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When designing the development of hydrocarbon fields for efficient production, it is necessary
to correctly position horizontal wells. Specific solutions are required for optimal placement of
horizontal well systems. An algorithm is proposed to select the optimal development option for
systems with horizontal wells. Mathematical models of non-traditional collectors are presented.
The proposed block diagram of the algorithm of actions will make it possible to choose the
best option for developing a field with systems of horizontal wells. A complex model allows
one to obtain true (or real) initial data for their subsequent processing in the modeling process
and to obtain results that are as close to reality as possible. KEYWORDS: Horizontal well; tight
gas; unconventional oil; reservoir characterization; fractured reservoir; reservoir simulation; oil and
gas reserve.
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Introduction
An algorithm for finding the optimal option for
field development is proposed with systems of horizontal wells. Petroleum industry has established
itself as the pioneer of subsurface data collection
[Abou-Kassem, 2006]. Historically, no other discipline has taken so much care in making sure input
data is as accurate as the latest technology would
allow. The recent superflux of technologies dealing with subsurface mapping, real time monitoring,
and high speed data transfer is an evidence of the
fact that input data in reservoir simulation are not
the weak link of reservoir modeling.
Mathematical models made a significant contribution towards finding a solution for the problems
associated with the usage of horizontal wells.
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Current standard modelling approaches conceptualize a fractured media as an interplay of several homogeneous continuums of normal diffusive
characteristics. The precise characterization of the
fractures is imperative for well performance analysis along with subdiffusive behaviour of unconventional matrices such as crystalline basement reservoirs.
This study research presents a study of some of
the available models that are used in modelling of
fractured reservoirs.
In modelling, reservoir simulation is the most
powerful tool for oil and gas reserves estimation as
well as reservoir performance prediction. However,
serious limitations exist at the very foundation of
reservoir simulation when it comes to unconventional reservoirs.
Difficulties exist from data acquisition to applicability of Darcy’s law and solution techniques
that are applicable only to conventional reservoirs.
Behaviour of flow through matrix and fractured
systems in the same reservoir, heterogeneity and
fluid/rock properties interactions, Darcy and nonDarcy flow are among the issues that are needed to
be thoroughly addressed.
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Figure 1. Algorithm flowchart for selecting the optimal field development option with
systems of horizontal wells.

About of the Use of Horizontal Wells
Around the globe oil and gas fields are often
developed using horizontal wells. They are used
chaotically. When designing the development of
an oil field with horizontal wells, the question arises
of how best to locate the horizontal wells for efficient field development. There is an infinite number of options available for developing this particular object with various options for placing horizontal wells, and it depends on a large number of
factors.
In order to find a better way to a solution for

this problem, an algorithm is proposed for solving
the choice of the optimal development option for
horizontal well systems, a block diagram of which
is shown in Figure 1.
Step 1. Beginning of the algorithm. Updating
data.
Step 2. Input operation. Input of the initial
geological and physical data of the simulated field.
Step 3. Data processing. Creation of an analytical model for a preliminary assessment and determination of the desired search zone with a preliminary arrangement of options for the placement of
horizontal well systems.
Step 4. Data processing. Creation of a numer-
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Figure 2. Multistage fracturing in a horizontal well.
ical hydrodynamic model to clarify the acceptable
parameters of the development system.
Step 5. Iterative process. Technical and economic analysis of the results.
Step 6. Output of results. Conclusion of the
obtained development options using systems horizontal wells.
Step 7. Search cycle. Selection of the optimal
field development option using systems horizontal
wells that satisfies the geological and mathematical
model of the field.
Step 8. Completion of the program. The end of
the algorithm.
It is possible to move (green arrow) from Step
3 to Step 5 to clarify the created analytical model
by means of technical and economic analyzes of the
results.
It is possible to conduct an express analysis by
going (red arrow) from Step 3 to Step 6.
In order to improve and refine the final results
of Step 7, you need to go to Step 1 and update the
data.
For the first time, an algorithm for determining the optimal field development option using systems is proposed of horizontal wells. The scientific
novelty of this research is that this algorithm will
provide the most realistic option for field development using horizontal well systems. When using
systems of horizontal well systems, there will be a
cumulative effect of production growth and greater
drainage coverage.

Mathematically speaking, a horizontal well is a
large fracture of finite length [Yarakhanova, 2015].
Currently available approximate methods for assessing the productivity of horizontal wells do not
give accurate results.
Often, horizontal wells open unconventional reservoirs. Knowing the properties of an unconventional
fractured reservoir, we can draw an optimal trajectory of horizontal wells.
Cracks can be created artificially by using hydraulic fracturing.
As you know, the goal of hydraulic fracturing
is to create cracks to ensure fluid flow to the bottom of the well. The effectiveness of the operation depends on the correct selection of the facility for operations, the selection of technologies for
existing conditions and the reasonable selection of
wells for processing. The selection, placement of
horizontal wells and optimization of fracture parameters for hydraulic fracturing should be carried
out taking into account the geological and physical properties of the object, stress distribution in
the reservoir, which determines the orientation of
the fractures and the waterflooding system. During the development of hydrocarbons from unconventional reservoirs, horizontal well systems and
hydraulic fracturing are used [Yarakhanova, 2015,
2019]. Sequential hydraulic fracturing in one wellbore can significantly increase the area of development of the developed formation, increase the flow
rate of the well (presented in Figure 2). There is
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an opportunity to draw into development reserves
that are classified as hard to recover in deposits
with low permeability. Increasing the number hydraulic fracturing is not an end in itself; it is necessary to select an economically viable oil production
method for each specific field [Yarakhanova, 2019].
If we will be well aware of the properties of a
fractured reservoir, we will be able to develop it
as efficiently as possible and to position horizontal
wells correctly. Consider mathematical models of
unconventional reservoirs.
Hydraulic fractures is not an end in itself; it is
necessary to select an economically viable oil recovery method for each specific field [Yarakhanova,
2019].
If we are well aware of the properties of a fractured reservoir, we will be able to develop it as efficiently as possible and correctly position horizontal
wells. Consider mathematical models of unconventional reservoirs.

Simulation of Unconventional Reservoirs
To describe the hydrodynamic processes in
fractured-porous media, it is taken into account
that a horizontal well in mathematical terms is a
large fracture of finite length. This can be used in
mathematical models for subsequent efficient trajectories layout of horizontal wells and further assessment them of the productivity.
The comprehensive model is translated into a
mathematical form that can be easily used to describe fluid flow in porous media.
This study will help to better understand the
modelling of fractured reservoirs including hydrocarbon traps in a crystalline basement.
In reservoir simulation, the principle of GIGO
(Garbage in and garbage out) is well known [Rose,
2000]. This principle implies that the input data
should be accurate for the simulation results to be
acceptable.
Currently, three major approaches are used to
simulate fluid flow through naturally fractured reservoirs which include: continuum, dual porosity/dual
permeability, and flow through discrete fracture approaches. In single continuum approach fractured
medium is divided into a number of representative volumes and bulk macroscopic values of reservoir properties varying from point-to point are av-
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eraged over the volume which is often known as
blocked based permeability tensors [Reiss, 1980;
Park, 2001]. Gupta, et al. [2001] considered matrix with no permeability and simulated fluid flow
through fractures only. Park [2001] considered matrix and fractures as a continuous system and ignored the fluid flow at fracture matrix interface.
Some researchers [Gupta, et al., 2001; Park, et
al., 2000; Teimoori, et al., 2005] on the other hand
present comprehensive methodologies for estimating permeability tensor for arbitrarily oriented and
interconnected fracture systems. In the dual continuum approach, the reservoir is divided into two
major parts: fractures and matrix.
Warren and Root [1963] model conceptualizes
fractured reservoirs with a stacked sugar cubes. In
this approach, the fractures provide the main flow
paths, while the matrix acts as a source of fluid.
The fluid transfer between the fractures and the
significant number of studies have been carried out
both in analytical and numerical frameworks using
dual porosity approach. Landereau et al., [2001]
and Henn et al., [1999] proposed a new technique
for matrix is defined based on transfer functions.
Henn et al., [1999] and Landereau, et al., [2001] introduced a range of different matrix/fracture transfer functions to simulate the fluid flow on large
scales. Then the fluid flow is simulated in a fractured porous medium, for example, in rock massifs.
The proposed technique has been created to separate the contributions from the rock matrix and
from the fracture systems (which are also treated as
an equivalent continua), the so-called dual (double)
porosity models, dual (double) permeability models and dual (double) continuum models, in order
to simplify the complexity in the fracture-matrix
interaction behavior and to partially consider the
size effects caused mainly by the fractures.
It has been shown that the advective transport
component in more permeable matrix blocks (e.g.,
porous sandstones) results in additional solute transfer between fractures and matrix, which is not typically taken into account by dual porosity concepts
[Cortis and Birkholzer, 2008].
Therefore, Noetinger and Estebenet [2000] proposed a new technique called continuous time random walk (CTRW) method. This method is an alternative to the classical dual porosity models for
modelling and upscaling flow and/or solute transport in fractured rock masses.
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Originally developed to describe electron hopping in heterogeneous physical systems, the network of fractures become more complicated when
there are vugs present in addition to fractures.
Fractures and vugs can have profound effects on
the porosity exponent (𝑚) and calculated water
saturation (𝑆𝑤 ) of carbonate rocks.
Proper prediction of 𝑚 in reservoirs avoid overestimation of 𝑆𝑤 commonly caused by the presence
of fractures and also avoid the underestimation of
𝑆𝑤 commonly caused by vuggy or moldic porosity.
The original dual porosity equation, developed by
Aguilera and corrected in [Aguilera and Aguilera,
2003] is as follows
)︂
(︂
𝑚
1−𝜑𝑓 𝑓
𝑚𝑓
log 𝜑𝑓 + ´ −𝑚𝑏
𝜑𝑏
𝜑𝑚 =
,
log 𝜑
where 𝜑´𝑏 according to Aguilera, is the matrix block
porosity affected by 𝑚𝑓 and is defined by the equations
(︁
)︁ (︁
)︁
𝜑´𝑏 = 𝜑 − 𝜑𝑓 𝑓 / 1 − 𝜑𝑓 𝑓
and
𝑓 = 𝑚𝑓 − (𝑚𝑓 − 1) (log 𝜑/ log 𝜑𝑓 )
direction, which is rarely the case. Since fractures
inclined to current would give straight-line conductance paths as opposed to the tortuous paths in the
bulk porosity, 𝑚𝑓 should usually blow but not necessarily 1.0.
The triple porosity for vugs and fractures together can be written as:

[︂ 𝑚𝑏𝑣 ]︂ 1 −𝑚𝑏𝑣
−1
𝜑𝑏𝑣 𝑚𝑣 𝜑𝑏𝑣
´
,
1 − 𝜑𝑣 =
𝑚𝑏
−𝑚
𝑏
𝜑𝑏
𝜑𝑏
−1

relation to the total volume. The value of fracture
𝑚 (𝑚𝑓 ) is not used and is implicitly assumed to
be 1.0. It means that the fractures are assumed
to contribute in parallel to the whole rock conductivity. The use of parallel resistance implies that
the fractures themselves are parallel to the current
equation (1) was then used on the results:
𝑚

𝜑𝑓 =

𝜑 𝑚𝑓

−𝑚 𝑚𝑏𝑣
𝜑𝑏𝑣 −
𝑏𝑣
𝜑𝑚
𝑏𝑣 − 1

𝑚

𝜑 𝑚𝑓

.

Different Models
For a modeling process to be meaningful, it must
fulfill two criteria, namely, the source has to be true
(or real) and the subsequent processing has to be
true [Islam, et al., 2017; Islam, et al., 2016a].
For unconventional reservoirs as well as crystalline basement reservoirs, they are both of concern.
For instance, most commonly used well log data
do not register useful information for unconventional reservoirs that do not allow invasion of sonic
signals, mud filtrate, etc., invalidating some of the
well logging techniques.
Processing data is also of concern.
Unconventional reservoirs require special filtering tools that are not readily available. Some of
them are presented in our previous book chapters
[Islam, et al., 2017].
Various Mathematical Models to Describe the
Fluid Flow and Change of Fluid Volume in porous
Media with Fracture are described below in Table 1
and presented in Figure 3.

(1)

where
(︁
)︁
Conclusions
𝜑´𝑣 = 𝜑𝑣 / (1 − 𝜑𝑓 ) , 𝜑𝑏𝑣 = 𝜑𝑣 + 𝜑𝑏 1 − 𝜑´𝑣 ,
𝑚𝑏𝑣 is the composite porosity exponent. The folVarious options for selecting the optimal field delowing modified
velopment option using horizontal well systems are
proposed:
(︁
)︁
1−𝜑𝑓
log 𝜑𝑓 + −𝑚𝑏
𝜑𝑏
𝜑𝑚 =
,
∙ A budget express analysis of the choice of the
log 𝜑
optimal field development option is carried
out by creating an analytical model that can
where 𝜑𝑚 is the total porosity, 𝜑𝑏 is the porosity
be used in the limited field conditions of the
of the bulk rock, 𝑚𝑏 is the porosity exponent of
field and gives adequate results.
the bulk rock, and 𝜑𝑓 is the fracture porosity in
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Table 1. Description of Various Mathematical Models to Describe the Fluid Flow and Change of Fluid
Volume in porous Media with Fracture
Model
names

The
Baker
model

Description Mathematical Models

In this model [Baker, 1955], the real fracture formed by impervious matrix blocks
separated by a fracture network is represented by a single matrix block and a
single fracture. The equivalence between
the model and real reservoir is given by
simulating the same conductivity in both
model and real reservoir.

This model [Warren and Root, 1963] assumes continuous and uniform fracture
network oriented in such a way that they
are parallel to the principal direction of
The
permeability. The fractures are assumed
Warrento have constant width. Anisotropy must
Root
be simulated if the fracture network is exmodel
pected to be isotropic. The fracture spacing associated to the fracture density is
directly related to the fracture permeability and porosity.

The Equations Mathematical Models
The mathematical equations representing the above is as
follows:
)︂
(︂
𝑘𝜌𝑄2
1
1
𝜌𝑄2
𝑃𝑡 =
−
+ 2 2
2
2
2
3
4𝜋 𝑇
𝑅2
𝑅1
8𝜋 𝑇
where 𝑃𝑡 is the total pressure drop between radii 𝑅1 and
𝑅2 , 𝜌 is the density of oil, 𝑅1 is the outer radius, 𝑅2 is the
inner radius, 𝑄 is the rate of flow, 𝑇 is the size of fissure
i.e. distance between faces, and 𝑘 is the constant which can
only be determined by experiment.
The mathematical equation representing this model is:
(︂
)︂
1 𝜕
𝜕𝑃𝐷𝑓
𝜕𝑃𝐷𝑚
𝜕𝑃𝐷𝑓
𝑟𝐷
=𝜔
+ (1 − 𝜔)
𝑟𝐷 𝜕𝑟𝐷
𝜕𝑟𝐷
𝜕𝑡𝐷
𝜕𝑡𝐷
Warren and Root solved the above equation analytically
to determine the pressure distribution in the matrix blocks
and fractures.
]︀
(︀
)︀
]︀
[︀ 𝑉
Δ𝑡 (𝜑𝑆𝑝 𝜌𝑝 ) 𝑓
𝑇𝑙 𝜆𝑝 𝜌𝑝 Δ 𝑝𝑝 − 𝛾𝑝 𝐷 + 𝜌𝑝 𝑞𝑝𝜔 − 𝜏𝑚𝑓 = Δ𝑡
[︀ 𝑉
(︀
)︀]︀
𝜏𝑚𝑓 = Δ𝑡
Δ𝑡 𝜑𝑆𝑝 𝜌𝑝 𝑚

[︀∑︀
This model [Kazemi, 1969] reduces the
fracture network to a set of uniformly
spaced horizontal matrix layers, where
the set of fractures are equivalent to
The
spaces between cylindrical slices of maKazemi
trix. Kazemi solved the equations develmodel
oped by Warren and Root for analyzing
pressure drawdown and buildup in fractured reservoirs to interpret interference
test data.

The
Raghavan
model

Park et al. [Park et al., 2000; Metzler
et al., 1994; Islam et al., 2016] presented
a generalized fractal diffusivity equation
that accounts for temporal dependencies
on fluid flux in the form of a time fractional derivative. Raghavan [Raghavan,
2011] upgraded the time fractional model
and revealed that the application of fractional constitutive flux law is inherent
in the unconventional fractured reservoirs
that exhibits many scales in the form
of obstacles and channels as well as induced changes affected by the stimulation job. Assuming a Continuous-TineRandom-Walk process in the particle displacement of the diffusion in porous media, a fractional velocity equation incorporating subdiffusion is given by,

The transfer function for fluid exchange is given as:
[︁(︀
)︀
(︀
)︀ ]︁
𝜏𝑚𝑓 = 𝐾𝑚 𝑉 𝜆𝑝 𝜌𝑝 𝑝𝑝 − 𝛾𝑝 𝐷 𝑓 − 𝑝𝑝 − 𝛾𝑝 𝐷 𝑚

⃗𝑣𝑥 = −

𝜅𝛽 𝜕 1−𝛽 𝜕Δ𝑝
𝜇 𝜕𝑡1−𝛽 𝜕𝑥

where, 𝛽 is the anomalous diffusion parameter. When,
𝛽 < 1, hindrance to fluid flow is more pronounced than
the normal diffusion case (𝛽 = 1). Superdiffusion occurs
when 𝛽 > 1. The fractional derivative term in WarrenRoot model is defined using Caputo’s definition
∫︁ 𝑡
𝛿 1−𝛽
1
𝛿𝜌(𝑥, 𝑡)
−(1−𝛽)
{𝑝
(𝑥,
𝑡)}
=
(𝑡 − 𝜏 )
𝛿𝑡1−𝛽
Γ(𝛽) 0
𝛿𝑡
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Table 1. Continued
Model
names

Description Mathematical Models

The Equations Mathematical Models
The pressure gradient in the x-direction, as described
by the basic Navier-Stokes equations, takes this form:

The
NavierStokes
model

The
Ozkan
and
Raghavan; Ng
and
Aguilera
model

The principle idea underlying the comprehensive model is introduced. The idea is
very simple: the Navier-Stokes equations,
representing fluid flow between two parallel plates, are applied. Fluid flow between
two parallel plates or in a pipe as described
by the Navier-Stokes equations is well documented. The representative equations
give highly accurate results [Metzler et al.,
1994]. They have been used in many applications and modified to suit many other
circumstances.

The horizontal well has been treated as
a line source composed of finite point
sources. By superposition integrals to
point source solution along the horizontal
length [Ozkan and Raghavan, 1991; Duan
et al., 1998; Zhan and Zlotnik, 2002]. First,
we seek to the solution of a point source
and then obtain the solution of line source.

𝜕𝑈
𝜇𝜑
𝜇 𝜕2𝑈
−
=
𝑈 − 𝛽𝜑𝑈 2 −
𝜕𝑡
𝜌 𝜕𝑦 2
𝜌𝐾
(︂
)︂
1
𝜕𝑈
𝜕𝑈
𝜑 𝜕𝑃
−
𝑈
+𝑉
−
,
𝜑
𝜕𝑥
𝜕𝑦
𝜌 𝜕𝑥
𝜕𝑉
𝜇𝜑
𝜇 𝜕2𝑉
−
=
𝑉 − 𝛽𝜑𝑈 𝑉 2 −
𝜕𝑡
𝜌 𝜕𝑦 2
𝜌𝐾
(︂
)︂
𝜕𝑉
𝜕𝑉
𝜑 𝜕𝑃
1
𝑈
+𝑉
−
,
−
𝜑
𝜕𝑥
𝜕𝑦
𝜌 𝜕𝑦
Equations represent the final form of the comprehensive model that can be applied to porous media flow.
It is capable of addressing a matrix/fracture scheme,
including Darcian and non-Darcian domains
The governing differential equations in radial cylindrical for fracture system are these:
)︂
(︂ 2
1 𝜕𝑝𝑟
𝑘𝑓𝑝 𝜕 2 𝑝𝑟
𝜕 𝑝𝑟
+
+
+
𝜕𝑟2
𝑟 𝜕𝑟
𝑘𝑓 ℎ 𝜕𝑧 2
𝑘𝑚
𝜇𝜙𝑓 𝑐𝑓 𝑡 𝜕𝑝𝑓
+𝛼𝑚
,
(𝑝𝑚 − 𝑝𝑟 ) =
𝑘𝑓 ℎ
3.6𝑘𝑓 ℎ 𝜕𝑡
for matrix system are these:
(︂ 2
)︂
𝜕 𝑝𝑚
1 𝜕𝑝𝑚
𝑘𝑚𝑝 𝜕 2 𝑝𝑚
+
+
−
𝜕𝑟2
𝑟 𝜕𝑟
𝑘𝑚ℎ 𝜕𝑧 2
𝑘𝑚
𝜇𝜙𝑚 𝑐𝑚𝑡 𝜕𝑝𝑚
−𝛼𝑚
,
(𝑝𝑚 − 𝑝𝑟 ) =
𝑘𝑚ℎ
3.6𝑘𝑚ℎ 𝜕𝑡
Initial condition 𝑝𝑓 |𝑡 = 0 = 𝑝𝑚|𝑡 = 0 = 𝑝𝑖

Figure 3. Mathematical Models to Describe the Fluid Flow and Change of Fluid Volume
in porous Media with Fracture.
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∙ A more thorough and expensive option is achie- Kazemi, H. (1969),
Pressure Transient Analysis
of Naturally Fractured Reservoir With Uniform Fracved by creating a numerical hydrodynamic
ture, Society of Petroleum Engineers Journal, 9, No.
model, followed by a technical and economic
4, Crossref
analysis of the results of development options Landereau, P., B. Noetinger, M. Quintard (2001),
and the subsequent selection of the optimal
Quasi-Steady Two-Equation Models for Diffusive Tranfield development option.
sport in Fractured Porous Media: Large-Scale PropThe proposed algorithm makes it possible to
choose the optimal option for field development using horizontal well systems, taking into account the
geological structure and hydrocarbon reserves with
constant updating of the incoming initial geological
and physical data of the simulated area.
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