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ABSTRACT

Multiple tests on more than 100 tight gas sand
core samples from five formations indicate that in situ
gas permeability is ten to more than a thousand times
less than indicated by routine tests oving to the com-
bined effects of overburden pressure, reduced gas slip-
page, and presence of connate water., The separate in-
fluence of each is discussed. Correlations, in equa-
tion form, are presented which, utilizing routine core
data, may be used for estimating gas permeability under
reservoir conditions, The results also indicate that
invasion of aqueous drilling or fracturing fluid fil-
trate has little permanent influence on rock permea-
bility but clean-up times may be extensive because of
the lov level of formation permeability., The salinity
of the invading fluid appears to be of secondary im-
portance.

INTRODUCTION

Yearly compilations of U.S. oil and gas reserves
by the American Gas Association! show that U.S. gas
reserves reached a maximun in 1967 of nearly 290 tril-
1lon cubic feet (8x10'2 m3). With the exception of the
year 1970 vhen Prudhoe Bay reserves vere added, gas
reserves have declined at a near constant rate of 10
trillion cubic feet (2.8x10!1 m?) per year since then.
To help moderate or reverse this trend, the {ndustry is
extending its exploration and development efforts to
include horizons with permeabilities in sbout the same
range as common cement; i.e., microdarcies. The design
of stizulation trestments to achieve commercial rates
of production and reliable assessment of potential
reserves in such lov permeability rocks demands accu-
rate knovliedge of their permeability, porosity, and
flow properties. Though meager, there is sufficient
information already available in the literature to
suggest that some of the flow properties of these rocks
d1ffer markedly from those of more permeable rocks and
thus require closer study.

Results of several different studies of the prop-
rties of low permeability gas producing horizons have
reviously been published. Studies by Thomas and Ward?

howed that the permeability of cores from the Pictured

Cliffs and Fort Union formstions were significantly
affected by confining pressure. Porosities, however,
were not greatly altered. They also reported that the
presence of a simulated connate water saturation (about
50%) reduced gas permeabilities to only 10X to 202 of
the specific gas permeability. Vairogs et al? con-
cluded that very lov permeabil{ty rocks are affected by
stress to a greater degree than those having higher
levels of permeability.” This agreed with results
reported earlier by Mclatchie,

~Tannich® wathematically studied liquid removal
from fractured gas wells in low permeability horizons
and concluded that in very low permeability rocks,
clean-up times could be extensive, but that permanent
formation damage was not likely. This study, however,
provided no measured experimental data of the flow
properties of lov permeability rocks.

Early vells drilled and cored by Amoco in the
Wattenberg Field of Colorado in the Union Pacific Rail-
road Lease Area indicated the need for further labora-
tory studies of tight gas sands. Large differences in
formation permeabilities, as derived from core analyses
and from pressure buildup analysis, were not entirely
explainable from data available 4n the literature. 1In
addition, developments in stimulation design shoved the
need for reliable reservoir permeability values to
prevent overdesign (and cost) of massive hydraulic
fracturing treatments. In sdditjon, concern existed
over the proper choice of drilling and stimulation
fluids to minim{ze formation damage. The study re-
ported herein 1s part of an ongoing study by Amoco to
provide ansvers to these and other problems that arise
in the development of tight gas sand reserves.

Reported herein are the results of selected labo-
ratory tests that were designed (1) to study the fac-
tors that cause routine core analysis permeability
values to be different than exist in the reservoir,

(2) to study the range of the {nfluence of these fac-
tors in low permeability producing horizone in areas of
interest to Amoco, (3) to develop, if possible, corre-
lations for predicting reservoir values of permeability
from core analysis results, snd (4) to evaluate the
effects of invasion of fluids of different salinities
on the rate of regainment of permeadility to gas.




APPARATUS AND EXPERIMENTAL PROCEDURE

Plue samples 3/é-inch {n dlameter by l-inch (1.9
em D x 2.5 cm L) long drilled parallel to formation
bedding planes vere tested in Hassler sleeve holders
tapable of exerting up to 10,000 pst (70 ¥Pa) confining
pressure uniformly {n all directions (so~called “hy-
drostatic” test conditions). Perpeability to either
gas or vater could be measured at injection pressures

to 1000 psi (7 MPa) and vere wessured at flow rates
sufficiently low to avoid turbulence. Vacuum de-
serated liquids, passing through line filters, were
supplied to the cores at constant pressure by nitroges-
driven transfer cylinders designed to prevent diffusign
of nitrogen into the driven liquid. Flovwing pressures
vere measured with Bourdon gauges for gas, and variable
reluctance diaphragm transducers and {ndicators for . -
1iquid. Confining pressures were exerted by oil and
vere adjusted to compensate for average pore pressure’
to obtain a given net confining pressure.

Flow rates of liquids were measured by timing
their travel in pipets. Flow rates lower than 1076
emd/sec could be measured to allow measuring permea-
dilities down to 106 od. Lowv gas flow rates vere mea-
sured by timing the passage of the meniscus when dis-
placing 01l from a horizontal pipet whose tip was bent
downuard to discharge under oil. This arrangement, !
with its constant, slightly negative oil head, insured
instant displacement of o0il by the gas and avoided
‘complications from the action of interfacial forces
either at the meniscus or pipet tip. It is {mportant
that the meniscus travel horizontally; if the o1l head
changes during flov measurement, gas between the core
and meniscus will change volume sufficiently to intro-
duce significant error when using small bore pipets. !
Ten cu’ pipets however can be operated vertically withi
less than 12 error 1f volume betwveen the core and pipet
is less than 5 cmd. Samples were 1iquid saturated by
evacuating ther {n pressure chambers for 4 hours at
pressures less than 1 mm Hg (130 Pa) after which de~
areated liquid was admitted and then pressured at 1000
psi (7 MPa) for 16 hours to dissolve remaining traces
of gas. Pore volume compressibilities wvere determined
using the Hassler cells and measuring the li{quid dis-
placed into calibrated pipets (0.001 cm? subdivisions):
with time allowved to obtain equilibrium at each step.

Effects of confining pressure on permeability were
ordinarily measured in gas flow tests using dry cores.:
Permesbilities vere measured at increasing confining
pressure levels up usually to the reservoir net over-
burden pressure. (Net overburden pressure i{s taken to:
be the difference between gross overburden pressure,
assumed to increase at 1.0 psi/ft (22.6 kPa/M), and
reservoir fluid pressure.) Klinkenberg (no gas slip-
page) permeabilities were determined at the highest
confining pressures by the conventional method of mea- !
suring permeabilities at more than one average flowing!
pressure; preliminary investfgatfons indicate that I
measurenents at tvo injection pressures provided suffi4
cient data. Gas drive tests vere performed using coreg
which had been saturated vith formstion water and whoss
perweability to water had been determined. For reasong
discussed in a later section, nitrogen was {njected,
usually st 1000 psi (7 MPa) (sometimes lower, if
needed, to avoid turbulence) until 3500 cu? (at snbient
pressure) had emitted downstream. Permeability vas
monitored throughout the test. Rold-up volumes were
too great to permit measuring the rate of water pro-
duction so that saturation data for determining rela-
tive permeabilit{es could not be collected except for
end points. !

‘Jequation for the relation {s:

:|testing and handling of data.

ilengineering purposes.,

‘Irocks, produce S factors {n the vicinity of 0.1 to 0.2.

‘jwith factors over 0.7 indicating large reductions. A
i[rock decreased 10-fold {n perweability delow routine
{[permeability by reservoir overburden pressure would

‘[have an "S" factor of approximately 0.4. = o

RESULTS

Effect of Confining Pressure on Permeability

The large effect of confining pressure on the per-
peability of tight gas sands Jdocumented earlier<,3,é
wvere also found in this study. Rydroststically applied
confining pressures equaling reservoir net overburden
pressure (5000 to 6000 psi) reduced permeability nearly
10-fold below the routine values measured under surface
conditions in which confining pressure is 150 to 250
psi. Reductions ranged from less than 3-fold to more
than 20-fold, Typical results are displayed in Figure
1. The reason that confining pressure has greater
effects on tighter sands than on more permeable ones is
not well established. A popular conjecture holds that
rock compression is distributed as greater fract{ona}
changes of the smaller apertures of the tight sands,
the effect of which is further fncreased by the fact
that flow depends upon a higher power of the aperture
dimension (round capillaries vary as the fourth pover
and slits by the cube of the dimension).

The experimental data were plotted {n a number of
ways in search of linear relationships to facilitate
data handling, correlation, and ultimately, to simplify
testing. For representing behavior between 1000 psi
and reservoir net overburden conditions, a plot of the
cube root of permeability versus the logarithm of con-
fining pressure was found well suited, Figure 2 shows
plots of the cube root of permeadbility against the
logarithn of confining pressure using the data pre<
sented in Figure 1 to illustrate the linear character
of the above relation. Permeability values are nor-
malized on the basis of perweability measured at 1000
psi net confining pressure to allov direct comparison
of the influence of confining pressure independent ‘of
permeability level; the slopes of the lines are mea-
sures of this influence. A convenient form of the’
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where S, the magnitude of the negative slope, is given

1 - (k k )113
1000
Yog K-
1000
Use of the straight line relation simplifies both
Permeabilities need be
weasured at only two confining pressures to fix the
slope parameter of the equation well enough for most
Measurements usually are made at
1000 psi (6.90 MPa) and at the reservoir net overburden
pressure. The "S" factor, the absolute value of the
slope, embodies the effect of confining pressure in a
single number convenient for conceptual and correlation
purposes. Increasing values of "S" {mply Increasing
effects of confining pressure., Moderate effects of
stress, such as seen in testing higher permeabilicy

S= e e e e s e e e e (2)

Significant effects, as obtained in mwost tight gas sand
tests, yielded "S" factors 4n the range of 0.3 to 0.6
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{1lust-ated in Figure 3-a, & plot Jf "S" factors of
Frontier forpation samples against the logarithme of
perveabilities measured at 1000 psi (6.895 MPa) net
confining pressure. Note also that the data, although
scatzered, have 8 linear trend. A best fit straight
line through the data afford a compact description of
the average effect of confining pressure oo permes-
bility of cores from this formation., Figure 3-b shovs
s similar type of plot of Mesaverde Formation and
Cotton Valley formstion data inm which the data group
belov that of the Frontier Formation data to indicate
lesser effects of confining pressure,

No correlatfon betveen permeability and reduction
due to confining stress was found wvhich extended down
to the 150 to 250 psi net confining pressure condition
commonly used in routine core testing; such correlas-
tions evidently must be made on an fndividual formation
basis., Permeability measured st 1000 psi set confining
pressure usually iz between 0.4 to 0.75 times the
routine permeability.

Above 2000 psi (14 MPs) net confining pressure the
logarithe of permeability versus the logarithm of con-
fining pressure produce fairly linear plots vhich
possibly may be the best correlative relation for use
in predicting effects by confining pressure on permea-
bility as reservoirs are depleted.

Cas Slippage

Cas slippage, or Klinkenberg® effects, are large
in tight gas sands. As an example, & sample with 0.001
nd true, or “Klinkenberg", permeability typically would
exhibit about 0.003 md with gas {njected at 100 (0.6895
MPa) psig and ex{ting at atmospheric pressure, and more
than 0.007 ©d {f upstream pressure wvere 15 psig (103
kPa). Effective pore radii of sands with less than 0.1
wd are indicated by mercury injection data and by gas
slippage theory to range downward from 1 um into the
size realnm of the mean free paths of the gas molecules.
Because of thisg, there was concern that the conven-
tional extrapolative procedure (in wvhich permeability
plotted versus reciprocal arithwetic mean pressure is
extrapolated to zero reciprocal pressure) for deter-
mining Klinkenberg permeability might not yield a
straight line for the very low permeability, tight gas
sands, The reason for this concern was that Warburg's
model?, on vhose theory Klinkenberg based his develop-
went, assumed mean free path length vas small compared
to capillary radius. Klinkenberg ascribed depressions
in "b" factors (the slope of the line connecting a data
point to the Klinkenberg permeability in the above
plot) determined at reduced pressure to this departure
from Warburg's model. 1In the present study, however,
Nery good straight line Klinkenberg plots were obtained
for rocks with Klinkenberg permeabilities even less
than 0.0001 mwd. An example is given in Figure &4, show-
ing the results of a test on an 0.000088 nd sample in
which upstrean pressures ranged from 50 to 1000 psig
(0.34 to 6.9 MPa). Both dry Klinkenbers nermeabilities
and specific permeabilities to o 1.3 cp (MPa‘s) re-
fined o011 (Soltrol 130) were measured in tests on &
series of cores in the 0.001 to 0.01 md range; the
esults sre given in Table 1. 011 permeabilities were
qual to or lower than Klinkenberg perweability in

very case, averaging 251 less. The agreement is
ufficiently close, however, to assume that Klinkenberg
ermeabilities obtained by the extrapolation procedure
re satisfactory for practical application. It is not
own vhich, 1f either, of the permeabilizfes is "cor-
ect”. 011 permeabilities might be low because of
oteractions betwveen the o4l and rock, or Klinkenberg

values may trend higher because of departure froc the
Warburg sodel.

Yor this study, Klinkenberg permeabilities and "B"
factors vere calculated frow perzeabilities measured
usually at 100 psig (0.7 MPa) and 1000 psig (7 MPa) up-
strear pressure and atmospheric pressure dovnstream.
Lovwer pressures vere used when necessary during tests

of the sore permeable samples to avoid turbulence. The
measurenents vere made at net confining pressures
equalling reservoir net overburden pressures. Confin-

ing pressure vas increased sufficiently to offset
average increase in pore pressure to keep confining
pressure essentially constant during determination of
the Klinkenberg permeability, Klinkenberg's "b" facter
vas calculated from the data using the Klinkenberg
equation

b
k..k.(1+;)nuooolocooaooo(3)

As {ndicated by the equation, the "d" factor 4s an in-
dex of the magnitude of the gas slippage effect. It is
often regarded as the fractional increase in apparent
permeability vhich would be observed when measuring
permeability with gas at atwospheric pressure.

The results of measurements made on more than 100
tight gas sand samples are given in Figure 5 as a plot
of the logarithm of "b" factor against the logarithm of
Klinkenberg permeability, a method used by Heid er all
for presenting results of the 1950 study by Penn State
for the API. The tight gas sand data are scattered
closely about a straight line not greatly different
from an extrapolation of the best fit straight line
through the higher permeability 1950 Penn State data,
the equation for which is

=0.39

be0.777 k N 03]
The best line through the tight gas sand data given in
this study {s:

b= 0.86 k0-33

'~ ..-...........(5)

As discussed in the 1950 Penn State study, for ideal
cases consisting of a parallel capillary bundle, "d"
should vary inversely as the square root of permea-
bility, which would yield a slope of =0.5 cycles/cycle.
The =0.39 slope vas regarded as nearly corresponding to
this idealized view. The -0.33 slope obtained in this
tight gas sand study is reminiscent of the cube root
relation arising from Lamb's3+10 expression for flow
through ducts and suggests that apertures controlling
flow in the tight sands may be slit~like rather than
round. -

The tight gas sand correlation, Equation S, yields
values of "“b" factor sufficiently sccurate for many
practical purposes. The correlative powver function may
be subst{tuted for "b" in Klinkenberg's equation as
followvs:
0.86 x0-3 v
k..k.(l* )o-o'oo'fooo(s)

This expression can be used ss s starting point for

generating graphs or numerical solutions for calculat-
{ing Klinkenberg permeabilities and "d" factors {rom
rdinary permeability data, provided the pressures used
in the measurements are known. An expression origi-
ating from the above equation from which k_ wmay be
stinated from permwesbilities (k_) measured at 100 psig
(0.7 MPa) upstream pressure is :
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(-.0398 log?

k,+1.067 log k -0.0825)
k=10

‘uo(7)
0.0001 »d <« k. <1lmud

viich agrees with equatdion (6) vithin a fev perzer:
over the k. range of 0.000] =»d to 1 4. .

Pore Volume Compressibility

The chief reason for measuring pore volume com=
pressibility was to determine {f porosity values mea-
sured in routine tests vere signi{ficantly greater than
under reservoir conditions. It vas found that the be-
havior of tight gas sands vas similar to higher permea-
bility, consolidated rocks and that the porosity mea-
sured at the surface was not apprecisbly greater th
at depth. Pore voluwe diminished usually betveen 5 and
10 percent; a rock exhibiting 10 percent porosity under
surface conditions would, in the reservoir, have 9.0 to
9.5 percent porosity. For many purposes, the effect of
overburden pressure on porosity can be ignored. Multi-
plying porosity by a factor of 0.95 will correct most
data sufficiently close to reservoir condition porosity
for all but the most exacting purposes., Pore volune
compressibility averages about 6x10°% vol/vol/psi
(vol/vol/6BS5 Pa).

Results of s typical test are shown in Figure 6.
The percent decrease {n pore volume is given as & func-
tion of {ncreasing confining pressure. The pore volunme
compressibility at reservoir stress level is calculated
from the slope of the curve at the reservoir net over-
burden pressure, taking also into account the pore !
volume decrease up to that point. Table 2 presentsithe
data from a nunber of such tests, shoving both pore'
volupe compressibility and total effect on pore voljme.

Effect of Water on Core Permeability

Vater greatly reduces permeability of tight gas
sands and in a manner different from its effect on ~
higher permesbility sands. Brine causes almost as
great a reduction in permeability as fresh water. For
example, a 60,000 ppm NaCl solution will reduce permes-
bility typically 85X below Klinkenberg permeability of
the dry core; introduction of disti{lled water will
cause further reductfon, but only in the order of am-
other 102 for a total reduction of about 95X. Examples
of such test results are given in Table 3. A more
permeable water-sens{tive sand, such as Berea, would
lose about 50X permeability upon introducing the abeve
brine but would lose more than 492 additional permes-
b41ity upon exposure to distilled vater for a total
reduction of more than 992. Fresh vater has a lesser
proportionate effect on tight gas ssnds possibly bes
cause othervise dispersible clays or mineral fines say
tend to be mechanically locked or wedged in place 1h
the smaller pores of the f{ine-textured rocks and are
thereby inhibited from moving to form obstructions.’
The reason that even highly saline solutions can se~
verely reduce permeability 4s, however, not easily :
explained. There are several existing theories wvhich
alone or in combinat{on may offer explanation. The
most populsr theory, although subject to much contre-
versy concerning the magnitude of the effects, holdp
that water adjacent to high epergy surfaces becomes
ordered to result in viscosity incresse or even solidi-
fication sufficient to significantly reduce effective
pore diaseter. Calculations dased upon Poiseuille'
and Lamb’s lave applied to pore radii cslculated f
Klinkenberg "b™ factora®s® indicate that fixed layers
f water would need to be in the order of 0.01 yM (iOO
) or more to accoumt for the minimum reduction ob-

Spectites exfoliste snd most clays and many sther
mineral fines associate with water in going from the
dry to the moistened state (even 4n brine) to ¢ncrease ]
the volumes of aggregates. Apertures could be reduc
by this pechenise sufficient to dmpede flov.

The specific permeabilities to formation wvater
of more than 100 tight gas sand sscples vere Zeasured.
Klinkenberg permeabflities were weasured with the
sanples dry prior to the water flow tests. Al]l tests
were made at net confining pressure equaling reservoir
net overburden pressures. The results are given in
Figure 7 as a plot of the logarithm of vater pernea-
bility versus the logarithm of Klinkenberg permeabdil-
ity. Two features are evident: The trend is linear
and, the lover the permeability the more vater reduces
perveability. A line centered in this data sz the
pover function.

L eyl
1Y -

e o e s s o s s e s s e e e (B)
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This correlative function may be used to calculate the
average effact of vater on permeability. Plots such as
these of data from single formations or rock types may
be less scattered meaning that in particular cases,
laboratory data from samples selected fromw a vange of
permeabilities can be used to determine the exponent
applicable for use i{n the vater-effect pover equation
for that formation., Examination of Figure 7 shovs that
the boundary of minimum effect appears wvell defined, a
line along this boundary has a slope of about 1.11
cycles/cycle. A line bounding most of the data below
0.1 =d dry Klinkenberg permeability on the side of
maximum effect has a slope of sbout 1.5 cycles/cycle.
This function can be used in conjunction with the
correlations describing effects of stress and slippa--
to obtain estimates of {n situ gas permeability fre
routine permeability values. This is discussed in a
later section.

Clay content wvas not found to correlate with
effect of water on permesbility. Large clay content
usually forecasts large effects of water but low clay
content does not forecast low effects. Cores with
large amounts of clay were probably affected most
because of the low permeability resulting from the
presence of clay rather than by effects of the clay per
se.

The fact that water of even high salinity can
seriously affect tight gas sand permeability bdbut, that
in contrast, fresh water has relatively less additional
effect has obvious practical significance. Limiting
entry of water during drilling or stimulation should
help preserve reservoir perweability and hasten clean-
up time. Filtrate fnvasion from muds can be reduced dy
maintaining mud weights close to balance, or even
underbalanced, with respect to reservoir pressure.
Mininizing post-fracture shut-in times might also
reduce fracturing fluid invasion snd prove beneficisl.
Another point implied since fresh water is not a great
deal more harmful than brines, is that less concern is
needed regarding the chemical compos{tion of fracturing
fluids or mud filtrates.

Effect of Partial Water Saturation on Cas Permeability

Those tight gas sands whose specific water permes~
bilities are a great deal less than the Klinkenberg
permesbilities of the dry samples also have corre-
spondingly lov gas permeabilities in the presence &
sinulated connate water ssturstions. As a first 8p-
proximstion, effective gas permesbility under reservoir

served in 0.001 to 0.1 =4 samples of this study. '
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condisions can be taken as equsl to specific permea-
bility to water messured under reservoir stress cond{-
tions. Experiments demonstraticg this observation are
discussed belov.

Relative permeability apparatus suitable for test-
ing tight gas sands vas not availsble at the initistion
of the study. Exploratory gas drive experiments
shoved, however, that gas injected usuaily at 1000 psi
(6.9 MPa) into the plug samples (2.5 cm Ll x 1.9 cm D)
for & time ‘sufficient to produce 3500 cz? dovnstrean
at stmospheric pressure reduced vater saturations to
an average of 402 pore space. Under these conditions
most of the vater {s removed by displacement not more
than 102 pore space of the vater was evaporsted. No
attempt vas made to measure or account for saturation
gradients which may have existed. An example of the
development of permeability vith time in a gas drive
test of this type is shown in Figure 8, Results of 22
gas drive tests are given in Table & in which are com-
pared Klinkenberg permeabilities of the dry cores,
specific permeability to vater, and effective gas per-
meability at the indicated water saturations. There
is a degree of bias in that testing of higher permes-
bility samples vas favored because of the inordinate
lengths of time required for tests of samples with less
than 0.001 md permeability. Examination of the data
shows that effective gas permeability in every case is
nearer the specific water permeability, most often by a
large margin, than to the Klinkenberg permeability of
the dry samples., 1In more than three-quarters of the
cases, effective gas perweability {s within a factor
two of the specific permeability to formation water.
Effective gas permeability averaged about 352 higher
than specific vater permeability. This suggests, as
mentioned earlier, that the more easily obtained water
permeability values could be used for estimating forma-
tion gas permeability. Gas drive tests are lengthy and
must be closely attended while, on the other hand,
several specific water permeability tests may be con-
ducted simultaneously by one person, usually faster
than a sacple per cell per day.

of

The Combined Effects of Confining Pressure, Gas
Slippsge, and Water on Permeability

The individual effects of stress, gas slippage,
and vater'on tight gas sand permeability have been des-
cribed in the preceding sections. Also, the measure-
went of specific formation vater permeability under
reservoir stress conditions vas suggested as 8 core
test for estimating effective gas permeabilities under
reservoir conditions. This section deals with methods
of estimating reservoir-condition gas permeability
using routine core analysis data.

Routine perveabilities are inexpensive and conse-
quently plentiful, but because they are messured on dry
cores at low stress levels, and at lov floving gas
pressures, they poorly represent in situ tight gas
perveabilities. Routine values range from ten to more
than a thousand tizmes too high. Also, because of
varisbility in response, routine values cannot be
depended upon for compari{scn purposes. Frontier sand
samples, compared to Mesaverde sand samples for ex-
ample, commonly exhibit higher routine values but lower
effective gas permeabilities under reservoir conditions
of stress, presence of water saturstion, and elimina-
tion of slippage. Methods for correcting routine
permeability values to reservoir-cond{tfon permeability
must-therefore not only compensate for the large:
changes but also for the wide range of rock variabil-
ity. :

Two zethods for estimating reservoir-condition gas
perweability are suggested. The first invelves cor-
recting sequentially for stress, slippage, and finally
for the presence of connate vater and is the more
flexible of the two because adjiustoents can be =ade for
the {ndividual effects. The second method is depived
from the first in vhich all effects are compounded into
a single "stadium" equatfon (providing "dallpark®
values) with two parameters vwhich are varied simultane-
ously over the range from minimum to very lsrge effects
of stress, water, and slippage. Neither method, at
least at present, appears capable of high precision but
do provide more reasonable values for reservoir gas
permeability than the routine permeability values.

The first method requires five steps: correction
of routine permesbility to that at 1000 psi confining
pressure; calculation of "S" factor (influence of pres-
sure), calculation of effect of overburden pressure
using the "S" factor, correction for gas slippage; and
last, calculation of the effect of water, Core tests
over a range of permeability values for each rock type
can be used to evaluate necessary parameters which may
then be applied to existing routine results. For
scoping studies, values of the necessary parameters may
be assuwed; only three estimates are necessary; the
correction of routine permeadbility to 1000 psi con-
fining pressure (a factor ususlly of 0.4 to 0.75),
selection of an S factor equation betwveen defined upper
and lower limits, S = (0.1 to 0.,3) ~ (0.1 to 0.23) log
kipoo, and selection of s water-effect exponent for
Equation B which also lies within the reasonably wvell
defined limits of 1,13 to 1.5; k" is then assumed equal
to k..

g

The above method was used to generate a series of
curves ranging from minimum effect of stress and vater
to maximum, assuming that rocks most affected by stress
vere also most affected by water. These calculations
all generated gently curving, almost linear curves in
plots of the logarithms of routine perceablity against
the logarithms of the calculated reservoir-condition
gas permeability. Straight lines vere fitted by eve to
these curves wvhich lay wvithin a few percent of the
calculated value over the range of 0.02 to 0.55 md
routine permeadility. The intercepts and the slopes of
these lines are the coefficients and exponents used in
the stadium equation:

Kk =ak’ 9

| 4

o & ¢ & ¢ ¢ ¢ 2 s e 2 & e e s s »

0.02 »d < k < 0.55 nd

in which kg is effective gas permeability under reser-
voir cond{tions and k is routine permeability. The
coefficient "a" varies from 1/5 to 1/20 and the ex-
ponent "b" varies from 1.5 to 2.7 as the effect of
stress and vater increases.

Severity of Effects of

Stress and Water g bt 3
Minimum 1/5 1.5

- Moderate 177.5% 1.9
Creat - 1/12 3
Very Great 1/20 2.7

Examples of formations having lover effect of stress
and vater are clean Mesaverde and Cotton Valley sands.
Those woderately affected are shaly Cotton Valley Sand
samples and clesner Frontier sands. Most Frontier
samples studied exhibited large effects and some ex-
perienced very large effects. Lesser effect tends to
accompany increased induration, while fncreased clay

5
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1.

5.

centen: appears associated with lirger effects.
eters of "a" equaling 7.5 and "b" equaling 1.9 are
reascnable values for use as first approximaticns in
the absence of other {nformation,

Par;n-

CONCLUSIONS

Results of compressibility and flow tests on more

than 100 tight gas sand core samples from five forma~
tions indicate:

Confining pressure simulating net reservoir over-
burden pressure reduces permeab{lity of tight gas
sands two to more than 10 times, depending on
permeability and rock type. The cube root of
permeability vas found to be a linear function bf
the logarithm of confining pressure; the slope of
the line being indicative of the intensity of the
effect of stress was found correlatable with
permeability with correlations varying vith rock
type. lowver permeability rocks were more affected
by stress than higher ones.

Cas slippage (Klinkenberg) effects were found to
be substantial, as would be anticipated for lower
permeability rocks. Slippage effects were found
correlatable wvith an expression not greatrly dif-
ferent from an earlier expression derived from:
more permeable rocks.

Water (including brine) severely reduced permea-
bility with the effect more pronounced in the
lover permeadility rocks. This indicates that'
preservation of permeability in an {nvaded zone in
a reservoir would be assisted by minimizing {nva-
sion of water during drilling and fracturing. -
Water permeability was found correlatable with’
Klinkenberg permeability.

Specific water permeability measured at the resger-
voir level of confining pressure was found useful
a5 an approximation of effective gas permeabiliry
under conditions of reservoir stress, gas slip-
page, and partial water saturation.

Despite large permeability reductions caused by
brine, reducing salinity has comparatively less
additional effect to suggest that the chemical:
composition of mud filtrates or fracture fluids is
ordinarily of secondary importance in preventing
permeability impairment.

Pore volume compressibility of tight gas sands is
of the same order as more permeable sands. Pore
volume under reservoir overburden conditions was
indicated to average 932 of that under no stress
for the samples tested,

Effects of stress, gas slippage, and vater were
found correlatable with permeability but not d;-
rectly with clay content. Lower permeability -
rocks experienced large effects with both low énd
high clay contents. Llarge effects observed with
clay-laden rocks are attributed to the lovw perpea-~
bilities accompanying the high clay content, nbt
to the fact that the fine material was clay.

Correlat{ons were found to enable estimating ih
situ effective .gas perneability from routine core
analysis data by taling Into account the separate
effects of stress, gas slippane, and partial vater
saturations.

5

7.

9.

10.

NOMENCLATURE
® = Kl{nkenberg "b" factor, atzospheres
k = perzeability, md
k. = gapparent gas permeability, =»d
k = effective permeability to gas, partial
s water saturation present, md
ko = gpecific permeability to oil, md
k, = specific permeability to water, ud
LI = Xlinkenberg (no gas slippage) permeabiliry |
»d
klOOO = permeability measured of dry core at 1000
psi (6.895 MPa) net confining pressure, md
P = arithmetic wean of gas pressure in core
during flow of gas, atm,
Pk = confining pressure, psi
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TABLE 1

COMPARISON OF KLINKENBERG AND OIL PERMEABILITIES

Net Confining

Formation Pressure, psi k,, ®d kc’ ad

Mesaverde 5100 0.0092 0.0092

Mesaverde 5200 0.0040 0.0032

Frontier 5400 0.0018 0.0013

Frontier 5500 0.0018 0.0010

Frontier 5500 0.0039 0.0037

Frontier 5500 0.0026 0.0023

Frontier 5700 0.0066 6.0050

TABLE 2
PORE VOLUME COMPRESSIBILITY
Pore Volume Pore Volume
Porosity, Net Confining Perm. to Decrease, Compressibility

Formation % Pressure, ps:  H,0, md % Vol/Vol/psi X 108
Mesaverde 12.8 5200 - 5.7 8.4
Mesaverde 12.1 5200 0.00057 5.8 5.0
Mesaverde 10.6 $200 0.0025 6.6 6.0
Hesaverde 13.6 5200 .- 3.8 5.1
Hesaverde 13.4 5200 0.0015 5.6 4.3
Frontier 13.2 5400 0.0073 7.8 5.7
Frontier 14.3 5700 0.00029 9.5 5.7
Frontier 11.6 5700 0.012 10.4 3.5
Frontjer 7.0 5500 0.0009] 4.3 2.7
Frontier 10.0 5500 .- 8.5 6.1
Frontier 11.1 $500 .- 10.4 9.0
Frontier 10.8 $500 0.000069 9.8 9.1
Frontier 12.1 5500 0.00043 4.6 3.2
Frontijer 13.6 5500 .- 9.6 7.7
Frontijer 13.8 5500 - 7.1 5.9
Frontier 13.5 6700 .- 8.1 3.3
Frontier 4.0 5700 0.00052 7.0 5.9
Muddy "J" 10.8 4000 0.0012 8.3 9.2
Spirit River 10.2 4000 0.0099 8.1 15.7



TABLE 3

EFFECT OF FRESH WATER ON PERMEABILITY

Net Cenfining

Ferzatien Pressure, si k.’, »nd kuz, od kH,O,’ »d
Lewis 2000 0.0077 0.00094 0.00027
Levis 2000 0.0070 0.00094 0.00034
Mesaverde $300 0.0031 0.00032 0.00010
Mesaverde $300 0.0063 0.0023 0.00080
Hesaverde 5300 0.014 0.0040 0.00064
Mesaverde 6000 0.0039 0.00055 0.00036
Mesaverde 6000 0.09) 0.076 0.041
Mesaverde 6000 0.0040 0.0011 0.00037
Frontjer 2000 .= 0.0026 0.0009
Frontier 2000 0.092 6.016 0.0047
Frontier 2000 0.089 0.033 0.0090
Frontier 2000 0.0050 0.00029 0.00013
Frontier 6700 0.030 0.00084 0.00051
Frontier 5700 0.0065 0.0010 0.00026
Spirit River 4000 0.033 0.011 0.0037
Spirit River 4000 0.0068 0.0010 0.00091
Spirit River 4000 0.0011 0.00003) 0.000022

IXlinkenberg permeability of dry core at indicated confining pressure.
25pecific permeability to formation water at indicated confining pressure.
Ispecific permeability to distilled water at indicated confining

pressure following flow of 60,000 ppm NaCl solution to sensitize clays.

TABLE &

COMPARISON OF EFFECTIVE GAS PERMEABILITY
TO SPECIFIC WATER PERMEABILITY

Net Confining

Formation Pressure, psi k,, »d kv' nd AE!, ad @ 5, %
Mesaverde 5100 0.0092 0.0050 0.0028 40
Mesaverde 5200 0.0032 0.00057 0.00079 29
Mesaverde 5200 0.0035 0.00041 0.00010 29
Mesaverde 5200 0.00%6 0.002% 0.0033 36
Mesaverde 5200 0.0068 0.0015 0.0020 3%
Frontier S100 0.0067 0.000065 0.000054 Lk
Frontier 5400 0.0017 0.00010 0.000070 47
Frontier 5400 0.024 6.0073 0.0083 60
Frontier 5700 0.0033 0.00029 0.0007) kk]
Frontier $700 0.047 0.012 0.029 60
Frontier 5500 0.0027 0.00091 . 0.00075 43
Frontier 5500 0.0012 0.000069 . 0.000073 49
Frontier 5500 -0.0043  0.00041 0.0011 kX
Frontier 6700 0.016 0.0011 0.0028 40
Frontier $700 0.010 0.00052 0.001% 52
Muddy “J” 4000 0.0050 0.0012 0.0015 k14
Cotton Valley 4900 0.0014  0.00040 0.00026 45
Cotton Valley 4900 . 0.044 0.022 0.018 32
Spirit River 4000 "0.030 0.011 0.010 [}
Spirit River 4000, .0.023 0.011 0.010 38
Spirit River 4000 0.033 0.0037 0.0063 (1]
Spirit River 4000 ) 0.0068 0.00031* 0.Q011 39

*Distilled water following 60,000 pps NaCl .
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