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This paper is the final stage in a study of the properties of the non-steady-state filtration of a
homogeneous liquid towards a central well with a hemispherical end face in heterogeneous media
with a dual porosity, consisting of hemispherical regions set one inside the other with different
values of the medium parameters [1, 2]. Exact solutions are found for the problems of the de-
crease inseam pressure as a function of time and distance, as well as of the time change in out-
put of a well with a hemispherical end face operating at a fixed flow rate, or at a fixed end face
pressure, respectively, in closed heterogeneous media, The effect of the magnitudes of the het-
erogeneous media parameters on the change in their production process indicators is established
on the basis of numerical calculations.,

1. Formulation of the Problem

An analysis of the production process in petroleum deposits with fissured-porous type collectors, model~
ed as heterogeneous media with dual porosity, shows that the majority of production wells reveal the pro-
ductive capacity of the seams at an inconsiderable depth. Thus, the greater the capacity of the seam and the
less the depth of well penetration into the seam, the more closely will the liquid flow in the immediate neigh-
borhood of the well approximate to a radial flow, i.e., centrally symmetric.

Non-steady-state centrally symmetric problems of the filtration of a homogeneous liquid in fissured-
porous media are investigated in {1, 2] when the filtration region is either unlimited in extent, or the external
hemispherical surface is a surface of equal pressure.

We shall assume that around the well of radius Ry, there is a hemispherical region Ry, =r =R, with one
penetrability of the fissure system, while beyond it Ry=r =R, the penetrability of the fissures has another
magnitude. As distinct from [1, 2] the external contour r=R, is impenetrable. We must determine the pro-
cess of pressure decrease at an arbitrary point of the hemispherical media set one inside the other, and the
output of a well with a hemispherical end facein the production process. The problem reduces to integrating
the system of equations [3, 4].
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for zero initial conditions and the following boundary conditions (the superscript 2 is omitted):
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Here the following symbols have been introduced:
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o is the coefficient determining the exchange of liquid between the systems of blocks and fissures in the me-
dium, pgandp(¢ ;7) are the initial pressure and the pressure at any subsequent time, k and u are the penetra-
bility coefficient of the porous medium and the coefficient of dynamic viscosity of the filtering liquid, 8, and
B, are the elasticity coefficients of the porous blocks and fissures of the medium, R, is the well radius, w
is the parameter of fissure capacity, A is a parameter which characterizes the degree of difficulty with which
fluid is exchanged between the systems of blocks and fissures of the heterogeneous medium, and r and t are
the radial coordinate and time, The superscripts in the functions of pressure and seam parameters refer to
the system of blocks (1) and fissures (2) of the medium, and the subscripts to the hemispherical regions of
the seam system set one inside the other.

Solutions of the problem are given below for different well production patterns (depending on the con-
ditions for £=1).

.

2., Determination of the Pressure Field for Closed Fissured-Porous

Seams with a Fixed Well Output

The conditions at the well are written in the form
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On solving the system (1.1) with the conditions (1.2}, (2.1) in a manner similar to that described in [2],
we obtain the formula for pressure reduction
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The values p%n m=1,2,...)arethe roots of the equation

V1(§Qv Eu r) = 0. (2-4)

The resulting solution Eq, (2.2) describes the process of pressure reduction at an arbitrary point in the
fissure system of a fissured-porous seam of composite penetrability with a well having a hemispherical end
face and for a constant output of liquid.

For the fissure system of a fissured-porous seam of uniform penetrability the corresponding formula
for pressure reduction is obtained from the formula given above by setting k,=1.

3. Determination of Well Output in the Production from a Closed

Fissured-Porous Seam for a Fixed End Face Pressure

It is assumed that a constant pressure py, is maintained during the entire production process at the hemi-
spherical surface of a centrally placed production well in the fissure system of a fissured-porous seam of
composite penetrability. The normalized pressure reduction function in the fissure system X
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satisfies the conditions (1.2) and the condition

lim (5 %) = 1.

Proceeding in the manner outlined above, the well output
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can be described by the following analytical expression:
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Here p,, (m=1, 2,...) are the roots of the equation
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Formula (3.1) describes the change in time of cutput of a well with a hemispherical end face in the fis~
sure system of a closed fissured-porous seam of composite penetrability.
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If the fissure system oftheplate is assumed to have uniform penetrability (k,=1) the formula given above
simplifies considerably, since the following relation then becomes valid:

Wa(gov gl’ pm)/Wz(Eov El* pm)k°=1 = [(1 + Elplzn] Sin (El - 1) pm - pm(gl -
—1)cos(E;—1) pml l(1/Pm) cos (§y — 1) pm — &1 (81— 1) sin (&, — 1) pul™". (3.3)
The well-known solution for this problem in the case of a homogeneous granular medium [15] can be obtained

from Eq. (3.1).

4, Discussion of Results of the Calculations

In order to make numerical calculations from the basic formulas of the solutions to the problems, we
must have numerical values of s{(py) and s,(p,,) as determined from Eq. (2,3) depending on the roots of Eqs,
(2.4), (3.2). For this purpose a table was composed of various values of the parameter A for ky=1, w=0.1, and
£4=10, It follows from Table 1 that as m increases the values of sz(pm) increase without limit, while the fol-

lowing relation becomes valid for the values of sy (ppy):

Yim s(pn) = — A.

m-»o

Calculations were made from the data of Table 1, and the results are given in Fig. 1. The dashed lines cor-
respond to the granular medium and are constructed from the data of [15] for £;=3, 10 (curves 1' and 1, re-

spectively).

Graphs of the time
Ty =T/0 = k(Z)t/pR%, B,
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variation of the pressure reduction functions ¥(1, 74) at the end face, constructed from Eq. (1.3) for hypothet-
ical petroleum deposits with fissured-porous type collectors with £, =3;10,w=0.1 and values of the param-~
eter A=0.005; 1; 0,005 and 0.01 are given by the curves 2, 3, 3',and 2, respectively. The envelopes of these
curves 4' and 4 correspond to spatially unbounded petroleum seams with granular and fissured-porous type
collectors.

These calculations and an analysis of the formula for the pressure reduction process (for _k0=1) show
that as the dimensionless time increases the formula in the fissured-porous medium differs from that in the
granular medium by the quantity

(1 — P A (173) B — )" + 38 + 28, (B, — 12"

However, as the radius of the impenetrable outer boundary of the seam increases, the reduction in end-face
pressure of a well with a hemispherical end face producing at a constant output is observed to stabilize with
time, both in the granular as well as in the fissured-porous seams. This follows from a comparison of curves
1'-3' and 1-3 with the envelopes 4' and 4, A similar phenomenon is not characteristic for other forms of liguid
flow, neither linear nor plane parallel [9-14].

Results of calculating the output of a well with a hemispherical end face in closed granular and fissured
porous seams of homogeneous (ky=1) penetrability from formulas (3.1), (3.3) are given in Fig. 2. The dashed
curves correspond to a granular medium {w=1, A =) and the continuous to fissured-porous media {w =0.1,
A=0.,01). Curves 1, 1'; 2, 2'; 3 and 3 correspond to petroleum deposits with impenetrable outer boundaries
with £; =3, 10, and 20 units of the dimensionless radius. The envelopes of these curves 4' and 4 correspond
to spatially unbounded seams with granular and fissured-porous type collectors. It follows from a compari-
son of curves 1-4 and 1'-4' that the output of wells for centrally symmetric filtration in fissured-porous media
does not exceed the output of wells in granular media for a fixed production time.

This is explained by the fact that part of the volume in fissured-porous petroleum seams (depending on
the magnitude of the parameter w) contains inclusions of low pentrability which result in lower production out-
puts for a well with a hemispherical end face., In §ranu1ar seams the whole volume has the same penetrability
equal to the penetrability of the fissure system k@ of 2 fissured-porous seam, and there are no inclusions of
penetrability (w=1). The functionsq(T+)aregiven in Fig. 3 for various values of the parameters w, A [curve 1)
w=0,1, A=0.005; 2) w=0.1, A=0,01; 3) w=0,5, A=0.005; 4) w=1, A=w], These curves enable a quantitative
analysis to be made of the time change in production output of a well with a hemispherical end face in closed
fissured-porous seams and for it to be compared with that in a granular medium. In fact, the data of Fig. 3
can be used to predict the further behavior of the preproduction process indicators for fissured-porous petro~
leum seams with known values of the parameters w and A,

The initial system of filtration equations (1.1) and also the solutions obtained enable us to conclude that
in fissured-porous seams as the fissure capacity parameter w approaches unity and as the quantity A increases
the time variation of well output in fissured-porous media tends to assume the character of the variation in

well output in a granular medium. The values of the functions in the computéd formulas were taken from [16-
18].
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