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Abstract

Fractures are widely distributed in tight reservoirs. Fractures and pore-throats
form the flow path of oil/gas/water in reservoirs. How to determine the per-
meability of fractured porous reservoirs is still difficult. A group of tight sand-
stone samples are first used to measure the fractures and analyze the distribu-
tion rules between numbers and length, angles. The permeability changing
with the fracture’s length and density for different matrixes is then computed
by using pore-fracture network model. At last an empirical formula for pre-
dicting the permeability related with the fracture’s length and density is fitted
based on the computed data.
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1. Introduction

Permeability of fractured porous rock is important but difficult to predict be-
cause of the complex fracture distribution and pore-throat characteristics. Frac-
ture network strongly affects the seepage properties of rocks, such as oil/gas re-
servoirs. But how to evaluate the effects of fractures on the permeability of por-
ous media is still very difficult. Many methods have been presented for predict-
ing the permeability but each has a scope of application. So the prediction of
permeability of fractured porous media is still required to study.

Lorente ef al. [1] studied the characteristics of fractured porous media. Their
results show that this kind of media is multi-scale. Warren and Root [2] and
Koudina et al [3] assumed that a fractured system in a porous rock is consisted

of identical rectangular porous parallel pipes. Flow takes place in the fracture
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network which is fed by the porous blocks. These studies show that the fracture’s
average length and density have great effects on the permeability. Though the
study can reflect some phenomenon of seepage in rocks, the assumption of rec-
tangular porous parallel pipes is deviated from the real ones. Liu [4] presented a
formula for predicting the permeability of fractured shale rock based on the
fractal theory. This formula considered the curved fractures and variable width,
but it is very complex. Liu and Fan [5] adopted superposition algorithm to cal-
culate the equivalent permeability tensor for multiple sets of infinity parallel
fracture. The method can consider the length variation, but the permeability
must be computed by numerical simulation.

Pore-fracture network model has also been used to analyze the permeability of
the fractured porous rock. This model has many advantages. For example, it can
easily model the effects of different fracture’s and pore-throats distribution. The
micro displacement and macro seepage characteristics can also be easily solved
[6] [7]. Thus this method is used in the following analysis.

The scaling of fractures in rock has been implied widely in tectonics, seismic
hazard assessment etc. It is shown that distribution of fractures in many kinds of
rocks can be described by power-law scaling [8] [9]. The seepage characteristics
and parameters are studied and predicted based on this distribution law.

In this paper, fractures in a group of tight sandstone samples are measured
and used to examine is the fracture distribution satisfies the power-law scaling.
Then the permeability changing with fracture’s length and density for different
matrix is computed by using pore-fracture network model. An empirical formu-

la is presented for predicting the permeability of fractured porous rock at last.

2. Power Law Scaling of Fractures

Previous study shows that the cumulative number of fractures () having length >

L can be expressed as [9]
N = AL® (1)

in which A and Bare coefficients.

The tight sandstone samples were selected from typical oil formation in Si-
chuan province to analyze the statistical characteristics of the fractures. The Si-
chuan Basin is the greatest potential area for oil/shale gas production in China.
Fuling District in Chonggqing city, aiming Longmaxi formation, has realized
breakthroughs. The tight sand samples have a length of 12 cm and diameter of 6
cm. 12 samples were used to measure and analyze the fractures (Figure 1). The
fractures are measured by rules, protractor and magnifier, the width is too small
to measure and only the fractures with length more than 5 mm are measured.

The data between the fracture length and the accumulated numbers are drawn
in Figure 2. It is shown that these two factors can be described by power-law
scaling. Most fractures are with angles in the range 90° - 135" (Table 1). That
means, the fractures are close to the vertical direction. The samples are finite

because they are difficult to obtain. However, the scaling law between the
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Figure 1. Photos of samples (The left is the samples. The right shows the fractures). (a)
Samples; (b) Fractures at the surface.
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Figure 2. Relation between fracture length and fracture number.

Table 1. Number of fractures in different range of angles (Horizontal line is 0° or 180°).

Range of angles 0°-45° 45°-90° 90° - 135° 135° - 180°

Percentage of 17 8 58 17
number (%)

fracture length and numbers is similar to the previous results [9] [10].

It can be thought that the permeability changes with fracture’s characteristic
parameters based on the permeability of matrix. That means, the permeability of
fractured porous rock can be expressed as the product of the permeability of
matrix and a function related with the characteristic parameters of fractures.
Generally, average length and density can be taken as the characteristic parame-

ters of fractures [11] [12]. For a power-law type fracture system, the average
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length and density can be computed in the following way.

Equation (1) can be rewritten as the following dimensionless form:

b
s

in which N, is the total of fractures, L, is the maximum of fracture length, a and
b are coefficients. Considering the fractures distribute in an area S, the average
length and density can be solved as follows.

The average length of fractures N,byintegrating Equation (2) and divided by

N .
b+l
L, =% 1_[ﬁJ 3)
b+1 L

m*
m

The density of fractures D,:

D,=—m" (4)

For other type of distributed fractures, the fracture’s length and density can be
obtained in the similar way.

In the next sections, the permeability is computed by using the pore-fracture
network model. A fitting relation between the permeability and the average
fracture’s length and density is obtained based on the computed data. As an exam-
ple, the width of the fractures and the direction angle are assumed to be constant.

3. Computation of Permeability by Using Pore-Fracture
Network Model

1) Introduction of pore-fracture network model.

Pore-fracture network model (PFNM) is consisted of pores, throats and frac-
tures (shown in Figure 3). Each pore is connected with four neighboring pores
by four cylindrical throats respectively. Pores are large and act as inner storage
space, while throats are narrow and long channel for flow. Fractures are longer

and wider than throats. Each fracture connects two nonadjacent pores. Flow in
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Figure 3. Sketch of PENM.
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throats and fractures is assumed to satisfy the Poiseuille equation. The equation
system of pore pressure is built by the zero total flow rate at each pore because of
the incompressible pore fluid. The pore pressure can be obtained by the built
equation system. The driving power is the pressure different between the two
ends of any throat or fracture. Based on the solved pressure, the flow velocity,
permeability can be obtained [13].

Pores and throats are assumed to be in normal distribution. For randomly
distributed fractures’ angles, the angles can be thought as uniform in the three
directions respectively. So the fractures’ directions are set to be horizontal con-
sidering the displacement direction in the following simulation. In this paper,
we only discuss the changing of permeability with fracture’s length and densi-
ty.

The controlling equation of single phase flow in throats:

r.2

_8;1L

q= Vp ©)

where g is the flow rate, u is the dynamic viscosity of fluid, p is the density of
fluid, pis the pore pressure.
Considering the incompressibility of the fluids (oil and water), the flow rate

must be zero at each pore. The total flow rate at each pore is:

N
2.0y =0 (6)
=)
Substituting Equation (5) into Equation (6) yields:
N 4
> v, =0 )
1 8uL

By solving the above equations, the pore pressure at each pore can be ob-
tained.

The absolute permeability of a single fluid phase in the network can be calcu-
lated by the Darcy’s law and the solved pore pressure:

QuL

A (8)

where u is the viscosity of fluid, L is the length of network, A is the area of cross

sectional.

4. Computing Results

The existence of fractures in fractured porous rock leads to a great change in the
permeability. Effects of the length and the number of the fractures are investi-
gated. Two kinds of matrix with different permeabilities are considered.

The absolute permeability increases with average fracture length and fracture
density (Figure 4) and presents a sharp increase when //1 exceeds 0.8. In this
case, channeling occurs. The absolute permeability of type I rock increases faster

than that of type II. The reason is that the permeability of matrix of type I rock is
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larger, so the fractures present larger effects at the same fracture’s length because
more fluids can flow through in the same fracture.

According to the above data, the fitting relation can be expressed as follows:

3.14
. _ 3 i 0.05
For type I rock: K =6.6x10°K, ) D, 9)

m

5 Lf o 0.16
For type Il rock: K =1.04x10°K, [L_j D; (10)

From Equations (9) and (10), it can be seen that the effects of average length
are larger than that of density. For type I rock, the effects of density can be neg-
lected. The increase of average length of fractures can fast strengthen the con-
nectivity of rock. The larger the initial permeability is, the more obvious the ef-
fects are. The predicted absolute permeability is computed first by the above two
Equations (9) and (10) and the data in Table 2. Then the predicted data are
compared with that computed by the pore-fracture network model. It is shown
that the two sets of data are agreement well with each other (Figure 5). Thus, the
presented formulation for prediction of permeability is reliable in the range of

discussion. By the data in Figure 1, the permeability computed by Equation (9)
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Figure 4. Influences of fracture’s length and density on the absolute permeability. (a) The
influences of fracture; (b) The influences of the number of length on absolute permeabil-
ity fractures on absolute permeability.
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Figure 5. Comparison of theoretical and computed values. (a) Comparison of theoret-
ical and computed values under case I (relative error 95%); (b) Comparison of theoret-
ical and computed values under case II (relative error 98.3%).
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Table 2. Network parameters of different type.

Oil displacement

Permeability Throat radius Absolute permeability of .
. . . K efficiency of the
Classification (Normal distribution) the matrix (mD) .
matrix
T I 0.1-20 ,0=06,
ype Hm, @ 18.7 0.38
(50 - 10 mD) H=10 pm
T II 0.1-20 ,0=06,
ype wm, @ 2.23 0.64
(10 - 1 mD) M=8 um

is 2 mD, which is close the measured data 3 mD. Though the presented formula
catch the main factors and is simple for use in practical engineering, some fac-
tors (fracture width and three dimensional distribution etc.), can also affect the
permeability in some cases, are not considered. The fracture system in the real
rock is complex, thus much deeper work is required to do to build a more prac-

tical prediction formula.

5. Conclusions

To seek an appropriate method for predicting the absolute permeability of
fractured porous rock, fracture distribution was first discussed. Then the
pore-fracture network model was used to analyze the absolute permeability un-
der different conditions (matrix, fracture’s length and density). An empirical
method for determining the permeability of fractured porous rock is presented.
It is shown that the permeability increases non-linearly with fracture’s length
and density for different matrixes. The absolute permeability of the rock with
fractures distribution can be expressed as a function of the permeability of ma-
trix and fracture’s length and density.

Though the main factors are considered in the presented formula and the
form is simple, Fracture width and spatial distribution which can also affect the
permeability in some cases are not considered. Much deeper work is required to

do to build a more practical prediction formula.
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