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refracturing and temporary-plugging refracturing remains poorly understood, especially for cases with
non-uniform distribution of formation pressure due to long-term oil production and water injection.
Therefore, taking pilot tests of refracturing with sidetracking horizontal wells in tight reservoirs in the
Changging Oilfield, China as an example, we establish a three-dimensional numerical model of con-

Edited by Yan-Hua Sun ventional refracturing and a numerical model of temporary-plugging refracturing based on the discrete

lattice method. Non-uniform distributions of formation pressure are imported in these models. We
Keywords: discuss the effects of key operating parameters such as injection rate, cluster spacing, and number of
Tight reservoir clusters on the propagation of multi-cluster fractures for conventional refracturing. For temporary-
Hydraulic fracturing plugging refracturing, we examine the impacts of controlling factors such as the timing and number
Temporary plugging of temporary plugging on fracture propagation. In addition, we analyze a field case of temporary-

Discrete lattice method

Multi_cluster fracturing plugging refracturing using well P3 in the Changqging Oilfield. The results show that fractures during

refracturing tend to propagate preferentially and dominantly in the depleted areas. Improved stimulation
effect can be obtained with an optimal injection rate and a critical cluster spacing. The proposed model of
temporary-plugging refracturing can well describe the temporary plugging of dominant existing-
fractures and the creation of new-fractures after fracturing fluid is forced to divert into other clusters
from previous dominant clusters. Multiple temporary plugging can improve the balanced propagation of
multi-cluster fractures and obtain the maximum fracture area. The established numerical model and
research results provide theoretical guidance for the design and optimization of key operating param-
eters for refracturing, especially for temporary-plugging refracturing.

© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction in the Changgqing Oilfield, China. After long-term oil production and
water injection, the production of the original vertical wells started

In the early development stage, a large number of vertical wells to decrease significantly, and refracturing with sidetracking hori-

with hydraulic fracturing were used to develop tight oil reservoirs zontal wells (Fig. 1d) drilled from the original vertical wells is an
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Fig. 1. Wells layout and pore pressure distribution. (a) Top view, (b) perspective view of production wells and injection wells in block W, (c) pore pressure distribution after long-
term production and injection, and (d) sidetracking horizontal wells. The gray dots in Fig. 1(a) and the solid black lines in Fig. 1(b) represent the production wells, while the blue dots
in Fig. 1(a) and the solid white lines in Fig. 1(b) represent the injection wells.

important measure to tap the potential and increase production. fracturing (Zhao et al., 2019; Tang et al., 2019; Tan et al., 2020, 2021;
Refracturing with sidetracking horizontal wells is a completion Xie et al., 2020; Li et al., 2020c; Mao et al., 2021), the distribution of
technique that a horizontal wellbore aligned with the minimum formation pore pressure is spatially non-uniform before refractur-
horizontal stress direction in the target reservoir is firstly drilled ing due to the long-term production and injection, resulting in the
from the original vertical wellbore (Wang et al., 2016; Yue et al,, complex propagation behavior of hydraulic fractures during
2018; Zhang et al., 2019b), and then multi-cluster refracturing is refracturing (Roussel and Sharma, 2012, 2013; Marongiu-Porcu
carried out for the horizontal well (Roussel and Sharma, 2010; et al, 2016; Sangnimnuan et al., 2018; Zhang et al., 2022). In
Wang and Salehi, 2014; Li et al., 2017; Shah et al., 2017; Ishida et al., addition, temporary plugging diverters, also called temporary
2019; Luo et al, 2020). Compared with the initial hydraulic agents, may be added during refracturing to temporarily block or
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constrain the propagation of dominant fractures, thereby forcing
fracturing fluid to divert into other fractures. This process is called
temporary-plugging refracturing (Wang et al., 2019; Zhang et al.,
2020a, 2021e; Chen et al., 2020; Shah et al., 2020), and the prop-
agation behavior of hydraulic fractures during temporary-plugging
refracturing is more complex than that during conventional
refracturing. Therefore, it is of importance to conduct simulation
and prediction of fracture propagation for refracturing, including
conventional refracturing and temporary-plugging refracturing.

Many valuable studies have been carried out on fracture prop-
agation during refracturing. In refracturing experiments, scholars
have qualitatively investigated the influence of horizontal stress
difference, fluid injection volume, natural fractures, and temporary
plugging agent amount on fracture morphologies during refrac-
turing (Li et al., 2019; Guo et al., 2020; Wang et al., 2020; Zhang
et al., 2020b). In numerical simulation, Ren et al. (2010) estab-
lished a mathematical model of induced stress field for refractured
wells, and obtained fracture propagation path. Huang et al. (2016)
showed that fractures with larger width and smaller length are
produced by refracturing the pre-existing perforations. Rezaei et al.
(2018) proposed a two-dimensional fully-coupled poroelastic
displacement discontinuity method to simulate the entire propa-
gation process of child fractures between two parent fractures in
the depletion area. It was found that effective refracturing can be
achieved within a specific time frame. Wang et al. (2018) and Li
et al. (2020a) established numerical models of temporary-
plugging staged fracturing using pore-pressure cohesive model
and studied the impacts of stress contrast, formation permeability,
tensile strength, Young's modulus, injection rate, cluster spacing,
and number of clusters on fracture propagation. They found that
with increasing stress difference, rock permeability, and Young's
modulus, the diverting fracture deviates rapidly from the initial
fracture direction. High injection rate improves the fracturing effect
for temporary-plugging refracturing. However, these two-
dimensional models do not consider the propagation of the frac-
ture height. Zou et al. (2020) used the plugged fracture elements
with negligible permeability to characterize temporary plugging
agent in fractures based on the three-dimensional finite discrete
element method. They simulated the fracture propagation in frac-
tured formations and recorded in detail the changes in injection
pressure before and after temporary plugging under different
conditions. However, the fracture height in their study is constant,
and the distribution of formation pressure is not considered. Guo
et al. (2019) established a refracturing productivity model,
considering stress sensitivity under different production times, and
optimized the temporary plugging number and the amount of
temporary plugging agents. Zhang and Mack (2017) studied the
effect of isolation and near-wellbore friction on the refracturing of
an Eagle Ford well, using fully coupled geomechanical simulation
and microseismic analysis. However, it is assumed that there is an
even pressure drop of 10 MPa in the depletion zone, which does not
consider the non-uniform distribution of formation pressure under
realistic conditions. Yi and Sharma (2016) proposed a refracturing
model for horizontal wells with temporary plugging diverters
based on the PKN model and a flow resistance model. Diverter
placement and multiple fracture propagation are quantitatively
simulated. Yi and Sharma (2018) and Yi et al. (2019) calculated the
distribution of fluid and proppants with multiple-cluster fractures
during temporary-plugging refracturing. The distribution of frac-
turing fluid is non-uniform, and the fractures in twenty clusters
receive the most fracturing fluid at the heel end. They suggest that
using smaller length of refracturing section, and more frequent use
of temporary plugging diverters can prevent excessive propagation
of dominant fractures and promote uniform extension of multi-
cluster fractures.
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The aforementioned research revealed the fracture propagation
during refracturing. However, heterogeneous formation pressure
caused by long-term production and injection is rarely considered
in the current refracturing studies. Therefore, further research is
urgently needed to clarify the fracture propagation behavior under
the impact of non-uniform formation pressure. In addition, it is rare
to find three-dimensional numerical models of temporary-
plugging refracturing considering the application of temporary
plugging diverters that simulate the plugging of dominant fractures
and the generation of new fractures. Consequently, the influences
of key operational parameters of temporary-plugging refracturing,
especially the effect of the timing and number of temporary plug-
ging, on the balanced propagation of multiple fractures and the
stimulation effect of refracturing remain unclear.

To this end, we take the pilot refracturing test of sidetracking
horizontal wells in tight reservoirs in the Changqing Oilfield, China
as an example, and establish a three-dimensional fully-coupled
numerical model of conventional refracturing and a numerical
model of temporary-plugging refracturing combined with the
discrete lattice method. The spatially non-uniform distribution of
formation pressure caused by long-term oil production and water
injection from several vertical wells in the block W are imple-
mented in these refracturing numerical models. For conventional
refracturing, we study the effects of control parameters including
injection rate, cluster spacing, and the number of clusters on the
fracturing effect. For temporary-plugging refracturing, we explore
the effects of key operating parameters such as the number and
timing of temporary plugging on the fracture propagation.

2. Engineering background

The block W is located in the Ordos Basin, China, and the target
reservoir is the Chang-6 tight reservoir. The average thickness of
the Chang-6 tight reservoir is 10 m. The porosity and the perme-
ability of the target reservoir are 13% and 0.23 mD, respectively. The
geological parameters of the Chang-6 tight reservoir, the upper
mudstone barrier, and the lower mudstone barrier are listed in
Table 1. Thereinto, the in-situ stresses of the tight reservoir and the
barrier layer including the overburden stress, the maximum and
the minimum horizontal stresses, are obtained by the logging data
such as the density, acoustic and neutron logging (Zhao et al., 2018).
The fracture toughness and the porosity are empirical values gained
by field engineers. On the basis of Darcy's law, the permeability of
reservoir rock is measured by the gas permeability tester. In the
early stage, vertical producing wells and water injection wells are
placed in block W. There are eighteen vertical wells in the study
area, including fourteen production wells and four water injection
wells (Fig. 1a and b). The oil production well rows and water in-
jection well rows are mainly aligned with the direction of the
minimum horizontal stress. After decades of production, the pro-
ductivity of the vertical wells has declined sharply, with an average

Table 1

Physical properties of the tight reservoir and the barrier layer.
Physical properties Tight reservoir Barrier layer
av/ou/on, MPa 33.37/28.36/25.69 37.11/31.54/28.57
Elastic modulus, GPa 115 26.7
Poisson's ratio 0.19 0.18
Tensile strength, MPa 3.34 4.80
Compression strength, MPa 64.24 120.42
Fracture toughness, MPa m®> 3 5
Porosity, % 13 2
Permeability, mD 0.23 0.03

Note: oy is the vertical stress; oy and gy, are the maximum and minimum horizontal
principal stresses, respectively.
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oil production rate of 0.1 m?/day per well, much lower than the
initial production rate of 3.9 m3/day.

Therefore, refracturing with sidetracking horizontal well shown
in Fig. 1d is proposed to stimulate undeveloped areas. In the Chang-
6 reservoir, a horizontal open-hole wellbore with a length of 30 m
and a diameter of 118 mm along the minimum horizontal stress
direction is drilled (the red bold lines in Fig. 1a). Then, spiral
perforation with a phase angle of 60° is carried out by a hydraulic
jetin the horizontal wellbore. There are three clusters with a cluster
spacing of 10 m. Each cluster has six perforation tunnels with a
diameter of 20 mm and a length of 1 m. Fracturing fluid is injected
at a rate of 3 m>/min and with fluid viscosity of 100 mPa s.

To date, pilot tests of refracturing with sidetracking horizontal
wells have been carried out in well P8 and well P3. Specifically,
conventional refracturing without temporary plugging diverters is
used for well P8, and temporary-plugging refracturing with tem-
porary plugging diverters for well P3. The spatial non-uniform
distribution of the formation pressure in block W before refrac-
turing is calculated (Fig. 1c) by using the finite difference code
FLAC3D. It is clear from Fig. 1c that the pore pressure around the
injection wells is usually higher, while it is lower around the pro-
duction wells. Furthermore, the heterogeneous formation pres-
sures in the vicinity of well P8 and well P3 before refracturing
(shown in Figs. 2b and 9b) can be extracted from Fig. 1c, respec-
tively. The distribution of formation pressure is very complex, with
a maximum variation of 4 MPa, which significantly affects the
propagation behavior of hydraulic fractures during refracturing.

. \
orizontd
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Therefore, fracture propagation of conventional refracturing for
well P8 and fracture propagation of temporary-plugging refrac-
turing for well P3 are investigated in this work to provide theo-
retical guidance for the design and optimization of refracturing
operation parameters.

3. Discrete lattice method

The simulation of initiation and propagation of hydraulic frac-
tures using the discrete lattice method has been widely used in
petroleum industry (Bakhshi et al., 2019, 2021; Zhang et al., 2019a,
2021b; Nadimi et al., 2020; Huang et al., 2020; Wu et al., 2021;
Wang et al., 20223, b).

(1) The lattice

The lattice used in the discrete lattice method is a quasi-random
assembly of nodes connected by nonlinear springs. The discrete
lattice method uses an explicit solution scheme, which is suitable
for direct simulation of highly nonlinear behavior. The motion law
of translational degrees of freedom consists of the following central
difference formulas for each node (Damjanac et al.,, 2011, 2016),

aTA2) _ g(A2) ZFi(r)At/m

uE”At) _ ul(r) n ulgtmt/z) At

(1)

(b) Norty,

30m

Pore pressure,
MPa

5.00
Pore pressure,
MPa

Fig. 2. (c) A three-dimensional refracturing numerical model is obtained by importing (b) the non-uniform formation pressure into (a) the fracturing numerical model.
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where u,!” and u,m are the velocity and position of componenti (i =
1, 3), respectively, > F; is the sum of all force componentsi (i = 1, 3)
acting on the node with mass m, and At is the time step.

The angular velocity w; of component i (i = 1, 3) is calculated by
the central difference equation as (Damjanac et al., 2011, 2016),

(t+At/2)
i

t-At/2) > M,m

IAt

W) _ @)

where > M; is the sum of all moment component i (i = 1, 3).

The normal force FN and tangential force FS of the spring are
calculated by (Damjanac et al., 2011, 2016),

FN—FN + uNKNAt 3)
F} —F + i7KSAt
where KN is the normal stiffness, and K® is the tangential stiffness.

Finally, a new spring force is added to the force sum of the
associated nodes (Damjanac et al., 2011, 2016) as

ZF]A<— ZF]A_FNni_

SRS+ FNn+Fp

where vector n; is the unit normal vector from node A to node B.

Note that the normal force of the spring is positive in tension.
After Eq. (3) calculation, the normal force test of the breakage is
carried out. When FN > FNmax or FS 5 FSmax the spring will break in
tension or shear, respectively. After the spring breaks, microcracks
are generated, and the spring force is reset to zero. At this time,
FN —=0,F5 =0.

FS

1

(4)

(2) Flow model

It is assumed that the width of the pipe in the joint plane is equal
to its length. The flow rate from fluid node A to node B along the
pipeline is calculated as (Damjanac et al., 2011, 2016),

3

4= Bk [P0+ pug (2 ~2°)] (5)
where ( is the calibration factor, k; is the relative permeability, a is
the fracture width, u is the fluid viscosity, p® and p® are fluid
pressures at nodes A and B, respectively, p,, is the fluid density, g is
the acceleration of gravity, and zA and zB are the heads at nodes A
and B, respectively.

The evolution of the fluid model over time is solved by an
explicit numerical scheme. The fluid pressure increases Ap for the
time step At; is (Damjanac et al., 2011, 2016)

>4z
i

Ap = (6)

where g; is the injection rate of the pipe connected to node i, K is
the apparent fluid bulk modulus, and V is the node volume.
Generally, the migration of fluid in porous media involves the
interaction between fluid and solid (Zhang et al., 2020c, 2021c,d;
Cong et al., 2022), and thereby the mechanical and fluid models in
the discrete lattice method are fully coupled to simulate hydraulic
fracturing (Damjanac et al., 2011, 2016). Fracture permeability and
fluid pressure affect the deformation of the mechanical model,
while the deformation of the mechanical model in turn affects the
fracture permeability and fluid pressure. It is noted that we do not
consider the temperature impact on the fracture propagation and
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the performance of temporarily plugging diverters in this work, in
that our study focuses on the conventional oil and gas reservoirs
rather than the enhanced geothermal systems.

4. Fracture propagation of conventional refracturing

The pilot test of conventional refracturing without temporary
plugging diverters was conducted in well P8 of block W, which is
mainly used to evaluate the effect of conventional operational pa-
rameters on multi-cluster fracturing.

4.1. Numerical schemes and numerical model

The numerical schemes of conventional refracturing are given in
Table 2. The influences of injection rate, cluster spacing, and the
number of clusters on the initiation and non-uniform propagation
of multi-cluster fractures during refracturing are mainly evaluated.

The non-uniform evolution of formation pressure near well P8
due to the long-term production and injection of eighteen wells in
block W is shown in Fig. 2b, which is extracted from Fig. 1c. We find
that the magnitude of formation pressure decreases gradually from
the northeast to the southwest of the numerical model, and there is
a large depletion area in the southwest corner. Fig. 2a shows the
fracturing numerical model based on the discrete lattice method
with a size of 150 m x 90 m x 30 m. The thicknesses of the tight
reservoir, the upper barrier, and the lower barrier are all 10 m. The
sidetracking horizontal wellbore with a length of 30 m is oriented
along the direction of the minimum horizontal stress. Three clus-
ters are arranged on the horizontal wellbore. The first cluster is
placed at the toe of the horizontal wellbore, with a cluster spacing
of 10 m. The refracturing model shown in Fig. 2c is obtained by
importing the non-uniform formation pressure (Fig. 2b) into the
fracturing model (Fig. 2a). The geological conditions and opera-
tional parameters in the numerical model are listed in Table 1 and
section 2, respectively. Our study mainly focuses on the propaga-
tion of multiple fractures in the field scale, and thus an initial disc-
shaped fracture perpendicular to the horizontal wellbore is
assumed for each cluster instead of the realistic perforation tunnels.
And then a sphere with the same radius as the disc-shaped fracture
is set at the center of each disk-shaped fracture, which is the in-
jection point of fracturing fluid. In addition, our model has about 1.0
million nodes, and it took about one day to run for each refracturing
case, if using a computational station with Intel® Xeon® Processor
E5-2690 v4, 128G memory. It is noted that the initial in-situ stresses
in our model are constant and applied by stress boundary condi-
tions. On the one hand, this is to simplify and reduce the interfer-
ence of other factors; on the other hand, it is difficult to consider the
non-uniform in-situ stresses in the discrete lattice method. Besides,
an intact wellbore is assumed, and thus lost circulation (Feng et al.,
2016) and interface debonding (Feng et al., 2017) are not considered
in our model.

Table 2
Numerical schemes of conventional refracturing.

Numerical Number of Cluster spacing, Injection rate, m>/
scheme clusters m min

C1 3 10 3

c2 3 10 2

c3 3 10 4

Cc4 2 10 3

c5 4 10 3

C6 3 8 3

Cc7 3 12 3
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4.2. Typical numerical results of conventional refracturing

The effective clusters and the normalized standard deviation of
fracture area are introduced to quantitatively describe the influence
of different factors on the stimulation effect of refracturing. Based
on previous evaluations of effective clusters (Mientka et al., 2018;
Zhang et al., 2021a) and actual field conditions, a cluster is
considered effective when its fracture area is greater than 80% of
the average area, as shown in Eq. (7). The normalized standard
deviation shown in Eq. (9) of the normalized fracture area (Eq. (8))
is used to describe the propagation uniformity of multi-cluster
fractures as

S A
N

Al > x 80% (7)

where A is the fracture area of the i-th cluster, and N is the number
of clusters.

Ai
- S A

g (8)

where Ei is the normalized fracture area, £ is the average normalized
fracture area, and S is the normalized standard deviation.

The typical simulation results of conventional refracturing with
an injection rate of 2 m3/min are displayed in Figs. 3—5. Only one
planar fracture is effectively formed in the third cluster, which
propagates asymmetrically in the north wing and the south wing.
Similarly, the in-situ stress disturbance after refracturing is also just
limited to the vicinity of the fracture in the third cluster which is
shown in Fig. 4. The length of the north wing of this fracture is
36.0 m, significantly shorter than the south wing of 50.3 m. The
reason is that the formation pressure in the north region is signif-
icantly higher than that in the south region. The breakdown pres-
sure is 53.91 MPa, as shown in Fig. 3a. Although there is only one
planar fracture propagating during refracturing, the extension
pressure fluctuates greatly with a maximum variation of 4.50 MPa
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due to uneven distribution of the formation pressure, which is
different from the characteristics of stable extension pressure when
a single fracture propagates in a homogeneous layer (Zhu et al.,
2015; Li et al., 2020b). As can be seen from Fig. 3b, fractures are
initiated from all three clusters in the early stage (0—62.7 s). After
that, the fractures in the first and second clusters cease propa-
gating, and only the fracture in the third cluster continues to
propagate effectively. In addition, the fracture area of the third
cluster increases rapidly in the early stage, and the increment of
fracture area decreases gradually later, indicating that the long-
term injection of fracturing fluid has limited contribution to the
improvement of stimulation.

4.3. Influence of operational parameters on conventional
refracturing

4.3.1. Injection rate

Fig. 5 shows the fracture morphologies of refracturing with
different injection rates. It can be seen that the fracture in the third
cluster near the depletion area with different injection rates is
dominant, which indicates that refracturing fractures tend to
propagate preferentially and predominantly in the depletion area.
Since the depletion area is usually the stimulated area after initial
hydraulic fracturing, it is recommended to use a low-rate
repressurization strategy or the shut-in before refracturing in or-
der to increase the formation pressure in the depletion area,
thereby reducing the propagation of refracturing fractures to the
depletion area (Manchanda et al., 2017; Zhang and Mack, 2017).

In addition, as the injection rate is increased from 2 to 4 m3/min,
the number of effective clusters is increased from 1 to 2, but no
fractures are formed in the middle cluster (the second cluster) due
to the stress shadow effect (Taghichian et al., 2014; Liu et al., 2018;
Gutierrez Escobar et al., 2019). The normalized standard deviation
of fracture area reduces with the increase of injection rate, by
42.50% and 13.04%, respectively (Fig. 6). With increasing injection
rate, the total fracture area augments, but the increment amplitude
is gradually reduced by 27.98% (964.07 m?) and 0.24% (10.51 m?),
respectively. We find that high injection rate is helpful to improve
the balanced propagation of multi-cluster fractures and achieve
better fracturing effects. However, the increase of fracturing effect
is limited when the injection rate is too high, and the optimal in-
jection rate in this case is 3 m>/min.

3500

Slow increase ———

3000 o \

2500 o

2000 A
Rapid increase

1500 /

1000 o

First cluster
Second cluster
Third cluster

500 A

0 +=1 : : . - :
o N\ 300 600 900 1200 1500 1800

Time, s

Fig. 3. Evolutions of (a) injection pressure, and (b) fracture area with an injection rate of 2 m?/min.
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Fig. 4. Stress distributions after refracturing for the case with an injection rate of 2 m?/min. (a) The minimum principal stress, (b) the intermediate principal stress, and (c) the

maximum principal stress.
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Fig. 5. Fracture morphologies of conventional refracturing with different injection rates of (a) 2 m*/min, (b) 3 m®/min, and (c) 4 m>®/min.

4.3.2. Cluster spacing

Fig. 7 shows the fracture morphologies of refracturing under
different cluster spacings. As the cluster spacing increases from 8 to
12 m, the fracture length of the third cluster, which is predomi-
nantly propagated, decreases gradually (Fig. 7), with a maximum
reduction of 31.4 m. Results show that increasing cluster spacing
can reduce the propagation of dominant fractures in the depletion
area. With the increase in cluster spacing, the normalized standard
deviation of the fracture area is reduced first and then increased
(Fig. 6), indicating that the improvement of balanced propagation
of multi-cluster fractures is limited when the cluster spacing ex-
ceeds the critical value of 10 m. With increasing cluster spacing, the
total area of hydraulic fractures is increased by 1030.13 m? first, and
then decreased by 560.34 m? The optimal cluster spacing is
determined on the basis of the total fracture area and the balanced
propagation of multi-cluster fractures (i.e., normalized standard
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deviation). From Fig. 6b and ¢, when the cluster spacing is 10 m, the
normalized standard deviation is the smallest, whereas the total
fracture area is the largest. Therefore, the optimal cluster spacing is
10 m.

4.3.3. Number of clusters

Fracture morphologies of refracturing under different numbers
of clusters are shown in Fig. 8. Only one fracture is generated from
the second cluster near the wellbore for the case with two clusters,
while two fractures are effectively formed for the case with three
clusters. In the case of two clusters, because the spacing between
adjacent clusters is only 10 m, the effect of stress shadow is large,
inhibiting the fracture propagation from another cluster. In the case
of three clusters, the spacing between the first cluster and the third
cluster is 20 m, and the stress interference of the third fracture to
the first fracture is relatively small, resulting in the effective
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propagation of the first cluster. Therefore, in the case of two clus-
ters, it is recommended to increase the cluster spacing appropri-
ately to promote the effective propagation of fractures. In addition,
as the number of clusters increases from 2 to 3, the total fracture

Horizontal
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Fig. 7. Fracture morphologies of conventional refracturing with different cluster spacings of (a) 8 m, (b) 10 m, and (c) 12 m.
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area is increased by 1136.27 m?, an increase of 34.71%, while the
normalized standard deviation of fracture area is reduced by
52.08%, indicating that the propagation uniformity of fractures in-
creases greatly significantly.
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5. Fracture propagation of temporary-plugging refracturing 5.1. Numerical schemes and model of temporary-plugging
refracturing
The pilot test of temporary-plugging refracturing with tempo-
rary plugging diverters for well P3 in block W is conducted to eval- The numerical schemes of temporary-plugging refracturing are
uate the influence of key parameters such as the timing and number provided in Table 3, and the impacts of the timing and number of
of temporary plugging on the propagation of multi-cluster fractures. temporary plugging are considered.
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Table 3 The numerical model of temporary-plugging refracturing shown in
Numerical schemes of temporary-plugging refracturing. Fig. 9c is then built by importing the non-uniform formation
Numerical Number of temporary Temporary plugging timing, pressure near well P3 (Fig. 9b) into the fracturing numerical model
scheme plugging s (Fig. 9a). All other settings of the temporary-plugging refracturing
1 0 _ model are the same as those of the conventional refracturing model
2 1 300 in Fig. 2a. The main difference between the two models is the dif-
3 1 400 ference in the formation pressure distribution and the use of
‘51 } 288 temporary plugging diverter. The formation pressure near well P3
6 1 700 is relatively low on the north side and the south side of the nu-
7 1 800 merical model, and there are depleted zones on both sides (Fig. 9).
8 1 900 Importantly, in our numerical model of temporary-plugging
?0 ; ggg' sgg refracturing, it is assumed that if a temporary plugging diverter is
11 5 300, 800 applied at a given time, the most dominant fracture is completely
12 2 300, 900 plugged and the propagation is stopped, and the injection pressure
13 2 400, 700 of this cluster remains constant. It is noted that in the discrete
14 2 400, 800 lattice method, the code simulates placement of the diverters. At
12 ; ‘5188' 288 any stage of simulation, the user can specify the number of
17 5 500, 900 diverters that are dropped into the wells. The same number of the
18 2 600, 900 perforation tunnels are plugged in the order from the one with the
greatest flow rate to the one with the smallest flow rate. The
perforation tunnels that are plugged do not take fluid anymore. The
The non-uniform formation pressure near well P3 after long- geological parameters and operational parameters of the model are
term production and injection (Fig. 9b) is extracted from Fig. 1c. shown in Table 1 and Section 2.
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Fig. 10. Fracture morphologies of typical cases of temporary-plugging refracturing. (a) The number of temporary plugging is 0, (b) the number of temporary plugging is 1, with
corresponding timing of 600 s, and (c) the number of temporary plugging is 2, with corresponding timing of 400 and 800 s, respectively.

2219



X.-H.

(a)

Injection pressure, MPa

(b)

Injection pressure, MPa

(c)

Injection pressure, MPa

Wang, E-S. Zhang, Z.-R. Yin et al.

55

50

45

40

35

30

55

50

45

40

35

30

55

50

45

40

35

30

First cluster
Second cluster
Third cluster

/

55
The same pressures of
three clusters T 5408 MPa
50 A
45
40 T T
0 20 40 60
T T T T T
200 400 600 800 1000 1200
Time, s
\ 54.42 MPa The same pressures of
54.08 MPa the first and third clusters
4728 MPa /
A\ S\~
N LN LA
Temporary 47.35MPa
PlUOANG | 45 67 MPa
|
The same pressures |
of three clusters |
|
|
| First cluster
| Second cluster
Third cluster
|
T T T T T
200 400 600 800 1000 1200
Time, s
.
™~ ™~ 5387 MPa 43 MPa
54.08 MPa
45.39 MPa
45.74 MPa \
\ V/\/\/\ A\ "
| /|
| Second plugging |
First plugging | |
I [
! I
[ I
! !
| | First cluster
| Second cluster
| Third cluster
| |
T T T T T
200 400 600 800 1000 1200
Time, s

Fracture area, m?

Fracture area, m?

Fracture area, m?

3500

3000

2500

2000

1500

1000

500

2400

2000

1600

1200

800

400

2100

1800

1500

1200

900

600

300

Petroleum Science 19 (2022) 2210—2226

First cluster
Second cluster
) Third cluster
T T T T T
0 200 400 600 800 1000 1200
Time, s
First cluster
Second cluster
Third cluster I \
! Keep constant
|
| |
|
|
| |
|
[
|
‘ / Rapid increase
] ! Slight i
ight increase
Vo~
|
T T T T T
0 200 400 600 800 1000 1200
Time, s
First cluster Keep constant
Second cluster
T Third cluster . \
| |
4 | |
| |
= | |
| |
1 | |
| |
] | I
| Rapid increase |
e~
|
] =~ slight increase |
T T T T T
0 200 400 600 800 1000 1200
Time, s

Fig. 11. Injection pressure and fracture area curves in three typical cases of temporary-plugging refracturing. (a) The number of temporary plugging is 0, (b) the number of
temporary plugging is 1, with corresponding timing of 600 s, and (c) the number of temporary plugging is 2, with corresponding timing of 400 and 800 s, respectively.

2220



X.-H. Wang, E-S. Zhang, Z.-R. Yin et al. Petroleum Science 19 (2022) 2210—-2226
(a) 4 T T (b) 045 T T
No pIulgging | No plu?ging |
0.40 : ,
I One plugging ! Two pluggings [} One plugging I Two pluggings
| 1 | |
I | § 0351 I I
2 34 S
g | 1217 VAV i | |
= [ I @ 030 ! [
3] | | = | |
o °
2 | | S 025 I ",
® 2 n
£ 27 '777777?' AV A IS " . . ® '
- I I @ 0.20 I L I
S] | B I I
5} ! N
Rl | I T 0.15 I I
5 £
= | I = | | n
= | I 2 o104 I I
: ] m m B
| | | | n
I | 0.05 | | &
I { I | . (’\> <::
o L LAV AV L L LV LA AV LV LAV A A A LT o4+
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
Programs Programs
(c) 4800 T T
| One plugging | Two pluggings
| |
No pluggi : -
vs00 | 0 pl qumg | ! .
/i | - LY /
o | " | [ |
£ [ [
@ n
© 4200 4 I | ]
£ | / \
o [ ] | ] [
E ' !
- | |
2
= 3900 o | |
3] |
3 —n |
'9 |
| |
3600 -
| |
| |
[} |
3300 —_———
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
Programs

Fig. 12. (a) The number of effective clusters, (b) normalized standard deviation of fracture area, and (c) total fracture area under different numbers of temporary plugging. Red

circles mark the corresponding optimal schemes.

5.2. Typical numerical results of temporary-plugging refracturing

Figs.10 and 11 show the fracture morphology, injection pressure
and fracture area of three typical cases of temporary-plugging
refracturing.

When there is no temporary plugging, a planar fracture with a
large area is mainly formed in the second cluster (Fig. 10a). The
breakdown pressure is 54.08 MPa, and the extension pressure
fluctuates from 45.1 to 48.9 MPa (Fig. 11a). During refracturing, only
the fracture area of the second cluster increases rapidly, and the
fracture area of the other two clusters stops increasing in the initial
stage (less than 80 s). In the end, the fracture areas from the first to
the third cluster are 142.41, 3020.05, and 237.60 m?, respectively
(Fig. 11a).

When the number of temporary plugging is 1, a planar fracture
is effectively formed in the second cluster before the temporary
plugging (600 s). After temporary plugging, the fracture in the
second cluster stops propagation and its fracture area does not
increase, and the injection pressure remains constant at 47.35 MPa.
At this point, the fracture in the third cluster, with large rotated
propagation near the wellbore due to the stress shadow effect,
begins to effectively extend (Fig. 11b). There is also a slight increase
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in the fracture area of the first cluster, from 142.33 to 172.09 m?
(from 600 to 639 s) before the growth is stopped. This is because
the fracturing fluid is forced to divert to the first and third clusters
after the second cluster is plugged suddenly. During the temporary
plugging, the injection pressure of the third cluster is increased
sharply from 47.28 to 54.42 MPa, and the pressure difference before
and after the temporary plugging is up to 7.14 MPa, and then the
injection pressure is suddenly dropped to 46.67 MPa after the
fracture in the third cluster extends (Fig. 11b). After fracturing, the
fracture areas from the first cluster to the third cluster are 172.09,
2105.38, and 1948.56 m?, respectively. The conclusion is that the
change of injection pressure illustrates the temporary plugging
effect, which indicates that the change in injection pressure can be
used to describe and evaluate the temporary plugging in the field.

When the number of temporary plugging is 2, fractures effec-
tively propagate from the second, the third, and the first cluster at
0, 400, and 800 s, respectively. A planar fracture is created in the
second cluster, and fractures in the third and the first clusters are
both curved and propagate outwards (Fig. 10c). As can be seen from
Fig. 11c, the injection pressures before and after the first temporary
plugging (at 400 s) are 45.74 and 53.87 MPa, an increase of
8.13 MPa. Similarly, we find that the injection pressure is increased
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Fig. 13. Fracture morphologies with different temporary plugging timing when the
number of temporary plugging is 1.

by 8.74 MPa during the second temporary plugging. After the first
temporary plugging, the fracture area of the second cluster does not
increase, and the fracture area of the first cluster increases slightly
from 142.33 to 180.29 m? (400—437 s), and then stops propagation.
The fracture area of the third cluster increases rapidly from 235.83
to 519.30 m? in the same period, and correspondingly the fracture
in the third cluster becomes the dominant fracture. After the sec-
ond temporary plugging, the fracture in the third cluster stops
extending, and the fracture propagates from the first cluster. After
fracturing, the fracture areas from the first cluster to the third
cluster are 1272.33, 1751.07, and 1565.13 m?, respectively.

5.3. Impact of essential factors of temporary-plugging refracturing

5.3.1. The number of temporary plugging

Fig. 12 shows the number of effective clusters, the normalized
standard deviation of fracture area, and the total fracture area of
different schemes. We find that applying temporary plugging
diverters, especially with appropriate multiple temporary plugging,
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can significantly increase the number of effective fractures, such as
schemes 9, 10, 13, and 14 (Fig. 12a). The average normalized stan-
dard deviations for the cases with temporary plugging of 0, 1, and 2
are 0.39, 0.22, and 0.07, respectively, a decrease of 43.60% and
68.18%. The average total fracture areas of these three cases are
3400.07, 4065.22, and 4478.54 m?, respectively, an increase of
19.56% and 10.17%. It shows that with increasing number of tem-
porary plugging, the normalized standard deviation decreases
sharply, and the total fracture area increases, indicating that mul-
tiple temporary plugging enhances the uniformity of multi-fracture
propagation and improves the stimulation effect. Therefore, it is
recommended to use multiple temporary plugging to obtain the
optimal fracturing effect in the field.

5.3.2. Temporary plugging timing

Figs. 13 and 14 show fracture morphologies with different
numbers of temporary plugging, 1 and 2, respectively. When the
number of temporary plugging is 1, there are two effective clusters,
as shown in Fig. 12a. With the temporary plugging timing
increasing from 300 to 900 s, the dominant fracture of the second
cluster propagates more fully, and the fracture area increases from
1483.10 to 2558.09 m? (Fig. 13). However, the fracture area of the
other dominant fracture (the third cluster) is reduced by 54.96%. In
addition, the normalized standard deviation of the fracture area
decreases first and then increases as the temporary plugging timing
increases (Fig. 12b), while the total fracture area increases first and
then decreases. Therefore, for temporary-plugging refracturing
with one temporary plugging, there is an optimal timing for tem-
porary plugging to maximize the propagation uniformity of multi-
cluster fractures and achieve the best fracturing results. In the case
study, the fracturing effect is the best when the temporary plugging
timing is 400 s, which is 1/3 of the total fracturing time. Obviously,
the optimal temporary plugging timing is not 1/2 of the total
fracturing time, which is related to the rapid growth of fracture area
in the early stage and the slow growth in the later stage shown in
Fig. 11.

When the number of temporary plugging is 2, fracture mor-
phologies vary significantly under different plugging timing, and an
unreasonable setting of the temporary plugging timing (e.g.,
scheme 18) can result in a stimulation effect lower than that with
just one temporary plugging (Fig. 14). Therefore, optimizing the
temporary plugging timing for temporary-plugging refracturing is
especially important. From Fig. 12, we can see that the total fracture
area of scheme 10 is the largest with temporary plugging timing of
300 and 700 s, and the total fracture area of scheme 13 is the largest
with temporary plugging timing of 400 and 700 s, and the
normalized standard deviation is very small, indicating that the
fracturing effect is the best. Therefore, with the temporary plugging
number of 2, the optimal first temporary plugging timing is 1/4 to
1/3 of the total fracturing time, and the optimal second temporary
plugging timing is 3/5 of the total fracturing time.

6. Analysis of field case of temporary-plugging refracturing

Fig. 15 shows the operating pressure curves for the pilot test of
temporary-plugging refracturing of well P3. There are two appli-
cations of temporary plugging diverters. The major injection rate is
3 m>/min and the total fracturing time is 7622 s. The first temporary
plugging timing is 1324—1710 s, which is about 1/5 of the total
fracturing time, and the second temporary plugging timing is
4278—-5050 s, about 3/5 to 2/3 of the total fracturing time.

The initial breakdown pressure is 50.28 MPa (state A) from the
field injection pressure data, as shown in Fig. 15. Subsequently, the
injection pressure drops rapidly (state B, at 1324 s), and then 100 kg
temporary plugging diverters is placed, and the propagation of
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Fig. 14. Fracture morphologies with different temporary plugging timing when the number of temporary plugging is 2.

hydraulic fractures is limited. The reason is that the temporary
plugging diverter is used too early. This results in the creation of
small fractures that can be easily plugged by temporary plugging
diverters, causing injection pressure to rise suddenly by 3.87 MPa
from state B to state C. The injection pressure is then reduced by
5.44 MPa from state C to state D possibly due to the re-opening of
fractures during the temporary plugging process. With more tem-
porary plugging diverters, fractures are completely plugged and the
injection pressure increases again by 5.88 MPa from state D to state
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E. Therefore, it is concluded that the injection pressure is increased
by 5.88 MPa during the first temporary plugging process. Then
injection pressure drops by 5.04 MPa from state E to state F due to
the generation of new fractures from other clusters.

After that, with the injection of proppant-carrying fluid, the
injection pressure rises again from state F to state G. During the
fracturing process from state G to state H, the injection pressure
shows a steady downward trend with a reduction of 2.44 MPa,
indicating that the fractures propagate smoothly. When placing
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200 kg temporary plugging diverter at state H, we find that the
injection pressure fluctuates in a small range and the response of
injection pressure change is relatively slow between state H and
state I, which demonstrates that the process of temporary plugging
is restricted and limited. The reason may be that between the first
temporary plugging and the second one (1710-4278 s), large
fractures are formed due to the excessive propagation of the
dominant fractures, which makes the second temporary plugging
difficult. The temporary plugging is achieved after a long period of
temporary plugging, and the injection pressure rises (state I).
During the second temporary plugging, the injection pressure
increment is 10.33 MPa.

After the second temporary plugging from state I to state ], the
injection pressure fluctuates frequently and shows an upward
trend, indicating that the propagation of fractures is resisted, which
may be related to the sand plugging. Injection pressure begins to
drop overall after 6344 s (state ] to state K), indicating normal
propagation of fractures.

Compared with the above analyses and the results of Fig. 11c, we
find that the errors in breakdown pressure, injection pressure
increment of the first temporary plugging, and injection pressure
increment of the second temporary plugging between the simu-
lation results and field results are 7.56%, 38.26%, and 15.39%,
respectively. These errors are considered to be within a reasonable
range due to the challenges in fully considering the complex
geological conditions and complex field operations in numerical
simulation, which suggests the reliability of our numerical simu-
lation. In addition, the response characteristics of injection pressure
can be used to qualitatively evaluate the temporary plugging pro-
cess. Too early temporary plugging can lead to rapid response of
injection pressure because fractures have not fully propagated, but
too late temporary plugging may cause the failure of temporary
plugging because fractures have propagated excessively. These
conclusions are also consistent with the aforementioned results
from numerical simulations.

7. Conclusions

(1) For conventional refracturing, high injection rate is beneficial
to improve the balanced propagation of multi-cluster frac-
tures and obtain the maximum total fracture area. However,
the contribution of excessively high injection rate to the in-
crease of stimulation effect is limited. Besides, increasing the
cluster spacing can reduce the preferential propagation of
dominant fractures, but the total fracture area first rises and
then decreases. We find that an optimal cluster spacing
(10 m) maximizes the total fracture area to 4409.85 m>.

(2) For temporary-plugging refracturing, multiple temporary
plugging can improve the propagation uniformity of multi-
cluster fractures and achieve the optimal stimulation effect.
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It is essential to optimize the number and timing of tempo-
rary plugging. Specifically, when the number of temporary
plugging is only one, the optimal temporary plugging timing
is 1/3 of the total fracturing time. When the number of
temporary plugging is two, the optimal timing for the first
temporary plugging is 1/4 to 1/3 of the total fracturing time,
and for the second temporary plugging is 3/5 of the total
fracturing time.

(3) Field case analyses and numerical simulation results show
that temporary plugging results in a significant increase in
injection pressure, up to 5.88—10.33 MPa. This indicates that
the process of temporary plugging during refracturing can be
well identified and evaluated according to the response
characteristics of injection pressure.
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