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a b s t r a c t

Hydraulic fracturing is a key technology for the development of unconventional hydrocarbon resources.
The proppant placement morphology determines the fracture conductivity, thus affecting the reservoir
stimulation effect. In this paper, the proppant migration and placement within complex fractures was
studied by considering the fracture wall roughness through computational fluid mechanics-discrete
element method (CFD-DEM) in numerical simulation, which is a key approach to study the proppant
migration and placement. The results show that the proppant placement non-uniformity, proppant
migration capacity, and proppant volume filled in the far-end and the secondary branched fracture are
enhanced within the rough fracture compared with those within smooth fractures. The proppant
migration capacity is increased within the fracture at low inclination angles (<60�) and low approach
angles (<90�), and the proppant placement area is larger in the inclined fracture than that in the vertical
fracture. The rise of injection rate and fracturing fluid viscosity causes more proppants migrate to far-end
or secondary fractures, resulting in a non-proppant area within the near-wellbore fracture. An increase
by 1.3 times in the injection rate and 3 times in the fracturing fluid viscosity leads to a decrease by 26.6%
and 27%, respectively, in the proppant placement area within the near-wellbore fracture. The staged
injection with small size proppants followed by large size proppants increases the proppant placement
area in the primary fracture by 13%e26%, and that with large size proppants followed by small size
proppants increases the proppant placement area by 19%e25%, which is due to that the latter method
facilitates filling of the secondary branched fracture. The injection location mainly affects the proppant
filling degree within the near-wellbore fractures. Compared with the upper injection, the middle and
lower injection is not beneficial to filling of proppants within the near-wellbore fracture.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The development of unconventional hydrocarbon is increasing
due to the depletion of conventional hydrocarbon resources. Hy-
draulic fracturing is a requisite and plays a key role in developing
unconventional hydrocarbon reservoirs (Sahai and Moghanloo,
y Elsevier B.V. on behalf of KeAi Co
2019; Liu et al., 2019; Abubakar et al., 2021). The created fractures
are gradually closed after hydraulic fracturing operation due to the
existence of in-situ stress. The proppants are carried by the carrier
fluids and injected into the reservoir during hydraulic fracturing to
prevent fracture closure (Beatriz et al., 2021; Ainni et al., 2021) and
maintain the high conductivity of proppant-propped fractures,
which are the high-rate channels for oil and gas flow to the well-
bore (Guo et al., 2017; Gong et al., 2020). The proppant migration
and placement morphology directly determine the conductivity of
the proppant-filled fracture. It is necessary to investigate the
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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influences of relevant factors on proppantmigration and placement
and understand the laws of proppant migration and placement in
fracturing design.

Physical simulation is a key approach in study of proppant
migration and placement. Bandara et al. (2020) made some prog-
ress in the study of the mechanism of proppant migration, distri-
bution, crushing and embedment within fractures in real cores
with a diameter of only 5 cm. Studies have been done previously in
large outcrop rocks (Guo et al., 2020), but the cost in outcrop rock
excavation, acquirement, cutting, migration and experimental
operation is quite high. Currently, the laboratory experiment is
completed in the simulation devices of proppant migration and
placement. The simulation devices with different characteristics
have been built by Sahai et al. (2014), Raimbay et al. (2017), Alotaibi
and Miskimins (2017), Ba et al. (2019), and Troy et al. (2020), and
the study of proppant migration and placement has been
completed. The physical simulation provides visual observation of
proppant migration and placement and reliable results, but it is not
applicable in fracturing design due to the fixed structure and single
boundary conditions of the simulation devices.

With the progress of the computer technology, numerical
simulation has become another method in the study of proppant
migration and placement (Guo et al., 2019; Gong et al., 2016).
Comparatively, numerical simulation is more helpful in fracturing
design due to low cost, various model forms and various boundary
conditions. Currently, numerical simulation of fluid-particle two-
phase flow are completed through Euler-Euler and Euler-Lagrang
methods (Gadde et al., 2004). In computational fluid dynamics
(CFD), which is a Euler-Euler method, the fluid and the particle
phases are as a continuum and a pseudo fluid respectively, and the
dynamical characteristics of the particle phase are similar to those
of the fluid phase. Tsai et al. (2012) used the CFD method to carry
out numerical simulation of proppant migration within hydraulic
fractures in shale gas reservoirs, and the fracture geometry was
simplified ensure good performance of model computing. Bokane
et al. (2013) used the CFD method to study the proppant migra-
tion and distribution in multi-stage fractured horizontal wells, and
analyzed the effects of fracturing fluid viscosity, injection rate and
proppant particle size. Gong et al. (2020) carried out the study of
proppant migration within natural and secondary fractures with
the CFD method. The results show that the secondary fracture di-
rection controls the proppant migration efficiency and motion
morphology and directly determines the proppant placement
within the secondary fracture.

In computational fluid dynamics-discrete element method
(CFD-DEM) coupling, which is a Euler- Lagrang method, the fluid
migration equation in the Lagrange coordinate system is resolved
by considering the fluid as continuous phase, and the particle
motion equation is solved in the Lagrange coordinate system by
considering the particle phase as a finite discrete element. Zhang
et al. (2017) studied the effects of proppant particle size, density,
fracturing fluid viscosity and injection rate on proppant migration
and placement within a single fracture across horizontal wells
through numerical simulationwith the CFD-DEM couplingmethod.
The result shows that proppant motion is mainly affected by the
fluid dynamics of fracturing fluid. Proppants start to settle near the
wellbore, and they are balanced as more proppants settle down.
Then, the proppants injected subsequently migrated to the far end
of the fracture. Kou et al. (2018) carried out simulation of proppant
migration and settlement in a single inclined fracture through CFD-
DEM, and the result shows that proppant placement in inclined
fractures is better than that in vertical fractures due to the fracture
wall supporting force. Wang et al. (2019) analyzed the effects of
fracture closure, perforation height and secondary fracture
approach angle by simulation of proppant migration and
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placement within smooth and complex fractures through CFD-
DEM. The results show that fracture closure leads to an increase
in the placement area and a reduction in the proppant layer. The
perforation height has an effect on mixing of multi-size proppants.
Proppants are more easily migrated to the branched fractures of
larger entrance and smaller approach angle. Lu et al. (2020) ob-
tained the reason and mechanism of uneven proppant placement
and low propping efficiency within a single simplified fracture
through CFD-DEM simulation with variable fracturing fluid vis-
cosity and proppant density. The study shows that an increase in
the fluid viscosity leads to a significant increase in the proppant
migration distance and an increase in the non-proppant length
near the wellbore. The best fracture propping effect is obtained
through alternated injection of the fracturing fluids with the vis-
cosity ratio between 2 and 5. High density proppants can be
deposited to form a higher proppant bed, and lower density
proppants tend to form a longer proppant bed. Song and Dahi
(2020) performed the CFD-DEM numerical simulation of prop-
pant migration and placement within smooth and symmetrical
complex fractures. The result shows that the injected proppants are
divided into bottom sand dune zone, middle rolling zone and top
fluidized zone. The balanced height of the sand dune within the
secondary fractures is possibly higher than that within the primary
fracture, and the proppant sand dunes are symmetrically distrib-
uted. Proppants settle down through falling deposition and rolling
deposition within secondary fractures. In addition, the MP-PIC
method, which also belongs to the Eulerian-Lagrangian model, is
also used in the study of proppant migration and placement. This
method is different from CFD-DEM in that it divides the dispersed
phase into many small parts. Then, instead of calculating each
proppant particle, each small part of the particle is packaged as the
simulation calculation object to reduce the computational cost.
Siddhamshetty et al. (2020) used a computationally efficient, three-
dimensional, multiphase particle-in-cell (MP-PIC) model was
employed to simulate the multi-size proppant transport in a field-
scale geometry using the EulerianeLagrangian framework. Zeng
et al. (2019) studied the transport of proppant in large-scale
extended fractures based on the MP-PIC method, providing new
insights for field-scale simulations.

Numerical simulation is a powerful tool to study proppant
migration and placement. Particularly, the CFD-DEM coupling
method is widely used due to its capability of capturing the particle
motion characteristics and accurately characterizing the interaction
between particles, fluid and fracture wall surface. Previously, the
fracture model was simplified as the smooth fracture wall, where
the effect of the rough fracture wall on proppant migration and
placement is always neglected. Moreover, the fracture model is
mostly treated as the single primary fracture, and there is no
research on proppant migration within complex fractures of
different morphology. In this paper, numerical simulation of
proppant migration and placement within the complex rough
fracture was performed through CFD-DEM coupling method to
obtain the influencing mechanism of the fracture characteristics,
including the fracture wall roughness and the inclined angle and
approach angle of secondary fracture and the operation parame-
ters, including the injection rate, proppant particle size and frac-
turing fluid viscosity and injection location, and the suggestions on
field fracturing were given.

2. Simulation methods

In CFD, solution of the governing equations of fluid mechanics
and simulation of the hydrodynamic problems are realized by the
numerical method. In DEM, tracking of individual particle motion
and simulation of interaction between particles can be realized. The
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CFD-DEM coupling method can be used to simulate proppant
migration and placement within the rough fractures, and fluid flow
and particle motion are computed in CFD and DEM solvers,
respectively. The CFD-DEM coupling processes (Zeng et al., 2016)
are as follows: compute the fluid flow through CFD in each time
step, transfer the fluid flow to DEM via pressure and momentum,
compute location and velocity of updated particles, return the
updated data to CFD, update the fluid pressure and velocity field,
and continue computation in the next time step, as shown in Fig. 1.

(1) Incompressible fluid governing equation (Zeng et al., 2016;
Zhang et al., 2017; Wang et al., 2019)
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where af is the volume fraction of fluid; rf is the fluid density; uf is
the fluid velocity; tf is the viscous stress tensor; P is the fluid

pressure; g is the acceleration of gravity; Fpf
f is the external force on

the element fluid; Ff is the volume force; F lift is the lift force; Fvm is
the virtual mass force.

(2) Particle governing equation (Wang et al., 2019)

The governing equations of particle translation and rotation are
shown in Eqs. (4) and (5). The normal and tangential interactions
between particles are characterized in Eq. (6).

mp
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X
T (5)
Fig. 1. CDF-DEM coupling process (Reprint permission obtained from Zeng et al.,
2016).
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where Fc
p is the contact force; Ffp

p is the fluid drag force and pres-
sure gradient force on particles; mp is the particle mass; Ip is the
moment of inertia of particles; n is the normal direction between
particles;

P
T is the sum of torque vectors on particles; vp is the

particle velocity; up is the angular velocity of particles.

(3) CFD-DEM coupling (Wang et al., 2019)

Pressure gradient force:

FVP ¼ � VpVP (7)

Fluid drag force:

FD¼ bðu� vÞ (8)

where Vp is the proppant volume; b is the dimensionless coeffi-
cient calculated by Wen & Yu's method (Wen and Yu, 1966).
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where dp is the particle diameter; u is the fluid velocity; up is the
particle velocity; Cd is the drag coefficient, which is defined by the
particle Reynolds number.

Cd ¼
24

�
1þ 0:15Re0:687p

�

Rep
; Rep � 1000 (12)

Cd ¼ 0:44; Rep >1000 (13)
3. Establishment of rough fracture model

Currently, the study of proppant placement and migration
within the fractures is always carried out with the smooth and
simplified models. Nevertheless, the actual inner wall of fracture is
rough and uneven. More needs to be done in the study of the
mechanism of rough wall affecting proppant migration. Steven
et al. (2006) proposed a method for creating the numerical rough
rock fracture wall and developed the supporting software package
SynFrac, which are used to generate a series of altitude data of
fracture wall of different roughness. In this method, several pa-
rameters are input to control the spatial correlation of rough frac-
ture surfaces and the correlation between fracture surfaces. The
fracture wall roughness is characterized by fractal dimension (Df),
and the higher fractal dimension indicates the rougher fracture
wall. Scott et al. (2016) confirmed the validity of this method by
numerical simulation of the effect of roughness on fluid flow and
eddy forming within a series of numerical fracture models of
increasing roughness generated in SynFrac and comparing the



Table 1
Numerical simulation parameters.

Parameters Value

Primary fracture size L � H � W, m 0.3810 � 0.0762 � 0.002
Branched fracture size L � H � W, m 0.1905 � 0.0762 � 0.002
Proppant size, mm 0.6 mm
Fracturing fluid density, kg/m3 1000
Fracturing fluid viscosity, Pa s 0.001
Fluid injection rate, m/s 0.1, 0.2
Proppant density, kg/m3 2650
Injection time, s 20
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numeric results with the experimental results. Yatin et al. (2019)
used this method to create a series of numerical fracture models
of different roughness and carried out study of proppant migration
in the fracture using CFD method, and the reliability of the method
was proved. In this paper, we only consider the effect of rough
sidewall of the fracture on proppant migration, ignore the
morphology of the fracture top and bottom, and do not consider the
phenomenon that the fracture will close under in-situ stress. First,
use SynFrac to generate the elevation data of the rough fracture on
both sides of the fractal dimension value, import the rough wall
data on one side into the modeling software (Solidworks is used in
this paper), then use the “boundary surface” function of Solidworks
to generate one side. In the sameway, the rough fracture surface on
the other side is generated, and the distance between the two side
walls is adjusted according to the simulated fracture width re-
quirements (because both side walls have bumps of different sizes,
the average distance between the two sides is taken as the fracture
width in this paper.), then sew the edges around the two side walls
into four smooth surfaces, which are the top surface, bottom sur-
face, entrance surface, and exit surface of the fracture, and finally
generate a single-block 3D rough fracture model with a certain
width (as shown in Fig. 2). Using a single three-dimensional rough
fracture model as a “building block” to “build building blocks”,
complex rough fracture models with different shapes can be ob-
tained. Babadagli and Develi (2003) found the fractal dimension of
fracture wall from 2 to 2.7 in rock fracturing in the laboratory. In
this paper, the fracture wall roughness is set as Df ¼ 2 (smooth
fracture), Df ¼ 2:3 and Df ¼ 2:7, and the length � height � width
of the primary fracture is 500mm� 60mm� 5mm, and that of the
secondary fracture is 150 mm � 60 mm � 3 mm.

4. Verification of numerical simulation method

The numerical simulation results were compared with those of
previous experiments in the smooth fracture to verify the accuracy
of the method and were compared with those of laboratory ex-
periments in rough fractures to verify the reliability of proppant
migration and placement rules within rough fractures.

4.1. Comparison with experiments in the smooth fracture

In order to verify the accuracy of the numerical simulation
method, the same parameters and a similar fracture model were
used for simulation, which was compared with the experimental
results of Tong and Mohanty (2016). Used parameters in the
simulation are shown in Table 1, and the other parameters not
listed are consistent with the experiments. It can be seen from Fig. 3
that the numerical simulation results are similar to the sand dune
morphology in the experimental results. The number of proppants
entering the branch fractures is limited. Now, we mainly compare
and analyze the sand dune parameters in the main fractures, and
Fig. 2. 3D fracture model with the rough wall.
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draw the sand dune parameter histograms under the two schemes
of case 1 and case 2, as shown in Fig. 4. The errors in the length and
average height of the sand dune between the simulation and
experimental results of case 1 are 8.8% and 4.5%, respectively, while
those of case 2 are 2.8% and 5.0%. The above data results show that
the numerical simulation results are in good agreement with the
experimental results, and the mathematical model can be used to
study the law of proppant migration and placement in fractures.
4.2. Comparison with experiments in the rough fracture

Guo et al. (2018) developed a simulation device of proppant
migration and placement within the large complex and rough
fractures (Fig. 5a). The device consists of several fracture units with
filtration holes (Fig. 5b), which can be installed independently or
integrated to form a long fracture. One fracture wall is bonded with
rock particles to form the roughness (Fig. 5b), and the other wall is
the transparent organic glass. A single-wall rough fracture model
(Fig. 5c) with the same size and similar roughness as the unit
fracture in the simulation device was created in simulation calcu-
lation. The effect of fluid leaked off was not considered in this study,
and the filtration holes were closed in the experiment. According to
the parameter conditions in Table 2, two groups of laboratory ex-
periments and numerical simulations were compared and verified.
The results are shown in Fig. 6. The sand dune shapes of the
experiment and the numerical simulation are similar under two
schemes. Due to the limitation of the model size, the proppant
migration distance has exceeded the fracture length, so it is not
meaningful to compare the length of the sand dune, while ratio of
dune area to fracture area can be very good to evaluate the effect of
proppant propping and filling fractures, so a bar chart (Fig. 7)
comparing average height and ratio of dune area to fracture area
under the two schemes is drawn. The errors of the average height
and ratio of dune area to fracture area between the simulation re-
sults and the experimental results in case 1 are 3.7% and 10.1%,
respectively, while those in case 2 are 3.8% and 7.6%. The above
errors are mainly caused by the roughness of the wall surface of the
experimental device and the roughness of the digital fracture
model, as well as the sealing degree and improper operation of the
experimental device, but the error is within the acceptable range.
Therefore, it can be judged that the numerical simulation of
proppant migration and placement in rough wall fractures using
CFD-DEM method is reliable and the results are reliable.
5. Results and analysis

5.1. Numerical simulation scheme

In this paper, numerical simulation of proppant migration and
placement within the complex rough fracture was performed
through CFD-DEM coupling method to obtain the influencing
mechanism of the fracture characteristics, including the fracture



Fig. 3. Comparison of results of laboratory experiments (Reprint permission obtained from Tong and Mohanty, 2016) and numerical simulation in the smooth fracture.

Fig. 4. Comparison of sand dune parameters between simulation results and experimental results in case 1 and case 2 in smooth fractures. (a) Length of sand dune; (b) Average
height of sand dune.

Fig. 5. (a) Proppant migration and placement simulation device for large complex fractures; (b) Single block rough fracture slot; (c) Unilateral rough wall fracture model.
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Table 2
Parameters in experiments and numerical simulation.

Parameters Value

Fracture size L � H � W, m 1 � 0.005 � 0.6
Inlet and outlet conditions Full open
Fracturing fluid type in experiment Slickwater
Fracturing fluid density in numerical simulation, kg/m3 1000
Fracturing fluid viscosity in numerical simulation, Pa s 0.005
Fluid injection rate, m/s 0.5, 0.3
Proppant type in experiment Quartz sand
Proppant density in numerical simulation, kg/m3 2500
Proppant size in experiment, mesh 20/40, 40/70
Proppant size in numerical simulation, mm 0.6, 0.3
Proppant concentration, % 15
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wall roughness and the inclined angle and approach angle of sec-
ondary fracture and the operation parameters, including the in-
jection rate, proppant particle size and fracturing fluid viscosity and
Fig. 6. Comparison of results of laboratory experiment

Fig. 7. Comparison of sand dune parameters between simulation results and experimental r
sand dune; (b) Ratio of dune area to fracture area.
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injection location. The simulation scheme is illustrated in Table 3.
The simulation was performed in a pressure-based solver by

assuming gravity in the fracture height direction, selecting the k‒ε
turbulence model, and setting the inlet as the rate entrance
boundary, the outlet as the pressure exit boundary, the fracture
wall as the non-slipping wall boundary and the time step as
1 � 10�5 s and 1 � 10�3 s in DEM and CFD solvers, respectively. The
proppant size was set as 0.8 mm, which is larger than the field
proppant size. This is due to that a very small proppant diameter
causes a significant increase in particle number under the fixed
proppant concentration, leading to a large increase in the simula-
tion time and failure in computation (Deng et al., 2014; Wu and
Sharma, 2016). Mixing and pumping of proppants and fracturing
fluid was simulated by setting the equal injection rate. Considering
the complex wall characteristics of the rough fracture model, the
model was meshed by the mixing network. The physical properties
of the proppant and fluid and other parameters in the simulation
are listed in Table 4.
s and numerical simulation in the rough fracture.

esults under two schemes of case 1 and case 2 in rough fractures. (a) Average height of



Table 3
Numerical simulation scheme.

Parameters Value

Wall roughness Smooth fracture, Df ¼ 2:3; 2:7
Inclined angle of secondary fracture, degree 0, 30, 60, 90
Approach angle of secondary fracture, degree 30, 60, 90, 120, 150
Injection rate, m/s 0.3, 0.5, 0.7
Proppant size, mm 0.6, 1
Fracturing fluid viscosity, mPa s 5, 10, 20
Injection position Upper, middle and lower
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5.2. Effect of fracture roughness

5.2.1. Single primary fracture
Two sets of single primary fractures with high roughness Df ¼

2:7 and low roughness Df ¼ 2:3 were created to simulate proppant
placement and migration, and one set of simulationwas performed
as a reference. The simulation results are shown in Fig. 8. The arrow
directions in the figure are the directions of fluid flow and particle
injection, which have the same meanings below. Intuitive obser-
vation shows that the rough wall has a significant effect on the
distribution morphology of sand dune. In Fig. 9c, the non-
uniformity of sand dune placement, i.e. the square error between
the sand dune height and the average sand dune height is increased
with the increase in roughness. The sand dunes within smooth
fractures have a smooth continuous morphology, and those within
the rough fracture have a dent morphology. The reason is illus-
trated in Fig. 10. The characteristics of concave-convex rough wall
affect the fracturing fluid flow behavior and cause eddy in the flow
near the wall. The increase in wall roughness causes stronger eddy
within the fracture. Moreover, collision occurs between proppants
and between proppants and fracture wall during proppant migra-
tion, and the increased roughness enhances collision, resulting in
disordered proppant settlement and accumulation within rough
fractures, which does not occur within in smooth fractures.

A large number of eddies caused by rough walls lead to more
proppant suspension capacity and less proppant settlement,
resulting in a decrease of 31.9% and 11.4% in the average height and
length of sand dune (Fig. 9a and b). As the fracturing fluid is
pumped, the suspended proppants are carried to the far-end and
settle down or are migrated out of the fracture outlet, and the
proppant volume left within the fracture decreases accordingly. As
shown in Fig. 9d, the average height of the sand dune within the
fracture with a roughness of Df ¼ 2:7 is only 63.8% of that within
the smooth fracture. The ratio of dune area to fracture area de-
creases by 33%.

5.2.2. Complex fractures
Numerical simulation of proppant placement and migration

within the complex fracture with samewall roughness as the single
primary fracture was performed, as shown in Fig. 11.

The distribution morphology of sand dune and the unfilled
degree (the ratio of the unfilled proppant area to the fracture area)
Table 4
Numerical parameters.

Parameters Value P

Proppant diameter, mm 0.8 I
Proppant density, kg/m3 2500 I
Fracturing fluid viscosity, Pa s 0.005 R
Fracturing fluid density, kg/m3 1000 F
Proppant concentration, % 5 F
Primary fracture size, mm 500 � 60 � 5 S
Number of primary fracture network 500 � 60 � 5 (Average) N
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in the near-wellbore area within the complex fracture is consistent
with that in the single primary fracture, and the non-uniformity
and unfilled degree in the near-wellbore area increases with in-
crease in roughness. Proppants migrated within the rough and
complex fracture mainly accumulate behind fracture nodes, form-
ing large sand dune, which is significantly different from the phe-
nomenon in the single primary fracture. Moreover, more proppants
migrated within the rough fracture flow into the secondary frac-
ture. As shown in Fig. 12, with the increase in roughness, the length
and average height of sand dune within secondary and tertiary
fractures increase gradually. The average sand dune height in the
secondary fracture with a roughness of Df ¼ 2:7 is slightly lower
due to that part of proppants flow out of fractures with limit length.
This indicates the rough wall enhances proppant migration and
cause proppantmigration into the farther and deeper fracture zone.

5.3. Effect of inclined angle of branch fracture

Sahai (2012) and Wen et al. (2016) found that the natural frac-
tures are possibly not perpendicular to the hydraulic fracture. The
angle direction can be divided into inclined angle and approach
angle. In order to investigate the effect of secondary fracture in-
clined angle on proppant migration and placement, numerical
simulation was performed in the complex fracture models with
secondary fractures connected to the 1/2 point of the primary
fracture at inclined angles of 0�, 30�, 60� and 90�, and the results are
shown in Fig. 13.

The secondary fractures mainly affect the sand dune distribu-
tion behind nodes at the primary fracture. As the inclined angle of
the secondary fracture increases, the distributary effect of the
secondary fracture decreases, and less proppants are carried by
fracturing fluid to the secondary fracture, resulting in an increase in
the sand dune height and length in the primary fracture. Fig. 14
shows that the maximum average height and length of sand dune
are found in the primary fracture corresponding to the 90� inclined
angle of the secondary fracture. Thus, the maximum ratio of dune
area to fracture area occurs in primary fracture (Fig. 15) is 37%.

Comparatively, the inclined angle has a significant effect on
proppant migration and placement within the secondary fracture.
Proppants within the inclined fractures settle down under the wall
support force, gravity and upward friction along the rough slope.
The smaller incline causes the larger friction along the slope and
arameters Value

njection rate, m/s 0.4
nlet opening Full open
oughness Df 2.3
racture node morphology Vertical
racture node location 1/2 of primary fracture length
econdary fracture size, mm 150 � 60 � 3
umber of secondary fracture network 150 � 60 � 3 (Average)



Fig. 8. Proppant distribution within a single primary fracture of different roughness at different time.
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the weaker effect of gravity. Under the same kinetic energy, the
proppants are migrated farther in the fracture with the smaller
inclined angle, resulting in the larger proppant placement area. The
proppants within the horizontal fracture at the inclined angle of
0� are subjected to the strongest friction and the gravity along the
fracture width, resulting in much less settlement space, limited
suspension, increasing settlement, and the maximum flow area
within the horizontal fracture. The maximum average height and
length of sand dune within the secondary fracture at an inclined
angle of 0� leads to the highest ratio of dune area to fracture area up
to 89%. With the increase in inclined angle, the proppants are
subjected to less friction force and stronger gravity, more proppant
fall into the secondary fracture and accumulate gradually, and the
ratio of dune area to fracture area in the secondary fracture grad-
ually decreases. When the inclined angle of secondary fracture
increases to 90� (vertical), the ratio of dune area to fracture area
within the secondary fracture is only 25%, which is minimum and
decreases by 64% compared with that of the maximum sand dune
area.

5.4. Effect of approach angle of branch fracture

The approach angle, i.e. the angle between the secondary frac-
ture and the fluid flow direction within the primary fracture, is
another factor affecting proppant migration and placement when
the hydraulic fracture is not perpendicular to the natural fracture.
Numerical simulation of proppant placement and migrationwithin
the secondary fractures connected to the 1/2 point of the primary
fracture at angles of 30�, 60�, 90�, 120� and 150� was performed to
study the effect of the approach angle, and the proppant distribu-
tion morphology was obtained, as shown in Fig. 16. The average
height and length of sand dunes in the primary and secondary
fractures is compared (Fig. 17). The ratio of dune area to fracture
area in primary and secondary fractures at different approach an-
gles is obtained (Fig. 18). The approach angle mainly affects the
distribution morphology of the sand dune behind the node in the
primary fracture. As the approach angle increases from 30� to 150�,
the average height and length of the sand dune in the primary
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fracture increase gradually, and those in the secondary fracture
decrease gradually. The proppants enter the secondary fracture
through gravity and carrying of fracturing fluid. The flow direction
in the secondary fracture at smaller approach angle is closer to that
in the primary fracture, which leads to a reduction in the flow
resistance and an increase in fluid distributary, and a large number
of proppants are carried by the fracturing fluids to the secondary
fracture. A limited number of proppants fall into the secondary
fracture at high approach angle by gravity. The secondary fracture
at an approach angle of 30� has the best filling effect, with ratio of
dune area to fracture area is 34.3%. The ratio of dune area to fracture
area in the secondary fracture at an approach angle of 150� is 20.8%,
which decreases by 13.5%. Proppants not entering into the sec-
ondary fracture continue to be migrated and deposit within the
primary fracture. The sand dune placement area is only 37.5% in the
primary fracture connected to the secondary fracture at an
approach angle of 30� and is 50%, which increases by 12.5%, when
the approach angle is 150�.

5.5. Effect of injection rate

Injection rate, a key operation parameter, affects the particle
migration behavior within fractures and the sand dune placement
morphology (Kou et al., 2019). In order to investigate the effect of
injection rate, simulation of proppant migration and placement
within rough fractures was performed at an injection rate of 0.3,
0.5, and 0.7 m/s, respectively, in the complex fracture model with
tertiary fractures were created, as shown in Fig. 19. According to
Fig. 20, the injection rate increases from 0.3 to 0.7 m/s, the average
sand dune height in the primary fracture decreases by 45%, and the
sand dune length increases first and then decreases. Moreover, the
fracturing fluid under the high injection rate carries more prop-
pants into the secondary and tertiary fractures, where the sand
dune length increases by 88% and 217%, respectively. An increase in
injection rate leads to an increase in the energy for particle
migration and an increase in its horizontal migration distance, and
subsequent injection of fracturing fluid causes proppant settlement
and accumulation in a long distance. According to Fig. 21, the



Fig. 9. Relationship between sand dune parameters and fracture roughness (t ¼ 10 s). (a) Length of sand dune; (b) Average height of sand dune; (c) Degree of non-uniformity; (d)
Ratio of dune area to fracture area.

Fig. 10. Fluid turbulence within the fractures of different roughness (t ¼ 6 s).

Fig. 11. Proppant distribution within complex fractures of different roughness.
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Fig. 12. Average height and length of sand dunes within fractures of different roughness.

Fig. 13. Proppant distribution under different inclined angles of secondary fracture. (a) 0�; (b) 30�; (c) 60�; (d) 90� .

Fig. 14. Relationship between the average height and length of sand dune and the inclined angle.
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injection rate of 0.3 and 0.7 m/s leads to a maximum of 42.9% and a
minimum of 16.3%, which decreases by 26.6%, in the ratio of sand
dune placement area in the primary fracture, and on the contrary,
the ratio of sand dune area in secondary and tertiary fracture in-
creases by 67% and 647%, respectively. An increase in injection rate
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contributes to proppant migration. Nevertheless, the unfilled de-
gree in the near-wellbore area is increased dramatically, as shown
in Fig. 22. The fracture opening is possibly closed under in-situ
stress after fracturing. Thus, high injection rate is not conducive to
filling of the near-wellbore fracture.



Fig. 15. Ratio of dune area to fracture area under different inclined angles of secondary
fracture.
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5.6. Effect of proppant size

Particle size is a key property of proppant and affects proppant
migration and settlement within fractures. Simulation was per-
formed with proppants with diameter of 1 mm and 0.6 mm, and
the results are shown in Fig. 23, including the simulation results of
injection of single-size particles in (a) and (b) and those of staged
injection of dual-particle sizes in (c) and (d). According to Eq. (14),
Stokes correlation of settlement velocity, the particle settlement
velocity is proportional to the square of particle size, and the large
size particles settle down rapidly. According to (a) and (b), the large
size proppants accumulate into higher sand dunes and are
migrated in a shorter distance, and the smaller size particle tend to
be carried to far-end of fracture and deposit, forming longer sand
dunes. The staged proppant injection causes obvious layering of
sand dune. According to (c), the small proppants injected first form
a long and short sand dune, and the large proppants injected later
form a short and high sand dune above the previous sand dune. The
particles of two sizes are not mixed. The proppant injection
Fig. 16. Proppant distribution under different inclined angles of se
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sequence in (d) is opposite to that in (c). The large particles injected
first begin to settle down at the fracture inlet, forming a short and
high sand dune. The smaller proppants injected later pass the lower
sand dune of large particles and settle down at the back. As more
proppants are injected, the sand dune more forward gradually. In
this process, some particles at the top of sand dune of large particles
are possibly swept by small particles, and proppant mixing occurs
at the front of sand dune in (d).

Vs ¼
g
�
rp � rf

�
d2p

18mf
(14)

where Vs is the proppant settlement velocity; g is the acceleration
of gravity; rp is the proppant density; rf is the fluid density; dp is
the proppant diameter; mf is the fluid viscosity.

Little proppants are migrated into the tertiary fracture in all four
cases, and only the sand dune parameters in the primary and sec-
ondary fractures are analyzed. According to Fig. 24, the filling effect
of the primary and secondary fractures by large size proppants are
better than that by the small size proppants in the single size in-
jection. It is necessary to perform staged injection to obtain better
placement effect within the primary fracture, and the optimal way
is to inject small size particles followed by large size particles,
which increases the placement area by 13%e26%. Injection of large
size proppants followed by small proppants results in an increase of
19%e25% in the placement area.

5.7. Effect of fracturing fluid viscosity

Viscosity is a key property of fracturing fluid and is used to
characterize its sand-carrying capacity, and it has a significant ef-
fect on particle settlement and migration. Simulation with the
fracturing fluid viscosity of 5, 10, and 20 mPa s was performed to
obtain the effect of fracturing fluid viscosity on proppant placement
and migration, as shown in Fig. 25. According to Eq. (14), the par-
ticle settlement velocity is inversely proportional to fluid viscosity,
and particle settlement velocity decreases with the increase in
fracturing fluid viscosity. Moreover, the increased fluid viscosity
leads to an increase in the drag force on particles and enhances
proppantmigration. As shown in Fig. 26, more proppants carried by
high viscosity fluid are migrated to and settle down in the
condary fracture. (a) 30�; (b) 60�; (c) 90�; (d) 120�; (e) 120� .



Fig. 17. Relationship between average height and length of sand dune and approach angle of secondary fracture.

Fig. 18. Ratio of dune area to fracture area under different inclined angles of secondary
fracture.

Fig. 19. Proppant distribution under different injection rates. (a) 0.3 m/s; (b) 0.5 m/s;
(c) 0.7 m/s.
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secondary fracture, resulting in an increase in the sand dune length
and average height in the secondary fracture and a decrease in
those in the primary fracture. An increase in the fracturing fluid
viscosity from 5 to 20 mPa s leads to a reduction by 27% in the sand
dune area in the primary fracture and an increase by 4% and 9% in
the sand dune area in the secondary and tertiary fractures
(see Fig. 27). According to Fig. 28, an increase in the fracturing fluid
viscosity causes a significant increase in the unfilled degree in the
near-wellbore area, and high injection rate and fracturing fluid
viscosity are not conducive to filling of the fractures.

5.8. Effect of injection position

Considering that the contact area between fractures generated
in horizontal fracturing and the wellbore is possibly very limited, it
is simplified that the proppant together with sand-carrying fluid is
injected into the fracture through a single perforation point. In
order to investigate the effect of injection position on proppant
migration and placement, the fracture inlet height was divided into
four equal sections, where the upper, middle and lower round holes
with diameter of 5 mm were set as fracturing fluid inlets.
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Simulation was performed by setting the injection rate as v ¼
2 m=s, and the simulation results are shown in Fig. 29, where
colors from blue to red represents the sequence of proppant
settlement.

For the proppants injected in the upper position, some start to
settle down at the fracture inlet, and some are migrated farther
before settlement. As more proppant are injected, more particles
settle down, the rough fracture wall leads to the multi-dune
morphology of the sand dune settle down early. Then, the con-
caves between the dunes are filled until the sand dune reaches the
height of inlet, and the balance state is achieved.

Early injection in themiddle creates a thin layer of sand dunes in
the fracture entrance area similar to the upper injection, which is
then eroded by high speed fracturing fluid and leaves behind a



Fig. 20. Average height and length of sand dune vs. injection rate.

Fig. 21. Ratio of sand dune area to fracture area under different injection rates.

Fig. 22. Unfilled degree of primary fracture in the near-wellbore area vs. injection rate.
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small sand dune. The proppant injected later migrates, accumu-
lates, and grows forward. After lower injection, the proppant does
not settle near the wellbore until it is transported far away and
begins to settle due to gravity as kinetic energy dissipates. The sand
dunes in the middle and lower injection shows the triangular
morphology. As the sand dune grows continuously, its height is
higher than the inlet, and it starts to block the flow field within the
fracture, making the flow field turn upward. The particles injected
subsequently are lifted up by the flow field and pass through sand
dune. Then they roll down and settle down on top of the sand dune.
The sand dune the reaches the balance status as injection goes on.

According to Fig. 30, the injection position has little effect on the
sand dune placement area but has a significant effect on the un-
filled degree in the near-wellbore area. The proppants injected in
the upper position are migrated in a shorter distance and tend to
settle down in the front and middle parts of the fractures, and non-
proppant zone does not occur in the near-wellbore area. In contrast,
the proppants injected in the middle position are migrated in a
longest distance and tend to fill the middle and back parts of the
fracture, creating the largest unfilled degree in the near-wellbore
area. The proppants injected in the lower position mainly fill the
middle part of the fracture, and the front and back parts are not
effectively filled.
6. Conclusions and suggestions

In this paper, numerical simulation was performed through
CFD-DEM coupling method to determine the effect of the fracture
wall roughness, the inclined angle and approach angle of branch
fracture, the injection rate, the proppant size, the fracturing fluid
viscosity and the injection location on proppant migration and
placement within the complex rough fracture. The conclusions are
as follows.

(1) The proppant placement non-uniformity and proppant
migration distance, and proppant volume filled in the far-
end and the secondary branched fracture are enhanced
within the rough fracture compared with those within
smooth fractures, and the average height and area of dune
are decreased.

(2) The inclination angle and approach angle of branch fracture
have an effect on the sand dune morphology behind the
primary fracture nodes and the branch fracture. The



Fig. 23. Proppant distribution under different particle sizes. (a), (b) Single particle size injection; (c) Injection with 0.6 mm particle size in the first half of the simulation time, and
1 mm particle size in the last 1/2 of the simulation time; (d) The same as (c) on the contrary.

Fig. 24. Ratio of sand dune area to fracture area under different particle sizes.

Fig. 25. Proppant distribution under different fracturing fluid viscosity. (a) 5 Pa s; (b)
10 Pa s; (c) 20 Pa s.
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proppant placement area is larger in the inclined fracture
than that in the vertical fracture. The proppant migrated to
the branch fracture is increased within the fracture at low
inclination angles (<60�) and low approach angles (<90�) of
the branch fracture, and the sand dune behind the primary
fracture node grows at high inclination angles (>60�) and
high approach angles (>90�) of the branch fracture.

(3) The rise of injection rate and fracturing fluid viscosity causes
more proppants migrate to far-end or secondary fractures.
When the injection rate increased from 0.3 to 0.7 m/s, the
proportion of sand dune near wellbore fractures decreased
by 26.6%; when the fracturing fluid viscosity increased from
5 to 20 mPa s, the ratio of dune area to fracture area
decreased by 27% accordingly. When the injection rate and
fracturing fluid viscosity are too high, the unfilled degree in
the near-well bore area increases rapidly.

(4) The large size enhances particle settlement, and the small
size enhances particle transportation. The staged injection
with small size proppants followed by large size proppants
increases the proppant placement area in the primary frac-
ture by 13%e26%, and that with large size proppants fol-
lowed by small size proppants increases the proppant
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placement area by 19%e25%, which is due to that the latter
method facilitates filling of the secondary branched fracture.

(5) The proppants injected in the upper position tend to settle
down in the front andmiddle parts of the fractures, and non-
proppant zone does not occur in the near-wellbore area. In
contrast, the proppants injected in the middle position are
migrated in a longest distance and tend to fill the middle and
back parts of the fracture, creating the largest unfilled degree
in the near-wellbore area. The proppants injected in the
lower position mainly fill the middle part of the fracture, and
the front and back parts are not effectively filled.

The results provide several suggestions for hydraulic fracturing
treatments.

In rough fracture, the high injection rate and fracturing fluid
viscosity and the middle injection lead to a significant increase in



Fig. 26. Average height and length of sand dune vs. fracturing fluid viscosity.

Fig. 27. Ratio of sand dune area to fracture area under different fracturing fluid
viscosity.

Fig. 28. Unfilled degree of primary fracture in the near-wellbore area vs. fracturing
fluid viscosity.

Fig. 29. Proppant distribution under different injection positions.

Fig. 30. Ratio of sand dune area to fracture area and unfilled degree in the near-
wellbore area under different injection positions.
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the proppant migration distance, the tendency of filling of fracture
in the far end, and the low unfilled degree and no-proppant zone in
the near-wellbore area. The large particle size and low injection
rate and viscosity provides a supplement to filling of the no-
proppant area and promotes the filling effect of fracture.

The difficulty of getting proppant into a branch fracture
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increases with the complexity of the fracture network. The filling
effect of complex fracture can be enhanced by promoting filling of
secondary branch fracture and the far-end fracture through high
injection rate and fracturing fluid viscosity and small particle size
and achieving filling of the near-well bore fracture through large
particle size and low injection rate and fracturing fluid viscosity.
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