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ABSTRACT: Multicluster fracturing of horizontal wells has evolved into a mature and widely adopted technique for exploiting
unconventional oil and gas fields. A well-designed multicluster completion strategy can yield an ideal fracturing outcome,
significantly enhancing production rates and potentially delivering substantial economic benefits. Nevertheless, empirical evidence
suggests that fractured horizontal wells frequently exhibit pronounced nonuniform production profiles, a prevalent issue stemming
from the irregular geometry of propagated fractures. This issue critically constrains production rates. To mitigate the adverse effects
of low-uniformity fracture propagation, it is imperative to elucidate the factors influencing uniformity levels and their corresponding
patterns. Despite extensive discussions on hydraulic fracture propagation mechanisms and optional factors in hydraulic fracturing
engineering, there exists a notable oversight regarding the optimization of perforation parameters to achieve improved fracturing
uniformity during well completion procedures. This paper introduces an optimization method for perforation parameters based on a
fully coupled pseudo-3D numerical model of multicluster fracturing. The impact patterns of cluster spacing, perforation number, and
initial perforation diameter on multifracture propagation results and uniformity levels are thoroughly examined. The multicluster
fracturing model, developed using the displacement discontinuous method (DDM), is coupled with material balance, pressure
transmission, hole erosion computation, and initiation asynchrony estimation. To quantify the uniformity level of the fracturing
result, the modified propagation uniformity index (Ufm) is employed. Simulation results from 20 cases are categorized into six groups
based on varied changing patterns of perforation parameters, leading to the identification of five recommendations for optimizing
perforation parameters. By implementation of the discussed optimized perforation parameters, successful fracturing outcomes were
realized.

1. INTRODUCTION
Hydraulic fracturing has been regarded as a major technique
helping stimulate the oil and gas reservoirs.1−5 During a
hydraulic fracturing process, sand-carrying fluid is pumped into
the well bore to propagate induced fractures in the
formation.6−10 Multistage fracturing and horizontal drilling are
the major techniques applied in the stimulation of unconven-
tional reservoirs such as tight sand and shale, which are hard to
develop with economic benefits by normal ways due to the
ultralow permeability and low porosity.11−13 The engineering
pattern of stage-by-stage simultaneous fracturing with multiple

perforation clusters has been seen as a critical stimulation
method and has been proven functioning better than that with
one cluster per stage in enhancing the flow abilities of oil and gas
in unconventional reservoirs.11,14 However, there is evidence
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indicating an attendant problem that the profile of the inflow
rates of multiple perforation clusters turns out to be nonuniform
due to the poor fracture propagation uniformity, which causes
the low utilization ratio of perforations and massively blocks the
production potential of one fractured horizontal well.15−22

Miller et al.’s study23 indicates that only about 20% of the
clusters contribute to the 80% of the total production by
acquiring and interpreting the production logs from more than
100 horizontal shale wells in multiple basins. Coincidentally,
Cipolla et al.24 drew a similar conclusion with that above by
reviewing production logs for over 100 horizontal shale-gas
wells, in which less than 30% of the perforation clusters produces
the most of the gas and 40% or more of the clusters are
nonproductive. Another intuitive example is Luo et al.’s
interpreted DTS results25 of shale gas production inflow rates
and fracture half-lengths along a horizontal wellbore with 145
fractures. In Luo et al.’s study the two profiles behave high
consistency with each other and both appear low uniformities
(from the interpreted data, over 61.4% noneffective perforation
clusters make no contribution to both the inflow rate and
fracture length).25

Nowadays, engineers are facing two problems: what causes
the nonuniformity of the hydraulic fractures and production rate
profile and how to avoid the negative effect caused by the
fracture and inflow nonuniformity during a multicluster
hydraulic fracturing progress.26 To understand the factors that
affect the uniformity of fracture propagation and address the
associated challenges, scholars have conducted extensive
research using both numerical simulations and experiments.
Among the various approaches, a prevailing notion is that
optimizing perforation parameters, with a specific focus on
cluster spacing, can significantly enhance fracture propagation
uniformity as opposed to relying solely on a manual and rigid
“one-size-fits-all” approach.
A numerical simulation method has been developed from the

classical mathematical modeling to investigate the complicated
mechanism of fracture propagation, with the help of whichmany
impact factors and the corresponding patterns on the fracture
propagation have been concluded out. Nagel and Sanchez-
Nagel27 developed a 2D numerical model by distinct element
method (DEM) to simulate the stress shadowing effect during
fracturing and found that a reducing fracture spacing resulted in
the increasing compressing stress field and the decreasing
fracture complexity. Guo et al.28 established a 3D planner
fracture propagation model based on finite-element method
(FEM) to simulate the multifracturing and optimize the cluster
spacing for a stage example to get a high level of fracture
uniformity, and the simulation also considered significantly the
stress shadow effect. Zhao et al.29 investigated the process of
simultaneous fracture propagations and measures to improve
the fracture growing uniformity by building a pseudo 3D
boundary element model (BEM) using the displacement
discontinuous method (DDM), concluding that adjusting the
fluid partitioning and balancing the stress interference such as
interwell stress interference are the effective measures to
promote the fracture growth uniformity. However, Zhao et
al.’s study29 did not mention how to design actual engineering to
properly adjust the fluid partitioning. Wang30 presented a fully
coupled hydraulic fracturing model using cohesive zone method
(CZM), which was based on the extended finite element
method (XFEM), and studied how the fracture spacings under
different fracturing sequence patterns controlled the fracture
competition against each other. The predominant approaches

have greatly advanced numerical modeling capabilities and
expanded our understanding of multifracturing mechanisms.
This, in turn, facilitates further investigation into the effects of
additional perforation parameters on fracture propagation
uniformity, going beyond just fracture spacing or cluster
intervals.
Not only do the stress fields altered by fractures of different

spacing values have a critical impact on the propagation process
but the pressure differences between the fractures and the casing
pipe can also play a significant role in varying the fracture volume
distribution. The limited-entry method has become a widely
used technique in completion design for the fracturing wells,
whose general principle is to generate the uneven extra entry
frictions and redistribute the fluid injection volumes into each
fracture by cutting down partially or entirely the perforation
numbers of the chosen clusters, as a result of which the stress
interference among fractures can be potentially counteracted
and a uniform fracturing result can be expected.31−36 Li et al.16

employed a 3D hydro-mechanical coupled finite element model
and illustrated the impact of limited-entry designed perforation
parameters, including the perforation number and stress
shadowing on the simultaneous propagation of multiple
fractures. Li et al.16 concluded that it is possible to counteract
the stress shadow effect and improve the total fracture area by
increasing the perforation friction pressure or applying the
uneven perforation number strategy. Lu et al.37 presented a 2D
nonplanner coupled numerical model and studied the impact of
different completion schemes on multiple fracture growth,
which contains both the evenly and unevenly distributed cluster
spacings, perforation numbers, and perforation diameters. Lu et
al.’ s study37 has given a comprehensive understanding on how
the completion strategies with variety of perforation parameters
influence the multifracturing effect. However, the cluster and
perforation numbers used in Li et al.16 and Lu et al.’s37 modeling
cases appear to be fewer than those practically adopted in the
field stimulation designs in recent years. Also, numerical studies
neglect the erosion of perforation holes and the fracture
initiation asynchrony effect, which are both commonly
encountered phenomena in field engineering. Thus, there
remains a wide space of studies on both function strengthening
of numerical modeling and enrichment of perforation parameter
cases.
Although in many research studies, the mechanism of the

hydraulic fracture propagation and factors influencing the
fracture uniformity have been richly discussed, it seems that
there remains a neglected point of view on the optimization of
perforation parameters. Based on the numerical modeling
method, this paper presents how the perforation parameters
impact the propagation uniformity level of multicluster
fracturing under varied completion strategies and forms a
theoretical guidance for the purpose of an ideal hydraulic
fracturing effect and the satisfied production rates of unconven-
tional reservoir wells. In this study, a fully coupled pseudo 3D
model of multicluster fracturing is built to simulate the
simultaneous fracture propagation within a single stage. The
model is built based on the DDM (displacement discontinuity
method), which is a kind of indirect boundary element model
that has been frequently used and well tested in other previous
studies, and an algorithm of the perforation erosion effect is
coupled into the model. In addition, to simulate the fracturing
results at different perforation strategies, the other coupled
modules are added into the model including those of material
balance, the pressure transmission, the hole erosion computa-
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tion, and the initiation asynchrony estimation. Meanwhile, the
propagation uniformity index Ufm is employed to quantify the
uniformity level of the fracturing result, and the value of Ufm is
calculated by the formula modified based on Lu et al.’s work.37

Moreover, simulation results of 20 cases in total are presented to
analyze the relationships between the distribution patterns of
three types of perforation parameters (the cluster spacing, the
perforation number, and the initial perforation diameter) and
propagation uniformity indices, among which the densely
segmented fracturing cases (four limited-entry cases and three
extreme limited-entry cases) are included.
In cases where numerous pre-existing natural fractures are

present in the formation, the geometry of the propagated
fractures forms a complex network, making it challenging to
assess their uniformity. However, it is nearly impossible for
today’s techniques to give a completed and precise measurement
of the fracture network as the standard for fracturing quality
evaluation.38 Considering that this paper is focusing on
perforation optimization, the relationship between the quality
of fracture network and the well completion is not the key point
to discuss in this work but could be a good problem to be
investigated in future research.
The simulation results of the 20 cases are divided into 6

groups by different change patterns of perforation parameters,
from which 5 advices of how to optimize the perforation
parameters are concluded.

2. NUMERICAL MODELING
2.1. Model Assumptions. The numerical multicluster

fracturing model can simulate the simultaneous propagation of
multiple fractures from the perforation clusters within a single
horizontal stage of the treatment wellbore. In the model, the
fractures are designed as pseudo 3D displacement discontinuous
elements with elastic mechanical properties, whose total number
should increase with fracture propagating time. The horizontal
section of the well trajectory is considered drilling in the same
direction with the average minimum horizontal principal stress
with no vertical inclination. The fracture treating fluid, regarded
as incompressible, is pumped through a single casing pipe that
functions as the only treatment tube for a simple consideration.
The formation matrix consists of one single layer or several
layers of cubic grids containing the rock mechanical and physical
in situ properties and can be set as either a homogeneous or a

heterogeneous network. In this paper, data referring to the shale
reservoir Y at southwest of China are employed to build the
numerical strata matrix model, which is a three-layer structure
with a homogeneous minimum horizontal stress distribution
and used to simulate one fracturing stage. The well path is
located in the middle layer, and the fracture treating fluid is
injected. The well stage in the model is built using the data of
well A, which is a horizontal producing well to be completed in
reservoir Y. From top to bottom, the layer thicknesses are 6, 10,
and 7m, and the averageminimumhorizontal stresses are 72, 70,
and 73 MPa. The wellbore trajectory is located at the middle
layer with the thickness of 10 m and the average horizontal stress
of 71.6 MPa.
There are four boundary conditions considered in the

fracturing model: (a) the width of each fracture tip element is
0; (b) the pressure within each fracture tip element equals the in
situ closure stress; (c) the flow-out rate of each fracture tip
element is 0; (d) the first element of each fracture, which directly
connects the borehole, has the same amount of flow-in rate with
that of the fluid rate flowing into the corresponding perforation
cluster. In addition, the entire model is initiated with 0 length of
each fracture.38,39

2.2. Material Balance. At each time point in the fracturing
progress, the flow rate of a single fracture element must always
satisfy the material balance law, as shown in Figure 1. Within a
unit time-step, the flow-in fluid volume of a certain fracture
element equals to the sum of the fracture element volume
increment due to the increasing width, the leak-off fluid volume
through the fracture wall, and the flow-out fluid volume from
this fracture element, which can be expressed by38

q t t ah w t t q t t

q t t

( )d ( )d ( )d

( )d

t t

t

t t

t

t t

t

t t

t

in L

out

= +

+
(1)

where qin, qout, and qL, all related to time, are the fluid flow-in
rate, flow-out rate, and leak-off rate of the given element,
respectively. Moreover, a, h, and Δw are the length, height, and
time-related width increments of the fracture element,
respectively. t refers to the time that the fracture propagation
progress experiences in the simulation.Δt refers to the unit time
of the discrete propagation time. When the Δt value was set
larger, the computation would get faster while the simulation

Figure 1. Pressure transmission system coupled with fracture propagationmodel built by DDM(displacement discontinuitymethod) for a four-cluster
perforation example.
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result could be less accurate. τ is the initial time when the
corresponding fracture element starts to be exposed to the fluid.
In this way, t − τ is the time that the leak-off progress of the
corresponding fracture element experiences. The fluid leak-off
rate can be calculated using Carter leak-off model,40 which is
described as

q t hC t( ) 2 ( )L L
0.5= (2)

in which CL is the leak-off coefficient and τ is the time the
fracture element exposes to the fluid.
2.3. Pressure Transmission. The entire system of fluid

pressure transmission in the model mainly consists of the
following three parts: the pressure transmissions in the fractures,
the pressure differences existing at the perforation clusters due
to the entry frictions, and the pressure drop along the casing pipe
in the target stage of the horizontal wellbore. A four-cluster stage
example of a comprehensive pressure system is presented in
Figure 1.
First, the pressure transmission within each fracture is

governed by Poiseuille’s law, which can be expressed as41,42

p s t
s hw s t

q s t
( , ) 64

( , )
( , )3=

(3)

where p(s, t), q(s, t), and w(s, t) are the time-related fracture
pressure, fluid flow rate, and fracture width at the point of
distance s from the wellbore, respectively.
In addition, the pressure difference between the casing pipe

and the fracture at each perforation cluster is generated due to
the fluid entry friction and can be described as the following
equation:31,43

p
q

n d C
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2
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in which, Δpperf, nperf, and dperf are the pressure difference,
perforation number, and average perforation diameter of the
given cluster, respectively. In addition, qc stands for the total
fluid rate passing through the perforation holes of the given
cluster. ρ is fluid density, and Cd is discharge coefficient.
Typically, a Cd of 0.6 is assumed for new perforations, and a
value of 0.85 is assumed for fully eroded perforations.
Meanwhile, the friction between the fluid and the casing pipe

wall causes the pressure drop along the casing pipe, which can be
expressed as44

p C L qi i iw, w w, w,= (5)

in which, Δpw,i, Lw,i, and qw,i are the fluid friction pressure, well
length, and fluid flow rate of the cluster interval between the no. i
cluster and the no. (i + 1) cluster, respectively. The pressure-
drop coefficient Cw depends on the flow pattern of the fracturing
fluid and can be calculated with the following equation:

C
k n

n
d

d

2
1 3

, (power law fluid)

128
, (Newtonian fluid)

n n n

w

3 2
w

(3 1)

w
4

=

++ +
l

m
oooooooo

n
oooooooo

i
k
jjj y

{
zzz

(6)

where n’ and k’ are the flow behavior index and consistency
coefficient of the power law treating fluid, respectively.When the
treating fluid is regarded as a Newtonian fluid, n’ equals to 1 and

k’ becomes the viscosity μ. dw is the casing inner diameter, which
remains constant within a given stage.
The three parts of the pressure system directly govern the fluid

injection separation in each fracture, which has a remarkable
influence on the fracture propagating uniformity. According to
eq 4, the pressure difference of one cluster turns out to be
adjustable by changing the perforation number of one cluster
and perforation diameters. However, it should be taken into
consideration that the perforation diameters and the discharge
coefficient would change due to hole erosion during proppant
pumping progress, which could possibly cause a non-negligible
error in the final simulation result.
2.4. Elastic Propagation.When fracturing fluid starts to be

pumped into the well, fractures will initiate from multiple
clusters and then generate an induced stress field altering the in
situ horizontal stress field, which further influences the fracture
propagating direction in the rock matrix. This behavior is
considered in the numerical model, which is built by the theory
of displacement discontinuity method. The new stress field
around the fractures at each time point can be expressed as45
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where σn
i and σs

i are total normal and shear stress components,
which are generated by all the existing fracture elements, applied
on the ith fracture discrete element. Ds

j and Dn
j are normal and

shear displacement discontinuities of the jth fracture discrete
element. The elastic mechanical factorsCns

ij , Cnn
ij , Css

ij , Csn
ij and Gij

can be respectively derived with the formulas given by Crouch et
al. and Olson,45,46 the calculation of which can reference eqs
8−10.N is the total number of the fracture discrete elements at a
given time point. xi, yi, xj, and yj are the global coordinate values
of the ith and the jth fractuter unit. x̅ and y̅ are the relative
coordinate values of the ith fractuter unit in the local coordinate
system whose origin is located at the center point of the jth
fractuter unit. βj is the angle between the x̅ direction and the x
direction. a is the half-life of the fracture unit. Figure 2 gives a
direct understanding of the relative position between any two
fracture units and the physical descriptions of the variables
above.

Figure 2. Schematic of the relative position between the ith fracture unit
and the jth fracture unit. The origin of the global coordinate system is set
at the center point of the wellbore stage.
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The maximum circumferential stress criterion can be
described as in equation 11:
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in which θf is fracture tip deflection angle. KIC is the fracture
toughness value of the rock matrix. KI and KII are the mode I
stress-intensity-factor and mode II stress-intensity-factor,
respectively, which can be determined by eqs 12 and 13:47,48

K E
v a

D0.806
4(1 ) 2I n2=

(12)

K E
v a

D0.806
4(1 ) 2II s2=

(13)

where E and v are Young’s modulus and Poisson’s ratio. a is the
half length of the fracture tip element. Dn and Ds refer to the
normal and shear displacement discontinuities of the tip
element.
When eq 11 is satisfied, the fracture tip would continue to

propagate and simultaneously turn at a certain deflection angle,
which is determined by eq 14:49

K Ksin (3cos 1) 0I f II f+ = (14)

The following equation is established to decide the relation-
ship between fracture weight and fracture height, which is
modified based on the equilibrium height growth model
proposed by Zhao et al.:29
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in which w and H are the fracture width and modified fracture
height. h is the height of formation layer within which fractures
initiate and is assumed to be the fracture height before
modification. Δσc is the closure stress difference between the
fracture formation layer and its vertically adjacent layer. By
practical computation in our model, it is found that the fracture
height is easily trapped within its located formation layer due to
layer variation.
2.5. Initiation Asynchrony. The fracture shape uniformity

is influenced by not only the uneven inflow rate distribution but
also the asynchronous initiation progress as well. Ideally, all of
the fractures would simultaneously initiate when fluid is pumped
into the well. However, the fact is that some of the perforation
clusters would potentially behave a delay on fracture initiation or
even turn out to be noneffective perforation clusters generating
no fractures at all because of the impact from the formation
matrix heterogeneity along the wellbore and the fracture stress
shadow effect, which is a classical problem that is encountered
by the field engineers. Thus, it is necessary to consider the lateral
heterogeneity and simulate the initiation asynchrony phenom-
enon in the model, or the final fracture uniformity level could be
remarkably overestimated. The fracture initiation estimation
step is added before the propagation step in themodel which can
judge whether the fracture would initiate or not at each
perforation cluster and, if yes, when the fracture initiate. The
fracture initiation estimation step should always be executed
before the fracture propagation simulation at any time-step
whenever there remain clusters with no fractures.
To start the estimation, the breakdown pressure at each

perforation cluster is computed based on the input in situ stress
profile data and M.M. Hossain et al.’s formulas, which are
described as50

P v
1
4

9 3 2 ( )w H h v v H0 = [ + ]
(16)

P v
1
4

9 3 2 ( )w v h H v H90 = [ + ]
(17)

P P Pmin( , )wf w w0 90= (18)
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where Pw0 and Pw90 are breakdown pressures of perforations with
the phase angles of 0 and 90°. σv is the in situ vertical stress. Pwf is
the breakdown pressure of the given perforation cluster.
Moreover, before the simulation of the fracture propagation at
each time-step, all the noninitiated perforation clusters are
recognized and ordered by the corresponding breakdown
pressures from low to high. This order is prepared for the
fracture initiation estimation, which is a trial-and-error
procedure rather than the actual fracture initiation order
because it likely happens that the fractures with similar
breakdown pressures simultaneously initiate and there is no
such an initiation order between them. Figure 3 presents the
schematic of fracture initiation estimation processes at two types
of simulation time-steps in a four-cluster stage with the
breakdown pressures of perforation clusters and the correspond-
ing estimation order. FigurE 3a presents the estimation at the
very beginning time-step of the entire simulation; the trail
simulation runs with only one effective perforation cluster
having the lowest breakdown pressure, i.e., the first cluster in the
estimation order. The trail simulation is based on the model
coupled with the governing equations in Sections 2.1 to 2.5. An
adequate bottomhole pressure at a certain cluster is required to
keep the demanded fluid pumping rate through the perforation
holes. The bottomhole pressures are normally varied at different
perforation clusters, and once it happens at any of the other
noninitiated clusters that the computed bottomhole pressure
exceeds the breakdown pressure, the trail simulation of this time-
step would restart with one more effective perforation cluster
having the second lowest breakdown pressure. Finally, the trial-
and-error circulation of the fracture initiation estimation ends
until the entire pressure system balance is reached. A similar
process of the initiation estimation at the midway time-step is

presented in Figure 3b, in which the first trial simulation runs
with the clusters that have already initiated, and then the
bottomhole pressures and the breakdown pressures at all the
noninitiated clusters are compared. Figure 4 presents the
flowchart of initiation asynchrony progress, as indicated by
which the trail simulations should always be executed at every

Figure 3. Schematic of trial simulation processes of the fracture initiation estimation at 2 types of simulation time-steps in a four-cluster stage, where
the fracture forms in each trail simulation is not the actual final result at that time-step. (a) Estimation at the beginning time-step and (b) at the midway
time-step.

Figure 4. Flowchart of the initiation asynchrony progress, which is
executed before the fracture propagation computation at each time-
point whenever there exists clusters uninitiated.
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time-step during the entire simulation unless all the perforation
clusters get initiated.
2.6. Hole Erosion. Hole erosion happens when pumping

slurry flows through the perforation hole into the fracture, as a
result of which, the eroded edge will lead to the simultaneous
increases in both the hole diameter and discharge coefficient.51

The relationship between hole diameter, discharge coefficient,
and time can be described as eqs 19 and 20 according to
Cramer’s experiment result:52
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in which α and β are two independent perforation erosion
parameters and can be obtained by matching Cramer’s
laboratory data. η is the proppant concentration. v is the fluid
flow velocity through a single perforation hole.
According to the research of Barree,53 the perforation holes

typically erode between 0.004−0.008 in per 1000 lb (453.59 kg).
If a typical limited entry design is deployed with ideal sand
distribution, the size of each perforation would increase by 20−
40% because of the erosion.54

3. RESULTS AND DISCUSSION
It is believed that with the more uniform fractures result in the
higher stimulated reservoir volume and the larger area of the
reservoir connected with fractures, to reach the goal of which a
reasonable design of hydraulic fracturing needs to be seriously
concerned.29,37,55,56 However, besides the applicable fracturing
treatment schedule, optimization of the cluster perforation
parameters trend to be non-negligible in today’s hydraulic
fracturing design for the purpose of creating uniform fractures,
including the techniques of limited-entry perforation and
extreme limited-entry perforation, which have been globally
used in stimulations of unconventional oil and gas reservoirs.
Based on the numerical model built in Section 2, this section
presents the estimation of fracture propagating uniformities
impacted by the cluster perforation parameters including the
cluster spacing, perforation number per cluster, and the
perforation diameter, which are either evenly or unevenly
distributed along the wellbore. With the help of the multicluster
fracturing model, the fracturing simulation results of the
horizontal well A under different perforation schedules are
presented and discussed. For the sake of a clear way to estimate
the fracturing simulation results, the fracture propagating
uniformity in each simulation case is quantized as the modified
fracture uniformity index, which is expressed as
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where Vi and V̅ are respectively the single fracture volume from
the ith cluster and the average fracture volume within the target
stage. N is the total number of fractures. The modified fracture
uniformity indexUfm is between 0 and 1. TheUfm value closer to
1 indicates better fracture propagating uniformity. Equation 21

is modified based on Lu et al.’s paper37 in which the uniformity
index Uf is expressed as the relative mean deviation of the
fracture volumes within a stage. The advantage of the modified
uniformity index applied in this paper is that the impact of the
total number of fractures is concerned. Specially, the “fracture
uniformity index” terms in this paper all refer to the modified
fracture uniformity index Ufm without any declarations.
Table 1 gives the general input parameters used in all of the

modeling cases, and Table 2 lists the detailed modeling cases

with various factors influencing the fracture uniformity index.
The data in Table 1 are employed referring to the shale reservoir
Y. There are 20 eight-cluster modeling cases in total to be
presented which are divided into six groups by influencing

Table 1. General Input Data of Modeling Cases

parameter value unit

Young’s modulus 45 GPa
Poisson’s ratio 0.25
average minimum horizontal stress 70 MPa
average maximum horizontal stress 84 MPa
average depth of the fractured layer 2042 m
formation pressure gradient 0.027 MPa/m
height of hydraulic fractured layer 10 m
injection rate 14 m3/min
fluid viscosity 2 mPa·s
fluid density 1100 kg/m3

proppant concentration 413 kg/m3

casing pipe diameter 0.139 m
stage length 66 m

Table 2. List of Modeling Cases (Eight Clusters)

case
clusterspacing

(m)
perforation
number

initial perforation
diameter (mm)

parameter
distribution

a-1 5 16 7 even
a-2 8 16 7 even
a-3 12 16 7 even
a-4 15 16 7 even
b-1 5 | 5 | 8 | 8 | 12 |

12 | 15
16 7 uneven

b-2 5 | 5 | 15 | 15 |
15 | 5 | 5

16 7 uneven

b-3 5 | 8 | 12 | 15 |
12 | 8 | 5

16 7 uneven

b-4 5 | 15 | 5 | 15 | 5
| 15 | 5

16 7 uneven

c-1 5 8 7 even
c-2 5 4 7 even
c-3 8 8 7 even
c-4 8 4 7 even
d-1 8 2 _ 2 _ 2 _ 3 _ 3

_ 4 _ 4 _ 4
7 uneven

d-2 8 2 _ 2 _ 2 _ 3 _ 3
_ 3 _ 3 _ 3

7 uneven

d-3 8 2 _ 2 _ 2 _ 3 _ 3
_ 2 _ 2 _ 2

7 uneven

e-1 8 16 10 even
e-2 8 16 14 even
f-1 8 16 7 _ 7 _ 7 _ 14 _ 14

_ 7 _ 7 _ 7
uneven

f-2 8 16 14 _ 14 _ 14 _ 7 _ 7
_ 14 _ 14 _ 14

uneven

f-3 8 16 7 _ 7 _ 7 _ 10 _ 10
_ 14 _ 14 _ 14

uneven

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06416
ACS Omega 2024, 9, 675−691

681

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


factors to be analyzed individually. For the cases in Table 2, each
parameter is set as either a single value or a character string
composed of values and symbols. The single values represent the
evenly distributed parameter values set for all of the clusters in
the corresponding cases. The unevenly distributed values
separated by short vertical bar symbols or short underline
symbols represent unevenly distributed parameter values. The
short vertical bar symbols represent the clusters, and the short
underline symbols represent the spacings between any two
adjacent clusters. Among a certain character string, the most left

number indicates the parameter value set for the first cluster or
cluster spacing within the stage counted from the toe side of the
wellbore.
3.1. Single Case Analysis. There are eight clusters in the

modeling case a-1 with seven evenly distributed spacings of 15
m, and each cluster is set with 16 perforation holes. It is clear
from 5a that fractures close to the stage center are shorter than
the others. 5b displays the fracture volume percentage
differences between the eight fractures and the related initiation
pressure, in which the no. 1 fracture corresponds to the first

Figure 5. 3D view (a) and fracture volume distribution (b) of the eight-cluster modeling result case a-1, in which the evenly distributed cluster spacing
is 5 m and the perforation numbers are all 16 per cluster.

Figure 6. 3D views of case a-2 to case a-4 modeling results.

Figure 7.Distributions of fracture volume percentages and fracture uniformity indices of case a-1 to case a-4 with evenly distributed cluster spacings, of
which the cluster spacings are 5, 8, 12, and 15 m, respectively.
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fracture counted from the heel side of the wellbore and the no. 8
fracture is the closest to the toe side. In Figure 5, the no. 4 and
no. 5 fractures with the highest initiation pressures suffer the
strongest resistance effect during propagating for not only the
stress shadow effect but more significantly the initiation
asynchrony. The fracture uniformity index Ufm of case a-1 is
0.77, which indicates that there is still a potential to optimize the
cluster perforation design to obtain more uniform fracture
propagation.
3.2. Cluster Spacing.Cases of a-1 to a-4 are taken as a group

to help analyze the influence of varied even cluster spacings on
the fracture uniformity index Ufm. The perforation numbers in
the 4 cases are set the same as 16 per cluster and the initial
perforation diameters are all 7 mm. The cluster spacing of cases
a-1 to a-4 are set as 5, 8, 12, and 15m, respectively, among which
5 and 8 m can be identified as densely segmented perforation.
From the simulation results and fracture uniform indices of cases
a-1 to a-4, as presented in 6 and 7, it can be found that the
gradually enlarged cluster spacings result in the increased
fracture uniformity index and weakening diversity of fracture
volume distribution. The reason is that the closer fracture

spacing generates the heavier stress interference, which causes
the higher extra closure pressure applied on the central fractures
with a preventing effect on fracture propagation. Under the
condition of even-distribute cluster spacing, an enlarged spacing
can improve the fracture uniformity index by over 20%.
However, when the spacing adds to a certain degree the impact
on the fracture uniformity index gets limited. As indicated in 6,
the fracture uniformity index increment from case a-3 to case a-4
can be almost neglected.
In order to investigate how the uneven-distributed cluster

spacings influence the fracture uniformity index, four types of
distribution modes of cluster spacings are established and used
in the cases of b-1 to b-4. In case b-1, the clusters are arranged in
an increasing order from the heel side to the toe side, which is “5 |
5 | 8 | 8 | 12 | 12 | 15”. In case b-2, the distribution mode of “wide
in center but narrow on sides” is applied, which is “5 | 5 | 15 | 15 |
15 | 5 | 5”. In case b-3, the cluster spacings arrange in the mode of
“decreasing from center to two sides”, which is 5 | 8 | 12 | 15 | 12 |
8 | 5. For case b-4, the cluster-spacings distribute in the mode of
“circulation with a large one and a small one”, which is “5 | 15 | 5 |
15 | 5 | 15 | 5”. Figures 8 and 9 display the 3D views of cases b-1 to

Figure 8. 3D views of cases b-1 to b-4 modeling results.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06416
ACS Omega 2024, 9, 675−691

683

https://pubs.acs.org/doi/10.1021/acsomega.3c06416?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06416?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06416?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06416?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


b-4 modeling results and the relationship between the
distribution mode of cluster spacing and the fracture uniformity
index Ufm, respectively, in which mode of case b-3 generates the

most uniform fractures (Ufm = 0.94) while the gradually
increased arrangement mode of case b-1 results in the lowest
uniformity (Ufm = 0.89). The increment ofUfm between cases b-

Figure 9.Distributions of fracture volume percentage and fracture uniformity indices of cases b-1 to b-4 with unevenly distributed cluster spacings, of
which the spacing distribution modes are “5 | 5 | 8 | 8 | 12 | 12 | 15″, “5 | 5 | 15 | 15 | 15 | 5 | 5″, “5 | 8 | 12 | 15 | 12 | 8 | 5″, and “5 | 15 | 5 | 15 | 5 | 15 | 5”,
respectively.

Figure 10. 3D views of case c-1 and case c-2 modeling results.

Figure 11. Fracture volume percentage distributions and fracture uniformity indices of cases a-1, c-1, and c-2 with the same cluster spacing of 5 m and
even perforation numbers, of which the perforation numbers are 16, 8, and 4.
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3 and b-1 is 5.6%. By comparing the “b” group (uneven-
distributed cluster spacings) to the “a” group (even cluster
spacings), it is hard to say there is an advantage for one group
over the other one, but it can provide a reference for engineers to
choose a spacing distribution pattern according the actual well
log data and the demand of dense-segment. Taking an example
of a horizontal well that has a general even TOC profile, the
spacing mode of “decreasing from center to two sides” might be
a good choice.

3.3. Perforation Number. First, cases of varied perforation
numbers (case a-1, case c-1, and case c-2) are investigated, in
which the cluster spacings are all set as even-distributed 5 m and
the initial perforation diameters are all 7 mm. Figure 10 gives the
modeling results of cases c-1 and c-2. Figure 11 displays the
distribution of fracture volume percentages and the fracture
uniformity indices of cases a-1, c-1, and c-2, which are set as 16,
8, and 4 perforations per cluster, respectively. It can be seen that
the decreasing perforation number causes the increasing Ufm,
and case c-2 with a perforation number of 4 perforations per

Figure 12. 3D views of cases c-3 to c-4 modeling results.

Figure 13. Fracture volume percentage distributions and fracture uniformity indices of cases a-2, c-3, and c-4 with the same cluster spacing of 8m and
even perforation numbers, of which the perforation numbers are 16, 8, and 4.

Figure 14. 3D views of cases d-1 to d-3 modeling results.
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cluster, which can be identified as a limited-entry perforating
case, generates the most uniform fractures. Under the condition
of dense-segment perforation, the Ufm of case c-2 is 16.9% over
that of case a-1. It can be explained in eq 4 that the pressure
difference between the casing pipe and the fracture would be
improved as the perforation number is limited, which could
positively balance the injection volume of fracturing fluid into
each fractures. Another group of cases with larger even cluster
spacings of 8m are analyzed (Figures 12 and 13) as well, and
likewise the limited-entry perforating case c-4 with 4 perforation
number per cluster has the highest Ufm. The Ufm of case c-4 is
6.7% over that of case a-2. In this way, as the cluster spacing
increases, the benefit of limiting the perforation number would
shrink.
In addition, the uneven distribution modes of perforation

number under the extreme limited-entry condition are analyzed.
Cases d-1, d-2, and d-3 are taken as a group, and all the cases are
set an average perforation number of around 3 perforations per
cluster, respectively. Figure 14 presents the 3D views of cases d-1
to d-3 modeling results. In case d-1, the perforation number is
set in a general increasing order from the toe side to the heel side,
which is “2 _ 2 _ 2 _ 3 _ 3 _ 4 _ 4 _ 4”. In case d-2, only the
clusters of one side are perforated in a lower number than those

else, which is “2 _ 2 _ 2 _ 3 _ 3 _ 3 _ 3 _ 3 _ 3”.While in case d-3,
perforations are arranged in the mode of “more in center but
fewer at sides”, which is “2 _ 2 _ 2 _ 3 _ 3 _ 2 _ 2 _ 2”. The
fracture volume percentage distribution and fracture uniformity
indexUfm are displayed in Figure 15, from which it can be found
that case d-3 has the highest Ufm, but only 2.4% over the lowest
that of case d-1. In addition, the Ufm values of the “d” group, in
which the perforation numbers are unevenly distributed, are
averagely 11.4% lower than those of cases a-2, c-3, and c-4, which
have evenly distributed perforation numbers. It is normal for a
homogeneous reservoir model because the unevenly distributed
perforation numbers can easily cause a high in-flow rate cluster
with a superior differential pressure than others.
3.4. Initial PerforationDiameter. It is clear from eq 4) that

the perforation diameter can be a factor whose variation will lead
to the change of pressure difference between the casing pipe and
the fracture in addition to the perforation number. In order to
investigate the relationship between perforation the hole
diameter and fracture uniformity index, the even distribution
group of cases a-2, e-1, and e-2, as well as the uneven distribution
group of cases f-1 to f-3, are both computed. Since the
perforation diameter will be enlarged as a result of the hole
erosion, the initial perforation diameter is applied in every cases

Figure 15. Fracture volume percentage distributions and fracture uniformity indices of cases d-1 to d-3 with the same cluster spacing of 8m and uneven
perforation numbers, of which the perforation number distributionmodes are “2 | 2 | 2 | 3 | 3 | 4 | 4 | 4″, “2 | 2 | 2 | 3 | 3 | 3 | 3 | 3 | 3″, and “2 | 2 | 2 | 3 | 3 | 2 | 2
| 2”, respectively.

Figure 16. 3D views of cases e-1 to e-2 modeling results.
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instead of the dynamic perforation diameter value. The
perforation diameters set for cases e-1 and e-2 are 10 and 14
mm. The distribution modes of perforation diameters applied in
cases f-1 to f-3 are “large in center but small at sides” mode,
“small in center but large at sides” mode, and “general increasing
from toe side to heel side”mode, which are “7 _ 7 _ 7 _ 14 _ 14 _
7 _ 7 _ 7″, “14 _ 14 _ 14 _ 7 _ 7 _ 14 _ 14 _ 14″, and “7 _ 7 _ 7 _
10 _ 10 _ 14 _ 14 _ 14”, respectively. In the even distribution

group, as shown in Figures 16 and17, Ufm changes in a negative
correlation with the initial perforation diameter. The Ufm value
of case e-2 is 7.8% lower than that of case a-2. In the uneven
distribution group, as shown in Figures 18 and 19, case f-1 gets
the lowest Ufm, which is arranged with the most uneven initial
perforation diameters. TheUfm of case f-1 is 4.4% lower than that
of case f-3, and the average Ufm of “f” group is 23.4% lower than
that of cases a-2, e-1, and e-2. The simulation results on various

Figure 17. Fracture volume percentage distributions and fracture uniformity indices of cases a-1, e-1, and e-2 with the same cluster spacing of 8 m, the
same perforation number of 16 per cluster, and even initial perforation diameters, of which the initial perforation diameters are 7, 10, and 14 mm,
respectively.

Figure 18. 3D views of cases d-1 to d-3 modeling results.

Figure 19. Fracture volume percentage distributions and fracture uniformity indices of cases f-1 to f-3 with the same cluster spacing of 8 m, the same
perforation number of 16 per cluster, and uneven initial perforation diameters, of which the distribution modes of initial perforation diameters are “7 _
7 _ 7 _ 14 _ 14 _ 7 _ 7 _ 7″, “14 _ 14 _ 14 _ 7 _ 7 _ 14 _ 14 _ 14” and “7 _ 7 _ 7 _ 10 _ 10 _ 14 _ 14”, respectively, and the units are all “mm”.
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initial perforation diameters indicate that it would be better to
apply the single perforating charge in small size under a certain
condition in order to gain a fracturing result of high uniformity.

4. FIELD APPLICATION
Well A was chosen as the application well of the perforation
optimization method in this paper. Wells B, C, D, E, and F were
the horizontal producing wells adjacent to well A in the same
field (reservoir Y). The designed fracturing section of well A was
1647m long, with 22 fracturing stages. The amount of fracturing
fluid in a single stage was 1800 m3, with an average fluid volume
of 30.2 m3/m and an average proppant mass of 3.1 t/m. The
main pumping rate was controlled to not less than 14m3/min. In
the actual perforation design progress, more related data were
referred to such as TOC profile and brittleness index log, as a
result of which, the optimized perforation parameters of each
stage were mostly unevenly distributed. The field application of
the perforation optimization method on well A achieved a
success with good fracturing and postfrac production results.
4.1. Microseismic Monitoring. The stages no. 12−no. 22

of well A were selected as test stages to apply the perforation
optimization method in this paper. On the one hand, the 11 test
stages, all were treated by unevenly distributed perforation
clusters with the average cluster spacing of 8 m under the
principle of “dense-segment”. On the other hand, the
perforation number of each cluster was designed as a range of
2 to 4 by adopting the extreme limited-entry technique, and the
actual perforation number at each cluster was decided by the
breakdown pressure profile for a balanced injection rate as far as
possible. The stages no. 1 to no. 11 of well A1 were empirically
designed with even-distributed perforation parameters. Figure
20 demonstrates the microseismic monitoring result of the
fractures and the interpreted SRV statistical chart of well A1. 3
gives the detailed treatment data and interpreted SRV of each
stage in well A. It can be found that all the testing stages (no. 12
to no. 22) designed at the guidance of the perforation
optimization method in this paper appear generally higher
SRV values than the nontesting stages (no. 1 to no. 11), and the

average SRV of the testing stages is over twice that of the
commonly treated stages.
4.2. Postfrac Production.The gas production performance

of Well A for the first two years after hydraulic fracturing is
shown in Figure 21. The average daily gas production rate of well
A is 8.88 × 104 m3 per day, and the cumulative gas production
reached 6.32 × 106 m3. The production data of well A indicates
the capability of continuable and stable gas production. A

Figure 20. Fracture microseismic monitoring result and interpreted SRV statistical chart of well A1

Table 3. Treatment Data and Interpreted SRV of
Microseismic Events of Well A1

injection
rate

treating
pressure

fluid
volume

proppant
mass SRV

stage (m3/min) (MPa) (m3) (t)
(106
m3)

1 11−13.5 76−80 1935.9 180.12 1.9
2 14 70−73 1877 135.37 3.3
3 14 75−80 1996.7 196.38 3.1
4 14 70−76 1981 205.47 5.6
5 12−14 76−84 1888.2 200.03 2.5
6 14 74−78 1878 205.29 5.5
7 14 74−80 1923 202.52 2
8 14 71−75 1986 200 7.4
9 14 74−76 2096 200.02 9.6
10 14 71−73 1816.5 221.17 10.4
11 14 72−75 1981.2 200.08 6.2
12 14 72−75 1979.6 182.24 18.1
13 14 70−73 1975.5 210.3 18.8
14 14 70−73 1990 210.06 18
15 14 70−73 2031.7 200.88 22.3
16 14 68−72 1957.3 210.57 12.1
17 14 69−74 2195.1 195.19 17.6
18 14 73−76 1938.5 210.03 7.6
19 14 69−72 1994 210.91 8.7
20 14 66−70 1817.5 210.21 3.2
21 14 65−67 1805.8 210.67 3.9
22 14 65−73 1988 206.74 5.1

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06416
ACS Omega 2024, 9, 675−691

688

https://pubs.acs.org/doi/10.1021/acsomega.3c06416?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06416?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06416?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06416?fig=fig20&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


comparison of the average daily gas production rate among well
A and the five adjacent wells is illustrated in 22, fromwhich it can
be found that well A performs the most superior production
capability.

5. CONCLUSIONS
In this study, we present a perforation optimization method for
shale gas horizontal wells, utilizing pseudo-3D numerical
simulations of multicluster fracturing. Our multicluster fractur-
ing numerical model not only accommodates the fundamental
functions of simultaneous fracture propagations and balance in
inflow rates but also incorporates the hole erosion process and
considers the initiation asynchrony effect. Furthermore, we
investigate the influencing patterns of cluster spacing,
perforation number, and initial perforation diameter on the
fracture propagation uniformity index by analyzing simulation
results from 20 cases with varying input perforation parameters.
The expression for the fracture propagation uniformity index is
modified to account for the impact of the total number of
fractures.
Based on the numerical modeling results and case discussions,

we derive theoretical guidance for optimizing perforation
parameters to achieve uniform fracture propagation in multi-
cluster fracturing wells:

a) Under basic design requirements, it is recommended to
arrange cluster spacings in a distribution mode of

“circulation with a large one and a small one,″ with an
average cluster spacing as large as possible.

b) While ensuring satisfaction of provided pumping
pressure, adopting a limited-entry or extreme limited-
entry design helps improve fracture propagation uni-
formity. However, the distribution mode of perforation
numbers depends on well log data such as TOC profile
and brittleness index log.

c) In cases where a certain cluster exhibits an easily biased
inflow rate and poor fracture propagation uniformity, a
small perforation hole is recommended.

The interpreted fracturing results and postfracturing
production data from well A validate the feasibility of the
perforation optimization method outlined in this paper for
enhancing fracture uniformity. Nevertheless, the practical field
presents challenges due to highly heterogeneous rock properties
and complex natural fractures, which impact the accuracy of
perforation parameter optimization. As engineers continue to
seek advancements in reservoir stimulation and well completion,
there exists substantial potential for functional evolution in the
numerical simulation of hydraulic fracturing. Moreover,
enriching the number of cases exploring the relationship
between the perforation parameters and fracturing results is
essential.

Figure 21. Daily gas production and cumulative gas production of well B.

Figure 22. Average daily gas production rate of well A and adjacent wells.
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