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The physical property of Chang 6 reservoir in Yanchang oilfield is poor, and the
heterogeneity is strong. Multistage fracturing of horizontal wells is easy to form
only one large horizontal fracture, but it is difficult to control the fracture height
and length. The new mining method of “bow horizontal well + multistage
horizontal joint” can effectively increase the multistage horizontal joint's spatial
position, which improves the drainage area and stimulation efficiency of oil
wells. Due to the reservoir's low permeability and strong heterogeneity, the
single well mode of "bow horizontal well + multistage horizontal fracture”
cannot effectively produce Chang 6 reservoir. To improve the production
degree of the g 6 reservoir, the fracture model is established using
equivalent conductivity and the multigrid method. The pressure response
functions of horizontal wells and volume fracturing horizontal wells are
established by using the source function, and the relationship between
reservoir permeability and starting pressure gradient in the block is
calculated. On this basis, the reservoir productivity equation of the block is
established, which provides a basis for optimizing the fracturing design
parameters of horizontal wells. It is proposed that the flow unit should be
considered in the design of fracturing parameters of horizontal fractures, the
number of fractures should comprehensively consider whether the fractures
can make each flow unit be used, and have large controlled reserves, and the
scale of fracturing should comprehensively consider the output and cost. The
fracture network model is established by using equivalent conductivity and
multi-gridthod, and the volume fracturing design parameters of horizontal wells
are optimized, considering the seepage characteristics of the flow unit. The
fracturing design parameters of the horizontal section are further defined,
which provides a theoretical basis for the efficient development of shallow
tight reservoirs.
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1 Introduction

With the development of the global economy, the
exploration and development process of oil and gas
resources continues to expand, and a tight sandstone
reservoir has been proven to be a main force in the world
energy supply (Li et al, 2018; Xu et al., 2019a). A tight
sandstone reservoir is typically classified as a reservoir with
permeability less than 0.1 mD, which is not economically
producible for a long history (Kazemi, 1982; Li et al., 2019).
Qilicun oilfield, which is a typical tight sandstone reservoir, is
located in the southeast of the Yishan slope in the Ordos Basin
of China. The main oil layer for development is Chang 6 oil
layer. The buried depth of this layer is shallow, and the
but the
physical property is poor and the heterogeneity is strong.

reservoir is thin-layer interactive deposition,
According to the statistics of existing core analysis reports
in the study area, the reservoir porosity distribution is close to
the normal distribution, with the main distribution range of
8.1%-10.1% The

permeability gradient is large, ranging from 0.02 to 8.8 mD,

and the average porosity of 9.4%;

and the average permeability is 1.1 mD, tight sandstones
exhibit the characteristics of small pore size and low
porosity. Especially, for deep tight gas sandstone reservoirs,
their pore sizes range from nanometers to micrometers after
compaction and solidification for a long time, some scholars
have carried out experimental and simulation research on the
influence of rock microstructure on gas transmission in tight
reservoirs (Meng et al., 2014; Du et al., 2015; Xu et al., 2018;
Zhang et al., 2018; Xu et al., 2019b). In recent years, horizontal
wells have been widely used in the development of
unconventional reservoirs. Horizontal wells combined with
multi-stage hydraulic fracturing technology are the main
of
permeability and tight reservoirs, which can greatly increase

technical means for efficient development low-
the production of single wells and improve the overall
economic benefits of the oilfield (Xiong et al., 2012; Wang
etal, 2014; Suetal., 2018a; Su et al., 2018b; Jiang et al., 2018; Su
et al., 2020; Zhang et al., 2020). Generally, the direction of the
minimum principal stress in the reservoir is horizontal, so the
pressure fractures are vertically developed. Multi-stage
fracturing in a horizontal well has proven to be effective for
the development of unconventional shale resources (Mutalik
and Gibson, 2008; King, 2010; Wellhoefer et al., 2014). Long
horizontal wells combined with multi-stage fracturing can
effectively increase the contact area between the oil well and
the reservoir (Zhang et al., 2004; Weng et al., 2011; Chang,
2013; Li et al.,, 2013; Yang et al., 2014; Westwood et al., 2017;

Zhang et al., 2018).
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With this technique, large amounts of fracturing fluid are
sequentially injected into different stages to simultaneously
initiate multiple perforation clusters within one stage, creating
dozens of hydraulic fractures (HFs) along the horizontal segment
to maximize access to productive zones (Yew and Weng, 2015).
However, monitoring during fracturing has found that the actual
stimulated volume is much smaller than that interpreted via
microseismic mapping (Xu et al, 2016), implying that
considerable areas between two fractures may not be
effectively stimulated. Xiong et al. (2020) developed the small
cluster and stage spacings to further increase the area of fracture
surfaces in reservoirs. Dohmen et al. (2014) and Somanchi et al.
(2017) believed that strong stress interference among multiple
fractures under such a tight spacing can induce nonuniform
simultaneous growth (or asymmetrical growth of subsequent
fractures, which may considerably undermine the stimulation
performance. Zhang et al. (2021) proposed a novel experimental
process to model the simultaneous and sequential propagation of
multiple closely spaced fractures, and rock splitting and 3D
reconstruction technology were used to characterize HF
geometries. They investigated the effects of the number of
clusters per stage, stage spacing, and net pressure in the
previously created fractures on the propagation geometries.
Thus, the interference mechanism among multiple closely-
the
propagation of multi-stage fracturing should be clarified to

spaced fractures in simultaneous and sequential
improve the effectiveness of fracturing.

HanYi Wang (2016) presented a fully coupled hydraulic
fracture propagation model based on the Extended Finite
Element Method (XFEM), Cohesive Zone Method (CZM),
and Mohr-Coulomb theory of plasticity, which investigated
the interference and coalescence of fluid-driven hydraulic
fractures that initiated from horizontal wells (Wang, 2016).
Hillerborg et al. (1976) introduced the concept of fracture
energy into the cohesive crack model and proposed several
Based this

conception, Mokryakov (2011) proposed an analytical solution

tractions—displacement  relationships. on
for hydraulic fracture with Barenblatt’s cohesive tip zone, the
results demonstrate that the derived solutions from the cohesive
tip zone model can fit the pressure log much more accurately
than LEFM for the case of fracturing soft rock. Wang et al. (2016)
developed a cohesive poro-elastoplastic hydraulic fracture model
for both brittle and ductile rocks. Their work indicates that
plastic damage during fracturing execution can lead to higher
propagation pressure and shorter and wider fracture geometry.
Lecampion et al. (2015) (Brice and Jean, 2015) developed a
numerical model for the initiation and growth of an array of
parallel radial hydraulic fractures, and the solution accounts for
fracture growth, coupling between elastic deformation and fluid
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flow in the fractures, elastic stress interactions between fractures
and fluid flow in the wellbore.

Bunger et al. (2011) proposed that production forecasting
analysis is used by assuming sim straight-linedined fractures to
optimize spacing and staging between fractures, but in reality,
fractures tend to propagate in a complex manner when they are
closely spaced or where preexisting fractures exist. El Rabba
(1989) studied that simultaneous fracturing of closely spaced
clusters may cause fracture interferences such that some of the
fractures stop in between, and some may not even initiate due to
the stress shadow effects. Thus, the design of efficient systems can
benefit from hydraulic fracture simulations that couple fluid flow
to fracture deformation and fracture mechanics principles. The
numerical method that can accurately model 2D or 3D fracture
propagation can help to understand and improve the fracturing
process. The growth of multiple simultaneous fractures assuming
no fluid flow inside the fractures has been studied, and simulated
the sequential fracturing has been treated with no explicit fluid.
Some studies (Rafice et al., 2012) have utilized stress analysis to
suggest a modification to the zipper fracturing to improve the
SRV based on heuristic arguments of complexity. However, more
rigorous modeling is needed to better understand the problem
and to help improve the design. Sesetty and Ahmad (2015)
presented a fully coupled DD-based fracturing model, which
considered different boundary conditions to simulate the effect of
previously created fractures as pressurized (during the flow back
is restricted) and propped (proppant filled fracture).

The burial depth of Chang 6 reservoir in the study block is
shallow, mostly less than 1000 m, the sand layer thickness is
generally less than 12 m, and the interlayer between different
sand layers is widely distributed. The direction of the minimum
principal stress in the reservoir is vertical, hydraulic fracturing is
easy to produce horizontal fractures, and the difference in the
principal horizontal stress in the reservoir is small. The reservoir
thickness is small, and the development effect of vertical wells is
poor. However, for horizontal wells, multi-stage fracturing is easy
to form only a large horizontal fracture, and it is difficult to
control the fracture height and length, resulting in formation
channeling during fracturing, ranging from poor stimulation
effect of staged fracturing to scrapping of the whole well.
Therefore, the Yanchang oilfield has formed a new production
model of “bow horizontal well + multi-level horizontal fracture,”
which effectively increases the spatial position of multi-level
horizontal fracture, and improves the drainage area and
stimulation efficiency of oil wells (Yi et al., 2013; Xiong et al.,
2014; Zhang et al., 2015). Due to the low permeability and strong
heterogeneity of the reservoir, the single well method of “bow
horizontal well + multistage horizontal fracture” cannot
effectively produce Chang 6 reservoir. To further improve the
production degree of the Chang 6 reservoir.

Firstly, based on the reservoir characteristics of Chang 6, the
distribution function of reservoir in-situ stress and formation
pressure after the fracturing of horizontal wells is established, and
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the relationship between reservoir permeability and starting
pressure gradient in the block is calculated. On this basis, the
reservoir productivity equation of the block is established, which
provides a basis for optimizing the fracturing design parameters
of horizontal wells. It is proposed that the flow unit should be
considered in the design of fracturing parameters of horizontal
fractures, the number of fractures should comprehensively
consider whether the fractures can make each flow unit be
used, and have large controlled reserves, and the scale of
fracturing should comprehensively consider the output and
The
fracturing horizontal fracture bow horizontal well can be

cost; seepage mathematical model of multi-layer
regarded as the combination of multiple horizontal fracture
flow units. The fracture network model is established by using
the equivalent conductivity and multi-grid densification method,
and the volume fracturing design parameters of horizontal wells
are optimized, considering the seepage characteristics of the flow
unit. The fracturing design parameters of the horizontal section
are further defined, which provides a theoretical basis for the

efficient development of shallow tight reservoirs.

2 Reservoir characteristics

Lithological characteristics: the lithology of Chang 6 reservoir
is mainly gray fine-grained arkose, and the mineral composition
is mainly feldspar 52% and quartz 22%. The structural
characteristics of the reservoir are that the sandstone particles
are well sorted and directionally arranged. Another characteristic
is that the diagenesis is strong. The sandstone has experienced
diagenetic epigenesists such as compaction, pressure dissolution,
antigenic mineral filling, dissolution, metasomatic, and clay
mineral transformation and recrystallization, and has evolved
into a tight sandstone reservoir with ultra-low porosity and ultra-
low permeability.

Reservoir physical properties: According to the statistical
results of core analysis data, the maximum porosity of the Chang
6 reservoir is 15.12%, the minimum is 1.52%, and the average is
8.39%; the maximum permeability is 7.79 mD minimum
0.01 mD, with an average of 0.54 mD. In Chang 6 reservoir,
Chang 6-1 reservoir has the highest porosity and permeability,
and the average value of Chang 6-2 and Chang 6-3 porosity and
permeability is close. Pore structure characteristics: the main
reservoir spaces of Chang 6 reservoir include intergranular pores,
intergranular dissolved pores (mainly laumontite dissolved
pores), etc. The pore throat types mainly include large pore
fine throat type, small pore fine throat type, and small pore micro
throat type (large pore: The average pore diameter is greater than
throat: throat 0.2-1.0 pm,
microlarynx: the average throat radius is less than 0.2 um),

50 um. Fine average radius
various reservoir types are controlled by sedimentation and
diagenesis, and their distribution in Chang 6 oil-bearing

formation is very uneven.
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TABLE 1 Test results of rock mechanical parameters in Zhengzhuang block.

Test Horizon Well Temperature/ Pore
sample depth/m °C pressure/
no. MPa

1 Chang 6,  382.65 20 3.06

2 Chang 6,  404.17-404.32 20 323

3 Chang 6,  405.39-405.69 20 324

4 6, 629.56-629.86 20 5.04

5 e, 4725-4728 20 3.78

3 Volume fracturing analysis of bow
horizontal well

3.1 Rock mechanics parameter test

The rock mechanical parameters of Chang 6 reservoir in
Zhengzhuang block of Qilicun oilfield in China are tested
experimentally. The test conditions are shown in Table 1. The
experimental results show that the rock in the Chang 6 section
has high compressive strength (102.8-135.2 MPa), showing the
elastic characteristics of the outgoing line, and the strain range is
0.9%-1.2%. The elastic modulus of rock is 13,752.7-19,417.8, and
the Poisson’s ratio is 0.341-0.397.

3.2 Calculation of in-situ stress profile of
the reservoir

There are usually two methods to obtain in-situ stress data,
one is an in-situ stress test, and the other is through calculation.
The in-situ stress test is a direct means to obtain in-situ stress
data. Its precision is high, but the test cost is high, and the
measurement data is limited. The key to in-situ stress calculation
is to establish a mechanical mathematical model suitable for the
reservoir geological model and make full use of a large amount of
information provided by logging data to conveniently and
quickly obtain in-situ stress profiles continuously distributed
along with the depth.

In situ stress is a very important basic parameter for
fracture pressure calculation and fracturing optimization
design. Here, a three-dimensional in-situ stress model is
adopted. For the determination of vertical stress, the
commonly used mode of vertical stress equal to overburden
pressure is adopted. Overburden pressure is the pressure
generated by the total weight of rock and pore fluid. It is
usually expressed in the form of equivalent density, which is
called the pressure gradient of overlying strata, and its change
curve with depth is called the pressure gradient curve or
profile of overlying strata. The pressure gradient of
overlying strata mainly depends on the variation of rock
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confining Poisson’s Modulus Differential
pressure/ ratio of stress/MPa
MPa elasticity/MPa

5.85 0.341 19,417.8 136.1

6.21 0.372 13,967.2 106.7

6.23 0.377 16,171.2 117.3

7.34 0.374 14,323.5 120.1

7.24 0.397 13,752.7 100.6

mass density with well depth. The pressure gradient of the
overlying strata is different in different areas.

The formula for calculating overburden pressure using
density logging data is as follows.

H
g, =10"° jo p(h)-g-dh (1)
Where: 0, is the vertical stress at well depth h, MPa; p (h) is the
density of overlying rock mass varying with depth, kg/m? h is the
well depth, m.

The horizontal principal stress is related to the formation
pore pressure, the skeleton stress, and the tectonic stress in two
directions on the horizontal plane. It is assumed that the rock is a
homogeneous and isotropic linear elastomer and that there is no
relative displacement between the stratum and the stratum in the
process of sedimentation and later geological tectonic movement,
and the strains in both horizontal directions of all strata are
constant. From the generalized Hooke’s Law:

__H

Uhmin_‘xpp = m(av_‘xpp)"'Khl +u (2)
U EH

Ohmax — &Pp = m(av - ocpp) + KH1 T 3)

Ohamx 1S the maximum horizontal principal stress, MPa. Opmin i8
the minimum horizontal principal stress, MPa. « is the effective
stress coefficient; P, is pore pressure, MPa. Kj, Ky is the
construction coefficient in the direction of minimum and
maximum stress, constant in the same fault block, m™.

According to the above calculation method and logging data,
the stress of the Chang 6 production interval is shown in Table 2,
3. The calculation results show that the stress difference of the
Chang 6 production interval in the study block is less than
2 MPa, the stress difference of the reservoir interval is small, and
the probability of longitudinal fracture penetration is large.
During the fracturing process of horizontal wells, artificial
fractures are easy to penetrate the layer vertically, which
improves the reservoir reconstruction volume.

The in-situ stress direction of the Chang 6 reservoir in the
study block is 70° to the northeast. The direction of the maximum
horizontal principal stress matches the extension direction of the
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TABLE 2 Basic parameters of horizontal stress of production interlayer.

10.3389/fenrg.2022.976240

Horizon Well no. Medium deep Type Thickness (m) Minimum horizontal
reservoir(m) stress (MPa)
Chang 6 Guo A 661.5 Upper compartment 5.1 16.01
Pay zone 8.7 16.52
Lower compartment 6.2 17.33
Guo B 576.7 Upper compartment 8.3 15.92
Pay zone 124 16.16
Lower compartment 11.7 17.53
TABLE 3 Calculation of starting pressure gradient of Chang 6 reservoir.
Well no. 1 2 3 Average
Horizontal starting pressure gradient (MPa)/m 0.01867 0.01503 0.01397 0.01693
Vertical starting pressure gradient (MPa)/m 0.15472 0.12517 0.18036 0.15143
Welbore Formation

Horizontal fracture

FIGURE 1

Development diagram of arch well with multiple horizontal fractures.

Interlayer

Flow unit

artificial fracture. The volume of the volume fracturing reservoir
is large. To solve the problem of easy formation channeling
during fracturing and vertically connect different flow units, and
improve the reservoir production degree. The arch well design is
adopted in the study block. The well has a certain curvature when
extending in the horizontal direction, and multiple horizontal
fractures can be pressed out during fracturing. This can avoid the
phenomenon that horizontal wells are prone to channeling
during fracturing, and can drill through different flow units,
which is conducive to improving production (Figure 1).

The horizontal fractures produced after the fracturing of
bow-shaped horizontal wells are mostly circular and elliptical.
Because the calculation of the elliptical fracture model is very
complex, rectangular fractures are used in this paper. The
rectangular model is approximately equal to the circular or
elliptical fracture model in terms of parameters such as fluid
flow and pressure distribution.

Multilayer fracturing horizontal fracture - when a horizontal
fracture is produced by the fracturing of a bow horizontal well.
Assuming that the length of the horizontal well is 2L, the
horizontal well is along the X axis, which divides the fracture

Frontiers in Energy Research

FIGURE 2
Schematic diagram of horizontal fracture space of fracturing
in the horizontal well section.

plane into two. The fracture passes through the shaft of the near
horizontal well, andx YF and z ris long along the X direction, Y
direction and Z direction (Figure 2).
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FIGURE 3
Simulation of bow horizontal well with horizontal fractures.

Assuming that the reservoir thickness is h, the formation
compressibility coefficient is unchanged, and the fluid is a
slightly compressible fluid with constant viscosity and
compressibility coefficient, ignoring the influence of the
gravity field. The near horizontal well section has infinite
conductivity, that is, there is no pressure drop in the near
horizontal well section. The simplified physical model of
horizontal fracture near the horizontal well is shown in
Figure 3.

3.3 Demonstration of horizontal well
pattern and well spacing

3.3.1 Formation pressure distribution of
horizontal well

According to Lord Kelvin’s point source solution (Kelvin,
1884), the instantaneous point source function of a homogeneous
reservoir is:

y = exp(-ppVu ) [47p;, (4)

According to the superposition of countless isomorphic
point sources corresponding to the top bottom closed
reservoir vertically, the basic solution of the instantaneous
point source of the top bottom closed reservoir is:

+00 exp( -u \/RE + (ZD -Z, - 2nZeD)2 )

VR +(Zo ~ 2y~ 2nZep)

1
y_471

-0

exp( —u \/RZD + (ZD - Z’D - 2nZeD)2 >

VR + (2o~ 2~ 2nZep)’

Using the properties of the series function, Poisson
superposition formula, Laplace transform, and other methods,
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Saturation of Oil,
Dimensionless
Quantity

-
i 0.6491

the basic solution of an instantaneous point source in the top
bottom closed reservoir can be abbreviated as:

p= Ko (RovE) +2' Y Ko Roye+ o
y 27TZ5D 0 L n=1 0 P ng
Zp Zn

cos| nm 7o cos| nm Zon

By integrating the basic solution along the wellbore direction,

the corresponding mathematical model of the bottom hole
pressure response can be obtained. For a vertical well,
assuming that the length of the vertical well is 2L;, and g
represents the fluid flow in the wellbore, the bottom hole
pressure response function of a vertical well in a
homogeneous reservoir can be obtained by integrating the
basic solution of the instantaneous point source along the Z
direction.  Define pressure function is
Pp (xp, yp,2p>tp) = 2’;’;’1 (Pi = P(x, y,2,1)), then the Laplace

solution of dimensionless bottom hole pressure response of

dimensionless

vertical wells in the top bottom closed reservoirs is:

o
PD:E,[ Ko(\/ﬂ\lx?)"')’%))d“

-1

%

Suppose that the oil well bore produces at a constant flow
of the
fracture (0,0, Z./2), the length of fracture is 2Ly, and the
height of fracture is h, I = Ly, integrate the fundamental

rate, and the well is located at the center

solution of a point source, then the Laplace solution of the
bottom hole pressure response function with a vertical
fracture model is:

| K[V de ®

PD (-xDsyD) = u

Derivation of Lord Kelvin point source solution (King, 2010;
Chang, 2013; Wellhoefer et al., 2014), using the series function
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FIGURE 4
Formation pressure distribution near horizontal wells.

properly, Poisson superposition formula, Laplace transform, and
other methods to simplify, the basic solution of the instantaneous
source function of the top-bottom top-bottom reservoir is:

B 1 'S n2m?
V= oz [KO(RD\/_)+2;K0<RD\V+ ZﬁD)
cos| nm Zo cos| nm Zp

ZeD ZeD

Assuming the length of the horizontal well is 2Ly, fluid flows

)

in or out through a line source, The line source is parallel to the X
axis, and the center of the horizontal well (X, Yw, Zw) is the
integration in the axial direction from Xy — Lj toXyy + Ly, then
the
corresponded ding formation can be obtained. The Laplace

pressure response function of horizontal well in
solution of formation pressure response function of the

horizontal well is:

Pp = %J K0< (xp — @)’ + y% \/ﬁ)da
+; ; cos (nmzp) cos (nnz,p) (10)

1 — 27_[2
J—l KO( (xD ) a)z ' y% “r nZﬁD >da

The Laplace solution of the bottom hole pressure response
function of the volume fracturing horizontal well can be obtained
by integrating the formation pressure calculation formula of the
horizontal well in the Y direction:
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FIGURE 5
Formation pressure distribution plan near volume fracturing
horizontal well.

B - 1 . 1-Kj (2\/_) Z COS NTTZ ] COS NMTZyp
YN \u + L}

1- K,’2<2Vu + nZT[ZLD )
NrETTr

-

1m

The bottom hole pressure response function calculation
model of the horizontal well in the top-bottom top-bottom
reservoir is established, and the infinite formation pressure
distribution plan is defined, as is shown in Figure 4. The
formation pressure of the horizontal well is elliptical in the
near well zone and radial in the far well zone. The pressure
drop mainly occurs within 50 m from the bottom of the well. The
formation pressure of the fractured horizontal well is elliptical in
the near well zone and radial in the far well zone, as is shown in
Figure 5. The effective displacement pressure system of
horizontal well and volume fracturing well is demonstrated by
using the formation pressure calculation formula of horizontal
well and volume fracturing well, combined with the potential
superposition theory.

3.3.2 Formation pressure distribution

Formation fluid can flow only when the pressure gradient is
greater than a certain critical value, and this critical value can
flow. This critical value is called starting pressure gradient, and
this effect is called the low-speed non-Darcy effect.

The velocity equation considering the starting pressure
gradient is:
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FIGURE 6

Relationship between reservoir permeability and starting
pressure.
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FIGURE 7
Plan of formation pressure distribution law of fracturing well
horizontal well joint arrangement.
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Calculation of starting pressure gradient in low and extra low
permeability reservoirs is as follows in Figure 6. The relationship
between starting pressure gradient and permeability in the work
area is:

Frontiers in Energy Research

FIGURE 8
Formation pressure distribution plan of fracturing well
volume fracturing horizontal well.

dp =0.0251K %8 (12)

dr
In combination with the relationship between starting pressure
gradient and permeability, according to the formation pressure
distribution functions of fractured well, horizontal well, and
volume fractured horizontal well, and using the potential
superposition theory, the formation pressure distribution
calculation functions of the fractured well horizontal well
(Figure 7) and fractured well volume fractured horizontal well
(Figure 8) are compiled. The horizontal pressure distribution maps
of a vertical well horizontal well, fracturing well horizontal well,
and fracturing well volume fracturing horizontal well are drawn,
and the relationship between different well spacing and start-up
pressure gradient is obtained. Combined with the existing
relationship ~ between  start-up  pressure
permeability in the work area, reasonable well spacing under

gradient and

different well types and different permeability is obtained. The
starting pressure gradient in the work area is 0.05 mPa/m, the limit
well spacing between fracturing and mental well is determined to
be 150 m, and the limit well spacing between fracturing and
volume fracturing horizontal well is determined to be 190 m.

4 Optimization of key parameters for
volume fracturing of horizontal wells

The fracture network model is established by using the
equivalent conductivity and multigrid encryption method. At
the same time, the small-scale fracture network simulation
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TABLE 4 Hydraulic fracture location data of bow horizontal well.

10.3389/fenrg.2022.976240

Fracture 1 2 3 4 5 6 7 8 9 10
no.
Vertical depth, m 480.80 482.37 484.38 486.14 487.23 480.38 482.35 485.73 487.93 476.39

1000

FIGURE 9

Optimization seepage model of key parameters of horizontal well volume fracturing.

method of “main fracture + SRV regional permeability” can be
used to study the conductivity matching between secondary
fractures, branch fractures, and main fractures.

4.1 Numerical simulation model of volume
fracturing in horizontal well

During the development of a fractured horizontal fracture
reservoir, there exists a three-phase fluid flow of oil, gas, and
water. Fractures can be the main channel of fluid flow, and the
reservoir matrix is the main reservoir space of formation fluid. It
is assumed that the model meets the following conditions:

1) The pore zone and pressure fracture zone occupy different
space areas; 2) Considering the oil, gas, and water phases, the
percolation of each phase obeys Darcy’s law; 3) Rock micro
compressibility and homogeneity; 4) The water component has
no mass transfer effect with the oil phase; 5) Considering the
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influence of gravity and capillary force; 6) The compression crack
is horizontal, and the crack closure effect is considered.

The fracture network model is established by using equivalent
conductivity and a multi grimulti-gradation method. According to the
characteristics of Chang 6 reservoir in Qilicun oilfield of China and
well layout (Table 5). Uniform step size is adopted on the plane, and
the mesh step size is 30 m x 30 m. The grid direction is East-West to
ensure that the artificial crack is parallel to the grid direction. In
consideration of the approximate treatment requirements of artificial
fractures and horizontal shafts, the local artificial fractures and static
areas are densified. The approximate width of artificial fractures is
1 m, and the conductivity of hydraulic fractures is 0.2 Dm.

Combined with the pore permeability and saturation
parameters of the reservoir, select the reservoir location with high
permeability, high porosity, and high oil saturation in the flow unit
for fracturing. Refer to the data divided by the previous flow unit,
and select the location with the best physical properties in the flow
unit for fracturing. The specific location is shown in Table 4.
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TABLE 5 Setting of simulation parameters.

Physical parameters Parameter value

Physical parameters

10.3389/fenrg.2022.976240

Parameter value

Reservoir top depth/m 500 Porosity/% 9.4
Reservoir thickness/m 12 Permeability/mD 0.9
Formation pressure/MPa 4.95 Crude oil density/g/cm’ 0.83
Formation crude oil density/(g/cm®” 0.83 Formation water viscosity/(mpa-s) 1
Formation crude oil viscosity/(mpa-s) 4.30 Compressibility coefficient of formation water/MPa™* 0.00005
Crude oil volume factor 1.035 Compressibility of crude oil/MPa™! 0.0002

25000 37500 500.00

3 stage

EE— 7 T

— |
500.00

0 125.00 25000 37500

7 stage

FIGURE 10
Influence of different horizontal well length on reservoir seepage field.

4.2 Calculation of oil well productivity
Assuming that a horizontal well is deployed in the center of a

homogeneous circular formation with equal thickness, the fluid
flow from the boundary to the wellbore in the formation will no

Frontiers in Energy Research 10

375.00 500.00

[ — I

— |
37500 500.00

0 12500 250.00

9 stage

longer be radial flow like a vertical well but will show more
complex fluid flow characteristics. Ignoring the influence of
capillary pressure, gravity, and elastic expansion, under the
condition of steady flow, different calculation formulas are
derived by Renand and Dupuy (1991),
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Where, q is well production, m*/ks; K is permeability, mD; h
is the reservoir thickness, m; p. is supply boundary pressure,
MPa; pyy is the bottom hole pressure, MPa; y is the viscosity of
oil, mPa-s; L is the length of horizontal section, m; r, is bottom
hole radius, m; r, is the ellipsoid oil drain radius, m.

Taking the distribution of reservoir seepage field in a fractured
horizontal well as an example, as is shown in Figure 9. According
to the geological characteristics of the study area and the well
layout mode, the uniform step size is adopted on the plane, and the
grid step size is 30 m x 30 m, the grid direction is east-west,
ensuring that the artificial cracks are parallel to the grid direction.
The reservoir thickness is 10 m, the production pressure difference
is 2.7 MPa, the viscosity is 4.29 mPa-s, the horizontal section length
is 650 m, the oil drainage radius is 150 m, the well diameter is

0.065 m, a is 960 m, the volume factor is 1.05 after the production
is stable, it is 6.0 t/d, and 6.5 t/d is calculated according to the
improved formula.

T I

250.00

7 stage (150m)

——
37500 500.00

EE T

1

10 stage (100m)
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FIGURE 13
Relationship between fracture spacing and cumulative oil
production.

4.3 Optimization of fracture parameters
for volume fracturing of horizontal wells

To study the optimal matching of hydraulic fractures, the
physical parameters required by the model are set according to
the physical properties of the reservoir in the block, and the
numerical simulation of oil well productivity under different
lengths, segments, and half, length of fractures of horizontal wells
is carried out.

4.3.1 Length of horizontal section

The reservoir seepage field model of horizontal well after
staged fracturing is obtained by numerical simulation, the pure
blue represents the original permeability of the reservoir, the
gradual red color represents the increase of reservoir
permeability caused by fracturing, and the red represents the
optimal conductivity after fracturing. The length of the
the
productivity of the oil well. The Four situations are designed,
i.e., the length of the horizontal well is 300, 500, 700, and 900 m,
respectively, and the fracturing segments of horizontal wells are

horizontal well is an important factor affecting

3,5,7,and 9, respectively, as is shown in Figure 10. Eclipse is used
to simulate the above schemes.

The continuous production of horizontal wells is predicted
for 1 year. The prediction results show that with the increase in
the length of horizontal wells, the cumulative production of oil
wells gradually increases. When the length of the horizontal well
exceeds 900 m, the increment of production will decrease.
Therefore, the optimal length of a horizontal well in this area
is recommended to be 900 m.

It can be seen from Figure 11 that the cumulative oil
production in 1 and 2 years increases with the increase of
horizontal section length of bow shaped well, but it is not a
simple linear relationship. At first, the cumulative oil production
increases rapidly with the increase of horizontal section length of
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FIGURE 14
Relationship between the number of fracturing fractures and
cumulative oil production.

bow shaped well, and then slowly decreases. When the length of
arcuate well exceeds 900 m, the cumulative oil production curve
has an obvious inflection point. Considering that the increase of
the length of the water horizontal section will help to improve the
productivity, but the drilling and completion cost will rise
accordingly, so there is an optimal value, and the optimal
value in this study is 900 m.

4.3.2 Spacing of hydraulic fractures

The optimization of the distance between the staged
fracturing of horizontal wells is the key to the success of the
staged fracturing of horizontal wells. Assuming that the length of
the horizontal well is 900 m, four modes of fracturing 6, 7, 8, and
10 are designed respectively, and the numerical simulation
models of the above four modes are established by using
eclipse numerical simulation software (Figure 12).

It can be seen from the simulation results that the number of
fractures in horizontal wells affects the final production effect of
horizontal wells. With the increase in fracture interval, the
cumulative oil production of the oil well increases. However,
due to the limited well control range of horizontal wells, when the
fracture density increases to a certain value, the production
increment will decrease, and too small the fracture spacing
will produce serious inter-fracture interference.

According to the simulation results (Figures 13, 14), at first,
the cumulative oil production of bow type wells increases with
the increase of production time and the number of fractures,
but when the number of fractures increases to 8, the cumulative
oil production appears an inflection point, and the increase is
obviously slower. The reason is that after the fracture spacing
becomes smaller, the mutual interference increases, which
reduces the output of a single fracture. The increase of
fracturing fracture will lead to the increase of fracturing
process cost, so the number of fractures has an optimal
value. Therefore, it is suggested that the optimal fracture
interval of horizontal wells is 120-130 m/interval, which
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Influence of different fracture half-lengths on reservoir seepage field
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means that the optimal number of fracturing fractures in
horizontal well is 8.

4.3.3 Half-length of hydraulic fractures

Fracture half-length is a key parameter for volume fracturing
of horizontal wells. The shorter the fracture half-length, the lower
the fracture penetration ratio and the lower the multiple ratios of
horizontal wells; The longer the half-length of the fracture, the
higher the fracture penetration ratio, and the higher the multiple
production ratio of the horizontal well, but the greater the
possibility of water channeling in the water injection well,
Therefore, using eclipse numerical simulation software, the
fracture half-length optimization schemes with fracture half-
length of 40, 60, 80, and 100 m are simulated (Figure 15). The
longer the half-length of the fracture, the higher the production
multiplier ratio of the horizontal well, which is more beneficial to
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the production of the oil well. However, the longer the half-length
of the fracture, the greater the penetration ratio, and the easier the
water channeling of the horizontal well, resulting in violent water
flooding. The prediction results show that when the effective
half-length of the horizontal well fracture reaches 90 m, the
cumulative oil production of the horizontal well is the highest.
It is suggested that the half-length of staged fracturing fracture of
a horizontal well is 80-90 m.

It can be seen from the analysis in Figure 16 that the
cumulative production of the bow shaped horizontal well with
multiple horizontal fractures increases with the increase of the
fracture half length, but when the fracture half-length is 80m, the
increase of the cumulative oil production curve narrows. At the
same time, considering the fracturing cost, there is an optimal
value. The half-length of the crack is preferably 80 m.

5 Conclusion

1) The rock mechanics test shows that the horizontal principal
stress difference is small, the rock brittleness index is high,
and the transverse sweep width of the joint network is large.
The artificial fracture is matched with the horizontal wellbore,
and the probability of longitudinal fracture penetration is
large. Therefore, large-scale network fracture fracturing in
horizontal wells is feasible.

2) The pressure response functions of horizontal well and volume
fracturing horizontal well are established by using the point
source function. Combined with the pressure superposition
principle, the formation pressure plane distribution and flow
line diagrams of fracturing horizontal well is drawn.

3) The distribution function of reservoir in-situ stress and formation
pressure is established, and the relationship between reservoir
permeability and starting pressure gradient in the block is
calculated. The reservoir productivity equation of the block is
established, which provides a basis for optimizing the fracturing
design parameters of horizontal wells. It is proposed that the flow
unit should be considered in the design of fracturing parameters
of horizontal fractures, the number of fractures should be
comprehensively considered whether the fractures can make
each flow unit used. The seepage mathematical model of
multi-layer fracturing horizontal fracture bow horizontal well
can be regarded as the combination of multiple horizontal
fracture flow units.

4) The fracture network model is established by using equivalent
conductivity and multi-gridthod, and the volume fracturing
design parameters of horizontal wells are optimized,
considering the seepage characteristics of the flow unit.
The simulation results show that the optimal length of the
horizontal well is 800 m, the optimal fracture interval is
120 m/segment, and the optimal half-length of fracture is
80-90 m, which can improve the reservoir development
effect.
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