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Abstract:
Proppants are widely employed in coalbed methane extraction. The use of proppant
effectively mitigates the closure of hydro-fractures during production, thereby maintaining
efficient gas flow pathways. The transport distance and accumulation morphology of prop-
pants within hydro-fractures are critical factors influencing coalbed methane production;
however, their quantitative and comprehensive evaluation remains insufficiently explored in
coal reservoirs. In this study, a Box-Behnken design was adopted to establish a four-factor,
four-level experimental framework for investigating the influence of multiple variables on
dune parameters within secondary hydro-fractures through a coupled computational fluid
dynamics-discrete element method approach. Response surface methodology and statistical
significance testing were employed to quantify the effects of multiple parameters and to
establish an empirical predictive model of proppant dune characteristics. The adequacy
and significance of the proposed model were verified through analysis of variance. The
results demonstrated that both the transport distance and accumulation morphology of
proppant within hydro-fractures are jointly controlled by the coupled influence of multiple
parameters. Four basic variables, including injection rate, proppant size, proppant density
and sand carrying fluid viscosity, were selected, and their influences on sand dune
parameters were ranked. The model predictions revealed that dune height may reach up
to 79.7% of the hydro-fracture height, while the horizontal dune length can extend up to
15 times the hydro-fracture height. These findings elucidate the mechanisms governing
proppant transport and deposition under diverse conditions, offering valuable insights and
optimization strategies for proppant selection and injection parameter design in hydraulic
fracturing in coalbed methane reservoirs.

1. Introduction
As an important unconventional energy resource, coalbed

methane (CBM) is rich in reserves and has great development
potential (Xu et al., 2023; Wang et al., 2024). However, to

improve gas recovery from coal reservoirs with extremely low
porosity and permeability, it is necessary to adopt stimula-
tion technology (Wu et al., 2023; Eltom, 2024). Hydraulic
fracturing has been extensively employed to increase CBM
production. In this process, the mixture of sand-carrying fluid
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Fig. 1. Proppant in secondary hydro-fractures during CBM extraction.

and proppant is injected into the coal seam through a surface
drilled wellbore, forming a complex fracture network, which
provides flow pathways for the migration and subsequent pro-
duction of CBM (Lu et al., 2025; Wei et al., 2025). Compared
with sandstone and shale reservoirs, coalbed possesses unique
mechanical and structural characteristics, such as low strength,
well-developed cleavage systems, obvious heterogeneity, low
elastic modulus, and high Poisson’s ratio, which make it
highly prone to forming numerous secondary fractures during
fracturing operations (Mou et al., 2021; Liao et al., 2024).
These secondary hydro-fractures occur between coal pores
and main hydraulic fractures, acting as essential conduits
for CBM flow and thereby playing a crucial role in CBM
extraction (Heriawan and Koike, 2015) (Fig. 1). Therefore, it
is essential to investigate the distribution patterns of proppant
within secondary fractures for elucidating the mechanisms of
hydraulic fracturing to increase production in coal reservoirs.

Owing to the lack of effective monitoring techniques, the
direct observation of proppant transport distance and accu-
mulation morphology remains a significant challenge (Hou
et al., 2022). As such, this issue has been primarily investi-
gated through physical experiments and numerical simulations.
The earliest physical investigation of proppant transport was
conducted by Kern et al. (1959), who described the settling
behavior of proppant between two plexiglass plates. Building
upon this foundational work, subsequent studies explored
proppant settling in fractures under various conditions, such
as outlet configuration effects (Basiuk et al., 2022); trans-
port mechanisms in inclined and horizontal fractures using
slick-water experiments (Yamashiro and Tomac, 2022); and
proppant transport and distribution within complex fracture
networks, revealing that smaller particles can penetrate more
deeply (Xiao et al., 2021). In addition, several researchers
have investigated the accumulation behavior of proppants in
curved fractures (Li et al., 2024); tracked particle trajectories
and quantified slurry velocities via image analysis (Ma et
al., 2022); and analyzed proppant transport and settling in
complex hydro-fractures, revealing distinct deposition patterns
compared with conventional fractures (Wen et al., 2016).

Collectively, these studies provide valuable insights into the
mechanisms of proppant transportation and deposition control,
thus laying a solid foundation for quantitative analyses and ad-
vanced numerical simulations of proppant behaviors in hydro-
fracture network. However, physical simulation experiments
are resource demanding and often affected by random factors.

With the rapid development of computing technology,
numerical simulation methods have been widely used because
they can describe the flow evolution in detail and clarify
the internal mechanisms of solid–liquid interactions that are
difficult to capture in experiments (Hosseini and Khoei, 2020;
Rivas and Gracie, 2020; Patel et al., 2024). At present, the
most prevalent approaches for simulating proppant transport
are the Eulerian-Lagrangian and Eulerian-Eulerian methods
(EEM) (Shiozawa and McClure, 2016; Alvandifar et al., 2025).
The EEM treats both the fluid and solid phases as interpen-
etrating continua, with the two-fluid model being one of the
most frequently adopted frameworks. However, this approach
cannot fully account for particle-particle and particle-wall
interactions (Zhou et al., 2010; Anjum et al., 2025). In contrast,
the Eulerian-Lagrangian regards the fluid as a continuous
phase and the solid particles as a discrete phase. Within this
framework, the computational fluid dynamics-discrete element
method (CFD-DEM) has been widely applied, wherein New-
ton’s second law governs the motion of individual particles
while fluid flow is described by the Navier-Stokes equa-
tions, thereby enabling precise tracking of particle trajectories
(Akhshik and Rajabi, 2022; Wood, 2023). Collectively, these
numerical approaches offer a robust framework for elucidating
the complex coupling between fluid dynamics and particle
motion, enabling the realistic simulation of proppant settling
behavior.

Building on the above widely used strategies for simulating
proppant transport, researchers have analyzed: (1) Corner
effects under different fracture-network intersections using the
EEM, showing that the turning-angle influence concentrates
at corners and persists up to four fracture widths downstream
(Cheng et al., 2021); (2) fracture-aperture contrasts, branch-
orientation, and tip leak-off using CFD-DEM to quantify their
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Fig. 2. Schematic of the Hertz-Mindlin model.

impacts on network-scale distribution (Wang et al., 2019;
Zheng et al., 2024); (3) coupled pulsed-hydraulic-fracturing
and CFD-DEM simulations revealing superior fracture prop-
agation and placement under square-pulsed injection (Li et
al., 2023); (4) the influences of various factors on proppant
backflow using an improved CFD-DEM approach (Lv et
al., 2025); and (5) the role of joint roughness was investi-
gated using a CFD-DEM approach, where increased rough-
ness intensifies proppant-proppant and proppant-wall interac-
tions, thereby enhancing horizontal transport velocity (Suri
et al., 2019; Suri et al., 2020). The aforementioned studies
provide critical insights into the factors influencing proppant
transportation. Especially, the injection rate, proppant size,
viscosity of sand-carrying fluid, and proppant density have
been identified as the main parameters that control the mor-
phology of proppant dune. However, most previous researches
have been limited to the qualitative exploration of relationships
between individual parameters and dune characteristics, while
research on the coupling effects of multiple variables or
the systematic evaluations of their relative importance have
been limited. Furthermore, empirical models and quantitative
assessments elucidating the variations of dune parameters with
respect to proppant properties and injection conditions remain
scarce.

In this study, a coupled CFD-DEM proppant transport
model was developed, and a Box-Behnken experimental de-
sign was implemented to quantitatively investigate the in-
fluences of multiple variables on proppant dune parameters
in the secondary hydro-fractures. The selected variables in-
clude injection rate (x1), proppant size (x2), sand-carrying
fluid viscosity (x3), and proppant density (x4). Maximum
dune height (Hma), windward slope angle (Aws), and leeward
slope angle (Als) were selected as the indexes of proppant
placement morphology. In addition, the horizontal distance
from the highest point of the dune to the entrances (Lma)
was used as an indicator of transport distance. The regression
model of sand dune parameters was established by response
surface methodology, and the relative significance of each
influencing factors was evaluated. Then, the sufficiency and
accuracy of the regression models were verified through
analysis of variance (ANOVA). The validated models were
further used to predict the proppant dune height and horizontal
range of proppant dunes under different operating conditions.

By combining numerical simulation with response surface
methodology, this study establishes an efficient and reliable
framework for predicting proppant accumulation morphology
in coal reservoirs and offers theoretical guidance for optimiz-
ing fracturing parameters in CBM development.

2. Methods

2.1 CFD-DEM model and simulation parameters
2.1.1 Governing equations

During proppant transport, the flow of the sand-carrying
fluid is governed by the Navier-Stokes (N-S) equations (Zhu
et al., 2008; Shamshirband et al., 2015):

∂

∂ t

(
ε f ρ f

)
+∇ ·

(
ε f ρ f u f

)
= 0 (1)

∂

∂ t

(
ε f ρ f u f

)
+∇ ·

(
ε f ρ f u f u f

)
=−ε f ∇p+∇ ·

(
ε f τ f

)
+ τ f ρ f g−Ff p

(2)

where ε f denotes the fluid volume fraction; ρ f represents
the fluid density; u f denotes the fluid velocity; p represents
the pressure; g represents the gravitational acceleration; τ f
represents the fluid viscous stress tensor; Ff p represents the
momentum exchange term; and t represents time.

The contact forces of particles were calculated by using the
Hertz-Mindlin contact model (Richesson and Sahimi, 2019),
as shown in Fig. 2. The force between spheres i and j can be
expressed as:

Fi j = Fni j +Fti j (3)
where Fi j represents the collision force; Fni j represents the
normal force; and Fti j represents the tangential force between
two particles.

The migration of proppant particles follows Newton’s
second law (Cundall and Strack, 1979), and the balance of
governing force is expressed as:

Ff p =
1

∆V

np

∑
i=1

(
Fd,i +Fs,i +Fm,i

)
(4)

where np is the particle number; ∆V denotes the volume of the
fluid element; and Fd,i, Fs,i and Fm,i represent the drag force,
Saffman force and Magnus force, respectively.

The total particle-fluid interaction force on sphere i can be
expressed as (Cundall and Strack, 1979):

fp f = fd + f∇p + f∇τ + fum + fB + fs + fm (5)
where fd represents the drag force; f∇p represents the pressure
gradient force; f∇τ represents the viscous force; fum represents
virtual mass force; fB represents Basset force; fs represents lift
forces; and fMm represents Magnus force.

The drag force was calculated by the Schiller and Naumann
drag models (Difelice, 1994):

fd =
1
8

ρ fCdπd2
ε

2−ζ

f

(
u f −us

)∣∣u f −us
∣∣ (6)

where d represents the particle diameter; u f −us represents the
relative velocity, and they can be expressed as (Difelice, 1994):
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Table 1. Experimental parameters of proppant transport.

Parameters Numerical simulation
parameters

Comparison
test parameters

Model height (cm) 4.5 90

Model length (cm) 45 270

Model width (cm) 0.14 0.14

Proppant diameter
(mm) 0.2∼0.5 0.2∼0.5

Proppant Poisson’s
ratio (-) 0.45 0.45

Proppant Young’s
modulus (Pa) 5×106 5×106

Proppant density
(kg/m3) 1,500∼3,000 1,500∼3,000

Injection rate (L/s)
0.005, 0.006, 0.008,
0.009, 0.010, 0.011,
0.012

1.67

Sand-carrying fluid
density (kg/m3) 1,000 1,000

Sand-carrying fluid
viscosity (mPa·s) 1.25∼3.5 1

Wall density (kg/m3) 1,200 1,200

Wall Poisson’s ratio
(-) 0.37 0.37

Wall Young’s
modulus (Pa) 4.8×109 4.8×109

Coefficient of static
friction* 0.61 0.61

Tangential coefficients
of restitution* 0.5 0.5

Normal coefficients of
restitution* 0.5 0.5

Coefficient of static
friction** 0.5 0.5

Tangential coefficients
of restitution** 0.2 0.2

Normal coefficients of
restitution** 0.2 0.2

DEM time step (s) 5.0×10−4 5.0×10−4

CFD time step (s) 5.0×10−5 5.0×10−5

Coupling time step (s) 5.0×10−4 5.0×10−4

Notes: * particle-particle, ** particle-wall.

Cd =


24

Rep
, Rep ≤ 1(

0.63+
4.8√
Rep

)2

, Rep > 1
(7)

ζ = 3.7−0.65exp
[
−0.5× (1.5− logRep)

2
]

(8)

Rep =
ρ f d

∣∣u f −us
∣∣

µ f
(9)

where Rep represents the Reynolds number; µ f represents the
dynamic viscosity and ζ represents the correction factor.

The Magnus force due to particle rotation can be expressed
as (Kray et al., 2014):

fMag =
π

8
Clπρ f d3 [

ω ×
(
u f −us

)]
(10)

where Cl represents the empirical coefficient (Mei, 1992), and
ω represents the angular velocity of the particle.

The migration of particle within a narrow channel is
influenced by lift forces generated by velocity gradients near
the wall of the fluid (Mohapatra and Soares, 2024):

fsa f f = 1.61d2
√

µ f

|ω f |
[(

u f −us
)
×ω f

]
(11)

where ω f is the vorticity of the fluid.

2.1.2 Parameter setting

The calculation region was discretized into polyhedral ele-
ments, resolving the flow field through a polyhedral mesh. To
ensure numerical accuracy, mesh refinement was implemented
in narrow regions, maintaining an element size approximately
three to five times of the particle diameter. The final mesh
consisted of 60,545 units. The shear-stress-transport turbulence
model was adopted to simulate turbulent flow (Gislason et
al., 2009; Mirjalily, 2023; Li et al., 2025). Transient sim-
ulations were performed by using a pressure-based solver
combined with gravitational effects, so that the time evolu-
tion of proppant transportation could be accurately analyzed.
According to Li et al. (2020), the average length, height and
aperture of secondary fractures in coal reservoirs formed by
hydraulic fracturing were approximately 22.5 m, 2.25 m and
1.4 mm, respectively. In the process of modeling, to reduce
calculation cost and facilitate the observation of proppant
transportation, the length and height of the fracture were scaled
down by a factor of 50. The final model measured 450 mm
in length, 45 mm in height and 1.4 mm in aperture. The
calculation region consisted of an inlet and an outlet. The inlet
face contained five circular ports, each with a diameter of 1.4
mm and a center-to-center spacing of 8.5 mm. A mass-flow-
inlet boundary condition was imposed to define the injection
rate, whereas the proppant mass-flow rate was adjusted to
achieve the target sand ratio. At the outlet, a pressure-outlet
boundary condition corresponding to atmospheric pressure was
imposed. All remaining boundaries were defined as no-slip
walls with a roughness height of 1 mm. The time step of fluid-
particle coupling was set to 5.0×10−4 s, consistent with the
time step of the fluid solver. The discrete-element (particle)
time step was 5.0 × 10−5 s, the particle-wall static friction
coefficient was 0.5, and the normal and tangential restitution
coefficients were 0.3, as shown in Table 1. Before injection,
the calculation domain was completely saturated with fluid,
and then the proppant-fluid mixture was injected through the
inlet ports. The solid-liquid two-phase flow simulations were
carried out by using ANSYS Fluent 2020 R1 combined with
EDEM software 2021.
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Fig. 3. Diagram illustrating the secondary fracture and dune parameters.

Table 2. Physical vs. numerical simulation results.

Parameters Lma (m) Hma (m) Aws (◦) Als (◦)

Physical simulation 0.75 0.45 15 23

Numerical simulation 0.65 0.42 14 25

Relative error 13.33% 6.67% 6.67% 8.70%

2.2 Box-Behnken experimental design
To investigate the influence of multiple parameters on the

accumulation morphology of proppant in secondary fractures,
a four-factor, four-level experimental framework was estab-
lished based on the Box-Behnken design. Hma, Aws, Als, and
Lma were selected as response metrics (Fig. 3). Subsequently,
a quadratic polynomial regression model was utilized to es-
tablish the correlation between each response variable and the
four independent variables:

Y = β0 +
k

∑
i=1

βiXi +
k

∑
i=1

βiiX2
i +

k

∑
i=1

k

∑
j=1

βi jXiX j + e0 (12)

where Y represents the predicted response variable; β0, βi,
βi j and βii represent the regression coefficients for the con-
stant term, linear term, interaction term, and quadratic term,
respectively; X represents the coded values of the independent
variable; k represents the number of independent variables; and
e0 represents the model error.

Using regression analysis, the coefficients of the quadratic
polynomial model were obtained to quantify the relationships
among the studied variables. The validity and reliability of
the model were assessed based on goodness-of-fit statistics
and ANOVA. Data from 28 experiments were processed and
analyzed using the Design-Expert software package.

2.3 Simulation model verification
To validate the numerical model, a series of controlled

physical simulation experiments were carried out under labora-
tory conditions. The experimental setup comprised a pumping
system, an electronic control system, a sand-mixing tank
system, a fracture-visualization system, an imaging system, a

monitoring system, and a recovery system. The pumping sys-
tem included a screw pump and high-pressure pipelines, and
the control system coordinated the operation of the auxiliary
subsystem. The sand-mixing system combined the proppant
with the sand-carrying fluid at a specified ratio and ensured
uniform dispersion through continuous stirring. The fracture-
visualization cell included two parallel transparent glass plates,
each 2.7 m long and 0.9 m high, with an aperture of 1.4
mm. The monitoring system incorporated an electromagnetic
flowmeter with a measurement range of 0-2,000 L/min and
an accuracy of ±0.5%. The imaging module used a high-
resolution camera to capture the temporal evolution of dune
height throughout the whole experiment.

The proppant was mixed with the sand-carrying fluid
at a specified ratio in the mixing tank and subsequently
injected through ten inlet ports, each with a diameter of 1.4
mm, at an injection rate of 6 m3/h. The proppant used in
the experiments consisted of quartz sand with particle-size
ranges of 20/40, 40/70, and 70/140 mesh and a density of
2,500 kg/m3. The injection concentration of the proppant was
maintained at 7%. The carrier fluid exhibited a viscosity of 1
mPa·s, as summarized in Table 1. Before each experiment,
the fracture system was prefilled with the carrier fluid to
eliminate air entrapment and ensure stable initial conditions.
The proppant and fluid prepared in the mixing tank was
continuously agitated and injected into the fracture through
the inlet ports, while the whole process was continuously
monitored and recorded by means of a high-resolution camera.
The parameters employed in the numerical simulations were
identical to those in the physical experiments, ensuring the
consistency of the methodology and the comparability of
results.

A comparison between dune morphology obtained from
the physical experiments and numerical simulations is shown
in Fig. 4, and the corresponding experimental data was sum-
marized in Table 2. These simulations accurately reproduce
the experimental dune morphologies, resulting in similar dune
heights and lengths, with only a slight change in slope. Over-
all, the CFD-DEM simulation results are in good agreement
with the experimental observation results, thus confirming the
robustness and reliability of the numerical model.
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Fig. 4. Comparison of results: (a) Numerical simulation and (b) physical simulation.

3. Results and discussion

3.1 Effect of operational parameters
3.1.1 Injection rate

The established model was employed to simulate proppant
transport at injection rates of 0.005, 0.006, 0.008, 0.009, 0.010,
0.011, and 0.012 L/s. The proppant size was set to 0.6 mm
(25-30 mesh), the density was 2,500 kg/m3, the viscosity of
the sand-carrying fluid was 1.00 mPa·s, and the sand ratio
was 14%. Each simulation was run for 15 s. The resulting
proppant placement patterns under the seven injection rates
are illustrated in Fig. 5.

According to the experimental results, a first-order kinetic
equation was used to fit the data for parameters including
Hma, Lma, Aws and Als. The results are depicted in Fig. 6.
The quantitative relationship between injection rate and dune
parameters can be described by:

y = A2 +
A1 −A2

1+ e(x−x0)/dx
(13)

where A1, A2, x0, and dx are all constants. The fitting curves
show a high degree of consistency with the experimental data,
which effectively captures the development trends of proppant
accumulation (Figs. 6(a)). With the injection rate increasing,
Lma increases gradually, whereas Hma decreases gradually. At
first, the reduction rate of Hma is accelerated but then it slows
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Fig. 5. Results of experiments conducted at various injection
rates.

down as the injection rate continues to increase. For example,
when the flow rate increases from 0.005 to 0.012 L/s, Lma rises
from 0.7 to 7 cm, which constitutes a significant increase of
900%. Meanwhile, Hma decreases from 2.6 to 1.15 cm, with
a reduction of about 55.8%.
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The observed trend can be attributed to the change of
fluid and proppant flow dynamics under different injection
rates. At low injection rates, the flow velocities of both the
fluid and the proppant are relatively small, which leads to the
limited carrying capacity of the fluid. Consequently, most of
the proppant accumulates near the inlet region, forming high
sand dunes in this region. As the injection rate increases, both
the flow velocity and the proppant-carrying capacity of the
fluid are improved, thus resulting in a longer transport distance
and an increase in Lma. Moreover, the higher injection rate
enhances the diffusion and spreading of the proppant along
the bottom of the fracture base, thus broadening the deposition
area. Thirdly, increased injection rates raise the collision
momentum between newly injected and previously deposited
proppant particles, which drives the deposited proppant further
downstream, and thereby reducing the overall dune height.
However, when the injection rate becomes excessively high,
the intensified fluid resistance acting on the proppant limits
further increases in both Lma and Hma, thus leading to a gradual

stabilization of these parameters.
As the injection rate increases from 0.005 to 0.012 L/s,

Aws decreases from 41 to 8◦, with a decrease of 80.5%, while
Als decreases from 19 to 2◦, with a decrease of 89.5% (Figs.
6(b)). The rates of decline in both angles accelerate at first,
and then gradually slow down with the injection rate further
increasing. This trend appears because a higher injection rate
enhances the proppant-carrying capacity and diffusion effect of
the fluid, and weakens the interparticle interactions among the
proppant grains. Therefore, the deposition area of the proppant
becomes expanded. Moreover, along with the increasing of
injection rate, the erosive effect of fluid on the sand dunes
becomes more pronounced, thus leading to rapid reductions
in both Aws and Als.

3.1.2 Proppant size

Seven sets of experiments were conducted using proppant
with diameters of 0.2 mm (70-80 mesh), 0.25 mm (60-70
mesh), 0.3 mm (50-60 mesh), 0.35 mm (45-50 mesh), 0.4
mm (40-45 mesh), 0.45 mm (35-40 mesh), and 0.5 mm (30-
35 mesh). The established model was employed to perform the
corresponding simulations under a flow rate of 0.04 L/s. The
proppant concentration was maintained at 14%, the proppant
density was 2,500 kg/m3, and the viscosity of sand-carrying
fluid was 1.00 mPa·s. Each simulation was run for 15 s. The
resulting proppant placement patterns for the seven particle
sizes were illustrated in Fig. 7.

Based on the experimental results, a first-order kinetic
equation was employed to analyze the data for parameters,
including Hma, Lma, Aws, and Als (Fig. 8). The dependence of
the dune parameters on proppant size can be expressed as:

y = A2 +
A1 −A2

1+ e(x−x0)/dx
(14)

where A1, A2, x0, and dx are constants. The fitted curves
show a high level of consistency with the experimental data,
effectively capturing the evolving trends in the proppant place-
ment process. As shown in Fig. 8(a), with increasing proppant
particle size, Lma gradually decreases, while Hma increases.
The slope of the curves initially rises but then gradually
declines. For instance, as the proppant size increases from 0.2
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Fig. 9. Results of experiments at various sand-carrying fluid
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to 0.5 mm, Hma increases by approximately 1,667% (from 0.15
to 2.65 cm), while Lma decreases by about 94.9% (from 11.8
to 0.6 cm).

The main reason for these trends is that, at the same
density, larger proppant particles possess greater mass and
surface area. As a result, they are subjected to stronger
gravitational and drag forces during transport, which reduce
their transport distance while promote greater accumulation,
thus increasing the value of Hma.

As the particle size of proppant increases, both Aws and
Als increase, although the rate of increase begins to accelerate
and then gradually decreases. Specifically, Aws increases from
1.5 to 16◦, representing a rise of approximately 967%, while
Als increases from 0.2 to 16◦, corresponding to an increase of
about 7,900% (Figs. 8(b)). This phenomenon is mainly due
to the fact that smaller proppant particles are transported for
longer distances, covering a wider area and exhibiting a slower
rate of dune height growth, which results in relatively flat
dunes with smaller Aws and Als. As the proppant size increases,

gravitational effects enhance particle settling, leading to more
rapid dune height development. Larger particles also gener-
ate greater interparticle spacing during accumulation, thereby
increasing both Aws and Als. However, once the particle size
exceeds a certain threshold, the growth rate of dune height
slows down, and particle slippage becomes more pronounced
during deposition. This behavior promotes a broader deposi-
tion zone and leads to the stabilization of Aws and Als.

3.1.3 Sand-carrying fluid viscosity

The sand-carrying fluids with viscosities of 1.25, 1.50,
2.00, 2.50, 2.75, 3.25, and 3.50 mPa·s were set for the
numerical simulations. The proppant size was set to 0.6 mm
(25-30 mesh), the density was 2,500 kg/m3, and the sand ratio
was 14%. The injection rate was maintained at 0.01 L/s, and
each simulation was run for 15 s. The proppant placement
patterns obtained under seven fluid viscosities are illustrated
in Fig. 9.

Based on the experimental results, a first-order kinetic
equation was employed to analyze the variations in Hma, Lma,
Aws, and Als. The corresponding results are illustrated in Fig.
10. The quantitative relationship between proppant size and
the deposition parameters can be expressed as:

y = A1e−x/t1 + y0 (15)
Lma increases progressively with increasing fluid viscosity,

and the rate of increase becomes more pronounced at higher
viscosities. On the contrary, Hma decreases as viscosity in-
creases, but the decrease rate gradually slows down, as illus-
trated in Fig. 10(a). When the viscosity increases from 1.25 to
3.50 mPa·s, Lma increases from 5.0 to 20.5 cm, representing
an increase of approximately 310%, while Hma decreases from
1.4 to 0.72 cm, corresponding to a reduction of about 49%.
This behavior is primarily attributed to the enhanced proppant-
carrying capacity of the fluid as viscosity rises, which allows
proppant to be transported farther position into the fractures,
thus expanding the deposition area but reducing the dune
height. Furthermore, higher viscosity increases the drag force
acting on the proppant, prolonging its suspension time and
promoting a more uniform distribution of particles within the
fracture network.
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Fig. 11. Results of experiments at various proppant densities.

With increasing fluid viscosity, Aws of the dune gradually
decreases, although the rate of decrease is slower. Specifically,
when the viscosity increases from 1.25 to 3.50 mPa·s, Aws
decreases from 11.4◦ to 4.1◦, indicating a reduction degree
of about 64%, while Als decreases from 3.5◦ to 0.7◦, corre-
sponding to a reduction degree of about 80%, as shown in Fig.
10(b). This behavior can be attributed to the longer residence
time of proppant particles within the fluid at higher viscosities,
which promotes a broader deposition area and reduces both
Aws and Als. In addition, higher viscosity diminishes the
inter particle collisions and kinetic energy exchange during
transport, resulting in a more uniform proppant distribution
and a flatter dune shape.

During the process of sand dune formation, an initial basal
layer is first established at the bottom of the fracture, and then
it is locally accumulated in specific regions. With the fluid
viscosity increasing, the height of this basal layer gradually
rises, and its areal coverage expands accordingly. However,
the existence of coarser particles can lead to the formation

of larger unfilled zones within the fracture, which might have
an adverse impact on methane flow and eventually reduce the
production efficiency of coalbed methane.

3.1.4 Proppant density

Simulations were carried out using proppant with densities
of 1,500, 1,750, 2,000, 2,250, 2,500, 2,750, and 3,000 kg/m3,
respectively. The proppant size was fixed at 0.6 mm (25-30
mesh), with a sand-carrying fluid viscosity of 1.00 mPa·s and
a sand ratio of 14%. The injection rate was maintained at
0.012 L/s, and each simulation was run for 8 s. The resulting
proppant placement patterns obtained under seven proppant
densities are illustrated in Fig. 11.

According to the experimental results, the Hma, Lma, Aws,
and Als were fitted using a first-order kinetic equation (Fig.
12). The quantitative relationships between proppant density
and the dune parameters can be expressed as follows:

y = A1e−x/t1 + y0 (16)
Lma decreases progressively with increasing proppant density,
while Hma increases. Specifically, as the proppant density rises
from 1,500 to 3,000 kg/m3, Lma decreases from 24.6 to 4.1
cm, an 83.3% reduction, while the height increases from 0.5 to
1.52 cm, reflecting a 204% increase, as illustrated in Fig. 12(a).
These results indicate that increasing the proppant density
enhances the gravitational force acting on the particles, while
the fluid drag remains almost unchanged, resulting in a faster
sedimentation rate. Consequently, both the transport distance
and accumulation range decrease, thus leading to a reduction
in Lma and a corresponding increase in Hma. As depicted in
Fig. 12(b), both Aws and Als increase with rising proppant
density. Specifically, when the proppant density increases from
1,500 to 3,000 kg/m3, Aws rises from 1.7◦ to 14.9◦, marking
an increase of 776.5%. Similarly, Als rises from 0.4◦ to 6.2◦,
reflecting a 145% increase. This behavior is mainly due to
the higher settling velocity of particles with higher density in
the fracture, which promotes faster accumulation and steeper
dune slopes. In addition, the greater proppant density enhances
the contact and filling efficiency among particles during the
deposition process, thus further contributing to the increase in
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Table 3. Experimental design and results.

No.
Monitoring value Response index

x1 (L/s) x2 (mm) x3 (mPa·s) x4 (kg/m3) Hma (cm) Lma (cm) Aws (◦) Als (◦)

1 0.005 0.6 1.00 2,500 2.6 0.7 41 19

2 0.04 0.2 1.00 2,500 0.15 41 1.5 0.2

3 0.01 0.6 1.25 2,500 1.4 5 11.4 3.5

4 0.012 0.6 1.00 1,500 0.5 24.6 1.7 0.4

5 0.006 0.6 1.00 2,500 2.5 1.2 39 17

6 0.04 0.25 1.00 2,500 0.25 40.5 2 0.5

7 0.01 0.6 1.5 2,500 1.2 7 9.5 2.9

8 0.012 0.6 1.00 1,750 0.6 20.7 2.4 0.7

9 0.008 0.6 1.00 2,500 1.9 2.1 18 11

10 0.04 0.3 1.00 2,500 0.6 15 3 1.5

11 0.01 0.6 2 2,500 1.05 9.2 7.6 1.7

12 0.012 0.6 1.00 2,000 0.72 14.2 4.7 0.6

13 0.009 0.6 1.00 2,500 1.6 2.5 16 6

14 0.04 0.35 1.00 2,500 1.35 15 7 6

15 0.01 0.6 2.5 2,500 0.9 11.7 5.8 1

16 0.012 0.6 1.00 2,250 0.92 9.2 7.4 1.2

17 0.01 0.6 1.00 2,500 1.3 5.3 12 4.2

Aws and Als.

3.2 Response surface analysis of experimental
results

To support hydraulic fracturing operations to the greatest
extent and evaluate related indicators effectively after comple-
tion, based on the data in Table 3, a multiple regression anal-
ysis was carried out by using Design-Expert. This analysis led
to the development of equations describing the relationships
between each response variable and the related parameters:

Hma(x) = 51.097x1 +7.156x2 −0.339x3

+0.001x4 −5.701
(17)

Lma(x) = −87.088x1 −80.795x2 +4.814x3

−0.017x4 +92.818
(18)

Aws(x) = −160.774x1 +19.136x2 −5.43x3

+0.014x4 −23.856
(19)

Als(x) = 296.870x1 +37.308x2 −2.784x3

+0.007x4 −33.436
(20)
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where x1 represents the injection rate; x2 represents the prop-
pant size; x3 represents the sand-carrying fluid viscosity; and
x4 represents the proppant density.

The p value for the regression model of Hma is 0.0009,
indicating the strong statistical significance of the model.
Moreover, the p value for the lack of fit exceeds 0.05,
confirming that the regression equation accurately represents
the relationship between Hma and the influencing parameters.
In addition, the p values of proppant size, sand-carrying fluid
viscosity, injection rate, and proppant density were 0.0065,
0.0008, 0.0177, and 0.0059, respectively. All of which are
statistically significant. Among these, the injection rate and
sand-carrying fluid viscosity exhibit a positive correlation with
dune accumulation height. The relative importance of the
factors affecting Hma can be ranked as follows: Proppant size
> proppant density > injection rate > sand-carrying fluid
viscosity.

The p value for Lma regression model is less than 0.0001,
indicating that the model is statistically significant. The fitted
regression equation accurately represents the relationship be-
tween the horizontal distance and the parameters. In addition,
the p values of proppant size, sand-carrying fluid viscosity,
injection rate, and proppant density are 0.602, 0.0001, 0.001,
and less than 0.001, respectively. Specifically, proppant size,
sand-carrying fluid viscosity, and proppant density are sta-
tistically significant predictors, whereas injection rate is not
statistically significant. The regression analysis shows that
both the sand-carrying fluid viscosity and the injection rate
exhibit a positive correlation with Lma, while proppant size and
proppant density are negatively correlated with this parameter.
The relative importance of the factors affecting Lma can be
ranked as follows: Proppant density > proppant size > sand-
carrying fluid viscosity.

The p value for Aws regression model is 0.0261, indicating
that the model is statistically significant. The lack-of-fit p
exceeds 0.05, suggesting no significant lack of fit; thus, the fit-
ted regression equation adequately represents the relationship
between Aws and the parameters. The p values of proppant
size, sand-carrying fluid viscosity, injection rate, and proppant
density are 0.5676, 0.5297, 0.0192, and 0.0251, respectively.
Among these, sand-carrying fluid viscosity and proppant
density are statistically significant predictors, whereas inlet
rate and proppant size are not. The regression coefficients
indicate that proppant size and proppant density are positively
correlated with Aws, whereas inlet rate and sand-carrying
fluid viscosity are negatively correlated with Aws. The relative
importance of the factors affecting Aws can be ranked as
follows: Sand-carrying fluid viscosity > proppant density.

The p value for Als regression model is 0.0434, indi-
cating that the model is statistically significant. The lack-
of-fit p exceeds 0.05, suggesting no significant lack of fit;
therefore, the fitted regression equation adequately represents
the relationship between Als and the parameters. The p values
of proppant size, sand-carrying fluid viscosity, injection rate,
and proppant density are 0.0876, 0.0496, 0.0423, and 0.0635,
respectively. Among these, proppant size and sand-carrying
fluid viscosity are statistically significant, whereas inlet rate
and proppant density are not. The regression coefficients reveal

that proppant size and proppant density are positively corre-
lated with Als, whereas injection rate and sand-carrying fluid
viscosity are negatively correlated. The relative importance of
factors affecting Als can be ranked as follows: Sand-carrying
fluid viscosity > proppant size.

3.3 Optimization of proppant injection
parameters

In practical applications, it is essential to form large-
scale, long-distance proppant accumulation within the hydro-
fracture. This objective requires maximizing Hma and Lma
while minimizing both Aws and Als. By solving the regression
equations, the optimal parameter combinations under the ex-
perimental conditions can be determined. When the injection
rate is 0.04 L/s, proppant size is 0.6 mm, fluid viscosity is
1.00 mPa·s, and proppant density is 3,000 kg/m3, the Hma
reaches a maximum of 3.588 cm, accounting for 79.7% of the
hydro-fracture height. When the injection rate is 0.005 L/s,
proppant size is 0.2 mm, sand-carrying fluid viscosity is 3.5
mPa·s, and proppant density is 1,500 kg/m3, Lma is maximized
at 67.508 cm. When the injection rate is 0.012 L/s, proppant
size is 0.557 mm, sand-carrying fluid viscosity is 1.274 mPa·s,
and proppant density is 1,585.745 kg/m3, the minimum Aws
is 0.047◦. Additionally, when the injection rate is 0.007 L/s,
proppant size is 0.533 mm, sand-carrying fluid viscosity is
1.518 mPa·s, and proppant density is 2,338.419 kg/m3, the
minimum Als is 0.101◦.

In field fracturing operations, fracture size parameters can
be obtained from test wells. Based on the relationships among
injection rate, proppant size, sand-carrying fluid viscosity,
proppant density, and dune parameters described in this paper,
the injection parameters of the proppant can be determined to
ensure long-distance proppant placement.

4. Conclusions
To investigate the transport and placement behavior of

proppant within secondary fractures, this study presented a
CFD-DEM simulation model. Corresponding multiple linear
regression equations were established, the influences of key
factors on the response variables were quantified, and the
optimal parameter combinations under various conditions were
determined. The main findings are as follows:

1) Proppant particles initially spread evenly at the bottom
of a part of the fracture, forming an initial deposition
layer with a limited height. As the injection continues,
a dune begins to develop at a local location. With
the progressively increasing dune height, the growing
structure partially hinders the inflow of extra proppant.
Subsequently, a portion of particles accumulate on the
windward side of the dune, while others collide with
particles near the top of the dune and are deposited
on the leeward side. This dynamic process results in a
continuous increase in both the dune height and its areal
extent.

2) An increase in injection rate enhances the formation
of fluid turbulence and vertex, thus intensifying the
particle-particle interactions. Because of the higher rel-
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ative particle velocity, this effect also increases the drag
force acting on the proppant. Proppant size affects the
transport and placement behaviors by changing particle
mass and surface area: Larger particles possess greater
mass and surface area than smaller ones, which leads to
stronger gravitational and drag forces during transport,
thus making them more likely to settle near the inlet.
Variations in the viscosity of the sand-carrying fluid
directly affect its proppant-carrying capacity. The higher
the viscosity, the longer suspension times and the longer
transport distances. Similarly, alterations in the proppant
density change the gravitational force acting on individ-
ual particles; as density increases, the transport distance
decreases, promoting earlier deposition and accumulation
near the inlet region.

3) The relative importance of factors influencing Hma can be
arranged as follows: Proppant size > proppant density >
injection rate > sand-carrying fluid viscosity. For Lma,
the ranking is: Proppant density > proppant size > sand-
carrying fluid viscosity. The factors affecting Aws can be
ordered by importance as sand-carrying fluid viscosity
> proppant density, while those influencing the Als are
ranked as sand-carrying fluid viscosity > proppant size.

4) Under the specified experimental conditions of 0.04 L/s
injection rate, 0.6 mm proppant size, 1.00 mPa·s sand-
carrying fluid viscosity, and 3,000 kg/m3 proppant den-
sity, the Hma reaches 3.588 cm, accounting for 79.7% of
the fracture height. Conversely, when the injection rate is
reduced to 0.005 L/s, at the smaller proppant size of 0.2
mm, higher sand-carrying fluid viscosity of 3.5 mPa·s,
and lower proppant density of 1,500 kg/m3, Lma extends
to the maximum value of 67.508 cm, corresponding to
15 times the fracture height.

However, apart from the four primary factors considered
in this study, other potential influencing variables were not
examined. Therefore, additional factors should be included in
future research to further improve the accuracy and robustness
of the prediction model.
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