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a b s t r a c t

Intra-stage multi-cluster temporary plugging and diverting fracturing (ITPF) is one of the fastest-growing
techniques to obtain uniform reservoir stimulation in shale gas reservoirs. However, propagation ge-
ometries of multiple fractures during ITPF are not clear due that the existing numerical models cannot
capture the effects of perforation plugging. In this paper, a new three-dimensional FEM based on CZM
was developed to investigate multiple planar fracture propagation considering perforation plugging
during ITPF. Meanwhile, the fluid pipe element and its subroutine were first developed to realize the flux
partitioning before or after perforation plugging. The results showed that the perforation plugging
changed the original distribution of the number of perforations in each fracture, thus changing the flux
partitioning after perforation plugging, which could eliminate the effect of stress interference between
multiple fractures and promote a uniform fluid distribution. The standard deviation of fluid distribution
in the perforation plugging case was only 8.48% of that in the non-diversion case. Furthermore, critical
plugging parameters have been investigated quantitatively. Specifically, injecting more diverters will
create a higher fluid pressure rise in the wellbore, which will increase the risk of wellbore integrity.
Comprehensively considering pressure rise and fluid distribution, the number of diverters should be 50%
of the total number of perforations (Npt), whose standard deviation of fluid distribution of multiple
fractures was lower than those in the cases of injecting 10%Npt, 30%Npt and 70%Npt. The diverters should
be injected at an appropriate timing, i.e. 40% or 50% of the total fracturing time (tft), whose standard
deviation of the fluid distribution was only about 20% of standard deviations in the cases of injecting at
20%tft or 70%tft. A single injection with all diverters can maintain high bottom-hole pressure for a longer
period and promote a more uniform fluid distribution. The standard deviation of the fluid distribution in
the case of a single injection was 43.62%e55.41% of the other cases with multiple injection times. This
study provides a meaningful perspective and some optimal plugging parameters on the field design
during IPTF.
© 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 license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

According to EIA, hydraulically fractured wells produced three-
quarters of the total gas production, yet their ultimate recovery rate
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(EUR) was only 25% respectively (EIA, 2018). To enhance the EUR,
more and tighter hydro-fractures are created to obtain a larger
stimulated reservoir volume during hydraulic fracturing in hori-
zontal wells (Mayerhofer et al., 2008; Weijers et al., 2019). With
, China University of Petroleum-Beijing, Beijing, 102249, China.

g, China University of Petroleum-Beijing, Beijing, 102249, China.
uxiaodong@cup.edu.cn (X.-D. Hu).

mmunications Co. Ltd. This is an open access article under the CC BY license (http://

http://creativecommons.org/licenses/by/4.0/
mailto:zhoufj@cup.edu.cn
mailto:wangbo@cupk.edu.cn
mailto:huxiaodong@cup.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2022.05.004&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2022.05.004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.petsci.2022.05.004
https://doi.org/10.1016/j.petsci.2022.05.004


M.-H. Li, F.-J. Zhou, B. Wang et al. Petroleum Science 19 (2022) 2253e2267
limited horizontal well spacing, the ideal result is that multiple
fractures created simultaneously all can obtain uniform fracture
length. However, such results with uniform multi-fracture propa-
gationwere often not available according to the field diagnosis data
(Wheaton et al., 2014, 2016; Ugueto et al., 2016; Raterman et al.,
2018). Miller et al. (2011) analyzed the production logs data from
numerous fracturing wells and indicated that 33% of the hydro-
fractures contributed about 66% of total gas production, while
33% of the fractures contributed little to gas production (Miller
et al., 2011). What's worse was that these field data also showed
a serious heel-bias of fracture propagation existed when multiple
fractures were created simultaneously, which increased the possi-
bility of frac hit and had a significant negative effect on reservoir
recovery (Cipolla et al., 2011; Vidma et al., 2018).

This uneven propagation phenomenon of multi-fracture has
attracted a lot of attention from many scholars. Abundant numer-
ical simulations based on displacement-discontinuity method
(DDM) (Wu and Olson., 2015, 2016; Wu et al., 2017; Zhao et al.,
2016; Kumar and Ghassemi, 2018), finite element method (FEM)
(Shin and Sharma, 2014; Li et al., 2022a; Zeng et al., 2018), in-house
method (Lecampion et al., 2015; Chen et al., 2020a, 2020b) were
implemented and their results indicated that the reason caused
non-uniform propagation not only came from the strong mechan-
ical interaction (stress-shadow effect) between multiple fractures
but also the nonuniform fluid distribution. Limited-entry perfora-
tion fracturing technology (LEPF) with limited perforations, was
attempted to limit the flowrate in each fracture to achieve uniform
multi-fracture propagation (Lagrone and Rasmussen, 1963; Cramer,
1987; Crump and Conway, 1988). Wu and Olson (2016) adopted
their fully coupled fracture-propagation model to investigate how
to reduce the impact of stress shadow and their results showed that
smaller perforation diameter or fewer perforations in exterior
clusters can promote uniform fracture growth. Similarly, Li et al.
(2017) obtained similar conclusions by a three-dimensional finite
element model. Somanchi et al. (2018) extended to extreme
limited-entry perforation and applied fewer perforations (two or
three perforations per cluster) to limit the flowrate of each fracture.
However, some recent studies indicated that achieving uniform
fracture propagation of multiple fractures with LEPF was still
challenging because of strong perforation erosion caused by frac-
turing fluid with proppant, which resulted in the weaker ability to
limit flowrates within multi-cluster fractures (Roberts et al., 2018,
2020; Long et al., 2018; Cramer et al., 2020).

Intra-stage temporary plugging and diverting fracturing (ITPF) is
considered another potential approach to achieving uniform
propagation of multi-fracture in one stage (Senters et al., 2018;
Huang et al., 2018; Wang et al., 2020a; Zhou et al., 2019; Chen et al.,
2020b; Zou et al., 2020). Using fracturing fluid with diverters to
plug fractures or perforations of over-treated fractures that obtain
large flowrates, the subsequent fluid can be diverted to flow into
less-treated fractures (Wang et al., 2020b). Case studies in car-
bonate and sandstone reservoirs showed the diverters can suc-
cessfully plug perforations and their effectiveness has been proven
by post-job diagnostics and well performances (Rahim et al., 2017).
More comprehensive downhole monitoring data in Haynesville
Shale showed the diverters can divert the fluid to intended perfo-
rations and ITPF can promote uniform propagation of multiple
fractures (Panjaitan et al., 2018). Some other field cases also proved
its effectiveness to assist uniform fracture propagation (Fragach�an
et al., 2016; Ramurthy et al., 2016; Senters et al., 2018; Huang
et al., 2018; Weddle et al., 2018). Generally, the successful appli-
cation of ITPF often depends on two critical processes. Firstly,
whether diverters can plug the intended perforations or fractures;
Secondly, whether multi-cluster fractures can propagate more
evenly after diversion. Many scholars have studied the first process
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by theoretical analysis and laboratory experiments. Brown et al.
(1963) firstly presented a theoretical study for predicting the
plugging behavior of ball sealers (one kind of diverter), and their
results showed diversion occurred only when the drag force over-
came the inertial force of the ball. Erbstoesser (1980) found that
buoyant ball sealers can achieve highly effective diversion during
well-treating operations through a lot of laboratory tests and field
tests. Li et al. (2005) established a theoretical model to describe the
plugging behavior of ball sealers, and they found that the plugging
efficiency decreased once the perforation density increased. To
determine the number of balls seating on the perforations, Nozaki
and Hill (2013) proposed an empirical correlation to predict the
plugged-perforation ratio through a mass of experimental data. In
addition to ball sealers, combinations of different shaped and sized
diverters (such as fibers and particles) were also used to plug
hydro-fracture or 3D printing fractures with different openings and
tortuosity (Zhang et al., 2019; Zhou et al., 2019; Yang et al., 2019;
Wang et al., 2020a; Yuan et al., 2020; Li et al., 2022b; Li et al.,
2022c). These studies indicated injecting a certain number of
diverters can effectively plug the perforations or fractures. Once the
plugging behavior occurred, another critical process is whether
multiple fractures can uniformly propagate. However, due to the
limitations of laboratory spaces and sample dimensions, few lab-
oratory experiments were used to study this process. Numerical
simulation is considered a very important research method. Li et al.
(2020) simulated the temporarily plugging staged fracturing (TPSF)
in the fractured reservoir through a finite element cohesive zone
model, and their results indicated the suppressed cracks can
continue to propagate by temporarily plugging. Chen et al. (2020b)
numerically investigated the optimization of the number of ball
sealers and the diverting timing in a heterogeneous stress reservoir
by a self-developed 2D planar model, and their results indicated
that more ball sealers and the earlier diverting time were required
for creating a new fracture in high-stress zones. Previous studies
showed that the existing numerical simulation models mainly had
the following limitations: Firstly, most numerical models ignore the
perforation plugging process and do not consider the flux parti-
tioning model after perforation plugging. Secondly, few theoretical
and numerical studies are conducted to investigate the effect of
plugging parameters on the uniformity of multi-fracture propaga-
tion in one stage.

In this study, a 3D finite element model (FEM) based cohesive
element method (CZM) was established to investigate the effect of
perforation plugging on fracture propagation during ITPF. The pore-
pressure cohesive element will be adopted to simulate the fracture
initiation and propagation. Besides, the fluid pipe element and its
subroutine based on FEMwere first developed to realize the flux re-
proportioning and plugging behavior after perforation plugging.
Our numerical solution has been validated against an analytical
solution. Then adequate simulations were conducted to investigate
the plugging parameters (the number of diverters, the diverting
timing, and injection frequency with the same total number of
diverters) on the uniformity of fracture propagation. These results
can provide helpful guidance on the design of plugging parameters
during ITPF.

2. Mathematical model

2.1. Assumptions

Simultaneous propagation of multi-cluster hydraulic fracture is
an extremely complex problem during ITPF (Wang et al., 2020a).
Some reasonable assumptions and simplifications can be made in
this paper. Firstly, hydraulic fractures are planar fractures without
curving which is reasonable in our model because fractures will
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propagate approximately like this pattern in a larger in-situ hori-
zontal differential stress (such as over 4 MPa) (Li et al., 2017).
Secondly, the diverters are evenly distributed in the fracturing fluid,
and each diverter can only plug one perforation. Thirdly, proppant
distribution and perforation erosion are not considered in this
model as they are not the focus of this paper. Finally, the fluid
friction in the horizontal wellbore has been neglected in our study
because the fluid friction in one stage (usually less than 100 m) is
small compared to the perforation friction.

2.2. Governing equations

The typical fracturing mathematical model should couple
various processes, including rock deformation and fluid flow in the
formation, fracture initiation and propagation, and flux propor-
tioning between multi-cluster fractures. Besides the above-
mentioned processes, the plugging behavior and flux re-
proportioning process after diversion are extremely important
during ITPF (Chen et al., 2020b). The plugging process of multi-
cluster fractures in a horizontal well during ITPF is shown in
Fig. 1. The diverters in the wellbore will flow with the fracturing
fluid at the diverting time, and then plug the perforations of frac-
tures in the over-developed zones (such as HF1 and HF3 in Fig. 1).
After diversion, the subsequent fracturing fluid will be forced to
flow into the under-developed zones (such as HF2 in Fig. 1), and
then the under-developed will get effective propagation.

2.2.1. Rock deformation and fluid flow
Based on the principle of virtual work, the equilibrium equation

for the solid skeleton in the porous media in the current configu-
ration is (Zhang et al., 2010):

ð
V

ðs� pwI
�
dεdV ¼

ð
S

t , dvdSþ
ð
V

f,dvdV (1)

where s is the matrix of effective stress, Pa; pw is the pore pressure
in the rock matrix, Pa; I is the identity matrix, dimensionless; dε is
the matrix of virtual strain rate, s�1; t is the surface traction vector
per unit area, N/m2; dv is the matrix of virtual velocity, m/s; f is the
body force vector per unit volume, N/m3.

The continuity equation of the fracturing fluid in the rockmatrix
can be written as (Wang et al., 2020b; Yu et al., 2019):

1
J
v

vt
ðJrwnwÞþ

v

vX
, ðrwnwvwÞ¼0 (2)

where J is the volume change ratio of the porous media, dimen-
sionless; t is the time, s; vw is the fluid seepage flow velocity, m/s;
nw is the void ratio, dimensionless; rw is the density of the injection
fluid, kg/m3; X is the spatial vector, m.

The fracturing fluid flow in the porous media will obey Darcy's
law, and it is generally written as (Zhang et al., 2010):
Fig. 1. The plugging process of multi-fracture during ITPF (HF: hydraulic fracture).
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(3)

where g is the gravity vector, m/s2; k is the matrix permeability of
the porous media, m/s.
2.2.2. Fracture initiation and propagation
The fracturing processes will be simulated using the cohesive

zone element, which adopts the traction-separation law to char-
acterize the constitutive relationship at the fracture tip, which
avoids the stress singularity at the fracture tip based on the linear
elastic fracture mechanics (LEFM). In general, the damage of a
cohesive element undergoes three processes: damage initiation,
damage evolution, and fracture generation.

Damage initiates once the total nominal stress ratios reach one.
The quadratic nominal stress criterion is used as fracture initiation
criteria (Simulia, 2019):

(
CtnD
t0n

)2

þ
(
Cts1D
t0s1

)2

þ
(
Cts2D
t0s2

)2

¼ 1 (4)

where tn, ts1, ts2 is the real nominal stress in the normal, the first
and second shear nominal directions, Pa; t0n, t

0
s1, t

0
s2 is the peak

nominal stress purely in the normal, the first and the second shear
direction, Pa; CD is the Macaulay bracket.

Once the cohesive element meets the fracture initiation crite-
rion, the stiffness of the cohesive element will degrade. The damage
evolution equation describes the stiffness degradation rate. The
degradation stress components of the traction-separation model
are described by the following equations (Guo et al., 2017):

tn ¼
(
ð1� DÞtn; tn � 0

tn; tn <0

ts1 ¼ ð1� DÞts1
ts2 ¼ ð1� DÞts2

(5)

where tn, ts1 and ts2 are the predicted nominal stress in the normal,
the first and second shear nominal directions through the bilinear
traction-separation model for the current strains without damage,
Pa; D is the damage factor, dimensionless. And it's expressed as
(Simulia, 2019):

D¼ dfm
�
dmax
m � d0m

�
dmax
m

�
dfm � d0m

� (6)

where d0m, dfm, dmax
m are the displacement at the stage of fracture

initiation, fracture generation, and the maximum value during the
loading history, m.
2.2.3. Fluid flow within the fracture
Once the fracture is formed, the fluid will flow within the

fracture in the two flow directions. One is the tangential flow
process along the fracture direction and the other is the normal
flow process across the fracture. Fig. 2 shows the two fluid-flow
processes within the cohesive element.

Flow behavior along the fracture direction can be described by
Poiseuille's law, and the flow equation is governed by (Simulia,
2019):



Fig. 2. Sketch of fluid flow processes in the cohesive element.

Fig. 3. Sketch of fluid flow within fluid pipe connector element.
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q ¼ �w3

12m
Vp (7)

where q is the mass flowrate along the fracture direction, m2/s;w is
the fracture opening, m; m is the viscosity of fracturing fluid, cP; p is
the fluid pressure within the fracture, Pa.

The leak-off flow process across the fracture in the cohesive
element method is shown in Fig. 2b and defined as the following
equation, which is also the common choice in the FEM simulations
(Shin and Sharma, 2014; Li et al., 2021; Guo et al., 2017):�
qt ¼ ctðpi � ptÞ
qb ¼ cbðpi � pbÞ (8)

where ct, cb is the leak-off coefficient into the top and bottom
fracture surfaces, respectively, m/s/Pa; pi, pt, pb are the pore pres-
sures within the fracture, top fracture surface, and bottom fracture
surface, respectively, Pa; qt, qb are the normal flowrates into the top
and bottom fracture surfaces, m/s.

Besides, the fluid within the fracture also satisfies the continuity
equation (Simulia, 2019):

vw
vt

þV,qþ ðqtþ qbÞ ¼ QðtÞdðx; yÞ (9)

where QðtÞ is the injection rate at a known location, m/s; dðx; yÞ is
Kronecker's delta function.

2.2.4. The flux partitioning model before or after perforation
plugging

The fracturing fluid in the horizontal wellbore will flow through
the perforation clusters and enter each cluster of fractures. The flux
proportioning between multi-cluster fractures mainly depends on
the perforation friction through each fracture. The relationship
between the perforation friction and the flowrates is described as
follows (Crump and Conway, 1988):

Dpifric ¼ ap;iQ
2
i (10)

ap;i ¼0:807249
r

N2
p;iD

4
p;iC

2
(11)

where i is the number of fracture clusters, dimensionless; Dpifric is
the perforation friction through the ith fracture, Pa; Qi is the fluid
flowrate of the ith fracture, m3/s; r is the fluid density, kg/m3; Np;i is
the perforation number of the ith fracture before diversion,
dimensionless; Dp;i is the perforation diameter of the ith fracture,
m; C is a dimensionless discharge coefficient ranging between 0.56
(before erosion) and 0.90 (after erosion).

The pipe fluid connector element (FPCE) with two pore-pressure
nodes is adopted to simulate the perforation friction and the flux
proportioning between multi-cluster fractures in our study. The
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fluid will inflow in one pore-pressure node and outflow to another
pore-pressure node, while a pressure drop associated with the
flowrate will be produced, as shown in Fig. 3. The pressure drop
through this element is based on the Bernoulli's equation. This
equation could also describe the flow process through the perfo-
ration channel, which is a common choice in the previous study
(Crump and Conway, 1988; Cramer et al., 2020). Its expression is

Dp ¼ p1 � p2 ¼ K
2
rvi

2 (12)

where K is the loss term in the fluid pipe connector element,
dimensionless; vi is the fluid velocity through the ith fracture in the
wellbore, m/s; Dp is the pressure drop through the fluid pipe
connector element, Pa; p1 and p2 are the pore pressure at the inflow
node and outflow node, respectively, Pa.

In addition, multiple FPCEs could be combined into a pipe
network to simulate the flow process between multi-cluster frac-
tures (i.e. three fractures in Fig. 4), the flowrates and pressures of
this pipe network will satisfy the following equations:

Qtotal ¼
Xn
i

Qi i ¼ 1; 2; 3; /; n (13)

Pwellbore ¼ Pout;i þ Ppf ;i i ¼ 1; 2; 3; /; n (14)

where Qtotal is the total flowrate in the wellbore, m3/s; Qi is the
flowrate of the ith fracture, m3/s; Pout;i is the pore pressure of the
outflow node in the ith fracture, m3/s; Pwellbore is the pore pressure
in thewellbore, Pa; Ppf ;i is the perforation friction of the ith fracture,
Pa.

The pressure loss coefficient K is different before and after
perforation plugging in Eq. (12) due to the perforation plugging
behavior. Therefore, the user subroutine UFLUIDCONNECTORLOSS
based on the finite analysis code is developed to activate different
loss coefficients K to satisfy the perforation friction model and
dynamic plugging model, respectively.
2.2.4.1. Before perforation plugging. To accurately simulate the
relationship between the pressure friction and the flowrates of the
perforations in Eq. (10), the loss term K before perforation plugging
could be modified to the following equation:

Kper;b ¼
2apA2

r
(15)

where Kper;b is the perforation loss term before perforation plug-
ging, dimensionless; A is the horizontal wellbore cross-sectional
area, m2; ap is the perforation coefficient before perforation plug-
ging, shown in Eq. (11).
2.2.4.2. After perforation plugging. As mentioned earlier in Fig. 1,
some perforations of multi-cluster fractures will be plugged by
diverters at the diverting time. The number of perforations in each
fracture would be changed after perforation plugging. The plugging
equation will be also coded and accomplished using the subroutine
UFLUIDCONNECTORLOSS. And this subroutine would be activated
at the diverting time to achieve the perforation plugging behavior.



Fig. 4. Sketch of fluid flow within three FPC3D2 elements.
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In this subroutine, the loss term K after perforation plugging could
be modified to the following equation:

Kper;a ¼2arA2

r
(16)

where Kper;a is the perforation loss term after perforation plugging,
dimensionless; ar is the perforation coefficient after perforation
plugging, dimensionless.

According to Eq. (11), the perforation coefficient ar after perfo-
ration plugging is determined as:

ar;i ¼0:807249
r

N2
r;iD

4
p;iC

2
(17)

where Nr;i is the number of remaining perforations in the ith
fracture after plugging, dimensionless;

To calculate the remaining perforation number after plugging,
we adopted one reasonable assumption from Chen et al. (2020b)
that the diverters will be uniformly distributed in the fracturing
fluid (Chen et al., 2020b). The number of diverters in one fracture
will be determined by the product of the flowrate ratio of the
fracture and the total number of diverters (shown as Eq. (17)). The
flowrate ratiomeans the ratio of flowrate in one fracture to the total
flowrate in the horizontal wellbore. Hence, the location of diverters
in each fracturewill be determined by the following equation (Chen
et al., 2020b):

Nplug;i ¼
	
Nd

Qi

Qtotal



(18)

After plugging, the remaining perforations of each fracture after
plugging can be determined as:

Nr;i ¼Np;i � Nplug;i; i ¼ 1; 2; :::; n (19)

where Nd is the total number of injected diverters at the plugging
time; Nplug;i is the number of plugged perforations of the ith frac-
ture at the diverting time; ½ ,� is the least integer function;
Fig. 5. Validation of flux partitioning and plugging behavior in the FPCE element and
the subroutine (three processes are included: 1. Flux partitioning process (0e12 s); 2.
Plugging process (12 s); 3. Fluid re-partitioning process after plugging (12e20 s)).
3. Model validation

The cohesive zone method (CZM) has been widely applied and
verified in the hydraulic fracturing simulation. For example, Chen
et al. (2009) verified the cohesive element with the KGD analyt-
ical solution in the toughness-dominated regime. Subsequently,
Chen et al. (2012) verified the cohesive element with the analytical
solution in the viscosity-dominated regime. Taleghani et al. (2018)
also proved the accuracy of cohesive element numerical simulation
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and laboratory experiments. Hence, the verification of the cohesive
element will be not repeated in this paper.

In this part, the accuracy of the flux partitioning model
considering perforation plugging based on the fluid pipe element
and its subroutine will be verified with the analytical model. The
validationwork includes three aspects: firstly, flux partitioning test
in the hydraulic fracturing; secondly, plugging behavior when
injecting diverters; thirdly, fluid re-partitioning test after plugging.
In this section, three fluid pipe connector elements were created to
realize the dynamic flux partition at the diverting time. As shown in
Fig. 4, the left node of this model was a common injection node
with pressure Pwellbore and the total injection rate was 6 m3/min.
Three right nodes were outflow nodes and their pressures were
Pout1, Pout2, and Pout3, respectively. The perforations of three frac-
tures have the same parameters: Np;1 ¼ Np;2 ¼ Np;3 ¼ 15,
Dp ¼ 0:01 m, C ¼ 0:60, r ¼ 1000 kg/m3. The specific validation
consists of three main processes: (1) flux partitioning process
(0e12 s), Pout1 and Pout3 were both 4 MPa, and Pout2 changed from 6
to 2 MPa with a cosine wave; (2) plugging process (12 s), twenty
diverters were injected to plug the perforations, and the flux par-
titioning model after perforation plugging will be activated to
simulate the plugging behavior at the diverting time; (3) fluid re-
partitioning process after diversion (12e20 s): Pout1 and Pout3
were both 4 MPa, and Pout2 was 2 MPa. In this verification, the
pressure boundary conditions in these three right nodes were
known variables and they are given in Fig. 5a.

The flowrate and the perforation friction of each fluid pipe
element are the most concerned unknown information for the
multiple fracture propagation. Therefore, the values of Pwellbore, Ppf1,
Ppf2, Ppf3, Q1, Q2, Q3 were considered as the unknown variables and



Fig. 6. Three-dimensional reservoir model.
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need to be calculated by the fluid pipe element. These variables will
be verified with the analytical solutions. Fig. 5b and c show the
numerical solutions and analytical solutions of the flux partitioning
and perforation pressure. These two figures showed there was a
good agreement in the simulation results and analytical solutions
in the three processes. Therefore, our flux partitioning model can
provide accurate results for the flux partitioning process and the
plugging behavior.

4. Results

4.1. Model description

The three-dimensional finite element model was established as
shown in Fig. 6 and its size was 200 m � 200 m � 20 m in the x, y,
and z directions, respectively. The total model was divided into the
surrounding rock and target model. Coarse mesh size was used in
the surrounding rock to eliminate the influence of boundaries, and
a fine mesh size was used in the target model to capture fracture
propagation (Fig. 6). However, extremely fine mesh sizes can
dramatically increase the computational cost, while coarse meshes
can not obtain the fracture geometry. Hence, to reduce computa-
tional costs and meanwhile maintain geometry accuracy, the grid
size of 1 m � 1 m � 1 m of cohesive elements has been chosen in
the engineering-scale model according to the grid sensitivity re-
sults from Li et al. (2020).
Table 1
Basic parameters of the model.

Categories Parameters

Rock properties Young's Modulus, GPa
Poisson's ratio
Permeability coefficient, m/s
Porosity, %
Pore pressure, MPa
In-situ stress, MPa

Fracture properties Initial damage stress, MPa
Tension fracture energy, J/m2

Shear fracture energy, J/m2

Initial elastic cohesive stiffness, GP
Leak-off coefficient, m/(Pa s)

Fluid parameters Fluid viscosity, mPa s
Total injection time, s
Injection rate, m3/min
Fracturing fluid density, kg/m3

Perforation parameters Perforation diameter, mm
Dimensionless discharge coefficien
Perforation number per cluster
Total number of in-stage perforatio

Plugging parameters Number of diverters
Diverting time, s
Injection frequency
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Due to the symmetry of the full model, a half model will be used
to simulate the fracture propagation behavior because of its low
computational cost. In this model, the height of the pay zone was
8 m, and the height of the upper and lower barriers was 6 m. A
horizontal wellbore was distributed in the center of the pay zone,
and five-cluster fractures were symmetrically distributed in the
center position, named HF1, HF2, HF3, HF4, and HF5. The fracturing
spacing was 10 m. The injection flowrate at the injection point was
designed as 12 m3/min, and then the fracturing fluid in the well-
bore was automatically distributed to five-cluster fractures by fluid
pipe elements. This model contained 86,700 elements in total,
including 81,600 C3D8P elements (three-dimensional continuum
elements with eight pore-pressure nodes), which represent the
rock matrix; 5100 COH3D8P elements (three-dimensional cohesive
elements with eight pore-pressure nodes), which represent hy-
draulic fracture; five FPC3D2 elements (three-dimensional fluid
pipe connector elements with two pore-pressure nodes), which
represent five perforation clusters. Table 1 shows the basic
parameters.

4.2. Comparison of the base case and the diversion case

In this section, the diversion case of five-cluster fractures was
compared with the base case. In the base case, no diverters were
injected. While in the diversion case, forty diverters were injected
to achieve the perforation plugging at half of the total fracturing
time, i.e. six hundred seconds. Other parameters were the same as
in Table 1. We will analyze the fracture propagation geometry,
wellbore pressure, flowrate, and fluid volume of each fracture in
two cases.

Figs. 7 and 8 show the 3D geometries of five-cluster fractures in
the base case and the diversion case. From Fig. 7, the phenomenon
of uneven propagation became more and more serious with the
increase in injection time in the base case. Specifically, the fracture
lengths of the five clusters were almost the same at the time of
100 s. While at the time of 1200 s, the ratio of the longest fracture
length to the shortest fracture length was 9.5. From Fig. 8, the non-
uniform propagation in the diversion case was completely consis-
tent with that of the base case before the diverting time. However,
the non-uniform phenomenon has been improved and the ratio of
Value

Pay zone Barrier zone

45 35
0.20 0.23
1e-6 1e-8
10 6
45 45
50/62/65 55/62/65
4 6
1000 1500
2000 3000

a/m 1200 1200
1e-13 1e-14
1
1200
12
1000
10

t 0.60
16

n 80
40
600
1



Fig. 7. Fracture propagation geometries of the base case.

Fig. 8. Fracture propagation geometries of the diversion case.

Fig. 9. Fracture profiles of the base case and the diversion case.
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the longest fracture length to the shortest fracture length was only
1.8 when the full fracturing process was over.

To observe final fracture propagation geometries directly, the
fracture profiles of two cases were extracted for further analysis
(Fig. 9). In Fig. 9a, a good symmetry could be found in the frac-
ture propagation geometries, and the length of side fractures
(HF1 & HF5), sub-side fractures (HF2 & HF4) and central fracture
(HF3) were 95, 56, and 10 m, respectively. While in the diversion
case, they were 68, 74, and 40 m, respectively. Although the
middle fractures were injected continuously fluid by plugging the
other fractures during ITPF, the middle fractures were still hard to
propagate forward and then produced a larger fracture width.
This was because the middle fractures usually have greater local
stress and a higher propagation resistance due to the stress
shadow. The standard deviation is a common measurement basis
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for the degree of discrete distribution of statistical data, and its
calculation formula is Eq. (20). Usually, the larger the value of
standard deviation, the more uneven the sample data. On the
contrary, the smaller the value of standard deviation, the more
uniform the sample data.

s¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

ðxi � xÞ2
vuut (20)

where s is the standard deviation; N is the number of sample data;
xi is the ith sample value; x is the average value of N samples.

In this study, the standard deviation of the fracture length was
used to represent the uniformity ofmulti-fracs length. The standard
deviation in the base case and the diversion case were 35.18 and



Fig. 10. Wellbore pressure changes of the diversion case and the base case.

Fig. 12. Perforation numbers of each fracture in the base case and the diversion case.
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14.18, respectively, which also indicates that the diversion case had
a more uniform fracture length than those in the base case.

The wellbore pressure curves in the base case and the diversion
case are shown in Fig. 10. From this figure, we can conclude that the
perforation plugging behavior in the diversion case usually can be
characterized by a sudden wellbore pressure rise compared to the
pressure curve in the base case. Specifically, the wellbore pressure
in the diversion case sharply rose to 65.3 MPa at the diverting time,
rising by 4.9 MPa while the wellbore pressure of the base case was
maintained at 60.4 MPa after hydraulic fractures were initiated.

As shown in Fig. 11, compared to the base case, perforation
plugging led to a dramatic flux re-proportioning of fractures at the
diverting time in the diversion case, which could explain the uni-
form propagation of the fractures in the diversion case. From
Fig. 11a, due to the strong competitive propagation between frac-
tures in early fracturing, the pressure and the flowrates in each
fracture will show some fluctuations. After a certain time (300 s),
the flowrate of side fractures, sub-side fractures, and center fracture
were maintained at 3.5, 2.3, and 0.4 m3/min respectively. In the
diversion case, the flowrates changed drastically at the diverting
Fig. 11. The flowrate of each fracture in t
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time and the flowrates of side fractures were rapidly reduced from
3.5 to 1.4m3/min; the flowrate of the center fracture increased from
0.3 to 3.8 m3/min. According to the flowrates at the diverting time,
the number of plugged perforations in each fracture has been
calculated through Eq. (18) and the number of remaining perfora-
tions was four, nine, fourteen, nine, and four, respectively (Fig. 12).
Hence, the mechanism of perforation plugging lies in that the
perforation plugging changes the original distribution of the
number of perforations, thus changing the flux partitioning after
the diverting time, which balances the fluid volume and fracture
propagation of each fracture.

Fig. 13 shows the fluid volume proportion of each fracture in the
base case and the diversion case. In the base case, the average fluid
volume partition of the side fractures, sub-side fractures, and
center fracture were 28.2%, 19.5%, and 4.6%, respectively. The
standard deviation of fluid volume in the base case was 9.67.
However, the average fluid volume partition in the diversion case
was more uniform and they were 21.7%, 20.5%, and 15.5%, respec-
tively. Compared to the based case, the standard deviation of fluid
volume in the diversion case was just 0.82, which was only 8.48% of
that in the base case. The fluid volume proportion indicates
perforation plugging also improves the uniformity of fluid volume
he base case and the diversion case.



Fig. 13. Fluid volume percentages of each fracture in the base case and the diversion
case.
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proportion of each fracture, which is consistent with fracture ge-
ometries in Fig. 9.

4.3. Effect of the number of diverters

The number of diverters is one of the most important parame-
ters and directly determines the plugging effectiveness during ITPF.
In this section, the effect of the number of diverters on the prop-
agation of multi-cluster fractures will be investigated. The number
of diverters will be changed to eight, twenty-four, forty, and fifty-
six respectively, which is equivalent to 10%, 30%, 50%, and 70% of
the total number of perforations in one stage (Npt) while other
parameters remain the same in Table 1.

Fig. 14 shows the fracture profiles with the different numbers of
diverters. From Fig. 14aed, the uniformity of fracture length
became higher when the number of diverters increased from 10%
Npt to 70%Npt, and meanwhile, the total fracture length also became
Fig. 14. Fracture profiles with different numbers of diverters (Npt: the tota
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larger using more diverters. Specifically, when the number of
diverters increased from 10%Npt to 70%Npt, the total length of five
fractures increased from 308 to 352 m, increasing by 14.29%.
Meanwhile, the standard deviation of fracture length of five frac-
tures decreased from 29.41 to 8.76, reducing by 70.21%.

Fig. 15 shows the wellbore pressure curves with the different
number of diverters. Themore the number of diverters injected, the
higher the wellbore pressure rises at the diverting time. Particu-
larly, the wellbore pressure rises in these four cases were 0.4, 1.5,
4.9, and 15.3 MPa, respectively. Although the perforation plugging
behavior increases the fluid pressure in the wellbore, which facil-
itates the uniform propagation of multiple fractures, however,
when thewellbore pressurewas too high, such as 15.3MPa, the risk
to wellbore integrity or safety increases dramatically. Therefore,
selecting the right number of diverters should not only fully
consider the uniformity of the fracture length, but also the
pressure-bearing condition of the wellbore, otherwise, the stimu-
lation operation by perforation plugging may be failed.

Fig. 16 shows the fluid volume distribution of each fracture in
four cases. From this figure, the fluid volume distribution changed
from a “concave” shape to a “convex” shape. The concave shape
means that the side fractures receive more fluid, while the center
fracture receives less fluid. On the contrary, the convex shape
means that the side fractures receive less fluid, while the center
fracture receives more fluid. The fluid distribution of side fractures,
sub-side fractures, and center fracture with eight diverters were
26.78%, 18.7%, and 8.71%, respectively, while the fluid distribution
with fifty-six diverters was 13.71%, 20.27%, and 32.03%, respec-
tively. Meanwhile, the standard deviations of fluid volume have
also been calculated with the different numbers of diverters and
they were 7.45, 3.93, 0.82, and 7.49. Therefore, when the number of
diverters was 50%Npt, the standard deviation of fluid distribution
was only 0.82, which was lower than the cases of 10%Npt, 30%Npt
and 70%Npt. Comprehensively considering pressure rise and fluid
distribution, the number of diverters was recommended to be 50%
of the total number of perforations.
l number of perforations in one stage; Nd: the number of diverters).



Fig. 15. Wellbore pressures with different temporary plugging balls.

Fig. 16. Fluid volume percentages of each fracture with the different numbers of
diverters.

Fig. 17. Fracture profiles with different divert
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4.4. Effect of the diverting timing

The diverting timing is the time when diverters are injected
during ITPF, which determines when the over-treated fractures are
plugged and also could affect the final fracture geometries. In this
section, forty diverters were injected at different diverting timing
(240, 480, 600, 840 s) to investigate the effect of the diverting
timing on the uniformity of fracture propagation.

Fig. 17 shows the fracture profiles of the cases with different
diverting timing. As shown in Fig. 17 the earlier the diverting timing
was, the longer the length of the middle fracture was; the later the
diverting timing was, the longer the lengths of the side fractures
were. Specifically, when diverting timingwas 240 s (20% of the total
fracturing time, tft), the length of the middle or sub-middle frac-
tures (HF2, HF3, and HF4) were 78, 56, and 78 m, which was larger
than that of the side fractures (48 m). While the diverting timing
was 840 s (70%tft), the lengths of the side fractures (HF1 & HF5)
were 80 m, which was larger than that of the middle fractures. This
was because the perforations of side fractures have been prema-
turely plugged and the side fractures have not been effectively
propagated when the diverting timing was earlier, i.e. 20%tft. When
the diverting timing was later, i.e. 70%tft, a large amount of frac-
turing fluid flowed into the side fractures, while subsequent fluid
flowing into the middle fracture was too little to complete uniform
propagation. The standard deviations of these four cases were
15.32, 10.71, 14.18, and 21.38, respectively.

Fig. 18 shows the wellbore pressure curves of the cases with
different diverting timing. From thisfigure, it can be seen that a sharp
wellbore pressure increase occurred only at the diverting timing.
Besides, although the diverting timing was different, the plugging
pressure rise was the same, about 4.9 MPa. The number of injected
diverters in these four cases was the same and hence the wellbore
pressure at the different diverting timing has the same rise pressure.

Fig. 19 shows the fluid volume of each fracture in four cases at
different diverting timing. Similar to fracture geometries, the
ing timing (tft: the total fracturing time).



Fig. 18. Wellbore pressure at different diverting timing during ITPF (tft: the total
fracturing time).

Fig. 19. Fluid volume percentages of each fracture at different diverting timing (tft: the
total fracturing time).
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earlier the diverting timing was, the more fluid volume of the
middle fractures obtained. The later the diverting timing was, the
less fluid volume of the side fractures obtained. The standard de-
viations of four cases at different diverting timing were 4.58, 0.90,
0.81, and 4.32 respectively. The values of standard deviation in the
early-stage diversion case (20%tft) or the later-stage diversion case
(70%tft) were larger than the values of the middle-stage diversion
cases (40%tft or 50%tft). This indicates that the diverters should be
injected at an appropriate timing, i.e. cases of injecting at 40%tft or
50%tft, whose standard deviations of the fluid distribution were
only about 20% of standard deviations in the cases of injecting at
20%tft or 70%tft.
4.5. Effect of injection frequency with the same total number of
diverters

Using the same total number of diverters, whether these
diverters are injected once or multiple injection times is a very
Table 2
Cases with different injection frequencies using the same total number of diverters.

Injection frequency First diversion Second diversion

Time, s Nd,1 Time, s Nd,2

One 600 40 / /
Two 360 20 720 20
Three 300 13 600 14
Four 240 10 480 10

(Nd,i: the number of diverters in the ith diversion; Nd: the total number of diverters).
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important discussion in the field operation design. In this section,
forty diverters were injected once, twice, three times, and four
times. The number of diverters injected each time was the total
number of diverters divided by the injection frequencies as shown
in Table 2.

Fig. 20 shows these fracture profiles in four cases. The standard
deviations of fracture lengths in these four cases were 14.18, 15.62,
16.33, and 15.53, respectively. Although the values of standard
deviations were relatively close, the results show that injecting all
diverters once could have a more uniform fracture length than
injecting multiple times. It should be pointed out that this
conclusion was obtained under the conditions of the same total
number of diverters and the average number of diverters. Subse-
quent research will further explore the influence of the different
proportions of the number of diverters and diverting timing on the
fracture propagation during multiple diversion times.

Fig. 21 shows wellbore pressure curves with different injection
frequencies with the same total number of diverters. The wellbore
pressure in the case with one injection frequency case has under-
gone a sharp rise (Fig. 21a), while the wellbore pressures in the
cases with multiple injection frequencies have experienced multi-
ple small pressure rises but the final rise of wellbore pressure was
equal in all four cases (from Fig. 21bed). The same final pressure
was due to the same number of diverters in the whole ITPF process,
which caused the same perforation friction to rise. Note that the
case with a single injection could maintain a higher well-hole
pressure for a longer period than the cases with multiple in-
jections, which could further explain why the once injection case
was more effective than others.

Fig. 22 shows the fluid volume percentage of each fracture with
different injection frequencies. The fluid proportion of side frac-
tures in the multiple injection frequencies slightly increased
compared to that in the case with a single injection. The standard
deviations of the fluid volume percentage with the injection fre-
quency of one, two, three, and four were 0.82, 1.48, 1.88, and 1.72,
respectively. The results show that multiple injection cases have a
lower uniformity of fluid distribution than the case with a single
injection. According to the values of standard deviation, the stan-
dard deviation of the once injection case was about 43.62%e55.41%
of the other cases. As we mentioned earlier, the case with a single
injection could last a longer period than the multiple injection case
for the high wellhole pressure, which ensures a more effective and
balanced fluid distribution in multiple fractures.
5. Discussion

The distribution of the fracture length and fluid injection vol-
ume are the two most critical parameters in the multi-fracture
simultaneous propagation. To understand the uniformity of frac-
ture length and fluid injection volume, the dimensionless param-
eters were defined and calculated to match the changes of different
parameters, and its value is the ratio of variable parameters to the
standard diversion case (the diverting timing is 600 s, the number
of diverters is forty, the injection frequency of diversion is one).
Third diversion Fourth diversion Nd

Time, s Nd,3 Time, s Nd,4

/ / / / 40
/ / / / 40
900 13 / / 40
720 10 960 10 40



Fig. 20. Fracture profiles with different injection frequencies with the same total number of diverters (tft: the total fracturing time).

Fig. 21. Wellbore pressure with different injection frequencies with the same total
number of diverters.

Fig. 22. Fluid volume percentages of each fracture with different injection frequencies
with the same total number of diverters.
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Fig. 23a and Fig. 23b show the variation of the standard deviation of
the fracture length and fluid injection volume in each fracture
under different dimensionless parameters.
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In our simulations, the standard deviation of the fracture length
in all diversion cases was less than the value of the no diversion
case, which demonstrates that perforation plugging can promote
the uniformity of fracture length. The same phenomenon was also
observed in the fluid distribution in the fractures (Fig. 23b). In the
diversion cases, with the increase in the number of diverters, the
standard deviation of fracture length decreased continuously, and
the fracture length became uniform. But the uniform fluid volume
in each fracture did not mean the uniform fracture length, espe-
cially for the internal fracture. To obtain a more uniform fracture
length, the internal fracture usually requires more subsequent
fracturing fluid, and then more aggressive measures should be
applied (such as increasing the number of diverters or advancing
the diverting timing). With the delay of diverting timing, the
standard deviation of fracture length decreased at first and then
increased. This change was mainly that, if the diverting timing is
too early, the internal fracture before diversion will become the
superior fracture after diversion; if the diverting timing is too late,
the internal fracture before diversion could not get enough frac-
turing fluid due to the limited subsequent fracturing time. Neither
of these two situations could promote the uniform propagation of
multiple fractures. It is worth noting that when the total number of



Fig. 23. The standard deviation of fracture length and fluid volume with different dimensionless diversion parameters.
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diverters was the same, increasing the injection frequency of
diverters in this study had little effect on the uniformity of fracture
propagation. Besides, our research only studied the diversion cases
when certain parameter changes. In the future, we will try to
combine several plugging parameters to promote a more uniform
fracture propagation. Meanwhile, our simulation also showed that,
even if the optimized temporary plugging case promoted the uni-
formity of injection fluid volume in each fracture, the uniformity of
the fracture length still shows great instability. Recently, Dontsov
and Suarez-Rivera (2020) also showed that the morphology of
multiple fractures with uniform fluid injection varies greatly under
the different propagation mechanisms. For example, in the
viscosity-dominant regime, the morphology of multi-cluster frac-
tures was nearly identical and radially symmetric, while in the
roughness-dominant regime, multi-clusters interacted strongly
and the fracture geometry was similar to that of petals in a flower.
These phenomena indicate that the multi-cluster fracture presents
greater propagation instability. Based on the multiple hypotheses
in this study, the multi-fracture propagation under the perforation
plugging condition still needs more research. For example, our
conclusions may not be applicable for other special models (e.g.,
stress inhomogeneous or fractured reservoirs). Meanwhile, A more
realistic rock model should be considered to provide more mean-
ingful guidelines for practical applications in further work.
6. Conclusions

A fluid-solid fully coupled three-dimensional finite element
model with the CZM model was established to simulate the prop-
agation of multiple fractures during ITPF. Based on the fluid pipe
element and its subroutine, this model can fully consider the flow
partitioning before and after perforation plugging. Meanwhile, this
model has been verified by the analytical solution. The effects of the
number of diverters, diverting timing, and injection frequency on
the uniformity of multi-fracture propagation were also investi-
gated. The main conclusions can be drawn based on our
simulations:

(1) The behavior of perforation plugging could eliminate the
effect of stress interference between multiple fractures and
promote a uniform fracture propagation and fluid distribu-
tion, whose mechanism is that the perforation plugging
changes the original distribution of the number of
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perforations, thus changing the flux partitioning after the
diverting time.

(2) Compared to the base case, the diversion case has a more
uniform fluid distribution of multiple fractures, and the
standard deviation of fluid distribution in the diversion case
was only 8.48% of that in the base case.

(3) Injecting more diverters will create a higher plugging pres-
sure rise during ITPF, which will increase the risk of wellbore
integrity. Comprehensively considering pressure rise and
fluid distribution, the number of diverters should be 50% of
the total number of perforations (Npt), whose standard de-
viation of the fluid distribution of multiple fractures was
lower than those in the cases of injecting 10%Npt, 30%Npt and
70%Npt.

(4) Injecting diverters at different diverting timings will get the
same plugging pressure rise, but the fluid distribution is very
different. The diverters should be injected at an appropriate
timing, i.e. 40% or 50% of the total fracturing time(tft), when
the standard deviation of the fluid distribution of multiple
fractures was only about 20% of standard deviations in the
cases of injecting at 20%tft or 70%tft.

(5) A single injection with all diverters is better than multiple
injections because a single injection can maintain high
bottom-hole pressure for a longer period and promote a
more uniform fluid distribution. The standard deviation of
the fluid distribution in a single injection case was 43.62%e
55.41% of the other cases with multiple injection cases.
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