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Keywords: To improve understanding of proppant transport mechanisms in complex fracture networks, a field-scale model
Multiphase particle-in-cell method based on the Multiphase Particle-in-Cell (MP-PIC) method was developed using fracture geometries derived from
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real shale outcrops and validated against experimental data. Results indicate that: (1) intense vortex formation
during early-to-mid injection stages or at high flow rates exacerbates the longitudinal heterogeneity of proppant
distribution. (2) In the near-wellbore zone, the synergistic effects of fracture width variations, high flow ve-
locities, and natural weak planes drive proppants to migrate preferentially along paths aligned with the
maximum and minimum principal stress directions, forming a dual-channel transport pattern. (3) The volume of
proppant entering secondary fractures decreases with distance from the injection point, and the proppant dune
height within dominant channels exhibits stepwise attenuation. Larger intersection angles between secondary

* Corresponding author.
E-mail address: 202515000006 @stu.swpu.edu.cn (Y. Wang).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.partic.2026.05.021

Received 2 March 2026; Received in revised form 19 May 2026; Accepted 29 May 2026

Available online 6 June 2026

1674-2001/© 2026 Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of Sciences. Published by Elsevier B.V. All rights are
reserved, including those for text and data mining, Al training, and similar technologies.



Q. Wang et al.

Particuology 115 (2026) 277-291

and main fractures hinder proppant migration. (4) Smaller proppant size and lower density improve the planar
sweep and distribution uniformity coefficients, while increased fracturing fluid viscosity extends the proppant
sweep range and further improves uniformity; high injection rates promote long-distance proppant transport and
broader coverage but may reduce uniformity, leading to sparse proppant distribution and necking at fracture
mouths. These findings provide quantitative guidance for optimizing hydraulic fracturing designs.

1. Introduction

Hydraulic fracturing is a pivotal technique for the development of
unconventional oil and gas resources, with shale gas serving as a prime
example. High-volume proppant fracturing is widely employed to ach-
ieve commercial viability in these reservoirs. This technology inherently
comprises two coupled processes: high-pressure fluid injection to
initiate and propagate fractures, and the subsequent transport and
placement of proppants to mechanically sustain the created fracture
aperture (He et al., 2021; Ma & Xie, 2018; Zhao et al., 2024). The former
establishes the necessary conduits, while the latter prevents fracture
closure, thereby creating highly conductive flow paths for hydrocarbon
extraction. The synergy between these processes is paramount for
ensuring optimal fracturing efficacy. Despite its widespread application,
significant engineering challenges persist, largely stemming from the
complex geological characteristics of shale reservoirs. The activation of
natural weak planes during the fluid injection stage frequently generates
highly intricate fracture networks (Hu et al., 2021, 2025; Wang et al.,
2024a, 2025; Wang et al., 2024b; Zhou et al., 2026), which significantly
complicates the subsequent proppant transport. Because effective
proppant placement directly dictates the ultimate fracture con-
ductivity—a primary determinant of hydraulic fracturing success—a
comprehensive understanding of proppant transport dynamics within
these complex networks is indispensable. However, existing research in
this domain remains insufficient, and field-scale fracturing designs often
lack robust scientific guidelines, particularly concerning the optimiza-
tion of injection rates, proppant selection, and overall treatment scale.
Consequently, developing realistic fracture network models and con-
ducting targeted investigations into proppant transport mechanisms are
of critical importance.

To elucidate the transport behaviors and placement mechanisms of
proppants within hydraulic fractures, extensive research has been con-
ducted through both laboratory experiments and numerical simulations
(Yao et al., 2022), as summarized in Table 1.

Most studies on proppant transport have traditionally relied on
laboratory experiments with simplified setups to investigate variables
like proppant properties and fracture width (Clark & Guler, 1983; Daniel
& Ingrid, 2019; Denney, 2010; Qu et al., 2022; Sahai et al., 2014; Bahri
& Miskimins, 2021). Despite providing foundational insights, these
laboratory models often struggle to replicate the intricacies of complex
fracture networks due to scale limitations. To overcome these con-
straints, scholars have increasingly turned to numerical simulations.
Early numerical efforts, such as the finite difference approach by Cleary
et al. (1993), identified that proppant bridging and plugging are highly
localized at fracture intersections, which can be mitigated by alternating
slurry concentrations. Subsequent 3D CFD and Euler-Euler modeling
has further elucidated the extreme sensitivity of settling patterns and
two-phase flow dynamics to fluid velocity and proppant density (Tsai
etal., 2013; Zhang et al., 2014). By integrating discrete phase modeling
with experimental data, researchers like Tong and Mohanty (2016) and
Han et al. (2016) have characterized the stratified flow regions within
fractures and the sensitivity of proppant-packed layers to fluid pressure.
Hou et al. (2022) combined experiments with deep learning to investi-
gate alternating slurry injection at the field scale, showing that it induces
proppant ridge formation, with the pump rate being the key factor
influencing ridge height.

As actual reservoir fractures are typically multi-branched rather than
idealized, research has increasingly pivoted toward multi-stage systems.
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Li et al. (2017) found that increasing the branching angle makes slurry
entry into branches significantly more difficult, thereby reducing sand
bed height. Following this, Kong and McAndrew (2017) developed a
Euler-Euler multiphase flow model via CFD, identifying fracture width,
fluid viscosity, and sand load as the primary drivers of proppant distri-
bution. Focusing specifically on microscopic transport mechanisms,
Yang et al. (2019) introduced a Euler multiphase model for small-scale
fracture network simulations. To address even higher structural
complexity, Zeng et al. (2022) developed a numerical model using the
Euler-Lagrange method for a three-tier fracture system, specifically
examining operational factors. Zhao et al. (2024) conducted CFD sim-
ulations, which revealed that proppants tend to settle at the mouth of the
main fracture, with smaller branching angles facilitating entry into the
network.

Despite these efforts, many models still rely on simplified planar
geometries or regular network patterns, often overlooking the curved
trajectories and structural weak planes inherent in shale reservoirs (Yu
et al., 2019). These irregular features directly dictate placement effi-
ciency in non-planar fractures. To address this, Gong et al. (2020)
incorporated fracture non-planarity and surface roughness into a CFD
model, demonstrating that rough surfaces significantly impede transport
velocity. Nilzon and Hu (2023) further applied the kinetic theory of
granular flow (KTGF) to study curved fractures, emphasizing the
coupled effects of diameter and fluid viscosity. However, even these
advanced representations remain largely confined to small-scale do-
mains. There remains a critical need for models that can fully capture
proppant transport behaviors at the true field scale without sacrificing
the complexity of real fracture geometries.

In summary, traditional CFD-DEM methods are limited by the
immense computational cost at the particle level, making large-scale
simulations difficult, while Eulerian-Lagrangian methods have
inherent limitations in handling irregular boundaries and high-
concentration particle collisions. Although previous MP-PIC studies
have improved computational efficiency, most remain confined to
simplified micro- or experimental-scale geometric models. This study
aims to specifically overcome three core limitations of previous research
by: (1) discarding conventional orthogonal or regular models and
directly constructing a physical fracture network model based on high-
definition images of real shale outcrops; (2) preserving the curvature
and bending characteristics of real fracture surfaces during meshing to
investigate the disturbances caused by actual wall morphologies on the
flow field and proppants; and (3) breaking through the computational
cost bottleneck to successfully expand the multiphase flow computa-
tional domain to the field scale, thereby meeting the engineering re-
quirements for high-precision and low-cost simulation of proppant
transport.

To this end, this paper applies a three-dimensional MP-PIC (Multi-
phase Particle-in-Cell) model to complex large-scale problems and in-
troduces two evaluation indices, the proppant planar sweep efficiency
and the planar sweep uniformity coefficient, achieving efficient simu-
lation of the entire process of proppant transport, settlement, and
accumulation in field-scale fracture networks. Specifically, first, taking
real rock outcrops as a reference, the complex geometric morphology of
the fracture network is finely delineated using real rock outcrops as a
reference. Second, a localized small-scale fracture network model is
selected from the complex physical model to focus on the dispersion and
accumulation characteristics of proppants within the main fractures,
bedding fractures, and secondary fractures, thereby revealing the
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Literature review of proppant transport simulation.
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Literature Method Fracture type Scale Injection Research parameters
rate
Han et al. (2016) Computational fluid dynamics Multi secondary 65.6 ft x 39.4 ft x 54 bbl/min Fluid viscosity; Proppant density; Injection rates;
(CFD) model fractures 0.02 ft Proppant diameter
Tong and Mohanty Hybrid Eulerian-Lagrangian model, = Multi secondary 0.381m x 0.0762m  0.1-0.3 m/s Shear rate; Bypass angle; Sand size
(2016) and Dense Discrete Phase Model fractures x 0.002 m
(DDPM)
Li et al. (2017) Plexiglas plate fracture model, and ~ Multi secondary 2m x1mx 0.004m  0.3-0.6m>/h  Proppant diameter; Sand ratios; Injection rate;
ANSYS Fluent software fractures Secondary-fracture angle
Kong and CFD method based on Euler- Euler Multi secondary 10 m x 2.7 m X 3-6 m/s Fracture shapes; Fluid viscosity; Fracture width;
McAndrew Model fractures 0.006 m Proppant size; Proppant density; Proppant load;
(2017) Injection rate
Hu et al. (2018) Eulerian-Eulerian model Single straight 100 m x 40 m x 0.013- Fluid viscosity; Proppant injection rate; Fracture
fracture 0.002 m 0.065 m%/s height; Proppant concentration
Roostaei et al. Eulerrian-Lagrange model Fixed rectangular 5mx5m x 1.325 lit/s Proppant diameter; Fluid viscosity; Elliptical slot;
(2018) and elliptical 0.003 mm Buoyancy number
fractures
Zeng et al. (2019) 2D Eulerian-Lagrangian framework  Single straight 300m x 25 m x 0.5 m®/min Proppant density; Proppant diameter; Fluid
based on MP-PIC method fracture 0.002 m viscosity; Fluid flow rate
Yang et al. (2019) Eulerian multiphase model Complex fracture 2m x 0.6 m x 0.6-1 m/s Proppant density; Proppant diameter; Proppant
network 0.006 m concentration; Fracture types
Siddhamshetty 3D MP-PIC model Single straight 180 m x 30 m x 10 bbl/min Proppant diameter; Injection time
et al. (2020) fracture 0.00762 m
Gong et al. (2020) CFD method based on Euler-Euler Multi secondary 9.1m x 6.1 m x 3m/s Fracture geometry; Surface roughness; Secondary
model fractures 0.003 m and tertiary fracture angle
Xiao et al. (2021) Visual tablet model Multi secondary 4mx 0.5m x 1-4 m®/h Pumping rate; Fluid viscosity; Proppant diameter;
fractures 0.006 m Proppant concentration; Secondary-fracture angle;
Injection time
Qu et al. (2021) Acrylic sheet model Nonplanar fracture 1.5m x 0.27 m x 0.21- Particle size; Particle density; Offset section; Fluid
with bends 0.004 m 0.42 m/s velocity; Particle types
Injection time
Tatman et al. DLP technology to 3D print fracture =~ Multi secondary 4 ft x221in x0.198in 15 gal/min Proppant diameter; Secondary fracture location
(2022) networks fractures
Zeng et al. (2022) CFD method based on Euler- Multi secondary 1.2m x 0.3 mx 0.2-0.4 m/s Injection rate; Proppant concentration; Fluid
Lagrange model fractures 0.006 m viscosity; Proppant size; Fracture width
Zhou et al. (2023) Two fluid method Rough single fracture  4m x 0.3mx0.0lm 10 L/min Fracture morphology; Fracture aperture; Fracture
mated state
Nilzon and Hu Hybrid CFD model combined with Complex fracture 2m x 0.0762 mx 0.1-0.5 m/s Proppant diameter; Fluid velocity Fluid viscosity
(2023) the kinetic theory of granular flow  network 0.002 m
(KTGF)
Li, (2024); Li et al. CFD-DEM coupling method Tortuous single 0.2m x 0.1 m x 0.4 m/s Fracture type; Inclination angle; Injection velocity;
(2024) fracture 0.009 m Proppant density; Proppant radius; Fracture width;
Proppant concentration
Zhao et al. (2024) CFD method based on Euler- Euler Multi secondary 4m x 0.16 m x 0.75-1.5m/s Branch fracture position; Main-branch fracture
model fractures 0.004 m angle; Fracture inclination angle; Injection velocity
Zhou et al. (2024) CFD-DEM coupling method Rough single fracture 0.3 m x 0.05 m x 0.05-0.2m/s  Proppant diameter; Injection velocity; Fractal
0.001 m dimension; Graded injection
Gong et al. (2024) CFD-DEM coupling method Single fracture 0.14m x 0.04 m x 0.2m/s Proppant diameter; Cohesion energy density; The
0.005 m critical ratio of the fracture width to the mean
proppant; Fluid leak-off
Zhang et al. (2025)  Novel hybrid CFD-DEM model Complex fracture 0.05m x 0.03mm x 0.1 m/s Number of BFs; Roughness of BFs
network 0.008 m
Yang et al. (2025) Eulerian-Eulerian method Complex fracture 300m x 50 m x 0.15- Proppant diameter; Injection rate; Approach angle;
network 50 m 0.35m%/min  Stress difference
Liu et al. (2025) Eulerian-Eulerian method Complex fracture 600 m x 400 m x 0.05 m®/s Proppant diameter; Proppant type; Reservoir

network

50 m

temperature

microscopic transport mechanisms in non-planar fracture networks.
Finally, based on the constructed model, the effects of different opera-
tional parameters (fracturing fluid viscosity and injection rate) and
material parameters (proppant diameter and density) on the transport
mechanisms and patterns within the fracture network are systematically
investigated. The research findings can provide a theoretical reference
for parameter optimization and process design in large-scale propped
fracturing treatments of shale reservoirs.

2. Methodology
The Multiphase Particle-in-Cell (MP-PIC) method, originally pio-

neered by Andrews and O'Rourke, is an advanced numerical technique
for simulating particle-fluid interactions (Andrews & O’Rourke, 1996;

O'Rourke & Snider, 2010). It mathematically groups the discrete particle
phase into computational “parcels” to efficiently resolve interphase in-
teractions, as illustrated in Fig. 1. By combining strict physical conser-
vation laws with high computational efficiency, the MP-PIC method is
uniquely suited for simulating complex systems such as multiphase
flows and dense particle transport phenomena (Mao et al., 2019;
Patankar & Joseph, 2001; Tsai et al., 2013; Wang et al., 2026; Zeng
et al., 2019). In this study, the proppant transport model is formulated
within a hybrid Eulerian-Lagrangian multiphase flow framework, which
simultaneously governs the fluid and particle phases. Specifically, the
fluid phase is resolved as a continuous medium using the Eulerian
approach, while the particle phase is explicitly tracked via a Lagrangian
method. This fully coupled approach accurately captures both the
macroscopic fluid hydrodynamics and the microscopic proppant
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Particles with the same
density, volume,
velocity, and position

Fig. 1. Schematic diagram of the solution approach for Particle-in-Cell method
with parcels.

transport dynamics within the complex fracture flow fields (Mao et al.,
2021).

2.1. Model assumptions and boundary conditions

2.1.1. Model assumptions

To effectively balance computational efficiency and simulation ac-
curacy for large-scale complex fracture networks, the MP-PIC mathe-
matical model established in this study is based on the following key
assumptions.

(1) Fluid Phase: The fracturing fluid is assumed to be an incom-
pressible Newtonian fluid, and temperature variations during the
transport process are ignored.

(2) Particle Phase: Proppant particles are treated as rigid spheres. All
particles within the same computational parcel share identical
properties, including density, diameter, and velocity.

(3) Interphase Interactions: The deformation of proppant particles
caused by compressive forces is neglected; only momentum ex-
change between particles and the stress distribution induced by
collisions are considered.

(4) Fracture Geometry: The fracture walls are assumed to remain
static during the fluid injection and proppant placement pro-
cesses. The dynamic evolution of fracture width driven by fluid
pressure is not considered, allowing this study to focus purely on
the multiphase transport mechanisms of the proppant.

2.1.2. Boundary conditions
To properly solve the MP-PIC governing equations, the boundary
conditions for the computational domain are defined as follows.

(1) Inlet Boundary: A velocity inlet condition is applied. The initial
velocity of the fluid phase is calculated and set based on the
operational injection rate; simultaneously, the volume fraction of
the proppant particles is specified at the inlet according to the
proppant concentration.

(2) Outlet Boundary: A pressure outlet condition is applied. The
outlet pressure is set to a constant reservoir ambient pressure to
simulate the fluid flow into the deeper formation.

(3) Fluid Phase Wall Boundary: The non-planar fracture walls follow
a no-slip boundary condition, meaning that the fluid velocity at
the wall is zero.

(4) Particle Phase Wall Boundary: To accurately capture the inter-
action between proppants and rock walls in complex non-planar
fractures, the fracture walls are set as reflection boundaries.

2.2. Continuum phase (fluid phase) governing equation

The fluid phase is governed by the continuity and momentum
equations. Fluid flow follows the incompressible Navier-Stokes equa-
tions. The rate of fluid mass increase per unit time equals the net flux
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into the control volume. Due to fluid incompressibility, this simplifies to
the conservation of volume fraction. The continuity equation for inter-
phase mass transfer is as follows:

9(ay /’f)

ot )

+V - (aypur) =0
Where f is the fluid phase symbol; a; denotes the fluid volume fraction;
us represents the fluid velocity; and py is the fluid density.

The momentum equation comprises the following terms: the inertial
term (the local time derivative and convective term), the pressure
gradient term, the fluid-particle momentum exchange term, the gravi-
tational force term, and the fluid viscous stress term.

d (a/ Priy )
ot

+V - (@ppusur) = = Vp = Fpp + appyg + Voot 2
Where p represents fluid pressure; Fj, denotes the momentum change
rate per unit volume between the fluid phase and particle phase; g is the
gravitational acceleration; u, represents fluid viscosity, and 7; is the fluid
stress tensor.

The equations for the non-hydrostatic component of the stress tensor
and for a Newtonian fluid are as follows:
S=

(Vay + (Vay)") 3)

N —

2
7 =28 — 3 (V -uy)1 “)

2.3. Discrete phase (particle) governing equation

The dynamics of the particle system are characterized by the time
evolution of a probability distribution function f (x,u,p,, Vp,t), which is
governed by the generalized Boltzmann equation.

The conservation equation for the particle phase incorporates a
convection term (u, -Vf), an acceleration term (a -V, f), and collision
term (representing changes in the distribution function induced by inter-
particle collisions). The evolution of this probability distribution func-
tion is described by the following equation:

o

ot

D

tu, Vof+a-V,f= (ﬁ) 5)

ot coll
Where x represents particle position; v, is particle velocity; p, denotes
particle density; V,, is particle volume; t is time; a is the external force per
unit mass acting on a particle (acceleration), the subscripts x and u,
represent gradient operators with respect to spatial and velocity co-
ordinates, respectively, the subscript p represents particle phase sign,
D
s
and the <E)

coll

particle collisions (Andrews & O’Rourke, 1996; Williams, 2018).

During the solution process, the particle phase is modeled as discrete
computational parcels. Each parcel comprises a group of particles
sharing identical properties, including density, volume, velocity, and
position. The trajectory of each parcel is tracked using Newton's second
law of motion. The Lagrangian equation of motion for the particles ac-
counts for the following forces: (1) the interphase drag force arising from
the relative velocity between the particles and the fluid, (2) the fluid
pressure gradient force, (3) gravity, (4) the inter-particle solid stress,
and (5) collision damping.

term denotes the net time rate of change induced by

du,
Tar

1 (u,) —u,
T

1
D, (uy —u,) — PRLER e )
P

rFp D

Where D, denotes the drag coefficient; u, is particle velocity; us repre-
sents the fluid velocity; 7p is the relaxation time; p is pressure; p, is
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particle
__ P is particle normal stress, which simulates the physical
max(aq,—al,.s(l—ap))
processes of inter-particle collisions and elastic recovery to prevent
excessive particle accumulation (Harris & Crighton, 1994). This stress
represents derived from the Harris-Crighton model, where P is the stress
constant, a, denotes the packed particle volume fraction, and b € [2, 5]
is a constant (Auzerais et al., 1988), ¢ is used to avoid singularities
within parcels (Snider, 2001), typically on the order of 1077,

The above drag coefficient is calculated by the following equation
(Wen & Yu, 1966):

density; a, represents particle volume fraction; o, =

%& |“f7up‘

D,=C, 7
14 d8 /)p r ( )
1 —s,s € [0, 1), corresponding to the left/bottom/back nodes(a = 0)
St (s)=< s,5 € [0, 1), corresponding to the right/top/front nodes(a = 1)
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X, — 1Ax
Ax

7, — kAz

Yy —JjAy
’ Az

= Ay 1D

E=

(=

Where &,5,¢ €[0,1] denote the normalized coordinates. These co-
ordinates normalize the physical space, describing the local position of
the particle centroid relative to the grid cell vertices (e.g.,
(6= 0,7=0,¢ = 0) corresponds to the bottom-left vertex of the grid cell,
and (¢=1,y=1,{=1) corresponds to the top-right vertex). This pro-
vides a unified variable for subsequent interpolation and eliminating the
influence of grid size on the interpolation formula.

The trilinear interpolation function is constructed as the product of
one-dimensional linear along interpolations in three orthogonal di-
rections, where the one-dimensional interpolation function is defined as:

12)

0,5 > 1 or s < 0, exceeding the interpolation interval, the node is no longer contributing weight

Where Cq4 represents the dimensionless coefficient of interphase drag; Re
denotes Reynolds number; r;, is particle radius; and V;, is particle volume,
assuming spherical particles.

2.4. Solution and coupling schemes

In the MP-PIC method, fluid properties (e.g., pressure, velocity) are
stored at regular Eulerian grid nodes, while particle positions typically
remain at arbitrary Lagrangian points. To calculate the fluid forces (e.g.,
drag force) acting on particles, fluid properties must be interpolated to
the particles' locations. Conversely, the particle volume fraction also
needs to be interpolated back to the Eulerian grid nodes. This interpo-
lation process is termed particle-grid interaction.

The fluid and particle phases are coupled through interphase mo-
mentum transfer, where the momentum exchange between the fluid and
particles is implemented via volume integration:

1
Fp ://fvppp {Dp(”f —uy) — ;vﬁ dV,dp,du, ®)

»

The particle volume fraction model at the grid nodes, constructed
using trilinear interpolation, grid mapping, normalized coordinates, and
vertex weights, enables the precise transfer of discrete particle infor-
mation to the continuous grid.

Considering a structured grid system in three-dimensional space, the
grid cells are indexed by (i,j,k) € Z3, and their spatial extent is defined
as:

Qi =[iAx, (i+ 1)Ax] x [jAy, j+ 1)Ay] x [kAz, (k+ 1)AZ] )

Where Q;; represents indexed as (i,j, k) the grid cell; Ax, Ay, Az denotes
the grid edge lengths, satisfying Ax = x;11 — X;, Ay =Yj1 — ¥j, Az =
Zk+1 — Zk-

The centroid position of a parcel is denoted as x, = (xp, yp,zp) , and
the grid cell in which it resides is determined by coordinate projection:

(i.j, k) = ("_p W z_p>

, 1
Ax' Ay’ Az 10

To ensure that particles are fully contained within a single grid cell,
the relative position of the particle within the grid cell (normalized
coordinates) is defined as:
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Where s € {&,7,(} is the interpolation function, represents the relative
offset of the current position along the axis; a € {0,1} is the relative
position of the neighboring node (e.g., a = 0 corresponds to the x =iAx,
and a = 1 corresponds to the x = (i + 1)Ax).

In three-dimensional space, the contribution of a grid cell vertex
(i4a,j+p,k+y)(a, B,y € {0,1}) to the interpolation is determined by the
product of the interpolation functions in the three orthogonal directions:

SH (&0, 8) =SE(&)-S0(n)-SL(Q)

Taking the volume fraction at the Eulerian grid nodes as an example
for the derivation, the interpolation model for the particle volume
fraction at thr grid nodes is expressed as follows:

Assuming the particle volume be V;,, its volume fraction ¢, is defined
as the ratio of the particle volume to the grid cell volume. The volume
fraction contribution of the particle to the target node (i,j, k) is:

(&n¢)

13)

Aap i = ‘/’n'Vp'Sggo

14)

Where Sggo(g, 1, ¢) represents the interpolation weight corresponding to
the grid cell vertex where the particle centroid resides (When the par-
ticle is completely located at a vertex within the grid cell, i.e., ¢ =0, =
0,¢ = 0, the weight is determined by the normalized coordinates).

For a system containing N, particles, the final volume fraction at
node (i,j, k) is obtained by summing the contributions of all particles and
applying normalization (Patankar & Joseph, 2001; Snider, 2001):

1

Ny

Wit =7, E Adp ji

ijk =1

(15)

Where Vjx = AxAyAz denotes the volume of the grid cell.

The core computational workflow and two-way coupling strategy of
the MP-PIC model in this study are illustrated in Fig. 2. This cyclic
iteration process primarily involves several key steps: First, parameters
for the fluid phase, proppant parcels, and the initial computational mesh
are initialized. Once initialization is complete, the Navier-Stokes equa-
tions are solved on the Eulerian mesh to determine the motion state of
the background fluid phase. Subsequently, the process proceeds to the
fluid-to-solid coupling stage: fluid velocity and pressure at the Eulerian
mesh nodes are mapped to the locations of each parcel via interpolation,
enabling the calculation of fluid drag, pressure gradient, and gravita-
tional forces acting on the particles. After obtaining the forces, the
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| Initialize Parameters I

]
4’| Fluid Phase Solution |
!

| Fluid-Solid Coupling (Interpolation) |

| Particle Phase Solution |

[ Solid-Fluid Coupling (Mapping) |

[ Time Step Advancement & Variable Update |
!

Output Results

Fig. 2. Calculation flow chart.

Lagrangian method is employed to track parcel trajectories and calculate
particle-particle collisions, completing the solution for the particle
phase. Thereafter, the process enters the solid-to-fluid coupling stage:
the volume fraction of the displaced parcels and their momentum ex-
change with the fluid are mapped back to the Eulerian grid nodes.
Finally, the system updates the physical quantities for the next time step.
The program continuously iterates through this two-way coupling pro-
cess until the predefined total computational time steps are reached, at
which point the simulation results are output.

3. Model validation
3.1. Experimental verification

To validate the accuracy of the proposed model, the numerical
simulation results from this study are compared with the laboratory
experimental results of Tong and Mohanty (2016). In the referenced
experiment, an intersecting physical model comprising a main fracture
and secondary fractures is constructed using transparent plexiglass
plates. A screw pump equipped with a variable frequency drive (VFD) is
utilized to inject the slurry at a constant rate from one end of the model,
while a constant pressure boundary condition is applied at the outlet.
During the experiment, a high-speed camera is employed to record the
dynamic distribution patterns of the proppant at the complex intersec-
tion. In this study, a numerical model with the exact same dimensions as
the experimental setup is constructed. Specifically: a main fracture
length of 0.381 m, a height of 0.762 m, and a width of 0.002 m, with a
secondary fracture length of 0.1905 m, and all other parameters
consistent with those of the main fracture. The properties of the prop-
pant and fluid are provided in Table 2. The slurry is injected into the
model from the right side at a flow velocity of 0.1 m/s. The proppant
distribution after 20 s and 40 s of injection is then compared with the

Table 2

Model validation data table.
Parameters Value
Proppant diameter 0.6 mm
Inlet proppant concentration 0.02
Proppant density 2650 kg/m>
Fluid density 1000 kg/m>
Fluid viscosity 1 mPas
Injection velocity 0.1 m/s
Injection time 20/40 s
Outlet pressure 0.1 MPa
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Fig. 3. Comparison of the proppant distribution with experimental results from
Tong and Mohanty (2016), at inlet velocity of the proppant is 0.1 m/s. The time
of 20 and 40 s. (a) Experimental results of Tong and Mohanty (b) Numerical
results of our model.
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Fig. 4. DPBH and DPBL comparison of Tong and Mohant's experimental results
and our model results.

experimental observations to assess the model's accuracy.

The simulation results demonstrate that, at the same injection ve-
locity, the proppant moves farther towards the far end of the fracture as
the injection time increases. The sand bed height in the secondary
fracture increases, and at the junction with the main fracture, a sudden
drop forms due to flow diversion, creating an inflection point. The
experimental results closely match the proppant distribution simulated
by the model (Fig. 3). A comparison of the dimensionless proppant sand
bed height (DPBH, defined as the ratio of the proppant sand bed height
to the fracture height) and length (DPBL, defined as the ratio of the
proppant transport length to the main fracture length) at different in-
jection times yields relative errors of 4.58%, 3.90%, 5.63%, and 2.91%,
respectively (Fig. 4). These results validate the accuracy of the proposed
model, confirming its reliability for studying proppant transport in
complex fracture networks. The primary sources of error are attributed
to differences in injection methods and the roughness of the fracture
walls during the physical experiments.

3.2. Grid independence verification

To preclude the influence of mesh size on the numerical simulation
results, a mesh independence test is performed in this section. Two mesh
configurations physical models are developed for comparative calcula-
tion: a base mesh (0.1 m x 0.1 m) and a refined mesh (0.05m x 0.05 m).
As illustrated in Fig. 5, the simulation results indicate that the proppant
transport trends and distribution patterns are fundamentally consistent
across both mesh sizes. This suggests that the computational results have
converged at the current mesh scale, demonstrating robust mesh inde-
pendence. To effectively balance balancing solution accuracy and
computational efficiency, the 0.1 m x 0.1 m mesh scheme is selected for
subsequent research.
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(b)

Fig. 5. Simulation results under different grid sizes.

4. Results and discussion
4.1. Physical model construction and parameter input

Given the high brittleness of shale reservoirs and the extensive
development of natural weak planes (e.g., fractures and bedding
planes), the intertwining of tensile and shear failures during hydraulic
fracturing readily leads to the formation of complex fracture networks.
Drawing on the research of Yu et al. (2019), a field-scale physical model
with dimensions of 50 m x 50 m x 5 m is constructed. The core of the
modeling process lies in the precise extraction of geometric features and
the spatial mesh discretization: first, the geometric morphology of the
actual outcrop fracture network is extracted proportionally and im-
ported into the numerical model; subsequently, a high-quality hexahe-
dral mesh is employed for the discretization of the smooth-wall model.
To balance computational efficiency and numerical precision, the mesh
size is set to 0.1 m x 0.1 m, resulting in a total of approximately 2,214,
133 grid cells. The fracture network is primarily composed of two
components: (1) Main fractures: Primary fractures formed during hy-
draulic fracturing, initiated by high-pressure fluid injection; (2) Sec-
ondary fractures: This category encompasses all branch fractures
developed alongside the main fractures, as well as natural weak planes
activated during hydraulic fracture propagation (Fig. 6). The x-direction
represents the minimum principal stress, and the y-direction represents
the maximum principal stress. Field data indicate that shear fractures
(secondary fractures) are narrower than tensile fractures. In this model,
secondary fractures have a width of 3 mm, while main fractures have a
width of 6 mm. Additional input parameters are listed in Table 3. The
inlet is a constant current injection, and the outlet boundary is open. The
study examines the effects of proppant density, diameter, fluid viscosity,
and injection rate on proppant transport and placement.

4.2. Transport mechanism of proppants in fracture networks

To further investigate proppant transport within non-planar frac-
tures, a small-scale localized fracture network model (2 m x 2 m) is
extracted from the previously established model (Fig. 6). The physical
model (Fig. 7) is constructed with consistent parameter settings, and the
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Table 3

Basic parameter inputs of the fracture network model based on outcrop.
Parameters Value
Hydraulic fracture width 6 mm
Fracture height 5m
Bedding fracture; Secondary fracture width 3 mm
Injection rate 2 m®/min
Fluid viscosity 1 mPas
Proppant diameter 0.4 mm
Proppant density 2400 kg/m®
Fluid density 1000 kg/m®
Injection time 450 s

Secondary Main
fra(iture fracture
\

2m

Vertical view 3D view

2m

Fig. 7. Schematic of the local small-scale physical model constructed based on
the model in Fig. 4.

total simulation time is set to 30 s. Using this localized fracture geometry
model, the transport and placement mechanisms of proppants in both
main and secondary fractures are systematically studied. The simulation
results are presented in Figs. 8 and 9.

An analysis of proppant transport within the fracture network reveals
that the distribution is highly uneven due to the curved geometry of the
fractures. In regions with larger deflection angles, local proppant

Fig. 6. Schematic diagram of the fracture network physical model established based on an authentic outcrop: (a) Authentic core outcrop; (b) Model characterized

after image processing; (c) Fracture network physical model proposed in this study.
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Fig. 9. Streamline diagrams of proppant transport in a complex fracture network at different times (front view/side view).

concentration increases, leading to intensified particle collisions and
rapid settling due to kinetic energy dissipation. Simultaneously, the
curved sections of the fractures tend to induce turbulence and vortices,
which re-entrain proppants and transport them toward the fracture toe
or into secondary fractures. This alternating process results in an un-
dulating sand bed surface in the main fracture. At junctions with sec-
ondary fractures, flow diversion causes a sudden drop in proppant
concentration, creating a distinct inflection point. Proppants either
continue along the main fracture, are diverted into secondary fractures,
or settle due to gravity. The closer a secondary fracture is to the injection
point, the more proppant it receives. Additionally, a larger intersection
angle between the secondary and main fractures leads to increased
diversion resistance, which reduces the fluid velocity and proppant
transport capacity. Consequently, less proppant enters these secondary
fractures, resulting in a lower sand bed height. Because the fluid velocity
in the secondary fractures is relatively low, there is no significant dune
fluidization, and the sand bed exhibits a gentle downward slope (Fig. 8,
t = 30 s). Throughout the network, proppant transport is influenced by
highly continuous bedding planes and secondary fractures, forming
distinct dominant flow channels along the x- and y-directions (i.e., the
main fracture and near-wellbore secondary fractures, respectively). In
the main fracture, proppants propagate longitudinally into
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perpendicular secondary fractures, while in the near-wellbore secondary
fractures, they propagate laterally into parallel secondary fractures.
Overall, proppants migrate propagates from these preferential channels
to surrounding fracture regions.

To further elucidate the underlying transport mechanisms within the
complex fracture network, the dynamic evolution of proppant place-
ment is analyzed across three distinct injection stages: In the initial
stage, the injection of high-velocity slurry into fractures with narrow
entry points, abrupt changes in fracture width, and intersections with
natural fractures triggers shear flow separation. The high Reynolds
number of the fluid leads to the dominance of inertial forces, forming
large-scale vortices (Fig. 9, t = 5 s, 10s). Proppant particles are carried
into these vortices at high velocity, following irregular motion trajec-
tories that result in extreme spatial heterogeneity both vertically (frac-
ture height) and horizontally (fracture length). High sand beds form in
regions with intense vortex activity, while low or sand-free zones
develop in vortex cores or energy dissipation regions. This vortex phe-
nomenon is especially pronounced in the near-wellbore zone, where the
flow follows a circular pattern, resulting in a low proppant concentra-
tion in the center and higher concentrations in the upper and lower
regions (Fig. 9,t =5, 10 s).

During the mid-injection stage, as the sand bed height increases, the
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narrowing gap between the fracture top and the proppant bed apex re-
duces the flow channel's cross-sectional area. This accelerates both the
fracturing fluid and the proppants, leading to the fluidization of the
uppermost proppant layer. Erosion at the periphery re-entrains the
proppants into the flow, pushing them deeper into the fracture. How-
ever, due to energy dissipation, the proppants quickly resettle, creating a
cyclic process of re-entrainment and resettlement. This results in an
upward-sloping sand bed distribution (Fig. 9, t = 10 s, 15 s). At this
stage, vortex streamlines primarily curve upward in a crescent shape.
While these vortices are less intense than during the initial phase, they
still contribute to non-uniform proppant distribution. The vortex zone
propagates toward the fracture tip, and as vortices migrate over long
distances, fluid loss reduces the flow velocity. With higher proppant
concentrations, fluid viscosity increases, causing large vortices to frag-
ment. The smaller vortices, driven by particle wakes, trigger proppant
settling (Fig. 9, t = 20 s).

In the late injection stage, a significant amount of proppant accu-
mulates in the near-wellbore zone. As the fracturing fluid moves toward
the fracture tip, the Reynolds number decreases, shifting the flow regime
from turbulent to laminar flow due to the dominance of viscous forces.
This results in reduced flow velocity and turbulence intensity, with large
vortices dissipating and smaller vortices gradually vanishing due to
viscous dissipation (Fig. 9, t = 25 s, 30 s). Proppant settling accelerates
under gravity, becoming the dominant process, which leads to a
downward slope in the sand bed (Fig. 9). In secondary fractures, vortices
are weaker due to lower flow velocity, reducing the sand-carrying ca-
pacity. Unlike that in the main fracture, the sand bed in secondary
fractures has a smaller height and a gentle downward slope.

4.3. Effect of proppant density on proppant transport in fracture networks

The proppant planar sweep efficiency and distribution uniformity
within the fracture network directly influence reservoir stimulation
effectiveness. To evaluate this, two quantitative parameters are pro-
posed in this study:

First, the proppant planar sweep coefficient (E,), defined as the ratio
of the proppant's longitudinal and transverse sweep area (Sgyeep) Within
the fracture network to the total projected area (Siq) of the model
(viewed from the top perspective). This coefficient characterizes the
proppant's coverage capability in the plane, with a larger ratio indi-
cating a broader sweep range of the proppant.

 Soee

E, (16)

S, total

Second, the proppant planar sweep uniformity coefficient (Cyp),
defined as the ratio of the minimum distance (L) from the center of
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gravity to the boundary within the swept range to the maximum dis-
tance (Lyqy)- This coefficient is used to assess the distribution uniformity
of the proppant in the plane, with a larger ratio indicating a more uni-
form distribution of the proppant across the plane.

L

‘min
CU -

Liyax a7

Based on the physical model established in Fig. 6 and the input pa-
rameters detailed in Table 1, this study simulates proppant transport
dynamics within complex fracture networks under varying proppant
densities (2000, 2200, 2400, and 2600 kg/m3). The total simulated in-
jection time is set to 450 s, and the corresponding results are presented
in Fig. 10.

The simulation results indicate that proppant density significantly
influences the transport behavior in both the main fracture and the sec-
ondary fractures (which encompass highly continuous bedding planes
and branch fractures). In the presence of multiple highly continuous
secondary fractures, dominant transport channels predominantly develop
in the near-wellbore region. Conversely, in the distal regions, deep
proppant transport within the secondary fractures progressively di-
minishes; proppants partially accumulate at the fracture mouths, forming
relatively low sand dunes, and the height of the proppant bed shows a
stepwise declining trend as the number of secondary fractures increases.
Due to the flow diversion effect of the secondary fractures, the fluid ve-
locity in the main fracture decreases progressively. Coupled with the
larger fracture width, this facilitates proppants settling, resulting in an
overall higher sand dune within the main fracture.

Notably, the proppant distribution within the main fracture shows no
significant difference across varying proppant densities. However, the
proppant distribution within the near-wellbore secondary fractures
varies considerably with density. At low densities (e.g., 2000 kg/m®),
proppants are less prone to settling, the accelerated flow velocity at the
mouths of the secondary fractures readily generates vortices, promoting
proppant transport toward the fracture tops and distal ends (Fig. 10a and
b). This extends the dominant transport channels further along the x-
direction into the secondary fractures, resulting in a larger, and more
uniform planar sweep area (with a density of 2000 kg/m?, the planar
sweep coefficient is 0.1456, and the uniformity coefficient is 0.2941,
Fig. 11). As the density increases, gravity dominates and the suspension
capacity diminishes, causing proppants to rapidly settle at the bottom
near the fracture mouth. However, as the dune height increases, the
restricted cross-sectional area forces the local fluid velocity to rise,
which re-entrains the proppants and transports them deeper along the
dominant channels. Consequently, the sand bed height in the fracture
initially presents a gentle upward slope, followed by a gradual decline as
the velocity eventually dissipates (Fig. 10c and d). In the distal main
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Fig. 10. Simulation results of proppant transport in the fracture network under different proppant densities.
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Fig. 11. Variation of proppant planar sweep coefficient and proppant planar
sweep uniformity coefficient under different proppant densities.

fracture, the fluid velocity is inherently low, and the diversion velocity
into secondary fractures is even lower. Therefore, the deep-transport
phenomena observed near the wellbore do not occur here; instead,
high-density proppants primarily accumulate at the fracture mouths,
causing a “plugging” effect. Along the dominant transport channels, the
farther the distance the injection point, the less proppant enters the
flanking secondary fractures, leading to a smaller sweep area and
stronger heterogeneity (at 2600 kg/m?, the planar sweep coefficient
drops to 0.1141, and the sweep uniformity coefficient is 0.2584,
Fig. 11). The overall distribution assumes a cross-shaped pattern, which
becomes increasingly pronounced at higher proppant densities (Fig. 10).

A comparison of the planar proppant sweep coefficient and the
uniformity coefficient reveals that as the proppant density increases
from 2000 to 2600 kg/ms, both the sweep area and placement unifor-
mity within the fracture network exhibit a stepwise decline. Specifically,
when the density increases from 2000 to 2400 kg/m?, the planar sweep
coefficient experiences only a marginal decrease from 0.1456 to 0.1387
(a reduction of 4.7%), indicating that the influence of density on the
sweep area is relatively weak within this range. However, as the prop-
pant density further increases to 2600 kg/m>, the planar sweep coeffi-
cient drops sharply to 0.1141, a substantial reduction of 17.7%
compared to the 2400 kg/m? case, and the sweep uniformity coefficient
correspondingly decreases from 0.2941 to 0.2584. These quantitative
results demonstrate that a critical threshold exists for the impact of
increasing proppant density on the planar sweep area; once this
threshold is exceeded, higher densities severely restrict the effective
proppant placement and mechanical support within the fracture
network (Fig. 11).
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In summary, it is highly recommended that field operations adopt a
staged proppant injection strategy. Initially, low-density proppants
should be injected to effectively fill the secondary fractures. Subse-
quently, high-density proppants should be pumped to transport along
the dominant flow channels toward the fracture distal ends. Further-
more, fully filling the fracture mouths with proppant can effectively
maximize the overall conductivity of the hydraulic fracture system.

4.4. Effect of proppant diameter on proppant transport in fracture
networks

Based on the physical model established in Fig. 6 and the input pa-
rameters detailed in Table 1, this study simulates proppant transport in
complex fracture networks with varying proppant diameters (0.2, 0.4,
0.6, and 0.8 mm). The injection time is 450 s, with results shown in
Fig. 12.

The simulation results indicate that the effect of proppant diameter
on placement patterns in the fracture network is similar to that of
proppant density. For smaller proppant sizes, the sand dune height
within the main fracture remains relatively low, yet its surface profile
exhibits more pronounced fluctuations. This is primarily because
smaller particles are more easily entrained, forming a thicker suspension
layer. Consequently, a substantial amount of proppant is diverted into
the secondary fractures, resulting in a relatively uniform sweep,
although the deep transport distance along the dominant channels is
somewhat restricted. With diameters of 0.6 and 0.8 mm, the planar
sweep coefficients are 0.1585 and 0.1439, with uniformity coefficients
of 0.3938 and 0.2737, respectively, (Fig. 12). Smaller diameters also
lead to higher proppant concentrations at the fracture top and greater
sand bed heights in the distal region. This suggests that smaller prop-
pants are highly conducive to propping secondary fractures. Conversely,
as the proppant diameter increases, flow velocity along the preferential
transport channel rises due to a reduced fluid flow path, causing prop-
pants to be entrained further into the distal region. However, due to
their larger mass, the suspension capacity diminishes, and vortex effects
become negligible, leading to a lower accumulation of proppants at the
fracture's distal end and a flatter bed surface near the wellbore.
Furthermore, because the secondary fractures are relatively narrow,
large proppants attempting to enter these branches are highly suscep-
tible to bridging and plugging. Consequently, the sweep range becomes
more non-uniform; at 1.0 and 1.2 mm, the planar sweep coefficients
drop to 0.1331 and 0.1237, with uniformity coefficients of 0.2655 and
0.2599, respectively, (Fig. 13).

A comparative analysis reveals that as the proppant diameter in-
creases, the sweep pattern becomes more distinctly cross-shaped, with
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Fig. 12. Simulation results of proppant transport in the fracture network under different proppant diameters.
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Fig. 13. Variation of proppant planar sweep coefficient and proppant planar
sweep uniformity coefficient under different proppant diameters.

increasing non-uniformity. The planar sweep coefficient exhibits a
nearly linear decline from 0.1585 (at 0.6 mm) to 0.1237 (at 1.2 mm).
The uniformity coefficient for 0.8 mm drops by 34% compared to
0.6 mm, while only a 5% reduction occurs at 1.2 mm relative to 0.8 mm.
These results demonstrate that proppant diameter has a critical
threshold effect on sweep uniformity: once this threshold is exceeded,
further increases in diameter have minimal effect on the uniformity of
proppant distribution within the fracture network (Fig. 13).

Synthesizing these findings, it is evident that employing exclusively
undersized or oversized proppants is detrimental to effective fracture
packing. Extremely small particles resist settling and are highly sus-
ceptible to being flushed out by the fracturing fluid during flowback,
leaving the hydraulic fractures inadequately supported. Conversely,
excessively large particles induce severe distribution heterogeneity.
Furthermore, the larger inter-particle void spaces can lead to uneven
stress concentrations, causing proppant crushing and subsequent frac-
ture plugging, which ultimately fails to establish effective oil and gas
flow channels.

Therefore, field operations should adopt a multi-stage injection
strategy. Small-diameter proppants should be pumped first to deeply
penetrate the secondary fractures and the distal regions of the main
fracture, thereby maximizing the propped coverage area across the
network. Subsequently, large-diameter proppants should be injected to
pack the near-wellbore region, widening the propped aperture at the
mouths of both the main and secondary fractures. This staged approach
comprehensively enhances the overall effective conductivity of the
fracture network.

4.5. Effect of fluid viscosity on proppant transport in fracture networks

Building upon the physical model established in Fig. 6 and the input
parameters detailed in Table 1, numerical simulations are conducted to
investigate proppant transport dynamics within complex fracture net-
works under varying fracturing fluid viscosities (3, 10, 20, and
30 mPa s). The total simulated injection time is set to 450 s, and the
corresponding results are illustrated in Fig. 14.

The simulation results show that the proppant sweep area varies
significantly with fracturing fluid viscosity. At lower viscosities, both the
lateral and longitudinal sweep extents are restricted, resulting in higher
sand dunes overall (Fig. 14a and b). As the fluid viscosity increases, the
fundamental flow regime undergoes a critical shift: the reduced Rey-
nolds number directly suppresses turbulence, while the elevated fluid
drag force markedly enhances the sand-carrying capacity. This mecha-
nism thickens the suspension layer and diminishes the vortex-induced
effects prevalent at lower viscosities. Driven by these mechanics, prop-
pants are transported over greater distances and achieve a more uniform
vertical distribution the within the fractures. The volume of proppants
reaching deeper dominant channels and flanking lateral secondary
fractures increases significantly, promoting their sequential diffusion
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across the fracture network. Consequently, high-viscosity fluids yield a
considerably larger and more uniformly distributed sweep area (Fig. 14c
and d).

A comparative analysis reveals that as the viscosity increases from 3
to 30 mPa s, both the proppant planar sweep area and the degree of
uniformity exhibit a nearly linear growth trend. Specifically, the data
indicate that the planar sweep coefficient increases significantly from
0.163 at a low viscosity (3 mPa s) to 0.2576 at a high viscosity
(30 mPa s), representing a substantial increase of 58.0%. Correspond-
ingly, the planar sweep uniformity coefficient also grows steadily from
0.4072 to 0.4537 (an increase of 11.4%). These results demonstrate that
elevating the fracturing fluid viscosity significantly enhances the overall
proppant placement performance (Fig. 15).

Comprehensive analysis suggests that moderate increases in fluid
viscosity significantly improve proppant transport into deeper regions of
both main and secondary fractures, thereby maximizing the proppant
coverage area and promoting uniform distribution. However, employing
excessively high viscosity fluids not only risks severe formation damage
but also hinders the vertical settling of high-concentration proppants.
This ultimately compromises the effective mechanical support of the
overall fracture geometry.

4.6. Effect of injection rate on proppant transport in fracture networks

Based on the physical model established in Fig. 6 and the input pa-
rameters detailed in Table 1, this study examines proppant transport
dynamics within complex fracture networks under varying injection
rates (1, 2, 3, and 4 m3/min). With a constant injected fluid volume, the
corresponding injection durations are 900, 450, 300, and 225 s,
respectively, and the corresponding results are presented in Fig. 16.

The simulation results demonstrate that the injection rate plays a
critical role in proppant transport within complex fractures. At lower
injection rates (e.g., 1 m>/min), proppants predominantly propagate
uniformly along the dominant flow channels. However, due to the low
flow velocity and the substantial increase in energy dissipation caused
by flow diversion into secondary fractures, proppants exhibit limited
capacity to reach the distal ends of both the main and secondary frac-
tures. Consequently, the sand dune remains relatively high, exhibiting a
gradual downward slope from the injection point toward the deeper
regions (Fig. 16a and b). Under these conditions, the proppant sweep
area is restricted but highly uniform (at 1 m3/min, the planar sweep
coefficient is 0.1438, and the uniformity coefficient is 0.4965, Fig. 17).

As the injection rate increases, the constricted effective flow path
further accelerates the local fluid velocity, leading to an elevated fluid
shear rate. Governed by the shear-thinning behavior of the fluid and
Stokes' settling principles, the apparent viscosity decreases, which trig-
gers vortex-induced flows within the secondary fractures. This mecha-
nism suspends a noticeable concentration of proppant toward the
fracture roof along the dominant flow channels. However, the scouring
effect at higher velocities prevents complete blockage in the deep re-
gions of the fractures. Instead, proppants are transported to the far end,
while inflow into secondary fractures on both sides decreases, leading to
a reduction in the overall sand dune height within secondary fractures.
The sand dune profile exhibits a characteristic gentle upward slope near
the wellbore and a gentle downward slope distally (Fig. 16b), resulting
in increased non-uniformity in proppant distribution (at an injection
rate of 2 m®/min, the planar sweep coefficient increases to 0.1473, and
the uniformity coefficient drops to 0.3603, Fig. 17).

With further increases in the injection rate, the proppant transport
distances along the dominant channels also expand even further. Unlike
the low-velocity case, the sand dune profile within the secondary frac-
tures now shows a gradual downhill trend from the fracture mouth to the
distal end (excepting the vortex effect at the fracture mouth). This shift
occurs because the higher fluid velocities allow the proppants to retain
sufficient momentum to resist settling and plugging as they advance
distally. While they travel farther along the dominant fractures, the
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Fig. 14. Simulation results of proppant transport in the fracture network under different fluid viscosities.
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sweep uniformity coefficient under different fluid viscosities.

overall sand dune height, the propped volume within the secondary
fractures, and the comprehensive fracture propping effectiveness dete-
riorate significantly. Concurrently, due to the high overall network ve-
locity, the transport behavior in the main fracture begins to resemble
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Fig. 17. Variation of proppant planar sweep coefficient and proppant planar
sweep uniformity coefficient under different injection velocities.

that in the secondary fractures at lower velocities, the sand dune height
drops, and the profile forms a gentle upward slope near the wellbore and
a downward slope at the distal end. Additionally, the intense vortex
effect at the fracture mouth pushes the entire dune body backward,
severely compromising the propping effectiveness at the mouths of both
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Fig. 16. Simulation results of proppant transport in the fracture network under different injection rates.
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the main and secondary fractures. This occurs later than in secondary
fractures due to variations in fracture width (Fig. 16c and d; Fig. 17).

Comparative analysis shows that the planar sweep coefficient of
proppants increases with rising injection rate. Specifically, at the in-
jection rate of 4 m®/min, the planar sweep coefficient improves by
25.25% compared to 3 m®/min, while the planar uniformity coefficient
exhibits a fluctuating downward trend (Fig. 17).

Comprehensive analysis indicates that at low injection rates, com-
plex fracture networks fail to achieve an effective propped volume. A
moderate increase in injection rate enhances proppant transport within
these fractures. However, excessively high flow velocities can trigger a
near-wellbore scouring or necking effect, which hinders the formation of
high-conductivity propped fractures. To address this, a staged pumping
strategy of “high-rate transport followed by low-rate deposition” is
highly recommended for field operations. This strategy starts with high-
displacement transport to push proppants to the fracture tip, followed by
reduced displacement to promote proppant deposition near the fracture
mouth. This results in an ideal wedge-shaped proppant distribution,
with the propped fracture width increasing from the distal end toward
the fracture mouth, optimizing the propping effect.

5. Conclusions

This study develops a field-scale model for proppant transport within
complex fracture networks using the Multiphase Particle-in-Cell (MP-
PIC) method. The model is utilized to elucidate proppant transport
mechanisms within curved fracture networks and comprehensively
assess the impact of various factors on placement behaviors. The key
findings are summarized as follows.

(1) Proppant distribution within the complex fracture network is
highly heterogeneous, characterized by significant fluctuations in
the sand dune height. The overall transport process is primarily
influenced by secondary fractures, leading to the formation of
two dominant flow channels: one propagating longitudinally
along the main fracture and the other extending laterally along
highly continuous secondary fractures in the near-wellbore
region.

The proppant transport process within the fracture network is
characterized by a gradual migration from dominant flow chan-
nels to lateral secondary fractures. As the distance from the in-
jection point increases, the proppant transport distance within
the secondary fractures on both sides decreases. Additionally, the
greater the angle between the secondary fractures and the main
fracture, the smaller the volume of proppant that enters the sec-
ondary fractures.

The sand dune profile within the fracture network is fundamen-
tally governed by shifts in the fluid flow regime, transitioning
among turbulent, transitional, and laminar states. Intense vortex
formation predominantly occurs at the fracture mouths, exacer-
bating the longitudinal heterogeneity of the proppant distribu-
tion. As the fluid advances distally, these vortex effects dissipate,
allowing gravity-driven deposition to dominate and resulting in a
gradual decline in the dune height. While vortices can facilitate
deeper proppant transport, their scouring effect concurrently
reduces the dune height at the fracture mouths, thereby
compromising the effective mechanical support at these critical
junctions.

Lower proppant densities and diameters reduce the likelihood of
proppant settling, facilitating long-distance transport toward the
distal fracture region. Conversely, high-density and large-
diameter proppants settle rapidly and are highly susceptible to
“bridging and plugging” at the fracture mouths, which restricts
the sweep area and increases placement heterogeneity. Elevating
the fracturing fluid viscosity markedly enhances the suspension
capacity, promoting distal transport, expanding the planar sweep
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area, and improving overall uniformity. Similarly, higher injec-
tion rates propel proppants deeper into the main and secondary
fractures, further broadening the sweep area; however, exces-
sively high velocities intensify vortex phenomena, ultimately
reducing the overall dune height and exacerbating distribution
heterogeneity.

For field fracturing design, a comprehensive staged pumping
strategy, integrating variable injection rates, multi-stage prop-
pant sizes/densities, and moderately elevated fluid viscosities, is
highly recommended. During the early-to-mid stages of injection,
a combination of high displacement, moderate-viscosity fluid,
and small-diameter/low-density proppants should be employed.
Leveraging the robust suspension capacity of this high-velocity,
viscous fluid overcomes the settling resistance of small parti-
cles, effectively driving them deep into the secondary fractures
and maximizing the planar propped sweep area. In the mid-to-
late stages, the strategy should pivot to low displacement
coupled with large-diameter/high-density proppants. This le-
verages the rapid settling mechanics of larger, heavier particles
under low flow rates to establish high-conductivity, wedge-sha-
ped proppant packs along the dominant flow channels and at the
near-wellbore fracture mouths. Ultimately, this staged control
strategy not only mitigates the limited transport distance and
heterogeneity issues associated with heavy/large proppants, but
also prevents the “propped fracture necking” phenomenon
induced by sustained high displacement, thereby comprehen-
sively maximizing the overall effective conductivity of the frac-
ture network.
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