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Abstract

An analytical model based on a poromechanical formulation for dual-porosity media is presented. In comparison with
traditional concepiualizations such as by Barenblatt et al. (1960), the proposed modei contains both additional terms in the
governing flow equations (e provide 4 physically more realistic description of the change in storage, and a natural accommodation
of body displacements. Solution is developed for radial flow in a reservoir subject Lo the conditions of both constant bottom hole
pressure and constant flow rate using Hankel transforms. The poromechanical effect, resulting from the coupling between fluid
flow and solid deformation, is significant in the well vicinity where the modifications of initial pressure and stress state are
substantial. Different from the conventional approach in which the impact of fluid properties is generally emphasized, the
presented case studies highlight the critical influence of mechanical properties of the fractured rock mass on the change of fluid
pressure in 4 producing reservoir, The study indicates that dual-porosity behavior is most obvious only when the poromechanical

properties fall within a certain range.

1. Introduction

The behavior of fractured porous rock masses is dif-
ferent from unfractured-porous media because of their
unique flow characteristics along with unique mechan-
ical responses o the internally and externally applied
loads. Porous rock masses are deposited as sediments
of matrix rock with intergranular porosity. Over geo-
logical time, continuity of these masses has been dis-
rupted as a result of lectonic activities, weathering,
earthquakes, glacial and thermal stresses. The resulting
rock masses may be described as aggregates of biocks
bounded by interconnected or isolated fractures, adding
sccondary porosity to the original porous materials. In
general, the fluid flow within matrix blocks is different
from the flow in a fractured network. In the former, the
matrix blocks contain pore space having similar dimen-
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sions in lengths and widths, in addition to highly tor-
tuous flow patterns. In the latter, the fractures provide
more continuous apertures with lengths far in excess of
their widths. If several closely spaced sets of joints are
present, they may form a directly interconnected flow
system. The combination of radial intergranular flow
in the matrix blocks with linear flow in fractures rep-
resents a typical flow pattern within naturally-fractured
Teservoirs.

In general, conservation laws hold for momentum,
mass and energy. For an isothermal case, stress equi-
fibrium must be maintained for the load-deformation
behavior of the reservoir, while fluid mass is concur-
rently conserved. Reservoir deformation as a result of
production is coupled with induced pore pressure
change. This effect is most pronounced in areas of large
changes in total stress, such as in the vicinity of pro-
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ducing wells, with the magnitude of this impact dimin-
ishing with distance.

Analytical solutions for flow in deformation-coupled
dual porosity systems provide an important means of
distilling the essential behavioral components in the
response, albeit for simplified geometric representa-
tions of reality. The governing equations representing
flow through fractured-porous media were initially pro-
posed by Barenblatt et al. (1960). The mathematical
mode! was {urther developed as a potential reservoir
simulator by Warren and Root ( 1963). Analytical solu-
tions for flow towards a single well are available for a
variety of reserveir conditions, Streltsova-Adams
{ 1978} evaluated many of the possibie solutions based
on Ihe dual-porosity conceptualization. Raghavan
(1977} proposed several approaches for wells inter-
cepting single discrete [ractures. Moench {1984)
assumed an interactive dual-porosity behavior as that
fluid flows across a fracture skin. In terms of coupling
fluid flow with solid deformation, Biot (1941) pre-
sented a comprehensive poroelastic formulation in
three-dimensional  space, with displacement and
pressure as primary unknowns. Rice and Cleary (1976)
introduced a series of alternative solutions based on the
stress function method and provided a unification
between the theory of Biot and that developed by Ter-
zaghi (1923). Using the solution of Melan (1940} for
acentral point dilatation in a semi-elastic space, Segall
{1985) solved the coupled flow-deformation problem
for a reservoir subjected to fluid extraction. Recent
advances extend the traditional dual-porosity approach
to encompass the coupled processes which include par-
tial or comprehensive coupling of fluid flow, solid
deformation, heat transfer and solute transport (Bai et
al,, 1993; Bai and Roegiers, 1995). Research efforts
have also been focused on identifying local influences
such as convective flow (Bai and Roegiers, 1994} or
nonlinear flow near a well (Bai et al., 1994) in a duai-
porosity medium. Accompanying numerical advances
include the development of a three-dimensional finite-
element model capabie of evaluating coupled flow-
deformation in poroelastic dual-porosity media (Bai
and Meng, 1994),

This paper presents an alternative dual-porosity
model based on a modification of Barenblatt et al.’s
formuiation (1990) and additionally incorporating full
coupling of displacements. The addition of terms in the
governing flow equations provides a more realistic rep-

resentation of the fluid storage interaction between
matrix blocks and fractures during the initial transient
flow regime. The states of stress and deformation near
a producing well have been examined via a porome-
chanical coupling. The solutions of the constant bottom
hole pressure for an infinite reservoir and the constant
flow rate for a finite reservoir are obtained using Hankel
iransforms. A hypothetical case study focuses on the
constant flow raie scenario, in an aliempt {0 identify
the dual-porosity behavior of the fractured-porous rock
mass in conjunction with its poromechanical effect
along with the variation of the material properties.

2. Theoretical formulation

in the dual-porosity poromechanical formulation,
the governing equations for the solid and fluid phases
can be written as {Wilson and Aifantis, 1982):

Gu‘.‘jf + (A + G}uk.ki + i (Ibmpm.i"_" 0 ( 1 )

=l

km . -
;pm.f\'k + quekk - rf)mpm i r( AP} = 0 (2)

where m=1 and 2, represent the matrix and fractures,
respectively; A and G are the Lamé constants, ¢ is the
fluid pressure ratio factor or Biot coefficient {Biot,
1941), ¢~ is the relative compressibility representing
the lumped deformability of the fluid and the fractured
or intact medium, k is the permeability, p is the fuid
dynamic viscosity, I is the transfer coefficient, 1 is the
solid displacement, p is the fluid pressure, &, is the
total body strain, Ap is the pressure difference between
fractures and matrix blocks. A sign convention, assum-
ing fluid compression as positive and tension in solid
stress as negative, is adopted, consistent with the field
of geomechanics. The stress—strain relationship in a
poroelastic medium may be expressed as:

U’,‘j = EGEU+ 8,:,-/\6&* + 6'} i d)mpm (3)

m=

The complete analogy between poroelasticity and
thermoelasticity was first identified by Biot (1956). As
peinted out by Rice and Cleary (1976) the analogy
holds only when the coupling between the fluid pres-
sure {or temperature} and stresses is rigorously
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retained. In other words, the pressure should be derived
from the governing equations simultaneously with
either stresses or temperature (Cleary, 1977). In poroe-
lasticity, complete decoupling may cause a significant
error, however, only in close proximity to the applica-
ton of lead (Cryer, 1962). In an infinite medium, par-
tial decoupling using the concept of displacement
potential offers an acceptable approximation to that of
rigorous coupling, even adjacent to a fluid source (Cur-
ran and Carvalho, 1987). As a result, a simple sequen-
tial solution procedure is then permissible. For an
infinite medium with isotropic and homogeneous prop-
erlies, the solid displacement can be expressed in terms
of a displacement potential proposed by Goodier
(1936}, assuming the displacement field is irrotational
as:

n= b, (4)
Substituting Eq. 4 into Eq. 1, gives:
Gyt (A+G) Pys+ ¥ hyy Py =0 (5)
m=1
Integrating Eq. 5 with respect to x;, results in a Pois-
son equation:
(p.kk T nB Z q‘)m P (6)
m=1
where:

_ I {(I4+m)(1-2v)
2G+4r E(l-vw)

B ()
where E is the elastic modulus, v is the Poisson’s ratio.
Substitting Eq. 6 into Eq. 2, yields:

%Pm.kk - )8(!)"! 2 q‘)mp-m - (f);ifjm i F( AP) =0
s L

In a duai-porosity medium, if the rate change of fuid
accumulation in the control volume is a result of
exchange in storage capacity in the matrix and frac-
tures, in addition to the volume exchange due to fluid
flow between fractures and matrix blocks, then the flow
equation should be further modified, in a long form, as:

k R . .

=py = B F b))~ (b3 — Beddn)pa + py —pa)
# 8)
ks R (
L:PE.H\-:{.BQ{’E"“!’:. Vo (e = Beaba 33y~ T{py = pa}

Expressing the relative compressibilities in a more
explicit form, and neglecting the influence of shear-
induced dilation of the fractures, Eq. 8 can be written
for the matrix and the fractures, respectively:

ky ap; éps
T}Q = k) B 2
o ™ fx“““‘ar "E}I+F(p' Pa) (%)
ks dpa dp,
Mape _pOP2 0P p
L P f“ar fa(.ﬂ I'p,—p2) (10

where f; and f; are the matrix and fracture compressi-
bilities, f5 and f; are the interacting bulk compressibil-
ities of the fracture and matrix phases, respectively.
More explicitly:

1—n,

1y )
m———t by 2 1
fi= R B ()
f_—znz' — .8 {12)
K +K 7 -
I—n n, -
= =+ =+ b3 i
hi Xs K i (13)
2ny
fi= ra +*Kf_ ¢ B (14)

where ny and n, are the porosities for matrix and frac-
tures, respectively; K, and K; are the bulk moduli of
solid grains and fluid, respectively; K|, is the normal
fracture stiffness, 5° is the fracture spacing, n) and n;
are the effective porosities in matrix and in fractures
considering an average bulk compressibility in matrix
and in fractures containing fluids, respectively. It is
important to note that the governing Eqgs. 9 and 10, for
fluid flow alone, are different from those proposed by
Barenblatt et al. (1990), Barenblatt et al. assumed that
the change of the guest fluid pressure (here meant for
fracture pressure in matrix flow equation, and vice
versa) should have an impact on the change of void
space in the host phase and this impact was omitied in
their final formulation. 1t is arguable, however, that the
storage change in the host phase {e.g. matrix) due to
fluid and solid compressibilities in the guest phase (e.g.
fractures) should occur in its own space. The storage
change in the guest phase may contribute substantially
to the change of fluid volume in the host phase, partic-
ularly in the initial transient pumping stage. This prop-
osition may be further clarified as follows.
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a. A porous medium

b. Afractured porous medium

¢. Afractured medium

Fig. 1. Schematic fractured/porous media.

In the absence of fractures (Fig. ta), fluid flow can
be represented by:

—Vpi=fi- (15)
H

As a result of the presence of fractures, as shown in
Fig. b, the fluid compressibility due to pressure change
in the fracture space would counteract the rate change
of fluid accumulation in the matrix space (second term
on the right-hand side of Eq. 9}, while the internal fluid
flow due to pressure difference between matrix and
fractures would either assist or counteract the matrix
fluid accumulation, depending on the magnitude of
pressure p, and p. (third term on the right-hand side of
Eq. 9). Eq. 9 results.

Similarly, fiuid flow in a fractured medium, inter-
cepted by the impermeable matrix blocks (Fig. 1c},
may be represented by:

B, =2 (16)
13

Following the previous reasoning, Eq. 10 may be
developed if the matrix blocks in Fig. lc are permeable,
such as in Fig. 1b, and flow between the matrix and
{racture is then permitted.

To represent a long producing well zone, stress and
pressure changes are assumed plane radially symmetric
and, therefore, independent of the circumierential and
veriical orientations. Strains are, therefore, given as:

_n
T ar
i
Elm=; (7

€= €.=0

The total strain is them:

du u
Dy =€p=¢,+ 5(1(f=5+; (18)

and stresses can be evaluated from Eq. 3 as:

T, 20, + Aey + E“ Br P
np= ( 19}
du ou 2
= J i -+ l\" +
B ar - E Gt P

ne=1i

Ton=20€g Agy + E P P
=1 . (20)

o dn 2
=BT A Y b

=i

and:

]

g, 1"(O—rr+0-(if)) = )‘Ekk+2v Z qupm (21)

nt=1]
in a radial system, Eq. ! can be reformulated as:

a1a 2 ap
- i
— | —=—(ru) |+ =0 (22)
B ar [r r'Jr( ):l ”g] & ar

Integrating Eq. 22 with respect to r, and assuming
r—x, A and Adp,,— 0 (4 indicates the change over

initial values), yields:
du u 2
a—i-;: _IB Z (!"mpm {23)

m=|

Note that Eq. 23 is identical to the combination of
Eqgs. 6 and 18.
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The solution is more general if it is solved in a dimen-
sionless form. Therefore, we introduce the following
parameters:

Dimensionless fluid pressure:

2ah(k k) (po—p;)

Ppi= (i=12) {24)
qu

where [ is the reservoir thickness, py is the initial fluid
pressure, g is the flow rate.
Dimensionless radial distance:

,
=
o
where r,, is the well radius.
Dimensionless time:

pri Y fi

Fas ]

_ (K ”f“fz)f' (26)

[

Dimensionless displacement:

Ho—H
Uyy=—— (27)

I

w

where uy, is the initial displacement.
Fluid transfer coefficient:

AT ==ty {28)

wliere @ s o shape factor (Warren and Root, 1963)
and can be evaluated by the equation:

LA+
L B
Z
where j7 == 1, 2 or 3 in terms of the number of orthog-

onal sets of fractures, {is a characteristic dimension of
the blocks, and can be written as:

_ 3a'b ¢
a'b"+beFotal

¢

For the regularly spaced parallelepiped model,
J =3, a"=b"=¢" =5";s0that

60

(s7y"

Elastic coefficient:

- | 9
B '8271'1:(/{[ + k) (29)
Calculating coefficients:
ky + k),
w =TI (534 (30)

DOW;

P=1
where:

{k, when i=1and 2

5=Vk when i=3 and 4

7
Using simple arithmetic manipulation, coefficients

w; can be represented by dimensionless terms such

as the permeability ratio &, /k,, compressibility ratios

K/ K5, K/ K, and K/ E, along with n;, v and ..
The governing Egs. 23, 9 and 10 can be rewritten in

the dimensionless form:

aly Uy .

. +‘“_““‘= =BT Pry + daPin) (30)

drpy I

O?P,Dl-i-i 6_Pm=

(“T) s (j"])

1__—~+/\. P _P > 32
Ir.”D Wy it (P = Pp2) (32)

2]

a3pm_‘_ 1 9Ppa _

@ 9y
4Py, 4Py,

3(.”” @y Aty (P n2) (3N

@

Solutions and solution procedures of solving simul-
tanecus Eqgs. 31, 32 and 33 for the cases of constant
bottom-hole pressure and constant pumping rate are
described in Appendices A and B, respectively.

3. Parametric relationships

The parameters used in the previous formulation for
the fractured-porous rock mass may be classified into
four calegories, as: (a) fluid properties (K, u); (b)
mechanical properties (£, v, K, K.,); (c) physical
properties {5°, ky, ka, n;, 222, T'}; (d) and poromechan-
ical properties (¢, b2}, Most fluid and mechanical
parameters can be routinely obtained through iabora-



166 Mao Bai eval. / Jowrnal of Petroleum Science and Engineering 13 (1995) 155168

Table t
Referenced maseriaf properties

Parameter Symbol  Value Unit Type Reference

Elastic medulus £ 5~80 GPa sandstone Jumikis, 1983

Poisson ratio ” 0.07~0.33 sandstone, Hmestoae  Jusmikis, 1983

Fluid bulk moduius K, 0.5~3 GPa oil Craft and Hoawkins, 1959
33 GPa water Rice and Cleary, {976

CGrain bulk modulus K, 36~50 GPa sandstone, marble Rice and Cleary, 1976

Fracture stiffbess K 18] GPa/em fwai, 1976; Rosso, 1976

Fracture spacing 5" 0.2~30 m Snow, 1968

Matrix porosity " 0.04~0.2 sandstone, limestone  Jumikis, 1983

Fracture porosity Ha 0.0001 ~0.01 Snow, 1968

Mutrix p factor i 0.3 Waish, 1981

fracture p factor ths 0.9 Walsh, 1981

Muatrix permeability k| 101~ gt cm? sundstone Freeze and Cherry. 1979

Fracture permeability ks 1077~ 1074 em? metamorphic rocks  Freeze and Cherry, 1979

Dynamic viscosity 7 0.012 cP i Cralt and Hawkins, 1959
1.3 cP waler Craft and Hawkins, 1939

Transfer coefficient r 60 parallelepiped Warren and Root, 1963

tory lechniques, in conirast lo the physical parameters
which are generally acquired via field measurements.
For the determination of poromechanical parameters,
more sophisticated macromechanical testing methods
with fluid pressure coupling are usually required. As
ar initial approximation, Tabie | lists the values or the
approximate ranges of general parameters which may
be necded in the calculation. These parameiers should
be readjusted to suit individual situations. In particular,
the mechanical parameters are basically determined
from laboratory tests and should be adjusted to match
in-situ magnitudes,

It should be realized that not all of the previously
defined parameters are independent. The existence of
some parameters is aimed at providing a definable and
compuiational convenience. For example, using a sim-
ilar approach as Nur and Byerice (1971}, the Auid
pressure tatio factors o, {i==12) in an overlapping
matrix-{racture network may be defined as a function
of the fluid, solid grain and skeleton buik moduli,
together with fracture compressibility:

1 I
E+E) (34)

=1~

for matrix, and:

11
v= 1K~
s K.-+K,,s‘) (3)

for fractures; where K is the bulk modulus of rock
skeleton.
The matrix permeability k, may be associated with
the matrix porosity via (Bear, 1972):
3 )
ay iy
k) = e 36
! (1—=uwn;)" 180 (36)
where d,, is the medn grain size or the hydraulic radius.
Fracture permeability &, in the fracture-dominant
porous rock mass may be related to the fracture spacing
s™ by (Snow, 1968):
bi

fqoe——
I A 37)

where by is the fracture aperture.

4. Dual-porosity behavior

The parameters used in an illustrative example are
detatled in Tabie 2 for a fractured-porous reservoir of

Table 2
Parameters in an illustrative example

Porosity n Factor ¢ Coefficient Radiuos

Matsix Fractures Mairix Fractures v Ppw 7w Phe s

0.2 0.02 0.5 09 03510 0.1m 19,006 2.0




Mag Bui et al. / Journal of Petroleum Science und Engineering 13 {1993) 135-168

1.0 e
j /
0.0 ] /
=Y /
o
&
0.6
n .
i
o T
= i
=
i 0.4 B
2 1
= ]
— . F
=0z ,/ (rO0=0.5, ri=r2=ri=1)
. Vi
1 ) -
0.0 Fnp=sT N — —

o
Lirne

10 °® 107! H )=

Dimensioniess

-2

10
Fig. 2. Temporud pressure at = 2 under coastant well pressure.

infinite exienl. Assuming a constant pressure inner
houndary and a no-flow boundary at infinity while con-
sidering the influence of fluid compressibility from the
guest phase only, Fig. 2 shows the normalized temporal
fluid pressure in the iractures when the ratio of r,=k,/
k=03, r=KJ/K5", ra=KJ/K, rn=K/E are all
equal to one, and the elastic modulus equals | GPa. Tt
is noted that the gradual pressure changes at early time
demonstrates the substantial contribution from the
intergranular matrix flow, The following dramatic fluid

i

Dimensionless pressure

=

. y & n
E " - ~ -
peadtuinotaadsal i, ”

-

161

pressure change at later time indicates dominated flow
in more permeable fractures.

Another attempt is made to simulate a {ractured-
porous reservoir with a finite radius {ry,, = 10,000}, It
is assumed that a constant fluid pressure prevails a3 the
outer boundary, that a constant pumping rate is main-
tained at the wellbore, and that the reservoir is com-
posed of equally-spaced fractured porous blocks. The
parameters in the calculation are the same as those
shown in Table 2, except that the dimensionless radius
rpequals [,

Fig. 3 shows the dimensioniess pressure—time rela-
tionship for a number of permeability ratios (r,=4,/
ka). It is interesting to note that a decrease in matrix
permeability results in a significantly defayed pressure
drop in the fractures, representing the dominant impact
of fracture low.

For a fixed permeability ratic (r=0.01} and com-
pressibility ratio of fluid 1o rock elastic modulus
(rs=K/E=1), the pressure change is least sensitive
to the change of compressibility ratios r; = K/ (K5}
and ry =K,/ (K,) atlater times (Fig. 4). [t appears that,
for a constant fluid compressibility, a decrease in frac-
ture compressibility leads to delayed pressure distur-
bance. The dual porosity behavior becomes observable
al large r). For larger ry, the fluid in the fractures is
drained quickly, and the matrix storage supplies the
fractures within a short period of time. Subsequently,
fluid flow and fluid pressure between matrix and frac-
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Fig. 3. Temporal pressure for virious permeability ratios.
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tures are maintained in equilibrium within the system.

For a fixed permeability ratio, ry, and compressibility
ratio, r;, pressure profiles are sensitive 1o variation of
the compressibility ratios r, and r,, as illustrated in Fig.
5. It is obvious that the pressure change is delayed as
ry increases and ry decreases. This behavior resembles
an equivalent homogeneous reservoir with soft frac-

tures and stiff solid grains. However, it is important to
note that the depleting pressure magnitude at early per-
iods appears greater than the reservoir pressure as
depicted in Fig. 5. This poromechanical impact cannot
be observed if a conventional low modcl is used alone.

Dual-porosity behavior is exhibited if the elastic
modulus of the rock mass is relatively large for fixed
ratios of 1y, r; and r.. The effect of the elastic constant
of the rock mass diminishes when the ratio r; is smailer
than 1077 (Fig. 6). Although the duration is short at
earty dimensionless limes, the pressure change is sig-
nificant, depending on the magnitudes of 5. In addition,
the period of pressure stabilization during the Auid
transfer between matrix and fractures appears 1o be
prolonged as a result of variation in ri. For a fixed
Poisson ratio, the magnitude of rock elastic modulus
represents the stiffness of the rock skeleton, which
plays a critical role in the determination of the pressure
profiles. This effect is illustrated in Fig. 7, where the
dual-porosity behavior is apparent only when the rock
mass is relatively stiff, e.g. ;== 0.01. The poromechan-
ical effect is obvious when r, {alls in the range between
0.1 and 1000. Both dual-porosity phenomena and the
poromechanical influence diminish when 4 is equal or
larger than 1000. Because large r; represents relatively
soft rock masses, the dual-porosity behavior is least
observable for soft media.

Assuming r,=5, =01, n=ra=r=1, and

2h{k, +k3) = qu/r,, the radial pressure and defor-
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mation profiles are illustrated in Fig. 8 when 1, equals
10. It is noted that uniike the uniform pressure decline
from the well, both solid deformation and stress decline
dramaticaily within a dimensionless distance of 600
from the well, signifying a significant local deformation
effect as a result of petroleum production. This implies
that the impact of poromechanical behavior should not
be neglected within this region.

5. Conclusions

An analytical procedure has been presented to eval-
uate the poromechanical effects on the (uid pressure,
the state of stress and the deformation near a well as a
result of pumping in a fractured-porous rock mass. In
comparison with coaventional approaches to dual-
porosity behavior, the present model provides a more
reasonable description of the slorage inferaction
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between matrix blocks and fractures, while simuitane-
ously coupling displacements to the pore fluid
response. As cnabled by the characteristics of an infi-
nite medium, the volumetric strain rate is partially
decoupled from the impact of fluid pressure by apply-
ing a poromechanical potential. However, the coupling
of flow with deformation is recovered by placing the
fluid pressure gradient as a body force while maintain-
ing the system in equilibrium. The poromechanical
influence is most prominent near a producing well
where the medifications of reservoir initial flow and
deformation conditions are dramatic. Change in the
flow system in the vicinity of a production well may,
therefore, be misinterpreted without considering this
important poromechanical factor. For a constant fluid
compressibility, the dual-porosity behavior of the frac-
tured-porous rock mass is identified at the early tran-
sient stage when fracture drainage leads to significant
compression of the fractures. Duai-porosity behavier
may not be observable if the rock skeieton is relatively
soft, even if a significant disparity exists between frac-
lure and grain compressibilities. However, the poro-
mechanical influence is noticeable for soft rock masses,
where the pressure magnitude at early time appears
greater than the average reservoir pressure, a phenom-
enon not attainable uvsing traditional diffusive flow
models. Dual-porosity behavior is most obvious in res-
ervoirs comprising a stff rock mass with relatively
small fracture compressibilities and large grain com-
pressibilities. The decrease in the permeability ratio
between matrix and fractures only results in the delay
of lemporal pressure magnitudes, while no dual-poros-
ity behavior is apparent.
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Appendix A. Constant bottom hole pressure

During production, the bottom hole pressure is usu-
ally maintained at a constant level to prevent excessive
separation of gas from oil. The boundary ard initial
conditions for an infinite reservoir with a constant bot-
tom hole pressure and no flow at infinity are:

e
P =Ppa|me1= — Pow

dPps _ 8Pp

. e =0
_< dl‘;-) df'D (Al )
Uplp—==0

\Pm = Ppalp=0=0

where Py is the dimensionless bottom hole pressure,
which, for all practical purposes, is equal to or smaller
than 1. For a linear system, the solution of Egs. 32 and
33 can be expressed as:

Pri=Vp+ Py {i=1,2) {A2)
The equations for the unknown V are:
52"})1 +i Vi o
iy rp Orp
aV dVia
= w2 AT (Vi = Vi) (A3)
df]) fjf[)
PV 1 8Vin_
df'b iy BrD
A aV
ws‘“.‘“l)—t_w‘:‘—.“[“)i_/\‘Rk( Vi — Via) (A4)
dip dlp
The boundary and initial conditions are:
Vit = Vpal i1 =0
Vou= Vol =0 (A3)

Vor = Vozlw=0= — Ppw

Using the Hankel transform defined by:

‘?Di(gvfl)) = ij( Fpafn) ‘p{ Erp)rpdry
! (A8)
(i=1,2)

where:

Visi(rotn) mf[-ﬁ)(&) +Y5(H1!
: (AT)
l}l}i{ £p) W Eirp) fdé

and £ is an integral parameter; the Bessel function
(&), which satisfies the boundary conditions
shown in Eq. A5, is:
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IP‘( &rp) =Yl E)Jo(Erp) —Iu(E) Yol &) (AB)

Solving Eqs. A3 and A4 using this Hanke! transform
gives;

dVp, _ dVis

s 2'*'/\. 17 +/\.‘7 q = ) A9
(& Vi [R5 dry Yy { )
e _— dV . dv
(A RI Vi + ARV, = — 22—
d:) drp
(A10)
For convenience, let us define:
' \ .
a,=(&+A%)
a:={fz+/\'Rk)
b= w w;~ waw,
‘< cn=(awy— A w.R)b ™! {All)

Ciz= (a;w:—)a'w;)b*'
Cy =y — AT e R )b™
(2= (a0, — A )b™!

Egs. A9 and A0 may be rewritten, after integration
with respect 10 4, as:

— ngD ClﬂF

. L‘t‘z}ln_ o b—r:zm A§2
Mg d: ( )
- "D F
l)2= _C-x, L“‘“r'llf|)+cllm b”"('zzli) (A§3)
d e
where:
d” =\ 020 €122y (Al4)

and D and F are determined from the initial condition.
Substituting Eqgs. A12 and A13 into A7, one obtains:

Vm = J‘(.‘S,}De-r‘mn_ﬁ:{pu— r;:m) [I-{' ( l,-':.rx>)£d§ {AL5)
/ d i
Vips = j(m%}oe“f““’ +~2~'«}Fe ~"-‘-"")'If' (&) € (A16)
1
where:
T () =) (A17)
T £) + Y5(8)

To satisfy the initial condition in Eq. A5, the follow-
ing relationship between D and F can be obtained:

C,,-i-ch (A18)
Cap t Caa

Finding explicit expressions for D and F is difficult
due to the complication in solving the integrals in Egs.
Al15 and Al6. However, if flow between the matrix
and the fractures is neglected on application of the
initial conditions, or A" =0, then the coefficients F and
D may be determined from Eqgs. A15 and AlG; e

Feop {(miw3—m1m,,)j df} l (A19)
DW CU]‘*‘CU_‘ l §
= -1
W=~ tw . d&
D= —P|>w|:w4(————-—-————-—-——————' w3~+~w; “) J i mg}
i
(A20)
For A" =0, Eqgs. A15 and AT6 may be rewritten as:
y 1wy -+ . et o 4
Ot @) e, |5 GF

where F and I} may be calculated from Egs. A19 and
A20; and:
Wy

C m— (A23)
Wy — Waldy

gm— (A24)
Qg s

Alternatively, the general expressions for D and F
may be determined from Eqs. A15 and Al6 using an
iterative solution procedure with direct elimination
through supplying D or F with initial valves. Fluid
pressures can then be determined from Egs. A2, A1S
and A16:

P!)i = j[g%?;pe—rum_Ec}l:?,Fe—rnm] (A25)
1
‘P'(fﬂb)gdg'i’f)[)w
P:)Q*J’[ MEDC””"”-I-"jiF "m"’] (A26)
1
‘p‘(fa"s))fdf'*'f’nw
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The solutions of Eqs. A25 and A26 may be obtained
using a numerical integration technique. In the present
analysis, an adaptive Simpson’s integration method
was chosen, whereby the entire interval is continuously
subdivided into subintervals of variable tengths until a
prescribed accuracy is achieved. The outer boundary is
theoretically at infinity, although it is practically deter-
mined by the vanishing magnitude of pressure P,
From Egs. A25 and A26, it is readily verified that, as
fy, approaches infinity, fluld pressures in the mairix
blocks and in the fractures approach a constant value
Ppiw.

It is understood that Py,, and Py, are now known
functions. Eq. 31 may be integrated 10 yield:

] m
Ul)=,__ [ _B-J'(d)lpl)l F haPiyn ) rpydry + (1) ]
¢
i
(A2T)

where g{f} can be determined by satisfying the bound-
ary condition (Al) as:

gl=4" j( i Pry; P pya )y iy (A28)
1

Dimensionless strains may be deduced from Egs. 17,
i8and 31 as:
e =
b =

LA D]

|
= 3" =) U] (b Pisi+ paPra) rpdry — {A29)
i
1

J(‘fblP;n + haP2) rpdip ] = (hy Py '*”‘f":Pm)}
1

. U;)__ﬁ
EDH.'I_ R 5]
s D

[— j( i Pyt + PaPpa) rpdry (A30)
1

+ f(d’}PI)l + paPpadrpdry]
1

Dimensionless stresses are deduced from Egs. 19 and
20; e,

-1
Onn =7 €, Abpay

{A3D)
o () Ppy + haPra)
where:
a=p"8"" (A32)
Or written in an explicit form:
BB
Tpp=""3
™
m
[f((iblPDl + haPpzyrpdiy (A33)
1
- J{‘f’ipm + dn ) rpdg]
1
Tpew=pB" lfl}fm‘*‘ A€py o () Py + haPry3)
B . mn
= 2 (A-B"1) ij((f)lpz); + haPry2 ) iy
B} .
1
- j((lblPDI A haPya i
;
+ (e = AB ) (b Py + hoPyys) {A34)

It is seen from these expressions that the radial dis-
placements, strains and stresses disappear at infinity.

Appendix B. Constant pumping rate

Reservoir pressure measurements are usually
recorded in the production well while maintaining a
constant flow rate, which is also a normal operation
requirement in well testing. In petroieum engineering,
reservoirs with a finite boundary are more frequently
encouniered than those with an infinite boundary as
discussed for the case of constant botton: hole pressure.
For a finite reservoir, the decoupling of the volumetric
strain from the fluid pressure is valid as iong as the
reservoir outer boundary is sufficiently large that the
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eflect of the outer boundary on the reservoir fluid pres-
sure change is negligible.

The boundary and initial conditions for a finite res-
ervoir with a constant outer boundary and 2 constant
pumping rate (assuming average flow between f{rac-
tures and matrix at the well) are:

0P, ___aPD:
dry; &y
Py = Py |

oy =1
= ()

m=rme

Py =PlJ:fmnu=0

\U])inww'n\: ={}

Similar to Eq. A2, the solution of the equations gov-
eraing flow may be expressed as:

Ppui=Vy+in{m) —Inlr,) (i=1.2) (B2)

The governing equations for Vy,; possess an identical
form o Egs. A3 and A4. The boundary and initinl
conditions are:

AT AT

= - =0
ary a7
v|)|m1/|')gi,1,:,1k_ﬁ0 (B3)
Vir=Vialy-0= —In(rp,) —In(ry) |

The boundary value problems can be solved using a
general finite Hankel transform defined as:

QLS

Visthiln) = j Visi (o Y B Crp g
! (B4)

where:
Viilroadn) = 3 Gj‘;;i)f'(jrtl)) D) {B3)
=

and G, is a coefficient to be determined from the initial
conditions. @,(r,}, which satisfies the boundary con-
ditions in Eq. B3, may be expressed as:

D rp} = Yol Ern)da( £p)
“J()(Ej”zau}}’n(gﬂ’l)} (B6)

and can be obtained by solving the eigenvalue problem.
Terms & are the roots of the following equation:

Jl(éj}Y{](gjrl)c)_'](l( §";)u)yn(§)“0 {(B7)

Applying the finite Hankel transform, governing
cquations that are identical to Eqs. A% and AlQ can be
obtained except that now & replaces £ Foliowing the
procedure described previously, yields:

Vl)] = Z (f)]( ].D) {C:szC =i __ ) IFJC —<-33m) (B 8)
j=1

V= 3 (1)
i=1 (B9)

( "'C‘g;DjE""lm'}"‘}‘C“EC-FIBU)

where D; and F; are related to G;; all other coefficients
have been previously defined where & replaces £ Using
orthogonal properties, I, and F; are obtained to satisfy
the initial condition in Eq. B3. Hence:

D= = A{eq + o) (B10)

fln(ry, ) —lalny) ba(d™) o

FJ=~(C21+C21) (B11)

[t rpe) = In(ry) Ja(d™) ™!

The governing equations for fluid pressure may
finaily be writien as:

Pm P E d);( ,-n) (Cle)eﬂ':|n)_ L.DFJcmr-zth}
i (B12)
ity ) —inlp}

Poa= Z rpj(,-”)( "“‘t‘-_!;D}C—"“""i—C“EC-”:'”)
/= {B13)

+in{rp.) —in(r,}

After obtaining Py, and Py, from Egs. B12 and B13,
the dimensionless displacement Uy, is determined from
Eq. A27, which satisfies the boundary conditions given
by Eq. Bi:

" +d) il ”
Ul}mlf__“ {(djl—zd}_')' [E(JTJL-"””T}}

+ ’%J[in{"n} —In{rp}] :I -
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5 2H pinrp,.)
a1 Rarawavens P e —Jo( &g
jti'”ff[-’()(&j) [o(groe) —Jo(§0) ]

+In{ry.) —In{ r”}]} {Bl14}
where:

H“_‘:._ﬁ[ (cs+ea) (hreon = thaea e 70
d (B15)

+ (cat ) (haty = reia)e ™ 70
The derivative of the displacement may be derived

from Eg. 31 as arn alternative to direct differentiation
from Eg. B15.

-U_) U) a
S “[_I'E‘.G (‘f’lPDl'*"/’:PDz)] (B16)

dry iy

Strains and stresses can be readily obtained follow-
ing a procedure similar to that used for Egs. A29, A30,
A31 and A34.
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