservoir 120 is provided, and the
suction of a pump 122 is connected to the reservoir 120
by a conduit 124. The discharge of the pump 122 is
connected by a conduit 126 to a pair of conduits 138 and
140 which are in turn connected to hydraulic fluid inlet
connections in the core sample test container 12. As will
be described further hereinbelow, the hydraulic fluid
pressure exerted by the pump 122 is transmitted to the
core sample confined within the test container 12. A
check valve 128 is disposed in the conduit 126 adjacent
the pump 122, and a hydraulic fluid return conduit 130
is connected between the conduit 126 and the hydraulic
fluid reservoir 120 downstream of the check valve 128.
A shut-off valve 132 is disposed in the conduit 130. A
hydraulic fluid pressure transducer 134 and a pressure
indicator 136 are also attached to the conduit 126 down-
stream of the check valve 128.
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As will be understood, the pressureE*hhbl’t ﬂ)

and 134 and the temperature transducer 108 are opera-
bly connected to one or more recording devices in the
control system of the apparatus 10 whereby the pres-
sures and temperatures sensed by the transducers can be
continuously recorded during operation of the appara-
tus 10.

THE CORE SAMPLE TEST CONTAINER 12

Referring now to FIG. 2, the core sample test con-
tainer 12 is illustrated in detail. While various types of
core sample test containers can be used in the apparatus
10, a Hassler sleeve of the type and design illustrated in
FIG. 2 is presently preferred. Such a Hassler sleeve
including temperature control cell, control system and
other accessories is commercially available from the
Phoenix Instruments Company of Humble, Tex.

The core sample test container 12 (Hassler sleeve) is
comprised of a core holder body 150 having a stationary
ram 152 sealingly held within the body 150 by a quick
change collar 154 (the outer end of the stationary ram
152 forms the end 14 of the container 12 previously
described). The conduit 24 for conducting pressurized
gas to the container 12 is connected to a passage 156
disposed in the stationary ram 152. Sealingly clamped to
the interior of the stationary ram 152 by a clamp mem-
ber 158 is a tubular resilient bladder member 160. The
bladder member 160 is disposed within the body 150
and is clamped to a piston-ram member 162 by a clamp
164 at its other end. The internal end of the piston-ram
162 has a ram tip 166 sealingly connected thereto. A
low permeability core sample 168 is disposed within the
bladder member 160 between the internal end of the
stationary ram 152 and the internal end of the ram tip
166 connected to the piston-ram 162. The piston-ram
162 is slidably and sealingly disposed within a piston
housing 168 which is in turn connected to the body 150
at the opposite end thereof from the quick change collar
154. The ram tip 166 includes a pair of passages 170 and
172 formed therein and the previously described con-
duits 30 and 90 are connected to the passage 170 and
172. An internal piston sleeve 174 is provided which is
sealingly and slidably connected internally of the pis-
ton-ram 162 and which provides a passage through
which the conduits 30 and 90 pass.

A port 180 is provided in the body 150 which com-
municates the exterior of the body 150 to an annular
space between the interior of the body 150 and the
exterior of the resilient bladder 160. The previously
described hydraulic fluid conduit 138 is threadedly
connected to the port 180 and to the previously de-
scribed hydraulic fluid conduit 126. A port 182 is pro-
vided in the piston housing 268 which communicates
the exterior of the piston housing 268 to the interior
thereof at a point adjacent the exterior end of the piston-
ram 162. The previously described hydraulic fluid con-
duit 140 is threadedly connected to the port 182 and to
the conduit 126.

The heating apparatus 106 is attached to the core
holder body 150 and includes a thermal couple 140 to
which the previously described temperature transducer
108 and temperature indicator 110 are connected. Elec-
tric power is supplied to the heater 106 by way of a cord
142 connected thereto.
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THE OPERATION OF THE CORE SAMPLE
CONTAINER 12

In operation of the core sample test container 12, the
quick change collar 152 is removed from the body 150,
and the resilient bladder 160 is removed from the sta-
tionary ram 152 by means of the removable clamp 158
whereupon the core sample 168 is inserted within the
bladder 160. The bladder 160 is reconnected to the
stationary ram 152 and the stationary ram 152 and quick
change collar 154 are reinstalled in the body 150. Hy-
draulic pressure is next applied to the container 12 by
way of the conduits 126, 138 and 140, which causes
radial pressure to be applied to the sides of the core
sample 168 by the bladder 160. That is, the bladder 160
is moved into pressurized contact with the core sample
168 by the entry of pressurized hydraunlic fiuid through
the port 180 into the annular space between the exterior
of the bladder 160 and the interior of the body 150.
Simultaneously, pressurized, hydraulic fluid enters the
interior of the piston housing 268 by way of the conduit
140 and port 182 causing the piston-ram 162 and ram tip
166 to be moved into forcible contact with the core
sample 168 and force it against the interior end of the
stationary ram 152 whereby axial pressure is applied to
the core sample 168 corresponding to the radial pres-
sure applied thereto. As indicated above, the particular
pressure level applied to the core sample is selected to
simulate the stress within the subterranean formation
from which the core sample was taken.

The heater 106 is controlled so that the core sample
168 and the gas flowing therethrough by way of the
passages 156 and 172 are maintained at a selected con-
stant temperature during the operation of the test appa-
ratus 10. The temperature is selected to simulate the gas
temperature within the subterranean formation from
which the core sample 168 was taken.

THE OPERATION OF THE APPARATUS 10

In operation of the apparatus 10, a core sample is
confined within the core sample test container 12 as
described above, and the hydraulic pump 122 is oper-
ated with the shut-off valve 132 closed to place the core
sample under radial and axial pressure which simulates
formation stress on the core sample. As mentioned, the
heater 106 is operated to maintain the core sample at a
temperature which simulates the temperature of the
subterranean formation from which the core sample 168
was taken. Once the selected pressure is exerted on the
core sample, the hydraulic fluid pump 122 is stopped.

The gas shut-off valve 122 is opened, the three-way
valve 120 is positioned such that the gas flows from the
conduit 18 into the conduit 24, the three-way valve 32 is
positioned so that the gas exiting the core sample test
container 12 flows by way of the conduit 34 to the
three-way valve 26, the three-way valve 26 is posi-
tioned so that the conduit 34 is communicated with the
conduit 38 and the four-way valve 40 is positioned so
that the conduit 38 is communicated with one of the
conduits 42, 46, 50 or 54 connected to a selected flow
rate measurement pipette 44, 48, 52 or 56, respectively.
The pressure of the gas flowing into the end 14 of the
test container 12 by way of the conduit 24 is controlled
at a selected constant pressure, and the very low flow
rate of gas injected into and through the core sample
168 within the container 12 flows out of the container
12 by way of the conduit 30 connected thereto to one of
the flow rate measurement pipettes wherein the flow
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rate is continuously indicated. As mentiGned above, the

injection of gas into the core sample 168 at the selected
constant pressure is continued for a time period in the
range of from about 1 hr. to about 30 days to insure
steady state flow conditions are reached while the tem-
perature of the gas and the flow rate of the gas exiting
the core sample are measured. Once steady state flow
conditions have been achieved, the native state permea-
bility of the core sample is determined as described
above.

The valve 22 is next closed, the three-way valve 20 is
switched whereby the conduit 24 is communicated with
the conduit 28, the valve 98 is opened, the three-way
valve 26 is switched whereby the conduit 28 is commu-
nicated with the conduit 34 and the three-way valve 32
is switched whereby the conduit 34 is communicated
with the conduit 36.

The valves around one of the piston accumulators 60,
62 or 64 containing the treatment fluid to be tested are
opened, e.g., the valves 82 and 96 in the conduits 76 and
88 connected to the piston accumulator 64 are opened.
The pump 66 is started whereby displacement fluid
forces the piston within the piston accumulator 64
downwardly, and treatment fluid is caused to flow by
way of the conduit 88 and the conduit 90 into and
through the core sample 168 within the test container
12. During this phase, accurate monitoring of the treat-
ment fluid injection and/or imbibition rate and volume
can be conducted by measuring the oil meniscus move-
ment in one of the traveling oil meniscus flow meters
and the total fluid displaced downstream of the core
sample 168. The total fluid volume determined by this
method accurately reflects the volume of fluid which
entered the core sample 168. That is, both the volume
and rate of imbibed treatment fluid into the core sample
before pressurized injection took place and the volume
and rate of injected treatment fluid are measured. The
term “introducing” is used hereinafter with respect to
treatment fluids invading the core sample to mean and
include either or both of injecting the treatment fluid
into the core sample or allowing the treatment fluid to
be imbibed into the core sample. Excess treatment fluid
which exits the test container 12 can be removed by
way of the conduit 24 and the conduits 28, 34 and 36
which conduct the fluid to a drain or other point of
disposal. Once the core sample 168 has become com-
pletely saturated, or a desired treatment fluid volume
has entered the core sample, or treatment fluid injection
has taken place for a desired time period, the pump 66 is
stopped. The valve 98 is then closed and the valves 20,
22, 26 and 32 are switched whereby gas is again flowed
through the core sample 168 and the temperature and
flow rate of gas exiting the core sample are continu-
ously measured. The injection of the gas through the
core sample 168 is again continued for a long period of
time in the range of from about 1 hr. to about 30 days to
insure steady state flow conditions are again reached
while continuously measuring the temperature and flow
rate of the gas exiting the core sample. Once a steady
state flow condition has been obtained, the gas permea-
bility of the core sample is again determined as de-
scribed above, and the gas permeabilities before and
after the treatment fluid injection are compared to de-
termine the effect of the treatment fluid on the core
sample.

As will be understood by those skilled in the art, the
various conduits, valves and other structure of the appa-
ratus 10 are of a small size such that the very low flow
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rates of gas passing therethrough do not accumulate in
dead spaces within the apparatus 10 and an improved
resolution of flow rate is obtained. In addition, more
than one treating fluid can be simultaneously injected
into the core sample being tested and/or components of
a treating fluid can be mixed from two or more of the
accumulators 60, 62 and 64 prior to being injected into
the core sample. Also, as mentioned above, the opera-
tion of the apparatus 10 can be by hand or, more prefer-
ably, automatically controlied by a computer and other
conventional control apparatus, the operation of which
is well known to those skilled in the art.

In order to further illustrate the methods and appara-
tus of the present invention the following example is
. given.

EXAMPLE

A test in accordance with the present invention was
performed to analyze the effect of a treatment fluid on
the permeability of the lower Huron member of a De-
vonian shale formation in West Virginia.

A core sample was obtained and prepared for the test
as follows. A whole core was taken from the formation
by using air mist as the coring fluid and an aluminum
inner liner core barrel device known to those skilled in
the art of coring. Core plugs were then obtained from
the whole core by drilling core plugs using nitrogen as
a coolant in order to preserve the core’s natural state.
Each core plug weighed around 25 grams, had a length
of approximately 1 inch and had a diameter of approxi-
mately 1 inch. A test core sample was prepared by
shaving the ends of one of the core plugs using a sharp
blade to remove core-end damage and plugging debris.
The core sample was carefully inspected prior to testing
to insure the core sample did not contain visible micro-
fractures. The core sample was wrapped with one layer
of teflon tape and placed within the core sample test
container 12 of the apparatus 10.

After the core sample was in place in the container

12, hydraulic fluid was pumped by the pump 122 into
the container to load the core sample with radial and
axial hydraulic pressure of approximately 1200 psig.
This pressure served as an approximation of the average
stress in the rock of the low permeability, low pressure
reservoir from which the core sample was taken. The
hydraulic fluid used was a water dyed with a fluores-
cent tracer to check for possible leaks using ultraviolet
light.

Next, nitrogen gas was introduced into the container
12 by way of the valve 22, the conduit 18, the valve 20,
the conduit 24 and the passage 156 in the stationary ram
152 of the container 12 under an upstream steady pres-
sure of approximately 100 psig. The downstream flow
rate of the nitrogen gas, the barometric pressure, the
temperature of the core sample and the Nj gas and the
upstream gauge pressure were periodically measured as
the N3 gas flowed through the core sample. The perme-
ability of the core sample to the nitrogen gas (hereinaf-
ter “the N3 permeability of the core”) was calculated
based on the above described measurements until the
N2 permeability of the core sample achieved a steady
state condition. The N; permeability of the core was
presumed to achieve a steady state condition at some
value of irreducible connate fluid saturation. The steady
state N3 permeability of the core sample represented the
native state N, permeability of the core sample.

The downstream flow rate of the nitrogen gas was
measured using one of the traveling oil meniscus flow
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rate measurement pipettes 44, 48, 52 or melggd Q
the end 16 of the container 12 by way of the valve 40,
the conduit 38, the valve 26, the conduit 34, the valve 32
and the conduit 30. The barometric pressure was mea-
sured using a mercury barometer located in the test
facility room. The upstream gauge pressure was mea-
sured using the calibrated high resolution pressure
gauge 102 located upstream of the core sample. The N
permeability of the core sample was calculated. using
the downstream flow rate of the nitrogen gas, the baro-
metric pressure, the gas viscosity (corrected based on
the gas temperature, the upstream gauge pressure and
the core sample dimensions in accordance with the
relationship described above.

Once the native state N; permeability of the core
sample was determined, the core sample was saturated
with a treatment fluid comprised of an aqueous solution
containing 2% by weight potassium chloride. The treat-
ment fluid was pumped into the core sample through
the end 16 of the test container 12 under a constant
pressure of 500 psig by way of the pump 66, the con-
duits 68, 70, 76, 88 and 90, the valves 82, 96 and 98 and
the piston accumulator 64. The treatment fluid was
pumped into the core until it was determined that the
core was fully saturated therewith. It was determined
that the core was fully saturated with the treatment
fluid when fluid breakthrough occurred followed by
stable permeability response to fluid injection.

After the core was fully saturated with the treatment
fluid, nitrogen gas flow through the core from the end
14 of the test container 12 was re-started. The nitrogen
gas was initially introduced into the core at a constant
upstream pressure of 500 psig to simulate reservoir
displacement pressure. This pressure was held for ap-
proximately 60 to 120 minutes and then lowered to
approximately 100 psig the pressure at which the native
state N3 permeability of the core was determined. The
nitrogen gas was continuously introduced into the core
at approximately 100 psig for a long period of time (i.e.,
16 days) to insure that a steady state flow and equilib-
rium were obtained and to evaluate long term clean-up
response of the test fluid on the gas permeability of the
core sample. The downstream flow rate of the nitrogen
gas, the barometric pressure, the temperature of the Na
gas and the upstream N gas pressure were measured,
and the N permeability of the core sample was calcu-
lated based thereon periodically through out the test
period. The N; gas flow was discontinued and the test
terminated when no change or improvement in permea-
bility was observed.

A comparison of the N, permeability of the core
sample after saturation of the core sample with the
treatment fluid (calculated to be 9.54 micro-darcies) to
the native state N permeability of the core sample (cal-
culated to be 333.53 micro-darcies) shows that a drastic
reduction in the N2 permeability of the core sample was
caused by the treatment fluid.

The N; permeability of the core after saturation with
a treatment fluid and after having nitrogen gas flow
therethrough for a significant period of time demon-
strates the ability of the treatment fluid to be recovered
from the core sample and the rate at which such recov-
ery can be achieved. In the case tested, the aqueous
solution of 2% potassium chloride did not clean up well
at all and permanent damage was done to the permeabil-
ity of the core sample.

Thus, the present invention is well adapted to carry
out the objects and attain the ends and advantages men-
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tioned as well as those which are inherent therein.
While numerous changes may be made by those skilled
in the art, such changes are encompassed within the
spirit of this invention as defined by the appended
claims.

What is claimed is:

1. A method of determining the gas permeability of a
subterranean formation wherein such permeability is in
the range of from about 13X 103 to about 1 X 10—3 micro-
darcies comprising the steps of:

(a) confining a core sample of said low permeability
formation having first and second ends within a test
container;

(b) applying pressure on the periphery of said core
sample to simulate the confining stress in said for-
mation and to seal the sides of said core sample
whereby fluid injected into one end thereof is
forced to flow to the other end;

(c) injecting a gas into said core sample by way of
said first end thereof at a selected substantially
constant pressure;

(d) continuing the injection of said gas into said core
sample at said selected constant pressure for a per-
iod of time in the range of from about 1 hr. to about
30 days to insure a steady state flow while measur-
ing the temperature of said gas as it flows through
said core sample and the flow rate of said gas exit-
ing said core sample by way of said second end
thereof; and

(e) calculating the gas permeability of said core sam-
ple based on the gas injection pressure of step (c)
and the flow rate and temperature measured in step
(d) in accordance with the following relationship

{2 x 109B0uL
T P+ B — B4

wherein

K represents the gas permeability in microdarcies;

B represents barometric pressure in atmospheres;

O represents the gas flow rate measured in step (d)
in cubic centimeters per second;

w represents the gas viscosity in centipoises at the
temperature measured in step (d);

L represents the core sample length in centimeters;

A represents the core sample cross-sectional area in
square centimeters; and

P represents the selected constant gas injection
gauge pressure of step (c) in atmospheres.

2. The method of claim 1 wherein the flow rate of gas
exiting said core sample by way of said second end
thereof is measured in accordance with step (d) by flow-
ing said gas into a traveling oil meniscus flow meter and
noting the volume represented by the movement of said
oil meniscus per unit time.

3. The method of claim 1 wherein said gas is nitrogen.

4. A method of determining the gas permeability
reducing effect of injecting a treatment fluid into a
subterranean formation having a low permeability in
the range of from about 1 10% to about 1 X 10—3 micro-
darcies comprising the steps of:

(a) confining a core sample of said subterranean for-
mation having first and second ends within a test
container;

(b) applying pressure on the periphery of said core
sample to simulate the confining stress in said for-
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mation and to seal the sides of sﬁ)gtnmtzé

whereby fluid injected into one end thereof is
forced to flow to the other end;

(c) injecting a gas into said core sample by way of
said first end thereof at a selected substantially
constant pressure;

(d) continuing the injection of said gas into said core
sample at said selected constant pressure for a per-
iod of time in the range of from about 1 hr. to about
30 days to insure a steady state flow while measur-
ing the temperature of said gas as it flows through
said core sample and the flow rate of said gas exit-
ing said core sample by way of said second end
thereof;

(e) calculating the gas permeability of said core sam-
ple based on the gas injection pressure of step (c)
and the flow rate and temperature measured in step
(d) in accordance with the following relationship:

__@ex 109BQuL
T (P + B - B4

wherein

K represents the gas permeability in micro-darcies;

B represents barometric pressure in atmospheres;

Q represents the gas flow rate determined in step
(d) in cubic centimeters per second;

1 represents the gas viscosity in centipoises at the
temperature determined in step (d);

L represents the core sample length in centimeters;

A represents the core sample cross-sectional area in
square centimeters; and

P represents the selected constant gas injection
gauge pressure of step (c);

(f) introducing a treatment fluid into said core sample

by way of said second end thereof;

(g) repeating steps (c), (d) and (e); and

(h) comparing the gas permeabilities of said core

sample calculated in accordance with step (d) be-
fore and after introducing said treatment fluid into
said core sample.

5. The method of claim 4 wherein the flow rate of gas
exiting said core sample by way of said second end -
thereof is measured in accordance with step (d) by flow-
ing said gas into a traveling oil meniscus flow meter and
noting the volume represented by the movement of said
oil meniscus per unit time.

6. The method of claim 4 wherein said gas is selected
from the group consisting of methane, argon, nitrogen
and other inert gases.

7. The method of claim 4 wherein said treatment fluid
is a fluid selected from the group consisting of a liquid,
a gelled liquid, an emulsion and a foam.

8. The method of claim 4 which further comprises the
step of maintaining said core sample at a selected sub-
stantially constant temperature to simulate the tempera-
ture of said formation.

9. The method of claim 4 wherein said gas is injected
into said core sample in accordance with step (c) at a
pressure in the range of from about 10 to about 1000
psig.

10. The method of claim 4 wherein said treatment
fluid is injected into said core sample at a selected sub-
stantially constant pressure in the range of from about 0
to about 2000 psig.
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