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ABSTRACT

For many years gas has been produced naturally
from Devonian shales throughout the Appalachian Basin
at rates which made them commercially feasible. In
1975, because of the deteriorating gas supply situation
in the United States and increasing demand for energy,
the U.S. Department of Energy (DOE) established the
Eastern Gas Shales Project (EGSP) as part of the
Unconventional Gas Recovery (UGR) program to study and
characterize and to develop economically feasible
technology for further exploitation of Devonian shale
gas reservoirs.

Devonian shale gas reservoirs typically are
characterized by a low storage, high flow-capacity
natural fracture system fed by a high storage, low
flow-capacity rock matrix. In this study analytical
solutions are developed to analyze the basic fractured
reservoir parameters that control well productivity.
These parameters include fracture system porosity and
permeability, matrix porosity and permeability, and
matrix size.

It is shown that the conventional well test
method does not usually work for fractured Devonian
shale gas reservoirs. For most cases, the semilog
plot of the drawdown and buildup data does not show
two parallel straight lines with a vertical separation.

Numerical solutions are also used to include the
Klinkenberg effect and desorption in the shale matrix.

INTRODUCTION

Fractured reservoirs have been studied for several
decades. However, during the last three decades, most
reservoir engineering studies have been directed
toward homogeneous formations. The earliest discussion
of fractured reservoir performance_ was the analysis of
the Spraberry Field in West Texas.l )

In 1959, Pollard2 presented a method to determine
fracture volume from pressure buildup data. The
Pollard method was extended by Pirson and Pirson3 to

References and illustrations at end of paper.

calculate the matrix volume of a fractured reservoir.

One of the classic papers on fractured reservoirs
by Warren and Root# considered a dual porosity system
which consisted of a fractured porous medium in which
matrix blocks acted as a uniformly distributed source.
Natural fractures are replaced by equivalent sets of
horizontal and vertical fractures. Warren and Root
presented an approximate analytical solution for natu-
rally fractured reservoirs based on the Barenblatt .
and Zheltow formulationm.> They showed that the semilog
plot of pressure drawdown or buildup data for an
infinite reservoir displaces two parallel straight
lines whose slopes are related to the flow capacity of
the formation. The vertical separation of these
straight lines is related to the relative storage capa-~
city of the fractures. Warren and Root also showed that
the Pollard? and Pirson and Pirson3 techniques could
lead to erroneous results in some cases.

Odeh6 presented a model similar to that of Warren
and Root4. His results did not displace two parallel
straight lines. He concluded that fractured reservoirs
cannot be distinguished from homogeneous ones.

Later, Kazemi7 presented numerical solutions for
fractured reservoirs. The Kazemi model consisted of a
set of uniformly spaced horizontal matrix layers
separated by fractures. This model can be considered
a special case of the Warren and Root model. Kazemi
did not use the Warren and Root assumption (i.e., that
flow in the matrix blocks is quasi-steady state).

Kazemi, et al.8 studied the pressure behavior of
an observation well in a naturally fractured reservoir
with an adjacent well producing at a constant rate.
This study showed that the early time response was
substantially different from that of an equivalent
homogeneous reservoir.

Crawford, et al.9 analyzed more than 20 field-
measured pressure buildup curves in a reservoir known
to be naturally fractured and concluded that the
Warren and Root model adequately described the buildup
response and is, therefore, useful in determining
effective fracture permeability.
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In 1976, Strobel, et al.l0 demonstrated that both
fracture system permeability and fracture system poro-
sity can be obtained from type-curve analysis of pres-
sure buildup, interference, and pulse tests in a natu-
rally fractured dry gas reservoir.

In 1976, de Swaanll presented analytical solutions
for the Warren and Root and Kazemi models by treating
the matrix blocks as a source term for the fracture
medium. He used the convolution theorem which yields
a relationship between the source term and the pressure
in the fracture medium, and introduced new variables
(diffusivities) which can be used to characterize frac-
tured reservoirs,

Later, Najurieta12 presented an approximate solut-
ion for the de Swaan model and showed that the behavior
of a uniformly fractured reservoir can be fully des-
cribed by four parameters, each of which is a function
of two or more of the five basic reservoir parameters
(fracture and matrix porosity, fracture and matrix
permeability, and fracture spacing). More recently, -
Najurieta®~ applied his solutions to interference test-—
ing in naturally fractured reservoirs when boundary
effects are present.

The purpose of this paper is to present a mathe-
matical model for Devonian shale gas reservoirs which
are believed to be naturally fractured. Using the
model presented, we will further investigate the
behavior of such reservoirs, including the Klinkenberg
effect in the tight shale matrix and the effect of
desorption from pore surfaces of the shale matrix.

MATHEMATICAL MODEL

Most Devonian shale gas reservoirs are believed to
consist of wvery tight porous shale formations which
contain a network of randomly distributed natural frac-
tures. Under these conditions, the fractures may pro-
vide most of the permeability for gas flow but con-
tribute very little to the overall storage capacity.

By comparison, the matrix of the shale may provide
most of the storage capacity of the shale, but has very
low permeability.

. Gas transport in the Devonian shale matrix can
be by three primary mechanisms: Fickian diffusion,
Knudsen diffusion, or Darcy flow--depending upon the
pore diameter, the mean free path of the free gas
molecules, and the existence of a pressure gradient.

Surface diffusion of an adsorbed gas phase may
also contribute to the overall gas tramnsport. 4s a
matter of fact, those gagses which are adsorbed on pore
walls may move more efficiently than free gas
molecules.

Fractured Devonian shale reservoirs are highly
complex systems. Therefore, a model of an idealized
fractured reservoir will be defined. This idealization]
is shown in Figure 1 and is similar to the Warren and
Root® and Kazemi’ models. The mathematical formulation|
will be the same for both models. However, the approx-
imation for the matrix block will be a cylindrical
element for model I and a spherical element for Model
II.

~ It 18 assumed that gas transport in Devonian shale]
reservoirs occurs only in a porous fracture system
into which matrix blocks of contrasting physical prop—
erties deliver their gas contents. That is, the

matrix acts as a ugiformly distributed gas source in
a fracture medium. Gas desorption from pore walls

will be treated as a uniformly distributed source
within the matrix blocks.

Gas flow through the fractured Devonian Shale
system is presented by Kucuk and Sawyer as

k _ 3
v-_[oif- fo] rou e = 2o

where
p = density, g/cm®
kf = fracture permeability, darcy
¥ = viscosity, cp
¢¢ = fracture porosity
pg = fracture pressure, atm
t = time, sec
wy = mass flow rate per volume of shale matrix

element, g/sec/cm®

The equation of state for real gas 1is given by

p = o Rf (2)

RT z

Substitution of Eq. 2 into Eq. .l yields

k RT P (3)
V'[i“z)'£ fo] Y Vp(Pg,t) = ﬁ(‘pfp'zf’)

where 5
p. P
s m M n/ surface

surface area of matrix element, cm2

volume of element, cm

matrix permeability, darcy

matrix gas density, g/cma

matrix pressure, atm

normal to the surface of the matrix elemenf

g

g nwn i

It is assumed that the surface pressure of the
matrix element is equal to the pressure in the frac-
ture system; i.e., pp (matrix pressure) = Pf (fracture
pressure) at the external boundary of the matrix ele-
ment which assures pressure continuity at the boundary|

Equation 3 describes gas flow through the
fractured shale reservoir with a source term which
is the contribution from the shale matrix. Gas trans-
port through the matrix is also described by the
diffusivity equation with a source term due to desorp-

tion of gas from the pore walls of the matrix. The
following equation describes the motion of gas
through the matrix.
\ 9

v-[pm‘ﬁg vpm]+ “d = 3 (pop) )
where

kp, = matrix permeability to gas, darcy

wyq = desorption rate, g/sec/cm® shale

LI matrix pressure, atm

¢y = matrix porosity
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The rate of desorption can be expressed as

de,\ 9p
d m
a= "M dp_ | Bt %)

where
cg = concentration of gas at the surface of
pore walls, mole/em® shale
dcd
The term, E;— in Eq. 5 is the slope of the

'desorption isotherm curve for a given gas and shale
'sample. For example, Figure 1 presents the adsorption
-isotherm for three shale samples from the I11inoisld

Basin. The slopes of these curves can be used to
dcd

determine —— .
dpm

It is believed that there is a difference between
the adsorption and desorption curves.

The gas permeability of a porous medium usually
exceeds the liquid permeability of the same medium.
The difference in these permeabilities is due to the
| phenomenon known as gas slippage, which is related to
the mean free path of the gas molecules relative to
pore diameter. Consequently, the gas permeability
of a porous medium should be a function of the temp-
erature, pressure, and the nature of the gas.
Klinkenbergl6 developed the relationship between gas
permeability of a porous medium to a nonreactive

liquid
b
kg = Xy (% +-:—>
pm

where b is the Klinkenberg factor, which is constant
for a given gas and a given porous medium at a con-
stant temperature. A graph of k, versus lfﬁh should
result in a straight line with an intercept of kg and
a slope of bky. Thus, gas permeability is greater at
low pressures. The Klinkenberg factor, b, was
recently given by Jones and Owens~’/ as

6)

b = 12.64 k;'33 ¢))

for gas sands in the permeability range of 0.1 md to
.0001 md.

Since pore diameters are small for Devonian
shales, b is expected to be large. Therefore, the
Klinkenberg effect or slippage factor cannot be
ignored in the Devonian shale model.

Substitution of Equations 2, 5, and 6 into
Eq. 4 yields

k, P op P
o[i2 (o] - o) o k) o

¢ dcd
d = e T, dimensionless
Py

where

The source term in Eq. 3 can be determined from the
solution of Eq. 8. An iterative finite-difference
solution technique is used to solve Equations 3 and 8
simultaneously. The numerical treatment of the above

equations has been discussed in detail in Ref. 14.

In this study, both analytical and numerical solutioms
will be used to predict the pressure and rate behavior
of a Devonian shale gas well. A description of an
analytical method of solving the idealized fractured
flow system is given below.

ANALYTICAL SOLUTIONS

At the most fundamental level, analytic solutions
of jdealized flow systems help to provide a better
understanding of the basic flow phenomena. They may
also be used to explore, in a very general and qualita-
tive manner, the sensitivity of modeling predictions
to a variety of different effects. Another useful
class of analytic solutions to the flow equations
arises in connection with the interpretation of well
test flow data which are taken in order to learn about
the local in situ reservoir properties.

The following simplifying assumptions have been

made in the development of the analytical solutions.

1. An isotropic infinite reservoir of uniform
thickness, h.

2. All formation properties independent of
pressure.

3. No Klinkenberg effect.

4., No desorption within matrix elements.

5. Matrix elements consist of cylinders with
radius a and height h which are equal to
the formation thickness, or spheres with
radius a.

For simplicity, pressure will be used as a depen-
dent variable. Pressure squared or pseudo-pressure can
also be used for a more rigorous treatment of the gas
flow as in Ref. 1l4. Solutions for finite difference
systems are also presented in Ref. 14.

Two conditions at the wellbore are of paramount
importance in reservoir studies; namely, the constant-
pressure and the constant-rate cases. In this analyti-
cal treatment, it is assumed that the well is producing
at a constant rate. Under these conditions, Eq. 3 can
be written in radial-cylindrical coordinates as

) b b
r or or kf m pf, ng ot

where k
| J
£ bgMe,

9

Apfapi‘l)

q = volumetric flow rate per' volume of
shale matrix element, cm®/sec/cm®

Boundary and initial conditions for an infinite
reservoir producing at a constant rate are

Apf =0, t=0 R <r<eo (9a)
Apf=0, asr>® ;t >0 (9b)
hp )

f qu
—_ = ———— = constant, t > 0
( B Jmr, | TR (9¢)

The solution of Eq. 9 depends on the source term
qm» which is the volumetric flux from the surface of
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the shale matrix. As mentioned earlier, two types of
matrix element will be chosen; i.e., cylindrical and
spherical.

The solutions for q, are developed for both a cyl-
indrical and a spherical element in Appendix A. Sub-
stitution of the source term in Eq. 9 in Laplace space

yilelds
18 ([ ¥Pr)_ s
r or or n(s)

For cylinders

1 ka

n(s) = sakf

£=0 (10)

A LQa) an

I, (Aa)

and for spheres

k
—'—‘l[x coth (Aa) - l] +L
a a nf

a2)

where

a = radius of the matrix element, cm

A2 = S
N

s = Laplace space variable
Boundary conditions for Eq. 10 become

K;é =0, as T+ > (13)

B¢
or

= 1 qu » a8 r =1
s 7mr bk, v as

=Ty

The solution for Eq. 10 in Laplace space subaect to
boundary conditions (Eq. 13 and Eq. 14) is 1

(15)

Equation 15 gives the Laplace transform of the
pressure distribution in an infinite-dual porosity
reservoir producing at a constant rate. The exact
inversion of Eq. 15 is complicated. Therefore, the
pressure can be computed using a numerical Liglfge
transform inversion technique. The Schapery
inversion method with a modification can also be
applied to the Laplace transform solution (Eq. 15)

in order to get an approximate solution in real space.
The result is

I~ a7 V.
., - YOGS KolxkYe areel g
fo Tw K;[r NeTe (1/e'ey ]
where

Yy = 0.57722...Euler's constant
e = 2.7182
Pip = 2Wkeh (Py - Pg)

uq

n(l/eYt) s are given by Equations 11 and 12 for cylin-
ders and spheres, respectively, where s = 1/eVt.

"and time (t).

The solution given by Eq. 16 is a function of the frac-
ture and matrix diffusivities (ng and ny), the radius
of the matrix element (a), the wellbore radius (ry),
Therefore, the dimensionless pressure,
Pfp, is not the conventional dimensionless pressure as
used in petroleum engineering literature. Nevertheless
it is not a function of the pressure drop (Pi-Pf), the
production rate (q) and the formation thickness (h).

We can also define the following parameters for
simplicity as

kD

m 2
—5 darcy/cm
= y/

kep

, darcy/cm?
w

we = (CD PR cp/atm
= (d)uc)m , cp/atm

Equation 16 can be written in terms of these parameters)
as

pep =JETEN(L/eTE) LN ACTEVATN a”n
K1 [1AYEn(17eVe) ']
where
-
™p Ty
For cylinders
1 Z\IeYLkmneaLh(\lmleYtkmn) + £ 18)

n(1/e’t)

x
kep To («,(wm/eYckmD' ) £D

and for spheres

3eVtk,
n(l/eit) k

[\lm /eYtk othg;‘ m/eYtk mD)-'J] . %L (19)
fD

Thus, a fractured reservoir can be characterized in
terms of the four basic parameters: k ka, Wes and

The interporosity flow parameter, Ap, is defined
by Warren and Root4 as

AD = EE{?L_

o =

(20)

where
shape factor

Equation 20 can be approximated for cylinders and
spheres as

2
km ry,

Ap = 128 = i for cylinders
“f
\ =20 8 % for oph
= - v or spheres
D a? kg P
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This study does not indicate that, if AD is less
than 5 x 10'6, dual-porosity systems will always show
two parallel straight lines. Warren and Root state
that as Ap*®, fractured reservoirs will behave as
homogeneous ones. Also, if k;=0 then Ap=0 and again the
system will behave as a homogeneous reservoir.

Long Time Approximations

Case 1l: Cylindrical Elements

Let us simplify Eq. 11 for small values of s,
which 1s equivalent to considering a long time.
Bessel functions for small values of A are

Io(Aa) = 1, Aa <0.1 with 0.25 percent error
A=+ 0
and
I,(Aa) =% Aa , Aa <0.1 with 0.006 percent
A+ 0 error
where - A2 = S
™

Substituting these values in Eq. 11 yields

1
n(s) =

(Ge)gh + (dc)gn
kg

(20)

The parameter n(s) is thus no longer a function of s.
The dual-porosity system for long time will behave
like a single porosity system. The parameter Aa is
related to the matrix parameters and time by

< 0.1 (21)

where
kmt
‘mp = (¢c)mua2

A 1limit can be found directly from inequality 21 as

tp > SO (22)
If typp is greater than 50 for a given time and matrix
parameter, the first straight line (if it exists) from
pressure drawdown data will not be seen.

Case 2: Spherical Elements
Equation 12 can be simplified for small values of
s as follows:

The hyperbolic function for small values of X is

1 . Aa, Xa <0.1 with 0.0002 percent
coth (Aa) Aa + 3 percent error (23)

A-+0

]

"m

where A2 =

Substituting Eq. 23 into Eq. 12 yields (as in the
cylindrical case) we get

1
nes)

() h + (de) 1
k

f

If Aa < 0.1 then the same inequality (tpp > 50) can
also be found for the spherical case.

DISCUSSION OF RESULTSE

Figure 3 presents preasure drawdown data for
different models. Kazemi's and Warren and Root's
data are reproduced from Figure 6 in Ref. 7. The
idealized reservoir parameters are taken from Table 1,
Cage.l from Ref. 7 and are presented here in Table 1.
Kazemi's model does not have a one-~to-one relationship
with our model. We have attempted to reproduce his
data with some modification of the model. Therefore,
an exact comparison of the two results 1s not expected.
As can be seen from Figure 3, when the radius of the
matrix element (a) becomes larger the difference between
the two results diminishes. For small matrix element
radius (a), the drawdown curves do not give two parallel
straight lines. However, they displace two straight
lines with different slopes. The first straight line
will be referred to as early time period which is fol-
lowed by a transition zone and a late time period. Dur-
ing the late time period (the second straight line) the
fractured reservoir behaves like a single porosity sys-
tem. But the storage of the system will be the sum of
the fracture and matrix storages as indicated by Eq. 20

The curves we have presented do not show a point off
inflection which has been customarily used to analyze
pressure and buildup and drawdown data.

During the tramsition period, the Warren and Root
model behaves differently than the model presented here.
This can also be seen from Figure 2 of Ref. 12.

The choice of element shape makes a little differ-
ence during the early time period and the transition
time, depending on the size of the element. During the
early time period, it is interesting to observe the
difference between the cylindrical and spherical solu-
tions for a = 20 cm. However, for a = 1000 cm the
difference in the two solutions appears during
the transition period. In fact, when a = 1000 cm,
Warren and Root, Kazemi, and the results presented here
are almost identical during the early time period.

The behavior of a dual porosity system is different
than a homogeneous reservoir as can be seen from Fig. 3
However, a dual porosity system does not always displace
two parallel straight lines. Figure 4 presents simu-
lated buildup data for an infinite dual porosity reser-
voir. The Horner plot of this data shows two straight
lines with different slopes and a transition period.
For a late-time period the slope of the straight lines
is equal to 1.151 per log cycle. Thus, the slope is
inversely proportional to the fracture permeability.
The slope of the first straight line is smaller than
the first one and does not yield either the fracture or
the matrix permeabilities. More work has to be done to
analyze the first straight line.

Figure 5 presents simulated pressure interference
data from an observation well at a distance rp = 1000.
For the time smaller than 1000 hours, the pressure data
can be matched with the exponential integral solution.
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If we run the test less than 1000 hours for this par-
ticular reservoir, despite the apparent good match,
the type-curve matching techniques will yield the
fracture permeability but not the fracture porosity,
matrix porosity, or the total system porosity (¢p + ¢e).
For this particular case, ¢y = 0.05, ¢¢ = 0.001 and the
estimated porosity from the match 1s about 0.017.
Figure 6 shows the Horner plot of the buildup data for
the same observation well., For the late-time period
the slope is only equal to 1.075 per log cycle

which is less than 1.151. The permeability calculated
from this slope will be greater than the matrix permea-
bility. However, since the difference between the cal-
culated permeability and the fracture permeability is
small, this difference is not detected by the type-
curve matching in Fig. 5.

The Horner plot of the buildup data does not show
a second straight line. As mentioned above, the Horner
buildup plot for a producing well for the same reser-
voir (Fig. 4) shows two straight lines with different
slopes.

Figure 7 shows the dimensionless fracture pressure
(Pfp) for infinite dual-porosity reservoirs producing
at a constant rate as a function of logarithm of time
for various kpyp (kp/a2). Curves 1 and 2 do not indi-
cate two straight lines. Curves 3 and 4 both show
two straight lines with different slopes. Curve 5
shows two almost parallel straight lines. Thus, two
parallel semilog straight lines for fractured reser-
voirs can only be observed for specific cases. However,
dual porosity systems do behave differently from homo-
geneous (single porosity) systems.

Figure 8 shows the dimensionless fracture pressure
as a function of the logarithm of time for various
values of wg[(¢cu)g]. For this case_the interporosity
flow parameter (Ap) is less than 10~7, where:

k. r

A =128 U
D £ Except for curve 2, the curves do
not display two parallel semilog straight lines.
Instead, they display two straight lines with different
slopes. Therefore, the interporosity flow parameter
(Ap) is not the only parameter which characterizes

the semilog behavior of pressure data from dual poro-
sity reservoirs.

Figures 9 through 12 show some results from the
numerical simulator described in Ref. 14. In each case
the well was flowed for 4 years at a constant rate of
25 MCFD and then shut-in for 45 days. The first three
points obtained after shut-in are not, in general, con-
sidered reliable.

Figure 9 shows a Horner buildup plot with a very
low value of kyp (9.29 108 md/ft2). We are essen-
tially seeing the first straight line and a small por-
tion of the transition period. The significance of
this is that kmD is one of the basic parameters which
controls gas production from the shale matrix. The
slope of this Horner graph yields lower permeability .
than input fracture permeability. However, theoreti~
cally it should yield higher value than fracture per-
meability because the effect of the matrix permeability
is apparent during the early time period. This differ-
ence may be within the error limits of the simulated
data and its slope.

Figure 10 shows the Horner plot for the same
conditions used in Figure 9 except kyp. In Fig. 10

kyp has been increased to 3.72 10-6 md/ft2 by decreas-

ing the matrix element radius (a) from 1000 cm to 50
cm. Here we see dual porosity effects in the form of
two apparent straight line slopes which are approxi-

" mately parallel and are separated due to a transition

period. However, the slopes are not parallel and
neither gives exactly the input value of fracture per-
meability. The first slope is very difficult to get
and, by coincidence, gives almost exactly the input
value of fracture permeability. The second slope,
which should give exactly the input value of k¢, gives
a slightly lower value. This could be due to the
approximate method of analysis used but is more likely
due to the fact that the well was not shut in long
enough. That is, the 45-day shut-in only corresponds
to a tyn of 5.67 (tpp <50) and hence matrix effects
may still be present. The vertical separation is
related to the relative storage capacity of the frac-
ture system as compared to the shale matrix.

The buildup shown in Fig. 11 is for the same
conditions as in Fig. 10 except that gas slippage
has been included according to the relation given by
Jones.l7 Note that the first apparent slope gives a
higher permeability than the first slope in Fig. 10.
This is expected since the effect of gas slippage is
to increase the effective gas permeability. However,
the second slope is surprisingly low, resulting in an
even higher calculated permeability value. Both the
duration of the transition zone and the vertical sep-
aration are affected by gas slippage.

Figure 12 shows a Horner buildup plot for the
conditions of Fig. 11 with desorption included. Since
desorption acts as a source term for the shale matrix,
one would expect to calculate an even higher permea-
bility than in Fig. 11. This is indeed the case;
as shown, a value of 0,119 md was obtained from the
first slope. The second slope behaves more as
expected in that it gives a permeability value close
to the fracture permeability (even though t p is much
less than 50). It should be noted that the transition
zone is both longer and flatter than in either Fig. 9
or 10.

These results have not been completely analyzed
and are presented here for the first time to show,
together with analytical results, the qualitative
effects on pressure buildup data of a dual porosity
gas flow system with low matrix permeability, gas
slippage, and desorption.

CONCLUSIONS

The main purpose of this study was to develop
well testing techniques for Devonian shale gas
reservoirs by using analytical methods and the numer-
ical simulator.l# For some sets of reservoir para-
meters within the limit of the Warren and Root model,
we have not observed the characteristic behavior of
the fractured reservolrs as presented by Warren and
Root. Therefore., we wanted to further investigate
to determine whether this is due to very tight nature
of Devonian shale reservoilrs or an inconsistency in
the Warren and Root model. Thus, new approximate
analytical solutions were developed for the constant
rate case considering cylindrical and spherical matrix
elements.

The solutions have been checked with other analy-
tical and numerical solutions for certain cases of
the total system studied. Good agreement has been
found with these available results. The following
conclusions can be drawn from the results of this
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study. :
1. The Warren and Root model is applicable only 2 - gimensi:nless
for special cases of the fractured reservoir parameters, : esorption
2. The interporosity flow parameter (Ap) is not f : fai ial
the only parameter which characterized the nature of ? - 12 tia
the semilog straight lines. - quid
3. We have shown that if the dimensionless time m = matrix
(tmp)» which is a function of the matrix parameters, is t = total
greater than 50, the dual porosity system will behave d = well
like a homogeneous (single porosity) system with stor- | ¢ = Bessel functions of zero order
age equal to the total system storage (c¢)=(dc)y+(bc)e 1 = Bessel functions of one order
4. For simplicity we have defined four parameters
(kg¢p, kyp, Wg, and wp) which can fully describe the
behavior of a fractured reservoir. ACKNOWLEDGEMENT

5. The type-curve matching techniques may indi-
cate a fracture permeability which is slightly greater
than true fracture permeability. Also, the porosity
estimated from type-curve matching will indicate a
higher value than the fracture porosity and a lower
value than the total system porosity. However, this
area has to be further investigated to develop methods
for estimating fracture and matrix porosity and matrix
permeability.

NOMENCLATURE

radius of shale matrix element, ft (cm)
Klinkenberg factor, psia (atm)
concentration of adsorbed gas, mole/cm®
formation thickness, ft (cm)

modified Bessel functions

modified Bessel functions

permeability, md (darcy)

AARAHDO TP
[ I I I N N T 1

kep = kg » md/ft?(darcy/cm?)
r 2
W
L ;% , md/ft?(darcy/cm?)
M = molecular weight, lbm/mole (g/mole)
P = pressure, psia (atm)
q = flow rate, bbl/day (cm®/sec)
r = radial location, ft (cm)
s = Laplace space variable
T = reservolr temperature, °R (°K)
k t
m
t e
mD ($c) pa’
w = mass flow rate pér volume of matrix element,
g/sec/cm®
w, = desorption rate, g/sec/cm®
z = real gas deviation factor
o = ghape factor
o} = density, g/cm®
u = viscosity, cp
¢ = porosity
n = diffusivity (k/duc)
n(s) = defined by Equations 11 and 12
A2 = 2
Lt
Okpyr, 2
Ap = W
kg
Y = 0.57722...,Euler's constant
wg = (uc)g, cp/psi (cp/atm)
wy, = (dcWyp, cp/psi (cp/atm)

Subscripts

f = fracture
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Equation 8 can be simplified by using assumptions made
earlier in the radial-cylindrical coordinates, as

where

Boundary and initial conditions for Eq. A-1 are

Ap = 0, t = 0, 0<r<a (A-2)

Ap. = finite, at r =0, t <0 (A-3)
m

The flow in the matrix element is given by Eq. 8.

dhp alp
13 (,m) . Y _m -
r dr (r ar) nm< at) (a-1)

bp, = Py -py

" T e

Apm = Apf , at r = a (at the surface of the matrix

element); t > 0 (A-4)

where
a = radius of the matrix element

The solution of Eq. A-1l subject to Eqs. A-2 to A-4 in
Laplace space is given by

bp, = Bp, To(Ar)/To(Aa) (A-5)
where
A2 =
™
s = Laplace space variable

Ip, I3 = Bessel functions

The volumetric flux from the cylindrical surface in
Laplace space is given by

S Y kad (A-6)
m Ha or /r = a

Taking the derivative of Eq. A-5 with respect to r,
and setting r equal to a yields the source term for a
cylindrical element as

¥l

2
- _:L Ao, T1(ha)/To(ha) (a-7)

Spherical Matrix Element

The flow equation for the matrix element is given by
Eq. 8 which can be written in spherical coordinates
as

19 (¢ EEEE - 1 (3p (A-8)
r? 3r ar n, 3t

This equation can be solved using the similar boundary
and initial conditions for the cylindrical element
case. The solution in Laplace space for a spherical
element is

1 = sinh(ir)
Aey = ¢ 2 Mg gTan(Ray (4-9)

and the source term, Eﬁ is
- 3k, —

- 21
= bpg [A coth(la) a]

-1

where
A2 = S
nm

a = radius of sphere
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