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ABSTRACT

The present research used a numerical simulation technique known as the
Discrete Fracture Model (DFM) to examine the propagation of shale gas in
fractured porous media. It employed a novel mathematical model for seepage
flow, incorporating the application of the 'cubic law' for flow in fractures and
Darcy's law for the seepage flow in the matrix. The impact of fracture aperture

Keywords: on flow behavior was simulated by solving a set of nonlinear, partial, differential
Computational fluid equations using the finite element method (FEM). Through this work, a sensitivity
dynamics (CFD) analysis of the significant parameters, including hydraulic fracture numbers and
Discrete fracture model permeability, hydraulic fracture aperture, and wellbore length, on the productivity
(DEM) of a shale gas reservoir was conducted. Hydraulic fracture permeability with
Fractured horizontal well increasing oil production (more than twice) had the greatest effect on the wellbore

) productivity. Furthermore, the simulation results showed that augmenting the
Hydraulic fracture

number of hydraulic fractures from 4 to 15 resulted in a production increase of
over twofold. Also, it was observed that the production rate increased due to
the existence of a positive correlation between the fracture aperture size and the
drainage area. The outcome of this research showed the significance of hydraulic
fracture characteristics and its ensuing effects on the productivity and feasibility.
In order to validate the accuracy of the numerical model, the pressure distribution
in a single fractured reservoir was compared with the pressure contour of a phase
field discrete fracture model (PFDFM). The results indicated that the proposed
method (FPM) was precise, convergent, and extremely promising.

Numerical simulation
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1. INTRODUCTION

Current research focuses on the fractured
reservoirs because the majority of oil in the
Middle East, including Iran, is found in the
fractured reservoirs [1]. Examination of fluid
flow in heterogeneous porous media, which

* Corresponding Author Email: M.torkaman@scu.ac.ir

usually includes many natural or artificial
fractures, is full of challenges. This is because
the production rate in naturally fractured
reservoirs is highly affected by the aperture
of fractures, orientation, permeability, and
porosity [2], [3]. Consequently, wellbore
productivity calculations and forecasts need
precise knowledge of the reservoir conditions.
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Given the substantial impact of fracture on
flow behavior, modeling fluid flow in fractured
porous media has received considerable
attention in recent years [4], [5]. According
to the studies, several methods have been
proposed by researchers to describe the flow
behavior in fractured reservoirs, including
embedded discrete fracture model (EDFM)
[6], [7], extended finite element method
(XFEM) [8-10], finite element method (FEM)
[11-13], finite volume method (FVM) [14-
16] and displacement discontinuity method
(DDM) [17], [18]. Among these models, the
FEM is the most effective computer-based
method ever devised to address engineering
problems. It has a significant advantage
in reservoir simulation in that a complex
geometric domain can be discretized with a
maximum number of mesh points [19]. For
instance, Mietal., [20] employed FEM to study
the influence of both natural and hydraulic
fracture aperture on the oil production
rate. They observed that a wider fracture
aperture resulted in more oil production.
The findings of Zhang et al., [21] showed
that the productivity of horizontal wells was
significantly influenced by the angle between
the fracture and the wellbore. Furthermore,
there was an observed correlation between
the rise in fracture aperture and the
subsequent increase in the production rate.
The impact of hydraulic fracture numbers
on well production rate was found to be
insignificant, likely attributed to the presence
of interfaces between the fractures. Ozkan
et al.,, [22] examined the performance of
fractured horizontal wells in conventional and
unconventional reservoirs using the trilinear
flow model. Their findings demonstrated
that a reduction in hydraulic fracture spacing
decreasedthe productivity ofthe well. Besides,
the role of permeability in productivity in the
fracture network was less significant than the
density of the fracture network. The discerite
fracture model consists of several fracture
networks; hence, providing a more accurate
representation of the reservoir. Using this
model to simulate the process of shale gas
development is more accurate to the actual
situation [23]. Zhao et al., [24] developed an
embedded discrete fracture model (EDFM)
for a multi-stage fractured horizontal well.
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Based on their results, an increase in the
length of horizontal wells, the number of
hydraulic fractures, and the number of
natural fractures connected to hydraulic
fractures increase the oil production rate. An
innovative fracturing reservoir simulator was
developed by Cao et al., [25], [26] to evaluate
the effect of fracture networks on well
productivity. Based on their observations,
optimal cluster spacing can maximize the
contact area between the fractures and
reservoirs while maintaining the highest
production rate. Also, in another research
they showed that the simulation results that
were consistent with the properties of the
natural fracture network were determined by
the study of post-frac core samples. Ranjbar
et al., [27-29] examined the impacts of faults
and fractures on the pore pressure during
fluid flow through a deformable porous
medium isothermally and non-isothermally
by using a coupled fluid flow-geomechanical
model. Iranmanesh and Pak [30] proposed
EFG (element free Galerkin) method for the
thermo-hydromechanical modeling of a
saturated porous medium. In addition, they
reported some guidelines to select the scale
and penalty factors for solving thermo-hydro-
mechanical THM problems. To the best of
our knowledge, there have been few studies
which thoroughly examine the combined
impact of hydraulic fracturing and discrete
natural fracture networks on the extraction of
shale gas. Ahmadi et al., [31-36] investigated
the performance of the ZnO-yAI203 injection
with smart water to improve the oil recovery.
Based on their results, the concentration of
SMW+300 ppm ZnO-yAl203 nanoparticles
reached 31 from 161°. This research aimed
at scrutinizing the pressure variation of shell
gas more clearly. Therefore, two-dimensional
cut lines were considered and pressure
fluctuation in the natural fractures, horizontal
well and hydraulic fractures were evaluated.
Besides, to examine the flow behavior in a
random naturally fractured reservoir, the
impacts of hydraulic fracture number and
permeability on the hydrocarbon production
were addressed. Finally, in order to validate
the DFM, a simulation of fluid flow in a single
vertical FPM was conducted, and the results
were compared to the phase field discrete
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fracture model (PFDFM).

2. Numerical Model Consideration
2.1. Model Description

Figure 1 depicts a schematic of a discrete
fracture network. The geometry in Figure
2 () corresponding to a two-dimensional
rectangular domain, with dimensions of 250 x
150 m?, was created with COMSOL Multiphysics

150m

5.5. The geometrical model was discretized by
random triangles and unstructured elements,
as illustrated in the figure. As can be seen in
Figure 2 (ll), around the interconnection of
hydraulic and natural fractures, a very high
mesh density (shown in blue) is required to
track flow behavior accurately. It contains 52
fractures, which consist of 48 natural fractures
and 4 hydraulic fractures.

Figure 2. (1). The schematic of geometry (I1). The geometrical discretization of the model

Table 1. The parameter of the CFD model [21]

Parameter Value Unit
Matrix porosity 0.3 [Dimensionless]

Matrix permeability 1 [mD]

Fluid compressibility 4.4x1010 [1/Pa]

Matrix compressibility 1x10% [1/Pa]

Storage coefficient of the fracture 4.4x 101 [1/Pa]
Aperture of the natural fracture 1x10° [m]
Aperture of the hydraulic fracture 1x10°3 [m]
Viscosity 0.6 [cP]

Inlet pressure 5x10° [Pa]

Outlet pressure 3x10° [Pa]
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Only production from the reservoir flows
through the hydraulic fractures that connect
to the horizontal well is represented by the
blue line in the center of the model. It should
be noted that hydraulic fractures have a larger
aperture, making them more permeable than
the natural fractures. The flow direction is
from the perimeter to the center. The wellbore
stands as the outlet, and other boundaries
such as top and bottom edges are considered
as the inlet edges. The information of matrix
and fluid properties used for simulation is
given in Table 1 [21].

2.2. DFM Assumptions
During the development of the model,

numerous assumptions were made in accor-

dance with the properties and features of
shale gas formations and the flow behavior:

e Flow of fluid in the wellbore takes place
through fractures that connect to the well,
whereas the contribution of the matrix is
disregarded.

e The drainage area of the horizontal well
has a rectangular shape.

The fluid is compressible.
Isothermal and single-phase flow.

2.3. The Mathematical Model

Modeling of gas flow in FPM necessitates
the solution of the system of equations for
matrix and fracture. In this model, fluid flows
through the matrix follows Darcy’s law whereas
flow in the fracture follows fracture flow, which
is known as the Cubic Law. Time-dependent
flow in the matrix, which is described by
Darcy’s law, is written as [20], [37]:

pSZ—IZ+ V- (puy,)=0 (1)

where p represents the fluid density, (SI
unit: kg/m3); S represents the matrix storage
coefficient, (SI unit: 1/Pa); P denotes the
pressure, (SI unit: Pa); u denotes the fluid
viscosity, (SI unit: cp); u_ denotes Darcy
velocity (SI unit: m/s). As porous medium and
fluids are compressible, the matrix storage
coefficient S is given by:

S=C40+ Cu(l—9) (2)
matrix

where ¢ is the porosity
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(dimensionless), Yang Shenglai and Junzhi’s
formula for gas isothermal compressibility (Sl
unit: 1/Pa) is as follows [38]:

a
C= = Gp) 3)

where v is the volume of gas (Sl unit: m3).
The pressure sensitivity has been ignored,
and due to the constant production pressure,
the seepage flow occurs in a steady condition.
The fluid flow in porous media obeys Darcy’s
Law, in which the fluid velocity (u_) can be
expressed as follows [20]:

K
U = ——2Pyp
Hg (4)

Kapp = CyDitg + FK,, )

where kapp (SI unit: mD) represents the
apparent matrix block permeability that
couples gas diffusion and gas slippage, C is gas
compressibility (SI unit: 1/Pa), D is diffusion
coefficient (S| unit: m2.s?), and F represents
gas slippage correction coefficient. Based
on the mathematical model represented
above, fractures consist of a series of interior
boundaries through which oil flows. Typically,
flow across or normal to a boundary is defined
as opposed to along it. Hence, fracture flow
boundary conditions are employed to define
flow along the fractures and boundaries.
According to the flow boundary conditions,
the velocity equation in fracture conforms
to a modification of the matrix block law
known as the Cubic law. Thus, the equation
coefficients are changed in a way that, due to
the relatively small thickness of the fracture,
there is the least resistance to the flow in
the fracture. The modeling of fluid flow in
the fractures is analogous to the modeling of
flow in a porous medium based on Equation
(1). To ensure dimensional compatibility
between the fracture and matrix, the fracture
aperture is added to the equation. Therefore,
the governing equation in the fracture can be
expressed as follows [21]:

ap
PSFWy i V- (pur) =0 (6)

where Sf is the fracture storage coefficient,
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(SI unit: 1/Pa); is the fracture aperture, (Sl
unit: m). Due to the fact that fracture aperture
appears in the fracture flow equation, the
variable represents the volume flow rate per
unit fracture length in the fracture [SI unit:
m?/s], which is defined as follows [20]:

Ky

Hg (7)
M P
PRTZ (&)

The reservoir temperature is denoted by
T (293.15, Sl unit: K), the average molecular
weight of the gas is represented by M (S| unit:
kg/mol), and the universal gas constant is
symbolized by R (8.314, Sl unit: J/mol - K). The
estimation of the Z-factor (Dimensionless) can
be achieved by the utilization of the Equation
of State (EOS) or by employing correlations
specifically designed for gas mixtures. The
Z-factor is determined in this research by
employing an explicit correlation proposed
by Mahmoud et al., [39], which relies on the
pseudo-reduced pressure (P ) and pseudo-
reduced temperature (Tpr) [40].

Z = (07023 _Z'STpr)(ppr 2 ) —
(55243 _Z‘STpr)(Ppr) +
(0.044Tpr 2 — 0.164Tpr+ 1.15)

(9)

One benefit of employing explicit
correlation is the avoidance of solving higher
order equations with regard to the Z-factor.
This is advantageous as such equations
typically yield many solutions and require
increased computational resources.

The parameter of is related to the fracture
aperture by Cubic Law as [20]:

f
Kf -

2.4. Boundary Conditions

The boundary condition equations should
be given in order to make the problem
solvable. According to the model, the
wellbore serves as the outflow. The top and
bottom reservoir boundaries are regarded
as inlet edges, whereas the other reservoir

boundaries are considered as other edges.
There is no flow through the other edges.

P="Po Inlet edge (11)
P =Pouet Outlet edge (12)
nu=0 Other edges (13)

2.5. Initial Conditions

The pressure denoted as P in Equation (14)
represents the initial pressure throughout the
whole model, with the exception of the outlet
edge where it represents the pressure at the
bottom hole during the entire simulation
phase.
Pinitat = Po -~ Whole model (14)
3. Results and Discussion

On the basis of DFM, the effects of the
hydraulic fracture aperture, permeability, and
numbers on the performance of the wellbore
productivity were analyzed. Furthermore,
the influence of wellbore length on the oil
production rate was addressed in this work.
In this section, the pressure and velocity
distribution in a horizontally fractured well
is examined, and then a sensitivity analysis
is performed. Figure 3 illustrates how the
pressure and velocity gradients vary as a result
of fluid flow from the inlet to the wellbore.
The fluid flow into the horizontal well can be
categorized into two primary pathways: firstly,
from natural fractures to hydraulic fractures
and subsequently into the horizontal well;
and secondly, from either natural fractures or
hydraulic fractures directly into the horizontal
well. This implies that fractures serve as
the crucial conduits for fluid flow, and the
characteristics of these fractures significantly
influence the extraction of shale gas.

Fluid flow in FPM follows two distinct paths:
from natural fractures or hydraulic fractures
into the horizontal well; and from natural
fractures to hydraulic fractures and then into
the horizontal well, indicating that fractures play
an important role in the fluid flow. To observe
the pressure fluctuation in natural fracture,
hydraulic fracture, and in the horizontal well
more intuitively, the two-dimensional cut lines
EF and GH are considered in the model (as
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Figure 3. (l). Pressure distribution (l1). Velocity distribution

Figure 4. Schematic diagram with two-dimensional cut lines
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represented in Figure 4).

As can be seen in Figure 5, the hydraulic
fracture has a lower pressure than the matrix.
Due to greater porosity and permeability, the
resistancein hydraulicfracturesis considerably
lower than in the matrix. The trend in Figure
5 is consistent with the previous findings of
Liu et al. [41]. The pressure variation in Figure
6 shows that pressure fluctuation mainly
occurs in the EF cut line. From the figure, four
peaks represent pressure in each hydraulic
fracture, and it can be inferred that the higher

permeability of the hydraulic fracture causes
the pressure fluctuation in the hydraulic
fracture to be always higher than in a natural
fracture. Furthermore, the narrower the
hydraulic fracture aperture, the faster the
pressure drop occurs.

As Figure 7 shows, the production rate
dramatically decreases after 50 days and
reaches a constant value after 250 days. With
the start of production, the reservoir pressure
has declined, which has resulted in a decrease
in the wellbore production.
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Figure 6. Pressure fluctuation at EF cut line
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Figure 7. Production rate versus time

3.1. Impact of Aperture of Natural Fractures
on Pressure Distribution

Comparing pressure profiles in cases 1 and
2 (The information of each case tabulated in
Table 2) as demonstrated in Figure 8, natural
fractures aperture impacts are significant
when the hydraulic fracture aperture remains
1x10° m. The results indicate that the larger
the fracture aperture, the larger the drainage

™

11
45
i1

LB

SUh

area, particularly for natural fractures, which
make up a significant portion of the fracture
system. Therefore, if we want to increase
production, we will need higher conductivity
and wider fractures, and we can improve
fracture flow capacity by increasing fracture
aperture when horizontally fracturing the
reservoir. The results are quite in agreement
with the findings reported by Mi et al. [20].

Figure 8. Pressure variation under different hydraulic fracture apertures

Table 2. Natural and Hydraulic fractures aperture in different cases

Case number Casel Case 2
Hydraulic fracture aperture (m) 1x10° 1x10°
Natural fracture aperture (m) 1x10* 1x 103

Journal of Oil, Gas and Petrochemical Technology 2023(10): 137-152, Winter and Spring 2023

(@) |

145



Sadeghinia A. & Torkaman M. / Predicting Production of Shale Gas Reservoirs

3.2. Fracture Aperture

The impact of fracture aperture on shale
gas production was examined. The produc-
tion rate increased with an increment frac-
ture aperture, as shown in Figure 9. When
the fracture aperture rised from 0.00001 to
0.000034 m, the increment of oil production

0/32

was greater than twice. According to the Cu-
bic Law formula, an increase in the fracture
aperture causes higher permeability and,
consequently, an increased production rate.
The results are consistent with the findings of
Zhang et al. [21] and Liu et al. [41].

0/30 =
0/28 =
0/26 -
0/24 -
0/22 +

0/18 1 ,
0/16 - .
0/14 - ,
o2d v

0110

Production rate (x103m3/d)

0/20 - ’

1/0E-5 1/5E-5

2/0E-5

2/5E-5 3/0E-5 3/5E-5

Hydraulic fracture aperture (m)

Figure 9. Production rate under various hydraulic fracture apertures

3.3. Number of Hydraulic Fractures

In this section, the effect of hydraulic
fractures on well productivity is investigated.
The increase in the number of hydraulic
fractures leads to changes in pressure
distribution, as noted by Liu et al, [41].
Consequently, there is a corresponding rise in
the production rate with an increasing number
of fractures. The hydraulic fracturing process
generates additional flow channels, resulting
in an augmented fluid flow through the
fractures and into the wellbore as the number
of fractures escalates. It should be noted that
the production rate eventually reaches almost
a constant value due to the limited capacity of
fluid streaming from the matrix to the fracture.
Actually, when the hydraulic fracture numbers
increase continually, interferences between
fractures will be generated, thus the production
rate will be of a specific value. According to
Figure 10, the production rate is 0.12, 0.34,
0.342, and 0.354 m?® when the number of
fractures is 4, 8, 12, and 15, respectively.

According to the figure, the results agree well
with those obtained by Liu et al., [41] and
Zhang et al., [10].

3.4. Hydraulic Fracture Permeability

Hydraulic fractures play a crucial role
in establishing a connection between the
wellbore and the formation; consequently,
the economic output of each well is highly
dependent on the conductivity of these
fractures. Therefore, a higher fracture
permeability results in a higher flow rate,
which causes more oil to travel into the
wellbore. Figure 11 demonstrates that the
production rate becomes more than double
when the permeability of a hydraulic fracture
is increased from 8.3 x 10° to 8.3 x 10® m2.

3.5. Wellbore Length

The influence of the length of the horizontal
well is addressed in this study, and the
results show that (Figure 12) by increasing
the wellbore length from 180 to 250 m, the
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production rate rises by 14.7%. It can be
concluded that the hydrocarbon production
increases with the length of the horizontal
well and, consequently, with the length of

the long axis of the ellipse quasi-radial flow.
The results are in good agreement with those
reported by Wang et al., [40].

0/35

0/30

0/25

0/20

0/15

production rate (x103m3ld)

0/10

8

10 12 14 16

Hydraulic fracture numbers

Figure 10. The effect of hydraulic fracture numbers on production rate

0/26

0/24

0/22

0/20

0/18

0/16

0/14

Oil production rate (x10°m?/d)

0/12

0/10

0/0 2/0x10®

4/0x108

6/0x10® 8/0x1078

Hydraulic fracture permeability (m?)

Figure 11. The effect of hydraulic fracture permeability on oil production rate

3.6. Validation of DFM

The performance of proposed model for sim-
ulating fluid flow in a naturally fractured res-
ervoir was assessed with PFDFM developed
by Zeng et al., [42]. For this purpose, a vertical
fracture reservoir was considered. The former
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case is demonstrated in Figure 13.

The geometry corresponding to vertical
fracture has a length of 0.6 m and a width of
0.5 mm. In addition, the pressure in the inlet
and outlet boundaries are fixed at 1 and 2 MPa
respectively. Other parameters consist of fluid
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viscosity i = 103 Pa.s, length parameter L=1
m, and matrix permeability K _= 102m?2. These
parameters remained unchanged for the
following scenario. The pressure distribution

in a single vertical fracture modeled by DFM
and PFDFM is depicted in Figure 14. From
the figure, the pressure contour of DFM is
consistent with PFDFM.

0/80
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Figure 12. Production rate versus wellbore length
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Figure 13. Schematic of the model with vertical fracture
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Figure 14. Comparison pressure contours. (1) DFM result, (1) PFDFM result presented by Zeng et al., [42]

4. Conclusions

The simulation approach was carried out by
employing a mathematical model in which
fluid flow in the matrix follows Darcy’s Law
while meeting Cubic Law in fracture. A
sensitivity analysis indicated that the number
of hydraulic fractures and the permeability
of the wellbore played a significant role in
the production rate. As the permeability
was proportional to the aperture of the
fissure, an increase in the aperture resulted
in a production increase that was more than
twice. From the perspective of the production
rate variation, increasing the number of
hydraulic fracturesfrom 4 to 15 led toarisein
wellbore productivity of 198%. However, by
increasing the number of hydraulic fractures
continuously, the production rate tended to
be unchanged, which might be because of
the interference of the fractures created.
Moreover, the evaluation of the impact
of wellbore length on the production rate
shows that increasing the wellbore length by
38% resulted in rising wellbore productivity
by 14.7%. The performance of the DFM was
validated against the PFDFM by calculating
the pressure distribution in a single vertical
fracture reservoir. The results depicted that
DFM can accurately model the fluid flow in
fractured reservoirs.

Nomenclature

N Storage coefficient [1/Pa]

P Pressure [Pa]

t Time [s]

us Volume flow rate in fracture [m?%/s]

Um Volume flow rate in matrix [m/s]

Ce Gas compressibility [1/Pa]

Cm Matrix compressibility [1/Pa]

\Y Volume [m?]

Kt Fracture permeability [mD]

Keo Absolute permeability [mD]
Kapp Apparent permeability [mD]

D Gas diffusion coefficient [m2.s?]

F Gas slippage correction coefficient

w Fracture aperture [m]

M Gas molar mass [Kg/mol]

z Compression factor

T Shale gas reservoir temperature [K]

R Universal gas constant, 8.314 [J/mol.K]

Por pseudo-reduced pressure

Tor pseudo-reduced temperature

Greek letters

o Density [Kg/m?]

U Viscosity [Pa.s]

[0} Prosity [Dimensionless]

Abbreviations

CFD Computational fluid dynamics
DFM Discrete fracture model
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Abbreviations
FPM Fracture porous media
PFDFM Phase-field discrete fracture model
EFG Element free Galerkin
EDFM Embedded discrete fracture model
FVYM Finite volume method
DDM Displacement discontinuity method
FEM Finite element method
XFEM Extended finite element method
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